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A acidemia glutérica tipo | (GA-I) € um erro inato do metabolismo (EIM) caracterizada
bioguimicamente pelo actmulo principal de éacido glutarico (GA) e patologicamente por uma
caracteristica degeneracéo estriatal. As manifesta¢fes clinicas sdo predominantemente neurolégicas,
e desenvolvem-se principalmente na infancia (até os 5 anos de idade). Entre estas alteracdes,
destacam-se as convulsées e os déficits cognitivos, os quais podem ser precipitados por processos
infecciosos. A partir disso, a primeira hipétese a ser testada neste estudo foi investigar se o
lipopolissacarideo sorotipo E. coli 055 B5 (LPS; 2 mg/Kg; i.p.), um agente inflamatério, facilitaria as
convulsBes induzidas pelo GA em ratos jovens. Para isso, primeiramente determinou-se a dose
intraestriatal aguda de GA (1.3 umol/estriado) que causa convulsdes comportamentais e
eletroencefalogréficas (EEG) em ratos jovens (21 dias). Em seguida foi verificado que a
administracdo de LPS 3 horas antes da injecdo intraestriatal de GA n&o alterou as convulsées, mas
guando o LPS foi administrado 6 horas antes do GA, ele reduziu a laténcia e aumentou a duragéo das
convulsdes comportamentais e EEG induzidas pelo GA em ratos jovens. Observou-se também que
injecdo de LPS causou uma queda inicial na temperatura retal dos ratos jovens (até 2 horas), seguida
de uma elevacdo na temperatura que iniciou em 3 horas e permaneceu alta até 6 horas apés a
injecdo de LPS. Além disso, foi verificado que injecdo de LPS 3 e 6 horas antes da injecdo
intraestriatal de GA causou um aumento nos niveis estriatais de IL-1 nos ratos jovens, sendo esse
aumento estatisticamente maior em 6 do que em 3 horas. Também foi observado que o aumento nos
niveis estriatais de IL-13, causado pela administragcao de LPS, correlacionou-se positivamente com o
tempo total de convulsbes. Por fim, verificou-se que uso prévio do anticorpo da IL-13 preveniu a
reducdo da laténcia e o aumento da durac¢é@o das convulsdes causadas pela administracéo de LPS 6
horas antes da injecéo intraestriatal de GA nos ratos jovens. Assim, estes achados sugerem que a
sinalizagcdo da IL-1B presente no processo inflamatério produzido pelo LPS contribui decisivamente
para a hiperexcitabilidade neuronal e, consequentemente, para a reducéo da laténcia e o aumento da
duracao das convulsdes induzidas pelo GA. Dessa maneira, tratamentos farmacoldgicos especificos
gue bloqueiam a superproducao ou as fun¢des da IL-18 na GA-l, podem representar uma estratégia
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Resumo

ndo convencional para o tratamento dessa patologia. Entretanto, estudos clinicos devem ser
realizados a fim de avaliar a eficacia desse tratamento nos pacientes glutaricoacidémicos que
apresentam convulsées. Desde que o0s pacientes com GA-l apresentam outras alteragbes
neuroldgicas importantes além das convulsdes, como prejuizos cognitivos, a segunda hipétese a ser
testada neste estudo foi verificar se o tratamento crénico com GA (5 pmol/g; s.c.; duas vezes por dia;
do 5° ao 28° dia de vida) causaria déficit de memoria espacial em ratos jovens, bem como se a
inflamacgéo produzida pelo LPS (2 mg/Kg; i.p.; uma vez por dia; do 25° ao 28° dia de vida) facilitaria o
déficit cognitivo induzido pelo GA. Além disso, também foi objetivo avaliar o impacto desses
tratamentos sobre possiveis alteragcdes funcionais e estruturais no hipocampo desses animais.
Inicialmente verificou-se que o tratamento crénico com GA, assim como o0s tratamentos com LPS e
GA-LPS, causaram um déficit no aprendizado espacial dos ratos jovens. No entanto, foi observado
gue o tratamento com GA-LPS produziu um maior prejuizo na memoéria espacial comparado com 0s
outros tratamentos. Em seguida foi observado que nenhum dos tratamentos alterou o peso ou a
atividade locomotora/exploratéria dos animais. Verificou-se também que o tratamento crdénico com
GA, assim como os tratamentos com LPS e GA-LPS, aumentaram os niveis hipocampais de IL-183 e
TNF-a nos ratos jovens. Além disso, foi observado que tratamentos com GA, LPS e GA-LPS
causaram uma reducdo no volume hipocampal total dos ratos jovens. Finalmente verificou-se que 0s
tratamentos com GA, LPS e GA-LPS causaram uma reducdo na atividade da subunidade a1 da
enzima Na’,K*-ATPase. Por outro lado, foi observado que os tratamentos com GA e LPS causaram
um aumento na atividade das subunidades a2/3 da enzima. Assim, somente o tratamento com GA-
LPS apresentou uma reducdo na atividade total da enzima Na’,K*-ATPase no hipocampo dos ratos
jovens. Estes dados indicam que o prejuizo no aprendizado espacial observado nos ratos tratados
com GA, LPS e GA-LPS parece estar relacionado a um aumento nos niveis de citocinas
inflamatérias, a uma reducdo no volume hipocampal e a uma inibi¢gdo na atividade da subunidade a1
da enzima Na' ,K'-ATPase. No entanto, 0 maior prejuizo na memoria espacial observado nos ratos
tratados com GA-LPS ocorreu devido a inibicdo na atividade total da enzima Na',K*-ATPase, que foi
especifica das isoformas a2/3, ja que somente este grupo ndo apresentou resposta compensatdria na
atividade destas subunidades. Portanto, esta segunda parte do estudo demonstrou que o tratamento
crdnico com GA causou um déficit no aprendizado espacial de ratos jovens, e que a presenca de um
processo inflamatdrio potencializou o prejuizo na memoria espacial induzida pelo GA sozinho. Assim,
o0 entendimento dos mecanismos envolvidos nas convulses e no déficit cognitivo observados nos
paciente com GA-l frente a um processo inflamatério é importante para o desenvolvimento de novas
terapias para o tratamento dessa patologia, bem como de outras doengas associadas a presenca de

mediadores inflamatorios.

Palavras-chave: &cido glutarico; LPS; IL-1B; TNF-a; convulsdes; estriado; memoria espacial;
hipocampo.
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Glutaric acidemia type | (GA-l) is an inborn error of metabolism (EIM), characterized
biochemically by major accumulation of glutaric acid (GA) and pathologically by a characteristic striatal
degeneration. The clinical manifestations are mainly neurological and develop during childhood (up to
5 years old). Among these changes, there are the seizures and cognitive deficits, which may be
precipitated by infectious processes. From this, the first hypothesis to be tested in this study was to
investigate whether lipopolysaccharide E. coli 055 B5 serotype (LPS; 2 mg/Kg; i.p.), an inflammatory
agent, could facilitate seizures induced by GA in young rats (21 days of life). For this, firstly it was
determined the acute dose of intrastriatal GA (1.3 pmol/striatum) that cause behavioral and
electroencephalographic (EEG) seizures in young rats. Moreover, it was shown that LPS
administration 3 hours before GA intrastriatal injection did not change the seizures, but when LPS was
administered 6 hours before the GA, it reduced the latency and increased the duration of behavioral
and EEG seizures induced by GA in young rats. It also was observed that LPS injection caused an
initial drop in rectal temperature of young rats (up to 2 hours), followed by a rise in temperature that
started at 3 hours and remained high until 6 hours after LPS injection. Furthermore, it was shown that
LPS injection 3 and 6 hours before intrastriatal injection of GA caused an increase in striatal levels of
IL-1B in young rats, and this increase was statistically higher in 6 than in 3 hours. In addition, it was
observed that the increase in IL-1f striatal levels, caused by LPS administration, positively correlated
with total time of seizures. Finally, it was observed that previous use of IL-1B antibody prevented the
latency reduction and the increased duration of seizures caused by LPS administration 6 h before
intrastriatal injection of GA in young rats. Thus, these findings suggest that the signaling of IL-1B
present in inflammation produced by LPS contributes significantly to neuronal hyperexcitability, and
thus to reduce latency and increase the duration of seizures induced by GA. Therefore,
pharmacological treatments that block the specific functions or overproduction of IL-1B in GA-l, may
represent an unconventional strategy to treat this condition. However, clinical studies should be
conducted to evaluate the effectiveness of treatment in glutaricoacidemic patients with convulsions.

Since patients with GA-I have other important neurological changes addition to the seizures, as
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cognitive impairments, the second hypothesis to be tested in this study was to determine whether
chronic treatment with GA (5 pmol/g; s.c.; twice per day; from the 5th to the 28th day of life) could
cause spatial memory impairment in young rats, and verify whether the inflammation produced by LPS
(2 mg/Kg; i.p.; one per day; from the 25th to the 28th day of life) could facilitate the cognitive deficit
induced by GA. In addition, it also was evaluated the possible impact of these treatments on functional
and structural changes in the hippocampus of these animals. Initially it was shown that chronic
treatment with GA, as well as the treatments with LPS and GA-LPS, caused a deficit in spatial learning
of young rats. However, it was demonstrated that the treatment with GA-LPS produced a greater
impairment in spatial memory compared to other treatments. In addition, it was observed that none of
the treatments affected weight or locomotor activity/exploratory of animals. It also was shown that
chronic treatment with GA, as well as treatments with LPS and GA-LPS, increased the hippocampal
levels of IL-1B and TNF-a in young rats. Furthermore, it was demonstrated that treatments with GA,
LPS and GA-LPS caused a reduction in total hippocampal volume of young rats. Finally it was
observed that treatments with GA, LPS and GA-LPS caused a reduction of a1 subunit activity of
Na',K*-ATPase enzyme. On the other hand, it was shown that treatments with GA and LPS caused an
increase in activity of a2/3 subunits of the enzyme. Thus, only treatment with GA-LPS showed a
reduction in total activity of Na’,K*-ATPase in the hippocampus of young rats. These data indicate that
the impairment in spatial learning observed in rats treated with GA, LPS and GA-LPS was due to
increased levels of inflammatory cytokines, the reduction in hippocampal volume and the inhibition of
a1 subunit activity of Na*,K*-ATPase enzyme. However, the worsening in spatial memory observed in
rats treated with GA-LPS was due to inhibition of total activity of Na*,K*-ATPase, which was specific
a2/3 isoforms, since only this group showed no compensatory response the activity of these subunits.
Therefore, this second part of the study showed that chronic treatment with GA caused a deficit in
spatial learning in young rats, and that the presence of an inflammatory process increased the
impairment in spatial memory induced by GA alone. Thus, understanding the mechanisms involved in
seizures and cognitive deficits observed in patients with GA-l in the presence of an inflammatory
process is important for the development of new therapies to treat this condition, as well as other

diseases associated with the presence of inflammatory mediators.

Keywords: glutaric acid; LPS; IL-1B; TNF-a; seizures; striatum; spatial memory; hippocampus.
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
artigos, os quais se encontram no item RESULTADOS. Esse item, por sua vez, esta
subdividido em Capitulo | e Capitulo Il. No capitulo | encontra-se o primeiro artigo
cientifico publicado. No capitulo Il estd o manuscrito do segundo artigo cientifico. As
secdes Materiais e Métodos, Resultados, Discussao dos Resultados e Referéncias
Bibliogréficas, encontram-se nos capitulos | e Il que representam a integra deste
estudo. Os itens, DISCUSSAO E CONCLUSOES, encontram-se no final desta tese e
apresentam interpretacbes e comentarios gerais sobre o artigo e o manuscrito
contidos neste trabalho. As REFERENCIAS BIBLIOGRAFICAS referem-se somente
as citacdes que aparecem nos itens INTRODUCAO, REVISAO BIBLIOGRAFICA e
DISCUSSAO desta tese.

XVi



1. INTRODUCAO




Introducao

1. INTRODUCAO

A Acidemia Glutarica tipo 1 (GA-lI) é uma doenca hereditaria autossémica
recessiva causada pela deficiéncia na atividade da enzima mitocondrial glutaril-CoA
desidrogenase (GCDH; EC 1.3.99.7) envolvida no catabolismo dos aminoacidos L-
lisina, L-hidroxilisina e L-triptofano. Essa deficiéncia enzimatica leva ao acumulo de
acido glutarico (GA; 500-5000 uM), acido 3-hidroxiglutarico (3-OH-GA; 40-200 uM) e
acido glutaconico nos fluidos corporais e tecidos dos pacientes afetados (Goodman
et al., 1977, Goodman e Freman, 2001; Strauss e Morton, 2003; Strauss et al., 2003;
Sauer et al.,, 2006). Aproximadamente 500 pacientes foram identificados,
mundialmente distribuidos, desde o primeiro relato desta acidemia (Goodman et al.,
1975; Kolker et al., 2006), e mais de 150 mutacdes patogénicas ja foram descritas
para o gene da GCDH (Zschocke et al., 2000; Christensen et al., 2004).

Apo6s um periodo de desenvolvimento normal, as criangas glutaricoacidémicas
podem apresentar crises encefalopaticas, as quais sdo precipitadas por processos
infecciosos entre os 3 meses e 5 anos de idade (Strauss et al., 2003; Kolker et al.,
2006). Essas crises induzem o aparecimento das manifestacdes clinicas da GA-I
gue sdo predominantemente neuroldgicas, incluindo convulsdes e atraso cognitivo,
acompanhadas pela degeneracdo estriatal (Morton et al., 1991; Hoffmann e
Zschocke, 1999). Como se sabe que as crises encefalopaticas que levam ao
aparecimento das manifestacdes clinicas nos pacientes glutaricoacidémicos sao
precipitadas por infeccbes comuns, doencas febris ou imunizagdes rotineiras, tem-se
sugerido um possivel envolvimento de citocinas inflamatodrias na neuropatogénese
da GA-I (Hoffmann et al., 1996; Hoffmann e Zschocke, 1999).

De acordo, alguns estudos mostraram que uma inflamacao sistémica durante
os periodos criticos do desenvolvimento cerebral pode resultar em aumento da
vulnerabilidade do sistema nervoso central (SNC) e periférico (Hagberg e Mallard,
2005; Godbout e Johnson, 2006). Nesse contexto, estudos observaram que a
administracdo de lipopolissacarideo (LPS) no periodo perinatal piora a memoéria de
ratos (Graciarena et al., 2010; Hao et al., 2010), e que a sua injecdo pés-natal (P14)
aumenta a susceptibilidade as convulsGes induzidas por litio-pilocarpina, acido

cainico (KA) e pentilenotetrazol (PTZ) em ratos (Galic et al., 2008).
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Nesse sentido, utiliza-se a administragdo de LPS como um modelo para
produzir neuroinflamacdo, pois a resposta inflamatoria induzida pelo LPS é
caracterizada por ativacdo do sistema imune inato e pela producdo de mediadores
proinflamatdrios, como o fator de necrose tumoral a (TNF-a) e interleucina 1p (IL-
1B), concomitantemente no SNC e periférico (Miyake, 2004). Estas citocinas
inflamatérias s@o consideradas moduladoras da transmissdo tanto normal como
anormal dos neurdnios (Merrill, 1992).

Nesse contexto, tem sido demonstrado que a administragdo de LPS no
periodo pré e pds-natal resulta em uma forma crbnica de astrogliose, uma
caracteristica comumente encontrada em modelos experimentais de convulsdes
(Somera-Molina et al., 2007; Oberheim et al., 2008), déficit cognitivo (Hao et al.,
2010) e em pacientes com epilepsia (Eid et al., 2008). Nesta linha de visdo, um
estudo prévio demonstrou que os metabolitos da GA-I induzem a proliferacdo de
astrocitos, estando essa associada a disfuncdo mitocondrial e ao estresse oxidativo
(Olivera et al., 2008). Dessa maneira, 0 aparecimento de novos astrocitos pode estar
relacionado ao desenvolvimento de gliose, interrompendo o desenvolvimento
cerebral e, talvez contribuindo para o estabelecimento dos déficits neurologicos
encontrados nos pacientes com GA-lI (Goodman e Frerman, 2001).

Embora as evidéncias clinicas e experimentais sugiram que a infec¢cdo ou a
inflamacéo facilita a predisposicdo as crises convulsivas (Vezzani e Granata, 2005;
Vezzani e Baram, 2007; Auvin et al, 2010) e piora o desempenho em testes de
memoria (Casadesus et al., 2007; Hein et al., 2007), a patogénese das convulsdes e
do déficit cognitivo induzidos pelo GA é ainda desconhecida. Portanto, decidiu-se
investigar o envolvimento de citocinas pro-inflamatorias durante os periodos criticos
do desenvolvimento (Galic et al.,, 2008) no déficit cognitivo e nas alteracdes
eletroencefalograficas (EEG) e neuroquimicas induzidas pelo GA. Dessa maneira, é
de especial interesse determinar como a presenca de um processo inflamatoério pode
contribuir para o desenvolvimento das alteracdes funcionais e estruturais em ratos
jovens submetidos ao tratamento com GA.

Assim, dado o elevado grau de limitacdo que a GA-l traz para a crianca
portadora desta patologia, o entendimento dos mecanismos envolvidos nas
alteracdes neurologicas induzidas pelo acumulo de GA apds um processo infeccioso
€ importante para o desenvolvimento de novas estratégicas terapéuticas para essa

patologia.
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2. OBJETIVOS

2.1. Capitulo |

Objetivo geral

Investigar se a presenca de um processo inflamatério, induzido pelo LPS,
pode contribuir para o desenvolvimento de convulsbes desencadeadas a partir de
uma injecédo intraestriatal de GA em ratos jovens (21 dias de vida).

Objetivos especificos

1. Determinar a dose de GA que causa convulsdes em ratos jovens.

2. Avaliar se a administracdo de LPS potencializa as convulsdes induzidas pelo

GA em ratos jovens.

3. Determinar os niveis de IL-1B no estriado dos ratos jovens.

4. Verificar se existe correlacdo entre o0s niveis estriatais de IL-1B e as

convulsdes apresentadas pelos ratos jovens.

5. Avaliar se a potencializacdo das convulsdes causada pelo LPS deve-se a

alteracdes na temperatura dos ratos jovens.

6. Avaliar se a administracdo prévia do anticorpo da IL-1B previne a
potencializacdo das convulsfes causadas pela administracdo de LPS 6 horas
antes do GA.
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2.2. Capitulo Il

Objetivo geral

Investigar se o tratamento crénico com GA causa déficit na memoria espacial
de ratos jovens, e verificar se a presenca de um processo inflamatoério produzido

pelo LPS potencializa o déficit cognitivo induzido pelo GA.

Objetivos especificos

7. Avaliar a memoria espacial de ratos jovens injetados cronicamente com GA

na presencga de um processo inflamatorio no labirinto de Barnes.

8. Determinar se o prejuizo na memoria espacial se deve a uma desnutricdo dos

ratos jovens.

9. Avaliar se o déficit na memoria espacial ocorre devido a um prejuizo na

atividade locomotora dos animais.

10. Determinar 0s niveis das citocinas, IL-1B e TNF-a, no hipocampo dos

animais.

11. Analisar histologicamente o volume hipocampal total dos animais.

12. Determinar a atividade total e das subunidades al e a2/3 da enzima Na*, K*-

ATPase no hipocampo dos ratos jovens.
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3. REVISAO BIBLIOGRAFICA

3.1. Erros Inatos do Metabolismo

Erros inatos do metabolismo (EIM) séo distarbios hereditarios, resultado de
deficiéncias em atividades enzimaticas, o que ocasiona um bloqueio de diversas
rotas metabdlicas (Goodman e Frerman, 2001). Em consequéncia deste bloqueio
metabdlico, pode ocorrer o acumulo de precursores toxicos da reacao catalisada
pela enzima envolvida, com a formagdo de rotas metabdlicas alternativas e a
deficiéncia de produtos essenciais ao organismo (Bickel, 1987), provocando assim,
distdrbios no desenvolvimento fisico e mental (Oberholzer et al., 1967).

Archibald E. Garrod, em 1908, foi o primeiro a empregar o termo EIM para
designar doencas como a alcaptondria, em que os individuos afetados excretam
grandes quantidades de acido homogentisico na urina. Garrod observou uma maior
frequéncia desta doenca em individuos de uma mesma familia e com maior
incidéncia de consanguinidade entre os pais dos pacientes. Baseando-se nas leis de
Mendel e no fato de que os pais dos individuos afetados ndo apresentavam a
doenca, Garrod propés um modelo de heranca autossGmica recessiva para este
disturbio. Através da observacdo de que o acido homogentisico presente em
excesso na urina dos pacientes era um metabdlito normal da degradacéo protéica,
ele relacionou este acumulo a um bloqueio na rota de catabolismo da tirosina
(Scriver, 2008).

Com o surgimento de novos disturbios relacionados a alteracfes genéticas
gue envolviam o acumulo de substancias nos liquidos bioldgicos dos pacientes,
utilizou-se o termo EIM para designar esse grupo de doencas geneticamente
determinadas que resultam da sintese qualitativa ou quantitativamente anormal de
uma proteina, enzimatica ou ndo, pertencente ao metabolismo. Até o momento,
foram descritos mais de 500 EIM, a maioria deles envolvendo processos de sintese,
degradacéo, transporte e armazenamento de moléculas (Scriver et al., 2001).

Os EIM afetam aproximadamente afetam 1 a cada 500 a 2.000 recém
nascidos vivos (Baric et al., 2001), e apesar de serem eventos individualmente raros,
esse grupo de doencas representa um importante problema de salde e seu

diagndstico, frequentemente, se constitui em desafio para o clinico.
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3.2. Acidemias Organicas

As acidemias ou acidurias organicas sao um grupo de EIM caracterizadas
pelo acimulo de um ou mais acidos organicos nos liquidos biol6gicos e tecidos dos
pacientes afetados, devido a deficiéncia na atividade de enzimas do metabolismo de
aminoacidos, lipideos ou carboidratos (Chalmers e Lawson, 1982). Um subgrupo de
acidemias organicas tem sido classificado como doencas de acidos orgéanicos
“cerebrais” (Hoffmann et al., 1994) devido as manifesta¢gdes neurolégicas serem
predominantes ou mesmo exclusivas, sendo que neste grupo encontra-se a
Acidemia Glutéarica tipo | (GA-I).

Os sintomas neurolégicos nas acidemias organicas sado frequentemente
manifestados durante crises agudas precipitadas por estresse catabolico. Durante
esses episodios existe um déficit de energia, com a consequente mobilizacdo dos
estoques de carboidratos, acidos graxos e proteinas. Estes sao catabolisados, mas
devido ao bloqueio metabdlico, os acidos orgénicos e outros compostos Ssao
acumulados. Neste contexto, tem sido sugerido que alguns desses metabdlitos
podem agir como toxinas enddgenas e podem tornar-se neurotéxicos (McLaughlin et
al., 1998; Kolker et al., 2002a; 2004).

Clinicamente, o0s pacientes afetados apresentam predominantemente
disfuncdes neuroldgicas em suas mais diversas formas de expressdo: regressao
neurolégica, convulsbes, coma, ataxia, hipotonia, hipertonia, irritabilidade, tremores,
movimentos coreatetéticos, tetraparesia espastica, atraso no desenvolvimento
psicomotor, retardo mental, entre outros (Scriver et al., 2001; Saudubray et al.,
2006).

Bioquimicamente, as mais frequentes manisfestacbes laboratoriais
apresentadas pelos pacientes sdo cetose, cetondria, neutropenia, trombocitopenia,
acidose metabdlica, baixos niveis de bicarbonato, hiperglicinemia, hiperamonemia,
hipo/hiperglicemia, acidose lactica, aumento dos niveis séricos de &cidos graxos
livres e outros (Scriver et al., 2001; Saudubray et al., 2006).

Além disso, 0 uso da tomografia computadorizada revelou na maioria dos
pacientes afetados por essas acidemias alteracbes na substancia branca
(hipomielizacdo e/ou desmielizacdo), atrofia cerebral generalizada ou dos ganglios
da base (necrose ou calcificacao), atrofia frontotemporal e cerebelar, e macrocefalia
(Mayatepek et al., 1996).



Revisdo Bibliografica

A incidéncia dos EIM na populagdo é pouco conhecida, o que pode ser
creditado a falta de laboratérios especializados para o seu diagnostico que requer
equipamentos de alto custo e/ou ao desconhecimento médico dessas patologias.
Entretanto, na Holanda, pais referéncia para o diagnostico de EIM, a incidéncia
destes é estimada em 1: 2.200 recém-nascidos, enquanto que, na Alemanha, Israel
e Inglaterra é de aproximadamente 1: 6.000 a 9.000 nascimentos (Hoffmann et al.,
2004). Em paises onde a taxa de consanguinidade € elevada, como na Arabia
Saudita, a frequéncia é de 1: 740 nascidos vivos (Rashed et al., 1994).

Frequéncia estimada de alguns EIM
Fenilcetonuria (caucasianos) 1/15.000
Acidemia Glutarica tipo | 1/30.000
Homocistinaria 1/100.000
Acidemia Metilmalbnica 1/100.000

Tabela 1. Frequéncia estimada de alguns EIM (Goodman e Frerman, 2001).

Em 1980, Chalmers e colaboradores demonstraram que as acidemias
organicas eram os EIM mais frequentes em criancas hospitalizadas, incentivando
assim, diversos estudos clinicos, laboratoriais e epidemiol6gicos nos anos seguintes
a respeito dessas doencas. De fato, em funcdo dos progressos feitos no campo do
diagnostico dos EIM, evidenciou-se que as acidemias organicas sao, realmente, os

erros inatos mais frequentes na populacédo (Scriver et al., 2001; Wajner et al., 2001).

3.3. Acidemia Glutérica tipo |

A GA-1 (OMIM # 231670) € um EIM que foi descrito pela primeira vez por
Goodman e colaboradores em 1975. E uma desordem neurometabdlica autossémica
recessiva, caracterizada por uma deficiéncia parcial ou total na atividade da enzima
da matriz mitocondrial glutaril-CoA desidrogenase (GCDH; E.C. 1.3.99.7). A GCDH

esta envolvida na via de degradacdo dos aminoécidos L-lisina, L-hidroxilisina e L-

10
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triptofano (Goodman e Frerman, 2001), catalisando a descarboxilagdo oxidativa do
glutaril-CoA a crotonil-CoA e CO,, e transferindo os elétrons para a cadeia
respiratoria via flavoproteina transferidora de elétrons (Lenich e Goodman, 1986).
Essa reacdo possui duas diferentes etapas: a desidrogenagcao de glutaril-CoA a
glutaconil-CoA e a descarboxilacdo de glutaconil-CoA a crotonil-CoA (Hartel et al.,
1993).

O gene da GCDH localiza-se no cromossomo 19p 13.2 e codifica um
polipeptideo de 438 aminoacidos que sofre uma clivagem na porcdo N-terminal na
qual séo retirados 44 aminoacidos formando uma proteina madura dentro da matriz
mitocondrial (Goodman et al., 1998). A maioria das mutacdes conhecidas esta
relacionada com simples mudancas de bases como no caso da R402W, mutacéo
mais frequente em caucasianos (Goodman et al., 1998; Zschocke et al., 2000).
Existe uma grande heterogeneidade de mutacdes na deficiéncia da GCDH, porém,
dentro de comunidades especificas o padrédo pode ser mais homogéneo (Busquets
et al., 2000). Apesar do conhecimento de diferentes mutacdes, ndo ha correlacéo
entre 0 genotipo, a atividade enzimatica e o prognaostico dos pacientes (Goodman et
al., 1998; Hoffmann e Zschocke et al., 1999; Kélker et al., 2006).

Com o blogueio da atividade da enzima GCDH, formam-se rotas metabolicas
alternativas que culminam na presenca de concentracfes elevadas de &acido
glutarico (GA), 3-hidroxiglutarico (3-OH-GA) e, algumas vezes, acido glutacénico nos
fluidos bioldgicos (plasma, urina e liquor) e tecidos corporais dos individuos afetados
(Goodman et al., 1975; Goodman e Frerman, 2001; Figura 1).

Tem sido proposto que o acumulo desses acidos organicos pode apresentar
um efeito neurotoxico que seria o responsavel pelas mudancas neuropatolégicas na
doenca. As concentracfes plasmaticas destes acidos variam entre 5 e 400 umol/L
(Hoffmann et al., 1991, 1996; Merinero et al., 1995), entretanto, as concentracdes
cerebrais podem atingir 500-5000 pumol/L para o GA e 40-200 umol/L para o 3-OH-
GA (Sauer et al., 2006). Tais diferencas podem ser explicadas pelo fato de que o GA
e 0 3-OH-GA sdao produzidos nas células neurais e que a barreira hematoencefalica
€ pouco permeavel a esses acidos organicos, ocasionando assim o acumulo dessas
substancias no sistema nervoso central (SNC) o que se constitui em um fator de
risco para a neurodegeneracdo caracteristica dos pacientes afetados (Sauer et al.,
2006; Kolker et al., 2006).

11
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L-Lisina L-Triptofano
L-Hidroxilisina

|

Acido a-aminoadipico «— Acido a-cetoadipico
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Glutaril-CoA | — Acido Glutarico

FAD
FAD.QHJ
Glutaconil-CoA | —, Acido 3-Hidroxiglutarico

Acido Glutacdnico
K Co,

Crotonil-CoA

|

2 Acetil-CoA TCA

Glutaril-CoA desidrogenase

Figura 1. Deficiéncia da enzima glutaril-CoA desidrogenase (Adaptado de Goodman e Frerman,
2001).

3.3.1. Prevaléncia

A prevaléncia da GA-l é estimada em 1: 30.000 a 80.000 (Goodman e
Frerman, 2001) ou 1: 100.000 nascimentos (Lindner et al., 2004). Porém, pode ter
uma prevaléncia aumentada em até 1: 300 nascidos vivos (Koélker et al., 2004; 2006)
em comunidades geneticamente homogéneas, como na Ordem Amish da
Pensilvania (Biery et al., 1996) e nos indios Salteaux/Ojibway do Canada
(Greenberg et al., 1995).

12
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3.3.2. Diagnostico

Apesar do desenvolvimento de diversas estratégias terapéuticas para o
tratamento da GA-l, o diagnéstico precoce continua sendo determinante para um
melhor prognéstico dos pacientes afetados, uma vez que medidas preventivas
podem ser tomadas. No entanto, a identificacdo desta acidemia apresenta grandes
dificuldades, pois o grau de deficiéncia da enzima ndo esta correlacionado com a
intensidade dos sintomas apresentados pelos pacientes, e a excrecdo de GA pode
ser normal em pacientes que apresentam sintomas graves (Goodman e Frerman,
2001).

Entretanto, a presenca de quantidades elevadas de GA e 3-OH-GA nos
liquidos biolégicos (especialmente urina) dos pacientes afetados (Goodman et al.,
1977; Funk et al., 2005; Kolker et al., 2006) constitui 0 marcador bioquimico da GA-I.
O diagnéstico € geralmente realizado através da deteccao desses compostos e seus
ésteres de glicina e carnitina na urina por cromatografia gasosa acoplada a
espectrometria de massa (Hoffmann, 1994; Kolker et al., 2006). O perfil de
acilcarnitinas e a diminuicdo de carnitinas livres nos liquidos biolégicos, também
determinados por espectrometria de massa, podem ser utilizados como métodos
auxiliares no diagnostico dessas doencas (Ziadeh et al., 1995).

A analise mutacional ndo é muito utilizada para fins de diagnostico devido ao
grande numero de mutacdes conhecidas, aproximadamente 150 mutacdes ja foram
descritas para o gene da GCDH, e também pelo fato de ndo existir correlacdo entre
0 genotipo e fendtipo clinico (Pineda et al., 1998; Christensen et al., 2004). Portanto,
a andlise mutacional apresenta maior valor em estudos de comunidades onde a
cosanguinidade é elevada e para fins de pesquisa (Busquets et al., 2000; Koélker et
al., 2006).

Nos pacientes que apresentam excrecao pouco elevada, ausente ou normal
de GA (Merinero et al., 1995; Hoffmann et al., 1996), a determinacéo da atividade da
GCDH em fibroblastos ou leucécitos deve ser realizada sempre que houver fortes

suspeitas clinicas e neuro-radioldgicas da doenca (Goodman e Frerman, 2001).

13
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3.3.3. Achados Neuropatologicos

Patologicamente, a GA-l €& caracterizada principalmente por atrofia
frontotemporal cortical ao nascimento, formacdo espongiforme, diminuicdo da
substancia branca (leucoencefalopatia progressiva) e uma caracteristica
degeneracao estriatal (caudado e putamen) bilateral (Kyllerman et al., 1994). Essa
degeneracdo estriatal ocorre ap0s crises encefalopéaticas que sao precipitadas por
infeccbes, doencas febris ou mesmo vacinagdes rotineiras (situacdes de estresse
catabdlico) entre os primeiros 3 meses a 5 anos de vida (Amir et al., 1987; Chow et
al., 1988; Hoffmann e Zschocke, 1999). Frequentemente, os pacientes apresentam
um alargamento dos espacos subaracndideos que, devido a alta irrigacdo
sanguinea, os tornam susceptiveis a hemorragias agudas (Drigo et al., 1996;
Hoffmann e Zschocke, 1999).

De acordo, exames neuroradioloégicos em pacientes afetados demonstram
atrofia frontotemporal cortical, degeneracédo estriatal, dilatacdo dos ventriculos
laterais e atraso na mielinizacdo (Hoffmann et al., 1991; Twomey et al., 2003;

Neumaier-Probst et al., 2004; Figura 2).

Figura 2. Ressonancia magnética nuclear de crénio de uma crianga com GA-Il. a) Aumento

anormal da intensidade do sinal nos nucleos caudado e putdmen; b) Dois anos mais tarde, o
estriado ainda apresenta uma intensidade de sinal anormal, além de uma acentuada
reducdo. Também observa-se uma dilatagdo dos ventriculos cerebrais neste intervalo
(Twomey et al., 2003).
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3.3.4. Manifestacdes Clinicas

Um dos achados clinicos mais frequente € a macrocefalia, que geralmente ja
esta presente ao nascimento. A sintomatologia inicial € branda com alguns pacientes
desenvolvendo-se normalmente até o aparecimento das crises encefalopéticas
(quadro de estresse catabdlico precipitado por infec¢Bes rotineiras; Hoffmann et al.,
1995).

Aproximadamente 90% das criancas apresentam severos sintomas clinicos
antes dos 36 meses de idade, e nenhuma crise encefalopatica aguda tem sido
descrita apdés os 5 anos de vida, sugerindo que a vulnerabilidade é restrita a um
periodo limitado de desenvolvimento do cérebro (Hoffmann et al., 1996; Bjugstad et
al., 2000).

ApGs as crises encefalopaticas surgem sintomas relacionados a destruicdo
estriatal, como hipotonia, rigidez muscular, espasticidade, distonia e discinesia facial
(Hoffmann e Zschocke, 1999; Strauss et al., 2003; Kolker et al., 2004; Figura 3). As
convulsbes, o déficit cognitivo, a ataxia, a irritabilidade, o retardo mental e a
deméncia também estdo entre os achados clinicos da GA-l (Kulkens et al., 2005;
Boneh et al., 2008; Beauchamp et al., 2009).

Além dessas manifestacbes clinicas, os pacientes apresentam um quadro
laboratorial que caracteriza-se, principalmente, por acidose metabdlica,
hipercetonemia, hiperamonemia, hipoglicemia, neutropenia e trombocitopenia

(Goodman e Frerman, 2001).

Figura 3. Manisfestacdes clinicas de criangas com GA-l. a) Movimentos distbnicos dos
membros inferiores; b) Discinesia Facial (Barreiro et al., 2004).
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3.3.5. Tratamento

Uma ampla variedade de medicamentos tem sido usada na terapéutica da
GA-l com alguns resultados satisfatérios, entre eles destacam-se o0s
anticonvulsivantes (Yamaguchi et al.,, 1987; Hoffmann et al., 1996), os
anticolinérgicos e a toxina botulinica (Burlina et al., 2004). Mais recentemente,
Zinnanti e colaboradores (2007) propuseram a utilizagdo da suplementagcdo com
glicose e homoarginina como terapia adjuvante para reduzir o acumulo cerebral dos
metabdlitos toxicos gerados pela deficiéncia da GCDH, baseado em estudo de um
modelo animal de GA-I (Zinnanti el al., 2006).

Entretanto, o diagndstico precoce continua sendo determinante para um bom
prognostico dos pacientes glutaricoacidémicos, pois a restricdo dietética dos
aminoacidos hidroxilisina, triptofano e principalmente a lisina é essencial para um
adequado desenvolvimento destes pacientes (Goodman e Frerman, 2001; Kélker et
al., 2006; Sauer et al., 2011). Além disso, a suplementacdo com dieta hipercaldrica,
L-carnitina e riboflavina tém demonstrado bons resultados na prevencéo das crises
encefalopaticas agudas e no subsequente dano estriatal na maioria dos pacientes
(Hoffmann et al., 1996; Strauss et al., 2003; Kyllerman et al., 2004). No entanto, a
avaliacdo e a intervencdo neurocirurgica também podem ser necessarias em
pacientes com lesdes estruturais associadas a esta patologia (Hou et al., 2007).

Convém destacar que novas estratégias terapéuticas estdo sendo
pesquisadas, porém a utilizacdo dessas terapias requer muito estudo e cautela
guando de seu uso para os pacientes. Por outro lado, na medida em que se
conhecam o0s mecanismos exatos do dano cerebral nos pacientes com GA-I,

melhores terapias se tornardo disponiveis.

3.3.6. Modelos animais de Acidemia Glutarica tipo |

Tem sido investigado o desenvolvimento de modelos animais que mimetizem
as caracteristicas metabdlicas e neuropatologicas apresentadas pelos pacientes
com GA-I. Neste sentido, Koeller e colaboradores (2002) desenvolveram um modelo
de camundongos geneticamente modificados (nocaute) para o gene da GCDH.

Apesar dos animais apresentarem um fendtipo bioquimico similar ao dos pacientes,
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com elevados niveis de GA, 3-OH-GA e conjugados de glicina e carnitina, esse
modelo n&o reproduz o fendtipo neuroldgico e a degeneracgdo estriatal caracteristica
dos pacientes afetados. Um aperfeicoamento deste modelo foi proposto por Zinnanti
e colaboradores (2006) com a administracao via oral de uma sobrecarga de lisina
aos animais. Neste em particular, foi verificado que as concentragcbes de GA no
cérebro dos camundongos nocaute do gene da GCDH aumentaram
significativamente e que os mesmos apresentaram um padrao de neurodegeneracao
dependente do estagio de desenvolvimento semelhante ao apresentado pelos
pacientes afetados pela GA-lI (lesdo estriatal), além de provocar a perda de
seletividade da barreira hematoencefalica.

Por outro lado, Strauss e Morton (2003) propuseram um modelo de
degeneracao estriatal aguda com o uso de acido 3-nitropropiénico, um inibidor
classico do complexo Il da cadeia respiratoria utilizado em modelos de doenca de
Huntington, que apresenta caracteristicas neuro-radiolégicas idénticas as
observadas em pacientes com GA-I.

Além destes, tem sido utilizada a administracdo intraestriatal dos acidos
organicos acumulados na GA-I como um modelo para reproduzir as crises
convulsivas apresentadas pelos pacientes. Nesse sentido, trabalhos tém
demonstrado que a injecao intraestriatal de GA (Lima et al., 1998; Fighera et al.,
2006; Magni et al., 2007) e 3-OH-GA (De Mello et al., 2001) causam o0 aparecimento
de episddios convulsivos em ratos.

Mais recentemente, tem sido reportado um modelo de tratamento crénico com
GA através da injecdo subcutanea deste acido em ratos jovens (Da Costa Ferreira et
al., 2008). Embora, este modelo ndo mimetiza exatamente a GA-l em humanos, na
gual, além do GA outros metabdlitos sdo acumulados em menores quantidades, ele
reproduz a principal caracteristica bioguimica dessa doenca, que sdo altos niveis
teciduais de GA (~0.72 mM) no cérebro de ratos jovens, em concentracao

semelhante a encontrada em pacientes com GA-| (Ferreira et al., 2005).

3.3.7. Fisiopatologia

Tem sido proposto que os acidos organicos acumulados na GA-l podem ser a

causa das alteracdes neuropatoldgicas apresentadas pelos pacientes (Flott-Rahmel
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et al., 1997; Lima et al., 1998; Hoffmann e Zschocke, 1999; Goodman, 2004; Wajner
et al., 2004). No entanto, apesar dos sintomas neurolégicos serem predominantes
nessa acidemia, pouco se sabe sobre a causa da degeneracdo estriatal e 0
mecanismo pelo qual o GA e o 3-OH-GA sao neurotoxicos (Goodman e Frerman,
2001).

O primeiro trabalho proposto com o intuito de explicar a fisiopatogenia da GA-
| estava relacionado a neurotransmissdo GABAérgica, e foi realizado por Stokke e
colaboradores (1976). Este trabalho demonstrou a inibicdo competitiva da glutamato
descarboxilase, enzima que catalisa a conversdo do glutamato a acido y-
aminobutirico (GABA), na presenca do GA, 3-OH-GA e &cido glutacbnico, sugerindo
assim que o desequilibrio na producdo de GABA poderia estar envolvido na
patogénese da GA-I (Wajner et al., 2004). Nesse contexto, estudos mostraram que
as convulsdes induzidas pela injecdo intraestriatal de GA (Lima et al., 1998; Fighera
et al., 2006) e 3-OH-GA (De Mello et al., 2001) sé&o prevenidas pelo muscimol, um
agonista de receptores GABA,, sugerindo a participacdo dos receptores
GABAérgicos na neurotoxicidade induzida por estes acidos organicos em ratos.
Contudo, concentracdes reduzidas de GABA no estriado foram encontradas
somente em um paciente com GA-l (Leibel et al., 1980). Além disso, Ullrich e
colaboradores (1999) ndo encontraram efeitos do 3-OH-GA sobre receptores GABA
em oocitos de Xenopus laevis.

Nas ultimas décadas, distintos mecanismos tém sido propostos para explicar
a fisiopatogenia do dano cerebral na GA-I. Entre esses mecanismos pode-se citar as
alteracdes no metabolismo energético (Ullrich et al., 1999; Silva et al., 2000; Das et
al., 2003; Ferreira et al., 2005; Latini et al., 2005a), a producao de espécies reativas
(Latini et al., 2002; 2005b; De Oliveira Marques et al., 2003; Fighera et al., 2006) e a
excitotoxicidade (Koélker et al.,1999; 2000; 2002a,b; De Mello et al., 2001;
Porciancula et al., 2004; Rosa et al., 2004; 2007).

Em relacdo ao metabolismo energético, estudos mostraram que o 3-OH-GA
provoca uma inibicdo moderada dos complexos Il e V da cadeia respiratoria e reduz
significantemente os niveis de fosfocreatina em culturas de neurbnios de ratos
(Ullrich et al., 1999; Das et al.,, 2003). Da mesma forma, Latini e colaboradores
(2005a) também evidenciaram uma inibicdo do complexo Il da cadeia transportadora
de elétrons pelo 3-OH-GA em homogeneizados de cortex cerebral e células C6 de

glioma de ratos. Além disso, 0 mesmo estudo demonstrou que o 3-OH-GA pode
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interferir com o consumo de oxigénio em preparagbes mitocondriais, funcionando
talvez, como um desacoplador da fosforilagdo oxidativa em situacbes onde a
mitocondria esteja sob condi¢cdes de estresse. Entretanto, Kdlker e colaboradores
(2002a) encontraram uma pequena inibicdo do complexo V somente em altas
concentragbes de 3-OHGA (10 mM) sem nenhuma alteracdo dos outros complexos
da cadeia respiratéria em culturas neuronais de telencéfalos de embribes de pinto,
concordando em parte com um estudo realizado em particulas submitocondriais de
coracao bovino que ndo mostrou nenhum efeito do 3-OH-GA sobre os complexos
enzimaticos da cadeia transportadora de elétrons (Sauer et al., 2005). Em relacao ao
GA, foi demonstrado que este metabdlito inibe os complexos I-lll e lI-Ill da cadeia
respiratéria, diminui a producdo de CO, e os niveis de ATP em cértex cerebral de
ratos (Silva et al., 2000). Além disso, foi demonstrado uma inibicdo dos complexos I-
[, 11, H-111 em muasculos esqueléticos e cérebros de ratos tratados de forma aguda
(Ferreira et al., 2005) e cronica (Ferreira et al., 2007) com GA. Resultados
semelhantes foram descritos também in vitro, além da demonstracdo da inibicdo da
enzima creatina quinase em cérebros de ratos (Da C. Ferreira et al., 2005). A partir
destes achados, tem sido postulado que o GA pode causar interferéncia no
metabolismo aerobico celular, levando provavelmente a uma reducédo na producao
de ATP.

Por outro lado, varios trabalhos relacionam o aumento na producdo de
radicais livres e a reducdo das defesas antioxidantes no cérebro de ratos com a
neurotoxicidade induzida pelo GA e 3-OH-GA (Kolker et al., 2001b; Latini et al.,
2002; 2005b; 2007; De Oliveira Marques et al.,, 2003; Fighera et al., 2006). De
acordo, Latini e colaboradores (2002, 2005b) mostraram que 0 3-OH-GA induz um
aumento na lipoperoxidacao, na producéo de éxido nitrico e peroxido de hidrogénio,
além de diminuir as defesas antioxidantes no cértex cerebral e no estriado de ratos.
Uma producdo aumentada de espécies reativas na presenca de 3-OH-GA também
foi demonstrada em culturas neuronais de telencéfalos de embriées de pinto, sendo
gue esse aumento foi reduzido apds incubacdo com antioxidantes (Kélker et al.,
2001b). Quanto ao GA, foi evidenciado que este causa um aumento no contetdo de
proteinas carboniladas e na peroxidacao lipidica no estriado de ratos (Fighera et al.,
2006). Também foi demonstrado que o GA aumenta a producdo de espécies
reativas e reduz as defesas antioxidantes em cérebro de ratos (De Oliveira Marques

et al., 2003). De acordo com os demais trabalhos, Latini e colaboradores (2007)
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verificaram que tanto a administragcdo aguda quanto crbnica de GA aumenta a
peroxidacdo lipidica e diminui as defesas antioxidantes em diferentes estruturas
cerebrais, no figado e nos eritrocitos de ratos. Além disso, foi demonstrada uma
reducdo nas concentracdes de glutationa cerebral e hepéatica em camundongos
deficientes da enzima GCDH (Sauer et al., 2005). A partir destes achados, tem sido
postulado que o GA pode causar interferéncia no metabolismo oxidativo celular,
levando provavelmente a uma redugéo nas defesas antioxidantes e/ou um aumento
na producdo de espécies reativas, e a consequente excitotoxicidade.

E conhecido que o padrdo de lesdes no SNC causadas pela administracdo de
glutamato em camundongos é morfologicamente semelhante aquelas encontradas
em estudos postmortem de cérebros de pacientes com GA-l, no que diz respeito a
perda neuronal com vacuolizacdo pos-sinaptica, extensa fibrose gliosa estriatal e
degeneracao espongiforme da substancia branca cerebral (Olney, 1969). Devido a
esses achados e também a similaridade estrutural existente entre o glutamato, o GA
e 0 3-OH-GA (Flott-Rahmel et al., 1997; Lima et al., 1998; Hoffmann e Zschocke,
1999; Wajner et al., 2004; Goodman, 2004; Figura 4), muitos estudos explicam a
neurotoxicidade dessa acidemia pela interacdo desses &acidos organicos com

receptores e transportadores glutamatérgicos.

OH
HOOC\/\rCOOH HOOC._~_COOH HOOC\/'\/COOH
NH,
Glutamato Acido glutéarico Acido 3-hidroxiglutarico

Figura 4. Similaridade estrutural entre glutamato, acido glutarico e acido 3-hidroxiglutarico.

Em relacdo ao 3-OH-GA, Kdlker e colaboradores (2000; 2002a) evidenciaram
gue este acido organico ativa seletivamente receptores do tipo N-metil-p-aspartato
(NMDA) compostos pelas subunidades NR1/NR2A e NR1/NR2B em culturas
neuronais de telencéfalos de embribes de pinto. Colaborando com estes achados,
Bjugstad e colaboradores (2001) mostraram que culturas de neur6nios de ratos néo
se mostram sensiveis ao 3-OH-GA antes da expressao de receptores do tipo NMDA.
De acordo, Rosa e colaboradores (2004) também demonstraram que o 3-OH-GA

interage com receptores glutamatérgicos do tipo NMDA. Nesse contexto, foi
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demonstrado que a pré-incubacdo de culturas de neurbnios com antagonistas
especificos de receptores NMDA, bem como a pré-administracdo desses
antagonistas in vivo reduzem ou mesmo previnem o dano celular provocado pelo 3-
OH-GA (Kolker et al.,, 2000; De Mello et al., 2001). No entanto, Ullrich e
colaboradores (1999), utilizando estudos eletrofisiologicos em diferentes sistemas
celulares ndo encontraram evidéncias de que o 3-OH-GA liga-se diretamente a
receptores NMDA, sugerindo que um déficit no metabolismo energético poderia
explicar de modo indireto a ativacdo desses receptores. Desta maneira,
considerando que os receptores NMDA NR1/NR2B s&o predominantemente
expressos no cérebro imaturo (McDonald et al., 1988) e que a ocorréncia do dano
neuronal depende do modelo em estudo, sugere-se a existéncia de uma
dependéncia da distribuicdo regional e do periodo de desenvolvimento na
suscetibilidade dos neurdnios a toxicidade do 3-OH-GA (Ullrich et al., 1999; Kdlker et
al., 2004; Goodman, 2004).

Quanto ao GA, foi demonstrado que este metabdlito inibe a captacdo e a
ligacdo do L-[*H]glutamato a seus transportadores em sinaptossomas de cérebro de
ratos (Bennett et al., 1973; Porciuncula et al., 2000; Magni et al., 2007; 2009),
aumentando assim 0 risco para superexcitacdo por uma elevacdo na concentracéo
de glutamato na fenda sinaptica. Também foi demonstrado que o GA reduz a
captacdo de L-[PH]glutamato em vesiculas sinapticas, além de interagir com
receptores glutamatérgicos metabotropicos e ionotropicos do tipo AMPA (ndo-
NMDA) em cérebro de ratos (Porciincula et al.,, 2004). De acordo, Dalcin e
colaboradores (2007) também demonstraram que o GA interage com receptores
ionotrépicos ndo-NMDA em preparacfes de membranas de cérebros de ratos. Neste
contexto, foi verificado que as convulsdes induzidas pela administracéo intraestriatal
de GA foram prevenidas pelo DNQX, um conhecido antagonista de receptores
glutamatérgicos ndo-NMDA (Lima et al., 1998). Entretanto, Kblker e colaboradores
(2000) ndo encontraram evidéncias de que o GA possa interagir com receptores do
tipo ndo-NMDA e relacionam seus efeitos toxicos a receptores NMDA. Apesar de
diversas evidéncias da neurotoxicidade destas substancias relacionadas ao sistema
glutamatérgico, recentes trabalhos ndo confirmam essa hipotese (Lund et al., 2004;
Freudenberg et al., 2004), fazendo com que esta questdo continue sob intenso
debate.
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Por outro lado, Olivera e colaboradores (2008) demonstraram o envolvimento
dos astrécitos na patogénese da GA-l. Os autores observaram que tanto o GA como
0 3-OH-GA induziram a proliferacdo de astrocitos e causaram despolarizacao
mitocondrial em culturas de astrécitos. Da mesma forma, verificaram que a injecao in
vivo de GA induziu a proliferacdo de astrocitos, principalmente na forma imatura.
Além disso, esses mesmos autores observaram que a administracdo de
antioxidantes preveniu a disfungdo mitocondrial e o aumento da proliferacado
astrocitaria in vitro e in vivo, sugerindo o envolvimento do estresse oxidativo na
inducdo da astrocitose. Assim, esses resultados sugerem que a disfuncdo
mitocondrial induzida pelos metabdlitos da GA-l leva os astrécitos a adotar um
fenétipo proliferativo, o que pode ser fundamental para a perda neuronal e as
alteracoes na estrutura cerebral encontradas na GA-I.

Além disso, recentemente Zinnanti e colaboradores (2007) sugeriram o
mecanismo envolvido na susceptibilidade depende de idade apresentada pelas
criangas glutaricoacidémicas. Os autores observaram que camundongos nocaute de
4 semanas para a enzima GCDH, suplementados com uma dieta a base de lisina,
apresentaram um aumento nos niveis cerebrais de lisina e GA, enquanto 0s
camundongos de 8 semanas ndo apresentaram esse aumento. Assim, esses
autores sugerem que ocorra uma reducdo na captacdo de lisina com a idade,
compativel com existéncia de transportadores de aminoacidos basicos de baixa
afinidade/alta capacidade no cérebro imaturo e de alta afinidade/baixa capacidade
no cérebro maduro (Russell e Taegtmeyer, 1992). De fato, trabalhos tém
demonstrado que o transporte e o catabolismo da lisina sdo reduzidos com a
maturidade (Banos et al., 1978; Rao et al., 1992). Portanto, esses dados sugerem
gue a maior captacdo de lisina no cérebro imaturo causa um aumento no acumulo
de GA e gera a susceptibilidade aos danos cerebrais observados nas criancas com
GA-I.

No entanto, apesar da intensa investigacdo e da severidade dos sintomas
apresentados pelos pacientes afetados por essa doenca, 0s mecanismos que levam
a vulnerabilidade estriatal durante os primeiros anos de vida ainda nao foram
elucidados, constituindo-se no principal desafio da pesquisa da patogénese da GA-I
(Goodman, 2004).
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3.4. Convulsdes na Acidemia Glutérica tipo |

Convulsbes sao alteracbes comportamentais e/ou motoras resultantes de
descargas episddicas anormais de um grupo de neurbnios no cérebro e acarretam
enorme prejuizo a qualidade de vida dos pacientes afetados e suas familias (Engel,
2001).

Na GA-l os pacientes podem apresentar convulsbes apoOs crises
encepalopéticas, as quais sao precipitadas por infec¢cées agudas na infancia (Koélker
et al., 2004; 2006). Nesse sentido, diversos trabalhos tém relatado a ocorréncia de
convulsGes em criancas glutaricoacidémicas apos encefalopatias agudas (Osaka et
al., 1993; Poge et al., 1997; Hartley et al., 2001; Funk et al., 2005). De acordo,
Fujimoto e colaboradores (2000) demonstraram registros eletroencefalograficos
(EEG) caracteristicos de episodios convulsivos em uma crianga com GA-l. Esses
autores encontraram descargas periddicas sincrbnicas, caracterizadas por
intermitentes ondas delta de 4-6 Hz e 100-200 pv na estrutura cortical do paciente,
apos um episédio de encefalopatia aguda. Outro relato de caso também demonstrou
alteracoes EEG caracterizadas por uma mistura de descargas de ponta-ondas focais
e generalizadas em uma menina com GA-I (McClelland et al., 2009). Este trabalho
em patrticular, € o primeiro que relata o caso de uma crianca glutaricoacidémica que
apresenta epilepsia (convulsdes recorrentes).

Experimentalmente, tem sido demonstrado que a injecéo intraestriatal de GA
leva ao aparecimento de episédios convulsivos (Lima et al., 1998; Fighera et al.,
2006; Magni et al., 2007). De acordo com os relatos clinicos, Magni e colaboradores
(2007) demonstraram que a injecao intraestriatal de GA causou um aumento nas
ondas delta estriatais e corticais em registros EEG de ratos que apresentaram
convulsdes. Corroborando com esses achados, Zinnanti e colaboradores (2006)
relataram que os camundongos nocaute deficientes da enzima GCDH submetidos a
uma dieta com alta quantidade de lisina, dentre outros aspectos bioquimicos e
neurolégicos, também apresentam convulsdes.

Vérios trabalhos tém sugerido que a ocorréncia de convulsbes se deve a
alteracdes nas neurotransmisssfes GABAérgicas (Lima et al., 1998; Fighera et al.,
2006), glutamatérgicas (Lima et al., 1998), e também a inibicdo da atividade da
enzima Na’*,K*-ATPase (Fighera et al., 2006; Magni et al., 2007).
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Nesse sentido, Lima e colaboradores (1998) demonstraram que o muscimol,
um agonista de receptores GABAa, reduziu as rotagdes contralaterais, bem como o
namero e a duragdo das convulsdes induzidas pela injecdo intraestriatal de GA em
ratos adultos. Também verificaram que o DNQX, um antagonista de receptores
glutamatérgicos nao-NMDA, diminuiu as rotacdes contralaterais induzidas pela
administracao intraestriatal de GA, sugerindo assim a participacdo de receptores
glutamatérgicos e GABAérgicos na neurotoxicidade induzida por este &cido organico
em ratos. De fato, um desequilibrio entre os sistemas glutamatérgico/GABAérgico
através da estimulacdo do sistema glutamatérgico e/ou da inibicdo do sistema
GABAérgico sdo descritas como as principais causas de excitabilidade no SNC, e
estdo associadas ao aparecimento de convulsdes (Fighera et al., 2003; 2006; Royes
et al., 2003; 2006).

Neste mesmo contexto, Fighera e colaboradores (2006) verificaram que a
administracdo de muscimol reduziu o numero e a duragdo das convulsbes
comportamentais e EEG induzidas pela injecdo intraestriatal de GA em ratos
adultos. Além disso, observaram uma correlacdo inversa entre a duracdo dos
episodios convulsivos e a atividade da enzima Na*,K*-ATPase no estriado injetado,
demonstrando assim a participacdo desta enzima nas convulsdes induzidas pelo
GA. Magni e colaboradores (2007) também verificaram uma reducéo na atividade da
enzima Na',K'-ATPase apos episodios convulsivos, comportamentais e EEG,
causados pela injecdo intraestriatal de GA em ratos adultos. Além disso, as
convulsdes e a inibicdo da atividade da enzima Na',K'-ATPase foram prevenidas
pela adminstracdo oral de creatina, sugerindo que a alteracdo do potencial de
membrana possa ser um fator determinante para o desenvolvimento das
convulsodes.

A estabilizacdo do potencial de membrana de repouso pela Na*,K*-ATPase é
essencial para a manutencdo do bloqueio de magnésio dependente de voltagem do
receptor NMDA, para a funcdo de canais ibnicos dependentes de voltagem e
também para os transportadores de glutamato dependentes de Na®. Portanto, a
perda da atividade da Na*,K*-ATPase pode diminuir o limiar para a superexcitacdo

(Gegelashvili e Schousboe, 1997), e potencializar as acdes excitotoxicas do GA.

24



Revisdo Bibliografica

3.4.1. Convulsdes e inflamagao

E conhecido que as crises encefalopaticas que levam ao aparecimento dos
episodios convulsivos e ao dano estriatal nos pacientes glutaricoacidémicos séo
precipitadas por infeccbes comuns, doencgas febris ou imunizagdes rotineiras
(Hoffmann e Zschocke, 1999; Kolker et al., 2006), sugerindo assim um possivel
envolvimento de citocinas inflamatérias nas convulsGes apresentadas pelos
pacientes com GA-I.

Nesse sentido, um ponto que merece atencdo € a associacdo entre
inflamacg&o no SNC e ocorréncia de convulsdes. De acordo, estudos epidemiolégicos
mostraram que até 80% dos pacientes com malaria apresentaram convulsdes
durante a inflamacéo aguda (Singh e Prabhakar, 2008). Aléem disso, pacientes com
encefalite causadas por diversos agentes apresentam convulsdes que podem
persistir mesmo apoés eliminacdo do agente infeccioso, e que sdo atenuadas com o
tratamento com anti-inflamatorios (Singh e Prabhakar, 2008). Estes dados indicam
uma estreita associacdo entre inflamacdo no SNC e ocorréncia de convulsdes,
sugerindo que mediadores inflamatdrios atuem como provaveis agentes deste
mecanismo de excitabilidade aumentada.

Contudo, a precipitacdo dos episddios convulsivos por processos infecciosos
nos pacientes glutaricoacidémicos ocorre durante um periodo limitado do
desenvolvimento, normalmente entre os 3 meses e 5 anos de idade (Strauss et al.,
2003; Kolker et al., 2006). E, criancas com GA-l que ndo apresentam crises
encefalopéticas durante seus primeiros 5 anos de idade normalmente permanecem
assintomaticos (sem alteracBes estruturais e comportamentais) durante toda sua
vida, sugerindo que a vulnerabilidade € limitada a um periodo definido de
desenvolvimento do cérebro (Kolker et al., 2006).

De acordo com este ponto de vista, trabalhos relatam que a presenca de uma
inflamacéo sistémica durante periodos criticos do desenvolvimento pode resultar em
aumento da vulnerabilidade cerebral e periférica (Hagberg e Mallard, 2005; Godbout
e Johnson, 2006). De fato, tem sido demonstrado que a inflamacdo pés-natal em
ratos injetados com lipopolisacarideo (LPS) no 14° dia de vida os torna mais
susceptiveis as convulsdes induzidas por litio-pilocarpina, acido cainico (KA) e
pentilenotetrazol (PTZ) na vida adulta. Indicando que uma inje¢ao de LPS durante

um periodo critico do desenvolvimento causa um aumento duradouro na
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susceptibilidade as convulsdes, sendo esse efeito dependente da presenca de
citocinas (Galic et al., 2008).

Nesse sentido, utiliza-se a administracdo de LPS como um modelo para
produzir neuroinflamacédo, pois a resposta inflamatoria induzida pelo LPS é
caracterizada pela geracdo de mediadores pro-inflamatdrios concomitantemente no
sistema nervoso periférico e no SNC (Miyake, 2004). O LPS é um componente
glicolipidico da membrana externa de bactérias gram-negativas e sua composicao
varia de acordo com a bactéria de origem. O reconhecimento do LPS pelo sistema
imune é complexo e envolve principalmente os receptores toll-like do tipo 4 (TLR-4).
No entanto, apenas o TLR-4 ndo é suficiente para uma resposta imune total, e
componentes adicionais como as proteinas CD-14 e MD-2 sao requeridas para o
complexo reconhecimento do LPS. Este apresenta uma das mais potentes
atividades imunoestimulantes entre os ligantes dos receptores toll-like (Ulevitch e
Tobias, 1995), e pequenas quantidades dessa toxina ativam o sistema imune inato
produzindo uma série de citocinas como o fator de necrose tumoral a (TNF-a), a
interleucina 1 beta (IL-1B) e a interleucina 6 (IL-6), as quais sdo moduladoras da
transmissdo neuronal normal e patolégica dentro do SNC (Vitkovic et al., 2000).
Essas acdes do LPS indicam que ele pode desempenhar um papel central na
evocacao de respostas inflamatoérias (Cohen, 2002).

Nesse contexto, evidencias clinicas e experimentais sugerem que processos
inflamatorios facilitam a predisposicdo as convulsées (Vezzani et al., 1999; 2000;
Ravizza et al., 2008; Rodgers et al., 2009; Auvin et al., 2010). Tem sido demonstrado
gue administracdo de LPS aumenta a susceptibilidade as convulsbes em
camundongos injetados com PTZ, e que este fendbmeno € bloqueado por drogas
antiinflamatérias (Sayyah et al., 2003), sugerindo o envolvimento de moléculas pro-
inflamatorias na susceptibilidade as convulsdes induzidas por PTZ.

Mais evidéncias do envolvimento de mediadores pré-inflamatérios na
susceptibilidade as convulsées vém de estudos farmacoldgicos experimentais in vivo
gue suportam o envolvimento da IL-1p na hiperexcitabilidade neuronal (Vezzani et
al., 1999; 2000; Vezzani e Granata, 2005). Nesse contexto, foi demonstrado que a
administracdo intrahipocampal de IL-18 aumentou a duracdo das convulsdes
induzidas pelo KA, sendo este efeito bloqueado pelo antagonista do receptor da IL-1
(IL-1Ra) e por um antagonista de receptores NMDA (Vezzani et al., 1999). Também

foi demonstrado que a aplicacdo intrahipocampal do IL-1Ra e camundongos
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superexpressando o IL-1Ra apresentam uma maior laténcia e uma menor duracao
na propagacédo das convulsdes induzidas pela bicuculina (Vezzani et al., 2000).
Além disso, tem sido demonstrado que as crises convulsivas também podem ser
reduzidas pelo bloqueio da sintese da forma biologicamente ativa da IL-1B, através
da inibicdo seletiva da enzima conversora de interleucina-1 (ICE ou caspase-1) ou
pela delecdo do gene da enzima (Ravizza et al., 2006). Nessa mesma linha, Auvin e
colaboradores (2010) demonstraram que o processo inflamatério induzido pelo LPS
aumenta a epileptogénese em ratos imaturos (P14) e que este aumento pode ser
parcialmente revertido pelo IL-1Ra.

Em 2008, Ravizza e colaboradores estudaram o envolvimento da via da IL-1p3
na epileptogénese usando modelos de epilepsia do lobo temporal. Os autores
demonstraram uma expressdo aumentada da IL-18 em astrécitos e microglia
hipocampais ap6s um estado de mal epilético, e verificaram que a ativacao da via da
IL-1B8 durante a epileptogénese estava associada a neurodegeneragdo e a quebra
da barreira hematoencefalica. Além disso, os autores observaram que, além da
citocina IL-1B, o seu receptor do tipo 1 (IL-1R1) foram amplamente expressos em
neurdnios, astrocitos e microglia de tecidos cerebrais epiléticos crénicos de ratos e
de humanos. De acordo com este estudo, Ravizza e Vezzani (2006) demonstraram
gue durante o estado de mal epilético, a indugéo do IL-1R1 ocorre primeiramente em
neurdnios, e somente varias horas mais tarde em astrocitos, sugerindo que a via da
IL-18 medeia a comunicacao funcional neuro-glial durante as crises. Dessa maneira,
esses dados indicam que vias inflamatdrias especificas sdo ativadas cronicamente
durante a epileptogénese, e que elas persistem no tecido epilético, sugerindo a sua
participacédo na patogénese da epilepsia do lobo temporal.

Outro estudo corrobora com as evidéncias que suportam o envolvimento de
processos inflamatérios na patogénese das convulsdes, através da descoberta de
uma via pré-convulsivante que envolve o grupo caixa-1 de alta mobilidade (HMBGL1),
liberado de neurénios e glia, e sua interacdo com o TLR-4, um receptor chave da
imunidade inata. Os autores verificaram que antagonistas do HMGB1 e do TLR-4
retardam o aparecimento e diminuem a ocorréncia de convulsées agudas e cronicas.
Também demonstraram que os efeitos pré-convulsivantes do HMGB1 foram
parcialmente mediados pelos receptores NMDA sensiveis ao ifenprodil, e
observaram que camundongos deficientes do TLR-4 sdo resistentes as convulsdes

induzidas pelo KA. Além disso, observaram um aumento na expressao das proteinas
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HMBG1/TLR-4 no hipocampo de camundongos que apresentaram convulsbes
agudas e cronicas, bem como no hipocampo de pacientes com epilepsia do lobo
temporal, sugerindo o envolvimento da sinalizagdo HMBG1/TLR-4 nas epilepsias
humanas. Assim, esse estudo indica que a sinalizagdo HMGB1/TLR-4 pode
contribuir para geracdo e para a perpetuacdo das convulsbes em humanos,
constituindo um alvo para os efeitos anticonvulsivantes em pacientes que Sao
refratarios as drogas disponiveis (Maroso et al., 2010).

Recentemente, um elegante estudo também verificou a participacdo do
processo inflamatério na génese das convulsdes (Rodgers et al., 2009). Foi
demonstrado que a resposta imune cortical inata, induzida pela aplicagéo cortical de
LPS, produziu um grande aumento na excitabilidade cerebral resultando em
descargas epileptiformes focais (convulsdes focais) em ratos. Este achado sugere
um importante envolvimento do sistema imune inato na epileptogénese, ja que o
antagonismo farmacoldgico dos TLR-4 preveniu a excitabilidade cortical (Rodgers et
al., 2009).

Tendo em vista o grande namero de trabalhos que relacionam a presenca de
mediadores inflamatérios e a ocorréncia de convulsdes em diversos modelos
experimentais (Vezzani et al., 1999; 2000; Ravizza et al., 2006) e clinicos (Vezzani e
Granata, 2005; Vezzani etal.,, 2010; Ravizza et al., 2008), € de grande interesse
determinar como a ocorréncia de um processo inflamatorio, durante um determinado
periodo do desenvolvimento, pode contribuir para 0 aumento da excitabilidade

cerebral e o desenvolvimento de convulsdes nos pacientes com GA-I.

3.5. Déficit cognitivo na Acidemia Glutarica tipo |

Trabalhos tém demonstrado que as criancas com GA-|l apresentam alteracdes
neurolégicas relacionadas a aprendizagem (Patil et al., 2004; Boneh et al. 2008;
Beauchamp et al., 2009). Neste sentido, Patil e colaboradores (2004) utilizaram um
teste psicoeducacional para diagnosticar possiveis disturbios no aprendizado de
uma crianca com GA-l. Eles postularam que o acumulo de GA e dos demais
metabolitos seriam os responsaveis pelo déficit de aprendizagem apresentado pela
crianca glutaricoacidémica analisada. Outro trabalho, realizado com pacientes que

apresentam essa acidemia organica revelou deficiéncias em atividades motoras
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finas e diferentes niveis de anormalidades na fala em todos os pacientes (Boneh et
al. 2008). Mais evidéncias do envolvimento da GA-lI na aprendizagem vém de um
estudo que demonstrou déficits motores e dificuldades na articulacdo da fala nas
criangas glutaricoacidémicas. Os autores discutem que tais dificuldades podem ter
impacto sobre a capacidade da crianga para desenvolver atividades académicas, de
lazer, e mesmo as atividades diarias (Beauchamp et al., 2009).

Experimentalmente apenas um trabalho demonstrou que a administragcédo
cronica de GA causou um prejuizo na memoria espacial de ratos no labirinto
aquatico de Morris, desde que os ratos nao foram capazes de lembrar a localizacao
anterior da plataforma, pois passaram um tempo significativamente menor no
guadrante treinado. Ao contrario, a administracdo cronica de GA nao afetou o
desempenho dos ratos no campo aberto e no labirinto em cruz elevado, indicando
gue a atividade motora e ansiedade nao foram alteradas pelo GA. Assim, esses
resultados fornecem evidéncias de que a administracdo crénica de GA induz um

déficit duradouro no aprendizado espacial (Da C. Ferreira et al., 2008).

3.5.1. Déficit cognitivo e inflamacao

Embora as alteracdes neuroldgicas sejam predominantes na GA-I, pouco se
sabe sobre o mecanismo pelo qual o GA leva a essas alteracfes (Lima et al., 1998;
Fighera et al., 2006; Rosa et al., 2007; Magni et al., 2007; 2009). Especificamente
em relacdo ao déficit cognitivo, estudos tém relatado que os pacientes com GA-I
apresentam prejuizos cognitivos (Patil et al., 2004; Boneh et al., 2008; Beauchamp
et al., 2009), que sdo mais prevalentes ap0s as crises encefalopaticas, as quais sédo
precipitadas por processos infecciosos (Strauss et al., 2003; Kolker et al., 2006).
Estes dados indicam uma associacao entre inflamacdo no SNC e a ocorréncia de
déficit de memdria nas criancas glutaricoacidémicas, sugerindo que mediadores
inflamatorios atuem como provaveis agentes deste mecanismo.

A memodria € a capacidade que temos de armazenar informagdes que possam
ser recuperadas e utilizadas posteriormente (Lent, 2004). O hipocampo € uma
estrutura do lobo temporal mesial sabidamente envolvido na aquisicao/consolidacéo
e/ou evocacdo da memoria (Izquierdo e Medina, 1995). O processo de formacao da
memoria envolve eventos moleculares, entre eles, a ativagdo da proteina ligante do

elemento responsivo ao AMPc (CREB), resultando em um aumento da sintese
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protéica e na efetividade da transmisséo de informag¢des entre neurdnios, com 0s
guais o neurodnio-alvo se comunica. Tais alteracbes entre 0os neurdnios tém sido
denominadas "plasticidade sinaptica" (McGaugh, 2000; 2002; McGaugh e lzquierdo,
2000).

Um dos tipos de memoria estritamente relacionada com o hipocampo é a
memoria espacial, que representa a habilidade para codificar, armazenar e recuperar
informacgdes sobre localizacdes espaciais, configuracdes ou rotas (Kessels et al.,
2001). Ao longo das ultimas décadas, através de estudos com pacientes submetidos
a remocbes das estruturas temporais mesiais, vem sendo demonstrado a relacéo
destas estruturas com a memadria espacial através da realizacéo de testes cognitivos
com componentes espaciais, como a aprendizagem de labirintos e a evocacédo de
sequéncias (Milner, 1968). Além disso, estudos com animais demonstraram a
grande importancia do sistema hipocampal na memoria espacial de roedores
(Eichenbaum, 2002) e de primatas (Brasted et al., 2003). Neste contexto, Broadbent
e colaboradores (2004) mostraram que ratos com lesfes no hipocampo, induzidas
com acido iboténico, apresentam um prejuizo no aprendizado espacial.

Outro processo que causa prejuizo cognitivo € a neuroinflamacéo (Chen et
al.,, 2008; Min et al.,, 2009). Interessantemente, um grande numero de doencas
cognitivas humanas (como a doenca de Alzheimer, a deméncia associada a AIDS e
a sindrome de Down) estdo associadas a niveis elevados de moléculas pro-
inflamatorias como a IL-1B e o TNF-a (Griffin et al., 1989; Perrella et al., 1992;
Akiyama et al., 2000; Casadesus et al., 2007; Holmes et al., 2009). Esta observacao
sugere uma possivel relacdo entre o aumento nos niveis de moléculas pro-
inflamatorias no SNC e disfuncdo de memadria em humanos. De acordo, um estudo
com 20 homens adultos saudaveis, submetidos a testes neuropsicolégicos,
demonstrou que administracdo intravenosa de LPS (0.8 ng/kg) em duas sessdes
experimentais causou um aumento nos niveis sanguineos de IL-6, TNF-q,
receptores do TNF, IL-1Ra e cortisol, além de uma reducao nas funcdes da memoria
declarativa, durante todos os periodos testados (1, 3 e 9 horas apds a injecao de
LPS; Reichenberg et al., 2001). Outro estudo com 12 homens jovens saudaveis,
também submetidos a testes neuropsicologicos, verificou que a administracdo de
uma dose muito baixa de LPS (0.2 ng/kg) em duas sessfes experimentais aumentou

0s niveis circulantes de TNF- a, IL-6, receptores do TNF e IL-1Ra, sem nenhuma
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alteracdo no desempenho cognitivo, mas com uma significativa correlagcéo inversa
entre a memoria declarativa e os niveis de IL-6 (Krabbe et al., 2005).

Além disso, numerosos estudos com modelos animais também tém
encontrado uma associagao entre niveis elevados de citocinas e déficits de memoria
apos processos neuroinflamatoérios (Pugh et al., 1998; 1999; Barrientos et al., 2002;
Hein et al., 2007). Tem sido demonstrado que a administracéo periférica de LPS, um
modelo estabelecido de infecgdo, prejudica o aprendizado e a memdria em varios
testes experimentais (Pugh et al., 1998; 2000). Foi verificado que a administracédo
periférica de LPS causou um aumento nos niveis de citocinas hipocampais em ratos,
prejudicou a memdria contextual, mas ndao ao tom, e que a administracao prévia do
IL-1Ra aboliu esse efeito sobre a memdria (Pugh et al.,, 1998). Similar a esse
achado, foi demonstrado que a injegéo intracerebroventricular (i.c.v.) da proteina
capsidial gp-120 do virus HIV em ratos também aumentou os niveis de IL-1B8 no
hipocampo e prejudicou a memoria contextual, mas ndo ao tom, na tarefa do medo
condicionado. Além disso, foi verificado que a administragdo do IL-1Ra
imediatamente apds a injecdo da proteina gp-120 blogueou o efeito sobre a memoaria
(Pugh et al., 2000).

Corroborando com esses achados tem sido demonstrado que a infeccdo ou
exposicao perinatal ao LPS também altera o aprendizado e a memdria. De fato, ha
evidéncias de que a ocorréncia de um processo inflamatério durante o inicio do
desenvolvimento causa déficit cognitivo (Bilbo et al., 2005a,b; 2007; 2008; Fan et al.,
2010). Trabalhos tém demonstrado que a infeccao periférica induzida pelo LPS em
ratos neonatos resultou em déficit de aprendizado e de memoria frente a um desafio
inflamatorio (LPS) na idade adulta (Bilbo et al., 2005a,b; 2007; 2008). Foi verificado
ainda que a exposicao perinatal ao LPS também prejudicou o aprendizado, a
memoaria e plasticidade neural em ratos adultos (Harré et al., 2008; Kohman et al.,
2008; Fan et al., 2010). Também foi demonstrado que o processo inflamatoério
neonatal estava associado com uma ativacdo exagerada da microglia e com uma
producédo hipocampal aumentada de IL-1 na idade adulta (Bilbo et al., 2005a; 2007).
Além disso, foi demonstrado que a inibicdo da caspase-1 preveniu o prejuizo de
memoaria induzido pelo LPS, sugerindo a participacéo da IL-1 nos efeitos infecciosos
e inflamatérios neonatais que resultam nas alteracdes cognitivas na idade adulta
(Bilbo et al.,, 2005a). Nessa mesma linha, |keda e colaboradores (2005)

demonstraram que a combinagdo de LPS e hipOxia-isquemia em ratos neonatos
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causou um prejuizo de longa duracdo no aprendizado e uma diminuicdo no volume
hipocampal, além de que o tratamento com dexametasona preveniu esses efeitos.

E sabido que niveis fisiologicos de citocinas s&o requeridos para alguns
processos de memoria e aprendizagem, particularmente para a consolidacdo de
memorias que dependem do hipocampo (Brennan et al., 2004; Goshen et al., 2007;
Labrousse et al., 2009), no entanto, niveis elevados de citocinas inflamatérias estdo
relacionados a déficits cognitivos. Nesse sentido, diversos trabalhos tém
demonstrado a influéncia negativa das citocinas inflamatérias nos processos de
aprendizagem e meméria (Matsumoto et al., 2002; Song e Horrobin, 2004; Hein et
al., 2010).

Em relacdo a IL-1B, os seus efeitos prejudiciais sobre a memoria foram
demonstrados pela primeira vez por Oitzl e colaboradores (1993) que verificaram
gue a administracao i.c.v. de IL-1p uma hora antes do labirinto aquatico de Morris
causou uma reducdo na memodria espacial. Entretanto quando esta foi injetada
imediatamente antes do treino nenhum efeito foi encontrado, sugerindo que a IL-1[3
nao afeta a aquisicio de memoria espacial, mas sim a consolidacdo dessa
aprendizagem, e que 0s processos desencadeados pela IL-13 exigem algum tempo
para exercer sua influéncia sobre a memoria. Estudos subsequentes confirmaram
essa conclusdo e demonstraram que a administracdo periférica de IL-1B também
prejudica a aprendizagem espacial (Gibertini et al., 1995; Song e Horrobin, 2004).
Importantemente, no teste do labirinto aquatico a IL-1p prejudica somente a memoria
espacial, sem alterar a memoria ndo espacial (Gibertini, 1996; Song e Horrobin,
2004). Da mesma forma, foi demonstrado que camundongos injetados com IL-1[3
foram menos flexiveis para se adaptar a uma mudanca na posicdo da plataforma
submersa (Gibertini, 1996). Em conjunto, esses resultados sugerem que a IL-1
interfere especificamente no aprendizado espacial que depende do funcionamento
normal do hipocampo.

Para investigar os efeitos da exposicdo crénica a IL-1, estudos recentes
utilizaram camundongos transgénicos que superexpressam a IL-13 no hipocampo.
Demonstraram que uma elevacdo sustentada nos niveis de IL-1B hipocampal
resultou em neuroinflamacédo (verificada pela microgliose e pelo aumento na
producdo de varios mediadores inflamatérios) e causou prejuizos na memoria
espacial testada no labirinto aquético, bem como prejudicou a memoéria de longa

duracao na tarefa do medo condicionado (Moore et al., 2009; Hein et al., 2010). E é
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importante notar que, em ambos os estudos, os efeitos foram restritos a memoria
dependente do hipocampo.

Quanto ao TNF-a, o seu envolvimento em processos de memoéria tem sido
estudado por varios grupos de pesquisa, utilizando varios modelos. A maioria dos
estudos nao relata o envolvimento do TNF-a no funcionamento da memoria (Albensi
e Mattson, 2000; Stellwagen e Malenka, 2006; Kaneko et al., 2008). No entanto,
alguns estudos demonstraram um efeito prejudicial dessa citocina sobre a formacgao
da memoria. O efeito danoso do TNF-a sobre a memoria foi primeiramente
demonstrado por um prejuizo no aprendizado no teste da esquiva passiva em
camundongos que superexpressavam o TNF-a no SNC (Fiore et al., 1996). De
acordo, foi também demonstrado que a administracao i.c.v. diaria de TNF-a por uma
semana antes do treino no labirinto aquatico prejudicou a memdria e o aprendizado
espacial neste teste (Bjugstad et al., 1998). Um efeito prejudicial do TNF-a também
foi relatado apds a sua administracéo intra-hipocampal que resultou na reducdo na
memoria de trabalho dependente do hipocampo, evidenciada pelo aumento no
namero de erros e por maiores laténcias para executar a tarefa do labirinto em Y
(Matsumoto et al., 2002).

Os mecanismos basicos dos efeitos das citocinas inflamatorias sobre o
aprendizado e a memoria dependentes do hipocampo tém-se concentrado na funcéo
neuronal através da potenciacdo de longa duracdo (LTP; Lynch, 2004), um sistema
modelo para o0 mecanismo neuronal da memoria, em varias vias hipocampais (Martin
et al., 2000). Sabe-se que niveis fisiopatoldgicos de IL-18 e TNF-a podem produzir
efeitos prejudiciais sobre a memdéria (Matsumoto et al., 2002; Song e Horrobin, 2004;
Hein et al.,, 2010), e que estes efeitos sdo especificos para a consolidacdo das
memoarias que dependem do hipocampo, enquanto que as memorias independentes
do hipocampo néo sédo alteradas (Rachal Pugh et al, 2001; Goshen e Yirmiya, 2007).

Tem sido sugerido que as citocinas pro-inflamatorias produzidas durante
processos inflamatorios possam ser as responsaveis pela disfuncéo sinaptica (Chen
et al., 2008; Tanaka et al., 2006; Hein e O’Banion, 2009). De fato, existem fortes
evidéncias de que o aumento de IL-1B no hipocampo pode prejudicar a memodria
devido aos efeitos sobre a transmissao sinaptica, através de prejuizos na inducéo e
na manutencdo da LTP hipocampal. No primeiro estudo realizado foi demonstrado
que a aplicacdo de IL-1B inibiu a LTP na regido CA3 em fatias hipocampais de

camundongos (Katsuki et al., 1990). Em seguida, foi demonstrada uma inibicao
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similar da LTP, induzida pela IL-1B, na regido CA1 (Bellinger et al., 1993) e no giro
denteado (Cunningham et al., 1996). Também foi relatado que a manutencdo da
LTP estava negativamente associada com o aumento nos niveis de IL-1B no
hipocampo (Murray e Lynch, 1998). De acordo, mais recentemente Ross e
colaboradores (2003) encontraram um aumento quantitativo de IL-13 em fatias
hipocampais mantidas a 34-36°C quando comparadas as mantidas a 21-24°C, e que
esse aumento de citocinas gerou uma inibigdo na LTP.

Nesse sentido, tem sido sugerido que a sinalizacdo da IL-1 durante a
inflamagéo, provavelmente mediada pela IL-13, provoca um aumento seletivo e
relativamente persistente na inibicio GABAérgica, e que essas acdes contribuem
para diminuir a excitabilidade sinaptica (lkegaya et al., 2003; Hellstrom et al., 2005).
Além disso, foi demonstrado o envolvimento das funcbes colinérgicas e
glutamatérgicas no prejuizo da memoria de trabalho induzido pela interleucina-13
em ratos (Matsumoto et al., 2001). De acordo outros estudos demonstraram que a
exposicdo aguda a IL-18 em fatias de hipocampo produziu uma reducdo na
transmissao sinaptica glutamatérgica basal (Murray et al., 1997) e uma diminuicao
na transmissdo sinaptica excitatéria (Coogan e O'Connor, 1997; Luk et al., 1999).
Aléem disso, Vereker e colaboradores (2000) demonstraram que a aplicacéo de LPS
induziu um aumento na concentracao de IL-1B e inibiu a LTP no giro denteado de
ratos através da ativacao da caspase-1.

Neste contexto, outros estudos tém demonstrado que a aplicacdo de TNF-a
também inibe a inducéo da LTP nas areas CAl (Tancredi et al., 1992) e no giro
denteado do hipocampo (Cunningham et al.,, 1996). Além disso, Butler e
colaboradores (2004) demonstraram que a infusdo de TNF-a antes de um estimulo
para induzir a LTP inibe a formacdo desta. Nesse sentido, tem sido proposto que a
inibicdo da LTP pelo TNF-a ocorre via ativacao do receptor 1 do TNF (TNFR1) e dos
receptores glutamatérgicos metabotrépicos grupo 1 (Cumiskey et al., 2007).

Mais evidéncias de que as citocinas inflamatérias possam estar envolvidas
nas alteracdes hipocampais vém de estudos que mostraram que VAarios processos
inflamatorios, que resultam na ativacao da microglia e na producéo de citocinas pro-
inflamatorias, apresentam uma influéncia prejudicial sobre a neurogénese (Ekdahl et
al., 2003; 2009; Kempermann e Neumann, 2003). Pois, embora em condi¢cdes
normais a microglia possa estar envolvida na facilitacdo da neurogénese (Hanisch e

Kettenmann, 2007; Ziv e Schwartz, 2008), a inflamacédo induzida pela ativacdo da
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microglia tem sido implicada na supressdo da neurogénese (Kempermann e
Neumann, 2003; Ekdahl et al., 2009). Evidéncias sao fornecidas pela demonstragao
de que a administracdo intracortical crénica de LPS da origem a ativacdo da
microglia na area onde nascem novos neurdnios, prejudicando fortemente a
neurogénese hipocampal (basal e induzida) em ratos. Além disso, foi demonstrado
gue administracéo de um inibidor da microglia bloqueou os efeitos anti-neurogénicos
do LPS (Ekdahl et al., 2003). Interessantemente o estimulo inflamatério ndo precisa
estar localizado no cérebro para afetar a neurogénese, pois foi demonstrado que
uma unica injecao intraperitoneal (i.p.) de LPS aumentou o numero de microglia
ativada e reduziu a neurogénese hipocampal (Monje et al., 2003). Além disso, a
diferenciacdo neuronal in vitro estava diminuida quando os neurdnios foram co-
cultivados com a microglia ativa, sendo este efeito mediado por fatores soluveis, ja
gue somente o meio condicionado a microglia ativada produziu o mesmo efeito
(Cacci et al., 2005). Estes trabalhos sugerem que a ativacdo da microglia contribui
de maneira decisiva para a inibicdo da neurogénese hipocampal.

Coletivamente, esses estudos, fornecem fortes evidéncias de que as citocinas
pré-inflamatérias em niveis elevados, especialmente a IL-1B e o TNF-a, estédo
associadas a déficits de memoria apds processos neuroinflamatoérios. Portanto, é de
especial interesse determinar como a presenca de um processo inflamatério pode
contribuir para o desenvolvimento das alteracdes estruturais e funcionais no
hipocampo dos pacientes com GA-I. No entanto, apenas um trabalho na literatura
avaliou o desempenho de ratos jovens injetados cronicamente com GA frente a um
teste de memoria, porém sem a presenca de um processo inflamatério. Dessa
maneira, ndo se conhece o0s efeitos do acumulo desses acidos organicos no
aprendizado de ratos jovens submetidos a um estimulo infeccioso.

Portanto, devido a escassez de medidas terapéuticas efetivas no controle do
desenvolvimento das alteracdes da GA-I, evidencia-se a importancia da busca da
compreensao da fisiopatogénese da doenca para o desenvolvimento de novas

estratégicas terapéuticas.
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4. RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados neste item, o
qual apresenta-se subdividido sob a forma de artigo cientifico (capitulo 1) e
manuscrito (capitulo Il). Os itens Materiais e Métodos, Resultados, Discussédo dos

Resultados e Referéncias Bibliograficas, encontram-se nos mesmos.
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4.1. Capitulo | — Lipopolissacarideo aumenta a susceptibilidade a convulséo
induzida pelo acido glutarico em ratos jovens: uma abordagem

comportamental e eletroencefalogréfica.
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duration of seizures induced by GA (1.3 pmel/site). In addition, LPS administration increased
IL-1j3 striatal levels, which positively correlated with total time in seizures. The intrastriatal
injection of an IL-13 antibody (200 ng/2 pl) prevented the facilitation of GA-induced seizures by
LPS. These data suggest that inflammatory processes during critical periods of development may
decrease GA-induced seizure threshold.
2 2010 Elsevier B.V. All rights reserved.

Glutaric acidemia type | (GA-l) is an inherited neu-
rodegenerative disease caused by deficiency of the
mitochondrial enzyme glutaryl-CoA dehydrogenase (GCDH;
EC 1.3.99.7), which is involved in the metabolism of L-lysine,
L-hydroxylysine and Ltryptophan. Affected patients accu-
mulate majorly glutaric acid (GA), 3-hydroxyelutaric acid
(3-0H-GA) and glutaconic acid in the body fluids (Goodman
et al., 1977). Clinical manifestations of GA-| are predomi-
rantly neurological, including convulsions, especially after
encephalophatic crises, which are accompanied by bilateral
and irreversible destruction of susceptible brain regions,
ie. striatum (Hoffmann and Zschocke, 19%9). Furthermaore,
reurological crises are typically precipitated by common
infection, febrile illness and after routine immunization,
wiggesting a role of inflammatory mediators in this organic
aciduria (Hoffmann and Zschocke, 19%99). A substantial
body of evidence indicates that brief systemic inflamma-
tion during critical periods of development may result in
long-lasting cerebral and peripheral vulnerability (Hagberg
and Mallard, 2003). For instance, it has been shown that
rats injected at postnatal day 14 (P14) with LPS are more
wsceptible to seizures induced by lithium—pilocarpine,
kainic acid (KA) and pentylenetetrazole (PTZ; Galic et al.,
2008).

The inflammatory response brought about by LPS is
characterized by innate immune system activation and
production of proinflammatory mediators, such as tumor
recrosis factor (TNF) and IL-1@ (Cohen, 2002). These
proinflammatory cytokines are now accepted as bona fide
modulators of both normal and abnormal neuronal trans-
mission within the brain (Merrill, 1992).

In this context, previous reports have shown that GA-|
metabolites interfere with astrocytic glutamatergic trans-
porters {Porciincula et al., 2004) and provide evidence that
astrocyte proliferation is associated with mitochondrial dys-
function and oxidative stress {Olivera et al., 2008). In line of
this view, the appearance of such newborn astrocytes may
underlie the subsequent development of gliosis that disrupt
brain development, perhaps contributing for the establish-
ment of neurological deficits in GA-l patients (Goodman and
Frerman, 2001). In addition, it has been shown that post-
natal LPS administration results in a chronic though mild
form of astrogliosis, a feature commoenly found in a number
of seizure models {Somera-Molina et al., 2007; Qberheim
et al., 2008) and patients with epilepsy (Eid et al., 2008).

Although clinical and experimental evidence suggest that
infection or inflammation facilitates seizure predisposition
(Vezzani and Granata, 2005; Auvin et al., 2010; Vezzani and
Baram, 2007) the pathogenesis of GA-induced conwulsive
behavior s still unknown. Therefore, we decided to inves-
tigate the involvement of proinflammatory cytokines during
critical periods of development (Galic et al., 2008) in elec-
troencephalographic and neurochemical alterations induced
by GA. For this purpose we investigated the effect of LPS

administration on seizures and alterations of striatal levels
of IL-1B induced by GA in rat pups (21 days-old).

Experimental procedures

Animal and reagents

Twenty one days-ald male Wistar rats (30—20g), maintained
under cantralled light and enviranment {12:12h light=dark cycle,
24=1°C, 55% relative humidity) with free access to faod (Guabl,
Santa Maria, Brazil) were used. Animal utilization pratacals fol-
lowed the Official Government Ethics guidelines and were appraved
by the University Ethics Committee. All efforts were made ta reduce
the number of animals used, as well as ta minimize their suffering.
All reagents were purchased from Sigma (St. Louls, #3).

Surgical procedure and behavioral evaluation

The animals were anesthetized with ketamine—xylazine
(45=9mg/ kg body welght; i.p.) and placed in a rodent stereataxic
apparatus. Under stereataxic guidance, a cannula was inserted
unilaterally inta the right striatum (coardinates relative ta bregma:
AP Omm, ML 3.0mm, ¥ 2.5mm fram the dura). Chlaramphenical
(200 mg/ kg) was administrated intraperitoneally (i.p.) immediately
before the surgical procedure. The behavioral evaluation was
perfarmed 3 days after surgery when animals did nat show any sign
of pain, infection ar discamfart.

In arder ta determine the canvulsant dose of GA in rat pups, the
animals were injected with GA (0.13; 0.4 ar 1.3 pmal/2 pl)ar saline
(1.3 wmald/ 2 pl) into the right striatum. Glutaric acid solutians were
neutralized with NaOH ta pH 7.4 and injectians were performed aver
aimininterval. Immediately after the intrastriatal injectians, the
animals were transferred ta a raund apen fleld (54.7 em in diameter)
with a flaar divided inta 10 equal areas. During 20min, the animals
were videamanitored far the appearance of selzures. The latency
Iz clanic and generalized convulsians and time in selzures were
recarded. Clanic canvulsians were characterized by typical partial
danic activity affecting the face, head, vibrissae and farelimbs.
Generalized convulsive episades were characterized by generalized
whale-bady ¢lonus invalving all four limbs and tail, rearing, wild
running and jumping, sudden lass of upright pasture and autanamic
signs, such as hypersalivation and defecation, respectively.

To investigate whether inflammation alters seizure activity
induced by GA, LPS (2mg/kg; E. coli 055 BS; Eriksson et al., 2000;
Haeda et al., 2008) ar vehicle was infused i.p. (single adminis-
tratian) 3 ar &h befare the administratian of GA (0.13; 0.4 ar
1.3 pmal/site) ar saline (1.3pmol/site). The animals were then
transferred to a2 round open fleld and canvulsive behaviar was
evaluated as described abave. Immediately after the behaviaral
evaluatian, the animals were sacrificed by decapitation to deter-
mine IL-13 levels in the injected striatum.

Since LPS administratian &h before GA intrastriatal injection
fazilitated zanvulsions and increased IL-1B levels, we investi-
@ted whether this cytakine is involved LPS-induced facilitatian
of GA-induced seizures. The animals were subjected to intrastri-
atal injectian of IL-1B antibady {200ng/2 pl) ar IL-1E denatured
antibady 45min befare injection of LPS (Zma/ke; 1.p.) ar vehicle
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(Zmg/kg, I.p.). This dose of IL-1B antibody was chosen because it
neither caused selzures nar altered motor activity in a pilot exper-
iment. Six hours after LPS or vehicle injection, GA (0.13, 0.4 ar
1.3 pmol/site) ar saline (1.3 pmal/site) was administrated and the
appearance of seizures manitared far 20min by behaviaral and elec-
traencephalagraphic recardings (EEG).

Placement of cannula and electrodes for EEG recordings

A subset of animals (n=5=6) was anesthetized with
ketamine=xylazine and surgically implanted with a cannula
and electrodes under stereataxic guldance. The guide cannula
(27 gauge) was glued to a multipin sacket and inserted inta the
right striatum through a previcusly opened skull arifice. One screw
electrade was placed aver the right parietal cortex (coardinates in
mm: AP —45; ML2.5; and ¥ 2) alang with 2 ground lead positioned
aver the nasal sinus. Bipolar nichrame wire Teflan-insulated
depth electrades (100 um) were implanted inta the right striatum
(coardinates in mm: AP O0; ML 3: V 1.5). The electrades were
aannected ta the multipin sacket and, together with the injectian
cannula, were fixed ta the skull with dental acrylic cement.
Electroencephalographic recardings were perfarmed 3 days after
the surgery.

Intrastriatal injection of drugs and EEG recording

The procedures for EEG recordings were carried out as previ-
ously described by Magni et al. (2007). Routinely, the animals
were allowed to settle faor habituatian in a plexiglas cage
(25emx 25cm = &0em) far at least 20min. Baseline EEG recard-
ings were abtained 10min priar ta drugs administration in arder
o establish an adequate contral brain electrical activity. The drug
injection pratacal used in this set of experiments was the same used
in those experiments that evaluated the effect of LPS an GA-induced
behaviaral seizures, except that EEG was cancomitantly recarded
wing digital encephalographic equipment (Meuramap EQSA260,
Meuramap LTDA, Brazil). During 20min the animals were videaman-
ttared far the appearance of clonic ar tanic sefzures. The latency
ta seizures and time in seizures were recarded.

EEG signals were amplified, filtered (0.1=70.0Hz, bandpass),
digitalized (sampling rate 250Hz) and stared in a PC far off-line
analysis, as described below.

EEG analyses

Selzures were defined by the accurrence of episades consisting of a
pattern of continuaus high-amplitude sharp spikes in low-frequency
rhythmic spiking activity in ipsilateral striatum and cortex (=2:x
baseline amplitude, =55). Handling far drug injection caused arti-
facts in the EEG (Figs. 1, 3 and 7). However, rhythmic seratching af
the electrade headset by the animal rarely caused artifacts. These
recardings were easily identifled and discarded.

Rectal temperature measurement

Inarder ta investigate the affect af infection state an the basal rec-
al temperature (T-)of 21-days old rats, vehicle ar LPS was infused
intraperitoneally and T, changes were recarded every hour far 3 ar
&h, and expressed as absolute value.

Rectal temperature was measured with a lubricated thermacau-
ple, which was inserted into the rectum of the animal, faor 1 min.
The prabe was linked to a digital device, which displayed the tem-
perature at the tip af the probe with a 0.1 “C precisian. The values
displayed were manually recarded. In arder ta minimize the effects
af the stress assaciated with handling and injecting an rectal tem-
perature, all rats were habituated to the measuring procedure far
twao consecutive days. In these sessians, the animals were sub-

jected to the same temperature measuring procedure described
abave.

IL-1B immunoassay

The content af IL-15 was determined in injected striatum {right).
After the behaviaral evaluatian of seizures, the injected stria-
tum was dissected rapidly out at 4°C and frozen at —=70*C. The
striatum was weighed and hamogenized in a salution containing
bavine serum albumin (BSA 10mg/ml), EGTA (2mM), EDTA (2 mM)
and PMSF (0.2mM) in phosphate-buffered saline (PBS, pH 7.4)
using & Patter homogenizer. The striatum homagenate was cen-
trifuged {3000 ¢ for 10min) and cytokines were determined in
wipernatant. Cytakine levels were measured using 2 commercially
available ELISA Kit from RED Systems (Minneapalis, MM) using a
selective antibady against rat IL-1B, according to the manufag-
turer’s pratacal, and are expressed as pg/mg of protein (detection
limit: 4ngdml).

Protein determination

Pratein content was measured colarimetrically by the methad of
Bradfard {1976) using bovine serum albumin {1mg/ml) as a stan-
dard.

Statistics

The behavioral data were analyzed by non-parametric test
(Kruskal=Wallis analysis of variance). Data fram IL-18 lew-
els and rectal temperature measurements were analyzed by
a two-way ANOVA. Post hoc analysis was carried out by the
Student=MNewman=Keuls test. P<0.05 was considered significant.
The Pearsan’s carrelatian coefficient was used for carrelation anal-
¥5e5.

Results

GA-induced seizures

In the present study, the intrastiatal injection saline
{1.3pmol/site} and GA (0.13 pumol/site) did not induces
convulsive behavior. On the other hand, statistical analysis
revealed that intrastriatal injection of GA (1.3 pmol/site)
decreased the latency to the first convulsive episode
[164.88+ 18.18s; H(3)=24.08, P=<0.01; Fig. 1F] and
increased time in seizures 40.88+4.5s; [H(3)=125.58;
P =0.01; Fig. 1G] as compared to GA (0.4 pmol/site) group.
The EEG recordings confirmed these behavioral alterations
elicited by the intrastriatal injection of GA (Figs. 1A—D). The
electroencephalographically recorded GA-induced sefzures
were behaviorally accompanied by clonus of the left fore-
limb and/or hind limb and head, rotational behavior and
full lateralization toward the left side of the body. In addi-
tion, EEG recordings of the ispilateral striatum revealed that
the GA administration caused the appearance of an epilep-
togenic focus in the injected striatum that spread to the
ipsilateral cortex. The EEG seizure activities were charac-
terized by the occurrence of multispikes and major seizure
activity. Multispikes correlated with myoclonic jerks, which
are characteristic of clonic convulsions. Generalized convul-
sions appeared in the electroencephalographic recordings as
the major seizure activity, and were characterized by 2—3Hz
high-amplitude activity (Figs. 1D—E). The animals that were
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Figure 1 Representative electroencephalographic recordings: intrastriatal administration of saline (control; A), intrastriatal
administration of GA (0.13 pmol/site; B), (0.4 pmel/site; C), and (1.3 pmol/site; D) which were accompanied by pattern of contin-
vous high-amplitude sharp spikes in low-freguency rhythmic spiking activity in ipsilateral striatum and cortex. (E} The expanded
waveforms from box of the EEG recarding in D. In all traces the arrowhead indicates the saline or GA intrastriatal administration;
the arrow indicates the EEG pattern associated with generalized seizures. Str, ipsilateral striatum; Ctx, ipsilateral cortex. Calibra-
tien bars, 100 oV and 15s. Effect of intrastriatal injection of GA (0.13; 0.4; 1.3 pmol/site) on the first cenvulsion latency (F) and
time in seizures (G) in rat pups. Data are median and interguartile range for n=6=8 in each group.*P<0.01 as compared to GA
(0.4 pmal/site) group; Kruskal=Wallis analysis of variance.
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Figure 2 Effect of injection LPS {i.p.) & h before of the intras-

triatal administration of GA (3.13; 0.4; 1.3pmol/site) on the
first convulsion latency (A) and time in seizures (B) in rat pups.
Data are median and interguartile range for n=6=8 in each
group. *P<0.05 when compared to vehicle 6h or LPS 6 h/GA
(0.4 pmol/site) groups (4, B); *P < 0.05 when compared to vehi-
cle 6 h/GA (1.3 pmol/site) group (A, B); Kruskal—Wallis analysis
of variance.

injected with GA (1.3 pmol/site)} showed 3.0=0.55 seizures
during the 20min period of chservation.

LPS facilitates GA-induced seizures

Statistical analysis revealed that administration of LPS 3h
before the intrastriatal injection of GA (all doses) had
no effect on the latency to convulsions [119.62 = 53.615;
H{7)=5.46; P=0.05) and time in seizures [28.75 =8.04s;
H({7Ty=7.66; P>0.05] as compared to wvehicle 3h/GCA
{1.3pmol/site) group (data not shown). On the other
hand, statistical analysis revealed that the administra-
tion of LPS &h before intrastriatal injection of GA
{1.3pmol/site}, decreased the latency to convulsions
[39.7 + 6.6%s; H(7)=66.54; P < 0.05; Fig. 2A), and increased
the time in seizures [80.7+7.175; H{7)=66.05; P<0.05;
Fig. 2B] as compared to vehicle 6h/GA (1.3 pmol/site)
group. Prior administration of LPS {(2mg/ke) did not cause
behavioral changes.

LPS (2mgfkg) injection did not affect baseline
(248.21£5.40V) or interictal mean amplitude, when
compared with control group (234.88+ 1.16pV, n=6-8 in
each group; data not shown). EEG recordings showed that
animals injected with LPS 3 h before GA injection (Fig. 3C)
did not present significant alterations in EEG recordings
when compared with the group that received LPS 6h befaore
GA injection (Fig. 3E). However, the injection of LPS &h
before GA decreased the latency toseizures [38.55 =7.37s;
H{2y=7.05; P<0.05; Fig. 3G] and increased the time in

seizures [67.33+10.82s; H(2) =10.97; P<0.05; Fig. 3H] as
compared to vehicle/GA (1.3 pmol/site; Fig. 34) and LPS
3h/GA (1.3 pmol/site; Fig. 3C) groups. Furthermore, LPS
{2mg/kag} injection did not alter the number of convulsive
episodes induced by GA (1.3 pmol/site, data not shown).
Mo animals died due to GA-induced convulsions.

Effect of LPS on basal rectal temperature

LPS causes an initial drop in basal temperature (1-2h)
followed by a temperature increase in the coming hours
{3—6h). Statistical analysis (two-way ANOVA with repeated
measures) showed that LPS administration increased rec-
tal temperature after a period of ~3h [F(5,100)=7.64;
FP<0.01; Fig. 4] when compared with vehicle/saline and
vehicle /GA (1.3 pmol/site) groups. Post hoc analysis (F test
for simple effect) revealed that the LPS-induced increase of
rectal temperature in 3h persisted up to 6h [F(3,20)=64.4;
P < 0.05] when compared with vehicle /saline and vehicle / GA
(1.3 pmol/site} groups.

IL-1B levels in the striatum

Since LPS injection increased the GaA-induced conwvul-
sive behavior, we evaluated the effect of administrating
this toxin on IL-13 levels after GA (1.3 pmol/site) injec-
tion in the striatum of rat pups. Statistical analysis
showed that LPS administration increased IL-1]B levels after
3[F(3,11)=11.49; P<0.01; Fig. 54] and 6h [F(3,10)=8.26;
F=0.01; Fig. 58] in the injected striatum. Post hoc analysis
{Student—Newman—Keuls test) revealed that this increase
was higher in 6[F{3,13}=4.58; P<0.03] than in 3h.

Correlation analyses {Pearson’s correlation coefficient)
revealed a strong positive correlation between time in
sefzures induced by GA administration (1.3 pmol/site} and
striatal IL-1B levels (r=0.922; P<0.03; Fig. &) in animals
injected with LPS (2me/ke; i.p.).

IL-1p antibody treatment

Fig. 7G—H shows that injection of the IL-1B anti-
body {(200ng/2pl), 45min before LPS prevented the
cytokine-mediated reduction inthe latency [187 44 £27 33;
H{3)=17.26; F=0.05] and the total time increase of sefzures
[26.88+1.9s; H{3)=20.43; P<0.05] as compared to IL-
1@ denatured antibody/LP5S 6h/GA (1.3 pmol/site} group.
Thus, the administration of IL- 1B antibody inhibited the LPS-
mediated increase in the duration of GA-induced seizures.
These results are in agreement with the view that inflamma-
tory process plays a role in GA-induced seizures (Fig. TA—H).

Discussion

The dose—effect curve for GA revealed that the dose of
1.3pmol/site caused sefzures in rat pups, measured as
decreased seizure latency and increased time in seizures. In
this context, there is a significant body of evidence suggest-
ing that GA accumulation may play a role in the convulsions
and neurological impairment seen in patients with glutaric
acidemia (Lima et al., 1998; Kolker et al., 2002; Fighera
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Figure 3  Representative electroencephalographic recordings: (A) intrastriatal administration of GA (1.3 pmol/site); (B) expanded
waveforms from box of the EEG recording in A; (C) injection LPS (i.p.) 3 h before intrastriatal administration of GA (1.3 pmol/site);
(D) expanded waveforms from box of the EEG recording in C; (E) injection LPS (i.p.) 6 h before intrastriatal administration of
GA (1.3 pmol/site); (F) expanded waveforms from box of the EEG recording in E. All seizures were accompanied by pattern of
continuous high-amplitude sharp spikes in low-freguency rhythmic spiking activity in ipsilateral striatum and cortex. In all traces the
arrowhead indicates the GA intrastriatal administration; the arrow indicates the EEG pattern associated with generalized seizures.
Str, ipsilateral striatum; Ctx, ipsilateral cortex. Calibration bars, 100 pVand 15s. Effect of injection LPS (3 or 6 h; i.p.) before of the
intrastriatal injection of GA (1.3 pmol/site) on the first convulsion latency (G) and time in seizures (H) according EEG recordings.
Data are median and interguartile range for n=6=8 in each group. “P«0.05 when compared to vehicle/GA (1.3 pmol/site) group;
#P < (.05 when compared to LPS 3 h/GA (1.3 pmol/site) group; Kruskal—Wallis analysis of variance.
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Figure 4  Effect of injection LPS {i.p.) following the intras-
triatal administration of saline or GA (1.3 pmol/site) on rectal
temperature from rat pups. Data are mean £ S.E.M. from abso-
lute rectal temperatures for n=6 in each group. *P<0.01 as
compared to centrol group and vehicle/GA (1.3 pmol/site)
group. Two-way ANOVA (Student=Newman=Keuls test).

et al., 2006). Moreover, experimental findings in vivo and
in vitro suggest that energy metabolism impairment and
decrease in the -[*H] glutamate uptake play an important
role in the convulsive behavior elicited by GA (Porciincula
et al., 2004; Magni et al., 200%). In fact, an impairment of
glutamate metabolism and homeostasis has been proposed
to underlie several brain diseases, including epilepsy (Kelly
and Stanley, 2001 ).

Since patients with GA-| are more prone to seize when
presenting an infectious/inflammatory disease, we decided
to investigate whether LPS administration (3 hand 6 h before
GA administration) facilitated the seizures induced by this
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Figure 5 Effectonthe IL-13 levels after administration of LPS

{3 h; Aand &h; (B) in the GA-injected striatum (1.3 pmol/site)
from rat pups. Data are mean£S.E.M from IL-1B levels for
n=4=5 in each group. *P<0.01 as compared to control group
and *P=0.01 as compared to vehicle/GA (1.3 pmaol/site) group
(A, B); Two-way ANOVA (Student=Newman=Keuls test).
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Figure 6 Increase of time in seizures induced by LPS {i.p.) &6 h
before GA (1.3pmol/site) correlates with increase IL-13 lev-
els in the striatum (Pearson’s correlation coefficient). Data are
individual values for n=6 in each group.

organic acid. LPS injection & h before intrastriatal GA injec-
tion reduced sefzure latency and increased time in sefzures
when compared with GA alone. In this context, it has
been shown that LPS administration enhances seizure sus-
ceptibility in mice injected with PTZ. Interestingly, this
phenomenaon is blocked by antiinflammatory druas (Sayyah
etal., 2003}, suggesting the involvement of proinflammatory
molecules in LPS-induced seizure susceptibility. It is worth
noting that the facilitatory effect of LPS on GA-induced
seizures was seen only when LPS was administered 6 h before
GA, but did not at 3h.

In addition, the LPS-induced increase of rectal tempera-
ture at 3h was of similar magnitude of that observed at 6h,
indicating that changes in GA-induced convulsive parame-
ters observed after LPS injection (at & h) is not related to an
increase in body temperature.

Since LPS is a general stimulator of innate immune sys-
tem to produce proinflammatery and/or cytotoxic factors
as IL-1B, IL-6, THF-a (Cohen, 2002}, it has been used to
induce neuroinflammation in animals (Eriksson et al., 2000;
|liev et al., 2001; Turrin et al., 2001; Turrin and Rivest,
2004; Maeda et al., 2008). Therefore, we determined the
IL-1# levels in the GA-injected striatum at 3 and 6h after
LPS administration, and it observed that LPS treatment
increased IL-1p levels at 3 and 6 h in a time-dependent man-
ner.

This study does not provide a mechanism by which
increased IL- 1P levels facilitates GA-induced seizures in LPS-
injected animals. However, our results are in agreement
with previous studies that have shown that cerebral IL-1B
levels are significantly higher in animals treated with LPS
and kainic acid (KA} which developed sefzures than in those
that did not seize (Heida and Pittman, 2005) Thus, it is
plausible to propose that increased neuronal excitability
elicited by higher striatal IL-1p level leads to appearance
of electroencephalographic and behavioral seizures induced
by administration of GA and LPS. In addition, we observed a
strong correlation between time in GA-induced seizures and
striatal IL-1P levels in LPS-injected animals (LPS injected 6h
before GA administration}. Taken together these observa-
tions, we may sugeest that there should be a higher striatal
IL-1B level to generate neuronal excitability and to increase
the time in seizures as observed here.

In this context, i has been demonstrated that
administration of IL-1@ prolongs the duration of elec-
troencephalographic and behavioral seizures induced by
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Figure 7 Representative electroencephalographic recordings: (A) intrastriatal injection IL-13 denatured antibody 45 min before
vehicle (i.p.) and & h before intrastriatal administration of GA (1.3 pmol/site); {B) expanded waveforms from box of the EEG
recording in A; (C) intrastriatal injection IL-13 denatured antibody 45 min before injection LPS (i.p.) and 6 h before intrastriatal
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{1.3 pmaolssite) group (D, E); Kruskal—Wallis analysis of variance.
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ntracerebral application of KA in rodents (Vezzani et al.,
1%%%). On the other hand, the intracerebral injection of
IL-1-receptor antagonist (IL-1Ra) has powerful anticonvul-
sant effects (Vezzani et al., 2002), and transgenic mice
overexpressing IL-1Ra have a reduced susceptibility to
seizures (Vezzani et al., 2000}, suggesting that cerebral IL-
1@ increase contributes to the maintenance of seizures in
these models.

Current evidence indicates that cytokines, particularly
IL-1B, increase neuronal excitability by activating IL-1
receptors (Vezzani et al., 199%; Bernmardino et al., 2005).
In this context, it has been suggested that IL-1R1-mediated
modulation of glutamatergic transmission may contribute
to excitotaxicity and spontaneous seizures since IL-1R1 and
N-methyl-0-aspartate (NMDA) receptors colocalize in the
striatum {Lawrence et al., 15958; Kwon et al., 2008) and
in hippocampal pyramidal neurons (Viviani et al., 2003}. In
addition, the neuronal IL-1R1 stimulation induces Src kinase-
mediated tyrosine phosphorylation of the NRZB subunit of
the NMDA receptor. As a comsequence, IL-1p facilitates
NMDA receptor-mediated Ca® influx into neurons, promot-
ing excitotoxicity (Viviani et al., 2003) and, possibly, seizure
generation (Vezzani and Baram, 2007}. IL-1R can also inhibit
glutamate uptake in astrocytes (Hu et al., 2000)and increase
its glial release possibly via TNF-a production (Bezzi et al.,
2001), thus resulting in elevated extracellular glutamate
levels and hyperexcitability. It is also worth pointing out
that IL-1 has been shown to reduce +-aminocbutyric acid
(GABA). receptor-mediated chloride currents in hippocam-
pal cell cultures (Wang et al., 2000}, which may further
add to seizure generation. Thus, since increased gluta-
matergic transmission and/or inhibited GABAergic function
may induce seizures (Fighera et al., 2003, 2006), it is
plausible that the dual actions of IL-1 on excitatory and
inhibitory neurctransmission could facilitate GA-induced
seizures. Howewver, this explanation remains speculative in
nature, and further studies are necessary to clarify this
point.

Although the tissue concentrations of GA after intrastri-
atal administration are unknown, we may speculate that
reduction of glutamate uptake by GA may facilitate the
activation of excitatory amino acids receptors and, con-
sequently, to generate seizures. Of note, it has been
shown that glutamate transporters inhibitors do not produce
seizures by themselves, but they are capable of facilitat-
ing seizures in the presence of inflammation (Liu et al.,
2009). Since GA enhances synaptic turnover of glutamate
and neuronal hyperexcitability (Manitsos et al., 2004), it
& plausible to propose that LPS-induced increase in IL-1p
levels facilitates seizures by increasing neuronal glutamate
availability. Taken together these observations, and previ-
ous reports demonstrating that GA inhibits glutamate uptake
{Porciuncula et al., 2004)and that IL-1R may induce excito-
toxicity by glutamatergic mechanisms (Viviani et al., 2003;
Vezzani and Baram, 2007}, it is conceivable that our results
may be related to these findings.

‘We also found that anti-IL-1B antibody prevented the IL-
1B-induced reduction of seizure latency and increase of time
in sefzures, suggesting the participation of this proinflamma-
tory cytokine in the increased seizures susceptibility. These
data suggest that IL-1pB signaling present in inflammatory
process contributes critically to neuronal hyperexcitability

and conseguently in GA-induced reduction of seizure latency
and increase of time in seizures. This finding is reinforced
by the evidence that impairment of the endogenous produc-
tion of IL-13 by using selective blockade, or gene knockout
of caspase-1, the enzyme producing the biologically active
form of IL-1B, significantly reduces seizures (Ravizza et al.,
2006).

In conclusion, since IL-1B can exacerbate seizures,
inhibit neurcgenesis and increase blood—brain barrier per-
meability (Quagliarello et al., 1%91; Ekdahl et al., 2003),
pharmacologic approaches specifically targeted to block
the overproduction of IL-1@ or its functionis) in glutaric
acidemia may represent new nonconventional strategies for
the treatment of seizure in this disorder. However, clinical
studies shall be conducted in order to evaluate its clinical
efficacy in glutaric acidemic patients.
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ABSTRACT

Glutaric aciduria type | is an inherited deficiency of glutaryl-coenzyme A
dehydrogenase characterized by accumulation of glutaric acid and neurological
symptoms. It has been reported that patients with GA-I have cognitive impairment
after encephalopathic crises, which are precipitated by infectious processes during
an age-dependent susceptibility period. In the present work, we investigated whether
chronic exposure of GA during early development (5 umol g of body weight =", twice
per day, from the 5th to the 28th day of life), in the absence and presence of LPS (2
mg/Kg, once per day, from the 25th to the 28th day of life), could alter the cognitive
performance of rats in the Barnes maze and evaluate if the alterations can be related
to structural or functional changes in the hippocampus. We showed that GA-chronic
treatment caused a deficit of spatial learning in pups rats, and that the presence of an
inflammatory process induced by LPS increased the spatial memory impairment
induced by GA. Since none of the treatments affected the weight or locomotor activity
of the animals, the effect of treatments on impairment of spatial learning is not due
the these alterations, but is possibly related to the increase in proinflammatory
cytokines, the reduction of hippocampal volume and the decreased in al subunit
activity of Na',K'-ATPase enzyme as observed. In addition, we found that the
worsening in spatial memory observed in GA-LPS group, as compared with other
groups, was a2/3 isoform specific of enzyme, since only this group showed no
compensatory response in this subunits, and consequently presented a decreased in
total activity of Na",K*-ATPase enzyme. The results provide evidence that early
chronic GA treatment induces long-lasting spatial behavioral deficit, and that the

presence of an inflammatory process potentiates the deficit in spatial learning.

Keywords: glutaric acid; LPS; IL-18; TNF-a; spatial memory; hippocampus.
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1. Introduction

Glutaric acidemia type | (GA-I) is an inherited neurodegenerative disease
caused by deficiency of mitochondrial enzyme glutaryl-CoA dehydrogenase (GCDH,;
EC 1.3.99.7) involved in the metabolism of L-lysine, L-hydroxylysine and L-tryptophan.
Affected patients usually present a major accumulation of glutaric acid (GA), and a
lesser amount of 3-hydroxyglutaric acid (3-OH-GA) and glutaconic acid in the body
fluids (Goodman et al., 1977; Goodman and Freman, 2001; Strauss and Morton,
2003; Strauss et al., 2003). Following a period of normal development, affected
children may experience irreversible striatal injury during encephalopathic crisis
commonly precipitated by a non-specific iliness, usually before the age of 36 months.
After encephalopathic crises appear the clinical manifestations of GA-lI which are
predominantly neurological and include seizures, dystonia, dyskinesia and memory
deficit (Morton et al. 1991; Hoffmann and Zschocke, 1999; Patil et al., 2004,
Beauchamp et al., 2009).

However, children with GA-I who escape encephalopathy in their first 5 years
typically remain asymptomatic, suggesting that the cerebral vulnerability is restricted
to a defined period of brain development (Kélker et al., 2006). Since neurological
crises are typically precipitated by common infection and febrile illness, this indicates
a potentiating role of inflammatory cytokines in the neurological disorders this organic
aciduria (Hoffmann et al., 1996; Hoffmann and Zschocke, 1999). In agreement with
this view, a substantial body of evidence indicates that brief systemic inflammation
during critical periods of development may result in long-lasting cerebral and
peripheral vulnerability (Eklind et al., 2005; Hagberg and Mallard, 2005; Godbout and
Johnson, 2006).

Although the neurological disorders are prevalent in GA-l, little is known about
the mechanism by which the accumulated organic acids lead to these alterations
(Lima et al., 1998; Fighera et al., 2006; Rosa et al., 2007; Magni et al., 2007; 2009).
Specifically in relation to cognitive deficits, studies have reported that patients with
GA-I show cognitive impairment (Patil et al., 2004; Boneh et al., 2008, Beauchamp et
al., 2009) especially after encephalopathic crises (Koélker et al., 2006), suggesting a
close association between inflammation in the central nervous system and the
occurrence of memory deficits in GA-I children.

In this context, studies have reported a correlation between elevated levels of

proinflammatory cytokines and memory deficits after neuroinflammatory processes
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(Barrientos et al., 2002, Hein et al., 2007). In agreement a large number of cognitive
disorders in humans are associated with elevated levels of proinflammatory
molecules such as interleukin 1 beta (IL-1B) and tumor necrosis factor a (TNF-aq;
Griffin et al., 1989; Perrella et al., 1992; Casadesus et al., 2007; Olcese et al., 2009).
In addition, numerous studies in animal models have also found an association
between elevated levels of IL-1B and TNF-a with memory deficits after
neuroinflammatory processes (Pugh et al., 1998; 1999; Barrientos et al., 2002;
Sparkman et al., 2005; Hein et al. 2007). Thus, the central or peripheral
administration of lipopolisacarideo (LPS) has been used as a model to produce
neuroinflammation in animals (Hauss-Wegrzyniak et al., 2000; Liu et al., 2000a,b;
Turrin et al., 2001). LPS is a glycolipid component of the outer membrane of Gram-
negative bacteria able to activate the innate immune system, particularly of microglia,
leading to an array of proinflammatory mediators being produced, such as IL-13 and
TNF-a (Cohen, 2002). These proinflammatory cytokines are now accepted as bona
fide modulators of both normal and abnormal neuronal transmission within the brain
(Merrill, 1992; Vitkovic et al., 2000).

Since it has been reported that patients with GA-I have cognitive impairment
(Patil et al., 2004; Boneh et al., 2008, Beauchamp et al., 2009), especially after
encephalopathic crises which are precipitated by infectious processes during an age-
dependent susceptibility period (Kdlker et al., 2006), the objective of this work was to
evaluate the performance of pups rats injected chronically with GA, in the absence
and presence of LPS, in a test of spatial memory and evaluate if the alterations may

be related to structural or functional changes in the hippocampus.

2. Experimental Procedures

2.1. Reagents

Unless otherwise stated, reagents were purchased from Sigma (St. Louis, MO,
USA).

2.2. Animals
Pregnant rats were housed in individual cages and left undisturbed during
gestation. Forty-eight hours after delivery, litters were culled to eight male pups; rats

were weaned at 21 days of life. The animals were divided so that in each cage there
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was the same number of rats for each treatment. The animals had free access to
water and to a standard commercial chow and were maintained on a 12:12 h
light/dark cycle in an air-conditioned constant temperature (24 + 1-C, 55% relative
humidity) colony room. The “Principles of Laboratory Animal Care” (NIH publication
no. 80-23, revised 1996) were followed in all experiments and the experimental
protocol was approved by the Ethics and Animal WelFare Committee of the Federal
University of Santa Maria, Santa Maria, Brazil. All efforts were made to minimize the

number of animals used and their suffering.

2.3. In vivo treatment

Buffered GA, pH 7.4 (5 pmol.g of body weight™) was administered
subcutaneously, twice per day, from the 5th to the 28th day of life (Da C. Ferreira et
al., 2008) to produce brain concentrations of GA of around 0.6 pmol g, ~0.72 mM
(Ferreira et al., 2005) similar to concentrations those found in glutaric acidemic
patients. Control animals received saline subcutaneously in the same volumes and
frequency. All solutions were prepared so that each animal received 10 pL solution. g

of body weight ™.

2.4. LPS-injection

The pups rats were injected intraperitoneally (i.p.) with lipopolysaccharide
(LPS 2 mg/kg; E.coli 055 B5; Eriksson et al., 2000; Maeda et al., 2008) or vehicle

(saline 0.9%), once per day, from 25th to 28th day of life to mimic an infections state.

2.5. Cognitive tasks

Behavioral experiments were carried between 9.00 am and 2.00 pm. Animals
were assessed on the Barnes maze from the 29th to the 32th postnatal day, and
after Barnes maze test, they were then tested in the open field task on the 32th

postnatal day.

2.6. Barnes Maze
One day after treatment finished, animals were trained to solve the Barnes

maze. The Barnes maze is a validated test often used for the assessment of spatial
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learning and memory in rodents (Barnes 1979). The Barnes maze paradigm exploits
the natural inclination of small rodents to seek escape to a darkly lit, sheltered
environment when placed in an open arena under bright, aversive illumination. Our
maze consists of a 120 cm diameter circular wooden table, 3.5 cm-thick and elevated
90 cm above the floor.

Twenty holes, 6 cm diameter, were equidistantly located around the perimeter
and centered 5 cm from it. The apparatus was located in a 4mx4m test room where
four visuospatial cues made of rigid black paper (rectangle, circle, cross, triangle)
were affixed to the walls but not directly over any one maze hole; this increases the
spatial component of the Barnes maze during training (Bach et al. 1995). A black
wooden escape tunnel (15 cmx10 cmx30 cm) was placed beneath one hole,
selected randomly for each rat but remained constant throughout the training
sessions for a given rat. The remaining 19 holes led only to a false escape box (15
cmx10 cmx10 cm) which, from the platform, appeared indistinguishable from an
escape box but was too small to be entered; false boxes removed visual cues that
might be observed through an open hole. Above the platform (height 45 cm) there is
an incandescent lamp (200 W), which gave bright illumination of the maze as the
aversive stimuli.

On the first day of the experiment, the rats were moved to testing room and
left undisturbed for 60 min. Following this habituation period, the rats were trained to
find the escape hole; they were placed in the escape box for 1 min, then into a
cylindrical opaque chamber (start box) in the center of the maze. With light on, the
start box was removed and the rat allowed exploring freely and finding the escape
box. A maximum latency of 180 s to find it was allowed. Each rat was given three
trials per day, over four consecutive days. In each trial, we scored the time to reach
the escape tunnel and the number of wrong holes visited. The arena as well boxes
were wiped clean using distilled water both between each training session for a given

rat and between each rat.
2.7. Physical development

All rats used in the experiments had assessed their physical development. For

this, the weight of animals was daily determined during all treatment.
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2.8. Open field task

After the second day of the Barnes maze test, the locomotor activity was
measured for 5 minutes in the open field. The apparatus consisted of a wooden box
measuring 60 cmx40 cmx50 cm with a glass front wall, whose floor was divided by
black lines into 12 equal squares. The animals were gently placed facing the rear left
corner of the arena and the number of squares crossed with the four paws recorded
for 5 minutes to evaluate motor activity (Walsh, 1976). The testing room was dimly
illuminated with indirect white lighting.

2.9. IL-1B and TNF-a immunoassay

After the second day of the Barnes maze test, the content of IL-138 and TNF-a
were determined in the hippocampus. After behavioral assay, the hippocampus was
dissected out rapidly at 4°C and frozen at -70°C. The hippocampus was weighed and
homogenized in a solution containing bovine serum albumin (BSA 10 mg/ml), EGTA
(2 mM), EDTA (2 mM) and PMSF (0.2 mM) in phosphate-buffered saline (PBS, pH
7.4) using a Potter homogenizer. The hippocampus homogenate was centrifuged
(3000 g for 10 min) and cytokines were determined in the supernatant. Cytokine
levels were measured using a commercially available ELISA Kit from RandD
Systems (Minneapolis, MN) using an antibody selective against rat IL-13 or TNF-q,
according to the manufacturer’s protocol. The results were expressed as pg/mg of

protein. Absorbance was read at 405 nm. The detection limit was 4 ng/ml.

2.10. Hippocampal volume

After the second day of the Barnes maze test, the animals were deeply
anesthetized with thiopental (40 mg/kg, i.p.) and transcardially perfused with saline
solution followed by a solution of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The brains were removed from the skulls, post-fixed in the same solution at
room temperature for 24 h and cryoprotected by immersion in 30% sucrose solution
in phosphate buffer at 4 °C until they sank. The brains were then quickly frozen in
isopentane that was previously cooled in liquid nitrogen (-70 °C). Thirty-um serial
coronal sections obtained using a cryostat (Leica, Germany) were mounted on poly-
L-lysine coated slides, stained with a solution of 0.01% cresyl violet and acetic acid
0.01%, washed in distilled water, cleared in a graded series of ethanol and xylene,

and coverslipped for observation by light microscopy [objects (20X), Olympus AX 70
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photomicroscope coupled to a digital Leica DC 300F camera and Image-Pro Plus
Software 6.1 (Media Cybernetics, San Diego, CA, USA)]. Coronal sections from the
hippocampus (stratum pyramidale of the CA1 and CA3 subfields) and hilus of the
dentate gyrus were identified according to Paxinos and Watson.

The Cavalieri method (Gundersen et al., 1987; Rodrigues et al., 2004) was
used to estimate the volume of the hippocampus. Cross sectional areas of the
hippocampus were captured (with 150 mml/intervals) using the image analysis
system previously described. The hippocampal formation was outlined and
measured. The boundaries of these regions were defined in accordance with criteria
of Amaral and Witter (1995) whereby the hippocampal formation “hippocampus” was
composed of three layered structures, including the dentate gyrus, the hippocampus
proper (CA1, CA2 and CAS3 subfields) and the subiculum. The hippocampal volume
was calculated by summation of the areas analyzed and multiplication of the distance
between the sections (150 mm). At least 10 areas were measured in each analyzed

brain.

2.11. Na', K'-ATPase activity measurements

After the second day of the Barnes maze test, the Na',K*-ATPase activity was
measured according to Wyse et al. (2000) in the hippocampus. Briefly, the assay
medium consisted of 30 mM Tris-HCI buffer, pH 7.4; 0.1 mM EDTA, 50 mM NaCl, 5
mM KCI, 6 mM MgCl, and 50 ug of protein in the presence or absence of ouabain (1
mM), in a final volume of 350 yL. The reaction was started by the addition of
adenosine triphosphate to a final concentration of 5 mM. After 30 min at 37 °C, the
reaction was stopped by the addition of 70 pL of 50% (w/v) trichloroacetic acid.
Saturating substrate concentrations were used, and reaction was linear with protein
and time. Appropriate controls were included in the assays for non-enzymatic
hydrolysis of ATP. The amount of inorganic phosphate (Pi) released was quantified
by the colorimetric method described by Fiske and Subbarow (1925), using KH,PO,4
as reference standard. Specific Na*,K*-ATPase activity was calculated by subtracting
the ouabain-insensitive activity from the overall activity (in the absence of ouabain)
and expressed in nmol Pi/mg protein/min.

In a separate set of experiments we investigated whether some Na* K'-
ATPase isoform is selectively inhibited. For this purpose, we used a classical

pharmacological approach, based on the isoform-specific sensitivity to ouabain (Nishi
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et al., 1999). We determined whether some treatments inhibited ouabain-sensitive
ATPase activity using 3 uM (that inhibits Na*,K*-ATPase isoforms containing a2 and

a3 subunits) or 4 mM ouabain (that inhibits all isoforms).

2.12. Protein determination
Protein content was measured colorimetrically by the method of Bradford
(1976) using bovine serum albumin (1 mg/ml) as a standard.

2.13. Statistics

Statistical analysis was carried out by two-way analysis of variance (ANOVA)
and only F-values of P<0.05 are presented. Post hoc analysis was carried out by the
Student-Newman-Keuls test, when appropriate. All data were expressed as mean *
S.E.M. Statistical analyses were performed utilizing the SPSS software in a PC-

compatible computer. P<0.05 was considered significant.

3. Results
Barnes Maze test

The effect of GA-chronic treatment, in the presence and absence of LPS, on
cognitive performance is shown in Fig. 1A. At the second day of test, statistical
analysis demonstrated a learning deficit in GA-Veh, Sal-LPS and GA-LPS
[F(3,43)=8.82; P<0.01; Fig. 1B] treated groups when compared to Sal-Veh-treated
group. This lack of learning was showed by an absence in the reduction of the
latency for escape in these groups when compared to Sal-Veh-treated group.
Furthermore, the latency for escape of GA-LPS-treated group was statistically higher
as compared to GA-Veh and Sal-LPS-treated groups. At the third day of test,
statistical analysis also showed an absence in the reduction of the latency for escape
of GA-LPS [F(3,43)=4.56; P<0.01; Fig. 1C] treated group as compared with other

groups.

Physical development of animals
Figure 2 indicates the physical development of animals determined by their
weight during the treatment. Statistical analysis showed no difference in the animal

weight between all tested groups during the treatments.
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Open field task

Exploratory and locomotor activity of animals is shown in Fig. 3. Statistical
analyses showed no difference between the number of crossings (Fig. 3A) and
rearings (Fig. 3B) of the animals.

IL-18 and TNF-a levels in the hippocampus

Since numerous studies have found an association between elevated levels of
proinflammatory cytokines and memory deficits after neuroinflammatory processes
(Barrientos et al., 2002; Hein et al., 2007) we decide to determine the levels of IL-13
and TNF-a in hippocampus at the second day of Barnes maze test (day where there
was the spatial learning deficit) in pups rats-treated.

IL-1B levels in the hippocampus are shown in Fig. 4A. In this context,
statistical analyses showed a significant increase on IL-18 levels in GA-Veh, Sal-LPS
and GA-LPS [F(1,35)=9.70; P<0.01] treated groups as compared to Sal-Veh-treated
group.

In addition, we evaluated TNF-a levels in the hippocampus (Fig. 4B). Satistical
analyses showed a significant increase on TNF-a levels in GA-Veh, Sal-LPS and GA-
LPS treated groups [F(1,37)=8.44; P<0.01] as compared to Sal-Veh group. Thus,
these results suggest the participation of IL-1B and TNF-a cytokines in the

impairment of spatial performance.

Hippocampal volume

Figure 5 shows the total hippocampal volume of pups rats treated with Sal-
Veh, GA-Veh, Sal-LPS and GA-LPS at the second day of Barnes maze test.
Statistical analysis showed a significant reduction in hippocampal volume in GA-Veh,
Sal-LPS and GA-LPS-treated groups [F(1,12)=28.13; P<0.001] when compared to
Sal-Veh group, suggesting a negative regulation of hippocampal cellular plasticity in

those groups.

Na’, K*-ATPase activity measurements
Figure 6A shows the effect of GA-chronic treatment, in the presence and
absence of LPS, on Na*,K*-ATPase total activity in rat hippocampus at the second

day of Barnes maze test (day where there was the spatial learning deficit). Statistical
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analysis revealed that treatment with GA-LPS decreased Na*,K*-ATPase total activity
in rat hippocampus [F(1,20)=16.00; P<0.01].

We also investigated whether some a isoform is selectively inhibited by
treatments. For this purpose, we used a classical pharmacological approach, based
on the isoform-specific sensitivity to ouabain (Nishi et al. 1999).

Figure 6B shows the effect of different treatments on a1 subunit activity of
Na’,K*-ATPase enzyme in rat hippocampus. In this experimental condition, statistical
analysis demonstrated that treatments with GA-Veh, Sal-LPS and GA-LPS
[F(1,20)=13.18; P<0.01] decreased a1 subunit activity of Na*,K*-ATPase enzyme,
suggesting the participation of this subunit in the spatial memory deficit observed in
these groups at the second day of Barnes Maze test.

Besides, we evalueted the effect of different treatments on a2/3 subunits
activity of Na*,K'-ATPase enzyme in rat hippocampus (Fig. 6C). We found that
treatments with GA-Veh and Sal-LPS [F(1,20)=22.46; P<0.001] increased a2/3
subunits activity of Na*,K*-ATPase enzyme, suggesting a compensatory response.
However, GA-LPS-treated group showed no this compensatory response, and we
belive that the absence of this response may be the cause for the largest spatial

memory impairment observed in this group.

4. Discussion

In this work we used a model that does not exactly mimic human GA-I, in
which, besides GA, other metabolites accumulate in lesser amounts. However, it
reproduces the main biochemical feature of this disorder, which is high sustained
tissue levels of GA (~0.72mM) in the brain of pups rats similar to those found in
human GA-I (Ferreira et al., 2005). Glutaric acid was administered from the 5th to the
28th day of life of pups rats, that corresponds to the age-dependent susceptibility
period of glutaric acidemic children (Koélker et al., 2006). In addition, GA chronic
treatment period represents a phase of great cellular proliferation and
synaptogenesis in various cerebral structures involved in learning/memory in rats, as
hippocampus (Winick and Noble, 1965; Dutra et al., 1993; Morgane et al., 2002).

In the present study we showed that GA-chronic treatment caused a deficit of
spatial learning in pups rats, and that the presence of an inflammatory process
induced by LPS potentiated the impairment in spatial memory induced by GA alone.

Since none of the treatments affected the weight or locomotor activity of the animals,
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the effect of treatments on spatial memory is not due to the these alterations. Then,
we decided to investigate the involvement of proinflammatory cytokines, hippocampal
volume and Na*,K*-ATPase enzyme activity on the deficit of spatial learning induced
by GA and LPS in rat pups.

We demonstrated that pups rats chronically treated with GA presented spatial
learning deficit at the second day of Barnes maze test. In agreement with results,
studies have reported that GA-I patients showed memory impairment (Patil et al., 2004;
Boneh et al., 2008, Beauchamp et al., 2009). Our finding is consistent with a previous
study where GA chronic administration provoked an impairment of spatial performance
of rats in the water maze (Da C. Ferreira et al., 2008). Moreover, we showed that Sal-
LPS-treated group also presented a memory impairment at the second day of learning
test. According to our results, it has been suggested that neonatal inflammation causes
cognitive impairment (lkeda et al., 2005; Bilbo et al., 2005; Fan et al., 2008). For
instance, we demonstrated that in the same way that GA-I children have functional brain
damage after a infectious process (Kolker et al., 2006), pups rats GA-LPS-treated
showed a greater impairment of cognitive performance than caused by GA-Veh or Sal-
LPS alone, at the second and third days of test.

In addition to the spatial learning deficit, GA chronic treatment produced a
hippocampal increase in IL-1B and TNF- a cytokines. Our findings suggest that GA
chronic treatment generates an inflammatory process within SNC, since this
treatment produced an increase in hippocampal cytokines. This observation suggests
a possible link between increased levels of proinflammatory molecules in the CNS
and the dysfunction of memory in pups rats, because animals treated with Sal-LPS
and GA-LPS showed increased levels of cytokines along with the impairment of
spatial memory.

In line with this view, a large number of cognitive disorders in humans are
associated with elevated levels of proinflammatory molecules such as IL-18 and
TNF-a (Griffin et al., 1989, 1994; Perrella et al. 1992; Casadesus et al. 2007). The
mechanisms underlying the effects of inflammatory cytokines on hippocampal-
dependent learning and memory have focused on neuronal function (long-term
potentiation or LTP; Lynch, 2004). It is known that pathophysiological levels of IL-1
can produce detrimental effects on memory. These effects are specific for the

consolidation of memories that depend on the hippocampus, whereas hippocampal-
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independent memories are not altered (Rachal Pugh et al., 2001; Goshen and
Yirmiya, 2007).

It has been suggested that proinflammatory cytokines produced during
inflammation may be responsible for synaptic dysfunction (Chen et al., 2008, Tanaka
et al., 2006, Hein and O'Banion, 2009). In fact, there is strong evidence that
increased levels of IL-1B in the hippocampus can impair memory by its effects on
synaptic transmission. It has been suggested that the IL-1 signaling during
inflammation, probably mediated by IL-13 causes a selective and relatively persistent
increase in GABAergic inhibition, and these actions contribute to decrease the
synaptic excitability (Ikegaya et al, 2003; Hellstrom et al. , 2005). In addition, it has
been shown the involvement of cholinergic and glutamatergic functions in working
memory impairment induced by IL-1B in the hippocampus of rats (Matsumoto et al.,
2001). Accordingly, other studies have demonstrated that acute exposure to IL-1f in
hippocampal slices produces a significant reduction of basal synaptic glutamatergic
transmission (Murray et al., 1997) and a reduction in excitatory synaptic transmission
(Coogan and O'Connor, 1997 ; Luk et al, 1999). In addition, Vereker and co-works
(2000) showed that the LPS induced an increase in IL-1B concentration and inhibited
LTP in the rat dentate gyrus by activating caspase-1. Likewise, it also has been
shown that exogenous application of IL-1f inhibits LTP (Tancredi et al. 2000, Ross et
al, 2003). In this context, studies have shown that TNF-a also inhibits the induction of
LTP in areas CAl (Tancredi et al., 1992) and in the dentate gyrus of the
hippocampus (Cunningham et al., 1996). Moreover, Butler and colleagues (2004)
showed that the infusion of TNF-a before a stimulus to induce LTP inhibits the
formation of LTP.

It is well known that pathological levels of inflammatory cytokines alter
hippocampal function, but it is also possible that excessive production of
inflammatory cytokines leads to a change in neurogenesis. In this context, has been
shown that LPS-induced inflammation, which gives rise to microglia activation in the
area where the new neurons are born, strongly impaired basal hippocampal
neurogenesis in rats (Ekdahl et al., 2003). In addition, it is important to note that pups
rats were injected during a phase of great cellular proliferation and synaptogenesis in
various cerebral structures involved in learning/memory in rats, as hippocampus
(Winick and Noble, 1965; Dutra et al., 1993; Morgane et al., 2002). In fact, there are

evidence that inflammation in early development causes cognitive deficit. It has been
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shown that a combination of LPS and hypoxia-ischemia in neonatal rats caused a
long-lasting learning impairment plus a decreased in hippocampal volume, and that
the previous treatment with dexamethasone prevented these effects (lkeda et al.,
2005). In addition, studies have demonstrated that neonatal infection induced by LPS
caused memory impairment in adulthood (Bilbo et al., 2005a,b; Fan et al., 2008).

It is known that environmental enrichment improves learning and memory in
part by promoting neurogenesis (van Praag et al., 1999) and increasing the structural
complexity of existing networks (Greenough et al., 1973; Green et al., 1983; Wallace
et al., 1992; Moser et al., 1994, Silva-Gomez et al., 2003). Likewise, conditions that
inhibit neurogenesis and reduce dendrite complexity (e.g., inflammation, stress) also
inhibit learning and memory (McEwen, 2007).

To examine this possibility we determined the total hippocampal volume in
pups rats GA-Veh, Sal-LPS and GA-LPS-treated, and observed a reduction in
hippocampal volume in these groups as compared to Sal-Veh-treated group. Thus,
the present findings indicate that a peripheral infection during early development
caused an increased inflammatory cytokine response in the hippocampus and an
atrophy of hippocampal neurons, here observed by a reduction in the total volume of
hippocampus.

In addition, it has been shown that proinflammatory cytokines are involved in
inhibition of Na*,K*-ATPase enzyme activity (Kreydiyyeh et al., 2004; Kreydiyyeh and
Al-Sadi, 2004). Na',K'-ATPase is a crucial enzyme responsible for the active
transport of sodium and potassium ions in the nervous system necessary to maintain
the ionic gradient for neuronal excitability (Skou and Esmann, 1992). In fact, pups
GA-Veh, Sal-LPS and GA-LPS-treated rats showed an inhibition in a1 subunit activity
of Na',K'-ATPase enzyme along with the impairment of cognitive performance,
suggesting the participation this subunit in the spatial memory deficit observed in
these groups at the second day Barnes Maze test.

All GA-Veh, Sal-LPS and GA-LPS-treated pups rats showed a deficit of spatial
learning, an increase in inflammatory cytokine levels, a reduction in hippocampal
volume and the inhibition in a1 subunit activity of Na',K*-ATPase enzyme at the
second day of Barnes maze test (day where there was the spatial learning deficit).
Why only the GA-LPS-treated pups rats showed a worsening in spatial memory when

compared to rats treated with GA or LPS alone?
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Although all groups showed an inhibition in a1 subunit activity of Na*K'-
ATPase enzyme, GA-Veh and Sal-LPS-treated groups presented an increase in a2/3
subunits activity of Na',K'-ATPase enzyme in rat hippocampus, suggesting a
compensatory response, and showed no changes in the total activity of the enzyme.
Interestingly, GA-LPS-treated group demonstrated no change in a2/3 subunits
activity of Na*,K*-ATPase enzyme and consequently a decrease in total activity of
Na® K*-ATPase.

Therefore, our results suggest that worsening in spatial memory deficit
observed in GA-LPS-treated group when compared to GA-Veh and Sal-LPS-treated
groups, was due to the inhibitory effect on Na*,K*-ATPase total activity, that is a2/3
isoform specific. This was verified since all treated groups cause spatial memory
impairment at the second day of testing (and reduced the a1 subunit activity), but
only GA-LPS-treated group presented an inhibition on Na*,K*-ATPase total activity
and a worsening in spatial memory impairment as compared to other groups,
probably because this group showed no compensatory response in a2/3 subunits
activity. In this context, some works have shown that the inhibition of Na*,K*-ATPase
enzyme activity induces spatial learning deficits (Zhan et al., 2004; Lima et al., 2008),
and impairs retention of an inhibitory avoidance task in rats (Dos Reis et al., 2002).
Moreover, Moseley and co-works (2007) showed that deficiency in Na*,K*-ATPase a
isoform genes impairs spatial learning and increases anxiety-related behavior.

In summary, in this study we showed that GA-chronic treatment caused a
deficit of spatial learning in pups rats, and that the presence of an inflammatory
process potentiated the impairment in spatial memory induced by GA alone.
Accordingly, we also observed an increase in IL-1B and TNF-a cytokines, a reduction
in hippocampal volume and an inhibition in a1 subunit activity of Na*,K'-ATPase
enzyme, in all groups that presented spatial learning impairment. In addition, we
found that GA-LPS-treated group presented a worsening in spatial memory, and this
effect was a2/3 isoform specific, since only this group showed no change in a2/3
subunits activity and consequently presented a decreased in total activity of Na*,K*-
ATPase enzyme.

Thus, due to the limitations that GA-I brings to children with this condition, the
understanding of the mechanisms involved in the neurological changes induced by
the accumulation of GA is important for the development of new therapies to treat

this condition.
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Figure Legends

Figure 1. Effect of GA-chronic treatment (5 umol/g), in the presence and absence of
LPS (2 mg/Kg), immediately after the end of first session on escape latency (A) of
pups rats and in the Barnes maze. Figures 1B and 1C shows an amplification of the
second and third days of test respectively. Data are mean = S.E.M. for n=12 in each
group. *P<0.01 as compared to Sal-Veh group. P<0.01 as compared to GA-Veh or
Sal-LPS groups. Two-way ANOVA (Student-Newman-Keuls test).

Figure 2. Effect of GA-chronic treatment (5 pmol/g), the in presence and absence of
LPS (2 mg/Kg), on weight of animals. Data are mean = S.E.M. for n=12 in each

group. Two-way ANOVA.

Figure 3. Effect of GA-chronic treatment (5 umol/g), in the presence and absence of
LPS (2 mg/Kg), on the number of crossings (A) and rearings (B) of the animals. Data

are mean = S.E.M. for n=12 in each group. Two-way ANOVA.

Figure 4. Effect of GA-chronic treatment (5 umol/g), in the presence and absence of
LPS (2 mg/Kg), on hippocampal levels of IL-1B (A) and TNF-a (B) of pups rats at the
second day of Barnes maze test. Data are mean = S.E.M. for n=8 in each group.
*P<0.01 as compared to Sal-Veh group. Two-way ANOVA (Student-Newman-Keuls
test).

Figure 5. Effect of GA-chronic treatment (5 umol/g), in the presence and absence of
LPS (2 mg/Kg), on the total hippocampal volume of pups rats at the second day of
Barnes maze test. Data are mean * S.E.M. for n=8 in each group. *P<0.01 as

compared to Sal-Veh group. Two-way ANOVA (Student-Newman-Keuls test).
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Figure 6. Effect of GA-chronic treatment (5 umol/g), in the presence and absence of
LPS (2 mg/Kg), on Na*,K*-ATPase total activity (A); on a1 subunit activity of Na*K"-
ATPase enzyme (B); and on a2/3 subunits activity of Na*,K*-ATPase enzyme (C), in
rat hippocampus at the second day of Barnes maze. Data are mean + S.E.M. for n=8
in each group. *P<0.01 as compared to Sal-Veh, GA-Veh and Sal-LPS groups.
*P<0.01 as compared to Sal-Veh group. *P<0.001 as compared to Sal-Veh and GA-
LPS groups. Two-way ANOVA (Student-Newman-Keuls test).

67



Resultados

90+
60+

Escape latency (s)

w
g

(=]
L

prily

Figure 1

—&—Sal - Veh
——CGA- Veh
—4—Sal- LPS
—a—GA- LPS

2 3
Sessions (days)

Escape latency (s)

O

Escape latency (s)

Session 2

3 veh
B LPs

GA sal GA

Session 3

sal

GA

68



Resultados

Figure 2

701 —L— Sal - Veh
—0— GA - Veh
—a— Sal - LPS
—a— GA - LPS

Time (days)

69



Resultados

2]
(=]

Number of crossin

oy)

Number of rearings

70+
60

= N W OB oo
bl i i 4

Figure 3

] Veh
3 LPS

(=]

30~
25+
20
15+

10+

)
Sal

GA

Sal GA

Sal

GA

Sal GA

70



Resultados

Figure 4

<

[ Veh
1 LPS

GA

Sal

T
GA

Sal

8 3
=

(u13j0ud BwyBd) d -7

150+

12}

GA

Sal

)y

GA

Sal

f
(=
w

T L] L| L]
o o o o
< (] N 1

(umyoad Buwybd) O-4NIL

71



Resultados

Total hippocampal volume
(mm®)

$

4

g

4

Figure 5

)
Sal

Y
GA

Sal

GA

] Veh

72



Resultados

>

nmol Pi/ mg protein/

W

nmol Pi/ mg protein/

(@)

nmol Pi/ mg protein/

min

min

min

Figure 6
400- Total activity
C Veh
3 LPS
300 —— —_
200-
100+
c L) L
Sal GA Sal GA
400+ o1 subunit activity
300+
200+
b m— #
100-
c L) L]
Sal GA Sal GA
400- o 2/3 subunits activity
300+
* *
2004 -
-1
100+
c ) L
Sal GA Sal GA

73



Resultados

5. References

Bach, M.E., Hawkins, R.D., Osman, M., Kandel, E.R., Mayford, M. (1995) Impairment
of spatial but not contextual memory in CaMKII mutant mice with a selective loss
of hippocampal LTP in the range of the theta frequency. Cell 81:905-915.

Barnes, C.A. (1979) Memory deficits associated with senescence: a
neurophysiological and behavioral study in the rat. J Comp Physiol Psychol 93:74-
104.

Barrientos, R.M., Higgins, E.A., Sprunger, D.B., Watkins, L.R., Rudy, J.W., Maier,
S.F., (2002) Memory for context is impaired by a post context exposure injection of
interleukin-1 beta into dorsal hippocampus. Behav Brain Res 134:291-298.

Beauchamp, M.H., Boneh, A., Anderson, V., (2009) Cognitive, behavioural and
adaptive profiles of children with glutaric aciduria type | detected through newborn
screening. J Inherit Metab Dis [Epub ahead of print].

Bilbo, S.D., Biedenkapp, J.C., Der-Avakian, A., et al (2005a) Neonatal infection-
induced memory impairment after lipopolysaccharide in adulthood is prevented via
caspase-1 inhibition. J Neurosci 25:8000-8009.

Bilbo, S.D., Levkoff, L.H., Mahoney, J.H., et al (2005b) Neonatal infection induces
memory impairments following an immune challenge in adulthood. Behav
Neurosci 119:293-301.

Boneh, A., Beauchamp, M., Humphrey, M., et al (2008) Newborn screening for
glutaric aciduria type | in Victoria: treatment and outcome. Mol Genet Metab
94:287-291.

Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protein-dye binding. Anal Biochem.
72:248-254.

Butler,M.P., O’Connor, J.J., Moynagh, P.N. (2004) Dissection of tumor-necrosis
factor-alpha inhibition of long-term potentiation (LTP) reveals a p38 mitogen-
activated protein kinase-dependent mechanism which maps to early-but not late-
phase LTP. Neuroscience 124:319-326.

Casadesus, G., Smith, M.A., Basu, S., Hua, J., Capobianco, D.E., Siedlak, S.L., Zhu,
X., Perry, G. (2007) Increased isoprostane and prostaglandin are prominent in

neurons in Alzheimer disease. Mol Neurodegener 22:2-2.

74



Resultados

Chen, J., Buchanan, J.B., Sparkman, N.L., Godboutm, J.P., Freund, G.G., Johnson,
R.W. (2008). Neuroinflammation and disruption in working memory in aged mice
after acute stimulation of the peripheral innate immune system. Brain Behav Immun
22:301-311.

Cohen, J. (2002) The immunopathogenis of sepsis. Nature 420:885-891.

Coogan, A. and O’Connor, J.J. (1997) Inhibition of NMDA receptor-mediated synaptic
transmission in the rat dentate gyrus in vitro by IL-1 beta. Neuroreport 8, 2107-
2110.

Cunningham, A.J., Murray, C.A., O’'Neill, L.A., et al. Interleukin-1 beta (IL-1 beta) and
tumour necrosis factor (TNF) inhibit long-term potentiation in the rat dentate gyrus
in vitro. Neurosci Lett 203:17-20, 1996.

Da C. Ferreira, G., Schuck, P.F., Viegas, C.M., Tonin, A., Ribeiro, C.A., Pettenuzzo,
L.F., Pereira, L.O., Netto, C.A., Wajner, M. (2008) Chronic early postnatal glutaric
acid administration causes cognitive deficits in the water maze. Behav Brain Res
187:411-416.

Dos Reis EA, de Oliveira LS, Lamers ML, Netto CA, Wyse AT (2002). Arginine
administration inhibits hippocampal Na("),K(")-ATPase activity and impairs

retention of an inhibitory avoidance task in rats. Brain Res 95:151-157.

Dutra, J.C., Wajner, M., Wannmacher, C.M.D., et al. Inhibition of succinate
dehydrogenase and beta-hydroxybutyrate dehydrogenase activities by
methylmalonate in brain and liver of developing rats. J Inherited Metab Dis 16:147-
153, 1993.

Ekdahl, C.T., Claasen, J.H., Bonde, S., et al. Inflammation is detrimental for
neurogenesis in adult brain. Proc Natl Acad Sci U S A 100:13632-13637, 2003.
Eklind, S., Mallard, C., Arvidsson, P., Hagberg, H. (2005) Lipopolysaccharide induces
both a primary and a secondary phase of sensitization in the developing rat brain.

Pediatr Res 58:112-116.

Eriksson, C., Nobel, S., Winblad, B., Schultzberg, M., (2000) Expression of
interleukin 1a and B, and interleukin 1 receptor antagonist mRNA in the rat central
nervous system after peripheral administration of lipopolysaccharides. Cytokine
12:423-431.

75



Resultados

Fan, LW., Tien, L.T., Mitchell, H.J., et al (2008) Alpha-phenyl-n-tert-butyl-nitrone
ameliorates hippocampal injury and improves learning and memory in juvenile rats
following neonatal exposure to lipopolysaccharide. Eur J Neurosci 27:1475-1484.

Ferreira, G.C., Viegas, C.M., Schuck, P.F., Tonin, A., Ribeiro, C.A.J., Coelho, D.M.,
et al (2005) Glutaric acid administration impairs energy metabolism in mid brain
and skeletal muscle of young rats. Neurochem Res 30: 1123-1131.

Fighera, M.R., Royes, L.F., Furian, A.F., et al (2006) GM1 ganglioside prevents
seizures, Na*,K*-ATPase activity inhibition and oxidative stress induced by glutaric

acid and pentylenetetrazole. Neurobiol Dis 22:611-623.

Fiske C. H. and Subbarow Y. (1925) The colorimetric determination of phosphorus. J.
Biol. Chem. 66:375-400.

Godbout, J.P. and Johnson, R. (2006) Age and neuroinflammation: a lifetime of

psychoneuroimmune consequences. Neurol Clin 24:521-538.

Goodman, S.l., Norenberg, M.D., Shikes, R.H., Breslich, D.J., Moe, P.G. (1977)
Glutaric aciduria: biochemical and morphologic considerations. J Pediatr 90:746-
750.

Goodman, S.I. and Frerman, F.E. (2001) Organic acidemias due to defects in lysine
oxidation: 2-ketoadipic acidemia and glutaric acidemia. In: Scriver, C.R., Beaudet,
A.L., Sly, W.S., Valle, D. (Eds.).The Metabolic and Molecular Bases of Inherited
Disease McGraw-Hill, New York:1451-1460.

Goshen, . and Yirmiya, R. (2007) The role of proinflammatory cytokines in memory
processes and neural plasticity. In: Ader, R. (Ed.), Psychoneuroimmunology, 4™ ed.

Elsevier Inc., Amsterdam, pp. 337-377.

Green, E.J., Greenough, W.T., Schlumpf, B.E. (1983) Effects of complex or isolated
environments on cortical dendrites of middle-aged rats. Brain Res 264:233-240.
Greenough, W.T., Volkmar, F.R., Juraska, J.M. (1973) Effects of rearing complexity
on dendritic branching in frontolateral and temporal cortex of the rat. Exp Neurol
41:371-378.

Griffin, W.S., Stanley, L.C., Ling, C., White, L., MacLeod, V., Perrot, L.J., White, C.L.,
Araoz, C. (1989) Brain interleukin 1 and S-100 immunoreactivity are elevated in
Down syndrome and Alzheimer disease. Proc Natl Acad Sci U S A 86:7611-7615.

76



Resultados

Griffin, D.E., Wesselingh, S.L., McArthur, J.C. (1994) Elevated central nervous system
prostaglandins in human immunodeficiency virus-associated dementia. Ann Neurol
35:592-597.

Gundersen, H.J. and Jensen, E.B. (1987) The efficiency of systematic sampling in
stereology and its prediction. J Microsc 147:229-63.

Hagberg, H. and Mallard, C. (2005) Effect of inflammation on central nervous system
development and vulnerability. Curr Opin Neurol 18:117-123.

Hauss-Wegrzyniak, B., Vraniak, P.D., Wenk, G.L. (2000) LPS-induced

neuroinflammatory effects do not recover with time. Neuroreport 11:1759-1763.

Hellstrom, I.C., Danik, M., Luheshi, G.N., et al (2005) Chronic LPS Exposure
Produces Changes in Intrinsic Membrane Properties and a Sustained IL-B-
Dependent Increase in GABAergic Inhibition in Hippocampal CA1l Pyramidal
Neurons. Hippocampus 15:656-664.

Hein, A.M. and O’Banion, M.K. (2009) Neuroinflammation and memory: the role of

prostaglandins. Mol Neurobiol 40:15-32.

Hein, A.M., Stutzman, D.L., Bland, S.T., Barrientos, R.M., Watkins, L.R., Rudy, J.W.,
Maier, S.F. (2007) Prostaglandins are necessary and sufficient to induce contextual
fear learning impairments after interleukin-1 beta injections into the dorsal

hippocampus. Neuroscience 150:754—763.

Hoffmann, G.F., Athanassopoulos, S., Burlina, A.B., et al (1996) Clinical course, early
diagnosis, treatment, and prevention of disease in glutaryl-CoA dehydrogenase

deficiency. Neuropediatrics 27:115-123.

Hoffmann, G.F. and Zschocke, J. (1999) Glutaric aciduria type |: from clinical,
biochemical and molecular diversity to successful therapy. J Inherit Metab Dis
22:381-391.

Ikeda, T., Mishima, K., Aoo, N. (2005) Dexamethasone prevents long-lasting learning
impairment following a combination of lipopolysaccharide and hypoxia-ischemia in
neonatal rats. Am J Obstet Gynecol 192:719-726.

Ikegaya, Y., Delcroix, I., lwakura, Y., et al. Interleukin-1beta abrogates long-term

depression of hippocampal CA1 synaptic transmission. Synapse 47:54-57, 2003.

77


http://www.ncbi.nlm.nih.gov/pubmed/8837070?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8837070?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8837070?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8837070?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Resultados

Kdlker, S., Garbade, S.F., Greenberg, C.R., et al (2006) Natural history, outcome,
and treatment efficacy in children and adults with glutaryl-CoA dehydrogenase
deficiency. Pediatr Res 59: 840-847.

Kreydiyyeh, S.I. and Al-Sadi, R. (2004) The signal transduction pathway that mediates
the effect of interleukin-1 beta on the Na'-K'-ATPase in LLC-PK1 cells. Pflugers
Arch 448:231-8.

Kreydiyyeh, S.1., Abou-Chahine, C., Hilal-Dandan, R. (2004) Interleukin-1 beta inhibits
Na’-K*-ATPase activity and protein expression in cardiac myocytes. Cytokine.
26:1-8.

Lima FD, Souza MA, Furian AF, et al (2008) Na*,K*-ATPase activity impairment after
experimental traumatic brain injury: relationship to spatial learning deficits and
oxidative stress. Behav Brain Res. 193:306-10.

Lima, T.T., Begnini, J., DE Bastiani, J., et al (1988) Pharmacological evidence for
GABAergic and glutamatergic in involvement in the convulsant and behavioral
effects of glutaric acid. Brain Res 802:55-60.

Liu, B., Du, L., llong, J.S. (2000a) Naloxone protects rat dopaminergic neurons
against inflammatory damage through inhibition of microglia activation and

superoxide generation. J Pharmacol Exp Ther 293:607-617.

Liu, B., Du, L., Kong, L.Y., Hudson, P.M., Wilson, B.C., Chang, R.C., Abel, H.H.,
Hong, J.S. (2000b) Reduction by naloxone of lipopolysaccharide-induced

neurotoxicity in mouse cortical neuron-glia co-cultures. Neuroscience 97:749-756.

Luk, W.P., Zhang, Y., White, T.D., et al (1999) Adenosine: a mediator of interleukin-1
beta-induced hippocampal synaptic inhibition. J Neurosci 19:4238-4244.

Lynch, M.A. (2004) Long-term potentiation and memory. Physiol Rev 84:87-136.

Maeda, S., Nakatsuka, I., Hayashi, Y., Higuchi, H., Shimada, M., Miyawaki, T., (2008)
Heme oxygenase-1 induction in the brain during lipopolysaccharide-induced acute

inflammation. Neuropsychiatr Dis Treat 4:663-667.

Magni, D.V., Oliveira, M.S., Furian, A.F., et al (2007) Creatine decreases convulsions
and neurochemical alterations induced by glutaric acid in rats. Brain Res 1185,
336-345.

78



Resultados

Magni, D.V., Furian, A.F., Oliveira, M.S., et al (2009) Kinetic characterization of L-
[*H]glutamate uptake inhibition and increase oxidative damage induced by glutaric
acid in striatal synaptosomes of rats. Int J Dev Neurosci. 27:65-72.

Matsumoto, Y., Yoshida, M., Watanabe, S., et al (2001) Involvement of cholinergic
and glutamatergic functions in working memory impairment induced by interleukin-
1beta in rats. Eur J Pharmacol 430:283-238.

McEwen, B.S. (2007) Physiology and neurobiology of stress and adaptation: central
role of the brain. Physiol Rev 87:873-904.

Merrill, J.E. (1992) Tumor necrosis factor alpha, interleukin 1 and related cytokines in
brain development: normal and pathological. Dev Neurosci 14:1-10.

Morgane, P.J.,. Mokler, D. J., Galler, J.R. (2002) Effects of prenatal protein
malnutrition on the hippocampal formation. Neurosci Biobehav Rev 26: 471-483.

Morton, D.H., Bennett, M.J., Seargeant, L.E., Nichter, C.A., Kelley, R.l. (1991) Glutaric
aciduria type I: a common cause of episodic encephalopathy and spastic paralysis
in the Amish of Lancaster County, Pennsylvania. Am J Med Genet 41:89-95.

Moseley, A.E., Williams, M.T., Schaefer, T.L. Deficiency in Na*,K*-ATPase a Isoform
Genes Alters Spatial Learning, Motor Activity, and Anxiety in Mice. J Neurosci
27:616-626, 2007.

Moser, M.B., Trommald, M., Andersen, P. (1994) An increase in dendritic spine
density on hippocampal CA1 pyramidal cells following spatial learning in adult rats
suggests the formation of new synapses. Proc Natl Acad Sci U S A 91:12673-
12675.

Murray, C.A., McGahon, B., McBennett, S., et al (1997) Interleukin-1 beta inhibits
glutamate release in hippocampus of young, but not aged, rats. Neurobiol Aging
18:343-348.

Nishi A., Fisone G., Snyder G. L., Dulubova I., Aperia A., Nairn A. C. and Greengard
P. (1999) Regulation of Na"K*-ATPase isoforms in rat neostriatum by dopamine
and protein kinase C. J. Neurochem. 73, 1492-1501.

Olcese, J.M., Cao, C., Mori, T., Mamcarz, M.B., Maxwell, A., Runfeldt, M.J., Wang, L.,
et al (2009). Protection against cognitive deficits and markers of neurodegeneration
by long-term oral administration of melatonin in a transgenic model of Alzheimer
disease. J Pineal 47:82-96.

79



Resultados

Patil, N., Shinde, S., Karande, S., Kulkarni, M (2004) Glutaric aciduria type |
associated with learning disability. Indian J Pediatr 71:948.
Paxinos, G. and Watson, C. (1986) The rat brain in stereotaxic coordinates. San

Diego: Academic Press.

Perrella, O., Carrieri, P.B., Guarnaccia, D., Soscia, M. (1992) Cerebro-spinal fluid
cytokines in AIDS dementia complex. J Neurol 239: 387—388.

Pugh, C.R., Kumagawa, K., Fleshner, M., Watkins, L.R., Maier, S.F., Rudy, J.W.
(1998) Selective effects of peripheral lipopolysaccharide administration on

contextual and auditory-cue fear conditioning. Brain Behav Immun 12:212-229.

Pugh, C.R., Nguyen, K.T., Gonyea, J.L., Fleshner, M., Wakins, L.R., Maier, S.F.,
Rudy, JW. (1999) Role of interleukin-1 beta in impairment of contextual fear

conditioning caused by social isolation. Behav Brain Res 106:109-118.

Rachal Pugh, C., Fleshner, M., Watkins, L.R. (2001) The immune system and
memory consolidation: a role for the cytokine IL-1B. Neurosci Biobehav Rev 25:29-
41.

Rodrigues, A.L., Arteni, N.S., Abel, C., Zylbersztejn, D., Chazan, R., Viola, G., et al
(2004) Tactile stimulation and maternal separation prevent hippocampal damage
in rats submitted to neonatal hypoxia-ischemia. Brain Res 1002:94-99.

Rosa, R.B., Dalcin, K.B., Schmidt, A.L, et al (2007) Evidence that glutaric acid
reduces glutamate uptake by cerebral cortex of infant rats. Life Sci 81:1668-1676.

Ross, F.M., Allan, S.M., Rothwell, N.J., et al (2003) A dual role for interleukin-1 in LTP

in mouse hippocampal slices. J Neuroimmunol 144:61-67.

Silva-Gomez, A.B., Rojas, D., Juarez, |., et al. (2003) Decreased dendritic spine
density on prefrontal cortical and hippocampal pyramidal neurons in postweaning

social isolation rats. Brain Res 983:128-136.

Skou, J.C. e Esmann, M. (1992) The Na*,K*-ATPase. J Bioenerg Biomembr 24:249-
261.

Sparkman, N.L., Kohman, R.A., Scott, V.J., Boehm, G.W. (2005) Bacterial endotoxin-
induced behavioral alterations in two variations of the Morris water maze. Physiol
Behav. 86:244-51.

80


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rosa%20RB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dalcin%20KB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Schmidt%20AL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

Resultados

Strauss, K.A. and Morton, H. (2003) Type | glutaric aciduria. Part 2. A model of acute
striatal necrosis. Am J Med Gen 121:53-70.

Strauss, K.A., Puffenberger, E.G., Robinson, D.L., Morton, H. (2003) Type | glutaric
aciduria. Part 1. Natural history of 77 patients. Am J Med Gen 121:38-52.

Tanaka, S., Ide, M., Shibutani, T., et al (2006) Lipopolysaccharide-Induced Microglial
Activation Induces Learning and Memory Deficits Without Neuronal Cell Death in
Rats. J Neurosci Res 83: 557-566.

Tancredi, V., D’Arcangelo, G., Grassi, F., et al (1992) Tumor necrosis factor alters
synaptic transmission in rat hippocampal slices. Neurosci Lett 146:176-178.

Turrin, N.P., Gayle, D, llyin, S.E., Flynn, M.C., Langhans, W., Schwartz, G.J., Plata-
Salaman, C.R. (2001) Pro-inflammatory and anti-inflammatory cytokine mRNA
induction in the periphery and brain following intra-peritoneal administration of
bacterial lipopolysaccharide. Brain Res Bull 54:443-453.

van Praag, H., Kempermann, G., Gage, F.H. Running increases cell proliferation and

neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2:266-270, 1999.

Vereker, E., Campbell, V., Roche, E., et al (2000) Lipopolysaccharide Inhibits Long
Term Potentiation in the Rat Dentate Gyrus by Activating Caspase-1. J Biol Chem
275:26252-26258.

Vitkovic, L., Bockaert, J., Jacque, C. (2000) “Inflammatory” cytokines:

neuromodulators in normal brain? J Neurochem 74:457-471.

Wallace, C.S., Kilman, V.L., Withers, G.S., et al (1992) Increases in dendritic length
in occipital cortex after 4 days of differential housing in weanling rats. Behav.
Neural Biol 58:64-68.

Walsh, R.N. and Cummins, R.A. (1976) The open-field test: a critical review. Psychol
Bull 83:482-504.

Winick, M. and Noble, A. Quantitative changes in DNA,RNA and protein during
prenatal and postnatal growth in rat. Dev Biol 12:451-466, 1965.

Wyse A. T., Streck E. L., Barros S. V., Brusque A. M., Zugno A. |. and Wajner M.
(2000) Methylmalonate administration decreases Na',K'-ATPase activity in
cerebral cortex of rats. Neuroreport 11:2331-2334.

Zhan H, Tada T, Nakazato F, Tanaka Y, Hongo K. (2004) Spatial learning transiently

disturbed by intraventricular administration of ouabain. Neurol Res 26:35-40.

81



5. DISCUSSAO




Discussao

5. DISCUSSAO

A GA-l é uma doenca metabdlica hereditaria caracterizada bioquimicamente
por um acumulo principal de GA (Goodman et al., 1977; Goodman e Freman, 2001,
Strauss e Morton, 2003; Strauss et al., 2003), e clinicamente por alteracdes
neuroldgicas como as convulsdes (Morton et al., 1991; Hoffmann e Zschocke, 1999).
Aproximadamente 90% das criancas afetadas desenvolvem graves sintomas clinicos
antes dos 36 meses de idade, e a ocorréncia de crises encefalopéticas, as quais
levam ao inicio das convulsdes, ndo tem sido reportadas apdés os 5 anos de vida,
sugerindo que a vulnerabilidade € restrita a um periodo limitado de desenvolvimento
do cérebro (Hoffmann et al., 1996; Bjugstad et al., 2000; Kolker et al., 2006).

Nesse contexto, diversos trabalhos tém reportado a ocorréncia de convulsdes
em criancas glutaricoacidémicas apos episodios de encefalopatias agudas (Osaka et
al., 1993; Pdge et al., 1997; Hartley et al., 2001). De acordo, estudos experimentais
tém demonstrado que a injecdo intraestriatal de GA causa 0 aparecimento de
episodios convulsivos (Lima et al., 1998; Fighera et al., 2006; Magni et al., 2007). No
entanto, esses trabalhos utilizaram ratos adultos e sabe-se que as convulsdes
ocorrem principalmente em criangas, por isso se utilizou ratos jovens para mimetizar
as alteracbes neuroldgicas observadas em criancas com GA-I. Inicialmente, realizou-
se uma curva de dose de GA baseados em um estudo prévio de Lima e
colaboradores (1998), e foi encontrado que o GA na dose de 1.3 pmol/estriado
causou o aparecimento de episodios convulsivos (comportamentais e EEG) em ratos
jovens.

Desde que as criancas glutaricoacidémicas podem apresentar convulsdes
guando tém uma doenca infecciosa/inflamatoria, utilizou-se o LPS (3 e 6 horas antes
da administracdo de GA) para avaliar se a presenca de um estado infeccioso
alteraria os parametros convulsivos induzidos por este acido organico. Foi
observado que a administracdo i.p. de LPS (2 mg/kg; Maeda et al., 2008) 6 horas
antes da injecao intraestriatal de GA (1.3 umol/estriado) reduziu a laténcia para a
primeira convulsdo e aumentou a duracdo dos episddios convulsivos, quando
comparado ao GA sozinho. Nesse sentido, tem sido demonstrado que a
administracdo prévia de LPS em ratos aumenta a susceptibilidade as convulsdes por

PTZ, sendo esse efeito bloqueado por drogas antiinflamatérias (Sayyah et al., 2003),
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sugerindo o envolvimento de moléculas pré-inflamatérias na susceptibilidade as
convulsdes induzidas pelo LPS. No entanto, o efeito do LPS sobre as alteragdes nos
parametros convulsivos induzidos pelo GA foi verificado apenas quando o LPS foi
administrado 6 horas antes do GA, e ndo em 3 horas. Interessantemente, o0 aumento
da temperatura retal induzido pelo LPS em 3 horas foi 0 mesmo que em 6 horas,
sugerindo que as mudancas induzidas pelo LPS nos parametros convulsivos néo
sdo devidas ao aumento na temperatura corporal. Por isso, determinou-se 0s niveis
da IL-1B no estriado injetado 3 e 6 horas apds a administracdo de LPS, e foi
verificado que o LPS aumentou os niveis de IL-13 em 3 e 6 horas, mas que esse
aumento foi estatisticamente maior em 6 horas do que em 3 horas.

N&o pode ser determinado por este estudo exatamente como os niveis de IL-
113 facilitam as convulsdes induzidas pelo GA em 6 horas, mas ndo em 3 horas, apos
a injecdo de LPS. No entanto, os resultados estdo de acordo com achados
anteriores que demonstraram que 0s animais injetados com LPS e KA que
desenvolvem convulsfes, apresentam niveis cerebrais de IL-1B significativamente
maiores do que os animais injetados de forma idéntica que nao tiveram convulsées
(Heida e Pittman, 2005). Isto é possivel porgue 0s niveis estriatais de IL-13 tem uma
maior producdo com o passar do tempo. De fato, observou-se uma correlacao
positiva entre a duracdo das convulsdes e o nivel estriatal de IL-18 nos animais que
receberam LPS 6 horas antes do GA. Dessa maneira, sugere-se que deve haver
uma maior concentracao de IL-1B no estriado para gerar a excitabilidade neuronal e
a maior duracéo dos episédios convulsivos.

De fato, estudos farmacologicos suportam o envolvimento da sinalizacdo da
IL-1B-IL-1R1 na hiperexcitabilidade da rede neuronal e na geracdo de convulsdes.
Neste contexto, achados experimentais demonstraram que a injecao
intrahipocampal de IL-1 antes do KA em ratos prolongou a duragéo das convulsdes
(Vezzani et al., 1999). Além disso, foi demonstrado que a injecéo intracerebral do IL-
1Ra apresentou fortes efeitos anticonvulsivantes (De Simoni et al., 2000; Vezzani et
al., 2002), e que camundongos transgénicos superexpressando o IL-1Ra em
astrécitos apresentavam uma sensibilidade reduzida as convulsdes (Vezzani et al.,
2000). Estes achados sao reforcados pela evidéncia que um prejuizo na producao
endégena de IL-1B através do uso de um bloqueador seletivo ou de um animal
nocaute para a caspase-l (a enzima responsavel por produzir a forma

biologicamente ativa da IL-1B) reduziu significativamente as convulsGes (Ravizza et
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al., 2006). Estes dados indicam que os niveis elevados de IL-1 no cérebro devido a
um estado inflamatério resultam em efeitos pré-convulsivos. De acordo, foi
observado que o aumento nos niveis de IL-13, 6 horas apds a injecdo de LPS, levou
a uma precipitacdo e a um aumento na duracdo das crises convulsivas.

Os mecanismos pelos quais as citocinas levam a excitabilidade neuronal tém
sido explorados em diversos estudos, focados sobre as propriedades ictogénicas e
neurotéxicas da IL-1B, as quais sdo mediadas pelo IL-1R1 (Vezzani et al., 1999;
Bernardino et al., 2005). Evidéncias demonstraram que o IL-1R1 se colocaliza no
estriado (Lawrence et al., 1998; Kwon et al., 2008) e em neurdnios piramidais
hipocampais (Viviani et al., 2003) com o receptor NMDA, um subtipo de receptores
de glutamato crucialmente envolvido no aparecimento e na disseminacdo das
convulsdes. A IL-1B através da ativagdo do IL-1R1 neuronal induz fosfoforilacao,
mediada pela quinase Src, do residuo de tirosina 1472 da subunidade NR2B do
receptor NMDA (Balosso et al., 2008). Como consequéncia desta acgéo, o influxo de
céalcio que ocorre no receptor NMDA em neurdnios € aumentado pela IL-13 e este
efeito desempenha um papel na promocéo da excitotoxicidade (Viviani et al., 2003)
e, possivelmente, na geracao das convulsdes (Vezzani e Baram, 2007). Além disso,
a IL-1B pode também inibir a recaptacéo astrocitaria de glutamato (Hu et al., 2000) e
induzir a liberacdo de glutamato (Mascarucci et al.,, 1998), resultando em niveis
elevados de glutamato extracelular e hiperexcitabilidade. Além disso, foi
demonstrado que a IL-1B reduz as correntes de cloreto mediadas pelo receptor
GABA em culturas de células hipocampais (Wang et al., 2000), a qual pode
contribuir para a geracédo das convulsdes. Assim, € plausivel que uma acao dupla da
IL-18 na neurotransmissao excitatéria e inibitéria poderia levar a geragdo das
convulsdes induzidas pelo GA.

De fato, existem evidéncias de que substancias que aumentam a transmissao
glutamatérgica e/ou inibem a transmissdo GABAérgica possam induzir a geracdo de
convulsdes (Karpiak et al., 1981; Amato et al., 1999; Fighera et al., 2003; 2006;
Royes et al., 2003; 2006). Neste contexto, muitos estudos tém investigado o
envolvimento da neurotransmissédo glutamatérgica na neurotoxicidade induzida pelo
GA (Wajner et al.,, 2004). Tem sido sugerido que a reducdo da captacdo de
glutamato induzida pelo GA poderia facilitar a ativacdo de receptores de
aminoacidos excitatorios, e consequentemente causar as convulsées (Porcitncula et

al., 2004; Magni et al., 2007; 2009). Além disso, foi demonstrado que um antagonista
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de receptores glutamatérgicos ndo-NMDA, diminuiu as rotacdes contralaterais
induzidas pela administracao intraestriatal de GA, sugerindo assim a participacéo de
receptores glutamatérgicos na neurotoxicidade induzida por este &acido organico
(Lima et al., 1998). Em relagédo a IL-1B, tem sido demonstrado que esta citocina
induz um aumento na duracdo das convulsdes frente a agentes convulsivantes,
sendo que este aumento foi bloqueado pelo uso de antagonistas de receptores
glutamatérgicos (Vezzani et al., 1999; 2008), indicando a participacdo desses
receptores na manutencao das convulsdes. Também, tem sido demonstrado que
inibidores dos transportadores de glutamato ndo produzem convulsfes, mas que séo
capazes de facilitar as convulsdes na presenca de um processo inflamatoério (Liu et
al., 2009). Desde que o GA aumenta a concentragdo de glutamato nas sinapses e a
excitabilidade neuronal (Porcitincula et al., 2004; Magni et al., 2007), é plausivel
propor que o aumento nos niveis de IL-1f3 induzidos pelo LPS pode facilitar as
convulsdes por aumentar a disponibilidade do glutamato neuronal. Essas
observacdes em conjunto com trabalhos prévios que demonstram que o GA inibe a
captacdo de glutamato (Porciancula et al., 2004; Magni et al., 2007; 2009), e que a
IL-18 pode causar excitotoxicidade por mecanismos glutamatérgicos (Viviani et al.,
2003; Vezzani e Baram, 2007), sugerem que os resultados desse trabalho se
relacionem a esses achados.

Também verificou-se que a aplicacdo do anticorpo da IL-1B preveniu a
reducdo da laténcia para a primeira convulsdo e o aumento da duracdo dos
episédios convulsivos, observados pela administracdo de LPS 6 horas antes do GA,
demonstrando assim a participacdo desta citocina proé-inflamatoria no aumento da
susceptibilidade as convulsdes induzidas pelo GA. Estes dados sugerem que a
sinalizacdo da IL-1p presente no processo inflamatoério contribui decisivamente para
a hiperexcitabilidade neuronal e, consequentemente, para as alteracdes nos
parametros convulsivos induzidos pelo GA.

Neste contexto, Ravizza e colaboradores (2008) tem proposto que a
inflamacdo persistente pode ser um mecanismo fundamental da epilepsia. Os
achados desse trabalho indicam que a inflamacgédo precoce associada ao acumulo
intrastriatal de GA levam a excitabilidade neuronal. A resposta inflamatoria a
infeccdo, gerada neste estudo pela ativacdo da imunidade inata pelo LPS, pode
resultar na liberacdo estriatal de citocinas pro-inflamatorias (IL-1B). A rapida

modulacdo da excitabilidade cerebral induzida pela inflamacgao resultou em reducéo
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do limiar convulsivo e também no aumento da durag¢édo das convulsdes, confirmadas
comportamentalmente e EEG, da mesma maneira como observada por outros em
uma variedade de modelos experimentais de convulsao (Vezzani et al., 2008). No
entanto, esta rapida modulacdo pode também servir como uma fonte aguda de
neuro-excitabilidade com ativacdo suficiente da resposta imune inata. Dessa
maneira, a resposta imune inata pode ser vista, ndo apenas como uma
consequéncia das convulsbes, mas sim como uma potencial precursora para
ocorréncia dos episédios convulsivos. Por fim, os resultados aqui demonstrados
sugerem um importante papel da imunidade inata através da liberacdo de
mediadores pré-inflamatérios, neste caso da citocina IL-13, no aumento da
suscetibilidade as convulsdes induzida pelo GA, assim como o observado nos
pacientes com GA-I apos uma doenca infecciosa.

Assim, nessa primeira parte desse trabalho foi verificado que o aumento de
IL-1B, induzido pelo LPS, potencializou as convulsdes causadas pelo GA, e que o
uso do anticorpo contra esta citocina preveniu essa potencializacdo. Dessa maneira,
pode-se sugerir que o0 uso de tratamentos farmacoldgicos especificos com o objetivo
de bloguear a superproducéo ou as funcdes da IL-1p na GA-I, pode representar uma
estratégia ndo convencional para o tratamento dessa patologia. Entretanto, estudos
clinicos devem ser realizados a fim de avaliar a eficacia desse tratamento nos
pacientes glutaricoacidémicos que apresentam convulsoes.

Embora as convulsdes se constituam de um grave problema para as criancas
com GA-l, elas também apresentam outras alteracbes neurolégicas importantes
como déficits de memoria e aprendizagem. De acordo, trabalhos na literatura
relatam prejuizos cognitivos nas criancas glutaricoacidémicas (Patil et al., 2004,
Boneh et al.,, 2008; Beauchamp et al., 2009), especialmente apds processos
infecciosos (Kolker et al., 2006). Portanto, investigou-se se o tratamento crénico com
GA causaria déficit na memoria espacial de ratos jovens, bem como se a presenca
de um processo inflamatorio produzido pelo LPS potencializaria o déficit cognitivo
induzido pelo GA. Além disso, também foi avaliado se esses tratamentos poderiam
contribuir para o desenvolvimento de alteracBes funcionais e estruturais no
hipocampo desses animais.

Para essa finalidade, utilizou-se um modelo que ndo mimetiza exatamente a
GA-I em humanos, na qual, além do GA outros metabdlitos sdo acumulados em

menores quantidades. No entanto, ele reproduz a principal caracteristica biogquimica
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dessa doenca, que sdo altos niveis teciduais de GA (~0.72 mM) no cérebro de ratos
jovens, em concentracdo semelhante a encontrada em pacientes com GA-| (Ferreira
et al., 2005). O GA foi administrado do 5° a 28° dia de vida dos ratos jovens, que
corresponde ao periodo de susceptibilidade dependente da idade nas criancas
glutaricoacidémicas (Kolker et al., 2006). Além disso, o periodo de tratamento
cronico com o GA representa uma fase de grande proliferacdo celular e
sinaptogénese em varias estruturas cerebrais envolvidas na aprendizagem e na
memoéria de ratos, como o hipocampo (Winick e Noble, 1965, Dutra et al., 1993).

No presente estudo foi demonstrado que o tratamento cronico com GA
causou um déficit no aprendizado espacial em ratos jovens, e que a presenca de um
processo inflamatério induzido pelo LPS potencializou o prejuizo na memdria
induzida pelo GA sozinho. Como nenhum dos tratamentos afetou a atividade
locomotora ou 0 peso dos animais, o efeito dos tratamentos sobre a memodria
espacial ndo se deve a estas alteracdes. Dessa forma, decidiu-se investigar se o
déficit cognitivo induzido pelo GA elou LPS estaria relacionado ao aumento de
citocinas proé-inflamatorias, a reducdo do volume hipocampal e a diminuicdo na
atividade da enzima Na*,K*-ATPase.

De acordo com os trabalhos que tém relatado que os pacientes com GA-I
apresentaram prejuizos de memoéria (Patil et al, 2004; Boneh et al., 2008;
Beauchamp et al., 2009), foi observado que os ratos jovens injetados cronicamente
com GA apresentaram déficit no aprendizado espacial no segundo dia de teste do
labirinto de Barnes. Esse resultado esta de acordo com um estudo experimental
prévio que demonstrou que a administracdo crénica GA provocou um prejuizo no
aprendizado espacial de ratos no labirinto aquatico (da Costa Ferreira et al., 2008).
Além disso, verificou-se que o grupo tratado com LPS também apresentou um déficit
de memdria no segundo dia do teste de aprendizado. De acordo com esse
resultado, estudos tém demonstrado que a inflamacdo neonatal provoca prejuizos
nas funcdes cognitivas (Ikeda et al., 2005; Bilbo et al., 2005a,b; Fan et al., 2008).
Também foi verificado que, da mesma forma que as criangas com GA-|l apresentam
alteracdes neurologicas apdés um processo infeccioso (Kdlker et al., 2006), os ratos
jovens tratados com GA-LPS apresentaram um maior prejuizo no desempenho
cognitivo do que o causado pelo GA ou LPS sozinho, no segundo e no terceiro dias

de teste.
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Além do tratamento crénico com GA em ratos jovens causar um déficit no
aprendizado espacial, ele também produziu um aumento nas citocinas (IL-18 e TNF-
a) no hipocampo dos ratos. Este achado sugere uma possivel relagdo entre niveis
aumentados de moléculas proé-inflamatérias no SNC e disfuncdo de memdria em
ratos jovens, ja que os animais tratados com LPS e GA-LPS também apresentaram
um aumento nos niveis de citocinas e uma reducdo na memoria espacial.

De fato, um grande numero de doencas cognitivas em humanos esta
associado a niveis elevados de moléculas pro-inflamatérias, como a IL-18 e o TNF-a
(Griffin et al., 1989; Perrella et al., 1992; Akiyama et al., 2000; Casadesus et al.,
2007; Holmes et al., 2009). Os mecanismos basicos dos efeitos das citocinas
inflamatorias sobre a aprendizagem e a memoéria dependentes do hipocampo tém-se
centrado na funcédo neuronal através da LTP (Lynch, 2004). Sabe-se que os niveis
fisiopatoldgicos da IL-1 podem produzir efeitos prejudiciais sobre a memoria
(Matsumoto et al., 2002; Song e Horrobin, 2004; Hein et al., 2010), e que estes
efeitos sdo especificos para a consolidacdo das memodrias que dependem do
hipocampo, enquanto memdrias independentes do hipocampo ndo sdo alteradas
(Rachal Pugh et al., 2001; Goshen e Yirmiya, 2007).

Tem sido sugerido que as citocinas pro-inflamatorias produzidas durante
processos inflamatdrios possam ser as responsaveis pela disfuncdo sinaptica o SNC
(Chen et al., 2008; Tanaka et al., 2006; Hein e O’Banion, 2009). De fato, existem
fortes evidéncias de que o aumento de IL-18 no hipocampo pode prejudicar a
memoaria devido aos efeitos sobre a transmissao sinaptica, através de prejuizos na
inducdo e na manutencdo da LTP hipocampal (Cunningham et al., 1996; Murray e
Lynch, 1998; Vereker et al., 2000; Ross et al., 2003). Nesse sentido, tem sido
sugerido que a sinalizagdo da IL-1 durante a inflamacéo, provavelmente mediada
pela IL-1B, provoca um aumento seletivo e relativamente persistente na inibigao
GABAérgica, e que essas acdes contribuem para diminuir a excitabilidade sinaptica
(lkegaya et al., 2003; Hellstrom et al., 2005). Além disso, foi demonstrado o
envolvimento das funcdes colinérgicas e glutamatérgicas no prejuizo da memoria de
trabalho induzido pela interleucina-1B em ratos (Matsumoto et al., 2001). De acordo
outros estudos demonstraram que a exposicdo aguda a IL-1B em fatias de
hipocampo produziu uma reducdo na transmissdo sinaptica glutamatérgica basal
(Murray et al., 1997) e uma diminui¢do na transmissao sinaptica excitatoria (Coogan
e O'Connor, 1997; Luk et al., 1999).
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Neste contexto, outros estudos tém demonstrado que a aplicacdo de TNF-a
também inibe a inducdo da LTP nas areas CAl (Tancredi et al., 1992) e no giro
denteado do hipocampo (Cunningham et al., 1996). Além disso, Butler e
colaboradores (2004) demonstraram que a infusdo de TNF-a antes de um estimulo
para induzir a LTP inibe a formacdo desta. Nesse sentido, tem sido proposto que a
inibicdo da LTP pelo TNF-a ocorre via ativagdo do receptor 1 do TNF (TNFR1) e dos
receptores glutamatérgicos metabotrépicos do grupo 1 (Cumiskey et al., 2007).

E bem conhecido que niveis patolégicos de citocinas inflamatoérias alteram a
funcd@o hipocampal, mas também é possivel que a producdo excessiva de citocinas
inflamatérias leve a uma mudanca na neurogénese. Neste contexto, tem sido
demonstrado que a inflamacéo induzida pelo LPS d& origem a ativacéo da microglia
na area onde nascem 0s novos neurdnios, prejudicando fortemente a neurogénese
basal em ratos (Ekdahl et al., 2003). Além disso, € importante observar que 0s ratos
jovens foram injetados durante uma fase de grande proliferacdo celular e
sinaptogénese em varias estruturas cerebrais envolvidas na aprendizagem/memoria
em ratos, como o hipocampo (Winick e Noble, 1965, Dutra et al., 1993). De fato, ha
evidéncias de que a inflamacéo no inicio do desenvolvimento causa déficit cognitivo
(Bilbo et al., 2005a,b; 2007; 2008; Fan et al., 2010). Tem sido demonstrado que a
combinacdo de LPS e hipdxia-isquemia neonatal em ratos causou um prejuizo de
longa duracdo na aprendizagem e uma reducédo no volume do hipocampo, e que o
tratamento com dexametasona preveniu esses efeitos (lkeda et al., 2005). Além
disso, trabalhos tém demonstrado que a infeccdo neonatal induzida pelo LPS
causou prejuizo de memoria na idade adulta (Bilbo et al., 2005a,b; Fan et al., 2008).

Neste contexto, € sabido que o enriquecimento ambiental aumenta a
aprendizagem e memoria, em parte, através da promocdo da neurogénese (van
Praag et al., 1999) e do aumento da complexidade estrutural das redes neuronais
existentes (Greenough et al., 1973; Green et al., 1983; Wallace et al., 1992; Moser et
al., 1994; Silva-Gomez et al., 2003). Da mesma forma, condi¢cdes que inibem a
aprendizagem e a memoaria (inflamacédo, stress) também inibem a neurogénese e
reduzem a complexidade dendritica (McEwen, 2007).

Para examinar esta possibilidade determinou-se o volume total do hipocampo
em ratos jovens tratados com GA, LPS e GA-LPS, e observou-se uma reducdo no
volume hipocampal nestes grupos em relacdo ao grupo controle. Assim, esses

resultados sugerem que um processo inflamatério durante o desenvolvimento inicial
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pode causar um aumento de citocinas no hipocampo e uma atrofia dos neurdnios
hipocampais, aqui observado por uma reducao no volume total do hipocampo.

Além disso, existem trabalhos demonstrando que as citocinas pro-
inflamatorias estdo envolvidas na inibicdo da atividade da enzima Na*,K'-ATPase
(Kreydiyyeh et al., 2004; Kreydiyyeh e Al-Sadi, 2004), uma proteina de membrana
qgue apresenta um envolvimento chave na manutencdo da homeostase elétrica das
células e, portanto, regula a excitabilidade neuronal (Skou e Esmann, 1992). De
fato, foi observado que os ratos jovens tratados com GA, LPS e GA-LPS
demonstraram uma inibicdo na atividade da subunidade a1 da enzima Na'K'-
ATPase quando apresentaram prejuizo no desempenho cognitivo (no segundo dia
de teste do labirinto de Barnes), sugerindo a participacdo desta subunidade no
déficit de memoria espacial observada nesses grupos.

Todos os ratos jovens tratados com GA, LPS e GA-LPS que apresentaram
déficit no aprendizado espacial tiveram um aumento nos niveis de citocinas
inflamatorias, uma reducédo no volume hipocampal e uma inibicdo na atividade da
subunidade a1 da enzima Na',K'-ATPase no segundo dia de teste do labirinto de
Barnes (dia em que houve o prejuizo no aprendizado espacial). Embora todos os
grupos tenham demonstrado uma inibicdo na atividade da subunidade a1 da enzima
Na',K*-ATPase, os grupos tratados somente com GA ou LPS apresentaram um
aumento na atividade das subunidades a2/3 da enzima no hipocampo dos ratos,
sugerindo uma resposta compensatoria, e portanto ndo alterando a atividade total da
enzima. Interessantemente, o grupo tratado com GA-LPS n&o apresentou nenhuma
mudanca na atividade das subunidades a2/3 da enzima e, consequentemente,
demonstrou uma reduc&o na atividade total da enzima Na*,K*-ATPase.

Portanto, os resultados sugerem que a piora no déficit de memdria espacial
observada no grupo tratado com GA-LPS quando comparado aos grupos tratados
somente com GA ou LPS, foi devido ao efeito inibitério sobre a atividade total da
enzima Na'K'-ATPase, provavelmente por ndo apresentar uma resposta
compensatoria na atividade das subunidades a2/3 da enzima. Neste contexto,
alguns trabalhos relataram que a inibicdo da atividade enzimatica total da Na*,K'-
ATPase induz déficit no aprendizado espacial (Zhan et al., 2004; Lima et al., 2008), e
prejudica a retencdo de uma tarefa na esquiva inibitéria em ratos (Dos Reis et al.,

2002). Além disso, Moseley e colaboradores (2007) demonstraram que a deficiéncia
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de isoformas a da enzima Na',K'-ATPase prejudicou o aprendizado espacial,
reduziu a atividade motora e aumentou a ansiedade em camundongos.

Em resumo, esta segunda parte do estudo demonstrou que o tratamento
cronico com GA causou um déficit no aprendizado espacial de ratos jovens, e que a
presenca de um processo inflamatdério potencializou o prejuizo na memoria espacial
induzido pelo GA sozinho. Também foi observado um aumento nas citocinas IL-1B e
TNF-a, uma reducdo no volume hipocampal e uma inibicAo na atividade da
subunidade a1 da enzima Na*,K'-ATPase, em todos 0s grupos que apresentaram
déficit no aprendizado espacial. Além disso, verificou-se que 0 grupo tratado com
GA-LPS apresentou uma piora ha memaria espacial, e que este efeito foi especifico
das isoformas 02/3, uma vez que apenas esse grupo nao apresentou nenhuma
mudanca na atividade destas subunidades e, consequentemente, apresentou uma
reducdo na atividade total da enzima Na*,K*-ATPase.

Assim, dado o elevado grau de limitacdo que a GA-Il traz para a crianca
portadora desta patologia, o entendimento dos mecanismos envolvidos nas
alteracdes neuroldgicas induzidas pelo acumulo deste acido organico € importante
para o desenvolvimento de novas estratégias terapéuticas para o tratamento dessa

patologia.
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Conclusodes

6. CONCLUSOES

De acordo com os resultados obtidos no presente estudo, pode-se concluir

que:

Capitulo |

1. O GA na dose de 1.3 umol/estriado causou convulsées comportamentais e

EEG em ratos jovens.

2. A administragcdo de LPS 6 horas antes, mas ndo 3, da injecdo de GA
potencializou as convulsées (comportamentais e EEG) induzidas pelo GA em

ratos jovens.

3. Ainjecdo de LPS aumentou os niveis de IL-1B no estriado em 3 e 6 horas de

uma maneira tempo dependente.

4. Existe uma correlacdo positiva entre o tempo total de convulsdes e 0s niveis

estriatais de IL-1p3.

5. A facilitacdo das convulsdes induzidas pelo LPS 6 horas antes do GA nao se
deve ao aumento da temperatura, ja que esse aumento foi similar em 3 e 6

horas.

6. Observou-se a participacdo da via da IL-1B na potencializacdo das
convulsdes causadas pela administracdo de LPS 6 horas antes do GA nos

ratos jovens.
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Conclusodes

Capitulo I

7. O tratamento com GA-LPS potencializou o prejuizo na memoria espacial
causado tanto pelo GA gquanto pelo LPS em ratos jovens.

8. O déficit na memoaria espacial ndo se deve a desnutri¢do, ja que nenhum dos

tratamentos alterou o peso dos animais.

9. O prejuizo na memoéria ndo ocorreu devido a uma alterac@o locomotora, pois
os tratamentos ndo alteraram a atividade locomotora nem exploratéria dos

animais.

10. Os tratamentos com GA, LPS e GA-LPS aumentaram os niveis de IL-1 e

TNF-a no hipocampo dos ratos jovens.

11. Os tratamentos com GA, LPS e GA-LPS reduziram o volume hipocampal

total dos ratos jovens.

12. Os tratamentos com GA, LPS e GA-LPS causaram uma reducédo na atividade
da subunidade a1 da enzima Na*,K*-ATPase. Por outro lado, os tratamentos
somente com GA ou LPS apresentaram um aumento na atividade das
subunidades a2/3 da enzima. Assim, apenas o tratamento com GA-LPS
causou uma reducdo na atividade total da enzima Na',K'-ATPase no

hipocampo dos ratos jovens.
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1. Introduction

Glutarie acidemia type I ([GA-I) is an inherited organic acid
cerabral disorder caused by the impainment of the mitochan-
drial enzyme glutaryl-CoA dehydrogenase (GCDH; EC 1.3.85.7),
which catalyzes the dehydrogenation and decarboxylation
of gluraryl.CoA to crotonyl-CoeA in the catabolic pathway of
L-lysine, L-hydroxylysine and t-tryptophan (Goodman et al,
1577, Lieserr et al., 1555). Deficient GCDH activity gives rise to
an accumulation of organic acids and their derivatives in body
fluids and brain tissue of affected patients, Le. glutaric acid
(GA), 3-hydroxyglutaric (3-0H-GA) and glutaconic acids (Baric
etal, 1558 Goodman etal, 1577). Clinical manifestations of GA
[ are predominantly neurelegical, including generalized con-
vulsions, which are accompanied by bilateral destruction of
caudate and putamen (Hoffmann and Zschocke, 155%; Morton
et al, 1891) and acute loss of motor skills and dystonia
(Freudenberg et al, 2004). Furthermore, postmortem exami-
nation of the basal ganglia and cerebral cortex of patients with
GA | show postsynaptic vacuelization characteristic of gluta-
mate-mediated brain injury (Goodman et al., 15877). Recently, it
has been proposed that GA and 3-0H-CA induce striatal de-
generation by disrupting mitochondrial energy metabeolism
(Ullrich et al., 15%%;, Das et al, 2003; Ferreira et al, 2005),
prometing oxidative stress (de Oliveira Marques et al, 2003,
Latini et al,, 2002, 2005), and increasing glutamatergic neuro-
transmission (Wajner et al, 2004), which ultimately causes
secondary excitotoxicity (Kolker et al,, 1998, 2000a,b, 2002a,b;
Porciuncula et al,, 2004; Rosa et al., 2004). In this context, it has
been shown that the intrastriatal injection of GA causes con-
vulsions, increases oxidative damage markers (total protein
carbonyl and thiobarbituric acid-reactive substances) and de-
creases striatal Na®K*-ATPase activity in rats, mimicking, in
varipus aspects, the neurclogical alterations of the disease in
humans (Lima et al., 1558, Fighera et al., 2008).

Creatine (MN-[amineciminomethyl]-N-methyl glycine) is an
endogenous amino arid produced frem glycine, methionine
and arginine in the liver, kidney and pancreas (Wyss and
Kaddurah-Dapuk, 2000). Recent experimental findings have
demonstrated that creatine affords significant neuroprotec-
tion against hypoxia, amyotrophic lateral sclerosis, ischemia,
oxidative insults and excitotoxicity (Holtzman et al, 1558,
Klivenyi et al., 1949, Wick et al., 1985, Michaels and Rothman,
1550; Malcon et al, 2000). It is interesting that creatine sup-
plementation aleo restores creatine phosphate lavels and de-
creases mitochondrial generation of reactive axygen species
(ROS) induced by 3-0H-GA (Kolker et al,, 2001, Das et al., 2003),
one of the metabelites that accumulates in glutaric acidemia.

Although creatine reduces 3-0H-GA-induced production of
reactive species, little is known about the protective effects of
this aminoe acid againet the convulsions and the deleterious
neurochemical alterations induced by GA. [n this contaxt, con-
sidering that ROS are involved in the convulsive behavior
induced by GA, it is feasible to propose that drugs, such as
creatine, which prevents phosphocreatine (PCr) depletion
(Wyee and Kaddurah-Daouk, 2000) and acte as scavenger of
ROS (Lawler et al, 2002), may protect against GA.induced
behavioral, electrographic and neurochemiral deleterious ef-
fects. Therefore, in the present study, we decided toinvestigate

whether the administration of creatine protects against CA-
induced seizures and come known deleterious neurschemical
effects of GA, such as protein axidative damage, Na* K*-ATPase
activity inhibition (Fighera et al., 2008)and synaptosomal 1-[*H]
glutamate uptake inhibition (Parciuncula et al., 2000).

2. Results

In the present investigation, we showed that administration of
creatine (300 mg/kg, p.o) increased the latency for the first
convulsive episode [F3,54)=16.89, F<0.05; Fig. 1A] and de-
creased the duration of convulsive episodes [F(3,54)=13.60;
F<0.05; Fig. 18] induced by the unilateral (right) intrastriartal
injection of GA (4 ymal/striatum). This result was confirmed
by electrographic recordings (Fig. 2). GA-induced seizures were
characterized by clonus of the left forelimb and/or hindlimb
and head (myoclonic jerks), rotational behavier and full late-
ralization toward the left side of the body, which were accom-
panied by the occurrence of multispikes plus slow waves and
major seizure activity in the EEG. Generalized convulsions
appeared in the electroencephalographic recordings as the
major seizure activity (2-3 Hz high-amplitude activity). After
the icral discharge, postictal EEC suppression and slow waves
were obsarved, correlating with behavieral catalepsy. The in-
trastriaral injection of GA induced the appearance of high-
voltage synchronic clusters in the EEG followed by increase
of striatal discharges (basal: 161=26.9 uV; after GA injection:
87+41.2 uV). GAinjection increased cortical discharges basal:
12422459 uV, after GA injection: 461+45.% uV, Fig. 2B). In addi-
tion, electrographic recordings of the ipsilateral striatum and
cerabral cortex revealed that the intrastriatal injection of GA
induced the appearance of an epileptogenic forus in the right
striatum, which spread to the ipsilateral cortex.
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Fig. 1 - Creatine pretreatment (300 mg/kg, p.o.) increases the
latency for the first convulsive episode [A) and decreases
the duration (B) of convulsive episodes induced by GA

(4 pmol/striatum). Data mean+ 5.EM. for n=8-10in each
group. "P<0.05 compared with Vehicle-GA group (F test for
simple effect).
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Fig. 2 - Representative electroencephalographic recordings before (A) and after intrastriatal GA administration (4 pmol/
striatum; B) which were accompanied by pattern of continuous high-amplitude sharp spikes in low-frequency rhythmic
spiking activity in ipsilateral cortex. Typical electroencephalographic recordings after injection of creatine (300 mg/kg, p.o.)
(C) and after intrastriatal GA administration (D); STR, ipsilateral striatum; CTX, ipsilateral cortex. Scale bars, 100 pVand 1 s.

To quantify the epileptic effect of intrastriatal GA admin-
istration, we calculated the power densities of the different
EEG frequencies. As shown in Figs. 3A and B, the field activity
in control conditions or after creatine was similar and
characterized by intermittent delta-beta oscillations. The
injection of GA into strdatum increased striatal (71%) and
ipsilateral cortex (81%) delta frequency, and decreased beta
oscillation in the striatum (37%) and ipsilateral cortex (50%),
when compared with control conditions.

Electroencephalographic recordings also showed that cre-
atine (300 mg/kg, p.o.) prevented ictal activity induced by
intrastriatal injection of GA during all observation period,
followed by a decrease of GA-induced spike amplitude be-
tween 65 and 70% with a mean of 151=25 uV (Fig. 2D). Quan-
titative analysis of EEG revealed that creatine pretreatment
decreases striatal [F(1,10)=9.81; P<0.03; Fig. 3A] and ipsilat-
eral cortex delta power density [F(1,10) = 6.42; P<0.05; Fig. 3B].
In addition, creatine administration was effective against
GA-induced striatal [F(1,10)=20.50; P<0.05; Fig. 3A] and ipsi-
lateral cortex [F(1,10)=24.88; F<0.05; Fig. 3B| beta oscillation
decrease.

The effects of GA and creatine injection on the total protein
arbonylation in the injected and in the contralateral striatum
were also determined. Statistical analysis revealed that intra-
striatal injection of GA increased protein catbonyl content in
the injected striatum [F(1,59) =57.48; P<0.05] and that creatine
(50 to 300 mg'kg, p.o.) prevented the protein carbonylation
increase induced by GA [F(3,59)=18.62; F<0.05; Fig. 4].

Fig.5 shows the effectof creatine (50-300 mg/kg, p.o.) on GA-
induced Na™ K -ATPase activity decrease. Statistical analyses
showed that the decrease in Na™K™-ATPase activity [F(1,59)=
55.58; P« 0.05] induced by GA (4 pmol/striatum) was prevented
by creatine at the dose of 300 mg'kg (p.o.). Creatine doses
lower than 300 mgkg did not alter GA-induced decrease in
Na™,K™-ATPase activity.

Considering that acute creatine administration protected
against GA-induced behavioral, electrographic and neuro-
chemical deleterious effects, we decided to investigate wheth-
ercreatine protects against GA-induced decrease of glutamate
uptake in synaptosomes (Porciuncula et al., 2000). Statistical
analysis revealed that creatine (10 pM; Fig. 6A) prevented GA-
induced decrease of glutamate uptake [F(3,16)=8.48; P<0.05;
Fig. 6B].

3. Discussion

In the present study, we confirm and extend our previous
findings that GA elicits behavioral and electrographic seizures
and increases reactive species generation in vivo (Fighera et al,,
2006). In addition, we show, for the first time, that a single
administration of creatine affordssignificant protection against
the acute deleterious effects of GA: increase in protein carbony-
lation, decrease of Na™,K™-ATPase activity and electrographic
convulsions in vive. Creatine also protected against GA-induced
decrease of L-FH) glutamate uptake in synaptosomes.
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Fig. 3 - Quantitative analysis of EEG recording demonstrated
that creatine pretreatment (300 mg/kg, p.o.) attenuated
GA-induced delta increase and beta depression power
density (4 pmol/2 u]) in the striatum (A) and ipsilateral cortex
(B). Datamean=x 5.E.M. for n=5-6in each group. "P<0.05 when
compared with basal cenditions.

There is a significant body of evidence suggesting that CA
accumulation may play a role in the convulsions and neurolo-
gicalimpairment seen in patients with glutaric acidemia [Lima
et al., 1558; Kolker et al, 1599, 2001, 2002b). Moreover, ex-
perimental findings in vivo and i vitro suggest that energy
metabelism impairment and oxidative stress play an impor-
tant role in the convulsive behavior elicited by GA (Flott-Rah-
meletal, 1%57; Limaetal,, 1998; Frizzo et al,, 2004, Porciuncula
etal., 2000, 2004, Rosa et al,, 2004, Ferreira etal,, 2005). It is also
worth remarking that a number of GA | patients excrete in-
creased amounts of lactate, 3-hydroxybutyrate, acetoacetate
and dicarboxylic acids, further indicating a mitochondrial dys-
function in this organic acidemia (Gregersen and Brandr, 1875,
Floret et al.,, 1578).

In this context, the currently reported increase of striatal
and cortical delta frequency induced by GA, to a certain de-
gree, agrees with the study of Fujimoto et al. (2000), who have
found periodic synchronic discharges, characterized by inter-
mittent 4= Hz positive and 100-200 uV delta waves in cortical
structure in a patient with glutaric ariduria type 1 during an
episode of acute encephalopathy.

An impairment of glutamate metabolism and homeostasis
has been suspected to underlie several brain diseases, includ-
ing epilepey (Kelly and Stanley, 2001). In fact, recent studies
have demonstrated that inhibition of glutamate transporters
leads to recurrent neursnal activity, characterized by periodic
cell depolarization and bursts of action potentials (Demarque
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Fig.4 - Creatine pretreatment (50 to 300 mg/kg, p.o.) prevents
the striatal GA-induced protein carbenylation increase, Data
are mean+ 5.EM. for n=8-10 in each group. "F<0.05
cormpared with Vehicle-Sal group. *P <0.05 compared with
Vehicle-GA group (Student-Newman-Keuls test).

et al, 200<). This oscillatory effect alters the background
pattern of bilateral recurrent parexysmal bursts followed by
cortical beta-gamma oscillations (Milh et al, 2007) In this
context, the results presented in this report suggest that cel-
lular glutamate uptake impainmentelicited by GA [Forciuncula
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Fig. 5 - Hfect of creatine pretreatment (50 to 300 mg/kg, p.o.)
on the GA-induced Na*,K'-ATPase activity inhibition. Data
are mean+S.EM. for n=8-10 in each group. P <0.05
ecompared to contralateral striatum, P <0.05 compared with
Vehicle-GA group.
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Fig. & - Effect of creatine on synaptesomal 'H] glutamate uptake. Creatine (0.1 to 100 uM) addition to membrane preparation
had not effect on L-[*H] glutamate uptake (A). The incubation with creatine (10 uM) ints synaptosomal membrane
preparation reversed GA-induced 1- PH] glutamate uptake inhibition (B). *P<0.05 compared with control. °P <0.05 compared with
GA group. Data are the means = SEM of n=6-8 animals in each group.

etal., 2000, 2004) may lead increased excitatory activity, which
ultimately results in electrographic and behavioral seizures
(Fighera et al., 2008). Furthermore, since substantial evidence
supports that mitochondrial dysfunction and consequent ATP
depletion are a major cause of seizures and oxidative stress
[Cassarino et al., 155%), it is plausible to propose that a dis-
turbed energy metabolism elicited by this organic acid (Funk
et al., 2005; Ferreira et al,, 2005) leads to neuronal hyperexcit-
ability, seizures and oxidative stress. [n line with this view, and
based in the praviously reported pesitive correlation between
duration of GA-induced seizures and inhibition of Na*K*-
ATPase activity (Fighera et al., 2008), we also suggest that an
inhibition of selected targets to free radicals, such as Na* K-
ATPase, may play an impaortant role in the hyperexcitability
and concomitant axidative damage elicitedby GA. On the other
hand, it is eritical to emphasize that, in this model of organic
acidemia, a primary metabolic inhibition induced by intras-
triatal injection of GA may alter ATP availahility for several
regulatory processes, disrupting normal Na* K*-ATPase regu-
lation. In this context, previous studies have proposed that
nitric oxide, carbon monoxide and NMDA glutamate receptors
modulate Na® K*ATPase activity through activation of regu-
latory proteins kinase G and C, in which free radicals play
medulatory role (Mathanson et al, 1885, Petrushanko et al,,
2008). However, further studies are necessary to clarify this
point.

In the present study, we demonstrated that creatine pre-
rreatment (300 mg/kg, p.o.) arrenuared-GA induced convulsive
behavier and protected against protein carbenylation and Na*,
K*-ATPase activity inhibition. On the other hand, this report
aleo revealed that creatine, at doses capable of preventing GA-
induced protein carbonylation, does not prevent GA-induced
seizures and Na® K -ATPase activity decrease, suggesting that
protein ecarbonylation may sccur separately from convulsive
episodes (Fighera et al.,, 200&) and that the ability of creatine to

reduce protein carbonylation is not related to its anticonwvul-
sant action. However, one must also consider that selected
targets, such Na* K*-ATPase, which could not contribute sig-
nificantly to the total protein carbonyl content, could be res-
ponsible for the GA-induced convulsions. Thus, if these targets
were more sensitive to exidative damage, they would require
additional antioxidant protection, which eould be afforded by
increasing creatine doses. Therefore, it is not possible to rule
out antioxidant mechanisms in the anticonvulsant action of
creatine.

In agreement with this view, it has been claimed that the
neuroprotective effect exerted by creatine in several neurode-
generative processes involves buffering of intracellularenergy,
preventing the increase of Ca® and ROS intramitochondrial
levels, which lead to excitotoxic and cell death (O'Conman
etal., 1557, Leist and Nicotera, 1558; Dolder et al., 2003; Klivenyi
et al,, 2003; Andres et al,, 2005). In addition, recent findings
have indicated that creatine axerts cytoprotection via direct
antioxidant activity (Sestili et al., 2008). Therefore, it is also
possible that stabilization of buffering of intracellular energy
and antioxidant properties may underlie its recurrent protac-
tion evidenced in this model of erganic acidemia.

There is evidence that substances that increase GABAergic
function and/or inhibit glutamatergic transmission may de-
crease convulsive episodes and oxidative stress (Karpiaket al,,
1881; Amatp et al,, 1999, Fighera et al, 2003; Royes et al., 2003,
2008), In line of this view, many studies have investigated the
role of glutamatergic and GABAergic neurotransmission on
3-0H-GA and glutaric acid-induced neurotoxicity (for a review
see: Wajner et al,, 2004). In the present study, we showed that
GA inhibits glutamate uptake in striatal synaptosomes, Cur
results are in agreement with previous data from the litera-
ture, demonstrating that GA reduces glutamate uptake in
forebrain synaptosomes or cultured astrocytes (Porciuncula
et al., 2000, 2004).
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Although tissue concentration of CA after intrastriatal ad-
ministration is unknown, we may speculate that reduction of
glutamare uptake by GA may facilitate the activation of exci-
tatory amino acids receptors and, consequently, seizures. OF
note, it has been demonstrated that glutamate transporters
inhibitors do not produce seizures by themselves, but they are
capable of facilitating seizures during energetic failure (Sepk-
ury et al., 2002; Demarque et al., 2004). Since GA induces cel-
lular energy impairment and oxidative stress (Ferreira et al,
20:05), creatine may have acted as an antioxidant by maintain-
ing mitochondrial bioenergetics and protect neurons from
excitotoxic damage caused by CA by increasing glutamate up-
take and therefore, reducing the concentration of this amino
acid in the synaptic cleft.

The exact mechanism by which GA reduces glutamate
uptake is still unknown. It has been suggested that the inhi-
bition of glutamate uptake could be due to a direct interaction
of GA with glutamate transporters (Porciuncula et al, 2004).
However, the activity of glutamate transporters can also be
reduced by several indirect mechanisms, including reactive
species formation and reduction in Na*K*-ATPase activity
(Volterra et al., 1854; Nanitsos et al,, 2004). Thus, the reduction
of glutamate uptake by GA could be related with its ability to
induce oxidative stress and reduce Na*K*-ATPase activity.
Our results are in agreement with this view, since creatine
reverted the oxidative stress and Na*K*-ATPase activity
reduction induced by GA.

In summary, the current study reports that striatal GA
administration induces convulsive behavior, protein carbon-
ylation and decrease of Na® K*-ATPase activity, which are
prevented by creatine. [n addition, creatine protected against
GA-induced synaptosomal glutamate uptake inhibitien. Al-
though the precise mechanism underlying the striatal degen-
eration and convulsive behavior of GAIL patients is not known,
it is plausible to propose that compounds, such as creatine,
that decrease CA-induced toxicity assessed by behavioral and
neurochemiral parameters may be useful as adjuvant thera-
peutic measures against GA accumulation. However, clinical
studies shall be conducted in order to evaluate its clinical
efficacy in gluraric acidemic patients,

4, Experimental procedures

4.1.  Animal and reagents

Adultmale Wistarrats (270-300 g) maintained under controlled
light and environment (12:12 h light=dark cycle, 24+1 *C, 55%
relative humidity) with free access to food (Guabi, Santa Maria,
Brazil) and water were used. Animal utilization protocols fol-
lowed the Official Government Ethics guidelines and were ap-
proved by the University Ethics Committee. All reagents were
purchased from Sigma (5t. Louis, MOj.

4.2,  Behavioral evaluation and surgical procedure

Animals were anesthetized with Eguitesin (1% phenobarbital,
2% magnesium sulfate, £% chloral hydrate, 42% propylene
glycol, 11% ethanol; 3 mI/kg, ip.) and placed in a rodent ste-
reotaxic apparatus. Under stereotaxic guidanee, a cannula was

insarted unilaterally into the striatum (coordinates relative to
bregma: AP, 0 mm; ML, 3.0 mm, V, 3.0 mm from the dura).
Chloramphenicol (200 mg/kg, i.p.) was administrated imme-
diately before the surgical procedure. The experiments were
performed 7=% days after surgery when animals did not show
any sign of pain, infection or discomfort.

Creatine (30, 1530 or 300 mg/kg) or vehicle (0.1% carboxy-
methylcellulose) was infused by intragastric gavage (single
administration) 45 min before the intrastriatal administration
of GA (4 pmel/2 ul) or saline (5.5 ymol/2 pl). The intrastriatal
administration (2 pl) was performed over a 2 min period using
210 ul Hamilton syringe attached to a 30 gauge needle, whose
tip protruded 2 mm from the cannula, allowing injection the
dorsal striatum. All intrastriatal injections were made in un-
anesthetized rats and an additional minute was allowed to
elapse before removal of needle to avoid backflow of drug
through the cannula. Immediately after the intrastriatal in-
jections, the animals were transferred to a round open field
54.7 cm in diameter) with a floor divided inte 10 equal areas.
During 20 min, the animals were video-monitored for the
appearance convulsive episodes, according to (de Mello et al,,
1856). Accordingly, clonic convulsions are episodes character-
ized by typical partial clonic activity affecting the face, head,
vibrissae and forelimbe, Such clonic events are short, typically
lasting 1=2 s and can occur either individually or in multiple
discrete episodes before generalization and over time. Gener-
alized convulsive episodes are characterized by generalized
whaole-body clonus inveolving all four limbs and tail, rearing,
wild running and jumping, sudden loss of upright posture and
autonomic signe, such as hypersalivation and defecation,
respectively. Immediately after the behavioral evaluation, the
animals were sacrificed for cannula placement or bischemical
analysis.

4.3, Placement of cannula and electrodes for EEG recordings

Asubset of animals (h=5-8) were anesthetized with Equitesin
and surgically implanted with a cannula and electrodes under
stereotaxic guidance. The guide cannula (27 gauge) was glued to
amultipin socket and inserted into the right striatum througha
previously opened skull orifice. One serew electrode was placed
over the right parietal cortex [coordinates in mm: AP, -4.5; L,
25, V, 2) along with a ground lead positioned owver the nasal
sinus. Bipolar nichrome wire Teflon-insulated depth elactrodes
(100 um) were implanted into the right striatum (coordinates in
mm: AP, O L, 3;V, £2). The electrodes were connected to the
multipin socket and, together with the injection cannula, were
fixed to the skull with dental acrylic cement. Electroencepha-
lographic recordings were performed for atleast 7 days after the
SUrgery.

44,  Intrastriatal injection of drugs and EEG recording

Routinely, the animals were allowed to settle forhabituationin
aFlexiglascage (25x 25 » 80 cm) for at least 20 min. Baceline EEG
recordings were obtained 10 min priorto drugs administration
in order to establish an adequate contrel brain electrical acti-
vity. The drug injection protocol used in this set of experiments
was the same used in those experiments that evaluated the
effect of creatine on GA-indured behavioral seizures, except
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that EEC was concomitantly recorded using digital encephalo-
graphic equipment (Neuremap EQSA280, Neuromap LTDA,
Brazil). EEG signals were amplified, filtered (0.1 to 70.0 Hz,
bandpass), digitalized (sampling rate 250 Hz) and stored ina PC
for off-line analysis, as described balow.

4.5,  EEG analyses

In order to gquantify the GA-induced seizure activity, as well as
the possible anticonvulsant effect of creatine, we calculated
the power densities of the different EEG fraquencies obtained
from freely moving rats, Digitalized data from basal, preinfu-
sion andseizure peripds were dividedin 30 scegmentsandass
sample from each segment was converted into frequency
domain by fast Fourier transformation (FFT) method (Dringen-
berg etal., 2003). The resultant power values displayed foreach
frequency were grouped into 4 bands represented by delta
[0=£Hz), theta (»4=8 Hz), alpha (»8<13Hz)and beta (=13-30 Hz).
EEC recordings were visually analyzed for the appearance of
seizure activiry. Seizures were defined by the occurrence of
episodes consisting of the following alterations in the record-
ingleads: isolated sharp waves (=1.5=baseline); multiple sharp
waves (=2 xbaseline) in brief spindle episodes (=1 525 g, mul-
tiple sharp waves (>2 x bageline)in long spindle epicodes [>5 g);
spikes (2 xbaseline) plus slow waves; multispikes (=2 xbase-
line, =13 spikes/complex) plus slow waves, major seizure (repe-
titive spikes plus slow waves obliterating background rhythm,
25 ). Data from seizure periods were expressed as percent of
baseline values. Rhythmic scratching of the electrode headset
by the animal rarely caused artifacts. These recordings were
easily identified and discarded.

4.6,  Protein carbonyl assay

Immediately after the behavioral evaluation, the animals were
killed by decapitation and had their brain exposed by the
removal of the parietal bene. A punch of the injected and
noninjected striata was rapidly obtained. Striatal tissue was
homogenized in 10 volumes (w/v) of 10 mM Trie-HCl buffer pH
7 4using a glass homogenizer and its carbonyl protein content
was determined by the method described by Levine et al.
[1550) adapred for brain tissue (Schneider Oliveira et al, 2004).

4.7,  Na*K'-ATPase activity measurement

The measurement of Na* K*-ATPase activity was performed in
the same frash, diluted, noncentrifuged homogenates used for
determination of the striatal protein carbonyl content. Assay
of enzyme activity was performed aceording by Wyse et al.
(2000). Briefly, the incubation medium consisted of 30 mM
Tris=HCl buffer, pH 7.4; 0.1 mM EDTA, 50 mM NacCl, 5 mM KCI,
& mM MgCl; and 50 ug of protein in the presence or absence of
ouabain (2 mb), in a final volume of 350 ul. The reaction was
started by the addition of adenosine triphosphate to a final
concentration of 5 mM. After 30 min at 37 °C, the reaction was
stopped by the addition of 70 ul of trichloroacetic acid (TCA,
50%). Saturating substrate concentrations were used, and re-
action was linear with protein and time. Appropriate controls
were included in the assays for nonenzymatic hydrelysis of
ATE. The amount of inorganic phosphate released was quan-

tified by the colorimetric method described by Ficke and Sub-
barow (1925), and Na* K -ATPase activity was calculated by
subtracting the ouabain-sensitive activity from the owerall
activity (in the absence of ouabain).

4.8, Synaptosomal preparation

The animals were sacrificed by decapitation and had their
brain exposed by the removal of the parietal bone. A punch of
the striatum was rapidly removed and synaptosomal prepa-
ration was obtained by isotonic Percoll/sucrose discontinuous
gradients at £ °C, as previously described (Dunkley et al,, 158€),
Briefly, homogenates (10%, w/v) from striatum were made in
5 mM HEPES and 320 mM sucrose [pH 7.4), and centrifuged
twice at 1000xg for 5 min to produre a pellet (P1) and a
supernatant (51). The 51 were centrifuged twice at 10,000xqg for
20 min to produce P2 and 52 that were discarded. F2 was
resucpended in buffer HEPES/sucrose and was subjected to 1€,
10 and 7.5% Percoll solution density gradient centrifugation at
15,000xg for 20 min. The synaptosomal fractions were iso-
lated, suspended and homogenized in Krebs' buffer (pH 7.4),
containingin mM 145 NaCl, 5 KCl, 1.2 KHP0O, 2H,0, 1.3 Mgs0,,
&H,0, 20 HEPES, 10 glucose and 1.2 CaCl,, and centrifuged
twice at 15,000=g for 20 min. The supernatant was removed
and the pellet resuspended in Krebs' buffer. The synaptosomal
fraction used contained approximately 1 mg of protein/ml
This fraction also contained approximately 5% contamination
with fragments of the inner and outer mitochondrial mem-
branes, microsomes, myelin as well as neural and glial plasma
membranes (Dunkley et al, 1586; Nagy et al., 1386, Migues
et al, 1%%%). In order to evaluate the integrity of the sy-
naptosomes, lactate dehydrogenase (LDH; EC 1.11.27) release
was monitored by incubating the preparation with GA for
15 min. The LDH activity in the incubation medium was as-
sayed spectrophotometrically at a wavelength of 340 nm (Lab-
restreagents, Brazil). Under the experimental conditions used,
no changes in LDH were shsarved.

4.9, Synaptosomal [*H] glutamate uptake

Experiments were performed in a final volume of 500 plin a
standard incubation medium compaosed of Krebs' buffer, and
§ uM (8.1 pCi) of L-[H|-glutamate (4% Ci/mmol, Amersham
Intemational, UK). Synaptosomal [*H| glutamate uptake was
measured in the presence of physioclogical concentrations of
creatine (0.1 to 100 uM) (Ipsiroglu et al., 2001).

The effect of creatine (10 pM) (a concentration that had no
effect per s¢) on synaptosomal [PH]glutamate uptake was
evaluated in the presence of CA (10 nM). This concentration of
GA was previously reported to reduce [*H glutamate uptake in
forebrain synaptosomes (Porciuncula et al., 2000). Controls did
notcontain glutaric acid or creatine. The uptake was carried out
for 5 min at 37 *C after the addition of synaptosomes (100 pg of
protein/tube) and stopped by centrifugation (18 000xg for 1 min
at 4 °C). Radicactivity in the synaptosomal pellet was measure
after the addition of scintillation liquidin a Packerd Model 1409
scintillation counter. The specific glutamate uptake was calcu-
lawed as the difference between total uptake at 37 °C and the
up@ke at 4 *C (nonspecific uptake). Under our experimental
conditions, the specific uptake was 55 +13 pmel/min/mg protein.
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4,10, Protein determination

Protein content was measured colorimetrically by the method
of Bradford (1576) using bovine serum albumin (1 mg/mljas a
standard.

411, Statistics

The latency for convulsion, total time spent convulsioning and
electroencephalographic recordings were analyzed by one- or
owo-way ANOVA, depending on the experimental design, fol-
lowed by a Student=Newman=Keuls test. Data from i vivo
total carbonyl and MNa*K*-ATPase activity determinations
were analyzed by a 2 (carboxymethylcellulose or creatine)=2
(saline or GA)x2 (injected or contralateral hemisphere) fac-
torial ANOVA (analysis of variance), with the hemisphere fac-
tor treated as a within-subject factor. Fost hoc analyses were
camied out by the F test for simple effect or the Student=
MNewman=Keuls test, when appropriate. Data from i vitro Sy-
naptosomal [*H] glutamare uptake were analyzed by one-way
ANOVA. All data are expressed as means SEM.. P<0.05 was
considered significant.
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Glutaric acidemiz type 1 (GA-1) is an inherited metabolic disesse characterized by sccumulation of
glutaric acid [GA) and striatal degeneration. Although growing evidence suggests that excitotoxicity and
oxidative stress play centrzl role in the neuropathogenesis of this disease, mechanism underlying striatal
damage in this disorder is not well established. Thus, we decided to investigate the in vitro effects of GA
10nM (2 low concentration that can be present initizl development this disorder) on -[*H]glutamate
uptake and reactive oxygen species (ROS) generation in synaptosomes from striztum of rats. GA reduced
1-[*H]glutamate uptake in synaptosomes from 1 up to 30 min after its addition. Furthermore, we also
provided some evidence that GA competes with the glutamate transporter inhibitor - frans-pyrrolidine-
24-dicarboxylate (PDC), suggesting 2 possible interaction of GA with glutamate transporters on
synaptosomes. Moreover, GA produced a significant decrease in the Vi of - *H]glutamate uptake, but
did not affect the Ky value. Although the GA did not show oxidant activity per 2, it increased the ROS
generation in striztal synaptosomes. To evaluate the involvernent of reactive species generation in the
GA-induced 1-[*H]glutamate uptake inhibition, trolox (0.3, 06 and & wM) was added on the incubation
medium, Statistical analysis showed that trolox did not decrease inhibition of GA-induced -
[*H]glutamate upta ke, but decreased GA-induced reactive species formation in striatal synaptosomes
(1,3,5.10,15 and 30 min}, suggesting that ROS generation appears to oceur secondarily to glutamatergic
overstimulation in this model of organic acidemia, Since GA induced DCFH oxidation increase, we
evaluate the involvement of glutamate receptor antagonists in oxidative stress, showing that CNGX, but
not MK-801, decreased the DCFH oxidation increase in striztzl synaptosomes. Furthermore, the results
presented in this report suggest that excitotoxicity elicited by low concentration of GA, could bein part by
maintzining this excitatory neurotransmitter in the synaptic cleft by non-competitive inhibition of
glutamate uptzke. Thus the present data may explain, at least partly, initial striztzl damage at birth, as
evidenced by scute bilsteral destruction of caudate and putamen observed in children with GA-L

2 2008 ISDM. Fublished by Elsevier Ltd. All rights reserved.
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1. Introduction

Glutaric acidemia type [ {GA-l} is an autosomal recessive
inherited neurometabolic disease caused by deficiency of the
activity of the mitochondrial enzyme glutaryl-CoA dehydrogenase
(GCDH: EC1.3.99.7 ], characterized biochemically by an accumula-
tion of glutaric acid (GA), and 3=hydroxyglutaric acid {(3-0H=GA}in

@ Z00E 1SDN. Published by Elsavier Led. All rights reserved.
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the body fluids and brain tissue (GA, 500-5000 pM; 3-0H-GA, 40-
200 pM) of affecred patients {Goodman et al, 1977; Liesert et al.,
1959; Goodman and Frerman, 2001; Strauss and Morton, 2003;
Strauss et al, 2003} Clinical manifestations of GA-l are pre=
dominantly neurclogical, including generalized convulsions,
progressive dystonia and dyskinesia, especially after encephalo-
phatic crises, which are accompanied by bilateral and irreversible
destruction of vulnerable brain regions, ie. striatum and cortex
(Morton et al,, 1991; Hoffmann and Zschocke, 1999).

In this scenario, a considerable body of evidence have indicated
that GA and 3-CA can induce brain damage by energy depletion
(Ullrich etal., 1999; Silva etal., 2000; Das et al., 2003; Ferreira ecal.,
2005; Latini et al, 2005a) oxidative stress {latini et al,, 2002,
2005b; de Oliveira Margues et al., 2003; Fighera et al., 2006} and
primary or secondary excitotoxicity (Kélker et al, 1999, 2000a,
2002a,b; de Mello et al., 2001; Porcidncula et al., 2004; Rosa et al.,
2004} Furthermore, it has been suggested that these mechanisms
might cooperate in a synergistic way to cause the neuropatholo-
gical alterations found in GA=l patients (Kodlker et al., 2004a;
Wajner et al., 2004).

‘With regard to excitotoxicity, postmortem examination of the
basal ganglia and cerebral cortex of patients with GA-l revealed
post=synaptic vacuclization characteristic of glutamate-mediated
brain damage indicating that this process may represent an
important mechanism underlying the pathophysiology of this
disorder (Goodman et al, 1977; Forstner et al,, 1999; Hoffmann
and Zschocke, 1989) Nevertheless, although there is convincing
evidence of the participation of glutamare in the toxicity of CA, the
primary cause of striatum degeneration in GA-l is still not well
defined (Kolker et al., 2001, 2002a,b; Koeller et al.,, 2002; Latini
er al., 2005a; de Oliveira Margues et al., 2003; Ferreira er al., 2005).
While some experimental findings demonstrate that GA and
3-0HGA are excitotoxic to cultured neurcns and may interact with
glutamare receptors or rransporters (Flot-Rahmel er al, 1997;
Kilker et al., 1999, 2002a,b, 2004b; Rosa et al,, 2004; Wajner et al.,
2004), recent works did not show excitotoxic actions by 3-0HCA
{Lund et al., 2004; Freudenberg er al., 2004). Thus, the role of
excitotoxicity in GA=l neuropathophysiclogy is still under intense
debate.

Glutamate is the main excitatory neurotransmitter in the brain,
and its interaction with specific membrane receprors is responsible
for many funcrions such as cognition, memory and movement
{Ozawa et al., 1898}, The role of glutamate in mammalian brain is
mediated by acrivation of ionotropic receprors and metabotropic
receptors (Nakanishi, 1992; Hollmann and Heinemann, 1994;
Ozawa et al., 1998). lonotropic receptors can be divided into N-
methyl-p-aspartate (NMDA: NR1 and NR2A-D) and non-NMDA,
the latter including the a-amino-3=hydroxy=-3-methy|-4-isoxazole
propionic acid (AMPA: GluR1-4) and kainate [GluR5-8 and KA1-2)
receprors. Metabotropic glutamare receptrors {mGluRs) have been
divided into groups [, II and [l {Gnn and Pin, 1997; Ozawa et al,,
1988} Glutamate receptors are involved in a variety of physio-
logical processes during brain development, including synapro-
genesis and synaptic plasticity, and present a unigue profile of
suscepiibility to toxicity mediated by differential activation of the
receptor subtypes (McDeonald and Johnston, 1990} lonotropic
receptor ontogeny is characterized by rapid maturarional changes
in various forebrain structures in the rat. NMDA receptor
expression reaches the highest level in hippocampus and
neocortex in the first postnatal weelk, whereas AMPA receprors
density peaks occur in the second postnatal week (Insel et al,
1980; Petralia et al, 1999). This variable receptor expression
profile generates a regional- and age-specific window of suscept-
ibility to many neurctoxing and diseazes (Kolker er al., 2000a;
Haberny et al., 2002; Jensen, 2002}

The synapric actions of glutamate are terminated by its remaoval
from the synaptic cleft by a high-affinity sodium-dependent
excitatory amino acid transporter{ EAAT) system, mainly located in
the astrocytic membranes (Danbolt, 2001; Amara and Fontana,
2002} The astroglial glutamate transporters GLAST (EAATL) and
GLT1 {EAAT2) are mainly responsible for the clearance of
extracellular glutamate (Rothstein et al., 1996; Danbolt, 2001 ).

Besides irs physiclogical effecrs, glutamate is also a potent
neurotoxin and the presence of high amounts of this neurotrans-
mitter in the synaptic cleft may lead to excitotoxicity by over=
stimulation of glutamare receptors, a process related to neuro-
pathology of acure (brain hypoxia, ischemia and trauma) and
chronic {Parkinson's disease, Alzheimer's disease and organic
acidemias) brain disorders (Lipton and Rosenberg, 1984; Mar-
agakis and Rothseein, 2001; Wajner ecal., 2004; Kélker ecal., 2008).

In medels of glutaric acidemia, a considerable body of evidence
suggest that neurotoxic acrtions elicited by GA and 3-0HGA are
due the similar chemical structure of this organic acids with
glutamate (Flott-Rahmel et al, 1997; Lima et al, 1998 Kolker
er al., 1999, 2000a,b, 2002a,b; Ullrich et al., 1999; Porcitncula
et al.,, 2000, 2004; de Mello et al,, 2001; Rosa et al., 2004} In this
context, it has been demonstrated that 3-0H-CA decreases cell
viability by N-methyl-z=aspartate {NMDA) receptors stimulation
{Kblker et al., 2000a,b) and ROS generation [Kélker et al,, 2001).
Furthermore, recent studies have suggested the GA-induced
neurotoxicity can be due inhibition of glutamate uptake related
with an interaction of GA with glutamate transporters, leading to
an increase of the glutamate levels in synaprtic clefr and over-
stimulation glutamate receptors (Porcidncula et al,, 2000, 2004;
Magni et al,, 2007 ). On the other hand, the activity of glutamate
mansporters can also be reduced by indirect mechanisms,
including reactive species formation (Volterra et al, 1994;
MNanitsos et al., 2004).

Thus, considering that mechanism invelved the primary striatal
damage in the GA-l is not well established, we decided investigate
whether low concentration of GA {that can be present in the initial
development of this disorder —10nM) alter L-|3[I|glul:amal:e
uptake. In this context, we evaluated the kinetic parameters
dissociation constant (Kp) and maximum wvelocity (Viax) of
glutamate transport to evaluate whether GA-induced reduction
on 1=[*H]glutamate uptake could be due to comperitive or non-
competitive mechanism. Furthermore, we investigarted the invol-
vement of striatal ROS generation induced by GA on the L-
|3[ {|glutamate uptake. In addition, we also evaluated the effects of
the glutamare recepror antagonists and transporters inhibitor on
the oxidative stress and L-|3EI|glutamate uptake, respectively.

2. Experimental procedures
2.1. Animal and reagents

Adult male Wistar rats (270-300g) maintained under controlled light and
environment (12:12 h light-dark cycle, 22 £1 °C, 55% relative humidity) with fres
acoess to food (Guabi, Santa Mara, Brazil) and water were used. Animal wtilization
protocals follewed the Official Governmant Ethics guidelines and were approved by
the University Ethics Committes. 1-|*H]glutamate (49 Cifmmeol) was purchased from
Amersham International, UK. All othar reagents, including glutaric acid fres acid (GA,
4% pura), ware purchased from Sigma (St Lowis, MO, USA).

2.2 Synaprasamal preparatian

The animals were sacrificed by decapitation and had theirbrain exposad by the
removal of the parietal bone. A punch of the striatum was rapidly removed and
synaptosomal praparation was obtained by isatonic Parcoll/sucrase discontin-
vous gradients at 4°C as previously described [Dunkley et al, 1288 Briefly,
homagenates (10%, wv) from striatum were made in 5 mM HEPES and 320 mM
suerose (pH T4), and centrifuged twice at 800 = g far 10 min to produce a pellat
(P1)and a supernatant (81} P1 was discarded and 81 was subjected to 16, 10, 7 5%
Pergoll solution density gradient centrifugation at 24,000 x g for 10 min. The
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syraptosomal fractions were izolated, suspended and homogenized in Krebs
buffer (pH 7.4), containing in mM: 145 NaCl, 5 KCI, 1.2 KHPO,, 1.3 MgS0,, 20
HEPES, 10 glucase and 1.2 Cally and centrifuged at 15,000 = g for 10min. The
suparnatant was removed and the pellet resuspendad in Krebs' buffer. The
synaptosomal fraction used contained appreximately 1 mg of protein/ml. This
fraction also contained approximately 5% contamination with fragments of the
innerand outer mitochondrial membranes, microsomes, myelin, as well az neural
and glial plasma membranes | Dunkley et al., 1888; Nagy et al., 1985; Migues etal.,
1909

23, Synaptssamal - glutamate uptake

Ass3ys were parformed in a final volume of 500 plin a standard incubation
medium composed of Krebs' buffer and §pM (3700B8g) of w-|*Higluamars
(1.81 GBg/mol, Amersham International, UKL

The synaptosomal i-[*H}glutamate uptake was performed in the presance of GA
(10nM}L This concentration of GA was previously reported to reduce i-
|*Hjglutamats uptake in forsbrain synaptosomes (Porcifincula st al., 2000)
Controls did not contain glutaric acid. The uptake was camried out for 1, 3, 5, 10,
15 and 30 min at 37 *Cafter the addition of synaptosames (100 pgaf protein/ tube)
and stopped by centrifugation [ 15,000 = g for 1 min at 4 °C). Radicactivity in the
gynaptosomal fellet was measured in a Wallac 1408 liguid scintillation counter.
The specifici*H]glutarate uptake was calculated as the difference berween total
uptake at 37°C and the uptake at 4 °C (non-specific uptake).

Kinetic analysis assay of:|*Hglutamate uptake was parformad in an incubatien
medium composad of Krebs' buffer in a final volume of 500 pl containing labelad
and unlabeled glutamate at final concentrations mnging from 0525 to 320 phl The
ynaptosomal | *H)glutamate uptake was performed in the pressnce of Ga
(10nM} Contrals did not contain GA. The uptakewas carrad out far 10 min at 37=C
after the addition of synaptosomes from striatum (100 pg of protein/tube) and
followead how above described. Kinetic parametars Knand Ve for synaptosomal -
|*Hjglutamate uptaksware datarminad by nonlinear regression analysis (GraphPad
Sftware, San Disgo, CA)L

In order, to evaluatz the invelvement of glutamate transportsrs on the GA-
induced -|[*H)glutamate uptake reduction, the sxperiments were done in the
presznce of SOWM c-mans-pyrrelidine-2d-dicarboxylate (PDC), which is a
substrate inhibitor of glutamate transparters.

To evaluate whether cxidative stress could alter GA-induced -[*Hlglutamate
uptaks reduction, other experiment was done in the presence of the synthetic
antioxidant Tralox (0.3, 06 and & M), a water-soluble derivative of vitamin E with
potent antioxidant properties, for 10min at 37 °C (Dreiem and Seegal, 2007).

24. Synaprasamal reacrive species fannaran

Reactive oxygen spacies were assayed using 2° T'dichlarofluorescein diacetate
(DCFH-DA), which is de-esterifisd within synaptosomes to the ionizad free acid,
dichlorofluorescein, DCFH. Thisis trapped within calls and thus accumulated. DCFH
B capableof being oxidized to the fluorescent 2, F-dichlorofluorescsin diacetats by
Eactive oxygen The utility of this probe inisolated subcellularcershral systems has
been described (Bondy et al., 1998 ) Assays were performed in a final volume of
2000 pl in a standard incobation medium composad of Krebs® buffer, 100 pl
gynaptosomes (1 me/ml). The synaptosomes were loaded with 5 wM DCFH-DA for
15 min at 37 °C. This incubation was stopped by centrifugation (16000 = g for
Smin) The synaptosamal pelletwas resuspendad in Krebs' buffer in a final velums
of 2000 pl In this solution was added Ga 10 nM and was read a long time for 1,3, 5,
10. 15 and 30 min at 37°C. Controls did not contain GA. The fluorescance was
determined en a spactroflusrometer, with excitation wavelength at 488 nm, and
anission wavelength 525 nm.

Other exparimeant was done in the pressnee of trolox (0.3, 05 and & pM) for
W min at 37°C (Dreiem and Sesegal, 2007), to evaluate whether this antioxidant
wuld decrease GaA-induced synaptosomal reactive species formation

The synaptosomal reactive spacies formation was also determinate in the
presence of NMDA glutamate receptor antagonist, dizocilpine (MK-801; 5 pM)
(Tavares et al., 2000) and non-NMDA glutamate receptor antagonist, §-cyano-7-
ritrogquinosaline-2,3-dione (CNQX: 100 M) (Barnes etal., 1994 ] to imestigate the
immlvement of glutamate receptors on the GA-induced DCFH oxidation increase in
striatal synaprosomas.

25, Lacrare defiydmgenase (LDH) assay

Synaptosomeswere incubated at 37 *Cfor 30 min in Krebs' bufferinthe presence
or absanee of 10nM GA. Viability was asessed by measuring the mlease of the
aytosalic enzyme lactate dehydmgenaze (LDH | LDH measuremant was carried out
in 25 pl aliguots using the LDH kit from Labtest reagants, Brazil. The LDH activity in
the incubation medium was assayed spactrophotometrically at a wavelength of
340 nrm. The results were expressad as peresntage of total LDH release. Total LDH
rlease (100% release) was achieved with 1% Triten X-100 in the incubation
medium. Under the experimental conditions used, mo changes in LDH were
chserved.

2.6 Chemiluminescense genarated in coll-froe sysrems

The assays were conductad in a standard medium compessd of phesphate
bufferad saline (PBS, 10mM KH;PD; and 150mM Nall, pH 74) and luminal
(50 mM, prepared daily in PBS | mixture. In this medium was added Hy02 (3.5 mM)
or GA (10nM ). Controls contained only phosphate buffered saline and luminel
mixture. Chemiluminescence gensrated was measured continuously for 3 min
(¥ildiz et al., 1288)

2.7. Protein determination

Protain content was measured enlorimetricallyby the method of Bradford [ 1976)
sing bovine serum albumin (1 mg/ml) as a standard.

2.8, Srarisrics

The synaptosomal | *Hjglutamate uptake and DCFH oxidation were analyzed by
ong- or two-way ANOVA, with time of measures treated as within subject factor,
depending on the axperimeantal design, followed by a Student-Mewman-Keuls test.
[eta from kinetic analysis of Ma"-dependent transport of synaptosomal -
*Higlutarate uptake in the prasence and absence the A were analyzad by a
students r-test for paired and independent samples. Effect of trolox in the
synaptosomal - *Hjglutarats uptaks and DEFH axidation were analyzed by a 2
(presence or absence of trolox) = 2 (presence or absence of GA) factorial ANOVA
Effect of PDC in the synaptosomal -[*Higlutamate uptaks was analyzed by a 2
(presznee or absence of PDC) = 2 (presence or absence of GA) factorial ANOVA.
Effect of glutamata rece ptor antagonists, MK-801 and CNQX, in the DCFH cxddation
was analyzed by a 2 (presance or absance of MK-801/CNQX) = 2 (presence ar
ahsence of GA) factorial ANOVA. Pasr hac analyses were carried out by the F test for
simple effect or the Student-Nawman-Keuls test, when appropriate. All data are
axprassed a5 mean £ SEM., P Q05 was considered significant

3. Results

We first evaluated the effect GA (10nM) on 1-[*H |glutamate
uptake by striatum synaptosomes of rats. Fig, 1 shows that CA
significantly decreased 1-[*H|glutamate uptake into striatum
synaptosomes as compared to controls  [F{5, 60)=23.56:
P <0001). In order to verify whether cellular death could be
responzible for the GA-induced glutamate uptake reduction, we
evaluated the viability of striatum synaptosomes measured by LDH
release assays, Statistical analysis revealed that synaptosomes
incubated for 30 min with GA (10nM) showed no significant
leakage of the cytosolic marker LDH as compared to controls,
Percentages of the total LDH content achieved by synaptosomal
disruption with Triton X-100 were: 2571 =2.51 (control):
25.06 = 2.04 (GA 10 nM, n =4 experiments).

Mext experiments, we evaluated the involvement of inhibitor of
glutamate transporters POC on the Na'-dependent 1-[*H|gluta-

[ contral
_ [ catond
% 500
&
;er
- *
g "
g =
£
E
=
e
T w0
)
g
3 100
=
3
F .
1 3 5 10 15 3n
time (minutes)

Flg. 1. Effect of glutaric acid (10 nM ) on -|*H)glutamate uptake by synaptosoms
from striatum of rats. Data are mean £ 5E M. for n =5 in each group. *F < Q001 as

compared te contrel (Stdent-Nawman-Keuls test).

130



Apéndice

=8
. 150 1 Cortrd
g Y
2
E wop
ZF
£3
:-E;z
g Hr
i
a  — - e
Contral PDC

g, 2. Bffact of PDC (in the absence and presence glutaric acid) on -|*Hjglutamate

uptake by synaptosome from striatum of rats. Data are mean£ SEM. forn=3 in
each group. °F < Q005 comparad with contral (Student-Newman-Ksuls tast)

mate uptake in the prezence or absence of GA in striatal
synaprosomes. We observed that both GA and PDC inhibired
Na*-dependent 1<[*H|glutamate uptake. Furthermore, GA did not
change the inhibitory effect of PDC [F1, 16)=12.7: P< 0.005]
(Fig. 2}

Fig. 3 shows alterations on kinetic parameters of the glutamate
uptake induced by the low concentration of GA. The hyperbolic
glutamare concentration=velocity curve demonstrates typical
substrate saturation kinetics expected of Na'-dependent gluta-
mate transport in synaptosomes, with K value of 20.8 =4.4 pM
and Viax of 77.5 = 3.5 pmoles/{mg protein min). Statistical analysis
revealed that CA significantly decreased [t =2.35; P < 0.05] Viyax [t
66,6 = 2.8 pmoles/{mg protein min}) and did not changed [t=0.91;
P> 0.05] Ky value (23.6 = 3.4 pM) of gluramare uptake as compared
o controls.

Considering that glutamate uptake transporters can also be
reduced by indirecc mechanisms, including reacrive species
formation, we decided to verify the effect of CA on the
synaprosomal oxidative stress. Statistical analysis thar GA did
not show oxidant activity per se as compared to Hy0, {data not
shown), but increased [F(5, 30) = 80.06; P = 0,001] DCFH oxidation
in striatal synaprosomes ac all times (1, 3,5, 10, 13 and 30 min ), as
compared to control (Fig. 4). In addition, we observed that trolox
(0.3, 0.6 and & M) decreased [significant treatrment (control or
trolox) by treatment (control or GA) interaction: F{3, 24)=8.37;
P« 0.001] GA-induced oxidative stress production by synaptoso-
mal preparations from striacum (Fig. 5). However, statistical
analysis revealed that trolox (0.3, 0.6 and & wM) did not decrease

30 = Comtral|a GA 10 nM
Ve | 775035 ] GBB:2 B
o Ho Joaaid] 2apias

o a0 160 240 320
Glutamate [pM)

Flg. 3. Effect of glutaric acid {10 nM) on kinetic analysis of high affinity, Na™-
dapandent transport - [*H]glutamate uptaks by synaptosome from striatum of rats.
[ata aremean pumol (kg proteinmin) + SE M_forn =& in each group. Corraspanding
kinatic analysis (Vi = wmol kg proteing Ko = wM) are providad and insert in tabla.
“P <005 as compared to control ($tudent's -test).
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Flg. 4. Efect of glutaric acid on DCFH oxidation by synaptosome from striatum of
rats. The DCFH oxidation incraase initiated 1min after GA administration and
persisted up to the end of the incubation period (30min) Data are the
means = 5$EM. n=4 animals in each group. *P< 0001 compared with contral
(Student-Nawman-Keuls tast)

inhibition of glutamate uptake |F(3, 56)=0.76: P> 005] induced
by GA (Fig. B

Since GA increased DCFH oxidation in striatal synaptosomes,
we decided to investigate whether ionotropic glutamate receptors
were involved in the currently described increase of oxidative
stress by GA. Statistical analysis showed that the non=-NMDA
glutamate receptor antagonist CNQX decreased [F(2, 24)=6.49:
P = 0.01] CA-induced DCFH oxidation increase (Fig. 7). In contrast,
the addition of the MMDA glutamate receptor antagonist MK-801
in medium of incubation did not protect against GA-induced
oxidarive stress. These resules agree with previous studies that
demonstrated the lack of effect of NMDA glutamate antagonists
against GA-induced decrease of Ma'-independent glutamate
binding to synaptic membranes and convulsions {(Lima et al.,
1998; Dalcin et al, 2007,

mer [Jcentrol
Csatonm
— *
T 180+
E
8 %
i o
B 120
£
E—- - __
= e T .
G
=
g wr
8 0 0.6 3 6
trolox ()

Flg. 5. Effect of trolex (in the absence and presence glutaric acid) on DCFH oxtidation
by synaptesoms from striatum ofrats. Dataare mean <+ SE.M. forn = &in sach group.
*P 001 compared with control; "pc DO as compared to GA group (Student-
Nawman-Kauls tast).

131



Apéndice

DV Magni er al./Int. J. Devi Neumscience 27 (2000] 85-72 @

150
3 [Jcontral
5 [leatonm
2 120 b
2
O
e 99Of = [ T =2
m
E
8
2
2 et
LN
a
T
g 30 r
g
£
oy

o

0 0.6 3 6
trolox (M)

Fg. 6. Effect of trolox (in the absence and presence glutaric acid) an - [*Hjglutamate
uptaks by synaptosome from striatum of rats. Data are mean 2 SEM. far n=8in
2ach group. *F < 005 compared with contral (Studant-Neawman-Keuls tast )

25 [ ceeal

5 . ERcaom
£ maf
§ "
Eowp #
;
£ 1wl
z
23
3
B L
= ]
=
I

a

St MEADT CHOX Frrsenl MK-AD O

Flg. 7. Effect of NMDA (5 M) and CNQX (100 M) (in the absence and presence
glutaric acid) an DCFH oxidation by synaptasame from striatum of rats. Data are
mean= SE M. for n=5in aach group. *P < 001 comparad with contrel; *F< (001 a3
mmpared to GA group (Student-Newman—Kauls test).

4 Discussion

Although the pathophysiology of GA-l is not ver fully
established, the excitotoxicity has been propesed as an important
neurotoxic mechanism in GA-l, especially due to the strucrural
similaricy berween glutamate, GA and 3-0H-CA (Flotc-Rahmel
et al., 1997; Lima et al.,, 1998; Kdlker et al, 1999, 2004b: Wajner
et al, 2004: Rosa et al, 2004} It is conceivable that some
conflicting results about GA-induced excitotoxicity could be due to
the ontogenetic and organ specific differences of glutamate
receptor and transporter expression (McDonald and [ohnston,
1890; Ullensvang et al., 1987; Furuta et al, 18997; Ozawa et al,
1998}, Therefore, the present investigation was undertaken to
evaluate theeffect of GA, at the lower concentration presentduring
inirial development of GA-l, on 1-[*H|glutamate uptake and
eactive species formartion from striatum synaptosomal of rats.
Furthermore, we evaluated, for first time, what kinetic parameters
of glutamane uptake could be altered by CA.

In the present study, we have initially shown a time curve
where the GA decreased 1-[*H|glutamate uptake from striatal

synaptosomes in all times tested. However, this effect was not due
to cellular death, as evidenced by LDH viability test, suggesting
that specific glutamate transporters localized in striatum could be
responsible for that effect. Considering that the glial GLAST and
GLT1 glutamare transporters and the neuronal glutamate trans-
porter EAACT can be present in synaprosomes preparations
(Tanaka et al, 1997; Danbolt, 2001}, it is plausible to propose
thatone or more of these transporters could serve as a target for CA
inhibitory effect. In agreement with this view, previous studies
have demonstrated that glutamate uptake in synaptosomal
preparations is mediared by GLT1 transporters {Robinson et al.,
1993 Bridges et al.,, 1999). Moreover, it has been demonstrated
that synaptosomes prepared from GLT1 deficient mutant mice
have very low uptake acrivities {Tanaka er al, 1997; Danbolr,
2001} Furthermore, Western blotting analysis revealed that
EAACT! and GLAST transporters are also present on the striatum
of rats at later ages (Furura et al,, 1987}

An important result of the present investigation was that a low
concentration of GA (10nM) significantly reduced the efficacy
(Viax), but not the affinity (Kp) of glutamate uptake in striatal
synaptosomes. These findings suggest that glutamate uptake
reducrion induced by low concentration of GA is due non-
competitive inhibition. Our results are in agreement with previous
findings demonstrating that a high concentration of GA {1 mM)
may reduce glutamare uptake in synaprosomes of whole brain
(Porcidncula et al., 2000, Moreover, it was shown that 1 mM, but
not 1 or 10 nM, of GA reduced the sodium-dependent glutamate
binding in plasma membranes of whole brain, indicating that CA
directly interacts with glutamate transporters {Porcidncula et al.,
2000). In accordance with that idea that low concentration of CA
did nort directly interact with glutamate transporter, our kinetic
data revelled that GA {10nM) did not altered K value for
glutamate uptake in striatal synaptosomes. Furthermore, the
reducrtion in glutamate uptake produced by low concentrations of
CA is mediated by a decrease in V4, Which is consistent with a
non-competitive inhibition of glutamate transpeorters. Thus, CA
could reduce gluramare uptake directly by an interaction with an
alosteric site in glutamate transporters {as acis reactive species). [n
fact, our experiments showed that the simultaneous addition of
the glutamate transporter inhibitor PDC {50 M) and GA {10 nh}
did not alter the inhibitory effect on the gluramare uprake in
striatal synaprosomes compared to the effect elicited by PDC alone,
indicating that GA can be binding to glutamate transporters and
that this disturbance of gluramatergic neurotransmission may
explain, at least in part, cerebral damage observed in GA-lL.

Other peint to be considered is that glutamate transporter
acrivity can be inhibited by oxidation (Volrerra et al., 1984 ; Trotri
et al, 1996, 1998: Manitsos et al, 2004) Thus, we evaluated
whether GA-induced glutamate uptake reduction can be due
reacrive species formarion on the striatum synaprosomes of rars.
Although trolox protects against GA-induced DCFH oxidation
increase in all concentrations, it did not protect against GA-
induced glutamare uptake reduction on the synaprosomes of
cerebral structure studied, suggesting that ROS formation is a late
event in the GA-induced neurotoxicity. Our results are in
agreement with previous findings demonstrating thareven though
trolox may reduce DCFH increase to control levels {Dreiem and
Seegal, 2007), it provides no protection against inhibition of
aspartate uptake induced by methylmercury (MeHg) {Allen et al.,
2001} Taken rogether these cbservations, our results suggest that
the excitoroxicity induced by low CA concentration can be the
initial mechanism of striatal damage and that free radical
generation can occur secondarily to glutamartergic overstimula-
tion, a fact that may be related to striatum degeneration observed
in GA-l patients. Furthermore, since that a previous study showed
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that GA inhibited synaptosomal glutamare uptake at 1 mM
concentration (Porcidncula et al., 2000} it may be presumed that
much lower intracellular concentrations of GA {10nM) are
sufficient to inhibit glutamate transport and increase oxidative
stress. In line of this view, it has been reported that slight reduction
on the excitatory neurctransmiccer uptake can account an
excitotoxic response (Allen et al., 2001).

Besides, we cannot rule out the possibility of that GA may also
stimulate glutamace receptors since we found that DCFH oxidation
increase provoked by GA was significantly atrenuated by the non-
NMDA receptor antagonist, but not by ME-B01, suggesting that
these receprors contribured, at least partly, to the GA-induced
oxidative stress. Our present findings may possibly explain a
previous in vivo report showing that the behavioral alterations and
convulsions provoked by intrastriatal administration of GA, in the
same dose that caused oxidative stress (Fighera et al., 2006), were
prevented by the non-NMDA antagonist DNQX, but not by the
NMDA antagonist ME-BO1 in adule rats (Lima et al, 1998}
Reinforcing this point, a recent report also showed that GA ca bind
to non-N MDA receprors in brain from rats {Porcifincula et al., 2004;
Dalcin et al., 2007 ).

In addirion, it has been demonstrated thar glutamare trans-
porters are mainly responsible for the maintenance of low
extracellular glutamate concentrations {Rothstein et al, 1996;
Danbole, 2001; Amara and Fontana, 2002). Moreover, the
mansporier system present in synaptosomes has been considered
as an important step for the medulation of the glutamatergic
system by controlling the glutamare-glutamine cycle { Otis, 2001 ).
Thus, inhibiting glutamate uptake, CA probably alters the synaptic
wirnover of glutamate, possibly leading to an increased cytosolic
pool of the excitatory neurotransmiteer, which in turn may resule
stimulation of glutamate receptors, causing intracellular Ca?”
increase, and leading to ROS generation (Volterra et al,, 1994;
Manitsos et al., 2004). We hypothesize thart this sequence of events
is responsible for the GA-induced neurcchemical alterations
reported here. Taken together these cbservations and previous
reports demonstrating that low GA concentration inhibits glura-
mate uptake {[Porcidncula et al, 2004) and markedly reduces
viability of neurons in culture via glutamate receptors (Kdlker
et al., 2000a,b), it is conceivable that our results may be related to
these findings.

In this context, these mechanisms may explain the involvernent
of the glutamatergic system in the neuronal toxicity, convulsions
and oxidative damage elicited by CA in rats (Kélker et al., 2001;
Fighera et al, 2006: Magni et al, 2007: Rosa et al, 2007}
Furthermore, the results presented in this report may be related to
some of the pathological changes chserved in patients with GA-l
such as the post-synaptic vacuclization characreristic of excito-
toxic neurcnal death {Olney, 1980), which has been described in
post-mortem examinartion of the brain of patients with GA-I {Amir
er al, 1987} In facr, previous studies have demonstrated the
presence of glutamate receptors in the basal ganglia and the
characteristic lesions of these cerebral structures in GA-I (Amir
et al., 1987; Goodman et al, 1995).

To determine precisely whether the induction of free radicals by
GCA occurs indirectly via irs inhibitory acrivity on cellular
metabolism, or whether it is a direct source of free radicals
because of its chemical reactivity, we verified whether GA {10 nM}
could increase chemiluminescence in cell-free system. We
observed that GA did not show oxidant activity per se (data not
shown ), indicating that chemical reactivity of GA is not direct
source of free radicals. In addition, these results reinforce the
assumption that ROS generation elicited by this organic acid occur
indirectly {Wajner et al,, 2004} and that, in low concentration,
some degree of cellular intactness is reguired to GA induce

oxidarivedamage. In this context, it has been proposed that GA and
3-0HCA induce striatal degeneration by disrupting mitochondrial
energy metabolism {Ullrich et al., 1999; Das et al,, 2003; Ferreira
et al.,, 2003), increasing glutamatergic neurotransmission (Wajner
et al.,, 2004 )and promoting oxidative stress {de Oliveira Margues
et al,, 2003; Latini et al, 2002, 2005b]), which ultimately causes
secondary excitotoxicity (Kdlker et al., 19599, 2000a,b, 2002a,b:
PorciGncula et al., 2004; Roza et al, 2004).

Mechanisms other than glutamatergic facilication have been
claimed to account for the neurotoxic actions of GA, such as Na™ K-
ATPase activity and GABAergic mechanisms inhibition induced by
GA (Fighera et al, 2006}, inhibition of w-keroglutarate dehydro-
genase complex by glotaryl-=CoA (Ssuer et al, 2003) and
bicenergetic impairment (Sauver et al., 2005 ). Therefore, we cannot
rule out that the neurotoxic effecrts of GA on the glutamate uptake
and free radicals preduction may be mediated, at least in part, by
one of these mechanisms {Fighera et al., 2008; Sauer et al,, 2008).
However, specific studies are necessary to determine the involve-
ment of these alternative mechanisms in the currently described
excitoroxic effect of GA-induced on gluramate uptake and
oxidative stress increase, and if these events are closely linked.

As regards to the physiclogical significance of our findings,
although we cannot establish with certainty whether our in vitro
data is related to the neurotoxicity observed in GA-l in viva, it
should be emphasized that the effects provoked by GA were
observed with concentrations similar to those encountered in
brain of glutaric acidemic patients {Goodman et al., 1977; Kolker
et al.,, 2003; Kilkens et al., 2005; Saver et al., 2006} Furthermaore,
the degree of alterations of the glutamatergic system detected in
our study is accepied to cause excitotoxicity in systems testing the
effect of porential excitoroxins (Ozawa et al, 1998; Allen er al,,
2001; Danbolt, 2001; Meldrum, 2002}

In conclusion, to our knowledge this is the first report showing
a kinericstudy to glutamarte uptake in the presence GAin striatum
synaptosomes of rats. Furthermore, taken together our results
suggest that the inhibition of glutamate uptake on synaptosomes
by the metabolite could result in elevated concentrations of the
excitatory neurotransmitter in the synaptic cleft and secondary
stimulation of glutamarce receptors by GA {3 glutamare strucru=
rally similar melecule). This glutamatergic neurctransmission
increase can lead to reactive species formarion and potentially
causingexcitoroxicity to neural cells, a fact thatmay be related to
the brain damage characteristic of glutaric acidemia type [. The
presentdara may explain, at leastpartly, initial striatal damage at
birth, as evidenced by acute bilateral destruction of caudate and
putamen observed in children with GA-I {(Goocdman, 2004).
However, further investigation should be carried out to define
initial mechanisms thatcan be inveolved on striatum degeneration
in this disorder.
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