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RESUMO

A hipoperfusao cerebral cronica (HCC) € um importante fator de risco para o
declinio cognitivo e outras disfuncdes cerebrais, tais como Doenca de
Alzheimer e Deméncia Vascular. O objetivo deste estudo foi investigar o efeito
neuroprotetor do Resveratrol (RSV), avaliando parametros comportamentais,
bioguimicos e morfolégicos, em um modelo experimental de Deméncia
Vascular. Ratos Wistar adultos foram submetidos ao modelo modificado da
HCC através da oclusdo permanente de 2 vasos (2VO) e tratamento diario,
iniciado uma hora apo0s oclusdo permanente dos vasos, com injecdes
intraperitoneais (20 mg/kg) de RSV durante 7 dias. Os testes comportamentais
foram realizados entre 0 35° e 45° dias ap0s a cirurgia - 2VO, através da tarefa
do labirinto aquatico de Morris, na qual os animais foram avaliados quanto ao
desempenho da memoria espacial. Ao final dos testes comportamentais, um
grupo dos animais foi perfundido transcardiacamente para analise histologica,
outro grupo foi submetido a eutanasia em 3 tempos (3, 14 e 45 dias apos a
lesdo isquémica) para avaliacao da expressédo de NGF (fator de crescimento do
nervo). Os resultados demonstraram que o tratamento com RSV atenuou
significativamente a morte das células piramidais na regido CA1 do hipocampo
e preveniu o déficit da memoria espacial. O aumento da expressdo de NGF foi
evidenciado no 3° dia apés inducdo da HCC em todos os animais isquémicos e
no 45° dia apoés indugdo da HCC nos animais tratados com RSV. Com base
nesses dados, hipotetizamos que o aumento, em longo prazo, na expressao de
NGF no hipocampo apdés a HCC pode caracterizar uma das vias envolvidas

Nnos mecanismos neuroprotetores do RSV.

Palavras-chave: deméncia vascular, hipoperfusdo cerebral croénica,

resveratrol



ABSTRACT

Chronic cerebral hypoperfusion (CCH) is an important risk factor for cognitive
decline and other brain dysfunctions, such as Alzheimer's Disease and
Vascular Dementia. The aim of the present study was to investigate the
neuroprotective effect of Resveratrol (RSV) on behavioral, biochemical and
morphological parameters in an experimental model of Vascular Dementia.
Adult Wistar rats were submitted to the CCH modified model by means of
permanent 2-vessel occlusion (2VO) and daily treatment, initiated one hour
after permanent vessel occlusion, with intraperitoneal injections (20 mg/kg) of
RSV for 7 days. Behavioral testing was performed between the 35th and the
45th day after 2VO surgery in the Morris Water Maze task, allowing for the
evaluation of spatial memory function. At the end of the behavioral assessment,
half of the animals were transcardially perfused for histological analysis and the
remaining were euthanized in 3 times (3. 14 and 45 days after ischemic injury)
for NGF expression evaluation (neural growth factor). Results demonstrate that
the treatment with RSV significantly attenuated pyramidal cell death in CAl
hippocampal field and prevented spatial memory impairment. The increase of
NGF expression was evidenced on the 3rd day after CCH induction in all
ischemic animals and on the 45th day after CCH induction in animals treated
with RSV. On the basis of these data, we hypothesize that the long term
increase in NGF expression in the hippocampus after CCH may characterize
one pathway involved in the neuroprotective mechanisms of RSV.

Keywords: vascular dementia, chronic cerebral hypoperfusion, resveratrol



1. INTRODUCAO

1.1 Deméncia

A deméncia € um termo genérico que descreve disfunc¢des cronicas ou
progressivas da funcdo cortical e subcortical que resulta em um complexo
declinio cognitivo. As mudancas cognitivas sdo comumente acompanhadas por
distarbios de humor, comportamento e personalidade. Essas mudancas
tendem a aumentar ao longo dos anos em decorréncia do aumento da
longevidade e alteracOes dos fatores de risco decorrentes dos cuidados com a
saude e estilo de vida (SKOOG et al., 2012). Em relacédo aos fatores de risco
associados as deméncias, podemos classifica-los em modificaveis, incluindo
hipertensdo, tabagismo e desordens do metabolismo lipidico, e néo
modificaveis, incluindo idade, sexo e etnia (CHUI, 2012; JEDRZIEWSKI et al.,
2005).

A sindrome clinica da deméncia consiste em alguns subtipos que séo
distintos em sua etiologia, quadro clinico e tratamento, dentre eles, a Deméncia
Vascular (DV) (ALLADI et al., 2011). A DV é usualmente descrita como uma
doenca de comprometimento cognitivo resultante de acometimentos cérebro-
vasculares e lesfes cerebrais isquémicas ou hemorragicas (IEMOLO et al.,
2009), o que determina uma condic¢éo clinica e anatomicamente heterogénea e
com uma progressdo de acordo com a sua patologia de base. Essa
heterogeneidade deriva de aspectos fisiopatoldgicos, tais como: presenca de
lesdo intracerebral isquémica ou hemorragica encontradas em artérias de
grande ou pequeno calibre (ENGELHARDT et al., 2011), local e tamanho da

lesdo, todos aspectos culminando em perda neuronal e déficits cognitivos



(DESMOND, 2004). As duas principais causas da DV s&o o estresse oxidativo
e a isquemia. O estresse oxidativo pode ser tanto a causa quanto a
consequéncia da isquemia cerebral (LI et al., 2009) que, eventualmente, leva a
reducdo de proteinas essenciais para o processo de aprendizado e memoaria,
0s quais estao prejudicados conforme a evolugdo da deméncia (BELL et al.,
2009).

A DV, apos a Doenca de Alzheimer que é a forma mais comum
das deméncias cerebrais e que afeta aproximadamente 5% da populacao
com idade entre 65 anos (SAHATEVAN et al., 2012), é a segunda causa
mais comum de deméncias, atinge cerca de 10 a 50% dentre todas elas e
também prevalece em individuos acima de 65 anos (ZHANG et al.,, 2012,
DESMOND, 2004; ROCKWOOD et al., 2000).

A DV e a Doenca de Alzheimer sdo consideradas as causas mais
frequentes de declinio cognitivo em idosos (NELSON, 2007). De fato, existe
uma correlacdo entre a gravidade da disfuncdo da memoria e a diminuicdo do
fluxo sanguineo cerebral na DV (OHTA et al., 1997).

Na patogénese da disfuncdo cognitiva, a associacdo de fatores
vasculares e neurodegenerativos indicam um papel importante de
anormalidades hemodinamicas incluindo a hipoperfusdo cerebral. Estudos
sugerem que a combinacdo de hipoperfusdo encefalica, que culmina em
patologias vasculares, e a senescéncia levam a uma crise energética
neuroglial, formacado de placas amiléides, diminuicdo na efetividade sinaptica e
perda neuronal (SERRANO-POZO et al., 2011).

Algumas formas de insuficiéncia vascular cerebral, tais como reducédo do

suprimento sanguineo cerebral ou rompimento da integridade microvascular
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podem iniciar uma cadeia de eventos que irdo culminar em declinio cognitivo,
por exemplo, a vasoconstricdo tem papel importante sob os vasos cerebrais, a
taxa de perfusdo pode diminuir consideravelmente, causar danos vasculares
estruturais, queda na utilizacao de glicose cerebral e, consequentemente, dano
neuronal (FARKAS & LUITEN, 2001). Embora o mecanismo de morte neuronal
nao seja claramente demonstrado na isquemia, O estresse oxidativo e a
toxicidade glutamatérgica tem sido apontados por envolvimento com a morte
celular induzida pela isquemia (RODRIGO et al., 2005).

Ha evidéncias de que o estresse oxidativo de origem vascular leva a
alteracoes profundas na regulagéo cerebrovascular, por exemplo, em roedores,
a hipoperfuséao cerebral crénica (HCC) pode levar a disfuncdo mitocondrial e
inibicAo da sintese proteica, efeito que pode perturbar o equilibrio das
antioxidases e espécies reativas de oxigénio produzindo o dano oxidativo
(LEES, 1993). A enzima Na'/K® ATPase, localizada na membrana
citoplasmatica, € responsavel pelo transporte ativo de soédio e potassio,
mantendo o gradiente ibnico necessario para a excitabilidade neuronal e
regulacdo do volume celular neuronal. Alguns estudos tém demonstrado que a
atividade da enzima Na'/K" ATPase esta diminuida em diversas desordens
neurodegenerativas crénicas (LEES, 1993).

O dano oxidativo das células endoteliais vasculares, células gliais e
neurdnios prejudicam a funcdo vascular e o acoplamento neurovascular
resultando em um ciclo vicioso de reducao adicional da perfusao cerebral (LIU
& ZHANG, 2012). E cada vez mais reconhecido que a resposta neurovascular
desempenha um papel critico na capacidade de recuperacdo cerebral apos

isquemia. Inicialmente, acreditava-se que a reducao cronica no fluxo sanguineo



cerebral era a responsavel por induzir o processo neurodegenerativo. Em
contrapartida, demonstrou-se que a morte precoce de células neuronais
ocasionava reducéo na perfusdo, uma vez que havia menor necessidade de
substrato energético. Com a inserc¢éo do conceito de 'unidade neurovascular', a
controvérsia foi esclarecida: o dano a qualquer um dos elementos resulta no

comprometimento total desta unidade (FARKAS et al., 2007).

1.2 Modelos animais

Uma vez que a reducdo da taxa de fluxo sanguineo e/ou conteudo
arterial de oxigénio pode afetar gravemente a funcdo cerebral, ocasionar
alteracbes bioquimicas e moleculares e manifestar-se como sequela
neurolégica (RODRIGO et al.,, 2005), o reconhecimento dessa cadeia de
eventos relacionados a hipoperfusao cerebral crénica e consequente declinio
cognitivo pode identificar alvos potenciais para terapias eficazes.

Diversos modelos experimentais de HCC tem sido desenvolvidos para
reproduzir a condicdo patolégica que ocorre em humanos em decorréncia da
deméncia vascular e incluem a oclusédo bilateral da artéria carétida comum ou
oclusédo de 2 vasos (2VO) em ratos, estenose da artéria carGtida comum em
gerbilos ou camundongos (SHIBATA et al., 2004), e oclusdo unilateral da
artéria carétida comum em camundongos (YOSHIZAKI et al., 2008). Dentre
estes, o0 modelo 2VO tem sido frequentemente utilizado (JIWA et al., 2010),
pois resulta em processos neurodegenerativos e comprometimento cognitivo

(CECHETTI et al., 2010), além disso, tem rédpida recuperacdo pos-cirurgica e



ndo causa dano encefélico severo, tampouco comprometimento motor
subsequente (FARKAS et al., 2007).

Modelos de DV sao caracterizados pela perda da reatividade vasomotora
de pequenos vasos, dano a barreira hematoencefédlica e ativacdo glial
(MARSHALL & LAZAR, 2011; PANTONI, 2010). A reducédo do fluxo sanguineo
cerebral varia aproximadamente de 35-45% na area cortical e 60% no
hipocampo quando comparados a niveis controle (ULRICH et al., 1998). Esses
valores tendem a passar por uma crescente reversao decorrida 1 semana do
procedimento cirdrgico, permanecem significativamente reduzidos apés 4
semanas e atingem valores proximos a normalidade depois de 3 a 6 meses da
ocluséo vascular (OTORI et al., 2003).

Em relacdo ao estado metabdlico e homeostatico do tecido, as
mudancas no fluxo sanguineo cerebral podem ser divididas em trés fases no
modelo animal, com transicdo gradual entre elas (Fig. 1): 1) Fase aguda,
imediatamente apds o inicio da oclusdo, com duracéo de 2-3 dias. Nessa fase,
o fluxo sanguineo cerebral cai drasticamente e se mantém muito baixo neste
periodo criando condi¢cdes hipdxico-isquémicas que podem comprometer a
atividade eletrofisiologica do tecido nervoso. 2) Fase cronica, com duracao de 8
semanas a 3 meses, onde o tecido sofre uma moderada hipoglicemia somada
a uma oliguemia. Esta é a fase que mais se assemelha com a reducao do fluxo
sanguineo cerebral na deméncia humana. 3) Fase final, de restituicdo, onde o
fluxo sanguineo cerebral retorna ao estado basal e a hipoperfusdo vai

cessando gradualmente (MAROSE et al., 2006).



2VO

FSC

8 cemanas— 3 meses Fase de

Fase crénica: oliguemia restituicao:
Fluxo normal

2-3dias
Fase aguda: isquemia
Figura 1 — Modelo de DV em ratos: fases sucessivas da hipoperfusao
cerebral cronica induzida pela oclusdo permanente, bilateral das artérias
carotidas comuns (Adaptado de FARKAS et al., 2007). FSC (fluxo sanguineo

cerebral); 2VO (ocluséo de 2 vasos).

O modelo convencional de 2VO, no qual a oclusdo permanente das
cardtidas é realizada simultaneamente (FARKAS et al., 2007), apresenta
reducdo do fluxo sanguineo cerebral de forma abrupta e, secundariamente,
deméncia vascular. Entretanto, este modelo tem uma baixa taxa de
sobrevivéncia quando comparado a outros meétodos de lesdo isquémica
frequentemente utilizados, tais como isquemia por ocluséo de 4 vasos — 4VO
(oclusdo permanente de ambas carétidas e oclusdo transitéria de ambas
vertebrais) (VALENTIM et al., 1999).

No intuito de avaliar os efeitos da HCC em longo prazo e minimizar o
namero de animais utilizados para o experimento, adaptacdes ao protocolo
convencional foram desenvolvidas. No procedimento modificado a
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hipoperfusdo cerebral é gradual, pois a oclusdo das artérias carotidas

D

realizada com uma semana de intervalo entre cada artéria. O déficit cognitivo €



semelhante ao encontrado no protocolo original, entretanto, a taxa de
sobrevivéncia é significativamente superior (CECHETTI et al., 2010).

No envelhecimento e na deméncia, a sequencia de eventos entre a
hipoperfusédo cerebral e a neurodegeneragdo tem sido foco de debate.
Experimentalmente, as consequéncias cognitivas e teciduais da HCC podem
ser divididas de acordo com o tempo de restricdo da perfusdo. Os sinais
cognitivos de déficit de aprendizado e memdria sdo observados nas tarefas
comportamentais, de forma mais pronunciada, 4 semanas apds a oclusédo
permanente das carOtidas e apresentam padrdo crescente e gradativo em
relacéo ao tempo (FARKAS et al., 2007).

O hipocampo possui relacdo com os processos de aprendizado e
memoaria espacial e € uma das estruturas que apresenta maior vulnerabilidade
mediante diminuicdo do fluxo sanguineo cerebral (NAKAZAWA et al., 2004;
GEMMELL et al., 2012). A atrofia hipocampal, intimamente relacionada com a
perda de memoria, € considerada um sensivel marcador para
neurodegeneracéo na Doenca de Alzheimer e subtipos de deméncia, incluindo
a DV (FRISONI et al., 2010). Os testes de aprendizagem e capacidade de
memoaria dos animais 2VO e a detec¢do do dano neuronal preenchem um dos
principais campos de investigacdo das caracteristicas neurodegenerativas
como consequéncia da HCC (KESNER et al., 2000; SUN et al., 2010).

A HCC esta relacionada ao acentuado déficit em tarefas cognitivas
complexas tais como habilidades que incluem atencdo, memodria e
processamento viso-espacial. A memoéria espacial de trabalho indica memdria
instantdnea que uma pessoa ou um animal opera durante o processo de

aprendizagem de novas informagdes sobre o espacgo ao seu redor (CONRAD,



2010). A memoaria espacial de referéncia, por outro lado, geralmente se refere a
atividade cerebral requerida pelo sujeito para relembrar informacdes ja
consolidadas como lugares e posi¢cdes espaciais (CECHETTI et al., 2010).
Déficits da memodria espacial de referéncia e de trabalho podem ser bem
avaliados pela tarefa do labirinto aquatico de Morris (MORRIS, 1984;
VORHEES & WILLIAMS, 2006). Este € um teste de aprendizado e memoéria
para roedores, composto por pistas viso-espaciais e motivacao aversiva (agua).
O bom desempenho nesta tarefa esta relacionado com integridade hipocampal
(JIWA et al.,, 2010). Estudos utilizando o labirinto aquatico de Morris tém
demonstrado os efeitos negativos da HCC no que diz respeito ao aprendizado
viso-espacial em ratos em curto e longo prazo (FARKAS & LUITEN, 2001; LIU
et al., 2005; CECHETTI et al., 2010). O envelhecimento esta associado ao
aumento progressivo de anormalidades na plasticidade microvascular que
afetam a funcdo da barreira hematoencefalica (AMENTA et al., 1995). Tais
anormalidades incluem irregularidades da superficie capilar (LEE et al., 2000),
espessamento da membrana basal, depdsito de fibras colagenas na parede
capilar (BURNS et al., 1981; KEUKER et al., 2000) e decréscimo da densidade
vascular (BROWN & THORE, 2011). Estas alteracdes podem diminuir a
perfusdo cerebral, levando a uma diminuicdo no suprimento de oxigénio e
nutrientes e que podem estar relacionadas com o comprometimento cognitivo
(FARKAS & LUITEN, 2001). Além disso, o envelhecimento reduz a plasticidade
microvascular e a habilidade dos vasos de responder apropriadamente as
mudancas na demanda metabdlica. Esta perda de plasticidade microvascular
tem um significado para a sinalizacdo neuronal, uma vez que a neurogénese €

regulada coordenadamente com o crescimento capilar (RIDDLE et al., 2003).



A hipoperfusdo induz a expresséo de fatores neurotréficos, tal como o
fator de crescimento do nervo (NGF) (NAKAMURA et al., 2011). O NGF é uma
neurotrofina crucial na regulacdo da angiogénese, tanto em condi¢cées normais
guanto patologicas, é capaz de estimular a migracdo e proliferacdo de células
endoteliais, atuar na remodelacdo da matriz extracelular e maturac¢ao funcional
dos vasos sanguineos recém formados (NICO et al., 2008). Estudos prévios
demonstram que apds insulto isquémico existe uma super-regulacdo de NGF, a
qgual pode ser benéfica por atuar na reparacdo da capilarizacdo e fornecer,
assim, uma protecédo as células neuronais (EMANUELI, 2002).

O NGF e seus receptores (TrKA e p75) estdo envolvidos na regulacao
da sobrevivéncia e diferenciacao celular durante o periodo de desenvolvimento
e na manutencao funcional de neurénios adultos (HUANG & REICHARDT,
2001). Parte dos efeitos neurotréficos ocorridos durante o desenvolvimento sao
mediados via receptor TrKA. A sinalizacdo através do receptor p75, na
auséncia ou baixa expressdo de TrKA, medeia apoptose, enquanto a
sinalizacdo através de TrKA bloqueia este efeito apoptotico e aumenta a
sobrevivéncia neuronal (BARRET, 2000). A via de sinalizacdo do NGF através
do receptor TrKA ativa proteinas quinases como fosfatidilinositol-3-quinase
(PISK) e a via de sinalizacdo Ras, ambas implicando a participacdo de
segundos mensageiros envolvidos na transmissdo de sinal anti-apoptético

(Fig.2) (ZHU et al., 2004).
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Figura 2 — Vias de sinalizacdo do NGF na mediacdo de efeitos

neurotréficos (Adaptado de KUMAR & MAHAL, 2012).

Durante o desenvolvimento, o NGF regula a morte celular de ocorréncia
natural, a conectividade sinaptica, a orientacdo das fibras e a morfologia
dendritica (THOENEN, 1995). Além disso, tem um papel na plasticidade
cerebral, estando envolvido na plasticidade neuronal atividade-dependente

(SMITH et al., 1995, THOENEN, 1995; CASTREN, 2005). Substratos de

Ceramida

s
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neurogénese e neuroplasticidade estdo altamente co-regulados com a
angiogénese e o remodelamento vascular (ALVAREZ-BUYLLA et al., 2000), ha
evidéncias de que vasos angiogénicos podem fornecer suporte neurotréfico
aos neurbnios recém-formados (LEVENTHAL et al., 1999) e neuroblastos
podem ser encontrados concentrados aos redor dos vasos sanguineos apos
isquemia (YAMASHITA et al., 2006). Estudos prévios com objetivo de verificar
neuroplasticidade e consequente recuperacdo motora apos isquemia induzida
por oclusdo da artéria cerebral média analisaram parametros envolvendo o
aumento da expressdo de NGF e angiogénese e verificaram que esses dados
estavam correlacionados com diminuicdo do volume de infarto e recuperacao
funcional (MATSUDA et al., 2011).

Além de um possivel papel terapéutico relacionado a doencas
neurodegenerativas, o NGF pode representar uma terapia neuroprotetora
eficaz e segura nas vias neurologicas residuais viaveis apos lesdo hipoxico-

isquémica (CHIARETTI et al., 2011).

1.3 Trans resveratrol (3, 5, 4'-tri-hidroxi-estilbeno) (RSV)

O RSV é uma fitoalexina produzida em aproximadamente 31 géneros de
plantas, dentre elas uvas vermelhas, amendoins e ameixas, cuja funcao
biolégica € a protecdo contra agentes potencialmente lesivos a estrutura da
planta e a estresses ambientais. Trata-se de um composto polifendlico derivado
da fenilalanina, o qual contém dois anéis aromaticos com hidroxilas reativas em
sua estrutura e que pode se apresentar sob duas formas isoméricas: cis e

trans-resveratrol (Fig.3) (SAUTTER et al, 2005).
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Figura 3 - Estrutura quimica dos isémeros do RSV (SAUTTER et al,
2005).

Por ser uma fitoalexina, o conteudo de RSV presente nas diferentes
fontes pode variar amplamente, dependendo de fatores que podem gerar mais
ouU menos estresse, tais como: ambiente de cultivo, clima, exposicbes a
patdogenos e, no caso dos vinhos, método de producdo (SIGNORELLI &
GHIDONI, 2005).

Atualmente, muitos estudos sobre RSV sao direcionados aos vinhos (em
especial, ao vinho tinto) e apontam a presenca da molécula nessa bebida, sob
suas duas formas isoméricas, cis e trans-resveratrol (PERVAIZ, 2003). O efeito
do RSV ja foi testado e se mostrou benéfico na prevencéao e tratamento de uma
série de doencas, dentre elas cancer, diabetes, disturbios cardiovasculares,
doencas neurodegenerativas, auto-imunes e metabdlicas. Dentre os efeitos
farmacologicos do RSV destacam-se suas propriedades anti-inflamatorias,
modulacdo do metabolismo lipidico, inibicho da agregacdo plaguetaria
(WALLERATH et al., 2002) e efeito vasodilatador (SHIGEMATSU et al., 2003).
Sua acdo anti-inflamatéria esta relacionada a inibicdo da oxidagao, priming
leucocitario e expressdo de mediadores inflamatorios. O mecanismo

responsavel pela acédo vasodilatadora pode ser atribuido pela estimulacdo do

oxido nitrico (NO), uma vez que estudos fisiol6gicos indicam maior producgéo de
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NO in vivo e in vitro em resposta ao tratamento agudo com RSV (WALLERATH
et al., 2002).

Estudos experimentais tém demonstrado que o tratamento com RSV é
capaz de induzir neuroprotecdo em modelos de isquemia. O mecanismo
protetor poderia estar relacionados a inibicdo da agregacdo plaquetéria,
vasodilatacdo, acdo antioxidante (HUANG et al.,, 2001), e manutencdo da
atividade da Na'/K*ATPase (SIMAO et al., 2011).

Por outro lado, o RSV seria capaz de mimetizar os efeitos da restri¢cao
caldrica e disparar a atividade de uma classe de proteinas envolvidas no
retardo do envelhecimento, as sirtuinas (SIRT). As SIRT sao histonas
desacetilases dependentes de dinucleotideo de nicotinamida e adenina (NAD)
gue participam na fisiopatologia de uma série de modificacbes relacionadas a
idade e que, de acordo com estudos experimentais, estariam associadas a
longevidade (ANEKONDA, 2006) e ativacao de genes relacionados a protecao
neuronal (Fig. 4) (RAVAL et al., 2008; ARAKI et al., 2004; BEDALOV & SIMON,

2004).
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Figura 4. Mecanismos Moleculares da prote¢cao neuronal do RSV sobre
a expresséao de SIRT. (1) Em neurbnios, o RSV induz a expressao de SIRT que
reprimem a atividade apoptética dos fatores de transcricdo p53 e FOXO e
promovem sobrevivéncia neuronal; (2) Em microglia e astrocitos ativados, o
RSV induz a expressao de SIRT inibindo a atividade do fator de transcricao
nuclear kappa B (NF-kB) e com subsequente reducé@o da atividade da 6xido
nitrico sintase (NOS) e catepsina B, dois fatores téxicos que medeiam a
neurodegeneracdo; (3) O RSV, com sua funcdo antioxidante, previne a
producdo de espécies reativas de oxigénio (ROS) e consequente
neurodegeneracao (ANEKONDA, 2006).

Os efeitos benéficos do RSV, na prevencéo da morte neuronal mediante
insultos isquémicos cerebrais, tem sido demonstrados em diversas doses (10 -
40mg/kg) (LIU et al, 2007) bem como em diversos tempos de administracéo,
tanto pré (SINHA et al, 2002; GAO et al., 2006; SIMAO et al., 2010; LI et al.,
2011) ou pos isquemia (GIRBOVAN et al., 2012).

Considerando-se o envolvimento da excitoxicidade do modelo de 2VO e
o potencial efeito benéfico do RSV, objetivamos investigar o efeito
neuroprotetor do RSV na prevencdo do déficit da memoria espacial e perda
neuronal e associacdo com a expressao de NGF em ratos submetidos a HCC.
Correlacionando a acao benéfica da expressédo de neurotrofinas apds insulto
isquémico (WANG et al., 2006) e o perfil temporal das alteracbes do fluxo
sanguineo cerebral estabelecido ap6s a isquemia cerebral, no presente estudo,
investigamos a expressao de NGF na fase aguda (3 dias apés HCC), subaguda
(14 dias apés HCC) e cronica da HCC (45 dias ap6s HCC) (FARKAS et al,

2007).
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2. OBJETIVOS

2.1 Objetivo Geral

No presente trabalho estudamos o possivel efeito neuroprotetor,
morfologico e funcional do tratamento com resveratrol em ratos submetidos ao
modelo de deméncia cerebral por hipoperfusao crbnica apés a oclusédo das 2

artérias carétidas comuns.

2.2 Objetivos Especificos

Considerando a importancia da relacdo entre hipoperfuséo,
neurodegeneracdo e desempenho cognitivo no desenvolvimento da DV, os

objetivos especificos séo verificar o efeito da administracdo do RSV sobre:

1. a prevencdo do dano cognitivo através do desempenho na tarefa do

labirinto aquatico de Morris;

2. a prevencao da morte de neurdnios piramidais do hipocampo através da

contagem bidimensional de neurénios 45 dias ap0s o inicio da leséo;

3. a expressao de NGF no hipocampo, em 3 tempos (3 dias, 14 dias e 45

dias) apo6s a inducédo da HCC.
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Abstract

Chronic cerebral hypoperfusion (CCH) is an important risk factor for cognitive decline
and other brain dysfunctions such as Alzheimer's disease and vascular dementia.
Resveratrol (RSV) is a polyphenolic compound widely known by its therapeutic
potential against many disorders. The present study investigated the neuroprotective
effects of (RSV) in rats submitted to CCH in a model of permanent 2-vessel occlusion
(2VO0). For this purpose, animals received daily intraperitoneal injections of RSV (20
mgkg) for seven days, starting one hour after the 2VO procedure. Behavioral testing
was run between the 30™ and 45" days after the 2VO surgery. Accordingly, spatial
working memory function in the Morris Water Maze was evaluated. At the end of the
behavioral assessment (45" day) part of experimental animals underwent transcardiac
perfusion for histological analysis. Another group was euthanized on the 3", 14th and
45th days after the 2VO surgery for NGF (Nerve Growth Factor) evaluation.
Administration of RSV along 7 days after CCH significantly attenuated pyramidal cell
death in CAL hippocampal subfield and prevented spatial working memory impairment.
Our results revealed NGF enhanced expression 3 days after CCH in all ischemic
animals. A late increase in hippocampal NGF levels was detected after 45 days only in
CCH -RSV treated animals. Results here presented show morphological and functional
neuroprotective actions of RSV treatment for chronic cerebral hypoperfusion, as well
as support the inducing effects of RSV on the expression of NGF and its possible

association to the neuroprotective action in this rodent model of vascular dementia.
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Introduction

Disorders of the cerebral circulation are the main cause of numerous neurological
and psychiatric diseases. A sudden disruption of blood supply to distinct brain regions
leads to stroke, while a moderate but persistent reduction in regional cerebral flow causes
memory impairment and contributes to development and progression of dementia (Farkas
et al., 2007). The permanent and bilateral occlusion of the common carotid arteries of rats
(2-vessel occlusion, 2VO) is widely accepted as a suitable experimental procedure to model
chronic cerebral hypoperfusion (CCH), as it occurs in human aging and Alzheimer’s
disease (AD) (Farkas et al., 2007; Cechetti et al., 2010; Cechetti et al., 2012). The cascade
of events eventually leading to neuronal cell death in CCH begins with neuronal energy
failure due to the blood flow reduction and the consequent oxygen and glucose deficiency
(Otori et al., 2003; Farkas et al., 2007) and continues with accumulation of extracellular
glutamate (Chao et al.,, 2010) which increases calcium influx and triggers several
intracellular processes causing cell death (Lau & Tymianski, 2010).

The hippocampus is a brain structure playing an important role in spatial navigation
learning, memory, and performance. Spatial memory tasks are presumably depend on the
hippocampal integrity and the most common behavioral test of hippocampus-dependent,
spatial learning and memory is the Morris water task (Morris, 1984). Working spatial
memory is the process by which memory information is coded and actively maintained for
posterior retrieve (Rypma & D'Esposito, 2000). It declines with age and is disrupted in rats

submitted to CCH model (Cechetti et al., 2012).

The brain carries a number of growth factors, collectively termed neurotrophins
(NTs). These proteins control synaptic function and plasticity and sustain neuronal cell
survival, morphology, and differentiation (Skaper, 2008; Berry et al., 2012). The list of

known NTs includes nerve growth factor (NGF), brain-derived neurotrophic factor
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(BDNF), ciliary neurotrophic factor (CNF); and neurotriphins generically labeled NT-3,
NT-4/5 and NT-6. They tend to be up-regulated after brain injury, ischemia and exercise
(Kidd, 2009) and down-regulated by stress (Aloe et al., 1994; Alleva et al., 1996). During
development, NGF regulates naturally occurring cell death, synaptic connectivity, fiber
guidance and dendritic morphology. Furthermore, it has a role on brain plasticity, being
involved in activity-dependent neuronal functions (Smith et al., 1995). In addition to a
possible therapeutic role in the context of neurodegenerative disorders, NGF might
represent an effective and safe adjunct neuroprotective therapy on the residual viable
neurological pathways after hypoxic-ischemic injury (Chiaretti et al., 2011).

The polyphenolic compound RSV is found in grapes, peanuts, mulberries, and more
than 70 other plant species. Trans resveratrol (3,4,5-thihydroxystilbene) has recently
attracted great interest for its potential beneficil effects to human health. It exerts these
effects by modulating numerous cell-signaling pathways and associated cell signaling
molecules (Zhang et al., 2010). The RSV neuroprotective effects are often attributed to its
antioxidant properties (Mokni et al., 2007; Zhang et al., 2010), however other studies have
demonstrated that RSV neuroprotection could also be due to other mechanisms (Simao et
al., 2012a).

Therefore, considering the involvement of excitotoxicity in the 2VO model and the
neuroprotective potential of RSV, the aim of the present study was to investigate the
possible effects of RSV on spatial memory impairment and neuronal loss and its

association with NGF in rats submitted to CCH.
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Experimental Procedures
Animals

Three - months - old male Wistar rats were obtained from the Central Animal
House of the Institute of Basic Health Sciences of the Federal University of Rio Grande
do Sul. Animals were maintained in a temperature-controlled room (21+2 -C), on a
12/12 h light/dark cycle, with food and water available ad libitum. All procedures were
in accordance with the Guide for the Care and Use of Laboratory Animals adopted by
National Institute of Health (NIH-USA) and with the Federation of Brazilian Societies
for Experimental Biology (FESBE). The study was approved by the Ethics Committee
of Federal University of Health Sciences of Porto Alegre (UFCSPA; identifier n°® 060-

11).

Experimental Design
Modified two-vessel occlusion (2VO) protocol

Anesthesia was induced using a mixture of 3% halothane in 30% oxygen and
70% nitrous oxide and was maintained with 0.5 - 0.7% halothane. Body temperature
was maintained between 36.5°C and 37.5°C throughout surgery using a self-regulating
heating blanket (Letica, Spain). A neck ventral midline incision was made and the
common carotid arteries were then exposed and gently separated from the vagus nerve.
Rats were randomly assigned to sham or 2VO procedures. In 2VO groups, the right
common carotid artery were exposed, occluded and then the wound was sutured. One
week later a new incision was made and the left carotid was occluded (Cechetti et al.,
2012). Sham-operated controls received the same surgical procedures without carotid
artery obstruction. During the interval between the occlusion of right and left carotid

arteries animals were maintained in their standard home cages. There were five animals
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in each experimental group surviving for 3 days or 14 days; groups surviving for 45

days to allow for behavioral assessment had 10 animals each.

Resveratrol Treatment

Trans resveratrol (R5010 - Sigma) was freshly prepared in 0.3 mL of 50%
propylene glycol and administered in the dose of 20 mgkg, i.p. (Sinha et al., 2002)
daily for 7 days. The treatment began one hour after the second artery occlusion. The
vehicle-treated group received the same amount of propylene glycol for the same period
(Sinha et al., 2002; Gao et al., 2006; Lu et al., 2006).

Behavioral assessment was conducted between the 30™ and 45™ days after the
2VO surgery. One group of animals was euthanized for NGF immunocontent
quantification on the 3", 14™ and 45" days. Another group was transcardially perfused
for histological examination on the 45™ day (at the end of behavioral assessment). The

timeline of experimental events is presented in Figure 1.

Figure 1 about here

Behavioral assessment
Morris water maze

On the 30" day after the 2VO surgery animals were subjected to behavioral
testing in the Morris Water Maze, an apparatus widely employed for the study of spatial
learning and memory tasks. The behavioral experiments were conducted between 7h
and 12h a.m. The maze consisted of a black round pool, 200 cm in diameter, 100 cm

high, 40 cm in depth, filled with water maintained at temperature of 23°C. Several distal
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visual cues were placed on the walls of the room. A black platform, 10 cm in diameter,
was submerged 2 cm below the water surface. The pool was conceptually divided into
four quadrants and had four points designated as starting positions (N, S, W or E)
(Morris, 1984). The behavioral protocol for reference and working memory was run.
Sessions were recorded by a video acquisition system. Videotapes were scored blind by

a trained observer using dedicated software (ANY-maze®).

Reference memory task

The task consisted of 4 training and one test session. In the acquisition phase,
rats had daily sessions of 4 trials per day for 5 consecutive days to find the platform,
submerged 2 cm under the water surface, placed on the center of same quadrant during
all training days. For each trial, rats were placed in water facing tank wall, in one of the
4 starting locations (N, S, W or E). The order of starting position varied in every trial.
Animals were allowed to search for the platform during 60 s. In case of failing to find it,
they were gently guided to it. All animals were permitted to remain on the platform for
10 s and the latency to find the platform was measured in each trial. The interval

between trials was 10 min (Netto et al., 1993).

Working memory task

For this protocol rats received four trials per day, with a 5 min inter-trial
interval, during four consecutive days. Rats had daily sessions to find the platform
submerged 2 cm under the water surface, placed on a different location every day.
Latency to find the platform was measured in each trial and the mean latency for every
trial, over the four days, was calculated, allowing for the observation of the ability of
animals to locate position on each day (Netto et al., 1993). Animals were allowed to

search for the platform during 60 s. In case of failing to find it, they were gently guided
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to it. All animals were permitted to remain on the platform for 10 s and the latency to

find the platform was measured in each trial. The interval between trials was 10 min.

Histology and hippocampus cell counting

Neuronal cell loss was assessed by histological examination of brain sections at
the level of the dorsal hippocampus through the Hematoxiline-Eosine technique 45 days
after 2VO. Rats were deeply anesthetized with chloral hydrate (30% - 10 ml/kg, i.p.)
and submitted to transcardiac perfusion with 0.9% saline followed by 4% formaldehyde.
Their brains were then removed and maintained in formaldehyde solution for 24h at
4°C. Brains were cryoprotected with a 30% sucrose solution for three days and then
coronal sections of 30 um were collected through the dorsal hippocampus (3.3-4.0 mm
posterior from bregma) using a cryostat (Leica Microsystems, Germany). Hematoxiline-
Eosine sections were digitized (40 x) using a Nikon Eclipse E-600 microscope (Japan)
coupled to a Pro-Series High Performance CCD camera and Image Pro Plus Software
6.0 (Media Cybernetics, USA). The number of surviving pyramidal neurons per mm?
was estimated using a ROl square of 0.03 mm?. Cells from the right and the left
hippocampus in five sections per animal were averaged. Pyramidal cells located inside
this square or intersected by the lower and/or right edged of the square were counted.
Neurons intersected by the upper and/or left edges of the square were not counted

(Pagnussat et al., 2012).
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Evaluation of Nerve Growth Factor (NGF) content

Animals were sacrificed by decapitation when they were 45 days old, and their
hippocampus were quickly dissected out and stored at —70 ° C until further analysis.
Each sample was homogenized in 10 vol. (w:v) ice-cold buffer containing 10 mM
HEPES, 2.5 M KCI, 0.6 mM EDTA, 400 mM NaCl, 1% SDS, 25% glycerol and 1%
protease inhibitors. The homogenate was centrifuged at 3000 rpm for 10 min at 4°C and
the supernatant was used for the evaluation of NGF content using the NGF Emax®
ImunoAssay System (Promega, Madison, WI), according to the manufacturer’s
instructions. Briefly, this assay is designed for the sensitive and specific detection of
NGF in an antibody sandwich format, in which plates are coated with anti-NGF
polyclonal antibody, which binds soluble NGF. The captured NGF is bound by a second
specific monoclonal antibody and after washing; the amount of specifically bound
monoclonal antibody is detected using an anti-rat 1gG conjugated to horseradish
peroxidase as a tertiary reactant. The unbound conjugate is removed by washing, and
following incubation with a chromogenic substrate, the color change is measured.
Results were expressed as ng NGF/ mg protein. The total protein concentrations were

determined (Lowry et al., 1951) with bovine serum albumin as standard.

Statistical analysis

SPSS® 16.0 (Statistical Package for the Social Sciences, Inc., Chicago, USA)
was used for data analysis. Data distribution was tested with the Kolmogorov-Smirnov
test. To determine differences between groups in the behavioral evaluation and
morphological measurements a 2-way analysis of variance (ANOVA) was utilized
(lesion and treatment as factors) and for the statistical comparison of the

NGF immunocontent a 3-way ANOVA was applied (lesion, treatment and time). In
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both cases, Duncan multiple range test was used whenever appropriate. Paired T-tests
were performed to determine differences between trials within groups in the Water
Maze Working Memory task. Significance was set at p < 0.05 for all analysis and

results are presented as means * standard error of the mean (SEM).
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Results

Morris Water Maze

Reference Memory

Performance in the reference memory task in the Morris Water Maze protocol is depicted
in figure 2. The two-way ANOVA revealed a lesion-treatment interaction (F126=7.17; p=0,01)
on day 5. Duncan’s post hoc test indicated significant differences between sham groups

(Sham_V and Sham_RSV) and 2VO_V on days 4 and 5.

Figure 2 about here

Working Memory

Data of working memory task in the Morris Water Maze protocol is shown in the figure
3. The two-way ANOVA revealed significant main effect of lesion (F(.26=22.08; p<0.01),
treatment  (F(126=11.90; p<0.01) and a lesion-treatment interaction (F(126=7.98; p<0.01).
Paired t-tests revealed significant differences between trial 1 and trial 4 within all groups

(p<0.05), except in the 2VO_V group.

Figure 3 about here

Morphologic Analysis
The two-dimensional surviving neurons counting was performed 45 days after the
ischemic insult, as depicted in figure 4. The three-way ANOVA revealed significant effect of

lesion (F(132=151.80; p<0.01), treatment (F(132)=52.07; p<0.01) and a lesion-treatment
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interaction (F(132=32.81; p<0.01). The post hoc Duncan revealed significative difference
among Sham groups (Sham_V and Sham_RSV) and ischemic groups (2VO_V and 2VO_RSV)

and between 2VO_V and 2VO_RSV in both right and left sides (figure 5).

Figures 4 and 5 about here

Evaluation of the NGF content

The evaluation of the NGF content was conducted in three different times (3, 14 and 45
days after the beginning of the treatment) (figure 6). The three way ANOVA revealed a lesion
effect on day 3 (F(36=5.29; p=0.02) and a treatment effect on day 45 (F(,35=4.69; p=0.05).
The statistical analysis did not detect any significative difference on day 14™. The post hoc test
Duncan revealed significative differences among sham and ischemic groups on day 3 and

between sham and 2VO_RSV group on day 45.

Figure 6 about here
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Discussion

This work shows that RSV treatment improved cognitive function and afforded
neuroprotection in a rodent model of vascular dementia. Seven days of RSV treatment
initiated immediately after the CCH procedure significantly reduced hippocampal
neuronal death and prevented spatial memory deficits caused by hypoperfusion on the
water maze task. Moreover, RSV treatment was able to maintain significantly high
levels of NGF expression even at long term after CCH induction.

Permanent bilateral occlusion of the common carotid arteries (2VO) in rats is an
established procedure to investigate the effects of CCH on cognitive dysfunction and
neurodegenerative processes (Cechetti et al., 2012). Progressive cognitive impairment
has been reported after 2VO and these behavioral changes are associated with gliosis,
neuroinflammation, cholinergic dysfunction and apoptosis of pyramidal CA1 neurons.

The beneficial biological activities afforded by RSV has been extensively
described and included pro-survival, anti-inflammatory and anti-carcinogenic effects.
RSV has also been shown to pass the blood brain barrier and exert neuroprotective
effect and therefore its use for the prevention and treatment of both acute and chronic
neurodegenerative diseases, such as cerebral ischemia and Alzheimer’s disease has been
investigated (Baur & Sinclair, 2006; Simao et al., 2012b). One of the most frequently
used test to measure the hippocampus-related spatial learning capacity in CCH is the
Morris water maze. It has been very well established that CCH compromises spatial
leaning (Farkas & Luiten, 2001; Farkas et al., 2004b). Our results demonstrate that the
memory impairment following CCH is prevented in both the working and the reference
memory tasks after RSV treatment. As RSV has been found to protect brain from

ischemia/reperfusion injury (Huang et al., 2001; Simao et al., 2012b), our results
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suggest that RSV could be used as a possible treatment for cognitive impairment as that
seen in CCH-like injuries.

The hippocampus, although implicated in spatial learning and memory, is the
area  displaying the most characteristic neuropathological damage in some
neurodegenerative diseases such as Alzheimer’s and cerebral ischemia. The first signs
of neurodegeneration (6-29%) in CCH can be visualized during the first week after
2VO induction (Ohtaki et al., 2006). After 4 weeks, this rate increases to 55% while at
8-13 weeks total hippocampal destruction is observed in 67% of the 2VO rats (Farkas et
al., 2004a; Farkas et al., 2007). Our data demonstrated that the 2VO animals had
significantly fewer surviving neurons than the sham-operated groups and that RSV
treatment was able to partially recoil the CAL1 neurons 45 days after CCH. RSV can
afford neuroprotection in the CA1 subfield by means of anti-oxidation (Sinha et al.,
2002; Shin et al., 2010), anti-inflamation (Shin et al., 2010; Zhang et al., 2010; Simao
et al., 2012a), anti-and apoptosis mechanisms (Yousuf et al., 2009).

Multiple signaling pathways are involved in the neuroprotection afforded by
RSV. However, the completely mechanism by which RSV exerts neuroprotective
effects are not fully clarified. Neurotrophic factors, for instance NGF and its receptors
(p75 and TrkA) are involved in the regulation of nerve cell survival and differentiation
during development and in the functional maintenance of adult neurons (Huang &
Reichardt, 2001). Substrates of neurogenesis and neuroplasticity are tightly co-regulated
with angiogenesis and vascular remodeling (Ohab et al., 2006). After ischemia, the
normal cell function might be retained by restoration of the blood flow to such areas.
Some classical neurotrophic factors have also angiogenic properties. These molecules
that have such dual neurovascular properties are currently called angioneurins and

include NGF, BDNF and VEGF. An important property of angioneurins is their
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neuroprotective activity. They enhance neurogenesis, modulate synaptic plasticity, have
positive effect on neurite outgrowth, branching and elimination (Zacchigna et al., 2008).
Moreover, NGF has been shown to stimulate proliferation of rat brain endothelial cells
(Moser et al., 2004).

As recently demonstrated, RSV might be an interesting inducer of angiogenesis.
RSV up-regulates endothelial nitric oxide synthase (eNOS) and increases extracellular
levels of vascular endothelial growth factor (VEGF) and matrix metalloproteinases
(MMPs) suggesting it may be a promoter of angiogenesis via a programmed
NO/VEGF/MMP signaling axis (Simao et al., 2012c). NGF and VEGF share common
signal transduction pathways. Stimulation by NGF and VEGF activates two common
intracellular signaling cascades in endothelial cells, the Ras/ERK and P13K/Akt
pathways, both of which are involved in cell proliferation and survival, suggesting that
NGF, acting in concert with VEGF, plays a role in controlling angiogenic processes
(Nico et al., 2008).

Hypoxic-ischemic studies have reported different patterns of NGF levels
according to the elapsed time from the infarction and the brain area analyzed
(Shozuhara et al., 1992; Nishio et al., 1994; Lee et al., 1998). In intact brain the main
source of NGF are target neuronal cells and in some pathological conditions an
increase in extraneuronal pool of NGF takes place. Although the temporal profiles of
nerve growth factor in the hippocampal CA1 pyramidal cells after HCC remain poor
understood, several lines of evidence indicate that in noxious conditions astrocytes
may be the site of NGF production (Oderfeld-Nowak & Bacia, 1994; Lee et al.,
1998). Reactive astrogliosis is considered to be a late-emerging event in the

hippocampus after CCH induction (Schmidt-Kastner et al., 2005; Marosi et al., 2006;



31

Cechetti et al., 2012) and this may explain the high hippocampal NGF levels even under
a significant pyramidal cell loss in the CA1 region.

Lesion effects on NGF expression were detected 3 days and 45 days after the
CCH induction. The changes in the cerebral blood flow (CBF) in CCH can be divided
into 2 phases with regard to the metabolic and homeostatic state of the tissue: an acute
phase: 2-3 days from the occlusion and a chronic phase, 8 weeks-3 months, creating
hypoxic-ischemic-like conditions. A possible explanation to the NGF enhanced
expression in these 2 times may be perhaps due the neuroinflammation characteristic in
these 2 time points, since ischemic insults impose rapid glial and microglial activation
which participates in defense of the nervous system and can increase the NGF
expression. So, it is reasonable to suggest that this increase may represent a mechanism
of response to promote tissue repair and protect the CNS tissue against inflammation.
Since the 14th day is a transition phase (from acute to chronic), we assume that the
brain homeostasis are being modulated at this point. Also, the CBF falls dramatically at
once and remains very low in this period, which may compromise the
electrophysiological activity of the nervous tissue (Marosi et al., 2006).

Collateral revascularization may be important in determining the brain recovery
and the increased microvessel density should persists in long-term to achieve the best
possible outcome (Krupinski et al., 1994; Font et al., 2010). As shown, RSV was able to
increase the NGF levels even in long term after HCC. So, NGF might participate in
the neuroprotective actions of RSV as confirmed by histological and behavioral data.

Summarising, this is the first demonstration, as far as we know, of the beneficial
cognitive and morphological effects of RSV treatment following chronic cerebral
hypoperfusion. Present findings also allow us to hypothesize that the inducing effects

of RSV on the expression of NGF may be an alternative explanation for its
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neuroprotective action. Additional studies are needed to address the molecular

mechanisms of RSV-induced NGF expression.
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Figure 1. Time line of experimental events.
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Figure 2. Reference memory task performance in the Water Maze. . Two-way ANOVA
followed by Duncan test. Asterisks indicate difference between Sham groups and 2VO vehicle
on day 4 and 5 (P<0.05). Groups: Sham (Sham treated with vehicle and RSV were grouped to
allow for better visualization of results); 2VO_V (2VO treated with vehicle); 2VO_RSV (2VO

treated with RSV). Lines represent mean + standard error of mean (S.E.M.).
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Figure 3. Working memory task performance of rats in the Water Maze. Two-way ANOVA
followed by Duncan test. Asterisks indicate difference between trial 1 and trial 4 for all groups,
except for 2VO vehicle (P<0.05). Groups: Sham (Sham treated with vehicle and RSV were
grouped to allow for better visualization of results); 2VO_V (2VO treated with vehicle);

2VO_RSV (2VO treated with RSV). Values are mean = S.E.M.

Working Memory
50 -
5 - I
T I
40 -
£
2 35 -
g 30-
3 T
25 -
MW sSham
20 - O2vo_v
= O 2VO_RSV

Trial 1 Trial 4



39

Figure 4. Representative photomicrographs (40X) of the hippocampus CAL region of male rats
sacrificed 45 days after the ischemic insult. Rats that underwent the 2VO occlusion had
significantly fewer surviving neurons than sham-operated groups (p<0,01). The RSV treatment

neuroprotected the CALl hippocampal subfield. A) Sham_vehicle, B) 2VO_vehicle, C)

2VO_RSV. Scale bar=100um.
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Figure 5. Density of survival neurons in the CA1 region of the hippocampus (right and
left) of Wistar rats 45 days after the ischemic insult (2VO). The three-way ANOVA
followed by Duncan’s test (p<0.05) revealed statistical difference: a) among sham and
ischemic groups (2VO_V and 2VO_RSV); b) between 2VO_RSV and 2VO_V. Groups:
Sham_V; Sham_RSV (sham treated with RSV); 2VO_V (2VO treated with vehicle);

2VO_RSV (2VO treated with RSV). Results are expressed as mean = standard error of

mean (SEM).
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Figure 6. NGF content in 3 different times after RSV treatment. Asterisks indicate significant
difference from sham_V group on day 3 and day 45 (P<0.05). Groups: Sham_V; Sham_RSV
(sham treated with RSV); 2VO_V (2VO treated with vehicle); 2VO_RSV (2VO treated with
RSV). Results are expressed as mean (% from sham vehicle group) * standard error of mean

(SEM).
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4. DISCUSSAO

Este estudo investigou a possivel acdo neuroprotetora do RSV nos
efeitos comportamentais e bioquimicos causados pela HCC. Os dados obtidos
indicaram que a hipoperfusdo € capaz de induzir a degeneracdo neuronal 45
dias apos lesdo e que estes dados se correlacionam com o0s parametros
cognitivos analisados através da tarefa comportamental do Labirinto aquético
de Morris, onde pudemos observar diferenca significativa entre os grupos
controles e isquémicos. O tratamento com RSV por 7 dias apos a inducao
isquémica foi capaz de reverter esses dados prevenindo a morte neuronal e 0s
sinais cognitivos da deméncia cerebral nos ratos submetidos ao modelo de
HCC por 2VO, ou seja, 0s animais isquémicos tratados demonstraram um
melhor desempenho na tarefa comportamental quando comparados aos
animais isquémicos néo tratados. Além disso, o tratamento com RSV foi capaz
de manter niveis de expressdo de NGF significativamente elevados mesmo em
longo prazo apos a indugéo da HCC.

Levando-se em consideracdo que a hipoperfusdo € freqientemente
associada ao dano oxidativo cérebro-vascular, os métodos contra a disfuncéo
cerebral combinados com antioxidantes podem contribuir de forma promissora
para o tratamento de déficits cognitivos. O RSV, destacando-se por sua
propriedade antioxidante, por atuar na inibicdo da agregacao plaquetaria e pelo
seu efeito vasodilatador (HUANG et al.,, 2001), ja foi testado e se mostrou
benéfico na prevencdo da morte neuronal apos insultos isquémicos (LI et al.,
2011; SINGLETON et al., 2011). E bem descrito que a morte neuronal seguida
de isquemia cerebral é seletiva a regibes vulneraveis do encéfalo,

especialmente o hipocampo. Os primeiros sinais de neurodegeneracéo (6 a
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29%) da HCC podem ser visualizados durante a primeira semana apés a
inducdo de 2VO. Apo6s 4 semanas, esta taxa aumenta para 55%, enquanto em
8-13 semanas € observada uma destruicdo hipocampal em 67% dos ratos
submetidos a 2VO (BENNETT et al., 1998; FARKAS et al., 2004a; LIU et al.,
2006; FARKAS et al., 2007). Os déficits de aprendizado e memodria induzidos
pela isquemia mostram uma correlacdo estreita com a morte neuronal da
regido CA1 do hipocampo (BLOCK et al., 1999).

Nossos achados evidenciam que a oclusdo permanente das artérias
cardtidas comuns € um bom modelo para se estudar a neurodegeneracao
hipocampal. O modelo de isquemia cerebral por 2VO em roedores causa uma
reducéo na densidade neuronal apos lesao (SIVILIA et al., 2008; ZHANG et al.,
2011), e tal efeito esta correlacionado com déficits nas habilidades cognitivas
(CECHETTI et al., 2010). Neste estudo, observamos que a isquemia cerebral
ocasionou uma reducéao significativa de neurénios sobreviventes na regido CA1
do hipocampo verificada em 45 dias apos les@o. Outros modelos experimentais
de isquemia cerebral demonstram o efeito benéfico do RSV, por exemplo,
estudos prévios demonstram que o pré-condicionamento com RSV seguido de
isquemia cerebral global induzida por 4VO é capaz de apresentar resultados
positivos através de uma significativa prevencéo de morte neuronal (SIMAO et
al., 2012). Além disso, o0 RSV se mostra benéfico em outro modelo isquémico
através da ocluséo da artéria cerebral média (MCAO), neste estudo, 0s grupos
tratados com RSV apresentaram reducdo significativa da regido de infarto
cerebral correlacionada com uma melhora das funcdes neuroldgicas nos

grupos tratados com RSV em relacdo aos controles (LI et al., 2011).
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Estudos prévios confirmam que a inducéo de isquemia pelo modelo 2VO
prejudica a capacidade de aprendizado e memdéria (FARKAS et al.,, 2007,
CECHETTI et al., 2010) e tais déficits da memoria espacial de referéncia e de
trabalho podem ser avaliados pela tarefa do Labirinto Aquético de Morris
(MORRIS, 1984; VORHEES & WILLIAMS, 2006). De acordo com o presente
estudo, existe uma correlacdo da HCC com mudancas da funcéo cognitiva, ou
seja, animais submetidos a HCC demonstraram dificuldades de aprendizado
e, apods tratamento com RSV, uma reversdo parcial em ambas tarefas de
memoria de trabalho e referéncia. Corroborando com estes dados, em estudo
prévio, animais submetidos ao mesmo protocolo modificado de oclusdo
permanente de ambas artérias carotidas comuns, a fim de mimetizar os efeitos
da deméncia cerebral em humanos, e posterior avaliacdo comportamental
demonstrou déficits cognitivos 3 meses apos a leséo e que tal efeito negativo
da HCC pbde ser avaliado através da tarefa do Labirinto aquatico de Morris
(CECHETTI et al.,, 2012). Outros estudos envolvendo o modelo de HCC
demonstraram déficits nos parametros cognitivos mais cedo, em 33 dias apos
lesdo, também através do labirinto aquatico de Morris (ZHANG et al., 2011).
Desta forma, nossos resultados sugerem que o RSV pode ser utilizado como
um possivel tratamento para a disfuncédo cognitiva como visto nas lesées por
HCC.

No presente estudo, detectamos um efeito de lesdo na expressédo de
NGF no terceiro dia e um efeito de tratamento 45 dias ap6s a inducédo de HCC.
Diversos fatores neurotréficos enddgenos tem sido caracterizados como
cruciais para o desenvolvimento, diferenciacdo e manutencdo de distintas

populacdes neuronais. Dentre eles, o NGF (fator de crescimento do nervo) e
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seus receptores (p75 e TrKA) podem atenuar a degeneragédo neuronal em ratos
submetidos a insultos isquémicos (SHIGENO et al.,, 1991; PECHAN et al.,
1995; HUANG & REICHARDT, 2001). Apdés a isquemia, o funcionamento
normal da célula pode ser conservado pela recuperacdo do fluxo sanguineo
para tais areas e substratos de neurogénese e neuroplasticidade estdo
rigorosamente correlacionados com angiogénese e remodelamento vascular
(OHAB et al., 2006). Suportando estes dados, estudos prévios demonstram
gue apos insulto isquémico existe uma supra-regulacdo de NGF, a qual pode
ser benéfica por atuar na reparacdo da capilarizacao e fornecer, assim, uma
protecdo as células neuronais (EMANUELI, 2002; WANG et al., 2006). O dano
isquémico leva a ativacao astrocitaria e microglial, as quais participam na
defesa do sistema nervoso e poderiam ser o local da producdo de NGF
(ODERFELD-NOWAK & BACIA, 1994; LEE et al., 1998).

Com base nesses dados, concluimos que o RSV tem capacidade de
neuroprotecdo apos inducdo do modelo modificado de HCC manifestando-se
pela prevencdo da morte neuronal no hipocampo e do déficit cognitivo, e que,
ao menos parcialmente, estes efeitos podem ser decorréncia do aumento, em

longo prazo, na expressdo do NGF.
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5. CONCLUSOES

Os resultados obtidos nessa dissertagcéo nos permitem concluir que:

1. A administracdo de RSV atenuou o prejuizo causado pela HCC

na memoria espacial de referéncia e de trabalho;

2. O RSV preveniu morte neuronal hipocampal, indicando um papel

neuroprotetor;

3. O RSV aumentou a expressao da neurotrofina NGF, crucial para
o desenvolvimento, diferenciacdo e manutencdo de distintas

populacdes neuronais.

Até onde sabemos, este estudo € o primeiro a demonstrar os efeitos
benéficos do tratamento com RSV em hipocampo de ratos submetidos a HCC.
Obviamente, mais estudos experimentais sd0 necessarios para compreensao
dos mecanismos moleculares envolvidos nos efeitos indutores do RSV na

expressdo de NGF.
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6. PERSPECTIVAS

Investigar outras vias que possam estar envolvidas no efeito
neuroprotetor do RSV em modelo experimental de deméncia

vascular;

Investigar o potencial efeito benéfico do RSV como forma de
prevencao da morte neuronal através de um tratamento prévio a

isquemia.
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