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“If our brains were simple enough for us to understand them,
we'd be so simple that we couldn't.”

(lan Stewart)

“And in the end, it’s not the years in your life that count.
It’s the life in your years.”

(Abraham Lincoln)

"Every dream that you leave behind is a piece of their future that no longer exists.”

(Steve Jobs)
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PARTE 1



PREFACIO

Dentre o papel do nosso grupo de pesquisa na investigagado dos efeitos da
guanosina no SNC e frente a disturbios do sistema glutamatérgico, este trabalho
procurou primeiramente preencher uma lacuna existente que seria a de se trabalhar
com crises convulsivas sem que houvesse registro eletrofisiolégico. Para tanto foi
necessario comegar do zero, uma vez que foram os primeiros registros de
eletroencefalografia realizados no Departamento de Bioquimica da UFRGS, sendo
necessaria ndo apenas a padronizacdo dos implantes como a dificil tarefa de
conseguir sinais de boa qualidade mesmo em animais que viriam a apresentar uma
convulsao toénico-cldnica generalizada durante o experimento.

A segunda parte voltou-se a procura de efeitos da guanosina na atividade
elétrica cerebral e sua associacdo com alteragbes da atividade motora em
camundongos, particularmente com a modulagdao da frequéncia de pico na banda
teta (4-10 Hz).

A terceira parte deste trabalho procurou se voltar ao lado bioquimico da
hiperestimulacdo glutamatérgica, padronizando uma técnica que pudesse mensurar
a oxidacado de glutamato e glicose com vistas a uma perspectiva de investigagao
quanto a hipotese de o papel da guanosina no aumento da recaptagao do glutamato
pelos astrocitos estar correlacionado também com uma alteragdo do destino do
glutamato recaptado. Espero que este sirva de base para proximas investigagdes e
esclarecimentos quanto ao papel da guanosina frente aos disturbios cerebrais que

envolvem hiperestimulacao glutamatérgica.



RESUMO

(TORRES FV - EFEITOS ELETROFISIOLOGICOS DA GUANOSINA CONDICOES
NORMAIS E EM MODELO DE HIPERESTIMULACAO GLUTAMATERGICA E
METABOLISMO ENERGETICO HIPOCAMPAL) - O glutamato é fundamental para
que ocorram eventos troficos, desenvolvimentais e de envelhecimento do SNC
assim como para que haja cognicao e consolidagdo da memoaria. O desequilibrio do
sistema glutamatérgico esta envolvido na patofisiologia de diversos acometimentos,
como epilepsia, mal de Alzheimer, isquemia cerebral e deméncia microvascular. A
guanosina tem demonstrado exercer influéncia no sistema glutamatérgico quando
presente no meio extracelular, sendo liberada principalmente por células gliais apos
diferentes tipos de estimulagdo. A administragdo de guanosina, tanto in vivo quanto
in vitro se mostrou capaz de exercer efeitos neurotroficos, neuromoduladores e
neuroprotetores em situacbes de desequilibrio do sistema glutamatérgico. No
primeiro capitulo desta tese procuramos investigar o efeito da guanosina através da
analise do sinal de EEG de ratos submetidos a modelo de convulsdo por AQ.
Mostramos que a guanosina consegue evitar a convulsdo em cerca de metade dos
animais e, associado a isto, também foi capaz de minimizar a supressao do ritmo
teta ocorrida no periodo peri-ictal dos animais que convulsionaram. Porém, algum
grau de perturbacao da sincronia da atividade elétrica inter-hemisférica, bem como
algum grau de alteracdo da onda teta, sugerem que mesmo animais protegidos
tiveram alteracdo de sua fisiologia. No segundo capitulo, investigamos o efeito da
guanosina em camundongos enquanto realizavam tarefa de campo aberto.
Mostramos que a guanosina é capaz de diminuir a frequéncia de pico das oscilagdes
teta durante o repouso, mas nao durante a atividade locomotora, o que sugere
possivel modulagdo de uma via de sinalizac&o intracelular iniciada por um receptor
muscarinico M1 e associada a proteina-Gaq. No terceiro capitulo nds investigamos a
modulagdo do metabolismo oxidativo de glicose e de glutamato em hipocampos
isolados de camundongos. Mostramos que ha um aumento na oxidagdo de
glutamato de mesma ordem que o aumento da concentragédo extracelular, com uma
ampla curva de dose-reposta. Podemos inferir portanto, que as vias responsaveis
pela oxidagdo do glutamato provavelmente permanecem sem se tornar saturadas
em condi¢des fisioldégicas. Em paralelo, parece ocorrer uma discreta diminuigdo do
uso da glicose quanto maior a concentracao extracelular de glutamato,
presumidamente pelo uso do glutamato como substrato energético. Pode-se
considerar que a oxidagao de glutamato talvez tenha um papel de repor a energia
celular dispendida num ambiente de excitabilidade celular bem como de poupar a
glicose disponivel. Com o uso de TFB-TBOA, os astrécitos hipocampais tiveram a
recaptacdo de glutamato impedida, o que impactou significativamente na sua
oxidagao e evitou que a oxidagao de glicose diminuisse. Com estes resultados, ficou
mais evidente o papel primordialmente astrocitario na regulacéo da reserva global de
glutamato e na modulagdo do sistema glutamatérgico. De uma maneira geral, esta
tese traz contribuicdes ao entendimento do papel da guanosina na modulagdo do
sistema glutamatérgico e na atividade elétrica cerebral, além de estabelecer
parametros de metabolismo oxidativo que poderdao ser utilizados para estudo de
possiveis efeitos da guanosina e de novas estratégias neuroprotetoras.



ABSTRACT

(TORRES FV - ELECTROPHYSIOLOGICAL EFFECTS OF GUANOSINE UNDER
NORMAL CONDITIONS AND IN A MODEL OF GLUTAMATERGIC
HYPERSTIMULATION AND HIPPOCAMPAL METABOLISM) - Glutamate plays an
essential role for trophic, developmental and aging events of central nervous system,
as well as in cognition and memory consolidation. Imbalances of the glutamatergic
system are involved in the pathophysiology of diseases, including epilepsy,
Alzheimer, brain ischemia and microvascular dementia. Extracellular guanosine
seems to modulate the glutamatergic system. It is released from glial cells due to
different types of stimulation. Guanosine administration, both in vivo and in vitro,
promotes neurotrophic, neuromodulatory and neuroprotective effects in contexts of
glutamatergic system disturbance. In the first chapter of this work we investigate the
effect of guanosine using EEG recordings from rats submitted to quinolinic-acid-
induced seizures. We show that guanosine prevented seizures in half of the animals,
and also partially prevented the EEG theta suppression seen in the peri-ictal period
of seizing animals. Nevertheless, some degree of disturbance of the inter-
hemispherical synchrony and some degree of theta suppression were still present,
even in non-seizing animals that received guanosine, what suggests some alteration
of its physiology. In the second chapter, we investigated the effect of guanosine in
mice that performed Open Field Test. We show that theta peak frequency slow down
when mice are at rest after guanosine administration, but remains unaltered during
locomotor activity. This fact may suggest that guanosine acts in a M1-muscarinic
receptor or in the associate pathway, an effect mediated by a Gaqg-protein. In the
third chapter we investigate the modulation of oxidative metabolism of glucose and
glutamate in hippocampus isolated from mice. We show there is a proportional
increase in the glutamate oxidation according its extracellular concentration, with a
large dose-response curve. It suggests that the machinery involved probably does
not saturate under physiological conditions. Furthermore, it seems to occur a slight
reduction of glucose consumption as the glutamate oxidation rises up, presumably
due to the use of glutamate as fuel. Maybe the glutamate oxidation play a role in
replenishing energy spent in a excitatory medium and spare the glucose available.
When we used TFB-TBOA, we prevent the uptake of glutamate from astrocytes and
in consequence the glutamate oxidation in a large amount, and glucose oxidation
remains at control level. Together these data reinforce the role of astrocytes in the
regulation of the global pool of glutamate and in the modulation of glutamatergic
system. Finally, this work makes contributions to the understanding of the role of
guanosine over glutamatergic system and brain electrical activity, beyond
establishing some parameters of oxidative metabolism able to be used for further
experiments looking for mechanisms of action of guanosine and neuroprotective
strategies.
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APRESENTAGAO

Os resultados desta tese de doutorado estdo apresentados sob a forma de
artigos cientificos. As secdes Materiais e Métodos, Resultados, Discussdo e
Referéncias bibliograficas encontram-se nos proprios artigos.

Os itens Introducdo, Discussdao e Conclusdes encontradas nesta tese
apresentam interpretacées e comentarios gerais sobre todos os artigos cientificos
contidos neste trabalho. As Referéncias Bibliograficas referem-se somente as
citacdes que aparecem nos itens Introdugao e Discussio desta tese.

Detalhes técnicos mais precisos sobre a metodologia empregada em cada

trabalho podem ser encontrados nos artigos cientificos correspondentes.



1.1 INTRODUGAO

1.1.a. SISTEMA GLUTAMATERGICO E DISTURBIOS DO SNC

O glutamato € um dos aminoacidos ndo essenciais mais abundantes nos
seres vivos e também o neurotransmissor mais abundante no SNC dos mamiferos,
exercendo papel fundamental para que ocorram eventos troficos, desenvolvimentais
e de envelhecimento assim como para que haja consolidacdo da memoria e
cognigao (Van Harreveld and Fifkova 1974, Ng, O'Dowd et al. 1997, Segovia, Porras
et al. 2001, Izquierdo, Bevilaqua et al. 2006, Stevens 2008). No entanto, o
desequilibrio do sistema neurotransmissor glutamatérgico pode trazer efeitos
danosos ao cérebro (Szatkowski and Attwell 1994, Huang, Sochocka et al. 1997,
Allen, Karadottir et al. 2004, Maragakis and Rothstein 2006, Beart and O'Shea 2007,
Herman and Jahr 2007, Tilleux and Hermans 2007), e vem sendo alvo de estudos
por estar aparentemente envolvido com a patofisiologia de um rol de acometimentos:
epilepsia (Meldrum 1994, Bradford 1995, Chapman, Nanan et al. 2000, Meldrum
2000, Moldrich, Chapman et al. 2003, Naylor 2010), isquemia cerebral (Choi and
Rothman 1990, Choi 1992, Chao, Fei et al. 2010), traumatismo cranioencefalico (Fei,
Zhang et al. 2007), Mal de Alzheimer (Boehm 2013), Doenga de Huntington (Sepers
and Raymond 2014), deméncia microvascular (Dirnagl, ladecola et al. 1999,
Segovia, Porras et al. 2001, Dong, Wang et al. 2009, Chao, Fei et al. 2010,
Szydlowska and Tymianski 2010) e esclerose multipla (Stojanovic, Kostic et al.
2014).

O glutamato tem sua acdo exercida através de ativacdo de receptores

ionotrépicos e metabotropicos apds ser liberado na fenda sinaptica. E sabido que o



glutamato n&o é inativado enquanto permanece sem ser recaptado, sendo a
recaptacao realizada basicamente pelas células astrocitarias do SNC. Existem cinco
classes de transportadores de glutamato ja caracterizados em cérebro de mamiferos
(Kanai and Hediger 1992, Pines, Danbolt et al. 1992, Storck, Schulte et al. 1992,
Fairman, Vandenberg et al. 1995, Arriza, Eliasof et al. 1997).

- GLAST ou EAAT1: localizado principalmente em astrocitos, é o principal
transportador durante o desenvolvimento do SNC e no cerebelo mesmo na forma
adulta (Furuta, Rothstein et al. 1997).

- GLT-1 ou EAAT2: localizado principalmente em astrécitos, é responsavel por
cerca de 90% da atividade de transporte de glutamato no cérebro adulto,
principalmente no prosencéfalo (Danbolt 1994, Rothstein 1996, Mallolas, Hurtado et al.
2006, Furness, Dehnes et al. 2008).

-EAAC1 ou EAATS3: localizado principalmente em neurbénios hipocampais,
cerebelares e dos nucleos da base (Furuta, Martin et al. 1997).

- EAAT4: localizado principalmente em células de Purkinje do cerebelo (Furuta,
Martin et al. 1997, Furuta, Rothstein et al. 1997).

- EAATS: localizado principalmente em fotorreceptores e células bipolares da
retina ocular (Pow and Barnett 2000).

A atividade dos transportadores de glutamato parece estar sujeita a regulagao
e plasticidade (Danbolt 2001, Tzingounis and Wadiche 2007, Eulenburg and Gomeza 2010)
e estar modificada em situagdes de injuria cerebral (Danbolt 1994, Furuta, Rothstein et
al. 1997, Tzingounis and Wadiche 2007). Atualmente, diversos estudos ja tém
considerado que a disfuncdo de transportadores de glutamato pode ser o evento

inicial ou parte de uma cascata implicada na patologia de doengas cerebrais agudas



e crbénicas (Maragakis and Rothstein 2004, Robinson 2006, Moussa, Rae et al. 2007,
Sheldon and Robinson 2007, Tzingounis and Wadiche 2007, Stevens 2008).

Os transportadores de glutamato parecem ser modulados em niveis da
transcricdo do DNA, processamento do mRNA, sintese protéica e pods-traducional
(Danbolt 2001, Tzingounis and Wadiche 2007, Eulenburg and Gomeza 2010). A
modulagdo poés-traducional pode envolver modulacdes alostéricas, por exemplo,
pelo acido araquidénico ou pelo Zn+ (Vandenberg, Ju et al. 2004), ou pela translocacao
dos transportadores entre a membrana plasmatica e compartimentos intracelulares o
que pode envolver vias de sinalizacao intracelular, incluindo ativacdo de proteinas

cinases e fosfatases (Davis, Straff et al. 1998, Duan, Anderson et al. 1999, Lortet, Samuel

et al. 1999, Gegelashvili, Dehnes et al. 2000, O'Shea 2002, Robinson 2002)

1.1.b. SINAPSE TRIPARTITE E O PAPEL DO ASTROCITO

O termo sinapse tripartite se refere ao conceito de que a transmissao de
informacgédo dentro do SNC ndo se da apenas entre um terminal axonal e outro
terminal dendritico (ou terminais pré e pds sinapticos respectivamente), mas que
estes terminais teriam uma triangulagdo com uma ramificagédo astrocitaria. Esta idéia
vem cada vez mais modificando a visao de integracdo entre neurénios e glia, bem
como a de integragédo da glia com a modulagéo e participacdo na transmissédo da
atividade sinaptica. Tém-se cada vez mais atribuido fungdes aos astrocitos, grupo
celular que inicialmente era parte da mera “cola cerebral’. Os astrdcitos exercem
papel fundamental na qualidade da transmisséo sinaptica uma vez que conseguem
manter o nivel extracelular de glutamato baixo e otimizar a raz&o sinal/ruido. Além
disso, acumulam fungbes estruturais (criagdo da microarquitetura, regulagdo do

volume extracelular, manutencdo da homeostase idnica - tamponamento do potassio
10



extracelular-, regulagcdo do pH extracelular), fungbes vasculares (formacédo da
barreira hematoencefalica - que evita inclusive a entrada de glutamato presente na
corrente sanguinea para o liquor - e regulagcdo da microcirculagao/tonus vascular),
fungdes troficas (suporte metabdlico, defesa antioxidante, crescimento axonal,
neurogénese), fungbes moduladoras e plasticas (liberagdo de neurotransmissores)
(Volterra and Meldolesi 2005, Tzingounis and Wadiche 2007, Andersson and Hanse
2010, Stipursky, Romao et al. 2011, Stipursky, Spohr et al. 2012).

Aparentemente, a complexidade da integragdo astrocito-neuronal
acompanhou a evolugcdo das espécies e as necessidades de aprimoramento das
fungdes cognitivas necessarias a sobrevivéncia. Nas sanguessugas a razéo
numérica astrocito-neuronal é 1:25, nos roedores 1:3 e nos humanos 3:2; um
crescimento exponencial que nao parece envolver apenas funcdes de suporte
(Banaclocha 2007, Matyash and Kettenmann 2010). No cérebro humano, os
astrécitos parecem conseguir exercer a fungdo de moderador/concentrador (hub)
local ou central da transmissdo de informagdes e parecem exercer papel na
constituicdo de sensacbes subjetivas conscientes ao invés da informacgao explicita
que seria atribuida a transmissao neuronal (Oberheim, Wang et al. 2006, Pereira and
Furlan 2010). Além disso, a morfologia dos astrocitos parece ter evoluido
paralelamente, com os astrécitos presentes em humanos mostrando-se maiores,
mais largos e com mais subtipos em relagdo a roedores e até mesmo outros
primatas, o que pode ter sido responsavel pelo aumento da capacidade
computacional do cérebro humano (Oberheim, Takano et al. 2009). Estima-se que
um astrocito protoencefalico humano realize contato com um numero de sinapses
que pode estar entre 270 000 e 2 000 000. Os fatos aqui levantados ja nos fazem

pensar que a sinapse tripartite foi apenas o inicio da compreensao da interagao

11



astrocito-neuronal e do processamento cerebral de informacgdes, uma vez que o
termo nos da inicialmente uma idéia de correlagdo numérica equivalente entre
neurdnios pré e pos sinapticos e astrocitos.

Em meio as diversas fungdes exercidas pelos astrocitos ja demonstradas, ha
um importante papel na integracdo metabdlica cerebral (Sonnewald, Westergaard et
al. 1997, Voutsinos-Porche, Bonvento et al. 2003, Hertz, Peng et al. 2007, Belanger,
Allaman et al. 2011, Pellerin and Magistretti 2011, Kreft, Bak et al. 2012).
Classicamente é postulado que o glutamato é recaptado em sua grande maioria
pelos transportadores astrocitarios GLT-1 e GLAST, que tem sua presenca
principalmente nos processos astrocitarios perissinapticos (Chaudhry, Lehre et al.
1995, Robinson 1998, Danbolt 2001, Sheldon and Robinson 2007). GLT-1 é o
principal transportador no prosencéfalo enquanto GLAST é o principal transportador
no cerebelo. Trabalhos utilizando astrécitos, sinaptossomas e fatias de cérebro ja
analisaram o destino metabdlico do glutamato com resultados controversos (Yu,
Schousboe et al. 1982, Waniewski and Martin 1986, Farinelli and Nicklas 1992, Rao
and Murthy 1993, Yudkoff, Nelson et al. 1994, McKenna, Sonnewald et al. 1996,
Sonnewald, Westergaard et al. 1997, Skytt, Madsen et al. 2010, El Hage, Conjard-
Duplany et al. 2011), chegando-se a conclusdo de que aparentemente as rotas de
destino do glutamato sdo modificadas de acordo com a concentragao de glutamato
extracelular, com altas concentracdes favorecendo o fluxo para o Ciclo de Krebs em
razao exponencial com o tempo enquanto o aumento da velocidade de captacao
parece aumentar linearmente (McKenna, Sonnewald et al. 1996, Sonnewald,
Westergaard et al. 1997, McKenna 2007, Genda, Jackson et al. 2011, Bauer,
Jackson et al. 2012). Discussdao de fatos contraditérios foram elegantemente

revisados recentemente por Gerald Dienel (Dienel 2012, Dienel 2013).
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1.1.c. SISTEMA PURINERGICO

Neurbnios e células gliais liberam nucleotideos e nucleosideos derivados das
bases puricas adenina e guanina tanto na homeostase quanto em resposta a
estimulos. As purinas podem ser classificadas em derivados da adenina (ATP, ADP,
AMP, adenosina, adenina) e derivadas da guanina (GTP, GDP, GMP, guanosina e
guanina) além dos metabdlitos diretos dos derivados da adenina e da guanina:
inosina, xantina e hipoxantina. ATP e GTP se co-localizam em vesiculas sinapticas
de neurdnios adrenérgicos, purinérgicos e colinérgicos e sao liberados na fenda
sinaptica apds despolarizagdo, por exocitose assim como 0s neurotransmissores.
Nos astrécitos, ATP é liberado provavelmente através de canais de glicoproteina-P.
Ambos, neurdnios e células gliais possuem sistemas transportadores de
nucleosideos que exercem papel na regulagao do nivel extracelular de nucleosideos
de purinas. A concentragdo extracelular de purinas depende de fatores que incluem
a quantidade de purinas liberada, o volume extracelular local, mecanismos de
recaptacédo que as reinternalize nas células e da presencga de enzimas extracelulares
que metabolizam purinas.

Guanosina e guanina sdo prontamente interconversiveis pela enzima Purina
Nucleosideo Fosforilase (PNP). A Guanina também pode ser transformada
irreversivelmente pela guanina deaminase (guanase) originando xantina, que por
sua vez pode ser convertida a acido urico pela xantina oxidase (Figura 1). A
atividade da guanase varia de acordo com a estrutura encefalica envolvida, estando
bem presente no hipocampo e no bulbo olfatério, porém em pequena quantidade na
ponte, bulbo e cerebelo. Grandes variagbes na atividade de uma enzima cerebral

geralmente sugere que esta esta associada com o metabolismo de
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neurotransmissores, tanto que no passado se sugeriu que a guanosina fosse um

neurotransmissor (McGeer, Singh et al. 1987).

Figura 1. Rotas metabdlicas das purinas
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As bases puricas derivadas da adenosina ja se mostraram como tendo papéis
importantes na forma de horménios, neurotransmissores, fatores tréficos e como
moeda energética. No entanto, as bases derivadas da guanina, particularmente a
guanosina comegaram a ter seus mecanismos de acao e seus diversos papeéis

explicados ha menos tempo, ainda havendo bastantes questdes a serem elucidadas.

1.1.d. EFEITOS DA GUANOSINA NO SNC

A guanosina participa como componente estrutural e regulatério nas células,
mas também existe no meio extracelular (Ciccarelli, Di lorio et al. 1999). No cérebro,

a origem das bases derivadas de guanina que estdo presentes no meio extracelular
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€ primordialmente glial, provavelmente em grande parte nucleotideos que sao
clivados pelas ectonucleotidases até guanosina extracelular (Ciccarelli, Ballerini et
al. 2001). A estimulagao de culturas de astrocitos por privagao de oxigénio e glicose,
ou por campos elétricos faz aumentar a concentragdo extracelular de guanosina
(Ciccarelli, Di lorio et al. 1999). Além disso, dano cerebral focal causa elevagdo nos
niveis extracelulares de guanosina que persistem por até uma semana. A guanosina
e 0s nucleotideos da guanina exercem papéis nao apenas tréficos, mas também
neuromoduladores principalmente quando se trata de sistema glutamatérgico, como

mostram as tabelas 1 e 2 respectivamente.

Tabela 1. Principais efeitos extracelulares da guanosina

Efeitos Neurotroficos

Estimula proliferagdo de astrocitos in vitro (Kim et al. 1991)
Induz a proliferagdo de células gliais, crescimento axonal e dendritico em (Gysbers and Rathbone
neuronios 1996)

Induz efeitos troficos em células neurais (astrocitos) (Rathbone et al. 1999)
Estimula a sintese e liberacao de fatores tréficos do diversos tipos, como o (Gysbers and Rathbone
NGF 1992; Gysbers and

Rathbone 1996)
(Middlemiss et al. 1995)
(Rathbone et al. 1998)
(Ciccarelli et al. 2000)

Estimula a sintese de bFGF mRNA em astrocitos (Gysbers and Rathbone
1992)
(Middlemiss et al. 1995)
(Ciccarelli et al. 2001)
Estimula a sintese de NGF e TGF1 de astrocitos (Ciccarelli et al. 2001)
Estimula liberaracdo de II-1 pela microglia e, consequentemente, a proliferacdo (Ciccarelli et al. 2000)
astrocitaria

Melhora a locomogao ¢ a remieliniza¢cdo em modelo de trauma medular (Jiang et al. 2003)

Estimula proliferagdo de células tronco neurais (Suetal. 2013)

Efeitos Neuromoduladores

Estimula a liberag¢do de derivados da adenina, incluindo a adenosina (Ciccarelli et al. 2000)

Aumenta a recaptacdo de glutamato pelos astrocitos (Frizzo et al. 2001)
(Frizzo et al. 2002)
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Previne a diminuigdo da captagdo de glutamato induzida pelo AQ

Aumenta a expressdo de ApoE em astrocitos

(Vinade et al. 2005)

(Ballerini et al. 2006)

Efeitos Neuroprotetores

Previne a diminui¢@o da recaptacdo de glutamato induzida por lesdo hipéxico-
isquémica

Protege fatias cerebrais expostas a hipoxia/hipoglicemia

Previne toxicidade induzida por NMDA em neurdnios

Previne apoptose induzida por B-amildide

Protege contra modelo de Parkinson in vitro

Inibe apoptose em astrocitos

Inibe vias inflamatérias de serem ativadas por privagdo de oxigénio e glicose
in vitro

Protege contra o estresse oxidativo causado em modelo de isquemia cerebral
por termocoagulagdo

(Moretto et al. 2005)

(Frizzo et al. 2002)
(Caciagli et al. 2000)
(Pettifer et al. 2004)
(Giuliani et al. 2012)

(Di Iorio et al. 2002)
(Di Iorio et al. 2004)

(Dal-Cim et al. 2013)

(Hansel et al. 2014)

Efeitos Comportamentais

Evita convulsdes induzidas por diferentes agentes glutamatérgicos
Induz efeito ansiolitico no comportamento de ratos
Induz amnésia em ratos

Atenua a hiperlocomocao induzida por MK-801

(Lara et al. 2001)
(Vinade et al. 2003)
(Roesler et al. 2000)

(Tort et al. 2004)

Tabela 2. Principais efeitos extracelulares dos nucleotideos da guanina

Efeitos Neurotroficos

GTP induz a proliferagdo de astrocitos

GTP induz sintese e liberagao de fatores troficos

GTP estimula a proliferagdo de diversos tipos de células

Estimulam a proliferacdo de astrdcitos

(Ciccarelli et al. 2000)

(Middlemiss et al.
1995)

(Rathbone et al. 1992)

(Kim et al. 1991)

Efeitos Neuromoduladores

Inibe a ligacdo do 4cido cainico

Inibe a ligagdo do glutamato e seus analogos
Inibe respostas celulares a agentes glutamatérgicos

Estimula a recaptag@o de glutamato pelos astrocitos
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(Rubin et al. 1996)
(Burgos et al. 1998)

(Frizzo et al. 2003)



Estimula a recaptacdo de glutamato por vesiculas sinapticas (Tasca et al. 2004)

GMP evita a liberagdo de glutamato induzida por AQ em sinaptossomas (Tavares et al. 2005)

Efeitos Neuroprotetores

GMP evita a perda de viabilidade celular induzida pelo glutamato (Molz et al. 2005)
GMP evita a perda de viabilidade celular induzida por hipdxia (Oliveira et al. 2002)
GMP evita morte neuronal induzida por AQ (Malcon et al. 1997)

Efeitos Comportamentais

GMP Evita convulsdes induzidas por AQ em roedores (Schmidt et al. 2005)
GMP induz amnésia em ratos (Saute et al. 20006)
GMP reverte o efeito facilitador do glutamato na memoria em ratos (Rubin et al. 1996)

Pelos resultados obtidos até o momento é evidente o papel da guanosina e
seus nucleotideos. Porém, ainda ha muitas perguntas sobre o mecanismo de agao
da guanosina e seus derivados, uma vez que ainda ndo se sabe através de qual
estrutura € desencadeada a ativacdo das vias de sinalizacdo intracelular ja
detectadas. O que foi mostrado até o momento € que existem papéis da guanosina e
de seus nucleotideos que sdo independentes do envolvimento do sistema
adenosinérgico e que permanecem acontecendo mesmo com o bloqueio do
transporte de purinas para o meio intracelular (Kim, Rathbone et al. 1991, Gysbers
and Rathbone 1992, Muller and Scior 1993, Gysbers and Rathbone 1996, Ciccarelli,

Di lorio et al. 2000).

1.1.e. EVIDENCIAS ENVOLVENDO MECANISMOS DE AGAO DA GUANOSINA

A guanosina parece promover o aumento do AMPc intracelular em astrécitos
(Rathbone, Middlemiss et al. 1991) e células PC12 (Gysbers and Rathbone 1996),
inibidos parcialmente por SQ22536, um inibidor da adenilato ciclase (Gysbers and

Rathbone 1996) , o que sugere que seus efeitos sdo mediados por mecanismos
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dependentes e ndo-dependentes do AMPc. Os mecanismos ativados pela guanosina
que sdo dependentes de AMPc supostamente sdo responsaveis por ativar a cascata
da via MAPK e talvez outras proteinas cinases (Rathbone, Middlemiss et al. 1991).

A guanosina passou a despertar ainda mais a curiosidade dos grupos que a
investigam a partir do momento que foram detectados efeitos biolégicos devido a
sua presenca extracelular, e que nao seriam explicados por uma liberacéo
secundaria ou em paralelo de bases derivadas da adenina, nem por ativagcao de
purinoceptores da adenina. A procura de sitios distintos de ligagdo da guanosina a
superficie celular entdo passou a ser foco de pesquisas (Ciccarelli, Ballerini et al.
2001, Traversa, Bombi et al. 2002). Aparentemente os supostos receptores ativados
pela guanosina apresentam caracteristicas de receptores ligados a proteina-G.
Dados que sustentam esta hipétese sdo a inibicdo do efeito da guanosina na
apoptose induzida por B-amildide em células SH-SY5Y, de neuroblastoma humano
quando ha pré-tratamento por LY294002, um inibidor da PI3K, e por PD98059, um
inibidor da MEK (Dal-Cim, Molz et al. 2012). A guanosina extracelular também
promove a fosforilagdo de Akt/PKB, o que foi evitado também por pré-tratamentos
com LY294002 e PD98059 (Pettifer, Kleywegt et al. 2004).

Em astrocitos expostos a staurosporina, o efeito antiapoptético da guanosina
foi antagonizado por pré-tratamento com PTX e também por SB202190, um inibidor
da via p38 MAPK. A guanosina também mostrou efeitos sobre a atividade de alvos
da via PI3K/AKkt/PKB, inibindo os efeitos da enzima pré-apoptética GSK-3p e
promovendo aumento do mRNA e da expressao proteica de Bcl-2, cujo efeito é
antiapoptotico (Di lorio, Ballerini et al. 2004).

Recentemente foi mostrado também que a guanosina aumenta a atividade dos

proteassomas em células SH-SY5Y expostas a B-amiléide através da estimulagéo
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das vias de sobrevivéncia PI3K/Akt/GSK3p e ERK1/2/MAPK (Tarozzi, Merlicco et al.
2010).

Em suma, os efeitos da guanosina sdo suprimidos por PTX, LY294002 e
Wortmannin (inibidores da PI3K) e PD98059 (um inibidor da MEK), bem como por
inibidores MAPK, o que sugere que a guanosina age sobre um receptor de
superficie celular acoplado a uma proteina-Gi (Gysbers and Rathbone 1992,
Rathbone, Middlemiss et al. 1998, Rathbone, Middlemiss et al. 1999, Ciccarelli,

Ballerini et al. 2001).

1.1.f. RITMOS DO EEG

As frequéncias usualmente predominantes no EEG de humanos ou roedores
variam de 1 a 30 Hz. Em geral baixas frequéncias significam estados menos
responsivos e vice-versa. A amplitude das ondas detectadas no EEG indica o quanto
de atividade elétrica sincrénica esta ocorrendo na area abaixo do eletrodo naquele
momento. Por outro lado, se a amplitude for baixa, isto significa que os neurdnios
estdo disparando de forma assincrona. Em outras palavras, as ondas ritmicas do
EEG refletem a tendéncia de parte do cérebro em gerar oscilagdes coletivas (Pedley
and Traub 2003). Este ritmo pode ser tanto um padréao espontaneo como o ritmo alfa
e os fusos de sono, como ondas rapidas induzidas por medicamentos, ou atividade
anormal como pontas ictais ou trens de ondas lentas. A forma extrema de
sincronicidade da atividade neuronal, que leva a um estado de hiperexcitabilidade, é

tratada como crise epiléptica.

Quando utilizamos o EEG de ratos para prospecg¢ao de drogas psicoativas, é

importante considerarmos que a definicdo das bandas de frequéncias do EEG
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mostram certa variabilidade de acordo com o autor e entre a literatura de humanos e
roedores. A definicdo classica de banda teta é entre 4 a 8 Hz (Duzel, Penny et al.
2010, Park, Lee et al. 2014, Vecchio, Miraglia et al. 2014) e alfa entre 8 a 12 Hz.
Esta é tipicamente empregada na literatura humana. Na literatura referente a
roedores, porém, a banda teta é tipicamente definida por um espectro mais amplo
(considerando também frequéncias um pouco mais rapidas) que em humanos.
Diversos artigos consideraram banda teta como oscilagdes entre 4 a 12 Hz (ou 5 a
12 Hz) em roedores (Fellous and Sejnowski 2000, Whittington and Traub 2003,
Dugladze, Vida et al. 2007, Economo, Martinez et al. 2014). Paralelamente, varios
outras publicacdes definiram teta de maneira um pouco diferente, mas ainda mais
abrangente que a de humanos, com limite superior de 10 Hz ao invés de 12 Hz

(Buzsaki and Draguhn 2004, Arabadzisz, Antal et al. 2005, Jacobs 2014).

1.1.g. EEG E ACAO DE DROGAS NO SNC

A anadlise do EEG pode ser considerada uma ferramenta para estudo de
efeitos de drogas psicotropicas no estado funcional do cérebro (Herrmann and
Schaerer 1990). As ondas cerebrais detectadas pelo EEG estdo associadas a
coordenagao de populagbes neuronais envolvidas no processamento de
informagdes e modulagdo do comportamento ( Engel, Fries et al. 2001, Buzsaki and
Draguhn 2004, Sirota, Montgomery et al. 2008).

As alteragbes de EEG induzidas por farmacos mais comumente sdo o
aumento das oscilagbes beta e um leve aumento nas oscilagdes teta - ambas

podendo ser provocadas pela administracdo de benzodiazepinicos em doses
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ansioliticas (Blume 2006). No entanto, doses um pouco maiores de
benzodiazepinicos e de antagonistas NMDA como o MK-801 estdo associadas a
lentificacdo das ondas teta e sedacédo e hipnose (Scheffzuk, Kukushka et al. 2013).
Em camundongos, os registros a nivel cortical realizados em topografia
imediatamente acima do hipocampo s&o capazes de traduzir de maneira
consideravelmente fidedigna o comportamento das oscilagbes hipocampais,
principalmente nas frequéncias mais proeminentes. Observa-se alto indice de
coeréncia entre sinais colhidos simultaneamente de eletrodos corticais e
hipocampais segundo observacdes nossas (Torres F.V., dados ndo publicados) e de
trabalhos ja publicados (Vezzani, Ungerstedt et al. 1985, Brankack, Kukushka et al.
2010). Portanto, o uso de eletrodos epidurais em topografia acima do hipocampo de
camundongos € uma ferramenta que pode trazer informagdes do funcionamento
hipocampal de maneira menos invasiva e com metodologia menos complexa do que
0 uso de eletrodos de profundidade. Essas caracteristicas fizeram com que
considerassemos inicialmente eletrodos epidurais mais adequados do que eletrodos

de profundidade para trabalhos de prospecgao.

1.1.h. RITMO TETA E NAVEGAGCAO

A frequéncia de pico na banda teta parece estar associada a velocidade de
locomocéao (Slawinska and Kasicki 1998), embora a associagao pareca ser fraca e
por isso nem sempre detectada (Whishaw and Vanderwolf 1973, Czurko, Hirase et
al. 1999). Ja foi sugerido que o ritmo teta hipocampal pudesse ser afetado por

diferentes classes de drogas ansioliticas (McNaughton, Kocsis et al. 2007).
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As oscilacbes teta que acompanham a locomogao parecem ndo ser afetadas
pela administracdo de agonistas muscarinicos, enquanto as oscilagbes que
aparecem durante o repouso (espontaneo ou induzido por drogas) conseguem ser
suprimidas por estes (Kramis, Vanderwolf et al. 1975, Leung 1985, Bland 1986,
Leung 1998, Shin and Talnov 2001, Buzsaki 2002, Shin 2002, McNaughton, Kocsis

et al. 2007).
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1.2. OBJETIVO GERAL

Considerando i) a importancia dos disturbios do sistema glutamatérgico nos
insultos agudos e cronicos do cérebro; ii) o papel neuroprotetor da guanosina
extracelular e sua interferéncia no sistema glutamatérgico demostrada até o
momento, incluindo sua agao anticonvulsivante ja descrita comportamentalmente; iii)
o grande envolvimento astrocitario na modulagdo do sistema glutamatérgico e na
regulacéo do meio extracelular e da concentragao sinaptica do glutamato, o objetivo
geral da presente tese de doutorado foi analisar registros de EEG buscando detectar
efeitos da guanosina per se e frente a uma situagdo de hiperexcitabilidade
glutamatérgica (crise convulsiva) que pudesse ser evitado pela guanosina, bem
como padronizar técnica de mensuragao do metabolismo oxidativo de glicose e
glutamato em hipocampos de camundongos, com perspectiva de prospecgao de um

possivel efeito da guanosina no metabolismo oxidativo da glicose e do glutamato.

1.3. OBJETIVOS ESPECIFICOS

- Verificar se o efeito comportamental da guanosina e do MK-801 esta associado a
diminuicao de registros epileptiformes.

- Verificar a influéncia da guanosina administrada sistemicamente no EEG de
camundongos, com analise simultdnea da atividade de locomog&o.

- Verificar a influéncia da concentragdo extracelular de glutamato, na presenca ou
nao do inibidor dos transportadores glutamatégicos astrocitarios TFB-TBOA, no
metabolismo oxidativo da glicose e do glutamato em hipocampo isolado de

camundongos
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- Verificar a influéncia da concentragdo extracelular de glutamato, na presenga ou
nao do inibidor dos transportadores glutamatégicos astrocitarios TFB-TBOA, na

viabilidade celular em hipocampo isolado de camundongos
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Quinolinic acid (QA) is an N-methyl-p-aspartate receptor agonist that also promotes glutamate release and
inhibits glutamate uptake by astrocytes. QA is used in experimental models of seizures studying the effects of
overstimulation of the glutamatergic system. The guanine-based purines (GBPs), including the nucleoside
guanosine, have been shown to modulate the glutamatergic system when administered extracellularly. GBPs
were shown to inhibit the binding of glutamate and analogs, to be neuroprotective under excitotoxic
conditions, as well as anticonvulsant against seizures induced by glutamatergic agents, including QA-induced

lég}éwords. seizure. In this work, we studied the electrophysiological effects of guanosine against QA-induced
Seizure epileptiform activity in rats at the macroscopic cortical level, as inferred by electroencephalogram (EEG)
Epilepsy signals recorded at the epidural surface. We found that QA disrupts a prominent basal theta (4-10 Hz)
Theta activity during peri-ictal periods and also promotes a relative increase in gamma (20-50 Hz) oscillations.
Gamma Guanosine, when successfully preventing seizures, counteracted both these spectral changes. MK-801, an
Neuroprotection NMDA-antagonist used as positive control, was also able counteract the decrease in theta power; however,
AED we observed an increase in the power of gamma oscillations in rats concurrently treated with MK-801 and
QA. Given the distinct spectral signatures, these results suggest that guanosine and MK-801 prevent QA-

induced seizures by different network mechanisms.
© 2009 Elsevier Inc. All rights reserved.
Introduction The guanine-based purines (GBPs), namely the nucleotides GTP,

Quinolinic acid-induced seizures is one of the variety of models in
rodents for epilepsy research (Bradford, 1995; Stone, 2001). These
models have improved our comprehension about the pathophysiol-
ogy of epilepsy and anticonvulsant drug effects (Bradford, 1995; Lewis
etal.,, 1997). Quinolinic acid (QA) is a product of tryptophan metabolic
route, and acts as an N-methyl-p-aspartate (NMDA) receptor agonist,
with indirect action as a glutamate releaser and inhibitor of astrocytic
glutamate uptake (Connick and Stone, 1988; de Oliveira et al., 2004;
Stone, 2001; Tavares et al., 2002, 2005). Given these characteristics,
QA is one of the substances used in models studying the effects of
overstimulation of the glutamatergic system in the brain. QA has also
been suggested to be a neurotoxic endogenous substance involved in
the etiology of epilepsy (Nakano et al., 1993), as well as in other
diseases like Huntington disease (Ramaswamy et al., 2007) and HIV-
associated dementia (Guillemin et al., 2005).
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ence of Natal, Natal, RN 59066, Brazil. Fax: +55 84 4008 0554.
E-mail address: adrianotort@gmail.com (A.B.L. Tort).

0014-4886/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.expneurol.2009.11.013

27

GDP and GMP, and the nucleoside guanosine have been shown to
modulate the glutamatergic system when administered in vivo (Lara
etal., 2001; Roesler et al., 2000; Schmidt et al., 2000, 2005, 2007, 2008,
2009; Tort et al., 2004; Vinade et al., 2005). Although the exact
mechanisms of action underlying these effects remain unclear, they
do not seem to involve a direct modulation of G-proteins (reviewed in
Schmidt et al., 2007). GBPs were shown to inhibit the binding of
glutamate and analogs (Baron et al., 1989; Paas et al., 1996; Paz et al.,
1994), to be neuroprotective under excitotoxic conditions (Frizzo et
al., 2002; Malcon et al., 1997; see also Ciccarelli et al., 2001), as well as
anticonvulsant against seizures induced by glutamatergic agents,
including QA-induced seizures (de Oliveira et al., 2004; Lara et al.,
2001; Schmidt et al., 2000, 2005). Of note, the effects of some GBPs
have been shown to depend on their conversion to guanosine (Saute
etal.,, 2006; Schmidt et al., 2005; Soares et al., 2004). In line with these
anti-glutamatergic effects, it has been shown that guanosine
stimulates astrocytic glutamate uptake (Frizzo et al, 2001, 2003;
Frizzo et al., 2002), which is the main mechanism of glutamate
removal from the synaptic cleft (Anderson and Swanson, 2000;
Danbolt, 2001; Beart and O'Shea, 2007).
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Although the behavioral effects of guanosine in preventing QA-
induced seizures have been well described (de Oliveira et al., 2004;
Lara et al.,, 2001; Schmidt et al., 2000, 2005), little is known about its
electrophysiological effects in the brain. In fact, neither the electro-
physiological effects of QA nor guanosine when administered alone
have been well characterized to date. In this work, we sought to
determine the electrophysiological effects of guanosine against QA-
induced epileptiform activity at the macroscopic level. We have thus
recorded and analyzed epidural electroencephalogram (EEG) record-
ings of rats under appropriate treatment conditions. We found that QA
disrupted a prominent basal theta (4-10 Hz) activity during peri-ictal
periods, and that guanosine, when successfully preventing seizures,
counteracted this effect. We also observed that MK-801, a known
NMDA-antagonist used as positive control, presented different
spectral effects than guanosine in rats concurrently treated with QA.

Materials and methods
Animals

Forty male adult Wistar rats weighting 230-280 g were used.
Animals were kept in temperature-regulated room (2241 °C), on a
12 h light/12 h dark cycle (light on at 7:00 am), one per cage, with
food and water ad libitum. Our institutional protocols for experiments
with animals (“Guidelines for Animal Care”), designed to avoid
suffering and limit the number of animals sacrificed, were followed
throughout.

Chemicals

Guanosine and quinolinic acid were obtained from Sigma
Chemicals (St. Louis, MO, USA). 5-methyl-10-11-dihydro-5Hdibenzo
[a,b]cyclohepta-5-10-imine maleate (MK-801) was obtained from
RBI-Research Biochemicals International (Natick, MA, USA). Guano-
sine was prepared in NaOH 10 pM (buffered to pH 7.4) and the
concentration was limited to 100 mM due to its poor water solubility.
The anesthetic ketamine was obtained from Vetbrands (Jacarei, SP,
Brazil) and xylazine was obtained from Coopers Brasil Ltda (Cotia, SP,
Brazil).

Surgical procedure

Animals were anesthetized with ketamine (80 mg/kg) and
xylazine (10 mg/kg) i.p. The head of the animal was fixed in a
stereotaxic instrument, and the skin covering the skull was cut with a
3-cm-long rostro-caudal incision in the midline. After exposure of the
skull bone surface, a 27-gauge 9-mm guide cannula was unilaterally
placed at 0.9 mm posterior to bregma, 1.5 mm right from the midline
and 1.0 mm above the right lateral brain ventricle. The cannula was
implanted 2.6 mm ventral to the superior surface of the skull through
a 2-mm hole made in the cranial bone. In addition, five stainless steel
screw electrodes (1.0 mm diameter) were placed over the dura mater
through holes in the skull bone made with a dental drill. Four
electrodes were used as positive electrodes (2.0 mm lateral, right or
left, 1.0 mm anterior or 5.0 mm posterior to bregma). The reference
(negative) electrode was placed at 4 mm anterior and 2.0 mm right
from the midline. The positioning of the cannula and electrodes was
fixed with dental acrylic cement, and a screw used for fixation of the
dental acrylic helmet to the bone was used as ground.

Experimental design
One week after the surgical procedure, rats were (individually)
transferred to an observation cage (Plexiglas chambers). Electrodes

were connected to a digital data-acquisition system (Nihon-Kohden,
Japan). After an accommodation period of 10 min, a basal EEG activity
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was recorded for 5 min. After this, rats were pretreated i.p. with one of
these: guanosine (10 ml/kg, 0.75 mg/ml), NaCl 0.09% (10 ml/kg),
MK-801 (0.5 mg/kg), and had their EEG recorded for 30 min. Next, the
animals received an i.c.v. injection of QA (4 pl, 9.2 mM); for this,
animals were gently hand-restrained and infusions were made using a
30-gauge injection cannula that was inserted into the implanted guide
cannula and connected by a polyethylene tube to a 5-pl Hamilton
microsyringe. The animals were then submitted to further EEG
monitoring until 10 min after the i.c.v. injection. During this period,
rats were observed for the occurrence of wild running, clonic, tonic or
tonic-clonic seizures lasting more than 5 s. Animals not displaying
seizures during these 10 min were considered “protected”. Immedi-
ately after this observation, 2% methylene blue was injected i.c.v,
followed by anesthesia and sacrifice by decapitation. Brain was sliced
to determine the location of the cannula tip, and animals without dye
in the lateral brain ventricle were discarded. The epidural EEG
recordings were filtered at 0.01-100 Hz and digitally stored at 1 kHz
sampling resolution in a computer hard drive for off-line analysis.

Data analysis

All analyses were done using built in and custom written routines
in MATLAB (Mathworks, Inc). Both the power and coherence spectra
were estimated by means of the Welch periodogram method using a
50% overlapping Hamming window with a length of 1024 points (i.e.
1.024 s), which were obtained using the pwelch and mscohere
functions, respectively, from the Signal Processing Toolbox. These
analyses were performed in EEG epochs without motor seizures (i.e.,
peri-ictally for seizing animals). The time-frequency decompositions
used 1024 points sliding windows with 50% overlap, which was
obtained using the spectrogram function from the Signal Processing
Toolbox. The filtering was done by means of a linear finite impulse
response (FIR) filter, which was obtained using the eegfilt routine
from the EEGLAB toolbox (Delorme and Makeig, 2004). The phase
time series of a filtered signal was computed from the Hilbert
transform, which was obtained using the hilbert routine from the
Signal Processing Toolbox. The phase difference Ad between two
signals was obtained by using the formula A¢p = arg(exp(i(¢p1 — ¢2))),
where ¢; and ¢, correspond to the phases of signals 1 and 2,
respectively. Signals that were too noisy or that contained too much
movement artifact were excluded from the analysis. These were
inferred by visual inspection of the traces along with the presence of
abnormally high power in lower frequencies (0-3 Hz).

Statistical analysis

Comparisons of coherence and power values were done using a t-
test or ANOVA followed by Tukey's test, as appropriate. Fisher's exact
test was used to compare proportions. A value of p<0.05 was
considered statistically significant.

Results
Basal epidural EEG traces exhibit prominent theta oscillations

As shown in Fig. 1, we found prominent theta (4-10 Hz)
oscillations in the epidural EEG traces of the animals during the
basal period, i.e. before the administration of any drug. Such
oscillations could be detected by simple visual inspection (Fig. 1A)
and were apparently more pronounced in the posterior electrodes
(Fig. 1B; but read below). Fig. 1C shows a representative time-
frequency decomposition obtained during the basal period, which
depicts a clear, relatively steady theta rhythm. Similar to the power
spectrum, the coherence spectra between electrodes also exhibited a
clear peak at the theta band (Fig. 1D), which was also apparently more
pronounced between the posterior electrodes. However, we note that
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Fig. 1. Epidural EEG traces exhibit prominent theta oscillations. (A) Representative raw signal obtained from a posterior electrode. (Bottom) Zoomed in view (1-s period
corresponding to the horizontal black line). (B) Mean theta power levels for each electrode location. Error-bars denote SEM. *p<0.01 compared to anterior electrodes (ANOVA
followed by Tukey's test; n=10-12 per group). Inset shows the mean power spectra over all anterior (white) and posterior (black) electrodes. (C) Time-frequency decomposition of

a representative signal. (D) Mean coherence spectra between pair of electrodes. Error-bars denote SEM (n= 13 pairs per group).

our reference electrode was located anterior to bregma (see Materials
and methods), and, by changing the reference electrode to a posterior
location, we observed a reversion of these findings; that is, when
using a posterior reference, we found that the anterior electrodes
present higher theta power and coherence levels than posterior
electrodes (not shown). For the rest of this work, we only show results
of analyses performed on EEG traces obtained from the posterior
electrodes using the anterior reference configuration.

Quinolinic acid disrupts theta and increases gamma oscillations

In Fig. 2A we show a representative EEG trace obtained
immediately after QA i.c.v. infusion, along with its time-frequency
decomposition. We observed that the basal theta activity becomes
extremely reduced both before and after seizure, i.e., during the peri-
ictal period (Figs. 2A and B), whereas the seizure event was

characterized by a great increase in power of low frequencies,
which spilled over higher frequencies (Fig. 2A). The coherence levels
between electrodes following QA injection were also dramatically
reduced (Fig. 2C). However, although both the overall theta power
and coherence levels were reduced, the peak theta frequency
exhibited a slight increase following QA infusion (Figs. 2B and C). In
addition to these findings, we found that QA treatment induced bursts
of gamma (20-50 Hz) activity occurring concurrently with the
reduction of theta oscillations (Figs. 2A and D). However, it should
be noted that the coherence at the gamma band was actually reduced
after QA injection when compared to baseline levels (Fig. 2C). In
accordance with these findings, an analysis of phase-differences
between bilateral electrodes (i.e., inter-hemispheric) revealed dis-
rupted phase-locking at both theta and gamma bands following QA
treatment (Fig. 2E), including when only periods of higher gamma
activity were taken into account (Fig. 2E, bottom panel).

Fig. 2. Quinolinic acid (QA) induces seizures and disrupts normal oscillatory activity during the peri-ictal period. (A) (left) Representative EEG trace obtained after QA infusion (top)
and its corresponding time-frequency decomposition (bottom; same pseudocolor scale as in Fig. 1C). First arrow points to a theta period still present right after QA infusion
(followed by a period of reduced theta power starting at 40 s); second and third arrows indicates the beginning and ending of a seizure event, respectively; fourth arrow points to a
high gamma period. (Right) Zoomed-in view of particular epochs corresponding to the horizontal lines under the trace at the top left. From top to bottom, the traces show periods of:
normal theta, “disrupted” theta, theta suppression, high gamma. (B) Mean power spectra during the basal and peri-ictal periods after QA infusion. Inset: mean theta power levels.
*p<0.01 (t-test; basal n =20 traces; post-QA n =10 traces). Error-bars denote SEM. (C) Mean coherence spectra. Inset: mean theta coherence between bilateral electrodes. *p<0.01
(t-test; basal =13 electrode pairs; post-QA n=5 electrode pairs). (D) Percentage power distribution during basal and high gamma periods after QA infusion. (E) Normalized
histograms (% of counts) of inter-hemispheric phase difference for theta and gamma oscillations.
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Intraperitoneal infusion of guanosine does not alter EEG spectral content

We next studied the effects of i.p. guanosine on the spectral
content of epidural EEGs. As shown in Fig. 3A, we found that
guanosine did not cause any meaningful spectral alteration in the EEG
traces in comparison to baseline findings. The i.p. injection of a saline
control also did not cause any alteration in the power spectrum. The
coherence spectrum after saline or guanosine administration was also
similar to baseline (Fig. 3B), as well as the phase-difference analysis at
both theta and gamma bands (Fig. 3C). Of note, we also did not find
meaningful alterations in any of these analyses after MK-801
administration (Figs. 3A-C).

Guanosine reduces the incidence of quinolinic acid-induced seizures

In agreement with previous reports (Lara et al., 2001; Schmidt
etal,, 2000), QA induced seizures in all animals pre-treated with saline
(n=38 rats; Fig. 4A), whereas seizure episodes were completely
prevented by the pre-administration of the NMDA antagonist MK-801
(n=~6 rats). In addition, we found that guanosine was able to protect
seizures induced by QA in around 50% of the cases (protected n=10
rats; non-protected n =9 rats), which is also consistent with previous
findings (Lara et al., 2001; Schmidt et al., 2000, 2005). Animals seizing
under guanosine or saline pre-treatment did not differ in the duration
of the seizure episode (Fig. 4B).

Animals successfully protected by guanosine present lower reduction in
theta power than non-protected animals

In Fig. 5A we show the power spectrum densities of seizing
animals that were not protected by guanosine for the three different
periods of the experiment (baseline, after guanosine i.p., after QA
i.c.v.). As in the case of QA injection alone (see Fig. 2B), we found
that seizing animals after the combined treatment with guanosine
and QA (the latter administered 30 min after the former) present an
overall reduction of the spectral power, and, in particular, at the
theta band (Fig. 5A). Interestingly, we found that animals that
were successfully protected by guanosine presented a lower
decrease in power over multiple frequencies, including the theta
band (Fig. 5B). The difference in theta power levels between
seizing and non-seizing animals after QA administration was
statistically significant (t(23)= —3.343, p=0.0028). When exam-
ining the coherence spectra, we found that both seizing and non-
seizing animals presented a reduction of inter-hemispheric coher-
ence over a wide range of frequencies; it should be noted, however,
that non-seizing animals exhibited a trend towards higher coher-
ence values at the theta band (Fig. 5C). Similarly, the phase-
difference histograms revealed disrupted phase-locking between the
right and left hemispheres for both seizing and non-seizing animals
(Fig. 5D).

Animals pre-treated with MK-801 present an increase in gamma
oscillations after quinolinic acid administration

We have then examined the power spectral densities of animals
pre-treated with MK-801 i.p. followed by QA i.c.v. administration
30 min later. As mentioned above, none of these animals presented
seizures after QA infusion. We found that the levels of theta power
after QA in animals pre-treated with MK-801 did not differ from
baseline values, although the peak theta frequency tended to slow
down (Fig. 6A). Remarkably, however, we found that the EEG traces
of these animals presented a marked increase in gamma oscilla-
tions after QA administration (Fig. 6A). The coherence spectrum
exhibited a mild decrease of inter-hemispheric theta-coherence (Fig.
6B), which could also be noticed by the phase-difference analysis
(Fig. 6C).
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The combined pre-treatment with guanosine and MK-801 promotes
faster theta oscillations after quinolinic acid administration

Lastly, we examined the power spectral densities of animals pre-
treated with both guanosine and MK-801 i.p. followed by QA i.c.v.
administration 30 min later. We found that the average theta power
level after the combined administration of guanosine and MK-801
was not different from basal levels (not shown), and, as in the case of
MK-801 pre-treatment alone, none of these animals (n =7) presented
motor seizures after QA infusion. Also similarly to the individual pre-
treatment with MK-801, we observed a clear increase in gamma
oscillations following QA administration (Fig. 7). However, we found
that animals pre-treated with both guanosine and MK-801 present a
prominent increase in the theta peak frequency following QA infusion
(Fig. 7); in fact, as the magnitude of this increase was ~5 Hz, the peak
frequency after QA infusion even reached values beyond the
definition of theta range (4-10 Hz) employed in this work.

Discussion

We have examined the power spectra of brain electrical activity
and signal synchronization (coherence) at baseline as well as in
response to a central infusion of QA, which induced acute episodes of
motor seizures. In addition to clear EEG changes occurring during the
seizure events (Fig. 2A), we found that QA disrupts a prominent basal
theta activity during the peri-ictal period; moreover, QA also
promoted a relative increase in the power level at the gamma
band. These changes in power were accompanied by a reduction of
oscillatory coherence between brain hemispheres. Using this same
paradigm, we have also examined the electrophysiological effects of
a pharmacological intervention that we have previously shown to be
neuroprotective against QA-induced seizures, namely the pre-
treatment with guanosine. We found that guanosine, when effec-
tively preventing seizures, was able to counteract both the decrease
in theta power as well as the appearance of gamma oscillatory
activity following QA infusion. Additionally, we also studied the
electrophysiological effects of the NMDA antagonist MK-801 in the
same seizure model, and we found that whereas MK-801 pre-
treatment was able to effectively block the decrease in theta power,
this drug was associated with the appearance of large gamma
oscillations following QA administration. Finally, we also found that
the combined pre-treatment with both guanosine and MK-801 in this
model led to qualitatively different results than the observed when
each drug was administered alone.

There is a striking resemblance of the spectral changes induced by
the QA seizure model we described here to oscillatory alterations
found in other experimental models of epilepsy. For instance, recent
work studying mice subjected to a mesial temporal lobe epilepsy
(mTLE) model secondary to hippocampal kainic acid (KA) injection
found an abolishment of the theta rhythm in these chronic, epileptic
animals (Arabadzisz et al., 2005; Dugladze et al., 2007). Furthermore,
it was also shown that KA-induced epileptic animals exhibit an
increase in the power of gamma oscillations (Dugladze et al., 2007;
Medvedev et al., 2000). Although the QA model employed here is an
acute model of seizure, in contrast to the KA model of mTLE, these
similarities suggest that a reduction in theta and an increase in
gamma could be a hallmark of an epileptic brain. It should also be
noted that these similarities were found at different levels of analysis:
while we looked at a more macroscopic electrophysiological scale,
Dugladze et al (2007) examined hippocampal local field potentials
(LFPs), that is, a more mesoscopic scale (Young and Eggermont,
2009). Moreover, this same work also reported similar spectral
disruptions at the in vitro cellular level when examining the firing
patterns of hippocampal interneurons (Dugladze et al., 2007).
Inhibition and GABAergic interneurons were in fact suggested to be
important for gamma and theta generation (Gloveli et al., 2005; Tort
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Fig. 4. Guanosine and MK-801 are able to protect against QA-induced seizures. (A) Percentage of seizing animals per pre-treatment group. *p<0.05 (Fisher exact test compared to
saline group). (B) Mean seizure duration for saline pre-treated rats as well as during unsuccessful guanosine pre-treatment. Error-bars denote SEM.

etal.,, 2007; Waulff et al., 2009), and a disruption of inhibitory activity is
associated with epileptiform activity (Cossart et al., 2001; Dinocourt
et al., 2003; Kobayashi and Buckmaster, 2003; Morin et al., 1998).
However, whether putative alterations of inhibitory networks are
playing a role in the QA seizure model remains to be established, but
the similarities between the spectral findings suggest that both the KA
and QA models may share pathophysiological mechanisms. Of note,
these similarities also suggest that the theta oscillations we observed
in our epidural recordings were likely volume conducted from the
hippocampus.

The work by Arabadzisz et al. (2005) also described an overall
reduction in the synchronization of bilateral EEG activity in animals
subjected to the KA model of mTLE, similarly to what we found in the
present study using the QA model of acute seizures (Fig. 2C). In fact, it
should be noted that the inter-hemispheric impairments of synchrony
were also observed to some extent even in rats successfully protected
against seizures under the pre-treatment of either guanosine (Figs. 5C
and D) or MK-801 (Figs. 6B and C). Taken together with the fact that
non-seizing animals also presented some degree of alteration in the
power of the theta band (Figs. 5B and 6A), our study also shows in
particular that protected animals have an altered physiology, which is
a fact that could not be hinted only by behavioral studies.

In a recent work, it was shown that the subcutaneous administra-
tion of either MK-801 or ketamine induces a marked increase in
gamma oscillations in rats (Pinault, 2008), which was discussed in the
context of cognitive alterations associated with schizophrenia. Here,
we found that the intraperitonial injection of MK-801 (0.5 mg/kg) did
not cause alterations in the gamma band; however, the concomitant
treatment with QA promoted a marked increase in gamma oscillations
(Fig. 6A). Note that this increase was observable in the absolute power
levels of these traces (Fig. 6A), and was more prominent than the
relative increase of gamma power (assessed by the % of power
distribution present in the gamma band; see Fig. 2C) seen after QA
administration alone (compare Figs. 6A and 2B). NMDA receptor
blockers such as MK-801 were reported to induce paradoxical
increases in glutamatergic transmission mediated by non-NMDA

receptors activation (Adams and Moghaddam, 2001; Moghaddam
etal., 1997; Moghaddam and Adams, 1998), which were postulated to
involve disinhibition of glutamatergic principal cells promoted by
less activation of GABAergic interneurons(Lopez-Gil et al., 2007;
Moghaddam et al., 1997; Schmidt et al., 2009; Tort et al., 2004). It
could be therefore that the increase in gamma oscillations induced by
MK-801 (Pinault, 2008) is related to non-NMDA receptors activation.
In this sense, whereas the MK-801 dose we used (0.5 mg/kg) was
unable to promote higher gamma activity, the co-treatment with QA,
which can also influence release and uptake of glutamate (de Oliveira
et al., 2004; Tavares et al., 2002, 2005), could have synergistically
increased the activation of non-NMDA receptors, leading to the
observed increase in gamma oscillations. In fact, Pinault (2008)
described that the appearance of gamma oscillations with MK-801
treatment was accompanied by ataxic behavior; as we did not observe
ataxic behavior under our treatment protocol, this suggests that the
effective dose of MK-801 reaching the brain was in fact higher in
Pinault (2008) study than in the present work.

Guanosine occurs naturally in the brain and has been reported to
present a myriad of biological effects when administered extracellu-
larly, including trophic effects on neural cells (Ciccarelli et al., 2001;
Rathbone et al., 1999), stimulation of astrocyte proliferation (Ciccarelli
etal., 2000; Kim et al., 1991), and modulation of glutamatergic activity
(reviewed in Schmidt et al., 2007). Although these effects might be
related to its uptake into the intracellular compartment, a consensus
has emerged that some of guanosine actions involve its binding to a
specific membrane protein (Traversa et al., 2002, 2003), postulated by
some to be a G protein-coupled receptor (Ciccarelli et al., 2001;
Traversa et al.,, 2002, 2003). Indeed, guanosine was reported to present
high affinity membrane sites in the brain (Traversa et al., 2002),
although the actual existence of its putative specific receptor has yet to
be demonstrated. More certain is the fact that guanosine presents clear
anti-glutamatergic properties, as demonstrated in several in vivo and
in vitro approaches (reviewed in Schmidt et al., 2007), which places
it as a new potential neuroprotective strategy against glutamatergic
excitotoxicity. The mechanism of action underlying the modulation of

Fig. 5. Rats successfully protected by guanosine present higher theta power than non-protected rats. (A) Mean power spectra during baseline (white), after guanosine i.p. (cyan), and
after QA i.c.v. (black) for non-protected rats are shown. Inset depicts the mean theta power levels. *p<0.01 when compared to baseline (ANOVA followed by Tukey's test; n =10-14
traces per group). Error-bars denote SEM. Guanosine i.p. pre-treatment was followed by QA i.c.v. 30 min later (arrow scheme). (B) Same as in (A) but for protected rats (QA is shown
in dark gray). #p<0.05 when compared to baseline (ANOVA followed by Tukey's test; n = 14-18 traces per group). Error-bars denote SEM. (C) Mean coherence spectra (same color
conventions as in A and B). The inset shows the mean theta coherence. #p<0.05 when compared to Post-GUO group (ANOVA followed by Tukey's test; n =9-14 electrode pairs).
Error-bars denote SEM. (D) Normalized histograms (% of counts) of inter-hemispheric phase difference for theta and gamma oscillations.
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glutamatergic activity by guanosine is currently under research in
our and other laboratories. It has been suggested that astrocytes are
crucially involved, since guanosine was shown to stimulate
glutamate uptake by astrocytes (Frizzo et al., 2001, 2002, 2003),
which is the main mechanism of glutamate removal from the
synaptic cleft (Danbolt, 2001; Beart and O'Shea, 2007). In addition,
recent works have shown that QA decreases glutamate uptake in
vivo and that this effect is reverted by guanosine when successfully
acting as anticonvulsant (de Oliveira et al., 2004; Tavares et al., 2002,
2005). Taken together, there is strong evidence that the antigluta-
matergic action of guanosine occurs in a fundamentally different
way than MK-801, which would explain the different electrophys-
iological results observed here in the network (EEG) level. The
finding that both compounds when administered simultaneously
promoted qualitatively different effects than when each was tested
individually is also consistent with different influences of these
drugs in the network level. Noteworthy, since guanosine alone also
prevented the increase in gamma oscillations after QA infusion, this
result suggests that it might cause less cognitive side effects than
MK-801 in the clinical setting.

It is known that guanosine is protective against QA-induced
seizures in a dose-dependent manner (Schmidt et al., 2000, 2005).
However, it still remains puzzling why guanosine is not effective in
preventing QA-induced seizures in 100% of the cases, even in the
highest soluble dose possible. In the present study, we found that the
pre-treatment with guanosine was an effective anticonvulsant
therapy in around 50% of the cases (Fig. 4A), a fraction that was
similar to what we found in previous studies (Lara et al., 2001;
Schmidt et al., 2000, 2005). Moreover, we observed that this fraction
is not related to individual differences among animals: when the same
group of animals is subjected twice to guanosine pre-treatment
followed by i.c.v. QA infusion (with one week of interval between
experiments), we obtained roughly the same fraction of protected
animals, and we observed that the seizing/protected rats in the
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second experiment were not necessarily the same as in the first
experiment (Avila TT, Antunes C, Souza DO, unpublished observa-
tions). This suggests that dynamic variables within rats are probably
determining whether guanosine will successfully prevent seizures or
not. It is possible that these variables are related to pharmacokinetic
and pharmacodynamic factors (e.g., effective drug distribution),
although it could also be related to other influences as the current
internal state of the brain. Importantly, here we have demonstrated
for the first time that protected and non-protected animals under
guanosine pre-treatment can be distinguished electrophysiologically,
even before the beginning of the motor seizures. Accordingly, we
found that the level of theta power greatly decreased in seizing
animals under (unsuccessful) guanosine pre-treatment, both before
and after the seizure event (i.e., peri-ictally), similarly to what we
observed in saline pre-treated rats. On the other hand, animals
successfully protected by guanosine exhibited a statistically higher
level of theta power than seizing animals (compare Figs. 5A and B).
Although this result adds an extra step towards understanding why
guanosine would be anticonvulsive only at times, the factors
responsible for these electrophysiological differences are also puz-
zling at the moment. At any event, as the decrease in theta activity
could also be seen previous to seizure onset, the present results
suggest that the monitoring of theta activity could be a useful marker
of an epileptic brain.

In summary, here we have performed a macroscopic electrophys-
iological characterization of an acute model of seizure secondary to
overstimulation of the glutamatergic system. Using this model, we
studied the effect of two neuroprotective pharmacological interven-
tions and we showed that they possess different spectral signatures.
While both guanosine and MK-801 are known to exert actions over
the glutamatergic system, these results show that the mechanisms of
seizure prevention are likely different between these two compounds
at the network level. Further electrophysiological studies at the
cellular level are warranted and will help in elucidating the precise
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Fig. 7. Rats pre-treated with both guanosine and MK-801 present faster theta oscillations after QA administration. (A) Mean power spectra after guanosine and MK-801 i.p. (cyan)
and after QA i.c.v. (black). Error-bars denote SEM (n= 14 traces per group). Guanosine and MK-801 i.p. pre-treatment was followed by QA i.c.v. 30 min later (arrow scheme). (B)
Time-frequency decomposition of a representative signal after QA infusion (same pseudocolor scale as in Fig. 1C).

mechanism of action of guanosine and how it translates into the
present network, macroscopic findings.
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ABSTRACT

Guanosine has several neuroprotective effects in animal models of
neurological injuries associated with excitotoxicity. In addition guanosine is amnesic

and, like benzodiazepines, presents anxiolytic effects in rodents.

Since several studies have shown changes in EEG profile related to
psychotropic drugs such as benzodiazepines its use may be helpful in the
prospection of potential drugs with central effect on nervous system. Although
guanosine induces neurological behavioral changes, possible concomitant
electrophysiological changes in the brain - particularly in theta oscillations that seems
to be related with anxiety state - are a field to be explored.

In this work we evaluate the EEG theta oscillation in freely moving mice under
guanosine administration during open field test. We found that guanosine reduces
the locomotor activity and increase the period at rest in a dose dependent manner
and similar to diazepam. Guanosine promoted a decrease in theta peak frequency at
60 mg/kg i.p in periods at rest and diazepam promoted a similar decrease but its
effect was independent of the state of activity. Further experiments are needed in
order to asses the mechanism of action that underlies the modulation of atropine-

sensitive theta rhythms by guanosine.

Keywords: theta, EEG, guanosine, sedative drugs, anxiolytic drugs, motor behavior
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BDZ
EEG
GABA
QA
i.p.

ABBREVIATIONS

Benzodiazepines
Electroencephalogram
Receptor for GABA type A
Quinolinic acid

intraperitoneally
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INTRODUCTION

Guanosine, a guanine nucleoside, exhibits several neuroprotective effects in
animal models of neurological injuries associated with excitotoxicity, such as brain
ischemia and seizures (Lara et al. 2001; Oliveira et al. 2002; Schmidt et al. 2005;
Schmidt et al. 2000). But beyond the neuroprotective effects, guanosine seems to
induce behavioral changes, such as sedation, amnesia and decreased anxiety
(Roesler et al. 2000; Tort et al. 2004; Vinade et al. 2003). These effects resemble
those usually induced by GABAa agonists benzodiazepines (BDZ). However, the
mechanisms underlying the effects of extracellular guanosine seem to involve
modulation of the glutamatergic system without direct effect upon GABAergic system
(Lara et al. 2001; Roesler et al. 2000; Schmidt et al. 2005; Schmidt et al. 2000;
Schmidt et al. 2008; Tort et al. 2004; Vinade et al. 2005). Some of its neuroprotective
and trophic effects seems to occur via surface receptors linked to some Gi-protein (Di
lorio et al. 2004). In the other hand, it has been suggested guanosine could help to
prevent injury by high extracellular levels of glutamate enhancing its uptake by
astrocytes (Frizzo et al. 2003; Frizzo et al. 2001; Frizzo et al. 2002). Athough these
findings give us some clues about the mechanism of action of extracellular
guanosine, an specific binding site for extracellular guanosine has not been
discovered yet and we have to be judicious in consider the same mechanism of
action for different types of effects.

Quantitative electroencephalogram (EEG) analysis is a powerful tool to study
the effects of psychotropic drugs on the brain functional state (Herrmann and
Schaerer 1990). Brain oscillations are associated with the coordination of distributed

neuronal groups believed to underlie behavioral processing (Buzsaki and Draguhn
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2004; Engel et al. 2001; Sirota et al. 2008). In mice, the lateral parietal cortex is
overlaying the dorsal hippocampus and permits reliable recording of theta
hippocampal waves with comparable amplitude and phases between different
animals (Brankack et al. 1993).

Several studies have shown EEG changes in acute administration of
benzodiazepines (BDZ) in general. Diazepam in particular produces a typical EEG
profile at rest and during sustained attention task. This EEG profile is characterized
by an increase in beta oscillation (14-30Hz) and decrease in alpha (8-13 Hz) delta
(1-4 Hz) and theta (5-10 Hz) oscillation (Ansseau et al. 1984; Bauer et al. 1997;
Greenblatt et al. 1989; Lucchesi et al. 2003; Mandena et al. 1992; Munoz-Torres et
al. 2011; Romano-Torres et al. 2002; Siok et al. 2012; Urata et al. 1996).
Furthermore, diazepam has been consistently reported to decrease theta frequency
during active waking and REM sleep (Caudarella et al. 1987; Gottesmann et al.
1998; Monmaur 1981; Siok et al. 2012).

Although guanosine induces neurological behavioral changes, possible
concomitant electrophysiological changes in the brain - particularly the changes in
theta oscillations that seems to be related with anxiety state - are a field to be
explored. In a recent study we described the effect of guanosine 7.5 mg/kg i.p. on the
power spectra of brain oscillations and signal synchronization (coherence) under
normal conditions (baseline) and during quinolinic acid (QA)-induced seizures in rats
(Torres et al. 2009). Guanosine alone prevented the increase in gamma oscillations
after QA infusion and decreased seizure activity. However, the effect of progressively
higher doses of guanosine on theta oscillations was never explored.

In this work we evaluate the EEG profile and the mean peak frequency of

theta in freely moving mice under guanosine administration during motor activity task.
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We found that guanosine reduces the locomotor activity and prolongs the period at
rest state in a dose-dependent manner and decreases the theta peak frequency at
rest 60 mg/kg i.p.. Diazepam 2 mg/kg promoted similar findings, but induced a
decrease in theta peak frequency not only at rest but also during motor activity, as

expected.

MATERIAL AND METHODS

Animals

Adult (male) Swiss albino mice weighting 35-45 g were used. Animals were
kept one per cage, under a 12 h light/12 h dark cycle (light on at 7:00 am), in a heat-
regulated room (22 + 1° C), with relative humidity at 55 + 5%, and received food and
water ad libitum. The animals were maintained according to Brazilian Federal Law n.°
11.794/2008 (Arouca Law) and the methodology of this study followed the ethical
principles in animal experiments of the Brazilian College of Animal Experimentation.
All protocols were approved by the Animal Care and Ethics Committee of the

University (approval n.° 5647).

Chemicals

Diazepam was purchased from Unido Quimica Nacional S/A (Pouso Alegre,
MG, Brazil) and guanosine was obtained from Sigma Chemicals (St. Louis, MO,
USA). Guanosine was prepared in NaOH 10 uM (pH 7.4) and all solutions were

warmed up to 35°C previously to administration. The anesthetic ketamine was
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obtained from Vetbrands (Jacarei, SP, Brazil) and xylazine from Coopers Brasil Ltda

(Cotia, SP, Brazil).

Surgical Procedure

Animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/
kg) intraperitoneally (i.p.). The head of the animal was fixed in the stereotaxic and the
skin covering the skull was cut with a 1.0-cm long rostro-caudal incision in the
midline. After exposure of the skull bone surface, three stainless steel electrodes (0.5
mm diameter) were implanted. Two of them were used as positive electrodes (1.2
mm lateral, right or left, 2.0 mm posterior to bregma) and the reference (negative)
electrode was placed in the midline of the occipital bone and kept in contact with
cerebrospinal fluid. The positioning of the electrodes was fixed with dental acrylic
cement, and a screw used for fixation of the dental acrylic helmet to the bone was

used as ground.

EEG recording and open field

One week after surgery, mice were (individually) transferred to an observation
cage (Plexiglas chambers). Electrodes were connected to a digital data-acquisition
system (Nihon-Khoden, Japan). After an accommodation period of ten minutes, a
basal EEG activity was registered and observed for 20 minutes in order to ensure
that it had good signal to noise ratio and usual characteristics (signal did not
suppress, without abnormal electrical discharges). Later, each animals was

pretreated (i.p. injection) with one of the following: NaCl 0.09% (2 mi/100 g),
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guanosine (15, 30, 60 or 120 ml/kg, diluted to 2 miI/100g), or diazepam (2 mg/kg),
and transferred to a square-shaped black arena (50 x 50 x 50 cm) to perform the
open field Test with concomitant EEG recording for 90 minutes. During this period,
the positions of the animal were acquired with 2 seconds of sampling interval. The
epidural EEG traces were filtered at 0.01-100 Hz and digitally recorded to a computer
hard drive using 1 kHz sampling resolution for posterior analysis. The distance
travelled in the open field and the EEG were recorded for 90 minutes for posterior

analysis. We analyzed the total distance travelled to evaluate the motor activity.

Data analysis

The analyses were performed using built in and custom written routines in MATLAB
(Mathworks, Inc). The power were estimated by means of the Welch periodogram
method using a 50% overlapping Hamming window with a length of 1024 points (i.e.
1.024 s), which were obtained using the pwelch and mscohere functions,
respectively, from the Signal Processing Toolbox. The time-frequency
decompositions used 1024 points sliding windows with 50% overlap, which was
obtained using the spectrogram function from the Signal Processing Toolbox. The
filtering was done by means of a linear finite impulse response (FIR) filter, which was
obtained using the eedgfilt routine from the EEGLAB toolbox (Delorme and Makeig

2004).



Statistical analysis

The power values were compared using One-way ANOVA followed by Tukey’s Post-
Hoc Test, as appropriate. A value of p<0.05 was considered statistically significant. All

data are presented as mean + SEM.

RESULTS

Guanosine induces dose-dependent reduction in locomotor activity

In order to evaluate the effect of guanosine in locomotor activity animals were
divided in 4 groups based on the dosage of guanosine injected (15, 30, 60 or 120
mg/kg. i.p.). In addition we use as a negative and positive control group animals
injected with saline solution and Diazepam (2 mg/kg i.p.), respectively. Each animal
was individually placed in the open field apparatus. We observed that the travelled
distance after guanosine administration decreases for all groups when compare to
controls (Fig. 1A-B, p=0.0003, n=5 per group, One-way ANOVA followed by Tukey’s
Post-Hoc Test). The decrease in locomotor activity was similar to that induced by
DZP (2 mg/kg. i.p.) (Fig. 1B, C).

To evaluate the duration of decrease in locomotor activity we tracked the
movement for each animal in the open filed apparatus during 90 minutes. We
observed that animals receiving guanosine 30-60 mg/kg i.p., remained at rest for a
longer period when compared to control and groups receiving guanosine 15 and 120

mg/kg i.p. (Fig. 2A-B, p=0.0007 n=5 per group, One-way ANOVA followed by Tukey’s
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Post-Hoc Test). An effect similar to guanosine 30 and 60 mg/kg was observed in

animals receiving DZP 2 mg/kg i.p. (Fig. 2A-C).

Guanosine induced decrease in theta peak frequency at rest

To evaluate the changes in brain oscillation during guanosine administration
we performed power spectrum analysis (Fig. 3), time-frequency decomposition
analysis (Fig. 4A-F top - color scale graphs) and visual inspection (Fig. 4A-F bottom -
5 s sampled signal) of epidural EEG.

During locomotor activity theta oscillation was not affected by guanosine (Fig.
3A), different from Diazepam 2 mg/kg that decrease the theta peak from 7.38+0.06 to
6.25+0.14 (p<0.0001, n=5 per group, One-way ANOVA followed by Tukey’s Post-Hoc
Test). On the other hand, animals receiving guanosine 60 mg/kg and diazepam group
exhibited decrease in theta peak at rest from 7.53+0.11 to 5.48+0.46 and 4.68+0.17,
respectively (Fig. 3B, p<0.0001, n=5 per group, One-way ANOVA followed by
Tukey’s Post-Hoc Test).

As shown in Fig. 4A, we found prominent theta oscillations (4—10 Hz) in the
epidural EEG traces of the control animals during the period normal locomotor
activity and at rest. Such oscillations could be detected by simple visual inspection of
rough signal (Fig. 4A bottom) and by time-frequency decomposition obtained during
this period, which depicts a clear, relatively steady theta rhythm (Fig. 4A color scale
graph). Representative time-frequency decomposition graphs and EEG traces of
guanosine and Diazepam groups are shown in Fig. 4B-E and 4F, respectively. Note

that we can distinguish two different patterns of power distribution in theta
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frequencies, one during locomotor activity (shown by black-shadowed graph at the

top) and other at rest.

DISCUSSION

In the open field test, we noted an accommodation on locomotor activity
observed by the curve of cumulative distance traveled in the open field in the control
group over time (dots become closer along time) (Fig 1A). Unfortunately, the number
of animals used for this work had not enough power for further analysis of open field
measures. Guanosine 60 mg/kg i.p. promoted a decrease in locomotion and period
of active movement similar to that induced by diazepam 2 mg/kg. i.p. (Fig. 1).
Guanosine promoted a decrease in theta peak frequency at 60 mg/kg i.p in periods
at rest and diazepam promoted a similar decrease but its effect was independent of
the state of activity. Moreover, neither guanosine or diazepam apparently did have
any effect upon oscillatory coherence between brain hemispheres for dosages used
in this work (Torres, F.V.; data not shown).

Despite the exuberant effect upon locomotor activity, guanosine affected the
EEG theta peak frequency only at the dosage of 60 mg/kg and only at rest, which
corresponds to the dosage that showed more prominent effect upon locomotor
activity. Interestingly, guanosine at the dosage of 120 mg/kg did not seem to alter the
theta peak frequency and showed a trend to have a lower effect upon locomotor
activity when compared to guanosine 60 mg/kg. Furthermore, the guanosine effect
upon theta peak frequency seems to be restricted to periods at rest. Diazepam
showed reductions of the peak frequency independently of the behavioral state,

already shown in previous studies (Caudarella et al. 1987; Gottesmann et al. 1998;
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Monmaur 1981; Siok et al. 2012). In fact, animal studies have shown that the
anxiolytic effects of benzodiazepines are associated only with decreased theta
frequency, while anxiogenic drugs caused an increase in frequency of theta activity
(McNaughton et al. 2007) and suggest our findings may be in part due to an
anxiolytic effect of guanosine already reported (Vinade et al. 2003; Vinade et al.
2005).

Previous works have postulated the existence of two types of theta oscillation:
one that could be suppressed and/or slowed independently of the fact to be at rest or
not, and another that could de suppressed and/or slowed at rest but return to
previous characteristics when animal is navigating, walking or running (Kramis et al.
1975; Shin et al. 2005). Moreover, these two kind of theta rhythms correspond to
atropine-sensitive and atropine-resistant theta rhythms. The first can be abolished by
administration of muscarinic antagonists (e.g., atropine or scopolamine), but the
second is not affected by the same drugs (Bland 1986; Buzsaki 2002; Kramis et al.
1975; Leung 1998; Leung 1985; McNaughton et al. 2007; Shin 2002; Shin and
Talnov 2001; Stewart and Fox 1990).

Knock-out experiments showed that atropine-sensitive component of theta
seems to be dependent of PLC-B1 (Shin et al. 2005), a second messenger coupled
to three muscarinic receptor, namely M1, M3 and M5 via the a subunit of Gg-
proteins (being M1 especially predominant in the hippocampus and expressed in the
pyramidal cell bodies and apical and basal dendrites of the stratum radiatum and
stratum oriens) (Rhee and Bae 1997; Volpicelli and Levey 2004). In contrast,
atropine-resistant theta rhythms probably result from the concerted actions of
different neurotransmitters on various brain regions, including glutamatergic and

GABAergic systems (Shin et al. 2005). Taken together, these facts suggest that
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guanosine may play a role modulating the M1-Gag-PLC-B1-dependent pathway in
hippocampal cell bodies and dendrites, despite some of its neuroprotective and
trophic effects seem to occur via some Gi-protein (Di lorio et al. 2004).

The effect of guanosine on theta peak frequency only in resting periods and
the fact of two different profiles of power spectrum related to awake behavior show
us the important role of EEG analysis to be coupled with animal observation. If not,
only a behavioral change could be translated in changes in the mean power and
frequencies of theta.

Guanosine apparently shows at least partial loss of effect between 60 and 120
mg/kg (U-shaped dose-effect response). In fact, this effect behavior was already
seen in parameters measured in different works and also for guanine nucleotides
(Schmidt et al. 2005; Schmidt et al. 2010). Since the CSF levels of guanosine in
blood and CSF arise linearly according the dosage used (Schmidt et al. 2010), this
could may suggest a loss of specificity or even a context-dependent effect.

In summary, our data suggest that guanosine produces a decrease in peak of
theta oscillation depending on the activity state. Guanosine anxiolytic, sedative,
anticonvulsant effects are similar to observed for BDZ, however, the mechanisms
underlying these various effects are not understood. Still, it remains to be established
whether the changes in EEG theta oscillation are related to cognitive and behavioral
effects.

Guanosine have been investigated along the last two decades by different
groups and seems to have a unquestionable role in the extracellular medium at CNS.
Further investigation is required to elucidate its mechanism, always being judicious
with the fact that different effects may be occurring bay different pathways and some

responses may be context-dependent.
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Figure 3.
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LEGENDS

Figure 1. Decrease in travelled distance induced by guanosine and diazepam.
Cumulative distance plots for guanosine and diazepam-treated animals (red-filled
dots) compared to control group (black-filled dots) (A). Total distance travelled at 90
min (B). N=5 per group. Error-bars denote SEM. Control differs from all other groups

(*p<0.05, **p<0.01, ***p<0.001).

Figure 2. Decrease in time spent in locomotor activity by guanosine and diazepam.
Percentage of time at rest during open field test. Period at rest guanosine 30 and 60
mg/kg and DZP 2 mg/kg groups was significantly longer then control group (*p<0.05,
**p<0.01, ***p<0.001) (A). Percentage of time in active movement during 90-min of
open field test (Mean and SEM). Period of active movement was significantly
shorter in rguanosine 30 and 60 mg/kg and DZP 2 mg/kg then control group
(*p<0.05, **p<0.01, ***p<0.001) (B). Representative occupancy plots for each group

(C). N=5 per group. Error-bars denote SEM.

Figure 3. Decrease in theta peak frequency induced by guanosine and diazepam.
Line graphs: Mean Power Spectra for EEG during locomotion (A) and at rest (B) for
control (black filled dots) vs guanosine and diazepam-treated animals(red filled dots).
Bar graphs: Mean EEG peak frequency during open field test. N=5 per group. N=10
traces per group. Error-bars denote SEM. Theta paek frequency decrease
significantly in guanosine 60 mg/kg and DZP 2 mg/kg when compare to control

group. DZP 2 mg/kg differs from all groups except guanosine 60 mg/kg(*p<0.05).
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Figure 4. Time-frequency decomposition of a representative signal for each group,
coupled to respective animal speed (black shadowed graph on the top).
Representative traces from EEG at rest (arrow) and during active locomotor activity
(triangle) are showed for each group, sampled at the intervals indicated by the same

arrow/triangle at the time-frequency graph.
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Glutamate concentration at the synaptic level must be
kept low in order to prevent excitotoxicity. Astrocytes
play a key role in brain energetics, and also astrocytic
glutamate transporters are responsible for the vast major-
ity of glutamate uptake in CNS. Experiments with primary
astrocytic cultures suggest that increased influx of gluta-
mate cotransported with sodium at astrocytes favors its
flux to the tricarboxylic acid cycle instead of the gluta-
mate—glutamine cycle. Although metabolic coupling can
be considered an emergent field of research with impor-
tant recent discoveries, some basic aspects of glutamate
metabolism still have not been characterized in brain tis-
sue. Therefore, the aim of this study was to investigate
whether the presence of extracellular glutamate is able to
modulate the use of glutamate and glucose as energetic
substrates. For this purpose, isolated hippocampi of mice
were incubated with radiolabeled substrates, and CO,
radioactivity and extracellular lactate were measured. Our
results point to a diminished oxidation of glucose with
increasing extracellular glutamate concentration, gluta-
mate presumably being the fuel, and might suggest that
oxidation of glutamate could buffer excitotoxic conditions
by high glutamate concentrations. In addition, these find-
ings were reversed when glutamate uptake by astrocytes
was impaired by the presence of (3S)-3-[[3-[[4-(trifluoro-
methyl)benzoyllamino]phenyllmethoxy]-L-aspartic acid
(TFB-TBOA). Taken together, our findings argue against
the lactate shuttle theory, because glutamate did not
cause any detectable increase in extracellular lactate con-
tent (or, presumably, in glycolysis), because the glutamate
is being used as fuel instead of going to glutamine and
back to neurons. © 2013 Wiley Periodicals, Inc.

Key words: brain; oxidation; excitotoxicity; TFB-TBOA;
glutamate transporters

Glutamate is the major excitatory neurotransmitter in
the central nervous system (CNS), and it has been

© 2013 Wiley Periodicals, Inc.
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estimated that glutamate-mediated neurotransmission is re-
sponsible for about 80% of the energy expended in the
gray matter, with synaptic potentials (more than action
potentials) responsible for the high energetic cost in
maintenance of excitability (restoration of ion gradients
dissipated by signaling; Belanger et al., 2011). Glutamate
concentration at the synaptic level must be kept low in
order to maintain a high signal-to-noise ratio and to pre-
vent excitotoxicity (Choi, 1992; Szatkowski and Attwell,
1994; Huang et al., 1997; Herman and Jahr, 2007). The
concentration of glutamate at the synaptic cleft rises dra-
matically from low micromolar concentrations up to 1
mM during neurotransmission (Meldrum, 2000), and fail-
ure of astrocytes to remove this excess glutamate leads to
excitotoxic damage and ultimately neuronal death (Dan-
bolt, 2001; Schousboe and Waagepetersen, 2005;
McKenna, 2007). It has been shown that intracere-
broventricular administration of (3S)-3-[[3-[[4-(trifluoro-
methyl)benzoyl|Jamino]phenyljmethoxy]-L-aspartic acid
(TFB-TBOA), a competitive blocker of astrocytic gluta-
mate transporters, namely, GLAST and GLT-1 that did
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not bind to N-methyl-D-aspartate receptors, induces
convulsive behaviors in mice (Shimamoto et al., 2004).
Astrocytes play a key role in brain energetics
(Schousboe et al., 1997; Sonnewald et al., 1997; Voutsi-
nos-Porche et al., 2003; Hertz et al., 2007; Belanger
et al., 2011; Pellerin and Magistretti, 2011; Kreft et al.,
2012), because glutamate is not cleaved extracellularly
and the astrocytic glutamate transporters that are
enriched in perisynaptic processes are responsible for the
vast majority of glutamate uptake. Recently it has been
proposed that GLAST and GLT-1 (Genda et al., 2011;
Bauer et al., 2012) exist in macromolecular complexes at
the level of fine processes of the astrocytes. These mac-
romolecular complexes could be interpreted as local
metabolic units to maintain and optimize the electro-
chemical gradient of sodium necessary for glutamate
uptake in a restricted domain. This fact could better
explain the efficiency of astrocytes for supporting costly
glutamate cotransport (Na™) in a spatially restricted peri-
synaptic processes. Despite the classical description of the
glutamate—glutamine cycle, evidence from experiments
with primary astrocytic cultures suggests alternative met-
abolic pathways for glutamate (McKenna et al., 1996;
Sonnewald et al., 1997; McKenna, 2007). Probably, the
metabolic fate of glutamate depends of the active sodium
efflux by Na'/K" ATPase (Voutsinos-Porche et al.,
2003). It already has been shown that increased influx of
glutamate cotransported with sodium at astrocytes favors
its flux to the tricarboxylic acid (TCA) cycle instead of
the glutamate—glutamine cycle (Dienel and Cruz, 2006;
McKenna, 2007; Kreft et al., 2012). In fact, glutamate
can be converted to alpha-ketoglutarate and enter the
TCA cycle. Thus, the glutamate backbone can be ener-
getically metabolized (producing ATP) to CO, and
H,O. Furthermore, experiments with primary astrocytic
cultures show that the percentage of glutamate converted
to CO, nearly doubles from 5 to 15 min, whereas gluta-
mate uptake tends to be linear (Bauer et al., 2012).
Although some data on metabolic coupling support
the idea that some portion of the glucose entering the
glycolytic pathway in astrocytes is converted to lactate
and released in the extracellular space, with the main pur-
pose of being fuel for neurons (Pellerin and Magistretti,
2011), the lactate shuttle remains controversial because of
failure in other laboratories to observe this effect and to
prove that it takes place in significant quantities (Mangia
et al., 2011; Dienel, 2012a,b). In addition, some evidence
suggests that glucose oxidation still provides most of the
astrocytic energy supply (Hertz et al, 2007; Belanger
et al., 2011). Although metabolic coupling can be consid-
ered an emergent field of research with important recent
discoveries, some basic aspects of glutamate metabolism
still have not been characterized for brain tissue, preserv-
ing the interconnectivity between astroglia and neurons,
and glucose many times is remembered as the main ener-
getic substrate for the brain independent of its state of ac-
tivity. Therefore, the aim of this study was to investigate
whether the presence of extracellular glutamate in ditfer-
ent concentrations and TFB-TBOA, a competitive
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blocker of glial glutamate transporters, is able to modulate
the use of glutamate and glucose as energetic substrates.
For this purpose, isolated hippocampi of mice were incu-
bated with radiolabeled substrates, and CO, radioactivity
and extracellular lactate were measured. Cellular integrity
and metabolic viability were assessed by extracellular
lactater dehydrogenase (LDH) and methylthiazolyldi-
phenyl-tetrazolium bromide (MTT) assays, respectively.

MATERIALS AND METHODS
Chemicals

L-glutamic acid (monosodium salt) and MTT were pur-
chased from Sigma (St. Louis, MO). TEB-TBOA was purchased
from Tocris Bioscience (Bristol, United Kingdom). D-[U-"*C]glu-
cose (300 mCi/mmol) and L—[U—MC]glutamic acid (260 mCi/
mmol) were obtained from Perkin-Elmer (Boston, MA). All other
chemicals were purchased from local commercial suppliers.

Animals

Male Swiss albino mice (60-90 days old, weighing 3545
2), obtained from our own breeding colony (Federal University
of Rio Grande do Sul, Brazil), were used. Animals were kept in
a temperature-regulated room (22°C = 1°C), on a 12-hr light/
12-hr dark cycle, five per cage, with food and water ad libitum
and air relative humidity was kept at 55% * 5%.

Tissue Preparation

Mice were killed by decapitation, and the hippocampi
were dissected, weighed, and randomly distributed to perform
the incubation. Our institutional protocols for experiments
with animals (‘“‘guidelines for animal care”), designed to avoid
suffering and limit the number of animals used, were followed
throughout. The methodology of this study was in strict
accordance with the National Institutes of Health Guide for
the care and use of laboratory animals.

Oxidation to CO, of Radiolabeled Substrates

For the purposes described above, each intact hippocam-
pus (weighing 12-18 mg) was incubated in 1.0 ml Dulbecco’s
medium, pH 7.3, 5.0 mM D-glucose plus glutamate and/or
TFEB-TBOA as adequate. These assays were conducted with
radiolabeled substrates, 0.2 pCi/ml D-[U-"*C]glucose or 0.2
nCi/ml L—[U—14C]glutanlate. Before incubation, the reaction
medium was gassed with O, for 30 sec. Flasks were sealed with
rubber caps and parafilm. Glass center wells containing a folded
60 mm/4 mm piece of Whatman 3 filter paper were hung
from the stoppers. Hippocampi were incubated at 37°C in a
Dubnoft metabolic shaker (60 cycles/min), according to a pre-
viously described method (Schmidt et al., 2010). Incubations
were stopped by adding 0.2 ml of 50% w/w trichloroacetic
acid solution through the rubber cap. Subsequently, 0.1 ml of
2.0 M sodium hydroxide was injected into the central wells.
The flasks were shaken for an additional 30 min at 37°C to
trap CO, at the central well. Afterward, the CO, radioactivity
was measured in a liquid scintillation counter.

The calculation of the amount of oxidized glucose was
made through the measurement of radioactivity in 20 pl
medium (input) in cpm. Once we had the cpm value and with 5
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mM the glucose concentration in the medium (100,000 pmol of
glucose for each 20 pl), the amount of CO, trapped at the central
well was calculated as 100,000 X (central well cpm)/(input cpm
X weight of tissue). For calculation of the amount of glutamate
oxidized to CO,, the same process was used, with the reservation
that the amount of glutamate in each 20 pl of medium was de-
pendent on the group (10, 100, or 1,000 pM glutamate).

Extracellular Lactate Content

To estimate lactate release, hippocampi were incubated
under the same conditions of oxidization experiments, and an
aliquot of 50 pl of the medium was sampled from each well
at 30, 60, and 120 min of incubation. Extracellular lactate
content was measured using a lactate assay kit (Katal Biotec-
nologica), according to the manufacturer’s instructions. The
calculation of the amount of lactate was made through the
calibration factor generated by using a 4.44 pmol/ml lactate
standard solution provided by the manufacturer in a propor-
tion of 1:100 (lactate solution:reagent), as

Calibration factor = 4.44 = (standard solution absorbance)
Lactate concentration = (sample absorbance)X

calibration factor.

Despite the manufacturer’s instructions, we also per-
formed a calibration curve (five duplicated points) for each
plate used for reading absorbances in order to assess linearity
for the range of results found.

Cell Integrity and Metabolic Viability Assays

Cell integrity was assessed by LDH activity in the
medium after 120 min of incubation. LDH activity was deter-
mined by a colorimetric commercial kit (from Doles), accord-
ing to the manufacturer’s instructions. Viability assay was
assessed by the colorimetric MTT method (Hansen et al,
1989). Briefly, at 120 min of incubation, 0.5 mg/mL MTT
was added to each well and it kept at a constant temperature
of 37°C for 30 min. The formazan product generated during
the incubation was solubilized in dimethylsulfoxide and meas-
ured at 560 and 630 nm. For these experiments, the data
were normalized by the group with glucose and in the ab-
sence of glutamate in which the reaction medium was gassed
with O, for 30 sec before incubation and again at 30, 60 and
90 min to overcome the lack of oxygen supply.

Statistical Analysis

All data were expressed as mean * SEM, and for all
analyses P < 0.05 was considered significant.

Oxidation data. The analyses were conducted using
one-way or two-way ANOVA as necessary, followed respec-
tively by Tukey’s post hoc test or simple main effects test
(SMET) if an interaction was present.

Extracellular lactate data. These data were analyzed
by repeated-measures ANOVA with between-subjects factors
(degrees of freedom were adjusted by Huynh-Feldt epsilon) or
one-way ANOVA as necessary.
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Fig. 1. Glutamate/glucose oxidation to CO, and extracellular lactate
content at 30, 60, and 120 min of incubation. A: Glutamate oxida-
tion. A tenfold increase in extracellular glutamate concentration pro-
motes a similar increase in its oxidation. N = 14 per group in treat-
ments with 100 uM glutamate, and N = 7 per group for treatments
with 1 mM glutamate. B: Glucose oxidation. A tenfold increase in
extracellular glutamate concentration diminishes glucose oxidation,
with a trend toward being more prominent after 60 min (interaction
time X glutamate, P = 0.087). N = 14 per group, except for the
group with 1 mM glutamate N = 7. C: Extracellular lactate content.
Extracellular lactate shows a linear profile and seems not to be altered
by an increase in extracellular glutamate. Data are expressed as mean
* SEM and were compared by two-way ANOVA for factors time
and glutamate concentration (A,B) and repeated-measures ANOVA
(C). None of the measures was normalized by time.

Cell integrity and metabolic viability data. The
analyses were conducted by one-way ANOVA, followed by
Tukey’s post hoc test.

RESULTS

To determine whether extracellular glutamate levels
are related to modulation of the oxidative metabolism in
mouse hippocampi, we added 100 or 1,000 uM glutamate
in Dulbecco’s medium and measured CO, production
from glucose and glutamate at 30, 60, and 120 min of
incubation. In response, glutamate oxidation had a linear
behavior and was shown to be dependent on time and
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Fig. 2. TFB-TBOA blocks the eftect of extracellular glutamate in
glucose/glutamate oxidation. A: Glutamate oxidation in the presence
or absence of TFB-TBOA. The glutamate uptake inhibitor was
effective in diminishing glutamate oxidation, being responsible for
92%, 88%, and 78% of inhibition for extracellular concentrations of
10, 100, and 1,000 uM glutamate, respectively. Because of the posi-
tive interaction, comparison of data at each level of extracellular glu-
tamate concentration was performed and an effect was found for
TFB-TBOA for groups with 100 and 1,000 pM glutamate (*P <
0.001) but not for 10 uM glutamate (P = 0.536). A’: Data from A
was split for better visualization of the effect of the competitive in-

extracellular glutamate. The tenfold increase in glutamate
concentration caused a proportionate tenfold increase in
glutamate oxidation (groups differ by treatment and time
in all pairwise comparison, P < 0.001, two-way ANOVA
followed by SMET; Fig. 1A). Although the glutamate ox-
idation is increased according to its extracellular levels, our
findings point to an inverse effect in the glucose oxidation,
with a trend to be more prominent along time (Fig. 1B).
At 120 min, the decrease in glucose oxidation was about
20%. Measurement of extracellular lactate levels under the
same conditions showed a linear increase along time of
incubation, but no effect was associated with the extracel-
lular glutamate concentration (Fig. 1C).

To determine whether this metabolic effect of
extracellular glutamate is reversed by TFB-TBOA, we
used the incubation period of 120 min, for which the
differences in glucose oxidation seemed to be greater
than with the briefer periods studied. When the uptake
of glutamate by astrocytes was diminished by the pres-
ence of 50 uM TFB-TBOA, the glutamate oxidation
was strongly suppressed (Fig. 2A,A’) and glucose oxida-
tion to CO, returned to levels similar to when there
was no additional glutamate in the medium (Fig. 2B).
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hibitor TFB-TBOA for each glutamate concentration (*P < 0.001,
independent samples f-test). B: Glucose oxidation in the presence or
absence of TFB-TBOA. The presence of 100 and 1,000 uM gluta-
mate diminished glucose oxidation, which did not occur in the pres-
ence of TEB-TBOA (*groups differ from control group by P <
0.001). N = 7 per group (for both panels). Data are expressed as
mean = SEM and were compared by two-way ANOVA for factors
glutamate concentration and presence or not of TFB-TBOA, fol-
lowed by SMET (A), independent samples t-test (A'), and one-way
ANOVA followed by Tukey’s post hoc test (B). None of the meas-
ures was normalized by time.

It is important to note that, in Figure 2A, compari-
son of data at each level of extracellular glutamate con-
centration was performed, and an effect for TEB-TBOA
was found for groups with 100 and 1,000 pM glutamate
(P < 0.001), but not for 10 pM glutamate (P = 0.536).
This can be easily explained because of the huge increase
in the absolute difference of means at each level of gluta-
mate concentration (10 pM 65 pmol, 100 pM 420
pmol, and 1,000 pM 1,665 pmol of oxidized glutamate),
despite the fact that the more prominent inhibition
occ/urred for the lowest concentration, as seen in Figure
2A"

Despite the effects of the blockade of glutamate
uptake by TFB-TBOA described above, no differences
in extracellular lactate content were detected in associa-
tion with its presence in the media (Fig. 3). Finally, to
assess the possibility of cellular damage by the conditions
of incubation used in this work, we performed
extracellular LDH and MTT assays for 120 min, which
did not suggest impairment of cell integrity or metabolic
viability of the intact mice hippocampi being caused by
glutamate, by TEB-TBOA, or by the hermetic sealing
of the wells (Fig. 4).
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Fig. 3. Extracellular lactate content. None of the treatments promoted a significant change in
extracellular lactate concentration at 120 min of incubation. N = 10 per group, except for group
with 100 pM glutamate N = 11. Data are expressed as mean = SEM and were compared by

one-way ANOVA.
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Fig. 4. Cellular integrity and metabolic viability. A: MTT assay. De-
spite 120 min of incubation using hermetic sealing, metabolic viability
does not seem to be impaired compared with incubation that receives
additional oxygen every 30 min. None of the treatments differs from
oxygen or control groups. *Groups differ from 1,000 pM glutamate +
50 uM TEB-TBOA (P = 0.003, one-way ANOVA, followed by

DISCUSSION

High glutamate concentrations at the synaptic cleft
are related to excitotoxic conditions, but elevated gluta-
mate concentrations in the extracellular medium do not
necessarily cause alterations from excitotoxicity, because
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Tukey’s post hoc test). B: Extracellular LDH. Despite 120 min of incu-
bation using hermetic sealing, cell integrity does not seem to be
impaired compared with incubation that receives additional oxygen ev-
ery 30 min. For both assays, all groups did not differ from control
groups (with or without additional oxygen).

in these cases the glutamate transporters can efficiently
perform the clearance, maintaining low glutamate levels
in the synaptic cleft (Herman and Jahr, 2007). In addi-
tion to the glutamate concentrations in the synaptic cleft
during low activity states remaining controversy (if at
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UM or nM range), recent studies have demonstrated that
the glutamate concentrations in the interstitial fluid
inside the tissue (more than 30 pm deep) are very different
from those present in the incubation/perfusion medium
(Gueler et al., 2007). Our findings using the entire hippo-
campus isolated from mice and different glutamate con-
centrations (10 pM to 1 mM) plus the presence or absence
of TFB-TBOA demonstrated that the metabolic viability
and cellular integrity were not different from control until
120 min (Fig. 4), which was not expected because these
are considered potentially excitotoxic conditions.

According to our results, glutamate oxidation
increases with time for each glutamate concentration,
with time-dependent effects of concentration (progres-
sively from 10 to 1,000 uM; Figs. 1A, 2A). These results
suggest that, with increased time and higher amounts of
glutamate, glucose oxidation is reduced, presumably
because of glutamate being used as fuel (Figs. 1B, 2B).
The decrease in glucose oxidation could mean that the
flux of glutamate to the TCA cycle may have a role for
buffering or for preventing glucose depletion in the
brain. Glutamate oxidation could also help to supply the
ATP spent for its uptake, i.e., ATP for Na* extrusion.
Furthermore, TFB-TBOA blocked glutamate oxidation
and reversed the glutamate effect on glucose oxidation,
suggesting astrocytic participation in this effect. The
concentration-dependent increase in glutamate oxidation
supports the existence of a very effective glutamate trans-
portation and oxidative system, which seems to have a
large response curve, probably not achieving saturation
under physiological conditions.

In fact, published data support the idea that even
high amounts of extracellular glutamate are efficiently
removed by astrocytes, probably to avoid excessive glu-
tamate at the synaptic cleft and prevent excessive neuro-
nal stimulation (Gueler et al., 2007; Herman and Jahr,
2007). Increased glycolysis by astrocytes in the presence
of glutamate has been shown using astrocytic culture
(Pellerin and Magistretti, 2011), but its relevance remains
controversial because of the lack of evidence supporting
the idea that the lactate shuttle takes place in significant
quantities in the brain (Mangia et al., 2011; Dienel,
2012a,b). Furthermore, the observations regarding astro-
cytic cultures do not reflect exactly what occurs in the
CNS in the presence of neuron—astrocyte integration.
Our results point to a diminished oxidation of glucose
by increasing the extracellular glutamate concentration
(and oxidation). A similar modulation has previously
been described, showing that an increase in extracellular
glutamate concentration from 0.1 to 0.5 mM in astro-
cyte cultures stimulates respiration by 50% and inhibits
glucose utilization by 20% (Dienel and Cruz, 2006). We
could further hypothesize that this is due to recruitment
of intra-astrocytic pool of macromolecular complexes to
astrocytic processes, regulated by the energy expenditure
and/or by the interaction between astrocytes and neu-
rons. This could act as a neuroprotective mechanism to
prevent glutamate spillover in the brain; it seems to
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depend on sustained high extracellular concentrations of
glutamate. Moreover, glutamate flux to the TCA cycle
is a more energy-efficient mechanism than the gluta-
mate—glutamine cycle.

We found high glycolytic activity in our experi-
ments, but this was not associated with the presence of
increased extracellular glutamate. The calculated lactate
accumulation rate (analysis of extracellular fluid) for our
experiments was about 45 pmol/min/mg; the rate of
release of CO, coming from glucose was about 23
pmol/min/mg, and for CO, coming from glutamate it
was 0.5, 4, and 23 pmol/min/mg, for 10, 100, and
1,000 uM  of extracellular concentration, respectively.
The high glycolytic activity can be explained by post-
ischemic tissue being incubated in a large extracellular
volume, which contributes to passive transport out of
the cell and permanent dilution in the medium. A sec-
ond candidate explanation is some leakage of lactate to
the extracellular space coming from lymphatic vessels
that should be draining this lactate out of the brain in
vivo, with a purpose other than feeding brain tissue. In
fact, there is some evidence that cerebral lymphatic
drainage plays a role in the control of oxidative injury
(Sun et al.,, 2011) and that some of the lactate released
could travel by perivascular lymphatic vessels (Dienel
and Cruz, 2008). However, perhaps the slope of extrac-
ellular lactate along time can explain the absence of
deterioration of cellular viability for the studied parame-
ters, because some studies have shown a positive eftect
of high levels of extracellular lactate in brain injury
(Levasseur et al., 2006; Alessandri et al., 2012). Taken
together, our findings argue against the lactate shuttle
theory, because glutamate did not cause any detectable
increase in extracellular lactate content, or presumably in
glycolysis, and because the glutamate is being used as
fuel instead of going to glutamine and back to neurons.
This conclusion is also supported by previous work
showing that astrocytes were not glycolytic after gluta-
mate addition but were glycolytic if they were exposed
to the nonmetabolizable D-aspartate (Peng et al., 2001).
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3.1. DISCUSSAO

Nesta tese, nosso objetivo foi investigar parametros eletrofisioldgicos e
comportamentais em animais saudaveis e em modelo de hiperestimulacao
glutamatérgica do SNC, possibilitando a avaliagcdo dos efeitos da guanosina em
ambas situagdes. Por ultimo, apresentamos experimentos que investigam o
comportamento do metabolismo da glicose e do glutamato no hipocampo, um campo
que vem se mostrando promissor para investimento em novas estratégias
terapéuticas para as injurias do SNC e que a guanosina pode estar envolvida uma
vez que promove o aumento da recaptagao astrocitaria do glutamato.

No primeiro capitulo, nosso objetivo foi caracterizar a atividade
eletroencefalografica em animais submetidos a modelo de convulsdo por agente
glutamatérgico, especificamente o AQ, bem como comprovar a diminui¢gao das crises
pela guanosina ja descrita comportamentalmente, caracterizando a atividade elétrica
cerebral nestes animais.

Ao registrar EEG de ratos com eletrodos epidurais encontramos um ritmo teta
proeminente, cuja frequéncia € equivalente a de origem hipocampal, uma vez que é
detectado por conducdo de volume. O ritmo teta esta associado a atividade
hipocampal durante a atividade cognitiva e exploratéria (navegagao) e também
surge no sono REM, fase do sono em que ha a consolidacdo da memoria.

Ao registrar o EEG de ratos tratados com AQ i.c.v., podemos observar, além
do tragado de crise epiléptica, uma supressao da atividade oscilatoria das ondas teta
e um aumento nas ondas gama. Essas alteracbes foram evitadas nos animais
protegidos pela pré-administracdo de guanosina, e o aumento na atividade das

ondas gama nao ocorreu mesmo nos animais que tratados com guanosina
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convulsionaram apos o AQ. Ja os animais tratados com MK-801 apesar de nao
apresentarem crises nem alteragdes eletroencefalograficas nos 30 minutos antes de
receber AQ, apresentaram aumento da atividade gama apoés. Interessante notar que
em outro estudo, Pinault (Pinault, 2008) detectou aumento da atividade em gama
pela administracdo i.p. de MK-801, com platé apds 15 minutos de administragao, no
entanto, foram utilizados registros de eletrodos em area de cortex frontoparietal de

ratos. Esquematicamente, podemos representar os achados na Tabela 3, a seguir:

Tabela 3. Efeitos do pré-tratamento com guanosina e MK-801 nas oscilagdes teta e

gama em modelo de convulsdo induzida por AQ em ratos.

Prée-AQ Po6s-AQ sem crise Po6s-AQ com crise

Salina - - Supresséao da
atividade em teta,
aumento em gama

MK-801 Sem alteragcbes. | Aumento da atividade --
em gama.

Guanosina Sem alteracoes. Diminuicao Diminuicéo da
intermediaria da atividade em teta.

atividade em teta

MK-801 + Sem alteracgoes. Aceleracéo das --
Guanosina oscilagdes teta.

Aumento da atividade

em gama.

As alteracbes detectadas no periodo peri-ictal das crises sdo similares as
detectadas em outros modelos de epilepsia em animais e in vitro, como 0 modelo de
MTLE por administragdo de acido cainico. Aléem disso, mesmo nos animais que
tiveram sua crise convulsiva evitada pela guanosina ou pelo MK-801 parece haver

algum grau de perturbacdo da sincronia entre a atividade elétrica inter-hemisférica, e
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bem como algum grau de alteragdo da onda teta. Tais observagcdes sugerem que
mesmo 0s animais protegidos tém de certo modo sua fisiologia alterada, o que nao
poderia ser percebido apenas com experimentos comportamentais.

A atividade gama detectada ao EEG parece vir de interneurdnios inibitérios e
gabaérgicos hipocampais, e alteragbes no seu padréao de atividade parecem ser um
dos fatores predisponentes a crises epilépticas. Bloqueadores dos receptores NMDA
sdo capazes de induzir um aumento na transmissédo glutamatérgica mediada por
receptores nao-NMDA, o que pode ter sido responsavel pelo aumento nas
oscilagbes gama detectadas em animais tratados com MK-801 e AQ. Considerando
que a temporalidade da ocorréncia das ondas gama parecem estar envolvidas na
evocacdo da memoria e no desempenho de tarefas dependentes de contexto
(Lisman and Jensen 2013, Koster, Friese et al. 2014), a alteragdo detectada pode
afetar a comunicagao coordenada entre diferentes regides cerebrais, com prejuizos
sensoriais e cognitivos.

No segundo capitulo, nosso objetivo foi procurar efeitos da guanosina na
atividade elétrica cerebral que pudessem ser indicios da sua agao central como
causadora dor efeitos comportamentais ja descritos. Para isso realizamos teste de
Campo Aberto com camundongos em paralelo com a aquisigdo de sinais de EEG
em curva de dose de guanosina, tendo controle positivo e negativo (salina e
diazepam, respectivamente).

Ao analisar o efeito da guanosina na tarefa de Campo Aberto bem como a
atividade simultdnea do EEG, percebemos uma curva de efeito em U com efeito
maximo para guanosina i.p. a 60 mg/kg sobre a distancia total percorrida e o tempo
em atividade locomotora. Tal comportamento de dose-efeito ja havia aparecido em

outros trabalhos com guanosina e nucleotideos da guanina (Schmidt, Avila et al.
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2005, Schmidt, Bohmer et al. 2010), porém também ja foi mostrado que apés uma
administragdo de guanosina i.p. 0s niveis séricos e no liquor crescem
proporcionalmente a dose utilizada (Schmidt, Bohmer et al. 2010). A guanosina se
mostrou capaz também de causar lentificacdo do ritmo teta enquanto os animais
estavam em repouso, mas ndo quando estavam em movimento. Isso sugere que a
guanosina pode influenciar a geragdo do ritmo teta sensivel a antagonistas
muscarinicos. Uma vez que os principais receptores muscarinicos hipocampais sao
do tipo M1 (Rhee and Bae 1997, Volpicelli and Levey 2004) e que o antagonista
seletivo do receptor M1 pirenzipina € capaz de bloquear as oscilacbes teta
hipocampais no repouso (Williams and Kauer 1997), a guanosina poderia estar
modulando a atividade de tal receptor. Também ja foi mostrado que a geracao de
ritmo teta sensivel a antagonistas muscarinicos € abolido em camundongos
knockout para a proteina PLC-B1, um transdutor intracelular do receptor M1 ligado a
proteina Gq (Shin, Kim et al. 2005). Portanto é plausivel considerar a possibilidade
de a guanosina modular a via de sinalizagdo dependente de M1-Gaq-PLC-31.

No terceiro capitulo nosso objetivo foi investigar quantitativamente o efeito da
concentracdo extracelular de glutamato no destino metabdlico da glicose e do
glutamato. Para isso incubamos hipocampos isolados de camundongos em banho
metabdlico com diferentes doses de glutamato no meio e com a presenca
concomitante ou nao de TFB-TBOA, um inibidor seletivo dos transportadores de
glutamato astrocitarios. Com isso nosso intuito foi além de verificar a modulacédo do
destino metabdlico dos substratos, verificar 0 quanto a oxidagdo de glutamato e
glicose pode ser impactada quando evitamos que os astrécitos sejam capazes de

recaptar o glutamato presente no meio extracelular.
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Para analisar o metabolismo oxidativo de glicose e glutamato no hipocampo,
estrutura cerebral sensivel a insultos excitatorios, expusemos a estrutura cerebral a
concentracdes extracelulares de 10, 100 e 1000 uM. No entanto n&o foram
detectadas alteracdes em relacdo ao controle na viabilidade celular nem metabdlica
dentro do periodo de 120 minutos de exposicdo mesmo para as doses mais altas, o
que em parte ndo era esperado. Interessante comentar que a técnica utilizada, com
a hipocampo de camundongo, dispensou a utilizagdo de fatias, diminuindo o
componente de lesdo do tecido por trauma mecanico e debris celulares. A estrutura
de hipocampo de camundongo tem em média 153 mg, com formato
aproximadamente cilindrico, com dimensdo de comprimento superando bastante o
diametro da secgao, o que facilita a perfusao tecidual pelo meio de banho utilizado. A
oxigenacao do banho com oxigénio a 100% antes do inicio da incubagéo é outro fato
a ser levado em conta.

Os dados de oxidagdo nos mostraram que o glutamato parece ser captado e
oxidado em proporcionalmente a sua concentragao extracelular, tendo um aumento
praticamente na mesma ordem de grandeza. Em paralelo, parece ocorrer uma
discreta diminuicao do uso da glicose, presumidamente pelo uso do glutamato como
substrato energético. Pode-se considerar que a oxidagao de glutamato talvez tenha
um papel de repor a energia celular dispendida num ambiente de excitabilidade
celular bem como de poupar a glicose disponivel. Com o uso de TFB-TBOA, os
astrocitos hipocampais tém a recaptacédo de glutamato impedida, o que impacta
significativamente na sua oxidagdo e faz com que a oxidacdo de glicose nao
diminua. Com estes resultados, fica evidente o papel primordialmente astrocitario de
recaptacdo e oxidagcdo do glutamato hipocampal. Além disso, a curva de dose-

resposta vista para na oxidagdo de glutamato sugere que ha ampla reserva no
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sistema de recaptacao e oxidagao astrocitaria, ndo atingindo seu ponto de saturagao
em condigdes fisiologicas provavelmente.

Nossos resultados ndo dao suporte a teoria da lancadeira de lactato, proposta
de integragdo metabdlica astrocitico-neuronal através do ciclo glutamato-glutamina
(Pellerin and Magistretti 1994), uma vez que em ambiente excitatorio ndo houve
aumento da oxidagao de glicose, mas sim redugcado. Apesar de ndo podermos refutar
a teoria da langadeira de lactato, podemos dizer que ao menos dentro do balanco
energético global do hipocampo de camundongos sua contribuigdo ndo parece ser
de grande impacto. Estudos recentes mostraram que os astrocitos sdo responsaveis
por cerca de 30% do consumo de oxigénio cerebral (Gruetter, Seaquist et al. 2001,
Bluml, Moreno-Torres et al. 2002, Lebon, Petersen et al. 2002) e que os astrécitos
sdo responsaveis por no maximo metade da atividade glicolitica cerebral em
repouso (ltoh, Abe et al. 2004, Nehlig, Wittendorp-Rechenmann et al. 2004); juntos,
estes fatos induzem a conclusédo de que caso haja transferéncia de lactato de
astrécitos para neurdnios, esta ndo deve ser quantitativamente relevante. Durante
estados de ativacdo cerebral isto até poderia ser diferente, no entanto nossos
resultados apontam no sentido contrario, de que o glutamato sendo
progressivamente oxidado seria capaz de diminuir a necessidade de uso de glicose
para fins energéticos, mesmo em meio mais excitatério. Além disso, o fato de haver
glutamato sendo oxidado mostra que ndao ha como o ciclo glutamato-glutamina
ocorrer de maneira estequiométrica. Considerando que o glutamato é recaptado pelo
astrocitos em co-transporte com sodio e que a devolugdo do sodio ao meio
extracelular € um processo que espolia ATP, € coerente que ao menos parte do
glutamato que seja recaptado destine-se a oxidacado. Mais do que isso, o fato de nao

haver como o cliclo glutamato-glutamina ser estequiométrico nos mostra que ha
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sempre sintese de glutamato a partir de glicose. De fato, estima-se que 20% da
glicose que chega ao cérebro seja utilizada na fabricagdo de novas moléculas de
glutamato, sendo a sintese um processo exclusivamente astrocitario (Hertz and
Zielke 2004); no entanto, o fato de boa quantidade de glicose ir a glutamato n&o
significa que ha um grande gasto energético para a célula, pois quando o glutamato
for oxidado sera gerada energia similar a da oxidagéo da glicose (Hertz 2004).

A oxidacdo de glutamato aumentada pela adigdo de glutamato ao meio
sugere que esse possa ser um mecanismo de defesa, e vai ao encontro do fato de a
quantidade global de glutamato aparentemente ser controlada pelos astrécitos,
criando um balango negativo quando quando ha uma tendéncia a periodo de menor
ativagdo e um balancgo positivo em periodos de maior atividade (Hertz, O'Dowd et al.
2003). Em suma, podemos dizer que quando se trata de cérebro e integragao
metabdlica ndo podemos falar apenas de glicose nem tampouco apenas de
glutamato, e ao mesmo tempo que parece haver uma intercambialidade entre o uso
da glicose e do glutamato como substrato energético, parece também haver uma
dissociagao temporal entre a eliminagdo e a reposi¢cao da quantidade global de
glicose/glicogénio e glutamato que pode trazer dificuldades a experimentos

quantitativos nesta area.
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3.2. CONCLUSAO

Os resultados obtidos neste trabalho vem a corroborar o papel da guanosina
sobre o sistema glutamatérgico e a abrir novas perspectivas para investigacéo de
seus papéis no SNC.

No primeiro capitulo, as diferengas percebidas entre os animais tratados com
guanosina e MK-801 sugerem que seus mecanismos de protegdo contra a crise
induzida por AQ provavelmente se dao por diferente caminhos. E finalmente,
podemos assegurar que o efeito de redugdo pela guanosina das crises tdnico-
clénicas induzidas por AQ é corroborado pelo registro de EEG. Porém, mesmo
animais que foram protegidos das crises pela administragdo de guanosina ou
MK-801 mostraram algum grau de alteragdo das caracteristicas basais, nao
detectadas comportamentalmente nos estudos ja realizados.

Estudos farmacodindmicos e farmacocinéticos também serdo necessarios
para descobrir o motivo de a guanosina nao exercer protegao contra crises em todos
0s animais, mesmo com concentragdes crescentes do farmaco, e também para que
se possa investigar o fato de nem toda administragdo ser protetora caso de utilize o
mesmo animal novamente apds periodo de eliminagdo das drogas. Outro fato que
permanece instigante € o de a guanosina atingir niveis crescentes no liquor de
acordo com a dose administrada mas ter uma curva de dose-resposta em U,
encontrada no segundo capitulo desta tese e em outros trabalhos do nosso grupo
(Schmidt, Avila et al. 2005, Schmidt, Bohmer et al. 2010).

Os resultados referentes ao segundo capitulo se referem ao achado da
diminuicdo da atividade locomotora durante tarefa de campo aberto com

camundongos. Ao analisar o EEG percebemos que a guanosina foi capaz de
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produzir lentificacdo do ritmo teta, o que € compativel com seu efeito ansiolitico que
ja havia sido descrito. O fato de haver lentificagdo do ritmo teta apenas em repouso
pode sugerir que a guanosina pode pelo menos em parte intervir na via de
sinalizagdo M1-Gaqg-PLC-B1, que envolve receptor muscarinico associado a
proteina-Gq, diferentemente do que ja se constatou até o momento para os efeitos
neuroprotetores e neurotréficos, cujos mecanismos parecem envolver algum tipo de
receptor ou via associada a proteina Gi e/ou o aumento da recaptagao de glutamato
por astrocitos.

Os achados expostos no terceiro capitulo corroboram a importancia da
modulagdo do metabolismo do glutamato quanto maior se torna a concentragao
extracelular de glutamato, um efeito que deve ser principalmente astrocitario e,
apesar disso, parece ser responsavel por grande fragdo do metabolismo oxidativo
cerebral.

A guanosina presente no meio extracelular parece modular diversas funcdes
a nivel celular e que parecem se exercer por mensageiros secundarios ligados a um
receptor metabotropico que ainda ndo se descobriu, algumas evidéncias ja
mostraram efeitos que sdo compativeis com modulagao de via associada a receptor
acoplado a proteina Gi, bem como alguns dos nossos resultados nesta tese
apontam para efeitos compativeis com modulagao de receptor (ou via) associado a
proteina Gaq. Além disso, postula-se que boa parte do seu efeito neuroprotetor em
resposta a a hiperativagdo e toxicidade glutamatérgica seja astrocitario, por seu
efeito na captacao de glutamato. Especula-se esteja também na mobilizagdo ou
modulacao dos transportadores de glutamato astrocitarios - GLAST e GLT-1, na
superficie celular ou talvez ainda no destino intracelular do glutamato apds ser

recaptado.
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Com os trabalhos ralizados nesta tese, buscamos acrescentar ao grupo de
pesquisa o0 estudo eletrofisiolégico do cérebro como aliado a compreensdo dos
efeitos bioquimicos usualmente trabalhados. Gyorgy Buzsaki, autor do livro
“‘Rhythms of the Brain” e de longo curriculo na eletrofisiologia cerebral, postula que o
cbdigo neural esta embutido nos ritmos elétricos cerebrais; é através de potenciais
elétricos que a informagdo navega dentro do cérebro. No entanto, € através da
sinapses quimicas que a informagao é processada. Nada mais justo que buscar a

investigacédo desses dois mundos em paralelo.
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3.3. PERSPECTIVAS

Permanece como perspectiva para préximos trabalhos a investigagdo dos
efeitos da guanosina na atividade elétrica a nivel celular, através de implante de
eletrodos de profundidade in vivo para registro de potenciais de campo locais e de
patch-clamp in vitro, com possibilidade de administracdo de farmacos
concomitantemente aos registros através de microdialise ou adicdo de farmacos ao
meio de perfusdo. Além disso, ha de ser explorado o potencial efeito da guanosina
no metabolismo do glutamato (e da glicose, intrinsecamente), dada o grande
entrelacamento de seus efeitos com o sistema glutamatérgico e por promover o

aumento da recaptacgéo de glutamato pelos astrdcitos.
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