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RESUMO

A homocistinaria (HHCY) é uma desordem metabdliGaisada algum tipo de
deficiéncia no metabolismo da metionina, folatovitamina B12, resultando no acumulo
tecidual de homocisteina (Hcy) e de metionina. @sigmtes afetados por essa doenca
apresentam principalmente retardo mental, isquerarabral, convulsdes e aterosclerose.
Varios mecanismos tém sido propostos para explicatacado entre HHCY e desordens no
sistema nervoso, entre eles podemos destacar reexenglutamatérgicos, mobilizacado de
Ca? e envolvimento de espécies reativas de oxigéni®S)R Considerando que o
citoesqueleto € um importante alvo para a sindlizacelular em inameras doencas
neurodegenerativas, nosso estudo investigou o$vpassefeitos tdéxicos da Hcy sobre alguns
parametros bioquimicos do citoesqueleto neuralbRstibmetidos a um tratamento crénico
com Hcy apresentam uma marcada seletividade nsagite da expressdo génica das
subunidades dos filamentos intermediarios (FIsydestos, tanto no extrato tecidual total
como na fracdo citoesquelética de hipocampo e xcaezebral, refletindo uma maior
susceptibilidade do hipocampo nessas alteracotsldssn vitro mostraram que a Hcy 100 e
500 uM, relacionadas a homocistinuria (HHCY) modar@ grave respectivamente, sao
capazes de causar hiper (Hcy 100 uM) ou hipoftafdo (Hcy 500 uM) das subunidades
dos neurofilamentos e da proteina glial fibrilaida¢ Fls do citoesqueleto de neurdnios e
astrocitos respectivamente. Estes efeitos sdo deptss da idade dos ratos e da estrutura
cerebral, manifestando-se em hipocampo de ratdy akas de idade. Resultados em fatias
de hipocampo mostraram que a a¢do das duas caggEedr de Hcy € mediada por
mecanismos dependentes do influxo dé*@mr receptores NMDA e por canais de’Ca
dependentes de voltagem, assim como da liberac&6adedos estoques intracelulares,

enfatizando a alta suscetibilidade e complexidagevibs de sinalizacdo ativadas pof'Gm



hipocampo. Além disso, estudos morfolégicos emoeasts e células de glioma C6

mostraram que células glias em cultura tambémlsagara as a¢fes da Hcy, reorganizando
seu citoesqueleto e alterando o sistema fosfogilaagsociado ao mesmo através de
mecanismos envolvendo excitotoxicidade, estresgiatixo e mecanismos glutamatérgicos.

Estes estudos mostram que a integridade estrutaraeitoesqueleto é da maior importancia
para o funcionamento neuronal e qualquer distirni@iodinamica desta estrutura poderia
ativar processos de reparacdo plastica manifestadoso alteragcbes na expressao,
localizacdo e metabolismo das proteinas do cit@dstpu No entanto, 0s mecanismos através
dos quais o desequilibrio do citoesqueleto € cagainduzir a disfuncdo neural ainda nédo

foram esclarecidos e a exata dimensao destascéiésrarecisa ser determinada.

ABSTRACT

The homocystinuria (HHCY) is a metabolic disordaugsed by deficiency in the
metabolism of methionine, vitamin B12 or folate, ig¥h leads to tissue accumulation of
homocysteine (Hcy) and methionine. Homocystinuriatignts usually present mental
retardation, cerebral ischemia, seizures, and @shkrosis. Several mechanisms have been
proposed to explain the relationship between HH®@W aervous system disorders, among
them we can highlight glutamatergic mechanisms, ilization of C&? and involvement of
reactive oxygen species (ROS). Considering thatcyheskeleton is an important target for
cellular signaling in many neurodegenerative dissasur study investigated the possible
toxic effects of Hcy on some biochemical parametéithe neural cytoskeleton. Initially, we
demonstrated that rats subjected to chronic motlélcy showed a marked selectivity in

alterations of gene expression, total immunocondck cytoskeletal fraction of subunits of



intermediate filaments (IFs) studied, reflectingraater susceptibility of the hippocampus in
these changes.

In vitro studies showed that 100 and 500 uM Hcy assocwaitdd moderate and
severe HHCY respectively, was able to induced Ipipasphorylation (Hcy 100 uM) and
hypophosphorylation (Hcy 500 pM) of neurofilamestsunits and glial fibrillary acidic
protein, IFs of neuronal arastrocytic cytoskeleton. These effects are depdadenof age
and cerebral structure of rats: hippocampus ofay7add rats are sensible. Results in slices of
hippocampus showed that the action of Hcy is mediéty mechanisms dependent of influx
of C&* by NMDA receptors and Gachannels voltage-dependent and release 6f f&am
intracellular stores, emphasizing the high susbépyi and complexity of signaling pathways
activated by C4 in the hippocampus. In addition, glial cells watso target for the actions
of Hcy, reorganizing their cytoskeleton and chagdime phosphorylation system associated
to cytoskeleton through mechanisms involving exokwity, oxidative stress and
glutamatergic mechanisms. The cytoskeleton mayesemt a target to HHCY and your
dysfunction can have an important role in neurodeggion characteristic of the disease.
However, the mechanisms by which disruption ofdjeskeleton proteins is able to induce
neural dysfunction have not yet been clarified #reexact extent of these changes need to

be determined.
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1. INTRODUCAO

1.1 HOMOCISTEINA

1.1.1 Metabolismo da Homocisteina

A homocisteina (Hcy) € um aminoacido sulfurado, r#sencial, derivado do
metabolismo da metionina. O catabolismo da Hcy dépede folato, vitamina B12 e
vitamina B6(Obeid et al., 2004). A metabolizacdo da Hcy poelgus duas vias: a via da
remetilagdo, a qual envolve a sintese de metionimde folato e vitamina B12 sdo co-fatores,
ou a via da transsulfuracéo, a qual envolve a degéo de Hcy e possui a vitamina B6 como
co-fator (Selhub, 1999).

Aproximadamente, metade da Hcy gerada é remetdanationina, utilizando-se 5-
metiltetrahidrofolato (5-CHTHF) ou betaina como doador de grupos medilgum
desequilibrio nesse processo pode causar uma dg&inde S-adenosil metionina (SAM) e
um aumento de S-adenosil homocisteina (SAH), uranpetinibidor de metil transferases.
Dentre as diversas fungfes bioldgicas exercidagmmos metil no Sistema Nervoso Central
(SNC), pode-se destacar a sintese e metabolisméries neurotransmissores bem como a
manutengao da metilagdo do DNA (Chadwick et alQ02@harib et al., 1983; Mattson e
Shea, 2003; McKeever et al., 1991).

A rota da transulfuracdo da Hcy € considerada omoitante suprimento de
glutationa para o figado, no entanto, esta rotaug@ conhecida no cérebro. Cistationfa
sintetase (CBS) (EC 4.2.1.22) e cistationase (BCLA) catalisam a transulfuracdo da Hcy
em cisteina (Cys), precursoda glutationa. A enzima CBS tem sido detectada @mabco
humano (Ichinohe et al., 2005), no entanto, estidosspeito da cistationase em cérebro

ainda ndo séo conclusivos (Awata et al., 1995;fisf e Tudball, 1976; Heinonen, 1973).



Além disso, ha evidéncias que mostram grandes ¢@@$a regionais na atividade da
cistationase no cérebro (Awata et al., 1995; Gfie Tudball, 1976). Em geral, os dados
disponiveis ndo sdo suficientes para definir o pdpesia de transulfuracdo na producédo de
cisteina necessaria para a sintese de glutatioearebro (Kranich et al., 1998; Scott et al.,
1994; Shanker et al., 2001).

Estudos indicam que o transporte de Hcy do sangte @cérebro, além de simples
difusdo, pode ser feito via um receptor especsaiiravel (Grieve et al., 1992; Griffiths et
al., 1992; Zeise et al., 1988). Além disso, célumagronais humanas sdo capazes de produzir
Hcy em condi¢des normais (Ho et al., 2003).

Concentragfes de Hcy no cérebro e no fluido céregpmhal sdo elevadas em
diversas doencas neurodegenerativas (Eto et #2; 28obe et al., 2005; Regland et al.,
2004; Regland et al., 1997; Yanai et al., 1983ceR&es evidéncias também demonstraram,
em um modelo de hiper-homocisteinemia (HHCY), umpmmetimento da integridade da

barreira sangue-cérebro (Kamath et al., 2006).

1.1.2 Hiper-homocisteinemia

Os niveis plasméticos de Hcy podem variar consigéregente entre os individuos
devido a fatores genéticos, dietéticos e ambienthisgas e funcdo renal (Dierkes e
Westphal, 2005; Klerk et al., 2002; Kruger et aD03; Mudd et al., 1985; Selhub et al.,
1993; van Guldener e Stehouwer, 2005; Watkins.£2@02).

Clinicamente, é usual considerar que em adultosoasentracfes plasmaticas de
Hcy podem variar de 5 a Ifimol/L e que niveis plasmaticos de 12 apibol/L tem sido
associados com risco elevado de doencas cardidaesse neurodegenerativas (Herrmann,

2001; Mattson e Shea, 2003).
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Figura 1. Metabolismo da Hcy. 1) metionina sinta2g; betaina-homocisteina
metiltransferase; 3) metionina adenosiltransferdyenetiltranferase; 5) SAH hydrolase; 6)
cistationina (3-sintase; 7) cistationing-liase; Hcy: homocisteina; Met: metionina; Cys:
cisteina; SAM: S-adenosil Metinina; SAH: S-adenokibmocisteina; 5-CHTHF: 5-

metiltetrahidrofolato; THF: tetrahidrofolato.

HHCY é definida como uma elevacdo na concentrat@omatica de Hcy (Mudd et
al., 2000). A HHCY grave (concentracdes plasmataasa de 10Qmol/L) é classicamente
causada por raros fatores genéticos no metaboltemmetionina, folato ou vitamina B12
(Dierkes e Westphal, 2005; Mudd et al., 1985; Twnet al., 2003; van Guldener e
Stehouwer, 2005; Watkins et al., 2002), mas tampeéde ocorrer em individuos com severa

deficiéncia de vitamina B12, atribuida a anemianjpessa (Limal et al., 2006). A HHCY
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moderada (concentracbes plasmaticas de 104100I/L) pode ser causada por doencas
renais, deficiéncias de folato ou vitamina B12, pmr um defeito genético no gene da

metileno tetrahidrofolato redutase (Mudd et alQ@0

1.1.3 Homocisteina e Doencgas Neurodegenerativas

Uma ligacéo entre Hcy e desordens no sistema nefeoprimeiramente descrita em
pacientes com severa deficiéncia na CBS (Griect/;18ludd et al., 1985). Retardo mental,
atrofia cerebral e convulsdes foram relatados segaeientes (Grieco, 1977; Mudd et al.,
1985; Sachdev et al., 2002; van den Berg et a@51%osteriormente, também se observou
uma relacdo entre Hcy e doencas relacionadas aelhecimento, incluindo declinio
cognitivo (Budge et al., 2000; Kado et al., 2008pencas cerebrovasculares e acidente
vascular cerebral (Bostom et al., 1999; Yoo et1#198), deméncia vascular (Hogervorst et
al., 2002) e doenca de Alzheimer (Bosco et al. 42@®shadri et al., 2002). Elevagao nos
niveis de Hcy foi também associada com outras deasrdo SNC, como a depressao (Bell et

al., 1992) e a esquizofrenia (Applebaum et al. 420@vine et al., 2002).

1.1.4 Principais mecanismos envolvidos nos efeitosurotoxicos da Hcy

Varios mecanismos tém sido propostos para expkbcaelacdo entre HHCY e
neurodegeneracédo (Dayal et al., 2004; Maler e2@03), dentre eles, podemos destacar trés
possibilidades hipotéticas (Bottiglieri, 1996; Math e Shea, 2003; Selhub, 1999).

A primeira € que a Hcy é diretamente neurotoxicat{dn e Shea, 2003; Molloy,
2001). Essa possibilidade sugere que a Hcy é unpastm endégeno, neurotdxico em
concentracfes supra fisiologicas. Dados da liteaatiemonstram queltas concentracdes
cerebrais de Hcy ou seus derivados oxidados podienaraa neurotransmissao ou induzir

excitotoxicidade em neurdnios (Lipton e Rosenbet§94), particularmente aqueles

11



expressando receptores do tipo N-metil-D-aspatdbdDA) (Lipton et al., 1997; Robert et
al., 2004). A estimulacdo de receptores NMDA podeedcadear um aumento de célcio
citoplasmatico e espécies reativas de oxigénio (R@8guido por neurotoxicidade e
apoptose (Lafon-Cazal et al., 1993; Lipton et 4097). O envolvimento de receptores
glutamatérgicos metabotrépicos (MGIuR) também émhdnstrado (Lazarewicz et al., 2003,
Zieminska e Lazarewicz, 2006; Zieminska et al.,308lém disso, a auto-oxida¢do da Hcy
leva a formacao de superéxido e peroxido de hidriog®s quais subseqientemente alteram
a funcdo neuronal e predispdem o tecido neuroretbh@d a doencas neurodegenerativas
(White et al., 2001). Além disso, Hcy inibe a exgs@ de enzimas antioxidantes, como a
glutationa peroxidase, potencializando os efeiigicbs de ROS (Upchurch et al., 1997).

A segunda possibilidade postula que HHCY ocasiona alteracdo no metabolismo
de grupos metila, o qual se estende ao cérebroadiimmulo de Hcy pode aumentar SAH, o
qual é um potente inibidor de muitas reacdes delap@&b, essenciais para a funcéo
neuroldgica (Chen et al., 2001; ChoumenkovitcH.e2802).

A terceira possibilidade € baseada na associacddHi{gY com doenca vascular
oclusiva, a qual pode ser mediada por danos na@ale vaso sanguineo ou por coagulagéo
sanguinea comprometida. Se esse fendmeno ocor@relro, os danos cérebro-vasculares
induzidos pela Hcy podem levar a disfuncéo e degeéie neuronal secundéria (Quinn et al.,
1997; Troen, 2005; van den Berg et al., 1995).

Esses mecanismos ndo sédo exclusivos um do outrogoerem postular que a Hcy
atue como a causa das desordens clinicamente mmdag do SNC. Pelo contrério, eles
enfatizam a possibilidade de que altas concentsagi@smaticas de Hcy podem aumentar a
vulnerabilidade cerebral para outros insultos gesultem em disfungbes cognitivas e

patologias no SNC (Troen, 2005).
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1.2 CITOESQUELETO

As células devem ter a capacidade de organizamsespaco, reorganizar seus
componentes internos, interagir mecanicamente camio ambiente, mover-se de um lugar
a outro e apresentar uma correta morfologia, nuadifio sua forma quando necessario.
Todas essas fungOes estruturais e mecanicas dprases altamente desenvolvidas em
células eucaridticas e sdo dependentes de um editr@o sistema de filamentos
denominado citoesqueleto (Alberts, 2002).

Recentemente, a maioria dos estudos envolvendtmesqueleto enfoca sua relagao
com a transducgéao de sinais intracelulares. Toreatlaso que o sistema celular de filamentos
citoesqueléticos e as redes de vias de sinalizeg&m intimamente ligados e funcionam
cooperativamente para gerar um fendtipo celulaptada as condicfes imediatas da célula.
Ademais, quando as células sdo remodeladas, ploveve o citoesqueleto funciona como
causa e efeito dessa remodelacao: ele respondeis, €le organiza vias de sinalizagdo no
espacgo celular e ele proprio pode exercer funcasimdizacdo. Assim sendo, o mesmo
poderia ser chamado de integrador da informacatefibeck, 2001).

A notavel rede do citoesqueleto € composta portipés de filamentos protéicos —
filamentos de actina (microfilamentos) (MF), microtilos (MT) e filamentos intermediarios
(FIs) — cada um deles possuindo propriedades biagas e biofisicas Unicas (Figura 2)

(Alberts, 2002; Carraway, 2000; Helfand et al.,£200
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Figura 2. Representacao esquematica dos consiuilot citoesqueleto. Adaptado de Alberts

et al., 2002; www.uc.cl/sw/educ/biologia/bio100

1.2.1 Filamentos de Actina

Os MFs sao estruturas flexiveis com 5 a 9 nm dmeti® distribuidos por toda a
célula, porém, estdo mais concentrados na regiditicalp logo abaixo da membrana
plasmatica (Alberts, 2002).

A dindmica da actina € essencial para mudancasrneafe motilidade celular em
resposta a estimulos externos. Em neurdnios enma#@gimento, o citoesqueleto de actina
tem um papel fundamental na formacéo, extensam#icacdo dos neuritos, bem como na
sinaptogénese (Bloom et al., 2003; Fifkova e Del®32; Hirokawa et al., 1989; Landis et
al., 1988; Matus et al., 1982). Ademais, a reguatd@ MF contribui significativamente na

transmissdo sinaptica basal e nas véarias formgdadécidade sinaptica, podendo assumir
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um papel de integradora entre forma e funcdo aehulaivel da sinapse (Dillon e Goda,
2005).

Um importante processo celular, pelo qual a dinardie associacdo e desassociagéo
dos MF é requerida, € a formacdo de protrusdes efabmana (Pollard e Borisy, 2003)
(Figura 3). A extensdo de membrana melhor caraeidai € o lamelipddio, o qual é
sustentado por uma rede ramificada e densa ddrfa@cm crescimento rapido em dire¢do a
membrana celular, garantindo a protrusédo e a négraelular (Small, 1994). Quando os
feixes de actina se estendem para além da bordendelipdédio, formando estruturas
semelhantes a agulhas, eles sdo chamados de “pikagisou filipddios (Small et al., 2002).
Paralelamente a essa atividade protrusiva, o lpgdith desempenha importantes papéis,
como o envolvimento na formacdo de adesédo celwasubstrato e em processos de
pinocitose e fagocitose. Eles ainda recrutam todasomponentes requeridos nessas fungoes.
Além disso, o processo de adesdo celular por singdica na reorganizacdo dos
lamelipddios, levando a formagéo de diferentesselasle complexos de adeséo (Pantaloni et
al., 2001).
Os filipédios, por sua vez, sdo responsaveis poecthr sinais no seu meio ambiente
(Davenport et al., 1993; Goodhill et al., 2004)aado como locais de transducéo de sinal,
interagindo com componentes da matrix extracelpéaa desencadear vias de sinalizagéo
gue levardo a uma resposta celular adequada (kid&k, 2005). Nos cones de crescimento
de axbnios em migracdo, os filipddios buscam ceighgs no ambiente externo que
permitirdo aos axdnios “navegarem” através de lsmligtancias a procura do alvo adequado
(Tessier-Lavigne e Goodman, 1996). Outro exemalarportancia biolégica dos filipédios
€ a participacdo dos mesmos na formacdo das smafiseedita-se que a sinaptogénese
inicial pode resultar do contato entre filipédiosednios (Dailey e Smith, 1996; Jontes e

Smith, 2000; Lohmann et al., 2002; Ziv e Smith, @99
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Figura 3: Representacdo esquematica da distribuigddilamentos de actina. Adaptado de
Etienne-Manneville, 2004 (Etienne-Manneville, 2004) Wehrle-Haller e Imhof, 2003

(Wehrle-Haller e Imhof, 2003).

Diversas evidéncias relacionam alteracdes na de#duos filamentos de actina com
condi¢cBes neurodegenerativas. Por exemplo, na danélzheimer os filamentos de actina
podem ter sua expressao e funcdes alteradas,bzonttd para o prejuizo de memoéria e
perda sinaptica decorrentes da doenca (Butteréiell., 2006; Sultana et al., 2006). Outro
relevante exemplo sédo os corpos de Hirano, os gaaisnclusdes citoplasmaticas ricas em
actina, descritos frequentemente em uma variedadmiadicdes neurodegenerativas (Davis

et al., 2008; Kim et al., 2009; Maselli et al., 3D0

1.2.2 Microtubulos
Os MTs séo polimeros longos e rigidos, formados quitunidades protéicas de

tubulina. Possuem diametro em torno de 25 nm steagem ao longo de todo o citoplasma.
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A subunidade formadora dos MT é a tubulina, umrbdfenero formado por duas proteinas
globulares bastante similares denominadgasp tubulina, fortemente ligadas por ligacées
nao-covalentes. Os MTs possuem uma extremidaddaliga Unico centro organizador de
microtubulos da célula, chamado centrossomo. Airpdésta estrutura os microtubulos
estendem-se por toda a célula (Diaz et al., 1988;riing, 2000).

Os MTs tém papel fundamental nos movimentos ce&s)dransporte intracelular de
organelas e formacéo do fuso mitético durante ssdlivcelular (Nogales, 2000; Sanchez et
al., 2000; Schulze et al., 1987). No cérebro,cesté/olvidos em varias funcdes celulares,
incluindo transporte axonal, sinaptogénese (Valal.et1985), crescimento e elongacéo de

neuritos (Riederer et al., 1997).

1.2.3 Filamentos Intermediarios
Das trés fibras citoesqueléticas, os FIs sdo os diaérsificados, sendo codificados
por aproximadamente 70 genes em humanos (Humammbdete Filament Mutation

Database;_ http://www.interfil.ojg Os Fls s&o classificados em cinco grandes fasili

conforme os tipos celulares e teciduais, bem commiwel de diferenciacdo e de
desenvolvimento. Familias I-IV séo localizadas ioptasma celular, enquanto o tipo V, as
laminas nucleares, sdo importantes organizadoresnglelope nuclear e do carioplasma

(Parry et al., 2007). A Figura 4 ilustra a ocorrareclassificacdo dos FIs em humanos.
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Figura 4. Classificagdo e ocorréncia dos filamemttesmediarios. Os algarismos romanos

indicam a familia dos FI a qual a proteina perteAdaptado de Toivola et al (2005).

Os Fls séao fibras flexiveis com aproximadamentenhOde diametro, um tamanho

intermediario entre MFs e MTs, sendo inicialmerdasiderados estruturas bastante estaticas

e rigidas, com funcdes relacionadas a integridattataral de células e tecidos (Herrmann et

al., 2007; Ivaska et al., 2007; Kim e Coulombe, 7J0@e fato, o papel dos FIs em conferir

resisténcia celular ao estresse mecéanico e ndonimecd muito relevante e a consequente

perda dessa funcdo pode estar relacionada com aoemyolvendo fragilidade celular

(Fuchs e Cleveland, 1998; Omary et al., 2004). N@reo, nos ultimos anos as func¢des

atribuidas aos Fls tem se ampliado drasticameaoig 08 mesmos tém sido relacionados com
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uma variedade de eventos celulares. Recentes elad@dm demonstrado o envolvimento de
Fls na adesdo e migracdo celular (lvaska et al7)2(ha definicdo do posicionamento e

forma de organelas celulares (Toivola et al., 2085)a modificacdo de varios processos
celulares, como a resposta ao estresse e cresoighenécidos, devido a sua habilidade em
regular moléculas de sinalizacéo (Pallari e Eriks2006). Outra funcdo emergente dos Fls é

wAa

a capacidade de funcionar como uma “ancora”, qyee d regula a atividade de diversos
efetores protéicos como receptores, proteinas sgsn& proteinas de choque térmico
(DePianto e Coulombe, 2004, Lee et al., 2001; dasét al., 2004).

Como os Fls contribuem para o desenvolvimento aeld@ tecidual, doencas
resultantes de modificagdes na estrutura e na dmanos Fls s&o caracterizadas por
diversos e graves fenoétipos (Godsel et al., 2008jiMet al., 2004; Pekny e Lane, 2007), que
vao desde queratinopatias (Lane e McLean, 2004) duéncas relacionadas ao

envelhecimento, distrofias musculares (Worman enBpr2007) e doenca de Parkinson

(Kruger et al., 2003).

1.2.3.1 Neurofilamentos

Neurbnios expressam varias proteinas de Fls depdadeo seu estagio de
desenvolvimento e localizacdo no sistema nervado,etas: nestina, trés subunidades de
neurofilamentos (NFs) - de baixo, médio e alto pesdecular - (NF-L, MF-M, e NF-H,
respectivamentely-internexina, periferina e sinemina (Ishikawa et #68; Izmiryan et al.,
2006; Julien e Mushynski, 1998; Kaplan et al., 19®drtier et al., 1983).

A associacdo dos NFs ainda ndo € completamergadidd, no entanto, estudios
vivo tém demonstrado que os NFs sao heteropolimerodp s&rNF-L responsavel pela
formacédo do filamento propriamente dito (Ching enhj 1993; Lee et al., 1993). NF-M

participa da formacéo de projecdes laterais, dstat@io da rede de filamentos e extensao
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longitudinal (Elder et al., 1998; Elder et al., 989 Elder et al., 1999b; Jacomy et al., 1999).
O NF-H também contribui com a formacao de projeddesais e pode interagir com outros
elementos do citoesqueleto (Elder et al., 1998giE&t al., 1999b; Jacomy et al., 1999).
Recentes evidéncias sugerem que-eternexina também pode ser incorporada ao NF
maduro (Yuan et al., 2006). Periferina, um IF gmtill, € expressa em neurénios motores,
autbnomos e sensoriais e também se associa coub@asidades dos NFs (Beaulieu et al.,
1999a; Beaulieu et al., 1999b).

Como um constituinte do citoesqueleto celular, Bs Mabalham junto com MT e MF
para aumentar a integridade estrutural, forma didaate celular, auxiliar na manutencéo da
morfologia neuronal e participar do transporte akale metabdlitos do corpo celular até os
terminais nervosos, processo este que é reguladdogirilacdo (Ackerley et al., 2000;
Beaulieu et al., 1999b; Jung et al., 2000; Kirkiokir1999). A maior funcdo dos NFs € o
controle do calibre axonal, atividade que tambémelécionada com a fosforilacdo. Essa
funcdo é extremamente importante, uma vez que @cidade da condutividade de um
impulso elétrico € proporcional ao seu calibre. Nd&® particularmente abundantes em
neurénios com grande diametro (p#), como os neurdnios periféricos motores, onde a
rapida conducdo do impulso é crucial para o segidnamento adequado (Ohara et al.,
1993; Sakaguchi et al., 1993).

E bem estabelecido que o acimulo de NFs seja urconpara varias doencas
neurodegenerativas, como a esclerose lateral afitatya doenca de Alzheimer, a doenca de
Parkinson, a doenca de Charcot-Marie-Tooth e aopeatia axonal gigante (Bomont et al.,
2000; Hirano et al., 1984; Schmidt et al., 1996 rBiclt et al., 1997; Shepherd et al., 2002;
Watson et al., 1994). Os efeitos deletérios dems@mulos podem ser visualizados quando as

inclusdes protéicas em ax6nios blogueiam mecanit@me transporte de particulas do
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axonio, o qual eventualmente culminara em morteamal (Grant e Pant, 2000; Lariviere e

Julien, 2004; Xu et al., 1993).

1.2.3.2 Proteina glial fibrilar acida (GFAP)

Algumas células gliais, como os astrécitos madwsigetizam GFAP, no entanto o
principal FI expresso em astrdcitos imaturos, o diferenciados, é a vimentina (Langbein
et al., 2005). Os astrécitos podem modificar a esgio de seus Fls em resposta a condi¢des
patologicas que afetam o cérebro, medula espinhattina, como neurotrauma, isquemia e
doencas neurodegenerativas. O termo gliose reatoamumente utilizado para descrever a
ativacdo astrocitaria no estresse e patologiasafpiam o SNC. O aumento na expresséo de
GFAP e vimentina e a re-expressao de nestina sadnaosos da gliose reativa (Pekny e
Pekna, 2004; Pekny, 2006). Esse aumento na exprdasaFAP na gliose reativa evidencia
a importante contribuicdo dessa proteina na modéalda motilidade e forma celular, bem
como na estabilidade estrutural e principalmemsest@ncia do SNC as injurias (Eng et al.,
2000; Nawashiro et al., 1998; Pekny et al., 19997h dos mais draméticos fenétipos de
doencas provocadas por mutacfes nos Fls estdoreldo a GFAP. Essas muta¢gfes causam
a doenca de Alexander, uma desordem fatal do SNCégevidenciada por devastadores
disturbios no desenvolvimento normal do cérebrnio (Li et al., 2002), caracterizados por
inclusdes citoplasmaticas de GFAP e pequenas pasteénvolvidas com estresse nos
astrgcitos, denominadas fibras de Rosenthal (Hseiaal., 2005; Quinlan et al., 2007).
MutacBes na GFAP podem comprometer a respostaisédti®d ao estresse, e este € um dos
mecanismos patologicos da doenca de AlexanderRBrg et al., 2006).

O perfil da expressao génica de camundongos quer sxpressam GFAP humana
revelou a presenca de resposta ao estresse quegdanks envolvidos no metabolismo da

glutationa, detoxificagdo de peroxido, homeostasefatro, acdo de citocinas, sistema

21



complemento e resposta de genes de fase agudarreatidades no trafego de vesiculas
intracelulares, eventos esses que evidenciam a @BA® um importante alvo em inimeras

vias de sinalizacao (Hagemann et al., 2005).

1.2.4 Fosforilagéo das Proteinas do Citoesqueleto

A fosforilacdo proteica € uma modificacdo poOs-tcholbal importante para a
transducdo de sinais. Estd presente em todos egssas celulares béasicos, incluindo o
metabolismo, crescimento, divisdo, diferenciacdogtilidade, trafego de organelas,
transporte de membrana, contracdo muscular, imdejdgprendizado e memdéria (Grant e
Pant, 2000; Helfand et al., 2004).

As proteinas quinases catalisam a transferéncianmdgrupamento fosfato do ATP
para aminoacidos especificos: em eucariotos, narerdgk sdo residuos de serina, treonina e

tirosina. As proteinas fosfatases séo fosforilfierases que catalisam a reagdo inversa, ou

seja, a hidrdlise do grupo fosfato ligado ao salbstprotéico (Bibb, 1999) (Figura 5).
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Figura 5. Representacdo esquemdtica de um sistesfarifante. Adapatado de Garret e

Grisham (2007).

Os FIs sdo componentes do citoesqueleto nos qué&isfaerilacdo é o principal

mecanismo responsavel pela sua modulacdo, comtibuna organizacdo e funcdo dos
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mesmos de maneira célula e tecido-especificas {@&adpPant, 2000; Kesavpanny, 2006;
Omary et al.,, 2006), ao contrario dos MT e MF, sujeemodelamentos ocorrem
primariamente via proteinas associadas (Burge€&; 2Gawauchi et al., 2006) ou via outros
mecanismos pos-traducionais (particularmente para(Mestermann e Weber, 2003).

A organizacao intracelular das redes de Fls é clagka por proteinas quinases e
fosfatases (Chang e Goldman, 2004). Por exempfosfarilacdo sitio-especifica dos Fls
pode induzir a desassociacao dos FlIs. O equilémii@ o estado fosforilado e ndo fosforilado
dessas proteinas controla a continua troca de isldoi@s entre as formas associados
(filamentos) e ndo-associados (subunidades so)udessFIs (Eriksson et al., 2004; Izawa e
Inagaki, 2006).

Os Fls sao substratos de inidmeras quinases, idolarproteina quinase C (PKC), a
proteina quinase A (PKA), a quinase dependenteattgoce calmodulina Il (PKCamll), a
proteina quinase ativada por mitégeno (MAPK) e iaage Jun-amino-terminal (JNK). Entre
outras. Estas quinases possuem um papel signibcaéi regulacdo da estrutura e associagao
dos Fls, bem nas interacBes entre FIs e suas mastassociadas (Eriksson et al., 2004).
Proteinas fosfatases como as pertencentes as sliddaproteinas fosfatases 1, 2A e 2B
(PP1, PP2A, PP2B) também desempenham uma impodantebuicdo na integridade dos
citoesqueleto (Ceulemans e Bollen, 2004; Sonta@l 20

Os NFs sdo as proteinas mais fosforiladas dos mesrdGeisler et al., 1987;
Goldstein et al., 1987; Jones e Williams, 1982iedué Mushynski, 1982; Lee et al., 1988;
Pant e Veeranna, 1995). Esta fosforilacao € tofiograente regulada, caracterizando-se por
de uma intensa fosforilagdo em NF axonais e poucanenhuma fosforilagdo em NF
presentes no corpo celular e dentritos (Glicksntaal.e1987; Nixon et al., 1994; Nixon e
Shea, 1992; Oblinger et al., 1987; SternbergereeBérger, 1983). Além disso, 0s sitios de

fosforilagcdo dos FIs podem ser alvo tanto de gesmaependentes de segundo mensageiros
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(Sihag et al., 1988; Sihag e Nixon, 1989,1990) camauinases independentes de segundo
mensageiros (Julien e Mushynski, 1983; Sihag e \Ni£689,1990).

Disturbios no sistema fosforilante do citoesqueltoneurdnios pode levar a morte
neuronal e consequentemente ocasionar patologg@eggrum numero elevado de doencas
neurodegenerativas como doenga de Alzheimer, deasgéndoenca de Parkinson entre
outras, sdo relacionadas com a fosforilagdo alierrdos Fls, considerada um marco
patologico dessas doencas (Goedert, 1998; Gramang P000; Julien e Mushynski, 1982;
Sihag et al.,, 2007). Outro importante exemplo éseleeose amiotréfica lateral, uma
desordem fatal marcada pela perda da atividaderayaajual é caracterizada por agregados

de NFs excessivamente fosforilados (Julien e Musiiyt998).

1.3 SINALIZACAO CELULAR

Cada célula deve ser cuidadosamente regulada ptsfaser as necessidades do
organismo como um todo (Cooper, 2001). A base paraoordenacdo das reacdes
bioguimicas intracelulares é a comunicacao intel@el a qual possibilita a uma simples
célula influenciar o comportamento de outras célule maneira especifica (Krauss, 2003).
Uma variedade de moléculas sinalizadoras sdo reépeis pela regulacdo de todos os
aspectos do comportamento celular, incluindo mdétho, movimento, proliferacédo e
diferenciagao celular (Cooper, 2001).

As vias de sinalizagdo celular envolvem mecanisimbs e extracelulares. As
respostas aos diferentes tipos de sinalizacdoacepddem ser rapidas (<tGegundos),
como fosforilagdo e outras modificacdes pés-trazhais, ou mudancas nas concentracdes
dos segundos mensageiros intracelulares, calcit)(EaAMP ciclico, bem como respostas

mais lentas (de minutos a horas), tais como a aegal da transcricdo génica, migragao
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celular, controle do ciclo celular, proliferacdolutar e apoptose (Gilman et al., 2002;
Sivakumaran et al., 2003; Weng et al., 1999).

O cérebro possui redes de sinalizacao celular dostos niveis de sua organizacéo,
incluindo redes moleculares (no interior das célule redes celulares (o0s circuitos
neuronais), interconectadas para formar sistema®mais (por exemplo, o sistema limbico).
Além disso, na medida em gue as redes moleculacesonhecidas, tem-se demonstrado que
proteinas podem funcionar como sinalizadoras aralz alteracdo de sua conformacéo
tridimensional e, consequentemente, exercer sugddés de acordo com as caracteristicas

fisico-quimicas do seu microambiente.

1.3.1 Calcio

O Cd? é um sinal altamente versatil que pode regulareliftes funcdes celulares
através da acao em varias vias de sinalizacaoidBeret al., 2000; Carafoli et al., 2001). Na
juncdo sinaptica, por exemplo, o ‘Ealesencadeia exocitose dentro de microssegundos,
enquanto no outro extremo, o ‘€&unciona de minutos a horas para a conducédo deasve
como a transcricdo génica e a proliferacdo celWan. grande desafio para a ciéncia € a
compreensdo de como essas iniimeras vias de spd@aidasencadeadas peldQadem ser
interconectadas para controlar os diversos prosesdolares (Berridge et al., 2003).

O nivel intracelular de Ca é determinado por um equilibrio entre sistemas que
introduzem o C% no citoplasma (canais e transportadores) e reagdessas que removem
esse ion pela acdo combinada de tampdes (bombasaddres ibnicos). Durante a entrada
de C&% no citoplasma, uma pequena proporcdo dé’ Ga liga a efetores que s&o
responsaveis por estimular inimeros processos’dependentes. Esses sistemas
heterogéneos de sinalizacdo sdo desencadeadomaagama de mecanismos pelos quais 0

Ca'? pode agir (Berridge et al., 2003).
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O citoesqueleto de actina pode ser um alvo prindaisinalizagdo desencadeada pelo
Ca'?, observando-se uma importante participacdo deagei dependentes de’Caomo
PKCamll e MAPKs regulando a atividade de proteiassociadas a actina, modulando a
organizacdo da rede de MF durante a ramificacdo ndositos (Dent e Gertler, 2003;
Kornack e Giger, 2005).

Doencas neurodegenerativas como doenca de Alzheioenca de Parkinson,
doencga de Huntington, esclerose multipla e esaeansiotrofica lateral sdo caracterizadas
por mecanismos patoldgicos que, em grande pameeogem para distarbios na homeostase
do C4? (Camins et al., 2006; Saez et al., 2006). Nodsoré6rio possui inimeros trabalhos
relacionando alteracBes no sistema fosforilantecimso aos Fls com a homeostase df Ca
(de Freitas et al., 1996; Funchal et al., 2005aickal et al., 2005b; Zamoner et al., 2005;
Zamoner et al., 2008a; Zamoner et al., 2008c; Zameh al., 2007). Os mecanismos que
ocasionam essa perturbacdo na homeostase @b dda ilustrados na Figura 6. A
caracterizacdo molecular dessas vias de sinalizagdmtoxicas dependentes de"Qeode
proporcionar alvos para futuras terapias farmacocddg ou genéticas de doencas

neurodegenerativas (Arundine e Tymianski, 2003).
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neurodegenerativas. DA: doenca de Alzheimer, DHinda de Huntington, EM: esclerose
multipla, EAL: esclerose amiotréfica lateral, DPoetica de Parkinson, ROS: espécies

reativas de oxigénio. Adaptado de Vosler et al0&0

1.3.2 Glutamato

A acdo excitatoria do glutamato no cérebro e meeésjginhal de mamiferos foi
demonstrada na década de 50 (Curtis e Watkins,, X88fashi, 1952). Além de seu impacto
imediato como um aminoacido excitatorio, o glutamdesencadeia fenbmenos plasticos
vinculados a aprendizagem, memaria (Attwell, 20@@jdrum, 2000; Tapiero et al., 2002;
Tzschentke, 2002) e plasticidade sinaptica, indmia inducdo da potencializagdo de longa
duracéo (LTP) e a depresséo de longa duracéo (Ldus formas classicas de plasticidade
sinaptica que séo expressas em diversas areasatwac@Artola e Singer, 1990; Gubellini et

al., 2004; Ito, 1989). Além dessas funcdes, o glata estd4 envolvido no desenvolvimento
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de células nervosas, incluindo fenémenos de pratif®, diferenciacdo, migracdo e morte
celular, assim como no envelhecimento (McDonaldobnston, 1990; Meldrum, 2000;
Segovia et al., 2001).

A dindmica do citoesqueleto também pode ser abertavés de mecanismos
glutamatérgicos. Os receptores glutamatérgicos rpodaediar vias de sinalizacao
dependentes de Rho-GTPases que controlam direnaenéorganizacdo da actina e a
morfologia das espinhas dendriticas (Schubert.e2806). Além disso, nosso laboratério
tem demonstrado alteragbes no sistema fosforilaide FIs em diversas desordens
neurodegenerativas envolvendo mecanismos glutagiaier(Funchal et al., 2002; Zamoner
et al., 2008Db).

A diversidade funcional do glutamato como neuranaissor resulta da existéncia de
uma grande variedade de receptores que coexistemmanunica sinapse. Os receptores
glutamatérgicos podem ser classificados de acavdosuas propriedades farmacolégicas e
funcionais em receptores ionotrépicos (iGluRs) dalmaropicos (mGIluRs) (Monaghan et

al., 1988; Nakanishi, 1994; Ozawa et al., 1998;éPuvoisin, 1995).

1.3.2.1 Receptores Glutamatérgicos lonotropicos

Os iGIuRs séo canais ibnicos que, quando ativosaho-se permeaveis a cations
como N&, C&" e K'. Podem ser classificados com bases farmacolégitaseceptores N-
metil-D-aspartato (NMDA), R ,9-a-amino-3-hidroxi-5-metil-4-isoxazolepropionico aeid
(AMPA) e cainato (KA), sendo os dois ultimos fregiemente chamados ndo NMDA
(Meldrum, 2000; Ozawa et al., 1998; Tapiero et24(02).

Os receptores NMDA medeiam a transmissdo sinaptcaéa, sao altamente
permedveis a NaK* e C&" (Lipton e Rosenberg, 1994; Ozawa et al., 1998)eddentes de

voltagem e possuem glicina como co-agonista (JohesAscher, 1992). Ha evidéncias de
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que a ativacdo excessiva destes receptores desfaamaostase do €a levando a
neurotoxicidade e ao dano neuronal causado peloerdomdo seu influxo. Existem
mecanismos de lesédo celular e subsequente mortappptose e/ou necrose que ocorrem
como resultado do actimulo intracelular dé*CArundine e Tymianski, 2003).

Os receptores AMPA e KA medeiam a transmisséao sgaaaexcitatoria rapida e estao
associados primariamente a canais independentesvottagem, sendo permeaveis
principalmente ao Nae K+, com baixa permeabilidade ao*CéCotman et al., 1981). A
ativacado desses receptores nao NMDA produz despajao da membrana, ativando assim,
indiretamente os canais de*€dependentes de voltagem (Cotman et al., 1981; ®edal.,

1998).

1.3.2.2 Receptores Glutamatérgicos Metabotrépicos

Os mGluRs pertencem a familia dos receptores atoplas proteinas ligantes de
nucleotideos da guanina (proteinas G) e, portgmmmnovem a modulacdo de efetores
intracelulares (segundos mensageiros), os quaianate/ou inibem diversos eventos de
transducao do sinal celular (Ozawa et al., 1998 eHbuvoisin, 1995).

Os mGIuRs sédo envolvidos com diversas funcdes n€@ 8N mamiferos. Essas
funcdes incluem a regulacdo de canais d& (@havis et al., 1994; Sahara e Westbrook,
1993), a indugéo de LTP (Miura et al., 2002; Raydienal., 2000) e LTD (Lin et al., 2000;
Otani et al., 2002), a modificacdo da transmiss@apsica mediada por receptores NMDA
(Awad et al., 2000; Guo et al., 2004; Harney et2006; Pisani et al., 2001) e a regulagéo do
desenvolvimento neuronal (Catania et al., 2001 nidaret al., 2001; Pin e Duvoisin, 1995).

Além disso, diversas proteinas do citoesqueleto gs&to identificadas interagindo
com mGIuRs e dessa maneira modulando vias dezgab desencadeadas pelos mesmos

(Francesconi et al., 2009).
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Considerando que o citoesqueleto € um importamte@dra a sinalizacéo celular em
inimeras doencas neurodegenerativas, 0 objetivie debalho € investigar os possiveis
efeitos toxicos da Hcy sobre alguns parametrosubimoigos do citoesqueleto de células

neurais, identificando algumas vias de sinalizagémlvidas nestes efeitos.

2.2. OBJETIVOS ESPECIFICOS

2.2.1 Estudar o efeito do tratamento crénico com Hcy eabrexpressao génica,
conteudo total, fracdo citoesquelética e fosfofitados Fls do citoesqueleto
neural de cértex e hipocampo de ratos.

2.2.2 Realizar um estudo ontogenético dos efeitos do $dtye a fosforilacamn
vitro dos FI em fatias de cortex cerebral e hipocampais.

2.2.3 lIdentificar vias de sinalizacdo envolvidas nesgedos, com énfase especial
as proteinas quinases e fosfatases, bem como m@cEnienvolvendo o
glutamato e o célcio intracelular;

2.2.4 Avaliar a acdo da Hcy sobre a viabilidade celulareerganizacdo do
citoesqueleto de actina e GFAP (em cultura primdeiastrocitos corticais) e
MTs (em cultura de neurdnios corticais), e idecdifi a dependéncia de
mecanismos envolvendo estresse oxidativo.

2.2.5 Verificar os efeitos da Hcy sobre a reorganizacdoviFs, MTs e FIs em
cultura de células C6, bem como identificar mecaos de acao envolvidos

com tais efeitos.



2.2.6 Investigar os efeitos da Hcy sofre a fosforilacae BIs em cultura de células

C6 e identificar algumas vias de sinalizag&o endab:
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tese.

3. MATERIAIS E METODOS

A secdo Materiais e Métodos esta inserida nos quapitulos da na parte Il desta
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Capitulo 1

HYPERHOMOCYSTEINEMIA SELECTIVELY ALTERS EXPRESSION
AND STOICHIOMETRY OF INTERMEDIATE FILAMENT AND
INDUCES GLUTAMATE- AND CALCIUM-MEDIATED

MECHANISMS IN RAT BRAIN DURING DEVELOPMENT

Artigo submetido para International Journal of Degenental Neuroscience

34



HYPERHOMOCYSTEINEMIA SELECTIVELY ALTERS EXPRESSION AND
STOICHIOMETRY OF INTERMEDIATE FILAMENT AND INDUCES
GLUTAMATE- AND CALCIUM-MEDIATED MECHANISMS INRAT B RAIN

DURING DEVELOPMENT

Samanta Oliveira Loureiro, Luana Heimfarth, Prescie Lima Pelaez, Bruna Arcce
Lacerda, Luiza Fedatto Vidal, Angela Soska, Nat@lenes dos Santos, Claudia Andrade,
Barbara Tagliari, Emilene B.S. Scherer, Fatima &hi@ha Costa Rodrigues Guma, Angela

Terezinha de Souza Wyse and Regina Pessoa-Pureur

Departamento de Bioquimica, Instituto de Ciénciasi@s da Saude, UFRGS, Porto

Alegre, RS, Brasil,

CORRESPONDENCE ADDRESS:Dr. Regina Pessoa-Pureur, Universidade
Federal do Rio Grande do Sul, Instituto de CiénBi&sicas da Saude, Departamento de
Bioquimica, Rua Ramiro Barcelos 2600 anexo, CERBS4ID3 Porto Alegre - RS, BRASIL,

Fax: 5551 3308 5535, Tel: 5551 3308 5565; E-mpureur@ufrgs.br

Running title: Homocysteine affects the cytoskeleton

Keywords: homocysteine; hyperhomocysteinemia; intermediiménts; calcium;

phosphatases; glutamate receptors

35



ABSTRACT

The aim of the present work was to investigateatigons of a chemically induced
chronic hyperhomocysteinemia model on intermedigleaments (IFs) of cortical and
hippocampal neural cells and explore signaling raeims underlying such effects. Results
showed that in hyperhomocysteinemic rats the esmef neural IF subunits was affected.
In cerebral cortex, glial fibrillary acidic prote{GFAP) expression was donwregulated while
in hippocampus high and middle molecular weightralament subunits (NF-H and NF-M,
respectively) were upregulated. Otherwise, the immcontent of IF proteins was unaltered
in cerebral cortex while in hippocampus the immumtent of cytoskeletal-associated low
molecular weight neurofilament (NF-L) and NF-H solisi suggested a stoichiometric ratio
consistent with a decreased amount of core filamentiched in lateral projections. These
effects were not accompanied by an alteration ipHBsphorylation. In vitro results showed
that 500 pM Hcy induced protein phosphatases 1-- Znd 2B- mediated
hypophosphorylation of NF subunits and GFAP in bggmpal slices of 17-day-old rats
without affecting the cerebral cortex, showing andaw of vulnerability of cytoskeleton in
developing hippocampus. lonotropic and metabotrgpitamate receptors were involved in
this action, as well as Ca2+ release from intratallstores through ryanodine receptors. We
propose that the mechanisms observed in the hipgoes of 17-day old rats could support

the neural damage observed in these animals.
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INTRODUCTION

Tissue accumulation of homocysteine (Hcy) is thechemical hallmark of
homocystinuria, an inherited metabolic disorderseauby severe deficiency of cystathionine
B-synthase (CBS, E.C.4.2.1.22) activity. Affectedigr@s present alterations in various
organs and systems, including central nervous asgwar systems (Kraus, 1998; Mudd,
2001). A variable degree of mental retardation eodvulsions, whose pathophysiology is
poorly understood, are also found in these patigvitdinow, 1990). There is a considerable
body of evidence showing that an increase of Haelte in plasma is a strong and
independent risk factor for the development of nlagical and vascular diseases (Kuhn et
al., 1998; Leblhuber et al., 2000; Mudd, 2001; @dshet al., 2002). In recent years, the
mechanisms of Hcy-induced neural damage have bg#ared. It has been shown that Hcy
inhibits Na+K+-ATPase activity (Matte et al., 20®lreck et al., 2003b; Wyse et al., 2002),
decreases energy metabolism (Streck et al., 2@iBzgk et al., 2003c) and induces oxidative
stress (Kruman et al., 2000). Moreover, Hcy acéisaan apoptotic cell death pathway in
cultured rat hippocampal neurons (Kruman et alo02@nd its metabolite, homocysteic acid,
can induce cell death in the rat hippocampus i (hangmeier et al., 2003). Despite the
efforts to understand the molecular basis of theralegical dysfunction accompagning
homocystinuria, the effects of high Hcy levels be tytoskeleton of neural cells is poorly
known.

Intermediate filaments (IF) form extensive netwowiahin the cytoplasm in most
vertebrate cells. These networks extend radiallglindirections coordinating cytoskeletal
activities and relying information between the aliface and the innermost compartments
of the cell (Chang and Goldman, 2004). NeurofilataéNF) are highly conserved neuronal

IF expressed in adult neurons, characterized onbtd®s of molecular weight - a low
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molecular weight 68-kDa isoform (NF-L), a middle lexular weight 160-kDa isoform (NF-
M), and a highly phosphorylated high molecular wei@00-kDa isoform (NF-H). The
assembly of the filamentous NF complex is dependerthe primary homopolymerization of
NF-L, and the stoichiometry of NF subunits is hightgulated (Ching and Liem, 1993; Lee
et al.,, 1993; Nixon and Shea, 1992). While the exa®logy of neurofilament (NF)
aggregate formation remains to be determined,atiibers in the stoichiometry of NF in a
variety of motor neuron degenerations are assatiaih NF aggregate formation (Ge et al.,
2003; Lariviere and Julien, 2004). Despite NFs hbaeen universally considered to be
composed of three subunits, experimental evidedes®nstrate that the composition of NF
could include other proteins. In this contextinternexin has been described to coassemble
with all three NF proteins into a single networkaptic axons of adult mice (Yuan et al.,
2006). Glial fibrillary acidic protein (GFAP) is dR protein that is known to be localized in
astrocytes, although its precise contributions stvoglial physiology and function are not
clear. Typically, the role of IF scaffolding is tmpart resistance to incident mechanical
stress, and loss of function or mutations of numerd genes have been linked to several
disease states involving cellular fragility (Couloenet al., 2001; Fuchs and Cleveland, 1998;
Herrmann and Aebi, 2004; Omary et al., 2006). Iétgins are known to be phosphorylated
on their head and tail domains and the dynamighogphorylation/dephosphorylation play a
major role in regulating the structural organizatend function of IFs in a cell- and tissue-
specific manner (Grant and Pant, 2000; Helfandl.et2804; Jones and Williams, 1982,
Julien and Mushynski, 1982; Ksiezak-Reding and Y&87; Nixon and Lewis, 1986; Nixon
and Sihag, 1991; Omary et al., 2006). There areeasing evidences that site-specific
phosphorylation of IF proteins can affect theiremsbly, and structural organization (Sihag et

al., 2007).
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We have shown that 100 uM Hcy, a plasma concemtratelated with mild
hyperhomocysteinemia, induced IF hyperphosphoogain hippocampal slices of 17-day-
old rat and this effect involved the activationNiVIDA receptors, voltage-dependent calcium
channels, Gi-coupled receptors and the stimulaifofbCa2+ uptake (Loureiro et al., 2008).
In agreement with this study, several mechanism®oxitity have been reported including
NMDA ionotropic receptor (iGIuR) and group | metatopic glutamate receptor (MGIuR)
mediated neurotoxicity (Ho et al., 2002; Zieminskal., 2003). Animal models were used to
better understand the pathophysiology of the desea® this context, Streck et al. (2002)
have developed a chemical experimental rat modélyperhomocysteinemia in which the
plasma Hcy concentration is increased to levels @@ similar to those found in human
homocystinuria (Mudd, 2001). Thus, using this expental model, we investigated the
expression of NF and GFAP subunits as well asrtimunoreactivity of these proteins in the
high salt Triton X-100 insoluble and soluble fracti representing respectively the ratio of
polymerized/aggregated and soluble IF subunitsenelaral cortex and hippocampus of rats
chronically injected with Hcy. Taking into accouhgat the structural organization of the IF
network is spatially and temporally regulated bygbthorylation (Janosch et al., 2000), we
also investigated the effect of in vitro exposuretissue slices to 500 uM Hcy, a
concentration described to induce neural injuryrlézzo et al., 2008) on the IF-associated
phosphorylating system and some molecular mechanibat could support the alterations

observed in the chemically induced hyperhomocystaia.
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EXPERIMENTAL PROCEDURES

Radiochemical and compounds

[**P]Na,HPQ, was purchased from CNEN, S&o Paulo, Brazil, D-mboysteine, D-
2-amino-5-phosphonopentanoic acid (DL-AP5), verapaimydrochloride, dantrolene,
calyculin A, okadaic acid, benzamidine, leupeptemtipain, pepstatin, chymostatin,
acrylamide, bis-acrylamide, antibodies anti NF-Z0ne N-52 and NE14), anti NF-150
(clone NN-18), anti NF-68 (clone NR-4), anti GFARIohe G-A-5) and peroxidase
conjugated rabbit anti-mouse IgG were obtained fi®igma (St. Louis, MO, USA). The
potent competitive non-NMDA iGIuR antagonist 6-cgannitroquinoxaline-2,3-dione
(CNQX) and the non-selective group l/group Il mGlukdtagonist (R,S)-a-methyl-4-
carboxyphenylglycine (MCPG) were purchased fromriBodeuramin (Bristol, UK). FK506
were obtained from Calbiochem (La Jolla, CA, USARIzol Reagent, SuperScript-1l RT
pre-amplication system and Platinum Taq DNA polysser were from Invitrogen.
SYBRgreen was from Molecular Probe. The chemilustieace ECL kit was obtained from

Amersham (Oakville, Ontario, Canada). All otherminzals were of analytical grade.

Animals

Wistar rats (9, 12, 17, 21 and 29 days of age) fooimbreeding stock had free access
to water and a 20% (w/w) protein commercial chowey were maintained on a 12:12 h
light/dark cycle and temperature of 22 %C1 The “Principles of Laboratory Animal Care”
(NHI publication no. 85-23, revised 1985) were duled in all the experiments and the
experimental protocol was approved by the Ethicen@dtee for Animal Research of the

Federal University of Rio Grande do Sul, Porto Aéeg
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Homocysteine administration

Hcy was dissolved in saline buffer and the pH aéjiso 7.4. Hcy solution was
administered subcutaneously twice a day at 8 mnvalke from the 6th to the 28th day. Control
animals received saline solution in the same voluaee those applied to Hcy-treated rats.
Hcy doses were calculated from pharmacokineticrpatars previously determined (Streck
et al.,, 2002). During the first week of treatmesmtjmals received 0.@mol Hcy/g body
weight. In the second week, Ounol Hcy/g body weight was administered to the afsma
and in the last week rats received Quéol Hcy/g body weight. One hour after the last
injection, the rats were killed by decapitationheitit anaesthesia. Treated animals achieved
maximal plasma Hcy concentrations (0.40-0.50 mmdlA.min after subcutaneous injection

of Hcy, according to Streck et al. (2002).

Preincubation of tissue slices

Rats were killed by decapitation, the cerebralecoend hippocampus were dissected
onto Petri dishes placed on ice and cut into g@0thick slices with a Mcllwain chopper.
Tissue slices were initially preincubated at’GOfor 20 min in a Krebs-Hepes medium
containing 124 mM NacCl, 4mM KCI, 1.2 mM Mge®5 mM Na-HEPES (pH 7.4), 12 mM
glucose, 1 mM CagGl and the following protease inhibitors: 1 mM banidine, 0.1uM
leupeptin, 0.7uM antipain, 0.7uM pepstatin and 0.iM chymostatin. In the experiments
designed to study signaling mechanisms, slices werédbated in the presence or absence of
30 uM verapamil, dantrolene, 106M DL-AP5 and MCPG, 5M CNQX, 0.05, 0.5 and 5

MM okadaic acid, 200 nM calyculin A, 1QM FK506 when indicated.
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32p_ortophoshate incorporation

After preincubation, the medium was changed andhbation was carried out at 30
oC with 100pl of the basic medium containing §@Ci of [**P] orthophosphate with or
without addition of verapamil, dantrolene, DL-ARMBCPG, CNQX, okadaic acid, calyculin
A or FK506 in the presence or absence of 100, 300, 400 or 500uM Hcy, when
indicated. The labeling reaction was normally akowto proceed for 30 min at 30 oC and
stopped with 1 ml of cold stop buffer (150 mM N&mM, EDTA, 5 mM EGTA, 50 mM
Tris-HCI, pH 6.5, and the protease inhibitors diset above). Slices were then washed

twice with stop buffer to remove excess radioattivi

Preparation of the high salt-Triton X-100 insolubleytoskeletal fraction from tissue
slices

After treatment, preparations of IF-enriched cytdstal fractions were obtained from
cerebral cortex and hippocampus of rats as deschiged=unchal et al. (2003). Briefly, after
the labelling reaction, slices were homogenizedd@® pl of ice-cold high salt buffer
containing 5 mM KHPQ;, (pH 7.1), 600 mM KCI, 10 mM MgGl 2 mM EGTA, 1 mM
EDTA, 1 % Triton X-100 and the protease inhibitdescribed above. The homogenate was
centrifuged at 15800 x g for 10 min atC} in an Eppendorf centrifuge, the supernatant
discarded and the pellet homogenized with the samhane of the high salt medium. The
resuspended homogenate was centrifuged as deseamtuethe supernatant was discarded.
The Triton-insoluble IF-enriched pellet, containiNg subunits and GFAP, was dissolved in
1% SDS and protein concentration was determinede Pphotein concentration was
determined by the method of Lowry et al. (1951)ngsbovine serum albumin as the

standard.
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Polyacrylamide gel electrophoresis (SDS-PAGE)

Equal protein concentrations of the cytoskeletal anluble fractions were loaded
onto 7.5 or 10 % polyacrylamide gels and analyzgdSiDS-PAGE according to the
discontinuous system of Laemmli (1970). After dgyigels were exposed to X-ray films (X-
Omat XK1) at -70 oC with intensifying screens amally the autoradiograph was obtained.
Phosphorylation levels were quantified by scantimggfilms with a Hewlett-Packard Scanjet
6100C scanner and determining optical densitiel ait Optiquant version 02.00 software

(Packard Instrument Company). Density values wbtaioed for the studies proteins.

Western blot analysis

Cytoskeletal and soluble fractions (3@) were analyzed by SDS-PAGE and
transferred to nitrocellulose membranes (Trans-8@tsemi-dry transfer cell, BioRad) for 1
h at 15 V in transfer buffer (48 mM Trizma, 39 mMane, 20% methanol and 0.25% SDS).
The nitrocellulose membranes were washed for 10imifris-buffered saline (TBS; 0.5 M
NaCl, 20 mM Trizma, pH 7.5), followed by 2 h inctiba in a blocking solution (TBS plus
5% defatted dried milk). After incubation, the bleds washed twice for 5 min with TBS plus
0.05% Tween-20 (T-TBS), and then incubated ovetnigh 4°C in blocking solution
containing the following monoclonal antibodies:iddE-200 (clone N-52 and clone NE14),
diluted 1:2000, anti NF-150 (clone NN-18) dilutethd0O, anti NF-68 (clone NR-4) diluted
1:1000 and anti GFAP (clone G-A-5) diluted 1:400eTblots were then washed twice for 5
min with T-TBS and incubated for 2 h in MTBS comiag peroxidase conjugated rabbit
anti-mouse IgG diluted 1:4000. The blots were weddheéce again for 5 min with T-TBS and
twice for 5 min with TBS. The blots were then depsd using a chemiluminescence ECL

kit. Autoradiograms and immunoblots were quantifigdscanning the films with a Hewlett-
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Packard Scanjet 6100C scanner and determiningabplensities with an Optiquant version

02.00 software (Packard Instrument Company).

RNA extraction, cDNA synthesis and quantitative PCR
RNA was isolated from cerebral cortex and hippooasnplices using the TRIzol
Reagent. Approximately gg of total RNA were added to each cDNA synthesactien

using the SuperScript-Il RT pre-amplication syst&eactions were performed at 42°C for 1

h using the primer T23V (5" TTT TTT TTT TTT TTT TTTTT TTV). Quantitative PCR
amplification was carried out using specific pringairs designed with Oligo Calculator
version 3.02 (http://www.basic.nwu.edu/biotoolgjoktalc.html) and synthesized by IDT
(MG, Brazil). The sequences of the primers usedliated in Table 1. Quantitative PCRs
were carried out in an Applied-Biosystem 7500 teak cycler and done in quadruplicate.
Reaction settings were composed of an initial dea#ibn step of 5 min at 94°C, followed by
40 cycles of 10 s at 94°C, 15 s at 60°C, 15 s & &ad 35 s at 60°C for data acquisition;
samples were kept for 2 min at 40°C for annealimg) then heated from 55 to 99°C with a
ramp of 0.1°C/sec to acquire data to produce tinatdeng curve of the amplified products.
Quantitative PCRs were made in a 0final volume composed of 10l of each reverse
transcription sample diluted 50 to 100 timesyl 2f 10 times PCR buffer, 1.2l of 50 mM
MgCI2, 0.4ul of 5 mM dNTPs, 0.8 of 5 uM primer pairs, 3.551 of water, 2.0ul of
SYBRgreen (1:10,000 Molecular Probe), and Qu0%f Platinum Tag DNA polymerase (5
U/ul) (Invitrogen). All results were analyzed by theAACT method (Livak and Schmittgen,
2001).p-actin was used as the internal control gene fore#dtive expression calculations
(Andrade et al, 2008). The Real-time PCR productsewseparated by 2.0% agarose gel

electrophoresis and visualized with SyberGoldTM [@dalar Probes).
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Statistical analysis

Data were analyzed statistically by Student’s t-tesone-way analysis of variance
(ANOVA) followed by the Least Square Difference @Stest when the F-test was
significant. All analysis were performed using tBBSS software program on an IBM-PC

compatible computer.

RESULTS

Initially we used Real-time PCR to analyze the @ffef chronically injected Hcy on
the expression of NF-L, NF-M, NF-H and GFAP, froerebral cortex and hippocampus in
animals sacrificed 1 h after the last Hcy injectiBesults showed that in the cerebral cortex
the expression of the three neuronal subunits wasltered while the expression of GFAP
was down-regulated (Figure 1A). Conversely, in bgampus, neither NF-L nor GFAP
expression was altered, while the peripheral NFusity, NF-M and NF-H, were up-
regulated (Figure 1B). The immunocontent of theptBteins recovered into the high-salt
Triton X-100-insoluble cytoskeletal fraction andthre soluble fraction was also analyzed in
the two cerebral structures. In cerebral cortexitim@unocontent of NF-H, NF-M and NF-L
was unaltered in both cytoskeletal and solubletifvac Nonetheless, despite the down-
regulated expression of GFAP, the immunocontenhisfprotein appeared to be unchanged
in both the cellular fractions (Figure 2). On thinay hand, in hippocampal slices, NF-L
subunit, constituting the core of the filament, wlasvn-regulated in the cytoskeletal fraction
and up-regulated in the soluble fraction (FigureR@garding the peripheral subunit NF-M,
its immunocontent was increased in the soluble fobot unaltered in the cytoskeletal
fraction (Figure 3). In addition, the immunocontesft NF-H as well as of GFAP was

increased both in the cytoskeleton and in the $elirbction (Figure 3).
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When cortical and hippocampal slices from rateadtgd with Hcy were
incubated witt??P-orthophosphate, the phosphorylation level of NIRE-M and GFAP was
unaltered (Table 2). In addition, using a monodardibody directed to a phosphorylated
epitope of NF-H (clone NE14), we observed thatitheunoreactivity was not altered either
in the high-salt TritonX-100 insoluble and solulflaction both in cerebral cortex and
hippocampus slices (Figure 2 and 3).

We also investigated the in vitro effects of 5001 Hcy on the phosphorylating
system associated with the cytoskeletal fractioedrebral cortex and hippocampus of rats
during development. When cortical slices of 9, 12,21 and 29 day-old rats were incubated
for 30 min with 500uM Hcy, we did not observe any alteration of the gtworylation level
of NF-H, NF-M, NF-L and GFAP (Figure 4). On the ethhand, exposure of hippocampal
slices to Hcy significantly decreased the in vi82P incorporation into the IF proteins
studied only in 17-day-old rats (Figure 4). A camtcation-dependent curve using 100, 200,
300, 400 and 500 uM Hcy showed a biphasic effeith twperphosphorylation induced by
100 uM Hcy and hypophosphorylation induced by 500Hcy (Figure 5)

Otherwise, Hcy-induced hypophosphorylation was @néed by calyculin A (200
nM), a PP1 and PP2A inhibitor or by different camtcations of OA, (0.05, 0.5 or gM)
described to inhibit PP2A, PP1 and PP2B, respdgti¥egure 6). Interestingly, 0.aM OA
per se, induced hyperphosphorylation of the cytieseproteins, as compared with controls
(Figure 6). In addition, FK 506, a specific PP2Bibitor, also prevented the effect of Hcy on
the cytoskeletal proteins (Figure 6).

Next, we examined the involvement of ionotropic amgtabotropic glutamate
receptors on the ability of Hcy to induce hypophusplation of the IF proteins. Results
showed that the competitive NMDA ionotropic antagbrDL-AP5 (100 uM), the non-

selective group l/group Il metabotrpic glutamateepgor antagonist MCPG (1Q0M), or the
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competitive non-NMDA ionotropic glutamate recepamtagonist CNQX (5QM), prevented
the Hcy effect (Figure 7) .

In order to verify the role of intracellular Ca2+the Hcy-mediated decreased in vitro
32P incorporation into NF-H NF-M, NF-L and GFAPppocampal slices were co-incubated
with 500 uM Hcy and dantrolene, an inhibitor of2Z8aryanodine receptors (RyR). Results
showed that dantrolene, prevented the effect of Hkigure 8). Moreover, to verify the
involvement of C&' influx through voltage-dependent calcium chanri(®l®CC) we used
verapamil, the specific L-calcium channel (L-VDC@hibitor. Results showed that this
compound was not able to prevent the effect of léay the phosphorylating system,
suggesting that Gainflux via L-VDCC was not involved in the in vitreffect of 500 uM

Hcy (Figure 8).

DISCUSSION

In the present study we first demonstrated thatgorats submitted to a chronic
hyperhomocysteinemia model presented an alteredessipn of IF subunits, reflecting
induction of Hcy—mediated genomic mechanisms in tegebral cortex and in the
hippocampus of these animals. These findings peowa interesting insight on the
differential susceptibility of cortical and hippoopal IF cytoskeleton to the chronic injury
induced by this metabolite. These effects, are givbbrelated to the specific physiological
responses of cortical and hippocampal neurons atrdcgtes to the insult. We could also
suppose that Hcy interferred with the regulatorychamisms that control gene expression of
different IF subunits. The genes coding for NF @irig have been cloned in a number of
species and are differentially regulated duringetigyment (Grant and Pant, 2000) and in

neurodegenerative diseases (Thyagarajan et alf).200nsistent with NF expression in Hcy-



treated cerebral cortex, the immunocontent of &gletal-associated and soluble subunits
remained constant compared with the control. Orother hand, despite the down-regulated
GFAP expression, the bulk of GFAP immunocontentcarebral cortex was similar to
controls. Moreover, in hippocampus, GFAP immunoenhtwas significantly increased,
despite its unaltered expression in Hcy-treatedhals. Conversely, in the hippocampus of
chronically Hcy-injected rats the immunocontentcgfoskeletal-associated NF-L and NF-H
subunits suggests a stoichiometric ratio consistétht a decreased amount of core filaments
enriched in lateral projections. Otherwise, up-tatpd immunocontent suggests an
imbalance favoring soluble NF subunits.

The misregulation of the neural cytoskeleton coa@htribute to brain damage
observed in this experimental model (Matte et 2007; Streck et al., 2003b; Streck et al.,
2006). In this context, abnormalities in the staahmetry of neuronal IF proteins may
contribute to the formation of toxic IF inclusiohgical of neurodegenerative diseases such
as amyotrophic lateral sclerosis (Beaulieu et 2099; Julien and Beaulieu, 2000; Julien,
2001). Moreover, in cortical and hippocampal astres, increased
immunocontent/expression ratio of GFAP suggestsdaiation in the turnover rate of this
protein probably due to a failure of the ubiquipreteasome system (Mignot et al., 2007). In
the case of hippocampus, we propose that this esdugrnover could lead to GFAP
accumulation, found in neurodegenerative diseabesacterized by astrocytes containing
cytoplasmic aggregates, such as Alexander’s digBasbetti et al., 2008). Taken together,
these results show that in rat hippocampus, cyteske is more susceptible to
hyperhomocysteinemia than in cerebral cortex.

Functional properties of the NF proteins such asstinking, NF assembly, axonal
transport and protein-protein interactions are dletd locally in the axon by

phosphorylation and dephosphorylation (Petzold 520Bowever, the altered stoichiometry
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of NF subunits observed in the hippocampus at tite ad the chronic treatment was not
accompanied by altered IF phosphorylation. Theegfdo better understand the events
underlying the effects observed in the in vivo tne@nt we developed an in vitro approach
using hippocampal and cortical slices to dissedt lmochemical steps of Hcy-induced

signaling events in these regions of brain duriegetbpment. We propose that the in vivo
misregulation observed in the 29 day old animalglccde a delayed consequence of the
signaling pathways elicited by Hcy earlier durirrgibh development.

We showed that 500 uM Hcy, a plasma concentratomd in patients with severe
homocystinuria and in rats subjected to chemicaitiuced hyperhomocysteinemia (Mudd,
2001; Streck et al., 2002), significantly inducedP1lP, PP2A- and PP2B- mediated
hypophosphorylation of IF subunits in hippocampales of 17 day-old-rats. Otherwise, the
concentration-dependent curve demonstrated thahyibophosphorylation is a selective
response to 500 uM Hcy, while hyperphosphorylati@s shown to be induced by 100 uM
Hcy, characteristic of mild homocystinuria, corrodting our previous results in 17-day-old
rat hippocampal slices (Loureiro et al., 2008).sTévidence highlight a period of postnatal
development during which heightened cytoskeletdhemability of hippocampus to Hcy
becomes apparent and emphasizes different respaocsasling to the intensity of the insult.
Although in the light of the current knowledge we anot able to understand the reasons
leading to these dual actions, they could be asdritpo the differential activation of
calmodulin, a Ca2+ binding protein responsiblerfegdiating many of the actions of Ca2+ ,
including activation of Ca2+/calmodulin-dependentotpin kinases or phosphatases
(Selvakumar and Sharma, 2006). In this contexal @stion of Hcy has been previously
described for other biochemical parameters (Lealgt2002; Luchowska et al., 2005;
Panganamala et al., 1986; Stazka et al., 2005;@Zbtal., 2005). The high susceptibility of

hippocampus to the Hcy insult could be ascribedht highest level of plasticity of this
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structure in the brain. Hippocampus is particulanlynerable to damage from a variety of
insults (McEwen, 2001), as well as pathologicaliaibns (Siebzehnrubl and Blumcke,
2008), since it contains a population of neuroret #ire continuously generated from late
embryogenesis through adulthood and new neuroms seé&e more vulnerable than mature
neurons (Danzer, 2008). On the other hand, it fiscdit to establish the molecular basis
responsible for the window of vulnerability to thmsult of Hcy at 17 day old, however, we
could suppose that these findings participate efdivelopmental plasticity implicaded in the
maturation of the hippocampal network.

IF hypophosphorylation is in agreement with pregievidences showing that protein
phosphatases are highly concentrated in the ma@ambiain (Strack et al., 1997a; Strack et
al., 1997b; Yoshimura et al., 1999) and pointing tiytoskeleton as a preferential target of
the action of phosphatases both in physiological pathological conditions. (Liu et al.,
2008; Saito et al., 1995). Moreover, recent studnekcate that Hcy alters the levels of
phospho-tau mostly through PP2A activity (Luo et 2007; Sontag et al., 2007; Yoon et al.,
2007; Zhang et al., 2007; Zhang et al., 2008).his tontext, increased levels of astrocyte
PP2A and PP2B were identified in Alzheimer’s disezerebral cortex and was considered as
part of the astrogliosis seen in this disorder @eal., 1997). Also, patients with Charcot-
Marie-Tooth disease type 1 (CMT1) present NF hyjpgphorylation. (Watson et al., 1994).

Previous evidence showed that Hcy toxicity in thdSCwas related to increased
cytosolic C&" levels (Ho et al., 2003; Lipton et al., 1997). Aadingly, we have previously
demonstrated that the effects of 100 uM Hcy onhippocampal cytoskeleton was mediated
by Ca2+ signaling mechanisms (Loureiro et al., 2G0®I in the present report we show that
PP2B, a C&-binding enzyme (Shibasaki et al., 2002), medigteseffects of 500 pM Hcy.
Thus, we further investigated the roles of?Cin the effect of 500 pM Hcy on the

cytoskeleton. In this context, the rise in intradar C&£* concentrations in response to a
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stimulus could originate from a €ainflux pathway, from release of €afrom an internal
store, or through a combination of these (Peucheal.£1996). Results showed that the
action of 500 uM Hcy was related to the participatiof Ca2+ influx through NMDA
channels and mobilization of intracellular’Catores through RyR. Evidence in the literature
points to a reciprocal regulation of ionic channedceptor activities and cytoskeleton
equilibrium through phosphorylation/dephosphorglatmechanisms. RyRs are regulated by
PKA-mediated phosphorylation and PP1-/PP2A-mediatephosphorylation (Marx et al.,
2000). In addition, PP1 has been linked to the legdgun of NMDA and AMPA receptors
(Feng et al., 2000), otherwise, NMDA receptors mhiggically modulate the
phosphorylation level of NF-M (Fiumelli et al., 280 Interactions of Hcy with NMDA
glutamate receptors have been implicated in therecof Hcy on the cytoskeleton (Loureiro
et al.,, 2008; Robert et al., 2005). Therefore, wala propose that Hcy-activated protein
phosphatases could modulate the receptor-media€dcénductance. Also, evidence in the
literature shows that activation of NMDA and mGlpRrticipate of the excitotoxic action of
Hcy in cerebellar granule neurons (Zieminska anzhtewicz, 2006) and in rat lymphocytes
(Boldyrev and Johnson, 2007). Accordingly, we drevang that the action of 500 uM Hcy
is also dependent on the ionic currents of Na+ utino AMPA receptors and mGIuR
activation. mGluRs are linked to diverse cytoplasmsignaling enzymes. Group | mGIuRs
stimulate phospholipase C activity and the reledsg&* from cytoplasmic stores (Bjornar
Hassel, 2006) and this action could potentiate Ga2+-mediated mechanisms supporting the
effects of Hcy on the cytoskeleton. Taken togetloar, results showing that inhibition of
iIGIuRs, mGIuRs, or RyRs lead to the same effecthencytoskeleton suggest the role of
different mechanisms responsible for cytoplasmic*Ciauctuations provoked by Hcy.

Therefore, blocking extracellular €ainflux or C&* release from endoplasmic reticulum
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stores, via RyRs or mGluR-mediated inositol 1,4ijphbsphate formation, could prevent the
actions of Hcy on the IF-associated phosphoryladysgem.

It is known that the frequency of the Cascillations reflects the strength of the
extracellular stimulus, and this frequency canfaadlated into a frequency-dependent cell
response (Alberts, 2008). Thus the differentialvation of cytoskeletal-associated protein
kinases (Loureiro et al., 2008) or phosphatasesddoe related to the way cells sense the
frequency of C& spikes elicited by the different Hcy concentrasioand change their
response accordingly. In addition, “C@ensitive proteins change their activities regndpt
transcription of different sets of genes. In thisdkof mechanism protein kinases act as a
molecular memory device leading to long-lastingl cebponses to a previously activated
signaling pathway (Alberts, 2008). Therefore, wepose that the altered IF expression and
misregulation of the neural cytoskeleton evidenmedhe in vivo model could be a long-term
consequence of the Eamediated actions elicited by Hcy on the hippocasnpiul7-day-old
rats. Moreover, this effect could participate ire theural damage provoked by high Hcy
levels with important implications in brain funatioThe present data provide a new insight

in the pathogenesis of diseases linked to hyperbgsteinemia.
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FIGURE LEGENDS

Figure 1. Quantitative Real-time PCR analysis antex (A) and hippocampus (B)
slices of rats submitted to chronic homocysteineatment. Animals were treated
subcutaneously twice a day at 8 h intervals from@th to the 29th day with Hcy or saline
solution (control). The expression of IF subuniteswanalyzed by real-time PCR, as
described in Experimental Procedures. Data repteseant S.E.M of 6-8 animals in each
group. Statistically significant differences frorontrols determined by Student’s t-test are
indicated: *P < 0.01. NF-H, high molecular weigtgunofilament subunit; NF-M, middle
molecular weight neurofilament subunit; NF-L, lovolecular weight neurofilament subunit

and GFAP, glial fibrillary acidic protein.

Figure 2. Effect of chronic homocysteine (Hcy) treant on the immunoreactivity of
cytoskeletal-associated and soluble IF proteinmfo®rebral cortex of rats. Animals were
treated subcutaneously twice a day at 8 h interfvafa the 6th to the 29th day with Hcy or
saline solution (control). The immunoblotting wasreed out with the monoclonal antibodies
described in Experimental Procedures. Represeatatitrocellulose membranes of four
independent experiments are shown. NF-H, high natdeaveight neurofilament subunit; P-
NF-H, phosphorylated form of the high molecular giei neurofilament subunit; NF-M,
middle molecular weight neurofilament subunit; NFkaw molecular weight neurofilament

subunit and GFAP, glial fibrillary acidic proteifihe blots were developed using an ECL Kkit.
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Figure 3. Effect of chronic homocysteine treatment the immunoreactivity of
cytoskeletal-associated and soluble IF proteinmfrat hippocampus. Animals were treated
subcutaneously twice a day at 8 h intervals fromm@th to the 29th day with Hcy or saline
solution (control). The immunoblotting was carriedt with the monoclonal antibodies
described in Experimental Procedures. Results eperted as mean + S.E.M. of 8-10
animals. Statistically significant differences fraontrols determined by Student’s t-test are
indicated: *P < 0.05. NF-H, high molecular weigheunofilament subunit; P-NF-H,
phosphorylated form of the high molecular weightinoflament subunit; NF-M, middle
molecular weight neurofilament subunit; NF-L, lovolecular weight neurofilament subunit
and GFAP, glial fibrillary acidic protein. The b#otwere developed using an ECL Kit.

Representative nitrocellulose membranes are shown.

Figure 4. Effect of Hcy on the in vitro phosphotiga of neurofilament subunits and
glial fibrillary acidic protein of the cerebral ¢ex (A, C, E) and hippocampal (B, D, F) slices
of 9, 12, 17, 21 and 29-day-old rats. Slices ofelbel cortex and hippocampus were
incubated with 50QuM Hcy in the presence of 32P-orthophosphate. Thes&gletal fraction
was extracted and the radioactivity incorporatedo irthe high molecular weight
neurofilament subunit (NF-H), middle molecular wdigieurofilament subunit (NF-M), low

molecular weight neurofilament subunit (NF-L) anidhlgfibrillary acidic protein (GFAP)

was measured as described in Experimental Proceddata are reported as means + S.E.M.

of 15—-20 animals in each group and expressed asmgenf controls. Statistically significant
differences from controls, as determined by one-WdOVA followed by LSD test, are

indicated: *P<0.05. Representative overexposed radiimgraphs and immunoblots of
cerebral cortex (C and E) and hippocampus (D ariddéled in 10 % (C and D) or 7.5% (E

and F) SDS-PAGE are shown.
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Figure 5. Effect of different concentrations of Haly IF phosphorylation. Slices of
hippocampus were incubated with 32P-orthophospinatiee absence or presence of Hcy at
doses from 100, 200, 300, 400 and M0 Hcy, as described in Experimental Procedures.
The cytoskeletal fraction was extracted, analyzgd SDS-PAGE and the radioactivity
incorporated into NF-H, NF-M, NF-L and GFAP was sw@&d by determining the optical
density values for the band correspondending th eaatein. Data are reported as means
S.E.M. of 12 animals in each group and expressei a$ control. Statistically significant
differences from controls, as determined by one-W&OVA followed by LSD test, are

indicated: *P<0.05.

Figure 6. Involvement of protein phosphatases orny-iHduced IF in vitro
hypophosphorylation in hippocampus of 17 day otd.rgd) Participation of PP1, PP2A and
PP2B was tested by using the protein phosphatésieitor okadaic acid (OA) at different
concentrations: 0.0pM, 0.5 uM, or 5 uM. (B) Participation of PP2A and PP1 on Hcy-
induced IF hypophosphorylation was tested by ug®@ mM calyculin A (Cal) and 100M
FK506 was used for PP2B. Hippocampal slices wesepubated in the presence or absence
of each inhibitor for 20 min and incubated with 3@fhophosphate with or without 5QM
Hcy and/or inhibitors, as described in ExperimeRt@cedures. The cytoskeletal fraction was
extracted and the radioactivity incorporated inté-MN, NF-M, NF-L and GFAP was
measured. Data are reported as mean$S.E.M. of 15 - 20 animals in each group and
expressed as % of control. Statistically significdifferences from controls, as determined
by one-way ANOVA followed by LSD test are indicaté¢®<0.001 compared with control

group; #P<0.001 compared with Hcy group.
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Figure 7. Effect of glutamate receptors on theoactif Hyc in hippocampus of 17 day
old rats. Hippocampal slices were preincubated@@min in the presence or absence of 100
uM DL-APS5, 50uM CNQX, 100uM MCPG and incubated with 32P-orthophosphate with o
without the antagonists and/or 50 Hcy. The cytoskeletal fraction was extracted émel
radioactivity incorporated into NF-H, NF-M, NF-L @nGFAP was measured. Data are
reported as meansS.E.M. of 15 - 20 animals in each group and exyaeésas % of control.
Statistically significant differences as determittigdone-way ANOVA followed by LSD test

are indicated: *P<0.05 compared with control graéip<0.05 compared with Hcy group.

Figure 8. Effect of calcium-mediated mechanisms the action of Hyc in
hippocampus of 17 day old rats. Hippocampal sliwese preincubated for 20 min in the
presence or absence of 30l verapamil (Vera), 3@M dantrolene (Dan) and incubated with
32P-orthophosphate with or without the blockers/and00 uM Hcy. The cytoskeletal
fraction was extracted and the radioactivity inaogted into NF-H, NF-M, NF-L and GFAP
was measured. Data are reported as mea8s£.M. of 15-20 animals in each group and
expressed as % of control. Statistically significdifferences as determined by one-way
ANOVA followed by LSD test are indicated: *P<0.0@mapared with control group; #P<0.01

compared with Hcy group.
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FIGURE 1
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FIGURE 2
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FIGURE 3
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FIGURE 4

A

120

100

@
=3

IF phospherylation
% of control
-

~
<

9 12 17
Days of Age

21

IF phosphorylation
% of control

A

A
7
5
{4
(oA
e
(o4
(4
7%%
725
724
7%%
{24
754
%%
1%
224

9 12 17
Days of Age

2

C
Western Blot
10% sps-pace D days 12days 17days 21days 29 days
C Hcy C Hcy C Hcy C Hcy
NF-M «— - — NF-M
NF-L < . — NF-L
GFAP + T - . - GFAP
D
Western Blot
10% sps-Page d days 12days 17 days 21days 29 days
——  C He C Hc C Hcey C Hcy
NF-M « — NF-M
NF-L - — NF-L
GFAP + ] — GFAP

68

F

Western Blot 17 days
7.5% SDS-PAGE C Hcy
NF-H + r— |I" NF-H
Western Blot 17 days
7.5% SDS-PAGE c Hey

NF-H + - II-— NF-H



FIGURE 5
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FIGURE 7
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Tablel. Primers used for P CR (quantitative polymerase chain reaction)

Forward primer Reverse primer

SACCTATACCCGAATGCCTTCTIT SAGAAGCACTTGGTTTTATTGCAC
SCCATGCAGGACACAATCAAC SCTGCAAGCCACTGTAAGCAG
SGAGATGTATTACGCAAAGTAC SCCAGTATGACCTTTATTGAGC

SCAGAAGCTCCAAGATGAAACCAA STCTCCTCCICCAGCGACTCAAC

STATGCCAACACAGTGCTGTCGG  STACTCCTGCITCCTGATCCACAT
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Table 2. Effect of chonically injected Hcy on the in vitro phosphorylation of in-
termediate filament subunits in brain of 29-day old rats

IF Phosphorylation (% of control)

Cerebral Cortex Hippocampus
Insoluble Soluble Insoluble Soluble
Control Hcy Control Hcy Control Hcy Control Hcy
NF-H 100.00 =3.64 101.97=2.84 | 100.00 =£3.82 99.02=x2.35 100.00=8.71 10568 =6.13 | 100.00 =3.91 108.93=9.30
NF-M | 100.00+5.21 105.06+4.78 | 100.00+3.86 96.33+£1.77 | 100.00+3.88 10722+633 | 100.00+4.11 111.05+10.29
NF-L 100.00 =2.75 108.24=1.20 | 100.00 =4.14 95.44 £2.37 100.00=3.39 11357=6.77 | 100.00=3.05 112.43 = 10.58
GFAP 100.00 =3.33 107.20=x3.14 | 100.00=2.87 94.48=3.65 100.00 = 4.63 106.35 £4.32 100.00 =3.02 114.13=11.25

Results are reported as mean + of 12-15 animals. Statistical analysis: Student-t test. NF-H, high molecular weight neurofilament subunit; NF-M, middle
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molecular weight neurofilament subunit; NF-L, low molecular weight neurofilament subunit and GFAP, glial fibrillary acidic protein.
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Abstract

Homocysteine is considered to be neurotoxic and a risk factor for neurodegenerative diseases. Despite the increasing evidences of excitotoxic
mechanisms of homocysteine (Hcy), little is known about the action of Hey on the cytoskeleton. In this context, the aim of the present work was to
investigate the signaling pathways involved in the mechanism of action of Hcy on cytoskeletal phosphorylation in cerebral cortex and hippocampus
of rats during development. Results showed that 100 uM Hcy increased the intermediate filament (IF) phosphorylation only in 17-day-old rat
hippocampal slices without affecting the cerebral cortex from 9- to 29-day-old animals. Stimulation of **Ca* uptake supported the involvement of
NMDA receptors and voltage-dependent channels in extracellular Ca** flux, as well as Ca®* release from intracellular stores through inositol-3-
phosphate and ryanodine receptors. Moreover, the mechanisms underlying the Hcy effect on hippocampus cytoskeleton involved the participation
of phospholipase C, protein kinase C, mitogen-activated protein kinase, phosphoinositol-3 kinase and calcium/calmodulin-dependent protein
kinase II. The Hey-induced IF hyperphosphorylation was also related to G; protein and inhibition of cAMP levels. These findings demonstrate that
Hcy at a concentration described to induce neurototoxicity activates the IF-associated phosphorylating system during development in hippocampal
slices of rats through different cell signaling mechanisms. These results probably suggest that hippocampal rather than cortical cytoskeleton is
succeptible to neurotoxical concentrations of Hcy during development and this could be involved in the neural damage characteristic of mild
homocystinuric patients.
© 2008 ISDN. Published by Elsevier Ltd. All rights reserved.

Keywords: Homocysteine; Intermediate filaments; Phosphorylation; Cell signaling; Hippocampus

1. Introduction exceed 14 uM (Seshadri et al., 2002). Homocystinuria, an

inborn errors of metabolism, or disturbances caused by dietary

Homocysteine (Hcy) is a sulfur-containing amino acid
formed during the intracellular conversion of methionine to
cysteine. This toxic intermediate may be remethylated to form
methionine or trans-sulfurated to give cysteine. In the trans-
sulfuration pathway, Hcy and serine form cystathionine in a
condensation reaction catalyzed by cystathionine beta synthase
(CBS). Deficiency in CBS, methylenetetrahydrofolate reduc-
tase, methionine synthase or in vitamins B6, B12, and folate
leads to abnormal homocysteine concentrations (Cattaneo,
1999). Normally Hcy concentration in human blood does not

* Corresponding author at: Universidade Federal do Rio Grande do Sul,
Instituto de Ciéncias Basicas da Saide, Departamento de Bioquimica, Rua
Ramiro Barcelos 2600 anexo, 90035-003 Porto Alegre, RS, Brazil.
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0736-5748/$34.00 © 2008 ISDN. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijdevneu.2008.03.001

deficiency in folic acid and/or Vitamins B6 and B12, may lead
to hyperhomocysteinemia in the range of 50-500 pM (Scott
and Weir, 1998; Yudkoff, 1999; Lipton et al., 1997; Mudd et al.,
2001).

In addition to the potentially fatal major cardiovascular
clinical features, patients with homocystinuria display neurolo-
gical abnormalities such as mental retardation, cerebral atrophy,
seizures and a predisposition to schizophrenia and epilepsy
(Grieco, 1977; Mudd et al., 1985; Van den Berg et al., 1995;
Bleich et al., 2000, 2003; Levine et al., 2002; Sachdev et al.,
2002). Hyperhomocysteinemia has also been associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease (Miller, 1999; Allain et al., 1995; Seshadri et al., 2002).

In recent years, the mechanisms of Hcy-induced damage
have been explored in different cell types and tissues (Kruman
et al., 2000; Streck et al., 2002, 2003, 2004; Langmeier et al.,
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2003; Cattaneo, 2003, 2006; Matté et al., 2004; Hron et al.,
2007). Also, in vitro studies indicated that chronic Hcy
neurotoxicity in primary cerebellar granule cell cultures was
due to excitotoxic mechanisms mediated by NMDA receptors
(Zieminska and Lazarewicz, 2006). In this context, Schwarz
and Zhou (1991) postulated a pathologically -elevated
glutamatergic neurotransmission that may be caused by a
Hcy-induced effect on glutamate receptors inducing Ca* influx
through NMDA receptor activation leading to excitotoxicity
(Lipton et al., 1997; Ho et al., 2002).

It is largely described that the rise in intracellular Ca**
concentrations in response to a stimulus exerts an important
influence in neuronal morphology by affecting the cytoskele-
ton. In this context, Rodnight et al. (1997) have described a role
of Ca** on the phosphorylation state of the intermediate
filament (IF) protein of the astrocytic cytoskeleton, glial
fibrillary acidic protein (GFAP), in immature hippocampal
slices. Moreover, we have previously described the involve-
ment of Ca**-dependent mechanisms in the phosphorylation of
neuronal and glial IF proteins from cerebral cortex of rats in
experimental models of metabolic diseases (Vieira de Almeida
et al., 2003; Funchal et al., 2005a).

Intermediate filaments are cell-specific proteins forming the
cytoskeletal framework in the cytoplasm of various eukaryotic
cells (Coulombe and Wong, 2004). In this context, neurofila-
ments (NF), the IFs of neurons are composed of three different
polypeptides whose approximate molecular weights are 200,
160, and 68 kDa, and are commonly referred to as heavy (NF-
H), medium (NF-M) and light (NF-L) neurofilament subunits
(Ackerley et al., 2000). Glial fibrillary acidic protein is the IF of
mature astrocytes (Eng et al., 2000) and vimentin is the IF of
cells of mesenchymal origin (Alberts et al., 2002).

The dynamic properties of IF networks is under the control
of protein kinases and phosphatases (Izawa and Inagaki, 2006)
acting in potential phosphorylation sites located at the amino-
and carboxy-terminal tail domains of NF subunits (Nixon and
Sihag, 1991). The phosphorylation sites located on the amino-
terminal domain of the neurofilament subunits are phosphory-
lated by second messenger-dependent protein kinases including
protein kinase C (PKC), cyclic AMP- (PKA) and Ca®*/
calmodulin-dependent (PKCaMII) protein kinases (Sihag and
Nixon, 1990). The functional role of neurofilament phosphor-
ylation is to date not completely clear. However, the regulation
of IF polymerization by amino-terminal phosphorylation is
well described in the literature (Inagaki et al., 1990; Hashimoto
et al., 1998). On the other hand, the carboxy-terminal side arm
domains of NF-H and NF-M subunits are extensively
phosphorylated by several protein kinases, such as glycogen
synthetase kinase (GSK) 3, extracellular signal-regulated
kinase (ERK), stress activated protein kinase, protein kinase
K, PKC and Cdk-5 (Hisanaga et al., 1993; Shetty et al., 1993;
Guidato et al., 1996; Sun et al., 1996). It has been demonstrated
that in vitro phosphorylation of carboxy-terminal domains of
NF-H and NF-M straightens individual neurofilaments and
promotes their alignment into bundles (Leterrier et al., 1996),
whereas in vivo phosphorylation of these proteins is associated
with an increased interneurofilament spacing (Hsieh et al.,

1994). As a consequence, NF-H and NF-M COOH-terminal
side arms extend and form crossbridges among neurofilaments
and other cytoskeletal elements (Gotow et al., 1994).

It is well established that elevated Hcy levels has been
implicated as a risk factor for vascular disease modulating the
expression of proteins involved in actin cytoskeleton reorganiza-
tion as well as the formation and/or maintenance of cell—cell
junction (Dardik et al., 2002). Although some evidences pointing
that Hey induces hyperphosphorylation of cytoskeletal proteins
in the brain, such as the microtubule-associated protein tau (Ho
et al., 2002; Sontag et al., 2007), the actions of Hcy on IF
phosphorylation in neural cells are presently unknown. Thus, the
aim of the present investigation was to study the in vitro effects of
Hcy, at a concentration found in hyperhomocysteinemia, on the
endogenous IF-associated phosphorylating system and the
signaling pathways involved in such effect in slices of
hippocampus and cerebral cortex of rats during development.

2. Experimental procedures

2.1. Radiochemical and compounds

[*?P]Na,HPO, was purchased from CNEN, Sao Paulo, Brazil, [H] cyclic
AMP (23 Ci/mmol) was from Amersham International (UK). [**Ca]CaCl,
(sp.act. 321 KBg/mg Ca**) was purchased from IPEN, Sdo Paulo, Brazil.
Optiphase Hisafe III biodegradable liquid scintillation were obtained from
PerkinElmer (Boston, USA). p-L Homocysteine, 1,2-bis (2-aminophenox-
y)ethane-N,N,N',N'-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-
AM), p-2-amino-5-phosphonopentanoic acid (pL-APS5), verapamil hydrochlor-
ide, dantrolene, benzamidine, leupeptin, antipain, pepstatin, chymostatin, acry-
lamide and bis-acrylamide were obtained from Sigma (St. Louis, MO, USA).
KN-93, PD98059, U73122, Ly 294002, pertussis toxin were obtained from
Calbiochem (La Jolla, CA, USA). All other chemicals were of analytical grade.

2.2. Animals

Wistar rats (9, 12, 17, 21 and 29 days of age) from the Central Animal House
of the Department of Biochemistry, ICBS, UFRGS had free access to water and
a20% (w/w) protein commercial chow. They were kept in aroom witha 12:12 h
light/dark cycle and temperature of 22 £+ 1 °C. The “Principles of Laboratory
Animal Care” (NIH publication no. 85-23, revised 1985) were followed in all
the experiments and the experimental protocol was approved by the Ethics
Committee for Animal Research of the Federal University of Rio Grande do
Sul, Porto Alegre.

2.3. Preincubation

Rats were killed by decapitation, the cerebral cortex and hippocampus were
dissected onto Petri dishes placed on ice and cut into 400 wm thick slices with a
Mcllwain chopper. Tissue slices were initially preincubated at 30 °C for 20 min
in a Krebs—Hepes medium containing 124 mM NaCl, 4 mM KCI, 1.2 mM
MgSO,, 25 mM Na-Hepes (pH 7.4), 12 mM glucose, 1 mM CaCl,, and the
following protease inhibitors: 1 mM benzamidine, 0.1 uM leupeptin, 0.7 pM
antipain, 0.7 uM pepstatin and 0.7 wuM chymostatin in the presence or absence
of 10 uM KNO93, Ly 294002, U73122, 1 uM staurosporin, 200 ng/ml pertussis
toxin, 30 wM PD98059, verapamil, dantrolene, 50 uM BAPTA-AM, 100 uM
pL-APS when indicated.

2.4. Incubation

After preincubation, the medium was changed and incubation was carried
out at 30 °C with 100 pl of the basic medium containing 80 wCi of [**P]
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orthophosphate with or without addition of BAPTA-AM, pL-APS, verapamil,
dantrolene, KN 93, pertussis toxin, PD98059, Ly 294002 or U73122 in the
presence or absence of Hcy when indicated. The labeling reaction was normally
allowed to proceed for 30 min at 30 °C and stopped with 1 ml of cold stop buffer
(150 mM NaF, 5 mM, EDTA, 5 mM EGTA, 50 mM Tris-HC], pH 6.5, and the
protease inhibitors described above). Slices were then washed twice with stop
buffer to remove excess radioactivity.

2.5. Preparation of the high salt-Triton-insoluble cytoskeletal
fraction from tissue slices

After treatment, preparations of IF-enriched cytoskeletal fractions were
obtained from cerebral cortex and hippocampus of rats as described by Funchal
et al. (2003). Briefly, after the labelling reaction, slices were homogenized in
400 pl of ice-cold high salt buffer containing 5 mM KH,POy,, (pH 7.1), 600 mM
KCl, 10 mM MgCl,, 2 mM EGTA, 1 mM EDTA, 1% Triton X-100 and the
protease inhibitors described above. The homogenate was centrifuged at
15,800 x g for 10 min at 4 °C, in an Eppendorf centrifuge, the supernatant
discarded and the pellet homogenized with the same volume of the high salt
medium. The resuspended homogenate was centrifuged as described and the
supernatant was discarded. The Triton-insoluble IF-enriched pellet, containing
NF subunits and GFAP, was dissolved in 1% SDS and protein concentration was
determined. The protein concentration was determined by the method of Lowry
et al. (1951) using bovine serum albumin as the standard.

2.6. Polyacrylamide gel electrophoresis (SDS-PAGE)

The cytoskeletal fraction was prepared as described above. Equal protein
concentrations were loaded onto 10% polyacrylamide gels and analyzed by
SDS-PAGE according to the discontinuous system of Laemmli (1970). After
drying, the gels were exposed to X-ray films (X-Omat XK1) at —70 °C with
intensifying screens and finally the autoradiograph was obtained. Cytoskeletal
proteins were quantified by scanning the films with a Hewlett-Packard Scanjet
6100C scanner and determining optical densities with an Optiquant version
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02.00 software (Packard Instrument Company). Density values were obtained
for the studied proteins.

2.7. Measurement of cyclic AMP levels

The cyclic AMP levels were measured as described (Tasca et al., 1995). Slices
were preincubated in 500 wl of Krebs—Hepes buffer, pH 7.4, at 37 °C for 60 min,
the Krebs—Hepes buffer was changed twice during this period. Incubation was
then started by adding 100 wM Hcy during 5 min. Incubation was stopped by
placing the tubes in an ice-cold bath and samples were processed as previously
described. In brief, incubation medium was replaced by 0.5 M perchloric acid,
slices were homogenized and an aliquot was used for protein determination. The
homogenate was centrifuged (12,800 x g for 2 min) and the supernatant was
neutralized with 2M KOH and 1 M Tris/HCL. The pellet was removed by
centrifugation (15,800 x g for 3 min) and an aliquot from the supernatant was
evaporated under a stream of air in a 50 °C bath according to Baba et al. (1982)
modified. Residues were dissolved in 50 mM Tris—HCl, pH 7.4, containing 4 mM
EDTA. Cyclic AMP content was measured by the protein binding method of
Tovey et al. (1974), using [*H] cyclic-AMP (23 Ci/mmol) and protein kinase A as
the binding protein. Radioactivity was counted by liquid scintillation.

2.8. Calcium uptake

45Ca? uptake was carried out essentially as described by Ichida et al. (1982)
with some modifications. Briefly, hippocampal slices were preincubated at
32 °C for 15 min in an incubation medium containing (mM) 127 NaCl; 1.2
Na2HPO,-7H,0; 5.36 KCI; 0.44 KH,PO,4; 0.95 MgCl,; 0.7 CaCl,; 10 glucose
and 0.5 Hepes (pH 7.4). After that, the medium was changed by fresh medium
with 0.68 wCi/mL *>Ca** and tissue slices were preincubated during 10 min.
After that, tissue slices were incubated for a further 1 min in the absence or the
presence of 100 uM Hcy. Controls did not contain Hcy in the incubation
medium. After incubation, the slices were washed twice with ice-cold incuba-
tion medium with CaCl, replaced by 10 mM lanthanium (LaNO3). Immediately
after washing, 0.3 ml of 0.5 M NaOH was added and the slices were digested
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Fig. 1. Effect of Hcy on the in vitro phosphorylation of neurofilament subunits and glial fibrillary acidic protein of the cerebral cortex (A and B) and hippocampal (C
and D) slices of 9, 12, 17, 21 and 29-day-old rats. Slices of cerebral cortex and hippocampus were incubated with 100 WM Hcy in the presence of **P-orthophosphate.
The cytoskeletal fraction was extracted and the radioactivity incorporated into middle molecular weight neurofilament subunit (NF-M), low molecular weight
neurofilament subunit (NF-L) and glial fibrillary acidic protein (GFAP) was measured as described in Section 2. Data are reported as means & S.D. of 15-20 animals
in each group and expressed as percent of controls. Statistically significant differences from controls, as determined by one-way ANOVA followed by LSD test, are
indicated: **P < 0.01. Representative autoradiographs of cerebral cortex (B) and hippocampus (D) IF phosphorylation.
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overnight. Aliquots of the lysates were taken for protein measurement. The
remaining lysate was used for determination of the intracellular amount of
calcium by liquid scintillation counting. Nonspecific calcium uptake was
determined by carrying out the same experiment using a solution containing
the nonspecific voltage-dependent calcium blocker La (10 mM). Specific
uptake was considered as the difference between total and nonspecific uptake.
Radioactivity incorporated was determined with a Wallac Scintillation spectro-
meter.

2.9. Statistical analysis

Data were analyzed statistically by Student’s 7-test or one-way analysis of
variance (ANOVA) followed by the least square difference (LSD) test when the
F-test was significant. All analyses were performed using the SPSS software
program on an IBM-PC compatible computer.

3. Results

‘We have initially studied the effect of 100 wM Hcy on the in
vitro phosphorylation of IF-enriched cytoskeletal fraction from
cerebral cortex and hippocampus of 9, 12, 17, 21 and 29-day-
old rats. Results showed that Hcy was not able to alter the
phosphorylation of NF subunits (NF-M and NF-L) and GFAP
of cerebral cortex in the ages studied (Fig. 1A and B). On the
other hand, Hcy-induced IF hyperphosphorylation in hippo-
campus from 17-day-old animals (Fig. 1C and D).

Taking into account the importance of Ca®* in a plethora of
intracellular events that result in regulation of cell function,
particularly the cytoskeletal roles (Stull, 2001), we examined
the involvement of Ca** in the Hey-mediated increase of the in
vitro **P incorporation into IF of 17-day-old rat hippocampus.
We first showed that 100 uM Hcy increased Ca®* uptake in
tissue slices (Fig. 2A). In order to verify the involvement of
Ca”" influx through voltage-dependent calcium channels
(VDCC) on Hcy-induced IF hyperphopshorylation, we used
the specific L-calcium channel (L-VDCC) blocker verapamil in
hippocampus slices. Results showed that coincubation of the
slices with 100 uM Hcy plus 30 pM verapamil totally
prevented the effect of Hcy on the phosphorylating system,
suggesting that Ca** influx via VDCC was involved in the
ability of Hcy to alter the phosphorylating/dephosphorylating
equilibrium of IF proteins recovered in the cytoskeletal fraction
(Fig. 2B). Next, we tested the influence of an ionotropic
glutamate receptor antagonist on the effect of Hey. Tissue slices
were coincubated with 100 uM Hcy and 100 uM DL-APS, a
competitive NMDA ionotropic antagonist. Results showed that
hyperphosphorylation induced by Hcy was totally prevented by
the NMDA antagonist (Fig. 2B). To further investigate the role
of intracellular Ca®" in this process we performed experiments
using the membrane-permeable form of BAPTA, namely
BAPTA-AM, an intracellular Ca%t chelator, and dantrolene, an
inhibitor of ryanodine Ca®* channels. Hippocampal slices were
coincubated with 100 uM Hcy plus 50 uM BAPTA-AM, or
30 WM dantrolene. Results showed that both BAPTA and
dantrolene prevented the IF hyperphosphorylation induced by
Hcy in rat hyppocampus (Fig. 2B).

We also investigated the involvement of PKCaMII, PKC and
MAPK in the effect of Hcy on the cytoskeleton by using 10 uM
KN93, 1 uM staurosporine and 30 uM PD 98059, the specific
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Fig. 2. Effect of calcium on the action of Hyc in hippocampus of 17-day-old rats.
(A) Effectof Hcy on $Ca?* uptake in hippocampus of rats. Slices of hippocampus
were incubated with 0.7 mM **Ca** (0.68 .Ci) in the presence of 100 uM Hcy.
Results are expressed as means = S.E.M. of 8-12 animals in each group and
expressed as percent of control. *p < 0.01, different from control (Student’s -
test). (B) Involvement of intra and extracellular Ca>* on Hcy-induced IF in vitro
phosphorylation. Hippocampal slices were preincubated for 20 min in the pre-
sence or absence of 50 uM BAPTA-AM, 100 uM DL-APS, 30 uM verapamil,
30 uM dantrolene and incubated with **P-orthophosphate with or without the
blockers and/or 100 pM Hcy. The cytoskeletal fraction was extracted and the
radioactivity incorporated into NF-M, NF-L and GFAP was measured. Data are
reported as means &= S.D. of 10-15 animals in each group and expressed as
percent of control. Statistically significant differences as determined by one-way
ANOVA followed by LSD test are indicated: **P < 0.01 compared with control
group; *P < 0.05 and "P < 0.001 compared with Hey group.

kinase inhibitors of PKCaMII, PKC and MAPK, respectively.
Results showed that all the inhibitors tested prevented the effect
of Hcy on the IF-associated phosphorylating system (Fig. 3A).

Interestingly, we observed that 5 min incubation of tissue
slices with 100 uM Hcy was able to reduce cAMP levels and
this effect was prevented by pertussis toxin (200 ng/ml), a G
inhibitory (G;j) inhibitor (Fig. 4). To define the possible role of a
G; protein-coupled mechanism in the action of Hcy on IF
phosphorylation, tissue slices were treated with this inhibitor in
the presence of Hcy. Results showed an inhibition of the Hcy
effect by pertussis toxin (Fig. 3B). The contribution of PI;K and
PLC to the Hcy effect was verified by using 10 uM both
Ly294002, a PI3K inhibitor, and U73122, an inhibitor of PLC
activity. Results showed that coincubation of Hcy with each
inhibitor was able to prevent the effect of the metabolite on IF
phosphorylation, evidencing a PI;3K- and PLC-dependent
mechanism (Fig. 3B).

4. Discussion
Homocysteine is known to be toxic to the CNS enhancing

the vulnerability of neuronal cells to excitotoxic, apoptotic, and
oxidative injury in vitro and in vivo (Maler et al., 2003; Obeid
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Fig. 3. Involvement of signaling pathways on Hcy-induced IF in vitro hyper-
phosphorylation in hippocampus of 17-day-old rats. (A) Participation of
PKCaMII, PKC, MAPK was tested by using the specific inhibitors 10 pM
KNO93, 1 uM staurosporine, 30 uM PD9859, respectively. (B) Participation of
G inhibitory protein, PI3K and PLC on Hcy-induced IF hyperphosphorylation
was tested by using the specific inhibitors 200 ng/ml pertusssis toxin (PERT),
10 wM Ly294002 and 10 uM U73122. Hippocampal slices were preincubated
in the presence or absence of inhibitors for 20 min and incubated with 3P-
orthophosphate with or without 100 wM Hcy and/or inhibitors, as described in
Section 2. The cytoskeletal fraction was extracted and the radioactivity incor-
porated NF-M, NF-L and GFAP was measured. Data are reported as
means £ S.D. of 10-15 animals in each group and expressed as % of control.
Statistically significant differences from controls, as determined by one-way
ANOVA followed by LSD test are indicated: *P < 0.05 and **P < 0.01
compared with control group; *P < 0.05 and *P < 0.001 compared with
Hcy group.

and Herrmann, 2006). Moreover, Hcy is able to produce
increased intracellular Ca”* levels through NMDA receptors
and Erk 1/2 activation in the hippocampus slices of CBS
deficient mice (Robert et al., 2005). However no data have yet
described the effects of Hcy, at concentrations known to be
neurotoxic, on the endogenous phosphorylating system
associated with the cytoskeleton, nor the signaling mechanisms
involved in such effect in brain slices during development.
Taking into account these findings, in the present work we first
analyzed the effect of 100 uM Hcy, a plasma concentration
found in mild homocystinuric patients, on the phosphorylating
system associated with the IF cytoskeleton in slices of cerebral
cortex and hippocampus of rats during development. Days 9,
12, 17,21 and 29 were chosen as representative ages of rat brain
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Fig. 4. Effect Hcy on cAMP levels in hippocampus of 17-day-old rats. Tissue
slices were incubated for 5 min with 100 M Hcy and/or 200 ng/ml pertussis
toxin (PERT) as described in Section 2. Results were calculated as pmol cAMP/
mg protein and expressed as % of control for 10-12 animals in each group. Data
are reported as means =+ S.D. Statistically significant differences, as determined
by one-way ANOVA followed by Tukey—Kramer multiple comparison test, are
indicated: *P < 0.01 compared with control group; *P < 0.001 compared with
Hcy group.

development, according to our previous reports (Vieira de
Almeida et al., 2003; Matté et al., 2004). We observed that Hcy
was unable to affect the IF phosphorylation of cerebral cortex in
the ages studied but induced hyperphosphorylation of neuronal
(NF-M and NF-L) and glial (GFAP) IF proteins in the
hippocampus of 17-day-old rats, reflecting an altered activity of
the endogenous phosphorylating system associated with the IF
protein in this cerebral structure. These findings provide an
interesting insight on the differential susceptibility of cortical
and hippocampal IF cytoskeleton to the in vitro exposure to the
metabolite and could reflect the existence of a window of
vulnerability of the cytoskeleton of hippocampal cells at this
developmental age. In this context, it is assumed that various
parts of the brain develop at different times and have different
windows of vulnerability, both prenatally and postnatally, based
on the temporal and regional maturation mediated through a
multitude of developmental processes (Rice and Barone Jr,
2000). The effect of Hey in hippocampal slices, is consistent
with previous evidences of Hcy-induced excitotoxicity in rat
hippocampus (Kim et al., 2007; Baydas et al., 2005; Robert
et al., 2004, 2005; Kruman et al., 2000). Moreover,
neurofilament hyperphosphorylation is known to impairs
axonal transport leading to aberrant perikaryal or proximal
axonal accumulation (Yabe et al., 2000), supporting the
importance of Hcy inducing neuronal trauma.

We have chosen to study the involvement of Ca**-mediated
mechanisms on the effects of Hcy on the IF cytoskeleton
because of previous evidences showing that Hey toxicity in the
CNS is related to increased cytosolic Ca>* (Lipton et al., 1997;
Ho et al., 2003). In this context, the rise in intracellular Ca®*
concentrations in response to a stimulus could originate from a
Ca”* influx pathway, from release of Ca** from an internal
store, or through a combination of these (Peuchen et al., 1996).
The increased “>Ca uptake we evidenced in hippocampal slices
treated with 100 wM Hcy pointed to an effect on calcium influx.
We then proceeded to the blockage of VDCC and NMDA
receptors, known to be important mechanisms of calcium influx
(Davare and Hell, 2003; Putney Jr, 1999). In our approach we
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used verapamil, a specific L-VDCC blocker and pL-AP5 a
competitive NMDA inhibitor. Results showed that in the
presence of each blocker, Hcy was not able to exert any effect
on IF phosphorylation, suggesting the involvement of VDCC
(Niikura et al., 2004) and NMDA (Ozawa et al., 1998) receptors
on this action. The evidence of NMDA receptor mediating the
action of Hcy on the cytoskeleton is in agreement with Robert
et al. (2005) who described Hcy as a NMDA agonist in
hippocampal slices of rats. Next, we investigated the role of
intracellular Ca®* mobilization in this process using BAPTA-
AM, showing that when the intracellular Ca®* was chelated, the
effect of Hey on IF phosphorylation was totally prevented. We
also raised the possibility that Ca* capacitative release from
the endoplasmic reticulum through ryanodine receptors could
participate in the sequence of events elicited by Hcy as a
consequence of the increased extracellular Ca** influx. This
hypothesis was tested using dantrolene which also prevented IF
hyperphosphorylation. Taken together these data, we demon-
strate that the stimulatory action of 100 uM Hcy on the IF-
associated phosphorylating system in the cytoskeletal fraction
of 17-day-old rat hippocampus is related to changes in Ca**
influx and mobilization of intracellular Ca** pools.

Therefore, we identified kinases that could be involved in the
Hcy-induced IF hyperphosphorylation. Results indicated that
such effect was mediated by two Ca”*-dependent protein
kinases, PKCaMII and PKC, as evidenced by using specific
protein kinase inhibitors KN-93 (Tokumitsu et al., 1990) and
staurosporin (Gescher, 1998), respectively. This is consistent
with the increased Ca”* levels and with our previous reports
demonstrating that PKCaMII is associated with the cytoskeletal
fraction (Funchal et al., 2005b). On the other hand, PKC is an
important signal transducing kinase whose activation is
dependent on diacylglicerol (DAG) in different cell types
(Wang, 2006). Supporting the participation of PKC, we
demonstrated the involvement of PLC in Hcy action by using
U73122, suggesting that the activation of PKC depends on the
phosphatidylinositol hydrolysis by PLC producing inositol
1,4,5-triphosphate (IP3) and DAG. Production of IP; raises
[Ca®*]; by liberating Ca®* from endoplasmic reticulum (ER)
stores (Nestler and Duman, 2006), contributing to activation of
PKCaMII. Otherwise DAG is an endogenous PKC activator.
Our results are in agreement with previous evidences that
activation of PKC may induce neurofilament phosphorylation
in motor neurons by acting in cooperation with stimulation of
NMDA receptors and activation of CaMK. These mechanisms
may be relevant to the neuronal injuries induced by Hcy
(Doroudchi and Durham, 1997).

Several evidences in the literature point to MAP kinases,
particularly Erk1/2, playing a dominant role in phosphorylation
of NF proteins (Grant and Pant, 2000). The involvement of
MAPK activation on Hcy-stimulated IF phosphorylation was
demonstrated by treating tissue slices with PD 98059, a MEK
inhibitor, since the effect of Hcy was totally prevented by this
drug. These findings are in agreement with previous evidences
of Ho et al. (2002), showing that PD 98059 prevented Hcy-
induced tau hyperphosphorylation in murine cortical neurons.
Moreover, PKC activity has been shown to directly activate

Raf-1 (Kolch et al., 1993; Marais et al., 1998) and MEK in
hippocampal neurones (Roberson et al., 1999) a step that is
upstream in the MAPK cascade (Raf-1/MEK/MAPK). The
prevention of Hey action through inhibition of PKC and MEK
is consistent with an effect at the level of Raf-1, meaning that
Raf-1 may be phosphorylated by PKC in the Hcy-induced
modulation of the cytoskeleton.

In addition, we verified that Hcy was unable to induce IF
hyperphosphorylation in the presence of the PI3K inhibitor, Ly
294002. PI3Ks convert phosphatidylinositol 4,5-bisphosphate
into phosphatidylinositol 3,4,5-trisphosphate (PIP3). The
production of PIP3 by PI3K induces a myriad of cellular
responses in neurons, such as transcription (Brunet et al., 2001),
translation (Akama and McEwen, 2003), protein trafficking
(Lhuillier and Dryer, 2002; Man et al., 2003; Wang et al., 2003),
and cytoskeletal rearrangements (Atwal et al., 2003). These
responses are mediated by a variety of downstream effectors,
including protein kinases phosphoinositide-dependent kinase-1
and Akt, (Jaworski et al., 2005). The PI3K—Akt pathway has
been implicated in neuronal growth, survival, neurite out-
growth, and synaptic plasticity (Atwal et al., 2000; Kuruvilla
et al., 2000; Markus et al., 2002; Sanna et al., 2002). Then it is
feasible that the effects of Hcy on the phosphorylating system
associated with the IF proteins was also mediated by a
downstream PI3K pathway.

We also demonstrated that mechanisms dependent on the
activation of adenylyl cyclase signaling pathway were not
implicated in the effect of Hcy. This finding was first supported
by the reduction of cAMP levels elicited by Hcy, constituting an
intriguing point, since we have previously described increased
Ca**/calmodulin- (PKCaMII) and cAMP- (PKA)-dependent
protein kinases activities, in IF hyperphosphorylation in animal
models of neurodegenerative diseases (Oliveira-Loureiro et al.,
2005; Funchal et al., 2005a,b). In addition, we demonstrated
that pertussis toxin prevented the Hcy effect on the cAMP
levels, as well as on the IF-associated phosphorylating system,
suggesting that the effect of Hcy on the cytoskeleton could be
also associated with a G;j protein-coupled receptor (GPCR) at
plasma membrane.

Although the exact mechanisms by which Hcy stimulate
hippocampal IF phosphorylation are not known, we could
propose an initial activation of a G; protein-coupled receptor
at the cell membrane causing reduced cAMP levels and PKA
activity. This action would be somehow followed by
activation of PLC, PKC and MAPK. This is consistent with
Robert et al. (2005) that showed the effects of Hcy on ERK
cascade activation were also dependent on Ca** influx,
CaMK-II and PKC activation. We also raise the possibility
that IP; and DAG could participate in the sequence of events
elicited by Hcy, considering the involvement of intracellular
Ca** levels and PKC activation in such effects. Furthermore,
Hcy might activate NMDA and voltage-dependent Ca**
channels and the increased intracellular Ca®* levels could
induce CICR through ryanodine receptors contributing to
activate PKCaMII. The actions of Hcy modulating intracel-
lular Ca** levels and kinase cascades, summarized in Fig. 5,
can represent, at least in part, a mechanism for Hcy targeting
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Fig. 5. Proposed mechanism by which Hcy activates IF phosphorylation in
hippocampus of rats. Hcy could stimulate G; protein-coupled, tyrosine kinase,
VDCC or NMDA receptors at the cell membrane causing reduced cAMP levels
and PKA activity; activation of PLC and PI3K pathways [PI(3,4,5)P;, PDKI,
PKB]; and/or Ca** influx, respectively. IP; and DAG could increase intracel-
lular Ca®* levels and activate PKC, respectively. PKC, for this time, could
activate the MAPK cascade (Ras, Raf, MEK, ERK). The increased intracellular
Ca®" levels could still induce CICR through ryanodine receptors contributing to
PKCaMII activation. VDCC, voltage-dependent Ca®* channel; NMDA, N-
methyl-p-aspartate receptor; G;, G inhibitory protein-coupled receptor; TKR,
tyrosine kinase receptor; PLC, phospholipase C; PI3K, phosphoinositol-3-
kinase; PKCaM, Ca2+/calmodulin-dependent protein kinase; PKC, protein
kinase C; ER, endoplasmic reticulum; Ry, ryanodine receptors.

the cytoskeleton, contributing to neurodegeneration asso-
ciated with hyperhomocysteinemia.
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ABSTRACT

In this study we treated cortical astrocytes anarares in culture with homocysteine
(Hcy) at different concentrations (10, 100 and f00) and analyzed cytoskeletal remodeling
by immunocytochemistry after 24 h exposure. We nlesk dramatically altered actin and
GFAP cytoskeleton exposed to 100 uM Hcy. Inductbreactive oxygen species (ROS), in
cultured astrocytes showed a fluctuating productbROS along 24 h exposure to 10, 100
and 500 uM Hcy. Cytoskeletal remodeling induced1b® uM Hcy was prevented by the
antioxidants folate (5uM) or trolox (80uM). Othes&j 500 uM Hcy decreased astrocyte
proliferation and induced apoptosis after 24 h expe. Moreover, immunocytochemical
analysis showed that 10, 100 or 500 uM Hcy-treamdons presented unaltered cytoskeletal
organization and neuronal death. These findingscate that the cytoskeleton of cortical
astrocytes, but not neurons, in culture are somehweelved in the deleterious actions of Hcy
on the CNS, and such effects are mediated by reidmaling mechanisms. Cells were able to
respond to mild Hcy concentrations reorganizingrtlegtoskeleton and surviving, while
elevated Hcy impaired cytoskeleleton remodelinglileg to apoptotic cell death and these
effects might have important implications for urstanding the actions of Hcy in the

neurotoxicity linked to neurodegenerative disorders
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INTRODUCTION

Astrocytes, the most abundant cells in the centratvous system, provide
neurotrophic factors for neurons, control extradall pH, potassium and glutamate levels
and participate in the formation and preservatibthe blood brain barrier (Danbolt 2001;
Fields and Stevens-Graham 2002).

Cell morphology is principally defined by the cykteteton constituents, such as
microfilaments, microtubules, and intermediatenfients (IF). However, actin cytoskeleton is
the major determinant of cell shape, being involwedell motility, phagocytosis, migration,
adhesion, cytokinesis, and endocytosis (Zigmond)L9Bhere is considerable evidence that
drugs which prevent actin polymerization are aldeatter various astrocytic functions
(Cotrina et al. 1998; Duan et al. 1999; Lascolaletl998; Sergeeva et al. 2000). Central to
actin roles is its ability to be reorganized intstithct structures that are suitable for particular
tasks at the cell cortex. Evidence from many omgasi has implicated changes to the
dynamics of the actin cytoskeleton, in the releakseeactive oxygen species (ROS) from
mitochondria and subsequent cell death (Gourlay Aystough 2005). On the other hand,
IFs constitute a family of cytoskeletal proteingamized into a three-dimensional scaffold in
the cytoplasm. Glial fibrillary acidic protein (G is the IF present in mature astrocytes,
although its precise contributions to astrogliaygiblogy and function are not yet clear. The
upregulation of GFAP following injury and astroglis has been a long-standing pathological
observation (Maragakis and Rothstein 2006) andtio studies suggest that the significance
of GFAP is magnified following injury in which celllar stability might be affect (Eng et al.
1998; Lipton et al. 1997; Maragakis and Rothstedd& Pekny 2001; Wilhelmsson et al.

2004).
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Homocystinuria, in inborn errors of metabolism, megd to hyperhomocysteinemia
in the range of 50-500 mM (Lipton et al. 1997; MWaD1; Scott and Weir 1998; Yudkoff
2006). Patients with homocystinuria display neugalal abnormalities (Bleich et al. 2003;
Bleich et al. 2000; Grieco 1977; Levine et al. 20PRidd et al. 1985; Sachdev et al. 2002;
van den Berg et al. 1995). In recent years, thehar@sms of Hcy-induced damage have
been explored in different cell types and tissuesttaneo 2003; Cattaneo 2006; Hron et al.
2007; Kruman et al. 2000; Langmeier et al. 2003tt&at al. 2004; Streck et al. 2004; Streck
et al. 2003a; Streck et al. 2003b; Streck et al22Wyse et al. 2002). In this context, cell
damage induced by high homocysteine (Hcy) levelkeatly enhances the vulnerability of
neuronal cells to excitotoxic and oxidative injunyvitro and in vivo (Kruman et al. 2000;
Lipton et al. 1997; Loscalzo 2002; Matte et al. 0Mattson and Shea 2003). Recently
Maler et al. (2003) have shown that 2 mM Hcy inducell death of astrocytes in vitro. The
oxidative stress-mediated actions of Hcy have balsn described to induce cytoskeletal
remodeling in endothelial cells (Sen et al. 20&8clier reports (Baydas et al. 2006; Baydas
et al. 2005), described that Hcy can sensitizd ges causing toxicity through free radical
generation and apoptosis.

We have previously described that Hcy, at a comagoh found in
hyperhomocysteinemia, acted on the endogenoussheiated phosphorylating system and
such effects were dependent on glutamate receptmsC&" channels, activating different
signaling pathways in slices of hippocampus anéhlmat cortex of rats during development
(Loureiro et al. 2008). However, data about thecsjoeeffects of Hcy on neuron and
astrocyte cytoskeletal organization were lackingug;, the aim of the present work was to
study the effects of different concentrations of/lda the cytoskeletal remodeling of cultured
neurons and astrocytes from cerebral cortex of maestigating the possible involvement of

oxidative stress in this action.
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MATERIALS AND METHODS

Materials

D-L homocysteine, creatine, trolox, phalloidin-frescein isothiocynate, arfii-
tubulin 111, anti GFAP (clone G-A-5), monoclonaltaf-actin, anti-vinculin, anti-mouse IgG
(whole molecule)-FITC, F (aky)fragment-Cy3, peroxidase conjugated anti-mouse, IgG
peroxidase conjugated anti-rabbit IgG and matéoratell culture were obtained from Sigma
(St. Louis, MO, USA). Polyclonal anti-GFAP was frddbAKO and antif tubulin 11l from
Promega Corporation. ECL kit was from Amersham, ek Ontario. 4’, 6’-diamidino-2-
phenylindole (DAPI) was from Calbiochem (La Jol@, USA). Fetal bovine serum (FBS),
Neurobasal medium, Dulbecco's Modified Eagle MediuMutrient Mixture F-12
(DMEM/F12), fungizone and penicillin/streptomicineve purchased from Gibco BRL
(Carlsbad, CA, USA). TUNEL assay Kit (Terminal Dgaxcleotide Transferase dUTP Nick
End Labeling A23210, Molecular Probes). TUNEL Assayand 2'—-7’-dichlorofluorescein
diacetate (DCF-DA) was provided from Molecular ReebAll other chemicals were of

analytical grade.

Primary astrocyte and neuron cultures

Astrocyte primary cultures were prepared from newl{0—1-day old; PO) Wistar rats
cerebral cortices, as described previously (Treatid Moura Neto 1995). Dissociated cells
were plated in Dulbecco’s modified Eagle’s mediuBMEM)/F12/10% FBS (pH 7.4)
supplemented with glucose (33 mM), glutamine (2 mihd sodium bicarbonate (3 mM)
into a 15.5 mm diameter well (24-well plate) (Caognilnc., New York, New York),
previously coated with polyornithine (1.5 mg/ml, Mt,000; Sigma, St. Louis, MO). After
astrocytes reached semi-confluence, the cultureiumedvas removed by suction and the

cells were incubated until 24 hours at 37° C imemnosphere of C0O2/95% air in DMEM F12
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without FBS in the presence or absence (contrdél8)eoHcy concentrations (10, 100 and 500
KM). In experiments using antioxidants (folic abighM, trolox 80 uM and creatine 5 mM),
the astrocytes were pre-incubated with these suits$e6 hours before the Hey treatment.
Primary neuronal cell cultures were prepared fr@d@nday embryonic (E18). Wistar
rats cerebral cortices as previously described fldleto et al. 1983). Briefly, single-cell
suspensions were obtained by dissociating cellseodébral cortex in DMEM/F12 medium
supplemented with glucose (33 mM), glutamine (2 mbf)d sodium bicarbonate (3 mM).
Approximately 5x104 cells were plated either onypahithine-treated coverslips placed on a
24-well plate to single neuronal cultures. The peaf cultures were kept in Neurobasal

medium supplemented with glutamine (2 mM) for u24oh.

I mmunocytochemistry

Immunocytochemistry was performed as describediqgusly (Gomes et al. 1999).
Briefly, cultured cells plated on glass covershypsre fixed with 4% paraformaldehyde for 30
min and permeabilized with 0.1% Triton X-100 in gpbate-buffered saline (PBS) for 5 min
at room temperature. After blocking with BSA 5%/PB8Ils were incubated overnight with
polyclonal anti-GFAP (1:500) of-tubulin Il (1:200) at room temperature, followby PBS
washes and incubation with specific secondary edtibconjugated with Cy3 (sheep anti-
rabbit; 1:5000) or with fluorescein isothyocyanébeep anti-mouse; 1:400) for 1 h. In all
immunostaining-negative controls, reactions werefopmed by omitting the primary
antibody. No reactivity was observed when the prymantibody was absent. The actin
cytoskeleton was observed using phalloidin-fluoegsdsothiocynate and the nucleus was
stained with DAPI. Cells were viewed with a Nikonvérted microscope and images

transferred to a computer with a digital camerauffbVision Inc., USA).
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Morphometric analysis

Astrocytes immunostained for actin cytoskeleton andleus were measured using
the labeling for DAPI and phalloidin-fluorescein.elsurements of cytoplasm and nucleus
were obtained using the Image J Software (NIH, &adla, MD) and cytoplasm/nucleus ratio
of the cells was used as a criterion of morphol@dferation. Astrocytes immunostained for
GFAP cytoskeleton were analysed counting the ptaporof citoplasmatic and fibrous
astrocytes.

The length of the neurites of each cell immunost@ifor 3 tubulin 1l was analyzed
using the Image J Software. At least, four indepahdexperiments were performed in

triplicate, encompassing ten fields randomly chasesach group.

Viability studiesin cortical neuronal cells

a) Ethidium homodimer assay - For viability studies in neuronal cultures, 40
minutes before completing treatment with Hcy, cellere incubated with ethidium
homodimer at 37°C in an atmosphere of,86% air to detect dead cells. After, the cells
were washed with PBS, fixed with 4% paraformaldehgdd nuclei were stained with DAPI.
Cells were viewed with a Nikon inverted microscayal images transferred to a computer
with a digital camera. The total quantity of celas determined with DAPI and dead cells
stained with ethidium homodimer. At least four ipdedent experiments were performed in
triplicate, encompassing ten fields randomly chasesach group.

b)Tetrazolium salt method (MTT assay)- The viability assay also was performed
by the colorimetric 3-(4,5-dimethylthiazol-2-yl)2diphenyltetrazolium bromide (MTT)
method. Three hours before completing treatmertt tiity, 0.5 mg/ml of MTT was added to

the medium of incubation. The formazan product getiee during the incubation was
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solubilized in dimethyl sulfoxide (DMSO) and measdirat 490 and 630 nm. Only viable

cells are able to reduce MTT.

Viability of cortical astrocytesin culture

a) TUNEL assay - Labeling of fragmented DNA ends from apoptoticnpary
astrocyte cultures was performed by TUNEL assay, Kdllowing manufacturer’s
instructions. Briefly, astrocyte cells were seedatb a 6-well plate culture and treated with
10, 100 and 500 pM Hcy for 24 hours until cells eveletached with trypsin/EDTA and
suspended in PBS following cell fixation with pamahaldehyde 1% for 15 minutes at 4°C.
After washing (PBS), fixed cells were maintainedeithanol 70% at -20°C. Blockade was
made with 5% BSA for 30 minutes at room temperatdféer washing (PBS), cells were
incubated with DNA labeling solution for 90 minutas 37°C. After, Rinse Buffer washes,
cells were then incubated with monoclonal antibady-BrdU Alexa Fluor 488 (1:20) for 30
minutes at room temperature. Cells were analysedduy cytometry (50.000 events per
condition) within 3 hours of completing the stamiprocedure.

b) 3H-thymidine incorporation assay - Semi-confluent monolayers of astrocytes
were treated for 24 h with Hcy. 3H-thymidine (0.2%mL culture medium) was added
during the last 6 h of treatment. Newly synthesip®A was precipitated with 10% TCA,
and quantified by liquid scintillation spectrometgs previously described (Freeman et al.

1996).

Evaluation of intracellular ROS production
Intracellular Reactive Oxygen Species (ROS) prdadacivas detected using the
nonfluorescent cell permeating compound, 2'-7’-thobfluorescein diacetate (DCF-DA).

DCF-DA is hydrolyzed by intracellular esterases #meh oxidized by ROS to a fluorescent
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compound 2'-7’-dichlorofluorescein (DCF). Astrocyteere treated with DCF-DA (10 uM)
for 30 min at 370C. Following DCF-DA exposure, ttels were rinsed and then scraped into
PBS with 0.2% Triton X-100. The fluorescence wassueed in a plate reader (Spectra Max

GEMINI XPS, Molecular Devices, USA) with excitatia 485 nm and emission at 520 nm.

Western blot analysis

After treatment, astrocytes cells were disruptedlysys solution containing 2mM
EDTA, 50mM Tris-HCI, pH 6.8, 4% SDS. For electropbgis analysis, samples were
dissolved in 25% (v/v) of a solution containing 4@flgcerol, 5% mercaptoethanol, 50mM
Tris-HCI, pH 6.8, and boiled for 3min.

Total protein homogenate (50 pug of protein) werpasated by 10% SDS-PAGE
(50ug/lane of total protein) and transferred (Trang-l9® semidry transfer cell, BioRad) to
nitrocellulose membranes for 1 h at 15V in trangfeffer (48mM Trizma, 39mM glycine,
20% methanol, and 0.25% SDS). The blot was them&hfr 20min in Tris-buffered saline
(TBS) (500mM NaCl, 20mM Trizma, pH 7.5), followed/ 2 h incubation in blocking
solution (TBS plus 5% defatted dry milk). After uization, the blot was washed twice for
5min with blocking solution plus 0.05% Tween-20TBS) and then incubated overnight at
4°C in blocking solution containing one of the &mlling monoclonal antibodies: anti-glial
fibrillary acidic protein (clone G-A-5) diluted 109, antif-actin diluted 1:500 and anti-
vinculin diluted 1:500. The blot was then washedénfor 5 min with T-TBS and incubated
for 2 h in antibody solution containing peroxidaseyjugated rabbit antimouse IgG diluted
1:2000 or peroxidase-conjugated anti-rabbit IgGitdd 1:2000. The blot was again washed
twice for 5min with T-TBS and twice for 5min withBS. The blot was developed using a

chemiluminescence ECL kit.
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Statistical analysis

Data from the experiments were analyzed statigficaly one-way analysis of
variance (ANOVA) followed by the Tukey test where th-test was significant. Values of p <
0.05 were considered to be significant. All anadysere carried out in an IBM compatible

PC using the Statistical Package for Social Sce(8€SS) software.

RESULTS

In order to evaluate the effect of Hcy on cytosta@l@rganization of astrocytes in
culture, cells were treated with different concatitns, 10, 100 and 500 uM Hcy and
analyzed by immunocytochemistry after 24 h expossieg phalloidin-fluorescein to decore
actin. Results showed that in basal conditionsatiim cytoskeleton is largely distributed into
the abundant cytoplasm, consistent with a flat emehded morphology, characteristic of
protoplasmic astrocyte cells. Morphologically, edtéon in the actin cytoskeleton was not
observed until 12h exposure to 10, 100 or 500 uM ¢Hesults not shown). However after 24
h, 10 uM Hcy induced a slight reorganization ofiraatytoskeleton, while 100 uM Hcy-
treated cells presented dramatic cytoskeletal esorgtion, as determined by
cytoplasm/nucleus relation, reflected by the apgeee of fusiform and/or spreading cells
with retracted cytoplasm. Otherwise, neither 105%@0 uM Hcy-treated cells presented actin
reorganization in the different times observed (FeglA and B). Also, western blot analysis
showed that neither actin nor vinculin - an actgsaxiated protein - immunocontent were
altered by Hcy in the three concentrations stud{&hure 1C and D). Similarly,
immunocytochemical analysis using Cy3-labelled -&®#AP antibody showed that under
basal conditions, cells presented intense cytoptasmmunolabeling to GFAP. In addition,

nearly all cultured cells (>98%) stained positivety GFAP, attesting to their astrocyte
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phenotype, and in control cells GFAP stained filatadormed a meshwork extending across
the cytoplasm. In cells exposed to 10, 100 and| BA0Hcy for 24 h, we observed that only
100 uM Hcy induced a rearrangement of the GFAP filameetwork, evidenced by the
increased percent of fibrous astrocytes, withotdrialg total immunocontent of this protein
(Figure 2A and B). Moreover altered GFAP cytoskmietvas not observed until 12h
exposure to 10, 100 or 500 uM Hcy (results not stovPhalloidin-GFAP co-staining
showed the prominent astrocyte stellation of 100kdy-treated cells (Figure 3).

The antioxidants folate (FA) (5uM) or trolox (80uMiat did not present effect per
se, were able to prevent actin remodeling in 100 Hby-treated astrocytes after 24 h
exposure. Conversely, creatine (5mM) was ineffectiv preventing such effect (Figudé&
and B). Induction of ROS, measured by DCF-DA assayultured astrocytes along 24 h
exposure to 10, 100 and 500 uM Hcy, was assayesllt®eshowed a rapid production of
ROS at 1h exposure to 10, 100, or 500 uM Hcy. imteresting to note that at 1 h exposure
ROS production was prominent in 100 uM exposeds ddb0%), as compared to the lower
and higher Hcy concentrations (40 and 50% respeglivAt 6 h treatment, ROS levels
remained increased, restoring basal values at 2&dept for 100 uM Hcy-treated cells,
where high ROS levels were persistent until 24iguie 5).

3H-thymidine incorporation was measured to evaluat proliferation and results
showed that only the higher Hcy concentration (%0@) decreased the 3H-thymidine
incorporation into DNA of cultured astrocytes afst h exposure (Figure 6A). Next, we
evaluated the ability of the different Hcy concatitns for inducing astrocyte apoptosis,
determined by TUNEL assay. We observed that onl§y pM Hcy was able to greatly
increase the number of apoptotic cells after 24gosure (Figure 6B).

Immunocytochemical analysis using FITC-labeled -ntubulin 1ll antibody was

carried out to test neuronal cytoskeleton susciiptito the effects of the different
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concentrations of Hcy. Results showed that 10, dl0B00 uM Hcy-treated cells presented
complex neurite meshworks containing long processieslar to those observed in control
cells as determined by measuring neurite lengtiygi{€ 7A and B). Also, MTT and ethidium
homodimer viability assays demonstrated that Hadh@tconcentrations studied, was not able

to induce cell death in cultured cortical neurdrigre 7C and D).

DISCUSSION

We have previously demonstrated that Hcy at comagons found in blood of
patients with mild (100 uM) and severe (500 uM) drymocysteinemia respectively,
altered the in vitro 32P incorporation into neuesfients subunits and GFAP from
hippocampus slices of rats during development tjitoglutamate receptors- and “Ga
mediated mechanisms. Interestingly, Hcy was note atd affect the IF-associated
phosphorylating system in slices of cerebral coakpats (Loureiro et al. 2008). However, in
the present report we show that Hcy induced cyletkieremodeling and apoptotic cell death
in cortical astrocytes in culture, but not in news@nd this effect was dependent on oxidative
stress. These findings highlight the complexity &eterogeneity of neural cells throughout
the CNS.

We showed that after 24 h exposure, 100 uM Hcygkes cytoplasm retraction with
redistribution of actin filaments without changinactin or vinculin immunocontent,
suggesting that Hcy did not alter the amount ddltattin or adhesion/focal contacts in these
cells. Otherwise, actin remodeling supports morpgichl alterations in astrocytes, as
previously described (Funchal et al. 2004) and sstgga role for the cytoskeleton in cell
survival of 100 uM Hcy-treated astrocytes. We asidenced an altered organization of

GFAP filaments in cells treated with 100 uM Hcy fa4 h, supporting therefore the

95



reorganization of actin cytoskeleton. Our obseoretiindicated that Hcy at a concentration
found in mild hyperhomocysteinemia induced a draenetfect on the cytoskeleton, while
these effects were not observed in a Hcy concémtracompatible with severe
hyperhomocysteinemia (500uM). The reasons leadonghe apparent maintenance of
cytoskeletal organization of astrocytes exposesDtduM Hcy could be ascribed to induction
of actin stabilization with reduction of actin tewer. These findings supporting links
between actin and apoptosis pathways came fromestussing drugs that affect actin
turnover (Gourlay and Ayscough 2005; Odaka et #&l002 Posey and Bierer 1999).
Moreover, this is consistent with our data showapgptotic cell death in astrocytes exposed
for 24h to 500 uM Hcy, in contrast with the absen€eapoptosis in 100 uM Hcy-treated
cells, which presented disorganized cytoskelet@reyards the consequences of alterations
of the actin cytoskeleton network, it may have im@ot implications on various critical
astrocyte functions (Cotrina et al. 1998; Duanle1@99; Lascola et al. 1998; Sergeeva et al.
2000), including endo and exocytosis of vesicled protein trafficking (Ridley and Hall
1994). Otherwise astroglial dysfunction, and eveysregulation of astroglial-specific
functions are associated with various neurologicstases (Seifert et al. 2006).

It is important to emphasize that cortical neurongulture were not susceptible to
cytoskeletal remodeling induced by the concentnatiof Hcy used in our study. This is
consistent with a selective vulnerability of cuétdrneurons from different brain structures
exposed to Hcy. Although, at present we do not ktiosvreasons leading to the selective
action of Hcy on glial rather than neuronal cytdstad reorganization, these findings support
an active role of astrocytes to neuronal injuryvging that alterations in the partnership
between astrocytes and neurons could be importaehamisms underlying brain lesions
(Volterra and Meldolesi 2005). The importance ofine®s on brain integrity was previously

evidenced by Luo et al (2007) who described thgcted Hcy into the lateral cerebral
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ventricle of rats induced hyperphosphorylation tid fixonal microtubule-associated protein
tau prominently at 6, 9, and 12 h after the infattiand it was recovered to normal at 24 h,
suggesting short-term effects of Hcy followed byddasting recovering of neuronal cells.

Oxidative stress has been related to the actioredevfated Hcy in different tissues
(Garcia et al. 2008; Kassab et al. 2008; Zhu e®@08), including in brain (Ansari and
Bhandari 2008). Thus, we could propose that theigtently elevated ROS levels after 24 h
exposure to 100 uM Hcy are related with reorgammabf actin and GFAP filaments in
astrocytes, since Hcy is redox-active, and itsd@ffects have been frequently ascribed to
redox signaling pathways in vascular (endothelml amooth muscle) and in neuronal cells
(Matte et al. 2004; Streck et al. 2002; Wyse e2@02; Zou and Banerjee 2005).

Otherwise, the ability of folate and antioxidanpplementation to reverse or at least
modulate the detrimental effects of Hcy in neuraaegative diseases has been extensively
investigated (Ho et al. 2003). Folate deprivationd ancreased Hcy interact synergistically
with, and potentiate, neural insult and this effescparticularly deleterious in developing
nervous system (Mattson and Shea 2003). In thiteggrthe neuroprotective roles of folate
and trolox (a non-metabolizable form of vitamindgjainst the Hcy effects was evidenced by
us, since they were able to prevent the actionG8f @M Hcy on actin cytoskeleton in
astrocytes.

On the other hand, the system phosphocreatine/Qitesents an important
mechanism to maintain cellular energy homeostdstelts with high and fluctuating energy
demand, like the neural cells (Wallimann et al. 2)99n order to verify whether Hcy might
impair energy production in the brain (Halestramle 1974), we supplemented creatine to
the cultures, however the morphological alteratimulsiced by Hcy were not prevented. We
concluded that impairment of energy homeostasmisnvolved in the action of Hcy on the

astrocyte cytoskeleton in culture, despite impamt@& brain energy metabolism has been
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described in rat brain slices treated with 100 pRy HStreck et al. 2003b). In additon,
marked decrease of respiratory chain complex viggthas been described in the cerebral
cortex of immature rats treated with dl-homocystaoed (Folbergrova et al. 2007). These
findings emphasize a role for astrocytes as looalmunication elements of the brain that
can generate various regulatory signals and newwihrit are otherwise disconnected from
each other (Volterra and Meldolesi 2005). In thostext, the loss of neuron-glia interactions
could illustrate the importance of an integratetivoek of both synaptic and non-synaptic
routes supporting the energy homeostasis in brain.

Consistent with previous evidence that folate deficy and elevated Hcy can
damage and kill neurons in cell culture, and inseetheir vulnerability to being killed by
various excitotoxic, oxidative and metabolic insu(for review see (Mattson and Shea
2003)), we assayed cultured astrocytes and netwaredl death. Our results showed that Hcy
at the concentrations used was not able to indwgonal cell death. Similarly, this
metabolite at a concentration able to induce persily high ROS levels and cytoskeletal
remodeling at 24 h exposure, did not affect callifaration nor induced apoptotic cell death.
On the other hand, the insult of 500 uM Hcy, thailel to induce cytoskeletal
reorganization, decreased astrocyte proliferatiod aduced apoptosis. Thus, increased
turnover of filamentous actin could promote cetidevity, whereas decreased actin turnover
could trigger cell death through an apoptosis-fikéhway. This is consistent with the roles of
actin mediating cell responses to both internal exigrnal signals (Gourlay and Ayscough
2005). Conversely, alterations in actin dynamics bath increase and decrease levels of
detectable ROS, which has led to the hypotheststiieaactin cytoskeleton could function as
a regulator for ROS release from the mitochondri@m the basis on these findings, we could
propose that astrocytes exposed to 500uM Hcy Ibst dbility for remodeling their

cytoskeleton and this could be related with modoabf ROS levels. Otherwise, this insult
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would be able to elicited nuclear signaling pathsvdgading some cells to a decreased
proliferation and compelling others to the apotptiocess.

Taken together, the present findings indicate tthet cytoskeleton of cortical
astrocytes in culture, but not neurons, are somehwalved in the deleterious actions of Hcy
on the CNS, and such effects are mediated by redmwaling mechanisms. Cells are able to
respond to mild Hcy concentrations reorganizingrtlegtoskeleton and surviving, while
elevated Hcy elicits more dramatic effects impgraytoskeleleton remodeling and leading
to apoptotic cell death. Considering that astraxyie polyvalent cells that are implicated in
almost all processes that occur in the CNS, theerability of astrocyte cytoskeleton may
have important implications for understanding tffeas of Hcy in the neurotoxicity linked

to neurodegenerative disorders.
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LEGENDS

Figure 1. Actin cytoskeleton organization of caaticastrocytes exposed to
homocysteine (Hcy). Cells were cultured to semitic@mce in DMEM/F12 10% fetal bovine
serum (FBS). The medium was then changed to DMERI/6% FBS in the presence or
absence of Hcy (10, 100 and 500 pM) for 24h. (Apriesentative images of Hcy treated cells
immunostained with phalloidin-fluorescein and DARIclear staining. Scale bar = 50 um.
(B) Morphometric analysis from control and treaéestiocytes. The cells were analyzed using
the ratio between the size of cytoplasm and nucleitis the Image J Software. Data are
reported as means + SEM of five different experiteeBtatistically significant difference
from controls as determined by ANOVA followed byKay test is indicated: * <P <0.01.
Western blot analysis of actin (C) and vinculin (Bimunocontent in cell homogenate. All
lanes received equivalent amount (g of total protein from cell extract. Immunobloidi
was carried out with monoclonal aifiiactin and anti-vinculin antibodies diluted 1:50te
blots were developed using an ECL kit. Data arented as means + SEM of four different
experiments expressed as percentage of contraia.vizae statistically analyzed by one-way

ANOVA. Representative immunological reactions dreven.

Figure 2. Effect of Hcy on GFAP organization in tocal astrocytes. Cells were
cultured to semi-confluence in DMEM/F12 10% fetalime serum (FBS). The medium was
then changed to DMEM/F12 0% FBS in the presencabsence of Hcy at different
concentrations (10, 100 and 500 uM) for 24h. (ApiReentative images of Hcy-exposed
cells immunostained for GFAP and DAPI. Scale b&0=um. (B) Western blot analysis of
GFAP immunocontent in cell homogenate. All laneseireed equivalent amounts (&g) of

total protein from cell extract. Immunoblotting wearried out with monoclonal anti-GFAP
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antibody diluted 1:500. The blots were developemhgign ECL kit. Data are reported as
means £ SEM of four different experiments. Data ewstatistically analyzed by one-way
ANOVA. Representative immunological reactions aheven. (C) Morphometric analysis
from control and treated astrocytes. The cells wanalyzed counting the number of
citoplasmatic and fibrous astrocytes immunostaif@d GFAP from 10 field for each

treatment. Data are reported as means + SEM ofifféerent experiments.

Figure 3 Actin and GFAP co-staining of corticalrasytes exposed to 1QM Hcy.
Cells were cultured to semi-confluence in DMEM/FIi®% fetal bovine serum (FBS). The
medium was then changed to DMEM/F12 0% FBS in ttesgnce or absence of 100 uM
Hcy for 24h. Representative images of Hcy treatels ammunostained with phalloidin-

fluorescein, GFAP and DAPI nuclear staining. Stale= 50 pum.

Figure 4. Effects of folate (FA), trolox (Tro) amdeatine (Cre) on Hcy-induced actin
cytoskeleton organization in cortical astrocytellavere cultured to semi-confluence in
DMEM/F12 10% fetal bovine serum (FBS). The mediumsvthen changed to DMEM/F12
0% FBS and astrocytes were pre-incubated with FPAand Cre 6 h before the 100 uM Hcy
treatment for 24h. (A) Representative images @té@ cells immunostained with phalloidin-
fluorescein. Insets show DAPI nuclear staining.|&daar = 50 um. (B) Morphometric
analysis from control and treated astrocytes. Tis gvere analyzed using the ratio between
the size of cytoplasm and nucleus with the Imag®fiware. Data are reported as means +
SEM of four different experiments. Statisticallgmsificant differences as determined by one-
way ANOVA followed by Tukey test are indicated: ®0.01 compared with control group;

#P < 0.01 compared with Hcy group.
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Figure 5. Effect of different concentrations of Hmy the induction of reactive oxygen
species (ROS) in astrocytes. Cells were culturedaiafluence in DMEM/F12 10% fetal
bovine serum (FBS). The medium was then chang&MBM/F12 0% FBS in the presence
or absence of Hcy (10, 100 and 500 uM) for 1, 6 24td The intracellular ROS levels were
measured with DCF-DA. The fluorescence was meaduaradluorescence microplate reader
(excitation 485 nm and emission 520 nm). Resules expressed as percent of controls.
Statistically significant differences from controlsy one-way ANOVA followed by Tukey’s

multiple variation test, are indicated: *P < 0.01.

Figure 6. Effect of Hcy on astrocyte viability. GeWere cultured to semi-confluence
in DMEM/F12 10% fetal bovine serum (FBS). The medwas then changed to DMEM/F12
0% FBS in the presence or absence of Hcy at diffasencentrations (10, 100 and 500 uM)
for 24h. (A) 3H-thymidine incorporation assay iny-ceated astrocytes. 3H-thymidine (0.25
Ci/mL culture medium) was added during the last &f treatment. Basal and Hcy-induced
3H-thymidine incorporation was measured in the gmes of DMSO. (B) Labeling of
fragmented DNA ends from apoptotic astrocytes wafopmed by TUNEL assay Kit. Cells
were analyzed by flow cytometry (50.000 eventsqaerdition). Data are reported as means +
SEM of four different experiments. Statisticallgmsificant difference from controls, by one-

way ANOVA followed by Tukey’'s multiple variation $& are indicated: *P < 0.01.

Figure 7. Effect of Hcy on neuronal cytoskeletor amability. Neuronal cells were
cultured in Neurobasal medium supplemented withaghine for 24 h. After, the cells were
treated with Hcy at different concentrations (1@0land 500uM) for 24 h. (A)
Representative images of Hcy treated cells immuanmosd with anti@ tubulin Il (green).

Insets show ethidium homodimer staining. Scale=ba® um. (B) Analysis of neurite length
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of neurons treated with Hcy. The length of the resrof each cell immunostained fBr
tubulin 1l was analyzed using the Image J Softw#€ Viability assay performed by the
colorimetric MTT method. Three hours before compbtreatment with Hcy, 0.5 mg/ml of
MTT was added to the incubation medium. The formgzraduct generated was measured at
490 and 630 nm. (D) Ethidium homodimer method ttectedead cells was performed in
cortical neuron cultures. Forty minutes before clatipg treatment with Hcy, cells were
incubated with ethidium homodimer at 37°C in an cgphere of CO2/95% air. Four
independent experiments were performed in triptic&ncompassing ten fields randomly
chosen on the each group. Four independent expeismeere performed in triplicate,
encompassing ten fields randomly chosen on eaalpgidata were statistically analyzed by

one-way ANOVA.
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FIGURE 2
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FIGURE 3
Actin / DAPI GFAP/DAPI
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FIGURE 7
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SUMMARY

In this study we investigated the actions of higimbcysteine (Hcy) levels (100 and
500 uM) on the cytoskeleton of C6 glioma cells. Hoguced hypophosphorylation of
vimentin and glial fibrillary acidic protein (GFARN the cytoskeletal fraction. This effect
was prevented by the competitive NMDA ionotropid¢agonist DL-AP5, the non-selective
group l/group Il metabotropic antagonist MCPG, #mel competitive non-NMDA ionotropic
antagonist CNQX. Also, 100 or 5 Hcy, dramatically increased the number filopodia.
Moreover, vinculin immunocontent was upregulated adc42 activation was observed. In
cells treated with 10QM Hcy, folic acid, trolox and ascorbic acid, toyafirevented filipodia
formation, while filopodia induced by 500M Hcy were prevented by ascorbic acid and
attenuated by folic acid and trolox. Finally, DL-BRotally prevented the formation of
filopodia in both 100 and 500 uM Hcy treated celbijle MCPG prevented only the effect
of 100 uM Hcy on actin cytoskeleton. In conclusiony results show that Hcy at different
concentrations target the cytoskeleton of C6 c#lleugh glutamate mechanisms and/or
oxidative stress. Therefore, we could propose i dynamic restructuring of the
cytoskeleton of glial cells might contribute to tlesponse to the injury provoked by elevated

Hcy levels in brain.

Keywords: homocysteine; cytoskeleton; actin; glial fibrijalcidic protein; C6

glioma cells.
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INTRODUCTION

The cytoskeleton is responsible for maintainind o@rphology, cell movement and
adhesion, cell division, and transmembrane sigaakmission (Kasas et al., 2005). Dynamic
interactions among the cytoskeletal systems regutat a great extent the structural
organization of the cytoplasm of animal cells (Gjhand Goldman, 2004).

Microtubules (MTs) are essential for the survieélall eukaryotes organizing the
cytoplasm, positioning the nucleus and organelled so contributing to cell motility.
Microfilaments (MFs) or actin filaments support gymad of processes ranging from cell
motility, division and morphogenesis to intracediuprotein trafficking (Bloom et al., 2003;
Fifkova and Delay, 1982; Hirokawa et al., 1989; dignet al., 1988). Remodeling of actin
cytoskeleton in response to stress factors is dafiomental process in many eukaryotic cells
requiring that cells are able to couple a signalpaghway involved in cell viability to
remodeling of the actin cytoskeleton (Gourlay ang@ugh, 2005). A large number of low
molecular weight, GTP binding proteins of the Ragesfamily have been identified to have
a role in cell motility and cytoskeletal remodeliagd among them Rho, Rac and Cdc42 are
critically involved in actin reorganization (Aspérsn, 1999; Ridley, 2001; Takai et al.,
2001). In particular, Cdc42 is known to stimulake textension of filopodia, finger-like
structures at the periphery of cells that containdbes of filamentous actin and link the cells
to the substratum (Hall, 1998).

Glial fibrillary acidic protein (GFAP) is the interediate filament (IF) present in
adult astrocytes (Eliasson et al., 1999), howetlas, protein is also expressed in tumors
derived from astrocytic lineage (Rutka et al., 199he function of GFAP remains not
completely understood even though recent findinggyest GFAP involvement in the long-

term maintenance of brain architecture, in the grdpnction of the blood-brain barrier, and
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in the modulation of some neuronal functions byaastes (Liedtke et al., 1996; McCall et

al., 1996; Pekny et al., 1998; Shibuki et al., 199he constituent proteins of IFs are
constantly undergoing active exchange between Inpers and disassembled IF subunits
and this balance is regulated by kinase and phtsghactivities. Also, IFs are also involved
in the regulation of various signaling events ahig regulation is, in turn, controlled by

phosphorylation (Hyder et al., 2008; Omary et2006).

The C6 glioma cell (rat glial tumor cell line) hpsovided the most appropriate cell
line for molecular neurobiologists to study sengyiof glial cells to various substances and
conditions, because of its similarities with pripatial cells in culture (Kumar et al., 1984;
Vernadakis et al., 1991; Vielkind et al., 1990).tM&uccessive passages (beyond passage 70)
C6 glioma cell differentiates into a primarily astytic cell like population (Parker et al.,
1980) and exhibits many properties of astrocytasjuding expression of the astrocyte
specific markers GFAP (Bissell et al., 1974) andL@®- protein (Pfeiffer et al., 1970).
Therefore, the C6 glioma cell line has frequenthem used as an in vitro model to study
changes in glial cells (Funchal et al., 2005a; Maumg et al., 1989; Vernadakis et al., 1991).

The nervous system might be particularly sensitveextracellular homocysteine
(Hcy) (Sachdev, 2005). In fact, this molecule proesoexcitotoxicity via stimulation of
NMDA receptors, group | metabotropic glutamate ptog increases oxidative stress and
damages to the neuronal DNA, thereby triggeringptgms and excitotoxicity, important
mechanisms in neurodegeneration (Ho et al., 20@BeHal., 2002; Kruman et al., 2000;
Matte et al., 2004; Oldreive and Doherty, 2007; Helaw, 2005; Streck et al., 2003;
Zieminska et al., 2003). Also, high levels of Hapmote oxidative stress in vascular cells
and tissues because of the formation of reactivgg@x species (ROS), through redox-
sensitive signaling events (Papatheodorou and W20 ). Despite the increasing evidence

of excitotoxic mechanisms of Hcy, the actions ofyHm the neural cytoskeleton is poorly
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known. In this context, we have recently reportéattmild Hcy levels induced IF
hyperphosphorylation in rat hippocampus throughnaigg mechanisms dependent on
glutamate receptors and Ca2+ concentrations, stiggeshat the cytoskeleton of
hippocampus slices is susceptible to neurotoxiceotmations of Hcy during development
(Loureiro et al., 2008).

Taking into account the previous evidence in thexditure and our recent findings, in
the present study we used C6 glioma cells to arallge ability of Hcy in concentrations
found in mild and severe hyperhomocysteinemia (M&fiP1), to in reorganize MT, GFAP
and MF cytoskeleton. We also focused on some ielfltdar mechanisms leading to
cytoskeletal remodeling in C6 cells. We hypotheslzat cytoskeletal remodeling supports

cell damage induced by Hcy.

METHODS

Radiochemicals and Compounds

[**Plorthophosphate was purchased from CNEN, S&o PaBlazil, D-L
homocysteine (Hcy), creatine, trolox, benzamidinkeupeptin, antipain, pepstatin,
chymostatin, acrylamide, bis-acrylamide, phalloifluorescein isothiocynate, anti GFAP
(clone G-A-5), monoclonal anti-tubulin clone B-5-1-2, monoclonal arfitactin, anti-
vinculin, anti-rabbit IgG (whole molecule), F (ab’jragment-Cy3, anti-mouse 1gG (whole
molecule)-FITC, peroxidase conjugated rabbit ardisse IgG and material for cell culture
were purchased from Sigma (St. Louis, MO, USA).yBlohal rabbit anti-glial fibrillary
acidic protein was obtain from Dako Corp. (CA, USEHc42 activation assay Biochem Kit
(BK034) was purchased from Cytoskeleton (DenverA)JS-etal bovine serum (FBS),

Dulbecco's Modified Eagle Medium: Nutrient Mixturel2 (DMEM/F12), fungizone and
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penicillin/streptomicin were purchased from Gibc®&IB (Carlsbad, CA, USA). All other

chemicals were of analytical grade.

Maintenance of Cell Line

The C6 rat glioma cell line was obtained from R® #hneiro Cell Bank (Rio de
Janeiro, Brazil). We used C6-glioma cells at pas$ly expressing GFAP and vimentin. The
cells were grown and maintained in DMEM/F12/10% F@®8 7.4) containing 2.5 mg/ml
fungizone, 100 mg/ml penicillin/streptomyicin andpplemented with glucose (33 mM),
glutamine (2 mM) and sodium bicarbonate (3 mM).ICekere kept at a temperature ofG7
a minimum relative humidity of 95%, and an atmospla 5% CO2 in air.

After cells reached semi-confluence, the culturglioma@ was removed by suction and
the cells were incubated for 4 h abB7n an atmosphere of 5% C0O2/95% air in DMEM/F12
(pH 7.4) containing 0% FBS in the presence or atsécontrols) of 100 and 5QfM Hcy.

Morphological studies were performed using celtgdi for immunocytochemistry.

| mmunocytochemistry

Immunocytochemistry was performed as describediguely (Gomes et al., 1999).
Briefly, cultured cells plated on glass covershypesre fixed with 4% paraformaldehyde for 30
min and permeabilized with 0.1% Triton X-100 in gpbate-buffered saline (PBS) for 5 min
at room temperature. After blocking, cells wereuipated overnight with polyclonal anti-
GFAP (1:500) our monoclonal araHubulin (1:500) at room temperature, followed S
washes and incubation with specific secondary adtilconjugated with Cy3 (1: 1000) and
FITC (1:12000) or with fluorescein isothyocyanat@/(@l) for 1 h. In all immunostaining-
negative controls, reactions were performed by tomgitthe primary antibody. No reactivity

was observed when the primary antibody was exclu@led nucleus was stained with DAPI
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(0,25ug/ml). Cells were viewed with a Nikon inverted ntiscope and images transferred to

a computer with a digital camera (Sound Vision [SA).

In Vitro Phosphorylation

C6 cells were incubated for 3 h in the presenddayf, then the medium was changed
and incubation for 1 hour was carried out at 309 WwOOQuL of a medium containing (in
mM) NaCl, 124; KCI, 4; MgS04, 1.2; Na-HEPES, 234(p.4), glucose, 12; CaCl2,1 and the
following protease inhibitors: 1mM benzamidine, (ML leupeptin, 0.4M antipain, 0.aM
pepstatin, 0.4M chymostatin, and 410Ci of [32P] orthophosphate with or without additioh
the Hcy. In the experiments designed to study $ilgganechanisms, cells were previously
pre-incubated for 1 hour in the presence or abseh80 uM DL-AP5, MCPG and CNQX,
folic acid (5uM), ascorbic acid (1 mM), trolox (80M). The labelling reaction was normally
allowed to proceed for 1 h at €D and stopped with 1mL of cold stop buffer (150mNHNa
5mM, EDTA, 5mMEGTA, Tris-HCI 50 mM, pH 6.5, and tipeotease inhibitors described
above). Cells were then washed twice by decantatih stop buffer to remove excess

radioactivity.

Preparation of the High-Salt Triton Insoluble Cytoskeletal Fraction

After treatment, preparations of total IF were aled from C6 cells as described by
Funchal et al. (2003). Briefly, after the labellirgpction, cells were homogenized in 2D0
of ice-cold high salt buffer containing 5mM KH2P{JgH 7.1), 600mM KCI, 10mM MgGJ
2mM EGTA, 1mM EDTA, 1% Triton X-100, and the praseainhibitors described above.
The homogenate was centrifuged at 15800 x g forid@tin&C, in an Eppendorf centrifuge,
the supernatant discarded, and the pellet homoggnizh the same volume of the high-salt

medium. The resuspended homogenate was centriagyddscribed and the supernatant was

124



discarded. The Triton-insoluble intermediate filatrenriched pellet, containing GFAP and
vimentin, was dissolved in 1% SDS and protein cotreéion was determined by the method

of Lowry et al. (1951).

Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The cytoskeletal fraction and the total protein logenate were prepared as described
above. Equal protein concentrations were loaded d@% polyacrylamide gels and analyzed
by SDS-PAGE according to the discontinuous systétsaemmli (1970). After drying, the
gels were exposed to X-ray films (X-Omat XK1) at0*Z with intensifying screens and
finally the autoradiograph was obtained. Proteieseanquantified by scanning the films with
a Hewlett-Packard Scanjet 6100C scanner and detewgnioptical densities with an
Optiguant version 02.00 software (Packard Instrum@ompany). Density values were

obtained for the studied proteins.

Total Protein Homogenate

C6 cells were homogenized in 2000f a lysis solution containing 2mM EDTA,
50mM Tris-HCI, pH 6.8, 4% SDS. For electrophoremimlysis, samples were dissolved in
25% (v/v) of a solution containing 40% glycerol, Sf&rcaptoethanol, 50mM Tris-HCI, pH

6.8, and boiled for 3min.

Western Blot Analysis

Cytoskeletal fraction or total protein homogenatrevseparated by 10% SDS-PAGE
(50ug/lane of total protein) and transferred (Trang-I8®semidry transfer cell, BioRad) to
nitrocellulose membranes for 1 h at 15V in trandfeffer (48mMTrizma, 39 mM glycine,

20% methanol, and 0.25% SDS). The blot was them&hfor 10min in Tris-buffered saline
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(TBS) (0.5M NaCl, 20mM Trizma, pH 7.5), followed Ryh incubation in blocking solution
(TBS plus 5% defatted dry milk). After incubatidhe blot was washed twice for 5min with
blocking solution plus 0.05% Tween-20 (T-TBS) ahert incubated overnight af@ in
blocking solution containing one of the followingonoclonal antibodies: antiglial fibrillary
acidic protein—GFAP (clone G-A-5) diluted 1:5@@tubulin diluted 1:500 and actin diluted
1:500. The blot was then washed twice for 5min WitTBS and incubated for 2 h in
antibody solution containing peroxidase-conjugatdibit antimouse IgG diluted 1:2000. The
blot was again washed twice for 5min with T-TBS dawite for 5min with TBS. The blot

was developed using a chemiluminescence ECL kitgshmm, Oakville, Ontario).

Evaluation of I ntracellular ROS Production

Intracellular Reactive Oxygen Species (ROS) prddacivas detected using the
nonfluorescent cell permeating compound, 2'-7’-thobfluorescein diacetate (DCF-DA).
DCF-DA is hydrolyzed by intracellular esterases #meh oxidized by ROS to a fluorescent
compound 2'-7’-dichlorofluorescein (DCF). After atenent with Hcy, C6-glioma-cells were
treated with DCF-DA (1uM) for 30 min at 37C. Following DCF-DA exposure, the cells
were rinsed and then scraped into PBS with 0.2%o0frX-100. The fluorescence was
measured in a plate reader (Spectra Max GEMINI XM8lecular Devices, USA) with

excitation at 485 nm and emission at 520 nm.

Rho GTPase Activation Assay

The level of Cdc42-GTP was determined using a agssiymeasures the formation of
Cdc42-GTP based on its specific binding to the GeERanding domain of p21-activated
kinase (Benard et al., 1999). Target cells (10Tskel) were stimulated with Hcy for the

times indicated. At the appropriate time, cell eation was stopped by addition of ice-cold
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lysis buffer (50 mM Tris-HCI (pH 7.5), 10 mM Mg£10.3 M NaCl, 2% IGEPAL). Cell

lysates were immediately placed at 4 °C and thanfield by low speed centrifugation at
4°C. Guanine nucleotide loading of lysates andhayfiprecipitation using GST-p21-binding
domain were carried out as described (Benard et1889). The quantity of total protein

assayed from the lysate was dermined by the methbdwry et al. (1951).

Statistical Analyses

Data from the experiments were analyzed stati$yicay one-way analysis of
variance (ANOVA) followed by the Tukey test where th-test was significant. Values of p <
0.05 were considered to be significant. All anadysere carried out in an IBM compatible

PC using the Statistical Package for Social Sce(8€SS) software.

RESULTS

We have initially studied the effects of 100 andOB® Hcy on the in vitro
phosphorylation of vimentin and GFAP present inlfhenriched cytoskeletal fraction from
C6 glioma cells. Figure 1A shows the Coomassie Ishagned high salt Triton insoluble
cytoskeletal fraction as well as the autoradiographhe same fraction after the in vitro
phosphorylation of the cells with 32P-orthophosphdixpression of GFAP and vimentin
identified by Western blot analysis attest the aasttic phenotype of the cells. When C6-
glioma cells were incubated for 1 or 4 hours wi0 lor 500uM Hcy, the in vitro 32P
incorporation into GFAP and vimentin was signifitgrdecreased only after 4 h exposure to
the metabolite for both concentrations used (FigliBg¢ without affecting vimentin and
GFAP immnunocontent in the cytoskeketal fractiorggfe 1C). In order to evaluate the

involvement of oxidative stress on the Hcy-indut¢gghophosphorylation, we co-incubated
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C6-glioma cells with Hcy and/or with ascorbic a¢ldmM), trolox (80uM) and folic acid (5
UM) (Figure 2). Results showed that these compsurid not prevent IF
hypophosphorylation caused by Hcy. Next, we exadhitiee involvement of glutamate
receptors on this effect and we observed that timepetitive NMDA ionotropic antagonist
DL-AP5 (50 uM), the non-selective group l/group Il metabotropictagonist MCPG (50
uM), or the competitive non-NMDA ionotropic antageshCNQX (50uM), did not presented
effect per se, however, they prevented the HcygrduF hypophosphorylation (Figure 3) .
We also investigated the effects of 100 and gPDHcy on the organization of MF,
MT and GFAP in C6-glioma cells. Immunocytochemiaahlysis using anti-GFAP and anti-
o-tubulin antibodies showed that 100 or 508 Hcy for up to 4 hours was not altered as
compared to control cells (Figure 4A and C). Othsew immunostaining of cells with
phalloidin-fluorescein showed, as expected, thatantrol conditions actin was organized
into filaments distributed throughout the cytoplaamd concentrated near cell membrane.
After 4 h exposure to 100 or 5Q®1 Hcy, the labeling throughout the cytoplasm arainshg
near the cell membrane remained unaltered. The rapsrkable effect was the dramatically
increased number of actin stained filopodia obskha@h in 100 or 50QM Hcy-treated cells
(Figure 4E). In this context, Western blot analys®wed thaf3-actin, a-tubulin or GFAP
immunocontents were not altered (Figure 4B, D ahdaRer 4h exposure to Hcy in the
concentrations studied. On the other hand, vincutimunocontent was upregulated in
extracts of cells treated with 100 or 500 uM Hcyg(ffe 5A). Otherwise Cdc42 activation
was observed at 5 and 15 min exposure to 100 uM kWbyle 500 uM Hcy induced a
constant Cdc42 activation from 5 to 30 min expodoréhe amino acid (Figure 5B). It is
important to note that cell viability, evaluated B T assay in cells incubated for 1, 4, 12
and 24 h with 100 or 500M Hcy showed no significant difference between oordnd Hcy

treated cells (data not show).
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Since we have shown that folic acid, vitamins BI¢x) and ascorbic acid prevent
behavioral and biochemicals alterations caused ¢y (Matte et al., 2006; Stefanello et al.,
2005; Tagliari et al., 2006), we also tested whethe effect of Hcy on the formation of
filopodia in C6-glioma cells could be preventedthgse compounds. Cells were treated with
folic acid (5uM), trolox (80 uM) and ascorbic acid (1 mM) in the absence (cosjrok
presence of 100 or 5QM Hcy for 4 h. We observed that they totally preteshthe 10QuM
Hcy-induced filopodia formation. Conversely, filapia induced by 50iM Hcy were totally
prevented by ascorbic acid and attenuated by &alid and trolox (Figure 6). Based on these
results, we also tested the effect of 1080 Hcy on a measure of oxidative stress namely
DCF-DA assay. Results showed increased ROS ati3@xposure to 100 pM Hcy restoring
basal levels after 1h (Figure 7).

Finally, we examined the involvement of glutamageeptors in the Hcy-induced
filopodia formation. The NMDA antagonist DL-AP5 (10M) totally prevented the
formation of filopodia in both 100 and 500 uM Hagadted cells, while the metabotropic
antagonist MCPG (50 puM) prevented only the effdct@ pM Hcy on actin cytoskeleton.
Conversely, CNQX (25 uM) was not able to prevesteaffects of Hcy on the reorganization

of actin cytoskeleton in the two concentrationsdugegure 8).

DISCUSSION

In the present study we initially observed thathbd00 and 500 puM Hcy,
concentrations compatible with mild and severe hoyst@inemia respectively (Mudd et al.,
2001), induced hypophosphorylation of vimentin &AP in C6 cells, without altering the
immunocontent of these proteins. Aberrant cytoskelghosphorylation/dephosphorylation

may have serious consequences on cellular funandnstructure. Therefore, we investigated
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whether GFAP hypophosphorylation could affect IFosieletal organization in C6 glioma
cells. However, we showed that hypophosphorylattdbnhGFAP and vimentin was not
sufficient to alter the organization of GFAP filamg in these cells. The complex
phosphorylation patterns of IF indicate that thexee specific roles for individual
phosphorylation sites that reflect the state ofddié (Ubersax and Ferrell, 2007). Reversible
phosphorylation, which has significant roles inulaging the structure and assembly of IF,
also serves other functions, such as signaling eytdskeletal cross-talk (Chang and
Goldman, 2004). Although our findings show thatifoskeleton is a target to the signaling
mechanisms elicited by Hcy in C6 cells, we have duect evidence to suggest the
relationship between IF hypophosphorylation anthaetmodeling. In addition, Hcy failed to
alter microtubule arrays and tubulin immunocontentggesting that in this cell lineage
microtubule organization, beyond IFs is resistamtthe action of this metabolite at the
concentrations used. Otherwise, although 100 and pM Hcy did not alter actin
immunocontent, we observed actin remodeling, wotimiation of filopodia, long unbranched
cytoplasm extensions formed by dynamic actin filataeAlthough we do not have adequate
means to express the filopodia formation quantédyi the dramatic number of spike
protrusions observed in Hcy exposed cells allonetbuascribe these findings to a significant
effect of the treatment. Also, increased vincuimmunocontent in treated cells suggests the
formation of attachments of actin filaments to grtes at focal adhesions, which is required
for stabilization of filopodia and lamelipodia (\rarm-Finney and Reichardt, 1994).
Filopodia are implicated in several fundamental gublpgical processes, such as cell
migration and cell-cell adhesion (Mattila and Lappgen, 2008). Although the roles of
filopodia in glial cells remain to be clarified, \W®wetski and Shivers (2001) have related
increased formation of filopodia in C6 glioma cellsth cell aggregation and migration

throughout a collagen matrix, which could be imapled in the formation of metastasis.
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Consistent with the formation of filopodia, theiaity of Cdc42 was increased in different
patterns in response to 100 and 500 uM Hcy, resedet Cdcd2 is a member of the Rho
family of small GTPases, described to control digtransduction pathways linking
membrane receptors to the reorganization of thea agtoskeleton and filopodial extensions
at the cell periphery (Hall, 2005). Also, activati@f Cdc42 leads to the formation of
vinculin-containing focal complexes at the cell ipeery and along the tips of growing
filopodia (Nobes and Hall, 1995).

Physiological roles of filopodial extensions cowalitbw highly dynamic interactions
with the surrounding synapses and the end-feebeftial-vascular interface, important for
signal propagation (Benediktsson et al., 2005; lidger et al., 2004; Mulligan and
MacVicar, 2004; Simard et al., 2003). Thus, mistagon of the physiological equilibrium
of cytoskeletal dynamics of glial cells could disruhe blood-brain barrier resulting in
exposure of the brain to near plasma levels of ldaging to NMDA mediated excitotoxicity
(Lipton et al.,, 1997). Moreover, our data about tbhkevance of actin reorganization in
response to Hcy are in agreement with previouseenid showing that increased turnover of
filamentous actin in response to an insult takeslain the ability of the cell to respond to
this insult and to survive, whereas decreased datimover seems to trigger to cell death
(Gourlay and Ayscough, 2005). This hypothesis rthier supported by the evidence that Hcy
at the concentrations used failed to induce celtlie

Homocysteine enhances the vulnerability of neurocells to excitotoxic and
oxidative injury in vitro and in vivo (Bleich et.al2002; Ho et al., 2001; Ho et al., 2002;
Kruman et al., 2000; Kruman et al., 2002; Liptorakt 1997; Loscalzo, 2002; Mattson and
Shea, 2003; Outinen et al., 1998). In agreemert thigse findings, in the present study we
showed that the action of 100 and 500 uM Hcy orctfteskeleton of C6 cells was mediated

by glutamate receptors and by oxidative stressfomiing the cytoskeleton as a target of Hcy
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neurotoxicity (Loureiro et al., 2008) and illustreg the complexity of concentration-
dependent Hcy actions.

In this context, GFAP and vimentin hypophosphdigta induced by 100 and 500
MM Hcy was prevented by ionotropic and metabotraglitamate antagonists, however
filopodia formation was mediated by NMDA and metiabpic group I/l glutamate receptors
but not by non NMDA ionotropic receptors. Also,rsgently increased ROS production at 30
min exposure to 100 uM Hcy, suggested that oxidaswress could contribute to the
formation of filopodia, since this effect was tdygbrevented by ascorbic acid and by folic
acid. Filopodia formation caused by 5QM Hcy was partially prevented by these
substances, suggesting that oxidative stressléasitt in part involved in the effect of Hcy at
this concentration. Regarding folic acid, it is ionf@ant to emphasize that this vitamin exerts
an important role over Hcy catabolism, by methyugr donation in remethylation pathway
to methionine (Brosnan et al., 2004; Finkelstei898), beyond its antioxidant properties
(Patro et al., 2006).

Although, at present, we are not able to estallih mechanisms underlying the
actions of Hcy on the cytoskeleton, they are ceoestswith the hypothesis of complex
actions mediated by &a Moreover ROS, especially hydroxyl radicals, camdpce
functional alterations in lipids, proteins and raiclacids. Oxidative lipid damage, termed
lipid peroxidation, produces a progressive lossmambrane fluidity, reduces membrane
potential and increases permeability to ions siiCa" (Casetta et al., 2005; Naoi et al.,
1998). Astrocytic C& responses can be evoked by the release of a nuofldifferent
transmitters from neurons, activating glial mGI{Rellin et al., 2004; Porter and McCarthy,
1996). In addition, a growing body of evidence smgig that Ca2+ channels, which control
Ca2+ efflux from the endoplasmic reticulum in resp® to different biochemical signals, are

also sensitive to small changes in ROS concentatar changes in the intracellular thiol
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redox status, suggesting that thé$é* channels serve as physiological redox sensors
(Camello-Almaraz et al., 2006).

In addition to activation of mGluRs, NMDA-mediat€#* influx contribute to the
increased intracellular Galevels contributing to Hecy excitotoxicity. Thesgeats could
activate the generation of amino acids and freeca#d (Dumuis et al., 1988), which can in
turn increase the extracellular glutamate conceatrdy activating NMDA receptors and/or
inhibiting glial glutamate uptake (Williams et @989). In this context, our results represent
a further evidence of the excitotoxic effect of Haygeting the cytoskeleton through NMDA
and metabotropic receptors.

Among the intracellular responses to’Gactivation of calcineurin, a €adependent
protein phosphatase (Wang et al.,, 2005), could desidered, since we have previously
demonstrated that calcineurin could be associatéith whe cytoskeleton, mediating
dephosphorylation of glial and neuronal IF protamgerebral cortex of rats in response to
different insults (de Almeida et al., 2003; Funcéiil., 2005b).

In conclusion, we observed that high Hcy levelgéathe cytoskeleton of C6 glioma
cells and the predominant cytoskeletal responsmassive formation of actin- containing
filopodia at the cell surface that could be relateith Cdc42 activation and increased
vinculin. Hcy neurotoxicity involved glutamatergand oxidative events however we can not
exclude more intrincate mechanisms of action. Tgkiagether our results, we could
speculate that Hcy at different concentrationsitetiomplex signaling pathways leading to
increased intracellular &aconcentrations and a cell response to the injgimally, it is
feasible that our results may contribute to theeusinding of the neural damage provoked

by elevated Hcy levels in human brain.
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LEGENDS

Fig. 1. IF phosphorylation in C6-glioma cells. (Rdlyacrylamide gel electrophoresis
(SDS-PAGE), autoradiograph and immunoblotting o tytoskeletal fraction from C6-
glioma cells. Lane a, SDS-PAGE of molecular weigtandards (kDa) and cytoskeletal
fraction from C6-glioma cells stained with Coomasblue. Lane b, autoradiograph of the
Triton-insoluble IF enriched cytoskeletal fractimtubated with 32P orthophosphate. Lanes
¢ and d, immunoblotting of vimentin (Vim) and GFARspectively, in the cytoskeletal
fraction from C6-glioma cells. (B) Effect of homatgine (Hcy) on the in vitro
phosphorylation of GFAP and Vim in C6-glioma celBll cultures were preincubated with
100 or 500uM Hcy for 0 or 3 h and incubated with 100 or §0M Hcy in the presence &fP
orthophosphate for 1 h. The high-salt Triton inbtducytoskeletal fraction was extracted and
the radioactivity incorporated into GFAP and Vimsaaeasured as described in Material and
Methods. (C) Representative immunoblotting of VindaFAP in the cytoskeletal fraction.
Data are reported as means + SEM of five difereqeements expressed as percent of
controls. Statistically significant differences rimocontrols as determined by ANOVA
followed by Tukey test are indicated: *P <0.01. Ryentative autoradiographs of C6-glioma

cells IF phosphorylation are shown.

Fig. 2. Effects of folate (FA), ascorbic acid (AAnd trolox (Tro) on Hcy-
hypophosphorylation in C6-glioma cells. Cells werdtured to confluence in DMEM/F12
10% fetal bovine serum (FBS). The medium was themged to DMEM/F12 0% FBS and
the cells were pre-incubated with FAUM, AA 1 mM and Tro 80uM 1 h before treatment
with 100 or 500uM Hcy for 3 h. After, C6-glioma cells were incubdtan the presence of

drugs and?P orthophosphate for 1 h. The high-salt Triton inste cytoskeletal fraction was
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extracted and the radioactivity incorporated intBAB and Vim was measured. Data are
reported as means = SEM of three diferent experisnerpressed as percent of controls.
Statistically significant differences from contrads determined by ANOVA followed by

Tukey test are indicated: *P <0.01. Representativtoradiographs of C6-glioma cells IF

phosphorylation are shown.

Fig. 3. Effects of glutamate antagonists on Hcydphosphorylation in C6-glioma
cells. Cells were cultured to confluence in DMEMZ2F10% fetal bovine serum (FBS). The
medium was then changed to DMEM/F12 0% FBS anatéfle were pre-incubated with 50
MM DL-AP5, MCPG or CNQX for 1 h before addition dd@ or 500uM Hcy for 3 h and in
vitro phosphorylation was proceeded. Data are tedoas means + SEM of three diferent
experiments expressed as percent of controls. sgtatly significant differences from
controls as determined by ANOVA followed by Tukegttare indicated: *P <0.01 compared
with control group; #P < 0.05 compared with Hcy yoRepresentative autoradiographs of

C6-glioma cells IF phosphorylation are shown.

Fig. 4. Effect of Hcy on microtubule, GFAP and actrganization in C6-glioma
cells. Cells were cultured to semi-confluence in EMIF12 10% fetal bovine serum (FBS).
The medium was then changed to DMEM/F12 0% FBShéndresence or absence of Hcy
100 and 50QuM for 4h. Representative images of Hcy treatedsceiimunostained with
DAPI and monoclonal anti-tubulin (A), polyclonal anti-GFAP (C) or phallorml
fluorescein (E). Scale bar = 20n. Western blot analysis oftubulin (B), GFAP (D) ands-
actin (F) immunocontent in cell homogenate. Alldameceived equivalent amount (8 of
total protein from cell extract. Immunoblot wasread out with monoclonatk-tubulin, anti-

GFAP (clone G-A-5), and monoclonal afitiactin antibodies diluted 1:500. The blots were
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developed using an ECL kit. Data are reported aae SEM of four different experiments
expressed as percent of controls. Data were statlgt analyzed by one-way ANOVA.

Representative immunological reactions are shown.

Fig. 5. Effects of Hcy on vinculin immunocontentdacdc4?2 activation in C6-glioma
cells. (A) Western blot analysis of vinculin immwontent in cell homogenate treated with
100 and 500uM Hcy for 4 hours. All lanes received equivalentcamt (5Qug) of total
protein from cell extract. Immunoblot was carriedt evith anti-vinculin antibody diluted
1:500. The blots were developed using an ECL latalare reported as means £ SEM of four
diferent experiments expressed as percent of dentBiatistically significant differences
from controls, as determined by ANOVA followed bykKey test are indicated: *P <0.05.
Representative immunological reactions are sho#®nCdc42 activation in C6-glioma cells
treated for 5, 15, 30 minutes and 4 hours with 460 500uM Hcy. Cdc42 activation was
mensured using assay Biochem Kit (BK034) from Cygteton (Denver, USA). The blots
were developed using an ECL kit. Data are repoaedneans = SEM of three diferent
experiments expressed as percent of controls. s&tatly significant differences from
controls, as determined by ANOVA followed by Tukésst are indicated: *P <0.05,

**P<0.01. Representative immunological reactiore strown.

Fig. 6. Effect of folate (FA), trolox (Tro) and asbic acid (AA) on Hcy-induced
actin organization in C6-glioma cells. Cells weudtured to semi-confluence in DMEM/F12
10% fetal bovine serum (FBS). The medium was themged to DMEM/F12 0% FBS and
cells were pre-incubated with/ FA, 80 uM tro and 1 mM AA 1 h before the 100 and 500
MM Hcy treatment for 4h. Representative images editerd cells immunostained with DAPI

and phalloidin-fluorescein. Scale bar =|20.
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Fig. 7. Effect of Hcy on the induction of reactiorygen species (ROS) in C6-glioma
cells. Cells were cultured to confluence in DMEMZF10% fetal bovine serum (FBS). The
medium was then changed to DMEM/F12 0% FBS in tlesgnce or absence of Hcy (100
uM) for 5, 15, 30 minutes, 1 and 4 hours. The irglatar ROS levels were measured with
DCF-DA assay. The fluorescence was measured inuareficence microplate reader
(excitation 485 nm and emission 520 nm). Resules expressed as percent of controls.
Statistically significant differences from controlsy one-way ANOVA followed by Tukey’s

multiple variation test, are indicated: *P < 0.01.

Fig. 8. Effect of glutamate antagonists on Hcy-icetl actin reorganization in C6-
glioma cells. Cells were cultured to semi-conflueivt DMEM/F12 10% fetal bovine serum
(FBS). The medium was then changed to DMEM/F12 B8 Bnd cells were pre-incubated
with 10 uM DL-AP5, 5uM MCPG and 25M CNQX for 1 h before addition of 100 and 500
UM Hcy for 4h. Representative images of treatedscetimunostained with DAPI and

phalloidin-fluorescein. Scale bar = pén.
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FIGURE 4
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FIGURE 5
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FIGURE 6
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FIGURE 7
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FIGURE 8
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1. DISCUSSAO

As doencas neurodegenerativas estdo entre os atesafais enigmaticos e
problematicos da medicina (Haass e Selkoe, 200@ncCas pesquisas dessas doencas
passaram de fendbmenos descritivos para andliseanfagicas, tornou-se cada vez mais
evidente que os processos basicos envolvidos sé@atdeeza multifatoriais, causados por
fatores genéticos, ambientais e endogenos (Catadli., 2008). Alteragbes na dindmica dos
constituintes do citoesqueleto celular sdo muitevemtes para um melhor entendimento de
algumas doencas neurodegenerativas, tendo emaqustad mesmo desempenha um papel
fundamental na manutencdo da forma assimétricaitest polarizada e da plasticidade dos
neurdnios, fatores que sao essenciais para aofisgoheuronal. Devido a sua participacdo na
neuritogénese, a reorganizagdo do citoesquelete mm@dsionar comprometimento na
neurotransmissé@o. Na doenga de Alzheimer, plac#dséides e emaranhados neurofibrilares,
0s quais sdo formados por filamentos quase intemganconstituidos pela proteina tau
associada aos microtubulos, sdo as duas maiomracdles neuropatolégicas presentes no
cérebro. Outro exemplo de anormalidades do citedstpu presente em doencas
neurodegenerativas sao 0s corpos de Lewy que sdalecados um marco citoplasmatico da
doenca de Parkinson (Benitez-King et al., 2004gF2006; Gong e Igbal, 2008).

Estudos epidemiolégicos e experimentais relacionAidCY com condi¢des
neurodegenerativas incluindo doenca de Alzheimmdeate vascular cerebral e doenca de
Parkinson (Mattson e Shea, 2003; Zou e Banerje@5)2Entretanto, 0s mecanismos que
medeiam a patogénese relacionada com Hcy ndo s$dinéote esclarecidos. Modelos
experimentais tém identificado importantes fendrsemelacionados a neurotoxicidade
induzida por altas concentracdes de Hcy, como apeptle células neurais (Blaise et al.,

2007; Kruman et al., 2000; Kruman et al., 2004inadacao de receptores NMDA, aumento
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dos niveis de CAcitosdlico e formacéo de espécies reativas deoidg(ROS) (Ho et al.,
2002; Lipton et al., 1997; Tjiattas et al., 2004)¢m disso, existem poucas evidéncias que
relacionam efeitos neurotéxicos da Hcy e citoesjaetelular, no entanto, podemos citar a
inducao de fosforilagéo da tau via PP2A (Luo et26)07) e os efeitos da Hcy na neurulagao
cranial em embrides de pinto através de mecaniguesenvolvem a dindmica da actina
(Brouns et al., 2005). Considerando o exposto acimeate trabalho utilizamos modelos
experimentais de homocistindria com o objetivo daliar os efeitos da Hcy sobre o

citoesqueleto de células neurais de ratos.

1.1 Estudoin vivo dos efeitos da Hcy

Primeiramente, utilizamos um modelo experimental H¢CY desenvolvido por
Streck et al (2002), no qual os animais apresemtiagis plasmaticos de Hcy similares aos
dos pacientes homocistinaricos. Esse modelo terriboido para um melhor entendimento
dos danos neurais provocados pela Hcy, demonstraltel@cées em diversos parametros
bioguimicos, tais como: deficiéncia na memoriagtret al., 2004), inibicdo da atividade da
Na'/K(")-ATPase (Matte et al., 2004; Matte et al., 200fe& et al., 2002), reducédo da
atividade da butiril-colinesterase (Stefanello kt 2005), aumento no dano tecidual em
hipocampo causado pela deprivagéo de oxigéniacesgli(Tagliari et al., 2006) e o aumento
do dano ao DNA (Matte et al., 2008).

No presente trabalho verificamos que o coOrtex cated o hipocampo dos ratos
jovens cronicamente tratados com Hcy apresentavaanexpressao alterada de subunidades
dos Fls. Esse mecanismo de alteracdo genémicacdesatio pela Hey estd de acordo com
estudos prévios que apontam ativacdo de fatoréimiolecricdo em resposta ao aumento dos

niveis de Hcy (Au-Yeung et al., 2004; Lee et 800%). Além disso, é bem estabelecido que a
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Hcy induz dano ao DNA devido a perturbacbes nmale metilagdo do mesmo (Wainfan e
Poirier, 1992). Outro aspecto relevante é a sdlietile dessas alteragdes, tendo em vista que
no cortex ocorreu uma diminuicdo na expressao dePGFI astrocitario) e no hipocampo
observou-se um aumento na expressdao de NF-H e [{sLneuronais)As razbes dessa
seletividade podem estar relacionadas com difesengasuscetibilidade dos FIs corticais e
hipocampais ao tratamento crénico com Hcy, bem camdnteracdes astrécito-neurdnio,
uma vez que a modulagdo da fungéo astrocitéria odeeitos nocivos na fungédo neuronal
(Enokido, 2007; Seifert et al., 2006).

Verificou-se também que o hipocampo é a estrutuags naulneravel aos efeitos
deletérios desencadeados pela Hcy nos Fl do citekstq neural. A vulnerabilidade do
cérebro em desenvolvimento é dependente de duaspatis questdes: o primeiro fator se
refere a capacidade do agente ou seu metabolito ath atingir o sistema nervoso e o
segundo fator se relaciona ao periodo de exposigé@&gente. Quando a exposi¢cdo do agente
toéxico coincide com a ontogenia dos processos dendelvimento, ocorre uma maior
suscetibilidade de efeitos adversos, podendo ertertom os eventos moleculares do
desenvolvimento. Em geral, se a exposi¢cdo ocom@saou depois do desenvolvimento de
um 0Orgéo, este serd menos vulneravel a perturlti§oe se o insulto ocorrer durante o seu
desenvolvimento (Rice e Barone, 2000). O hipocampocerebelo sdo as Unicas estruturas
cerebrais em que normalmente ocorre neurogéneseapas No cértex cerebral de ratos, a
neurogénese ocorre totalmente no periodo pré-mtadld ao 22 dia gestacional, enquanto
nas ceélulas granulare® girodenteado do hipocampo, a neurogénese € obseryatralo
19° dia de gestacao até o°ldia de vida pos-natal (Bayer et al., 1993; Ri&asmne, 2000).
Considerando que o tratamento cronico com Hcy glerarma boa parte desse periodo de
vulnerabilidade do hipocampo e que o citoesquef@esui um importante papel na

neurogénesglalava et al., 2007; Kim et al., 2002; Lopez-Pietral., 2004; Rami, 2003),
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podemos inferir que o hipocampo foi mais susceti@etoxicidade da Hcy sobre o
citoesqueleto neural devido a perturbacdes na génese desta estrutura. Essa hipbtese esta
de acordo com Rabaneda e colaboradores (2008) eseresteram efeitos da Hcy na
neurogénese do giro denteado do hipocampo. Outropog também descreveram o
comprometimento na neurogénese do giro denteaddhigocampo de camundongos
submetidos a uma dieta com baixos niveis e folatonseqiientemente altos niveis de Hcy
(Kronenberg et al., 2008; Kruman et al., 2005).

Tendo em vista que a fosforilagdo é um importanezanismo de regulacdo da
estequiometria dos NFs (Ackerley et al., 2003; Gaet al., 2003; Rao et al., 2003; Sanchez
et al., 2000; Shea e Chan, 2008; Veeranna etQf18§)20 fato de que o tratamento com Hcy
ndo alterou a fosforilacdo dos FIs no cortex egpaimente no hipocampo dos animais
tratados, inicialmente nos surpreendeu. No ent&stes resultados poderiam ser explicados
com base na dessensibilizacdo de receptores de rarambm resposta a uma exposicao
prolongada a um estimulo, com subsequente redwcdaalresposta celular (Alberts, 2008).
Durante o tratamento crénico, com constante estindd Hcy, receptores, como 0S
glutamatérgicos, poderiam ter se tornado inserssigei estimulo, consequentemente as
atividades enziméaticas moduladas pelo sistemarghitagico, como por exemplo, o sistema
fosforilante associado ao citoesqueleto, teriamrn@do a uma situacédo de insensibilidade.
Sauls e colaboradores (2004) descreveram uma gédaa tratamento cronico com Hcy em
coelhos jovens, evidenciada pela reducdo da resmisstaumento do estresse oxidativo
induzido pela Hcy.

Ao final do tratamento crénico com Hcgbservamos alteracdo na expressao e na
estequiometria dos Fls. Sabe-se que a expressdoagénregulada por mecanismos
complexos que incluem vias de sinalizacéo tais cam@ da MAPK (Marek et al., 2004;

Nishina et al., 2008; Obata et al., 2003; Romaal ¢t2008). Embora a MAPK néo esteja
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ativada ao final do tratamento, podemos supor gtee\ea tenha sido ativada ou inibida em
algum periodo durante o desenvolvimento cerebeslarido as alteragbes de expresséo
observadas nas proteinas estudadas. Com base liae aegtequiométrica dos Fls
astrocitarios dos ratos tratados, podemos sugema teducdo no “turnover” de GFAP
devido, provavelmente, a falha no sistema ubicaiiroteosoma encarregado de destruir
proteinas anormais (Bachetti et al., 2008a; Migrial., 2007). No caso do hipocampo, nés
propomos que esse “turnover” reduzido poderia lavasicimulo de GFAP. O acumulo de FI
astrocitario levando a formacgéo de agregados énaacin em doencgas neurodegenerativas,
como a doenca de Alexander (Bachetti et al., 2008b)

Além disso, a estequiometria dos NFs de hipocampomodelo de HHCY é
consistente com uma diminuicdo na quantidade @enéhtos enriquecidos em proje¢cdes
laterias, bem como o favorecimento de subunidaded\dF solluveis. Esses achados podem
contribuir para a formacédo de inclusdes téxica&ldeonsideradas marcos patologicos para
algumas doencas neurodegenerativas (Beaulieu enJ@003; He e Hays, 2004; Julien e
Beaulieu, 2000; Xiao et al., 2006).

Essa incongruéncia entre alteracfes estequiongtecmsensibilidade do sistema
fosforilante no modelo experimental de HHCY tambpode ser uma consequéncia da
complexidade das vias de sinalizagdo desencadeatiaddicy durante o desenvolvimento
cerebral, tendo em vista gadosforilacdo dos FIs pode ser um alvo e, ao mésmpo, um
modulador de multiplas cascatas de sinalizacadacldmary et al., 2006).

Para compreendermos melhor os mecanismos molesudasencadeados pela Hcy
sobre a fosforilagdo dos FIs neurais durante ondebegmento do sistema nervoso central,
desenvolvemos uma abordagamvitro, utilizando fatias de cértex cerebral e hipocardpo

ratos jovens.
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1.2 Estudoin vitro dos efeitos da Hcy

Nos estudosn vitro, confirmamos a maior vulnerabilidade do hipocamps acdes
da Hcy sobre o citoesqueleto neural. Observamobé&anirés peculiaridades nos efeitos da
Hcy sobre a fosforilagdo dos Fls em fatias de goderebral e hipocampo de ratos: a
primeira se refere ao fato de que os efeitos foodaservados apenas em hipocampo; a
segunda, diz respeito ao fato de que apenas sguekto dos animais de 17 dias de idade
foi sensivel a injuria; e a terceira refere-se &@ite antagbnico das duas concentracdes
estudadas sobre o citoesqueleto neural (Hcy 100 gig).

Com relacdo ao efeito seletivo da Hcy em fatiaodampais, essa observacao é
consistente com 0S nossos presentes resultadogvo e com evidéncias prévias de
excitotoxicidade induzida pela Hcy em hipocampaates (Algaidi et al., 2006; Baydas et
al., 2006; Baydas et al., 2005; Kim et al., 200iardan et al., 2000; Lazarewicz et al., 2003;
Robert et al., 2005; Robert et al., 2004). Comorgde, Fukui e colaboradores (2002) e
Streck e colaboradores (2004) relataram defici@nc@nportamentais associadas a Hcy e
Baydas e colaboradores (2005) descreveram distirb®m aprendizado e na memoria
envolvendo mecanismos de geracdo de ROS e alterag@eplasticidade sinaptica em
hipocampo de ratos

Com respeito a suscetibilidade do hipocampo des @017 dias de idade aos efeitos
da Hcy, é importante salientar que ratos de 1749 pds-natal tém sido utilizados como
modelos experimentais de injUrias cerebrais traigagtieves a moderadas ocorridas em
criancas, enfatizando 17 dias como uma idade aritic desenvolvimento desta estrutura
cerebral em ratos. (Gurkoff et al., 2006; Huh et 2008; Prins e Hovda, 1998; Yager e
Thornhill, 1997). Por outro lado, é dificil estadxa@r as bases moleculares responsaveis pela

janela de vulnerabilidade aos insultos, observada animais de 17 dias de idade,

161



desencadeados por diferentes concentracdes deEHtgtanto, podemos propor que esses
achados possam estar relacionados com a intensagéease, a qual aumenta a
vulnerabilidade hipocampal durante esta fase deredvimento.

A hiper e a hipofosforilagéo, das subunidades deirtduzidas pela Hcy 100M e
500 uM, respectivamente, em hipocampo de ratos de krd#iadade séo efeitos antagonicos
muito interessantes. Efeitos opostos da Hcy jéatmisido relatados em outros parametros
bioquimicos (Lee et al., 2002; Luchowska et alQ®20Panganamala et al., 1986; Stazka et
al., 2005; Zhang et al., 2008a). Essas observaséksntam ainda mais a assombrosa
complexidade dos sistemas de sinalizagdo celularresposta a determinados insultos,
envolvendo mdltiplas e interconectadas cadeiasadsrissao.

Nesse contexto, podemos propor mecanismos baseadd®wacao de diferentes vias
de sinalizacdo mediadas pelo®Ca semelhanca do que ocorre nos dois tipos dégidasie
sinaptica hipocampal (LTP e LTD) (Bear, 2008). Cbase nesta proposta, o estimulo da
Hcy levaria a entrada de CGaa regido pds-sinaptica, originando ondas déi@@macelulares
com frequéncias de oscila¢des que refletiriam gafoio estimulo e levariam a uma resposta
celular especifica.

A hiperfosforilacdo dos Fl do citoesqueleto neuraluzida por 100uM de Hcy
(concentracéao relacionada a HHCY moderada) em aippo de ratos de 17 dias de idade foi
mediada por mecanismos envolvendo a mobilizacd6afeatravés de receptores NMDA,
canais de C4 dependentes de voltagem tipo L e receptores dediiaa presentes no reticulo
endoplasmatico, ou seja, modificacdes no influxmrecentracdes intracelulares deCalo
entanto, a hipofosforilagao induzida por 50 de Hcy (concentracdo relacionada a HHCY
grave) na mesma idade e estrutura cerebral, foilat@dpelos mesmos mecanismos de
sinalizacdo envolvendo a mobilizacdo dé“@esencadeados pela 100, com excecdo do

envolvimento dos canais de ‘adependentes de voltagem (VDCC) do tipo L.
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Consequentemente, esses mecanismos promovidosapétsda Hecy sobre a homeostase do
Ca'? culminam na ativacdo de diferentes enzimas depgesiele C&: quinases no caso da
Hcy 100uM (PKCam Il e PKC) e fosfatases no caso da [pI0(PP2B). Esses achadnes
possibilitam inferir que a opcéo da célula em atigainases ou fosfatases, em resposta a
diferentes concentracdes de Hcy, € dependente phtude e da freqiéncia de duracéo das
oscilacdes de Ca Nesse contexto, evidéncias prévias mostraranadoeicidade da Hcy no
SNC é relacionada com o incremento nos niveis déifmacelular (Ho et al., 2003; Ho et
al., 2001; Ho et al., 2002; Kim et al., 2007; Liptet al., 1997; Obeid e Herrmann, 2006;
Tjiattas et al., 2004; Zieminska e Lazarewicz, 2éminska et al., 2003; Zimny, 2008).

Os VDCC do tipo L sédo ativamente envolvidos no kmatda excitabilidade da
membrana, plasticidade sinaptica e expressado géaiae outros processos (Gallin e
Greenberg, 1995; Lipscombe et al., 2002; Surmei@@,7; Thibault et al., 2007). Por um
lado, os VDCC aumentam os niveis dé&Gatracelular, ativando a PP2B, por outro lado, a
PP2B é um candidato potencial na modulacdo dadatieide VDCC do tipo L (Norris et al.,
2008). Norris e colaboradores (2005) demonstraraenagativacdo da PP2B, em cultura de
neurdnios hipocampais é capaz de permitir, bem camlificar a atividade dos VDCCs do
tipo L. Tendo em vista que o efeito da Hcy 5{M foi mediado pela PP2B, entre outras
fosfatases, podemos supor que os VDCCs do tipo demoestar envolvidos apenas
indiretamente com tais efeitos. O fato de que gudador de VDCC tipo L, verapamil, ndo
ter prevenido a hipofosforilacao induzida pela 369 UM na mesma concentracdo em que
previniu a hiperfosforilacdo induzida pela Hcy 1, pode ser uma evidéncia de que na
concentragdo de 50@M, a Hcy néo estaria ativando diretamente esteaigaocontudo esta
possibilidade precisa ser comprovada experimentdaéme

Além das quinases e fosfatases dependentes‘deaCaperfosforilacéo induzida pela

Hcy 100 um foi mediada por MAPK, PI3K e fosfolipase C (PLCgnquanto a
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hipofosforilacdo desencadeada pela Hcy B@0foi uma decorréncia da ativagao de vias de
sinalizacao envolvendo PP21, PP2A, PP2B, mGluRwR@ao-NMDA.

O “cross-talk” entre as multiplas vias de sinalé@ague a Hcy foi capaz de ativar
para gerar seus dois efeitos antagbnicos sobrestens fosforilante associado ao
citoesqueleto neural é extremamente amplo. Tendwista que a Hcy ou seus metabdlitos
podem atuar ativamente em receptores NMDA (Do.ef1888; Kim et al., 2007; Lazarewicz
et al., 2003; Ramos Coutinho et al., 2008; Roberale 2005; Zieminska e Lazarewicz,
2006), e considerando apenas esse receptor, oleErvgue 0 mesmo pode interagir
(modulando ou sendo modulado) com todos os ougwsptores ou sinalizadores celulares
recrutados nos efeitos da Hcy 0@ bem como da Hcy 500M sobre a fosforilacdo dos Fls
de hipocampo de ratos de 17 dias. A seguir, algulessas interacoes serdo discutidas.

A atividade do receptor NMDA pode ser regulada pora variedade de proteinas
fosfatases e quinases como a PP2B (Krupp et &2;20eberman e Mody, 1994; Raman et
al.,, 1996; Tong e Jahr, 1994; Tong et al., 1995PP4 e a PP2A (Wang et al., 1994,
Westphal et al., 1999), a PKC (Chen e Huang, 199P2;1Lan et al., 2001; Lu et al., 1999;
Xiong et al., 1998) e a PKA (Cerne et al., 1993urGp et al., 2001; Raman et al., 1996).
Inclusive, interagdes entre subunidades do rec@ttibA e PP2A podem sugerir um novo
mecanismo de sinalizacdo mediado pelos receptdvl3A\ proporcionando outras funcoes
para esses receptores, além das tradicionalmenitecidas (Chan e Sucher, 2001). A via da
MAPK também possui uma significativa influéncia mola neuroquimica dos receptores
NMDA, regulando suas propriedades fisiol6gicasgbimicas e biofisicas, e seu potencial
papel na fisiopatologia de algumas doencas (Had4i5).

Além disso, a regulacéo da expressao de receptid&A na membrana celular e da
densidade sinaptica é critico para a homeostadasticpade sinaptica (Bear e Abraham,

1996; Carroll e Zukin, 2002; Turrigiano e Nelso08; Wenthold et al., 2003). Qualquer
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disfungdo nos mecanismos celulares que controlaseseprocessos pode resultar em
desordens como doencas neurodegenerativas (CudlyCein al., 2001). Muitos estudos
apontam que a regulacdo do trafego dos receptdviEANdo reticulo endoplasmético para a
superficie celular, local onde os mesmos desermadgias acdes, pode ser via fosforilagéo
(Scott et al., 2001; Xia et al., 2001) e que a RIKAUmMp et al., 2001) e a PKC (Lan et al.,
2001) podem estar envolvidas nessa modulacéo (@&aaltt 2003; Scott et al., 2001).

O receptor NMDA pode servir como uma ancora patamslocacdo da PKCam I
posicionando-a préximo a entrada de*Ca aproximando-a de seus substratos. Mais
interessante ainda é o fato que os receptores NBIigam a quinase no seu estado ativo e
a mantém ativa mesmo quando dissociada da calmadidayer e Schulman, 2001).

A ativagdo de mGIuR pode aumentar a resposta padaogor receptores NMDA em
hipocampo, estriado, cortex e medula espinhal,rswdye que as interaces funcionais entre
MGIuUR e receptores NMDA séo de extrema significiif@niksztejn et al., 1992; Attucci et
al., 2001; Doherty et al., 1997; Harvey e Collidge, 1993; Kotecha et al., 2003; Mannaioni
et al., 2001; Pisani et al., 1997; Ugolini et 2097).

Como todos esses sistemas podem atuar modulardmatite o sistema fosforilante
associado ao citoesqueleto celular de forma a rtoesaa estrutura altamente dinamica
(Eriksson et al., 2004; Frizzo et al., 2004; Fuhattaal., 2004; Kobayashi et al., 2001;
Kommers et al., 2002; van den Heuvel et al., 2002ll et al., 2007; Zamoner et al., 2006;
Zamoner et al., 2008b), e com base nessas e nuuitesss possiveis inter-relagdes entre os
diversos sistemas de sinalizacdo celular que posemdesencadeados por um insulto
neurodegenerativo, como altas concentragfes de &cgmpreensdo da maneira como a
célula faz a opcdo de uma determinada respostéaicéter insensivel, hiperfosforilar ou

hipofosforilar os FI de hipocampo de ratos) aindanémistério e um enorme desafio.
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1.3 Estudo dos efeitos da Hcy em culturas celulares

O uso de culturas de células neurais nos posaibildbtencéo de dados que, devido a
complexidade das interagBes celulares, seriamedifiou impossiveis de se detectar em
experimentos usando tecido intacto (Hansson, 198%)siderando que no modeiovivo de
HHCY ocorreu uma diminuicdo da expressdo de GFAP céntex cerebral dos ratos
cronicamente tratados com Hcy, decidimos avaliaefegos da Hcy em cultura de células
neurais corticais. Primeiramente avaliamos os afeda Hcy sobre o citoesqueleto de
astricitos e neurdnios corticais e posteriormentpliamos o estudo utilizando a linhagem
celular C6, que apresenta caracteristicas gliasséB et al., 1974; Kumar et al., 1984; Parker
et al., 1980; Pfeiffer et al., 1970; Vernadakislet1991; Vielkind et al., 1990).

Observamos uma insensibilidade dos neurdnios emtigos efeitos da Hcy com
relacdo aos parametros estudados. Esse resultafiomzo os estudosn vitro e in vivo
anteriormente discutidos, nos quais observamos apusubunidades dos FIs neuronais
associadas ao citoesqueleto de coOrtex cerebrabts também n&o sofreram qualquer
alteracdo no seu sistema fosforilante, imunocomtedu expressdo promovida pela Hcy.
Além disso, essa auséncia de efeito pode ser mtalzuimaturidade da cultura e a quantidade
de magnésio (Mg) (812 uM) contido no meio de cultura (Neurobasal). A cosip@o do
meio e a idade da cultura sdo dois fatores queienfiam a expressdo de receptores
glutamatérgicos, bem como as propriedades dessgstoees (Balazs et al., 1992; Brewer et
al., 1993; Hoffmann et al., 1997; Li et al., 1988iestley et al., 1996). Considerando que a
Hcy age através de receptores glutamatérgicos (@aizz et al., 2003; Lipton et al., 1997;
Robert et al., 2004; Zieminska e Lazarewicz, 2Géminska et al., 2003), podemos sugerir
gue a cultura de neurbnios corticais utilizada aintbo apresentava quantidade e

funcionalidade suficiente desses receptores pakcya poder desencadear seus efeitos
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neurotdxicos (Chung et al., 2005; Ghiani et alQ&@0Kovacs et al., 2001; Lockhart et al.,
2007; Nagy et al., 2003). Além disso, se a coneeéity de M{f fosse reduzida, aumentaria a
sensibilidade do receptor NMDA, como demonstrado @mros estudos (Arvanian e
Mendell, 2001; Dost e Rundfeldt, 2000).

Com respeito a viabilidade celular, demonstramos unaducdo de apoptose em
astricitos corticais expostos a 5080 de Hcy, enquanto as células da linhagem C6 foram
resistentes a essa acao toxica. Esses resultatims ass acordo com a susceptibilidade
astrocitaria aos insultos de Hcy (Blaise et alQ72Qin e Brennan, 2008; Maler et al., 2003;
Zhang et al., 2008b) e a propriedade das ceélulaglidenas serem mais resistentes a
estimulos apoptoticos (Alleyne et al., 1999; Moe @t al., 2005; Takano et al., 2001).

Alteracdes do citoesqueleto de actina, em resposit@ais celulares, podem ocasionar
complicacdes relevantes em diversas funcdes dax#gs, como o transporte, a motilidade
celular, o suporte metabdlico, a excitotoxicidad® estresse oxidativo (Aschner, 2000;
Danbolt, 2001; Dent e Gertler, 2003; Hazrati et 2008; Lamigeon et al., 2001; Nicchia et
al., 2008; Sergeeva et al., 2000). Além dissoudisies astrocitarias e desregulacdo de suas
funcdes especificas estdo associadas com variagakeaeurodegenerativas (Hedlund e
Isacson, 2008; Seifert et al., 2006; Ting et &1Q7).

Considerando as alteracdes na dinamica do citolesquzelular, observamos que a
sensibilidade de astrécitos e de células C6 forémnemtes com relacdo ao tempo de resposta
ao insulto e ao tipo de efeito desencadeado, pafroente em relacdo ao citoesqueleto de
actina e GFAP. Astrocitos apresentaram retracaccitoplasma com redistribuicdo dos
filamentos de actina e GFAP apenas apos 24 horaatdenento com Hcy 1Q@M, enquanto
nas células C6 observou-se um grande aumento neratae filipddios e ndo alteracdo do
citoesqueleto de GFAP apos 4 horas de tratamentoHzy 100 e 50QuM. Essas diferencas

podem ser atribuidas as vias de sinalizacdo asvenaresposta a Hcy, as quais podem ser
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desencadeadas de forma distinta em astrocitos ulaséC6. Por exemplo, as vias de
sinalizacdo dependentes de'Cade cAMP podem ser diferentes em astrécitos eélatas
C6. A respeito disso, Vatter e colaboradores (2@@5greveram que a entrada dé*Capos
deplecé@o por acido ciclopiazénico, € muito maior enturas de células C6 do que em
culturas de astrécitos e que essas culturas pogeesemtar padrdes diferenciados de
expressdo para as enzimas fosfodiesterases cAMfeiisps (PDE1 e PDE4), podendo
originar diferentes niveis de Ga cAMP intracelulares e conseqiientemente, distiefigitos
biolégicos. Outro exemplo é observado com os receptpurinérgicos P2Y1, P2Y2 e P2Y12
que estdo presentes na mitocdndria de astrocitde eélulas C6, pois ha diferencas
significativas em relacdo a distribuicdo mitocoadddesses receptores. A maior diferenca
refere-se a co-localizagao do receptor P2Y1, em mueglioma C6 observou-se uma
diminuicdo de 60-75% em compara¢do com astrociiesa diferenca pode influenciar as
vias de transducdo de sinais intracelulares dedeadas por nucleotideos em astrdcitos e
células C6, além de interferir no processo de malagle observado pela linhagem celular
(Krzeminski et al., 2007).

A extrema dinamica dos filamentos de actina podenprer a longevidade celular,
enquanto a inducdo de estabilizacdo desses filasedta associada a vias de apoptose
celular (Boldogh e Pon, 2006; Gourlay e Ayscoud(5a,b,c; Odaka et al., 2000). Nossos
achados séo consistentes com esta relagao entoesqoeleto de actina e rotas de apoptose
celular, pois o unico efeito de inducdo de apopfosenovido pela Hcy (Hcy 50AM em
astroctios) foi associado com o ndo remodelamentmtdesqueleto de actina.

O grande aumento no namero de filipodios desendadpela Hcy na linhagem CB6,
pode ser relacionado com a propriedade tumorabhdesdulas, uma vez que Werbowetski e
Shivers (2001) tém relacionado o aumento de filip®dom agregacao e migracao celular, os

guais podem estar envolvidos na formacao das ras&sstAlém disso, os papéis fisiologicos
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dos filipodios poderiam permitir interacbes altateeninAmicas entre as sinapses e a
interface glia-vascular, importantes para a propagalo sinal intracelular (Benediktsson et
al., 2005; Hirrlinger et al.,, 2004; Mulligan e Macdr, 2004; Simard et al., 2003).
Consistente com a formacao de filipodios, a atiedda GTPase monomérica, cdc42, foi
aumentada apos o tratamento com Hcy. Essa ativie&unc42 pode levar a formagéo de
contatos focais contendo vinculina na periferiandodago das pontas do filipddio (Nobes e
Hall, 1995), resultados que evidenciamos com o atondo imunoconteddo de vinculina
observado nas células de glioma tratadas. Em gamtida, esse aumento de vinculina pode
ser requerido para a estabilizagdo do filipodio riMen-Finney e Reichardt, 1994).
Enfatizando essa hipotese, verificamos que astsdaiorticais tratados com Hcy nao
apresentaram alteracdo no imunocontetdo de virGUtmo que pode ser devido ao tipo de
alteracdo no citoesqueleto de actina, ou seja, ®ndcétos ndo observamos aumento de
filipédios e sim, retracéo do citoplasma com renizcéo de actina.

Mecanismos envolvendo estresse oxidativo mediafaito® promovidos pela Hcy na
reorganizacdo do citoesqueleto em astrocitos daséli6. Esses resultados corroboram com
inUmeras evidéncias na literatura que descrevemintinga relacéo entre os efeitos da Hcy e
estresse oxidativo em diversos tecidos (Ansari @Bari, 2008; Garcia et al., 2008; Kassab
et al.,, 2008; Zhu et al., 2008; Zou e Banerjee,5208lém disso, a hipotese de que o
citoesqueleto de actina pode funcionar como um laedgu da liberagdo de ROS da
mitocondria (Boldogh e Pon, 2006; Gourlay e Aysdgug005b) reforca a idéia de um
constante “cross-talk” entre causa e efeito deskachs por insultos de Hcy.

Devido a anormalidades no sistema fosforilante esijoelético ter sérias
consequéncias na estrutura e funcéo celular (Ratredt, 2008) além do seu importante papel
na sinalizacdo e “cross-talk” citoesquelético (GhanGoldman, 2004), e considerando que

insultos gerados pela Hcy provocaram reorganizalfia@itoesqueleto das células gliais
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estudadas, decidimos avaliar a fosforilagdo dosghd#és em células C6. Nesse contexto,
observamos que 100 e 5@ de Hcy provocou hipofosforilagdo da GFAP e vimati
através de mecanismos envolvendo sinalizacdo ghiiéaigica. Esse resultado esta de acordo
com os resultados previamente demonstrados nosdosstu vitro em fatias de tecido,
enfatizando a importancia do sistema glutamaténgicoefeitos neurotoxicos da Hcy.

Em resumo, o conjunto dos resultados obtidos eneloahimal mostram que a Hcy
em concentracdes semelhantes as encontradas eemtpagpbortadores de HHCY provoca
alteracGes no sistema fosforilante associado ade EElulas neurais de maneira dependente
da estrutura cerebral e da fase do desenvolvim@inida, demonstramos desorganizacao do
citoesqueleto de actina bem como alteracbes mgoit@é® em células gliais.
Excitotoxicidade, estresse oxidativo e mecanisnhasugnatérgicos parecem estar envolvidos
nesses efeitos. Podemos supor que estes mecamiessasn agir sinergisticamente alterando
a organizacao do citoesqueleto e levando a umand&b ou apoptose das células neurais.
Entdo, o citoesqueleto pode representar um alvBlhi@Y e a disfuncéo do citoesqueleto
pode suportar, em parte, a neuropatologia destacdod&mbora as alteracbes produzidas
pelas altas concentracdes de Hcy no citoesquelato raorfologia celular possam ter uma
funcdo importante na neurodegeneracao, 0os mecagiatravés dos quais a desorganizacao
das proteinas do citoesqueleto induz a disfunc@ocahainda nédo foram determinados e a
exata dimensao destas alteragcbfes como causa twu ddemeuropatologia na HHCY precisa

ser determinada.
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2. CONCLUSOES

2.1. CONCLUSAO GERAL

Insultos com Hcy sé@o capazes de perturbar a fteféo das subunidades dos Fls do
citoesqueleto neural, apresentando uma seletivicaterelacdo a idade dos ratos (17 dias de
idade) e a estrutura cerebral (hipocampo). Aléraodisbservamos efeitos antagbnicos com
relacdo as concentragdes utilizadas, o que enfatétea complexidade e provawebss-talk
de vias de sinalizagcéo envolvidas.

O citoesqueleto neural mostrou-se suscetivel aastogf cronicos da Hcy,
evidenciados por alteracfes na expresséo e imuividade dos Fls estudados, e novamente,
0 hipocampo demonstrou-se a estrutura cerebralvakisravel a esses insultos.

Células glias também foram alvo para as acdes dg IHorganizando seu

citoesqueleto e alterando o sistema fosforilarde@ado ao mesmo.

2.2. CONCLUSOES ESPECIFICAS

2.2.1 Ratos jovens submetidos ao modelo cronico de Hagsaptaram uma
marcada seletividade na alteracdo da expressacagéloi conteudo total e da
fracdo citoesquelética das subunidades de Flsaskiadrefletindo uma maior
suscetibilidade do hipocampo nessas alteracoesn Alésso, o sistema
fosforilante das duas estruturas estudadas mosg&aosensivel ao final do
tratamento com Hcy.

2.2.2 O hipocampo mostrou ser mais vulneravel do que rtexcaerebral. Além
disso, o hipocampo de ratos de 17 dias de idadeefsivel aos efeitos da Hey

sobre a fosforilacdoin vitro dos FIs do citoesqueleto neural. Ainda,
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concentracbes de Hcy referentes & HHCY moderadeae gocasionaram
efeitos antagdnicos sobre esse sistema refletirmonplexidade das diversas
vias de sinalizacao ativadas por Hcy.

2.2.3 A hiper e a hipofosforilacdo dos FI do citoesquelstural induzidas pela Hecy
foram mediadas por mecanismos dependentes doandipaols intracelulares
de Cd% Além das quinases (PKCam e PKC) e fosfatasesR)PiRsbendentes
de C&% a hiperfosforilacdo induzida pela Hcy 1Q@n foi mediada por
MAPK, PI3K e PLC, enquanto a hipofosforilacdo deseieada pela Hcy 500
pum foi mediada pela ativacdo de vias de sinalizagdmlvendo PP1, PP2A,
MGIuR e iGluR.

224 Como demonstrado com os estudosvitro, 0os neurdnios corticais néo
apresentaram alteracdes no citoesqueleto apdstamaato com Hcy. Ao
contrario, os astrécitos responderam seletivamaw® insultos de Hcy,
modulando o citoesqueleto de actina e GFAP, atral@@smecanismos
envolvendo estresse oxidativo, ou induzindo apeptetular.

225 Os FIs e MTs ndo sofreram modificacbes apds ontextéto com Hcy em
células C6. O citoesqueleto de actina, por suafeemm importante alvo das
acOes da Hcy, evidenciado pelo exacerbado aumentaimero de filipddios
via ativacao da cdc42, estresse oxidativo e merasiglutamatérgicos.

2.2.6 A Hcy provocou hipofosforilagdo da GFAP e vimetateavés de mecanismos

envolvendo sinalizacdo glutamatérgica.

172



3. PERSPECTIVAS

Os resultados obtidos neste trabalho abrem noweshjpladades de estudos a fim de
elucidar diferentes vias de sinalizagdo envolvimas os efeitos neurotoxicos desencadeados
por altas concentracdes de Hcy. Dessa maneiraaspssspectivas sao:

* Verificar o efeito da Hcy sobre a viabilidade eitoesqueleto de neurdnios e
astrocitos hipocampais em cultura, bem como ingastdos mecanismos de
acao envolvidos;

% Avaliar os efeitos da Hcy sobre a interacdo neworghia em co-cultura de

hipocampo e cortex cerebral de ratos;

% Estudar a captacéo e liberacdo de glutamato nolmaaeivo e in vitro de
homocistinuria, utilizando-se fatias de hipocampmbeex cerebral e culturas
de astrécitos e neurdnios de ratos;

% Avaliar o efeito de altas concentracdes de Hcyesabtoxicidade do peptidio

beta-amiléide em cultura de neuroénios.
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