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RESUMO

FERREIRA, C.F. INTERACOES ENTRE EXPOSICAO A TRAUMA No INiciO DA VIDA E DEFICIENCIA DE AcCIDOS GRAXOS
PoOLIINSATURADOS N-3 EM MARCADORES BIOLOGICOS DE TRANSTORNOS PSIQUIATRICOS. 2015. 175 F. TESE (DOUTORADO) —
PROGRAMA DE POs GRADUAGCAO EM CIENCIAS BIOLOGICAS: NEUROCIENCIAS, INSTITUTO DE CIENCIAS BASICAS E DA SAUDE
(ICBS) — UNIVERSIDADE FEDERAL DO RI0 GRANDE DO SuL (UFRGS). PORTO ALEGRE. 2015.

As exposigdes precoces as diferentes intervengdes, como dietas e estresse, estdo associadas a persistentes alteracdes sobre
aspectos neuroquimicos e comportamentais, podendo este ser considerado um gatilho de transtornos psiquiatricos na vida
adulta. O presente trabalho objetivou determinar se estas intervenc@es neonatais poderiam interagir com uma dieta deficiente
em 4cidos graxos poliinsaturados n-3 (n-3 PUFA), aplicados durante o desenvolvimento, com foco nos niveis centrais
(hipocampo) e séricos do fator neurotréfico derivado do encéfalo (BDNF), bem como sobre a atividade enzimatica e
aspectos morfoldgicos (e.g. massa, potencial) mitocondriais do hipocampo de ratos machos adultos. Em nossa abordagem
experimental animal, as ninhadas foram distribuidas aleatoriamente nos grupos intactos, manipulados neonatalmente [MN,
separacdo mée-filhote durante 10min/dia, entre 0 1° e 0 10° dia p6s-natal (DPN)] e separado maternalmente [SM, separacgéo
mée-filhote durante 3h/dia, entre 0 1° e 0 10° DPN]. No DPN 35, os filhotes machos foram agrupados em dieta n-3 PUFA
adequada ou deficiente, por 17 semanas de tratamento. O peso e o consumo de ragdo foram aferidos semanalmente. Ap6s
este tratamento, soro e hipocampo foram coletados. Kits comerciais foram utilizados para a medicao dos niveis hipocampais
e séricos de BDNF (ELISA), bem como a atividade dos complexos da cadeia respiratéria mitocondrial (método enzimatico,
analise espectrofotométrica), massa e potencial mitocondriais (MitoTracker, citometria de fluxo). A expressdo génica de
BDNF no hipocampo também foi medido por RT-qPCR. Os testes estatisticos utilizados foram ANOVA de duas vias ou de
medidas repetidas. Os niveis de significancias foram fixados em p<0,05. A dieta deficiente em n-3 PUFA, associada aos
estressores neonatais deste estudo (MN, SM) foram capazes de alterar o peso corporal e a ingestdo de alimentos de um modo
especifico, uma vez que os niveis mais elevados destes parametros foram encontrados em animais submetidos a SM.
Animais submetidos a MN alimentados com uma dieta n-3 PUFA deficiente exibiram uma maior atividade exploratéria em
resposta a um psicoestimulante (dietilpropiona). Embora os niveis proteicos séricos e hipocampais de BDNF permaneceram
inalterados pelos tratamentos aplicados, fomos capazes de demonstrar a reducdo de sua expressdo génica em animais
alimentados com uma dieta n-3 PUFA deficiente. Considerando os padrfes mitocondriais e parametros de estresse
oxidativo, as atividades das enzimas antioxidantes glutationa peroxidase (GPx) e catalase (CAT), bem como a produgéo de
espécies reativas de oxigénio (EROs) se encontraram aumentadas no hipocampo de animais submetidos a uma deficiéncia
cronica em n-3 PUFA. Esta deficiéncia mostrou interagBes com o fator estresse neonatal em alguns destes pardmetros (e.g.
atividade da GPx, producdo de EROs), indicando um possivel sinergismo entre estressores neonatais e a deficiéncia em n-3
PUFA. Os niveis de tiois foram significativamente menores nos grupos estressados (MN, SM), sendo a dieta n-3 PUFA
deficiente capaz de aumentar a quantidade de tiol no hipocampo. Por outro lado, animais estressados tratados cronicamente
com uma dieta deficiente em n-3 PUFA apresentaram niveis mais elevados de tiol. Contudo, a MN per se foi capaz de
diminuir o potencial mitocondrial hipocampal. Adicionalmente, um estudo com humanos teve como objetivo correlacionar
os niveis de BDNF periféricos ao consumo de n-3 PUFA em adolescentes. Para este estudo, 137 adolescentes de uma
amostra enriquecida para psicopatologias de ansiedade foram submetidos a um questionario de frequéncia alimentar (QFA),
para uma andlise quantitativa do consumo de macronutrientes e micronutrientes de n-3 PUFA. As correlacOes de Spearman
foram realizadas para avaliar possiveis associa¢des entre o consumo de n-3 PUFA e os niveis periféricos de BDNF. As
amostras de sangue foram coletadas entre 7 a 10h ap6s o periodo de 10-12h de jejum, sendo o soro armazenado para medir
os niveis de BDNF. Todas as analises de BDNF foram realizadas no mesmo dia por ELISA, utilizando anticorpos
monoclonais especificos para 0 BDNF, de acordo com as instrugdes do fabricante. Os efeitos de possiveis confundidores
(e.g. consumo total de gordura, idade, sexo e medida de ansiedade) foram examinados por modelos de regressdes lineares.
Apesar de algumas limitacdes apresentadas (e.g. o tamanho reduzido da amostra, alta incidéncia de adolescentes ansiosos), o
que poderia limitar a validade externa deste resultado, fomos capazes de detectar uma correlagdo entre o consumo de n-3
PUFA e os niveis séricos de BNDF em adolescentes. Como conclusdo geral, esta tese demonstra que a manipulagéo
neonatal e separagdo materna, associada com uma deficiéncia em n-3 PUFA, sdo capazes de alterar parametros
comportamentais e neuroquimicos na idade adulta. Este sinergismo foi capaz de diminuir a expresséo génica de BDNF no
hipocampo, embora ndo apresentando qualquer alteracdo deste pardmetro perifericamente. A correlagdo entre 0s niveis
consumidos de n-3 PUFA, em uma populacéo de adolescentes em idade escolar, com os niveis séricos de BDNF também foi
encontrada. Ainda, as alteragdes nas atividades enzimaticas mitocondriais observadas no hipocampo destes animais
reforcam a importancia da participacdo desta estrutura, além de sua possivel relagdo com o desenvolvimento de desordens
psiquiatricas e de humor. Considerando-se a nossa abordagem metodolégica em ratos, a mesma pode ser um protocolo Util
para se estudarem as interacbes entre o ambiente precoce e a nutricdo ao curso de vida em diferentes desfechos
neuroquimicos.

PALAVRAS-CHAVE: estresse neonatal, manipulagdo neonatal, separacdo materna, acidos graxos poliinsaturados n-3, n-3
PUFA, transtornos psiquiatricos.
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ABSTRACT

FERREIRA, C.F. INTERACTIONS BETWEEN EARLY LIFE TRAUMA EXPOSURE AND POLYUNSATURATED FATTY ACID N-3
DEFICIENCY IN BIOLOGICAL MARKERS OF PSYCHIATRIC DISORDERS. 2015. 175 F. TESE (DOUTORADO) — PROGRAMA
De P6s GRADUACAO EM CIENCIAS BIOLOGICAS: NEUROCIENCIAS, INSTITUTO DE CIENCIAS BAsICAS E DA SAUDE
(ICBS) — UNIVERSIDADE FEDERAL D0 R10 GRANDE Do SuL (UFRGS). PORTO ALEGRE. 2015.

Early exposure to different interventions, as diets and stress, are associated with persistent alterations in
neurochemistry and behavior, and can be considered a trigger of psychiatric disorders in adulthood. This study
investigated whether neonatal interventions interact with a diet deficient in n-3 polyunsaturated fatty acids (n-3
PUFA) applied during development, focusing on central (hippocampus) and serum brain-derived neurotrophic factor
(BDNF), as well as mitochondrial enzymatic activity and morphology (e.g. mass, potential) in adult male rats. In our
animal study, litters were randomized into non-handled (NH), handled [H, mother-offspring separation for 10min/day
from 1st-10th postnatal day (PND)] and separated (S, separation for 3h/day from the 1st-10th PND) groups. On PND
35, male pups were randomized into adequate or deficient diet in n-3 PUFA for 17 weeks. The weight and food
intake were measured weekly. Serum and hippocampi were collected after this n-3 PUFA treatment. Commercial Kits
were used for measuring hippocampal and serum BDNF (ELISA), as well as mitochondrial chain respirator
complexes (enzymatic method, spectrophotometric analysis), mitochondrial mass and potential (MitoTracker, flow
citometry). Hippocampal BDNF gene expression was also measure by RT-qPCR. Statistical testes used were Two-
Way or repeated measures ANOVA. Significance levels were set at p<0.05. A n-3 PUFA deficient diet, in association
with neonatal stressors used in this study (H, MS) were able to alter body weight and food intake in a specific way,
since higher levels of these parameters were found in animals subjected to MS. Animals subjected to H fed an n-3
PUFA deficient diet displayed enhanced exploratory activity in response to a psychostimulant (diethylpropion).
Although serum protein levels and hippocampus BDNF remained unchanged by the treatments applied, we were able
to demonstrate its gene expression reduction in the hippocampus of animals fed an n-3 PUFA deficient diet.
Considering mitochondrial and oxidative stress parameters, the activities of antioxidant enzymes glutathione
peroxidase (GPx) and catalase (CAT) and the production of reactive oxygen species (ROS) were increased in the
hippocampus of rats subjected to a deficiency n-3 PUFA. This deficiency displayed interactions with neonatal stress
factor in some of these parameters (e.g. GPx activity, ROS), indicating a possible synergism between neonatal
stressors and n-3 PUFA deficiency. Thiol levels were significantly decreased by neonatal stressors (H and MS), and
the n-3 PUFA deficient diet was able to increase its total amount in hippocampus. On the other hand, chronically
stressed animals treated with an n-3 PUFA deficient diet showed higher thiol levels. However, H per se was able to
decrease mitochondrial potential in hippocampus. Additionally, a clinical study aimed to correlate peripheral BDNF
levels and n-3 PUFA consumption in adolescents. For this study, 137 adolescents from a sample enriched for
psychopathology of anxiety were subjected to a food frequency questionnaire (FFQ), in order for measuring the
quantitative analysis of n-3 PUFA macronutrients and micronutrients consumption. Spearman correlations were
performed to assess the association between n-3 PUFA consumption and serum BDNF levels. Blood samples were
collected between 7 and 10h after fasting period of 10-12h, and serum was stored in order to measure BDNF levels.
All BDNF measurements were performed in the same day by sandwich-ELISA using monoclonal antibodies specific
for BDNF, according to the manufacturer’s instructions. Effects of potential confounders (e.g. total fat consumption,
age, gender, anxiety) were examined using linear regression models. Although some limitations were presented (e.g.
small sample size with high incidence of eager teenagers), which could limit the external validity of this result, we
were able to detect a correlation between the consumption of n-3 PUFA and BDNF serum levels in adolescents. As a
general conclusion, this thesis reports that neonatal handling and maternal separation, associated with a nutritional
deficiency in n-3 PUFA, were able to change behavioral and neurochemical parameters in adulthood. This synergism
was able to decrease BDNF gene expression in the hippocampus, while not presenting any change of this parameter
peripherally. A correlation between the consumption levels of n-3 PUFA, in a population of schoolchildren with
BDNF serum levels was also found. Still, changes in mitochondrial enzymatic activities observed in the hippocampus
of these animals reinforce the importance of this structure participation and its relation to the development of
psychiatric and mood disorders. Considering our rat methodological approach, it can be a useful tool for studying the
interactions between early life environment and life-course nutrition on different neurochemical outcomes.

KEYWORDS: early stress, neonatal handling, maternal separation, n-3 polyunsaturated fatty acid, n-3 PUFA,
psychiatric disorders.
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LISTA DE ABREVIATURAS OU SIGLAS

AA — Acibo ARAQUIDONICO

ACTH — HORMONIO ADRENOCORTICOTROPICO

AG — Acipo GRAXO

ALA — AcIDO A-LINOLENICO

ATP — ADENOSINA TRIFOSFATADA

AVP — ARGININA-VASOPRESSINA

BDNF — FATOR NEUROTROFICO DERIVADO DO ENCEFALO
BST — NUCLEO DA ESTRIA TERMINAL

CAT — ENzIMA CATALASE

CRH — HORMONIO LIBERADOR DE CORTICOTROPINAS
DCFH - DICLOROFLUORESCEINA

DHA — AcIDo DOCOSAEXAENOICO

DOHAD — ORIGENS DESENVOLVIMENTISTAS DA SAUDE E DA DOENGCA (DO INGLES,

DEVELOPMENTAL ORINGS OF HEALTH AND DISEASE)

DPN — DiA POs-NATAL

DSM IV — MANUAL DE DIAGNOSTICO MEDICO 42, EDICAO
E.G. —POR EXEMPLO (DO LATIM, EXEMPLI GRATI)

Eixo HHA — Eixo HIPOTALAMO HIPOFISE ADRENAL
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EPA — AcIDO EICOSAPENTAENOICO

ET AL. — E OUTROS (DO LATIM, ET ALII - ET ALIAE — ET ALIA)

GPX — ENZIMA GLUTATIONA PEROXIDASE

GR — RECEPTOR DE GLICOCORTICOIDES

IBGE — INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA

I.P. — INTRAPERITONEAL

LA — Acipo LINOLEICO

LC — Locus COERULEUS

MN — MANIPULACAO NEONATAL

MPFC — CORTEX PRE-FRONTAL MEDIAL

MR — RECEPTOR MINERALOCORTICOIDE

N-3 PUFA — AciDos GRAXOS POLIINSATURADOS OMEGA-3

N-6 PUFA — Acipos GRAXOS POLIINSATURADOS OMEGA-6

NA - NORADRENALINA

PUFA — AciDos GRAXOS POLIINSATURADOS

PVN — NUCLEO PARAVENTRICULAR DO HIPOTALAMO

QFA — QUESTIONARIO DE FREQUENCIA ALIMENTAR

EROs — ESPECIES REATIVAS DE OXIGENIO

SAM — SISTEMA SIMPATICO ADRENOMEDULAR
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SCARED — ESCALA PSICOMETRICA DE ANSIEDADE (DO INGLES, SCREEN FOR CHILD

ANXIETY RELATED EMOTIONAL DISORDERS)
SM — SEPARAGAO MATERNAL

SNC — SISTEMA NERVOSO CENTRAL
SNP — SISTEMA NERVOSO PERIFERICO
SNS — SISTEMA NERVOSO SIMPATICO
SOD — ENZIMA SUPEROXIDO DISMUTASE
TAB — TRANSTORNO AFETIVO BIPOLAR
TRKB — RECEPTOR TIROSINA CINASE B

UCP — PROTEINAS MITOCONDRIAIS DESACOPLADORAS (DO INGLES, UNCOUPLING

PROTEIN)
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1. INTRODUCAO
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1.1.ORIGEM DESENVOLVIMENTISTA DA SAUDE E DA DOENCA

Com base em estudos epidemiologicos de diferentes partes do mundo, relagdes
das possiveis influéncias de determinados fatores ambientais durante periodos de
vulnerabilidade (e.g. periodo embrionario, periodo neonatal, infancia e adolescéncia)
indicaram alteracGes permanentes na expressdo genética e fenotipica dos individuos,
resultando em padr@es diferenciados de salde ou de doenca nos mesmos [1-6]. Nesta
perspectiva, estudos pré-clinicos [7, 8] e clinicos [7, 9-14] apontam para a mesma
direcdo, sugerindo que a exposi¢do aos agravos ambientais estudados apresenta uma
forte associacdo com o desenvolvimento de doencas cronicas ao longo da vida.
Considerados em conjunto, estes achados possibilitam inferir que possiveis ajustes
metabdlicos possam influenciar o surgimento de alteragdes permanentes ao longo do

desenvolvimento [6].

A partir deste direcionamento, Barker et al. formularam a hip6tese de que
condicGes adversas ao ambiente intrauterino ou durante o periodo de infancia estariam
relacionadas ao aumento de risco para o estabelecimento de doencas cardiovasculares
ao longo da vida [15]. Este estudo, somado a estudos posteriores, se tornaram as
comprovacgOes cientificas da existéncia de uma relacdo causal direta entre eventos
perinatais adversos com impacto sobre a salde dos individuos, o que os modifica de
maneira persistente até a vida adulta [16-24]. Com estes achados, a linha de
investigacdo cientifica denominada “Origem Desenvolvimentista da Saiude e da
Doenga” — DOHaD (do inglés “Developmental Origins of Health and Disease”) foi
formulada, agregando informagdes de multiplas areas do conhecimento, sendo a mesma
uma das principais linhas envolvidas na consolidacdo da pesquisa translacional (e.g.
estudos clinicos, pré-clinicos, in vitro, modelos animais, dosagens de parametros

bioquimicos e genéticos) [6].
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Um dos principais conceitos formulados a partir dos estudos previamente
mencionados foi a “Hipotese do Fendtipo Poupador”, onde um estado de mé nutrigdo
durante o periodo fetal ou durante o inicio da infancia é prejudicial para o
desenvolvimento adequado das funcdes sistémicas dos organismos, predispondo-os a
doencas cronicas na vida adulta [25, 26]. Inicialmente, este conceito foi utilizado para
explicar o risco aumentado de diabetes mellitus tipo 2 em individuos com baixo peso ao
nascer [26]. Contudo, a “Hipdtese do Fendtipo Poupador” também foi adaptada aos
outros componentes dos sistemas biologicos, tornando-se um dos principais conceitos
inseridos no modelo DOHaD para explicar a vulnerabilidade do Sistema Nervoso
Central (SNC) e outros sistemas as variacdes ambientais durante o periodo fetal ou

neonatal [27].

Adicionalmente, a “Teoria da Programacao™, que propde que as exposicdes a
determinados eventos ao longo do desenvolvimento modulam a programacao genética
de distintos sitemas fisioldgicos do organismo, foi explorada por muitos pesquisadores
para analisar os principais aspectos da estrutura e do funcionamento do SNC que
poderiam ser modificados permanentemente pela exposicdo a certos eventos adversos

durante o periodo embrionério e neonatal [6, 27-33].

Desta forma, podemos considerar que exposicdes ambientais possuem
influéncia significativa sobre condi¢Ges de salde ou de doenca durante a infancia e a
vida adulta. Embora o foco do paradigma DOHaD tenha sido historicamente a nutricao,
um grande nimero de pesquisas contribuiu para a compreensédo dos efeitos de maltiplos
outros fatores durante intervalos susceptiveis do desenvolvimento, os quais podem

determinar o “fenotipo satde” ou o “fendtipo doenga” [34, 35].
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1.2.NEUROFISIOLOGIA DO ESTRESSE

A compreensdo cientifica do estresse e de suas ramificacGes para os diversos
organismos a torna um dos principais processos envolvidos na coordenacao fisiologica
que mantém estdvel a maior parte dos sistemas (e.g. SNC, Sistema Respiratorio,
Sistema Cardiovascular), sendo de extrema importancia fazer referéncia aos conceitos
de homeostasia e alostasia, que envolvem um equilibrio dindmico entre intervalos de
normalidade, o qual se encontra constantemente ameacado por multiplos estimulos ou

disturbios, externos ou internos [36].

A experiéncia de estresse € um componente comum da vida diaria, sendo o
mesmo um mecanismo adaptativo que mobiliza o organismo para responder
apropriadamente a estimulos de desafio ou ameaca [37-40]. Desta forma, a
compreensdo das influéncias do estresse sobre o comportamento e a fisiologia dos
organismos tem apresentado um aumento nas Ultimas décadas [39-47]. Considerando o
contexto biolégico, Hans Selye cunhou o termo estresse como uma resposta ndo
especifica do organismo para qualquer demanda homeostética [45, 48, 49]. Baseado nos
conceitos de Claude Bernard, Walter Cannon (1932) inicialmente estudou o conceito de
homeostasia para explicar as respostas adaptativas de luta ou fuga, sendo estas as
respostas de um determinado organismo apds a apresentacao de um estimulo aversivo

vivenciado ou percebido [45, 50-52].

As respostas adaptativas ao estresse habilitam o individuo a enfrentar um
determinado estimulo ambiental ou uma ameaca, sendo para isSO necessario o
envolvimento e a ativacdo de complexo conjunto de subcomponentes (e.g. sistema
enddcrino, sistema “neurovegetativo”, comportamentos) [53-56]. Respostas apropriadas
ao estresse podem promover a sobrevivéncia por alterarem processos fisiologicos e

comportamentais [39, 40]. O principal componente endocrino das respostas ao estresse

22



envolve a ativacdo do Eixo Hipotdlamo-Hipofise-Adrenal (Eixo HHA), o qual evoca
uma sequéncia de eventos neuroendocrinos que culmina na sintese e secrecdo de
glicocorticoides (cortisol em humanos e primatas ndo humanos, por exemplo, e
corticosterona em ratos, camundongos e varias outras espécies de roedores) [56-63]. A
acdo fisioldgica priméria da sinalizacdo por glicocorticoides é a redistribuicdo de
energia, aumentando a disponibilidade de energia livre para promover a capacidade de
sobrevivéncia perante ameacas reais ou percebidas, denominados em conjunto como
estressores. As acOes catabdlicas dos glicocorticoides demandam controle meticuloso de
sua regulacdo para que o organismo ndo apresente alteracdes a longo prazo na funcgédo
metabolica, podendo estas apresentarem acOes deletérias permanentes [41-43, 56, 63-
66]. A regulacdo da secrecdo de glicocorticoides, portanto, estéa sujeita @ modulagao por

diversos mecanismos de regulacdo e sinalizacdo por retroalimentacdo [60, 61, 67-70].

A ativacdo do Eixo HHA é controlada por uma quantidade relativamente
pequena de neurbnios parvocelulares localizados no ndcleo paraventricular do
hipotalamo (PVN) [61, 69]. Sob estimulo adequado de estresse ou modulacdo
circadiana, estes neurdnios liberam fatores, tais como o horménio liberador de
corticotropinas (CRH) [71-78] e a arginina-vasopressina (AVP) [72, 77, 79-85], que s&o
direcionados na eminéncia mediana para a circulacdo porta-hipofisaria [86]. Estes
fatores entdo sdo conduzidos por veias portais na hip6fise anterior, ocasionando a
secrecdo e liberacdo do hormdnio adrenocorticotrépico (ACTH), o qual atinge a
circulacdo sistémica e induz a sintese e a secrecdo de glicocorticoides pelo cortex da

glandula adrenal [57, 63, 87-91].

Uma vez produzidos e liberados, os glicocorticoides sdo capazes de se ligar aos
receptores mineralocorticoides (MR), de alta afinidade [68, 92], ou aos receptores

glicocorticoides (GR), de baixa afinidade [93, 94]. Ambos os receptores sdo ativados
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por ligantes em varios tecidos, incluindo neurdnios e células gliais, e acredita-se que a
acdo primaria dos glicocorticoides sobre a homeostase seja a regulacdo positiva ou
negativa de fatores de transcricdo envolvidos na regulagéo da expressdo génica e de
comportamentos, de maneira dependente do tipo celular envolvido neste processo [95-
104]. A maior afinidade pelos MRs leva 0s mesmos a serem extensivamente acionados
com baixos niveis de glicocorticoides [69, 70, 93, 94, 105-109]. Em contraste, a ligacdo
aos GRs ocorre durante periodos de altos niveis circulantes de glicocorticoides, tal
como ocorre em situacdbes de estresse [56, 60, 61, 67, 69, 94, 101, 107, 110].
Considerando suas distribuicdes, GRs sdo abundantemente expressos por todo o
encéfalo, incluindo areas macroscépicas primarias envolvidas na regulacdo do estresse:
cortex pré-frontal medial (mPFC), hipocampo, amigdala, nicleo da estria terminal
(BST), hipotdlamo e tronco encefalico [96, 111, 112]. J& os MRs apresentam
distribuicbes mais restritas que os GRs, incluindo o mPFC, hipocampo e amigdala [96,
113-115]. Por sua vez, estas areas macroscopicas funcionais apresentam dimensdes
arquitetdénicas microscopicas com distintas heterogeneidades funcionais [para revisao
das distribuicGes microscopicas, [93, 116-119]. Desta forma, ndo é surpreendente que 0s
principais mecanismos de retroalimentacdo negativa, controladores da resposta

homeostatica ativada por estressores, sejam mediados pelos GRs.

O sistema simpatico adrenomedular (SAM) também responde ao estresse pelas
duas vias do sistema “neurovegetativo” (também designado “Sistema Nervoso
Autbnomo”): o sistema nervoso simpatico (SNS) e o sistema nervoso parassimpatico
(SNP) [120, 121]. Estes sistemas regulam a funcdo do organismo por influéncias
mutuamente equilibradas [122, 123]. A ativacdo simpatica neurovegetativa, ativada em
resposta ao estresse, resulta na liberacdo de noradrenalina (NA) ou nos terminais

sinapticos ou pela medula da glandula adrenal diretamente na corrente sanguinea [124,
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125], preparando o organismo para a¢Oes apropriadas [126-130]. Além da NA, outros
neurotransmissores (e.g. Adrenalina) estdo envolvidos neste preparo [para reviséo, 119,
131]. Este preparo é manifestado pelo aumento na frequéncia cardiaca, aumento da
pressao arterial, entre outros [130, 132, 133]. Em acdo sinérgica aos glicocorticoides,
esta liberagdo noradrenérgica periférica amplifica alguns dos efeitos catabdlicos
ativados por estressores (e.g. catabolismo de proteinas, glicogendlise e lipolise) [134].
As acdes centrais noradrenérgicas também sdo importantes nessa situacdo, sendo grande
parte desta NA central originada no locus coeruleus (LC) [134, 135]. Outra importante
estrutura, a amigdala, atua crucialmente nas respostas de comportamentos motivados
por medo [136]. Ela se conecta ao hipocampo, hipotalamo e ao cértex cerebral, sendo,
portanto, envolvida na percep¢do do estresse, em respostas neuroendocrinas e
cardiovasculares [137-140]. Desta maneira, as catecolaminas promovem alteracGes
diversas nas fungdes vegetativas basais, contribuindo para o equilibrio ou para o

desequilibrio em resposta ao estresse [85, 141].

Além das catecolaminas, muitos peptideos — moduladores da fungdo sinéptica
— estdo localizados nas principais estruturas encefélicas envolvidas na geragdo e na
percepcdo de emocgbes e de estresse (e.g. hipotdlamo, amigdala, nucleo da estria
terminal, cortex orbitofrontal) [142]. Os neuropeptidios sdo produzidos no SNC, mas
também podem ocorrer em alguns tecidos periféricos (e.g. imundcitos), podendo
modificar comportamentos e respostas fisioldgicas em relacdo a estressores [143, 144].
Sendo assim, alguns neuropeptidios podem ser mais liberados (1) em estados aversivos
ou com emocdes negativas (e.g. CRH, ACTH, substancia P, prolactina), (2) em
emoc0Oes positivas ou em respostas de recompensa (e.g. encefalinas, endorfinas) ou (3)
em situagdes de estresse ou de enfrentamento ao estresse (e.g. neuropeptideo Y,

ocitocina) [143, 145].
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Desta forma, alteracdes persistentes dos niveis de neuropeptidios envolvidos
nas respostas ao estresse podem comprometer reacdes celulares e imunoldgicas [146-
148]. Entretanto, os estudos dos neuropeptidios envolvidos com as respostas ao estresse
sdo recentes, permanecendo ainda ndo esclarecida a associagao entre os niveis centrais e
periféricos destes componentes nos mais distintos organismos, em parte devido a agdo

da barreira hematoencefalica [149].

1.3. ESTRESSE E MODELQOS ANIMAIS

Nas Ultimas décadas tem havido um grande interesse em saber quais sdo e de
que forma distintos fatores do ambiente neonatal podem exercer influéncia na fisiologia
e no comportamento de animais que foram expostos a diferentes intervenc@es durante o
periodo perinatal [150, 151]. Animais submetidos ao estresse no periodo pré-natal e
neonatal podem apresentar alteragdes cognitivas e mudancgas neurodegenerativas de
maneira estressor-dependente e/ou sexo-dependente [28, 36, 65, 152-156]. Os modelos
de intervencOes neonatais objetivam avaliar como uma determinada interferéncia
ambiental nos primeiros dias de vida pode promover mudancas fisioldgicas, bem como
modificar as respostas neuroenddcrinas e comportamentais na vida adulta destes

animais [4, 7, 28, 36, 157-167].

De maneira geral, a primeira interagdo materno filial em mamiferos ocorre no
Utero, composta por alteracdes comportamentais e fisioldgicas harménicas no
organismo materno, visando garantir e sustentar a gestacdo [168]. Apds o parto e ao
longo do inicio do periodo neonatal, as ligacbes materno-filiais sdo propriamente
formadas [169]. Neste periodo, 0s neonatos estdo mais vulneraveis aos estimulos

ambientais e fatores externos (e.g. variacdes de odores ambientais, presenca ou auséncia
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materna, estimulos sensoriais maternos) podem interferir diretamente nos diversos

processos fisioldgicos dos filhotes de maneira persistente [170-173].

Em modelos animais, a relacdo mae-filhote é critica para o desenvolvimento
adequado da ninhada [174]. A interacdo materno-filial adequada é dependente de
elementos sistémicos (e.g. hormonios e neurotransmissores, como ocitocina,
vasopressina, serotonina, noradrenalina, citocinas, opiodides, dopamina), bem como de
fatores ambientais, podendo tais fatores promover mudancas epigenéticas [28, 36, 135,
175-183]. Alguns dos principais efeitos de prejuizos nas interagdes materno-filiais
podem envolver uma gama de mecanismos, incluindo mudancas nas secrecfes de
citocinas pré-inflamatorias, neurotransmissores, além de modificacdes epigenéticas do

material genético e alteracfes no remodelamento sinaptico [184, 185].

Em 1957, Levine e colaboradores descreveram os efeitos da manipulagéo
neonatal (MN) sobre o desenvolvimento e sobre as respostas comportamentais e
enddcrinas destes animais ao estresse [36, 164]. O procedimento de MN comumente
envolve a remocao das ninhadas de suas caixas-moradia, retornando-os para suas caixas
apos alguns minutos. Em experimentos realizados em ratos da linhagem Wistar foi
observado que filhotes separados repetidamente de suas maes durante o inicio do
periodo poés-natal apresentam diferente responsividade a estressores na fase adulta
dependendo da duracdo da separacdo [36, 47, 186-188]. Assim, filhotes submetidos a
rapida separacdo no inicio da vida apresentam medidas comportamentais de medo
reduzidas e uma atenuacao na ativagdo neuroenddcrina em resposta a estressores (e.g.
diminuigdo das taxas de imobilidade e aumento de atividade exploratdria em novos
ambientes, menor aumento na secre¢do de glicocorticoides em resposta a uma variedade

de estressores) quando comparados com animais controle [36, 110, 165, 186, 189, 190].
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Outro paradigma utilizado para analisar as consequéncias bioldgicas da
separagdo materna por longos periodos € denominado separacdo maternal (SM) ou
privacdo materna [36, 157]. Quando filhotes submetidos a SM (separados diariamente
de suas maes por aproximadamente trés horas durante os primeiros dias de vida) séo
comparados aos animais submetidos & MN, na idade adulta, eles apresentam um
aumento nas concentracbes de CRH, uma potenciacdo da liberacdo de ACTH e de
corticosterona em resposta ao estresse, bem como modificagbes comportamentais
indicativas de vulnerabilidade ao fendtipo ansioso e depressivo [36, 153, 157, 158, 191-

194].

Ambos os modelos animais supracitados (MN e SM) tém sido amplamente
estudados para mimetizar a negligéncia parental durante o inicio da vida em humanos,
sendo este considerado um dos mais fortes agentes estressores para os filhotes de
roedores [195]. Em funcdo de uma série de achados, podemos inferir que as mudancas
comportamentais e fisiologicas de ratos MN e SM, quando adultos, sdo resultantes da

combinacéo dos efeitos ambientais e da resposta imediata da mae aos filhotes [36, 196].

Sendo assim, estudos que avaliam os efeitos de altera¢fes sociais no inicio da
vida em mamiferos parecem de extrema importancia. Postula-se que comportamentos
sociais ndo adequados podem ser indicativos de transtornos psiquiatricos, visto que o
desenvolvimento anormal do SNC é relacionado aos principais transtornos (e.g.
esquizofrenia, depressdo, ansiedade) [35, 192, 197-201]. Tanto em humanos quanto em
roedores, as intera¢fes sociais sao importantes para o desenvolvimento normal, sendo
que este tipo de interacdo parece ocorrer em maior frequéncia durante o periodo de
adolescéncia [202-204]. Além disso, as interagdes sociais nos ratos se mostram mais

sensiveis aos fatores ambientais [204-209].
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1.4.ESTRESSE E RELEVANCIA CLINICA

A exposicdo a estressores no inicio da vida pode afetar o desenvolvimento
encefalico, ocasionando alteracBes permanentes no comportamento e na fisiologia do
SNC, sendo um componente destacado por pesquisas na fisiopatoetiologia de
transtornos de humor e de ansiedade [35, 200, 210]. Ambientes neonatais adversos, tais
como a perda de um familiar ou negligéncia e abuso parental, sdo associados com danos
funcionais neuropsicolégicos e com vulnerabilidade para depressdo em longo prazo

[211].

Evidéncias clinicas reportam o fator neurotrofico derivado do encéfalo (BDNF)
como um possivel candidato molecular capaz de mediar os efeitos ocasionados por
estressores sobre estruturas e fungBes encefélicas [212-222]. O BDNF é uma proteina
que age sobre a plasticidade e a sobrevivéncia neuronal [218, 222-225]. Esta
neurotrofina € encontrada por todo encéfalo, sendo particularmente abundante no
hipocampo e no cortex cerebral, areas de relevante importancia para o controle de

humor, emocdes e cognicdo [216, 218, 222, 226].

Um estudo morfolégico demonstrou que tanto a expressdo da proteina BDNF,
do RNA mensageiro e do receptor dessa neurotrofina (receptor de tirosina cinase B,
TrkB) estdo significativamente diminuidos no cértex pré-frontal e no hipocampo de
vitimas de suicidio, quando comparados aos sujeitos sadios [227]. Adicionalmente,
dados da literatura relatam a diminuicdo de BDNF no cortex pré-frontal e no hipocampo
em modelos animais de mania induzidos por derivados anfetaminicos [215]. Alguns
estudos forneceram evidéncias sugerindo que 0s niveis séricos ou plasmaticos de BDNF
decrescem ao longo dos diferentes estados de humor em pacientes com diagndstico de
transtorno afetivo bipolar (TAB), embora algumas discrepancias sobre estes achados

tambem tenham sido descritas [213, 220, 222, 228].
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O TAB é uma doenca de curso recorrente, episodico, cronica e incapacitante,
caracterizado por episodios recorrentes de mania, hipomania, depressdo e estados
mistos [229, 230]. Atualmente, a prevaléncia de TAB esta estimada entre 1% e 4,5% da
populagdo mundial [229]. As bases bioldgicas deste transtorno ainda ndo foram
completamente compreendidas, sabendo-se que mdltiplos fatores (e.g. genéticos,

bioquimicos, psicodindmicos, socioambientais) podem estar envolvidos [229, 230].

Evidéncias sugerem que a exposicdo a diferentes tipos de estressores
psicossociais (e.g. abuso sexual) nos estdgios iniciais de desenvolvimento pode ser
considerada um possivel agente precipitador para o desenvolviment de TAB [231, 232].
Resultados consistentes por pesquisadores deste grupo, utilizando o modelo de mania
induzida por d-anfetamina, evidenciaram que os niveis de BDNF estdo diminuidos em
animais expostos a mania. Por sua vez, quando a mania foi revertida pela administracédo
de estabilizadores de humor (e.g. carbolitio, &cido valpréico/valproato), os niveis
séricos de BDNF aumentaram [215]. Outro dado de relevancia apontou que 0s niveis
séricos de BDNF estdo diminuidos em quadros de depressdo e de mania,
correlacionando-se inversamente com a gravidade dos sintomas [213, 214, 217-221,
233]. Garantindo suporte a esse cenario, pacientes com diagnéstico para TAB e que
passaram por experiéncias traumatizantes no passado apresentam niveis séricos de
BDNF mais diminuidos em relacdo aos pacientes com diagnéstico para TAB sem
trauma [231, 232]. Em conjunto, essas evidéncias indicam que variagdes nos niveis de

BDNF sejam um possivel mediador dos efeitos ambientais nesta psicopatologia.

Um dos dominios comuns dos polos maniaco ou hipomaniaco do TAB é um
aumento significativo no comportamento de busca por recompensa [234-236]. A
sinalizacdo de recompensa € diretamente relacionada as agbes centrais do

neurotransmissor dopamina, sabidamente envolvido em quadros de psicose e outros
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transtornos psiquiatricos [237]. Em roedores, a preferéncia por solucdo doce (solucéo de
sacarose a 1%) e fortemente associada ao comportamento de busca de recompensa
[238]. Em humanos, o TAB se caracteriza por disturbios do comportamento alimentar e
da regulacdo do peso corporal. A hipomania, a mania e a depressdo melancolica se
associam a anorexia, hipofagia e perda de peso, enquanto a depressao atipica se associa
a um aumento no apetite, superalimentacdo e ganho de peso [239-246]. Pacientes com
TAB exibem elevados indices de sobrepeso e de obesidade quando comparados com
populacgdes controle [241, 245-248]. Além disso, esta populacdo esta sob maior risco de

desenvolver comorbidades cardiovasculares [249].

1.5. ACIDOS GRAXOS POLIINSATURADOS

Os acidos graxos (AG) sdo componentes de diversos tipos de lipideos, muitos
deles componentes das membranas celulares. Sdo encontrados em altas concentragdes
no SNC, constituindo aproximadamente metade do peso seco do encéfalo humano [250,
251]. Dos lipideos enceféalicos, aproximadamente 35% s8o 4&cidos graxos
poliinsaturados (PUFA) [250, 251]. Além de componentes estruturais (e.g. membranas
celulares), os lipideos cumprem funcBes metabolicas (e.g. energética, reserva) e
regulatorias (e.g. autdcrina, paréacrina) para a manutengdo do funcionamento adequado

do organismo [252, 253].

Os AG podem ser classificados de acordo com o tamanho de sua cadeia
carbdnica (e.g. curta, média, longa, muito longa) e pelo nimero de ligacGes insaturadas
presentes em sua molécula (e.g. saturados, monoinsaturados, poliinsaturados) [254]. AG
de cadeia longa possuem mais de 12 4tomos de carbono, sendo os AG com 22 ou mais

atomos de carbono sendo referidos como AG de cadeia muito longa [255]. No encéfalo,
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0 acido palmitico e o &cido estearico sdo 0s mais abundantes AG saturados (isto é, que
ndo possuem duplas ligacbes entre seus atomos de carbono), sendo o &cido oleico o
mais abundante AG monoinsaturado (possui uma ligacdo dupla em sua estrutura
carbonica) [255]. Os &cidos graxos poliinsaturados (PUFA), que apresentam duas ou
mais ligagdes duplas entre seus atomos de carbono, apresentam em sua constituicdo
quimica o padrdo tipico de &cidos carboxilicos, sendo compostos por uma terminagédo
metila, uma cadeia hidrocarbonada e um grupo carboxilico [254, 256]. Os PUFA podem
ser classificados em familias de acordo com a posicdo da dupla ligagdo em relagcdo ao
terminal metila (w, n-), sendo os dmega-3 PUFA (também designados -3 PUFA ou n-3
PUFA) aqueles que apresentam a primeira ligacdo dupla no terceiro carbono a partir do
terminal metila. Ja os AG do grupo 6mega-6 PUFA (também designados »-6 PUFA ou
n-6 PUFA) apresentam a primeira ligacdo dupla no sexto carbono a partir do terminal
metila [254]. Frequentemente os PUFA sdo expressos como formula esquematica ou
como Nc:d n-x, onde: Nc representa o nimero total de carbonos da cadeia, d é o nUmero
de duplas ligacGes e x representa a posicdo da primeira insaturacéo a partir do terminal

metila [257].

As membranas encefalicas sdo ricas em PUFA, tais como o acido araquidénico
(AA, 20:4 n-6) e o acido docosaexaenoico (DHA, 22:6 n-3), ambos PUFA de cadeia
longa [258]. Em mamiferos, estes PUFA sdo derivados do acido linoleico (LA, 18:2 n-
6) e acido a-linolénico (ALA, 18:3 n-3), os quais sdo considerados essenciais, pois esses
animais sdo incapazes de sintetizar estes AG a partir de precursores mais simples,
obtendo-os diretamente da alimentacdo [254, 256]. O AA e o DHA séo essenciais para
o crescimento enceféalico e desenvolvimento cognitivo, sendo que eles também se
acumulam no encéfalo e na retina durante a gestacdo e durante o inicio da vida pos-natal

[259-261]. Considerando que a estrutura encefalica é rica em fosfoglicerideos ricos em
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AA e DHA [262], compreende-se que tais AG sejam necessarios para O
desenvolvimento encefélico adequado [250]. Durante a gestacdo, AA e DHA séo
transportados através da placenta para o sangue fetal [263, 264], e atualmente existe um
aumento significativo nos estudos destes nutrientes sobre subsequentes padrdes de

salde ou de doencas [259, 260, 265-268].

Os n-3 PUFA tém sido amplamente investigados por seus efeitos
antiinflamatorios, enquanto os n-6 PUFA podem ser convertidos em AA e entdo
metabolizados em eicosanoides derivados de n-6 PUFA, que apresentam agdo pro-
inflamatdria [254, 261, 268]. Por outro lado, a sequéncia de reacdes bioquimicas de n-3
PUFA aumenta a quantidade de 4cido eicosapentaenoico (EPA, 20:5 n-3) na membrana
celular, que compete com o AA pela conversdo enzimatica de seus proprios
metabolitos, os eicosanoides derivados de n-3 PUFA [254, 261, 268]. Estes n-3 PUFA
eicosanoides sa0 menos ativos e conseguem se opor parcialmente, antagonizando a agdo
pré-inflamatoria dos eicosanoides derivados de n-6 PUFA [254, 261, 268]. Por
mecanismos homeostaticos, o equilibrio ndo inflamatério de eicosanoides (e.g.
prostaglandinas, leucotrienos, tromboxanos) é mantido por todo o organismo,
influenciado primariamente pela razdo das quantidades de n-3 e n-6 PUFA nas

membranas celulares [254, 261, 268].

Estudos demonstraram que o DHA afeta as fungbes das barreiras
hematoencefélicas, a fluidez da membrana neuronal e também regula alguns sistemas de
neurotransmissores  (e.g. glutamato, 4&cido gama-aminobutirico, serotonina,
noradrenalina, acetilcolina, endocanabindides) [258, 269]. Desta forma, o DHA
apresenta efeito significativo sobre a dindmica da membrana neuronal e, portanto, sobre
as funcBes dos transportadores, receptores, moléculas transportadoras,

neurotransmissores e enzimas [258, 261, 268, 270, 271]. Uma relacdo entre o EPA e 0
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SNC também foi tracada por estudos que o apontam como um possivel agente
neuroprotetor para certas doengas neurodegenerativas (e.g. Alzheimer, Doenca de
Parkinson) [261, 272]. J& um estudo com roedores demonstrou que 0 aumento no
consumo de EPA foi capaz de estimular a expressdo de mielina em encéfalos de ratos
[273]. Um aumento na quantidade de mielinizagdo pode ser associado com uma maior
segregacdo de sinais eletroquimicos transmitidos através dos axdnios, optimizando o

processo de transmissao sinaptica, com consequente melhoria cognitiva [274].

As principais fontes dietéticas de n-3 PUFA séo peixes, alguns vegetais, nozes
e Oleos. EPA e DHA sédo encontrados em peixes de agua fria (e.g. salmédo, cavala,
linguado, sardinha, atum, arenque), enquanto ALA é encontrado em linhaca, 6leo de
linhaca, 6leo de canola, soja, 6leo de soja, semente de abdbora, 6leo da semente de
abobora, 6leo da semente de perilla, nozes e 6leo de nozes. Outras fontes de n-3 PUFA
incluem krills e algas [275]. Os efeitos benéficos dos n-3 PUFA sobre a saude derivam,
principalmente, do EPA e do DHA ingerido. O ALA, derivado de fontes vegetais,
necessita ser convertido para EPA e DHA no organismo [254, 261]. Contudo, muitas
pessoas ndo apresentam este processo de conversdo de maneira eficiente [254, 261]. Um
ponto de grande debate entre estudiosos da area nutricional esta na comparacéao entre as

fontes vegetais e animais de EPA e DHA versus fontes vegetarianas de ALA [276].

Para a saude geral, um equilibrio entre as razdes de n-3 PUFA e n-6 PUFA
deve ser mantido. Autores sugerem que a razdo adequada esteja entre 2:1 ou 4:1 (n-6/n-
3), sendo niveis mais baixos apontados por outros pesquisadores [277-279]. Observando
0s padrbes nutricionais ocidentais, constata-se uma abundancia no consumo de
alimentos ricos em n-6 PUFA (razdo 15-20:1, n-6/n-3) [277, 280, 281]. Devido a
incapacidade de sintese de novo de cadeias mais longas de PUFA (20-22 carbonos), tais

como o EPA e o DHA, estas podem ser sintetizadas a partir de precursores menores de
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PUFA, por uma série de reagdes (dessaturacdes e elongacbes) que ocorrem no figado
[254, 261, 282-285]. Por n-3 e n-6 PUFA competirem pelas mesmas enzimas, estas
conversdes ocorrem concomitantemente entre as duas classes de PUFA [251, 283, 284,
286, 287]. Em humanos, a conversédo de n-3 PUFA de cadeia pequena em DHA ocorre
com eficiéncia inferior a 5%, sendo necessario o consumo do componente de cadeia

longa (DHA) diretamente a partir da alimentacédo [288].

1.6. ACIDOS GRAXOS POLIINSATURADOS E RELEVANCIA CLINICA

Considerando as acdes bioldgicas dos PUFA, dados provenientes de estudos
utilizando modelos animais e clinicos (e.g. suplementacdo, deficiéncia, auséncia total)
contribuiram significativamente para a compreensédo da relevancia de seus efeitos sobre
sistemas fisiologicos (e.g. cardiovascular, nervoso, imunoldgico) em progenitoras e seus
descendentes (e.g. saude, crescimento, desenvolvimento, funcdo cognitiva, padrdo

psicologico) [254, 260, 261].

Nestes estudos, a quantidade de DHA tem sido referenciada com importante
funcdo na formacdo, desenvolvimento e funcionamento do SNC e da retina [289-291].
Como o DHA se acumula rapidamente nas membranas celulares durante a infancia, seu
fornecimento adequado € essencial para um melhor desenvolvimento neuroldgico e
visual na vida precoce [289-291]. Além disso, os n-3 PUFA (e.g. DHA, EPA) sédo
importantes no estudo de caréncias nutricionais, pois estdo relacionados com o maior

risco de transtornos psiquiatricos [292].

A hipotese de que a reducdo do consumo alimentar de frutos do mar esta
relacionada a maior prevaléncia de transtornos afetivos pode ser confirmada por um

estudo que apontou uma menor prevaléncia de TAB em paises que apresentam maior
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consumo de alimentos marinhos [292-296]. Em estudos com humanos, também foram
investigados os n-3 PUFA periféricos das membranas eritrocitarias de pacientes com
TAB. Estudos encontraram menores niveis de AA e DHA nesses pacientes em
comparagcdo aos pacientes controle, podaendo esta reducdo estar relacionada com o
mecanismo de acdo dos medicamentos estabilizadores de humor [297, 298]. Além
disso, Ranjekar et al. reportaram menores niveis de n-3 PUFA e de duas enzimas
antioxidantes plasmaticas (e.g. superdxido dismutase, catalase), indicando aumento do
estresse oxidativo nestes pacientes [299]. Em relacdo a suplementacdo em n-3 PUFA
associada ao tratamento convencional dos pacientes com TAB, estudos randomizados
encontraram que a duracdo do tempo de remissdo dos sintomas do TAB foi
significativamente maior no grupo suplementado com n-3 PUFA [297, 300-310]. Outro
estudo encontrou melhora dos sintomas clinicos no grupo suplementado com etil-EPA
de 1 ou 2mg/dia em relagdo ao grupo placebo [311, 312]. Um estudo caso-controle
apontou que, em eritrocitos, as taxas de DHA estavam significativamente diminuidas
em adolescentes com transtorno depressivo maior [313]. Neste mesmo estudo, a
suplementacdo com n-3 PUFA (baixa dose: 2,4g/dia, alta dose: 16,2g/dia) durante 10
semanas aumentou significativamente as concentracdes eritrocitarias de EPA e DHA,
diminuindo significativamente os sintomas depressivos no grupo submetido a dose alta,
demonstrando indice de remissao dos sintomas de 40% em pacientes tratados com baixa

dose e de 100% com alta dose [313].

Estudos com roedores visaram determinar as consequéncias de uma dieta
deficiente em n-3 PUFA, em comparagédo a uma dieta adequada neste AG. DeMar et al.
reportaram uma reducéo de 36% do DHA cerebral e alteragdes nos resultados dos testes
para depressdo e agressividade nos ratos com dieta deficiente em n-3 PUFA [314]. A

dieta deficiente também induziu deplecdo de 70% do DHA cerebral, sendo maior nos
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ratos separados durante o periodo neonatal [315, 316]. Em relagdo somente a separagao
materna, um estudo encontrou que este estressor, durante a vida precoce, possui efeitos
persistentes sobre as concentracfes de AG de ratos adultos, como a reducdo de n-3

PUFA plasmético [315-317].

Outros estudos com roedores apontam que a deficiéncia cronica de n-3 PUFA
leva a prejuizos na atengdo e no aprendizado, além de alteragdes nos indices de
ansiedade, agressdo e depressdo [318-323]. A deficiéncia de DHA também é apontada
como responsével por alteracBes na via dopaminérgica mesocorticolimbica, envolvida
nos processos emocionais e de recompensa [324-326]. Outras pesquisas sugerem o
envolvimento de n-3 PUFA com a via de sinalizacdo BDNF/receptor tirosina cinase B
(TrkB), explicando assim alguns dos efeitos neuroprotetores dos n-3 PUFA em modelos
experimentais [327, 328]. Esta via de sinalizacdo também tem sido proposta para
explicar os efeitos de n-3 PUFA como agente estabilizador de humor em pacientes
diagnosticados com TAB [329], incluindo a modulacdo de sinais de transducdo, a

reducdo de citocinas pré-inflamatorias, entre outras agdes [303, 306, 308].

Para determinar se os dados disponiveis apoiam o uso de n-3 PUFA para uso
clinico na prevencdo e/ou tratamento de transtornos psiquiatricos, metanalises foram
realizadas por grupos de pesquisadores [330-332] e como resultado, estudos clinicos
randomizados demonstraram beneficios estatisticamente significativos na depressdo
unipolar e bipolar. Os resultados foram altamente heterogéneos, indicando ser
importante examinar as caracteristicas de cada trabalho individualmente, considerando

diferentes abordagens metodoldgicas e execugdes experimentais.
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1.7.MITOCONDRIAS E TRANSTORNOS PSIQUIATRICOS

As mitocondrias sdo essenciais para o funcionamento celular adequado,
produzindo a maior parte de adenosina trifosfatada (ATP) por oxidacdo fosforilativa
[333-335]. Sua estrutura € composta por duas membranas (interna e externa), um espaco
intramembranar e a matriz intracelular [333-335]. O espagco intramembranar
mitocondrial contém a cadeia transportadora de elétrons, uma maquinaria molecular
proteica utilizada para producdo de energia [333-335]. A cadeia transportadora de
elétrons e a fosforilacdo oxidativa dela dependente sdo processos cuja execucdo é levada
a efeito por cinco complexos proteicos, sendo trés desses (complexos I, 1l e 1V)
proteinas bombeadoras de prétons (H*) para o espaco intramembranas, gerando e
mantendo um gradiente necessario para a sintese de ATP pelo complexo V (ATP
Sintase) [333-336]. A mitocondria também esta envolvida em processos relacionados a
regulacdo homeostéatica, resposta ao estresse, sobrevivéncia celular e transducdo de
sinais [333-335]. O suporte energético neuronal € dependente da fosforilacdo oxidativa,
pois neurbnios apresentam capacidade limitada de obter energia diretamente pela
glicolise quando o processo de fosforilacdo oxidativa € comprometido [337]. As
mitocdndrias sdo distribuidas no corpo neuronal e nos axénios, terminais pré-sinapticos,
em dendritos e nos espinhos dendriticos, sendo evidenciada por estudos a sua
participacdo no processo de neuroplasticidade [333-335, 338-350]. Fica assim evidente

a vulnerabilidade de células neuronais perante situac@es de disfuncdes mitocondriais.

As mitocéndrias também participam do metabolismo de espécies reativas de
oxigénio (EROs), alem de processos sinalizadores (e.g. sinalizacdo de calcio, apoptose,
necrose) [337, 350-352]. O estresse oxidativo aparentemente esta envolvido na etiologia
do envelhecimento e doencgas neurodegenerativas, sendo as mitocondrias as principais

fontes de EROs intracelulares [350, 352]. A producdo de EROs contribui para o dano
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mitocondrial em um amplo espectro de processos patoldgicos, porém também é um
importante agente de sinalizacdo redox de organelas e células, agindo como moléculas
sinalizadoras de processos fisiologicos adequados (e.g. plasticidade sinaptica,

aprendizado, memoria) [333-335, 350].

Cada complexo da cadeia transportadora mitocondrial apresenta funcéo
propria, trabalhando associado a outras proteinas. Comprometimentos em qualquer
parte dessa cadeia pode afetar diretamente o suprimento energético. Por outro lado,
defesas antioxidantes mitocondriais, enziméticas ou ndo, sdo capazes de detoxificar as
EROs. O anion superdxido é enzimaticamente convertido em peroxido de hidrogénio
pela acdo de metaloenzimas designadas superoxido dismutases (SOD) [353]. O
peréxido de hidrogénio se difunde para o citosol, sendo convertido em &gua pela acdo
das enzimas glutationa peroxidase (GPx) e catalase (CAT) [354-356]. Além disso, as
mitocondrias utilizam varias moléculas antioxidantes (e.g. coenzima Q10 ou
ubiquinona, creatina, nicotinamida, glutationa) para interromper ou minimizar 0s

processos oxidativos [333-335].

A disfuncdo mitocondrial tem sido amplamente estudada em pacientes com
doencas neuroldgicas, incluindo transtornos neurodegenerativos e psiquiatricos [357-
363]. Anormalidades estruturais, moleculares e funcionais na mitocondria foram
relacionadas a pacientes com transtornos psiquiatricos, sugerindo que o déficit
mitocondrial possa ser suficiente para o desenvolvimento de um ou mais transtornos
[333-335, 340-344, 346-349, 352, 358-364], permanecendo ainda incerto se estas
alteragcbes contribuem para o processo patologico ou se s@o apenas fendmenos
sobrepostos. De uma forma ou de outra, sintomas psiquiatricos foram relatados em
sujeitos com citopatias e encefalopatias mitocondriais. Portanto, ao considerarmos estes

dados listados, evidenciamos o envolvimento de disfungGes mitocondriais com os

39



mecanismos patolégicos de alguns transtornos psiquiatricos. Contudo, 0s exatos
mecanismos pelos quais alteracdes do metabolismo energético encefélico afetam os

transtornos psiquiatricos ndo estdo completamente elucidados.

As principais modificacdes ocasionadas por disfun¢Ges mitocondriais (e.g.
diminuicdo de producdo de ATP, formacdo de EROSs, desequilibrio antioxidante,
estresse oxidativo, indugdo de apoptose) ocorrem nos estdgios iniciais de diferentes
doencas neurodegenerativas, sendo também associadas aos transtornos de humor [333,
334, 340, 343, 346, 349, 358, 361, 363]. Relacionando os elevados niveis de n-3 PUFA
nas membranas encefalicas com o alto consumo de oxigénio por neurdnios, evidéncias
in vitro e in vivo evidenciam os n-3 PUFA como potentes agentes antiinflamatorios e
antioxidantes, capazes de prevenir ou reverter o dano neuronal ocasionado pelo estresse

oxidativo [365-387].

Assim, sabe-se que a exposic¢do a fatores ambientais adversos no inicio da vida
pode ocasionar alteracdes comportamentais e estruturais no SNC, as quais persistem a
vida toda e afetam a plasticidade sindptica, 0 comportamento, as respostas ao estresse e
a vulnerabilidade a quadros psiquiatricos (e.g. TAB). Neste sentido, este trabalho
pretendeu avaliar, na fase adulta, a vulnerabilidade de animais submetidos a variacfes
do ambiente perinatal em um modelo animal de TAB induzido por deficiéncia dietética
de n-3 PUFA. Além disso, investigamos uma possivel associacdo entre 0s niveis
consumidos de n-3 PUFA e 0s niveis séricos de BDNF em uma populagdo de
adolescentes em idade escolar, reforcando o BDNF como um dos possiveis marcadores

clinicos de transtornos como o TAB.
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2. OBJETIVOS
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2.1. OBJETIVO GERAL

Este trabalho pretendeu avaliar, na fase adulta, a vulnerabilidade de ratos
machos da linhagem Wistar submetidos a variacbes do ambiente perinatal em um
modelo animal de Transtorno Afetivo Bipolar (TAB) induzido por deficiéncia dietética
de n-3 PUFA. Além disso, investigamos uma possivel associacdo entre 0s niveis
consumidos de n-3 PUFA e os niveis séricos de BDNF em uma populacdo de
adolescentes em idade escolar, uma vez que o BDNF ja foi sugerido como um possivel

marcador clinico de TAB.

2.2. OBJETIVOS ESPECIFICOS

Analisar o padrdo de consumo de racdo e de variacao de peso corporal de ratos
Wistar machos adultos manipulados e separados de suas méaes durante o periodo
neonatal e submetidos a uma deficiéncia nutricional em n-3 &cidos graxos

poliinsaturados.

Avaliar os efeitos da manipulacdo neonatal e da separacdo materna sobre o
nivel sérico e hipocampal (e.g. proteina, expressdo génica) de BDNF em ratos Wistar
machos adultos submetidos a uma deficiéncia dietética de n-3 acidos graxos
poliinsaturados, bem como sobre indices comportamentais de busca por recompensa
(teste de preferéncia por solucdo doce), de sintomas anedonicos (nado forcado) e de
atividade locomotora em resposta a um psicoestimulante (cloridato de anfepramona,

derivado anfetaminico).

Investigar a existéncia de possiveis interacbes entre a exposicdo a uma

deficiéncia cronica de n-3 &cidos graxos poliinsaturados e o estresse neonatal sobre

42



parametros de estresse oxidativo (e.g. atividades de enzimas antioxidade, quantificacdo
da producdo de espécies reativas de oxigénio) no hipocampo, além de aspectos de
morfolégicos e funcionais mitocondriais (e.g. massa mitocondrial, potencial
mitocondrial, atividades enziméticas dos completos mitocondriais) hipocampais de ratos

Wistar machos adultos.

Evidenciar possiveis correlacdes clinicas entre o consumo de n-3 &cidos graxos
poliinsaturados e os niveis séricos de neurotrofina derivada do encéfalo (BDNF) em
uma populacédo local de adolescentes em idade escolar (Porto Alegre, Rio Grande do

Sul, Brasil).
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1. MATERIAIS, METODOS E RESULTADOS

45



Os materiais, métodos e resultados desta tese estdo apresentados a seguir, da

seguinte forma:

- Capitulo 1: Artigo publicado na Revista Pharmacology, Biochemistry and

Behavior.

- Capitulo 2: Artigo publicado na Revista Neurochemical Research.

- Capitulo 3: Short Report publicado na Revista Lipids in Health and Disease.

46



1.1. CAPITULO1

Vulnerability to dietary n-3 polyunsaturated fatty acid deficiency

after exposure to early stress in rats.

Artigo publicado na Revista Pharmacology, Biochemistry and Behavior.
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The exposure to adverse events early in life may affect brain development. Omega-3 polyunsaturated fatty
acid {n-3 PUFA) deficiency has been linked to the development of mood and anxiety disorders. The aim of
this study was to examine the interaction between variations in the early environment [handling ar maternal
separation) and the chronic exposure to a nutritional n-3 PUFA deficiency on locomotor activity, sucrose
preference, forced swimming test and on serum and hippocampal brain-derived neurotraphic factor
[BONF) levels, Rats were randomized into Mon-handled (NH), Meanatal Handled [H) and Maternal Separated
[M5) groups, Pups were remave from their dams [incubator at 32 °C on postnatal days (PND) 1-10) during
10 min/day (H} or 3 h/day [MS], On PND 35, males were subdivided into diets adequate or deficient in n-3
FUFA for 15 weeks. H and M5 gained weight differently, and animals receiving the n-3 PLFA deficient dier
gained less weight, M displayed a higher food consumption and higher consumption of sucrose solution
during the second hour of exposure to the sucrose preference test, No differences were ohserved in the
swimming test. H group had increased locomation and showed a higher response to amfepramone. No
significant effect was observed on serum BONF levels. BDNF proteln levels were decreased In animals
regeiving the ni-3 PUFA deficlent dier, We observed that early life environment and a mild n-3 PUFA deficiency
are ale o affect several behavieral aspects (food and suciose consumption aind lacomotor response ), and lead
to & differential hippocampal BONF metabolism in adult life,
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1. Introduction parent, parental abuse or neglect, are also associated with traits of altered

physiological and neurobiological functioning and long-term vulnerabil-

Exposure to adverse events early i life may affect brain development
profoundly, leading to long-lasting effects on nevronal structure and
behavior and playing a role in the etiology of mond and anxiety disarders,
Cognitive disturbances in later life are among the impairments of
brain funcrion that may be induced by early stress (Bremner and
Marayan, 1998). Adverse early life environments, including loss of a
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ity Lo depression {Agi et al, 1999), In animal models, the early relation-
ship between mother and infant is critical for optimal development of the
offspring (Hofer, 1994), Several years ago, Levine [1957) and other
researchers described the effects of postmatal handling on the develop-
ment of behavioral and endocring responses to stress. The handling
procedure usually involves removing rat pups from their cages, placing
the animals together in small containers, and returning them to their
cages—and their mothers—some minutes later, As adults, handled
rats exhibit artenuated fearfulness [decreased freezing and increased
exploration) in novel environments (Benetti et al, 2007 and a less
pronounced increase in the secretion of adrenal glucocorticoids in
response to a varety of stressors (Meaney ef al, 1991). On the other
hand, early maternal separation (MS; separation of pups from their
dams for longer periods) has been used to mimic early-hife parental
neglect in humans and is considered one of the most powerful stressors
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for rodent pups (Matthews et al, 1996). The effects of this disruption
of the normal mother-infant interaction might invelve a range of
mechanisms, including changes in the secretion of stress hormones,
proinflammatory cytokines, neuratransmitters, and epigenetic modifica-
tions mediated by DNA methylation, resulting in structural changes
in neurons and synaptic remodeling {Kaffman and Meaney, 2007,
Hennessy et al, 20107, Recent evidence has indicated that the
neurctrophin brain-denved neurotrophic factor (BDNF) is a molecular
candidate for mediation of the effects trgsered by early adverse evenls
on brain structure and function (Cirulli et al. 2009).

Brain-derived neurntrophic factor (BONF) is a dimeric protein that
plays a key role in synaptic plasticity and neuronal survival {Manji et
al., 2001; Poo, 2001). This neurotrophin is found throughout the brain
and 15 particularly abundant in the hippocampus and cerebral cortex,
areas thought to be cntical for the control of mood, emotion, and
cognition (Ernfors et al, 1990). A morphological study has shown
that BDNF protein and mRNA expression. as well as that of its
receptor, tyrosine kinase B (TrkE). are significantly decreased in
the prefrontal cortex (PFC) and hippocampus of suicide victims
compared to control subjects (Pandey et al, 2008). Furthermore,
BOMF 15 also decreased in the PFC and hippocampus i an animal
madel of mania induced by dextroamphetamine (Frey et al,, 2006),
Several studies have provided compelling evidence suggesting that
serum and plasma BONF levels change across the different mood
states experienced in bipolar disorder, although some discrepancies
are described. For instance, some studies have shown a decrease in
BONF in the manic state (Cunha et al., 2006; Machado-Vieira et al,
2007 ) while others have not [Yoshimura et al., 2006).

Brain membranes are rich in polyunsaturated fatry acids {PUFA),
such as arachidonic acid {AA, 20:4 n-6) and docosahexaenoic acid
(DHA, 22:6 n-3). In mammals, these PUFA are derived from linoleic
acid (18:2 -6} and alpha-linalenic acid (18:3 n-3), which must be
obtained from their diet. It has been reported that chronic dietary
n-3 PUFA deficiency leads to dramatic changes in the PUFA compaosi-
tion of neuronal membrane phospholipids in the frontal cortex
and hippocampus (Aid et al. 2003}, which is directly linked to
impaired central nervous system (CNS) function (Bourre et al.,
1989; Moriguchi et al, 2000). These long-chain PUFA may play an
impartant role in the structure and function of many membrane
proteins, including receptors, enzymes, and active transport mole-
cules (Spector and Yorek, 1985; Youdim et al, 2000}, Data suggest
that rodents subjected ta chronic n-3 PUFA dietary deficiency exhibit
impaired attention and learning ability {Reibisck and Neuringe, 1997:
Catalan et al, 2002) and changes in emotional status, including
elevated behavioral indices of anxiety, aggression and depression
(Fedorova and 5alem, 2006), Dietary-induced DHA deficiency has
been shown to produce dysregulation of the mesocorticalimbic
dopaminergic pathway, which is invelved in emotional and reward
processes (Zimmer et al, 1998; Zimumer et al, 2000; Zimmer et al.,
2002). On the other hand, convincing epidemiologic data associate
diets high in omega-3 fatty acids with a lower risk of major depres-
sion, perinatal depression, and bipolar disorder {Noaghiol and
Hibbeln, 2003; Hikbeln, 2009], Meta-analytic findings support the
notion that the adjunctive use of omega-3 improves bipolar depres-
sive symptoms (Simopoulos, 2002 Sarris et al, 2012). The BDNE/
TrkB signaling pathway is one of the neurobiological mechanisms
that have been recently proposed to explain the mood regulating
effects of n-3 PUFA in bipolar disorders (Balanza-Martinez et al,,
2011).

Based on the above findings, we hypothesized that neonatal stress
and exposure to a dietary n-3 fatty acid deficiency later in life could
interact to produce behavioral alterations related to psychiatric
conditions, In addition, since evidence suggests that changes in
BDOMF levels might play a role in mediating shifts across different
mood states, the present study examined the effects of early handling
o maternal separation combined with chronic exposure to a
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nutritional n-3 PUFA deficiency on locomator activity in response to
a psychostimulant, the sucrose preference test, the forced swimming
test and serum and brain levels of BONF in adult rats,

2, Methods
2.1, Subjects

Pregnant Wistar rats bred at our animal lacility were randaimly
selected. They were single-housed in home cages made of Plexiglas
(65 = 25 % 15 cm) with sawdust-covered floors and kept in a con-
trolled environment | lights on between 07:00 h and 19:00 h, tempera-
tre at 22 4 2 °C, cage cleaning twice a week, food and water
provided ) until birth, All litters were culled to eight pups within 24 b
and were kept intact except for separation procedures, which were
carried out between 1530 h and 1900 h, Included in this period
were the time required to set up the incubator, to bring the cages
from the facility and briefly habituate the dams to the new room,
perform careful remaval of the pups from the nest, the time of separa-
ton per s, the return of the pups to their dams and, again after a
brief period, to return the cage to the animal faclity, Researchers also
changed gloves hefore the manipulation of each litter to avoid the
spread of any odors from nest to nest,

The day of birth was considered as postnatal day (PND) 0, and
weaning was on PND 21. One or two male pups were used per litter
per group per experiment. After weaning, rats were housed two o
three per cage in home cages similar to those described above, Ninety
experimental male rats, derived from 17 different litters, were used in
the different experiments, The number of animals used was estimat-
ed from previous experiments, After weaning, rats had free access to
food {standard lab rat chow) and water until PND 35, when the
experimental diets were offered (see below). Behavioral tasks were
performed after chronic exposure to these diets, always between
10;00 h and 15:00 h, All animal treatments were approved by the
institutional Research Ethics Committee (HCPA) and followed the
recommendations of the International Council for Laboratory Animal
Science (ICLAS).

2.2, Neonatal stress mode!

Non-Handled group (NH]: pups were left undisturbed with their
dams until weaning. Dirty sawdust was carefully removed from one
side of the cage, without disturbing the mother and the nest, and
replaced by clean sawdust af that side by the principal researcher,

Meonatal Handled group (H): pups were gently removed from
their home cages and placed into a clean cage lined with clean
paper towels, inside an incubator set to 32 "C. After 10 min, pups
were returned to their dams. This procedure was carried out in the
first 10 days of life, after which pups were left undisturbed unti
PRD 21.

Maternal-separated group (MS); pups were gently removed fram
their home cages and placed into a clean cage lined with clean paper
towels, inside an incubator set to 32 "C After 3 h, pups were returned
to their dams. This procedure was carried out in the first 10 days of
life, after which pups were left undisturbed uneil PND 21.

2.3, Dietary groups and diet composition

Rats were fed either a n-3 PUFA adequate [n = 44) or a n-3 PUFA
deficient (n = 46) diet. both calorically and nutriticnally balanced
(PragSolughes Biociéncias®, Sio Paulo, Brazil), from PND 35 untl
the end of all behavioral tasks (for 18 weeks), Food consumption
and hody weight were measured weekly, using digital scales
(Marte®, AS2000C, 530 Paulo, Brazil), in all groups (n =13 to 17
for each of the & groups). Table 1 shows the composition and
Table 2 shows the fatty acid composition of the study diets.
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2.4, Behaviaral fests

Rats were divided into two distinct lines of behavioral tests.
The same animals used in the sucrose preference test were subjected
to the forced swimming test 1 week later, while the remaining
animals were tested solely for locomotor activity in response to a
psychostimulant.

24.1, Sucrose preference est

This test consisted of a two-bottle choice paradigm in which
rats are given the choice between consuming water versus sucrose,
This paradigm has been used extensively to assess the effects of
stress-induced anhedonia (Papp et al, 1991; Sampson et al, 1992).
Rats were single-housed and habituated to drinking water from two
bottles for 5 days (n = 6-8 per group). Each day, the water bottles
were switched (left or right). At the start of the experiment {day 5),
potential bottle and side preference(s) was assessed by measuring
water/water intake and balancing the position of the bottles (left or
right}. On day 6, rats were exposed to sucrose ((L1%) for 24 h. The
position of the sucrose bottle (left or right) was again balanced
between groups and cages. In addition, the position of the water
and sucrose battles (left or mght) was switched every 30 min from
13:00 to 16:00 h, After this 3 h period, rats were left undisturbed
and their overnight fluid intake was measured on the next afternoon
(13:00 h=day 7); bottle sides were then switched again. Once again,
fluid intake was measured at 13:00 h on day 8. The preference for
SUCTOSE ovel waler was used as a measure for the animals' sensilivily
to reward,

2.4.2, Forced swimming test (F5T)

The F5T is a 2-day procedure in which rats are forced to swim
under conditions they cannot escape. On day 1, when rats are forced
to swim, they initially engage in escape-like behaviars, but eventually
adlopt a posture of immability in which they move only as required Lo
keep their heads above water, When retested 24 h later, rats become
immabile very quickly; however, administration of antidepressant
treatments between forced swim exposures can significantly increase
their escape-like behavicrs, an effect that has been correlated with
antidepressant activity in humans (Cryan et al, 2002), AL the start
of the experiment, rats [n = 6-8 per group) were placed individually
in plastic cylinders (75 x 30 cm) filled to a 54-cm depth with water
at23 £ 1 "Cand forced to swim for 15 min. At the end of this period,
rats were removed from the water, dried with towels, and placed in a

Tahle 1

Dietary compusition of experimental diets Both diets provided £100 keal 1000 g;
lipids provided 21.95% of tofal calortes. The main difference benween the twa diets
wias the concentration of vegetable oil containing polyunsaturated farty aclds n-3
{n-3 PURA). The n-6:n-3 PUFA ratios for the adequate and deficient dicts were 183
and 5,02 respectively.

Ingredients (in g 0-3 PUEA adequate 03 PUFA deficient
{per 1000 5] [per 1000 g}

Isolated Loy proden 00 200
[hextrose 200 200
Maltadesirin 150 150

Com starch 150 150

Sucrose 1oa 100

Coconut fat 0 6

Canala ol 32 ES|

Flaxseed ol & 0
Micracrystalline cellulose 50 )]

Mineral mix 15 15

Wiramin mix 10 i1
Chlorine 250 150
L-rysting .50 150
Butylated hydraxytoluene (EHT) 002 w0z
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Table 2
Fatty arid compasition of experimental diets.

Fatty acid compesitian n-3 PUFA sdequate  n-3 PUFA deficient
1% of the total fatty acids content)  {per 1000 g {per 1000 g]
a0 10 1.2
100 13 16
120 114 2317
140 14 124
15:0 (0 ]
16:0 L) 41
16:10-7 n 0l
170 n [N
18:0 41 18
18:1 n-49 ElL] 35
18:1n-7 16 LG
18:2 n-6 nz2 109
a0 4 04
13 n-6 03 03
20,1 n-8 n7 07
18:30-3 A3 12
20:2 n-6 0 Ll
EL] 02 0.2
4104 n 0

warm enclosure for 10 min, All cylinders were emptied and cleaned
between each evaluation. Twenty-four hours after the first forced
swimming rest (day 2), rats were retested for 5 min under identical
conditions, Latency (time in seconds until immobility), inmebdity
(frequency and time in 5), swinuming [frequency and time i s),
and climbing counts (frequency and time in 5) were evaluated as
dependent variables, as per Carlezon et al, (2003) and (Detke et al,
(1997). Performance was recorded in both days and analyzed using
locally developed time evaluation software (v2.0, UFRGS, Instituto
de Blociéncias, Porto Alegre, Brazil). Latency to immobility was
defined as the time at which the rat first took on a stationary posture
that did not reflect attempts to escape from the water (Lucki, 1997),
To qualify as immability, this posture had to be clearly visible and
maintained for =2.0 5.

243 Locomator response o amfeprarmane

On the first day, rats (n = 6-8 per zroup) received | ml/ke saling
via intraperitoneal injection, Immediately afterwards, the animals
were allowed to stay in a neutral box for 10 min, and then were
gently put in a circular open field (36 cm high = 78 cm wide) made
from clear Plexiglas, with the floor {ack Plexiglas) divided into 25
sections: 16 external rectangles (14 = 10 em, located in the peripher-
y), & intermediate rectangles (15 = 19 cm) and one inner square
(10 % 10 ¢m), The movements of the animals during their time
spent in the apparatus were filmed directly. The number of crossings
between squares was measured over a 30-min period. On day two,
rats were injected with 10 mg/kg amfepramone ip. and the same
procedures were performed. The number of crossings between the
different segments of the apparatus (external, intermediate and
internal sections) and total mohility were recorded manually and
analyzed using the aforementioned software application [UFRGS,
Porto Alegre, Brazil). Total ambulation (expressed as number of line
crossings) was also analyzed.

244, Biochemical analysis: sample collection

Aweek after behavioral tests, animals were decapitated in random
order using a small animal guillotine [Insight EB271, Sdo Paulo,
Brazil) after 6 b of fasting. Trunk blood was collected, brains were
removed and the hippocampus dissected and stored at — 70 *C. After
centrifugation (3000 rpm, 15 min), serum was stored at =70 "C until
analysis. Six to eight hippocampus samples, from the same animals
per experimental group, were analyzed for both protein and mRNA
analysis. Animals who received amfepramone for locomatar response
resting were not used for blood or brain sampling.
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245, Serum BDNF assay

Serum BDNF levels were measured by sandwich enzyme-linked
immunosorbent assay, using a commercial kit {Chemikine™ Brain
Derived Neurotraphic Factar — BDMF — Sandwich ELISA kit, Millipore,
USA), Serum samples were diluted in a cold homogenization buffer
consisting of 100 mM Tris/HC pH 7.0, 2% bovine serum albumin
(BSA), 0.1 M NaCl, 4 mM EDTAMa2, 2% Triton X-100, 0.1% sodium
azide and 1% protease inhibitor cocktail (PIC). Microtiter plates
(9G-well, Nat-bottomed | were coated for 24 h with the samples,
diluted 1;2 in sample diluent, and the standard curve ranged from
7.8 to 500 pg of BONF. Sequential processing of the samples was
performed according to the manufacturer's instructions,

2.4.6, Hippocampal BONF assays

Hippocampal BONF levels were measured by sandwich enzyme-
linked immunosorbent assay, using a commercial kit (BDNF Ey®
Immunoassay system. Fromega, USA), Briefly, brain slices were
homogenized in a lysis buffer containing 137 mM NaCl, 2.5 M KO,
10 mh Hepes, 0.6 mm EDTA pH7.9, 12505, 10% glycerol and 1% PIC.
Microtiter plates [96-well, Nat-bottomed) were coated for 24 h with
the samples, diluted 1:10 in sample diluent, and the standard curve
ranged from 78 to 500 pg of BONF, Sequential processing of the
samples was performed according to the manufacturer's instructions,

Sample protein concentrations were determined wsing the Lowry
method {Lowry ef al, 1951), with bovine serum albumin as the
standard.

Hippocampal BONF gene expression was measured by real-time
quantitative reverse transcription-polymerase chain reaction (RT-PCR)
using an inventaried TaqMan FAM/MGCE assay [Applied Biosystems,
ID assay Rn01484528_ml). Expression values were normalized by
endogenous control expression of glyceraldelydes-3-phosphate dehy-
drogenase [GAFDH) using a TagMan VIC/MGB inventoried endogenous
control assay (Applied Biosystems, 4352340E), Total RNA was isolated
using TRI Reagent (Sigma), according to the manufacturer’s protocol,
Cuantification was performed using ManoDrop. Reactions were run in
an ABI Prism 7500 sequence detection instrument, which directly detects
the RT-PCR product without downstream processing. Total RNA (200 ng)
was converted into cDMA using Superseript Il (lnvitrogen). Reactions
were carried out in a total volume of 12 g containing G i of 2 TagMan
Gene Expression Master Mix [ROX, Amplitag Gold DNA polymerase,
AmpErase UNG, dATP, dCTP, dGTP, dUTP. and MgCl2), 0.6 pl of 20
TagMan Gene Expression Assay, 06 pl of 20« TagMan Endogenous
Contrel, 3.8 pl of water and 1 pl of cDMA solution. The cycling program
consisted af 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles
of 15 & each at 95 °C and 1 min at 60 “C. All reactions were perfarmed
in triplicate, Relative expression levels were determined by the ddCt
method {Livak and Schmittgen, 2001).

2.5, Statistical analyses

Allocation of subjects to the various testing conditions was
random. Data were analyzed using two-way analysis of variance
[ANOVA; neonatal intervention and diet as factors), with Student-
Mewman-Keuls post-hoc analysis when appropriate. Repeated mea-
sures ANOVA was used for assessment of locomotor response (o
amfepramone [using neanatal intervention and diet as independent
factors and performance after saline or amfepramone administration
as a dependent factor), Data are expressed as mean + standard error
{SEM). Statistical significance was defined as p = 0.05 for all analyses.

3. Results

Fig, 1 shaws weight gain during the treatment, A main effect of early
intervention was demonstrated [two-way ANOVA, Fl284) = 1796,
F=0001), as the handled and maternal-separated groups gained
weight differently from non-handled animals (Student-Newiman-Keuls
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post=hoc test, P = 0.05). There was also an effect of diet [two-way
ANOVA, F1,84) = 747, P = 001], as animals receiving the n-3 PUFA
deficient diet gained less weight.

Considening chow intake at the end of the treatment (Fig. 2],
we ohserved an effect of early intervention [two-way ANOVA,
F(2,34) = 529, P=0.01]: maternal-separated animals displayed
higher food intake (Student=Newman=Keuls post hoo test, P = 005
compared to the other two groups).

Intake of sucrose solution was assessed after 15 weeks of treat-
ment, The results are displaved in Fig. 3, During the first hour of
EXpOsUre to sucrose solution, no effect was observed [two-way
ANOWVA, P = 0.05 in all cases). During the second hour of exposure,
there was a main effect of early intervention |Fig. 3B; two-way
ANOVA, FI237) = 416, P=005], as maternal-separated groups
showed a higher consumption compared to non-handled animals
[ Student-Newman-Keuls post hoc test, P=0.05), No significant
differences were observed during the other periods of assessment
(two-way ANOVA, P =005 in all cases). Additionally, the total
amount of fluid ingested (water + sucrose solution) and the amount
of water ingested were similar in all groups during all periods of
analysis (two-way ANOVA, P > 0,03 in all cases; data not shown),

There were no between-group differences in immability or any
other parameters [two-way ANOVA, T 0.05, data not shown]
during the forced swimming test [data not shown).

In order to assess responsiveness to a psychostimulant drug,
locomotor activity was evaluated in an open field apparatus after
pxposure to saling or amfepramone 1 mgke The results are
displayed in Fig, 4. Repeated measures ANOVA showed an effect of
the drug [Fi1,41) = 230,14; P'= 0001, indicating the stimulant
property of amfepramone. Additionally, there was a group effect
|[F(2,41) = 7.13; P = 0002], as the handled group exhibited in-
creased locomotion (Student-Newman-Keuls post hoc test, P = 0.05
compared ta the other two groups), and an interaction between
group and drug effects [F(241) = 7.57; P = 0002, since the han-
died group showed a higher response to amfepramone than the
other groups.

BDMF levels were evaluated in serum. Mo significant effect of any
intervention was observed on serum BDNF levels (two-way ANOVA,
P = 005, data not shown), Additionally, mature BDNF levels and
gene expression were measured in the hippocampus {see Fig. 5 for
these results). Gene expression for BDNF showed a marginally signif-
icant group effect {two-way ANOVA, F(232) = 313, P = 0057}, as
neonatal handled animals showed a trend for higher relative mRNA
expression than the non-handled geoup (Fig, 54). However, mature
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Fig. 1, Weight gain (g] during the 15 weeks of treatment for non-handled,
neonatal-hamdled and maternal-separated groups, exposed ar nal (0 an n=3 FUFA de-
licient diel. Data expressed as mean + SEM. “Two-way AROVA showed that handled
and maternal-separated groups gained weight differently from non-handled animals
(p < 0001 Student-Mewman-Keuls post-hec, p < 005, indicating that each group
was different from the others), #There was alsa a diet effect (two-way ARNOVA,
= O} where animals receiving n-3 PUFA deficient diet gained less weight than an-
imals fed -3 PUFA adequate dier.
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Fig. 2, Chenw intake {g) measured during the last week of treatment for non-handled,
neonatal-andled, and matermal-separated groups, expased o 0ot o an 1-3 PURA de-
ficlent diet. Data expressed a5 mean £+ SEM. ° Two-way ANOVA [p < 0.01; Sudent-
Hewman-Keuks post-hac test, P < 005) showed that maternal-separated animals
exhibited higher chow intake compared to the ather two groups,

BONF protemn levels were decreased in animals fed a n-3 PUFA
deficient diet [two-way ANOVA, F{1,41) = 4.66, F = 0,037, Fig. 58].

4. Discussion

In this study, both early life environment and exposure to a
omega-3 polyunsaturated fatty acid (n-3 PUFA) deficent diet
were shown to influence behavioral and neurochemical outcomes in
ault life, Mild n-3 PUFA deficiency led to a reduction in hippocampal
brain-derived neurotrophic factor (BDNF) protein levels. Additional-
ly, exposure to different intervention types during the neonatal
period [H or M5) had distinct effects on weight gain and food
consumption: M5 gained more weight and displayed increased
dietary and sucrose intake, whereas neonatally handled animals
gained less weight than animals in the ather groups, H animals also
displayed an enhanced response to psychostimulants.

In erder to ensure an adequate neuronal function, the brain needs
ligh levels of n-3 PUFA, particularly docosabexaenaic acid (DHA).
and any changes in their quantity or availabilty in phaspholipid
membranes can compromise behavioral and cognitive performance
[Fedorova and Salem, 2006). In the setting of n-3 PUFA deficiency,
as experimentally induced in this study, the brain should be ineffi-
cient at synthesizing DHA. DHA deficiency during brain maturation
reduces plasticity and jeopardizes cerebral function in adulthood
(Bhatia et al, 2011), Adequate levels of dietary DHA seem crucial
for the establishment of long-term neuronal resilience for optimal
brain perfarmance, pravide enhanced machanisms against neurolog-
ical disorders [Riemer et al,, 2010), and may also mitigate the risk of
mental disorders and cognitive deficits in adulthood (Bhatia et al.,
2011).

There has been a marked shift in the fatty acid composition of the
typical Western diet over the last five decades, with an increased ratio
of n-6:n-3 PUFA intake [Ailhaud et al, 2006). These changes in
dietary habits have been suggested as potential factors in the etiology
of psychiatric diseases and mood disorders {McNamara and Carlson,
2006). In this context, some studies have shown that dietary n-3
PUFA deficiency can play a role in the prevalence and severity of
depression (Edwards et al, 1998; Riemer et al, 2010), although
some authars have stressed that a causal relationship between these
factors cannot be established (Liperoti et al, 2009), There is also
clear evidence that exposure to chronic stress in early life increases
vulnerability to affective disorders [Plotsky and Meansy, 1993
Meaney et al, 1996), Therefore, we proposed that cerebral n-3 PUFA
deficiency could compromise stress resistance and investigated the
relative and combined effects of chronic n-3 PUFA deficiency and
early-life stress [induced by neonatal handling and maternal separa-
tien) on the behavior and BONF levels of rats. As mentioned above,
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we were able to demonstrate that serum BONF is not decreased in a
single generation after n-3 PUFA depletion, even with concomitant
carly trauma, although its protein levels were decreased in the
hippocampus,

Previgus research has shown that plasma levels of BDNF are
altered in different moods {Cunha et al, 2006; Yoshimura et al,
2006; Machado-Vieira et al, 2007}, However, there are discrepancies
between studies. Fernandes et al. (2011) showed that BDNF levels
were significantly decreased during episodes of mania and depres-
sion, thus suggesting a potential role for this molecule as a peripheral
biomarker for the progression of hipolar disorder, Considering that
our treatment induced reductions in hippecampal BDNF levels in
rats fed chronically with an n-3 PUFA deficient diet, we hypothesize
that a decling in central BONF levels could be one of the first central
nervous system (CNS) changes to occur in psychiatnic disorders,
preceding peripheral changes in BDNF levels,

Interestingly, the expression of BDNF mRNA remained unchanged:
therefore, the reduction in BDNF levels observed in animals receiving
an n-3 PUFA deficient diet may be due to distingt post-translational
mechanisms, including distinet processing (o & mature protein and
degradation of the BDNF molecule, The mechanisms underlying
these posttranslational modifications in the specific case of BDNF
processing have yet to be identified.

The n-6:n-3 ratio of PUFA in the diet is also considered important.
Our deficient diet intervention was able to reduce hippocampal BDNF
protein levels. As shown by Clarke et al. (2009), animals subjected to
a Ms stress paradigm display an increased n-G:n-3 fatty acid ratio,
primarily driven by a reduction in plasma n-3 fatty acid concentra-
tions at baseline; therefore, a mild dietary deficiency in n-3 PUFA, as
used in our study (n-6:n-3 ratios: adequate diet, 2:1; deficient diet,
6:1) may have additive effects in an already depleted individual. In
a recent paper, Bhatia et al. {2011) demonstrated that n-3 PUFA
deficiency reduced brain levels of docosahexaenoic acid [DHA) and
increased the n-6in-3 ratio, as well as reduced BONF levels and
signaling through the tyrosine kinase B [TrkB) BDNF receptor [(in
proportion to brain DHA levels) and reduced activations of a
BDMF-related signaling malecule, cyclic AMP response element
binding protein (CREB), in brain regions. According to the authors,
rats fed an n-3 deficient diet showed a significant decrease in BDNF
and phospho-CREB levels in the hypothalamus and hippocampus,
but not in the frontal cortex, compared with rats exposed to an n-3
adequate diet. All three studied areas also showed a significant
decrease in levels of phosphorylated TrkB. Our results are consistent
with these findings, and in our sample, a slight increase in the n-G:
n-3 ratio was enough to reduce BDNF protein levels in the
hippocampus,

0On the subject of neonatal interventiens and hippocampal BDNF,
Caroflos et al. (2005) reported that the early handling procedure
activares neurotransinirter receptors that lead to increased intracellu-
lar calcium, phosphorylation of the transcription factor CREE and
increased BONF expression in the neonatal rat hippocampus,
Lippmann et al, (2007} reported a decrease in hippocampal mature
BNDF levels in M5 animals, although pro-BDNF levels remained
unchanged. In our study, we did not find any differences in BDNF
levels among non-handled, H or 5. This discrepancy may have been
due to differences in handling protocols, as some authors used shorter
or longer handling periods [e.z, 2, 4 and 8 h only on postnatal day 1
(Garoflos et al., 2005) or 15 or 180 min from postnatal day (PND)
2 to 14| [Lippmann et al, 2007). Another possibility is that age at
quantification of BDMNF levels may influence study results: Garoflos
et al. (2005) measured BOMF levels 2, 4 or 8 b after the énd of the
carly handling procedure, whereas Lippmann et al. [ 2007) measured
BDMF levels afrer PND 95, In our study, we analyzed hippocampal and
serum BONF levels in animals at PND 150, Although it is recognized
that BONF is the most important neurotrophic factor for CNS function,
time-course studies of exposure to different nutritional patterns have
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Fig. 3. Mean consumption of sucrose solution () measured over two consecutive days for non-handled, neonatal handled and maternal separated groups subyected or not to a n-3
PUFA deficient diet. Sucrose intake was measured at first hour (panel A), second hour {panel B), and third hour {panel €). The figure also shows total intake after first day (24 h)
panel D] and second day (24 h) (panel E) of 1% sucrose expasure. Data expressed as mean £ SEM. "Two-way ANOVA (p < 0.05; Student-Newman-Keuls past-hoc, P < 005)
showed that maternal-separated animals exhibited kigher sucrose intake than animals in the other two groups, only during hour 2, No sgnificant differences were abserved during
the other periods of assessment (twa-way ANOVA, P = D05).

yet to assess aging responses. In the present study, we investigated  circuitry associated with persistent alterations induced by early life
whether different dietary n-3:n-6 ratios in association with neonatal  stressors and the development of mood disorders is necessary.

environment stress might modify BDNF levels. It is possible that Concerning food intake and body weight variation, our findings
changes in hippocampal BDNF levels after neonatal interventions  demonstrate that animals fed a diet deficient in n-3 PUFA exhibit
may be more pronounced during the initial stages of life, More studies ~ lower body weight, and that MS per se increased food intake as
are required to investigate whether mechanisms related to BDNF  compared with the other interventions, with no interaction with
processing may change differently during development after early ~ n-3 PUFA deficiency. This finding may indicate that interventions
life stress. A keener understanding of the brain regions and neural  during critical periods can have long-term effects on behavior,
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Fig. 4. Locomator activity in an open field test for non-handled, reonatal-handled and materal-separated groups, exposed ar not to an n-3 PURA deficlent diet. Anlmals were tested
for 30 min after administration of saline (panel A) or amfepramaone {panel B) 1 mg/kg. Data presented a5 mean + SEM. "Repeated measures ANOVA showed an effect of the drug
(P < 0,001 and *a group effect (P = 0002; Student-Newman-Keuls post hoc test, P < (0% compared to the other two groups), as well as an interaction between the group and
drug effects [[Fi241) = 757;F = (02), since the handled group showed a higher response to amfepramone than the other groups. #Signifcant interaction of

groap = amfepramone elects (P = 0.002).

emation and metabolism (Pervanidou and Chrousos, 2007}, and that
the separation process may cause neonatal plastic changes in the CNS,
leading to a consistent increase in food consumption and/or possible
metaholic changes. Considering the current obesity epidemic and
the high prevalence of early stress (e.g. fetal exposure to chronic
maternal diseases such as diabetes or hypertensien, tobacco smoking
or drugs) (Valsamakis et al. 2006; Bamfo and Odibo, 2011} coupled
with a sedentary lifestyle and fat- and sugar-rich diets, it seems
impartant to assess how early stress acts [o increase body weight
and food intake,

The hedonic state of animals was assessed with the use of sucrose
as a rewarding agent. The rewarding value of sucrose is associated
with its induction of dopamine release in the nucleus accumbens
(Smnith, 2004), In pats, increases or, alternatively, no change in sucrose
consumption have been shown in early life chronic stress models
(Vazquez et al, 2005; Silveira et al, 2010), Qur results show that
animals in the maternal-separated group ingested a larger amount
of 1% sucrose solution only in the second hour afrer the start of
SUCTOse presentation, suggesting that, perhaps, these animals need
more time (o achieve satiety. This, in turn, suggests that M5 can
lead to a distinet positive reinforcement response after a fixed time
interval, expressed peculiarly as increased sucrose intake, This effect
does not appear to be related to the hedonic aspect, Peripheral and/
or central mechanisms related to satiety may contribute to these
behavioral findings.
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Matieu et al. {Mathieu et al., 2008; Mathieu et al, 2011 also
investigated the synergistic effects of maternal separation and n-3
PUEA deficiency on behavioral outcomes in rats, These studies
reported that M3 group fed n-3 PUFA deficient diet was more fearful
and anxious. while their ability to cope with an aversive avoidance
task remained unaffected, Besides, both n-3 PUFA deficiency and M5
increased reward response and impulsivity, suggesting that n-3
PUEA deficit could be an environmental risk increasing vulnerability
o depressive-like response induced by chronic stress. In this
research, n-3 PUFA deficient diet was applied after the weaning pro-
vess (PND 35], On the other hand, Mathieu et al, started the nutrition-
al deficiency during pregnancy until adulthood of the litters. Besides,
n=G:n-3 rations were more intense in Mathieu et al. research than in
oiirs. These discrepancies should be taken into account when compar-
ing the results displaved by these researches.

The open field test was used to assess locomoter and exploratory
activity, a5 well as to evaluate amxiety-like behavior, Although
motor alterations associated with dietary n-3 PUFA deficiency have
already been described in rats (Vancassel et al, 2005) and mice
(Raygada et al, 1998), our results demonstrated no differences in
baseline locomotor activity {after iLp. adminisiration of saling)
among any of the experimental groups. Some studies have reported
that H (Meaney et al., 1991; Silveira et al,, 2005) exhibit an increase
in the number of crossings in this behavioral test, whereas separated
animals exhibit decreased exploratory activity, as compared with
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Fig. 5, Hippcampal BDNF gene expression and protein levels for oen-lhandled,
neaiiatal-handled and maternal-separated groups, exposed ar not o 4 n-3 PUFA de-
fickent diet. Dara presented as mean £ SEM. When BONF gene expression [panel A)
was evaluated in the hippocampus, thers was a marginally significant group effect
(hwpeway ANOVA, P = D057), as neonatal hancked animals displayed a higher rela-
tive miNA expression than the non-handled group. However, "mature BONF protein
levels were decreased in animals fed an n-3 PUFA deficlent diet [two-way ANOVA,
p = 0037, panel B).

non-handled animals (Zhu et al. 2010}, although some authars
reported no differences in the exploratory activity of H [Brake et
al, 2004) or MS (Dieh] er al, 2007) animals, Brake et al, 2004
(Brake et al, 2004) reported that H animals were less responsive to
an amphetamine challenge {0.5 mg/Kg, i.p.). This discrepancy with
our data could be explained by the drug treatment used to analyze
the locomotor response: Brake (Brake et al, 2004) used amphet-
amine, whereas we used amfepramone. In our study, although
amfepramone increased motor activity in all groups, synergism was
only observed with the handled group. Hyperactivity has been
associated with reduced cortical dopaminergic activity and higher
activity in the nucleus accumbens (Piazza et al., 1991; Blondeau and
Dellu-Hagedorn, 2007). Dopaminergic activity has been reported to
be decreased in the nucleus accumbens in handled animals [Silveira
el al, 2010}, and our results may be related 1o the finding reported
above,

5. Conclusions

In this study, we observed that the early life environment and a
mild n-3 PUFA deficiency are able to affect behavior, metabalism
and hippocampus BDNF levels in rats, These data give rise to two
possible future research approaches, The first, with a focus on
handling and lncomotor behavior, suggests investigation of patential
changes in dopaminergic neurotransmission. The second, focusing
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on the main effects of an n-3 PUFA deficient diet on palatable food
consumption, could assess whether maternal separation increases
the effects of n-3 PUFA deficient diet on hedonic mechanisms related
to food intake, The possible mechanisms involved in the processing of
brain neurotraphin levels, particularly BDNF, after early life stress also
warrant assessment in view of their importance for behavioral
mdulation. Further studies are needed to elucidate the mechanisms
invalved in these processes,
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cortex and hippocampus neuronal membrane phospho-
lipids. and may be linked o impaired central nervous
system function. Particularly docosahexaenoic acid defi-
ciency appears to bhe involved in neuropsychiatric disor-
ders. On the other hand, adverse events early in lile may
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hehavior. This research assessed if neonatal stress and a
dictary n-3 PUFAs deficiency could interact to produce
hippocampal alterations related to mitochondrial functions
in adult rats. There were no elfects of diet, nconatal
intervention or interactions on superoxide dismutase or
catalase enzymatic activities, mitochondrial memhrane
polential and respiratory ¢hain complexes, Rats [ed n-3
PUFAs delicient diet displuyed higher levels of glutathione
peroxidase and catalase activity, higher free radicals
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production and higher thiol content compared (o rats fed
n-3 PUFAs adequate diet. There were interactions among
dicts und nconatal stress, since glutathione peroxidase, free
radicals production and thiol content were increased in
groups thal were subjected (0 neonatal interventions led
n-3 PUFAs deficient diet. Additionally, reduced mito-
chondrial potential was observed in handled unimals, Totul
thiol revealed a neonaral stress effect, since animals sub-
jected to meonatal interventions displayed lower thiol
content. In conclusion, we observed that a chronic treat-
ment with deficient n-3 PUFAs diet. from the puberty
period on, increased free radicals production and imbal-
anced antoxidant enzymes uctivitics, und these increases
were higher in animals subjected to neonatal interventions.

Keywords Nconutal hundling - Matemul scparation - n-3
polyunsaturated fatty acid depletion - Respiratory chain
complexes - Oxidative stress - Hippocampus

Introduction

Brain tissue is rich in lipids [1, 2], containing a large
pereent of long-chain polyunsaturated lauty acids (PUFAs),
such as arachidonic acid (AA, 20:4 n-6) and docosahex-
acnoic wcid (DHA, 22:6 n-3) (3, 4). In mummals, these
PUFAs are derived from linoleic acid (18:2 n-6) and
a-linolenic acid (18:3 n-3), which must be obrained from
diet [5-7]. Reports indicate that chronic dietary n-3 PULFAS
deficiency leads to changes in the PUFAs composition of
ncuronil membrane phospholipids in the frontal cortex and
hippocampus ||, and these changes may be linked to
impuired central nervous system (CNS) [uncton [6, 9, 10].
These PUFAs may play an important role in the structure
and function of many membrane proteins, including
engymes, receplors und trunsporter molecules, ultering the
course of development of the brain [7]. Evidence points
that glial cells, neurons, and mitochondria might he mod-
ified by altered PUFAs constitution in their membrane
phospholipids [11]. Although the normal CNS develop-
ment requires PUFAs, some wuthors report that DHA
deficiency appears to be particularly involved in the
establishment of neuropsychiatric disorders [7, 12]. Nutri-
tonul DHA deficiency hus been shown 1o aler gene
expression |13, 14]. protein-membrane interactions |15],
learning  processes [16, 17], neurogencesis, and brain
metabolism [14, 18-21]. Some studies suggest that rodents
expostd  chronic n-3 PUFAs dietary deliciency exhibit
impaired learning and attention [22] as well as changes in
the emotional status, such as development of depression,
aggression and anxiety [23].

Besides being important for mitochondrial function,
there are evidence that DIIA content may protect from
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perinatal stress induced dysfunction involving the modu-
lation of mitochondrial dynamics and function [24],
Reports indicate that DHA and its metabolites promote cell
survival by activation of anti-apoptotic or neuroprotective
gene expression [25-27], and that PUFAs promote mito-
chondriul biogenesis, modulating genes associuted with
energy metabolism and adenosine teiphosphate (ATP)
production [14, 28], The brain tissue displays a high rate ol
oxidative metaholism [29. 30], and the elevared DHA
content in mitochondrial phospholipids indicates that
DHA-phospholipids are important for mitochondrial func-
tions [31].

The mitochondrinl phosphorylation system is located in
the lipid bilayer ol mitochondrial inner membrune and it is
composed of five multi-protein enzvime complexes (I1=V).
The passage of electrons releases energy, which is stored in
a proton gradient across the inner mitochondrial mem-
brane. This electrochemical gradient results in the mito-
chondrial membrane potential and builds up the driving
force for complex V., generating ATP [32, 33]. The respi-
ratory chain is highly oxygen dependent and constantly
produces low physiological levels of reactive oxygen spe-
cies (ROS), which may increase in consequence of mito-
chondrial disturbances [33-35].

These ROS are essential Tor muny physiological func-
tions, at low concentrations [36]. Approximately 90 % of
cellulur ROS cun be attributed (o mitochondrin und ure (he
result of leakage of electrons from respiratory chain
[37, 38]. Detoxificution of reactive superoxide unions by
superoxide dismutase (SOD) activity results in the pro-
duction of hydrogen peroxide, which is reduced to water,
catalyzed either by cataluse or glutathione peroxidase
activities [39, 40]. The proteins of the respiratory chain and
PUFAs in milochondrial membranes are key turgets ol
ROS deleterious effects, leading to membrane depolariza-
tion and subsequently impaired mitochondrial function
[34, 41]. The oxidative damage of mitochondrial mem-
branes generales loss ol mitechondrial potential, repre-
senting one early apoptosis characteristic [42, 43]. The
resulting  severe  changes in mitochondrial membrane
potential are pointed to be important for the onset and
progression ol neurodegencrutive discases [35, 44].

The exposure to adverse events early in life may also
profoundly affect brain development, leading to long-last-
ing effects on neuraphysiology. neurohiology and behav-
ior, probably having a key role in the etiology of mood and
anxiety disorders [45]. Two animal models focusing these
adverse carly life events are neonatal handling and
malernal separation, The neonatal handling is i procedure
of removing rat pups from their cages, plucing the unimals
together in small containers, and returning them to their
cages some minutes later [46]. Handled animals, as adults,
exhibil less pronounced inerease in the seeretion of adrenal
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glucocorticoids in response to a variety of stressors and
anenvated fearfulness in novel environments |[47]. Con-
trariwise, early maternal separated animals (separation of
pups from their dams for longer periods) may involve a
range of effects, in adulthood, including changes in the
secretion ol neurotransmitiers, proinllumimatory cylokines,
increased stress hormanes, and epigenetic modifications,
resulling in synaptic remodeling and structural changes in
neurons [48, 49]. Studies from our research group illus-
trated that adult male rats exposed to neonatal stress exhibit
increased DNA breaks index, impairment in nitric oxide
production and altered antioxidant ecnzymatic activity lewel
in hippocampus [50-54].

Bused on the above findings, we hypothesized thut
neonatal stress and exposure 1o a dietary n-3 PUFAs defi-
ciency later in life could interact to produce alterations
related to mitochondrial function. In addition, since evi-
dence suggests that changes in hippocampus might play a
role in mediating shifts across neurogenesis and behavior,
the focuses of these unalyses are on mitochondrial mem-
brane potential, mitochondrial mass, respiratory complexes
actvities. and levels of reactive oxygen und antioxidant
enzymes activities in adult rats’ hippocampus.

Methods
Subjects

Pregnant Wisiar rats bred at our animal facility were ran-
domly selected. They were single-housed in home cages
made of Plexiglas (65 x 25 x 13 ¢m) with sawdust-cov-
ered floors and kept in a controlled environment (lights on
between 07:00 h and 19:00 h, temperature at 22 £ 2 °C,
cage cleaning twice a week. food and water provided). All
litters were culled to eight pups within 24 h after birth and
were kept intact except for separation procedures, which
were carried out between 15:30 h and 19:00 h, Included in
this period were the time required to set up the incubator, to
bring the cages from the facility and bricfly habituate the
dams to the new room, perform careful removal of the pups
from the nest, the tme ol separution per se, the return off
the pups to their dams and, again after a brief period, to
return the cage to the animal facility. Researchers also
changed gloves befare the manipulation of each litter to
avoid the spread of any odors from nest to nest.

The day of birth was considered as postnatal day (PND)
0. and weaning was on PND 21. One or two male pups per
litler were used per group per experiment, Aller weaning,
ruts were housed two o three per cage in home cages
similar to those described above. Forty experimental male
rats, derived from 20 different litters, were used in the
different experiments. After weaning, rats had Iree access
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w food (stundurd lab rat chow) and water until PND 35,
when the experimental diets were offered (see below).
After 15 weeks of exposure to the experimental diets,
animals were decapitated in random order using a small
animal guillotine (Insight EB2717%, Sio Paulo, Brazil) after
6 h ol Lusting. Bruins were removed, und hippocumpi were
apidly dissected. Trunk blood was also collected and, afrer
centrifugation (3000 rpm. 15 min), serum was stored at
~70 °C unril analysis.

This article does not contain any studics with human
participants performed hy any of the authors.

Neonatal Stress Model

Non-Handled group (NH): pups were left undisturbed with
their dums until weaning.

Neonatal Handled group (H): pups were gently removed
from their home cages and placed into a clean cage lined
with clean paper towels, inside an incubator set o 32 “C,
After [0 min. pups were returned to their dams. This
procedure was carried out in the first 10 days of life, after
which pups were left undisturbed until PND 21,

Maternal-Separated group (MS): pups were gently
removed from their home cages and placed into a clean
cage lined with clean paper lowels, inside an incubator set
to 32 °C. After 3 h, pups were retumed to their dams, This
procedure was carried oul in the fiest 10 duys of lile, ulter
which pups were left undisturbed uneil PND 21.

In ull experimental groups, dirty sawdust was carcfully
removed from one side of the cage, without disturbing the
mother and the nest, and replaced by clean sawdust at that
side by the principal researcher,

Dietary Groups and Diet Composition

Ruts were fed either un n-3 PUFAs adequate (1 = 20) or an
n-3 PUFAs deficient (n = 20} diet, both calorically and
nutritionally balanced (PragSolugdes Biociéncias™, Sio
*aulo, Brazil), from PNI 35 until the end of chronic
exposure {15 weeks) period. Food consumption and body
weight were measured weekly, using digital scales
(Marlc™, AS2000C, Sio Paulo, Bruzl), in all groups
(nt = 4=7 for each of the 6 groups, data not shown).
Table | shows the study diets composition,

Ethical Aspects

All animal treatments were approved by the Tnstitutionul
Fthical Commitlee  (Ethical  Committee, Hospital  de
Clinicus de Porto Alegre, number 09-410) und followed the
recommendations ol the International Council for Labora-
tory Animal Sciences (ICLAS). All efforts were taken to
minimize pain or discomfort.
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Table 1 Dictary composition of experimental diets

03 PUFAs 03 PUFAs
adequate deficient
(for 1000 ¢) (for 1000 )
Isvlated suy protein 200 200
Dextrose 200 200
Multodextrin 150 150
Sucrose 100 i
Coconut fat o0 6h
Canola oil 32 4
Flaxsced oil 8 0
Microcrystulime cellulose 50 S
Mineral mix KA) A5
Vitmin mix 10 10
Chlorine chlorine 2.50 2.50
L cystine 250 2.50
Butylated hydroxytoluene 0.02 0.02
(BHT)

Both dicts pravided 4100 keal/1000 g; lipids provided 21.95 % of
totul calories, The main difference between the two dicts was the
concentsation of vegetable oil containing polyunsatucated fatty acids
-3 (-3 PUFASs), The -6 and n-3 PUFAs ratios for the adequate and
deficient dicts were 1.7 and 6.5 respectively

Evaluation of Oxidative Status Parameters

For these measurement, luppocampt were homogenized in
10 vol (w:v) ice-cold 50 mM potassium phosphate buffer
(pH 7.4), containing | mM EDTA. The homogenate were
centrifuged at 1000xg for 10 min at 4 °C and the super-
natant were used.

Determination of Superoxide Dismutase Activity

SOD activity was determined using the RANSOD kit
(Randox Labs,, USA) hased on the procedure described by
Delmas-Beauvieux [55]. This method employs xanthine
and xanthine oxidase 0 generale superoxide radicals that
react with 2-(4-indophenyl)-3-(4-nitrophenol )-5-phenylte-
trazolium chloride (INT) to form a formazan dye that is
assayed by spectrophotometric unalysis at 492 nm wt
37 “C. The inhibition in the production of the chromogen is
proportional 1o the activity of SOD present in the sample;
one unit of SOD causes 50 % inhibition ol the rate ol
reduction of INT under the conditions of the assay.

Determination of Glwtathione Peroxidase Activity
Glututhione peroxidase (GPx) activity was determined
according 10 Wendel [56] with modilications, The reaction

was carried out at 37 °C in a solution containing 20 mM
potassium  phosphate buffer (pH 7.7), 1.1 mM EDTA,
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0.44 mM sodium uzide, .5 mM NADPH, 2 mM glu-
tathione and 0.4 U glutathione reductase, The activity of
GPx was measured using tert-butylhydroperoxide as the
substrate at 340 nnv. The contribution of spontaneous
NADPH oxidation was always subtracted from the overall
reaction rutio, GPX activity wus expressed as nmol NADPH
oxidized per minute per mg of protein.

Determination of Catalase Activity

Catalase (CAT) activity assessment is based upon estab-
lishing the rate ol HaO; degradation by spectrophotometric
analysis at 240 nm ot 25 °C [57]. CAT activity was cal-
culated in terms of micromoles o HaO; consumed per
minute per mg of protein, using a molar extincrion coef-
ficient of 43.6 M~ em ™.

Evaluation aof Free Radicals Production by the Chemical
Oxidation of Dichlorodihydrofluorescein (DCFLH)

The samples were incubated with 2-7'-dichlorodihy-
drofluorescein diacctate {DCFH-DA 100 pM) at 37 °C for
30 min, DCEFI-DA was cleaved by cellular esterases and
the DCFH formed was eventually oxidized by reactive
oxygenfmiirogen species, The formation of the Nuorescent
derivative dichlorofluorescein (DCF) was monitored by
excitwtion und emission wuvelength ol 488 and 525 nm,
respectively, using a SpectraMax MS, The amount of
reactive oxygen/nitrogen species was quantified using u
DCE standard curve using DCI standard curve and results
were expressed as nmoles of DCF formed per mg of pro-
tein [58].

Determination of Totel Thiol Content

This assay measures protein and non-protein thiols; the
larter is mainly represented by the reduced form of glu-
tathione and the method is based in the reduction ol
5,5'-dithinbis-2-nitrohenzoic acid (IDTNB) by thiol groups,
which becomes oxidized (disulfide), yielding a yellow
compound (TNB), whose ahsorption is measured by
spectrophotometric anulysis ut 412 nm. The sulthydryl
content is correlated o reduced thiol groups (including
reduced glutathione) and inversely correlated to  the
oxidative damage to proteins. Results are reported as nmol
TNB/mg protein [59].

Mitochondrial Mass and Membrane Potential
Measurement

MitoTracker was used for mitochondrial function analysis
in cell suspensions of hippocampus obtained by gentle
mechunical  dissociation using  a lire-polished  Pusteur
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pipette with PBS (100 mM, pH 7.4) containing collagenase
(0.01 mg/mL) 1o a density of about 200,000 cells/mL., The
dissociated contents were then filtered into a sterile 50 ml.
Falcon tubes (BD Biosciences) through 40 pm nylon cell
strainer (Cell Filter Strainer—BD Biosciences) and kept on
ice until mitochondrial staining, MitoTrucker Red (MTR or
Chloromethyl-X-rosamine) and MitoTracker Green (MTG)
dyves were used 1o assess mitochondrial potential (Aw) and
mass, respectively. Samples as described earlier were
stained with 100 nM MTR and 100 nM MTG for 45 min at
37 °C in a water hath in a dark room, according to the
method deseribed by Weis ¢t al, [60], Immediately after
staining, cell suspensions were analyzed by flow cytometry
(FACSCalibur). MitoTracker dyes were excited using 488
air-cooled argon laser. Negative controls (samples without
stain) were included for setting up the machine voltages.
Controls stained with a single dve were also employed to
allow the setting of compensation. The emission of fluo-
rochromes was recorded through detectors and specific
band-pass fluorescence filters: red (FL3; 670 nm long puss)
and green (FL.1; 530 nm/30). Fluorescence emissions were
collected using logarithmic amplification. Bricfly. duta
from 10,000 events (intact cells) were acquired and mean
relative fluorescence intensity was determined after
exclusion ol debris events. All fow cylomelric acquisitions
and analyses were performed using CELLQuest Pro data
weyuisition (Becton-Dickinson, San Jose, CA) and FlowJo
analysis software respectively. Data were analyzed and
plotted by density as a single-parumeter histogram  that
shows the relative fluorescence on the x-axis and the
number of events (cell count) on the y-axis. The histograms
were divided in two halves (named cells with low and high
mass or potential), based on the peak of the controls for
MTG und MTR. and this evaluation wus extended o all
data in each parameter. Using this method, analyses of cells
resulted in two populations, with different mitochondriul
mass and Ay, The first population presented low mass or
AW and the second, high mass or Ay, The lower accu-
mulation of MTG or MTR, and thus lower fluorescence
values would be indicative of decrcased mitochondrial
mass or Ay [61, 62].

Determination of Respiratory Chain Activity

Brain structures were freshly homogenized with a teflon—
glass homogenizer (1:20, w/v) in SETH buller (250 mM
sucrose, 2 mM EDTA, 10 mM Trizma base), pHl 7.4, for
determination of respiratory chuain complexes activities.
The homogenates were centriluged at 1000 g for 10 min at
4 °C und the supernatunts were immediately Irozen ut
=70 “C and kept at this temperature until analyses, Mito-
chondrial energy metabolism was evaluated using enzy-
matic analysis of the electron trunsport chain (ETC)
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activities. The activities ol the ETC complexes -1, T and
IV were determined in homogenates according to standard
methods previously described in the literature [63—65]. The
activity of complex [=I11 (complex 1 + CoQ + IT) was
assessed by measuring the increase in absorbunce due to
cylochrome ¢ reduction at 550 mim according o the method
described hy Schapira et al. [65]. The reaction mixture
contained 5-10 pg ol prowin and 20 mM potassivm
phosphate buffer with 2 mM KCN, [0 mM EDTA and
50 mM cytochrome ¢, pH 8.0, The reaction was initiated
hy adding 25 mM NADH and was monitored at 25 °C for
3 min before addition of 10 mM rotenone, after which the
activity was measured for additional 3 min. Complex [-IT1
actvity wus the rolenone sensitive NADH: eytochrome ¢
reductase activity, The activity of complex Il [succinate:
2.6-dichlorophenolindophenol (DCIP) oxireductase] was
determined according to Fischer et al. [63), following the
decrease in absorbance due to the reduction of 2.6-DCIP at
600 nm. The reaction medium consisting of 40 mM
potassium phosphate buffer, pH 74, 16.0 mM sodium
succinate and 8 pM DCIP was preincubated with 30-60 pg
protein at 30 °C for 20 min. Alter that, 5 mM sodium
azide, 8 uM rotenone and 50 pM DCIP were added to the
medium and monitored for 5 min. Cytochrome ¢ oxidase
(COX, complex 1V) activity wus delermined according (o
Rustin et al. [64], following the decrease in ubsorbance due
W the oxidation of previously reduced cylochrome ¢ ut
550 nm, The reaction was initiated adding 0.175 mg
reduced eytochrome ¢ in a medium containing 10 mM
potassium phosphate bulter, 0.6 mM n-dodecyl-f-p-mal-
toside, pH 7.0 and 1.5-3 pg protein, The activity of com-
plex 1V was measured at 25 °C lor 10 min. The activity of
respiratory chain complexes were calculated and expressed
as nmol per min per mg ol protein.

Statisticul Analyses

Data were analyzed using (wo-way analysis of variance
(ANOVA; neonatal intervention and diet as factors), with
Duncan post hoc analysis when appropriate. Data are
expressed as mean + standard error of the mean (SEM).
Signilicance levels lor all measures were st at p = 0,05,
Statistical Package for the Social Sciences (SPSS, SPSS
Ine, Chicago, 11.) version 18.0 was used for the statistical
analyses.

Results

SOD Activity wus ussessed in hippocampus after 15 weeks
of treatment with diets. The two-way ANOVA demon-
strated no effects of diets [F(1,32) = 0.080, p = (L.780],
nconatal intervention [handling and maternal scparation,
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F(2,32) = 0.264, p =0.77] or interactions [F(532)=
0.324, p = 0.894] on SOD activity (Iig. la).

Considering glutathione peroxidase activity in hip-
pocampus, we obhserved an effect of diet [two-way
ANOVA, F(1.37) = 9444, p = (.004], since rats fed an
n-3 PUFAs deficient diet displayed higher glutathione
peroxidase activity compared to rats fed an n-3 PUFAs
adequate diet (Fig. 1b). Additionally, two-way ANOVA
revealed an interaction among diet and neonaral stress
[two-way ANOVA. F(5.37) = 2.856, p = 0.030], indicat-
ing that animals fed n-3 PUFAs deficient diet showed
higher increase in glutathione peroxidase activity when
they had been subjected to an intervention early in life
(hundling or maternal scparution) (Fig, 1b, Duncan post
hoc test: p < 0,05). No group effects [two-way ANOVA,
F(2.37) = 1.031. p = 0.368] were observed,

A dier effect [two-way ANOVA, F(139) = 7.233,
p=0.011]7 was observed on catalase activity. demon-
strating that animals fed n-3 PUFAs deficient diet showed
higher levels than animals fed n-3 PUFAs adequate diet
(Fig. Ic). No group effects [F(2,39) = 0.547, p = 0.584]
or interactions  [F(539) = 1.971, p=0.108] were
observed.

No group, diet or interactions differences were ohserved
on the ratios of SOD (o glutathione peroxidase or catalase
enzymatic activities in hippocampus [data not shown,
p > 0.05].

The evaluation of free radicals production, in hip-
pocampus, by the chemical oxidation of dichlorodihy-
drofluorescein (DCELD was performed. Two-way ANOVA
demonstrated a diet effect [F(1,39) = 5.548, p = 0.024],
since animals fed n-3 PUFAs deficient diet showed higher
DCFH production in hippocampus, compared to animals
led n-3 PUFAs adequate diet (Fig, 2u). Importuntly, the
results revealed an interaction among diet and neonatal
stress  groups  [two-way  ANOVA,  F(5,39) = 2.533,
p = 0.047]. since DCF levels were increased with the
deficient diet only in groups that were subjected o neonatal
interventions (Fig. 2a).

Statistical analysis of total thiol content revealed a
neonatal stress effect [two-way ANOVA, F(2,37) = 5.241,
p = 0.011], since animuls subjected 1o nconutal interven-
tions displayed lower thiol content (Fig, 2b, Duncan post
hoc test: p < 0.05). There was also a diet effect
[F(1.37) = 4881, p = (L034], since animals fed n-3
PUFAs deficient diet showed higher thiol content than
animals fed n-3 PUFAs adequate diet. Additionally, inter-
actions among diet and neonatal stress were observed [two-
way ANOVA, F(5,37) = 4.868, p = 0.002], since the
deficient diet-induced increase in thiol content was higher
in handled and maternal separated animals (Fig. 2b),

Considering mitochondrial mass, statistical analysis
showed no clffects of neonatal interventions, dict or
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interactions [two-way ANOVA, p == (.05, duta not shown].
On the other hand. neonatal intervention showed a signif-
icant effect on mitochondrial membrane potential (Fig. 3a,
¢) [two-way ANOVA, F(239) = 3.347, p = 0.47],
reducing this purameter, especially on handled animals. No
elleets ol diet or interactions were vbserved (p = 0.05),

Mitochondrial respiratory chain activities were deter-
mined in  hippocampus of male rats alter chronic
(15 weeks) trearment of n-3 PUFAs adequate or deficient
diet. Hippocampal complexes 1-HL 11 and IV activities
demonstrated no significant differences among all experi-
mental groups (p = 0.05, data not shown),

Discussion

We hypothesized that neonatal stress and exposure o a
dietary n-3 PUFAs deficiency later in life could interact to
produce alterations on hippocampal mitochondrial lunction
and oxidative stress parameters. We observed interactions
hetween these factors, in such a way that n chronic treat-
ment with deficient n-3 PUFAs diet inereased antioxidant
enzymes activities {glutathione peroxidase and catalase),
free radicals production and thiol content, when compared
0 adequate n-3 PUFAs diel treatment, with these increases
observed mainly in animals that had been subjected to
neonutil stress interventions, Additonully, reduced mito-
chondrial potential was observed in animals subjected (o
neonatul interventions, speciully in unimuls handled in the
neonatal period,

When analyzing these results, it is important to
emphasize the distinct n-6:n-3 ratio ol PUFAs content in
these different dietary treatments (adequate: 2:1 ratio,
deficient: 6:1 mtio), Pathways related 1o n-3 PUFAs are
anti-inflammatory while those involving n-6 PUFAs are
pro-inflammuatory [66]. Both series of PUFAs compete with
each other for the same enzymes [67, 68]. In this sense, a
balanced n-6:n-3 ratio is necessary for metabolic home-
ostasis. Although our n-3 PUFAs deficient diet exhibits
only a mild deficiency in n-3 PUFAs, this intervention was
able to increase, in hippocampus, glutathione peroxidase
and catuluse uctivities, SOD levels remained unchanged in
all experimental groups and the ratios SOD/GPx and SOD/
CAT were not altered. Another important data observed in
this is study was the higher thiol levels in hippocampus,
induced by n-3 PUFAs deficiency. Thiol content correlates
inversely to the oxidative damage to proteins. This evalu-
ation also includes the levels of reduced glutathione,
therefore it is also possible that the cell increased the
production ol this peptide in order to adjust o GPx
increased activity, since it is used by that enzyme as a
hydrogen donor. Although we did not measure oxidative
damuge. the results observed in the present study could
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Fig. 1 SOD. glutsthione peronidase and catuluse wctivity in hip-
pocampus  wlter chronic (15 weeks) treatment with n-3 PUFAs
adoquate or deficient diets, Data expressed as mean + SEM of 5-7
animalsfgroup, 8 The two-way ANOVA demonstrated no eflects of
diets, neomital interventions (handling or maternal separation) or
interactions among all factors on hippocampus SOD activity (two
way ANOVA, p = 0050 b Two-way ANOVA demonstruted o dict
eftect [*, two way ANOVA, Fi(1,37) = 9444, p = 0.004], and an

suggest un altered susceptibility o oxidutive stress. It is
possible that the observed increase in antioxidant enzymes
might be a hippocampal response, an attempt to compen-
sate for the increased free radicals production, also
enlarged by n-3 PUFAs deficiency. (rying o prevent cel-
lular proteins, DNA and lipids damage.

Interactions between neonatal interventions und  diet
were observed on several ol the purameters related
oxidative imbalance. It is interesting to observe the similar
profiles of ROS production, GPx activity and total thiol
content among neonatal stress groups receiving adequate or
deficient n-3 dicts. It is possible o speculute that these
parameters are related in their responses, and the amount of
ROS production may be reflected on GPx activity and on
thiol content (particularly gluthatione; see [69], since it
would be necessary (o GPx action), MS animals had lower
ROS production, and thiol content. It is difficult ro

64

mteraction wmong divts and neonatal stess groups [F15,37) — 2,856,
2 = 0,030] in hippocampus glutathione peroxidase acuvity, No group
efteets were ohserved, Difrerent lerers indicate statistical differences
(Duncan post hov test: p o< 0.05). ¢ Two-way ANOVA demonsteated
a diet effect [, two way ANOVA, [(1.39) = 7.233, p — 0.011], and
no group effects or interactions {(two-way ANOVA, p = 0.05) on
hippocumpus catalase sctivity

determine at this time il this lower set point would be
favorable or not, since some ROS production is important
for different cellular functions, including metabolic reac-
tions and cellular signaling [70].

A recent study was uble (o demonstrute that o (rans-
generational n-3 PUFAs deficiency increased lipid perox-
idation, SOD and cataluse  activity in striatum  and
substantia nigra in dillerent ways, even in dillerent gen-
erations and development stages [71]. Taken together, our
results concerning the effects of n-3 PUFAS deficiency in
hippocampus shows the importance of this dietary content
to maintain an cflective redox bulance in this structure.
These results reinforce the hypothesis that n-3 PUFAs
dietary deficiency might increase the risk of certain neu-
rological, mood or memory impairments, since hip-
pocampus plays a key role in these functions and oxidative
stress has been implicated in those disturbances [72].
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Fig. 2 Froe radicals production and thiol content in hippocampus
were determined ufter chronie (15 weeks) treatment with n-3 PUFAs
adequute or deficient diet. Duta expressed as mean £ SEM of 5-7
animalsfgroup. 1 Two-way ANOVA demonstruted a diet effect
[F(1.3%) = 5548, p = 0021, and an intersction among dicts and
neonatal steess groups [FI5.39) = 2,523, p = 0.047] on hippocampus
Iree rudiculs production. No group ellects were observed (p < 0.05),
Different letters indicate statistical differences (Duncan post hoe test:

Group p=0 624
¥ Dint gm0 024
Interacion, 0=0.047

Neonatal interventions groups showed decreased mito-
chondrial membrane potential compared to intact animals
(NH), and this eflect was particularly prominent in handled
animals. This result might be related to an early apoptosis
characteristic, mayhe induced by oxidative damage.
Noschug et al. [SO] reported that neonatul handled male rats
display. when adults, higher DNA break levels in hip-
pocampus, what conld be due to oxidative imbalance.
Another focus to consider are the possible epigenetics and
post translational modifications involved in these pro-
cesses. Perhaps the findings observed in the present study
might also imply that our deficient diet was able 1o sig-
nificantly alter the machinery of antioxidant enzymes. Our
group and others have already demonstrated that neonatal
handling leads to differences in adolescent and adult rats on
neurochemical and behavioral parameters [S0-54, 73], We
also demonstrated that H and MS. exposed chronically to
n-3 PUFAs deliciency, displayed lower brain derived
neurotrophic factor protein in hippocampus (BDNF) [20].
Together, the BDNT reduction, oxidative imbalance, and
reduced mitochondrial potential suggest mitochondrial
involvement in hippocumpul modulation of neuroprotec-
tion andfor injury in neonatal stressed animals. More
studies are necessiry o clucidate possible involvements of
epigenetics and mitochondrial biochemical machineries as
a vulnerability factor of nconatal stressed animals.

Additionally. no effects of diet or neonatal interventions
were observed on the activities of respiratory chain com-
plexes. Therefore, the reduced mitochondrial potential
observed in hundled unimals could be reluted to other
mechanisms, such as uncoupling proteins |74, 75). Taken
together, these results could suggest that animals subjected

4?_.' Springer
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Thiol Content in Hippocampus
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o:av‘ > M AN Inlecoabiar. p-0.002
P 005, b Twoway ANOVA  demonstrated o diet  effect

(", FULAT) = 4.881, p = 0.0034), und u neonutul stress intervention
effect [*, F(2,37) = 5.241, p=0.011], ux well as an intersction
amuong diets and neonatal stress groups [F5.37) = 4.868, p = 0.0612]
on hippocampus thial content (Duncan post hoe test: p = O415).
Dilferent Jetters indicate o statistical interaction difference among
diets and neonatal stress geoups (Two-way ANOVA, p = 0.05)

to neonatal interventions such as those used in the present
study exhibit a higher susceptibility to energetic demands
in hippocampus, and are more allected by deliciencies in
their diets, that could lead to oxidative imbalance in hip-
pocampus, such as an exposure to a n-3 deficient diet from
the puberty period.

More studies are necessary o elucidate possible mech-
anisms involved in these processes. Despite the statistically
significant reduction in the number of cells with high
potential, the fact that no ditlerence wus observed in
numbers of low-potential cells, and the lack of changes in
mitochondrial complexes activilies raises concerns about
the real biological significant of this result. Therefore, it 1s
also possible that mitochondrial function is not signifi-
cantly affected. However, this reduction in cells with high
potential could lead to cells less able to respond to higher
energy demands. Another point to be considered is whether
these modilications ure permanent or nob, Le., il the access
to an adequate diet would reverse the oxidative imbalance
observed, This question remains o be answered,

Conclusions

In conclusion, we observed that a chronic treatment with
deficient n-3 PUFAS dict from the puberty period causes an
increase in free radicals production and an unbalance in
antioxidunt enzymes uctivities, compured (o und udeguute
n-3 PUFAs diet treatment, and these increases were
observed mainly in animals that had been subjected to
neonatul interventions,
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| Abstract

| Background: Although several studies have reported an association between mental disorders and serum levels of
| brain-derived neurctrophic factor (BOWF), this assodiation is still poorly understood. The study of factors associated
| with bioth BOMF levels and mental disorders, such as n-3 polyunsaturated fatty acids (n-3 PUFAs), may help to

| elucidate the mechanisms mediating the relationship between the two variables. Therefare, the present study

| aimed to evaluate whether the intake n-3 PUFAs correlates with serum levels of BOMF,

| Findings: This study invelved 137 adolescents drawn from a community sample, including a group with high levels
| of anxiety, assessed using the Screen for Children and Aniety Related Emotional Disorders. Blood samples were

| collected and serurn BOMF levels were measured. n-3 PUFAs were estimated using a food frequency questionnaire
| for adolzscents, Comelations were performed to assess the association between n-3 PUFAs intake and BOMF lavels.

| Effects of potential confounders (tofal fat consumption, age, gender and anxiety) were examined using linear

| regression models, There was a direct comelation between n-3 PUFAs consumption and seram BONF levels, which

| remained significant even after accounting for petential confounders,

| Conclusions: We were able to detect a comelation between n-3 PUFAs intake and peripheral BONF levels, Cur

| study was lirmited by its small sample size, and our external validity may be restricted by the oversampling of

| anxious adolescents. Qur findings may help determine the nature of the association between mental disarders

| and serum levels of BDNF. However, mare studies are needed to elucidate the possible mechanisms by which n-3
| PUFAs intake affects BONF levels, and how this may lead to an increased vulnerability to psychiatric disorders.

Keywords: Anxiety, Children, Adolescents, SCARED, BONF

Background
Brain-Derived Neurotrophic Factor (BDNF) is a dimeric

protein thought to be involved in neuronal survival and
synaptic plasticity, and to be an important biomarker for
psychiatric conditions such as depression and bipolar dis-
order [1-3]. 1t is & member of the growth factor family and
acts as a regulator of synaptic plasticity, synaptogenesis, as
well as neuronal survival and differentiation [4-6]. There-
fore, the understanding of processes associated with bath
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BDNF levels and mental disorders may ultimately help de-
termine the underlying mechanisms responsible for the
association between these two variables,

Studies of human subjects have demonstrated that lower
per capita fish/seafood consumption, which can be used
a8 a surrogate measurement of n-3 polyunsaturated fatty
acids (PUFAs) dietary intake, is associated with a higher
prevalence of bipolar spectrum disorders (78], major de-
pression [9,10] and postpartum depression [11,12], Experi-
mental studies in rats demonstrate that polyunsaturated
fatty acids (PUFAs} could modify brain BDNF levels
[13-15] and may play an important role in the function
and structure of many membrane proteins [16,17]. Never-
theless, there is still a need to investigate whether the
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relationship between dietary n-3 PUFAs intake and BDNF
translates to humans, In light of these above findings, the
aim of the present study was to evaluate whether the con-
sumption of n-3 PUFAs corvelates with serum BDNF
levels in humans.

Findings

The current study involved 137 adolescents drawn from a
community sample, including a group with high rates of
anxiety (64.6% female; mean age 13.9 years, 5D = 242, as
assessed by the Screen for Children and Anxiety Related
Emotional Disorders (SCARED) [18]. A detailed descrip-
tion of the sampling process can be found elsewhere [19].
Briefly, all quartiles of the distribution of SCARED scores
were equally represented in the sample (Le, no to very
low anxiety, mild anxiety, moderate anxiety and severe
anxiety), although there was an oversampling of partici-
pants in the upper quartile (severe anxiety). The SCARED
inventory comprises 38 items that can be grouped into
subscales according to the different anxiety symptoms in-
vestigated, and consists of a screening tool for DMS-[V
childhood anxiety disorder. The present study was ap-
proved by the Research Ethics Committee of the Hospital
de Clinicas de Porto Alegre (GPPG/HCPA, protocol
number 08-481). Informed consent was provided by all
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primary caretakers, and all adolescents assented to partici-
pate in the study,

Blood samples were collected between 7 and 10 am after
a fasting period of 10-12 hours, centrifuged for 5 minutes
at 4500 rpm, and serum was stored at ~-80°C in order to
measure BDNF levels, All BDNF measurements were
performed on the same day by sandwich-ELISA using
monaclonal antibodies specific for BDNF (R&D Systems,
Minneapolis, Minnesota), according to the manufacturer’s
instructions. The intra-assay and inter-assay coefficients of
variation were 3.7 and 85%, respectively, n-3 PUFAs
intake was estimated by a food frequency questionnaire
administered to the adolescents (FFQ) [20]. The quan-
titative analysis of macro and micronutrient intake was
petformed using the NutriBase® software (Version NE7
Network) [Phoenix, AZ, USD|. Spearman correlations
were performed to assess the association between n-3
PUFA intake and BDNF levels. The effects of potential
confounders (total fat intake, age, gender and symptoms
of anxiety) were examined using linear regression models
iinvolving log-transformed BDNE values, logBDNE).,

The correlation between n-3 PUFA intake and BDNF
levels was statistically significant, r;=0.172, p=0.043
iFigure 1), Multivariate linear regression models showed
that even after controlling for the confounders, n-3 PUFA
intake was associated with higher levels of logBDNF

100, 5E

A0,00=

B, 0=

BDNF (mg /mL)

40,06

20,06

R |

g '..r:'l.'l J.rIJI.'
ni-PUFAs (giday)

Figure 1 Correlation between n-3 polyunsaturated fatty acids (n-3 PUFAs) intake (g/day) and peripheral levels ing/mL) of brain-derived
neuratraphic factor (BDNF), The comelation between n-3 PUFAS intake and BONF lavels was statistically significant (r= 0072, p=0043)

i 1
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{beta = 463, =283, p=0005). No evidence of collinea-
rity was found in the model.

Discussion

We were able to show that n-3 PUFAs intake is asso-
ciated with serum BDONF levels in adolescents, corrobo-
rating to the suggestion that the relationship between
mental disorders and BDNF may be mediated by the in-
take of nutrients such as n-3 PUFAs, This may influence
the cellular and physiological processes involved in
psychiatric/mood disorders, such as the fatty acid com-
position of cellular membranes, the modulation of
behavioral systems, neurodevelopment, and oxidative
stress in specific brain areas [21-25].

Studies suggest that n-3 PUFA-depleted rodents ex-
hibit changes in emotional status such as elevated ag-
gression, depression and anxiety [26-31). Moreover, the
dietary deprivation of n-3 PUFAs in rats may lead to
changes in the expression of BDNF in the frontal cortex,
in cAMP response element binding protein (CREE) ac-
tivity and reduce p38 mitogen-activated protein kinase
{MAPK} activity [13].

It is noteworthy that the food frequency questionnaire
used in the study contained a varied list of 94 foods or
drinks [20,32]. Thus, the corresponding food sources to
the n-3 PUFAs consumption among students were di-
verse, including vegetable oils and products/preparations
based in oils (eg biscuits, mayonnaise and fried foods),
according te caleulations performed with the values
depicted in the American Food Table [33]. Besides fish
and oils consumption, red meat is also considered a
source of n-3 PUFAs [34], and our region is especially
known to have a high consumption of meat. A national
survey conducted in both urban and rural areas through-
out the country with analysis of individual food consump-
tion in Brazl from 2008-2009 [35], reported that the
Southern region of Brazil, including the State of Rio
Grande do Sul, where the city Porto Alegre lays, was iden-
tified as ome of the leading regions in the consumption of
red or pork meat. Besides, it was also observed that among
10 to 13 years old population, the n-3 PUFAs displayed a
high daily consumption (mean: 1.5 g) in this region, com-
pared to other Brazilian regions. Meat intake is tradi-
tionally high and typical from our region, which could
probably corroborate to the high n-3 PUFAs consumption
levels evidenced in this study.

It is important to note that our study is limited by its
small sample size, and that the oversampling of anxious
adolescents may restrict our external validity, However, in
spite of these limitations, we were able to detect a cor-
relation between n-3 PUFAs consumption and serum
BDONF levels. The extent to which peripheral BDNF levels
are representative of central nervous system BDNT levels
remains to be investigated, although positive correlations
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between serum and cortical BDNF levels have been re-
ported in preclinical studies [36], and cellular and beha-
vioral brain functions have been found to be modulated by
peripheral BDWF [37]. Furthermore, serum BDNF levels
have been associated with neuronal integrity in healthy
subjects [38] and decreased BDONF peripheral levels (ie.
serum or plasma) have been consistently found in patients
with mood disorders [39,40]. BDNF is implicated in a
variety of neural processes and is related to neuronal de-
velopmental stages in both animals and humans [39],
Lang, Hellweg, Sseifert, Schubert and Gallinat, 2007 [38]
reported that serum BDNF protein concentrarion might
reflect some aspects of neuronal plasticity in the living hu-
man brain, playing a role as regulators of neuronal survival
and differentiation. Similar findings have been reported by
Poo, 2001 [6]. Recent studies demonstrate that decreased
peripheral BDNF levels are consistently related to disease
activity and progression in bipolar disorder [41] as well as
to the cognitive impairment seen in patients following
their first psychotic episode [42]. More studies are needed
to elucidate the possible mechanisms by which n-3 PLFAs
consumption affects BDNF levels and influences the
vulnerability to psychiatric and mood disorders, especially
during certain life stages such as adolescence.
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Esta tese apresenta resultados de como procedimentos experimentais
aparentemente indcuos no inicio da vida (manipulacdo neonatal e separagdo materna),
bem como a diminuicdo de consumo de &cidos graxos poliinsaturados da familia dmega
3 (n-3 PUFA), em um modelo experimental de roedores (ratos Wistar machos) e do
estudo com uma populacdo de adolescentes em idade escolar, podem afetar padrdes

comportamentais e bioguimicos, central e sistemicamente.

Mais especificamente, esta tese demonstrou no capitulo 1 como a manipulagéo
neonatal (MN) e a separacdo materna (SM) apresentam efeitos sobre o ganho de peso
corporal e consumo de racdo em ratos, sendo estes mais evidenciados quando
consideramos o grupo submetido a SM em relacdo ao grupo controle. Considerando 0s
dados comportamentais deste capitulo, nenhuma alteracdo de sintomas depressivos —
mensurado pelo teste de nado for¢ado — foi encontrada entre os grupos estudados. Ja o
comportamento de busca de recompensa — medido pelo teste de preferéncia de solucéo
doce — apresentou uma discreta alteracdo durante a realizacdo do experimento, sendo
apresentado um maior consumo de substéncia doce pelos animais submetidos a SM
durante a segunda hora de exposi¢éo a esta substancia. Entretanto, este efeito ndo foi de
permanéncia consistente, conforme evidenciado pela reversdo desta diferenca ao final
do teste. Por outro lado, a atividade locomotora em resposta a um psicoestimulante
indicou um aumento na resposta de exploracdo por animais submetidos a MN em
relacdo aos outros grupos experimentais. Analisando 0s parametros bioquimicos
estudados por este capitulo, nenhuma das intervencdes neonatais ou dietéticas
apresentaram efeitos sobre as concentracdes proteicas séricas de neurotrofina derivada
do encéfalo (BDNF) ou sobre a expressdo génica de RNA mensageiro de BDNF no
hipocampo. Contudo, reportamos a diminuicdo dos niveis proteicos hipocampais de

BDNF induzida pela deplecao dietética em n-3 PUFA.
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Neste estudo tanto a exposicdo a um ambiente adverso durante o inicio da vida,
quanto a uma dieta deficiente em n-3 PUFA foi capaz de influenciar desfechos
comportamentais e bioguimicos durante a idade adulta. A abordagem metodoldgica
adotada (e.g. deficiéncia dietética em n-3 PUFA) resultou na diminuicdo dos niveis
proteicos de BDNF hipocampais. Adicionalmente, a exposi¢do a diferentes tipos de
intervencdes durante o periodo neonatal (MN e SM) apresentou efeitos distintos sobre o
consumo de alimento e o ganho de peso corporal. Animais submetidos a SM
apresentaram peso corporal, consumo de racdo e de solugdo doce aumentados, enquanto
animais submetidos a MN apresentaram uma menor variacdo de ganho de peso em
relacdo aos outros grupos, além de atividade locomotora aumentada em resposta a um

psicoestimulante.

Para assegurar uma adequada funcdo neuronal, o SNC requer elevados niveis
de n-3 PUFA, particularmente do &cido docosaexaenoico (DHA), sendo que qualquer
alteracdo em sua disponibilidade ou em sua quantidade nas membranas fosfolipidicas
pode comprometer fungdes cognitivas e comportamentais [322]. Através do protocolo
metodolégico induzido neste estudo, podemos inferir que o padrdo deficiente em n-3
PUFA afetou a capacidade de sintese de DHA encefalico. A deficiéncia de DHA
durante a maturacdo encefalica reduz a plasticidade, alterando fungdes encefalicas na
idade adulta [388]. Portanto, niveis dietéticos adequados de DHA séo necessarios para a
resiliéncia neuronal e para a optimizacdo da atividade cerebral, fornecendo mecanismos
protetores contra transtornos neurologicos [388], podendo também reduzir a
vulnerabilidade para transtornos mentais ou déficits cognitivos durante a idade adulta

[388].

Nas Ultimas cinco décadas, a dieta de paises ocidentais apresentou uma

acentuada queda na composi¢do de n-3 PUFA ingerido, com reportado aumento no
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consumo de alimentos ricos em n-6 PUFA [389]. Estas alteracbes nos habitos
alimentares foram sugeridas como potenciais fatores para alteracbes de humor ou
incidéncia de transtornos psiquiatricos [390]. Neste contexto, alguns estudos apontaram
que a deficiéncia em n-3 PUFA possa ser um importante fator para a prevaléncia e
gravidade de quadros de depressdo [331, 391-393], embora alguns autores enfatizem
que uma relacdo causal entre estes fatores ndo possa ser estabelecido [394]. Existem
também evidéncias de que a exposi¢do cronica ao estresse durante o inicio da vida
possa aumentar o desenvolvimento de transtornos afetivos [167, 232, 395]. Desta
maneira, propomos que a deficiéncia em n-3 PUFA poderia comprometer a resisténcia
ao estresse, sendo investigados os efeitos relacionados desta deficiéncia e combinados
ao estresse neonatal (MN e SM) sobre parametros comportamentais e niveis de BDNF
de ratos adultos. Conforme mencionado previamente, fomos capazes de demonstrar que
0s niveis séricos de BDNF ndo se alteraram por esta deplecdo em n-3 PUFA, mesmo em
associacao ao estresse neonatal, embora seus niveis proteicos estejam diminuidos no

hipocampo.

Pesquisas demonstraram que os niveis plasmaticos de BDNF séo alterados nos
diferentes estados de humor [213, 220, 228]. Por outro lado, discrepancias foram
encontradas entre estes achados. Fernandes et al. [214] reportaram que 0s niveis de
BDNF diminuiram significativamente durante os episédios de mania e depressdo,
sugerindo acdo desta molécula como potencial marcador periférico da progressao do
Transtorno Afetivo Bipolar (TAB) [213, 214, 219, 220, 222, 232, 233]. Considerando
que a abordagem de deplecdo crénica em n-3 PUFA foi capaz de diminuir os niveis de
BDNF hipocampal em ratos, hipotetizamos que um declinio nos niveis centrais desta
neurotrofina poderia ser uma das primeiras alteracdes no SNC a ocorrer em transtornos

psiquiatricos, precedendo qualquer modificacdo dos seus niveis periféricos.
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De modo interessante, a expressao dos niveis de RNA mensageiro hipocampal
de BDNF permaneceu inalterada. Desta maneira, a reducdo dos niveis proteicos de
BDNF hipocampal em animais submetidos a deficiéncia cronica de n-3 PUFA poderia
ser explicada por distintos mecanismos pos-traducionais, incluindo processamentos
alternativos para a maturacdo da proteina ou possivel degradacdo da molécula proteica
de BDNF. Os mecanismos que compreendem estas modificagdes pos-traducionais,

neste caso especifico, ainda ndo foram completamente elucidados.

A relagdo dietética entre as razes de n-3 e n-6 PUFA também é considerada
um importante elemento para a compreensao dos efeitos nutricionais sobre os diversos
componentes biolégicos. Conforme relatado por Clarke et al. [317] animais submetidos
a SM apresentam um aumento da relacdo n-6:-n3 PUFA, primariamente resultante da
reducdo de n-3 PUFA plasmatico. Sendo assim, uma mediana deficiéncia dietética em
n-3 PUFA, como aplicada em nosso estudo (razes n-6:n-3 PUFA: dieta adequada 2:1,
dieta deficiente 6:1), pode ter efeitos amplificadores em individuos ja deficientes.
Bhatia et al. [388] demonstraram que reducfes nos niveis de DHA cerebral e 0 aumento
da relagdo n-6:n-3 PUFA, bem como o decréscimo dos niveis de BDNF e de suas
sinalizacBGes por intermédio do receptor tirosina cinase B (TrkB), em proporcédo aos
niveis de DHA, reduzem as ativacfes de moléculas sinalizadoras relacionadas ao BDNF
em determinadas areas (e.g. proteina de ligacdo ao elemento responsivo a adenosina
monofosfato ciclico, CREB). De acordo com esses autores, ratos alimentados com uma
dieta deficiente em n-3 PUFA apresentaram diminuicGes nos niveis de BDNF e fosfo-
CREB no hipotalamo e no hipocampo, sem alteracGes destes pardmetros no cortex
frontal, comparados aos ratos alimentados com uma dieta adequada em n-3 PUFA.
Também neste estudo todas as areas apresentaram diminuigdes nos niveis de TrkB

fosforilado. Nossos achados corroboram com esses dados, sendo encontrada em nossa
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publicacdo que uma ténue diminui¢do nas razbes n-6:n-3 PUFA foi suficiente para

reduzir os niveis proteicos de BDNF hipocampal.

Considerando as relagdes entre intervencdes neonatais e 0s niveis hipocampais
de BDNF, Garoflos et al. [396] relataram que o procedimento de MN € capaz de ativar
receptores de neurotransmissores, ocasionando o aumento da concentragdo de calcio
intracelular, da fosforilagcdo do fator de transcricdo de CREB e da expressdo de BDNF
no hipocampo de ratos. Ja Lippmann et al. [397] evidenciaram a diminuic¢éo dos niveis
hipocampais de BDNF maduro em animais submetidos a SM, embora os niveis de pro-
BDNF permanecessem inalterados. Em nosso estudo, ndo encontramos diferencas nos
niveis de BDNF entre os grupos estudados. Esta discrepancia entre os resultados pode
ser explicada pelas diferencas nos protocolos de manipulacbes aplicados, visto que
outros autores utilizaram periodos mais longos ou mais curtos de execuc¢do de separacdo
(e.g. 2, 4 e 8 horas somente no dia poés-natal [DPN] 1 [396] ou 180 minutos entre 0s
DPN 2 a 14 [397]). Outra possivel explicacdo se justifica no fato de que a idade de
quantificacdo dos niveis de BDNF influenciaria os resultados desses estudos: Garoflos
et al. [396] mensuraram os niveis de BDNF 2, 4 e 8 horas ap6s o final do procedimento
de manipulacgdo, enquanto Lippmann et al. [397] o mediram apenas no DPN 95. Em
nossa abordagem metodoldgica, analisamos as medidas hipocampais e séricas de BDNF
no DPN 150. Embora o BDNF seja apontado como um dos principais fatores
neurotroficos para a funcdo do SNC, diferenciados cursos temporais de exposi¢cdes aos
padrdes nutricionais avaliados ainda necessitam estimar seus reais efeitos sobre os
niveis desta neurotrofina. Investigamos no presente estudo se diferentes razbes
dietéticas em n-6:n-3 PUFA, associadas ao estresse neonatal, modificariam os niveis de
BDNF. Talvez as modificagdes dos niveis hipocampais de BDNF ap0s intervencoes

neonatais possam ser mais pronunciadas durante os estagios iniciais da vida. Outros
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estudos sdo necessarios para verificar se 0s mecanismos relacionados ao processamento
de BDNF diferem dos padrBes fisioldgicos apOs exposicdo ao estresse neonatal.
Também se torna indispensavel identificar as regides do SNC e as circuitarias neurais
associadas as modificacdes persistentes induzidas por estressores durante o inicio da

vida.

Em relagdo ao consumo de racdo e variagdo de peso corporal, nossos achados
demonstram que animais alimentados com uma dieta n-3 PUFA deficiente exibiram
menor peso corporal, sendo o procedimento de SM capaz de aumentar per se, sem
interacdes com a deficiéncia em n-3 PUFA, o consumo de ra¢do quando comparado aos
outros procedimentos neonatais. Estes achados suportam a hipotese de que intervencdes
durante periodos criticos do desenvolvimento poderiam afetar o comportamento, a
emocdo e o metabolismo de maneira persistente [398], e que o procedimento de
separacdo materna ocasiona alteracdes plasticas no SNC, aumentando o consumo de
alimento e induzindo alteragdes metabdlicas nestes animais [157]. A atual epidemia de
obesidade e a alta prevaléncia de estresse perinatal (e.g. exposi¢ao crénica a doencas
maternas, tais como diabetes mellitus ou hipertensdo arterial sistémica, tabagismo ou
outras substancias de abuso) [399, 400], em associa¢do ao sedentarismo dos dias atuais
e dietas ricas em gorduras e carboidratos, atentam para a importancia na investigacao de
como o estresse neonatal atua para induzir o aumento do consumo de alimentos bem

como do peso corporal.

O estado hedonico dos animais foi analisado com o uso de sacarose a 1% como
um agente de recompensa. O valor de recompensa da sacarose & associado com a sua
capacidade de liberagdo de dopamina no nucleo accumbens [401]. Achados com
animais submetidos a diferentes estressores neonatais demonstraram aumentos ou,

alternativamente, nenhuma alteragdo no consumo de sacarose ou de alimentos
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palataveis nessas condigdes experimentais [36, 159, 162, 402-404]. Nossos resultados
demonstraram que animais submetidos a SM ingeriram uma maior quantidade de
solucdo de sacarose a 1% na segunda hora ap6s o inicio da exposicao a esta substancia,
indicando que tais animais talvez necessitem de um maior espago temporal para
alcancar a saciedade. Sendo assim, o procedimento de SM pode ocasionar alteragoes
nas respostas de reforco positivo apds um determinado intervalo de tempo, sendo
expresso peculiarmente pelo aumento no consumo de sacarose. Este efeito
aparentemente ndo pode ser relacionado ao aspecto hedbnico do animal, sendo os
mecanismos centrais e/ou periféricos relacionados a saciedade os principais possiveis

agentes envolvidos nesses achados comportamentais.

Mathieu et al. [315, 316] também investigaram 0s possiveis sinergismos entre
os efeitos da exposicdo a SM e da deficiéncia dietética em n-3 PUFA sobre parametros
comportamentais de ratos. Esses estudos demonstraram que 0 grupo submetido a SM e
alimentado com uma dieta deficiente em n-3 PUFA apresentou maiores taxas de medo e
de ansiedade, enquanto suas habilidades de enfrentamento de tarefas aversivas
permaneceram inalteradas. Além disso, tanto a deficiéncia em n-3 PUFA quanto a SM
aumentaram as respostas de recompensa e de impulsividade, sugerindo que o déficit de
n-3 PUFA poderia ser um risco ambiental para maior vulnerabilidade de respostas
depressivas induzidas pelo estresse cronico. Em nosso estudo, a deficiéncia de n-3
PUFA foi aplicada ap6s o periodo de desmame (DPN 35), enquanto Mathieu et al.
iniciaram a deficiéncia nutricional durante a gestacdo, permanecendo tal condicdo até a
idade adulta das ninhadas. Além disso, as razdes n-6:n-3 PUFA eram mais intensas nos
estudos de Mathieu et al. Estas discrepancias devem ser consideradas quando

comparados os resultados obtidos em ambas as pesquisas.
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O teste de campo aberto foi utilizado para avaliar a atividade locomotora e
exploratoria destes animais, incluindo a avaliacdo de comportamento ansioso. Embora
alteragBes motoras associadas com a deficiéncia em n-3 PUFA ja tenham sido descritas
em ratos [315, 405-407] e em camundongos [408], nossos resultados ndo demonstraram
diferengas na atividade locomotora basal (ap6s infusdo de salina fna forma
intraperitoneal, i.p.) entre 0s grupos experimentais analisados. Alguns estudos
reportaram que animais submetidos a MN apresentaram aumento nos cruzamentos de
quadrantes [165, 409], enquanto animais submetidos a SM exibiam respostas
exploratérias diminuidas [410], quando comparados aos animais controle neste mesmo
teste comportamental. Contudo, autores também reportaram ndo haver diferenca na
atividade exploratoria de animais submetidos a MN [411] ou a SM [412] comparados
aos animais intactos. Brake et al. [411] publicaram que animais submetidos a MN eram
menos responsivos a um desafio apds infusdo de um psicoestimulante (0,5 mg/Kg i.p.).
Esta diferenca com o0s nossos achados poderia ser explicada pelo tratamento
farmacoldgico utilizado na analise locomotora: Brake et al. [411] utilizaram cocaina
para este desafio, enquanto em nosso estudo utilizamos o cloridrato de anfepramona
(dietilpropiona). Embora a anfepramona tenha aumentado a atividade exploratoria em
todos os grupos, seu efeito foi sinérgico com o estresse neonatal apenas em animais
submetidos a MN. O fendtipo do espectro hiperativo tem sido associado com a
diminuicdo na atividade dopaminérgica cortical, com concomitante aumento em sua
atividade no nucleo accumbens [413, 414]. Desta maneira, nossos achados concordam
com os dados demonstrados por Silveira et al., na qual a atividade dopaminérgica esta

diminuida no nucleo accumbens de animais submetidos a MN [403].

Apresentamos no capitulo 2 as analises de estresse oxidativo e de funcdes

mitocondriais hipocampais. Nesta estrutura encefalica de relevéncia, a atividade da
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enzima antioxidante superoxido dismutase (SOD) ndo apresentou diferenca estatistica
significativa, embora tenha sido observada tendéncia a uma diminuicdo de sua atividade
nos grupos alimentados com dieta deficiente em n-3 PUFA. Também observamos um
aumento da atividade da enzima glutationa peroxidase (GPx) no hipocampo de animais
submetidos a dieta deficiente em n-3 PUFA, quando comparados aos animais
alimentados com racdo adequada em n-3 PUFA. Adicionalmente a este achado, nenhum
efeito individual da exposicdo a MN ou a SM foi encontrada na atividade da enzima
GPx hipocampal. Entretanto, revelamos que o estresse neonatal (MN e SM) e a
deficiéncia de n-3 PUFA interagem sobre a atividade da enzima GPx hipocampal, pelo
fato de animais alimentados com dieta deficiente em n-3 PUFA apresentaram um maior
aumento da atividade de GPx quando submetidos a algum dos protocolos de estresse
neonatal estudados. Em relacdo & enzima catalase (CAT) hipocampal, animais
alimentados com uma dieta deficiente em n-3 PUFA apresentaram maiores niveis de
sua atividade em relacdo a animais alimentados com uma dieta n-3 adequada. As razdes
enzimaticas hipocampais SOD/GPx, bem como de SOD/CAT também foram estimadas,
demonstrando ndo haver desequilibrios em suas atividades entre 0s grupos analisados.
A avaliacdo da producéo de radicais livres e de espécies reativas de oxigénio (EROs) no
hipocampo foi inferida pela oxidacdo de diclorofluoresceina (DCFH). Os niveis de
DCFH foram maiores em hipocampos de animais alimentados com uma dieta deficiente
em n-3 PUFA, em relacdo aos alimentados com dieta adequada em n-3 PUFA. Embora
ndo encontrado nenhum efeito individual da MN ou da SM sobre a producdo de radicais
livres, nossos resultados apontam uma interacdo entre o estresse neonatal e a deficiéncia
em n-3 PUFA, onde ambos contribuiriam amplificando mais a producdo de radicais
livres no hipocampo. O conteudo de tiol total, um componente do sistema antioxidante

nédo enzimatico, foi medido no hipocampo dos grupos experimentais. Individualmente, o
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estresse neonatal foi capaz de diminuir os niveis de tidis totais em relacdo aos animais
controle, enquanto a deficiéncia de n-3 PUFA aumentou este pardmetro em comparagéo
aos animais alimentados com dieta adequada em n-3 PUFA. De forma interessante, uma
interacdo estresse neonatal e deplecdo de n-3 PUFA foi observada neste pardmetro,
onde o aumento da quantidade de tiois totais induzido pela diminuicdo dietética de n-3
PUFA foi maior em animais submetidos a MN e a MS alimentados com esta dieta em
relacdo aos animais submetidos a dieta adequada em n-3 PUFA. Considerando 0s
aspectos mitocondriais avaliados no hipocampo, tanto a massa mitocondrial quanto a
atividade dos complexos da cadeira respiratoria (e.g. I-I1l, 1, V) permaneceram
inalteradas pelos protocolos experimentais aplicados. Todavia, as abordagens
metodoldgicas neonatais aplicadas em nosso estudo (MN e SM) apresentaram efeito
sobre o potencial mitocondrial, reduzindo o valor deste parametro, especialmente em

animais submetidos a MN.

Hipotetizamos para este estudo que o estresse neonatal e a exposicdo a uma
deficiéncia em n-3 PUFA poderiam interagir para produzir alteracdes sobre a fungéo
mitocondrial e pardmetros de estresse oxidativo hipocampal. Algumas interacdes foram
possiveis de deteccdo, tais como o aumento de atividades enzimaticas antioxidantes
(e.g. GPx, CAT), da producdo de radicais livres e do contetdo total de tidis induzidos
pela dieta deficiente em n-3 PUFA, sendo estes aumentos principalmente nos animais
submetidos aos estressores neonatais. Adicionalmente, a reducdo do potencial
mitocondrial foi encontrada apenas em animais submetidos a MN durante o periodo

neonatal.

Ao se analisarem estes resultados, torna-se importante considerarmos as
diferentes razdes de n-6:n-3 PUFA em nossos tratamentos dietéticos (2:1 na dieta

adequada em n-3 PUFA e 6:1 na dieta deficiente em n-3 PUFA). Conforme ja
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mencionado, as vias de sinalizagdo relacionadas aos n-3 PUFA sdo antiinflamatdrias,
enquanto as que envolvem os n-6 PUFA sdo pro-inflamatorias [415], sendo ambas as
séries de PUFA competidoras entre si pelas mesmas enzimas [287, 416]. Neste sentido,
uma dieta equilibrada com razbes n-6:n-3 PUFA se torna indispensavel para a
homeostase metabdlica. Embora nossa dieta deficiente em n-3 PUFA induza apenas
uma moderada deficiéncia, esta intervencdo foi capaz de aumentar os niveis de
atividades de GPx e CAT no hipocampo de ratos. Os niveis de SOD permaneceram
inalterados entre todos 0s grupos experimentais, juntamente com as razdes entre
SOC/GPx e SOD/CAT. Outro dado importante observado em nosso estudo foi o maior
nivel de tidis totais no hipocampo, induzido pela deficiéncia em n-3 PUFA. Estes niveis
de tidis se correlacionam inversamente aos danos oxidativos as proteinas locais. Ao
considerarmos em conjunto com os dados de redugdo da atividade da GPx, tais
parametros nos permitem sugerir que as células estejam aumentando a producao de tidis
e de glutationa na tentativa de ajustar os niveis da atividade da GPx, visto esta ser um
importante doador de hidrogénio. Talvez este aumento observado nas enzimas
antioxidantes seja uma tentativa de compensar os niveis de producdo de radicais livres
no hipocampo, também aumentado pela deficiéncia em n-3 PUFA, prevenindo assim 0s

possiveis dados as proteinas, DNA e lipideos celulares.

InteracBes entre intervencBes perinatais e os tratamentos dietéticos foram
observados em parametros bioquimicos relacionados ao desequilibrio oxidativo. E
interessante observar os perfis similares de producdo de EROs, atividade de GPx e
contetdo total de tidis entre 0s grupos estressados neonatalmente, alimentados com
dietas adequada ou deficiente em n-3 PUFA. E possivel especular que estes parametros
estejam relacionados em suas respostas, sendo a quantidade aumentada da producédo de

EROs refletida pela atividade da GPx e pelo contetdo de tidis (particularmente de
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glutationa, visto esta ser necessaria para a acdo da GPx). Animais submetidos a SM
apresentaram menor producdo de EROs e menor conteudo de tidis, sendo dificil
determinar se este menor padrdo de producdo seria favoravel ou ndo, visto que a
producdo de EROs é um componente importante para diferentes func@es, incluindo

reagOes metabolicas e sinalizacBes celulares [417].

Um estudo demonstrou que a deficiéncia transgeracional em n-3 PUFA foi
capaz de aumentar a peroxidacéo lipidica, influenciando a atividade da SOD e da CAT
no nucleo estriado e na substancia nigra de diversas formas, mesmo em diferentes
estagios do desenvolvimento [418]. Desta forma, os nossos resultados de deficiéncia em
n-3 PUFA demonstram a importancia deste fator dietético para a manutencdo de um
equilibrio redox efetivo no hipocampo. Estes resultados reforcam a hipotese de que a
deficiéncia em n-3 PUFA poderia aumentar o risco para certos transtornos de humor ou
de memoria, sendo o hipocampo uma das principais estruturas envolvidas nestas
funcBes, onde desequilibrios oxidativos foram reportados concomitantemente a essas

alteraces [419].

Os grupos que sofreram intervengdes neonatais diminuiram o potencial de
membrana mitocondrial em relacdo aos animais controle, sendo este efeito
particularmente proeminente em animais submetidos a MN. Este resultado pode ser
relacionado com caracteristicas apoptéticas precoces, possivelmente induzidas pelo
dano oxidativo. Noschang et al. [160] reportaram que ratos Wistar machos submetidos a
MN, quando adultos, apresentam elevados niveis de quebra de DNA no hipocampo, 0
que poderia ser ocasionado pelo desequilibrio oxidativo. Outro enfoque a ser
considerado sdo as possiveis modificacGes epigenéticas e pos-traducionais envolvidas
nestes processos, sendo os achados do presente estudo capaz de identificar que a

deficiéncia em n-3 PUFA alterou a funcionalidade das enzimas antioxidantes. Nosso
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grupo de pesquisa e outros ja demonstraram que a MN é capaz de ocasionar diferencas
em pardmetros comportamentais e neuroquimicos destes animais durante a adolescéncia
e idade adulta [158, 160, 420]. Também demonstramos que animais submetidos a MN e
a SM, expostos cronicamente a uma deficiéncia em n-3 PUFA, apresentaram menores
niveis da neurotrofina BDNF no hipocampo [421]. Considerados em conjunto, esta
diminuicdo de BNDF, associada ao desequilibrio oxidativo e a diminuicdo do potencial
mitocondrial, torna sugestivo o envolvimento da mitocondria na modulagédo hipocampal
de parametros de neuroprotecdo e/ou dano em animais estressados durante o periodo
neonatal. Estudos sdo necessarios para elucidar os possiveis envolvimentos de
funcionalidades bioguimicas mitocondriais e possiveis modificaces epigenéticas como

fatores de vulnerabilidade para animais estressados neonatalmente.

Adicionalmente, nenhum efeito de intervencdes neonatais ou dietéticas foram
observados nas atividades dos complexos proteicos da cadeia respiratdria. Desta forma,
a diminuicdo do potencial mitocondrial encontrado em animais submetidos a MN
poderia ser relacionada a outros mecanismos, tais como proteinas desacopladoras
(UCPs) [422, 423]. Considerados em conjunto, estes resultados sugerem que animais
submetidos a intervencgdes neonatais, tais como as aplicadas neste estudo, exibiram uma
maior susceptibilidade de demanda energética hipocampal, sendo mais afetados pela
dieta n-3 deficiente em PUFA, o que poderia ocasionar um estado de desequilibrio
oxidativo no hipocampo. Maiores estudos sdo necessarios para a compreensdo dos
mecanismos envolvidos nestes processos. Outro ponto a ser considerado seria se estas
modificagdes sdo ou ndo permanentes, bem como verificar a possibilidade de reversao
destes pardmetros de desequilibrio oxidativo pela aplicagdo de uma dieta adequada em

n-3 PUFA.
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Conforme apresentado no capitulo 3, fomos capazes de demonstrar, em um
estudo com uma populacdo de adolescentes, que os niveis consumidos de n-3 PUFA se
relacionam com os niveis séricos de BDNF, corroborando com a proposta de possiveis
influéncias de nutrientes, tais como os n-3 PUFA, sobre a incidéncia de transtornos
psiquiatricos, bem como uma possivel mediacdo por alteragbes dos niveis de
neurotrofinas, tal como o BDNF. O BDNF pode influenciar processos fisioldgicos
envolvidos em transtornos psiquiatricos (e.g. transtornos de humor), assim como alterar
a composicdo de n-3 PUFA em membranas celulares, modular os sistemas
neurobioldgicos envolvidos em respostas comportamentais, 0 neurodesenvolvimento e
padrdes de estresse oxidativo em areas encefalicas especificas [260, 301, 394, 424].
Nosso estudo envolveu 137 adolescentes recrutados de uma amostra que incluia
individuos com elevados indices de ansiedade, mensurados por testes psicométricos
especificos (SCARED) do Programa de Transtornos de Ansiedade para Criangas e
Adolescentes (PROTAIA) — Hospital de Clinicas de Porto Alegre (HCPA),
Universidade Federal do Rio Grande do Sul (UFRGS) — podendo a descricdo completa
desta populacdo ser detalhadamente encontrada em outras publicacGes deste grupo de
pesquisa [425-427]. Em resumo, todos os quartis de distribui¢do da escala psicométrica
em questdo estdo equivalentemente representados na populacdo estudada (e.g. “ndo
muito ansioso”, “medianamente ansioso”, ‘“moderadamente ansioso”, ‘“gravemente
ansioso”), embora apresentasse uma populacdo maior de participantes do quartil
superior (“gravemente ansioso”). A escala psicométrica SCARED é composta por 38
itens que podem ser agrupados em subescalas de acordo com os diferentes sintomas de
ansiedade investigados, sendo uma abordagem consistente para o diagnostico de
transtorno de ansiedade durante a infancia, conforme o Manual de Diagnéstico Médico

IV (DSM-1V). J& os niveis de n-3 PUFA consumidos foram estimados pela aplicacéo do
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questionario de frequéncia alimentar (QFA) [428, 429], um questionario contendo uma
lista de 94 alimentos e bebidas. Ap6s a realizacdo quantitativa do consumo de
micronutrientes e macronutrientes, correlacfes estatisticas foram aplicadas para analisar
0 consumo de n-3 PUFA e os niveis séricos de BDNF, sendo concomitantemente
avaliados os efeitos de potenciais varidveis confundidoras (e.g. consumo de &cido graxo

total, idade, género, sintomas de ansiedade).

Estudos com a deplec¢do de n-3 PUFA, em roedores, reportam sua acao sobre o
aumento dos niveis de agressdo, de depressdo e de ansiedade [315, 316, 322, 324-326].
Adicionalmente, a privacdo de n-3 PUFA altera a expressao de BDNF no cortex frontal,
além de diminuir a atividade da proteina cinase ativada por mitdgenos p38 (MAPK)
[327]. As fontes correspondentes de consumo de n-3 PUFA para o0 nosso estudo foram
mensuradas pelo QFA, incluindo diversos dleos vegetais e produtos baseados em 6leos
(e.g. biscoitos, maionese, alimentos fritos), sendo os célculos realizados de acordo com
os valores dispostos na “Tabela Americana de Alimentos” [429]. Para esses célculos,
além do consumo de peixe e de 6leos, a carne vermelha também é considerada uma
fonte de n-3 PUFA [430], sendo a nossa regido especialmente conhecida por apresentar
um elevado consumo de carne. Uma pesquisa nacional sobre o consumo individual de
alimentos, conduzida pelo Instituto Brasileiro de Geografia e Estatistica (IBGE) em
areas rurais e urbanas entre 0s anos 2008 e 2009 [431], identificou a regido Sul do
Brasil e 0 estado do Rio Grande do Sul, como uma das regides com maior consumo de
carne de gado e de porco. Adicionalmente, também foi demonstrado por esta pesquisa
que, para a populacdo na faixa etaria de 10 a 13 anos, o consumo diario de n-3 PUFA
foi relativamente alto nesta regido (média de 1,5g/dia), em comparagdo com outras
regides brasileiras. O consumo de carne é culturalmente alto e tipico em nossa regido,

fato que possivelmente corrobora com os altos niveis de consumo de n-3 PUFA por este
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estudo. Apesar de nosso estudo apresentar limitagdes (e.g. pequeno tamanho amostral e
com elevada incidéncia de adolescentes ansiosos) que poderiam limitar nossa validade
externa, fomos capazes de detectar uma correlagéo entre o consumo de n-3 PUFA e 0s
niveis séricos de BDNF. A real relacdo entre os niveis periféricos de BDNF e os niveis
centrais desta neurotrofina ainda carecem de investigacOes, embora relagdes positivas
entre os niveis séricos e corticais de BDNF tenham sido publicados por estudos pré-
clinicos [432, 433], além de funcbes celulares e comportamentais serem passiveis de
modificacdes por influéncia de BDNF periférico [434]. Além disso, um estudo associou
0s niveis séricos de BDNF com a integridade neuronal de sujeitos sadios [435], sendo o
achado de sua diminuicdo perifericamente (e.g. BDNF sérico ou plasmatico)
consistentemente encontrado em pacientes com transtornos de humor [213, 216-218].
Estudos recentes demonstraram que 0s niveis periféricos de BDNF sdo
consistentemente relacionados com a atividade e a progressdo do Transtorno Afetivo
Bipolar [214, 216], bem como com a alteracdo cognitiva em pacientes apos o primeiro
episodio psicotico [221]. Pela participacdo do BDNF em uma variedade de processos
neurais, esta neurotrofina esta intimamente relacionada aos estagios de desenvolvimento
neuronal tanto em humanos quanto em outras espécies animais [436]. Os niveis da
proteina sérica BDNF poderiam se refletir em alguns aspectos da plasticidade neuronal
de humanos, atuando tal proteina como reguladora dos processos de sobrevivéncia e
diferenciacdo neuronal [224, 225, 435]. Mais estudos sdo necessarios para a
compreensdo de como o consumo de n-3 PUFA afeta de fato os niveis séricos e centrais
de BDNF, bem como da forma como esta situacdo poderia influenciar a vulnerabilidade
para transtornos psiquiatricos, especialmente durante certos estagios da vida, tal como a

adolescéncia.
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2. CONSIDERAGCOES FINAIS
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A dieta deficiente em n-3 &cidos graxos poliinsaturados (n-3 PUFA), em
associacdo aos estressores neonatais aplicados neste estudo (manipulagdo neonatal e
separagdo materna), foram capazes de alterar o peso corporal e 0 consumo de racdo de
maneira especifica, sendo evidenciados maiores indices destes pardmetros nos animais
separados maternalmente. J& o grupo manipulado alimentado com dieta deficiente em n-

3 PUFA apresentou maior atividade exploratoria em resposta a um psicoestimulante.

Apesar dos niveis séricos e da expressdo génica hipocampal do fator
neurotrofico derivado do encéfalo (BDNF) permanecerem inalterados pelos tratamentos
aplicados, fomos capazes de evidenciar a diminuigdo proteica de BDNF no hipocampo

de animais submetidos a uma dieta deficiente em n-3 PUFA.

Considerando os parametros mitocondriais e de estresse oxidativo, as
atividades das enzimas antioxidantes glutationa peroxidase (GPx) e catalase (CAT),
bem como a producdo de espécies reativas de oxigénio (EROs) foram aumentados em
hipocampos de ratos submetidos a uma deficiéncia cronica em n-3 PUFA. Esta
deficiéncia apresentou interacdes com o fator de estresse neonatal em alguns destes
parametros (e.g. atividade da GPx, producdo de EROs), indicando um possivel
sinergismo entre os fatores estresse neonatal e deficiéncia em n-3 PUFA. Os niveis de
tidis foram significativamente diminuidos pelos estressores neonatais, sendo a dieta
deficiente em n-3 PUFA capaz de aumentar a quantidade de tiol total no hipocampo.
Por outro lado, animais estressados tratados cronicamente com uma dieta deficiente em
n-3 PUFA apresentaram maiores niveis de tidis no hipocampo. Além disso, a

manipulacdo neonatal per se foi capaz de diminuir o potencial hipocampal mitocondrial.

Em nosso estudo com adolescentes em idades escolares, apesar de

apresentarmos algumas limitacbes (e.g. pequeno tamanho amostral com elevada
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incidéncia de adolescentes ansiosos), 0 que poderiam limitar a validade externa deste
resultado, fomos capazes de detectar uma correlagdo entre o consumo de n-3 PUFA e 0s

niveis séricos de BDNF em adolescentes.
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3. CONCLUSOES
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Como conclus@es gerais, esta tese apresentou que a manipulacdo neonatal e a
separacdo materna, associados a uma mediana deficiéncia cronica em n-3 PUFA, foram
capazes de alterar pardmetros comportamentais e neuroquimicos na idade adulta.
Evidenciamos que este sinergismo foi capaz de diminuir a proteina de BDNF no
hipocampo destes animais, mesmo ndo apresentando qualquer alteracdo periférica de
BDNF. Uma correlagdo entre os niveis consumidos de n-3 PUFA, em uma populagéo de
adolescentes em idade escolar, com os niveis séricos de BDNF também foi encontrada.
Adicionalmente, as alteracdes nas atividades enzimaticas observadas no hipocampo de
animais submetidos a nossa abordagem metodoldgica reforcam a importancia da
participacdo mitocondrial e a sua possivel relagdo com o desenvolvimento e

estabelecimento de transtornos psiquiatricos.
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4. PERSPECTIVAS
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Os comportamentos sociais sdo fundamentais para a sobrevivéncia de mamiferos
que vivem em sociedade. Apds 0 nascimento, os mamiferos dependem da mée e de um
ambiente propicio para que haja um desenvolvimento adequado. O estresse sofrido na
infancia mostrou ser extremamente danoso para 0 SNC em humanos e em outras
espécies de animais, afetando habilidades (e.g. memdria e sociabilidade). Considerando
que durante o desenvolvimento do animal os eventos que acontecem afetam sistemas
neurais e comportamentos, justificamos a necessidade do estudo das variacdes no
ambiente do recém-nascido e a sua relacdo com comportamentos sociais durante a
infancia e, futuramente, na vida adulta. Sendo assim, propomos a avaliacdo de nossa
abordagem metodoldgica sobre as relacdes e interacdes sociais de ratos Wistar machos
durante o periodo neonatal (e.g. teste de preferéncia olfatéria) e periodo

peripuberal/puberal (e.g. comportamento de brincadeira — Play Behavior Test).

Conforme sugerido pelos revisores da Revista Neurochemical Research, a
quantificacdo de dano (e.g. grupo carbonil e nivel de peroxidacdo) no hipocampo
caracterizariam melhor o estresse oxidativo induzido pela combinagdo do estresse

neonatal e da deficiéncia nutricional em n-3 PUFA.

A determinacdo dos niveis de Neuroprotectina D1 contribuiriam com 0s nossos
achados de BDNF no hipocampo, sendo necessaria a investigacdo minuciosa de
componentes da via de sinalizacdo de BDNF (e.g. expressdao génica de receptores
membranares, translocacdo de GRs em resposta ao estresse) e possiveis modificacdes
pos-traducionais induzidas pelo nosso protocolo em éreas encefélicas de interesse.
Nesta perspectiva, possiveis inferéncias destes resultados poderiam ser transpostas em

estudos translacionais de investigacdes clinicas.
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imediatamente a CEUAHCPA.

7

’ //_,/ Porto Alegre, 21 de outubro de 2009,
rd

#

Prof/Nadj Aauséll

Coordena GFPG® CEP-HCPA

163



1.2. DEMAIS PUBLICACOES AO LONGO DO DOUTORADO: 2010 -2015

164



ARTIGO ACEITO PARA PUBLICACAO NA REVISTA PSYCHOLOGY AND

NEUROSCIENCE, JANEIRO DE 2015.

E-MAIL DE ACEITE:

06-Jan-2015

Dear Dr. Passos:

It is a pleasure to accept your manuscript entitled "Alcohol use in adolescence, impulsivity and risk-
taking behavior in Wistar rats" in its current form for publication in Psychology & Neuroscience.
Thank you for your fine contribution. On behalf of the Editors of Psychology & Neuroscience, we
look forward to your continued contributions to the Journal

Sincerely,

Dr. J. Landeira-Fernandez
Editor-in-Chief, Psychology & Neuroscience

landeira@puc-rio.br

165


mailto:landeira@puc-rio.br

Psychology & Neuroscience

¥ . PSYCHOLOGY
2f ‘N1UROSCIENCE

Alcohol use in adolescence, impulsivity and risk-taking

behavior in Wistar rats

Journal:

Psychology & Neuroscience

Manuscript ID:

PN-2014-0077.R3

Manuscript Type:

Research Article

Date Submitted by the Author:

Complete List of Authors:

Keyword:

05-Jan-2015

Passos, Jonatas; UFRGS - Psicologia, Psicologia do Desenvolvimento
Pires, Augusto; UFRGS - Psicologia, Psicologia do Desenvolvimento
Scheidt, Leticia; UFRGS - Psicologia, Psicalegla do Desenvelvimenta

de Almeida, Luis; UFRGS - Psicologia, Psicolegia do Desenvolvimento
Ferreira, Charles; UFRGS - Biclogical Sciences, Neuroscience

Gubert, Caralina; UFRGS - Biological Sciences, Biochemistry

Bizarro, Lisiane; UFRGS, Psychology; UFRGS - Psicologia, Psicologia do
Desenvolvimento

de Almeida, Rosa; Universidade Federal do Rio Grande do Sul, ; UFRGS -
Psicologia, Psicologia do Desenvalvimenta

Impulsivity, risk-taking behavior, anxiety, delay discounting, alcohol abuse |

LARONE™

https:/imc04.manuscriptcentral.com/pn-scielo

166



ARTIGO PUBLICADO NA REVISTA PLOS ONE, 2013.

OPEN () ACCESS Fraely available online @PLOS | OME

Early Life Stress Interacts with the Diet Deficiency of
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Abstract

Early stress can cause metabolic disorders in adulthood. Omega-3 polyunsaturated fatty acids (n-3 PUFAs) deficiency has
also been linked to the development of metabalic disorders, The aim of this study was to assess whether an early stressful
event such as maternal separation interacts with the nutritional availability of n-3 PUFAs during the life course on metabolic
aspects. Litters were randomized into: maternal separated (M5) and non-handled (WH). The M5 group was removed from
their dam for 3 hours per day and put in an incubator at 32°C on days 17 to 107 postnatal {(PND). On PND 35, males were
subdivided into diets that were adeguate or deficient in n-3 PUFAs, and this intervention was applied during the
subsequent 15 weeks, Animal's body weight and food consumption were measured weekly, and at the end of the
treatment tissues were collected, MS was associated with increased food intake (p=0.047) and weight gain (p=0.012}, but
no differences were found in the NPY hypothalamic content between the groups. M5 rats had also increased deposition of
abdominal fat (p="0.001) and plasma trighycerides (p=0.018) when compared to the NH group. Interactions between early
life stress and n-3 PUFAs deficiency were found in plasma insulin (p=0.033), HOMA index {p = 0.049), leptin (p=0.010) and
liver PEFCK expression {p=(0.050), in which the metabaolic vulnerability in the M5 group was aggravated by the n-3 FUFAs
deficient diet exposure. This was associated with specific alterations in the peripheral fatty acid profile, Variations in the
necnatal environment interact with nutritional aspects during the life course, such as n-3 PUFAs diet content, and
persistently alter the metabolic vulnerability in adulthood.
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Introduction been suggested o comstitute an interesting model Tor early
crvironmental stress and o propitiate the mvestigation of the

The matermal sefan ration (=01 a well-known |1:al:-|-::|igrr| van ke long-term eflects of neonatal interventons
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12]. The acute physiological responses e separation ae well
established [3] [4]. However, this model has been asociated with
alieree maother-pup interacton, which in wm could influence e
pup’s development and mediate the long-term changes seen in
adult offspring  [5]. Regarding the consequences, matemal
separated adult rats exhibit high stress responsiveness, demon-
strating higher levels of glococorticoids after acute stress and
alterations in emotional and behavioral regolation when chal-
lenged m specthe experimental envirenments 3], They are also
more vulnerable o0 develop a behavioral profile comparable o
|,|J,'|;|r|'ui||11 [2| |I_|| [_'| and ;mtiul,l_;-lik.' biehavions i adulthand [_7,|
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type 2 diabetes mellitus, hypertension and cardiovascular disease
later in life [9] [00] [11]. This has been hvpothesized as a key
element in the early origing of these adult diseases [10] [12] and
amimal models have been used o specifically investigaie  the
mechanisms of developmental programming [15]. In monkeys,
siress applied during a entical period results in the emergence of
obesity and insulin resistance in the peripubertal age [14]. In rats,
frtal adverse cnvironments can prenatally atfecr the expression of
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STUDY PROTOCOL Open Access

Impact of perinatal different intrauterine
environments on child growth and development
in the first six months of life - IVAPSA birth
cohort: rationale, design, and methods

Julizna Rembaldi Bernardi, Charles Francisco Ferreira, Marina Munes, Clécio Homrch da Silva, Vera Lucia Bosa,

Patricia Pelufo Silveira and Marcelo Zubaran Goldani

Abstract

and their conseguences on the children’s early life

Background: In the last twenty yaars, retrospective studies have shown that perinatal events may impact the
individual health in the medium and long term. Howewver, only a few prospective studies were designed to address
this phenomenon. This study aims to describe the design and methods of the Impact of Perinatal Environmental
Variations in the First Six Months of Life - the IWAPSA Birth Cohaort.

Method/Design: This is a clinical study and imnvolves the recruitment of & birth cohort from hospitals in Porto
Alagre, Rio Grande do Sul, Brazil. Mothers from different clinical backgrounds {hypertensive, disbetics, smokers,
having an intrauterine growth restricted child for idiapathic reasons, and contrals) will be invited to join the study
twenty-four hours after the birth of their child, Data on economic, sodal, and maternal health care, feeding
practices, anthropometric measures, physical activity, and neuropsychalogical evaluation will be obtained in
interviews at postpartumn, 7 and 15 days, 1, 3 and & manths of life.

Discussion: To our knowledge, this is the first thematic cohort focused on the effects of intrauterine growth
restriction to prospectively enroll mothers from different clinical backgrounds. The IVAPSA Birth Cohort is a
promising research platform that can contribute to the knowledge on the relationship between perinatal events

Keywords: Infant, Low birth weight, Preterm birth, DOHaD, Programiming, Barker hypothesis

Background

Owver the past twenty vears, several studies have shown
that perinatal events may impact the individual's health
in the medium and long term. The initial reports of Bar-
ker and colleagues, relating low birth weight with
increased cardiovascular risk in adulthood, were fol-
lowed by studies showing that, as a group, low birth
weight subjects persisted biologically different from
those of adequate weight until adulthood. They had
higher blood pressure [1], being more likely to develop
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type II diabetes [2] and metabolic syndrome as adults
[3]. In addition, in subsequent reports, these and other
researchers demonstrated that low birth weight was
associated with an altered pattern of plasma lipids [4],
reduced bone density [5] differentiated responses to
stress [6], less elastic arteries [7], specific patterns of
hormone secretion [8] and higher incidence of depres-
sion [9,10]. Moreover, it has been shown that different
insults during the pregnancy and neonatal period bring
long-term consequences to the offspring, even without
affecting birth weight [11,12]. In this protocol, we aim
to address these ideas, grouped into a new branch of
scientific knowledge called “Developmental Origins of
Health and Disease” (DOHaD).
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Nutrition in pregnancy, during lactation, childhood, and later stages has a fundamental influence on overall development. There is
a growing research interest on the role of key dietary nutrients in fetal health. Omega-3 polyunsaturated fatty acids (n-3 LCPUFAs)
play an important role in brain development and function. Evidence from animal models of dictary n-3 LCPUFAs deficiency
suggests that these fatty acids promote carly brain development and regulate behavioral and neurochemical aspects related to mood
disorders [(stress responses, depression, and aggression and growth, memory, and cognitive functions ). Preclinical and clinical
studies suggest the role of n-3 LCPUFAs on neurodevelopment and growth. n-3 LCPUFAs may be an effective adjunctive factor
for neural development, growth, and cognitive development, but further large-scale, well-controlled trials and preclinical studies
are needed to examine its clinical mechanisms and possible benefits, The present paper discusses the use of n-3 LCPUFAs during
different developmental stages and the investigation of different sources of consumption. The paper summarizes the role of n-3
LCPUFAs levels during critical periods and their effects on the children’s neurodevelopment, nutrition, and growth,

1. Introduction

Arachidonic acid (AA; 20:4n-6) and Docosahexaenoic acid
{D'HA; 22:5n-3) are essential for brain growth and cognitive
development; they alse accumulate rapidly in the brain and
retina during the later stages of gestation and early postnatal
life [1-3].

Dwring pregnancy, AA and DHA are transported across
the placenta into fetal venous blood |4, 5], Mutrition in
pregnancy has a significant influence on fetal development.
[n this sense, there is an increasing interest on the role of
key dietary nutrients in subsequent health status or diseases
[6]. The major effects of higher levels of omega-3 polyun-
saturated fatty acids {n-3 LCPUFAs) during pregnancy are
associated with the development of brain and nerve tissues
during the peried of maximum intrauterine accretion [7].

After birth, breast milk is the source of AA and DHA
to the neconate; the content of essential polyunsaturated

fatty acids (PUFAs) in breast milk is dependent on the
maternal intake of these faity acids [8, 9]. The content of
essential PUFAs may be low in populations eating primarily
plant-based diets with noe or limited fish intake [10]. The
consumption of PUFAs is essential for the development of
the brain and nervous system of children and teenagers [11].

The contribution of DHA for better neurodevelopment
has been documented in breastfed infants. However, the
effects of different levels of DHA in human milk and
maternal DPHA supplementation limited to the lactation
period are still under investigation [7]. In foods, the most
important source of DHA is fish and fish oil [12]. Sea fish are
generally a better source of DHA than freshwater fish [10].
Hence, in many studies the consumption of marine foods is
evaluated separately.

Researchers and mothers have turned to fish oil supple-
ments, which are generally low in contaminants { methylmer-
cury) and can provide substantially higher doses of
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