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RESUMO

A morte celular que ocorre devido a hiperativac@aateptores N-metil-D-aspartato
(NMDA) e/ou a disfungédo dos transportadores deaghatto (Glu) tem sido correlacionada
com a patogénese de doengas neurodegenerativateri@sdos da guanina sdo compostos
enddégenos que podem modular a atividade do sistgim@matérgico. Neste estudo
demonstramos que a morte celular induzida por Glolge a ativacdo de receptores NMDA
e também a reversado de seus transportadores e datihipocampo de ratos. A toxicidade
induzida por NMDA foi bloqueada na presenca de 1lm&l guanosina-5-monofosfato
(GMP). Entretanto, GMP néao foi capaz de prevenierla de viabilidade celular induzida
por Glu. Em contrapartida, guanosina (GUO) (i) protege fatias de hipocampo de ratos
frente a toxicidade do Glu através da reducado berdcdo de Glu, ativacdo da via de
sinalizacao da proteina cinase dependente deitblfaisitol (PI3K)/proteina cinase B (Akt),
inibicdo da enzima glicogénio sintase cinase (GBKS reducdo da expressdo da enzima
oxido nitrico sintase induzida por Glu. Também destig@mos que, assim como ocorre com
os derivados da adenina, altas concentracbes ddednado da guanina (GMP — 5mM)
podem causar perda de viabilidade celular em fat@mshipocampo de ratos através da
diminuicdo da captacdo de Glu e estimulacdo detews NMDA e alfa-amino-3-hidroxi-
metilisoxazole-propionato (AMPA) de Glu. Utilizandolturas de células de neuroblastoma
humano (SHSY-5Y) demonstramos que GUO (1mM) proesgas células da morte neuronal
decorrente da superproducéo de espécies reatiasgdmio induzidas pela co-administracao
de rotenona e oligomicina A, através da ativacdovidade sinalizacdo celular PI3K.
Adicionalmente, demonstramos que GUO (1mM) tambéostege culturas de células SHSY-
5Y diferenciadas da toxicidade neuronal induzidé geeptideo beta amildide [(8s.35).
Dessa forma, estamos demonstrando que os deridadgsanina (GMP e GUO) apresentam
efeito neuroprotetor frente distintos modelos deroxiciade e que GMP, dependendo da

concentracao utilizada, também pode ser neurotoxico



ABSTRACT

Cell death due to N-methyl-D-aspartate (NMDA) rdoep activation and/or
glutamate (Glu) transporters disfunction is relatiedhe pathogenesis of neurodegenerative
diseases. Guanine derivatives are endogenous comtponhich modulate glutamatergic
system activity. In this study, Glu-induced celatteinvolves NMDA receptors activation as
well as the reversal of Glu transporters in ratpbigampal slices. NMDA-induced toxicity
was prevented by guanosine-5’-monophosphate (GM&)ever, GMP did not prevent Glu-
induced cell viability reduction. Differently, guasine (GUO) (10AM) protected
hippocampal slices from Glu-induced toxicity by &ahanism which involves reduction in
Glu-induced Glu release, activation of the phosplyhositol-3 kinase (PI3K)/protein kinase
B (Akt) cell signaling pathway, glycogen synthaseake (GSKB) inhibition and reduction
of Glu-induced expression of inducible nitric oxidgnthase. We also demonstrated that as
well as occurs with adenine derivatives, high edHalar concentrations of a guanine
derivative (GMP — 5mM) can lead to cell death inhgpocampal slices due to Glu uptake
inhibiton and NMDA and alfa-amino-3-hydroxy-5-mgthi-isoxazolepropionic acid
(AMPA) receptors activation. In human neuroblastooal cultures (SHSY-5Y) we also
demonstrated that GUO (1mM) protects these cedis fneuronal cell death due to rotenone
and oligomycin A-induced reactive oxigen speciesrprxoduction by the activation of PI3K
signaling pathway. Additionaly, we demonstrated ttHauUO (1mM) also protects
differentiated human SHSY-5Y cells from amyloid &¢A3,5.35)-induced neuronal toxicity.
Thus, we are showing that guanine derivatives (GMBUOQO) have neuroprotective effects
against different neurotoxic stimuli and that GMIepending on its concentration, may also

be neurotoxic.



APRESENTACAO

Esta Tese de Doutorado estd organizada da sedamte: Introducdo, Objetivos,
Artigos cientificos publicados e em fase de subfimisfResultados preliminares, Discussao,
Conclusbtes e Referéncias Bibliograficas.

A Introducdo contém o embasamento tedrico para a realizacaa desse. Os
Materiais e métodos, os Resultados, assim comoeésré@Rcias Bibliograficas especificas,
encontram-se no corpo de cada trabalho, os qutiie apresentados na forma Adigos
Cientificos em quatro capitulos. O quinto capitulo descrewelt@dos preliminares e que
serdo complementados posteriormente.

A secdo Discussao contéem uma interpretacdo geral dos resultadosdaxbtnos
diferentes trabalhos.

A secaoConclustedglescreve as conclusdes gerais da Tese.

A secaoReferéncias Bibliograficasapresenta as referéncias citadas na Tese.

Os capitulos 1, 2 e 3 dessa Tese foram desenvelmg®epartamento de Bioquimica
da UFSC, no laboratério de Neuroquimica 4, sobdmuacio da ProfDra Carla 1. Tasca.
Os capitulos 4 e 5 foram desenvolvidos no Deparitonde Farmacologia da Universidade
Auténoma de Madri, no laboratdrio 3 - Instituto TieoHernando, sob coordenagéo da Prof

Dra Manuela Garcia Lépez.
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INTRODUCAO

1. SISTEMA GLUTAMATERGICO

O glutamato é um aminoacido que desempenha divéusgdes no metabolismo
celular, dentre elas estdo: constituinte da esautie proteinas, fonte de energia celular e
neurotransmissao. O glutamato € o neurotransméssanaioria das sinapses excitatorias do
sistema nervoso central (SNC) (WATKINS & JANE, 2D08ma vez liberado para a fenda
sinaptica, o glutamato é recaptado pelos astréoitds € novamente convertido a glutamina
pela enzima glutamina sintetase, e liberado parnmédio de transportadores de glutamina
para 0 meio extracelular. A glutamina liberada pedstrocitos € captada pelas células
neuronais e reconvertida a glutamato fechando assitio glutamato-glutamina (Figura 1).
O glutamato também pode ser sintetizaigonovoa partir da glicose, via ciclo do acido
citrico e posterior transaminacao akwetoglutarato (SCHOUSBOE & WAAGEPETERSEN,
2005).

Glutamato é transportado para o interior de vesscdinapticas através de um
mecanismo dependente de gradiente proton-eletracuipromovido por uma ATPase
vacuolar (NAITO & UEDA, 1985) e subsequentemertteriado por exocitose. O glutamato é
liberado das vesiculas sinapticas ap0s um estideuttespolarizacéo promovido pela entrada
de fons célcio (G4). O glutamato também pode ser liberado pelosagigde assim modular
a atividade dos neuronios. A liberacdo astrocitdaaglutamato pode ocorrer através dos
seguintes mecanismos: (i) reversdao dos transpoemdde glutamato; (ii) exocitose
dependente de ions €a(iii) trocador cisteina/glutamato; (iv) canaisiiéos regulados por
alteracbes no volume celular (VRACS); (v) rece@operinérgicos do subtipo P2X7; (vi)

hemicanais (MALARKEY & PARPURA, 2008).



Uma vez liberado, o glutamato interage com seugpteces, presentes nas
membranas dos terminais pré e p0s sinapticos eétanma membrana das células gliais

(Figura 1).

Neurdnio
pré-sinaptico

Neurdnio
pés-sinaptico

Gln

A
O
c

Figura 1. Sinapse glutamatérgica:O glutamato liberado na fenda sindptica interaga co
seus receptores de membrana (AMPA, KA, NMDA e mGluRrecaptacdo do glutamato
ocorre através da atividade de seus transportaderesembrana localizados nos astrécitos
(GLT-1, GLAST) e nos neurdnios (EAAC1 e EAAT4). Nastrocitos, o glutamato (Glu)
pode ser convertido em glutamina (GIn), a qualbérida dos astrdcitos e captada pelos

neurdnios, onde a GIn é novamente convertida em Gl@Glu entdo é armazenado nas

vesiculas sinapticas (adaptado de GONZALEZ & RORINS2004).

1.1. Receptores de Glutamato
Os receptores de glutamato séo classificados eptripicos e metabotrépicos, de

acordo com suas caracteristicas farmacoldgicaslecoares. Os receptores ionotropicos e



metabotrdpicos de glutamato geralmente coexistemuem mesma sinapse (PIN &
DUVOISIN, 1995). Os receptores ionotropicos sdoaaimnicos dependentes da ativagédo
por ligantes especificos. Distintas familias deepéares ionotrépicos tém sido identificadas
farmacologicamente por suas afinidades com agsengtdaéticos. S&do eles: alfa-amino-3-
hidréxi-metilisoxazole-propionato  (AMPA), Cainato &l-metil-D-aspartato (NMDA)
(MADDEN, 2002). Estudos de clonagem e expressaacgé&ém levado a identificacdo das
subunidades dos receptores ionotropicos, assinribdistos: cinco subunidades para
receptores NMDA (NR1, NR2A, NR2B, NR2C e NR2D), gaapara receptores AMPA
(GluR1, GluR2, GIuR3 e GIuR4) e cinco para receggtarainato (GIuR5, GIuR6, GIuR?7,

KA1 e KA2).

A ativacdo dos receptores AMPA medeia um potenei@itatério rdpido e com
rapida dessensibilizacdo do receptor. O receptoPAM distribuido igualmente pelo SNC
sendo ricamente expresso no hipocampo. Ele é peemnaas ions soédio (Np porém
quando a subunidade GIuR2 estd ausente na conf@onua;receptor AMPA, ele se torna
permeavel a fons ¢a O receptor cainato é encontrado no hipocampdexoestriado,
cerebelo, amigdala, hipotalamo, medula espinhah eretina. Os receptores de cainato
diferenciam-se dos receptores AMPA pela menor ntereonduzida e pela cinética de
desativacdo mais lenta (HUETTNER, 2003). O recepldlDA é encontrado em todo o
cérebro, sendo localizado principalmente no cérahterior e na regido CA1 do hipocampo.
O potencial de repouso deste receptor é mantidoipaion magnésio (Mg). A ativacdo de
receptores NMDA permite o influxo de grandes quimttes de CA extracelular para o
interior da célula (OZAWA et al., 1998).

Os receptores metabotropicos de glutamato saotoeespacoplados a proteinas-G.
Existem 8 tipos de receptores eles sdo nomeadogsiigR1 ao 8. Eles foram identificados e
classificados em 3 grupos (I, Il e Ill), baseadashomologia da seqiiéncia de aminoacidos,

vias de transducdo de sinais e seletividade fardgica (KENNY & MARKOU 2004).



Estes receptores estdo localizados nos termindige mos sinapticos e nas células gliais e
estdo relacionados tanto a efeitos excitatériositguimibitorios (OSAWA et al., 1998). O
grupo | (mGluR1 e mGIuR5) esta predominantementalittado pos-sinapticamente onde se
acopla a proteinas G para ativar a fosfolipase LCYPque catalisa a producdo de inositol
(1,4,5)-trifosfato e por meio disso dispara a kgéio de fons Ca dos estoques
intracelulares. O grupo Il de receptores metabato§pde glutamato (MGIuR2 e mGIuR3) é
encontrado tanto pré como pés-sinapticamente ecdaados a proteinay&modulando a
atividade da adenilato ciclase. Por atlimo, o grdgode receptores mGlu (mGIuR4,
MGIuR6, mMGIUR7 e mGIuR8) esta predominantementaliario no terminal pré-sinaptico
onde atua como autoreceptor, e também estd acoplpdmteinas-G modulando a atividade
da adenililato ciclase (KENNY & MARKOU, 2004).

A liberacdo de glutamato das vesiculas sinapticeduz um potencial de acdo poés-
sinaptico excitatério por ativar inicialmente oseptores AMPA. A ligacao de glutamato aos
receptores AMPA medeia a entrada d€ para o interior do neurdnio, despolarizando-o.
Esta despolarizacdo permite a liberacdo do mageésidesbloqueio de receptores NMDA.
Uma vez que o receptor NMDA foi desbloqueado, &éarde glutamato e de seus co-
agonistas, glicina e D-serina, permite a entradeods Ca" (HARA & SNIDER, 2007). As
propriedades dos receptores NMDA sdo responsaveilss pfuncdes integrativas
desencadeadas pela ativacao de receptores de gfataamo, por exemplo, a regulagéo do
desenvolvimento neuronal no sistema nervoso doiémbra potenciacado de longa duragéo
(LTP), a qual é responsavel pela formacdo de algpos de memdédria (IZQUIERDO &
MEDINA, 1997).

Como parece nédo haver nenhuma enzima extracelalpazcde metabolizar o
glutamato liberado pelos terminais pré-sinapticesfinica maneira rapida e eficaz de
promover a sua retirada do fluido extracelularévats da recaptacao feita por carreadores de

membrana celular. A retirada do glutamato da fesiwdaptica € um importante mecanismo a



fim de diminuir a quantidade desse neurotransmigsatessa forma prevenir o dano

excitotoxico (ANDERSON & SWANSON, 2000).

1.2. Transportadores de Glutamato

A concentracdo extracelular de glutamato € margidaniveis fisiologicos devido a
presenca de transportadores de alta afinidade endeptes de ions NaOs transportadores
de glutamato sd@o responsaveis pela captacdo dangitd extracelular, permitindo assim a
neurotransmissao excitatéria normal e protegendexditotoxicidade do glutamato. S&o
identificados cinco subtipos de transportadores gildamato. Os transportadores de
glutamato/aspartato (GLAST) e o transportador detagiato-1 (GLT-1) descritos em
roedores e considerados transportadores gliais Hemanos eles sdo designados como
EAAT1 e EAAT2 — transportadores de aminoacidostakmiios). Transportadores neuronais
também sdo importantes para manter as baixas dosg@es extracelulares de glutamato. O
transportador neuronal de glutamato mais amplantistigbuido no cérebro é o carreador de
aminodacidos excitatorios 1 (EAAC1 - homdélogo humaBAAT3), encontrado em regides
nao-sinapticas. Outros subtipos incluem EAAT4, ligedo em células de Purkinje e
EAATS5, localizado em neurénios retinian@.transportador GLT-1 é o transportador mais
abundante no SNC e esté presente principalmenténex e hipocampo, enquanto que a 0s
transportadores GLAST sdo mais abundantes na glBedgmann da camada molecular do
cerebelo (DANBOLT, 2001).

O transporte de glutamato ocorre da seguinte fourme molécula de glutamato é
transportada para o citoplasma juntamente comidrésNd acompanhados da saida de um
fon potassio (K). Para que esse mecanismo ocorra é necessarigidade de NYK”
ATPases para manter o gradiente de concentracdondeNd, o que acarreta um grande
consumo de ATP (CAMACHO & MASSIEU, 2006; Figura Bntdo, a manutencdo dos

niveis de ATP intracelular é essencial para o otmtda transmissdo glutamatérgica e a



captacdo de glutamato diminui 0s niveis desse transmissor na fenda sinaptica

prevenindo assim a excitotoxicidade glutamatér(iidaNBOLT, 2001).

a’]= 130 mM

Espaco

Extracelular Transportador

[Na] =15 mM
[K']= 120 mM

Citoplasma

Figura 2. Captacao de glutamato atraves de seus traportadores de membrana celular.

A concentracdo extracelular de glutamato é altaenesgulada por proteinas transportadoras
localizadas na membrana plasmética de neurbniolae Ay captacdo é dependente do
gradiente eletroquimico de sodio que é mantido @aieidade das N&K® ATPases

(adaptado de CAMACHO & MASSIEU, 2006).

Em roedores, GLAST e GLT-1 estdo presentes no Sbi@ baixos niveis de
expressdo em estagios precoces do desenvolvimeatomentam até a idade adulta. A
expressdo de GLAST e GLT-1 aumenta drasticamentpeni@do de maior atividade de
sinaptogénese (do final da segunda ao final daajgsamana poés-natal), atingindo niveis de
adulto ap6s trinta e cinco dias de vida (FURUTAlgt1997). A expresséo do transportador
neuronal (EAAC1) também apresenta um padrédo deptnde desenvolvimento, sendo que
sua expressao é maior nos primeiros estagios demndasimento quando comparado aos

niveis encontrados no cérebro adulto (FURUTA etl@97; SIMS & ROBINSON, 1999).



Os transportadores de glutamato sao regulados @canismos transcricionais e pos-
transcricionais. A morte neuronal excitotoxica euttuwra mista de neurbnios e astrécitos
resulta na diminuicdo da expressdo de GLT-1 e atamanexpressao de GLAST nos
astrocitos remanescentes (SCHLAG et al., 1998).uMdg dados na literatura tém
demonstrado que a via da proteina cinase de faiifadsitol (PI3K) esta relacionada com o
aumento de captacdo de glutamato e da expressdmdsgortadores de glutamato (SIMS et
al., 2000; GUILLET et al., 2005). Adicionalmentea levidéncias de que a atividade dos
transportadores pode ser regulada agudamente (eotas) de maneira independente da
mudanca na expressao dos transportadores (DUAN &089; SHELDON & ROBINSON,
2007). A ativacao da via da PI3K/Akt resulta ndetlgd dos transportadores de glutamato do
citoplasma para a membrana e aumento da captacglutdenato (KRIZMAN-GENDA et
al., 2005). A modulacéo do transporte de glutandatoportante para manter a homeostase

da neurotransmissao glutamatérgica e preveniritoexdcidade.

1.3. Excitotoxicidade

O termo excitotoxicidade refere-se a toxicidade sada pelo aumento da
concentracdo de glutamato durante a transmissaptsia e consequente morte neuronal
(MELDRUM 2000). A agdo neurotoxica do glutamatcaéastimamente ligada a um aumento
de fons C¥. Como ja descrito anteriormente, os receptores WMBo permedaveis a fons
Ca'? permitindo que ocorra um grande aumento das comraées desse fon no interior da
célula, portanto, sua hiperativacdo tem sido cenath a principal responsavel pela morte
celular devido & excitotoxicidade (STONE & ADDAH®). O aumento de Cantracelular
pode ativar proteinas cisteinas proteases, dendasr@lpainas e caspases, que por sua vez

podem degradar uma série de substratos como: masteie citoesqueleto, receptores de

membrana e enzimas. A elevada concentracéo tféndaz estresse oxidativo (MATTSON,



2003), pertubacdo do célcio mitocondrial e metabud energético (SMAILI et al., 2003;
MATTSON, 2007).

A disfungcdo mitocondrial e estresse oxidativo s&tanismos envolvidos na morte
celular observada em diferentes modelos de citotedle, como por exemplo, a estimulagao
excessiva de receptores glutamatérgicos (REGO &/BIRA, 2003), toxicidade induzida
por HO, (KIM et al., 2005), doengas neurodegenerativasocDoenca de Parkinson, Doenca
de Alzheimer e isquemia (MATTSON & MAGNUS 2006).eRcesso de Ghcitoplasmatico
decorrente da ativacdo de receptores NMDA € cagtatiomitocondria, causando elevacdo
do C&" mitocondrial, inibicdo da fosforilacdo oxidativdfprmacdo de poros de
permeabilidade transitoria e colapso bioenergéti@ocolapso bioenergético mitocondrial
pode acarretar na super-producéo de espéciesaavoxigénio (ROS), liberacdo do’Ca
da mitocondria e morte celular (RYTER et al., 200[CHOLLS, 2008).

Os transportadores de glutamato sdo capazes dar retexcesso de glutamato da
fenda sinptica, mantendo as concentragfes do tremsmissor em niveis fisiologicos,
prevenindo assim, a super-estimulagéo dos recepgtwtamatérgicos. Existe uma correlagéo
direta entre a disfuncdo dos transportadores derghto, aumento da concentracdo do
neurotransmissor na fenda sinaptica e desenvolt@rEndano celular excitotoxico tanto em
modelos de estudim vivo e in vitro (MARAGAKIS & ROTHSTEIN, 2004). Em situagbes
em que ocorre desequilibrio idnico e diminuicdo niveis de ATP intracelular, existe um
acumulo de Na no interior das células que pode ocasionar adaiilé reversa dos
transportadores glutamatérgicos (ROSSI et al., R@0ando ocorre esta atividade reversa
dos transportadores, o glutamato em vez de seadmptliberado para o meio, aumentando a
sua concentracdo na fenda singptica e consequeniterae@mentando o dano celular
(CAMACHO & MASSIEU, 2006). Além disso, a estimulac@le receptores NMDA e o
aumento dos niveis de €acontribuem para o aumento da formacdo de ROS éciesp

reativas de nitrogénio (WHITE et al., 2003). Osisgortadores de glutamato sdo vulneraveis



a oxidacao, pois apresentam sitios de cisteindadgs pelo estado redox (TROTTI et al.,
1998) com isso, o aumento de ROS pode acarretaureen diminuicdo da captacao de
glutamato (TROTTI et al., 1998; BRONGHOLI et alQ0B). A morte neuronal excitotoxica
devido a reversdo dos transportadores e/ou a himerao de seus receptores tem sido
correlacionada com a fisiopatologia de doencas odegenerativas agudas (hipoxia,
iIsquemia, hipoglicemia, convulsbes) e cronicas (Igae de Alzheimer, Doenca de
Huntington, Doenca de Parkinson, esclerose amio&rdditeral, esquizofrenia) (MATTSON,
2003, MARAGAKIS & ROTHSTEIN, 2004).

A morte excitotoxica pode ocorrer por apoptose ecrase (ANKARCRONA et al.,
1995). Estes dois tipos de morte celular diferertreeni tanto morfologicamente quanto
bioquimicamente. A necrose ocorre como resultadpeteurbacdes extremas no ambiente
celular, levando a ruptura da membrana plasmatlidzemcao do conteddo intracelular. Em
contrapartida, a apoptose (ou morte celular progdané dependente da ativacdo de vias
intracelulares com eventos finamente coordenadmy@lados que resultam no “suicidio”
celular como, por exemplo, a translocacao de prasgpro-apoptoticas da familia Bel-2 (Bax
e Bad) do citosol para a mitocéndria, formacdo de$ de permeabilidade transitéria na
membrana mitocondrial, liberacdo do citocromo orenficdo do apoptossoma que promove a
ativacdo da pré-caspase-9. Subsequentemente, asea8pativa caspases efetoras, como a
caspase-3, -6 e -7. A ativacdo de uma cascatagpaseEs pode entdo ativar DNAses que
clivam o DNA em fragmentos internucleossomais. Adppse pode também ocorrer de
maneira independente da formacdo do apoptossorativd¢do de uma via extrinseca pode
ocorrer através da interacdo de moléculas come Fatsr de necrose tumoral (TNF) aos seus
receptores de superficie, com o recrutamento déaulals adaptadoras e a ativacao direta da

caspase-8 e outras caspases (RUPINDER et al.,.2007)



1.4. Excitotoxicidade e Vias de Sinalizacao

Danos fisicos, isquemia ou a liberacdo ndo aprd@ride neurotransmissores séo
geralmente acompanhadas por eventos como o inflex6&" e o inicio de uma cascata de
eventos que levam a ativacdo de vérias vias ddizsigao celular que estdo associadas a
neurodegeneracgdo. Por outro lado, os danos cautambém podem acarretar a ativacédo de
vias que culminam na producado e ativagdo de fampuesestdo envolvidos na recuperacao

celular (SAPOLSKY, 2001; BHAT et al., 2004; ZHAOat, 2006).

Estudos demonstram que ha uma correlagdo entréavacdi de receptores de

glutamato e o desenvolvimento de processo inflanoai®m SNC (MATUTE, 2007; VESCE
et al., 2007). Um dos marcos do processo inflara&a ativacdo da microglia, a qual libera
mediadores pré-inflamatérios que incluem a interilear1, fator de necrose tumooal TNF-
a) e oxido nitrico (NO). O NO é uma molécula de kmagdo intra e intercelular que
desempenha importante papel na regulacdo do inflanconal de G4, plasticidade sinéptica
e sobrevivéncia no SNC. O NO é produzido a padicahversao de L-arginina em NO e L-
citrulina, uma reacdo catalizada pela enzima oOxidtaco sintase (NOS). Existem trés
isoformas de NOS caracterizadas no SNC: NOS nelufoN®S ou NOS1), NOS induzivel
(INOS ou NOS2) e a NOS endotelial (eNOS ou NOS33 &uséncia de processo
inflamatorio, a NNOS é a principal fonte de NO mNCS A isoforma iNOs ndo € normalmente
expressa no tecido cerebral, porém mediadoresmaft&rios como lipopolissacarideos e
citocinas induzem a expressao de iINOS nas céllilas ¢astrocitos e microglia), sendo a
expressdo de iINOs uma das principais caractedstiaaglia “ativada” que acompanha o
processo inflamatério no cérebro (KNOTT & BOSSY-WAEL, 2009). A expressao de
iINOS é raramente vista em neurdnios, mas a sua&sqw pode ocorrer em alguns tipos de
células neuronais em resposta a citocinas (SERQ@U, 4999).

A inducdo de INOS acarreta em grande producdo depdl@s células gliais, com

conseqguente conversdao do NO em moléculas altamreatevas como, por exemplo, o
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peroxinitrito (SAHA & PAHAN, 2006). NO tem sido aalacionado com a maioria das
doencas neurodegenerativas, esclerose multiplégriganrelacionada a AIDS, prion, Doenca
de Parkinson, Doenca de Huntington e Doenca deeiimr (MURPHY, 2000)Estudosin
vitro e in vivo demonstram o envolvimento da estimulagédo de receptde glutamato na
inducado da expressao da iINOS (CARDENAS et al., 2MDRO et al., 2004). Estes dados
sugerem fortemente o envolvimento da INOS na nuatidar excitotdxica, portanto, o estudo
de moléculas que reduzam o excesso de NO prod@idsituacdes patolégicas possui

importante significado clinico.

A ativacdo da via de sinalizacdo intracelular Plgia a formacdo de segundos-
mensageiros como o fosfatidilinositol-3,4,5-trifatsf (PIR) e fosfatidilinositol-3,4-bifosfato
(PIR,). Esses segundos-mensageiros se ligam a um domuimioo-terminal presente na
proteina cinase B (PKB ou Akt) promovendo a suaediracdo e translocacdo para a
membrana celular, permitindo que esta seja fosftailem seus sitios Treonina-308 e Serina-
473, resultando em sua ativacdo. Dentre as funebdisuidas a Akt uma das mais
importantes € seu papel na sobrevivéncia celulapa@el neuroprotetor da Akt frente a
excitotoxicidade estd bem descrito na literaturaexdposicdo de culturas de neurdnios
corticais a concentragdes excitotoxicas de glutardahinui a fosforilagdo da Akt e causa
aumento da ativagdo de caspase-3 (NISHIMOTO e2@08). Apos insulto isquémico ocorre
uma drastica diminuigdo nos niveis de Akt fosfaidae este evento precede a liberagéo de
citocromo-c e ativacdo de caspases (OUYANG et 18199). Em cultura de neurbnios
hipocampais submetidas a hipoxia, a ativacdo dRNE/Akt preveniu a apoptose através da
inibicAo de genes e proteinas pro-apoptoticas (YAMKEHI et al.,, 2003). Animais
submetidos a uma isquemia focal apresentam aurdengapressao de fosfo-AKT na regiao
de penumbra (regido que se localiza ao redor dimccesguémico) no cortex cerebral, e este

aumento esta relacionado com a protecdo de céhalasonais (NOSHITA et al., 2001).
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Assim, o estudo da via da PI3K/Akt no mecanism@gho de compostos neuroprotetores é
de grande relevancia.

A enzima glicogénio sintetase cinas@ 8GSKB) é uma isoforma da proteina
glicogénio sintetase cinase (GSK3). A GSK3 é coitlaeha mais de 20 anos e se encontra
abundantemente distribuida pelo cérebro e sua dubédica é a de fosforilar e inibir a
atividade da enzima glicogénio sintetase. Recenteméoram encontradas outras funcdes
para a enzima GSKB3que se relacionam com a sinalizacdo e sobrevizé&weiular, assim
como com a sua participacdo em diversos eventosofiicos e também na fisiopatologia de
doencas neurodegenerativas (HOOPER et al., 200&tividade da GSK3 é controlada
mediante fosforilacdo e defosforilacdo. Sua atotdgpode ser reduzida mediante a
fosforilacdo de uma serina na posicdo 9 (Ser9)pode ser aumentada mediante uma
fosforilacdo em uma tirosina na posicdo 216 (GRIMESOPE, 2001). A proteina Akt
modula negativamente a atividade da GBl&avés da fosforilacdo da serina-9 (CROSS et
al., 1995) e a reducgéao da sinalizacdo via PI3Klte@sa defosforilacdo da Ser9 (HETMAN et
al., 2000). Entre os alvos ou substratos da en@iBK-33 estdo a proteina precursora do
peptideo 3-amildide e a proteina tau (HOOPER et al.,, 20088made proteinas pro-
apoptéticas como caspase-3 e Bax (GRIMES & JOPH];2DINSEMAN et al., 2004).
Atualmente, varios trabalhos tém demonstrado guégdo da enzima GSKBpoderia ser
um alvo interessante para o desenvolvimento desnféwmacos no tratamento de doencas do
SNC, principalmente aquelas que envolvem a morteronal e a neurodegeneracao

(HERNANDEZ et al., 2009; SELENICA et al., 2007; BRi/&t al., 2004).

1.5. Modelos Experimentais de Excitotoxicidade
Modelos experimentais de excitotoxicidadevitro tém sido amplamente utilizados
como uma alternativa para experimentacdo anima, rpduzem significativamente o niamero

de animais utilizados, uma vez que uma série deergmpntos pode ser realizada

12



simultaneamente; reduzem o tempo de experimen&dam custo operacional reduzido. A
utilizacdo de modelos de estudo vitro também apresenta vantagens experimentais, pois
permite um ambiente experimental mais controladayadiacdo da acao direta de substancias
neurotoxicas ou neuroproteroras sobre as célulesté livre de influéncias externas como
variacOes da pressao arterial e temperatura cér@sanodelos mais utilizados s&o culturas de
células, culturas organotipicas de tecido e fatlastecido, geralmente de hipocampo de
roedores (GAHWILLER et al., 1997, MOLZ et al., 2005

A utilizacdo de fatias de hipocampo de ratos paediacao de toxicidade apresenta

algumas vantagens em relacdo a outros modkelosro pelo fato de manter a citoarquitetura

do tecido de origem e a manutencédo da matriz esttiac, preservando assim as interacdes
neurénio-glia (GAHWILLER et al.,, 1997). Por outtado, a manutencdo das fatias de

hipocampo é limitado a algumas horas e, por idéexnativas devem ser estabelecidas para
estudos que necessitem a manutencdo destas pfesarpor periodos de tempo mais

prolongados.

Em nosso laboratério, verificamos que fatias deo¢ampo de ratos jovens podem
manter-se viaveis em meio de cultura por até 6 shglg sem comprometimento da
viabilidade celular. Verificamos que quando asafatile hipocampo foram submetidas ao
glutamato (1 ou 10mM) e posteriormente incubadasoplo adicionais em meio de cultura,
houve diminuicdo significativa na viabilidade calulem relagdo as fatias controle. A
diminuicdo da viabilidade celular induzida por gluato ndo foi acompanhada do aumento
da liberagdo de LDH, indicando que a integridadenganbrana celular estava preservada.
Ainda com relacdo a esse modelo, verificamos qoeme celular induzida por glutamato
ocorreu através de uma via apoptotica, pois o mlata induziu liberacdo do citocromo ¢ da
mitocondria, ativagdo da caspase-3 e fragmentagdoNA em fracdes internucleossomais.
Estes eventos ocorreram 1,5; 3 e 18 h apés a iggaobeom glutamato, respectivamente.

Demonstrou-se também que a perda de viabilidaddacehduzida por glutamato ocorreu
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através da ativacdo de receptores ionotropicos tabwotedpicos de glutamato, além da
ativacdo de vias de sinalizacdo das MAP cinasesatjuam a proteina p38™* (MOLZ et
al., 2008).

Tem sido demonstrado que a susceptibilidade ao dahalar excitotdéxico é
dependente da idade dos animais, porém, em ndssmtiério, glutamato induz o mesmo
padrdo de morte celular em ratos jovens e em etakos. Por outro lado, a captacdo de
glutamato em situacbes basais € maior em ratosgoyge em ratos adultos (THOMAZI et
al., 2004).

Muitos estudos utilizam culturas primarias de nei® para investigar os
mecanismos envolvidos na neurodegeneracdo. Entretamuantidade reduzida de células
obtidas a partir de culturas primérias, aliado abl@mas éticos devido a utilizacdo de
embrides humanos para estudos patofisiologicociaskis as doencas neurodegenerativas,
torna a utilizacdo de células derivadas de tumomsronais um sistema amplamente
empregado para estudar processos neuronais, meluias de sinalizacdo e mecanismo de
morte neuronal.

A utilizacdo de inibidores da cadeia respiratoem tsido empregada no estudo dos
mecanismos envolvidos no estresse oxidativo mitgain A utilizacdo de rotenona e
oligomicina A (inibidores dos complexos | e V dade& de transporte de elétrons,
respectivamente) causa o aumento massivo da pmdigdROS, perda do potencial de
membrana mitocondrial e inducdo de apoptose, indizaue este € um bom modelo para
estudar o estresse oxidativo dependente da mitded(@ANAS et al., 2007; EGEA et al.,
2007). Em estudo recente realizado em culturasnotffacas de hipocampo, Schuh e
colaboradores (2008) observaram que a utilizacdaades subtoxicas de rotenona e de
agonistas glutamatérgicos causa morte celular risuigeum mecanismo de agdo sinérgico

entre estes compostos.
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2. NEUROBIOLOGIA DO SISTEMA PURINERGICO

As purinas podem ser divididas em purinas derivaldaadenina, representadas pela
adenosina-5'-trifosfato (ATP), adenosina-5'-difdsfa(ADP), adenosina-5"-monofosfato
(AMP) e adenosina; e purinas derivadas da guamegresentadas pela guanosina-5'-
trifosfato (GTP), guanosina-5’-difosfato (GDP), goaina-5-monofosfato (GMP) e
guanosina. Classicamente, as purinas sao recoalgoit seus efeitos intracelulares como:
fonte de energia celular, sintese protéica e tuadsd de sinal. Entretanto, as purinas
derivadas da adenina e as purinas derivadas dangumbém atuam como importantes
moléculas de sinalizacao intercelular (CICCARELL&E, 2001).

Os efeitos da adenosina séo desencadeados peleaatige receptores P1, os quais
também podem ser subdivididos em receptores Al, A2z e A3. A adenosina age em
receptores de membrana acoplados a proteinas Enadeeando uma variedade de efeitos
fisiologicos A ativacdo de diferentes subtipos deeptores € responsével por mediar os
diferentes efeitos da adenosina (FREDHOLM et 80,72.

Os receptores Al e A2de adenosina estéo localizados nas sinapsesipptmente
na regido pré-sinaptica. O principal efeito da adara no SNC é regular a liberacdo de
neurotransmissores. O efeito inibitério da adersosia reducdo da liberacdo de glutamato é
mediado principalmente pela ativagcdo de receptdres Este efeito da adenosina foi
demonstrado tantan vivo quantoin vitro, principalmente em modelos experimentais de
hipoxia/hipoglicemia e modelos de convulsdes (CUNB®O5). Agindo em receptores Al, a
adenosina também hiperpolariza as células reduzssion a excitabilidade neuronal e a taxa
de disparo dos neurdnios (GREENE & HASS, 1991)c&oada adenosina em receptoreg A2
esta associada ao desenvolvimento de neurotoxgidégho neuronal e morte celular. O
blogueio farmacoldgico dos receptoressARI a inativacado genética destes receptores confere
neuroprotecdo em modelos animais de isquamia/o (CHEN et al., 1999). Adicionalmente,

ativacéo de receptores Afacilita a liberacéo de glutamato em condicbesnaas e durante a
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isquemia. Esse aumento extracelular de glutamale fmvar a excitoxicidade e dano neural
(CHEN et al., 2007). A ativacdo de receptores A#mbém modula a morte de neurdnios
dopaminérgicos em modelos da doenca de Parkinsmrtras doencas neurodegenerativas
(FREDHOLM et al., 2007). Dessa forma, a inativagd® receptores Ag tem sido
considerada uma estratégia neuroprotetora em wdiésre modelos de doencgas
neurodegenerativas. Por outro lado, também foiotstnado que a ativacdo de receptores
A2, de adenosina protege alguns tipos de neurdniosied@otoxicidade induzida por
glutamato (FERREIRA et al., 2001; CHEN et al., 2007

Os receptores de adenosina também estdo preserseséhulas gliais (astrécitos,
microglia e oligodendrdcitos). A ativacao de recegs de adenosina nestas células controla a
astrogliose e a liberagdo de diferentes substgncaagribuindo assim para o controle da
atividade neuronal. A ativacdo de receptores deasilea também controla a expressédo e a
liberacdo de citocinas e a reatividade da micrpgidicando assim que a adenosina também
apresenta um papel importante no controle da netlewnacdo (DI VIRGILIO et al., 2009).

Até o momento, devido a falta de ferramentas faoldgicas seletivas e também
devido a baixa expressao de receptores &2 A3 de adenosina no cérebro, pouco se sabe
sobre os efeitos da estimulacdo especifica desteptores no SNC, e efeitos opostos, tanto
neuroprotetores quanto neurotdxicos, tem sidoudtids a estes receptores (CUNHA, 2005).

Os efeitos do ATP sdo desencadeados pela ativagameadptores P2X e P2Y
(BURNSTOCK, 2006). Os receptores P2X sao recepttwefpo canal idnico e os receptores
P2Y séo receptores acoplados a proteinas-G. Acativpor nucleotideos de receptores do
subtipo P2Y podem ativar a fosfolipase-C e deserarad liberacao intracelular de’Cau
afetar a atividade da adenilato ciclase alteransinizeis de AMP ciclico (FIELDS &
BURNSTOCK, 2006). Ativacdo de receptores do sub#fX7 aumenta a liberagcdo de
glutamato e purinas em culturas de astrocitos (DW@ARBI., 2003; ANDERSON et al., 2004).

Estudos de eletrofisiologia realizados em fatiahigg@ecampo demonstraram a presenca de
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dois tipos de resposta a estimulacao de recepg®@es primeira foi a liberagéo astrocitaria de
glutamato dependente de calcio, e a segunda ftvacao de receptores P2X7 e o efluxo
sustentado de glutamato (FELLIN et al., 2006). Aliberacdo de ATP com varios
neurotransmissores, inclusive glutamato, aponta papossibilidade de interagdo entre os
componentes purinérgicos e glutamatérgicos dueatremsmissao sinaptica.

Apesar de seus efeitos neuromoduladores e neuetqned, estudos demonstram que
0s nucleotideos e nucleosideos da adenina tambélampapresentar efeitos tdxicos
(ABBRACCHIO et al., 1995; FRANKE et al., 2006). Aigs tipos de incidentes cerebrais séao
acompanhados da liberacdo de grandes quantidagesidas. Exemplos de situagbes em que
as purinas podem ser liberadas e atingir concdrgsageurotdxicas sdo: hipoxia e isquemia
(BRAUN et al., 1998; MELANI et al., 2005); traunfd/ANG et al., 2004; FRANKE et al.,
2006); condi¢cbes associadas com aumento da atevisaaronal (convulsdes) (WIERASZKO
et al., 1989).

Altas concentracBes de adenosina induzem apoptoselalas tumorais provenientes
de astrocitoma de ratos através do envolvimentoadede sinalizacéo ativadas por receptores
do tipo A (SAIl et al., 2005). Adenosina também parece medaf@ptose em astrécitos via
ativacdo de receptores A3 (DI IORIO et al., 20@2aplicacdo de concentracdoes téxicas de
ATP induz modificages morfolégicas compativeis aoeerose e apoptose em culturas de
neurbnios cerebelares (AMADIO et al., 2002). Os mm&s autores também demonstraram
que a liberacdo de glutamato induzida por ATP pmmigribuir para as os efeitos deletérios
das altas doses de ATP. Adicionalmente, ATP tambaosa morte celular em culturas
organotipicas de hipocampo (FRIZZO et al., 2007).

Recentemente, inUmeras evidéncias presentes ematulita também propdem a
presenca de um sistema purinérgico baseado nasapuda guanina (nucleotideos e
guanosina) e apontam estes compostos como novas gera a neuroprotecdo e

neuromodulagéo (SCHMIDT et al., 2007).
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3. DERIVADOS DA GUANINA

Os derivados da guanina compreendem os nucleoti@dds GDP, GMP e o
nucleosideo guanosina (GUO). Uma importante fudgiarita para os derivados da guanina
€ a modulagéo da atividade das proteinas-G. Agipad-G sdo proteinas de membrana que
tem sua atividade determinada pela interacdo conudsotideos GTP e GDP e atuam como
transdutores dos sinais extracelulares, resultandoespostas efetoras especificas. Além de
seus efeitos intracelulares, evidéncias indicam apielerivados da guanina (GTP, GDP e
GMP) podem desencadear efeitos extracelulares samadvimento da proteina G (SOUZA
& RAMIREZ, 1991), e exercem efeitos tréficos em mdmios e células gliais, sendo
importantes durante o desenvolvimento e em respodteencas (CICCARELLI et al., 2001;

DECKER et al., 2007).

3.1. Produgao, Metabolismo e Transporte

Os nucleosideos séo liberados para o meio exttacelavés de transportadores de
membrana. Os transportadores de nucleosideos s@damnilia de proteinas que possuem
diferentes afinidades por substratos, diferentedriliicbes em tecidos, sdo espécie-
especificos e sensiveis ao bloqueio por agentesatmlogicos. Os transportadores de
nucleosideos foram caracterizados e classificadosdeas categorias: (i) transportadores
equilibrativos, os quais transportam nucleosideas purinas e pirimidinas de maneira
bidirecional, segundo o gradiente de concentraggo;transportadores concentrativos, que
medeiam o influxo de mucleosideos acoplado ao gnéelitransmembrana de N&lo SNC,
o transportador do tipo equilibrativo parece premham (THORN & JARVIS, 1996),
contribuindo para a manutencéo da concentracaausosideos dentro e fora da célula.

A liberagdo de purinas para o0 meio extracelulaiojddemonstrada em culturas de

astrocitos. Além disso, foi demonstrado que emas#a de hipdxia/hipoglicemia os
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derivados da guanina séo liberados cerca de 3 veaissdo que os derivados da adenina,
(CICCARELLI et al., 1999),.

A conversdo de nucleotideos em nucleosideos no mi@celular também é
importante para a manutencdo da concentracao elti@cdas purinas. Em estudo realizado
em nosso laboratério, observou-se que nucleotiddg®d @de ser captado e armazenado em
vesiculas sinapticas (SANTOS et al. 2006), sugeriagsim um possivel mecanismo de
liberacdo desse nucleotideo para a fenda sinapficeonversdo de GTP em GDP e GMP ¢é
realizada por uma familia de ectoenzimas (ectoNEP$aja a conversdo de GMP em GUO
ocorre pela agcdo de ecto-5-nucleotidases, as dqamibém sdo responsaveis pela hidrélise
dos derivados da adenina (ZIMMERMANN, 1996), cdnimndo assim para presenca de
nucleosideos no meio extracelular. Estas enziddasatvas e estdo presentes no liquido
cerebroespinhal de ratos (PORTELA et al., 2002).aftes concentracoes, a taxa de hidrélise
de GDP é maior que a do ADP, possivelmente favarkrea formagcdo de GMP e,
consequentemente, GUO. A presenca de derivadosiatdang ja foi identificada no fluido
cérebro-espinhal de humanos e de animais (REGNE®&.,el997; OSES et al.,, 2007).
Recentemente foi demonstrada a presenca da enzirma mucleosideo fosforilase (PNP)
em membranas, a qual pode converter GUO em gudRABHBONE et al., 2008). Guanina

€ metabolizada irreversivelmente até xantina peténea guanina deaminase.

3.2. Efeitos Extracelulares dos Derivados da Guarnn

Evidéncias demonstram que os derivados da guaeinanem aos receptores das
purinas da adenina com baixa afinidade (MULLER &GR, 1993), sugerindo que estes
apresentam sitios de ligacdo distintos dos dersvada adenina. Estudos que dé&o
embasamento a esta hip6tese demonstraram que or@tse a sitios especificos em células
de feocromocitoma (PC12) (GYSBERS et al., 2000)nem@&mbranas cerebelares de pintos,

sendo que estes sitios ndo apresentam atividadeaita (GTPéasica) (TASCA et al., 1999).
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Estudo realizado por Traversa e colaboradores j2@€¥2onstrou que a GUO apresenta um
sitio de unido de alta afinidade em preparacoemnatabranas de cérebros de ratos. Outros
estudos demonstram que os efeitos de GUO sédo plmesivte desencadeados através de um
possivel receptor de membrana acoplado a prot€lindSACIAGLI et al., 2000;
TRAVERSA et al., 2002; DI IORIO et al., 2004). Estnjunto de dados indica que a GUO
apresentam um sitio de unido especifico que aewmlzer investigacdo, portanto, antagonistas
especificos para seus receptores ainda nao estiandieis.

Os derivados da guanina apresentam efeitos trédicosulturas de células gliais e em
neurénios (RATHBONE et al.,, 1999). Os derivadosgdanina aumentam a producéo de
neurotrofinas em culturas de astrécitos e em @ilferneurénios estimulam o crescimento de
neuritos (CICCARELLI et al., 2001). Em nosso laltér@a foi demonstrado que GMP ou
GUO aumentam o numero de neurénios cultivados eoultora com astrocitos (DECKER
et al., 2007). Neste mesmo trabalho foi demonstigu® a adicdo de GMP ou GUO em
culturas de astricitos altera a organizacdo dagipes da matriz extracelular, laminina e
fibronectina, promovendo a melhor adesdo dos neag&®vobre o substrato de astricitos, o
que pode ter um importante papel na neurogénesenagracdo neuronal. Adicionalmente,

os derivados da guanina também sdo importantes latmtas da neurotransmissao

glutamatérgica.

3.3. Efeitos Neuroprotetores dos Derivados da Guama: Modulacao do Sistema
Glutamatérgico

Os nucleotideos e o nucleosideo derivados da gudegsempenham importante papel
extracelular na modulacdo da transmissdo glutagieéér apresentam efeitos sobre a
memoria e o comportamento e efeitos neuroprotefoease a excitotoxicidade (SCHMIDT

et al., 2007).
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GMP modula a transmissao glutamatérgica atravésiligdo da unido de glutamato
e agonistas (KA, AMPA e NMDA) a seus receptores geateragir diretamente com
proteinas-G (SOUZA & RAMIREZ, 1991; PAZ et al., H99PAAS et al., 1996;
PORCIUNCULA et al., 2002). Em todos estes estu@a$Q nao foi capaz de inibir a unido
de glutamato e agonistas a seus receptores. Tajbféhdemonstrado que GMP pode atuar
como antagonista competitivo do receptor NMDA (BAR@t al., 1989) e Mendieta e
colaboradores (2005) demonstraram a existénciandesitio de interacdo para GMP em
receptores AMPA de glutamato. Além de inibir a onde glutamato aos seus receptores,
GMP também é capaz de inibir respostas celularssndadeadas por glutamato ou agonistas
tais como: diminuigéo a forfoforilacdo de GFAP (T&&S et al., 1995) e aumento de AMP
ciclico induzidos por glutamato (TASCA & SOUZA, 200 bloqueio do influxo de calcio
induzido por NMDA em retinas de pintos (BURGOSIet2000).

Em estudos de excitotoxicidade, GMP protege coatrtoxicidade induzida por
glutamato em fatias de hipocampo em modelos demgu(OLIVEIRA et al., 2002; MOLZ
et al.,, 2005, OLESCOVICZ et al., 2008). Além diss8MP protege fatias corticais
submetidas a privagdo de glicose e oxigénio (FRIZ&Cal., 2003). Estudos vivo
utilizando o &cido quinolinico como agente induttg convulsdes demonstrou que a
administracdo de GMP protege contra as convulsdasmerte celular induzida por este
agonista do receptor NMDA (MALCON et al., 1997; S@IDT et al., 2000). Em cultura de
neurdnios hipocampais e corticais, GMP (mas ndo Jadi@inui a neurotoxicidade induzida
por NMDA e Cainato (MORCIANO, 2004).

Como mencionado anteriormente, GMP ¢é neuroprotétemte as convulsdes
induzidas pelo acido quinolinico (SCHMIDT et alQ0B). Porém, estudos posteriores
demonstraram que ndo somente GMP, mas também a &b&@nticonvulsivante neste
modelo (SCHMIDT et al., 2000; VINADE et al., 2003LIVEIRA et al., 2004). Além disso,

estudos demonstraram que o efeito anticonvulsivdm@MP era abolido na presenga de um
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inibidor da enzima 5" -ectonucleotidase (enzima cpeverte GMP em GUO) (SOARES et
al., 2004). Dessa forma, considerando o modelo odevutsdo induzida pelo &cido
quinolinico, o efeito anticonvulsicante do GMP degeu da sua converséo até GUO.

GUO néo é capaz de inibir a unido de glutamato sews receptores (SOUZA &
RAMIREZ, 1991; MONAHAN et al., 1988), porém apretediversos efeitos envolvendo a
modulacao do transporte de glutamato (SCHMIDT et28l07). A retirada do glutamato da
fenda sinaptica € um importante mecanismo para laods acfes desse neurotransmissor
além de manter os niveis de glutamato em concéesague ndo sejam neurotoxicas
(DANBOLT, 2001). GUO é capaz de aumentar a capthgdal de glutamato em culturas de
astrocitos e em fatias corticais mantidas em cé@egigasais ou submetidas a privacéo de
glicose e oxigénio (FRIZZO et al., 2002; 2003). Gkéimbém apresentou efeitos sobre a
captacdo de glutamato em astrocitos, porém, esitw efo GMP também dependeu da sua
conversao até GUO (FRIZZO et al., 2003).

A administracdo de GUO previne a diminuicdo daagit de glutamato em fatias de
hipocampo obtidas a partir de animais submetidosnadelo de convulsdo com acido
quinolinico (OLIVEIRA et al., 2004; VINADE et al2005). Além disso, GUO também
previne a diminuicdo da captacéo de glutamato d@rasfale hipocampo obtidas de ratos
previamente submetidos a isquemia neonatal (MORE®@fT@l., 2005) e também em fatias
de hipocampo submetidas a privacdo de glicoseg€oiiin vitro (THOMAZI et al., 2008).
Adicionalmente, o acido quinolinida vitro e in vivo estimula a liberacdo de glutamato em
preparacdes sinaptossomais e inibe a captacaaitsieode glutamato (TAVARES et al.,
2000; 2002), o que poderia contribuir para o aumdatliberacdo de glutamato e indugéo de
convulsdes. Esse aumento é revertido na presenGiJ@e(TAVARES et al., 2005; 2008).
Dessa maneira, GUO é considerada uma important&cmal neuroprotetora, pois através da

modulacdo do transporte de glutamato este nuckmsidntribui para a reducéo dos niveis
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extracelulares de glutamato, prevenindo assim ceatonda concentragdo de glutamato na
fenda sindptica, excitoxicidade e morte celular.

Os efeitos neuroprotetores de GMP e GUO, tamtatro quantoin vivo, ndo foram
inibidos na presenca de antagonistas de recepleraslenosina, indicando assim que estes
efeitos ocorrem de maneira independente da atudgdGMP ou GUO sobre o sistema
adenosinérgico (FRIZZO et al., 2003, LARA et ai02).

Astrocitos mantidos em cultura liberam derivadosgdanina em condi¢des basais,
porém, quando essas culturas sao submetidas aiahipbhipoglicemia os niveis dos
derivados da guanina no meio extracelular aumesignificativamente (CICCARELLI et
al., 1999). In vivo, 0s niveis dos derivados da guanina aumentam teuran
hipoxia/hipoglicemia e estes niveis permanecemadiey por até uma semana (UEMURA et
al., 1991). Em vista disso, estudo recente realizado em nedgwrdtério investigou o papel
protetor da GUO em um modelo de isquemia cereliravés da privacdo de glicose e
oxigénio em fatias hipocampais de ratos. Nestedesfoi demonstrado que fatias de
hipocampo de ratos submetidas a 15 minutos degdiavee glicose e oxigénio seguidas de 2
horas de reperfusdo, apresentam uma melhora ddidade celular quando a GUO é
adicionada no periodo de reperfusdo (OLESKOVICalet2008). Adicionalmente, neste
modelo, GUO previne a reducgéo da captacdo de ghtitaimduzida pela privacao de glicose
e oxigénio via ativacdo de canais ded¢ alta voltagem ativados por<a pela via da PI3K
(DAL-CIM, 2008).

Estudos recentes também tém demonstrado um imgogapel protetor da GUO em
modelos de doengas neurodegenerativas. A utilizdegdGUO em ratos submetidos a um
modelo de doenca de Parkinson reduz apoptose eopeoneurogénese (SU et al., 2009). A
adicdo de GUO na linhagem de neuroblastoma hum&h&Y®Y protege essas células
contra a apoptose induzida pelo peptiffeamildide (PETTIFER et al., 2004) ou MPP

(PETTIFER et al., 2007). A GUO é capaz de dimirauexpressao e funcdo de receptores
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CD40 (receptores celulares associados a eventtamabrios) em culturas de células
expostas a agentes pro-inflamatorios e ao pepfidauildide (D’ALIMONTE et al., 2007).
Além disso, a GUO parece possuir um efeito antpajiico através da ativacdo da via
PI3K/Akt em cultura de astrdcitos (DI IORIO et &004).

Diante do exposto anteriormente, os derivados @miga tem apresentado efeitos
neuroprotetores importantes em diferentes modedosedirotoxicidade. Portanto, o estudo
dos efeitos protetores dos derivados da guaninatefrea distintas situacbes de
neurototoxicidade, bem como os mecanismos envaviup efeito desencadeado por estes

compostos pode apresentar importante significagpéatico.

4. OBJETIVOS

4.1. Objetivo geral
Estudar os efeitos neuroprotetores e neurotoxiogsdeérivados da guanina (GMP e
GUO) em fatias de hipocampo de ratos e culturagéiidlas de neuroblastoma humano

(SHSY-5Y).

4.2. Objetivos especificos

* Avaliar o efeito neuroprotetor de GMP frente a ®toicidade induzida por
glutamato e NMDA em fatias de hipocampo de ratos;

* Avaliar o efeito neuroprotetor da GUO frente a #toxicidade induzida por
glutamato em fatias de hipocampo de ratos, estwdarehvolvimento do transporte
de glutamato, da via PI3K/Akt/GSR3e da modulacdo da iINOS no mecanismo
neuroprotetor da GUO;

* Avaliar o possivel efeito neurotéxico do GMP e Gl fatias de hipocampo de

ratos e os mecanismos relacionados a esse efeito;
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* Investigar o efeito neuroprotetor da GUO em um rfmdie estresse oxidativo
mitocondrial em culturas de células de neuroblaatdmamano (SHSY-5Y) e os
mecanismos envolvidos no efeito da GUO;

* Auvaliar a susceptibilidade de culturas de célulasnduroblastoma humano (SHSY-
5Y) nao diferenciadas e diferenciadas a toxicidbmpeptide@-amildide (fragmento
25-35) e avaliar o possivel efeito protetor da Gitdte a toxicidade do peptid@e

amiléide nestas células.
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CAPITULO 1
GMP PREVENTS EXCITOTOXICITY MEDIATED BY NMDA REGERACTIVATION
BUT NOT BY REVERSAL ACTIVITY OF GLUTAMATE TRANSEBBTN RAT
HIPPOCAMPAL SLICES

Brain Research, 1231:113-120, 2008.
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GMP prevents excitotoxicity mediated by NMDA receptor
activation but not by reversal activity of glutamate transporters
in rat hippocampal slices
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ARTICLEINFO ABSTRACT
Article history: Glutamate is the main excitatory neurotransmitter in the mammalian nervous system and
Accepted 2 July 2008 is essential forits normal functions. However, overstimulation of glutamatergic system due
Available online 11 July 2008 to hyperactivation of NMDA receptors and/or impaimment of glutamate reuptake systern has
been implicated in many acute and chronic neurclogical diseases. Regulation of
Keywards: extracellular glutamate concentrations relies on the function of gluitamate transporters
Glutamate which can be reversed in situations related to excitotoxicity. Guanosine-5'-monophosphate
Guanosine-5-monophosphate (GMPF), a guanine nucleotide which displays important extracellular roles, such as trophic
Glutamate transporter effects to neurons and astrocytes, behaves as antagonist of ghitamate receptors and is
NMDA neuroprotective in hippocampal slices against excitotoxicity or ischemic conditions.
Hippocampal slice Hippocampal slices exposed to 1 or 10 mM glutamate, or 100 pM NMDA with 10 M

glycine for 1 h and evaluated after & or 18 h, showed reduced cell viability and DNA
fragmentation, respectively. Glutamate- or NMDA-induced cell death was prevented by
50 pM MEK-801, but only NMDA-induced cell damage was prevented by GMP (1 mM).
Glutamate-induced cell viability impairment and glutamate-induced 1-['H]glutamate
release were both prevented by adding DL-TBOA (10 uM). Otherwise, NMDA-induced cell
viability loss was not prevented by 10 uM of DL-TBOA and NMDA did not induce L-[H]
glutamate release. Our results demonstrate that GMP is neuroprotective when acting
selectively at NMDA receptors. Glutamate-induced hippocampal slice damage and
ghitamate release were blocked by glutamate transporter inhibitor, indicating that
glutamate-induced toxicity also involves the reversal of glutamate uptake, which cannot
be prevented by GMP.

@ 2008 Elsevier B.V. All rights reserved.
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mide; NMD A, N-methyl-p-aspartate
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1. Introduction

Besides the well established physiclogical roles of glutamate
inthe mammalian nervous system (Meldrum, 2000; Segovia et
al., 2001), high concentrations of extracellular glutamate can
cause cell death through a process called excitotoxicity (Choi,
1988; Meldrum, 2000).

Glutamate-induced excitotoxicity can be accomplished by
its interaction with NMDA subtype of ionotropic glutamate
receptors leading toa massive calcium influx and cell death by
necrosis or apoptosis (Ankarcrona et al, 1995, Bonfoco et al,,
1995, Mattson, 2000), which is generally blocked by the non-
competitive NMDA receptor antagonist, MK-801 (Chen and
Lipton, 2006). Another important process of the regulation of
excitotoxicity relies on the function of glutamate transporters
present on astrocytes and, to a lesser extent, in neurons
(Anderson and Swanson, 2000). In the rat hippocampus, three
ghitamate transporters, GLAST, GLT-1 and EAACI, are present,
GLAST and GLT-1 are the most prominent transporters and
are localized on astrocytes. These transporters are coupled to
Na/K ATPase and normally function to remove excessive
glutamnate from brain extracellular space (Danbolt, 2001). In
situations where membrane Na gradient is disrupted, such as
ischemia or hypoglycemia, the increased extracellular gluta-
mate is correlated to activation of glutamate transporters
reverzal of uptake (Mad! and Busgesser, 1993; Rossi etal., 2000;
Camacho and Massieu, 2006),

Accumulation of glutamate in the extrasynaptic cleft due
to reverse activation of glutamate transporters and/or hyper-
activation of glutamate receptors has been implicated not only
in acute injuries, as hypoxia, ischemia, hypoglycemia or
epileptic seizures, but has also been related to progressive
degenerative disorders, as Alzheimer's, Huntington's and
Parkinson's diseases, amyotrophic lateral sclerosis, schizo-
phrenia and other psychiatric disorders (Choi, 1992; Segovia et
al., 2001; Matute et al, 2002, Mattson, 2003, Maragakis and
Rothstein, 2004; Sattler and Rothstein, 2006),

Guanine nudeotides are endogenous compounds nmown for
their intracellular role in modulating G-protein activity, although
they can also display fundamental extracellular roles (for a
review, see Schmidt et al, 2007). Guanine derivatives can act as
trophic factors to neurons and astrocytes (Meary et al, 1995,
Ciccarelli et al, 2001, Decker et al,, 2007), behave as competitive
antagonists of glutarmatergic receptors (Baron et al., 1989; Souza
and Ramirez, 1991; Dev et al., 1996: Porcitnecula et al, 2002 and
can also inhibit physiological cell responses due to glutamate
receptor activation (Tasca et al, 1995; Tasca et al, 1998; Burgos et
al., 2000). Guanosine-5'-monophosphate (GMP), a puanine
nucleotide which does not bind to G-proteing, is shown to be
released from astrocytes after hypoxia’hypoglycemia (Ciccarelli
et al, 1999), Studies from our laboratory demonstrated that GMP
is neuroprotective in hippocampal slices against glutamate- or
glucose/oxygen deprivation-induced neurotoxicity (Oliveira et
al, 2002, Molz et al, 2005, Oleskovicz et al., 2008). GMP has also
been reported to prevent NMDA-mediated induction of seizures
(Schmidt et al., 2000). Recently, a specific binding site to GMP in
GluR2 AMPA receptors was demonstrated (Mendieta et al,, 2005).

We have previously reported that millimolar concentra-
tions of glutamate induced hippocampal slice cell death with
apoptotic features such as cytochrome c release and caspase-3

activation, culminating in DNA fragmentation (Molz et al,,
2008). So, the aim of the present study was to investigate the
putative neuroprotective role of GMP against glutamate- and
NMDA-induced hippocampal slice injury. We observed that
glutamate- and NMDA-induced cell death in hippocampal
slices involved DNA fragmentation into internuclecsomal
fractions which resembles apoptosis, and it was prevented
by ME-801. GMP was neuroprotective against the cell viability
reduction and DNA fragmentation only when selectively
acting as antagonist at NMDA receptors. Furthermore, ghita-
mate-induced hippocampal slice damage and glutamate
release were alsoblocked by a glutamate transporter inhibitor,
indicating that glutamate-induced toxicity also involved the
reversal of glutamate uptake,

2, Results
21.  Glutamate-induced toxicity is not prevented by GMP

Hippocampal slices were incubated for 1 h with 1 or 10 mM
glutamate and were maintained in incubation medium for6 h
to the evaluation of cellular viability. When present, MK-801
(50 uM) or GMP (1 mM) was preincubated for 10 and 30 min,
respectively, before glutamate challenge, Glutamate (1 or
10 mM) significantly reduced cell viability when compared to
control slices, which was prevented by MK-801, a non-
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Fig. 1 - Cell viability in hippocampal slices incubated with
glutamate in the presence of MK-801 and GMP. Hippocampal
slices were incubated for 1 h with glutamate (1 mM or

10 mM). When present, MK-801 (50 pM) or GMP (1 mM) was
preincubated for 10 and 30 min, respectively. After this
period, incubation medium was withdrawn and replaced for
fresh culture medium without glutamate and maintained for
additional 6 h. Control group was considered as 100% and
represents cell viability of slices incubated only in culture
medium. MTT (0.5 mg/ml) was incubated for 20 min at 37 °C
and cell viability was accessed at 550 nm. The values
represent means+error deviations of at least 4 experiments
carried out in triplicates. “Indicates means significantly
different from all other groups; p <0.05.
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competitive NMDA receptor antagonist However, GMP pre-
incubation did not alter the reduction in cell viability induced

by glutamate (1 or 10 mM) (Fig. 1).

2.2, Neuroprotective effect of GMP against NMDA-induced
toxicity

Since glutamate induced cell damage was prevented by MEK-
BOL (Fig. 1), NMDA toxicity was also evaluated. NMDA (100 uM)
in the presence of glycine (10 pM) a co-agonist of NMDA
receptors, significantly reduced cell viability when compared
to control slices. NMDA-induced hippocampal slice damage
was completely prevented when slices were preincubated for
10 min with 50 pM MK-801 (Fig. 2).

The potential neuroprotective role of GMP against NMDA-
induced toxicity in hippocampal slices was tested. GMP (1 mM)
completely prevented hippocampal slice toxicity induced by
NMDA receptor activation (Fig. 2).

2.3, GMP prevents NMDA-induced DNA fragmentation in
hippocampal slices

We have previously shown that glutamate-induced toxicity
involves apoptotic features, with a slight DNA fragmentation
into internucleosomal fractions (Molz et al., 2008). Hippocam-
pal slices were incubated for 1 hwith glutamate (1 or 10 mM) or
NMDA (100 pM) and glydne (10 pM) and DNA fragmentation
was evaluated after 18 h. Fig 3 shows the eletrophoretic
migration pattern of extracted DNA from hippocampal slices
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Fig. 2 - Cell viability in hippocampal slices incubated with
NMDA in the presence of MK-801 and GMP. Hippocampal
slices were incubated for 1 h with 100 pM NMDA and 10 pM
glycine. When present, MK-801 (50 pM) or GMP (1 mM) was
preincubated for 10 and 30 min, respectively. After this
period, incubation media was withdrawn and replaced for
fresh culture medium without NMDA and maintained for
additional 6 h. Control group was considered as 100% and
represents cell viability of slices incubated only in culture
medium. MTT (0.5 mg/ml) was incubated for 20 min at 37 °C
and cell viability was accessed at 550 nm. The values
represent means+ error deviations of at least 4 experiments
carried out in triplicates, ‘Indicates means significantly
different from all other groups; p<0.05.
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Fig. 3 - Evaluation of DNA fragmentation in
internucleosomal fractions in hippocampal slices exposed to
glutamate and GMP. Control slices or glutamate-treated
hippocampal slices (1 or 10 mM]) were incubated for 1 h in the
presence or absence of 1 mM GMP, Medium was replaced and
slices were maintained for additional 18 h in fresh culture
medium without glutamate. DNA was extracted from
hippocampal slices and DNA “laddering” visualised in
agarose gel electrophoresis with ethidium bromide. The
lanes in the gel are: 100 base pair (bp) pattern, Control (C),
GMP 1 mM (GMP), Glutamate 10 mM (Glu) and Glutamate

10 mM GMP 1 mM (Glu GMP). A slight DNA fragmentation is
observed at lanes Gluand Glu GMP. This gel is representative
from 5 individual experiments.

submitted to glutamate (1 or 10 mM) in the presence of GMP
(1 mM). GMP did not prevent the slight glutamate-induced
DNA fragmentation (Fig. 3).

In the DNA fragmentation analysis following slice exposi-
Hon to NMDA, we observed that NMDA induced a significant
DMA fragmentation (Fig. 4), suggesting the involvement of
apoptosis in the mechanism of NMDA receptor-mediated cell
damage. The NMDA-induced DNA fragmentation was pre-
vented by slice preincubation with 50 pM MK-801 or 1 mM GMP
{Fig. 4), reinforcing the neuroprotective action of GMP against
NMDA-induced cell injury.

2.4, Involvement of reversal uptake in glutamate but not
in NMDA-induced toxicity

Since MK-801 neuroprotection against NMDA-induced hip-
pocampal toxicity was more prominent than the observed
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Fig. 4 - Evaluation of DNA fragmentation in
internucleosomal fractions in hippocampal slices exposed to
NMDA, MK-801 or GMP. Control slices or NMDA-treated
hippocampal slices were incubated for 1 h in the presence or
absence of 50 pM MEK-2801 or 1 mM GMP, Medium was
replaced and slices maintained for additional 18 h in

fresh culture medium without NMDA. DNA was extracted
from hippocampal slices and DNA “laddering”

visualised in agarose gel electrophoresis with ethidium
bromide. The lanes in the gel are: 100 base pair

(bp) pattem, Control (C), NMDA 100 pM and glycine 10 pM
(NMDA}, GMP 1 mM (GMFP), NMDA 100 pM and

glycine 10 pM plus GMP (NMD A GMP), MK-801

50 pM (MK-801), NMDA 100 pM and glycine 10 pM

plus MK-801 (NMDA MK-801). A slight DNA fragmentation
is observed at lane NMDA. This gel is representative

from 3 individual experiments.

for MK-801 against glutamate-induced toxicity (Fig 1), and
considering GMP was unable to prevent glutamate-induced
cell damage, we investigated whether glutamate is acting in
another interaction site besides glutamate receptors, such as
glutamate transporters. In order to achieve this, we used the
non-transportable glutamate transporter inhibitor DL-TBOA
in a concentration that does not induce cell death (Anderson
et al, 2001; Bonde et al, 2003). We found that preincubation
of hippocampal slices for 30 min with 10 pM DL-TBOA per se
did not induce cell damage, but completely prevented
glutamate-induced reduction in cell viability (Fig. 5). Addi-
tionally, evaluation of glutamate release showed that
glutamate (10 mM) induced an increased amount of released
glutamate. This neurctoxic glutamate-induced glutamate
release was partially prevented by preincubation with DL-
TBOA (Fig. 6), confirming a neurotoxic effect of glutamate
also via reversal activity of glutamate transporters. Other-
wise, we have found that NMDA-induced toxicity is not
prevented by 10 pM DL-TBOA and NMDA did not induce
glutamate release (Figs. 5 and &),

3. Discussion

The present study demonstrated glutamate and NMDA
induced cell death with apoptotic features since the reduction
of cell viability in hippocampal slices was accompanied by
DNA fragmentation. NMDA-induced cell damage was fully
prevented by GMP, an endogencus guanine nucleotide acting
as a glutamate receptor antagonist However, GMP did not
alter glutamate-induced cell damage. Additionally, we
showed that glutamate-induced slice damage can also occur
via reversal of the plasma membrane glutamate transporters,
since the application of the glutamate transport blocker, DL-
TBOA, prevented the loss of cell viability induced by glutamate
and glutamate-induced 1-[*H]glutamate release. The toxicity
via activation of NMDA receptors was not prevented by DL-
TBEOA and NMDA did not induce glutamate release. Therefore,
GMP displays a neuroprotective effect by acting as a glutamate
receptor antagonist, but it is not directly involved in the
modulation of ghutamate transport.

A varety of agents prevents or modulates glutamate
receptor overactivation in order to control cell death (Stone
and Addae, 2002). MK-801, the non-competitive antagonist of
NMDA receptors prevented glutamate- or NMDA-induced cell
damage (Figs. 1 and 2) and also prevented NMDA-induced DNA
fragmentation (Fig 4), thus showing that NMDA receptors are
involved in glutamate-induced apoptosis in hippocampal

I

& & & @‘“ e°“ &
¢ ¢ &‘o\'
o é\@"

125+

.y
o -4 o
(=] o (=]
L L
*
*|

% of cellular viability
[
[+]
'l

o

q.

;

Fig. 5 — Cell viability in hippocampal slices incubated with
glutamate or NMDA and the inhibitor of glutamate transport,
DL-TEOA. Hippocampal slices were incubated for 1 h with
ghitamate (1 mM or 10 mM) or NMDA 100 pM and 10 pM
glycine in the presence or absence of 10 pM DL-TEOA. When
present, DL-TBOA was preincubated for 30 min. After this
period, incubation medium was withdrawn and replaced for
fresh culture medium without ghutamate and maintained for
additional 6 h, Control group was considered as 100% and
represents cell viability of slices incubated only in culture
medium. MTT (0.5 mg/ml) was incubated for 20 min at 37 °C
and cell viability was accessed at 550 nm. The values
represent means+error deviations of at least 4 experiments
carried out in triplicates. ‘Indicates means significantly
different from all other groups; p <0.05.
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Fig. 6 - Glutamate release in hippocampal slices incubated
with glutamate or NMDA and DL-TBOA. Hippocampal slices
were incubated for 1 h with 10 mM glutamate or 100 pM
NMDA and 10 pM glycine in the presence or absence of
DL-TBOA. When present, DL-TBOA (10 p M) was preincubated
for 10 min. Glutamate uptake was assessed as deseribed in
Experimental procedures. Results were expressed as
percentage of total -[*H]glutamate. The values represent
means+error deviations of at least 7 experiments
carried out in triplicates. “Indicates mean significantly
different from all other groups; p<0.05.

slices. We cannot exchade the possibility that glutamate may
also be acting via non-NMDA or metabotropic glutamate
receptors. Indeed, we have previously demonstrated that
ghutamate toxicity in hippocampal slices also involves AMPA
and KA receptors as well ag metabotropic glutamate receptors
(Molz et al., 2008). Moreover, we showed that although
glutamate promoted neurotoxicity via NMDA receptor activa-
tion, it iz alsc promoting the reversal activity of glutamate
transporters, increasing glutamate release which can be
blocked by glutamate transportinhibitor (Fig 6) and therefore
providing neuroprotection against glutamate (Fig. 5).

Even though the protective effects of classical glutamate
and NMDA receptor antagonists in experimental animal
moedels are well established (Park et al, 1988; Stone and
Addae, 2002), the use of current NMDA receptor antagenists in
clinical trials have not been successful (lkonomidou and
Turski, 2002; Lipton, 2004; Chen and Lipton, 2006, Muir,
2006). So, searching for new compounds that interact with
the glutamatergic system is of great interest. GMP has been
shown tw be released by cultured astrocytes after hypoxia/
hypoglycemia (Ciccarelli et al, 1999) and described to be
neuroprotective in oxygen and/or glucose deprivation in vitro
models (Regner et al., 1998, Oliveira et al,, 2002, Molz et al,,
2005) as well as in vive models of seizure induction by NMDA
(Malcon et al., 1997; Schmidt et al, 2000). GMP is able to
displace the binding of NMDA to its receptors (Baron et al.,
1989, Porciincula et al., 2002) and also diminishes NMDA-
induced neurctoxicity in neuronal cell cultures (Morciano et
al.,, 2004). We are hereby reporting that GMP counteracted the

reduction in cell viability and DNA fragmentation provoked by
NMDA (Figs. 2 and 4). Thus, GMP can prevent apoptosis
induced by NMDA receptor activation in hippocampal slices in
vitro.

Considering GMP can be hydrolyzed in the extracellular
gpace by ectonucleotidases (Zimmemann, 1996), we cannot
completely rule out the invelvement of the nucleoside
guanosine as a mediator of GMP-induced neuroprotective
effect against glutamate-induced injury. However, guanosine
had no (or very little) effect on the binding of glutamate or
analogs to glutamate receptors (Souza and Ramirez, 1991;
Porcitincula et al., 2002) and evidences support the hypothesis
that the neuroprotective effect of guanosine is related to its
involvement in modulation of glutamate uptake (Frizzo et al,,
2001; 2003) showing it is not directly related to an interaction
with glutamate receptors. Moreover, we have recently demon-
strated that guanosine-induced neuroprotection against oxy-
gen/glucose deprivation occurs via K-channel activation and
depends on extracellular calcium (Oleskovicz etal,, 2008). The
results showed in this study may point to differential effects of
guanine derivatives on the modulation of the glutamatergic
system. We can hypothesize that in a brain injury situation,
the release of guanine nucleotides from synaptic vesicles
(Tasca et al, 2004; Santos et al., 2008) or from astrocytes
[Ciccarelli et al, 1999), increasing extracellular GMP levels
would be responsible for blocking NMDA receptor activation,
whereas after its hydrolysis, the production of the nucleoside,
guanosine, may improve glutamate uptake, resulting in
neuroprotection.

In a situation of energy deprivation when ATPase stops
functioning, transmembrane ion gradient runs down and the
trans porters will reverse and release glutamate to the extra-
cellular space (Madl and Buepesser, 1993, Camacho and
Massieu, 2006). Application of 10 pM DL-TBOA has been
found to significantly reduce the reversal of transporters in
both astrocytic and neuronal cultures (Anderson et al, 2001),
and it is sub-toxic and neuroprotective in slice cultures (Bonde
etal, 2003; 2005). DL-TBOA applied before glutamate exposure
prevented both glutamate-induced glutamate release and
glutamate-induced cell damage (Figs. 5 and 6). Since DL-
TBOA counteracted glutamate-induced toxicity (Fig 5), ghata-
mate uptake reversal and its associated mechanisms, as
glutathione depletion (Chen et al., 2000; Re et al., 2003; 2006),
are involved in glutamate-induced cell death in hippocampal
glices. Differently, NMDA-induced toxicity was not prevented
by DL-TBOA and NMDA did notinduce glutamate release (Figs.
5 and &), showing its classical toxicity mechanism via NMDA
receptor activation,

In our study, plutamate-induced cell injury was not
prevented by GMP (Fig. 2). Studies showing neuroprotective
effect of GMP against glucose/oxygen deprivation were
previcusly shown, although in those studies glutamate
transport was not evaluated (Regner et al, 1998; Oliveira et
al., 2002) or not altered by GMP (Molz et al., 2005).

Glutamate can induce cell death in hippocampal slices via
two mechanisms: one involving the binding of glutamate to
NMDA receptors leading to receptor-mediated excitotoxicity,
which can be blocked by GMP; and other promoted by
glutamate-induced reversal of its uptake. This mechanism is
not blocked by GMP.
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Overactivation of glutamate receptors, loss of energy
supply leading to transmembrane ion gradients disruption
and altered transport function, are common features of
geveral neurological disorders which involve excitotoxicity
such as stroke, amyotrophic lateral sclerosis and epilepsy
(Aallen et al, 2004). So, understanding the mechanisms
involved in glutamate-induced toxicity as well as compounds
that can prevent its effects may have therapeutic potential in
neurological conditions involving glutamate excitotoxicity.
Therefore, our results are contributing to discriminate among
the extracellular effects of endogenous guanine derivatives,
showing the mono-phosphorylated guanine nuclectide, GMP,
can act as a glutamate receptor antagonist, but it does not
modulate the glutamate release via reversal of plasma
membrane transporters,

4. Experimental procedures

4.1. Animals

Male immature Wistar rats (23-25 days of postnatal age)
maintained on a 12-hour light-12-hour dark schedule at 25 °C,
with food and water ad libitum, were obtained from our local
breeding colony. Experiments followed the “Principles of
laboratory animal care” (NIH publication MNo. 85-23, revised
1985) and were approved by the local Ethical Committee of
Animal Research (CEUA/UFSC).

4.2, Preparation and incubation of hippocampal slices

Rats were killed by decapitation and the hippocampi were
rapidly removed and placed in ice-cold Krebs-Ringer bicarbo-
nate buffer (KRB) of the following composition: 122 mM NaCl,
3 mM KCl 1.2 mM Mg50,, 1.3 mM CaCl, 04 mM KH,PO,,
25 mM NaHCO; and 10 mM p-glucose. The buffer was bubbled
with 95% 02-5% CO; up to pH 7.4, Slices (0.4 mm thick) were
rapidly prepared using a Mcllwain Tissue Chopper, separated
in KRB at 4°C and allowed to recover for 30 min in KRB at 37 °C
(Oliveira et al., 2002).

4.3, Slice treatment

After the preincubation time, hippocampal slices were incu-
bated with glutamate (Sigma) (1 or 10 mM) or NMDA (100 pM
and 10 pM glycine) for 1 h in KRB. After this period, the
medium was withdrawn and replaced by a nutritive culture
medium composed of 50% of KRB, 50% of Dulbecco’s modified
Eagle's medium (DMEM, Gibeo), 20 mM of HEPES and 100 pg/ml
of gentamicine, at 37 *Cin a CO, atmosphere (Molz et al., 2008)
and slices were maintained for additional 6 or 18 h to evaluate
cell viability or DNA fragmentation, respectively.

In order to investigate the mechanisms invelved in
glutamate- or NMDA-induced toxicity, the slices were pre-
incubated for 10 min with (+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801, 50 pM)
or for 30 min with DL-threo-j:-benzyloxyaspartate (DL-TBOA,
10 pM) before the 1-hour exposure of slices to glutamate or
NMDA and maintained during this 1 h of incubation. When
present, GMP (1 mM) was also preincubated for 30 min before
glutamate or NMDA.

4.4, Evaluation of cell viability

Hippocampal cell viability was evaluated 6 h after glutamate or
MDA exposure. Cell viability was determined through the
ability of cells to reduce MTT (3-{4,5-dimethylthiazol-2-yl-diphe-
nyltetrazolium bromide, Sigma) (Mosmann, 1983). Hippocampal
dlices were incubated with MTT (0.5 mg/ml) in KRB for 30 min at
37 *C. The tetrazolium ring of MTT can be cleaved by active
dehydrogenases in order to produce a precipitated formazan. The
formazan produced was solubilized by adding 200 pl dimethyl
sulfoxide (DMSO), resulting in a coloured compound which
optical density was measured in an ELISA reader (550 nm).

4.5. DNA fragmentation analysis

Glutamate- or NMDA-induced DNA fragmentation were evalu-
ated 18 h after glutamate or NMDA exposure. Ten to 20 mg of
hippocampal tissue was used for DNA extraction. Tissue was
homogenized in a lysis buffer (GenomicPrep™, GE Healthcare)
and then incubated for 1 h at 65 °C. Proteins and RNA were
digested with proteinase K (Sigma, 100 pg/ml) and RNAse (Sigma,
20 pg/ml), at 55 °C for 12 h and at 37 °C for 1 h, respectively.
Proteins and RNA were then precipitated and samples were
centrifuged at16,000q for 15 min at 4°C. DNA was predpitated for
12 h with 100% isopropanol at 4 *C and 70% ethanol Centrifuged
samples (corresponding to 40 pg DNA) were then submitted to
a 2% agarose gel electrophoresis with ethidium bromide
(100 pg/ml) and visualised in UV light (Yang and Paul, 1997).

4.6. Glutamate release

After preincubation time in KRB buffer, hippocampal slices
were incubated in Hank's balanced salt sclution (HBSS),
compositon in mM: 129 CaCl,, 1369 NaCl, 536 KCl, 065
MgS0y, 0.27 Na,HPO,, 1.1 KH,PO,, and 5 HEPES, When present,
DL-TBOA (10 uM), was preincubated for 10 min. Glutamate
(10 mM) was incubated for 15 min and glutamate uptake was
assessed by adding 0.33 pCi/ml 1-[*H]glutamate with 100 uM
unlabeled glutamate for 7 min and stopped by three ice-cold
washes with 1 mlHBSS, The slices were then further incubated
for 15 min in 300 pl HBSS and the supernatant was collected in
order to measure the amount of released v-[*H|glutamate.
Slices were disrupted by overnight incubation with 0.1% NaOH/
0.01% 5DS and aliquots of lysates were taken for determination
of intracellular L-PH]glutamate content (Tavares et al, 2002;
Molz et al,, 2005). Intracellular and extracellular [*H]glutamate
content were determined through scintillation counting,
calculated as nmol of glutamate per milligram of protein per
minute and the amount of released glutamate was expressed
as percentage of total 1-[*H]glutamate.

4.7, Protein measurement

Protein content was evaluated by the method of Lowry et al.
(1951). Bovine serum albumin (Sigma) was used as standard.

4.8 Statistical analysis
Comparisons among groups were performed by one-way

analysis of variance (ANOVA) followed by Duncan's test if
necessary, with p <0.05 considered to be statistically significant.
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CAPITULO 2
THE NEUROPROTECTIVE EFFECT OF GUANOSINE AGAINST GAMATE-INDUCED
CELL DEATH IN RAT HIPPOCAMPAL SLICES IS MEDIATEDMSK/Akt/GSKE
ACTIVATION AND iNOS INHIBITION
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Abstract

Excitotoxicity and cell death induced by glutamate involved in many
neurodegenerative disorders. We have previouslyodstrated that excitotoxicity induced by
millimolar concentrations of glutamate in hippocahplices involves apoptotic features, as
cytochrome c release, caspase-3 activation and Diigmentation as well as glutamate-
induced glutamate release trough reversal actoiitglutamate transporters. Guanosine, an
endogenous guanine nucleoside, prevents excitdyokic its ability to modulate glutamate
transport. In this study, we have evaluated theapeotective effect of guanosine against
glutamate-induced toxicity in hippocampal slicesl dhe possible mechanism involved in
such effect. We have found that guanosine (i) was neuroprotective against 1 mM
glutamate-induced cell death and also inhibitedaghate release induced by glutamate.
LY294002 (30 uM), an inhibitor of phosphatidylinositol-3 kinasePIBK), attenuated
guanosine-induced neuroprotection and guanosineeptien of glutamate release. In
addition, guanosine induced the phosphorylation #mas, activation of PKB/Akt, a
downstream target of PI3K. Guanosine also indudessl phosphorylation of glycogen
synthase kinasef33 which has been reported to be inactivated byafier phosphorylation at
Ser9. Glutamate treated hippocampal slices showerkased INOS expression that was
prevented by guanosine. Furthermore, slices pngbimiion with SNAP (a NO donor)
inhibited the protective effect of guanosine. Takegether, this observations support the
hypothesis that guanosine protects hippocampalessliby a mechanism involving
PI3K/Ak/GSK3B*" pathway and inhibition of glutamate-induced glugenrelease as well

as reduction of glutamate-induced iINOS expressiaat hippocampal slices.
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1. Introduction

Glutamate excitotoxicity is caused by overstimwlatof synaptic glutamate receptors
and subsequent neuronal injury [1]. Glutamate recspverstimulation is a common event
in many neurodegenerative disorders, including estb stroke, Huntington’s disease,
amyotrophic lateral sclerosis and Alzheimer’s diseas well as in aging [2]. We have
previously reported that excitotoxicity in acutg@pocampal slices is induced by millimolar
concentrations of glutamate and promotes a redudti@ell viability with apoptotic features,
as cytochrome c release, caspase-3 activation AifdfEagmentation, via p38~* signalling
activation [3]. Glutamate toxicity is also relatedreversal activity of glutamate transporters,
increasing extracellular glutamate concentraticsh tiien promoting excitotoxicty [4].

Excitotoxicity or activated microglia produce sumedde reacting with NO to give
peroxynitrite which in turn causes mitochondrial damage and de#ith [5]. Cytokines
activate inducible nitric oxide synthase (iINOS)tle glia which then release high levels of
nitric oxide (NO). NO augmentation causes glutanratease from astrocytes and neurons
resulting in excitotoxicity [6]. Inflammation occauiin the central nervous system (CNS) in
response to stimuli such as pathogens or tissueagar@NS inflammation is in general
induced by cytokines and/or bacterial/viral compaeeThe main targets of cytokines are the
glial cells, which then release toxic factors toinmms.

Considering that excitotoxicity is related to thajor CNS disorders and the lack of
effective treatment for such diseases, the studwl@rnative pharmacological strategies
against excitotoxic-induced cell death is of gredé¢vanceThe nucleoside guanosine (GUO)
and the guanine nucleotides have been implicatecheiaroprotection by counteracting
glutamate excitotoxicityn vitro [7,8,4] andin vivo [9,10]. GUO displays extracellular effects
as cell modulator or intercellular signaling commuation exerting trophic effects to neurons
and astrocytes (11,12) and the modulation of théagiatergic system (for a review see 13).

Guanine nucleotides and GUO are released fromasicacell cultures under basal or toxic
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conditions [14,15]. Alternatively, when nucleotidasch as GTP, GDP and GMP are released
to the extracellular space and metabolized by eruatdeotidases, extracellular GUO levels

can increase [15,16]. Our laboratory has demomstritat GTP is taken up and stored into
synaptic vesicles [17] and indirect evidence intidathat GUO could be released from

synaptosomes [18].

Astrocytic glutamate uptake is a crucial processtiie maintenance of extracellular
glutamate concentrations below toxic levels thugventing excitotoxicity [9]. GUO
stimulates glutamate uptake under basal condifioesltured astrocytes [20] and brain slices
[21]. Under excitotoxic situations the modulatoffeet of guanosine on glutamate uptake has
been directly related to a neuroprotective role-242 In vitro GUO also protects rat
astrocytes from staurosporine-induced apoptosi$ §p8 SH-SY5Y cells fronB-amyloid-
induced apoptosis [26] and MRRduced toxicity [27]. In both cases, the anti-piodic
effect of GUO was mediated by stimulation of theogbhatidylinositol-3 kinase
(PI13K)/Protein kinase B (Akt) cell survival pathway

The serine/threonine protein kinase Akt is a siggakinase downstream of PI3K
[28]. The PI3K/Akt pathway is a critical transduder several major survival signals in CNS
neurons [29]. Glycogen synthase kinage (8SK33), which is highly expressed in brain
tissue, is one of the key targets of the antiagaptsignaling mediated by the PI3K/Akt
pathway [30]. The activity of GSKBis negatively regulated by Akt phosphorylatiorthet N-
terminal serine 9 (Ser9) [31]. Reduced PI3K sigmpklso results in Ser9 dephosphorylation
[32].

In the present study, we investigated the putatieroprotective role of guanosine
against glutamate-induced hippocampal slices injumy the role of the PI3K/Akt/GSIRS®"
pathway and iINOS as the possible mechanism involvdtie neuroprotection afforded by
GUO. The results showed here support the hypothiesisGUO protects hippocampal slices

by a mechanism involving PI3K/Akt pathway activati@and subsequent reduction of
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glutamate-induced glutamate release, as well asased phosphorylation of GSB%™ and

reduction of glutamate-induced INOS expressionippdcampal slices of young rats.

2. Experimental Procedures

2.1. Animals

Male Wistar rats (23-25 days of postnatal age) taaied on a 12-hour light-12 hour
dark schedule at 25° C, with food and watedibitum were obtained from our local breeding
colony. Experiments followed the “Principles of ¢ahtory animal care” (NIH publication
No. 85-23, revised 1985) and were approved by twal|Ethical Committee of Animal

Research (CEUA/UFSC).

2.2. Preparation and Incubation of HippocampaleSlic

Rats were killed by decapitation and the hippocawsre rapidly removed and placed
in ice-cold Krebs-Ringer bicarbonate buffer (KRB)tbe following composition: 122 mM
NaCl, 3 mM KCl, 1.2 mM MgS@, 1.3 mM CaCp, 0.4 mM KHPOy, 25 mM NaHC@ and
10 mM D-glucose. The buffer was bubbled with 95% %% CQOy up to pH 7.4. Slices (0.4

mm thick) were rapidly prepared using a Mcllwairsslie Chopper, separated in KRB &€4

and allowed to recover for 30 minutes in KRB at B133] to slices stabilization.

2.3. Slices treatment

After the preincubation period to slices stabili@af hippocampal slices were
incubated with glutamate (Sigma) (1 mM) for 1 hKRB buffer. After this period, the
medium was withdrawn and replaced by a nutritivkuce medium composed of 50 % of
KRB, 50 % of Dulbecco’s modified Eagle’s medium (BM, Gibco), 20 mM of HEPES and
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100 pg/ml of gentamicine, and slices were maintained ddditional 6h in a humidified

. 0 . o
atmosphere 95% air and 5% &€& 37 to evaluate cell viability [3].

When present, GUO was added to incubation mediumiBObefore glutamate and
maintained during the 1 h of incubation with glutden LY294002 (3uM) or SNAP (1 mM)
were added to incubation medium 15 minutes befdd®©@&nd maintained during the GUO

preincubation period.

2.4. Evaluation of cell viability

Hippocampal cell viability was evaluated 6 h affgutamate exposure. Cell viability
was determined through the ability of cells to EWMTT (3-(4,5-dimethylthiazol-2-yl-
diphenyltetrazolium bromide, Sigma) [34]. Hippocahglices were incubated with MTT
(0.5 mg/ml) in KRB for 30 minutes at 37° C. Theaeblium ring of MTT can be cleaved by
active dehydrogenases in order to produce a ptat@pi formazan. The formazan produced
was solubilized by adding 20Ql dimethyl sulfoxide (DMSO), resulting in a colodre

compound which optical density was measured inld&A reader (550 nm).

2.5. Immunobloting:

In order to evaluate Akt (Ser 473) and G8K®Eer 9) phosphorylation, slices were
incubated for 90 min under control conditions,reated with GUO (10QM) for 30, 60 or 90
min. Then, the slices were homogenized in| 4@ ice-cold lysis buffer (1% Nonidet P-40,
10% glycerol, 137 mM NaCl, 20 mM Tris-HCI, pH 7.8, pg/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM sodi pyrophosphate, and 1 mM
NasVO,). Proteins (3Qug) from this cell lysates were resolved by SDS-PAgBE transferred

to nitrocellulose membranes (GE Healthcare, Chalfén Giles, UK). Membranes were
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incubated with anti-total-Akt (1:1,000), anti-phbspAkt (1:1000) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA); anti-G3X8L:1,000); anti-total GSK3 (1:1,000);

antif3- actin (1:100,000) (Sigma). Appropriate peroxidesajugated secondary antibodies
(1:10,000) were used to detect proteins by enhamtesniluminescence. Different band
intensities corresponding to immunoblot detectibrpmtein samples were quantified using

the Scion Image program (Scion Corporation, FredeNMD, USA).

2.6. Glutamate release

Following preincubation period to slices recoveB® (min), hippocampal slices were
incubated in Hank’s balanced salt solution (HBS®)nposition in mM: 1.29 Cag;1136.9
NaCl, 5.36 KCI, 0.65 MgS£ 0.27 NaHPO,, 1.1 KHPO,, and 5 Hepes. When present, GUO
was incubated for 30 min and maintained duringaghate exposure. LY 204002 (3MM)
was preincubated for 15 min before guanosine. Glata (1 mM) was incubated for 15 min
and glutamate uptake was assessed by adding L8l D-[*H]aspartate with 10QM
unlabeled aspartate for 7 min and stopped by tlieeold washes with 1 ml HBSS. D-
[*H]aspartate instead of ’Hi]glutamate was used in order to avoid glutamateabwdization
in intracellular compartments, although similaruleswere obtained by using BH]aspartate
or L-[*H]glutamate. The slices were then further incub&ed5 min in 30Ql HBSS and the
supernatant was collected in order to measurertiwuat of released D¥fiJaspartate. Slices
were disrupted by overnight incubation with 0.1%6¥%H0.01% SDS and aliquots of lysates
were taken for determination of intracellular ¥#Jaspartate content [4]. Intracellular and
extracellular D-fH]aspartate content were determined through skitih counting,
calculated as nmol of aspartate and the amourgleased D3H]aspartate was expressed as

percentage of total D¥ffJaspartate.
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2.7. Statistical analysis

Comparisons among groups were performed by oneaveysis of variance (ANOVA)

followed by Duncan’s test if necessary, with p 80considered to be statistically significant.

3. Results

3.1. GUO protects hippocampal slices against glutaate-induced cell death

Hippocampal slices exposure to 1 mM glutamate teduh a significant decrease in
cell viability. GUO (100uM) preincubation significantly prevented the redoctin cell
viability induced by glutamate. Such neuroprotattivas not observed when slices were

preincubated with 3QM or 300uM GUO (Fig. 1).

3.2. Involvement of glutamate transport and PI3K/AI¢t/GSK3[3Serg pathway activation in

neuroprotection afforded by GUO

We have previously demonstrated that glutamatet@eeicity in hippocampal slices
involves the reversal activity of glutamate tran$@s and consequent glutamate release [4].
GUO has been shown to exert neuroprotection agektstotoxicty by its ability to modulate
glutamate transport [35]. Therefore, glutamateasdewas evaluated in the presence of 100
UM of GUO. Figure 2 shows that GUO was able to pmévglutamate-induced D-

[*H]aspartate release (i.e. glutamate release) fippohampal slices.

When LY294002 (3QuM) was added to incubation medium 15 minutes be€ltkO
and maintained during the GUO incubation perioé, BJO ability to counteract glutamate
release as well as the neuroprotective effect oOGdainst glutamate-induced cell viability

reduction, were prevented (Figs. 2 and 3).
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Since inhibition of PI3K/Akt pathway by LY294002 guented the neuroprotective
effect of GUO, GUO ability to induce the activatioh Akt (Akt phosphorylation) was also
evaluated. Hippocampal slices were incubated wi@ gM GUO for different periods of
time (30, 60 and 90 minutes) and cell lysates vileea analyzed by immunoblotting. These
periods of incubation with GUO were evaluated beeauhey represent the GUO
preincubation time (30 min), the intermediate perishen slices are in the presence of
glutamate plus GUO (60 min) and the total time 8i&es were incubated in the presence of
glutamate plus GUO (90 min). Figure 4A shows aresentative immunoblotting of
phospho-Akt (p-Akt) and total-Akt (t-Akt). Under && conditions (slices incubated for 90
min in KRB), Akt phosphorylation was low and inctiba for 30 min with GUO was
sufficient to increase the amount of p-AKT. Therease of p-Akt induced by GUO was
sustained, at least for 60 and 90 minutes (Figadé B).

Glycogen synthase kinasgd 3GSK33) is one of the key targets of the signaling
mediated by the PI3K/Akt pathway [30]. Akt mediatelosphorylation of GSKB at Ser9
inactivates GSK@ leading to increased cell survival against glut@mecitotoxicity [36]. In
the present study, hippocampal slices incubatigdh @IUO also showed a significant increase
in phosphorylation of Ser9 site of GSIB3thus showing GUO inhibition of GSIg3activity
was observed 30 minutes after GUO exposure, whéieahosphorylation levels returns to

basal levels after 60 or 90 minutes of GUO expogkig 5A and B).

3.3. GUO prevents glutamate-induced iNOS expression

Several studies have demonstrated that excitotgxicvolves the activation of
cellular pathways that lead to INOS induction [Sludies also demonstrate that activation of
the PI3K/Akt pathway may diminish the inductionibOS [37]. Therefore, the involvement
of INOS in glutamate-induced cell damage to hippagal slices and the possible prevention

of this effect by GUO were investigated. We havanf increased levels of iINOS after
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hippocampal slices challenge with 1 mM glutamateisTeffect was completely prevented
when slices were preincubated 1 GUO (Fig. 6).

Additionally, preincubation of hippocampal slice#lwSNAP (1 mM), a NO donor,
prior to GUO treatment significantly abolished tipeotective effect of GUO against
glutamate-induced cell damage (Fig. 7). These paiat to a neuroprotective mechanism of
action of GUO against glutamate excitotoxicity likénvolving either the decrease of iINOs

expression or NO production in hippocampal slices.

4. Discussion

The present study demonstrates that GUO preventangate-induced hippocampal
slices death by a mechanism involving inhibition ghfitamate-induced glutamate release
trough the activation of the PI3K/Akt pathway andoasequent inhibition of GSI83as well

as, the reduction of glutamate-induced INOS expoads rat hippocampal slices.

The regulation of excitotoxicity relies on the fiioa of glutamate transporters present
on astrocytes and, to a lesser extent, in neur88k [These transporters are coupled to
Na'/K*-ATPase activity in order to remove excessive ghate from brain extracellular
space thus preventing excitotoxicity [19]. In sttaas where membrane Nayradient is
disrupted, such as after respiratory chain intihitiue to C& overload and oxidative stress,
glutamate can be released to the synaptic cleft tdueeversal of glutamate transporters
[39,40]. In a previous study, we demonstrated gihatamate-induced toxicity in hippocampal
slices was due to its ability to trigger glutamegkease by reversed glutamate transport, since
DL-TBOA, a glutamate transport inhibitor, preventind loss of cell viability induced by
glutamate and glutamate-induced glutamate relegse [

In the present study, preincubation of hippocamgales with GUO (100uM)

prevented glutamate-induced cell damage, as welilasmate-induced glutamate release
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from hippocampal slices (Figs. 1 and 2), indicatingt the neuroprotective effect of GUO is
due to its ability to prevent glutamate-inducedersal of glutamate transport, leading to
reduced glutamate release thus preventing excitotpx The protective effect of GUO
against glutamate-induced cell viability decreasss wartially abolished by LY294002, a
PI3K inhibitor (Fig 3). Furthermore, the GUO abilito reduce glutamate release was fully
inhibited in the presence of LY294002 (Fig 2), dmdpocampal slices treated with GUO
showed increased levels of p-Akt (Fig 4). Takenetbgr, these results indicate that GUO
prevents glutamate release and protects hippocastipas trough a mechanism that involves
activation of PI3K/Akt pathway. Literature data icate that activation of the PI3K/Akt
pathway can stimulate glutamate uptake as well lagrgate transporters trafficking and
expression in the cellular membrane [41-4Bhe partial protective effect of LY294002
against glutamate-induced toxicity may be due te thvolvement of other protective
pathways in neuroprotection afforded by GUO, awiptesly shown [25, 11]. In agreement
with our findings that GUO modulates glutamate $gaort, other studies had demonstrated
that GUO stimulates glutamate uptake under basahgsiological [20] as well as excitotoxic
conditions [44, 35, 24].

PI3K/Akt signaling pathway has been shown to actiasupstream mechanism of
GSK33 activity regulation, since PI3K/Akt system mighirettly phosphorylate Ser9 of
GSK33, leading to GSK inactivation. It has been reported that GBKRtivation may be
involved in several apoptotic signaling pathwayat tlead to activation of caspase-3 [45,46].
Glutamate toxicity in hippocampal slices is alsodmted by caspase-3 activation [3]. In
astrocytes cultures, GUO prevented the apoptotiecesf of staurosporine by inhibiting
caspase-3 and activating PI3K/Akt pathway, withse&giuent inhibition of GSKB-[25]. Here
we are also demonstrating that preincubation ghdtampal slices with GUO (30 minutes) is
sufficient to protect hippocampal slices againstssgjuent glutamate-induced cell death by a

mechanism which involves inhibition of GSB3&ctivity trough the activation of PI3K/Akt
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pathway. GUO-induced Akt phosphorylation was obseérat 30 minutes and sustained until
90 minutes (Fig. 4). Otherwise, increased GIgBosphorylation at Ser9 was observed at 30
minutes incubation with GUO and then returned tcsabalevels (Fig. 5). GSK3
phosphorylation at Ser9 is very dynamic, as a nurob@athways and kinases converge at
GSK33 and its dephosphorylation is regulated by propfiosphatase 1 [47-48].

One of the hallmarks of the inflammatory processhe CNS is the expression of
INOS by activated glia. Glutamate can induce ptamatory cytokines that in turns can
trigger INOS expression [49-50]. In this study, demonstrated that glutamate increases
INOS induction in hippocampal slices. One of thetgins that can mediate iINOS induction is
p38"4PK in fact, we have previously demonstrated thataghate-induced toxicity involves
the activation of p3%*"¥ [3]. The glutamate-induced iINOS induction was preed by GUO
(100 puM) (Fig. 6). It has been shown that GUO inhibits 4DDexpression and function
induced by proinflamatory cytokines affidamyloid in mouse microglia cells [51]. In the
present study, SNAP (a NO donor) abolished theeptivie effect of GUO against glutamate-
induced toxicity (Fig. 7). NO produced by activaigd, at concentrations where it inhibits
respiration, causes acute (within seconds) glutameease from synaptosomes and neurons
which has been attributed either to vesicular sdear reversal of glutamate transporters [52,
6]. Astrocytes or C6 glioma cells treatment with aKiBhibitor lead to increased iINOS
expression in response to LPS or cytokines, thusodstrating that the activity of PI3K
pathway is important to counteract iINOS expresg®r. Similarly, in our study, acute
stimulation of PI3K/Akt pathway by GUO may accotmt reduction in iNOS expression.

Taken together, this observations support the tgsid that GUO protects against
neurodegeneration related to inflammatory procegsabmechanism which involve the
blockade of INOS expression as well as PI3K/Akthpaty activation and inactivation of
GSK33, with subsequent inhibition of glutamate-inducddt@mate release in hippocampal

slices of young rats.
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Inflammation, impairment of glutamate transport axtitotoxiciy are all processes
involved in pathogenesis of neurodegenerative dese@n the CNS [53, 5]. Therefore, GUO
protective effects which normalize the activity gfutamate transporters counteracting
excitotoxicity may be considered an important npustective strategy to the CNS

degeneration.
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Figure 1. Cell viability in hippocampal slices subritted to glutamate in the presence of
GUO. Hippocampal slices were incubated for 1 h with lLigivtamate (Glu). When present,
guanosine (GUO 30, 100 and 300) was preincubated for 30 min. After this period,
incubation medium was withdrawn and replaced festrculture medium without glutamate
and maintained for additional 6 h. Control grouswansidered as 100 % and represents cell
viability of slices incubated only in culture mediuMTT (0.5 mg/ml) was incubated for 20
min at 37° C and cell viability was accessed at®®H0 The values represent meansrror
deviations of at least 6 experiments carried otitijphicates. * Indicates means significantly

different from control group (100 %) and # indicatean different from Glu; p< 0.05.
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Figure 2. GUO reduces glutamate-induced glutamateetease by PI3K/Akt pathway
activation. Hippocampal slices were incubated for 15 min withM glutamate (Glu) in the
presence or absence of 100 guanosine (GUO). When present, GUO was preineabtdr
30 min before the addition of glutamate. LY29408QuM) was added to incubation medium
15 min before GUO and maintained during the GUGOngréoation period. Control group was
considered as 100 % and represents glutamate edléasn slices incubated only in HBSS.
The values represent meansetror deviations of at least 4 experiments caroed in
triplicates. * Indicates means significantly di#et from control group (100 %) and

Glu+GUO; p< 0.05.

57



125+

100+ 1

Cellular viability (%)
N (o) ~
o a1 (@} al
L [l [ [l
>*

N O v &
° o"oo ‘19&9 %q@
S o"d S
XOQ
C?\\\

Figure 3. LY294002 prevents the neuroprotective eftt of GUO against glutamate-
induced cell death.Hippocampal slices were incubated for 1 h with 1giMtamate (Glu) in
the presence or absence of g@Dguanosine (GUO), preincubated for 30 min befdre t
addition of glutamate. LY294002 (@M) was added to incubation medium 15 min before
GUO and maintained during the GUO preincubationiogerAfter this period, incubation
medium was withdrawn and replaced for fresh cultaredium without glutamate and
maintained for additional 6 h. Control group wasisidered as 100 % and represents cell
viability of slices incubated only in culture mediuMTT (0.5 mg/ml) was incubated for 20
min at 37° C and cell viability was accessed at BB0 The values represent meansrror
deviations of at least 4 experiments carried outiplicates. * Indicates means significantly
different from control group (100 %) and Glu+GUOQOindicate mean different from control;

p< 0.05.
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Figure 4. Immunodetection of phosphorylated and tal Akt in hippocampal slices
treated with GUO. Whole cells lysates were subjected to Westerntibtptanalysis to
phosphorylated (p-Akt) and total (t-Akt) Akt detiect as described in MethodgA)
Representative western blot of phosphorylated AdtAKt) and total Akt (t-Akt) in
hippocampal slices exposed to GUO ®Dfor 30, 60 or 90 min(B) Quantitative analysis of
p-Akt/t-Akt in optical density (O.D.). The contrefalues were normalized to 1, and other
treatments were expressed in relation to this vallee values represent meanserror
deviations of 4 independent experiments. * Indisateeans significantly different from

control group; p < 0.05.
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Figure 5. Immunodetection of phosphorylated Ser9-GI&3B and total GSK3B in
hippocampal slices treated with GUO.Whole cells lysates were subjected to Western
blotting analysis to phosphorylated (p-GR3) and total (t-GSKB) as described in
Methods.(A) Representative western blot of phosphorylated GS#i3Ser9 (p- GSK3Z™"

and total GSKB (t- GSK33) in hippocampal slices exposed to GUO [180for 30, 60 or 90
min. (B) Quantitative analysis of p-GSRS'It-GSK3B in optical density (O.D.). The control
values were normalized to 1, and other treatmemtise vexpressed in relation to this value.
The values represent meansefror deviations of 6 independent experimentsndidates

means significantly different from control groupg®.05.
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Figure 6. Immunodetection of iINOs in hippocampal stes submitted to glutamate in the
presence of GUO.Untreated (Control, C) or 1 mM glutamate (Glu)aterl hippocampal
slices were incubated for 1 h in culture mediuncesl were maintained for additional 6 h in
fresh culture medium without glutamate. When presguanosine (GUO 30, 100 or 3{\)
was preincubated for 30 min. Whole cells lysatesevgeibjected to Western blot analysis to
INOS detection as described in Method8) Representative western blot of INOS in
hippocampal slices submitted to Glu or Glu+GU@®B) Quantitative analysis by optical
density of INOS expression relatedffeactine. The control values were normalized tord a
other treatments were expressed in relation touviige. The values represent meansrror
deviations of 4 independent experiments. * Indisateeans significantly different from

control group and # indicates means significaniffecent from Glu; p < 0.05.
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Figure 7. Guanosine neuroprotection against glutanta-induced cell death is prevented

by a NO donor. Hippocampal slices were incubated for 1 h with 1igiMtamate (Glu) in the
presence or absence of 100 guanosine (GUO). When present, GUO was preinedofr

30 min before the addition of glutamate. SNAP (1mik&s added to incubation medium 15
min before GUO and maintained during the GUO intioipaperiod. After that, incubation
medium was withdrawn and replaced for fresh cultaredium without glutamate and
maintained for additional 6 hours. Control groupswansidered as 100 % and represents cell
viability of slices incubated only in culture mediuMTT (0.5 mg/ml) was incubated for 20
min at 37° C and cell viability was accessed at 880 The values represent meansrtor
deviations of at least 4 experiments carried outiplicates. * Indicates means significantly

different from control group (100 %) and Glu+GUG; @.05.
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Cuanine derivatives modulate the glutamatergic svstem through displacement of binding of glutamate
to its receptors acting as antagonist of glutamate receptors in moderate to high micromolar
concent@tions. Guanosine-5'-monophosphate (GMP) is shown to be neuroprotective against
glutamate- or oxygen/glucose deprivation-induced neurotoxicity and also against NMDA-induced
apoptosis in hippocampal slices, However, in this study we are showing that high extracellular GMP
concentrations (S mi) reduced cellviability in hippocampal brain slices. The toxic effect of GMPwas not
blocked by dipyridamole, a nucleoside transport inhibitor, nor mimicked by guanosine, suggesting an
extracellular mode of action to GMP which does not invelve its hydrolysis to guanosine. GMP-dependent
cell damage was not blocked by P1 purinergic receptor antagonists, neither altered by adenosine &, or
Aaareceptor agonists, The blockage of the ionotropic glutamate receptors AMPA or NMDA, but not KA or
metabotropic glutamate receptors, reversed the toxicity induced by GMP. GMP (5 mM) induced a
decrease in glutamate uptake inte hippocampal slices, which was reversed by m-TBOA. Therefore, GMP-
induced hippocampal cell damage involves activation of ionotropic glutamate receptors and inhibition

of glutamate transporters actvity.

@ 2009 Elsevier Ltd, All nghts reserved,

1. Introduction

Purines have several intracellular roles as energy source o
cellular work and signal transduction modulation. However,
adenine-based purines and guanine-based purines can also be
released to the extracellular space and act as important
ntercellular signaling molecules (Meary et al. 1996; Gccarelli
et al, 2001; Fields and Burnstock, 2006; Decker er al,, 2007).

In the Central Nervous System (CNS), adenosine and ATP act as
neurotransmitters and neuromodulators, where they can mediate
trophic effects to neurons and astrocytes (Fields and Burnstock,
2006). These adenine-based purines also regulate neuronal cell

Abbreviations: CPA, cyclopentyl  adenosine; CGS21680, 2-{[2-[4- 2-carboxy-
methyliphenyl] ethyl]aming-MN-ethylearboxamidoade nosine;  GAMS, vy-o-gluta-
my laminomethyl sulfonate; Glu, glutamate; GMP, guanosine-5 -monophosphate;
w-TBOA, m-threo-B-benzyloxyaspartic acid; DPCPX, B-cydopentyl-1 3-dipropyl-
xanthine; DNQX, dinitroguinoxaline dione; MCPG, (RS }-o-methyl-4-carboxy phe-
nylglycine: ME-S01, (+)-5-methyl-10,11-dihydro-5H-dibenrolad] cyclohepten-
5 10-imine maleate; MIT, 3-(45-dimethylthiazol-2-yl}-2 5-diphe nyltetrazol ium
bromide

* Corresponding author. Tel: +55 48 3721 5046; fax: +55 48 3721 9672

E-miall address: tasca@ochufse. br (Cl, Tasca).
1 Bath authors have contributed equally to this study.

M97-0186/% - see front matter & 2009 Elsevier Lud. All rights reserved.
doi: 10,101 6. newint. 200906 015

death during CNS development (Rathbone et al., 1999; Di lorio
et al,, 2002) and under pathologic conditions (Amadio et al,, 2002;
Caveliere et al, 2005}

Astrocytes are the main cerebral source of extracellular adenine-
and guanine-based purines (Ciccarelli et al, 1999) and express
specific purinergic receptors belonging to both adenosine and ATP
receptors( Burnstock, 2006). Guanine derivatives{GD ) bind with low
affinity to adenosine receptors (Muller and Scior, 1993 suggesting
that GD' may have different targets than the already known
purinergic receptors. Indeed, evidences for GD binding sites have
been shownin cultured astrogytes| Deckeretal., 2007, in PC12 cells
{Gysbers and Rathbone, 2000; Bau et al, 2005), and in chick
cerebellar (Tasca et al, 1999) and rat brain membranes (Traversa
etal., 2002). Recently, a specific binding site to GMP in GIuR2 AMPA
receptors was also demonstrated { Mendieta et al., 2005).

A relevant extracellular action displayed by GD is their role as
modulators of the glutamatergic system (for a review, see Schmidt
et al, 2007). GMP displaces the binding of glutamate and
ionotropic agonists (kainic acid, NMDA and AMPA ) to its receptors
without interacting with G-proteins (Souza and Ramirez, 1991;
Paz etal., 1994; Devet al., 1996; Paas etal,, 1996; PorciGncula et al.,
2002 ). GMP acts as competitive antagonist of glutamate receptors
in moderate to high micromolar concentrations { Baron etal., 1989)
and it can also inhibit physiological cell responses induced by

Please cite this article in press as: Molz, S, et al., Guanosine-5'-monophosphate induces cell death in rat hippocampal slices via
ionotropic glutamate receptors activation and glutamate uptake inhibition, Neurochem, Int, (2009), doi: 10.1016/j.neuint2009,06.015
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glutamate receptors activation (Tasca et al, 1995, 1998; Burgos
et al., 2000). Studies from our laboratory demonstrated that 1 mM
GMP is neuroprotective against glutamate- or oxygen/glucose
deprivation-induced neurotoxicity (Oliveira et al, 2002; Molz
et al,, 2005; Oleskovicz et al, 2008) and also against NMDA-
induced apoptosis in hippocampal slices {Molz et al,, 2008a).
The extracellular concentration of GD is determined by efflux to
the extracellular space and fast acting ecto-nucelotidases activity,
or by a bidirectional nucleoside transport system (Zimmermann,
19965). Recently, an observation from our laboratory shown that
GTP (like ATP) is taken up and stored into neuronal synaptic
vesicles {Santos et al.,, 2006), indicating that this GD may also be
released from synaptic vesicles and may act as a neurotransmitter.
Cell injury is thought to cause remarkable outflow of purines,
which are rapidly catabolised to monophosphate nucleotides and
nucleosides accumulating withinthe traumatic tissue, reaching high
concentrations in the extracellular space (Zimmermann et al, 1998).
GD are released in amounts three-fold greater than their adenine
derivative counterparts {Ciccarelli et al,, 1999). High extracellular
concentrations of adenosine or adenosine analogues can induce
apoptosis in cultured astrocytes { Abbracchio et al,, 1995; Rathbone
etal, 1999; Di loricet al,, 2002) and inrat astrocytomacells(Sai et al.,
2006). ATP is also related to CNS neuronal injury under pathologic
conditions { Amadio et al,, 2002; Caveliere et al, 2005; Franke and
Illes, 2006) and induces apoptosis in hippocampal organotypic
cultures {Morrone et al., 2005). Until now, a putative involvement of
GD in nervous system cell damage has not been demonstrated.
Considering the evidences for protective as well as degenerative
effects of purines in the CNS, the aim of the present study was to
determine the potential neurotoxicity of high extracellular
concentrations of GMP in rat hippocampal slices and the
mechanism by which it could be exerting such toxicity. High
extracellular GMP concentrations (5 mM) reduced cell viability in
hippocampal brain slices, The toxic effect of GMP was not blocked
by a nucleoside transport inhibitor, or mimicked by guanosine,
sugeesting an extracellular mode of action to GMP which does not
involve its conversion to guanosine. GMP-dependent cell damage
did not involve P1 purinergic receptors, but modulation of
ionotropic glutamate receptors and glutamate transporters.

2. Experimental procedurces
2.1, Animals

Male imumature Wistar rats (23-25 days of postnatal age ) maintained on a 12-h
light-12-h dark schedule at 25 °C, with food 2nd water ad lihitum, were obtained
from our local breeding colony. Experiments followed the “Principles of laboratory
amimal care” (NIH publication No. 85-23, revised 1985) and were approved by the
local Ethical Committes of Animal Research (CEUAJUFSCL

2.2, Reapents

Cyclopenty] adenosing [CPA), 2-||2-[4-{2-carboxymethyl jphenyl] ethyl]amino]-
N-ethy lcarbox amidoadenosine {CGS21680), dipyridamaole, 8-cydopentyl-1.3-dipro-
pylanthine (DPCXL ZM 241385, y-p-glutamylaminomethyl sulfonate {GAMS]
glutamate, GMP were all purchased from Sigma Chemical Co. (5L Louis, MO, USAL
pi-Threo-B-benayloxyaspartate (o-TBOA), 6, 7-di nitrogquinoxaline-2 3-dione
(DNOX) (RS l-m-methyl-d-carboxyphenylglycane (IMCPG ) (+-5-methy |- 10,11 -dihy-
dro-5H-dibenzola,djeyclohepten-5.104mine maleate (ME-801) were purchased
from Tocrs (Elhsville, MO, USAL Stock sol utions were prepared by solubilization
inultra pure water or DMS0 and stored 2t —20 5, Solutions at conce ntrations used in
the experiments were dissolved in Krebs-Ringer bicarbonate buffer.

23, Preparaton and incubanon of hippocampael shees

Rats were killed by decapitation and the hippocampi were rapidly removed and
placed In loe-cold Krebs-Ringer bicarbonate (KRB} buffer of the following
composition: 122 mM MaCl, 3mM KCL 1.2 mM Mg50,, 1.3 mM CaCly, 0.4 mM
KHa PO 25 mb NaHCO3 and 10 mM o-glucose, The buffer was bubbled with 95%
05-5% COs up to pH 74, Slices (0.4 mm thick) were rapidly prepared using a
Mol lwain Tissue Chopper, separated in KRB 2t 4°C and allowed to recover for
30 min tn KRB at 37 °C{Oliveira et al, 2002),

2.4. Shres treatmme

After preincubation time (30 min}, hippocampal slices wereincubated with GMP
(0I-10mM )} (Sigma) for 1 h in KRB, After this period, the medium was withdrawn
and replaced by a nutritive incubation medium composed of 50% of KRB, 50% of
Dulbecon's modified Eagle's medium (DMEM, Giboo |, 20 mM of HEPES and 100 g/
mil of gentamicine, at 37 °C in a €0z atmosphere (Molz et 2, 2008h )

The involvement of Pl-purinergic (adenosinergic] system in GMP-induced
toxicity was assessed by preincubating hippocampal slices for 30 min with
adenosine receptor antagonists, ZM241385 (50nM) or DPCPX (100 nM),
adenosine receptors agonists, CPA (100nM} or CGS21680 (100 nM) or a
nitcleoside transporter inhibitor, dipyridamole (10 M) (Oleskovicz et al,
2008} The invalvement of glutamatergic system in GMP-induced damage was
determined by preincubating the shices for 30 min with glutamate receptor
antagonists, DNGX (50 ML GAMS (50 g M), MK-801 (50 M) or MCPG (500 M)
(Maolz et al., 2008}, or with an inhibitor of glutamate transporters, m-TBOA
(10 M) (Molz et al, 20084 L Sliceswere then exposed to 5 mMGMP for 1 h in the
presence of these drugs. Alter this period, the medium was removed and slices
were maintained in fresh incubation medium for additional 6 h in order to
evaluate cell viability.

2.5, Evaluarion of cell viability

251 MIT reducton

Hippocampal cell viability was evaluated 6 h after GMP exposure, Cell viability
was determined through the ability of cels w reduce MTT (3 <{4.5-dimethylthiazol -
2-yl-diphenyltetrazolivm bromide, Sigmaj (Mosmann, 1983). Hippocampal slices
were incubated with MTT (0.5 mgiml) in KRE for 30 min at 37 “C The tetrazolium
ring of MTT can be cleaved by active dehydrogenases in order to produce a
precipitated formazan, The formazan produced was solubilized by adding 200 pl
dimethyl sulfoxide (DMSO), resulting in a coloured compound whose ophical
density was measured in an ELISA reader (550 nm).

252 Propidium odide (1) upiake

Neuronal degeneration was monitored and quantified by densitometric
measurement of the cellular uptake of Pl (Sigma), 2 polar compound that only
enters dead or dying cells with a damaged cell membrane. Inside the cells, PI
binds to nucleic acid and emits a red Muorescence (630 nm) when exdted with
green light (495 nm). In the present experiments, hippocampal shices suljected
to 5 mM GMP were incubated with 7 pgfml Pl in KRB for 30 min at 37 °C and
then washed with KRB for analysis on a standard inverted microscope (Oly mpus
1% 71) by using a thodamine filter set, The pictures were taken with an Olympus
C5060 camera The Pl uptake was quantified by densitometric analysis with
Scion Image software (hitp: | lwww.scioncor peom ). The area where PI fluores-
cence {in pixels) was detectable above the background {(damaged area of
hippocampal slices) was analyeed by using the “density slice” option of
Scioncorp software through the division of PI luorescence by the total area of
the slice (Boeck et al., 2004},

6. - PHIGramate upiake

-FHIGlutamate uptake was evaluated as previously deseribed (Molz et al,
2005). After preincubation in KRB bulfer, hippocampal slices were incubated for
1 h with 5mM GMP. When present, 10 pM o-TBOA was preincubated for
10 min. Hippocampal slices were then washed for 15 min at 37 °C in a Hank's
balanced salt solution (HBSS), composition in mbd: 1.249 CaCly, 1368 Nadl, 5.36
KCL, 065 MESOy 027 NasHPOg, 1.1 KHaPO,, and 5 HEPES. Uptake was assessed
by adding 0.33 pwdCiiml -[*H]glutamate with 100 pM unlabelled glutamate ina
final volume of 300 pl Incubation was stopped immediately after 7 min by
discarding the incubation medivm and slices were submitted to two lce-cold
washes with 1 ml HBSS. Slices were solubilized by adding a solution with 0.1%
NaOH/0.01% 505 and incubated overnight. Aliquots of slice lysates were taken
for determination of the intracel lular content of -=[*H]gluta mate by scintillation
counting. Sodivm-independent uptake was determined by using choline
chloride instead of sodium chlorde in the HBSS. Unspecific sodium-indepen-
dent uptake was subtracted from total uptake to obtain the specific sodium-
dependent glutamate uptake Results were obtained in nmol of «-[>H]glutamate
taken up per mg of protein per minute and expressed as percentage of -
[FH]glutamate uptake related to control slices.

2.7, Protein measurement

Protein content was evaluated by the method of Lowry et al. (1951) Bovine
serum albumin (Sigma) was used as standard.
2.8. Statistical analysis

Comparisons among groups were performed by one-way analysis of varance
(ANOVA] Tollowed by Duncan's test if necessary, with p < 0,05 considered to be
statistically significant.
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Fig. 1. Cell viability in hippocampal slices incubated with GMP: hippocampal slices
were incubated for 1 h with GMPO.1, 1, 5 or 10 mM After this period, incubation
meedium was withdrawn and replaced Tor fresh culture medivm without GMP and
maintained for additional 6 b Inset: Cell viability in hippocampal slices incubated
with Guanosine: hippocampal shices were incubated for 1 h with guanosine 0.1, 1,5
ar 10 mM. Control group was considered as 100% and represents cell viability of
slices incubated only in culture medivm, MTT (0.5 mg/ml} was incubated for 20 min
at 37°C and cell wiability was accessed at 550 nm. The walues represent
meeans + standard error of at least 4 experiments carried out in triplicates. “Means
significantly different from control group (100%); p < 005,

3. Results
3.1. GMP induces cell death in hippocampal slices

Hippocampal slices were incubated for 1 h with different
concentrations of GMP (0.1-10mM) and cell viability was
evaluated 6h after GMP exposure by the MTT reduction assay.
GMP (5 or 10 mM) significantly reduced cell viability when
compared to control slices (Fig. 1) Since GMP-induced toxicity
might be indirectly related o its hydrolysis by 5'-ectonucletidases
to the guanine nucleoside guanosine (GUQ), we also tested a
putative’ induction of cell injury by guanosine (0.1-10 mM).
Differently from the observed with GMP, guanosine did not alter
cellular viability at any concentration tested (Fig. 1, inset).

Considering both 5 and 10mM GMP were able to reduce
cellular viability at the same extent (Fig. 1), the lowest toxic GMP
concentration (5 mM)was chosen in order to induce cell death and
furtherinvestigate the mechanisms by which GMP induces toxicity
in hippocampal slices. GMP (5mM) also increased propidium
indide uptake into hippocampal slices {Fig. 2), showing labelled
dead or dying cells.

32, GMP-induced hippocampal slices toxicity does not involve
nucleoside transport or adenosine receptors

To evaluate if GMP-induced neuronal injury was dependent on
the nucleoside transport activity, hippocampal slices were incu-
bated for 1 h with 5 mM GMP, with or without dipyridamole, a non-
selective nucleoside transport inhibitor, and cell viability evaluated
after 6 h. When present, 10 puM dipyridamole was preincubated for
30 min before GMP and maintained in culture medium during GMP
exposure. Hippocampal slices incubation with dipyridamole did not
prevent cell death induced by GMP. Furthermore, dipyridamole per
5€ was toxic to hippocampal brain slices {Fig. 3A)
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Fig. 2. Effects of GMP onPluptake in hippocampal slices: hippocampal slices were incubated for 1 hwith GMP{Tor 5 mM L Alterthis period, incubation medium was withdrawn
and replaced for fresh culture medium without GMP and maintained for additional & h. Control group represents PLuptake of slices incubated only in culiure medium. (A}
Representativel mages from hippocampal slices incubated undercontrol siteation orin the presence ol GMP 1 mM orGMEPS mML{ B} Quantification of Fl uptakeinto hippocampal
shices. The values represent means + standard erior of at least 3 expenments carried out in triplicates, *Means significantly different from control group and GMP T mM: p < 0.05.
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Fig. 3. Evaluation of involvement of nuclesside transport or adenosine receptors inGMP-induced hippocampal slice injury: hi ppocampal slices were incubated with 5 mM
GMP. After this period, incubation medium was withdrawn and replaced for fresh culture mediom without GMP and maintained for additional 6 h. (A} Cellular viability in
slices incubated with 5 mM GMP for 1 h withorwithout 10 pM dipyridamaole, The valoes represent means £ ervor deviations of at least 7 experiments carried outin triplicates.
(B} Celludar viability in slices incubated with 5 mM GMP with or without 50 nM ZM241385 or 100 nM DPCPX The values represent means = error deviations of at least 7
experiments carvied outin thiplicates, (C) Cellular viability when shioes were incubated with 5 mM GMP with of without 100 nM PA ar 100 aM CGS2 1680, The values represent
means + standard ervor of at least 5experiments crred outin triplicates, All drugs used in these ex periments were preincubated for 30 min before adding GMP. Control group was
considered as 100 and represents cell viability of slices incubated only in culiure medium. MTT (0.5 mg/ml ]} was incubated for 20 min at 37 °C and cell viability was acoessed at

550 nm. *Means significantly diffe rent Trom control group (1002} p < 0L05.

Since GD can bind to adenosine receptors {Muller and Scior,
1993), a putative involvement of adenosine receptors in GMP-
induced toxicity was also evaluated. Hippocampal slices were
preincubated with DPCPX or ZM241385, specific antagonists of
adenosine A, and Az, receptors, respectively. Fiz. 3B shows that
preincubation with 100 nM DPCPX or 50 nM ZM241385 was not
able to prevent cell viability reduction induced by 5 mM GMP.
Additionally, DPCPX per se induced a reduction in cell viability in
hippocampal brain slices {Fig. 3B).

Considering the blockade of adenosine A; receptors by DPCPX
was toxic to hippocampal slices at the same extent as GMP, we
evaluated the possible protective effect of adenosine agonists
against GMP-induced slices damage. Hippocampal slices were
preincubated with CPA or CGS2 1680, selective agonists of adenosine
Ay and Ass receptors, respectively. Fig. 3C shows that neither
CGS21680 (100 nM) nor CPA {100 nM ) was able to counteract GMP-
induced cell damage, Furthemmore, the activation of Ay or Agg
receptors by CPA or CG521680 did not induce cell damage (Fig 3C).

3.3. GMP-induced toxicity involves {onotropic glutamate receptors

Since GMPcandisplace the binding of glutamate and glutamate
Agonists to its receptors {Souza and Ramirez, 1991; Porcidncula
etal,, 2002 ) we decided to investigate whether glutamate receptor
antagonists may block the reduction in hippocampal viability
induced by GMP. We then tested the kainic acid receptor
antagonist GAMS, the AMPA receptor antagonist DNQX, the
non-competitive NMDA receptor antagonist MK-801, and the
non-selective metabotropic glutamate receptor antagonist MCPG.

Fig. 4 shows that DNQX (50 M) and MK-801 {50 pM) prevented
cefl damage induced by GMP, Otherwise, GAMS (50 pM) and
MCPG (500 wM) did not prevent the reduction in cell viability
promoted by GMP in hippocampal slices. Slices incubation in the
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Fig. 4. Cell viability in hippocampal shices incubated with GMP in the presence af
glutamate antzgonists: hippocampal slees were incubated with 5 mM GMP. When
present, GAMS (50 M), DNQX (50 pwht ), ME-801(50 puM)or MCPG (500 M) were
preinou baved For 30 min. After this period, inoubation medivm was withdrawn and
replaced for fresh culture medium without GMP and maintained for additional 6 b,
Control group was considered as 100% and represents cell visbility of slices
incubated only i colture medium MTT (005 mg'ml} was incubated for 20 min at
37°C and cell viability was accessed at 550nm. The wvalues represent
e ans + standard ervar of at least 5 experiments carried out in triplicates. "Means
significantly different from control group (100%); p< 005 “Means significantly
different from GMP group; p = 005,
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Fg. 5. Cell wiability in hippocam pal slices incubated with GMP in the presence of
glutarmate trans porter inhibitor {oo-TROA }: hippocampal slices were incubated with
Smh GMP, When present, m-TBOA (10 wh) was preincubated for 30 min. After
this period, incubation media was withdrawn and replaced for fresh culture
medium without GMP and maintained for additional 6 h Control group was
onsidered as 100% and represents cell viability of stices incubated only in culture
medivm. MIT (0.5 mg/ml} was incubated for 20 min at 37 °C and cell viability was
accessed at 550 nm. The values represent means + standard error of at least 5
experiments carried out in triplicates. *Means significantly different from control
group (1005 ) p < 005, *Means significantly different fram GMP group; p < 005,

presence of glutamate receptor antagonists alone did not alter cell
viability (Fig. 4).

34. Ivolvement of glutamate transport in GMP-induced toxicity

Since GMP-induced toxicity was prevented by glutamate
receplor antagonists, we also looked for GMP effects on glutamate
transporters activity. Hippocampal slices were preincubated for
30 min with a glutamate transporter inhibitor(oL-TBOA, 10 M) in
a concentration that it inhibits glutamate reverse transport in
hippocampal slices {Anderson et al,, 2001; Bonde et al., 2003 ; Molz
et al, 2008a) m-TBOA did not alter cell viability per se and
completely prevented GMP-induced reduction of cell viability
{Fig, 5).

Additionally, we have evaluated glutamate uptake in slices
incubated with 5 mM GMP alone orin combination with 10 pM b~
TBOA. GMP (5 mM) induced a 50% decrease of 1-[*H]giutamate
uptake in comparison to control uptake into hippocampal slices.
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Fig. 6. 1-[*H]Glutamate uptake in hippocampal slices incubated with GMP and o
TROA, Hippocampal slices were incubated for 1 h with 5 mM GMP in the presence
ar absence of o-TBOA When present, oo-TBOA (10 M) was preincubated for
10 min. Glutamate uptake was assessed as described in Section 2. Besults were
expressed as percentage of 1= *H]gluta mate uptake related to control slices {1005
The walues represent means + standard ervor of at least 4 experiments carried out in
iriplicates. *Mean significantly different from all other groups: p < 005,

This reduction in 1-[*H]glutamate uptake into slices induced by
SmM GMP was fully prevented by o-TBOA (Fig. 6). Thus, the
neurotoxic effect of GMP is probably occurring via impairment of
glutamare transport (Figs. 5 and 6) and glutamate receptors
activation (Fig. 4).

4. Discussion

This study showed that high extracellular concentrations of
GMP (5 mM) are npeurotoxic to hippocampal slices. GMP-induced
cell death occurs due to its interaction with the glutamatergic
system, since 5 mM GMP decreased 1-*Hjglutamate uptake,
increasing glutamate concentration in the synaptic cleft. Reinfor-
cing this idea, GMP-induced cell injury was fully prevented by
NMDA or AMPA receptor antagonists.

Under pathological conditions as hypoxia, ischemia or mechan-
ical injury, purine nucleotides are thought to be released from
damaged cells, and thereby, may reach high concentrations in the
extracellular space, as suggested byex vivo and in vivo studies {Braun
er al., 1998; Ciccarelli et al., 1999; Melani et al., 2005). Adenine-
based purines have beenshown to exert toxic effects to hippocampal
slices when present at millimolar concentrations in the extracellular
space {Morrone et al., 2005; Frizzoet al., 2007 ). In the present study,
we demonstrated that a guanine-based purine, GMP, at millimotar
levels, decreased MIT reduction and also increased propidium
iodide uptake in hippocampal slices {Figs. 1 and 2). The high
propidium iodide incorporation observed indicates that GMP may
be inducing a necrotic pattern of cellular death. Such observation is
reinforced by the absence of GMP-induced DMNA laddering in
hippocampal slices (data not shown). Similar to our results, 5 mM of
GTP or Gpp(NH)p (2 non-hydrolyzed GTP analogue) increased
glutamate-induced oxidative injury in hippocampal slices (Regner
et al,, 1998). Therefore, a dysfunction in purinestransmissionsystem
may lead to a neuronal loss in the hippocampus,

The previously reported protective effects of GMPin vitro and in
vivo have been shown to be dependent on its hydrolysis by
ectonucleotidases and its conversion to the nucleoside guanosine
(Schmidr et al, 2000; Frizzo et al., 2003; Soares et al, 2004).
Hippocampal viability in guanosine-treated slices (0.1-10mM)
was similar to untreated slices, thus guanosine did not promote
neurotoxicity at any concentration tested (Fig. 1, inset), showing
that GMP-induced cell death does not involve its conversion to
guanosine. Thus, the increased CMP concentration evaluated in
this study (5mM), overcomes any protective effect GMP or
guanosine may display.

Hippocampal slices incubation with dipyridamole did not
prevent cell death induced by GMP, showing GMP-induced toxicity
is occurring via interaction with extracellular binding sites to GMP.,
Otherwise, dipyridamole per se was toxic to hippocampal brain
slices (Fig. 3a), which implicate that the nucleoside transport is
important to maintain cellular viability in hippocampal slices
(Fig. 3A).

GD receptors are still not fully characterized but there are some
evidences that GD may interact with adenosine receptors {(Muller
and Scior, 1993; DAlimonte et al., 2007). Blockade of adenosine
receptors, mainly A,s receptors, is involved in neuroprotection
against different noxious stimulus in the CNS (Dall'igna et al.,
2003; silva et al,, 2007). Ocherwise, activation of A; receptors is
considered neuroprotective under various cell-damaging condi-
tions, including hypoxia, hypoglycemia, ischemia and oxidative
stress (Cunha, 2001). Based on these evidences, we looked for
participation of the adenosinergic system in CMP-induced toxicity.
DPCPX or ZM241385 (A or Ay, receptors antagonist, respectively)
did not prevent GMP-induced cell injury (Fig. 3). Interestingly,
DPCPX per se was able to induce cell damage at the same extent of
GMP (Fig. 3B). These results and the observation that nucleoside
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transport is important to maintain cellular viability in hippocam-
pal slices (Fig. 3A), indicate that basal activation of A; receptors is
important in our experimental model to maintain hippocampal
cells integrity. These evidences lead us to evaluate the possible
protective effect of adenosine recepror agonists against GMP-
induced slices damage. Likewise, neither CGS21680 nor CPA was
able w counteract GMP-induced cell damage and the activation of
My receptors or Az receptors by CPA or CGS21680 did not induce
cell damage (Fig. 3C). These results are consistent with the well-
known role of adenosine as an endogenous neuroprotective
metabolite that through the activation of A, receptors results in
reduction of neuronal damage (Cunha, 2001 ; Gervitz et al., 2002;
Wardas, 2002; Almeida et al,, 2003 ), and exclude adenosinergic
receptors in the mechanism related o GMP toxicity.

Increased extracellular glutamate levels and subsequent
excitotoxicity are thought to be one of the major pathological
factors leading to neuronal death upon a variety of neurodegen-
erative diseases with different origins (Choi, 1992; Segovia et al.,
2001; Mattson, 2003; Maragakis and Rothstein, 2004; Sattler and
Rothstein, 2006 ). Several studies have shown a modulatory effect
of GD on glutamatergic transmission. GMP displaces the binding of
glutamate to ionotropic glutamate receptors {Souza and Ramirez,
1991; Paz et al, 1994; Dev et al., 1996; Paas et al., 1996;
Porciincula et al, 2002) suggesting GMP binding to these
receprors. In this study, a selective kainate receptor antagonist
(GAMS) or a non-selective metabotropic glutamate receptor
antagonist {MCPG) did not afford protection against GMP toxicity.
However, NMDA or AMPA receptor antagonists (MK-801 or DNQX,
respectively) were both able to prevent cell death induced by GMP
(Fig. 4). Therefore, we may conclude that the toxic effect of GMPis
due to AMPA and NMDA receptors activation.

Glutamate uptake has been shown to be implicated in
neuroprotection (Schousboe and Waagepetersen, 2006) and the
reduction of glutamate uptake is associated to neurotoxic insults
such as ischemia (Brongholi et al., 2006) and neurodegenerative
diseases (Matute et al, 2002; Mattson, 2003; Maragakis and
Rothstein, 2004; Sattler and Rothstein, 2006). Meurotoxic con-
centration of GMP induced a decreased glutamate uptake into
hippocampal slices which was prevented by a subtoxic concentra-
tion of o.-TBOA {Fig. 6). The blockade of GMP-induced glutamate
uptake decrease by v-TBOA correlates with its ability to prevent
GMP-induced cell damage (Fig. 5). Similar to our results,
microdialysis studies showed that endogenous ATP facilitated
the increase in extracellular glutamate levels (Krigel et al, 2004).
There are also evidences for the involvement of glutamatergic
mechanisms in purinergic signaling changes occurring after
cerebral injury (Franke et al., 2006).

Nevertheless, GD have been implicated in neuroprotection by
counteracting glutamate excitotoxicity in vitro (Oliveira et al.,
2002; Molz et al,, 2005, 2008 b; Oleskovicz et al,, 2008) and in vive
(Schmidt et al., 2000, 2005 ) animal models. Similarly, low NMDA
concentrations are neuroprotective against excitotoxic insults,
while high NMDA concentrations provoke neuronal death in vitro
(Valera et al, 2008) or in vivo (Vandresen-Filho et al, 2007).
Disturbance in purines metabolism have been related to patho-
logical alterations observed in some neurological syndromes
(Torres et al, 2007). We here provide evidences that, as previously
demonstrated to ATP, high concentrations of GMP could be toxic to
hippocampal slices. Therefore, high nucleotide concentrations in
the CNS may be related to the pathophysiological alteratons
observed in neurodegeneration, as glutamate receptors activation
or inhibition of glutamate clearance from the synaptic cleft, thus
inducing neurotoxicity. Our results reinforce the role of GMP asa
modulator of the glutamatergic transmission and contribute to
understanding the role of purines in the pathophysiology of
degenerative diseases in the brain.
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CAPITULO 4
GUANOSINE PROTECTS HUMAN SHSY-5Y NEUROBLASTOMAESEGAINST
OXIDATIVE STRESS-INDUCED CELL DEATH VIA PI3K CEIURYIVAL ACTIVATION
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Abstract

Oxidative stress is implicated in cell death indlity distinct neurotoxic situations such as
glutamate-f3-amyloid-, or hydrogen peroxide-induced cytotoxiciln this context, we have
investigated damage of undifferentiated human SHES$¥ieurobastoma exposed to rotenone
(30 uM) plus oligomycin A (10uM) (rot/oligo), anin vitro model of mitochondrial ROS
production. Moreover, the putative effect of guaneswas evaluated against rot/oligo-
induced neurotoxicity. Exposure of neuroblastomlés de rot/oligo for 24 h induced a 62%
decrease in cell viability which was accompaniegbyncreased ROS production. Guanosine
incubated concomitantly with rot/oligo abolishedt/otigo-induced cell death and ROS
production in a concentration dependent manner.neuwgoprotection afforded by guanosine

was not abolished by the MEK inhibitor (PD98059) byr a PKC inhibitor (cheleritrine).
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Otherwise, when the PI3K pathway was inhibited k294002, neuroprotection as well as
guanosine ability to reduce rot/oligo-induced RQ@&dpiction were abolished, confirming that
this pathway plays a role in the neuroprotectiieatfof guanosine. Our results suggest that
guanosine may be an effective pharmacological vetdgion in diseases which involves
oxidative stress-induced cell death, as observediante or chronic neurodegenerative

diseases.
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1. Introduction

Guanosine is a guanine nucleoside which exertsopeotective effect in the central
nervous system (for a review, see Schmidt et @072and Rathbone et al., 2008). Guanosine
and other guanine nucleotides have been implicetateuroprotection by exerting trophic
effects (Ciccarelli et al., 2001; Decker et al.02p as well as by counteracting glutamate
excitotoxicity in vitro (Molz et al., 2005; Oleskovicz et al., 2008; M@tz al., 2008) andh
vivo (Schmidt et al., 2000; 2005). Guanosine also ptsteultured rat astrocytes from
staurosporine-induced apoptosis (Di lorio et 80048 and SH-SY5Y cells frorfi-amyloid-
induced apoptosis (Pettifer et al., 2004). In brdkes, the anti-apoptotic effect of guanosine
was mediated by stimulation of the phosphatidylitods8-kinase (P13K)/Akt/protein kinase
B and mitogen-activated protein kinase (MAPK) aeitvival pathways.

Extracellular guanosine may be released from ghdlls. Astrocytic cell cultures are
able to release guanine nucleotides and guanositier ibasal or toxic conditions (Ciccarelli
et al., 1999, Ciccarelli et al., 2001). Alternativenucleotides such as GTP, GDP and GMP
are metabolized by ecto- nucleotidases to extrnaeellguanosine (Caciagli et al., 2000;
Ciccarelli et al., 2001).

Oxidative stress is a common mechanism of cellldertistinct cytotoxic situations
such as glutamate (Parfenova et al. 20@&myloid (Tamagno et al. 2006), MP@icotera
and Pavrez, 2006), or hydrogen peroxide-inducedtayicity (Kim et al. 2005). Oxidative
stress is related to neurodegenerative diseasésasublzheimer’'s and Parkinson’s diseases
(Mattson and Magnus, 2006) and stroke (Saito et2@05). Overproduction of reactive
oxygen species (ROS), such as superoxide freealadic hydrogen peroxide lead to damage
of both neurons and astrocytes (Lin and Beal, 2006)this study, we investigated the
possible neuroprotective effect of guanosine aganxisiative stress evoked by mitochondrial

activity disruption, due to the blockade of mitooddal complexes | and V with the
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combination of rotenone plus oligomycin-A (rot/alig (Egea et al., 2007). The putative
involvement of MEK/ERK1/2, PKC and PI3K pathwaysthe possible mechanisms related
to the neuroprotection afforded by GUO was alsess=.

We are showing that guanosine in the presencetfigo, prevents oxidative stress-
induced cell death and ROS production in SHSY-5¥rablastoma cells by a mechanism

that involves the activation of the PI3K cell swali pathway.

2. Experimental Procedures

2.1. Materials

Rotenone and oligomycin A were obtained from Sigr{idadrid, Spain).
Chelerythrine, 2-(2-amino-3-methoxyphenyl)-4H-1-bepyran-4-one (PD98059) and [2-(4-
morpholinyl)-8-phenyl-4H-1benzo-pyran-4-one hydrocide (LY294002) were purchased
from Tocris (Biogen Cientifica, Spain). Dulbeccowdified Eagle’s medium (DMEM), fetal
calf serum, and penicillin/streptomycin were pusdthfrom GIBCO (Madrid, Spain). 2',7’-
dichlorofluorescein diacetate EICFDA) were obtained from Molecular Probes (Inviteo,

Madrid, Spain).

2.2. Preparation of SHSY-5Y cultures

The neuroblastoma cell line SHSY-5Y was a kind fifim the Centro de Biologia
Molecular Universidad Autonoma de Madrid/Consejp&ior de Investigaciones Cientificas
(Madrid, Spain). SH-SY5Y cells, at passages betw8eand 16 after defreezing, were
maintained in a DMEM supplemented with 10% fetalf crum, 2 mM glutamine, 50
units/ml penicillin, and 50g/ml streptomycin. SH-SY cells were seeded into flasks
containing supplemented medium, and they were miaed at 37°C in 5% COhumidified

air. Stock cultures were passaged 1:3 twice weeldy;one plate was divided (subcultured or
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split) into three plates. This procedure was pentd twice a week. For assays, SH-SY5Y
cells were subcultured in 48 or 96-well plates aeeding density of @ells per well (Cafias
et al., 2007). Cells were treated with the drug®MEM supplemented with 1% fetal calf

serum.

2.3. SHSY-5Y cultures treatment

Cell death was induced by adding the combinationratenone (3AM) plus
oligomycin-A (1QuM) (rot/oligo) for 24 h. When present, guanosineswaaded to SHSY-5Y
at the same time as rot/oligo and remained in tiaure medium for the duration of the
experiment (24 h). In experiments where enzymebitdrs were tested, SHSY-5Y cells were
pre-treated with these agents for 30 min priorhi® addition of guanosine, and remained in
the incubation medium for the entire duration a¢ #xperiment. These treatments included:
the potent and selective inhibitor of the PI3K (f2morpholinyl)-8phenyl-1(K)-benzopyran-
4-Ahydrochloride] (LY294002; 3M), or the selective inhibitor of the MAP kinasen&se
(MEK), [2-(2-amino-3-methoxyphenyl)-4H-1-benzopyrért] (PD98059; 1AM), or the
inhibitor of PKC, cheleritrine (0{dM). LY294002, PD98059 and cheleritrine were dissdlv
in and added to the culture medium at a final cotreéion of 0,01% dimethyl sulfoxide

(DMSO).

2.4. Evaluation of cell viability

SHSY-5Y cell viability was evaluated 24 h after/aligo or rot/oligo plus guanosine
exposure. At the end of each experiment, 3-(4,5ethyithiazol-2-yl-diphenyltetrazolium
bromide (MTT Sigma Aldrich) was added to each wvelh final concentration of 0.5 mg/ml

(Mosmann, 1983) ad the plates were incubated fo837° C. Then the insoluble formazan
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was solubilized by adding dimethyl sulfoxide (DMS@gsulting in a coloured compound

which optical density was measured in an ELISA eed850 nm).

2.5. ROS measurement

To measure cellular ROS, we have used the molequtdye HDCFDA (Ha et al.
1997). SHSY-5Y cells were loaded with u® H,DCFDA which diffuses through the cell
membrane and is hydrolyzed by intracellular estsaso the nonfluorescent form
dichlorofluorescein (DCFH). DCFH reacts with intelalar H,O, to form dichlorofluorescin
(DCF), a green fluorescent dye. Fluorescence waasumed in a fluorescence microplate
reader (FLUOstar Galaxy). Wavelengths of excitatom emission were 485 and 520 nm,

respectively.

2.6. Statistical analysis

Comparisons among groups were performed by one-amglysis of variance
(ANOVA) followed by Duncan'’s test if necessary, wjp < 0.05 considered to be statistically

significant.

3. Results

2.1. Guanosine protects SHSY-5Y neuroblastoma cellsgainst rot/oligo-induced cell

death
Treatment of SHSY-5Y neuroblastoma cells for 24itm\80 uM rotenone plus 1QM
oligomycin A (rot/oligo) induced a decrease of 6&8¥cellular viability (measured by MTT

reduction assay) when compared to cultures incdbateler basal conditions. Guanosper
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se(0.03-1mM) did not alter cellular viability at ampncentration tested (Fig.1A). From now,
we have normalized rot/oligo-elicited cell deathl@8%.

Guanosine added to the incubation medium at theedame as rot/oligo inhibited
rot/oligo-induced cell death in SHSY-5Y neuroblastocells in a concentration dependent
fashion (Fig.1B). When guanosine 0.3 mM was co{iated with rot/oligo for 24 h, it
significantly reduced cell death induced by rotoliand guanosine 1 mM even more potently
inhibited SHSY-5Y neuroblastoma cell death indutsdrot/oligo. Thus, we selected the

concentration of 1mM, since it caused maximum netatection (40%, p<0.01).

2.2. Guanosine protects against rot/oligo-inducedetl death by activation of PI3K cell

survival pathway

In order to analyze the signaling pathway that dqadrticipate in the neuroprotective
mechanism of guanosine against rot/oligo-inducell damage in SHSY-5Y cells, we
performed experiments with LY 294002, an inhibitdrthe PI3K; PD98059, an inhibitor of
MEK; and cheleritrine, an inhibitor of PKC. As sho in Figure 2A, only the inhibitor of
PI3K (LY294002, 1M) partially blocked the neuroprotective effectgafanosine.

Additionally, rot/oligo decreased the number oflselvhen compared to control
cultures and transformed healthy cells, isolatedyrmuped in clusters of cells, into round
chapped cells and many debris. SHSY-5Y neuroblastoetis co-incubation with ImM GUO
and rot/oligo lead to recovery of initial densitgdaexhibited a healthier appearance. This

recovery was prevented by LY204002, as shown iptieeomicrographs (Fig. 2B).

2.3. Guanosine prevents rot/oligo-induced ROS prodition
Since rot/oligo are potent inhibitors of the compleand V of the respiratory chain,

respectively, we measured ROS generation withltt@dscent probe HDCFDA. At the end
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of the 24 h period with rot/oligo, cells were loddeith 20uM H,DCFDA for 20 min. ROS-
induced DCF fluorescence was monitored by Specttmphetric measurement of MTT
reduction in order to express the results as peagernof ROS-induced fluorescence in viable
cells; The treatment with rot/oligo increased RQ8dpction to 293%. When cells were co-
incubated with guanosine and rot/oligo for 24 ke #mount of ROS produced by the cells
was reduced to basal levels. LY294002 (%) abolished the reduction of ROS elicited by
GUO (Fig. 3). These results indicate that guanopidects SHSY-5Y neuroblastoma cells
subjected to mitochondrial oxidative stress troupk activation of PI3K cell survival

pathway.

3. Discussion

In the present study we are demonstrating that @giae, when co-incubated with
rot/oligo, prevents oxidative-stress induced cedbtth and ROS production in SHSY-5Y

neuroblastoma cells through the activation of tl8KRsurvival signaling pathway.

The oxidative stress model used in this study @®sdn promoting mitochondrial
disruption by blocking mitochondrial complexes Idaw with the combination of 3QuM
rotenone plus @M oligomycin-A (rot/oligo), respectively (Egea dt,&2007). As a result of
mitochondrial disruption the cell cannot furthernthesize ATP, and free radicals are
generated beyond the capacity of the cells to bufiem, and, ultimately, the cell dies.
Rot/oligo profoundly affected cellular viability &8HSY-5Y neuroblastoma cells, as observed
by a significant reduction in cellular viability msured by the MTT reduction assay (Fig.
1A), as well as by morphological alterations cotesis with cell death (Fig. 2B). Guanosine
inhibited the cellular viability reduction (Fig. )1Bas well as the morphological changes
induced by rot/oligo in a concentration-dependeminner (Fig 2B). There are data in the
literature demonstrating that guanosine stimulatee prolifieration of astrocytes,
oligodendocytes and PC12 cells (Ciccarelli et2001; Jiang et al., 2008). Guarnieri and co-
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workers (2009) have recently demonstrated thaetfexts of guanosine on cell proliferation
(measured by the MTT reduction assay) in SHSY-5)rolelastoma cells were only observed
after 4 days of guanosine (0.03-1mM) exposure. Um study, besides methodological
approach is not the standard in order to evalualtepooliferation (MTT reduction assay) the
absence of increasing MTT reduction in the presefgrianosine alone at any concentration
tested, should indicate the neuroprotective efd¢&UO against rot/oligo-induced SHSY-5Y
cell death is not due to its effect on cell praotificon (Fig.1A).

Activation of PI3K, MAPK or PKC cascades are kegreénts of signal transduction
involved on cell proliferation, differentiation arstress response (Cantley, 2002, Cafias et al.,
2007). We have previously shown that guanosinedadurophic effect as the alteration of
extracelular matrix protein organization in astrieégeuron co-cultures is mediated by the
activation of MAPK and PKC (Decker et al., 200Based on these evidences, we looked for
the involvement of PI3K, MEK/ERK1/2 and PKC, as gibte survival pathways involved in
the neuroprotective effect of guanosine againstoligb-induced reduction in cellular
viability. The inhibition of PI3K pathway by LY2942 partially abolished the
neuroprotective effect of guanosine (Fig. 2A) adl we the maintenance of initial density and
the morphological characteristics of SHSY-5Y nelmstoma cells in culture elicited by
guanosine (Fig. 2B). Otherwise, neither MEK nor Pik@ibition altered the protective effect
of guanosine, indicating that these signalling patys are not involved in the neuroprotective
effect of guanosine (Fig. 2A).

Pre-incubation of cultured astrocytes or SHSY-5¥roblastoma cells with guanosine
can lead to a rapid activation of PI3K/Akt and MARHII survival pathways and these play a
critical role in protecting these cells againstl cidath (Di lorio er al., 2004; Pettifer et al.,
2007). However, when guanosine was co-incubateld thi toxic agent, only PI3K pathway

was involved in the neuroprotective effect of gugsine (Pettifer et al., 2007). Taken together,
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these results indicate that PI3K pathway may benmbgor cell survival pathway evoked by
guanosine-induced neuroprotection.

Rot/oligo-induced cell death and ROS productionenvahibited by guanosine by a
mechanism that involves PI3K cell signalling patlgwkig. 2 and 3). It has been shown that
MPP'-induced SHSY-5Y cell death (Pettifer et al., 2003)related to inhibition of the
complex | of the electron transport chain in mitmietirial and ultimately causes neuronal cell
death by a mechanism that most likely involve otiidastress (Lin and Beal, 2006), but in
the study of Petifer et al (2007) the authors ditllooked for the effect of guanosine in ROS
production. So, we are demonstrating for the finste that the neuroprotective effect of
guanosine is directly mediated by its ability tdhilmit ROS production elicited by an
impairment of the mitochondrial electron transputjch is a broadly common mechanism of
numerous neurodegenerative diseases that affecethieal nervous system.

Jurkowitz (1998) and Litzki (1999) have suggesteat the neuroprotective effect of
guanosine against mitochondrial inhibition was dn#éllular. Otherwise, posterior studies
demonstrated that guanosine-induced neuroprotegtes not inhibited in the presence of
dypiridamole (a nucleoside transporter inhibitarlicating that the effect of guanosine was
extracellular (Di lorio et al., 2004; Decker et,&007). Guanosine receptors are not fully
characterized in the CNS, but evidences showedeaifgp binding site for guanosine in
astrocytes membranes (Traversa et al., 2002). @sept results show that guanosine when
co-incubated with rot/oligo-treated neuroblastoni#6S-5Y cells promoted their survival by
inhibiting ROS production and oxidative stress. @@ive stress is a common mechanism of
many neurodegenerative diseases including ischezegimer Disease, Parkinson Disease
and amyotrophic lateral sclerosis. So, endogenougpounds that protect against oxidative
stress can be considered important strategiesdteqgirneurons in central nervous system

pathologies.
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Figure 1. Guanosine protects against cell death inted by Rot/oligo in SHSY-5Y
neuroblasmtoma cells: (A)SHSY-5Y neuroblastoma cells were incubated for 2ditn
DMEM (basal), with increased concentrations of G{@3-1mM) or with 3QuM rotenone
plus 10uM oligomycin A. Cellular viability was evaluated ltlye MTT reduction assay and is
expressed as percentage of control cells (basabhwkpresents cells incubated for 24 h in
culture medium (100% cellular viability). Data anean £ SEM of five different cell batches.
*** p < 0.001, represents means significantly diéfiet from control cells(B) Concentration-
response curve of guanosine co-incubated for 24t Rot/oligo. Cell death was normalized
in each individual experiment, as percentage ofnlagimum cell death (Rot/oligo) that was
considered as 100% (black column). Data are me@BM of five different cell batches from
five different cultures. **p < 0.01 represents meaignificantly different from Rot/oligo and
Rot/oligo+GUO 1mM and ##p < 0.01 represents meggsficantly different from all other

groups.

89



Figure 2A

Figure 2B

Normalized cell death (%)

125+

100+

754

50+

25

Rot/oligo

Rot/oligo
+ GUO

Rot/oligo + GUO
+ LY294002

90



Figure 2. Signalling pathways involved in the neurprotective effect of Guanosine
against cell death induced by Rot/oligo in SHSY-5Yieuroblastoma cells. (A)SHSY-5Y
neuroblastoma cells were incubated for 24 h witthw80 puM rotenone plus 1QuM
oligomycin A (rot/oligo) with or without 1 mM guasme (GUO). Cells were pre-incubated
for 30 min with 10uM PD98059 (MEK inhibitor), 0.JuM cheleritrine (chel) (PKC inhibitor)
or 10 uM LY294002 (PI3K inhibitor) and subsequently codbated 24 h with 1 mM
guanosine and Rot/oligo. Cell death was normalizeceach individual experiment, as
percentage of the maximum cell death (Rot/oligojciwhwas considered as 100% (black
column). Data are mean + SEM of five different d®kches from five different cultures. **
p< 0.01 represents means significantly differeatrfrRot/oligo; # p < 0.05 represents means
significantly different from Rot/oligo+GUQB) Photomicrographs of control SHSY-5Y cells
(Basal); cells exposed 24 h to Rot/oligo; cellsimmibated 24 h with ImM guanosine and
Rot/oligo (Rot/oligo+GUO) and cells pre-incubatemt 80 minutes with 10M LY294002
and subsequently co-incubated 24 h with 1mM guaeosiand Rot/oligo

(Rot/oligo+GUO+LY294002). Image magnification (40X)
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Figure 3. Guanosine inhibits mitochondrial ROS prodiction elicited by Rot/oligo in

SHSY-5Y neuroblastoma cellsSSHSY-5Y neuroblastoma cells were incubated for 24th
with 30uM rotenone plus 1M oligomycin A (Rot/oligo) with or without 1mM guasine
(GUO). Cells were pre-incubated for 30 min with @@ LY294002 (PI3K inhibitor) and
subsequently co-incubated 24 h with 1mM guanositteRot/oligo. Data are mean + SEM of
four different cell batches from four different tiwes. * p < 0.05 represents means

significantly different from all other groups.
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CAPITULO 5
AVALIACAO DO EFEITO NEUROPROTETOR DA GUANOSINA FREN TOXICIDADE
INDUZIDA PELO PEPTIDIOZ-AMILOIDE EM CULTURAS DE CELULAS DE
NEUROBLASTOMA HUMANO (SHSY-5Y)
Resultados preliminares
Estes resultados foram desenvolvidos no DepartasrdsEarmacologia da Universidade
Auténoma de Madri, no laboratorio 3 - Instituto Ti@Hernando, sob coordenacéo da

Prof®. Dra Manuela G. Lopez
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Introducao

A Doengca de Alzheimer € uma enfermidade caractsizgor progressiva
deterioracdo da memoéria e cognicdo apresentand@amgasl neuropatoldgicas especificas,
incluindo placas senis, emaranhados neurofibrilergsejuizo nas sinapses (HARDLY &
SELKOE, 2003). As placas senis sdo depésitos eltiaces de fibrilas e agregados amorfos
de peptided3-amildide (A3). Gu et al. (2004) demonstraram que o peptidfg As inibe
fortemente a atividade de transportadores de gataeda N&K'-ATPase o que resulta em
elevadas concentracdes neurotéxicks glutamato. Além disso, P35 causa estresse
oxidativo, gerando radicais livres e produtos deoxidacao lipidica (ZENG et al., 2004;
PIERMARTIRI, 2009) que sdo capazes de danificaitaadndria e inibir transportadores de
glutamato (LAUDERBACK et al., 2001; PIERMARTIRI, @0), correlacionando assim a
cascata glutamatérgica de morte celular com o gekemento da Doenca de Alzheimer.

A morte celular induzida pelo peptide@Ass ja foi previamente demonstrada em
culturas de células nédo diferenciadas de neurateshumano (SHSY-5Y) (PETTIFER et
al., 2004), porém, os efeitos deste peptideo emlasetle neuroblastoma humano SHSY-5Y
diferenciadas ainda néo foi determinada. A difeisy@ destas células para um fendtipo
mais proximo de um fenétipo neuronal pode serzadb através do tratamento das culturas
de SH-SY5Y com acido retindico (Pl — 5 dias) seguido da incubagdo com BDNF (1ng/ml
— 3 dias) (ENCINAS et al., 2000).

Os nucleotideos e o nucleosideo derivados da gual@sempenham um importante
papel extracelular na modulacdo da transmissdaarghtergica, apresentam efeitos sobre a
memoria e 0 comportamento e ainda efeitos trofemscélula neurais (SCHMIDT et al.,
2007). Assim como descrito anteriormente, estudgmentes também demonstraram um
importante papel protetor da GUO em modelos de ghsenneurodegenerativas

(D’ALIMONTE et al., 2007; SU et al., 2009) via atigdo da via PI3K/Akt (PETTIFER et al.,

94



2004; PETTIFER et al., 2007), porém, o efeito dadGtente ao dano causado pelo peptideo
AB em culturas diferenciadas de células SH-SY5Y airé&tafoi avaliado.

O objetivo desse trabalho foi analisar o efeitopgptideop-amildide (AB2s.35 em
culturas de células ndo-diferenciadas e difereasiate neuroblastoma SH-SY5Y e também

avaliar o possivel efeito protetor de GUO frentexacidade do 8,5 35 nestas culturas.

Materiais e Métodos

Reagentes:
Peptideo B.s-35 foi obtido da Sigma. Meio Dulbecco’s modificadoMEM), soro

bovino fetal (SBF), penicilina e estreptomicinaaior obtidos da GIBCO (Madrid, Spain).

Preparacao das culturas de SHSY-5Y:

A linhagem de neuroblastoma SHSY5Y foi gentilmefdamecida pelo Centro de
Biologia Molecular Universidad Autonoma de MadridfSejo Superior de Investigaciones
Cientificas (Madrid, Spain). As culturas de célul@bsl-SY5Y foram mantidas em meio
DMEM suplementado com 10% de soro bovino fetal (§BFnM glutamina, 50 unidades/ml
penicilina, e 50g/ml estreptomicina e mantidas 4C3ém 5% CGQ, ar umidificado. As
culturas estoques eram subcultivadas 1:3 duas yamesemana; ou seja, um frasco era

dividido em trés outros frascos. Este procediméuiteealizado duas vezes por semana.

Cultivo e diferenciacéo das células SHSY-5Y:

Quando as células SHSY-5Y ndo foram submetidasfexediciacdo, estas foram
cultivadas em placas de 48 pocos a uma densidadd@E00 células/poco. Quando as
células foram submetidas a diferenciacdo, a dedsid&lular foi de 30.000 células/poco

(ENCINAS et al., 2000). Para a analise morfolégasacélulas foram cultivadas em placas de
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6 pocos a uma densidade de 8.08iIlas/poco para a analise morfoldgica. As célfdeam
cultivadas por 24 horas em meio de cultura DMEMteondo 10% SBF e apds este periodo,
foram submetidas ou nédo a diferenciacao.

A diferenciacdo das culturas de SH-SY5Y se deuipelzbacéo das células com de acido
retindico (1uM) em meio de cultura DMEM contendo 15% SBF porigsdApos este
periodo, 0 meio era retirado e substituido por nggiccultura DMEM sem SBF contendo

1ng/ml de BDNF e as culturas foram incubadas pas Bhdias (ENCINAS et al., 2000).

Tratamento das células SHSY-5Y:

As culturas de células SHSY-5Y diferenciadas e diferenciadas foram tratadas
com concentracdes crescentes do peptideés.A (3, 10 e 3QAM) por um periodo de 24h.
Antes de ser utilizado nas culturas, o peptidgbs4s foi solubilizado em agua a uma
concentracdo final de 1mM e posteriormente mandid®Y °C por 48h para permitir a sua
oligomerizacdo (SCHUSTER et al., 2005). A avaliadacefeito da GUO se deu através da
pré-incubacéo das culturas de células SHSY-5Y alifdadas com concentracdes crescentes
de GUO (0,03, 0,1, 0,3, 3 e 1 mM) por um period@ddoras antes da adicdo do peptideo

AB2s.35€ GUO permaneceu durante as 24 horas de exp@sigéeptideo Bos-35

Andlise morfoldgica e imunofluorescéncia:

As células foram fixadas com paraformaldeido 4% J@bminutos e cuidadosamente
lavadas com tampéao fosfato (PBS). Posteriormemstazétulas foram permeabilizadas com
triton X-100 a 0,1% por 10 minutos. As células forantdo bloqueadas com uma solucdo 3%
albumina bovina, diluida em PBS e posteriormentaibadas por 12h com os anticorpos
especificos diluidos em solucdo de bloqueio,’@. 4oi utilizado anticorpo primario anti
MAP-2 (1:500), seguido de 3 lavagens com PBS ebac@io com anticorpo secundario

(FITC-anti-mouse IgG, 1/100) .
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Avaliagao da viabilidade celular:

A viabilidade celular foi avaliada pelo método deducdo do MTT (3-[4,5-
Dimetiltiazol-2-il]-2,5-difenil-tetrazolium bromete Thiazolyl blue). O MTT é um sal de
tetrazolium solavel em agua, que é convertido emfarmazam purpura apos clivagem do
anel de tetrazoélio por desidrogenases mitocondffdda@SMANN, 1983). Apds o periodo de
24 horas de exposicao ao peptiddisAs as células SHSY-5Y foram incubadas com MTT
(0,5 mg/ml) a 37C por 3h e o formazam reduzido foi solubilizadcapadicio de DMSO. A
viabilidade celular foi proporcional a leitura dasarbancia medida em leitora de Elisa (550

nm).

Analise estatistica
Os resultados obtidos foram avaliados atravésrddise de variancia de uma via
(ANOVA), seguido do Teste de Duncan, quando necessd®s resultados foram

considerados significativos quando p < 0,05.

Resultados

Diferenciacdo das culturas de células SHSY-5Y:

A Figura 1 mostra a andlise morfoldgica e a mamwagéin MAP-2 nas células SHSY-
5Y néo diferenciadas e diferenciadas. As célula§Y5HY foram diferenciadas através da
incubacdo com &cido retindico e BDNF. As célulasSSFbY nao diferenciadas foram
mantidas em meio de cultura D-MEM contendo 10% $BFante todo o periodo. Pode-se
verificar que a aplicacdo de acido retindico e BDA&K- células SHSY-5Y promoveu a
diferenciacdo destas células, uma vez que houveumento significativo da emissdo de
prolongamentos e formacao de contatos entre amsékig. 1B) quando comparado com as

células nado tratadas com &cido retindico e BDNE.{A). A imunomarcacdo com MAP-2
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também demonstrou maior intensidade de marcacdaédlatas SHSY-5Y diferenciadas,
principalmente nos prolongamentos celulares (AX).duando comparado as células SHSY-

5Y néo diferenciadas (Fig. 1C).

Avaliagdo da toxicidade do peptideo Bos3snas culturas de células SHSY-5Y néo

diferenciadas e diferenciadas:

Primeiramente avaliou-se a toxicidade do peptidBg.4 nascélulas SHSY-5Y néo
diferenciadas. Para tanto, vinte e quatro horas applaqueamento das células, o meio de
cultura foi retirado e substituido por novo meioadétura sem soro, contendo concentracdes
crescentes do peptided3Ass (3, 10 e 30uM). As culturas de SHSY-5Y nédo diferenciadas
foram ent&o incubadas por 24 horas e a viabilidatidar avaliada pelo método de reducéo do
MTT. Pode-se verificar na figura 2 que nenhuma dascentracfes testadas afetou a
viabilidade celular das células SHSY-5Y.

A toxicidade do peptideo [Bs.3s também foi avaliada nas células SHSY-5Y que
foram diferenciadas com &cido retindico e BDNF. tHesaso, apds a diferenciacdo das
culturas, o peptideo 535 foi adicionado nas culturas e estas incubadas2dothoras
adicionais. Apds este periodo, a viabilidade celdta avaliada pelo método do MTT.
Verificou-se que o peptideo (B35 nhas concentragbes de 10 epuBD causa reducao

significativa da viabilidade celular (29% e 20%spectivamente) (Fig. 3).

Avaliacdo do efeito neuroprotetor da GUO frente adxicidade do peptideo f;s.

35 em células SHSY-5Y diferenciadas:

Uma vez que a diferenciacdo das células SHSY-54 par fen6tipo mais neuronal
torna estas células mais susceptiveis ao dano cqeptideo ABys.35 € que ndo houve
diferenca significativa no dano celular produzidwo 0 ou 3QM de AB,5.35, verificamos a
capacidade da GUO em proteger estas células camieada de viabilidade celular induzida
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pelo peptideo Bos.35 (L0UM). Para tanto, apds a diferenciagdo com acidadiets e BDNF,

as culturas foram pré-incubadas por um periododdeofas com concentragdes crescentes de
GUO (0,03, 0,1, 0,3, 3 e 1 mM) e posteriormenteatias com o peptideofss.zs Pode-se
observar que GUO, nas concentracfes de 0,1 e 0,3pmutége parcialmente enquanto que
GUO 1mM protege totalmente as células SHSY-5Y daéiade do peptideo [ys.35 (Fig.

4).
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SH-SY5Y nao diferenciadas SH-SY5Y diferenciadas

Figura 1. Avaliacdo morfoldgica das culturas de SH&5Y diferenciadas e néo
diferenciadas. As culturas de SHSY-5Y foram incubadas na presemgando de acido
retindico (LQuM- 5 dias) e BDNF (1ng/ml — 3 dias). Posteriormeatecélulas SHSY-5Y néo
diferenciadas e diferenciadas foram submetidasuaamarcacdo com MAP-2 e visualizadas

em microscoépio de fluorescéncia.
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Figura 2. Avaliacdo da viabilidade celular de cél@ds SHSY-5Y nao diferenciadas

tratadas com o peptideo f3s.35 As células SHSY-5Y foram incubadas por 24 horas na
presenca de 3, 10 ou M de AB,s.35 Apos este periodo, a viabilidade celular foi eadd
pelo método do MTT. O grupo controle foi considei@ri00% e representa a viabilidade
celular das células SHSY-5Y incubadas apenas em deecultura. Os valores representam a

média_+erro padrdo de 4 experimentos realizados emdaials.
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Figura 3. Avaliacdo da viabilidade celular de célids SHSY-5Y diferenciadas tratadas
com o peptideo AB,s.35 As células SHSY-5Y diferenciadas foram incubadas2d horas na
presenca de 3, 10 ou M de AB.s.35 Apds este periodo, a viabilidade celular foi eadd
pelo método do MTT. O grupo controle foi considei@ri00% e representa a viabilidade
celular das células SHSY-5Y diferenciadas incubagemas em meio de cultura. Os valores
representam a meédia erro padrdo de 3 experimentos realizados emdaias. * indica

médias significativamente do controle; p<0,05.
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Figura 4. Avaliacdo do efeito neuroprotetor da guaosina (GUO) frente a toxicidade
induzida pelo peptideo ABs3s As células SHSY-5Y diferenciadas foram pré-incusad
com concentracdes crescentes de GUO (0,03, 0,B, Iy8V) por 24 horas e posteriormente
submetidas a 24 horas de incubag¢éo comuiMIOde ABzs.35 GUO permaneceu no meio de
cultura durante o periodo de exposicdo 8gsAs Apos este periodo, a viabilidade celular foi
avaliada pelo método do MTT. O grupo controle fonsiderando 100% e representa a
viabilidade celular das células SHSY-5Y diferename incubadas por 48 horas em meio de
cultura. Os valores representam a médiarro padrdo de 5 experimentos realizados em
triplicatas. * indica médias significativamente dmtrole; # indica médias significativamente

diferente de B8s.35 p<0,05.
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DISCUSSAO

O aminoacido glutamato é considerado o principalrateansmissor excitatério do
SNC de mamiferos. Desempenha importante papel naterecdo de aspectos funcionais do
cérebro, tais como: cognicdo, aprendizagem, memdn@ducdo sindptica, migracdo e
diferenciacdo. Entretanto, quando ocorre algumaieslerio da transmissdo glutamatérgica,
a concentracao de glutamato pode se elevar na &négtica e causar a super-estimulacao
dos receptores de glutamato, culminando com a numteélulas do SNC. Existe uma
correlagédo direta entre a disfuncdo dos transpamtad de glutamato, aumento da
concentracdo do neurotransmissor na fenda sinaptidasenvolvimento de dano celular
excitotoxico tanto em modelos de estudwivo ein vitro (MARAGAKIS & ROTHSTEIN,
2004). A disfuncao do transporte de glutamato peeleobservada em situagcbfes em que
ocorre desequilibrio ibnico, diminuicdo nos nivees ATP intracelular e estresse oxidativo.
Nestes casos, a atividade dos transportadoresgstdiediminuida, comprometendo assim a
retirada do glutamato da fenda sinaptica, ou ospariador pode estar funcionando de
maneira reversa, ou seja, contribuir para a liderade glutamato (ROSSI ET AL., 2000;

BONDE ET AL., 2003).

O acumulo de glutamato na fenda sinaptica deca@rdesses processos pode entao
ativar de maneira excessiva 0s receptores de ghivantulminando na morte celular
excitotoxica. O hipocampo €é uma das estruturas bcaiee mais susceptiveis a
excitotoxicidade, e a perda de neurbnios hipocasnpaia relacionada a patogénese de
doencgas degenerativas agudas e crbnicas. Dessa, farm dos focos de interesse deste
trabalho foi estudar os mecanismos envolvidos naemelular excitotoxica utilizando-se
fatias de hipocampo de ratos. Além disso, verificara interacdo dos derivados da guanina

(GMP e GUO) na morte celular excitotoxica, poisestigamos o efeito protetor destes

compostos frente a excitotoxicidade, como tambénpossivel efeito deletério destes
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compostos e a sua correlagcdo com a excitotoxicidadeo aspecto abordado neste estudo
foi o efeito da GUO em outras situacdes envolvielasprocessos neurodegenerativos, como

por exemplo, o estresse oxidativo mitocondrial mate neuronal induzida pelo peptideo
AB.

No primeiro capitulo deste estudo, demonstramosgiut@amato e NMDA induzem
morte celular com caracteristica de apoptose easfde hipocampo de ratos, pois a reducéo
da viabilidade celular induzida por estes compoftosacompanhada de fragmentacédo do
DNA (Figs. 1, 2, 3 e 4, capitulo 1). Neste trabalteambém estamos demonstrando que
concentracdes toxicas de glutamato, mas ndo NMDge pocasionar a reversdo dos
transportadores de glutamato e que este pode sameranismo adicional de toxicidade
glutamatérgica em fatias de hipocampo de ratoss(Fige 6, capitulo 1). Portanto, a
toxicidade induzida por NMDA ocorre pela ativacé® seus receptores e ndo envolve a
reversao dos transportadores de glutamato. Osptyetadores de glutamato sao vulneraveis
ao aumento das espécies reativas de oxigénio queent ap0s um insulto excitotoxico
(TROTTI et al., 1998), causando uma disfuncado daogporte de glutamato que pode ser
parcialmente revertida pela utilizacdo de agergdstores (BRONGHOLI et al., 2006).

A reducdo da viabilidade celular e a fragmentac@oDNA induzida por NMDA
foram completamente bloqueadas na presenca de GMP (Figs. 2 e 4, capitulo 1) um
derivado da guanina enddgeno que age como anttayaeseceptores NMDA (BARON et
al., 1989). Entretanto, GMP 1mM néo foi capaz devenir a perda de viabilidade celular
induzida por glutamato (que também agiu via estgéd do transporte reverso) (Figs. 1 e 3,
capitulo 1), sugerindo assim que o efeito proteimrGMP s6 é evidente quando o dano
celular é induzido pela estimulacéo de receptoMd®A.

Estudos prévios demonstram a capacidade neuramatdb GMP (1mM) frente a
privacdo de glicose e oxigénio, porém neste cas@nsporte de glutamato ndo foi avaliado

(OLIVEIRA et al., 2002) ou néo foi alterado (MOLZ &., 2005). Considerando que GMP
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pode ser hidrolisado pela acdo da enzima 5 -ecteotidase (ZIMMERMANN, 1996), nao
se pode excluir completamente a participagdo da G mediadora dos efeitos protetores
do GMP frente a estimulacdo de receptores NMDArdEamto, estudos realizados em nosso
laboratério demonstraram que o efeito protetor d#OGfrente a privagdo de glicose e
oxigénio ndo é bloqueado com antagonistas ionamndpide receptores de glutamato
(OLESKOVICZ et al., 2008) e Morciano e colaboradof@004) demonstraram que a
neurotoxicidade induzida por NMDA em culturas deindaios hipocampais € revertida na
presenca dos derivados fosfatados da guanina (GDIP, e GTP), porém este efeito ndo é
observado com a utilizacdo de GUO. Adicionalmer@&]O tem pouca capacidade de
deslocar a unido de glutamato a receptores NMDAdmaomparado ao GMP (MONAHAN
et al., 1988) e evidéncias sugerem que o efeitoopentetor da GUO néo esta relacionada ao
bloqueio de receptores de glutamato, mas sim aapacidade de modular o transporte de
glutamato (FRIZZO et al., 2002; 2003). Diante destdormacdes, a segunda parte do nosso
estudo enfocou a avaliacdo do papel neuroprotet@dO frente a toxicidade do glutamato
em fatias de hipocampo de ratos e o0 mecanismoaduatos efeitos da GUO.

Os efeitos neuroprotetores da GUO sdo desencadeadasa faixa de concentracao
bastante ampla (FRIZZO et al., 2001; DI IORIO et @D04), entretanto, a maioria dos
estudos utilizando fatias de hipocampo de ratosodsiram que o efeito neuroprotetor da
GUO ocorre na faixa de 100-30d@ (OLESCOVICZ et al., 2008; THOMAZI et al., 2008;
DAL-CIM, 2008). Portanto, avaliamos o efeito deedéntes concentra¢cdes de GUO (30, 100
e 300uM) frente a toxicidade do glutamato em fatias d@obampo de ratos e verificamos
que apenas a concentracdo de [uBO foi capaz de reduzir significativamente a perea d
viabilidade celular induzida por glutamato. O @adrem “U” invertido da curva dose-
resposta para GUO (Fig. 1, capitulo 1) sugere equeerntendo do agente indutor de dano

celular, e, possivelmente também, do mecanismolddwemeste dano, pode haver diferencas
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entre as concentracdes efetivas de GUO. Portantonasso estudo, verificamos que, ao
contrario do GMP, a GUO foi capaz de prevenir atencelular induzida por glutamato.

Como mencionado anteriormente, o principal mecamipelo qual a GUO protege
frente a excitotoxicidade envolve a sua capaciagbdenodular o transporte de glutamato e
contribuir assim para a diminuicdo da concentrag@aglutamato na fenda sinaptica. Em
nosso estudo, também verificamos que o efeito fmote GUO (Fig. 2, capitulo 2) envolve a
modulacdo do transporte de glutamato, pois GUOmina liberagdo de glutamato induzida
por glutamato de maneira semelhante ao DL-TBOAy@igdica que provavelmente o efeito
da GUO se deve a diminuicdo do transporte reveosglatamato. Contudo, ndo podemos
excluir a possibilidade de que GUO também estaj@eatando a atividade de transportadores
receptores funcionais de glutamato (FRIZZO et &001), ou atuando sobre os
transportadores que estéo inibidos (mas nao rdesjtiaumentando a captacédo de glutamato
e contribuindo assim para a maior retirada do glata da fenda sinaptica. Alternativamente,
GUO também pode estar modulando a expressdao ow@fegdar dos transportadores de
glutamato para a membrana celular. Dessa maneatames demonstrando que além de
estimular a captacdo de glutamato (OLIVEIRA et 2004; DAL-CIM, 2008), diminuir a
liberacdo sinaptossomal de glutamato (TAVARES et28105), diminuir a captacao vesicular
de glutamato (TASCA et al.,, 2004), a GUO pode dint a liberacdo de glutamato
decorrente da reversao de seus transportadoresmbrana celular. Portanto, as informagdes
contidas no capitulo 2 dessa Tese, corroboram @stprévios e reforca a participacdo da
GUO na modulacao do transporte de glutamato.

O efeito neuroprotetor da GUO e o seu efeito nlighd da liberacdo de glutamato
foram abolidos na presenca de LY204002 e GUO fpazale aumentar os niveis de p-Akt,
indicando que o efeito neuroprotetor da GUO é deate da diminuicdo da liberacdo de
glutamato e € depende a ativacdo da via PI3K/AIS(R2, 3 e 4, capitulo 2). A ativacdo da

enzima GSI8 tem sido correlacionada com a morte neuronal quere devido a diversos
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estimulos neurotdxicos, incluindo glutamato (NISKIVIO et al., 2008). Um dos alvos da

Akt é a enzima GSKB A Akt fosforila a serina 9 da GSR3inibindo-a. Trinta minutos de

exposicdo & GUO aumentou a fosforilacdo da Akt eGEKPe"

(Fig. 5, capitulo 2)
demonstrando assim que a via de sinalizacdo emlohd efeito neuroprotetor da GUO e
possivelmente sua acdo sobre o transporte de @ltdaenvolve a ativacdo da PI3K/Akt e a
consequente inibicdo da GSK3Um estudo realizado em nosso laboratorio também
demonstrou que GUO (1QM) é capaz de reverter a diminuicdo da captacaglutamato
induzida pela privacdo de glicose e oxigénio, e egte efeito da GUO esta correlacionado
com a sua capacidade de estimular a via PI3K/AKKLATIM, 2008). Alguns dados na
literatura tém demonstrado que a via da PI3K/Akbanta a expresséo dos transportadores de
glutamato (SIMS et al., 2000) e também o trafege ttansportadores de glutamato do
citoplasma para a membrana, o que resulta em aamest captacdo de glutamato
(KRIZMAN-GENDA et al., 2005). Em estudo realizadorpGuillet e colaboradores (2005)
foi demonstrado que a inibicdo da via da PI3K dimancaptacdo de glutamato e que essa via
esta envolvida com a regulagdo da expressao despteadores de glutamato, GLAST e
GLT-1 na superficie celular. Assim, a diminuicaolib@racdo de glutamato promovida pela
GUO, envolve a ativagéo da via da PI3K/Akt, que fua vez estaria modulando a atividade
dos transportadores de glutamato ou aumentandopeessé@o desses transportadores na
membrana celular. A disfuncéo dos transportadoeggutamato esta envolvida em uma série
de doencas neurodegenerativas (MARAGAKIS & ROTHSN,E1004), logo, compostos que
normalizem a atividade ou expressao destes tramasipoes apresentam potencial terapéutico
frente a patologias que acometem o sistema neoargoal.

GUO reduziu a expresséao de iNOS induzida por glatartFig.6, capitulo 2). Ja esta
demonstrado na literatura que a ativagdo de re@pute glutamato induz a producéo de

mediadores pro-inflamatoérios (citocinas), as quaisvam a transcricdo do N&B.

Conjuntamente, estes mediadores ativam a transatig@ene iINOS (DE BOCK et al., 1996;
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MORO et al., 2004). Outros estudos correlacionaatiaacéo da via da p¥8™« como um
importante mediador da ativagdo da expressao d&if8AHA & PAHAN, 2006). De fato,
neste mesmo modelo de estudo, demonstramos queta cetular induzida por glutamato
depende da ativacdo da via J38¢ (MOLZ et al., 2008). O tratamento de células lienga

C6 e culturas primérias de astrdcitos com inibidate via PI3K (por exemplo, o LY294002)
aumentam a expressao de iINOS em resposta ao LR$tooinas, demonstrando que a
manutencdo da atividade da via PI3K é importanta pboquear o aumento da expressao de
iNOS (PAHAN et al., 1999).

Em resumo, diante dos dados que foram apresentadosapitulos 1 e 2 destase,
podemos sugerir que em situacdes de excitotoxiejdatiberacdo de derivados fosfatados da
guanina em doses de baixo milimolar de vesiculapsicas (SANTOS et al., 2006) ou dos
astrocitos (CICCARELLI et al.,, 1999) leva ao auneemtos niveis de GMP que seria
responsével pelo bloqueio da ativacdo de receptdkdBA. Ou, apos sua hidrélise, GMP
formaria GUO, a qual diminui a liberacdo de gluttomatravés da ativagdo da via da PI3K,
inibicdo da enzima GSHKBe diminuicdo da expressédo de INOS induzida potagiato,
resultando em neuroprotecao.

Apesar de seus comprovados efeitos neuroprotetsgrjrinas (adenosina e ATP) em
altas concentracfes podem ser importantes toxkRANKE et al., 2006). GMP apresenta
efeito neuroprotetor quando usado em uma faixaodeentracdo de baixo milimolar (MOLZ
et al., 2005). Entretanto, também demonstramos (EJ(A003) que o GMP potencializa a
fragmentacdo de DNA induzida por glutamato em undetwmde neurotoxicidade em fatias de
hipocampo de ratos. Diante destas observacdegituloa3 deste trabalho avaliou o possivel
efeito neurotoxico do GMP em fatias de hipocampwoaties. Demonstramos que o GMP, na
dose de 5mM, diminui a viabilidade celular em fatde hipocampo de ratos (Figs 1 e 2,
capitulo 3). O aumento da incorporacédo de iodetprdpideo observada indica que GMP

5mM pode estar induzindo um padrdo necrotico detanoelular. Tal observacéo foi
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reforcada pela auséncia de fragmentacdo de DNAesepca de 5mM de GMP (dados nao
mostrados). De maneira similar, 5 mM de GTP ou Gppp (um analogo ndo hidrolizavel
do GMP) aumenta o dano oxidativo induzido por ghdto em fatias de hipocampo de ratos
(REGNER et al., 1998). A toxicidade celular do AT®nM) ja foi descrita em culturas
organotipicas de hipocampo (FRIZZO et al., 2008té& este momento ndo ha dados na
literatura com relacdo a toxicidade de um derivat® guanina. Portanto, estamos
demonstrando pela primeira vez que assim comoijéldmonstrado para os derivados da
adenina, a disfuncdo da neurotransmissdo purireédgwido a altas concentracfes de um
derivado da guanina pode levar & morte de célufefatas de hipocampo de ratos.

O tratamento das fatias de hipocampo com GUO nagoca diminuicdo da
viabilidade celular em nenhuma das concentracostadas (Fig. 1, inset, capitulo 3)
demonstrando que a toxicidade promovida pelo GMPen&olve a sua conversao até GUO e
que a concentracdo de GMP avaliada neste estudd!)(S® sobrepbe a qualquer efeito
protetor que a GUO poderia apresentar. Em um estal@zado por Di lorio et al. (2002),
GUO induziu apoptose em cultura de astrocitosemoos autores correlacionam este efeito
devido ao fato de que GUO induz a liberacdo de ABQ@ual, através da estimulacdo de
receptores Ade ADO, desencadeia a morte celular apoptéticeaseglulas.

O pré-tratamento das fatias de hipocampo com dapitbl ndo preveniu a perda de
viabilidade celular induzida por GMP (Fig. 3A, dapd 3), 0 que demonstra que a toxicidade
induzida pelo GMP ocorre através da sua interag#io &itios extracelulares de ligacao ao
GMP. Os receptores para os DG ainda ndo estaamttéd caracterizados e algumas
evidéncias demonstraram que DG podem se unir cdra lainidade aos receptores de
adenosina (MULER & SCIOR, 1993). Entretanto, em spo®studo, a utilizacdo de
antagonistas de receptores@ App de adenosina ndo preveniu a perda de viabilideldéac
induzida por GMP (Fig. 3B, capitulo 3). O fato deeqo inibidor do transporte de

nucleosideos (dipiridamol) ou o antagonista depteres A de ADO (DPCPX) foranper se
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capazes de reduzir a viabilidade celular na mesw@opgdo do GMP, indica que o transporte
de nucleosideos e a ativacdo basal de receptorete ADO é necesséria para manter a
integridade das fatias de hipocampo. Porém, acitivde receptores;fou App de ADO na
presenca de 5mM de GMP néo bloquearam o efeitootieduco do GMP (Fig. 3C, capitulo
3). Estes resultados sdo consistentes com o pdfgsdico da adenosina como agente
neuroprotetor através da ativacdo de seus receplar€CUNHA, 2001), e exclui o sistema
adenosinérgico no mecanismo de toxicidade do GMP.

GMP desloca a unido de glutamato a receptoresrimiobs de glutamato (SOUZA &
RAMIREZ, 1991; PORCIUNCULA et al., 2002) sugerindqae GMP possa se unir a estes
receptores. A utilizacdo de antagonistas de receptdMDA ou AMPA de glutamato (MK-
801 ou DNQX, respectivamente) preveniu a mortelaelnduzida por GMP (Fig. 4, capitulo
3). Concentragfes neurotdxicas de GMP diminuirarapgacao de glutamato e este efeito foi
prevenido pela utilizacdo de DL-TBOA (Fig. 5, cajit3). Este conjunto de resultados indica
que 0 mecanismo envolvido no efeito neurotoxicdGP envolve, portanto, a diminuigdo
da captacdo de glutamato, aumento da concentragéacedular de glutamato e super-
estimulacao de receptores NMDA e AMPA de glutamato.

Nessa parte do estudo (capitulosel3), foi possivel demonstrar em fatias de
hipocampo de ratos, que assim como acontece comosouteurotransmissores e
neuromoduladores (glutamato, ATP e adenosina),ndigmelo da concentracdo, o GMP pode
ser neuroprotetor (1mM) ou neurotéxico (5mM).

Muitos estudos utilizam culturas primarias de neig® para investigar o0s
mecanismos envolvidos na neurodegeneracao. Entremmuantidade reduzida de células
obtidas a partir de culturas primarias, aliado ablgmas éticos devido a utilizacdo de
embrides humanos para estudos patofisiologicosciasiis a doencas neurodegenerativas,
torna a utilizacdo de células de neuroblastoma hon{8HSY-5Y) uma alternativa para

estudos de neurodegeneragédo e neuroprotecdo. &génh SHSY-5Y constitui um sistema
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amplamente utilizado para estudar processos ndsgromzluindo vias de sinalizagcéo e
mecanismo de morte neuronal. As células SHSY-5Ydsivadas de neurdnios simpaticos,
que sintetizam e armazenam noradrenalina (BIEDLERale 1973). Nos dois ultimos
capitulos desta Tese, estudamos os efeitos desstoaidativo e do peptided3Am células
de neuroblastoma humano SHSY-5Y e o papel da Geddra estes processos.

O estresse oxidativo mitocondrial associado a gupducdo de ROS esta envolvido
na perda neuronal que ocorre em diversas doengasdegenerativas e pode ser evidenciado
em diversas situacdes relacionadas a neurotoxejdadno no dano induzido por peroxido de
hidrogénio, MPP, AR e também devido ao glutamato. No quarto capitdsetad Tese,
utilizamos um modelo de estresse oxidativo mitocah@hduzido pela combinagdo de dois
inibidores da cadeia respiratéria (rotenona e aligma A, rot/oligo) em células de
neuroblastoma humano (SHSY-5Y) e estudamos o afeiiooprotetor da GUO. Verificamos
que GUO nas concentra¢gbes de 0,3 e 1 mM, quandocuabada com rot/oligo, protege
significativamente as células SHSY-5Y da toxicidadeironal induzida por rot/oligo (Fig.
1A, capitulo 4), sendo 1mM de GUO a concentracad refetiva (Fig. 1B, capitulo 4).
Recentemente, Guarnieri e colaboradores (2009) dstmaoam que GUO induz proliferagéo
celular em culturas de SHSY-5Y somente ap0s 4dbaimcubacdo com GUO, o que sugere
gue o efeito protetor da GUO observado em nossal@stdo se deve a um efeito da GUO na
proliferagéo celular.

A morte celular induzida por rot/oligo envolve gsuproducédo de ROS, perda
potencial de membrana mitocondrial e ativacdo dpase-3 (EGEA et al., 2007). Em nosso
estudo, roducdo de ROS induzida por rot/oligo foi totalteeabolida na presenca de GUO
(Fig. 3, capitulo 4), e esse efeito da GUO néo kewoas vias de sinalizacdo MEK/ERK1/2
ou PKC, mas foi dependente da ativacao da via PFK2A e 2B, capitulo 4). Além disso,
a inibicdo da via PI3K também aboliu o efeito neuotetor da GUO na morte celular

induzida por rot/oligo. Outros estudos ja demomatra 0 envolvimento das vias de
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sinalizacdo PI3K/Akt e MEK/ERK1/2 no efeito neurofmtor da GUO em modelos de
toxicidade quando GUO era pré-incubada, ou sejajomdda antes do agente neurotdxico
(DI IORIO et al., 2004; PETTIFER et al., 2004), @ar, assim como evidenciado em nosso
estudo, quando a GUO era co-incubada com o agéxitot o efeito neuroprotetor ocorreu
somente através da ativacdo da via PI3K/Akt (PEERIEt al., 2007), indicando que a via da
PI3K pode ser a principal via de sinalizagdo atvagla GUO. A GUO também protege
células SHSY-5Y da morte neuronal induzida pelo MPPETTIFER et al., 2007), uma
agente que causa toxicidade principalmente porzindestresse oxidativo, porém, nesse
estudo, os autores ndo avaliaram o efeito da GU@otucao de ROS.

Alguns estudos sugerem que o efeito protetor da &EQe a inibicdo mitocondrial
se deve a uma ac¢ao intracelular (JURKOWITZ etl898; LITZKY et al., 1999). Entretanto,
estudos posteriores demonstraram que a utilizagabpiridamol (um inibidor do transporte
de nucleosideo) ndo afeta o efeito neuroprotetorGHED, indicando que seu efeito é
extracelular (DI IORIO et al., 2004; DECKER et &2007).

No capitulo 5, também avaliamos o efeito prote®rGUO frente a toxicidade do
peptideo A,s535em culturas de células de neuroblastoma humanoY&Y-S\esta parte do
estudo, verificamos que as culturas ndo-diferelasiate células SH-SY5Y sao resistentes a
toxicidade do peptideofRps.3s5)(Fig. 2, capitulo 5), porém, a diferenciacéo desédslas para
um fendtipo mais neuronal (Fig. 1) as torna sus$eeist ao peptideo Bys-35(Fig. 3, capitulo
5). A diferenciacéo das culturas de SH-SY5Y sepda adicdo de acido retindico (I — 5
dias) seguido da incubacdo com BDNF (1ng/ml — 3)di& adicdo de &cido retindico
aumenta a expressao de receptores TrKB nas c8H8Y-5Y, tornando-as responsivas ao
BDNF, mantendo-as na fase G1 do ciclo celular, ggrdo a sua diferenciacdo e aumento da
projecdo de neuritos (ENCINAS et al., 2000). Adicibmente, as células SHSY-5Y
diferenciadas com acido retindico e BDNF apreserdamento da expressao e do contetudo

da tau fosforilada, sugerindo que este seja um loatke Doenca de Alzheimer associado a
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hiperfosforilagdo de tau (JAMSA et al., 2004). Conos efeitos do A ocorrem
predominantemente sobre os neuritos (VAISID et28l08) e que existe uma forte correlacao
entre o peptideo A e a hiperfosforilacdo da tau, estes fatores podemplicar a
susceptibilidade destas celulas a acdo dB,s4 Pettifer e colaboradores (2004)
demonstraram que o peptided.,Aszs causa morte celular por apoptose em culturas néo
diferenciadas de SHSY-5Y. Neste estudo, a apoftosvaliada através da fragmentacéo de
DNA induzida por BM de AB,s.35 portanto, o fato de ndo termos observado mottdace
com a aplicacdo de[s.35 nas culturas de SHSY-5Y néo diferenciadas podeleedo a

metodologia utilizada em nosso estudo para a @aaida viabilidade celular.

A pré-incubacao das culturas diferenciadas de SBHYSYor 24h com GUO diminuiu
a morte neuronal induzida peloB#.3s de maneira dependente de concentragdo, sendo a
concentracdo de 1mM a mais efetiva (Fig. 4). Distaa GUO também apresenta potencial
efeito protetor no tratamento da doenca de Alzhei@e resultados neuroprotetores obtidos
com GUO frente ao modelo de toxicidade mediada pdbes3s em células SHSY-5Y
diferenciadas ainda séo preliminares e, portarcessitam de maior investigacao pelo nosso
grupo. Por exemplo, a investigacdo do efeito da GUe parametros apoptoticos induzidos
pelo AB,s.35 Ainda, como existem evidéncias de que a protina@sta hiperfosforilada neste
modelo, e que esta hiperfosforilacdo da proteinaégpende da ativacdo da GFKBs niveis
fosforilacdo da tau na presenca déy£gse sua relacdo com a atividade da GSK8deria ser
determinados nas culturas de SHSY-5Y diferenciadascionalmente, o efeito da GUO

nestes parametros poderia ser avaliado.

A GUO protege as células SHSY-5Y do estresse axmlatitocondrial induzido por
rot/oligo e da toxicidade do peptide@A 35 de maneira dependente de concentragéo, sendo a
concentracdo de 1 mM a mais efetiva. Em contrajzgrtinas fatias submetidas a

excitotoxicidade, a concentracdo efetiva de GUOLB§JuUM. Esta diferenca de concentracao
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de GUO para se evidenciar a neuroprotecao podiesato a diferencas no modelo de estudo
(cultura de células e fatias de hipocampo) assimoc@o tipo de agente neurotdxico
(rot/oligo, AB2s-35 ou glutamato) e também devido ao mecanismo erdwlnd dano celular
induzido pelos diferentes agentes neurotoxicos.

De maneira geral, os resultados apresentados pdsiloa 4 e 5 dessa Tese indicam
que a GUO apresenta potencial efeito neuroprofieémte & mecanismos relacionadas ao
estresse oxidativo mitocondrial e a Doenca de Alabe

Finalmente, podemos propor através dos dados apaees nessa Tese de Doutorado,
que altas concentracbes de GMP podem ser neurasdxia diminuicdo da captacdo de
glutamato e ativacdo de receptores ionotropicogyldeamato (Figura 3) indicando que
dependendo da concentracdo, GMP pode ser neurmpr@fégura 4) ou neurotdéxico. Em
situacOes de excitotoxicidade, a liberacdo de ddds da guanina de vesiculas sinpticas ou
de astrocitos leva ao aumento dos niveis destepagios, que agem bloqueando a ativacao
de receptores NMDA (GMP) ou modulando o transpdetglutamato (GUO), resultando em
neuroprotecdo. GUO também apresenta efeito neustproem situacdes que podem estar
envolvidas na patogénese de doencas neurodegeasyatomo a producdo de ROS e a
toxicidade do peptideos.ss(Figura 4), demonstrando assim que GUO apreseméagal

efeito terapéutico em diferentes modelos de negerteracao.
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Figura 3: Efeito neurotoxico do GMP em fatias de fpocampo de ratos.Concentracfes
toxicas de GMP (5mM) diminuem a captacdo de glutarffy aumentando a concentracao
de glutamato na fenda sinaptica. Glutamato estimedaptores ionotropicos de glutamato

(NMDA e AMPA) (2) levando a morte celuléB) em fatias de hipocampo de ratos.
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Figura 4: Efeito neuroprotetor dos derivados da guanina (GMRe GUQO) em diferentes
situacOes de neurotoxicidadeA reducado da viabilidade celular induzida por gihoato em
fatias de hipocampo de ratos ocorre devido a ekgaa de seus receptord3 e através da
atividade reversa de seus transportad¢2¢sGMP 1mM apresentou efeito neuroprotetor
frente & apoptose induzida pela estimulacdo depteas NMDA (3). A neuroprotecao
promovida por GUO (1Q@M) frente ao dano celular induzido por glutamato/cve:
ativacédo da via da PI3K/Akt, inibicdo da enzima GBK4) e diminuicdo da liberacdo de
glutamato(5), assim como a reducdo da expressao de iNOS indpardglutamatq6). GUO
(ImM) protege células de neuroblastoma humano Sb6Ya neurotoxicidade induzida
pela super-producdo de ROS através da ativacdoaddevsinalizacdo celular PI3@) e
também diminuiu significativamente a morte celuladuzida pelo peptideo ghs.35 em

culturas diferenciadas de células de neuroblas®irY-5Y (8).
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CONCLUSOES

A reducao da viabilidade celular induzida por giué#o em fatias de hipocampo de
ratos pode ocorrer devido a estimulacdo de sewept@es e através da atividade
reversa de seus transportadores.

GMP 1mM apresentou efeito neuroprotetor frente aptgse induzida pela
estimulacdo de receptores NMDA e ndo frente fremtapoptose induzida por
glutamato nas fatias de hipocampo de ratos.

A neuroprotecado promovida por GUO (100) frente ao dano celular induzido por
glutamato envolve: diminuicdo da liberacdo de ghat através da ativacdo da via
da PI3K/Akt; inibicédo indireta da enzima GIK8 reducao da expresséao de iNOS em
fatias de hipocampo de ratos.

GUO (1mM) protege células de neuroblastoma humaif®YS5Y da neurotoxicidade
induzida pela super-producdo de ROS e envolvevagdd da via de sinalizagéo
celular PI3K.

As culturas de células SHSY-5Y néo diferenciadas refistentes a toxicidade do
peptideo Ars.35 porém, a diferenciacdo destas células para umitipen mais
neuronal as torna susceptiveis ao peptidess GUO (ImM) diminuiu
significativamente a morte celular induzida peleptideo Ass.3s em culturas de
neuroblastoma humano diferenciadas.

A diminuicdo da viabilidade celular induzida porncentragdes tdxicas de GMP
(5mM) em fatias de hipocampo de ratos ocorre dewmidiiminuicdo da captacédo de
glutamato e consequente estimulacdo de receptamstropicos de glutamato

(NMDA e AMPA).
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