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APRESENTACAO

Esta tese esta organizada nos topicos de Introducdo, Estado da Arte, Hipdtese,
Objetivos, Métodos e Resultados, Discussdo, Conclusdes, Perspectivas, Referéncias

Bibliograficas e Anexos.

A Introducio da tese apresenta a revisao bibliografica e o embasamento teorico dos temas
de estudo desta tese. A sessdo Estado da Arte esta dividida em trés partes: a parte inicial apresenta
o estado da arte revisando os efeitos de adversidades no inicio da vida e a programacao de aspectos
emocionais; a segunda parte apresenta os efeitos de adversidades no inicio da vida e a programagao
de processos cognitivos; por fim, a terceira parte consiste em um capitulo de livro publicado pela
autora durante o doutorado revisando as influéncias das adversidades no inicio da vida no
comportamento alimentar e no metabolismo, considerando diferentes fatores que controlam o
apetite, como a homeostase energética, as propriedades hedonicas dos alimentos, os estados

emocionais e cognitivos.

A Hipotese e os Objetivos definem os propositos de cada artigo que sera apresentado nas

sessOes seguintes.

A sessdao Metodologia e Resultados esta subdivida em Capitulos, sendo que cada Capitulo
corresponde a um artigo cientifico especifico referente aos trabalhos desenvolvidos durante o
periodo do doutorado no Laboratorio de Neurobiologia do Estresse (Departamento de Bioquimica,
ICBS, UFRGS), Laboratorio de Neuroendocrinologia e Estresse Perinatal (Departamento de
Ciéncias Fisiologicas, UFES), Silveira Lab e Meaney Lab (Douglas Research Centre - McGill

University). Os capitulos serdo apresentados com prefacio de cada artigo.

A sessdo de Discussao corresponde a discussdo da hipdtese geral da tese, relacionando
todos os trabalhos apresentados. Em seguida sera apresentada a Conclusio dos principais achados
da tese, bem como as Perspectivas futuras e as Referéncias Bibliograficas da Introducao e da
Discussao, considerando que cada capitulo contém uma sessao bibliografica formatada conforme

as especificacdes de cada revista.
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RESUMO

A exposicao a adversidades no inicio da vida € associada a susceptibilidades para o desenvolvimento de
doencas metabolicas e psiquiatricas. Entretanto, os mecanismos por tras dessa associagdo, bem como as
caracteristicas que tornam o individuo resiliente ou susceptivel, precisam ser melhor investigados. Assim,
o0 objetivo desta tese foi investigar os efeitos de interagdes genéticas e ambientais no desenvolvimento de
alteracdes de comportamento alimentar, processos emocionais e cognitivos. Inicialmente, desenvolvemos
um estudo em modelos animais e investigamos os efeitos de diferentes protocolos de estresse no inicio da
vida na predisposicdo a comportamento tipo-ansioso, alteracdes de peso corporal € comportamento
alimentar. Os resultados mostram que animais machos submetidos ao estresse de privagdo materna
apresentam diminui¢do de peso corporal ao longo da vida e essa diminui¢do esta associada a reducdo de
consumo de racdo padrdo. Por outro lado, tanto a separagcdo quanto privagdo maternal induz aumento de
consumo de alimentos palataveis e comportamento do tipo-ansioso na idade adulta. De forma interessante,
esses resultados sdo sexo-especificos: em fémeas ndo observamos alteragdo de ansiedade e resultados
opostos foram vistos com relagdo ao consumo de alimentos palataveis, sugerindo comportamento tipo-
anedonico no grupo submetido a privagdo maternal. Observamos também que o estresse precoce induziu
alteracdes de contetido serotoninérgico na amigdala e no hipotalamo, em ambos os sexos, e reducdo da
expressdo de POMC no hipotalamo em machos. A partir desses resultados, levantamos a hipotese que os
efeitos do estresse no inicio da vida no comportamento alimentar poderiam ser resultado da interagdo com
redes de genes funcionais. Nessa perspectiva, com o objetivo de desenvolver uma pesquisa translacional
focando em redes de genes regides-especificas que poderiam ser afetadas pelo estresse no inicio da vida,
desenvolvemos um estudo que analisou interacdes entre a exposicdo a adversidades no inicio da vida e
genes relacionados ao receptor de leptina. Para tanto, realizamos um estudo em duas coortes longitudinais
humanas e avaliamos a suscetibilidade ao desenvolvimento de padrdes alimentares em criangas com
histérico de adversidade no inicio da vida, considerando a expressao da rede de genes que se co-expressam
com o receptor de leptina no cortex pré-frontal e no hipotalamo como possivel modulador dessa associacao.
Os resultados desse trabalho demonstram que a interagdo entre adversidades no inicio da vida e a rede de
genes que se co-expressa com o receptor de leptina no cortex pré-frontal influencia o comportamento
alimentar de criancas. Esses resultados foram replicados em diferentes idades e em ambas as coortes
analisadas. Por fim, considerando nossos achados em modelos animais com relagdo ao sistema
serotoninérgico, continuamos nossos estudos em humanos e avaliamos como processos cognitivos,
epigenéticos e a densidade de matéria cinzenta encefalica sdo modulados pela interacdo entre adversidades
no inicio da vida e a rede de genes que se co-expressa com o transportador de serotonina na amigdala. Os
resultados desse trabalho demonstram que a interagdo entre adversidades em periodos sensiveis de
desenvolvimento e a rede de genes que se co-expressa com o transportador de serotonina na amigdala
modula comportamentos relacionados & atencdo e hiperatividade, bem como variacdes de metilagao de
DNA ao longo do genoma, e que SNPs dessa rede também sdo associados a variacdes de densidade de
matéria cinzenta encefalica. Em conjunto, por meio de um estudo translacional nesta tese, identificamos
um perfil genético e funcional associado a sinalizagdo da leptina no cortex pré-frontal como um importante
modulador dos efeitos de experiéncias adversas no comportamento alimentar. Por outro lado, evidéncias
consistentes em nossos achados apontam que a funcionalidade da rede de genes co-expressos com o
transportador de serotonina na amigdala é importante para resiliéncia ou risco aumentado de desenvolver
psicopatologias ao longo da vida, interagindo com a presenca de adversidades precoces.

Palavras-chave: adversidades no inicio da vida; comportamento alimentar; receptor de leptina; rede de
genes; transportador de serotonina; transtorno de déficit de atencao e hiperatividade.
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ABSTRACT

Early life adversities have been associated with the susceptibility to develop metabolic and psychiatric
diseases later in life. However, the mechanisms behind this association need to be further investigated, as
well as the individual characteristics that provide vulnerability or resilience. Therefore, the aim of this
dissertation was to investigate the effects of interactions between genetic and environmental factors on
eating behavior, and emotional and cognitive processes. For this, we first investigated the effects of
different animal models of early life stress on anxiety-like behavior, body weight, and eating behavior. The
results showed that maternal deprivation decreases body weight throughout life and this decrease is
associated with a reduction in standard chow intake. On the other hand, both maternal separation and
deprivation increased consumption of palatable foods and anxiety-like behavior in male animals.
Interestingly, these results were sex-specific: in females, we did not observe changes in anxiety, and
opposite results were seen regarding palatable foods intake, suggesting anhedonia-like behavior in the
maternal deprivation group. We also observed that both early stress models induced alterations in the
serotonergic content in the amygdala and hypothalamus, and reduced POMC expression in the
hypothalamus of males. From these results, we hypothesized that early life stress effects on eating behavior
could result from the interaction with functional gene networks. Therefore, we developed a translational
study that analyzed interactions between exposure to adversity in early life and genes associated with the
leptin receptor on eating behavior patterns and metabolic parameters in children from two prospective births
cohorts. The results demonstrated that the interaction between adversity in early life and a gene network
that co-expresses with the leptin receptor in the prefrontal cortex influences feeding behavior of children.
These results were replicated at different ages and different cohorts. Finally, considering our findings in
animal models regarding the serotonergic system, we continued our studies in humans and evaluated
whether cognitive, epigenetic processes, and brain gray matter density are modulated by the interaction
between adversities in early life and the gene network that is co-expressed with the serotonin transporter in
the amygdala. The results of this study demonstrated that the interaction between adversities early in life
and the gene network that co-expresses with the serotonin transporter in the amygdala modulates behaviors
related to attention and hyperactivity, as well as variations in DNA methylations; and SNPs from this
network are also associated with variations in brain gray matter density. In conclusion, here we identified
a genetic and functional profile associated with leptin signaling in the prefrontal cortex as an important
modulator of the effects of early life adversity on eating behavior. On the other hand, strong evidence from
our findings indicates that the interaction between the amygdala serotonin transporter gene network and
early life adversities modulated the resilience or increased risk of developing psychopathologies throughout
life.

Keywords: attention deficit hyperactivity disorder; early life adversities; eating behavior; gene network;
leptin receptor; serotonin transporter.
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1.1 Impacto de Experiéncias Ambientais no Periodo Perinatal

O ambiente em que uma crianga ¢ inserida ¢ fundamental para o seu desenvolvimento.
Nesse sentido, o ambiente em si inclui todo o contexto em que uma crianca se desenvolve, como
0 ambiente externo, a comunidade, a sociedade e o ambiente familiar (Perlroth & Castelo Branco,
2017). O cuidado parental, o contato social, bem como estimulos e experiéncias no periodo pré e
poOs-natal sdo essenciais para o desenvolvimento motor, cognitivo e emocional de uma crianga (do
Prado et al., 2016; Grace, Bulsara, Robinson, & Hands, 2016; Juruena, Eror, Cleare, & Young,
2020).

A necessidade de cuidados especiais, bem como agdes que visam a protecao e a
manutencdo da saide da mae e do bebé durante a gravidez e o poOs-parto sdo amplamente
conhecidos pela sociedade. De acordo com o senso comum, o resguardo, clinicamente denominado
puerpério, se constitui de um periodo de respeito a normas culturalmente aprendidas, que tem
como objetivo preservar a saude e diminuir complicagdes pos-parto (Luz, Berni, & Selli, 2007).
Dessa forma, o periodo pos-natal ¢ marcado por orientagdes e praticas passadas de geracdo em
geragdo relacionadas a restrigdes alimentares, de repouso, de higiene corporal, abstinéncia sexual,
bem como de cuidado com a exposi¢cdo a variagdes de temperatura. Tais praticas tem como
objetivo o cuidado e a prote¢ao da saude da crianca em periodos sensiveis de desenvolvimento

(Acosta, Gomes, Kerber, & da Costa, 2012).

Na clinica, a importancia do cuidado e boas praticas na atencao obstétrica e neonatal ¢ bem
estabelecida. O Sistema Unico de Satide brasileiro, por exemplo, desenvolveu em 2011 a “Rede
Cegonha” de atengdo a promocgao de saude e prevencao de doengas da mae e do bebé. O objetivo
da rede ¢ garantir o planejamento reprodutivo e a assisténcia a gestante durante o pré-natal, parto,
nascimento e periodo puerpério, com atencao integral a satide da crianca (Portaria N° 1.459, de 24
de junho de 2011). Além disso, a pratica de utilizagdo do Método Canguru vem sendo adotada em
unidades de terapia intensiva neonatais para recém-nascidos que precisam de cuidados especiais
apos o nascimento. Esse método promove a humanizacdo e participacdo dos pais e da familia no
cuidado do bebé que precisa permanecer no hospital. O método de cuidado se inicia com o contato
pele a pele do toque e evolui até a posi¢ao canguru (Ministério da Satude, 2011). Estudos indicam
que a utilizagdo do método reduz o tempo de separacao e facilita o vinculo afetivo dos pais com o

recém-nascido, estimula o aleitamento materno, contribui para a redug¢do do risco de infecgdo
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hospitalar, bem como do estresse e da dor, favorecendo a estimulacdo sensorial e o

desenvolvimento neuropsicomotor.

Estudos em humanos e modelos animais demonstram a importancia do cuidado e prote¢ao
adequados no periodo perinatal, sendo que a exposi¢ao a adversidades nesse periodo pode levar a
prejuizos a curto e longo prazo para os filhotes (Couto-Pereira et al., 2019; Diehl et al., 2014;
Meaney et al., 2013; Miguel, Pereira, et al., 2019; Silveira et al., 2010). De fato, ¢ de se imaginar
que a exposi¢do a adversidades graves, como abandono, negligéncia, abuso fisico e emocional,
maus tratos, bem como doengas gestacionais e que acometem os bebés nos pos-parto, podem tornar
os individuos mais vulneraveis a disturbios metabolicos e comportamentais, além de déficits
cognitivos e psicopatologias mais tarde na vida (Gentner & Leppert, 2019). Entretanto, o cuidado
inapropriado dos filhos, a estrutura e as condi¢des socioecondmicas da familia, bem como baixo
ou alto peso ao nascimento também sao fatores de estresse que podem levar a prejuizos no

desenvolvimento (Escobar et al., 2014; Levitan et al., 2017; Wendland et al., 2014).

A exposigao a fatores ambientais adversos, como nutri¢cao inadequada, infeccdes, estresse,
e alteragdes hormonais maternas pode modular a expressao génica individual e ser determinante
para o desenvolvimento de condi¢des especificas de satde e doenga (Mandy & Nyirenda, 2018).
Muitos achados clinicos, como os demonstrado na clinica pelo Professor Dr. David Barker,
apontam que condi¢des adversas intrauterinas e na primeira infancia, como baixo peso ao nascer,
aumentam o risco para desenvolver doencas cardiovasculares e metabodlicas na vida adulta (Barker,
Winter, Osmond, Margetts, & Simmonds, 1989). Embora tal condi¢do ndo seja deterministica, a
hipotese de que a vida fetal e as fases iniciais da vida extrauterina sdo essenciais para o
desenvolvimento dos individuos, levou a criagdo de uma linha de pesquisa conhecida como
Origens Desenvolvimentistas da Saude e Doenga (DOHaD, sigla do termo em inglés
“Developmental origins of health and disease”), a qual investiga a relagdo entre variagdes
ambientais na vida precoce e desfechos tardios (Silveira, Portella, Goldani, & Barbieri, 2007,

Wadhwa, Buss, Entringer, & Swanson, 2009).

Diversas espécies animais, embora em diferentes graus, apresentam desenvolvimento
continuado apos a gestacdo, em especial nos primeiros estagios de vida pos-natal. Em humanos,
os primeiros dois anos de vida sdo determinantes para o desenvolvimento estrutural e funcional do

sistema nervoso (SN) (Kolb, Harker, & Gibb, 2017). Durante esse periodo, o encéfalo permanece
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em maturagdo em um processo caracterizado pela formacao, migracdo e diferenciagao de
neurdnios. Além disso, ocorrem processos como organizagao de redes neurais, expansdao da
sustancia cinzenta encefalica em regides como o lobo frontal, e aumento da espessura cortical
(Gilmore, Knickmeyer, & Gao, 2018). Ao mesmo tempo, processos de mieliniza¢do dos neurdnios
se iniciam no periodo pré-natal e permanecem apds o nascimento, especialmente em regioes
motoras, sensoriais € no hipocampo. Dessa forma, experiéncias ambientais nesse periodo sensivel
do desenvolvimento podem afetar a plasticidade encefilica, modulando profundamente o

desenvolvimento do SN e fenotipos relacionados.
1.2 Resposta do Organismo ao Estresse

O estresse, que foi inicialmente descrito em 1936 como uma sindrome produzida por
diversos agentes nocivos (Selye, 1998), ¢ um termo amplamente utilizado para descrever situagdes
e experiéncias desafiadoras para os individuos, as quais o organismo precisa se adaptar de maneira
fisica e/ou emocional. Dentre as diversas defini¢des de estresse, o grupo do Professor Dr. Bruce
McEwen propos a distingdo entre estresse bom, estresse toleravel e estresse toxico (McEwen,
2007). O estresse bom se refere a situagcdes de duracao limitada e € associado a um sentimento de
felicidade/realizagdo apds o fator estressor encerrar-se, como falar em publico. Mediadores
quimicos relacionados ao estresse, como cortisol e adrenalina, sao liberados, promovendo a
adaptagao necessaria do organismo. Por outro lado, o estresse toleravel esta relacionado ao estresse
decorrente de uma situacdo desfavoravel ou ruim, como a perda de um emprego. Nesse caso, tanto
o cortisol quando a adrenalina sdo liberados, e podem permanecer elevados até que o organismo
volte a se adaptar. Esse processo pode gerar consequéncias fisiopatologicas, como desregulagao
cardiovascular, imunoldgica, metabolica e mudangas nos circuitos encefalicos envolvidos na
regulacdo emocional (Cohen, Janicki-Deverts, & Miller, 2007). Entretanto, ¢ esperado que,
eventualmente, o organismo minimize esses efeitos em longo prazo (McEwen, 1998). O estresse
toxico, por sua vez, também ocorre apds um gatilho, como no estresse toleravel, porém nesse caso
o individuo ndo tem recursos internos ou suporte externo suficiente para minimizar os efeitos do
estresse, o que leva a desregulacdo fisioldgica cronica, resultando em carga ou sobrecarga
alostatica, que consequentemente pode levar a disturbios de satide fisica e mental (Picard,

McEwen, Epel, & Sandi, 2018).
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A exposicao a estressores, mesmo que de naturezas distintas, provoca um processo
dindmico no organismo que envolve respostas comportamentais, imunologicas, neurovegetativas
e neuroendocrinas associadas a alostase, em um processo de manuten¢do da homeostase (McEwen,
2007). Nesse sentido, duas respostas fisiologicas sdo importantes e classicamente conhecidas: a
ativagao do sistema neuroendocrino e do sistema nervoso auténomo. O estresse ativa o eixo
hipotalamo-hipofise-adrenal (HHA) e essa resposta ¢ iniciada quando o nucleo paraventricular do
hipotalamo sintetiza e secreta o hormonio liberador de corticotropina (CRH), o qual estimula a
liberagdo do hormdnio adrenocorticotropico (ACTH) pela hipéfise. O cortex da glandula adrenal
¢ estimulado pelo ACTH a liberar glicocorticoides, especificamente cortisol em humanos e
corticosterona em roedores (Tsigos & Chrousos, 2002). Os glicocorticoides (GCs) estao
relacionados a uma série de fungdes fisiologicas necessarias durante situagdes estressantes, como
a gliconeogénese, necessaria para condi¢des de luta ou fuga, e direcionamento de fluxo sanguineo
para orgaos especificos. Além disso, GCs também tém fungdes importantes em regides encefalicas
envolvidas em processos cognitivos, como memoria, ansiedade e tomada de decisdo, por meio de
acdes em mudancas de plasticidade sinaptica, neurogénese, bem como indug¢ao de morte celular e
expressdo de receptores para neurotransmissores (Picard et al., 2018). Ja o sistema nervoso
autdbnomo, uma das principais vias neurais ativadas durante situagdes de estresse, tem sua ativagao
iniciada no nucleo paraventricular do hipotalamo. Neste nucleo, projecdes de neurdnios que
contém CRH para centros noradrenérgicos no tronco encefalico e medula espinhal aumentam a
atividade simpatica, culminando, entre outros processos, com a liberacdo de adrenalina pela
medula da glandula adrenal e noradrenalina pelos ganglios paravertebrais simpaticos (Won & Kim,
2016). Em conjunto, esses mecanismos levam a alteracdes comportamentais e periféricas que
melhoram a capacidade do organismo de ajustar a homeostase e aumentar as chances de

sobrevivéncia em situagdes de estresse.

Os GCs, apos liberagao pelo cortex da glandula adrenal, acessam o encéfalo facilmente e
exercem suas agoes ao se ligarem em duas classes de receptores, os mineralocorticéides (MR) e
os glicocorticoides (GR). Um importante efeito dos GCs no encéfalo ocorre via sistema de
retroalimentagao negativa sobre o eixo HHA (Tsigos & Chrousos, 2002). Entretanto, receptores
de glicocorticdides sao amplamente distribuidos no sistema nervoso central e estdo envolvidos em
acdes ndo-gendmicas e gendmicas que levam a alteragdes fisioldgicas e comportamentais (Harris,

Holmes, de Kloet, Chapman, & Seckl, 2013). Os receptores da classe GR sdo expressos em
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diversas regides encefalicas e estao envolvidos diretamente na resposta ao estresse € no controle
de retroalimentacdo negativa do eixo HHA. Por sua vez, os receptores MR sdo expressos
principalmente em areas limbicas, como o hipocampo e a amigdala, e estdo associados a processos

adaptativos, como consolidagcdo da memoria (de Quervain, Schwabe, & Roozendaal, 2017).

O estresse agudo provoca liberacdo de mediadores, como aqueles citados acima, e causa
modificagdes fisiologicas com o objetivo de adaptar o organismo para situacdes especificas.
Entretanto a exposi¢do cronica a esses mediadores pode causar mudangas metabolicas,
cardiovasculares e neuroquimicas prejudiciais ao organismo. A exposicdo a longo prazo aos
glicocorticoides aumenta a glicemia, estimula a matura¢do do precursor de adipdcitos, aumenta a
susceptibilidade a infecgdes, doengas metabolicas, obesidade, distirbios de saude mental como
depressao e ansiedade, e doengas cardiovasculares (McEwen, 2007; MclIntosh & Sapolsky, 1996;
Picard et al., 2018; Russell & Lightman, 2019). Nesse sentido, condi¢des de estresse aplicadas em
periodos sensiveis de desenvolvimento, como na primeira infancia, podem afetar o
desenvolvimento encefalico. Estudos demonstram que o eixo HHA continua seu desenvolvimento
e maturagdo durante a infancia, e a exposi¢cdo a niveis de cortisol elevados nesse periodo pode
afetar a sensibilidade dos seus receptores no encéfalo (Gunnar & Quevedo, 2007), levando a efeitos
de curta e longa duragdao bem estabelecidos, como aumento da reatividade do eixo HHA e
consequente prejuizo na adaptagdo ao estresse (McEwen, 1998). Essas alteragdes sdo consideradas
por muitos autores como 0 mecanismo primario pelo qual o estresse precoce predispoe individuos
a alteragdes de saude mental e fisica (Essex et al., 2011; Kim, Choi, Kim, Hong, & Park, 2020;
Levine, 2001; Nishi, Horii-Hayashi, & Sasagawa, 2014).

1.3 Consequéncias da Exposicao a Adversidades no Inicio da vida

Adversidades no inicio da vida sdo altamente associadas a vulnerabilidade para o
desenvolvimento de uma grande quantidade de doengas cronicas ao longo da vida. Estudos em
humanos e em modelos animais vém demonstrando que a exposi¢ao a estressores podem predispor
individuos a altera¢des neuroquimicas e comportamentais (figura 1). Estudos em humanos indicam
que estressores em periodos sensiveis do desenvolvimento, como na infancia e na adolescéncia,
sao considerados como fatores de risco para o desenvolvimento de psicopatologias, como
transtornos de ansiedade, disfungdes emocionais (Poole, Dobson, & Pusch, 2017) e depressao

(Bouvette-Turcot et al., 2017). Criangas submetidas a experiéncias de abuso fisico ou emocional
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e violéncia doméstica, na primeira infancia, sdo mais propensas a apresentarem prejuizos

cognitivos (Holland et al., 2020).

A nutricdo inadequada durante a gestacdo estd associada ao aumento de risco para
desenvolvimento de obesidade e esse desfecho parece ser dependente do periodo gestacional em
que o estresse intrauterino ocorreu. Por exemplo, um estudo cléssico desenvolvido com mulheres
que estiveram gravidas durante a Segunda Guerra Mundial, nos Paises Baixos, demonstrou que
filhos de mulheres que sofreram desnutri¢do no primeiro semestre de gestacdo apresentavam altos
indices de obesidade no inicio da vida adulta. Por outro lado, os resultados eram opostos quando
as mulheres sofreram desnutricdo no ultimo semestre de gestacdo: nesse caso os filhos
apresentavam baixa incidéncia de obesidade. Assim, sugere-se que a nutricdo adequada em
periodos especificos do desenvolvimento favorece a diferenciacdo de centros encefalicos
responsaveis pelo controle do consumo alimentar e ganho de peso corporal (Ravelli, Stein, &

Susser, 1976).

A obesidade e o excesso de peso sdo condigdes multifatoriais caracterizadas pelo excesso
de gordura corporal decorrente de um desequilibrio energético entre as calorias consumidas e as
calorias gastas (Engin, 2017). E bem estabelecido que o excesso de gordura corporal é resultado
de alteragdes metabolicas determinadas pela interacdo entre fatores genéticos e ambientais, e
adversidades no inicio da vida podem levar a altera¢cdes metabodlicas duradouras, que contribuem
para o risco de desenvolver tais disfungdes (Morris, Beilharz, Maniam, Reichelt, & Westbrook,
2015), como sera revisado em detalhes no topico do Estado da Arte. Além disso, a exposicao a
experiéncias adversas na primeira infincia também ¢ altamente associada ao ganho de peso e
indice de massa corporal ao longo da vida. Lumeng e colaboradores, por exemplo, observaram que
experiéncias negativas durante a infincia aumentam a chance de desenvolver sobrepeso em
meninos € meninas aos 15 anos de idade, de forma independente de sexo, etnia, educagdo e status
de peso materno (Lumeng et al., 2013). Outras adversidades na infancia também sao relacionadas
a propensdo ao desenvolvimento de sobrepeso, por exemplo, problemas psicoldgicos maternos sao
correlacionados com o desenvolvimento de obesidade de filhos ainda na infincia
(Ramasubramanian, Lane, & Rahman, 2013). Corroborando esses achados, mulheres vitimas de
abuso sexual na infancia também apresentam maiores chances de desenvolver obesidade na vida

adulta (Noll, Zeller, Trickett, & Putnam, 2007).
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A American Heart Association publicou uma declaragao cientifica destacando os principais
trabalhos da literatura sobre a influéncia de adversidades na infancia em desfechos
cardiometabdlicos, incluindo também obesidade, hipertensdo e diabetes mellitus tipo 2 (Suglia et
al., 2018). As experiéncias adversas na infincia e na adolescéncia, como ameacas percebidas a
seguranga ¢ a prote¢dao da integridade corporal e da estrutura familiar da crianga, sdo altamente
associadas com doengas cardiovasculares ao longo da vida (Suglia et al., 2018). Uma série de
trabalhos evidencia a associagdo entre adversidades no inicio da vida e risco aumentado de
desenvolver infarto agudo do miocardio, acidentes vasculares encefalicos e doencas coronarianas
(Su, Jimenez, Roberts, & Loucks, 2015). Nesse cenario, estudos sugerem que os mecanismos pelos
quais adversidades aumentam o risco para doencas cardiovasculares envolvem fatores
comportamentais, bioldgicos e de saide mental (Suglia et al., 2018). Assim, evidéncias sugerem
que as adversidades em estagios sensiveis do desenvolvimento estdo associadas com o aumento
de comportamentos que sdo considerados como fatores de risco para doengas cardiometabdlicas,
como habito de fumar (Anda et al., 1999), consumo alimentar em excesso, principalmente
alimentos com alto teor de energia (Hemmingsson, Johansson, & Reynisdottir, 2014) e a falta de
habito de praticar exercicios fisicos (Sherwood & Jeffery, 2000). Além disso, adversidades no
inicio da vida sdao consideradas fatores de risco para o desenvolvimento de transtornos de
ansiedade e de humor, os quais sdo positivamente correlacionados com taxas de morbidade e
mortalidade cardiometabolicas (Tully, Harrison, Cheung, & Cosh, 2016). Ainda, adversidades na
infancia sdo associadas a alterag¢ao do sistema imune, do metabolismo e do sistema neuroendocrino
(Suglia et al., 2018). De fato, um estudo recente demonstrou que adultos que passaram por
adversidades na infincia apresentam até duas vezes mais chances de desenvolver doengas
cardiovasculares e risco de morte prematura (Godoy et al., 2021). A Figura 1 ilustra as possiveis

consequéncias da exposicao a experiéncias adversas na infancia.
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Adversidades no Inicio da Vida
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Figura 1: Resumo dos efeitos de experiéncias adversas na infancia e a influéncia de fatores ambientais
protetivos e de fatores genéticos relacionados a resiliéncia e a vulnerabilidade ao desenvolvimento de
alteracdes comportamentais, psicopatologias, doengas metabolicas, e risco aumentado ao desenvolvimento
para habitos de risco para a satide como ma qualidade de sono, dietas ricas em agtcar e gordura, abuso de
substancia e sedentarismo. Adaptado de (Godoy et al., 2021). TNF-a: Fator de necrose tumoral alfa; TDAH:
Transtorno de déficit de atencdo e hiperatividade; HHA: Eixo hipotalamo-hipoéfise-adrenal. Criado com
BioRender.com.

1.4 Modelos Animais para estudo de Adversidades no Inicio da Vida

A separagdo maternal (MS) de filhotes de roedores ¢ um modelo animal amplamente
utilizado na pesquisa pré-clinica para mimetizar os efeitos de adversidades no inicio da vida em
humanos (Couto-Pereira et al., 2019; Heim & Nemeroff, 2001). Nesse modelo de estresse precoce,
roedores, os quais também tém desenvolvimento continuado apos a gestacao, sao submetidos a
separa¢do da presenca materna por algumas horas didrias durante as primeiras semanas de vida.
Os protocolos de MS variam entre laboratorios, de acordo com o tempo de separacdo didria (entre
10 minutos a até 6 horas diarias) e o periodo pos-natal de separagao (durante primeiros 10 dias, 14

dias ou ainda 21 dias de vida). Modelos com separagao de no maximo 30 minutos sao considerados
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como manipulagdo apenas, enquanto modelos de 1 ou mais horas sdo considerados separagao de
fato (Nylander & Roman, 2013). Outros modelos envolvem separagdo de 24 horas durante dias
especificos no periodo pds-natal, e tais protocolos sdo chamados de privacdo maternal (MD)
(Miragaia et al., 2018; Wertheimer, Girardi, de Oliveira, Monteiro Longo, & Suchecki, 2016).
Esse protocolo se constitui de uma combinacao de fatores estressantes, que envolvem a falta de

cuidado e protecao maternal, e falta de alimentagao durante o periodo de separacao.

Embora esses modelos sejam muito utilizados na pesquisa pré-clinica, os protocolos
apresentam grande variabilidade, o que contribui para diferentes achados comportamentais e
neuroquimicos, que variam conforme a janela de desenvolvimento que afetam. Nesse sentido,
estudos sdo necessarios para identificar os mecanismos fisioldgicos pelos quais diferentes modelos

de estresse causam diferentes fendtipos, principalmente considerando diferengas sexo-especificas.
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2. Estado da Arte

23



A exposicdo a adversidades no inicio da vida pode predispor individuos a alteragdes
comportamentais e metabdlicas, como comentado anteriormente. De interesse especial para esta
tese, serdo revisados estudos classicos e atuais relativos aos efeitos de adversidades no inicio da
vida no desenvolvimento de transtornos mentais como ansiedade, atengdo e hiperatividade, bem

como as influéncias de adversidades em alteracdes de comportamento alimentar e metabolicas.

O capitulo estado da arte revisara inicialmente a influéncia de adversidades no inicio da
vida na programag¢do de aspectos emocionais e cognitivos. Em seguida, o capitulo Life-course
effects of early life adversity exposure on eating behavior and metabolism tera como foco a

influéncia do ambiente perinatal na programag¢ao do comportamento alimentar e do metabolismo.
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Influéncia de Adversidades no Inicio da Vida no Desenvolvimento de
Transtornos de Ansiedade

Transtornos de ansiedade sao disturbios de saude mental altamente prevalentes na
populagdo. Estima-se que 3,6% da populacao global apresentam transtornos de ansiedade, com a
maioria dos casos ocorrendo nas regides do Sudeste Asidtico e das Américas (WHO, 2017). Os
transtornos de ansiedade variam conforme situagdes que os desencadeiam, mas compartilham
entre si sintomas excessivos de medo e ansiedade. Enquanto o medo ¢ definido como uma resposta
emocional a uma ameaca percebida e real, necessario em situagdes de luta ou fuga, a ansiedade
consiste na antecipacdo de uma ameaca futura e uma preparagdo para situacdes de perigo,
caracterizada por tensdo muscular e vigilancia ao perigo (Figura 2). Diferentemente do medo e
ansiedade adaptativos, nos transtornos de ansiedade essas emog¢des sdo caracterizadas como
excessivas, sendo muitas vezes incapacitantes. Segundo o Manual de Diagndsticos de Transtornos
Mentais (DSM), os transtornos de ansiedade podem ser classificados em: Transtorno de Ansiedade
Generalizada, Transtorno de Ansiedade de Separacdao, Mutismo Seletivo, Fobia Especifica,
Transtorno de Ansiedade Social ou Fobia Social, Transtorno de Panico, Agorafobia, Transtorno
de Ansiedade Induzido por Substincia/Medicamento ou Outra Condicdo Médica (American

Psychiatric Association, 2013).

Embora atividades do cotidiano possam gerar ansiedade, nos transtornos de ansiedade, em
especial no transtorno de ansiedade generalizada, os sinais de ansiedade sdo desencadeados por
eventos ou atividades especificas que, em geral, resultam em preocupagdo excessiva e
desproporcional a situacdo. Diferentemente da ansiedade rotineira, os sintomas associados ao
transtorno de ansiedade interferem diretamente nas atividades diarias, relagcdes sociais e
profissionais. Além disso, os transtornos de ansiedade apresentam altas taxas de comorbidade com
outros transtornos mentais, como outros transtornos de ansiedade e depressao, afetando de forma
significativa a qualidade de vida do individuo. O diagnostico ¢ realizado com base em avaliagdes
clinicas, utilizando como base o Manual Diagndstico e Estatistico de Transtornos Mentais. O
critério diagndstico para Ansiedade Generalizada inclui ansiedade e preocupagdo excessivas
ocorrendo na maioria dos dias por pelo menos seis meses e acompanhadas de pelo menos trés
outros sintomas como: inquietacdo, fadiga, dificuldade de concentragdo, irritabilidade, tensao

muscular e perturbagdo do sono. Em criangas, por sua vez, o diagnostico ¢ realizado quando pelo
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menos um desses sintomas esta presente pelo tempo determinado (American Psychiatric

Association, 2013).

Os transtornos de ansiedade generalizada sao decorrentes de ativagao excessivas de regioes
encefalicas associadas aos comportamentos de medo e resposta de luta ou fuga. Regides
encefalicas do sistema limbico, areas corticais e regides do tronco encefélico estdo relacionadas a
modulagdo de resposta de ansiedade. As bases neurobiologicas dos transtornos de ansiedade
apontam que alteragdes tanto estruturais quanto funcionais, de neurotransmissores e
neuropeptidios sdo responsaveis pelos quadros de ansiedade excessiva (Dunsmoor & Paz, 2015).
A amigdala é considerada como a regido central para controle da ansiedade, sendo também
altamente associada a modulagdo da atengdo, processamento de estimulos e ativagdo de respostas
de medo, agressao e comportamento defensivo (Martin, Ressler, Binder, & Nemeroff, 2009).
Lesdes em subdivisoes da amigdala, que incluem a amigdala central, basolateral e medial, nucleos
altamente complexos, heterogéneos e inervados por diferentes populagdes neuronais, induzem
alteracoes de ansiedade em animais (Sanders & Shekhar, 1995; Ventura-Silva et al., 2013). Por
exemplo, a hiperexcitabilidade da amigdala basolateral ¢ associada a0 aumento de comportamento
tipo-ansioso € medo excessivos, enquanto a inibi¢do da mesma regido ¢ associada a diminui¢ao

desses comportamentos (Truitt, Johnson, Dietrich, Fitz, & Shekhar, 2009).

Além da amigdala, outras regides encefalicas sao associadas ao controle da ansiedade
(Martin et al., 2009). O cortex pré-frontal esta envolvido em fungdes executivas, como tomada de
decisdo, controle de impulsos e humor, no processamento de recompensas ¢ na modulacao da
resposta a emogoes. Por outro lado, o cortex limbico integra informagdes sensoriais, afetivas e
cognitivas. Evidéncias de muitos estudos demonstram que tanto a atividade de cada uma dessas
regides, quando as conexdes entre elas, induzem comportamentos especificos caracterizados como
medo e ansiedade. O principal circuito envolvido na regulacdo da ansiedade ¢ composto pela
amigdala e essas demais regides. A amigdala basolateral recebe informacgdes potencialmente
ansiogénicas vindas dos sistemas sensoriais via tdlamo e de regides do cortex sensorial e entdo
ativa o nucleo central da amigdala através de impulsos excitatorios glutamatérgicos. Impulsos
inibitorios via neuronios GABAérgicos sdo projetados da amigdala para o hipotalamo e regides do

tronco encefalico induzindo sensagdes autondmicas associadas a ansiedade. Impulsos excitatérios,
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por sua vez, sao enviados da amigdala para regides corticais e contribuem para a apresentagao do

estimulo emocional (Nuss, 2015).

Dois sistemas neurotransmissores sdo considerados chaves para o controle de
comportamentos relacionados a medo e ansiedade: o sistema GABAérgico e o sistema
serotoninérgico. De fato, a maioria dos farmacos utilizados na clinica para o tratamento de
ansiedade sdo benzodiazepinicos e barbitiricos (Newman, Llera, Erickson, Przeworski, &
Castonguay, 2013). Estudos optogenéticos demonstraram que inibi¢ao de neuronios GABAérgicos
da amigdala produz efeito ansiogénico em camundongos (Luo et al., 2020), e curiosamente a
ativagao de astrocitos na amigdala basolateral reduz o comportamento tipo-ansiedade induzido por
estresse, talvez por favorecer a eficiéncia da liberacdo e recaptacdo de neurotransmissores (Xiao,
Xu, & Tu, 2020). O sistema serotoninérgico, de maior interesse neste trabalho, modula diversos
comportamentos que incluem percepcao de dor, sono, agressao, comportamento alimentar, de
ansiedade e de medo. Neurdnios serotoninérgicos sao originados no nucleo dorsal da rafe e se
projetam para uma série de estruturas encefalicas como a amigdala e outras estruturas limbicas
(Figura 2). A serotonina ¢ sintetizada no citoplasma de neuronios serotoninérgicos pré-sinapticos
a partir do aminodacido triptofano pela acdo da enzima triptofano hidroxilase, que produz 5-
hidroxitriptofano, o qual ¢ descarboxilado pela acao da enzima 5-hidroxitriptofano descarboxilase,
produzindo serotonina. Apos a formacao do neurotransmissor, ele ¢ armazenado em vesiculas via
transportador vesicular de monoaminas (VMAT). Ao ser liberada na fenda sinaptica, a serotonina
se liga a receptores na superficie de neuronios pds-sinapticos (5-HT1.7). Os neurotransmissores sao
entdo recaptados pelo transportador de serotonina (SERT) para neurdnios pré-sindpticos, € podem
ser degradados pela enzima monoamino-oxidase. Alteragdes na sintese, liberagdo e
disponibilidade de serotonina sdo associadas com alteracdes de comportamentos de ansiedade e
atencdo, como serd discutido adiante (Curran & Chalasani, 2012). Estudos em humanos
considerando polimorfismos de genes associados a sinalizacdo de serotonina, por exemplo,
identificaram que a presenga de uma ou duas copias do alelo curto (5S-HTTLPR) da regido
promotora do transportador de serotonina (SLC6A4) estd associada a reducdo da expressdo e da
funcdo do transportador de serotonina e a um aumento de atividade neuronal da amigdala, bem

como aumento de comportamentos relacionados a medo e ansiedade (Hariri et al., 2002).
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Figura 2: Respostas Serotoninérgicas Envolvendo Medo e Ansiedade. Reacdes de medo ocorrem em
resposta a uma ameaca percebida, como um estimulo que poderia desencadear danos fisicos, enquanto um
comportamento de ansiedade ocorre em resposta a uma ameaca imprecisa ou desconhecida. O
processamento fisioldgico de um estimulo ameacador ocorre quando o estimulo de natureza variada, como
exemplificado por estimulos visuais, olfatorios e auditivos, € percebido. O estimulo se torna um gatilho,
ativando regides encefalicas como o hipocampo e desencadeando a ativacdo do eixo HHA. O estimulo
ameacador ¢ processado pelo talamo e amigdala. A amigdala integra informac¢des de memoria do
hipocampo e cortex e envia projecdes serotoninérgicas para outras regides encefalicas como a insula e o
hipotalamo. A serotonina € liberada por neurdnios do nicleo dorsal da rafe e inerva regides do cerebelo,
talamo, hipocampo, hipotadlamo, cortex pré-frontal e amigdala. Adaptada de (Curran & Chalasani, 2012).
Criado com BioRender.com.

Algumas variaveis sao consideradas como fatores de risco ou fatores capazes de aumentar
a vulnerabilidade a transtornos de ansiedade. Dentre os principais fatores de risco estima-se que
ser do sexo feminino € um dos mais importantes, considerando que mulheres apresentam até duas
vezes mais chances de apresentarem transtornos de ansiedade. Entretanto, fatores genéticos,
fatores ambientais e a interagdo gene e ambiente contribuem substancialmente para a etiologia dos

transtornos de ansiedade. Dentre os fatores genéticos, a presenca de variantes como o
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polimorfismo da regido promotora do gene do transportador de serotonina (Hariri et al., 2002),
citado anteriormente, ou familiares com historico de transtornos mentais (Craske et al., 2017),
podem favorecer o desenvolvimento dos transtornos de ansiedade. Além disso, a exposi¢cdo a
adversidades na infincia, como abuso fisico ou social, divorcio dos pais, tratamento inadequado
ou mesmo a necessidade de hospitalizagao, estd associada ao desenvolvimento de transtornos de
ansiedade e também de humor na idade adulta (Afifi, Mota, Dasiewicz, MacMillan, & Sareen,
2012; Otowa, York, Gardner, Kendler, & Hettema, 2014; Sareen et al., 2013). Estudos em modelos
animais também demonstram que adversidades no inicio da vida aumentam a vulnerabilidade ao
desenvolvimento de comportamentos tipo-ansiosos (Daniels, Pietersen, Carstens, & Stein, 2004;
Trujillo, Durando, & Suarez, 2016). Entretanto, as bases neuroquimicas que levam a alteracdes de
ansiedade ainda precisam ser melhor investigadas para o direcionamento de estratégias adequadas

direcionadas ao publico-alvo.
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Influéncia de Adversidades no Inicio da Vida no Desenvolvimento de
Transtornos de Atencio e Hiperatividade

Os transtornos de neurodesenvolvimento sdo caracterizados como condigdes especificas
que se manifestam no inicio do desenvolvimento infantil e acarretam prejuizos pessoais, sociais,
académicos e profissionais ao longo da vida. Esses prejuizos se manifestam como alteragdes de
aprendizagem, do controle de fungdes executivas, prejuizos globais e de habilidades sociais.
Dentre esses transtornos, destaca-se o Transtorno de Déficit de Atengao e Hiperatividade (TDAH),
um dos transtornos psiquiatricos mais comuns na infancia. O TDAH ¢ caracterizado por sintomas
de dificuldade de atengdo, impulsividade e hiperatividade (American Psychiatric Association,
2013). Embora seja comum na infancia, frequentemente o transtorno persiste até a vida adulta e ¢
considerado como um fator de risco para transtornos mentais, tais como comportamentos
desafiadores e antissociais, problemas emocionais, propensdo ao abuso de substancias, baixo
desempenho educacional, dificuldades com emprego e relacionamentos (Sayal, Prasad, Daley,

Ford, & Coghill, 2018).

O diagnostico do TDAH ¢ realizado utilizando os critérios do Manual Diagnoéstico e
Estatistico de Transtornos Mentais (American Psychiatric Association, 2013), tendo como
caracteristica base um padrdo continuo e persistente de desaten¢do e/ou hiperatividade e
impulsividade. O diagnoéstico de criangas € realizado quando os familiares reportam pelo menos
seis sintomas de desaten¢ao (exemplo: dificuldade em detalhes ou erros por descuido em tarefas
escolares, no trabalho ou durante outras atividades; dificuldade de manter a aten¢ao em tarefas ou
atividades ludicas); hiperatividade e impulsividade (exemplo: frequentemente levanta da cadeira
em situagdes em que se espera que permaneca sentado, corre ou sobe nas coisas em situagdes em
que isso ¢ inapropriado, ou em adultos observa-se sensag¢des de inquietude); e sdo persistentes por
pelo menos seis meses. Esses sintomas devem estar presentes em pelo menos dois ambientes, como
na escola e em casa e devem ser evidentes antes dos 12 anos de idade. Comumente, trés
apresentacdes do TDAH podem ser distinguidas de acordo com a classificagdo do DSM-5: (1)
TDAH subtipo combinado, ou seja, tanto sinais de desatencdo quanto de hiperatividade e
impulsividade estao presentes; (II) TDAH subtipo predominantemente desatento, quando sinais de
desatengdo sdo mais prevalentes; e (III) TDAH subtipo hiperativo/impulsivo, caracterizado por

sinais de hiperatividade e impulsividade predominantes.
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Embora o diagnostico do TDAH possa ser realizado também por outras ferramentas, o que
consequentemente dificulta o rastreio da prevaléncia do transtorno, uma série de revisoes
sistematicas apontaram que a prevaléncia mundial do transtorno esta entre 2,2 e 7,2% (Sayal et al.,
2018). Estudos sugerem que alguns fatores sociodemograficos como sexo, etnicidade e status
socioecondmico sao importantes para a estimativa do transtorno. Por exemplo, em criangas e
adolescentes as taxas de diagnosticos de TDAH sdo maiores em meninos que em meninas, embora
a estimativa de propor¢do varie entre os estudos (2-3 meninos a cada 1 menina em estudos
populacionais ou 4 a cada 1 em estudos clinicos) (Faraone et al., 2015; Sayal et al., 2018). Além
disso, a prevaléncia do transtorno também parece estar associada a baixa renda familiar e a algumas

etnias, apesar de esses resultados serem pouco conclusivos (Faraone et al., 2015).

Pacientes com TDAH frequentemente apresentam outros transtornos comportamentais
associados. O transtorno opositor desafiador ¢ altamente comdrbido com o TDAH e estima-se que
metade das criancas diagnosticadas com o subtipo combinado também apresentam o transtorno de
oposi¢ao desafiante (American Psychiatric Association, 2013). Além disso, transtornos de conduta
e transtornos especificos de aprendizagem sao comuns em individuos com TDAH. Criancas com
TDAH tendem a apresentar dificuldade de escrita, leitura e/ou matematica (DuPaul, Gormley, &
Laracy, 2013). De fato, a dificuldade de atengao e a hiperatividade em periodos escolares iniciais
podem comprometer o aprendizado convencional. Em adultos, estima-se taxas de comorbidade de
TDAH e transtorno bipolar entre 9,5% e 21,2%. Corroborando esses achados, estudos observam
que individuos com TDAH apresentam também transtornos de humor, que podem aparecer ainda
na infancia. Por outro lado, transtornos de ansiedade, como fobia social e transtorno do panico,
sao comuns em individuos com TDAH e possivelmente decorrem das mesmas bases
neuroanatdmicas que serdo discutidas a seguir (Katzman, Bilkey, Chokka, Fallu, & Klassen,

2017).

Diversas linhas de pesquisa apontam que os sintomas de dificuldade de atengdo e
hiperatividade sdo decorrentes de disfungdes cognitivas, especialmente por alteragcdes de fungdes
executivas (Barkley, 1997; Castellanos et al., 2002). Um estudo classico nos anos 90 propds um
modelo tedrico de que o TDAH seria resultado de alteragdes de comportamento inibitdrio e
prejuizos de fungdes executivas (Barkley, 1997). O modelo de Barkley define fungdes executivas

como uma série de quatro fungdes, sendo elas: memoria de trabalho, auto-regulacao do afeto,
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motivagdo e excitacdo; internalizagao da fala; e reconstituicao. Essas fun¢des controlariam outros
sistemas neuropsicologicos e influenciariam o sistema motor, levando a alteracdes
comportamentais associadas ao transtorno (Barkley, 1997). Corroborando esses achados, dados da
literatura demonstram que criancas e adultos com TDAH apresentam também prejuizos de

memoria e baixo desempenho em testes de aprendizagem verbal (Roth et al., 2004).

Estudos de neuroimagem propdem que a ocorréncia do transtorno esta associada ao atraso
no desenvolvimento de regides encefalicas envolvidas no controle de funcgdes executivas
(Castellanos et al., 2002), regides essas que permanecem em desenvolvimento no decorrer da
infancia e da adolescéncia (Sowell, Thompson, & Toga, 2004). Essa hipotese surgiu da observagao
de que algumas criancas diagnosticadas com TDAH apresentavam comportamento mais ativo e
impulsivo, semelhante a criancas mais jovens. De fato, algumas caracteristicas corroboram essa
hipotese, como por exemplo o fato de criancas com TDAH apresentarem déficits em
desenvolvimento de fungdes cognitivas superiores, de autocontrole inibitorio, necessidade de
recompensa imediata, bem como dificuldade de atencdo e falha na previsdao de consequéncias
temporais (Rubia, 2007). Outro fato que corrobora essa hipotese parte do principio de que muitos
pacientes diagnosticados com o transtorno apresentam melhora e normalizagdo do quadro na vida
adulta (Faraone et al., 2015). Com o objetivo de avaliar se o TDAH poderia ser caracterizado por
alteracoes de espessura de regides do cortex envolvidas no controle atencional, Shaw e
colaboradores (2006) realizaram um estudo longitudinal em que avaliaram o desenvolvimento
encefalico de criangas com TDAH comparadas com criangas controle. Nesse estudo, um total de
163 criangas diagnosticadas com o transtorno e 166 criancas controles tiveram pelo menos dois
exames de ressonancia magnética e avaliagdes clinicas pelo tempo de acompanhamento de 5 anos.
Os autores observaram diminui¢do da espessura do cortex, particularmente cortex pré-frontal
medial e superior e de regides pré-centrais de criancas com TDAH comparadas com criangas
controle. Entretanto, durante o desenvolvimento, o cortex parietal direito de criancas com TDAH
de quadro leve normalizou em relagdo ao grupo controle, o que ¢ esperado durante a maturagao
encefalica na adolescéncia (Shaw et al., 2006; Sowell et al., 2004). Esses resultados corroboram a
hipotese de que o TDAH tem fisiopatologia associada ao atraso do desenvolvimento e maturacao

de estruturas encefalicas que sao associadas ao controle de fung¢des executivas.
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O TDAH possui etiologia multifatorial com fatores genéticos, fatores ambientais e a
interacao gene x ambiente contribuindo substancialmente para o desenvolvimento do transtorno.
Muitos estudos apontam a elevada prevaléncia do TDAH entre familiares. Estima-se que pais com
TDAH tém entre duas e oito vezes mais chances de terem filhos com o mesmo transtorno. Da
mesma forma, irmaos de individuos diagnosticados tém risco elevado para o desenvolvimento da
doenca (Faraone et al., 2000). Além disso, considerando que fatores ambientais poderiam interferir
no desenvolvimento do transtorno, um estudo duplo-cego analisou os riscos de desenvolver TDAH
entre irmaos, controlando varidveis como sexo, integridade familiar e status socioecondmico e
confirmou as altas taxas de desenvolvimento do transtorno entre familias (Faraone et al., 2005).
Finalmente, estudos com gémeos monozigoticos e dizigoticos, que compartilham respectivamente
praticamente 100% e 50% do genoma, foram revisados em 2005. Considerando diversas etnias, a
média de hereditariedade do TDAH foi estimada em 76%, sendo considerado um dos transtornos

psiquiatricos mais herdaveis (Faraone et al., 2005).

Dados da literatura apontam que fatores genéticos estaveis e comuns, fatores genéticos que
emergem em diferentes estagios de desenvolvimento desde a infancia até a vida adulta e algumas
variantes genéticas sdo associadas ao desenvolvimento do TDAH (Faraone et al., 2015). Vérios
estudos tém se esfor¢ado para identificar genes centrais importantes para a etiologia do TDAH.
Um dos primeiros estudos com gene candidato para TDAH identificou que certos polimorfismos
do transportador de dopamina aumentam a susceptibilidade para o desenvolvimento do transtorno
(Cook et al., 1995). De fato, o tratamento mais efetivo para TDAH envolve a utilizacdo de
farmacos como metilfenidato, anfetamina, pemolina e bupropiona, que atuam inibindo o

transportador de dopamina, corroborando os resultados de genes candidatos (Minzenberg, 2012).

Com o objetivo de identificar os principais genes candidatos associados ao
desenvolvimento de TDAH, Gizer e colaboradores realizaram uma meta-analise em 2009,
considerando genes que foram associados ao transtorno em diferentes estudos. Dentre os
candidatos identificados, destacam-se genes envolvidos na sinalizagdo de monoaminas
neurotransmissoras, tais como genes envolvidos nas vias dopaminérgicas, vias adrenérgicas, vias
serotoninérgicas e vias colinérgicas, além de genes envolvidas nas vias de desenvolvimento do
sistema nervoso (Gizer, Ficks, & Waldman, 2009). O sistema dopaminérgico foi amplamente

associado ao desenvolvimento do TDAH. O gene do transportador de dopamina (DATI,
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SLC6A3), por exemplo, responsavel pela recaptacdo do neurotransmissor, tem sido amplamente
identificado como gene candidato para o transtorno. De fato, animais nocaute para o gene DAT1
sdo utilizados como modelos animais para o estudo do TDAH (Leo & Gainetdinov, 2013). Além
disso, receptores de dopamina, tais como receptores de dopamina D4 (DRD4), D2 (DRD2) e D5
(DRDS), que sao amplamente expressos em regides do cortex orbitofrontal e do giro cingulado,
do cortex pré-frontal, e do hipocampo, respectivamente, estdo envolvidos na etiologia do

transtorno e no processamento das vias de recompensa (Gizer et al., 2009).

Variagdes em genes relacionados a funcdo do sistema serotoninérgico também apresentam
resultados importantes na etiologia do TDAH (Gizer et al., 2009). Nesse sentido, o transportador
de serotonina (SLC6A4; 5-HTT) foi identificado como um gene candidato fundamental no
fendtipo do transtorno, especialmente por seu envolvimento no controle da impulsividade e
hiperatividade (Gizer et al., 2009). O gene do transportador de serotonina esté localizado no braco
longo do cromossomo 17 e seu produto atua na recaptacao da serotonina na fenda sinaptica, sendo
0 mecanismo primario para regulacao da disponibilidade de serotonina extracelular (Halperin et
al., 1997). Além disso, o 5-HTT estd amplamente distribuido em regides encefalicas associadas ao
controle da atengdo, memoria e atividades motoras, tais como o hipocampo, o hipotdlamo, o cortex
cingulado e a amigdala (Frankle et al., 2004; Oquendo et al., 2007; Puig & Gulledge, 2011). Dentre
as funcdes da amigdala, discutimos anteriormente sua fun¢do no controle de comportamentos
relacionado ao medo e a ansiedade, contudo essa regido também estd envolvida no controle e
manutengdo de processos atencionais e de aprendizagem, e grande parte dessas fungdes esta

relacionada a alta inervagao serotoninérgica (Pessoa, 2010).

Embora estudos tentem identificar um gene em comum responsavel pelo transtorno, a
inconsisténcia dos achados para um gene especifico sugere que o TDAH, por ser uma doenca
complexa, poderia resultar da influéncia de uma série de genes contribuindo para o
desenvolvimento do mesmo fenotipo (Thapar & Cooper, 2016). Nesse sentido, apenas em 2019
um estudo de associagdo gendmica ampla (GWAS) foi desenvolvido para identificar variantes
comuns de DNA que aumentam o risco de TDAH, o qual identificou 12 polimorfismos
significativamente associados ao transtorno (Demontis et al., 2019). A identificagdo desses
polimorfismos corrobora a hipotese de que o TDAH se constitui em um transtorno com multiplas

variaveis contribuindo para um transtorno complexo. Dessa forma, estudos que contemplem a acao
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de diferentes variantes genéticas podem ser fundamentais para o direcionamento e identificagao

de criangas com risco elevado para o desenvolvimento do transtorno.

Além de fatores hereditarios, fatores ambientais sdo extremamente importantes para o risco
de desenvolvimento do TDAH. Evidéncias apontam que a exposicdo a adversidades no periodo
perinatal, exposi¢cdo a toxinas, disponibilidade de nutri¢ao adequada e fatores psicossociais sao
associados ao TDAH (Thapar & Cooper, 2016). Dentre as adversidades no periodo perinatal, baixo
peso ao nascer, prematuridade, exposicdo a drogas ilicitas, tabaco e alcool durante o periodo
gestacional s3o amplamente associados ao risco para desenvolver o transtorno (Thapar, Cooper,
Eyre, & Langley, 2013). A importancia do periodo perinatal para o risco aumentado de TDAH ¢
estabelecida e confirmada por estudos em modelos animais que observaram que hipoxia e isquemia
neonatal aumentavam comportamentos associados a inatencao, impulsividade, além de alterar a
sintese de dopamina no cortex pré-frontal (Ketzer, Gallois, Martinez, Rohde, & Schmitz, 2012;
Mikkelsen et al., 2017). Miguel e colaboradores em 2019 avaliaram a atividade locomotora e a
flexibilidade cognitiva em ratos expostos a hipoxia e isquemia no periodo neonatal e observaram
que o estresse nesse periodo levou a inflexibilidade cognitiva, que foi revertida pelo tratamento
com metilfenidato, embora o mesmo tenha causado aumento de atividade locomotora nesse grupo
de animais. Além disso, esses resultados foram associados a diminuicdo dos receptores
dopaminérgicos D2 e do transportador de dopamina e a um aumento dos niveis da enzima tirosina
hidroxilase fosforilada. Esses resultados em conjunto validaram o modelo de hipoxia e isquemia
neonatal como um modelo animal para o estudo do TDAH, confirmando a importancia no

ambiente neonatal para o desenvolvimento do TDAH (Miguel, Deniz, et al., 2019).

De acordo com o exposto, nao ¢ possivel afirmar que um tnico fator de risco ou variante
genética poderia explicar o desenvolvimento do TDAH, embora uma extensa literatura aponte que
fatores hereditarios e ambientais contribuam substancialmente para o desenvolvimento do
transtorno. Nesse sentido, a interagdo gene e ambiente (G x E) seria o principal mecanismo pelo
qual fatores ambientais interagem com fatores genéticos € aumentam o risco para o
desenvolvimento do transtorno (Faraone et al., 2015). Variantes genéticas poderiam conferir
vulnerabilidade a adversidades que poderiam predispor individuos ao desenvolvimento de
fenotipos especificos. Corroborando essa hipdtese, o polimorfismo do gene do transportador de

serotonina (5-HTTLPR) foi identificado como moderador dos efeitos da exposi¢cdo ao estresse
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cronico e preditor do desenvolvimento do TDAH (van der Meer et al., 2014). No entanto, doengas
complexas, como o TDAH, envolvem uma complexa rede de genes funcional organizada de forma
hierdrquica, que envolve vias moleculares, tipos celulares e circuitos que acarretam modificagoes
cognitivas e comportamentais (Gaiteri, Ding, French, Tseng, & Sibille, 2014; Parikshak, Gandal,
& Geschwind, 2015). Por outro lado, a exposicao a adversidades poderia levar a alteragdes
epigenéticas, como metilagdo do DNA, que levam a alteragdes na expressdo genoOmica e,
consequentemente, a alteragdes funcionais. Embora pouco estudado no contexto do TDAH,
alteracdes epigenéticas poderiam mediar a associacdo entre fatores de risco ambientais e o

desenvolvimento do TDAH (Mill & Petronis, 2008).
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Influéncia de Adversidades no Inicio da Vida na Programacao do
Comportamento alimentar e do metabolismo

As influéncias de adversidades no inicio da vida na programag¢ao de comportamento
alimentar e do metabolismo foram revisadas e publicadas em um capitulo da série de livros
Advances in Food and Nutrition Research da editora Elsevier. A seguir, serdo discutidos os efeitos
de condig¢des ambientais, em periodos sensiveis do desenvolvimento, no comportamento alimentar
e no metabolismo, considerando fatores que sdo associados ao apetite, como emogoes € processos
cognitivos, comportamentos hedonicos e o sistema de recompensa, € a exposicdo a dietas
palataveis, finalizando com estudos de interacdo gene e ambiente sobre o desenvolvimento do

comportamento alimentar e fenotipos relacionados.
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Abstract

Environmental variations in early life influence brain development, making individuals more
vulnerable to psychiatric and metabolic disorders. Early life stress (ELS) has a strong impact on
the development of eating behavior. However, eating is a complex behavior, determined by an
interaction between signals of energy homeostasis, neuronal circuits involved in its regulation, and
circuits related to rewarding properties of the food. Although mechanisms underlying ELS-
induced altered feeding behavior are not completely understood, evidence suggest that the effects
of ELS on metabolic, mood, and emotional disorders, as well as reward system dysfunctions can
contribute directly or indirectly to altered feeding behavior. The focus of this chapter is to discuss
the effects of ELS on eating behavior and metabolism, considering different factors that control
appetite such as energy homeostasis, hedonic properties of the food, emotional and cognitive
status. After highlighting classic studies on the association between ELS and eating behavior
alterations, we discuss how exposure to adversity can interact with genetics characteristics to
predict variable outcomes.
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3. Hipotese
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Considerando que:

1. o periodo perinatal se constitui de um periodo sensivel para o desenvolvimento, sendo uma
fase da vida em que varios sistemas continuam seu processo de matura¢ao, como € o caso
do encéfalo, e que influéncias ambientais nesse periodo podem causar prejuizos na
formacao e/ou eficacia de circuitos neurais que podem levar a alteragdes comportamentais

€ neuroquimicas a longo prazo;

2. embora exista uma grande variabilidade de protocolos de estresse neonatal em modelos
animais, diversas evidéncias apontam que adversidades no inicio da vida estao associadas
a alteracdoes de peso corporal e consumo alimentar, bem como de comportamentos
relacionados, tais como como ansiedade, hiperatividade e impulsividade, e que os
mecanismos pelos quais fatores ambientais em fases iniciais da vida afetam esses desfechos

ainda precisam ser mais bem elucidados;

3. fatores genéticos e ambientais interagem entre si e influenciam o desenvolvimento;

a hipotese dessa tese € que a exposicdo a adversidades no inicio da vida interage com redes
funcionais associadas ao comportamento alimentar € a processos emocionais e/ou cognitivos,
aumentando a resiliéncia ou a suscetibilidade ao desenvolvimento de alteragdes de comportamento
alimentar, de atencdo e hiperatividade durante o desenvolvimento, observaveis tanto em modelos

animais quanto em estudos em humanos.
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4. Objetivos
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4.1 Objetivo Geral

O objetivo geral dessa tese foi investigar se a exposicao a eventos adversos no inicio da

vida aumentam a suscetibilidade ao desenvolvimento de alteragdes de comportamento alimentar e

de processos emocionais e cognitivos, partindo de estudos empiricos em um modelo animal para,

a seguir, utilizando uma perspectiva translacional, investigar como a interacdo entre fatores

genéticos e 0 ambiente precoce poderia modular redes funcionais associadas a tais fen6tipos.

4.1 Objetivos Especificos

a)

b)

Investigar como diferentes protocolos de estresse no inicio da vida afetam a
ansiedade, o comportamento alimentar € o peso corporal de ratos adultos,
considerando mecanismos encefalicos envolvidos diretamente no controle do
apetite, bem como mecanismos hedonicos relacionados a motiva¢dao alimentar

(Capitulo I).

Investigar os efeitos da interagdo entre adversidades no inicio da vida e a rede de
genes que € co-expressa com o receptor de leptina no cortex pré-frontal e no
hipotalamo, em comportamentos alimentares e no metabolismo de criancas de

coortes independentes (Capitulo II).

Investigar os efeitos da interacdo entre a rede de genes que se co-expessa com 0
transportador de serotonina na amigdala e exposi¢do a adversidades no inicio da
vida, sobre o desenvolvimento de alteragdes comportamentais de atencdo e
hiperatividade, densidade da massa cinzenta do encéfalo e fatores epigenéticos

(Capitulo III).
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5. Metodologia e Resultados
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A metodologia e resultados dessa tese serdo apresentados a seguir na forma de trés capitulos:

% Capitulo I: Early life stress and the programming of eating behavior and anxiety: Sex-

specific relationships with serotonergic activity and hypothalamic neuropeptides.

% Capitulo II: Leptin receptor co-expression gene network moderates the effect of early life

adversity on eating behavior in children.

% Capitulo III: Amygdala 5-HTT Gene Network Moderates the Effects of Postnatal Adversity

on Attention Problems.: Anatomo-Functional Correlation and Epigenetic Changes.
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Capitulo 1

Artigo: Early life stress and the programming of eating behavior and anxiety. Sex-

specific relationships with serotonergic activity and hypothalamic neuropeptides.
Publicado na revista: Behavioural Brain Research.

DOI: https://doi.org/10.1016/j.bbr.2019.112399

No primeiro capitulo desta tese, propomos investigar, em animais, os efeitos de diferentes
protocolos de estresse, aplicados em periodos sensiveis do desenvolvimento, no comportamento
alimentar, no peso corporal e na ansiedade. Parametros homeostaticos e heddnicos associados a

tais fenotipos também foram analisados.

Os resultados desse trabalho demonstram que, animais submetidos ao estresse no inicio da
vida apresentam alteracdo de consumo de alimentos palataveis. Entretanto, tanto o sexo quando o
tipo de estresse aplicado no inicio da vida, podem modular diferentemente esse consumo. Além
disso, animais machos submetidos ao estresse foram susceptiveis ao aumento de comportamento
tipo-ansioso na vida adulta. O estresse precoce reduziu a expressio de POMC e aumentou a
atividade serotoninérgica no hipotdlamo, enquanto na amigdala efeitos sobre o sistema

serotoninérgico foram dependentes de sexo e tipo de estresse.

Esse trabalho foi realizado em parceria entre o Laboratério de Neuroendocrinologia e
Estresse Perinatal, coordenado pela Profa. Dra. Ana Paula Santana de Vasconcellos Bittencourt,
vinculado ao Departamento de Ciéncias Fisiologicas da Universidade Federal do Espirito Santo, e
o Laboratorio de Neurobiologia do Estresse, coordenado pela Profa. Dra. Carla Dalmaz, vinculado

ao Instituto de Ciéncias Basicas da Saude da Universidade Federal do Rio grande do Sul.
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Abstract

Early life experiences have strong influences on brain programming and can affect eating behavior
control and body weight later in life. However, there is no consensus about the relationship
between neonatal stress and feeding behavior. We evaluated whether maternal deprivation (MD)
and maternal separation (MS) alter body weight and appetite using standard rat chow consumption
and palatable food. Also, we evaluated anxiety and the expression of the leptin receptor,
neuropeptides POMC, CART, NPY in the hypothalamus, as well as the serotoninergic system in
the amygdala and hypothalamus as possible modulators of these behaviors. We found a decrease
in standard rat chow consumption in MD. However, both neonatal stress protocols increased the
consumption of palatable food and led to anxiogenic behavior in male animals. MD led to
decreased hypothalamic POMC levels in adult males. Serotonin in the hypothalamus was
decreased by both stress models in males and females. In the amygdala, MS decreased serotonin
levels while MD increased its metabolite levels. We observed that males are more vulnerable and
females are more resilient to the effects of neonatal stress on anxiety-like behavior, as well as on
food consumption and on the central changes observed. These data together add support to the
concept that the early environment contributes to the development of eating disorders later in life.

Keywords: Maternal separation, Maternal deprivation, Food consumption, POMC, Serotonin
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Capitulo 11

Artigo: Leptin receptor co-expression gene network moderates the effect of early

life adversity on eating behavior in children.

A ser submetido.

No segundo capitulo desta tese, partimos para uma perspectiva translacional, considerando
que, embora resultados comportamentais em nosso estudo com animais apontem que o estresse
induza alteragdes de comportamento alimentar, poucos efeitos em genes envolvidos nesses
comportamentos foram identificados. Dessa forma, na segunda parte do nosso trabalho, realizamos
um estudo em humanos com o objetivo de avaliar a suscetibilidade ao desenvolvimento de padrdes
alimentares em criangas com historico de adversidade no inicio da vida, considerando fatores
genéticos associados nao somente a um gene alvo, mas a expressao da rede de genes que se co-

expressa com o receptor de leptina no cortex pré-frontal e no hipotalamo.

Os resultados desse trabalho demonstram que a interagdo entre adversidades no inicio da
vida e a rede de genes que se co-expressa com o receptor de leptina no cortex pré-frontal
influenciam o comportamento alimentar de criangas. Esses resultados foram replicados em

diferentes idades e em diferentes coortes.

Esse trabalho foi executado durante um periodo de doutorado sanduiche no exterior com
parceria entre o Silveira Lab, coordenado pela Profa. Dra. Patricia Pelufo Silveira, e o Meaney
Lab, vinculados ao Douglas Mental Health University Institute da Universidade McGill (Canada),
e o Laboratorio de Neurobiologia do Estresse, coordenado pela Profa. Dra. Carla Dalmaz,
vinculado ao Instituto de Ciéncias Basicas da Satide da Universidade Federal do Rio grande do

Sul.
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Abstract

Background: Exposure to early adversity is associated with eating behavior disorders, but the
mechanisms are still unknown. We investigated whether individual differences in leptin receptor

gene network (LepR) could moderate the response of the organism to the early environment.

Methods: We investigated whether genetic variations that reflect differences in the gene expression
of the LepR moderate the effects of adversity on behavioral outcomes. For this, we created an
expression-based polygenic risk score reflecting variations in the function of LepR gene network
in prefrontal cortex and hypothalamus and investigated their interactions with postnatal adversity
on eating behavior in children (main cohort: MAVAN; replication cohort: GUSTO). We assessed
the relationship between these scores and fasting blood glucose and leptin levels in the ALSPAC

cohort.

Findings: We observed a significant interaction between adversity and prefrontal-based LepR-
ePRS on food enjoyment and satiety scores in MAVAN, but no effects were found using the
hypothalamus-based LepR-ePRS. In GUSTO, the results were similar. No main effects were found

on metabolic measures.

Interpretation: Our data supports the hypothesis that exposure to postnatal adversity affects
interacts with the biologically-informed expression-based ePRS of the LepR in the prefrontal
cortex to moderate the pathophysiology and the neurobiological mechanisms associated with

eating behavior.
Funding: Canadian Institutes of Health Research, JPB Foundation, and CAPES.

Keywords: Leptin receptor, eating behavior, early life adversity, expression-based polygenic risk

score



Research in context
Evidence before this study

From March to August 2020, we did searches on PubMed using the search terms “early life
adversity”, “obesity”, “eating behavior”, “leptin receptor”, and “neuroendocrinology” for English-
language publications. Although previous studies have identified the association of exposure to
adverse environments early in life with vulnerability to the development of metabolic and
neuropsychiatric disorders, the mechanisms behind this association remain unclear. Additionally,
the complex architecture of eating and metabolic disorders involves several genes and structures
associated with them. The genomic data using a co-expression network of genes that interact on
functional pathways had not previously been investigated in this context and represents a novel

method with the greatest potential to explore GWAS technology in order to understand

neurobiological mechanisms associated with eating behavior.
Added value of this study

We moved beyond the analysis of single genes and used a biologically informed gene network to
explore its relationship with early life adversity on eating behavioral and metabolic parameters of
children. From gene expression data we constructed a risk score based on co-expression of several
genes that was able to reflect variations in the function of the leptin receptor network in a specific
brain region, the prefrontal cortex. The interaction between adversity and prefrontal-based LepR-
ePRS predict eating behavior alteration on a Canadian main population-based study and in a
Singapore replication cohort. Our study provides strong evidence that the variations on the LepR-
ePRS interacted with early life adversity to predict eating behavior problems. This highlights the
role of adverse exposure in this outcome and the importance of supportive environments. These
findings could help to understand the long-term effects by which adversity exerts its effect on

eating problems and may inform the development of preventive interventions.
Implications of all the available evidence

The quality of the early environment can lead to changes in eating behavior and metabolism, and
leptin is involved in these outcomes through its action on the hypothalamus and prefrontal cortex
receptors (LepR). Understanding eating patterns associated with risk for obesity in response to

fluctuations in stress exposure early in life may help to inform therapeutic practices and target



prevention. As a strong predictor, the LepR-ePRS tool could enable early identification of those

children at risk for the development of metabolic and eating disorders.
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INTRODUCTION

Eating disorders are serious psychiatric disorders characterized by abnormal eating or weight-
control and have impact on physical and psychosocial health of individuals. However, the
underlying mechanisms of eating disorders need to be further elucidated. Evidence suggests that
genes and the environment interact and influence metabolic and behavioral resilience and
susceptibility to metabolic diseases.!”?* Adverse events occurring early in life are related to
persistent physiological and behavioral changes, and increased risk for several diseases during
development.?!2* Studies with animal models evaluating the effects of neonatal stress on feeding
behavior and body weight regulation have observed that early life stress exposure affects food

21,2225

consumption and eating choices, and leptin moderates this relationship.?® It has also been

shown that maternal deprivation reduces circulating leptin levels.?’

Leptin is produced by the adipose tissue, and it is involved in physiological processes that include
appetite, body weight regulation and emotional behavior,' and also plays an important role in the
regulation of glucose metabolism.* Leptin crosses the blood-brain barrier,> and its effects on
feeding behavior are mediated by receptors located in the arcuate nucleus of the hypothalamus
(HPT), piriform cortex and hindbrain.®® In addition to the physiological and homeostatic
regulation, eating behavior is modulated by hedonic components (opioids and dopamine in striatal
regions) and decision-making processes in the prefrontal cortex, that have been highly associated
with satiety.”!! In humans and rodents, leptin receptor mRNA has also been identified in the
hippocampus, striatum, amygdala and prefrontal cortex (PFC).!>"!7 The non-hypothalamic aspect
of the leptin network is related to a diversity of functions, not only food intake, but also motivation,

learning, memory, cognitive function, and neuroprotection.'®

Genetic variations, such as polymorphisms, can trigger changes in gene expression or
functionality, with associated phenotypic variation and disease susceptibility. Mutations in the
leptin receptor gene, for example, have been associated with obesity and pituitary dysfunction.*
Several studies are focused on candidate polymorphisms and their biological effects. However,
common diseases can include dysfunctions at many levels, including in genes, cells or brain
regions, as well as on the feedback between these structures at multiple biological scales.?! The
analysis of genomic data using a co-expression network of genes that interact on functional

pathways allows the investigation of connections with biological mechanisms, integrating
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genomic data and associated phenotypes.*? This methodology focuses on the functioning of
biologically relevant gene networks instead of a candidate gene/single nucleotide polymorphism

(SNP) approach.

Since the early environment can lead to changes in eating behavior and metabolism, and the leptin
receptor is tightly involved in these outcomes through its action on the hypothalamus and
prefrontal cortex, our hypothesis is that being exposed to stress during a sensitive period of life
induces changes in leptin signaling, which alters eating behavior and metabolism. Therefore, we
propose to evaluate whether genetic variations that reflect differences in the gene expression of
the LepR gene network moderate the effects of adversity on eating patterns in children. For this,
we constructed expression-based polygenic risk scores that reflect the function of prefrontal cortex
or hypothalamus LepR gene networks, and analyzed their interactions with postnatal adversity
exposure on eating behavior of healthy children in different samples. We also performed functional
enrichment analysis to characterize the biological functions associated with the leptin receptor

gene network.
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METHODS AND MATERIALS
Subjects

We used data from the Maternal Adversity, Vulnerability and Neurodevelopment Project
(MAVAN), a prospective birth cohort, that followed children at different time points in the first
years of life in Montreal (Quebec), and Hamilton (Ontario), Canada.’* The Growing Up in
Singapore Towards healthy Outcomes (GUSTO) cohort is based in Singapore and was used as a
replication cohort.>* The Avon Longitudinal Study of Parents and Children (ALSPAC), a cohort

3536 was used

that recruited pregnant women living in the county of Avon in the United Kingdom,
to analyze leptin and fasting glucose in children. Children in MAVAN, GUSTO and ALSPAC

were genotyped. A full explanation of the subjects is described in the Supplement material.

LepR co-expressed genes and ePRS

37,24

The expression-based polygenic risk score”’“* was created for the prefrontal cortex (PFC) (Figure

1) and the hypothalamus (HPT), considering genes co-expressed with the leptin receptor gene

(LepR-ePRS). GeneNetwork (http://genenetwork.org) was used to generate a list of genes

coexpressed with LepR in the PFC in mice. BrainSpan (http://www.brainspan.org) was used to

identify transcripts from this list with enrichment within the human PFC during early development.
We retained only the genes overexpressed in early life in comparison to adulthood (25 weeks
gestation to 18 months postnatal in comparison to 20-40 year old adults), selecting autosomal
transcripts that were differentially expressed in PFC.*® We gathered all the existing SNPs from
these genes, and merged this list with SNPs from the GTEx data in human PFC. The list of common
SNPs was subjected to linkage disequilibrium clumping (r°<0-25). Alleles at a given cis-SNP were
weighted by the estimated effect of the genotype associated with gene expression (expression
quantitative trait loci from GTeX, in which the effect allele is the alternative allele).>*** The
summation of these values from the total number of SNPs provides the PFC ePRS-LepR score

(Supplemental table S1).

The genetic score for the leptin receptor gene network in the HPT was created with the same
approach. Since the BrainSpan has no information about the HPT, we gathered all the existing
SNPs from these genes, and merged this list with SNPs from the GTEx data in the human HPT
(Supplemental table S2), without enrichment for developmental period. Each ePRS was created

separately for each study cohort.
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Postnatal Adversity Score

The postnatal adversity score was created using a measure combining multiple indicators of
adversity, and the presence of each component yielded 1 point (Table 1). The total score represents
the summation of all points. The instruments used as indicators of postnatal adversity are described

in the Supplement material.

Behavioral Outcomes

The Child Eating Behavior Questionnaire (CEBQ)*! was used to evaluate the child's eating
behavior.*>** This questionnaire has eight scales and thirty-five questions related to eating styles
and satiety. Domains include Desire to Drink, Satiety Responsiveness, Emotional over-eating,
Emotional under-eating, Enjoyment of Food, Food Responsiveness, Slowness in Eating and Food
Fussiness.*! Parents of 143 children at the age of 48 and 72 months (MAVAN, main cohort) and
467 at the age of 60 months (GUSTO, replication cohort) were asked to answer the CEBQ.

Main effects of LepR ePRS on metabolic parameters

Fasting blood glucose measurements from 642 children (8-5 years old) were obtained as part of
the Before Breakfast Study in ALSPAC. Parental consent was sought for venous blood samples.
Plasma glucose was measured using a glucose oxidase test (Y.S.I., Lynchford House,

Farnborough, Hants, UK).**

Non fasting blood samples from 3171 children (9-5 years old) were collected and samples spun
immediately and frozen at -80°C. Leptin levels were measured by an in-house ELISA validated

against commercial methods.*>4

Enrichment Analysis of the LepR co-expression network

Enrichment analysis of the genes comprising the LepR-ePRS in the PFC was performed using
Metacore®. Protein-protein interaction network was performed using the STRING database*” and
Cytoscape Software®*®. Genes were analyzed in the PANTHER,* the CSEA tool,’* and the
SynGO.! Genetic correlations of the SNPs used to create the LepR-ePRS were analyzed using LD
Hub.>>3

Statistical Analysis
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Data were analyzed using R.>* Significance levels for all measures were set at a< 0-05. Linear
regressions were used to examine the effects of interactions between the polygenic scores with the
adversity score on the behavioral outcomes (CEBQ). Sex and population stratification principal
components were included as covariates. Simple slope analyses were conducted to identify post-

hoc differences for the statistically significant interactions.

The population structure of the MAVAN, GUSTO and ALSPAC cohorts were evaluated using
principal component analysis of all autosomal SNPs that passed the quality control without low
allele frequency (MAF>5%) and that were not in high linkage disequilibrium (r2>0-2) across 500
kb regions.’>* Based on the inspection of the scree plot, the first three principal components were
the most informative concerning population structure in the three cohorts and were included in all

subsequent analyses.

Baseline comparisons between ePRS groups (median split) were tested. No differences were found

in relation to the main confounding variables in both cohorts (Supplemental table S3, 4 and 5).
Role of the funding source

This research was supported by Canadian Institutes of Health Research, JPB Foundation, and

Coordination of Improvement of Higher Level Personnel.
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RESULTS

Interaction effects between Leptin Receptor expression-based Polygenic Risk Score (ePRSs)
and Environmental Adversity on Eating Behavior
In MAV AN, we observed statistically significant interaction effects between the adversity score
and the prefrontal cortex-based LepR-ePRS on the following domains: food enjoyment score at 48
months (f=61-58, p=0-015) and 72 months (= 97-78, p=0-001); food responsiveness score at 48
months (B=83-79, p=0-009), but not 72 months (p>0-05); satiety score at 48 months (f=-43-63,
p=0-046) and a trend at 72 months (B=-41-15, p=0-093) (figure 2). We also observed a main effect
of'the ePRS on slowness in eating score at 48 months (f=-71-89, p=0-026) and a trend at 72 months
(B=-60-92; p=0-09) (figure 3). No main effects or interactions were found on the desire to drink
score, emotional over and under eating scores, food fussiness at 48 and 72 months (p>0-05).
Simple slope analysis showed that increased postnatal adversity exposure is associated with higher
satiety (B=0-13, p=0-01) and poorer food enjoyment (48 months: f=-0-19, p=0-0001; 72 months:
=-0-20, p=0-002) as the LepR-ePRS score decreases, and higher food responsiveness as the
LepR-ePRS score increases (f=0-16, p=0-02).

In GUSTO similar results were found. We observed significant interaction effects between
adversity exposure and the prefrontal cortex-based LepR-ePRS on food enjoyment (=30-48,
p=0-006), food fussiness score (f=-24-07, p=0-02) and satiety score at 60 months (=-17-00,
p=0-037). No interaction effects were found in the other domains analyzed, and no main effect of
the prefrontal cortex-based LepR-ePRS was observed (p>0-05). A simple slope analysis showed
that increased postnatal adversity exposure is associated with lower satiety responsiveness (=-
0-12, p=0-0006), as well as with higher enjoyment (3=0-10, p=0-02) and lower fussiness (p=-0-12,
p=0-003) as the LepR-ePRS score increases (figure 4).

No significant main effects of the LepR-ePRS or interactions between the HPT LepR-ePRS and
adversity were found on any domains in the Child Eating Behavior Questionnaire (CEBQ) in either
the MAVAN or GUSTO cohorts (p>0-05, supplemental table S6-7), suggesting that the effects of
the LepR gene network in response to adversity are specific for the genes composing this network

in the PFC.

Main effects of LepR-ePRS on metabolic measurements

11
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In order to analyze whether the variations in the PFC or hypothalamic genetic scores are associated
with variations in circulating leptin and glucose levels, we subdivided the ASLPAC sample into
high or low ePRS for both brain regions. No significant main effects of these ePRSs were found

on metabolic measurements (p>0-05). Data is shown in Table 2.
Enrichment Analysis of the LepR co-expression networks

The Leptin Receptor co-expression network in the PFC was composed of 175 genes, and the
network in the HPT was composed of 109 genes. We used Cytoscape Software® to determine how
the genes aggregate in a network (figures 5 and 6) and to identify the nodes that could be
considered hubs and bottlenecks (figure 7). We observed, using String-db, that the gene network
in the PFC had more significant protein-protein interactions than in the HPT (PFC: p= 6-24¢e-06;
HPT: p =1-62¢-05).

The Metacore enrichment analysis showed statistically significant gene ontology processes
associated with the ePRS scores. In the PFC network, biological processes were enriched for
nervous system development (FDR qg=4-44e-09), response to lipids (FDR q = 9-32¢-08),
anatomical structure morphogenesis (FDR q=1:63e-08), response to nutrient levels (FDR
q=4-72e-08), among others (table 3). Interestingly, figure 8 shows that the PCF genes network cell
type-specific are overexpressed in the amygdala, cortex, and thalamus during early developmental
stages. To further analyze the gene's function of the prefrontal cortex LepR gene network we used
the PANTHER (figure 8). We observed at the molecular function level and at the biological
processes, that these genes are associated with binding, and catalytic activity function regulation.

The LepR network in the PFC was also enriched for synaptic components as shown in figure 8.

Genetic correlations between the SNPs used to create the LepR-ePRS and several GWASes
related to lipid metabolism and obesity were found in LDhub using the PFC scores (table 4). These
results suggest that, although our behavioral data were analyzed in childhood, the LepR network

is highly associated with increased risk to the development of metabolic and endocrine disorders.
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DISCUSSION

We demonstrated that a biologically-informed polygenic score based on genes co-expressed with
the leptin receptor in the PFC significantly moderates the association between postnatal adversity
and several eating behaviors. These effects were seen at different ages and replicated in an
independent cohort. However, no significant interactions or main effects were observed using the
hypothalamus-based LepR-ePRS, suggesting a brain-region specificity for the LepR gene network

in interacting with the environment to predict eating behavior.

The CEBQ was designed to identify different aspects of eating behavior that have been
hypothesized to contribute to body weight regulation.*! We observed in MAVAN a decrease in
food enjoyment and responsivity to food when facing an increase in adversity exposure as the PFC
LepR-ePRS decreases. In the replication cohort, we observed that increased postnatal adversity
exposure is also related to variations in food enjoyment, with increases in food enjoyment as
adversity exposure increases being moderated by LepR-ePRS scores, replicating the results in the
MAVAN cohort. Although the significant slope is different between the two cohorts, the
interaction seems to tease apart a group of children that responds to adversity with obesogenic
behaviors (higher LepR-ePRS score) and another group that responds to adversity with a more
anorexic pattern (lower LepR-ePRS score). These two domains, food responsiveness and food
enjoyment, reflect eating in response to environmental food cues.*** Appetite and eating rate are
increased in overweight or obese children.*?*-7 Stress exposure increases the appetite for sweet
foods, and studies with animals have reported that the type, duration or severity of stress may
modify responses to stress.>®%? Stress also has an effect on food choices. Most stressed individuals
show preferences for palatable and calorie-enriched foods.®*® In animal models, chronic stress
leads to increased ingestion of sweet food.?!*®> Leptin is suggested to act as a moderator of the
relationship between stress exposure and altered eating behavior.>”%” Our study highlights how a
whole network of genes co-expressed with the leptin receptor interacts with environmental

adversity to influence eating behavior.

Satiety responsiveness was affected by the interaction between the LepR gene network and
environmental adversity in both cohorts and at different ages. Satiety represents the ability of a
child to reduce food intake after eating, to regulate energy intake. Infants tend to be highly

responsive to internal hunger and satiety cues, whereas this level of responsiveness decreases with
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advancing age.*>* Thus, children will gradually lose the ability to effectively self-regulate energy

intake*3%8

as we observed in satiety outcomes measured at 72 months. Once again, when
comparing the two cohorts we see that, despite the fact that the statistically significant simple slope
is different in the two samples, the interaction is able to identify a group of children that respond
to adversity with less satiety (higher LepR-ePRS score) and another group that responds to
adversity with more satiety (lower LepR-ePRS score). Our work therefore contributes to both
identifying and characterizing phenotypes associated with vulnerability to obesogenic and

anorexic tendencies when facing adversity in children.

Food fussiness is usually defined as rejection of a substantial amount of familiar foods as well as
novel foods, thus leading to the consumption of an inadequate variety of foods. This type of eating
behavior is characterized by a lack of interest in food, and slowness in eating.*>* The interaction
between exposure to adversity and the LepR-ePRS also modulated fussiness behavior, and this
result was observed mainly in the GUSTO cohort. Additionally, we observed an ePRS main effect
on slowness to eat, with a lower ePRS being associated with greater slowness to eat, which
corroborates the other results found in both cohorts. High scores on the slowness in eating scale
are characterized by a reduction in eating rate as a consequence of a lack of enjoyment and interest
in food. Obese children show increased food consumption, with less of a reduction in the eating

1.43

rate towards the end of a meal.” However, it is important to note that this effect was not associated

with response to adversity.

Since we had metabolic parameters available in ALSPAC, we tested if the ePRS scores
representing the prefrontal and hypothalamic leptin gene networks would be associated with
variations in peripheral metabolic markers. Our data demonstrated that fasting glucose and leptin
did not vary according to variations in these gene networks, suggesting that the reported effects on
eating behavior are likely due to specific effects of the leptin receptor gene network in the central
nervous system, and not through modulation of peripheral metabolism. It is well known that
leptin plays a role in the regulation of glucose metabolism and homeostasis, independently of its
effect on energy balance.* Studies with animals deficient in leptin and leptin receptors have shown
they develop hyperglycemia, hyperinsulinemia and insulin resistance. ’°"* Variations in the LepR-

ePRS in the PFC or HPT did not associate with any changes in peripheral metabolic biomarkers,
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hence the changes seen with regards to eating behavior must be due to the central action of the

PFC LepR gene network.

Energy balance is a process regulated by the central nervous system and peripheral organs. The
gastrointestinal tract is responsible for the digestion and absorption of nutrients but also sends
information to the brain about the perception of gastrointestinal fullness and satiety.”* Adipose
tissue releases hormones that act in the brain to regulate feeding behavior and body weight. The
hypothalamus detects and integrates the metabolic signals from fat stores, stimulating or inhibiting
food consumption according to energy balance.”> However, eating behavior is stimulated not only
by hunger, but also by hedonic sensations associated with feeding behavior, as well as motivation
and inhibitory/decision-making processes. Knowing that the PFC is an important region involved
in the modulation of these processes,’ the results found in this study may be associated with the
modulation of motivation to feed through the central action of genes co-expressed with leptin in
this region. The hypothalamus is more involved in the control of food intake and homeostasis, and
the HTP-based gene network used here may be less able to moderate the influence of adversity on
food behavior, given the importance of hypothalamic processes for survival. In addition, the LepR
gene network created in the hypothalamus was not filtered by genes overexpressed early in life,
which could affect the outcomes analyzed, since postnatal adversity may influence specifically the
genes overexpressed in the developing brain at the time when adversity is occurring. Also, the
HPT network of genes co-expressed with LepR was a less integrated network when compared to

the PFC network.

Leptin modulates brain networks that influence reward and motivation.”’® Much of the
motivation to obtain food occurs by the activation of the limbic system, prefrontal cortex and
ventral tegmental area.”®’”-” The mesolimbic dopaminergic system is the most involved in the
control of pleasure and reward.’®” Studies indicate that the regulation of the dopaminergic system
in the prefrontal cortex is related to the risk for obesity, being mediated by the D2 receptor.’
Pathways between the hypothalamus and the mesolimbic system form a functional network for
food control. Leptin acts directly on this system, suppressing food consumption and modulating

the activity of dopaminergic neurons.?8!

The two brain regions analyzed here have different roles in regulating eating behaviors. The two

genetic scores also represent very specific gene networks. DYRK2 (dual-specificity tyrosine-(Y)-
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phosphorylation regulated kinase 2) is the only common gene between the PFC and HPT-based
genetic scores. We validated our LepR network using several approaches, especially by
demonstrating its brain-region specificity. The ePRS method is a new and reliable approach that
goes beyond finding an association between genetic variants and phenotypes.’’ Genetic
coexpression networks offer information on a functional genomic scale, and have the potential to
highlight molecular mechanisms associated with specific behaviors in response to environmental

variation.

Interestingly, one of the hub genes in the PFC LepR gene network is AKT1. This gene is one of
three closely related serine/threonine-protein kinases (AKTI1, AKT2 and AKT3) called AKT
kinase, that regulates many processes including metabolism, proliferation, cell survival, growth
and angiogenesis.®*®* Leptin activates the PI3K/AKT pathway, and inhibition of this pathway in
the brain prevents the induction of leptin anorexia.®*** The presence of this gene in the leptin
receptor gene network demonstrates the importance of analyzing genes co-expressed with the

target gene, since much of the effects of the network are modulated by hub genes.

Our data supports the hypothesis that PFC leptin receptor gene network moderates the effects of
postnatal adversity on eating behavior. The findings show the possibility of exploring how
different brain gene networks involved with leptin signaling and their interactions with the
environment influence the neurobiological basis of eating. The knowledge of these mechanisms
may help us to understand eating patterns associated with risk for obesity in response to

fluctuations in stress exposure early in life, and inform on preventive and therapeutic practices.

16



283 Author contributions

284  RMSL, PPS, and CD designed the experiments. CD and APSVB performed the enrichment
285  analysis. SP calculated the ePRS scores. ZW, IP, CP and EJMF performed statistical analysis. BB,
286  DMA, CD, and PPS analyzed the results and wrote the manuscript with RMSL. MJM, RDL and
287  MSK contributed with important intellectual content and edits on the final version of the

288  manuscript.

289

17



290

291

292

293

294

295

296

297

298

Funding

This research was supported by Canadian Institutes of Health Research (CIHR, PJT-166066, P1
Silveira PP), the JPB Foundation through a grant to the JPB Research Network on Toxic Stress: A
Project of the Center on the Developing Child at Harvard University, and Coordination of
Improvement of Higher Level Personnel (CAPES). Dr. Levitan acknowledges support from the
Cameron Holcombe Wilson Chair in Depression studies, CAMH and University of Toronto;
Randriely Merscher Sobreira de Lima and Patricia P. Silveira will serve as guarantors for the

contents of this paper.

18



299

300
301
302
303

Competing interests

All  authors have  completed the ICMJE  uniform

disclosure

form

at

www.icmje.org/coi_disclosure.pdf and declare no financial relationships with any organisations

that might have an interest in the submitted work in the previous three years; no other relationships

or activities that could appear to have influenced the submitted work.

19



304

305

306

307

308

309

Acknowledgements

We are extremely grateful to all the families who took part in this study, the midwives and

obstetricians, for their help in recruiting them, and the whole MAVAN, GUSTO and ALSPAC

teams, which includes interviewers, computer and laboratory technicians, clerical workers,

research scientists, volunteers, managers, receptionists and nurses.

20



310 References

311 1 Berthoud H, Morrison C. The Brain , Appetite , and Obesity. Annu Rev Psychol 2008; 59:
312 55-92.

313 2 Friedman JM, Halaas JL. Leptin and the regulation of body weight in mammals. Nature
314 1998; 395: 763-70.

315 3 Crujeiras AB, Carreira MC, Cabia B, Andrade S. Leptin resistance in obesity: An

316 epigenetic landscape. Life Sci 2015; 140: 1-7.
317 4 Fernandez-Formoso G, Pérez-Sieira S, Gonzéalez-Touceda D, Dieguez C, Tovar S. Leptin,
318 20 years of searching for glucose homeostasis. Life Sci 2015; 140: 4-9.

319 5 Schwartz M, Campfield L, Burn P, Baskin D, Seeley J. Identification of leptin action in rat
320 hypothalamus. J Clin Invest 1996; 5: 1101-6.

321 6 Grill HJ, Schwartz MW, Kaplan JM, Foxhall JS, Breininger J, Baskin DG. Evidence that
322 the caudal brainstem is a target for the inhibitory effect of leptin on food intake.
323 Endocrinology 2002; 143: 239-46.

324 7 Blevins JE, Havel PJ, Beverly JL, Gietzen DW. Leptin in the Anterior Piriform Cortex
325 Affects Food Intake in Rats. Nutr Neurosci 1999; 2: 357-67.

326 8 Satoh N, Ogawa Y, Katsuura G, ef al. The arcuate nucleus as a primary site of satiety
327 effect of leptin in rats. Neurosci Lett 1997; 224: 149-52.

328 9 Volkow ND, Wang GJ, Fowler JS, Telang F. Overlapping neuronal circuits in addiction
329 and obesity: Evidence of systems pathology. Philos Trans R Soc B Biol Sci 2008; 363:
330 3191-200.

331 10  Critchley D, Rolls T. Hunger and Satiety Modify the Responses of Olfactory and Visual
332 Neurons in the Primate Orbitotkontal Cortex. J Neurophysiol 1996; 75: 1673-86.

333 11 Verhagen J V, Rolls ET, Kadohisa M. Neurons in the Primate Orbitofrontal Cortex
334 Respond to Fat Texture Independently of Viscosity. J Neurophysiol 2003; 90: 1514-25.

335 12 Couce ME, Burguera B, Parisi JE, Jensen MD, Ricardo V. Lloyd. Localization of the
336 Leptin Receptor in Human Brain. Neuroen] 1997; 66: 145-50.

21



337
338
339

340
341

342
343

344
345

346
347
348

349
350

351
352
353

354
355

356
357
358

359
360
361

362
363

13

14

15

16

17

18

19

20

21

22

23

Dayi A, Agilkaya S, Ozbal S, ef al. Maternal Aerobic Exercise during Pregnancy Can
Increase Spatial Learning by Affecting Leptin Expression on Offspring’s Early and Late
Period in Life Depending on Gender. Sci World J 2012; 2012: 1-8.

Elmquist JK, Bjerbek C, Ahima RS, Flier JS, Saper CB. Distributions of leptin receptor
mRNA isoforms in the rat brain. J Comp Neurol 1998; 395: 535-47.

Scott MM, Lachey JL, Sternson SM, et al. Europe PMC Funders Group Leptin Regulates
Striatal Regions and Human Eating Behavior. 2013; 532: 518-32.

Grill HJ, Skibicka KP, Hayes MR. Imaging Obesity: fMRI, Food Reward, and Feeding.
Cell Metab 2007; 6: 423-5.

Frank S, Heni M, Moss A, et al. Leptin therapy in a congenital leptin-deficient patient
leads to acute and long-term changes in homeostatic, reward, and food-related brain areas.

J Clin Endocrinol Metab 2011; 96: 1283-7.

Morrison CD. Leptin signaling in brain: A link between nutrition and cognition? Biochim

Biophys Acta - Mol Basis Dis 2009; 1792: 401-8.

Gillespie CF, Phifer J, Bradley B, Ressler KJ. Risk and Resilience: Genetic and
Environmental Influences on Development of the Stress Response. Depress Anxiety 2009;

26: 984-92.

Ordovas JM, Shen J. Gene—Environment Interactions and Susceptibility to Metabolic

Syndrome and Other Chronic Diseases. J Periodontol 2008; 79: 1508—-1513.

Ryu V, Yoo SB, Kang DW, Lee JH, Jahng JW. Post-weaning isolation promotes food
intake and body weight gain in rats that experienced neonatal maternal separation. Brain

Res 2009; 1295: 127-34.

Wertheimer GS de O, Girardi CEN, de Oliveira A de SM, Monteiro Longo B, Suchecki D.
Maternal deprivation alters growth, food intake, and neuropeptide Y in the hypothalamus

of adolescent male and female rats. Dev Psychobiol 2016; 58: 1066—75.

O’Donnell KJ, Meaney MIJ. Fetal origins of mental health: The developmental origins of
health and disease hypothesis. Am J Psychiatry 2017; 174: 319-28.

22



364
365
366

367
368
369
370

371
372

373
374
375

376
377
378

379
380
381

382
383
384

385
386
387

388
389
390

391

24

25

26

27

28

29

30

31

32

33

Miguel PM, Pereira LO, Barth B, et al. Prefrontal cortex dopamine transporter gene
network moderates the effect of perinatal hypoxic-ischemic conditions on cognitive

flexibility and brain gray matter density in children. Bio/ Psychiatry 2019; : 1-10.

de Lima RMS, Dos Santos Bento LV, di Marcello Valladao Lugon M, et al. Early life
stress and the programming of eating behavior and anxiety: sex-specific relationships with
serotonergic activity and hypothalamic neuropeptides. Behav Brain Res 2019; 379:
112399.

Tomiyama AJ, Schamarek I, Lustig RH, ef al. Leptin concentrations in response to acute

stress predict subsequent intake of comfort foods. Physiol Behav 2012; 107: 34-9.

Mela V, Diaz F, Vazquez MJ, et al. Interaction between neonatal maternal deprivation and

serum leptin levels on metabolism, pubertal development, and sexual behavior in male and

female rats. Biol Sex Differ 2016; 7: 1-17.

Viveros MP, Diaz F, Mateos B, Rodriguez N, Chowen JA. Maternal deprivation induces a
rapid decline in circulating leptin levels and sexually dimorphic modifications in

hypothalamic trophic factors and cell turnover. Horm Behav 2010; 57: 405—14.

Viveros MP, Llorente R, Diaz F, ef al. Maternal deprivation has sexually dimorphic long-
term effects on hypothalamic cell-turnover, body weight and circulating hormone levels.

Horm Behav 2010; 58: 808-19.

Dehghani MR, Mehrjardi MYV, Dilaver N, et al. Potential role of gender specific effect
of leptin receptor deficiency in an extended consanguineous family with severe early-

onset obesity. Eur J Med Genet 2018; 61: 465-7.

Gaiteri C, Ding Y, French B, Tseng GC, Sibille E. Beyond Modules & Hubs: the potential
of gene coexpression networks for investigating molecular mechanisms of complex brain

disorders. Genes Brain Behav 2014; 13: 13-24.

Ramanan VK, Shen L, Moore JH, Saykin AJ. Pathway analysis of genomic data:
Concepts, methods, and prospects for future development. Trends Genet 2012; 28: 323—
32.

O’Donnell KA, Gaudreau H, Colalillo S, et al. The maternal adversity, vulnerability and

23



392
393

394
395

396
397
398

399
400
401

402
403
404
405

406
407

408
409

410
411
412

413
414

415
416

417
418

34

35

36

37

38

39

40

41

42

43

neurodevelopment project: Theory and methodology. Can J Psychiatry 2014; 59: 497—
508.

Soh SE, Chong YS, Kwek K, ef al. Insights from the growing up in singapore towards
healthy outcomes (GUSTO) cohort study. Ann Nutr Metab 2014; 64: 218-25.

Boyd A, Golding J, Macleod J, et al. Cohort profile: The *Children of the 90s’-The index
offspring of the avon longitudinal study of parents and children. Int J Epidemiol 2013; 42:
111-27.

Fraser A, Macdonald-wallis C, Tilling K, et al. Cohort profile: The avon longitudinal
study of parents and children: ALSPAC mothers cohort. Int J Epidemiol 2013; 42: 97—
110.

Silveira PP, Pokhvisneva I, Parent C, ef al. Cumulative prenatal exposure to adversity
reveals associations with a broad range of neurodevelopmental outcomes that are
moderated by a novel, biologically informed polygenetic score based on the serotonin

transporter solute carrier family C6, member 4 . Dev Psychopathol 2017; 29: 1601-17.

Miller JA, Ding SL, Sunkin SM, ef al. Transcriptional landscape of the prenatal human
brain. Nature 2014; 508: 199-206.

Lonsdale J, Thomas J, Salvatore M, et al. The Genotype-Tissue Expression (GTEX)
Project. Biopreserv Biobank 2013; 45: 580-5.

Hari Dass SA, McCracken K, Pokhvisneva I, ef al. A biologically-informed polygenic
score identifies endophenotypes and clinical conditions associated with the insulin

receptor function on specific brain regions. EBioMedicine 2019; 42: 188-202.

Wardle J, Guthrie CA, Sanderson S, Rapoport L. Development of the Children’s Eating
Behaviour Questionnaire. J Child Psychol Psychiatry 2001; 42: 963-70.

Carnell S, Wardle J. Measuring behavioural susceptibility to obesity: Validation of the
child eating behaviour questionnaire. Appetite 2007; 48: 104—13.

Sleddens EFC, Kremers SPJ, Thijs C. The Children’s Eating Behaviour Questionnaire:
Factorial validity and association with Body Mass Index in Dutch children aged 6-7. Int J

24



419

420
421
422
423

424
425
426

427
428

429
430

431
432

433
434
435

436
437
438

439
440

441
442
443
444

445

44

45

46

47

48

49

50

51

52

53

Behav Nutr Phys Act 2008; 5: 1-9.

Bonilla C, Lawlor DA, Ben-Shlomo Y, et al. Maternal and offspring fasting glucose and
type 2 diabetes-associated genetic variants and cognitive function at age 8: A Mendelian
randomization study in the Avon Longitudinal Study of Parents and Children. BMC Med
Genet 2012; 13: 1-10.

Wallace AM, McMahon AD, Packard CJ, et al. Plasma leptin and the risk of
cardiovascular disease in the west of Scotland coronary prevention study (WOSCOPS).

Circulation 2001; 104: 3052-6.

Falaschetti E, Hingorani AD, Jones A, et al. Adiposity and cardiovascular risk factors in a

large contemporary population of pre-pubertal children. Eur Heart J 2010; 31: 3063-72.

Franceschini A, Szklarczyk D, Frankild S, ef al. STRING v9.1: Protein-protein interaction

networks, with increased coverage and integration. Nucleic Acids Res 2013; 41: 808—15.

Saito R, Smoot ME, Ono K, ef al. A travel guide to Cytoscape plugins. PLoS One 2012; 9:
1069-1076.

Mi H, Muruganujan A, Huang X, et al. Protocol Update for large-scale genome and gene
function analysis with the PANTHER classification system (v.14.0). Nat Protoc 2019; 14:
703-21.

Xu X, Wells AB, O’Brien DR, Nehorai A, Dougherty JD. Cell type-specific expression
analysis to identify putative cellular mechanisms for neurogenetic disorders. J Neurosci

2014; 34: 1420-31.

Koopmans F, van Nierop P, Andres-Alonso M, ef al. SynGO: An Evidence-Based,
Expert-Curated Knowledge Base for the Synapse. Neuron 2019; 103: 217-234.¢4.

Zheng J, Erzurumluoglu AM, Elsworth BL, et al. LD Hub: A centralized database and
web interface to perform LD score regression that maximizes the potential of summary

level GWAS data for SNP heritability and genetic correlation analysis. Bioinformatics
2017; 33: 272-9.

Bulik-Sullivan B, Finucane HK, Anttila V, et al. An Atlas of Genetic Correlations across

25



446
447
448

449
450

451
452
453

454
455
456

457
458

459
460

461
462
463

464
465

466
467

468
469

470
471

472

54

55

56

57

58

59

60

61

62

63

64

Human Diseases and Traits ReproGen Consortium 8 , Psychiatric Genomics Consortium 8
, Genetic Consortium for Anorexia Nervosa of the Wellcome Trust Case Control

Consortium 3 HHS Public Access. Nat Genet 2015; 47: 1236-41.

R Foundation for Statistical Computing. R: a Language and Environment for Statistical

Computing. 2018.

Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal
components analysis corrects for stratification in genome-wide association studies. Nat

Genet 2006; 38: 904-9.

Wray NR, Lee SH, Mehta D, Vinkhuyzen AAE, Dudbridge F, Middeldorp CM. Research
Review: Polygenic methods and their application to psychiatric traits. J Child Psychol
Psychiatry Allied Discip 2014; 55: 1068—87.

Brydon L. Adiposity, leptin and stress reactivity in humans. Biol Psychol 2011; 86: 114—
20.

Marti O, Marti J, Armario A. Effects of chronic stress on food intake in rats: Influence of

stressor intensity and duration of daily exposure. Physiol Behav 1994; 55: 747-53.

Silveira PP, Xavier MH, Souza FH, et al. Interaction between repeated restraint stress and
concomitant midazolam administration on sweet food ingestion in rats. Brazilian J Med

Biol Res 2000; 33: 1343-50.

Adam TC, Epel ES. Stress, eating and the reward system. Physiol Behav 2007; 91: 449—
58.

Ulrich-Lai YM, Fulton S, Wilson M, Petrovich G, Rinaman L. Stress exposure, food
intake and emotional state. Stress 2015; 18: 381-99.

Gonzélez-Torres ML, dos Santos CV. Uncontrollable chronic stress affects eating

behavior in rats. Stress 2019; 22: 501-8.

Cartwright M, Wardle J, Steggles N, Simon AE, Croker H, Jarvis MJ. Stress and dietary
practices in adolescents. Heal Psychol 2003; 22: 362-9.

Zellner DA, Loaiza S, Gonzalez Z, et al. Food selection changes under stress. Physiol

26



473

474
475
476

477
478
479

480
481

482
483

484
485

486
487

488
489

490
491

492
493
494

495
496

497
498

499

65

66

67

68

69

70

71

72

73

74

75

76

Behav 2006; 87: 789-93.

Tomiyama AJ, Dallman MF, Epel ES. Comfort food is comforting to those most stressed:

Evidence of the chronic stress response network in high stress women.

Psychoneuroendocrinology 2011; 36: 1513-9.

Tryon MS, Carter CS, DeCant R, Laugero KD. Chronic stress exposure may affect the
brain’s response to high calorie food cues and predispose to obesogenic eating habits.

Physiol Behav 2013; 120: 233-42.

Appelhans BM. Circulating Leptin Moderates the Effect of Stress on Snack Intake
Independent of Body Mass. Eat Behav 2010; 11: 152-5.

Cecil JE, Palmer CNA, Wrieden W, ef al. Energy intakes of children after preloads:
Adjustment, not compensation. Am J Clin Nutr 2005; 82: 302-8.

Dovey TM, Staples PA, Gibson EL, Halford JCG. Food neophobia and ‘picky/fussy’
eating in children: A review. Appetite 2008; 50: 181-93.

Pelleymounter MA, Cullen MJ, Baker MB, et al. Effects of the Obese Gene Product on
Body Weight Regulation in Ob / Ob Mice. Science (80-) 1995; 269: 540-3.

Kamohara S, Burcelin R, Halaas JL, Friedman JM, Charron MJ. Acute stimulation of

glucose metabolism in mice by leptin treatment. Nature 1997; 389: 374-7.

El-Zein O, Kreydiyyeh SI. Leptin inhibits glucose intestinal absorption via PKC,
p38MAPK, PI3K and MEK/ERK. PLoS One 2013; 8: 1-9.

Tavernier A, Cavin JB, Le Gall M, ef al. Intestinal deletion of leptin signaling alters
activity of nutrient transporters and delayed the onset of obesity in mice. FASEB J 2014;
28: 1-11.

Ahima RS, Antwi DA. Brain regulation of appetite and satiety. Endocrinol Metab Clin
North Am 2008; 37: 811-23.

Stanley S, Wynne K, McGowan B, Bloom S. Hormonal Regulation of Food Intake.
Physiol Rev 2005; 85: 1131-58.

Berrdge KC. Food Reward: Brain Substrates of Wanting and liking. Neurosci 1996; 20:

27



500

501
502
503

504
505

506
507

508
509

510
511

512
513

514

515
516

517
518
519

520

521

77

78

79

80

81

82

83

84

85

1-25.

Petrovich GD, Holland PC, Gallagher M. Amygdalar and Prefrontal Pathways to the
Lateral Hypothalamus Are Activated by a Learned Cue That Stimulates Eating. J
Neurosci 2005; 25: 8295-302.

Burghardt PR, Love TM, Stohler CS, et al. Leptin Regulates Dopamine Responses to
Sustained Stress in Humans. J Neurosci 2012; 32: 15369-76.

Myers MG, Miinzberg H, Leinninger GM, Leshan RL. The Geometry of Leptin Action in
the Brain: More Complicated Than a Simple ARC. Cell Metab 2009; 9: 117-23.

DiLeone RJ. The influence of leptin on the dopamine system and implications for

ingestive behavior. Int J Obes 2009; 33: S25-9.

Timper K, Briining JC. Hypothalamic circuits regulating appetite and energy homeostasis:

pathways to obesity. Dis Model Mech 2017; 10: 679—89.

Hers I, Vincent EE, Tavaré JM. Akt signalling in health and disease. Curr Opin Cell Biol
2011; 23: 1515-1527.

Park H-K, Ahima RS. The leptin signaling. ' /000Prime Rep 2014; 6: 1-8.

Park H-K, Ahima RS. Physiology of leptin: energy homeostasis, neuroendocrine function

and metabolism. Metabolism 2015; 64: 24-34.

Neves de Oliveira B-H, Dalmaz C, Zeidan-Chulia F. Network-Based Identification of
Altered Stem Cell Pluripotency and Calcium Signaling Pathways in Metastatic Melanoma.
Med Sci 2018; 6: 1-12.

28



522

523
524

525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

540

Figure legends

Genes overexpressed in fetal/early

List of genes coexpressed with the life and childhood periods by

Le%z]::;:f:;:"g comparation (o adulthood using SNP weight by the estimated effect of the genotype-gene expression
=enetelwors | BrainSpan 3 association from GTEx
=
l - l . .. 2 Iid rs1  rs2 rs3 .. 2
Co-expression correlation Genes DE in PFC at >1.5 fold during € 1d1 0 1 2 5 g rsi1 rs2 rs3
index = 0.5 this period of development i 9_ ®
Y > |d2 0 1 1 3 o_Es=x | Es=y Es=z
N S @ 2
& Id3 2 0 1 S
Common Genes |——¢('D
. 2 Id| rs1_rs2 rs3 ..
Selections of SNPs =
NCBI 3 Id1 0x 1y 2z
2 1d2 0x 1y 1z
=
S - g 1d3 2X Oy iz
Sample  NCBI (@) ~’ Weighted SNPs
QO
= o O l
o o Calculate ePRS
Final SNP list PFC _ePRS
PEC Id1 |score 1
SNPs was subjected to linkage Y rsl,rs2,rs3... — 1d2 [score 2
disequilibrium clumping (r2<0.25) ) 1d3 [score 3

Figure 1: Schematic presentation of the steps involved in the creation the expression-based
polygenic risk score based on genes co-expressed with the leptin receptor (LepR-ePRS) using the
in the prefrontal cortex (PFC) based LepR-ePRS as an example. The genetic score for the leptin
receptor gene network in the PFC: GeneNetwork database was used to generate a list of genes
coexpressed with LepR in the PFC in mice. BrainSpan database was used to identify transcripts
from this list with enrichment within the human PFC during early development. Since we were
interested in gene networks that were active during early developmental periods, we retained only
the genes overexpressed in early life in comparison to adulthood. Then, we gathered all the existing
SNPs from these genes using the National Center for Biotechnology Information, and merged this
list with SNPs from the GTEx data in human PFC. The list of common SNPs was subjected to
linkage disequilibrium clumping (r><0.25). Our final list of genes included 175 genes. The SNPs
were weighted by the SNP-gene expression association slope from the Genotype-Tissue
Expression (GTEX) project. Alleles at a given cis-SNP were weighted by the estimated effect of
the genotype associated with gene expression (expression quantitative trait loci from GTeX, in
which the effect allele is the alternative allele). The summation of these values from the total

number of SNPs provides the ePRS-LepR score.
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Figure 2: Interaction between the Postnatal Adversity Score and Prefrontal-based LepR-ePRS on:
(A) enjoyment score at 48 and (C) 72 months, (B) food responsiveness score at 48 months and (D)
satiety score at 48 months. Increased postnatal adversity exposure is associated with higher satiety
and lower food enjoyment as the ePRS decreases, and with higher food responsiveness as the ePRS

increases. MAV AN cohort (n=143). Linear regression followed by simple slope analysis.
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Figure 3: Main effects of the Prefrontal-based LepR-ePRS on slowness score at (A) 48 and (B)
trend at 72 months. MAVAN cohort (n=143). Linear regression.
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Figure 4: Interaction between the Postnatal Adversity Score and the Prefrontal-based LepR-ePRS
on (A) food enjoyment, (B) food fussiness score and (C) satiety score at 60 months in the
replication sample. Higher postnatal adversity exposure is associated with lower satiety, higher

food enjoyment and lower food fussiness as the ePRS increases. GUSTO cohort (n=467). Linear

regression followed by simple slope analysis.
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Figure 5: Leptin receptor gene network in the prefrontal cortex. Node size represents the InDegree
(corrections between the protein with other proteins); Node border thickness represents OutDegre
(corrections of other proteins with the target protein); Edge thickness represents co-expression

between genes.
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Figure 6: Leptin receptor gene network in the hypothalamus. Node size represents the InDegree
(corrections between the protein with other proteins); Node border thickness represents OutDegre
(corrections of other proteins with the target protein); Edge thickness represents co-expression

between genes.
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Figure 7: Topological properties of proteins belonging to the LepR-ePRS in the PFC (E) and HPT
(F), showing hubs (with degrees higher than 1SD above mean), bottlenecks (betweenness higher
than 1SD above the mean), and hub-bottlenecks®. Lines in black indicate mean + 1 SD for degrees

and betweenness.
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578  Figure 8: Enrichment analysis of the Leptin receptor gene network in the prefrontal cortex. (A)

579  Genes co-expressed with the LEPR in the prefrontal cortex have enriched expression during fetal
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and early childhood development of the amygdala, cortex, and thalamus (CSEA tool). (B) Synapse
ontology showing that LEPR network in the prefrontal cortex is enriched for synaptic components,
such as synapse (UBAS52 RPS3 RPS25 RPL7), postsynapse (CYFIP1), regulation of synapse
organization (CAMK1), among others (SynGO). (C) Biological processes associated with LEPR
network, genes are enriched for cellular process (82 genes), biological regulation (45 genes),
cellular component organization or biogenesis (31 genes), metabolic process (51 genes), and more.
(D) Molecular function associated with LEPR network, to genes were enriched binding function

(56 genes), catalytic activity (35 genes), and molecular function regulator (7 genes).
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summation of points.

Table 1. Variables and cut-offs used to create Adversity scores in MAVAN and GUSTO. Presence

of each component (described in each bullet) yielded 1 point, and the scores represent the

Postnatal Adversity Score

MAVAN

GUSTO

Hospitalization in the first 6 months of life
Birth size percentile below 10™ percentile
or above 90™ percentile

Gestational age below or equal to 37 weeks
Maternal mental health (presence of either
BDI above 14, EPDS above 9 or STAI
above 92)

Household total gross income below
30.000%

Lack of money score above 7
Disorganized attachment

Poor family function (score greater or equal
to 2-00)

Presence of domestic violence or sexual
abuse

Marital strain score above 3-32

Smoking during pregnancy

Pregnancy anxiety greater than 1-95

Hospitalization in the first 6 months of life
Birth size percentile below 10™ percentile
or above 90™ percentile

Gestational age below or equal to 37 weeks
Maternal mental health (presence of either
BDI above 13, EPDS equal to or above 12
or STAI above 92)

Household monthly income  below

SG$2,000

Poor family function (FAD score greater or

equal to 2-1667)

Smoking during pregnancy
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593  Table 2: Main effects of LepR ePRSs on metabolic outcomes in ALSPAC.

Metabolic parameters Low ePRS_LepR High ePRS LepR p
n Mean SD SEM n Mean SD SEM
Prefrontal Cortex ePRS
Log leptin_9.5y (ng/mL) 1611 1:79 0-78 004 1560 179 0-78 0-02 0-25

Fasting glucose 8.5y (mmol/l) 323 4-93 042 002 319 497 0:36 0-02 0-88
Hypothalamus ePRS

Log leptin_9.5y (ng/mL) 1572 1-80 0-77 0-012 1599 178 0-78 0-02 0-22
Fasting glucose 8.5y (mmol/l) 302 497 039 002 340 493 0-39 0-02 0-33
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Table 3: Enrichment analysis for gene ontology processes of the LepR co-expressed genes in the

prefrontal cortex using Metacore.

Processes
Cellular response to oxygen-containing compound
Regulation of multicellular organismal process
Response to endogenous stimulus
Circulatory system development
Cellular response to chemical stimulus
Negative regulation of angiogenesis
Regulation of cellular component movement
Regulation of cell migration
Nervous system development
Negative regulation of multicellular organismal process
Response to oxygen-containing compound
System development
Response to wounding
Cardiovascular system development
Cellular response to organic substance
Regulation of cell motility
Response to cAMP
Response to hypoxia
Negative regulation of biological process
Multicellular organism development
Regulation of endothelial cell migration
Anatomical structure morphogenesis
Response to decreased oxygen levels
Response to hormone
Developmental process
Anatomical structure formation involved in morphogenesis
Positive regulation of multicellular organismal process

Anatomical structure development

P-value
8-741E-14
2-582E-12
2-834E-12
3:693E-12
4-047E-12
6°689E-12
6-942E-12
6-952E-12
1-032E-11
1-059E-11
1-127E-11
1-304E-11
2-831E-11
3-609E-11
3-721E-11
4-037E-11
4-339E-11
4-762E-11
4-922E-11
7-258E-11
8-263E-11
8-441E-11
1-042E-10
1-043E-10
1-073E-10
1-090E-10
1-096E-10
1-099E-10

FDR (false discovery rate)
3-355E-10
3-127E-09
3-127E-09
3-190E-09
3-190E-09
3-836E-09
3-836E-09
3-836E-09
4-441E-09
4-441E-09
4-441E-09
4-795E-09
7-811E-09
8-928E-09
8-928E-09
9-281E-09
9-578E-09
1-006E-08
1-006E-08
1-430E-08
1-553E-08
1-553E-08
1-639E-08
1-639E-08
1-639E-08
1-639E-08
1-639E-08
1-639E-08
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Response to peptide

Response to lipid

Neurogenesis

Response to insulin

Regulation of neuron differentiation
Response to food

Response to leptin

Regulation of lipid localization

7-385E-10
1-064E-09
7-847E-09
1-526E-08
2-544E-08
8-351E-04
2-909E-03
3-960E-03

6-907E-08
9-322E-08
4-656E-07
8-095E-07
1-200E-06
4-562E-03
1-194E-02
1-519E-02
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Table 4: Enrichment analysis of SNPs used to create the LepR-ePRS in the prefrontal cortex using LD SC

Broad Institute.

LD SC Broad Institute
ePRS Category rg se z p
Total lipids in very small VLDL metabolites -0-43  0-17 -2-45  0-01
Concentration of very small VLDL particles  metabolites -0-:39 017 -2:2 002
Insomnia sleeping 0-57 027 2-12 0-03
Phospholipids in medium LDL metabolites -0-53 024 -2-12 0-03
Obesity class 1 anthropometric -0-46  0-21 -2-12 0-03
§ Overweight anthropometric -0-54 0-25 -2-11  0-03
S Total lipids in small VLDL metabolites -0-48  0-23 -2-08  0-03
g Apolipoprotein B metabolites -0-50 0-24 -2-:01  0-04
é Triglycerides in very small VLDL metabolites -0-38 019 -1-98  0-04
Total cholesterol in IDL metabolites -0-38  0-19 -1-:94  0-05
Forced expiratory volume in 1 second (FEV1) lung function -0-55  0-28 -1-:94  0-05
Total cholesterol in medium LDL metabolites -0-48 025 -1-93  0-05
Concentration of small VLDL particles metabolites -0-44  0-22 -1-92  0-05
Phospholipids in very small VLDL metabolites -0-32  0-17 -1-90  0-05

Genetic correlation is referred by RG and standard error of the genetic correlation by se.
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Supplemental material

Methods and Materials
Subjects

We used data from the Maternal Adversity, Vulnerability and Neurodevelopment (MAVAN) prospective
birth cohort, that followed children at different time points in the first years of life in Montreal (Quebec), and Hamilton
(Ontario), Canada. Eligibility criteria for mothers included aged 18 years or above, singleton gestation, and fluency in
French or English. Exclusion criteria included severe maternal chronic illness, placenta previa, and history of
incompetent cervix, impending delivery, or a fetus/infant affected by a major anomaly or born at a gestational age less
than 37 weeks and birth weight <2000g. Birth records were obtained directly from the birthing units. Approval for the
MAVAN project was obtained from obstetricians performing deliveries at the study hospitals and by the ethics
committees and university affiliates (McGill University and Universit¢ de Montréal, the Royal Victoria Hospital,
Jewish General Hospital, Centre hospitalier de I’Université de Montréal and Hopital Maisonneuve-Rosemont) and St
Joseph’s Hospital and McMaster University, Hamilton, Ontario, Canada. Informed consent was obtained from all
participants.'

The Growing Up in Singapore Towards healthy Outcomes (GUSTO) cohort is based in Singapore and
was used as a replication cohort. In GUSTO, pregnant women aged 18 years and above were recruited at the National
University Hospital (NUH) and KK Women’s and Children’s Hospital (KKH), being of Chinese, Malay or Indian
ethnicity, with homogeneous parental ethnic background. Mothers receiving chemotherapy, psychotropic drugs or
who had type I diabetes mellitus were excluded. Informed written consent was obtained from each participant.?

The Avon Longitudinal Study of Parents and Children (ALSPAC) was used to analyze leptin and fasting
glucose in children. ALSPAC is a cohort that recruited pregnant women living in the county of Avon in the United
Kingdom.>* All pregnant women (N= 14,541 + n= 706 enrolled when child was seven years of age) residing in that
part of the old administrative county of Avon were eligible to participate in ALSPAC if the estimated delivery date
(EDD) fell between April 1, 1991 and December 31, 1992. Participants provided informed written consent to
participate in the study. No participants were rewarded for participating and ethical approval of the study was obtained
from the Ethics and Law Committee and local ethics committees. A full list of the ethics committees that approved
different aspects of the ALSPAC studies is available at http://www.bristol.ac.uk/alspac/researchers/research-ethics/.
Consent for the use of biological samples was collected in accordance with the Human Tissue Act (2004). From the
pregnancy index, over a period of about 20 years, women and children were followed up with questionnaires and
assessments of metabolic, cognitive and psychological functions. Data were collected during clinic visits or with postal
questionnaires. The ALSPAC study website contains details of all the data that is available through a fully searchable
data dictionary and variable search tool available at: http://www.bristol.ac.uk/alspac/researchers/our-data/.

Genotyping

In MAVAN, 242,211 autosomal SNPs were genotyped using genome-wide platforms
(PsychArray/PsychChip, Illumina) according to manufacturer’s guidelines with 200 ng of genomic DNA derived from
buccal epithelial cells. SNPs with a low call rate (<95%), low p-values on Hardy-Weinberg Equilibrium (HWE) exact
test (p<le-40), and minor allele frequency (MAF < 5%) were removed. Afterward, imputation using the Sanger
Imputation Service® was performed and SNPs with an info score >0.80 were retained for the analysis, resulting in
20,790,893 SNPs.

In GUSTO, SNPs were genotyped using the Illumina OmniExpress + exome array. Non-autosomal SNPs,
SNPs with call rates < 95%, or minor allele frequency < 5%, or those that failed Hardy—Weinberg Equilibrium were
excluded from the analysis. Principal components analysis was used to confirm self-reported ethnicity/ancestry.
Samples with call rates< 99%, cryptic relatedness and sex/ ethnic discrepancies were excluded. Alleles on the positive
strand were reported as per the hgl19 build of the human genome assembly.? 5,771,259 SNPs were used for further
analyses.

Children in ALSPAC were genotyped using the Illumina HumanHap550 quad genome-wide SNP genotyping
platform (Illumina Inc., San Diego, CA, US) by the Wellcome Trust Sanger Institute (Cambridge, UK) and the
Laboratory Corporation of America (Burlington, NC, US).® Individuals with incorrect sex assignments, extreme

heterozygosity (<0°320 and >0-345 for the Sanger data and <0-310 and >0-330 for LabCorp data), high levels of



individual missingness (>3%), evidence of cryptic relatedness (>10% IBD), or being of non-European ancestry were
excluded. The resulting data set consisted of 8,365 individuals. SNPs with a MAF of <1%, a call rate of <95%, or
those not in HWE (p < 5 x 10—7) were removed. Imputation was conducted with MaCH (v1.0.16) Markov Chain
Haplotyping software’ using CEU individuals (Utah residents of northern and western European ancestry) from
HapMap phase 2 (release 22) as a reference set (International HapMap Consortium).® After imputation, SNPs with a

minor allele frequency <0°01 and an r2 imputation quality score <03 were excluded and this resulted in 2,608,006
SNPs available for analysis.

LepR co-expressed genes and ePRS

The expression-based polygenic risk score was created for two brain regions, the prefrontal cortex and the
hypothalamus, considering genes co-expressed with the leptin receptor gene (LepR-ePRS), according to the protocol
previously described by Silveira et al.>!° The genetic score for the leptin receptor gene network in the prefrontal cortex
was created using different tools. GeneNetwork (http://genenetwork.org) was used to generate a list of genes
coexpressed with LepR in the PFC in mice. Only genes with an absolute value of the co-expression correlation index
higher or equal to 05 were kept. BrainSpan (http://www.brainspan.org) was used to identify transcripts from this list
with enrichment within the human PFC during early development. Since we were interested in gene networks that
were active during early developmental periods (when adversity occurred), we retained only the genes overexpressed
in early life in comparison to adulthood (25 weeks gestation to 18 months postnatal in comparison to 20-40 year old
adults), selecting autosomal transcripts that were differentially expressed in PFC at > 1.5fold during this period of
development.'! Based on their functional annotation in the National Center for Biotechnology Information, U.S.
National Library of Medicine (NCBI Variation Viewer), using GRCh37.p13, we gathered all the existing SNPs from
these genes, and merged this list with SNPs from the GTEx data in human PFC.The list of common SNPs was
subjected to linkage disequilibrium clumping (r?<0-25). Alleles at a given cis-SNP were weighted by the estimated
effect of the genotype associated with gene expression (expression quantitative trait loci from GTeX, in which the
effect allele is the alternative allele). For more information, see Hari Dass et al., 2019.!? The summation of these values
from the total number of SNPs provides the PFC ePRS-LepRscore. Our final list of genes included 175 genes
(Supplement Table S1).

The genetic score for the leptin receptor gene network in the hypothalamus was created with the same
approach. We used GeneNetwork (http://genenetwork.org) to identify the genes coexpressed with LepR in the HPT
in mice (correlation r higher or equal to 05 were kept). Since BrainSpan has no information about the hypothalamus,
we gathered all the existing SNPs from these genes, and merged this list with SNPs from the GTEx data in the human

HPT. The list of common SNPs was subjected to linkage disequilibrium clumping (r><0-25), the SNPs were weighted
by the SNP-gene expression association slope from the Genotype-Tissue Expression (GTEx) project'® data specific to
the hypothalamus. Alleles at a given cis-SNP were weighted by the estimated effect of the genotype associated with
gene expression (expression quantitative trait loci from GTeX, in which the effect allele is the alternative allele).The
final list of genes for the HPT ePRS-LepRscore included 109 genes (Supplement Table S2). Figure 1 illustrates the
steps involved in the creation of the ePRS for both brain regions.

Postnatal Adversity Score

The postnatal adversity score was created using a measure combining multiple indicators of adversity, and
the presence of each component yielded 1 point. The total score represents the summation of all points. The
instruments used as indicators of postnatal adversity included:

1. Health and well-being questionnaire: This questionnaire is a composite of validated short versions of many
measures'4: a) Presence of chronic disease during pregnancy (diabetes, hypertension, asthma - current or
resolved), or severe acute conditions (current severe vomiting, vaginal spotting or bleeding during the past
4-6 weeks, current anemia/constipation/blood in stool, current vaginal/cervical/urinary tract
infection/diarrhea). b) A subscale from the Daily Hassles was used to measure how often, and to what degree,
the woman has lacked money for basic needs (food, heating and electricity) since the beginning of
pregnancy.' c¢) The Marital Strain Scale of Pearlin and Schooler was used to assess chronic stress with the
romantic partner. The nine items represent the three items with the highest factor loadings for each of the
three factors contributing to the measure of marital strain.'® d) The Abuse Assessment Screen was used to
assess conjugal violence. This five-item instrument assesses the frequency, severity, perpetrator, and body
sites of injury. '7'® ¢) Questions about anxiety during pregnancy.!'%?°



728
729
730

731
732
733
734

735
736
737
738
739

740
741
742
743

744

2. Smoking during pregnancy: composed of yes or no questions;

Household gross income: according to 2!;

4. Centre of Epidemiological Studies - Depression questionnaire (CES-D), applied during pregnancy: assesses
symptoms of depression on 20 items applying a Likert-Scale ranging from 0 to 3, with a higher score
indicating more severe depressive symptoms; 22

5. Birth weight and gestational age: birth records were obtained directly from the birthing unit. Birth weight
percentiles were calculated using the local reference.?

6. Child Health Questionnaire: Includes questions on acute and chronic conditions, as well as hospitalizations.?

7. Maternal mental health:information was extracted from different questionnaires. Beck Depression Inventory,
is a 21-question multiple-choice self-report inventory, one of the most widely used psychometric tests for
measuring the severity of depression.?> Edinburgh Postnatal Depression Scale (EPDS), a 10-item self-report
scale designed to screen for postpartum depression.?® State-Trait Anxiety Inventory (STAI), a self-report
questionnaire that consists of two forms of 20 items each to measure psychic components of state and trait
anxiety.?’

8. Attachment: The Preschool Separation — Reunion Procedure (PSRP) was applied at 36 months. The PSRP is
a modified and developmentally appropriate version of the Ainsworth Strange Situation used to measure
attachment security in preschool-aged children.?® The task consists of a baseline interaction, followed by two
separation and reunion episodes lasting 5 minutes; scoring was based on video coding (reliability k=0-83).
Four categories were assessed: secure, ambivalent, avoidant and disorganized attachment.

9. Family Assessment Device: a 60-item self-report instrument developed to assess the six dimensions of family
functioning outlined in the McMaster Model of Family Functioning.?® The first six scales assess problem
solving, communication, roles, affective responsiveness, affective involvement and behavior control. A
general functioning scale assesses overall health-pathology.*

W

4

In GUSTO, the tools were also similar, although there was no information on attachment styles.
Statistical Analysis

Data were analyzed using R.3! Significance levels for all measures were set at o< 0-05. Linear regressions
were used to examine the effects of interactions between the polygenic scores with the adversity score on the
behavioral outcomes (CEBQ). Sex and population stratification principal components were included as covariates.
Simple slope analyses were conducted to identify post-hoc differences for the statistically significant interactions.

The population structure of the MAVAN, GUSTO and ALSPAC cohorts were evaluated using principal
component analysis of all autosomal SNPs that passed the quality control without low allele frequency (MAF>5%)
and that were not in high linkage disequilibrium (r2>0-2) across 500 kb regions.>** Based on the inspection of the
scree plot, the first three principal components were the most informative concerning population structure in the three
cohorts and were included in all subsequent analyses.

Baseline comparisons between ePRS groups (median split) were done. Differences in means on the main
confounding variables of the study between low and high ePRS groups were tested using Student’s t-test for
independent samples or Chi-square Test for categorical variables. No differences were found in both cohorts
(Supplemental table S3-5).



745

746  (LEPR-ePRS).

Table S1: Genes co-expressed with the LEPR gene in PFC and selected for composing the genetic score

Genes co-expressed with the LEPR gene in PFC

Symbol Ensembl Description
ACAA2 ENSG00000167315 acetyl-CoA acyltransferase 2
ACADS ENSG00000122971 acyl-CoA dehydrogenase, C-2 to C-3 short chain
ADCKS ENSG00000173137 aarF domain containing kinase 5
ADRA2A ENSG00000150594 adrenergic, alpha-2A-, receptor
AKAP7 ENSG00000118507 A kinase (PRKA) anchor protein 7
AKTI1 ENSG00000142208 v-akt murine thymoma viral oncogene homolog 1
ANAPCI11 ENSG00000141552 anaphase promoting complex subunit 11
ASCL1 ENSG00000139352 achaete-scute complex homolog 1 (Drosophila)
BACE2 ENSG00000182240 beta-site APP-cleaving enzyme 2
BCL6B ENSG00000161940 B-cell CLL/lymphoma 6, member B
BCL7C ENSG00000099385 B-cell CLL/lymphoma 7C
CAMK1 ENSG00000134072 calcium/calmodulin-dependent protein kinase I
CASKIN1 ENSG00000167971 CASK interacting protein 1
CAV2 ENSG00000105971 caveolin 2
CCBELl ENSG00000183287 collagen and calcium binding EGF domains 1
CCDC124 ENSG00000007080 coiled-coil domain containing 124
CCDC28B ENSG00000160050 coiled-coil domain containing 28B
CD151 ENSG00000177697 CD151 molecule (Raph blood group)
CD300A ENSG00000167851 CD300a molecule
CDC34 ENSG00000099804 cell division cycle 34 homolog (S. cerevisiae)
CDK1 ENSG00000170312 cyclin-dependent kinase 1
CHCHD3 ENSG00000106554 coiled-coil-helix-coiled-coil-helix domain containing 3
CHRNA2 ENSG00000120903 cholinergic receptor, nicotinic, alpha 2 (neuronal)
CIB2 ENSG00000136425 calcium and integrin binding family member 2
CNN2 ENSG00000064666 calponin 2
CNTFR ENSG00000122756 ciliary neurotrophic factor receptor
COL15A1 ENSG00000204291 collagen, type XV, alpha 1
COL1Al ENSG00000108821 collagen, type I, alpha 1
COMMD6 ENSG00000188243 COMM domain containing 6
COTLL1 ENSG00000103187 coactosin-like 1 (Dictyostelium)
CPXM1 ENSG00000088882 carboxypeptidase X (M 14 family), member 1
CREB3L1 ENSG00000157613 cAMP responsive element binding protein 3-like 1
CXADR ENSG00000154639 coxsackie virus and adenovirus receptor
CXCL1 ENSG00000163739 chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha)
CXCL16 ENSG00000161921 chemokine (C-X-C motif) ligand 16
CYBS5R3 ENSG00000100243 cytochrome b5 reductase 3
CYFIP1 ENSG00000068793 cytoplasmic FMRI interacting protein 1
DAB2 ENSG00000153071 disabled homolog 2, mitogen-responsive phosphoprotein (Drosophila)
DDX49 ENSG00000105671 DEAD (Asp-Glu-Ala-Asp) box polypeptide 49



DERA
DPEP1
DTYMK
DYNLTI
DYRK2
EEF1G
EFEMP2
ELN
EMCN
ERH
ETV4
EVL
EYA2
FADS2
FAMI189A1
FANCG
FBL
FCHSD2
FJX1
FOXCl1
FOXH1
FPR1
GAS5
GSGl
H2AFY2
HCN3
HEBP2
HIF3A
HSPG2
HTRA3
HYAL2
INHBB
ITGB5
JAM2
JUND
KCTDI11
KCTDI15
LAMA4
LAMCI1
LAMC3
LASP1
LHX2
LIMA1

ENSG00000023697
ENSG00000015413
ENSG00000168393
ENSG00000146425
ENSG00000127334
ENSG00000254772
ENSG00000172638
ENSG00000049540
ENSG00000164035
ENSG00000100632
ENSG00000175832
ENSG00000196405
ENSG00000064655
ENSG00000134824
ENSG00000104059
ENSG00000221829
ENSG00000105202
ENSG00000137478
ENSG00000179431
ENSG00000054598
ENSG00000160973
ENSG00000171051
ENSG00000234741
ENSG00000111305
ENSG00000099284
ENSG00000143630
ENSG00000051620
ENSG00000124440
ENSG00000142798
ENSG00000170801
ENSG00000068001
ENSG00000163083
ENSG00000082781
ENSG00000154721
ENSG00000130522
ENSG00000213859
ENSG00000153885
ENSG00000112769
ENSG00000135862
ENSG00000050555
ENSG00000002834
ENSG00000106689
ENSG00000050405

deoxyribose-phosphate aldolase (putative)
dipeptidase 1 (renal)

deoxythymidylate kinase (thymidylate kinase)
dynein, light chain, Tctex-type 1

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2
eukaryotic translation elongation factor 1 gamma
EGF containing fibulin-like extracellular matrix protein 2
elastin

endomucin

enhancer of rudimentary homolog (Drosophila)
ets variant 4

Enah/Vasp-like

eyes absent homolog 2 (Drosophila)

fatty acid desaturase 2

family with sequence similarity 189, member A1l
Fanconi anemia, complementation group G
fibrillarin

FCH and double SH3 domains 2

four jointed box 1 (Drosophila)

forkhead box C1

forkhead box H1

formyl peptide receptor 1

growth arrest-specific 5 (non-protein coding)
germ cell associated 1

H2A histone family, member Y2

hyperpolarization activated cyclic nucleotide-gated potassium channel 3

heme binding protein 2

hypoxia inducible factor 3, alpha subunit

heparan sulfate proteoglycan 2

HtrA serine peptidase 3

hyaluronoglucosaminidase 2

inhibin, beta B

integrin, beta 5

junctional adhesion molecule 2

jun D proto-oncogene

potassium channel tetramerisation domain containing 11
potassium channel tetramerisation domain containing 15
laminin, alpha 4

laminin, gamma 1 (formerly LAMB2)

laminin, gamma 3

LIM and SH3 protein 1

LIM homeobox 2

LIM domain and actin binding 1



LMNBI
LOXL1
LTBP1
MARK4
MFAP2
MIF
MOSPD3
MPG
MSI1
MYBL2
MYCTI
MYL4
NAT14
NFE2L3
NOTCH3
NPAS3
NTSE
NXPH1
NXPH3
ORAIl
PALM
PATZ1
PCDHGAG6
PGD
PITPNC1
PKLR
PLACY9
PLAT
PNMT
POLD1
PON2
PPP4C
PRX
PTN
RASSF1
RASSF7
RAVERI
RHBDD3
RHOJ
RNASEH2A
RNF122
RNF2
RPL14

ENSG00000113368
ENSG00000129038
ENSG00000049323
ENSG00000007047
ENSG00000117122
ENSG00000240972
ENSG00000106330
ENSG00000103152
ENSG00000135097
ENSG00000101057
ENSG00000120279
ENSG00000198336
ENSG00000090971
ENSG00000050344
ENSG00000074181
ENSG00000151322
ENSG00000135318
ENSG00000122584
ENSG00000182575
ENSG00000182500
ENSG00000099864
ENSG00000100105
ENSG00000253731
ENSG00000142657
ENSG00000154217
ENSG00000143627
ENSG00000189129
ENSG00000104368
ENSG00000141744
ENSG00000062822
ENSG00000105854
ENSG00000149923
ENSG00000105227
ENSG00000105894
ENSG00000068028
ENSG00000099849
ENSG00000161847
ENSG00000100263
ENSG00000126785
ENSG00000104889
ENSG00000133874
ENSG00000121481
ENSG00000188846

lamin B1

lysyl oxidase-like 1

latent transforming growth factor beta binding protein 1
MAP/microtubule affinity-regulating kinase 4
microfibrillar-associated protein 2

macrophage migration inhibitory factor (glycosylation-inhibiting factor)
motile sperm domain containing 3

N-methylpurine-DNA glycosylase

musashi homolog 1 (Drosophila)

v-mybmyeloblastosis viral oncogene homolog (avian)-like 2
myc target 1

myosin, light chain 4, alkali

N-acetyltransferase 14 (GCN5-related, putative)

nuclear factor (erythroid-derived 2)-like 3

notch 3

neuronal PAS domain protein 3

S'-nucleotidase, ecto (CD73)

neurexophilin 1

neurexophilin 3

ORALI calcium release-activated calcium modulator 1
paralemmin

POZ (BTB) and AT hook containing zinc finger 1
protocadherin gamma subfamily A, 6

phosphogluconate dehydrogenase

phosphatidylinositol transfer protein, cytoplasmic 1
pyruvate kinase, liver and RBC

placenta-specific 9

plasminogen activator, tissue

phenylethanolamine N-methyltransferase

polymerase (DNA directed), delta 1, catalytic subunit 125kDa
paraoxonase 2

protein phosphatase 4, catalytic subunit

periaxin

pleiotrophin

Ras association (RalGDS/AF-6) domain family member 1
Ras association (RalGDS/AF-6) domain family (N-terminal) member 7
ribonucleoprotein, PTB-binding 1

rhomboid domain containing 3

ras homolog gene family, member J

ribonuclease H2, subunit A

ring finger protein 122

ring finger protein 2

ribosomal protein L14



RPL22L1
RPL23
RPL7
RPS25
RPS3
SCARBI1
SDCCAGS8
SDK1

SEMASA

SERTAD3
SIPAI
SLC16A9
SLC19A1
SLC25A39
SLC29A4
SLC2A1
SLC2A10
SLC4A4
SMO
SNRPD2
SOCS1
SOX21
SPINT1
SRD5A1
STK32B
STMN1
SUCLG2
TAP1
TBX3
TBXA2R
TCN2
TDG

TES

TFPIL
TLE3
TMCOl
TNRC18
TOB2
TPM2
TRIOBP
TUBB6
UBAS2

ENSG00000163584
ENSG00000125691
ENSG00000147604
ENSG00000118181
ENSG00000149273
ENSG00000073060
ENSG00000054282
ENSG00000146555

ENSG00000112902

ENSG00000167565
ENSG00000213445
ENSG00000165449
ENSG00000173638
ENSG00000013306
ENSG00000164638
ENSG00000117394
ENSG00000197496
ENSG00000080493
ENSG00000128602
ENSG00000125743
ENSG00000185338
ENSG00000125285
ENSG00000166145
ENSG00000145545
ENSG00000152953
ENSG00000117632
ENSG00000172340
ENSG00000168394
ENSG00000135111
ENSG00000006638
ENSG00000185339
ENSG00000139372
ENSG00000135269
ENSG00000003436
ENSG00000140332
ENSG00000143183
ENSG00000182095
ENSG00000183864
ENSG00000198467
ENSG00000100106
ENSG00000176014
ENSG00000221983

ribosomal protein L22-like 1

ribosomal protein L.23

ribosomal protein L7

ribosomal protein S25

ribosomal protein S3

scavenger receptor class B, member 1
serologically defined colon cancer antigen 8

sidekick homolog 1, cell adhesion molecule (chicken)

sema domain, seven thrombospondin repeats (type 1 and type 1-like), transmembrane domain (TM)
and short cytoplasmic domain, (semaphorin) 5A

SERTA domain containing 3

signal-induced proliferation-associated 1

solute carrier family 16, member 9 (monocarboxylic acid transporter 9)
solute carrier family 19 (folate transporter), member 1

solute carrier family 25, member 39

solute carrier family 29 (nucleoside transporters), member 4

solute carrier family 2 (facilitated glucose transporter), member 1
solute carrier family 2 (facilitated glucose transporter), member 10
solute carrier family 4, sodium bicarbonate cotransporter, member 4
smoothened, frizzled family receptor

small nuclear ribonucleoprotein D2 polypeptide 16.5kDa
suppressor of cytokine signaling 1

SRY (sex determining region Y)-box 21

serine peptidase inhibitor, Kunitz type 1

steroid-5-alpha-reductase, alpha polypeptide 1 (3-oxo-5 alpha-steroid delta 4-dehydrogenase alpha 1)
serine/threonine kinase 32B

stathmin 1

succinate-CoA ligase, GDP-forming, beta subunit

transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)
T-box 3

thromboxane A2 receptor

transcobalamin II

thymine-DNA glycosylase

testis derived transcript (3 LIM domains)

tissue factor pathway inhibitor (lipoprotein-associated coagulation inhibitor)
transducin-like enhancer of split 3 (E(spl) homolog, Drosophila)
transmembrane and coiled-coil domains 1

trinucleotide repeat containing 18

transducer of ERBB2, 2

tropomyosin 2 (beta)

TRIO and F-actin binding protein

tubulin, beta 6 class V

ubiquitin A-52 residue ribosomal protein fusion product 1



UBTD1 ENSG00000165886 ubiquitin domain containing 1
UCP2 ENSG00000175567 uncoupling protein 2 (mitochondrial, proton carrier)
UPK2 ENSG00000110375 uroplakin 2
UST ENSG00000111962 uronyl-2-sulfotransferase
VASN ENSG00000168140 vasorin
VCAMI ENSG00000162692 vascular cell adhesion molecule 1
YPELI ENSG00000100027 yippee-like 1 (Drosophila)
ZMYNDI10 ENSG00000004838 zinc finger, MYND-type containing 10
747

748



749 Table S2: Genes co-expressed with the LEPR gene in hypothalamus and selected for composing the genetic score
750  (LEPR-ePRS).

o Genes co-expressed with the LEPR gene in hypothalamus
Symbol Ensembl Description
ACVRIC ENSG00000123612 Activin A receptor type 1C
ADAM17 ENSG00000151694 ADAM metallopeptidase domain 17
AGPS ENSG00000018510 Alkylglycerone phosphate synthase
ALS2 ENSG00000003393 ALS?2, alsin Rho guanine nucleotide exchange factor
ANKRD49 ENSG00000168876 Ankyrin repeat domain 49
API5 ENSG00000166181 Apoptosis inhibitor 5
ARHGEF12 ENSG00000196914 Rho guanine nucleotide exchange factor 12
B3GALTI1 ENSG00000172318 Beta-1,3-galactosyltransferase 1
BIRC2 ENSG00000110330 Baculoviral IAP repeat containing 2
BMPRI1A ENSG00000107779 Bone morphogenetic protein receptor type 1A
BNIP2 ENSG00000140299 BCL2 interacting protein 2
BPTF ENSG00000171634 Bromodomain PHD finger transcription factor
CAPZAL1 ENSG00000116489 Capping actin protein of muscle Z-line subunit alpha 1
CCDC110 ENSG00000168491 Coiled-coil domain containing 110
CDK17 ENSG00000059758 Cyclin dependent kinase 17
CPNE3 ENSG00000085719 Copine 3
DENND4A ENSG00000174485 DENN domain containing 4A
DENNDSB ENSG00000170456 DENN domain containing 5B
DHX15 ENSG00000109606 DEAH-box helicase 15
DHX40 ENSG00000108406 DEAH-box helicase 40
DNAIJC13 ENSG00000138246 DnaJ heat shock protein family (Hsp40) member C13
DYRK2 ENSG00000127334 Dual specificity tyrosine phosphorylation regulated kinase 2
EFNB2 ENSG00000125266 Ephrin B2
EMB ENSG00000170571 Embigin
ERC1 ENSG00000082805 ELKS/RABG6-interacting/CAST family member 1
FAM208B ENSG00000108021 no found
FKTN ENSG00000106692 Fukutin
FSDIL ENSG00000106701 Fibronectin type Il and SPRY domain containing 1 like
FST ENSG00000134363 Follistatin
FXR1 ENSG00000114416 FMRI autosomal homolog 1
GALNT1 ENSG00000141429 Polypeptide N-acetylgalactosaminyltransferase 1
GLCE ENSG00000138604 Glucuronic acid epimerase
GNPDA1 ENSG00000113552 Glucosamine-6-phosphate deaminase 1
HECTDI1 ENSG00000092148 HECT domain E3 ubiquitinprotein ligase 1
HIF1AN ENSG00000166135 Hypoxia inducible factor 1 subunit alpha inhibitor
HLTF ENSG00000071794 Helicase like transcription factor
IKZF5 ENSG00000095574 IKAROS family zinc finger 5
IMPACT ENSG00000154059 Impact RWD domain protein



IPO7
KLHDC1
KPNA4
KRR1
LEPR
LMAN2L
LYPLA1
MAP3K2
MAP4K3
MCPH1
MPPED2
MSH2
MYO9A
NAA1S5
NIPA2
NPYIR
NRP1
NRP2
ORMDLI1
PARG
PBRM1
PCF11
PDCD10
PGAP1
PHF20
PIKFYVE
PPMI1E
PPMI1K
PPP2RSE
PTCD2
RABI18
RAB3GAP2
RAD17
RASA2
RBI1
RBBP8
RCHY1
RIF1
RNGTT
RPA1
RSBNIL
RSF1
SENP8

ENSG00000205339
ENSG00000197776
ENSG00000186432
ENSG00000111615
ENSG00000116678
ENSG00000114988
ENSG00000120992
ENSG00000169967
ENSG00000011566
ENSG00000147316
ENSG00000066382
ENSG00000095002
ENSG00000066933
ENSG00000164134
ENSG00000140157
ENSG00000164128
ENSG00000099250
ENSG00000118257
ENSG00000128699
ENSG00000227345
ENSG00000163939
ENSG00000165494
ENSG00000114209
ENSG00000197121
ENSG00000025293
ENSG00000115020
ENSG00000175175
ENSG00000163644
ENSG00000154001
ENSG00000049883
ENSG00000099246
ENSG00000118873
ENSG00000152942
ENSG00000155903
ENSG00000139687
ENSG00000101773
ENSG00000163743
ENSG00000080345
ENSG00000111880
ENSG00000132383
ENSG00000187257
ENSG00000048649
ENSG00000166192

Importin 7

Kelch domain containing 1

Karyopherin subunit alpha 4

KRR1, small subunit processome component homolog
Leptin receptor

Lectin, mannose binding 2 like

Lysophospholipase 1

Mitogen-activated protein kinase kinasekinase 2
Mitogen-activated protein kinase kinasekinasekinase 3
Microcephalin 1

Metallophosphoesterase domain containing 2

MutS homolog 2

Myosin IXA

N(alpha)-acetyltransferase 15, NatA auxiliary subunit
NIPA magnesium transporter 2

Neuropeptide Y receptor Y1

Neuropilin 1

Neuropilin 2

ORMDL sphingolipid biosynthesis regulator 1
Poly(ADP-ribose) glycohydrolase

Polybromo 1

PCF11, cleavage and polyadenylation factor subunit
Programmed cell death 10

Post-GPI attachment to proteins 1

PHD finger protein 20

Phosphoinositide kinase, FY VE-type zinc finger containing

Protein phosphatase, Mg2+/Mn2+ dependent 1E
Protein phosphatase, Mg2+/Mn2+ dependent 1K
Protein phosphatase 2 regulatory subunit B,epsilon
Pentatricopeptide repeat domain 2

RAB18, member RAS oncogene family

RAB3 GTPase activating non-catalytic protein subunit 2
RADI17 checkpoint clamp loader component

RAS p21 protein activator 2

RB transcriptional corepressor 1

RB binding protein 8, endonuclease

Ring finger and CHY zinc finger domain containing 1
Replication timing regulatory factor 1

RNA guanylyltransferase and 5,-phosphatase
Replication protein Al

Round spermatid basic protein 1 like

Remodeling and spacing factor 1

SUMO peptidase family member, NEDD8 specific



SLC12A6 ENSG00000140199 Solute carrier family 12 member 6
SLC33A1 ENSG00000169359 Solute carrier family 33 member 1
SMCHD1 ENSG00000101596 Structural maintenance of chromosomes flexible hinge domain containing 1
SMURF2 ENSG00000108854 SMAD specific E3 ubiquitin protein ligase 2
SNX2 ENSG00000205302 Sorting nexin 2
SSR1 ENSG00000124783 Signal sequence receptor subunit 1
STRN3 ENSG00000196792 Striatin 3
TAOK ENSG00000160551 TAO kinase 1
TBPLI1 ENSG00000028839 TATA-box binding protein like 1
TDRD9 ENSG00000156414 Tudor domain containing 9
TEX10 ENSG00000136891 Testis expressed 10
THUMPD1 ENSG00000066654 THUMP domain containing 1
TMEM33 ENSG00000109133 Transmembrane protein 33
T™X3 ENSG00000166479 Thioredoxin related transmembrane protein 3
TNKS ENSG00000173273 Tankyrase
TRAPPCI11 ENSG00000168538 Trafficking protein particle complex 11
TSEN2 ENSG00000154743 TRNA splicing endonuclease subunit 2
UGGT!1 ENSG00000136731 UDP-glucose glycoprotein glucosyltransferase 1
UPF2 ENSG00000151461 UPF2, regulator of nonsense mediated mRNA decay
VPS13A ENSG00000197969 Vacuolar protein sorting 13 homolog A
WBP4 ENSG00000120688 WW domain binding protein 4
XPO1 ENSG00000082898 Exportin 1
XPO7 ENSG00000130227 Exportin 7
YIPF4 ENSG00000119820 Yipl domain family member 4
ZBTB41 ENSG00000177888 Zinc finger and BTB domain containing 41
ZDHHC17 ENSG00000186908 Zinc finger DHHC-type containing 17
ZMYM4 ENSG00000146463 Zinc finger MYM-type containing 4
ZRANB2 ENSG00000132485 Zinc finger RANBP2-type containing 2
752
753

754



755 Table S3: Participants’ characteristics in MAVAN. Numbers are presented as mean (SD) or percentage (number of
756 participants).

Sample description

Variables Total Low LR PFC High LR PFC p
. (n =146) (n=269) m=77)

Sex - male 50:0% (73) 46-4% (32) 53-2% (41) 0-407
Maternal age at birth (years) 30-62 (4-61) 30-00 (4-54) 31-18 (4-63) 0-124
Gestational age (weeks) 39-17 (1-21) 39-13 (1-18) 39:21(1-24) 0-700
Birth weight (grams) 3310 (452) 3305 (477) 3315 (431) 0-892
Breastfeeding (months) 7-48 (4:82) 8:04 (4-74) 6-99 (4-86) 0-198
Smoking during pregnancy 12-3% (18) 13% (9) 11:7% (9) 0-804
Maternal education — University degree or 58-2% (85) 59-4% (41) 57-1% (44) 0-781
above

Low income at 48m 15-2% (20) 18-:5% (12) 11-:9% (8) 0-296
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759 Table S4: Participants’ characteristics in GUSTO. Numbers are presented as mean (SD) or percentage (number of
760  participants).

Sample description

Variables Total (n = 439) Low LR PFC High LR PFC p
(n=224) (n=215)

Sex - male 53-1% (233) 53-6% (120) 52:6% (113) 0-832
Maternal age at birth (years) 31-31(5-04) 31-29 (5-13) 31-32 (4-96) 0-952
Gestational age (weeks) 3846 (1-28) 38-40 (1-23) 38-52 (1-32) 0-329
Birth weight (grams) 3122 (429) 3100 (405) 3146 (453) 0-256
Breastfeeding for at least 3 months 59:6% (257) 60-6% (132) 58-7% (125) 0-693
Smoking during pregnancy 2:3% (10) 1:8% (4) 2-8% (6) 0-480
Maternal education — University degree or 35:3% (155) 38-4% (86) 32:1% (69) 0-167
above

Household income < SG$2000 14-4% (63) 14-3% (32) 14-4% (31) 0-968
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763 Table S5: Participants’ characteristics in ALSPAC. Numbers are presented as mean (SD) or percentage (number of
764 participants)

Sample description

Variables Total Low LR PFC High LR _PFC p
) (n =3366) (n=1705) (n=1661)
Gender - male 51:0% (1717) 50-5% (861) 51-5% (856) 0-547
Maternal age at birth (years) 29-58 (4-34) 29-66 (4-41) 295 (4.26) 0-283
Gestational age (weeks) 39-78 (1-26) 39:79 (1-25) 3977 (1-27) 0-613
Birth weight (grams) 3508 (461) 3507 (455) 3508 (468) 0-932
Breastfeeding for at least 3 months 52-3% (1761) 52-9% (902) 51-7% (859) 0-490
Smoking during pregnancy 18-4% (620) 18:4% (313) 18:5% (307) 0-925
Crowding index at 2 years 9 motnhs> 0-75 39-9% (1229) 38-4% (600) 41-4% (629) 0-084
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767  Table S6: Linear regression effects on the CEBQ outcomes in MAVAN cohort using prefrontal cortex (PFC) and hypothalamus (HPT)ePRS-LepR.

MAVAN
Adbversity and LepR-ePRS

768
769

Outcome Adbversity LepR-ePRS PFC PFC LepR-ePRS HPT Adbversity and LepR-HPT
Desire drink score 48m B=0-21, p=0-00006* p=-14-37, p=0-73 B=33-92, p=0-33 p=-14-85, p=0-62 B=-22-28, p=0-38
Desire drink score 72m B=0-14, p=0-004* B=-19-74, p=0-65 B=-11-55,p=0-72 p=-15-11, p=0-63 B=-38-88, p=0-10
Emotional over eat score 48m p=0-05, p=0-09 B=46-45, p=0-052 B=31-94,p=0-11 B=-14-46, p=0-40 B=-5-51, p=0-71
Emotional over eat score 72m B=0-06, p=0-06 B=45-12, p=0-12 B=2-95, p=0-89 B=-18-86, p=0-36 B=0-87, p=0-95
Emotional under eat score 48m p=-0-01, p=0-8 p=-2-47,p=0-94 B=-4-13, p=0-89 B=-16-60, p=0-51 B=-4-53,p=0-83
Emotion under eat score 72m B=0-05, p=0-30 B=-18-00, p=0-63 B=-16-84, p=0-58 B=-26-41, p=0-33 B=4-79, p=0-82
Enjoyment score 48m p=-0-08, p=0-03* B=17-59, p=0-56 p=61-58, p=0-015* B=8-40, p=0-70 B=14-43, p=0-44
Enjoyment score 72m B=-0-05, p=0-21 B=26-10, p=0-45 B=97-78, p=0-001* B=-40-9, p=0-10 B=9-85, p=0-62
Fussiness score 48m p=0-03, p=0-46 p=-9-33, p=0-78 p=-52-94, p=0-06 B=-13-60, p=0-60 B=-35-27, p=0-09
Fussiness score 72m p=0-03, p=0-44 B=-32-04, p=0-41 B=-47-45,p=0-11 $=20-35, p=0-50 B=-40-45, p=0-06
Responsiveness score 48m p=0-02, p=0-64 B=29-13, p=0-35 $=83-79, p=0-009* B=2:26,p=0-92 B=-24-20, p=0-25
Responsiveness score 72m B=0-06, p=0-20 B=28-11, p=0-47 B=40-55, p=0-18 B=-0-57, p=0-98 B=-6-20, p=0-78
Satiety score 48m p=0-02, p=0-52 p=-13-50, p=0-61 B=-43-63, p=0-047* B=15-15, p=0-42 B=-1-06, p=0-94
Satiety score 72m p=-0-01, p=0-74 p=-37-21,p=0-23 B=-41-15, p=0-094 p=-0-52, p=0-99 B=-21-94, p=0-22
Slowness score 48m p=0-05, p=0-21 B=-71-89, p=0-02* B=-39-69, p=0-132 B=30-93, p=0-20 p=4-25, p=0-83
Slowness score 72m $=0-01, p=0-80 B=-60-92, p=0-09 B=-34-69, p=0-208 B=42-20, p=0-10 B=-10-567 p=0-60

* Significant effect (p<0-05).



770  Table S7: Linear regression effects on the CEBQ outcomes in GUSTO Cohort using prefrontal cortex (PFC) and hypothalamus (HPT)ePRS-LepR.
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GUSTO

Adbversity and LepR-ePRS

Adbversity and LepR-ePRS

Outcome Adversity LepR-ePRS PFC PFC LepR-ePRS HPT HPT
Desire drink score 60m £=0-09, p=0-02* B=-3-56, p=0-72 B=-3-83, p=0-75 B=-2-81, p=0-66 B=-1-73, p=0-82
Emotional over eat score 60m B=-0-0072. p=0-97 B=-6-98, p=0-30 B=-3-14, p=0-68 B=0-74, p=0-85 B=-5-62, p=0-26
Emotional under eat score 60m p=-0-10, p=0-03* p=-11-32, p=0-20 B=-2:36, p=0-82 B=2-95, p=0-60 B=-8-76, p=0-20
Enjoyment score 60m p=-0-02, p=0-51 B=3-20, p=0-72 $=30-48, p=0-006* p=-3-62, p=0-52 B =-5-64, p=0-43
Fussiness score 60m B=-0-05, p=0-09 B=-4-86, p=0-56 B=-24-07, p=0-02* B=-0-95, p=0-85 B=6-28, p=0-33
Responsiveness score 60m B=0-03, p=0-27 B=-9-24, p=0-25 B=-3-47,p=0-71 p=-2-32, p=0-65 p=-3-92, p=0-52
Satiety score 60m B=-0-07, p=0-004* p=-1-10, p=0-87 B=-17-0, p=0-03* B=0-64, p=0-88 p=-2-12, p=0-68
Slowness score 60m B=-0-06, p=0-079 B=0-97, p=0-91 B=-11-24, p=0-30 p=-5-12, p=0-37 B=-4-54, p=0-51

772  * Significant effect (p<0-05).
773
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Artigo: Amygdala 5-HTT Gene Network Moderates the Effects of Postnatal
Adversity on Attention Problems: Anatomo-Functional Correlation and Epigenetic

Changes.
Publicado na revista: Frontiers in Neuroscience

DOI: https://doi.org/10.3389/fnins.2020.00198

No terceiro capitulo desta tese, considerando nossos achados em modelos animais com
relagdo ao sistema serotoninérgico e considerando que a amigdala, principalmente pela grande
inervagdo do sistema serotoninérgico, atua em diversas fungdes cognitivas, continuamos nossos
estudos em humanos e avaliamos como processos cognitivos sao modulados pela interacdo entre
adversidades no inicio da vida e a rede de genes que se co-expressa com o transportador de
serotonina na amigdala. Além disso, inovamos nesse trabalho ao investigar os efeitos da interagao
entre adversidades no inicio da vida e a rede de genes que se co-expressa com o transportador de
serotonina sobre a densidade da massa cinzenta do cérebro e sobre variagdes de metilagdo de DNA

ao longo do genoma.

Os resultados desse trabalho demonstram que a interacao entre adversidades em periodos
sensiveis de desenvolvimento e a rede de genes que se co-expressa com o transportador de
serotonina na amigdala, modulam comportamentos relacionados a aten¢@o e hiperatividade, bem
como variagoes de metilagdes de DNA, e que SNPs (polimorfismos de nucleotideo tinico, sigla do
termo em inglés ‘“single nucleotide polymorphisms”) dessa rede também sdo associados a

densidade de matéria cinzenta encefalica.

Esse trabalho foi realizado durante um periodo de doutorado sanduiche no exterior com
parceria entre o Silveira Lab, coordenado pela Profa. Dra. Patricia Pelufo Silveira, vinculado ao
Meaney Lab e ao Douglas Mental Health University Institute da Universidade McGill (Canada),

e o Laboratorio de Neurobiologia do Estresse, coordenado pela Profa. Dra. Carla Dalmaz,
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vinculado ao Instituto de Ciéncias Basicas da Satide da Universidade Federal do Rio grande do

Sul.
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Anatomo-Functional Correlation and
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Variations in serotoninergic signaling have been related to behavioral outcomes.
Alterations in the genome, such as DNA methylation and histone modifications, are
affected by serotonin neurotransmission. The amygdala is an important brain region
involved in emotional responses and impulsivity, which receives serotoninergic input.
In addition, studies suggest that the serotonin transporter gene network may interact
with the environment and influence the risk for psychiatric disorders. We propose to
investigate whether/how interactions between the exposure to early life adversity and
serotonin transporter gene network in the amygdala associate with behavioral disorders.
We constructed a co-expression-based polygenic risk score (ePRS) reflecting variations
in the function of the serotonin transporter gene network in the amygdala and investigated
its interaction with postnatal adversity on attention problems in two independent cohorts
from Canada and Singapore. We also described how interactions between ePRS-5-HTT
and postnatal adversity exposure predict brain gray matter density and variation in DNA
methylation across the genome. We observed that the expression-based polygenic
risk score, reflecting the function of the amygdala 5-HTT gene network, interacts with
postnatal adversity, to predict attention and hyperactivity problems across both cohorts.
Also, both postnatal adversity score and amygdala ePRS-5-HTT score, as well as their
interaction, were observed to be associated with variation in DNA methylation across the
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de Lima et al.

5-HTT Network and Postnatal Adversity

genome. Variations in gray matter density in brain regions linked to attentional processes
were also correlated to our ePRS score. These results confirm that the amygdala 5-HTT
gene network is strongly associated with ADHD-related behaviors, brain cortical density,
and epigenetic changes in the context of adversity in young children.

Keywords: early environment, serotonin transporter, ADHD, DNA methylation, ePRS, parallel independent
component analysis, attention, impulsivity

INTRODUCTION

Attention Deficit Hyperactivity Disorder (ADHD) is a
prevalent psychiatric condition characterized by symptoms
of inattention, impulsivity, and hyperactivity (American
Psychiatric Association, 2013). ADHD is a developmental
disorder with symptoms often evident before 6 years of age
(Faraone et al., 2003). Both genetic and environmental factors
make a substantial contribution to the etiology of ADHD
(Matthews et al., 2014). Childhood adversities are associated with
the development of ADHD (Boecker et al., 2014; Bjorkenstam
et al., 2017; Bock et al,, 2017) while candidate gene studies
suggest that low serotonergic activity is associated with increased
impulsive-aggressive behavior (Faraone et al., 2003). Alterations
in serotonin synthesis, breakdown and transport have been
associated to ADHD-related phenotypes (Oades, 2010).
Serotonin or 5-hydroxytryptamine belongs to the indolamine
family of neurotransmitters, and influences physiological
processes, including autonomic function, motor activity,
hormone secretion, and behavioral processes such as cognition,
emotion, reward and attention (Carlsson, 1987; Greengard,
2001). The synthesis of 5-HT occurs in serotonergic neurons
(Striider and Weicker, 2001) where 5-HT is stored into
presynaptic vesicles by a vesicular monoamine transporter
(Sakowski et al., 2006). After being released, 5-HT is recycled
through a process of active re-uptake by the serotonin transporter
(5-HTT) (Hoffman et al., 1998). The 5-HTT gene, also known
as SLC6A4, is localized in the long arm of chromosome 17. This
gene encodes an integral membrane protein that transports
the neurotransmitter serotonin from synaptic spaces into
presynaptic neurons, and represents a primary mechanism for
the regulation of serotonergic activity (Heils et al., 2002). 5-HTT
is expressed in brain regions implicated in attention and memory
such as the amygdala, hippocampus, and prefrontal cortex
(Frankle et al., 2004; Oquendo et al., 2007; Puig and Gulledge,
2011). The amygdala is predominantly modulated by the 5-HT
system, and plays an important role in attentional processes
(Pessoa, 2011). Several studies have observed that variations
specifically in this gene are associated with impulsivity,
hyperactivity, and ADHD (Halperin et al., 1997; Manor et al,,
2001; Seeger et al., 2001). Likewise, Genetic variation in SLC6A4
also associates with individual differences in DNA methylation,
a functional epigenetic modification of DNA, and SLC6A4
gene expression. Interestingly, such genetic effects on DNA
methylation emerged as a function of exposure to adversity early
in life (Beach et al., 2010; Vijayendran et al., 2012); highlighting
the importance of the interplay between the genome and the
environment in the regulation of SLC6A4 gene expression.

A large number of studies focuses on heritability and
candidate genes involved in ADHD. However, dysfunctions
usually involve several molecular pathways that may result from
variants in many genes, each of them contributing with only
weak effects to the phenotype (Gaiteri et al.,, 2014). Analyzing
the effect of genes co-expressed with a gene of interest allows the
integration of information on gene networks and the functional
relationships between these genes (Silveira et al., 2017; Miguel
et al., 2019). Multivariate approaches like parallel ICA (p-ICA)
are used to identify relationships between clusters of functionally
related SNPs that are statistically correlated and phenotype
components, such as brain structure (Pearlson et al, 2015;
Khadka et al., 2016). Studies have been using p-ICA to correlate
biological pathways with variations in gray matter density, which
represents an important tool to identify an anatomical-functional
basis for a behavioral phenotype (Khadka et al., 2016; Miguel
et al.,, 2019). Additionally, stressors in early life are known to
alter the expression of genes and cellular processes that influence
behavior, and one of the molecular processes that contributes to
this change is DNA methylation (Vinkers et al., 2015; Hing et al.,
2018). However, the mechanisms linking these associations need
to be further investigated.

Based on this evidence, we hypothesized that early life
adversity would interact with individual differences in genetic
variation within the SLC6A4 gene network to predict attention-
related problems in childhood. We constructed an expression-
based polygenic risk score (ePRS) that reflects the function of
the amygdala 5-HTT gene network, and described how this
polygenic predictor interacted with postnatal adversity to predict
attention/hyperactivity and brain gray matter density. We also
investigated the association between postnatal adversity and
the ePRS of the 5-HTT gene network on variations in DNA
methylation across the genome.

METHODS AND MATERIALS

Participants

We wused data from two prospective birth cohorts
based in Canada (Maternal Adversity, Vulnerability and
Neurodevelopment—MAVAN) and in Singapore (Growing
Up in Singapore Toward Healthy Outcomes—GUSTO), to
analyze the gene network by environment interaction effects on
behavioral outcomes.

The study sample MAVAN is a birth cohort that followed up
children from birth up to 6 years of age in Montreal (Quebec),
and Hamilton (Ontario), Canada (O’Donnell et al., 2014).
Mothers aged 18 years or above, with singleton pregnancies,
and fluent in French or English were included in the study.
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Severe maternal chronic illness, placenta previa, and history
of incompetent cervix, impending delivery, or a fetus/infant
affected by a major anomaly or gestational age <37 weeks
were the exclusion criteria. Approval for the MAVAN project
was obtained by the ethics committees and university affiliates
(McGill University and Université de Montréal, the Royal
Victoria Hospital, Jewish General Hospital, Centre hospitalier de
I'Université de Montréal and Hopital Maisonneuve-Rosemount)
and St. Joseph’s Hospital and McMaster University, Hamilton,
Ontario, Canada. Informed consent was obtained from all
participants. In GUSTO, the replication cohort, pregnant women
aged 18 years and above were recruited at the National University
Hospital (NUH) and KK Women’s and Children’s Hospital
(KKH), being of Chinese, Malay or Indian ethnicity with
homogeneous parental ethnic background. Mothers receiving
chemotherapy, psychotropic drugs or who had type I diabetes
mellitus were excluded. Informed written consent was obtained
from each participant (Soh et al., 2014).

Genotyping

Genome-wide platforms (PsychArray/PsychChip, Illumina) were
used to genotype 242,211 autosomal SNPs of buccal epithelial
cells of children in MAVAN, according to manufacturer’s
guidelines. SNPs with a low call rate (<95%), low p-values on
Hardy-Weinberg Equilibrium (HWE) exact test (p < le-40), and
minor allele frequency (MAF < 5%) were removed. Afterwards,
imputation using the Sanger Imputation Service was performed
and SNPs with an info score >0.80 were retained for the analysis,
resulting in 20,790,893 SNPs (McCarthy et al., 2017).

In GUSTO, genotying was performed using Infinium
OmniExpressExome array and split by ethnicity for quality
checks. Non-autosomal SNPs, SNPs with call rates <95%, minor
allele frequencies <5%, and failed Hardy-Weinberg equilibrium
p-value of 10-6 were removed. Variants discordant with their
respective subpopulation in the 1,000 G reference panel were
removed (Chinese: EAS with a threshold of 0.20; Malays: EAS
with a threshold of 0.30; Indian: SAS with a threshold of
0.20). Samples with call rate <99%, cryptic relatedness and sex/
ethnic discrepancies were excluded. The resulting data were pre-
phased using SHAPEIT v2.837 with family trio information. We
then used Sanger Imputation Service for imputation, choosing
1,000 G Phase 3 as reference panel and imputed “with PBWT,
no pre-phasing” as the pipeline. Imputed data that were non-
monomorphic, had biallelic SNPs and an INFO score >0.80 were
retained. Imputed genotyping data that were common in all three
ethnicities (5,771,259 SNPs) were used for further analyses.

The population structure of the MAVAN and GUSTO
cohorts were evaluated using principal component analysis of all
autosomal SNPs that passed the quality control without low allele
frequency (MAF>5%) and not in high linkage disequilibrium (>
> 0.2) across 500 kb regions (Price et al., 2006; Wray et al., 2014).
Based on the inspection of the scree plot, the first three principal
components were the most informative of population structure
in both cohorts and were included in all subsequent analyses.

DNA Methylation Analyses

DNA methylation analyses were done in buccal epithelial cells
(Catch-All Swabs, Epicenter, USA) in MAVAN children at a

mean age of 6.99 years. Details of DNA extraction, preprocessing
and quality control procedures were described in Garg et al.
(2018). Briefly, genomic DNA (750 ng) was bisulfite converted
using the EZ-DNA Methylation Kit (Zymo Research, USA) and
hybridized on Infinium HumanMethylation450 beadchip array
(450K, Illumina). Data was processed in R using the Minfi
package (Aryee et al., 2014). Samples that failed standard Minfi
quality control procedure were removed. All remaining samples
had a high call rate (>95%). Probes with a low call rate (<75%),
a high detection p-value (p > 0.05) and a low number of beads
(<3 in >5% of the cohort) were also removed. We also used
ComBat (Johnson et al., 2007) to iteratively adjust our data for
unwanted technical variation associated with experimental batch,
array row (sentrix row), and plate position (sample column). We
also predicted buccal epithelial cell content of each sample (Smith
et al., 2015) and included the proportion of buccal cells per
sample as a covariate in all models describing variation in DNA
methylation levels. A full explanation of the DNA methylation
analyses is provided in Garg et al. (2018).

5-HTT Co-expressed Genes and ePRS

The expression-based polygenic risk score was created
considering genes co-expressed with the serotonin transporter
gene (5-HTT-ePRS) in amygdala, according to the protocol
previously described by Silveira et al. (2017) and Miguel et al.
(2019). The genetic score from the 5-HTT gene network
was created using: GeneNetwork (http://genenetwork.org),
BrainSpan (http://www.brainspan.org), NCBI Variation Viewer
(https://www.ncbi.nlm.nih.gov/variation/view), and  The
Genotype-Tissue Expression (GTEx) (https://gtexportal.org/
home/) (Lonsdale et al., 2013). GeneNetwork was used to
generate a list of genes coexpressed with 5-HTT in the amygdala
in mice (Mulligan et al., 2016). Only genes with absolute value of
co-expression correlation higher or equal to 0.5 were retained.
The gene list generated by GeneNetwork was then filtered
using BrainSpan to identify consensus transcripts enriched
in the fetal and childhood human brain (Miller et al., 2014).
Since we were interested in genes that were active during
early developmental periods, we selected autosomal transcripts
expressed in the amygdala at least 1.5-fold more during fetal
and child development (all fetal samples and up to the first
5 years of age) as compared to adult samples. Based on their
functional annotation in the National Center for Biotechnology
Information, U.S. National Library of Medicine (NCBI Variation
Viewer), using GRCh37.p13, we gathered all the SNPs from these
genes and merged this list with the SNPs from the GTEx data
in human amygdala to form a list of common SNPs. The list
of common SNPs was then subjected to linkage disequilibrium
clumping (r> < 0.25), which resulted in 463 SNPs. In ePRS
calculation, alleles at a given cis-SNP were weighed by the
estimated effect of the genotype on gene expression (expression
quantitative trait loci from GTeX, in which the effect allele is
the alternative allele). Final ePRS was obtained by summation
over all SNPs accounting for the sign of correlation coefficient
between the genes and SHTT gene expression. For more
information on ePRS calculation, see Hari Dass et al. (2019).
The summation of these values from the total number of SNPs
provides the amygdala 5-HTT-ePRS score (Table 1 shows the
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TABLE 1 | Genes selected for composing the genetic score (5-HTT-ePRS).

Gene Ensembl Description

ADAMTS7  ENSG00000136378 ADAM metallopeptidase with
thrombospondin type 1 motif, 7

ATAD2B ENSGO00000119778  Atpase family, AAA domain containing 2B

AURKA ENSG00000087586 Aurora kinase A

CHD7 ENSG00000171316  Chromodomain helicase DNA binding protein
7

CHRNB4 ENSGO00000117971  Cholinergic receptor, nicotinic, beta 4

CNGA3 ENSG00000144191  Cyclic nucleotide gated channel alpha 3

COL3A1 ENSG00000168542 Collagen, type ll, alpha 1

DLL3 ENSG00000090932 Delta-like 3 (Drosophila)

DNMT3B ENSG00000088305 DNA (cytosine-5-)-methyltransferase 3 beta

EHMT2 ENSG00000204371  Euchromatic histone-lysine
N-methyltransferase 2

EIFAEBP1  ENSGO00000187840 Eukaryotic translation initiation factor 4E
binding protein 1

ELN ENSG00000049540  Elastin

GAS5 ENSG00000234741  Growth arrest-specific 5 (non-protein coding)

GTSE1 ENSG00000075218 G-2 and S-phase expressed 1

HMGB1 ENSG00000189403  High mobility group box 1

HNRNPA1  ENSGO00000135486 Heterogeneous nuclear ribonucleoprotein A1

LRRC26 ENSG00000184709 Leucine rich repeat containing 26

NBEALA ENSG00000144426 Neurobeachin-like 1

NHLH1 ENSG00000171786 Nescient helix loop helix 1

PKN1 ENSG00000123143  Protein kinase N1

PRKDC ENSG00000253729  Protein kinase, DNA-activated, catalytic
polypeptide

PTK7 ENSG00000112655 PTK?7 protein tyrosine kinase 7

RAD54L ENSG00000085999 RAD54-like (S. cerevisiae)

RBM12B ENSG00000183808 RNA binding motif protein 12B

RBM4 ENSG00000173933  RNA binding motif protein 4

RPL27A ENSG00000166441  Ribosomal protein 127a

RPL36 ENSG00000130255 Ribosomal protein L36

SCLT1 ENSG00000151466 Sodium channel and clathrin linker 1

SFRP1 ENSGO00000104332 Secreted frizzled-related protein 1

TEAD2 ENSG00000074219 TEA domain family member 2

TRIM58 ENSG00000162722  Tripartite motif containing 58

TSKU ENSG00000182704  Tsukushi small leucine rich proteoglycan
homolog (Xenopus laevis)

USP49 ENSGO00000164663  Ubiquitin specific peptidase 49

WDR62 ENSG00000075702 WD repeat domain 62

ZCCHC7 ENSG00000147905  Zinc finger, CCHC domain containing 7

final gene list). Figure1 illustrates the steps involved in the
creation of the ePRS.

Postnatal Adversity Score

The postnatal adversity score was created combining multiple
indicators of adversity. The instruments included as indicators
of postnatal adversity were the following: (1) The Health and
well-being questionnaire: short versions of multiple measures
(Kramer et al., 2001): (a) Presence of chronic disease during
pregnancy or severe acute conditions; (b) A subscale from

the Daily Hassles was used to measure how often, and to
what degree, the woman had lacked money for basic needs
since the beginning of pregnancy (Kanner et al, 1981); (c)
The Marital Strain Scale of Pearlin and Schooler was used to
assess chronic stress with the romantic partner (Pearlin and
Schooler, 1978); (d) The Abuse Assessment Screen was used to
assess conjugal violence (Newberger et al., 1992; Parker et al.,
1993); (e) Questions about anxiety during pregnancy (Lobel
et al., 1992; Parker et al., 1993). (2) Smoking during pregnancy:
composed of yes or no questions. (3) Household gross income
(Daveluy et al, 1998). (4) Depression questionnaire (Centre
of Epidemiological Studies) (CES-D): a 20 Likert-Scale item
instrument applied to assess the symptoms of depression (Radolf,
1977). (5) Child Health Questionnaire: Includes questions on
acute, chronic conditions, and hospitalizations (Plante et al.,
2002). (6) Maternal mental health: Beck Depression Inventory,
a 21-question self-report questionnaire (Beck et al., 1961);
Edinburgh Postnatal Depression Scale (EPDS), a 10-item self-
report scale designed to screen for postpartum depression
(Cox et al., 1987); State-Trait Anxiety Inventory (STAI), a self-
report instrument consisted of two forms of 20 items each
to measure psychic components of state and trait anxiety
(Spielberger, 2010). (7) Attachment: The Preschool Separation—
Reunion Procedure (PSRP) was applied at 36 months and
used to measure attachment security in preschool-aged children.
The task consists of a baseline interaction, followed by two
separation and reunion episodes lasting 5 min; scoring was based
on video coding (reliability k = 0.83). Four categories were
assessed: secure, ambivalent, avoidant and disorganized (Cassidy
and Marvin, 1992). (8) Family Assessment Device: 60-item self-
report instrument developed to assess the six dimensions of
the family functioning outlined in the McMaster Model of
Family Functioning (Moss et al., 2004). A general functioning
scale assesses overall health-pathology (Kabacoff et al., 1990). In
GUSTO the indicators of adversity were similar, except that there
was no information on attachment styles in this cohort. For each
continuous variable we applied 15th or 85th percentile cut-off to
categorize subjects in exposed or not to that event. The total score
represents the summation of all points. The earliest postnatal
time point available for each variable was used for the calculation
of the adversity score.

Behavioral Outcome: Child Behavior

Checklist

The Child Behavior Checklist (CBCL) questionnaire which
includes 100 items was used to evaluate emotional, behavioral,
and social difficulties in preschool children. The focus of this
study was in scales related with attention and hyperactivity
problems, so we chose ADHD Problems, Attention Problems and
Externalizing Problem scales for this work. An externalizing scale
is computed by summing scores on items related to attention
problems and aggressive behaviors (Achenbach, 2011).

A total of 137 children from the MAVAN cohort and 401 from
the GUSTO cohort had complete data (genotype, information on
early life environment, and CBCL scores) and were included in
the study.
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FIGURE 1 | Flowchart depicting the steps involved in creating the expression-based polygenic risk score based on genes co-expressed with serotonin transporter
gene in amygdala using gene co-expression databases: GeneNetwork was used to generate a co-expression matrix with 5-HTT gene in the amygdala in mice
(absolute value of the co-expression correlation r > 0.5); BrainSpan was then used to identify consensus human transcripts from this list; BrainSpan was also used for
selecting genes differentially expressed at >1.5-fold during child and fetal development as compared to adulthood within the same brain areas. Based on their
functional annotation in the National Center for Biotechnology Information, U.S. National Library of Medicine, we gathered all the existing SNPs from these genes and
subjected this list of SNPs to linkage disequilibrium clumping. We used a count function of the number of alleles at a given SNP (rs1, rs2...) weighted by the estimated
effect of the genotype associated with gene expression. The sum of these values from the total number of SNPs provides the amygdala 5-HTT ePRS score.

Gray Matter Density

Structural MRI of the whole brain was acquired using a 3T
trio Siemens scanner available at Cerebral Imaging Center,
Douglas Research Centre (Montreal, Canada) (1 mm isotropic
3D MPRAGE, sagittal acquisition, 256 x 256 mm grid, TR=
2,300ms, TE = 4ms, FA = 9°) and a GE MR750 Discovery
3T MRI scanner at the Imaging Research Centre, St. Joseph’s
Healthcare (Hamilton, Canada) (3D inversion recovery-prepped,
T1-weighted anatomical data set, fSPGR, axial acquisition,
TE/TR/Mlip angle = 3.22/10.308/9, 512 x 512 matrix with
1 mm slice thickness and 24 cm FOV. T1-weighted images were
processed by computational Anatomy Toolbox (CAT12) from
the Statistical Parametric Mapping software (SPM12). In the
preprocessing step, the images were normalized and segmented
into gray matter and white matter. After a high-dimensional
Diffeomorphic Anatomical Registration Through Exponentiated
Lie Algebra (DARTEL) normalization, a smoothing process was
applied using 8 mm full width half maximum kernel.

Enrichment Analysis

The gene network data were retrieved from GeneMANIA
(Warde-Farley et al., 2010) (https://genemania.org) database
and the gene-gene interaction networks were constructed and
visualized in the Cytoscape software (Saito et al, 2012).
Enrichment analysis was performed using MetaCore™
(Clarivate Analytics). Data for analysis of the co-expression
data during development was extracted from BrainSpan
(Miller et al., 2014). Epigenes (genes and proteins involved in

epigenetic regulation) within the networks were investigated
using the Epifactors Database (http://epifactors.autosome.ru/)
(Medvedeva et al., 2015). Localization of epigenes on cell classes
in the brain were made using cell types enrichment (https://
www.brainrnaseq.org/) (Zhang et al., 2014). Enrichment analysis
for molecular function, biological process, protein class, cell
components and pathways were performed in Panther (http://
pantherdb.org/) (Mi et al., 2019).

Statistical Analysis

Data was analyzed using R (https://www.rstudio.com/) (R
Foundation for Statistical Computing, 2018). Significance levels
for all measures were set at a < 0.05. Linear regression analysis
was applied to examine the effects of interaction between the
polygenic score and the adversity score on the behavioral
outcomes (CBCL), adjusting for sex and population stratification.
For the analyses with a significant interaction term, simple
slope analyses were conducted to describe the differences.
Population stratification was composed by models adjusted
by principal components (Patterson et al., 2006; Price et al,
2006). For that, population structure was analyzed to identify
the presence of a systematic difference in allele frequencies
between subpopulations in a population. We added the principal
components to adjust for false results due to ancestry differences.
We pruned our datasets to common variants (MAF>0.05)
that were not in linkage disequilibrium (r? < 0.20) with a
sliding window (50 kilobases) approach that examined linkage
disequilibrium in increments of 5 SNPs using PLINK 1.9 (Price
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et al, 2006). Principal component analysis was performed
using SMARTPCA on this pruned dataset and generated a
scree plot (see Hari Dass et al., 2019, for scree plot for the
MAVAN cohort). Based on the inspection of the scree plot,
the first three principal components were the most informative
of population structure in both cohorts and were included in
all analyses.

A multivariate approach called parallel independent
component analysis (pICA) was applied to identify relationships
between two different data modalities focusing on inter-related
patterns in a data driven manner (Price et al, 2006). The
goal of this method is to discover independent components
from these two data modalities, in addition to the relationship
between them (Liu and Calhoun, 2014). The pICA is a variant
of ICA for multimodality processing that extracts maximally
independent components within each data modality separately,
while also maximizing the association between modalities using
an entropy term based on information theory, thus enhancing
the interconnection by maximizing the linkage function in a
joint estimation process (Liu and Calhoun, 2014; Pearlson et al.,
2015).

Using this approach we sought to find the relationship
between the SNP-based ePRS-5-HTT (or genotype x GTEx
gene expression slope at each SNP comprised by the ePRS-
5-HTT) and the voxel-based gray matter in the whole brain,
instead of investigating the relationship between the crude
genotype and the gray matter-voxel-based measures. The
groups for comparison (25 children with high adversity score
and 24 children with low adversity score) were defined by the

postnatal environment aggregated with population stratification
(ethnicity) for adjustment. The number of independent
components estimated using minimum description length
criteria (Calhoun et al, 2001) was 17 for genetic data and
8 for MRI data. Loading coefficients, which describe the
presence of the identified component across participants (Liu
et al, 2012) were extracted for each component, modality,
and participant. The mean participant-specific loading
coefficients of these components between children from
high and low-adversity-score groups was compared using
Student’s ¢-test.

Further we explored if variation in the levels of DNA
methylation was predicted by postnatal adversity score,
ePRS-5-HTT, or their interaction. We used the following models
of linear regression analyses to test these associations:

1. CpG ~ sex + PC1 + PC2 + PC3 + A postnatal
2. CpG ~ sex + PC1 + PC2 + PC3 + ePRS
3. CpG ~ sex + PC1 4+ PC2 4+ PC3 + A_ postnatal * ePRS

CpG represents methylation levels at a single variably methylated
probe; sex is the biological sex of participant; PC(1, 2, or 3)
represents the population stratification principal components
from the genetic data, and A_ postnatal represents the postnatal
adversity score.

For each variably methylated CpG we compared the Akaike
information criterion (AIC) across the three models to identify
the model that best explained variation in DNA methylation at a
given CpG. We utilized AIC since it permits the comparison of
non-nested models.

TABLE 2 | Description of the baseline characteristics of the MAVAN and GUSTO samples according to high and low amygdala ePRS-5-HTT.

Sample description Total (n = 145) Low 5-HTT (n = 69) High 5-HTT (n = 76) p-value
MAVAN

Sex—male 49.7% (72) 53.6% (37) 46.1% (35) 0.36
Maternal age at birth (years) 30.60 (4.62) 30.20 (4.58) 30.95 (4.65) 0.33
Gestational age (weeks) 39.18 (1.21) 39.25 (1.25) 39.12 (1.17) 0.52
Birth weight (grams) 3,308 (452) 3,380 (477) 3,242 (420) 0.06
Breastfeeding (months) 7.53 (4.80) 7.54 (4.61) 7.52 (4.99) 0.98
Smoking during pregnancy 12.4% (18) 10.1% (7) 14.5% (11) 0.43
Maternal education—University degree or above 57.9% (84) 62.3% (43) 53.9% (41) 0.30
Low family income 15.2% (20) 15.4% (10) 14.9% (10) 0.94
Sample description Total (n = 401) Low 5-HTT (n = 197) High 5-HTT (n = 204) p-value
GUSTO

Sex - male 51.9% (208) 50.3% (99) 53.4% (109) 0.52
Maternal age at birth (years) 31.21 (5.12) 31.33 (5.27) 31.1(4.98) 0.65
Gestational age (weeks) 38.48 (1.27) 38.43 (1.36) 38.53 (1.18) 0.39
Birth weight (grams) 3,139 (425) 3,119 (420) 3,158 (430) 0.36
Breastfeeding for at least 3 months 61.0% (241) 66.1% (127) 56.2% (114) 0.042*
Smoking during pregnancy 2.0% (8) 1.0% (2) 2.9% (6) 0.16
Maternal education—University degree or above 35.4% (142) 39.1% (77) 31.9% (65) 0.13
Household income <SG$2,000 13.5% (54) 11.2% (22) 15.7% (32) 0.18

Numbers are presented as mean (SD) or percentage (number of participants).
*Significant differences between low and high ePRS groups (p < 0.05).
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RESULTS

Baseline comparisons between low and high ePRS groups
(median split) were done in the two cohorts. Differences in
means on the main confounding variables were tested using
Student’s ¢-test for independent samples and Chi-square Test was
applied for categorical variables. No differences were found in
relation to the main confounding variables in MAVAN (Table 2).
In GUSTO (Table2), we observed a higher prevalence of
breastfeeding for at least 3 months in the low ePRS group (66%)
vs. high ePRS group (56%). To confirm our results we adjusted
the interaction by breastfeeding in GUSTO. The same results
were observed.

Interaction Between ePRS-5-HTT in the
Amygdala and Postnatal Adversity Score
Moderates the Behavior in Children

In MAVAN children, we found a significant effect of
interaction between the adversity score and the amygdala-based
ePRS-5-HTT on domains of the CBCL related to attentional
problems and hyperactivity: ADHD Problems at 48 months

0.006); Attention Problems at 48 months (8 = -39.07, p
0.010) and a trend at 60 months (8 = -27.81, p = 0.07);
and Externalizing Problem at 48 months (8 = -131.06, p =
0.03) and 60 months (8 = -151.64, p = 0.01). Simple slope
analysis showed that increased postnatal adversity exposure is
associated with more ADHD problems (48 months: g = 0.93,
p = 0.0001; 60 months: S 1.07, p < 0.0001), attentional
problems (B 0.56, p = 0.0004); externalizing problems
(48 months: = 1.62, p = 0.01; 60 months: 8 = 191, p
= 0.002), as the ePRS-5-HTT score decreases (Figure 2).
After correction for multiple testing using Bonferroni-
Holm method, ADHD Problems at 48 and 60 months were
still significant.

We replicated our findings in a different population. More
specifically, we analyzed whether the interaction between the
adversity score and the amygdala-based ePRS-5-HTT would
predict attention problems in children in the GUSTO cohort,
and similar results were found. We observed significant effect
of interactions between adversity score and the amygdala-based
ePRS-5-HTT on CBCL scales: ADHD problems at 4 years (8
—32.79, p = 0.02) and attention problems at 4 years (8 =
—31.77, p = 0.0014) and externalizing problems at 4 years (8

(B = -71.19, p = 0.0009) and 60 months (8 = -62.32, p = -87.06, p = 0.031; Table 3). A simple slope analysis showed
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TABLE 3 | Results of interactions between the adversity score and the amygdala-based ePRS-5-HTT on CBCL behavior of children in MAVAN and GUSTO cohorts; and

evidence of differential susceptibility.

Interactions between the adversity score and the amygdala-based ePRS-5-HTT

MAVAN

Outcome Adversity x ePRS

GUSTO

Outcome Adversity x ePRS

Attention problems 48 m
ADHD problems 48 m
Externalizing problems 48 m

g = —89.07, p = 0.010*
B =-71.19, p = 0.0009*
B =-131.06, p = 0.03*
B =-2781,p=007
B = —62.32, p = 0.006*

Attention problems 60 m
ADHD problems 60m

Attention Problems 48m
ADHD Problems 48m
Externalizing Problems 48m

p=-381.77,p =0.0014*
p=-3279,p=0.02"
p =—-87.06, p =0.03"

Externalizing problems 60 m B =-151.64,p =0.01*
Evidence of differential susceptibility
Outcome Cohort Pol PA Differential susceptibility
Attention problems 48 m MAVAN 0.17 0.60 Yes
ADHD problems 48 m MAVAN 0.156 0.60 Yes
ADHD problems 60 m MAVAN 0.15 0.61 Yes
Externalizing problems 48 m MAVAN 0.17 0.60 No
Externalizing problems 60 m MAVAN 0.27 0.80 No
Attention problems 48 m GUSTO 0.85 0.43 Yes
ADHD problems 48 m GUSTO 0.09 0.43 No
Externalization problems 48 m GUSTO 0.12 0.78 Yes
Pol and PA values close to 0.50 suggest strong evidence for differential susceptibility.
*Significant interactions between the adversity score and the amygdala-based ePRS-5-HTT (p < 0.05).
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FIGURE 3 | Interaction effect between Postnatal Adversity Score and amygdala-based ePRS-5-HTT on: (A) ADHD problems at 4 years, (B) attention problems at 4
years, and (C) Externalizing Problems at 4 years. Increased postnatal adversity exposure is associated with outcomes related to more Behavioral problems as ePRS

that increased postnatal adversity exposure is associated with
more ADHD problems (8 = 0.89, p < 0.0001), as well as with
higher attentional (8 = 0.70, p < 0.0001), and externalizing
problems (8 = 2.72, p < 0.0001) as the ePRS-5-HTT score
decreases (Figure 3). After correction for multiple testing, all the
associations remained significant.

We also analyzed whether these interactions were consistent
with the differential susceptibility model (Roisman et al., 2012).
We verified if regions of significance were inside the possible

range of value for the environmental score, calculated proportion
of interaction (Pol) and proportion affected (PA). Table 3 shows
these results in MAVAN and GUSTO cohorts. In every case we
find some evidence (Pol and PA values close to 0.50 suggest
strong evidence for differential susceptibility) for differential
susceptibility. All three criteria showed that interactions were
consistent with differential susceptibility. These results suggest
that the same genetic background associated with the 5-HTT
gene network is affected by the exposure to adversity but also
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FIGURE 4 | Variations in DNA methylation levels were predicted by postnatal
adversity score, ePRS-5-HTT, and the interaction between postnatal adversity
score and ePRS-5-HTT. Each variable on chart denotes one model. AIC was
used to compare three models for each CpG and select the best one.
Percentages on chart represent the number of CpGs that are best explained
(lowest AIC) by a specific model. All models were adjusted for population
stratification and sex.

more protected in supportive environments with regards to
ADHD and Attention Problems outcomes. Pol and PA are
consistent with differential susceptibility in MAVAN and GUSTO
cohort (see Table 3).

These results suggest a presence of a strong genome x
environment interaction effect on behavior outcomes in children.
Exposure to postnatal adversity and decreased ePRS-5-HTT are
associated with negative outcomes in CBLC at different ages in
different cohorts. This suggests that the amygdala 5-HTT ePRS is
a strong predictor of attention-related processes in the context of
variation in the environmental quality in line with the differential
susceptibility paradigm.

Postnatal Adversity, ePRS-5-HTT, and
Their Interaction Contribute to DNA

Methylation Variations

We identified a total of 54,295 variably methylated probes cross
the genome. For each probe we compared AIC across three
models to explore the prediction of the DNA methylation by
postnatal adversity, ePRS or their interaction. We observed that
postnatal adversity explained DNA methylation levels better than
other predictors for 47% of all variably methylated sites. The
ePRS-5-HTT main effect was a better predictor for 43% of the
variably methylated sites and the interaction between the two
factors—for 10% of CpGs (Figure 4).

Enrichment Analysis of the 5-HTT

Co-expression Networks
We performed enrichment analysis on the genes selected
for composing the genetic score (complete list of genes on

Table 1). The relationship between genes was performed using
GeneMANIA, and the interaction networks were constructed in
the Cytoscape software. Figure 5 shows the gene interactions.
Using Cytoscape, we calculated the degrees and betweenness
of the 5-HTT network. Nodes above the threshold (mean
+ 1 SD) were considered central nodes (high betweenness
indicated bottlenecks and high degrees indicated hubs) (Neves
de Oliveira et al., 2018). The two most important hubs and
bottlenecks of this list included: HNRNPA1 (Heterogeneous
Nuclear Ribonucleoprotein A1), a protein coding gene, member
of a family of ubiquitously expressed heterogeneous nuclear
ribonucleoproteins, which are RNA-binding proteins that
associate with pre-mRNAs in the nucleus and influence pre-
mRNA processing, as well as other aspects of mRNA metabolism
and transport; and PRKDC, a protein kinase, which encodes
the catalytic subunit of the DNA-dependent protein kinase.
AURKA (Aurora kinase) is the most import hub gene of the
gene network co-expressed with 5-HTT in amygdala. The protein
encoded by this gene is a cell cycle-regulated kinase that appears
to be involved in microtubule formation and/or stabilization
at the spindle pole during chromosome segregation. The most
important bottleneck is RAD54L. The protein encoded by this
gene is involved in homologous recombination and repair of
DNA (Stelzer et al., 2016).

BrainSpan data was used to correlate the expression levels
of the genes included in the ePRS-5-HTT in the amygdala
in two periods (a) infancy and early childhood, and (b)
adulthood. We observed large clusters of highly co-expressed
genes in both periods (Figure6). However, different gene
clusters were observed during infancy/early childhood and
during adulthood, suggesting that there is a developmental
influence on the design of the clusters of co-expression of
these genes.

Enrichment analyses performed in Metacore® shows
two important pathways related with DNA damage and
epigenetic regulation of gene expression (see all results in
Table 4). The enrichment analysis for gene ontology shows
enrichment processes related to chromosome organization,
DNA conformational changes, DNA methylation; and
nervous system development (such as generation of
neurons and developmental process). Interestingly, of the
35 genes on the list of genes co-expressed with 5-HTT
in the amygdala, 10 are classified as epifactors and are
involved in histone phosphorylation and methylation,
chromatin remodeling and DNA methylation (Figure 7).
We also analyzed the cell classes in the brain where
these epifactors are more expressed, and most of them
are localized in astrocytes, neurons, and oligodendrocyte
precursor cells (Figure 7). Enrichment analyses performed in
Panther shows molecular functions related with transporter
activity and binding, biological process related with
developmental processes, cellular processes, and metabolic
processes. At same time, proteins classes were enriched for
transporter, nucleic acid binding, and transferases. Finally,
this gene network was enriched in pathways related to
muscarinic acetylcholine and nicotine receptors signaling
pathways (Figure 8).
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FIGURE 5 | Genes interactions of the amygdala 5-HTT co-expression network. The border of the genes represents the out-degree of these nodes, meaning the
number of outgoing relationships. The larger the border, the stronger the relationship of the gene to other genes. The size of the nodes represents the in-degree, i.e.,
the number of incoming relationships with neighbors. The bigger the node, the higher the relationships of other genes to the target gene. The edges represent
co-expression. Color and thickness were used to identify the most co-expressed genes, darker, and thicker represent higher co-expression.

FIGURE 6 | Co-expression of the genes included in the ePRS-5-HTT in the amygdala in the (A) infancy and early childhood, and (B) adulthood periods in humans.
Each vertical line represents correlation with a unique gene. Genes from the same expression quantification tend to cluster together and could be visualized in red
(positive correlation), or blue (negative correlation) patterns. Infancy and early childhood period ranges from O to 4 years of age (N = 7); Adulthood ranges from 20 to
40 years (N = 6). Data for this analysis was extracted from BrainSpan.

SNP-Based ePRS-5-HTT and the data available. The Parallel ICA identified seven significant

Voxel-Based Gray Matter Density relationships between regional gray matter volume and SNP-
In order to perform an anatomical-functional correlation of based ePRS. The most signiﬁcant relationships between regional
our findings, we analyzed the relationship between brain gray  gray matter density and SNP-based ePRS-5-HTT data was on the
matter density and the SNPs used to create the ePRS-5-HTT  genetic component 12 and MRI component 5 (r =0.704, p =
in 49 children from MAVAN that had MRI and genotype  1.62e-08). The comparison of mean loading coefficients of these
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TABLE 4 | Pathway Maps and Gene Ontology Processes related to genes
included in the expression-based polygenic risk score of the 5-HTT in the
amygdala.

Enrichment by Metacore®

Maps p-value FDR
Pathway Maps

Apoptosis and survival_nAChR in apoptosis 0.0009 0.046
inhibition and cell cycle progression

DNA damage_Mismatch repair 0.001 0.046
Transcription_Role of heterochromatin protein 1 0.0017 0.046
(HP1) family in transcriptional silencing

Transcription_Sin3 and NuRD in transcription 0.0017 0.046
regulation

Canonical Notch signaling pathway in colorectal 0.0023 0.046
cancer

Signal transduction_Adenosine A2A receptor 0.003 0.046
signaling pathway

Translation_Translation regulation by Alpha-1 0.003 0.046
adrenergic receptors

TLRs-mediated IFN-alpha production by 0.003 0.046
plasmacytoid dendritic cells in SLE

Transcription_Epigenetic regulation of gene 0.003 0.048
expression

GO Processes

Chromosome organization 0.00000004 0.00005
DNA geometric change 0.0000001 0.00008
Nervous system development 0.0000001 0.00009
Chromatin organization 0.0000002 0.00010
Generation of neurons 0.0000004 0.00016
Cellular response to stress 0.0000005 0.00016
System development 0.0000005 0.00016
Neurogenesis 0.000001 0.00023
DNA conformation change 0.000002 0.00027
Developmental process 0.000017 0.00109
DNA methylation on cytosine within a CG sequence ~ 0.00004 0.00162
Positive regulation of DNA ligation 0.00004 0.00162

components between children from high- and low adversity score
groups by Student’s t-test indicated no statistically significant
differences (Figure 9), suggesting that SNPs on the ePRS-5-HTT
list moderate gray matter density in specific brain regions, but
this effect is not moderated by the adversity experienced on
these parameters.

To define the significant SNPs in each component, we used a
threshold of higher than 2.5 and lower than 2.5 (Z-Threshold>
#+2.5). In component 12, we found 14 significant SNPs, and the
enrichment analysis by Metacore® demonstrated that these SNPs
are involved especially in regulation of neuronal migration [false
discovery rate (FDR) = 0.0082], cerebral cortex development
(FDR = 0.02), neurogenesis (FDR = 0.025), regulation of cell
migration (FDR = 0.030), and cell development (FDR = 0.04).
This group of SNPs were related to gray matter density located
mainly in cortical areas, such as superior, middle and inferior
frontal gyrus, temporal gyrus, precuneus, and inferior parietal

lobule (MRI component 5). All the significant brain regions and
SNPs are listed in Tables 5, 6.

DISCUSSION

The main aim of this study was to analyze whether a genetic
score based on genes co-expressed with the serotonin transporter
in the amygdala moderates the impact of adversity exposure in
early life on behaviors related to attention and hyperactivity,
as well as comorbidities associated with this condition. We
demonstrated that the expression-based polygenic risk score
reflecting the function of an amygdala 5-HTT gene network
interacts with postnatal adversity exposure, influencing attention
and hyperactivity problems in different cohorts and different
ages. We found a correlation between the postnatal adversity
score, amygdala ePRS-5-HTT scores and their interaction on
variations of DNA methylation across the genome. Additionally,
we observed that SNPs used to create the ePRS-5-HTT are
positively and negatively correlated with variations in gray matter
density. These results together confirm that the gene network
co-expressed with 5-HTT is strongly associated with behavioral,
brain cortical density, and epigenetic changes in the context of
adversity, that strongly correlate with their impact on attentional
problems in young children.

The attention deficit hyperactivity disorder is characterized by
symptoms of inattention, impulsivity, and hyperactivity. Often,
ADHD is associated with emotions and behavior dysfunctions,
such as affect dysregulation, irritability, and mood (Matthews
et al, 2014). We demonstrated that early life adversity is
strongly associated not only with attention and hyperactivity
problems, but also with behaviors correlated with ADHD, such as
externalizing behaviors and total problems (as measured through
the CBCL). Externalizing behavioral problems reflect the child
negatively acting on the external environment and consist of
disruptive, hyperactive, and aggressive behaviors (Nolan et al.,
1996; Liu, 2004). Our finding corroborates the associations
between ADHD problems and comorbidities, primarily related
to externalizing behavior problems.

The serotonergic system is associated with several behavioral
processes, in domains such as cognition, emotion, reward, and
attention (Carlsson, 1987; Greengard, 2001). Variations in the 5-
HTT gene have been reported to be associated with impulsivity,
hyperactivity, and ADHD (Halperin et al., 1997; Manor et al.,
2001; Seeger et al., 2001; Heils et al.,, 2002). The amygdala is
a complex structure rich in serotonergic terminals, and it is
involved in several processes related to emotion, mechanisms of
vigilance, and attention (Pessoa, 2011). While several studies have
focused on the effects of serotonergic function on comorbidities,
our approach presents a biologically defined gene network
of genes co-expressed with the serotonin transporter in the
amygdala. We demonstrated that variation across the 5HTT
gene network moderated the effects of postnatal adversity on
attention and hyperactivity problems. Furthermore, we observed
that the interaction between genetic variation and environment
on attention and hyperactivity problems provided support for
the differential susceptibility hypothesis. These results suggest
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PRKDC Protein kinase, DNA-activated, catalytic polypeptide Histone phosphorylation
PKN1 Protein kinase N1 Histone phosphorylation
EHMT2 Euchromatic histone-lysine N-methyltransferase 2 Histone methylation
AURKA Aurora kinase A Histone phosphorylation
ATAD2B Atpase family, AAA domain containing 2B Histone modification
USP49 Ubiquitin specific peptidase 49 Histone ubiquitination
DNMT3B DNA (cytosine-5-)-methyltransferase 3 beta DNA methylation
RADS4L RADS54-like Chromatin remodeling
HMGBI1 High mobility group box 1 Chromatin remodeling
CHD7 Chromodomain helicase DNA binding protein 7 Chromatin remodeling
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FIGURE 7 | Epifactors included in the expression-based polygenic risk score of the 5-HTT in the amygdala: (1) Genes classified as epifactors, involved in histone
phosphorylation and methylation, chromatin remodeling, and DNA methylation; (2) Cell classes in the brain where these epifactors are expressed. Each graphic
represents a gene: (A) PRKDC, (B) PKN1, (C) EHMT2, (D) AURKA, (E) ATAD2B, (F) USP49, (G) DNMT3B, (H) RAD54L, () HMGB1, and (J) CHD?7.

that individuals whose behavior is negatively affected by
environmental adversity could be the same individuals to benefit
most from an enriched/supportive environment (Belsky et al.,
2009). Belsky et al. have suggested that children more sensitive to
context might be more affected by developmental factors, being
that an exposure to adversity or to more enriched environments
in early life (Belsky, 1997). These results provide evidence
that the 5-HTT gene network is associated with vulnerability
and resilience to environmental variations, which can have
implications for both preventive and therapeutic interventions.
Our findings showed that the postnatal adversity score and
gene network of 5-HTT in the amygdala predict variation
in DNA methylation across the genome. In fact, several
studies have demonstrated that trauma in early life affects
DNA methylation (Beach et al,, 2010; Ouellet-Morin et al,
2013). Infant attachment is also associated with variations in
genome-wide DNA methylation (Garg et al., 2018) and the early

social environment has persisting influence until adult life on
the DNA methylation variation across the genome (O’Donnell
et al., 2018). The serotoninergic system, especially the serotonin
transporter, regulates a number of epigenetic modifications
(Ismaylova et al., 2018). However, we show that a broader
analysis of 5-HTT gene network variation is associated with
epigenetic changes. Interestingly, several genes included in the 5-
HTT gene network are associated with epigenetic processes. As
shown in Figure 7, 10 of the 35 genes in the amygdala 5SHTT
gene network are associated with histone phosphorylation and
methylation, chromatin remodeling, and DNA methylation. This
explains the strong association between the ePRS and variations
of DNA methylation observed in our model. Although the ePRS-
5-HTT in the amygdala and postnatal adversity explain most of
the variations observed, it is important to emphasize that the
interaction between these two factors also predicts variations in
DNA methylation across the genome. These results may explain,
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FIGURE 8 | Enrichment analysis performed using Panther (http://pantherdb.org/): Enrichment for (A) molecular functions, (B) biological processes, (C) protein
classes, (D) cell components, and (E) pathways.

at least in part, the mechanism by which adversity exerts its  occipital cortices were associated with the higher rates of ADHD
long-term effects, especially in attention hyperactivity problems. ~ (Botellero et al., 2017; Suffren et al., 2017). In fact, ADHD is a

We also analyzed the relationship between the SNPs used  disorder associated with cognitive control and reward response.
to create the ePRS-5-HTT in amygdala and brain gray matter ~ Theories that address ADHD as a disorder of executive control
density, in order to obtain anatomical-functional resolution in ~ have considered atypical activity or connectivity specifically in
our findings. We observed an association between these SNPs  prefrontal regions and posterior cortical regions (Miller and
and gray matter density in cortical areas involved in memory,  Cohen, 2001; Aron et al., 2004; Matthews et al., 2014). At the
attention, information processing, and decision-making, such as ~ same time, theories that consider ADHD as a sensory and
precuneus, superior and inferior temporal gyrus, frontal gyrus,  reward dysfunction have associated this disorder with brain
and inferior parietal lobule, respectively (Shapiro et al,, 2002;  regions involved in motivation, reward and emotional regulation,
du Boisgueheneuc et al., 2006; Wallentin et al., 2006; Vickery  and with dysregulation of emotional control (Matthews et al.,
and Jiang, 2009; Tops and Boksem, 2011). Clinical studies have ~ 2014). Even though we analyzed brain gray matter density, not
been demonstrated that smaller volumes of frontal, parietal and  activity or connectivity, it is interesting that the results pointed
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FIGURE 9 | A bar plot of the mean loading coefficients of brain magnetic resonance imaging (MRI) component and genetic component. Student’s t-test was
performed to compare loading coefficients means between groups of high and low adversity score for SNPs (single nucleotide polymorphisms) and MRI.

TABLE 5 | Significant brain regions associated with gray matter density and SNP-based ePRS-5-HTT data on MRI component 5 by Parallel ICA.

Brain-phenotype component 5

Area Brodmann area L/R volume (cc) Random effects: Max value (x, y, )
POSITIVE

Middle temporal gyrus 19 0.4/0.6 5.1 (—58, —53, —9)/56.2 (62, —28, —10)
Sub-gyral * 0.4/0.4 5.0 (—34, —40, 38)/6.0 (45, —47, —9)
Precuneus 7,31 0.4/0.2 5.0 (—22, —61, 38)/4.0 (9, —53, 44)
Middle frontal gyrus 6, 8,10 0.3/0.6 3.9 (22, 22, 38)/4.7 (18, —11, 61)
Inferior temporal gyrus 19, 20, 21, 37 0.3/0.4 4.9 (—34, -3, —36)/5.3 (49, —57, —2)
Postcentral gyrus 3,4 0.3/0.4 4.7 (—50, —19, 20)/4.2 (55, —20, 37)
Fusiform gyrus 19, 20, 37 0.3/0.3 5.5 (—53, —11, —23)/4.3 (48, —49, —13)
Superior frontal gyrus 6,10 0.3/0.3 4.8 (—24, 51, —5)/4.5 (18, —11, 66)
Cerebellar declive * 0.3/0.2 4.9 (=37, =71, =22)/5.6 (30, =77, —20)
Lingual gyrus 18 0.3/0.2 4.5 (=12, =77, 0)/4.0 (27, —64, —6)
Superior temporal gyrus 42 0.3/0.1 4.3 (55, —34,16)/3.8 (61, —34, 18)
Middle occipital gyrus * 0.2/0.3 5.4 (-22, —92, 3)/5.2 (42, —70, —7)
Supramarginal gyrus 40 0.2/0.0 3.9 (—45, —50, 25)/-999.0 (0, 0, 0)
Precentral gyrus 6 0.1/0.3 4.1 (—49, 8, 8)/5.1 (33, —19, 48)
Medial frontal gyrus 10, 11 0.1/0.3 3.7 (=7, 39, 30/4.2 (10, 51, 2)
NEGATIVE

Middle frontal gyrus 6,9, 10, 11, 46 0.8/1.2 4.8 (—30, 8, 52)/5.5 (36, 18, 39)
Inferior parietal lobule 39, 40 0.6/0.6 5.5 (—48, —47, 42)/5.4 (31, —583, 45)
Inferior frontal gyrus 9, 44, 45, 47 0.6/0.6 4.9 (—48, 32, 0)/5.0 (46, 4, 30)
Sub-gyral * 0.5/0.4 5.4 (—31, —51, 38)/4.8 (25, —35, 52)
Superior temporal gyrus 13, 22, 39 0.4/0.2 5.1 (—58, —40, 19)/3.8 (64, —26, 10)
Medial frontal gyrus 6, 10, 11 0.4/0.1 5.2 (—18, 4, 59)/4.1 (16, 62, —4)
Precuneus 7 0.3/0.6 4.3 (—4, —61, 31)/4.2 (13, —48, 55)
Superior frontal gyrus 8,9, 11 0.3/0.5 4.6 (—34, 46, 16)/5.1 (9, 58, 22)
Precentral gyrus 9, 44 0.3/0.1 6.5 (—48, 19, 9)/4.4 (39, 8, 37)
Postcentral gyrus 2,8 0.3/0.1 5.0 (—25, —34, 53)/4.6 (27, —31, 55)
Supramarginal gyrus 40 0.2/0.3 4.0 (—50, —48, 33)/4.3 (55, —48, 30)
Middle temporal gyrus 37 0.2/0.2 4.0 (—50, —65, 6)/5.0 (49, —51,7)
Superior parietal lobule 7 0.2/0.1 3.9 (40, —56, 48)/4.1 (31, —56, 48)

*Does not have a close match to a particular brodmann area.

to an association between SNPs of genes co-expressed with 5-
HTT in amygdala and gray matter density in cortical regions
associated with executive control, suggesting that both theories

may be important for typical behaviors observed in this disorder,
and that this gene network could have an important role in
this moderations.
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TABLE 6 | Dominant SNPs (Z-Threshold = 2.5) associated with gray matter
density on SNP component 12 by Parallel ICA.

Gene SNP Z Score
TRIM58 rs61857833 8.86
TRIM58 rs9787332 6.85
TRIM58 rs55634584 6.65
ZCCHC7 rs68046074 5.24
TRIM58 rs34268703 4.87
WDR62 rs117559678 —4.84
TRIM58 rs2101702 —3.42
CNGA3 rs4851129 —3.30
COL3A1 rs3134656 3.03
WDR62 rs139494942 2.77
GTSE1 rs79334853 2.74
TRIM58 rs4925574 2.64
GTSE1 rs3817874 2.53
TRIM58 rs112538341 2.53

These results together point to an association between
genes and the environment: the gene network co-expressed
with 5-HTT in the amygdala was consistently associated with
behavioral outcomes, variations of gray matter density and
DNA methylation. In fact, the biological processes enriched
for this gene network show a high association with nervous
system development and epigenetic pathways. Previous studies
have shown that ADHD patients with higher SLC6A4 promoter
methylation status had significantly worse hyperactive-impulsive
symptoms, suggesting the potential role of epigenetics pathways
in attention problems (Park et al., 2015). Furthermore, epigenes
of this gene network were enriched in different cells, such as
astrocytes, neurons and precursors of oligodendrocytes, which
demonstrates the wide distribution of these factors. Interestingly,
this gene network was also enriched for pathways of the
cholinergic system, which have been associated with a number of
cognitive functions, including memory, attention, and emotional
processing (Sarter et al, 2001, 2006; Bentley et al., 2003).
The presence of these pathways demonstrates that complex
dysfunctions are probably associated not only with a gene, but
possibly with a network of genes, and several systems, cells and
brain regions (Gaiteri et al., 2014). Exposure to stress has been
shown to affect methylation of Lys4 in histone 3 (Han et al., 2012).
Methylation of this amino acid residue has been reported to affect
the activity of DNMT3B (Liang et al., 2002; Chen et al., 2003)
one of the enzymes coded by a gene in the ePRS-5-HTT network.
This is a possible mechanism through which early adversity could
epigenetically influence the function of this network and, thus,
interact with our genetic score.
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6. Discussao
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Nesta tese buscamos avaliar os efeitos da exposicao a adversidades no inicio da vida sobre
o desenvolvimento de alteragdes comportamentais alimentares, metabolicas, cognitivas e
emocionais, focando na interacdo entre fatores genéticos e ambientais que contribuiriam para tais
fenotipos. Para tanto, inicialmente, utilizamos dois modelos de estresse em periodos
hiporresponsivos ao estresse durante o desenvolvimento de roedores, buscando identificar
diferencas sexo-especificas de comportamento alimentar hedonico e homeostatico, bem como
ansiedade e a expressao de genes associados a esses comportamentos. Em seguida, realizamos um
estudo em humanos com o objetivo de avaliar a suscetibilidade ao desenvolvimento de distintos
padrdes alimentares em criangas com historico de adversidade no inicio da vida, considerando os
perfis genético e funcional associados a sinalizagdao da leptina no hipotadlamo e no cortex pré-
frontal. Por fim, realizamos um segundo estudo em criangas, e investigamos a contribuicio de
interacdo entre fatores genéticos, associados a sinaliza¢do serotoninérgica na amigdala, e
ambientais, de adversidades precoces, para o desenvolvimento de caracteristicas relacionadas ao
transtorno de déficit de atengao/hiperatividade. Os principais resultados provenientes desses

estudos estdo resumidos nas tabelas 1, 2 e 3 que antecedem a discuss@o dos achados desta tese.

Tabela 1: Resumo dos principais resultados comportamentais € neuroquimicos em animais.

Analise Resultados observados

Sexo * Tempo
Peso Corporal & Grupo * Tempo — MD |
Q@ Grupo * Tempo —MD e MS |

Sexo — & Ingestdo T Q
Consumo Alimentar de Ragdo Padrio de Biotério & MD |
Q sem efeito

Interacao Estresse Neonatal * Sexo
Consumo de Alimento Palatavel dMDeMS1T
Q MD L MS 1

Efeito do sexo e tendéncia de efeito do estresse neonatal %
de tempo no brago aberto
3
Labirinto em Cruz Elevado MD e MS | % de Tempo Bragos Abertos
MS | Entrada nos Bragos Abertos comparado ao MD
MS T Tempo nos Bragos Fechados
Q sem efeito

Sexo — @ apresentam T distincia periférica, central e total

C Abert
ampo Aberto percorrida que &
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Neuropeptidios Hipotalamicos

Sexo — @ apresentaram | da expressdo do NPY que &

3
MD e MS | a Expressdao de POMC

Tendéncia | da Expressdo em MD e T em MS de LepR
Q sem efeito

Conteudo Serotoninérgico na Amigdala

3
MS | 5-HTT

MD T SHIAA
Q MD | 5-HTT

Contetdo Serotoninérgico no Hipotalamo

3

MD e MS | 5-HTT

MD e MS T 5-HIAA / 5-HT
¢

MD e MS | 5-HTT

MD e MS T 5-HIAA

Tabela 2: Resumo dos principais resultados da interagdo entre a rede de genes que se co-expessa com o
receptor de leptina no cortex pré-frontal e exposicdo a adversidades no inicio da vida em criangas.
Considerando que nao identificamos interacdo entre a rede de genes que se co-expessa com o receptor de
leptina no hipotalamo e exposi¢do a adversidades no inicio da vida, esses resultados ndo sdo descritos na

tabela.

Analise

Resultados observados

Comportamentos

Coorte MAVAN
- LepR-ePRS do Cortex Pré-frontal * Adversidade:

T Adversidade Pés-natal e | LepR-ePRS
T Escore de Apreciagdo Alimentar (48 me 72 m) ¥

T Escore de Saciedade (48 m e tendéncia aos 72 m)

T Adversidade Pés-natal e T LepR-ePRS
T Escore de Resposta Alimentar (48 m)

- LepR-ePRS do Cértex Pré-frontal

| LepR-ePRS
T Score de Lentiddo Alimentar (48 m e tendéncia aos 72

m)f

Coorte GUSTO

- ePRS-5-HTT * Adversidade:

T Adversidade Pés-natal e T ePRS-5-HTT
T Escore de Aprecia¢do Alimentar (60 m) *
1 Escore de Inquietagdo ao Alimentar (60 m) *
! Escore de Saciedade (60 m)

Parametros metabolicos

Leptina Circulante
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Sem efeito do LepR-ePRS do Coértex Pré-frontal
Glicose de jejum
Sem efeito do LepR-ePRS do cortex pré-frontal

fEvidéncia de diitese-estresse

Tabela 3: Resumo dos principais resultados da interagdo entre a rede de genes que se co-expessa com 0
transportador de serotonina na amigdala e exposicao a adversidades no inicio da vida em criangas.

Analise

Resultados observados

Comportamento

Coorte MAVAN
- ePRS-5-HTT da Amigdala * Adversidade:
T Adversidade Pos-natal e | ePRS-5-HTT

T TDAH (48 m e 60 m) - susceptibilidade diferencial *

T Problemas de Atengdo (48 m e tendéncia aos 60 m) -
susceptibilidade diferencial *

T Problema de Externalizagdo (48 m ¢ 60 m)

Coorte GUSTO
- ePRS-5-HTT da Amigdala * Adversidade:
T Adversidade Pos-natal e | ePRS-5-HTT

T Problemas de TDAH (48 m)

T Problemas de Atencdo (48 m) - susceptibilidade
diferencial *

T Problema de Externaliza¢do (48 m) - susceptibilidade
diferencial *

Metilagdo de DNA

54.295 Regides Metiladas ao longo do genoma

Adversidade: melhor preditor de 47% das variacdes de
metilagoes de DNA

ePRS-5-HTT da Amigdala: melhor preditor de 43% das
variacdes de metilagdes de DNA

ePRS-5-HTT da Amigdala * Adversidade: melhor
preditor de 10% das varia¢des de metilagdes de DNA

Densidade de Matéria Cinzenta Encefalica

SNPs que compdem o ePRS-5-HTT moderam a densidade
de matéria cinzenta encefalica
Adversidade:

sem efeito

TEvidéncia de diatese-estresse
# Bvidéncia de susceptibilidade diferencial

O estresse no inicio da vida, representado por adversidades no periodo anterior e posterior

ao nascimento, ¢ amplamente associado a predisposi¢ao ao desenvolvimento de doengas a curto e

longo prazo. Diante disso, modelos animais que induzam altera¢des semelhantes as observadas em

humanos sao indispensaveis e devem ser amplamente estudados, com o intuito de compreender os
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mecanismos subjacentes a tais alteracdes e averiguar possiveis intervencdes ou tratamentos
capazes de reverter efeitos indesejaveis. No primeiro capitulo desta tese, estudamos dois modelos
de estresse precoce. Os principais achados apontam para alteragdes de consumo alimentar, em
particular de alimentos palataveis. Além disso, resultados sexo-especificos foram encontrados
quando analisamos o comportamento tipo-ansioso e atividade motora: machos submetidos a
estresse precoce foram mais vulneraveis a um aumento do comportamento tipo-ansioso e fémeas
estressadas precocemente apresentaram aumento da atividade locomotora. Ao mesmo tempo, o
estresse precoce reduziu a expressio de POMC e aumentou a atividade serotoninérgica no
hipotdlamo, enquanto na amigdala efeitos sobre o sistema serotoninérgico foram dependentes de
sexo e tipo de estresse. No segundo capitulo dessa tese, estudamos o efeito da interagdo entre
adversidades no inicio da vida e a rede de genes que se co-expressa com o receptor de leptina no
cortex pré-frontal e no hipotdlamo em comportamentos associados a alimentacdo e marcadores
metabolicos. Nossos achados demonstram que a rede de genes que se co-expressa com o receptor
de leptina, especificamente no cortex pré-frontal, modulam os efeitos de adversidades no inicio da
vida nas respostas alimentares. Por fim, no terceiro capitulo dessa tese, nds avaliamos como
processos cognitivos sdo modulados pela interagdo entre adversidades no inicio da vida e a rede
de genes que se co-expressa com o transportador de serotonina na amigdala. Nossos achados
demonstram que a interagdo entre fatores ambientais e genéticos associados ao transportador de
serotonina modulam comportamentos relacionados a atengdo e hiperatividade, bem como
variagdes de metilacdo de DNA ao longo do genoma, e que SNPs relacionados a essa rede também
sdo associados a densidade de matéria cinzenta encefélica.

Nao existe uma padronizacao de modelo de estresse no inicio da vida de roedores, o que
dificulta a comparagdo dos resultados encontrados entre os estudos. A separagdo maternal ¢ o
modelo mais frequentemente utilizado para mimetizar adversidades no inicio da vida, embora
exista grande variabilidade na duragdo e no periodo em que a MS ocorre (Pryce & Feldon, 2003).
Tractenberg e colaboradores realizaram uma revisao sistematica comparando as diferengas entre
os modelos de separacdo maternal e suas influéncias no comportamento de camundongos,
considerando algumas defini¢des e nomenclaturas que sdo importantes de serem destacados nessa
tese, dentre eles: a variagdo nos tipos de procedimento de separagdo maternal e detalhes
metodologicos dos diferentes modelos (Tractenberg et al., 2016). O procedimento do estresse de

separacao maternal pode acontecer por poucos minutos até uma hora, e nesse caso podem ser
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classificados como Breve Separag¢do Maternal; outros autores consideram a separacao até 30
minutos como Manipulagdo, pois esse € 0 tempo em que a genitora muitas vezes se afasta do ninho
para buscar alimento (Kalinichev, 2010). Por outro lado, a Separa¢do Maternal Prolongada , ou
apenas Separagdo Maternal, se constitui da separacao dos filhotes por suas maes por no minimo
uma hora até 8 horas diarias (Nylander & Roman, 2013). O termo Priva¢do Maternal ¢ utilizado
para protocolos de separacao materna por 24 horas (Ellenbroek, van den Kroonenberg, & Cools,
1998). Além disso, dentro desses modelos existem algumas variagdes metodoldgicas que podem
contribuir para o nivel de estresse aplicado nos animais. Por exemplo, se o estressor ¢ realizado
em um unico ou repetidos episodios, se os filhotes sdo isolados dos irmdos de ninhada ou
permanecem em ninhada, se existe controle de temperatura, além do periodo em que o estresse
aconteceu, como no periodo hipo-responsivo ao estresse (entre os dias pods-natais 0-14)
(Tractenberg et al., 2016). Essa variabilidade de modelos de protocolos nos leva a duas questdes
principais: (I) independente do modelo de estresse aplicado no inicio da vida, desde o mais leve,
como pouco cuidado materno, até os mais severos, como privacdo maternal, esse estresse pode
predispor filhotes a alteragdes neuroquimicas e comportamentais; (II) o periodo da vida em que o
estresse acontece pode acarretar alteragdes especificas, considerando que eventos de
desenvolvimento seguem um padrao de sequéncia temporal. Nesse sentido, o primeiro trabalho
dessa tese teve como objetivo investigar os efeitos de diferentes protocolos de estresse neonatal
em desfechos relacionados especificamente ao comportamento alimentar.

E sabido que o nivel de estresse interfere diretamente no consumo alimentar e
consequentemente em parametros metabolicos e de peso corporal (Morris et al., 2015). Estudos
com humanos e modelos animais vém demonstrando que o estresse pode tanto aumentar quanto
diminuir o consumo alimentar (Foster, Solomon, Huhman, & Bartness, 2006). Essa divergéncia
nos resultados pode ser explicada tanto pela gravidade e frequéncia em que o estresse ocorre,
quanto pelo tipo de alimento ofertado. Por exemplo, o estresse ¢ associado a redugao do consumo
alimentar, entretanto, se um alimento palatavel ¢ ofertado em um momento estressante, observa-
se aumento do consumo como forma de aliviar os efeitos negativos do estresse (Adam & Epel,
2007). Grande parte desses efeitos sdo relacionados a sobreposi¢ao entre os sistemas neurais que
regulam o estresse e a alimentacdo, uma vez que o nucleo paraventricular do hipotadlamo esta
envolvido na regulacdo do eixo HHA e do sistema de controle de ingestao alimentar (Morris et al.,

2015). Nosso estudo adicionou dados importantes a literatura, ao demonstrar, dentro de um mesmo
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ambiente controlado, como a variacao de modelos de estresse interfere no consumo e preferéncias
por alimentos de forma diferente em animais machos e fémeas. Em nossos achados, animais
machos submetidos ao estresse continuo de MS por trés horas didrias durante o periodo hipo-
responsivo ao estresse, com temperatura controlada e animais isolados de irmaos de ninhada, ndo
apresentaram alteracdo de consumo alimentar de ra¢des padrao. Entretanto, quando esses animais
sao expostos a alimentos palataveis, observa-se um aumento do consumo comparado a animais
controle. Por outro lado, o estresse por MD, por 24 horas, também durante o periodo hipo-
responsivo ao estresse € com temperatura controlada, porém com animais em ninhada, diminuiu o
consumo de ragao padrdo, possivelmente levando ao baixo peso corporal identificado. De modo
interessante, quanto esses animais foram expostos a alimentos palataveis, observamos um aumento
do consumo quando comparado ao grupo controle. Esse aumento no consumo de alimentos
palataveis em ambos os grupos de estresse deve-se provavelmente ao estado ansioso dos animais,
observado em nossos resultados, considerando que alimentos ricos em agucar e gordura atuam
como “alimentos confortantes” (Maniam & Morris, 2010).

Além disso, nesse trabalho nos demonstramos que fémeas também se mostraram
vulneraveis aos efeitos do estresse no inicio da vida, o que foi observado inicialmente pela redugao
de peso corporal em ambos os grupos, embora com essa diferenca sendo reduzida na idade adulta,
possivelmente decorrente do consumo de racao padrao que, ao contrario dos machos, nao foi
diferente entre os grupos. Quando essas fémeas foram expostas a alimentos palataveis, os efeitos
com relacdo ao grupo controle foram evidentes e opostos para os diferentes estressores. A
exposi¢ao a separacao maternal repetida aumentou o consumo de alimentos palataveis, ao passo
que a privagao maternal diminuiu o consumo do mesmo alimento. Considerando que a exposi¢cao
ao alimento palatdvel foi uma novidade de alto teor reforgador, esperava-se que as fémeas
apresentassem pelo menos consumo semelhante ao grupo controle, mas observamos uma redugdo
de consumo em animais expostos ao estresse mais severo. Nesse sentido, poderiamos especular
que a diminui¢do do consumo de alimentos palataveis seria um sinal de anedonia, ou seja,
incapacidade ou diminui¢do de motiva¢do para receber recompensas consideradas prazerosas,
como consumo de alimentos (Stanton, Holmes, Chang, & Joormann, 2019). Esse sintoma ¢
considerado como um dos sinais de depressao e observado em animais expostos a protocolos de
estresse de derrota social e de estresse cronico (Golden, Covington, Berton, & Russo, 2011;

Willner, 2005). Nesse sentido, um estudo investigando os efeitos da privacdo maternal em fémeas
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seria uma boa proposta a ser executada como um modelo de estresse no inicio da vida e
predisposicao a depressao na vida adulta.

Um dos desfechos que apresentam certa inconsisténcia na literatura € de que a exposicao a
adversidades no periodo pos-natal induz comportamento tipo-ansioso em roedores. Estudos com
estresse em ratos mostram comportamentos de ansiedade em animais adultos (Miragaia et al.,
2018; Wei, David, Duman, Anisman, & Kaffman, 2010). Entretanto, outros estudos com ratos e
camundongos mostram uma grande variabilidade nos resultados (Mclntosh, Anisman, & Merali,
1999; Millstein & Holmes, 2007). Em nosso estudo, mostramos que tanto a separagdo quanto a
privacao maternal induziram comportamento do tipo-ansioso de animais machos avaliados pelo
teste do labirinto em cruz elevado. Miragaia e colaboradores (2018) demonstraram que a privagao
maternal no dia pds-natal 3 (PND) aumentou o indice de ansiedade, corroborando nossos
resultados, embora o mesmo estudo ndo tenha encontrado alteragdes desses comportamentos em
animais submetidos a privagdo no PND 11 (Miragaia et al., 2018). Diferencas metodologicas entre
nossos modelos de estresse devem ser consideradas e podem estar associadas aos resultados
observados. Algumas revisdes de literatura apontam a importancia de utilizar modelos de estresse
que mimetizem adversidades especificas em humanos como abuso emocional, negligéncia
emocional, abuso fisico, negligéncia fisica e abuso sexual ou uma combinagdo de adversidades,
considerando que o tipo e a gravidade das adversidades podem ser importantes em termos de
disfungdes comportamentais (Murthy & Gould, 2018). Nesse sentido, a combinag@o de dias de
privacdo maternal se constitui de um modelo de estresse severo que induziu importantes alteragoes
comportamentais € neuroquimicas.

Embora os protocolos de estresse tenham induzido aumento de comportamento tipo-
ansioso em machos, nds ndo observamos efeitos ansiogénico do estresse em fémeas. As fémeas,
contudo, apresentaram de maneira geral, maior atividade locomotora que machos. A discrepancia
dos resultados entre machos e fémeas submetidos aos mesmos protocolos de estresse vem sendo
discutida em outros estudos como uma consequéncia também do cuidado materno. E em nosso
trabalho, foram observadas tanto em comportamentos quanto em dosagens bioquimicas. Estudos
classicos e recentes demonstram que maes tendem a apresentar cuidado materno diferenciado,
promovendo maior estimulagdo tatil em machos que em fémeas (Moore & Morelli, 1979). O
comportamento da mae em relacdo aos filhotes pode programar respostas comportamentais e

neuroendocrinas ao estresse na idade adulta (Hao, Huang, Nielsen, & Kosten, 2011). Parte desses
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efeitos sdo associados a mudangas na expressdao génica de regides encefalicas que medeiam as
respostas ao estresse, como aumento da expressao de mRNA do receptor de glicocorticoide
hipocampal e diminui¢do dos niveis de mRNA de CRH no hipotdlamo (Meaney, 2001). Wei e
colaboradores (2010) demonstraram que até mesmo uma breve separagdo maternal de 15 minutos,
entre os dias pos-natais 1 e 21, aumenta o cuidado materno com a prole. De forma interessante,
esse aumento do cuidado foi correlacionado com tempo de exploracdao do centro do aparato de
campo aberto, demonstrando que o cuidado materno durante um periodo especifico de
desenvolvimento ¢ associado a programagdo de comportamento tipo-ansioso em animais adultos.
Esses autores argumentam que, embora o cuidado materno possa minimizar os efeitos do estresse
no inicio da vida, algumas alteragdes podem permanecer a longo prazo (Wei et al., 2010). Nesse
sentido, nosso estudo demonstrou que tanto a separa¢do quando a privacdo maternal induziram
alteragdes robustas no comportamento e no sistema serotoninérgico, analisado na amigdala e no
hipotdlamo, de machos. Por outro lado, em fémeas os efeitos comportamentais foram menos
evidentes, possivelmente por diferencas na resposta ao estresse, o que poderia torna-las mais
resilientes aos efeitos do estresse nos comportamentos analisados. Estudos que avaliem o cuidado
materno frente a dois episddios de privagdo maternal podem trazer informagdes interessantes
relacionado os efeitos maternos desse modelo de estresse com a programagao do comportamento
na idade adulta.

Os resultados desta tese relacionados aos comportamentos alimentar e do tipo-ansioso nos
direcionaram para duas regides encefalicas importantes para tais comportamentos: a amigdala e o
hipotalamo. Conforme discutido anteriormente, a amigdala ¢ considerada uma regiao fundamental
para o controle de comportamentos relacionados a ansiedade (Martin et al., 2009) e variagdes na
atividade serotoninérgica nessa regido modulam esses comportamentos (Curran & Chalasani,
2012). Dessa forma, alteracdes no conteudo de serotonina e seus metabolitos na amigdala podem
explicar as alteragdes observadas no comportamento do tipo-ansioso. Por outro lado, as alteracdes
serotoninérgicas encontradas no hipotalamo nos direcionam para a hipétese de que o estresse teria
modulado vias serotoninérgicas que inervam o hipotdlamo, modulando o comportamento de
consumo de alimentos palataveis, cabendo aqui ainda lembrar que o proprio estado de ansiedade,
possivelmente resultado das alteragdes na atividade serotoninérgica na amigdala, também pode

modificar o consumo de alimentos palataveis (Machado et al., 2013).
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Assim, alteracdes no conteuido de serotonina e de seu metabdlito no hipotalamo podem
estar relacionadas as alteracdes de consumo de alimento palatdvel tanto em machos quanto em
fémeas. De fato, estudos indicam que injecdes periféricas e centrais de agonistas serotoninérgicos
resultam em supressdo da ingestdo alimentar, enquanto o efeito oposto ¢ observado com
antagonistas receptor 5-HT1a e outras drogas que reduzem a atividade da 5-HT (Leibowitz &
Alexander, 1998). Grande parte dos efeitos anorexigénicos da serotonina ocorre pela ativacao de
seus receptores no hipotdlamo, que modificam a atividade de neuronios contendo o neuropeptideo
Y (NPY), a proteina relacionada a agouti (AgRP) e a pro-opiomelanocortina (POMC) (Currie,
Coiro, Niyomchai, Lira, & Farahmand, 2002; Qiu et al., 2007). Xu e colaboradores, em 2007,
desenvolveram duas linhagens de camundongos nocaute para o receptor de serotonina 5-HT>c: um
deles com deficiéncia total de 5-HT2cR e outro com expressdo regular apenas nos neuronios
POMC. Animais com deficiéncia total de 5-HT>cR desenvolveram hiperfagia ao serem expostos
a dieta rica em gordura, além de hiperatividade e obesidade. Esses resultados foram normalizados
em animais expressando o 5-HT2cR apenas nos neuronios POMC, o que demonstra que receptores
serotoninérgicos no nucleo arqueado do hipotdlamo medeiam os efeitos de componentes do
sistema serotoninérgicos no consumo alimentar (Xu et al., 2008). Dessa forma, o prejuizo na
neurotransmissao serotoninérgica, observada em nossos resultados, pode estar influenciando o
controle da fome e saciedade no hipotalamo por meio da ativagao de neuropeptidios hipotalamicos.

Com o objetivo de investigar os mecanismos associados a influéncia do estresse sobre o
consumo alimentar, medidas de expressdo génica dos neuropeptidios hipotalamicos envolvidos no
controle do consumo alimentar foram realizadas. Comparadas a machos, fémeas apresentaram
menor expressao de NPY, corroborando outros estudos que observaram que fémeas apresentam
menor imunorreatividade de NPY em regides como a amigdala basolateral, e as regides ventral e
dorsal do hipocampos (Miragaia et al., 2018). Além disso, evidéncias apontam que o NPY esta
envolvido nao somente no controle do consumo alimentar, como também em processos
relacionados a emocgdes e modulagao de respostas ao estresse, atuando como neuromodulador de
processos emocionais (Morales-Medina, Dumont, & Quirion, 2010). A diminui¢cdo da expressao
do NPY em fémeas pode ser sugestiva de alteracdes de humor, da mesma forma que observado na
redu¢do do consumo de alimentos palataveis. Vale ressaltar novamente, que estudos investigando
os efeitos de dois episodios de privacdo maternal em fémeas considerando comportamentos

relacionados a depressao ajudariam a explicar nossos achados.
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Além disso, nossos resultados apontam que animais machos submetidos a privacao
maternal apresentam reducao dos niveis de POMC. A POMC ¢ uma proteina precursora que
produz peptideos biologicamente ativos por meio de uma série de etapas enzimaticas especificas,
produzindo os hormdnios estimuladores dos melanocitos (MSHs), ACTH e B-endorfina. A
ativacdo da via da POMC pela leptina, no nucleo arqueado do hipotadlamo, inibe o consumo
alimentar (Millington, 2007). A diminuicdo de um neuropeptideo anorexigé€nico em nossos
resultados sugere um efeito compensatdrio sistémico desses animais para atingir o peso corporal
que se encontra diminuido. De fato, em modelos de restricdo alimentar observa-se reduciao da
expressao do mRNA de POMC (Mizuno et al., 1998). Além disso, como comentado acima, os
neurénios POMC do ntcleo arqueado do hipotdlamo sdao modulados por receptores SHToc, €
considerando que em nossos achados a atividade serotoninérgica esta afetada, essa poderia ser
outra causa que colabora para varia¢des de neurébnios POMC.

Diante dos nossos achados com relacdo ao consumo alimentar e ao peso corporal,
esperavamos efeitos robustos com relagao ao receptor de leptina no hipotalamo, principalmente
porque, em ratos, a leptina apresenta um aumento de libera¢do no periodo pos-natal iniciado por
volta do PND 5 com um pico entre PND 9 e PND 10 (Ahima, Prabakaran, & Flier, 1998), ou seja,
no periodo em que aconteceu o estresse nos animais. Entretanto, surpreendentemente observamos
apenas uma tendéncia em animais machos, com aumento evidenciado pela separagdo materna, e
diminui¢do pela privagdo maternal. Em trabalhos anteriores, a privagdo maternal no PND 9 foi
associada ao rapido declinio nos niveis de leptina circulante, ao mesmo tempo que observou-se
aumento do seu receptor, e redugao dos niveis de fator neurotrofico derivado do encéfalo (BDNF)
e do fator de crescimento semelhante a insulina (IGF-1) no hipotalamo (Viveros, Diaz, Mateos,
Rodriguez, & Chowen, 2010). Esses resultados, contudo, foram mensurados logo apds o estresse,
diferente das nossas andlises que foram a longo prazo.

O comportamento alimentar e a regulacdo do peso corporal correspondem a processos
fisiologicos altamente complexos e consequentes da agdo coordenada e sincronizada de genes,
células e regides periféricas e centrais que interagem em vias hedonicas e homeostaticas (Friedman
& Halaas, 1998; Leibowitz & Alexander, 1998; Timper & Bruning, 2017; Zanchi et al., 2017).
Nesse sentido, disfungdes nesses processos podem, por muitas vezes, derivar de alteragdes em
atividades sistémicas, ao invés de serem reguladas por alteragdes de genes especificos (Gaiteri et

al., 2014). Pesquisas atuais apontam que o estudo de redes de genes fornece uma abordagem
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alternativa que permite analisar, integrar e quantificar interagdes moleculares em escala de
gendmica (Lorsch et al., 2019; Vidal, Cusick, & Barabasi, 2011). Levando em conta estudos
anteriores e nossos resultados, levantamos a hipdtese que os efeitos do estresse no inicio da vida
no comportamento alimentar devem ser desencadeados por alteragdes sistémicas. Sabe-se que
doencas complexas, como a obesidade, sdo resultado da integracao de rede de genes funcionais,
que interagem entre si em niveis de regulagao molecular e celular para o desenvolvimento da
condi¢do e doenga como um todo (Gaiteri et al., 2014; Parikshak et al., 2015). Nessa perspectiva,
considerando que uma vasta literatura aponta que o receptor de leptina seja um gene alvo para o
controle alimentar, em nossos dados observamos apenas uma tendéncia de alteracdo na sua
expressao a0 mesmo tempo que observamos que genes associados a ele, como a POMC
apresentavam alteracdo de expressdo. Dessa forma, com o objetivo de desenvolver uma pesquisa
translacional focando em redes genes regides-especificas que poderiam ser afetadas pelo estresse
no inicio da vida, desenvolvemos um estudo translacional que analisou intera¢des entre a
exposi¢ao a adversidades no inicio da vida e genes associados ao receptor de leptina.

No segundo capitulo desta tese, realizamos um estudo em trés coortes comunitarias, em
que avaliamos a interagdo entre fatores genéticos e ambientais na predisposicdo ao
desenvolvimento de disfungdes alimentares e metabolicas. Com relagdo ao componente genético
das nossas analises, empregamos a analise de redes de genes para criar um escore de risco
poligénico baseado em expressdo (ePRS, da sigla em inglés para expression-based polygenic risk
score), que reflete variagdes na fungdo dessa rede de genes que se co-expressa com o receptor de
leptina no cortex pré-frontal (PFC) e, também, no hipotdlamo (HPT). Através dessa metodologia,
analisamos padroes de expressao de genes que se correlacionam com o receptor de leptina. Em
relacdo a fatores ambientais, criamos um escore utilizando multiplos indicadores de adversidades
no periodo perinatal, que incluiram desde potenciais problemas de saude da crianga, como idade
gestacional ao nascimento, peso ao nascer, doencas neonatais, ¢ também problemas de saude
materna e condi¢des ambientais familiares, como indicadores socioecondmicos e o relacionamento
no nucleo familiar, que pode ser caracterizado por conflitos ou fragilidade de vinculos.

Alguns detalhes metodologicos do escore de adversidade sdo importantes de serem
destacados. Primeiro, que a utilizacdo de um escore de adversidade possibilita a anélise de fatores
ambientais considerados nao extremos que podem, em conjunto, predispor individuos a doengas

psiquiatricas e metabolicas, como observado em estudos anteriores (Levitan et al., 2017; Miguel,
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Pereira, et al., 2019; Wendland et al., 2014). Além disso, o escore de adversidade, que varia nos
sujeitos do estudo, permite a analise de diferentes graus de adversidade, consistindo assim, em
uma ferramenta mais translacional em relacdo ao nosso modelo animal: um deles um pouco mais
severo e agudo (MD) e outro mais prolongado e cronico (MS). Vale acrescentar também que o
escore de adversidade foi criado de forma semelhante em duas coortes, o que possibilitou a
replicacdo dos dados, considerando diferentes etnias e culturas.

O Questionario do Comportamento Alimentar da Crianca (CEBQ, do inglés Child Eating
Behaviour Questionnaire), por sua vez, foi utilizado como desfecho comportamental com o
objetivo de avaliar atitudes e fatores psicossociais implicitos na selecdo de quais alimentos ingerir.
Esse questionario também avalia caracteristicas comportamentais associadas ao estilo alimentar
individual, como resposta a saciedade, ritmo e seletividade alimentar, prazer em comer, sub e
sobre-ingestdo emocional e desejo de beber (Wardle, Guthrie, Sanderson, & Rapoport, 2001).
Embora no artigo nao nos concentremos em efeitos individuais da adversidade e sim na interagao
com a rede de genes, quando avaliamos os efeitos especificos da adversidade no inicio da vida no
comportamento alimentar observamos um efeito nas escalas de desejo por bebidas e tendéncia de
efeito para o item consumo alimentar em resposta a emogoes. Esses resultados foram observados
em diferentes idades nas coortes avaliadas, como demonstrados nas tabelas suplementares do
capitulo II. O dominio do CEBQ relacionado ao desejo por bebidas se refere a questdes
relacionadas ao desejo por bebidas ricas em agucar, como sucos industrializados e refrigerantes
(Wardle et al., 2001). Nossos resultados apontam que, conforme esperado, o aumento da
adversidade induz o aumento do desejo por tais bebidas. Por outro lado, o consumo alimentar em
resposta a emogoes negativas se refere a impulsividade diante de situagdes emocionalmente
estressantes, como em situacdes de inquietude, preocupagdo ou ansiedade. Nesse caso, resultados
obtidos em ambas a coortes, MAVAN ¢ GUSTO, indicaram uma tendéncia ao aumento do
consumo alimentar em situacdes que envolvem emogdes. Assim sendo, podemos especular que
criangas expostas a adversidades no inicio da vida tendem a apresentam maior consumo de
alimentos em situacdes de desconforto emocional. Esses resultados corroboram trabalhos da
literatura que observaram que adversidades no inicio da vida, como qualidade da interacdo entre
mae e bebé nos periodos iniciais da vida, contribuem para o excesso do consumo alimentar
posteriormente em criancas e adolescentes (Beijers, Miragall, van den Berg, Konttinen, & van

Strien, 2021; Escobar et al., 2014).
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Além disso, esses resultados sdo importantes de serem discutidos considerando também
nossos achados no capitulo I desta tese, uma vez que animais expostos ao estresse no inicio da
vida apresentam aumento de consumo de alimentos doces e palatdveis e aumento de ansiedade.
Embora em modelos animais tenhamos analisamos o comportamento alimentar avaliando
consumo de ragdo padrdao e de alimento palatdvel, sabemos que o comportamento alimentar
humano ¢ decorrente da associacao entre padroes genéticos com decisoes diarias, disponibilidades
alimentares, cultura, hébitos e exposi¢des (Barth et al., 2020; Dallman, 2010; Grzymislawska,
Puch, Zawada, & Grzymislawski, 2020; Machado et al., 2013; Silveira et al., 2008; van Strien et
al., 2013). Portanto, analisar os efeitos de adversidades no inicio da vida de forma translacional
possibilitou observar nuances comportamentais relativas de um comportamento que pode ser
preditivo de disfungdes alimentares e metabdlicas mais tarde na vida, uma vez que nossos
resultados apontam que, tanto em modelos animais como em humanos, adversidades no inicio da
vida sdo associadas ao aumento do consumo alimentar, em especial de alimentos ricos em glicideos
simples e gorduras, principalmente quando associados a emog¢des negativas.

Com relagdo aos resultados da interacdo entre adversidade no inicio da vida e o ePRS do
receptor de leptina no cortex pré-frontal, demonstramos que ambos os fatores interagem entre si e
modulam o comportamento alimentar de criancas, de forma independente da idade, da etnia e da
cultura. Especificamente, a interagao entre o escore ambiental e o escore genético influenciou
comportamentos relacionados ao prazer em comer (enjoyment of food), resposta a comida (food
responsiviness), seletividade alimentar e a saciedade. De modo interessante, esses resultados
apontam que variagdes no nivel de adversidade induzem comportamentos obesogénicos ou
anorexigénicos dependendo dos padrdes individuais de expressao génica da rede de genes que se
co-expressam com o receptor de leptina no cortex pré-frontal. Nesse sentido, criangas submetidas
a adversidades tendem a apresentar menor prazer alimentar, menor resposta ao alimento e mais
saciedade quando apresentam menor expressao de genes relacionados ao receptor de leptina.
Entretanto, o padrao oposto pode ser observado em fungao de caracteristicas individuais: criangas
submetidas a adversidade tendem a apresentar maior prazer e resposta ao alimento quando
apresentam maior expressdo de genes relacionados ao receptor de leptina. Dessa forma,
considerando nossos achados em modelos animais e em criangas, o nivel da exposi¢do a
adversidades tem influéncia significativa na modula¢ao do padrao de comportamento alimentar.

Além disso, com esse trabalho identificamos que a rede de genes que se co-expressa com o receptor
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de leptina, especificamente no cortex pré-frontal, parece modular os comportamentos observados
sendo um possivel mecanismo para a associagao entre adversidades no inicio da vida e alteragdes
de comportamento alimentar. Em nosso modelo animal, neuropeptidios hipotaldmicos associados
ao consumo alimentar foram pouco afetados pelo estresse no inicio da vida. Entretanto, em
humanos decidimos analisar o hipotalamo e o coértex pré-frontal. De fato, os efeitos da interacao
adversidade precoce e ePRS do LepR no cortex pré-frontal foram muito mais significativos,
indicando que o hipotalamo, possivelmente por ser uma regido com maior importancia para a
sobrevivéncia, pode sofrer menor influéncia ambiental.

Com objetivo de investigar os efeitos metabolicos da rede de genes que se co-expressa com
o receptor de leptina, dois marcadores metabolicos, glicemia em jejum e leptina circulante, foram
analisados em uma terceira coorte (ALSPAC). Considerando que adversidades no inicio da vida
sdo associadas a programag¢ao do metabolismo e consequente alteragdes de peso corporal (Gehrand
etal., 2016; Raff et al., 2018; Ruiz et al., 2018), conforme revisado em detalhes no estado da arte,
investigar os efeitos da adversidade nesses marcadores nao foi nosso foco. Por outro lado, a analise
dos efeitos da rede de genes nesses marcadores nos direcionaria para a identificacdo de efeitos
periféricos dessas redes. Nesse sentido, nossos resultados apontam que as redes de genes que se
co-expressam com o receptor de leptina no cortex pré-frontal e no hipotdlamo nao influenciam os
niveis de glicemia em jejum e leptina circulante, sugerindo assim que os efeitos dessas redes de
genes ocorrem centralmente. Além disso, com o objetivo de investigar os processos bioldgicos nos
quais a rede de genes que se co-expressa com o receptor de leptina no cortex pré-frontal esta
envolvida, diversas plataformas foram utilizadas para a analise de enriquecimento funcional! de
processos bioldgicos e vias relacionadas com essas redes. Conforme esperado, essa rede de genes
tem enriquecimento para funcdes e processos relacionados a respostas a lipideos e nutrientes, mas
também para desenvolvimento do sistema nervoso central e morfogénese de estruturas anatomicas,
o que pode contribuir para os efeitos da interagdo entre rede de genes com adversidade no inicio
da vida.

Uma das questdes importantes considerando nosso modelo translacional ¢ que, em animais,

nds analisamos machos e fémeas e observamos resultados sexo-especificos. Entretanto, em

! Analise de enriquecimento sdo definidas como um método estatistico para identificar, a partir de uma lista de genes
e seus produtos génicos, classes de genes que sdo associadas a processos e vias bioldgicos, bem como a doengas
(Subramanian et al., 2005)
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criangas, as analises foram feitas agrupando meninos e meninas, uma vez que o modelo de
regressdao utilizado nao identificou diferenga entre sexos. Nessa perspectiva, um estudo da
Universidade Federal de Pelotas avaliou diferencas no comportamento alimentar das criangas entre
6 ¢ 10 anos também utilizado o CEBQ. Criancas com excesso de peso corporal, nesse estudo,
apresentaram maiores pontuacdes em escalas relacionadas a busca ativa e consumo de alimentos,
quando comparadas com criancas de peso normal. Contudo, corroborando nossos achados, nao
foram encontradas diferengas no comportamento alimentar em relacdo ao sexo e a idade (dos
Passos, Gigante, Maciel, & Matijasevich, 2015). Nesse sentido, ¢ importante ressaltar que as
criangas da nossa coorte sao saudaveis e ndo apresentam alteragdes de indice de massa corporal
(dados nao mostrados). Nao podemos excluir, contudo, a possibilidade de que diferencas sexo-
especificas emerjam apds a puberdade. Uma vasta literatura demonstra que existem diferencas de
sexos tanto no consumo, quanto na aquisicdo e no preparo de alimentos. Conforme revisado
recentemente por Grzymistawska e colaboradores (2020), condi¢des individuais, como fatores
genéticos e psicossociais, bem como condi¢cdes socioecondmicas e culturais contribuem
substancialmente para essas diferencas sexo-especificas. Estima-se que mulheres manifestam
maior preocupacdo com nutricdo saudavel e controle do peso corporal, entretanto apresentam
tendéncia por comer mais em grupo ou em situagdes estressantes. Por outro lado, homens tendem
a alimentar-se pelo prazer do consumo e por isso preferem alimentos mais saborosos € muitas
vezes mais gordurosos, tendendo a se alimentar impulsivamente e consumir mais suplementos
dietéticos (Grzymislawska et al., 2020). Essas diferen¢as nos achados da literatura sugerem que as
alteracoes de comportamento alimentar podem aparecer a partir de um momento no
desenvolvimento de criancas e adolescentes, considerando que em criancas fatores hormonais,
bem como a possibilidade de escolha alimentar sdo minimizadas. Dessa forma, a influéncia do
sexo no comportamento alimentar pode depender do sexo bioldgico, mas também da fase do
desenvolvimento e de fatores culturais.

Processos cognitivos tais como atengdo, memoria e aprendizagem, sao altamente
especializados e podem influenciar o comportamento alimentar, conforme descrito anteriormente.
Como ja discutido no estudo em modelos animais, foram observadas alteragdes de serotonina na
amigdala em animais que haviam sido submetidos a um estressor mais severo (privacao materna).
Além disso, circuitos envolvendo a amigdala participam de diversas fungdes cognitivas (Pessoa,

2010). Assim sendo, no capitulo III desta tese, realizamos um segundo estudo translacional,
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analisando interagcdo gene x ambiente, com o objetivo de investigar os efeitos de adversidades no
inicio da vida em processos cognitivos. Considerando a mesma metodologia da exposi¢cao a
condi¢des de adversidade no inicio da vida, aqui criamos um escore de risco poligénico baseado
na expressao dos genes que sao co-expressos com o gene do transportador de serotonina (5-HTT)
na amigdala, visto que o sistema serotoninérgico foi afetado pelo estresse em nossos modelos
animais. Semelhante ao capitulo II, analisamos a influéncia da interacao entre esses dois fatores
na modulacdo de disturbios comportamentais. Nesse capitulo, observamos que a interacao entre a
adversidade no inicio da vida e o ePRS do transportador de serotonina na amigdala influenciam
comportamentos relacionados a atencao e a hiperatividade. Nossos resultados apontam que a
exposi¢ao a adversidades predispde a problemas de déficit de aten¢do e hiperatividade em criangas
que apresentam baixa expressao génica (ePRS baixo) para a rede de co-expressdo génica do 5-
HTT. E interessante observar que, ao analisarmos comportamentos relacionados a impulsividade,
como externalizacdo, observamos o mesmo padrdo comportamental, sugerindo que a interagao
entre a rede de genes do transportador de serotonina e adversidade em periodos iniciais da vida
influencia ndo somente comportamentos associados a atengdo e hiperatividade, mas também
outros transtornos comportamentais associados a eles. Vale ressaltar que esses achados foram
replicados em coortes de diferentes etnias aos quatro anos de idade.

Um resultado interessante observado foi que as interagdes entre os escores de adversidade
e poligénico sdo consistentes com o modelo de susceptibilidade diferencial. Esse modelo foi
proposto inicialmente por Jay Belsky (Belsky & Hartman, 2014) e corresponde a uma proposta
adicional para a interpretacdo dos achados comportamentais e psicologicos que geralmente sdao
discutidos de acordo com o modelo diatese-estresse, também identificado em nossos resultados. O
modelo de interpretacdo de diatese-estresse ou duplo risco propde que individuos poderiam ser
classificados como resilientes ou vulneraveis a uma exposi¢do ambiental negativa. O grupo
resiliente apresentaria resultados bons em desfechos clinicos ou comportamentais, independente
da exposicao ambiental. Por outro lado, o grupo vulneravel seria mais afetado pela exposicao a
ambientes adversos, resultando em resultados negativos em desfechos clinicos e comportamentais.
Entretanto, quando esses individuos sdo expostos a experiéncias positivas passam a apresentar
resultados bons de forma semelhante ao grupo resiliente. Isso significa que alguns individuos,
devido as suas caracteristicas genéticas, sao mais vulneraveis aos efeitos adversos das experiéncias

negativas, enquanto outros sdo relativamente resilientes. A hipdtese de susceptibilidade

194



diferencial, por sua vez, esta associada a uma sensibilidade mais “plastica” ou maleavel de um
grupo de individuos em comparagdo com um grupo de individuos menos sensivel, ou seja, de
comportamento estavel em diferentes ambientes. Nessa hipotese, individuos mais plésticos seriam
desproporcionalmente mais afetados por ambientes negativos e positivos em comparacao com o
grupo "fixo". Vale ressaltar que esses modelos sdo complementares e ambos foram identificados
em nossos achados (Belsky, Bakermans-Kranenburg, & van Ijzendoorn, 2007; Belsky & Hartman,
2014). Interagdes que modularam comportamentos relacionados a aten¢ao e hiperatividade foram,
em nossos achados, consistentes com suscetibilidade diferencial, enquanto interagdes que
modularam comportamentos relacionados a externalizagdo foram consistentes com didtese-
estresse. Esses resultados sugerem que criangas com baixa expressdo dos genes que se co-
expressam com o transportador de serotonina sdo afetados pelo ambiente negativo apresentando
maiores alteragdes comportamentais, mas em ambiente mais positivo apresentam os melhores
resultados. Entretanto, criancas com o perfil genético oposto apresentam pouca ou nenhuma
alteracdo atencional mesmo quando expostos a diferentes ambientes. Em resumo, esses resultados
nos ajudam a interpretar como criangas, a partir de distintas caracteristicas genéticas, respondem
de forma diferente a influéncias ambientais. Além disso, esses achados sugerem que estratégias
ambientais em certos estidgios do desenvolvimento podem ser utilizadas para minimizar a
exposi¢ao a adversidades em periodos iniciais da vida.

Um dos avangos importantes na execucdo desse trabalho foi a inclusdo de fatores
epigenéticos, como avaliagdo do nivel de metilacao do DNA, que poderiam explicar os
mecanismos da associagdo entre a rede de genes do 5-HTT e adversidades no inicio da vida. Para
explorar os efeitos da adversidade e do ePRS do transportador de serotonina nos niveis de
metilacdo de DNA, no6s executamos trés modelos de regressao lineares (considerando o ePRS, o
escore de adversidade e a interagdo entre eles), uma para cada CpG com metilagdo variavel,
totalizando 54.295 analises. Nossos resultados apontaram que a exposi¢ao a adversidade no inicio
da vida foi o melhor modelo para explicar praticamente metade das metilagdes variaveis analisadas
ao longo do genoma. Esses resultados corroboram outros autores que também observaram
diferencas de metilacdo do DNA associadas a variagdes do ambiente (Dunn et al., 2019). Um
trabalho recente de Wiegand e colaboradores (2021), por exemplo, identificou doze sitios CpGs
diferencialmente metiladas associadas a adversidades na infancia, refor¢ando assim a influéncia

do ambiente no inicio da vida na metilagdo de DNA (Wiegand et al., 2021). Além dos achados

195



referentes a adversidade, nossos resultados também mostraram que genes da rede do transportador
de serotonina em conjunto sdo o melhor fator, dentre os analisados, para explicar 43% de variacdes
de metilagdo em CpGs analisadas. A analise desses resultados ¢ interessante quando levamos em
consideracdo a funcdo bioldgica dessa rede, uma vez que grande parte dos genes que a compdem
estdo associados com fatores epigenéticos. Dessa forma, a influéncia do ePRS na variagdao de
metilagdo de DNA poderia ser explicada pelo envolvimento dos genes dessa rede em vias e
processos associados a metilacio de DNA, como fosforilagdo e metilacdio de histonas, e
remodelamento de cromatina. Além disso, a interacdo entre a adversidade e a rede de genes
contribuiu, conforme esperado, para variagdes de metilacdo ao longo do genoma. Em conjunto,
esses resultados sugerem que variagdes de metilacdo de DNA podem contribuir para alteracoes a
longo prazo observadas pelo ambiente adverso no inicio da vida, corroborando a hipotese de que
sinais acionados pela exposicdo ambiental no inicio da vida, ativariam vias de sinalizagdo
encefalicas e de tecidos periféricos que tém como alvo genes envolvidos na metilagdo e
desmetilagdo de DNA. Essa modulagao da metilagdo do DNA em resposta a estimulos ambientais
no inicio da vida entdo atuaria como um mecanismo de adaptacdo do genoma ao longo da vida,
que incorpora as primeiras experiéncias de uma crianga na estruturagao da cromatina (Szyf, 2011).

Considerando que analises de neuroimagem estrutural fornecem conhecimentos
importantes sobre o espectro do desenvolvimento neurocognitivo e do encéfalo tipico e ndo tipico,
nesse trabalho nds utilizamos uma andlise multivariada chamada de Parallel Independent
Component Analysis (p-ICA) para investigar efeitos genéticos e ambientais na variacdo de
densidade de matéria cinzenta encefalica. Com essa andlise foi possivel captar associagdes entre
as variacdes de padroes de componentes genético (escore poligé€nico) e variagdes de matéria
cinzenta encefalica (MRI estrutural) de forma sistematica, levando em consideragdo a influéncia
da exposicao a adversidades precoce. Embora a exposicao a adversidade nao tenha influenciado
aspectos anatomicos analisados, os achados dessa abordagem apontam que um sub-grupo de SNPs
que foram utilizados no ePRS do transportador de serotonina sdo significativamente associados a
variagdo de densidade de matéria cinzenta de regides corticais envolvidas em fungdes executivas.
Ao analisar os SNPs envolvidos nessas associacdes, observamos que grande parte deles estdo
relacionados a fungdes de regulacdo e desenvolvimento do sistema nervoso central. De fato,
estudos de neuroimagem demonstram a importancia do aumento de densidade de matéria cinzenta,

desde a infancia até o inicio da vida adulta, para o desenvolvimento de fungdes cognitivas
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(Gennatas et al., 2017). Nesse sentido, nossos achados apontam que a rede de genes que se co-
expressa com o transportador de serotonina na amigdala tem um importante papel no
desenvolvimento do sistema nervoso, sugerindo que variagdes na funcionalidade dessa rede podem
contribuir substancialmente para o curso adequado da densidade de matéria cinzenta encefélica, o
que poderia contribuir para o desenvolvimento de transtornos de neurodesenvolvimento, tais como
o transtorno de déficit de atengao e hiperatividade.

Em conjunto, tais resultados apontam que a exposi¢do a adversidades no inicio da vida
predispde individuos a prejuizos cognitivos associados a ateng@o e hiperatividade e que a rede de
genes que se co-expressa com o transportador de serotonina na amigdala ¢ um importante
modulador dessa associacao, possivelmente pelo envolvimento desses genes em processos de
metilagdo de DNA, consequente funcdo génica, e de desenvolvimento do sistema nervoso central.
As evidéncias da associacdo entre o ePRS do transportador de serotonina na amigdala com
transtornos de neurodesenvolvimento possivelmente se devem a questdes metodologicas
associadas a criagao do escore. O célculo do ePRS consiste em um procedimento que integra trés
diferentes sistemas de coleta e organizagdo de dados para identificar redes de genes de uma regido
encefalica especifica, como a amigdala em nossas anélises. O primeiro método ¢ utilizado na fase
inicial para identificagdo de genes co-expressos com o gene alvo (utilizando dados de
camundongos), o segundo, para filtrar o padrao de expressdao de desenvolvimento especifico,
selecionando os genes que sdo mais intensamente expressos em um determinado periodo de
desenvolvimento e, finalmente, o terceiro, para integrar os dados com a coorte alvo (Hari Dass et
al., 2019).

Os resultados apresentados nesta tese demonstram que a exposicao a adversidades no inicio
da vida predispde individuos a alteragdes neuroquimicas, epigenéticas e anatomo-funcionais,
provocando alteracdes de comportamento alimentar e processos cognitivos como atengdo e
hiperatividade ao longo da vida (Figura 3). Um importante paralelo a ser feito com o nosso escore
de adversidade ¢ a exposi¢ao a pandemia de COVID-19, que teve inicio no ano de 2020 e ja segue
com um ano de recomendacdes restritas de distanciamento social. De fato, estima-se que alteragdes
globais de funcionamento da sociedade terdo impactos significativos no desenvolvimento de
criangas. Atualmente, sabe-se que criancas apresentam niveis elevados de ansiedade e medo
durante a pandemia de corona-virus (Pierce et al., 2020). Entretanto, o impacto de um mesmo

estressor pode ser diferente para cada individuo quando consideramos fatores socioecondmicos e
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familiares, como avaliado em nosso escore. Por exemplo, o isolamento social por si, em idades
especificas, tem efeitos estressantes e negativos sobre o desenvolvimento geral e de satide mental
de criangas. Em todo o mundo, criangas foram isoladas de seus pares, escolas e atividades que
estimulam o seu desenvolvimento sensorial, motor e cognitivo. Além disso, a pandemia destacou
e evidenciou desigualdades socioecondmicas, tornando esse periodo um possivel somatorio de
adversidades. Por exemplo, enquanto algumas criancas foram expostas ao isolamento total de
pares, outras tinham irmaos ou familiares da mesma faixa etaria, o que diminuiu o nivel de
isolamento por si. Por outro lado, algumas criangas foram totalmente isoladas do ensino
convencional e remoto, uma vez que algumas escolas, por dificuldades econdmicas ou estratégicas,
nao conseguiram realizar o ensino remoto. Nesse mesmo sentido, outras criangas, embora também
de forma ndo convencional, foram submetidas a ensino remoto no modo emergencial. Diferencas
nas rendas familiares durante o periodo de pandemia foram ainda mais exacerbadas, em especial
observando-se a falta de renda fixa, que levou muitas familias a falta de suprimentos basicos, como
comida, agua, saneamento, moradia segura e acesso a cuidados de saude. Além disso, muitas
criangas perderam pais ou cuidadores. Todos esses fatores em conjunto podem ser somatorios e
contribuir desproporcionalmente para um mesmo fator de estresse. Considerando nossos achados
com os escores de adversidade, estratégias para identificar criancas em risco serdo fundamentais e
poderdo direcionar politicas publicas em um periodo pos-pandemia.

Em suma, nesta tese, por meio de um estudo translacional, identificamos um perfil genético
e funcional associado a sinalizacdo da leptina no cortex pré-frontal como um importante
modulador dos efeitos de experiéncias adversas no comportamento alimentar. Por outro lado,
evidéncias consistentes em nossos achados apontam que a funcionalidade da rede de genes co-
expressos com o transportador de serotonina na amigdala ¢ importante para resiliéncia ou risco
aumentado de desenvolver psicopatologias ao longo da vida, interagindo com a presenca de
adversidades precoces. Nesse sentido, os resultados deste trabalho sugerem que 5S-HTT-ePRS ¢
um forte modulador e possivel preditor de processos de atencdo e impulsividade, associado a
qualidade do ambiente nos periodos iniciais da vida. Como método ndo invasivo, a ferramenta
ePRS pode ser investigada para permitir a identificagdo e intervencao precoce para criangas com

TDAH ou em risco para desenvolvimento de obesidade e transtornos alimentares.
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Figura 3: Estudo translacional dos efeitos do estresse precoce na programacao do comportamento alimentar e de processos cognitivos.
Revisao dos achados dessa tese. Cada capitulo foi demarcado com o nimero, seguindo a sequéncia temporal em que foram executados.

Criado com BioRender.com.
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7. Conclusoes
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¢ A exposigdo a diferentes protocolos de estresse nas duas primeiras semanas de vida
induziu alteracdes de comportamento alimentar hedonico e homeostatico, comportamento
tipo-ansioso e alteracdo de peso corporal. Possivelmente decorrente de alteragdes de
neuropeptideos hipotaldmicos e em sistemas monoaminérgicos. Entretanto, o tipo de
estresse, ao qual os animais foram submetidos, € o sexo dos animais contribuiram
substancialmente para os fenotipos analisados.

% A interagdo entre adversidades no inicio da vida e a rede de genes que se co-
expressa com o receptor de leptina no cortex pré-frontal modulou comportamentos
alimentares, mas nao influenciou marcadores metabolicos periféricos. Com relacao a rede
de genes que se co-expressa com o receptor de leptina no hipotdlamo, nenhum efeito de
interagcdo com adversidades no inicio da vida foi observado, confirmando a especificidade
dessa rede no cortex pré-frontal para modular os efeitos de adversidades no inicio da vida
as respostas alimentares.

*+ A intera¢do entre adversidades no inicio da vida e a rede de genes que se co-
expressa com o transportador de serotonina na amigdala modula comportamentos
relacionados a atencdo e hiperatividade e comportamentos de externalizagdo. Além disso,
tanto adversidades quando o ePRS do transportador de serotonina e sua interacao foram
associadas a variagoes de metilagdes de DNA ao longo do genoma. Os SNPs dessa rede
também sdo associados com densidade da matéria cinzenta encefélica, confirmando que a
rede de genes co-expressos com o transportador de serotonina na amigdala ¢ um importante
modulador da resiliéncia ou risco de desenvolver Transtorno de Déficit de Atencado e

Hiperatividade ao interagir com fatores ambientais.
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8. Perspectivas
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Os resultados demonstram que fémeas submetidas a privagdo maternal apresentam
alteracdo de comportamento alimentar heddnico sugestivas de comportamento tipo-
depressivo. Dessa forma, uma perspectiva ¢ avaliar os efeitos do estresse de privagao
materna nos PND 9 e 11 no comportamento tipo-depressivo de fémeas na idade adulta,
considerando também o comportamento materno em periodos iniciais de vida, uma vez
que parte dos efeitos sexo-especificos pode ser decorrente de alteracdes de cuidado
materno.

Investigar funcdes bioldgicas de genes centrais na rede que se co-expressa com o receptor
de leptina no cortex pré-frontal, considerando que o efeito modulador da rede de genes se
deve a funcdo de genes centrais.

Observamos diferencas sexo-especificas em adultos em nossos modelos com animais,
entretanto esses resultados ndo foram observados em nossos estudos em humanos. Dessa
forma, faz-se necessario analisar os efeitos da interacao da rede de genes que se co-expressa
com o receptor de leptina e adversidade no inicio da vida no comportamento alimentar de
adultos, considerando parametros metabolicos, cognitivos e comportamentais e diferencas
sexo-especificas.

Validar a hipotese de que a interagdao entre a rede de genes que se co-expressa com o
receptor de leptina e adversidades no inicio da vida modula o comportamento alimentar,
por meio do bloqueio da expressdo, na idade adulta, da rede de genes funcionalmente
relacionados ao receptor de leptina no cortex pré-frontal de animais submetidos ao estresse
no inicio da vida, e analise dos efeitos comportamentais e neuroquimicos desse bloqueio,
considerando diferencas sexo-especificas.

Considerando que diferengas sexo-especificas podem aparecer em determinadas fases do
desenvolvimento, como a ap6s a puberdade, propomos analisar os efeitos da interagdo entre
a rede de genes que se co-expressa com o transportador de serotonina na amigdala e

adversidades no inicio da vida em parametros cognitivos de adultos.
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Anexo I: Carta de Aprovacio da Comissdo de Etica no Uso de Animais da Universidade
Federal do Rio Grande do Sul

UF R G S  PRO-REITORIA DE PESQUISA ﬁCEHg

@ LUMIVERSIDADE FEDERAL Comissao De Etica Mo Uso De Anlmais
DO RID GRANDE DO 5L

CARTA DE APROVACAO

Comissdo De Etica No Uso De Animais analisou o projeto:

Namero: 33387
TR Avalhacio da influéncia do estresse necnatal sobre o comporamento alimentar & mecanismos
envolvidos no controle do peso corporal

Vigéncia: 01/08/2017 a 28/02/2021

Pesquisadores:

Equlpe UFRGS:

CARLA DALMAZ - coordenadar desde 01/082017
Randrialy Merscher Sobreira de Lima - Aluno de Doutorado desde 01/08/2017

Equipe Externa:

Ana Paula Santana de Vasconcellos Bittencourt - pesguisador desde 01/082017

Comissdo De Etica No Uso De Animais aprovou o mesmo , em reunido realizada em
09/11/2017 - Sala 330 do Anexo [ do Prédio da Reitoria - Campus Centro - UFRGS, em seus
aspectos dticos e metodoldgicos, para a utilizagdo de 70 fémeas ¢ 30 machos, ratos Wistar
(200 - 250 g) - provenientes de Biotério do Departamento de Bioguimica//CBS/UFRGS para
utilizagdo de 117 machos e 117 fémeas da prole gerada, de acordo com os preceitos das
Diretrizes e Normas Nacionais e Internacionais, especialmente a Lei 11.794 de 08 de
novembro de 2008, o Decreto 6899 de 15 de julho de 2009, e as normas editadas pelo
Conselho Nacional de Controle da Experimentacdo Animal (CONCEA), que disciplinam a
produgdo, manutengdo efou utilizagdo de animais do filo Chordata, subfilo Vertebrata (exceto

o homem) em atividade de ensino ou pesquisa.

Porte Alagra, Sexta-Faira, 1 de Dezembro de 2017
;&Jlg AL BL

MARCELD MELLER ALIEVI
Coordenadar da comiseds de dbca
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Anexo II: Certificado de Aprovacio da Comissio de Etica no Uso de Animais da

Universidade Federal do Espirito Santo

UNIVERSIDADE FEDERAL DO ESPiRI,TO SANTO
CENTRO DE CIENCIAS DA SAUDE
COMISSAO DE ETICA NO USO DE ANIMAIS - CEUA

CERTIFICADO

Certificamnos que o Projeto intitulado'Avaliacdo da Influéncia do estresse neonatal sobre o comportamento alimentar e

mecanismos envolvidos no Controle do Peso Corporal ', Protocolo n°.26/2017, sob a responsabilidade de Ana Paula Santana

de Vasconcellos Bittencourt que envolve a producao, manutencao e/ou utilizacio de animais pertencentes ao filo

Chordata, subfilo Vertebrata(exceto o homem), para fins de pesquisa cientifica(ou ensino) enconfra-se de acordo com

o0s preceitos da Lei 11.794, de 8 de outubro de 2008, do Decreto n°6.899, de 15 de julho de 2009, e com as normas
editadas pelo Conselho Nacional de Controle da Experimentacio Animal(CONCEA), e pela COMISSAO DE ETICA
NO USO DE ANIMAIS(CEUA) DO(A) Centro de Ciéncias da Satide-Maruipe-Vitéria-ES em 01-09-2017.

Vigéncia do Projeto

Inicio: Qutubro/2017 Término:Dezembro/2020

Espécie/Linhagem

Ratus norvegicus albinus( linhagem Wistar)

N° de Animais

Experimento Piloto:30 Protocolo Experimental:234 e para obtencdo de
filhotes: 70 fémeas e 30 machos Total: 264

Peso/Idade

Peso:200 gramas Idade:2 meses

Sexo

Ambos

Vitéria (ES), 01 de setembro de 2017.

219




