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APRESENTACAO

Esta tese estd organizada em topicos, a saber: Introducdo, Objetivos, Capitulos
1 a 4 (referentes aos artigos publicados e ao manuscrito submetido), Discusséo,
Conclusbes, Perspectivas, Bibliografia e Anexo.

A Introducdo apresenta o embasamento tedrico que nos levou a formular a
proposta de trabalho. Os Objetivos — geral e especificos — estdo dispostos no corpo da
tese e em maiores detalhes inseridos dentro de cada trabalho cientifico. Os Capitulos
contém os artigos publicados e 0 manuscrito submetido, realizados durante o periodo do
doutorado. Os trabalhos foram desenvolvidos no Laboratério de Neurobiologia do
Estresse (Departamento de Bioguimica, ICBS, UFRGS).

O topico Discussdo apresenta uma interpretacdo geral dos resultados obtidos nos
diferentes trabalhos. Nas se¢des Conclusfes e Perspectivas hd uma abordagem geral
das conclusdes da tese e as possibilidades de futuros trabalhos a partir dos resultados
obtidos na presente tese.

A Bibliografia contém somente as referéncias dos trabalhos citados nos topicos
Introducéo e Discussao.

No Anexo contém tabelas com o resumo dos achados referente ao metabolismo

celular neural.
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Resumo

Fatores ambientais em periodos precoces do desenvolvimento podem levar a
alteracdes persistentes no sistema nervoso central e no sistema enddcrino-metabolico. O
periodo pré-plbere é uma fase critica do desenvolvimento, quando o encéfalo passa por
diversos processos fundamentais, e intervengfes ambientais durante essa fase de intensa
maturacdo cerebral podem influenciar a susceptibilidade a doencas ou a resiliéncia na
idade adulta. O estresse por isolamento social destaca-se como um dos mais potentes
estressores durante o desenvolvimento e pode levar a alteragbes a longo-prazo no
comportamento social e cognitivo. O estresse também pode prejudicar 0 metabolismo
oxidativo. Outro fator ambiental importante sdo os alimentos ricos em carboidratos
simples, os quais, por um lado, sdo “alimentos confortantes”, ou seja, redutores dos
efeitos do estresse, mas também podem desencadear alteracbes no metabolismo
periférico e celular neural. Com base no exposto acima, o objetivo desta tese foi
investigar os efeitos do estresse por isolamento social com acesso ou ndo a um alimento
palatadvel no periodo pré-plbere (durante o 21-28 dia pos-natal) sobre aspectos
metabolicos e neuroquimicos, e investigar memdria espacial e possiveis alteracfes
celulares no cértex pré-frontal e no hipocampo de ratos juvenis e adultos. Para alcangar
esse objetivo, foram avaliados consumo caldrico, parametros metabdlicos, e o
neuropeptideo Y hipotaldmico em ratos jovens e adultos, verificando possiveis
mudangas sexo-especificas. Também foram analisados pardmetros do metabolismo
energético, do estresse oxidativo, indice de fragmentacdo do ADN celular e morte
celular no hipocampo e no cértex pré-frontal de ratos machos juvenis e adultos. A fim
de tentar verificar se as alteracfes encontradas no metabolismo celular poderiam afetar
0 comportamento, foram avaliadas a memdria espacial e a atividade motora apenas de
ratos adultos. Os resultados mostraram que as fémeas, mesmo antes da puberdade,
foram mais propensas a utilizar alimentos confortantes quando expostas ao estresse. J&
ratos machos foram mais propensos a programacao metabdlica a longo-prazo, induzida
pela exposicdo precoce ao alimento palatdvel, possivelmente relacionada a
hipoadiponectinemia. Ambas as estruturas encefélicas estudadas, apresentaram uma
programacdo no metabolismo celular neural a longo-prazo. O isolamento social induziu
desequilibrio entre os sistemas antioxidantes, e induziu uma reducdo da atividade da
enzima Na",K*-ATPase no cortex pré-frontal. A exposicio precoce a dieta palatavel ndo
foi capaz de prevenir esses efeitos a longo-prazo. No hipocampo de ratos jovens, 0
isolamento social induziu desequilibrio oxidativo, aumentou o potencial mitocondrial, o
indice de fragmentacdo ao ADN e a apoptose. Diferentemente dos achados no cortex
pré-frontal, o consumo da dieta palatavel aumentou atividade de enzimas antioxidantes
e preveniu diversos dos efeitos do estresse no hipocampo de ratos jovens. Nos ratos
adultos, o isolamento social aplicado no periodo pré-pubere levou ao desequilibrio
oxidativo a longo-prazo. Houve também, um aumento no nimero de células necroticas
no hipocampo desses animais. A ingestdo de alimento palatavel durante a exposicdo ao
estresse atenuou alguns efeitos do estresse, incluindo as alteracGes nas atividades dos
complexos respiratorios, no indice de fragmentacdo do ADN celular e no nimero de
células necrédticas. Esses efeitos podem estar relacionados com o aumento no
imunocontetdo de receptores de glicocorticoides no hipocampo, que observamos ter
sido induzido pela dieta palatdvel. No entanto, a essa dieta induziu algumas alteragdes
no metabolismo celular neural, per se, aumentando o indice de fragmentacdo ao ADN
celular, o nimero de células em apoptose inicial e diminuindo o nimero de células
vivas. De modo interessante, ndo houve diferencas com relagcdo a memoria espacial ou a
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atividade motora. De uma forma geral, esta tese mostrou que intervencgdes precoces
durante o desenvolvimento do animal podem programar o metabolismo ao longo da
vida. Os machos foram mais susceptiveis aos efeitos induzidos pelo consumo precoce
de alimento palatavel quando avaliados parametros do metabolismo a longo-prazo. Com
relacdo aos achados no metabolismo neural, diferencas em resposta a exposi¢do ao
estresse e a dieta palatavel foram observadas no hipocampo e no cortex pré-frontal. O
hipocampo mostrou-se mais susceptivel a influéncias de fatores ambientais precoces.
Houve claros efeitos sobre o equilibrio oxidativo e a funcdo mitocondrial mesmo na
idade adulta, muito tempo ap6s as intervencBes terem cessado; a dieta palatavel foi
capaz de prevenir varios dos efeitos do estresse no periodo pré-pabere.



Abstract

The influence of environmental factors during early periods of development may
lead to persistent changes in the central nervous system and in the endocrine-metabolic
system. The pre-puberty is a critical stage of development, because the brain is
undergoing many fundamental processes and functional organization. Environmental
interventions during these periods of intense brain maturation may influence disease
susceptibility or resilience in adulthood. Social isolation is one of the most potent
stressors during development, and can lead to long-term changes in social behavior,
cognitive behavior, and also changes in metabolic parameters. Another important
environmental factor that may affect development are foods rich in simple
carbohydrates, which are known as comfort foods, since they are able to reduce the
effects of stress, however they may as well change peripheral and neural metabolism.
Based on the above, the aim of this thesis was to investigate the effects of stress by
social isolation in the pre-puberty (during 21-28 postnatal day), with or without the
access to a palatable food, on metabolic and neurochemical aspects, and to investigate
possible spatial memory and cellular changes in the prefrontal cortex and in the
hippocampus of juvenile and adult rats. To achieve this goal, we evaluated caloric
intake, metabolic parameters and hypothalamic neuropeptide Y in juvenile and adult
rats, verifying possible sex-specific differences. Were also analyzed parameters of
energy metabolism, oxidative stress, DNA fragmentation index and cell death in the
hippocampus and prefrontal cortex of male juvenile and adult rats. In order to verify
whether the possible alterations in cellular metabolism could affect behavior we
assessed spatial memory and motor activity. With respect to metabolic parameters, we
observed that females, even before puberty, were more likely to use comfort foods when
exposed to stress. Male rats were more prone to the long-term metabolic programming
induced by early exposure to palatable food, possibly related to hypoadiponectinemia.
Both brain structures studied presented long-term alterations in neural cell metabolism.
Social isolation induced imbalance between antioxidant systems, and a reduction of
Na®, K'-ATPase activity in the prefrontal cortex. The palatable diet was not able to
prevent these long-term effects. In the hippocampus of juveniles, social isolation
induced oxidative imbalance, increased the mitochondrial potential, the DNA
fragmentation index and apoptosis. Unlike the findings in the prefrontal cortex, in
hippocampus the consumption of palatable diet increased activity of antioxidant
enzymes and prevented many of the effects of stress in juvenile rats. In hippocampus of
adult rats, social isolation in the prepubertal period led to long-term oxidative
imbalance, and increased number of necrotic cells. The intake of palatable food during
exposure to stress attenuated some of the effects of stress, including changes in the
activities of respiratory complexes, the index of cellular DNA fragmentation and the
number of necrotic cells. These effects may be related to the increased immunocontent
of glucocorticoid receptors in the hippocampus induced by the palatable diet. However,
this diet also induced changes per se in neural cell metabolism, including increased
DNA fragmentation and apoptosis, and reduced number of live cells. Interestingly, there
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were no differences on spatial memory and motor activity. Generally, this thesis has
shown that early interventions during the pre-pubertal period can program metabolism
throughout life. Male rats were more susceptible to consumption of palatable food when
long-term metabolic changes were evaluated. Differences in response to stress exposure
and palatable diet were observed in hippocampus and prefrontal cortex. The
hippocampus was shown to be more susceptible to influences of early environmental
factors. There were clear effects on mitochondrial function and oxidative balance in the
adulthood, long after the intervention had ceased; the palatable diet was able to prevent
many of the effects of stress in the prepubertal period.



INTRODUCAO




Fatores ambientais: Programacao encefalica e metabdlica

Dados da literatura demonstram que a influéncia de fatores ambientais em periodos
precoces do desenvolvimento pode levar a alteracGes persistentes no sistema nervoso
central (MCQUILLEN e FERRIERO, 2004), e no sistema endocrino-metabolico
(SCHIMIDT ET AL., 2009). Existem periodos criticos no desenvolvimento, como por
exemplo, o periodo neonatal, a infancia e a adolescéncia, os quais séo fases especificas
quando processos dependentes da genética e de fatores ambientais interagem para
estabelecer caracteristicas funcionais (CREWS e HODGE, 2007). Durante esses
periodos iniciais da vida do individuo, o encéfalo esta passando por diversos processos
fundamentais como organizacdo funcional das redes neurais, proliferacdo neural,
migracdo, diferenciacdo, além de gliogénese e mielinizacdo (RICE e BARONE, 2000).
Intervencbes ambientais precoces durante essas fases de intensa maturacdo cerebral
podem influenciar a susceptibilidade a doencas ou a resiliéncia na idade adulta (PAUS
ET AL., 2008).

Nesse sentido, estudos tém mostrado que abuso na infancia ou negligéncia
promovem alteracfes a longo-prazo na reatividade ao estresse e no desenvolvimento
encefalico (HEIM ET AL., 1997; KAUFMAN ET AL., 2000). Adicionalmente, estudos
com ressonancia magnética demonstram que a exposi¢do a traumas em uma idade
precoce pode levar a diversas alteracBes neuroestruturais, como a diminuicdo do
hipocampo e do corpo caloso. Além disso, o desempenho e o funcionamento cognitivo
também sdo alterados nessa populacéo, podendo-se correlacionar esses achados com um
maior risco em desenvolver transtornos psiquiatricos na idade adulta (BRIETZKE ET
AL., 2012).

Outros estudos, usando modelos animais, tém demonstrado que a exposicdo a

estressores nas fases iniciais da vida podem alterar a programagédo neural (ISGOR ET
6



AL., 2004; MCEWEN, 1999). Um experimento realizado em ratos machos mostrou que
marcadores sinapticos, tais como espinofilina e sinaptofisina, estavam reduzidos no
cortex pré-frontal de ratos adultos submetidos ao estresse por isolamento social no final
do periodo pré-pubere (LEUSSIS e ANDERSEN 2008; LEUSSIS ET AL., 2008). Essas
alteragBes persistiram por 25 dias apo6s a retirada do estresse (LEUSSIS ET AL., 2008),
sugerindo que as alteragcbes morfoldgicas induzidas pelo estresse no final da pré-
puberdade, observadas no cortex pré-frontal, podem ser mais duradouras do que aquelas
observadas na idade adulta (RADLEY ET AL., 2005).

Com relacdo a influéncia de fatores ambientais e possiveis alteracbes persistentes no
sistema enddcrino-metabolico, é conhecido que a prevaléncia de sobrepeso na pré-
puberdade e puberdade esta aumentando, e tem sido sugerido que fatores ambientais,
como exposicdo ao estresse e/ou consumo de alimentos ricos em gordura e carboidratos,
estejam fortemente implicados nessa epidemia. Um estudo em ratos mostrou que a
exposicdo a um estressor durante as fases iniciais do desenvolvimento leva a uma
alteracdo na distribuicdo de gordura, aumentando a razdo de gordura
visceral/subcutanea quando os animais tornaram-se adultos, levando a um maior risco
para o desenvolvimento de doencas metabolicas na idade adulta (SCHMIDT ET AL.,
2009). O consumo cronico e precoce de alimentos ricos em gordura também pode
modificar as respostas homeostaticas dos circuitos neuroenddcrinos e promover
alteracdes na idade adulta, como reducdo de receptores para leptina no hipotalamo e de

receptores para glicocorticoides no hipocampo (BOUKOUVALAS ET AL., 2010).

Assim, o desenvolvimento e a gravidade de diversas condi¢Ges patoldgicas na vida
adulta dependem ndo s6 da vulnerabilidade genética do individuo, como também da

exposicao a fatores ambientais adversos e do periodo de ocorréncia do evento ou fator



ambiental (CHARMANDARI ET AL., 2003), destacando-se principalmente os estagios

iniciais do desenvolvimento.

O Periodo Pré-Pubere: Um Alvo Critico do Estresse Social

O periodo pré-pubere em roedores € cronologicamente marcado pelo desmame, por
volta do vigésimo primeiro dia de idade po6s-natal, e termina em torno do trigésimo dia
de idade pds-natal. Durante este periodo do desenvolvimento, os animais estdo em
constante mudanca, sofrendo transformacGes comportamentais e neuroldgicas, dentre
elas o0 aumento da forca, da funcdo imunoldgica e da capacidade cognitiva (DAHL,
2004), além da maturagdo do comportamento social e cognitivo, do comportamento
exploratério e do comportamento de brincadeira (KLEIN ET AL., 2010; SISK e
FOSTER, 2004). Assim, a pré- puberdade é uma fase critica para a maturacao cerebral,
incluindo os circuitos que controlam a homeostase energética e as respostas ao estresse
(MCCORMICK e MATHEWS, 2007).

A maturacdo e a plasticidade durante o desenvolvimento sdo altamente variaveis em
diferentes regibes cerebrais, incluindo aguelas envolvidas no processamento e na
regulacdo do estresse e da emocdo: o cortex pré-frontal, por exemplo, possui uma
maturacao tardia (GOGTAY ET AL., 2004), e o hipocampo apresenta um aumento na
neurogénese e densidade dos espinhos dendriticos antes da puberdade, o que diminui na
idade adulta (HE e CREWS, 2007; YILDIRIM ET AL., 2008). Além disso, a
composigdo de proteinas sinalizadoras no hipocampo também é alterada entre o
desmame e a idade adulta (WEITZDORFER ET AL., 2008). Muitos sistemas de
neurotransmissores, incluindo o sistema dopaminérgico e o glutamatérgico, apresentam

uma maturacdo durante estes estagios iniciais do desenvolvimento (SPEAR ET AL.,



2000). O sistema dopaminérgico mesolimbico ndo estd completamente desenvolvido
antes do trigésimo quinto dia de idade po6s-natal (SPEAR ET AL. 2000).

Experiéncias adversas e / ou estressantes durante a pré-puberdade podem ter efeitos
marcantes e negativos sobre o comportamento social e sobre a cognicdo, efeitos esses
que podem surgir durante a infancia e persistir na idade adulta. Estudos sugerem que
estressores no inicio da vida afetam o desempenho cognitivo de ratos (HODES e
SHORS, 2005; TSOORY E RICHTER-LEVIN, 2005). Alem disso, 0 estresse durante
0s 27-29 dias de idade pds-natal (DPN) também induz alteracbes de longo prazo na
fisiologia e morfologia hipocampal. Cabe ressaltar que o hipocampo é uma estrutura
cerebral importante para o aprendizado e a memoria, e sua fisiologia e morfologia sdo
sensiveis aos efeitos de estressores agudos e crénicos (HOWLAND e WANG, 2008;

TSOORY e RICHTER-LEVIN, 2005).

Assim, tem sido avaliado que os efeitos do estresse parecem ser exacerbados
durante a pré-puberdade (CHARIL ET AL., 2010), e é importante considerar que muitas
das experiéncias estressantes durante este estagio da vida parecem envolver o contexto
social (MC CORMICK ET AL., 2008). Nesse periodo, quando as interacdes sociais sdo
necessarias para o desenvolvimento normal da emocéo, perturbaces no ambiente social
tém efeitos significativos no funcionamento de estruturas cerebrais (EINON e
MORGAN, 1977) e no possivel desenvolvimento de transtornos psiquiatricos na idade
adulta (GUTMAN E NEMEROFF, 2003; LAPIZ ET AL., 2003). Dentre as possiveis
perturbacdes que desencadeiam no ambiente social, os estressores destacam-se por
alterarem as interacdes sociais e 0 comportamento de brincadeira (KLEIN ET AL.,
2010). Além disso, o ambiente social é uma fonte de estresse tanto para 0s seres

humanos quanto para os animais roedores, especialmente durante o periodo pré-pubere.



No ambiente natural, roedores jovens e mais velhos vivem em grupos e exibem altos
niveis de comportamento social (MCCORMICK e MATHEWS, 2007; PANKSEPP e
LAHVIS, 2007). InteragGes sociais sdo recompensadoras (PANKSEPP ET AL., 2007),
enquanto que o isolamento social é aversivo e aumenta a atividade do eixo HHA
(DOUGLAS ET AL., 2004; MCCORMICK e MATHEWS, 2007).

O estresse social € um dos mais potentes estressores durante o desenvolvimento
(ARAKAWA, 2007) e pode levar a longo-prazo, a anormalidade comportamental,
incluindo aumento da agressividade (KOIKE ET AL., 2009; PINNA ET AL., 2003;
PINNA ET AL., 2009), comportamentos relacionados a ansiedade (PINNA ET AL.,
2006; WEI ET AL., 2007), déficits cognitivos (PIBIRI ET AL., 2008), hipoalgesia e
hiperlocomocdo (MCEWEN ET AL., 2007). Adicionalmente, este tipo de estressor
altera a distribuicdo de gordura e contribui para o aumento de doencas metabdlicas
(SCHMIDT ET AL., 2009). Alguns estudos também mostraram que a privacdo do
comportamento de brincadeira durante a adolescéncia estd associada com a falta de
regulacdo do sistema opidide (VAN DEN BERG ET AL., 1999, 2000), prejuizo da
memoria espacial usando a tarefa do labirinto aquatico de Morris (FRISONE ET AL.,
2002) e da exploracdo de novas areas e objetos (EINON e MORGAN, 1977). Além das
alteracdes comportamentais, o estresse social durante o desenvolvimento também induz
alteracdes morfoldgicas a longo-prazo (LEUSSIS ET AL., 2008; RADLEY ET AL.,
2005). As alteracBes incluem aspectos estruturais de areas corticais, com reducdo da
densidade sinaptica no cortex infralimbico e no giro denteado (LEUSSIS ET AL.,
2008), e pode ser sexo-especifico, visto que em ratos machos, mas ndo em ratas fémeas,
ocorreu uma reducdo na mielinizagdo no cortex pre-frontal (LEUSSIS e ANDERSEN,
2008). Esses efeitos citados acima, no entanto, sdo resultado de estresse social de longo-

prazo, e os estudos em geral avaliam estresse social aplicado desde o desmame até a
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idade adulta. Sdo poucos os estudos de eventos estressores sociais sub-agudos durante a
pré-puberdade sobre o comportamento e sobre fatores neuroquimicos no sistema

nervoso central.

A Resposta ao Estresse

A transicdo de neonato para a fase adolescente e para a fase adulta envolve
significativas modifica¢fes funcionais no eixo HHA. De modo interessante, areas do
cérebro que modulam a resposta do eixo HHA, tais como o hipocampo e o cortex pré-
frontal (HERMAN ET AL. 2003), apresentam uma maturacdo durante o periodo pré-
pubere em roedores. Considerando que muitas estruturas cerebrais participam da
resposta do eixo HHA, ndo € surpreendente que estressores durante este periodo podem
afetar a funcionalidade do eixo HHA e levar a alteracdes a longo-prazo na reatividade
do eixo HHA (FELDON, 2005; MATHEWS, 2002; ROMEO ET AL., 2009). Além
disso, hormdnios produzidos pelo eixo HHA sdo importantes mediadores da transicédo

fisica e fisioldgica no desenvolvimento (WADA, 2008).

A exposicdo ao estresse induz uma variedade de respostas no organismo,
incluindo respostas autondmicas, viscerais, imunoldgicas e neurocomportamentais
(ansiedade, depressdo e anorexia podem surgir), além da ativacdo do eixo limbico-
hipotdlamo-hipdfise-adrenal (eixo HHA). A atividade do eixo HHA é regulada pela
secrecdo do horménio liberador de corticotropina (CRH) pelo hipotdlamo, que por sua
vez ativa a liberacdo do horménio adrenocorticotropico (ACTH) pela hipofise anterior.
O ACTH estimula a secrecdo de glicocorticoides (GCs; cortisol em humanos e
corticosterona em roedores) pelo cortex adrenal. Os glicocorticoides sdo uma familia de

horménios esteroides altamente lipossolUveis que séo liberados do cortex adrenal sob o
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controle hierarquico do eixo HHA, quando os animais sdo submetidos a episodios de
estresse (SAPOLSKY, 2000). Os glicocorticoides estdo envolvidos em Vvérios eventos
celulares no SNC, como por exemplo, na plasticidade sinaptica, na expressdo de
receptores de neurotransmissores, nas acdes de neurotoxinas e no processamento de
proteinas (MCEWEN, 2007; MCEWEN e GIANAROS, 2011). Além disso, 0s
glicocorticéides estdo envolvidos em transtornos psiquiatricos, tais como depressdo e
estresse pds-traumatico (SAPOLSKY, 2000). As acOes desses hormdnios sdo mediadas
por ligacdo aos seus receptores. Classicamente, existem dois tipos de receptores para 0s
glicocorticéides, os quais estdo localizados no citosol: os receptores mineralocorticéides
(RMs) e os receptores de glicocorticoides (RGs), que podem ser distinguidos pelas
diferentes afinidades a seus ligantes. Os RGs estdo amplamente expressos no encéfalo,
enquanto que os RMs sdo encontrados primariamente no hipocampo (REUL e DE
KLOET, 1985). Esses receptores sdo ativados na presenca dos glicocorticéides e entdo
migram para o nucleo, onde se ligam ao elemento responsivo aos glicocorticéides,
presente no ADN, e assim exercem o seu papel transcricional em varios genes.

Um estudo ex vivo usando tecido de figado e de cérebro sugeriu que um
pequeno, mas significante, nimero de RGs pode ser encontrado na mitocondria, de
modo que esta organela pode ser um sitio adicional para as acgdes diretas dos
glicocorticéides (DEMONACOS ET AL., 1996; MOUTSATSOU ET AL., 2001).

Os receptores de glicocorticdides (RGs) estdo intimamente envolvidos na
retroalimentacdo negativa dos GCs no eixo HHA apds uma situacdo de estresse (DE
KLOET ET AL., 2008). Entre as estruturas cerebrais citadas a cima, 0 hipocampo
salienta-se por apresentar um maior numero de RGs e por contribuir para a eficiente
retroalimentacdo negativa, diminuindo a resposta do eixo HHA (MCEWEN, 2008;

SAPOLSKY, 2003). A hiperatividade deste eixo, indicada por altos niveis de GCs, é
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frequentemente observada na depressao (FLANDREAU ET AL., 2012; WANG ET
AL., 2008). Além disso, um aumento exagerado na expressao ou na funcdo do RG pode
estar envolvido no controle do eixo HHA, na resisténcia ao estresse, na ansiedade e na
depressdo (ALT ET AL., 2010; DE KLOET ET AL., 2005; RIDDER ET AL., 2005;
WANG ET AL., 2012).

Ratos expostos a um estressor agudo durante o periodo pré-pubere apresentam altos
niveis de corticosterona com relacdo a animais adultos nas mesmas condi¢ées (ROMEO
ET AL., 2010). Além do mais, animais adultos expostos repetidamente ao mesmo
estressor mostram uma habituacdo na resposta ao estresse com relacdo aos niveis de
ACTH e corticosterona, enquanto que 0s animais no periodo pré-puabere exibem uma
resposta mais acentuada (DOREMUS- FITZWATER ET AL., 2009; FOLIB ET AL.,
2011; ROMEO ET AL., 2006). Alguns estudos tém sugerido uma possivel diferenca no
mecanismo de retroalimentacdo negativa do eixo HHA ou na expressao dos receptores
de glicocorticoides em estruturas cerebrais envolvidas na resposta ao estresse durante o
periodo pré-ptbere (GOLDMAN ET AL., 1973, SCHMIDT ET AL., 2007; UYS ET
AL., 2006), o que poderia explicar por que ratos, de ambos 0s sexo0s, mostram no
periodo pré-pubere, uma resposta mais prolongada na liberacdo do ACTH e da
corticosterona quando submetidos ao estresse com rela¢do aos animais adultos. Ainda,
as ratas fémeas em ambas as idades demonstram um pico maior para resposta a
corticosterona, mas retornam aos niveis basais mais rapidamente quando comparadas a

ratos machos de ambas as idades (ROMEO ET AL., 2004, a,b).

- Estresse e alimentos palataveis confortantes

O estimulo cronico do eixo HHA, resultando no excesso de glicocorticdides, parece

estar relacionado com ingestdo de alimentos altamente palataveis como forma de
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reduzir a resposta do eixo HHA, sendo uma resposta adaptativa ao estresse
(PECORARO ET AL., 2004). Contudo, isso mostra que o eixo HHA ndo s6 é um
condutor das respostas ao estresse como também estd intimamente relacionado com a
regulacdo enddcrina do apetite (ADAM e EPEL, 2007). Alguns estudos em humanos
mostram que individuos altamente reativos ao estresse ingerem mais calorias e este
comportamento estaria associados com o comportamento compulsivo (EPEL ET AL.,
2001; FREEMAN e GIL, 2004). Ja estudos em ratos adultos mostram que animais
submetidos a um estresse crénico apresentam aumento da ingestdo de alimentos
palataveis (ELY ET AL., 1997; PECORARO ET AL., 2004; SILVEIRA ET AL,
2004). A exposicdo ao estressor é capaz de modificar o comportamento alimentar, que

por sua vez, depende da gravidade e da duracdo do estressor.

A liberacdo dos glicocorticoides durante situacdes estressantes pode levar a agao
desses hormonios no sistema nervoso central (SNC), possivelmente modulando a
ingestdo de alimento por meio da ativacdo do sistema do neuropeptideo Y (NPY)
(DALLMAN ET AL., 1993). A remocdo dos glicocorticoides por adrenalectomia
suprime o consumo alimentar em 10-20% e diminui o ganho de peso (BHATNAGAR
ET AL., 2000), assim como inibe a obesidade induzida pelo NPY (DALLMAN ET AL.,
2005). Esses efeitos da adrenalectomia sdo revertidos pela administracdo de
glicocorticéides (FREEDMAN ET AL., 1985). Como existe uma sobreposicao
importante em neurdnios alvo de glicocorticdides, insulina e leptina, sugere-se que esses

hormonios atuem de modo coordenado na regulacdo do apetite e do gasto energético.

A atividade do eixo HHA, por sua vez, também pode ser influenciada pelo tipo de
alimento consumido. Uma dieta hipercaldrica, rica em carboidrato e gordura, pode levar

a uma reducéo da resposta do eixo ao estresse (PECORARO ET AL., 2004), sugerindo
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um efeito metabdlico periférico da dieta sobre o encéfalo (DALLMAN ET AL., 2003).
Uma dieta contendo alto teor de gordura, no entanto, realca os niveis de glicocorticoides
basais e induzidos por estresse, possivelmente agindo como um fator estressor

(KAMARA ET AL., 1998; TANNENBAUM ET AL., 1997).

A ingestdo alimentar € regulada por duas vias complementares: (a) homeostatica e
(b) hedbnica. A via homeostatica controla o balanco energético por aumentar a
motivacao para comer quando da reducdo dos estoques de gordura. A via hedonica, ou
regulacdo baseada na recompensa, pode sobrepor-se a via homeostatica durante
periodos de relativa abundancia de energia, aumentando o desejo de consumir alimentos

altamente palataveis.

O hipotalamo é um importante centro controlador do comportamento alimentar,
e também da resposta ao estresse. O nucleo arqueado do hipotdlamo (ARC) é uma
regido posicionada proxima a capilares fenestrados na base do hipotalamo, o que a
coloca em contato com importantes horménios produzidos perifericamente, como
leptina (GLAUM ET AL., 1996), insulina (MUROYA ET AL., 1999) e grelina (WANG
ET AL., 2002), para os quais possuem receptores (CONE ET AL., 2001). Uma das
populacGes neuronais expressa a proopiomelanocortina (POMC) e o peptideo
relacionado a cocaina e a anfetamina (CART), e quando ativada leva a uma diminuigéo
do apetite e aumento do gasto energético. Em contraste, outra populacdo de células,
contendo NPY e Proteina Relacionada ao Gene Cutia (AGRP), leva a uma resposta
orexigénica e menor gasto energético (CLARK ET AL., 1984). Tanto os neurdnios
contendo POMC quanto os neur6nios contendo NPY expressam receptores para leptina

e grelina (BASKIN ET AL., 1999). A leptina aumenta a atividade dos neurdnios POMC
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e inibe neurdnios NPY (BASKIN ET AL., 1999), enquanto a grelina age fazendo o

oposto (TRAEBERT ET AL., 2002).

Outro horménio importante para o controle alimentar é a adiponectina, a qual € um
membro das proteinas secretadas pelo tecido adiposo e que também esta envolvida no
comportamento alimentar. Sua concentracdo € mais baixa em homens, individuos
obesos, diabéticos e com doencas coronarianas (NISHIZAWA ET AL. 2002). A
adiponectina age como um agente sensibilizador da insulina, reduzindo a producdo de
glicose hepética e aumentando a acdo da insulina no figado (GIL-CAMPOS ET AL.
2004), bem como induzindo redugdo das concentragdes de glicose, acidos graxos livres
e triacilglicerois in vivo (TOMAS ET AL. 2002). As concentracGes de adiponectina
correlacionam-se negativamente com insulina de jejum, glicose e triacilglicerois

(TOMAS ET AL. 2002).

Os efeitos do estresse sobre o consumo de alimentos confortantes (“comfort foods”)
podem ser sexo-especificos (ELY ET AL., 1997; LIANG, 2007). Ja é sabido que
distarbios alimentares sdo mais frequentes em mulheres (PEBLES, 2006). Estudos
anteriores do nosso laboratério também mostraram que ratos machos e fémeas
submetidas ao estresse crénico e que recebem chocolate séo diferentemente afetados,
pois este alimento age como alimento confortante mais evidentemente em fémeas

(FACHIN ET AL., 2008).

- Estresse e mitocondria

As mitocbndrias sdo organelas que tém um papel vital na homeostase celular.
Apresentam forma e dimensdes distintas, as quais dependem do tecido e do estado
metabolico. Duas membranas envolvem a mitocondria: uma externa, lisa que reveste o

espaco intermembranas e outra interna, com multiplas invaginacfes, denominadas
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cristas mitocondriais. Aderidas as cristas encontra-se uma grande quantidade de
proteinas componentes da cadeia transportadora de elétrons e a FoF;ATPase,
responsaveis por realizar a fosforilagdo oxidativa, além de inumeras proteinas
transportadoras (DAUM, 1985). A maquinaria da fosforilagdo oxidativa é responsavel
pela producédo aerdbica de ATP. Além dessa importante funcéo, a mitocondria também
participa de vias biossintéticas e de outros processos, tais como o controle intracelular
do metabolismo, sinalizagdo do Ca*?, regulacio da termogénese, geracdo de espécies
reativas de oxigénio (ERO) e de nitrogénio (ERN), além de servir como um sensor para

apoptose.

Essas organelas desempenham papel fundamental na sobrevivéncia celular, pois
sdo responsaveis pela maior parte da energia gerada e utilizada pelas células
eucarioticas (NICHOLLS e FERGUSON, 2002), que provém da cadeia transportadora
de elétrons, ou cadeia respiratoria, acoplada a fosforilacdo oxidativa mitocondrial. A
cadeia respiratoria é responsavel pela gradativa transferéncia de elétrons oriundos do
metabolismo intermediario para a reducdo do oxigénio e sintese de ATP. Durante este
processo, 0s elétrons oriundos das coenzimas nicotinamida adenina dinucleotideo
(NADH) e flavina adenina dinucleotideo (FADH,), reduzidas durante o ciclo de Krebs
ou em outras reagdes do catabolismo, s&o transferidos para os complexos | (NADH-
ubiquinona oxidorredutase) e Il (Succinato-ubiquinona oxidorredutase) e destes para 0s
complexos 111 (Ubiquinol-Citocromo c redutase) e IV (Citocromo ¢ oxidase) de uma
maneira gradativa, até o aceptor final de elétrons, o oxigénio molecular, com
concomitante formacdo de agua. A passagem de elétrons através dos complexos I, 111 e
IV é acompanhada do bombeamento de prétons da matriz mitocondrial para o espaco

intermembranas. Este gradiente eletroquimico, responsavel pela formacéo do potencial
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de membrana mitocondrial (Ay), dirige o fluxo de prétons de volta & matriz
mitocondrial através da FoF1ATPase, que utiliza esta energia para a sintese de ATP

(HUTTEMANN ET AL., 2008).

Devido ao papel crucial que a mitocondria tem na célula, essa organela € uma
das primeiras a responder ao estresse. A resposta adaptativa ao estresse envolve
alteracbes importantes nas fungdes mitocondriais, na capacidade de ajuste da
bioenergética, termogénese e respostas oxidativas e/ou apoptéticas (MANOLI ET AL.,
2007). Dependendo da duracdo e/ou da intensidade do agente estressor e consequente
liberacdo de glicocorticoides, a resposta mitocondrial pode ser diferente. A resposta
mitocondrial envolve, em funcdo das necessidades celulares, sinalizagdo nuclear e
mitocondrial destinadas a (1) aumentar o desempenho mitocondrial recrutando um
maior nimero de mitocdndrias (biogénese) ou aumentando o seu volume, (2) melhorar a
expressao e a atividade das subunidades da fosforilacdo oxidativa, (3) possibilitar o
desacoplamento da cadeia respiratoria, com consequente liberacdo de energia na forma
de calor, (4) facilitar a transducdo de sinal para o nucleo e outras organelas
intracelulares, (5) gerar ERO para sinalizacdo ou defesa e (6) induzir a cascata de

apoptose, dependendo da natureza do estressor (GOLDENTHAL ET AL., 2004).

Estudos mostram que a modulagdo da atividade mitocondrial pelos
glicocorticéides pode ser bifasica. Uma exposicdo de curto-prazo ao estresse mostra que
as concentragbes de glicocorticoides sdo associadas com a indugdo da biogénese
mitocondrial e da atividade enzimatica de seletas subunidades dos complexos da cadeia
respiratdria, enquanto que, se a exposi¢do for mais prolongada, os glicocorticoides
podem causar disfuncdo na cadeia respiratoria, aumento na geracdo de ERO,

anormalidades na estrutura mitocondrial, apoptose e morte celular (ALESCI ET AL.,
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2006; DUCLOS ET AL., 2004; MANOLI ET AL., 2005, ORZECHOWSKI ET AL.,
2002). Um estudo mostrou que o estresse cronico em ratos induz disfungdo mitocondrial
com alteragdo na cadeia transportadora de elétrons, diminui¢do na producdo de ATP,
apoptose e morte celular (ALESCI ET AL., 2006). Além desses efeitos dos
glicocorticéides, foi demonstrado que seus receptores do tipo RG controlam a
respiracdo e a fosforilacdo oxidativa por meio da regulacédo transcricional dos genes da
mitocondria (TSIRIYOTIS ET AL., 1997). Alguns estudos mostraram que 0s genes da
citocromo oxidase 1 (COX1) e citocromo oxidase 3 (COX3) podem ser regulados pelos
receptores de glicocorticoides presentes nas mitocondrias. Ambos, COX1 e COX3, sdo
subunidades cataliticas da citocromo c oxidase, a Ultima enzima da cadeia
transportadora de elétrons (DEMONACOS ET AL., 1996; LIANG ET AL., 2006).
Outro indicio da presenca dos RGs na mitocondria foi um estudo que usou vérias
linhagens celulares e mostrou a capacidade dos glicocorticoides em induzir apoptose

por via mitocondrial (SIONOV ET AL., 2006).
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Figura 1: Demonstrativo das alteracbes mitocondriais em resposta ao estresse

(MANOLI ET AL., 2007).

Estresse oxidativo

A cadeia de transporte de elétrons mitocondrial é responsavel por gerar espécies
reativas do oxigénio e do nitrogénio (DUDKINA ET AL., 2008). Em condigdes
fisioldgicas, aproximadamente 1 a 4% dos elétrons é desviado do fluxo pelos complexos
da cadeia respiratoria, causando a reducdo incompleta do oxigénio molecular, formando
espécies reativas tdxicas como o radical anion superéxido (O,), o peréxido de
hidrogénio (H,O;) e o radical hidroxila ((OH), o que torna a mitocondria uma
importante fonte de espécies reativas (KOOPMAN ET AL., 2010). A reagdo do
superéxido, O,", com o H,0, forma o radical ‘OH, através da reacdo de Haber-Weiss. A

formacdo de radical hidroxila a partir do peroxido de hidrogénio também pode ser
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catalisada pela presenca de fons de metais de transicdo (Fe** e Cu?*) pela reagdo de
Fenton (GUTTERIDGE e HALLIWELL, 2000; MCCORD, 1987).

No entanto, na tentativa de equilibrar a producdo dessas espécies reativas,
existem antioxidantes enzimaticos, tais como superoxido dismutase (SOD), glutationa
peroxidase (GPx), catalase (CAT) e antioxidantes ndo-enziméticos (por exemplo,
glutationa [GSH], vitaminas A, C, E, e selénio). O anion superdxido intramitocondrial,
incapaz de se difundir para o citosol, é destoxificado pela enzima antioxidante
superéxido dismutase dependente de manganés (Mn-SOD), presente no interior da
mitocondria, gerando perdxido de hidrogénio. Além da Mn-SOD, outros antioxidantes
enzimaticos agem na destoxificacdo do perdxido de hidrogénio (H,O;), como a GPx e a

CAT. Essas enzimas sao responsaveis por degradar o H,O, em agua.

A producdo dessas espécies reativas pode apresentar um papel benéfico ou
prejudicial para célula. Baixas concentracdes destas espécies reativas estdo envolvidas
na regulacdo de inumeros processos fisiologicos, tais como a resposta celular a lesdes
ou infecgdes, e também na sinalizacdo celular (VALKO ET AL., 2007). No entanto, a
superproducdo dessas espécies reativas resulta em um dano oxidativo para estruturas
celulares, incluindo lipideos, membranas, proteinas e ADN (VALKO ET AL., 2007).
Essa situacdo é denominada estresse oxidativo, e ocorre quando ha um desequilibrio
oxidativo entre os niveis celulares de espécies reativas e de defesas celulares
antioxidantes. Esse desequilibrio pode resultar de um aumento da producédo de espécies
reativas ou de uma alteragdo nos mecanismos de defesa, como pela deplecéo enzimatica
antioxidante (SOD, GPx e CAT) ou deplecdo enziméatica ndo-antioxidantes (glutationa,

vitaminas e selénio).
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Numerosos processos fisiologicos e patologicos, tais como estresse, doencgas
psiquiatricas, envelhecimento, excesso de ingestdo calorica, entre outros, aumentam a
concentracdo dessas substancias no encéfalo. Cabe ressaltar que o encefalo é
particularmente sensivel ao dano oxidativo, pois apresenta modesta capacidade
antioxidante e abundante contetdo lipidico (HALLIWELL, 2006). Além disso, é rico
em substratos para oxidacdo, como, por exemplo, o ferro e o cobre, e requer grandes
quantidades de oxigénio para o funcionamento normal, tornando-se um ambiente
favoravel para o desequilibrio oxidativo. Tem sido demonstrado que exposi¢do a
diferentes tipos de estressores leva a um aumento na producéo de anion superoxido e de
peréxido de hidrogénio (WARD e TILL, 1990) e a um desequilibrio das enzimas
antioxidantes, produzindo estresse oxidativo (KOVACHEVA-IVANOVA ET AL,
1994; KROLOW ET AL 2010; MADRIGAL ET AL., 2001; RADAK ET AL., 2001). A
exposicdo a alimentos palataveis ricos em acucar e ou gordura pode levar ao estresse
oxidativo por um aumento da NADPH-oxidase nos rins e tecido cardiaco e uma reducgéo
do sistema antioxidante (LING, 2007). Além disso, dietas ricas em gordura diminuem
atividade do receptor gama de proliferagdo ativada do peroxissomo (PPAR-y), o qual
tem acdo anti-inflamatoria, e induzem estresse oxidativo. No encéfalo o consumo de
alimentos palataveis pode gerar desequilibrio oxidativo e dano ao ADN celular em
distintas estruturas cerebrais (KROLOW ET AL 2010; OLIVO-MARSTON ET AL.,

2008).

Morte celular

As mitocondrias desempenham um papel central na integracéo e circulacéo de
sinais iniciadores de morte celular, como o estresse oxidativo e o dano ao ADN celular.

Esses sinais, por sua vez, sdo mediadores-chave nas vias de sinalizagdo que regulam a
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apoptose e a necrose celular (ANDREYEV ET AL., 2005; VALKO ET AL., 2006;
NIIZUMA ET AL., 2010).

Tem sido sugerido que alteracBes na fisiologia da mitocéndria e dano celular
induzido pela produgdo de espécies reativas do oxigénio sdo eventos centrais da
apoptose (ANDREYEV ET AL., 2005; VALKO ET AL., 2006; NIIZUMA ET AL.,
2010). O processo apoptotico é programado e criticamente controlado por um balanco
entre as proteinas pro-apoptéticas e anti-apoptoticas no lado externo da membrana
mitocondrial, levando a uma cascata de sinalizacdo que culmina na morte celular
(CORY e ADAM 2002; LINDSTEN ET AL 2005). Em resposta ao estimulo de morte,
as mitocondrias sdo prejudicadas, resultado na liberacdo de proteinas pré-apoptoticas da
mitocdndria para o citoplasma, mas a mitocéndria ainda mantém os niveis de ATP
normais, tornando a lesdo reversivel (Li ET AL., 1997).

A resposta adaptativa ao estresse envolve importantes alteracGes nas funcdes
mitocondriais permitindo que o organismo ajuste sua bioenergética, termogénese,
oxidacdo e/ ou respostas apoptéticas (MANOLLI ET AL., 2007). Estudos em humanos
e também em modelos animais tém proposto que a apoptose € um mecanismo celular
que contribui para alteracGes estruturais observadas em transtornos do humor
relacionados ao estresse (MCKERNAN ET AL., 2009). Entretanto, em um dano grave,
onde a concentracdo de ATP encontra-se abaixo dos niveis necessarios para 0 processo
de apoptose se instaurar, o dano é irreversivel e a morte celular acontece por necrose
(LIPTON, 1999). A necrose € um processo patologico e desordenado de morte celular
que leva a varias alteragdes morfologicas, deplecédo brusca de ATP, perda do controle
do balanco i6nico, extravasamento do material intracelular devido a um aumento no
volume da celula, dano intenso as organelas, ruptura de lisossomos e lise celular

(LOCKSHIN e ZAKERI, 2004; YAKOVLEYV e FADEN, 2004)
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Assim sendo, considerando

- que o periodo pré-plbere é um periodo critico para o estabelecimento de
programacdo metabdlica e do funcionamento do sistema nervoso;

- que a acdo de fatores ambientais, em especial o estresse e a disponibilidade de
dietas altamente palataveis, que tem aumentado de modo marcante na populagao
nas ultimas poucas décadas, poderia afetar de maneira permanente o
metabolismo e o comportamento;

- que a fung@o mitocondrial pode ser afetada pela exposicdo ao estresse e, por sua
vez, pode induzir alterages em distintos processos celulares;

- que alimentos confortantes podem reduzir a resposta ao estresse, porém também
apresentam efeitos deletérios proprios;
que é importante considerar diferencas sexo-especificas nas respostas dos

organismos ao ambiente, levantamos a hipdtese de que a exposi¢do a um estressor

durante o periodo pré-pubere deixaria marcas de longa duracdo na funcdo encefélica

e no comportamento, e considerando ainda que a concomitante disponibilidade de

dieta hiperpalatavel poderia apresentar interacdo com os efeitos do estresse, e que

tais efeitos poderiam diferir em machos e fémeas.
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OBJETIVOS
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OBJETIVO GERAL

O objetivo da presente tese foi investigar os efeitos do estresse por isolamento
social e consumo de um alimento palatdvel no periodo pré-pubere sobre aspectos
metabdlicos e neuroquimicos, e investigar memoria espacial e possiveis alteracdes
celulares no cortex pré-frontal medial e no hipocampo de ratos jovens e adultos, machos

e fémeas.

OBJETIVOS ESPECIFICOS

A. Verificar se o estresse por isolamento social durante o periodo pré-plbere
altera o consumo de uma dieta palatavel, avaliando o consumo calérico e
ganho de peso, e observando se essas condi¢Oes afetam os parametros
metabdlicos e o NPY hipotalamico em ratos jovens (28 dias) e adultos
(60 dias), observando possiveis diferencas sexo-especifico;

B. Investigar os efeitos do estresse por isolamento social e o consumo de
dieta palatdvel no periodo pré-pubere sobre pardmetros do estresse
oxidativo e do metabolismo energético (atividade da Na*,K*-ATPase,
enzimas da cadeia respiratoria, massa e potencial mitocondrial) no cértex
pré-frontal medial de ratos machos jovens (28 dias) e adultos (60 dias);

C. Investigar a possibilidade de que o estresse por isolamento social no
periodo pré-pubere leve a alteracbes celulares (parametros do estresse
oxidativo, massa e potencial mitocondrial, atividade da cadeia

respiratoria, apoptose e necrose e indice de quebras ao ADN), no

26



hipocampo de ratos machos jovens (28 dias) e verificar se o consumo de
uma dieta palatavel pode reduzir os efeitos do estresse durante o periodo
pré-pubere.

D. Verificar se o estresse por isolamento social no periodo pré-plbere pode
levar a alteragbes a longo-prazo sobre a memoria espacial e a
neuroguimica (parametros de estresse oxidativo, indice de fragmentagéo
do ADN celular, atividade das enzimas da cadeia respiratoria, massa e
potencial mitocondrial, apoptose e necrose, BDNF e imunocontetdo dos
receptores de glicocorticoides) hipocampal em ratos machos adultos (60
dias) e verificar se 0 acesso a dieta palatavel durante 0 mesmo periodo do

desenvolvimento poderia modificar os efeitos do estresse.
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MATERIAIS, METODOS

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

seguinte forma:

- Capitulo 1: Artigo publicado na revista Metabolism Clinical and Experimental
- Capitulo 2: Artigo publicado na revista Neurochemical Research
- Capitulo 3: Artigo publicado na revista Neurochemical Research

- Capitulo 4: Artigo submetido a revista Pharmacological Biochemistry Behavior
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CAPITULO 1

Manuscrito: Sex-specific effects of isolation stress and consumption of

Palatable diet during the prepubertal period on metabolic parameters
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ARTICLEINFO ABSTRACT

Article history: Objectives. Social isolation during the prepubertal period may have long-term effects on

Received 16 November 2012 metabolism. The exposure to stressful events is associated with increased palatable food

Accepted 9 April 2013 intake, constituting reward-based eating However, palatable food consumption in early
life may lead to metabolic alterations later in life. We investigated whether isolation stress

Keywords: during early life can lead to metabolic alterations in male and female rats with or without

Social stress exposure to a palatable diet.

Sweet food Methods. Animals were stressed by isolation during one week after weaning, with or

Ghrelin without exposure to a palatable diet.

Adiponectin Results. Stress and palatable diet induced increased caloric consumption. In females,

Insulin there was a potentiation of consumption in animals exposed to stress and palatable diet,

Abdominal fat reflected by increased weight gain and triacylglycerol levels in juveniles, as well as increased

adiponectin levels. Most of the effects had disappeared in the adults. Different effects were
observed in males: in juveniles, stress increased unacylated ghrelin levels, and
hypothalamic neuropeptide Y (NPY). Subsequently, adult males that were exposed to a
palatable diet during prepuberty showed increased body weight and retroperitoneal fat
deposition, increased glycemia, and decreased plasma adiponectin and hypothalamic NPY.
Exposure to stress during prepuberty led to increased adrenals during adulthood, decreased
LDL-cholesterol and increased triacylglycerol levels.

Conclusion. Isolation stress and consumption of palatable diet changes metabolism in a
sex-specific manner. Prepuberty female rats were more prone to stress effects on food
consumption, while males showed more long-lasting effects, being more susceptible to a
metabolic programming after the consumption of a palatable diet.

2013 Elsevier Inc. All rights reserved.

Abbreviations: NPY, hypothalamic neuropeptide Y; GCs, glucocorticoids; HPA, hypothalamo-pituitary adrenal axis; PND, postnatal day;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; EDTA, Ethylenediamine tetraacetic acid; VLDL, very low density lipoprotein.
* Corresponding author. Departamento de Bioguimica, ICBS, UFRGS, Ramiro Barcelos, 2600 (Anexo) Lab. 37., 90035-003 Porto Alegre, RS,
Brazil. Tel.: +55 51 3308 5570; fax: +55 51 3316 5535.
E-mail addresses: krolowrachel@yahoo.com.br (R. Krolow), carladalmaz@yahoo.com.br (C. Dalmaz).

0026-0495/% — see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx doi.org/10.1016/j metabol.2013.04.009

Please cite this article as: Krolow R, et al, Sex-specific effects of isolation stress and consumption of palatable diet during the
prepubertal period on metabolic parameters, Metabolism (2013), http://dx.doi.org/10.1016/j.metabol.2013.04.009

31



2 METABOLISM CLINICAL ANDEXPERIMENTAL XX (2013) XXX-XXX

1. Introduction

The prevalence of obesity during prepuberty and puberty is
increasing, and environmental factors, such as exposure to
stress, are thought to be strongly implicated in this epidemic
[1,2]. The prepubertal and pubertal periods are marked by
continuous emotional development and great brain plasticity
[3]. Interventions during this critical period may have long-
term effects on emotion, behavior and metabolism [4,5]. One
of the most potent stressors during the peri-pubertal period is
social isolation [6], which can lead to behavioral, morpholog-
ical and neurochemical changes, which may also be present
in adulthood [7,8].

Exposure to stressful events leads to an increased release
of glucocorticoids (GCs) by activation of the hypothalamo-
pituitary adrenal (HPA) axis. Under normal conditions, acti-
vation of the stress response, caused by everyday stressors,
results in adaptive endocrine, metabolic, and cardiovascular
changes that help to maintain homeostasis [4,5]. However,
prolonged elevations in glucocorticoid and catecholamine
concentrations in the circulation result in changes that may
be maladaptive [9,10], affecting the timing of puberty, final
stature, and body composition, as well as causing early-onset
obesity, metabolic syndrome, and type 2 diabetes mellitus [3].
In addition, one of the consequences of stress exposure is
altered food intake [11,12], causing either increased or de-
creased food intake, depending upon the nature of the stress
[13]. Animals that are repeatedly stressed by restraint show
increased ingestion of sweet food [11], while models of chronic
variate stress induce a decreased appetite for sweet food or
palatable solutions [12,14]. Furthermore, thereis evidence that
glucocorticoids stimulate appetite [15], and increase body
weight through the orexigenic effect of the hypothalamic
feeding signal, neuropeptide Y (NPY) [16], an effect that is
inhibited by leptin and insulin [17]. In addition, excess gluco-
corticoids increase glucose and insulin and decrease adipo-
nectin levels [18].

Human studies also show greater food consumption,
mainly palatable food, during periods of psychological stress
[19]. The increased palatable food intake induced by gluco-
corticoids [20] has been associated with reward-based eating,
which has been suggested as a means to reduce the stress
response [21], and palatable food, rich in carbohydrates (“com-
fort food”), has been shown to decrease the stress response
in stressed rats [22]. These observations suggest the possibility
of an interaction between the effects of stress and consump-
tion of easily available palatable food. Additionally, stress
effects on “comfort food” consumption may be sex-specific
[10,23]. Moreover, it is known that eating disorders are more
frequentin women [24]. Itis noteworthy that male and female
rats subjected to stress and receiving chocolate as a “comfort
food” are differentially affected [25,26], which emphasizes the
importance of considering sex-specific differences in studies
concemning stress and food consumption.

Although several studies have shown the effects of stress
on food consumption, the effects of stress when applied
during the prepubertal period and its possible interaction with
the consumption of a palatable diet have not been studied,
especially when considering sex-specific differences. There-

fore, the aim of this study is to verify whether isolation stress
during the prepubertal period alters the consumption of a
highly palatable diet, evaluating caloric consumption and
weight gain, and to observe whether these conditions affect
metabolic parameters later on in life, during adulthood. Our
hypothesis is that consumption of a palatable diet during
the stress period will increase and that access to this type
of diet may counterbalance long-term adverse stress effects.
Additionally, we also hypothesized that males and females
will present different outcomes later in life for these events
occurring in the prepubertal period. Body weight and adrenal
weight, abdominal fat deposition, the concentration of fuels
(glycemia, plasma lipids), and hormones related to fuel
homeostasis (insulin, leptin, ghrelin, adiponectin), as well as
hypothalamic NPY were measured, using both male and
female rats.

2. Methods
2.1. Subjects

All animal procedures were approved by the Institutional
Ethical Committee (CEUA-UFRGS 20040), and followed the
recommendations of the Federation of Brazilian Sodeties for
Experimental Biology. All efforts were made to minimize
animal suffering, as well as to reduce the number of animals.
Wistar rats were weaned on postmatal day 21. Males and
females were separated according to sex and weighed. Half
of the animals were housed in groups of 4-5; the other half
were stressed by isolation (one animal in a smaller home cage,
27 x 17 x 12 cm) [27]. Each group (control or stressed) was
subdivided according to the diet they received: Receiving a
high palatable diet or standard lab chow. Animals were
divided in such a way that only one animal per litter was
used per group. These procedures resulted in four experimen-
tal groups: (1) Controls receiving standard lab chow (15 males
and 16 females), (2) controls receiving palatable diet (20 males
and 16 females), (3) isolated animals receiving lab chow
(20 males and 16 females), and (4) isolated animals receiving
palatable diet (20 males and 16females). These interventions
occurred between postnatal days 21-28 and daily food
consumption was measured. At postnatal day 28 (PND 28),
half of the animals in each group were killed by decapitation
and biochemical evaluations were performed in the plasma
and the hypothalamus. The other half of the animals received
standard chow and were reared in groups of 5 per cage until
adulthood, when they were killed by decapitation and the
same biochemical parameters were assessed.

2.2, Palatable diet

The palatable diet used on this study was enriched in simple
carbohydrates. The diet was composed of condensed milk,
sucrose, a vitamin and salt mix, powdered standard lab chow,
purified soy protein, soy oil, water, methionine and lysine.
The nutritional content of this diet was similar to that of a
standard lab chow (including 22-24% protein and 4-6% fat),
however 41.4 g% of carbohydrates in the palatable diet were

Please cite this article as: Krolow R, et al, Sex-specific effects of isolation stress and consumption of palatable diet during the
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represented by 26.7 g% of sucrose and lactose and 14.7 g% of
starch; in contrast, the standard lab chow had 49 g% car-
bohydrates, mainly from starch.

2.3 Food consumption, body weight and weight gain

Previously weighed amounts of standard lab chow and
palatable diet were offered and the remaining amounts of
pellets were measured each day to evaluate consumption. The
food consumption was measured per cage and, in the control
cages, the amount of food consumed was divided by the
number of animals per cage to determine mean consumption
per animal. To verify the amount of kilocalories consumed
per animal, the amount of food ingested was multiplied by
the caloric content per gram of chow or diet. The standard
lab chow has a caloric content of 3.24 kcal/g, whereas the
palatable diet has a caloric content of 4.5 kcal/g (being 38%
more caloric than the standard chow).

2.4 Abdominal fat and adrenal gland dissection

At PND 60, animals were killed by decapitation after 6h of
fasting (7:00-13:00 h). The two major portions of abdominal fat
(gonadal and retroperitoneal adipose tissue depots) and
adrenal glands were carefully dissected and weighed. Abdom-
inal fat is shown in grams. Adrenal weight is expressed in
relation to the body weight.

2.5. Biochemical analysis

25.1. Preparation of the samples for biochemical
measurements

Trunk blood was collected into tubes with ethylenediamine
tetraacetic acid (EDTA) for glucose, total cholesterol, triglyc-
erides, HDL-cholesterol, LDL-cholesterol; leptin, insulin, adi-
ponectin, and unacylated ghrelin determination. Plasma was
separated and frozen until the day of analysis.

25.2.  Plasma glucose and lipid levels

Glucose, triglycerides, and total cholesterol were measured
using commercial kits from Wiener Laboratorios (Rosario,
Argentina). HDL-cholesterol was measured using a kit from
Labtest Diagnostica S.A. (Minas Gerais, Brazil). LDL-cholesterol
was evaluated through the Friedewald formula [28].

25.3. Plasma levels of insulin, leptin, adiponectin, and
unacylated ghrelin

Plasma insulin (Rat/Mouse insulin ELISA kit Millipore, n®
cat # EZRMi-13K), leptin (Leptin clear Microtiter plate Enzo life
sciences, n° cat# 80-1793), adiponectin (Rat adiponectin
Elisa Assay kit Biovision, n° cat # k4903-100) and desacetylated
ghrelin (Ratunacylated Ghrelin Enzyme Imunoassay kit SPI bio,
n° cat # A05118) were measured using commercial ELISA kits.

254. Determination of hypothalamic NPY

The whole hypothalamus was dissected from the brain and
the samples were homogenized in Extraction Buffer
(10 mmol/L HEPES, 10 mmol/L KCI, 0.1 mmol/L EDTA,
0.1 mmol/L EGTA, pH 7.9) with a protease inhibitor (100:1). A
detergent (NP40 1%) was then added and the homogenate

was centrifuged at 3000xg for 10 minutes at 4 °C. The super-
natant (cytosolic fraction) was used for NPY quantification
later using a commercially available peptide enzyme immu-
noassay kit (Peninsula Laboratories LCC, CA).

2.55. Protein assay
The total protein concentrations were determined by the Lowry
method with bovine serum albumin as the standard [29].

2.6. Statistical analysis

Data were expressed as mean + SE of the mean, and were
analyzed using repeated Measures ANOVA (body weight and
food consumption), or ANOVA with isolation stress, palatable
diet and sex as independent factors. A Duncan post hoc test
was performed, if necessary. All analyses were performed
with SPSS software and a P < 0.05 was considered significant.
Regarding Repeated Measures ANOVA, Greenhouse-Greisser
correction was applied considering violation of the sphericity
assumption as shown by the Mauchly test.

3. Results
3.1. Food consumption, body weight and weight gain

Caloric consumption, body weight and body weight gain were
analyzed during the period of stress and up to 60 days of life.
The mean consumption for each week was analyzed using
repeated measures ANOVA. As displayed in Fig 1, during the
first week (PND 21-28; period of isolation stress), both male
and female rats had increased caloric consumption over time
[F(4.24, 331.20) = 25.68, P < 0.001, correction for Greenhouse-
Geisser]. Access toa palatable diet increased caloric consump-
tion [F(1,78) = 126.45; P < 0.001], and the same effect was
observed for exposure to isolation stress [F(1,78) = 21.78;
P < 0.001]. An interaction between exposure to stress and
access to a palatable diet was observed [F(1, 78) = 10.35,
P < 0.002], since the animals from the group submitted to
isolation and receiving a palatable diet showed a potentiation
of the effect of both factors on consumption, with a higher
increase in the caloric consumption during this period. An
interaction between exposure to stress and sex was also
observed, since the stress-induced increase in caloric con-
sumption was more marked in females. A Duncan post hoc
test was performed to indicate individual differences between
the groups, as shown in Fig. 1.

In relation to weight gain during PND 21-28 (Fig. 2), a three-
way ANOVA showed that rats that received a palatable diet
had a higher weight gain [F(1,72) = 6.80; P < 0.02]; there was
an effect of sex [F(1,72) = 13.40; P < 0.001], since males gained
more weight; in addition, there was an interaction between
stress, palatable diet and sex [F(1,72) = 6.65; P < 0.02], since the
group submitted to both stress and palatable diet showed a
much higher weight gain, but only in females.

After PND 28, isolated animals were returned to groups of
4-5 per cage and all animals received standard lab chow.
Caloric consumption was analyzed (Fig. 3) and the results
demonstrate that rats had increased caloric consumption over
time [repeated measures ANOVA, F(1.78, 21.40) = 12.74,
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Fig. 1 - Effect of isolation stress during the prepubertal period, with or without access to a palatable diet, on caloric consumption
during PND 21-28 in male (A) and female (B) rats; Panel (C) shows consumption from all groups for comparison. Data are
expressed as mean = SEM, N = 4-5 (for cages of animals, when in groups, with 4-5 animals/cage); N = 20 (for isolated animals).
The mean consumption was analyzed using repeated measures ANOVA. Both male and female rats increased caloric
consumption over time (P < 0.001). Access to a palatable diet increased caloric consumption both in male (P < 0.01) and female
(P < 0.001) rats, and the same effect was observed for exposure to isolation stress for male (P < 0.05) and female (P < 0.001) rats.
In females, there was also an interaction between exposure to stress and access to a palatable diet (P < 0.05). post hoc results
are shown in panels (A) and (B). *Different from respective group receiving standard chow (post hoc Duncan test; n = Scages
with 4 animals/cage for control palatable diet group, n = 20 for stress palatable diet group, for control standard chow group, n =
5 cages with 5 animals/cage). « Different from all other groups (post hoc Duncan test; n = 4 cages with 5 animals/cage for
control palatable diet group, n = 16 for stress palatable diet group, for control standard chow group, n = 4 cages with 5 animals/

cage, and n = 16 for stress standard chow group).

P < 0.001, correction for Greenhouse-Geisser], with an inter-
action between time and sex, since males showed a greater
increase in consumption over time [F(1.78, 21.40) = 6.00,
P < 0.02, correction for Greenhouse-Geisser|. Previous access
to a palatable diet increased caloric consumption during this
period [F(1,12) = 5.90; P < 0.05]. When analyzing body weight
until adulthood, we observed that there was an increased
body weight over time [F(2.44, 119.74) = 1140.96, P < 0.01, cor-
rection for Greenhouse-Geisser]. There was also an interac-
tion between time and sex [males showed a greater increase
in weight over time; F(2.44, 119.74) = 40.93, P < 0.001, correc-
tion for Greenhouse-Geisser]. Effects of previous exposure to
a palatable diet during the prepubertal period [F(1,49) = 8.36;
P < 0.01], and of sex [F(1,49)=37.09; P <0.001] were also
observed (Fig. 4).

3.2.  Abdominal fat and adrenal weight

With regard to abdominal fat, there were effects of sex both on
retroperitoneal fat [F(1,65) = 23.79, P < 0.001] and on gonadal

fat [F(1,63) = 5.53, P < 0.05], since males had a higher fat depo-
sition. Adult male animals that received the palatable diet
during the prepubertal period had an increased deposition of
retroperitoneal fat, as shown by an interaction between diet
and sex [F(1,65)=7.33, P < 0.001]. In addition, the adrenal-
gland weight showed an effect of sex [F(1,66)= 23.87,
P < 0.001], since female adrenals had a higher weight. When
analyzing both sexes separately, isolation stress in the pre-
pubertal period increased the adrenal-gland weight in adult
male rats [F(1,66) = 13.83; P = 0.05] (Table 1).

3.3.  Flasma lipid levels

Results from plasma lipid measurements were analyzed using
a three-way ANOVA, and are shown in Table 2. In juveniles,
exposure to isolation stress in the prepubertal period was able
to increase plasma triacylglycerol levels [F(1,27)=7.51,
P < 0.02]. Stress also increased total cholesterol, but only in
animals that received the palatable diet, as shown by an in-
teraction between stress and diet [F(1,25) = 5.22, P < 0.05]. In
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Fig. 2 - Effect of isolation stress during the prepubertal
period, with or without access to a palatable diet during this
period, on weight gain during PND 21-28, in male (A) and
female (B) rats. Data are expressed as mean = SEM, N = 10/
group. Three-way ANOVA showed that female rats that
received a palatable diet displayed increased weight gain

(P < 0.01) and there was an interaction between stress and
palatable diet in female (P < 0.05) rats. No difference in
weight gain during this period was observed in male rats
(three-way ANOVA, P > 0.05 in every case). ‘Different from
respective group receiving standard chow (post hoc Duncan
test). & Differentfrom all other groups (Duncan posthoctest.)

adult animals, stress during the prepubertal period increased
plasma levels of triacylglycerols [F(1,27) =4.45, P <0.05].
Isolation stress during the prepubertal period had opposite
effects in males and females on total cholesterol and on
LDL-cholesterol [interaction stress and sex, F(1,30) = 14.20,
P < 0.001 for total cholesterol, and F(1,22) = 6.77, P < 0.02 for
LDL-cholesterol], since stress increased these parameters in
females and decreased them in males, as may be observed in
Table 2.

3.4. Plasma levels of glucose, insulin, leptin, adiponectin,
and ghrelin

Levels of glucose and of hormones related to feeding behavior
(insulin, ghrelin, leptin and adiponectin) in juvenile rats are
displayed in Table 3. Table 4 presents the levels of these same
parameters in adult rats.

In juvenile male rats, a palatable diet decreased plasma
levels of insulin, as shown by an interaction between diet and
sex [F(1,29) = 6.08, P < 0.02]; isolation stress showed a mar-
ginally significant effect on unacylated ghrelin [F(1,29) = 3.42,
P =0.07]. There was also an effect of the interaction of
isolation, palatable diet and sex on plasma glucose levels in
juvenile rats [F(1,27) = 4.12, P = 0.05], since both factors (stress
and diet) induced slight reductions in this parameter, mainly
in males, which were not added in the isolated group receiving
the palatable diet. In adult rats, a three-way ANOVA showed
interactions between stress and palatable diet [F(1,31) = 5.52,
P < 0.001], and between palatable diet and sex [F(1,31) = 445,
P <0.05] on glycemia, since exposure to this diet in the
prepubertal period increased glucose levels in adulthood in
male animals that had been isolated.

Plasma levels of adiponectin were increased in isolated
female juvenile rats, and were decreased in isolated male
rats, as shown by an interaction between stress and sex
[F(1,43) = 4.09, P < 0.05]. This stress effect does not appear in
adults; however, an effect of sex on adiponectin was observed
in adults [F(1,32) = 444, P < 0.05], as well as an effect of ex-
posure to palatable diet during the prepubertal period
[F(1,32) = 5.99, P < 0.02]. Interestingly, when analyzing both
sexes separately, decreased plasma levels of adiponectin were
observed in adult male rats [F(1,16) = 6.46, P < 0.05] that had
been exposed to the palatable diet during the prepubertal
period; this effect was not seen in females. There were no
changes in leptin levels (P > 0.05).

3.5.  Hypothalamic NPY

Hypothalamic neuropeptide Y (NPY) levels in male and female
rats of different ages were also evaluated (Table 5). Isolation
stress in the prepubertal period induced an increase in the
hypothalamic NPY only in juvenile male rats, as shown by an
interaction between stress and sex [F(1,37) = 4.31, P < 0.05]. In
adult male rats, the palatable diet decreased hypothalamic
NPY, as shown by aninteraction between exposure to this diet
and sex [F(1,45) = 5.32, P < 0.05].

4, Discussion

This study provides new data regarding differences between
the sexes for prepubertal stress effects. Interestingly, although
these animals had not yet entered puberty, both sexes reacted
differently to stress and to the access to the palatable diet.
During PND 21-28 (period of isolation stress), the access to a
palatable diet increased caloric consumption, probably as a
result of the palatability of this diet. However, stressed female
rats with access to the palatable diet showed a potentiation
of this effect, with a higher increase in the caloric consump-
tion and in weight gain during this period. Reward-based
eating has been proposed as a means to reduce the stress
response [20], and our results suggest that female rats in the
prepubertal period are more susceptible to the use of a
palatable diet as comfort food during periods of stress.
Behavioral and physiological responses to stress are known
to be sexually dimorphic. It has been suggested that the female
response to stress involves a different pattern of hormones
(including oxytodn), and this response was called by Taylor
et al. [30] the “tend-and-befriend” response, instead of the
“fight-or-flight” This peculiar response would increase the
survival of females and their offspring. Concerning feeding
behavior, a more marked effect of stress on food consumption
in females than in males has been shown in adults [31]. In
addition, Fachin et al. [25] showed that chocolate consumption
may prevent some effects of chronic stress in females (and not
in males). Our results suggest that these sex-spedfic differ-
ences may also be present early on life. Additionally, since
animals had not yet reached puberty, this effect does not
depend on the circulating levels of gonadal hormones.
Interventions during the prepubertal period may have long-
term and, frequently, irreversible effects on behavior and meta-
bolism [4,5]. Therefore, we evaluated caloric consumption after
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Fig. 3 - Effect of isolation stress during the prepubertal period (PND 21-28) with or without consumption of a palatable diet
during the same period on caloric consumption of standard lab chow after PND 28, in male (A) and female (B) rats. Panel (C)
shows consumption from all groups for comparison. Data are expressed as mean = SEM, N = 2-3 cages/group (4-5 animals/
cage). After PND 28, animals were reared in groups of 4-5 per cage, receiving standard lab chow. All animals had increased
caloric consumption over time (repeated measures ANOVA, P < 0.001), with an interaction between time and sex (male rats
showed a greater increase in consumption, P < 0.02). Animals that had previous access to a palatable diet increased

consumption (P < 0.05).

the end of the stress exposure. Results show that rats that had
previously received palatable diet increased their consumption
of regular chow. Exposure to isolation stress during the pre-
pubertal period increased adrenal weight in adult male rats,
suggesting that the paradigm of isolation stress used in the
early life had an impact on the activation of the HPA axis in
adulthood. However, in female rats there was no change in
adrenal weight, which may suggest that female rats habituate
more easily, or are more able to cope with this type of stress
over time.

We also measured the lipid profile in the plasma; ex-
posure to stress increased triacylglycerol levels, and this
change remained until adulthood. It is probable that this
effect was the result of the increase in caloric consumption.
Isolation stress also decreased total cholesterol and LDL-
cholesterol levels in adult male rats, while in adult female
rats there was an increase in these parameters. Sexual
dimorphic effects of stress in relation to lipid metabolism
have already been reported [32-34]. Additionally, the sex-
specific effects of early stress on cholesterol metabolism did
not appear before sexual maturity. It is possible that the
higher synthesis of steroid hormones, due to the higher
activation of the HPA axis, would lead to a higher use of LDL-
cholesterol from the circulation [35].

The adipose tissue releases several adipokines, two of
which, leptin and adiponectin, appear to play a role in glucose

and lipid metabolism, in energy homeostasis and in the
interaction between this last factor and endocrine regulation
[36,37]. Isolation stress increased adiponectin in juvenile
female rats. Adiponectin is an adipocytokine which has anti-
diabetic, anti-atherogenic and anti-inflammatory proper-
ties [38,39], and these properties are possibly related to
adiponectin’s benefidial effects on the cardiovascular system
[40]. This increased adiponectin in female rats subjected to
isolation stress could be related to the fact that females
appear to be more protected against the long-term effects of
isolation stress during puberty, when compared to males.
Consumption of caloric dense food and stress exposure,
with an excess of glucocorticoids, lead to obesity and increase
the risk of developing type 2 diabetes and cardiovascular
diseases [41,42], and may disrupt the complex equilibrium of
metabolic and neuroendocrine mediators, such as leptin and
insulin [43-45]. The palatable diet offered during the prepu-
bertal period decreased plasma adiponectin levels in adult
male rats. This adipokine production is reduced in subjects
with visceral fat accumulation and its plasma levels are nega-
tively correlated with visceral adiposity [37,46], as was also
observed in our study. Hypoadiponectinemia is closely asso-
ciated with type 2 diabetes, lipid disorders, hypertension and
also certain inflammatory diseases [37]. Therefore, its reduced
levels may help to explain some of our results, including
increased body weight and increased deposition of visceral fat
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Fig. 4 - Effect of isolation stress during the prepubertal period with or without consumption of a palatable diet during the
same period (PND 21-28) on body weight after PND 28, in male (A) and female (B) rats. Panel (C) shows consumption from
all groups for comparison. Data are expressed as mean = SEM, N = 5-10/group. Repeated measures ANOVA showed an
increased body weight in males that had received palatable diet during the prepubertal period (P < 0.05). No effect was
observed between the groups on body weight after PND 28 in female rats (P > 0.05). *Different from stressed group
receiving standard chow on weeks 3 and 4 (post hoc Duncan test; n = 10 for stress palatable diet group, n = 10 for stress
standard chow).

in adult male rats that received the palatable diet during the In this study, the lack of effect of both isolation stress and
prepubertal period. Increased glycemia, as well as increased the palatable food on leptin levels is interesting, since abdo-
abdominal fat, and reduced adiponectin are considered risk minal fat was increased by the palatable diet. This lack of
factors for metabolic syndrome [47). Although these animals effect could be due to the fact that plasma leptin levels have
do not present metabolic syndrome, they may be at risk of = been reported to correlate mainly with subcutaneous fat [48],
developing this condition. while in the present study only visceral fat was measured.

Table 1 - Effects of isolation stress and palatable diet during the prepubertal period on absolute weights of retroperitoneal

fat, gonadal fat and relative weights of adrenal glands in adult male and female rats.

Sex Group
Control Stress
Chow Palatable diet Chow Palatable diet
Males Retroperitoneal fat 2.36 + 0.24 273+ 027" 194 +0.12 2.61 + 0.23"
Gonadal fat 2.46 + 0.16 272+ 028 239+ 015 253 + 0.16
Adrenals 0.18 +0.013 0.19 +0.017 0.21 +0.013 0.25 + 0.034
Females Retroperitoneal fat 1.83 +0.17 1.58 +0.18 189 +0.11 1.68 + 0.15
Gonadal fat 2.67 +0.37 2.92 + 035 354 = 046 3.22 + 0.38
Adrenals 033 +£0.021 0.28 + 0033 0.28 = 0.031 0.31 + 0.034

Fat deposition is shown in grams and adrenal weight is expressed inrelation to the body weight of each rat (mg tissue/g of body weight). Data are
expressed as mean + SEM, N = 8-10/group.

Associations between isolation stress and increased adrenal gland weight, and between diet and increased retroperitoneal fat were observed in
males (three-way ANOVA, P < 0.05).

* Different from group exposed to stress, and receiving standard chow (post hoc Duncan test).
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Table 2 - Effects of isolation stress and palatable diet, during the prepubertal period, on plasma triacylglyceride, total

cholesterol, LDL-cholesterol and HDL-cholesterol levels in male and female rats at different ages.

Age Sex Group
Control Stress
Chow Palatable diet Chow Palatable diet
PND-28 Male Triacylglycerides 36.33 + 747 4161 + 1092 4541 + 901 47.47 = 6.56
Total cholesterol 52.86 + 544 48,67 + 695 49.10 + 405 58.64 = 7.67
LDL-cholesterol 21.09 + 4.87 16.28 + 5.92 19.37 +1.13 28.20 =+ 6.86
HDL-cholesterol 24.50 + 544 24.07 +6.83 20.64 =139 20.94 = 4.16
Female Triacylglycerides 51.31 £ 7.69 4490 + 2.76 65.91 = 7.86 74.70 + 4.40*
Total cholesterol 5183 +2.35 4344 + 623 43.84 +9.01 52.14 + 2.39
LDL-cholestercl 3315+ 263 30.80 + 4.92 18.93 =+ 10.23 26.59 + 3.69
HDL-cholesterol 9.78 +2.83 778 £ 041 12.02 + 198 10.62 + 4.73
PND-60 Male Triacylglycerides 3241 +6.83 3004 +4.18 43.09 + 508 4851 + 3.20
Total cholesterol 4545 + 248 4561 + 0.9 41.71 + 2,69 38.86 + 2.78
LDL-cholesterol 16.89 = 2.80 1872 +3.71 1438 £ 575 11.37 + 3.01
HDL-cholesterol 2345 +390 18.33 + 3.29 18.27 £ 1.25 20.62 + 3.57
Female Triacylglycerides 51.54 +6.70 4283 +5.28 56.70 =+ 843 46.15 + 6.92
Total cholesterol 45.56 + 220 4504 +1.29 53302322 56.13 + 2.48
LDL-cholesterol 7.73 +2.80 1330 +3.71 14.72 = 575 22.20 = 3.01
HDL-cholesterol 24,85 + 1.42 2717 + 2,60 29.35 = 365 24.70 = 3.50

Data are expressed as mg/dl (mean + SEM, N = 5/group).

In juvenile rats, there was an effect of stress on triacylglycerol levels; an interaction stress x diet on cholesterol levels resulted from the fact that
stress increased total cholesterol levels in animals that received the palatable diet (three-way ANOVA, P < 0.05). In adult rats, there was an effect
of isolation stress applied during prepuberty, increasing triacylglycerides (three-way ANOVA, P < 0.05), and aninteraction between stress x sexon
total cholesterol and LDL-cholesterol (three-way ANOVA, P < 0.05), since exposure to stress increased these parameters in females and decreased
them in males.

* Different from control groups not exposed to stress (post hoc Duncan test).

The hypothalamus is an important center that controls
feeding behavior, and also the stress response. Particularly
important in the central regulation of feedingis the orexigenic
neuropeptide Y (NPY), which has potent stimulatory effects
on food intake in mammals [49,50]. Isolation stress in the
prepubertal period induced an increase in the hypothalamic

NPY only in juvenile male rats, which could be related to
higher stimulation of these neurons, due to marginally higher
ghrelin levels in this group, since NPY neurons play a major
role in the orexigenic functions of ghrelin [51]. Additionally,
the increase in hypothalamic NPY levels after one week of
isolation stress may also be ascribed to increased release of

Table 3 -Effects of isolation stress and palatable diet, during the prepubertal period, on plasma glycemia (mg/dl), insulin

(ng/mL), adiponectin (jug/mL), leptin (pg/mL) and ghrelin (pg/mL) levels in juvenile male and female rats.

Sex Group
Control Stress
Chow Palatable diet Chow Palatable diet
Male Glycemia 12038 + 3.52 11130+ 3.78 100.33 £ 4.31" 112.94 + 566
Insulin 048+ 0.17 001+ 0.00"® 0.11 + 006" 0.03 + 001"
Adiponectin 14,06 = 4.08 1595+ 1.73 1298 =+ 3.44 1348 +2.76
Leptin 57594 + 11821 808.95 + 103,65 754.02 + 145.35 1241.82 + 342.18
Ghrelin 869.70 + 65.04 994 54 + 10949 1818.90 + 317.03 998.41 + 3040
Female Glycemia 8553 = 7.35 8808 = 448 83.26 + 205 81.02 £115
Insulin 024+ 0.10 0.23 = 0.09 0.06 + 0.04 0.21 = 0.10
Adiponectin 18,62 + 1.97 12,16 + 2.54 24,05 +257* 2154 +271%*
Leptin 57220+ 105.71 381.72 = 3647 530.48 + 104.75 606.30 + 789.76
Ghrelin 129551 + 19051 903.28 = 102.52 1399.17 + 158.97 1799.30 + 789.76

Data are expressed as mean = S.EM., N = 4-5/group.
The palatable diet decreased plasma insulin in males (interaction diet = sex, P < 0.02), and aninteraction stress x palatable diet x sex was observed
for glucose levels (three-way ANOVA, P = 0.05). There was an interaction stress x sex, and stress increased plasma adiponectin levels in females

(three-way ANOVA, P < 0.05).

* Different from control group receiving palatable diet (Duncan post hoc test).
™ Different from control group receiving standard chow (post hoc Duncan test).
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Table 4 - Effects of isolation stress and palatable diet, during the prepubertal period, on plasma glycemia (mg/dl), insulin (ng/

mL), adiponectin (ug/mL), leptin (pg/mL) and ghrelin (pg/mL) levels in adult male and female rats.

Sex Group
Control Stress
Chow Palatable diet Chow Palatable diet
Male Glycemia 7486 +1.27 77.29 + 1,66 70.23 + 3.92 79.18 + 2.52
Insulin 051 +014 0.53 + 006 0.87 +0.10 050+ 017
Adiponectin 1892 + 3.42 10.18 = 0.52 20.81 + 3.59 1224 + 3.24%
Leptin 35798 £ 75.79 467.11 + 119.47 43153 + 96.83 511.19 = 127.54
Ghrelin 1346.95 + 349.17 994.54 + 152.58 903.28 + 108.54 1762.95 + 613.30
Female Glycemia 117 .41 + 4.47 100.98 = 8.00" 105.53 + 3.76 10939 + 1.83
Insulin 0.59 +0.12 0.76 + 0.26 041 = 0.07 0.99 + 0.39
Adiponectin 1947 + 1.04 19.82 = 362 2239+ 231 1846 + 2.70
Leptin 51653 + 4881 640.47 + 145.06 51429 + 75 66 48163 + 7227
Ghrelin 201422 + 248.84 1777.18 + 399.45 3139.38 + 1485.72 1407.39 + 149.50

Data are expressed as mean + SEM, N = 4-5/group.
There were interactions stress x palatable diet (three-way ANOVA, P < 0.001), and palatable diet x sex (P < 0.05) on glycemia. An effect of sex

(P < 0.05), as well as an effect of exposure to palatable diet (P < 0.02) was observed on adiponectin levels.
* Different from control group receiving standard chow (post hoc Duncan test).

* Different from respective control group (post hoc Duncan test).

glucocorticoids, which can act on the central nervous sys-
tem, modulating food intake, possibly through activation of
NPY [15,52,53]. It is possible that the increase in the
hypothalamic NPY and ghrelin levels, in juvenile male rats,
induced by stress in the prepubertal period may be related to
the increase in caloric consumption during the same period,
considering the involvement of these peptides in food intake.
Furthermore, sex-specific differences were notable, since the
juvenile female rats did not demonstrate changes in the levels
of these peptides.

In conclusion, isolation stress and consumption of palat-
able diet in the prepubertal period can change metabolism at
different stages of life in a sex-specific manner. Prepubertal
female rats were more prone to stress effects on food
consumption during this period; they are also more suscep-
tible than male rats to the use of a palatable diet as comfort
food, and future translation of these results to humans could
help to understand why women are more susceptible to
feeding disorders. Male rats, on the other hand, demonstrated

more long-lasting effects of these interventions, being more
susceptible to a metabolic programming after consumption of
a palatable diet during these early periods. It is important to
point out that, for some of the measurements, the sample size
was small; therefore, it is possible that some small effects
were not detected and some caution must be taken when
interpreting these results.

These findings point to stress and diet as causal factors for
metabolic programming during the prepubertal period. Addi-
tionally, these sex differences related to the response to stress
in the prepubertal period may have implications on the
vulnerability to stress-related disorders in the adulthood. We
believe that the research concerning early interventions will
enable us to understand how these modifications occur, and
the identification of environmental factors that may increase
vulnerability will enable us to prevent chronic conditions in the
adult. Therefore, these results may contribute to the enlight-
enment of sex differences concemning future therapeutic and
preventive approaches on the effects of stressors early in life.

Table 5 - Effects of isolation stress and palatable diet, during the prepubertal period, on hypothalamic NPY (ng/mg prot) in

male and female rats at different ages.

Age Sex Control Stress
Chow Palatable diet Chow Palatable diet
PND-28 Male 6761 11.97 + 401 38.23 = 12.52* 2435 = 926
Female 0.83 = 0.02 0.91 =+ 0.07 0.92 + 0.06 0.80 = 0.08
PND-60 Male 1.24 = 0.25 0.81 = 0.16 1.13+0.15 0.55 + 009"
Female 0.67 = 0.02 0.67 = 0.03 0.68 + 0.05 0.77 = 0.05

Data are expressed as mean = SEM, N = 4-9/group.

There was an effect of isolation stress in juvenile male rats (three-way ANOVA, interaction stress = sex; P < 0.05), which increased hypothalamic
NPY. In adult male rats there was an effect of palatable diet, which decreased hypothalamic NPY (interaction diet x sex; P < 0.05).

* Different from groups not exposed to stress (post hoc Duncan test).

* Different from control group receiving standard chow (post hoc Duncan test).

Please cite this article as: Krolow R, et al, Sex-specific effects of isolation stress and consumption of palatable diet during the
prepubertal period on metabolic parameters, Metabolism (2013), http://dx.doi.org/10.1016/j.metabol.2013.04.009

39



10 METABOLISM CLINICAL ANDEXPERIMENTAL XX (2013) XXX-XXX

Authors’ contributions

Krolow R participated in the implementation and supervision
of all experiments; Noschang C, Arcego DM, Marcolin ML,
and Huffel AP participated in developing the methodology,
especially with the accompanying the isolation stress and
consumption of diet palatable; Noschang C, Lampert C,
Benitz AN, and Fitarelli RD, participated in biochemical
experiments. Dalmaz C directed and oversaw all develop-
ment of this work.

Funding

Financial support: National Research Coundl of Brazil (CNPq),
and PRONEX, CAPES, FAPERGS/CNPq 10/0018.3.

Conflict of interest

This paper does not present a conflict of interest.

REFERENCES

[1] Olza], Gil-Campos M, Leis R, et al. Presence of the metabolic
syndrome in obese children at prepubertal age. Ann Nutr
Metab 2011,58:343-50.

[2] Hillman JB, Dorn LD, Loucks TL, et al. Obesity and the
hypothalamic-pituitary-adrenal axis in adolescent girls.
Metabolism 2012;61:341-8.

[3] PervanidouP, Chrousos GP. Metabolic consequences of stress
during childhood and adolescence. Metabolism 2012;61:
611-9.

[4] Pervanidou P, Chrousos GP. Post-traumatic stress disorder
in children and adolescents: from Sigmund Freud’s “trauma”
to psychopathology and the (dys) metabolic syndrome. Horm
Metab Res 2007;39:413-9.

[5] Charmandari E, Kino T, Souvatzoglou E, et al. Pediatric stress:
hormonal mediators and human development. Horm Res
2003;59:161-79.

[6] Arakawa H. Interaction between isclation rearing and social
development on exploratory behavior in male rats. Behav
Processes 2005;70:223-34.

[7] Ferdman N, Murmu RP, Bock ], et al. Weaning age, social
isolation, and gender, interact to determine adult explorative
and social behavior, and dendritic and spine morphology in
prefrontal cortex of rats. Behav Brain Res 2007;180:174-82.

[8] Weiss IC, Pryce CR, Jongen-Rélo AL, et al. Effect of social
isolation on stress-related behavioural and neuroendocrine
state in the rat. Behav Brain 2004;152:279-95.

[9] Charmandari E, Tsigos C, Chrousos G. Endocrinology of the
stress response. Annu Rev Physiol 2005;67:259-84.

[10] Chrousos GP. The role of stress and the hypothalamic-
pituitary-adrenal axis in the pathogenesis of the metabolic
syndrome: neuro-endocrine and target tissue-related causes.
Int ] Obes Relat Metab Disord 2000;24:50-5.

[11] Ely DR, Dapper V, Marasca ], et al. Effect of restraint stress on
feeding behavior of rats. Physiol Behav 1997;61:395-8.

[12] Gamaro GD, Prediger ME, Lopes ]B, et al. Interaction between
estradiol replacement and chronic stress on feeding behavior
and on serum leptin. Pharmacol Biochem Behav 2003;76:
327-33.

[13] Varma M, Chai]-K, Meguid MM, et al. Effect of operative stress
on food intake and feeding pattern in female rats. Nutrition
1999;15:365-72.

[14] Willner P. Animal models as simulations of depression. TIPS
1991;12:131-6.

[15] Dallman MF, Strack AM, Akana SF, et al. Feast and famine: a
critical role of glucocorticoids with insulin in daily energy
flow. Front Neurcendocrinol 1993;14:303-47.

[16] Stephens TW, Basinski M, Bristow PK, et al. The role of
neuropeptide Y in the antiobesity action of the obese gene
product. Nature 1995;377:530-2.

[17] AskariH, LiuJ, Dagogo-Jack S. Energy adaptation to
glucocorticoid-induced hyperleptinemia in human beings.
Metabolism 2005;54:876-80.

[18] de Oliveira C, de Mattos AB, Biz C, Oyama LM, et al. High-fat
and glucocorticoid treatment cause hyperglycemia associated
with adiponectin receptor alterations. 2011;10:11.

[19] Garcia-Prieto MD, Tébar FJ, Nicold F, et al. Cortisol secretary
pattern and glucocorticoid feedback sensitivity in women
from a Mediterranean area. Relationship with anthropomet-
ric characteristics, dietary intake and plasma fatty acid
profile. Clin Endocrinol 2007;66:185-91.

[20] Pecoraro N, Gomez F, Dallman MF. Glucocorticoids dose-
dependently remodel energy stores and amplify incentive
relativity effects. Psychoneuroendocrinelogy 2005;30:815-25.

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

[22] Pecoraro N, Reyes F, Gomez F, et al. Chronic stress promotes
palatable feeding, which reduces signs of stress. Feed forward
and feedback effects of chronic stress. Endocrinology
2004;145:3754-62.

[23] Liang S, Byers DM, Irwin LN. Chronic mild stressors and diet
affect gene. ] Mol Neurosci 2007;33:189-200.

[24] Pebles R, Wilson JL, Lock JD. How do children with eating
disorders differ from adolescents with eating disorders at
initial evaluation? ] Adolesc Health 2006;6:800-5.

[25] Fachin A, Silva RK, Noschang CG, et al. Stress effects on rats
chronically receiving a highly palatable diet are sex specific.
Appetite 2008;51:592-8.

[26] Krolow R, Noschang CG, Arcego D, et al. Consumption of a
palatable diet by chronically stressed rats prevents effects on
anxiety-like behavior but increases oxidative stress in a
sex-specific manner. Appetite 2010;55:108-16.

[27] Douglas L, Varlinskaya E, Spear L. Rewarding properties of
social interactions in adolescent and adult male and female
rates: impact of social versus isolate housing of subjects and
partners. Dev Psychobiol 2004;45:153-62.

[28] Friedewald WT, Levy RI, Fredrickson DS. Estimation of the
concentration of low-density lipoprotein cholesterol in
plasma, without use of the preparative ultracentrifuge. Clin
Chem 1972;18:499-502.

[29] Lowry OH, Rosebrough NJ, Farr AL, et al. Protein
measurement with the Folin phenol reagent. ] Biol Chem
1951;193:265-75.

[30] Taylor SE, Klein LG, Lewis BP, et al. Biobehavioral responses to
stress in femnales: tend-and-befriend, not fight-or-flight.
Psychol Rev 2000;107:411-29.

[31] Zylan KD, Brown SD. Effect of stress and food variety on
food intake in male and female rats. Physiol Behav
1996;59:165-9.

[32] Faraday MM. Rat sex strain differences in response to stress.
Physiol Behav 2002;75:507-22.

[33] Roncari DA, Van RL. Promotion of human adipocyte precursor
replication by 17beta-estradiol in culture. ] Clin Invest
1978,62:503-8.

[34] McTernan PG, Anderson LA, Anwar AJ, et al. Glucocorticoid
regulation of p450 aromatase activity in human adipose
tissue: gender and site differences. J Clin Endocrinol Metab
2002;87:1327-36.

Please cite this article as: Krolow R, et al, Sex-specific effects of isolation stress and consumption of palatable diet during the
prepubertal period on metabolic parameters, Metabolism (2013), http://dx.doi.org/10.1016/j.metabol.2013.04.009

40



METABOLISM CLINICAL AND EXPERIMENTAL XX (2013) XXX-XXX 11

[35] Hoekstra M, Korporaal ], Li Z, et al. Plasma lipoproteins
are required for both basal and stress-induced adrenal
glucocorticoid synthesis and protection against endotoxemia
in mice. Am ] Physiol Endocrinol Metab 2010,299:1038-43.
[36] Korner A, Kratzsch ], Gausche R, et al. New predictors of the
metabolic syndrome in children role of adipocytokines.
Pediatr Res 2007;61:640-5.
Michalakis K, Mintziori G, Kaprara A, et al. The complex
interaction between obesity, metabolic syndrome and
reproductive axis: A narrative review. Metabolism 2012;62:
457-78.
[38] Matsuzawa Y. Adiponectin: a key player in obesity related
disorders. Curr Pharm Des 2010;16:1896-901.
Shibata R, Murohara T, Ouchi N. Protective role of adiponectin
in cardiovascular disease. Curr Med Chem 2012;22:876-923.
[40] Hui X, Lam KS, Vanhoutte PM, et al. Adiponectin and cardio-
vascular health: an update. Br ] Pharmacol 2012;165:574-90.
[41] Haslam DW, James WP. Obesity 2005;366:1197-209.
[42] Després JP. Abdominal obesity and cardiovascular disease:
is inflammation the missing link? Can J Cardiol 2012;28:642-52.
[43] Badman ME, Flier JS. The adipocyte as an active participant in
energy balance and metabolism. Gastroenterology 2007;132:
2103-15.
[44] Gerozissis K. Brain insulin, energy and glucose homeostasis;
genes, environment and metabolic pathologies. Eur J
Pharmacol 2008;585:38-49.

[37

[39

[45] Fehm HL, Kern W, Peters A. The selfish brain: competition for
energy resources. Prog Brain Res 2006;153:129-40.

[46] Liu Y, Retnakaran R, Hanley A, et al. Total and high molecular
weight but not trimeric or hexameric forms of adiponectin
correlate with markers of the metabolic syndrome and liver
injury in Thai subjects. J Clin Endocrinol Metab 2007,92:
4313-8.

[47] Kyroul, Chrousos GP, Tsigos C. Stress, visceral obesity, and
metabolic complications. Ann N'Y Acad Sci 2006;1083:77-110.

[48] Benoit 5C, Clegg DJ, Seeley R, et al. Insulin and leptin as
adiposity signals. Recent Prog Horm Res 2004;59:267-85.

[49] Clatk JT, Kalra PS, Crowley WR, et al. Neuropeptide ¥ and
human pancreatic polypeptide stimulate feeding behavior in
rats. Endocrinology 1984;115:427-9.

[50] Parker JA, Bloom SR. Hypothalamic neuropeptides and the
regulation of appetite. Neuropharmacology 2012;63:18-30.

[51] Thompson NM, Gill DA, Davies R, Wells T, et al. Ghrelin and
des-octanoyl ghrelin promote adipogenesis directly in vivoby
a mechanism independent of GHS-Rla. Endocrinology
2003;145:234-42.

[52] Bhatnagar §, Bell ME, Liang ], et al. Corticosterone facilitates
saccharin intake in adrenalectomized rats: does corticosterone
increase stimulus salience? ] Neuroendocrinol 2000;12:453-50.

[53] Dallman MF, Pecoraro N, la Fleur SE. Chronic stress and
comfort foods: self-medication and abdominal obesity. Brain
Behav Immun 2005;19:275-80.

Please cite this article as: Krolow R, et al, Sex-specific effects of isolation stress and consumption of palatable diet during the
prepubertal period on metabolic parameters, Metabolism (2013), http://dx.doi.org/10.1016/j.metabol.2013.04.009

41



CAPITULO?2

Manuscrito: Isolation stress during the prepubertal period in rats induces
long-lasting neurochemical changes in the prefrontal cortex.

42



Neurochem Res (2012) 37:1063-1073
DOL 10.1007/511064-012-0709-1

ORIGINAL PAPER

Isolation Stress During the Prepubertal Period in Rats Induces
Long-Lasting Neurochemical Changes in the Prefrontal Cortex

R. Krolow + C. Noschang + S. N. Weis + L. F. Pettenuzzo +
A. P. Huffell - D. M. Arcego + M. Marcolin + C. 8. Mota +
J. Kolling + E. B. S. Scherer + A. T. S. Wyse + C. Dalmaz

Received: 28 October 2011/ Revised: 20 December 2011/ Accepted: 16 January 2012/ Published online: 11 February 2012

© Springer Science+Business Media, LLC 2012

Abstract Social isolation during postnatal development
leads to behavioral and neurochemical changes, and a
particular susceptibility of the prefrontal cortex to inter-
ventions during this period has been suggested. In addition,
some studies showed that consumption of a palatable diet
reduces some of the stress effects. Therefore, our aim is to
investigate the effect of isolation stress in early life on
some parameters of oxidative stress and energy metabolism
(Na' K"-ATPase activity, respiratory chain enzymes
activities and mitochondrial mass and potential) in pre-
frontal cortex of juvenile and adult male rats. We also
verified if the consumption of a palatable diet during the
prepubertal period would reduce stress effects. The results
showed that, in juvenile animals, isolation stress increased
superoxide dismutase and Complex IV activities and these
effects were still observed in the adulthood. An interaction
between stress and diet was observed in catalase activity in
juveniles, while only the stress effect was detected in
adults, reducing catalase activity. Access to a palatable diet
increased Na' , K'-ATPase activity in juveniles, an effect
that was reversed after removing this diet. On the other
hand, isolation stress induced a decreased activity of this
enzyme in adulthood. No effects were observed on gluta-
thione peroxidase, total thiols and free radicals production,
as well as on mitochondrial mass and potential. In con-
clusion, isolation stress in the prepubertal period leads to
long-lasting changes on antioxidant enzymes and energetic
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metabolism in the prefrontal cortex of male rats, and a
palatable diet was not able to reverse these stress-induced
effects.

Keywords Pre-puberty - High palatable diet -
Isolation stress - Oxidative stress - Respiratory chain -
Mitochondrial mass and potential

Introduction

The stress response involves the neuroendocrine activation
of sympatho-adrenomedullar system, release of catechola-
mines, and activation of hypothalamic—pituitary—adrenal
(HPA) axis, culminating in the release of glucocorticoids
(GCs) [1]. Epidemiologic studies, as well as studies using
animal models, determined that early adverse experiences
may lead to abnormal behavior associated with alterations
of the HPA axis [2, 3]. In rats, during puberty this axis
functions in a different way compared with adults, for
example, the corticosterone secretion after exposure to an
acute stressor is delayed but more prolonged when com-
pared to adult rats, and habituation to stressors is less
efficient [4].

Social isolation, considered a type of psychological
stress in rats [5-7], can lead to behavioral, anatomical and
neurochemical changes when applied during early postna-
tal development, and these changes may also be present in
adulthood, when these animals are compared to their
socially reared litter mates (socials) [2. 8]. The peripuberal
period in rats is a time of transition, sexual maturation, and
enhanced brain architecture plasticity. In addition, this
period is critical for the final maturation of circuits con-
trolling energy homeostasis and stress responses [9], and
exposure to certain situations, such as stressors, in this
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phase of life may influence diseases susceptibility or
resilience in adulthood [10]. The prefrontal cortex, con-
sidered a late maturing brain structure, is particularly sus-
ceptible to interventions during puberty [3].

Glucocorticoids, released during the stress response,
have been associated with increased palatable food intake
[11]. The increasing stress of daily life has been associated
with an increased motivation for foods rich in lipids and
carbohydrates [12, 13] and a model of reward-based eating
has been suggested as a mean to reduce the stress response
[14]. In this sense, the possibility of an interaction between
the effects of stress and consumption of easily available
palatable food has been suggested [15].

The adaptive response to stress involves important
changes in mitochondrial functions, enabling them to adjust
bioenergetics, thermogenesis, oxidative and/or apoptotic
responses [16]. In addition, elevated levels of GCs may lead
to an increased generation of reactive oxygen species (ROS)
and the imbalance between high cellular levels of ROS in
relation to cellular antioxidant defenses, namely oxidative
stress, may be involved in the pathogenesis of several brain
diseases [17-21]. ROS can induce mitochondrial dysfunc-
tion, disruption of energy pathways [22], damage to neuronal
precursors and impairments in neurogenesis [23]. In addi-
tion, Na't,K"-ATPase, which is an enzyme responsible for
maintaining the electrochemical gradient necessary for
neuronal excitability and regulation of neuronal cell volume,
is susceptible to free radicals attack [24], and studies using
animal models have reported decreased activity of Na® K-
ATPase after chronic mild stress [25].

Therefore, the aim of this study is to investigate the
effect of isolation stress in early life on some parameters of
oxidative stress and energy metabolism (Nat ,K'-ATPase
activity, respiratory chain enzymes activities and mito-
chondrial mass, as well as the potential) in medial pre-
frontal cortex of juvenile (28 days of age) and adult
(60 days of age) male rats. Our hypothesis was that isola-
tion stress in early life can lead to long-term mitochondrial
dysfunction in the prefrontal cortex. We also verified if the
consumption of a palatable diet would reduce stress effects
during the prepubertal period.

Materials and Methods
Subjects

All animal proceedings were approved by the Institutional
Ethical Committee and followed the recommendations of the
International Council for Laboratory Animal Science
(ICLAS) and of the Federation of Brazilian Societies for
Experimental Biology. All efforts were done to minimize
animal suffering as well as to reduce the number of animals.
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Forty Wistar rats, from 10 litter, were weaned on post-
natal day 21. A total of four male pups were used from
each litter, and these four pups were divided into four
groups, as described below, in such a way that one animal
per litter was used in each group. Male pups were weighed
and distributed into four groups, receiving a high palatable
diet [26] or standard lab chow. Half of the animals were
housed in groups of 5; the other half were stressed by
isolation (one animal in a smaller home cage, 27 x 17 x
12 ¢m) [27], in such a way that four groups resulted: controls
receiving standard lab chow, controls receiving palatable
diet, isolated receiving lab chow, and isolated receiving
palatable diet. These interventions occurred between post-
natal days 2 1-28 and daily food consumption was measured.
At postnatal day 28, half of the animals were killed by
decapitation and biochemical evaluations were performed,
measuring the activity of superoxide dismutase { SOD), cat-
alase (CAT), glutathione peroxidase (GPx), total thiols,
reactive species (through oxidation of dichlorodihydro-
fluorescein, DCFH), Na® K- ATPase activity, respiratory
chain complexes activity, mitochondrial mass and potential
(Ayr) (using Mito Tracker). The other half of the animals
received standard chow and was reared in groups of 5 per
cage until adulthood when they were killed by decapitation
and the same biochemical parameters were assessed.

Palatable Diet

The high palatable diet used on this study is enriched in
simple carbohydrates, and it is made with condensed milk,
sucrose, vitamins and salts mix, powder standard lab chow,
purified soy protein, soy oil, water, methionine and lysine.
The nutritional content of this diet is similar to that of a
standard lab chow (including 229% protein and 4-6% fat),
however, most carbohydrates in the palatable diet were
sucrose (from condensed milk and from sucrose); in contrast,
the standard lab chow had carbohydrates mainly from starch.

Assessment of Oxidative Stress Parameters

The animals were killed by decapitation. Their medial
prefrontal cortex (including anterior cingulate, infralimbic
and prelimbic regions) was quickly dissected out and
stored at —70°C until analysis, when the structures were
homogenized in 10 vol (w:v) ice-cold 50 mM potassium
phosphate buffer (pH 7.4), containing 1 mM EDTA. The
homogenate was centrifuged at 1,000x g for 10 min at 4°C
and the supernatant was used.

Superoxide Dismutase Activity

Superoxide dismutase activity was determined using a
RANSOD kit (Randox Labs., USA) which is based on the
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procedure described by Delmas-Beauvieux et al. [28]. This
method employs xanthine and xanthine oxidase to generate
superoxide radicals that react with 2-(4-iodophenyl)-3-(4-
nitrophenol)-5-phenyltetrazolium chloride (INT) to form a
formazan dye that is assayed spectrophotometrically at
492 nm at 37°C. The inhibition in the production of the
chromogen is proportional to the activity of SOD present in
the sample; one unit of SOD causes 50% inhibition of the
rate of reduction of INT under the conditions of the assay.

Catalase Activity

Catalase activity assessment is based upon establishing the
rate of H,O5 degradation spectrophotometrically at 240 nm
at 25°C [29]. CAT activity was calculated in terms of
micromoles of H-O, consumed per minute per mg of
protein, using a molar extinction coefficient of 43.6 M™'
em

Glutathione Peroxidase Activity

Glutathione peroxidase activity was determined according
to Wendel [30] with modifications. The reaction was car-
ried out at 37°C in a solution containing 20 mM potassium
phosphate buffer (pH 7.7), 1.1 mM EDTA, 044 mM
sodium azide, 0.5 mM NADPH, 2 mM glutathione, and
0.4 U glutathione reductase. The activity of GPx was
measured taking tert-butylhydroperoxide as the substrate at
340 nm. The contribution of spontaneous NADPH oxida-
tion was always subtracted from the overall reaction ratio.
GPx activity was expressed as nmol NADPH oxidized per
minute per mg protein.

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

The samples were incubated with 2'.7'-dichlorodihydro-
fluorescein diacetate (100 pM) at 37°C for 30 min. The
formation of the oxidized fluorescent derivative dichloro-
fluorescein (DCF) was monitored by excitation and emis-
sion wavelength of 488 and 525 nm, respectively, using a
spectrum photometer. The formation of reactive oxygen/
nitrogen species was quantified using a DCF standard curve
and results were expressed as nmol of DCF formed per mg
of protein [31].

Determination of Total Thiol

This essay is based in the reduction of 5.5'-dithiobis
2-nitrobenzoic acid (DTNB) by thiol groups, which
becomes oxidized (disulfide), yielding a yellow compound
(TNB) whose absorption is measured spectrophotometri-
cally at 412 nm. The sulfhydryl content is inversely

correlated to oxidative damage to proteins. Results were
reported as nmol TNB/mg protein [32].

Determination of Nat,K'-ATPase Activity

For Na',K"-ATPase activity determination, prefrontal
cortex was homogenized in 10 vol (w:v) of 0.32 M sucrose
solution containing 5 mM HEPES and 1 mM EDTA, pH
7.4 [33]. The homogenates were centrifuged at 1,000xg for
10 min and the supernatants were used. The reaction
mixture contained 5 mM MgCl,, 80 mM NaCl, 20 mM
KC1 and 40 mM Tris—HCI buffer, pH 7.4, in a final volume
of 200 pl.. The reaction started by the addition of ATP
(disodium salt, vanadium free) to a final concentration of
3 mM. Controls were assayed under the same conditions
with the addition of 1 mM ouabain. Na® K'-ATPase
activity was calculated by the difference between the two
assays as described by Wyse et al. [33]. Released inorganic
phosphate (Pi) was measured by the method of Chan et al.
[34]; enzyme specific activity was expressed as nmol Pi
released per minute per mg protein.

Respiratory Chain Activity Determination

Mitochondrial energy metabolism was evaluated using
enzymatic analysis of the electron transport chain (ETC.)
activities. For determination of respiratory chain com-
plexes activities, brain structures were homogenized with a
teflon—glass homogenizer (1:20, w/v) in SETH buffer
(250 mM sucrose, 2 mM EDTA, 10 mM Trizma base), pH
7.4. The homogenates were centrifuged at 1,000xg for
10 min and the supernatants were immediately kept at
—70°C until used for enzyme activity determination. The
activities of the ETC. complexes I-1II, II and IV were
determined in homogenates according to standard methods
previously described in the literature [35-37]. The activity
of complex I-III (complex [ 4+ CoQ + III) was assessed
by measuring the increase in absorbance due to cytochrome
¢ reduction at 550 nm according to the method described
by Schapira et al. [37]. The reaction mixture contained
8-15 pg protein and 20 mM potassium phosphate buffer
with 2 mM KCN, 10 mM EDTA and 50 mM cytochrome
¢, pH 8.0. The reaction was initiated 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
an additional 3 min. Complex I-III activity was the rote-
none sensitive NADH: cytochrome ¢ reductase activity.
The activity of complex II (succinate: DCIP oxireductase)
was determined according to Fischer et al. [35], following
the decrease in absorbance due to the reduction of
2,6-DCIP at 600 nm. After a pre-incubation with 30-60 pg
protein for 20 min, the reaction was carried out at 30°C in a
medium consisting of 40 mM potassium phosphate buffer
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containing 16.0 mM sodium succinate and 8 mM DCIP,
pH 7.4. After that, 4 mM sodium azide, 7 mM rotenone
and 40 mM DCIP were added to the medium and moni-
tored for 5 min. Cytochrome c¢ oxidase (COX, complex IV)
activity was determined according to Rustin et al. [36],
following the decrease in absorbance due to the oxidation
of previously reduced cytochrome ¢ at 550 nm. The reac-
tion was initiated adding (0.7 mg reduced cytochrome ¢ in a
medium containing 10 mM potassium phosphate buffer,
0.6 mM n-dodecyl-f-p-maltoside, pH 7.0 and 1.5-3 pg
protein. The activity of complex IV was measured at 25°C
for 10 min. The activity of respiratory chain complexes
were calculated and expressed as nmol per min per mg
protein.

Mitochondrial Mass and Membrane Potential
Measurement

Mitotracker was used for mitochondrial function analysis
in cell suspensions of cerebral cortex obtained by
mechanical dissociation with PBS containing collagenase
to favor digestion to 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. To assess
mitochondrial function, MitoTracker Red (MTR or Chlo-
romethyl-X-rosamine) and MitoTracker Green (MTG)
dyes were employed. MTR is a lipophilic cationic fluo-
rescent dye that is concentrated inside mitochondria by
their negative mitochondrial membrane potential [38]. The
loss of membrane potential as mitochondria depolarized
results in release of MTR from the mitochondria and a
subsequent decrease in fluorescence [39]. MTG is a green-
fluorescing fluorophore that is taken up electrophoretically
into polarized mitochondria and has been used as a mea-
sure of mitochondrial mass independent of mitochondrial
membrane potential. Chloromethyl groups on MTG form
covalent adducts with sulfhydryls of mitochondrial matrix
proteins such that MTG is retained even after mitochon-
drial depolarization [40]. MTR and MTG were dissolved in
dimethylsulfoxide (DMSO) to a 1 mM stock concentration.
Dissociated tissue content, previously filtered, was stained
with 100 nM MTR and 100 nM MTG for 45 min at 37°C in
a water bath in a dark room, according to the method
described by Keij et al. [41] and Pendergrass et al. [38],
with some modifications. Immediately after staining cell
suspensions were removed from the water bath and ana-
lyzed by flow cytometry.

For Flow Cytometry Analysis, samples stained with MTR
and MTG dyes were analyzed on the FACSCalibur (Becton—
Dickinson, San Jose, CA). MitoTracker dyes were excited
using 488 air-cooled argon laser. Negative controls (samples
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without stain) were included for setting up the machine
voltages. Controls stained with a single dye were also
employed to allow the setting of compensation. The emission
of fluorochromes was recorded through specific band-pass
fluorescence filters: red (FL-3; 670 nm long pass) and green
(FL-1; 530 nm/30). Fluorescence emissions were collected
using logarithmic amplification. Briefly, data from 10,000
events (intact cells) were acquired and mean relative fluo-
rescence intensity was determined after exclusion of debris
events from the listmode data set. All flow cytometric
acquisitions and analyses were performed using CELLQuest
Pro data acquisition (BD Biosciences) and FlowJo analysis
software. Data were analyzed and plotted by density as a
single-parameter histogram that shows the relative fluores-
cence on the x-axis and the number of events (cell count) on
the y-axis. Flow cytometry analyzed samples produced a
single distinct peak that can be interpreted as the positive
dataset. The histograms were divided in two halves (named
cells with low and high mass or potential), based on the peak
of the controls for MTR and MTG, and this evaluation were
extended to all data in each parameter. Using this method,
analyses of cells resulted in two populations, with different
mitochondrial Ai. The first population presented low
Ay and the second, high Ay (the same procedure was used
for low and high mitochondrial mass). The lower accumu-
lation of MTR or MTG, and thus lower fluorescence values
would be indicative of decreased mitochondrial mass or Ay
[42, 43].

Protein Assay

The total protein concentration was determined using the
method described by Lowry et al. [44] with bovine serum
albumin as the standard. For determination of Na® K™-
ATPase activity, total protein concentration was measured
by Bradford [45].

Statistical Analysis

Data were expressed as mean + SE of the mean, and were
analyzed using two-way ANOVA, with isolation stress and
palatable diet as factors.

Results

Antioxidant Enzymes Activities, Total Thiol Level
and Free Radicals Production

These parameters were analyzed to verify if there was an
oxidative imbalance in prefrontal cortex after exposure to
isolation stress in the prepuberty period. These measure-
ments were performed at 28 days (juveniles) and at 60 days
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of age (adults). Figure 1 shows the results for juvenile ani-
mals. Bothisolation stress [F(1,16) = 16.73, P < 0.01] and
palatable diet [F (1, 16) = 6.78, P < 0.05] increased SOD
activity. An interaction between stress and palatable diet
[F(1.16) = 8.13, P < 0.05] was observed when evaluating
CAT activity, since a potentiation occurred in its activity
when both factors were present. The increase induced by
isolation stress on SOD activity was long-lasting, since it was
still observed in adulthood [F (1, 16) = 428.19, P < 0.01]
(Fig. 2), whenadecreased CAT activity was also observed in
rats exposed to isolation in the prepubertal period [F(1,
16) = 2.70, P < 0.05]. GPX activity was not altered by
isolation stress or by access to a palatable diet in any of the
ages analyzed (P > 0.05).

SOD/GPx ratio (Table 1) was increased by isolation
stress at 28 days of age (juveniles) [F (1, 15) = 0,054,
P < 0.01]in prefrontal cortex, while there was no difference

Fig. 1 Effects of isolation A 8-
stress and consumption of
palatable diet on antioxidant 77
enzymes activities, total thiol % 6 - <
and free radicals (DCFH test) -
production in the prefrontal 5 57
cortex of juvenile animals. Data D 4
are expressed as mean = SEM. __E_
N = 4-5/group. a SOD 8 3
(expressed as U/mg protein), 0 o,
b GPx (expressed as nmol o |
NADPH oxidized/min/mg 14
protein), ¢ CAT (expressed as
micromoles of Hz0; consumed/ 0- Chow
min/mg protein), d total Thiol
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in the SOD/CAT ratio (Table 2). At 60 days of age (adults),
stress increased both SOD/GPx [F (1, 16) = 0.55.P < 0.01]
and SOD/CAT [F (1, 16) = 40185, P < 0.01] ratios.

There was no effect on total thiol levels or free radicals
production as evaluated through the DCF test, neither in
juveniles nor in adult animals (P > 0.05).

Nat,K"-ATPase activity

The access to a palatable diet during the prepubertal period
increased Na',K"-ATPase activity [F (1, 13) = 899.97,
P < 0.01] in the prefrontal cortex of juveniles (Fig. 3).
When the animals returned to a standard chow until
adulthood, this effect of the diet was reversed (Fig. 4);
additionally, adult animals subjected to isolation stress in
the prepubertal period presented a decrease in Na®' K™-
ATPase activity [F (1, 18) = 339.61, P < 0.05].
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Table 1 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on SODVGPx ratio in the prefrontal
cortex of juvenile and adult rats
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Chow Palatable Diet
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Palatable Diet

- control
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Palatable Diet

Table 2 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on SODVCAT ratio in the prefrontal
cortex at juvenile and adult animals

Group Juveniles Adults Group Juveniles Adults
Control 4+ chow 0.19 = 0,02 (5) 046 £ 0.07 (5) Control + chow 130 = 022 472 +£1.20
Control + palatable diet 0.23 £ 0,02 (5) 0.28 + 0.07 (5) Control + palatable diet 211 £ 040 470 + 1.84
Stressed 4 chow 0.30 £ 0,05 (5)* 0.69 £ 0.10 (5)* Stressed 4 chow 169 + 0.31 13.83 £+ 3.20%
Stressed + palatable diet 0.35 £ 0.02 (5)* 0.70 = 0.09 (4)* Swressed 4 palatable diet 142 £ 0.26 13.51 £+ 2.38%

Data are expressed as mean = SEM (n)

#* Main effect of isolation stress (two-way ANOVA, P < 0.01) both at
juvenile and adult groups (28 and at 60 days of age)

Respiratory Chain Enzymes Activities

Mitochondrial energy metabolism in the prefrontal cortex
was evaluated using enzymatic analysis of (ETC) activities.
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Data are expressed as mean = SEM

#* Main effect of isolation stress at 60 days of age (two-way ANOVA,
P < 0.01). N = S/group

Isolation stress during the prepubertal period increased
complex IV activity in juveniles [F(1, 16) = 939.82,
P < 0.05] (Fig. 5), and this increase remained until
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Fig. 3 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on Na™,K™-ATPase activity (expressed
as nmol Pi released/min/mg protein) in the prefrontal cortex of
juveniles (28 days of age). Data are expressed as mean &+ SEM.
N = 4-6/group. Filled square Main effect of the palatable diet,
increasing Na™ KT-ATPase activity (two-way ANOVA, P < 0.01)
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Fig. 4 Effect of isolation stress and consumption of palatable diet
during the prepubertal period on Na™,K™-ATPase activity (expressed
as nmol Pi released/min/mg protein) in the prefrontal cortex of adult
rats. Data are expressed as mean + SEM. N = 5-6/group. Asterisk
Main effect of stress, decreasing Na®™, K™ -ATPase activity (two-way
Anova, P = (01.035)

adulthood [F(1, 11) =9,756.51, P < 001] (Fig. 6). In
addition, the palatable diet decreased Complex IV activity
[F (1, 11) = 4,497.34, P < 0.05], but only in adulthood.
Enzymes activities for Complex 1 + III and Complex II
were not significantly different (P = 0.05).

Mitochondrial Mass and Membrane Potential

Analysis of cerebral prefrontal cortex cells labeled with
MTG and MTR are shown in Tables 3 and 4, respectively.
There was no significant difference neither in mitochon-
drial mass nor in mitochondrial Ay (P = 0.05).
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Fig. 5 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on respiratory chain enzymes activities
in the prefrontal cortex of juvenile animals. Data are expressed as
mean + SEM N = 4-5/group. a complex Il activity (nmol DCIP
reduced/min/mg protein), b complex I-III activity (nmol cytocromo ¢
reduced/min/mg protein) and ¢ Complex ['V activity (nmol cytocromo
¢ oxidized/'min/mg protein). Asterisk Main effect of stress, increasing
complex IV activity (two-way ANOVA, P < 0.05)

Discussion

The results of this work showed that neurochemical
parameters such as activities of antioxidant enzymes,
enzymes of respiratory chain, and Na*,K"-ATPase were
altered in prefrontal cortex of rats subjected to isolation
stress in prepubertal period; these effects were not pre-
vented by palatable diet. In the juvenile rats, the results
showed that isolation stress and palatable diet increased
SOD activity, and stress increased SOD/GPx ratio, while
both factors potentiate each other increasing CAT activity.
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Fig. 6 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on respiratory chain enzymes activities
in the prefrontal cortex of adult rats. Data are expressed as
mean = SEM N = 4-5/group. a Complex Il activity (nmol DCIP
reduced/min/mg protein), b complex I-III activity (nmol cytocromo ¢
reduced/min/mg protein) and ¢ complex IV activity (nmol cytocromo
¢ oxidized/min/mg protein). Asterisk Main effects of stress increasing
(P < 0.01) and filled square palatable diet decreasing complex IV
activity (P < 0.05) (two-way ANOV A)

However, in the adult rats, stress increased SOD activity,
decreased CAT activity, increased SOD/GPx and SOD/
CAT ratios. These results suggest that the changes induced
by isolation stress on antioxidant enzymes activities were
long term effects. The increased ratios, due to increased
SOD activity, may result on higher concentration of H,O»,
and these ratios have been used as an indication of peroxide
overload challenge [46, 47]. The imbalance that included
increased SOD activity, leading to increased hydrogen
peroxide, but no change (juveniles) or reduction (CAT, in
adults) in the enzymatic antioxidant systems (CAT and

@ Springer

GPx) responsible for neutralizing the hydrogen peroxide
could lead to an excess of H,O-, facilitating the production
of hydroxyl radical (OH"), the most powerful oxidant
molecule, through a reaction with iron or copper (Fenton
chemistry) [48]. Agreeing with our results, H-O- produc-
tion has been reported to be enhanced after stress [49].
Another type of psychological stress, the restraint stress,
has also been reported to result in the imbalance of anti-
oxidant status, which ultimately leads to induction of oxi-
dative damage [50, 51]. Our study points to long term
effects of stress on oxidative status, which last during
weeks after stress exposure is interrupted.

Although access to a palatable diet increased SOD
activity at 28 days of age, this increase did not remain until
adulthood, indicating that this antioxidant enzyme returned
to normal when the palatable diet was withdraw. Some
studies show that administration of high fat or high caloric
diets to rodents increases free radical generation in the
brain [52]. A previous study from our laboratory showed
that animals’ chronically receiving chocolate in adulthood
had altered activity of antioxidant enzymes [53]. In the
present study, however, the palatable diet was administered
for a week in prepubertal period. It is interesting to observe
that, although access to a palatable diet has been suggested
to counteract some of the effects induced by stress expo-
sure [15], the only interaction observed between diet and
stress exposure was on CAT activity, and this interaction
(potentiating this enzyme activity) was not able to signifi-
cantly influence SOD/CAT ratio.

Our results showed that the palatable diet increased
Na®" ,K"-ATPase activity in juvenile rats while isolation
stress during the prepubertal period decreased Nat K*-
ATPase activity in adult rats. Chronic stress is known to
decrease Na*,K"-ATPase activity in adulthood [54, 55], an
effect that is reversed when stress is interrupted [54]. In the
present study, exposure to stress during development led to
effects later in life, decreasing Na',K"-ATPase activity in
the prefrontal cortex. This reduction in Na',K"-ATPase
activity may compromise neurotransmission, since this
enzyme is mainly responsible for the generation of the
membrane potential necessary to maintain neuronal excit-
ability [56]. We can not attribute the inhibition of Na* K-
ATPase activity to reduced energy production, at least con-
sidering the present results, since stress increased the activity
of Complex IV, having no effect on other complexes of the
respiratory chain. This decreased Na',K'-ATPase activity
may be related to the altered oxidative status induced by
isolation stress, which remains altered several weeks after
interruption of stress exposure (until adulthood), since this
enzyme is susceptible to free radicals attack [57], and to
reduced antioxidants or antioxidant enzymes activities [58].

Regarding the effect of consumption of a palatable diet
on Na',K'-ATPase activity, it disappeared after
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Table 3 Effects of isolation stress and consumption of palatable diet during the prepubertal period on mitochondrial mass in the prefrontal

cortex in juveniles and adults

Group Juveniles Adults
Low mass Control + chow 4,302.2 £ 50.6 4,859.8 & 5,992.7
Control + palatable diet 4,117.8 £ 218.0 53756 + 3034
Stressed + chow 4,150.6 £ 164.3 5,232.4 = 485.0
Stressed + palatable diet 41928 + 1928 5.877.2 = 716.2
High mass Control + chow 3,719.8 + 2120 4.856.2 + 6254

Control + palatable diet
Stressed + chow
Stressed + palatable diet

4,195.6 £ 494.4
4,276.2 £ 381.8
4,015.0 £ 4720

4,298.4 £ 318.1
4,178.8 £ 521.9
3,727.4 £ 765.0

Data are expressed as mean = SEM

No significant effects were observed (P = 0.05). N = 4-5/group

Table 4 Effects of isolation stress and consumption of palatable diet during the prepubertal period on mitochondrial potential in the prefrontal
cortex in juvenile and adult animals

Group

Juveniles

Adults

Low potential

High potential

Control + chow
Control + palatable diet
Stressed 4 chow
Stressed + palatable diet
Control 4+ chow
Control + palatable diet
Stressed + chow

4,127.8 £ 145.1
4.076.4 £ 252.6
3,999.8 + 324.6
4,408.8 £ 176.1
4,149.8 £ 438.6
4312.6 £ 553.2
4,499.2 £ 585.9
3.817.2 £ 4369

4,856.2 £ 3184
5.138.6 £ 124.6
47282 £ 292.8
5,176.0 = 358.8
4,037.6 £517.2

3,586 = 201.4
3,577.2 £ 590.0
3.237.2 £ 5709

Stressed + palatable diet

Data are expressed as mean = SEM
No significant effects were observed (P > 0.05). N = 4-5/group

withdrawal of this diet, when animals received regular rat
chow. In contrast, previous studies showed that exposure to
palatable diets may reduce Na',K'-ATPase activity in
hippocampus and amygdale [59]. It may be important to
point out that our study differs from these other ones in
which Na®,K"-ATPase activity was evaluated because we
studied the cerebral cortex during development, a period in
which rapid changes in synaptic density are occurring [60,
61]. Interestingly, diet-induced changes in Na®™,K'-ATP-
ase activity were reversed when the diet was discontinued,
as was observed in other study using adult rats [59].

The mitochondrial respiratory chain consists of a series
of electron carriers that function as redox pairs involved in
ATP generation, but its operation also increases ROS
production [62, 63]. These reactive species may damage a
variety of cell macromolecules, including those that con-
stitute the electron transport system, therefore disrupting
mitochondrial function in a vicious cycle, such that the
oxidative damage induced by stress may be either the cause
or the consequence of the mitochondrial dysfunction
[64-66]. According to our findings, isolation stress

increased the activity of complex IV in both ages groups
(juvenile and adult), while the palatable diet reduced the
activity of complex IV only in adulthood. Some studies
[25, 67] have shown that stress exposure decreases the
activity of respiratory complexes; in those studies, how-
ever, the type and intensity of stress used was different, as
well as the age when it occurred. In the present study, stress
exposure was applied during development, and the effects
remained until adulthood. Glucocorticoids (GCs), which
are released during the stress response, can directly or
indirectly affect mitochondrial functions [16], and the
cellular energy state was shown to be regulated by GCs via
glucocorticoid receptors that regulate both nuclear and
mitochondrial genes involved in respiratory enzyme bio-
synthesis [68]. Recently, a study showed that animals
subjected to chronic stress increased the expression of
cytochrome oxidase 1 (COX1) and cytochrome oxidase 3
(COX3) genes in prefrontal cortex [69], which are catalytic
subunits of cytochrome ¢ oxidase, the last enzyme in the
respiratory electron transport chain of mitochondria [70,
71] which was also affected by stress exposure in the
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present study. Therefore, it is possible that this effect on
Complex IV activity is due to GCs-induced expression of
these enzymes. Interestingly, there was no change in the
mitochondrial mass or in the mitochondrial potential,
indicating that stress was not able to change mitochondria
quantity despite the complex IV increase. More studies are
necessary to clarify the physiological impact and the causes
of the complex IV activity increases without major alter-
ations in mitochondrial quantity and general activity.

In conclusion, our findings showed that isolation stress
in the prepubertal period can to lead long-lasting neuro-
chemical changes in the prefrontal cortex of male rats and
that a palatable diet was not able to reverse the stress-
induced effects. This study also points to the importance of
knowing the environmental factors which may influence
stages of development, in order to better understand future
neural consequences.
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CAPITULO 3

Manuscrito: Isolation stress exposure and consumption of palatable diet during
the prepubertal period leads to cellular changes in the hippocampus
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Abstract Social isolation is one of the most potent
stressors in the prepubertal period and may influence dis-
ease susceptibility or resilience in adulthood. The gluco-
corticoid response and, consequently, the adaptive response
to stress involve important changes in mitochondrial
functions and apoptotic signaling. Previous studies have
shown that consumption of a palatable diet reduces some
stress effects. Therefore, the aim of the present study was
to investigate whether isolation stress in early life can lead
to cellular alterations in the hippocampus. For this, we
evaluated oxidative stress parameters, DNA breakage
index, mitochondrial mass and potential, respiratory chain
enzyme activities, apoptosis, and necrosis in the hippo-
campus of juvenile male rats submitted or not to isolation
stress during the pre-puberty period. We also verified
whether consumption of a palatable diet during this period
can modify stress effects. Results show that stress led to an
oxidative imbalance, DNA breaks, increased the mito-
chondrial potential and early apoptosis, and decreased the
number of live and necrotic cells. In addition, the palatable
diet increased glutathione peroxidase activity, high mito-
chondrial potential and complex I-III activity in the hip-
pocampus of juvenile rats. The administration of a
palatable diet during the isolation period prevented the
stress effects that caused the reduction in live cells and
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increased apoptosis. In conclusion, the stress experienced
during the pre-pubertal period induced a hippocampal
oxidative imbalance, DNA damage, mitochondrial dys-
function, and increased apoptosis, while consumption of a
palatable diet attenuated some of these effects of exposure,
such as the reduction in live cells and increased apoptosis,
besides favoring an increase in antioxidant enzymes
activities.

Palatable diet -
Mitochondria -

Keywords Hippocampus -
Isolation stress - Apoptosis -
Oxidative stress

Introduction

The prepubertal period is a time of transition, sexual
maturation, and enhanced brain architecture plasticity. In
addition, this period is critical for the final maturation of
circuits controlling energy homeostasis and stress respon-
ses [1]. Exposure to stressors in this phase of life may
influence disease susceptibility or resilience in adulthood
[2]. One of the most potent stressors, during this period, is
social isolation [3], which can lead to behavioral, ana-
tomical and neurochemical changes that may also be
present in adulthood, when these animals are compared to
their socially-reared litter mates (socials) [4, 5].

The exposure to stressful events leads to an increased
release of glucocorticoids (GCs) due to activation of the
hypothalamo-pituitary adrenal (HPA) axis. Additionally,
glucocorticoid receptors (GR) mediate the negative feed-
back of GCs on the HPA axis following stress. These
receptors are localized in distinct brain structures, includ-
ing the hippocampus, prefrontal cortex and hypothalamus;
however GRs are more abundant in the hippocampus,
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which is the most stress-sensitive brain region [6, 7].
Although the stress response is essential and adaptive to
changes in the environment, when this response is exag-
gerated or sustained, it may cause neuroendangerment,
which is observed after prolonged stress exposure or in the
presence of elevated GCs levels, and has been linked to an
increased generation of reactive oxygen species (ROS) [8].
At low concentrations, ROS are involved in the regulation
of a number of physiological processes, whereas their
overproduction results in oxidative injury, which may
mediate damage to cell structures such as lipid mem-
branes, protein and DNA [9]. The imbalance between high
cellular levels of ROS in relation to cellular antioxidant
defenses, namely oxidative stress, may be involved in the
pathogenesis of several brain diseases [10-14]. Previous
studies from our laboratory have reported that social iso-
lation in the prepubertal period leads to an imbalance in
the antioxidant enzyme systems in the prefrontal cortex in
juvenile rats [15], suggesting the wvulnerability of the
central nervous system to this type of stressor.

The adaptive response to stress involves important
changes in mitochondrial functions, enabling organisms to
adjust bioenergetics, thermogenesis, oxidative and/or
apoptotic responses [16]. Apoptosis has also been proposed
as a cellular mechanism that contributes to the structural
changes observed in stress-related mood disorders in both
human and animal models [17]. The apoptotic process is
programmed and critically controlled by the balance
between proapoptotic and antiapoptotic proteins in the outer
mitochondrial membrane [18, 19], leading to a cascade of
signals that ultimately results in cell death. In response to
death stimuli, the mitochondria are impaired, resulting in
the release of proapoptotic proteins, such as cytochrome
¢ from the mitochondria into to the cytoplasm [20].

Increased stress has been associated with an increased
motivation for foods rich in lipids and carbohydrates [21],
and a model of reward-based eating has been suggested as
a means to reduce the stress response [22]. Thus, it has
been suggested that there may exist an interaction between
the effects of stress and the consumption of easily-available
palatable food [23]. On the other hand, some studies have
presented evidence that the production of ROS and
excessive intake of palatable foods can lead to breaks in
cellular DNA [24-26]. Therefore, the aim of this study was
to investigate the possibility that isolation stress in early
life can lead to cellular alterations in the hippocampus. For
this, we evaluated oxidative stress parameters, mitochon-
drial mass and membrane potential, respiratory chain
enzyme activities, apoptosis and necrosis, and the DNA
break index in the hippocampus of juvenile rats subjected,
or not, to isolation. We also verified whether the con-
sumption of a palatable diet could reduce stress effects
during the prepubertal period.

Materials and Methods
Subjects

All animal procedures were approved by the Institutional
Ethical Committee (CEUA-UFRGS 20040) and followed
the recommendations of the Federation of the Brazilian
Societies for Experimental Biology. All efforts were made
to minimize animal suffering, as well as to reduce the
number of animals.

Forty male Wistar rats, from 10 litters, were weaned on
postnatal day 21. A total of four male pups were used from
each litter, and these were divided into four groups, as
described below, in such a way that one animal per litter
was used in each group. Male pups were weighed and
distributed into four groups, receiving a highly palatable
diet or standard lab chow. Half of the animals were housed
in groups of 5; the other half were stressed by isolation
(one animal in a smaller home cage, 27 x 17 x 12 cm)
[27], resulting in four experimental groups: controls
receiving standard lab chow, controls receiving a palatable
diet, isolated animals receiving lab chow and isolated
animals receiving a palatable diet. These interventions
occurred between postnatal days 21-28 and daily food
consumption was measured. At postnatal day 28, the ani-
mals were killed by decapitation and biochemical evalua-
tions were performed in the hippocampus. Half of the
animals in each group were used for evaluation of oxida-
tive stress parameters and respiratory chain enzymes
activities, and the other half for determination of mito-
chondrial mass and membrane potential, as well as for
measurement of the amount of live cells, cells in early
apoptosis, late apoptosis and necrotic cells, and the DNA
break index.

Palatable Diet

The palatable diet used on this study was enriched with
simple carbohydrates, and was made with condensed milk,
sucrose, vitamins and salts mix, powdered standard lab
chow, purified soy protein, soy oil, water, methionine and
lysine. The nutritional content of this diet was similar to
that of a standard lab chow (including 22 % protein and
4-6 % fat), however most carbohydrates in the palatable
diet were sucrose; in contrast, carbohydrates in the standard
lab chow were provided mainly from starch (see Table 1).

Assessment of Oxidative Stress Parameters

The animals were killed by decapitation and their hippo-
campus was quickly dissected out and stored at —70° C
until analysis. Structures were then homogenized in 10 vol

(w:v) ice-cold 50 mM potassium phosphate buffer
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Table 1 Composition of the diets used (in 100 g of each diet)

Standard Palatable diet
chow
Carbohydrates 49 (starch) 41.4 (14.7 from starch, 26.7 from
sucrose and lactose)
Fat 4 6.5
Protein 22 24.9

The remainder of these diets was constituted by vitamins, fibers, and
minerals

(pH 7.4), containing 1 mM EDTA. The homogenate were
centrifuged at 1,000xg for 10 min at 4° C and the super-
natants were used.

Superoxide Dismutase Activity

Superoxide dismutase activity was determined using the
RANSOD kit (Randox Labs., USA), which is based on a
procedure described by Delmas-Beauvieux et al. [28]. This
method employs xanthine and xanthine oxidase to generate
superoxide radicals that react with 2-(4-iodophenyl)-
3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) to
form a formazan dye, which can be assayed spectropho-
tometrically at 492 nm, at 37 °C. The inhibition of the
production of the chromogen is proportional to the activity
of SOD present in the sample; one unit of SOD causes
50 % inhibition of the rate of reduction of INT under the
conditions of the assay.

Glutathione Peroxidase Activity

Glutathione peroxidase activity was determined according
to Wendel [29] with modifications. The reaction was car-
ried out at 37 °C in a solution containing 20 mM potassium
phosphate buffer (pH 7.7), 1.1 mM EDTA, 044 mM
sodium azide, 0.5 mM NADPH, 2 mM glutathione and 0.4
U glutathione reductase. The activity of GPx was measured
using tert-butylhydroperoxide as the substrate at 340 nm.
The contribution of spontaneous NADPH oxidation was
always subtracted from the overall reaction ratio. GPx
activity was expressed as nmol NADPH oxidized per
minute per mg of protein.

Catalase Activity

Catalase activity assessment is based upon establishing the
rate of H-05 degradation spectrophotometrically at 240 nm
at 25 °C [30]. CAT activity was calculated in terms of
micromoles of H-O5 consumed per minute per mg of protein,

using a molar extinction coefficient of 43.6 M~ cm ™.
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Evaluation of Free Radical Production by the Chemical
Oxidation of Dichlorodihydrofluorescein (DCFH)

Samples were incubated with 2'-7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA 100 uM) at 37 °C for
30 min. DCFH-DA is cleaved by cellular esterases and the
DCFH formed is eventually oxidized by reactive oxygen/
nitrogen species. The formation of the fluorescent deriva-
tive dichlorofluorescein (DCF) was monitored by excita-
tion and emission wavelengths of 488 and 525 nm,
respectively, using a SpectraMax MS5. The amount of
reactive oxygen/nitrogen species was quantified using a
DCF standard curve and results were expressed as nmoles
of DCF formed per mg of protein [31].

Determination of Total Thiol Content

This assay measures protein and non-protein thiols; the
latter is mainly represented by the reduced form of gluta-
thione and is based in the reduction of 5,50-dithiobis
2-nitrobenzoic acid (DTNB) by thiol groups, which
becomes oxidized (disulfide), yielding a yellow compound
(TNB) whose absorption is measured spectrophotometri-
cally at 412 nm. The sulfhydryl content is inversely cor-
related to the oxidative damage to proteins. Results are
reported as nmol TNB/mg protein [32].

Comet Assay

A standard protocol for Comet assay preparation and
analysis was followed [33]. The slides were prepared by
mixing 20 pL of hippocampus dissociated (in cold PBS pH
7.4) with 80 pL low melting point agarose (0.75 %). The
mixture (cells/agarose) was added to a fully frosted
microscope slide coated with a layer of 500 pL of normal
melting agarose (1 %). After solidification, the cover slip
was gently removed and the slides were placed overnight in
lysing solution (2.5 M NaCl, 100 mM EDTA and 10 mM
Tris, pH 10.0-10.5, with freshly added 1 % Triton X-100
and 10 % dimethylsulfoxide [DMSQ]). Subsequently, the
slides were incubated in freshly prepared alkaline buffer
(300 mM NaOH and 1 mM EDTA, pH 12.6) for 5 min. The
DNA was electrophoresed for 20 min at 25 V (0.90 V/em)
and 300 mA under alkaline conditions (pH > 13). Subse-
quently, the slides were neutralized with 0.4 M Tris (pH
7.5) three times during 5 min. Finally, the DNA was stained
with Syber Green. The stained nuclei were blindly analyzed
by fluorescence microscopy with visual inspection (200X).
Cells were scored from zero (no breaks observed) to 4
(maximal break index), according to the tail intensity (size
and shape), resulting in a single DNA break score for each
cell, and consequently, for each group. The DNA break
index was calculated by multiplying the number of cells by
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its respective index score and then summing it up. There-
fore, a group index could range from zero (all cells with no
tail, 100 cells X 0) to 400 (all cells with maximally long
tails, 100 cells X 4) [34].

Mitochondrial Mass and Membrane Potential
Measurement

Mitotracker was used for mitochondrial function analysis
in cell suspensions of hippocampus obtained by mechani-
cal dissociation with PBS containing collagenase to favor
digestion to a density of about 200,000 cells/mL. The
dissociated contents were then filtered through 40 pm
nylon cell strainers. To assess mitochondrial potential (Ayr)
and mass, MitoTracker Red (MTR or Chloromethyl-
X-rosamine) and MitoTracker Green (MTG) dyes were
employed [35, 36]. MTG is a green-fluorescent fluorophore
that accumulates in mitochondria regardless of mitochon-
drial membrane potential and has been used to measure
mitochondrial mass [37]. MTR and MTG were dissolved in
dimethylsulfoxide (DMSO) to a 1 mM stock concentration.
Samples were prepared as described by Weis et al. [38].
Immediately after staining, cell suspensions were analyzed
by flow cytometry. MitoTracker dyes were excited using a
488 air-cooled argon laser. Negative controls (samples
without stain) were included for setting up the machine
voltages. Controls stained with a single dye were also
employed to allow the setting of compensation. The
emission of fluorochromes was recorded through detectors
and specific band-pass fluorescence filters: red (FL3;
670 nm long pass) and green (FL1; 530 nm/30). All flow
cytometric acquisitions and analyses were performed using
CELLQuest Pro data acquisition (BD Biosciences) and
FlowJo analysis software, respectively. The histograms
were divided into two halves (named cells with low and
high mass or potential), based on the peak of the controls
for MTG and MTR, and this evaluation was extended to all
data in each parameter. Using this method, analyses of cells
resulted in two populations, with different mitochondrial
mass and Ay The lower accumulation of MTG or MTR,
and thus lower fluorescence values, are indicative of
decreased mitochondrial mass or A\ [35, 36].

Respiratory Chain Activity Determination

Brain structures were freshly homogenized (1:20, w/v) in
SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM
Trizma base), pH 7.4, for determination of respiratory chain
complex activities. The homogenates were centrifuged at
1,000 g for 10 min at 4 °C and the supernatants were
immediately maintained at —70 °C until analyses. The
activities of the electron transport chain (ETC) complexes
I-III, IT and IV were determined according to standard

methods previously described in the literature [38—41]. The
activity of complex I-III (complex [ 4+ CoQ + III) was
assessed by measuring the increase in absorbance due to
cytochrome ¢ reduction at 550 nm, according to the method
described by Schapira et al. [41]. Complex I-III activity
was calculated as the rotenone sensitive NADH: cyto-
chrome ¢ reductase activity. The activity of complex II
(succinate: DCIP oxyredutase) was determined according to
Fischer et al. [39], by following the decrease in absorbance
due to the reduction of 2,6-DCIP at 600 nm, in a medium
containing sodium succinate, sodium azide, and rotenone
and DCIP. Cytochrome ¢ oxidase (COX, complex IV)
activity was determined, according to Rustin et al. [40],
following the decrease in absorbance due to the oxidation of
previously reduced cytochrome ¢ at 550 nm. The activities
of the respiratory chain complexes were calculated and
expressed as nmol per min per mg of protein.

Determination of Live cells, Early Apoptosis, Late
Apoptosis and Necrosis

These parameters were analyzed using cell suspensions of
hippocampus. Hippocampus was mechanically dissociated
with PBS containing collagenase to obtain a density of
200,000 cells/mL, and filtered through a 40-pm nylon cell
strainer. The live/dead cell assay was performed according
to the manufacturer’s instructions (Apoptotic, Necrotic &
Health Cells Qualification kit-Uniscience). To assess
apoptosis (early apoptosis), dead cells by apoptosis (late
apoptosis), necrosis and live cells, specific fluorescent
probes (annexin V for apoptotic cells and ethidium
homodimer to detect dead cells by necrosis) were
employed. Briefly, 10° cells were incubated at room tem-
perature with annexin V. ethidium homodimer (EH) and
binding buffer for 15 min. The levels of annexin incorpo-
ration and levels of EH positive cells were determined by
flow cytometry (FACSCalibur, Becton—Dickinson, Franklin
Lakes, NJ, USA). FITC and EH dyes were excited at
488 nm using an air-cooled argon laser. Negative controls
(samples without label) were included for setting up the
machine voltages. Controls stained with a single dye (FITC
and EH) were used to set compensation. The emission of
fluorochromes was recorded through detectors using spe-
cific band-pass fluorescence filters: green (FL1; 530 nm/30)
and red (FL3; 670 nm long pass) and collected using log-
arithmic amplification. Flow cytometry data were analyzed
and plotted by density as a dot plot, which shows the rela-
tive FL1 fluorescence on the y-axis and the relative FL3
fluorescence on the x-axis. The quadrants to determinate the
negative and positive area were placed based on control
samples with 80-90 % live cells and this setting was
applied to all samples. The number of cells in each quadrant
was computed and the proportion of negatively-stained
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on antioxidant enzyme activities, free radical (DCFH test) production
and on total thiol levels in the hippocampus of juvenile rats. Data are
expressed as mean + SEM N = 4-5/group. a SOD (expressed as
Uimg protein), b GPx (expressed as nmol NADPH consumed/min/mg
protein}, ¢ CAT (expressed as micromoles of H,O, consumed/min/mg
protein), d DCFH (expressed as nmol of DCF formed/mg protein) and
e total thiols (expressed as nmol TNB/mg protein). *Interaction
between stress and palatable diet (two-way ANOVA, P < 0.001).
"Stress increased free radical production (two-way ANOVA,
P =0.01) and total thiol levels (two-way ANOVA, P < (0.02).
“Palatable diet increased GPx activity (two-way ANOVA,
P < (.001) and total thiol levels (two-way ANOVA, P < 0.05)

cells or cells stained with annexin, EH or both were
expressed as live, apoptotic, necrotic or cells in late apop-
tosis, respectively [42—-45].

Protein Assay

The protein concentration was determined in the samples
using the method described by Lowry et al. [46] with
bovine serum albumin as the standard.

Statistical Analysis

Data were expressed as mean = SE of the mean, and were
analyzed using two-way ANOVA, with isolation stress and
palatable diet as factors. All analyses were performed using
SPSS software and a P < 0.05 was considered significant.

Results

Antioxidant Enzyme Activities, Free Radical
Production and Total Thiol Levels

These parameters were analyzed to verify whether there was
an oxidative imbalance in the hippocampus of rats exposed
to isolation stress and palatable diet in the prepuberty period.
When evaluating SOD activity (Fig. la) at 28 days (juve-
niles), an interaction between stress and palatable diet was
observed [F (1,16) = 35.64, P < (0.001], shown by the
potentiation of SOD activity in the presence of both factors.
In contrast, the palatable diet induced an increase in GPx
activity [F(1,16) = 16.63, P < 0.001] (Fig. 1b), while CAT
activity (Fig. 1¢) was not altered by isolation stress or by
access to a palatable diet (P = 0.05). Additionally, isolation
stress increased free radical production [F (1,16) = 10.00,
P < 0.01], as evaluated using the DCFH test (Fig. 1d). Both
isolation stress [F (1,16) = 8.18, P < 0.02] and palatable
diet [F (1,16) = 5.66, P < 0.05] increased total thiol levels
(Fig. le).
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Table 2 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on SOD/GPx and SOD/CAT ration in
the hippocampus of juvenile rats. Data are expressed as mean + SEM

Group SODVYGPx ratio SODVCAT ratio
Control + chow 0.36 £ 0.023 446 £ 1.86
Control + palatable diet 0.26 £ 0026 275 £ 0.59
Stressed + chow 0.27 £ 0036 239 £ 049
Stressed + palatable diet 0.49 £ 0.038* 486 £ 245

# Interaction stress x diet: increased this ratio (two-way ANOVA,
P = 0.001). N = S/group

The SOD/GPx ratio (Table 2) showed an interaction
between isolation stress and palatable diet [F (1,16) =
24.46, P < 0.001], while there was no difference in the
SOD/CAT ratio.

DNA Break Index

As shown in Fig. 2, isolation stress exposure increased the
DNA break index [F (1,42) = 12.37, P < 0.001] in the
hippocampus of juvenile rats; the palatable diet had no
effect on this parameter.

Mitochondrial Mass and Membrane Potential

Figures 3 and 4 show hippocampal cells labeled with MTG
and MTR, respectively. Isolation stress decreased the
number of cells presenting low mitochondrial mass
[F (1.15) = 1109, P <0.01] (Fig. 3a) and low mito-
chondrial A [F (1,15) = 9.67, P < 0.01] (Fig. 4a). No
difference in high mitochondrial mass was observed in the
cells, P > (.05 (Fig. 3b).

Both isolation stress [F (1,15) = 7.74, P < 0.05] and
palatable diet [F (1,15) = 5.18, P <0.05] (Fig. 3b)
increased the number of cells presenting high Avr.

Respiratory Chain Enzyme Activities

Mitochondrial energy metabolism in the hippocampus was
evaluated using enzymatic analysis of electron transport
chain (ETC.) activities (Table 3). The consumption of a
palatable diet during the prepubertal period increased
complex I + III activity [F (1,14) = 5.02, P < 0.05]. In
contrast, the enzyme activities of Complex II and Complex
IV were not significantly altered (P > 0.05).

Flow Cytometry Analysis After Annexin V
and Ethidium Homodimer Staining

As shown in Fig. 5, stress decreased the number of live
cells [F (1,16) = 4.48, P = 0.05] and there was an inter-
action between stress and palatable diet [F (1,16) = 7.22,
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Fig. 2 Effect of isolation stress and consumption of palatable diet
during the prepubertal period on comet assay (expressed as breakage
index), in the hippocampus of juvenile rats. Data are expressed as
mean 4+ SEM N = 5/group. *Stress significantly increased DNA
breakage index (two-way ANOVA, P < 0.01)
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Fig. 3 Effects of isolation stress and consumption of palatable diet in
cells labeled with Mitotracker Green (mitochondrial mass) in the
hippocampus of juvenile rats. Data are expressed as mean + SEM
N = 4-5/group. a Low mass, b High mass. *Stress decreased low
mitochondrial mass (two-way ANOVA, P < 0.01)
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Table 3 Effects of isolation stress and consumption of palatable diet
during the prepubertal period on respiratory chain enzyme activities
(nmol/min/mg protein) in the hippocampus of juvenile rats

Group Complex Complex II  Complex IV
I-I11
Control + chow 505 £0.34 648 £049 4798 £ 6.25
Control 4 palatable 6.25 + 0.73%  6.50 +0.88 509728
diet
Stressed 4+ chow 504 £ 0,16 7.39 +£1.22 5327 £2.03
Stressed 4 palatable 6.05 = 0.55% 7.53 £0.62 46.92 &+ 4.06

diet

Data are expressed as mean £ SEM of cytochrome ¢ reduction
(Complex I 4 III), 2,6-DCIP reduction (Complex II) and oxidation of
previously reduced cytochrome ¢ (Complex V)

* Palatable diet increased complex I-III activity (two-way ANOVA,
P < 0.05). N = 4-5/group

A
_ 4000 - m Control
= W Stress #
=
I
o w
2 2 3000 -
5 8
-E k-]
T 2000 A

=]
£t
S s
= £
E = 1000 |
H
=]
4

o

Chow Palatable Diet

B £
= 5000 5 mControl
'-E W Stress #
.g . 4000 -
= 2 3000
T 0
c .
23
S E 2000 -
2z
E = 4000 -
=
=
I

0 .

Chow Palatable Diet

Fig. 4 Effects of isolation stress and consumption of palatable diet in
cells labeled with Mitotracker Red (mitochondrial potential) in the
hippocampus of juvenile rats. Data are expressed as mean + SEM
N = 4-5/group. a Low potential, b High potential, *Stress decreased
low mitochondrial potential (two-way ANOVA, P < 0.01) and
increased high mitochondrial potential (two-way ANOVA,
P < 0.05). *Palatable diet increased high mitochondrial potential
(two-way ANOVA, P < 005)

P < 0.02] (Fig. 4a), since the stressed group that received
the palatable diet did not demonstrate the same decrease in
the number of live cells. Additionally. exposure to isolation
stress induced an increase in the number of positive cells
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labeled with annexin-V (early apoptosis; Fig. 5b)
[F (1.16) = 1857, P < (0.001] and an interaction between
stress and palatable diet was also observed for this
parameter [F (1,16) = 8.06, P < 0.02]. No significant
difference was observed in late apoptosis (double labeling;
P > 0.05) (Fig. 5¢).

With regard to necrosis, stress decreased the number of
cells stained with EH [F (1,16) = 9.99, P < 0.01] and an
interaction between stress and diet was also observed
[F (1,16) = 5.08, P < 0.05] (Fig. 5d), further decreasing
this number (Fig. 5).

Discussion

The data of the present study demonstrate that isolation
stress, during the prepubertal period, induces neurochemi-
cal changes by increasing SOD activity, free radical pro-
duction, DNA breaks, total thiol content, early apoptosis,
high mitochondrial membrane potential and reducing the
number of live and necrotic cells, as well as cells with low
mitochondrial mass, in the hippocampus. These results
suggest stress-induced neuroendangerment. Additionally,
free access to a palatable diet was found to prevent some of
these stress-induced effects in the hippocampus of juvenile
rats, including the alteration in the numbers of live and
apoptotic cells. These data are in accordance with previous
studies suggesting that the consumption of palatable food,
rich in fat and carbohydrates, may decrease the stress
response in chronically-stressed rats [23]. On the other
hand, the increased SOD/GPx ratio observed in stressed
animals receiving the palatable diet represents an imbal-
ance in antioxidant defenses and suggests that this associ-
ation may sometimes be inadequate.

The brain is especially vulnerable to free radical pro-
duction and to oxidative damage due to its high oxygen
consumption, abundant lipid content and a relative paucity
of antioxidant enzymes [47-49]. Several studies have
reported that stress results in the imbalance of the antiox-
idant status, which ultimately leads to increased oxidative
stress [50-52]. Based on these considerations, we evaluated
oxidative stress parameters, such as antioxidant enzymes
activities (SOD, GPx and CAT), free radical production
(DCFH oxidation test) and total thiol content. Isolation
stress increased the production of free radicals, the total
thiol content and decreased SOD activity. However,
despite the decreased SOD/GPx ratio, no differences in
GPx and CAT activities were observed following isolation
stress. Since SOD dismutates the superoxide ion, generat-
ing hydrogen peroxide (H0;), and GPx and CAT degrade
H-0- into water (H»0), any changes in this system can lead
to an imbalance in antioxidant defenses. In fact, superoxide
and H-0> production has been reported to be enhanced
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Fig. 5 Effects of isolation stress
and consumption of palatable A
diet on live cells, apoptosis, late

apoptosis and necrosis in the 8000
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after stress [53]. Our data suggest an oxidative imbalance,
as there was an increase in the production of free radicals.
In addition, the isolation stress increased total thiol content,
which may be associated with increased levels of thiols
from proteins or a reduction in glutathione (a substrate for
GPx); however, this increase was not accompanied by
increased GPx activity.

Access to a palatable diet increased SOD activity and
there was an interaction between isolation stress and pal-
atable diet, with a potentiation of this enzyme activity.
However, this diet also increased total thiol content and
GPx activity, favoring a more general increase in the
activity of antioxidant enzymes, in contrast to observations
in the stressed group. Additionally, when both factors
(stress and diet) were applied simultaneously, there was an
increase in the SOD/GPx ratio.

In addition to causing an imbalance in antioxidant
defenses, isolation stress was able to increase the break
index. DNA breaks were measured by the comet assay
under alkaline conditions; this assay can detect single and
double-stranded breaks, incomplete repair sites, alkali labile
sites and possibly both DNA-protein and DNA-DNA
cross-links in eukaryotic cells [54]. Previous investigations
have reported that generation of ROS and induction of DNA
damage in a cell may trigger mitochondria-mediated
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apoptosis [55, 56]. In addition, apoptosis can induce DNA
fragmentation [57]. It is possible that the increase in DNA
breakage and the increase in ROS production may be
related to an induction of apoptosis. It is important to point
out, however, that DNA breaks, measured by this method,
may be correctly repaired without resulting in permanent
genetic alterations [58].

There were no palatable diet-induced changes in DNA
breakages in the hippocampus of juvenile rats. In contrast
to these results, some studies have presented evidence that
excessive intake of palatable foods can lead to breaks
in cellular DNA [26, 59]. This discrepancy may be
explained by the age of the animals when exposed to the
diet, its duration, and the type of palatable diet. For
example, during the prepubertal period, high fat diet
induced DNA damage in rats [26]; chronic consumption
of chocolate in adult rats was also able to induce DNA
breaks [59]. Therefore, it is possible that animals sub-
jected to high-fat diets may be more prone to present
DNA breakages in their cells than animals subjected to a
diet enriched in simple carbohydrates, as used in the
present study. Alternatively, it is also possible that a
longer period of exposure to this diet (enriched in simple
carbohydrates) could lead to a different outcome for this
parameter.
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The increased production of free radicals, with an
altered SOD/GPx ratio, as observed in this study, prompted
us to study the mitochondrial membrane potential, since it
plays a crucial role in the generation of superoxide radicals.
We then studied some aspects of mitochondrial function,
since the mitochondria generates a large quantity of reac-
tive oxygen species (ROS) [60]. We evaluated mitochon-
drial mass and membrane potential, as well as respiratory
complex activities. Isolation stress led to a decrease in cells
with low mitochondrial mass, and it also increased the
number of cells with higher mitochondrial Ay, but without
any change in respiratory complex activities. The increase
in the high mitochondrial A with a decrease in cells with
low mitochondrial mass could suggest a possible mito-
chondrial biogenesis; however no alterations in respiratory
complex activities were observed. Another possible
explanation for the increased number of cells with higher
mitochondrial A\ may be associated with the oxidative
imbalance observed in this study. Interestingly, the rate of
ROS emission is strongly controlled by the mitochondrial
membrane potential; increased membrane potential is
associated with increased ROS emission rate and decreased
active phosphorylation [61]. Therefore, the increased
mitochondrial potential could help to explain the oxidative
imbalance observed in this study in stressed animals. On
the other hand, consumption of palatable diet induced an
increase in the number of cells with higher mitochondrial
AVr and also in the complex I-III activities. It is possible
that this increase is an adaptive response induced by the
fact that more glucose is being oxidized in the tricarboxylic
acid cycle, which in effect pushes more electron donors
into the electron transport chain. In this case, although we
observed an increased mitochondrial potential, both GPx
and SOD activities were increased and no increased free
radical production was observed, in contrast to the results
observed for isolated animals.

Alterations in mitochondrial physiology and oxidative
stress-induced cellular damage are considered to constitute
a central event in apoptosis [62—64]. In the present study, we
measured the number of cells stained with annexin V, which
identifies apoptotic cells, and we also analyzed the number
of cells stained with ethidium homodimer, used to detect
dead cells by necrosis. Isolation stress reduced the number
of live cells (without staining) and necrotic cells, and
increased the number of the cells stained with annexin V,
indicating that this type of stress in the prepubertal period
induces early apoptosis. The consumption of palatable food
prevented both of these stress-induced effects, the reduction
in the number of live cells, as well as the increase in early
apoptosis, in agreement with the hypothesis that palatable
food consumption may reduce stress effects [23]. During
apoptotic cell death, evidence indicates an increase in
mitochondrial function in a number of cell types [65-67],

@ Springer

although other studies have shown alink between a decrease
in the mitochondrial membrane potential and apoptosis
[68=70]; furthermore, it is possible that this parameter may
depend on the stage of apoptotic cell death. During the
prepubertal period, intense modifications occur in the ner-
vous systems [ 1], and the increased number of cells during
early apoptosis and reduced number of necrotic cells may
suggest some type of reorganization of circuits induced by
isolation. Other studies are necessary to better understand
these effects of isolation during the prepubertal period.

In conclusion, the present study shows that isolation
stress during the prepubertal period induces early apopto-
sis, and increases mitochondrial potential, oxidative
imbalance and DNA breakage, suggesting cellular damage.
Consumption of a palatable diet enhanced antioxidant
enzymes activities and prevented stress effects on early
apoptosis and on the number of live cells, indicating that
the access to a palatable diet during exposure to isolation
may function as a compensatory mechanism or may
facilitate the adaptation to stress during the prepubertal
period. However, other effects of stress exposure were not
prevented by the use of a palatable diet. This study also
indicates the importance of environmental factors, which
may influence plasticity or neuronal susceptibility during
ditferent stages of development. More studies are needed to
clarify whether these effects are long-lasting and how they
can influence adult/senile brain function.
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CAPITULO 4

Manuscrito: Long-lasting effects of palatable diet during prepubertal stress
isolation on behavior and hippocampal oxidative balance in adult rats.
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ABSTRACT

During prepubertal period. environmental changes. including diet and stress
exposure, are increasingly recognized as determinants of either adaptive or maladaptive
brain functioning. The aim was to investigate whether isolation stress and intake of
palatable diet in early life can lead to long-term alterations in behavior and hippocampal
neurochemical parameters in adult male rats. We evaluated spatial memory, motor
activity. and neurochemical parameters (oxidative stress, DNA fragmentation index,
mitochondrial mass and potential. respiratory chain enzymes activities, apoplosis.
necrosis, glucocorticoid receptors, and BDNF levels) in the hippocampus of adult male
rats exposed or not to isolation stress and a palatable diet during pre-puberty. The
isolation and palatable diet did not affect spatial memory. but reduced swimming speed.
In addition. the isolation induced long-lasting changes in the oxidative balance of
hipppocampus characterized by increased reactive species generation and the SOD:CAT
and SOD:GPx ratios, which are possibly related to the increased Complex IV activity
and increased necrosis. Interactions (isolation and palatable diet) were observed in some
of the parameters evaluated. which returned to control levels: respiratory enzymes
activities, DNA fragmentation index and the number of necrotic and in late apoptosis
cells. These effects of palatable diet could be related to the observed increase in
glucocorticoid receptors in the hippocampus. However, the palatable diet also had some
per se effects. such as increased SOD:GPx ratio and incresed DNA fragmentation and
early apoptosis, as well as reduced number of live cells. Moreover. since the memory
was not affected and mitochondrial dysfunctions are known to be involved with mood
disorders. the behavioral changes observed seem to be related to motivational aspects

rather than cognitive features. and could be attributed to changes in the neurochemical
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parameters evaluated. Therefore. stress and palatable diet during the prepubertal period

may increase vulnerability of hippocampus during adulthood.

Key-words: lippocampus: palatable diet; isolation stress: oxidative —stress:

glucocorticoid receptor: memory.
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1. Introduction

The prepubertal period is characterized by continuous development and
brain plasticity (Pervanidou and Chrousos. 2012). In the natural environment, rodents
live in groups and exhibit high levels of social behavior, both with younger and older
animals (Panksepp et al.. 2007). Social interactions are rewarding (Panksepp and
Lahvis. 2007), while social isolation is an aversive event and increases the activity of
the hypothalamo-pituitary adrenal (HPA) axis (Douglas et al., 2004; McCormick and
Mathews, 2007). Social isolation is one of the most potent stressors during development
(Arakawa, 2005), and at long-term it may induce a variety of behavioral abnormalities,
including increased aggressiveness (Koike et al., 2009; Pinna et al.. 2009: Pinna et al.,
2003), anxiety-related behaviors (Pinna et al.. 2006; Wei et al.. 2007), cognitive deficits
(Pibiri et al. 2008), hypoalgesia and hyperlocomotion (McEwen, 2007).

The exposure to stressful events leads to increased release of glucocorticoids
(GCs) by acting on the HPA axis. Glucocorticoid receptors (GR) that also mediate the
negative feedback of GCs on the HPA axis following stress. are located in distinct brain
structures, mainly in the hippocampus, which is the most stress-sensitive region in the
brain (McEwen. 2008; Sapolsky, 2003). Although the stress response is essential and
adaptive to environmental changes. it may cause neuroendangerment when it is
exaggerated or sustained. This neuronal impairment has been linked to the increased
generation of reactive oxygen species (ROS). mitochondrial dysfunction (McIntosh and
Sapolsky,1996). an altered production and/or release of neurotrophic factors (Pisu et al.,
2011). All these changes may modify synaptic responses (Vereker et al.. 2001), and
hippocampal-dependent behavior, such as spatial learmning and memory (Benzi et al..

1990: Fukui et al., 2002; Jhoo et al.. 2004). In addition. changes in mitochondrial
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physiology and oxidative stress-induced cellular damage constifute a central event in
apoptosis (Franklin, 2011; Valko et al., 2006).

Increased stress has been associated with an increased motivation for foods
rich in lipids and carbohydrates (Epel et al., 2001). and a model of reward-based eating
has been suggested to reduce the stress response (Adam and Epel, 2007). Thus. there
may be an interaction between the effects of stress and the intake of easily-available
palatable food (Pecoraro et al., 2004). On the other hand. some studies have shown that
the production of ROS and excessive intake of palatable foods can lead to fragmentation
in the cellular DNA (Higashimoto ef al.. 2009: Mugbil et al.. 2006: Olivo-Marston et
al., 2008): and that The intake of such diets can be associated to cognitive decline and
enhanced vulnerability to brain injwy (Ansari et al. 2008: Baran et al. 2005:
Srivareerat et al.. 2009).

Previous studies from our laboratory have reported that social isolation in the
prepubertal period leads to an imbalance in the anfioxidant enzyme systems,
mitochondrial dysfunction and an increase in cell death by apoptosis in the
hippocampus of juvenile rats (Krolow et al., 2013). suggesting that the central nervous
system is vulnerable to this type of stressor. The effects of social isolation early in life
are partly prevented by palatable diet intake (Krolow et al.. 2013). However, whether
these stress-induced effects would remain during adulthood it is not known.

The present study aims to investigate if isolation stress in the prepubertal
period can lead to long-term changes in behavior and hippocampal neurochemistry in
adult male rats; and verified whether the access to a palatable diet during the same
period would modify the effects of stress. To address these issues, we evaluated spatial
memory, oxidative stress parameters and DNA fragmentation index, mitochondrial

mass and potential. respiratory chain enzymes activities, apoptosis, necrosis,
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immunocontent of GR and brain-derived neurotrophic factor (BDNF) levels in the
hippocampus of adult male rats exposed to isolation stress during the prepubertal period

taking or not the palatable diet.

2. Experimental procedures

2.1. Subjects

All animal proceedings were performed in strict accordance to the
recommendations of the Brazilian Society for Neurosciences (SBNeC) and Brazilian
Law on the use of animals (Federal Law 11.794/2008). and were approved by the
Institutional Ethical Committee (CEUA-UFRGS 20040). All efforts were made to
minimize animal suffering, as well as to reduce the number of animals used.

Forty male Wistar rats. from 10 litters, were weaned on postnatal day 21. A total
of four male pups were used from each litter. and these were divided into four groups.
as described below. in such a way that one animal per litter was used in each group.
Male pups were weighed and distributed into four groups, receiving a high palatable
diet or standard lab chow. Half of the animals were housed in groups of 5; the other half
were stressed by isolation (one animal in a smaller home cage, 27x17x12 cm). resulting
in the four experimental groups: controls receiving standard lab chow. controls
receiving palatable diet, isolated animals receiving lab chow and isolated animals
receiving palatable diet. These procedures were performed between postnatal days 21-
28. After postnatal day 28. the animals received standard chow and were reared in
groups of 5 per cage until adulthood. From postnatal day 60, behavioral analyzes were
performed. Twenty-four hours after behavioral analysis. each animal was killed by

decapitation and biochemical evaluations were performed in the hippocampus.
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2.2 Palatable Diet

The high palatable diet used in this study was enriched in simple carbohydrates.
and it was made with condensed milk, sucrose, vitamins and salts mix, powder standard
lab chow, purified soy protein, soy oil, water, methionine and lysine. The nutritional
content of this diet was similar to that of a standard lab chow (including 22% protein
and 4-6% fat), however 41.4g% of carbohydrates contained in the palatable diet were
represented by 26.7g% of sucrose and lactose and 14.7g% of starch: in contrast, the

standard lab chow had 49g% carbohydrates. mainly from starch.

2.3 Spatial Memory Evaluation

The Morris water maze (Morris et al., 1982) is a behavioral test in which
animals are required to find a submerged (1 cm) platform located at the center of a
quadrant of the tank (a black circular pool with 200 cm in diameter and 100 cm high).
using only distal, spatial cues available within the testing room. Rats are proficient, but
reluctant swimmers and readily use the platform fo escape the water. When animals
were 2 months of age. they were submitted to daily sessions of four trials per day during
8 days to find the submerged platform. On each trial, the rat was placed in the water,
facing the edge of the tank. at one of the four standard start locations (N. S, W and E).
The order of the start locations varied in each sequence so that, for each block of four
trials, any given sequence was not repeated on consecutive days. The rat was then
allowed 60 s to search for the platform. Latency to find the platform (escape latency)
was measured in each trial. Once the rat located the platform, it was allowed fo remain
on it for 15 s. If the rat did not find the platform within this time, it was guided to it and
allowed to remain on it for 15 s. After each trial, the rats were removed. dried with a

towel and put back in their home cages. The interval between frials was around 15 min
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(Pettenuzzo et al., 2002). During the training sessions, the latency to find the platform
was assessed in each trial.

On the 9™ day. the animals were subjected to a probe trial that consisted of a
single trial. with the platform removed. The latency to find the position where the
platform originally was, the number of crossings on the original place of the platform.
swimming speed and time spent in the target quadrant (where the platform used to be),

as well as in the opposite quadrant, were measured.

2.4 Exposure to the open field

A 50-cm high, 40 x 60 cm open field made of wood with a frontal glass wall was
used (Mello e Souza et al.. 2000: Silveira et al.. 2005). The floor was subdivided with
white lines info 12 equal 13.3 x 15.0 cm rectangles, and the animals were gently placed
facing the left corner and allowed to explore the arena for 5 min. The performance was
observed. and line crossings were counted. Twenty-four hours later, the animals were
subjected to the same task. The number of crossings of both days was used as a measure

of motor activity.

2.5 Assessment of oxidative stress parameters

The animals were killed by decapitation. The hippocampus was quickly
dissected out and stored at —70° C until analysis. Then. structures were homogenized in
10 vol (w:v) ice-cold 50 mM potassium phosphate buffer (pH 7.4). containing 1 mM
EDTA. The homogenate were cenfrifuged at 1000 x g for 10 min at 4° C and the

supernatant were used.

2.5.1 Superoxide Dismutase Activity
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Superoxide dismutase (SOD) activity was determined using the RANSOD kit
(Randox Labs.. USA) based on the procedure described by Delmas-Beauvieux et al.
(1995). This method employs xanthine and xanthine oxidase to generate superoxide
radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride
(INT) to form a formazan dye that is assayed by spectrophotometric analysis at 492 nm
at 37°C. The inhibition in the production of the chromogen is proportional to the activity
of SOD present in the sample: one unit of SOD causes 50% inhibition of the rate of

reduction of INT under the conditions of the assay.

2.3.2 Glutathione Peroxidase Activity

Glutathione peroxidase (GPx) activity was determined according to Wendel
(1981) with modifications. The reaction was carried out at 37°C in a solution containing
20 mM potassium phosphate buffer (pH 7.7), 1.1 mM EDTA, 0.44 mM sodium azide,
0.5 mM NADPH, 2 mM glutathione and 0.4 U glutathione reductase. The activity of
GPx was measured using tert-butylhydroperoxide as the substrate at 340 nm. The
confribution of spontaneous NADPH oxidation was always subtracted from the overall
reaction ratio. GPx activity was expressed as nmol NADPH oxidized per minute per mg

of protein.

2.3.3 Catalase Activity

Catalase (CAT) activity assessment is based upon establishing the rate of H,0,
degradation by spectrophotometric analysis at 240 nm at 25°C (Aebi. 1984). CAT
activity was calculated in terms of micromoles of H,0, consumed per minute per mg of

protein, using a molar extinction coefficient of 43.6 M e
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2.5.4 Evaluation of free radicals production by the chemical oxidation of
dichlorodilvdrofluorescein (DCFH)

The samples were incubated with 2°-7"-dichlorodihydrofluorescein diacetate (DCFH-
DA 100 pM) at 37°C for 30 minutes. DCFH-DA was cleaved by cellular esterases and
the DCFH formed was eventually oxidized by reactive oxygen/nitrogen species. The
formation of the fluorescent derivative dichlorofluorescein (DCF) was monitored by
excifation and emission wavelength of 488 and 525mm. respectively., using a
SpectraMax MS5. The amount of reactive oxygen/nitrogen species was quantified using
a DCF standard curve and results were expressed as nmoles of DCF formed per mg of

protein (Sriram et al. 1997).

2.3.5 Determination of Total Thiol Content

This assay measures protein and non-protein thiols: the latter is mainly
represented by the reduced form of glutathione and the method is based in the reduction
of 5.5°-dithiobis-2-nitrobenzoic acid (DTNB) by thiol groups. which becomes oxidized
(disulfide), vielding a yellow compound (TNB), whose absorption is measured by
spectrophotometric analysis at 412 nm. The sulfhydryl content is correlated to reduced
thiol groups (including reduced glutathione) and inversely correlated to the oxidative
damage to proteins. Results are reported as nmol TNB/mg protein (Asksenov and

MarKesbery, 2001).

2.6 Comet assay
A standard protocol for Comet assay preparation and analysis was followed
(Tice et al., 2000). The slides were prepared by mixing 20 pL of hippocampus

dissociated (in cold PBS pH 7.4) with 80 pL low melting point agarose (0.75%). The
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mixture (cells/agarose) was added to a microscope slide coated with a layer of 500 uL
of normal melting agarose (1%). After solidification, the cover slip was gently removed
and the slides were placed overnight in lysis solution (2.25 M NaCl, 90 mM EDTA and
9 mM Tris, pH 10.0-10.5, with freshly added 1% Triton X-100 and 10%
dimethylsulfoxide [DMSO]). Subsequently, the slides were incubated in freshly
prepared alkaline solution (300 mM NaOH and | mM EDTA. pH 12.6) for 5 min. The
electrophoresis of DNA was performed for 20 min at 25 V (0.90 V/em) and 300 mA
under alkaline conditions (pH >13). After that. the slides were neutralized with 0.4 M
Tris (pH 7.5) three times during five minutes. Finally. the DNA was stained with Syber
Green. The stained nuclei were blindly analyzed by fluorescence microscopy with
visual inspection (200X). Cells were scored from zero (no fragmentation observed) to 4
(maximal fragmentation index). according to the tail intensity (size and shape). resulting
in a single DNA fragmentation score for each cell, and consequently, for each group.
The DNA fragmentation index was calculated by multiplying the number of cells by its
respective index score and then summing it up. Therefore, a group index could range
from zero (all cells with no fail, 100 cells X 0) to 400 (all cells with maximally long

tails, 100 cells X 4) (Collins et al., 1997).

2.7 Mitochondrial mass and membrane potential measurement

MitoTracker was used for mitochondrial function analysis in cell suspensions of
hippocampus obtained by mechanical dissociation with PBS containing collagenase to 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. To,

MitoTracker Red (MTR or Chloromethyl-X-rosamine) and MitoTracker Green (MTG)

11
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dyes were used to assess mitochondrial potential (Ay) and mass, respectively. MTR and
MTG were dissolved in dimethylsulfoxide (DMSO) to a 1 mM stock concentration.
Samples as described earlier were stained with 100 nM MTR and 100 nM MTG for 45
min at 37°C in a water bath in a dark room. according to the method described by Weis
et al. (2012). Immediately atter staining. cell suspensions were removed from the water
bath and analyzed by flow cytometry. Samples stained with MTR and MTG dyes were
analyzed on the FACSCalibur and data collected by CellQuest Pro software (Becton
Dickinson, San Jose, CA). MitoTracker dyes were excited using 488 air-cooled argon
laser. Negative conftrols (samples without stain) were included for setting up the
machine voltages. Controls stained with a single dye were also employed to allow the
setting of compensation. The emission of fluorochromes was recorded through detectors
and specific band-pass fluorescence filters: red (FL3; 670nm long pass) and green (FL1;
530nm/30). Fluorescence emissions were collected using logarithmic amplification.
Briefly., data from 10.000 events (intact cells) were acquired and mean relative
fluorescence intensity was determined after exclusion of debris events. All flow
cytometric acquisitions and analyses were performed using CELLQuest Pro data
acquisition (BD Biosciences) and FlowJo analysis software respectively. Data were
analyzed and plotted by density as a single-parameter 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 and MTR., and this evaluation was
extended to all data in each parameter. Using this method, analyses of cells resulted in
two populations. with different mitochondrial mass and Ay. The first population

presented low mass or Ay and the second. high mass or Ay. The lower accumulation of
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MTG or MTR. and thus lower fluorescence values would be indicative of decreased

mitochondrial mass or Ay (Khanal et al., 2001: Rodriguez-Enriquez et al., 2009).

2.8 Respiratory chain activity determination

Brain structures were freshly homogenized with a teflon—glass homogenizer
(1:20, w/v) in SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base), pH
7.4, for determination of respiratory chain complexes activities. The homogenates were
centrifuged at 1000 g for 10 min at 4°C and the supernatants were immediately kept at -
70°C unfil analyses. Mitochondrial energy metabolism was evaluated using enzymatic
analysis of the electron transport chain (ETC) activities. The activities of the ETC
complexes HII, 1T and IV were determined in homogenates according to standard
methods previously described in the literature (Fischer et al.. 1985; Rustin et al.. 1994:
Schapira et al., 1990). The activity of complex I (complex I + CoQ + III) was
assessed by measuring the increase in absorbance due to cytochrome ¢ reduction at 550
nm according to the method described by Schapira et al. (1990). The reaction mixfure
contained 5 to 10 pg of protein and 20 mM potassium phosphate buffer with 2 mM
KCN. 10 mM EDTA and 50 mM cytochrome ¢, pH 8.0. The reaction was initiated by
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 I-III
activity was the rotenone sensitive NADH: cytochrome ¢ reductase activity. The
activity of complex I (succinate: 2.6-dichlorophenolindophenol [DCIP] oxiredutase)
was determined according to Fischer et al. (1985), 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 7.4, 16.0 mM sodium succinate and 8 pM DCIP was

preincubated with 30-60 g protein at 30 °C for 20 min. After that, 5 mM sodium azide,

13
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8 uM rotenone and 50 pM DCIP were added to the medivm and monitored for 5 min.
Cytochrome ¢ oxidase (COX. complex IV) activity was determined according to Rustin
et al. (1994). following the decrease in absorbance due to the oxidation of previously
reduced cytochrome ¢ at 550 nm. The reaction was imitiated adding 0.175mg reduced
cytochrome ¢ in a medium containing 10 mM potassium phosphate buffer. 0.6 mM n-
dodecyl-p-D-maltoside, pH 7.0 and 1.5 to 3 pg protein. The activity of complex IV was
measured at 25°C for 10 min. The activity of respiratory chain complexes were

calculated and expressed as nmol per min per mg of protein.

2.9 Live cells, Early Apoptosis, Late Apoptosis and Necrosis

To analyze these parameters, cell suspensions of hippocampus (200.000
cells/mL) obtained by mechanical dissociation with PBS containing collagenase were
used. The dissociated contents were then filtered into a sterile 50 mL Falcon tube (BD
Biosciences) through 40 pm nylon cell strainer (Cell Filter Strainer — BD Biosciences)
and kept on ice until cells staiming. The live/dead cell assay was performed as described
in the kit datasheet (Apoptotic, Necrotic & Health Cells Qualification kit-Uniscience).
To assess apoptosis (early apoptosis), dead cells by apoptosis (late apoptosis), necrosis
and live cells specific fluorescent probes (annexin V and ethidium homodimer) were
employed. Annexin V (FITC labeled) can identify apoptotic cells by binding to
phosphatidyl-serine (PS) exposed on the outer leaflet of the plasma membrane that
occurs during apoptosis. Ethidium homodimer (EH) is a membrane-impermeable red
fluorescent dye which binds to DNA and can be used to detect dead cells by necrosis.
Briefly. 10° cells were incubated at room temperature with annexin V. EH and binding
buffer for 15 minutes. The levels of annexin incorporation and levels of EH positive

cells were determined by flow cytometry (FACSCalibur, Becton Dickinson, Franklin
14
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Lakes, NJ, USA). FITC and EH dyes were excited at 488 nm. Negative controls
(samples without label) were included for setting up the machine voltages. Controls
stained with a single dye (FITC and EH) were used to set compensation. The emission
of fluorochromes was recorded through detectors using specific band-pass fluorescence
filters: green (FL1: 530 nm/30) and red (FL3: 670 nm long pass). and collected using
logarithmic amplification and the procedures for acquisition and analyses were similar
to those described above for mitochondrial mass and potential determinations. Data
were analyzed and plotted by density as a dot plot which shows the relative FL1
fluorescence on the y-axis and the relative FL3 fluorescence on the x-axis (Figure 1).
The quadrants to determinate the negative and positive area were placed based on
confrol samples with 80-90% live cells and this setting was applied to all samples. The
number of cells in each quadrant was computed and the proportion of negative stained
cells or cells stained with annexin, EH or both were expressed as live, apoptotic,
necrofic or cells in late apoptosis, respectively (Boersma et al., 1996; Homburg ef al.,

1995; Martin et al., 1995; Vermes et al.., 1995).

2.10 Hippocampal BDNF Assay

Hippocampal BDNF levels were measured by sandwich enzyme-linked
immunosorbent assay. using a commercial kit (BDNF E,® Immunoassay system.
Promega. USA). Briefly, hippocampi were homogenized 1:10 in a lysis buffer
confaining 137mM NaCl, 2.5M KCI, 10mM HEPES, 0.6mm EDTA pH7.9. 1%SDS,
10% glycerol and 1% protease inhibitor cocktail (PIC). Microtiter plates (96-well, flat-
bottomed) were coated for 24h with the samples. or with standards diluted in sample
diluent, and ranged from 7.8 to 500 pg of BDNEF. Sequential processing of the samples

was performed according to manufacturer instructions.

15



= =
[ < NI s SIS TUR SO

e e el e
B T S IV Y

[=x]

Lo o S I S T S R S A S
=1 N s W ) Do

(5]
[==]

a
<}

[ B R R R S A ]

I L)
= O

[ e L = =
L e SR ) T PRI O |

[=s]

oL s
= oo

woLnoLnownono L
B e SR BT S N O

[=x]

ovoov ooy i
= oo

oy Oy O
[ I SN

2.11 Immunoblotiing to glucocorticoid receptor (GR)

Hippocampus was homogenized in ice-cold lysis buffer pH 7.9: 2.5M KCl,
10mM HEPES. 0.6mM EDTA. 0.5 %SDS and 1% protease inhibitor cocktail (PIC).
Equal protein concentrations (350 pg/lane of total protein) were loaded onto 10%
polyacrylamide gels. analyzed by SDS-PAGE and transferred (MiniVE Electrophoresis
System Amersham Biosciences) to nitrocellulose membranes (1 h at 25V in transfer
buffer [48 mM Trizma, 39 mM glycine, 20% methanol, and 0.25% SDS]) (Valentin et
al., 2001). The blot was then washed for 10 min in Tris-buffered saline (TBS) (0.5 M
NaCl 20 mM Trizma. pH 7.5). followed by 2 h incubation in blocking solution (TBS
plus 5% bovine serum albumin). After incubation, the blot was incubated overnight at
4 °C in blocking solution containing one of the following antibodies: anti-glucocorticoid
receptor (GR. 1:200: Santa Cruz Biotechnology). anti-f-actin (1:1000, Cell Signaling
Technology). The blot was then washed three times for 5min with T-TBS and
incubated for 2 h in antibody solution containing peroxidase-conjugated anti-rabbit IgG
(1:1000, Millipore). The blot was again washed four times for 5 min with T-TBS and
then left in TBS. The blot was developed using a chemiluminescence ECL kit
(Amersham, Oakville, Onfario). The chemiluminescence was detected using X-ray

films that were scanned and analyzed using the Image J Software.

2.12 Protein Assay
The protein concentration was determined in the samples using the method
described by Lowry et al. (1951) or by Lowry modified according to Peterson et al.

(1979). with bovine serum albumin as the standard.

16

83



=
[ e e B e I S R

(58]

e el el el
W o=1 o STt

[=

[43]

R R
= O W

ra
[3%]

3

(58]

[§

3

N

§

[§
“n

3

[=3)

§

S

-

o
[x=]

3
w

§

W
= O

W e PR TS PV I S |

(TSNS

[ S V)
L = e R

J

=y

[

[T S =Y
(=N s

(oI, = [T
Lol N Ty s TS B VI ) |

sl

(8]

tnonoonoenoon
O =1 o L s Lo I

[=

oy oy
= oo

sl

(=)

o O Oy
[TER TV

[}

2.13 Statistical Analysis

Data were expressed as means = standard error of the mean, and were analyzed
using Repeated Measures ANOVA for learning in the water-maze task (performance
during the training session) and Kruskal-Wallis test for the latency to reach the platform
in the test session. For all other evaluations, a two-way ANOVA (factors; stress and
diet) was used. Significance level was accepted as different when the P value was less
than 0.05. Regarding Repeated Measures ANOVA, Greenhouse-Greisser correction was
applied considering violation of the sphericity assumption as shown by the Mauchly
test. Post-hoc tests were performed and indicated in the Results when estatistical

significance was reached.

3. Results
3.1 Performance in the water maze task

During the learning phase of the task (Figure 1A), there was a significant
interaction between time X stress x diet [F(5.58, 279.48) = 2.44, P=0.028, repeated
measures ANOVA, correction for Greenhouse-Geisser], since the latency to find the
platform decreased over time for all groups: however. the group exposed to isolation
stress and with access fo a palatable diet showed a smaller decrease in latency during
the repeated sessions. During the test session, the latency to find the original place of
the platform (Kruskal-Wallis test, P > 0.035; see Figure 1B) was similar for all the
groups: the number of crossings on the original place of the platform and the time spent
to target and in the opposite quadrants (two-way ANOVA, P > 0.05 in both cases, see
Table 1) were also similar for all groups. Additionally, we observed that both, the
exposure to isolation stress during the prepubertal period [F(1.42) = 14.44, P < 0.001],

and the palatable diet [F(1,42) = 6.46, P = 0.014], reduced swimming speed (Table 1).
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3.2 Crossings in the open field

Data of open field are shown in Figure 2. There was a significant inferaction
between stress and diet on the number of crossings during the first session (first
exposure to this environment) [F(1,35) = 7.58. P <0.01], since both. isolation stress and
palatable diet. had a tendency to decrease this number. However, when they were
applied together, the number of crossings was similar to the control group. On the other
hand. in the second exposure to the same environment, there was no differences on the
number of crossings between groups (P>0.05). indicating that the isolation stress and
palatable diet intake in the early life do not lead to significant impairment in motor

activity in adulthood.

3.3 Antioxidant enzyme activities and firee radicals production

To wverify whether exposure to isolation stress and palatable diet in the
prepubertal period induce a long-term oxidative imbalance in hippocampus of rats, we
analyzed the antioxidant enzyme activities and free radicals production. The evaluation
of SOD activity (Figure 3A) at 60 days (adult rafs), showed an interaction [F (1,16)=
5.02, P< 0.005], with a potentiation of SOD activity when both factors, stress and
palatable diet. were present together. A post-hoc Tukey test showed that stressed groups
are different from control groups (P < 0.05). GPx (Figure 3B) and CAT (Figure 3C)
activities and thiol content (Figure 3D) were not altered by either isolation stress or
palatable diet (P>0.05). Additionally, only isolation stress increased free radicals

production [F (1,16)= 6.42, P<0.05], as evaluated through the DCFH test (Figure 3E).

Regarding SOD/CAT and SOD/GPx ratios (Table 2), isolation stress increased

SOD/CAT [F (1.16)= 28.37. P< 0.001] and SOD/ GPx [F (1.15)= 27.83. P< 0.001]
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ratios, while the palatable diet only increased SOD/ GPx ratio [F (1.15)=9.96. P< 0.01].
A post-hoc Tukey test showed that both groups subjected to isolation stress had

increased ratios than non-stressed groups (P < 0.05).

3.4 DNA fragmentation index

A significant interaction was observed in DNA fragmentation index in the
hippocampus of adult male rats [F (1.14)= 22.80, P< 0.001]. This was due to the fact
that either palatable diet or exposure to isolation stress increased DNA fragmentation
index [F (1.14) = 15.53, P < 0.002; F (1.14)= 7.72, P< 0.05, respectively]. However,
when both, isolation stress exposure and palatable diet were present. the index was
similar fo controls. A post-hoc Tukey indicated that control group receiving diet was

different from every other group (P < 0.05).

3.5 Mitochondrial mass and membrane potential

Analysis of hippocampal cells labeled with MTG and MTR are shown in Figures
5 and 6. respectively. We observed a significant interaction between palatable diet and
stress exposure [F (1.16)= 14.64, P<(.0I], since the group subjected to isolation stress
and receiving palatable diet showed increased number of cells with low mitochondrial
mass (Figure SA). A significant interaction between these factors was also observed for
cells with high mitochondrial mass [F (1.16)= 16.91. P<0.001]. since the group
subjected to both isolation stress and palatable diet showed reduced number of cells
with high mitochondrial mass (Figure 5B). There were no effects on cell with low Ay
(Figure 6A) in the hippocampus these animals (P>0.05); however, a significant
interaction between isolation stress and palatable diet consumption was observed in

cells with high mitochondrial potential (Ay) [F (1,16)= 7.95, P<0.05]. since the number
19
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of cells with high potential decreased when palatable diet was associated with stress

(Figure 6B).

3.6 Respiratory chain enzymes activities

Mitochondrial energy metabolism in the hippocampus was evaluated using
enzymatic analysis of electron transport chain (ETC) activities (Table 3). There was an
interaction stress x diet (two-way ANOVA, [F (L.11)= 4.92, P<0.05] on Complex I
activity, since when both factors are together, activity returned to levels similar to the
control group. In addition, there was an interaction stress X diet (two-way ANOVA, [F
(1.12)= 6.31. P<0.05] on Complex IV activity. since stress exposure increased this
activity, however, when both factors are fogether, activity returned to values similar to
the control group. No significant difference was observed in the activity of complex

[+IIT (P>0.05).

3.7 Flow cytometry analysis after annexin V and ethidium homodimer staining

As showed in Figure 7, the exposure to a palatable diet decreased the number of
live cells [F (1.15)=4.35, P<0.03] (Figure 7A), and induced an increase in the number
of positive cells labeled with annexin-V (early apoptosis: Figure 7B) [F (1.15)=7.27.
P<0.02]. The isolation stress decreased the number of positive cells double labeling
(late apoptosis; Figure 7C) [F (1.15)=6.76. P<0.05].

Regarding the necrosis, a statistical significant interaction was observed
between stress and palatable diet [F (1.15)=13.06, P<0.0I] (Figure 7D). since both
1solated factors increased necrosis, but the number of cells stained with EH refurned to

control levels in animals that received palatable diet and were exposed to stress.
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3.8 Hippocampal BDNF
There was no significant difference in the hippocampal BDNF levels of adult
male rats exposed to isolation stress and palatable diet in the prepubertal period

(P>0.05) (Table 4).

3.9 Glucocorticoid receptor (GR)
We observed that the intake of palatable diet in the prepubertal period increased the
GR immunocontent in the hippocampus of adult rats (two-way ANOVA [F (1.13)=4.70.

P<0.05]) (Figure 8).

4. Discussion

Previous studies from our laboratory have demonstrated a high
vulnerability of juvenile male rat hippocampus when the animals were exposed to
isolation stress during the prepubertal period (Krolow et al., 2013). Additionally, fiee
access (o a palatable diet was found to prevent some of the stress-induced effects in the
hippocampus of these juvenile animals (Krolow et al., 2013). Based on these findings,
here we investigated whether these effects could be long-lasting and whether these
neurochemical changes would affect the spatial memory of the animals. Table 5 shows

a summary of statistical significant effects of stress. diet or the interaction.

During the learning phase of the water maze task. the group that was
subjected to isolation stress while receiving palatable diet showed impairment on the
repeated sessions. At the test day. however, no difference between groups was
observed, and all groups exhibited adequate spatial memory. However, the stress and

palatable diet groups reduced the swimming speed. Thus, this result suggests that the
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effect on the latency to reach the platform during the learning phase may not be
attributed fo a cognitive impairment, since memory was not altered in the test session.
The reduced latency may be related to the reduced swimming speed of animals exposed

to both isolation stress and palatable diet.

Additionally, during the first exposure to the open field apparatus (novel
environment), both stressed and palatable diet groups had a tendency to decrease the
number of crossings. However, the group exposed to stress and palatable diet together
exhibited performance similar to controls. In the next session (familiar environment)
there were no differences between groups. indicating that the isolation stress and
palatable diet during the early life did not lead to significant changes in motor activity in
adulthood. Although some studies using prolonged social isolation have reported
increased locomotor activity (Levine et al., 2007), stress during the prepubertal period,
as used i this study. was not able to produce the complete behavioral changes known to
result from long periods of isolation (Fulford and Marsden, 2007; Lapiz et al., 2001).
Therefore, the effects observed in the water maze may not be related to motor activity or
cognition, but to other factors, such as emotionality or motivation. Considering the
reduced swimming speed. it is possible that animals stressed by social isolation
receiving palatable diet in the prepubertal period are less motivated to find the platform.
However. to confirm such hypothesis further stdies should be performed.

Lifestyle factors, including exercise, diet, and stress exposure are increasingly
recognized as determinants of adaptive or maladaptive hippocampal functioning
(Magarinds and McEwen, 1995: Van Praag et al., 2005), and they have been linked to
levels of BDNF. The BDNF is a neurotrophin involved in synaptic plasticity and

memory processes (Poo. 2001; Tyler et al, 2002), including spatial learning

22



[T s IS R LA Y S P S

=
2 = O

e
B s SR ) BT S )

Lo rar [ ST S T S T S T S T S
B B AL Y S P T S T e R Ve R =]

5]
@

W W oW W W W w W
(== TR e S T A P S N = =]

W s G0
= O WO

W s s
[N S ]

W s s
~l onoun

Lnown L s
(ST e e I Ve B =)

wonoLn
(S TS ¥ ]

wown
1 o

@

oo Ln
[S I s Vs

[ =yt
I L

(Linnarsson et al., 1997; Mizuno et al., 2000) and memory formation (Mizuno et al.,
2000). Although BDNF seems to be altered in several psychiatric conditions, including
depressive states (Martinowich et al., 2007), we were unable to detect any difference in
BDNF levels in hippocampus for all groups.

In order to study if the neurochemical changes induced by stress during the pre-
pubertal period (Krolow et al. 2013) were long-lasting, we evaluated several
parameters related to cellular endangerment in the hippocampus of adult male rats
exposed to isolation stress during the pre-pubertal period. when receiving or not
palatable diet. Regarding respiratory complex activities. we observed that exposure to
stress increased activity of Complex IV. It has been suggested that the expression of
genes that code for cytochrome oxidase (responsible for the catalytic activity of
Complex IV) is induced by glucocorticoids (Serviddio et al.. 2011). These hormones are
also known to increase oxidative stress. leading to neural endangerment by the
increased generation of ROS (McIntosh and Sapolsky. 1996. Madrigal et al.. 2001).
which can directly damage lipids, nucleic acids and proteins (Blumberg, 2004; Evans et
al., 2004). Accordingly. previous data from our group demonstrated that exposure to
stress during the prepubertal period induces hippocampal oxidative imbalance in
juvenile rats (Krolow et al., 2013). Here, we found thar isolation stress had long-lasting
effects on free radicals production, increasing ROS, and SOD/CAT and SOD/GPx
ratios. The increased SOD and reduced CAT and GPx activities. may result in higher
concentration of hydrogen peroxide (H,O,). The SOD/CAT and SOD/GPx ratios have
been used as indicators of peroxide overload challenge (De Oliveira et al.. 2007: Pinho
et al., 2006), where SOD converts superoxide to HyO,. but CAT and GPx are not able to
metabolize it efficiently. The production of both, superoxide and H,O, has been

reported to be enhanced after stress (Ward and Till, 1990). Therefore, the oxidative
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imbalance observed in hippocampus from juveniles exposed to isolation stress remains
present in the adult brain long after the cessation of the isolation period, making this
structure more vulnerable to injury by a number of factors, and this situation could be

related to the mcreased number of necrotic cells observed.

Exposure to stressful events leads to an increased release of GCs through the
activation of the HPA axis. Glucocorticoid receptors (GR) are located in distinct brain
structures, mainly in the hippocampus (McEwen. 2008: Sapolsky, 2003). and the high
vulnerability of hippocampus to ROS, as reported above, appears to be related to the
abundant expression of GR (Sato et al, 2010). In the hippocampus, GR are also
important to the control of HPA axis by negative feedback (McEwen. 2008; Sapolsky,
2003). Therefore. we analyzed the immunocontent of hipocampal GR. Our result
showed that the palatable diet increased the content of GR in hippocampus of adult
male rats. This increase in the GRs could make the HPA axis more responsive to the
negative feedback. what would reduce the stress response. Some studies showed that the
regulation of the HPA axis depend on the type of palatable food taken (Kamara et al..
1998; Pecoraro et al.. 2004; Tannenbaum et al.. 1997). In adult animals. diets rich in
calories and sugar are suggested to reduce the axis response to stress (Pecoraro ef al.,
2004), acting on the negative feedback of GCs, and this was in agreement with our
results on GR levels in hippocampus. This effect of the intake of a palatable diet on GR
levels in hippocampus accentuates the negative feedback; bring more efficiently the
GCs levels to normal values after the stress response, reducing some of the stress
consequences on these animals. and could help to explain the interactions found in the
present study. Several parameters were affected by exposure to stress or diet and were

returned to normal, when both factors were applied simultaneously, including the
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activities of respiratory chain Complexes II and IV, DNA fragmentation index, number

of cells in late apoptosis and in necrosis stages.

On the other hand, we found that the palatable diet had some long lasting effects
per se. A previous study showed that chronic intake of palatable diet caused an
imbalance on antioxidant enzymes in hippocampus of adult rats (Krolow et al. 2010).
Here, we also observed increased SOD/GPx ratio. This imbalance may lead to higher
concenfration of H,0,. and this excess of H,0, facilitates the production of hydroxyl

radical (OH), the most powerful oxidant molecule that reacts with iron or copper

(Fenton chemistry) (Halliwell, 2006). When oxidative stress occur, it may result in
damage of biomolecules, including DNA (Lovell and Markesbery, 2007; Winyard et al..
2005). DNA strand breakage can be induced by mucleases activated by Ca** and/or
ROS, mainly OH" formed by reaction of H,O, with DNA-bound metal ions (Darley-
Usmar and Halliwell, 1996). Additionally. some studies have presented evidence that
excessive intake of palatable foods can lead to fragmentation in cellular DNA (Krolow
et al., 2010; Olivo-Marston et al., 2008). Our results showed that palatable diet in the
prepubertal period increased the DNA fragmentation index in adulthood. Interestingly,
when the stress and palatable diet were applied together, DNA fragmentation levels
refurned to normal. Accordingly, previous studies suggested that the palatable food
intake, rich in fat and carbohydrates. may decrease the stress response in chronically-
stressed rats (Fachin et al., 2008; Pecoraro et al.. 2004), as discussed above.

Oxidative stress-induced cellular damage is considered a central event in
apoptosis (Franklin, 2011; Niizuma et al., 2010; Valko et al., 2006). In the present
study, we measured the number of apoptotic and necrotic cells. The exposure to

palatable diet induced a decrease in the number of live cells and an increase in the
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number of cells in early apoptosis. Therefore, the intake of palatable diet during the
prepubertal period appears to lead to neurochemical changes in the hippocampus, which

may be maladaptive, especially concerning susceptibility to apoptosis.

The access to a palatable diet during the period of exposure to isolation stress
was able to prevent some long-term effects of stress, as discussed above. However. we
also observed that some other paramefers appear to be further impaired by the
association of these two factors. Hippocampal cells from stressed animals that received
palatable diet had higher SOD activity, which could suggest a reaction of these cells to
increased production of superoxide (Halliwell, 2006). In addition. they also presented
lower mitochondrial mass and potential. suggesting reduced mitochondrial biogenesis.
Long-term intakes of high fat diets by adult rats have also shown fo induce
mitochondrial damage (Du et al.. 2012). To our knowledge. this is the first report
showing that a diet rich in sugars during development may also lead to mitochondrial
dysfunction in the adulthood. Concerning stress exposure, we had previously observed
that isolation stress increase mitochondrial potential in the hippocampus of juvenile rats
(Krolow et al. 2013). Therefore, this reduced mitochondrial function in stressed animals
that received palatable diet is a long- term effect. and was not present soon after stress
exposure. However. at this point, we cannot determine if the general effects of palatable
diet and isolation stress on mitochondrial function would be either adaptive or

maladaptive.

In conclusion, isolation stress during the prepubertal period did not affect spatial
memory, but, when applied together with a palatable diet, reduced swimming speed.
that may be related to lower motivation. This early stress exposure also induced long-

lasting changes in the hippocampal oxidative balance (increasing reactive species
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generation and SOD:CAT and SOD:GPx ratios). The intake of palatable diet during the
stress exposure attenuated some of these effects (such as respiratory chain enzymes
activities, DNA fragmentation index and number of necrotic cells). which could be
related to the increased GR in this structure. However, it also led to some possibly
maladaptive effects on behavior and on mitochondrial biogenesis. Therefore, we
suggest that the behavioral changes observed are related to motivation rather than
cognitive aspects. Since mitochondrial dysfunctions are known to be involved with
mood disorders (Saradol et al., 2007), it is possible that these behavioral changes result
from modification in the neurochemical parameters evaluated. Thus, stress and
palatable diet during the prepubertal period may increase vulnerability during adulthood

and understanding their effects may enable us to prevent chronic conditions in the adult.
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Table 1. Effects of isolation stress and consumption of palatable diet during the

prepubertal period on performance of adult rats in the water maze task during the test

session. Number of crossings (on the original place of the platform), time spent in target

and opposite quadrants (s). and swimming speed (average speed in m traveled during 60

s) are expressed as mean + SEM . N = 12-15/group.

Group Number of Time in target Time in opposite | Swinmming speed
Crossings quacrant (s) quadrant (s) {m/min)
Control + Chow 1.93+037 2442+ 2.10 7.35£1.85 0.23 £0.013
Control + Palatable Diet 2.07+£056 23.381£3.02 6.46+ 1.95 0.21 £0.018
Stressed + Chow 2334043 24.661 2.38 5.46+1.20 0.20+0.013
Stressed + Palatable Diet 1.16 £0.38 21.16% 5.00 475£5.1.61 0.14 £ 0.02#%

Stress and palatable diet decreased swimming speed (Two-way Anova, P<0.001 and

P=0.014, respectively).

* Significant difference from all other groups (Post hoc Tukey test, P < 0.05).
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Table 2. Effects of isolation stress and consumption of a palatable diet during the
prepubertal period on SOD/GPx and SOD/CAT ratios in the hippocampus of adult rats.

Data are expressed as mean + SEM . N = 5/group.

Group SOD/GPx ratio SOD/CAT ratio
Control + Chow 0.32+0.03 4.13+0.68
Control + Palatable Diet 052+0.13 4.07 +0.56
Stressed + Chow 0.71 + 0.08* 7.83 +0.95%
Stressed + Palatable Diet 1.11 + 0.09%* 10.59 + 1.40*

Stress increased SOD/CAT and SOD/GPx ratios (Two-way Anova, P<0.001). Palatable
diet increased SOD/GPx ratio (Two-way Anova. P<0.001).

* Significant difference from non-stressed groups (Post hoc Tukey test, P < 0.05).

37

104



[ e S BT SO R VI

-

(=TS e VR R STV )

@y noinoin otnoinoinotnoin

o w

Table 3. Effects of isolation stress and consumption of palatable diet during the

prepubertal period on respiratory chain enzyme activities (nmol/min/mg protein) in the

hippocampus of adult rats. Data are expressed as mean + SEM of cytochrome c

reduction (Complex I + TI), 2,6-DCIP reduction (Complex II) and oxidation of

previously reduced cytochrome ¢ (Complex IV). N =4-5/group.

Group Complex I-1IT Complex I Complex IV

Control + Chow 2.72+0.65 5.85+0.32 139.2+829

Control + Palatable Diet 246+ 0.38 4.70+0.50 136.2+9.39
Stressed + Chow 412+041 3.83+0.63 186.0 +21.49*

Stressed + Palatable Diet 2.49+0.16 5.15+0.80 117+2.64%

% There was an interaction stress X diet on Complex I and on Complex TV activities

(two-way ANOVA, P < 0.05).

* Significant difference from stressed group receiving palatable diet (Post hoc Tukey

test, P < 0.05).
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Table 4. Effects of isolation stress and consumption of palatable diet during the pre-
pubertal period on hippocampal BDNF levels (pg of BDNF/ mg protein) in adult male

rats. Data are expressed as mean + SEM . N = 6/group.

Group BDNF levels

Control + Chow 1881 +1.19
Control + Palatable Diet 19.13 +0.48
Stressed + Chow 19.29+0.91
Stressed + Palatable Diet 22.89+0.99

There was no significant difference between groups (Two-way- Anova, P> 0.05).
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Table 5. Summary table of the effects of isolation stress and consumption of palatable
diet during the pre-pubertal period in adult male rats. Only statistical significant effects

are shown.

Parameter evaluated Isolation stress Palatable diet Interaction
effect effect stress x diet
Behavioral evaluation Learning curve in the 4
Morris maze
Swimming speed ¥ ¥
Ambulation Return to
control levels
Neurochemical evaluation | ROS production T™
in hippocampus
SOD activity T
SOD:CAT ratio T
SOD:GPx ratio T 1
DNA fragmentation index 1+ Return to
control levels
Mitochondrial mass 4
Mitochondrial potential 4
Mitochondrial Complex I Return to
activity control levels
Mitochondrial Complex IV | T Return to
activity control levels
Glucocorticoid receptors T+
Number o live cells 4
Number of necrotic cells T Return to
control levels
Number of cells in T
early apoptosis
Number of cells in 4
late apoptosis
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Legends to figures

Figurel: Effects of isolation stress and consumption of palatable diet on performance
in the water maze task in adult rats. N=12-15/group. A. Performance during training .
Data are expressed as mean + S.E.M. (s); B. Latency to find the platform in the test
session(s). Data are expressed as median (interquartile range).

+»Interaction between stress X palatable diet x session (correction for Greenhouse-

Geisser P =0.028).

Figure 2: Effects of isolation stress and consumption of palatable diet on crossings in
the open field (in two sessions) in adult rats. Data are expressed as mean + S.E.M. N=9-
10/group.

+Interaction between stress x palatable diet (Two-way ANOVA, P<0.01) in the first

eXposure.

Figure 3: Effects of isolation stress and consumption of palatable diet on antioxidant
enzyme activities, free radical (DCFH test) production and on total thiol levels in the
hippocampus of adult rats. Data are expressed as mean + S.E.M. N=4-5/group. A SOD
(expressed as U/mg protein), B GPx (expressed as mmol NADPH consumed/min/ mg
protein), C CAT (expressed as micromoles of H,O, consumed/min/mg protein). D total
thiols (expressed as nmol TNB/mg protein) and E DCFH (expressed as nmol of DCF
formed/mg protein).

s+ Interaction between stress X palatable diet on SOD activity (Two-way ANOVA,
P<0.005).

*Stressed groups are different from non-stressed groups (post-hoc Tukey test. P < 0.05)
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# Stress increased free radicals production (Two-way ANOVA, P<0.05).

Figure 4. Effect of isolation stress and consumption of palatable diet during the
prepubertal period on comet assay (expressed as DNA fragmentation index) in the
hippocampus of adult rats. Data are expressed as mean + S.E.M. N=5/group.
“+Interaction between stress x palatable diet decreasing DNA fragmentation index
(Two-way ANOVA, P<(0.001).

* Significantly different from the other groups (post-hoc Tukey test, P < 0.05).

Figure 5. Effects of isolation stress and consumption of palatable diet on mitochondrial
mass (cells labeled with Mitotracker Green) in the hippocampus of adult rats. Data are
expressed as mean + S.E.M. N=4-5/group. A Low Mass. B High Mass.

% Interaction between stress and palatable diet reduced mitochondrial mass (lower
number of cells with high mass and increased number of cells with low mitochondrial
mass; Two-way ANOVA, P<0.01).

* Significantly different from the group receiving standard chow (post-hoc Tukey test, P

<0.05).

Figure 6. Effects of isolation stress and consumption of palatable diet on mitochondrial
potential (cells labeled with Mitotracker Red) in the hippocampus of adult rats. Data are
expressed as mean = S.E.M. N=4-5/group. A Low Potential, B High Potential.

+» Interaction between stress X palatable diet decreased cells with high mitochondrial

potential. (Two-way Anova. P<0.05).
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Figure 7. Effects of isolation stress and consumption of palatable diet on the number of
live cells. and on apoptosis, late apoptosis and necrosis in the hippocampus of adult
animals. Data are expressed as mean = S.EM. N=4-5/group. A Live cells (Annexin
V/EH"). B Early Apoptosis (Annexin V'/EH") C Late apaptosis (Annexin V/EH") and
D Necrosis (Annexin V/EH).

# Palatable diet decreased the number of live cells (Two-way ANOVA. P=0.05) and
increased early apoptosis (Two-way ANOVA, P<0.02).

# Stress decreased late apoptosis (Two-way ANOVA, P<0.05).

++ Interaction between stress x palatable diet decreased necrosis (Two-way ANOVA.
P<0.01).

#* Significantly different from the other groups (post-hoc Tukey test. P < 0.05).

* Significantly different from control group receiving standard chow and from stressed

group receiving palatable diet (post-hoc Tukey test. P < 0.05).

Figure 8. Effects of isolation stress and consumption of palatable diet on glucocorticoid
receptors (GR) content. Data are expressed as mean = S.EM. N=4-5/group. A.
Representative Western Blotting showing imunocontent to GR and p-actin. B.
Quantitication of GR imunocontent by f-actin imunocontent.

# Palatable diet increased GR content (Two-way ANOVA. P=0.05).
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A presente tese teve por objetivo investigar os efeitos do estresse por isolamento
social e do consumo de um alimento palatdvel no periodo pré-plbere sobre aspectos
metabdlicos, neuroquimicos e comportamentais em ratos jovens e adultos. E importante
ressaltar que o periodo em que os animais foram submetidos a esses fatores ambientais,
0 periodo pré-pubere, é marcado por constantes alteragdes no comportamento e na
cognicdo (DAHL, 2004), sendo também marcado por intensa maturacdo enceféalica,
incluindo os circuitos que controlam a homeostase energeética e as respostas ao estresse
(MCCORMICK e MATHEWS, 2007). A influéncia de fatores ambientais em periodos
precoces do desenvolvimento pode levar a alteracbes persistentes no SNC
(MCQUILLEN e FERRIERO, 2004), e no sistema endocrino-metabolico (SCHIMIDT
ET AL., 2009). Com base nessas consideracdes, nossa hipotese era que o estresse por
isolamento no periodo pré-pabere poderia marcar o sistema nervoso de modo a alterar
suas respostas fisioldgicas, e que uma dieta palatavel, em funcdo de suas caracteristicas
confortantes e de suas proprias acdes sobre o metabolismo, interagiria com os efeitos do
estresse. Desse modo, avaliamos parametros relacionados com o metabolismo periférico
e também com a funcdo celular neural. Muitos de nossos achados mostraram que essas
intervencdes precoces podem de certa forma, programar o metabolismo de maneira
inequivoca na idade adulta.

Com relacdo aos principais achados metabdlicos periféricos, foi observado que
as ratas jovens aumentaram o consumo de dieta palatavel quando eram expostas ao
isolamento social, o que refletiu-se em aumento no ganho de peso e nos niveis de
triglicerideos plasmaticos. De modo interessante, também foi observado aumento nos
niveis plasmaticos de adiponectina. No entanto, muitos destes efeitos observados
desapareceram quando os animais submetidos no periodo pre-pabere ao isolamento

social e ao consumo de uma dieta palatavel atingiram a idade adulta. Por outro lado,
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diferentes efeitos foram encontrados nos ratos machos em diferentes idades. Quando
jovens esses animais, submetidos ao estresse por isolamento social aumentaram 0s
niveis plasméaticos de grelina desacetilada e NPY hipotaldmico. Subsequentemente,
ratos machos adultos que foram expostos a uma dieta palatavel no periodo pré-pubere
mostraram um aumento no peso corporal, no depdsito de gordura retroperitoneal e na
glicemia. Também foi observada uma diminuicdo nos niveis plasmaticos de
adiponectina e no NPY hipotalamico. Além desses efeitos, os ratos machos adultos
submetidos a exposicdo ao estresse por isolamento social na pré-puberdade mostraram
aumento no peso das adrenais e nos niveis plasmaticos de triglicerideos, ao mesmo
tempo em que se observou uma diminuicao no colesterol-LDL.

Esses achados ressaltam as diferencas sexo-especificas relacionados aos efeitos de
intervengdes durante o desenvolvimento sobre o metabolismo. Aqui € importante
ressaltar que esses animais foram submetidos a tais intervencGes antes de entrarem na
puberdade, de modo que ndo havia grandes diferencas nos niveis de horménios
gonadais, e mesmo assim responderam diferentemente a influéncia desses fatores
ambientais (estresse e dieta) aos quais foram submetidos. A curva temporal do
desenvolvimento sexual dos ratos é conhecida, e sabe-se que, nas fémeas, por exemplo,
0 inicio da ovulacdo ocorre a partir do dia 29 pés-natal (URBANSKI E OJEDA 1985).
Assim, o periodo juvenil, estudado nesta tese, corresponde ao periodo em que 0s 6rgaos
sexuais estdo se desenvolvendo e o encéfalo, comeca a responder a estimulos de
horménios sexuais (GILLIES E MCARTHUR, 2010). Nas fémeas, pulsos de LH
ocorrem durante essa fase (URBANSKI E OJEDA 1985), mas em niveis insuficientes
para causar ovulacdo, de modo que os foliculos tornam-se atrésicos (PICUT ET AL.,
2013). Nesse periodo, os niveis de estrégenos e andrégenos sdo baixos, mas ja

detectaveis, sendo que apresentardo um grande aumento apds a puberdade (Gillies e
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McArthur, 2010). Este fato é interessante, pois o periodo da puberdade é marcado pela
maturacdo dos circuitos relacionados a producdo e liberacdo de horménios sexuais, e
neste trabalho diferengas entre os sexos com relagdo ao metabolismo foram percebidas
ainda antes da puberdade. As diferencas observadas relacionam-se ao consumo de
alimento palatavel, ao perfil lipidico e aos hormdnios envolvidos na regulagdo
homeostatica do comportamento alimentar. Ambos, machos e fémeas, aumentaram o
consumo de uma dieta palatavel durante o periodo pré-pubere, possivelmente devido a
palatabilidade desta dieta. Também foi observado que os animais estressados de ambos
0S Sexos aumentaram o consumo deste alimento rico em carboidratos simples. No
entanto, as ratas jovens, quando eram expostas ao isolamento social, apresentaram um
aumento mais marcante no consumo de uma dieta palatavel durante este periodo do
desenvolvimento. Esses achados sugerem que as fémeas, mesmo antes da puberdade,
sd0 mais susceptiveis ao uso de alimentos confortantes como uma forma de reduzir a
resposta ao estresse. O uso de alimentos capazes de acionar circuitos de recompensa
como um possivel mecanismo para reduzir a resposta ao estresse tem sido proposto
(PECORARO ET AL., 2005). Além disso, estudos mostram que fémeas estressadas na
idade adulta consomem mais alimentos palataveis quando esses sdo oferecidos
cronicamente, em comparacdo com machos (FACHIN ET AL., 2008; ZYLAN, 1996).
E importante destacar que a oferta do alimento palatavel no presente trabalho, ocorreu
entre 0 vigésimo primeiro e vigésimo oitavo dias de idade pos-natal, quando os animais
eram jovens, diferentemente dos outros estudos citados acima, que avaliaram esse
parametro na idade adulta. Sabe-se também que mulheres sdo mais susceptiveis a
disturbios do comportamento alimentar que homens (PEBLES ET AL., 2006). Assim,
nossos resultados mostram que as ratas fémeas estressadas em periodos mais precoces

da vida ja consomem mais alimentos palataveis e que as diferencas entre 0s sexos com
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relacdo ao pardmetro estudado (consumo de alimento palatvel em situacdo de estresse
social) ndo dependeram dos niveis circulantes dos hormonios gonadais. Sugerimos
entdo, que a possivel maior susceptibilidade de fémeas a disturbios do comportamento

alimentar é pelo menos em parte, independente de horménios gonadais circulantes.

Intervencgdes durante o periodo pré-pubere podem apresentar efeitos a longo-
prazo no consumo alimentar. Os resultados da presente tese mostraram que a dieta
palatavel oferecida antes da puberdade programou o aumento do consumo caldrico de
alimento padréo durante o desenvolvimento até a idade adulta, principalmente nos ratos
machos. Nao houve diferenca com relagdo ao consumo de alimento padréo nas fémeas,
indicando que os machos foram mais susceptiveis a influéncia do consumo precoce de
um alimento rico em carboidratos simples, o qual possivelmente programou um
aumento no consumo calérico de alimento para atingir suas necessidades metabdlicas.
Outros achados tais como aumento do peso corporal, do depdsito de gordura
retroperitoneal e da glicemia foram reflexos deste aumento no consumo de alimentos ao
longo da vida, sugerindo fatores de risco para um futuro desenvolvimento de sindrome
metabolica, e neste caso 0s machos apresentaram maior susceptibilidade aos efeitos a
longo-prazo.

Efeitos do estresse sobre o metabolismo dos lipideos também tém se mostrado
sexualmente dimorficos (FARADAY, 2002; MCTERMAN ET AL., 2002; RONCARI e
VAN, 1978). O estresse por isolamento social diminuiu o colesterol total e o colesterol-
LDL em ratos machos adultos enquanto que nas fémeas houve um aumento nestes
parametros. Interessante apontar que os efeitos sexo-especificos da exposicdo precoce
ao estresse sobre o metabolismo do colesterol ndo apareceram antes da maturidade

sexual. E possivel que a alta sintese de hormdnios esteroides, devido a uma maior
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ativagdo do eixo HHA, possa levar a um maior uso de colesterol-LDL da circulagéo
(HOEKSTRA ET AL., 2010). O aumento na ativacao do eixo HHA € deduzido a partir
do aumento do peso das adrenais de ratos machos adultos que foram estressados
precocemente, sugerindo que o paradigma de estresse usado no inicio da vida teve um
impacto na ativagdo do eixo HHA na idade adulta. No entanto, as ratas fémeas néo
mostraram alteracdo no peso das adrenais, 0 que pode sugerir que as fémeas habituam-
se mais facilmente ou sdo mais resilientes ap0s exposicao ao estresse, quando se avalia
os efeitos ao longo da vida. Taylor et al. (2000) tém sugerido que a resposta ao estresse
envolve outros hormonios, tais como a ocitocina, um neurotransmissor relacionado a
formacdo de vinculos intraespecificos. Aqueles autores propdem que as fémeas
apresentariam uma resposta do tipo “cuidar e ajudar” que possivelmente poderia
envolver a ocitocina (tend and befriend), e que aumentaria as chances de sobrevivéncia
das fémeas e de sua prole, e é possivel que essa diferente resposta ao estresse,
envolvendo distintos circuitos no sistema nervoso e diferentes mediadores quimicos,
possa estar relacionada a essa maior resiliéncia ao estresse a longo-prazo.

No capitulo 1 desta tese, também foram observadas algumas alteracdes
induzidas ou pela exposicdo ao estresse por isolamento social ou pelo consumo de
alimento palatavel sobre hormonios ou neurotransmissores envolvidos na regulacédo
homeostatica do comportamento alimentar. O isolamento social induziu um aumento no
NPY hipotalamico em ratos machos jovens. Sabe-se que o hipotalamo é um importante
centro controlador do comportamento alimentar e também da resposta ao estresse. O
aumento no NPY hipotalamico induzido pela exposicdo ao estresse pode estar
relacionado a um maior estimulo de neurdnios orexigénicos produtores deste peptideo,
devido a um aumento marginal nos niveis de grelina desacetilada, que também foi

observado neste grupo, ja que os neurdnios NPY apresentam um importante papel nas
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fungdes orexigénicas da grelina (THOMPSON ET AL., 2003). Além disso, 0 aumento
nos niveis de NPY hipotaldmico ap6s uma semana de estresse pode estar associado ao
aumento da liberacdo de glicocorticoides, que podem agir no SNC modulando a
ingestdo alimentar, possivelmente via ativacdo do NPY (DALLMAN ET AL., 1993,
BHATNAGAR ET AL., 2000; DALLMAN ET AL., 2005). E possivel que esse
aumento induzido pelo estresse no periodo pré-pubere sobre os niveis plasmaticos de
grelina e de NPY hipotalamico em ratos machos jovens possa estar relacionado com o
aumento do consumo caldrico observado durante este periodo. Com relacdo as fémeas,
ndo houve alteracGes nos niveis desses peptideos, mostrando mais uma vez diferencas
sexo-expecificas.

Outro hormonio que apresentou uma diferenca com relacdo ao sexo foi a
adiponectina. Este horménio, que é uma adipocina produzida pelo tecido adiposo, tem
por fungdo atuar no metabolismo de lipideos e da glicose, controlando a homeostasia
energética e participando da regulacdo endocrina (KORNER ET AL., 2007;
MICHALAKIS ET AL., 2012). Além disso, apresenta propriedades anti-diabética, anti-
aterogénica e anti-inflamatéria (MATSUZAWA ET AL., 2010; SHIBATA ET AL.,
2012), estando essas propriedades possivelmente relacionadas com os efeitos benéficos
desse hormdnio sobre o sistema cardiovascular (HUI ET AL., 2012). Neste estudo, foi
observado um aumento nos niveis plasmaticos da adiponectina, induzido pela exposi¢do
ao estresse durante o periodo pré-pubere em ratas fémeas jovens, enquanto nos machos
jovens houve uma diminuicdo causada pelo estresse nos niveis deste horménio. Este
aumento nos niveis plasmaticos de adiponectina encontrado apenas nas fémeas poderia
estar relacionado ao fato de que elas parecem ser mais protegidas ou se adaptam melhor
aos efeitos do estresse. Quando esse mesmo parametro foi avaliado na idade adulta, ndo

houve diferencas significativas com relacdo ao estresse. No entanto, a exposicao
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precoce a uma dieta rica em carboidratos simples levou a uma redugdo nos niveis
plasméticos de adiponectina na idade adulta apenas nos ratos machos. A
hipoadiponectinemia esta intimamente associada com diabetes do tipo 2, desequilibrios
nos lipideos, hipertensdo e também algumas doengas inflamatérias (MICHALAKIS ET
AL., 2012). Esses niveis plasmaticos reduzidos de adiponectina podem ajudar a explicar
alguns resultados encontrados neste estudo, incluindo aumento do peso corporal,
aumento do deposito de gordura visceral e da glicemia, 0s quais, juntamente com a
reducdo da adiponectina, podem ser fatores de risco para sindrome metabdlica
(KYROU ET AL., 2006). Embora neste estudo ndo fossem significativamente
diferentes todos os parametros que pudessem indicar sindrome metabolica nestes
animais, as alteracdes encontradas podem indicar maior susceptibilidade a desenvolver
esta condicdo.

Além de apresentar efeitos periféricos, a adiponectina também contribui para a
regulacdo central da ingestdo alimentar e da homeostasia energética (KUBOTA ET AL.,
2007), e pode ter outras funcGes no encéfalo. A expressdo dos receptores de
adiponectina foi encontrada em neurdnios hipocampais de camundongos, na linhagem
celular GT1-7, derivada de neur6nios hipotalamicos de ratos, e na hipofise, nos nicleos
da base e no hipotadlamo de humanos (JEON ET AL., 2009; GUILLOD-MAXIMIN ET
AL., 2009; PSILOPANAGIOTI ET AL., 2009; WEN ET AL., 2008). Camundongos
nocautes para a adiponectina mostraram maior prejuizo neuroldgico apés a reperfusao
isquémica, sugerindo que a adiponectina apresenta uma atividade neuroprotetora
(NISHIMURA ET AL., 2008). Outros estudos também mostraram que a adiponectina
estd intimamente relacionada & protecdo contra a producdo de espécies reativas do

oxigénio e também contra apoptose no hipocampo, sugerindo um importante papel de
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neuroprotecdo dos neurdnios hipocampais em condi¢Ges neurodegenerativas aguda e

cronica (QIU ET AL., 2011; WAN ET AL., 2009).

Além da possivel relacdo entre a reducdo na adiponectina e a inducdo de
neurodegeneracdo e excitotoxicidade, mostradas nos estudos citados acima, cabe
evidenciar que a exposicdo exacerbada ao estresse também pode desencadear
neurodegeneracdo no SNC. A exposicdo a eventos estressantes leva a um aumento na
liberagdo de glicocorticoides devido a ativacdo do eixo HHA. Por sua vez, os
glicocorticoides participam do controle da atividade deste eixo através de um
mecanismo de retroalimentacdo negativa, o qual permite que esses hormdnios altamente
lipossollveis liguem-se aos seus receptores, presentes em distintas estruturas
encefélicas, tais como cortex pre-frontal e hipocampo, além de outras. Elevados niveis
de glicocorticoides liberados em resposta ao estresse podem levar a um aumento na
geracdo de espécies reativas do oxigénio, que pode induzir disfuncdo mitocondrial,
prejuizo na bioenergética, apoptose, danos a precursores neuronais e prejuizo na
neurogénese (KROEMER ET AL., 1997; MITRA ET AL., 2005; PAPADOPOULOS

ET AL., 1997).

Devido a diminuicdo nos niveis plasmaticos de adiponectina, observada apenas
em ratos machos adultos, e a sua possivel influéncia sobre 0 metabolismo celular, assim
como a possivel influéncia do estresse sobre esse metabolismo, tornou-se fundamental
estudarmos como estaria o0 a funcdo mitocondrial e o equilibrio oxidativo em estruturas
encefalicas fundamentais (cortex pré-frontal e hipocampo) para o controle da resposta
ao estresse em ratos machos ao longo do desenvolvimento. Outro aspecto importante e
relevante para a escolha destas duas estruturas cerebrais para nosso estudo € que a

maturacdo e a plasticidade durante o desenvolvimento sdo altamente variaveis em
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diferentes regibes cerebrais, incluindo aquelas envolvidas no processamento e na
regulacdo do estresse e da emocgdo: o cortex pré-frontal, por exemplo, possui uma
maturacdo tardia (GOGTAY ET AL., 2004), e o hipocampo apresenta um aumento na
neurogénese e densidade dos espinhos dendriticos antes da puberdade, o que diminui na
idade adulta (HE e CREWS, 2007; YILDIRIM ET AL., 2008). Por isso, intervengdes
precoces podem alterar, nessas estruturas, a programacao do metabolismo celular

durante o desenvolvimento até a idade adulta.

No capitulo 1l da presente tese, foram avaliados parametros do metabolismo
celular no cortex pré-frontal de ratos machos de diferentes idades (juvenis e adultos).
De uma forma geral, foram observadas alteragdes na atividade das enzimas
antioxidantes, na atividade do complexo IV da cadeia transportadora de elétrons e na
atividade da enzima Na*,K'-ATPase nos ratos submetidos ao estresse por isolamento
social no periodo pré-pabere. No entanto, esses efeitos ndo foram prevenidos pelo
consumo de uma dieta palatavel, mostrando que a reducdo da resposta ao estresse que
tem sido sugerido estar relacionada ao consumo de alimentos altamente palataveis ndo
parece atuar ou nao € capaz de atenuar esse tipo de efeito. Com relacdo aos resultados
observados nos ratos machos jovens, o estresse por isolamento social aumentou a
atividade da SOD, a atividade do complexo 1V da cadeia transportadora de elétrons, e a
razdo SOD/GPx. Ja a dieta palatdvel aumentou a atividade da enzima superéxido
dismutase e da Na*,K*-ATPase . Além desses efeitos isolados, quando os dois fatores
(estresse e dieta) estavam juntos houve um aumento na atividade da enzima catalase.
Nos animais adultos, o estresse diminuiu as atividades das enzimas Na*,K*-ATPase,
catalase e aumentou a atividade da enzima SOD e do complexo IV da cadeia

transportadora de elétrons, assim como as razdes SOD/GPx e SOD/CAT.
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Numerosos processos fisioldgicos e patoldgicos, tais como estresse psicoldgico
ou emocional, transtornos psiquiatricos, envelhecimento, excessos de ingestdo calorica,
infeccOes, entre outros, aumentam a concentragéo de substancias oxidantes, conhecidas
como radicais livres ou espécies reativas (TSALUCHIDU ET AL., 2008). Além disso,
ndo s6 pode ocorrer um aumento dessas substancias como também um desequilibrio dos
sistemas antioxidantes, como é observado em alguns estudos em que 0s animais sdo
submetidos cronicamente a um estressor psicolégico (KROLOW ET AL., 2010;
NOSCHANG ET AL., 2009). No capitulo Il desta tese, observamos que ratos jovens
submetidos ao isolamento social e a dieta palatavel apresentaram aumento da atividade
da SOD. Houve uma interacdo entre estresse e dieta palatdvel aumentando a atividade
da CAT neste mesmo periodo do desenvolvimento. No entanto, o estresse aplicado no
periodo pré-pubere induziu uma diminuicdo na atividade da CAT quando o0s animais
atingiram a idade adulta. Com relacéo as raz6es SOD/GPx e SOD/CAT, o estresse por
isolamento social induziu aumento nessas razées quando 0s animais eram jovens, e este
aumento permaneceu até a idade adulta. J& com relacdo a razdo SOD/CAT, ela foi
aumentada pelo estresse apenas na idade adulta. Os resultados abordados acima
sugerem um desequilibrio no sistema enzimatico antioxidante no cortex pré-frontal. Um
aumento a longo-prazo na atividade da SOD sem qualquer alteracdo na atividade da
GPx ou da CAT sugere possivelmente um aumento na producdo de H,O,. Sabe-se que
esta espécie reativa pode apresentar um papel fisioldgico de sinalizacdo nos processos
celulares, como também pode facilitar a producdo de OH’, uma molécula altamente

oxidante que pode danificar o ADN celular.

Uma vez que o desequilibrio oxidativo pode estar intimamente relacionado com

disfungdo mitocondrial, foi avaliada a atividade dos complexos da cadeia transportadora
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de elétrons. O estresse por isolamento social aumentou a atividade do complexo
citocromo oxidase (IV) nos juvenis, e esse aumento permaneceu na idade adulta. Os
glicocorticoides (GCs), os quais séo liberados durante a resposta ao estresse, podem
direta ou indiretamente afetar as fungdes mitocondriais. Além disso, foi demonstrado
que a energia celular pode ser regulada pelos GCs via receptores de glicocorticoides,
que regulam ambos os genes nucleares e mitocondriais envolvidos na biossintese das
enzimas da cadeia transportadora de elétrons (TSIRIYOTIS ET AL., 1997). Um estudo
recente mostrou que o estresse aumentou, no cortex pré-frontal, a expressao dos genes
de citocromo oxidase 1 e 3, subunidades cataliticas da citocromo oxidase, enzima
envolvida no transporte mitocondrial de elétrons (ADZIC ET AL., 2009). Portanto, €
possivel que o efeito encontrado nesta tese de aumento na atividade do complexo 1V
possa ser atribuido a expressdo da citocromo oxidase, induzida pelos GCs liberados em
resposta ao estresse por isolamento social. Também se pode especular que este possivel
aumento na expressdo da citocromo oxidase, com consequente aumento em sua
atividade, pode ter induzido uma maior producdo de anion superéxido na mitocéndria,
levando a um aumento da SOD, conforme observado nos animais estressados. No

entanto, ndo houve alteracdo na massa ou no potencial mitocondrial nesta estrutura.

Outro achado importante neste capitulo refere-se a atividade da atividade
enzima Na',K'-ATPase. A dieta palatdvel aumentou a atividade desta enzima apenas
nos ratos machos jovens; quando essa dieta foi retirada, permanecendo apenas o
alimento padréo até a idade adulta, nenhuma alteracdo foi encontrada na atividade desta
enzima. De modo contrario ao resultado observado neste trabalho de tese, um estudo
prévios mostrou que a exposi¢do a alimentos palataveis na idade adulta reduz a

atividade da Na*,K*-ATPase (da S BENETTI ET AL., 2010). Uma explicacdo para essa

130



discrepancia poderia ser o fato de que, no presente trabalho, no periodo em que os
animais foram expostos a esse alimento palatavel, estruturas cerebrais, como por
exemplo o cortex pré-frontal, estdo em desenvolvimento, e alteragBes na densidade
sinaptica estdo ocorrendo, de modo que uma intervencao durante este periodo poderia
apresentar uma resposta diferenciada sobre a atividade desta enzima-chave para o
metabolismo neural. Diferentemente da dieta palatavel, o estresse por isolamento social
diminuiu a atividade da Na',K'-ATPase apenas na idade adulta dos ratos. Alguns
estudos ja demonstraram que o estresse diminui a atividade desta enzima (CREMA ET
AL., 2010; de VASCONCELLOS ET AL., 2005), um efeito que é revertido quando o
estresse € interrompido (de VASCONCELLOS ET AL., 2005). Esta reducdo na
atividade da Na*,K*-ATPase pode comprometer a neurotransmissio, uma vez que essa
enzima € responsdvel pela geracdo do potencial de membrana necessario para
manutencdo da excitabilidade neural. N&o se pode atribuir a inibicdo da atividade dessa
enzima a reducdo da producdo de energia, pois 0 estresse aumentou a atividade da
enzima citocromo oxidase e ndo houve outros efeitos sobre os complexos da cadeia
transportadora de elétrons. Esta diminuicio da atividade da enzima Na',K*-ATPase
pode estar relacionada com o estado oxidativo alterado, pois neste estudo foi observado
um desequilibrio oxidativo. Essa hipotese € valida, pois alguns estudos mostraram que a
enzima em questdo € susceptivel ao ataque por radicais livres (DOBROTA ET AL.,
1999), e também a reducdo da atividade de enzimas antioxidantes (STRECK ET AL.,

2001).

Nos capitulos 111 e 1V desta tese, foram avaliados pardmetros do metabolismo
celular no hipocampo de ratos machos ao longo do desenvolvimento. Alguns

pardmetros avaliados apresentaram alteracdes similares aquelas previamente observadas
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no cortex, como, por exemplo, o desequilibrio entre os sistemas antioxidantes, que foi
evidente tanto no cortex pré-frontal quanto no hipocampo a longo-prazo. Por outro lado,
de modo distinto dos resultados observados para o cortex pré-frontal com relagdo a
funcdo mitocondrial, o hipocampo de ratos submetidos ao estresse por isolamento social
e a dieta palatavel apresentou alteracBes mais expressivas nesta organela, sugerindo que
as estruturas encefélicas estudadas apresentam vulnerabilidade mitocondrial distinta no
que se refere aos efeitos da exposicdo a fatores ambientais precoces, tais como a
exposicdo ao isolamento social e a dieta palatavel. Para uma sinopse dos resultados
encontrados em estruturas cerebrais, ver as tabelas 1 e 2 no Anexo 1 desta tese. Pode-se
observar que ndo ha discrepancias marcantes entre os efeitos dos fatores estudados
sobre as duas estruturas, no entanto, como comentado acima, 0 hipocampo mostrou-se

mais susceptivel ao estresse oxidativo e, especialmente, a disfuncdo mitocondrial.

Vaérios estudos tém demonstrado que o estresse resulta no desequilibrio dos
sistemas antioxidantes enzimaticos, podendo levar ao estresse oxidativo (KROLOW ET
AL., 2010; McINTOSH e SAPOLSKY, 1996; NOSCHANG ET AL., 2009). No
hipocampo de ratos jovens, a exposicdo ao estresse aumentou a producdo de radicais
livres. Houve uma interacdo entre estresse e dieta palatavel, aumentando a atividade da
SOD e, consequentemente, levando a um aumento na razdo SOD/GPx. Na tentativa de
verificar se os efeitos do estresse e da dieta palatdvel eram mantidos a longo-prazo,
quando os animais ndo mais eram estressados e a dieta passava a uma dieta padrao,
foram avaliados 0s mesmos parametros de estresse oxidativo no hipocampo de ratos
machos adultos. Alguns parametros permaneceram alterados, como por exemplo, 0
aumento na producdo de radicais livres os quais foram induzidos pela exposicéo

precoce ao estresse. Além disso, mesmo na idade adulta, continua a haver uma interagdo
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entre estresse e dieta, aumentando a atividade da enzima SOD; também observamos que
0 estresse aumentou as razdes SOD/GPx e SOD/CAT e a dieta palatavel aumentou a
razdo SOD/GPx. Esses achados sugerem que o estresse no periodo pré-pubere induziu
desequilibrio oxidativo a longo-prazo, principalmente por aumentar a producdo de
radicais livres, induzir um aumento na atividade da SOD, efeito que é exacerbado
quando associado a dieta palatavel. Com ja foi discutido no capitulo Il desta tese, um
aumento na producédo de H,O, sem qualquer alteracdo nas atividades das enzimas GPx e
CAT pode levar ao aumento do radical hidroxila, o qual, por sua vez, pode danificar o
ADN celular. Nota-se que esses achados do estresse induzindo a longo-prazo um
desequilibrio oxidativo foram também observados no cortex pré-frontal, mostrando que
possivelmente a exposicdo precoce a esse fator ambiental pode programar o estado
oxidativo a longo-prazo no SNC. Curiosamente, a dieta palatdvel quando oferecida
precocemente, pareceu promover uma ativacdo dos sistemas antioxidantes, havendo
aumento do contetdo de tidis e da atividade da GPx nos juvenis. No entanto, quando a
oferta dessa dieta é retirada e apenas o alimento padrdo é oferecido aos animais, ocorre
uma aumento na razdo SOD/GPx na idade adulta, mostrando que possivelmente a dieta
palatavel oferecida no inicio da vida pode levar a consequéncias que incluem o aumento

a longo-prazo no estado oxidativo.

Devido ao desequilibrio oxidativo observado no hipocampo de ratos jovens e
adultos tornou-se digno de estudo avaliar o indice de quebras ao ADN celular no
hipocampo destes animais. As quebras ao ADN celular podem ser induzidas por
nucleases ativadas por calcio e/ou por espécies reativas do oxigénio, principalmente
pelo radical OH" formado pela reacdo de H,O, com ions metalicos, ligados ao ADN

celular (DARLEY-USMAR e HALLIWELL, 1996). Nos ratos jovens, 0 estresse
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induziu um aumento no indice de quebras ao ADN celular, possivelmente devido ao
desequilibrio oxidativo. J& na idade adulta destes animais, foi visto um aumento
marcante no indice de quebras ao ADN celular induzido pela exposic¢éo precoce a uma
dieta palatavel. Alguns estudos tém apresentado evidéncias de que o excesso de
ingestdo de alimentos palataveis pode levar a fragmentacdo do ADN celular (KROLOW
ET AL., 2010; OLIVO-MARSTON ET AL., 2008). Curiosamente esse efeito nao foi
observado quando os animais eram jovens, mas apenas quando este alimento foi
retirado e substituido pelo alimento padrdo. No capitulol foi observado que os ratos
machos que haviam recebido alimento palatavel no inicio da vida seguiram consumindo
mais alimento padrdo até a idade adulta. Além disso, apresentaram uma diminuicdo na
adiponectina plasmatica, que pode estar relacionada com uma maior susceptibilidade a
danos oxidativos, os quais, como discutido acima, poderiam estar relacionados ao
aumento no dano ao ADN. Mais estudos seriam necessarios para verificar essa possivel
correlacdo. No entanto, quando os dois fatores, estresse e dieta palatavel, estavam
juntos, houve uma reducdo marcante no indice de quebras ao ADN celular no
hipocampo de ratos adultos. Essa interacdo poderia estar relacionada ao efeito de
reducdo do estresse que a ingestdo de alimentos confortantes, ricos em carboidratos
simples, pode apresentar em ratos estressados cronicamente (FACHIN ET AL., 2008;

PECORARO ET AL., 2004).

Outro ponto importante para esse estudo foi verificar as possiveis alteracdes que
0 estresse por isolamento social e a oferta de uma dieta palatavel no periodo pré-pubere
induziram sobre a mitoc6ndria. Sabe-se que a mitocondria tem um papel vital na célula
e que € uma das primeiras organelas a responder ao estresse, e essa resposta envolve

alteragbes importantes nas fungdes mitocondriais, na capacidade de ajuste da
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bioenergética, termogénese e respostas oxidativas e/ou apoptoticas (MANOLI ET AL.,
2007). A resposta mitocondrial a um evento estressante pode ser bifasica: uma
exposicdo de curto-prazo induz alteragBes nos niveis de glicocorticoides associadas com
a inducéo da biogénese mitocondrial e da atividade enzimatica de seletas subunidades
dos complexos da cadeia respiratoria, enquanto que, se a exposicdo for mais
prolongada, os glicocorticéides podem causar disfuncdo na cadeia respiratdria, aumento
na geracdo de EROs, anormalidades na estrutura mitocondrial, apoptose e morte celular
(ALESCI ET AL., 2006; DUCLOS ET AL., 2004; MANOLI ET AL., 2005;
ORZECHOWSKI ET AL., 2002). Nas células hipocampais de ratos jovens, o estresse
induziu um aumento no nimero de células com alto potencial e houve uma diminui¢do
no numero de células com baixa massa mitocondrial, sugerindo uma possivel biogénese
mitocondrial; no entanto, ndo houve alteracdo na atividade dos complexos respiratorios.
Por outro lado, esses achados também podem sugerir que o aumento do potencial
mitocondrial esteja associado com desequilibrio oxidativo: um aumento nesse potencial
esta associado com aumento de vazamento de elétrons na cadeia respiratoria, levando a
aumento de emissdo de ERO e diminuicdo da fosforilacdo ativa (ADREYEV ET AL.,
2005), o que foi de fato observado no capitulo 111 desta tese. Sendo assim, 0 aumento do
potencial mitocondrial poderia ajudar a explicar o desequilibrio oxidativo observado

nos animais estressados.

Com relacdo ao efeito do acesso a uma dieta palatdvel sobre o potencial
mitocondrial, é interessante que essa dieta aumentou o numero de células com o
potencial alto na mitocondria e a atividade dos complexos de I-1ll da cadeia
transportadora de elétrons. E possivel que este aumento seja devido a uma resposta

adaptativa, pois mais glicose provinda dessa dieta rica em carboidratos simples esta
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sendo oxidada e, com isso, ocorre um aumento nos doadores de elétrons para a cadeia

respiratoria e, consequentemente, um aumento no potencial de membrana mitocondrial.

Ja nos animais adultos, a resposta foi diferente, havendo interacdo entre estresse
e dieta palatavel, de modo que, quando esses dois fatores estavam associados, havia
uma diminuicdo da massa e do potencial mitocondrial, ou seja, diminuiu a biogénese de
mitocondrias. Como discutimos anteriormente, ambos os fatores (estresse e dieta),
quando juntos, potencializam a atividade da SOD. Esses resultados, o aumento da
atividade da SOD e a diminuig¢do da massa e do potencial de membrana mitocondrial,
podem estar associados. Nao é possivel, no entanto, determinar com seguranca se 0S
efeitos induzidos pela exposicdo ao estresse juntamente com dieta palatavel sdo
adaptativos ou mal-adaptativos com relagdo a mitocondria. E interessante observar que
apenas houve alteragdes na massa e no potencial mitocondrial das células hipocampais,
e ndo houve alteracdes com relacdo a esses parametros nas células do cértex pré-frontal,

sugerindo distinta vulnerabilidade entre as estruturas encefalicas estudadas.

InteracBes entre estresse e dieta também foram observadas no hipocampo dos
ratos adultos com relacdo as atividades dos complexos Il e 1V da cadeia transportadora
de elétrons. Quando ambos os fatores estavam juntos, as atividades desses complexos
retornaram aos niveis do grupo controle. Nesses achados, mais uma vez, observamos
que a exposicdo a dieta palatavel atenuou os efeitos do estresse. E interessante
considerar que o estresse por isolamento social mostrou uma tendéncia em aumentar a
atividade do complexo IV nas células hipocampais, assim como foi visto no cortex pré-
frontal. Sendo assim, podemos especular que a exposi¢do aos glicocorticoides pode
estar aumentando a sintese da citocromo oxidase na mitocondria, como sugerido por

Adizic et al. (2009). No entanto, esse efeito parece ser mais marcante no cortex pré-
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frontal do que no hipocampo, pois essa alteracdo foi percebida no cortex deste o periodo

pré-pubere até a idade adulta.

Alteracdes na fisiologia da mitocondria e dano celular oxidativo induzido pelo
estresse sdo considerados eventos centrais da apoptose (FRANKLIN ET AL., 2011;
NIIZUMA ET AL., 2010; VALKO ET AL., 2006). Com base nisso, avaliamos, nas
células do hipocampo de ratos jovens e adultos submetidos a estresse por isolamento
social e a uma dieta palatavel, a possivel susceptibilidade a morte celular induzida por
esses fatores ambientais durante o desenvolvimento. O isolamento social no periodo
pré-pUbere induziu um aumento no nimero de células em apoptose inicial, enquanto
que, na idade adulta, levou a um aumento no numero de células necréticas. Durante a
morte celular, evidéncias indicam um aumento na fungdo mitocondrial (KLUZA ET
AL., 2004; MAHYAR-ROEMER ET AL., 2001), embora outros estudos tenham
mostrado uma ligacdo entre a diminuicdo no potencial mitocondrial e apoptose
(GOTTEIB ET AL., 2000; SCARLETT ET AL., 2000). E possivel que este parametro
seja dependente do estagio de morte celular apoptética. Durante o periodo pré-pubere,
intensas modificacdes ocorrem no SNC (MCCORMICK e MATHEWS, 2007) e um
aumento de células em apoptose inicial pode sugerir algum tipo de reorganizacdo dos
circuitos, induzida pelo estresse. E interessante observar que a interacido com a dieta
palatavel levou a uma reducdo da apoptose, mostrando novamente que 0 acesso a tal
dieta parece reduzir os efeitos do estresse, e poderiamos especular que tal reorganizacao
de circuitos ndo seria tdo necessaria. Contrapondo esses achados, na idade adulta foi
observado um aumento no ndmero de células em necrose, mostrando que, a longo
prazo, a via envolvida ndo é mais a apoptose e sim a necrose, que pode estar associada a

diminui¢do no nimero de mitocondrias, como foi observado anteriormente. Da mesma
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maneira, a interacdo com a dieta palatdvel mostra o retorno aos niveis do controle,

mostrando que essa dieta pode reduzir a resposta ao estresse (ver figura 1 do anexo).

Ja com relacdo ao efeito do alimento palatavel per se, houve alteracdes
marcantes na idade adulta sobre os parametros de morte celular. A dieta palatavel
diminuiu o numero de células vivas e aumentou a apoptose inicial, novamente
mostrando que a exposi¢ao precoce a esse alimento rico em carboidratos simples parece

ter programado a longo-prazo o inicio da morte celular.

E interessante observar que, no que tange aos efeitos da dieta palatavel sobre
varios dos parametros avaliados nos jovens e nos adultos, observamos que, enquanto a
dieta parece ndo apresentar efeitos marcantemente desfavoraveis nos juvenis, 0 acesso
naquele periodo a uma dieta palatavel apresenta, per se, na idade adulta, alguns efeitos
deletérios, aumentando o indice de quebras do ADN, diminuindo o numero de células
vivas e aumentando a apoptose. Uma questdo que poderia ser levantada diz respeito ao
fato de que a dieta foi interrompida. A retirada de uma dieta palatavel poderia
funcionar, neste caso, como um fator de frustragdo para os animais? Essa frustragdo
poderia ser em parte responsavel pelos efeitos a longo-prazo da dieta? Essas questdes
sdo relevantes e necessitariam de estudos adicionais para Serem respondidas.
Poderiamos considerar que tal fenémeno (a frustragdo) provavelmente se apresentaria
de modo diferente em animais estressados que recebiam dieta palatavel ou animais que

apenas tinham acesso a tal dieta, sem estarem estressados.

Devido a todas as alteragcdes encontradas no metabolismo celular hipocampal,
causadas pelo estresse e/ou pela dieta palatavel, foi relevante avaliar se essas
intervengdes precoces poderiam prejudicar a memoria espacial destes animais. Estudos

mostraram que 0s estressores durante fases iniciais do desenvolvimento podem afetar o
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desempenho cognitivo em ratos (HODES e SHORS, 2005; TSOORY e RICHTER-
LEVIN, 2005). Além disso, sabe-se que o hipocampo € uma estrutura cerebral
importante para o aprendizado e a memoria, e sua fisiologia e morfologia sdo sensiveis
aos efeitos de estressores agudos e cronicos (TSOORY e RICHTER-LEVIN, 2005;
HOWLAND e WANG, 2008). Observamos que, durante as sessdes de aprendizado na
tarefa do labirinto aquatico de Morris, os animais que foram isolados e recebiam
alimento palatavel aumentaram a laténcia para encontrar a plataforma. No entanto, no
dia do teste, ndo observamos efeitos sobre a memoria, apenas uma reducdo induzida por
ambos os fatores na velocidade do nado. Frente a esse resultado, foi avaliada a
atividade motora, e os resultados sugerem que o efeito na laténcia para encontrar a
plataforma durante a fase do aprendizado no labirinto aquéatico ndo pode ser atribuido ao
prejuizo cognitivo e nem mesmo motor, pois nem a memoria, nem a atividade motora
foram alteradas. No entanto, os efeitos observados podem estar relacionados com outros
fatores, tais como emoc¢do ou motivagdo, sendo necessarios mais estudos para confirmar

essa hipdtese.

Na tentativa de compreender o mecanismo pelo qual a dieta palatavel pode
prevenir alguns efeitos induzidos pelo estresse sobre 0 metabolismo celular, foi avaliado
o imunocontedo dos receptores de glicocorticoides no hipocampo de ratos machos
adultos. Esses receptores estdo presentes em grande numero no hipocampo,
participando da retroalimentagdo negativa do eixo HHA. Neste estudo, observamos um
aumento induzido pela exposicao precoce a uma dieta palatavel sobre o contetdo desses
receptores. Podemos especular que o acesso a uma dieta palatavel na pré-puberdade
programa a resposta do eixo HHA, de modo que os niveis dos glicocorticoides retornem

mais rapidamente para valores normais ap0s a exposi¢do ao estresse, reduzindo, assim,
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as consequéncias de tal estressor. Esses resultados ajudariam a explicar varias das
interagOes encontradas neste estudo.

Os achados da presente tese contribuiram para mostrar que intervencGes
precoces no desenvolvimento, tais como a exposic¢do ao isolamento social e a uma dieta
palatavel, podem, de certa forma, programar tanto o metabolismo periférico quanto o
metabolismo celular neural. Com relacéo ao metabolismo periférico, a exposicdo a dieta
palatavel empregada neste trabalho parece ter causado efeitos mais marcantes a longo-
prazo, principalmente nos ratos machos. No entanto, com relacao aos achados referentes
ao metabolismo celular neural, foi verificado que as exposi¢es precoces a fatores
ambientais programaram a longo-prazo alteragdes no metabolismo celular em diferentes
aspectos com relacdo as estruturas encefélicas estudadas. Essa programacdo esta
provavelmente relacionada a modificacdes epigenéticas, levando a expressdo distinta de
certos genes nos animais que passaram por tais experiéncias precoces. Assim, a
compreensdo desses parametros alterados no metabolismo torna-se relevante para que
futuramente possamos tentar reprogramar tais alteragdes. Um melhor entendimento
desses processos pode levar ao desenvolvimento de estratégias para evitar o
aparecimento de patologias na vida adulta, associadas a interferéncias no periodo preé-

pubere.
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CONCLUSOES

141



v O isolamento social e a dieta palatavel sdo fatores ambientais que, aplicados no
periodo pré-pubere em ratos machos e fémeas, causam uma resposta no
metabolismo periférico de maneira sexo-especifica. As fémeas, mesmo antes da
puberdade, foram mais propensas a utilizar alimentos confortantes quando
expostas ao estresse. Ja ratos machos foram mais propensos a programacao
metabolica a longo-prazo, induzida pela exposicao precoce ao alimento palatavel,
levando a alteracbes que sugerem maior susceptibilidade a um quadro de

sindrome metabolica, situacdo que pode estar relacionada a hipoadiponectinemia.

v 0 isolamento social programou o metabolismo celular a longo-prazo no cortex
pré-frontal de ratos machos. Aumentou o desequilibrio entre os sistemas
antioxidantes e induziu uma redugdo da enzima Na, K'-ATPase. A exposi¢io

precoce a dieta palatavel ndo foi capaz de prevenir esses efeitos.

v’ O isolamento social durante o periodo pré-pabere induziu, nas células do
hipocampo de ratos jovens, alteragdes no metabolismo celular, com desequilibrio
oxidativo e aumento do potencial mitocondrial, do indice de quebras ao ADN e
da apoptose. O consumo da dieta palatdvel aumentou atividade de enzimas
antioxidantes e preveniu diversos dos efeitos do estresse, indicando que a oferta
de dieta palatdvel durante a exposicdo ao estresse por isolamento social pode
funcionar com um mecanismo compensatério ou pode facilitar a adaptacdo ao

estresse durante fases iniciais da vida.

v’ O isolamento social no periodo pré-pubere induziu desequilibrio oxidativo e
aumentou o numero de células necroticas no hipocampo de ratos adultos. A
ingestdo de alimento palatavel durante a exposi¢do ao estresse atenuou alguns

efeitos do estresse, incluindo as alteragbes nas atividades dos complexos
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respiratdrios, no indice de fragmentacdo do ADN celular e no nimero de células
necroticas. Esses efeitos podem estar relacionados com 0 aumento no
imunocontetido de receptores de glicocorticoides no hipocampo, induzido pela
dieta palatavel. No entanto, ambos os fatores ambientais, estresse e dieta, podem

induzir, per se, alteracbes mal-adaptativas quando aplicados isoladamente.

Em suma, esta tese mostrou que intervengbes precoces durante o0
desenvolvimento do animal podem programar o metabolismo ao longo da vida. Os
machos foram mais susceptiveis ao consumo de alimento palatavel quando avaliados
parametros do metabolismo a longo-prazo. Das estruturas cerebrais avaliadas, o
hipocampo mostrou maior susceptibilidade. Houve claros efeitos sobre o equilibrio
oxidativo e a fungcdo mitocondrial mesmo na idade adulta, muito tempo apoés as
intervencgdes terem cessado, e a dieta palatavel foi capaz de prevenir varios dos efeitos

do estresse no periodo pré-pubere.
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PERSPECTIVAS
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v Avaliar parametros de viabilidade celular e indice de fragmentacdo do ADN
quando uma dieta palatavel é oferecida cronicamente desde a pré-puberdade até

a idade adulta;

v Auvaliar a relevancia da adiponectina no desencadeamento dos efeitos observados
por meio de estudos farmacologicos e bioquimicos, verificando a possivel

prevencdo de alteracdes relacionadas ao metabolismo periférico e neural;

v" No modelo de estresse no periodo pré-pubere empregado nesta tese, com e sem
acesso a uma dieta palatavel, investigar comportamentos relacionados a
motivacdo na idade adulta (especialmente comportamento alimentar) e vias de

sinalizacdo relacionadas a motivagao;

v" Investigar a influéncia de horménios gonadais sobre parametros metabdlicos
periféricos e sobre 0 metabolismo neural em estruturas cerebrais relacionadas ao
estresse em animais submetidos ao isolamento no periodo pré-plbere com e sem

acesso a uma dieta palatavel;
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Tabela 1: Efeitos sobre o metabolismo celular neural, induzidos pela exposicéo
precoce ao isolamento social e a uma dieta palatavel encontrados em diferentes
estruturas encefalicas de ratos machos jovens.

Parametros Avaliados Hipocampo Cortex Pré-Frontal
SoD Interagdo T ESTRESSE T
DIETA T
CAT | e Interagao T
GPx DIETAY | e
DCF ESTRESSET | e
Tiois ESTRESSE M | e
DIETA T
SOD/GPx ESTRESSE ESTRESSE T
SOD/CAT | e e
COMETA ESTRESSE Nao avaliado
MASSA BAIXA ESTRESSE, | = eememeeeee
MASSAALTA | e L e
POTENCIAL BAIXO ESTRESSE, | = eeeemeeeee
POTENCIAL ALTO ESTRESSED™ | s
DIETA 1
COMPLEXOIl | e e
COMPLEXO I-llI DIETAD | e
COMPLEXOIV |  emeeeeeee- ESTRESSE
Na® K*-ATPASE N&o avaliado DIETA T

CELULAS VIVAS Interagdo-retorno aos niveis do Nao avaliado
controle
APOPTOSE INICIAL ESTRESSE N3ao avaliado
Interagdo,
APOPTOSE FINAL |  eemeeeeee N3ao avaliado
NECROSE ESTRESSE, N&o avaliado
Interagdo,
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Tabela 2: Efeitos sobre o metabolismo celular neural, induzidos pela exposic¢éo
precoce ao isolamento social e a uma dieta palatavel encontrados em diferentes
estruturas encefalicas de ratos machos adultos.

Parametros Avaliados Hipocampo Cortex Pré-Frontal
SOD Interagdo T ESTRESSE ™
CAT | e ESTRESSE,
GPx | e e
DCF ESTRESSE ™ | e
Tiégis | e e
SOD/GPx ESTRESSE ESTRESSE
DIETA D
SOD/CAT ESTRESSE ESTRESSE ™
COMETA DIETA D Nao avaliado
Interagdo
MASSA BAIXA Interaggo > | e
MASSA ALTA Interagio = | 0 s
POTENCIALBAIXO | = e | e
POTENCIAL ALTO Interagio = | 0 s
COMPLEXO I Interagao-retorno aos niveisdo | = -----me--
controle
COMPLEXO Il | e | e
COMPLEXO IV Interagdo-retorno aos niveis do ESTRESSE
controle
Na® K*-ATPASE N3o avaliado ESTRESSE |

CELULAS VIVAS DIETA | Nao avaliado
APOPTOSE INICIAL DIETA Nao avaliado
APOPTOSE FINAL ESTRESSE | N3o avaliado
NECROSE ESTRESSE N3ao avaliado
Interagdo-retorno aos niveis do
controle
RECEPTORES DE DIETA N3o avaliado

GLICOCORTICOIDES

164




Figura 1: Comparativo das alteracbes no metabolismo celular ao longo do
desenvolvimento no hipocampo de ratos machos.

ESTRESSE ESTRESSE X DIETA
PRE-PUBERAL PALATAVEL
IDADEADULTA

“ Aumento no nimero de ++Diminuicao do numero de
mitocondrias; mitocondrias;
% Produg¢ao de ERO; < Desequilibrio antioxidante;
<+ Aumento no indice de quebras < Diminui¢ao do indice quebras ao
ao ADN; ADN;
< Apoptose inicial, + Prevenc¢ao da necrose;
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