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APRESENTACAO

Esta tese esta organizada em topicos: Introdudaieti@s, Capitulos (1 a 3, referente
aos artigos cientificos), Discussao, Conclusdespeetivas e Bibliografia.

A Introducdo apresenta o embasamento tedrico, gsdewou a formular a proposta
de trabalho. O objetivo geral e os objetivos espesi estdo dispostos no corpo da tese, e,
especificamente, dentro de cada capitulo. Os dapitontém os artigos cientificos, os quais
foram organizados como resposta aos objetivos ptopo Todos os trabalhos foram
desenvolvidos no Departamento de Bioquimica — IGBSFRGS; Centro de Ciéncias da
Vida e da Saude — UCPel; Laboratorio de Investigdg¢édica da Faculdade de Medicina —
USP; e Laboratorio de Analises Clinicas — LABMERn& Maria — RS.

A secdo Discussdo contém uma interpretacdo gersl rdsultados obtidos nos
diferentes trabalhos. Os tOpicos seguintes, Codetus Perspectivas, abordam as conclusbes
gerais da tese, bem como, possibilidades de futtabalhos a partir dos resultados descritos.

A secdo Bibliografia lista as referéncias citadas Introdugédo e Discussao. As
referéncias utilizadas nos diferentes artigos e$itiadas ao final de cada trabalho. Os
resultados desta tese de doutorado estdo apresersalol a forma de artigos cientificos. As
secOes Materiais e Métodos, Resultados, DiscusB&dezéncias bibliograficas encontram-se

nos proprios artigos.
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RESUMO

A isquemia cerebral € uma doenca grave, sendoumdagausa mais comum de morte e a
principal causa de incapacidade em todo o mundedAcao repentina do fluxo sanguineo
cerebral leva a diminuicdo do fornecimento de axig@ de glicose, resultando em uma falha
no metabolismo energético cerebral. Este desegailibo metabolismo energético é
claramente o elemento chave no processo isquémesoitando em danos celulares e
comprometimento das fun¢des neuroldgicas. A exoitoidade glutamatérgica, o estresse
oxidativo e processo inflamatorio desempenham pap@jportantes na lesdo cerebral
isquémica, levando a danos teciduais que compromaténtegridade do tecido durante a
iIsquemia. A guanosina e a inosina sao conhecidadgsempenhar um papel neuroprotecéo
ao sistema nervoso central, agindo como um modulaetpativo do sistema glutamatérgico e
possuindo efeitos troficos em células neurais. d&wima, nesta tese, avaliaram-se diversos
mecanismos que sao modulados pela guanosina enanesi modelos experimentais de
isquemia cerebrain vivo. Inicialmente, demonstrou-se que a guanosina éva&fea
neuroprotecdo contra a isquemia cerebral focal atasy causando reducédo de danos
neuronais e astrogliais, diminuindo a peroxidagaiica e o volume de enfarte cerebral e,
consequentemente, recuperando a funcdo motora dobmmeanterior debilitado pela
isquemia. Esta neuroprotecéo estaria envolvidaarautencdo do ambiente redox celular, na
modulacdo da resposta inflamatdria e na modulagdgisiema glutamatérgico, mecanismos
ligados a lesdo isquémica. A isquemia cerebralazausm aumento do nimero total de células
microglias e também uma maior ativacao destasalefeito inibido pela administracéo de
guanosina. Nesta tese, também investigamos og®fmijudos relacionados a neuroprotecao
da administracdo de guanosina e de inosina comusiggm volémica em um modelo de
choque hemorragico (que, potencialmente, dimimerfusao sanguinea cerebral) em suinos.
A guanosina e a inosina foram capazes de dimiruitigeis de glutamato mais rapidamente
do que o controle e de modular o ambiente de aidscpré-inflamatérias, diminuindo os
niveis de IL-B e TNFa (apenas inosina) apds choque hemorréagico. Estessfim pode
estar associada com diminuicdo na morte neurordibfao que implicaria em uma melhora
no prejuizo cognitivo que ocorre choque hemorragho geral, nosso trabalho representa
uma importante contribuicdo para 0 conhecimentoresobs possiveis mecanismos

neuroprotetores da guanosina e da inosina em nedelsquemia cerebral.



ABSTRACT

Cerebral ischemia is a devastating disease, beagdacond most common cause of death and
the major cause of disability worldwide. The suddethuction in cerebral blood flow leads to
decreased oxygen and glucose supplies, resulting failure of cellular bioenergetics.
Disruption of brain energetics metabolism is cleal key element in stroke, resulting in
cellular damage and impairment of neurological fioms. Glutamate excitotoxicity,
oxidative stress and neuroinflammation play imparteles in ischemic brain injury, with
harmful impacts on ischemic cerebral tissue. Asngame and inosine play an important
neuroprotective role in the central nervous sysixmarting glutamatergic system antagonism
and trophic effects on neural cells, in this stutlyyas evaluated the neuroprotective effects
of guanosine and inosine agaimst/ivo cerebral ischemia models. Initially, we demonsulat
that guanosine was neuroprotective against cerédical ischemia in rats causing reduction
of neuronal and astroglial damage, decreasing ppiwxidation and cerebral infarct volume,
and consequently recovery in the function of imgaiforelimb. These neuroprotection could
be involved in the maintenance of the cellular sedenvironment, modulating the
inflammatory response and the glutamatergic systémghermore, ischemia increased the
total number of microglial cells, and changed th@phological characteristics. These effects
were inhibited by guanosine treatment. Additionality was also investigated the acute
neuroprotective effects of guanosine and inosinea dtuid resuscitation in a model of
hemorrhagic shock in swines. The treatment withngaae or inosine was able to decrease
glutamate levels faster than control group and aige able to modulate the proinflammatory
cytokines environment, decreasing IB-and TNFe (only inosine) levels after hemorrhagic
shock. These effects could be associated with testuacelayed neuronal cell damage,
improving cognitive impairment that occurs in herhagic shock. Overall, our work
represents an important contribution to the knoggetegarding the putative neuroprotective

mechanisms of guanosine and inosine in cerebraém@ models.



1. INTRODUCAO

1.1.1squemia Cerebral

A organizacao mundial da Saude (OMS) define comoemiia cerebral, a perturbagéo
focal ou global da funcéo cerebral, causada pédta e suprimento sanguineo a alguma
regido do tecido cerebral, tendo como origem nemhauoira causa aparente que nao seja a
origem vascular (1988). O sistema nervoso cent&NQ) necessita de um continuo
suprimento de oxigénio e glicose para 0 seu matabo] pois a bioenergética cerebral
normal tem algumas caracteristicas especiais,gligeim uma taxa metabdlica alta, estoques
de energia limitados e uma grande dependéncia daboismo aerébio da glicose. Desta
forma, um desequilibrio tanto na taxa de fluxo sémgo como no contetdo arterial de
oxigénio pode afetar gravemente a funcdo cerebratasionar alteracfes bioquimicas e
moleculares consideraveis, resultando em danosacedue perda das fungdes neurologicas
(Lipton 1999; Donnan, Fisher et al. 2008; Brounsl & Deyn 2009). As causas mais
comuns de interrup¢ao transitéria ou permanentdudo sanguineo sao: trombose, embolia,
hemorragia, ataque cardiaco, choque hemorragicon@n Fisher et al. 2008; Brouns and De
Deyn 2009; Go, Mozaffarian et al. 2014).

No Brasil, segundo o Ministério da Saude, a isqaerarebral é a principal causa de
morte, com 70.232 o6bitos registrados em 2008. Erit db 2012, o Ministério da Saude
lancou a Portaria n° 664 que regulariza o “Protmdolinico e Diretrizes Terapéuticas —
Trombdlise no Acidente Vascular Encefalico Isquémigudo”, que objetiva aprimorar a
assisténcia aos pacientes com essa doenca. Sugéimie orientar a conduta dos profissionais
de saude sobre diagndstico e tratamento cliniém ale estabelecer procedimentos para a
assisténcia aos pacientes nos hospitais (2012¢dea desse enorme fardo socioecondmico
absorvendo 6% de todos os orgcamentos de saluds) e aamento da expectativa de vida no

mundo, as doengas cerebrovasculares sdo consislayadatdo de saude publica com alto



impacto social (Durukan and Tatlisumak 2007; Gozbftarian et al. 2014). Neste sentido,
novas estratégias terapéuticas necessitam servdbgdas e testadas na tentativa de reduzir

custos, melhorar a eficacia dos tratamentos e dimbs efeitos adversos.

1.1.1.Isquemia Cerebral Focal

O acidente vascular encefalico (AVE) € responspgweb % de todas as mortes, sendo
a segunda causa mais comum de morte e a prin@pahade incapacidade no mundo. A
maior prevaléncia € do AVE isquémico, com 87 %, ggerre a interrupcdo do fluxo
sanguineo através da formacao de trombos ou poegso embaolico. No AVE hemorragico,
ocorre a ruptura do vaso sanguineo ocorrendo @vadamento sanguineo, destes, 10 %
ocorrem por hemorragias intracerebrais e apenas PoPohemorragias subaracndideas
(Donnan, Fisher et al. 2008; Go, Mozaffarian et28114). Devido ao envelhecimento da
populacao, a incidéncia de AVE tende a aumentapn@emos 20 anos, especialmente nos
paises em desenvolvimento (Donnan, Fisher et &8;2Go, Mozaffarian et al. 2014). No
AVE isquémico, a artéria mais comumente ocluidaaééria cerebral media (ACM) ou suas
ramificacbes profundas (Stokes 2004). A lesdo nmldecerebral ocasionada pela isquemia
depende de dois fatores: da intensidade e da dudac&quemia. O AVE possui duas regides
especificas, o nucleo isquémico, também chamadoade”, e a penumbra. O core é regiao
central isquémica, onde ocorre uma reducdo abdgftaixo sanguineo (somente 10 a 15 %
do fluxo sanguineo normal). Essa regido sofre uan@ncia bioenergética e um desequilibrio
ibnico muito severo, levando as células a danesersiveis. A penumbra é a regido que se
encontra entre o tecido sadio e a regido do casstalforma, a penumbra recebe um aporte
sanguineo colateral suficiente para suprir as datdes celulares vitais, mas devido ao
decréscimo deste fluxo sanguineo, possui sua foaliade prejudicada. A penumbra é uma

regido dindmica e se ndo houver nenhuma intervesgdidgena ou exdégena a fim de atenuar



os efeitos da isquemia, suas células perdem didedie, acarretando a expanséo da regiao do
core. Desta forma, a leséo isquémica progride woatente ao longo de horas ou até mesmo
dias (Lipton 1999; Donnan, Fisher et al. 2008; Bowand De Deyn 2009; Heiss 2010).
Tendo como alvo a regido da penumbra, é possitegline buscar alternativas, como novas
drogas, e também estudar mecanismos de acao catuito ide proteger o tecido cerebral
apos a isquemia.

Atualmente, o Unico procedimento terapéutico comefieio comprovado na clinica
da doenca € a administracdo via endovenosa dalatid plasminogénio tecidual. Por ter
uma acao trombolitica, este medicamento é indisadwente em casos de AVE isquémico e
sua janela terapéutica é de até 4,5 h apés o eveqié@mico. Também como medida
paliativa, € utilizada a cirurgia descompressiva aguns casos de edema cerebral (Go,
Mozaffarian et al. 2014). Neste sentido, novasaesgias terapéuticas e farmacoldgicas
juntamente com estudos que desvendem o0s eventesutawkes associados a morte celular
causada pela hipdéxia-isquemia, sdo necessarioematita de melhorar a eficacia de
procedimentos, aumentar o tempo da janela terapéué reduzir os efeitos adversos

ocasionados pela isquemia.

1.1.2. Isquemia Cerebral Global

A isquemia global diferentemente da isquemia faté@b, possui duas regides distintas,
porque o fluxo sanguineo é interrompido de formalge abrupta, afetando o SNC como um
todo (Lipton 1999; Zemke, Smith et al. 2004). Auemia cerebral global é secundaria a
outras condic¢des clinicas, como a parada cardiacagias de grande porte que blogueiam a
circulacdo sanguinea, asfixia e choques hemormgixovenientes de traumas (Salazar,
Wityk et al. 2001; Nussmeier 2002; Allen and Buakp2012). Além de prejuizo aos outros

orgaos devido a hipoperfusdo sistémica, as sequeamldgicas da lesdo cerebral séo



variadas e constituem um amplo espectro que icolitia, convulsées e disfuncéo cognitiva
(Murkin 1999). Na isquemia global, a interrupcao ftloko sanguineo leva a uma falha
energética no metabolismo e a um desequilibric@do SNC que, se nado for revertida, leva
a morte celular. O neurdnio € a célula que maisesodm a falha energética na isquemia
global, sendo que no SNC existem regi6es mais\a@asao dano, como por exemplo, 0s
neurénios piramidais de da regido CAl do hipocampaydnios do cértex e estriado, além
de células de Purkinje do cerebelo. Essa sensifigice variada e depende da duracdo e da

gravidade da isquemia (Lipton 1999).

1.2. Mecanismos envolvidos na isquemia cerebral

A lesdo isquémica leva a uma série de eventos exople interligados, os quais sao
denominados de “cascata isquémica’. A cascata nsigaéé uma sequéncia complexa de
eventos patofisiologicos espaciais e temporais, ajuesentam importantes interrelacoes,
perdurando por horas ou dias (Durukan and Tatlig2087; Brouns and De Deyn 2009).

O SNC possui um elevado consumo de oxigénio e lidesg e depende quase
exclusivamente de fosforilacdo oxidativa, formanadenosina trifosfato (ATP) para a
utilizacdo de energia. A hipoperfusdo ocasionamlingéo do aporte de oxigénio (hipdxia) e
glicose durante a isquemia, leva a uma falha nankigética cerebral e um desequilibrio
ibnico (Hertz 2008; Brouns and De Deyn 2009). Aafale glicose e oxigénio resulta no
acumulo de lactato formado através da glicOliseedimca, o que causa uma acidose
metabdlica, levando a possiveis danos secundatigsori 1999; Hertz 2008). Essa
deficiéncia energética provoca a inibicdo da enAitaak*-ATPase, causando grande perda
dos gradientes ibnicos, pois ha a elevacdo dossnasdracelulares de potassio ‘JKe
intracelulares de sédio (Kacalcio (C&") e cloreto (C), conduzindo assim ao edema celular

(Phan, Wright et al. 2002; Hertz 2008), alterac&gdtencial de membrana e a consequente



despolarizacdo dos neurdnios e também de célu&as. g\ despolarizacdo neuronal ocasiona
a liberacdo de grande quantidade de neurotransmess@@rouns and De Deyn 2009).

A despolarizacdo neuronal acarreta o aumento deraffio de neurotransmissores,
principalmente, o aminoacido excitatorio glutam@@toi and Rothman 1990; Fei, Zhang et
al. 2007). O glutamato é o principal neurotransarigxcitatério no sistema nervoso central e
esta envolvido em varias funcdes do cérebro, tammoca aprendizagem e a memoaria
(Segovia, Porras et al. 2001; Izquierdo, Bevilagtial. 2006; Stevens 2008). Contudo, o
acumulo excessivo de glutamato extracelular levaoate neuronal e estd envolvida na
patofisiologia de danos cerebrais isquémicos (Damuknd Tatlisumak 2007; Brouns and De
Deyn 2009).

Como o glutamato ndo € metabolizado no ambient@@iular, a manutencdo da
neurotransmissdo glutamatérgica normal ocorre pelsenca de transportadores de
aminoacidos excitatorios (EAAT), tanto nas célufgisis, como nos neurdnios (Danbolt
2001). Cinco isoformas de transportadores de ghtarjg foram identificados: EAATL,
também chamado de transportador de glutamato etaspéGLAST); EAAT2, chamado de
transportador de glutamato-1 (GLT1) - ambos enedos principalmente em astrdcitos;
EAAT3, conhecido também como carreados de amino&iditatorio-1 (EAACL); EAATA4,
principalmente encontrado nos neurdnios; e o EAQD&NDbolt 2001; Had-Aissouni 2012).
Vérios estudos tém demonstrado que os transpoemddl Tl e GLAST desempenham um
papel importante na manutencao fisiologica dosisige glutamato extracelular, consistindo
em elemento crucial na protecdo de neurdnios ce@ntracitotoxicidade (Rothstein, Dykes-
Hoberg et al. 1996). Com a falha energética e eglgkbrio ibnico causados pela isquemia, a
captacdo de glutamato é prejudicada, podendo gmasm um fluxo reverso, chamado de
transporte reverso, que causo um aumento ainda ameistuado dos niveis de glutamato

extracelular (Malarkey and Parpura 2008). Os niwsisessivos de glutamato na fenda



sinaptica, causados tanto pela despolarizacdo meugoanto pela falha na captacdo desse
glutamato, conduz a hiperativacdo dos receptoresgldeamato, principalmente dos
receptores ionotrépicos NMDA e AMPA (Romera, Hudaat al. 2004). Essa hiperativacéo
leva a um aumento do influxo de & N4, acarretando a ativacéo de diversas vias de
sinalizacdo, de genes associados a morte celwdan, dbmo uma excessiva producao de
radicais livres (Durukan and Tatlisumak 2007; Band De Deyn 2009; Zadori, Klivenyi et
al. 2012).

O SNC possui um sistema de defesa antioxidant@zeficomposto por enzimas
antioxidantes, incluindo superoxido dismutase (S@Bdalase (CAT) e glutationa peroxidase
(GPx). Estas enzimas em conjunto com antioxidamdiesenzimaticos, como, por exemplo, a
glutationa reduzida (GSH) e a vitamina C e vitanti)aao responsaveis pela inativacao de
radicais livres, evitando assim o dano oxidativ@yl€ and Puttfarcken 1993; Crack and
Taylor 2005). Durante um evento isquémico o excelesproducdo de espécies reativas de
oxigénio (ERO) e espécies reativas de nitrogénRNEcausa uma ineficiéncia enzimatica e
um esgotamento de moléculas que agem na remoc&adioais livres (Brown 2010; Chen,
Yoshioka et al. 2011; May 2012). Esse desequilibdidosistema antioxidante desencadeia
diversos eventos celulares e moleculares, incluiadoxidacao/nitrosylation/nitracdo de
proteinas, peroxidacdo lipidica e dano ao DNA, Itasdo em danos as macromoléculas e
consequente ativacdo de mecanismos de sinalizagéidegam a morte celular (Nanetti,
Raffaelli et al. 2011; Olmez and Ozyurt 2012).

A resposta inflamatéria também esta relacionada adesao isquémica. A isquemia
ativa moléculas de sinalizacdo (citocinas, quinmas), moléculas de adesdo e moléculas de
reguladores da transcricdo, amplificando o sindll@e que desencadeia um maior dano
celular e também o rompimento da barreira hemateféhtica, o que contribui para a

progressao do dano (Kaushal and Schlichter 2008jompimento da barreira hemato-



encefalica conduz a infiltracdo de células inflagnias periféricas no SNC como

granuldcitos, polimorfonucleares e mondcitos/magés na regido isquémica cerebral
(ladecola and Anrather 2011). A resposta inflamatfrente a isquemia também causa a
ativacao de astrocitos e de células microgliaidedala and Anrather 2011). Em funcdo de
todas essas modificacdes e da ativacdo de enzimeaganificam a estrutura das membranas
celulares, ocorre um desbalanco na homeostaseairceluinalmente, morte neuronal (Figura
1) (Lipton 1999; Brouns and De Deyn 2009; Lakham¢tkgessner et al. 2009; Wu and Grotta

2013).

=

Allvagao de astrocios e de células microgiials Infitragdo leucocitaria

Figura 1. Mecanismos envolvidos na isquemia celefdadificado de Wu and

Grotta, 2013).
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1.3. Modelos Experimentais de Isquemia Cerebral

Muitos modelos experimentais tém sido desenvolvipasa mimetizar a isquemia
cerebral que ocorre em humanos, e servem como emaarienta indispensavel no campo de
pesquisa dessa doenca. Estes modelos incluem emggudocal, a hipOxia-isquemia e a
isquemia global (Taoufik and Probert 2008). Nes&sel vamos abordar os modelos de

isquemia focal e isquemia global.

1.3.1. Modelos experimentais de isquemia cereboakl

Atualmente existem diversos modelos animais que etwam o AVE e suas
utilizacdes sdo determinadas pelo objetivo experial@ue se necessita alcancar. (Howells,
Porritt et al. 2010). O primeiro grupo de métodmrdados sdo os que necessitam de
craniotomia, permitindo o acesso direto as artécergbrais, principalmente ramificaces
distais dos vasos da ACM, principal artéria acod@etiurante a isquemia nos seres humanos.
Estas técnicas podem envolver o ligamento (Crowdkcoux et al. 1981), o corte (Tamura,
Graham et al. 1981), a formacdo de trombos (Mafkgkaaydieh et al. 1993),
eletrocoagulacdo (O'Brien and Waltz 1973) ou aiadgermocoagulacdo do vaso (Szele,
Alexander et al. 1995). Embora a oclusdo do vagm geralmente permanente, ligaduras
podem ser liberadas permitindo uma ocluséo tramesitéxistem técnicas que utilizam drogas
vasoconstritoras como a endotelina, que tem uma #g&l constritora, levando a um
bloqueio do fluxo sanguineo de forma transitériagr(ati, Zoli et al. 1991). Embora esta
técnica também exija a craniotomia, a aberturardoic € pequena e a utilizagdo de uma
canula permite a analise de uma regido especifijpade ser utilizada sem a presenca de
anestesia.

O segundo grupo de métodos abordados sdo os queodssitam de craniotomia. O

mais comumente usado é a oclusdo da ACM por fiecudara. Esses modelos tém sido
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amplamente utilizados pela sua relevancia, poisetimam condicdes clinicas do AVE. Um
grande namero de modelos de oclusdo da ACM vemosetilizado tanto de natureza
permanente, quanto transitéria (Howells, Porrittabt2010). Embora este método tenha
muitas variantes, notadamente no que diz respeitinatrucédo da linha de oclusdo e fecho
para manipulacdo do fluxo de sangue colateralcridg basica descrita originalmente por
Koizumi et al (1986) e modificado por Longa et 8§9) envolve a introducdo de um fio de
sutura no interior da artéria cardtida interna (A€{tracraniana, avancando até a sua ponta,
que tapa a origem da MCA.

O modelo escolhido nessa tese foi 0 de isquemgbrarfocal permanente induzida
por termocoagulacdo. Na técnica em questdo, haessidade de uma craniotomia na regiao
sensorial e motora do cortex. Nesta regido espaddi, ha a aproximacao de uma sonda, cujo
calor, gerado na regido proxima dos vasos da pwuylta numa coagulacdo dos vasos e
consequentemente uma inducéo isquémica (Szeleardex et al. 1995). Esta técnica € de
facil desenvolvimento, possuindo uma lesdo meneramaioria das outras técnicas, e uma
menor variabilidade, permitindo-nos utilizar um memumero de animais e realizar uma

andlise mais precisa na avaliacdo de eventuaisisiroguroprotetoras.

1.3.2. Modelos experimentais de isquemia cerebtabgl

A isquemia cerebral global é definida como uma duigdo do fluxo sanguineo
cerebral a um patamar critico que propaga o dama fIdo o cérebro. Os modelos
experimentais que mimetizam a isquemia global sfooduzidos através de técnicas que
ocluem o0s principais vasos que irrigam o cérebandfaas e vertebrais), por modelos que
induzem a parada cardiaca, bem como por modelosngquetizem o choque hemorragico
(Lipton 1999; Nussmeier 2002; Yu, Ono et al. 20B2jkan, Eser et al. 2006; Allen and

Buckberg 2012).
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Existem diversas variacdes nos modelos de isqueenebral por oclusdo dos vasos,
mas as duas mais utilizadas sédo a oclusdo dosoquesos (4-VO), onde é realizada uma
eletrocoagulacdo das artérias vertebrais, com whigao transitoria das artérias carétidas 24
h mais tarde (Pulsinelli and Brierley 1979). A téenque oclui as duas artérias caroétidas é
realizada juntamente com uma hipoperfuséo sistéroaca uma pressao arterial média de 50
mmHg (Smith, Bendek et al. 1984).

Em modelos de choque hemorragico, o sangue édetita forma constante até que a
pressdo arterial média seja reduzida a uma pres$ica (menor que 40 mmHg). Essa
hipoperfusdo € mantida por um periodo prolongade, mprmalmente € maior que 60 min.
Apés esse periodo inicia-se a reposicdo volémice jpode ser através de transfusdo
sanguinea ou ainda por solucdes coloidais. Na igmsolémica, a infusdo da solucéo
normalmente € 3 vezes maior que o volume sanguétgado. Essa solucéo é infundida de
forma continua até que a pressao se estabilizecaradicdes basais observadas antes do

choque hemorragico (David, Spann et al. 2013; Fulapoczi et al. 2013).

1.4. Sistema purinérgico

As purinas podem ser classificadas em derivadosddmina (ATP, ADP, AMP,
adenosina) e derivados da guanina (GTP, GDP, GM#&hagina). Ainda compdem o sistema
purinérgico o nucleotideo IMP, o nucleosideo inasas bases purinicas adenina e guanina e
0s seus metabdlitos diretos: hipoxantina, xantidei@o Urico (Schmidt, Lara et al. 2007).

No SNC, as purinas estdo envolvidas em importavites de sinalizacéo celular e
exercem seus efeitos através de diferentes meaasi@Burnstock 2006). As purinas agem
como importantes moduladoras da atividade sindptmaSNC, interagindo com varios
sistemas, como glutamatérgico, dopaminérgico, aeirdrgico e colinérgico (Brundege and

Dunwiddie 1997; Burnstock 2007). As purinas tambpassuem efeitos neuroprotetores
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(Pettifer, Kleywegt et al. 2004; Pettifer, Jiangadt 2007; Petronilho, Perico et al. 2012),
anticonvulsivantes (Schmidt 2010; Ganzella, Farical. 2011) e também antinociceptivos
(Schmidt, Bohmer et al. 2010; Schmidt, Bohmer e810). Os derivados da guanina tém
sido tradicionalmente estudados como moduladoresraleessos intracelulares. Entretanto,
mais recentemente, os derivados da guanina, painogmte o nucleotideo GMP e o
nucleosideo guanosina, tém demonstrado diversatsefbioldgicos extracelulares nao
relacionados a proteinas G, como efeitos tréficoscélulas neurais (Ciccarelli, Ballerini et
al. 2001), modulador negativo do sistema glutargaté(Baron, Dudley et al. 1989; Malcon,
Achaval et al. 1997; Burgos, Barat et al. 1998; ieeg Ramirez et al. 1998) e efeitos

comportamentais (Schmidt, Lara et al. 2007).

1.4.1. Guanosina

O nucleosideo guanosina tem ganhado atencdo dogligsdores devido ao seu
potencial efeito neuroprotetor em modelos expertengerde doengas cerebrais relacionadas
com a excitotoxicidade glutamatérgica (Vinade, Sdhrat al. 2005; Schmidt, Lara et al.
2007; Moretto, Boff et al. 2009; Schmidt 2010; [@am, Martins et al. 2011), incluindo
modelos animais de isquemia cerelmavivo (Chang, Algird et al. 2008; Rathbone, Saleh et
al. 2011; Connell, Di lorio et al. 2013).

A guanosina no meio extracelular exerce uma sé&iefditos tréficos nas células,
estimulando a proliferacao celular em cultura dalag e aumentando a liberacdo de fatores
troficos tais como o fator de crescimento nucl®BK) e o fator neurotréfico derivado do
encéfalo (BDNF) (Ciccarelli, Di lorio et al. 200@iuliani, Romano et al. 2012). Em
condi¢des excitotdxicas, a guanosina parece estahéda no antagonismo da toxicidade do

sistema glutamatérgico, principalmente modulandapacéo de glutamato (Schmidt, Lara et
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al. 2007; Thomazi, Boff et al. 2008; Schmidt, Pagtial. 2010; Quincozes-Santos, Bobermin
et al. 2013).

O primeiro trabalho que evidenciou uma relacdo ungsina apos a inducao de um
modelo de isquemia cerebral focal foi realizadoano de 1991. Neste trabalho o aumento
endogeno de guanosina ocorreu apés 2 h da indsgéémica e manteve-se elevada por 7
dias (Uemura, Miller et al. 1991). Esta constatatfimu a investigacdes dos efeitos da
administracdo exdgena da guanosina em modelosniscpe tantan vitro comoin vivo. Os
modelosin vitro de privacdo de oxigénio e glicose (POG) mostragam® a guanosina é
neuroprotetora, aumentando a captacdo de glutamatgulando as vias de sinalizacao
inflamatorias (Oleskovicz, Martins et al. 2008; fexi, Boff et al. 2008; Dal-Cim, Martins
et al. 2011; Dal-Cim, Ludka et al. 2013). Em modedie hipdxia-isquemia, a guanosina foi
capaz de aumentar a captacdo de glutamato em meptoisex vivo(Moretto, Arteni et al.
2005; Moretto, Boff et al. 2009). Em modelws vivo, a guanosina foi neuroprotetora na
isquemia cerebral focal permanente e também tdaissitreduzindo o tamanho da leséo
ocasionada pela isquemia e também melhorando oartempento motor dos animais (Chang,
Algird et al. 2008; Rathbone, Saleh et al. 2011ni&dl, Di lorio et al. 2013).

Além disso, a guanosina apresenta atividade pratetontra do dano oxidativo ao
DNA (Gudkov, Shtarkman et al. 2006; Gudkov, Shtaaknet al. 2006; Gudkov, Shtarkman
et al. 2007), e modula o stress oxidativo e nitresa@m modelos neurotoxicos (Roos, Puntel
et al. 2009; Albrecht, Henke et al. 2013). Estudpsntam que o efeito neuroprotetor da
guanosina € através de uma rota de sinalizacaondepe de proteinas G envolvendo
nucleotideos ciclicos e as rotas da p38 MAPK el8&/Rkt/PKB (Schmidt, Lara et al. 2007;

Dal-Cim, Martins et al. 2011; Dal-Cim, Ludka et 2013).
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1.4.2 Inosina

O nucleosideo inosina € uma molécula pertencengéstema purinérgico, formada a
partir da desaminacéao da adenosina ou tambémeigkda de um fosfato inorganico do IMP
pela 5’nucleotidase (Schmidt, Lara et al. 2007)i Eadenciado que ha um aumento
sistémico da inosina quando ocorre um estressebdieta (Hasko, Kuhel et al. 2000;
Liaudet, Mabley et al. 2001) e que a infusdo irdredsa de inosina € capaz de melhorar
parametros hemodinamicos e de sobrevida em modelosais de choque hipovolémico e
toxico, estimulando a bomba Na/K ATPase e contdwams niveis plasmaticos de
K*(Darlington and Gann 2005; Darlington and Gann 2085inosina é reconhecida como
uma importante molécula endégena capaz de prexdesdo de tecidos isquémicos, e 0s seus
efeitos sdo, em parte, mediados pela inibicdo tiEcioas inflamatérias e producdo de
radicais livres, aumentando a sobrevida em modafomais e diminuindo o dano em
diversos 6rgéos (Cain, Harken et al. 1999; HaskdyeKet al. 2000; Liaudet, Mabley et al.
2001).

Comparado com a guanosina, a inosina possui paradzhos na literatura cientifica
referentes ao seu potencial efeito neuroprotetolSNE. Dentre os estudos realizados, a
inosina ou o seu andlogo inosina 5 trifosfato rédin respostas mediadas por receptores de
glutamato em sinapses na regido CAl hipocampal €kjaSchaffhauser et al. 1998) ou a
neurotoxicidade mediada por NMDA em neurdnios hepagais em cultura (Ortinau, Laube
et al. 2003). A inosina encontra-se aumentada qoidid cefalorraquidiano (LCR) em
modelos de convulsdo induzidos por PTZ (Oses, Lekeal. 2004) e possui acgéo
neuroprotetora em modelos de convulsdo induzidaagdo quinolinico (Ganzella, Faraco et
al. 2011). A inosina também se mostrou envolvidammeranismo de transmissdo de dor

(Schmidt, Bohmer et al. 2010).

16



Estudos envolvendo modelos isquémicos reportaram guinosina reduziu a
toxicidade causada pela POG em culturas de astsdad ratos (Haun, Segeleon et al. 1996),
e preservou a viabilidade celular durante hipdxignica induzida por rotenona em cultura de
células de medula (Litsky, Hohl et al. 1999). Oitefgrotetor da inosina também ja foi
demonstradan vivo. A oclusdo da ACM levou a liberacdo de inosinaea metabolito
hipoxantina do cortex isquémico em modelos animai&\VE(Matsumoto, Graf et al. 1993).
A inosina também foi capaz de estimular o crescimesxonal melhorando o perfil

comportamental em animais que sofreram isquemiar{G&oldberg et al. 2002).

2. Objetivos
2.1. Objetivo geral

O objetivo geral deste trabalho € investigar otefeeuroprotetor da guanosina e da
inosina em modelos de isquemia cerebral. Paradoseeo deste estudo é explorar parametros
bioguimicos relacionados a excitotoxicidade glut#mgca, alteracdo do sistema antioxidante
e inflamatério celular, bem como avaliar dano e#iteracdes celulares em neurénios,

astrécitos e microglia.

2.2. Objetivos especificos
2.2.1. Investigar os efeitos neuroprotetores da guanosinaum modeldn vivo de lesdo
iIsquémica, utilizando o modelo de isquemia cerelfogial permanente induzido por
termocoagulacao em ratos.

« Verificar a curva dose-resposta da guanosina ida lisguémica.

* Verificar a efetividade da neuroprotecdo causadia guanosina.

« Avaliar se a guanosina consegue reverter a lesasiamada pela isquemia, e se

protege contra a morte neuronal.
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Avaliar se a neuroprotecao da guanosina esta oelada com a modulacdo do sistema
glutamatérgico.

Avaliar se a neuroprotecdo da guanosina esta oelda com a modulacdo do

ambiente redox, alterando parametros envolvidassiresse oxidativo.

Avaliar a modulacédo de fatores inflamatérios, atsada analise de citocinas pro e

antiinflamatérias e também a analise morfoldégicandaoglia.

2.2.1. Investigar os efeitos da administracdo endoverd®ssguanosina e inosina como

reposicao volémica sobre parametros bioquimicosnaaeloin vivo de choque hemorragico

eém porcos.

Avaliar se a guanosina e a inosina alteram parasetistémicos fisioldgicos e
sanguineos durante e apos a inducédo do choque tagaor
Investigar sinais de toxicidade sistémicas da gsiaae da inosina.

Investigar os efeitos da guanosina e da inosineesolviabilidade celular e funcional

do tecido nervoso.
Investigar alteragdes no metabolismo energétioebcal no LCR.

Avaliar a modulacao de fatores inflamatorios no LCR
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Abstract

Background and Purpose: Stroke is a devastating disease. Both excitotoxicity and oxidative stress play important roles in
ischemic brain injury, along with harmful impacts on ischemic cerebral tissue. As guanosine plays an important
neuroprotective role in the central nervous system, the purpose of this study was to evaluate the neuroprotective effects of
guanosine and putative cerebral events following the onset of permanent focal cerebral ischemia.

Methods: Permanent focal cerebral ischemia was induced in rats by thermocoagulation. Guanosine was administered
immediately, 1 h, 3 h and 6 h after surgery. Behavioral performance was evaluated by cylinder testing for a period of 15
days after surgery. Brain oxidative stress parameters, including levels of ROS/RNS, lipid peroxidation, antioxidant non-
enzymatic levels (GSH, vitamin C) and enzymatic parameters (SOD expression and activity and CAT activity), as well as
glutamatergic parameters (EAAC1, GLAST and GLT1, glutamine synthetase) were analyzed.

Results: After 24 h, ischemic injury resulted in impaired function of the forelimb, caused brain infarct and increased lipid
peroxidation. Treatment with guanosine restored these parameters. Oxidative stress markers were affected by ischemic
insult, demonstrated by increased ROS/RNS levels, increased SOD expression with reduced SOD activity and decreased non-
enzymatic (GSH and vitamin C) antioxidant defenses. Guanosine prevented increased ROS/RNS levels, decreased SOD
activity, further increased SOD expression, increased CAT activity and restored vitamin C levels. Ischemia also affected
glutamatergic parameters, illustrated by increased EAACT levels and decreased GLT1 levels; guanosine reversed the
decreased GLT1 levels and did not affect the EAACT levels.

Conclusion: The effects of brain ischemia were strongly attenuated by guanosine administration. The cellular mechanisms
involved in redox and glutamatergic homeostasis, which were both affected by the ischemic insult, were also modulated by
guanosine. These observations reveal that guanosine may represent a potential therapeutic agent in cerebral ischemia by
preventing oxidative stress and excitotoxicity.
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Introduction Both excitotoxicity and oxidative damage are ischemic events
related to cerebral energy failure [1,2,4]. Due to energy depletion,
excitatory amino acid transporters (EAATs), EAAT1/glutamate-
aspartate transporter (GLAST) and EAAT2/glutamate transport-
er-1 (GLT1) in astrocytes and EAAT3/excitatory amino acid
carrier 1 (EAACI) in neurons [7,8], responsible for glutamate
uptake, are adversely affected, enabling high intracellular concen-
trations of glutamate to drive the transporters into reverse,
releasing toxic amounts of the neurotransmitter into the synapse
[7,9]. The excessive glutamate levels in the synaptic cleft leads to
overstimulation of glutamate receptors. This overstimulation

Ischemic stroke is the second most common cause of death and
the major cause of disability worldwide [1-5]. According to the
American Heart Association, someone has a stroke every 40
seconds, and stroke accounts for one of every 18 deaths in the
United States [6]. The sudden reduction in blood flow leads to
decreased oxygen and glucose supplies to the ischemic brain area,
resulting in a failure of cellular bioenergetics. This condition
triggers a series of events known as the ischemic cascade, during
which the degree of damage is dependent on the affected area and
length of blood flow blockage. Disruption of brain metabolism is
clearly a key clement in stroke, resulting in cellular damage and
impairment of neurological functions [1,2,4,5].

initiates several molecular events that trigger a massive generation
of free radical species and extensive cellular damage [1,2,4,10].
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Thus, the brain parenchyma undergoes dramatic changes in
oxygen homeostasis, generating more free radical species that play
important roles in ischemia and reperfusion injury [2,4,5,11-13].
The central nervous system (CNS) has an efficient antioxidant
defense system, including superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx), as well as scavenger
molecules such as glutathione (GSH) and vitamin C. Despite the
effectiveness of this system, the endogenous antioxidant capacity
can be overwhelmed during cerebral ischemia, resulting in
overproduction of free radicals including reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which have direct
negative impacts on ischemic cerebral tissue [5,11,13,14]. ROS/
RNS trigger many cellular and molecular events, including protein
oxidation/nitrosylation/nitration, lipid peroxidation and DNA
damage, resulting in damage to macromolecules and consequent
activation of signaling mechanisms that lead to cell death
[2,4,5,11,18]. Thus, molecules with antioxidant activities are
anticipated to have beneficial effects on brain ischemia.

It has been demonstrated that guanosine (GUO), a guanine-
based purine, plays important roles in the CNS [15-23].
Endogenous GUO levels increase after 2 h of focal stroke and
remain higher for 7 days [24]. This finding led to the investigation
of the effects of exogenously administered GUO on stroke models.
The data from in vitro models suggests that GUO protects against
oxygen and glucose deprivation (OGD) [25-29], increases
glutamate uptake in hypoxia-ischemia models [30,31], and is
neuroprotective against permanent and transient ischemic stroke
[25,32,33]. In addition, GUO demonstrates antioxidant activity,
protecting DNA from oxidative damage [34,35], and modulates
oxidative and nitrosative stress in neurotoxic models [36,37].
Studies are pointing that GUO may exert its effects through
modulation of mitogen-activated protein kinases (MAPKs) and
phosphoinositide 3-kinase (PI3K) signaling pathways [27-29],
however, the mechanisms of the protective effects of GUO are not
fully understood vyet.

As previous experimental studies have demonstrated that GUO
acts as a neuroprotective agent against stroke and is able to
modulate oxidative response and glutamatergic parameters
[33,35,36], the objectives of this study are to investigate the
potential neuroprotective role of GUO using a model of
permanent focal cerebral ischemia. For that, the focus of this
study is directed to explore the neural intracellular biochemical
parameters as well as underlying neuroprotective mechanisms.

Materials and Methods

Animals

Adult male Wistar rats (90-100 days old, weighing 300-350 g)
were maintained under controlled light and environmental
conditions (12 h light/12 h dark cycle at a temperature of
22%2°C) with water and commercial food ad libium. All
experimental procedures were performed according to the NIH
Guide for Care and Use of Laboratory Animals and the Brazilian
Society for Neuroscience and Behavior (SBNeC) recommenda-
tions for Animal Care and were approved by the ethical
committee from Federal University of Rio Grande do Sul (Process
number: 19283). All efforts were made to minimize the number of
animals used and to prevent suffering.

Induction of Permanent Focal Ischemia

Ischemic lesion was induced by thermocoagulation of the blood
in the pial vessels of the motor and sensorimotor cortices [38].
Briefly, the animals were anesthetized with ketamine hydrochlo-
ride (70 mg/kg, i.p.) and xylazine hydrochloride (10 mg/kg, i.p.)
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and placed in a stereotaxic apparatus. The skull was surgically
exposed and a craniotomy was performed, exposing the left
frontoparietal cortex (+2 to =6 mm A.P. and —2 to =4 mm M.L.
from bregma), the motor and sensorimotor cortex regions [39].
Blood in the pial vessels was thermocoagulated transdurally by
approximation of a hot probe to the Dura mater. The color of the
blood vessels is normally light red, and the development of a dark
red color was an indicator of complete thermocoagulation. After
the procedure, the skin was sutured and body temperature was
maintained at 37°C using a heating pad until recovery from the
anesthesia.

Drug Treatment

The animals were divided into four groups: Sham Saline (SS),
Sham GUO (SG), Ischemia Saline (IS) and Ischemia GUO (IG).
GUO (60 mg/Kg in NaCl 0.9%) was purchased from Sigma (St.
Louis, MO, USA). The GUO dose was chosen based on a dose-
response curve test of the beneficial effect of GUO administration,
as evaluated by the spontancous exploratory behavior of rodents
(cylinder test) for 15 days. First, a study was conducted with a
GUO pretreatment 30 min before inducton of ischemia, along
with administration of GUO at 1 h, 3 h and 6 h after induction of
ischemia (Figure 1A). After this initial dose-range finding
experiment, a dose-response curve for GUO was obtained, but
instead of pretreatment with GUO, GUO was administered
immediately after induction of ischemia. Thus, all groups received
a 1 mL/kg intraperitoneal (i.p.) administration (saline or GUO)
immediately, 1 h, 3 h and 6 h after surgery (Figure 1B). Basced
upon these results, it was administrated GUO (60 mg/kg ip.)
immediately, 1 h, 3 h and 6 h after surgery.

Cylinder Test

This test evaluates the spontaneous exploratory behavior of
rodents [40,41]. The cylinder test reveals forelimb preference
when the animal rears to explore its environment by making
forelimb contact with the cylinder walls. Animals were subjected to
one trial on the pre-ischemic day. To prevent habituation to the
cylinder, the number of movements recorded was limited to 20.
The occurrences of sole use of the ipsilateral (to the lesion) or
contralateral forelimb, or the simultaneous use of both forelimbs,
were counted. The asymmetry score for each animal was
calculated each day by the formula previously described [42].
For the dose-response curve experiments with GUO administra-
tion, animals were tested on 1, 3, 7 and 15 days post-ischemic
injury. For all other experiments, the animals were tested 24 h
alter ischemia, before the biochemical experiments.

Measurement of Infarct Volume

Twenty-four hours after surgery, animals were sacrificed, and
the brains were rapidly removed from the skull and sectioned in
the coronal plane at 2 mm of thickness, using a rat brain matrix
(Insight LTDA, Ribeirao Preto, SP, Brazil). The slices were
immersed for 30 min into 2% of 2,3,5-triphenyltetrazolium
chloride (T'TC) (Sigma, USA) solution at 37°C, followed by
overnight fixation in 4% paraformaldehyde (Sigma, USA). The
infarct volume was calculated by the formula: Infarct volume =
[measured infarct area X slice thickness (2 mm)]+[area of contralateral
corresponding structure X slice thickness]—[area of ipsilateral corresponding
structure X slice thickness] [43,44]. The brain slices were analyzed by
Image J software (NTH, USA). The results are expressed as mm”.
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Figure 1. GUO dose-response curve. The beneficial effects of GUO were evaluated by a cylinder test. (A) Cylinder Test on 0, 1, 3, 7 and 15 days
post-ischemia. GUO i.p. administration was performed 4 times (30 min before ischemia and 1 h, 3 h and 6 h after ischemia). *represents £<0.001
when comparing ischemia saline vs. sham saline and *represents P<0.001 when comparing ischemia saline vs. ischemia GUO 30 mg/Kg. n=9-10 per
group. (B) Cylinder Test on 0, 1, 3, 7 and 15 days post-ischemia. GUO i.p. administration was performed 4 times (immediately, 1 h, 3 h and 6 h after
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doi:10.1371/journal.pone.0090693.9001

Tissue Processing

All neurochemical parameters were evaluated 24 h after the
ischemic insult. The animals were decapitated under deep
anesthesia, and the brains were removed from the skull and
maintained at 4°C. In ischemic animals, the cortical tissue
surrounding the ischemic lesion, located between the lesion and
the cerebral longitudinal fissure (a piece measuring approximately
8 mmx2 mm), was dissected. This region was chosen because
previous studies using this model pointed that it has characteristics
similar to the penumbra. In sham animals, the same region was
dissected [42] (Figure 2).

For measurement of intracellular ROS levels, cortical slices
(300 um) were immediately incubated, and the experiment
specimens were processed. For glutamine synthetase activity, the
tissue was homogenized in a 150 mM KCI solution. For other
oxidative stress assays, the tissue was homogenized n 20 mM
sodium phosphate buffer, pH 7.4, containing 140 mM KCL. For
Western Blot analysis, the tissue was homogenized using lysis
solution [4% SDS, 2 mM EDTA, 50 mM Tris-HCI, pH 6.8],
containing a protease and phosphatase inhibitors cocktail, and
normalized with sample buffer [62.5 mM Tris-HCI, pH 6.8, 2%
(w/v) SDS, 5% B-mercaptoethanol, 10% (v/v) glycerol, 0.002%
(w/v) bromophenol blue|. All homogenates were frozen (at —
80°C) until the biochemical measurements were conducted.

Thiobarbituric Acid-reactive Substances (TBARS)
Measurement

Lipid peroxidation can be evaluated by the TBARS assay [37],
which evaluates the lipid damage via assay-based detection of
malondialdehyde, the last product of lipid breakdown caused by
oxidative stress. Briefly, homogenates (10 pL) were added to
20 pLL of cold 10% trichloroacetic acid and 30 pL of 0.67%
thiobarbituric acid in 7.1% sodium sulfate and boiled for 1 h. The
mixture was cooled in water for 3 min. Afterwards, 40 pL of butyl
alcohol were added, and then these samples were centrifuged at
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5,000 g for 5 min. Pink-colored TBARS was determined in the
resulting supernatants using a spectrophotometric microtiter plate
reader set to read at 532 nm. A calibration curve was performed
using 1,1,3,3-tetramethoxypropane. The data are expressed as
nmol/mg of protein.

Intracellular ROS Levels

DCFH oxidation was used to measure intracellular ROS
production. DCFH-DA (2'-7'-dichlorofluorescein  diacetate) is
hydrolyzed by intracellular ~esterases to  dichlorofluorescin
(DCFH), which is trapped within the cell. This non-fluorescent
molecule is then oxidized to fluorescent dichlorofluorescin (DCF)
by the action of cellular oxidants. Cortical slices were treated with
DCFH-DA (10 pM) for 30 min at 37°C. Following DCFH-DA
exposure, the slices were placed into PBS with 0.2% Triton X-100.
Fluorescence was measured in a plate reader (Spectra Max M5,
Molecular Devices, USA) with excitation at 485 nm and emission
at 520 nm [45]. The ROS production was calculated as
fluorescence units per milligram protein (UF/mg) and then
expressed as a percent of control.

Nitric Oxide (NO) Levels

NO was determined by measurement of nitrite (a stable
oxidation product of NO), based on the Griess reaction [46].
Briefly, homogenates were mixed with 25% trichloroacetic acid
and centrifuged at 1,800 ¢ for 10 min. The supernatant was
immediately neutralized to pH 7.0 with 2 M potassium bicarbon-
ate. NO3 was reduced to NOy by nitrate reductase. Total NOy
was measured by a colorimetric assay at 540 nm. A standard curve
was performed using sodium nitrate (0-80 pM). The results are
expressed as UM of nitrite/mg of protein.

Vitamin C Levels

Ascorbic acid (AscH ™) was used to indicate vitamin C levels.
Homogenates were centrifuged at 10,000 g for 2 min. Aliquots
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Figure 2. Schematic illustration of the ischemic lesion.
lllustrations showing the region of the induced lesion (gray) and the
analyzed region (dark gray) that were dissected for the experiments.
The left frontoparietal cortex (+2 to —6 mm A.P.and —2to —4 mm M.L.
from bregma) was used.

doi:10.1371/journal pone.0090693.9002

(50 pL) of the supernatant samples or AscH ™ standards were
placed in a 96-well plate, and 50 pL of the 4-hydroxy-2,2,6,6-
tetramethylpiperidinyloxy (Tempol) stock solution (2.32 mM
Tempol in acetate buffer) were added, and then these samples
were incubated for 10 min at room temperature. While protecting
the reaction from light, 21 pL of o-phenylenediamine (OPDA)
solution (5.5 mM OPDA in acetate buffer) was added. Tempol
promotes the oxidation of ascorbic acid to dehydroascorbic acid,
which was measured by fluorescence detection (345 nm for
excitation and a 425 nm for emission) in a Spectra Max GEMINI
XPS plate reader (Molecular Devices, USA) [47]. The results were
expressed as UM of AscHi/mg of protein.

GSH Levels

GSH levels were assessed as previously described [48]. Briefly,
homogenates were diluted in 10 volumes of 100 mM sodium
phosphate buffer, pH 8.0, containing 5 mM EDTA, and the
protein was precipitated with 1.7% meta-phosphoric acid. The
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supernatant was mixed with o-phthaldialdehyde (1 mg/mL
methanol) and incubated at room temperature for 15 min.
Fluorescence was measured using excitation and emission
wavelengths of 350 and 420 nm, respectively. A calibration curve
was performed with standard GSH solutions (0-500 uM). The
GSH concentration was calculated as nmol/mg of protein.

SOD Activity

SOD activity was determined using the RANSOD kit from
Randox (Autrim, United Kingdom). This method is based on the
formation of red formazan from the reaction of 2-(4-iodophenyl)-
3-(4-nitrophenol)-5-phenyltetrazolium chloride and the superoxide
radicals produced in the incubation medium from the xanthine
and xanthine oxidase reaction system, which is assayed spectro-
phometrically at 505 nm. Inhibition of the produced chromogen is
proportional to the activity of the SOD. The 50% nhibitory
concentration is defined as one unit of SOD, and the specific
activity is represented as U/mg of protein.

CAT Activity

CAT activity was assayed as previously described [49]. The
absorbance was measured in homogenized tissue by measuring the
absorbance decrease at 240 nm in a reaction medium containing:
20 mM H,0,, 0.1% Triton X-100, 10 mM potassium phosphate
buffer, pH 7.0, and 50 pg protein. One unit (U) of the enzyme is
defined as 1 pmol of HyOy consumed per minute. The results
were expressed in U/mg of protein.

Glutamine Synthetase (GS) Activity

The enzymatic assay was performed as previously described
[50]. Briefly, homogenates (0.1 mL) were added to 0.1 mL of the
reaction mixture containing: 10 mM MgCly, 50 mM L-glutamate,
100 mM imidazole-HCI buffer (pH 7.4), 10 mM 2-mercaptoeth-
anol, 50 mM hydroxylamine-HCI and 10 mM ATP, and incu-
bated for 15 min at 37°C. The reaction was stopped by the
addition of 0.4 mL of a solution containing 370 mM ferric
chloride, 670 mM HCI, and 200 mM trichloroacetic acid.
Samples were centrifuged at 1,000 ¢ for 10 min, and the
absorbance of the supernatant was measured at 530 nm and
compared to absorbance generated by standard quantities of y-
glutamyl-hydroxamate treated with ferric chloride reagent. The
results are expressed as imol/h/mg of protein.

Western Blot Analysis

Samples (20 g protein/well) were subjected to SDS-polyacryl-
amide gel electrophoresis and transferred to a nitrocellulose
membrane. Membranes were processed as follows: (1) blocking
with 5% bovine serum albumin for 2 h; (2) incubation with
primary antibody overnight [ant-SODI, ant-EAACI, anti-
GLAST and ant-GLTT (1:1000) from Alpha Diagnostic (St.
Antonio, TX, USA) and anti-B-actin (1:5000) and anti-B-tubulin
(1:10000) from Santa Cruz Biotechnology (Santa Cruz, CA,
USA)]; (3) incubation with peroxidase conjugated secondary
antibody for 2 h; and, finally, (4) chemiluminescence (ECL kit)
was detected using X-ray films. The films were scanned, and the
bands were quantified using Image J software (NIH, USA). The
results are expressed in percent of control levels.

Protein Assay

Protein content was measured using Pierce BCA protein kit
(Thermo Scientific, USA) with bovine serum albumin as the
standard. The results are expressed as mg of protein.
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Statistical Analysis

The results are presented as the mean = S.E.M. The cylinder
test was analyzed with a repeated-measures analysis of variance
(ANOVA), followed by Tukey’s post-hoc test. Infarct volume was
analyzed using Student’s t-test. Oxidative stress assays and
Western blots were statistically analyzed using two-way analysis
of variance (ANOVA) followed by the Bonferroni’s post-hoc test.
Correlations were analyzed by Pearson’s correlation. Probability
values less than 0.05 were considered statistically significant. All
analyses were performed using the Statistical Package for Social
Sciences (SPSS) software version 15.0.

Results

GUO Treatment Partially Restored Function of the
Impaired Forelimb, Reduced Brain Infarct Volume, and
Prevented Lipid Damage in Brain Tissue

GUO treatment led to a partial recovery in the function of the
impaired forelimb after 24 h of permanent focal cerebral ischemia,
and the effect was maintained up to 15 days post-insult. No
dysfunction of the forelimb was observed in the sham group
(Figure 3A). Brain infarct volume analysis by TTC staining 24 h
after ischemia showed tissue damage in the ischemic animals,
visualized by pale stained-tissue (Figure 3B). GUO treatment
significantly decreased the size of the area of tissue damage
(Figures 3B and 3C). No tissue damage was observed in sham
groups (Figure 3B). There was an increase in lipid damage in the
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ischemic group [ischemic effect: Fj 39 =28.8; P<0.0001], which
was abolished by GUO treatment (Figure 3D).

GUO Treatment Decreased ROS/RNS Levels and
Modulated Important Antioxidant Defenses Following
Permanent Focal Cerebral Ischemia

Twenty-four hours after ischemic insult, ROS [ischemic effect:
Fii39=13.0; P=0.0012] and NO [ischemic effect: F; 39,=8.0;
P=0.008] levels increased in the ischemic group, and these effects
were prevented by GUO treatment (Figures 4A and 4B).

Analysis of the non-enzymatic antioxidant molecules in the
CNS demonstrated that ischemic insult decreased GSH levels
from 290.6%8.5 to 249.4%14.6 nmol/mg of protein [ischemic
effect: Iy 31y=16.1; P=0.0003] and that GUO treatment did not
prevent this effect (Figure 5A). Additionally, vitamin C levels
(Figure 5B) dccreased significantly in the ischemic group
[ischemic effect: Fj 39 =130.0; P<0.0001], and the GUO
treatment partially restored these levels [treatment effect:

Analysis of the antioxidant enzymes in the CNS suggests that
GUO modulated the effects of ischemic injury. There was a large
increase (5-fold) in SOD expression (Figure 5C) measured 24 h
after the ischemic insult [ischemic effect: 154 =144.3; P<
0.0001] when compared to the sham group. Surprisingly, SOD
activity did not demonstrate the same profile (Figure 5D); despite
the presence of increased SOD expression, the SOD enzyme
activity decreased in the ischemic group. GUO treatment
following ischemia increased both SOD expression and activity.

*
20 il
0-
18 [}

Sham

Ischemia

[ saline [ GUO

Figure 3. GUO treatment improved forelimb function and reduced cerebral damage caused by ischemic insult. (A) Cylinder Test 24 h
before and 24 h after ischemia; *represents P<0.001 when comparing ischemia saline (IS) vs. sham saline (SS) and sham GUO (SG); *represents P<
0.001 when comparing ischemia saline (IS) vs. ischemia GUO (IG); n=10-15 per group. (B) Representative coronal brain sections (2 mm thick) stained
with 2% TTC demonstrating infarction. Red-colored regions indicate a non-ischemic area, and pale-colored regions indicate the ischemic area. (C)
Analysis of the cortical infarct volume measured by TTC staining, 24 h after cerebral ischemia; the data are expressed as mm>, *represents P=0.012
with n=8 per group. (D) Lipid peroxidation was measured by the TBARS method 24 h after ischemia. The data are expressed as nmol/mg of protein.

***represents P<0.001 with n=7-11 per group.
doi:10.1371/journal.pone.0090693.g003
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Figure 5. Analysis of non-enzymatic and enzymatic antioxidant defenses 24 h after the ischemia. (A) Effect on GSH levels, measured as
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(C) Effect of SOD expression, measured by western blot. The data were normalized by f-tubulin and are expressed as a percent of control (n- 6-9 per
group). Effect on enzymatic antioxidant activities: (D) SOD activity and (E) CAT activity. The data are expressed as U/mg of protein (n=7-11 per
group). *indicates P<0.05, **indicates P<0.01 and ***indicates P<0.001.

doi:10.1371/journal.pone.0090693.g005
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Although the ischemic insult did not affect CAT activity
(Figure 5E), ischemic animals treated with GUO presented an
increased CA'T activity [treatment effect: F; 55 =13,7; P=0.008].

GUO Modulated Glutamatergic Parameters Affected by
the Ischemic Insult

When measured 24 h after ischemic injury, expression of the
neuronal EAACI transporter (Figure 6A) increased in the
ischemic group [ischemic effect: Fj o6 =13.0; P=0.0013], and
GUO had no effect on this increase. The analysis of glial
glutamatergic transporters GLAST and GLT1 showed a different
profile. The ischemic insult did not affect GLAST expression
(Figure 6B). However, GLT1 expression (Figure 6C) following
the ischemic insult was significantly diminished [ischemic effect:
Fi09=18.0; P=0.0003], and GUO treatment prevented this
effect [treatment effect: I 96 =5.5; P=0.027].

The activity and expression of GS, the enzyme responsible for
conversion of glutamate to glutamine in astrocytes, were evaluated
24 h after ischemia. GS protein expression was similar in all
groups (Figure 7A). Interestingly, ischemic insult did not affect
GS activity [ischemic effect: ¥ 50=3.6; P=0.062], but GUO
treatment of the ischemic group resulted in increased GS activity
(Figure 7B).

Correlation of Oxidative Stress Parameters and the
Declining Function of the Impaired Forelimb

The data analysis was performed to investigate any potential
correlation between the function of the impaired forelimb
(symmetry score) and antioxidant scavenger (vitamin C) levels,
reactive species (intracellular ROS) levels, and/or lipid damage
(lipid peroxidation). There was a strong positive correlation of the
symmetry score with vitamin C levels (Figure 84; R*=0.72, P<
0.0001), and there was a moderate negative correlation of the
symmetry score with ROS levels (Figure 8B; R?=0.31,
P=0.008) and with lipid peroxidation (Figure 8C; R?=0.41,
P<0.0001).

Discussion

Acute ischemic stroke causes sudden impairment of blood
circulation in a brain area, resulting in a failure of bioenergetics
and cellular damage [1,2,4]. Despite considerable advances in the
understanding of the pathophysiology of cercbral ischemia,
therapeutic options for stroke are still limited. Previous studies
have demonstrated beneficial effects of GUO against ischemic
msult. GUO was able to recovery the sensorimotor function and
reduce the cerebral infarct volume in both, permanent and
transient Middle Cerebral Artery Occlusion (MCAO) [25,32,33].
Corroborating with these data, the present study found that GUO
treatment caused a significant recovery in the function of impaired
forelimb, and this effect was maintained up to 15 days post-insult
(last measurement), and also significantly reduced the cerebral
infarct volume. Morcover, GUO treatment significantly abolished
the increase in lipid peroxidation caused by ischemia. Thus, GUO
treatment was able (o restore clinical sensorimotor function,
decreased the associated morphological brain  damage and
abolished the neural cell membrane damage. These results
demonstrate an effective neuroprotective role of GUO against
ischemic insult to the brain.

The mechanisms of neuroprotective strategies against cerebral
ischemia may target biochemical alterations involved in cellular
damage and/or improve hemostatic and vascular systems involved
in collateral blood flow. As the precise GUO neuroprotective
mechanisms are unclear, this study aimed to search for putative
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Figure 6. Analysis of glutamatergic transporters by Western
blot 24 h after ischemic insult. (A) EAACT expression, (B) GLAST
expression and (C) GLT1 expression measured by western blot. The data
are expressed as a percent of control (n=6-9 per group). The same
membranes were blotted against p-tubulin to serve as a loading
control. **indicates P<0.01 and ***indicates P<0.001.
doi:10.1371/journal.pone.0090693.g006

intracellular biochemical parameters in neural cells involved in this
neuroprotection. Here, it was demonstrated for the first time that
GUO treatment modulated important parameters related to both
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Figure 7. Effects of ischemia and GUO treatment on GS
measured 24 h after ischemic insult. (A) GS activity, measured
by colorimetric method that evaluate the enzyme activity metabolizing
glutamate (substrate) into glutamine (product), as described in the
Materials and methods section. The data are expressed as umol/h/mg
of protein (n=11-16 per group). (B) GS expression, measured by
western blot analysis. The data were normalized by f-actin and are
expressed as a percent of control (n=6-9 per group). *indicates P<
0.05.

doi:10.1371/journal.pone.0090693.g007

the oxidative stress response (redox homeostasis system) and the
glutamatergic system after an i vivo ischemic event.

Tree radicals play an essential role in maintaining the
physiological condition of the body. Because the CNS has a high
oxidative metabolism rate, brain cells are especially vulnerable to
free radical damage during ischemia [4,5,11]. Defense against free
radicals is provided by a number of antioxidant enzymes,
including SOD, CAT and GPx. SOD converts Oy~ to HyOy,
whereas CAT and GPx convert HyOy to HyO, thus removing
ROS. These enzymes are coupled with other non-enzymatic
antioxidants, such as GSH and vitamin C, responsible for reducing
both ROS and RNS levels [51-53]. During an ischemic event,
there is a massive production of ROS (generated by the
mitochondrial respiratory chain and NADPH oxidase) and RNS
(generated by the combination of NOS and superoxide, forming
the peroxynitrite) [54,55] that depletes intracellular brain GSH
and vitamin C levels [55-57]. Despite increased expression of
antioxidant enzymes during ischemic injury, there is an impair-
ment of their activities, which implies a severe state of oxidative
stress and enhanced lipid peroxidation rates [11,13]. Here, the
ischemic msult increased SOD expression and decreased SOD
activity; GUO treatment increased SOD expression and com-
pletely reestablished SOD activity. Studies have shown that
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overexpression of SOD in transgenic mice resulted in a reduction
of infarction volume and better neurological outcomes after
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ischemia [51,58,59]. The increased CAT activity in the ischemic
animals treated with GUO could be a beneficial response designed
to remove HyO,. In this context, modulation of the expression and
activity of SOD and the CAT activity by GUO may indicate that
the neuroprotective effects of GUO are associated with attenua-
tion of oxidative stress, consequently decreasing free radical levels
[11,51,59].

Mounting evidence suggests that radical scavengers mediate
protective cffects following cercbral ischemia [60,61]. Studies have
shown vitamin C is neuroprotective during ischemia, decreasing
infarct volume, and this effect is likely related to scavenging for
reactive species [56,61]. In the current study, ischemic insult
decreased the levels of the non-enzymatic scavenger compounds
GSH and vitamin C; although GUO treatment was not able to
reverse the decreased GSH levels, GUO treatment did reverse the
decreased vitamin C levels, increasing the presence of this non-
enzymatic scavenger in the ischemic environment. Therefore, the
neuroprotection of GUO in cerebral ischemia could be related to
its enhancement of endogenous antioxidant capacity and inhibi-
tion of reactive species production, thereby mitigating the brain
damage caused by reactive species production resulting from
ischemia.

Glutamate excitotoxicity has long been recognized to play a key
role in the pathophysiology of cerebral ischemia. Ischemia impairs
glutamate uptake by EAATS, contributing to toxic amounts of the
neurotransmitter into the synapse [7,9]. These events result in
overstimulation of glutamatergic receptors and activation of
intracellular pathways that lead to cell death [1,2,62]. Therefore,
glutamate uptake activity is closely linked to ischemic events.
GLAST and GLT! are primarily expressed by astrocytes, which
also express the enzyme GS to convert glutamate to glutamine,
which is then recycled to glutamate into neurons. The connected
activities of these proteins contribute to maintaining the extracel-
lular glutamate concentration below toxic levels. EAACI, on the
other hand, is predominantly expressed in neurons [7]. The
transport activities of EAAC1, GLAST and GLT are inhibited by
oxidants via a direct action on the transporter proteins, reducing
their activities [10,63]. Herein, ischemic insult decreased GLT1
expression (the major astrocytic EAAT), effect reversed by GUO,
and increased the neuronal EAACI expression, measured 24 h
after ischemia. Although ischemia did not modify GS expression,
its activity increased with GUO treatment after the insult. Thus, in
the ischemic group, GUO potentially increased both the glutamate
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uptake and its intracellular conversion to glutamine. These effects
may have increased removal of glutamate from the synaptic cleft
in the surrounding brain area subjected to the ischemic insult. The
function of EAACI in the brain has not been fully established.
EAACI is a neuronal glutamate and cysteine transporter, involved
in the regulation of synaptic glutamate uptake and responsible for
uptake of cysteine and glutamate, precursors of GSH [8,64,65]. In
this study, EAACI expression significantly increased 24 h after
ischemia; it could be hypothesized that this increase is an
endogenous protective mechanism in response to ischemic insult.
Importantly, GUO treatment increased EAACT expression.

The correlation between the functional recovery of animals and
the capacity for administration of GUO to abolish the decreased
vitamin C levels, the increased ROS and RNS levels, and the
increase in lipid peroxidation, demonstrates that these parameters
are active participants in the pathogenesis of ischemia and the
neuroprotective effects of GUO. Additionally, the recovery of
essential functions of the glutamatergic system (including gluta-
mate uptake and its metabolism) following GUO administration
suggests that this is another important factor in the attenuation the
tissue damage. Thus, although the mechanisms by which GUO
acts are not fully known, it was demonstrated that GUO
modulated maintenance of the cellular redox environment and
the glutamatergic system following ischemic injury in rodents.
Overall, our work represents an important contribution to the
knowledge regarding the putative neuroprotective mechanisms of
GUO in cerebral ischemia models. However, due to limitations of
our model of brain ischemia, further studies in other robust
models, such as MCAO, are necessary to evaluate the global
relevance of GUO neuroprotection against cerebral stroke.
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Abstract

Stroke is the major cause of death and the mogtuém cause of disability in the adult
population worldwide. Guanosine plays an importaguroprotective role in several cerebral
ischemic models and is involved in the modulatibroxidative responses and glutamatergic
parameters. Because the excessive reactive oxypgeres produced during an ischemic event
can trigger an inflammatory response, the purpbslei®study was to evaluate the hypothesis
that guanosine is neuroprotective against focathral ischemia; inhibits microglia; and
mediates an inflammatory response amelioratinghéwgal damage. Permanent focal cerebral
ischemia was induced in rats, and guanosine wasalared immediately, 1 h, 3 h, and 6 h
after surgery. Twenty-four hours after ischemia #symmetry scores were evaluated with
the cylinder test; neuronal damage was evaluatedrlbgro-Jade C (FJC) staining and
propidium iodide (PI) incorporation; proliferatiand activation of microglia was evaluated
by flow cytometry and immunohistochemistry; andanimatory parameters (IL-1, IL-6, IL-
10, TNF4, and INFy) were evaluated in the brain tissue and cerebmasfiuid. Guanosine
treatment reduced the infarct volume, Pl incorporaind number of FJC positive cells and
improved functional recovery. Immunohistochemistrgvealed that activation and
proliferation of microglia in the lesion periphemere increased, pro-inflammatory cytokines
increased and IL-10 decreased with ischemia. Guaamtgatment decreased the production
of pro-inflammatory cytokines; restored IL-10 levefto sham levels) and decreased the
proliferation of microglia. Thus, guanosine may d&eromising therapeutic agent for the

treatment of ischemic brain injury associated witilcroglial activation.

Keywords

Neuroprotection, neuroinflammation, microglia, dytees.
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Introduction

Stroke is currently a critical public health prableStroke is a major cause of death
and the most frequent cause of long-term disabilitythe adult population worldwide.
Ischemic stroke is more prevalent than hemorrhagjresenting approximately 87 % of all
strokes (Brouns and De Deyn 2009; Doyle et al. 2@8et al. 2014). Acute ischemic stroke
causes a sudden impairment of blood circulatiorhiwita brain area, which results in
insufficient substrate delivery to support cellullomeostasis. This insufficient substrate
delivery results in cellular bioenergetics failuamd consequently a complex, multiple
pathway event cascades, which results in cellidanabe and loss of neurological functions
(Brouns and De Deyn 2009; Donnan et al. 2008; Damuind Tatlisumak 2007; Lipton
1999). Neuroinflammation plays an important roletlie pathogenesis of ischemic stroke,
inducing rapid neuronal death in the ischemic cevhich gradually expands toward the
penumbra area, and is crucial to brain damage (Br@and De Deyn 2009). Microglia, the
major immune cell in the central nervous system $Ns rapidly activated in response to
ischemia and is typically converted from the regtoell type to an activated form (Jin et al.
2010; Kettenmann et al. 2011). During ischemicaimiination, cytokines are released, and the
cytokines modulate the extent of damage in animadlets. Peripheral cytokine levels are
increased in ischemic patients (Jin et al. 201@mnadr necrosis factors alpha (TN#-and
Interleukin 1 (IL-1) are produced by microglia, rethecal macrophages, and infiltrating,
monocyte-derived macrophages. Interleukin-6 (ILisoproduced by microglia and neurons,
and interferon-gamma (INP- is produced by CD4and CD8 T cells (Lambertsen et al.
2012). The cytokines produced by immune and injusemin cells increase brain edema
and/or promote the death of brain cells in the pdma area, resulting in a secondary
progression of the infarct lesion (Shichita et 2012). Interleukin 10 (IL-10) is an anti-

inflammatory cytokine that is reduced during iscieevents. IL-10 may be neuroprotective
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against ischemic brain injury (Ooboshi et al. 20@8)hough the activation of microglia is a
natural process and is necessary for defense agactemia, microglial over-activation
results in the progression of neuronal loss anthbrgury following ischemic stroke. Thus,
reducing cerebral microglial activation and inhigt their release of pro-inflammatory
cytokines is considered to be an important thertpstrategy for ischemic stroke.

One potential neuroprotective agent is the nucdtkosiguanosine. Several
neurodegenerative and neurotoxic models have ddmted that guanosine plays an
important role in the CNS (Giuliani et al. 2012;ti@ailho et al. 2012; Pettifer et al. 2007,
Quincozes-Santos et al. 2013; Schmidt et al. 20I8mzzi et al. 2010; Tavares et al. 2008),
exerting glutamatergic system antagonism and toogfiects on neural cells (Ciccarelli et al.
2000; Rathbone et al. 2008; Schmidt et al. 200hn&dt et al. 2010b; Schmidt AP 2010).
Studies have shown that guanosine protects agamstral ischemic models, including
oxygen and glucose deprivation (Chang et al. 2@28:Cim et al. 2013; Oleskovicz et al.
2008), hypoxia-ischemia models (Moretto et al. 20@hdin vivo permanent or transient
ischemic stroke (Chang et al. 2008; Connell e@l3; Rathbone et al. 2011). Researchers
have claimed that guanosine is neuroprotectivenagaixidative and inflammatory processes
induced by ischemia via MAPK/ERK pathway activat{@al-Cim et al. 2013; Dal-Cim et al.
2011; Oleskovicz et al. 2008). Our laboratory hammdnstrated that guanosine, by
modulating the oxidative response and glutamatepgi@meters, protects against damage
provoked by permanent focal ischemia induced bymbeoagulation (Hansel et al. 2014).
Excessive reactive oxygen species production duangischemic event can trigger an
inflammatory response through activation of thesaiptional nuclear factor kappa B (NF-
kB) (Gloire et al. 2006), which promotes the expi@s®f a large number of genes related to
the pathology of cerebral ischemia, including thoselved in the inflammatory response,

such as IL-1 and TNE-(Sethi et al. 2008).
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Previous experimental studies have demonstratet dhanosine modulates the
oxidative response during an ischemic event (Haetsal. 2014), and this effect is linked to
neuroinflammatory mechanisms (Gloire et al. 200B)us, in this study, we tested the
hypothesis that guanosine attenuates cerebralnschi@jury by inhibiting the microglia-
mediated inflammatory response and modulating ével$ of anti- and pro-inflammatory

cytokines in a model of permanent focal cerebidiesnia induced by thermocoagulation.

Materials and Methods
Animals

Wistar male adult rats (90 — 100 days old, weigl80@ — 350 g) were maintained
under controlled light and environmental conditi¢h® h light/12 h dark cycle at a constant
temperature of 22 + 2 °C) with water and commerimat pellets availablad libitum All
experimental procedures were performed accordindgpeoNIH Guide for Care and Use of
Laboratory Animals and the Brazilian Society for uxescience and Behavior (SBNeC)

recommendations for Animal Care.

Induction of permanent focal ischemia

The ischemic lesion was induced by thermocoagulaifche blood in the pial vessels
of the motor and sensorimotor cortices (Szele et18B5). Briefly, the animals were
anesthetized with ketamine hydrochloride (70 mgikg) and xylazine hydrochloride (10
mg/kg, i.p.) and placed in a stereotaxic apparalhe. skull was surgically exposed, and a
craniotomy was performed by exposing the left fopatrietal cortex (+ 2 to — 6 mm A.P. and
— 2to—-4 mm M.L. from bregma) (Paxinos and Wat$886). Blood in the pial vessels was
thermocoagulated transdurally by approximation &ioaprobe close to the dura mater. The

rostrocaudal extent of the surface of the frontal parietal cortices was lesioned. After the
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procedure, the skin was sutured, and the body teaafye was maintained at 37 °C using a

heating pad until recovery from the anesthesia.

Drug treatment

The animals were divided into 4 groups: sham salgtam guanosine; ischemia
saline; ischemia guanosine. Guanosine (60 mg/Rgai@l 0.9 %) was purchased from Sigma
(St. Louis, MO, USA).All groups received 1 mL/kg i.p. administration tfe drugs

immediately, 1 h, 3 h, and 6 h after surgery.

Cylinder Test

This test is based on the spontaneemploratory behavior of rodents and reveals
forelimb preference when the animal rears to expits environment by making forelimb
contact with the cylinder walls (Macrae 2011; St&al2006).Animals were subjected to 1
trial, one day before ischemia (pre-ischemic day) 24 h after ischemia (post-ischemic day).
To prevent habituation to the cylinder, the numtiemovements recorded was limited to 20.
The occurrences of ipsilateral (to the lesion) lfore use, contralateral forelimb use, or
simultaneous forelimb use were countethe asymmetry score for each animal was
calculated on each day by the formula previousbcdbed(de Vasconcelos Dos Santos et al.

2010).

Measurement of infarct volume

Twenty-four hours after surgery, the animals weaerificed, and the brains
were rapidly removed from the skull and sectionedhie coronal plane at a 2 mm thickness
using a rat brain matrix. The slices were immersed 30 min in a 2 % of 2,3,5-

triphenyltetrazolium chloride (TTC) (Sigma, St. lisuMO, USA) solution at 37 °C followed
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by overnight fixation in 4 % paraformaldehyde (Sagn$t. Louis, MO, USA). The infarct

volume was calculated by the formulkfarct volume = [measured infarct area x slice
thickness (2 mm)] + [area of contralateral corresmbng structure x slice thickness]—[area
of ipsilateral corresponding structure x slice tkiess](Liu et al. 2009; Swanson et al. 1990).
The brain slices were analyzed with Image J so#whiiH, Bethesda, Maryland, USA). The

results are expressed as fnm

Cerebrospinal fluid and brain tissue processing

Cerebrospinal fluid (CSF) and tissue samples wetlected 24 h after the ischemic
insult and were frozen (-80 °C) until analysis. Tdremals were anesthetized with ketamine
hydrochloride (70 mg/kg, i.p.) and xylazine hydrioelde (10 mg/kg, i.p.) and placed in a
stereotaxic apparatus. The CSF was collected flmmcisterna magna. The puncture was
performed using an insulin syringe (27 gauge 9 @i2agth). The CSF was then centrifuged
at 3000 g for 10 min at 4 °C to obtain a CSF ckés- supernatant. The animal was then
submitted to transcardial perfusion with 0.9 % rsalio eliminate blood from the cerebral
tissue. For the flow cytometry assalgetbrain was removed from the skull, maintained at
°C, and the cortical tissue was collected. In iggziceanimals, the brain tissue adjacent to the
ischemic lesion (located between the lesion andcérebral longitudinal fissure, measuring
approximately 8 mm x 2 mm) was considered the feperiphery (Fig. 1). This region was
chosen because previous studies (de VasconceloS&uss et al. 2010) of this model have
determined that this region has characteristicsdhasimilar to a penumbra area. The same
region was dissected in sham brains and on theatatdral side of ischemic brains. For the
immunohistochemistry assay, tlaimals were transcardially perfused with 0.9 %nea
followed by 4 % paraformaldehyde in 0.1 M phosphaiéfer (pH 7.4). The brains were

removed and post-fixed in the same solution at rommperature for 4 h. For the
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immunohistochemistranalysis, brains were incubated in a 30 % sucroksien for 2 days.
Coronal sections (5@m) were obtained using a Vibratome (Leica BiosysteMannheim,
Wetzlar, Germany). One section from six random eseriwas collected for
immunohistochemistry from the same region usedflfor cytometry assay (Fig. 1). The

images were captured, and a square region of stteses created.

Immunohistochemistry assay:

For the microglia assay, the sections were incubfte24 h at 4 °C with polyclonal
rabbit anti-lba-1 (Wako, Tokyo, JP, 1:500) in Tinsffered saline (TBS), pH 7.4, containing
0.1 % of Triton-X 100 and 10 % of bovine serum.ekfbeing washed four times with TBS,
the sections were incubated with 594 Alexa-Fluonjegated goat anti-rabbit (Jackson
ImmunoResearch Laboratories, Inc., PA, USA) for @ moom temperature. After washing,
the sections were mounted on slides coated with gePatin with chromium and potassium
sulfate using Vecta shield mounting medium (Vedtaboratories, Sdo Paulo, Brazil). All
sections were photographed with confocal microscd@tympus, Tokyo, JP). For
immunohistochemical analyses, all lighting congii@nd magnifications were kept constant.

The Fluoro-Jade C (FJC) stain was used to invdstigaurodegeneration. Sections
were subjected to FJC staining in accordance vghnmanufacturer’s instructions (Gu et al.
2012). Briefly, the sections were immersed in aisoh of 1 % sodium hydroxide in 80 %
alcohol for 5 min; 70 % alcohol for 2 min; distdlevater for 2 min; and 0.06 % potassium
permanganate for 15 min. The sections were immensea solution of 0.0005 % FJC
(Millipore Corporation, Billerica, MA, USA) in 0.26 acetic acid vehicle for 30 min. The
sections were then rinsed 3 times in distilled wated allowed to dry at 45 °C for 20 min
before mounting with DPX medium (Electron Microsgdpciences, Hatfield, PA, USA). FJC

positive cell counting was performed as previoudgcribed (Giraldi-Guimaraes et al. 2009)
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with modifications. Six sections located insidetive lesion periphery were analyzed. FJC
positive cells were counted in each image (6 imagesanimal), and the area where the cells
were included was measured using the Image J seftwiae final value for each animal was:

¥ (cells counted per image}/(area containing labeled cells per imagayfitf).

Flow cytometry assay

The tissue samples (30 mg) were mechanically diswatwith 1 mL of phosphate-
buffered saline (PBS), pH 7.4, containing 10 mg/aflcollagenase 1V; were filtered with a
40 um nylon mesh to remove large clumps of celld debris; and were incubated with
PBS/collagenase containing 1@/ml propidium iodide (PI). The cells were inculzhtat
room temperature in the dark for 30 min, washeadwvith PBS and centrifuged at 1000 g
for 10 min at 4 °C to remove the supernatant coigifree PIl. Afterwards, the cells were
permeabilized with 0.001 % PBS Triton X-100 andckkd for 15 min with bovine serum
albumin 1 %. After blocking, the cells were incudghfor 1 h in blocking solution containing
the monoclonal antibodies anti-NeuN diluted 1:18ll{pore Corporation, Billerica, MA,
USA), anti-GFAP diluted 1:100 (Dako, California, ASor anti-Iba-1 diluted 1:100 (Wako,
Tokyo, JP). The cells were washed twice with PB8& aere incubated for 1 h in blocking
solution containing Alexa 488 anti-mouse IgG ditut®:200 or Alexa 488-anti-rabbitigG
diluted 1:200 (Jackson ImmunoResearch Laboratoties, PA, USA). The level of PI
incorporation and number of positive NeuN, GFAPJl&-1 positive cells were determined
by flow cytometry (FACSCalibur, Becton DickinsomrraRklin Lakes, NJ, USA). Alexa Fluor
488 and Pl dyes were excited at 488 nm using anoalled argon laser. Negative controls
(samples with the secondary antibody) were inclutitedthe machine voltage set-up. The
emission of fluorochromes was recorded through iBpeband-pass fluorescence filters:

green (FL-1; 530 nm/30) and red (FL-3; 670 nm Ipags) using a CellQuest Pro software
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(Becton Dickinson, Franklin Lakes, NJ, USA). Fluswence emissions were collected by
using logarithmic amplification. In brief, data 20,000 events (intact cells) were acquired,
and the mean relative fluorescence intensity wasrohened after exclusion of debris events
from the data set. All flow cytometric analyses &performed using Flow Jo software 7.6.3
(Treestar, Ashland, OR). Flow cytometry data weralyed and plotted by density as dot
plots, which show the relative FL1 fluorescence thie x-axis and the relative FL3

fluorescence on the y-axis. The negative and pesjuadrants were determined by using
unstained samples. The number of cells in eachrgnad/as computed, and the proportion of
cells stained with PI, NeuN, GFAP, and Iba-1 wexkpressed as percentage of control

(Heimfarth et al. 2012).

Inflammatory cytokine measurements

The tissue samples (30 mg) were homogenized with/Pis-HLC pH 7.4 and were
centrifuged at 5,000 g for 10 min 4 °C to excluddrs. The supernatant was collected to
analyze and measure protein content.

The inflammatory cytokine concentrations were measuby Enzyme Linked
Immunosorbent Assay (ELISA) using commercial kiis fat TNFe, IFN-y, IL-1, IL-6, and
IL-10 (eBIOSCIENCE, San Diego, USA) according te thanufacturer's instructions. Briefly,
96 well microplates were incubated with the primangibody at 4 °C overnight, washed and
blocked at room temperature for 1 hour. The cyteldgtandards, calibrators and samples (CSF
or tissue) were added and incubated at room teryserdor 2 hours. After washing, the
secondary antibody conjugated with peroxidase wdg@ and incubated at room temperature
for 1 hour. After washing, a TMB chromogen (Tetraéimybenzidine) was added, and the
reaction was allowed to proceed for 15 min. Theysrereaction was stopped by adding Stop

solution. The absorbance was measured at 450 nm.pidsence and concentration of the
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cytokines were determined by the color intensityasueed by spectrometry in a micro ELISA

reader. The results are expressed as pg/mL fors@®iples, and as pg/mg for tissue samples.

Protein assay
Protein content was measured using Pierce BCA iprdt# (Thermo Scientific,
Waltham, MA, USA) with bovine serum albumin as anstard. Results are expressed as mg

of protein.

Statistical analysis

The results are presented as the mean £ S.E.Mcyliimeler test was analyzed with a
repeated measures analysis of variance (ANOVApWld by Tukey’'s post-hoc test. FIC
was analyzed using Student’s t-test. Cytometryyassaytokines, and cytokine ratios were
statistically analyzed using two-way analysis afiasace (ANOVA) followed by Bonferroni’s
post-hoc test. Probability values less than 0.0fewensidered to be significant. All analyses
were performed using the Statistical Package farigbd&ciences (SPSS) software version

18.0.

Results
Behavioral test and infarct volume

To evaluate whether the administration of guanosifter cortical ischemia leads to
functional recovery, ischemic animals were treatgth guanosine, and their sensorimotor
performance was measured. Both day and group Vesiaisualized by the “group x day”
interaction (kzes5)= 23.9; P < 0.0001), were significantly different. The symnyescore
decreased 24 h after ischemia. The guanosine teeatpnomoted significant recovery of the

contralateral forelimb performance in support dgmwertical exploration (Fig. 2A).
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In agreement with a previous study (Hansel et@l42, brain infarct volume analysis
by TTC staining 24 h after ischemia demonstratedarge amount of tissue damage
(visualized by pale staining). Guanosine treatnsegificantly decreased the extent of tissue

damage (Fig. 2B). The sham procedure induced n@agdarfdata not shown).

Cellular degeneration

As previously shown (Giraldi-Guimaraes et al. 200%he procedure of
thermocoagulation induced a large amount of new®eadleration as revealed by FJC staining.
The number of FJC positive cells observed in tlsgote periphery 24 h after ischemia was
significantly lower in ischemic animals treated wguanosineR < 0.05) (Fig. 3A and 3B).

For assessing cell types and cell viability it wasried flow cytometry analysis. There
was no difference among groups in the total nundbareurons and astrocytes marked by
NeuN and GFAP antibodies, in the contralateral grstlateral sites (Fig. 4A and 4C). In
addition, the anti-NeuN and anti-GFAP antibodiesstained with PI identified neuronal and
astrocytic damage. PI incorporation in neuronshe itschemic group (in ipsilateral site)
significantly increased more than 3-fold comparedhe sham group. Guanosine treatment
was able to abolish the increase in Pl incorponafid h after ischemia (Fig. 4B). In the
ischemic group (on the ipsilateral side), 24 hragehemia, the number of anti-GFAP cells
co-stained with Pl increased 2-fold compared tostiem group. The ischemic group treated
with guanosine had a partial decrease in Pl ingatmm compared to the ischemic group
(Fig. 4D). Together, these findings indicate tlsthemia increased neuronal and astrocytic
damage in the lesion periphery, and guanosinentegat provided neuronal and astrocytic

neuroprotection 24 h after ischemia.

Guanosine inhibited the ischemic microglial prolifation and activation
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The Iba-1 antibody detects microglia and also esgichnd peripheral immune cells,
such as monocytes/macrophages. To specifically makoglia, the tissue was perfused with
0.9 % saline. Using flow cytometry analysis, tharas a significant increase of microglia
number in the ischemic group 24 h after ischemmaointrast, the ischemic group treated with
guanosine had a reduced number of microglia (Big. 5

Immunohistochemistry was carried out using Iba+lnfiicroglia labeling. The Iba-1
antibody allows visualization of microglia and thprocesses. No difference was detected on
the contralateral side across all groups. In bdidins groups, the microglia present in the
lesion periphery had a typical resting morphologghwellular processes branching from the
small soma with further distal arborization (Fig. @wenty-four hours after insult, the
ischemic group had several cells with enlarged saniawer and shorter processes, which is
characteristic of the activated state (Fig. 6). iBoBemic group treated with guanosine had an
intermediary morphology. These groups had a smaillember of cells with activated
characteristics and cells with intermediary proesdsranching from the somata in the lesion

periphery (Fig. 6).

Guanosine attenuated changes in the levels of prlammatory and anti-inflammatory
cytokines

In this study, the levels of pro-inflammatory cyirodés were measured in the CSF (Fig.
7) and in the lesion periphery (Fig. 8) 24 h afsehemia. The IL-1, IL-6, TNF+and IFNy
levels were significantly augmented in both the GBI lesion periphery in the ischemic
animals. Guanosine treatment significantly returtiedlevels of all these cytokines to sham
levels. IL-10 is an anti-inflammatory cytokine. Tlewels of IL-10 decreased in the ischemic
animals compared to the sham group, and guanasiatrent inhibited this reduction both in

the CSF and lesion periphery. The IL1/IL10, IL6/Q,ITNF/IL10 and IFNy/ IL-10 ratios
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were calculated to verify the relationship betwdes pro- and anti-inflammatory cytokines.
These ratios were increased in the ischemic animdlse CSF and lesion periphery, and this

effect was minimized with guanosine treatment (€abl

Discussion

The neuroprotective effects of guanosine in isceestioke have been studied in
several stroke model3he data fromn vitro models suggest that guanosine protects against
oxygen and glucose deprivation (Chang et al. 20@8:Cim et al. 2013; Dal-Cim et al. 2011,
Oleskovicz et al. 2008; Thomazi et al. 2008); iases glutamate uptake in hypoxia-ischemia
models (Moretto et al. 2005; Moretto et al. 2008)d protects against glucose deprivation
(Quincozes-Santos et al. 2018).vivo guanosine is neuroprotective against permanent and
transient ischemic strokggromotes functional improvement, and reduces ihfaaiume
(Chang et al. 2008; Connell et al. 2013; Rathboheale 2011) Our group recently
demonstrated that guanosine neuroprotection dyr@rghanent focalschemia involves the
modulationand maintenance of the cellular redox environnagwt the glutamatergic system
(Hansel et al. 2014). During ischemic events, theessive reactive oxygen species
production can trigger an inflammatory response emdtribute to the expansion of brain
injury and delayed neuronal death. Thus, the nbrding of this study is that treatment with
guanosine early after permanent focal ischemiareggpd the activation and proliferation of
microglia in the lesion periphery, reduced the Igvef pro-inflammatory cytokines and
increased the levels of anti-inflammatory cytokimeghe brain and CSF. These effects lead to
diminished neural damage and consequently fundtiecavery.

Neurons are extremely susceptible to changes wdbilow, and clinical studies have
shown impaired neuronal function after only 10 mmfrischemia (Oechmichen and Meissner

2006). In animal models of ischemic stroke, newalls in the core rapidly become
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committed to die. Therefore, therapeutic strategigsed at rescuing these neurons have
failed. As a consequence, attention has increasimggome focused on the penumbra, where
neuronal death can be extended for days to weeakaiiB and De Deyn 2009; Durukan and
Tatlisumak 2007). FJC staining has a good affifotyentirely degenerating neurons (Gu et
al. 2012). Here, FJC staining it was used to sttty effect of guanosine treatment on
ischemia-induced neurodegeneration in the lesiaiplpery. The number of degenerating
neurons in the lesion periphery 24 h after ischesigmificantly decreased in the ischemic
group treated with guanosine. In addition, the floytometry analysis 24 h after ischemic
insult indicated that although the total numbenetirons and astrocytes were not decreased
in the ipsilateral site in the ischemic animalsg thumber of PI positive in neurons and
astrocytes was increased. The guanosine treatnoéallyt reversed the increase in Pl
incorporation in neurons and partially restoreds tkeifect in astrocytes. These findings
indicate that the beneficial effects of guanosireyrhe due to neuroprotection in the lesion
periphery, the main presumptive site of restoragtirecesses. Guanosine treatment diminishes
the neurodegeneration and consequently promotesaised functional recovery.

Accumulating evidence demonstrates the relationdgtepveen inflammation and
neuronal cell damage in cerebral ischemia (Kausral Schlichter 2008). Thus, the
mechanisms of neuroprotective strategies agaimebrad ischemia may target inflammatory
alterations involved in cellular damage. Neuroimftaation is one of the key pathological
events contributing to the progression of damagese by ischemia (Lakhan et al. 2009).
Post-ischemic inflammatory responses are charaeteiby the activation of astrocytes and
microglia, as well as infiltration of polymorphorear granulocytes and
monocytes/macrophages into the ischemic brain mediadecola and Anrather 2011).
Resident microglia is the major cells involved mlammatory processes in the brain and are

the first cells to respond to brain injury. Thage activated within minutes after the onset of
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focal cerebral ischemia. This activation may last geveral weeks angplays a critical role
during ischemia mainly in the penumbra area (Jial.e2010; Madinier et al. 2009; Woodruff
et al. 2011) In this study, the number of microglia in theidesperiphery, analyzed by flow
cytometry, had substantially increaks 24 h after ischemia, and thesells presented
morphological transformationThe sham group had the characteristics of restirggoglia
with small somata and long, distal arborizguocesses. The ischemic groumd
characteristics of activated microglia. The micraglells had reduced the complexity of their
shape by retracting the branches of their proceseshat they are resorbed into the cell
body), which increases the intensity stained nkearsbma. The ischemic group treated with
guanosina had an intermediary morphology with somgroglia having activated
characteristics but still withranched processes.

Although microglial activation is necessary for tpeocess of tissue damage in
response to cerebral ischemia, the production afigftammatory cytokine mediators
contribute to the expansion of brain injury and tletayed neuronal death (Jin et al. 2010;
Lakhan et al. 2009)Here, the activation and proliferation of miciaglvas accompanied by
an increase of pro-inflammatory cytokines IL-1,8L. TNF-o. and INFy and a decrease of the
anti-inflammatory cytokine IL-10 in both the lesiperiphery and CSk the ischemic group
Increased production of pro-inflammatory cytokineas been observed in experimental
models of brain ischemia and in patients with astteke and may be associated with large
cerebral infarct volume and poor stroke outcomettflomondo et al. 2009)INF-a, INF-y
and IL-1 are rapidly expressed in the ischemic rorafter the disease onset, and their
upregulation persists for days. Despite the unafects of IL-6, due to itanti-inflammatory
properties to induce IL-1 receptor antagonist sgsify studies have shown that the
upregulation of TNF-a, INF-y, IL-1, and IL-6 following ischemic events leads toe

disruption of the blood brain barriancreases thénfarct volume and causes neuronal cell
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death (Doyle et al. 2008; Lambertsen et al. 20l@ttolomondo et al. 2009). Some
investigators have reported that IL-10 is the noliwn regulator of deleterious effects of pro-
inflammatory cytokines. Clinical stroke studies @ademonstrated that IL-10 decreases
during ischemic events, andcreases in IL-10 are associated with better pateitcomes
(Nilupul Perera et al. 2006; Tuttolomondo et al02p Interestingly, the guanosine treatment
after ischemiadecreased the production of pro-inflammatory cytekiand restored IL-10 to
sham levels

Studies have described the balance between praranrdahflammatory factors to be a
more accurate reflection of the inflammatory enwiment (Gomes da Silva et al. 2013;
Rawdin et al. 2013). Due to significant inter-indwal differences in the concentrations of
pro- or anti-inflammatory factors, here, we evadgathe ratio of pro- to anti-inflammatory
factors, which provided a useful measure of theimetunological effect of theirculating
cytokines and/or other factors associated with dgmb isimportant to note that the ratios of
IL1/1L10, IL6/IL10, TNFo/IL10 and IFNy/ IL-10 were reduced in the ischemic animals
treated with guanosine compared to ischemic grduip &fter ischemia in the lesion periphery
and CSF. Taken together, these findings indicai@varable effect of guanosine treatment,
which altered the balance of pro- and anti-inflartonacytokines.

Thus, the present data indicate that 24 h aftewltingsschemic stroke results in
microglial activation and proliferatiom the lesion periphery. laddition, the expression of
pro-inflammatory cytokines (TNE; INF-y, IL-1 and IL-6) in this area increased, and anti-
inflammatory cytokines (IL-10) decreased. Thesealltesare consistent with previous studies
that demonstrated that cerebral ischemia activatesoglia and increases expression of pro-
inflammatory cytokinesn the penumbra 24 after middle cerebral artery occlusion and that
the immunoreactivity for pro-inflammatory cytokinissco-localized with activated microglia

(Wei et al. 2011). Furthermore, thstudy demonstrates thgtianosine treatment decreased
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the number of total microglia in the lesiperiphery and waaccompanied by a decrease in
pro-inflammatory cytokines and an increase in arftammatory cytokines 24 h after
ischemia. The suppression of some inflammatory amapts is associated with reduced
neuronal cell death, reduced infarct volume andrawgd behavioral outcomes in stroke
models (Doyle et al. 2008; Lambertsen et al. 2MNiypul Perera et al. 2006). Thus, the
present study demonstrates for the first time #dmbinistration of guanosine after permanent
focal cerebral ischemia reduced microglial proifean and pro-inflammatory cytokine
release and increased anti-inflammatory cytokinesthe brain. The reduction of the
inflammatory state may modulate oxidative paransetard reduce neuronal and astrocytic

cell death, consequently improving the functionha& impaired forelimb.
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Figure legends

Figure 1: Schematic illustration of the ischemic Ision. lllustrations showing the region of
induced lesion (dark gray), and the analyzed redgmay) that were dissected for the
experiments. The left (ipsilateral side) and rigbbntralateral side) frontoparietal cortices

were used.

Figure 2. Recovery of the impaired forelimb in the cylindessts 24 h before and after
ischemia and infarct volume of the lesion 24 h rafszhemia. (A) Graph showing the
performance of sham saline (n = 8); sham guandsire 8); ischemia saline (n = 10); and
ischemia guanosine (n = 10) groups. Ischemia awctiemia guanosine groups were
significantly different from the sham group 24 heafischemia. The ischemia guanosine
group partially recovered the use of the impai@elfmb. Data are expressed as percentage
of symmetry score. P < 0.001 comparing sham group vs. ischemia and msizhguanosine
groups;”P < 0.01 comparing ischemia and ischemia guanosB)eAfalysis of cortex infarct
volume 24 h after cerebral ischemia. Ischemia gsiaeogroup had a significantly reduced
infarct volume compared to the ischemia group. Ragaexpressed as mnt* P = 0.0014, n

= 8 per group. The representative TTC staining @adenced in both ischemic and ischemic
treated with guanosine groups. In sham animals] 1@ staining was analyzed, but no lesion

was observed.

Figure 3. Neuronal neurodegeneration evaluation (FJC stairiddgh after ischemia. Images

of the lesion periphery were analyzed. The imagesewaken from representative coronal
sections of ischemic animals (A) and ischemic afsnr@ated with guanosine (B). Note that
the number of FJC positive (degenerating) neuraass gveater in ischemic animals compared

to ischemic guanosine-treated animals. (C) Quaatibn of degenerating neurons. Ischemic
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guanosine group had a significant reduction inthenber of FIC positive neurons in the
lesion periphery. Data are expressed as humbel®fpesitive cells. Symbol represenP*=

0.007, n = 5 per group.

Figure 4. Flow cytometry analysis 24 h after ischemia ia tbsion periphery (contralateral
and ipsilateral sides). (A) NeuN positive cells.) (BeuN positive cells co-stained with
propidium iodide (PI), *P < 0.001 comparing sham saline and ischemic guaeogm
ischemic saline. (C) GFAP positive cells. (D) GFpésitive cells co-stained with PI,P <
0.001 comparing sham saline vs. ischemic safiRes 0.01 comparing ischemia guanosine
vs. ischemia saline; ant < 0.05 comparing sham saline vs. ischemia guanosieds
stained only with the secondary antibody were ueeskt the negative region of the dot plot.
Cells with fluorescence above the negative regiereveonsidered stained and were counted
as neurons (NeuN positive) or astrocytes (GFAPtpe$i Data are reported as the means +
S.E.M. of 8 — 10 animals per group and are expdessea percent of control. Statistical

differences were determined by a two-way ANOVAdeted by a Bonferroni post-test.

Figure 5. Flow cytometry analysis by Iba-1 24 h after isolee in the lesion periphery
(contralateral and ipsilateral sides). Cells staiaely with the secondary antibody were used
to set the negative region. Cells with fluorescesloeve the negative region were considered
stained and were counted as microglia (Iba-1 p@itiData are reported as the means +
S.E.M. of 9 — 13 animals per group and are expdessea percent of control. Statistical
differences were determined by a two-way ANOVA daled by Bonferroni post-tests,P<

0.001 comparing sham saline and ischemia guangsinschemia saline.
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Figure 6. Iba-1 immunohistochemistry 24 h after permanenalifaschemia. Representative
images (40X and 60X) of 5 animals per group. Sizesl per animal were used. The lesion

periphery in the ipsilateral and contralateral sides analyzed.

Figure 7. CSF inflammatory cytokines levels: (A) TNE-(B) INF-y, (C) IL-1, (D) IL-6, and

(E) IL-10, 24 h after ischemia. Data are reportedh& means + S.E.M. of 8 — 16 animals per
group and are expressed as pg/mL. Statisticalrdiffees were determined by a two-way
ANOVA followed by Bonferroni post-tests.P < 0.001 comparing sham saline and ischemia
guanosine vs. ischemia saline in A, B, C, and B;< 0.001 comparing sham saline and vs.

ischemia saline, ari@P < 0.01 comparing ischemia guanosine vs. ischentirzesia D.

Figure 8. Inflammatory cytokines levels: (A) TNE&; (B) INF-y, (C) IL-1, (D) IL-6, and (E)
IL-10 measured in the lesion periphery 24 h afehémia. Data are reported as the means +
S.E.M. of 10 animals per group and are expressgj/asg of protein. Statistical differences
were determined by a two-way ANOVA followed by Benbni post-tests. P < 0.001
comparing sham saline and ischemia guanosinecrgensia saline in A, B and C;P < 0.001
comparing sham saline and vs. ischemia safiRes 0.01 comparing ischemia guanosine vs.
ischemia saline in D; P < 0.001 comparing sham saline and vs. ischemiaesalP < 0.01
comparing ischemia guanosine vs. ischemia safiffex 0.05 comparing sham saline vs.

ischemia guanosine in E.
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Figure 1:

A =Lesion
B = Analyzed region (ipsilateral)
C = Analyzed region (contralateral)
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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Figure 8:
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TABLE 1. Proinflamatory/antiinflamatory ratio

Groups IL-1/IL-10 IL-6/IL-10 TNF-o/IL-10 INF-y/IL-10
CSF

Sham saline 0.48 £ 002 0.62 +£0.02 0.90 £0.03 1.09+0.05
Sham guanosine 0.59+£0.05 0.68 £ 0.08 0.88 £0.06 1.09 £ 0.07
Ischemia saline 424+£0.76* 536+120* 635+131* 807+1.55*%
Ischemia guanosine 1.04 £0.08 + 1.27+0.13 % 1.30+£0.12 ¥ 1.94+0.15 F
Cortical tissue

Sham saline 0.52 +0.03 0.75+0.06 1.01 +£0.03 1.33 £0.06
Sham guanosine 0.60 £0.06 0.75 £ 0.06 1.06 £0.05 1.27 £ 0.07
Ischemia saline 413+£053* 500+£081* 576+£090* 8.12+1.02*
Ischemia guanosine  1.46+0.091f 1.74+0.13f 1.83+0.15F 2.57+0.18 7

Sham saline vs. Ischemia saline, * p < 0.001; Ischemia saline vs. Ischemia guanosina, 1 p <0.001.

Data are shown as mean (SEM).
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Abstract

Hemorrhagic shock (HS) is defined as circulatorysfdgction causing whole-body
hypoperfusion and decreased tissue oxygenationaacdmulation of oxygen debt. This
events lead to cardiovascular failure and impavwesa important organs including central
nervous system (CNS). Purines, including guanosared inosine, modulate the
neurotransmitter system and have beneficial effegésnst neurodegenerative and neurotoxic
experimental models, exerting various trophic @ffeen neural cells. In hemorrhagic and
endotoxic shock, guanosine and inosine were abdtirrilate the Na+/K+ ATPase, improve
hemodynamic and prolong survival. This study aim&valuate the acute effects of inosine
and guanosine as fluid resuscitation. Thus, it wealuated the effect of guanosine and
inosine in brain energetic metabolism as well ageaceuroinflammation mechanisms in a
swine model of HS. Twenty-seven pigs (25 - 30 kgravsubmitted to a bleeding to cause
hypotension (40 — 45 mmHg) for 60 min. After thexipd, the animals were randomized into
three groups and received distinct fluid resusomafLR; LR + GUO; LR + INO) during 15
to 20 min. The animals were monitored continuodslty440 min with after the initial HS,
and blood and CSF samples were collected in spqumtfiiods. Parameters involved in neural
damage, energetic metabolism and inflammatory systere measured in the cerebrospinal
fluid (CSF). The data of present study showed Hfatmodified brain energetic metabolism,
increased glutamate levels and pro-inflammatorylages. Furthermore, guanosine and
inosine were able to modulate these parametersreang glutamate levels and
proinflammatory cytokines levels after HS. This prgssion of the activities of some
inflammatory components could be associate withuegdn delayed neuronal cell damage,
improving cognitive impairment that occurs in HS.

Keywords

Hemorrhagic shock, guanosine, inosine, inflammaioergetic metabolism.
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Introduction

Shock is a pathophysiology, which the circulatoygtem is unable to perfuse tissues
adequately [1, 2]. The decrease in blood volumélegding leads to a hemorrhagic shock
(HS). HS is cause of one third of deaths resulfiogn injury in the world, affects 90 % of
shock cases of an emergency, and constitutes adeaduse of morbidity and mortality
worldwide [3-5]. HS is defined as circulatory dysétion causing whole-body hypoperfusion
and decreased tissue oxygenation and accumulatioxygen debt [4]. This process triggers
hypoxia, poor distribution of nutrients to the selboor clearance of toxic substances, cellular
transmembrane potential reduction, inadequate pguladon, endothelial dysfunction,
stimulation of pro-inflammatory and anti-inflammatocascades [4, 6]. This events lead to
cardiovascular failure and impair the several ingoar organs including heart, liver, spleen,
lung and kidney [3, 5]. HS is considered an immirgeath situation that requires immediate
treatment. The main strategies are the arrestedfdohg and the replacement of circulating
volume by the fluid resuscitation [7]. Intravenollisids appear to improve hemodynamic
indices in the short term, being the predominantdftesuscitation is Ringer’s lactate (RL).

Most information about HS consequences has beamnellt from studies in peripheral

organs. However, even with rapid intervention pdures, HS causes suffering and damage
of organs, thus affecting also the central nengystem (CNS), similarly global ischemia [8,
9]. CNS function can be maintained at low threstadl blood pressure (60 - 70 mmHg).
However, a decrease below this threshold trigggmgppsoms such as disorientation, cerebral
edema, coma, and consequently may lead to deall®]8Few studies have demonstrated the
effects of HS on CNS. Studies in rat models shoe@ghitive impairment in behavior [11],
glial cell swelling, disruption of the blood bralarrier and cell death by apoptosis and
necrosis [10]. Thus, could be considered an importlaerapeutic strategy adding into the

fluid resuscitation, neuroprotective molecules thaty reduce CNS suffer during HS.

74



The purinergic system comprising adenine-basednesyiguanine-based purines and
finally, the metabolites inosine, xanthine, hypakame, uric acid [12]. The purinergic system
is widely known for exert several biological furwts, including the pivotal role on energy
metabolism and effects in several systems invoiwediS event, such as cardiovascular,
blood, respiratory and inflammatory response [1R-1® the CNS, purines modulate the
neurotransmitter system and have beneficial effagésnst neurodegenerative and neurotoxic
experimental models [16-20], exerting various tiopéffects on neural cells [12, 21, 22].
Particularly, clinical studies demonstrated thatese hypotension, hemorrhage or sepsis
shock, and heart failure cause severe organ dysbancassociated with decreased
transmembrane potential and cellular edema, ant eetated to decreased activity of Na/K
ATPase [7]. In a model of sepsis systemic, guamogias able to reduce oxidative stress
parameters in the brain and recovering the memuopairment [23]. In animal models of
hypovolemic and toxic shock, intravenous infusidnadenosine, inosine or guanosine was
able to stimulate the N&K* ATPase, improve hemodynamics and prolong sunjR4) 25].
However, the infusion of adenosine caused secoreféeyts such as bradycardia, decreased
cardiac output that are harmful to shock recoveffect that not occur by the intravenous
infusion of inosine and guanosine [6]. Purinesrateased into the extracellular space from
cells upon metabolic stress, and are recognizednasof the most important endogenous
molecules able to prevent tissue injury in ischerara its effects are partly mediated by the
inhibition of deleterious immune-mediated processexluding the release of pro-
inflammatory cytokines and free radicals [16, 2B]. 2

As previous experimental studies have demonsttasgdurines, mainly guanosine and
inosine protect against several models of shockthatipurines acts on energy metabolism
and are neuroprotective in several neurotoxic n®dehis study aims to evaluate the acute

effects of inosine and guanosine as fluid resusaita Thus, it was evaluated the effect of
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guanosine and inosine in brain energetic metabolsnwell as acute neuroinflammation

mechanisms in a model of porcine HS.

Materials and Methods
Animals

Twenty-seven young, white, crossbreed male pigsgfvireg 25 - 30 kg) from swine
farms with high health, and temporarily housed he tDepartment of Reproduction,
Veterinary Medicine and Animal Science School, énsity of Sdo Paulo. All experimental
procedures were performed according to the NIH &dm Care and Use of Laboratory
Animals and Brazilian Society for Neuroscience 8ethavior (SBNeC) recommendations for

Animal Care. All efforts were made to minimize tin@mber of animals and their suffering.

Hemorrhagic shock and resuscitation protocol

Animals were fasted for 12 hours (h) and water Toh before the beginning of
experiment. The animals received intramuscular athtnation of midazolam (0.25 mg/kg)
and ketamine (5 mg/kg) as a premedication. Aftemltutes (min), an ear marginal vein was
cannulated with a Teflon catheter (20 gauge), aederpl anesthesia was induced with
propofol (5 mg/kg) and maintained using ketamir@y(@kg/min), fentanyl (1Qug/kg/h), and
pancuronium bromide (0.3 mg/kg/h). After orotradhietubation, the animals remained on
mechanical ventilation (volume - controlled verttda, Cicerg Drager, Lubeck, Germany), a
tidal volume between 6 and 8 mL/kg, a positive-erdiratory pressure of 5 cmp@, and an
oxygen-inspired fraction of 40 %. To evaluate thentiation, end-tidal carbon dioxide
through capnography and peripheral hemoglobin axygaturation was continuously
monitored. The partial pressure of carbon dioxi@s waintained between 35 and 45 mm Hg.

The temperature was maintained at around 38 °C aitkarming blanket. When a deep
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anesthesia level was achieved, the animals wergiqmesl in the dorsal position. Both
femoral arteries were catheterized, one for meagutie mean arterial pressure (MAP) and
for arterial blood sampling, and the other for Wlademoval. Two large-bore venous catheters
were inserted into the right femoral and jugulaingeor fluid infusion. A pulmonary artery
catheter (PAC) (CCO catheter; Edwards Lifescientede, CA, U.S.A.) was introduced
through the left femoral vein, positioned in thdrmponary artery, for the measurement of
cardiac output (CO), mixed venous oxygen saturaf®r(,), and central body temperature
by means of a Vigilance Monitor (Edwards Life- suwes). Pressure transducers were
connected to a multiparametric data collection esyst(Viridia CMS; Hewlett-Packard,
Andover, MA, U.S.A.) for continuous monitoring ofe&rt rate (HR) and atrial filling
pressure. The bolus CO was determined by thermamhilwsing 10 mL of iced 5 % glucose,
and the mean value of three measurements withirD ®46lvariation of each other was
recorded. The SvPOmeasured from the PAC catheter was obtained ftwrcentral venous
blood collected from the distal extremity of the ®Aatheter. The intermittent Sy@as
obtained through blood gas analysis. The animals weonitored with transesophageal
echocardiography, arterial blood gas analysis apdtimuous mixed venous, gastric
tonometry, intracranial pressure (ICP) monitor eyst for continuous assessment of systolic
volume variation (SVV) and pulse pressure variaaeltaPP) and measure urine output.
After instrumentation, the animals were allowedstabilize for 30 min, and then HS
was induced by withdrawal of blood via femoral veatheter. The blood is withdrawn using
a pump with a constant withdrawal rate until thesgure is reduced to 40 - 45 mmHg. This
hypotensive state will be maintained for 60 min. the reperfusion, the animals were
randomized into three groups (nine animals per @rouR, received infusion of LR; LR +
GUO, received infusion of LR with guanosine (1 mfplLR + INO, received infusion of

LR with inosine (1 mmol/L). The animals receivec timfusion via femoral vein catheter

77



during 15 to 20 min, the infusion volume is thraeds the volume of blood withdrawn. The

animals were monitored continuously for 8 h (44 wditer the initial HS) (Figure 1).

Cerebrospinal fluid processing

Cerebrospinal fluid (CSF) were collected 8 timedter stabilization of animal
(baseline); in the end of HS (60 min); immediatafter infusion of fluid resuscitation (80
min); 30 min after infusion of fluid resuscitatio(i10 min); 60 min after infusion of fluid
resuscitation (140 min); 120 min after infusionfliid resuscitation (200 min); 240 min
after infusion of fluid resuscitation (320 min)ndh 360 min after infusion of fluid
resuscitation (440 min). The CSF was then cemgeduat 3000 g for 10 min at 4 °C to

obtain a CSF cells free supernatant and frozen°@3@ntil analysis.

Measurement of NSE protein levels

An electrochemiluminescent assay kit was used tasore NSE and Insulin. It consists
of a double sandwich assay that use an antibodyinsodin or anti-NSE bound with
ruthenium, which is the luminescent molecule. Reastand quantification were performed
by Elecsys-2010 (Roche Diagnostics Corporation).[R&E was expressed as ng/ml (mean +

S.E.M.). The coefficient of variation was less ta®b for samples and standard.

Measurements of glucose and lactate levels

Glucose and lactate were assayed in CSF using eogguoxidase methodology
manufactured by Vida Biotecnologica, MG, Brazill sdmples and standard were carried out
in duplicate in the same experiment. The amourdlotose and lactate was determined by
measuring the absorbance at 546 nm with a Speckrdlfaspectrophotometer (Molecular

Devices, USA). All samples and standards were nredsn duplicate, and the coefficient of
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variation was less than 5%. Calibration factorsemgetermined using a standard of glucose

(5.56 mmol/L) and lactate (4.44 mmol/L). The resuliere expressed as mmol/L.

Inflammatory cytokine levels

A standard capture sandwich assay was used tondeeerthe levels of different
cytokines in CSF. Each captured antibody was caufmea different bead set (Invitrogen's
Multiplex Bead Immunoassays). The system usedugdliguspension array of 7 sets of beads
(Invitrogen, Swine Cytokine 7-plex) internally dyedth different ratios of two spectrally
distinct fluorochromes to assign a unique spe@dalress. Each set of beads was combined
with a monoclonal antibody raised against GM-C$F1f, IL-10, IFN-o, IFN-y, TNF-a, IL-
4, and IL-8. Beads were incubated first (2 h, ainmotemperature) with diluted standards
(serial dilutions from 1.95 to 32 000 pg/ml) or tB&F sample, and then with biotinylated
detector antibodies (30 min, at room temperatufbgy were washed twice in phosphate-
buffered saline, and incubated for 30 min at roemgerature with phycoerythrin- conjugated
streptavidin. Cytokine levels were measured witlhieminex 200 TM system (Bio-Rad
Laboratories). Each measurement was taken in dupliStandard curves were generated by
using the reference cytokine concentrations sugdde the manufacturer. Raw data (mean
fluorescent intensities) were analyzed by Bio-Pléanager Software 4.1 version (Bio-Rad

Laboratories) to obtain concentration as pg/mL.

HPLC procedure
High-performance liquid chromatography (HPLC) wasfprmed with CSF cell-free
supernatant aliquots to quantify glutamate leve®§.[Briefly, samples were derivatized with
phthalaldehyde and separation was carried out avigtwverse phase column (Supelcosil LC-18,

250 mmx 4.6 mm, Supelco) in a Shimadzu Instrumegtsd chromatograph (20QL loop
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valve injection). The mobile phase flowed at a @té.4 mL/min and column temperature was
24 °C. Buffer composition is A: 0.04 mol/L sodiuninygdrogen phosphate monohydrate buffer,
pH 5.5, containing 20 % of methanol; B: 0.01 molgdodium dihydrogen phosphate

monohydrate buffer, pH 5.5, containing 80 % of raethl. The gradient profile was modified

according to the content of buffer B in the molglease: 0 % at 0.00 min, 25 % at 13.75 min,
100 % at 15.00 — 20.00 min, 0 % at 20.01 — 25.00. bsorbance was read at 360 nm and
455 nm, excitation and emission respectively, Bhamadzu fluorescence detector. Samples of

25 uL were used and concentration was expressaiin

Statistical analysis

Results are presented as mean + S.EM. Statisitalysis was performed through
Generalized Estimating Equation (GEE) plus Bonfaifsopost hoc test. Area under curve
was analyzed using one-way ANOVA. Probability valless than 0.05 were considered to
be statistically significant. All analyses were foemed using the Statistical Package for
Social Sciences (SPSS) software version 18.0. Taghgs were done using the Graphpad

Prism 5.

Results
Physiologic parameters

All animals included in this study did not varythre physiologic parameters at baseline.
According to the experimental protocol, a target®éf 40 mmHg was successfully achieved
in all animals within 10 min and maintained for ®in of the experiment. Mean body weight,
the blood loss volume needed to induce HS, and votame resuscitation infusion did not

vary significantly among the study groups (Table 1)
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Hemodynamic data are shown in Table 2 and FigurliZyroups displayed identical
degree of shock following hemorrhage. During thec&h in an attempt to compensate the
decrease in MAP, there was an increase in piIR@.05). After resuscitation, HR decreased,
but remained above baseline for all groups (FidlAg After reperfusion, MAP (Figure 2B)
was significantly restored. MAP returned to decee280 min post-hockp(< 0.05). The ICP
did not differ significantly compared baseline thosk > 0.05) (Figure 2C). After
reperfusion ICP increased and remained high throuighll experiment. HR, MAP and ICP
did not differ between the groups. After shock, snas metabolic acidosis was found in all
groups. There was a large increase of blood lgdtateease of PaCO2, and decrease of,PaO
resulting in a pH decreaseol£ 0.05, Table 2). After reperfusion, there were Pa@@l Pa@
establishments, however lactate levels continueadd®ase, maintained low pH. The lactate
levels only restored 440 min post-shock. There wareincrease of K(p < 0.05), and a

decrease of Ngp < 0.05) at 440 min post-shock compared to baseliablé 2).

Neuronal parameters

To determine whether HS caused alterations in th8,a@ was measured in the CSF the
glutamate and NSE levels to analyze a potentiatahesuffering, and glucose and lactate
levels to evaluate cerebral energetic metabolisgu(E 3). After shock, the glutamate levels
increase dramaticallyp(< 0.05, Figure 3A) in all groups compared to baseliinterestingly,
the group that received guanosine and inosine alaieeto decrease the glutamate more rapid
than the animals that received LR in the reperfugio< 0.05). Although the NSE levels had
an apparent increase after 200 min of experiméotveg a potential neuronal damage, this
data was not significanp(= 0.09, Figure 3B). The HS caused an increasduicoge level,
remaining elevated until 200 min post-shopk<(0.05, Figure 4A). The group that received

guanosine in the reperfusion was able to decrdaseghucose levels during reperfusion,
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showing similar levels of baseline. Lactate leveid not differ in all groupsg = 0.08)
(Figure 4B).

Markers of inflammation were measured in the C&H bnd IL-8 were not detectable
in all periods of experiment, and INFhad not changed during experimemt(0.95, data not
shown). IL-3 increased significantly in the group that receit®after 200 min post-shock
compared to baseling € 0.05, Figure 5A). 320 min post-shock, the bothugs) LR + GUO
and LR + INO were able to diminish this effept{ 0.01 andp <0.05 respectively). IL-8
increased abruptly in the shogi<(0.05) and remained elevated during all times pbstk.
IL-8 did not vary significantly among the study gps @ = 0.06, Figure 5B). INFy began
increased 320 min post-shock compared to basghin®.05) and did not vary significantly
among the study groupp € 0.89,Figure 5C). TNk increased after 110 min post-shock
compared to baseling@ < 0.05). After 200 min post-shock, TNFdecreased continuously
being similar to baseline at 320 min post-shocke THR + INO group, although not
statistically different at any point individuallthe area under the curve decrease significantly

compared to LR group 0.05, Figure 5D).

Discussion
HS is one of the severe hypovolemic shocks indumgdextensive blood loss or

sudden and unexpected depletion of the circulabilogd. HS is a major independent risk
factor of the pathogenesis of trauma-related mleltjpgan failure and death [4, 8]. Stopping
bleeding and providing adequate fluid resuscitatisthe major keys to treating HS [30]. In
this study, it was used LR as a reperfusion flgimh(rol group) and it was analyzed the acute
effects in physiologic and neurologic parameterntadded guanosine and inosine (1
mmol/L) in the fluid resuscitation. It was monitdreseveral physiologic parameters

(temperature, HR, MAP, ICP, pH, Pa@PACQ, hematocrit, lactate, and electrolytesNa
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K", and there was no statistical difference in ariythese variables between groups.
Hemorrhagic and endotoxic shock in rats models destnated that purines, including
guanosine and inosine, are able to prolong suniivahe animals, suggesting a possible
mechanism involving the Na/K ATPase, probably byersing or overcoming the effects of
an endogenous enzyme inhibitor [6, 24, 25]. Inghesent study, we did not have mortality
outcome. The HS in rat’'s models mentioned aboveMAP is about 35 mmHg, more severe
than our experiment that used 40 — 45 mmHg. Ibssjble that an HS more severe could lead
death as its outcome, in LR group. This fact canidly in physiologic parameters changed,
showing difference in the groups that received gsare and inosine.

One of the most important organs affected by H$1ésCNS. A decrease in cerebral
blood flow HS-induced can lead to serious deleterieffects, similar to global ischemia [9],
The reduced cerebral blood flow cause a decreageyigen supply and consequently leading
to an increase in extracellular levels of glutani&te 32]. According with previous results,
the HS led an increase dramatically the glutanatel$ in the CSF. Interestingly, the groups
that received guanosine and inosine were able ¢oedse the glutamate more rapid than the
animals that received LR in the reperfusion. The&esgive glutamate levels leads to
overstimulation of glutamate receptors and wiltiaies several molecular events that trigger
an extensive cellular damage [31, 33]. Guanosimeiaosine play an important role in the
CNS in several neurodegenerative and neurotoxicergmental models, exerting
neuroprotective and trophic effects on neural dé®s 16-18, 27, 34, 35]. Neuronal damage is
evident 24 h after the ischemic insult, mainly e thippocampus [31].Due to the fact our
experiment approach be acute, neuronal damage,umédaby NSE, was not observed.
However, an increase of glutamate by HS could leadelayed neural damage, and the
guanosine and inosine were able to promote a derrefhglutamate levels diminishing a

prolonged neurotoxicity event. Studies have showat HS leads edema, apoptosis, and/or
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necrosis of the brain cells, as well as modulatbthe blood-brain barrier integrity [8, 9],
and promotes cognitive dysfunction [11, 36]. Thilg effect of decreased glutamate levels
by guanosine and inosine could reduce delayed heamsage caused by HS.

The HS involves multiple interrelated factors udihg cellular ischemia, circulating or
local inflammatory mediators, and energetic imbedarin the ischemic tissues during HS,
synthesis of ATP decreases because of negativet effemitochondrial phosphorylation and
increase of anaerobic glycolysis cycle. As the AshAthesis decreases, plasma membrane
sodium pump activity decreases, the cell swellsiamdcellular pH decreases [8, 33]. The HS
caused an increase of glucose levels in CSF anckfféct is maintained until 200 min post-
shock. Guanosine was able to reduce glucose levdlasal levels before the LR group, with
less variation in the glucose levels.

Accumulating evidence demonstrates the relationghgbween inflammation and
neuronal cell damage in cerebral ischemic tissué].[3Thus, the mechanisms of
neuroprotective strategies against cerebral ischemay target inflammatory alterations
involved in cellular damage. Here, the HS did nbarge immediately the cytokines.
However after infusion of reperfusion fluid, thevere an immediately increase of IL-8 which
remained high throughout the experiment; increadetiNF-o, IL-18 and INF-y in distinct
time points. Interestingly, guanosine and inosingilited the increase of ILBl and
analyzing the area under the curve, inosine was @btecrease the total amount of ThF-
produced. The cytokines, ILBland TNFe, are rapidly expressed in the ischemic brain and
leads to the disruption of the blood brain baraied causes neuronal cell death [38]. There are
studies that demonstrate that guanosine has dlatmmatory effect in oxygen and glucose
deprivation conditions [27] and that inosine inksbinflammatory cytokine production,
protecting against endotoxic shock [15]. These daiggested that guanosine and inosine

decrease proinflammatory mediators can contributee beneficial effects of HS.
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Thus, the data of present study showed that HS fraddbrain energetic metabolism
and increased glutamate levels and pro-inflammatgtgkines. The guanosine and inosine
were able to modulate these parameters, decreggitgmate levels and proinflammatory
cytokines levels after HS. This suppression of taivities of some inflammatory
components could be associated with reduction ddlayeuronal cell damage, improving
cognitive impairment in the HS, showed by studied tised this model [9,11,36].

Several limitations exist in this study and desexvde mentioned. (i) Because of the
lack of knowledge of clinical relevant values oé ttneasured markers in pigs, it is difficult to
conclude whether the observed differences areioical relevance as well as whether the
response to the insult constitutes actual HS.Tfi¢ use of anesthetic agents may limit the
generalizability compared to the findings of uncoléd models. While anesthesia cannot be
excluded for ethical reasons, the choice of cathdiased bleeding was made to ensure
comparable and controlled levels of hypotensione Tuise of anesthesia and control
parameters may have mitigated the deleterioustsft#fcHS. (iii) The acute study (440 min
post-shock) prevented us from analyzing effects iight have occurred in a delayed period
such as death and cognitive impairment.

This approach has allowed us to gain importangimsinto the porcine response to
injury, which will aid in designing future studiesor these reasons, this study should
primarily be seen as hypothesis generating. Theeinads designed to replicate an injury
scenario frequently observed in the emergency. dlimcal relevance may, however, be
limited by the constraints imposed by species wbffiees as well as the laboratory
environment and should be interpreted as such. Memvehese issues are inherent to all
animal models. However, our findings present nesigim to new approaches in the treatment

of HS.
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Legends

Figure 1: Schematic representation of the experimerprotocol. The HS was induced by
withdrawal of blood via femoral vein catheter. Tileod is withdrawn until the pressure is
reduced to 40 - 45 mmHg, and maintained for 60 mhme fluid resuscitation was infused
during 15 to 20 min, three times the volume of dl@athdrawn. The animals were monitored

continuously for 440 min after the initial HS.

Figure 2. (A) Heart rate (HR, beats per minute); (B) Meare@al pressure (MAP, mmHg);
(C) Intracranial pressure (ICP, mmHg), at baselare during the evolution of the
experiment. Data are reported as means + S.E.MD ahimals per group. Statistically
differences as determined by GEE followed by Bawfgiis posttest. Symbols represern
0.05 comparing to baseline, afigh < 0.05 comparing to Shock. The groups did not vary

significantly during all periods of time.

Figure 3: (A) Glutamate levels (uM); (B) NSE levels (mg/mlat, baseline and during the
evolution of the experiment. Data are reported aams + S.E.M. of 9 animals per group.
Statistically differences as determined by GEEdiw#d by Bonferroni’'s posttest. Symbols
represent *p < 0.05 comparing to baseline, ahg < 0.05 comparing to shock,p < 0.05

comparing LR group to LR + GUO and LR + INO.

Figure 4: Energetic metabolites levels in CSF at baseling @during the evolution of the
experiment. (A) Glucose levels (mmol/L); (B) Laetdévels (mmol/L). Data are reported as
means + S.E.M. of 9 animals per group. Statisycdifferences as determined by GEE
followed by Bonferroni’s posttest. Symbols represep < 0.05 comparing to baseline, ahd

p < 0.05 comparing to shockp < 0.05 comparing LR group to LR + GUO. Area undave
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(AUC) graphic, statistically differences as detared by one-way ANOVA. Symbols

represen@p < 0.05 comparing LR + GUO vs. LR.

Figure 5: inflammatory cytokines levels in CSF at baselind during the evolution of the
experiment. (A) IL-B (pg/mL); (B) IL-8 (pg/mL); (C) INFy(pg/mL); (D) TNFea (pg/mL).
Data are reported as means = S.E.M. of 9 animalsgpmup. Statistically differences as
determined by GEE followed by Bonferroni's postteSymbols represent p < 0.05
comparing to baseliné;p < 0.05 comparing LR group vs. LR + GUO and LR + IN®ea
under curve (AUC) graphic, statistically differeacas determined by one-way ANOVA.

Symbols represer®tp < 0.05 comparing LR vs. LR + GUGp < 0.05 LR vs. LR + INO.
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Table 1. Ressuscitation parameters

Groups N Total volume Total volume  Body weight Total GUO or INO infused
removed (mL)  infused (mL) (Kg) during resuscitation (mg/kg)
LR 9 1080.0£43.6 3245.0+1322 269+0.8 -
LR + GUO 9 1097.5+51.2 3270.0+132.8 26.5+0.7 350+£1.2
LR +INO 9 1056.0+32.3 3163.0+ 98.3  25.8+0.7 33.3+£0.6
Data are shown as mean + S.E.M..
Table 2. Physiologic variables in the three groups of animals.
Groups Baseline Shock Inicial Ressuscitation Final ressuscitation
(60 min) (80 min) (440 min)
Temperature (°C)
LR 37.4+0.3 38.6+0.3* 376+ 0.3 F 39.1+0.3 *%
LR +GUO 37.3+0.2 382+0.3%* 37242037 38.5+0.2 %%
LR +INO 37.3+0.2 382+0.3%* 37.1+£02 ¢F 39.0+0.3 *%
pH
LR 7.4+0.02 7.2+0.04 * 7.2+0.03 * 7.3 +0.06
LR + GUO 7.4+0.01 7.3+£0.02 * 7.3+£0.02 * 7.3 +0.08
LR +INO 7.4+0.03 7.3+0.03 * 7.3+£0.03 * 7.3 +£0.06
PaCO2 (mmHg)
LR 49.9+2.3 642+32%* 51.7+2.0 54.8+4.2
LR + GUO 498+ 1.4 58.1+3.0%* 544+1.7 547+ 1.4
LR +INO 522+33 59.0+£2.7* 496+ 1.8 52.7+1.9
PaO:(mmHg)
LR 47.1+1.2 33.8+1.6%* 46.9+2.2F 37.6+ 1.4 *%
LR + GUO 445+ 1.6 38.0+4.5%* 444+ 18 F 356+ 1.3 *;
LR +INO 44.8+0.7 357+14% 50.0+3.8 7 39.0+ 1.7 *%
Hematocrit (%)
LR 28.0+0.7 26.8+0.8 169+0.8 * 18.7+0.8 *
LR + GUO 254 +0.7 242 +1.3 15.8+09 * 16.9+0.9 *
LR +INO 259+04 252+0.5 157+0.5* 17.3+0.5*
Lactate (nmol/L)
LR 1.7+£0.2 53+13%* 8.9+ 0.8 *T 1.63+0.2
LR + GUO 1.5+0.2 45+0.8* 7.2+0.8 *1 1.84+0.3
LR +INO 1.5+0.2 47+£12% 7.2+£0.9 *7 1.06 £ 0.1
Na (mEq/L)
LR 140.3 + 0.8 137.4+0.7 137.4+0.5 1352+0.6 *
LR + GUO 139.6 £ 0.9 1374+ 0.4 136.1+0.7 133.0+ 0.4 *
LR +INO 139.5+0.9 137.4+0.6 137.4+ 0.8 134.4+0.9 *
K (mEq/L)
LR 39+0.1 4.7+0.1 42+0.1 59+05*
LR +GUO 39+0.1 4.8+0.2 4.6+0.2 6.1+£04*
LR +INO 4.0+0.1 4.7+0.1 43+0.1 53+03*

Data are shown as mean + S.E.M..

* p <0.05 compared to baseline; T p <0.05 compared to shock; i p < 0.05 compared to inicial ressuscitation
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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6. Discusséo

Durante as Ultimas décadas, evidéncias demonstiaen ag purinas, nesta tese
exemplificada pela guanosina e pela inosina, desehgm um potente efeito neuroprotetor
em diversos modelos neurotdxicos e neurodegenesatiChen, Goldberg et al. 2002;
Schmidt, Lara et al. 2007; Ganzella, Faraco €Gl1; Dal-Cim, Ludka et al. 2013).

Tendo em vista que a isquemia cerebral € um pr@bldengrande relevancia clinica,
devido a sua alta incidéncia e morbidade, bem caosoelevados custos de manutencdo de
pacientes com sequelas, nossa proposta foi estagdamecanismos envolvidos nha
neuroprotecdo promovida pela guanosina e pelanacsin modelos de isquemia cerebral,
investigando parametros bioquimicos envolvidosgsistemas: glutamatérgico, antioxidante e
inflamatorio, assim como marcadores de morte cel@laalteracbes no metabolismo
energético do SNC. Os resultados obtidos nestallralcontribuem para avaliar os efeitos da
guanosina e da inosina na isquemia cerebral expetah mais precisamente visando o
melhor entendimento do seu mecanismo de acéo.

Os dois primeiros capitulos desta tese buscaramfueqgar o conhecimento das
propriedades neuroprotetoras do guanosina no maddaknuemia cerebral focal permanente.
Para a escolha da dose efetiva em nosso modeldragpél, foi realizada uma curva dose-
resposta da guanosina baseada em estndowo prévios de modelos de isquemia focal
(Chang, Algird et al. 2008; Rathbone, Saleh et@ll1; Connell, Di lorio et al. 2013). A
efetividade da dose foi analisada através do tlsteilindro, que avalia o comportamento
exploratorio espontaneo de roedores. O contatmuioshcom as paredes do cilindro revela a
preferéncia do membro anterior utilizado na exgldcaedo ambiente. Desta forma, é possivel
a avaliacdo da simetria do animal, que no procesg@mico esta alterada (Schallert 2006;
Macrae 2011). No primeiro experimento, realizamos ré-tratamento, em que

administramos a guanosina 30 min antes da indugaasguemia, seguido de mais 3
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administracGes posteriores: 1 h, 3 h e 6 h apésa@o! A dose efetiva neste modelo de pré-
tratamento foi 30 mg/kg. Como nosso objetivo faitdizacdo da guanosina apds o dano,
realizamos um segundo experimento sem administrggéoia, com 4 administracdes
sucessivas (0 h, 1 h, 3 h e 6 h) ap06s o event@&nsigo. A dose efetiva neste modelo
experimental com base no teste do cilindro, fob@emg/kg, sendo esta dose utilizada em
todos os demais experimentos bioquimicos realizados

No capitulo 2, o tratamento com guanosina foi cagmzeduzir a incorporacdo de
iodeto de propidio (IP), um marcador de integriddelenembrana celular, tanto em neurénios
como em astroécitos, e reduziu 0 numero de neurdnasados com Fluoro jade C (JFC), um
marcador de degeneracao neuronal. A guanosinaafzcde reduzir significativamente o
volume de infarto cerebral, levando a uma melhdiraca na atividade motora do membro
anterior prejudicada pelo dano isquémico. No cépituevidenciamos que a melhora clinica
foi duradoura, sendo mantida por pelo menos 15apas a inducéo da isquemia (Ultima vez
avaliada). Estudos anteriores demonstraram efegio®lhantes da guanosina em modelos de
isquemia focal através da oclusdo da ACM (tantarexdelos permanentes como em modelos
transitérios) (Chang, Algird et al. 2008; Rathbo8aleh et al. 2011; Connell, Di lorio et al.
2013). Neste contexto, avaliando o efeito neur@pootda guanosina em outro modelo
experimental de isquemia cerebral focal, nossoesladrroboraram e reforcaram os dados ja
existentes, causando um menor dano celular, um muam® tecidual, e consequentemente
uma visivel melhora clinica.

Os resultados apresentados no primeiro capituloodsttam que a guanosina foi
neuroprotetora no modelo de isquemia cerebral fecalratos, e que a neuroprotecdo esta
relacionada com a modulacdo da resposta ao estoasdativo ocasionado pelo dano
isquémico e também com a modulagdo do sistemanggtéagico, grande responsavel pela

excitotoxicidade ocasionada durante isquemia (Damadnd Tatlisumak 2007; Brouns and De
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Deyn 2009). Apesar da eficacia do sistema antionejaa elevada taxa de metabolismo
oxidativo no CNS e a ativacao de varias vias ieftdares durante o processo isquémico leva
a uma excessiva producdo de radicas livres (ERGRN)E também a um prejuizo no
funcionamento enzimatico antioxidante (Chen, Ydshiet al. 2011). Estes processos
desencadeiam muitos eventos celulares e molecularesultando em danos as
macromoléculas e consequente ativacdo de mecanidensmalizacdo que levam a morte
celular (Allen and Bayraktutan 2009; Nanetti, Ralfieet al. 2011; Olmez and Ozyurt 2012).
Estudos com outros modelos de toxicidade demoastrar envolvimento da neuroprotecéo
da guanosina em danos oxidativos (Roos, Puntel @089; Albrecht, Henke et al. 2013;
Quincozes-Santos, Bobermin et al. 2013). Nesteegtmt a guanosina foi efetiva na
modulacdo do sistema antioxidante enzimatico, atando a expressdo e a atividade da
enzima SOD, a atividade da enzima CAT e, consequenite, proporcionando assim, uma
reducdo de radicas superoxido e peroxido de hidiog@pesar de ndo afetar os niveis de
GSH, principal molécula antioxidante astrocitadeyama, Watabe et al. 2008), durante o
processo isquémico, o tratamento com guanosir@afmz de inibir o decréscimo de vitamina
C no tecido. A vitamina C é considerada um doscjpais antioxidantes neuronais e o
decréscimo dos seus niveis esta intimamente rakdin a um maior dano tecidual no
processo isquémico (Harrison and May 2009). Destand, Além de modular a atividade
enzimatica, a guanosina foi capaz de proporciomaa umaior disponibilidade deste
antioxidante neuronal para potencial inativacdo dimlicais livres produzidos durante o
processo isquémico.Na lesdo isquémica a guandina,apos o dano, foi capaz de modular
0 sistema antioxidante, causando uma menor proddedBRO e de ERN, com a efetiva
diminuicdo da peroxidacéo lipidica causada pelasisua.

A excitotoxicidade glutamatérgica tem um papel ehaa patofisiologia da isquemia

cerebral, sendo a reducéo da captacao de glutamatos grandes fatores que causam um
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aumento da quantidade de glutamato na fenda stadfdanbolt 2001). Durante o processo
isquémico, a atividade dos transportadores GLASTGLE1 é inibida devido a falha
energética e também a oxidacao proteica dos tremsipoes causada pelo excesso de ERO e
ERN, reduzindo assim suas atividades (Trotti, Déinbioal. 1998; Zadori, Klivenyi et al.
2012). A guanosina possui potencial efeito neurgpoo em modelos experimentais de
doencas cerebrais associadas a excitotoxicidadenghtérgica (Schmidt, Lara et al. 2007;
Schmidt 2010). O nosso grupo de pesquisa demongtre@ guanosina € capaz de estimular
a captacao de glutamato em cultura de astrécitaisas de cortex cerebral (Frizzo, Lara et al.
2001; Frizzo, Lara et al. 2002; Frizzo, Schwalmaét 2005). Em condi¢cdes basais ou
fisiologicas, os efeitos da guanosina sobre a captale glutamato em fatias cerebrais
parecem ser idade e estrutura dependentes, ocorreads no cortex e em ratos jovens
(Thomazi, Godinho et al. 2004). Porém, em condigd&stotoxicas, a guanosina parece ser
mais amplamente envolvida na modulacédo da captbggtutamato (Frizzo, Lara et al. 2001;
Frizzo, Lara et al. 2002). Os modelwsvitro de POG (Oleskovicz, Martins et al. 2008;
Thomazi, Boff et al. 2008; Dal-Cim, Martins et @011) e modelos de hipdxia-isquemia
(Moretto, Arteni et al. 2005; Moretto, Boff et &009), mostraram que a guanosina é
neuroprotetora, aumentando a captacédo de glutaiatoosso estudo, 24 h apds a isquemia,
a guanosina foi capaz de manter elevados os nieiBEAAC1 (igualmente ao processo
isquémico), inibiu a reducéo da expressdo de Glpfihdipal EAAT astrocitario) e também
aumentou a atividade da glutamina sintetase (Q&jm&a responsavel pela conversdo de
glutamato a glutamina (Danbolt 2001). A funcdo dBAE1 no cérebro ainda né&o foi
completamente estabelecida. EAAC1 € um transpartadoironal envolvido tanto na
captacdo de glutamato, quanto na captacdo dencisfaiecursores de GSH (Tzingounis and
Wadiche 2007; Had-Aissouni 2012). Neste estudopaessdo de EAACL, elevada tanto no

grupo que sofreu a isquemia quando no grupo quebeecguanosina, pode indicar um

104



mecanismo de protecdo enddgena em resposta adsg@émico, na tentativa de elevar os
niveis de GSH, diminuidos durante o processo isquerA inibicdo da queda dos niveis de

GLT1 e o aumento da atividade de GS no grupo isgeémmatado com guanosina nos

possibilitam inferir que, a guanosina estimula ptagdo de glutamato através de GLT1 e
auxilia na conversao de glutamato em glutaminaast®citos, assim, modulando parametros
glutamatérgicos, reduzindo os efeitos excitotoxmoglutamato.

Com a finalidade de ampliar a investigacao sobm@sanismos envolvidos no efeito
neuroprotetor da guanosina, no segundo capitulgpupemmos investigar os efeitos
neuroprotetores da guanosina no modelo de isquesnédoral focal, avaliando a inibicdo da
resposta inflamatéria. A inflamacdo € uma resposjaestrada que envolve a regulacéo e a
rapida ativacdo de diversas proteinas como citecigaimiocinas e também e fatores de
transcricdo génica (Lakhan, Kirchgessner et al9R0Bsse processo dinamico é crucial no
progresso de dano causado pela isquemia (Durukah Tatlisumak 2007; Lakhan,
Kirchgessner et al. 2009; Jin, Yang et al. 2010cl8ta, Sakaguchi et al. 2012). Apds a
isquemia, ha a ativacdo de astrOcitos e célulasogliais, que secretam moléculas que
induzem a excitotoxicidade, o estresse oxidativa mflamacédo. Dentre estas moléculas,
pode-se citar o glutamato, citocinas pro-inflamag(TNFe, IL-1B, IL-6 e IL-8), e anti-
inflamatdrias (IL-10), prostaglandinas e o radisaperéxido (Ooboshi, Ibayashi et al. 2006;
Block, Zecca et al. 2007; Lakhan, Kirchgessned.2@09; Lambertsen, Biber et al. 2012). A
microglia € considerada a célula inflamatoéria resid do CNS e é a primeira célula a
responder a uma lesdo cerebral, sendo ativada emtaniapdés a lesdo isquémica. Sua
ativacdo pode perdurar por varias semanas, deséammmum papel crucial durante o dano,
principalmente, na area de penumbra (Madinier,r8edt et al. 2009; Jin, Yang et al. 2010;
Woodruff, Thundyil et al. 2011). Embora a ativagiomicroglia seja um processo natural e

necessario no processo isquémico, uma hiper-atvasiilta na progressao na lesdo cerebral.
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Assim, reduzir a ativacdao da microglia e inibiikeftacdo de citocinas pro-inflamatorias sao
consideradas estratégias terapéuticas importamé&/ao

Os resultados descritos no capitulo 2 demonstrggano tratamento com guanosina
foi capaz de reduzir o numero total de células ogitais na regido que circunda a lesao
isquémica. Além disso, a Imunoistoquimica das asluhicrogliais, na regido periférica ao
dano, mostrou que a isquemia possui caracterigtieawicroglia ativadas com reducdo da
complexidade de forma. As células microgliais péasuretracdes nas ramificacdes dos seus
processos, aumentando a intensidade corada persmrda. O tratamento com guanosina
apresentou uma morfologia intermediaria com algureadas microgliais com caracteristicas
ativadas, mas ainda com processos ramificados. Emdbativacdo das células microgliais
seja necessaria durante o processo de reparodko@isquemia, a producédo de mediadores
inflamatorios e um aumento das citocinas pré-inflsrios contribuem para o aumento do
dano cerebral e para a morte neuronal tardia (lrgkkichgessner et al. 2009; Jin, Yang et
al. 2010).

Neste trabalho, a ativacdo e 0 aumento do numer®ldéas microgliais, no grupo
isquémico, foram acompanhadas por um aumento ttesneis pré-inflamatérias de IL-1, IL-
6 , TNFo e INFy e um decréscimo da citocina anti-inflamatéria 1), tanto no tecido
guanto no LCR. O tratamento com guanosina foi cag@zreduzir as citocinas proé-
inflamatdrias e de restaurar os niveis de IL-1pexferia da lesdo e no LCR. O aumento da
producédo de citocinas pro-inflamatorias € obsenadomodelos de isquemia cerebral e em
pacientes com AVE, estando associado com o aunmentarea de enfarte e com um pior
prognostico da doenca (Tuttolomondo, Di Sciaccale®009). Estudos tém descrito que
também ¢é importante avaliar o balanco entre osrdat@ré e anti-inflamatorios, por
demonstrar um ambiente inflamatério mais precisamnte o dano (Rawdin, Mellon et al.

2013). Outra vez, a guanosina se mostrou efetiaticando um efeito positivo no equilibrio
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entre moléculas pro-inflamatorias e anti-inflami@®mo processo isquémico. Experimentos
in vitro de POG mostraram que a guanosina é neuroprotetonaentando a captacédo de
glutamato e reduzindo os processos oxidativo anmdkérios na isquemia cerebral (Dal-Cim,
Ludka et al. 2013). Os dados da literatura, juntgene&om os dados apresentados neste
capitulo, evidenciam que a guanosina é capaz deired processo inflamatorio causado
durante a isquemia, inclusive com a diminuicao méifpracéo e da ativacdo microglial, bem
como da liberacao de citocinas pro-inflamatoriasnentando, por outro lado, a producao da
citocina antiinflamatoria IL-10. A reducdo do estadflamatorio pode reduzir a morte tanto
neuronal quando astrocitaria e, consequentemeetbprar a funcdo motora prejudicada.

No terceiro capitulo, investigamos o potencialtefeeuroprotetor da guanosina e da
inosina como solucéo de reposi¢do volémica em umhetodn vivo de choque hemorragico
em porcos. O choque hemorragico € classificadowonchoque hipovolémico induzido por
uma extensa perda de sangue ou pela exaustdo sulnesperada do sangue circulante,
causando uma reducdo da perfusdo tecidual sistéfei@ando a uma disfungdo organica
(Hirano, Mantovani et al. 2003; Rawdin, Mellon &€t2013). O choque hemorragico é causa
de um terco das mortes resultantes de traumasndtet0% dos casos de choque de uma
emergéncia hospitalar, e constitui uma das primipausas de morbidade e mortalidade em
todo o mundo (Fulop, Turoczi et al. 2013; Gann Bmndcker 2013). Este processo provoca
hipoxia, m& distribuicdo de nutrientes para aslagluleficiente eliminagdo das substancias
toxicas, reducdo do potencial de membrana celtdgylacédo inadequada do pH, disfungéo
endotelial, estimulagdo de processos inflamatéeosxidativos, sendo considerado uma
situacdo de morte iminente que requer tratamentdisio (Fulop, Turoczi et al. 2013;
Rawdin, Mellon et al. 2013). As principais estrésgsdo a cessacdo do sangramento e a
reposicao volémica (Rawdin, Mellon et al. 2013). SNC, a hipoperfusdo causada pelo

choque hemorragico desencadeia prejuizos semedhansguemia global (Lin, Koustova et
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al. 2005). Estudos em modelos de choque hemorragiop ratos demostram
comprometimento cognitivo (Plaschke 2009), edemeétidas gliais, rompimento da barreira
hemato-encefalica e morte celular por apoptosemwse (Lin, Koustova et al. 2005). Assim,
a adicdo de moléculas neuroprotetoras em solugde®pmbsicdo volémica seria uma boa
estratégia para reduzir o sofrimento do SNC duranthoque hemorragico. Neste estudo,
avaliamos os efeitos agudos causados pela admagéstrendovenosa da guanosina e da
inosina em parametros de metabolismo energéticoeeamsmos inflamatorios do SNC,
adicionando estes substratos a solucdo de LactampemR(solucdo controle de reposicao
volémica).

A diminuicdo do fluxo sanguineo cerebral leva a uiaha energética e
consequentemente conduz a um aumento de glutaxiaéaedular, provocando ndo apenas
uma estimulacdo excessiva dos receptores de glitarnamo também varios eventos
moleculares que desencadeiam o dano celular (Lif8899; Zemke, Smith et al. 2004;
Durukan and Tatlisumak 2007). Neste trabalho, gsiside glutamato no LCR aumentaram
drasticamente apds o choque hemorragico e se raaativaltos no primeiro tempo apés a
reposicao volémica. Os grupos que receberam targnogina quanto inosina na reposicao
volémica foram capazes de reduzir estes niveisltangato, retornando aos niveis basais
mais rapidamente. A guanosina e a inosina deserapenm papel importante no SNC em
varios modelos experimentais neurodegenerativos earotoxicos, exercendo efeitos
neuroprotetores e troficos em células neuronaiegQseke et al. 2004; Schmidt, Lara et al.
2007; Ganzella, Faraco et al. 2011; Connell, Dolet al. 2013; Dal-Cim, Ludka et al. 2013,
Quincozes-Santos, Bobermin et al. 2013). Nestalinaln&do observamos alteragcdo nos niveis
de NSE, usado para avaliar o dano neuronal do [EBRerimentos que utilizam modelos de
isquemia global evidenciam um dano neuronal arpdetl4 h (Lipton 1999; Simao, Matte et

al. 2012), como nossa abordagem experimental fadagavaliada somente até 440 min apés
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o choque hemorrégico, o efeito de dano neuronafaidbservado. No entanto, este aumento
de glutamato extracelular, ocorrido de forma maiglgmgada no grupo controle, pode
promover um processo excitotoxico, levando a unodweeuronal tardio. Assim, a eficacia da
guanosina e da inosina, reduzindo o glutamato tiggdmais rapidamente que o grupo
controle, pode estar relacionado com uma reduc&oddaos tardios ocorridos no choque
hemorragico.

Semelhante a isquemia focal, a isquemia global éamitemonstra uma intima relagcéo
entre a ativacao de processos inflamatérios e o daaronal (Nilupul Perera, Ma et al. 2006;
Elkind 2010). Neste trabalho, a infusdo de LR aumems citocinas IL-8, TNk; IL-1B e
INF-y em periodos distintos. A reposicao volémica corangsina e inosina foi capaz de
inibir o aumento de IL{}, e analisando a area sob a curva, a inosina f@izcde diminuir a
quantidade total de TN&- produzido. As citocinas, ILfl e TNF«, sdo rapidamente
expressas no dano isquémico. Elas desencadeigotudarda barreira hemato-enceféalica, que
possibilita a entrada de células imunes perifém@m$SNC. Seus niveis aumentados também
causam a ativacao de diversas vias de sinalizagamvélas na morte células, causando uma
progressao do dano isquémico (Doyle, Simon etG8l8R Estudos mostram que a guanosina
€ capaz de modular as vias inflamatorias, causassion uma neuroprote¢cdo em condi¢cdes
de POG (Dal-Cim, Ludka et al. 2013), e que a irsén capaz de inibir citocinas
inflamatadrias, protegendo contra choque endotoitasko, Kuhel et al. 2000). Os resultados
obtidos neste capitulo descrevem os efeitos barséfla guanosina e da inosina, diminuindo
0s niveis de glutamato e de citocinas pré-inflama$d de forma aguda no choque
hemorrégico. Estes efeitos agudos poderiam estaciaslos a uma reducdo do dano neuronal
tardio ocasionado pelo processo isquémico deseadad@elo choque hemorragico,

melhorando assim o comprometimento cognitivo.
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Assim, esta tese representou um importante avaagomiribuicdo para o potencial
efeito neuroprotetor da guanosina em modelos deemi@ cerebral focal e global e da
inosina em um modelo de isquemia cerebral globhabdta os mecanismos neuroprotetores
destas moléculas frente a isquemia cerebral n@mestompletamente elucidados, esta tese
deu um importante passo demonstrando que a guanosalulou parametros do sistema
oxidativo e glutamatérgico e também inibiu o precesnflamatorio durante a isquemia
cerebral. No modelo de isquemia global, a utilivagé guanosina e inosina como solucéo de
reposicao volémica, proporcionou uma modulacéo iate@dlo sistema glutamatérgico e de
fatores inflamatérios que pode causar uma melhoraafrimento do SNC no processo de

choque hemorragico.
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7. Conclusoes

Os dados obtidos durante a realizacéao deste tmpalimitem concluir que:
1. O tratamento com guanosina exerceu efeito neuietprono modelo de isquemia
cerebral focal permanente induzida por termocog§olaem ratos. Esse efeito foi

mediado por um conjunto de atividades, dentre elas:

* Modulagéo do sistema antioxidante, prevenindo cegs¢ oxidativo atraves
da reducdo de espécies reativas de oxigénio e tdmgémio, inibindo a
peroxidacdo lipidica. Esses efeitos foram seguidos um aumento da
atividade e na expressao de enzimas antioxidamtesdomo a inibicdo do
decréscimo de agentes antioxidantes como, por dgerapvitamina C no

tecido cerebral que circunda o dano isquémico (Glapl).

* Modulagéo de parametros do sistema glutamatérgiocwipalmente ligados a
captacdo de glutamato: mantendo a expresséo de EA&RRada, inibindo a
reducdo da expressdo de GLT1 e aumentando a atvida GS; inibindo

assim os efeitos deletérios causados pela excittdade glutamatérgica

(Capitulo 1).

* Modulagéo de processos inflamatorios, diminuingodiferacdo e a ativacao
microglial, reduzindo os niveis de citocinas inf&grias como IL-1 , IL-6,
TNF-a e INF+, restaurando os niveis de IL-10 (antiinflamatériRéduzindo

assim o dano neuronal e astrocitario (Capitulo 2).

2. O tratamento com guanosina e inosina acargtmreducao mais efetiva nos niveis
de glutamato no LCR e também proporcionaram um meedfil inflamatério
reduzindo, IL-B (guanosina e inosina) e TNF-(inosina). A modulacdo de
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parametros relacionados tanto com o sistema gltéagieo como com o sistema
inflamatorio poderia estar associada a uma redw@odano neuronal tardio
ocasionado pelo processo isquémico desencadeado ghelque hemorragico,

melhorando assim o comprometimento cognitivo.
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8. Perspectivas

8.1. Perspectivas no modelo de isquemia cerebratafopermanente induzida por
termocoagulagéo:
* Avaliar as alteragbes morfolégicas em astrocitosisadas por esse modelo
experimental, bem como avaliar o efeito da guarmosobre o0 mesmo.
» Avaliar a modulagdo de outros parametros assocmdttamacao através da ativacao
do NF«B e da JNK, além da regulacédo de iNOS e COX-2.
» Auvaliar os efeitos da guanosina bloqueando os tecep adenosinérgicos; & Aoa

neste modelo.

8.2. Perspectivas no modelo de choque hemorragico:
e Avaliar no LCR e no sangue outros marcadores deo datular como Lactato
desidrogenase e proteina C reativa ultrassensivel.
e Avaliar no LCR outros parametros envolvidos no ineliamo energético como o
piruvato e corpos cetonicos.
* Avaliar no LCR outros parametros inflamatérios cain® e IL-12.
* Auvaliar os efeitos sobre os niveis de fatores ao&fineurais diversos (BDNF, GDNF,

NGF) e S100 no LCR.
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