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Toda a nossa ciéncia,

comparada com a realidade,

é
primitiva e infantil - e, no
entanto, é a coisa mais preciosa

que temos.

Albert Einstein
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PARTE I



RESUMO

O teltrio ¢ um elemento raro usado na industria eletronica como componente industrial
de muitas ligas. Tanto as formas organicas quando as inorganicas do telurio sdo altamente
toxicas para o SNC de roedores. Neste trabalho, nds inicialmente realizamos uma curva de
dose, através de uma tUnica administracdo subcutdnea do composto organico de telurio,
ditelureto de difenila, em ratos de 15 dias de idade, estabelecendo a perda de massa corporal
como critério de toxicidade do composto utilizado. A partir disso, o objetivo principal do
nosso trabalho foi investigar o efeito de uma unica administragdo subcutanea do ditelureto de
difenila sobre a fosforilagdo dos filamentos intermedidrios (FI) de cortex cerebral e
hipocampo de ratos Wistar jovens (15 dias de idade), 1, 3 ou 6 dias apds a exposicao a droga.
Verificamos também a capacidade do composto organico de selénio, o disseleneto de difenila
de reverter esse efeito. Além disso, também determinamos o efeito do tratamento in vivo com
o ditelureto de difenila sobre a atividade da Na", K" -ATPase.

Os resultados obtidos mostraram que nos dias 3 e 6 apds a injecao da droga, os animais
injetados com 0,3 pmol/Kg de peso corporal, ou doses maiores da neurotoxina, apresentaram
uma perda significativa de massa corporal, quando comparados com os animais controles.
Com base nesses dados, a concentragdo de 0,3 umol/Kg de peso corporal foi escolhida para a
realizacdo dos estudos posteriores. Nesse periodo ocorreu também um aumento da
fosforilacdo dos neurofilamentos (FI neuronais), da proteina glial fibrilar 4cida (GFAP) e da
vimentina (FI gliais), no cortex cerebral dos ratos. O efeito do ditelureto de difenila sobre a
fosforilacdo dos FI em cortex cerebral foi acompanhado por um aumento do imunoconteudo
das proteinas NF-M, NF-L e GFAP na fragdo citoesquelética, sugerindo um aumento de
polimerizacdo destas proteinas. Por outro lado, o aumento do imunoconteido da NF-L e
GFAP no homogeneizado total 3 dias ap6s a administragdo do ditelureto de difenila, ¢
compativel com um aumento de expressdo dessas proteinas. Porém, 6 dias apds a injecao do
composto verificou-se apenas um aumento do imunocontetdo da GFAP na fracdo
citoesquelética, assim como da subunidade de alto peso molecular dos neurofilamentos (NF-
H) e da GFAP no homogeneizado total de cortex cerebral. Por outro lado, no hipocampo,
ocorreu um aumento de fosforilagdo apenas da GFAP e da vimentina, proteinas tipicas de
astrocitos, sendo que esse efeito s6 foi observado no sexto dia apds a injecdo da neurotoxina.
Esse efeito foi acompanhado por um aumento do imunoconteudo da GFAP na fragao
citoesquelética 6 dias apds a exposicao ao ditelureto de difenila. O efeito sobre a fosforilagao
das proteinas do citoesqueleto foi completamente prevenido pelo disseleneto de difenila (5
umol/Kg de peso corporal) injetado uma tinica vez, 24 h apds a administra¢do do ditelureto de
difenila. Além disso, também demostramos nesse trabalho que, ele ¢ capaz de inibir a
atividade da Na", K -ATPase 6 dias apos a administragdo da droga.

Nossos resultados mostraram, portanto, que o ditelureto de difenila, quando
administrado de forma aguda em ratos jovens, ¢ capaz de aumentar a expressdo de proteinas
de FI e de afetar o sistema fosforilante associado a essas proteinas. Os dados mostraram ainda
que o aparecimento desses efeito tem uma laténcia de 3 a 6 dias apds a injecdo da toxina e
indicaram que o cortex cerebral ¢ mais sensivel do que o hipocampo aos efeitos do composto
organico do teltirio. Além disso, o ditelureto de difenila é capaz de inibir a enzima Na", K" -
ATPase cortical, refor¢ando a susceptibilidade do cortex cerebral a acdo desta neurotoxina.
Mostramos ainda neste trabalho, que o aumento de fosforilagdo das proteinas de FIs pode ser
prevenida pelo disseleneto de difenila Com base nos resultados obtidos, pode-se supor que as
alteragdes no citoesqueleto ¢ a inibi¢do da atividade da Na“, K" -ATPase em células corticais
podem estar envolvidas com a neurotoxicidade desse composto.



ABSTRACT

Tellurium is a rare element used as an industrial component of many alloys and in the
electronic industry. This element also is one important intermediate and/or reagent in organic
synthesis. Inorganic and organic tellurium compounds are highly toxic to the CNS of rodents.
In this work we initially established the toxic dose and the time-action characteristics of
diphenyl ditelluride acutely injected using body weight measurements as the end point of
toxicity. Considering these findings, the aim of this work was to investigate the effect of a
single subcutaneous injection of organic tellurium compounds, diphenyl ditelluride, on the
intermediate filament (IF) phosphorylation in cerebral cortex and hippocampus from young
Wistar rats (15 day-old), 1, 3 or 6 days after injection. We also investigated if diphenyl
diselenide would be able to prevent this effect. Furthermore, we verified the effect of in vivo
treatment with diphenyl ditelluride on Na'-K"-ATPase activity.

Results showed that at days 3 and 6 animals injected with 0.3 pmol/Kg body weight or
higher doses of diphenyl ditelluride presented loss of body mass when compared with control
animals. Considering this finding, we have chosen the concentration of 0.3 umol/Kg body
weight for the next experiments. We observed an hyperphosphorylation of neurofilaments
(the neuronal IF) and of glial fibrillary acidic protein (GFAP) and of vimentin (Vim)
(astrocyte IFs) in cerebral cortex. The effect of diphenyl ditelluride 3 days of injection on IF
phosphorylation was accompanied by an increased NF-M, NF-L and GFAP immunocontent
in IF-associated cytoskeletal fraction, suggesting an increase in protein polymerization.
Otherwise, the stimulated GFAP, NF-L immunoreactivity in tissue homogenate suggests an
increased protein synthesis. However, 6 days after the neurotoxin administration, only GFAP
immunocontent increased in IF-associated cytoskeletal fraction, while GFAP and NF-H
immunoreactivity was stimulated in tissue homogenate from cerebral cortex. On the other
hand, in hippocampus, we observed that astrocyte IF (GFAP and Vimentin)
hyperphosphorylation was accompanied by increased immunocontent of these proteins in
cytoskeletal fraction at day 6 after tellurium injection. The cortical IF hyperphosphorylation
induced by diphenyl ditelluride, was totally prevented by a single subcutaneous injection of
diphenyl disselenide (Spmol/kg body weigth) 24h after diphenyl ditelluride administration.
We also showed that beyond the effects of the in vivo treatment with diphenyl ditelluride on
the cytoskeleton of cortical cells, this neurotoxin inhibited Na"™-K'-ATPase activity at day 6
after drug injection.

So, our results showed that a single subcutaneous injection of (PheTe) in young rats is
able to stimulate the phosphorylation and expression of IF proteins. Moreover, our data
demonstrated that effects of diphenyl ditelluride were time- and brain structure-dependent.
We also verified in this work that cerebral cortex is more susceptible than hippocampus to
neurotoxin injury. In addition, the diphenyl ditelluride was also able to inhibit the Na'™-K'-
ATPase activity. We showed also in this work that cortical IF hyperphosphorylation induced
by diphenyl ditelluride was totally prevented by diphenyl disselenide Therefore, we can
suppose that the observed alterations in cytoskeleton and the inhibition of the activity Na™-K -
ATPase in cortical cells may be related with the neurotoxicity of this substance.
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1. INTRODUCAO

1.1. CITOESQUELETO

O citoesqueleto ¢ uma rede complexa de filamentos protéicos que se estendem por todo
o citoplasma da célula, formando uma estrutura altamente dindmica que se reorganiza
continuamente sempre que a célula altera sua forma, se divide ou responde ao ambiente. O
citoesqueleto € responsavel direto por movimentos tais como, deslocamento das células sobre
o substrato e contracdo muscular. Ele também fornece a maquinaria necessdria para
movimentos intracelulares e ¢ responsavel pela organizacao espacial do citoplasma de células
eucariodticas (Alberts et al., 2002).

As proteinas do citoesqueleto tém papel fundamental na criagdo e manutencao da forma
celular de neurdnios e astrocitos, participam da manuten¢do do calibre axonal, bem como do
transporte de organelas e substancias envolvidas na transmissdo sinaptica (Kirkpatrick &
Brady, 1999; Ackerley, 2000). Por outro lado, varias doengas neurodegenerativas e disturbios
psiquiatricos estdo associados com alteragdes no citoesqueleto neuronal (Hirano, 1991;
Lariviere & Julien, 2004).

Essa estrutura ¢ um importante alvo de mecanismos de transmissdo de sinais a partir de
receptores de membrana plasmatica, levando a uma resposta celular apropriada. Além disso,
esta envolvida na organizacdo e reorganiza¢ao dos receptores de membrana e ¢ essencial para
os mecanismos de reconhecimento celular (Carraway, 2000).

As diferentes atividades do citoesqueleto dependem de trés tipos de filamentos
protéicos: microfilamentos (formados por actina), microtibulos (formados por tubulina) e
filamentos intermedidrios (composi¢do protéica varia de acordo com o tecido) (Figura 1).
Cada tipo ¢ formado pela polimerizagdo dos mondmeros protéicos especificos (Carraway,

2000; Alberts et al., 2002). Os trés tipos de filamentos do citoesqueleto sdo conectados entre



si e suas fungdes sdo coordenadas, permitindo a participagdo em inimeras atividades celulares

em conjunto com diversas proteinas acessorias (Alberts et al., 2002; Bear et al., 2002).

Membrana plasmatica P __H_d_—__\\\

Reticulo endoplasmatico rugoso - ¢

& " Mitocéndria
Filamentos i T )
intermediarios ' Microtabulos

L [
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Figura 1: Representacdo esquematica dos constituintes do citoesqueleto. Adaptado de Alberts et al., 2002 e

www.mie.utoronto.ca/labs/lcdlab/biopic, acessado em 07.11.2006.

1.1.1. Filamentos Intermediarios

Os filamentos intermediarios (FI) sdo filamentos longos com um didmetro em torno de
10 nm, tamanho intermediario entre os filamentos de actina (7 nm) e os microtibulos (25 nm).
Sdo polimeros de subunidades fibrosas (Alberts et al., 2002) codificadas por uma das maiores
familias de genes no genoma humano (Hesse ef al., 2001). Apresentam um dominio central
em o-hélice altamente conservado e regides amino- e carboxi-terminal varidveis (Figura 2),
com diferengas que permitem a classificacdo dos FI em seis subtipos diferentes: subtipo I —
queratinas 4cidas; subtipo II — queratinas basicas e neutras; subtipo III — desmina, vimentina,
periferina e proteina glial fibrilar acida (GFAP); subtipo IV — neurofilamentos; subtipo V —
laminas nucleares e subtipo VI — nestina (Fuchs & Weber, 1994; Elder et al., 1999; Herrmann

& Aebi, 2000; Inada et al., 2000; Lanviere & Julien, 2004).
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Figura 2: Representacdo esquematica da estrutura da subunidade de um FI. Adaptado

de Cooper et al., 2001.

As principais fungdes dos FI sao a manutencdo da forma celular, integridade estrutural e
organizagdo do citoplasma, bem como, interagdo com organelas e outros componentes do
citoesqueleto. Além disso, os FI também apresentam uma fungdo ativa na prote¢ao contra o
estresse mecanico ¢ nao mecanico (Chou et al., 1997; Omary & Ku, 1997; Fuchs &
Cleveland, 1998;) e na transducao de sinal a partir da membrana plasmatica para o nucleo

(Paramio & Jorcano, 2002; Chang & Goldman, 2004).

1.1.1.1. Neurofilamentos

Os neurofilamentos constituem o principal tipo de FI encontrado em neurdnios adultos
(Lee & Clevaland, 1996). Siao formados pela polimerizacio de trés subunidades: os
neurofilamentos de baixo (NF-L; 68 kDa), médio (NF-M; 150 kDa) e alto peso molecular
(NF-H; 200 kDa) (Alberts et al., 2002). A extremidade amino-terminal juntamente com a
regido em o-hélice da subunidade de baixo peso molecular, NF-L, interagem lateralmente e
longitudinalmente formando a estrutura propriamente dita do neurofilamento, (Geisler &
Weber, 1981), enquanto que as regides carboxi-terminais das subunidades de médio (NF-M) e
alto peso molecular (NF-H) s3o responsaveis pelas proje¢des laterais, que permitem a
interagdo dos neurofilamentos entre si e com os demais constituintes do citoesqueleto

(Hisanga & Hirokawa, 1988; Gotow et al., 1992; Kirkpatrick & Brady, 1999) (Figura 3).



Figura 3: Representa¢do esquemadtica de um neurofilamento, onde a regido central ¢é
formada pelas trés subunidades (NF-L, NF-M e NF-H) e as proje¢des laterais sdo constituidas
pelas regides carboxi-terminais das subunidades NF-M e NF-H. Adaptado de Kirkpatrick &
Brady, 1999.

Os neurofilamentos sdo importantes na estrutura do axénio e a sua densidade determina
e mantém o calibre axonal (Hoffman et al., 1987; Xu et al., 1996; Elder et al., 1998, Fuchs &
Cleveland, 1998; Kriz et al., 2000). Eles sdo sintetizados dentro do corpo celular e
posteriormente transportados para o axonio, sendo a fosforilagdo do dominio carboxi-terminal
da NF-H um importante mecanismo regulatorio do transporte axonal (Jung et al., 2000). Além
disso, a fosforilagdo dos neurofilamentos pode alterar a interacdo deles entre si ou com outros
componentes do citoesqueleto (Li et al., 1999).

O acumulo anormal e a desorganizagdo dos neurofilamentos sdo caracteristicos de
algumas doencas como esclerose amiotrofica lateral, atrofia muscular infantil e neuropatia
motor-sensorial hereditaria (Lee & Cleveland, 1996; Fuchs & Cleveland, 1998; Al-Chalabi et

al., 1999; Brandt, 2001).

1.1.1.2. Proteina Glial Fibrilar Acida (GFAP)

A GFAP ¢ uma proteina de 50 kDa presente predominantemente em astrocitos maduros
e, como outros filamentos intermediarios, tem sua polimeriza¢do regulada por fosforilagao
(Inagaki et al,1994a; Karl et al., 2000). Essa proteina ¢ considerada um marcador de
astrocitos e € importante na manuten¢do da forma dos mesmos e na modula¢cdo da motilidade

celular. No SNC de vertebrados superiores, depois de uma injuria, os astrocitos tornam-se



reativos e respondem de uma maneira tipica, processo esse chamado de astrogliose. A
astrogliose ¢ caracterizada pela rapida sintese de GFAP (Pekny et al., 1999; Eng et al., 2000).

A GFAP ¢ importante para a interacao astrocito-neuronio (McCall et al., 1996; Eliasson
et al., 1999), participando do sofisticado sistema de comunicagdo intercelular reciproca que
pode regular a liberagdo de neurotransmissores, a excitabilidade neuronal e a transmissdo

sindptica (Carmignoto, 2000).

1.1.1.3. Vimentina

Entre as proteinas dos filamentos intermedidrios, a vimentina é a mais amplamente
distribuida, ocorrendo em muitas células de origem mesenquimal. Além disso, ¢ expressa de
forma transitoria durante o desenvolvimento em muitos tecidos (Alberts et al., 2002). No
SNC, ¢ expressa na glia radial, astrocitos imaturos e também na glia de Bergmann no
cerebelo. Durante a diferenciagdo dos astrdcitos é substituida progressivamente por GFAP
(Menet et al., 2001).

A vimentina, juntamente com a GFAP, participa do processo de gliose reativa apds

injaria no SNC (Pekny et al., 1999; Menet et al., 2001).

1.2. FOSFORILACAO DE PROTEINAS NO SISTEMA NERVOSO CENTRAL

A fosforilagdo de proteinas é um processo molecular reversivel que desempenha um

papel fundamental na regulacdo de diversas fungdes celulares, sendo o principal mecanismo

utilizado no processo de transdu¢ao de sinal (Hunter, 1995).



Essa modificagdo covalente regula a fungdo das proteinas em resposta a estimulos
extracelulares (Nestler & Greengard, 1999). Segundos mensageiros tipicos, como AMPc e
calcio, regulam fungdes neuronais através de alteragdo no estado de fosforilagao de proteinas
intracelulares. A fosforilagdo altera a fungdo da proteina de uma maneira rapida e reversivel.
Proteinas sdo fosforiladas por uma ampla variedade de proteinas quinases € os grupamentos
fosfato sdo removidos do substrato pelas proteinas fosfatases (Figura 4). O grau de
fosforilacdo de uma proteina alvo reflete, portanto, um balango entre as acdes contrarias de
proteinas quinases e fosfatases, integrando um conjunto de rotas de sinalizagdo celular. Entre
os substratos de quinases e fosfatases estdo enzimas, receptores de neurotransmissores, canais

i0nicos e proteinas estruturais (Purves et al., 2005).

Protema

Segundos / Segundos
mensagelros/y mensagexro%

§ Fosfoprotema

I’rotema Protema
cinase fosfatase

Figura 4: Regulacio de proteinas celulares por fosforilagdo. Proteinas quinases transferem grupos

fosfato do ATP para residuos de serina, treonina ou tirosina em substratos prot€icos. A remog¢do dos grupos
fosfato ¢ catalisada por proteinas fosfatases. Adaptado de Purves et al., 2005.

No SNC a fosforilagdo de proteinas estd envolvida com a plasticidade de células
neuronais (Schulman, 1995; Bhat, 1995), em eventos de aprendizagem e memoria (Izquierdo
& Medina, 1997; Viola et al., 2000), na transdu¢do de sinal e contribui para a eficicia da
transmissdo sindptica. Além disso, participa da regulacdo de uma variedade de processos,
como atividade de enzimas, liberacdo de neurotransmissores ¢ modulacdo de receptores e

canais ionicos (Wallas & Greengard, 1991; Nairn & Shenolikar, 1992; Inagaki et al., 1994b;

10



Jovanovic et al., 2001; Koles et al., 2001). A expressdo de genes especificos em neurdnios
alvo ¢ regulada através da fosforilagdo de fatores de transcricdo e de proteinas ribossomais
(Nestler & Greengard, 1999).

Os componentes do citoesqueleto estdo entre as principais proteinas alvo modificadas
em resposta & maioria dos sinais extracelulares que determinam a morfologia neuronal
(Sanches et al., 2000). A fosforilagdo de proteinas do citoesqueleto e de suas proteinas
associadas regula a forma e o funcionamento de astrécitos, a forma e a sobrevivéncia
neuronal, assim como o transporte axonal e o crescimento e retragdo de dendritos e axonios

(Nestler & Greengard, 1999).

1.2.1. Fosforilacao dos filamentos intermediarios

A fosforilagdo dos FI parece ser um dos mecanismos predominantes na regulagdo da
organizagdo intracelular (Inagaki et al., 1996a) e esta relacionada com a sua capacidade de
polimerizagao e interagdo com outras proteinas do citoesqueleto (Kirkpatrick & Brady, 1999;
Inada et al., 2000). Os sitios de fosforilagdo dos FI estdo localizados nos dominios amino e
carboxi-terminal. A fosforilagio do dominio amino-terminal esta relacionada com a
capacidade de polimerizagao/despolimeriza¢ao dos FI (Inagaky et al., 1987), enquanto que a
fosforilacdo do dominio carboxi-terminal tem implicagdes na interacdo com outras estruturas
do citoesqueleto (Chou ef al., 1996).

A dindmica de fosforilagdo/desfosforilacdo dos FI ¢é varidvel e depende da natureza do
FI, do tipo celular e do contexto biologico (Steinert et al., 1982; Omary et al., 1998; Omary et
al., 2006). E descrito que a fosforilagio dessas proteinas aumenta varias vezes em
determinadas situacgdes fisiologicas, como na mitose ou no envelhecimento, ou em situagdes
patoldgicas, como infecgdo ou exposi¢do a toxinas (Gou et al., 1995; Ku et al., 1996).

O estado de fosforilagdo dos neurofilamentos tem papel importante no controle da

integridade do citoesqueleto, no transporte ¢ no didmetro axonal (Strack et al., 1997),
11



promove a interagdo desses FI com as mitocondrias (Wagner et al., 2003), pode modular a
funcao de organelas (Toivola ef al., 2005) e protege os neurofilamentos da protedlise (Grant
& Pant, 2000). Os neurofilamentos sdo altamente fosforilados in vivo, porém o grau de
fosforilagdo do NF-M e do NF-H, e especialmente do NF-L, ¢ diferente em cada
compartimento neuronal, sendo altamente fosforilados no axdénio, mas pouco fosforilado no
corpo celular e nos dendritos (Gotow ef al., 1994; Gotow & Tanaka, 1994).

A fosforilagdo no dominio carboxi-terminal das subunidades NF-M e NF-H ¢
responsavel por aumentar o espaco entre os filamentos, regulando o calibre axonal (Nixon et
al., 1994; Bett et al., 1997; Aranda-Espinoza et al., 2002). Além disso, também esta envolvida
na regulagdo da velocidade de transporte axonal (Jung ef al., 2000; Ackerley et al., 2003).

Assim como nos neurofilamentos, a polimerizacdo da GFAP e da vimentina também ¢
regulada pela fosforilagdo/desfosforilagdo do dominio amino-terminal, que contém muitos
sitios fosforilaveis (Inagaki et al., 1994a; Gohara et al., 2001; Takemura et al., 2002). A
fosforilacdo da vimentina parece ter um papel importante na migracao celular (Ivaska et al.,
2005), no entanto, sugere-se que a fosforilagdo da GFAP regula a plasticidade estrutural dos

filamentos gliais e eventualmente as func¢des dos astrocitos (Takemura et al., 2002).

1.3. COMPOSTOS ORGANOCALCOGENIOS

Organocalcogénios sdo compostos organicos dos elementos oxigénio (O), enxofre (S),
selénio (Se), telario (Te) e polonio (Po), localizados no grupo 16 da tabela periddica. Sao
importantes intermediarios e reagentes muito utilizados na sintese organica (Paulmier, 1986;
Braga et al., 1996, 1997).

Em sistemas bioldgicos, alguns compostos organocalcogénios sdo capazes de inibir

enzimas que dependem dos grupos sulfidril para exercerem sua atividade catalitica, como a
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5’lipoxigenase (Bjornstedt et al., 1996) e a escaleno monooxigenase (Gupta & Porter, 2001;
Laden & Porter, 2001). Isso provavelmente ocorre pois esses compostos interagem com 0s

residuos cisteinil das proteinas (Laden & Porter, 2001).

1.3.1. Selénio

O selénio, um elemento trago, ¢ essencial para o crescimento ¢ o desenvolvimento
normal do organismo, sendo que a sua necessidade nutricional é reconhecida a muitos anos
(Schwartz & Foltz, 1957). Esse elemento ¢ um componente estrutural de varias enzimas com
propriedades antioxidantes, entre elas, a glutationa peroxidase (Flohé er al, 1973; Rotruck,

1973).

1.3.1.1. Disseleneto de Difenila

O disseleneto de difenila [(PheSe),] ¢ um composto organico do selénio e apresenta
atividades neuroprotetora (Ghisleni et al., 2003), antinociceptiva, antiinflamatorias (Nogueira
et al., 2003a) e neuroquimica ( Moretto et al., 2003). Além disso, compostos de selénio sdo
capazes de prevenir o efeito in vitro do metilmercurio sobre a fosforilagdo das proteinas do
citoesqueleto (Moretto ef al., 2005a).

No entanto, compostos organicos de selénio sdo também conhecidos por apresentarem
toxicidade in vitro e in vivo. Eles podem ser neurotdxicos para roedores adultos (Nogueira et
al., 2003b), bem como nocivos para proteinas e enzimas de varios tecidos de mamiferos

(Barbosa et al., 1998; Maciel et al., 2000; Farina et al., 2001; Nogueira et al., 2003c¢).

1.3.2. Telurio
O telurio ¢ um elemento relativamente raro e pertence ao grupo dos calcogénios, assim
como o enxoOfre e o selénio, mas ao contrario do selénio ndo apresenta nenhuma funcao

fisioloégica descrita at¢ o momento (Taylor, 1996). Compostos de telurio sdo usados ou
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produzidos em varios processos industriais, por exemplo na producdo de aco e no refino
eletrolitico de metais pesados. Atualmente o telurio ¢ empregado também na manufatura de
semicondutores, na industria de componentes eletronicos, sintese de farmacos e explosivos,
na vulcanizag¢do de borracha, em lubrificantes sélidos, na petroquimica, entre outros (Clayton
& Clayton, 1981; Taylor, 1996).

O aumento do uso industrial desse composto quimico provoca riscos ocupacionais e
ambientais para a saude humana, porém as transformagdes bioquimicas e o significado
bioldgico da exposi¢do a essa substancia sdo pouco compreendidos (Meotti ef al., 2003).

Tanto as formas orgéanicas quando as inorganicas do telirio sdo altamente toxicas para o
SNC de roedores (Hu & Tappel, 1987; Maciel et al., 2000; Nogueira et al., 2001; Widy-
Tysziewicz et al., 2002), além disso, ¢ descrito que a forma metalica desse composto pode

causar lipofuccinose cerebral em ratos adultos (Duckett & White, 1974).

1.3.2.1. Ditelureto de difenila

O ditelureto de difenila [(PheTe),] € um composto organico do telurio, cuja féormula esta
representada na Figura 5. Dados sobre a possivel toxicidade de compostos organicos de
telurio sdo controversos. Ha estudos, entretanto, mostrando que essas substancias podem
modificar a funcionalidade do sistema glutamatérgico in vivo e in vitro (Nogueira et al., 2001)
e sdo capazes de inibir a enzima escaleno monooxigenase, alterando a biossintese do
colesterol e provocando desmielinizagdo do sistema nervoso periférico (Wagner-Recio et al.,
1991; Laden & Porter, 2001).

Segundo, Maciel et al., 2000, o tratamento de camundongos com (PheTe), revelou
alteracdes histologicas acentuadas no cérebro. Além disso, uma unica inje¢do subcutanea
desse composto em ratas gravidas foi teratog€nica para os fetos e tdxica para as maes
(Stangherlin et al., 2005). Em relacdo ao sistema fosforilante associado ao citoesqueleto, esse

organocalcogénio induz um aumento da atividade in vitro de quinases que levam a
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hiperfosforilacdo de proteinas do citoesqueleto em fatias de cortex cerebral de ratos (Moretto
et al., 2005b; Funchal et al., 2006).

O atomo de telurio presente em compostos organicos ¢ facilmente oxidado, o que torna
estes compostos aptos a inibirem a peroxidacao estimulada em hepatocitos e microssomas de
rins de ratos (Cotgreave et al., 1991, Andersson et al, 1994) e a retardarem a peroxidagdo do
acido linoleico a metanol (Engman et al., 1995). Compostos orgénicos de telurio apresentam
potencial como substancia antioxidante, portanto, provavelmente, sdo capazes de proteger

proteinas e lipidios contra o estresse oxidativo em varios sistemas (Kanski et al., 2001).

dipheny! ditelluride

Figura 5: Estrutura do (PheTe),. Adaptado de Borges et al., 2005.

Estudos in vitro com (PheTe), mostraram que ele ¢ capaz de afetar a atividade de
enzimas importantes para o funcionamento do SNC, como a Na', K™ -ATPase cerebral, que é
inibida por esse composto de maneira dependente da concentragdo (Borges et al., 2005). Esse
resultado pode sugerir que a alteragdo da atividade dessa enzima possa estar relacionada com

os danos ao SNC causados pelo (PheTe),.
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1.4.Na®, K" -ATPase

A bomba de Na" e K ¢ uma proteina integral de membrana, a qual é essencial para o
funcionamento normal de todas as células de mamiferos. Ela ¢ responsavel pelo transporte
ativo dos fons Na" e K' através da membrana plasmatica, utilizando energia proveniente da
hidrolise do ATP (Kaplan, 2002).

Um grande nimero de fungdes estdo relacionadas com a manutencdo do gradiente de
Na'e K, tais como controle do volume celular, excitabilidade neuronal, atividade de enzimas
citosolicas, contragdo muscular, além de auxiliar no movimento de outros ions através da
membrana (Vasilets e Shwarz, 1993; Bertorello & Kartz, 1995; Alberts et al., 2002). Essa
enzima também esta envolvida na diferenciacdo e sobrevivéncia celular (Yu, 2003)

A Na', K" -ATPase esta presente em grandes quantidades nos neurénios (Boldyrev,

1985) e em células gliais (Kwon ef al., 2003).
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2. OBJETIVO

2.1. OBJETIVO GERAL
Caracterizar os efeitos do tratamento in vivo com (PheTe), sobre o citoesqueleto e sobre

a atividade da Na“, K" ATPase.

2.2. OBJETIVOS ESPECIFICOS

e Verificar o efeito do tratamento in vivo com diferentes concentracdes de (PheTe), sobre o
ganho de massa corporal em ratos jovens durante 6 dias consecutivos.

e Estudar o efeito do tratamento in vivo com (PheTe), sobre a fosforilacdo de proteinas de
filamentos intermediarios (NF-H, NF-M, NF-L, vimentina ¢ GFAP) em fatias de cortex
cerebral e hipocampo de ratos 1, 3 ou 6 dias ap6s a administragdo da droga.

e Determinar o efeito do tratamento in vivo com (PheTe), sobre o imunoconteudo dos
neurofilamentos e da GFAP na fragdo citoesquelética e no homogenizado total de cortex
cerebral de ratos em diferentes tempos apos a exposi¢ao a droga.

e Avaliar o imunoconteudo de GFAP em hipocampo de ratos 6 dias apds a administragao do
(PheTe)s.

e Investigar a capacidade do (PheSe), em prevenir o possivel efeito desencadeado pelo
(PheTe), sobre a fosforilagao dos filamentos intermediarios.

e Caracterizar o efeito do tratamento in vivo com (PheTe), sobre a atividade da Na’, K"

ATPase 3 e 6 dias apds a exposi¢ao a droga.

17



PARTE 11

18



1. ARTIGO

Artigo submetido ao periddico Toxicology Letters.

Titulo: Effects of in vivo treatment with diphenyl ditelluride on the phosphorylation of

cytoskeletal proteins and Na'K" ATPase activity in cerebral cortex and hippocampus of rats.

Autores: Luana Heimfarth, Samanta Oliveira Loureiro, Ariane Zamoner, Priscila de Lima

Pelaez, Cristiane Matté, Cristina W. Nogueira, Angela T.S. Wyse, Jodo Batista T. da Rocha,

Regina Pessoa Pureur

19



Elzaviar Editorial Syetemitm! for Toxicoclogy Letbers

Manuscript Draft

Manuscript Humber:

Title: EFFECTE OF IN VIVQ TREATMENT WITH DIFENYL DITELLURIDE ON THE
PHOSFHORYLATICH OF CYTOSKELETAL FROTEINZ AND NA+E+-ATPass ACTIVITY IN CEREEBRAL
CORTEX AND HIFPOCZRMPUS OF RRTS

article Type: Easearch Paper

Keywords: OCOrganctellurium; intermediate filaments; protein phosphorylation;
Ma+-K+-ATPase; neuroprotection; diphenyl ditellurids.

Corresponding BEuthor: Dr Regina Pessoa-Pureur, PhD
Corresponding BEuthor's Instituticn: Univeraidads Pederal do Rio Grande do sSul
First Zuthcor: Luana Heimfarth

order of autheors: Luana Hsimfarth; Zamanta © Loureiro, PhD student; Ariane
FRamoner; Priscila de Lima Pelaez; Cristiane Matté; Cristina W Nogueira; Angela

Terezinha & Wyse, PhD; Jodo Batista T Rocha, PhD; Regina Pessca-Pureur, PhD

gbatract: In this work we investigated the 2ffect of a single subcoutaneous
injecticn of diphenyl ditellurids (FheTe)z in 15 day-old Wistar rats (0.3
pmol/kg body weight) on the phosphorvlaticn of intermediate filament (IF)
proteins in cerebral cortex and hippocampus, 1, 3 or & days after injecticn.
Rzsulte showed that at days 3 and & animals injected with (PheTzs)2 praesented
lozs of body mass and hyperphosphorylation of neurofilaments, the neurcnal IF,
and astrocyte IFs, glial fibrillary acidic protein (GFAP) and vimentin (vim} in
cerebral cortex. Otherwiss, in hippocampus, only GFAP and Vim were
hyperphosphorylated at day & after injecticn. In cerebral cortex, this effect
was accompanisd by incrsassd immunocontent of these proteine in tissus
homogenate and asscciated with the oytoskeletal fracticn. While in hippocampus
only the GFAP immunocontent was increased, the hyperphosphorylation of cortical
IF proteins, induced by (PheTa) 2z, was totally reversed by a single subcutanecus

injecticn of diphenyl disselenide (PhesSe}2 (Sdmol/kg body weigth) 24 h after
{PhaTe}z administration. We also showed that beyvond the effects of thse in vivo
treatment with (FheTe)z on the cytoskeleton of cortical cells, this neurctoxin
inhikited Ma+-E+-ATPaze activity at day & after drug injecticn. Taken togsthser,
our results suggest that the oytosksleton is mors susceptible in cortical than
in hippoccampal cells. Morscover, cytoskeletal dysfuncticn and Wa+-E+-ATPass
inhibkiticon in cortical cells could be involwed in the neurctoxicity inducsd by
acute treatment with (PheTz)z

20



EFFECTS OF IN VIVO TREATMENT WITH DIPHENYL DITELLURIDE ON THE
PHOSPHORYLATION OF CYTOSKELETAL PROTEINS AND NA'K'-ATPase

ACTIVITY IN CEREBRAL CORTEX AND HIPPOCAMPUS OF RATS

Luana Heimfarth*, Samanta Oliveira Loureiro*, Ariane Zamoner*, Priscila de Lima Pelaez*,
Cristiane Matté*, Cristina Wayne Nogueira**, Angela Terezinha de Souza Wyse*, Joao

Batista Teixeira Rocha** and Regina Pessoa-Pureur*

*Departamento de Bioquimica, Instituto de Ciéncias Basicas da Saude, Universidade Federal
do Rio Grande do Sul, Porto Alegre, RS, Brasil ** Departamento de Quimica, Centro de

Ciéncias Naturais e Exatas, Universidade Federal de Santa Maria, RS, Brasil

CORRESPONDENCE ADDRESS: Dr. Regina Pessoa-Pureur, Universidade Federal do Rio
Grande do Sul, Instituto de Ciéncias Basicas da Satde, Departamento de Bioquimica, Rua
Ramiro Barcelos 2600 anexo, 90035-003 Porto Alegre RS BRASIL, Fax: 5551 3316 5535

Tel: 5551 3316 5565 E-mail: rpureur@ufrgs.br

21



ABSTRACT

In this work we investigated the effect of a single subcutaneous injection of diphenyl
ditelluride (PheTe), in 15 day-old Wistar rats (0.3 pmol/kg body weight) on the
phosphorylation of intermediate filament (IF) proteins in cerebral cortex and hippocampus, 1,
3 or 6 days after injection. Results showed that at days 3 and 6 animals injected with (PheTe),
presented loss of body mass and hyperphosphorylation of neurofilaments, the neuronal IF,
and astrocyte IFs, glial fibrillary acidic protein (GFAP) and vimentin (Vim) in cerebral cortex.
Otherwise, in hippocampus, only GFAP and Vim were hyperphosphorylated at day 6 after
injection. In cerebral cortex, this effect was accompanied by increased immunocontent of
these proteins in tissue homogenate and associated with the cytoskeletal fraction, while in
hippocampus only the GFAP immunocontent was increased. The hyperphosphorylation of
cortical IF proteins, induced by (PheTe),, was totally reversed by a single subcutaneous
injection of diphenyl disselenide (PheSe), (Sumol/kg body weigth) 24 h after (PheTe),
administration. We also showed that beyond the effects of the in vivo treatment with (PheTe),
on the cytoskeleton of cortical cells, this neurotoxin inhibited Na"™-K'-ATPase activity at day
6 after drug injection. Taken together, our results suggest that the cytoskeleton is more
susceptible in cortical than in hippocampal cells. Moreover, cytoskeletal dysfunction and Na'-
K'-ATPase inhibition in cortical cells could be involved in the neurotoxicity induced by acute

treatment with (PheTe); .

KEYWORDS: Organotellurium, intermediate filaments, protein phosphorylation, Na™-K'-

ATPase, neuroprotection, diphenyl ditelluride
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INTRODUCTION

Intermediate filaments (IFs) are major components of the cytoskeleton and nuclear
envelope in most types of eukaryotic cells. They are expressed in cell-type-specific patterns
and play an important structural or tension-bearing role in the cell. Evidence is now emerging
that IFs also acts as an important framework for the modulation and control of essential cell
processes, in particular, signal transduction events (Paramio et al, 2002). The neuronal
cytoskeleton comprises a protein network formed mainly by microtubules (MT) and
neurofilaments (NF), the IFs of neurons. Neurofilaments are composed of three different
polypeptides whose approximate molecular masses are 200, 160, and 68 kDa, and are
commonly referred to as heavy (NF-H), medium (NF-M) and light (NF-L) neurofilament
subunits (Ackerley et al, 2000). Glial fibrillary acidic protein (GFAP) is the IF of mature
astrocytes (Eng et al, 2000) and vimentin (Vim) is the IF of cells of mesenchimal origin
(Alberts et al, 2002).

The phosphorylation of cytoskeletal components, such as IF proteins, may affect their
assembly and organization ability (Martin et al., 1999) and several reports describe an altered
activity of the phosphorylating system associated with cytoskeletal proteins in various
neuropathological conditions and following the exposure to several neurotoxicants (Lapadula
et al, 1986; Branco et al, 2000; Funchal et al, 2002; Moretto et al, 2005a).

The amino and the carboxy-terminal tail domains of NF subunits are potential
phosphorylation sites (Sihag and Nixon, 1990; Nixon and Sihag, 1991). The functional role of
neurofilament phosphorylation is to date not completely clear. However, phosphorylation of
N-terminal domain of NF-L and other IF subunits has been related to their association into
filamentous structures (Inagaki et al, 1987; Inagaki et al, 1990; Peter et al, 1992; Tanaka et al,
1993; Ku and Omary, 1997; Hashimoto et al, 1998; Inada et al, 1998). On the other hand, the

carboxy terminal side arm domains of NF-H and NF-M subunits are extensively
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phosphorylated by several protein kinases (Hisanaga et al, 1993; Shetty et al, 1993; Guidato et
al, 1996; Sun et al, 1996). It has been demonstrated that in vitro phosphorylation of COOH-
terminal domains of NF-H and NF-M straightens individual neurofilaments and promotes
their alignment into bundles (Leterrier et al, 1996), whereas in vivo phosphorylation of these
proteins is associated with an increased interneurofilament spacing (Hsieh et al, 1994). As a
consequence, NF-H and NF-M COOH-terminal side arms extend and form crossbridges
among neurofilaments and other cytoskeletal elements (Gotow et al, 1994).

Organochalcogen compounds have been described to possess very interesting
biological activities. Several reports have been published on glutathione peroxidase (GSH-
Px)-mimetic activity of chalcogen compounds, which, like the native enzyme, rely on the
redox cycling of selenium or tellurium moiety of the compounds (Nogueira et al, 2004). In
this context, we have recently demonstrated that diphenyl diselenide (PheSe),, a simple
organochalcogenide, has neuroprotective and anti-inflammatory activity (Ghisleni et al, 2003;
Nogueira et al, 2004). Contrasting with this selenium containing compound, diphenyl
ditelluride (PheTe),, an analogous molecule of (PheSe),, was extremely toxic to rodents and
caused marked neurotoxic effects in mice after acute or prolonged exposure (Stangherlin et al,
2005). Furthermore, (PheTe), is highly toxic to rats and changes brain neurochemical
parameters after in vitro and in vivo exposure (Moretto et al, 2003).

Recently, we have reported the effect of (PheTe), on the in vitro phosporylation of IF
proteins in slices of cerebral cortex of rats and prevention of this effect by selenium
compounds (Moretto et al, 2005a; 2005b). However, little is known about the in vivo effect of
(PheTe),, on cytoskeletal proteins, specially on IF phosphorylation.

Na'K"-ATPase (EC 3.6.1.37) also known as Na“ pump, is embedded in the cell
membrane and is responsible for the active transport of sodium and potassium ions in the
nervous system. This process regulates the cellular Na'/K' concentrations and hence their

gradients across the plasma membrane, which are required for vital functions such as
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membrane co-transports, cell volume regulation and membrane excitability (Jorgensen, 1986;
Doucet, 1988). This dimeric enzyme exists in several isoforms in brain and consumes the
greater part of available ATP (Bertorello and Kats, 1995). The inactivation of Na'-K '-ATPase
leads to partial membrane depolarization allowing excessive Ca”" entry inside neurons with
resultant toxic events like excitotoxicity (Beal et al, 1993). In this context, the activity of this
enzyme is decreased in cerebral ischemia (Wyse et al, 2000) and in neurodegenerative
diseases, such as Alzheimer’s disease (Dickey et al, 2005).

Regulation of Na'-K'-ATPase activity is a complex process, including increased
biosynthesis of new isoforms (Lopina et al, 2001), and phosphorylation of specific amino acid
residues by different protein kinases (Bertorello et al, 1991; Fotis et al, 1999; Feraille et al,
1999;Yudowski et al, 2000). Also, interaction of the enzyme with cytoskeletal elements, such
as acetylated tubulin (Casale et al, 2005) and stress fibers (Rajasekaran and Rajasekaran,
2003) has been reported to be associated with the modulation of Na™-K ™-ATPase activity. In
addition, Na'-K"-ATPase is a sulfhydryl-containing enzyme sensitive to oxidizing agents
(Carfagna et al, 1996; Folmer et al, 2004).

Taking into account these findings, the aim of the present study is to investigate the
effects of in vivo treatment with (PheTe), on the phosphorylation of IF proteins of two
important cerebral structures, cortex and hippocampus and the ability of (PheSe), to prevent
such effects. We also evaluated the effect of the injected (PheTe), on the Na'-K'-ATPase
activity in cerebral cortex membranes in an attempt to corroborate our continuous efforts in

investigating the mechanisms involved in the toxicity induced by organochalcogens.

MATERIALS AND METHODS
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Radiochemical and compounds - [32P]Na2HPO4 was purchased from CNEN, Sio Paulo,
Brazil. Benzamidine, leupeptin, antipain, pepstatin, chymostatin, bovine serum albumin,
acrylamide, bis-acrylamide, antibodies, all reagents for electrophoresis and all chemicals for
Na"-K'-ATPase activity assay were obtained from Sigma (St. Louis, MO, USA). ECL kit was
from Amersham, Oakville, Ontario. The organochalcogenides (PheSe), and (PheTe), were
synthesized using the method described by Paulmier (1986) and Petragnami (1994),
respectively. All other chemicals were of analytical grade and were purchased from standard
commercial supplier.

Animals - Fifteen day-old Wistar rats were obtained from our breeding stock. Rats were
maintained on a 12-h light/12-h dark cycle in a constant temperature (22 °C) colony room. On
the day of birth the litter size was culled to eight pups. Litters smaller than eight pups were
not included in the experiments. Water and a 20% (w/w) protein commercial chow were
provided ad libitum. The experimental protocol followed the “Principles of Laboratory
Animal Care” (NIH publication 85-23, revised 1985) and was approved by the Ethics
Committee for Animal Research of the Federal University of Rio Grande do Sul.

Drug administration - Fifteen day-old Wistar rats were treated with a single subcutaneous
(s.c.) injection of (PheTe), 0.01-0.5 umol/kg body weight or canola oil (vehicle) (2,8 ml/kg
body weigth). Body weight measurements were obtained daily up to day 6 after (PheTe),
administration. In the experiments concerned to study cytoskeletal alterations, 15 day-old
Wistar rats were exposed to a single subcutaneous injection of 0.3 pmol/kg body weigth
(PheTe), or canola oil, 2.8 ml/kg body weigth. All the results were obtained 1, 3 or 6 days
after treatment. In the experiments designed to study prevention of (PheTe), effects, animals
were treated with a single subcutaneous injection of (PheSe), (Sumol/kg body weigth) 24 h

after the (PheTe), administration. Rats were sacrificed 3 days after (PheSe), injection.
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Preparation and labelling of slices - Rats were killed 1, 3 or 6 days after (PheTe),
administration by decapitation, cerebral cortex and hippocampus were dissected onto Petri
dishes placed on ice and cut into 400 um thick slices with a Mcllwain chopper.
Preincubation - Tissue slices were initially preincubated at 30 °C for 20 min in a Krebs-
Hepes medium containing 124 mM NaCl, 4 mM KCl, 1.2 mM MgSO,, 25 mM Na-HEPES
(pH 7.4), 12 mM glucose, 1 mM CaCl,, and the following protease inhibitors: 1 mM
benzamidine, 0.1 uM leupeptin, 0.7 uM antipain, 0.7 pM pepstatin and 0.7 uM chymostatin
In vitro *P incorporation experiments - After preincubation, the medium was changed and
incubation was carried out at 30 °C with 100 ul of the basic medium containing 80 uCi of
[**P] orthophosphate. The labeling reaction was normally allowed to proceed for 30 min at 30
°C and stopped with 1 ml of cold stop buffer (150 mM NaF, 5 mM, EDTA, 5 mM EGTA,
Tris-HCI 50 mM, pH 6.5), and the protease inhibitors described above. Slices were then
washed twice with stop buffer to remove excess radioactivity.

Preparation of the high salt-Triton insoluble cytoskeletal fraction from tissue slices -
After incubation, preparations of IF-enriched cytoskeletal fractions were obtained from
hippocampus or cerebral cortex of rats as described by Funchal et al (2003). Briefly, after the
labelling reaction, slices were homogenized in 400 pl of ice-cold high salt buffer containing 5
mM KH,POy4, (pH 7.1), 600 mM KCI, 10 mM MgCl,, 2 mM EGTA, 1 mM EDTA, 1% Triton
X-100 and the protease inhibitors described above. The homogenate was centrifuged at 15800
x g for 10 min at 4 °C, in an Eppendorf centrifuge, the supernatant discarded and the pellet
homogenized with the same volume of the high salt medium. The resuspended homogenate
was centrifuged as described and the supernatant was discarded. The Triton-insoluble IF-
enriched pellet, containing NF subunits, Vim and GFAP, was dissolved in 1% SDS and

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

Preparation of total protein homogenate - Tissues slices were homogenized in 100ul of a
lysis solution containing 2mM EDTA, 50 mM Tris-HCL, pH 6.8, 4% (w/v) SDS. For
electroforesis analysis, samples were dissolved in 25% (v/v) of solution containing 40%
glycerol, 5% mercaptoethanol, 50 mM Tris-HCI, pH 6.8 and boiled for 3 min.
Immunoblotting analysis - Cytoskeletal fractions (50 pg) or homogenate (80 pg) were
separeted by SDS-PAGE and transferred to nitrocellulose membranes (Trans-blot SD semi-
dry transfer cell, BioRad) for 1 h at 15 V in transfer buffer (48 mM Trizma, 39 mM glycine,
20% methanol and 0.25% SDS). The nitrocellulose membranes were washed for 10 min in
Tris-buffered saline (TBS; 0.5 M NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation
in blocking solution (TBS plus 5% defatted dried milk). After incubation, the blot was washed
twice for 5 min with TBS plus 0.05% Tween-20 (T-TBS), and then incubated overnight at 4
°C in blocking solution containing the following monoclonal antibodies: anti NF-150 (clone
NN-18) diluted 1:500, anti NF-68 (clone NR-4) diluted 1:1000, anti NF-200 (clone NE14)
diluted 1:1000, anti NF-200 (clone N52) diluted 1:1000 and anti GFAP (clone G-A-5) diluted
1:400. The blot was then washed twice for 5 min with T-TBS and incubated for 2 h in
blocking solution containing peroxidase conjugated rabbit anti-mouse IgG diluted 1:4000.
The blot was washed twice again for 5 min with T-TBS and twice for 5 min with TBS. The

blot was then developed using a chemiluminescence ECL kit.
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Preparation of synaptic plasma membrane from cerebral cortex - For preparation of
synaptic plasma membrane and determination of Na'-K'-ATPase activity, rats were killed 3
or 6 days after the drug administration (as described above) by decapitation and the cerebral
cortex was dissected and homogenized in 10 volumes of 0.32 M sucrose solution (1:10 w/v)
containing 5.0 mM HEPES and 1.0 mM EDTA, pH 7.4. After, synaptic plasma membrane
from cerebral cortex was prepared according to the method of Jones and Matus (1974) with
some modifications (Wyse et al, 1998). The homogenate was centrifuged at 1000 x g for 10
min and the supernatant removed and centrifuged at 12,000 x g for 20 min. The pellet was
then resuspended in hypotonic buffer (5.0 mM Tris—HCI buffer, pH 8.1) at 0 °C for 30 min,
and applied on a discontinuous sucrose density gradient consisting of successive layers of 0.3,
0.8 and 1.0 M. After centrifugation at 69,000 x g for 120 min, the fraction between 0.8 and
1.0 M sucrose interface was taken as the membrane enzyme preparation.

Na'-K'-ATPase activity assay - The reaction mixture for Na'-K'-ATPase activity assay
contained 5.0 mM MgCl,, 80.0 mM NaCl, 20.0 mM KCI and 40.0 mM Tris—HCI, pH 7.4, in a
final volume of 200 pl. The reaction was initiated by ATP addition. Controls were carried out
under the same conditions with the addition of 1.0 mM ouabain. Na'-K"ATPase activity was
calculated by the difference between the two assays, as described by Wyse et al (1998).
Released inorganic phosphate (Pi) was measured by the method of Chan et al (1986). Specific
enzyme activity was expressed as nmol Pi released / min / mg of protein. All samples were
run in duplicate.

Protein determination- The protein concentration was determined by the method of Lowry
et al (1951) or Bradford (1976) using serum bovine albumin as the standard.

Statistical analysis- Data were analyzed statistically by one-way analysis of variance
(ANOVA) followed by the LSD post-hoc comparisons when the F-test was significant. All
analyses were performed using the SPSS software program on an IBM-PC compatible

computer.
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RESULTS

Initially we evaluated the effect of the acute administration of (PheTe), at different
doses (0.01, 0.1, 0.3 and 0.5 pumol/Kg body weight) on body weight. Figure 1 shows that a
single administration of 0.3 or 0.5 pumol (PheTe),/Kg body weight caused a dramatic
reduction on body mass from day 2 after treatment onward. On the basis on these results we
have chosen the concentration of 0.3 umol/Kg body weight for further experiments.

When cortical slices from rats injected with (PheTe), were incubated with >*P-
orthophosphate, we observed that the phosphorylation pattern of all cytoskeletal proteins
studied (GFAP, Vim, NF-L and NF-M) was increased at days 3 and 6 after treatment (Figure
2A, B, C and D). Interestingly, the increased level of phosphorylated NF-H was
immunodetected only after day 6 (Figure 3 A and B). Conversely, in the hippocampal slices
from the same animals, the endogenous phosphorylating level of the cytoskeletal proteins was
not altered, except for the astrocyte IF proteins, GFAP and Vim, whose phosphorylation level
was increased at day 6 after (PheTe), injection (Figure 2E, F, G and H).

We next analyzed the effect of (PheTe), injection on the immunocontent of the IF
proteins of total cell homogenate and recovered into the high-salt Triton-insoluble
cytoskeletal fraction of cortical slices at day 3 after treatment. Results showed that the
immunocontent of GFAP and NF-L were significantly increased in cell homogenates and into
the cytoskeletal fraction. In addition, the immunocontent of NF-M, was significantly
increased only into the cytoskeletal fraction (Figure 3 A). Nonetheless, at day 6 after (PheTe),
injection, the immunoconent of the astrocyte IF protein (GFAP) was increased and the effect
was observed both in total cell homogenate and in the cytoskeletal fraction. Otherwise, the
immunocontent of total NF-H was increased only in cell homogenate (Figure 3 B). We also
analyzed the immunocontent of GFAP in hippocampal slices at day 6 after (PheTe),

treatment. Results showed an increased GFAP immunoreaction associated with the
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cytoskeletal fraction, without altering the immunocontent of this protein in the total cell
homogenate (Figure 4).

In order to test the protective action of (PheSe), on the in vivo effects of (PheTe), on
the IF-associated phosphorylating system, the organoselenium compound was injected 24 h
after the (PheTe), administration. Results showed that (PheSe), per se was not able to alter
the in vitro phosphorylation of the proteins studied in cerebral cortex, however it prevented
the effects induced by (PheTe), (Figure 5).

Finally, we investigated the ability of (PheTe), in altering the membrane-bound Na'-
K'-ATPase activity. Results showed that the in vivo treatment with (PheTe), significantly
decreased the activity of this enzyme in synaptic membranes of cerebral cortex, and this effect

was observed only at day 6 after the neurotoxin injection (Figure 6).

DISCUSSION

Tellurium, a rare element, used as an industrial component of many alloys and in the
electronic industry, can cause poisoning which leads to neurotoxic symptoms such as
significant impairment of learning and spatial memory (Walbran and Robins, 1978; Widy-
Tyszkiewicz et al, 2002 ) and reproductive toxicity (Stangherlin et al, 2006). Also, we have
shown that (PheTe), inhibited brain Na'-K'-ATPase activity in vitro (Borges et al, 2005).
However the effects of this element on the cytoskeletal proteins are poorly known.
Nonetheless, we have previously demonstrated that slices of cerebral cortex of young rats
exposed to toxically relevant concentrations of (PheTe), presented an increased in vitro
phosphorylation of IF proteins associated to the cytoskeletal fraction. Moreover, this effect
was prevented by the selenium compounds ebselen and (PheSe), (Moretto et al, 2005b).
However, at the present we have no evidence regarding the in vivo effects of this neurotoxin

on either Na™-K'-ATPase or the cytoskeleton phosphorylation in different brain structures. In
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addition, the ability of the selenium compounds in protecting the tissues against such effects is
poorly known.

In the present study we initially established the toxic dose and the time-action
characteristics of (PheTe), acutely injected using body weight measurements as the end point
of toxicity. We then observed a significant loss of body weight in acute exposure to (PheTe),
at 0.3 and 0.5 umol/Kg of body weight from day 2 up to day 6 after drug exposure, probably
indicating systemic toxicity at these concentrations. The loss of body mass has been
previously related to the toxicity of (PheTe), by Stangherlin et al (2006), who described that
male adult rats acutely exposed to (PheTe), presented significant loss of body weight at days 3
and 5 after injection. Taking into account our data and the evidences in the literature, we have
chosen the injection of (PheTe), at 0.3 umol/Kg body weight as well as days 1, 3 and 6 after
drug injection to undertake our experimental approach.

In this report we demonstrated that young rats acutely injected with (PheTe),
presented hyperphosphorylated IF proteins NF-H, NF-M, NF-L, Vim and GFAP in cerebral
cortex at days 3 and 6 after treatment, reflecting an altered activity of the endogenous
phosphorylating system associated to the IF proteins in this cerebral structure. Conversely, the
phosphorylation of the cytoskeletal proteins in the hippocampus of the same animals was
affected to a lesser extent, that is to say, only the astrocyte IFs, Vim and GFAP were
hyperphosphorylated. In addition, this effect was observed latter after the neurotoxicant
injection (day 6). These findings provide an interesting insight on the differential
susceptibilities of cerebral cortex and hippocampus IF cytoskeleton to the acute injury
induced by this neurotoxicant. Although we do not know the mechanisms underlying such
effects, they are probably related to the differential physiological responses of cortical and
hippocampal neurons and astrocytes to the insult.

In cerebral cortex, the IF hyperphosphorylation was accompanied by an increased

immunocontent of GFAP and NF-L both in tissue homogenate and in the high-salt Triton
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insoluble cytoskeletal fraction at day 3 after the injection. We could tentatively explain these
results suggesting that, in cerebral cortex, the (PheTe), somehow increased de expression or
altered the turnover of these proteins leading to an accumulation of the hyperphosphorylated
forms associated to the cytoskeleton, representing the in vivo polymerized or aggregated IF
proteins (Funchal et al 2003). This effect was apparently more persistent in astrocytes than in
neurons, as evidenced by the increased GFAP and unaltered NF immunocontent at day 6 after
drug injection, supporting a reactive gliosis following the neuronal damage induced by the NF
hyperphosphorylation. In addition, the increased immunoreactivity of hyperphosphorylated
NF-H, observed in the cytoskeletal fraction at day 6 after treatment, seems to be a transient
effect related to changes in the stoichiometry of NF protein subunits, which have been
described to other pathological conditions, such as the abnormal functioning of spinal motor
neurons (Meier et al, 1999). In addition, hyperphosphorylation of NF-H could block axonal
transport mechanically interfering with the transport machinery (Grant and Pant, 2000).

The high susceptibility of the [F-associated phosphorylating system to neurotoxins in
cerebral cortex of rats has been previously demonstrated in in vitro studies using tissue slices
exposed to methylmercury (Moretto et al, 2005a) and to metabolites accumulating in
disorders of the branched-chain amino acid metabolism (Funchal et al, 2002; Funchal et al,
2005). In this context, it has been largely described that aberrant
phosphorylation/dephosphorylatin of cytoskeletal proteins may have serious consequences for
cellular function and structure and these mechanisms are related to neuronal damage in
various neurodegenerative diseases (Goedert et al, 1998; Julien and Mushynski, 1998; Julien,
1999).

Conversely, in hippocampus, GFAP hyperphosphorylation observed at day 6 after
injection was not accompanied by an increased immunocontent of this protein in total cell
homogenate despite its increased immunoreactivity in the cytoskeletal fraction, suggesting an

altered polymerization/depolymerization equilibrium of GFAP. This possibility is supported
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by evidences that the dynamic properties of IF proteins are known to be regulated by
phosphorylation, which in turn appears to lead to reorganization of IF networks (Inagaki et al,
1996). In this context, GFAP reorganization has been described in cultured astroglia in
response to protein kinase A-dependent hyperphosphorylation, resulting in morphological

changes (Pollenz et al, 1986).

Taking into account the cytoskeletal response to the (PheTe); injury, our results show
a lesser vulnerability of hipocampal neurons than astrocytes to the neurotoxin used, evidenced
by the unaltered phosphorylation level of the neuronal IF proteins. This is further supported
by the unchanged total immunocontent of GFAP, which is not consistent with reactive gliosis
(Briones et al, 2006). We could then suppose that the effect of (PheTe), acute treatment on the
IF-associated phosphorylating system precede a reorganization of the hyperphosphorylated IF
proteins. This possibility is supported by evidences that the dynamic properties of IF proteins
are known to be regulated by phosphorylation, which in turn appears to lead to reorganization
of IF networks (Inagaki et al, 1996). In addition, pathological hyperphosphorylation of
cytoskeletal proteins is related to aggregates of cytoskeletal elements in different cell
compartments, characteristic of neurodegenerative diseases (Petzold, 2005).

It is important to emphasize that the effect of (PheTe), was not mimicked by its
analogous selenium compoud (PheSe),, since diselenide per se, was unable to cause
alterations in the phosphorylation level of the IF proteins. Nonetheless (PheSe), injection 24 h
after (PheTe), was able to prevent the effects induced by this organotellurium compound on
IF phosphorylation. These findings are in line with our previous results showing that the
organoselenium compounds ebselen and (PheSe), prevented the stimulatory effects of the in
vitro treatment with (PheTe); on the phosphorylation of IF proteins in slices of cerebral cortex

of young rats (Moretto et al, 2005b).
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Although the mechanisms underlying the effects induced by (PheTe),, in our
experimental approach are not clear, we could speculate that this compound would be
transformed in its reducing intermediate: phenyl tellurol (benzenetellurol) (Zeni et al, 2000;
2003; 2004), which is a potent nucleophile agent. This intermediate could attack the
phosphorylating/dephosphorylating systems of the IF proteins activating them by a redox
mechanism. The protective effect of ebselen and (PheSe), against the stimulatory effect of
(PheTe), can be related to the weaker potency of its selenol intermediate as reducing agent,
when compared to its tellurol analogue (Pearson et al, 1968; Haller and Irgolic, 1972).
Furthermore, they could also compete with (PheTe), for the cellular system that originates the
nucleophylic form of these chalcogenides. However, further experiments will be necessary to
clarify this point.

Our results also indicate that acute treatment with (PheTe), inhibits Na™-K'-ATPase
activity in cerebral cortex. A similar effect was reported in vitro for total brain homogenate of
adult rats and it was ascribed to the interaction of the organochalcogen with cysteinyl residues
that are important for enzyme activity (Borges et al, 2005). The importance of thiol groups for
Na'-K'-ATPase has been previously described. In fact, -SH groups of this enzyme are highly
susceptible to oxidative stress (Yufu et al, 1993) and oxidizing agents (Carfagna et al, 1996).
On the other hand, we can not exclude the possibility that cytoskeletal hyperphosphorylation
could be implicated in the decreased Na'-K '-ATPase activity, since the modulation of sodium
pump in living cells involves the association/dissociation with cytoskeletal proteins (Casale et
al, 2003; Woroniecki et al, 2003: Rajasekaran and Rajasekaran, 2003; Casale et al, 2005).
Moreover, Na'-K"-ATPase can be modulated by phosphorylation mediated by several protein
kinases (Bertorello et al, 1991; Feraille et al, 1999; Fotis et al, 1999; Yudowski et al, 2000)
but the consequences of this phosphorylation for enzyme activity are still unknown (Lopina et
al, 2001). We could, suppose that activation of protein kinases induced by (PheTe), could

hosphorylate ,\]a+-K+-A [Pase beyond cytoskeletal roteins, leading to enzyme inhibition.
phosphory Y Y p
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In summary, our results showed that in vivo treatment with (PheTe),, a neurotoxic
organic tellurium compound markedly activated the phosphorylating system associated to the
cytoskeleton, in cerebral cortex of rats suggesting that this structure is more sensible to the
action of this neurotoxin than hippocampus. Furthermore, the neurotoxic action of this drug in
the cerebral cortex included inhibition of Na™-K'-ATPase activity. Since inhibition of this
enzyme may lead to the increased intracellular Ca*" concentration (Moore et al, 1993), we
presume that misregulation of the cytoskeleton and the inhibition of Na™-K'-ATPase would
probably contribute to the deleterious action of this toxin on the brain, a fact that might

explain at least in part the (PheTe), neurotoxicity.
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Figure 1. Effect of in vivo treatment with different concentrations of diphenyl ditelluride on
body mass gain of suckling rats. Rats were treated with a single subcutaneous injection of
(PheTe), at different concentrations or canola oil (2.8 ml/kg body weigth). Body mass
measurements were obtained daily up to day 6 after (PheTe), administration. Data expressed
as percentage of gain of mass body are reported as means + S.E.M. of eight to ten animals
obtained from different litters. Statistically significant differences from controls, as
determined by one-way ANOVA followed by LSD test are indicated: **P< 0.01; ***P<

0.001.

Figure 2. Effect of in vivo treatment with diphenyl ditelluride on the in vitro phosphorylation
of IF proteins in cerebral cortex and hippocampus of rats. Animals were treated with a single
subcutaneous injection of (PheTe) (0.3umol/Kg body weight) or canola oil (2.8 ml/kg body
weigth). Slices of cerebral cortex were incubated in the presence of **P orthophosphate, the
high-salt Triton insoluble cytoskeletal fraction was extracted and the radioactivity
incorporated into IF subunits was measured as described in Material and Methods. A, B, C
and D, cerebral cortex; E, F, G and H, hippocampus. NF-M, middle molecular weight
neurofilament subunit; NF-L, low molecular weight neurofilament subunit; Vim, vimentin
and GFAP, glial fibrillary acidic protein. Data are reported as means £ S.E.M. of eight to ten
animals and are expressed as arbitrary units. Statistically significant differences from controls,
as determined by one-way ANOVA followed by LSD test are indicated: *P< 0.05; **P< 0.01;

*#%p<0.001.

Figure 3. Effect of in vivo treatment with diphenyl ditelluride on IF proteins
immunoreactivity in total homogenate and in the cytoskeletal fraction from cerebral cortex at

day 3 (A) and day 6 after treatment (B). Animals were treated with a single subcutaneous
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injection of (PheTe) (0.3umol/Kg body weight) or canola oil (2.8 ml/kg body weigth) and the
IF-enriched cytoskeletal fraction was extracted. Samples of tissue homogenate or cytoskeletal
fraction were analyzed by SDS-PAGE. All lanes received an equivalent amount of protein (80
ug for tissue homogenate and 50 pg for cytoskeletal fraction). Membranes were treated with
the monoclonal antibodies: anti phospho NF-H (clone NE-14) diluted 1:1000, anti total NF-H
(clone N-52) diluted 1:1000, anti NF-150 (clone NN-18) diluted 1:500, anti NF-68 (clone NR-
4) diluted 1:1000, anti vimentin (clone vim 13.2) diluted 1:400 and anti glial fibrillary acidic
protein (GFAP) (clone G-A-5) diluted 1:400. Scans from 4 different animals were quantified
as described in Material and Methods and for each animal the area of control samples was
referred to as 100%. Results are expressed as mean = S.E.M. Statistically significant
differences were determined by one-way ANOVA followed by LSD test are indicated:
**#P<0.01; ***P<0.001. NF-H, high molecular weight neurofilament subunit; NF-H (P),
phosphorylated high molecular weight neurofilament subunit; NF-M, middle molecular
weight neurofilament subunit; NF-L, low molecular weight neurofilament subunit; Vim,
vimentin and GFAP, glial fibrillary acidic protein. The blots were developed using an ECL

kit.

Figure 4. Effect of in vivo treatment with diphenyl ditelluride on GFAP immunoreactivity in
total homogenate and in the cytoskeletal fraction from rat hippocampus at day 6 after
treatment. Animals were treated with a single subcutaneous injection of (PheTe),
(0.3umol/Kg body weight) or canola oil (2.8 ml/kg body weigth) and the IF-enriched
cytoskeletal fraction was extracted. Samples of tissue homogenate or cytoskeletal fraction
were analyzed by SDS-PAGE. All lanes received an equivalent amount (80 pg for tissue
homogenate and 50 pg for cytoskeletal fraction) of protein. Membranes were treated with the
monoclonal antibody anti glial fibrillary acidic protein (GFAP) (clone G-A-5) diluted 1:400.
Scans from 4 different animals were quantified as described in Material and Methods and for
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each animal the area of control samples was referred to as 100%. Results are expressed as
mean + S.E.M.. Statistically significant differences determined by one-way ANOVA followed

by LSD test are indicated: **P<0.01. The blots were developed using an ECL kit.

Figure 5. Neuroprotective effect of diphenyl diselenide against the in vivo effects of
diphenyl ditelluride on the phosphorylation of intermediate filament subunits from cerebral
cortex of rats. Animals were treated with a single subcutaneous injection of (PheTe),
(0.3umol/Kg body weight) or canola oil (2.8 ml/kg body weigth) and 24 h after the (PheTe),
administration, animals were treated with a single subcutaneous injection of (PheSe);
(5umol/kg body weigth). Slices of cerebral cortex were incubated in the presence of **P
orthophosphate, the high-salt Triton insoluble cytoskeletal fraction was extracted and the
radioactivity incorporated into intermediate filament subunits was measured as described in
Material and Methods. NF-M, middle molecular weight neurofilament subunit; NF-L, low
molecular weight neurofilament subunit; Vim, vimentin; GFAP, glial fibrillary acidic protein.
Data are reported as means = S.E.M. of six to eight animals expressed as percentage of
controls. Statistically significant differences from controls, as determined by one-way
ANOVA followed by LSD test, are indicated: *P<0.001 from control; *P<0.05 from (PheTe)y;

"P<0.001 from (PheTe),; “P< 0.05 from (PheSe),.

Figure 6. Effect of in vivo treatment with diphenyl ditelluride on Na'-K"-ATPase activity in synaptic plasma
membrane from cerebral cortex of rats. Animals were treated with a single subcutaneous injection of (PheTe),
(0.3umol/Kg body weight) or canola oil (2.8 ml/kg body weigth). Enzymatic activity was measured at days 3
and 6 after treatment, as described in Material and Methods. Data are reported as means £ S.E.M. of six to eight
animals. Statistically significant differences from controls, as determined by one-way ANOVA followed by LSD

test, are indicated: *P<0.01.
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1. DISCUSSAO

O telario ¢ um elemento traco usado como componente industrial de muitas ligas e na
industria eletronica. Na forma de telureto de hidrogénio (H,Te) pode ser absorvido pelas
proteinas (por exemplo, proteinas da pele, do cabelo e de roupas de 13) e apresenta uma taxa
de elimina¢do muito lenta (Russel, 1992). O telurio ¢ uma substancia toxica que pode
conduzir a sintomas neurologicos, como diminui¢do do aprendizado ¢ da memoria espacial
(Walbran & Robins, 1978; Widy-Tyszkiewicz et al, 2002), toxicidade reprodutiva
(Stangherlin et al., 2006) e desmieliniza¢do do sistema nervoso periférico (Wagner-Recio et
al., 1991; Laden e Porter, 2001). Além disso, o composto organico de telario (PheTe), pode
afetar o sistema glutamatérgico (Nogueira et al., 2001; Borges et al.,, 2004) e a atividade de
enzimas, como a delta-aminolevulinato dehidratase em diferentes tecidos (Maciel et al., 2000;
Nogueira et al, 2003c). Também foi demonstrado que o (PheTe), inibe a atividade da Na'-
K'-ATPase in vitro (Borges et al., 2005).

Contudo, o efeito desse elemento sobre as proteinas do citoesqueleto € muito pouco
conhecido. No entanto, foi previamente demonstrado em nosso laboratorio que fatias de
cortex cerebral de ratos jovens expostas a uma concentragdo toxica do (PheTe), apresentaram
um aumento da fosforilagdo in vitro das proteinas dos FI associadas a fra¢ao citoesquelética.
Além disso, esse efeito foi prevenido pelos compostos de selénio, ebselen e (PheSe), (Moretto
et al. 2005b). Entretanto, até o presente momento, ndo ha evidéncias do efeito in vivo dessa
neurotoxina sobre a atividade da Na'-K'-ATPase ou sobre a fosforilagdo de proteinas do
citoesqueleto em diferentes estruturas cerebrais, nem da habilidade dos compostos de selénio
em proteger os tecidos contra os efeitos da administragdo subcutanea do (PheTe)s,.

No presente estudo, estabeleceu-se inicialmente a dose toxica do composto, analisando-
se as caracteristicas fisicas dos animais. Para isso, diferentes concentragdes de (PheTe), foram

injetadas em ratos de 15 dias de idade e esses animais foram acompanhados por 6 dias
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consecutivos. Apds isso, relacionou-se o tempo de laténcia e a concentragdo de (PheTe),
utilizada com acgdo deste composto sobre os parametros estudados. Como critério para a
determinagdo da toxicidade utilizou-se a medida do peso corporal. Analisando os resultados,
observou-se uma significante perda de massa corporal apds a exposi¢do aguda ao (PheTe),
nas concentragdes de 0,3 ou 0,5 umol/Kg de peso corporal, comegando no dia 2 apds a
injecdo para a concentragdo 0,5 umol/Kg e no dia 3 para a concentragdo de 0,3 umol/Kg de
peso corporal. Esse efeito persistiu até 6 dias apds a exposicdo a droga para ambas as
concentragdes, indicando provavelmente uma toxicidade sist€émica nessas concentragdes. A
perda de massa corporal foi previamente relatada para o (PheTe), por Stangherlin et al.
(2006), que descreveu que ratos adultos machos submetidos a uma exposicdo aguda de
(PheTe), apresentam uma significante perda de peso nos dias 3 e 5 apds a injecao.

Levando em consideragdo, entdo, os dados obtidos € o que esta descrito na literatura,
escolheu-se utilizar a concentragdo de (PheTe), de 0.3 pumol/Kg de peso corporal, bem como
os dias 1, 3 e 6 apods a exposicdo a droga para estudos posteriores, que tinham como objetivo
verificar o efeito da administragdo subcutanea de (PheTe), sobre a fosforilagdo de proteinas
do citoesqueleto e sobre a atividade da Na'-K'-ATPase.

Neste trabalho, foi demonstrado que ratos jovens submetidos a uma inje¢ao aguda de
(PheTe), apresentaram uma hiperfosforilacdo das subunidades dos FI, NF-H, NF-M, NF-L,
vimentina ¢ GFAP, do cortex cerebral, 3 e/ou 6 dias apos o tratamento. Isso pode estar
refletindo uma atividade alterada do sistema fosforilante endégeno associado as proteinas dos
FI na estrutura cerebral estudada. Por outro lado, a fosforilagdo ex vivo das proteinas do
citoesqueleto no hipocampo dos mesmos animais foi afetada em menor extensdo. Apenas as
proteinas de FI presentes nos astrocitos, vimentina e GFAP, sofreram hiperfosforilagdo e esse
efeito foi observado somente 6 dias apos a inje¢do da neurotoxina. Esses resultados sugerem
que as proteinas do citoesqueleto do cortex cerebral e do hipocampo apresentam uma

susceptibilidade diferente a exposicdo aguda a essa droga neurotdoxica. Embora nio se
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conhega ainda o mecanismo associado a esses efeitos, eles provavelmente estdo relacionados
com respostas especificas desencadeadas pelo (PheTe), em neurdnios e astrocitos de cortex e
hipocampo de ratos jovens.

No cortex cerebral, a hiperfosforilacio que ocorreu 3 dias apds a administragdo do
(PheTe), foi acompanhada por um aumento do imunoconteudo de GFAP e NF-L, tanto no
homogeneizado total quanto na fragdo citoesquelética insolivel em um tampao de alta forga
ionica. Pode-se tentar explicar esses resultados sugerindo que, no cortex cerebral o (PheTe),,
de alguma maneira, aumenta a expressao ou altera o “turnover” dessas proteinas, conduzindo
ao acumulo da forma hiperfosforilada associada ao citoesqueleto. Isso pode estar
representando uma polimeriza¢do in vivo ou uma agregagdo das proteinas de FI (Funchal et
al., 2003). Por outro lado, ocorreu um aumento do imunocontetido da subunidade NF-M
apenas na fracdo citoesquelética. Analisando esse resultado, pode-se supor que esteja
ocorrendo uma alteragdo no equilibrio de polimerizagao/despolimeriza¢do dessa subunidade,
levando a um aumento da forma polimerizada e conseqlientemente um aumento da quantidade
de NF-M na fragdo citoesquelética insolivel em tampdo de alta forga i6nica. Quando as
proteinas encontram-se na sua forma polimerizada elas tendem a permanecer na fragdo
insoluvel, no entanto, as subunidades sdo encontradas em maior quantidade na fragao soluvel.

O aumento do imunoconteudo dos FI no coértex cerebral foi aparentemente mais
persistente em astrocitos do que em neurénios, como esta evidenciado pelo aumento do
imunoconteudo da GFAP 6 dias apds a exposicdo a droga, sem haver alteragdo no
imunoconteudo dos neurofilamentos NF-L e NF-M. Isso sugere que possa estar ocorrendo
gliose reativa em conseqliéncia ao dano neuronal induzido pela hiperfosforilacdo dos
neurofilamentos. Além disso, o aumento do imunocontetido da NF-H fosforildada, observado
na fragdo citoesquelética enriquecida em FI no dia 6 apo6s o tratamento, parece ser um efeito
transitorio que esta relacionado com a mudanga na estequiometria das subunidades protéicas

dos neurofilamentos, a qual tem sido descrita em outras condig¢des patoldgicas, como nas
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fungdes anormais dos neurénios motores espinhais (Meier et al., 1999). A hiperfosforilagao
da NF-H pode também bloquear mecanicamente o transporte axonal, interferindo com a
“maquinaria” que realiza esse transporte ao longo do axoénio (Grant & Pant, 2000).

A alta suceptibilidade a neurotoxinas do sistema fosforilante associado aos FI de cortex
cerebral de ratos, foi previamente demonstrada em estudos in vitro usando fatias do tecido
expostas ao metilmerctirio (Moretto et al, 2005a) e a metabolitos que se acumulam em
desordens relacionadas com o metabolismo dos aminodcidos de cadeia ramificada (Funchal
et al., 2002; Funchal et al., 2005). Além disso, alteragdes no sistema fosforilante também
foram demonstradas em estudos in vivo, nos quais os acidos propidnico ¢ metilmalonico
diminuem a fosforilagdo das proteinas do citoesqueleto (de Almeida er al., 2003). Neste
contexto, tem sido largamente descrito que alteragdes no sistema de
fosforilagdo/desfosforilagdo das proteinas do citoesqueleto podem ter sérias conseqiiéncias
para a fungdo e estrutura celular, bem como podem estar relacionados com danos neuronais ¢
com varias doengas neurodegenerativas (Goedert et al, 1998; Julien & Mushynski, 1998;
Julien 1999).

Por outro lado, no hipocampo, a hiperfosforilagio da GFAP, observada 6 dias apo6s o
tratamento, ndo foi acompanhada por um aumento do imunoconteudo dessa proteina no
homogeneizado total, apesar de haver um aumento na imunoreatividade na fragdo
citoesquelética Isso pode sugerir que possa estar ocorrendo uma alteragdo no equilibrio de
polimerizagao/despolimerizacdo da GFAP. Essa possibilidade é suportada por evidéncias de
que as propriedades dindmicas das proteinas dos FI sdo reguladas por fosforilagdo, que por
sua vez, parece conduzir a uma reorganizacao intracelular de FI (Inagaki ef al., 1996b). Além
disso, a reorganizacdo da GFAP foi descrita em culturas de astrécitos em resposta a uma
hiperfosforilacdo dependente da proteina quinase A. Essa reorganizagdo da GFAP resultou em

mudangas morfoldgicas dessas células (Pollenz & Mccarthy,1986).
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Levando em consideragdo as respostas do citoesqueleto decorrentes da injuria
provocada pelo (PheTe), no hipocampo, pode-se sugerir que os neuronios hipocampais
apresentam uma menor vulnerabilidade a neurotoxina utilizada do que os astrdcitos. Isso foi
evidenciado pelos niveis inalterados de fosforilagdo das proteinas de FI neuronais e ¢
suportado pelo imunocontetdo total de GFAP que também esta inalterado. Esses resultados
ndo sdo consistentes com a hipdtese da gliose reativa (Briones et al., 2006), indicando que
isso provavelmente nao esteja ocorrendo no hipocampo.

Analisando os resultados obtidos, pode-se supor que o efeito do tratamento agudo com
(PheTe), sobre o sistema fosforilante associado aos FIs precede a reorganizacio das proteinas
de FI hiperfosforiladas. Essa possibilidade ¢ suportada pelas evidéncias de que a fosforilagao
pode regular as propriedades dinamicas dos FIs, conduzindo assim a uma reorganiza¢dao da
rede de FIs (Inagaki et al., 1996b). Além disso, a hiperfosforilagdo patologica das proteinas
do citoesqueleto esta relacionada com agregados de elementos do citoesqueleto em diferentes
compartimentos celulares, sendo essa uma das caracteristica de doengas neurodegenerativas
(Petzold, 2005).

Alteragdes no sistema fosforilante podem ser muito prejudiciais a célula, portanto é
importante descobrir maneiras de prevenir esse efeito. Por essa razdo, verificamos nesse
trabalho se o composto de selénio analogo ao (PheTe),, o (PheSe),, seria capaz de prevenir o
aumento na fosforilagdo das proteinas do citoesqueleto, que ocorreu no cortex cerebral de
ratos jovens 3 dias apos a exposi¢ao ao (PheTe),. Estudos prévios obtidos em nosso grupo ja
tinham demonstrado que os compostos organicos de selénio, ebselen e (PheTe),, previnem o
efeito estimulatorio do (PheTe), in vitro sobre a fosforilagao das proteinas de FI em fatias de
cortex cerebral de ratos jovens (Moretto et al. 2005b). Os resultados obtidos no atual trabalho
mostraram que uma inje¢ao subcutanea de (PheSe), 24 h apds a administragdo do (PheTe);
preveniu o efeito estimulatorio induzido pelo composto organico de telurio sobre a

fosforilagdo dos FI. E importante enfatizar que o composto de selénio per se foi incapaz de
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alterar os niveis de fosforilagdo das proteinas de FIs quando injetado sozinho. Contudo,
compostos de selénio ndo sdo capazes de proteger apenas o sistema fosforilante, pois ha
varios estudos na literatura relatando o efeito protetor dessas substancias em outras alteragdes
metabolicas. Esses compostos podem proteger as células contra a excitoxicidade provocada
pelo glutamato (Porciuncula ef al., 2001), a peroxidagao lipidica (Meotti et al., 2004) e ajudar
na protecdo contra a neurodegeneragdo que ocorre na isquemia cerebral (Ansari ef al., 2004).
E importante salientar, entretanto, que essas Gltimas duas a¢des podem representar um efeito
indireto dos compostos de selénio, uma vez que tanto a isquemia cerebral, quanto a
peroxidagao lipidica podem ser conseqiiéncia de alteragdes do sistema glutamatérgico.

Os mecanismos envolvidos com os efeitos induzidos pelo (PheTe), ou com o efeito
protetor dos compostos de selénio, ainda ndo estdo elucidados. Pode-se especular que o
composto de telurio possa estar sendo transformado em seu intermediario reduzido: o fenil
telurol (benzenotelurol) (Zeni et al., 2000, 2003, 2004), o qual ¢ um potente agente
nucleofilico. Este intermediario pode atacar o sistema de fosforilagao/desfosforilacdo das
proteinas de FI, ativando-as por um mecanismo redox. O efeito protetor do (PheSe), contra o
efeito estimulatorio do (PheTe), pode estar relacionado com o potencial mais fraco dos
intermediarios selendis como agentes redutores quando comparados com seu analogo telurol
(Pearson et al., 1968; Haller & Irgolic, 1972). Além disso, ele pode competir com o (PheTe),
pelo sistema celular que origina a forma nucleofilica desse calcogénio. Entretanto, mais

experimentos sao necessarios para esclarecer esse ponto.

Os resultados obtidos nesse trabalho também mostraram que o tratamento agudo com
(PheTe), inibe a atividade da Na'K'-ATPase em membrana plasmatica sinaptica de cortex
cerebral de ratos jovens. Um efeito similar foi observado in vitro para homogeneizado total de
cérebro de ratos adultos e esse efeito foi atribuido a interagdo dos organocalcogénios com os

residuos cisteinis da Na'K'-ATPase, que sdo importantes para a atividade da enzima (Borges
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et al., 2005). A importancia dos grupos tidis para a atividade da Na'K'-ATPase ja foi
previamente descrita. Estudos mostraram que a glutationa, um agente redutor de grupos tidis,
¢ capaz de prevenir o efeito inibidor da homocisteina (Streck et al., 2001) e da prolina
(Franzon et al., 2003) sobre a Na 'K -ATPase cerebrais em ratos (Streck et al., 2001; Franzon
et al., 2003), indicando que o grupo sulfidrila ¢ importante para a fungdo critica da enzima.
De fato, os grupos —SH da enzima sdo altamente suceptiveis ao estresse oxidativo (Yufu et

al., 1993) e a agentes oxidantes (Carfagna et al., 1996).

Nao se pode excluir, no entanto, a possibilidade de que a hiperfosforilagdo das proteinas
do citoesqueleto possa estar implicada com o decréscimo da atividade da Na 'K -ATPase, uma
vez que a modulagdo da bomba de sdédio em células vivas envolve a associagdo/dissociacao
com as proteinas do citoesqueleto (Casale et al., 2003; Rajasekaran & Rajasekaran, 2003;
Woroniecki et al, 2003; Casale et al, 2005). Além disso, a Na'K'-ATPase pode ser
modulada por fosforilagdo mediada por véarias quinases (Bertorello et al.,, 1991; Feraille et al
1999; Fotis et al., 1999; Yudowski et al, 2000), mas as consequéncias dessa fosforilagdo para
a atividade da enzima ¢ ainda desconhecida (Lopina et al., 2001). Entdo, pode-se supor que a
ativacao de proteinas quinases induzida pelo (PheTe), poderia fosforilar, além das proteinas

do citoesqueleto, a Na'K -ATPase, levando 4 inibigdo da enzima.

Em resumo, os resultados mostraram que o tratamento in vivo com (PheTe),, um
composto organico do telirio neurotdxico, ativa o sistema fosforilante associado ao
citoesqueleto em cortex cerebral e hipocampo de ratos jovens. Além disso, os resultados
sugerem que o cortex ¢ mais sensivel a acdo dessa neurotoxina do que o hipocampo. Também
observou-se que a acdo neurotoxica dessa droga em cortex cerebral inclui a inibi¢do da

atividade da Na 'K -ATPase.

Visto que a inibigio da Na'K'-ATPase pode conduzir a um aumento intracelular das

concentragdes de célcio (Moore et al., 1993) e que o citoesqueleto € muito importante para
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formag¢ao e manutencdo da forma celular e para o transporte axonal (Alberts et al., 2002),
presume-se que alteragdes no citoesqueleto e inibicdo da Na'K'-ATPase podem,
provavelmente, contribuir para a agdo deletéria dessa toxina no cérebro, um fato que pode

explicar, pelo menos em parte, a neurotoxicidade do (PheTe),.

66



2. CONCLUSAO

2.1. CONCLUSAO GERAL
As alteragdes no citoesqueleto e a inibigdo da Na', K' ATPase, efeitos esses
desencadeados pelo tratamento in vivo com (PheTe),, podem estar envolvidos com a

neurotoxicidade do composto orgénico de telurio.

2.2. CONCLUSOES ESPECIFICAS
e O tratamento in vivo com (PheTe), provoca uma significante diminui¢do no ganho de

massa corporal nas concentracdes 0,3 e 0,5 pmol/Kg de peso corporal.

e A administra¢dao subcutanea de (PheTe), aumenta a fosforilagdo das subunidades NF-M,
NF-L, GFAP e vimentina 3 e 6 dias apds a exposi¢ao a droga em cortex cerebral de ratos

jovens, bem como da subunidade NF-H, 6 dias ap6s a administragao do composto.

. . . . ~ - . 2
e No hipocampo, o tratamento in vivo com (PheTe), aumenta a incorporagdo in vitro de **P-
ortofosfato nos FIs presentes em proteinas gliais, GFAP e vimentina, e isso ocorre

somente 6 dias apos a administragdo da droga.

e No cortex cerebral, a administracdo aguda de (PheTe), altera o imunoconteudo das
proteinas de FIs de maneira dependente do tempo de exposicdo a droga. Trés dias apos a
administracao do (PheTe), ocorre um aumento do imunocontedo das proteinas NF-M,
NF-L e GFAP na fracdo citoesquelética, bem como das proteinas NF-L e GFAP no

homogeneizado total. No entanto, 6 dias apds a injegao do composto verfica-se apenas um
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aumento do imunoconteudo da proteina GFAP na fracdo citoesquelética, assim como das

proteinas NF-H e da GFAP no homogeneizado total.

O imunontetdo da proteina GFAP presente na da fracao citoesquelética obtida de fatias de
hipocampo de ratos jovens aumenta no sexto dia apds a administracdo do (PheTe),. Por
outro lado, ndo ocorre alteragdo no imunoconteido dessa mesma proteina no

homogeneizado total obtido de fatias de hipocampo.

Uma injecao subcutanea de (PheSe), 24 h apds a administracdo do (PheTe), previne o
efeito desencadeado pelo composto organico de telurio sobre o sistema fosforilante

associado ao citoesqueleto

A administragdo aguda de (PheTe); inibe significativamente a atividade da enzima Na'K -
ATPase em membrana plasmatica sinaptica de cortex cerebral de ratos jovens. Essa
inibi¢do ocorre somente 6 dias ap6s a administracdo da droga, ndo existindo nenhuma

alteracdo significativa na atividade da enzima 3 dias ap6s a injecdo do composto.
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3. PERSPECTIVAS

Este trabalho abre inimeras perspectivas. Entre elas podemos citar:

Estudar o efeito do tratamento in vivo com (PheTe), sobre a fosforilagdo de proteinas de
filamentos intermediarios em outras estruturas cerebrais, como cerebelo.

Realizar um estudo ontogenético do efeito in vitro do (PheTe), sobre a fosforilagdo de
proteinas do citoesqueleto de hipocampo e cortex cerebral de ratos.

Identificar as possiveis quinases ¢ fosfatases envolvidas nesse efeito.

Investigar o possivel envolvimento da via das MAPK no efeito desencadeado pela droga.
Verificar o envolvimento de diferentes neurotransmissores, como o glutamato e o Gaba,
bem como a participagdo de segundos mensageiros, como AMPc e célcio, nos efeitos do
(PheTe), sobre o citoesqueleto.

Relacionar as alteragdes causadas pelo (PheTe), sobre a fosforilagdo dos FI com a
reorganizagdo do citoesqueleto em culturas de astrocitos e em linhagens de células C6.
Verificar o possivel papel neuroprotetor do (PheSe), sobre os efeitos desencadeados pelo
(PheTe), em culturas de astrdcitos e linhagens de células C6

Realizar estudos de neuroprotecdo utilizando antioxidantes e outros agentes

neuroprotetores
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5. ANEXOS

5.1. LISTA DE FIGURAS

Figura 1: Representacao esquematica dos constituintes do citoesqueleto.

Figura 2: Representacio esquematica da estrutura da subunidade de um FI.

Figura 3: Representacdo esquematica de um neurofilamento.
Figura 4: Regulacdo de proteinas celulares por fosforilagao.

Figura 5: Estrutura do (PheTe),.
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