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Resumo

Neste trabalho foi investigado o efeito da administracdo cronica de
prolina sobre o conteudo total de gangliosidios, fosfolipidios e de colesterol,
assim como, sobre o perfil de gangliosidios no cértex, no hipocampo, no
hipotalamo e no cerebelo de ratos. Também, foi avaliado o conteudo e o perfil
de gangliosidios nas fragdes soluvel e resistente a detergente obtidas de
membranas sinapticas de cértex. Ratos Wistar foram divididos em dois grupos:
1) injetados subcutaneamente com solugédo 0,9% de NaCl (animais controle) e
2) injetados subcutaneamente com solugdo de prolina, em concentragdes
adequadas ao peso corporal (animais hiperprolinémicos). Tanto a solugéo de
prolina quanto a salina foram administradas do 6° ao 28° dia pds-natal. Doze
horas apds a ultima administragdo, os animais foram sacrificados mediante
decapitacdo sem anestesia. As estruturas cerebrais foram dissecadas e em
seguida homogeneizadas em cloroférmio:metanol na propor¢gao 1:1 vpara a
extragdo lipidica. As membranas sinapticas foram obtidas através de
centrifugacao diferencial e as fragdes soluvel e resistente a detergente foram
isoladas através de tratamento das membranas com Triton X-100 a 4°C para
investigacao de microdominios de membrana. Apds a realizagcdo das analises,
os resultados mostraram que os animais submetidos ao tratamento crdnico
com prolina apresentaram um marcado aumento no conteudo de gangliosidios
no cortex cerebral e no hipocampo, enquanto os conteudos de fosfolipidios e
de colesterol aumentaram somente no hipocampo. Além disso, os conteudos
destes compostos nao foram alterados no hipotalamo e no cerebelo de animais
hiperprolinémicos. Por outro lado, o conteudo de gangliosidios diminuiu nas
fragdes soluvel e resistente a detergente obtidas de membranas sinapticas de
cortex de animais hiperprolinémicos. Embora os perfis de gangliosidios nao
tenham sido aparentemente modificados, as quantidades absolutas das
espécies foram alteradas tanto no extrato total, como nos microdominios de
membrana obtidos do cortex. Estes dados revelam que o tratamento crénico
com prolina afeta de forma distinta as diferentes regides cerebrais quanto a
composi¢cado lipidica das membranas celulares, refletindo-se sobre a
distribuicdo de lipidios nos microdominios de membrana do coértex. Entre as
consequéncias destes fenbmenos poderiam ser sugeridas modulagdes
diferentes nas transmissodes sinapticas que contribuiriam para o déficit cognitivo
e/lou outras disfungdes neurologicas presentes em pacientes com
hiperprolinemia tipo Il.

Palavras-chave: gangliosidios, fosfolipidios, colesterol, hiperprolinemia tipo II,
cérebro, membrana sinaptica, microdominios de membrana enriquecidos em
glicoesfingolipidios.



Abstract

In the present work we investigated the effects of chronic proline
administration on ganglioside, cholesterol and phospholipid total contents, as
well as on ganglioside profile in cerebral cortex, hippocampus, hypothalamus
and cerebellum of rats. We also evaluated the ganglioside content and profile in
detergent- soluble and resistant fractions isolated from synaptic membranes
obtained from cerebral cortex. Wistar rats were divided into two groups: 1)
saline (control) and 2) proline injected (hyperprolinemic). Proline solution or
saline were administered from 6th to 28th postnatal day, according to body
weight. Twelve hours after the last injection, the animals were sacrificed by
decapitation without anesthesia. Brain structures were homogenized with
chlorophorm:methanol 1:1 for lipid extraction. Synaptic membrane was
extracted by differential centrifugation and detergent- soluble and resistant
fractions were isolated by cold Triton X-100 treatment. Results showed that rats
subjected to chronic proline treatment presented a significant increase of
ganglioside content on cortex and hippocampus, while phospholipid and
cholesterol contents only increased in hippocampus. However, the content of
these components were not altered in hypothalamus and cerebellum of
hyperprolinemic rats. On the other hand, ganglioside content decreased in
detergent- soluble and resistant fractions isolated from synaptic membrane
obtained from hyperprolinemic cortex. Although ganglioside profiles were
apparently not modified, the individual absolute quantities were altered in cortex
total lipid extract and membrane microdomains obtained from cerebral cortex.
Our findings suggest that chronic proline treatment affects, in a distinct manner,
different cerebral regions concerning the lipid composition of the cell
membranes, reflecting on its distribution in the cortex membrane microdomains.
Among these phenomena consequences, different modulations in synaptic
transmission may be suggested which may contribute to the impairment in
cognition and/or other neurological disfunctions found in hyperprolinemia type |
patients.

Keywords: ganglioside, phospholipid, cholesterol, hyperprolinemia, brain,
synaptic membrane, membrane rafts.
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1. INTRODUCAO

1.1. Sistema Nervoso Central

O sistema nervoso central (SNC) é responsavel pela aquisicdo de
informacdo ambiental através de receptores sensoriais e transmissdo para o
cérebro e/ou medula espinhal. Uma vez no cérebro, essa informacdo é
processada e integrada, e uma resposta adequada ¢ iniciada (HAINES, 1997).

O sistema nervoso pode ser visualizado como uma escala de complexidade
estrutural. Microscopicamente, a estrutura fundamental funcional é o neurdnio, ou
célula nervosa. Dispersas entre os neurdnios do SNC estdo elementos de suporte
chamados de células gliais. Na extremidade macroscopica da escala estdo as
divisbes maiores (ou partes) do SNC que sdo estudadas com o adequado
detalhamento anatémico (HAINES, 1997).

O SNC é dividido de acordo com suas funcdes. Nessa classificacao,
destacam-se: o cortex, o hipocampo, o hipotalamo e o cerebelo.

O cortex cerebral, responsavel por diversas funcdes nobres, entre elas o
processamento da informacdo sensorial, organizagdo da atividade motora,
fungdes intelectuais superiores - memoaria, julgamento, planejamento de atividades
complexas, processamento da linguagem, calculo matematico e construgdo de
imagens mentais do ambiente do individuo (LYNCH, 1997).

O hipocampo, que processa informacdes e as converte em memoria,
sendo, portanto, responsavel por fungbes como aprendizado, interacdes sociais e

consolidagdo de memdrias de longo prazo a partir de memorias imediatas e de



curto prazo, que persistem por segundos e minutos, respectivamente
(CHRONISTER e HARDY, 1997).

O hipotalamo, regulador do metabolismo e da temperatura corporal, através
do controle central das funcbdes viscerais, pelos sistemas endocrino e
visceromotor; também esta relacionado ao comportamento afetivo-emocional, pelo
sistema limbico; direcionado principalmente a manutencdo da homeostase, pela
regulacdo do balango eletrolitico e de agua, ingesta de alimento, temperatura,
pressdo sanglinea, mecanismo de sono-vigilia, ritmo circadiano e metabolismo
corporal em geral (MIHAILOFF e HAINES, 1997).

O cerebelo, responsavel por fungbes como aprendizado motor (sem
influenciar a fungdo cognitiva), postura e equilibrio (HAINES, MIHAILOFF e

BLOEDEL, 1997).

1.2. Membranas Celulares

A membrana plasmatica € atualmente estudada a partir do modelo de
bicamada lipidica, com variacbes nas propriedades fisico-quimicas de seus
componentes de acordo com as necessidades da célula. Estudos demonstram
gue a membrana das células esta estruturada com as varias proteinas presentes
sendo solvatadas por camadas de lipidios de diferentes composi¢des

(JACOBSON, MOURITSEN e ANDERSON, 2007).

1.2.1. Lipidios de membrana
Embora os lipidios sejam compostos comuns a todas as membranas

plasmaticas, diferentes tipos celulares apresentam proporcdes distintas destes
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componentes. Os lipidios de membrana do SNC sao representados principalmente

por gangliosidios, fosfolipidios e colesterol (AGRANOFF e HAJRA, 1993).

1.2.1.1. Gangliosidios

Os gangliosidios sao glicoesfingolipidios contendo acido siadlico na
molécula, o que lhes confere certa acidez e, portanto, polaridade em comparagao
com outros lipidios (Figura 1.1) Estao relacionados com sinalizag&o e interacdes
entre células, crescimento e diferenciacdo celular e podem estar envolvidos no
desenvolvimento neural (sinaptogénese e mielinizagdo), uma vez que as
membranas neurais sdo ricas em gangliosidios (ANDO, 1983; ZELLER e

MARCHASE, 1992; NAGAI, 1995).

Figura 1.1. Estrutura do gangliosidio GM,. O gangliosidio mais simples; contém apenas um

residuo de acido sialico. (Adaptado de WOODS e JACKSON, 2006)

1.2.1.2. Fosfolipidios

Os fosfolipidios sd&o os componentes majoritarios das membranas
plasmaticas. Sua composi¢gdo envolve uma molécula de alcool (como glicerol,
esfingosinol e inositol) ligada a um fosfato, apresentando grupamentos
substituintes (como colina, serina e etanolamina) (NELSON e COX, 2005). Estes
lipidios tém funcdo na estruturacdo da membrana, assim como na sinalizacao

celular (OHVO-REKILA et al., 2002).
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1.2.1.3. Colesterol

O colesterol € um componente lipidico essencial as membranas biologicas,
pois age estruturalmente, modulando propriedades fisico-quimicas e contribuindo
para a formagéao de microdominios de membrana ("rafts") através de modificagdes
no comportamento e na fungdo de algumas proteinas de membrana (HARDER e

SIMONS, 1997; OHVO-REKILA et al., 2002; SUZUKI, 2002).

1.2.2. Microdominios de membrana (rafts lipidicos)

Rafts de membrana sdo dominios pequenos (100-200 nm), heterogéneos,
altamente dinamicos, enriquecidos em esterdis e glicoesfingolipidios que
compartimentalizam processos celulares (Figura 1.2) (GIL et al., 2006). Estes
dominios também s&o conhecidos pelas abreviaturas GEM (glycosphingolipid-
enriched membrane microdomains) e DRM (detergent-resistent membrane
microdomains) (SIMONS e TOOMRE, 2000). Pequenos rafts podem, as vezes, se
estabilizar para formar plataformas maiores através de interagdes proteina-
proteina e proteina-lipidio (PIKE, 2006). Acredita-se que esses microdominios
participem em uma variedade de rotas fisioldégicas e patoldgicas importantes a
saude humana através de segregagcdo de proteinas e lipidios no plano da
membrana (CHEN et al., 2006). Tais estruturas estdo envolvidas com trafego
através da membrana e sinalizacao, inclusive por neurotransmissores como GABA
e glutamato em células neuronais (ALLEN et al., 2007; HANZAL-BAYER e
HANCOCK, 2007). Estudos demonstram que a localizagdo e regulacéo funcional
do receptor de glutamato NMDA dependem de neuroregulinas e de receptores

tirosina quinase presentes em rafts (SCHRATTENHOLZ e SOSKIC, 2006). A
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deplecado de colesterol ou de esfingolipidios leva a instabilidade de receptores
AMPA da superficie celular de neurdnios hipocampais em cultura, levando a perda
gradual das sinapses (HERING, LIN e SHENG, 2003). O receptor de GABA A e a
Na*, K" ATPase, também, estéo localizados em microdominios de membrana em

células cerebelares granulares de ratos (DALSKOV et al., 2005).

Microdominio de
meambrana

Gangliosidio Glicopratelnas . |
asi -
"“"*fi“b:ﬁ \ Proteina \ = = Fosfolipidios

Citosol

Figura 1.2. Estrutura do microdominio de membrana. Enriquecidos em esterdis e
glicoesfingolipidios, os microdominios compartimentalizam fun¢des celulares. (Adaptado de

ALCHORN, 2007)

1.3. Lipidios de membrana e modelos de danos do sistema

nervoso central

Varios estudos tém avaliado as modificagdes nas membranas biologicas
decorrentes de modelos experimentais de danos ao SNC. Num modelo de
desnutricdo protéica pré- e pds-natal e pds natal em ratos, o conteudo total de
gangliosidios e sialoglicoproteinas em hipotalamo mostrou significativa reducéo,
de maneira mais pronunciada na desnutricdo pré- e pds-natal do que apenas na
desnutrigdo pods-natal (MORGAN e NAISMITH, 1982; TRINDADE, PERRY e

BERNARD, 1992). A hipdxia-isquemia neonatal reduz o conteudo total de
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gangliosidios e fosfolipidios e altera o padrdao de fosfolipidios no hipocampo de
ratos (Ql e XUE, 1991; RAMIREZ et al., 2003). Em modelos experimentais de
acidemia metilmaldnica e propidnica, foram demonstradas diminuicdo do conteudo
total e alteragcdo na distribuicdo das espécies de gangliosidios em cerebelo de
ratos (WAJNER et al., 1988; BRUSQUE et al., 1998; TRINDADE et al., 2002).
Numa doenca neurodegenerativa (doenca de Creutzfield-Jakob), também, foi
detectada uma alteracdo dos lipidios de membrana (OHTANI et al., 1996).
Recentemente, demonstramos, num modelo de hipermetioninemia cronica, uma
diminuicdo do conteudo total de gangliosidios, de fosfolipidios e de colesterol em

cérebro de ratos (STEFANELLO et al., 2007).

1.4. Erros Inatos do Metabolismo

Os erros inatos de metabolismo (EIM) s&do modificagdes genéticas que
causam altera¢des nas proteinas produzidas a partir do gene modificado. Se estas
proteinas alteradas (geralmente enzimas), estiverem relacionadas a rotas
metabdlicas, podem causar doencgas por acumulo de metabdlitos ou pela sua

auséncia (SCRIVER et al., 2001).

1.4.1. Hiperprolinemias

A prolina (Pro) € um aminoacido pertencente ao grupo dos aminoacidos néo
essenciais, pois tanto as enzimas relacionadas a sua sintese quanto a sua
degradagdo estdo presentes no organismo humano. Classificada como um
aminoacido apolar, ela € o unico desses compostos com a presenca do

grupamento amino secundario (imino) na cadeia lateral (Figura 1.3), o que lhe
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permite conferir um grau de restrigdo conformacional a regido da proteina em que

estiver presente (BERG, TYMOCZKO e STRYER, 2003).

Ha Ha
C——cH. ~C
/W H:C CHa
”ZE\ \ /
R N*— C— COO
N coo H, |
HE H
Prolina
{Pro, P}

Figura 1.3. Estrutura ciclica da prolina. A cadeia lateral do aminoacido liga o carbono a ao

grupamento amino. (Adaptado de BERG, TYMOCZKO e STRYER, 2004)

A estrutura ciclica da prolina é aberta através de oxidagado no carbono mais
distante do grupo carboxila, pela agdo da prolina oxidase, criando uma base de
Schiff, A'-pirrolino-5-carboxilato, que & entdo hidrolisado a um semialdeido linear,
glutamato y-semialdeido. Este intermediario é, entdo, oxidado no mesmo carbono,
produzindo glutamato. A transaminagao ou a deaminagado do glutamato produz o

o-cetoglutarato, que entra no ciclo do acido citrico (Figura 1.4) (PHANG, HU e

VALLE, 2001).
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@ A'-pirrolino-5-carboxilato sintase; ® A'-pirrolino-5-carboxilato desidrogenase; ® nio-enzimatico; @ glutamato desidrogenase.

KA - corpos cetdnicos; AA — aminoacidos. Barras cinza indicam a enzima deficiente nas hiperprolinemias.

(Adaptado de PHANG, HU e VALLE, 2001).
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As deficiéncias enzimaticas que geram as hiperprolinemias podem se dar
em dois pontos, gerando duas doencgas distintas: quando a enzima deficiente é a
prolina oxidase, ha um acumulo de prolina entre trés e cinco vezes os valores
normais e denomina-se hiperprolinemia tipo I; quando a enzima deficiente é a A'-
pirrolino-5-carboxilato desidrogenase, ha um acumulo de Pro entre dez e quinze
vezes mais elevados do que os valores normais, elevacédo do nivel plasmatico de
A'-pirrolino-5-carboxilato (P5C) e excrecdo deste intermediario na urina,

caracterizando a hiperprolinemia tipo Il (Figura 1.4) (PHANG, HU e VALLE, 2001).

1.4.1.1. Hiperprolinemia tipo Il

A hiperprolinemia tipo Il (HP 1) € um erro inato do metabolismo de
aminoacidos, causado pela deficiéncia de atividade da enzima A'-pirrolino-5-
carboxilato desidrogenase, que leva a um acumulo tecidual de prolina. Isto ocorre
porque o A'-pirrolino-5-carboxilato além ser o substrato da enzima A'-pirrolino-5-
carboxilato desidrogenase mitocondrial é, também, o substrato da A’-pirrolino-5-
carboxilato redutase gerando prolina no citosol (Figura 1.4). A prolina pode ser
transformada, novamente, em A'-pirrolino-5-carboxilato pela prolina oxidase
mitocondrial. Entretanto, no figado a A’-pirrolino-5-carboxilato redutase tem uma
maior atividade que a prolina oxidase, levando, portanto, ao acumulo de prolina no
citosol. Este fato é corroborado pelos valores de Km dos respectivos substratos
destas enzimas, favorecendo a sintese de prolina ao invés da sua degradagao
(PHANG, HU e VALLE, 2001).

Os pacientes sdo geralmente assintomaticos, mas alguns apresentam

sintomas neurolégicos, como convulsdes e retardo mental (PHANG, HU e VALLE,
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2001). Varios estudos mostram uma correlagédo entre as manifestagdes clinicas e
a hiperprolinemia (FLYNN et al., 1989; PHANG, HU e VALLE, 2001). A prolina em
elevadas concentragdes (maiores do que 100 mM) ativa os receptores NMDA e
AMPA, e é, portanto considerada moduladora da neurotransmissao glutamatérgica
(NADLER, 1987; NADLER, BRAY e EVENSON, 1992; FREMEAU, CARON e
BLAKELY, 1992; FREMEAU et al.,, 1995). Esta hipotese é reforgcada pelos
experimentos que demonstram elevados niveis de prolina no liquido
cefalorraquidiano de pacientes hiperprolinémicos (VAN HARREVELD e FIFKOVA,
1973; RHOADS, PETERSON e RAGHUPATHY, 1983; PHANG, HU e VALLE,

2001).

1.4.1.2. Modelo Experimental de Hiperprolinemia

O modelo utilizado para mimetizar a deficiéncia enzimatica na
hiperprolinemia tipo Il cronicamente consiste em injetar solu¢gdes de prolina com
concentragbes proporcionais ao peso corporal em ratos do sexto ao vigésimo
oitavo dias pos-natal, duas vezes por dia com intervalos de 10 horas. Os niveis
plasmaticos de prolina nos ratos submetidos ao tratamento situam-se entre 1,0 e
2,0 mM, similar aos encontrados no plasma de pacientes hiperprolinémicos
(PHANG, HU e VALLE, 2001). As concentragdes cerebrais de prolina alcangadas
através deste método s&o 0,25-0,55 pmol/g (aproximadamente 0,25-0,55 mM)

(MOREIRA et al., 1989; DELWING et al., 2003a).
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1.4.1.3. Estudos previamente realizados com Modelo Experimental de
Hiperprolinemia

Como os mecanismos dos sintomas neuroldgicos da hiperprolinemia ainda
nao sao conhecidos, estudos tém sido feitos para que o0s mesmos sejam
elucidados. Deficiéncias cognitivas (CHERKIN, ECKARDT e GERBRANDT, 1976;
BAVARESCO et al., 2005; DELWING et al., 2006a), diminuicdo da atividade da
enzima Na',K*'-ATPase em membrana plasmatica sinaptica (PONTES et al., 1999;
2001), o aumento da peroxidagao lipidica concomitante a diminui¢ao do potencial
antioxidante do tecido em cérebro de ratos (DELWING et al.,, 2003a; 2003b;
2005a; 2006a; 2007a) e alteragdo na hidrolise de nucleotideos em sinaptossomos
obtidos de cortex cerebral de ratos (DELWING et al., 2007b) tém sido associados
a condi¢gbes de hiperprolinemia. A administracdo de prolina também altera as
atividades de acetilcolinesterase e butirilcolinesterase (DELWING et al., 2003c;

2005b) e a hidrdlise de nucleotideos em soro (DELWING et al., 2006b).
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2. OBJETIVOS

Considerando que a administracdo de prolina causa peroxidagao lipidica,
reduz a atividade Na*,K* ATPasica, ativa os receptores NMDA e AMPA e que,
possivelmente, module a relagdo entre os lipidios de membrana com estas
proteinas, especialmente os lipidios presentes nos microdominios, os objetivos
deste trabalho foram:

*Investigar o conteudo e o perfil de gangliosidios, assim como da concentragao
de fosfolipidios e colesterol no cértex cerebral, no hipocampo, no hipotalamo e
no cerebelo de ratos submetidos ao modelo cronico de hiperprolinemia tipo II.

* Avaliar quanti- e qualitativamente os gangliosidios nas fracbes de membranas
soluveis e resistentes a detergente, isoladas de membrana sinaptica de cortex

cerebral.
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3. MATERIAIS E METODOS

3.1. Materiais

O aminoacido L-prolina, padrbes de gangliosidios (GM1, GD1a, GD1b e
GT1b, EDTA, acido N-acetil-neuraminico, acido 1-amino, 2-naftol, 4-sulfénico,
Triton X-100, DEAE-Sephadex A-50, foram obtidos da Sigma-Aldrich (Saint Louis,
MO, USA). Cromatofolhas de Silica-gel 60 em camada delgada (TLC) e
cromatofolhas de Silica-gel 60 em camada delgada de alta performance (HPTLC)
foram providas pela Merck (Darmstadt, Alemanha). Colunas Sep-Pack C18 foram
obtidas da Waters (Milford, MA, USA). O kit utilizado para dosagem de colesterol
(Colesterol liquiform) foi obtido da Labtest (Lagoa Santa MG, Brasil). Todos os

outros produtos quimicos e solventes utilizados foram de escala analitica.

3.2. Animais

Ratos Wistar obtidos do biotério do Departamento de Bioquimica, Instituto
de Ciéncias Basicas da Saude, Universidade Federal do Rio Grande do Sul, foram
separados em grupos de oito no dia do nascimento. Foram mantidos em ciclo
claro-escuro de 12 horas (luz das 7 as 19 horas) em ambiente com ar
condicionado (22°C de temperatura). Os animais tinham livre acesso a ragéo

comercial com 20% (massa por massa) de proteina e agua.
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3.3. Tratamento crénico com prolina

A solugao de prolina foi feita da seguinte forma: prolina foi dissolvida em
solugéo de NaCl 0,9% e o pH foi ajustado a 7,2-7,4. Esta solugdo foi administrada
subcutaneamente duas vezes ao dia em intervalos de 10 horas do sexto ao
vigésimo-oitavo dias de idade. As doses de prolina foram calculadas segundo
descrito por MOREIRA e colaboradores (1989). Durante os primeiros oito dias de
tratamento, foi administrado 12,8 pmol de prolina por grama de peso corporal; do
décimo quarto ao décimo sétimo dias, foi administrado 14,6 pumol de prolina por
grama de peso corporal; do décimo oitavo ao vigésimo primeiro dias, foi
administrado 16,4 pmol de prolina por grama de peso corporal; e do vigésimo
segundo ao vigésimo oitavo dias, foi administrado 18,2 umol de prolina por grama
de peso corporal. Os niveis plasmaticos de prolina alcancados com este
tratamento situam-se entre 1,0 e 2,0 mM, similar aos valores encontrados em
plasma de pacientes com hiperprolinemia tipo Il (PHANG, HU e VALLE, 2001). As
concentracbes cerebrais de prolina alcangadas por este tratamento situam-se
entre 0,25 e 0,55 pmol/g (aproximadamente 0,25-0,55 mM) (DELWING et al.,
2003a). Os animais submetidos ao tratamento controle receberam injecbes de
solugdo salina nos mesmos volumes aplicados nos animais submetidos ao
tratamento com prolina. Os animais foram sacrificados 12 horas apds a ultima
injecdo e o cortex cerebral, o hipocampo, o hipotdlamo e o cerebelo foram
imediatamente isolados e mantidos a -70°C até o momento das analises

subsequentes.
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3.4. Extracgao lipidica das estruturas cerebrais

As estruturas cerebrais foram degeladas a 4°C por alguns minutos, pesadas
sobre folha de aluminio e homogeneizadas numa mistura de cloroférmio e metanol
2:1 (C:M, 2:1, v/v) numa diluicdo de 20 vezes a massa do tecido, mantidas em
contato com os solventes por 10 minutos e centrifugadas a 4.000xg por 5 minutos.
O sedimento foi, novamente, homogeneizado em C:M, 1:2 numa diluicdo de 10
vezes a massa original (FOLCH et al., 1957). Os extratos foram combinados,
tiveram o volume determinado e foram mantidos a -20°C em tubos de vidro com

capacidade para 12 ml para as analises que se seguiram.

3.5. Avaliagao de gangliosidios das estruturas cerebrais

Uma aliquota correspondente a décima parte do extrato lipidico total de
cada amostra foi evaporada e utilizada na determinagcdo do acido N-acetil
neuraminico (NANA), de acordo com o método do resorcinol (SVENNERHOLM,
1957, modificado por MIETTINEN e TAKKI-LUUKKAINEN, 1959). O perfil das
espécies de gangliosidios foi analisado por cromatografia em camada delgada
(TLC) utilizando placas de silica gel 60 da Merck, de 10 x 10 cm com aplicagao de
aliquotas dos extratos lipidicos totais contendo 4 nmoles de NANA, como
determinado anteriormente, evaporados e suspensos em C:M 1:1. A analise foi
realizada pela utilizagao de duas migragdes sucessivas: a primeira utilizando como
fase moével uma mistura de solventes cloroférmio e metanol na proporgao de 4:1
vlv, e a segunda, utilizando como fase movel uma mistura de solventes
cloroférmio, metanol e uma solugédo de CaCl, 0,25% em agua, numa proporgéo de

60:35:8 viviv (IRWIN e IRWIN, 1979). Esta ultima migracao foi realizada numa
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cuba de migragao descrita por NORES e colaboradores, 1994. O cromatograma
foi revelado pelo método do resorcinol (SVENNERHOLM, 1957, modificado por
LAKE e GOODWIN, 1976) e quantificado por densitometria por escaneamento a
580 nm num densitdmetro CS 9301 PC Shimadzu (Téquio, Japao). A quantidade
absoluta total de gangliosidio-NANA e as espécies individuais de gangliosidios
foram expressas como nmol/mg de massa da estrutura, calculando as espécies de
gangliosidios pela relagdo da porcentagem individual com a quantidade absoluta
total de NANA-gangliosidio. A nomenclatura utilizada é a recomendada por

SVENNERHOLM, 1963.

3.6. Quantificacao de colesterol

Aliquotas de 100 pL do extrato lipidico total foram evaporadas, suspensas
em isopropanol e quantificadas de acordo com kit colesterol liquiform (Labtest) que

€ baseado no método enzimatico de Trinder (BERGMEYER, 1974) A quantidade

absoluta total de colesterol foi expressa como pg/mg de massa do tecido.

3.7. Avaliacao de fosfolipidios

Aliquotas correspondendo a quarta parte do volume do extrato lipidico total
foram evaporadas e analisadas de acordo com o método de BARTLETT, 1959. A
quantidade absoluta total de Pi-fosfolipidos foi expressa como nmol Pi/mg massa

do tecido.
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3.8. Preparacao da membrana sinaptica de coértex

Os animais foram mortos por decapitacdo sem anestesia, o cérebro foi
rapidamente removido e o coértex cerebral foi imediatamente dissecado sobre
placa de Petri em gelo. A estrutura foi homogeneizada em 10 volumes (1:10,
massa por volume) de solugdo de sacarose 0,32 M contendo HEPES 5,0 mM e
EDTA 0,1 mM, pH 7,4. Apés a homogeneizagdo, a membrana plasmatica sinaptica
foi preparada de acordo com o método de JONES e MATUS, 1974, com algumas
modificagdes (WYSE et al., 1995). Estas membranas foram obtidas utilizando um
gradiente de densidade descontinuo de sacarose consistindo de camadas
sucessivas de 0,3, 0,8 e 1,0 M. Apos centrifugacdo a 69.000xg por 2 horas, a
fragcdo na interface de sacarose 0,8 e 1,0 M foi tomada como a preparagao de
membrana sinaptica. Esta fragao foi, entado, lavada com tampao Tris-HCI 5mM, pH

7,4 e armazenada a -20°C até a utilizagao nas analises subsequentes.

3.9. Isolamento das fragbes de membrana sinaptica soluvel e

resistente a detergente e analise dos gangliosidios constituintes.

3.9.1 Tratamento com Triton X-100 a 4°C

As fragbes de membrana soluvel e resistente a detergente foram isoladas
como previamente descrito (CRESPO et al., 2004). O pellet de membrana
sinaptica foi suspenso em tampao TNE (Tris-HCI 25mM pH=7,5; NaCl 150mM,
EDTA 5mM, Triton X-100 1%) e deixado em contacto, sob agitagdo a 4°C, por 1
hora. A suspenséao foi entdo centrifugada por 1 hora a 100.000%g, isolando uma

fragcao resistente (sedimento) que foi seca a temperatura ambiente, e uma fragao
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soluvel (sobrenadante), seca por liofilizacdo usando uma centrifuga Speed-Vac

por duas horas.

3.9.2. Extragao lipidica das fragoes soluvel e resistente a detergente

Os residuos das fragcdes foram tratados com uma mistura de cloroférmio e
metanol 2:1 (C:M, 2:1, v/v) e centrifugados a 10.000xg, por 10 minutos, a 4°C. Os
extratos foram ajustados para C:M 1:1(v/v) e submetidos a uma cromatografia em
coluna de troca ibnica (DEAE-Sephadex A-50) para a eliminagédo do Triton X-100.
Nestas condi¢des, os glicolipidios neutros (glicosil-ceramida e lactosil-ceramida)
co-eluem com o Triton X-100 na fracdo né&o retida pela coluna. Os glicolipidios
acidos (gangliosidios) foram eluidos com acetato de sddio 0,1M em metanol. Os
eluatos salinos foram elevados & fase superior teérica (C:M: Agua, 3:48:47) e o sal
removido através de uma cromatografia de fase reversa (Sep-Pack C18)
(WILLIAMS e MCCLUER, 1980). Os eluatos purificados (extratos lipidicos) das
fragdes soluvel e insoluvel (resistente) a detergente foram analisados como segue
abaixo.

3.9.3. Avaliagao de gangliosidios nas fragoes soluvel e resistente a
detergente

Uma aliquota correspondente a terca parte do extrato lipidico de cada
fragdo foi evaporada e utilizada na determinagdo do acido N-acetil neuraminico
(NANA), de acordo com o método do acido tiobarbiturico (SKOZA e MOHOS,
1976). O perfil das espécies de gangliosidios foi analisado por cromatografia em

camada delgada de alta performance (HPTLC) conforme descrito no item 3.5.

3.9.4. Quantificagao de proteinas
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Os sedimentos protéicos obtidos apds a extracdo lipidica das fracbes
soluvel e resistente a Triton X-100 foram solubilizados da seguinte forma: a fragéao
soluvel, foi adicionado volume suficiente de tampao Tris-HCI 500 mM, pH 6,8; a
fracao insoluvel, foi adicionado volume suficiente de tampao Tris-HCI 500 mM com
EDTA 2 mM e SDS 4%, pH 6,8. A determinagdo do conteudo de proteina foi feita
de acordo com o método de PETERSON e colaboradores (1977), utilizando como

padrao solugao de albumina sérica bovina contendo 0,5 mg proteina/ml.

3.10. Analise estatistica

Os dados obtidos foram tratados, estatisticamente, através da Analise de
Variancia (Anova) de duas vias, seguida pelo teste de Ducan para a comparagao
entre as médias, quando o valor de F foi significativo. Quando indicado, o teste t
de Student também foi utilizado para comparacéo entre as médias. Os resultados
foram expressos como média £ erro padrdo da média. Todas as analises foram
feitas utilizando o software Statistical Package for the Social Sciences (SPSS) em
um computador compativel. As diferengas foram consideradas estatisticamente

significantes, quando p<0,05.
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4. RESULTADOS

Os resultados desta dissertacao serao mostrados na forma de um artigo
cientifico a ser submetido a revista International Journal of Developmental

Neuroscience, cujas instru¢des encontram-se no anexo (item 9).
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Abstract

In the present work we investigated the effects of chronic proline
administration on ganglioside, cholesterol and phospholipid total contents, as well
as on ganglioside profile in cerebral cortex, hippocampus, hypothalamus and
cerebellum of rats. We also evaluated the ganglioside content and profile in
detergent- soluble and resistant fractions isolated from synaptic membranes
obtained from cerebral cortex. Wistar rats were divided into two groups: 1) saline
(control) and 2) proline injected (hyperprolinemic). Proline solution or saline were
administered from 6th to 28th postnatal day, according to body weight. Twelve
hours after the last injection, the animals were sacrificed by decapitation without
anesthesia. Brain structures were homogenized with chlorophorm:methanol 1:1 for
lipid extraction. Synaptic membrane was extracted by differential centrifugation and
detergent- soluble and resistant fractions were isolated by cold Triton X-100
treatment. Results showed that rats subjected to chronic proline treatment
presented a significant increase of ganglioside content on cortex and
hippocampus, while phospholipid and cholesterol contents only increased in
hippocampus. However, the content of these components were not altered in
hypothalamus and cerebellum of hyperprolinemic rats. On the other hand,
ganglioside content decreased in detergent- soluble and resistant fractions isolated
from synaptic membrane obtained from hyperprolinemic cortex. Although
ganglioside profiles were apparently not modified, the individual absolute quantities
were altered in cortex total lipid extract and membrane microdomains obtained
from cerebral cortex. Our findings suggest that chronic proline treatment affects, in
a distinct manner, different cerebral regions concerning the lipid composition of the
cell membranes, reflecting on its distribution in the cortex membrane
microdomains. Among these phenomena consequences, different modulations in
synaptic transmission may be suggested which may contribute to the impairment in
cognition and/or other neurological disfunctions found in hyperprolinemia type I
patients.

Keywords: gangliosides, phospholipids, cholesterol, hyperprolinemia, brain,

synaptic membranes, membrane rafts.
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1. Introduction

Plasma membrane lipids of the central nervous system (CNS) include
gangliosides, phospholipids and cholesterol (Agranoff and Hajra, 1993).
Gangliosides are glicosphingolipids containing a sialic acid in the molecule, related
to cell to cell signalling and interaction, cellular growth and differentiation and may
be involved in neural development (synaptogenesis, myelogenesis), as neural
membranes are enriched in these lipids (Ando, 1983; Zeller and Marchase, 1992;
Nagai, 1995). Phospholipids perform structural functions in the membrane, as well
as cellular signaling functions (Ohvo-Rekila et al., 2002). Cholesterol is an
essential lipid component of plasma membranes, modulating its physicochemical
properties and contributing to raft formation through changes in behavior and
function of membrane proteins (Harder and Simons, 1997; Ohvo-Rekila et al.,
2002; Suzuki, 2002). Membrane rafts are small (100-200 nm), heterogeneous,
highly dynamic domains, enriched in sterols and glycosphingolipids that
compartimentalize cellular processes (Gil et al., 2006). They are also named as
glycosphingolipid-enriched membrane microdomain’s (GEM) or detergent-resistant
membrane microdomain’s (DRM) (Simons and Toomre, 2000).

Some studies have evaluated changes on lipid membranes caused by
experimental CNS damages. In general, models of malnutrition (Morgan and
Naismith, 1982; Trindade et al., 1992), neonatal hypoxia-ischemia (Qi and Xue,
1991; Ramirez et al., 2003); malonic and propionic acidemia’s (Wajner et al., 1988;
Brusque et al., 1998; Trindade et al., 2002) and neurodegeneration as Creutzfield-
Jakob disease (Ohtani et al., 1996) determined lipid loss in the membrane of

neural structures. Recently, we demonstrated a decrease in ganglioside,
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phospholipid and cholesterol contents in cerebral cortex of rats caused by chronic
hypermethioninemia model (Stefanello et al., 2007).

Hyperprolinemia type Il (HP 1) is an inborn error of amino acid metabolism,
caused by deficiency of A'-pyrroline-5-carboxylic acid dehydrogenase activity,
leading to tissue accumulation of proline (Pro). Patients are usually asymptomatic,
but some display neurological manifestations, such as seizures and mental
retardation (Phang et al., 2001). Studies have shown a correlation between clinical
manifestations and hyperprolinemia (Flynn et al., 1989; Phang et al., 2001). Proline
in high concentrations (>100 mM) activates NMDA and AMPA receptors, and is
therefore thought to modulate glutamate neurotransmission (Nadler, 1987; Nadler
et al., 1992; Fremeau et al.,, 1992; Fremeau et al., 1995). This is supported by
findings of high proline levels in cerebrospinal fluid of hyperprolinemic patients and
in some of them high glutamate levels could be also found (Van Harreveld and
Fifkova, 1973; Rhoads et al., 1983; Phang et al., 2001).

As the mechanism of these neurological symptoms is yet unknown, studies
have been made to elucidate it. Cognitive deficit (Cherkin et al., 1976; Bavaresco
et al., 2005; Delwing et al., 2006a), decrease in Na*,K*-ATPase activity in synaptic
plasma membrane (Pontes et al., 1999; 2001) and increase in lipid peroxidation
while decrease in tissue antioxidant potential (Delwing et al., 2003a; 2003b; 2005a;
2006a; 2007a) in brain of rats have been shown due to hyperprolinemic conditions.
Proline administration also alters nucleotide hydrolisis in synaptosomes obtained
from rats’ cerebral cortex (Delwing et al., 2007b) and serum (Delwing et al., 2006b)
as well as acetilcholinesterase and butirylcholinesterase activities in serum

(Delwing et al., 2003c; 2005b).
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Considering that proline administration causes lipid peroxidation, reduces
Na*,K*-ATPase activity, activates NMDA and AMPA receptors and that probably
modulates the relation between membrane lipids and these proteins, specially
those present in microdomains, in the present study we evaluated the content and
profile of gangliosides, as well as the phospholipids and cholesterol concentrations
in cerebral cortex, hippocampus, hypothalamus and cerebellum of rats submitted
to a chronic hyperprolinemia Il model. Furthermore, we determined ganglioside
content and profile in soluble and resistant (insoluble cold) detergent membrane

fractions obtained from cortex synaptic membranes.
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2. Experimental procedures

2.1. Material

Proline; GM1, GD1a, GD1b and GT1b gangliosides; EDTA; N-acetyl-
neuramic acid; 1-amino, 2-naphtol, 4-sulphonic acid; TritonX-100 and DEAE-
Sephadex A-50 were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Silica-
gel 60 thin-layer chromatography (TLC) and high performance thin-layer
chromatography (HPTLC) sheets were supplied by Merck (Darmstadt, Germany).
Sep-Pack C18 cartridges were obtained from Waters (Milford, MA, USA).
Cholesterol liquiform kit was purchased from Labtest Diagnéstica (Lagoa Santa,

MG, Brazil). All other chemicals and solvents used were of analytical grade.

2.2. Animals

Wistar rats obtained from the Central Animal House of the Department of
Biochemistry, Instituto de Ciéncias Basicas da Saude, Universidade Federal do
Rio Grande do Sul, Porto Alegre, RS, Brazil, were culled to groups of eight with
their dams on the day they were born. They were maintained on a 12:12h light/dark
cycle (lights on from 7 am to 7 pm) in an air-conditioned constant temperature (22 °
C) colony room. The rats had free access to a 20% (w/w) protein commercial chow
and water. Animal care followed the official governmental guidelines in compliance
with the Federation of Brazilian Societies for Experimental Biology and was
approved by the Ethics Committee of the Universidade Federal do Rio Grande do

Sul, Brazil.
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2.3. Proline treatment

Proline was dissolved in 0.9% NaCl and the pH adjusted to 7.2—7.4 with 0.1
N NaOH. Proline solution was administered subcutaneously twice a day at 10-h
intervals from the 6th to the 28th days of post-natal age. Doses of proline were
calculated as described by Moreira et al. (1989). During the first 8 days of
treatment, the rats received 12.8 umol of proline/g body weight; from day 14 to 17,
they received 14.6 umol of proline/g body weight; from 18 to 21 days, the animals
were injected with 16.4 umol of proline/g body weight; and from 22 to 28 days, the
rats received 18.2 umol of proline/g body weight. Plasma proline levels achieved
by rats subjected to this treatment were between 1.0 and 2.0 mM, similar to those
found in plasma of hyperprolinemic type Il patients (Phang et al., 2001). Brain
proline concentrations achieved by this model were 0.25-0.55 pmol /g tissue (~
0.25-0.55 mM) (Delwing et al., 2003a). Control animals received saline injections
in the same volumes as those applied to Proline-treated rats. The animals were
kiled 12h after the last injection and the cerebral cortex, hippocampus,
hypothalamus and cerebellum were immediately isolated and kept at —70°C until

used.

2.4. Cerebral structures lipid extraction

The structures were left to thaw at 4°C for a few minutes, weighed and
homogenized in a 2:1 mixture of chloroform and methanol (C:M, 2:1, v/v) to a 20-
fold dilution of tissue mass and centrifuged at 600xg for 5 minutes. The pellet was

re-homogenized in C:M, 1:2 to a 10-fold dilution of original mass (Folch et al.,
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1957). The extracts were combined, had their volume measured and were kept in

12 ml glass tubes at —20°C for the determinations that followed.

2.5. Cerebral structures ganglioside evaluation

An aliquot corresponding to the tenth part of total lipid extract of each
sample was evaporated and used for N-acetyl neuraminic acid (NANA)
determination, according to the resorcinol method (Svennerholm, 1957, modified
by Miettinen and Takki-Luukkainen, 1959). The ganglioside species profile was
analyzed by thin-layer chromatography (TLC) performed on 10 x 10 cm Merck
plates of silica gel 60, applied with aliquots of total extract (containing 4 nmol of N-
acetyl neuraminic acid), evaporated and suspended in chloroform and methanol
1:1. Analysis was made by utilization of two successive migrations: the first utilizing
as mobile phase a solvent mixture of chloroform and methanol in a 4:1 proportion,
v/v, and the second utilizing a mixture of chloroform, methanol and a solution of
CaCl, 0.25% in water, in a 60:35:8 proportion, v/v/v (Irwin and Irwin, 1979). This
last migration was done in a developing tank designed by Nores et al. (1994). The
chromatogram was revealed by the resorcinol method (Svennerholm, 1957,
modified by Lake and Goodwin, 1976) and quantified by scanning densitometry at
580 nm in a CS 9301 PC Shimadzu Densitometer. The absolute total quantity of
ganglioside-N-acetyl neuraminic acid and the individual species were expressed as
nmol/mg tissue weight, calculated by relating their respective percentage to the
absolute total quantity of ganglioside-N-acetyl neuraminic acid. The terminology

used is that recommended by Svennerholm (1963).
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2.6. Cholesterol quantification

Aliquots of 100 pL of total lipid extract were evaporated, suspended in
isopropanol and quantified according to the Trinder enzymatic method (Bergmeyer,
1974). The absolute total quantity of cholesterol was expressed as ug / mg tissue

weight.

2.7. Phospholipid evaluation

Aliquots corresponding to the fourth part of the total lipid extract original
volume were evaporated and quantified according to the Bartlett method (1959).
The absolute total quantity of phospholipids-inorganic phosphorus was expressed

as nmol/mg weight.

2.8. Synaptic membrane preparation

Cerebral cortex was homogenized in 10 volumes of sucrose 0.32 M with 5
mM HEPES (pH=7.4) and 0.1 mM EDTA. Following this, synaptic plasmatic
membrane was isolated according to the method described by Jones and Matus
(1974), with modifications (Wyse et al., 1995). This isolation was achieved with a
sucrose discontinuous density gradient consisting of layers of 0.3, 0.8 and 1.0 M.
After centrifugation at 69,000xg for 2 h, the fraction on 0.8 and 1.0 M interface was
taken as synaptic membrane preparation. This fraction was washed with 5§ mM
Tris-HCI (pH 7.4) buffer and stored frozen at -20°C (no more than two months) until

the next experimental procedures.
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2.9. Isolation of detergent- soluble and resistant fractions from cortex
synaptic membrane and their ganglioside analysis

2.9.1 Triton X-100 treatment under cold conditions

The synaptic membrane pellet was treated with 0.5 mL of TNE buffer (25mM
Tris-HCI (pH=7.5), 150mM NaCl, 5mM EDTA, 1% Triton X-100) under shaking, at
4°C for 1h. It was then centrifuged at 4°C for 1h at 100,000xg (Crespo et al.,
2004). The detergent soluble fraction (supernatant) was dried by a Speed-Vac
centrifugation for two hours and the detergent resistant fraction (insoluble fraction,
pellet) was dried at environment temperature.

2.9.2. Lipid extraction of detergent- soluble and resistant fractions

Glycolipids from the supernatant (detergent soluble fraction) and from the
pellet (detergent resistant fraction) were subjected to chloroform:methanol
extraction (Folch et al., 1957). The resulting lipid extracts were freed from Triton X-
100 (non ionic molecule) by passing through DEAE-Sephadex A-50 column.
Under this condition, neutral lipids, such as glucosylceramide and lactosylceramide
were co-eluted with Triton X-100 in the non-retained fraction. The acidic lipid
fraction retained in the column (gangliosides) was eluted with 0.1M sodium acetate
and the salt removed by passing through Sep-Pak C18 cartridge column (Williams
and McCluer, 1980).

2.9.3. Ganglioside evaluation in detergent- soluble and resistant fractions

An aliquot corresponding to the third part of detergent- soluble and resistant
fractions were evaporated and dried to residue and it was used for N-acetyl
neuraminic acid (NANA)-ganglioside determination, according to the thiobarbituric

acid method (Skoza e Mohos, 1976). Ganglioside species profile was analysed on
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high performance thin layer chromatography (HPTLC) plates as described above
(tem 2.5.).

2.9.4. Protein quantification

Proteic pellets obtained after lipid extraction from membrane fractions were
solubilized as follows: to the detergent soluble fraction was added sufficient volume
of Tris-HCI buffer 500 mM, pH=6.8; to the detergent resistant fraction was added
sufficient volume of 500 mM Tris-HCI buffer with 2 mM EDTA and 4%SDS, pH=6.8
(Crespo et al., 2004). Protein content determination was done according to the
Lowry-modified method (Peterson et al., 1977), using bovine serum albumine

solution as standard.

2.10. Statistical analysis

Data were statistically treated by two-way analysis of variance (Anova)
followed by Duncan’s test when F value was significant. When it was indicated,
Student's t test was also used. The results were expressed as mean * standard
error of mean. All analysis was performed using the Statistical Package for the
Social Sciences (SPSS) software in a compatible computer. Differences were

considered statistically significant if p<0.05.
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3. Results
3.1. Total ganglioside, phospholipid and cholesterol contents in brain
structures

Figure 1 shows data relative to the total ganglioside (A), phospholipid (B)
and cholesterol (C) contents in cerebral cortex, hippocampus, hypothalamus and
cerebellum of rats submitted to chronic model of hyperprolinemia. Statistical
analysis by two-way Anova showed, on total ganglioside content, a proline
treatment effect [F(1,72)=127.15, p<0.001], a cerebral structure effect
[F(5,72)=78.91, p<0.001] and a significant interaction of both factors
[F(5,72)=16.14, p<0.001] suggesting that proline treatment affects total ganglioside
content in the studied structures in different ways. Duncan's test showed that this
lipid content variation was alike in right cortex and hippocampus, as well as in left
cortex and hippocampus. This may indicate that the treatment effect may be
hemisphere dependent. By comparing total ganglioside contents from control and
treated rats in each structure, it was noted that this lipid content was statistically
higher in cortex and hippocampus of hyperprolinemic animals than in control rats
(right cortex [{(7)=-11.428; p<0.05]; left cortex [{(7)=-6.125; p<0.05] and right
hippocampus [{(7)=-4.945; p<0.05]; left hippocampus {(7)=-4.594; p<0.05]).

On total phospholipid content, two-way Anova analysis showed a proline
treatment effect [F(1,71)=15.22, p<0.001] and a cerebral structure effect
[F(5,71)=7.04, p<0.001], without a significant interaction of these factors. Duncan's
test did not show influence of proline treatment within cerebral hemisphere. By
comparing total phospholipid contents from control and treated rats in each

structure, it was noted that this lipid content was statistically higher in hippocampus
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of hyperprolinemic animals than in control rats (right hippocampus [{(7)=-5.302;
p<0.05] and left hippocampus [{(7)=-2.394; p<0.05].

On cholesterol content, statistic analysis showed only a proline treatment
effect [F(1,72)=8.96, p<0.05]. There was no region influence by treatment effect on
this lipid content. By comparing total cholesterol contents from control and treated
rats in each structure, it was observed that this lipid content was only statistically
higher in right hippocampus of hyperprolinemic animals than in control rats [{(7)=-
4.945; p<0.05].

There were no significant differences for these biochemical evaluations in
hypothalamus and cerebellum of hyperprolinemic rats in comparison to control

rats.

3.2. Ganglioside profile in brain structures

The four main gangliosides present in the CNS (GM1, GD1a, GD1b and
GT1b) were detected in the cerebral structures studied. The profile of the different
ganglioside species from control and hyperprolinemic rat structures was apparently
unaffected (TLC not shown). Table | shows the distribution of ganglioside specie
contents. These contents treated by two-way Anova showed an effect of proline
treatment [F(1,24)=13,74, p<0,05] and an effect of cerebral structure
[F(5,24)=10,39, p<0,001] on GM1; an effect of proline treatment, [F(1,24)=27,69,
p<0,001], an effect of cerebral structure [F(5,24)=22,66, p<0,001] and a significant
interaction of both factors [F(5,24)=5,94, p<0,05] on GD1a; an effect of proline

treatment [F(1,24)=18,76, p<0,001], an effect of cerebral structure,
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[F(5,24)=17,05, p<0,001] and a significant interaction of both factors [F(5,24)=4,16,
p<0,05] on GD1b; an effect of proline treatment [F(1,24)=27,46, p<0,001] and an
effect of cerebral structure [F(5,24)=11,40, p<0,001] on GT1b. By comparing the
ganglioside species of the studied structures, it was observed that their contents
were statistically higher in cortex and hippocampus of hyperprolinemic rats than in

control animals (Table I).

3.3. Ganglioside analysis in detergent- soluble and resistant fractions

isolated from cortex synaptic membrane
Fig. 2 shows data relative to the total ganglioside contents in detergent-
soluble and resistant fractions isolated from synaptic membranes of cerebral cortex
of rats submitted to the chronic model of hyperprolinemia. These data confirmed a
greater proportion of glycosphingolipids in the detergent-resistant microdomains
than in the detergent—soluble microdomains, and it could be observed in the
fractions isolated from control, as well as in those obtained from hyperprolinemic
rats. Statistical analysis by two-way Anova showed effect of proline treatment
[F(1,8)=28.44, p<0.001] membrane solubility effect [F(1,8)=52.78, p<0.001] and
significant interaction of both factors [F(1,8)=9.70, p<0.05], indicating that proline
treatment affects diferently total ganglioside content in the membrane fractions. By
comparing the total ganglioside contents in detergent- soluble and resistant
microdomains it was noted that both fractions were statistically lower in

hyperprolinemic rats than in control animals.
The four main gangliosides present in the CNS (GM1, GD1a, GD1b and

GT1b) were detected in the isolated microdomains (Figure 3). The profile of the
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different ganglioside species from control and hyperprolinemic rat structures was
apparently unaffected. Table Il shows the distribution of ganglioside specie
contents. These contents treated by two-way Anova showed a effect of proline
treatment [F(1,8)=0.43, p<0.05] and an effect of membrane solubility [F(1,8)=8.22,
p<0.05] on GM1; an effect of proline treatment [F(1,8)=10.53, p<0.05] and an effect
of membrane solubility [F(1,8)=5.67, p<0.05] on GD1a; an effect of proline
treatment [F(1,8)=7.58, p<0.05 on GD1b]; and an effect of proline treatment
[F(1,8)=9.04, p<0.05 on GT1b]. By comparing the ganglioside species of the
detergent- soluble and resistant fractions, it was noted that their contents were
statistically lower in both microdomains of hyperprolinemic rats than in control

animals (Table II).
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4. Discussion

In the present study we evaluated the total content and profile of
gangliosides, as well as the content of phospholipids and cholesterol in rat cerebral
cortex, hippocampus, hypothalamus and cerebellum, and the total content and
profile of gangliosides in detergent-soluble and resistant microdomains isolated
from synaptic membranes obtained from cerebral cortex of rats subjected to a
chronic hyperprolinemia model. Previous studies concerning neural membranes
composition in animal models of CNS damages have shown a decrease in
membrane components, represented by a reduction in membrane lipid contents
(Wajner et al., 1988; Trindade et al., 1992; Brusque et al., 1998; Trindade et al.,
2002; Ramirez et al. 2003; Stefanello et al., 2007). In this respect, the present
results showed an unusual increase in the membrane lipid contents, with different
effects of proline treatment according to the cerebral structure studied on
ganglioside content, effect of treatment independent of structure on phospholipid
content and effect of proline treatment on cholesterol content. There was a regional
effect on total ganglioside content, where the right side cerebral structures had
similar variations, as well as the left side structures. The ganglioside profile was
apparently unaffected, but individual species increased their content with proline
treatment and cerebral structure, according to the total content.

As has been reported in the literature, the detergent-resistant microdomains
showed an enrichment on ganglioside content in comparison to the soluble
detergent microdomains (Harder and Simons, 1997; Gil et al., 2006) and this was
detect in cortex synaptic membrane microdomains isolated from control, as well as

from hyperprolinemic rats. A decrease on total ganglioside contents was observed
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in both, detergent- soluble and resistant microdomains, in the hyperprolinemic
group. There was no alteration in the studied gangliosides profile, although their
individual specie contents decrease with treatment and membrane solubility. As far
as we know, this is the first report relating synaptic membrane microdomains and
an amino acid metabolism disorder.

At the present time, we do not have a definitive explanation for the
enhanced content of plasma membrane lipids when proline is chronically
administered. We postulate that a reactive gliosis mechanism may have
contributed to the increase of the studied lipids, once glial cells have similar plasma
membrane characteristics as neurons and appear as a consequence of tissue
damage (Pekny et al., 2007) for example the increase of oxidative stress by
chronic proline administration (Baydas et al., 2004; Delwing et al., 2003a; Delwing
et al., 2003b). This mechanism may be region specific, as there was difference in
right and left side structures.

However, the ganglioside reduction in soluble- and detergent-resistant
microdomains isolated from synaptic membranes obtained from cerebral cortex,
however, may indicate modifications in the synaptic structure with the proline
chronic administration and may be due to membrane loss by lipid peroxidation
mechanism, since it has been reported that acute proline administration increases
oxidative stress parameters in cerebral cortex (Delwing et al., 2003a; Delwing et
al., 2003b). The loss of ganglioside from the detergent-soluble and resistant
microdomains synaptic membrane may also indicate loss of stability and function
of normal lipids of this membrane and may represent a loss of stability and damage

to neuronal cell function (Busch et al., 1998).
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Although the proline concentrations used in our study (which significantly
altered plasma membrane lipids content) are similar to those observed in
hyperprolinemic patients, it is difficult to extrapolate our findings to the human
condition. However, if that is the case, the results of the present study
demonstrating the damage to normal plasma membrane by proline administration
in the brain may represent, at least in part, one of the mechanisms underlying the
neurological damage in HPII.

In summary, we reported that cerebral cortex and hippocampus of rats
submitted to chronic proline treatment present distinct increase in their plasma
membrane lipids contents (ganglioside, phospholipid and cholesterol contents),
whereas in detergent- soluble and resistant microdomains isolated from synaptic
membranes obtained from cerebral cortex showed a decrease in ganglioside
contents. This last effect may express the loss of stability and function of
membrane, possibly leading to cell death. According to our results, it seems
reasonable to postulate that the decrease of synaptic membrane components
contents may contribute to the neurological dysfunction characteristic of
hyperprolinemia. However, further studies investigating hyperprolinemic patients
should be conducted in order to confirm the hypothesis that the alteration in

membrane lipids is involved in the pathology of this disorder.
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Table I. Ganglioside distribution in cerebral cortex, hippocampus, hypothalamus and cerebellum of rats after

chronic administration of proline (HP).

Gangliosides Right cortex Left cortex Right hippocampus Left hippocampus Hypothalamus Cerebellum
Control HP Control HP Control HP Control HP Control HP Control HP
GM1 0.28%0.01  0.52+#0.05* 0.56+0.01 0.76x0.10  0.39£0.07  0.50+0.04* 0.39+0.10  0.95+0.27* 0.19+£0.02 0.26+0.02  0.09+0.02  0.16+0.09
GD1a 0.69+0.03  1.62+0.07* 1.39+0.04 1.70+0.15* 1.03£0.10  1.41+£0.09* 1.15+0.10  1.50+0.19* 0.72+0.10  0.70+0.08  0.69+0.10  0.63+0.07
GD1b 0.35+0.04  0.80£0.11* 0.60+0.05 0.90+0.10* 0.44+0.07  0.89+0.08* 0.87+0.13  0.97+0.07* 0.43+0.09 0.46+0.09 0.29+0.03  0.18+0.06
GT1b 0.41+0.07  1.08+0.11* 0.77+0.07 1.15x0.22* 0.65+0.10  1.17+0.15* 0.87+0.05 1.32#0.15* 0.56+0.05 0.50+0.10  0.44+0.06 = 0.42+0.03

Individual ganglioside values (nmol NANA/mg structure weight) were calculated by relating their respective percentage to

the absolute total quantity of ganglioside-NANA. The percentages were obtained by scanning densitometry of the TLC.

Values are expressed as mean = standard error for three independent TLC migrations. (*) proline value different from

control (p < 0.05) using Student’s t-test.
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Table Il. Ganglioside species distribution in detergent-soluble membrane microdomains (DSM) and detergent-
resistant membrane microdomains (DRM) of synaptic membranes of cerebral cortex of rats after chronic

administration of proline (HP).

Gangliosides DSM DRM

Control HP Control HP
GM1 1.92+1.03 0.46+0.04* 7.47+2.17 1.87+0.36*
GD1a 5.38+2.90 0.93+0.07* 17.4245.07 2.85+0.54*
GD1b 2.27+1.22 0.15+0.01* 4.63+1.35 1.67+0.32*
GT1b 4.02+2.26 0.86+0.07* 10.51+3.06 8.72+1.65*

Individual ganglioside values (pmol NANA/ug protein) were calculated by relating their respective percentage to the
absolute total quantity of ganglioside-NANA. The percentages were obtained by scanning densitometry of the TLC. Values
are expressed as mean * standard error for two independent TLC migrations. (*) proline value different from control (p <

0.01) using Student’s t-test.
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Legends

Fig. 1. Effects of chronic administration of proline on ganglioside (A)
phospholipid (B) and cholesterol (C) contents in cerebral cortex,
hippocampus, hypothalamus and cerebellum of rats. Bars represent mean *
S.E. (standard error of mean) of 14 determinations (duplicates from n = 7).
Ganglioside contents are expressed in nmol NANA/ mg structure weight,
phospholipid contents are expressed in nmol Pi/ mg structure weight and
cholesterol contents are expressed in pg cholesterol/ mg structure weight. C,
control; P, hyperprolinemic; RCX, right cortex; LCX, left cortex; RHC, right
hippocampus; LHC, left hippocampus; HT, hypothalamus; CB, cerebellum.

(*) proline value different from control (p < 0.05) using Student’s t-test.

Fig. 2. Effects of chronic administration of proline on ganglioside contents in
detergent-soluble (DSM) and detergent-insoluble (resistant) membrane
microdomain’s (DRM) of synaptic membrane from rat cerebral cortex. Bars
represent mean + S.E. (standard error of mean) of 6 determinations (duplicates
from n = 3). Ganglioside contents are expressed in nmol NANA/ug protein. C,
control; P, hyperprolinemic; DSM, detergent-soluble membrane microdomains;
DRM, detergent-resistant membrane microdomains. (a) DRM value different from
DSM (p < 0.01) using Student’s t-test. (*) proline value different from control (p <

0.01) using Student’s t-test.
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Fig.3. Ganglioside profiles from detergent-soluble membrane (DSM) and
detergent-resistant membrane microdomains (DRM) of synaptic membranes
from rat cortex cerebral after chronic administration of proline. HPTLC was
developed and the ganglioside bands were revealed as described in experimental
procedures. The positions of co-chromatographed ganglioside standards are
indicated. Gangliosides were named as recommend by Svennerholm (1963). C,
control; P, treated with proline. This is a representative experiment from two

independent HPTLC migrations.
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Figure 1
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Figure 2
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5. DISCUSSAO

Neste estudo foram avaliados o conteudo total e o perfil de gangliosidios,
assim como a concentragcao de fosfolipidios e de colesterol em cortex cerebral,
hipocampo, hipotalamo e cerebelo de ratos submetidos a um modelo crénico de
hiperprolinemia. Além disso, foram determinados o conteudo total e o perfil de
gangliosidios nas fragdes de membranas soluveis e resistentes a detergente,
isoladas de membrana sinaptica de cértex cerebral. Estudos anteriores tratando
da composi¢ado de membranas neurais em diversos modelos de dano ao sistema
nervoso central mostraram perda de membrana, representada pela redugao no
contetdo de lipidios (MORGAN and NAISMITH, 1982; WAJNER et al., 1988; QI
and XUE, 1991; TRINDADE et al., 1992; OHTANI et al., 1996; BRUSQUE et al.,
1998; TRINDADE et al., 2002; STEFANELLO et al., 2007).

A esse respeito, nossos resultados mostraram um aumento nos lipidios de
membrana (gangliosidios, fosfolipidios e colesterol). Pela andlise de variancia de
duas vias foi demonstrado um efeito do tratamento com prolina, um efeito da
estrutura cerebral estudada e um efeito diferencial do tratamento, de acordo com a
estrutura e o hemisfério a que ela pertence, sobre o conteudo total de
gangliosidios. Em relagcdo ao conteudo de fosfolipidios, houve um efeito do
tratamento com prolina independente da estrutura cerebral e sobre o conteudo de
colesterol houve apenas efeito do tratamento.

Também, foi demonstrada uma variagao no conteudo total de gangliosidio no
grupo controle de acordo com o hemisfério cerebral . Estudos anteriores em cortex

sensorimotor (NALIVAEVA et al., 1995) mostraram nao haver variagcdo desses
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lipidios, de acordo com o hemisfério. Entretanto, neste trabalho foi utilizado cértex
total de rato, que talvez no somatério das diferentes sub-areas corticais revele
variagbes fisioldgicas, quanto aos hemisférios cerebrais, que as mesmas
isoladamente ndo apresentem.

O perfil de gangliosidios nao foi alterado nas estruturas estudadas, embora
as espécies gangliosidicas tenham variado individualmente com o tratamento e de
acordo com a regiao cerebral.

Como ja relatado na literatura, os microdominios resistentes a detergente
mostraram-se enriquecidos em gangliosidios, quando comparados aos
microdominios soluveis a detergente (HARDER and SIMONS, 1997; GIL et al.,
2006). Da mesma forma, isto foi detectado nos microdominios de membrana
sinaptica obtidos de cortex cerebral tanto de ratos controles como de
hiperprolinémicos. Foi observada uma diminuicdo no conteudo de gangliosidios
em ambas as fragcdes (soluvel e resistente a detergente) com a administracéo de
prolina, afetando de maneira diferente as fracbes de membrana. N&o houve
alteragdo no perfil dos gangliosidios estudados, embora as espécies tenham
variado de acordo com o conteudo total. Dentro do que sabemos, este é o primeiro
estudo relacionando microdominios de membrana e uma desordem metabdlica de
aminoacidos.

Até o momento, ndo temos uma explicacdo definitiva para a elevagao no
conteudo de lipidios de membrana em animais submetidos a administracéo
cronica de prolina. Postulamos que um mecanismo de gliose reativa possa
contribuir no aumento verificado, uma vez que as células gliais tém caracteristicas

similares as membranas plasmaticas dos neurbnios, e que surgem como
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consequéncia de um dano tecidual (PEKNY et al., 2007), como por exemplo, o
estresse oxidativo desencadeado pela administragcdo de Prolina (BAYDAS et al.,
2004; DELWING et al., 2003a; DELWING et al., 2003b). Este mecanismo pode ser
especifico para cada regido cerebral, e para cada hemisfério, ja que a analise
estatistica mostra que as estruturas do lado direito tiveram variacdo semelhante
entre si, assim como as estruturas do lado esquerdo.

A redugdo no conteudo dos gangliosidios em microdominios soluveis e
resistentes a detergente, isolados de membrana sinaptica de cortex cerebral, pode
representar que a membrana na regidao da sinapse sofra modificagdes especificas
secundarias a administragcao cronica de prolina e indicar perda de componentes
de membrana por peroxidacao lipidica, uma vez que foi relatado que a
administragdo aguda de prolina aumenta o estresse oxidativo em cortex cerebral
(DELWING et al., 2003a; DELWING et al., 2003b). A diminuigao dos gangliosidios
presentes nos microdominios da membrana sinaptica sugere uma mudanga na
dindmica normal dos lipidios desta membrana, representando uma perda de
estabilidade e um dano a fungdo normal dos neurdnios (BUSCH, YARMUSH and
TONER, 1998).

Embora as concentragbes de prolina utilizadas em nosso estudo sejam
similares as observadas em pacientes hiperprolinémicos e tenham alterado de
maneira significativa os lipidios de membrana, é dificil extrapolar nossa hipotese a
patologia em humanos. Entretanto, se for o caso, o resultado do presente estudo
demonstra dano a dindmica normal da membrana neuronal pela administragao
crbnica de prolina pode representar, pelo menos, um dos mecanismos envolvidos

no dano neurolégico observado na hiperprolinemia tipo Il.
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Em resumo, mostramos que o coértex cerebral e o hipocampo de ratos
submetidos a um modelo crénico de hiperprolinemia apresentaram um distinto
aumento nos conteudos de lipidios de membrana (gangliosidios, fosfolipidios e
colesterol), enquanto os microdominios soluveis e resistentes a detergente,
isolados de membrana sinaptica de coértex cerebral, apresentaram uma diminuicéo
no conteudo de gangliosidios. Este ultimo efeito pode expressar a perda de
estabilidade e funcdo da membrana, possivelmente, levando a morte celular. De
acordo com nossos resultados, parece razoavel postular que a perda da fungao da
membrana na regido da sinapse pode contribuir para a disfungao neurolégica
caracteristica da hiperprolinemia. Entretanto, mais estudos investigando pacientes
hiperprolinémicos devem ser realizados, com a finalidade de avaliar a hipétese de
que a alteracdo nos lipidios de membrana esteja envolvida na patologia deste
disturbio metabdlico, assim como ja relatado para os pacientes com doencga de

Alzheimer (MOLANDER-MELIN et al., 2005).
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6. CONCLUSOES

* O coértex cerebral e o hipocampo de ratos submetidos a um modelo crénico de
hiperprolinemia apresentaram um aumento nos conteudos de lipidios de
membrana (gangliosidios, fosfolipidios e colesterol). Esse aumento pode ser
consequéncia de uma reagdo de gliose ao dano tecidual causado pelas

condi¢cdes do modelo.

* Os microdominios soluveis e resistentes a detergente, isolados de membrana
sinaptica de coértex cerebral, apresentaram uma diminuicdo no conteudo de
gangliosidios. Esta reducdo pode representar que a membrana na regido da
sinapse sofra modificagdes especificas com a administragcdo cronica de prolina
e indicar perda de componentes de membrana por peroxidacgao lipidica, uma
vez que foi relatado que a administracdo aguda de prolina aumenta o estresse

oxidativo em cortex cerebral.

* Os principais gangliosidios encontrados no SNC foram detectados nas
estruturas cerebrais estudas, assim como, nas fracdes soluvel e resistente a
detergente obtida de membrana sinaptica de cortex (GM1, GD1a, Gd1b e
GT1b). Embora os perfis de gangliosidios nao tenham sido aparentemente
modificados, as quantidades absolutas das espécies foram alteradas tanto nos
extratos totais de cértex e hipocampo, assim como nos microdominios de

membrana obtidos do cortex.
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* De acordo com nossos resultados, parece razoavel postular que a perda de
lipidios na membrana sinaptica pode contribuir para a disfungdo neuroldgica
caracteristica da hiperprolinemia. Entretanto, mais estudos investigando
pacientes hiperprolinémicos devem ser realizados, com a finalidade de avaliar
a hipotese de que a alteragdo nos lipidios de membrana esteja envolvida na

patologia deste disturbio metabdlico.

* Até onde sabemos, este € o primeiro estudo relacionando microdominios de

membrana e uma desordem metabdlica de aminoacidos.
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7. PERSPECTIVAS

Dentre as possiveis perspectivas deste trabalho destacam-se:

» O tratamento dos animais com substancias de acdo antioxidante, como a
vitamina E (tocoferol), concomitante ao modelo de inje¢cdo cronica de
prolina e analise dos efeitos sobre os componentes lipidicos dos
microdominios de membrana obtidos de membrana sinaptica de cortex
cerebral.

» A verificagdo da co-localizagao de proteinas associadas aos microdominios,
como a Na*’, K* ATPase e dos gangliosidios analisados no modelo
estudado.

» A verificagdo do processo de gliose reativa, através de imunohistoquimica

para a proteina glial fibrilar acida (GFAP).
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9. ANEXO

INTERNATIONAL JOURNAL OF DEVELOPMENTAL NEUROSCIENCE
The Official Journal of the International Society for Developmental Neuroscience

Guide for Authors
GENERAL

The International Journal of Developmental Neuroscience is devoted to the prompt
publication of the results of original research on any aspect of the scientific study of
the nervous system. The type of paper most suitable for publication is that in
which new observations are clearly and succinctly reported and in which an
attempt is made to make the purpose and outcome of the study meaningful
to scientists of other disciplines.

Detailed and/or very specialized papers will only be considered for publication if the
authors have followed the latter suggestion. Since one of the chief aims is to
promote communication between neuroscientists, the journal will also include
occasional commentaries on specific areas of neuroscience.

The International Editorial Board, which is appointed by the Chief Editor in
consultation with the Publications Committee of the International Society for
Developmental Neuroscience, consists of specialists in all major branches of
neuroscience. Each paper is read by at least two Editors or referees. Further
opinions are sought if necessary.

Papers reporting original research are considered for publication provided that they
describe significant, new and carefully confirmed findings and that adequate
experimental details are given. Preliminary communications are not accepted.
No distinction is made between short and long papers. Accelerated publication of
Brief Communications (under 2000 words in length) will be reserved for very novel
findings. All papers must be prepared according to the instructions given in Section
Il.

Commentaries or review articles on a specific topic in neuroscience will normally
be published after an invitation to the author from the Chief Editor or an Associate
Editor. Other prospective authors should obtain the agreement of the Chief Editor
before submitting a manuscript. Commentaries are not exhaustive reviews but
short articles (3000-10,000 words in length) intended either to draw attention to
developments in a specific field for workers in other scientific disciplines, or to bring
together observations over a wide area that seem to point in a new direction.
Authors should always endeavour to make their commentary understandable to
neuroscientists of other disciplines.

Submission of a paper for International Journal of Developmental Neuroscience
will be held to imply that it represents original research not previously published
(except in the form of an abstract), and that it is not being considered for
publication elsewhere in similar form.
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SUBMISSION

All manuscripts should be submitted through International Journal of
Developmental Neuroscience's online submission and peer review website
(http://ees.elsevier.com/dn). Authors are requested to submit the text, tables and
artwork in electronic form. In a Cover letter, authors should state that the
manuscript, or parts of it, have not been and will not be submitted elsewhere for
publication.

MANUSCRIPT REQUIREMENTS

Form

Manuscripts should be typewritten with double or triple spacing throughout and
wide margins at least 2.5 cm wide. If possible, A4 size (206 x 294 mm) paper
should be used. Each manuscript must have a title page which includes only the
title, the authors' names, the laboratory or origin, the name and address of the
person to whom proofs should be mailed and any necessary footnotes. Original
manuscripts and diagrams are discarded 1 month after publication unless the
Publisher is requested to return original material to the author.

Corrections to the proof should be restricted to printer's errors. Substantial
alterations may be charged to the author.

The title should be as short as is consistent with clarity. Papers should not be
numbered in series, but subtitles are accepted. A list of abbreviations used in the
text should be put at the bottom of the title page (see 2a and 6).

A running title, not to exceed 56 letter spaces, should be included on a separate
sheet.

Pages should be numbered in succession, the title page being page 1.

Tables and figures should be on separate pages placed at the end of the
manuscript. Their desired approximate locations should be indicated in the margin
of the text.

Footnotes to the text should be used sparingly; where they must be used their
locations should be indicated by the symbols *, 1, 1, §, [], {], in that order.

Greek characters should be clearly indicated.

Isotopic specifications should conform to the IUPAC system [Biochem. J. (1975)
145, 1-20].

Drug names should be the official or approved names; trade names or common
names may be given in parentheses where the drug is first mentioned. The
manufacturer's name must be given. The doses of the drugs should be given as
unit weight/unit body weight, e.g. mmol/kg or mg/kg. Concentrations should be
given in terms of molarity, e.g. yM or M, or as unit weight/unit volume solution,
stating whether the weight refers to the salt or the active component of the drug.
The molecular weight, inclusive of water crystallizations, should be stated if doses
are given as unit weight.

Style
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Manuscripts should be concisely written in English in a readily understandable
style. Authors who need assistantce before they submit their article for peer review
or before it is accepted for publication may find the language editing companies
listed here =+http://authors.elsevier.com/LanguageEditing.html useful.

Technical jargon, 'laboratory slang' or words not defined in dictionaries should not
be used. Abbreviations should be avoided unless they conform to the
instructions under sub-section 6. They must not be used as a short form for
experimental procedures or for concepts. Redundant words, phrases, and
sentences should not be used. For example, the captions of Tables and Figures,
with or without paraphrasing, should not be repeated in the text.

The Editor reserves the right to revise the wording of manuscripts accepted for
publication in International Journal of Developmental Neuroscience.

Organization

Each paper must begin with a brief Abstract. It should not exceed 5% of the length
of the paper. The first paragraph of the abstract should summarize the results
obtained, the final paragraph should summarize the major conclusions in such a
way that a reader not familiar with the techniques used can see any implications
for his area of neuroscience. Abbreviations must not be used in the Abstract.

The remaining text of all papers, however short, should be organized in the
following four main sections:

(1) An introductory statement should first set 'the scene' for a non-specialist and
then continue with the specific reasons for undertaking the investigation.
Exhaustive reviews of the literature should be avoided and no attempt should be
made to indicate the results obtained. The heading 'Introduction’ should be
avoided.

(2) Experimental procedures. Procedures used should be given in sufficient detail
to permit the repetition of the work by others. However, published procedures
should only be briefly summarized and only described in detail if they have been
substantially modified. Special chemicals, drugs, etc. with their sources of supply
should be grouped under a separate sub-headings Materials.

(3) Results. In this section findings should be described without discussion of their
significance. Sub-sections should be used to clarify the expression of the results.

(4) Discussion. In this section the authors' interpretations of their findings should be
accompanied by an assessment of their significance in relation to previous work.
Repetition of material given under 'Results' should be avoided. Sub-sections
should be used wherever possible and sub-sections dealing with technical or highly
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specialized matter should be clearly separated from the result of the text so that
they can be printed in small type.

Presentation of data in Tables or Figures

In general, Tables and Figures should be so constructed what they, together with
their captions and legends, will be intelligible with minimal reference to the text.

Each figure must be accompanied by a caption and explanatory legend typed on a
separate sheet.

Care should be taken to present data in a precise manner. For example,
histographs should not be used when the data can equally well be given in a Table.

Figures

For full guidelines on the preparation and submission of your artwork please refer
to =+http://www.authors.elsevier.com/artwork. The use of colour plates is
encouraged when appropriate. A charge for one full page of ca. $1000 is made for
reproducing colour photographs. The exact cost will be given on request.

References

In the text, cite references by name and date (Harvard system). For more than two
authors, use the first surname and et al. In the final list, they should be in
alphabetical order, including the complete title of the article cited, and names of all
authors. In the following examples notice the punctuation; do not use all capitals,
do not underline.

The reference list should be typed on a separate sheet(s) of paper at the end of the
manuscript, in alphabetical order and arragned as follows: author's name and
initials, year, title of the article, abbreviated title of the journal, volume, first and last
page numbers. Journal titles should be:

Journal Articles

Vogt M. and Wilson G., (1972) Concentration of 5-hydroxytryptamine and its acid
metabolite in ventricle-near regions of the rat brain. Journal of Neurochemistry 19,
1599-1600.

References to books should include the authors' name and initials, year, title of
book, volume, publisher and place of publication. Where relevant, the title of a
paper within a book, and the editor's name, should be given. For example:

Book Chapters

Baker, P.F. (1972). The sodium pump in animal tissues and its role in the control of
cellular metabolism and function. In Metabolic Pathways, Academic Press, New
York, Vol. 6, pp. 243-268.
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Unpublished experiments may be mentioned only in the text; they must not be
included in the list of References; initials as well as surnames must be given for
authors whose unpublished experiments are quoted.

A paper which has been accepted for publication but which has not appeared may
be cited in References with the abbreviated name of the Journal followed by the
words 'In press'. The date of acceptance of each such paper should be indicated
when the manuscript is submitted to [JDN.

Personal communications may be used only when written authorization from the
communicator is submitted with the original manuscript: they may be mentioned
only in the text.

Abbreviations

Symbols for physical units should be restricted to the Systeme Internationale (S.I.)
Units. Examples

of commonly used symbols can be found in Biochem. J. (1975) 145, 1-20 and
more detailed descriptions, in Quantities, Units and Symbols (1971) The Royal
Society, London.

The excessive use of abbreviations in the text is strongly discouraged. In particular,
awkward and unfamiliar abbreviations and those intended to express concepts or
experimental techniques will not be permitted. In order to aid communication
between scientists of different disciplines, authors should only use abbreviations
sparingly and should always define the abbreviation when first used by placing it in
parentheses after the full term, e.g. Acetylcholinesterase (AChE). A list of
abbreviations used in the text should be put on the bottom of the title page.

Chemical and biochemical nomenclature

As far as possible authors should follow the conventions used in the The
Biochemical Journal, See Biochem. J. (1975) 145, 1-20. Author enquiries

For enquiries relating to the submission of articles (including electronic submission
where available) please visit this journal's homepage at =+
http://www.elsevier.com/locate/ildevneu. You can track accepted articles at =+
http://www.elsevier.com/trackarticle, and set up e-mail alerts to inform you of when
an article's status has changed, as well as copyright information, frequently asked
questions and more.

Contact details for questions arising after acceptance of an article, especially those
relating to proofs, are provided after registration of an article for publication.
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