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RESUMO

Os mecanismos moleculares que levam ao dano da via nigroestriatal durante
a progressao da Doenca de Parkinson (DP) ainda ndo estdo totalmente elucidados.
Dessa forma, existe a necessidade de desenvolver modelos experimentais
adequados para o estudo desse disturbio neurodegenerativo. A linhagem de
neuroblastoma humano SH-SY5Y tratada com neurotoxinas indutoras deste
distarbio (ex.: 6-hidroxidopamina - 6-OHDA) € amplamente utilizada como modelo in
vitro da DP. Muitos estudos mostram que esta linhagem pode ser diferenciada em
células dopaminérgicas através da combinacédo da diminuicdo do soro fetal bovino
(SFB) em meio de cultura e da adicdo de neurotrofinas como o &cido retindico (AR).
No entanto, h& poucos estudos mostrando as diferencas entre células proliferativas
e diferenciadas da linhagem de neuroblastoma SH-SY5Y, além do efeito do
tratamento com 6-OHDA. Ainda, ndo ha& um consenso nos protocolos de
diferenciacdo. Dessa forma, o objetivo deste estudo foi estabelecer um protocolo de
diferenciacdo dopaminérgica da linhagem de neuroblastoma humano SH-SY5Y,
bem como avaliar a potencialidade do modelo como plataforma para o screening de
neurotoxicidade/neuroprotecdo de compostos e a possibilidade de manipulacao
génica.

As células proliferativas SH-SY5Y foram mantidas em meio de cultura
DMEM/F12 (1:1) suplementado com 10% de SFB. A diferenciagdo foi induzida pela
combinacédo de 10 uM de AR e meio de cultura com 1% de SFB durante 4, 7 e 10
dias. Foram avaliados parametros morfologicos (presenca de neuritos) e
neuroquimicos, através marcadores de diferenciacdo neuronal (DAT- transportador
de dopamina; TH — tirosina hidroxilase; ENS — enolase neurdnio especifica; NeuN —
proteina nuclear de neurbnio; Nestina). Ainda, avaliamos parametros de estresse
oxidativo atraves da atividade de enzimas antioxidantes e dos niveis de tiois
reduzidos.

Nossos dados mostraram que as células SH-SY5Y diferenciadas por 7 dias
apresentaram mudancas morfologicas e 0 aumento do imunocontetdo de todos os
marcadores neuronais testados, e a concomitantemente diminuicdo do
imunoconteddo de nestina (marcador de células indiferenciadas). Além disso, o
fenotipo neuronal apresentou uma maior atividade de alguns sistemas antioxidantes.
Também foi avaliada a citotoxicidade frente ao H,O, e a 6-OHDA nos dois fenétipos.
As células diferenciadas se mostraram mais resistentes ao dano causado pelo H,0,
e mais sensiveis a 6-OHDA. Dessa forma, a citotoxicidade da 6-OHDA pode estar
relacionada com o aumento do imunocontetdo do DAT, visto que a neurotoxina
entra na célula dopaminérgica através deste transportador. Interessantemente, as
células diferenciadas apresentaram aumento dos niveis da proteina neuroprotetora
DJ-1, que esté relacionada a uma forma prematura de Parkinsonismo em humanos.

Apoés a caracterizagdo do modelo, nos utilizamos o fenotipo diferenciado
como plataforma experimental para o screening de compostos neuroprotetores
como o0s organocalcogénios. NOs determinamos a citotoxidade destes compostos
em células diferenciadas da linhagem de neuroblastoma SH-SY5Y. A partir destes
dados, foram selecionados compostos com baixa citotoxicidade e avaliamos a
morfologia celular (densidade de neuritos). NOs verificamos que antes da perda de
viabilidade, ocorre a perda de neuritos, sendo que este parametro € outra vantagem
do modelo de célula diferenciada para avaliagdo da neurototoxicidade. Ainda,
verificamos que estes compostos sdo capazes de prevenir o dano celular causado
pela 6-OHDA.



Além disso, nds caracterizamos a capacidade do modelo de ser manipulado
geneticamente através da transfeccdo e superexpressao de plasmideo contendo a
proteina verde fluorescente, onde verificamos que a expressdo € mantida durante a
diferenciacao.

Dessa forma, nossos dados mostraram a eficacia da padronizagdo da
diferenciacdo induzida por AR da linhagem de neuroblastoma humano SH-SY5Y,
pois estas células apresentam caracteristicas morfolégicas e neuroquimicas
adequadas de neurdnio dopaminérgico bem como pode ser aplicado ndo s6 para
avaliacdo de neurototoxicidade/neuroprotecdo, mas também pode ser manipulado
geneticamente.

Palavras-chave: Doenca de Parkinson, SH-SY5Y, 6-hidroxidopamina, modelo
experimental, diferenciacdo celular, estresse oxidativo.



ABSTRACT

The molecular mechanisms underlying the massive cellular loss found in the
nigrostriatal pathway during the progression of Parkinson’s disease (PD) are not
completely understood. Therefore, it is important to develop more suitable
experimental models to study the molecular mechanisms of this neurodegenerative
disorder. Proliferative human neuroblastoma cell line SH-SY5Y challenged with
neurotoxins (e.g.: 6-hydroxydopamine — 6-OHDA) has been widely used as an in
vitro model for PD. Many lines of evidence showed that this cell line differentiates
with the combination of lower fetal bovine serum (FBS) and retinoic acid (RA) to
dopaminergic-like neural cell. However, there are few studies addressing the
differences between proliferative and RA-differentiated SH-SY5Y cells as well as
their responses to 6-OHDA cytotoxicity. Moreover, there is no consensus in
differentiation protocols. Hence, the objective of this study was to establish a RA-
induced dopaminergic differentiation protocol and also evaluate its capabilities for
drug screening of neurotoxicity/neuroprotection and genetic manipulation.

Exponentially growing SH-SY5Y cells were maintained with DMEM/F12 (1:1)
medium plus 10% FBS. Differentiation was triggered by the combination of 10 uM of
RA plus medium with 1% of FBS during 4, 7 and 10 days. We evaluated the cell
morphology (neurites) and the neuronal markers (Dopamine Transporter- DAT,
Tyrosine Hydroxylase-TH, Neuron-Specific Enolase-NSE, Neuronal Nuclei Protein-
NeuN, and Nestin immunocontent). Furthermore, we verify the activity of antioxidant
enzymes and the reduced thiol levels.

Our data demonstrated that SH-SY5Y cells differentiated for 7 days
expresses all neuronal markers tested with concomitant decrease in non-
differentiated marker (nestin). Besides, they showed a higher activity of some
antioxidant systems. We also evaluated the cytotoxicity of H,O, and 6-OHDA in both
phenotypes. Differentiated cells are more resistant to H,O, and more sensitive to 6-
OHDA. Hence, the damage caused by 6-OHDA could be related with the increase of
DAT immuncontent, because this neurotoxin enters into the dopaminergic cell
through this transporter. Interestingly, the differentiated cells have more levels of
neuroprotective DJ-1 protein, which is related with a juvenile Parkinsonism.

After establish the conditions of differentiation, we used the neuronal
phenotype to perform a drug screening with organoselenide compounds. We verify
the cytotoxicity of these compounds in differentiated cells. From these data, we
selected compounds with low toxicity and evaluated the cell morphology (neurites
density). We verify that before the loss of viability, there is a loss of neurites. This
parameter is another advantage of the differentiated cells model to neurotoxicity
evaluation. Moreover, these compounds were able to prevent neuronal cell death
caused by 6-OHDA.

We also characterized the ability of the model to be manipulated genetically
through transfection and overexpression of a green fluorescent protein (GFP)
plasmid. We verify that the expression of GFP is maintained during the
differentiation.

Hence, our data showed the efficacy of the RA-induced differentiation protocol
of the neuroblastoma cell line SH-SY5Y, because these cells have morphological
and neurochemical characteristics of dopaminergic neurons. Furthermore, the
neuronal phenotype can be applyed not only to evaluate
neurocytotoxicity/neuroprotection but also can be manipulated genetically.



Key words: Parkinson Disease, SH-SY5Y, 6-hydroxydopamine, experimental model,
cell differentiation, oxidative stress.



LISTA DE ABREVIATURAS
6-OHDA: 6-hidroxidopamina
AAPA: 2-acetilamino-3-[4-(2-acetilamino-2-carboxietilsulfaniltiocarnilamino) phenil
tiolcarbamoilsulfanil] &cido propidnico
AR: 4cido retindico
Au: Auronofina
CAT: catalase
DAT: transportador de dopamina
DP: doenga de Parkinson
ENS: enolase neurénio especifica
GFP: proteina verde fluorescente
GPx: glutationa peroxidase
GR: glutationa redutase
GSH: glutationa reduzida
GST: glutationa-S-transferase
L-DOPA: 3,4-dihidroxi-L-fenilalaina
MPP": 1-metil-4-fenilpiridina
MPTP: 1-metil-4-fenil-1,2,3,6-tetrahidropiridina
NeuN: proteina nuclear de neurénio
SFB: soro fetal bovino
SNC: sistema nervoso central
SNPc: substancia nigra pars compacta
SOD: superoxide dismutase
TH: tirosina hidroxilase

TrxR: tioredoxina redutase



1. INTRODUCAO
1.1A DOENCA DE PARKINSON (DP)

A doenca de Parkinson (DP) € uma desordem crbnica, progressiva e
neurodegenerativa que afeta de 0,1 a 0,3 % da populacdo mundial (Wirdefeldt et al.,
2011; Baumann, 2012). O indice aumenta para 4% da populacdo com idade
superior a 85 anos (Rao et al.,2006; Meissner et al., 2011). Esses dados podem
variar de acordo com a regido devido as diferencas na taxa de sobrevivéncia bem
como a realizacdo do diagnéstico correto (Muangpaisan et al., 2011). A incidéncia
desta doenca, assim como outras doencas neurodegenerativas, esta se elevando
com o aumento da expectativa de vida (De Rijk et al., 1995). A média de idade para
o aparecimento da DP é de 60 anos, e a média de duracdo da doenca do
diagndstico ao o6bito € de 15 anos (Katzenschlager et al., 2008).

Os sintomas primarios da sindrome motora da DP incluem a bradicinesia, que
€ a dificuldade de iniciar movimentos voluntarios, a rigidez muscular, a instabilidade
postural e os tremores nas méos e na mandibula. Ainda, sdo observados alguns
sintomas nao-motores, como a disfuncdo cognitiva (Jankovic, 2008; Muangpaisan et
al., 2011). Estes sintomas sO se desenvolvem quando ha perda de 50-60% das
células dopaminérgicas e quando ha 80-85% menos liberacdo de dopamina no
corpo estriado (Marsden, 1996; Morais & De Strooper, 2010).

Além dos sintomas clinicos, a DP s6 é confirmada através de estudos post-
mortem, onde sdo verificadas alteracbes morfolégicas, como os corpos de Lewy
(Braak et al., 2003). Esta estrutura é caracterizada por inclusdes citoplasmaticas de
varios tipos de forma e de tamanho, cujos componentes principais sdo acumulos de

proteinas filamentosas anormais, como a a-sinucleina (Gasser et al., 2009).



A sindrome motora é conseqiéncia da degeneracdo de neurdnios
dopaminérgicos na substancia nigra pars compacta (SNpc), que esta localizada no
mesencéfalo. Estes neurdnios sdo parte integrante da via nigroestriatal, onde seus
corpos celulares estao localizados na SNpc e os axénios no corpo estriado (Dauer
and Przedborski, 2003). O resultado disso é a perda de dopamina nas areas de

projecéo estriatal, como ilustra a Figura 1 (Dawson &Dawson, 2003; Powe, 2009).

A. Normal B. Parkinson’s
Disease

Caudate
S
Putamen

{

<———Nigrostriatal=—7+7">

pathway \

Figura 1: Corte transversal na altura cérebro médio, destacando os ganglios da base
e uma representacéo esquematica da via nigroestriatal (em vermelho). A esquerda,
uma representacdo de um individuo normal. A direita, a representacdo de um
individuo com DP, onde se verifica uma significativa perda de neurdnios

dopaminérgicos na SNpc (retirada de Dauer e Przedborski, 2003).

Embora a degeneracgéo da via nigroestriatal contribua para o aparecimento de
muitos dos sintomas da DP, os mecanismos moleculares que provocam a morte
neuronal ainda n&o estdo esclarecidos. Dessa forma, determinar a causa da DP tem

sido o foco de muitas pesquisas em neurociéncias (Shapira & Jenner, 2011). Os



avangos nesta area mostraram que a causa pode ser uma interagdo entre a
suscetibilidade genética e os fatores ambientais (Schapira & Tolosa, 2010).

O estudo das formas genéticas da DP vem contribuindo para o entendimento
da sua patogénese. Dessa forma, existem estudos mostrando o efeito genético
nesse disturbio bem como identificando os principais genes envolvidos (Marder et
al., 1996). Estes genes sdo denominados PARK e pelo menos 13 locus distintos séo
responsaveis por forma mendelianas da DP, sendo que uma das principais
mutacgdes € na a-sinucleina (Dawson & Dawson, 2003; Henchcliffe & Beal, 2008).

No entanto, a maioria dos casos da DP é esporadica. Mesmo antes dos
estudos genéticos da DP, analises bioquimicas de cérebros post-mortem
estabeleceram a disfungcdo mitocondrial, 0 estresse oxidativo e agregacao de
proteinas como os principais fatores da patogénese desta doenca (Schapira, 2009;
Schapira & Jenner, 2011).

Estudos de necropsias de pacientes com DP mostraram que a atividade do
complexo |, componente da cadeia transportadora de elétrons, esta diminuida na
SNpc. Esta deficiéncia limita-se apenas a esta regido cerebral (Schapira et al., 1990;
Parker et al., 2008). A importancia da mitocondria na patogénese da DP aumentou
devido a identificacdo de mutac6es nos genes que codificam proteinas mitocondriais
(Henchcliffe & Beal, 2008).

Outra causa discutida para a patogénese da DP é o estresse oxidativo.
Existem evidéncias mostrando o dano oxidativo ao DNA, a proteinas e a lipidios na
SNpc, além da diminuicdo dos niveis de antioxidantes, como a glutationa (GSH)
(Parker & Swerdlow, 1998; Yokota et al., 2003; Taira et al., 2004; Betarbet et al.,
2006). Isso pode ser causado tanto pela disfuncdo mitocondrial como pelo

metabolismo da dopamina (Dawson & Dawson, 2003). Ainda, a SNpc apresenta um
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alto conteudo de ferro. Isso somado ao metabolismo da dopamina que produz H,0;
propicia a Reacdo de Fenton, gerando mais espécies reativas, como o radical
hidroxil (OH). Por fim, a SNpc apresenta baixos niveis de antioxidantes enzimaticos
e ndo-enzimaticos favorecendo o estresse oxidativo (Jenner, 2003).

Além disso, o dano ao sistema ubiquitina-proteossoma e 0 estresse
proteolitico podem contribuir para esta doenga. O déficit funcional e estrutural do
proteossoma e o0 acumulo de proteinas citotdxicas, como a a-sinucleina, sao
encontrados em neurdnios dopaminérgicos de pacientes com a DP (Chung et
al.,2001; Mcnaught & Olanow, 2003).

No entanto, estas hip6teses ndo sao excludentes e podem atuar em conjunto,
tendo como base a mitocondria e o estresse oxidativo, como ilustra a Figura 2. A
disfuncdo mitocondrial afeta um grande nimero de vias celulares, culminando em
dano nos componentes citoplasmaticos e na morte celular. Algumas funcdes e
morfologia anormais foram observadas na mitocondria em algumas formas da DP
(Henchcliffe & Beal, 2008).

A mitocondria é a maior fonte de radicais livres da célula, resultando no
estresse oxidativo. No entanto, esta organela também ¢é integrante da resposta ao
estresse oxidativo (Zhang et al., 1999). Ainda, o aumento do dano oxidativo leva ao
desequilibrio do sistema ubiquitina-proteossoma. Os radicais livres induzem a
agregacao da a-sinucleina e impedem a degradacao de proteinas (Jenner, 2003).
Estudos mostraram uma diminuicdo na atividade das subunidades 26/20S do
proteossoma na SNpc de pacientes com a DP (Mcnhaught & Olanow, 2003).

Por fim, a mitocdndria possui um papel importante na apoptose. Os neurdnios
dopaminérgicos da SNpc apresentam canais de calcio voltagem dependente

(Schapira, 2008). Dessa forma, durante os processos de excitotoxicidade, esta
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organela sequestra o calcio intracelular (Chan et al., 2007), resultando na liberacéo
de citocromo c e de fatores pro-apoptoéticos, como o fator de iniciacdo da apoptose,
gue inicia uma cascata de eventos culminando na morte do neurénio dopaminérgico

(Henchcliffe & Beal, 2008).

Impaired calcium

o homeostasis
Increased oxidative stress l Abnormal \
Reduced oxidative stress Reduced ATP production — mitochondrial Y
response l fission and fusion ".I
‘ Release of cytochrome ¢
\frlgg r;?j?ggls =—— | Weak excitotoxicity | andy}\”:
—_ —

Decreased UPS function - = Apoptosis

Figura 2: Patogénese da DP (retirada de Henchcliffe & Beal, 2008).

1.2 MODELOS EXPERIMENTAIS DA DP

Os modelos experimentais para DP sdo de grande importancia para 0s
avancos tanto na fisiopatologia bem como no desenvolvimento de novas terapias.
Um modelo ideal in vivo para este distirbio deve atender as seguintes
caracteristicas: 0os neurdnios dopaminérgicos devem estar normais nas fases iniciais
do desenvolvimento pré-natal, com degeneracao progressiva na fase adulta; e esta
degeneracdo deve implicar em sintomas motores observados na doenca.
Atualmente, nenhum dos modelos experimentais atende a essas caracteristicas
(Beal, 2010).

Os modelos experimentais da DP induzem a doenca através do tratamento
com neurotoxinas, as quais mimetizam os mecanismos fisiopatologicos do disturbio

em células dopaminérgicas (Beal, 2010). A seguir, discutiremos as principais
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neurotoxinas indutoras da DP bem como as caracteristicas de um neurénio

dopaminérgico.

1.2.1 Inducgéo da DP através de neurotoxinas

Vérios estudos epidemiolégicos sugerem que pesticidas (Bove et al., 2005;
Hatcher et al., 2008) e outras toxinas ambientais (Uversky, 2004) que inibem o
complexo | e causam estresse oxidativo estejam envolvidas na patogénese da DP.
Os inibidores do complexo | causam morte de células dopaminérgicas e levam a
formacéao de inclusdes semelhantes a corpos de Lewy, sendo dessa forma utilizados
para mimetizar a DP em modelos experimentais (Schapira, 2008). Exemplos de
neurotoxinas sao o 1-metil-4-fenil-1,2,3,6-tetrahidropiridina (MPTP), a rotenona, o
paraquat e a 6-hidroxidopamina (6-OHDA). A acdo das neurotoxinas descritas esta

ilustrada na Figura 3.

= onon)

Figura 3: Acdo das neurotoxinas indutoras da DP (Retirado de Beal, 2001)

O MPTP causa perda das células dopaminérgicas na SNpc e induz

parkinsonismo em primatas e roedores (Fahn, 1996). A toxina é capaz de atravessar
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a barreira hematoencefalica devido a sua alta lipofilicidade (Riachi et al., 1989; Bove
& Parier, 2011). O MPTP ndo é um composto toxico, por outro lado, quando
convertido pela monoamina oxidase B, seu metabodlito MPP™ (1-metil-4-fenilpiridina)
concentra-se nos neurdnios dopaminérgicos via transportadores de dopamina.
Dessa forma, o MPTP é responséavel pela morte celular através da inibicdo do
complexo | (Schober, 2004; Lee et al., 2006). Esta toxina também gera radicais
livres, dentre eles o 6xido nitrico (‘(NO), que provocam a morte dos neurdnios por
apoptose (Kitamura et al., 2003).

O paraquat (dicloreto de 1,1’-dimetil-4,4’-bipiridinio), um dos herbicidas mais
utilizados no mundo, também ¢é inibidor do complexo |. Essa substancia provoca a
agregacdo da proteina a-sinucleina resultando na degeneracdo de neurdnios
dopaminérgicos (Uversky, 2004; Hatcher et al., 2008).

A rotenona € um potente e especifico inibidor do complexo | da cadeia
respiratoria, muito utilizado como pesticida nos EUA. Diferentemente do MPTP e do
paraquat, a rotenona ndo se concentra nas células, mas também induz morte de
neurdnios dopaminérgicos, o que sugere uma possivel sensibilidade dessas células
a danos no complexo | (Uversky, 2004; Betarbet et al., 2006).

No entanto, 0 modelo mais usado para degeneracédo catecolaminérgica é a 6-
OHDA (Reichman et al., 1994; Bove & Perier, 2011). Esta neurotoxina foi a primeira
usada em modelos animais da DP (Beal, 2001). Desde entédo, a 6-OHDA é utilizada
tanto para estudos in vivo como para in vitro. Ainda, os niveis desta neurotoxina
estdo elevados no soro de pacientes da DP, por isso, diferentemente das outras
toxinas, ela pode ser encontrada fisiologicamente (Schober et al., 2004; Bove et al.,

2005).
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A 6-OHDA ¢é metabdlito da dopamina e a sua estrutura é muito semelhante a
esse neurotransmissor. Dessa forma, a toxina possui uma alta afinidade pelo
transportador de dopamina (DAT). Assim, a 6-OHDA € capaz de entrar no neurdnio
dopaminérgico causando dano as projecdes catecolaminérgicas (Lehmensiek et al.,
2006). Uma vez dentro do neurdnio, a 6-OHDA acumula no citosol e ocorre a sua
auto-oxidacgao, promovendo a formacao de espécies reativas de oxigénio bem como
a diminuicdo dos niveis de antioxidantes (Bove & Perier, 2011). Entretanto, ainda
nao foram elucidadas as contribuicdes dos sistemas antioxidantes frente ao dano
causado pela 6-OHDA. Além disso, a 6-OHDA pode acumular-se na mitocéndria,
onde inibe o complexo | da cadeia respiratéria (Schober, 2004).

Os neurdnios dopaminérgicos da SNpc, além de conter niveis significantes de
dopamina, também apresentam H,O, e ferro. Uma reacdo nao-enzimatica destes
trés elementos pode levar a formacao de 6-OHDA (Blum et al., 2001). Entretanto, a
sequéncia de eventos moleculares que leva a morte seletiva desses neur6nios pela
acdo da 6-OHDA ainda néo esta estabelecida.

Apesar da forte evidéncia do envolvimento das espécies reativas de oxigénio
e danos a mitocéndria, os mecanismos moleculares upstream da citotoxicidade da
6-OHDA que levam a disfuncdo dessa organela e o estresse oxidativo ainda nao
foram elucidados (Gomez-Lazaro et al., 2008). Estudos anteriores mostraram que a
morte celular causada pela 6-OHDA ¢é devida a apoptose. Ainda, acreditava-se no
envolvimento do poro de transicao de permeabilidade mitocondrial (Lee et al., 2006).
Entretanto, outros trabalhos mostraram o n&o envolvimento do poro e verificaram
um importante papel das proteinas p53, p38 MAPK, PUMA e Bax (Gomez-Lazaro et

al., 2008; Berstein et al., 2011).
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Apesar de muitos estudos buscarem 0s mecanismos de morte neuronal

causada pela 6-OHDA, os seus mecanismos de acao ainda devem ser elucidados.

1.2.2 Modelos experimentais de neurénio dopaminérgico

As células dopaminérgicas sdo a maior fonte de dopamina no sistema
nervoso central (SNC). Estas células estéo localizadas diencéfalo, no mesencéfalo e
no bulbo olfatério. No entanto, a maior concentracdo encontra-se na SNPc,
localizada no mesencéfalo (Bjorklund & Dunnett, 2007).

Para mimetizar uma célula dopaminérgica devemos saber suas
caracteristicas  fisiolégicas, bioquimicas e morfolégicas. Os neurdnios
dopaminérgicos sao um subtipo de neurdnio catecolaminérgico, que secreta
dopamina. Dessa forma, é importante conhecer a sintese deste neurotransmissor
bem como o0s processos sinapticos, pois as proteinas envolvidas nestes processos
podem servir como marcadores (Chinta & Andersen, 2005). Os neurdnios
dopaminérgicos maduros, além de possuirem marcadores neuronais comuns a
outros neurbnios, apresentam alguns marcadores especificos de células
dopaminérgicas que serdo discutidos a seguir (Liss & Roeper, 2008).

Exemplos de marcadores de neurbnios maduros inespecificos sdo enolase
neurbnio especifica (ENS), proteina nuclear de neurdnio (NeuN), sinaptobrevina e
sinaptofisina. A ENS é uma enzima glicolitica de trés subunidades a, 8 e y. Sua
subunidade y € expressa primariamente em neurdnios diferenciados (Kume et al.,
2008). Ja a NeuN €& uma proteina expressa na maioria dos neurdnios. Sua
imunorreatividade € observada em neurdnios diferenciados (p6s-mitéticos), nao
havendo sinal em zonas proliferativas (Weyer & Shiling, 2003). A sinaptobrevina e a

sinaptofisina s&o proteinas integrais de membrana localizada nas vesiculas
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singpticas de neurdnios maduros e estdo relacionadas com a liberacdo de
neurotransmissores. Estas proteinas co-localizam junto aos neuritos (Sarkanen et
al.,2007). Ha também marcadores de célula indiferenciada da linhagem neuronal,
como a nestina. Esta proteina € um filamento intermediario, responsavel pela
organizacdo do citoesqueleto. A nestina sofre down-regulation quando os
neuroblastos interrompem os processos de divisdo celular e sofrem processos de
diferenciacao (Thomas et al., 2004).

Entretanto, para verificarmos a origem dopaminérgica de um neurénio,
devemos conhecer a sintese do neurotransmissor dopamina. Ele é sintetizado a
partir do aminoacido aromatico tirosina. No primeiro passo da reacgdo, a tirosina
hidroxilase (TH), uma enzima limitante da sintese de catecolaminas, catalisa a
producdo de 3,4-dihidroxi-L-fenilalaina (L-DOPA). As reacdes subseqiientes sao
catalisadas pela L-aminoacido descarboxilase e pela dopamina-B-hidroxilase, que
formam a dopamina (Lawlor & During, 2004). Outro marcador dopaminérgico
importante é o DAT, responsavel pela recaptacdo do neurotransmissor na fenda
sinaptica (Presgraves et al., 2007).

Ainda, quanto a fisiologia, os neurénios da SNpc, bem como em todo o SNC,
apresentam baixos niveis de antioxidantes (Jenner, 2003). H4A uma baixa atividade
de catalase (CAT), superoxido dismutase (SOD) e a glutationa peroxidase (GPx)
(Halliwell, 2006). O principal antioxidante do SNC é a GSH. Por isso, para mimetizar
a fisiologia neuronal, os modelos experimentais de células dopaminérgicas devem
apresentar baixos niveis de antioxidantes (Beal, 2010).

Os modelos experimentais in vivo sao amplamente utilizados e séao
excelentes para avaliacdo da progressao da doenca bem como patologia. Exemplos

desse tipo de modelo sdo Drosophila, ratos e macacos. Os animais sao tratados
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com toxinas para induzir o distirbio ou utilizam-se modelos genéticos (knockout
para proteinas, como a a-sinucleina) (Beal, 2010). Entretanto, é dificil transpor os
resultados dos estudos em modelos in vivo para mecanismos moleculares e
celulares da DP. Além disso, ha uma grande variabilidade intra-espécie e muitos
fatores podem influenciar no estudo, por exemplo, o estresse (Bove et al., 2005).
Por isso, séo utilizados modelos in vitro, como o cultivo celular. Este tipo de modelo
pode ser dividido em trés areas: culturas primaria, organotipica e de linhagens
(Scdulle et al., 2009).

A cultura priméaria deriva de animais. Para preparar este tipo de modelo,
utiizam-se embrides. A parte ventral do mesencéfalo € retirada e, apdés o
isolamento, as células dopaminérgicas sao colocadas em meio de cultura especifico
(Han et al.,, 2003). Os neurbnios rapidamente diferenciam e formam neuritos e
sinapses (Falkenburger & Schulz, 2006). Apesar de apresentarem vantagens quanto
a morfologia e a bioquimica, este tipo de cultura apresenta algumas limitacdes.
Primeiramente, a praticidade do modelo é muito baixa, devido ao longo tempo de
processamento. Este tipo de cultura tem uma grande variabilidade e por isso ha
uma baixa reprodutibilidade dos dados. Ainda, o isolamento de neurdnios
dopaminérgico é pouco rentavel visto que somente 5-10% das células sdo TH-
positivas (Liu et al. 2008). Por fim, como o isolamento ndo € muito eficaz, h4 uma
grande contaminacao de células gliais (Falkenburger & Schulz, 2006).

Outro exemplo sdo as culturas organotipicas. Elas sao definidas como um
modelo in vitro que mantém as interacbes celulares in vivo e a estrutura
tridimensional (Studer, 2001). Uma vantagem deste tipo de modelo € a manutencao
da via nigroestriatal (Cavaliere et al., 2010). Para esta cultura também séo utilizados

0S animais neonatos, de onde o cérebro é retirado. Este & cortado de forma
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transversal e colocado em meio de cultura especifico. Os cortes sdo mantidos
durante de 10-12 dias (Stahl et al.,, 2009). No entanto, € dificil a realizacdo de
ensaios de viabilidade celular bem como verificar producdo de dopamina nesta
cultura (Falkenburger & Schulz, 2006)

Devido as desvantagens destes modelos in vitro, uma alternativa € o uso de
linhagens celulares. Elas sé@o células imortalizadas e podem ser mantidas em
cultura em um grande periodo de tempo devido a capacidade de proliferacdo. As
principais vantagens quando comparados com os demais modelos é a praticidade e
a reprodutibilidade, pois a populacdo celular € homogénea (Schille et al., 2009).
PC12 (feocromocitoma de rato) e MN9D (neuroblastoma de camundongo) sé&o
exemplos de linhagens celulares usadas como modelo de células dopaminérgicas,
por secretarem dopamina (Choi et al., 1992; Lee et al., 2006). Entretanto, a
linhagem de neuroblastoma humano SH-SY5Y é a linhagem mais utilizada na
literatura para o estudo da DP.

Os neuroblastomas sao tumores malignos neuroenddécrinos, onde os sitios
primarios sdo localizados nas glandulas adrenais. Estas células secretam
catecolaminas, que sdo usadas como marcadores tumorais na clinica para o
diagnéstico e monitoramento deste cancer. Por isso, estas células podem ser
utilizadas como modelos in vitro para DP (Howman-Giles et al., 2007).

A linhagem de neuroblastoma humano SH-SY5Y é um subclone derivado do
neuroblastoma SK-N-SH e sdo derivadas de sitio metastatico de medula Ossea.
Estas células, quando em cultura, se assemelham com neuroblastos do sistema
simpatico, apresentando morfologia epitelial com citoplasma escasso (Biedler et al.,
1978). Celulas desta linhagem estdo estacionadas nos estagios iniciais da

diferenciacdo neuronal e sdo caracterizadas bioquimicamente pela escassez de
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marcadores neuronais (Conroy & Berg, 1995; Gilany et al., 2008). Além disso, estas
células expressam baixos niveis de enzimas da via de sintese das catecolaminas,
como a TH e a dopamina B-hidroxilase. (Xie et al., 2010).

As células SH-SY5Y podem ser definidas como neuroblastos imaturos que
proliferam durante um grande periodo de tempo. Isso é uma grande desvantagem
do modelo, pois os neurdnios apresentam baixas taxas de proliferagao (Luchtman &
Song, 2010). Apesar da origem tumoral, muitos estudos mostraram que as células
de neuroblastoma SH-SY5Y podem ser diferenciadas em neurénios dopaminérgicos
através do tratamento com acido retindico (AR) (Pahlman et al., 1984).

O AR é a forma biologicamente ativa da vitamina A necesséria para o
desenvolvimento normal, incluindo apoptose, diferenciacdo e morfogénese de
diversos Orgaos e sistemas, como 0 sistema nervoso (Bain et al., 1995). O papel
desta neurotrofina na diferenciacdo neuronal é mediado através de receptores ao
AR e receptores retindides X (Mark et al., 2006). In vitro, o AR promove a
diferenciacdo e inibe a divisdo celular, bloqgueando a fase G1/S do ciclo celular
(Malik et al., 2000). Desta forma, o AR regula a transi¢cdo das células precursora

para a célula diferenciada pds-mitética (Ross et al., 2000), como ilustra a Figura 4.

NB cell line Differentiating Resulting phenotype
agent

A

SH-5Y5Y

v

retinoic acid 10 pM

lowering FBS to 1% Dopaminergic

neuron

Figura 4: Diferenciagao in vitro do neuroblastoma humano SH-SY5Y induzida por

AR (Adaptada de Edsjo et al., 2007).
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A inducao do processo de diferenciacéo ocorre pelo aumento da producéo de
catecolaminas, pelo aumento da expressao da enzima enolase e pela expresséo de
fatores de crescimento. Isso leva a formacdo de projecdes citoplasmaticas
(neuritos), induzindo a células a modificar a morfologia epitelial para a estrelada.
Ainda, o processo de diferenciacdo acarreta em aumento do imunoconteddo de
marcadores dopaminérgicos, como TH e DAT (Edsjo et al., 2007).

Apesar da diferenciacdo induzida por AR estar estabelecida, hd poucos
estudos mostrando as diferencas entre células proliferativas e diferenciadas desta
linhagem. Além disso, embora a diferenciacdo produza um fendtipo dopaminérgico,
ndo ha aplicacdo deste modelo para estudo da DP. Por fim, como ndo ha um
consenso dos protocolos de diferenciacdo apresentados na literatura, existe a
necessidade de estabelecer as melhores condi¢cdes da diferenciacdo dopaminégica

do neuroblastoma humano SH-SY5Y (Xie et al., 2010).
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2. OBJETIVOS

2.1 Objetivo Geral

O objetivo deste estudo foi estabelecer um protocolo de diferenciacéo
dopaminérgica da linhagem de neuroblastoma humano SH-SY5Y e demonstrar a
aplicacdo potencial do fenétipo diferenciado como modelo in vitro para o screening

neurotoxicidade/neuroprotecao e a possibilidade de manipulagcéo genética.

2.2 Objetivos Especificos

- estabelecimento das melhores condicbes experimentais para a diferenciacdo
dopaminérgica da linhagem de neuroblastoma humano SH-SY5Y;

- caracterizacdo das diferencas morfolégicas (presenca de neuritos) e
neuroquimicas (marcadores de diferenciacdo neuronal, como DAT, TH, NeuN, ENS
e nestina) em células proliferativas e em diferenciadas da linhagem de
neuroblastoma humano SH-SY5Y;

- determinacdo de parametros redox em células proliferativas e diferenciadas da
linhagem de neuroblastoma humano SH-SY5Y;

- determinacdo da citotoxicidade (DLsp) da 6-OHDA e do H,O, em células
proliferativas e diferenciadas da linhagem de neuroblastoma humano SH-SY5Y e a
contribuicdo do sistema Glutationa Redutase (GR) e Tioredoxina Redutase (TrxR)
na defesa celular frente a ambos insultos;

- demonstrar o uso potencial do fendtipo diferenciado da linhagem de
neuroblastoma humano SH-SY5Y como modelo in vitro para o screening de
compostos neurotdxicos/neuroprotetores;

- estabelecer das condi¢des experimentais para a transfecgao e superexpressao de

genes de interesse na linhagem diferenciada de neuroblastoma humano SH-SY5Y.
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3. RESULTADOS
Os principais resultados dessa dissertacdo estdo apresentados na forma de
artigos cientificos e dados suplementares (Capitulos |, 1l e Resultados

Suplementares | e II).
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CAPITULO I: Manuscrito publicado no periddico Brain Research em 06/2010

“Comparison Between Proliferative and Neuron-like SH-SY5Y Cells as an In Vitro

Model for Parkinson Disease Studies”
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1. Introduction

Parkinson disease (PD) is one of the most common neurode-
generative disorders, affecting about 2% of the population over
the age of 60 (Lo Bianco et al., 2004). This chronic disturb
causes severe motor dysfunction, such as bradykinesia,
resting tremor, rigidity, postural instability, and also affects
autonomic function and cognition (Poewe, 2008; Lesage and
Brice, 2009). Pathologically, it is associated with the profound
loss of dopamine-producing neurons in the substantia nigra
pars compacta and the presence of Lewy bodies in affected
regions of the central nervous system (Schapira, 2008).
Although several factors, including mitochondrial dysfunc-
tion, oxidative stress and apoptosis have been suggested to
contribute to cell death in PD, its etiology remains unknown
(Prabhakara et al., 2008).

6-hydroxydopamine (6-OHDA) is the most used toxin in
experimental models of PD (Gomez-Lazaro et al., 2008; Ikeda
et al, 2008; Mu et al., 2009). Because this neurotoxin has
similar structure to dopamine, it shows high affinity for the
dopamine transporter and for this reason selectively destroys
dopaminergic/catecholaminergic neurons (Lehmensiek et al.,
2006). Once inside the neuron, 6-OHDA accumulates and
undergoes non-enzymatic auto-oxidation, promoting free
radical formation (Bladini et al., 2008). The inhibitory effect
over complex I activity in mitochondria also accounts for the
described mechanism of reactive oxygen species (ROS) gener-
ation by this neurotoxin (Lehmensiek et al., 2006; Inden et al.,
2006; Chin et al., 2008). Moreover, 6-OHDA induces cell death of
human neuroblastoma SH-SYSY (Jordan et al., 2004) and
mouse pheochromocytoma PC12 cell lines (Nie et al., 2002)
and selectively kills tyrosine hydroxylase (TH)-immunoreac-
tive neurons in substantia nigra and striatum in animal models
of intranigral-administration (Inden et al., 2006).

Exponentially growing SH-SY5Y cells treated with 6-OHDA
are often used as an in vitro model for PD (Hwang and Jeong,
2008; Lev et al., 2008). This cell line is a human catecholamin-
ergic neuroblastoma derived from SK-N-SH, which resembles
immature sympathetic neuroblasts in culture (Biedler et al.,
1978). These cells are typically locked in an early neuronal
differentiation stage, characterized biochemically by the low
presence of neuronal markers (Biedler et al., 1978; Gilany et al.,
2008). In this regard, the proliferative SH-SY5Y cells do not
represent a suitable experimental model for studying the
molecular and cellular mechanisms underlying the patho-
physiology of PD, a disease that affects primarily differentiat-
ed dopaminergic neurons (Schapira, 2008).

In spite of that, many lines of evidence have indicated that
human neuroblastoma SH-SYS5Y cells are able to acquire
neuron-like phenotypes with neurite outgrowth and branches
by all-trans-retinoic acid (RA) treatment (Pahlman et al., 1984,
Miloso et al., 2004). RA is essential in embryonic development
and maintenance of growth and differentiation of epithelial,
fibroblastic and myelomonocytic cells (Bastien and Rochette-
Egly, 2004). Hence, RA controls cellular differentiation pro-
cesses by modulating the expression of several RA-responsive
genes by the activation of retinoic acid/retinoid nuclear
receptors (Mark et al., 2006). In vitro, RA also plays a role in
regulating transition from the proliferating precursor cell to
post-mitotic differentiated cell (Lépez-Carballo et al., 2002).

Although some previous reports have addressed the RA-
differentiation process in SH-SYSY cells (Lopez-Carballo et al.,
2002; Savickiene et al., 2009), there are few studies that
compare the changes in neuronal markers in SH-SY5Y cells
undergoing the differentiation process, and their cellular
response to 6-OHDA (Cheung et al., 2009).

Here we evaluate morphological, biochemical and cytotox-
ic parameters related to human neuroblastoma SH-SYSY cells
differentiated by RA treatment and challenged with 6-OHDA.
Our results suggest that SH-SYSY cells differentiated by 7 days
with 1% FBS and RA represent a more suitable experimental
model for studying the molecular and cellular mechanisms
underlying the pathophysiology of PD.

2. Results
2.1. Cell morphology analysis

To demonstrate that SH-SY5Y cells can be differentiated to a
neuronal-like phenotype with the combination of lowering
fetal bovine serum (FBS) and RA treatment, we first analyzed
changes in cell morphology. We observed a complete
decrease in cellular proliferation rate (data not shown) and
the induction of extensive neurites outgrowth by the

>

proliferative cells

oy}

differentiated cells

Fig. 1 - Morphological parameter of human neuroblastoma
SH-SY5Y cells differentiated with retinoic acid. Representative
phase contrast images of proliferative SH-SY5Y cells in culture
medium with 10% of FBS (A). Representative phase contrast
images of RA-differentiated human neuroblastoma cell line
SH-SY5Y cultured for 7 days with 10 pM RA in culture medium
with 1% of FBS (B). Note the stellate morphology and the
abundance of neurites in differentiated cells

(400x magnification).
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differentiation protocol of SH-SYSY cells (Fig. 1). This change
in morphology was observed as early as 24 h of treatment.
No further differences were observed during the differenti-
ation process (4, 7 and 10 days). Exponentially growing cells
maintained a typical epithelial morphology (Fig. 1A). Fig. 1B
shows a representative image of SH-SYS5Y cells over 7 days of
differentiation.

2.2. Western blot and immunocytochemistry

Changes in specific neuronal and non-differentiated cell
markers during the differentiation process were evaluated by
Western Blot immunoassay. A significant increase in the
immunocontent of the neuronal markers TH, neuron specific
enolase (NSE) and neuronal nuclei protein (NeuN) in differen-

tiated cells (4, 7 and 10 days of differentiation) as compared to
proliferative cells (representative western blots in Fig. 2A, and
respective densitometry analysis in Fig. 2B) were found. On
the other hand, a significant decrease in the non-differenti-
ated cell marker nestin was observed only in 7 and 10 days of
differentiation (Fig. 2). Based on these data, we re-evaluate the
differentiation cells markers through immunocytochemistry
and western blot analysis in proliferative and 7- day RA-
differentiated SH-SY5Y cells (Fig. 3). These data confirmed
that only 7-day RA-differentiated cells expressed TH, NSE and
NeuN, with the concomitant decrease in nestin immunocon-
tent (Fig. 3). Insert boxes show the intense cytosolic immunor-
eactivities of NSE and TH in differentiated cells and nestin in
proliferative cells, and nuclear immunoreactivity of NeuN in
differentiated cells (Fig. 3A).
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Fig. 2 - Changes in the immunocontent of selected neuronal and non-differentiated cell markers in human neuroblastoma cell line
SH-SY5Y during 4, 7 and 10 days of differentiation. (A) Representative immunoblots of the neuronal markers neuron-specific
enolase (NSE), neuronal nuclei protein (NeuN) and tyrosine hydroxylase (TH) and the non-differentiated marker nestin.

(B) Densitometric analysis of bands representing means+SD of three independent experiments. B-actin was used as loading
control, as described in experimental procedure section. ***Statistically different from the corresponding control values, p<0.001

(one-way analysis of variance).
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Fig. 3 - Immunocytochemistry and Western blot analysis of selected neuronal and non-differentiated cell markers in
proliferative and 7-days-differentiated human neuroblastoma cell line SH-SY5Y. (A) Representative immunocytochemistry
images (Insert boxes: representative images with higher magnification) and (B) western blots showing the immunocontent in
triplicates of neuronal and non-differentiated markers. (C) Densitometric analysis of bands representing means=+SD of three
independent experiments. B-actin was used as loading control, as described in experimental procedure section. *Statistically
different from the corresponding control values, p<0.05; ***p<0.001 (Student t test).

2.3. 6-OHDA cytotoxicity

After exploring the differences between proliferative and RA-
differentiated SH-SY5Y cells, we examined their susceptibility
to 6-OHDA. Proliferative and differentiated SH-SY5Y cells were
exposed to different 6-OHDA concentrations for 24 h and drug
neurotoxicity was assessed. To establish the optimal experi-
mental dosage, we first plotted a dose-response curve (Fig. 4A).

We found that RA-differentiated cells are more susceptible to
this neurotoxin. However, in 4 days of differentiation, the drug
Glso value is not distinct from proliferative cells. Only in 7 and
10 days of RA-differentiation, the drug Glsp, value had a
significant decrease (i.e., increased sensitivity) compared to
proliferative cells. Based on these data, we next decided to run
the ensuing experiments using 35 or 15uM 6-OHDA in
proliferative and in cells with 7 days of differentiation,
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Fig. 4 - Differences in sensitivity of proliferative and differentiated human neuroblastoma cell line SH-SY5Y to the 6-OHDA
neurotoxin. Cells were treated with different concentrations of 6-OHDA for 24 h, and the drug cytotoxicity was evaluated using
the MTT assay, as described in experimental procedure section. (A) Cytotoxicity curves for 6-OHDA. (B) GIso value for 6-OHDA
obtained during the different days of differentiation. The data represent means+SD for three experiments carried out in
quadruplicates. ***Statistically different from the corresponding control values, p<0.001 (one-way analysis of variance).

respectively, which were the drug concentration that reduced
cell viability about 50% (drug Gls, value).

2.4.  Mitochondrial membrane potential and DJ-1
immunocontent

6-OHDA treatments induce loss of mitochondrial membrane
potential in both proliferative and differentiated SH-SY5Y cells
(Fig. 5A). Interestingly, even though the proliferative cells are
more resistant to this neurotoxin (higher Glsp value), time
course experiments showed that mitochondrial depolariza-
tion firstly occur in proliferative than neuron-like differentiated
cells challenged with 6-OHDA (3 and 6h of treatment,
respectively) (Fig. 5A). In order to further investigate the
molecular mechanism involved in the delay in mitochondria
depolarization found in differentiated cells, we examined the
levels of the neuroprotective protein DJ-1in both experimental
groups. We found an increase in DJ-1 levels during the
differentiation process. To confirm these data, we performed
another western blot in proliferative and 7-day RA-differen-
tiated SH-SYSY cells. Differentiated cells expressed signifi-

cantly higher amount of this neuroprotective protein (Fig. 5B).

3. Discussion

The etiology of Parkinson disease is still not fully understood,
but genetic analyses, epidemiologic studies and development
of new in vitro experimental models of PD will potentially
provide important new insights into the pathogenesis of PD
(Dawson and Dawson, 2003). While primary rat midbrain cell
cultures have been widely used to study the biochemical
cascades involved in PD, they are not derived from human
source and they present only 6 - 15% TH-positive neuronal
cells (Liu et al., 2008), which limits the translation of potential
findings into the pathophysiology of PD. Due to the difficulty
to find a suitable and accessible model for PD studies,
exponentially growing human neuroblastoma or rat pheo-
chromocytoma cell lines (e.g. SH-SY5Y and PC12) are often
used to study the idiopathic PD with respect to molecular and

neurochemical parameters (Lee et al., 2002; Gomez-Lazaro
et al., 2008). However, these cell lines are tumor cells, so that
they have oncogenic and mitogenic properties (Biedler et al,,
1978).

The novel findings presented here are that the human
neuroblastoma SH-SYSY cell line differentiates into a dopa-
minergic neuron-like by the combination of lowering the FBS to
1% and 10 uM RA treatment for 7 days, leading to the
acquisition of all desired morphological and biochemical
characteristics of an in vitro cellular model to study PD.
Moreover, during the differentiation process this cell line
presents an increase in DJ-1 protein immunocontent, a
neuroprotective protein that has been extensively related to
an early onset of PD.

Even though the differentiation properties of retinoic acid
over human neuroblastoma cell line SH-SYS5Y have been
widely investigated (Miloso et al., 2004; Guarnieri et al., 2009),
few works explored these features to be used as an in vitro
model for PD research (Tieu et al., 1999; Cheung et al. 2009). To
address whether RA-differentiated SH-SY5Y cells are func-
tionally mature, our study showed the detailed characteristics
of proliferative and RA-differentiated SH-SYS5Y through the
immunoreactivity of several neuronal markers, cellular mor-
phology and response to 6-OHDA treatment.

We observed an increase of the neuronal markers TH, NSE and
NeuN, starting at 4 days of RA-dependent differentiation process.
TH, a classical dopaminergic cell marker, has low immunocon-
tent and is not active in proliferative SH-SY5Y cells. TH is the rate-
limiting enzyme in catecholamine synthesis, hence, these cells do
not secrete dopamine (Biedler et al., 1978; Seitz et al., 2000). RA
treatment induces TH expression and activates phosphatase 2A,
which dephosphorylates and activates TH, turning them into
dopamine-producing cells (Pahlman et al.,, 1984; Dunkley et al,,
2004). Therefore, our findings are in agreement to these data.
However, this subject is still controversial since there are few
studies showing the expression of dopaminergic cells markers in
proliferative cells (Cheung et al., 2009; Guarnieri et al., 2009).
Therefore, another neuronal marker studied here was NSE. The
differentiation protocol causes an increase of NSE immunocon-
tent and its activity, reinforcing that RA-differentiated SH-SY5Y
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Fig. 5 - Loss of membrane potential in proliferative and differentiated cells of the neuroblastoma cell line SH-SY5Y challenged
with 6-OHDA and the DJ-1 protein immunocontent. (A) Cell were treated with respective 6-OHDA GIs, value, harvested and
incubated with JC1 (10 pg/mL) at 37 °C for 15 min. The data represent means +SD for three experiments carried out in
quadruplicate. **Statistically different from the corresponding control values, p<0.001 (one-way analysis of variance). (B) DJ-1
immunocontent of proliferative and 7 days differentiated SH-SY5Y cells. The figure represents immunoblots showing
representative high DJ-1 expression in differentiation cells. The graph shows the quantification of DJ-1 immunocontent.
“**Statistically different from the corresponding control values, p < .001 (one-way analysis of variance). (B) Densitometric
analysis of DJ-1 immunocontent bands representing means+SD of three independent experiments. B-actin was used as
loading control, as described in experimental procedure section. ***Statistically different from the corresponding control values,

p<0.001 (one-way analysis of variance/Student t test).

cells acquired a more neuronal phenotype (Pahlman et al., 1984;
Cheung et al., 2009). Moreover, we also observed an increase in
NeuN, which is only expressed in neurons upon maturation, and
therefore served as a neuronal marker (Weyer and Schilling, 2003;
Cheung et al, 2009). Although we found an increase in the
immunocontent of all these neuronal markers as early as 4 days
of differentiation, there is an equal amount of nestin protein in
proliferative and in 4 days differentiated SH-SY5Y cells. After
7 days of RA differentiation, the expression of nestin decreases
significantly, keeping this cellular profile through 10 days of
treatment. Nestin, an intermediate filament, is expressed in a
cell-cycle-dependent manner. Nestin is down-regulated as neu-
roepithelial stem cells cease division and differentiate along their
respective neuronal lineages (Hockfield and McKay, 1985; Fuchs
and Weber, 1994; Thomas et al., 2004).

Immunocytochemistry assay confirmed the changes in the
immunocontent of the cells markers. We detected immuno-

reactivity of NSE and TH in the cytoplasm of RA-differentiated
cells and the NeuN immunoreactivity was verified in the
nuclear compartment. On the other hand, nestin immuno-
reactivity was found in the cytoplasm of proliferative cells.
Our data are not in agreement with a previous study that
showed immunoreactivity of NSE and TH in both cytoplasm
and nucleus (Cheung et al., 2009). In spite of that, there are few
studies showing that these are cytosolic proteins (Odelstad
et al.,, 1981; Dunkley et al., 2004).

As previously shown, SH-SY5Y cells must be differentiated
in vitro at least 7 days to show mature excitability, action
potential propagation and formation of synaptic vesicles
(Sarkanen et al., 2007, Cheung et al., 2009). These data are in
agreement with our findings. Therefore, our study confronts
previous data that suggested there are limited changes in
dopaminergic markers immunocontent after RA differentia-
tion (Cheung et al., 2009).
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After characterizing the differences between these experi-
mental models, we analyzed their responsiveness to 6-OHDA.
Proliferative and 4-day-RA-differentiated SH-SY5Y cells
responded equally to this neurotoxin. In 7 and 10 days of
differentiation, we found an increased sensitivity to this neuro-
toxin. The only dramatic difference between 4-, 7- and 10-day RA-
differentiated cells found here was in nestin immunocontent.
Previous studies showed that the reduction of nestin expression
by siRNA resulted in clearly vulnerability to oxidant-induced
(H0,) cell death in neuronal progenitors (Sahlgren et al., 2006).
Furthermore, this protein has been associated with tumor
aggressiveness (Weggen et al, 1997), and downregulation of
nestin in neurons activates Cdk5/p35-dependent apoptosis,
suggesting that nestin serves as a survival factor, protecting
neuronal progenitors from stress-induced cell death (Thomas
et al.,, 2004; Reimer et al., 2009). So that, the role of nestin in the
resistance to 6-OHDA remains to be described.

In contrast to our data, there are studies showing that RA-
differentiated SH-SY5Y cells are more resistant to neurotoxins
like 6-OHDA (Tieu et al., 1999; Cheung et al., 2009). Tieu et al.
showed that RA-differentiated SH-SYS5Y cells decreased p53
protein (proapoptotic), thus resulting in vulnerability to 6-
OHDA. They discuss this data based on both proliferative and
RA-differentiated SH-SY5Y cells have an inactive p53, which is
sequestered in the cytoplasm (Moll et al., 1995). Nevertheless,
another study verified that transcriptional active p53 is found in
the nucleus of RA-differentiated cells (Chen et al., 2007). Hence,
the association between p53 and neurotoxin resistance suggested
by this study is not known. Moreover, Cheung et al. also showed
that RA-differentiated SH-SY5Y cells are less susceptible to the 6-
OHDA cytotoxicity, probably because of the up-regulation of the
survival signaling pathways, including the increase of Akt and
Erk1/2 expression. Based on these, they suggest that the best
experimental model for study PD is proliferative cell. The data
present here support the opposite conclusion.

Even though proliferative cells present a two-fold higher
Glso value for 6-OHDA, time course experiments showed that
mitochondrial depolarization, a marker of organelle dysfunc-
tion, firstly occurs in proliferative (3h) than in neuron-like
differentiated cells (6 h) once challenged with 6-OHDA. These
data are in agreement with another study that showed a
collapse of the mitochondrial membrane potential in prolif-
erative SH-SYSY cells rapidly after 6-OHDA treatment (lkeda
et al.,, 2008). This study also showed that 6-OHDA induces the
formation of intracellular reactive oxygen species (ROS). The
resultant oxidative stress triggers the activation of the p38
MAPK cascade, leading to the lost of ATy, and cytochrome c
release, which results in caspase 9- and 3-dependent apopto-
sis. On the other hand, there is no data showing the effect of 6-
OHDA in mitochondrial dysfunction in RA-differentiated cells.

Differences in mitochondria depolarization kinetics trigged
by 6-OHDA suggest that differentiated cells present an extra
mitoprotective feature against this neurotoxin. This finding
could be related to the significant increase in the levels of the
protein DJ-1 during differentiation treatment found here. DJ-1
protein belongs to the DJ-1/ThiJ/Pfpl superfamily of proteins,
which are conserved in many different organisms (Mizote
et al. 1999). Mutations in this protein have been strongly
related to an early onset of PD (Bonifati et al., 2003). It was
demonstrated that the expression of DJ-1 can be induced by

ROS (Sekito et al., 2006), and their mutant forms make the
neuron more susceptible to the cell death induced by oxidative
stress (Xu et al., 2005; Miyazaki et al., 2008). DJ-1 is exclusive
cytosolic, however, upon oxidative damage this protein
translocates to the mitochondria (Zhang et al., 2005). So, DJ-1
plays a role in mitochondrial maintenance (Zhong and Xu,
2008). Hence, the expression of this protein protects the
mitochondria of differentiated cells from the 6-OHDA toxicity
and delays mitochondria depolarization (REF), but the neuro-
protective mechanism of DJ-1 over the mitochondria remains
to be described. Furthermore, previous studies showed the
increase of Akt in RA-differentiated cells (Lopez-Carballo et al.,
2002; Cheungetal., 2009). Cheung et al. associated the increase
of Akt immunocontent with the resistance to 6-OHDA in
differentiated cells. Since it is known that DJ-1 can activate Akt
(Clements et al., 2006), this mechanism could be related to the
delay in mitochondria depolarization found here in differen-
tiated cells challenged with 6-OHDA. More studies are
necessary to explore the role of DJ-1/Akt in 6-OHDA-induced
neuronal dysfunction.

Hence, our data suggest that 7-day-RA-differentiated form
of SH-SY5Y cells represents a more suitable experimental
model for studying the molecular and cellular mechanisms
underlying the pathophysiology of PD.

4, Experimental procedures
4.1. Reagents

Materials used in cell culture were acquired from Gibco®/
Invitrogen (Sdo Paulo, SP Brazil). Chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO, USA).

4.2. Cell culture and differentiation

Exponential growing human neuroblastoma cell line SH-
SYSY, obtained from ATCC (Manassas, VA, USA), were
maintained in a mixture 1:1 of Ham’s F12 and Dulbecco
Modified Eagle Medium (DMEM) supplemented with 10%
heat-inactivated FBS, 2mM of glutamine, 0.28 ug/pL of
gentamicin and 250 pg of amphotericin B, in a humidified
atmosphere of 5% of CO, in air at 37 °C. Cell medium were
replaced each 3 days and the cells were sub-cultured once
they reached 90% confluence. All treatments were performed
when cells were ~75% confluence. For the immunocyto-
chemistry, MTT assay and JC-1 fluorescence, the cells were
plated in a 24-well plated at density of 6x10* cells per well.
For western blot analysis, the cells were seeded into bottles of
75 cm?® at density of 5x10° cells. After 24 h of cell plating,
differentiation was induced by lowering the FBS in culture
medium to 1% plus RA at 10 uM during 4, 7 and 10 days. This
treatment was replaced each 3days to replenish RA in
culture media. Hence we choose these specific days of
differentiation because these are the days of retinoic acid
replacement in the culture medium. To evaluate the differ-
ences in cell morphology in proliferative and cells differen-
tiated for 4, 7 and 10 days, we analyzed them under phase
contrast light microscopy. Images were captured with NIS-
elements software.
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4.3. Western blot

After 24 h plating (proliferative cell) or after the differentiation
treatment, cells were washed with PBS and resuspended in a
Tris-buffer (pH 7.0) with protease inhibitor (Roche®), sonicated,
and its total protein extracts (20 ug) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred onto a PVDF membrane. Thereafter,
nonspecific binding was blocked with 5% of BSA in TTBS for 1 h
at room temperature. Membranes were then incubated over-
night at4 °C with rabbit anti-TH (1:5000) from Sigma Chemical Co
(St. Louis, MO, USA), rabbit anti-NSE (1:20000), rabbit anti-nestin
(1:5000), mouse anti- NeuN (1:1000) or mouse anti-DJ-1 (1:10000)
from Chemicon/Millipore® (Billerica, MO, USA). After washing,
the membrane was incubated with peroxidase-conjugated
secondary antibodies (1:5000 or 1:10000) from Dako® (Glostrup,
DK) for 2h at room temperature. Bands were visualized with
Super Signal West Pico Chemiluminescence Substrate from
PIERCE® (Rockford, I1, USA). Membranes were then striped and
reprobed with rabbit anti-f-actin antibody (1:5000) from Sigma
Chemical Co (St. Louis, MO, USA) followed by goat anti-rabbit
peroxidase-conjugated secondary antibody (1:5000) from Dako®
(Glostrup, DK).

4.4. Immunocytochemistry

Cells were washed twice with PBS to remove the excess of
culture medium followed by the fixation in acetone:methanol
(1:1 v/v) for 20 min. The endogenous peroxidase was inhibited
by methanol:hydrogen peroxide (95:5% v/v). Non-specific
binding were blocked with 1% BSA in PBS-Triton-X100 for
1h. Cells were incubated with the rabbit anti-TH (1:500),
rabbit anti-NSE (1:2000), rabbit anti-nestin (1:500) and mouse
anti-NeuN antibodies overnight at 4 °C. After washing the
cells with PBS/ 0.02% Triton-X100, they were incubated with
biotinylated secondary antibody for 1 h at room temperature
followed by the incubation of tertiary antibody linked with
horseradish peroxidase-streptavidin complex. The color re-
action is constituted by 0.06% of diaminobenzidine (DAB) and
1% of hydrogen peroxide in PBS. The cells were covered in this
solution for 5min at room temperature. Images were
visualized under light microscopy and captured NIS-elements
software.

4.5. 6-OHDA cytotoxicity

6-OHDA was freshly prepared in 0.1% ascorbic acid to avoid
oxidation. Cytotoxicity of 6-OHDA were evaluated by exposing
cells to different concentrations of this neurotoxin for 24 h at
37 °C, and cell viability was estimated by the quantification of
the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction to a blue formazan product by
cellular dehydrogenases (Fang et al., 2005). At the end of the
treatments, the medium was discarded and a new medium
containing 0.5 mg/mL MTT was added. These cells were
incubated for 1 h at 37 °C. This medium was discarded after
the incubation and the cells were washed three times with
PBS. DMSO was added to solubilize the formazan crystals for
30 min. Absorbance was determined at 560 nm and 630 nm in
a SoftMax Pro Microplate Reader (Molecular Devices®, USA).

4.6.  Mitochondrial membrane potential (A®,,,)

Proliferative and 7-day RA-differentiated SH-SY5Y cells were
treated by different time with their correspondent Gls, value
of 6-OHDA (35 and 15 uM, respectively) to evaluate the
mitochondrial depolarization, as previously described (Klamt
and Schacter, 2005). Cells (0.5x10° cells/mL) were incubated
for 20 min at 37 °C with 10 pg/pL of a lipophilic cationic probe
5,5, 6,6’-tetrachloro-1,1’, 3,3’-tetraethylbenzimidazolcarbo-
cyanine iodide (JC-1), centrifuged, washed once with PBS,
transferred to a 96-well plate (10° cells/well), and assayed
using SoftMax Pro fluorescence plate reader (Molecular
Devices®, USA) with the following settings: excitation at
485 nm, emission at 540 and 590 nm, and cut-off at 530 nm.
AV, was estimated using the ratio of 590 nm (J-aggregates)/
540 nm (monomeric form).

4.7. Protein quantification

The proteins contents were measured by the Bradford assay
(Bradford, 1976).

4.8. Statistical analysis

Band intensities of western blots were quantified by a
densitometer and expressed as relative values to the controls.
Data are expressed as means=SD from at least three
independent experiments. For statistical analysis, quantita-
tive data were analyzed by Student t test and the one-way
analysis of variance (ANOVA) followed by Neuman-Keuls test.
Differences were considered significant at p<0.05.
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RESULTADOS SUPLEMENTARES |I: Caracterizacdo redox entre células
proliferativas e diferenciadas da linhagem de neuroblastoma humano SH-
SY5Y.

No capitulo I, n6s estabelecemos as condi¢cdes da diferenciacdo induzida
pelo AR através da morfologia, da neuroquimica e da citotoxicidade a 6-OHDA.
Nesta sessdo, nds iremos apresentar dados que ndo compdem um manuscrito, mas
contribuirdo para uma melhor compreensdo da discussédo deste trabalho quanto a
caracterizacdo dos fenétipos tumoral e neuronal da linhagem de neuroblastoma
humano SH-SY5Y.

NOs avaliamos as diferencas entre os dois modelos quanto ao perfil redox
(pardametros enzimaticos: CAT, SOD, GPx, Glutationa-S-Transferase — GST, GR e
TrxR; e ndo enziméticos: niveis de tiis reduzidos e niveis de GSH). Foi observado
gque as células diferenciadas apresentam uma maior atividade de enzimas
antioxidantes (CAT e GST) bem como maiores niveis de tidis reduzidos. Entretanto,
dois parametros avaliados (atividade da TrxR e niveis de GSH) tiveram uma maior
atividade nas células proliferativas (Tabela 1)

Ainda, nos verificamos a citotoxicidade de outra espécie reativa nos dois
modelos, o H,O, (Figura 1A), sendo que as células diferenciadas foram mais
resistentes a este oxidante. Este dado pode estar relacionado com o aumento da
atividade das enzimas antioxidantes encontradas no fenot6tipo neuronal.

Além disso, avaliamos o imunoconteudo do marcador dopaminérgico DAT,
visto que este dado nao foi discutido no capitulo I. O aumento dos niveis desse
transportador podem estar relacionados com a suscetibilidade a 6-OHDA

encontradas nas células diferenciadas (Figura 1C)
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Também foi avaliada a contribuicdo dos sistemas antioxidantes de forma
mais acurada através da inibicdo das enzimas TrxR (inibidor: Auronofina - Au) e da
GR (inibidor: 2-acetilamino-3-[4-(2-acetilamino-2-carboxietilsulfaniltiocarnilamino)
phenyltiolcarbamoilsulfanl] &cido propiénico — AAPA (Figura 2A). Apos isso as
células foram co-tratadas com inibidor e doses subletais das toxinas: 6-OHDA (6.25
MM) ou H,O; (400 uM). Os dados mostraram que a TrxR tem um papel importante
na defesa celular frente a 6-OHDA, devido a potencializacdo da morte quando as
células diferenciadas sdo co-tratadas com Au. Ja na citotoxicidade do H,O,, foi
observado que ambas as enzimas estdo relacionadas com a morte causada por
este oxidante (Figura 2C).

Estes resultados complementam a primeira etapa desta dissertacdo, cujo
objetivo era a -caracterizagcdo de diferencas relevantes entre os fendtipos
proliferativos e diferenciados da linhagem de neuroblastoma humano SH-SY5Y.

Table 1: Differences in redox parameters between human neuroblastoma SH-SY5Y
cell line phenotypes.

Proliferative cells  Differentiated cells P
Antioxidant Enzyme Defenses
CAT (U/mg protein) 0.36 £ 0.01 1.43 £0.27* 0.014
GPx (U/mg protein) 2.83+0.87 3.85+0.91 0.233
GR (U/mg protein) 18.45 + 4.82 22.82 +4.71 0.203
TrxR (U/mg protein) 9.92+252 5.17 £ 1.48* 0.019
GST (U/mg protein) 9.96 £ 4.46 25.31 £ 3.23* 0.003
SOD (U/mg protein) 10.18 £ 4.42 19.52 +5.35 0.080
Non-Enzymatic Defenses
-SH levels (nmol/mg protein) 17.57 £ 9.69 39.16 £+ 9.08** 0.002
GSH levels (nmol/mg protein) 16.44 + 2.46 7.84+1.16

Exponentially growing human neuroblastoma SH-SY5Y or RA-differentiated cells were harvested,
washed with 10 mM saline phosphate buffer (pH 7.4) and frozen at -80°C and thawed twice. Cell
extracts were centrifuged and the supernatant was collected for analysis. Data are expressed as
mean + SD from at least three independent experiments performed in triplicates (n = 3) and analyzed

by Student t test. Differences were considered significant at P < 0.05 (*) or P £0.01 (**).
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Figure 1. Differences in H,O, and 6-OHDA cytotoxicities and changes in the
immunocontent of DAT dopaminergic cell marker in proliferative and differentiated
human neuroblastoma cell line SH-SY5Y. (A) Cytotoxicity curves and LDs, value for
(A) H.O, and for (B) 6-OHDA. (C) Representative immunoblot of DAT and
densitometric analysis of bands representing means + SD of three independent
experiments. B-actin was used as loading control. Data are expressed as mean = SD
from three experiments performed in triplicates (n = 3) and analyzed by Student t

test.
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Figure 2: Activity of the antioxidant enzymes and cell viability in differentiated cells
treated with Au and AAPA. Differentiated cells were pretreated for 30 min with the
inhibitors and the (A) specific enzymatic activity and (B) cell viability was measured.
(C) Cell viability in differentiated cells exposed after a 30-min pre-incubation with Au
or AAPA. Cells were exposed to 6-OHDA and H,O for 24 hours. Cell death caused
by inhibitor was discounted for the calculation in the groups “inhibitor + toxin”. Data
are expressed as mean = SD from three independent experiments (n = 3) and
analyzed by one-way analysis of variance. Statistical differences are expresses by

letters. p<.05 (one-way analysis of variance).

39



CAPITULO II: Manuscrito aceito para publicagdo no periddico Neurotoxicity

Research em 01/2012

“Evaluation of the Neurotoxic/Neuroprotective Role of Organoselenides Using

Differentiated Human Neuroblastoma SH-SY5Y Cell Line Challenged with 6-

hydroxydopamine”
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Abstract It is well established that oxidative stress plays
a major role in several neurodegenerative conditions, like
Parkinson disease (PD). Hence, there is an enormous effort
for the development of new antioxidants compounds with
therapeutic potential for the management of PD, such as
synthetic organoselenides molecules. In this study, we
selected between nine different synthetic organoselenides
the most eligible ones for further neuroprotection assays,
using the differentiated human neuroblastoma SH-SY5Y
cell line as in vitro model. Neuronal differentiation of
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exponentially growing human neuroblastoma SH-SYSY
cells was triggered by cultivating cells with DMEM/F12
medium with 1% of fetal bovine serum (FBS) with the
combination of 10 uM retinoic acid for 7 days. Differen-
tiated cells were further incubated with different concen-
trations of nine organoselenides (0.1, 0.3, 3, 10, and
30 uM) for 24 h and cell viability, neurites densities and
the immunocontent of neuronal markers were evaluated.
Peroxyl radical scavenging potential of each compound
was determined with TRAP assay. Three organoselenides
tested presented low cytotoxicity and high antioxidant
properties. Pre-treatment of cells with those compounds for
24 h lead to a significantly neuroprotection against 6-hy-
droxydopamine (6-OHDA) toxicity, which were directly
related to their antioxidant properties. Neuroprotective
activity of all three organoselenides was compared to
diphenyl diselenide (PhSe),, the simplest of the diaryl di-
selenides tested. Our results demonstrate that differentiated
human SH-SYS5Y cells are suitable cellular model to
evaluate neuroprotective/neurotoxic role of compounds,
and support further evaluation of selected organoselenium
molecules as potential pharmacological and therapeutic
drugs in the treatment of PD.

Keywords SH-SYSY cells - Organoselenides -
Ocxidative stress - 6-Hydroxydopamine - Neuroprotection

Introduction

Many lines of evidence indicate that the central nervous
system (CNS) is prone to oxidative damage (Halliwell
2006). Some attributes of this tissue can contribute to this
situation: modest antioxidant defenses (Halliwell 2001),
high amount of polyunsaturated fatty acids (Floyd and
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Hensley 2002), auto-oxidization of several neurotransmit-
ters (Spencer et al. 1998), and high oxygen consumption
(Halliwell 1992). The process of neurodegeneration also
involves oxidative damage (Halliwell 2006). It is well
known that many neurodegenerative disease share common
pathophysiologic mechanisms: oxidative stress (Halliwell
2001); protein aggregation (Stefanis and Keller 2006); and
mitochondrial dysfunction (Zeevalk et al. 2005).

One example of these disorders is Parkinson disease
(PD). The motor symptoms of Parkinson’s disease result
from the death of dopamine (DA)-generating neurons of
substancia nigra pars compacta, which are exposed to
chronic oxidative stress generated by DA metabolism.
High amount of iron present in this region also contributes
to hydroxyl radical ("OH) generation by Fenton Chemistry
(Barnham et al. 2004; Drechsel and Patel 2008). Moreover,
the neurotoxin 6-hydroxydopamine (6-OHDA), an analog
of DA, is widely used to mimic PD through the generation
of a massive oxidative damage in cells (Lehmensiek et al.
2006).

Since the overproduction of reactive species (RS) is a
milestone in PD, investigations on antioxidant molecules
with neuroprotective potential are at the forefront of PD
therapeutic management (Posser et al. 2008). Agents cur-
rently under investigation as potential treatments include
anti-apoptotics (omigapil, CEP-1347), compound that
improve mitochondrial activity (coenzyme Q10), antiglu-
tamatergics, monoamine oxidase inhibitors (selegiline,
rasagiline), calcium channel blockers (isradipine), and
growth factors (GDNF) (Pedersen and Schmidt 2000;
Mandel et al. 2003; McCarthy et al. 2004; Naoi and
Maruyama 2010; Ilijic et al. 2011; Safi et al. 2011). One
example of these candidates are organochalcogenides,
especially Se-containing organic compounds (Bhabak and
Mugesh 2007). Since the discovery that these compounds
(in the form of selenocysteine) are a critical component of
glutathione peroxidase (GPx) (Flohe et al. 1973; Rotruck
et al. 1973) and thioredoxin reductase (Arnér and Holmgre
2000; Santos et al. 2009), the chemistry at the active site
of GPx has been extensively investigated to make syn-
thetic Se-containing compounds (Rossato et al. 2002;
Luchese et al. 2007; Posser et al. 2006, 2008; Ibrahim
et al. 2011).

One example of this compound is ebselen. Ebselen is
a synthetic organoselenide that mimics the activity of
GPx both in vitro and in vivo (Miiller et al. 1984;
Bhabak and Mugesh 2007). Due to its antioxidant
function, it can neutralize the free radical damage and
also has neuroprotective effects against brain injuries
involving glutamatergic system (Porciuncula et al. 2003),
ischemia (Xu et al. 2006), and spinal cord injury (Kal-
ayci et al. 2005). Hence, the success obtained with eb-
selen inspired several research groups to synthesize other

@ Springer

low-molecular-weight compounds with high availability,
both qualities that improve its therapeutic potential (Sies
1993; Schewe 1995; Mugesh et al. 2001; Geoghegan
et al. 2006; Talas et al. 2008; Ozdemir et al. 2010). Even
though other ebselen analog, diphenyl diselenide (PhSe),,
can inhibit glutamate uptake in rat hippocampus (Ardais
et al. 2010) and also confers neuroprotection in hippo-
campus slices through antioxidant mechanisms (Posser
et al. 2008), the organoselenides can be very toxic to
many tissues, such as liver (Meotti et al. 2003), blood
(Santos et al. 2009), and brain (Souza et al. 2010).
Paradoxically, the abovementioned toxicity can be
mediate due to pro-oxidative conditions, such as GSH
depletion (Farina et al. 2004). Hence, due to its contra-
dictory data, more studies are necessary to elucidate its
mechanisms.

There are many studies evaluating the cytoprotective/
cytotoxic features of organochalcogenides, however, there
is little information regarding their effects over the CNS
and neuronal cells models, such as differentiated human
neuroblastoma SH-SYSY cells (Posser et al. 2011). This
cell line has been widely used as an in vitro experimental
model and present several advantages for neuroscience
studies, such as: (i) is derived from humans; (ii) as a cell
line, is homogenous (which increases data reproducibil-
ity); (iii) has mitogenic potential, which decreases the
time of the culture process compared to primary and or-
ganotypic culture; (iv) it can be differentiated into dopa-
minergic neurons through neurotrophins, for instance,
retinoic acid (RA); and (v) once differentiated, it acquires
important neuronal attributes (e.g., high expression of
tyrosine hydroxylase—TH, dopamine transporter—DAT,
neuron specific enolase—NSE, neuronal nuclear protein—
NeuN, Synaptobrevin and others, and a typical neuronal
morphology with abundant neurites outgrow). Hence, the
RA-differentiated SH-SYSY cells are considered a more
suitable in vitro model to study not only the pathophys-
iological mechanism of CNS diseases, but also to evaluate
neuroprotective/neurotoxicity of compounds (Lopes et al.
2010).

The aim of this study was to screen between different
organoselenides, investigating their antioxidant potential
and neurototoxicity, for subsequent selection the most
promising compounds for neuroprotection assays. For this
purpose, we used differentiated human neuroblastoma SH-
SYS5Y cells challenged with 6-OHDA. Our data demon-
strate that at least two different organoselenides tested—
compound IV (1,1’-(2,2'-diselanediylbis(2,1-phenylene))
diethanamine) and V (2,2'-(1Z,1'E)-(1,1'-(2,2'-diselanediyl-
bis(2,1-phenylene))bis(ethane-1,1-diyl))bis(azan-1-yl-1-yli-
dene)bis(methan-1-yl-1-ylidene)diphenol) (Fig. 1) present
neuroprotective potential and are promising candidates for
further investigations for PD therapeutic management.
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Compound I: (Z)-N-(4-methylbenzylidene)-1-
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methylbenzylideneamino)ethyl)phenyl)diselanyl

) phenyl)ethanamine
CiH3N,Se,

NHz

39‘53
O
CompoundIV: 1,1-(2,2-
diselan ediylbis(2,1-

phenylene))diethanamine
CysHaoN2Se;

Compound VII: 1,1-
dinapthyl diselenide
CzoHysSe;

T

Compound II: (Z)-2-{{1-
phenylethyliminojmethyljphenol
CisHisNO

Nex
@Jf}@

Compound V: 2 2-(1Z 1'E)-(1,1-(2,2-
diselan ediylbis(2,1-phenylene))bis(ethane-

1,1-diyl))bis(azan-1-yl-1-ylidene}bis{methan-

1-yl-1-ylidene)diphenol
Cn Hzg NzOg S ey

Compound VIIl: 22-
dinapthyl diselenide
CazoHysSe;

N’\Q
B
O
Compoundlll: : (Z)-2-({1-2(phenylthio)

phenyljethylimino)methyl)phenol
C,4HysNOSe

Compound VI: (Z)-N-(pyridin-2-
yimethylene)-1-(2-({2-{1-((E}-pyridin-2-
yimethyleneamino)
ethyl)phenyl)diselanyl)phenyl)ethanamine
CasHasNySe,

Compound IX:
Diphenyl diselenide
Ci2HqoSe;

Fig. 1 Molecular structures of the organoselenides tested. Basic structures of compounds were derived from ebselen (not shown) and diphenyl
diselenide (PhSe),, the simplest diaryl diselenides tested. All the compounds names were substitute for roman numerals (I-1X)

Experimental Procedures
Chemicals

Materials used in cell culture were acquired from Gibco®/
Invitrogen (Sdo Paulo, SP, Brazil). Chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
The structures of the nine organoselenides tested in this
study are shown in Fig. 1. Analysis of the '"H-NMR and
13C-NMR spectra showed that all the compounds obtained
presented analytical and spectroscopic data in full agree-
ment with their assigned structures. The purity of the
compounds were assessed by high resonance mass spec-
troscopy (HRMS) and was higher than 99.9%. To simplify
the understanding of this work, the compound name was
replaced by roman numerals. All of them were diluted in
ultrapure dimethyl sulfoxide (DMSO).

Cell Culture, Differentiation, and Treatments
Exponentially growing human neuroblastoma SH-SYS5Y

cell line, obtained from ATCC (Manassas, VA, USA), was
maintained at 37°C in a humidified atmosphere of 5% CO,.

The cells were grown in a mixture of 1:1 of Ham’s F12 and
Dulbecco’s Modified Eagle Minimum (DMEM) supple-
mented with 10% of fetal bovine serum (FBS), 2 mM of
glutamine, 0.28 pg/pul. of gentamicin, and 250 pg of
amphotericin B. Medium was changed each 3 days and
cells were sub-cultured once they reached ~80% conflu-
ence. After 24 h of plating, cell differentiation was trig-
gered by lowering the FBS in medium to 1% with the
addition of 10 pM of RA during 7 days (Lopes et al. 2010).
In the seventh day of RA-induced differentiation, the SH-
SYSY cells were treated with different concentrations of
the nine compounds (0.1; 0.3; 3; 10; 30 uM) for 24 h at
37°C. For viability assay, cells were seeded in 96-wells
plate at density of 2 x 10* cells/well. For the evaluation of
the redox parameters, cells were seeded into flasks of
75 cm® at a density of 3 x 10° cells/well.

Total Radical-Trapping Antioxidant Potential
To evaluate the non-enzymatic antioxidant capacity of
samples, we used the total radical-trapping antioxidant

potential (TRAP) assay, which is based on the measure-
ment of luminescence generated by luminol oxidation by
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AAPH (2, 20-azobis 2-amidinoprepane) decomposition, in
glycine buffer (pH 8.6). After system stabilization (buffer
plus luminol and AAPH), sample was added (organosele-
nides or extract of cells pre-incubated with selected con-
centration of compounds) and the luminescence decreases
proportionately to its antioxidant potential. The lumines-
cence was monitored in a Wallace 1450 MicroBeta TriLux
Liquid Scintillation Counter & Luminometer (Perkin
Elmer). For data analysis, a time per chemiluminescence
curve was obtained and the relative “area under the curve”
(AUC) in the recovery phase was used, as previously
established (Lissi et al. 1995; Dresch et al. 2009).

Cellular Viability

Cell viability was evaluated by the quantification of 3-(4,
5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction to a blue formazan product by cellular
dehydrogenases. At the end of the treatment, cells were
incubated with 0.5 mg/mL of MTT during 1 h at 37°C.
Then, medium was discarded and DMSO was added to
solubilize the formazan crystals. The absorbance was
determined at 560 and 630 nm in a SoftMax Pro Micro-
plate Reader (Molecular Devices®, USA).

Neurites Density and Immunocontent of Neuronal
Markers

To further evaluate the implication of the organoselenides
in neuronal parameters, we evaluated the stellate mor-
phology and neurites densities in treated cells. Cellular
treatments were performed in six-well plates (density:
2 x 10° cell/well) for 24 h. First, 10 microscopic fields
(200x magnification) were randomly selected from three
independent experiments (n = 3), photographed using an
Olympus IX70 inverted microscope and analyzed with
NIS-elements software. Neurite density was assessed by
counting the number of “nodes” per cell. Primary nodes
were considered branches from the cell body. The results
were expressed in percentage of untreated cells (mean +
SD value).

For western blot analysis of neuronal markers, after 24 h
treatment, cells were washed with PBS and resuspended in
a Tris-buffer (pH 7.0) with protease inhibitor (Roche®),
lysed, and total protein extracts (30 pg) were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a PVDF membrane.
Thereafter, nonspecific binding was blocked with 5% of
BSA in TTBS for 1 h at room temperature. Membranes
were then incubated overnight at 4°C with rabbit anti-
tyrosine hydroxylase—TH (1:3,000) from Abcam®, rat
anti-dopamine transporter—DAT (1:1,000) from Santa
Cruz®, and mouse anti-synaptobrevin (1:1,000) from
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Sigma® (Billerica, MO, USA). After washing, the mem-
brane was incubated with peroxidase-conjugated secondary
antibodies (1:5,000) from Dako® (Glostrup, DK) for 2 h at
room temperature. Bands were visualized with Super Sig-
nal West Pico Chemiluminescence Substrate from
PIERCE® (Rockford, IL, USA). Membranes were then
striped and reprobed with rabbit anti-f-actin antibody
(1:2,000) from Sigma Chemical Co. (St. Louis, MO, USA)
followed by goat anti-rabbit peroxidase-conjugated sec-
ondary antibody (1:5,000) from Dako® (Glostrup, DK).
Quantification of band was done with ImageJ 1.36b soft-
ware (National Institutes of Health).

Antioxidant Enzymes Activities and —SH levels

Differentiated SH-SYSY cells were treated with selected
compounds during 24 h. The medium was removed and the
cells were washed with PBS to avoid the contamination of
non-incorporated compound. After that, cells were frozen
at —80°C and thawed twice in 10 mM PBS. Cells extracts
were centrifuged and the supernatant was collected and
Elman’s sulthydryl group (—SH) levels were determined.
Briefly, samples were dilute in 10 mM of boric acid with
0.2 mM EDTA (pH 8.5). 10 mM of DTNB was added and
—SH levels were determined by reacting samples with
5-thio-2-nitrobenzoic acid (Nbs) and measuring absorbance
at 412 nm (€412 pm = 27,200 M~' cm™!). Results are
expressed an nmol —SH/mg protein (Ellman 1959). GPx
activity (E.C. 1.11.1.9) was assayed measuring NADPH
oxidation at 340 nm in the presence of GSH, fert-butyl
hydroperoxide and glutathione reductase. GPx unit was
defined as nmol NADPH oxidized/min (Wendel1981).
Catalase (CAT) (E.C. 1.11.1.6) activity was determined by
monitoring the rate of HO, consumption at 240 nm (Aebi
1984). Superoxide dismutase (SOD) (E.C. 1.15.1.1) activ-
ity was assayed by measuring the inhibition of adrenaline
auto-oxidation at 480 nm. SOD unit was defined as the
sample amount that inhibits 50% of adrenaline auto-oxida-
tion (Misra and Fridovich 1972). Glutathione S-transferase
(GST) (E.C. 2.5.1.13) activity is determined measuring the
formation of the conjugate of GSH and chloro-dinitro
benzene (CDNB) (Pabst et al. 1974).

Neuroprotection and RS Generation

Cells were incubated with selected compounds for 24 h,
washed with PBS and challenged with 6-OHDA (LDs, =
15 M) to evaluate the neuroprotection features of the
organoselenides through MTT assay. Moreover, to evaluate
if the compounds were able to decrease the RS generated
by 6-OHDA, we use the probe DCF-DA (2/, 7'-dichlor-
odihydrofluorescein diacetate) (Wang and Joseph 1999;
Halliwell and Whiteman 2004). After treatment, the
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medium was removed and 10 pM DCF-DA was added.
Cells were treated with 6-OHDA (LDsy = 15 pM) and the
fluorescence was measured in a plate reader (Spectra Max
GEMINI XPS, Molecular Devices, USA) with excitation at
485 nm and emission at 520 nm.

Protein Quantification

The proteins contents were measured by the Lowry assay
(Lowry et al. 1951).

Statistical Analysis

Data are expressed as percentage of untreated cells
(control) (mean £ SD) from at least three independent
experiments. For statistical analysis, data were analyzed by
one-way analysis of variance (ANOVA) followed by
Newman—Keuls test. Differences were considered signifi-
cant at P < 0.05.

Results

Screening of Organoselenides Compounds
for Neuroprotective Evaluations

This study was designed to screen between different syn-
thetic organoselenides compounds to select the most eli-
gible ones for further neuroprotection evaluation. The
organoselenides evaluated here were synthesized using the
basic structure of (PhSe),, the simplest diaryl diselenides
tested (Fig. 1, compound IX). Since it is well known that
oxidative stress is related to pathophysiologic mechanisms
of many neurodegenerative diseases, including PD, our
screening was based on two distinct parameters: find the
concentration of compounds that presents high in vitro
antioxidant potential with concomitant low cytotoxicity
against the differentiated human neuroblastoma SH-SYSY
cells. TRAP assay showed that the majority of the or-
ganoselenides tested were not able to scavenge the peroxyl
radical generated by AAPH decomposition (Fig. 2). In the
concentrations evaluated in this study (0.1, 0.3, 3, 10, and
30 uM) only compound III (concentration ranging from 10
to 30 uM), IV, V, and VI (concentration ranging from 3 to
30 uM) presented antioxidant activity against the peroxyl
radical.

MTT assay was used to evaluate the basal cytotoxicity
of the nine compounds over the differentiated human
neuroblastoma SH-SY5Y cells. Figure 3 shows that com-
pound III, IV, V, and VI, considered as antioxidant based
on the in vitro TRAP assay, presented also high cytotox-
icity in treated cells. In all concentrations tested, compound
I, II, VII, and VIII did not show any significant signs of

cytotoxicity. Hence, based on TRAP and MTT assays, we
selected the concentrations of three compounds that pre-
sented high antioxidant potential and low cytotoxicity:
compound IIT at 10 pM, IV at 3 pM, and V at 3 uM. Even
though the compound IX (PhSe), presented no antioxidant
potential in the concentrations tested, we select this com-
pound based on previous findings about its neuroprotective
features (Porcidncula et al. 2003; Posser et al. 2008; Ardais
et al. 2010).

Effect of Selected Organoselenides Compounds Over
Cellular Morphology and Neuronal Markers

The RA-induced differentiated SH-SYSY cells have sev-
eral morphological and biochemical parameters of a
dopaminergic cell (Lopes et al. 2010). One important fea-
ture of this cell model is the stellate (neuron-like) mor-
phology and the abundance of neurites, which are
important parameters to be evaluated in neuroscience
studies (Radio and Mundy 2008). Here, we treated the SH-
SYSY cells with the previously selected concentration of
compounds and further evaluated their effect over neurites
density and the immunocontent of several neuronal mark-
ers (Fig. 4). Even though the concentration selected of all
compounds was considered sub-lethal by MTT assay, our
data showed a significant change in cell morphology with
concomitant decrease in neurites density caused by com-
pound III and IX (Fig. 4a, b). Densitometric analysis
showed no change in the immunocontent of the neuronal
markers tested (Synaptobrevin, DAT, and TH) (Fig. 4c).

Effect of Selected Organoselenides Compounds Over
Cellular Redox Parameters

Based on the widely documented peroxidase-like activity
of organoselenides, we first determined the TRAP capacity
and Elman’s reduced thiol levels of cells incubated with
compound IIT at 10 uM, IV at 3 pM, and V at 3 pM for
24 h, in order to evaluate the effect of these three com-
pounds in cellular redox status. All these experiments were
compared to DMSO to determine the solvent effect. The
results shown that control and vehicle groups were not
different from each other and all the data were expressed in
percentage to control cells.

TRAP assay showed that all the selected compounds
were able to increase radical scavenging capacity when
compared to vehicle (P < 0.05) (Fig. 5a). These increases
in TRAP capacity were followed by an increase in reduced
thiol levels found in treated cells (Fig. 5b). Incubation with
compounds III, IV, and V increased the GPx activity
(Fig. 5e), and SOD activity was increased in SH-SY5Y
cells treated with compounds IV and V (Fig. 5d). No
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Fig. 2 In vitro total radical-trapping antioxidant potential (TRAP) of
the organoselenides. Left figures represents TRAP traces, evidencing
the system measurements (AAPH + buffer + luminol) (black line),
which represent 100% of radical production, and the effect of the
addition of compounds at the concentrations of 0.1, 0.3, 3, 10, and

differences were observed in CAT and GST activities
(Fig. 5S¢, f).

Evaluation of Neuroprotection by Selected
Organoselenides Against 6-Hydroxydopamine Toxicity

To evaluate neuroprotection, we pre-incubate the differ-
entiated SH-SY5Y cells with compounds III, IV, V, and IX
during 24 h. After cells were washed and challenged with
6-OHDA (LDsg = 15 pM). All the compounds were able
to inhibit the cell death (Fig. 6a) and to decrease the gen-
eration of RS (Fig. 6b) caused by 6-OHDA treatment.

Discussion

The ongoing management of neurodegenerative diseases is
only palliative; basically aimed to decrease the symptoms
of these debilitating illnesses. Finding a drug that can
reduce disease progression and thus, delay the onset of
disability is a critical goal (Shobha et al. 2006; Meissner
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Concentration (uM) Concentration (uM)

Time (minutes)

30 UM. Right figures represent the “AUC” values and expressed as %
of radical production, as described in “Experimental Procedures”
section. Data are presented as mean = SD of four independent
experiments carried out in triplicates (n = 4)

etal. 2011). However, to develop targeted therapeutics, it is
fundamental to understand the molecular mechanisms of
these diseases. Even though the pathophysiology of neu-
rodegenerative diseases is unknown, for instance, PD, there
are many lines of evidence supporting the major involve-
ment of oxidative stress (Schapira 2008). In this context,
the search for antioxidant molecules as therapeutic adju-
vant can be an alternative for PD (Jaisin et al. 2011).
Organoselenides have been documented as promising
pharmacological agents against a number of diseases
associated with oxidative stress, mainly related to hepato-
toxicity (Ibrahim et al. 2010). However, it is not well elu-
cidated their role in neuroprotection. These molecules
present several features that support their potential role in
the management of neurodegenerative disease, such as their
low-molecular weight in combination with high antioxidant
potential, high availability and hydrophobicity, all qualities
that improve its therapeutic potential. For instance, one
clinical trial showed that early treatment with ebselen
improved the patient outcome in acute ischemic stroke
(Yamaguchi et al. 1998). Further studies demonstrated a
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Fig. 3 Cytotoxicity curves of
the organoselenides compounds.
Cells were treated with each
compound at the concentrations
of 0.1, 0.3, 3, 10, and 30 uM
during 24 h and cell viability
was evaluated by MTT assay.
Dashed line represents LDs
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neuroprotective effect of organoselenides in hippocampal
slices submitted to oxygen-glucose deprivation (Porcitin-
cula et al. 2003) and hydrogen peroxide administration
(Posser et al. 2008). However, there is no data exploring the
neurotoxic or neuroprotective role of organoselenides in
cell systems, such as differentiated human neuroblastoma
SH-SYS5Y cells.

We aimed here to screen between different synthetic
organoselenides compounds to select the most eligible ones
for neuroprotection evaluation. Taking into account the
results obtained in this study, we found a significant cor-
relation between the antioxidant potential of synthetic
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organoselenides compounds and cellular toxicity in RA-
differentiated human neuroblastoma SH-SYSY cells. The
concept of antioxidant supplementations being beneficial to
human health should be taking with caution. Antioxidant is
any substance that, when present in low concentrations
compared with those of an oxidizable substrate, signifi-
cantly delays or prevents oxidation of that substances so
that, they keep the RS in low levels (Halliwell 2006).
However, oxidants are not only villains in biological sys-
tems and they can act in normal physiology of the cells,
such as in the activity of cytochrome P450, the immune
response and in normal signal transduction pathways
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Fig. 4 The effect of sub-lethal
doses of selected
organoselenides over the
cellular morphology and
neuronal markers of
differentiated human
neuroblastoma SH-SYSY cells.
a Representative phase contrast
images of cells treated by 24 h
with 10 uM of compound III,

3 uM of compound IV, 3 uM of
compound V, 0.3 pM of
compound IX or vehicle,
evidencing the stellate
morphology with abundant
neurites outgrow of cells (200x
magnification). Note the change
in cell morphology and the lost
of neurites caused by compound
III and IX. b Representative
quantification of the neurites
density per cell body in treated
cells. Data are presented as
mean + SD for three
independent experiments
carried out in quadruplicates

(n = 3). #**P < 0.001 (one-
way analysis of variance).
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(Stone and Yang 2006). Thus, as found with the organo-
selenides studied here, any antioxidant compound may
alter the intracellular redox balance toward a more reduced
state, causing as much cytotoxicity response as oxidative
stress (Gutteridge and Halliwell 2010).

Our study also established several advantages of the use
of differentiated human neuroblastoma SH-SY5Y cells as
an in vitro experimental model for neurotoxicity/neuro-
protection drug screening evaluations. Even though the
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differentiated SH-SYS5Y cells posses many desired features
of an in vitro cell model for neuroscience research (e.g.,
neuronal morphology with abundant of neurites outgrow
and the expression of several neuronal markers) (Pahlman
et al. 1984; Lopes et al. 2010), there is still some contro-
versy about the necessity of cellular differentiation (Xie
et al. 2010). As an example, in a recent report Cheung et al.
(2009) found no change in the expression of dopaminergic
markers during SH-SYSY cellular differentiation by RA.
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Fig. 5 The effect of sub-lethal doses of selected organoselenidesp

over the redox parameters in differentiated human neuroblastoma SH-
SY5Y cells. SH-SY5Y cells were treated by 24 h with 10 uM of
compound III, 3 uM of compound IV, 3 uM of compound V, 0.3 M
of compound IX or vehicle, washed and the redox parameters were
determined as described in “Experimental Procedures” section. All
the results were compared to control cells and expressed as % of
control. a Total radical-trapping antioxidant potential (TRAP) of
treated cells. Data represent the “AUC” values and expressed as % of
radical production, as described in “Experimental Procedures”
section. Statistical differences are expressed by letters. P < 0.05
(one-way analysis of variance). b Elmann’s reduced thiol levels (basal
levels ranging from 24 to 48 nmol —SH/mg of protein). ¢ Catalase
activities in treated cells (basal levels ranging from 1.18 to 1.73 U
CAT/mg of protein). d SOD activities in treated cells (basal levels
ranging from 9.50 to 16.23 U SOD/mg of protein). e GPx activities in
treated cells (basal levels ranging from 2.84 to 4 U GPx/mg of
protein). f Glutathione-S-transferase activities in treated cells (basal
levels ranging from 21.11 to 28.35 U GST/mg of protein). Data are
presented as mean + SD for four independent experiments carried
out in quadruplicates (n =4). *P < 0.05; **P < 0.01 (one-way
analysis of variance)

Furthermore, they found a reduced sensitivity to the neu-
rotoxins MPP™ and 6-OHDA in RA-differentiated cells,
which was attributed to an increased activity of survival
signals such as Akt pathway. Thus, with the lack of change
in dopaminergic properties and decreased susceptibility to
neurotoxins during RA differentiation, they claimed that
undifferentiated SH-SYS5Y cell might be a more appropri-
ate model in experimental PD research (Cheung et al.
2009). These conclusions have been criticized (Luchtman
and Song 2010), and contrast with our previous report, in
which we found an increase in the expression of several
neuronal markers and an increased sensitivity to 6-OHDA
in RA-differentiated SH-SYSY cells (Lopes et al. 2010).
These contradictories results could be explained by the
differences in differentiation protocols used, for instance,
serum origin and amount (Dr. Raymond Chang, personal
communication). The study of neurotoxicity induced by
chemicals represents a major challenge due to the physio-
logical and morphological complexity of nervous system
(Radio and Mundy 2008; Bal-Price et al. 2010). Most of in
vitro models uses cell lines derived from CNS tumors and
do not exhibit the same phenotype as the progenitor cells
(Banker and Goslin 1998). Moreover, most of the screening
strategies use simple cell viability assays (such as MTT,
sulforhodamine B, trypan blue exclusion, and others) as
outcome of the studies. Using the differentiated SH-SY5Y
cells, we found that sub-lethal doses of two compounds (III
and IX) significantly decrease the neurites densities of
treated cells. The term neurite refers to axons and dendrites
extended by neuronal cell lines, and neurites densities are
important morphological parameters in neuroscience stud-
ies (Carmeliet 2003). These results should be taken into
account in futures neurotoxic/neuroprotective evaluations
of organoselenides or other potential molecules.
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The synthesis of different organoselenides, such as eb-
selen and (PhSe),, was based on the structure of the sele-
nocysteine in the active site of GPx enzyme (Rotruck et al.
1973; Brigelius-Flohé 1999; Sarma and Mugesh 2005).
Since they all present a peroxidase-like activity in vitro, is
not surprising that incubation of cells with selected com-
pounds leads to an increased in TRAP and reduced thiol
levels, in combination with increased GPx activity. The
increase in the cellular antioxidant defense in response to
organoselenides treatment is the basis of the neuroprotec-
tion against 6-OHDA toxicity. 6-OHDA is an analog of DA
with similar structural characteristics and affinity with DA
transporter. Once inside the neuron, it accumulates in the
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Fig. 6 Evaluation of neuroprotection of sub-lethal doses of com-
pounds III, IV, V, and IX against 6-OHDA toxicity. SH-SY5Y cells
were pre-incubated by 24 h with 10 uM of compound III, 3 uM of
compound IV, 3 uM of compound V, 0.3 pM of compound IX or
vehicle, washed with PBS, and further treated with 6-OHDA
(LDsp = 15 puM) for 24 h. a Cell viability was determined by MTT

cell causing cellular alterations, such as oxidative damage
(Lehmensiek et al. 2006). This neurotoxin is a potent
complex I inhibitor and may lead to the production of
superoxide radicals and H,0, (Glinka et al. 1997).
6-OHDA can suffer auto-oxidation and consequently can
generate a massive RS production, such as quinones,
hydrogen peroxide, superoxide, and hydroxyl radicals
(Blandini et al. 2010; Bove and Perier 2011). Moreover,
6-OHDA leads to a reduction in endogenous cellular
antioxidants activities such as SOD and GPx (Ahmad et al.
2011). The neuroprotection against 6-OHDA in differen-
tiated SH-SYSY cells should be related to a high radical
scavenge capacity of the incorporated organoselenides.
High peroxidase-like activity and thiol levels found in
treated cells are important (and desired) features of or-
ganoselenides, since many lines of evidence indicate that
the CNS posses modest antioxidant defenses and is highly
susceptibility to oxidative damage (Halliwell 2006; Jaisin
et al. 2011). These features of organoselenides suggest
their use as therapeutic adjuvant for PD and demand
futures investigations.

In conclusion, our data demonstrated that RA-differen-
tiated human neuroblastoma SH-SYSY cells treated with
sub-lethal doses of both compounds IV and V present an
increase in cellular antioxidant status without alteration of
neurites densities and neuronal markers. Moreover, these
treatments also confer a complete protection against
6-OHDA neurotoxicity and we can infer that these or-
ganoselenides are the most promising ones as potential
drugs in the treatment of PD.
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RESULTADOS SUPLEMENTARES II: Padronizacdo da transfeccéo através
da superexpressdo da proteina verde fluorescente (GFP) em células

diferenciadas da linhagem de neuroblastoma humano SH-SY5Y.

As células SH-SY5Y sdo amplamente utilizadas para experimentos de
manipulacdo génica através da transfeccdo de genes de interesse (Biedler et
al., 1973). No entanto este parametro ndo esta estabelecido no modelo de
célula diferenciada. Por isso, nos realizamos a padronizacédo da transfeccao
em células diferenciadas através da superexpressao da proteina GFP.

A transfeccdo e a superexpressao foram feitas de forma transiente
utilizando a técnica da Lipofectamina. As células foram transfectadas com
plasmideo contendo cDNA de GFP ou MOCK (sem vetor) e apés o tempo de
captacao (6 horas), nds iniciamos o protocolo de diferenciacdo com 10 uM de
AR em meio de cultura com 1% de SFB.

A eficiéncia da superexpressao foi determinada através de analise da
fluorescéncia do GFP em Microscopio de Fluorescéncia Olympus durante 1, 4
e 7 dias. Nés verificamos que a expresséo da proteina GFP é mantida durante
todo o processo de diferenciacdo e que a morfologia celular ndo foi alterada,

como ilustra a Figura 1.
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Figure 1. (A,B) Transient transfection and overexpression of GFP. SH-SY5Y
cells were transfected with MOCK or plasmid containing GFP cDNA and the
differentiation protocol were performed. (C) Note that differentiated cells for 7
days presents the stellate morphology with intense neurites and are still positive

for GFP (200X magnification).
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4. DISCUSSAO

Diversas doengas neurodegenerativas, incluindo a DP, tem como base
fisiopatologica a disfungdo mitocondrial, o estresse oxidativo e a agregacgéo
protéica. No entanto, 0s mecanismos moleculares que levam a estes processos
ainda devem ser elucidados (Henchcliff & Beal, 2008; Saiki et al., 2011). Para
estudos destes mecanismos, utilizamos modelos experimentais tanto in vitro
como in vivo. Entretanto, a escolha do modelo experimental para DP € um
assunto controverso devido a dificuldade de mimetizar a sintomatologia do
distarbio in vivo e das limitacbes dos modelos in vitro (Beal, 2010). Para o
estudo de mecanismos celulares e moleculares da DP, os modelos
experimentais mais indicados séo os in vitro (Schile et al.,2009).

Este assunto é de muita importancia visto que um dos principais fatores
para o fracasso de muitos estudos clinicos terapéuticos da DP, além do néo
conhecimento da sua patologia, € a auséncia de modelos experimentais que
representem a doenca de forma correta (Olanow et al., 2008). Dessa forma, o
delineamento para pesquisas em neurociéncias deve ser voltado para o
desenvolvimento de modelos experimentais para estudar a fisiopatologia da
doenca e, posteriormente, buscar alvos terapéuticos (Jenner, 2008). A DP
ainda é incuravel e sua terapia é apenas paliativa. Apés 50 anos da descoberta
do L-DOPA como tratamento para DP, nenhuma outra droga se mostrou eficaz
e capaz de substitui-lo como terapia-padrdo (Jankovic et al., 2005; Hauser et
al., 2007).

O modelo experimental in vitro mais utilizado € a linhagem de
neuroblastoma humano SH-SY5Y (Xie et al., 2010). Apesar de inumeros

estudos mostrarem a diferenciacdo do neuroblastoma a neurbnio
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dopaminérgico, bem como o aumento de marcadores bioquimicos
dopaminérgicos durante a diferenciacdo, ha poucos estudos que exploram as
diferencas entre os dois fenotipos (Tieu et al.,1999; Cheung et al., 2009), bem
como ndo ha estudos mostrando a aplicacdo do modelo de célula diferenciada
para estudo da fisiopatologia da DP. Dessa forma, ainda ha muita discusséo
sobre a escolha do melhor modelo experimental (vide anexo — Mesa Redonda
do Society for Neuroscience: discussdo sobre modelos in vitro para estudo de
neurociéncias).

Além disso, um fato importante € que ndo ha um consenso nos
protocolos utilizados para a diferenciacdo das células SH-SY5Y induzida por
AR. A diferenciacdo dopaminérgica envolve um conjunto de fatores: o AR, que
€ a neurotrofina responsavel pela estimulacdo de receptores nucleares, que
ativam genes responsaveis pela diferenciacdo e pela maturacdo neural; e a
diminuicdo do soro fetal bovino (SFB), que induz a parada da proliferacéo
celular (Edjso et al., 2007).

Nos estudos sobre a diferenciagdo celular da linhagem de
neuroblastoma humano SH-SY5Y, as concentragbes de AR podem variar de 1
a 20 uM e o tempo de duracdo do tratamento varia de 3 a 14 dias. Ainda, a
maior heterogeneidade encontrada € referente a quantidade de SFB. A
manutencao do fendtipo proliferativo da-se pela adicao de 10% SFB em meio
de cultivo. Nos protocolos de diferenciacdo geralmente ha a diminuicdo desse
componente, variando de 0 a 3% (Tieu et al.,1999; Miloso et al., 2004;
Presgraves et al., 2007; Cheung et al., 2009; Alghome et al.,2010; Schneider et

al., 2011).
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Dessa forma, no capitulo | da dissertacdo, nés padronizamos o protocolo
de diferenciacao utilizando uma concentracdo fixa de AR (10 pM) em meio de
cultura com 1% SFB. Apoés isso, nds avaliamos em 4, 7 e 10 dias de tratamento
as diferencas morfoldégicas, neuroquimicas e citotoxicas entre células
proliferativas e diferenciadas da linhagem de neuroblastoma humano SH-
SY5Y.

A morfologia foi avaliada através da presenca de neuritos (projecdes
citoplasmaticas). J& no pardmetro neuroquimico, verificamos marcadores de
diferenciacdo neuronal DAT (resultados suplementares I, Figura 1C), TH, ENS
e NeuN e um marcador de célula indiferenciada, a nestina (capitulo I). Dessa
forma, n6s observamos que ja no quarto dia de diferenciacdo ha o aumento do
imunocontetdo dos marcadores de diferenciacdo neuronal testados. No
entanto, o marcador de célula indiferenciada sé diminui de forma significativa
no sétimo dia de diferenciacdo (Lopes et al., 2010). Nossos resultados
corroboram com estudos anteriores onde demonstraram que as células SH-
SY5Y devem ser diferenciadas pelo menos durante 7 dias. Além dos
parametros avaliados neste estudo, sabe-se que este tempo de tratamento
também propicia o estabelecimento e a propagacédo do potencial de acao e a
formacdo de vesiculas sinapticas (Sarkanen et al., 2007).

Muitos estudos utilizam a TH como marcador dopaminérgico classico,
visto que ela é enzima limitante da sintese das catecolaminas (Kume et al.,
2008). A diferenciagao induzida por AR causa o0 aumento do imunoconteudo e
da atividade da TH. O AR ativa a fosfatase 2A que defosforila e ativa TH
(Dunkley et al.,, 2004). Entretanto, alguns estudos mostraram que a

diferenciacdo ndo é capaz de mudar o imunoconteudo de marcadores
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dopaminérgicos, divergindo com os resultados encontrados em nosso estudo
(Cheung et al., 2009). Devido a isso, a mudanca de fenotipo causada pela
diferenciacéo induzida por AR é ainda muito controverso. Como a TH é uma
enzima catecolaminérgica, alguns estudos mostraram que a diferenciacdo das
células SH-SY5Y ndo aumenta s6 0s niveis de dopamina, mas também de
noradrenalina (Encina et al., 2000; Xie et al., 2010).

Trabalhos anteriores mostraram que a diferenciagdo induzida por AR
das células SH-SY5Y tende a ser adrenérgica e ndo dopaminérgica e por isso
nao seria 0 melhor modelo para DP (Encina et al., 2000). No entanto, outros
estudos mostraram niveis insignificantes de liberagdo de noradrenalina pela
SH-SY5Y quando comparadas com a liberacdo de DA (Balasooriya &
Wimalasena, 2007). Portanto, esta variabilidade de dados pode estar
relacionada com os diferentes protocolos de diferenciacéo supracitados.

Neste trabalho, nés estudamos dois modelos com dois fendétipos
diferentes. A célula proliferativa com fendtipo tumoral e a célula diferenciada
como fendtipo neuronal. Dessa forma, apds estabelecer as diferencas
morfolégicas e neuroquimicas entre 0s modelos, ndés avaliamos a
suscetibilidade ao tratamento com 6-OHDA. NOs verificamos que células
diferenciadas sdo mais sensiveis a neurotoxina. Esse dado vai de encontro
com alguns dados da literatura (Tieu et al. 1999; Cheung et al.,2009). Estudos
anteriores mostraram que células diferenciadas apresentam um aumento da
expressao de vias de sobrevivéncia, como a Akt (Cheung et al., 2009; da Frota-
Jr et al., 2011). Esse dado pode estar correlacionado com a resisténcia a

toxinas em células diferenciadas.
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Entretanto, outros trabalhos verificaram que as neurotrofinas secretadas
pelos astrécitos podem ativar a via da Akt (Skyper, 2008). Assim, a fosforilacdo
desta proteina encontrada em células diferenciadas pode mimetizar este
ambiente. Portanto, este dado aumenta a validade do modelo de célula
diferenciada (Lutchman & Song, 2010).

As diferencas no estado redox entre os dois modelos também
contribuem para explicar as diferentes suscetibilidades & 6-OHDA (resultados
suplementares |, Tabela 1). Primeiramente estes dados parecem controversos.
As células diferenciadas apresentam uma maior atividade de enzimas
antioxidantes (CAT e GST) bem como um maior contetdo de tidis reduzidos
em relacdo as células proliferativas. Esses dados podem indicar que estas
células ndo sdo um bom modelo de neurbnio dopaminérgico, porque tanto a
SNpc como o SNC em geral apresentam baixos niveis de antioxidantes (Jenner
et al., 2003; Halliwell et al., 2006). Dessa forma, as células diferenciadas néo
representariam a fisiologia de neurdnios dopaminérgicos. Ainda, o aumento da
atividade dos sistemas antioxidantes poderia conferir resisténcia ao dano
causado pela 6-OHDA no fenétipo neuronal.

No entanto, a literatura mostra valores absolutos de atividade enzimatica
discrepantes dos encontrados no nosso estudo. Estes trabalhos utilizaram
culturas primarias, modelos com roedores e também estudos em humanos
(Sanchez-Ramos et al., 1997; Halliwell & Gutteridge, 2007; Khan et al., 2010).
Por exemplo, no nosso trabalho, o fendtipo proliferativo apresenta
aproximadamente 0.3 U/mg de proteina da enzima CAT enquanto o fendétipo
neuronal apresenta 1 U/mg de proteina. Apesar das diferencas serem

significativas entre os fenotipos, a atividade encontrada ainda é muito baixa em
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relacdo aos outros trabalhos. Além disso, a pouca atividade de enzimas
antioxidantes bem como a diminuic&do dos niveis de tiois reduzidos podem estar
relacionados com a caracteristica proliferativa do fendtipo tumoral (Stone &
Yang, 2006; Schneider et al., 2011). As células tumorais produzem grande
quantidade de oxidantes, como o H;O, que estdo relacionados com
crescimento celular. Um aumento da atividade da CAT, por exemplo, causa a
inibicdo da proliferacdo (Policastro et al. 2004).

Ainda, nés verificamos que o modelo de célula proliferativa apresenta
uma maior atividade da enzima TrxR e um maior conteudo de GSH. Esses
resultados podem estar envolvidos com a resisténcia da ceélula proliferativa
perante insulto com 6-OHDA. O tratamento com inibidor da TrxR potencializou
a morte causada pela 6-OHDA, sendo que isso ndo foi observado no
tratamento com inibidor da GR (resultados suplementares do capitulo |, Figura
2C). Assim, a TrxR pode estar relacionada com detoxificacdo da 6-OHDA.
Somado a isso, estudos anteriores mostraram que o down-regulation da TrxR
em células SH-SY5Y levam a uma maior suscetibilidade a neurotoxina (Ding et
al.,2007). Ja os baixos niveis de GSH encontrado em células diferenciadas
podem validar o modelo (Tabela 1). Os baixos niveis de GSH, principal
antioxidante do tecido nervoso, em neurdnios dopaminérgicos contribuem para
0 estresse oxidativo e para a disfuncdo mitocondrial encontrada na DP (Schulz
et al., 2000). Esta caracteristica da célula diferenciada também mimetiza a
fisiologia de células dopaminérgicas (Tarozzi et al., 2009), sendo mais um
indicativo de adequacéo do modelo.

Outro dado interessante é a citotoxicidade do H,O, nos dois modelos.

Neste caso, as células diferenciadas se mostraram mais resistentes ao insulto
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oxidante mediado pelo H,O,, que pode estar relacionado ao aumento da
atividade de enzimas antioxidantes, como o CAT, e dos niveis de tiois
reduzidos. Outro estudo mostrou que a citotoxicidade de outro oxidante, o 4-
hidroxinonenal, tem um perfil semelhante com o do H,O, nos dois modelos
(Schneider et al., 2011). Ainda, o tratamento com inibidores da GR e da TrxR
potencializaram a morte causada pelo oxidante e por isso ambos sistemas
enziméticos contribuem com a detoxificacdo ao H,O,. Este dado esta de
acordo com a literatura visto que ambas as enzimas participam da remoc¢ao do
H.O, (Halliwell, 2006).

Assim, as diferentes suscetibilidades a 6-OHDA nas células
diferenciadas também podem estar relacionadas como outros processos, como
0 aumento da expressdo de DAT (resultados suplementares |, Figura 1C).
Estudos anteriores mostraram que a diferenciacao induzida por AR aumenta o
imunoconteldo desse transportador (Presgraves et al., 2007; Lutchman &
Song, 2010). Além disso, estes mesmos estudos verificaram que células
proliferativas e diferenciadas desta linhagem apresentam suscetibilidades
diferentes a outra neurotoxina indutora da DP, o MPTP, sendo que as células
diferenciadas se mostraram mais sensiveis a droga. Ainda, o tratamento com
inibidor de DAT levou a uma diminuicdo dos danos causados pela neurotoxina.

A 6-OHDA também entra na célula dopaminérgica através deste
transportador (Lehminesk et al., 2006). Dessa forma, as células diferenciadas
apresentam um maior numero de DAT e por isso, € necessario menos droga
para ter o mesmo efeito observado nas células proliferativas. Abaixo segue
uma figura referente aos sistemas antioxidantes e a via de auto-oxidagéo da 6-

OHDA para o entendimento da contribuicdo das enzimas antioxidantes para a
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detoxificag@o das espécies reativas produzidas pala auto-oxidagédo da 6-OHDA
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Figura 5: Integracao do sistema de defesa antioxidante enzimatica e a via de
auto-oxidacdo da 6-OHDA. Em destaque os locais de acdo dos inibidores
utilizados nos resultados suplementares do capitulo 1. (retiradas de Zhao et al.,
2007 e de Institute of Applied Synthetic Chemistry).

No entanto, a acdo da 6-OHDA em células diferenciadas ainda deve ser
elucidada e, portanto mais estudos devem ser feitos para investigar estes
mecanismos.

Por fim, as células diferenciadas apresentam maiores niveis da proteina
DJ-1. Esta proteina € um chaperona sensivel ao estresse oxidativo e por isso
sua expressdo € induzida por espécies reativas (Canet-Aviles et al., 2004).
Ainda, mutacGes nesta proteina estdo correlacionadas com uma forma
prematura da DP (Bonifati et al., 2003).

Apoés o estabelecimento das condi¢cdes da diferenciacdo, nds avaliamos
a potencialidade através da aplicacdo deste em testes de screening de
neurotoxicidade/neuroprotecdo de compostos e possibilidade de manipulacdo
génica.

O screening de possiveis drogas neuroprotetoras é feito inicialmente em

diversos modelos in vitro, como o cultivo de células primarias e linhagens, visto
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da dificuldade do uso de modelos animais. Isso porque necessitaria de um
namero muito grande de animais para estes ensaios (Bal-Price et al., 2010). Na
cultura celular, pode-se prospectar varias drogas com diversas concentracdes
e a partir destes dados selecionar 0os mais promissores para 0S ensaios com
modelos animais. Apos a obtencéo de resultados em modelo in vivo, podemos
buscar validacdo em ensaios clinicos (Radio & Mundi, 2008).

Dessa forma, os modelos in vitro sdo uma importante ferramenta para
estudo da neuroprotecdo e sao a base de ensaios clinicos. No entanto, a
deteccdo da neurotoxicidade/neuroprotecdo de compostos representa um
grande desafio para o estudo de neurociéncias visto que os modelos in vitro
ndo mimetizam a complexidade fisiolégica e bioquimica do sistema nervoso
central (Bal-Price et al., 2008).

A neurotoxicidade/neuroprotecdo deve ser avaliada de duas formas.
Primeiramente, deve ser feito um screening de concentracfes através de
curvas de citotoxicidade a fim de estabelecer concentracdes nédo-toxicas ou
subletais. Apos, realizar ensaios de funcgéo celular, determinado a interferéncia
da droga na homeostase celular (verificar, por exemplo, o metabolismo
energeético, estresse oxidativo, mudancas na morfologia celular e em
marcadores neuronais) (Clemedson et al., 2007).

Muitos compostos testados in vitro mostraram-se neuroprotetores e por
iSso, um promissor alvo terapéutico. Entretanto, estes resultados ndo se
repetiram em ensaios clinicos (Susuki, 2009; Gutteridge & Halliwell, 2011).
Como o cultivo de linhagens celulares apresenta um unico tipo celular, ndo ha
as interacdes intercelulares, e isso pode mascarar o0s resultados de

citotoxicidade (Banker & Goslin, 1998).
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Um dos parametros mais criticados em testes de
neurotoxidade/neuroprotecdo € a morfologia celular, visto que as linhagens
neuronais amplamente utilizadas apresentam fenoétipo diferente de neurénios
(Radio & Mundi, 2008). Dessa forma, o modelo de células diferenciadas é uma
alternativa, podendo ser utilizado em testes de neurotoxicidade/neuroprtecao
de compostos. No capitulo Il da dissertacdo, nos verificamos a potencialidade
do modelo para testes neurotoxicidade/neuroprotecdo de compostos.

Como ha uma forte evidéncia do envolvimento das espécies reativas na
fisiopatologia da DP, compostos antioxidantes sdo muito usados para avaliacao
da protecéo ou reversdo ao dano em neurdnios. Exemplos disso sdo a vitamina
D, o tocoferol, o ebselen e os flavonoides (Suzuki, 2009). Outro exemplo de
compostos neuroprotetores sdo 0S organocalcogénios, que apresentam
propriedades antioxidantes devido ao fato de sua estrutura quimica mimetizar o
sitio ativo da enzima GPx (Rotruck et al., 1973; Brigelius-Flohe 1999; Sarma
and Mugesh 2005).

Para avaliacdo da neurototoxicidade/neuroprotecdo foram utilizados
ensaios discutidos acima, como a viabilidade celular e ensaios de funcéo
celular. Primeiramente, através da determinacdo da viabilidade celular (MTT),
foram feitas curvas de citotoxicidade de nove compostos organocalcogénios
em células diferenciadas da linhagem de neuroblastoma SH-SY5Y. Dessa
forma, na primeira fase deste trabalho, selecionamos as concentracdes dos
compostos que apresentaram baixa citotoxicidade (doses subletais).

Atualmente este tipo de estudo é realizado em linhagens celulares.
Como relatado acima, elas sdo mitogénicas e por isso apresentam altas taxas

de proliferacdo. Isso é uma grande desvantagem para técnicas de viabilidade
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celular. O crescimento celular afeta o ensaio do MTT. Além disso, alguns
compostos podem possuir comportamento citostatico e por isso interferir na
técnica (Souldner et al., 1999; Luchtmann & Song, 2010).

Noés também avaliamos alguns ensaios de funcao celular como verificar
as mudancas na morfologia celular e se o0os compostos interferem em
parametros de estresse oxidativo. Uma caracteristica importante do modelo de
célula diferenciada € a semelhanca morfolégica com neurdénios maduros. A
diferenciacdo induzida por AR causa mudancas morfolégicas, como a presenca
de neuritos (Pahlmann et al., 1984). Estas estruturas sdo definidas como
projecdes citoplasméticas que se referem tanto a axénios como a dendritos em
culturas celulares (Carmaliet et al., 2003). Mudancas nesta estrutura, como
diminuicAo do numero e do tamanho sdo importantes parametros de
neurotoxicidade (Radio & Mundy, 2009).

N6s observamos que alguns compostos diminuiram a quantidade de
neuritos de forma significativa. Dessa forma, a modificagdo da morfologia da
célula é um indicativo de mudanca na funcionalidade celular e também de
citotoxicidade. Esse dado s6 pode ser observado em células diferenciadas visto
gue h& poucos neuritos nas células proliferativas (Pahlmann et al., 1984; Edjs6
et al., 2007; Lopes et al., 2010).

Ainda, nés verificamos as mudancas quanto a atividade de enzimas
antioxidantes e estado redox das ceélulas tratadas com organocalcogénios. Os
compostos foram capazes de aumentar os niveis de tidis protéicos, o potencial
antioxidante total bem como a atividade das enzimas antioxidantes nas células
diferenciadas. Estes dados podem ser a base da neuroprotecdo contra a 6-

OHDA. Como discutido na introducéo desta dissertacdo, a 6-OHDA é uma
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neurotoxina redox ativa, que causa dano oxidativo a biomoléculas (Gomez-
Lazaro et al., 2008).

Apébs estabelecer as condi¢cdes do modelo e mostrar sua aplicabilidade
para ensaios de neurotoxicidade/neuroprotecdo, nés verificamos outra
potencialidade do modelo. Nés padronizamos as condigbes ideais de
transfecdo e superexpressao da proteina verde fluorescente (GFP), como gene
reporter, no modelo de célula diferenciada (resultados suplementares I1).

A linhagem de neuroblastoma SH-SY5Y é transfectavel tanto de forma
transiente como com vetores virais (Biedler et al.,1973). Muitos estudos tém
usados técnicas de biologia molecular para verificar o papel de algumas
proteinas em doenca neurodegenerativas, visto que estes ensaios Ssdo
utilizados como prova de conceito, isto €, sdo usados para confirmar dados e
relacionar de forma mais acurada o papel de algumas proteinas nos disturbios
neurodegenerativos.

Como discutido acima, as cultura primarias apresentam caracteristicas
neuronais adequadas. Entretanto, ha uma grande dificuldade no
processamento e também na realizacdo de ensaios de transfec¢céo neste tipo
de cultura. Por isso, uma alternativa é o uso de linhagens celulares, como a
linhagem de neuroblastoma humano SH-SY5Y (Schille et al., 2009). Este tipo
de modelo também apresenta desvantagens que ja foram discutidas acima.

Dessa forma, apesar das células diferenciadas apresentarem
caracteristicas morfolégicas e neuroquimicas adequadas, seria uma grande
desvantagem ao modelo a impossibilidade de realizar técnicas de transfeccao.
Nessa fase do estudo, nOs buscamos avaliar se era possivel manter a

superexpressao de uma proteina e se isso influenciaria no fenotipo da célula.
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Os resultados (resultado suplementar Il, Figura 1) mostraram que a célula
diferenciada € capaz de manter a expressdo da proteina GFP visto que a
fluorescéncia se manteve durante todos os dias da diferenciacdo. O grande
problema dos ensaios de superexpressao transiente é a diminuicdo da
expressdo da proteina a cada divisdo celular (segundo Abcam-protocols). No
modelo com fendtipo neuronal, ha a parada do ciclo celular, diminuindo este
viés (Constantinescu et al. 2007).

Este dado é importante, pois mostra que técnicas de transfeccdo podem
ser aplicadas para outras proteinas que podem estar relacionadas com 0s
mecanismos fisiopatolégicos da DP, como por exemplo, a a-sinucleina, DJ-1,
LRRK2 e parkina (Henchcliff & Beal, 2008). Dessa forma, nossos resultados

reforcam o grande potencial que a célula diferenciada apresenta como um

modelo experimental in vitro para estudos em neurociéncias.
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5. CONCLUSAO
O nosso trabalho mostrou a eficacia da padronizagdo da diferenciacao
da linhagem de neuroblastoma humano SH-SY5Y induzido por AR, onde nés
verificamos que o fendtipo neuronal apresenta caracteristicas semelhantes aos
neurdnios dopaminérgicos (Lopes et al., 2010).
Além disso, o0 modelo de célula diferenciada pode ser aplicado para
estudo de screening de neurotoxicidade/neuroprotecdo de compostos bem

como em técnicas de biologia molecular, como a superexpressao de proteinas.
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6. PERSPECTIVAS

Nosso trabalho mostrou a potencialidade do modelo para testes de
neurotoxicidade/neuroprotecdo de compostos. Sendo isso, algo importante
para a busca de alvos terapéuticos para DP. Ainda, verificamos que estas
células podem ser manipuladas geneticamente.

A critica quanto a modelos experimentais tanto in vitro como in vivo nao
se limita somente & DP. Outras doengas neurogenerativas como o Alzheimer
também tem limitac6es de modelos.

A linhagem de neuroblatoma humano SH-SY5Y € também um exemplo
de modelo in vitro Alzheimer (DA). Além da diferenciacdo dopaminérgica, a
linhagem pode ser diferenciada em outros neur6nios colinérgicos através do
tratamento com outras neurotrofinas, como o BDNF (Encina et al., 2000). As
células adquirem marcadores neuroquimicos e também ha o aumento do
ndamero de processos neuriticos. Dessa forma, essas diferenciagdes também
modificam o fenétipo, deixando-o mais semelhante com neurbnios
diferenciados. Isso seria de grande valia para o entendimento dos mecanismos
fisiopatologicos de outras doengas neurodegenerativas além de também fazer

screening de possiveis drogas neuroprotetoras.
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8. ANEXO: Discusséao sobre modelos experimentais in vitro em

neurociéncias no Society for Neuroscience 2010

Pitfalls of Cell-based Screening
Assays — Is it the Cell, the Assay or
the Question Asked?

November 15, 2010 from 6:30-8:30 PM
Room: Indigo 206
Hilton San Diego Bayfront Hotel

Come hear leading speakers discuss the use of cell-based assays as models in neurological
diseases and in studies of neurotoxicity. The goal of this symposium is to open a dialogue
concerning how cell-based systems like neuroblastoma and neuroblastoma hybrid cell lines may
best be used as tools in understanding neurological diseases and drug discovery.

Speakers:

Dr. Raymond Chang, The University of Hong Kong, China
Dr. Joanne Hackett, Linkoping University, Sweden

Dr. Fabio Klamt, Universidade de Rio Grande do Sul, Brazil
Dr. Nick Radio, ThermoScientific, USA
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