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RESUMO

A acidemia glutarica tipo | (AG |) € um erro inato do metabolismo causado
pela deficiéncia severa da atividade da enzima glutaril-CoA desidrogenase.
Bioquimicamente, a AG | caracteriza-se por um aumento nas concentracdes dos
acidos glutarico (AG) e 3-hidroxiglutarico (3HG) nos tecidos e liquidos corporais.
Os pacientes afetados por essa doencga apresentam macrocefalia ao nascimento e
hipomielinizacdo ou desmielinizagdo progressiva do cortex cerebral. Crises de
descompensagdo metabodlica com encefalopatia aguda ocorrem principalmente
entre 3 e 36 meses de vida, levando a uma marcada degeneracgéao estriatal. Apds
as crises, os pacientes apresentam distonia e discinesia que progridem
rapidamente até espasticidade. Apesar de diversos estudos apontarem para
efeitos do AG e do 3HG induzindo disfungdo energética, estresse oxidativo e
excitotoxicidade, os mecanismos fisiopatolégicos da AG | ainda s&o pouco
conhecidos. Por outro lado, praticamente nada foi investigado sobre o
comportamento de animais submetidos a modelos de AG I. Assim, os objetivos do
presente trabalho foram estabelecer um modelo quimico de AG | através de
injecbes subcutdneas de AG em ratos durante uma fase de intenso
desenvolvimento do SNC, bem como investigar os efeitos deste modelo sobre o
desempenho de ratos em tarefas comportamentais e sobre parametros de
metabolismo energético em tecidos cerebrais (coértex cerebral e cérebro médio) e
musculo esquelético. Observamos que esse tratamento nio teve efeito sobre o
peso corporal dos animais, bem como sobre a data de aparecimento dos pelos,
abertura dos olhos, erupcéo dos dentes incisivos ou a tarefa do endireitamento em
queda livre, indicando que o desenvolvimento fisico e motor dos animais nao foi
alterado. Verificamos também que na tarefa do labirinto aquatico de Morris os
animais administrados com AG permaneceram por um periodo de tempo
significativamente menor no quadrante alvo (onde a plataforma foi inicialmente
colocada), além de permanecer por mais tempo no quadrante oposto ao
quadrante alvo. Além disso, os animais administrados com AG também tiveram
um menor numero de passagens pelo local exato da plataforma e apresentaram
uma maior laténcia para passar pela primeira vez sobre a posicdo da plataforma
no dia do teste, em comparagéo aos animais controle (administrados com solugéo
salina). Esses resultados indicam que a administragcdo de AG provocou um déficit
na memoria e no aprendizado dos ratos. Por outro lado, observamos que o
comportamento dos ratos na tarefa do labirinto em cruz elevado e no campo
aberto nao foi alterado pela administracédo do AG. Em relagdo aos parametros de
metabolismo energético, observamos que a administragdo crénica do AG inibiu
significativamente as atividades dos complexos I-lll e Il e aumentou a atividade do
complexo IV da cadeia transportadora de elétrons em musculo esquelético, sem
afetar essas atividades enzimaticas nas estruturas cerebrais estudadas.
Observamos ainda que a atividade do ciclo de Krebs, medida pela producao de
CO; a partir de acetato, nao foi alterada pela administragao crénica do AG, porém
a atividade da enzima creatina quinase (CK) foi marcadamente reduzida apenas
no musculo esquelético dos animais. Esses resultados indicam que a
administragdo crénica do AG provocou um déficit energético em musculo



esquelético sem afetar as estruturas cerebrais, 0 que pode estar relacionado com
as diferentes concentragdes de AG atingidas nesses tecidos.

Outro objetivo deste trabalho foi investigar o efeito combinado in vitro do
acido quinolinico (AQ) que foi recentemente associado a fisiopatologia da AG |,
com o AG ou 0 3HG e do AG com o 3HG sobre varios parametros do metabolismo
energético em cortex cerebral de ratos jovens. Observamos que, quando o AG,
3HG ou AQ foram testados isoladamente, ou quando AQ foi co-incubado com o
AG ou o 3HG, nao foram observadas alteracbes nos parametros de metabolismo
energético examinados. Por outro lado, a combinagdo do AG com o 3HG provocou
uma inibicdo da produgdo de CO, a partir de glicose, da atividade da enzima
piruvato desidrogenase e a utilizagao de glicose em cortex cerebral de ratos, bem
como um moderado aumento na produgéo de lactato a partir de glicose, porém de
uma forma nao significativa. Finalmente, observamos que a atividade da CK,
particularmente a fragdo mitocondrial, foi significativamente inibida pela co-
incubacdo do AG com o 3HG e que o GSH ou a combinagdo das enzimas
catalase e superdxido dismutase preveniram totalmente a inibicado dessa enzima.

Concluindo, demonstramos neste trabalho que a administracdo cronica de
AG compromete o aprendizado/memoria especial e inibe o metabolismo
energético em ratos jovens. Mostramos também um efeito sinérgico in vitro do AG
com o 3HG, alterando varios parametros do metabolismo energético.



ABSTRACT

Glutaric acidemia type | (GA 1) is an inborn error of metabolism caused by a
deficiency in the glutaryl-CoA dehydrogenase activity. Biochemically, GA | is
characterized by the accumulation of glutaric (GA) and 3-hydroxyglutaric (3HG)
acids in tissue and body fluids of affected patients, which present macrocephaly at
birth and a progressive demyelination of cerebral cortex. Striatal degeneration
following metabolic crises is the main neurological finding in this disease, occurring
between 3 and 36 months of life. After crises, dystonia and diskinesia progress
quickly. Although several studies suggest neurotoxic effects for GA and 3HG
inducing energy dysfunction, oxidative stress and excitotoxicity, the
pathophysiology of GA | is poorly unknown. However, practically nothing has been
done to investigate whether GA, the most pronounced metabolite accumulating in
GA |, could provoke deficit of performance in behavioral tasks. In this scenario, the
aim of the present work was to establish chemically-induced animal model of GA |
by subcutaneous injections of GA during a phase of rapid CNS development. We
also aimed to investigate the effects of this model on rat performance in behavioral
tasks and on energy metabolism in brain tissues (cerebral cortex and midbrain)
and skeletal muscle of rats. It was observed that chronic GA administration did not
change the animal body weight, the date of appearance of coat, eye opening or
upper incisor eruption, nor the free-fall righting task, indicating that the physical and
motor development was not altered. We also verified that GA-treated animals
stayed for a significantly shorter time in the target quadrant, where the platform
was formerly located, and spent significantly more time in the opposite quadrant as
compared to controls (injected with saline). GA-treated rats also had a lower
number of correct annulus crossings and presented a higher latency to cross over
the platform position than saline-treated animals. These data suggest that early
chronic postnatal GA administration caused a long-standing deficit in learning and
memory processes of rats. On the other hand, we observed that rat behavior in the
elevated plus maze and in the open field was not affected by GA administration.
With regards to energy metabolism parameters, we observed that GA treatment
significantly inhibited respiratory chain complexes I-lll and Il and increased
complex IV enzyme activity in skeletal muscle, with no effects on these enzyme
activities in brain tissues. We also observed that chronic GA treatment did not
modify Krebs cycle activity, as assessed by CO, production from acetate, but
markedly inhibited creatine kinase (CK) activity specifically in skeletal muscle.
These data indicate that GA administration provoked energy deficit in rat skeletal
muscle but not in brain structures. It is possible that this difference in GA effects is
related to different GA levels reached in these tissues during the treatment.

We also aimed with this work to investigate the combined in vitro effect of
quinolinic acid (QA), recently associated to GA | pathophysiology, with GA or 3HG
and of GA with 3HG on various parameters of energy metabolism in brain of young
rats. We found that when GA, 3HG or AQ were tested isolated, or when QA was
co-incubated with GA or 3HG, no alterations were found in the examined
parameters. On the other hand, the combination of GA with 3HG resulted in an
inhibitition of CO, production from glucose, pyruvate dehydrogenase enzyme
activity and glucose uptake from cerebral cortex, as well as in a mild increase in



the lactate production, although non-significantly. Finally, it was observed that CK
activity, particularly the mitochondrial fraction, was significantly inhibited by the co-
incubation of GA with 3HG and that GSH or the combination of catalase and
superoxide dismutase enzymes were able to fully prevent this inhibition.

Concluding, we here demonstrated that chronic GA administration
compromises the learning/memory processes and inhibits energy metabolism in
young rats. We also showed a synergic in vitro effect between GA and 3HG,
leading to alterations in various parameters of energy metabolism.
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GSH - glutationa reduzida

NMDA — N-metil-D-aspartato
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l.1. INTRODUCAO

[.1.1. Erros Inatos do Metabolismo

Em 1908, Sir Archibald E. Garrod usou o termo erros inatos do metabolismo
(EIM) para designar doengas como a alcaptonuria, 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 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 heranga autossémica recessiva para este
disturbio. Através da observacdo de que o acido homogentisico presente em
excesso na urina dos pacientes era um metabdlito normal da degradacgéao protéica,
ele relacionou este acumulo a um bloqueio na rota de catabolismo da tirosina.
Com o surgimento de novos disturbios relacionados a alteragdes genéticas e que
envolviam o acumulo de outras substancias nos liquidos biolégicos dos pacientes,
postulou-se que estas doengas resultavam da sintese qualitativa ou
quantitativamente anormal de uma proteina, na maioria das vezes enzimaticas
(Scriver et al., 2001). Presumiu-se, entdo, que em consequéncia deste bloqueio
metabdlico pode ocorrer o acumulo de precursores toxicos da reacao catalisada
pela enzima envolvida, com a formacdo de rotas metabdlicas alternativas e a
deficiéncia de produtos essenciais ao organismo (Bickel, 1987).

Até o momento foram caracterizados bioquimicamente mais de 500 EIM, a
maioria deles envolvendo processos de sintese, degradagdo, transporte e

armazenamento de moléculas no organismo (Scriver et al.,, 2001). Embora



individualmente raras, essas doengas em seu conjunto afetam aproximadamente 1

a cada 500 a 2.000 recém nascidos vivos (Baric et al., 2001).

[.1.2. Acidemias Organicas

As acidemias ou acidurias organicas constituem um grupo de EIM
caracterizados pelo acumulo de um ou mais acidos organicos nos liquidos
bioldgicos e tecidos dos pacientes afetados devido a deficiéncia da atividade de
uma enzima do metabolismo de aminoacidos, lipideos ou carboidratos (Chalmers
e Lawson, 1982). A frequéncia destas doengas na populagédo em geral é pouco
conhecida, o que pode ser creditado a falta de laboratérios especializados para o
seu diagndstico que requer equipamento sofisticado e de alto custo e/ou ao
desconhecimento meédico sobre essas enfermidades. Na Holanda, pais
considerado referéncia para o diagnédstico de erros inatos do metabolismo, a
incidéncia destas doencas é estimada em 1: 2.200 recém-nascidos, enquanto que,
na Alemanha, Israel e Inglaterra € de aproximadamente 1: 6.000 a 1: 9.000 recém-
nascidos (Hoffmann et al., 2004). Na Arabia Saudita, onde a taxa de
consanguinidade é elevada, a frequéncia é de 1: 740 nascidos vivos (Rashed et
al.,, 1994). Chalmers e colaboradores (1980) demonstraram que as acidemias
organicas eram os EIM mais freqlientes em criangas hospitalizadas motivando
diversos estudos clinicos, laboratoriais e epidemiolégicos nos anos seguintes.

Clinicamente os pacientes afetados apresentam predominantemente
disfungdo neurolégica em suas mais diversas formas de expressao: regressao
neuroldgica, convulsdes, coma, ataxia, hipotonia, hipertonia, irritabilidade,

tremores, movimentos coreatetéticos, tetraparesia espastica, atraso no



desenvolvimento psicomotor, retardo mental, dentre outros. As mais freqientes
manifestacdes laboratoriais sdo cetose, cetonuria, neutropenia, trombocitopenia,
acidose metabdlica, baixos niveis de bicarbonato, hiperglicinemia, hiperamonemia,
hipo/hiperglicemia, acidose lactica, aumento dos niveis séricos de acidos graxos
livres e outros (Scriver et al., 2001; Saudubray et al., 2006). O uso da tomografia
computadorizada revelou na maioria dos pacientes afetados por essas doencas
alteragdes de substancia branca (hipomielizagdo e/ou desmielizagdo), atrofia
cerebral generalizada ou dos ganglios da base (necrose ou calcificagdo),

megaencefalia, atrofia frontotemporal e atrofia cerebelar (Mayatepek et al., 1996).

[.1.3. Acidemia Glutarica Tipo |

A acidemia glutarica tipo | (AG |, OMIM # 231670) € uma desordem
neurometabdlica autossOmica recessiva, inicialmente descrita por Goodman e
colaboradores em 1975 (Goodman et al., 1975). Bioquimicamente, a AG | é
causada pela deficiéncia na atividade da enzima mitocondrial glutaril-CoA
desidrogenase (GCDH, EC 1.3.99.7) (Goodman e Frerman, 2001) da via de
catabolismo dos aminoacidos lisina, hidroxilisina e triptofano, que catalisa a
descarboxilagdo oxidativa da glutaril-CoA formando crotonil-CoA e COy,
transferindo os elétrons para a cadeia respiratéria via flavoproteina transferidora
de elétrons (ETF) (Lenich e Goodman, 1986). Essa reagao possui duas diferentes
etapas: a desidrogenacao de glutaril-CoA a glutaconil-CoA e a descarboxilacédo 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 por¢ao N-terminal na qual sdo retirados 44 aminoacidos



formando a proteina madura dentro da matriz mitocondrial (Goodman et al., 1998).
A maioria das mutagdes conhecidas esta relacionada com simples mudancgas de
bases como no caso da R402W, mutacdo mais frequente em caucasianos
(Goodman et al., 1998; Zschocke et al., 2000). Existe uma grande
heterogeneidade de mutacbes na deficiéncia da GCDH, porém, dentro de
comunidades especificas o padrédo pode ser mais homogéneo (Busquets et al.,
2000). Apesar do conhecimento de diferentes mutagdes, ndo ha correlagédo entre o
gendtipo, a atividade enzimatica e o prognéstico dos pacientes (Goodman et al.,
1998; Hoffmann e Zschocke, 1999; Kolker et al., 2006a). Com o bloqueio da
atividade enzimatica, formam-se rotas metabdlicas alternativas que resultam na
presenca de concentragdes elevadas dos acidos glutarico (AG), 3-hidroxiglutarico
(B3HG) e, algumas vezes durante as crises, glutacdnico nos tecidos e liquidos
bioldgicos (plasma, urina e liquor) dos individuos afetados (Goodman et al., 1975;
Goodman e Frerman, 2001) (Figura 1).

As concentracdes plasmaticas destes acidos variam entre 5 e 400 umol/L
(Hoffmann et al.,, 1991, 1996; Merinero et al., 1995) mas as concentragdes
cerebrais podem atingir 500-5000 pmol/L para o AG e 40-200 pmol/L para o 3HG
(Kllkens et al., 2005; Sauer et al., 2006). Tais diferengcas podem ser explicadas
pelo fato de que o AG e o 3HG sao produzidos nas células neurais e que a
barreira hematoencefalica é pouco permeavel a esses acidos organicos,
ocasionando o acumulo dessas substancias no sistema nervoso central o que se
constitui em um fator de risco na neurodegeneragao caracteristica dos pacientes

afetados (Hoffmann et al., 1993; Sauer et al. 2006; Kolker et al., 2006a,b).
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Lisina == Acido 2-aminoadipico <= Hidroxilisina

Triptofano == £jdo 2-cetoadipico

Acido glutarico |<e— Glutaril-CoA

GCDH % Acido glutacénico
Glutaconil-CoA

GCDH % ~ 3-Hidroxiglutaril-CoA
Crotonil-CoA 1

Acido 3-hidroxiglutarico

Acetil-CoA

Figura 1. Deficiéncia da enzima glutaril-CoA desidrogenase (GCDH). (Adaptado de

Goodman e Frerman, 2001)

A prevaléncia da AG | é estimada em 1: 30.000 a 1: 80.000 nascidos vivos
(Goodman e Frerman, 2001) podendo ser bastante aumentada (até de 1: 300
nascidos vivos; Kdlker et al., 2004a,b, 2006a) em algumas comunidades fechadas
como na Ordem Amish da Pensilvania (Biery et al., 1996) e nos indios

Salteaux/Ojibway do Canada (Greenberg et al., 1995).

[.1.3.1. Achados Clinicos
Entre os achados clinicos mais comuns estda a macrocefalia presente ao
nascimento. A sintomatologia inicial € geralmente branda com alguns pacientes

desenvolvendo-se normalmente até o aparecimento das crises encefalopaticas
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(Hoffmann et al., 1995). Apds as crises agudas surgem sintomas relacionados a
destruicdo estriatal como distonia e discinesia, hipotonia, convulsées, rigidez
muscular e espasticidade (Hoffmann e Zschocke, 1999; Strauss et al., 2003;
Kolker et al., 2004a). Ataxia, irritabilidade, retardo mental e deméncia também

estdo entre os achados clinicos da AG | (Kllkens et al., 2005).

1.1.3.2. Diagndstico

Apesar do desenvolvimento de diversas estratégias terapéuticas para o
tratamento da AG |, o diagndstico precoce continua sendo fator determinante para
um melhor progndstico para os pacientes afetados, uma vez que medidas
preventivas podem ser tomadas. Usualmente, o marcador bioquimico da AG | é a
presenca de quantidades elevadas de AG e 3HG nos liquidos bioldgicos
(especialmente na urina) dos pacientes (Goodman et al., 1977; Funk et al., 2005;
Kolker et al., 2006a). O diagndstico € geralmente realizado através da deteccao
desses compostos e seus ésteres de glicina e carnitina na urina por cromatografia
gasosa acoplada a espectrometria de massas (Hoffmann, 1994; Kdlker et al.,
2006a). O perfil de acilcarnitinas e a diminuigdo de carnitinas livres nos liquidos
bioldégicos determinados por espectrometria de massa podem ser usados como
métodos auxiliares no diagndstico de algumas dessas doengas (Ziadeh et al.,
1995). A anadlise mutacional ndo é muito utilizada para fins de diagnéstico devido
ao grande numero de mutagbes conhecidas, apresentando maior valor em
estudos de comunidades onde a consanguinidade é elevada e para fins de

pesquisa ou no diagndstico pré-natal (Busquets et al., 2000; Kolker et al., 2006a).
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Alguns pacientes apresentam excrecdo pouco elevada, intermitente,
ausente ou normal de AG (Merinero et al., 1995; Hoffmann et al., 1996; Baric et
al., 1998) e nesses casos a determinacao da atividade da GCDH em fibroblastos
ou leucdcitos e a determinacao de glutarilcarnitina por espectrometria de massas
em tandem deve ser realizada sempre que houver fortes suspeitas clinicas e

neuro-radioldgicas da doenga (Goodman e Frerman, 2001).

1.1.3.3. Achados Neuropatolégicos

Os achados neuropatolégicos da deficiéncia da GCDH incluem atrofia
cortical frontotemporal ao nascimento, formacédo espongiforme e diminuicédo de
substancia branca (leucoencefalopatia progressiva) e uma caracteristica
degeneragao bilateral aguda do estriado que é geralmente precipitada por
infecgbes ou vacinagdes (situagdes onde o paciente se encontra em catabolismo
elevado) entre os primeiros 3 e 36 meses de vida (Amir et al., 1987; Chow et al.,
1988; Brismar e Ozand, 1995; Hoffmann e Zschocke, 1999). Frequientemente, os
pacientes apresentam um alargamento dos espagos subaracndideos que, devido
a alta irrigacao sanguinea, os tornam suscetiveis a hemorragias agudas (Drigo et

al., 1996; Hoffmann e Zschocke, 1999).

[.1.3.4. Tratamento

Restricao dietética dos aminoacidos lisina, hidroxilisina e triptofano, com
énfase maior para lisina, precursores diretos dos acidos organicos acumulados, é
essencial para um melhor progndstico dos individuos afetados (Goodman e

Frerman, 2001; Kolker et al., 2006a). Além disso, suplementagcdo com dieta
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hipercaldrica, L-carnitina e riboflavina tém mostrado resultados positivos na
diminuicdo da toxicidade dessas substancias e na prevengao das crises
encefalopaticas dos pacientes (Hoffmann et al.,, 1996; Kilkens et al., 2005;
Chalmers et al., 2006).

Diversos medicamentos tém sido testados na terapia da AG |, sendo que
anticolinérgicos e toxina botulinica (Burlina et al., 2004), anticonvulsivantes
(Yamaguchi et al., 1987; Hoffmann et al., 1996), suplementagdo com creatina e
antioxidantes (Hoffmann e Zschocke, 1999) mostraram alguns resultados
satisfatérios. Mais recentemente, Zinnanti e colaboradores (2007), baseados em
estudos em um modelo animal de AG | (Zinnanti el al., 2006a), propuseram a
utilizacado da suplementagédo com glicose e homoarginina para reduzir o acumulo
cerebral dos metabdlitos toxicos gerados pela deficiéncia da GCDH.

Convém enfatizar que as novas estratégias terapéuticas devem ser bem
avaliadas, pois a utilizagao dessas terapias requer muito estudo e cautela quando
de seu uso para os pacientes. Por outro lado, na medida em que se conhegam os
mecanismos exatos do dano cerebral nos pacientes com AG I, melhores terapias

se tornarao disponiveis.

1.1.3.5. Modelos Animais de Acidemia Glutéarica Tipo |

Modelos animais que mimetizem as caracteristicas metabdlicas e
neuropatolégicas apresentadas pelos pacientes com AG | tem sido investigados.
Koeller e colaboradores (2002) desenvolveram um modelo knockout do gene da
GCDH em camundongos. Apesar dos animais apresentarem um fendtipo

bioquimico similar ao dos pacientes, com elevados niveis de AG, 3HG e
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conjugados de glicina e carnitina, esse modelo nado reproduz o fendtipo
neurologico e a degeneracao estriatal caracteristica dos pacientes afetados. Neste
modelo, foi estudado o desenvolvimento neuromotor dos camundongos
geneticamente modificados, sendo observado que os animais apresentaram
dificuldade de endireitar-se quando colocados de costas para o chao. Além disso,
esses animais apresentaram um pequeno déficit motor que foi evidenciado por
uma deficiéncia moderada ao caminhar sobre um plataforma estreita. Por outro
lado, esses animais ndo puderam ser diferenciados de camundongos normais em
relacdo as interagdes sociais ou ao comportamento na gaiola onde eles foram
mantidos. Um aperfeicoamento deste modelo foi proposto por Zinnanti e
colaboradores (2006a) com a administracao via oral de uma sobrecarga de lisina
aos animais. Neste particular, foi verificado que as concentracbes de acido
glutarico no cérebro dos camundongos knockout do gene da GCDH aumentaram
significativamente e que o0s mesmos apresentaram um padrdao de
neurodegeneragcao dependente do estagio de desenvolvimento semelhante ao
apresentado pelos pacientes afetados pela AG | (leséo estriatal), além de provocar
a perda de seletividade da barreira hematoencefalica. Por outro lado, Strauss e
Morton (2003) propuseram um modelo de degeneragao estriatal aguda com o uso
do 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 AG
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1.1.3.6. Fisiopatologia

A AG | é considerada uma acidemia organica “cerebral” pois os individuos
afetados apresentam essencialmente sintomatologia neurolégica. No intuito de
explicar a fisiopatogenia do dano cerebral da AG I, distintos mecanismos tém sido
propostos, envolvendo principalmente a toxicidade dos principais metabdlitos
acumulados nessa doenga (AG e 3HG) sobre processos que levam a
excitotoxicidade, estresse oxidativo e disturbios de bioenergética.

O primeiro trabalho evidenciando um efeito dos metabdlitos acumulados na
deficiéncia da GCDH sobre o metabolismo do acido y-aminobutirico (GABA) foi
realizado por Stokke e colaboradores (1976). Esse trabalho mostrou uma inibigdo
competitiva da enzima glutamato descarboxilase (enzima que converte o
glutamato a GABA) na presenga dos acidos AG, 3HG e glutacénico. Neste
particular, concentragdes estriatais reduzidas de GABA (caudato e putamen)
foram encontradas em um paciente com AG | (Leibel et al., 1980). Outros estudos
corroboraram esses achados, demonstrando que as convulsdes decorrentes da
administracao intraestriatal de AG (Lima et al., 1998) e 3HG (de Mello et al., 2001)
em ratos foram prevenidas por muscimol, um agonista de receptores GABAa. Por
outro lado, Ullrich e colaboradores (1999), contudo, ndo encontraram efeitos do
3HG sobre receptores de GABA.

Baseado no fato de que alguns autores relacionam as vacuolizagbes
encontradas em estudos postmortem com ceérebro de pacientes afetados pela
deficiéncia da GCDH com a toxicidade glutamatérgica (Goodman et al., 1977;

Forstner et al., 1999; Hoffmann e Zschocke, 1999), diversos trabalhos tentam
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explicar a neurotoxicidade da AG | pela acdo desses acidos organicos sobre
receptores e transportadores glutamatérgicos. Kolker e colaboradores (2000,
2002a) propuseram que o 3HG ativa seletivamente receptores do tipo NMDA
compostos pelas subunidades NR1/NR2A e NR1/NR2B em culturas neuronais de
telencéfalos de embrides de pinto. Corroborando este achado, Bjugstad e
colaboradores (2001) mostraram que culturas de neurbénios de cérebro de ratos
nao se mostram sensiveis a esse acido antes da expressao de receptores do tipo
NMDA. Em adigdo, a pré-incubacado de culturas de neurénios com antagonistas
especificos de receptores NMDA, bem como a pré-administracdo desses
antagonistas in vivo reduzem ou mesmo previnem o dano celular provocado pelo
3HG (Kolker et al., 2000; de Mello et al., 2001). Entretanto, Ullrich e colaboradores
(1999) utilizando estudos eletrofisiolégicos em diferentes sistemas celulares néo
encontraram evidéncias de que o 3HG liga-se diretamente a receptores NMDA,
sugerindo que um déficit energético possa explicar de modo indireto a ativagao
desses receptores. Considerando-se que os receptores NMDA NR1/NR2B sao
predominantemente expressos em ceérebro imaturo (McDonald, Silverstein e
Johnston, 1988) e que o dano neuronal muda conforme os diferentes modelos de
estudo, sugere-se que exista uma dependéncia da distribuicdo regional e do
periodo de desenvolvimento na suscetibilidade dos neurdnios a toxicidade do 3HG
(Ullrich et al., 1999; Kolker et al., 2004b; Goodman, 2004). Para o AG, foi
demonstrada uma inibicdo da ligagdo de glutamato a seus transportadores e da
captacao dessa substancia por preparacdes sinaptossomais de cérebro de ratos
(Porciuncula et al., 2000). O AG também interferiu com a captacdo de glutamato

por vesiculas e parece interagir com receptores glutamatérgicos do tipo néao-
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NMDA em cérebro de ratos (Porciuncula et al., 2004). Neste contexto, convulsdes
em ratos provocadas pela administracao intraestriatal de AG foram prevenidas por
DNQX, um conhecido antagonista de receptores ndo-NMDA (Lima et al., 1998).
Entretanto, Kdlker e colaboradores (2000) ndo encontraram evidéncias de que o
AG 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 com o sistema glutamatérgico, recentes trabalhos
nao confirmam essa hipotese (Lund et al., 2004; Freudenberg, Lukacs e Ullrich,
2004), fazendo com que esta questao continue sob intenso debate.

Por outro lado, varios trabalhos demonstraram a producgao de radicais livres
e a diminuicdo das defesas antioxidantes no cérebro de ratos na presenca de AG
e 3HG. Latini e colaboradores (2002, 2005b) mostraram que o 3HG aumenta a
lipoperoxidagao, a producao de 6xido nitrico e de perdxido de hidrogénio, além de
diminuir as defesas antioxidantes e os niveis de glutationa reduzida em cértex
cerebral e estriado de ratos. Uma produgdo aumentada de espécies reativas de
oxigénio na presenca de 3HG também foi evidenciada em culturas de neurdnios
de telencéfalos de embrides de pinto (Kolker et al., 2001). Com respeito ao AG, foi
demonstrado um aumento na lipoperoxidacdo e uma diminuicdo das defesas
antioxidantes, com diminui¢do da atividade da enzima glutationa peroxidase em
cérebro de ratos (de Oliveira Marques et al.,, 2003). Além disso, Latini e
colaboradores (2007) mostraram que tanto a administragdo aguda quanto a
crénica de AG aumentam a lipoperoxidacdo e diminuem as defesas antioxidantes

em diferentes estruturas cerebrais, figado e eritrocitos de ratos.
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Em relagdo aos disturbios de bioenergética, estudos realizados em culturas
de neurdnios de ratos mostraram que o 3HG inibe os complexos Il e V da cadeia
transportadora de elétrons e diminui os niveis de fosfocreatina (Ullrich et al., 1999;
Das, Luche e Ullrich, 2003). Latini e colaboradores (2005a) também encontraram
uma inibicdo do complexo Il da cadeia transportadora de elétrons em
homogeneizados de cortex cerebral e células C6 de glioma de ratos na presenca
desse metabdlito. Além disso, o mesmo estudo demonstrou que o 3HG pode
interferir com o consumo de oxigénio em preparagdes mitocondriais, funcionando
talvez, como um desacoplador da fosforilacdo oxidativa em situacbes onde a
mitocdndria esteja sob condigdes de estresse. Kolker e colaboradores (2002a)
encontraram uma pequena inibicgdo do complexo V somente em altas
concentragdes de 3HG (10 mM) sem nenhuma alteragao dos outros complexos da
cadeia respiratéria em culturas de neurdnios de telencéfalos de embrides de pinto,
concordando em parte com um estudo realizado em particulas submitocondriais
de coracdo bovino que ndo mostrou nenhum efeito desse acido sobre os
complexos enzimaticos da cadeia transportadora de elétrons (Sauer et al., 2005).
Foi também demonstrado que o AG inibe os complexos I-lll e ll-lll da cadeia
respiratoria, diminui a producdo de CO, e os niveis de ATP em cértex cerebral de
ratos (Silva et al., 2000). Outros trabalhos mostraram uma inibicdo dos complexos
I-1Il e 1l-1ll e da enzima creatina quinase em musculo esquelético e cérebro médio
de ratos administrados agudamente com AG (Ferreira et al., 2005). Resultados
semelhantes foram descritos também in vitro (da C. Ferreira et al., 2005).

Por fim, outros trabalhos sugerem que a disfungéo endotelial com perda da

integridade da barreira hematoencefalica (Strauss e Morton 2003; Zinnanti et al.,
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2006a; Muhlhausen et al., 2006) e metabdlitos da via das quinureninas, uma das
rotas de catabolismo do triptofano, juntamente com outras substancias
acumuladas na AG | podem estar envolvidos na neurodegeneragao dessa doenga
(Heyes, 1987; Varadkar e Surtees, 2004; Lehnert e Sass, 2005).

Com base nesses resultados, alguns autores postularam o 3HG como a
principal neurotoxina na AG |, atuando principalmente pela indugdo de
excitotoxicidade (Ullrich et al., 1999; Kolker et al, 2002a). No entanto, outros
estudos demonstram que o AG é igualmente neurotéxico (Lima et al., 1998; Kolker
et al., 1999, 2001a,b, 2002; Ullrich et al., 1999; Porciuncula et al., 2000; Bjugstad
et al.,, 2001; de Mello et al., 2001; de Oliveira et al.,, 2003; Rosa et al., 2004).
Recentemente foi publicado um estudo por Zinnanti e colaboradores
demonstrando que as concentragdes de AG no cérebro de camundongos Gcdh-/-
submetidos a uma sobrecarga de lisina aumentaram significativamente e que os
mesmos apresentaram um padrdo de neurodegeneragao dependente do estagio
de desenvolvimento, semelhante ao apresentado pelos pacientes afetados pela
AG | (lesdo estriatal), além de provocar a perda de seletividade da barreira
hemato-encefalica (Zinnanti et al., 2006a). Além disso, os mesmos autores
demonstraram que essa sobrecarga de lisina na dieta provoca uma disfungéo
mitocondrial idade-dependente no cérebro de camundongos Gcdh-/- (Zinnanti et
al., 2007), fazendo com que o disturbio bioenergético causado pelo AG possa ser
um importante mecanismo fisiopatolégico na AG I.

Por outro lado, apesar da intensa investigacdo e da severidade dos
sintomas apresentados pelos pacientes afetados por essa doenga, os

mecanismos que levam a suscetibilidade frontotemporal cortical durante a
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gestacao e a janela de vulnerabilidade estriatal durante os primeiros anos de vida
ainda nao foram elucidados, constituindo-se nos principais desafios da pesquisa

da patogénese da AG | (Goodman, 2004).

[.1.4. Metabolismo energético no cérebro de mamiferos

O principal substrato energético para o cérebro de mamiferos adultos é a
glicose, porém o padrao de utilizagdo deste nutriente varia conforme a etapa de
desenvolvimento do sistema nervoso central (SNC), o estado nutricional do

individuo e o destino de sua cadeia de atomos de carbono (Marks et al., 1996).

Nas primeiras horas apds o nascimento, o lactato € a principal fonte de
obtencao de energia cerebral em seres humanos (Vicario et al., 1991). Com o
inicio do periodo de amamentagao, os corpos cetdnicos, formados a partir da
oxidagdo dos acidos graxos contidos no leite, sdo utilizados em grandes
quantidades pelo cérebro. Assim, durante as primeiras semanas de
desenvolvimento, os corpos cetbnicos se constituem como uma das principais
fontes para obtencédo de energia pelo cérebro (Miller et al., 1982). Nesta fase, o
consumo de glicose pelo cérebro é reduzido, aumentando gradativamente em
poucas semanas. O equilibrio entre o consumo de glicose e de corpos cetbnicos é
alcangado por volta dos 18 dias de vida, quando a utilizagdo de glicose se torna

preferencial em condigdes normais (Crone, 1965; Cremer et al., 1976).

O estado nutricional também dita o padrao de utilizagao de nutrientes pelo
cérebro. Situagdes de jejum prolongado fazem com que o SNC passe a utilizar

corpos cetbnicos para obtencao de energia, a fim de poupar o organismo de um
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catabolismo protéico exacerbado resultante da necessidade da manutengédo da

glicemia via gliconeogénese (Marks et al., 1996).

A glicose captada pelo cérebro é também fonte de carbono para a sintese
de diversas outras biomoléculas essenciais (por exemplo, neurotransmissores), 0
que reforca a idéia de que a utilizacdo de glicose nao esta atrelada somente a

produgao de energia.

O ciclo do acido citrico € a via comum de oxidagdo dos glicidios,
aminoacidos e &acidos graxos (aproximadamente 95% do ATP sintetizado). O
metabolismo energético cerebral se mostra essencialmente aerébico, sendo a
glicose o principal substrato utilizado (Clark et al., 1993), entrando no ciclo sob a
forma de acetil-CoA que é entdo oxidado completamente a CO,. As reacdes
anaplerdticas que alimentam o ciclo fornecendo diretamente seus intermediarios
também fornecem substratos para as reagdes de oxidagdo no cérebro. Quando
nao ha hipoxia, a fosforilacido oxidativa € dependente da concentragao de ATP,
ADP e fosfato inorganico (Pi) e da razdo mitocondrial de NADH/NAD® que é
determinada pela atividade da cadeia transportadora de elétrons e pelo
fornecimento de elétrons por enzimas mitocondriais. A cadeia transportadora de
elétrons oxida o NADH e bombeia prétons para o espaco intermembrana da
mitocdndria formando assim um gradiente de prétons que ativa a ATP sintase que

produz ATP na fosforilagao oxidativa (Erecinska e Silver, 1994).

A atividade do ciclo do acido citrico pode ser medida através da formacéao
de CO,. Neste particular, diversos substratos marcados por isétopos radioativos

sao oxidados in vitro pelo cérebro até CO,. A utilizacdo dessas substancias tem
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auxiliado no estudo do metabolismo energético cerebral a partir de diferentes
pontos da rota aerdbica de oxidacdo, dependendo do substrato utilizado (por

exemplo, glicose, acetato ou citrato) e da posicdo em que a molécula € marcada.

I.1.5. Fosforilagdo oxidativa

As coenzimas nucleotidicas reduzidas NADH e FADH,, provenientes da
oxidagao de glicose, acidos graxos, aminoacidos e intermediarios do ciclo do acido
citrico sdo moléculas ricas em energia, pois contém elétrons com alto potencial

energético que podem ser facilmente liberados (Nelson e Cox, 2000).

A fosforilacdo oxidativa é o processo pelo qual o O, é reduzido a H,O, por
elétrons doados pelo NADH e FADH, que fluem por varios pares de reducéao-
oxidagao (cadeia respiratoria), ocorrendo concomitantemente a producéo de ATP
a partir de ADP e Pi (Nelson e Cox, 2000). Em eucariotos, a fosforilagdo oxidativa
ocorre nas mitocédndrias, mais precisamente na cadeia transportadora de elétrons

e € responsavel pela maior parte da energia liberada pela célula (Figura 2).

As mitocondrias sao corpusculos envolvidos por uma membrana externa,
facilmente permeavel a pequenas moléculas e ions e por uma membrana interna,
impermeavel & maioria das moléculas e ions, incluindo protons H* (Nelson e Cox,
2000). A membrana interna é composta por aproximadamente 75% de proteinas.
E livremente permeavel somente a O,, CO, e H,O e contém, além das proteinas
da cadeia transportadora de elétrons, varias proteinas de transporte que controlam
a passagem de metabdlitos, como piruvato, glicerolfosfato, malato, acidos graxos,

prétons e outras moléculas essenciais as fungdes mitocondriais (Abeles et al.,
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1992). A seletividade da membrana mitocondrial interna para a maioria dos ions e
metabdlitos permite a formacdo de um gradiente ibnico através dessa barreira e
resulta na compartimentalizacdo das fungdes metabdlicas entre o citosol e a
mitocdndria (Voet e Voet, 1990). O fluxo de elétrons a partir de NADH e FADH,
até o O, (aceptor final de elétrons) se da através de complexos enzimaticos
ancorados na membrana mitocondrial interna com centros redox com afinidade
crescente por elétrons. A sequéncia de carreadores de elétrons, de um modo
geral, reflete seus potenciais de reducgéo relativos, sendo o processo global de

transporte de elétrons exergdnico.

A cadeia respiratoria € composta por varios complexos enzimaticos e uma
coenzima lipossoluvel, a coenzima Q ou ubiquinona (Di Donato, 2000). O
complexo |, conhecido como NADH desidrogenase ou NADH: ubiquinona
oxidorredutase, transfere os elétrons do NADH para a ubiquinona. O complexo I,
sucinato desidrogenase, reduz a ubiquinona com elétrons do FADH, provenientes
da oxidacdo do sucinato a fumarato no ciclo do acido citrico. O complexo llI,
citocromo bc; ou ubiquinona-citocromo ¢ oxidorredutase, catalisa a reducdo do
citocromo c a partir dos elétrons provenientes da ubiquinona reduzida. O complexo
IV, conhecido como citocromo ¢ oxidase, catalisa a transferéncia dos elétrons do
citocromo c¢ reduzido para o O, reduzindo-o a H;O. Todos esses complexos
possuem grupamentos prostéticos (grupamento heme, por exemplo) especificos
para desempenharem o papel de aceptores e doadores de elétrons (Abeles et al.,

1992).
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O fluxo de elétrons através dos complexos da cadeia transportadora de
elétrons € acompanhado pelo bombeamento de prétons da matriz mitocondrial
para o espacgo intermembranas. Com isso, cria-se um gradiente eletroquimico
transmembrana que pode ser utilizado por um quinto complexo protéico, a ATP
sintase, para a sintese de ATP. Dessa forma, a oxidagdo de substratos
energéticos esta acoplada ao processo de fosforilagdo do ADP, ou seja, quando o
fluxo de prétons volta a favor do gradiente eletroquimico, a energia liberada é
utilizada pela ATP sintase que funciona como uma bomba de prétons dependente

de ATP trabalhando no sentido reverso, para liberar o ATP (Nelson e Cox, 2000).

Além do possivel déficit na producdo de ATP, que se constitui na principal
moeda energética para os processos celulares, algumas doengas genéticas e
outros disturbios que interfiram na cadeia transportadora de elétrons aumentam os
niveis de NADH, inibindo o ciclo do acido citrico e impedindo a entrada de piruvato
neste. Como consequéncia, o piruvato € convertido a lactato, cujos niveis se

elevam no sangue do individuo (Voet e Voet, 1990).
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Figura 2. Fluxo de elétrons através dos quatro complexos da cadeia respiratéria. O
gradiente eletroquimico transmembrana formado possibilita a sintese de ATP pela

ATP-sintase (adaptado de Nelson e Cox, 2004).

[.1.6. Estudos comportamentais

Uma abordagem importante para se avaliar dano funcional causado ao
sistema nervoso central (SNC) por neurotoxinas € a utilizacdo de tarefas
comportamentais em animais. Neste particular, o agente potencialmente
neurotoxico a ser testado pode causar déficit no desempenho dos animais nas
tarefas selecionadas. No entanto, convém salientar que uma relagao direta entre o
grau da leséo cerebral e o déficit cognitivo nem sempre ocorre. Extensas lesdes

podem n&o causar déficit cognitivo, enquanto que pequenas lesdes podem gerar
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grandes consequéncias funcionais. Varios fatores podem contribuir para a
dissociacao entre o tamanho da lesdo e o déficit funcional. Entre eles podemos
citar a localizacdo do dano cerebral, a habilidade prévia do animal, o tempo
decorrido desde que ocorreu a lesdo e as diferencas individuais.
Independentemente destas observacgdes, a realizagcédo e a analise do desempenho
de animais submetidos a um tratamento com o agente potencialmente téxico em
tarefas comportamentais sao importantes para avaliar as possiveis consequéncias
funcionais de um dano neuronal (Olton e Markowska, 1994).

No modelo knockout de AG | foi apenas estudado o desenvolvimento motor
dos camundongos, nao tendo sido investigado o aprendizado e a memoria dos
animais (Koeller et al., 2002). No presente estudo, um dos objetivos foi verificar se
a administragao crénica com acido glutarico poderia alterar a performance de ratos
em varias tarefas que medem a cognigéo, atividade motora e emogao. As tarefas

executadas foram como segue.

[.1.6.1 Aprendizado e Memoria no Labirinto Aquatico de Morris

Aprendizado e memoaria sdo funcdes basicas do SNC fundamentais para a
adaptacao de um organismo ao meio ambiente. O aprendizado pode ser definido
como a aquisi¢cao de informacgdes através da experiéncia e a memoria, com 0O
armazenamento de informagdes (lzquierdo, 1989). Ao escolhermos uma tarefa
para avaliar o aprendizado e a memoédria de um animal, devemos levar em
consideragao o interesse e a capacidade do animal de aprender a tarefa e sua
capacidade de executa-la. A tarefa do labirinto aquatico de Morris € adequada

para se avaliar cognicdo em ratos, uma vez que estes animais sao bons
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nadadores e apresentam uma boa capacidade de localizacdo espacial que é
requerida nesta tarefa. Por outro lado, a agua € um meio aversivo para estes
animais que procuraram escapar da mesma. Enfatize-se que a tarefa do labirinto
aquatico de Morris € adequada para a avaliacdo da integridade funcional de
algumas estruturas do sistema nervoso central envolvidas com o0s processos
envolvidos com aprendizado e memoria e particularmente com o raciocinio
espacial, como, por exemplo, o hipocampo e o estriado (Olton e Markowska, 1994;

Save e Poucet, 2000).

[.1.6.2 Campo aberto

A atividade exploratéria de animais de laboratério pode ser analisada pela
tarefa do campo aberto que permite observar como o animal se comporta em um
ambiente amplo (Ho et al., 2002).

O teste é realizado em uma caixa de madeira com dimensdes
estabelecidas, em que o fundo é dividido por linhas pretas em 12 quadrados
iguais. Neste experimento € avaliada a movimentacdo espontdnea entre as
divisbes da caixa que indica a atividade exploratéria dos animais. Pode-se avaliar
também o medo dos animais que se reflete pela imobilidade na caixa e a
capacidade de exploragao do ambiente e fuga que é avaliado através do numero

de rearings (Vianna, 2000).

[.1.6.3 Labirinto em cruz elevado
O labirinto em cruz elevado é um teste comportamental utilizado para

avaliar ansiedade em roedores, principalmente por ser um modelo eficaz, simples,

28



de baixo custo e de facil interpretacdo (Cruz-Morales et al., 2002). Para a
realizacao do teste é utilizado um labirinto que consiste de dois bracos fechados
opostos, com paredes laterais e dois bragos abertos opostos, ou seja, sem
paredes. Os bracos ficam dispostos em forma de uma cruz e os animais sao
inicialmente colocados na area central. Entre os parametros que podem ser
analisados estdo o numero e o tempo de permanéncia nos bragos abertos que

refletem o nivel de ansiedade dos animais.
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[.2. OBJETIVOS

[.2.1. Objetivo Geral

O objetivo geral deste trabalho foi investigar os efeitos da administracédo
cronica de acido glutarico sobre tarefas comportamentais e sobre parametros de
metabolismo energético em cortex cerebral, cérebro médio e musculo esquelético
de ratos jovens. Avaliamos também os efeitos in vitro da incubagédo simultanea
dos acidos glutarico, 3-hidroxiglutarico e quinolinico sobre paréametros de
metabolismo energético em cértex cerebral de ratos jovens, na tentativa de
identificar efeitos sinérgicos dos metabdlitos acumulados na AG | e, portanto
melhor compreender os mecanismos fisiopatolégicos do dano tecidual

caracteristico desta doenca.

[.2.2. Objetivos Especificos

e Estabelecer um modelo cronico de acidemia glutarica tipo | induzido
quimicamente pela administragdo subcutédnea de acido glutarico (AG) em ratos,
mimetizando o principal achado bioquimico desta doenca;

e Investigar os efeitos da administragéo crénica subcutédnea de acido glutarico
(AG) em ratos sobre a performance de ratos nas tarefas comportamentais labirinto
aquatico de Morris, labirinto em cruz elevado e campo aberto;

e Investigar os efeitos da administragao cronica subcutanea de acido glutarico
(AG) sobre a produgdo de CO, a partir de [1-"CJacetato, bem como sobre as

atividades dos complexos da cadeia transportadora de elétrons I-IV e da enzima
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creatina quinase em cortex cerebral, cérebro médio e musculo esquelético de
ratos;

e Investigar os efeitos in vitro da co-incubagdo dos acidos glutarico (AG), 3-
hidroxiglutarico (3HG) e quinolinico (AQ) sobre a utilizacdo de glicose, liberagcéo
de lactato, producdo de CO; a partir de [U-"*C]glicose e [1-'*CJacetato e sobre a
atividade da enzima creatina quinase em cortex cerebral de ratos;

e Investigar os efeitos in vitro da co-incubacgéo dos acidos glutarico (AG) e 3-
hidroxiglutarico (3HG) sobre a utilizagao de glicose, liberacéo de lactato, produgao
de CO, a partir de [U-"*C]glicose e [1-'*Clacetato e sobre as atividades das

enzimas piruvato desidrogenase e creatina quinase em cortex cerebral de ratos.
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Abstract

Glutaric acidemia type I (GA I) is an autosomal recessive metabolic disorder caused by glutaryl-CoA dehydrogenase deficiency leading to
predominant accumulation of glutaric acid (GA), and to a lesser extent of 3-hydroxyglutaric acid (3HG) in body fluids and tissues. The clinical
manifestations of GA I are predominantly neurological. Although the pathophysiological mechanisms responsible for the brain damage of this
disease are virtually unknown, they are thought to be due to the neurotoxic actions of GA and 3HG. Therefore, in the present work we investigated
whether chronic exposure of GA (5 mol g of body weight™', twice per day), the major metabolite accumulating in GA I, during early development
(from the 5th to the 28th day of life) could alter the cognitive performance of adult rats in the Morris water maze, open field and elevated plus maze
tasks. Control rats were treated with saline in the same volumes. GA administration provoked an impairment of spatial performance in the water
maze since adult rats pretreated with GA were not able to remember the previous location of the platform spending significantly less time in the
training quadrant. In contrast, GA chronic administration did not affect rat performance in the open field and elevated plus maze tasks, indicating
that motor activity and anxiety was not changed by GA. The results provide evidence that early chronic GA treatment induces long-lasting spatial

behavioral deficit.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Glutaric acidemia type I; Glutaric acid; Memory; Water maze; Rat

1. Introduction

Glutaric acidemia type I (GA I, McKusick 23167; OMIM
#231670) is an autosomal recessive disease caused by defi-
ciency of the activity of the mitochondrial enzyme glutaryl-CoA
dehydrogenase (EC 1.3.99.7), which is involved in the
catabolic pathway of lysine, hydroxylysine and tryptophan [1].
Increased concentrations of glutaric acid (GA), as well as 3-
hydroxyglutaric (3HG), but in lesser amounts, are found in the

* Corresponding author at: Departamento de Bioquimica, ICBS, Universidade
Federal do Rio Grande do Sul, Rua Ramiro Barcelos, 2600 Anexo, CEP 90035-
003, Porto Alegre, RS, Brazil. Tel.: +55 51 3308 5571; fax: +55 51 3308 5539.

E-mail address: mwajner @ufrgs.br (M. Wajner).

0166-4328/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2007.10.003

body fluids and brain tissue of GA I patients [2,3]. Clinical man-
ifestations of GA I are predominantly neurological, occurring
especially after encephalopathic crises, which are accompanied
by bilateral destruction of caudate and putamen with severe loss
of medium-sized GABAergic neurons [3,4]. Fronto-operculo-
temporal hypoplasia frequently detected at birth is a distinctive
radiological appearance that may be pathognomonic for GA 1.
Over subsequent years, progressive involvement of the cortical
white matter with vacuolization of cerebral structures (cerebral
atrophy) occurs leading to cognitive impairment [5]. Although
the neuropathological findings are pronounced in this disease,
the mechanisms underlying the acute and chronic progressive
brain damage of GA I are not completely defined to date.
Howeyver, various in vivo and in vitro studies have shown neuro-
toxic effects of GA and 3HG, including excitotoxicity [6—10],
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oxidative damage [11-15] and disruption of energy metabolism
[16-21].

We have recently induced in our laboratory high sustained
brain GA concentrations similar to those found in GA I patients
by injecting GA subcutaneously to developing rats [20]. In
the present study, we tested this chemically-induced animal
model during early development (5th to the 28th day of life)
on the cognitive performance of adult rats in various behav-
ioral tasks in order to test whether chronic GA administration
to infantile rats could provoke long-standing or permanent
brain damage involving cerebral structures involved in learning/
memory.

2. Material and methods
2.1. Chemicals

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

2.2. Subjects

A total of 16 male Wistar rats obtained from the Central Animal House of
the Departamento de Bioquimica, ICBS, UFRGS, were used. 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 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 12:12h
light/dark cycle in an air-conditioned constant temperature (22 & 1 °C) 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 Committee for Animal Research of the Federal
University of Rio Grande do Sul, Porto Alegre, Brazil. All efforts were made to
minimize the number of animals used and their suffering.

2.3. Invivo treatment

Saline-buffered GA, pH 7.4 (5 pmol g of body weight™!) was administered
subcutaneously, twice a day, from the 5th to the 28th day of life to produce
brain concentrations of GA of around 0.6 pmol g~!, ~0.72 mM [20]. 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. Physical development

Sixteen male rats were used for the neurobehavioral development studies.
Maturation of physical characteristics was determined daily at the appropriate
ages by one experimenter that was not aware of the subject condition. Litters were
inspected between 12:00 and 15:00 h, and progress of physical development was
followed throughout the experiment. The date of appearance of hair, eruption of
upper incisors, and eye opening was recorded using previously reported criteria
[22,23] described in detail by Smart and Dobbing [24].

2.5. Free-fall righting task

On postnatal day 14, animal ability to turn in midair to land on all fours
after being dropped back downwards from 35 cm onto a cotton wool pad was
measured. Each animal was tested in three consecutive trials spaced 15 s apart,
and scored one point if it landed ventrally, with all legs distant from the body in
each trial [22]. Therefore, a maximum of three points could be assigned to each
animal.

2.6. Cognitive tasks

All behavioral tests were performed between 14:00 and 17:00 h. Each exper-
imental group was tested in the different cognitive tasks with a two-day interval
in between. Animals were then tested in the elevated plus maze on the 60th
and 61st postnatal day, and on the open field task on postnatal days 64 and 65.
Finally, behavior of rats in the Morris water maze was assessed from the 68th
to the 77th postnatal day.

2.7. Morris water maze task

The experimental procedure was carried out as previously described [25].
Briefly, the animals were left to recover for approximately one month after GA
treatment. Spatial learning/memory was tested in the Morris water maze [26],
which consisted of a black circular pool (200 cm in diameter, 100 cm high),
theoretically divided into four equal quadrants for the purpose of analysis. The
pool was filled to a depth of 50 cm with water (23 £ 1 °C) made opaque by the
addition of milk. The escape platform was transparent, had a diameter of 10 cm
and was placed 2 cm below the water surface. The experimenter remained at
the same location on each trial, corresponding to the adjacent target quadrant,
approximately 50 cm from the outside edge of the tank, on each trial. A video
camera was mounted above the center of the tank and all trials were recorded.
The room was dimly illuminated in order to provide extra-maze clues so allowing
rats to develop a spatial map strategy. Two black and white large cartoons were
hanged on the walls.

2.7.1. Reference memory test

Rats had daily sessions of 4 trials per day for 5 days to find the submerged
platform that was located in the center of a quadrant of the tank and remained
there throughout training. We observed that all animals of each group were able
to swim in a normal way during all trials. On each trial the rat was placed in
the water, facing the edge of the tank, in one of the four standard start locations
(N, S, W and E). The order of the start locations was varied in a quasi-random
sequence so that, for each block of four trials, any given sequence was not
repeated on consecutive days. The rat was then allowed 60 s to search for the
platform. Latency to find the platform (escape latency) and swimming speed
were measured in each trial. Once the rat located the platform, it was permitted
to remain on it for 10s. If it did not find the platform within this time, it was
guided to it and allowed to remain on it for 10s. After each trial, the rats were
removed, dried in a towel and put back in their home cages. The interval between
trials was 15-20 min [27].

2.7.2. Probe trial

One day after the last training session, each rat was subjected to a probe trial
(60 s) in which there was no platform present. The time spent in the quadrant of
the former platform position, the time spent in the opposite quadrant, the correct
annulus crossing, i.e., the number of times animals passed through the circular
area that formerly contained the submerged platform during acquisition, and the
latency to cross over the platform place for the first time were taken as a measure
for spatial memory.

2.7.3. Working memory (repeated acquisition) test

Working memory test was tested a week after the probe test, consisting of
four trials per day during four consecutive days. The working memory test was
procedurally similar to reference memory test except that the platform location
was changed daily. The first trial of the day was an informative sample trial in
which the rat was allowed to swim to the platform in its new location. Spatial
working memory was regarded as the mean escape latency of the second until
the fourth trial.

2.8. Open field task

The apparatus consisted of a wooden box measuring 60 cm x 40 cm x 50 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 min to eval-
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uate motor activity [28]. The testing room was dimly illuminated with indirect
white lighting.

2.9. Elevated plus maze task

Based on the design of Lister [29], the maze consisted of two opposite closed
arms (30cm x 5cm) enclosed with walls (15 cm in height) and two opposite
open arms (also 30 cm x 5 cm, without edges), forming a plus shape. The whole
apparatus had a central arena (5cm x 5cm) and was elevated to 80 cm above
the floor by a tripod. Each rat was placed in the central arena of the maze facing
an open arm, and observed for 5 min. The number of entries into the open arms
and the time spent in the open and in the enclosed arms were measured during
two trail sessions. The maze was cleaned with water after each rat performance.
The testing room was illuminated only by a dim red light (25 W).

2.10. Statistical analysis

The evaluation of reference and working memory in the water maze and anx-
iety in the elevated plus maze was carried out by two-way ANOVA, considering
the factors: GA pretreatment x days of training. Data of probe trial and open
field were analyzed by the Student’s #-test. Values of P <0.05 were considered
significant. All analyses were carried out in an IBM-compatible PC computer
using the Statistical Package for the Social Sciences (SPSS) software.

3. Results

We initially observed that approximately one fifth of rats
treated with GA had convulsions immediately after the injec-
tions. These animals were discarded from our study. This is in
agreement with previous findings showing that GA intrastriatal
administration caused seizures in adult rats [7,30]. On the other
hand, body weight of rats submitted to chronic GA-treatment
was similar to that of control rats (data not shown) indicating
that chronic postnatal administration of GA does not alter their
appetite or provoke malnutrition.

We also assessed the effect of chronic GA administration
on the date of appearance of certain physical landmarks and
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Fig. 1. Effect of early postnatal chronic glutaric acid (GA) administra-
tion on acquisition learning in the Morris water maze task. Data represent
means = S.E.M. of latency to find the platform across blocks of four trials on
each day for eight animals per group (control and GA). No significant differences
between groups were detected (two-way ANOVA).

reflexes. In this context, we did not observe any delay in the date
of appearance of coat, eye opening and upper incisor eruption,
neither impairment of the free-fall righting task GA treated rats
(data not shown).

As regards to rat behavior in the Morris water maze task,
all groups of animals improved the acquisition performance,
i.e., decreased the latency to find the platform from the first
to the last day of training (day 5) [F(4,52)=7.92; P<0.001]
(Fig. 1). However, it can be seen that GA-treated animals pre-
sented a higher but not significant latency to find the platform
than saline-treated rats along time [F(4,52)=0.30; P>0.05].
Furthermore, on the probe trial, with the platform removed,
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Fig. 2. Effect of early postnatal chronic glutaric acid (GA) administration on probe trial. Time spent in the training quadrant (A); time spent in the opposite quadrant
(B); correct annulus crossings (C) and latency to cross over the platform position (D). Data represent means & S.E.M. for eight animals per group (control and GA).
Results in (A) and (B) represent percentage of total time. *P <0.05; **P <0.01 compared to control group (Student’s ¢-test for independent samples).
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Table 1
Effect of early postnatal chronic glutaric acid (GA) administration on rat performance in the open field task

Trial 1 Trial 2

Saline GA Saline GA
Number of crossings 95.1 £ 15.1 91.51 £ 12.0 76.1 £ 409 742 £ 41.8
Number of fecal bolli 1.14 £ 0.99 3.00 &= 1.45 1.28 £ 1.97 1.62 £ 2.56
Number of rearings 38.9 £ 7.07 335+ 15.0 26.7 £ 15.4 255 + 14.8
Latency to leave the first square 329 +£0.75 2.50 £ 0.42 2.71 + 1.60 2.00 + 0.53

Data represent means & S.E.M. for eight animals per group. Latency to leave the first square is expressed as seconds. No significant differences between groups were

detected (Student’s #-test for independent samples).

GA-treated rats were not able to remember the location of the
platform, spending significantly less time in the training quad-
rant (GA-treated: 30.4% = 12.2) than the saline-injected animals
(controls: 45.5% £9.5) [#(15)=2.64, P<0.05] and apparently
more time in the opposite quadrant (GA-treated: 28.3% + 12.1;
controls:18% + 8.9) [#(15)=1.84, P=0.089]. GA-treated rats
also had a lower number of correct annulus crossings than
the control group (GA-treated: 1.37 £2.19; controls: 4.3 £ 1.6)
[1(15)=2.89, P<0.05] and presented a higher latency to
cross over the platform position (GA: 43.8 +=8.46's; controls:
12.4+£2.405) [#(15)=—3.36; P<0.01] (Fig. 2).

We also verified that rats submitted to the water maze task
presented no motor deficits, as assessed by swimming speed
(GA-treated: 19.4+2.97cm s~ ! controls: 18.2 +2.88 cm s_l)
[#(15)=0.46; P>0.05].

On the other hand we observed that GA treatment did not
alter the number of crossings [#(15)=0.19; P>0.05], and fecal
bolli [t(15)=1.03; P>0.05], neither the latency to leave the
first square [#(15)=0.95; P> 0.05]) at training in the open field
task, when compared to the control group (Table 1). How-
ever, both groups decreased numbers of rearings [F(1,14) =21.8;
P <0.001] and crossings [F(1,14)=9.72; P <0.001] at the test-
ing session.

Fig. 3 provides a cartoon with the swim paths taken by
a representative animal from each group in the probe trial.
The paths taken by controls were largely confined to the latter
training quadrant, whereas the paths taken by GA-treated rats
appeared as circular patterns that were more equally distributed
within the quadrants where the platform was in the acquisition
phase.

Fig. 4 shows that all experimental groups improved water
maze performance in the working memory evaluation, i.e., the

(A) (B)

Fig. 3. Swim paths taken by a representative rat of each group with respect to
time spent in the former location of the platform during the probe trial: saline-
treated rats (A) and glutaric acid-treated rats (B).

latency to find the platform decreased from the first to the
last trial of each training day [F(4,52)=6.65; P<0.05], and
there was no difference between saline- and GA-treated rats
[F(4,52)=1.09; P>0.05].

Finally, we submitted saline- and GA-treated rats to the ele-
vated plus maze task. Table 2 shows that GA treatment did not
alter rat performance in the plus maze task since there was no
difference between groups in the number of entries [#(15) =0.96;
P>0.05] and time spent into the open arms [#(15)=0.01;
P>0.05] and in the number of entries into the enclosed arms
[#(15)=0.70; P>0.05].

4. Discussion

To our knowledge practically nothing has been done to
investigate whether GA, the most pronounced metabolite accu-
mulating in GA I, could provoke deficit of performance in
behavioral tasks. Therefore, in the present study, we produced
high sustained levels of GA in the brain (0.72 mM) of developing
rats similar to those found in human GA I by using a previ-
ously described chemically induced model [20]. This model
does not exactly mimic human GA I, in which, besides GA, other
metabolites accumulate in lesser amounts. However, it repro-
duces the main biochemical feature of this disorder, which is
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Fig. 4. Effect of early postnatal chronic glutaric acid (GA) administration on
working memory in the Morris water maze task. Data represent means £ S.E.M.
of latency to find the platform across blocks of four trials per day for eight
animals per group (control and GA). No significant difference between groups

was detected (two-way ANOVA).
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Table 2
Effect of early postnatal chronic glutaric acid (GA) administration on rat performance in the elevated plus maze task

Trial 1 Trial 2

Saline GA Saline GA
Open arm entries 3.42 £ 0.61 4.67 £ 1.20 2.57 £ 0.87 417 £ 1.72
Enclosed arm entries 6.87 £ 0.74 8.33 £ 0.95 8.43 = 1.39 8.50 = 1.18
Time in open arm® 579 £ 122 535 £ 122 43.0 £ 155 36.0 + 16.9

Data represent means = S.E.M. for eight animals per group.

2 Time in open arm is expressed as percentage of total time. No significant differences between groups were detected (two-way ANOVA).

high sustained tissue levels of GA. GA was administered during
a period (5th to 28th day of life) of great cellular proliferation
and synaptogenesis in various cerebral structures involved in
learning/memory in rats [31-34]. The animals were allowed to
recover for 3045 days, and, thereafter, their behavioral perfor-
mance was tested in the Morris water maze, elevated plus maze
and open field tasks.

We first observed that chronic administration had no effect on
body weight, implying that chronic GA injection did not cause
malnutrition in the animals. This observation is important since
malnourished animals may behave differently in neurobehav-
ioral tests [24,35] that so this undesirable effect can be ruled out
as for the interpretation of behavioral alterations observed in GA
chronically treated rats. Moreover, chronic GA administration
did not change the date of appearance of coat, eye opening or
upper incisor eruption, nor the free-fall righting task, indicating
that the physical and motor development was not substantially
modified by high sustained levels of GA.

As regards to rat behavior, we observed that saline- and GA-
injected rats improved water maze acquisition performance, i.e.,
decreased the latency to find the platform from the first to the last
day of training. However, we verified that GA-treated animals
presented a clear trend to higher latency to find the platform
during the training in the Morris water maze when compared
to controls. Furthermore, rats receiving chronic GA adminis-
tration stayed for a significantly shorter time in the quadrant
where the platform was formerly located and spent significantly
more time in the opposite quadrant as compared to controls. GA-
treated rats also had a lower number of correct annulus crossings
and presented a higher latency to cross over the platform posi-
tion than saline-treated animals. These data suggest that early
chronic postnatal administration of GA caused a long-standing
deficit in spatial learning probably secondary to GA-induced
brain damage.

It should be emphasized that the deficit in spatial navigation
shown in GA-treated rats cannot be attributed to a decreased
motor activity since the number of crossings responses (open
field) and the swimming speed (water maze) revealed that both
groups of animals had the same locomotor activity. Furthermore,
by looking at the paths that the animal groups took, we observed
that GA-treated animals spent similar time in the four quadrants
of the swimming pool and presented a circular path, suggesting
that these rats used a circular pattern as strategy in order to find
the platform.

Therefore, it can be concluded that early chronic postnatal
administration of GA to rats caused a deficit of adult rat per-

formance in the water maze task, indicating a deficit in spatial
learning. In contrast, working memory was not affected in GA-
injected rats. Similarly, rat behavior in the elevated plus maze
task was not changed by GA, indicating that GA-treatment was
not anxiogenic. On the other hand, GA-treatment did not change
rat performance in the open field task, as observed by the signif-
icant decrease of number of rearings and crossings at the testing
session.

We therefore demonstrated here that GA impaired the refer-
ence memory in the water maze task without affecting working
memory. These data support the view that different mechanisms
are probably involved in the acquisition of these memories. In
this scenario, the reference memory task is basically processed
in the hippocampus [36], while the working memory establish-
ment depends mainly on the striatum and prefrontal cortex [37].
Taken together, it may be presumed that hippocampus could be
damaged by GA early post-natal administration.

The exact mechanisms through which GA impairs rat
learning/memory are still unknown. However, it is possible
that the brain GA concentrations achieved in our chemi-
cal model (0.72mM) may be high enough to induce brain
damage during a phase of rapid CNS maturation and particu-
larly in cerebral structures involved in learning, memory and
interaction with the environment. In this context, it should
be stressed that oxidative stress is associated with memory
deficits [38—40], energetic substrates such as creatine and succi-
nate are capable to prevent learning/memory deficit [41] and
that excitotoxicity may impair learning/memory [42]. Since
GA has been shown to elicit oxidative stress [15,43], exci-
totoxicity [7,9], and compromise brain energy metabolism
[16-21], it could be presumed that GA may act in one or
more of these processes, leading to learning/memory impair-
ment.

In conclusion, the present study shows for the first time
that high sustained brain concentrations of GA during early
development compromise biochemical pathways involved in
learning/memory processes. Even though it is difficult to extrap-
olate our findings to the human condition, the results of the
present study indicate that GA may lead to learning/memory
deficits.
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Abstract Glutaric acidemia type I (GA 1) (GA I, McKusick 23167; OMIM # 231670) is an
autosomal recessive metabolic disorder caused by glutaryl-CoA dehydrogenase deficiency
(EC 1.3.99.7). Clinically, the disease is characterized by macrocephaly, hypotonia, dystonia
and diskinesia. Since the pathophysiology of this disorder is not yet well established, in the
present investigation we determined a number of energy metabolism parameters, namely
14CO, production, the activities of the respiratory chain complexes I-IV and of creatine
kinase, in tissues of rats chronically exposed to glutaric acid (GA). High tissue GA concen-
trations (0.6 mM in the brain, 4 mM in skeletal muscle and 6 mM in plasma) were induced
by three daily subcutaneous injections of saline-buffered GA (5 umol-g~! body weight)
to Wistar rats from the 5Sth to the 21st day of life. The parameters were assessed 12 h after
the last GA injection in cerebral cortex and middle brain, as well as in skeletal muscle
homogenates of GA-treated rats. GA administration significantly inhibited the activities of
the respiratory chain complexes I-III and II and induced a significant increase of complex
IV activity in skeletal muscle of rats. Furthermore, creatine kinase activity was also inhib-
ited by GA treatment in skeletal muscle. In contrast, these measurements were not altered
by GA administration in the brain structures studied. Taken together, it was demonstrated
that chronic GA administration induced an impairment of energy metabolism in rat skeletal
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muscle probably due to a higher tissue concentration of this organic acid that may be possibly
associated to the muscle weakness occurring in glutaric acidemic patients.

Keywords Glutaric acid - Energy metabolism - Respiratory chain - Creatine kinase -
Skeletal muscle

Introduction

Glutaric acidemia type I (GA I) is an autosomal recessive metabolic disorder caused by the
deficiency of the enzyme glutaryl-CoA dehydrogenase (GCDH) (Goodman et al., 1975).
Glutaric acid (GA) is the major metabolite accumulated in the body fluids and in brain tissue
of GA I patients, but 3-hydroxyglutaric (3HGA) and trans-glutaconic (tGA) acids are also
found at lower concentrations (Goodman and Frerman, 2001; Strauss and Morton, 2003).
Clinically, the disease is characterized by macrocephaly at birth and by a marked dystonia
and diskinesia, sometimes associated to extreme hypotonia. The onset of symptoms may
be gradual or occur suddenly after an acute metabolic crisis with encephalopathy, when
the accumulating metabolites can reach millimolar concentrations (Goodman et al., 1977,
Hoffmann and Zchoscke, 1999; Kélker et al., 2006).

The mechanisms leading to tissue damage in GA I are not fully established. However,
accumulating evidence from several in vitro and in vivo animal model studies suggested
that excitotoxicity, oxidative stress and energy impairment are possibly involved in the brain
abnormalities of these patients (Flott-Rahmel et al., 1997; Lima et al., 1998; Kolker et al.,
1999, 2001a,b, 2002; Ullrich et al., 1999; Porciuncula et al., 2000; Bjugstad et al., 2001; de
Mello et al., 2001; Latini et al., 2002, 2005; de Oliveira et al., 2003; Frizzo et al., 2004; Rosa
et al., 2004). However, excitotoxicity as a major underlying mechanism of brain injury in
GA T was recently disputed (Silva et al., 2000; Bjugstad et al., 2001; Kolker et al., 2002; Das
et al., 2003; Freudenberg et al., 2004; Lund et al., 2004; Sauer et al., 2005; da C. Ferreira
et al., 2005; Ferreira et al., 2005).

On the other hand, a number of GA I patients excrete increased concentrations of lactate,
3-hydroxybutyrate, acetoacetate and dicarboxylic acids, possibly reflecting a mitochondrial
dysfunction (Gregersen and Brandt, 1979; Floret et al., 1979). In this scenario, it has been
recently postulated that the nature of the striatal damage in GA 1 is similar to the brain injury
that occurs in infants after hypoxia-ischemia or systemic intoxication with 3-nitropropionic
acid (Brouillet et al., 1998), in which complex II activity is irreversible blocked (Strauss and
Morton, 2003).

We have recently reported that acute administration of GA, the major metabolite accu-
mulating in GA I, to developing rats induced brain concentrations similar to those found in
brain of GA I patients (Ferreira et al., 2005). Although, we have demonstrated a moderate
inhibition of complex I-III activity of the respiratory chain in middle brain and of complexes
I-1IT and TI-IIT in skeletal muscle, this acute model does not give information about the
disease course under GA chronic exposure, indicating that a more representative model of
this disorder is needed to clarify the pathogenesis of GA 1.

In the present investigation we report the effects of chronic subcutaneous administration
of GA to developing rats (from the 5th to the 21st day of post-natal life) on critical enzyme
activities of energy metabolism, including those of the respiratory chain complexes I-IV
and of creatine kinase (CK), as well as on '“CO, production from acetate in cerebral cortex,
middle brain and skeletal muscle of developing rats.
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Experimental procedure
Subjects and reagents

Wistar rats from our breeding stock were used. The animals were maintained on a 12-h
light/dark cycle (lights on at 7:00) in a constant-temperature colony room (25 + 2°C)
with water and standard lab chow (Supra, Porto Alegre) ad libitum. Pregnant rats were
housed in individual cages and left undisturbed throughout gestation. Twenty-four hours
after delivery all rats were placed together and eight male rats were randomly assigned to
each dam. The “Principles of Laboratory Animal Care” (NIH publication 85-23, revised
1985) were followed in all experiments and the experimental protocol was approved by the
Ethics Committee for Animal Research of the Federal University of Rio Grande do Sul,
Porto Alegre, Brazil. All chemicals were purchased from Sigma Chemical Co (St Louis,
USA), except for [1-14C] acetate which was purchased from Amersham International plc,
UK.

Chronic glutaric acid (GA) treatment

Wistar rats were subcutaneously administered three times a day with a GA solution
(5 pmol - g~! body weight) buffered with NaOH to pH 7.4 from the 5th to the 21st day
of life. The administered dose was based on a previous report from our laboratory, which
resulted in brain GA concentrations similar to those found in GA I patients (Ferreira et al.,
2005). Control group corresponded to animals treated with saline solution at the same vol-
umes.

Tissue preparation

Animals were killed by decapitation 12 h after the last injection (GA concentrations returned
to normal undetected levels) and the structures (cerebral cortex, middle brain consisting of
thalamus, hypothalamus and striatum and skeletal muscle) were immediately dissected onto a
Petri dish placed on ice. The tissues were rapidly homogenized in the specific buffer used for
each technique using a ground glass type Potter-Elvejhem homogenizer and the biochemical
parameters finally determined. For '“CO, production, rats were sacrificed by decapitation,
the brain was rapidly removed and the structures were isolated and homogenized (1:10,
w/v) in Krebs-Ringer bicarbonate buffer, pH 7.4. For the determination of the mitochondrial
complexes I-III, II, TI-IIT and IV activities, structures were homogenized (1:20, w/v) in
SETH buffer, pH 7.4 (250 mM sucrose, 2.0 mM EDTA, 10 mM Trizma base and 50 ULmL™!
heparin). The homogenates were centrifuged at 800 x g for 10 min and the supernatants
were kept at — 70°C until be used for enzyme activity determination. For total CK activity
determination, the structures were homogenized (1:1000 w/v) in isosmotic saline solution.
The period between tissue preparations and enzyme analysis was always less than 5 days.

Determination of the respiratory chain complex activities

The activities of the respiratory chain enzyme complexes were measured in cerebral
cortex, middle brain and skeletal muscle supernatants of 22-day-old rats. Succinate—2,6-
dichlorophenolindophenol (DCIP)—oxidoreductase (complex II) and succinate:cytochrome
¢ oxidoreductase (complex II-III) activities were determined according to the method
of Fischer et al. (1985). The activity of cytochrome ¢ oxidase (COX, complex IV) was
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measured according to Rustin et al. (1994), whereas that of NADH:cytochrome ¢ oxidore-
ductase (complex I-III) was assayed according to the method described by Schapira et al.
(1990). The methods to measure these activities were slightly modified, as described in de-

tail in a previous report (da Silva et al., 2002). Results were expressed as nmol - min~! - mg

protein~!.

14C0O, Production

14Co, production from acetate was evaluated in cerebral cortex, middle brain and skeletal
muscle of 22-day-old rats. Homogenates were added to small flasks (11 cm?) in a volume
of 0.45 mL. Flasks were first pre-incubated in a metabolic shaker at 35°C for 15 min (90
oscillations min~!). We then added [1-'#C] acetate (0.055 wCi) plus 1.0 mM of unlabeled
acetate. The flasks were gassed with an O,/CO; (95:5) mixture and sealed with rubber
stoppers and parafilm M. Glass center wells containing a folded 65/5 mm piece of Whatman
3 filter paper were hung from the stoppers. After 60 min of incubation, 0.2 mL of 50%
trichloroacetic acid was added to the medium and 0.1 mL of benzethonium hydroxide was
supplemented to the center of the wells with needles introduced through the rubber stopper.
The flasks were left to stand for a further 30 min to complete '*CO, trapping and then
opened. The filter papers were removed and added to vials containing POP-POPOP-toluene
scintillation fluid, and radioactivity was counted (da C. Ferreira et al., 2005). Results were

expressed as pmol substrate converted to '*CO, -h™! - g - tissue ™.

Creatine kinase (CK) activity

CK activity was measured in total homogenates from tissues of 22-day-old rats as previously
described (Schuck et al., 2002). The reaction mixture consisted of the following medium:
60 mM Tris-HCl buffer pH 7.5, containing 7 mM phosphocreatine, 9 mM MgSQy, 0.625 mM
n-dodecyl-b-D-maltoside and approximately 0.4—1.2 pg protein in a final volume of 0.1 mL.
After 15 min of pre-incubation at 37°C, the reaction was started by the addition of 3.2 mM
ADP plus 0.8 mM reduced glutathione (GSH). The reaction was stopped after 10 min by
the addition of 1 umol p-hydroxymercuribenzoic acid. The creatine formed was measured
according to Hughes (1962). The color was developed by the addition of 0.1 mL 20% «-
naphthol and 0.1 mL 20% diacetyl in a final volume of 1 mL and read after 20 min at 540 nm.

Results were expressed as mol creatine - min~! - mg protein~!.

Protein determination

Protein was measured by the method of Lowry et al. (1951) using bovine serum albumin as
standard.

Statistics

Data are presented as mean £ S.E.M. and were analyzed by the Student #-test for unpaired
samples. Only significant values are shown in the text. Values of p < 0.05 were considered
to be significant. The statistical analysis was performed on an IBM PC-compatible computer
using the SPSS (Statistical Package for the Social Sciences) software.
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Fig. 1 Invivo effect of chronic
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Results

First, we observed that there were no significant differences between the body weight of GA-
and saline-treated animals (data not shown).

We investigated the effect of chronic GA subcutaneous administration on the respiratory
chain complexes and CK activities, as well as on 4Co, production, in cerebral cortex, middle
brain and skeletal muscle from developing rats. Figures 1 and 2 show that GA administration
significantly inhibited the respiratory chain complexes I-III (up to 30%) [ts) = 3.559;
P < 0.01] and II (up to 20%) [t5) = 2.466; P < 0.05] activities in skeletal muscle, but not
in the cerebral structures. Furthermore, complex II-III activity was not altered in all tissues
examined (data not shown), whereas the activity of complex IV was increased (up to 30%)
by GA treatment [t4) = —4.867; P < 0.05] only in skeletal muscle (Fig. 3).
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Fig. 2 In vivo effect of chronic
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We also evaluated the influence of chronic GA exposition on the activity of the citric acid
cycle by measuring '#CO, production using acetate as substrate. Table 1 shows that acetate
utilization was not altered in all structures (cerebral cortex, middle brain and skeletal muscle)
studied.

We finally observed that the administration of GA significantly reduced (up to 48%) the
activity of CK in skeletal muscle [#4) = 2.804; P < 0.05], with no alteration in the cerebral
structures (Fig. 4).
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Fig. 3 Invivo effect of chronic
glutaric acid (GA) administration
on the activity of complex IV of
the respiratory chain in cerebral
cortex (A), middle brain (B) and
skeletal muscle (C) of 22-day-old
rats. Data are represented as
mean £+ S.E.M. for 4-7
independent experiments
(animals) performed in duplicate
and expressed as

nmol - min~! - mg~! of protein.
*p < 0.05, compared to controls
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Although animal models cannot exactly mimic human diseases, they are necessary to in-
vestigate the mechanisms of tissue damage in various inborn errors of metabolism. In this
scenario, a genetic mouse model of GA I has been developed with a biochemical phenotype
similar to that of affected patients with GA I, i.e. high urinary levels of GA and 3HGA
(Koeller et al., 2002). However, this model does not lead to the characteristic pathological
findings of GA I, indicating that a more representative model of this disease is necessary to
clarify its pathogenesis. Another disadvantage of this genetic animal model is that GA and
3HGA accumulate simultaneously, impairing the evaluation of the extent of the contribution
or each metabolite to the pathology of the disorder.
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Table 1  In vivo effect of chronic administration of glutaric acid (GA) on '“CO, production from acetate in
cerebral cortex, middle brain and skeletal muscle of 22-day-old rats

Animal treatment Cerebral cortex Middle brain Skeletal muscle
Control 1453 £+ 179 1504 £+ 111 7827 + 48.3
GA-treated 1480 + 59.2 1334 + 68.8 928.8 + 108

Note. Data are represented as mean £+ S.E.M. for five independent experiments (animals) performed in du-
plicate and expressed as pmol - min~! - mg of protein~!. No significant differences between saline- (controls)
and GA-treated rats were found (Student -test for unpaired samples).

We have recently produced high GA levels in the brain (0.6 mM) and skeletal muscle
(4.0 mM) of young rats by acute subcutaneous administration of GA, the major metabolite
accumulating in GA I and observed that GA acute treatment provoked a moderate inhibition
of complex I-II activity of the respiratory chain in middle brain (25%) and of complexes
I-IIT (25%) and TI-1IT (15%) activities in skeletal muscle (Ferreira et al., 2005). Apart from
the fact that GA brain concentrations observed in our chemical model are comparable to
those found in post mortem brain of human GA I patients (Goodman et al., 1975), it does not
mimic the biochemical phenotype of the human condition since plasma GA concentrations
are much higher. GA levels were approximately 10-fold higher than in the brain and twice
that in skeletal muscle and heart indicating that the brain is less permeable to GA than
the peripheral organs. In this context, lower permeability of the blood brain barrier to GA
administration has been recently reported (Sauer et al., 2006).

In the present study we utilized the same doses of GA (5 umol per gram weight) used
to develop acute increase of GA tissue concentrations (Ferreira et al., 2005) and induced a
chronic model through three subcutaneous injections of GA per day during the first weeks
of life in the rat. The major aim of this investigation was to examine whether high sustained
concentrations of GA in tissues of young rats provoked by subcutaneous administration of
this organic acid to rats from the 5Sth to the 21st day of life could disrupt energy metabolism
in vivo, by evaluating critical enzyme activities responsible for most of ATP production and
transfer within the cell. We determined the respiratory chain complexes and CK activities in
the brain and skeletal muscle of young rats, because affected patients have predominantly
neurologic symptoms associated to hypotonia during crises of metabolic decompensation.

We observed that chronic GA administration provoked a significant inhibition of the
activity of complexes I-III and II in skeletal muscle, whereas no inhibition of the respiratory
chain activities could be detected in the brain structures. These data differ to a certain extent
from previous in vivo experiments showing that acute GA administration inhibits complex
[-III in the brain and complexes I-III and II-III in skeletal muscle (Ferreira et al., 2005)
and in vitro findings demonstrating that GA significantly inhibits in vitro the rate of ATP
synthesis and complex I-III and II-IIT activities in rat cerebral cortex (Silva et al., 2000), as
well as CK, succinate dehydrogenase and complex I-III activity in middle brain (da Costa
Ferreira et al., 2005). We have to consider that the inhibition of complex I-III activity caused
by acute in vivo administration of GA and by the addition of this organic acid (5.0 mM) to
the assays (in vitro experiments) performed with brain homogenates may be possibly due to
the presence of high concentrations of this metabolite when the respiratory chain activities
were determined. In the present study, the enzymatic assays were performed 12 h after the
last injection, when GA concentrations were undetectable (results not shown).

Ullrich and colleagues (1999) also found a very weak inhibition of complex II-III of
the respiratory chain by high doses of GA (4 mM), with no alteration of other parameters
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Fig. 4 Invivo effect of chronic (A) Cerebral Cortex
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of energy metabolism in corticostriatal neuronal cultures from rat embryos, whereas other
investigators did not find any inhibition of the single respiratory chain complex activities
in submitochondrial particles from bovine heart and postulated that GA does not directly
inhibit the respiratory chain (Kélker et al., 2002).

It should be also noted that GA elicits reactive species generation (de Oliveira Marques
et al., 2003) that may inactivate some of the respiratory chain complexes which are vulner-
able to free radical attack (Hillered and Ernester, 1983; Zhang et al., 1990; Melov et al.,
1999; Rafique et al., 2001) and therefore provoke an indirect action on energy metabolism.
In this context, our assays were performed in tissue homogenates that contain the whole
cell machinery necessary to generate free radicals, whereas the studies by Kolker and
colleagues (2002) were performed in purified submitochondrial membranes. Therefore, these
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apparent conflicting results may be because of distinct methodological approaches, tissues,
organ preparations and concentrations of the metabolite utilized in the various experiments,
which may not detect a mild indirect inhibitory action of GA. Taken together, it may be
presumed that GA has a mild inhibitory action on energy metabolism which depends on the
experimental conditions utilized.

We also observed that the respiratory chain complex IV activity was increased in skeletal
muscle of rats submitted to GA chronic treatment. Although at the present we cannot explain
these findings, increased activity of complex IV has already been observed in common
neurodegenerative diseases in which energy impairment is thought to play a relevant role
as a result of a functional compensation of the surviving cells (Nagy et al., 1999; Strazielle
et al., 2003).

On the other hand, if the inhibition provoked by GA on the respiratory chain (complexes
[-III and II) in the skeletal muscle was physiologically marked, then an interruption of the
tricarboxylic acid cycle manifested by a reduction of '*CO, production from acetate due to
a blockage of the respiratory chain would be expected, but this was not the case. It can be
therefore concluded that GA-mediated inhibitory effect on the respiratory chain in skeletal
muscle was mild.

We also observed that CK activity was markedly reduced (48% inhibition) by GA chronic
administration in the skeletal muscle, but not in cerebral cortex and middle brain.

Taken together, the inhibitory effects of GA observed in complexes I-III and II of the
respiratory chain and especially on CK activity in skeletal muscle indicate that energy
transfer and production (inhibition of the respiratory chain) are disturbed in this tissue
following chronic GA treatment. On the other hand, the reason by which GA chronic
treatment provoked energy disturbance in skeletal muscle but not in the brain structures
may be due to the quantity of this organic acid in the tissues examined since brain GA
concentrations were about 5-fold lower than in the skeletal muscle (Ferreira et al., 2005).
It should be emphasized that the brain GA concentrations achieved in our model (0.6 mM)
were similar to those previously described in post mortem brain of GA I patients (Goodman
et al., 1975; Kolker et al., 2003), although recently higher GA levels (up to 5.0 mM) have
been reported in brain biopsy during metabolic crises (Kiilkens et al., 2005). Therefore, we
cannot exclude the possibility that higher brain GA levels would lead to alterations of energy
metabolism.

Furthermore, the pathophysiological relevance of these findings to human GAI pathology
are unknown since GA levels in the peripheral tissues of GA I patients are still not established.
Interestingly, it should be noted that GA concentrations found in peripheral tissues in our
chemically-induced in vivo model (Ferreira et al., 2005) are similar to those described in the
knock out murine model of GA I (Kdoeller et al., 2002; Sauer et al., 2006). It is therefore
conceivable that high concentrations of GA may be achieved in the peripheral tissues of
glutaric acidemic patients. If this is the case, it may be presumed that alterations of muscle
bioenergetics may be associated to the hypotonia occurring in these patients especially
during metabolic crises when the accumulating metabolites dramatically increase, as occurs
in patients affected by primary mitochondrial disorders (Mordekar et al., 2006).

In conclusion, we showed in the present work that GA chronically administered to rats
caused impairment of energy metabolism in skeletal muscle of young rats, reflected by a
marked inhibition of CK and a mild blockage of the respiratory chain at complexes I-III and
II. Although it is difficult to extrapolate our data to the human condition, if that is the case, it
may be presumed that our present findings could be, at least in part, related to the hypotonia
found in GA I affected patients.
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Abstract

Glutaric acidemia type I is an inherited metabolic disorder caused by a severe deficiency of the mitochondrial glutaryl-CoA dehydrogenase
activity leading to accumulation of predominantly glutaric and 3-hydroxyglutaric acids in the brain tissue of the affected patients. Considering that
a toxic role was recently postulated for quinolinic acid in the neuropathology of glutaric acidemia type I, in the present work we investigated
whether the combination of quinolinic acid with glutaric or 3-hydroxyglutaric acids or the mixture of glutaric plus 3-hydroxyglutaric acids could
alter brain energy metabolism. The parameters evaluated in cerebral cortex from young rats were glucose utilization, lactate formation and "*CO,
production from labeled glucose and acetate, as well as the activities of pyruvate dehydrogenase and creatine kinase. We first observed that glutaric
(5§ mM), 3-hydroxyglutaric (1 mM) and quinolinic acids (0.1 wM) per se did not alter these parameters. Similarly, no change of these parameters
occurred when combining glutaric with quinolinic acids or 3-hydroxyglutaric with quinolinic acids. In contrast, co-incubation of glutaric plus
3-hydroxyglutaric acids increased glucose utilization, decreased '*CO, generation from glucose, inhibited pyruvate dehydrogenase activity as well
as total and mitochondrial creatine kinase activities. The glutaric plus 3-hydroxyglutaric acids-induced inhibitory effects on creatine kinase were
prevented by the antioxidants glutathione and catalase plus superoxide dismutase, indicating the participation of reactive oxygen species. Our data
indicate a synergic action of glutaric and 3-hydroxyglutaric acids disturbing energy metabolism in cerebral cortex of young rats.
© 2007 ISDN. Published by Elsevier Ltd. All rights reserved.

Keywords: Energy metabolism; Glutaric acid; 3-Hydroxyglutaric acid; Quinolinic acid; Glutaric acidemia type I

1. Introduction

Glutaric acidemia type I (GA 1) (GA I; McKusick 23167,
OMIM #231670) is an autosomal recessive neurometabolic
disorder of the catabolic pathway of lysine, hydroxylysine and

Abbreviations: 3HG, 3-hydroxyglutaric acid; CAT, catalase; CK, creatine
kinase; GA, glutaric acid; GA I, glutaric acidemia type I; GSH, reduced
glutathione; L.-NAME, N“”-nitro-L-arginine methyl ester; PDH, pyruvate dehy-
drogenase; QA, quinolinic acid; SOD, superoxide dismutase
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tryptophan caused by a deficiency of the mitochondrial
flavoenzyme glutaryl-CoA dehydrogenase (GCDH; EC
1.3.99.7) (Goodman and Frerman, 2001). Increased concentra-
tions of glutaric (GA) and 3-hydroxyglutaric (3HG) acids and,
to a lesser extent, glutaconic acid are found in the body fluids
and brain tissue of GA I affected patients (Goodman et al.,
1977; Funk et al., 2005; Kulkens et al., 2005). Clinically, GA 1
is characterized by macrocephaly and frontotemporal atrophy
at birth and by striatal degeneration after episodes of metabolic
decompensation precipitated by catabolic events. To date, the
exact mechanisms underlying the pathophysiology of GA I are
not completely defined. However, various in vivo and in vitro
studies have shown deleterious effects of GA and 3HG,
including excitotoxicity (Flott-Rahmel et al., 1997; Lima et al.,


mailto:mwajner@ufrgs.br
http://dx.doi.org/10.1016/j.ijdevneu.2007.05.009

392 G.C. Ferreira et al./Int. J. Devl Neuroscience 25 (2007) 391-398

1998; Kolker et al., 1999; Wajner et al., 2004; Rosa et al., 2004),
oxidative damage (Kolker et al., 2001a,b; Latini et al., 2002,
2005a; de Oliveira Marques et al., 2003) and disruption of
energy metabolism (Ullrich et al., 1999; Silva et al., 2000; Das
et al., 2003; Latini et al., 2005b; da C. Ferreira et al., 2005;
Ferreira et al., 2005). The fact that a number of GA I patients
excrete increased concentrations of lactate, 3-hydroxybutyrate,
acetoacetate and dicarboxylic acids reinforces the view that
mitochondrial dysfunction plays an important role in the
neuropathology of GA I (Gregersen and Brandt, 1979; Floret
et al., 1979). However, the literature describes modest effects
for GA and 3HGA (Ullrich et al., 1999; Silva et al., 2000; Das
et al., 2003; Latini et al., 2005b; da C. Ferreira et al., 2005;
Ferreira et al., 2005) when studied individually at millimolar
concentrations on brain energy metabolism and to our mind no
report described the combined effects of the major organic
acids accumulating in this disorder (GA and 3HG) on energy
metabolism. Furthermore, it was recently postulated a
neurotoxic role for quinolinic acid (QA), a metabolite of the
tryptophan kynurenine pathway, in the neurological sequelae of
glutaric acidemic patients (Varadkar and Surtees, 2004).

Therefore, in the present work we investigated the combined
effects of GA or 3HG with QA, and GA with 3HG on glucose
utilization, lactate formation and '*CO, production from
labeled glucose and acetate, as well as on the enzyme activities
of pyruvate dehydrogenase (PDH) and creatine kinase (CK) in
cerebral cortex from young rats. The doses of GA, 3HG and QA
utilized were previously found not to influence these
parameters of energy production and transfer when added
separately to the assays. We also evaluated the influence of the
antioxidants glutathione (GSH), catalase (CAT) plus super-
oxide dismutase (SOD) and the nitric oxide synthase inhibitor
N®-nitro-L-arginine methyl ester (L-NAME) on the effects
produced by GA plus 3HG on total CK activity.

2. Experimental procedures
2.1. Reagents

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO,
USA, except for [U-"%C] glucose, [1—'4C] acetate and [1—'4C] pyruvate, which
were purchased from Amersham International plc, UK.

2.2. Animals

A total of 41 thirty-day-old Wistar rats obtained from the Central Animal
House of the Department of Biochemistry of the Federal University of Rio Grande
do Sul were used. Rats were kept with dams until weaning at 21 days of age. 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 tempera-
ture (22 + 1 °C) 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 Committee for Animal
Research of the Federal University of Rio Grande do Sul, Porto Alegre, Brazil.

2.3. Cerebral cortex preparation
Animals were sacrificed by decapitation without anesthesia, and the brain

was rapidly excised on a Petri dish placed on ice. The olfactory bulbs, pons,
medulla, cerebellum and striatum were discarded, and the cerebral cortex was

peeled away from the subcortical structures, weighed and kept chilled until
tissue preparation. Cerebral cortex was cut into two perpendicular directions to
produce 400 pM-wide prisms using a Mcllwain chopper and used for the
glucose utilization and lactate generation assays. For '*CO, production, the
cerebral cortex was homogenized (1:10, w/v) in Krebs—Ringer bicarbonate
buffer, pH 7.4. For total creatine kinase activity determination, the cerebral
cortex was homogenized (1:1000, w/v) in isosmotic saline solution. Mitochon-
drial and cytosolic fractions were prepared according to Ramirez and Jiménez
(2000). Briefly, the homogenates were centrifuged at 800 x g for 10 min at4 °C
and the pellet (P1) discarded. The supernatant was then centrifuged for 30 min
at 27,000 x g at 4 °C. The pellet (P2) containing the mitochondria was washed
three times with saline solution and used as the mitochondrial fraction for
measuring mitochondrial CK activity. The supernatant was further centrifuged
for 60 min at 125,000 x g at4 °C, the microsomal pellet (P3) was discarded and
the cytosolic (S) fraction was used for the cytosolic CK enzymatic assay.

The biochemical parameters were determined in the presence of GA, 3HG
and QA alone or by combining QA with GA or 3HG or by the simultaneous
addition of GA plus 3HG in the medium. Controls did not contain any of these
metabolites in the incubation medium. GA, 3HG and QA solutions were
prepared on the day of the experiments and had their pH adjusted to 7.4.
GA (5 mM), 3HG (1 mM) and QA (0.1-100 uM) were added to the incubation
medium at concentrations that per se did not alter the parameters evaluated
when added separately. In some experiments we also used 6 mM GA in the
incubation medium. These concentrations were based on previous reportsn (da
C. Ferreira et al., 2005; Latini et al., 2005b; Schuck et al., 2007a,b).

2.4. ™Co0, production from glucose and acetate

Homogenates prepared in Krebs—Ringer bicarbonate buffer, pH 7.4, were
added to small flasks (11 cm®) in a volume of 0.45 mL. Flasks were pre-
incubated at 35 °C for 15 min in the absence or presence of the metabolites (GA,
5 mM; 3HG, 1 mM; QA, 0.1 nM) in a metabolic shaker (90 oscillations minfl)
with 625 uM n-dodecyl-B-p-maltoside in order to permeabilize the mitochon-
drial membranes. After pre-incubation, [U-"*C] glucose (0.055 Ci) plus 5 mM
of unlabeled glucose or [1-'4C] acetate (0.055) rCi plus 1 mM of unlabeled
acetate were added to the incubation medium. The total volume of incubation
was 525 pL. The flasks were gassed with a O,/CO, (95:5) mixture and sealed
with rubber stoppers and Parafilm M. Glass center wells containing a folded
60 mm/4 mm piece of Whatman 3 filter paper were hung from the stoppers.
After 60 min incubation at 35 °C in a metabolic shaker (90 oscillations min’]),
0.2mL of 50% trichloroacetic acid was supplemented to the medium and
0.1 mL of benzethonium hydroxide was added to the center of the wells with
needles introduced through the rubber stopper. The flasks were left to stand for
30 min to complete "“CO, trapping and then opened. The filter papers were
removed and added to vials containing scintillation fluid, and radioactivity was

counted. Results were calculated as pmol '“CO, h™! g tissue .

2.5. Glucose utilization

Cortical prisms (50 mg) were first pre-incubated at 35 °C for 15 min in the
presence of the metabolites (GA, 5 mM; 3HG, 1 mM; QA, 0.01 uM) and then
incubated under a O,/CO, (95:5) mixture at 35 °C for 60 min in Krebs—Ringer
bicarbonate buffer, pH 7.0 containing 5.0 mM glucose (in a total volume of
0.5 mL) in a metabolic shaker (90 oscillations min~"). Controls did not contain
the metabolites in the incubation medium. Glucose was measured in the
medium before and after incubation by the glucose oxidase method (Trinder,
1969). Glucose utilization was determined by subtracting the amount after
incubation from the total amount measured before incubation (Dutra et al.,

1991). Results were calculated as pmol glucose h™' g tissue ™.

2.6. Lactate release

Cortical prisms were initially pre-incubated at 35 °C for 15 min in Krebs—
Ringer bicarbonate buffer, pH 7.0, in the presence or absence of the metabolites
(GA, 5 mM; 3HG, 1 mM; QA, 0.01 M), which was followed by the addition of
5mM glucose. After 60 min incubation at 35°C in a metabolic shaker
(90 oscillations min "), two volumes of 0.3 N perchloric acid were immediately
added to the incubation medium. The excess of perchloric acid was precipitated as
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a potassium salt by the addition of one volume of 3 M potassium bicarbonate.
After centrifugation for 5 min at 800 X g, lactate was measured in the supernatant
by the lactase-peroxidase method (Shimojo et al., 1989). Results were expressed

as wmol of lactate h™' g tissue ™.

2.7. Measurement of pyruvate dehydrogenase (PDH) activity

Homogenates prepared in Krebs—Ringer bicarbonate buffer, pH 7.4, were
added to small flasks (11 cm®) in a volume of 0.45 mL. Flasks were pre-incubated
at 35 °C for 15 min in the absence or presence of the metabolites (GA, 5 mM;
3HG, 1 mM; QA, 0.1 uM) in a metabolic shaker (90 oscillations min’l) with
625 uM n-dodecyl-B-p-maltoside in order to permeabilize the mitochondrial
membranes. After pre-incubation, [1-'*C] pyruvate (0.065 wCi) plus 1.0 mM of
unlabeled pyruvate were added to the incubation medium. The total volume of
incubation was 525 L. The flasks were gassed with a O,/CO, (95:5) mixture and
sealed with rubber stoppers and Parafilm M. Glass center wells containing a folded
60 mm/4 mm piece of Whatman 3 filter paper were hung from the stoppers. After
60 min incubation at 35 °C in a metabolic shaker (90 oscillations min~"), 0.2 mL
of 50% trichloroacetic acid was supplemented to the medium and 0.1 mL of
benzethonium hydroxide was added to the center of the wells with needles
introduced through the rubber stopper. The flasks were left to stand for 30 min to
complete '*CO, trapping and then opened. The filter papers were removed and
added to vials containing scintillation fluid, and radioactivity was counted
(Leighton et al., 1985). Results were calculated as pmol 4Co,h™! g tissue .

2.8. Spectrophotometric analysis of creatine kinase activity

CK activity was measured in total homogenates, mitochondrial (P2) and
cytosolic (S) fractions according to Hughes (1962) with slight modifications
(Schuck etal., 2002). Briefly, the reaction mixture consisted of 50 mM Tris buffer,
pH 7.5, containing 7.0 mM phosphocreatine, 7.5 mM MgSO,, and 0.5-1.0 pg
protein in a final volume of 0.1 mL. We initially carried out a pre-incubation at
37 °C for 15 min with the metabolites (GA, 5 mM; 3HG, 1 mM; QA, 100 uM).
The reaction was then started by addition of 4.0 mM ADP and stopped after
10 min by addition of 0.02 mL of 50 mM p-hydroxy-mercuribenzoic acid. The
creatine formed was estimated according to the colorimetric method of Hughes
(1962). The color was developed by the addition of 0.1 mL 20% «-naphthol and
0.1 mL 20% diacetyl in a final volume of 1.0 mL and read after 20 min at
A =540 nm. Some experiments were performed in the presence or absence of
catalase (CAT; 50 mU mL™}) plus superoxide dismutase (SOD; 50 mU mL™Y),
the nitric oxide synthase inhibitor L-NAME (0.5 mM) or GSH (0.5 mM). Results
are expressed as wmol of creatine min~' mg protein~' or percentage of controls.

2.9. Protein determination

Protein was measured by the method of Lowry et al. (1951) using bovine
serum albumin as standard.

2.10. Statistical analysis

Unless otherwise stated, results are presented as mean &+ S.E.M. Assays
were performed in duplicate or triplicate and the mean or median was used for
the calculations. Data were analyzed using one-way analysis of variance
(ANOVA) followed by the post hoc Duncan multiple range test when F was
significant or Student 7-test for paired samples. Differences between groups
were rated significantat P < 0.05. Only significant values were given in the text.
All analyses were carried out in an IBM-compatible PC computer using the
Statistical Package for the Social Sciences (SPSS) software.

3. Results

3.1. Inhibition of glucose oxidation by co-incubation of GA
with 3HGA in rat cerebral cortex

For these experiments we used 12 animals. Fig. 1 shows that
“CO, production from [U-'*C] glucose was significantly
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Fig. 1. Effect of glutaric (GA), 3-hydroxyglutaric (3HG) and quinolinic (QA)
acids on '“CO, production from [U-*C) glucose (black bars) and [1-1%C) acetate
(white bars) in rat cortical homogenates. Values are mean + S.E.M. for six
independent experiments (animals) per group expressed as pmol “CO,
h™! g tissue ™. *P < 0.05 compared to controls (Duncan multiple range test).

inhibited by co-incubation of GA with 3HGA (up to 20%),
whereas co-incubation of QA with GA or 3HG did not alter this
parameter [F(3,19) =3.57; P < 0.05]. Furthermore, the iso-
lated presence of GA (5 mM), 3HG (1 mM) or QA (0.01 M)
in the medium did not alter glucose oxidation (results not
shown). It can also be noted in the figure that '*CO, generation
from [1-'*C] acetate (acetate oxidation) was not changed by
these metabolites, indicating that the astrocytic citric acid cycle
was not disturbed by these organic acids. These results suggest
that GA and 3HGA act synergistically compromising the
glycolytic pathway in rat brain.

3.2. Glucose utilization is stimulated by co-incubation of
GA with 3HGA in rat cerebral cortex

Then we evaluated the effect of GA, 3HGA and QA on
glucose utilization and lactate release in cortical prisms. Six
animals were used for these experiments. Co-incubation of GA
with 3HGA provoked an increase of cortical glucose utilization
(around 30%) [F(3,16) = 3.25; P < 0.05] (Fig. 2A), but did not
affect significantly lactate release (Fig. 2B) by prisms from rat
cerebral cortex, although there was a tendency of these
metabolites to increase this parameter (around 26%). Further-
more, the isolated presence of GA (5 mM), 3HG (1 mM) or QA
(0.01 pM) in the medium did not alter glucose oxidation
(results not shown).

3.3. Co-incubation of GA with 3HGA leads to an inhibition
of pyruvate dehydrogenase activity in rat cerebral cortex

In attempt to explain the decreased “co, production from
[U-'*C] glucose, we evaluated the combined and separated
effects of GA plus 3HG on pyruvate dehydrogenase activity in
cerebral cortex homogenates. For these experiments we used
five animals. Fig. 3 shows that this activity was decreased by
GA plus 3HG (up to 24%) [#(3) = 3.11; P < 0.05], but not when
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Fig. 2. Effect of glutaric (GA), 3-hydroxyglutaric (3HG) and quinolinic (QA) acids on (A) glucose utilization and (B) lactate release in rat cortical prisms. Values are
mean + S.EM. for three to six independent experiments (animals) per group expressed as pwmol glucose h™' g tissue™' (glucose utilization) or pmol
lactate h~' g tissue ' (lactate release), *P < 0.05 compared to controls (Duncan multiple range test).

GA (5 mM) or 3HG (1 mM) were added separately to the
homogenates (results not shown).

3.4. Inhibition of creatine kinase activity caused by co-
incubation of GA with 3HGA in rat cerebral cortex is
probably mediated by reactive oxygen species

Finally, we assessed the effect of GA, 3HGA and QA alone
or combined on total CK activity in rat cortical homogenates.
Five rats were used for these experiments. We observed that co-
incubation of GA with 3HGA inhibited this activity (up to 22%)
[F(3,16) =3.33; P < 0.05] (Fig. 4A). In contrast, this activity
was not altered by the presence of GA (5 or 6 mM), 3HG
(1 mM) or QA (100 uM), when supplemented separately to the
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Fig. 3. Combined effect of glutaric (GA) and 3-hydroxyglutaric (3HG) on
pyruvate dehydrogenase (PDH) activity in rat cerebral cortex. Values are
mean £ S.E.M. for five independent experiments (animals) per group expressed
as pmol '*CO, h™! g tissue™'. **P < 0.01 compared to controls (Student z-test
for paired samples).

medium and by the combination of QA (100 uM) with GA
(5 mM) or 3HG (1 mM) (results not shown). In order to test
whether the significant reduction of CK activity was mediated
by free radicals, we pre-incubated the cerebral cortex
homogenates in the presence of the antioxidants nitric oxide
synthase inhibitor L-NAME, catalase (CAT) plus superoxide
dismutase (SOD) or reduced glutathione (GSH). Seven animals
were used for this experiment. We observed that GSH and CAT
plus SOD were able to prevent the inhibitory effect caused by
co-incubation with GA and 3HGA [F(4,30) = 3.81; P < 0.05],
suggesting a role for reactive oxygen species in this inhibition
(Fig. 4B).

Then, we investigated the effect of a co-incubation of GA
with 3HGA on CK activity in mitochondrial (P2) and cytosolic
(S) fractions of rat cerebral cortex. For these experiments we
used six animals. It can be seen in Fig. 5 that these metabolites
significantly inhibited mitochondrial CK activity (up to 35%)
[#(4) = 5.40; P < 0.01], but not the cytosolic CK activity.

4. Discussion

GA I is a cerebral organic aciduria characterized by
progressive neurodegeneration with neuroimaging findings of
frontotemporal atrophy, delayed myelination with leukoence-
phalopathy, as well as by acute caudate and putamen
degeneration following the characteristic encephalopathic
crises when the levels of the accumulated metabolites GA
and 3HG dramatically increase to millimolar concentrations
(Goodman et al., 1977; Hoffmann and Zschocke, 1999). The
neuropathology of GA I is far from understood, although
excitotoxicity (Flott-Rahmel et al., 1997; Lima et al., 1998;
Ullrich et al., 1999; Porciuncula et al., 2004; de Mello et al.,
2001; Frizzo et al., 2004; Rosa et al., 2004), oxidative stress
(Kolker et al., 2001a,b; Latini et al., 2002, 2005a; de Oliveira
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Fig. 4. Effect of glutaric (GA), 3-hydroxyglutaric (3HG) and quinolinic (QA) acids on total creatine kinase (CK) activity in rat cortical homogenates (A). The
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multiple range test).

Marques et al., 2003; Sauer et al., 2005) and energy disruption
(Ullrich et al., 1999; Silva et al., 2000; Das et al., 2003; Sauer
et al., 2005; Latini et al., 2005b; da C. Ferreira et al., 2005;
Ferreira et al., 2005) have been demonstrated in the last years to
be induced by GA and 3HG. However, recent evidence failed to
demonstrate an excitotoxic action for 3HG in neuronal cultures
(Bjugstad et al., 2001; Freudenberg et al., 2004; Lund et al.,
2004). On the other hand, it was postulated a neurotoxic role
for quinolinic acid (QA), a metabolite of the tryptophan
kynurenine pathway, in the neurological sequelae of glutaric
acidemic patients (Varadkar and Surtees, 2004).

Il mitochondrial
14 [ cytosolic
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Creatine kinase activity
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o
1

Control GA + 3HG

Fig. 5. Combined effect of glutaric (GA) and 3-hydroxyglutaric (3HG) acids on
the mitochondrial (black bars) and cytosolic (white bars) creatine kinase activities
in rat cerebral cortex. Values are mean & S.E.M. for five to six independent
experiments (animals) per group expressed as nmol creatine min ™' mg protein ™.
*#P < 0.01 compared to controls (Student’s ¢-test for paired samples).

More recently the importance of mitochondrial dysfunction
was emphasized as a possible mechanism for the brain damage
in GA I (Strauss and Morton, 2003; Sauer et al., 2005; Bjugstad
et al., 2006). This is in line with the fact that some GA I patients
excrete increased concentrations of lactate, 3-hydroxybutyrate,
acetoacetate and dicarboxylic acids, especially during crises of
metabolic decompensation, reflecting a mitochondrial dysfunc-
tion (Gregersen and Brandt, 1979; Floret et al., 1979).

Thus, since at present the relevance of bioenergetical
impairment and of other pathomechanisms of brain injury are
not yet clearly established in GA I, and considering that
previous studies did not evaluate the combined effects of GA
and 3HG and also of QA on brain energy metabolism, the aim
of the present work was to investigate the combined effect of
QA with GA or 3HG and GA with 3HG on various parameters
of energy metabolism in brain of young rats. We investigated
the in vitro effect of these metabolites added separately or
combined on glucose utilization, lactate generation, glucose
and acetate oxidation, as well as on key enzyme activities
involved in energy metabolism in brain of developing rats. The
control values obtained in the various parameters analyzed in
rat cerebral cortex were similar to those found by other
investigators (Leighton et al., 1985; Toyomizu et al., 1999;
Rasia-Filho et al., 2002; Sgaravatti et al., 2003; Reis de Assis
et al., 2004; Schweigert et al., 2004; Rosa et al., 2005; Schuck
et al., 2007a,b).

We observed that co-incubation of QA with either GA or
3HG did not alter the parameters of energy metabolism
examined, indicating that QA, at the doses utilized (0.01-
100 wM) does not apparently compromise energy metabolism.
This is in agreement with a recent report showing a mild in vitro
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effect of QA only at a high concentration on brain energy
metabolism (Schuck et al., 2007a,b). Since the concentrations
of QA utilized in our experiments are similar or even higher
than those achieved in the brain during neuroinflammatory
processes, when the kynurenine pathway is activated in
microglial cells and/or when invading macrophages infiltrate
the brain (Heyes et al., 1992; Schwarcz and Pellicciari, 2002),
QA-induced mitochondrial dysfunction as an important
pathomechanism of brain damage in GA I is unlikely. We
cannot however exclude the possibility that QA associated with
GA and 3HG may have a role in the brain damage of GA I
inducing oxidative stress (Santamaria and Rios, 1993;
Santamaria et al., 2001; Kolker et al., 2001a,b; Latini et al.,
2002, 2005a; de Oliveira Marques et al., 2003; Leipnitz et al.,
2005) or excitotoxicity (Foster et al., 1983; Schwarcz et al.,
1984; Stone, 1993; Flott-Rahmel et al., 1997; Lima et al., 1998;
Kolker et al., 1999; Wajner et al., 2004; Rosa et al., 2004).

In contrast, we verified that the combination of GA and 3HG
resulted in a synergic effect, compromising various parameters
of energy metabolism. GA plus 3HG, but not GA or 3HG alone,
caused an inhibition (up to 20%) of '*CO, production from
glucose, indicating an impairment of the aerobic glycolytic
pathway. In contrast, '*CO, formation from acetate was not
changed by GA and 3HG alone or combined. Since acetate
oxidation occurs predominantly in astrocytes, it is presumed
that these organic acids do not disturb the astrocytic citric acid
cycle activity. We also found that the combination of these
organic acids significantly inhibited the activity of pyruvate
dehydrogenase, an important enzyme that links the glycolytic
pathway to the citric acid cycle. Therefore, it may be concluded
that the association of GA with 3HG compromises aerobic
glycolysis by inhibiting pyruvate dehydrogenase activity.
Furthermore, GA plus 3HG significantly increased glucose
utilization (up to 30%) by rat cerebral cortex, indicating a
stimulation of the transport and/or utilization of this substrate
by the brain. Considering that anaerobic glycolysis produces
less ATP and needs more substrate (glucose) to compensate the
lower energy outcome, it may be assumed that lactate
production might be increased by the association of GA plus
3HG. In this context, we observed that the association of these
organic acids provoked a moderate (up to 26%) nonsignificant
increase of lactate production from glucose. Taken together
these observations results on glucose utilization and '*CO,
production, it might be presumed that aerobic glycolysis are
compromised by GA plus 3HG, whereas anaerobic glycolysis is
stimulated.

Finally, we observed that CK activity was significantly
inhibited by co-incubating GA with 3HG. We also verified that
GSH that acts as a naturally occurring thiol-reducing agent
(Meister and Anderson, 1983) and CAT plus SOD, which are
excellent trapping agents for superoxide, totally prevented the
significant inhibitory role of GA plus 3HG on total CK activity
from cerebral cortex, probably indicating that reactive species
were involved in this effect. We also demonstrated that the
mitochondrial, but not the cytosolic CK activity was inhibited
by GA plus 3HG, and this is interesting since critical cysteine
residues of the enzyme mitochondrial (P2) fraction are highly

vulnerable to free radical attack (Wolosker et al., 1996; Arstall
et al., 1998; Stachowiak et al., 1998). These observations are
important since this enzyme activity, mainly responsible for
ATP transfer within the cell, is crucial for normal brain cell
functioning and has been recognized as an important metabolic
regulator during health and disease (Wallimann et al., 1998).

The synergic effect between GA and 3HG on energy
metabolism is reinforced by the fact that 6 mM GA did not alter
the evaluated parameters, as occurred by the combination of
5 mM GA with 1 mM 3HG.

In conclusion, to our knowledge this is the first report
showing a synergistic effect of GA and 3HG disrupting cerebral
energy metabolism. The fact that GA I patients accumulate both
metabolites in their tissues emphasizes the relevance of the
present findings. However, at present it is difficult to postulate
that energy deficit is mainly responsible for the characteristic
cerebral damage of GA 1 affected patients, as recently
postulated (Strauss and Morton, 2003). However, energetic
dysfunction may act together with other pathomechanisms
making the brain more vulnerable to the effect of the
accumulating metabolites in GA I, as recently demonstrated
in the genetic knockout GCDH-deficient mouse model
(Bjugstad et al., 2006). We cannot however establish whether
energy depletion, oxidative stress, excitotoxicity or other
mechanisms is mainly responsible for the brain damage in GA 1
patients. It is likely that these mechanisms act synergistically to
cause the devastating on the brain of glutaric acidemic patients.
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[11.2. Discusséao

A AG | é uma aciduria orgéanica cerebral caracterizada por atrofia cortical
frontotemporal ao nascimento, hipomielinizagcdo com leucoencefalopatia e
neurodegeneragcao progressiva e por necrose aguda do caudado e putamen apos
crises encefalopaticas, quando as concentracbes cerebrais dos metabdlitos
acumulados, AG e 3HG, estao muito elevados (Goodman et al., 1977; Hoffmann e
Zschocke, 1999).

A patogénese do dano cerebral na AG | ndo esta ainda completamente
esclarecida embora excitotoxicidade (Flott-Rahmel et al., 1997; Lima et al., 1998;
Hoffmann e Zschocke, 1999; Kolker et al., 2000, 2002a; Wajner et al., 2004;
Goodman, 2004; Rosa et al., 2004; Magni et al., 2009), estresse oxidativo (Kdlker
et al.,, 2001a,b; Latini et al., 2002, 2005a; Sauer et al., 2005), disfungao
mitocondrial (Ullrich et al., 1999; Das et al., 2003; Latini et al.,, 2005b; da C.
Ferreira et al., 2005; Ferreira et al., 2005) e rompimento da permeabilidade da
barreira hematoencefalica (Strauss e Morton 2003; Zinnanti et al.,, 2006a;
Muahlhausen et al., 2006) sejam considerados importantes mecanismos de
neurodegeneragao nessa doenca.

No que se refere a excitotoxicidade, alguns trabalhos recentes nao
encontraram efeitos excitotéxicos para o 3HG (Ullrich et al., 1999; Lund et al.,
2004; Freudenberg, Lukacs e Ullrich, 2004). Por outro lado, a disfungao energética
tem sido considerada nos Uultimos anos como um importante mecanismo
patolégico na lesao cerebral que acomete os pacientes afetados por AG | (Strauss
e Morton, 2003; Sauer et al., 2005; Bjugstad et al., 2006; Zinnanti et al., 2007).

Essa idéia é reforgada pelo fato de que pacientes afetados pela AG | excretam na
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urina concentragdes aumentadas de lactato, 3-hidroxibutirato, acetoacetato e
acidos dicarboxilicos (Gregersen e Brandt, 1979; Floret et al., 1979). Entretanto,
apesar de muitos estudos terem sido realizados no intuito de esclarecer a
toxicidade do AG e do 3HG, os mecanismos exatos da neuropatologia da AG |
ainda ndo estdo bem estabelecidos e tampouco a relevancia dos mesmos nas
anormalidades observadas no cértex cerebral e nucleos da base dos pacientes
afetados por essa doencga.

Modelos animais experimentais de doencas humanas tém sido importantes
para investigar os mecanismos que levam aos danos teciduais encontrados em
pacientes afetados por diferentes erros inatos do metabolismo, embora néao
mimetizem varios achados dessas patologias. Nesse sentido, um modelo genético
de AG | em camundongos foi desenvolvido (Kdeller et al., 2002), apresentando um
perfil bioquimico similar ao dos pacientes afetados pela AG |, com excrecao
urinaria de grandes quantidades de AG e 3HG. Entretanto, neste modelo n&o
ocorre lesdo estriatal caracteristica da AG |, indicando que um modelo mais
representativo desta doenga € necessario para melhor entender sua patogénese.
Outra desvantagem deste modelo animal genético € que o AG e o 3HG
acumulam-se simultaneamente, prejudicando a avaliagdo da contribuicao
individual de cada metabdlito para a neuropatologia desta doenga. Em relagéo aos
testes neuromotores e comportamentais, foi verificado que os animais modificados
geneticamente apresentaram um pequeno déficit motor e n&o se diferenciaram de
camundongos normais no que se refere as interagbes sociais ou ao
comportamento no seu habitat (gaiolas) onde foram mantidos durante o seu

desenvolvimento (Kdeller et al., 2002).
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Recentemente, desenvolvemos um modelo agudo quimico animal com
concentragcdes altas de AG no cérebro e no musculo esquelético, através da
administragao subcutanea do AG, o principal metabdlito que se acumula na AG |,
a ratos. Apesar do fato de que as concentragdes cerebrais de AG encontradas em
nosso modelo animal foram comparaveis aquelas encontradas em cérebro de
pacientes com AG | (Goodman et al., 1975; Kulkens et al., 2005), este modelo n&o
mimetiza o fendtipo bioquimico da doenca humana, pois as concentragdes
plasmaticas de AG foram mais elevadas do que as encontradas em pacientes com
AG I. Os animais administrados com AG apresentaram concentracdes plasmaticas
de AG aproximadamente 10 vezes maiores que no cérebro e duas vezes maiores
que em musculo esquelético e coracdo, indicando que o AG tem uma maior
permeabilidade a 6rgaos periféricos, quando comparado com o cérebro. Neste
contexto, foi recentemente sugerido que o transporte de AG através da barreira
hemato-encefdlica é limitado (Sauer et al., 2006). Observamos que esta
administragdo aguda provocou uma inibicdo moderada da atividade do complexo
I-1ll da cadeia respiratoria em cérebro médio e dos complexos I-lll e II-lll em
musculo esquelético (Ferreira et al., 2005).

Na presente investigacao, objetivamos inicialmente estudar se niveis de AG
elevados cronicamente nos tecidos de ratos jovens poderiam provocar um prejuizo
na performance em tarefas comportamentais, ja que nao ha na literatura nenhum
trabalho estudando esse aspecto. O unico trabalho disponivel na literatura sobre
comportamento em modelos animais de AG | estudou apenas o desenvolvimento
neuromotor de camundongos geneticamente modificados (knockout) no gene da

glutaril-CoA desidrogenase como acima mencionado (Kdeller et al., 2002), ndo se
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preocupando com a investigacdo da cognigcdo dos animais. Assim, na primeira
etapa desse estudo desenvolvemos um modelo animal experimental crénico de
AG |, em que os niveis de AG estivessem cronicamente elevados durante um
periodo de intensa proliferacao celular e sinaptogénese (do 5° do 28° dia de vida)
em varias estruturas cerebrais envolvidas em processos de aprendizado/memodria
em ratos (Winick e Noble, 1965; Roisen et al., 1981; Dreyfus et al., 1984; Dutra et
al., 1993). Esse tratamento foi baseado em nosso modelo agudo previamente
descrito (Ferreira et al., 2005). As concentragbes maximas de AG verificadas em
varios tecidos dos animais foram aproximadamente 6 mM em plasma, 0,6 mM em
cérebro e 4 mM em musculo esquelético. Apds a administracdo crbnica, os
animais foram deixados em recuperagao por 30-45 dias e, apds isso, seu
desempenho foi avaliado em diversas tarefas comportamentais, tais como labirinto
aquatico de Morris, labirinto em cruz elevado e campo aberto. Esses resultados
estao descritos no Capitulo | deste trabalho.

Observamos inicialmente que a administracido crénica de AG nao teve
efeito sobre o peso corporal dos animais, indicando que este tratamento nao
provocou malnutricdo. Essa observagao é importante, pois animais malnutridos
podem ter seu desempenho prejudicados em tarefas neurocomportamentais
(Smart e Dobbing, 1971; Davis e Squire, 1984). Desse modo, podemos descartar
a interferéncia da desnutricdo nas alteracbes comportamentais observadas neste
trabalho. Além disso, a administracido crénica de AG nao alterou a data de
aparecimento dos pelos, abertura dos olhos ou erupcédo dos dentes incisivos, nem
a tarefa do endireitamento em queda-livre, indicando que o desenvolvimento fisico

e motor dos animais nao foi modificado pela administracao cronica do AG.
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Com relagao as tarefas comportamentais, observamos que tanto os animais
injetados com solugao salina (controles) quanto os animais injetados com AG
obtiveram uma melhora na aquisicao no labirinto aquatico de Morris ao longo dos
dias de treinamento, ou seja, diminuiram o tempo de laténcia para achar a
plataforma do primeiro ao quinto dia de treinamento. Entretanto, a laténcia para
achar a platarforma durante os treinamentos no labirinto aquatico de Morris foi
ligeiramente maior nos animais administrados com AG, quando comparados aos
animais controle. Além disso, ratos que receberam a administracido crénica de AG
ficaram por um periodo de tempo significativamente menor no quadrante alvo
(onde a plataforma foi inicialmente colocada) e um tempo maior no quadrante
oposto ao quadrante alvo. Os animais submetidos ao modelo quimico com AG
também tiveram um menor numero de cruzamentos corretos pela posicao da
plataforma e apresentaram uma maior laténcia para passar sobre a posicdo da
plataforma no dia do teste, comparando-se aos animais controle. Esses resultados
sugerem que a administragao crénica de AG logo apds o nascimento causou um
prejuizo no aprendizado/memodria espacial. Como os testes de performance
comportamental foram realizados 30 a 45 dias apés o tratamento, podemos inferir
que esse tratamento causou um dano prolongado ou permanente no cérebro dos
animais.

Devemos ressaltar que o déficit na navegagao espacial apresentado pelos
ratos administrados com o AG nao pode ser atribuido a um decréscimo na
atividade motora, pois a velocidade de natacdo no labirinto aquatico e o niumero
de cruzamentos no campo aberto foram similares em ambos 0s grupos, indicando

que eles apresentam a mesma atividade locomotora. Adicionalmente, quando
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olhamos o padrao das rotas realizadas pelos animais, observamos que os animais
administrados com o AG ficaram periodos similares de tempo nos quatro
quadrantes da piscina no dia do teste e apresentaram uma rota circular, sugerindo
que esses animais utilizaram um padrdo circular (busca randbmica) como
estratégia para achar a plataforma. Entretanto, quando foi avaliada a memoaria de
trabalho uma semana apds a sessao de teste, ndo foi possivel diferenciar os
animais administrados com AG dos administrados com salina, pois ambos os
grupos apresentaram uma diminui¢ao na laténcia para encontrar a plataforma do
primeiro ao ultimo trial, dentro de cada dia de treino.

Por outro lado, o comportamento dos ratos na tarefa do labirinto em cruz
elevado nao foi alterado pela administracdo do AG, indicando que este tratamento
nao foi ansiogénico. Similarmente, a administracdo do AG nao alterou o
desempenho dos animais na tarefa do campo aberto, j& que a diminuigdo no
numero de rearings e cruzamentos na sessao teste, em relagcéo a sessao treino foi
semelhante em ambos os grupos de animais. Esses resultados corroboram os
resultados anteriores indicando que a atividade motora dos animais administrados
com AG nao diferiu dos que receberam solucdo salina.

Desconhecemos os mecanismos exatos pelos quais o AG prejudica os
processos de aprendizado/memoéria em ratos submetidos ao nosso modelo
quimico. Entretanto, é possivel que as concentragcbes cerebrais de AG atingidas
em nosso modelo animal (0.72 umol/g = 0.72 mM) possam ter sido suficientes
para causar uma disfuncao cerebral durante a fase de rapido desenvolvimento e
maturacao do sistema nervso central em estruturas cerebrais envolvidas com os

processos de aprendizado, memoria e interacdo com o ambiente. Convém
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salientar que estudos realizados por bidpsia e postmortem no cérebro de
pacientes com AG | mostraram que as concentragdes cerebrais do AG podem
chegar a 8 mM (Kllkens et al., 2005; Sauer et al., 2006) e, portanto, inferiores as
obtidas com esse modelo animal.

Nosso proximo passo foi investigar se concentragdes elevadas de AG nos
tecidos de ratos jovens por um periodo prolongado de tempo obtidas por injecbes
subcuténeas diarias deste acido organico do 5° ao 21° dia de vida, poderiam
alterar o metabolismo energético cerebral in vivo. Os animais foram sacrificados
12 h apdés a utlima injecdo do AG, sendo entdo avaliadas as atividades
enzimaticas dos complexos da cadeia transportadora de elétrons e da creatina
quinase (CK) em cérebro e musculo esquelético de ratos jovens, pelo fato de que
pacientes afetados pela AG | apresentam predominantemente sintomas
neuroldgicos associados com hipotonia durante as crises de descompensagao
metabdlica. Esses resultados estdo descritos no Capitulo Il deste trabalho.

Observamos que a administragcao crénica de AG inibiu significativamente as
atividades dos complexos I-lll e Il da cadeia transportadora de elétrons em
musculo esquelético, sem afetar essas atividades enzimaticas em estruturas
cerebrais. Esses resultados diferem dos encontrados em experimentos em que o
AG foi administrado agudamente aos animais, onde o tratamento provocou uma
inibicdo das atividades dos complexos I-lll da cadeia transportadora de elétrons
em cérebro e dos complexos I-lll e lI-lll em musculo esquelético de ratos jovens
(Ferreira et al., 2005). Estudos anteriores demonstraram que a administracao in
vitro do AG provocou uma inibigdo significativa na produgdo de ATP e nas

atividades dos complexos I-lll e II-lll em cortex cerebral (Silva et al., 2000), bem
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como nas atividades das enzimas CK, sucinato desidrogenase e do complexo I-lll
em cérebro médio de ratos jovens (da Costa Ferreira et al., 2005). Devemos levar
em consideragao o fato de que as inibigdes do complexo I-lll causado por uma
administragao in vivo aguda de AG ou pela adi¢ao in vitro deste acido orgéanico (5
mM) aos ensaios com homogeneizados de cérebro de ratos foram possivelmente
causadas pelas altas concentragdes de AG quando as atividades enzimaticas
foram determinadas. No presente estudo, as atividades enzimaticas foram
avaliadas 12 h apds a ultima injecdo, quando as concentragoes de AG eram
indetectaveis.

Ullrich e colaboradores (1999) também encontraram uma inibicdo moderada
na atividade do complexo Il-lll da cadeia transportadora de elétrons por altas
doses de AG (4 mM) sem alteragcdo dos outros parametros do metabolismo
energético em culturas neuronais corticoestriatais de embrides de ratos, enquanto
outros investigadores nao encontraram nenhuma inibicdo em atividades isoladas
dos complexos da cadeia transportadora de elétrons em particulas
submitocondriais de coragdao bovino e postularam que o AG nao interfere
diretamente na cadeia transportadora de elétrons (Kdlker et al., 2002).

Também devemos considerar que o AG induz a geragao de radicais livres
(de Oliveira Marques et al., 2003) que podem inativar alguns complexos da cadeia
transportadora de elétrons vulneraveis ao ataque oxidativo (Hillered e Ernster,
1983; Zhang et al., 1990; Melov et al., 1999; Rafique et al., 2001) levando assim a
uma disfungdo energética. Nossos experimentos foram realizados em
homogeneizados de tecidos que contém a maquinaria celular completa para gerar

radicais livres, enquanto os estudos realizados por Kdlker e colaboradores (2002)
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foram realizados em membranas submitocondriais purificadas. Assim, esses
resultados aparentemente conflitantes podem ser devidos as diferentes
abordagens metodoldgicas, tecidos, preparagdes teciduais ou concentragdes de
AG utilizadas nos experimentos que podem nao detectar uma acao indireta via
produgao acelerada de espécies ativas deste acido organico.

Também observamos que a atividade do complexo IV da cadeia
transportadora de elétrons estava aumentada em musculo esquelético dos ratos
submetidos a administracdo cronica do AG. Apesar de, nesse momento, nao
podermos explicar esse achado, atividades aumentadas do complexo IV foram
observadas em outras doengas neurodegenerativas, em que a disfungéo
energética parece desempenhar um importante papel na fisiopatologia dessas
doencas (Nagy et al., 1999; Strazielle et al., 2003).

Encontramos ainda que a atividade do ciclo de Krebs, medida pela
producdo de CO, a partir de acetato, nas estruturas cerebrais e no musculo
esquelético ndo foi alterada pela administragcdo crénica do AG, o que pode
possivelmente indicar que as inibicdes da cadeia respiratoria provocadas por esse
acido organico no musculo esquelético ndo terem sido fisiologicamente relevantes.
Além disso, observamos que a atividade da CK foi marcadamente reduzida em
musculo esquelético pela administragao cronica de AG, porém néo foi alterada no
coértex cerebral e no cérebro médio dos animais.

Tomado em seu conjunto, os efeitos inbitérios provocados pelo AG sobre os
complexos da cadeia transportadora de elétrons e especialmente sobre a
atividade da CK em musculo esquelético sugerem que a produgcédo e a

transferéncia de energia estdo prejudicadas nesse tecido apds a administragcao
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crobnica do AG. A razado pela qual a administragdo crénica de AG provocou
alteragdes em musculo esquelético sem afetar as estruturas cerebrais pode estar
relacionada com as concentracdes deste metabdlito atingidas nos diferentes
tecidos, ja que as concentragdes cerebrais de AG foram aproximadamente 5
vezes menores que em musculo esquelético (Ferreira et al.,, 2005). As
concentracdes cerebrais de AG encontradas em nosso modelo foram similares ou
inferiores aquelas previamente descritas em bidpsias ou estudos post mortem com
cérebros de pacientes afetados pela AG | (Goodman et al., 1975; Kolker et al.,
2003; Kilkens et al., 2005). Assim, ndo podemos excluir a possibilidade de que
niveis cerebrais mais elevados de AG provoquem alteragbes no metabolismo
energético cerebral.

Demonstramos com este trabalho que a administracdo crbénica de AG a
ratos provocou um déficit energético em musculo esquelético de ratos jovens que
foi refletido por uma marcada inibicdo da CK e uma moderada inibicido da cadeia
transportadora de elétrons, nos complexos I-lll e Il. A relevancia fisiopatoldgica
destes achados para a AG | em seres humanos € desconhecida, pois 0s niveis de
AG nos tecidos periféricos dos pacientes ainda nao foram descritos. Podemos
assim sugerir que, no caso de altas concentragdes de AG serem atingidas nos
tecidos periféricos de pacientes afetados pela AG |, alteragdes na bioenergética
celular poderiam estar associadas a hipotonia apresentada por estes pacientes,
similarmente ao que ocorre em pacientes afetados por doengas mitocondriais
primarias (Mordekar et al., 2006).

Considerando que recentemente foi postulado que o acido quinolinico (AQ),

um metabdlito da via das quinureninas, poderia estar envolvido na fisiopatologia
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da AG | (Varadkar e Surtees, 2004) e que estudos prévios nao avaliaram o efeito
combinado do AG e do 3HG sobre o metabolismo energético cerebral, também
objetivamos investigar o efeito combinado do AQ com o AG ou o 3HG e do AG
com o 3HG sobre varios parametros do metabolismo energético em cérebro de
ratos jovens. Investigamos o efeito in vitro destes metabdlitos adicionados
separadamente ou combinados, sobre a utilizacdo de glicose, a produgdo de
lactato, a oxidagao de glicose e acetato, bem como sobre importantes atividades
enzimaticas envolvidas no metabolismo energético cerebral de ratos jovens. Esses
resultados estao descritos no Capitulo Il deste trabalho

Nossos resultados mostraram que a co-incubagao de AQ com o AG ou o
3HG néo alterou os parametros de metabolismo energético examinados, indicando
que AQ, nas doses utilizadas, ndo comprometeu o metabolismo energético.
Considerando que as concentragdes de AQ utilizadas em nossos experimentos
foram similares ou mesmo maiores que as encontradas durante processos
neuroinflamatérios em que a via das quinureninas esta ativada em células
microgliais e/ou macréfagos infiltrados no cérebro (Heyes et al., 1992; Schwarcz
and Pellicciari, 2002), o papel da disfungdo mitocondrial induzida pelo AQ como
um importante mecanismo patoldgico na AG | € improvavel.

Observamos também que tanto o AG como o 3HG ndo afetaram os
parametros avaliados quando testados isoladamente. Por outro lado, verificamos
que a combinagado destes metabdlitos resultou em um efeito sinérgico, alterando
varios parametros do metabolismo energético. A co-incubagdo do AG com o 3HG
provocou uma inibicdo da producdo de CO, a partir de glicose sem alterar a

producao de CO; a partir de acetato, o que indica um prejuizo da via glicolitica. A
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combinacgao destes acidos organicos também inibiu significativamente a atividade
da enzima piruvato desidrogenase, uma importante enzima que une a via
glicolitica ao ciclo de Krebs. Assim, podemos concluir que a associacao do AG
com o 3HG causa um prejuizo a glicolise aerdbica. Além disso, a adigao
simultanea do AG com o 3HG aumentou significativamente a utilizacdo de glicose
em cortex cerebral de ratos, indicando uma estimulacdo do transporte e/ou
utilizacao deste substrato (glicose) pelo cérebro. Considerando que a glicolise
anaerdbica produz menos ATP e necessita, assim, mais substrato para
compensar a menor geragao de energia, podemos presumir que a produgao de
lactato pode estar aumentada pela associacdo do AG com o 3HG. Neste sentido,
observamos que a combinagédo destes acidos organicos provocou um moderado
aumento na producdo de lactato a partir de glicose, apesar de nao ser
significativo.

Finalmente, observamos que a atividade da CK estava significativamente
inibida pela co-incubacédo do AG com o 3HG, mas nao pela adicao isolada desses
compostos. Também observamos que GSH que atua com um agente fisioldgico
redutor de tidis e a combinacdo das enzimas CAT mais SOD que séo excelentes
agentes sequestradores de peroxido de hidrogénio, preveniram totalmente a
inibicdo do AG mais 3HG sobre a ativdade da enzima CK, indicando que a
formacdo de espécies reativas estaria envolvida neste efeito. Também
demonstramos que a fragao mitocondrial desta enzima, mas nao a citosdlica, foi
inibida pela combinacdo de AG mais 3HG. Esse achado é interessante, pois os
residuos criticos de cisteina da fracdo mitocondrial (P2) desta enzima s&o

altamente vulneraveis ao ataque de radicais livres (Wolosker et al., 1996; Arstall et
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al., 1998; Stachowiak et al., 1998). Tendo em vista que essa atividade enzimatica
€ fundamental para o funcionamento normal do cérebro (Wallimann et al., 1998), é
possivel que uma inibicdo da CK, como a encontrada no presente trabalho, seja
importante na fisiopatologia do dano cerebral presente na AG I. Em resumo,
demonstramos que o AG e o 3HG atuam sinergisticamente in vitro prejudicando o
metabolismo energético cerebral. O fato de que os pacientes afetados pela AG |
acumulam ambos os metabdlitos em seus tecidos enfatiza a relevancia destes
achados.

Concluindo, demonstramos neste trabalho que a administracado cronica de
AG provoca alteracdes comportamentais que comprometem o]
aprendizado/meméria, além de prejudicar o metabolismo energético em ratos.
Mostramos também que a combinacdo do AG com o 3HG leva a alteragdes in vitro
de varios parametros do metabolismo energético ndo observadas com a adigéo
isolada desses metabdlitos ao meio de incubagao, o que indica um efeito sinérgico
entre esses metabdlitos. Entretanto, com base nos presentes resultados de
inibicdo moderada do metabolismo energético, € dificil postularmos que o déficit
energético é o principal mecanismo responsavel pelo caracteristico dano cerebral
apresentado por pacientes afetados pela AG |, como foi recentemente sugerido
(Strauss e Morton, 2003). Acreditamos, porém, que a disfungéo energética possa
atuar conjuntamente com outros mecanismos patolégicos, como o estresse
oxidativo, excitotoxicidade, entre outros mecanismos, tornando o cérebro mais
vulneravel ao efeito dos metabdlitos acumulados na AG | e causando os
pronunciados achados patolégicos encontrados no cérebro dos pacientes afetados

por esta doenca. Finalmente, tendo em vista que deficiéncia da producao e/ou
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transferéncia de energia leva a déficit importante da cognicao (Saydoff et al., 1994;
Martinez et al., 2000) e que substratos energéticos como creatina e sucinato foram
capazes de prevenir prejuizos a memoria/aprendizado em um modelo animal de
acidemia metilmalénica (Vasques et al., 2006), presume-se que o tratamento
adjuvante com esses substratos pode representar potencialmente uma nova

estratégia terapéutica para os pacientes afetados por AG I.
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[11.2. CONCLUSOES

[11.2.1. Efeitos in vivo da administracao cronica de AG a ratos jovens sobre
tarefas comportamentais

o Estabelecemos um modelo quimico experimental de AG | em ratos
através de injegdes subcuténeas de AG (do 5° ao 28° dia de vida).

o A administracao crénica subcutidnea de AG néao alterou o peso e o
desenvolvimento fisico e motor (tempo de aparecimento dos pelos, abertura de
olhos e erupcao dos incisivos superiores, bem como o endireitamento em queda
livre) dos animais.

o Os ratos administrados cronicamente com AG apresentaram déficit
de memodria espacial, enquanto a memoria de trabalho foi preservada na tarefa do
labirinto aquatico de Morris.

o Os ratos administrados com AG nao alteraram sua performance
(numero de entradas, tempo de permanéncia nos bragos abertos e numero de
entradas nos bragos fechados) na tarefa do labirinto em cruz elevado.

° Os ratos administrados com AG n&o apresentaram alteracdes
comportamentais (laténcia para deixar o primeiro quadrante, numero de

cruzamentos, bolos fecais ou rearings) na tarefa do campo aberto.

[11.2.2. Efeitos in vivo da administracao crénica de AG sobre parametros de

metabolismo energético
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o A administracao crénica subcutanea de AG ocasionou uma inibigao
da atividade dos complexos |-l e Il e um aumento da atividade do complexo IV da
cadeia transportadora de elétrons em musculo esquelético, sem alterar as
atividades dos complexos |-V da cadeia respiratdria em cortex cerebral e cérebro
médio de ratos jovens.

o A administracao cronica subcutanea de AG ocasionou uma inibicao
da atividade da enzima creatina quinase em musculo esquelético, mas n&do no
cortex cerebral e cérebro médio de ratos jovens.

o A administragao crénica subcutdnea de AG nao alterou a producéao
de CO, a partir de acetato em musculo esquelético, cortex cerebral e cérebro

médio de ratos.

[11.2.3. Efeitos in vitro da co-incubacédo de AQ, AG e 3HG sobre parametros de
metabolismo energético

o A incubacéo isolada de AQ, AG e 3HG ou a co-incubagdo de AQ
com AG ou 3HG nao afetou a utilizagdo de glicose, liberagao de lactato, produgao
de CO, a partir de [U-"*C]glicose ou [1-"Clacetato e a atividade da enzima
creatina quinase em cortex cerebral de ratos jovens.

° A co-incubacado de AG com 3HG provocou um aumento na captagao
de glicose e uma inibigdo da producédo de CO; a partir de glicose, da atividade da
enzima piruvato desidrogenase e da fracdo mitocondrial da enzima creatina
quinase em cortex cerebral de ratos jovens, indicando um efeito sinérgico dos AG

e 3HG.
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o A inibicdo da enzima creatina quinase causada pela co-incubacgao de
AG com 3HG foi prevenida pela adicdo de glutationa reduzida e da combinagao
das enzimas catalase e superoxido dismutase, sugerindo o envolvimento de

especies reativas no efeito causado pelos acidos.
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[1.3. PERSPECTIVAS

e Avaliar o efeito da administracdo intracerebral do AG e do 3HG sobre
parametros de metabolismo energético em cérebro de ratos jovens.

e Avaliar o efeito da neuroinflamacgéao induzida agudamente ou cronicamente
por lipopolissacarideo em ratos administrados agudamente (intracerebral) e
cronicamente (subcutanea) com AG sobre parametros de metabolismo energético
em cérebro de ratos jovens.

e Avaliar o efeito de agentes neuroprotetores sobre os efeitos in vivo
causados pelos AG e 3HG sobre o metabolismo energético cerebral.

e Determinar o efeito da administragao intracerebral dos acidos glutarico e 3-
hidroxiglutarico sobre as concentragcbes cerebrais de ATP, ADP, fosfocreatina e

creatina em varias estruturas cerebrais.
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