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"Um homem precisa viajar. Por sua conta, ndo por meio de historias, imagens, livros ou
TV. Precisa viajar por si, com seus olhos e pés, para entender o que ¢ seu. Para um dia
plantar as suas proprias arvores e dar-lhes valor. Conhecer o frio para conhecer o calor.
E o oposto. Sentir a distdncia e o desabrigo para estar bem sob o proprio teto.

Um homem precisa viajar para lugares que ndo conhece para quebrar essa

arrogancia que nos faz ver o mundo como o imaginamos, e nao simplesmente

como ¢ ou pode ser; que nos faz professores e doutores do que nao vimos,

quando deveriamos ser alunos, e simplesmente ir ver."

Amyr Klink, Mar sem fim.
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APRESENTACAO

Esta tese estd organizada em topicos, a saber: Introduciio, Objetivos, Capitulos
(1 a 3 — referentes aos artigos publicados e a0 manuscrito a ser submetido), Discussio,
Conclusoes, Perspectivas ¢ Bibliografia.

A Introducgdo 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 o manuscrito a ser submetido, realizados durante o
periodo do doutorado. Os dois primeiros trabalhos foram desenvolvidos no Laboratorio
de Isquemia Cerebral e parte no Laboratorio de Neuroprotecdo e Doengas Metabolicas
(Departamento de Bioquimica, ICBS, UFRGS) e o terceiro trabalho foi realizado
durante o estdgio de doutorado sandwich no laboratorio coordenado pelo Prof. Dr.
Frank R. Sharp (MIND Institute, Department of Neurology, UC Davis Health System,
Sacramento, CA, USA) durante o periodo de 6 meses.

O topico Discussao apresenta uma interpretagao geral dos resultados obtidos nos
diferentes trabalhos. Nas secdes Conclusdes 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

Introducio ¢ Discussao.
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RESUMO

A hipoxia-isquemia (HI) encefalica ¢ uma das causas mais frequentes de lesoes
graves com comprometimento cronico das capacidades neuroldgicas e também de 6bito
neonatal do mundo. A HI cerebral resulta em alteragdes hemodindmicas, bioquimicas e
neurofisioldgicas como uma consequéncia direta da falta de oxigénio e glicose. Esses
processos podem levar a um dano cerebral por meio da ativagdo de mecanismos
citotoxicos e apoptdticos, que causam prejuizo e morte a célula. Recentemente, alguns
estudos mostraram que os danos gerados pela HI neonatal apresentam dimorfismo
sexual. Na presente tese, foram avaliados os efeitos da HI neonatal sobre parametros de
estresse oxidativo e de dano celular apos a lesdo encefalica em machos e fémeas a fim
de se detectar a contribuicdo do dimorfismo sexual para a lesdo. Foi observado que a HI
aumentou a producdo de radicais livres causando peroxidacdo lipidica, ¢ também
aumentou a atividade da enzima antioxidante superéxido dismutase (1h e 2h apds a HI).
Além disso, a HI inibiu a atividade da enzima Na’, K'-ATPase imediatamente apos a
lesdo. Estes dados demonstram que a HI foi capaz de induzir o estresse oxidativo e levar
a perda de homeostase celular através da alteragdo no controle da bomba de Na" e K" no
encéfalo dos neonatos apds a lesdo. Tendo em vista que a mitocondria ¢ a principal
fonte de espécies reativas de oxigénio (EROs) na célula nds investigamos os efeitos da
HI sobre a funcdo mitocondrial. Machos e fémeas expostos a HI apresentaram
diminui¢ao na atividade do complexo II da cadeia respiratéria em hipocampo, além de
diminui¢do da massa e do potencial de membrana (Ay) mitocondrial tanto no cortex
quanto no hipocampo, 2h apds o insulto. Por outro lado, em 18h, a atividade dos
complexos (I-IIL, IT e IV) da cadeia respiratéria mostrou uma inibicdo severa que foi
acompanhada de diminuicdo de massa e Ay mitocondrial em ambos os sexos, exceto
pelo fato dos machos ndo apresentarem diminui¢cao na massa mitocondrial. Esses dados
mostram que a formacao de espécies reativas bem como a peroxidagdo lipidica ocorre
provavelmente devido a inibicao da atividade dos complexos da cadeia respiratéria. Tao
importante quanto a disfungdo mitocondrial induzida pela HI, os resultados apontam a
presencga de dimorfismo sexual neste parametro avaliado, uma vez que as fémeas, além
de apresentarem uma atividade dos complexos da cadeia respiratéria per se maior
quando comparadas aos machos, elas mostraram-se mais vulneraveis ao dano da HI.
Com a finalidade de identificar a possivel contribuicdo da autofagia para as diferentes
alteracdes mitocondriais encontradas em machos e fémeas, a atividade autofagica foi
mensurada nos neonatos 18h apds a lesdo. NoOs constatamos que as alteragdes
encontradas — estresse oxidativo e disfun¢do mitocondrial — foram capazes de induzir a
atividade autofagica. Entretanto esta se manifestou de forma distinta em cortex e
hipocampo e também de maneira diferente em machos e fémeas. No cortex, as fémeas
submetidas a HI tiveram aumento no numero de autofagossomos (ativagdo da
autofagia), porém diminuicdao dos autolisossomos, demonstrando uma possivel inibi¢ao
de algum passo final do processo. Ja no hipocampo, os machos submetidos a HI tiveram
inducdo da autofagia e as fémeas apresentaram um aumento per se da atividade
autofagica tanto nos animais controle quanto nos HI. E possivel que o aumento das
EROs pela cadeia respiratoria e a perda de Ay mitocondrial tenham induzido a autofagia
apos a lesdo causada pela HI no encéfalo dos neonatos. Essas diferencas sexo-
especificas sdo importantes ndo somente para entendermos o mecanismo de dano



causado pelo insulto, mas também para direcionarmos os estudos sobre as estratégias
terap€uticas de acordo com o sexo do individuo afetado.



ABSTRACT

Brain hypoxia-ischemia (HI) is one of the most common causes of severe
chronic impairment of neurological abilities and also neonatal death in the world. Brain
HI results in hemodynamic, biochemical and neurophysiological changes as a direct
consequence of oxygen and glucose absence. These processes can lead to brain damage
through activation of cytotoxic and apoptotic mechanisms, which cause injury and death
to the cell. Recently, some studies have shown that the damage caused by neonatal HI
presents sexual dimorphism. In this thesis, it was evaluated the effects of neonatal HI on
oxidative stress parameters and cell damage after brain lesion in males and females to
verify sexual dimorphism contribution to the lesion. It was observed that HI increased
free radicals production leading to lipid peroxidation and also increased superoxide
dismutase activity (1h and 2h after HI). Besides, HI inhibited Na’, K'-ATPase activity
immediately after injury. These data demonstrated that HI was able to induce oxidative
stress and lead to cell homeostase loss through modifications on Na” and K™ pump
control in neonatal brain after injury. Considering that mitochondria are the main source
of reactive oxygen species (ROS) in cell we investigated the effects of HI on
mitochondrial function. Males and females exposed to HI showed a decrease in
complex II activity of hippocampal respiratory chain in addition to diminished mass and
mitochondrial membrane potential (Ay) in both cortex and hippocampus, 2h after insult.
On the other hand, at 18h activity of respiratory chain complexes (I-III, IT e IV) showed
a severe inhibition that was accompanied by a decrease of mitochondrial mass and Ay
in both sexes, except that males do not show decrease in mitochondrial mass. These
data demonstrated that reactive species formation and lipid peroxidation probably occur
due to inhibition of respiratory chain complexes activities. Just as important as
mitochondrial dysfunction induced by HI, results indicate the presence of sexual
dimorphism on this parameter, since females, besides having a higher per se activity of
respiratory chain complexes compared to males, they were more vulnerable to HI
damage. In order to identify the possible contribution of autophagy to the distinct
mitochondrial alterations found in males and females, autophagic activity was measured
in neonates 18h after injury. We verify that changes found — namely oxidative stress and
mitochondrial dysfunction - were able to induce autophagic activity. However, it
manifested differently in cortex and hippocampus and also in males and females. In the
cortex, females subjected to HI had an increase in autophagosomes (activation of
autophagy), but decreased autolysosomes, showing a possible inhibition of a final step
of the process. On hippocampus, males subjected to HI had autophagy induction and
females showed a per se increase in autophagic activity in both control and HI animals.
It is possible that ROS increased in respiratory chain and loss of mitochondrial Ay had
induced autophagy after lesion caused by HI in the neonatal brain. These sex-specific
differences are important not only to understand the mechanism of damage caused by
HI insult, but also to direct studies on the therapeutic strategies according to the sex of
the affected subject.



1. INTRODUCAO




1. HIPOXIA-ISQUEMIA ENCEFALICA NEONATAL

Nas ultimas duas décadas, os estudos sobre a hipoxia-isquemia (HI) neonatal
vem despertando um interesse cientifico e social cada vez maior, visto que a mesma
continua sendo uma das causas mais frequentes de Obito neonatal do mundo. Nos
sobreviventes a HI ¢ uma importante causa de lesdes graves com comprometimento
cronico das capacidades neuroldgicas, como a paralisia cerebral, a epilepsia, o retardo
mental e as dificuldades de aprendizado (VANNUCCI, 1990; MARIN-PADILLA,
2000; VANNUCCI & HAGBERG, 2004). Estimativas recentes indicam uma incidéncia
de 2 a 9 casos de asfixia perinatal a cada 1000 nascidos a termo (WU et al., 2004). A
encefalopatia hipoxico-isquémica (EHI) ¢ decorrente de condigdes patologicas
maternas, obstétricas e/ou do proprio concepto devido a falta de oxigénio completa ou
parcial em um ou mais tecidos corporais (hipoxemia) e a isquemia, que se refere a
diminui¢do da perfusdo de sangue no cérebro. A EHI neonatal caracteriza-se pelo
conjunto destes dois fatores, hipoxia e isquemia, que associadas as alteragdes
metabolicas decorrentes do insulto induzem modificagdes bioquimicas, biofisicas e
fisiologicas que se traduzem por manifestagdes clinicas secundarias ao

comprometimento fisiologico ou estrutural (ROTTA, 2002).



1.1.1 ETIOLOGIA E ASPECTOS CLINICOS

A causa mais frequente da EHI ¢ a asfixia perinatal, que por sua vez pode ser
ocasionada por varios fatores, tais como: interrup¢do do fluxo sanguineo (ex.:
compressdo do corddo umbilical), insuficiente troca de gases pela placenta (ex.:
descolamento da placenta), perfusdo placentaria inadequada do lado materno (ex.:
hipotensdo materna), comprometimento fetal (ex.: retardo no crescimento intra-uterino)
e falha ao inflar o pulmdo logo apds o nascimento (BERGER & GARNIER, 1999;
PROCIANOY & SILVEIRA, 2001). Clinicamente, a EHI ¢ definida como uma
sindrome de distirbios das fungdes neurologicas presentes na primeira semana de vida e
manifesta-se como dificuldade para iniciar ¢ manter a respiragdo, depressao do tonus
muscular e reflexos, alteracdo do nivel de consciéncia e frequentes convulsdes

(NELSON & LEVITON, 1991).

1.1.2 ASPECTOS NEUROPATOLOGICOS DA EHI

Em situagdes fisioldgicas, o tecido encefalico possui uma regulacdo do fluxo
sanguineo independente das variacdes de perfusdo, gragas a mecanismos de auto-
regulacdo da circulagdo cerebral (CASTILLO, 2000). Em uma situagdo de isquemia,
esses mecanismos tornam-se falhos na zona afetada e a pressdo de perfusdo passa a ser
dependente da tensao arterial (CASTILLO, 2000).

O tecido encefélico ¢ altamente dependente do fluxo sanguineo continuo para o
suprimento de glicose e oxigénio uma vez que seu metabolismo energético possui uma

alta demanda energética, seus estoques de energia sdo limitados e ainda possuem uma



grande dependéncia do metabolismo aerdbico da glicose. Por todas estas caracteristicas
¢ que o encéfalo torna-se completamente vulneravel frente a uma lesdo isquémica
(MISHRA & DELIVORIA-PAPADOPOULOS, 1999; LIPTON, 1999).

As alteragdes hemodinamicas, bioquimicas e neurofisioldgicas resultantes da
auséncia direta de oxigé€nio e glicose podem levar a uma lesdo cerebral por meio da
ativacdo de mecanismos citotoxicos € apoptoticos, que causam dano e morte celular
(PORTERA-CAILLIAU et al., 1997, HOSSAIN, 2005; IKONOMIDOU & KAINDL,
2011, THORNTON et al., 2012). Este processo ¢ agravado no encéfalo dos neonatos ja
que este ¢ mais suscetivel do que o encéfalo dos adultos, uma vez que o periodo
perinatal apresenta grande sinaptogénese e alta diferenciag¢@o de oligodendrocitos (PAN
& PEREZ-POLO, 1993; JACKSON et al., 1994; SAMPATH et al., 1994; BACK et al.,
2002; 2007a; 2007b; HERTZ, 2008).

Os achados neuropatologicos da EHI variam conforme a maturidade fetal, a
natureza e a extensdo da lesdo e a forma de intervencdo, podendo resultar em até seis
lesdes hipdxico-isquémicas diferentes, a saber: morte seletiva neuronal, lesdo cerebral
para-sagital, leucomaldcia periventricular, status marmoratus, hemorragia intra ou
periventricular e dano isquémico cerebral focal e multifocal (GILLES et al., 1983;

VOLPE, 1995).

1.1.3 MECANISMOS CITOTOXICOS DA EHI

A privagdo de glicose e oxigénio decorrentes da interrup¢do do suprimento
sanguineo ao encéfalo durante o processo isquémico reduz a disponibilidade de energia

na forma de ATP para as células nervosas (DIRNAGL ef al., 1999). A queda nos niveis



de ATP leva a um distirbio na bomba de sodio e potassio, causando acimulo de Na"
intracelular, difusdo de K para fora da célula e aumento do influxo de Ca*". O ganho de
soluto ¢ acompanhado de ganho isosmoético de agua e consequente edema celular
(JAESCHKE, 2003). Com isso, os neuronios tornam-se incapazes de manter o gradiente
i0nico necessario para a homeostase e funcionamento celular, resultando em
despolariza¢ao neuronal, excessiva liberagdo e falha na captagdo de neurotransmissores
excitatorios, mais especificamente o glutamato, no espago extracelular. O excesso de
glutamato na fenda sinaptica hiperestimula os seus receptores ionotropicos NMDA (N-
metil-D-aspartato), AMPA (a-amino-3-hidroxi-5-metil-4-isoxazol propionato) e
cainato, resultando no influxo de Na e Ca*" para dentro dos neurdnios pos-sinapticos e
causando neurotoxicidade. Além dos receptores ionotropicos, o influxo de Ca®" pelos
canais de troca Na'/Ca’* (NCX), TRM2 ¢ TRPM7, por exemplo, e a liberagdo
intracelular excessiva dos estoques desse pelo reticulo endoplasmatico também
contribuem de maneira expressiva para o acimulo de Ca*" intracelular (MACGREGOR
et al., 2003; PIGNATARO et al., 2004; SZYDLOWSKA & TYMIANSKI, 2010)
resultando em superativagdo de um grande numero de processos dependentes de Ca™" e
dano neuronal. Estes eventos levam a um aumento adicional da liberagdo de glutamato e
reducdo na sua captagdo (FERREIRA et al., 1996).

Ao influxo excessivo de cdlcio para o interior da célula, segue-se um aumento da
formagdo de espécies reativas de oxigénio e de nitrogénio (LEWEN ez al., 2000;
JOHNSTON et al., 2001; GILGUN-SHERKI et al., 2002) que podem iniciar o processo
de peroxidagdo lipidica e outras reacdes oxidativas em cadeia levando a morte celular
apods a HI no encéfalo imaturo (NAKAJIMA et al., 2000) (Figura 1). Alguns modelos
experimentais de HI que utilizam roedores apresentam fortes evidéncias que suportam

os efeitos deletérios do estresse oxidativo e dos radicais livres, da ruptura da barreira
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hemato-encefalica, da liberagdo e sinalizagdo de citocinas e quimiocinas ¢ da atividade

das metaloproteinases de matriz apds a HI (CHEN et al., 2009; DEGOS et al., 2010).
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Figura 1. Mecanismos neuropatoldgicos basicos do dano celular causado pela

isquemia cerebral. Extraido de SINGHAL et al., 2011.

1.1.4 O MODELO EXPERIMENTAL DA HI NEONATAL

O modelo experimental de HI neonatal descrito por Levine (1960) e
posteriormente modificado por Rice ef al. (1981) tem sido amplamente utilizado com a
finalidade de reproduzir a lesdo cerebral hipdxico-isquémica observada em humanos. E
vantajoso por apresentar alta reprodutibilidade (WALTON et al., 1999), baixo custo,
baixa mortalidade e por produzir dano em 90% dos ratos, permitindo a recuperagdo do
fluxo sanguineo, apesar da oclusdo da carotida. O dano da HI experimental produz

lesdes no hemisfério ipsilateral nas regides do cortex cerebral, substdncia branca
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periventricular e subcortical, estriado (ntcleos da base) e hipocampo (ARTENI et al.,
2003; HOSSAIN, 2005; VANUCCI & VANUCCI, 2005; PEREIRA et al., 2007). O
modelo utilizado nesta tese, ilustrado na figura 2, consiste na obstrucdo da cardtida
comum direita (isquemia) seguida da exposicdo a baixas tensdes de oxigénio (8%) por
um periodo de 90 minutos (hipoxia). Nesse modelo experimental, os animais sao
capazes de resistir a um periodo de até 3 a 4h de exposi¢do a hipoxia (RICE et al., 1981)

e a lesdo leva a atrofia tardia das estruturas atingidas.

Isquemia Unilateral
Ligagdo permanente
da artéria cardtida

i Hipoxia Sistémica i
' Exposicao durante
90 min a uma
atmosfera com
92% N, e 8% O,

Figura 2. Desenho esquematico do procedimento experimental utilizado para

reproduzir a HI neonatal em animais.

1.2 MITOCONDRIA
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As mitocOndrias sdo organelas intracelulares com forma e dimensdes distintas
dependendo do tecido e estado metabdlico em que se encontram, com didmetro que
varia de 0,2 a lpm. Duas membranas envolvem a mitocondria: uma externa, lisa que
reveste o espaco intermembranas e outra interna, com multiplas invaginagdes
denominadas cristas mitocondriais. Aderido as cristas encontra-se uma grande
quantidade de proteinas componentes da cadeia transportadora de elétrons e a
FoF1ATPase, responsaveis por realizar a fosforilacdo oxidativa, além de intimeras
proteinas transportadoras (DAUM, 1985). No seu interior — ou matriz mitocondrial —
localizam-se as enzimas do ciclo de Krebs, da B-oxidacdo dos acidos graxos, do
metabolismo do piruvato, RNAs, ribossomos, DNA mitocondrial e outros elementos.
No espaco intermembranas estdo localizadas proteinas de grande importancia
fisioldgica, com fungdes importantes para o metabolismo energético como o citocromo
¢, a creatina cinase ¢ a adenilato cinase (DAUM, 1985; FREY & MANNELLA, 2000;
REDDY, 2008).

Estas organelas desempenham papel fundamental na sobrevivéncia celular, pois
sdo responsaveis pela maior parte da energia gerada e utilizada pelas células
eucaridticas (NICHOLLS & FERGUSON, 2002). A maior parte do ATP formado na
célula provém da cadeia transportadora de elétrons, ou cadeia respiratdria, acoplada a
fosforilacdo oxidativa mitocondrial. A cadeia respiratdria ¢ um complexo enzimatico
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 NADH e FADH,, reduzidas durante o ciclo de Krebs,
sdo transferidos para os complexos I (NADH-ubiquinona oxidorredutase) e II
(Succinato-ubiquinona oxidorredutase) e destes para os complexos III (Ubiquinol-

Citocromo ¢ redutase) e IV (Citocromo ¢ oxidase) de uma maneira gradativa, até o
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aceptor final de elétrons, o oxigénio molecular, com concomitante formacao de agua. A
passagem de elétrons através dos complexos I, Il e IV ¢é acompanhada do
bombeamento de prétons da matriz mitocondrial para o espago intermembranas. Este
gradiente eletroquimico, responsavel pela formagdo do potencial de membrana
mitocondrial (Ay), dirige o fluxo de protons de volta a matriz mitocondrial através da
FoF1ATPase, que utiliza esta energia para a sintese de ATP (HUTTEMANN et al.,
2008) (Figura 3). Em condicdes fisiologicas, aproximadamente 1 a 4% dos elétrons ¢é
desviado do fluxo pelos complexos da cadeia respiratoria causando a redugdo
incompleta do oxigénio molecular, formando espécies reativas toxicas como o radical
anion superoxido (0;7), o perdxido de hidrogénio (H,O,) e o radical hidroxila ((OH), o
que torna a mitocondria uma importante fonte de espécies reativas de oxigénio (EROs)

(KOOPMAN et al., 2010).

Mitochondrial FADH,
matrix

Inner
mitochandrial
membrane

Intermembrane space Active synthase
cytochrome
oxidase VDAG
Outer
mitochondrial

memorane

Figura 3. Representagao esquematica da cadeia respiratoria mitocondrial.

Extraido de MONCADA & ERUSALIMSKY, 2002.
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O anion superoxido intramitocondrial, incapaz de se difundir para o citosol, ¢
detoxificado pela enzima antioxidante superoxido dismutase dependente de manganés
(Mn-SOD) presente no interior da mitocondria, gerando perdxido de hidrogénio. A
reacdo do superoxido, O,", com o peroxido de hidrogénio forma o radical hidroxila,
através da reacdo de Haber-Weiss. A formacao de radical hidroxila a partir do peréxido
de hidrogénio também pode ser catalisada pela presenga de ions de metais de transi¢do
(Fe*" e Cu®") pela reagio de Fenton (GUTTERIDGE & HALLIWELL, 2000;
MCCORD, 1987). O aumento de Ca”" intracelular também ativa a enzima oxido nitrico
sintase (NOS), localizada na membrana mitocondrial interna, produzindo 6xido nitrico
(NO’). O oxido nitrico pode reagir com o anion superoxido formando uma espécie
altamente reativa denominada peroxinitrito (ONOQ"), desencadeando um processo de
peroxidacgao lipidica, oxidagcdo de moléculas sulfidrilicas (RADI et al., 1991) e danos ao
RNA e DNA (SALGO et al., 1995) (Figura 4). Além disso, o 6xido nitrico ¢ um
potente inibidor da cadeia respiratoria mitocondrial por inativar os complexos I-III
(VIEIRA et al., 2001; VIRAG et al., 2003) e também por inibir diretamente o complexo
IV ligando-se ao sitio de ligacdo especifica do O, (GIULIVI et al., 1998; BROWN &
BORUTAITE, 1999).

Durante a isquemia, a oxidacdo de proteinas de membrana causa o aumento na
permeabilidade da membrana mitocondrial interna devido a abertura do poro de
transicdlo de permeabilidade mitocondrial, causando swelling mitocondrial
(intumescimento osmoético) e ruptura da membrana mitocondrial externa. Assim,
proteinas pro-apoptoticas, como o fator indutor de apoptose (AIF) e citocromo c, sdo
liberadas no citosol desencadeando a morte celular (MORO et al., 2005; BLOMGREN

& HAGBERG, 2006; GALLUZZI et al., 2009; REDDY & REDDY, 2011). Apds a
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lesdo isquémica inicial, quando a oxigenacdo e a perfusdo cerebral ja se encontram
restauradas, os niveis de glicose apresentam-se perto dos valores basais em condigdes
normais e o pH intracelular retorna a linha de base, uma falha energética secundaria
(periodo de reperfusdo) ocorre em um periodo de 6 a 48h apods o insulto inicial
(FOLBERGROVA et al., 1992, 1995). Portanto, uma segunda queda dos niveis de
fosfato de alta energia intracelular ocorre com concomitante diminui¢do dos niveis e
utilizagdo da glicose pelo encéfalo, ativacdo das caspases e fragmentacdo do DNA
(BLUMBERG et al., 1997; WYATT et al., 1989; GILLAND et al., 1998a; 1998b;
PUKA-SUNDVALL et al., 2000).

No encéfalo imaturo, os altos niveis de lipidios poli-insaturados, o incompleto
desenvolvimento do sistema antioxidante e os altos niveis de ferro livre disponiveis para
reagirem com as EROs o tornam altamente suscetivel ao dano oxidativo (JACKSON &
PEREZ-POLO, 1996). Logo, a formacdo de espécies reativas na mitocondria bem
como a inibi¢do das enzimas antioxidantes, caracteristicas do processo de estresse
oxidativo, parecem ser os principais mediadores do dano neuroldgico causado pela HI

(SIMS & ANDERSON, 2002; ADAM-VIZI, 2005).
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Figura 4. Formacao e detoxificagdo de EROs pela mitocondria.

Extraido de ADAM-VIZI, 2005.

1.3 MORTE CELULAR

A morte celular isquémica depende da magnitude do dano isquémico, ou seja, do
grau de severidade e duragdo do insulto. Na morte celular por apoptose ocorre um dano
moderado, onde a permeabilidade da membrana mitocondrial permite a liberagdo de
fatores pro-apoptoticos para o citosol, mas a mitocondria ainda mantém os niveis de
ATP normais, tornando a lesdo reversivel. Entretanto, em um dano severo, onde a
concentracdo de ATP encontra-se abaixo dos niveis necessarios para o processo de
apoptose se instaurar, o dano ¢ irreversivel e a morte celular acontece por necrose

(LIPTON, 1999).
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1.3.1 NECROSE

A necrose ¢ um processo patoldogico e desordenado de morte celular
desencadeado geralmente por estimulos extremamente agressivos, tais como a
exposicdo a altas concentragdes de agentes toxicos, lesdo por hipdxia/isquemia ou
agentes biologicos que causem dano direto ou desencadeiem resposta imunoldgica
danosa. Morfologicamente, as células em necrose apresentam perda da integridade das
membranas com extravasamento do conteudo citoplasmatico causando inflamacdo no
tecido adjacente, ecosinofilia, presenca de vacuolos apos a digestdo de organclas
citoplasmadticas, picnose (condensagdo da cromatina), cariorrexe (fragmentacdo nuclear)
e caridlise  (destruigdo, por  dissolucdo, do nucleo) (SYNTICHAKI
& TAVERNARAKIS, 2010). As alteragdes morfologicas correspondem a deplecdo
brusca de ATP, perda do controle do balango idnico, extravasamento do material
intracelular devido a um aumento no volume da célula, dano intenso as organelas,
ruptura de lisossomos e lise celular (LOCKSHIN & ZAKERI, 2004; YAKOVLEV &
FADEN, 2004). Soma-se a esses fatores uma intensa resposta inflamatéria no local,
oriunda do recrutamento de mastocitos e da liberagdo de citocinas (LEIST &

JAATTELA, 2001; FESTIENS et al., 2006).

1.3.2 APOPTOSE

Basicamente, as células em apoptose apresentam caracteristicas morfoldgicas
especificas que incluem: diminuicdo do tamanho celular, picnose e cariorrexe. Os
conteudos nuclear e citoplasmatico se fragmentam originando os corpos apoptoticos que

sdo fagocitados pelas células saudaveis adjacentes e por macrofagos (GALLUZZI et al.,

16



2009). Ao contrario da necrose, a apoptose ¢ deflagrada por uma cascata de eventos
moleculares que, por sua vez, sdo iniciados por diversos mecanismos culminando na
ativacdo de cisteino-proteases denominadas caspases (STRASSER et al., 2000).
Estimulos externos podem induzir apoptose por meio da ativagdo de receptores
especificos presentes na superficie celular (via extrinseca ou via do receptor de morte
celular), chamados de receptores de morte, como os pertencentes a familia dos
receptores do Fator de Necrose Tumoral (TNF) e da Proteina Fas (CD95). A via
intrinseca, ou mitocondrial, ¢ ativada por estresse intracelular ou extracelular, como
privagdo de fatores de crescimento, danos no DNA, hipdxia, perturbacdes no ciclo
celular ou nas vias metabolicas, dentre outros (BERKKANOGLU et al., 2004) (Figura
5). Em resposta a estes fatores, a mitocondria sofre modificacdes no Ay, na
permeabilidade de membrana e no aumento de densidade da matriz. Como desfecho, a
mitocdondria libera o citocromo ¢ no citoplasma que interage com o Fator de Ativagdo de
Protease Associada a Apoptose-1 (APAF-1) e com a pro-caspase-9 formando um
complexo denominado apoptossomo, resultando na clivagem e ativacdo da caspase-9
que por sua vez cliva e ativa as caspases efetoras, como a caspase-3 (GALLUZZI et al.,
2009). Tanto na via extrinseca como na intrinseca, as caspases iniciadoras (caspases 8 e
9) sdo ativadas e podem catalisar a maturacdo proteolitica das caspases efetoras
(caspase-3 e -7, por exemplo) que clivam outros substratos protéicos da célula
resultando no processo apoptotico. A permeabilidade anormal da membrana
mitocondrial externa ¢ determinante para o inicio da morte celular apoptotica, ativando
tanto mecanismos dependentes quanto independentes das caspases. Diversas proteinas
intracelulares regulam diretamente o processo de ativacdo das caspases por controlarem
a permeabilidade da membrana mitocondrial, como as proteinas da familia Bcl-2

(Linfoma de célula B) (DESAGHER & MARTINOU, 2000). Os membros dessa familia
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podem ser divididos em moléculas pro-apoptoticas (por exemplo: BAX, BAD ¢ BID) e
antiapoptdticas (por exemplo: Bcl-2, Bel-xL e Bel-w). O equilibrio relativo entre as
diferentes proteinas, refletindo a formacdo de homodimeros e heterodimeros, define a
via de atuacio sobre o mecanismo de morte celular programada (ZORNIG et al., 2001).
Na presenca de um sinal apoptdtico, a Proteina X Associada a Bcel-2 (BAX), por
exemplo, ¢ translocada do citoplasma para as proximidades das mitocondrias, onde
sofre ativagdo e modificagdo conformacional, aderindo a membrana mitocondrial
externa. Estas proteinas agrupam-se formando oligdbmeros que acabam por penetrar a
membrana mitocondrial externa. Essa integragdo possibilita a rapida liberacdo do
citocromo ¢ (ANTONSSON & MARTINOU, 2000). Por outro lado, a Bcl-2 favorece a
sobrevida celular por impedir o escape do citocromo ¢, possivelmente pela formagao de
heterodimeros com moléculas préapoptéticas como a proteina BAX (AMARANTE-
MENDES & GREEN, 1999).

Juntamente com o citocromo ¢, outras proteinas sdo liberadas da mitocondria
para o citoplasma, dentre elas DIABLO, AIF e endonuclease G. A proteina
proapoptotica DIABLO parece estar envolvida na inibi¢do dos IAPs (Inibidores da
Apoptose), promovendo a ativacdo das caspases. A endonuclease G estd relacionada
com a replicagdo do DNA mitocondrial, entretanto quando liberada da mitocondria
exerce a funcdo de clivagem internucleossomal do DNA. Ja o AIF, migra da
mitocondria para o nucleo ativando a Poli(ADP-ribose) Polimerase-1 (PARP-1)
causando morte celular por apoptose independente da ativacdo das caspases (LI et al.,
2001; MODJTAHEDI et al., 2006; YAKOVLEV & FADEN, 2004).

A maioria dos estudos na literatura analisa as duas vias de morte celular —

apoptose € necrose — que ocorrem apds um insulto hipoxico-isquémico; entretanto,
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poucos autores tém se dedicado a autofagia, um processo que também pode levar a

morte celular quando superativado.
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Figura S. Vias extrinsecas e intrinsecas da morte celular por apoptose.

Extraido de GALLUZZI et al., 2009.

1.3.3 AUTOFAGIA

A autofagia ¢ um processo evolucionario conservado nos lisossomos, que tem
por objetivo regular a renovagdo dos constituintes celulares, pela degradacdo de
proteinas e organelas, através da via autofagossomo/lisossomo. A autofagia ¢
importante para manter a homeostase e serve como um mecanismo de adaptagdo quando

ha uma baixa disponibilidade de nutrientes como ocorre imediatamente apds o
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nascimento e nos processos de diferenciagdo e desenvolvimento normal (KUMA et al.,
2004; UCHIYAMA et al., 2008). Entretanto ela também € uma estratégia que as células
utilizam para sobreviver frente a uma situagdo de estresse. Apesar de a autofagia ser
considerada essencial para a manuten¢do da homeostase celular, a ativagdo excessiva
dessa via pode destruir partes do citosol e das organelas levando ao colapso total de
todas as funcdes celulares. Por estes efeitos antagonicos da autofagia ¢ que seu papel
nos processos celulares de sobrevivéncia e morte ainda ndo estd completamente
esclarecido (CODOGNO & MEIJER, 2005; ERLICH et al., 2006).

Trés tipos diferentes de autofagia estdo descritos: a autofagia mediada por
chaperonas, a microautofagia e a macroautofagia (MIZUSHIMA & KOMATSU, 2011)
(Figura 6). Na autofagia mediada por chaperonas, as proteinas citoplasmaticas que
sofreram dobramento incorreto permanecem ligadas as chaperonas, sendo entdo
direcionadas aos lisossomos onde sdo reconhecidas pela proteina LAMP-2A (Proteina
de Membrana Associada ao Lisossomo Tipo 2), internalizadas e degradadas. Na
microautofagia, pequenas por¢des de componentes citoplasmaticos sdo englobadas por
invaginac¢do, protusdo e/ou septagdo da membrana lisossomal, internalizadas e
degradadas. A macroautofagia ¢ a mais estudada e conhecida de todas as vias e
responde por mais de 90% da autofagia celular. Pela macroautofagia, o conteudo
citoplasmatico a ser degradado (proteinas e organelas) ¢ isolado por uma dupla
membrana chamada autofagossomo que ira se fusionar com um lisossomo, formando o
autolissosomo (MIZUSHIMA & KOMATSU, 2011).

Para a execucdo deste processo, uma série de proteinas codificadas pelos genes
relacionados a autofagia (Atg) ¢ necessaria (CARLONI et al., 2008; UCHIYAMA et
al., 2008; GOLDMAN et al., 2010; MIZUSHIMA et al., 2010). Na etapa inicial

(nucleacdo), uma estrutura de membrana lipidica dupla chamada fag6foro ou membrana
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de isolamento alonga-se iniciando o processo de envolvimento dos componentes
celulares citoplasmaticos. O recrutamento e a formacdo de complexos protéicos pelo
fagoforo inicia-se pela ativagdo do complexo ULK1, composto por proteinas como a
ULKI1, Atgl3 e AtglO, que se desloca para um sitio especifico no reticulo
endoplasmatico regulando o complexo de proteinas fosfatidilinositol 3-cinase classe I1I,
que incluem a Beclina 1, Atg 14, entre outras. A Beclina 1, em especial, encontra-se
ligada a proteina Bcl-2. Em condig¢des de inducdo da autofagia, este complexo ¢ desfeito
e a Beclina 1 torna-se livre para formar o autofagossomo.

Dois sistemas de conjugagdo s3o requeridos para o alongamento ¢ fusdo da
dupla membrana para formar o autofagossomo: o complexo Atgl2-Atg5-Atgl6 que se
une formando um tetrdmero e o complexo Atg8. Este ultimo ¢ clivado pelo Atg4,
ativado pelo Atg7 e entregue ao Atg3 que o une a uma fosfatidiletanolamina (PE),
formando o Atg8-PE. O sistema de conjugacdo do Atg8 em leveduras ¢ homologo ao
LC3 (ou MAPILC3 — Microtubule-associated protein light chain-3) em mamiferos
(MEIJER & CODOGNO, 2009). O LC3 atua como uma proteina de membrana,
contribuindo para a nucleacdo do autofagossomo (KLIONSKY & EMR, 2000). A
proteina LC3-PE tem sido amplamente utilizada como marcador especifico de
autofagossomos, uma vez que sua forma ligada a PE est4 presente somente no interior
destes (KLIONSKY, 2008; 2009). E importante ressaltar que existem trés isoformas da
proteina LC3 (LC3A, LC3B e LC3C) que sofrem modificagdes pos-traducionais
durante o processo autofagico. A clivagem do LC3 apds a tradugdo origina a forma
citosolica do LC3, denominada LC3-I. Como discutido anteriormente, quando o
processo de autofagia ¢ ativado, o LC3-I sofre clivagem e une-se a PE, sendo entdo
convertido em LC3-II (ou LC3-PE). Apo6s a formagdo do autofagossomo, ocorre a fusdo

deste com o lisossomo, dando origem ao autolisossomo, que posteriormente ira liberar
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os produtos de degradagdo para reutilizagdo em novos processos celulares (MEIJER &

CODOGNO, 2009).
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Figura 6. As diferentes vias do processo de autofagia.

Adaptado de MIZUSHIMA & KOMATSU, 2011.

Devido a escassez de estudos sobre o papel da autofagia na morte celular
causada pela HI, ainda ndo se sabe qual ¢ a sua relagdo com os outros tipos de morte
celular (apoptose e necrose) apos o insulto. De acordo com Balduini et al. (2009), a
enzima mTOR (Alvo da Rapamicina em Mamiferos) inibe a autofagia em condig¢des

normais, ou seja, na presenca de nutrientes. Uma vez que durante a HI ha deplecdo dos
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nutrientes disponiveis, a autofagia pode ser ativada através da reducdo na atividade da
mTOR. Por outro lado, a autofagia pode atrasar a morte celular por preservar a
homeostase celular através da produgdo de energia pelo catabolismo e por eliminar
proteinas e mitocondrias danificadas (Figura 7). Ou seja, estes eventos permitem que as
células sobrevivam por mais tempo apoés um “estresse metabolico”. Entretanto, se a
autofagia for bloqueada, as células isquémicas, ou seja, pobres em nutrientes,
interrompem a programagdo do processo de apoptose fazendo com que as células
entrem em processo de morte celular por necrose. Por outro lado, se a autofagia estiver
superativada, ocorrera uma massiva ativacdo lisossomal e por consequéncia a morte
celular.

Estudos com camundongos knockout para o gene da caspase-3 e da CAD
(DNase ativada por caspase), submetidos a HI mostraram uma grande ocorréncia de
autofagia nos neurdnios piramidais da regido CAl do hipocampo, sendo que estes
neurdnios que continham um grande nimero de autofagossomos/autolisossomos
sofreram morte neuronal tardia (UCHIYAMA et al., 2008). Da mesma forma, quando
foi analisada a morte celular em camundongos kAnockout para o gene Atg7
(impossibilitados de executar a autofagia), notou-se que esta dele¢do especifica
preveniu a morte celular tanto por apoptose quanto por necrose, mostrando que a
autofagia parece ser um mecanismo inicial que regula as vias de morte celular

(UCHIYAMA et al., 2008).
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Figura 7. A via de autofagia e a adaptacdo celular em resposta a privagdo de

nutrientes. Extraido de LEVINE & YUAN, 2005.

1.4 DIMORFISMO SEXUAL

Muitos processos fisiolégicos e patologicos do sistema nervoso central
apresentam dimorfismo sexual, mais especificamente em relagdo a predilecdo por um
género ou uma resposta sexo-especifica para um determinado tratamento. Estudos
publicados na literatura mostram que os neurdnios de encéfalos de ratos machos
neonatos com 9 dias de vida pés-natal, submetidos a HI, apresentaram uma translocagao
mais pronunciada do AIF da fracdo mitocondrial para o nticleo apds a HI, enquanto que
as fémeas apresentaram elevada ativagdo de caspase-3 (ZHU et al., 2006). Da mesma
forma, foi encontrada uma ativacdo quatro vezes maior de caspase-3 no encéfalo de

fémeas ap6és a HI quando comparadas com os machos no sétimo dia pds-natal
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(RENOLLEAU et al., 2007). Estas diferencas sexo-especificas também sdo encontradas
quando se avaliam os efeitos de estratégias neuroprotetoras. A administragdo sistémica
de Boc-aspartil-(Ome)-fluorometil-cetona (BAF), um inibidor especifico da caspase-3,
foi capaz de reduzir o volume do infarto cortical apenas nas fémeas submetidas a HI
(JOLY et al., 2004; RENOLLEAU et al., 2008). J4 a deficiéncia da PARP-1 em
camundongos com 7 dias de vida pds-natal protegeu completamente o encéfalo dos
machos da lesdo hipoxico-isquémica, sem produzir nenhum efeito nas fémeas
(HAGBERG et al., 2004). As evidéncias na literatura sugerem que o dimorfismo sexual
estende-se também aos humanos (HINDMARSH et al., 2000; AHMED et al., 2008).

Estudos clinicos demonstraram que as criangas do sexo feminino obtiveram uma
maior evolucdo no quadro clinico neurologico ap6és uma lesdo traumadtica encefalica
(DONDERS & HOFFMAN, 2002) além de responderem mais favoravelmente ao
tratamento utilizado (WEIL et al, 1998). A maior incidéncia de prematuridade em
criancas do sexo masculino também pode representar um grau maior de risco para a
lesdo cerebral perinatal e, posteriormente, a um comprometimento cognitivo e
neurologico mais severo (WOLKE, 1998). Os estudos realizados apontam que as
diferencgas sexo-especificas estdo correlacionadas com a idade e o grau de severidade do
insulto ao qual foram submetidas. Esta neuroprote¢do mais evidente nas fémeas pode
estar em parte relacionada aos efeitos protetores tanto do estrégeno circulante quanto
dos receptores do estrégeno no encéfalo (BEYER, 1999; LIU et al., 2009). Isto porque a
administragdo exogena desse hormonio comprovou ser efetiva em melhorar a evolugdo
do quadro clinico neurologico em mulheres ap6és uma isquemia ou trauma cerebral
(HURN & MACRAE, 2000).

Baseado no exposto acima, nds decidimos avaliar a influéncia do dimorfismo

sexual no dano celular induzido pela HI em neonatos machos e fémeas. A hipétese de
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trabalho deste estudo é que as alteracdes sexo-especificas demonstradas na literatura
podem estar fortemente relacionadas as diferengas no metabolismo energético e nos
mecanismos de morte celular apds a exposi¢ao a lesdo da HI neonatal. Para estudar esta
hipdtese de trabalho, foram avaliados tanto pardmetros de estresse oxidativo quanto a

funcao mitocondrial e o processo de autofagia.
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OBJETIVOS
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2.1 OBJETIVO GERAL

O objetivo da presente tese foi investigar os efeitos celulares da HI no encéfalo
de neonatos através da avaliacdo do estresse oxidativo, do dano mitocondrial ¢ a
ativacdo da via da autofagia e avaliar se estes efeitos apresentam diferengas sexo-

especificas.

2.1.1 OBJETIVOS ESPECIiFICOS

A. Investigar os efeitos da HI em hipocampo e cortex cerebral de ratos
neonatos através da avaliacdo de pardmetros de estresse oxidativo, como
a formacao de espécies reativas, peroxidagao aos lipidios e atividade das
enzimas antioxidantes glutationa peroxidase, catalase e superoxido
dismutase. Ainda, mensurar a atividade da enzima Na', K'-ATPase

devido a sua grande sensibilidade ao estresse oxidativo;

B. Avaliar os efeitos da HI sobre a funcdo mitocondrial em hipocampo e
cortex cerebral em dois periodos distintos apds o dano considerando as
possiveis diferencas sexo-especificas, através da mensuracdo da
atividade dos complexos I-111, II e IV da cadeia respiratoria mitocondrial

e das medidas de massa e potencial de membrana mitocondrial;

C. Verificar a contribui¢do da via da autofagia no dano encefélico causado

pela HI em neonatos levando-se em consideragdo as possiveis diferengas
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sexo-especificas, mensurando-se a formagao de vactolos especificos da

via e expressao de proteinas especificas da autofagia.
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Perinatal hypoxia—ischemia (HI) gives rise to inadequate substrate supply to the brain tissue, resulting
in damage to neural cells. Previous studies at different time points of development, and with different
animal species, suggest that the HI insult causes oxidative damage and changes Na*, K*-ATPase activity,
which is known to be very susceptible to free radical-related lipid peroxidation. The aim of the present
study was to establish the onset of the oxidative damage response in neonatal Wistar rats subjected to
brain HI, evaluating parameters of oxidative stress, namely nitric oxide production, lipoperoxidation by

ﬁ%v;i:gi;schemia thiobarbituric acid reactive substances (TBA-RS) production and malondialdehyde (MDA) levels, reactive
Neonatal species production by DCFH oxidation, antioxidant enzymatic activities of catalase, glutathione peroxi-
Brain dase, superoxide dismutase as well as Na*, K*—ATPase activity in hippocampus and cerebral cortex. Rat

pups were subjected to right common carotid ligation followed by exposure to a hypoxic atmosphere (8%
oxygen and 92% nitrogen) for 90 min. Animals were sacrificed by decapitation 0, 1 and 2 h after HI and
both hippocampus and cerebral cortex from the right hemisphere (ipsilateral to the carotid occlusion)
were dissected out for further experimentation. Results show an early decrease of Na*, K*~ATPase activity
(at 0 and 1 h), as well as a late increase in MDA levels (2 h) and superoxide dismutase activity (1 and 2h
after HI) in the hippocampus. There was a late increase in both MDA levels and DCFH oxidation (1and 2 h)
and anincrease in superoxide dismutase activity (2 h after HI) in cortex; however Na*, K*-~ATPase activity
remained unchanged. We suggest that neonatal HI induces oxidative damage to both hippocampus and
cortex, in addition to a decrease in Na*, K*-ATPase activity in hippocampus early after the insult. These
events might contribute to the later morphological damage in the brain and indicate that it would be
essential to pursue neuroprotective strategies, aimed to counteract oxidative stress, as early as possible
after the HI insult.

Oxidative damage
Na*, K*-ATPase

© 2011 ISDN. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Perinatal hypoxia-ischemia (HI) is an important cause of
acquired brain damage in infants with subsequent life-long seque-
lae (Johnston et al., 2001; Volpe, 2001; Dixon et al., 2002; Levene
and Evans, 2005; Marlow et al., 2005; Gonzalez and Miller, 2006;
Rennie et al., 2007), including cognitive impairment (Marlow et al.,
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2005; Gonzalez and Miller, 2006; Rennie et al., 2007). Much of our
current understanding of the mechanisms of HI brain damage, as
well as potential therapeutic interventions, derives from an exten-
sive literature on experimental stroke models in the adult animals.
However, direct application of the findings obtained in the adult
brain to the newborn animal has been hampered by a paradox, in
that the immature brain has generally been considered ‘resistant’ to
the damaging effects of HI, while at the same time exhibiting peri-
ods of heightened sensitivity to injury, dependent on the specific
developmental stage of the brain (Vannucci and Hagberg, 2004).
Cerebral HI in the newborn has profound molecular conse-
quences that begin with energy failure. This process involves
glutamate release, activation of glutamate receptors, coupled to
nitric oxide synthase activation, calcium influx and release of
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nitric oxide (NO) (McLean and Ferriero, 2004; Buonocore and
Groenendaal, 2007), that may result in mitochondrial dysfunction,
generation of reactive species (Lipton, 1999; Taylor et al., 1999)
and induction of oxidative stress. In addition, data from the lit-
erature demonstrates that mitochondrial electron transport chain
is impaired in the postnatal day 26 of rats submitted to HI insult
(Clarkson et al., 2007) and in other models of cerebral ischemia
(Almeidaetal., 1995). Also, Hl induces an enhancement of inducible
nitric oxide synthase activity and an inhibition of lactate dehydro-
genase (Clarkson et al.,, 2004). It is also important to consider that
the newborn brain is especially vulnerable since antioxidant levels
are lower in neonates relative to adults (Smith et al., 1993; Nishida
etal., 1994).

A significant influx of Na® enters neurons both during action
potentials depolarizing phase and by flux via glutamate receptors,
which are activated during and after HI. Coupled with failure of
membrane ion pumps, these processes result in an accumulation of
intracellular Na*, cellular edema (Choi, 1992) and possibly neuron
necrosis (Martin et al., 1997, 2000). Na*, K*-ATPase is an ubiqui-
tous enzyme responsible for the establishment of cell membrane
electrochemical Na* and K* gradients, including the maintenance
of resting membrane potential in neurons. This enzyme contains
two major subunits: a larger a protein responsible for the major-
ity of the catalytic activity, and a smaller, glycosylated [3 protein
required for maturation of the enzyme and transport to the cell
surface (Lingrel, 1992). Multiple & and 3 isoforms have been iden-
tified in the mammalian brain (McGrail et al., 1991; Peng et al.,
1997), likely reflecting both the heterogeneity of cell subtypes and
the possible need for variability in enzyme expression based on
tissue-specific requirements (Lingrel, 1992). It is well known that
Na*, K*-ATPase is inhibited by reactive oxygen species and this has
been demonstrated in vitro by Thomas and Reed (1990), Huang
et al. (1992), Boldyrev et al. (1995) and in vivo by Andreoli et al.
(1993) and Mintorovitch et al. (1994). A number of reports indi-
cate that Na*, K*-ATPase activity is very sensitive to hypoxia, and
post-hypoxiainhibition persists during reoxygenation (Changetal.,
1998; Mishra and Delivoria-Papadopoulos, 1999); therefore, this
enzyme activity has been suggested to be a sensitive marker for
the grading of Hl brain injury (Mishra and Delivoria-Papadopoulos,
1999).Ithas also been shown that Na*, K*-ATPase is inhibited in the
adult rat brain subjected to cerebral ischemia (Wyse et al., 2000),
however the possible mechanism remains unclear.

It has been shown that HI injury causes oxidative stress by
inducing lipoperoxidation and reactive species production, changes
the activity of antioxidant enzymes in a variety of animal species
and inhibits Na*, K*'-ATPase activity, known to be sensitive to
free radical-related lipid peroxidation. For this reason, the goal
of the present study was to establish the onset of the oxida-
tive damage through the measurement of some oxidative stress
parameters namely nitric oxide (NO) production, lipoperoxida-
tion by thiobarbituric acid reactive substances (TBA-RS) production
and malondialdehyde (MDA) levels, reactive species production by
2" 7'-dichlorofluorescein (DCFH) oxidation, and antioxidant activ-
ities of catalase (CAT), glutathione peroxidase (GPx), superoxide
dismutase (SOD), as well as Na*, K*—ATPase activity in hippocam-
pus and cerebral cortex, two brain structures known to be affected
in rats subjected to neonatal HI. The understanding of acute patho-
logic processes preceding the onset of irreversible perinatal injury
after hypoxic-ischemic brain damage, that happens 24-48 h post-
event, may help to establish effective neuroprotective treatments.

2. Experimental procedures
2.1. Animals

Fifteen pregnant Wistar rats were obtained from the Central Animal House of
the Biochemistry Department, Institute of Basic Health Sciences, at the Universidade

Federal do Rio Grande do Sul. The day of birth was considered day 0. Litters were
culled within 48 h of birth to a maximum of eight pups per litter, summing up 116
rat pups, and were maintained undisturbed until the surgical procedure. Animals
were maintained in a 12/12 h light/dark cycle in an air-conditioned constant tem-
perature room (22 £ 1=C), with free access to food (SUPRA, Porto Alegre, RS, Brazil)
and water. All procedures were in accordance with the Guide for the Care and Use
of Laboratory Animals adopted by National Institute of Health (USA) and with 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.

2.2. Hypoxia-ischemia

The Levine's (1960) procedure for neonatal HI, as refined by Rice et al. (1981,
was used to produce unilateral brain injury to the neonate. This procedure provides
a valuable rat model that replicates much of the neuropathology seen in human
neonates. By 15-50h of recovery, the damage, largely restricted to the brain hemi-
sphere ipsilateral to the common carotid artery occlusion, is observed in cerebral
cortex, subcortical and periventricular white matter, striatum (basal ganglia) and
hippocampus. Tissue injury takes the form of either selective neuronal necrosis (glia
and blood vessels spared) or infarction (all elements destroyed). Such neuropatho-
logical damage is not often seen in the contralateral hemisphere and never in pups
rendered hypoxic without carotid artery ligation (Towfighi et al., 1995; Vannucci
and Vannucci, 1997). Rat pups were maintained with their dams until surgical pro-
cedure, at postnatal day 7. Then, half of the animals in each litter were subjected to
HI, the remaining received sham surgery.

The neonates were anesthetized with halothane, an incision was made to the
ventral surface of the neck, parallel and just lateral to the trachea; the right com-
mon carotid artery was assessed, isolated from the nerve and vein, and permanently
occluded with surgical silk thread. Animals were then allowed to recover for 10 min
under a heating lamp and returned to their dams. After 90 min, pups were exposed to
the hypoxic atmosphere (8% oxygen and 92% nitrogen) during 90 min in a 1500 mL
chamber partially immersed in a 37 °C water bath (Arteni et al., 2003; Rodrigues
et al., 2004). Subsequent to the HI procedure, animals were returned to their home
cages until sacrifice. Controls were sham-operated, i.e., they were submitted to anes-
thesia and neck incision, but did not receive artery occlusion or hypoxia; mortality
rate was less than 10% of all operated animals. As in the HI procedure, sham-operated
animals were allowed to recover for 10 min before returning to their dams. After
90 min, sham pups were separated from the dams, placed under a heating lamp for
the same period of hypoxia procedure and returned to their home cages together
with the HI pups until sacrifice. Pups were sacrificed by decapitation without anes-
thesia, immediately (0 h), 1 or 2 h after the end of HI. Each litter was divided so that
pups were used for all the different time points.

2.3. Tissue preparation

The brain was rapidly excised on a Petri dish placed on ice and cortex and hip-
pocampus from the right hemisphere were dissected out. Samples were collected
and instantaneously placed onliquid nitrogen and stored at —70 *C until biochemical
assays, when they were homogenized in 10vol (w:v) of 20 mM ice-cold phosphate
buffer (pH 7.4) containing 1 mM EDTA for determination of antioxidant enzyme
activities. For the determination of other oxidative stress parameters, samples were
homogenized in 10 vol (w:v)of 20 mM ice-cold potassium phosphate buffer (pH7.4),
containing 140mM KCl in a teflon-glass homogenizer. As for the Na*, K*-ATPase
activity determination, cerebral structures were homogenized in 10vol (w:v) of
0.32 M sucrose solution containing 5 mM HEPES and 1 mM EDTA, pH 7.4 (Wyseet al,,
2000). The homogenate was centrifuged at 1700 x g for 10min at 4°C, pellet was
discarded and the supernatant, a suspension of mixed and preserved organelles,
including mitochondria, was separated and used for the assays.

24. Biochemical assays

24.1. Determination of thiobarbituric acid reactive substances

The formation of TBA-RS is used as an indicator of lipoperoxidation. MDA, a
product of lipoperoxidation, reacts with two molecules of thiobarbituric acid (TBA)
at low pH and high temperature to form a pink-colored complex. TBA-RS formation
was determined according to Esterbauer and Cheeseman (1990). Briefly, aliquots of
samples were pre-incubated for 1 h on a 37 “C water bath and, afterwards, 10% TCA
was added. Samples were centrifuged at 960 x g for 10 min at 4°C. The supernatant
was mixed with 0.67% TBA (1:2) and this mixture was heated on a boiling water
bath. Afterwards, n-butanol was added in order to separate the organic phase that
was collected and the production of color was assessed spectrophotometrically at
532 nm. The calibration curve was performed using 1,1,3,3-tetramethoxypropane
as standard.

24.2. Malondialdehyde determination

The measurement of MDA by the TBA-RS assay is an easy and quick assay for the
assessment of lipoperoxidation, however, it is non-specific, and is generally poor
when applied to biological samples. For this reason, we also decided to measure
MDA by HPLC, a procedure likely to be more sensitive than TBA-RS. MDA levels were
measured by HPLC according to the method described by Esterbauer and Cheeseman
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(1990). Briefly, an aqueous sample of the homogenate, pH 6.5-8.0, was separated
by HPLC using an amino-phase column with acetonitrile, 30 mM Tris buffer, pH 7.4
(1:9 v/v). The effluent was monitored at 267 nm, the maximum absorption of the
enolate anion form of free MDA.

24.3. 2,7-Dihydrodichlorofluorescein oxidation

Production of reactive oxygen/nitrogen species was measured following
the method of LeBel et al. (1992), which is based on DCFH oxidation. 2/,7'-
Dihydredichlorofluorescein diacetate (DCFH-DA) is cleaved by cellular esterases
and the DCFH formed is eventually oxidized by reactive oxygen species or reactive
nitrogen species presented in samples. Briefly, DCFH-DA was incubated for 30 min
at 37 °C with an aliquot of the supernatant obtained from cortex or hippocampus.
Fluorescence was measured using excitation and emission wavelengths of 488 nm
and 525 nm, respectively. A calibration curve was performed with standard DCF and
the levels of reactive species were calculated as nmol DCF formed per mg protein.

24.4. Nitric oxide production

NO production was determined by measuring its metabolites nitrate (NO*~) and
nitrite (NO?-), according to Miranda et al. (2001). Eighty-five microliters of vana-
dium chloride was mixed to 85 pL of the supernatants of cerebral structures for the
complete reduction of nitrate to nitrite. Then, 85 L of Griess reagent (a mixture of
N-1-naphthylethylenediamine dihydrochloride and sulfanilamide) was added and
incubated for 1 h at 37 °C in a water bath in a dark room. The resulting pink-stained
pigment was determined in a spectrophotometer at 540 nm. A calibration curve was
performed using sodium nitrite and each curve point was subjected to the same
treatment as supernatants. Nitric oxide production values were calculated as nmol
per mg protein.

24.5. Catalase activity

CATactivity assessment is based upon establishing the rate of hydrogen peroxide
(H202) degradation spectrophotometrically at 240nm at 25°C (Aebi, 1984). CAT
activity was calculated in terms of micromoles of H20; consumed per minute per
mg protein.

24.6. Glutathione peroxidase activity

GPx activity was determined according to Wendel (1981), with modifications.
The reaction was carried out at 37 °C in 200 p.L of solution containing 20 mM potas-
sium phosphate buffer (pH 7.7}, 2 mM EDTA, 0.8 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 spon-
taneous NADPH oxidation was always subtracted from the overall reaction ratio. GPx
activity was expressed as nmol NADPH oxidized per minute per mg protein.

24.7. Superoxide dismutase activity

SOD activity was determined using a RANSOD kit (RANDOX) which is based
on the procedure described by Delmas-Beauvieux et al. (1995). This method uses
xanthine and xanthine oxidase to generate superoxide radicals that react with 2-(4-
iodophenyl)-3-(4-nitrophenol )-5-phenyltetrazolium chloride (L.N.T.) to form a red
formazan dye, which is assessed spectrophotometrically at 505 nm wavelength at
37 =C. The specific activity is reported as units (one unit of 50D is that which causes
a 50% inhibition of the rate of reduction of .N.T. under the conditions of the assay)
per mg protein.

24.8. Determination of Na*, K* -ATPase activity

The reaction mixture for the Na*, K*-ATPase assay contained 5mM MgCl;,
80mM NaCl, 20 mM KCI and 40 mM Tris-HCl buffer, pH 7.4, in a final volume of
200 p.L. The reaction was started by the addition of ATP (disodium salt, vanadium
free) to a final concentration of 3 mM. Controls were assayed under the same condi-
tions 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. (2000). Released
inorganic phosphate (Pi) was measured by the method of Chan et al. (1986); enzyme
specific activity was expressed as nmol Pi released per minute per mg protein.

24.9. Protein assay

Total protein concentration for the oxidative stress biomarkers and antioxidant
enzyme activities was determined using the method described by Lowryetal. (1951)
using bovine serum albumin as the standard. For determination of Na*, K*-ATPase
activity, total protein concentration was measured by Bradford (1976).

2.5. Statistics

Results are expressed as mean + standard error of the mean (SEM). Data were
analyzed by one-way analysis of variance (ANOVA), followed by post hoc Duncan’s
test for multiple comparisons. A value of p<0.05 was considered significant. All
statistical analysis was performed using the Statistica® software package running
on a compatible personal computer.

3. Results
3.1. Oxidative stress biomarkers

HI changed neither nitrite production nor TBA-RS levels in
hippocampus or cortex, as showed by one-way ANOVA (p>0.05)
(Table 1). Although DCFH oxidation levels in cerebral cortex were
significantly increased 1 and 2h after the event [F(3,20)=7.32,
p<0.01](Table 1), the same alteration was not observed in the hip-
pocampus. MDA levels were increased 2 h after the insult in the
hippocampus [F(3,16)=5.18, p<0.05] and 1 and 2 h after HI in the
cortex [F(3,16)=10.17, p<0.01] (Fig. 1).

3.2. Antioxidant enzymes activities

CAT and GPx activities were not affected by HI, considering
time points and brain structures studied (p>0.05) (Table 2). How-
ever, SOD activity was increased in hippocampus 1 h and 2 h after
the event [F(3,30)=3.72, p<0.05], and 2 h in cortex [F(3,28)=4.24,
p<0.05] (Table 2).

3.3. Na*, K*-ATPase activity

In the hippocampus, Na*, K*-ATPase activity was reduced 0 and
1h after HI, when compared to the sham group [F(3,22)=6.39,
p<0.01] (Fig. 2). In contrast, neonatal HI did not affect Na*,
K'-ATPase activity in cerebral cortex at any analyzed time points
(p>0.05).

3.4. Discussion

Present study was delineated to investigate the onset of the
oxidative stress response and Na*, K*~ATPase activity alterations
in the immature rat brain following unilateral HI in hippocampus
and cerebral cortex, two particularly vulnerable brain structures.
Results demonstrate that HI induced oxidative stress, changed the
activity of antioxidant enzymes and decreased Na*®, K*-ATPase
activity in both cerebral structures as early as 2 h after the ischemic
insult.

Ischemic brain injury in the newborn leads to the formation of
free radical species such as superoxide anion radical (O3*~), nitric
oxide radicals (NO*) and hydroxyl radicals (*OH) among others in
both in vivo and in vitro experiments (Ohsawa et al., 2007; Kumar
et al., 2008). These free radicals perpetuate further injury by initi-
ating lipoperoxidation of cell membranes and damaging DNA and
proteins (Kumar et al., 2008). In the present study, it was shown an
increase in MDA levels in the right hippocampus, ipsilateral to the
carotid occlusion, 2 h after HI, suggesting lipoperoxidation in this
structure. An enhancement in DCFH oxidation, which represents an
index of non-specific reactive species production, and in MDA levels
also suggest an increase in generalized reactive species produc-
tion and in consequence, increase in lipoperoxidation in cerebral
cortex. These results are in agreement with data in the literature,
which suggest increased peroxidation of brain cell membrane lipids
and generation of free radicals after HI using other models, such
as prenatal hypoxia in newborn piglets and guinea pigs (Andersen
et al., 1996; Maulik et al., 1998; Mishra et al., 1989; Numagami
etal,, 1997; Razdan et al., 1993). We must stress that, in most pub-
lished studies, experimental models are different from those used
in present study, either in the animal species chosen, or the period
of development, or in the HI model utilized.

As regard the enzyme defense system, SOD activity showed
an increment 1 and 2h after HI in the hippocampus, and 2h
after HI in cerebral cortex, suggesting a possible compensatory
effect on enzyme activity that had occurred to overcome the ele-
vated superoxide production elicited by HI damage, since increased
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Table 1
Oxtidative stress biomarkers in hippocampus and cortex of neonatal rats submitted to unilateral hypoxia-ischemia.
Sham HIOh Hi1h HI2h
Hippocampus
TBA-RS 0.950 + 0.09 1.100 £ 0.12 0.927 + 0.03 0.750 + 0.07
DCFH oxidation 713 £0.18 7.21 £0.49 6.64 + 0.40 7.62 +0.36
Nitrites 3691 +1.39 39.25 +£3.03 38.55 + 1.44 3935+ 175
Cortex
TBA-RS 0.271 + 0.036 0.324 + 0.046 0.317 £ 0.052 0314 + 0.058
DCFH oxidation 8.01 +0.51 8.18 + 0.33 10.32 £ 0.297 9.97 + 056~
Nitrites 17.80 + 1.70 21.88 +4.17 19.52 + 4.08 19.95 + 3.68

Data are expressed as mean =+ SEM for 5-8 animals in each group. TBA-RS are expressed as nmol MDA per mg protein, DCFH oxidation as pmol DCF formed per mg protein

and nitrites as nmol NO; per mg protein.
" Significant difference from sham-operated animals (p<0.01).

80

pmol MDA/ L

Hippocampus

Bl shem
HI Oh
B Hih
T Hi2n

Cortex

Fig. 1. MDA levels in hippocampus and cortex of neonatal rats submitted to unilateral hypoxia-ischemia. Data are expressed as mean +5EM for 5 animals in each group.
Asterisks indicate significant difference from sham-operated animals (*p<0.05; **p <0.01).

superoxide production may stimulate SOD activity due to the sub-
strate allosteric activation (Misra and Fridovich, 1972). In contrast,
there were no changes in CAT or GPx activities in the studied
structures. The reactive oxygen species scavenging activity of SOD
is effective only when it is followed by CAT and GPx activities,
because the dismutase action of SOD generates H, O, from super-
oxide anion, which requires to be further scavenged by CAT and
GPx (Halliwell, 2001). The H, 05 can interact with superoxide anion
leading to the formation of the highly reactive hydroxyl radical
(Haber and Weiss, 1934), and this can also happen when H;0; is
in the presence of iron (Halliwell, 2001; Haber and Weiss, 1934).
Previous studies have verified that SOD1 overexpression results in
marked neuroprotection in adult rats after ischemia-reperfusion
(Chan et al., 1998), whereas in the neonatal animal, it exacerbates

Table 2

the injury (Ditelberg et al., 1996). The variable effect of SOD1 in the
brain during different stages of development may be explained by
the fact that SOD1 transgenic adult mice show an adaptative rise in
catalase activity (Przedborski et al., 1992), whereas neonatal SOD1
transgenic brains do not show an adaptative increase in either GPx
or catalase (Fullerton et al., 1998), similar to the results reported
here. Therefore, the increment in the production of reactive species
may lead to the increased SOD activity, and the imbalance in the
activity of these enzymes is suggested to further induce oxidative
stress in these cerebral structures. The present data support that
reactive species are part of the injurious cascades in the immature
brain as the levels of free radicals are increased after HI, possibly
compromising the antioxidant defense system (Bagenholm et al.,
1998).

Activities of catalase (CAT), glutathione peroxidase (GPx) and superoxide dismutase (50D) in hippocampus and cortex of neonatal rats submitted to unilateral

hypoxia-ischemia.

Sham HIOh Hi1h HI2Zh

Hippocampus

CAT activity 329 £ 025 334 £031 3.94 1+ 0.42 3.22 £ 023

GPx activity 37.45 £ 2.39 46.57 + 1.68 4428 + 2.59 42.09 + 2.89

SOD activity 10.14 £ 0.93 12.22 £ 0.78 13.61 + 1.53° 14.87 + 0.59°
Cortex

CAT activity 6.22 + 037 4.72 £ 042 537 £ 0.51 452 + 043

GPx activity 34.71 £ 2.56 42,29 £ 2.74 41.80 +3.53 4033 + 3.16

SOD activity 14.00 + 0.80 12.16 £ 1.51 13.25 £ 1.08 19.36 + 2.37°

Data are expressed as mean + 5EM for 7-9 animals in each group. CAT activity is expressed as pumol H 07 oxidized per minute per mg protein, GPx activity as nmol NADPH

oxidized per minute per mg protein and SOD activity as U/mg protein.
" Significant difference from sham-operated animals (p < 0.05).
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Na*, K*- ATPase activity (nmal Pi/min.mg protein)

Bl sham
HI Oh
B Hin
1 Hizn
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Cortex

Fig. 2. Na*, K"-ATPase activity in hippocampus and cortex of neonatal rats submitted to unilateral hypoxia-ischemia. Data are expressed as mean - SEM for 5-7 animals in
each group. Asterisks indicate significant difference from sham-operated animals (**p<0.01).

The distinct activation concerning antioxidant enzymes here
reported might be explained by possible distinct mechanisms of
regulation involved in the early response of these enzymes to oxida-
tive stress. Mavelli et al. (1982) demonstrated that the specific
activity of the enzymes involved in cell defense against partially
reduced forms of oxygen (namely CAT, GPx and SOD) in the devel-
oping brain, does not uniformly parallel the development of aerobic
metabolism during postnatal maturation of the rat brain. Moreover,
results obtained in that study show that the temporal changes of
these enzymes cannot be correlated with each other, indicating
that they do not parallel the increasing activity of aerobic brain
metabolism during development.

There was a decrease in Na*, K*-ATPase activity immediately
and 1 h after HI in the ipsilateral hippocampus. This decrease shall
not be related to the known loss of high-energy phosphate levels
that occurs during HI (Golden et al., 2001), since enzyme assay is
run in optimal biochemical conditions, which includes an excess of
ATP concentration. Besides, the impaired activity does not appear to
be related to decreased expression of isoforms of the enzyme since
the effect was observed immediatelly after HI, and previous studies
(Jamme et al., 1999; Golden et al., 2001) evidence Na*, K*-ATPase
inhibition without changes in the expression of subunit isoforms
in models of focal cerebral ischemia and HL This change in Na*,
K*-ATPase activity may be due to the oxidative damage already
reported to happen in the hippocampus; in fact, Na*, K*-ATPase
inhibition by free radical oxygen species has been described
in several tissues, possibly by free radical attack to the lipid
bilayer followed by membrane disorganization and suppression
of enzyme activity (Kako et al., 1988; Razdan et al., 1993; Jamme
et al., 1995; Matté et al., 2006). It has also been demonstrated
that both hypoxia and lipid peroxidation changes Na*, K*-ATPase
function by modifying specific active sites in a selective manner
rather than through a non-specific destructive process (Razdan
etal, 1993; Graham et al., 1993; Mishra et al., 1989). Interestingly,
Na*, K*-ATPase activity remained unchanged in the ipsilateral
cortex, in spite of the increased reactive species production.

Although the timing of events subsequent to HI that lead to cell
death is not clearly established, it is known that significant infarc-
tion of the brain is present during the 24-48 h period of post-HI
with significant loss in volume of the ipsilateral striatal, cortical
and hippocampal regions 1 week after the episode (Hossain et al.,
2004). Defining the sequence of molecular events will be impor-
tant to design effective neuroprotection strategies; in fact, currently
available interventions, such as hypothermia and N-acetylcysteine

administration, are efficient in human and animal studies only if
early instituted (Scher, 2001). Based on present results, we may
suggest that it would be essential to evaluate neuroprotective
strategies aimed to counteract oxidative stress as early as possible
after the HI insult.

Summarizing, this study demonstrates the onset of the oxidative
stress response and Na*, K*-ATPase activity alterations elicited by
HI in both hippocampus and cortex of neonatal rats. These effects
suggest that the oxidative insult, in association with the inhibition
of ATPase activity, may contribute to the later brain morphological
damage found in this experimental model.
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The effects of neonatal hypoxia-ischemia (HI) on energy metabolism in male and female rats were investigated,
testing the hypothesis that Hl-induced brain mitochondrial dysfunction could present in a dimorphic pattern.
Impairment in electron transport chain complex activities at 2 and 18 h after HI was observed in cortex and
hippocampus in rats of both sexes, with females presenting an overall activity higher than that of males. Females

also showed loss of mitochondrial mass and membrane potential 18 h after HI, while males were only slightly
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affected. These findings suggest a dimorphism in mitochondrial dysfunction and provide information that may
lead to new neuroprotection strategies.

© 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Perinatal asphyxia is an important contributor to brain injury in
preterm neonates that suffer from interruption to brain blood and
oxygen supplies (Carty et al., 2008). Mild insults arising from hypox-
ia-ischemia (HI) include attention-deficit hyperactivity syndrome
and minimal brain disorders causing long-term neurodevelopment
impairments (Boksa and El-Khodor, 2003; Volpe, 2001), while severe
cases may cause spasticity, epilepsy and mental retardation (Hill,
1991; Volpe, 2001).

Brain ischemia is associated with high susceptibility of mitochondrial
damage. Mitochondria are motile organelles present in all aerobic
organisms that convert the energy released by metabolic processes in
the mitochondrial matrix into ATP. They participate in a number of intra-
cellular processes, such as calcium homeostasis and the control of life
and death through apoptosis (Koopman et al., 2010). Mitochondria are
also a major source of partially reduced derivatives of molecular oxygen
(0,) that include the superoxide anion (0,*~), hydrogen peroxide
(Hp0,) and hydroxyl radical (OH*) generated through the four protein
complexes of electron transport chain (Koopman et al, 2010).The

Abbreviations: HI, hypoxia-ischemia; MTG, mitotracker green; MTR, mitotracker
red; A, mitochondrial membrane potential.

* Corresponding author at: Depto de Bioguimica, Instituto de Ciéncias Basica da
Satde, UFRGS, Ramiro Barcellos, 2600, anexo. 90035-003, Porto Alegre, RS, Brazil.
Tel./fax: + 55 51 33085540.

E-mail address: simonenardin@yahoo.com.br (S.N. Weis).

consequences of mitochondrial damage are severe. Mitochondrial respi-
ratory chain damage may lead to opening of the mitochondrial perme-
ability transition pore causing mitochondria depolarization and
swelling, leading to both necrotic and apoptotic cell death (Moro et al,
2005; Rodriguez-Enriquez et al., 2009).

Several studies have demonstrated that many central nervous
system (CNS) functions and pathological conditions are sexually
dimorphic, i.e., a predilection for one gender and specific gender-
dependent response to treatment. CNS diseases of childhood and of
the elderly demonstrate gender predominance and/or sexually dimor-
phic responses to therapies (Dewing et al, 2003; Donders and
Hoffman, 2002; Morrison et al., 2004; Renolleau et al., 2008), and the
exposure to circulating sex steroids seems to contribute to this
phenomenon (Renolleau et al, 2008). Recent data revealed that
neurons from immature male rat brains submitted to HI presented a
pronounced translocation of apoptosis-inducing factor (AIF) from the
mitochondrial fraction to the nucleus. On the other hand, female
brain neurons displayed higher cleavage and activation of caspase-3,
as compared to that of male brains (Renolleau et al, 2007; Zhu et al,
2006). Altogether, these results show that males are more sensitive
to mitochondrial dysfunction, with increased mitochondrial perme-
ability on the outer and inner membranes leading to a high quantity
of released proteins (AIF, cytochrome ¢, EndoG and Smac/Diablo) as
compared to females (Renolleau et al., 2008). Confirmation of these
experiment in human studies has shown that girls have better neuro-
logical outcome after traumatic brain injury (Donders and Hoffman,
2002; Morrison et al., 2004) and respond more favorably to treatment
(Weil et al, 1998).
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Considering that mitochondrial dysfunction may play a key role in
HI-induced neuronal death and that the distinct signaling pathways to
cell death are sex-related in neonatal animals, this study investigates
the effects of HI on mitochondrial activity as assessed by activities of
electron transport chain complexes in the cerebral cortex and hippo-
campus of male and female neonates. Mitochondrial mass and
consequent membrane potential were also evaluated, according to
the hypothesis that HI-induced mitochondrial dysfunction presents a
sexual dimorphic pattern.

2. Materials and methods
2.1. Animals

Pregnant Wistar rats were obtained from the Central Animal
House of the Biochemistry Department at the Institute of Basic Health
Sciences from the Universidade Federal do Rio Grande do Sul. The day
of birth was considered day zero. Twelve litters were culled within
48 h of birth to a maximum of eight pups per litter (totaling 96 rat
pups), and were maintained undisturbed until the surgical procedure.
Animals were maintained on a 12 h light/dark cycle in a constant
temperature room (2241 °C), with free access to food (SUPRA,
Porto Alegre, RS, Brazil ) and water. All procedures were in accordance
with the Guide for the Care and Use of Laboratory Animals adopted by
the National Institute of Health (USA) and with the Federation of
Brazilian Societies for Experimental Biology. All efforts were done to
minimize animal suffering as well as to reduce the number of used
animals.

2.2. Hypoxia-ischemia

The Levine (1960) procedure for neonatal HI, as modified by Rice et
al. (1981), was used to produce unilateral brain injury to the neonate.
This procedure provides a valuable rat model that replicates much of
the neuropathology seen in human neonates. The damage is largely
restricted to the brain hemisphere ipsilateral to the common carotid
artery occlusion and affects mainly the cerebral cortex, subcortical
and periventricular white matter, striatum and the hippocampus.
Such neuropathological damage is not often seen in the contralateral
hemisphere and is never present in pups rendered hypoxic without
previous carotid artery ligation (Towfighi et al., 1995; Vannucci and
Vannucci, 1997). Rat pups were maintained with their dams until sur-
gical procedure, at postnatal day 7. Then, half of the rats in each litter
were subjected to HI, the remaining animals received sham surgery.
Neonates were anesthetized with halothane, an incision was made
to the neck ventral surface, parallel and just lateral to the trachea;
the right common carotid artery was assessed, isolated from the
nerve and vein and permanently occluded with surgical silk thread.
Animals were then allowed to recover for 10 min under a heating
lamp and returned to their dams. After 120 min, pups were exposed
to hypoxic atmosphere (8% oxygen and 92% nitrogen) for 90 min in
a 1500 mL chamber partially immersed in a 37 °C water bath (Arteni
et al.,, 2003; Rodrigues et al., 2004). Subsequent to the HI procedure,
animals were returned to their home cages until decapitation (2 or
18 h after the procedure). Controls were sham-operated, i.e., they
were submitted to anesthesia and the neck incision, but received nei-
ther artery occlusion nor hypoxia. Mortality rate was less than 10% of
all operated animals.

2.3. Tissue preparation

The brain was rapidly removed from the skull, freed from meninges
and the ipsi- and contralateral cerebral cortices and hippocampi were
isolated. As for determination of respiratory chain complex 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 1000x g
for 10 min and the supernatants were immediately kept at —70°C
until enzyme activity determination (Pettenuzzo et al, 2006).
Mitotracker was used for mitochondrial function analysis of cerebral
cortex and hippocampal cell suspensions obtained by mechanical
dissodation with PBS containing collagenase to yield digestion to a
density of about 200.000 cells/mL. The dissociated contents were then
filtered into 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.

2.4, Respiratory chain enzyme activity determination

Mitochondrial energy metabolism was evaluated using enzymatic
analysis of electron transport chain (ETC) activities. The activities of
the ETC complexes I-1II, Il and IV were determined in homogenates
according to standard methods previously described (Fischer et al.,
1985; Rustin et al, 1994; Schapira et al, 1990). The activity of
complexes I-1I (complex I+CoQ+1IT) was assessed by measuring
the increase in absorbance due to cytochrome c reduction at 550 nm
according to the method described by Schapira et al. (1990). The
reaction mixture contained 8 to 15 pg protein and 20 mM potassium
phosphate buffer (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;
the activity was measured for an additional 3 min. Complex I-III
activity was the rotenone sensitive NADH: cytochrome ¢ reductase
activity. The activity of complex II (succinate: DCIP oxiredutase) was
determined according to Fischer et al. (1985) by following the decrease
in absorbance due to the reduction of 2,6-DCIP at 600 nm. The reaction
was carried out at 30°C in 40 mM potassium phosphate buffer
(16.0 mM sodium succinate and 8 mM DCIP), pH 7.4, and was pre-
incubated with 30 to 60 pg protein for 20 min. After that, 4 mM sodium
azide, 7 mM rotenone and 40 mM DCIP were added to the medium and
monitored for 5 min. Cytochrome c oxidase (complex IV, COX) activity
was determined according to Rustin et al (1994), by following the
decrease in absorbance due to oxidation of previously reduced cyto-
chrome ¢ at 550 nm. The reaction mixture was initiated by adding
0.7 mg reduced cytochrome ¢ in a medium containing 10 mM potassi-
um phosphate buffer (0.6 mM n-dodecyl-b-p-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 activities of respiratory chain complexes were
calculated and expressed as nmol/min/mg protein.

2.5. Mitochondrial mass and membrane potential measurements

MitoTracker Red (MTR or Chloromethyl-X-rosamine) and Mito-
Tracker Green (MTG) dyes were employed to assess mitochondrial
function. MTR is a lipophilic cationic fluorescent dye that is concentrated
inside mitochondria because of the negative mitochondrial membrane
potential (Pendergrass et al., 2004). The loss of membrane potential
results in release of MTR from mitochondria and a subsequent decrease
in fluorescence (Khanal et al, 2011). MIG is a green-fluorescing
fluorophore which is taken up electrophoretically into mitochondria
and has been used as a measure of mitochondrial mass independent of
mitochondrial membrane potential. Chloromethy! groups on MTG form
covalent adducts with sulfhydryls of mitochondrial matrix proteins
such that MTG is retained even after mitochondrial depolarization
(Rodriguez-Enriquez et al, 2009). MTR and MTG were dissolved in
dimethylsulfoxide (DMSO) to a 1 mM stock concentration. Dissociated
cells, previously filtered, 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
method described by Keij et al., 2000 and Pendergrass et al., 2004 with
some modifications. Immediately after staining cell suspensions were re-
moved from the water bath and analyzed by flow cytometry.
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2.6. Flow cytometry analysis

Samples stained with MTR and MTG dyes were analyzed on a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). Mito-
Tracker dyes were excited at 488 nm using an air-cooled argon
laser. Negative controls (samples without stain) were included for
setting up the machine voltages. Controls stained with a single dye
were used to set compensation. The emission of fluorochromes was
recorded through specific band-pass fluorescence filters: red (FL-3;
670nm long pass) and green (FL-1; 530nm/30). Fluorescence
emissions were collected using logarithmic amplification. In brief,
data from 10.000 events (intact cells) were acquired and mean relative
fluorescence intensity was determined after exclusion of debris events
from the data set. All flow cytometric acquisitions and analyses were
performed using CELLQuest Pro data acquisition (BD Biosciences) and
Flow]Jo analysis software.

Flow cytometry data were analyzed and plotted by density as a
single-parameter histogram which shows the relative fluorescence
on the x-axis and the number of events (cell count) on the y-axis.
Analyzed samples produced a single distinct peak that can be inter-
preted as the positive dataset. The histogram was divided in two
halves (named cells with low and high mass or potential), based on
the controls peak for MTR and MTG, and this evaluation was applied
to all data in each parameter for both analyzed parameters. Analyses
resulted in two cell populations with different mitochondrial Al and
mass. The first population presents low Al and mass and the second,
high Al and mass. The lower accumulation of MTR or MTG,
and thus lower fluorescence values would be indicative of de-
creased mitochondrial mass or Al (Kalbacova et al., 2003; Leira et
al, 2001).

2.7. Protein determination

Protein concentrations were determined in homogenates by the
method of Lowry et al. (1951) using bovine serum albumin standards.

2.8. Statistical analysis

All assays were performed in duplicate and the mean was used for
statistical analysis. Data are presented as mean+S.EM. and were
analyzed by three-way analysis of variance (ANOVA) splitting the
file by time. The statistical factors analyzed were injury (sham x HI),
hemisphere (right x left) and sex (male x female). Values of p<0.05
were considered as significant. All tests were performed on a micro-
computer using the Statistical Package for the Social Sciences soft-
ware (SPSS).

3. Results

The effects of HI on mitochondrial energy metabolism, function
and mass were investigated in cerebral cortex and the hippocampus
of neonates, with special attention on sex-related differences. All re-
sults were analyzed and presented in two groups, 2 and 18 h after
the HI procedure.

3.1. Two hours after HI

3.1.1. Mitochondrial respiratory chain enzyme activity

In the cerebral cortex, ANOVA of complex I 411l activity revealed a
sex effect (F(1,36)=16.679, p<0.001), with female rats displaying
higher activity than males in all groups (Fig. 1A). A similar sex effect
was seen in complex II activity (F(1,36)=10.589, p=0.002), that
also showed an injury x hemisphere interaction (F(1,36)=7.725,
p=0.009) (Fig. 1B). Analysis of complex IV activity revealed a sex
main effect (F(1,36)=107.159, p=<0.001) and an injury x sex

interaction, with HI female rats presenting greater activity than
males (F(1,36)=4.877, p=0.034) (Fig. 1C).

No significant differences were observed in complex 14111 activity
in the hippocampus (Fig. 2A). Analysis showed that females presented
higher activity than males in complex II activity (F(1,40)=9.089,
p=0.004). An inhibition of hippocampus complex Il activity was
seen in both male and female HI neonates, as demonstrated an injury
x hemisphere interaction (F(1,40) =32.231, p<0.001) (Fig. 2B). Three-
way ANOVA revealed that complex [V activity was reduced by HI injury
(F(1,36)=8.618, p=0.006) (Fig. 2C).

3.1.2. Mitochondrial mass and membrane potential measurements

Analyses of cerebral cortex cells labeled with MTG and MTR are
shown in Figs. 3 and 4. The number of events considered negative to
MTG and MTR fluorescence (events counted but not considered
marked with mitotracker) was small in all experimental groups
(around 5%); however, in HI groups the number of this negative fluo-
rescent events was greater when comparing to other groups, especially
in MTR. Cells from HI damaged neonates comprised a subset of cells
that shifted from a population with high mitochondrial mass and Al
to a population of cells with low mass (Fig. 3A and B) and less polarized
mitochondrial membranes (Fig. 4A and B), in both males and females.
An injury x hemisphere interaction could be observed in all parameters:
high mass (F(1,38) =5.963, p=0.019), low mass (F(1,39)=9.228,
p=0004) (Fig. 3A and B), high AW (F(1,37)=7.107, p=0011) and
low Al (F(1,40) =13.758, p=0.001) (Fig. 4A and B).

A similar pattern of damage was seen in the hippocampus of neo-
nates submitted to HI. With respect to mitochondrial mass, a greater
number of cells with low fluorescence intensity (F(1,34)=6.013,
p=0.019) (Fig. 5B) and a decrease of high fluorescence intensity
(F(1,34)=7.296, p=0.011) (Fig. 5A) were also seen in HI subjects,
as an injury x hemisphere interaction demonstrates. Fluorescence be-
came less intense on HI, independent of sex, with injury (F(1,39) =
11.060, p=0.002) and hemisphere (F(1,39)=12378, p=0.001)
main effects at low A, with no statistical differences at high Al fluo-
rescence (Fig. 6A and B).

3.2. Eighteen hours after HI

3.2.1. Mitochondrial respiratory chain enzyme activity

In the cerebral cortex, complex I-+1Il activity was significantly
higher in females than males, (F(1,34)=4.999, p=0.032). ANOVA
also found an injury x hemisphere interaction (F(1,34)=22.342,
p<0.001), with both male and female HI neonates presenting lower
activities in the ipsilateral hemisphere (Fig. 1D). A significant reduction
of complex II activity was seen in the ipsilateral hemisphere from HI
animals (F(1,35)=13.173, p=0.001 — injury x hemisphere interac-
tion), with no sex-related differences (Fig. 1E). Analysis of complex IV
activity demonstrated a sex main effect (F(1,33) =61.788, p<0.001)
and an injury x sex x hemisphere interaction (F(1,33)=6.510,
p=0016) (Fig. 1F).

The same pattern was seenin the hippocampus; overall complex [ +
I activity was greater in females as compared to males (F(1,33) =
4,985, p=0.032) and decreased enzyme activity was observed in
both sexes from Hlipsilateral group (F(1,33) =21.676, p<0.001 —injury
x hemisphere interaction) (Fig. 2D). A main effect of sex was seen in
complex Il activity (F(1,33) =25.078, p=0.001), with females showing
greater activity than males. Complex II activity was reduced in both
sexes HI ipsilateral group (F(1,33)=35.235 p<0001 — injury x
hemisphere interaction) comparing to the other groups, and this reduc-
tion seems to be sex-related (F(1,33)=25.503, p<0.001 — injury x sex
interaction) (Fig. 2E). Similarly to the results in the cortex, ANOVA
revealed an injury x sex x hemisphere interaction (F(1,34)=5.198,
p=0.029) in complex IV activity (Fig. 2F), since decreased enzyme activ-
ity in the HI right hippocampus was observed in females.
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Fig. 1. Mitochondrial respiratory chain activity in cerebral cortex. The activities of mitochondrial electron transport chain complexes were determined in cerebral cortex of male and
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3.2.2. Mitochondrial mass and membrane potential measurements

Figs. 3 and 4 summarize results of cells from cerebral cortex labeled
with MTG and MTR. With respect to mitochondrial mass, a sex main
effect (F(1,38) = 34.783, p<0.001), hemisphere main effect (F(1,38) =
12.437, p=0.001) and injury x sex interaction (F(1,38)=8.275,
p=0.007) were seen on the high fluorescence population, in which a
decreased number of cells with high mitochondrial mass was observed
only in females (Fig. 3C). In the low mass cell population, a sex main
effect (F(1,38)=31.776, p<0.001) and an injury x hemisphere interac-
tion (F(138)=8.419, p=0.006) were detected in HI neonates
(Fig. 3D). A sex main effect was observed at high (F(1,38)=12.157,
p=0.001) and low A (F(1,39)=8.093, p=0.007) as well as an injury
x hemisphere interaction at high (F(1,38)=9.616, p=0.004) (Fig. 4C)
and low Al (F(1,39)=12.529, p=0.001) (Fig. 4D). An injury x sex in-
teraction (F(1,38)=9.233, p=0.004) was also seen at high Ad.

In the hippocampus, the number of cells labeled with high MTG
fluorescence was smaller in females at high (F(1,37)=185.464,
p<0.001) and low mass (F(1,38)= 162,777 p<0.001) and even fur-
ther reduced in HI female neonates than in males with an injury x
sex interaction (F(1,37) =11.490, p=0.002) and injury x hemisphere
interaction (F(1,37) =6.182, p=0.018) at high mass (Fig. 5C) and in-
jury x sex interaction (F(1,38)=5.593, p=0.023) at low mass

(Fig. 5D). As observed in mitochondrial mass, Al from females hippo-
campi seemed to be more affected than males with a sex main effect
(F(1,39)=139.064, p<0001) and an injury x sex interaction
(F(1,39)=16.805, p=0.013) at high Al fluorescence (Fig. 6C), while
at low Al (Fig. 6D), a sex (F(1,40)=118.786, p<0.001) main effect
and an injury x hemisphere interaction (F(1,40)=5.789, p=0.021)
could be observed.

4. Discussion

This study demonstrates a sex-related dimorphism of mitochondri-
al dysfunction in neonatal rats after a hypoxic-ischemic insult. Mito-
chondrial electron transport chain complexes are impaired 2 h and
18 h after the HI event, in the cerebral cortex and the hippocampus
of both males and females, with females presenting an overall higher
activity than that of males. On the other hand, females presented a
loss of mitochondrial mass and Al 18 h after HI while males seem to
be fairly, or even not, affected.

Cellular functions are either directly or indirectly dependent on cell
energy supplies; the brain is particularly sensitive since it requires a
continuous supply of oxygen and glucose to maintain its normal
function and viability. When this supply is lowered to critical levels,
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Fig. 2. Mitochondrial respiratory chain activity in the hippocampus. The activities of mitochondral electron transport chain complexes were determined in the hippocampus of
male and female neonates 2 h (A, B and C) and 18 h (D, E and F) after HI injury. Data are expressed as nmol/min/mg protein (mean £ SEM) of five to six animals in each group.
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as occurs after severe hypoxia or ischemia, a cascade of events takes
place triggered by depletion of the energy fuel ATP (Moro et al,
2005). When mitochondrial function was evaluated 2 h after HI, both
males and females showed inhibition of hippocampal electron trans-
port chain complexes 1 and IV, whereas in cortical tissue only a small
variation in activities could be observed in both sexes. On the other
hand, there was a pronounced inhibition of complex (I-1I, Il and V)
activities in all groups 18 h after HL. With the exception of cortical
complex IT activity, females subjected to HI presented an overall greater
activity than males and also proved to be more vulnerable to the injury.
Therefore, the electron transference through enzymatic complexes of
the respiratory chain was greatly decreased and probably the transfer-
ence of energy to form ATP was reduced. In fact, several studies dem-
onstrated that mitochondrial respiration is susceptible to disruption
or damage in brain ischemia (Allen et al, 1995; Hagberg, 2004;
Larsen et al., 2008; Seppet et al,, 2009; Sims, 1991).

The final step of cell respiration, in which oxygen is reduced to
H,0, is accompanied by a 1-4% one-electron reduction of oxygen to
generate the anion superoxide (Boveris, 1977; Sivitz and Yorek,
2010). The inhibition of respiratory complex activity 2 h and 18 h
after HI probably caused slowing down of the flow of electrons in
the respiratory chain rendering a more reduced state of the upstream

components, favoring the escape of electrons and the formation of
reactive oxygen species (ROS) (Adam-Vizi, 2005). This notion is
supported by a recent study demonstrating that neonatal HI produces
oxidative damage to the cortex and hippocampus, by increasing
malondialdehyde levels, reactive species formation, and superoxide
dismutase activity (Weis et al., 2011).

In order to see whether the reduced activity of respiratory chain
was due to a decrease of mitochondrial mass (quantity) and if this
affected the membrane potential, mitochondrial mass and Al were
evaluated by flow cytometry using mitochondrial dyes. When these
parameters were analyzed 2 h after HI, a decrease in the number of
cells with high mitochondrial mass and polarized mitochondrial mem-
branes was observed in the cortex and hippocampus of both sexes.
However, 18 h after HI, males and females presented a distinct pattern
of mitochondrial function injury. In females the inhibition of respirato-
ry chain activity was accompanied by a decrease of mitochondrial mass
and depolarized mitochondrial membranes, while in males the mito-
chondrial mass remained intact despite the depolarization of mito-
chondrial membranes (diminished activity without diminution of
quantity).

Electron transfer through the four protein complexes is accompa-
nied by pumping of protons outward from the matrix into the
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intermembrane space generating an electrochemical gradient, re-
ferred to as mitochondrial membrane potential (Als). Membrane po-
tential can be considered a key indicator of mitochondrial function,
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of the system (lijima, 2006). The present study reports that at 18 h
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the mitochondrial depolarization is accompanied by disruption of mi- 2 h after HI, where both sexes presented a disruption in mass and de-
tochondrial mass only in females, while males presented with slightly polarization. This depolarization in mitochondrial membrane, both at
fewer polarized mitochondria. This result differs from those observed 2 and 18 h, can led to substantial effects on cell energy homeostasis
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since the phosphorylation state of the cytosolic ATP pool has been
demonstrated to be very sensitive to minor changes in Al
(Distelmaier et al., 2008, 2009).

Sexual dimorphism can be determined in mammalian brain for
many characteristics such as brain architecture, neurochemical compo-
sition and susceptibility to several disorders (Baron-Cohen et al., 2005;
Cahill, 2006). Previous experimental studies from our research group
demonstrated lateralized and sex-dependent performance deficits in
neonates submitted to HI, in which males had increased locomotion
and females had impaired working memory performance (Arteni et
al., 2010). This difference was also seen when animals were exposed
to early-stage cage enrichment (Pereira et al, 2008) in which adoles-
cent females exhibited performance recovery in object recognition
and a partial improvement in a working memory spatial task. Previous
works have shown that the female brain, even in the neonatal period,
may have greater capacity than the male to combat oxidative stress
since it has higher antioxidant capacity (Dukhande et al, 2009). It is
also known that liver mitochondria from adult female rats have higher
oxidative capacity accompanied by a greater differentiation degree
than male rats' liver (Valle et al., 2007).

It is already known that there are sex-specific differences in cell
death pathways after HI injury even during the pre-pubertal period
(Tsuji et al., 2010). Males may be more vulnerable to oxidative stress
leading to an important production of mitochondrial reactive oxygen
species and a caspase-independent cell death. In contrast, in response
toinjury in the female, an estrogen microenvironment can upregulate
antiapoptotic proteins (Subramanian and Shaha, 2007) preserving, in
part, the stability of the mitochondrial membrane and reducing the
release of proapoptotic proteins. Cell death in females seems to be
mainly dependent on caspase pathways (Renolleau et al., 2008).
Sex-specific differences are also seen in our current report. Female
neonates showed a basal activity of enzymatic complexes higher
than that of males. When exposed to HI injury, male and female
brains had distinct patterns of mitochondrial dysfunction at 18 h
after damage. In males, decreased activity of respiratory chain and
Al was observed without mitochondrial mass being affected. This is
tentatively explained by: 1) mitochondria could be losing function
leading to opening of the mitochondrial permeability transition
pore, resulting in mitochondria swelling, release of cytochrome c,
cell damage and apoptosis (Sivitz and Yorek, 2010); therefore, the
swollen mitochondria would have an increase in its contact surface,
thus increasing the staining with MTG dye, which would explain the
lack of change in mitochondrial mass; and 2) a delayed mitochondria
effect could have occurred. Evidence from studies in neonatal HI animal
models strongly demonstrates that there is an induction of AIF
translocation from the mitochondria to the nucleus in males from
16 h until 24 h after injury (Nijboer et al., 2007; Renolleau et al,
2007, 2008). Females displayed an increase of cleaved caspase-3 at
the same observed time points, without sex-specific differences on
elevated cytochrome ¢ levels (Nijboer et al., 2007, Renolleau et al,
2007, 2008). The AIF translocation and activation of nuclear poly
(ADP-ribose) polymerase (PARP) in males could induce further dam-
age to the mitochondria leading to secondary leakage of cytochrome
c to the cytosol and subsequent caspase-3 activation (Wang et al,
2004; Yu et al, 2002), so delaying the loss of mitochondrial mass. On
the other hand, females had depolarized mitochondrial membrane
and inhibited activity of complexes with disruption of mitochondrial
mass, suggesting a decreased intracellular number of mitochondria.
This mitochondrial disappearance from cells could be due to
mitophagy, a process of selective elimination of aged and dysfunctional
mitochondria to protect cells from the harm of disordered mitochon-
drial metabolism and release of proapoptotic proteins (Kim et al,
2007). Perhaps the mitochondrial damage signals, e.g. ROS formed
inside mitochondria due to enzymatic complex inhibition, loss of Ads
and initiation of apoptosis demonstrated here and in other studies
(Renolleau et al, 2008; Weis et al, 2011) would increase the

autophagic envelopment of mitochondria thus preventing proapopto-
tic protein release and further cell death. In fact, neurons induced to
undergo apoptosis in the absence of caspase inhibitors present autop-
hagic particles that appear before the onset of visible signs of apoptosis
(Xue et al., 1999).

5. Conclusions

In conclusion, the present study shows for the first time that neona-
tal Hl injury produces sex-related differences in measurements of mi-
tochondrial function, namely inhibition of mitochondrial electron
transport chain complexes activities and diminished mitochondrial
mass and membrane potential in female neonate rats. Taken with
other reports, our findings highlight mitochondria as good therapeutic
targets for neuroprotection against HI injury in the developing brain.
More studies are clearly needed to identify the mechanisms which
cause reduction of mitochondrial number in cells of females and
whether this selective mitochondrial depletion irreversibly commits
cells to die or is acting as a cell repair mechanism.
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Abstract

Autophagy is the catabolic process responsible for the bulk degradation of
cytoplasmic materials including organelles through the lysosomal machinery. Brain
damage induced by neonatal hypoxia-ischemia (HI) causes cell death by either a
caspase dependent or independent pathway. Ischemic insults also increase the formation
of autophagosomes and activate autophagy. This study assessed the possible sex-
specific differences of autophagy activity in neonates submitted to HI brain injury.
Males exposed to HI had a small decrease in lysosome numbers and enhancement of
caspases 3/7 activity in cortex. In contrast, females showed a slight decrease in
autolysosomal number that was accompanied by a decreased number of lysosomes, an
increased expression of LC3B-II levels and a substantial elevation of caspase activities.
While cell death due to autophagy was not observed in cortex from males, females had
induction of autophagy activity. However, downstream steps from autophagosome
formation appeared to be inhibited, resulting in decreased autolysosomal degradation of
LC3B-II. In hippocampus HI males had increased numbers of autolysosomes with no
effect on lysosomes, Beclin-1 or LC3B levels. Females had an overall enhancement of
autolysosomes in both sham and HI groups followed by large increases of caspase
activities in the HI group. Decreased expression of Beclin-1 levels was also observed in
sham females compared to males. Decreased Beclin-1 levels might be due to its
inhibitory binding complex with Bcl-2 since BcL-2 is up regulated in female neonates
following HI. The induction of autophagy activity in neonates could represent a survival
role by supporting apoptosis. However, since evidence of apoptosis was also observed,
cells may be irreversibly damaged by prolonged over activation of autophagy and
therefore may progress to apoptosis or necrosis in both males and females. Taken
together these data indicate that autophagy participates of cell death in neonates

submitted to HI following region and sex-specific patterns.

Keywords: Hypoxia, ischemia, autophagy, lysosomes, apoptosis, cell death, sex

effect.
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Introduction

Perinatal asphyxia is still a common cause of severe damage to fetal and
neonatal brain that in most cases is linked to death or subsequent neurological
complications such as cerebral palsy, seizure disorders and mental retardation (Volpe,
2001; Ferriero, 2004; Blomgren et al., 2007). It has recently been suggested that the
encephalopathy that results from hypoxia-ischemia (HI) in neonates may occur as a
result of somewhat different cell death pathways in males and females. Accordingly,
recent studies suggest that brain injury in male neonates is more caspase independent,
whereas females have more caspase dependent brain injury (Zhu et al., 2006; Renolleau
et al.,, 2007; 2008). Additionally, a sexual dimorphic pattern was observed in
mitochondrial function, in which respiratory chain activities were found inhibited in
both sexes with increased mitochondrial depolarization but that was accompanied by
loss of mitochondrial mass only in neonatal brain of females (Weis et al., 2012).

The autophagy cell biology pathway, also known as a non-apoptotic form of
programmed cell death (PCD or type II PCD) (Puissant et al., 2010), has gained
attention since it seems to play an important role in cell death after neonatal HI insult.
Macroautophagy (hereafter referred to as autophagy), the most prevalent form of
autophagy, is an evolutionary mechanism highly conserved in eukaryotic cells involving
the sequestration of cytoplasmic macromolecules and organelles by a double or
multimembranous structure, known as autophagosome which then delivers the enclosed
material to a lysosome for degradation (Shintani et al., 2004; Carloni et al., 2008;
Uchiyama et al., 2008; Goldman et al., 2010; Mizushima et al., 2010). Its execution
involves a set of autophagy-related genes (Atg) that encode proteins needed for process
induction, generation, maturation and recycling of autophagosomes. Autophagy can be
up regulated under starvation, differentiation and normal growth control to maintain
cellular turnover and the intracellular pool of amino acids which are required for protein
synthesis and glyconeogenesis (Uchiyama, 2001) ensuring cell homeostasis and
survival (Kuma et al., 2004; Shintani and Klionsky, 2004; Komatsu et al., 2005).
However, there is a growing evidence this self-eating process can act as both pro-
survival and as a pro-death mechanism. In fact, autophagy has been implicated in
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several diseases, including neurodegenerative disorders, such as Huntington’s,
Parkinson’s and Alzheimer’s disease (Koike et al., 2005; Levine and Yuan, 2005; Chu,
2006; Nixon, 2006; Zhu et al., 2007) and also cancer (Liang et al., 1999; Furuya et al.,
2004).

Despite the growing interest in autophagy during HI brain damage, it is not clear
whether autophagic activity may represent a protective mechanism or could promote
ischemic damage. Ischemic insults have been shown to increase autophagosomes and to
induce autophagic activity in neurons of neonatal and adult mouse cortex, hippocampus
and striatum after HI injury (Zhu et al., 2005; 2006; Adhami et al., 2006; 2007; Koike et
al., 2008; Uchiyama et al., 2008; Ginet et al., 2009) and focal cerebral ischemia (Rami
et al., 2008; Wen et al., 2008). Such increase on autophagy is largely prevented by
autophagy inhibitors (3-methyladenine and bafliomycin) (Wen et al., 2008) or by brain-
specific deletion of Atg7 which blocked autophagy (Uchiyama et al., 2008). However,
no study has addressed the possible differences between males and females in
autophagy following ischemic neuronal injury.

The aim of present study was to determine whether induction of autophagy
activity showed a sexual dimorphic pattern in neonates submitted to HI brain injury.
Since autophagy is a mechanism that can either precede apoptosis exhibiting a
protective role in the early stages of programmed cell death or in some circumstances
can also promote apoptosis, therefore, we predict that, as males and females have been
shown to have different apoptotic pathways after HI injury, autophagic activity might

also be sexually dimorphic.

Materials and Methods

Animals

All experiments were carried out in accordance with National Institutes of
Health guidelines and were reviewed and approved by the IACUC (Institutional Animal
Care and Use) committee of the University of California at Davis. Fifteen pregnant
Sprague—Dawley rats (Charles River Labs, Hollister, CA, USA) were used in this study.
They were allowed to give birth and the litters were culled within 48h of birth to a
maximum of eight pups per litter (totaling 120 rat pups). All rats had food and water
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available ad libitum on a 12 hour light/dark cycle, and were acclimated to the animal

room for at least one week before the experiment.

Hypoxia—Ischemia

Neonatal hypoxic-ischemic brain injury was conducted as described by Levine
(1960) and modified by Rice and colleagues (1981). It produced damage in the brain
hemisphere ipsilateral to the common carotid artery occlusion and affected the cerebral
cortex, subcortical and periventricular white matter, striatum and hippocampus. Cell
death is not usually observed in the contralateral hemisphere and is never present in
pups rendered hypoxic without previous carotid artery ligation (Towfighi et al., 1995;
Vannucci and Vannucci, 1997). Rat pups were maintained undisturbed with their dams
until surgery at postnatal day 7. Then, half of the rats in each litter were subjected to HI,
and the remaining animals had sham surgery. Neonates were anesthetized with 3%
isoflurane and maintained with 2% isoflurane in 100% oxygen. The right common
carotid artery was exposed, isolated from the nerve and vein and permanently occluded
with surgical silk. Animals were then allowed to recover in a heated chamber and
returned to their dams. After 120 minutes, pups were exposed to hypoxia (8% oxygen
and 92% nitrogen) for 90 min in a temperature controlled chamber (37°C) (BioSpherix,
NY, USA) and then returned to room air in their home cages until sacrifice (18 hours
after HI procedure). Sham operated controls were submitted to anesthesia and the neck
incision, but received neither artery occlusion nor hypoxia. Mortality rate was less than
10% of all operated animals. Eighteen hours after HI procedure, pups were killed by
decapitation, their brains were quickly removed and cerebral cortex and hippocampus
from the ipsilateral hemisphere were rapidly isolated on ice and kept refrigerated or

frozen at -70°C until processed.

Live-Cell Staining

The Cyto-ID Autophagy Detection Kit (Enzo Life Sciences) was used for the
autophagy flux analysis. The kit employs a 488 nm-excitable green-emitting fluorescent
probe to highlight the various vacuolar components (selective marker of autolysosomes
and earlier autophagic compartments) of the autophagy pathway. Briefly, tissue samples
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were mechanically dissociated with PBS containing collagenase and subsequently
filtered through 100 pm nylon cell strainer (Cell Filter Strainer — BD Biosciences).
Samples were centrifuged at 400 x g for 5 minutes and each live cell sample pellet was
re-suspended in 0.5 mL of freshly diluted Cyto-ID® Green Detection reagent obtaining a
density of about 1 x 10° to 1 x 10° cells per mL. Cells were incubated for 30 minutes at
37°C in the dark.

To label the acidic organelles in live cells, LysoTracker Red (LTR) DND-99
(Invitrogen-Molecular Probes) was employed. LTR is a fluorophore in the form of a
conjugated multi-pyrrole ring structure containing a weakly basic amine that selectively
accumulates in acidic compartments and exhibits red fluorescence. It is commonly used
as a lysosomal marker. Dissociated cells, previously filtered and centrifuged, were re-
suspended and stained in a 60nM LTR solution. Samples were incubated for 30 minutes
at 37°C in the dark.

Analysis was carried out using LSR II flow cytometer (BD Biosciences, San
Jose, CA). Cyto-ID® Green reagent was measured in the FITC channel (515-45 nm
band pass filters with excitation at 488 nm) and LTR in the PE channel (562-588 nm

band pass filters with excitation at 488 nm).

Flow Cytometry Analysis

The experimental design, acquisition and data analysis on LSR II flow cytometer
were performed using BD FACSDiva™ (BD Biosciences) and FlowJo analysis
software (TreeStar; Ashland, OR). Negative controls (samples without stain) were
included for normalization. Controls stained with a single dye were used to set
compensation of FITC and PE channels. Fluorescence emissions were collected using
logarithmic amplification. Briefly, data from 10.000 events were acquired and mean
relative fluorescence intensity was determined after exclusion of debris events from the
data set. Data from samples stained with Cyto-ID® Green reagent and LTR dyes were
plotted as a histogram of the number of events (live cells) by the relative fluorescence
for each sample and dye. The histogram was divided in two halves, named cells with
low and high fluorescence, based on the controls peak for both dyes, and this evaluation
was applied to all data. By this method, analyses of cells resulted in two populations,
with different number of autolysosomes and lysosomes. The first population represents
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cells with low number of autolysosomes and lysosomes and the second, autolysosomes

and lysosomes numbers.

Western Blot Analysis

Samples were homogenized in ice-cold lysis buffer (Cell Signaling Technology)
containing 1mM phenylmethanesulfonyl fluoride (Sigma-Aldrich). Lysates were
centrifuged at 10 000 x g for 10 minutes at 4°C and the supernatant containing total
proteins was used to detect the expression of LC3B-I, LC3B-II and Beclin-1. Protein
concentrations were determined with a BCA detection kit (Pierce, 23225) using bovine
serum albumin standards and adjusted to equal concentrations across different samples.
Aliquots of 40ug protein per lane were separated onto 12% Tris-Glycine gels (Life
Technologies) and transferred to nitrocellulose membranes (Invitrogen). After blocking
in 5% non fat dry milk (Santa Cruz Biotechnology), membranes were incubated
overnight at 4°C with the following primary antibodies: rabbit anti-LC3B (1:700, Cell
Signaling Technology, USA) and rabbit anti-Beclin-1 (1:1000, Cell Signaling
Technology, USA). Membranes were washed with TBS-T and incubated with
peroxidase-conjugated goat anti-rabbit IgG (1:2000, Cell Signaling Technology, USA)
for 2h at room temperature. The blots were visualized by enhanced chemiluminescence
(SuperSignal® West Pico Complete Rabbit IgG Detection, ThermoFischer Scientific).
Protein levels were normalized to B-actin (1:4000, Cell Signaling Technology, USA) as
a loading control. The density of bands was determined with ImageJ software (Imagel

1.45s, National Institutes of Health, USA).

Caspase 3/7 Activity

Activities of caspases 3/7 were measured using a luminescent assay (Caspase-
Glo 3/7 Assay, Promega, Madison, WI, USA). For this assay the caspase-3/7 cleaves
luminogenic substrate containing the tetrapeptide sequence DEVD (asp-glu-val-asp).
This reaction liberates free aminoluciferin, which can be used as a substrate by
luciferase to generate light. The luminescent signal is proportional to the amount of
caspase activity present in the cells (Riss and Moravec, 2004). Cortex and hippocampus
were homogenized in PBS, centrifuged at 4000 x g and a sample was incubated for 1h
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at 37°C, followed by adding of 0.1mL of Caspase-Glo 3/7 reagent to each sample. After
a 30 min incubation at room temperature, the luminescence intensity was measured

using a luminometer Plate Reader.

Statistical Analysis

All data are presented as mean + S.E.M. Two-way analysis of variance
(ANOVA) was used considering injury (sham x HI) and sex (male x female) as the
factors followed by a post hoc two-tailed independent Student’s z-test (p<0.05).
Statistical analysis was conducted on the Statistical Package for the Social Sciences

software (SPSS).

Results

Live-Cell Staining

No statistical differences were found in cortex cells stained with the Cyto-ID"
Green reagent (Figure 1A). In contrast, HI produced an overall increase in the
autophagic activity in hippocampus as manifested by the greater number of cells with
high fluorescence (F(1,20)=6.335, p=0.020 — injury effect) and a decrease at low
fluorescence (F(1,20)=8.562, p=0.008) (Figure 1B). Also, females presented an overall
increased number of cells with high fluorescence (F(1,20)=12.667, p=0.002 — sex effect)
with a consequent decrease at low fluorescence (F(1,20)=10.183, p=0.005) (Figure 1B).
Student’s #-test showed significant differences between sham male x sham female and
between sham male x HI male in hippocampus (Figure 1B).

Concerning cells stained for acidic organelles with LTR, a decreased number of
cells with high fluorescence were observed in cortex (F(1,12)=5.411, p=0.038) with no
effect on low fluorescence (Figure 2A). Although the ANOVA showed no effect on
hippocampus cells (Figure 2B), a Student’s #-test revealed a significant difference
between sham male x sham female at both high and low fluorescence, with males

presenting less acidic organelles than females.

55



Western Blot Analysis

ANOVA revealed an increase in LC3B-II expression in cerebral cortex
(F(1,12)=7,467, p=0,018 — injury x sex interaction) in HI females (Figure 3C), but no
differences between males and females in Beclin-1 (Figure 3A) or LC3B-I (Figure 3C)
expression. No changes were observed in hippocampus in either sex (Figures 3B and
3D). However, by analyzing the groups separately, a Student’s t-test showed some sex
specific differences. Sham females had decreased LC3B-II expression compared to
sham males in cortex (Figure 3C) and decreased Beclin-1 expression in hippocampus

(Figure 3B).

Caspase 3/7 Activity

Two-way ANOVA revealed an injury effect in cortex (F(1,12)=10.079,
p=0.009), a sex effect (F(1,12)=6.661, p=0.026) and an injury x sex interaction
(F(1,12)=8.186, p=0.015) with HI females having higher caspase activities than males
(Figure 4).

The same pattern of changes was seen on hippocampus in which an injury effect
(F(1,12)=12.981, p=0.004), a sex effect (F(1,12)=12.584, p=0.004) and an injury x sex
interaction (F(1,12)=13.288, p=0.003) was observed. A Student’s #-test also showed
significant differences between sham female x HI female and HI male x HI female in
both cortex and hippocampus with HI females showing increased caspase activities

even when compared to injured males (Figure 4).

Discussion

It was previously shown that HI causes early oxidative damage to the neonatal
brain (Weis et al., 2011) and this damage was partly due in part to mitochondrial
dysfunction that differed in male and female brains (Weis et al., 2012). In the present
study, it is shown that the autophagy pathway may be activated following neonatal HI
and that it is sexually dimorphic.

Autophagy is the major mechanism by which cells degrade long-lived
proteins and the only known pathway for degrading organelles (Klionsky and Emr,
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2000; Levine and Klionsky, 2004). This degradation generates nucleotides, amino
acids and free fatty acids that could be recycled for macromolecular synthesis and ATP
generation. Autophagy can not only be cytoprotective but, under some conditions can
also lead to cell death (Meijer and Codogno, 2009). Autophagy activity was measure
using an assay that utilizes a reagent (Cyto-ID Green) that specifically labels
autolysosomes (Mizushima et al., 2010; Warenius et al., 2011). No significant changes
were observed in cortex in any groups except for a slight decrease in fluorescence
intensity in HI female neonates. Though there was no effect on Cyto fluorescence,
analysis of cells labeled with LTR showed a minor decrease in lysosomes at both HI
males and females. In contrast, a large increase in Cyto fluorescence occurred in
hippocampus of HI males compared to the sham controls. Surprisingly, females had an
overall increase of autolysosomes numbers in both sham and HI groups. No changes
were observed in LTR labeled hippocampal cells.

The autolysosome is a hybrid organelle. It is generated by an autophagosome or
an endosome that contains cytoplasmatic materials which then fuses to a lysosome
where both autophagosome membrane and its content are degraded by hydrolases
(Mizushima et al., 2010). Though not statistically significant, the modest decrease in
autolysosomal number in HI female cortex could be due to a defect in the fusion process
between autophagosome and lysosome or to a loss of its degradative functions, since
lysosomal numbers also decreased. On the other hand, an activation of autophagy
activity on hippocampus was observed in injured males and females manifested by
increased autolysosome numbers but without changes in lysosomal numbers.
Lysosomes are acidic vacuoles containing hydrolytic enzymes that degrade unneeded
intra and extracellular materials (de Duve, 1963; Kornfeld and Mellman, 1989;
Winchester, 1992). Although a lysosomal rupture has been found to be an early event in
apoptosis after exposure to a variety of damaging agents such as oxidative stress and
oxidized lipids (Brunk et al., 1997; Yuan et al., 2000; Kagedal et al., 2001; Stoka et al.,
2001; Yuan et al., 2002), minor leakage as seen in cortex from both sexes might be
compatible with cell survival that is mediated by autophagy (Brunk et al., 2001).

Western blot analysis from cerebral cortex revealed no changes on Beclin-1
expression in any groups and a small increase in LC3B-II levels only in HI females. In
contrast, sham females had lower basal levels of hippocampal Beclin-1 compared to
males, with no effect on LC3B-II levels. The mammalian autophagy protein LC3
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(microtubule-associated protein light chain 3) is considered to be an autophagosomal
marker. The cytoplasmic LC3 is posttranslationally modified to LC3-I and subsequently
conjugated with phosphatidylethanolamine (PE) to become LC3-II (LC3-PE). The LC3-
I form remains in cytoplasm whereas LC3-II is found in the inner and outer membranes
of autophagosomes (Kelekar, 2005; Meijer and Codogno, 2009; Mizushima et al.,
2010). The inner membrane LC3-II is degraded by lysosomal enzymes after the fusion
of autophagosomes with lysosomes, and the outer membrane LC3-II is de-conjugated
and returns to the cytosol (Meijer and Codogno, 2009). Of the several isoforms, LC3B
is the most widely used (Mizushima et al., 2010) and its elevated levels are correlated to
elevated levels of autophagic vesicles in response to autophagy-inducing stress
(Klionsky et al., 2008). The elevated levels of LC3B-II seen in HI female cortex imply
increased numbers of autophagosomes and induction of the autophagy pathway.
However, as the number of autolysosomes seems to be slightly decreased, an
accumulation of autophagosomes could have taken place possibly by suppression of
steps in the autophagy pathway downstream of autophagosome formation (Mizushima
et al., 2010), resulting in decreased autolysosomal degradation of LC3B-II. In contrast,
HI had no effect on either Beclin-1 or LC3B levels in hippocampus while decreased
basal levels of Beclin-1 were observed in sham females when compared to sham males.
It is known that LC3-II increases transiently upon induction of autophagy but can be
rapidly cleaved and degraded by lysosomal proteases (Hu et al., 2011). This makes it
difficult to detect increased levels and thus the increased autolysosomal number found
might be explained by the lack of effect on LC3B-II levels.

Beclin-1, a BH3 (Bcl-2 homology domain) protein, is a key regulator of
autophagy that directly interacts with the anti-apoptotic proteins Bcl-2/BcL-xL (Sinha
and Levine, 2008; Chipuk et al., 2010; Djavaheri-Mergny et al., 2010; Funderburk et
al., 2010). The inhibitory binding complex of Bcl-2 with Beclin-1 prevents activation of
autophagy by Beclin-1 (Meijer and Codogno, 2009). Decreased basal levels of Beclin-1
in females compared to males might be related to the up-regulation of Bcl-2 through
extracellular signal-related kinase (ERK) phosphorylation (Subramanian and Shaha,
2007) possibly related to the female estrogen microenvironment. Therefore, the
increased levels of Bcl-2 would bind more Beclin-1 and serve as a constitutive

mechanism to prevent excessive autophagy activation in females.
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Conversely, lower levels of Beclin-1 also may have resulted because of partial
caspase-3 cleavage producing a truncated protein that reduces its ability to promote
autophagy (Luo and Rubinsztein, 2010) even though higher numbers of
autophagosomes observed. Activity of caspase 3/7 confirmed that female brains
following neonatal HI show higher cleavage and activation of caspase-3 in both cortex
and hippocampus, representing a caspase-dependent cell death pathway. Indeed,
neurons from immature male brains after HI has previously been shown to have
pronounced translocation of apoptosis-inducing factor (AIF) from mitochondria to
nucleus to activate poly(ADP-ribose) polymerase-1 (PARP-1), whereas females had
greater cleavage and activation of caspase-3 activity (Zhu et al., 2006; Renolleau et al.,
2007; 2008).

It is becoming more clear that autophagy and apoptosis are linked processes in
which autophagy could control apoptosis by making it more or less probable and
apoptosis might also modulate autophagy (Gump and Thorburn, 2011). However, under
some circumstances it can promote death and can be a mechanism of cell death by itself
(Debnath, et al., 2005; Yu et al., 2006; Kroemer and Levine, 2008). Autophagy could
degrade cytoplasmic components so that the cell eventually activates the apoptosis
machinery or can even non-selectively degrade cellular components to the point that the
cell can no longer survive (Gump and Thorburn, 2011). Based on the present results we
believe that brain starvation and stress caused by neonatal HI can activate autophagy
and apoptosis pathways, prompting cells to die by both processes.

Several recent studies suggest autophagy is involved in neuronal cell death
induced by HI. Most have found that it is highly induced in brain of neonates subjected
to HI and that this mechanism may contribute to ischemic neuronal injury (Zhu et al.,
2005; Adhami et al., 2006; Uchiyama et al., 2008; Ginet et al., 2009; Puyal et al., 2009)
whereas others showed that autophagy induction can have a protective role and prevent
neuronal cell death (Carloni et al., 2008). However, no previous study has considered
the differences between males and females. The sex-specific changes of autophagy
found in the present study may explain some of the discrepancies between previous
studies.

In conclusion, the present results indicate that HI in female cerebral cortex
increased autophagosomes number by reducing its turnover, probably by a defect in
fusion of autophagosome with lysosome. This blockade of autophagy seems to commit

59



cells to die either by apoptosis or necrosis, a fact verified by the activated caspase 3/7
activity. On the other hand, in hippocampus, a great induction of autophagy was seen in
both HI males and all females. The activation of autophagy could represent a survival
role by supporting apoptosis, however, as apoptosis features was also found (i.e.
increased caspases activities) we believe that cells may be irreversibly damage by
prolonged overactivation of autophagy and therefore may progress towards both
apoptosis and necrosis in males (Balduini et al., 2009). In females, autophagy seems
display an important role in rescuing mitochondria. In a recent study, our group
demonstrated that 18h after HI a substantial decrease in mitochondrial mass was
followed by decreased membrane potential and respiratory chain activity whereas males
did not present any changes in mitochondrial mass (Weis et al., 2012). Therefore, we
suggest that increased basal levels of autophagy that remained on females submitted to
HI contributed to the removal of defective mitochondria with the intention of intensify
mitochondrial turnover. Actually, it is well recognized that during starvation,
mitochondrial membrane depolarization has been shown to precede autophagy
induction (Elmore et al., 2001) that in turn accelerate mitochondrial turnover by the
process called mitophagy (Lemasters, 2005). Specific investigations into the sexual
dimorphic pattern and tissue-specific signaling pathway of neuron cell death after

neonatal HI has to be done to find out the role of mitophagy in females brain damage.
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Legends to figures:

l.

2.

3.

Autophagy activity in cells of cerebral cortex and hippocampus. Cyto-ID green
reagent incorporation in autolysosomes and earlier autophagic compartments
was detected by flow cytometry in cerebral cortex (A) and hippocampus (B)
cells from male and female neonates at 18h after HI injury. Data are expressed
as the mean of percentage of cells (mean+SEM) from six animals in each group
and were plotted as a histogram of two populations with high and low autophagy
activity. Significant differences revealed by two-way ANOVA between sham/HI
versus male/female are illustrated as: “sex main effect and *injury main effect

(p< 0.05).

Acidic organelles fluorescence intensity in cells of cerebral cortex and
hippocampus. Lysotracker Red incorporation in acidic organelles was detected
by flow cytometry in cerebral cortex (A) and hippocampus (B) cells from male
and female neonates at 18h after HI injury. Data are expressed as the mean of
percentage of cells (mean+=SEM) from four animals in each group and were
plotted as a histogram of two populations with high and low acidic organelles.
Significant differences revealed by two-way ANOVA are illustrated as: *injury
main effect (p< 0.05).

Western blot analysis showing Beclin-1 (60 kDa) expression in cerebral cortex
(A) and hippocampus (B), LC3B-I (16 kDa) and LC3B-II (14 kDa) expression
in cerebral cortex (C) and hippocampus (D) 18h after HI injury. Equal amounts
of proteins (40ug per lane) were loaded and B-actin was used as an internal
control to normalize the amount of protein applied in each lane. Quantitative
analysis of protein levels were performed with ImageJ software (ImagelJ 1.45s,
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National Institutes of Health, USA). Data are expressed as meantSEM from
four animals in each group. Significant differences and interactions revealed by

two-way ANOVA are illustrated as: “injury x sex interactions (p< 0.05).

. Caspase 3/7 activities in cerebral cortex and hippocampus from male and female
neonates at 18h after HI injury. Data are expressed as the number of relative
light units (RLU) per mg of protein (mean+SEM) from three to four animals in
each group. Significant differences and interactions revealed by two-way
ANOVA are illustrated as: “sex main effect, *injury main effect and “injury x

sex interactions (p< 0.05).
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Figure 3
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Figure 4
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6.

DISCUSSAO
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A presente tese teve por objetivo investigar os efeitos do dano encefélico
causado pela HI em ratos neonatos sobre possiveis alteracdes bioquimicas e celulares.
Mais especificamente, as diferengas nas respostas ao insulto entre machos e fémeas
foram analisadas e comparadas para obtermos um melhor entendimento sobre os
mecanismos de lesdo da HI.

A patogénese da HI neonatal ¢ multifatorial e extremamente complexa. Diversos
fatores contribuem para a lesdo enceféalica, incluindo danos a barreira hematoencefalica,
falha energética, perda da homeostase ionica e osmotica da célula, aumento do Ca’' e
Na' intracelular, excitotoxicidade, deficiéncia nos niveis dos fatores de crescimento,
ativacao das cascatas de mediadores inflamatorios e toxicidade celular mediada por
radicais livres (CORNETTE & LEVENE, 2009). Os radicais livres sdo moléculas
altamente reativas geradas predominantemente durante a respiragdo celular e no
metabolismo normal. Um desequilibrio entre a producdo de radicais livres e a
capacidade de detoxificagdo das mesmas pelas células € conhecido como estresse
oxidativo (VASILJEVIC et al., 2011). Durante as ultimas décadas, varios estudos com
modelos experimentais de HI neonatal vém demonstrando que a EHI esta intimamente
relacionada a producdo exacerbada de radicais livres (MAULIK et al., 1998; CHAN,
2001; OHSAWA et al., 2007; KUMAR et al., 2008).

O Capitulo 1 desta tese teve por objetivo investigar o dano oxidativo e as
alteragdes na atividade da enzima Na', K'-ATPase causadas pela HI neonatal logo apés
o insulto. Para tal, os animais foram submetidos ao procedimento experimental da HI e
imediatamente, 1 ou 2h apds o insulto foram sacrificados e o cortex e o hipocampo
analisados. A formagdo de espécies reativas, peroxidacdo lipidica e ativacdo da SOD

tanto em cortex quanto em hipocampo foram detectadas a partir de 1h apos a lesdo. Ja a
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atividade da Na“, K'-ATPase respondeu imediatamente a lesdo encefilica no
hipocampo. Estas alteragdes corroboram com os resultados encontrados na literatura,
que utilizam diferentes cobaias e modelos experimentais de lesdo hipoxico-isquémica e
acrescentam novas informacgdes sobre o desenvolvimento do dano imediatamente apos a
lesdo.

Dois tipos de lesdes compdem o modelo experimental da HI em neonatos:
isquemia e hipoxia. Durante a isquemia, a interrupcdo do fluxo sanguineo leva a
diminui¢do do suprimento de glicose ¢ oxigé€nio para as estruturas afetadas. Como
conseqiiéncia, ocorre uma diminui¢do geral do metabolismo energético a fim de manter
a homeostase celular, fato que também ¢ visto durante a hipoxia sistémica. Entretanto,
no periodo imediatamente ap6s o final da hipdxia, ou seja, na reoxigenacao, o encéfalo
dos neonatos experimenta uma situacdo de hiperoxigenacao, responsavel pela grande
producdo de radicais livres através da cadeia transportadora de elétrons. Os radicais
livres formados reagem com os lipidios de membrana, causando uma desestruturagdo da
bicamada lipidica com conseqiiente inibi¢io da atividade da Na’, K'-ATPase (KAKO et
al., 1988; RAZDAN et al., 1993; MATTE et al., 2006).

Como pode ser observado no presente estudo, a disfun¢do na atividade da
enzima Na', K'-ATPase est4 intimamente relacionada com a produgio de radicais livres
imediatamente ap6s a lesdo. Ainda, a inibi¢do dessa enzima observada no hipocampo,
mas ndo no cortex pode ser devido a distribui¢do das diferentes isoformas presentes em
cada estrutura. Enquanto no hipocampo e no estriado a isoforma predominante ¢ a
subunidade al, o cdrtex cerebral apresenta uma grande expressao da subunidade o3 da
Na“, K'-ATPase (HIEBER et al., 1991). Esta mesma sensibilidade hipocampal ja foi

relatada em trabalhos do nosso grupo de pesquisa (BAVARESCO et al., 2005; 2006),
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levando-nos a sugerir uma grande suscetibilidade ao estresse oxidativo da subunidade
al quando comparada com as outras isoformas.

A falha da bomba de Na" e K' determina a rapida despolarizagdo neuronal,
causando fluxo excessivo de Ca’" ¢ Na” para o meio intracelular, edema e lise celular.
Ao mesmo tempo, uma vez que o transporte de glutamato ¢ dependente de Na'
(SZATKOWSKI et al., 1990), a remogdo deste do meio extracelular e/ou a inativacao
da Na', K"-ATPase causam acimulo de glutamato na fenda sinaptica, superestimulagdo
dos seus receptores ionotropicos e assim, excitotoxicidade neuronal. Estes eventos
levam a uma maior produ¢do de radicais livres que por sua vez causam peroxidagdo
lipidica e desequilibrio na homeostase gerando um circulo vicioso que resulta em morte
celular.

Para obtermos uma melhor compreensiao do dano oxidativo exposto no primeiro
trabalho, no Capitulo 2 nos decidimos avaliar os efeitos da lesdo hipdxico-isquémica
sobre a fungdo mitocondrial. Neste capitulo, a fun¢do mitocondrial foi avaliada de
acordo com o sexo do animal, a fim de detectar uma possivel presenga de dimorfismo
sexual no dano celular causado pela HI neonatal.

Um grande numero de estudos sugere que a morte celular induzida pela HI em
neonatos possui duas fases, uma fase inicial e rdpida, induzida pela deplecdo de ATP
intracelular, chamada de morte celular necrotica e outra mais tardia, onde a célula ja
restabeleceu grande parte da produg¢do de ATP, denominada morte celular apoptotica
(NITATORI et al., 1995; RENOLLEAU et al., 1997; 1998; ZHU et al., 2005; PUYAL
et al., 2009). No presente estudo, as alteragdes na fungdo mitocondrial foram avaliadas
em dois periodos distintos - 2h e 18h apos a lesdo causada pela HI — a fim de se obter
uma avaliacdo da lesdo inicial e outra mais tardia. Em 2h, foi observada uma fraca

diminui¢do da atividade do complexo II da cadeia respiratoria no hipocampo, sendo
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acompanhada de diminui¢do da massa ¢ do Ay mitocondrial em ambos os sexos e
estruturas cerebrais. Entretanto, quando analisados 18h apds o insulto, machos e fémeas
mostraram diferentes respostas ao dano. Enquanto as fémeas apresentaram uma inibi¢ao
da atividade dos complexos (I-I11, IT e IV) da cadeia respiratoria, diminui¢cao da massa e
Ay mitocondriais, nos machos neonatos as mudancas na atividade mitocondrial e no
Ay ndo foram acompanhadas de alteragdes na massa mitocondrial. Ainda, os resultados
obtidos evidenciam a presenca de dimorfismo sexual na fun¢do mitocondrial. As
fémeas, além de possuirem uma atividade per se da cadeia respiratdria maior do que os
machos, ainda mostraram-se mais vulneraveis ao dano causado pela HI.

O dimorfismo sexual caracteriza-se por diferengas morfoldgicas,
comportamentais, cognitivas e bioquimicas entre machos e fémeas de uma mesma
espécie (STEFANOVA & OVTSCHAROFF, 2000). As diferengas entre os sexos
surgem em resposta a diversos sinais sexo-especificos provenientes de diferencas que
sdo inerentes ao genoma e envolvem mecanismos celulares que sdo especificos para
cada tecido ou mesmo para as diversas estruturas do encéfalo. Mais especificamente em
relagdo ao encéfalo, as estruturas encefalicas respondem de maneira distinta a
sinalizacdo celular em machos e fémeas, como por exemplo no numero de células
responsivas em uma determinada area nervosa, na conectividade sindptica entre as
estruturas, na comunicagdo célula-célula, nos efeitos mediados por receptores
hormonais nucleares € de membrana e na sintese local de esterdides, entre outros
(MCCARTHY & ARNOLD, 2011). Além das diferencas fisiologicas entre os sexos, a
susceptibilidade a doencgas ou a disfun¢des no encéfalo podem apresentar-se de 2 a 5
vezes maior dependendo do sexo afetado. Neste contexto, estudos mostram uma maior
tendéncia a transtornos neuropsiquiatricos e de aprendizagem nos individuos do sexo

masculino e uma elevada taxa de algumas doengas neurodegenerativas relacionadas ao
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envelhecimento, como por exemplo a doenga de Alzheimer, em representantes do sexo
feminino (SWAAB & HOFMAN, 1995; MCCARTHY et al., 2009; VOSKUHL, 2011).

A disfun¢do mitocondrial encontrada neste estudo corrobora com os resultados
obtidos no Capitulo 1, mostrando que a formagao de espécies reativas bem como a
peroxidagao lipidica parecem ocorrer devido a inibi¢ao das atividades dos complexos da
cadeia respiratoria. A inibicdo dos complexos, além de diminuir a produgdo de ATP,
pode provocar a desorganizacdo da cadeia respiratdria, permitindo com isso que 0s
elétrons escapem mais facilmente, levando a redu¢do incompleta do O, a H,O e por
consequéncia, maior formagdo de O, (HALLIWELL & GUTTERIDGE, 2000;
MILATOVIC et al., 2001). Desta forma, o aumento da atividade da SOD encontrada no
trabalho anterior também parece corroborar com estes resultados, mostrando um
possivel efeito compensatdrio da atividade dessa enzima em resposta aos altos niveis de
O," produzidos. A diminui¢do do fluxo de elétrons através dos complexos também
diminui o bombeamento de prétons para o espago intermembranas, desfazendo o
gradiente eletroquimico e por consequéncia o Ay mitocondrial. Com isso, ocorre um
aumento da permeabilidade da membrana externa da mitocondria e liberagdo de
proteinas pro-apoptoticas para o citoplasma, desencadeando o processo de morte
celular.

Dentre as proteinas liberadas pela mitocondria estd o AIF que, quando liberado
no citoplasma, migra para o nucleo ativando a PARP-1. Em condigdes fisiologicas, a
PARP-1 atua nas vias de reparo da quebra da fita do DNA via reparo por excisdo de
bases (BOULTON et al., 1999) catalisando a transferéncia intracelular de unidades de
ADP-ribose a partir da nicotinamida adenina dinucleotideo (NAD") para as proteinas
nucleares, levando a formacao de polimeros de ADP-ribose (PENNING et al., 2009).

Entretanto, quando superativada, a atividade da PARP-1 leva a um uso exacerbado de
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NAD" e ATP afetando desta forma a homeostase energética; além de enviar um sinal
nuclear para a mitocondria o que desencadeia a liberagdo de mais AIF no citoplasma
(HONG et al., 2004). Este circulo de eventos gera o chamado dano mitocondrial
secundario, mais tardio a lesdo primaria induzida pela HI. Essas evidéncias explicariam
o fato dos machos nao apresentarem perda de massa mitocondrial 18h apos a lesdo, ja
que estd bem documentado que, ap6s a lesdo da HI, eles apresentam uma maior
liberagdo de AIF e por conseqiiéncia ativagdo da PARP-1 quando comparados com as
fémeas tendo, portanto, uma morte celular independente da ativacao de caspases (ZHU
et al.,2006; RENOLLEAU et al., 2007).

Ao contrario dos machos, as fémeas apresentaram uma perda significativa de
massa mitocondrial 18h apdés o evento hipdxico-isquémico. Esta perda de massa
mitocondrial poderia estar relacionada a uma ativa¢do do processo de autofagia nas
fémeas, mais especificamente da mitofagia, o processo de eliminagdo e turnover
seletivo das mitocondrias danificadas. Nao se sabe ainda ao certo quais sinais seriam 0s
responsaveis por ativar este processo, mas algumas evidéncias recentes sugerem que a
permeabilidade transitéria da membrana mitocondrial acompanhada de despolarizacao
mitocondrial induziria a ativagdo da autofagia (LEMASTERS et al., 2002). A indugdo
da mitofagia teria o intuito de proteger a célula da liberagdo de proteinas pro-
apoptoticas para o meio intracelular como um mecanismo de reparo ao dano da HI.
Além da permeabilidade transitoria mitocondrial, alguns estudos sugerem que a
formag¢ao de EROs pela inibi¢do dos complexos mitocondriais (CHEN et al., 2007)
seria capaz de ativar este processo e, em particular, o O,” formado pela atividade dos
complexos mitocondriais seria a principal espécie reativa a ativar a autofagia (CHEN et

al., 2009).
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No intuito de avaliar se a via da autofagia poderia estar relacionada com as
diferentes alteragdes mitocondriais encontradas em machos e fémeas, no Capitulo 3 a
atividade autofagica foi avaliada em neonatos machos e fémeas expostos a HI. Os
resultados mostraram uma resposta sexo-especifica além de diferengas regionais no
encéfalo dos animais afetados. No cortex cerebral, nenhuma alteragdo foi encontrada
nos machos ao passo que as fémeas apresentaram aumento na atividade autofagica
demonstrado pelo aumento da expressdo da proteina LC3B-II. O LC3B na sua forma
citosolica, LC3B-I, ¢ conjugado a PE, formando o LC3B-II presente somente na
membrana dos autofagossomos. Quando estes se fundem aos lisossomos, originando os
autolissosomos, o LC3B-II ¢ parcialmente degradado e a PE ¢ desligada do LC3B que
retorna ao citoplasma (MEIJER & CODOGNO, 2009). Apesar do aumento visto nos
niveis da proteina LC3B-II, evidenciando o aumento no nimero de autofagossomos, a
concentragdo de autolisossomos ndo foi alterada, apesar de fracamente diminuida nas
fémeas. Estes dados mostram uma indug¢do da autofagia nas fémeas, porém a
diminuicdo dos autolisossomos demonstra que possivelmente alguns passos desta via
poderiam estar bloqueados ou inibidos como, por exemplo, a fusdo dos autofagossomos
aos lisossomos, impedindo a finalizacdo do processo. Esta idéia corrobora com a
diminui¢ao do niimero de lisossomos encontrada nos neonatos submetidos a HI. A falha
ao completar o processo de autofagia compromete a tentativa de restabelecer a
homeostase celular levando as células a entrar em processo de apoptose, fato
comprovado pelo aumento da atividade das caspases encontrado em ambos 0s sexos,
porém de forma mais severa nas fémeas.

No hipocampo, apesar da falta de alteragdes nos niveis de LC3B-II, o aumento
de autolisossomos detectados evidencia a ativagdo da autofagia tanto nos machos

quanto nas fémeas. Esta auséncia de efeito na expressdo da proteina LC3B-II pode ser
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explicada pela rapida degradagdo desta pela via lisossomal. Como o aumento dos niveis
de LC3B-II pode ser rapido e transitorio sob condigdes severas de dano, é possivel que
a lesdo causada pela HI tenha sido severa o suficiente para levar a rapida degradacdo e
turnover do LC3B. Surpreendentemente, somente os machos submetidos a HI
responderam a ativagcdo da autofagia uma vez que o nimero de autolisossomos nas
fémeas apresentava-se elevado per se tanto nos animais controle quanto nos HI. Este
efeito pode representar um mecanismo intrinseco de protecdo por renovacdo celular
presente nas fémeas. Em ambos os casos, entretanto, a inducdo da autofagia pode ter
sido tdo intensa a ponto de comprometer a viabilidade celular levando as células a entrar
em processo de apoptose, uma vez que machos e fémeas apresentaram aumento da
atividade das caspases. Tanto no cortex quanto no hipocampo as fémeas apresentaram
um aumento muito maior na atividade das caspases quando comparadas aos machos
submetidos a HI. Estes resultados corroboram com os dados encontrados na literatura,
mostrando que a via de morte celular preferencial nas fémeas ¢ dependente da ativagao
das caspases (RENOLLEAU et al., 2007).

E possivel que o aumento das EROs pela cadeia respiratoria mitocondrial e a
perda de Ay tenham induzido a autofagia ap6s o dano causado pela HI no encéfalo dos
neonatos. Entretanto, apenas nas fémeas parece ter ocorrido um aumento no furnover de
mitocondrias a fim de retirar as organelas danificadas do meio, por mecanismos ainda a
serem estudados.

Em linhas gerais, foi observado que a HI ¢ capaz de induzir estresse oxidativo no
encéfalo dos neonatos em um curto periodo apdés o dano, aumentando os niveis de
peroxidacdo lipidica, de radicais livres e causando distirbios tanto nas atividades das
enzimas antioxidantes quanto na atividade da enzima Na', K'-ATPase. Observou-se que

a disfun¢d@o mitocondrial parece ser um fator que contribuiu de maneira significativa
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para estes eventos. Tanto no cortex quanto no hipocampo, a atividade da cadeia
respiratdria, a massa ¢ o Ay mitocondriais apresentavam-se diminuidos em ambos os
sexos, 2h apos o insulto. Em 18h, as alteragdes encontradas em 2h repetiram-se, exceto
pelo fato dos machos ndo apresentarem perda de massa mitocondrial. Estes dados
mostram a relevancia da fungdo mitocondrial frente ao dano gerado pela HI no encéfalo
dos neonatos; além disso, mas ndo menos importante, os resultados apontam a presenca
de dimorfismo sexual para as alteragdes mitocondriais analisadas. A HI neonatal
demonstrou ainda ativar a via da autofagia de forma sexo e regido cerebral especificas.
Estas diferengas sexo-especificas sdo importantes ndo somente para entendermos o
mecanismo de dano causado pelo insulto, mas também para direcionarmos os estudos

sobre as estratégias terapéuticas de acordo com o sexo do individuo afetado.
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7.

CONCLUSOES
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Os resultados obtidos nestes estudos nos permitem concluir que:

1. A lesdo causada pela HI no encéfalo dos neonatos gera estresse oxidativo e
altera a homeostase celular por aumentar a formagdo de radicais livres,
induzir peroxidacdo lipidica e por ativar a enzima SOD 1h apds a lesao.
Estes efeitos provavelmente levaram a inibicdo da atividade da enzima Na',

K'-ATPase imediatamente apos o insulto.

2. A HI promoveu a disfun¢do mitocondrial que se apresentou de maneira sexo-
dependente em dois momentos distintos, 2h e 18h apos a lesdo, em cortex e
hipocampo. Pelos dados obtidos noés podemos concluir que as fémeas além
de apresentarem maior atividade mitocondrial, também parecem ser mais

vulneraveis do que os machos quando submetidas a HI neonatal.

3. A HI induziu a autofagia a qual foi provavelmente causada pelo estresse
oxidativo e pela disfun¢do mitocondrial. A autofagia apresentou-se de forma
distinta em cortex e hipocampo e também de maneira diferente em machos e
fémeas. Independente da situacdo, nds sugerimos que esta ativacdo da via da
autofagia invariavelmente leva a morte celular quando os animais sdo
submetidos a HI neonatal por mostrar-se incapaz de restabelecer a

homeostase através do turnover celular.
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3.

PERSPECTIVAS
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I.

2.

3.

Verificar o envolvimento do processo de degradacdo seletiva das
mitocondrias, a mitofagia, através da avaliagdo dos niveis de proteinas
especificas deste processo, como BNIP3, NIX e Parkin, em machos e

fémeas submetidos a HI neonatal.

Avaliar se os processos de fusdo e fissdo mitocondrial estdo envolvidos
na indug¢do de autofagia celular pela andlise de algumas proteinas
relacionadas a estes processos como a Mitofusina (Mfn 1 e 2) e a Fissdo

1 (Fis).

Investigar se agentes neuroprotetores, como os acidos eicosapentaendico
(EPA) e docosaexaenoico (DHA), produtos do metabolismo dos acidos
graxos da série Omega-3, sdo capazes de proteger ou, pelo menos,
diminuir a disfun¢do mitocondrial, o estresse oxidativo e a morte celular

causada pela HI em neonatos machos e fémeas.
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