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APRESENTACAO

Esta tese € constituida por:

1. Introducdo, onde esta 0 embasamento tedrico necessario para a compreensao da
proposta de trabalho e objetivos.

2. Objetivos, onde se encontram todas as metas a serem desenvolvidas ao longo
dos capitulos.

3. Capitulo 1, onde se encontra o primeiro artigo publicado pertencente a este
estudo.

4. Capitulo 2, referente ao segundo artigo submetido a revista Neurochemistry
International.

5. Capitulo 3, estudo pertinente ao artigo a ser submetido na revista Hippocampus,
e que foi desenvolvido no Laboratério da Prof.a Dra. Valina Dawson, na
Universidade Johns Hopkins em Baltimore, EUA, relativo ao doutorado-
sanduiche realizado no altimo ano de doutorado.

6. Discussdo, que contém uma interpretacdo dos resultados obtidos relativos aos
trés capitulos acima, englobando-os em um contexto geral.

7. Conclusdes, onde se encontra o fechamento geral da tese.

8. Perspectivas, que aborda as possibilidades futuras de pesquisas relativas a
continuacdo deste trabalho.

9. Referéncias, onde se encontram listadas todas as referéncias bibliograficas

utilizadas na Introducéo e Discussdo deste trabalho.
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RESUMO

Pacientes que sobrevivem a uma parada cardiaca ou a um AVE demonstram uma alta
incidéncia de prejuizos neurologicos como resultado do dano neuronal isquémico tardio.
Uma intervencdo farmacoldgica apropriada durante a janela terapéutica entre 0 recomeco
do fluxo sanguineo normal e o inicio do dano neuronal seria de grande beneficio, porém as
abordagens experimentais atuais sdo limitadas neste sentido. Ao longo da Gltima década,
dados provenientes de muitos estudos apoiam a ideia que estr6genos promovem efeitos
neuroprotetores em uma variedade de doencas neurodegenerativas, incluindo a isquemia
cerebral global. O potente horménio feminino 17-B-estradiol (E2) € neuroprotetor em uma
variedade de modelos celulares e animais de isquemia, contudo os paraefeitos inerentes a
sua terapéutica ndo permitem seu uso em larga escala. Considerando a estrutura e
mecanismo de agdo similares dos fitoestrogénios no SNC, o objetivo deste estudo foi
verificar os efeitos neuroprotetores de coumestrol, um potente isoflavondide com alta
afinidade de ligacdo por ambos o0s receptores de estrogénio (ERs) e alto potencial
antioxidante, contra a neurodegeneracdo geralmente encontrada em eventos isquémicos.
N6s demonstramos aqui que coumestrol foi habil em resgatar a morte neuronal na subarea
CA1 hipocampal induzida pela isquemia global em ratas fémeas em uma avaliagédo de
sobrevivéncia celular, incluindo 24h pos-isquemia, e que esta neuroprotegdo parece ser
mediada através dos ERs. Em um proximo passo, avaliamos se a pre-administracdo de
coumestrol poderia reverter a atividade da bomba de Na”K'-ATPase, cuja atividade se
encontra prejudicada apds insultos isquémicos, e se sua acdo seria igualmente efetiva
quando administrado em ratos machos. A analise demonstrou que coumestrol foi eficiente
em restaurar a atividade da Na”K*-ATPase em todos os tempos avaliados, incluindo 24h
pos-isquemia. A efetividade em prevenir a morte neuronal em ratos machos foi igualmente
observada em todos os tempos de administracdo, incluindo 24h pds-isquemia. As
correspondéncias neuroprotetoras no tempo de 24h na neuroprotecdo sugerem um possivel
mecanismo pelo qual coumestrol possa estar agindo para promover neuroprotecdo em
longo prazo. Sabendo que a morte neuronal tardia na isquemia global esta associada com a
reducdo na expressao de GIuR2 na regido CA1l pouco antes do inicio da morte celular,
examinamos o0 possivel papel de coumestrol na expressdo de GIuR2 em camundongos
machos em trés diferentes tempos pés-isquemia. O evento isquémico reduziu os niveis
proteicos de GIuR2 hipocampais em todos os tempos avaliados e o tratamento com
coumestrol foi efetivo em prevenir essa redugdo. Adicionalmente, estando consciente que a
excitotoxicidade é um dos mecanismos celulares ligados a neurodegeneracao associada a
isquemia, buscou-se determinar se coumestrol poderia promover neuroprotecdo in vitro,
contra a excitotoxicidade induzida por NMDA em culturas neuronais hipocampais. NGs
observamos que coumestrol promoveu neuroprotegdo, porém somente quando sua
administracdo foi perto do evento excitotoxico. Atribuimos esta inabilidade em conferir
neuroprotecdo em longo prazo devido a presenca do inibidor de células gliais presente na
cultura neuronal, que limita a proliferacdo glial em 10% ou menos, sugerindo o sistema
glial como um importante coadjuvante no contexto da neuroprotecdo em longo prazo
conferida por coumestrol. Estendendo nossa investigacdo para uma avaliacdo
comportamental, examinamos se coumestrol poderia ser igualmente eficaz em prevenir os
déficits de memoria presentes apos um insulto isquémico. A analise histologica confirmou
a neuroprotecdo promovida pela administracdo de coumestrol como esperado, e sua
terapéutica foi bem sucedida em reverter os déficits de memaoria promovidos pela isquemia
global. Portanto, esses resultados coletivos indicam que coumestrol desperta novas
perspectivas dentro da terapéutica da isquemia global e abre novas possibilidades na
investigacédo no contexto dos acidentes vasculares encefalicos.
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ABSTRACT

Patients who survive cardiac arrest or stroke demonstrate a high incidence of
neurological impairment as a result of delayed ischemic neuronal damage. Proper
pharmacological intervention during the therapeutic window between the resumption of
normal blood flow and the onset of neuronal damage would be of great benefit, but the
current experimental approaches have yielded only limited success. Over the last
decade, data from many studies support the idea that estrogens provide neuroprotective
effects in a variety of neurodegenerative diseases, including cerebral global ischemia.
The potent feminizing hormone 17-B-estradiol (E2) is neuroprotective in a host of cell
and animal models of stroke, however the side effects inherent its therapeutics doesn’t
allow its use in a large scale. Considering the similar structure of phytoestrogens and its
similar actions within the CNS, the aim of this study was verify the neuroprotective
effects of coumestrol, a potent isoflavonoid with high binding affinities for both
estrogen receptors (ERs) and significant antioxidant activity, against neurodegeneration
usually observed in global ischemic events. We demonstrate here that coumestrol was
able to rescue neuronal death in the hippocampal CAl subfield induced by global
ischemia in female rats in a cell survival evaluation, including 24h after ischemia, and
its neuroprotective actions seems to be through the ERs. In a next step, we evaluated if
coumestrol pre-administration could rescue the Na*K*-ATPase activity that is found
severely impaired after ischemic insults, and if its administration would be equally
neuroprotective in male rats. The analysis showed that coumestrol was able to reverse
the Na"K*-ATPase activity in all times of evaluation, including 24h after ischemia. The
effectiveness in preventing neuronal death in male rats was also observed in all time-
points evaluated, including 24h after ischemia. These two 24h correspondence in
neuroprotection suggests one possible mechanism by which coumestrol could be acting
to afford neuroprotection in a long term. Knowing that the delayed neuronal death in
global ischemia is associated with a reduced GIuR2 expression in CALl hippocampal
field just before the cell death onset, we examined the possible role of coumestrol at the
level of GIuR2 expression of male mice in three different time-points after ischemia.
The ischemic event induced high suppression of GIuR2 in all evaluated times and
coumestrol pre-treatment was able in preventing this reduction. In addition, being aware
that excitotoxicity is one of the cellular mechanisms linked to cerebral ischemic
neurodegeneration, we sought to determine if coumestrol could be neuroprotective in
vitro as well, against a NMDA-induced excitotoxicity in hippocampal neuronal culture.
We observed that coumestrol was skilled to afford neuroprotection only when its
administration was next to the excitotoxic event. We attribute this longest reach
inability of neuroprotection due the glial inhibitor present in the neuronal culture, which
limits the glial cells proliferation in 10% or less, suggesting the glial system as an
important adjuvant in the context of the coumestrol longer therapeutic window.
Extending our investigation in a behavior assessment, we examined if the coumestrol
could be also virtuous in preventing the memory deficits present after an ischemic
insult. The histological analysis confirmed the reduction in neuronal loss afforded by
coumestrol administration as expected, and its pre ischemic administration was able to
rescue the memory impairment promoted by the global ischemia. Therefore, our
collective results indicate that coumestrol spread new perspectives in the context of
global ischemia therapeutics and unlock new possibilities for the stroke investigation.
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1.1 Isquemia Cerebral

De acordo com a Organizacdo Mundial de Saude, mais de 15 milhdes de pessoas
por ano sofrem acidentes isquémicos cerebrais no mundo inteiro. A preponderancia de
pessoas afetadas inclui a idade maior que 65 anos, porém todas as idades estdo incluidas
neste contexto, incluindo criangas e adultos (ALLEN & BAYRAKTUTAN, 2009). A
isquemia cerebral é considerada a causa principal de mortalidade ap6s doencas do
coracdo, igualando 9% do total de mortes a cada ano, sendo considerada a causa mais
comum de desabilidades fisicas e mentais a longo prazo, com mais de 40% dos
pacientes ndo atingindo independéncia (CAPLAN, 2001; WEIR & DENNIS; 1997).
Acidentes isquémicos sdo considerados com sendo 80-85% dos casos, com
aproximadamente 30% dessa forma passando por transformagdes hemorragicas

(LYDEN & ZIVIN, 1993).

Com o foco na alta mortalidade devido as doencas neurodegenerativas,
pesquisadores do mundo inteiro estdo tentando desvendar os mecanismos envolvidos na
morte celular e na neuroprotecédo. Esforcos tém sido feitos com o objetivo de prevenir a
neurodegeneracdo em desordens de cunho neuroldgico, como a isquemia, basicamente
através de dois caminhos: o primeiro deles envolve a identificacdo das causas
moleculares fundamentais dessas desordens; alternativamente, a elucidacdo dos
mecanismos de morte e sobrevivéncia celular levando a agentes que possam prevenir a

neurodegeneracdo (DAWSON & DAWSON, 2004).

O cérebro é um oOrgdo que utiliza glicose e oxigénio como nutrientes, sendo
totalmente dependente do metabolismo aerébico. Por demandar uma alta taxa

metabolica, o cérebro é mais suscetivel a danos isquémicos em comparacdo com outros



orgdos. Alteracbes no fluxo sanguineo do sistema nervoso levam a uma sequéncia de
eventos que vao desde o comprometimento de seu metabolismo até modificagdes do
meio intracelular, levando a uma subsequente deterioracdo das funcdes neuroldgicas. Os
pacientes que sobrevivem a uma isquemia cerebral, frequentemente sofrem de
incapacidades fisicas e/ou mentais permanentes. As principais causas naturais da
isquemia em humanos sdo a trombose, a embolia e o decréscimo sistémico da perfusdo
sanguinea seguida por faléncia cardiaca (ZEMKE et al., 2004).

Em humanos, alteracdes do fluxo sanguineo cerebral sdo definidas pelo termo
clinico Acidente Vascular Encefalico (AVE). Estas alteracfes podem se desenvolver a
partir de uma isquemia, 0 que caracteriza um Acidente Vascular Isquémico (AVI), ou a
partir de uma ruptura de um vaso encefalico, com extravazamento de sangue no tecido
circundante, o que caracteriza um Acidente Vascular Hemorragico (AVH). Dentro deste
contexto, a isquemia cerebral global se d& quando o suprimento sanguineo é
interrompido em todo o encéfalo, enquanto que na isquemia cerebral focal, o
suprimento sanguineo é interrompido em uma determinada regido do cérebro, pela
presenca de trombos ou embolia (GINSBERG, 1997; DUGAN & CHOI, 1994). Ainda,
a isquemia cerebral pode ser classificada como perene, na qual ndo ha possibilidade de
reperfusdo por dano vascular irreversivel, ou transitdria, na qual a reperfusao sanguinea
resulta em injaria celular reversivel, que, dependendo da duracdo ou gravidade da
isquemia, pode provocar morte celular (FAROOQUI & HORROCKS, 1994;
SCHMIDT-KASTNER & FREUND, 1991).

A incidéncia de acidentes vasculares encefalicos é dependente de sexo e idade,
com maior prevaléncia no sexo masculino, independente de faixa etaria. Homens e
mulheres ndo diferem em relacdo aos fatores de risco primarios para a isquemia

cerebral, como pressao alta e 0 avanco da idade. Entretanto, uma série de estudos tem



demonstrado uma diferenca quanto a incidéncia da isquemia, uma vez que mulheres no
periodo pré-menopausa exibem uma menor susceptibilidade a danos isquémicos em
comparacdo com mulheres pds-menopéusicas e homens com idades equivalentes
(ALKAYED et al., 2000; GARCIA-SEGURA et al., 2001). Uma possivel explicacdo
para esta maior neuroprotecdo em mulheres pré-menopausa pode estar relacionada com
niveis circulantes mais altos de estrdgenos, principalmente o 17-p-estradiol (LIAO et
al., 2001; DHANDAPANI & BRANN, 2002).

N&o existe, até 0 momento, um protocolo terapéutico clinicamente eficaz para
reduzir o dano celular causado pela isquemia cerebral. Desde os anos 80, testes clinicos
com drogas indiscutivelmente eficazes em estudos experimentais (como antagonistas de
receptores de glutamato ou calcio, e scavengers de radicais livres) tém mostrado pouca
eficacia clinica (WHITE, et al., 2000). Contudo, avancos significativos tém sido
realizados nos dltimos anos no sentido de esclarecer os mecanismos moleculares e
genéticos envolvidos na fisiopatologia isquémica, bem como o desenvolvimento de
modelos in vivo e in vitro, fundamentais para a identificacdo dos mecanismos
patogénicos. Uma das principais estratégias terapéuticas investigadas € a neuroprotecao
farmacoldgica, visando reduzir a vulnerabilidade do tecido cerebral a isquemia. Tendo
em vista que o Sistema Nervosos Central (SNC) é mais vulneravel a insultos isquémicos
que a maioria dos outros tecidos, ¢ fundamental que se identifiqgue e bloqueie os

mecanismos celulares implicados nesta vulnerabilidade (PRICE et al., 1999).

1.2 Fisiopatologia da Isquemia Cerebral

1.2.1 Excitotoxicidade Glutamatérgica

O conceito de excitotoxicidade, introduzido por J.W. Olney em 1969 (OLNEY,

1969) foi baseado em uma série de observagdes que incluiam injdria neuronal com



aplicacdo local de glutamato e outros aminoacidos acidos (aspartato, N-methyl-D-
aspartato [NMDA], homocisteina e cisteina). Glutamato, o mais abundante aminoacido
excitatorio do SNC, serve a uma variedade de fungbes importantes (metabolicas,
neurotroficas e neurotransmissoras) e é armazenado em neurdnios (FONNUM, 1984;
CHOI, 1988). O cérebro adulto saudavel tem a habilidade de retirar o glutamato
extracelular por rapida recaptagdo. Contudo, sob condicGes de déficit energético, como
na isquemia, o efluxo de glutamato nos compartimentos extracelulares devido a
despolarizacdo celular (BENVENISTE et al., 1984), juntamente com sua recaptacao
prejudicada, resulta em um aumento nos niveis intracelulares de calcio (HARUKUNI
& BHARDWAJ, 2006). A excessiva liberacdo de célcio e seu influxo intracelular é
considerada o primeiro gatilho para o desencadeamento de uma variedade de processos
intracelulares deletérios e complexos, que resultam na ativacdo de enzimas catabodlicas
como as fosfolipases (que levam a quebra da membrana celular, producédo de &cido
arquidénico e formacao de radicais livres) e endonucleases (que levam a fragmentacao
do DNA e falha energética devido a disfuncdo mitocondrial).

O glutamato ativa trés familias de receptores ionotropicos: NMDA, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA] e cainato, e receptores
metabotrépicos que ativam sistemas de segundos mensageiros (SOMMER &
SEEBURG, 1992). Embora a liberagdo de glutamato estimule simultaneamente
receptores NMDA e AMPA, estudos in vitro demonstram que a toxicidade por
glutamato ocorre em duas fases distintas: (1) a excitotoxicidade é rapidamente
desencadeada pela breve e intensa estimulacdo de receptores NMDA, que sao
dependentes da presenca e influxo de célcio extracelular e (2) através de um processo
lento desencadeado pela estimulacdo prolongada de receptores AMPA, que possuem

canais de calcio limitados (CHOI, 1992). Deste modo, a cascata de eventos responsaveis



pela excitotoxicidade glutamatérgica inclui 3 processos distintos: (1) inducéo, por onde
o efluxo de glutamato extracelular é captado por receptores na membrana neuronal,
causando uma sobrecarga intracelular de célcio, o que leva a desarranjos intracelulares
letais; (2) amplificagdo desses desarranjos, com 0 aumento na intensidade e
envolvimento de outros neurdnios e (3) expressdo de morte celular desencadeada pela
cascata citotoxica (CHOI, 1992). Popula¢bes neuronais distintas sdo seletivamente
vulneréaveis a injuria excitotoxica, possivelmente a partir de diferencas em sinapses
excitatorias de entrada, densidade de receptores glutamatérgicos, ou por mecanismos de

defesa intrinsecos (KIRINO et al., 1984).

1.2.2 A Cascata Isquémica

Dentro de segundos a minutos apos a perda de fluxo sanguineo cerebral, a
cascata isquémica € rapidamente iniciada, o que implica uma série de eventos
bioguimicos que eventualmente levam a desintegracdo da membrana celular e morte
neuronal. A isquemia comeca com uma severa hipoperfusdo sanguinea, que leva a
excitotoxicidade e dano oxidativo, 0 que causam injuria microvascular, disfuncdo da
barreira hemato-encefalica, iniciando inflamacdo pos-isquémica. Esses eventos todos
exacerbam a injuria inicial e podem levar a um dano cerebral permanente (Figura 1). O
dano permanente vai depender de varios fatores: o grau e a duracdo da isquemia, e a
capacidade de recuperacdo do cérebro em reparar 0s danos provocados pela isquemia

(DIRNAGL et al., 1999; LAKHAN et al., 2009).
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Figura 1. Visao geral simplificada dos mecanismos patofisioldgicos envolvidos na isquemia
cerebral.

As investigacdes tém demonstrado que 0s principais processos responsaveis pelo
dano neuronal pos-isquémico envolvem: um aumento na concentracdo de célcio
intracelular, neurotoxicidade mediada por receptores glutamatérgicos, elevacdo nos
niveis de lactato e acidos graxos livres, o aumento na formacdo de radicais livres e
diminuicdo da concentracdo de adenosina 5 trifosfato (ATP) (NYAKAS et al., 1996;
HERTZ, 2008). Durante e imediatamente apds o evento isquémico, o potencial de
membrana € perdido e os neurénios sofrem despolarizacédo devido a disfuncdo da bomba
de Na'/K'-ATPase. Essa alteracio na homeostase idnica compromete os sistemas de
liberacdo e captacdo de neurotransmissores na fenda sindptica. Consequentemente, 0s
canais de célcio voltagem-dependentes sdo ativados induzindo uma liberacdo massiva

de glutamato no espago extracelular (NICHOLLS & RICHARDS, 1999). A ativagéo de



receptores glutamatérgicos causa a abertura dos canais de célcio, ocasionando um
aumento da concentragdo de calcio livre intracelular, resultando no influxo de sédio e
cloro nos neurbnios, juntamente com a agua, caracterizando o edema celular
(DIRNAGL et al., 1999; HERTZ et al., 2008). O aumento de célcio citoplasmatico
desencadeia uma cascata de eventos intracelulares, causando dano tecidual através da
ativacdo de enzimas proteoliticas, endonucleases, lipases, entre outras, levando a morte
celular (MITANI et al., 1993). A ativacdo da fosfolipase A2 e da ciclooxigenase (COX)
gera radicais livres acima da capacidade dos mecanismos antioxidantes enddgenos,

produzindo peroxidacdo lipidica e dano a membrana (ZHAO et al., 1994).

A cascata isquémica normalmente segue por horas e pode permanecer por dias,
mesmo apos a restauracdo da circulagcdo sanguinea. Embora a reperfusdo do tecido
cerebral isquémico seja critica para a restauracdo da funcdo cerebral normal, ela pode
paradoxalmente resultar em danos secundarios, chamados de injurias decorrentes da
isquemia/reperfusdo (I/R). A definicdo patofisioldgica em relacdo a injdria causada pela
I/R ainda permanece obscura; contudo, mediadores de estresse oxidativo, como espécies
reativas de oxigénio (EROs) sdo sugeridos desempenhar um papel importante dentro
deste contexto. O termo estresse oxidativo se refere a condicdo na qual células sdo
submetidas a niveis excessivos de EROs, sendo inabeis em contrabalancear os efeitos
deletérios decorrentes da liberacdo de EROs com mecanismos antioxidantes celulares.
O estresse oxidativo tem sido associado com processos de envelhecimento e a uma
variedade de doencas, incluindo arterosclerose, cancer, doencas neurodegenerativas e

isquemia (CHAN, 1996).

Em termos de atenuar os efeitos deletérios promovidos pela excessiva liberagédo
de ROS na isquemia, inundar o sistema com antioxidantes ou induzir a hiperexpressao

de enzimas antioxidantes pode ser tdo prejudicial quanto excessiva exposicao a radicais



livres. Atualmente, ndo existem terapias disponiveis para o tratamento da isquemia em
relagdo a excessiva producdo de EROs, e isso em parte se deve a alta natureza reativa
desses mediadores. Contudo, um niimero de compostos em testes clinicos demonstram
resultados promissores neste sentido. A abordagem mais produtiva em maximizar a
efetividade das terapias diretamente relacionadas com as EROs seria administrar
agentes antioxidantes no tempo da reperfusdo, estabelecendo um balango nos niveis de
EROs que ndo seja prejudicial e que permita 0s processos normais funcionarem

(ALLEN & BAYRAKTUTAN, 2009).

1.2.3 Mecanismos de Morte Neuronal em Isquemia Global

Nas duas ultimas décadas, a morte celular foi classificada convencionalmente
como sendo apoptética ou necrotica, diferindo morfoldgica e bioguimicamente entre si
(MARTIN et al., 1998; KIRINO et al., 1984). A morte celular fisiologica é geralmente
considerada apoptotica e sugere-se que seja organizada de forma programada (MCP),
mediada por mecanismos ativos e intrinsecos. Em contraste, morte celular patologica ou
acidental é considerada necrotica, resultando de insultos extrinsecos a célula (DEAN,
1987; FARBER, 1981). O processo celular necrético envolve rompimento estrutural e
funcional da integridade da membrana plasmatica, rapido influxo intracelular de calcio e
agua, e subsequente dissolucdo da célula. Mais recentemente, o conceito de morte
celular foi reformulado baseado no achado de que fendtipos morfolégicos da morte
neuronal excitotoxica compartilham caracteristicas comuns entre si, independente da
fragmentacdo do DNA (PORTERA-CAILLIAU et al., 1997). Isto significa que uma
analise histoldgica da morte celular pode apresentar uma coexisténcia morfologica
apoptotica e necrdtica. Os mecanismos moleculares correspondentes aos estagios

estruturais de morte celular permanecem por ser identificados.
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A isquemia cerebral global (ICG) é uma patologia provocada por uma parada
cardiaca transitoria, decorrente de um choque, asfixia ou, ainda, em pacientes
submetidos a cirurgia cardiaca complexa (HARUKUNI & BHARDWAJ, 2006;
NEUMANN et al., 2012). Adicionalmente, a ICG implica uma diminuigédo total do
fluxo sanguineo cerebral em todo o encéfalo, o que resulta em um padrédo previsivel de
injuria histoldgica, na qual populacdes especificas de neurbnios sdo afetadas, causando
morte neuronal irreversivel (NIKONENKO et al., 2009; ROSENBERG et al., 2010).
Entre essas regides estdo o hipocampo (sub-regido CA1l), o estriado (nicleo caudado e
putdmen) e as laminas 3, 5 e 6 do cortex cerebral (DIEMER et al., 1993). Vérias
manifestacbes de vias de morte neuronal foram relacionadas para explicar este
fendmeno, incluindo excitotoxicidade, estresse oxidativo e mecanismos de apoptose
(DAWSON & DAWSON, 2006). Contudo, os mecanismos pelos quais a ICG produz
morte neuronal irreversivel ndo estdo bem esclarecidos, e, atualmente, estdo mais
obscuros pelas tentativas de explorar a contribuicio da MCP em relacdo a

neurodegeneracao isquémica.

O achado de que a morte celular na regido CA1 hipocampal ¢ tardia seguida de
ICG (ITO et al., 1975; KIRINO, 1982; PULSINELLI et al., 1982) apela no sentido de
um possivel papel da MCP na neurodegeneracdo. O pressuposto subjacente € que alguns
mecanismos de morte celular ativos sdo engajados durante o atraso temporal entre o
insulto inicial e a degeneracdo Ultima dos neurdnios piramidais da regido CA1. Embora
0s mecanismos implicados na morte neuronal tardia ndo estejam ainda bem elucidados,
0 atraso substancial entre a provocacdo e 0 comeco da morte neuronal fornece a
oportunidade de examinar os eventos moleculares que destinam esses neurénios a morte

(JOVER-MENGUAL et al., 2006). A futura exploracdo desses conceitos pode ser de
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fundamental importancia a respeito de como a neurodegeneracdo é desencadeada no

contexto da isquemia cerebral e outras doencas neurodegenerativas.

1.3 Modelos Experimentais em Isquemia Cerebral

Desde o final da década de 70, modelos animais de isquemia cerebral foram
desenvolvidos com o objetivo de identificar mecanismos que causam dano tecidual,
promovendo bases para o desenvolvimento de novas terapias para o tratamento da
isquemia. Inimeros modelos animais desenvolvidos recentemente foram concebidos
para tratar fatores de risco especificos, visando identificar os processos de reparacao
neuronal e, consequentemente, recanalizando novas estratégias neuroprotetoras. Hoje
em dia, modelos animais confiaveis estdo disponiveis em uma variedade de espécies,
incluindo primatas, porcos, ovelhas, cachorros, gatos, gerbilos, coelhos, ratos e
camundongos, e sdo ferramentas essenciais para o entendimento dos mecanismos
implicados na patofisiologia da isquemia cerebral (BACIGALUPPI e al., 2010). Os
modelos experimentais de isquemia cerebral mostram que as alteragdes do metabolismo
que acompanham a reperfusdo podem desencadear lesdo celular em regides especificas
do sistema nervoso, que sdo dependentes da duracdo da isquemia. Os estudos sobre a
maior vulnerabilidade do hipocampo a isquemia/reperfusdo tém sido direcionados para

mecanismos que envolvem a liberacdo de glutamato (BLOCK, F., 1999).

A ICG pode ser induzida por métodos visando diferentes abordagens.
Diversos modelos animais foram desenvolvidos para simular completamente uma ICG
humana, e sdo frequentemente utilizados para estudarem o dano cerebral. O modelo de
oclusdo dos quatro vasos (4VO) consiste em uma oclusdo reversivel das artérias
carotidas, que, combinado com a interrupcdo permanente das artérias vertebrais via
eletrocauterizacdo, resulta em uma isquemia bilateral com um alto e previsivel dano

cerebral (PULSINELLI & BRIERLEY, 1979). Brevemente, eletrocauteriza-se as
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artérias vertebrais com 24h de antecedéncia da oclusdo temporéria das artérias carotidas,
com verificagdo da eficiéncia isquémica através da auséncia de reflexo pupilar e de
endireitamento. A reperfusdo é restaurada pela liberacdo do fluxo sanguineo de ambas
as artérias carétidas. Como alternativa ao modelo 4VO, a isquemia global pode ser
induzida também pela oclusdo transitéria das artérias carétidas comuns, isto é, por
ocluséo de dois vasos (2VO), juntamente com a inducdo de hipotensdo por um periodo
de tempo limitado. Nestes modelos experimentais de isquemia global, observa-se uma
susceptibilidade maior em é&reas especificas do encéfalo, como a regido CAl do
hipocampo, o neocortex, o estriado e regibes especificas do cerebelo (SMITH et al.,

1984).

Os modelos experimentais em ICG tém sido amplamente empregados em
mamiferos de grande porte, como cachorros e porcos, considerando que as variaveis
cardiocirculatorias podem ser monitoradas de maneira similar como em humanos nesses
animais. Os gerbilos mongolianos sdo amplamente utilizados em modelos crénicos de
isquemia cerebral transitoria, devido ao seu circulo de Willis incompleto, isto €,
auséncia de comunicacdo arterial entre as artérias cerebrais médias e posteriores.
Devido a esta anatomia peculiar, a oclusdo bilateral das artérias carotidas comuns
produz hiperperfusdo prolongada, com uma reducdo de até 75% do fluxo sanguineo
cerebral (KUDO et al., 1993). Com a oclusdo das artérias carétidas comuns por mais de
10 minutos, observa-se uma morte neuronal significativa no hipocampo (GIULIANI et
al., 2006). Essas modificacdes sdo acompanhadas por varios prejuizos comportamentais,
tais como déficits de aprendizado e memdria espacial que variam com o grau € a

duracdo da hipoperfusao.

Os modelos de camundongos foram inicialmente menos comuns, a medida que

foram prejudicados pelo alto indice de mortalidade e complicagdes frequentemente
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decorrentes dos insultos isquémicos (TRAYSTMAN, 2003). Devido a necessidade de
uso de animais transgénicos, a isquemia global foi recentemente introduzida em
camundongos pelo método de oclusdo bilateral das artérias carétidas comuns em
associagdo com ventilagdo controlada (MURAKAMI et al., 1998) e, clinicamente mais
relevante, pela inducdo de parada cardiaca (8-10 min), seguida de ressuscitacdo
cardiopulmonar. Estes modelos sdo caracterizados pela injuria seletiva de neurdnios do

hipocampo e estriado (KRIEGLSTEIN et al., 2000).

1.4 O Hipocampo

A anatomia e a diferenciacdo neuroquimica do hipocampo tém sido bem descrita
na literatura ao longo do tempo (BAYER, 1985; AMARAL & WITTER, 1989), sendo a
regido mais utilizada no estudo da fisiopatologia da isquemia cerebral. Isto se deve ao
fato dessa estrutura possuir um arranjo neuronal relativamente simples em comparacao
a outras regides encefalicas. Adicionalmente, permite o estudo detalhado das alteractes
morfofisiologicas devido a sua sensibilidade particular a esta patologia (KIRINO et al.,

1984).

O hipocampo consiste em duas finas camadas de neurdnios, dobradas uma sobre
a outra. Uma camada € o giro denteado, e a outra é o corno de Amon (do latim cornu
Ammonis). O corno de Amon é subdivido em areas chamadas CA1, CA2 e CA3. As
iniciais C e A maiusculas referem-se & abreviatura de corno de Amon.  Em um corte
histolégico tipico do hipocampo dorsal, a regido CA1l contém células piramidais
convergindo para a regido dorsal (Figura 2). Nesta regido, existe um fim bem definido
de células CAL, onde estas células piramidais se tornam maiores, formando a regido
CA2. A transicdo da regido CA2 para a CA3 esta em algum lugar na curvatura lateral e
ndo é morfologicamente detectavel em material histoldégico corado. As células

piramidais da regido CA3 se estendem até o hilus do giro denteado. Os neurdnios do
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hilus e do giro denteado séo frequentemente definidos como CA4, o que deixa alguma
duvida sobre a inclusdo da parte final da regido CA3 (FRIED & NOWAK, 1987;

SCHMIDT-KASTNER & FREUND, 1991).

Em termos de injuria celular, o hipocampo €é a regido de predilecdo classica para a
injuria isquémica. O setor CA1 sofre com a isquemia, enquanto o setor adjacente CA3 e
0 giro denteado permanecem amplamente resistentes. Esse diferencial nos padrdes de
lesdo celular em CA1/CA3 cria uma situacdo ideal para comparar areas resistentes e
vulneraveis dentro de uma pequena parte do cérebro (KIRINO et al., 1984,
PULSINELLLI et al., 1982). Muitos estudos histolégicos utilizam cortes em parafina ou
em criostato para descrever a distribuicdo geral das lesdes isquémicas no hipocampo. Os
métodos histologicos de coloragdo de Nissl ou de Hematoxilina-eosina sdo 0s métodos
mais amplamente utilizados na revelacdo de neurdénios com danos isquémicos no
hipocampo. A analise histoldgica hipocampal permite um acesso facil e direto, onde os
neurdnios encontram-se alinhados nas bandas piramidais celulares, enquanto o dano nas
populacdes neuronais do estriado e neocortex sdo mais dificeis de acessar. Essa € uma
razdo 6bvia do porque de muitos estudos terapéuticos em isquemia preferirem analisar
mudancas morfoldgicas no hipocampo. Ainda, manipulacdes terapéuticas podem ser
quantificadas como diferencas em nameros de neurdnios piramidais sobreviventes na
regido hipocampal em animais tratados com drogas neuroprotetoras. Consequentemente,
quando certas precaucdes sdo feitas, como a fixacdo-perfusdo e um periodo adequado de
sobrevivéncia, estudos histoldgicos conservativos utilizando o microscopio Optico
apresentam indicacGes de maior confianca em relacdo a manifestacdo da injuria

isquémica (SCHMIDT-KASTNER & FREUND, 1991).
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Figura 2. Esquema da estrutura e conexdes do hipocampo. CA: abreviatura de Corno de
Ammon. (Adaptado de HYDE & STROWBRIDGE, 2012).

1.4.1 Vulnerabilidade Seletiva e Morte Neuronal Tardia

Os conceitos alusivos aos termos “vulnerabilidade seletiva” e “morte neuronal
tardia” tém papel fundamental no contexto da fisiopatologia da isquemia cerebral,
permitindo-nos compreender o porqué de algumas células permanecerem viaveis por
periodos limitados apds o insulto isquémico. A regido CAL hipocampal é considerada
uma das regibes de maior vulnerabilidade celular no contexto da isquemia cerebral, e

seus neurdnios piramidais sdo tidos como sendo 0s mais sensiveis de todo o encéfalo,
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levando mais de um dia para apresentarem morte celular isquémica completa
(SHELDON et al., 2001; NITATORI et al., 1995; ARAI et al., 1986). Embora esta
vulnerabilidade seletiva da isquemia tenha sido reconhecida ha muito tempo
(PULSINELLLI et al., 1982), os mecanismos moleculares que sustentam este mistério
neurobiol6gico permanecem pouco conhecidos (TANAKA et al.,, 2004; LO et al,

2003).

Em 1982, KIRINO, utilizando o modelo de isquemia global transitéria de curta
duracdo, demonstrou que neurénios da regido CAL tinham aparéncia normal quando
observados sob lente microscdpica Optica até 3 dias apds isquemia experimental
induzida. Este relato deu inicio ao novo mecanismo de dano isquémico denominado
morte neuronal tardia, bem fundamentado hoje em dia na literatura cientifica. Uma
variabilidade de relatos cientificos corrobora com este achado, e demonstram que, se 0
impacto isquémico é mantido por tempo limitado, isto é, de 5-10 min em gerbilos ou
por 5-30 min em ratos, neurdnios da regido CAl se recuperam morfologicamente
durante os 2-3 primeiros dias ap0s 0 estresse isquémico. Estes acontecimentos
estimularam fortemente a pesquisa em isquemia, com foco especial no hipocampo.
Esses achados morfologicos implicam, na realidade, que neurénios piramidais da regido
CAl hipocampal podem ser recuperados por meios terapéuticos apds a isquemia
cerebral, e, de fato, varias medidas farmacoldgicas utilizadas na terapéutica isquémica
demonstraram proteger neur6nios CA1 da morte neuronal tardia (para revisdo, consulte

WEIGL et al., 2005).

A morte neuronal tardia pode ser detectada também em analise neuropatoldgica
em pacientes com morte por parada cardiorrespiratoria, sugerindo que este evento ndo é
uma peculiaridade especifica observada somente em modelos animais, mas com

relevancia clinica importante (PETITO et al., 1987). Considerando que o auge do dano
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celular ocorre apds 72 horas do evento isquémico, restando apenas 5,8% dos neurénios
integros no decorrer de 3 semanas (NITATORI et al, 1995), interferir
farmacologicamente nesta janela de tempo entre sobrevivéncia e morte celular parece
ser uma alternativa plausivel na terapéutica isquémica, ja que ndo existe atualmente um

tratamento eficaz contra os efeitos neurodegenerativos provocados por esta patologia.

1.5 Receptores AMPA e a Excitotoxicidade

J& estd bem fundamentado na literatura, por mais de duas décadas, que a
liberacdo de glutamato ativa receptores ionotropicos glutamatérgicos (RIG), causando
entrada de célcio, excitotoxicidade e morte neuronal em regibes cerebrais vulneraveis
(SIMON et al., 1984; LO et al., 2003). O que permanece nebuloso, entretanto, € o papel
especifico de alguns receptores glutamatérgicos permeaveis a calcio em precipitar a
morte celular, e o porque de neurbnios em algumas regides do encéfalo, incluindo
neurdnios piramidais hipocampais em CAL, neurdnios estriatais e projecdes corticais,
serem mais vulneraveis a excitotoxicidade mediada por glutamato em comparacdo com
outras regides encefalicas (SIMON et al., 1984; PELLEGRINI-GIAMPIETRO et al.,

1997).

No SNC, a ativacdo de RIG permite a rapida entrada de ions através da
membrana, mediando uma rapida transmissao sinaptica excitatoria, sendo crucial para a
plasticidade sinaptica e aprendizado e memdria. Contudo, a ativacdo excessiva destes
receptores em condicbes patologicas, como a isquemia, precipita a morte neuronal
excitotoxica em populacdes neuronais vulneraveis, permitindo um excessivo influxo
intracelular célcio, sodio e zinco (LO et al., 2003). Existem 3 tipos de RIG: NMDA,
AMPA e cainato. Devido a todos os subtipos de receptores NMDA serem permeaveis a
calcio, estudos iniciais focaram esforcos em desvendar o papel deste receptor na injuria

isquémica (SIMON et al., 1984; LO et al., 2003). Mais recentemente, a atencdo dos
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pesquisadores se voltou para o papel critico que os receptores AMPA permeaveis a

calcio também desempenham na morte neuronal excitotoxica (LIU & ZUKIN, 2007).

Os receptores ~ AMPA (AMPARS) no SNC séo canais
homoméricos/tetraméricos/heteroméricos localizados em densidades pds-sinapticas
(DPSs) na sinapse, agrupados em quatro possiveis sub-unidades (GIuR1, GIuR2, GIuR3
e GIluR4), cada um deles pesando, aproximadamente, 100kDa (DINGLEDINE et al.,
1999). Frequentemente, AMPARs sdo constituidos de, pelo menos, 2 subunidades
diferentes, embora homomeros podem também ser formados (MARTIN et al., 2000;
WENTHOLD et al., 1996). As 4 subunidades possuem um dominio N-terminal longo,
que é extracelular, 3 dominios transmembrana e um C-terminal que é intracelular. Os C-

terminais desses receptores sdo essenciais na regulacdo da sua funcéo (Figura 3).
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Figura 3. Desenho esquematico relativo as quatro subunidades dos receptores AMPA (GIluR1-
4) e suas respectivas proteinas de intera¢do acopladas ao longo de suas moléculas.
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No hipocampo, os receptores AMPA exibem primariamente a disposicéo
GIluR1/GIuR2 e GIuR2/GIuR3 (CRAIG et al., 1993; WENTHOLD et al., 1996). Alguns
estudos demonstram que a auséncia da subunidade GIuR2 na constituicdo dos AMPARS
esta relacionada com a alta permeabilidade a célcio e a morte celular em CAL na ICG
(PELLEGRINI-GIAMPIETRO et al., 1997; LIU et al., 2006). A impermeabilidade a
calcio nos receptores que contém GIuR2 é caracterizada pela presenca de um residuo de
arginina (R) no dominio transmembrana 2 desta subunidade, ao invés de um residuo de
glutamina (Q), presente nas subunidades GluR1, GIuR3 e GIuR4. Essa informagéo néo
é codificada a nivel gendmico, mas sim é um resultado da edigdo do RNA no nucleo
(pre-RNA mensageiro do GIuR2) pela enzima adenosina deaminase 2 (ADAR?2), que
catalisa a desaminacdo sitio-seletiva da adenosina no codon genémico da glutamina
(CAG) a uma inosina, gerando um cédon de arginina (CIG) no RNA mensageiro
(mRNA) (SEEBURG & HARTNER, 2003). Essa posicdo do mRNA do GIuR2 é
normalmente encontrada 100% editada no cérebro, no chamado sitio Q/R no cédon 607
(SOMMER et al.,, 1991). Na maioria dos neurbnios piramidais da regido CAl
hipocampal, encontra-se esta forma editada de GIuR2, o GIuR2(R), conferindo, entdo, a
impermeabilidade a entrada de célcio, sugerindo que a vasta maioria de AMPARS no

SNC que possuem GIluR2(R) em sua composicdo sao impermeaveis a calcio (Figura 4).

A isquemia cerebral transitoria induz um padrdo seletivo de perda neuronal no
SNC. Como resultado, certos subconjuntos de neurénios identificaveis, incluindo
neurdnios piramidais da regido CA1l, sdo gravemente prejudicados, enquanto outros
permanecem intactos (PULSINELLI et al., 1982; SCHMIDT-KASTNER & FREUND;
1991). Essa injaria neuronal seletiva é dependente de calcio e/ou zinco (CHOI, 1988;

CHOI & KOH, 1998), e provavelmente reflete a ativagdo de canais de receptores
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AMPA permedveis a célcio (GORTER et al., 1997; OGURO et al., 1999; WEISS &
SENSI, 2000). Na maioria dos neuronios CAl hipocampais, 0S canais receptores
AMPA exibem a forma editada GIuR2(R), conferindo, desta forma, a

impermeabilidade a entrada de calcio (GEIGER et al., 1995).

Receptor AMPA permeavel a Receptor AMPA impermeavel a
calcio calcio

Figura 4. Permeabilidade ao célcio dependente da composicdo de subunidades relativa
aos receptores AMPA. A subunidade GIuR2 ausente na estrutura confere
permeabilidade ao célcio (a), enquanto que a presenca da subunidade GIuR2 nos canais
heteroméricos AMPA limita o influxo de calcio e zinco (b). (Adaptado de LIU &
ZUKIN, 2007).

Pesquisas recentes demonstraram que a isquemia cerebral transitoria reduz tanto
0s niveis de mRNA quanto os niveis proteicos de GIuR2 em neurénios da regido CAl
(PELLEGRINI-GIAMPIETRO et al., 1992; GORTER et al., 1997; OGURO et al.,
1999). Ainda, insultos isquémicos desencadeiam uma regulacéo na expressdo do mRNA
do GIuR2 e abundancia de proteina em neurénios piramidais em CAL, induzindo uma
modificacdo de longa duracdo no fendtipo dos AMPARS a partir da presenca ou ndo da
subunidade GIluR2 no canal da membrana. Esta observacao levou a hipdtese do GIuR2,
que, por sua vez, postula que, em insultos isquémicos, hd uma reducdo significativa na
expressdo de GIuR2, o que permite a entrada de calcio através de canais receptores

AMPA permeéaveis a calcio, levando a morte neuronal em CA1 devido ao aumento da
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toxicidade. Considerando que os canais de AMPARs permeéveis a calcio ndo sdo
somente permedaveis a calcio, mas também sdo altamente permeéveis a zinco (KOH et
al., 1996; WEISS & SENSI, 2000) e que um breve insulto isquémico em ratos induz
uma acumulacdo de zinco em neurénios vulneraveis (KOH et al., 1996), sugere-se o
papel dos canais de AMPARS permeaveis a calcio proporcionam uma rota para a
entrada toxica de célcio e/ou zinco em neurénios vulneraveis CA1l. Neste contexto, um
fato marcante a ser considerado é o atraso substancial no influxo de calcio e de zinco na
regido CAL. O influxo de célcio ocorre antecipadamente, durante e logo apés o insulto
isquémico, enquanto que o influxo de zinco ocorre 24-48 horas apds a isquemia,

coincidindo com o inicio da morte celular (LIU & ZUKIN, 2007).

O dominio C-terminal do GIuR2, conhecido como o dominio de ligacdo PDZ, é
de crucial importéancia na internalizacdo dos receptores AMPA através da ligagdo de
proteinas, como a proteina de interacdo com o receptor de glutamato (GRIP1) e a
proteina de interacdo com a C-quinase-1 (PICK1) (DONG et al., 1997; HANLEY,
2008; SHEPHERD & HUGANIR, 2007). O complexo adaptador de clatrina (AP2), a
GTPase Rabaptina-5 (Rab5), a proteina pos-sinaptica homologa 1 (Homer), a proteina
sinaptica candidate plasticity gene 2 (CPG2), a mecano-enzima dinamina 3 e a proteina
associada ao citoesqueleto de atividade regulamentada (Arc/Arg3.1) também estdo
implicadas no controle da endocitose dos AMPARs bem como na fosforilacdo do
GIuR1 (ZHANG et al., 2011; NEWPHER & EHLERS, 2008). Esses estudos fornecem
informacBes importantes na maquinaria proteica envolvida no trafego de AMPARs
(KESSELS & MALLINOW, 2009; SHENG & HOOGENRAAD, 2007). Contudo, 0s
mecanismos especificos envolvidos na internalizacdo dos AMPARs ainda ndo estdo

bem esclarecidos.
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Evidéncias emergentes na literatura indicam que, ndo somente a expressdo de
GIluR2, mas também o trdfego de receptores pode estar desregulado em resposta a
insultos neuronais. Por exemplo, a isquemia promove internalizagdo massiva de
receptores AMPA com GIuR2 em sua estrutura através de endocitose dependente de
clatrina, levando a uma modificacdo no fendtipo dos receptores AMPA. Essa
modificacdo no fendtipo é dependente de proteina quinase C (PKC) e envolve a
dissociacdo do GIuR2 da proteina ligante de receptores AMPA (ABP) e sua associagdo

com PICK1 (ISAAC et al., 2007; SHI et al., 2001, NEWPHER & EHLERS, 2009).

1.6 Pre-Condicionamento e Sobrevivéncia Neuronal

Muitos estimulos metabdlicos estressantes, mas ndo letais, ativam
mecanismos enddgenos protetores que diminuem significativamente o grau de injuria
tecidual. Esse mecanismo protetor é conhecido como pré-condicionamento ou
toleréncia induzida, e se faz presente em varios érgaos, incluindo o cerebro e o sistema
nervoso central. O pré-condicionamento isquémico (um curto periodo de isquemia nao
letal para as células neuronais) pode proteger os neurdnios contra uma isquemia mais
grave que normalmente seria letal para estas células, especialmente da regido CAL do
hipocampo (MELLER & SIMON, 2013). Os mecanismos de protecdo da regido CAl
pelo pré-condicionamento isquémico ainda ndo estdo bem compreendidos, mas estudos
recentes tém mostrado que varios aspectos podem estar envolvidos no desenvolvimento
do fenbmeno, como mecanismos anti-apoptdticos e ativacdo de proteinas, entre outros
fendmenos (YANO et al., 2001; ZHAN et al., 2001). Entendendo o sinal em cascata
promovido pelo pré-condicionamento podera ensejar o desenvolvimento de tratamentos
farmacoldgicos em pacientes com risco de injaria isquémica e de tratar doencas cronicas

neurodegenerativas.
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A ativagdo génica, ou sua repressdo, processos envolvidos no pré-
condicionamento, sdo temporalmente especificos e induzem a expressdo de diversas
familias de genes envolvidos na sobrevivéncia celular que, por sua vez, aumentam a
resisténcia cerebral a injurias (GIDDAY, 2006). A natureza do estimulo pré-
condicionado determina a via de transducdo que leva a modificagcdes pds-transducionais
e/ou a ativagdo de respostas transcricionais que estdo envolvidas com a resposta da
sobrevivéncia celular (DAI et al., 2010). Enquanto as moléculas neuroprotetoras e as
redes associadas a esses eventos sao pouco conhecidos, € valido ressaltar que a resposta
cerebral a esses estressores pode prover profunda neuroprotecdo contra injarias letais
(GIDDAY, 2006). Células e modelos animais estdo auxiliando a compreender o
mecanismo envolvido entre resposta génica e expressao proteica que ativa a resposta
neuroprotetora. Aprender mais sobre esses potentes mecanismos neuroprotetores
enddgenos poderia ajudar com novas abordagens para tratar pacientes com isquemia

cerebral e outras desordens do sistema nervoso ou injurias.

1.6.1 A Proteina Thorase

A partir desse paradigma, Valina Dawson e colegas desenvolveram uma
estratégia para descobrir genes neuroprotetores a partir de tecidos pré-condicionados.
Alguns desses genes fornecem protecdo ndo somente contra injdrias isquémicas e
excitotdxicas, mas também contra apoptose e quando em restricdo de oxigénio e glicose
(DAI et al., 2010). Seus achados sugerem que seja possivel encontrar moléculas
neuroprotetoras e que poderiam proporcionar novas estratégias de tratamento. Um
destes genes, caracterizado como gene neuroprotetor 6 (NPG6) locus:(EF688601) (DAI
et al., 2010), foi identificado tendo um papel importante na sobrevivéncia neuronal e

aprendizado. Esse gene codifica a uma proteina (uma AAA-ATPase) chamada Thorase,
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que demonstrou controlar a internalizagdo de AMPARS, de modo ATPase-dependente,

através da desmontagem do complexo GIuR2/GRIP1.

A Thorase é uma ATPase composta por 361 aminoacidos com um papel
fundamental na internalizacdo dos AMPARSs. Estudos imunohistoquimicos revelaram
uma expressdo heterogénea da Thorase com uma alta expressdo desta proteina em
neuronios piramidais da regido CAl do hipocampo. Ainda, a microscopia confocal
indicou que a Thorase colocaliza com os AMPARs GIuR1 e GluR2, com a proteina pré-
sinaptica sinapsina 1 e com o marcador pés-sinaptico PSD95 (ZHANG et al., 2011). Em
um estudo de coimunoprecipitacdo, onde ela foi coexpressada com proteinas pos-
sinapticas envolvidas na internalizagio de AMPARs, demonstrou interagir
especificamente com o GRIP1, falhando em coimunoprecipitar com GRIP2, Arc,
Homer 1, Homer 2, PICK1 e PSD95. Ela também mostrou exercer interacdo com 0s
aminodacidos 832-839 relativos ao terminal C do GIuR2 tanto in vivo quanto in vitro.
Adicionalmente, foi demonstrado a sua participacdo na dissociacdo do complexo
GIluR2-GRIP1, agindo neste complexo controlando a endocitose e subsequente remocéo
do GIuR2 da membrana p6s-sinaptica, promovendo sua internalizacdo (ZHANG et al.,
2011). Determinar a atividade bioldgica da Thorase é de essencial importancia para a
melhor compreensdo de como as vias neuronais de sobrevivéncia atuam e como elas
podem servir como possiveis terapias futuras no tratamento de doencas

neurodegenerativas.

1.7 Neuroproteg¢do Farmacoldgica

Com a crescente compreensdao do mecanismo de morte celular na isquemia
cerebral, novas abordagens de tratamento emergiram. Ensaios clinicos na avaliacdo de
drogas neuroprotetoras para 0 AVE foram primeiramente iniciados durantes os anos 80

e ainda permanecem em processo de avaliacdo (SHUAIB & HUSSAIN, 2008). Embora
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a definicdo de neuroprotecdo ndo seja sempre clara, o objetivo basico dessa estratégia é
interferir nos eventos da cascata isquémica, com foco no bloqueio de mecanismos que
levam a injdria cerebral, bloqueando os processos patoldgicos e prevenindo a morte
celular. Esse conceito envolve a inibicdo dos eventos patoldégicos moleculares que
levam eventualmente ao influxo de célcio, producdo de EROs e morte neuronal

(AURIEL & BORNSTEIN, 2010).

A lista de drogas neuroprotetoras testadas é muito vasta. Esses agentes incluem,
entre outros, bloqueadores de canais de célcio, quelantes de célcio, antioxidantes, EROs
scavengers, anticoagulantes, antagonistas GABA, antagonistas AMPA, antagonistas
NMDA, antagonistas de Glicina, antagonistas de poliaminas, fatores de crescimento,
anti-inflamatorios, inibidores da oxido nitrico sintase, antagonistas de opidides,
antagonistas serotoninérgicos, bloqueadores de canais de sodio e potassio, terapia
hormonal estrogénica (WAHLGREN & AHMED, 2004; AURIEL & BORNSTEIN,

2010).

Em termos quantitativos, aproximadamente 1.026 drogas foram testadas em
varios modelos animais, dentre estas, somente 114 estdo sob avaliacdo clinica (DE LA
OSSA et al.,, 2007). A maior parte desses agentes estudados até agora falharam.
Somente o ativador de plasminogénio tecidual permanece o Unico agente eficaz em
melhorar o quadro clinico apds um AVE em ensaios clinicos. Contudo, sua utilizacao é
limitada pela curta janela terapéutica (3 horas) devido as complicacfes derivadas de sua
administracao, essencialmente caracterizadas pelo risco de hemorragia (FURLAN et al.,

2003).
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1.7.1 Coumestrol

J& esta bem estabelecido na literatura que o horménio feminino estrogénio (E;)
exerce profundos efeitos protetores em modelos animais de isquemia focal e global
(McCULLOUGH & HURN, 2003; CIMAROSTI et al., 2005; GIBSON et al., 2006). O
E, tem amplas propriedades no cérebro. Ambos os conhecidos receptores de E; (ERa e
ERp) sdo expressos em neurdnios hipocampais (PEREZ et al., 2003; MITRA et al,,
2003). No hipocampo, o E; regula a densidade de espinhos dendriticos (GOULD et al.,
1990), o nimero de sinapses (WOOLLEY et al., 1994), a sintese de fatores de
crescimento (GARCIA-SEGURA et al.,, 2001) e a expressdo de receptores NMDA
(GAZZALEY et al., 1996). Estudos recentes demonstram que E,, em niveis
considerados fisiologicos, previne a ativacdo de cascatas de sinalizacdo apoptdticas e

diminui a perda neuronal induzida pela isquemia global (JOVER et al., 2002).

Fitoestrogenos sdo micronutrientes estruturalmente similares ao E;
(HOGERVORST et al, 2008). Sdo compostos ndo-esteroides, difendlicos encontrados
em diversas plantas (frutas, vegetais, legumes, grdos e especialmente produtos
derivados da soja) que tém propriedades quimicas e estruturais semelhantes as
propriedades dos estrogenos. Centenas de moléculas se encaixam nesta classificacdo e
existem trés grupos principais de fitoestrogenos. (1) as isoflavonas (derivadas da soja),
(2) as lignanas (encontradas na semente de linho) e os coumestdis (derivados das
plantas como a alfafa) (LUND et al., 2005). Estes compostos podem agir através de

receptores de estrogénio, tanto ERa quanto ERp, ligando-se principalmente a receptores

ERB (LEPHART et al, 2007).

Vaérios isoflavondides podem mimetizar os efeitos neuroprotetores do

estrogénio. Coumestrol é um composto organico natural na classe dos fitoquimicos
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conhecidos como coumestois. Foi identificado na alfafa primeiramente por BICKOFF
em 1957 (BICKOFF, 1957). Desde entdo, tem sido encontrado em altas concentragcdes
em legumes como o feijdo, brotos de alfafa e espinafre. A estrutura quimica do
coumestrol é idéntica a dois grupos hidroxi (OH) em comparacdo a estrutura quimica do
estradiol (CHOI et al., 2008). Este tem ganhado muita atencdo e interesse durante os
ultimos anos devido a sua atividade estrogénica e por ser um potente isoflavondide, com
alta afinidade por receptores ERa e ER[P, compardveis com o 17-B-estradiol

(WHITTEN et al., 2002).

Levando em conta que ainda ndo estdo inteiramente elucidados os mecanismos
pelos quais coumestrol age no cérebro, surge um crescente interesse em desvendar as
vias de sinalizacdo celular que este composto requer para que seus possiveis efeitos
neuroprotetores sejam exercidos. Logo, é essencial dissecar minuciosamente as causas e
efeitos de todo o processo envolvendo este composto e suas implicagdes, a fim de
definir precisamente as janelas terapéuticas para um efetivo tratamento para a isquemia

cerebral.



OBJETIVOS
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2.1 Objetivo Geral

O objetivo geral deste trabalho foi investigar a possivel atividade neuroprotetora
de coumestrol contra os efeitos excitotdxicos decorrentes da isquemia cerebral global
induzida, utilizando modelos in vivo e in vitro, visando suas propriedades antioxidantes

e estrogénicas.

2.2 Objetivos Especificos

1) Avaliar a neuroprotecdo mediada por coumestrol in vivo:

a) Investigando se este composto pode promover neuroprotecdo quando
administrado pré e pos isquemia cerebral global, através da analise morfologica de
morte celular em CAL,;

b) Determinando se a neuroprotecdo mediada por coumestrol estaria associada a
atividade estrogénica, atraves do uso do antagonista de receptores ERa e ER em CA1L;

c) Avaliando se a neuroprotecdo mediada por coumestrol poderia estar
relacionada com a atividade da bomba de Na'/K" ATPase no hipocampo;

d) Verificando se coumestrol promove neuroprotecdo em ratos machos
submetidos a isquemia experimental,

e) Examinando o possivel papel do coumestrol nos niveis de expressao do
receptor GIuR2 no hipocampo de camundongos machos submetidos a isquemia cerebral
global.

d) Examinando o possivel papel do coumestrol na expressdo da proteina Thorase
no hipocampo de camundongos machos submetidos a isquemia cerebral global.

e) Investigando se o tratamento com coumestrol pode prevenir os déficits de

memoria induzidos pela isquemia cerebral global em uma avaliagdo comportamental.



30

2) Avaliar a neuroprotecdo mediada por coumestrol in vitro:

a) Investigando o efeito neuroprotetor deste composto contra excitotoxicidade
induzida por NMDA em cultura de neur6nios hipocampais quando administrado pré e
pos ensaio excitotdxico;

b) Determinando se o efeito neuroprotetor de coumestrol estd associado a

atividade glial, através da administracao do inibidor de crescimento glial 5F2DO.
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CAPITULO 1

COUMESTROL HAS NEUROPROTECTIVE EFFECTS BEFORE AND AFTER
GLOBAL CEREBRAL ISCHEMIA IN FEMALE RATS

Brain Research, 1474: 82-90, 2012.
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Article history: Global ischemia arising during cardiac arrest or cardiac surgery causes highly selective,
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Coumestral with binding affinities for both ER-2 and ER-p that are comparable to those of 17b-estradiol.
Estradiol The present study examined the hypothesis that coumestrol protects hippocampal
Neuroprotection neurons in ovariectomized rats in a model of cerebral global ischemia. Ovariectomized
Cerebral global ischemia rats were subjected to global ischemia (10 min) or sham surgery and received a single
Hippocampus intracerebroventricular or peripheral infusion of 20 pg of coumestrol, 20 pg of estradiol or
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protection, consistent with a role of classical ERs. In contrast, ICI 182,780 effected only
partal reversal of the neuroprotective actions of coumestrol, suggesting that other cellular
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with memory, thinking, language, and movements. In the
western world, over 70% of individuals experiencing a stroke
are over 65 years of age. Since life expectancy continues to
grow, the absolute number of individuals with stroke will
further increase in the future (Lakhan et al, 2009). Transient
global ischemnia arises as a consequence of cardiac arrest
and causes selective, delayed death of hippocampal CA1l
neurons in humans and can produce serious neurobiclogical
sequellae of which cognitive deficits are most prominent
(Lo et al, 2003; Moskowitz et al, 2010; Tanaka et al., 2000;
Merchenthaler et al., 2003; Etgen et al, 2010).

Over the last decade, data from many studies support the
idea that estrogens provide neuroprotective effects in a
variety of focal and global ischemia models (Lebesgue et al,
2009, Merchenthaler et al, 2003; Garcia-Segura et al, 2001;
Toran-Allerand, 2004; Shughrue and Merchenthaler, 2003).
The potent feminizing hormone, 17 beta-estradiol (EZ2), is
neuroprotective in a host of cell and animal moedels of stroke
and neurodegenerative diseases. The discovery that 17 alpha-
estradiol, an isomer of E2, is equally as neuroprotective as E2
yet is =200-fold less active as a hormone, has permitted
development of novel, more potent analogs where neuropro-
tection is independent of hormonal potency (Simpkins and
Dykens, 2008). For example, a single dose of estradiol admi-
nistered immediately after reperfusion (acute estradiol) ame-
liorates global ischemia-induced neuronal death and
cognitive deficits (Jover-Mengual et al, 2010; Gulinello et al,
2006). Moreover, a single injection of 17 p-estradiol adminis-
tered to ovariectomized rats 2-4 day before ischemia also
protects hippocampal neurons against ischemic damage via
activation of CREB (Rawal et al., 2009). At physiological con-
cenftrations it intervenes in apoptotic death cascades and
ameliorates neuronal death in experimental models of focal
and global ischemia (Brown et al, 2009 Gill et al, 2002;

Sham + DMSO

Sham + Estradiol

Lebesgue et al., 2009). The cellular targets that mediate
estradiol protection of hippocampal neurons in global ische-
mia are, however, unclear (Miller et al, 2005; Etgen et al,
2010; Strom et al., 2009; Brown et al., 2009; Suzuki et al., 2009;
Yang et al, 2003; Barrera-Ocampo et al., 2008; Alonso de
Lecifiana and Egido, 2006).

Phytoestrogens are estrogen-like molecules found in
many plants. They have the ability to selectively bind
classical estrogen receptors (ERs) to regulate gene expression
mediated by estrogen response elements (Zhao et al., 2002).
Phytoestrogens have been investigated intensively in recent
years because of their potential protective effects against
many diseases (Lephartet al., 2000). They not only bind to ERs
but also exert potent antioxidant activity. It is increasingly
clear that physiclogically attainable doses of isoflavones,
which can behave as phytoestrogens, may mimic some of
the neuroprotective effects of estrogens. Some phytoestro-
gens exhibit some estrogen agonist-like properties (Stahl
et al, 1998 and Mikels et al, 1995). Zhao et al., 2002 reported
a significant reduction in glutamate-induced lactate dehy-
drogenase release and subsequently neuroprotection by phy-
toestrogens such as genistein, daidzein, daidzin, equol and
formonoetin in cultured hippocampal neuwrons. A high soy
diet reduces stroke injury in female and male rats, and the
soy isoflavone genistein is neuroprotective in a mouse cere-
bral ischemia model (Donzelli et al.,, 2010). Moreover, dietary
intake of phytoestrogens can improve outcomes after focal
(Lovekamp-Swan et al., 2007; Burguete et al., 2006) and global
ischemia in rats (liang et al, 2008). However, the mechan-
isms underlying protection from ischemic injury remain
unclear (Schreihofer and Redmond, 2009).

Among the hundreds of molecules that fall under this
classification, the coumestan phytoestrogen coumestrol (derived
from sprouting plants like alfalfs), has gained prominence

Sham + Coumestrol

a

d

e

c

f

lschemia + DMEQ

Ischemia + Estradiol

Ischemia + Coumestrol

Fig. 1 - Photomicrographs (40X) of the hippocampal CA1 region of female rats with or without 10-min global ischemia 7 day
after reperfusion. Rats that underwent global ischemia had significantly fewer surviving neurons than the sham-operated
groups (p=0,01). Estradiol and Coumestrol treatment afforded robust neuroprotection. Scale bar =100 pm.
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because it is the most potent isoflavonoid, with binding affi-
nities for both ER-» and ER-p that are comparable to those of 17
p-estradiol (Whitten et al., 2002). As ERs are expressed in several
regions of the brain that are vulnerable to ischemia-induced
neuronal death, we sought to determine whether the coumes-
trol has neuroprotective actions in CA1 hippocampal cells
and whether its effects are mediated through classical ERs.
If so, it could be a potential therapeutic treatment for global
brain ischemnia.

2. Results

Ovarectomized female rats were subjected to global ischemia
or sham operation and recovered from an icv infusion of
estradiol, cournestrol in vehicle or vehicle alone in different
times. Global ischemia induced extensive death of pyramidal
cells in the CA1l subfield of hippocampus accessed at 7 day
post-ischemia (p<0.01 vs. sham) (Fig. 1d). Estradiol did not
detectably alter the appearance or number of CA1 neurons in
sham-operated rats (Fig. 1b), but greatly reduced the ische-
mia-induced neuronal loss (p<0.01 vs. ischemia), (Fig. 1e).
As expected, coumestrol did not detectably alter the appear-
ance or number of CA1 neurons in sham-operated rats
(Fig. 1c), and also greatly reduced the ischemia-induced
neuronal loss (p<0.01 vs. ischemia) (Fig. 1f). There were no
significative difference between the estradiol and coumestrol
groups at 1h before, 0h, 3h and 6h after ischemia-induced
neuronal loss, but at 24 h, the statistical analysis detected a
significative difference between these two groups (p<0.01 vs.
ischemia) (Fig. 2), providing a clear evidence of neuroprotec-
tion promoted by coumestrol. The ER antagonist ICI 182,780,
when administered at 0h after surgery, did not detectably
alter the number or appearance of surviving neurons in
sham-operated rats or vehicle-treated animals subjected to
ischemia, but totally abrogated the neuroprotective action of
estradiol in the hippocampal CA1 layer (p=0.01 vs. estradiol
alone) and partially blocked the neuroprotection afforded by
coumestrol at Oh postischemia (p<0.01 vs. coumestrol
alone). Moreover, the statistical comparison showed a sig-
nificative difference between the ischemic groups coumnestrol
and estradiol (p<0.01) indicating that whereas the antagonist
ICI 182,780 reverses the estradiol neuroprotection, it was not
totally able to reverse the neuroprotective actions of coumes-
trol, thus providing strong evidence that this compound is
more effective in promoting neurcnal survival than estradiol
itself (Fig. 3). To access if coumnestrol administration could be
neurcprotective when administered peripherally as well we
injected a single dose of 20 pg/kg intracardiaclly one hour
before the global ischemia. The peripheral administration of
coumestrol strongly prevented the delayed neuronal death
after global ischemia (Fig. 4). Global ischemia induced exten-
sive death of pyramidal cells in the CA1l subfield of hippo-
campus accessed at 7 day post-ischemia (p<0.01 vs. sham)
{Fig. 5). We did not detect any changes in the number of cells
in the CA1 subfield in sham -operated rats in comparison with
the coumestrol sham-operated rats (Fig. 4). The statistical
comparison showed a significative difference between the
ischemic group and coumestrol (p<0.01) indicating that
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Fig. 2 - Effect of the treatment of coumestrol and estradiol in
different times of administration. Ovarectomized female
rats were subjected to global ischemia (10 min) or sham
surgery and received a single icv infusion of 20 pg of
coumestrol or 20 pg of estradiol or vehicle 1 h before
ischemia or 0 h, 3h, 6 h and 24 h after reperfusion. The
ischemic groups had less surviving neurons in comparison
with the sham groups. Estradiol and coumestrol afforded
significant neuroprotection in all imes of administration,
with the exception of estradiol in 24 h after the ischemic
insult. (a) Difference between ischemic and sham groups;
{b) difference between ischemic treated groups and vehicle,
with the exception of estradiol in 24 h after ischemia. Each
bar represents the mean + standard error of the mean (SEM).
ANOVA followed by Duncan'’s test, p <0.01.

coumestrol was able to afford robust neuroprotection in the
ischemic rats (p<0.01 vs. ischemia) (Fig. 5).

3. Discussion

Estradiol and estrogen-like compounds are powerful neuro-
protective agents against numerous in vivo and in wvitro
apoptotic stimuli including expenmental stroke (Hurm and
Brass, 2003; McCullough and Hurmn, 2003; Alonso de Lecihana
and Egido, 2006; Gibson et al, 2006). However, the precise
mechanisms underlying these protective effects are stll
under investigation.

It is now well established in the literature that endogenous
and exogenous estrogens exert profound neuroprotective
effects in animal models of focal and global ischemia and
produce their cellular actions by binding the classical estro-
gens receptors. Thus, estrogens hold great promise as
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Fig. 3 - Effect of the ER antagonist ICI 182,780 treatment O h
after ischemia. All groups were treated with estradiol or
coumestrol (20 pg icv) and undergone to ischemia or sham
surgery. The ER antagonist ICI 182,780 treatment fully
abolished the neuroprotection promoted by estradiol but
partially abrogated the coumestrol neuroprotection effect
Treatment with the ER antagonist did not affect the number
of surviving neurons in any of the other treatment groups;
therefore, for the statistical analysis, sham-operated vehicle
and ICI 182,780 treated groups were combined. (a)
Difference between sham and ischemic groups; (b)
difference between the ischemic treated coumestrol and
vehicle groups; (c) difference between the ischemic
coumestrol and estradiol treated groups. Each bar
represents the mean + standard error of the mean (SEM).
ANOVA followed by Duncan’s test, p <0.01.

potential therapeutic agents in treatment of ischemia (Etgen
et al, 2010). Along with phytoestrogens, the coumestan
coumestrol, which is present in sprout of soybeans, clover
and alfalfa, is another significant phytoestrogens regularly
consumed by humans (Belcher and Zsarnowszky, 2001). This
compound is known to be the most potent isoflavoneid, with
binding affinities for both ERs that are comparable to those of
17 B-estradiol (Whitten et al., 2002).

Our results show that coumestrol, at all ime of adminis-
trations, injected icv or intracardiaclly, protected neurons
against global ischemia-induced CA1 neuronal death, indi-
cating that this compound may work against the cascade of
patheological events that lead to neuronal death. Both estra-
diol and coumestrol were able to promote neuroprotection in
a cerebral global ischemia model when administered 1h
before and 0 h, 3 h and 6 h after ischemia. However, estradiol
at 24 h after the ischemic event was not effective in prevent-
ing massive neuronal death at the hippocampal layer. It is
interesting to note that coumestrol, at this same time of
administration, was able to prevent the neuronal death
promoted by the global ischemia. There are a few reports in
the literature showing treatments that are still effective when
delayed 24 h after ischemia. The two most cited long term
strategies to the treatrnent of global ischemia is hypothermia
(Tocley et al., 2002; Colboumne et al., 2000; Corbett et al., 2000;

C
Ischemia + DMSO

Fig. 4 - Photomicrographs (40X) of the hippocampal CAl
region of female rats with or without 10-min global
ischemia 7 day after reperfusion. Rats that underwent
global ischemia had significantly fewer surviving neurons
than the sham-operated groups (p <0.01). The peripheric
pre-treatment of coumestrol strongly protected the CA1
hippecampal layer. Scale bar=100 pm.
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Fig. 5 - Effect of the peripheric administration of coumestrol
one hour before global ischemia. Ovarectomized female rats
were subjected to global ischemia (10 min) or sham surgery
and received a single intracardiac infusion of 20 ug of
coumestrol or vehicle 1 h before ischemia. The ischemic
groups had less surviving neurons in comparison with the
sham groups. Coumestrol afforded significant
neuroprotection in (a) difference between ischemic and
sham groups; (b) difference between ischemic vehicle group
and coumestrol group. Each bar represents the

mean +standard error of the mean (SEM). ANOVA followed
by Duncan's test, p<0.01.

Colbourne and Corbett, 1994; Valentim et al., 2003) and
preconditioning (Zhang et al, 2010; Yoshida et al., 2004;
Boche et al., 2003; Dowden and Corbett, 1999). The mechan-
isms of coumestrol-mediated neuronal protection have not
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been completely elucidated, but appear to be via both estro-
gen receptor and non-receptor actions.

In order to further ascertain whether coumestrol could be a
tangible therapeutic strategy against global ischemia injury,
we injected intracardiaclly a single dose of 20pgkg of
coumestrol one hour before the global ischemia. For our
surprise, the peripheric administration appears to be even
more neuroprotective in comparison with the icv adminis-
tration (statistical analysis not shown). It is well documented
that systemic administration of pharmacological doses of
estradiol can be neurcprotective in global ischemia (Lebesgue
et al, 2010) and in focal ischemia (Fan et al, 2003). We
presume that coumestrol can reach similar brain levels as
much as estradiol since both are small molecules that are
highly lipophilic therefore, they cross the Blood Brain Barrier
and cell membranes easily.

The mechanisms by which coumestrol is acting eithericv
or perpherally to afford robust neuroprotection remain
unclear. Its protective effects appear to be receptor-
mediated since its beneficial effect in histological para-
meter was partially prevented by the broad-spectrum ER
antagonist ICI 182,780. ERs play a critical role in the
neuroprotective effects of phytoestrogens (Schreihofer
and Redmond, 2009). Coumestrol has a relative binding
affinity for ER-f approximately equivalent to 17 p-estradiol
(Kuiper et al., 1998). Both ERs are expressed in the rodent
hippocampus but ER-p is more prevalent regulating hippo-
campal synaptic plasticity (Mitra et al., 2003) and improving
neuronal survival. Increased ER-f immunoreactivity in the
post-ischemic monkey hippocampus has also been found
(Takahashi et al., 2004).

There are several lines of evidence that ER-§ is involved in
neuroprotection (Sawada et al., 1998). Comparison of relative
binding affinities from various studies indicates that some
phytoestrogens appear to have a higher affinity for ER-p than
for ER-« and therefore suggests that the ER-mediated effects
of phytoestrogens may be mediated through ER-p (Belcher
and Zsamowvszky, 2001). However, is still unclear which ER
subtype mediates the neuroprotective efficacy of estrogen/
phytoestrogen.

The icv and the peripheral administration of coumestrol in
different times before and after ischemia and the partial
neuroprotection abrogation by the ER antagonist indicate that
the neuroprotection afforded by this compound likely
involves activation of the classical ERs. However, this not
rules out the possibility that other estrogen receptors or
pathways of neuronal survival may play a role in coumestrol
neurcprotection following ischemic insult. The partial abro-
gation by the antagonist suggest that it might be another
alternative pathway that coumestrol is using to reach neu-
roprotection to CA1 than just through the ER pathway.
Furthermore, some neuroprotective effects of estrogen-like
compounds appear to be independent of their ability to bind
ERs (Prokai and Simpkins, 2007).

Studies conducted with other phytoestrogens affording
neuroprotection in models of cerebral ischemia and other
neurcdegenerative diseases agree with our findings (Al-
Nakkash et al., 2000; Donzelli et al., 2010; Kim et al, 2009;
Carswell et al, 2004). Genistein (Kindy, 1993 Donzell et al,
2010), (-) catechin (Inanami et al., 1998), green tea extracts

rich in phyteestrogens (Hong et al., 2001) have been shown to
limit brain injury in gerbil model of global cerebral ischemia.
In a study conducted by Schreihofer (2005) genistein demon-
strated to protect neurons from transient global ischemia
injury in rat hippocampus by attenuating oxidative stress,
lipid peroxidation, and the signaling cascade leading to
apoptotic cell death.

Recent evidence indicates that the production of reactive
oxygen species (ROS) such as superoxide radicals, hydroxyl
radicals and hydrogen peroxide is increased after cerebral
ischemia. Since the rates of oxidative metabolic activities are
high and the antioxidants enzyme activities are low in the
brain, neurons are vulnerable to ischemic events. In studies
about phytoestrogen antioxidant proprieties, coumestrol
showed a high hydrogen/electron donation wvia hydroxyl
groups and demonstrated to have an effective antioxddant
activity (Mitchell et al., 1998). It is well know that phytoestro-
gens, acting as antioxidants, can decrease the accumulation
of ROS, thereby protecting cell membrane integrity and so
promoting neuronal survival (Cai et al., 1997, Mitchell et al,
1998). However, the ROS production after the ischemic insult
remains for a very short period in the cell (Thiyagarajan et al,
2004; Golden and Patel, 2009; Kleinschnitz et al, 2010)
suggesting that perhaps the neurcprotection seeing after
24 h or even after 6 h afforded by coumestrol administration
may be not due its antioxidant proprieties. The mechanism,
howewver, by which coumestrol was neuroprotective against
delayed neuronal death has notbeen fully elucidated. Further
studies are necessary to elucidate other molecular targets
mediating the action of the coumestrol

Beyond chemical antioxidant proprieties, other biochem-
ical mechanisms might also play a role in neuronal survi-
val. It is now clear that estrogens initiate rapid signaling
events in neurons by binding to recognition molecules
other than the classical receptors ER-a and ER-p. Recent
studies reveal the existence of transmembrane receptors
capable of responding to steroids with cellular activation.
On such receptor, GPR30, is a member of the G protein
coupled receptor superfamily and mediates transcription-
dependent and independent actions of estrogens and
widely expressed in the brain including hippocampus
(Filardo et al, 2002; Filardo and Thomas, 2005); Prossnitz
et al., 2007, 2008). Estradiol exhibits an affinity for GPR30
similar to ER-z and ER-p (Etgen et al., 2010) and its binding
to GPR30 stimulates production of cAMP, mobilization of
calcium and activation of growth factor signaling (Prossnitz
et al., 2007, 2008; Filardo et al., 2000, 2002). There is strong
evidence that GPR30 can act together with intracellular ERs
to activate cell signaling pathways to promote neuronal
survival after global ischemia (Lebesgue et al.,, 2009). There-
fore this might be an alternative pathway of neuronal
survival afforded by coumestrol in cerebral global ischemia.
Additional studies are needed to wverify the molecular
mechanisms involving this receptor and its targets in
neurcprotection. Determining whether ERs and/or other
membrane estrogen receptors mediate estradiol and cou-
mestrol neuroprotection following global ischemia is of
great interest both for the development of therapeutic
strategies and for elucidating underlying molecular
mechanisms of delayed neuronal death.
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In conclusion, with the present shedy we howe demon-
strated that coumestml prevented long-term meuronal death
in CAl hippocampal layer in mats when suhmmtted o 10 min
global mchemia. Swch findings sugpest that this compomsd
interferes with the esardly and delayed stages of neunonal
damage. Furthermore, our study reparts the firg evidencs
that an acute adminkstaton of cowmestrol sgrificanthy
redisces the delayped meumonal oell death soonring in hippo-
campus of femnale rats following a transisnt global mchemic
inmilt The mechanisms underying the neunopootscHan
exerted by coumestrol seem to inwolee, at least in part,
estogen recephor actvaton, antoxidant activity and actva-
tion of other membrane moeptors that mediate estradiol
mruraprote chon . Add tonal studies are meaded to determ ine
the malecular targets media ting the neuroprotectve actomn of
ocoumestrol and the effects that this phytos sTogen may haee
omn the matume merwois system.

4. Experimental procedure
4.1. Armmals

Female adult Wistar mts (3 months, 170-210g BW) were
obtained from the Central Animal House of the Department
of Biodeemistry, stteo de CEndas Bisicas da Saide,
Universidade Federal do Rio Grande do Sul, Porto Alegne, RS,
Brazil Animals were maintained ona 1412 h ight/dark orcle
in an air-cond tomwed constant tempe mture 22+1 “C) colony
roam, with free acoess to water Thiswork was carried out In
amordance with the BC directve 3/S0%EEC for animal
experiments. The study was approved by the Ethics Commit-
tee of the Undversidade Federal do Rio Grande do Sul, Brasil.

43 Surgery

Hats weighing between 150 and 250 g at tme of surgery wene
ovarn ectomized f0VX) by the surgical removal of both ovanes
umnder intraperitonsal {p) ketamine anesthesia @ maks)
and xylazine [10mgkyg) 0 simnate spdopenous ovaran
steroids (Waynforth and Flecknell, 1992).

43, Groups

The animak were randomized into sixe goups Vehicle-
treated sham and ischemic; cormestrol-treated sham and
isrhemig 17 f-estradiol-treated sham and ischemic (used 2=
pasithes control). For the broad-spectrum FR antagonist 101
182 780 experiment, the same groups were used (n=5% ani-
malsgroup].

.. FHobal ixchemia

Ome week follbwing the WX surgery, rats was subjected to
tansient global mchemia by four vesssl ooclusion a= poe-
viously desoibed by Pulsinsll and Brerley (1979). Hats wens
desply anesthetized under halothane E% nducton, 1%
maintence in M N0 Oy), and the vertebral areres
wene rrevershbly occhided by electocoagulation to prewent
collateral blood flow to the forebrain during the subseguent

occhision of the common carotid arteries. A sk thread was
looped aroind the carobid arteries to faclitate subssquent
oochsion.  Twenty-four hows later, the animals werne
anesthetized again, the wound was reopened and both
carotid arteries were oochided with micro artedal clamps
for 10 min. The 4 WO model were chosen because it & the
maost used mode]l that resembles a3 human cardiac armest
where the blood suppy iIn the bain & almost depleted The
outcames are neuralogical damage, loss of memaory, comnl-
sions and coma During clamping, the animal were awale
and spontaneously ventilating. Dnring both surgeriss, nectal
tempeTatune was mondtored and mantained at 36 537540
with a rectal thermistor and heat lamp unt] recovery from
amesthesia . Sham operated animalk were subjected to the
same anesthesia and sirgical procedures 28 animals suhb-
jected to global ischermia, except the carobd arberss wene mot
occheded (Metto et al, 199%). Animalks that failed to show
compete loss of the dghting reflex and pupillary dilataton
(from 2 min after occhsion has imitated untl the end of
acchimion]); animals that exhibited obvious behaviaral mani-
fesations f(abmarmal vocalzation when handled, comvul-
signs, hyperactvity ei] were exchided from  the
experiment; and animals with loss of greater than 2% of
body weight by 3-7 day after ischemia. Thers wens £ deaths
due to respimtory amest; 11 other mts were exchided from
the study because they filed to show meurdlogical signs of
izchemia fro o= of consdousmess or Incomplete dilation of
the pupis during occhesion).

4.5  Drugs

One hour before ischemia ar Ok, 3k, &k or 24k after
izchemia animals recefved intracershrowventricular ficy) injec-
tares into the right lateral wentricle of 20 pg of coumestral
[Sigma) (dluted in 100% dimethylsufmids) (DMS0; Sigmal,
20 pgafl? fi-estradial [@iluedin 0% sline sohrbion comntain -
ing 10% DM S0 ar 50 pg of K 122 720 Sigma), iz a wohime of
2 gl Contral animals were infused with vehide [100% DMS0).
The dose of 20 ggwas chosen based on previows studiss with
estragen-lile compounds [Azcoita et al, 1999 Fcazxo et al,
200%; Callieretal, 2001; Bryant et al., 200% Tounsg =t al, 2 000)
with similar proprietiss and actons in the central mervous
systern. Animals also recefved jow infusion of the broad-
spactrumn antagondst 161 122 780 or vehicle into the lateral
ventricke. The adminismaton of 50 gg was done 10 min priar
to the other drugs administration. Far the perpheral admin-
istrations, a dose of 20 pg'ky of coumestral was injectsd
intracardiaclly ame hour before the ischemic st Coumes.
tral was diheted in 100% dimethylsufocide [DMSO; sigma) ina
valume of 300 pl

4.6 Intrazrebroventricular and peripheral injections

In the first experiment, rats wene positioned ina sersotaxc
apmmatus and icv injectons performed under halothane
anssthesia sither 1h before ischemiaaor O, 3k, SharXM b
after mchemia, The position of the dght lateral ventricls was
calulated based an the positan of bregma 092 mm poster
iar to bregma, 1.2 mm lateral o bregma, 38 mm below the
skull surface acoarding to the atlas of Paxinos Ga [1998) and
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then coumestrol, 17 f-estradiol, the non-selective ER antago-
nist ICI 182,780 and/or vehicle was infused with a Hamilton
syringe (Fisher scientific, Pittsburgh, PA) in a volume of 2 pl
per infusion over 2 min. The injection needle was left in place
for an additional 2 min before being withdrawn. For the
coumestrol peripheral administration, rats received a single
dose of 20pg diluted in 300 pl of 100% DMSO injected
intracardiaclly one hour before the ischemic insult.

4.7. Histological analysis and hippocampal cell counts

The impact of transient global ischemia on the survival of
hippocampal CA1 pyramidal neurons was examined seven
days after ischemia or sham surgery, rats were killed by
transcardiac perfusion with 4% paraformaldehyde under
deep anesthesia. Brains were rapidly removed. Hematoxiline—
Eosine method was used to stain coronal sections of 25 um
collected through the entire dorsal hippocampus. Digital
images of every tenth section from each animal (~100
sections per brain) were captured and used to trace the
outline of the CA1. Medial, middle and lateral sectors from
the CA1 region of the left and right hippocampus were
photographed at 40X magnification using a Mikon microscope
and digital camera. As previously described by Colbourne and
Corbett (1995) a microscope counting grid (250 pm = 250 pm)
was positioned a few cells medial from CA2 neurons (lateral
sector), at the apex of the CA1 (middle sector) and the
upswing of CA1 and the number of viable pyramidal neurons
in this 250 pm = 250 pm region of interest was counted. Viable
neurons had rounded cell bodies and clearly visible nucleoli.
Pyknotic and shrunken neurons were not counted. All cell
counts were carried out by an investigator who was blind to
the animal’s treatment.

5. Statistical analysis

Statistical comparison of the number of surviving CA1 pyr-
amidal neurons among groups was performed using a two-
way ANOVA followed by Duncan’s multiple range test for post
hoc analysis. Differences were considered significant at
p=0.01.
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Abstract

Several studies report that neuronal damage caused by cerebral global ischemia is
associated with an imbalance in ionic homeostasis, and leads to delayed neuronal death
of pyramidal CA1 neurons in hippocampus. Coumestrol is a potent isoflavonoid with
antioxidant activities and binding affinities for both ER-a and ER-f that are comparable
to those of 17pB-estradiol. In this study, we investigated the possible mechanisms
underlying the neuroprotective effects of coumestrol administration in a model of global
ischemia in male subjects. Wistar rats underwent to global ischemia (10 min) or sham
surgery and received a single intracerebroventricular infusion of 20pug of coumestrol or
vehicle 1 hr before ischemia or Oh, 3h, 6h or 24h after reperfusion. The data analysis
revealed an extensive neuronal death in the CA1 hippocampal subfield at 7 days, and a
significative decrease in the Na'/K'-ATPase activity at 1h and 24h after ischemia.
Coumestrol treatment was effective in preventing neuronal loss in all times of
administration as well as able to rescue the Na'/K'-ATPase activity, suggesting its
potential benefits for either prevention or therapeutics use against cerebral ischemia in

males.

Key words: cerebral ischemia; Na'/K'-ATPase; coumestrol; neuroprotection;

hippocampus.
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1. Introduction

Stroke is the third leading cause of death in industrialized countries, and the
most frequent cause of permanent disability in adults worldwide (Lakhan et al., 2009).
Global ischemia can be induced by cardiac arrest followed by resuscitation
(Taraszewska et al., 2002), transient bilateral carotid ligation in gerbils and mice (Bubis
et al., 1976; Kirino, T., 1982; Li et al., 2007), combined carotid ligation and hypoxia in
rats (Smith, BR., 1984), or 4-vessel occlusion in the rat (Pulsinelli et al., 1982; Petito et
al., 1998) as well as several other conditions and models (Hossmann KA, 2008). The
classical lesion after 5-10 min of global ischemia is delayed neuronal death of
pyramidal CA1 neurons in hippocampus after 2-3 days with sparing of CA3 and dentate
gyrus neurons (Kirino, T., 1982; DeLeo et al., 1987; Petito, CK et al., 1992; Hara et al.,

2007).

Several studies report that neuronal damage caused by cerebral global ischemia
(CGI) is associated with an imbalance in ionic homeostasis (Siesjo BK, 1988). The
Na'/K'-ATPase is a transmembrane heterodimeric protein composed of a and P
subunits, and has a vital player in maintaining ionic homeostasis. Blocking Na'/K*
activity concomitantly reduces intracellular K and increases Ca™ and Na'. Excessive
Ca™ and Na’ influx and their intracellular accumulation are most likely to be
responsible for necrotic death (Choi, DK., 1988), whereas excessive K" efflux and
intracellular K™ depletion may play key roles in apoptotic death (Dallaporta et al.,
1998). Wyse and collaborators (2000) demonstrated that 10 min of global ischemia
produce significant reductions in membrane bound Na*/K*-ATPase activity (by 30%-

40%) in both hippocampus and cerebral cortex, suggesting that the maintenance of
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Na'/K*-ATPase activity could be related to cellular neuroprotection. Additionally, the
reperfusion period after ischemic insults are known to produce excessive reactive
oxygen species (ROS), molecules directly involved in oxidative damage leading to cell
death. After brain ischemia, the Na*/K*-ATPase activity is impaired by the presence of
excessive ROS generation. Therefore, antioxidant approaches may play an important

role in the prevention of oxidative damage.

Considerable evidence suggests that estrogen affords neuroprotection against
brain injury and neurodegenerative diseases (for review, see Wise et al., 2001; Etgen et
al., 2011). Estrogen administration in ovarectomized female (Canal Castro et al., 2012;
Dubal and Wise, 2001; Jover-Mengual et al., 2010) and male (Toung et al., 1998) rats
reduces brain injury after focal ischemia. Estrogen receptor ER-o and ER-p are
expressed in the hippocampus where they could subserve the neuroprotective actions of
estradiol (McEwen B, 2002; Miller et al., 2005). Phytoestrogens are estrogen-like
molecules found in many plants binding ERs. They have been investigated intensively
in recent years because of their potential protective effects against many diseases
(Castro et al., 2012; Lephart et al., 2000). Some phytoestrogens exhibit some estrogen
agonist-like properties (Stahl et al., 1998; Makela et al., 1995). Among the hundreds of
molecules that fall under this classification, the coumestan phytoestrogen coumestrol
(derived from sprouting plants like alfalfa), has gained prominence because it is the
most potent isoflavonoid, with binding affinities for both ER-o and ER-B that are
comparable to those of 17p-estradiol (Canal Castro et al., 2012; Whitten et al., 2002). In
studies about phytoestrogen antioxidant proprieties, coumestrol showed a high
hydrogen/electron donation via hydroxyl groups demonstrating to have an effective
antioxidant effects (Mitchell et al., 1998). Moreover, a recent study from our laboratory

revealed the neuroprotective actions of coumestrol in female rats, suggesting that this
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compound could be a tangible therapeutic strategy against global ischemia injury (Canal

Castro et al., 2012).

Considering the promising coumestrol neuroprotective effect in female rats, the
present study was undertaken to examine whether coumestrol would afford
neuroprotection in male rats receiving global ischemia, as assessed by Na'/K*-ATPase

activity impairment and the delayed pyramidal cell death in the hippocampus.

2. Methods

2.1. Animals

Male adult Wistar rats (3 months, 170-210 g BW) were obtained from the
Central Animal House of the Department of Biochemistry, Institute for Basic Health
Sciences, Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil. Animals
were maintained on a 12/12 h light/dark cycle in an air-conditioned constant
temperature (22 £ 1 °C) colony room. Animals were provided with a constant supply of
food and water ad libitum. Animal care followed the official governmental guidelines in
compliance with the Federation of Brazilian Societies for Experimental Biology and
experimental protocols were conducted with the approval of the Ethics Committee of
the Federal University of Rio Grande do Sul, Brazil (reference: 15577). All animal
experiments were carried out in accordance with the National Institutes of Health guide
for the care and use of Laboratory animals (NIH Publications No. 80-23, revised 1978).
All efforts were made to minimize animal suffering and to reduce the number of

animals used in each experiment.
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2.2 Global ischemia

Rats were subjected to transient global ischemia by four vessel occlusion as
previously described by Pulsinelli and Brierley (1979). Rats were deeply anesthetized
under halothane (4% induction, 1% maintence in 70% N20:30% 02), and the vertebral
arteries were irreversibly occluded by electrocoagulation to prevent collateral blood
flow to the forebrain during the subsequent occlusion of the common carotid arteries. A
silk thread was looped around the carotid arteries to facilitate subsequent occlusion.
Twenty-four hours later, the animals were anesthetized again, the wound was reopened
and both carotid arteries were occluded with micro arterial clamps for 10 min. The 4
VO model was chosen because it is the most used model that resembles a human
cardiac arrest where the blood supply to the brain is transiently depleted. The outcomes
are neurological damage, loss of memory, convulsions and coma (Salazar et al., 2001;
Bernard et al., 2002). During both surgeries, rectal temperature was monitored and
maintained at 36.5-37.5°C with a rectal thermistor and heat lamp until recovery from
anesthesia. Sham operated animals were subjected to the same anesthesia and surgical
procedures as animals subjected to global ischemia, except the carotid arteries were not
occluded (Netto et al., 1993). Animals that failed to show complete loss of the righting
reflex and pupillary dilatation (from 2 min after occlusion was initiated until the end of
occlusion); animals that exhibited obvious behavioral manifestations (abnormal
vocalization when handled, convulsions, hyperactivity etc.) and animals with loss of
greater than 20% of body weight by 3-7 days after ischemia were excluded from the
experiment. There were 7 deaths due to respiratory arrest; 9 other rats were excluded
from the study because they failed to show loss of consciousness or complete dilation of

the pupils during occlusion.
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2.3 Experimental Design and Drugs

The animals were randomized into four groups: Vehicle-treated sham and
ischemic and coumestrol-treated sham and ischemic. The number of animals was 5 per
group in both histological and biochemical experiments. One hour before or 0, 3, 6 or
24 h after ischemia animals received intracerebroventricular (icv) injections into the
right lateral ventricle of 20 pg of coumestrol (Sigma) (diluted in 100%
dimethylsufoxide) (DMSO; Sigma). Control animals were infused with vehicle (100%
DMSO). The dose of 20ug was selected on the basis of earlier reports, which
demonstrated similar proprieties and actions of estradiol and coumestrol in the central
nervous system (Azcoitia et al., 1999; Picazo et al., 2003; Callier et al., 2001; Bryant et
al., 2005; Toung et al., 2000). Rats were positioned in a stereotaxic apparatus and icv
injections were performed under halothane anesthesia either 1 h before ischemia or 0 h,
3 h, 6 h or 24 h after ischemia. The position of the right lateral ventricle was calculated
based on the position of bregma: 0.92 mm posterior, 1.2 mm lateral, and 3.6 mm below
the skull surface according to the atlas of (Paxinos et al., 1980) and then coumestrol or
vehicle was infused with a Hamilton syringe (Fisher scientific, Pittsburgh, PA) in a
volume of 2 pl per infusion over 2 min (Castro et al., 2012). The injection needle was

left in place for an additional 2 min before being withdrawn.

2.4 Histological analysis and hippocampal cell counts

The impact of transient global ischemia or sham surgery on the survival of
hippocampal CA1 pyramidal neurons was examined seven days after ischemia. Briefly,
rats were Killed by transcardiac perfusion with 4% paraformaldehyde under deep

anesthesia. Brains were rapidly removed. Hematoxiline-Eosine was used to stain
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coronal sections of 25 um collected through the entire dorsal hippocampus (Castro et
al., 2012). Digital images of every tenth section from each animal (~100 sections per
brain) were captured and used to trace the outline of the CA1. The CA1l region of the
left and right hippocampus was photographed at 40 X magnification using a Nikon
microscope and digital camera. As previously described by Colbourne and Corbett
(1995) a microscope counting grid (250 pm x 250 pm) was positioned a few cells
medial from CA2 neurons (lateral sector), at the apex of the CA1 (middle sector) and
the upswing of CA1 and the number of viable pyramidal neurons in this 250 um x 250
pum region of interest was counted. Viable neurons had rounded cell bodies and clearly
visible nucleoli. Pyknotic and shrunken neurons were not counted. All cell counts were

carried out by an investigator who was blind to the animal’s treatment.

2.5 Na*,K*-ATPase activity assay

For determination of Na',K'-ATPase activity, the hippocampus was
homogenized in 10 volumes (1:10, w/v) 0.32 mM sucrose solution containing 5.0 mM
HEPES and 1.0 mM EDTA, pH 7.4. Homogenates were centrifuged at 1000 x g for 10
min at 4°C. The pellet was discarded and the supernatant was immediately separated
and used for the measurements. The reaction mixture for Na*,K*-ATPase activity assay
contained 5 mM MgCl,, 80 mM NaCl, 20 mM KCl and 40 mM Tris—HCI, pH 7.4. The
reaction was initiated by the addition of ATP. Controls were carried out under the same
conditions with the addition of 1mM ouabain. Na*,K*-ATPase activity was calculated
by the difference between the two assays, as previously described (Wyse et al, 2000).
Released inorganic phosphate (Pi) was measured by the method of (Chan et al., 1986).
Specific activity of the enzyme was expressed as nmol Pi released per min per mg of

protein. All samples were run in duplicate.
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2.6 Protein determination
Protein was measured by the Coommassie Blue method according to Bradford,

using bovine serum albumin as standard (Bradford MM, 1976).

3. Statistical analysis

All data are presented as meanzstandard error of the mean (SEM). Changes were
analyzed with a two-way analysis of variance (ANOVA) and when necessary followed
by Duncan post hoc analysis to determine differences from control values. All
comparisons were performed using the SPSS software. In all cases, differences were

considered significant if P<0.05.

4. Results
4.1 Effects of global ischemia and coumestrol pre-treatment on Na*,K*-ATPase activity

Rats received an acute icv injection of coumestrol in vehicle or vehicle alone one
hour before ischemia. At 1h and 24 h after reperfusion hippocampi were removed for
Na®, K'-ATPase activity measurement. The analysis revealed a significant decrease in
the enzyme activity at 1h and 24h after ischemia, and coumestrol administration was
able to rescue this deleterious effect in both times of reperfusion. The 2-way ANOVA
didn’t detect any differences in Na*, K*-ATPase activity between sham operated groups
treated with vehicle or coumestrol at either 1 or 24h after surgery, but revealed a
significant effect of CGI on hippocampal Na*, K*-ATPase activity at both time points of
reperfusion (p<0,001) when compared to sham operated animals 1h, F(3,18)=14.144))

and 24h, F(3,18)=14.257)) (p<0,001) (Fig. 1, a). Additionally, the post-hoc Duncan test



51

analysis revealed no significative difference between sham_vehicle vs.
ischemia_coumestrol groups at 1h of reperfusion, but a significant effect was detected
between ischemia_vehicle x ischemia_coumestrol groups (p<0.001), indicating that
coumestrol treatment was able to completely restore Na*, K'-ATPase activity at this
time point. At 24h, the Na*, K*-ATPase activity in the ischemia_coumestrol group was
significantly higher in comparison to the ischemia control group (p<0.001),
demonstrating the protective effect of coumestrol against CGI induced decrease of

hippocampal Na*, K*-ATPase activity (Fig. 1, a, b and c).

4.2 Effects of coumestrol treatment on global ischemia- induced delayed pyramidal cell

death in the CA1 hippocampal subfield

Male rats were subjected to global ischemia or sham operation given icv
infusion of coumestrol in vehicle or vehicle alone at different times relative to ischemia
induction. Global ischemia induced extensive death of pyramidal cells in the CAl
subfield of hippocampus assessed at 7 days post-ischemia (p<0.001 vs. sham) (Fig. 2a).
Coumestrol treatment did not detectably alter the appearance or number of CAL neurons
in sham-operated rats, indicating that coumestrol administration does not interfere with
cell structure, as shown in Fig. 3A. However, coumestrol significantly reduced the
ischemia-induced neuronal loss at all times of administration before or after the
ischemic insult (p<0.001 vs. ischemia) (Fig 2 b, ¢ and d). The post-hoc Duncan test
detected significative differences among the ischemic treated groups: between 1h before
and 3h after ischemia; between Oh and 3h; and between the ischemic treated group 6h
and the other groups, indicating different levels of neuroprotection in specific time

points of coumestrol administration. Regarding the shape and distribution of the of the
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CA1 pyramidal neurons, the histological observation demonstrated a normal shape and
unvarying distribution in both sham vehicle and sham treated animals. The statistical
analysis did not show significative difference between sham vehicle and sham treated
animals regarding the cell counting, indicating that coumestrol administration does not
interferes in the cell morphology, as shown in Fig. 3A. In the ischemic vehicle treated
animals, pyramidal neurons exhibited significant shrinkage, dark staining appearance
and widespread damage after 7 days (Fig. 3 B), whereas in the ischemic coumestrol
treated groups, a partial cytoprotection against the global ischemia induced could be
seen in all times of administration, providing evidence of its neuroprotective effects

(Fig. 3C).

5. Discussion

In the current study we confirmed and extended our previous findings showing
that a single intracerebroventricular injection of coumestrol can afford neuroprotection
when administered either before or after cerebral global ischemia. Here we demonstrate
that coumestrol treatment 1h prior or Oh, 3h, 6h and 24h promoted neuroprotection in
the CA1 hippocampal region against 10 min of a global ischemic insult in male rats.
Additionally, we show a significant correlation between the decrease of the Na*, K" -
ATPase activity induced by 10 min of global ischemia with a significative rescue of its
activity promoted by coumestrol pre administration in both 1h and 24h time points of
reperfusion. Moreover, the citoprotection seeing at 24h after ischemia afforded by
coumestrol, and the rescue of the Na*, K* -ATPase activity impairment promoted by the
ischemic insult may be correlated, since it matches the same time point after

reperfusion. These findings provide useful information about the potential application of
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coumestrol in the treatment of ischemic-like injuries, suggesting a neuroprotective role

of coumestrol in excitotoxicity.

To our knowledge this is the first evidence of a neuroprotective effect of
coumestrol against the Na*, K* -ATPase activity inhibition in a cerebral model of
ischemia. Na*, K" -ATPase activity is responsible for establishing the electrochemical
gradient of Na* and K" ions across the plasma membrane of various cell types. In the
central nervous system, Na’, K' -ATPase activity serves to maintain the resting
membrane potential essential for nerve impulse generation, and acts at the hydrolysis
step through which ATP supplies free energy. It is therefore conceivable that
suppression of Na*, K* -ATPase activity during ischemia disturbs the energy supply,
thereby aggravating the neuronal damage that characterizes this condition. During
cerebral ischemia, depletion of cellular ATP and the resultant dysfunction of Na*, K -
ATPase results in a rise in the intracellular Na+ concentration. When the intracellular
Na+ concentration is increased sufficiently, the Na+-Ca++ exchange carrier reverses its
resting mode of operation, which leads to an increase in intracellular Ca++
concentration. A marked influx of Ca++ into neurons during ischemia has been shown
to provoke catastrophic events, leading to irreversible neuronal injury (Chen et al.,
2008; Hansen AJ, 1985; Mitani et al., 1994). Maintenance of this enzymatic activity is
considered essential for preservation of neuronal function during ischemia/reperfusion

injury in mouse brain.

In this study we hypothesized that coumestrol administration would prevent both
CA1 delayed neuronal death and Na™ K* -ATPase activity inhibition against a global
insult of ischemia, based on our previous studies where coumestrol prevented long-term
neuronal death in CAL hippocampal layer in female rats when submitted to 10 min

global ischemia (Castro et al., 2012). In agreement with previous studies, where a
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cerebral global ischemia induced an impairment in the Na*, K* -ATPase activity (Wyse
at al., 2000; Kwon et al., 2003; Zhan et al., 2011), our results have shown a significative
impairment in the enzyme activity in both times after reperfusion, and that coumestrol
administration was able to completely prevent the impairment at 1h, and partially rescue
its activity at 24h after reperfusion. These findings support strong evidence on the
neuroprotective effects of coumestrol against the Na*, K -ATPase activity inhibition
induced by ischemia. It is well known that phytoestrogens, acting as antioxidants, can
decrease the accumulation of ROS, thereby protecting cell membrane integrity and so
promoting neuronal survival (Cai et al., 1997; Mitchell et al., 1998). In addition,
previous studies have demonstrated the antioxidant properties of coumestrol (Gelinas &
Martinoli, 2002; Jin et al., 2012), and its neuroprotective effects against excitototoxic
events (Liu et al., 2011; Gelinas & Martinoli, 2002). In line with this view, strong
evidences allow us to suggest a possible coumestrol’s involvement in preserving the
Na®, K* -ATPase activity integrity through its antioxidant mechanisms. Thus, being
coumestrol a potent antioxidant, we could infer that its treatment is somehow preventing
ROS generation, thereby contributing to the plasmatic membrane maintence and to the
Na®, K" -ATPase activity integrity. Further studies are needed to dissect the exact
mechanism by which coumestrol is acting to promote the Na*, K" -ATPase activity

reestablishment.

It is well established that transient global ischemia causes selective delayed
neuronal death in the hippocampal CAL subfield. Histological evidence of degeneration
is not observed until 2-3 day after ischemia, which suggests a critical role for
transcriptional changes activating specific apoptotic pathways. Thus, estrogen receptors
(ERs), which are ligant-activated transcription factors, might mediate neuroprotection

by directly regulating intracellular signaling of pro- and anti-apoptotic molecules
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(Lebesgue et al., 2009; Etgen et al., 2011). In addition, the neuroprotective effects of
estrogens have been demonstrated in a variety of models of acute and chronic cerebral
ischemia. Estrogen-induced neuroprotection has been demonstrated in adult female
(Cimarosti et al., 2005; Jover-Mengual et al., 2010; Etgen et al, 2011) as well as in
males rats (Hawk et al., 1998; Toung et al., 1998) and gerbils (Jover et al., 2002). The
therapeutic window of estrogens lasts up to 3h after insult (Yang et al., 2000) and this
therapeutic window can be extended to up to 6h after ischemic insult in a dose-
dependent manner (Yang et al., 2003). Some phytoestrogens exhibit some estrogen
agonist-like properties (Stahl et al., 1998 & Makela et al., 1995). Along with
phytoestrogens, coumestrol is known to be the most potent isoflavonoid, with binding
affinities for both ERs that are comparable to those of 17(3-estradiol (Whitten et al.,
2002).In the present study, we observed that the global ischemia caused marked and
delayed neuronal cell death in the hippocampal CA1 region 7 days after reperfusion
region in agreement with other studies (Pulsinelli et al., 1982; Hagan and Beaughard,
1990; Hartman et al., 2005; Etgen et al., 2011). Coumestrol administration was found to
reduce delayed neuronal cell death as measured by HE staining, promoting more viable
neurons in the ischemic treated animals in all times of administrations, including 24h
post ischemia. This long post-event efficacy of coumestrol is promising, considering the
therapeutic window for estrogen neuroprotection don’t reach longer than 6h after
ischemia. Moreover, since our previous study demonstrated that coumestrol was able to
afford neuroprotection 24h after global ischemia in female rats, it is reasonable to
suggest that coumestrol has a longer therapeutic window than the 6h window seeing in
estrogens therapy, and could be a tangible long-term therapeutic strategy against global

ischemia injury.
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As mentioned before, the histological analysis revealed an attenuation of
neuronal loss promoted by coumestrol administration in all times after reperfusion.
However, we observed an uneven level of surviving neurons among the ischemic
treated groups, as disclosed by the post-hoc Duncan statistical analysis. Despite the
statistical analysis been significative at 6h, we observed a significant decrease of
survival neurons at this time point. It is worth to mention that in our previous study
with females this decrease was not observed at this time point (Castro et al., 2012),
considering that the same protocol of experiments was followed. One of our hypotheses
to explain this result is that coumestrol could be acting through intracellular signaling
cascades, which are activated after ischemia at this specific time of reperfusion in

males, but not in females, resulting in cell death.

It is well settled in the literature that the caspase -3 activation triggers neuronal
death by cleaving nuclear and cytosolic proteins, including poly (ADP-ribose)
polymerase-1 (PARP-1). Key evidence in establishing PARP-1 activation as a major
citotoxic mechanism has accumulated from exclusively male animals with targeted
deletions of PARP (PARP_/ ). In each case, these knockouts are resistant to brain
injury from focal and global cerebral ischemic insults (Dawson et al, 1996; Eliasson et
al, 1997; Endres et al, 1997; Samdani et al, 1997; Hagberg et al., 2004). The cleavage of
PARP-1 by caspases activated early in apoptosis provides one of the most recognizable
observations of the role in cell death (Dawson & Dawson, 2004). In 2002, Jover and
collaborators published a study demonstrating that global ischemia induced a marked
increase in expression of activated caspase-3 in male gerbils 6h after global ischemia,
and the estrogen administration was able to abolish the apoptotic cascade that leads to

cell death. Accordingly, Bagetta and colleagues (2004) in a experiment involving male
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rats observed an increase of cytochrome c (cyt-c) levels (which triggers caspase-3
activation and leads to apoptosis through PARP-1 activation) in hippocampus induced
by cerebral global ischemia at this same time of reperfusion, and the estrogen

administration one hour before the ischemic insult abrogated this effect.

Coumestrol is a potent phytoestrogen with binding affinities for both estrogen
receptors o and P that are comparable to those of estradiol. Although the structural
similarity of both compounds being evident, we cannot expect suchlike actions, since
physiological parameters involved cerebral ischemia are complex. Because we didn’t
perform any experiments relative the intracellular mechanisms regarding coumestrol
actions against cell death, we shall not strongly suggest any role of coumestrol at this
parameters. However, we feel comfortable, based on the studies mentioned above, to
come up with some possible explanations for the intriguing decrease of cell survival
observed at 6h in our results. Therefore, considering that estrogen therapy was able to
minimize cell death by interfering in the caspase-3 signaling at 6h after reperfusion in
the studies mentioned above, and coumestrol not, we presume that coumestrol
mechanism to afford neuroprotection is other than the estrogens mechanisms.
Moreover, since 6h is the time point activation of caspase-3 that leads PARP-1 cleavage
triggering subsequent apoptotic neuronal death, and considering that it matches with the
same time point of coumestrol inability to promote neuroprotection, it seems to us that
its actions could be through caspase-3 pathway, implying a possible role of coumestrol
in apoptotic cell death regulation in males. These evidences taken together suggest that
the differences that exist between male and female brain after exposure to ischemic
injury may respond the decrease of surviving cells seen in ischemic treated males at 6h

of reperfusion. The published data about sex-related differences in cerebral ischemia
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and PARP-1 activation corroborates with our above hypothesis that coumestrol may
interferes in the PARP-1 pathway and it is influenced by gender. Thus, these collective
data encourage us to proceed with further investigations regarding the intracellular
mechanisms by which coumestrol affords neuroprotection in global ischemia. The
apoptotic signaling involving caspase-3 pathway and subsequent PARP-1 activation
seems a promising target for future studies involving coumestrol treatment against

ischemic insults.

Conclusions

The present study demonstrated the neuroprotective actions of coumestrol
against a cerebral global ischemia induced in male rats. The histological neuroprotection
and the Na*, K -ATPase activity reestablishment promoted by its treatment provides
substantial support that coumestrol interferes against the excitotoxic events followed by
global ischemia in a long-term window, suggesting its role as a possible therapeutic
agent against stroke. Additional research is needed to determine the molecular targets
mediating the neuroprotective action of coumestrol and the therapeutic potential in the

mature nervous system.
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Legends to Figures

Figure 1 - Effect of coumestrol pre-treatment on Na®, K'-ATPase activity in the
hippocampus of male rats submitted to 10 min of cerebral global ischemia. Rats
received one single icv injection of coumestrol or vehicle one hour before the ischemic
insult; Na*, K*-ATPase activity was measured 1h and 24h after reperfusion. a) p<0,001
vs. sham operated animals; b) p<0,001 vs. the ischemia control groups; ¢) p<0,001 vs.
sham operated groups. Bar represents the mean * standard error of the mean (SEM).

ANOVA followed by Duncan’s test.

Figure 2 - Effect of coumestrol treatment on the number of surviving neurons in the
hippocampus of male rats submitted to 10 min of cerebral global ischemia. Male rats
underwent to global ischemia (10 min) or sham surgery and received a single icv
infusion of 20 pg of coumestrol or vehicle 1h before ischemia or Oh, 3h, 6h and 24h
after reperfusion. The ischemic groups had less surviving neurons in comparison with
the sham groups. Coumestrol afforded significant neuroprotection in all times of
administration after global ischemia induced. (a) difference vs. sham group; (b)
difference vs. sham, ischemia, 3h and 6h groups; c) difference vs. the remaining groups;
d) difference vs. the remaining groups. Bar represents the mean + standard error of the

mean (SEM). ANOVA followed by Duncan’s post hoc test, p<0,001.

Figure 3 - Photomicrographs (40X) of the hippocampal CAL1 region of male rats with or
without 10-min global ischemia 7 days after reperfusion. Animals that underwent global
ischemia (B) had significantly fewer surviving neurons in comparison to the sham-
operated groups (A) (p<0,001). Coumestrol treatment strongly protected the CAl

hippocampal layer in all time points of administration (C). Scale bar=100um.
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CAPITULO 3

COUMESTROL PROTECTS AGAINST IN VIVO AND IN VITRO NMDA-

INDUCED EXCITOTOXICITY THROUGH GLURZ2 ACTIVATION AND

PREVENTS MEMORY IMPAIRMENT IN MICE.

Artigo a ser submetido a revista Hippocampus.
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Abstract

Transient global forebrain ischemia causes selective, delayed death of hippocampal
CAl pyramidal neurons. Excessive glutamate release leads to excitotoxicity and
subsequent neurodegeneration, and regulation of the glutamatergic AMPA receptor
GIuR2 content is recognized as an important mediator of both neuronal plasticity and
vulnerability to excitotoxic neuronal death. Global ischemia induces down-regulation of
GIuR2 mRNA and increased AMPA-induced Ca*? influx in hippocampus before
neurodegeneration. In this study, we investigated the neuroprotective mechanisms of
coumestrol, an estrogenic compound, against ischemia-like induced excitotoxicity in
vivo and in vitro, and if it could prevent memory deficits induced by global ischemia as
well. Global ischemia, induced in C57BL/6 mice by 20 min of BCCAOQ, resulted in a
significant decrease of GIUR2 expression in hippocampus at 12h, 24h and 48h after
reperfusion, and both coumestrol and estradiol administration were able to abolish the
reduction of the GIuR2 protein content at all times of administration. The exposure of
hippocampal neurons to 500uM of NMDA in vitro triggered a massive cell death as
assessed by the microscopic analysis, and the treatment with coumestrol or estradiol
significantly reduced neuronal death given either before or after the excitotoxic assay.
Furthermore, in a behavior assessment, coumestrol pre treatment abrogated the memory
deficits induced by the ischemic insult, indicating its involvement in improving spatial
learning and memory. These collective data together suggest a potential role of
coumestrol as a potent neuroprotective agent against neurodegeneration in global

ischemia.

Key words: global ischemia, neuroprotection, coumestrol, GluR2, spatial memory.
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1. Introduction

Cerebral global ischemia induces a selective pattern of neuronal loss in certain
identifiable subsets of neurons, including CALl pyramidal neurons in hippocampus and
cortical projection neurons in layer 3 (Pulsinelli et al., 1982; Schmidt-Kastner and
Freund, 1991; Wang et al., 2003). L-Glutamate, the major excitatory neurotransmitter in
the brain, is known to be a great player in the pathophysiology of excitotoxic neuronal
injury (Choi & Hartley, 1993; Rothstein, 1996). Excessive glutamate release leads to
excitotoxicity, which has a prominent role in many disorders of the nervous system,
including trauma and ischemia (Andrabi et al., 2011). AMPAR-(a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid)-type glutamate receptors (AMPARS) are a major
subtype of glutamate receptors and are widely expressed throughout the Central
Nervous System (CNS) both in neurons and glia (Belachew and Gallo, 2004; Wisden
and Seeburg, 1993). They are made up of combinations of four subunits: GluR1-4
(Isaac et al., 2007) and implicated in glutamate excitotoxicity (Friedman et al., 1994;
Pellegrini-Giampietro et al., 1997; Friedman, 1998). These receptor assemblies, when
lacking the GIUR2 subunit, are also highly permeable to Ca** (Hollmann et al., 1991;
Hume et al., 1991), and considerable evidence indicates that Ca®*-permeable GIuR2-
lacking AMPARs are related to ischemic cell death (Liu and Zukin, 2007; Noh et al.,
2005; Soundarapandian et al., 2005). Several recent reports have demonstrated that
cerebral global ischemia reduces both GIluR2 mRNA and protein levels in CAl
hippocampal neurons (Liu and Zukin, 2007; Gorter et al., 1997; Bennet et al., 1996).
This observation led to the “GluR2 hypothesis”, which postulates that reduced GIuR2
expression allows Ca?* entry through AMPARs channels, which, in turn, induces CA1l
pyramidal cell death (Pellegrini-Giampietro et al., 1997; Tanaka et al., 2000; Oguro et

al., 1999).



73

Thorase is a cytosolic and postsynaptic protein that colocalizates with AMPARS
and interacts with GIuR2. It has been recently demonstrated in a study conducted by
Zhang and coworkers (2011) that Thorase overexpression decreases surface AMPARs
and AMPA currents, and regulates AMPAR surface expression and internalization. In
addition, the same study provided strong evidence that Thorase deficiency result in an
increase in surface AMPARs and subsequently reduced endocytosis of AMPARS.
Moreover, in an endogenous coimmunoprecipitation assay, GIluR2 and Thorase
coexisted as a complex in vivo and in vitro, and binding of Thorase to GIuR2 is ATP
hydrolysis sensitive. Furthermore, in a behavior assessment, they reported that Thorase
knockout mice have profound effects on learning and memory, consistent with the

effects of Thorase on AMPAR function (ZHANG et al., 2011).

A considerable body of work has demonstrated that the ovarian steroid hormone
estrogen regulates a wide variety of nonreproductive functions in the CNS by
interacting with several molecular and cellular processes. Estradiol, derived from
endogenous or exogenous sources, has many enhancing effects on neuronal plasticity
and behavior related to cognition and mood (Waters et al.,, 2009; Hajszan and
MacLusky, 2006). In addition, estradiol has neuroprotective actions in models of
ischemic brain injury, neurodegeneration, and aging (Jover et al., 2002; Brann et al.,
2007; De Nicola et al., 2009). A growing literature reporting results obtained in rodent
models suggests that 17-B-estradiol, the most potent of the biologically relevant
estrogens, facilitates some forms of learning and memory, and in particular, those
involving hippocampus-dependent tasks (Foy, 2010). In hippocampal neurons, estradiol
acts as a neuroprotective agent in vitro (Friedman and Segal, 2010; Numakawa et al.,

2007) and in vivo (Canal Castro et al., 2012; Jover et al., 2002; Lebesgue et al., 2009),
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and activation of estrogen receptors (ERs — o and ) with estradiol or specific agonists

has been implicated in learning and memory (Frye et al., 2007; Lebesgue et al., 2009).

Phytoestrogens are estrogen-like molecules found in many plants binding ERs.
Some phytoestrogens exhibit estrogen agonist-like activities (Stahl et al., 1998; Makela
et al., 1995) and have been extensively investigated in the recent years due they
protective actions against many brain disorders (Castro et al., 2012; Lephart et al.,
2000). Recently, the coumestan phytoestrogen coumestrol has gained place because its
binding affinities for both ER-a and ER-[3 that are comparable to those of 17-B-estradiol
(Canal Castro et al., 2012; Whitten et al., 2002). Recent studies from our laboratory
revealed the neuroprotective actions of coumestrol in female and male rats, suggesting
that this compound could be a tangible therapeutic strategy against global ischemia

injury (Canal Castro et al., 2012).

The present study was undertaken to examine the possible role of coumestrol
and estradiol at the level of GIuR2 and Thorase expression in hippocampus of male
mice against neuronal damage induced by global ischemia. We compared the effects of
coumestrol and estradiol administration in different times of reperfusion on the GluR2
and Thorase protein levels at the same time points. In addition, being aware that
excitotoxicity is one of the cellular mechanisms linked to cerebral ischemic
neurodegeneration, we sought to determine if coumestrol could be neuroprotective in
vitro as well, against a glutamatergic excitotoxicity in hippocampal neuronal culture.
Also, we investigated if coumestrol administration could prevent the memory deficits
induced by global ischemia in a behavior assessment. Our hypothesis is that coumestrol
could be neuroprotective against neurodegeneration and a possible therapeutic agent

versus excitotoxic events such as global ischemia.
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2. Methods

2.1 Biochemical Analysis

2.1.1 Mice

All mice procedures were consistent with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the Johns Hopkins

University Animal Care and Use Committee.

2.1.2 Experimental Design and Drugs

The animals were randomized into six groups: vehicle-treated sham and
ischemic, 17-B-estradiol-treated sham and ischemic and coumestrol-treated sham and
ischemic. The number of animals was 4 per group. One hour before surgery, mice
received intraperitoneal injections of 20 mg of coumestrol (Sigma) (diluted in 100%
dimethylsufoxide) (DMSO; Sigma), 20 mg of 17-B-estradiol (diluted in 0.9% saline
solution containing 10% DMSO), used as a positive control. Sham animals were infused
with vehicle (100% DMSO). The dose of 20 mg was selected on the basis of earlier
reports, which demonstrated similar proprieties and actions of estradiol and coumestrol

in the central nervous system (Canal Castro et al., 2012).

2.1.3 Bilateral Common Carotid Artery Occlusion (BCCAO)

For the transient cerebral ischemia procedure, 8 week old C57BL/6 male mice
weighing between 20 and 28 g were used. The animals (age: 8-12 weeks) were
anesthetized with halothane (2-3% for induction, 1-1.5% for maintenance). Transient
global ischemia was induced by performing bilateral common carotid artery occlusion
(BCCAO) for 20 minutes followed by reperfusion using a curved bulldog artery clamp.
The mice were kept on 37.5°C pad until they recovered from anesthesia. A consistent

70-75% decrease in blood flow was observed over the forebrain using Laser Doppler
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flowmetry. The incision was sutured using a silk 5-0 suture (Ethicon,USA). Following
complete recovery from anesthesia, the animals were returned to the cages and housed
individually. At 12, 24 and 48 h following BCCAO, mice were sacrificed under
decapitation and brain tissue was collected for biochemical analysis. The entire surgical

procedure was performed except BCCAO in sham operated mice.

2.1.4 Preparation of Whole Tissue Extracts

At the specific time points (12, 24 or 48 hours after BCCAO) mice were quickly
decapitated, and hippocampi were immediately dissected out and homogenized for 30 s
in buffer containing 10 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and 1X protease inhibitor cocktail (Roche, Indianapolis, IN). Protein
concentrations were determined by the BCA assay (Pierce, Rockford, IL). Protein
samples were then resuspended in loading buffer (2% SDS, 62.5 mM Tris-HCI pH 6.8,
10% glycerol, 0.003% bromophenol blue, and 5% 2-mercaptoethanol), incubated 15

min at 65°C, resolved on a SDS-PAGE gel, and subjected to western blot analysis.

2.1.5 SDS-PAGE and Western blot analysis

The protein extracts were size-separated through denaturing polyacrylamide gel
electrophoresis (SDS-PAGE). For all blots, equal amounts of protein for each sample
(50 pg) were loaded onto 10% polyacrylamide gels and run at 100 V using a Hoeffer
model SE 600 electrophoresis unit. The proteins were then electrotransferred to a
nitrocellulose membrane (Bio-Rad) in tris-glycine-methanol buffer for 2 hours at 0.3 A.
The membrane was blocked for 1 hr at room temperature in PBS-T pH 7.5 (PBS 0.1%
Tween-20) containing 5% nonfat dry milk. The membrane was then incubated
overnight at 4 C with different primary antibodies in blocking solution: mouse anti—

GLUR-2 1:1000 (NeuroMab, Davis, CA), mouse anti-Thorase 1:1000 (NeuroMab,
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Davis, CA) mouse anti—p-actin 1:5000 (Sigma). The membrane was washed with
blocking buffer 3 x 10 min and incubated for 1 hr at room temperature with the
secondary goat anti-mouse 1:10000 (NeuroMab, Davis, CA). After that, membranes
were washed 3 x 10 min with PBS-T, and then processed for chemiluminescence
analysis using the Super Signal West Pico detection kit (Pierce). The films were
scanned and band intensity was analyzed using Image J software (developed at the US
National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-

image).

2.2 In vitro Experiments
2.2.1 Primary Neuronal Cultures

Primary neuronal cultures were prepared from gestational day (E17-E18) CD1 mouse
embryos, and experiments were performed at day 14 in vitro. Timed pregnant mice
were cervically dislocated according to NIH guidelines. Embryos were carefully
removed and placed into a dissecting medium DMEM (GIBCO®) enriched with 20% of
Fetal Bovine Serum (FBS). Hippocampi was dissected out and the cells dissociated by
trituration in modified Eagle's medium, 20% horse serum, 25 mm glucose, and 2 mm |-
glutamine, following a 10min digestion in TrypLE (Invitrogen). Tissue was then
transferred to a flask containing Neurobasal Medium (GIBCO®) enriched with 2% of
FBS, 1% of B-27 and 1% of L-glutamine (GIBCO®). Medium containing a density of
50,000 cells/well were plated in 12 well culture dishes, each well containing poly-I-
lysine or poly ornithine coated coverglasses. Cells were left to grow in the incubator at
37 °C, 5% CO,, for 3 days, the medium was then changed, and a mixture of 5-fluoro-2-
deoxyuridine (5F2DO) (Sigma) was added to avoid glial cell proliferation. Under these
conditions, neurons represent 90% of the cells in the culture. The medium was changed

twice a week until the 14 day, when the excitotoxic assay was performed. On day 11,
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primary neuronal cultures were transduced with Green Fluorescent Protein (GFP)
through a FUGW lentiviral construct (GFP-FUGW). A pre-determined amount of
concentrated lentivirus construct (5ul in each well, with identical amounts added to all

wells) was then applied to neurons cultured in vitro.

2.2.2 Excitotoxic Assay

Briefly, NMDA excitotoxicity was induced by exposing primary hippocampal
neurons to 500 UM NMDA plus 10 uM glycine in Hank’s Balanced Salt Solution
(HBSS, GIBCO®) for 5 min, and replaced with MEM, 10% horse serum, 25 mM
glucose, and 2 mM L-glutamine to elicit cell death. The cultures were fixed in 4% PFA
and stained 24 hrs later with 1 pg/ml DAPI, which stain all cell nuclei, and 7 uM
propidium iodide (P1) (Invitrogen) that stains dead cell nuclei. Cell death assessment
was determined as the ratio of live to dead cells compared to control. The numbers of
total (DAPI) and dead (PI positive) cells were counted by automated computer assisted
software (Axiovision 4.6, Zeiss, Germany). The raw counts are presented in an Excel
file for generation of percent cell death and statistical analysis. Glial nuclei fluoresce at
a lower intensity than neuronal nuclei and were gated out by the software program.
Fluorescent photomicrographs were analyzed with Axiovision 6 software. GFP-
expressing neurons with fragmented processes were excluded in the counting. The
transduction with GFP was made in order to see the neurons and its connections more
clearly in the photomicrographs. Coumestrol and estradiol treatment were conducted on
day 14, before and after the NMDA-induced excitotoxicity. In brief, a dose of 10uM of
both coumestrol and estradiol was added to each well 1h before or Oh, 1h, 3h and 6h

after the excitotoxic insult.
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2.3 Behavior Assessment
2.3.1 Animals and Surgical Procedures

Behavior experiments were performed in 60-days old CF-1 female mice
obtained from the Central Animal House of the Biochemistry Department, Institute for
Basic Health Sciences, Federal University of Rio Grande do Sul, Porto Alegre, RS,
Brazil. Animals were maintained on a 12;12h light/dark cycle in an air-conditioned
constant temperature (22 £ 1°C) colony room with food and water ad libitum, and kept
in standard cages (48 x 26 cm?) with five animals per cage. All experimental procedures
were carried out in strict accordance with the National Institutes of Health regulations
regarding the use and care for scientific purposes, and followed the guidelines of the
Committee on Care and use of experimental Animal Resources, Federal University of
Rio Grande do Sul, Porto Alegre, RS, Brazil. All efforts were made to minimize animal
suffering and to reduce the number of animals used in each experiment. Briefly,
coumestrol was administered 1h before ischemia through an intraperitoneal dose of 20
mg/kg, and the transient global ischemia was induced as previously described by section
2.1.3. Animals were divided into 4 groups: sham vehicle and treated and ischemic
vehicle and treated (n=9-11 per group). Sham animals underwent to the same surgical
procedures, except the carotid occlusion. Four days after surgery, mice went through the

behavior assessment.
2.3.2 Morris Water Maze — Reference Memory

The effect of coumestrol on spatial learning and memory in mice was
determined using the Morris Water Maze test. As previously described by Muller et. al.
(2010), the reference memory task was done in a circular pool (110 cm diameter) in a

water temperature of 21°C + 1°C. Sham and ischemic mice were trained daily in a 4
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trial water maze task for 3 consecutive days. Each trial last up to 60s and was followed
by 20s of rest in a hidden black platform. During training, mice learned to escape from
the water by finding a hidden platform submerged about 1cm bellow the water surface
in a pre determined location. If the animal failed to find the platform in 60s, it was
manually placed on the platform and allowed to rest for 20s. Each trial was separated by
at least 12 min to avoid hypothermia and facilitate memory acquisition. The room
where the maze apparatus was situated was supplied with visual stimuli hanging on the
walls in order to provide spatial cues. Latency to find the platform during each trial was
measured as an indicator of learning. A probe test without the platform was performed
on the fourth day. The time spent in the target quadrant was measured as an indicator of

memory retention.

3. Statistical Analysis

Data are presented as meantstandard error of the mean (SEM). Histological
assessment was determined using one-way analysis of variance ANOVA. Post hoc
Duncan test was utilized in order to analyze the differences collected at distinct time
points from control values. For the water maze task and western blot data, two-way
ANOVA followed by Duncan was utilized. All comparisons were performed using the

SPSS software. In all cases, differences were considered significant if p<0.05.

4. Results

4.1 Coumestrol Treatment Prevents the Post-Ischemic Decrease of GIuR2 Expression in

Hippocampus.

Male mice received an acute intraperitoneal injection of coumestrol or estradiol
1h before induction of ischemia, and hippocampi was removed after 12h, 24h and 48h

of reperfusion for further western blot analysis. The two-way ANOVA did not detect
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any differences between sham vehicle and sham treated operated groups at 12h, 24h or
48h after surgery, but revealed a significant effect of BCAAO on hippocampal levels of
GIluR2 at all times of reperfusion when compared to sham operated animals: 12h,
F(5,23)=65.23; 24h, F(5,23)=2.93; 48h, F(5,23)=41.47 (p<0.001) (Fig. 1B, a, b and c).
Additionally, the post hoc Duncan analysis revealed a significant effect between
ischemia vehicle and ischemia treated groups at 12h, 24h and 48h after reperfusion
(p<0.001), (Fig. 1B, a, b and c). Further, the statistic analysis also detected significative
difference between sham control groups and ischemia treated groups at 48h after
ischemia (p<0.001). These results indicates that both coumestrol and estradiol
administration were able to abolish the subsequent reduction in expression of GIuR2 in
hippocampus, suggesting a neuroprotective effect of both compounds against ischemia-

induced GIuR2 reduction.

4.2 Coumestrol Treatment Does Not Affect Thorase Expression in Hippocampus After

BCAAO.

Thorase expression was evaluated by western blot analysis after BCCAO in the same
specific time points examined in the GIuR2 assay. The statistical analysis did not
revealed significative differences between sham and ischemic groups at 12h, 24h and
48h after ischemia in Thorase expression after ischemia: 12h, F(5,23)=1.41; 24h,
F(5,23)=0.66; 48h, F(5,23)=1.20, (p>0.05), and either revealed any effect of the both

treatments in all times analyzed after reperfusion (Fig. 2B).

4.3 Coumestrol Treatment Provides In Vitro Neuroprotection Against NMDA-Induced

Excitotoxicity.

The neuronal quantification revealed that only 12% of the adenovirus GFP-

infected neurons survived the 500uM NMDA excitotoxicity treatment, indicating that a
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massive cell death was induced by the excitotoxic assay, as confirmed by the statistical
analysis F(13,69)=327.48, (p<0.001), (Fig. 3B), and by the confocal microscopy (Fig.
3A). Survival of coumestrol treated neurons was increased more than 3-fold at 1h
before, Oh and 1h after NMDA treatment (p<0.001), (Fig. 3B), while no effect of
coumestrol treatment was detected either at 3h or 6h after the excitotoxic insult,
indicating that coumestrol neuroprotection in vitro is time-limited (Fig. 3B). In
complement, estradiol treatment promoted more than 3-fold neuronal protection against
NMDA-induced excitotoxicity in almost all times of administration (p<0.001), as
confirmed by the one-way ANOVA analysis, (p<0.001) (Fig.3B), and by the confocal
microscopy (Fig. 3A). However, after 6h from the NMDA assay, no protective effect
was found under estradiol administration (Fig. 3B). These data together suggests that
coumestrol and estradiol may be acting through different mechanisms regarding
hippocampal neuronal survival in vitro, since time-specific differences related to

neuroprotection were found in both two compounds treatment.

4.4 Coumestrol Treatment abrogates Memory Deficits Induced By BCCAO.

In order to address the question if coumestrol could abrogate the memory
deficits induced by global ischemia, a maze task was used to evaluate spatial memory
retention. Briefly, male mice were treated one hour before ischemia with 20 mg/kg of
coumestrol, and 4 days after ischemia, the animals were submitted to a water maze test.
The statistical analysis accused a significative difference between the sham and
ischemia vehicle groups, indicating that the memory retention on the probe day was
impaired in the ischemic animals in comparison with control values F(1,34)=20.84,
(p<0.001) Fig. 4). No differences were detected between the sham groups, (p>0.05). In
addition, one single dose of coumestrol administered one hour before ischemia was

effective in preventing memory loss induced by global ischemia F(1,34)=19.71,
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(p<0.001), indicating a possible involvement of coumestrol in improving spatial
learning and memory in mice subjected to global ischemia. These collective data
together suggest a potential role of coumestrol in preventing cognitive deficits in global

ischemia.

5. Discussion

The present study was undertaken to examine possible mechanisms underlying
ischemic neuroprotection under coumestrol administration. Here we report that 20min
of transient global ischemia induced a high suppression of GIuR2 protein in
hippocampus of male mice, and the pre treatment with coumestrol and estradiol greatly
attenuated ischemia-induced down-regulation of GIuR2 protein at 12h, 24h and 48h
after reperfusion. We also observed that the Thorase protein expression was not
significantly altered after the ischemic insult in hippocampal tissue, and coumestrol or
estradiol administration did not induce any changes in the protein levels either at 12h,
24h and 48h as well. Our in vitro experiments demonstrated that the excitotoxic insult
produced by 500uM of NMDA treatment induced a massive neuronal death, and
coumestrol and estradiol administration, either pre or early post the NMDA-induced
excitotoxicity assay, were able to afford neuroprotection in primary hippocampal
culture. In addition, we also investigated the possible role of coumestrol in preventing
memory impairment induced by cerebral ischemia. In a water maze task, coumestrol
prevented and improved memory loss produced by 20 min of global ischemia,
indicating that coumestrol could be a potential agent against the cognitive deficits
usually observed after ischemic-like insults. Taken together, the data suggest a critical

role of this coumestrol against injurious mechanisms triggered by excitotoxic insults.
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For over two decades, it has been known that excessive glutamate release
activates ionotropic glutamate receptors, causing calcium entry, excitotoxicity, and
neuronal death in vulnerable brain regions (Mehta et al., 2013; Kostandy, 2012; Lo et
al., 2003). Excessive activation of glutamate receptors in pathological conditions, such
as anoxia or ischemia, precipitates excitotoxic neuronal death in vulnerable neuronal
types by allowing an excessive influx of Ca?*, Na*, and Zn®" ions into the cell (Lo et al.,
2003). What has thus far remained unclear is the specific role of different types of Ca*'-
permeable glutamate receptor in precipitating cell death and why neurons in some
regions of the brain, including hippocampal CA1l pyramidal neurons, are more
vulnerable to glutamate mediated excitotoxicity than others (Kittler, 2006; Pellegrini-
Giampietro et al., 1997; Lo et al., 2003). AMPARs are heteromeric assemblies of
subunits GIuR1- GluR4, and the presence of the GIuR2 subunit confers impermeability
to Ca?* and Zn?*. This Ca**-impermeability in GIuR2-containing receptors is specified
by the presence of an arginine (R) residue in transmembrane domain 2 of this subunit
instead of the glutamine residue (Q) present in the GIuR1, GIuR3, and GIuR4 subunits
(Peng et al., 2006). Q/R editing influences assembly, membrane trafficking, and
synaptic targeting of GluR2-containing receptors (Seeburg and Hartner, 2003; Greger et
al., 2003). In addition, it has been well established by several studies that experimental
cerebral ischemia triggers suppression of GIuR2 gene expression and subunit
abundance, and enhances AMPAR-mediated Ca*? influx in vulnerable CA1 pyramidal
neurons before cell death (Tanaka et al., 2000; Alsbo et al; 2001; Bell et al., 2009; Peng
et al., 2006). This observation led to the “GluR2 hypothesis,” which proposed that
decreased availability of Ca?*-impermeable GIuR2(R) protein after a neurological insult
would lead to increased formation of Ca®*-permeable AMPARSs and consequently

increased neurotoxic Ca** (and possibly Zn*") influx (Pellegrini-Giampietro et al.,
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1997). Thus, because AMPARSs lacking the GIuR2 subunit contributes to delayed CAl
pyramidal cell death after ischemia and consequent neurodegenertion, it would be
fruitful if we could find a plausible therapeutic agent able to intervene in the GIuR2

reduction induced by global ischemia.

In this context, we examined if it could be a possible therapeutic strategy against
GIuR2 protein reduction after ischemia, based on previous reports where coumestrol
demonstrated to be neuroprotective against ischemia-induced neurodegeneration. Our
results are in agreement with other reports, where induction of global ischemia reduced
the hippocampal GIuR2 protein levels, suggesting that the ischemia/reperfusion
challenge produced GIuR2 internalization in hippocampus (Wang et al., 2011; Liu et al;,
2004; Peng et al;, 2006; Tanaka et al., 2001). Coumestrol pre-treatment was able to
abrogate the hippocampal GIuR2 reduction observed at 12h, 24h, and 48h after
ischemia, coinciding with estradiol records as well. These results are the first
demonstration of a possible mechanistic basis for the neuroprotective effects of
coumestrol and estradiol against glutamate-mediated excitotoxicity in cerebral ischemia.
The modulation of glutamatergic activity by estrogens may have functional implications
related to neuroprotection and other neurodegenerative processes. Hence, it is possible
that one of the mechanisms involved in the neuroprotective actions of estradiol involves
the modulation of AMPA receptor by rescue the reduced GIUR2 expression after
ischemia, which may then modulate Ca®* permeability. Considering coumestrol and
estradiol similarity in structure and function in the CNS, it is reasonable to suggest that
coumestrol may have suchlike estrogen mechanisms regarding GIuR2 modulation after
ischemia. Additionally, it is noteworthy to mention that after ischemia, expression of
transcriptional factors, including products of immediate early genes, stress proteins and

neurotrophic factors are also altered in CAlneurons. These proteins are potential
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candidates for downregulating GIuR2 expression by reducing mRNA transcription or
stability. Since one of the mechanisms involved in the neuroprotective actions of
estradiol involves brain-derived neurotrophic factor (BDNF) modulation (Murphy et al.,
1998; Scharfman and MacLusky, 2005), one possible explanation for the abrogation of
GIuR2 reduction promoted by estradiol and coumestrol treatment could be through
activating transcriptional factors involved in neuronal survival such as BDNF. These
evidences suggests that both coumestrol and estradiol administration may have an
indirect effect in regulatory mechanisms after ischemia, modulating transcriptional
factors and, therefore, promoting neuronal survival. Moreover, it is known that
estrogens modulate the activity of glutamatergic systems in the hippocampus (for
review see Cyr et al., 2000a; McEwen, 2002), therefore it is possible that coumestrol
could modulate GIuR2 transcription in the hippocampus as well. Together, our data
suggests that both compounds play a critical role in GIluR2-mediated excitotoxicity in
global ischemia, and propose support for the concept of a novel mechanism of action in
estrogenic neuroprotection. Additional experiments are required to elucidate the exact
modulation mechanisms of these compounds on GIuR2 subunit in hippocampus after

cerebral ischemia.

Recently, a new gene was discovered from preconditioned neuronal tissue that
provides protection against ischemic and excitotoxic insults. This gene encodes a 361
amino acid protein, Thorase, with heterogeneous expression in mouse brain and
relatively high expression in hippocampal CA1 pyramidal cells. GST-pull down of
Thorase with different C-terminal truncations of GIuR2 indicates that Thorase interacts
with amino acids 832-839 of the C-terminus of GIuR2 and regulates AMPAR surface
expression in an ATPase-dependent manner both in vitro and in vivo (Zhang et al.,

2011). Here, we sought to evaluate the possible role of Thorase after a global ischemic
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insult considering its neuroprotective potential against ischemic insults. No changes in
hippocampal protein levels were detected in all time points analyzed after ischemia, and
either no effect of the both treatments was observed in the Thorase protein levels.
However, even with no detectable significative difference in the statistic analysis, the
graphic demonstrates a subtle increase in Thorase expression after insult. It has been
demonstrated that Thorase regulates AMPAR surface expression and internalization and
interacts with GIuR2. In addition, it has been well established by the current literature
that after global ischemia, a massive GIuR2 internalization is observed, which
contributes to the delayed neurodegeneration. Taken these evidences together, and
considering the subtle enhanced in Thorase protein levels observed in our data, we feel
comfortable to suggest that this discreet increase detected indicates a difference in the
Thorase biological activity after global ischemia, and it may be related with Thorase’s
role in GIuR2 internalization. Although we didn’t observe any significant change in the
levels of Thorase protein after coumestrol or estradiol treatment it does not necessary
suggest a non involvement of these compounds on Thorase regulation. Some
compounds have significant effects on protein regulation and activities by changing
their localization/distribution due to either (1) modification on the protein or (2)
under/over expression of binding partners. Further research is required in order to
determine the exact mechanisms of Thorase in global ischemia. Understanding the
biologic actions of Thorase, the survival pathways that it mediates and identify its
potential disease targets, brings tremendous potential to develop pharmaceutical
treatments of patients at risk for ischemic injury and perhaps for treating chronic

neurodegenerative diseases.

The excitatory amino acid, glutamate, plays important roles in neuronal

development, synaptic plasticity and neurodegeneration through activation NMDA and
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AMPA receptors (Zhang, et al., 2011; Besancon et al., 2008; Kessels and Malinow,
2009). On common mechanism for neuronal cell death in multiple neurodegenerative
diseases is excitotoxicity. In primary neuronal cultures, exposure to lethal doses of
NMDA causes excitotoxic cell death due to excessive calcium influx directly through
the NMDA receptors. In this context, to determine whether coumestrol could reduce
neuronal cell death in vitro, an excitotoxic assay was performed in primary hippocampal
neurons. Our results demonstrated that pre and post incubation of cultured hippocampal
neurons with coumestrol or estradiol at 10 uM greatly attenuated glutamate induced
excitotoxicity, promoting significative neuronal survival in hippocampal cultures and
suggesting a neuroprotective effect of these 2 compounds against NMDA excitotoxicity.
However, coumestrol afforded neuroprotection only when the treatment was done next
to the excitotoxic event, whereas the estradiol treatment promoted longer
neuroprotection as compared with the coumestrol time points of administration. The
estradiol longer neuroprotective effectiveness is consistent with previous studies, where
estradiol demonstrated to be effective in preventing neuronal death against glutamate-
induced excitotoxicity in vitro (Singer et al., 1996; Behl et al., 1997; Numakawa et al.,
2007), supporting the role of estradiol as a neuroprotective agent. Estradiol is known to
rapidly activate the MAPK survival signaling pathway through ERs, resulting in the
prevention of glutamate-induced toxicity in cultured cortical neurons (Singer et al.,
1999). Moreover, the dose of 10 uM is considered to be a high concentrated estradiol
dose (Behl at al., 1995), which suggests that estradiol extended neuroprotection is dose-
dependent. These evidences together provide important information concerning the
longer neuroprotective effect of estradiol. To our knowledge, these are the first results
regarding coumestrol neuroprotection against NMDA-induced excitotoxicity in vitro.

Moreover, our data corroborates with our previous reports where coumestrol
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demonstrated to be neuroprotective against ischemia-induced excitotoxicity in vivo
(Canal Castro et al., 2012), when administered at the same time points here performed.
However, in our in vivo experiments, coumestrol afforded neuroprotection in all times
of administration, indicating that it has longer therapeutic window in vivo as compared
with in vitro. It is known that following cerebral ischemia neuronal survival depends not
only on neurons but also on glial cells, vascular smooth muscle, and endothelial cells
(Kreutzberg, 1996). In our hippocampal cultures, we inhibit glial proliferation by using
a mixture of 5-fluoro-2-deoxyuridine, where neurons represent 90% of the cells in the
culture. Thus, considering that glial cells are barely present in our in vitro experiments
and assuming their presence in vivo, this provide strong evidence of their participation
in coumestrol longer neuroprotection against glutamatergic excitotoxic conditions.
Furthermore, in a study involving amyloid-beta toxic effects in vitro, coumestrol
demonstrated to be neuroprotective, by reducing the toxic effects in astrocytes cultures,
corroborating with our hypothesis above suggested. We know that coumestrol is a
phytoestrogen with potent antioxidant activities and high binding affinities for both
estrogen receptors o and P that are comparable to those of estradiol. Although the
structural similarity of both compounds being evident, we cannot expect suchlike
actions, since biochemical parameters involved excitotoxicity are complex. Because we
didn't perform any experiments relative the intracellular mechanisms regarding
coumestrol neuroprotective effects against cell death, we shall not strongly suggest any
role of coumestrol at this parameters. However, bases in the shorter neuroprotective
effect seeing in our experiments, we presume that coumestrol mechanism to afford
neuroprotection is other than the estrogens mechanisms. Additional research is needed
to determine the molecular targets mediating the neuroprotective action of coumestrol

and the therapeutic potential against excitotoxicity events.
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Transient global ischemia induces selective, delayed cell death of pyramidal
neurons in the CAL hippocampus (Jover et al., 2002; Pulsinelli and Brierley, 1979) and
causes functional deficits in the memory and learning of rats (Tanaka et al., 2002).
Hippocampal long-term potentiation (LTP) and long-term depression (LTD) of synaptic
transmission are types of synaptic plasticity that have been extensively studied, as they
are considered as cellular models of memory formation in the brain (Foy et al., 2010;
Bear and Malenka; 1994; Bliss and Collingridge, 1993). In CAl area of the
hippocampus, LTP requires NMDA receptor activation for its induction, and an increase
in AMPA receptor function for its expression and maintence (Lisman, 2003; Malenka
and Nicoll, 1999; Stanton, 1996). The MWM task is thought to test spatial learning
capability and reference memory (Morris 1984). Of the neighboring regions undergoing
delayed cell death in response to ischemic insults induced by transient global ischemia,
the most vulnerable are found in the hippocampus, which plays a major role in learning
and memory (Butler et al. 2002). A growing literature reporting results obtained in
rodent models suggests that 17beta-estradiol facilitates some forms of learning and
memory, and in particular, those involving hippocampus-dependent tasks. Because
coumestrol demonstrated to be neuroprotective in vivo and in vitro, and considering its
similarity in several levels with estradiol, we came up with the hypothesis if coumestrol
could reverse the cognitive impairments usually detected after ischemia. In this study
we induced a transient global ischemia for 20 min to create severe injury in the
hippocampus. As expected, the ischemic insult caused memory impairment in the
spatial maze assessment, and caused massive neuronal death in the CA1 pyramidal
neurons, confirmed by the histological analysis (data not shown). A single dose of
coumestrol given 1h before ischemia rescued the memory impairment promoted by the

ischemic insult, indicating the ability of coumestrol in preventing the ischemia-induced
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memory impairment. LTP is a prominent form of long lasting enhancement of synaptic
transmition, and a predominant cellular model of the learning and memory processes. A
typical form of LTP induction requires an enhanced entry of Ca*? through NMDARS.
The Ca*? within the dendritic spine binds to calmodulin to activate the Ca* calmodulin-
dependent protein kinase 11 (CaMKII) which phosphorylates AMPARS, increasing their
channel open probability and/or postsynaptic number to produce LTP (Lisman et al.,
2002; Malenka and Nicoll, 1999). There are several studies supporting the estradiol
ability in recovering memory deficits and improving spatial learning after ischemia (Liu
& Zukin, 2007; Gulinello et al., 2005; Plamondon et al., 2006; Sandstrom and Rowan,
2007). Moreover, several reports have provided evidence that the effects of estradiol on
LTP induction are due to the activation of an intracellular cascade, leading to increased
actin polymerization and increased numbers of AMPA receptors (Kramar et al., 2009;
Zadran et al., 2009). Furthermore, a recent study revealed that LTP in the hippocampal
CALl region was inhibited as a result of transient global cerebral ischemia and this
inhibition was considerably reversed by the one-time pre-administration of estradiol
(Dai et al., 2007). In this line, one possible interpretation of the neuroprotective effect of
coumestrol against the memory impairment would be in its capacity to enhance the
hippocampal AMPA GIuR2 protein levels after ischemia, as herein demonstrated. Our
results provide strong evidence that coumestrol pre treatment up-regulated the GIuR2
expression in hippocampus after ischemia. This observation led us to touch the possible
involvement of the GIUR2 in the neuroprotective effects of coumestrol against global
ischemia-induced memory loss. In this context, if we can assume that the impaired
memory and cell death due to transient ischemia share the reduction of GIuR2, the
effects of coumestrol against memory loss might involve, at least in part, an

enhancement of the hippocampal GIuR2 protein levels. In addition, taking into account
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that the current literature strong supports the E2 involvement in LTP enhancement
thereby ameliorating memory deficits after ischemia (Smith and McMahon, 2005;
Inagaki et al., 2012; Liu & Zukin, 2007; Dai et al., 2007), and considering coumestrol
estrogen-like actions in the CNS, we presume that its actions could go through the same
mechanisms to promote memory improvement by contributing to LTP enhancement and
maintence. Therefore, it is conceivable that the coumestrol ability in rescuing the
impaired memory by ischemia seems to involve the above mentioned mechanisms

regarding the LTP induction, which might be deteriorated due ischemia.

6. Conclusions

In this study, we presented for the first time solid evidences of the
neuroprotective mechanisms of coumestrol against glutamatergic excitotoxicity induced
either by in vitro or in vivo experiments. The current results indicate a complete
protective effect of coumestrol against excitotoxic events that lead to neurodegenerative
consequences, and reveal a potential novel mechanism that contributes at least in part to
this protection by the up-regulation of GIuR2 AMPA receptor after ischemia.
Furthermore, our findings provide new insight of a new mechanism by which
coumestrol may influence synaptic plasticity in the hippocampus and ultimately in
learning and memory. These findings have important implications for the therapeutic of

global ischemia and imply coumestrol as a potential agent against neurodegeneration.
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Legends to Figures

Figure 1. Effect of coumestrol and estradiol treatment on hippocampal protein levels of
the AMPA GIuR2 in different times after BCCAQO. (a) Western blot analysis showed
pools of the GIuR2 subunit at 12h, 24h and 48h after reperfusion. (b) Quantification of
the hippocampal GIuR2 protein levels at 12h, 24h and 48h after reperfusion. Bar
represent meantSE (n=3-4/group). ANOVA with Duncan post hoc test, * p<0.05
versus sham operated group. ** p<0.05 versus ischemia vehicle group. a) ischemic
treated groups at 12h after reperfusion; b) ischemic treated groups at 24h after

reperfusion; c) ischemic treated groups at 48h after reperfusion.

Figure 2. Effect of coumestrol and estradiol treatment on hippocampal protein levels of
Thorase in different times after BCCAO. (a) Western blot analysis showed pools of
Thorase at 12h, 24h and 48h after reperfusion. (b) Quantification of the hippocampal
protein levels of Thorase at 12h, 24h and 48h after reperfusion. Bar represent

mean+SEM (n=3-4/group), ANOVA with Duncan post hoc test, p>0.05.

Figure 3. (a) Representative photomicrographs of hippocampal culture neurons exposed
to 500 uM of NMDA transduced with GFP, magnification (40X), counter-stained for
DAPI and Pl. n = 5; scale bar, 50 pum. a) Control healthy neurons with no NMDA
treatment. b) NMDA challenge alone increased the number of dying neurons. c)
Neuroprotection effect of coumestrol in reducing the cell death induced by the NMDA
treatment. d) Neuroprotection effect of estradiol in reducing the cell death induced by
the NMDA treatment. ANOVA with Duncan post hoc test, p<0.05. (b) Quantification of
500 uM NMDA-induced cell death in primary hippocampal neurons transiently
transduced to express GFP. Cells with fragmented processes were considered dead. Bar

represent meanszSEM of 8 averaged fields from 4-6 coverslips per group. ANOVA
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with Duncan post hoc test, * p<0.05 versus sham group, *# p<0.05 versus NMDA

group.

Figure 4. Effect of coumestrol treatment on Morris Water Maze test. Data are expressed
as meantSEM (n=9-11/group). ANOVA with Duncan post hoc test, * p<0.05 versus

sham operated group. *# p<0.05 versus ischemia vehicle group.
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O acidente vascular encefalico (AVE) constitui atualmente um dos maiores
problemas de salde publica mundial, sendo uma das maiores causas de morte e
incapacitacdo em adultos no mundo. A maioria dos casos é devido a estase ou
diminuicdo do fluxo sanguineo na area tecidual irrigada pela artéria acometida, o que é
denominado de AVE isquémico. Dentre as vitimas que ndo vao a Obito, a maioria tera
como sequela alguma deficiéncia fisica. Portanto, o problema desta enfermidade ndo se
encontra apenas na mortalidade, mas também na incapacitacdo que impde ao individuo,
como ndo se alimentar ou locomover independentemente, além de problemas de

interacdo social (GINSBERG, 2008).

Apesar dos avancos no entendimento da patofisiologia da isquemia cerebral, as
opcOes terapéuticas para o tratamento desta enfermidade permanecem muito limitadas.
Somente uma droga estd aprovada clinicamente para o tratamento da isquemia nos
Estados Unidos, o ativador de plasminogénio tecidual recombinante. Porém, levando
em consideracdo que a maior parte dos pacientes que sofrem uma isquemia nao
consegue chegar ao hospital dentro de trés horas, a maioria ndo recebe este tratamento.
Consequentemente, o tratamento bem sucedido da isquemia permanece um dos maiores

desafios na medicina clinica (LAKHAN et al., 2009; FURLAN, et al., 2003).

Estrogenos sdo horménios monofendlicos que exercem numerosas atividades
classicas bem documentadas em todo o organismo. O estr6geno mais potente de
ocorréncia natural nos seres humanos é o 17-p-estradiol, seguido pela estrona e estriol
(principal forma de excrecdo do hormdnio). No Sistema Nervoso Central (SNC), o
estradiol que chega aos neurdnios é proveniente de trés principais fontes: (1) pode
chegar diretamente a partir da circulacdo, origem significante nas mulheres (2) pela
conversao da testosterona proveniente da periferia pelos astrécitos, importante nos

homens (3) apds a conversdo da testosterona recém produzida nos astrocitos (sintese
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local), acontecendo em ambos os sexos (GARCIA-SEGURA et al., 2001). Evidéncias
consistentes tém sido acumuladas ao longo dos ultimos anos demonstrando a eficicia do
estradiol em reduzir o dano cerebral seguido de um AVE em ambos 0s sexos.
Adicionalmente, doses fisiologicas e farmacoldgicas deste horménio demonstram
exercer neuroprotegdo quando administradas antes de um insulto isquémico focal ou
global (BAGETTA et al., 2004; DUBAL et al., 1998; SIMPKINS et al., 1997). Além
disso, muitos estudos in vivo e in vitro tém demonstrado a eficacia do estrogénio contra
a neurodegeneracdo em varios modelos neuropatologicos (RAVAL et al., 2006;
VISCOLI et al., 2001). Contudo, resultados de testes clinicos tem sido desapontadores
até o momento, devido aos inumeros efeitos colaterais causados pela sua administragdo
crénica no tratamento da isquemia. Com base nisso, um novo paradigma de intervencao
farmacoldgica estrogénica surge, com o objetivo de evitar os efeitos adversos que o
tratamento crbénico, a0 mesmo tempo proporcionando protecdo neuroldgica contra

insultos isquémicos.

Os fitoestrogenos sdo compostos difendlicos, ndo esteroidais, derivados de
plantas e com atividade estrogénica. Assim como 0s estrégenos enddgenos, entram no
ambiente lipofilico do cérebro e se ligam em receptores de estrogénio (ERs) (LIU et al.,
2011; LEPHART et al., 2002), desencadeando muitas respostas biologicas que sao
causadas por niveis enddgenos de estrogénio sem os efeitos colaterais indesejados.
Nesta linha, o fitoestrdgeno coumestrol ganha proeminéncia devido a sua alta atividade
estrogénica e grande similaridade estrutural com a molécula do estradiol, despertando

interesse em avaliar seu potencial neuroprotetor contra doencas neurodegenerativas.

A principal proposta desta tese foi estudar o efeito neuroprotetor do coumestrol
contra os efeitos deletérios encontrados apds um insulto isquémico global. Para isto,

utilizamos modelos de isquemia in vivo e in vitro previamente padronizados e ja bem
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estabelecidos na literatura cientifica. No primeiro capitulo deste trabalho buscamos
avaliar o efeito neuroprotetor do coumestrol contra a morte celular induzida na regido
CAL1 hipocampal, caracteristica peculiar de modelos isquémicos globais, e determinar se
seus efeitos neuroprotetores seriam mediados pelos classicos receptores estrogénicos,
através de uma abordagem farmaco-antagonista. Para isso, tratamos ratas previamente
ovarectomizadas com coumestrol, ou com seu analogo estrutural 17-B-estradiol, em
diferentes tempos pré e pos-isquemia (1h antes, Oh, 3h, 6h e 24h), seguido ou ndo da
administracdo antagonista, e avaliamos histologicamente o efeito de sua administragdo
na sobrevivéncia neuronal em CAL. Os resultados desta investigacdo demonstraram que
o0 tratamento com coumestrol foi capaz de promover uma significativa redugdo da morte
neuronal induzida pela isquemia global em todos os tempos de administracdo. Uma vez
que coumestrol demonstrou ser neuroprotetor em ratas fémeas, surgiu a proxima
hipdtese de trabalho: se o tratamento com coumestrol seria igualmente neuroprotetor em
ratos machos, e se este poderia reverter a reducdo da atividade da bomba Na'/K'-
ATPase, um dos prejuizos celulares provocados pela isquemia global. Confirmamos
nossa hipdtese ao observar a neuroprotecdo promovida por coumestrol na avaliacdo
histoldgica e bioquimica decorrentes da administragdo do coumestrol em relacdo aos
grupos-controle, como apresentado no segundo capitulo desta Tese. Levando em
consideracdo que a intervencdo farmacoldgica oferece estratégias terapéuticas que
antagonizam ou interrompem uma cascata de eventos bioquimicos e moleculares
prejudiciais desencadeados pela isquemia, buscamos aprofundar o conhecimento dos
mecanismos neuroprotetores do coumestrol no terceiro capitulo, tanto em ensaios in
vivo quanto em ensaios in vitro. Os resultados obtidos neste terceiro momento

investigativo ofereceram novas perspectivas subjacentes aos possiveis mecanismos
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celulares que o coumestrol possa estar utilizando para promover neuroprotecdo na

isquemia cerebral global.

Em uma avaliagdo mais minuciosa do primeiro capitulo, onde tanto a
administracdo local como periférica foram habeis em promover sobrevivéncia neuronal
significativa na regido CAl hipocampal, alguns aspectos relevantes se mostram
passiveis de consideracdo: o primeiro se deve ao fato de que compostos estrogénicos,
tanto enddégenos quanto exdgenos, exercerem profundos efeitos neuroprotetores em
modelos animais de isquemia experimental e produzirem suas a¢des celulares através de
sua afinidade por receptores estrogénicos classicos (ER-o e ER-B) (ETGEN et al., 2010;
GIBSON et al., 2006). Em nosso estudo, buscamos elucidar inicialmente o possivel
papel neuroprotetor de um composto altamente correlato ao 17-p-estradiol, o coumestrol
(KUIPER et al., 1998), contra a morte celular tardia na regido CALl hipocampal, e se

esta neuroprotecdo estaria sendo mediada pelos receptores classicos de estrogénio.

Nossa hipdtese de neuroprotecdo foi confirmada com a avaliagdo histologica
sete dias apds a administracdo de coumestrol em todos os tempos de administracéo,
através da contagem de neurdnios piramidais sobreviventes na regido CA1 hipocampal,
onde coumestrol demonstrou ser neuroprotetor, inclusive 24h pos isquemia. Contudo, a
hipdtese da neuroprotecdo mediada pelos receptores de estrogénio foi parcialmente
confirmada, devido aos nossos resultados demonstrarem que a administracdo do
antagonista ndo foi capaz de bloquear totalmente a neuroprotecdo promovida pelo
tratamento com o coumestrol. Isto nos levou a crer na possibilidade de coumestrol estar
agindo por vias distintas as do estradiol. Ainda, o fato de esta neuroprotecao ter sido de
longo alcance em comparacdo com seu controle positivo estradiol, que demonstrou
alcance neuroprotetor somente até seis horas pds-isquemia, nos levou a crer que, apesar

da similaridade estrutural entre estes dois compostos, isto ndo significa que estes
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estejam agindo através das mesmas rotas de sinalizagdo celular para promover

neuroprotecao.

Outro ponto relevante a ser considerado seria a atividade antioxidante
relacionada ao coumestrol. E bem fundamentado na literatura que fitoestrégenos séo
potentes antioxidantes capazes de abrandar a injlria cerebral apds eventos isquémicos e
outras doencas de cunho neurodegenerativo (AL-NAKKASH et al., 2009; DONZELLI
et al., 2010; KIM et al.,, 2009). Ademais, compostos ricos em fitoestrdgenos tém
demonstrado serem neuroprotetores em modelos de isquemia cerebral global (HONG et
al., 2001; SCHREIHOFER et al., 2005) por atenuarem o estresse oxidativo, peroxidacao
lipidica e a cascata sinalizadora que leva a morte celular apoptotica, promovendo
sobrevivéncia neuronal (CAl et al., 1997; MITCHELL et al., 1998). Em estudos sobre
propriedades antioxidantes de fitoestrégenos, coumestrol demonstrou ser um potente
antioxidante, com uma alta capacidade de doacéo de elétrons (MITCHELL et al., 1998).
Com base nisso, poderiamos atribuir a neuroprotecdo conferida por coumestrol em
nossos estudos devido a sua alta capacidade antioxidante. Contudo, a producdo de
espécies reativas de oxigénio (ROS) ap6s um insulto isquémico permanece por um
periodo curto de tempo na célula (THIYAGARAJAN et al., 2004; KLEINSCHNITZ et
al., 2010), levando-nos a inferir que, talvez, a neuroprotecdo observada apos 6h pos
isquemia possa ndo estar relacionada com as propriedades antioxidantes de coumestrol

devido ao tempo-limite relacionado a presenca intracelular de ROS.

Adicionalmente, outro aspecto relevante nesta discussao, seria a possibilidade de
coumestrol estar conferindo neuroprotecdo através de um terceiro mecanismo
diferenciado, recrutando outras vias celulares além das acima citadas. Recentes estudos
revelam a existéncia de receptores transmembrana capazes de responder a esteroides

com ativagdo celular. Um exemplo seria 0 GPR30, um membro da familia dos
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receptores acoplados a proteina G, que media a¢fes dependentes e independentes
relacionadas ao estradiol, sendo amplamente expressado no cérebro, com especial
destaque para o hipocampo (FILARDO et al., 2002; FILARDO & THOMAS et al.,
2005; PROSSNITZ et al., 2007, 2008). O estradiol exibe uma afinidade similar pelo
GPR30 comparavel com a sua pelos seus receptores classicos, e sua ligacdo ao GPR30
estimula a producdo de AMPc, mobilizacdo de calcio e ativa a sinalizacdo de fatores de
crescimento (ETGEN et al., 2010). Ainda, ha evidéncias fortes que GPR30 poderia estar
atuando concomitantemente com os ERs a fim de ativar vias de sinalizacéo relacionadas
com a sobrevivéncia neuronal apds uma isquemia cerebral global (LEBESGUE et al.,
2009). Nesse contexto, coumestrol poderia estar atuando por esta via alternativa de
sinalizagdo celular para promover neuroprotecdo contra a morte celular hipocampal em
CAL. Determinar se a neuroprotecdo promovida por compostos estrogénicos seguido de
isquemia global é mediada por ERs, ou por outros receptores de membrana, é de grande
interesse para o desenvolvimento de estratégias terapéuticas habeis em reverter o

processo neurodegenerativo subjacente a morte neuronal tardia.

Considerando os resultados promissores do primeiro capitulo, avancamos ao
proximo capitulo, onde os passos dados foram em direcdo a hipotese de coumestrol ser
igualmente neuroprotetor em machos. A partir disso, utilizando o mesmo modelo
experimental de isquemia global, executamos o0s experimentos em ratos machos
seguindo exatamente o mesmo protoloco utilizado na experimentacdo com fémeas.
Considerando que inimeros estudos fundamentam a ideia do dano neuronal isquémico
estar associado com um desequilibrio na homeostase i6nica e subsequente diminuicao
da atividade da bomba Na'/K'-ATPase (WYSE et al., 2000; SIESJO, BK, 1988),

estimamos a possibilidade do tratamento com coumestrol poder reverter este processo
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degenerativo, ja que o reestabelecimento da enzima Na'/K'-ATPase esta relacionado

com neuroprotecdo celular (DALLAPORTA et al., 1998).

Nossos resultados revelaram que a administracdo de coumestrol, em todos os
tempos de administracdo, foi capaz de reduzir significativamente a morte neuronal na
regido CA1 hipocampal induzida pela isquemia global em ratos machos, confirmando
nossa hipotese inicial. A neuroprote¢do promovida pelo estradiol em ratos machos ja
esta bem demonstrada na literatura, tanto em isquemia focal como global (HAWK et al.,
1998; TOUNG et al., 1998) e em gerbilos (JOVER et al., 2002). Contudo, a janela
terapéutica relativa ao estradiol é limitada até 6h pos-insulto (YANG et al., 2000; 2003),
0 que difere da terapia com coumestrol, tanto em fémeas quanto em machos. Apesar de
a analise estatistica ter demonstrado significancia em todos os tempos de administracéo,
observamos um decréscimo na protecao celular as 6h pos-isquemia, 0 que nos levou a
considerar a possibilidade do coumestrol estar agindo por cascatas de sinalizacdo
intracelulares, que sdo ativadas neste tempo especifico de reperfusdo apds a isquemia
em machos, mas ndo em fémeas, resultando em morte celular. Como ndo executamos
nenhum experimento relativo a mecanismos de sinalizacdo intracelular em relagcdo as
acOes de coumestrol, ndo devemos sugerir fortemente nenhum papel de coumestrol
nesses parametros. Porém, estudos publicados na literatura relacionados a acdo de
estradiol nas mesmas condicdes experimentais nos permitem levantar uma possivel
explicacdo para tal decréscimo. Nesses estudos (BAGETTA et al., 2004; JOVER et al.,
2002), a neuroprotecdo promovida pela terapia com estradiol no tempo de reperfuséo 6h
pos isquemia global em machos foi atribuida devido a sua interferéncia na cascata de
sinalizacdo que envolve o recrutamento da enzima caspase-3, seguida de clivagem da
PARP-1, cascata sinalizadora considerada uma das mais reconhecidas envolvendo

mecanismos de morte celular programada (DAWSON & DAWSON, 2004).
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Nesse contexto, considerando que a terapia com estradiol foi capaz de minimizar
a morte neuronal no mesmo tempo de reperfusdo em que coumestrol ndo demonstrou
consisténcia neuroprotetora, e que 0s mecanismos envolvendo esta neuroprotecdo
implicam a cascata apoptdtica acima mencionada, parece-nos plausivel inferir que,
apesar de serem compostos muito similares, coumestrol e estradiol parecem néo estar
agindo pela mesma via sinalizadora neste tempo de reperfusdo. Além disso, uma vez
que 6h é o ponto de ativacdo da caspase-3 (JOVER et al., 2002) e, considerando que
este tempo especifico esta de acordo com o tempo em que observamos uma diminui¢édo
na neuroprotecdo celular, parece-nos plausivel considerar um possivel papel deste
composto na via de regulacdo da morte celular apoptética em machos. Os trabalhos
publicados sobre diferencas relacionadas ao sexo em isquemia cerebral e ativacdo da
PARP-1 (BAGETTA et al., 2004) corroboram com nossa hipotese acima levantada

sobre coumestrol interferir na via da PARP-1 e de isto estar relacionado ao género.

Uma vasta gama de estudos reportam que a injdria neuronal causada na isquemia
cerebral global esta intimamente associada a um desequilibrio na homeostase i6nica
celular, produzindo excessiva producdo de EROs, moléculas diretamente envolvidas no
dano celular oxidativo, e consequente morte celular. A Na*/K*-ATPase é uma proteina
transmembrana que tem um papel vital na manutencdo da homeostase ibnica e sua
atividade se encontra severamente comprometida sob circunstancias isquémicas, devido
a massiva presenca se EROs. Portanto, abordagens antioxidantes podem desempenhar
um papel crucial na prevencdo no dano oxidativo neste contexto. A hipdtese de que
coumestrol poderia restaurar a atividade da bomba Na'/K*-ATPase se deu a partir do
paradigma antioxidante que este composto demonstra exercer, levantando a
possibilidade de sua administracdo minimizar os prejuizos homeostaticos causados pela

isquemia global. Nossos resultados demonstram que 0s 10 minutos de isquemia global
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causaram significativa diminuicdo na atividade geral da bomba Na*/K*-ATPase, tanto
em 1h como em 24h apo6s o insulto isquémico, corroborando com os estudos de (WY SE
et al, 2000; SIMAO et al., 2011) dentro desta mesma linha. A administracdo de
coumestrol 1h pré-isquemia demonstrou restaurar a atividade da enzima em ambos 0s
tempos de reperfusdo (1h e 24h), sugerindo o papel neuroprotetor de coumestrol contra

a inibicdo induzida por isquemia da Na*/K*-ATPase.

Os compostos antioxidantes sdo conhecidos por diminuirem o acUimulo de
EROs, protegendo a integridade da membrana celular e, consequentemente,
promovendo sobrevivéncia neuronal (CAIl et al., 1997; MITCHELL et al., 1998).
Adicionalmente, estudos previos demonstraram as propriedades antioxidantes de
coumestrol (GELINAS & MARTINOLI, 2002; JIN et al., 2012) e sua capacidade
neuroprotetora contra eventos de cunho excitotoxicos (LIU et al., 2011). Com base
nestas evidéncias, sugerimos, primeiramente, o possivel envolvimento de coumestrol na
preservacdo da atividade enzimatica da Na'/K'-ATPase através de seus mecanismos
antioxidantes. Nesse contexto, sua administracdo poderia estar de alguma maneira
prevenindo a geracdo de EROs contribuindo para a manutencdo da membrana
plasmética e integridade da atividade da bomba Na'/K'-ATPase. Ademais, varios
estudos apontam que a enzima Na'/K'-ATPase possa ser um importante alvo para o 17-
B-estradiol e moléculas com estruturas quimicas semelhantes, fornecendo evidéncias
consistentes da estimulacdo da enzima pela administracdo de E2 (CHEN et al., 2006;
MELIS et al., 1990; DZURBA et al., 1997). Ainda, E2 demonstrou antagonizar a
depressdo da atividade enzimatica da bomba Na’/K'-ATPase causada pela isquemia,
corroborando com os estudos acima mencionados sobre a estimulacdo da bomba por E2.
Essas evidéncias parecem se encaixar com a possibilidade de coumestrol ter restaurado

a atividade da Na'/K'-ATPase ndo sO pela sua atividade antioxidante, mas também
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devido a sua semelhanca com a molécula de E2 e possivel atividade estrogénica
estimulante. Concluindo, este segundo capitulo coloca o coumestrol em um contexto
mais amplo relacionado a mecanismos neuroprotetores dentro da isquemia cerebral e
sugerem que sua terapéutica em ambos 0s sexos é promissora, no sentido de propiciar
um maior alcance temporal contra a morte neuronal em relacdo ao estradiol,
habilitando-nos a sugerir que este composto pode ser uma estratégia terapéutica

verossimil contra a isquemia global.

A isquemia cerebral transiente ou global, induzida em animais ou ocorrendo em
humanos como resultado de uma parada cardiaca, é seguida de neurodegeneracéo tardia
em populagdes neuronais especificas. Neurdnios piramidais da regido CAl sdo
particularmente vulneraveis (SCHMIDT-KASTNER & FREUND, 1991). Durante um
breve episodio de isquemia global (5-10 min) em ratos ou em gerbilos, concentragdes
extracelulares de glutamato e potassio e niveis intracelulares de calcio aumentam por
todo o encéfalo e neurbnios despolarizam e se tornam inexcitaveis. Contudo, dentro de
minutos apos a reperfusdo sanguinea, o ambiente é reestabelecido, 0s niveis
citoplasmaticos de célcio retornam ao nivel de repouso e 0s neurbnios podem
novamente gerar potenciais de acdo (SILVER & ERECINSKA, 1992; TORP et al.,
1993; XU & PULSINELLI, 1996). Na regido CA1 hipocampal, este reestabelecimento
é transiente e, ap0Os varios dias, é seguido por extensiva degeneracdo dos neur6nios

piramidais (PULSINELLI et al., 1982; KIRINO, 1982).

Dentro das inumeras consequéncias neurodegenerativas associadas a isquemia
global, esta a regulacdo do RNA mensageiro do GIuR2, localizado na regido vulneravel
CALl antes da morte celular detectavel por histologia (LIU & ZUKIN, 2007; PENG et
al., 2006; SEEBURG & HARTNER, 2003). Receptores AMPA que ndo possuem a

subunidade GIUR2 na sua estrutura sdo permeaveis a célcio e zinco. A observagdo que
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0s niveis proteicos estdo especificamente reduzidos na regido CA1 hipocampal apos a
isquemia global levou a ‘hipotese do GIluR2’, que propde que o decréscimo de
disponibilidade proteica de GIuR2 ap6s o insulto isquémico global levaria a formacao
de receptores AMPA permedveis a calcio e, consequentemente, a um aumento de
influxo excitotoxico de célcio (e possivelmente zinco) (PELLEGRINI-GIAMPIETRO
et al., 1997; LIU et al., 2004). Em concordancia com essa hipétese, neurénios CA1 pés-
isquémicos exibem um grande aumento de influxo de célcio através de receptores
AMPA em relagdo aos neurbnios-controle, e este aumento no influxo de célcio ocorre
obviamente antes da degeneracdo e morte neuronal (ARONICA et al., 1998; BENNETT
et al., 1996; LIU et al., 2006). Neste sentido, seria extremamente proveitoso se
pudéssemos encontrar um agente terapéutico habil em interferir na reducdo de GIuR2
induzida pela isquemia global. Portanto, baseado em nossos estudos prévios, onde o0
coumestrol demonstrou ser neuroprotetor contra a neurodegeneracdo induzida por
isquemia global, levantamos a hipotese de seu tratamento ser uma estratégia contra a
reducdo proteica de GIuR2 geralmente detectada pds-isquemia, 0 que proporcionou o
desenvolvimento do terceiro capitulo desta tese. O principal objetivo aqui foi investigar
0S possiveis mecanismos que coumestrol possa estar utilizando para promover

neuroprotecao.

Em um primeiro momento, avaliamos os efeitos da pré-administracdo de
coumestrol e estradiol em diferentes tempos de reperfusdo (12h, 24h, 48h) em relacdo
aos niveis proteicos de GIuR2 hipocampal em camundongos machos submetidos a vinte
minutos de isquemia global. Nossos resultados demonstraram que o insulto isquémico
global suprimiu significativamente os niveis de GIuR2 hipocampal em todos o0s tempos
de reperfusdo avaliados, corroborando com estudos prévios onde a isquemia cerebral

global, sendo ela em ratos, gerbilos ou camundongos, produziu diminuicdo do contetdo
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proteico de GIuR2 (PENG et al., 2006; GORTER et al., 1997; PU et al., 2005). O pre-
tratamento com coumestrol foi capaz de prevenir a redugdo proteica de GIuR2
observada em todos os tempos de reperfusdo pds-isquémica, coincidindo com o0s
registros da administragdo de E2. No intuito de explicar essa habilidade de coumestrol
em retroceder este mecanismo de regulacdo caracteristico da isquemia global,
direcionamos nosso raciocinio para 0s mecanismos associados ao E2 na tentativa de

achar uma explicacdo plausivel para tal.

Partindo da premissa de que estes resultados sdo os primeiros na literatura a
demonstrarem os efeitos do E2 contra a reducdo de GIuR2 poés-isquemia global,
inferimos a possibilidade de um novo mecanismo de agéo associado aos mecanismos do
E2 contra os efeitos deletérios relativos a excitotoxicidade glutamatérgica e morte
neuronal na isquemia global. Em relacdo a este, € valido apontar para seu possivel papel
na regulacéo da atividade glutamatérgica no hipocampo (CYR et al., 2000; MCEWEN,
2002), frequentemente associada as suas agdes neuroprotetoras e a processos
neurodegenerativos. Nesta linha, levando em consideracdo que a ativacdo do fator
neurotrofico derivado do cérebro (BDNF) é um dos principais mecanismos celulares
associados a neuroprotecdo mediada por estradiol (MURPHY et al., 1998;
SCHARFMAN & MACLUSKY, 2005), uma possivel explicacdo para os resultados
obtidos neste estudo, poderia ser de a ativacdo de BDNF desencadeada por E2 estar
exercendo uma atividade regulatéria obliqua sobre a expressao de GluR2, contribuindo
para a sobrevivéncia neuronal em CALl. Considerando a similaridade existente em
estrutura e funcdo entre E2 e coumestrol, é razoavel sugerir que coumestrol possa estar
agindo através de mecanismos semelhantes em relacdo a regulacdo de GIuR2 pds-
isquemia. As similaridades obtidas nos nossos resultados em relacdo a analise

quantitativa proteica desses dois compostos permitem-nos sugerir que ambos 0s
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compostos possam exercer um efeito ‘indireto’ no mecanismo regulatério do GluR2,
modulando fatores transcricionais e, desta maneira, promovendo sobrevivéncia
neuronal. Neste sentido, surge um conceito paralelo associado a um novo mecanismo de
acdo relativo a neuroprotecdo estrogénica na isquemia global, considerando o papel
critico que tanto o coumestrol como E2 desempenham dentro do contexto de morte

neuronal da isquemia global.

Ainda dentro dos mecanismos associados a neuroprotecdo conferida a partir de
pré-condicionamento isquémico, avaliamos o possivel papel de uma proteina associada
ao GIuR2 dentro do contexto da isquemia global. Thorase ¢ uma proteina com
expressdo heterogénea cerebral com alta expressédo em células piramidais da regido CAl
hipocampal e desempenha um papel neuroprotetor contra insultos isquémicos e
excitotoxicos. Ela demonstrou interagir com a parte C-terminal do receptor GIuR2 e
regular a expressdo de superficie dos receptores AMPA tanto em ensaios in vitro como
em ensaios in vivo (ZHANG et al., 2011). Considerando sua ativa interacdo com o
GIuR2 e a massiva internalizacdo observada pos-isquemia deste receptor, visamos
avaliar o possivel papel da Thorase dentro do contexto da isquemia cerebral global,
investigando se sua atividade estaria relacionada com a reducdo de GIuR2 nos mesmos
tempos de reperfusdo avaliados no ensaio com GIuR2 e, no caso positivo, se coumestrol
ou estradiol poderiam reverter tal processo. Nenhuma alteracdo nos niveis proteicos
hipocampais foi detectada em todos os tempos de avaliacdo pos-isquemia, tanto nos
animais-controle quanto nos animais-tratados, o que sugere que a atividade biologica da
Thorase ndo esta relacionada com a internalizacdo de GIuR2 observada nos tempos de
reperfusdo pds-isquémicos. Contudo, mesmo com a analise estatistica sendo néo
significativa, observamos no grafico relativo a avaliacdo quantitativa proteica da

Thorase um aumento sutil na expressdo da enzima pos-isquemia, 0 que sugere uma
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atividade biologica discreta, porém detectavel, da enzima em um contexto isquémico.
Embora ndo tenhamos observado nenhuma mudancga significativa nos niveis proteicos
da Thorase sob a administracdo de coumestrol e E2, isso ndo sugere necessariamente
um ndo envolvimento destes compostos na regulacdo da Thorase. Alguns compostos
produzem efeitos significativos na regulacdo/atividade proteica, por mudarem sua
localizacdo/distribuicdo ou: (1) através de uma modificacdo alostérica na estrutura da
proteina ou (2) através da expressao de proteinas vinculadas as suas estruturas. Futuras
investigacdes sobre 0s mecanismos da Thorase propiciariam um melhor entendimento
de sua agdo bioldgica dentro do contexto da isquemia global, trazendo um grande
potencial no desenvolvimento de estratégias terapéuticas para o tratamento de doencas

neurodegenerativas.

O aminoéacido glutamato desempenha um importante papel no desenvolvimento
neuronal, plasticidade sinaptica e neurodegeneracdo através da ativacdo de receptores
NMDA e AMPA (ZHANG et al., 2011; BESANCON et al., 2008; KESSELS &
MALINOW, 2009). Um mecanismo comum para a morte celular em doencas
neurodegenerativas é a excitotoxicidade. Em culturas neuronais primarias, a exposicao a
doses letais de NMDA causa morte celular por excitotoxicidade devido ao influxo
excessivo de célcio diretamente através de receptores NMDA. Neste contexto, para
determinar se coumestrol poderia reduzir a morte celular in vitro, um ensaio
excitotoxico foi realizado em culturas primarias hipocampais, onde coumestrol e
estradiol foram administrados em diferentes tempos (pré e pos excitotoxicidade

induzida por glutamato).

Nossos resultados demonstraram que a administracdo de ambos os compostos
diminuiu significativamente a morte neuronal induzida, suscitando a sobrevivéncia

neuronal nas culturas hipocampais, sugerindo mais uma vez que a administracdo de
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coumestrol promove neuroprotecdo neuronal contra a morte celular induzida por
excitotoxicidade glutamatérgica. Contudo, coumestrol demonstrou uma janela
terapéutica de menor alcance em comparacdo com E2, onde este ultimo conferiu maior
eficiéncia acerca do alcance temporal. A maior eficicia na neuroprotecéo conferida por
E2 estd em concordancia com estudos prévios nesta mesma linha, onde este demonstrou
exibir atividade neuroprotetora contra a excitotoxicidade glutamatérgica in vitro
(SINGER et al., 1996; BEHL et al., 1997; NUMAKAWA et al., 2007). O estradiol é
conhecido por ativar rapidamente a via de sinalizacdo associada a sobrevivéncia
neuronal dependente de MAPK através de ERs, resultando em prevencdo de morte

neuronal em culturas neuronais (SINGER et al., 1999).

Estes resultados sdo os primeiros da literatura em relacdo as atividades
neuroprotetoras de coumestrol realizados dentro de um contexto excitotoxico induzido
por NMDA in vitro. Adicionalmente, estes mesmos resultados corroboram parcialmente
com os dados até agora obtidos in vivo contra excitotoxicidade induzida por isquemia
dentro deste trabalho, considerando a coincidéncia precisa dos tempos de administracao
em ambos os ensaios. A diferenca relativa ao tempo de alcance terapéutico de
coumestrol é evidente nas duas avaliacBes, uma vez que este demonstrou ter maior
eficacia neuroprotetora quando in vivo, a medida que falhou em exercer um alcance
maior em longo prazo quando in vitro, sugerindo diferentes mecanismos dentro de dois
contextos metodoldgicos investigativos. Uma possivel explicacdo para tal diferenca
seria a escassa presenca de células gliais nas culturas hipocampais, uma vez que
inibimos sua proliferacdo através da administracdo de um inibidor de proliferacdo glial.
Admitindo a presenca ndo significativa de células gliais em nosso ensaio in vitro e
assumindo a sua presenca in vivo nos levou a considerar a possivel participacdo das

células da glia no contexto da neuroprotecdo promovida por coumestrol a longo prazo,
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uma vez que os astrocitos exercem uma fungdo protetora fundamental contra o estresse
oxidativo relacionado a neuroprotecdo contra a excitotoxicidade glutamatérgica (LIU et
al., 2011). Além disso, em um estudo envolvendo toxicidade induzida por beta-amiloide
in vitro em cultura de astrocitos, a administracdo de coumestrol conferiu neuroprotecéo,
reduzindo os efeitos tdxicos induzidos, corroborando com nossa hipGtese acima
sugerida (LIU et al., 2011). Concluindo, tanto os ensaios realizados in vitro como 0s
ensaios realizados in vivo deste presente trabalho convergem para uma sustentacdo mais
consistente de nossa hipétese relativa a atividade neuroprotetora de coumestrol,
permitindo-nos sugerir com mais firmeza sua participacdo benéfica dentro de um

contexto excitotoxico.

O teste do Labirinto Aquatico de Morris (LAM) foi originalmente desenvolvido
para testar a habilidade de ratos em aprender, lembrar e ir a um lugar no espaco definido
somente pela sua posicéo relativa as pistas externas ao labirinto. Devido ao fato do rato
ser geralmente colocado dentro de uma piscina com uma variedade de pontos de partida,
e, por consequéncia de ndo existirem pistas internas dentro desta piscina que guiem o
rato a plataforma de destino, a aquisicdo do conhecimento é baseada a partir da
plataforma de origem. Em comparacdo com outros testes comportamentais que
examinam também a habilidade de aprendizado e memdria de roedores, o LAM
apresenta algumas vantagens que facilitam a execucdo e interpretacdo: (1) o LAM
suporta a possibilidade de diferenciar “processo cognitivo” (aprendizado e memoria) e
desempenho motor (2) devido ao fato de o teste ocorrer na agua, distdrbios relacionados
a tracos de odores ndo estdo presentes (3) uma dieta especial ndo é necessaria, como no
teste do labirinto de oito bracos. Além disso, o0 LAM revela um prejuizo no aprendizado

e memoria espacial, que pode ser facilmente quantificado. Em vista disso, este teste
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parece ser adequado para investigar se estratégias neuroprotetoras que reduzem o dano

neuronal também levariam ao melhoramento funcional.

Levando em consideracdo que a isquemia global leva a morte neuronal seletiva
na regido CAL hipocampal e a um déficit no aprendizado e memoria espacial (MORRIS
et al., 1982, 1986; MOSER et al., 1993; ZOLA-MORGAN & SQUIRE, 1986), pode-se
assumir que este dano hipocampal pode ser a base para disturbios funcionais. Ademais,
varios estudos vém demonstrando que estratégias neuroprotetoras resultam na reducao
do dano hipocampal paralela a diminuicdo do déficit de aprendizado e memoria espacial
(BLOCK, 1998; ARONICA et al., 1998, WANG et al., 2011). Neste contexto, partindo
da premissa de que coumestrol demonstrou ser neuroprotetor nas hipoteses
anteriormente levantadas neste trabalho, consideramos a possibilidade de sua
terapéutica ser efetiva em reverter os prejuizos cognitivos geralmente detectados apos
um insulto isquémico global. Para isto, induzimos 20 minutos de isquemia global em
camundongos-fémeas previamente ovarectomizadas e administramos uma unica dose de

20mg intraperitoneal 1h antes de a isquemia ser efetivada.

Como esperado, o insulto isquémico induziu prejuizo no aprendizado e meméria
nos animais-controle, confirmado posteriormente pela massiva morte neuronal na regido
CA1 hipocampal observada atraves de andlise histologica, ratificando prévios estudos ja
publicados nesta linha. A dose de coumestrol administrada 1h antecedente a isquemia
foi efetiva em reduzir os déficits cognitivos relacionados ao aprendizado e memoria
observados nos animais-controle, indicando a habilidade de coumestrol em prevenir o
déficit de memoria induzido pela isquemia. Ja € bem estabelecido no meio cientifico
que a Potenciacdo de Longa Duracdo (LTP) € uma forma proeminente de aumento
duradouro da transmissdo sinaptica e um modelo celular predominante no processo de

aprendizado e meméria. O célcio dentro dos espinhos dendriticos se liga a calmodulina



126

e ativa a quinase dependente de calmodulina (CaMKII), que por sua vez fosforila os
receptores AMPA, aumentando a probabilidade de abertura de seus canais e ou
densidade pés-sinaptica destes, induzindo a LTP (LISMAN et al., 2002; MALENKA &
NICOLL, 1999). Existem varios estudos que apoiam a habilidade do E2 em reduzir os
déficits de memdria associados a isquemia global, melhorando o aprendizado espacial
(LIU & ZUKIN, 2007; GULINELLO et al., 2005; PLAMONDON et al., 2006;
SANDSTROM & ROWAN, 2007). Ainda, inimeros estudos proporcionam evidéncias
sugerindo que o efeito do E2 na inducdo da LTP seria devido a ativacdo de uma cascata
intracelular levando a um aumento no namero de receptores AMPA (KRAMAR et al.,
2009; ZADRAN et al., 2009). Além disso, um estudo recente revelou que a LTP na
regido CAL foi inibida como resultado de uma isquemia cerebral global induzida e que
esta inibigdo foi consideravelmente revertida por uma unica pré-administragdo de E2
(DAL et al., 2007). Nesta linha, uma possivel explicagdo para nossos resultados com
coumestrol, seria de que este poderia estar atuando de modo similar ao E2, ativando as
mesmas vias de sinalizacdo, aumentando o nimero de receptores AMPA e facilitando a
aquisicdo de memoria através da inducdo de LTP. Contudo, nenhum experimento em
nivel de mecanismo intracelular foi realizado neste sentido, ndo nos permitindo sugerir
concretamente quaisquer evidéncias relacionadas a isso; porém, devido a similaridade
estrutural e biologica existente entre estes dois compostos e, com base nos nossos
resultados até entdo apresentados neste trabalho e na literatura, faz com que esta

possibilidade seja considerada.

Outra explicacdo plausivel de consideracdo nesse ambito, seria a possibilidade
de coumestrol exercer acao protetora e restauradora atraves do aumento dos receptores
AMPA GIuR2 pos isquemia global, como demonstrado anteriormente aqui neste

capitulo. Nossos resultados forneceram evidéncias consistentes no sentido de
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coumestrol atuar na regulacdo deste receptor no hipocampo pés-isquemia, 0 que nos
levou a levantar a possibilidade de este aumento da expressdo de GluR2 promovido por
coumestrol estar associado a sua capacidade de prevencdo de perda de memdria.
Mudancas a longo prazo na transmissao sinaptica, como a LTP, sdo sabidas por serem o
subtrato para a aquisicdo da memoria e aprendizado (CALABRESI et al., 2003;
MALENKA & NICOLL, 1999; MARTIN & SHAPIRO, 2000). Por esta razéo, entender
0s mecanismos envolvidos na LTP é de fundamental importancia, ndo somente no
estudo da neurociéncia, mas também no estudo da patofisiologia das desordens
neuroldgicas. Muitos dos processos moleculares envolvidos na inducdo e manutencdo
da LTP sdo os mesmos ativados na excitotoxicidade (MCEACHERN & SHAW, 1996;
CHAN & MATTSON, 1999; HUGHES et al., 1999). Entdo, uma associacdo entre LTP

e neuropatologia € sugerida neste contexto.

A composicdo das subunidades dos receptores AMPA tem um importante papel
nas mudancas na forca sindptica como a LTP. Por exemplo, a LTP nas sinapses
excitatorias nas celulas CALl hipocampais € pensado em ser primeiramente devido a
insercdo de subunidades contendo GIuR2 em suas estruturas (MALINOW &
MALENKA, 2002). Estudos recentes sugerem que a adicdo de subunidades contendo
GIuR2 em sua estrutura podem estabilizar a remodelacéo estrutural da LTP (YANG et
al., 2009). Ainda nesta linha, um recente estudo publicado por WILTGEN et al. (2010)
demonstrou que a deplecdo de GIuR2 na regido CA1 é crucial para o aprendizado e
memoria na tarefa do LAM, e que os camundongos geneticamente modificados (ou
knockout) para GIuR2 foram inabeis em aprender e reter a memdria espacial. Eles
sugerem que essa inabilidade seja devido a ndo presenca do receptor GIuR2 e que isso
pode romper a manutencdo da LTP por periodos longos, fazendo com que haja um

prejuizo na manutencdo do aprendizado e memoéria. Seguindo este raciocinio,
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assumindo que o déficit de memdria e a perda neuronal devido a isquemia global foram
abrandados pela administragdo de coumestrol, e que esta acdo neuroprotetora foi
proporcionada pela regulacéo de GIuR2 hipocampal promovida pela sua administracao,
pode-se sugerir que os efeitos de coumestrol contra os efeitos deletérios cognitivos
envolvem, em parte, a regulacdo de GIuR2 promovida pelo coumestrol. Considerando
que a inducdo e manutencdo da LTP estdo prejudicadas durante a isquemia, podemos
sugerir que a habilidade do coumestrol em resgatar o déficit de memoria causado pela
isquemia parece envolver mecanismos mencionados acima relacionados com a
manutencdo da LTP. Contudo, mais estudos relativos a este tema sdo necessarios no
sentido de entendermos o0s exatos mecanismos envolvidos nessas circunstancias

experimentais.

Concluindo, este terceiro capitulo apresentou 0s possiveis mecanismos
envolvidos na neuroprotecdo mediada por coumestrol contra a excitotoxicidade
glutamatérgica na isquemia global, em parte por sua possivel regulacdo sobre os
receptores GIuR2 ap0s a isquemia e, adicionalmente, através de sua agdo benéfica
contra o deficit de memdria e aprendizado no contexto da isquemia global. Estes
achados denotam implicagcdes importantes na terapéutica da isquemia cerebral global e
permitem inserir o coumestrol dentro de um contexto mais amplo, como sendo uma

possivel estratégia neuroprotetora contra a neurodegeneracao.



CONCLUSAO
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Os resultados apresentados neste trabalho permitem-nos concluir que:

1. A administracdo de coumestrol preveniu a morte neuronal em
longo prazo na regido CA1l hipocampal em ratas fémeas ovarectomizadas
submetidas a 10 minutos de isquemia cerebral global.

2. A administragdo de coumestrol demonstrou ser neuroprotetora
contra a isquemia induzida em ratos machos, e sua pré-administracdo foi
capaz de prevenir a inibicdo da atividade da bomba de Na'/K'-ATPase,
inibida pelo insulto isquémico global de 10 minutos.

3. A administragdo de coumestrol demonstrou  conferir
neuroprotecdo in vitro contra a excitotoxicidade glutamatérgica induzida.

4. Reverteu a reducdo proteica de GIuR2 observada em todos 0s
tempos de reperfusdo pds-isquémica.

5. A isquemia cerebral induzida ndo alterou significativamente os
niveis proteicos da proteina Thorase e a administracdo de coumestrol ndo
alterou estatisticamente os niveis proteicos desta proteina.

6. A administracdo de coumestrol reduziu os déficits cognitivos

relacionados a aquisicdo de memoria espacial e aprendizado.

Esses resultados em conjunto sugerem a acdo neuroprotetora de coumestrol contra os
mecanismos deletérios associados a isquemia cerebral global, sugerindo o potencial
neuroprotetor inerente ao coumestrol contra a neurodegeneracdo provocada por eventos

isquémicos globais.



PERSPECTIVAS
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Trabalharemos com as seguintes hipdteses futuras:

1. Se coumestrol possa ser igualmente neuroprotetor no contexto da isquemia
cerebral focal;

2. Se sua acdo antioxidante possa estar relacionada com a reducao de espécies
reativas de oxigénio, nitrogénio e peroxidacao lipidica;

3. Se as vias associadas a neuroprotecdo estrogénica (ERK/MAPK, P13-K/Akt,
CREB) possam ser as mesmas Vvias ativadas na neuroprotecdo mediada por

coumestrol;
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