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Resumo

RESUMO

A proteina dcida fibrilar glial (6FAP) € uma proteina da classe dos
filamentos intermedidrios, expressa principalmente em astrécitos no
Sistema Nervoso Central (SNC). Assim como outras proteinas de
citoesqueleto, a GFAP sofre fosforilagdo/desfosforilacto e este mecanismo
permite a regulagdo de seu estado polimerizado/despolimerizado.

Wofchuk e Rodnight (1994) mostraram que, em hipocampo de ratos
jovens, a fosforilagdo da GFAP sofre regulagdo glutamatérgica através de
um mecanismo que envolve proteinas 6. Da mesma forma, um estudo
preliminar em fatias cerebelares de ratos jovens mostrou que, assim como
em hipocampo, a fosforilagdo da GFAP é estimulada por glutamato.

Com base nestes dados, este trabalho teve como objetivo estudar os
mecanismos envolvidos na modulagdo glutamatérgica da fosforilagdo da
GFAP em fatias de hipocampo e cerebelo de ratos.

Os resultados obtidos mostraram que, embora a estimulagdo
glutamatérgica da fosforilagdo da GFAP ocorra no mesmo periodo de
desenvolvimento (P10-P16) em ambas as estruturas estudadas, diferentes
mecanismos estdo envolvidos nestas estruturas. Em hipocampo, a
fosforilagdo da GFAP ¢ estimulada por glutamato via receptores

metabotrépicos do grupo II, provavelmente do subtipo mGIluR3. Jd em
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fatias cerebelares, a fosforilacdo da GFAP sofre estimulagdo
glutamatérgica via receptores glutamatérgicos ionotrépicos do tipo NMDA.

Em cerebelo, avaliou-se o efeito do glutamato sobre a fosforilagdo de
GFAP em culturas primdrias de células gliais, tratadas ou ndo com meio
condicionado neuronal, e em culturas mistas de células gliais e neuronais
cerebelares. Observou-se que o glutamato ndo estimulou a fosforilagdo da
proteina em culturas primdrias de células gliais. Entretanto, em culturas
mistas de neurdnios e células gliais cerebelares, o glutamato e seu agonista
NMDA estimularam a fosforilagdo da GFAP, da mesma forma que em fatias.
O antagonista de receptores NMDA, DL-AP5, reverteu o efeito de ambos e
a TTX ndo bloqueou o efeito estimulatério, sugerindo um possivel
envolvimento de receptores NMDA gliais na modulagdo glutamatérgica de
fosforilagdo da GFAP em cerebelo de ratos.

Nossos resultados evidenciam o envolvimento de diferentes
mecanismos de regulagdo da fosforilagdo da GFAP, por glutamato, em
hipocampo e cerebelo de ratos, os quais podem estar diretamente
relacionados com as diferentes fungoes exercidas por estas estruturas no

SNC.



Abstract

ABSTRACT

Glial fibrillary acidic protein (6FAP) is an intermediate filament
protein that is mainly expressed in astrocytes in the Central Nervous
System (CNS). Like others cytoskeleton proteins, the phosphorylation of
GFAP is the regulation of polymerization/depolymerization of the filament.

Wofchuk and Rodnight (1994), showed that GFAP phosphorylation in
immature hippocampus slices is regulated by glutamate thought a G protein
mechanism. In the same way, a preliminary study in slices from cerebellum
of immature rats showed that, like in hippocampus, GFAP phosphoryiation is
stimulated in the presence of glutamate. |

Based in these data, this work intent to determine the mechanisms
involved in the glutamatergic modulation of GFAP phosphorylation in slices
from immature hippocampus and cerebellum of rats.

The results showed that the glutamatergic modulation of GFAP
occurs in the same developmental stage (P10-P16) in both structures:;
however, the mechanisms involved are different. In hippocampus, the GFAP
phosphorylation is regulated by metabotropic receptors from group II,
probably from subtype mGIuR3. In contrast, in cerebellum slices, the
glutamatergic stimulation of GFAP phosphorylation occurs via an ionotropic

receptor, from NMDA subtype.
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Based on the results with cerebellum slices, the glutamatergic
modulation of GFAP phosphorylation in cerebellar primary glial cell cultures
and mixed neuron/glial cell cultures was investigated. We observed that
glutamate was not able to in‘cr'ec‘:sed GFAP‘ phosphorylation in primary glial
celvl gulfures. However, in mixed neur‘ori/glial cell c_ulh;res, glutamate and its
agonist NMDA stimulate GFAP phosphorylé‘rion as previously observed in
cerebellum slices. DL-AP5 reverted the effect of both and TTX was not
able to blocked the stimulation, suggesting a possible involvement of glial
NMDA receptor in the mechanism of glutamatergic modulation of GFAP
phosphorylation in cerebellum of rats.

The results of this work in hippocampus and cerebellum suggest that
the difference between their mechanisms of glutamatergic regulation of
GFAP phosphorylation could be related with the different functions of

these structures in the Central Nervous System.



Apresentacdo Vv

APRESENTACAO

Esta fese € constituida por Introdugdo, Artigos Cientificos,
Discussdo, Conclusdes, Perspectivas e Referéncias Bibliogrdficas.

O item 1. Introdugdo refere-se aos aspectos que embasam os
objetivos e a metodologia deste trabalho.

Os Resultados que fazem parte desta tese estdo apresentados sob
forma de artigo publicado, artigo submetido e artigo em fase final de
revisdo pelos autores para ser submetido a publicagdo, os quais estédo
organizados no item 2. Artigos Cientificos. Os resultados, Material e
Métodos, Discussdo dos Resultados e Referéncias Bibliogrdficas encontram-
se nos proéprios artigos.

O item 3. Discussdo contém interpretacdes e comentdrios gerais,
assim como as consideragoes finais que englobam os artigos desta tese.

O item 4. Conclusdes cborda as conclusdes gerais baseando-se nos
objetivos da tese e, por fim, a sua conclusdo final.

O item 5. Perspectivas contem os principais projetos a serem
desenvolvidos na segiiéncia desta tese.

O item 6. Referéncias Bibliogrdficas refere-se somente ds citacdes

que aparecem na Introdugdo e na Discussdo desta tese.
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1. INTRODUCAO

1.1. Glutamato

Nos anos 50 ocorreram os primeiros estudos com glutamato no
Sistema Nervoso Central (SNC). Hayashi (1952) observou que o glutamato
causava convulsdo clonica quando aplicado diretamente sobre o cértex
cerebral de cachorros. Desde entdo muitos estudos foram desenvolvidos e
atualmente o glutamato € considerado o principal neurotransmissor
excitatdrio do SNC de mamiferos, onde media vdrios processos vitais, tais
como o desenvolvimento das células nervosas, incluindo proliferagéo,
migracdo e plasticidade sindptica (McDonald & Johnston, 1990), assim como
a modulagdo de mecanismos de aprendizado e memdria (Bianchin et al,
1994 Izquierdo, 1994; ITzquierdo & Medina, 1997) e até no envelhecimento
(Segovia et al., 2001). E bem provdvel que também o desenvolvimento das
células gliais seja regulado, associado com fatores de crescimento, por
glutamato (Gallo & Russell, 1995). Ao longo do desenvolvimento do SNC, o
glutamato pode ser liberado por cones de crescimento e axdnios e
influenciar a proliferagdo e/ou migragdo de células gliais ( Rakic & Komuro,

1995).
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Ironicamente, além das inimeras fungdes vitais exercidas por este
neurotransmissor, o aumento na concentragdo extracelular de glutamato
pode resultar em dano e morte neural através da excessiva ativacdo de
GluRs (Choi et dl., 1987: Meldrum, 2000). Deste modo, o glutamato liberado
na fenda sindptica deve ser rapidamente removido e para tanto o glutamato
pode ser captado Por neurdnios ou por células giais. Dos cinco
transportadores  glutamatérgicos clonados, dois sdo  expressos
preferencialmente pelas células gliais (GLAST e 6LT) e trés em neurénios
(EAACL, EAAT4 e EAATD). As células gliais exercem papel vital na remocdo
de glutamato do espaco extracelular, através da recapitagdo do glutamato,
prevenindo a excitotoxicidade neural. Para isto, os transportadores GLAST
e GLT conduzem o glutamato aos astrécitos onde, em sua maior parte, é
convertido a glutamina, pela glutamina sintetase. A glutamina retorna aos
neurdnios onde na grande maioria serve como precursora de glutamato, com
a participagdo da glutaminase (Rao & Murthy, 1993, Daikhin & Yudkoff,
2000; Meldrum, 2000).

Os receptores glutamatérgicos (GluRs) sdo classificados em
ionotrdpicos e metabotrdpicos. Esta divisdo € baseada nas diferencas
quanto & sua estrutura molecular, aos mecanismos de transdugdo e as
propriedades farmacoldgicas. Os receptores glutamatérgicos ionotrdpicos

(i6luRs) sdo canais ibnicos que, quando ativos, sdo permedveis a cdtions,
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incluindo sédio, cdlicio e potdssio (Nakanishi, 1992: Seeburg, 1993: Schoepp
et al., 1995). Em 1985 mostrou-se que o glutamato estimulava a fosfolipase
C (PLC) em cultura neuronal de estriato, via receptores que ndo eram da
familia dos iGluRs (Sladeczek.et al., 1985). Logo a seguir efeitos similares
do glutamato foram descritos em fatias hipocampais (Nicoletti et al.,
1986a/b), em cultura de células granulares de cerebelo (Nicoletti et dl.,
1986¢) e em cultura de astrécitos (Pearce et al., 1986). A existéncia destes
novos receptores glutamatérgicos, iigadds a proteinas G, atualmente
chamados de metabotrdpicos, foi confirmada por Sugiyama e colaboradores
(1987) e por Récasens e colaboradores (1988).

Os GluRs estdo amplamente distribuidos no SNC tanto de jovens
quanto de adulTo;; no entanto, a expressdo de subtipos de receptores
glutamatérgicos apresenta uma intensa variagdo regional e desenvolvimental
especificas, indicando que diferentes subtipos podem exercer funcdes
variadas quanto a ontogenia e ao sinal modulatério produzido no SNC.

Nas células gliais, os receptores glutamatérgicos mediam a expressdo
génica, a interagdo neurdnio-glia e participam do desenvolvimento glial (Gallo

& Ghiani, 2000).
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Receptores Glutamatérgicos Tonotrépicos

Os Receptores Glutamatérgicos Ionotrépicos (iGluRs) sdo
tradicionalmente classificados, de acordo com critérios moleculares,
farmacoldgicos e eletrofisioldgicos, em trés grande subtipos: receptores
NMDA  (N-metil-D-aspartato),  o- amino- 3-hidroxi- 5-metil- 4-
isoxazolepropionico (AMPA) e cainato (KA). Estes dois dltimos
freqiientemente sdo chamados de receptores ndo-NMDA. Em uma Unica
sinapse no SNC geralmente encontram-se os frés tipos coexistindo e
envolvidos na ampliagéo do sinal glutamatérgico (Cotman et al., 1995, Ozawa
et al., 1998). A tabela 1.1 apresenta os principais agonistas e antagonistas

dos receptores glutamatérgicos ionotrépicos.

Receptores NMDA (NMDARs)

Os receptores NMDA foram inicialmente identificados e separados
farmacologicamente dos demais receptores pela sua seletiva ativagdo pelo agonista
N-metil-D-aspartato (NMDA). Estes receptores sdo altamente permedveis a Ca**,
sdo volTagem—dependen‘res e possuem como co-agonistas glicina e D-serina
(Collingridge & Watkins, 1994). Os receptores NMDA desempenham papel central
na po“renciag’dé de longa duragdo (LTP), na depressdo de longa duragdo (LTD) e em
eventos envolvidos na plasticidade do SNC. Tais receptores, quando superativados,

podem causar danos via excitotoxicidade (Cotman et al., 1995; Ozawa et al., 1998:;



Rameau et al., 2000). Em potenciais de repouso os canais NMDA neuronais estdo
normalmente bloqueados por Mg e a liberagéo do canal depende da despolarizagdo
da membrana. O nivel de corrente que promove a despolarizagdo depende da
ativacdo de receptores AMPA e KA e de outros sinais moduladores pés-sindpticos
que controlam a despolarizagdo. A modulagdo especifica da atividade dos canais
NMDA é necessdria para uma fungdo neural normal. Os subtipos de receptores
NMDA apresentam trés familias de subunidades: NMDA NR1, que possui 8 formas
variantes, NMDA NR2 (variantes A, B, C, D1 e D2) (Ozawa et al., 1998) e NMDA
NR3 (variantes S e L) (Sun et al., 1998) e estdo presentes tanto em terminais pds-
sindpticos como pré-sindpticos (Smirnova et al., 1993). A subunidade NR1 é
essencial para a funcionalidade do receptor NMDA (Forrest et al., 1995), enquanto
que as subunidades NMDA R2 e NMDA R3 sdo co-expressas com NMDA Rl e
parecem exercer papel modulador (Petralia et al., 1994a; Sun et al., 1998). A
expressdo das diferentes subunidades do receptor NMDA varia muito no SNC e o
hipocampo e o cértex cerebral sdo estruturas particularmente ricas neste tipo de
receptor glutamatérgico (Watkins et al., 1990). Enquanto a subunidade NMDAR1
apresenta uma ubiqua distribuigdo ao longo do SNC (Petarlia et al., 1994b), as
subunidades NMDA NR2 (A-D) e NMDA NR3 (S e L) tém uma distribuigdo espago-
temporal diferenciada em animais adultos e em desenvolvimento (Nakanishi, 1992,

Petralia et al., 1994a, Sun et al., 1998).

Ao contrdrio da inegdvel presenca de receptores NMDA nas células
neurais, a expressdo e a funcionalidade de NMDARs em células gliais

sempre foi alvo de controversas discussdes. Entretanto, sabe-se que o
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NMDA promove um aumento na condutividade de membrana da glia de
Bergmann (Miiller et al., 1993) e a expressdo de receptores NMDA nestas
células jé foi demonstrada (Luque & Richards, 1995, Lépez et al., 1997).
Atualmente inimeros trabalhos tém demonstrado a expressdo de
receptores NMDA em astrdcitos corticais (Conti et al., 1996, 1997, 1999),
principalmente em seus processos. Gottlieb e Matute (1997) mostraram que
astrécitos hipocampais expressam as subunidades NMDA NR2A/B apds
insulto isquémico. A presenca de receptores NMDA nas células gliais aponta
para uma nova discussdo dos mecanismos envolvidos na sinalizagdo entre
neurdnios e células gliais, mas para tanto € necessdria a compreensdo do

papel fisiolégico exercido por estes receptores nas células gliais.

Receptores ndo-NMDA (AMPA e Cainato)

Os receptores AMPA, assim como os Cainato (KA), mediam a
transmissdo sindptica excitatdria rdpida e estdo associados primariamente a
canais independentes de voltagem. Os receptores AMPA e Cainato
apresentam miltiplas subunidades, sendo elas GluR1-GluR4 e GIuR5-
GluR7/KA1-KA2, respectivamente. Sdo canais permedveis a sédio e potdssio
(Cotman et al, 1995,) enquanto algumas subunidades apresentam
permeabilidade a Ca® (Swanson et al., 1996, 1997). A ativacdo dos

receptores ndo-NMDA produz despolarizagdo, a qual promove a abertura de
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canais de Ca®* dependentes de voltagem. Este é o caso da despolarizagdo
mediada por AMPA estimulando receptores NMDA pelo deslocamento do
Mg®. Tanto os receptores AMPA quanto Cainato estdo distribuidos em todo
o SNC. no entanto, a expressio de suas subunidades € bastante
heterogénea entre diferentes estruturas e tipos celulares. A distribuigdo
de receptores AMPA é paralela aquela apresentada pelos receptores
NMDA. Os receptores Cainato, por outro lado, estdo mais concentrados em
poucas dreas especificas do SNC (Watkins é’r al., 1990). Estudos com
radioligantes mostraram uma alta afinidade de *H-AMPA a sitios na regido
CA1 de hipocampo, septo lateral e na ldmina molecular de cerebelo; 3H-KA
mostrou alta afinidade na regido CA3 de hipocampo, estriato e tdlamo
(Cotman et al., 1995). As células gliais no SNC também expressam iGluRs
(Verkhratsky & Steinhduser, 2000). no entanto, a variagdo regional ndo estd
obrigatoriamente correlacionada com observagées em cultura. A expressdo
de receptores ionotrépicos glutamatérgicos em células gliais apresenta um
aumento apds eventos isquémicos, principalmente nas diferentes regides do

hipocampo (Gottlieb & Matute, 1997).

Receptores Glutamatéraicos Metabotrdpicos

Os Receptores Glutamatérgicos Metabotrépicos (mGluRs) constituem

uma grande classe de receptores ligados a proteinas G, os quais diferem
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estruturalmente, funcionalmente e farmacologicamente dos iGluRs (Schoepp -
& Conn, 1993; Pin & Duvoisin, 1995; Ozawa et al., 1998). Até o momento oito
subtipos de mGluRs foram clonados e caracterizados. Estes receptores
podem ser classificados em trés grupos onde os membros de cada grupo
possuem grande homologia entre si (~70%) e similaridades farmacolégicas
(Pin & Duvoisin, 1995; Conn & Pin, 1997; Ozawa et al., 1998). O Grupo I
compreende os subtipos mGluRl (Masu et al., 1991; Houamed et dl., 1991) e
mGIuRS (Abe et al., 1992), os quais estdo acoplados a hidrélise de
fosfoinositidios de membrana e sdo potentemente ativados por quisqualato,
mas também sdo sensiveis ao dcido (1S,3R)-1-aminociclopentano-1,3-
dicarboxilico (1S,3R-ACPD). O agonista 3 5-dihidroxifenilglicina (DHPG) tem
sido descrito como altamente seletivo e potente para receptors do Grupo I
(Ozawa et al., 1998). O Grupo II inclui os subtipos mGluR2 e mGIuR3
(Tanabe et al., 1992), que sdo ligados a formagdo de AMP. e potencialmente
ativados por 15,3R-ACPD, por (25,3S,45)-a-(carboxiciclopropil)-glicina (L-
CC6 I) e DCG IV (Schoepp, 1994; Bruno et al., 1996; Ozawa et al., 1998). O
G6rupo IIT compreende os subtipos m&luR4 (Tanabe et al., 1993), mGluR6
(Nakajima et al., 1993), mGluR7 (Okamoto et al., 1994; Saugstad et dl.,
1994) e o subtipo mGIluR8 (Duvoisin et al., 1995). Os membros do Grupo IIT,
assim como os do 6rupo IT, estdo ligados a modulacdo da adenilato ciclase e

sintese de AMP. e sdo seletivamente ativados pelo dcido L-2-amino-4-
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fosfanobutirico (L-AP4) (Schoepp, 1994, Ozawa et al., 1998). Sdo muitos os
agonistas que agem nos receptores glutamatérgicos. O 1S,3R-ACPD foi o
primeiro a ser identificado como atuando seletivamente sobre receptores
metabotrépicos, sendo entdo de grande importdncia para o estudo deste
tipo de receptores glutamatérgicos.

Assim como descrito anteriormente para os iGluRs, a distribui¢do dos
diferentes subtipos de mGluRs no SNC é bastante irregular, apresentando
grandes varia¢oes em relagdo a diferentes estruturas, tipos celulares e
estdgios de desenvolvimento (Vecil et al., 1992; Schoepp, 1994).

O mGLUR1, em cérebro de rato, tem significativa expresséo em
células granulares do giro denteado e células piramidais em CA3 de
hipocampo, células de Purkinje de cerebelo, células de bulbo olfatério e
neurdnios do tdlamo e septo lateral. O receptor parece estar localizado pés-
sinapticamente e ndo foi demonstrado em glia (Cotman et al., 1995). O
mGLURD, outro receptor ligado & hidrélise de fosfatidilinositol, é expresso
no cértex cerebelar, em hipocampo, subiculum, septo lateral, bulbo
olfatério, nicleo olfatério anterior, estriato, caudato e cértex. Em culturas
de células gliais, na presenca de fatores tréficos, a expressdo de mGIuR5S é
muito intensa (Cotman et al., 1995; Winder & Conn, 1996). Sua presenca
pré-sindptica em axodnios terminais indica que o mGIuR5 pode exercer

funcdes como receptor pré-sindptico (Romano et al., 1995). Curiosamente,



Introdugdo 1!

os receptores metabotrdpicos do grupo I apresentam envolvimento tanto
em eventos de neurotoxicidade como de neuroprotegdo (Nicoletti et dl.,
1999). O subtipo mGLURZ2 tem proeminente expr‘es.sﬁo em  cortex
cerebelar, acessério de bulbo olfatério, neurdnios piramidais do cértex
entorrinal e em giro denteado (Ohishi et al., 1994). Acredita-se que o
subtipo mGLURZ2 pode servir coho receptor pré-sindptico em projegdes
glutamatérgicas cértico-estriatais. O mGIluR2 é encontrado tanto pré como
pés-sinapticamente em cérebro de ratos (Neki et al., 1996) e sua expressdo
em células gliais do SNC ndo foi demonstrada (Cotman et al, 1995). O
subtipo mGLUR3, de grande homologia com o mGLUR2 (~70%), é expresso
em neurdnios do cértex cerebelar, nicleo reticular talémico, caudato, nicleo
supraéptico e em células granulares do giro denteado. O mGIuR3 também é
expresso em células gliais (Tanabe et al., 1992, 1993; Ohishi et al., 1993;
Cotman et al., 1995). O mGLUR4 € expresso em células granulares de
cerebelo, em neurdnios da lamina granular interna de bulbo olfatério, no tdlamo,

no septo lateral, no cértex entorrinal, no giro denteado e na regido CA3 de
hipocampo (Cotman et al., 1995). O mGIuR6 é expresso principalmente em retina
(Nakajima et al., 1993), enquanto o subtipo mGLURS é expresso em retina e bulbo
olfatério (Duvoisin et al., 1995). A tabela 1.1 apresenta os principais agonistas e

antagonistas dos receptores glutamatérgicos metabotrépicos.



Tabela 1.1: Receptores glutamatérgicos e seus principais agonistas e antagonistas.

Receptores Glutamatérgicos

Tonotrépicos

Metabotrépicos

NMDA AMPA KA Grupo I Grupo I1 Grupo IIT
Subtipos = NR1,NR2,NR3 6luR 1- GluR4  GluR5-GluR7, mGluRl, mGluR2, mgluR4,
(subunidades) KA1, KA2 mGIuR5 mGIuR3 mgluRé,
mgluR7,
mGluR8
Principais NMDA AMPA Cainato DHPG 15, 3s-ACPD, L-AP4
Agonistas Concavalina A LCCG-T,
DCG IV
Principais AP5 CNQX, CNQX, (+)-MCPG - MCC6 MAP4
Antagonistas MK-801 DNQX, DNQX,

Ns-102 -
Adaptado de Ozawa et al., 1998.
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1.2. Fosforilacdo de proteinas no Sistema Nervoso Central

A fosforilagdo de proteinas consiste em um mecanismo molecular
reversivel de modulagdo intracelular através do qual a fungdo das proteinas
€ regulada em resposta a estimulos extracelulares. Comuns a todos os
organismos eucariotos, os sistemas de fosforilagdo de proteinas envolvem,
pelo menos, trés componentes: uma proteina quinese, uma proteina
fosfatase e um substrato protéico que tem suas propriedades bioldgicas
alteradas conforme seu estado fosforilado/desfosforilado (Walaas &
Greengard, 1991; Rodnight et al., 1997). As quinases sdo
fosforiltransferases que catalisam a transferéncia do fosfato y do ATP ou
GTP para o grupo hidroxila de residuos serina, treonina ou tirosina do
substrato protéico. As fosfatases sdo fosforiltransferases que catalisam a
hidrélise do grupo fosfato ligado ao substrato protéico, permitindo a
reversibilidade do processo de fosforilagdo (Nestler & Greengard, 1994). A
fosforilagdo de um substrato protéico altera sua carga, uma vez que os
grupos fosfato sdo negativamente carregados, levando a uma possivel

alteragdo conformacional e funcional do substrato (Walaas & Greengard,

1991).
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Quinase

ATP ADP
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. v

Fosfatase

Figura 1.1: Representagdo esquemdtica de um sistema fosforilante. A
reacdo de fosforilagdo € catalisada por uma quinase que transfere o grupo
fosfato de uma molécula de ATP para o grupo hidroxila da cadeia lateral de
um residuo de serina, treonina ou tirosina do substrato protéico. A remogdo
do grupo fosfato € catalisada por uma fosfatase.
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O processo de fosforilacdo e desfosforilagdo protéica é responsdvel
por inimeras sinalizagGes celulares, tais como controle de expresséo génica,
sintese protéica e controle do ciclo celular (Whitmarsh & Davis, 2000) e
regulagdo de vdrias efapas do metabolismo intermedidrio, inclusive no
Sistema Nervoso Central (SNC), o qual € bastante rico em sistemas
fosforilantes responsdveis pela modulagdo de diversas fungdes celulares. As
fosfoproteinas desempenham um importante papel nas fungbes neurais,
entre elas a biossintese de neurotransmissores, modulacdo da ftransmissdo
sindptica, ancoramento e transporte das vesiculas sindpticas e a modulagdo
da atividade de receptores e canais idnicos. A fosforilagdo protéica também
estd intimamente relacionada com a dindmica remodelagem da arquitetura
citoesquelética das células nervosas (Nixon & Sihag, 1991; Walaas &
Greengard, 1991; Rodnight & Wofchuk, 1992; Nairn & Shenolikar, 1992;
Inagaki et al., 1994; Pasqualotto & Shaw, 1996) e envolvida nas vdrias
formas de plasticidade sindptica, exercendo um papel critico no inicio da
potenciagdo de longa duragdo (LTP) e depressdo de longa duragdo (LTD)
(Schulman, 1995; Adams et al., 2000), e em eventos de aprendizado e
memoria (Izquierdo & Meding, 1997; Viola et al., 2000) .

De uma forma geral, trés mecanismos fisiolégicos cldssicos podem

atfivar as proteinas quinases: producdo de segundos mensageiros,
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autofosforilagdo enzimdtica e acoplamento de primeiros mensageiros a
complexos receptor-quinase (Walaas & 6reengard, 1991).

As quinases podem ser classificadas de acordo com os residuos de
aminodcidos que fosforilam e deste modo podem ser divididas em dois
principais grupos: Serina/treonina quinases e tirosina quinases. Cerca de
95% dos residuos fosforilados sdo em serina e de 3 a 4% em treoning,
enquanto que apenas 1% das fosfoproteinas no SNC sdo fosforiladas em
residuos de tirosina (Greengard, 1987 Nestler & Greengard, 1994). As
proteinas serina/treonina quinases sdo comurf\enfe ativadas através de
sistemas de segundos mensageiros tais como: AMP., GMP, Ca®, DAG e IP;,
entre outros. As proteinas tirosina quinases estdo geralmente associadas a
receptores e sdo ativadas diretamente pela ligagdo de primeiros
mensageiros. Além destes mecanismos, sabe-se que a grande maioria das
quinases apresentam sitios autofosforildveis que atuam na regulacédo de sua
atividade (Nestler & Greengard, 1994).

Tendo em vista o grande nimero de processos celulares regulados por
fosforilagdo/desfosforilacdo protéica, muitos pesquisadores t€m investido
seus esforgos na descoberta e compreensdo de seus mecanismos
regulatdrios (6raves & Krebs, 1999).

As principais serina/treonina quinases dependentes de segundos

mensageiros estdo descritas a seguir:
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Proteinas quinases dependentes de AMP. (PKA): Estas quinases sdo
encontradas em todas as células eucaridticas e atuam sobre um grande
nimero de substratos protéicos. No estado inativo a PKA € formada por um
complexo protéico de duas subunidades cataliticas e duas subunidades
regulatérias. A ligagdo de AMP. as subunidades regulatérias altera a
conformagdo destas e promove a liberagdo das subunidades cataliticas que
tornam-se ativas para fosforilar o substrato protéico (Alberts et al., 1994;
Nestler & Greengard, 1994).

Proteinas quinases dependentes de GMP. (PKG): Nos mamiferos a PKG
é encontrada basicamente no musculo liso (Cohen, 1992) e em cerebelo,
principalmente nas células de Purkinje (Schlinchter et al., 1980). E formada
por duas subunidades idénticas. O GMP, liga-se & subunidade reguiatéria e
os dois dominios inibitérios localizados nesta subunidade sdo deslocados de
modo que a subunidade catalitica possa atuar sobre o substrato.

Proteinas quinases dependentes de Cdlcio e Calmodulina (PKCaM): No
SNC existem pelo menos 5 tipos de proteinas quinases dependentes de
Ca®'/calmodulina. A PKCaM tipo II é particularmente abundante e ativa no
cérebro e em certas regides chega a representar 2% da proteina total
existente (Bronstein et al., 1993). No SNC esta enzima pode estar presente
na forma heteromérica ou homomérica, contendo de 10 a 12 subunidades

autofosforildveis. Cada subunidade possui um dominio catalitico, um dominio
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regulatério que liga a calmodulina e um dominio de associagdo (Walaas &
Greengard, 1991; Bronstein et al., 1993; Schulman, 1995).

Proteinas quinases dependentes de Cdlcio e fosfolipidio (PKC): Sdo
proteinas monoméricas e as subespécies exibem um tnico polipeptideo com
variaces seqlienciais. Presentes no SNC, assim como em outros tecidos,
compreendem uma familia de isoformas, as quais apresentam distintas
localizagbes subcelulares e diferentes maneiras de ativacdo no que se
refere a translocagdo para a membrana e quanto ao requerimento por Ca** e
diacilglicerol (DAG). No entanto, o mecanismo cldssico de ativacdo consiste
no fato de que, na presenga de Ca®, a PKC transloca-se do citosol para a
membrana onde liga-se a fosfatidilserina e ao DAG, provenientes da
hidrélise do fosfatidilinositol de membrana. Tais fosfolipidios promovem o
deslocamento do dominio inibitério da enzima formando um complexo ativo
associado @ membrana plasmdtica (Nishizuka, 1989; Walaas & Greengard,
1991; Inagaki et al., 1994a).

Até o momento, um grande nimero de serina/treonina quinases
independentes de segundos mensageiros jé foi descrito. Os mecanismos de
acdo e as fungoes desfas quinases ainda ndo sdo bem conhecidas e como
exemplos destas enzimas temos: caseina quinases (CK), que promovem a
fosforilagdo da DARP-32, MAP1 e tubulinas (Giralt et al., 1989; Serrano et

al., 1989). MAPKs (Mitogen activated protein kinases), que sdo ativadas por
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fatores mitogénicos e estdo relacionadas a inimeros processos de
sinalizagdo intracelular: proteinas quinases dependentes de ciclinas (CDKs),
que desempenham fungdes ligadas @ regulagdo do ciclo celular. Quando
associadas a ciclinas especificas, as CDKs sofrem fosforilagdo por uma
quinase ativadora, promovendo a ativagdo enzimdtica. Em astrécitos a cdc2
quinase tem sido referida como proteina quinase dependente de ciclinas
(Inagaki et dl., 1994aq).

As proteinas tirosina-quinases, ainda que sejam responsdveis por uma
pequena parcela dos eventos de fosforilagdo no SNC, estdo envolvidas em
processos de proliferagdo ‘e crescimento celular e fambém em mecanismos
de transdugdo de sinal (Greengard, 1987; Nestler & Greengard, 1994). A
atividade das tirosina quinases é regulada pela ligagdo do efetor ao receptor
de membrana que promove a autofosforilagdo dos préprios residuos de
tirosina (Walaas & Greengard, 1991).

As proteinas fosfatases, assim como as quinases, desempenham um
importante  papel no processo de fosforilagdo pois promovem a
reversibilidade da agdo quindsica através da hidrédlise do grupo fosfato
ligando ao substrato protéico. Seu papel na regulagdo do estado
fosforilado/desfosforilado de proteinas tem sido cada vez mais evidenciado

(Cohen, 1992; Hunter, 1995).
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As proteinas fosfatases podem ser classificadas em dcidas, bdsicas e
neutras; no entanto, os dois primeiros tipos estdo presentes em pequenas
quantidades no SNC, onde aparentemente ndo desempenham papel
significativo. No entanto, as fosfatases neutras apresentfam-se em grandes
quantidades no SNC e sdo separadas em serina/treonina e tirosina
fosfatases, de acordo com os residuos de aminodcidos que desfosforilam
(Nestler & 6Greengard, 1994). Apesar desta classificagdo, algumas
fosfatases sdo capazes de atuar sobre outros sitios de modo que ocorre
uma certa sobreposigdo de sitios desfosforildveis em um mesmo substrato
protéico (Vinadé, 1997).

Algumas fosfatases tém sua atividade regulada no SNC, direta ou
indiretamente, por segundos mensageiros tais como AMP., GMP. e Ca*’ e
estes diferentes sistemas regulatérios possuem distintas distribuigoes
celulares e regionais. Certos neurotransmissores podem produzir alguns de
seus efeitos fisiolégicos no cérebro regulando os inibidores de fosfatases
em células especificas. As principais fosfatases com atividade no SNC sdo:

Proteina fosfatase tipo 1 (PP1): é composta por uma subunidade
catalitica combinada com diferentes subunidades regulatérias. A PP1 pessti—
atua sobre diversos substratos e muitas vezes sobrepde a atividade de
outras fosfatases. No SNC, as fosfatases tipo PPl sdo relativamente

abundantes e apresentam ubiqua distribuigdo e atividade (Sim et al., 1994).
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Uma importante caracteristica da PP1 é que a sua subunidade catalitica
pode associar-se a proteinas enddgenas que inibem sua atividade, tais como
o inibidor 1, inibidor 2 e a DARPP-32. Estas atividades inibitérias
especificas para PPl sd@o definidas por reagoes de fosforilagio e
desfosforilacdo (Cohen, 1989).

Proteina fosfatase tipo 2A (PP2A): é formada por trés subunidades:
uma catalitica, uma estrutural e uma regulatéria. Esta classe de proteinas
fosfatases é inibida por fosforilagdo via proteina tirosina kinase (Chen et
al., 1992).

Proteina fosfatase tipo 2B (PP2B): também conhecida como
calcineurina, é composta por uma subunidade catalitica e outra regulatéria.
A ativagdo desta fosfatase é dependente de Ca®" e calmodulina (Klee et al.,
1988). £ expressa em grande quantidade no SNC e seus substratos mais
conhecidos sdo as proteinas reguladoras de atividade de outras fosfatases
tais como o inibidor 1 e a DARPP-32 (Wera & Hemmings, 1995).

Proteina fosfatase tipo 2C (PP2C):. é descrita como sendo uma
fosfatase dependente de Mg, sendo mais significativamente expressa em
hipocampo e cerebelo; no entanto, hd poucos substratos seletivos descritos
desta fosfatase (Abe et al., 1992).

Proteina fosfatase tipo 3 (PP3): consiste em uma proteina integral de

membrana, cuja fungdo parece estar envolvida com a proliferacdo celular
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(Honkanen et al., 1991), enquanto a proteina fosfatase tipo 4 (PP4)

provavelmente atue na divisdo celular (Cohen, 1993).

1.3. Células gliais

No SNC os neurdnios e as células gliais comunicam-se entre si
promovendo interagdes especificas com a finalidade de realizar diversas
fungbes. As células precursoras das células nervosas e gliais sdo derivadas
de células neuroepiteliais do tubo neural e a diversificagdo ocorre em
estdgios primdrios de desenvolvimento por ativagdo de genes célula-
especificos, os quais conferem diferentes funges e caracteristicas
morfoldgicas. As células gliais sdo divididas em dois grupos principais:
macroglia, que compreende os astrécitos e oligodendrécitos (de origem
ectodérmica) e microglia (de origem mesodérmica).

As células precursoras dos astrécitos sdo chamadas de glia radial e
desempenham importante papel na migragdo neuronal, na orientacdo das
fibras nervosas e organizagdo do tecido nervoso durante os periodos de
desenvolvimento cerebral. Apés a completa migragdo neuronal, a glia radial
diferencia-se em astrécitos (Hunter & Hatten, 1995; Chanas-Sacre et al.,

2000).
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Os astrocitos correspondem a aproximadamente 50% do nimero total
de células do SNC (Pope, 1978), onde desempenham um grande nimero de
fungdes. Sdo classificados em dois grupos principais: astrécitos fibrosos,
que encontram-se principalmente na por¢do branca do SNC, e astrécitos
protoplasmdticos, que enconfram-se principalmente na porgdo cinzenta, ao
redor do corpo neuronal, dendritos e sinapses. Ambos os tipos mantém
contato com capilares e neurdnios (Kimelbeﬁg & Norenberg, 1989). As
células astrociticas sto responsdveis por uma série de fungdes no SNC, tais
como a manutencdo da homeostase de ions (especialmente o K') e
aminodcidos (glutamato e GABA) no meio extracelular (Hansson & Rénnbdck,
1995; ). Os astrécitos realizam tais fungdes devido ao variado arranjo de
receptores para neurotransmissores e a estimulagdo de muitos destes pode
ativar sistemas de segundos mensageiros (Kimelberg, 1988; Ozawa et al,,
1998). A demonstracdo da presenca de receptores para diferentes
neurotransmissores e de canais idnicos dependentes de voltagem aumentou
o interesse em entender como a glia responde a atividade neuronal.
Sabe-se que astrécitos e neurdnios apresentam um sofisticado
sistema de comunicacdo reciproca que pode regular a liberacdo de
neurotransmissores, a excitabilidade neuronal e a transmissdo sindptica

(Carmignoto, 2000). Os astrécitos sdo capazes de sintetizar e liberar

fatores tréficos e substdncias neuroativas, as quais possuem localizagdo
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especifica em subpopulagbes de astrécitos, evidenciando sua grande
habilidade em enviar mensagens (Hansson & Ronnbdck, 1995).

Os astrocitos também exercem importante fungdo no processo de
cicatrizagdo nervosa, conhecida como gliose reativa. Este processo ocorre
apés injuria do SNC e é caracterizado por um severo aumento na expressdo
da proteina dcida fibrilar glial (6FAP), uma proteina de citoesqueleto que é
marcadora de células astrociticas (Eng & Ghirnikar, 1994).

O SNC apresenta, além dos astrécitos, dois imporTén‘res tipos de
célula glial: a glia de Bergmann e a glia de Miiller. Presentes no cerebelo e na
retina, respectivamente, estas células, ao contrdrio das demais glias radiais,
ndo sdo convertidas em astrécitos. Além das fungbes de orientacdo na
migragdo e maturagdo neuronal, estas células regulam a expressdo génica
(Lépez et al., 1998), interagem com neurdnios durante a transmissdo
sindptica (Muller & Kettenmann, 1995; Kirischuk et dal., 1999), expressam
receptores glutamatérgicos (Ortega et al., 1991; Lépez-Célome & Romo-de-
Vivar, 1991; Lépez et al., 1997) e respondem rapidamente a sinais neuronais

(Shao & McCarthy, 1997).
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14. Filamentos Intermedidrios

Os filamentos intermedidrios, conjuntamente com os microtibulos e
os microfilamentos, formam o citoesqueleto celular. Tais componentes sdo
formados pela polimerizacdo de subunidades protéicas especificas. Os
mondmeros de a e P tubulina formam os microtubulos, 0os mondomeros de
actina formam os microfilamentos e uma heterogénea classe de proteinas
fibrosas formam os filamentos intermedidrios (Steinert & Roop, 1988).

Estudos da seqiéncia de aminodcidos mostram que nos filamentos
intermedidrios a regido central (em a-hélice) € altamente conservada
enquanto que as regides amino-terminal e carboxi-terminal apresentam
diferengas que permitem uma subclassificagdo em seis diferentes tipos:
tipo I - queratinas dcidas; tipo IT - queratinas neutras e bdsicas; tipo ITT
- vimentina, desmina e GFAP; tipo IV - neurofilamentos; tipo V - lamininas
nucleares e tipo VI - nestina (Fuchs & Weber, 1994).

A fosforilagdo dos filamentos intermedidrios é o principal fator de
regulagdo da polimerizagdo/despolimerizagdo, sugerindo que a organizagdo
intracelular € controlada pela atividade de enzimas quinases e fosfatases
(Inagaki et al, 1996). Tal processo desempenha um importante papel na

reorganizagdo citoesquelética que ocorre durante o desenvolvimento,

diferenciagcdo e divisdo celular (Vinadé et al., 1997). Estudos /n vitro
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mostraram que a fosforilacdo das proteinas que compdoem um filamento
intermedidrio resulta em sua despolimerizacdo e a fosforilagdo das

subunidades impede a polimerizacdo das mesmas (Eriksson et al., 1992;

Inagaki et al., 1996).

15. Proteina Acida Fibrilar Glial (GFAP)

A GFAP é uma proteina de filamento intermedidrio expressa em
astrécitos no SNC, consistindo em um importante marcador destas células.
Muitos estudos envolvendoA os diferentes subtipos, o desenvolvimento e os
processos pldsticos dos astrécitos tem como alvo principal a proteina dcida
fibrilar glial.

Estudos ontogenéticos em ratos mostraram que as células da glia
radial expressam principalmente vimentina e que a diferenciacdo destas
células em astrécitos € acompanhada por um aumento nos niveis de
expressdo de GFAP e por um declinio nos niveis de vimentina. No entanto,

g
as células astrociticas em cultivo ndo apresentam redugdo nos niveis de
expressdo de vimentina (Sancho-Tello et al., 1995). No cerebelo, a glia de

Bergmann expressa GFAP e vimentina concomitantemente, até a vida adulta

e estudos recentes mostraram que a co-expressdo de GFAP e vimentina é
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fundamental para a manutencdo das fungdes exercidas pela glia de
Bergmann (Gimenez et al., 2000).

O peso molecular do mondmero de GFAP € de aproximadamente 50
kDa em SDS-PAGE e seu ponto isoelétrico € aproximadamente 6,3
(Gongalves et dal., 1990; Gongalves & Rodnight, 1992). O monémero de GFAP
consiste em um dominio central em a-hélice, uma cabeca N-terminal e uma
cauda C-terminal, ambas ndo helicoidais. A regido central apresenta pelo
menos 70% de homologia com a regido central das demais proteinas de
filamento intermedidrio tipo III. A por¢do N-ferminal é altamente
carregada e apresenta 5 sitios fosforildveis. Todos os filamentos
intermedidrios tipo IIT apresentam um segmento C-terminal ndo helicoidal
altamente conservado (Rodnight et al., 1997). Estudos /in vitro com GFAP de
porco mostraram a presenca de seis sitios fosforildveis , cinco deles na
porgdo N-terminal (Th 7, Ser 8, Ser 13, Ser 17 e Ser 34) e um na porgdo C-
terminal (Ser 389). Estes sitios mostraram-se fosforildveis pelas quinases
PKA, CaMK IT, PKC e cdc-2 quinase (Inagaki et al.,, 1994b; Tsujimura et al.,
1994). Os sitios fosforilaveis em GFAP de rato ainda ndo foram
identificados, mas a grande homologia entre os dominios N-terminais de
ambas espécies é suficiente para assumir que possivelmente estes sitios
também estejam presentes na GFAP de rato e que neles atuem as mesmas

quinases indicadas para GFAP de porco (Rodnight et al., 1997).
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Tabela 1.2 :  Sitios fosforildveis e suas respectivas quinases em

GFAP de porco.
Sitio Quinase
T7 PKA
S8 cdc-2 quinase, PKA, PKC
s13 PKA, CaMK IT, PKC
s17 CaMK IT
S34 PKA, CaMK IT, PKC
5389 CaMK TT

(Adaptado de Tsujimura et al.,1994)

Trabalhos anteriores mostraram uma grande variagdo regional no
nivel de fosforilagdo da GFAP e apontaram que em hipocampo esta proteina
encontra-se mais fosforilada do que em qualquer outra das estruturas
estudadas (Rodnight & Leal, 1990). Cortex cerebelar apresenta
aproximadamente 42% do nivel de GFAP fosforilada encontrada em
hipocampo (Leal, 1995). Esta diferenca regional na fosforilagdo da GFAP
mostrou-se particularmente interessante, uma vez que dreas do sistema
limbico apresentaram uma intensa marcagdo (Gongalves & Rodnight, 1992). A
andlise comparativa entre o imunoconteido de GFAP e seu nivel de
fosforilagdo mosfrou que em corda espinhal a quantidade de GFAP
imunodetectada é superior aquela encontrada em hipocampo. No entanto, em
corda espinhal a quantidade de GFAP fosforilada representa

aproximadamente 2,5% da encontrada em hipocampo (Gongalves & Rodnight,
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1992), indicando que ndo é possivel correlacionar diretamente niveis de
expressdo com niveis de fosforilacdo. Desta forma, a variagdo nos niveis
basais de GFAP fosforilada encontrada nas diversas estruturas estudadas
deve estar relacionada a diferentes niveis de atividade enzimdtica dos

sistemas fosforilantes e ndo aos niveis de substrato.
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Figura 1.2: Tlustragdo esquemdtica da estrutura de um filamento de
GFAP. A) Estrutura do mondmero de GFAP de porco, com 5 sitios
fosforildveis na porgdo N-terminal e um sitio na por¢do C-terminal. B)
Arranjo dos monémeros de GFAP em dimeros paralelos. C) Arranjo de
dimeros anti-paralelos em tetrdmero ou protofilamento. D) Estrutura de um
octdmero. (Adaptado de Rodnight et al., 1997).



Introdugdo 39

Estudos das propriedades do sistema fosforilante desta proteina
mostraram que este é regulado pelo desenvolvimento. A GFAP aparece
fosforilada em hipocampo de ratos a partir do 99 dia pés-natal e tem seu
nivel aumentado com o crescimento do animal, atingindo o mdximo de
fosforilacdo na idade adulta. A fosforilagdo da GFAP é altamente
estimulada por glutamato em fatias de hipocampo de animais jovens (P11-
16). Em adultos, tal efeito ndo foi observado (Wofchuk & Rodnight, 1990).
Este efeito do glutamato sobre a GFAP em hipocampo de animais jovens
parece ocorrer via receptores metabotrépicos, uma vez que o agonista
glutamatérgico metabotrépico seletivo 15,3R-ACPD aumentou o nivel de
fosforilagio da proteina no mesmo nivel que o glutamato e agonistas de
receptores glutamatérgicos ionofrdpicos mostraram-se sem efeito . Na
presenca da foxina pertussis observou-se uma menor estimulagdo promovida
por glutamato, indicando um envolvimento de proteinas & neste mecanismo
(Wofchuk & Rodnight, 1994; Rodnight et al., 1997).

Em fatias de hipocampo de animais jovens (P11-P16) o nivel de
fosforilagdo da GFAP foi menor na presenca de Ca* externo quando
comparado ao nivel observado na auséncia de Ca®* externo (presenca de
EGTA). No entanto, aos 20 dias de idade (P20), a presenga ou auséncia de
Ca® ndo altera o nivel de fosforilacto da GFAP, e a partir desta idade o

sistema de fosforilacdo da GFAP forna-se progressivamente dependente do
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Ca® externo (Wofchuk & Rodnight, 1995; Rodnight et al, 1997).

Aparentemente, em hipocampo de ratos jovens, este efeito inibitério do
Ca® sobre a incorporagtio de **P na GFAP ocorre através de canais tipo-L,
uma vez que foi blogueado por nifedipina, um antagonista especifico de
canais tipo-L (Wofchuk & Rodnight, 1995; Rodnight et al., 1997).

Wofchuk e Rodnight (1994) mostraram que o nivel de fosforilagdo da
GFAP na presenga de glutamato € semelhante ao nivel de fosforilacdo
apresentado na auséncia de Ca® externo (presenca de EGTA). O tratamento
simultdneo com glutamato e auséncia de Ca* (EGTA presente), ndo resultou
em efeito sinergistico, indicando que provavelmente o mecanismo envolvido
seja o mesmo (Rodnight et al., 1997)

A desfosforilagcdo da GFAP em hipocampo de animais jovens mostrou
ser catalisada pela fosfatase PP1 (Vinadé & Rodnight, 1996), ndo havendo
evidéncias de um envolvimento direto de ions cdlcio sobre a desfosforilacdo
desta proteina. No entanto, observou-se um envolvimento da PP2B (ou
calcineurina, como comumente € conhecida) no processo de desfosforilagdo
da GFAP. Uma vez que ndo foi evidenciado um envolvimento direto do cdlcio,
a agdo da calcineurina provavelmente ocorre via uma cascata enzimdtica
dependente de Ca**, a qual é conhecida por regular a PP1 em muitos tecidos
e que parece estar envolvida no fendmeno de depressdo de longa duracdo

(LTD) (Mulkey et al., 1994). Este evento em cascata baseia-se no fato de
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que a PP1 € inibida pelo inibidor-1 na forma fosforilada e este sofre

desfosforilacdio pela calcineurina. Logo, na auséncia de Ca®* externo ou
bloqueio da entrada de Ca® na célula, a calcineurina permanece inativa
permitindo a inibi¢do da PP1 pelo inibidor-1 fosforilado o que impede, desta
forma, a reversibilidade do processo de fosforilagto da GFAP, deslocando o
equilibrio para a forma fosforilada da proteina (Vinadé & Rodnight, 1996 e
1997; Rodnight et al., 1997).

Em um estudo comparativo, o sistema fosforilante de GFAP em corda
espinhal de animais imaturos apresenta as mesmas caracteristicas do
sistema fosforilante apresentado por hipocampo de animais adultos, ou
seja, dependéncia de ions Ca® e auséncia de modulagdo glutamatérgica
(Kommers et al., 1998).

Ao contrédrio do hipocampo, o papel do cerebelo em eventos de
cognitivos apenas recentemente tem sido valorizado (Schmahmann, 1997;
Silveri & Misciagna, 2000). Provavelmente, a sub-valorizagdo do papel desta
estrutura em processos como linguagem e memdéria, seja devido ao fato de
que danos cerebelares promovem intenso déficit motor que podem mascarar
o prejuizo sobre outras fungdes. O inferesse sobre o papel desempenhado
pelo cerebelo em diferentes funges cerebrais tem levado um grande
nimero de pesquisadores a investirem seus esforgos na determinactio dos

mecanismos envolvidos na atividade cerebelar (Ito, 1999). Com base nestes
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dados e no fato que a GFAP apresentam significativos niveis de fosforilagdo
em cerebelo, consideramos importante avaliar se a modulagdo
glutamatérgica sobre a fosforilagdo da GFAP, presente em hipocampo,

também ocorre em cerebelo de ratos.

1.6. Objetivos
Objetivo geral da tese:

- Verificar o(s) mecanismo(s) envolvido(s) na modulacdo
glutamatérgica da fosforilagdo da proteina dcida fibrilar glial em
hipocampo e cerébelo de animais jovens.

Objetivos especificos:

- Verificar qual(is) receptor(es) glutamatérgico(s) metabotrépico(s)
estd(do) envolvido(s) na modulactio da fosforilagdo de GFAP em
fatias de hipocampo de <animais jovens;

- Verificar o efeito do glutamato sobre a fosforilacéio da GFAP em
fatias de cerebelo de animais em diferentes idades:

- Verificar qual(is) receptor(es) glutamatérgico(s) estd(do)
envolvido(s) na modulacdo da fosforilacdo de GFAP em fatias

cerebelares de animais jovens;
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- Verificar as respostas do sistema fosforilante da GFAP, mediadas
por glutamato, em cultura primdria de células glicis e em cultura

mista cerebelar.
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IN a previous study we showed that phosphorylation of
the astrocytic marker glial fibrillary acidic protein
(GFAP) in hippocampal slices from immature rats
(P12-P16) is regulated by a metabotropic glutamate
receptor (mGluR). The subtypes of these receptors are
divided into three groups and exhibit two distinct
transduction signals: activation of phospholipase C and
liberation of internal calcium (group I) or modulation
of cAMP synthesis (groups II and III). Here we
investigated the subtype of mGluR involved. Phosphor-
ylation was strongly stimulated by the selective group
I agonists DCG IV, L-CCG-I and 15,35-ACPD,
whereas the group I agonist 3,5-DHPG and the group
III agonist L-AP4 had no effect. These results show that
the receptor regulating GFAP phosphorylation in the
immature hippocampus has some of the properties of a
group II mGluR. NeuroReport 10:2119-2123 © 1999
Lippincott Williams & Wilkins.

Key words: 15,35-ACPD; DCG IV; GFAP; Glial fibril-
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Introduction

Glial fibrillary acidic protein (GFAP) is an inter-
“mediate filament protein expressed almost exclu-
sively in astrocytes. Assembled filaments of GFAP
exist in dynamic equilibrium with a small pool of
soluble GFAP and disassembly is increased by the
phosphorylation of sites in the N-terminal region of
the protein [1]. Phosphorylation of GFAP and other
intermediate filament proteins is believed to play an
important role during ontogeny when cellular divi-
sion and hypertrophy are occuring and reorganiza-
tion of the cytoskeleton is required [1]. However,
extracellular signals that may regulate the phosphor-
ylation state of GFAP are poorly understood. One
such developmental signal may be glutamate since
we have shown that the phosphorylation of GFAP
in slices of hippocampus from immature rats is
strongly stimulated by this neurotransmitter via a
metabotropic receptor (mGluR) in a reaction depen-
dent on external Ca?* [2]. Notably this effect of
glutamate was only observed in a narrow develop-
mental window of 12-16 days postnatal. In order to
understand the intracellular mechanism of the re-
sponse it was important to identify the subtype of
mGluR involved since at least eight different
mGluRs have been described [3—5]. These are gen-

0959-4965 © Lippincott Williams & Wilkins

erally divided into three groups according to their
signal transduction mechanisms based primarily on
observations made on cloned receptors expressed in
heterologous cells. Group I receptors (mGluR1 and
5) are coupled to the hydrolysis of phosphatidylino-
sitol and the generation of inositol trisphosphate
(IP3), while groups II (mGluR2 and 3) and III
(mGluR4 and 6-8) inhibit the forskolin-stimulated
synthesis of cAMP by adenylyl cyclase. Here we
use selective metabotropic receptor agonists to show
that the glutamate receptor regulating GFAP phos-
phorylation in immature hippocampal slices has the -
pharmacological properties of a group II recepror.

Materials and Methods

Chemicals: [*?P]NaHPO4 was purchased from
CNEN, Sio Paulo. Acrylamide (Product A8887)
and materials for electrophoresis were purchased
from Sigma. L-Glutamate, (1S,3R)- and (15,35)-1-
aminocyclopentane-1,3-dicarboxylic acid (15,3R-
ACPD and 1S,35-ACPD), L(+)-2-amino-4-phos-
phonobutyric acid (L-AP4), (2S,1'S,2'S)-2-(carboxy-
cyclopropyl)glycine  (L-CCG-I), (2S,2'R,3'R)-2-
(2',3"-dicarboxycyclopropyl)glycine (DCG 1V), (S)-
3,5-dihydroxyphenylglycine ((S)-3,5-DHPG), (2S)-
a-ethylglutamic acid (EGLU) and (RS)-a-methyl-4-

Vol 10 No 10 13 July 1998 2119
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carboxyphenylglycine ((RS)-MCPG) were obtained
from Tocris Cookson (USA). 1-6-[[178-3-meth-
oxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1H-pyr-
role-2,5-dione (U-73122) came from Calbiochem.
U73122 was dissolved in dimethylsulphoxide and
diluted to the appropriate concentration with med-
ium. Other compounds were dissolved according to
the instructions of the supplier Tocris.

Animals:  Wistar rats of either sex in the age range
12-16 days postnatal came from the local breeding
colony. They were maintained in a ventilated room
at constant temperature with free access to ration
and water on 12:12 h light:dark cycle.

Preparation and labelling of slices: Rats were killed
by decapitation and their hippocampi dissected on
ice. Slices (0.4 mm) were obtained with a Mcllwain
tissue chopper and labelled as described previously
[2]). Adjacent slices were used for test and control
situations. The basic medium contained 124 mM
NaCl, 4mM KCl, 1.2mM MgSO4, 25mM Na-
HEPES (pH 7.4), 12mM glucose and 1mM CaCl,
and was gassed with O;. Slices were pre-incubated
in 100m! of this medium at 30°C for 30 min, which
was then replaced with 50 ml of medium containing
45 mCi of [**Plphosphate with or without additions
of agonist and/or antagomist. Incubation was
stopped after 1h at 30°C with 1 ml 10% trichloroa-
cetic acid (TCA). Slices were then washed with 4%
TCA to remove the excess radioactivity, briefly with
water 1o remove acid and immediately dissolved in
2-D electrophoresis sample buffer [2]. Agonists were
diluted to the appropriate concentrations with med-
ium and added to the incubation period. The
inhibitors MCPG, EGLU and U73122 were added
to the pre-incubation and incubation media. The
inhibitory activity of U73122 was checked by show-
ing that it inhibited glutamate-stimulated hydrolysis
of phosphatidylinositol in primary cultures of astro-
cytes (data not shown).

Two-dimensional electrophoresis: Non-equilibrium
pH gradient electrophoresis (NEPHGE) was used
for the first dimension and 8% polyacrylamide gel
electrophoresis (SDS—-PAGE) in the second dimen-
sion. Three sections of first dimension rod gels
containing GFAP were mounted on one second
dimension slab gel with the control sample in the
centre (see Fig. 1 for an example). Dried gels were
exposed to X-ray films (Kodak x-Omart) at —70°C
with intensifying screens. Autoradiographs were
quantified by scanning the films in a scanner (Hew-
let-Packard Scanjet 6100C) and determining optical
densities with Optiquant (version 02.00, Packard
Instrument Company) software. Density values
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FIG. 1. Representative autoradiograph showing the effect of two con-
centrations of DCG IV on the phosphorylation of GFAP in hippocampal
slices from a rat 15 days postnatal. Slices were labelled with [*2P]phos-
phate as described in the text and analysed by 2-dimensional electro-
phoresis. The autoradiograph was derived from sections of three first
dimension rod gels mounted on one second dimension slab gel as
indicated. Arrow heads point to GFAP. Results were quantified by
densitometry of the autoradiographs as described in the text.

were obtained for total phosphorylation and for the
spot corresponding to GFAP. Values for GFAP

" were first expressed as a percentage of the tortal

phosphorylation. The corrected control values were
then normalized to 100% and the percentage
changes in the test samples calculated. Results were
analysed statistically by a paired Student’s z-test or
by ANOVA.

Results

The selective group II agonists DCG IV and L-
CCG-I and the relatively selective group II agonist
15,35-ACPD strongly stimulated GFAP phosphor-
ylation (Fig. 1; Fig. 2). In contrast the group I
selective agonist (S)-3,5-DHPG and the group III
agonist L-AP4 were without effect on the phosphor-
ylation. The effect of 1S,3R-ACPD, which is less
selective than 15,35-ACPD between groups I and 11,
was partially blocked by 1mM (RS)-MCPG, a
broad spectrum antagonist of mGluRs (—52 +5.2%,
10 observations). However the more specific group
II antagonist EGLU (1 mM) did not inhibit the
stimulation given by 1 mM DCG IV (three observa-
tions, data not shown). There was no significant
difference in the magnitude of the stimulation given
by the three selective group II agonists, but all the
values were significantly higher than that given by
15,3R-ACPD. A rough dose-response curve for the
effect of DCG IV gave a minimum effective concen-
tration of approximately 1mM (Fig. 3). The non-
involvement of a group I receptor activating the
hydrolysis of phosphatidylinositol and the genera-
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FIG. 2. Selective group Il agonists strongly stimulated the phosphoryla-
tion of GFAP in immature hippocampal slices. Concentrations used were
as follows: DHPG, 100 uM; 1S,3R-ACPD, 100 pM; 15,3S-ACPD, 100 uM;
L-CCG-, 10pM; DCG IV, 20uM and L-AP4, 1mM. The number of
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different from the 100% controf by paired ttest { p<0.01); #significantly
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FIG.3. A rough dose-response curve of the effect of DCG IV. Values
marked with an asterisk were significantly different from the 100% control
( p<0.01). Number of observations given in parentheses.

tion of IP3, was confirmed by showing that incuba-
tion of slices with the inhibitor of phospholipase C,
U73122, did not inhibit the stimulation by 1mM
glutamate (Fig. 4).

Discussion

Of the mGluR agonists used in this study DCG IV
is the most potent and. selective for group II
receptors. Thus tested against mGluR2 and mGluR3
expressed in chinese hamster ovary cells, DCG IV
inhibited forskolin-stimulated cAMP synthesis with
ICso values of 0.3 uM and 0.2 uM, respectively with
no agonist activity for mGluR1 or mGluR4 [6].
Similar potencies were reported for the inhibition of
‘presynaptic excitation in the neonatal rat spinal cord
[7], of presynaptic inhibition in the olfactory bulb

50pM. The number of observations is shown in parentheses.
*Significantly ditferent from the 100% control ( p < 0.01). The stimulations
given by glutamate and glutamate + U73122 were not significantly differ-
ent by one-way ANOVA and Duncan’s test.

[6] and of forskolin-stimulated cAMP synthesis in
brain slices [8]. Higher concentrations of DCG IV
(>10uM) activate NMDA receptors [6,7], but this
is not relevant here since functional units of this
class of receptor have not been demonstrated in
hippocampal astrocytes. Although the lowest effec-
uve concentration for the stumulation of GFAP
phosphorylation of 1uM (Fig. 3) is higher than the’
potencies quoted above, it is 10 times less than the
lowest effective concentration of the non-selective
15,3R-ACPD for the same phosphorylation reaction
reported previously [2]. This fact, together with the
high selectivity of DCG 1V, strongly suggests the
involvement of a group II receptor. This conclusion
is supported by the significant stimulations given by
L-CCG-I and the less selective group II agonist
1S5,3S-ACPD, and the absence of any effect of (S)-
3,5-DHPG and L-AP4, which are selective agonists
for group I [9] and group III [3] receptors, respec-
tively. L-CCG-I is a potent agonist for group II
receptors with ECso values in the nanomolar range
[7,10], but with a 50- to 100-fold weaker potency
for group I [10]. 15,35-ACPD is less selective than
the other two agonists for group II mGluRs, but is
substantially more selective than 1S,3R-ACPD and.
acts preferenually on the presynaptic receptor acti-
vated by DCG IV and L-CCG-I [11] (see also [3]).
We were surprised to find that all of these agonists
were significantly more effective in stumulating -
GFAP phosphorylation than 1S,3R-ACPD (Fig. 2).
However, the percentage stimulation by 1S3R-
ACPD in this series of experiments was some 30%
less than previously reported [2], possibly because in
that study total phosphorylation was not measured
by densitometry.

The failure of the group II selective antagonist
EGLU {12] to inhibit the DCG IV-induced stimula-
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tion of GFAP phosphorylation was puzzling. How-
ever whereas this antagonist selectively reversed the
15,3S-ACPD-induced inhibition of presynaptic ex-
citation in the neonatal rat spinal cord, it displayed
only weak or no antagonistic activity of postsynap-
tic group II metabotropic receptors [12]. Thus it
appears that not all group II receptors are inhibited
by EGLU and the astrocytic receptor involved in
regulating GFAP phosphorylation is probably dif-
ferent from the presynaptic neuronal mGluR acu-
vated by group Il-selective agonists. It is unclear
from the literature whether this latter receptor is
equivalent to mGluR2 or mGluR3 [12], nor could
we find evidence for a differential action of EGLU
on these two receptors expressed in heterologous
cells. Therefore we cannot distinguish from the
present data between mGluR2 and mGluR3. Of
these two receptors the most likely is mGluR3
because this receptor has been located in glial cells
by in situ hybridization of RNA [13-15] and by
immunocytochemistry [16). However, despite the
evidence for the localization of mGIuR3 in glia we
cannot exclude the possibility that the phosphoryla-
tion response is mediated by another uncharacter-
ized glial mGIuR. Indeed, the existence of
uncharacterized glial receptors is suggested by a
study showing that the release of glutamate from
cultured astrocytes is regulated by an unconven-
tional profile of mGluR agonists including 1S,3R-
ACPD but not DCG IV and 3,5-DHPG [17].
Moreover, as emphasized by Ozawa et al. [4], signal
transduction mechanisms established in heterologous
expression systems may differ from those of native
receptors which may be coupled to different G and
effector proteins. What is clear from our results is
that the receptor coupled to GFAP phosphorylation
has some of the pharmacological properties of a
group II receptor and does not appear to act
through the hydrolysis of phosphatidylinositol and
the liberation of internal Ca?* by IP3.

The precise transduction mechanism by which
metabotropic glutamate agonists increase GFAP
phosphorylation remains uncertain, but our results
are consistent with the hypothesis [18] that ‘the
activated receptor inhibits Ca?* entry through med-
iation of 'a G protein and consequently down-
regulates a Ca?*-dependent event linked to the
dephosphorylation of GFAP, rather than increasing
the activity of a Ca?*-dependent GFAP-kinase
through the liberation of internal Ca?*. We have
obtained evidence for a role for Ca?* in the depho-
sphorylation of GFAP by showing that inhibition of
the Ca?*-dependent phosphatase calcineurin by
FK506 increases the phosphorylation of GFAP in
hippocampal slices and in astrocyte cultures [19].
However, although inhibition of Ca** currents by
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activation of mGluRs has been demonstrated in
neurons {20], to our knowledge it has not been
shown in astrocytes. Further studies of the mechan-
ism of the response are in progress.

Finally these results provide further evidence for
the compartmentalization of Ca?* pools in astro-
cytes. Thus since astrocytes also express the group I
receptor mGluR5 [21] and since hippocampal astro-
cytes in situ respond to glutamatergic agonists with
increases in internal Ca?* [22], it can reasonably be
assumed that incubation of slices with the group I
agonist 3.5-DHPG (as well as the non-selective
agonists glutamate and 1S,3R-ACPD) resulted in an
increase in free internal Ca?* liberated from stores.
Since the phosphorylation state of GFAP is regu-
lated in part by Ca?*-dependent kinase/phosphatase
systems [19,23] the Ca?* associated with GFAP
must exist in a spatally distinct compartment from
the pool of Ca®* released from internal stores by the
group I agonists. Evidence for spatially distinct sites’
of Ca?* release and uptake in astrocytes [24] and for
distinct Ca®* pools associated with phospholipase C
and B-adrenergic receptor-coupled adenylyl cvclase
in these cells has been described [25].

Conclusion

Our results show that the stimulation by glutamate
of the phosphorylation of GFAP in immature
hippocampal slices is mediated by a metabotropic
receptor with some of the pharmacological proper-
ties of a group II mGluR, either an mGluR3-like
receptor since this subtype is widely expressed in
glia or an uncharacterized glial receptor. The trans-
duction signal of the effect is unknown, but it is
unlikely to involve the release of internal Ca®* since
this signal is a property of group I mGluRs. As
previously reported, the effect of glutamate on
GFAP phosphorylation in the rat hippocampus is
only observed in a narrow developmental window
of 12-16 days postnatal. This is a period when
astrocytes are undergoing profound morphological
change with consequent reorganization of the cytos-
keleton. Considering that phosphorylation of GFAP
is an important factor in regulating its polymeriza-
tion state, it is tempting to speculate that glutamate
released from neurons is a trigger for the growth
and proliferation of astrocytes.
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in previous work we showed that phosphorylation of glial fibrillary acidic protein
(GFAP), an astrocyte marker, is increased by glutamate in hippocampal slices
from immature rats via a type Il metabotropic receptor. Here we found that
glutamate also stimulated GFAP phosphorylation in immature cerebellar tissue,
but apparently involving a different receptor mechanism from that observed in
hippocampus. Using microslices of cerebellar cortex no effect of metabotropic
or non-NMDA ionotropic agonists was found, but NMDA consistently stimulated
GFAP phosphorylation to the same degree as giutamate. The effects of
glutamate and NMDA were dependent on external Ca2*, were reversed by the
NMDA receptor antagonist AP5 and were not blocked by tetrodotoxin. However,
the receptor involved appeared to be different from neuronal NMDA receptors
as the activity was observed in the presence of Mg2*. The effect of NMDA was
confined to a period starting with the first detectable expression of GFAP at 10
days and finishing at 16 days postnatal as previously observed with
| metabotropic agonists in hippocampal slices. This period in the rat corresponds
to the start of synaptogenesis when astrocyte hypertrophy is occurring. The
results are discussed in the light of information in the literature on the

occurrence of NMDA receptor subunits in glia.

Keywords: cerebellum astrocytes, glial fibrillary acidic protein, protein

phosphorylation, NMDA receptors, glutamate.
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Intermediate filaments (IFs) are cytoskeletal components that form a structural
network between the cell membrane and nuclear envelope and are considered
essential for the maintenance of cell shape and mechanical integrity (Goldman
et al. 1996; Hermann and Aebi, 2000; Coulombe et al. 2000). Several diseases
are associated with point mutations of IF genes (Fuchs and Cleveland, 1998)
and in experimental animals knock-out of these genes results in cellular
abnormality and loss of discrete functions (McCall ef al. 1996; Shibuki ef al.
1996; Sjuve et al. 1998; Pekny et al. 1999).

IFs are dynamic structures which exhibit a high rate of turnover between
polymerized and depolymerized states, a process regulated mainly by the
phosphorylation by several kinases of sites in the N-terminus (Vikstrom et al.
1992; Inagaki et al. 1996; Goldman ef al. 1999). In intact cells changes in the
phosphorylation state of IFs, for example by hyperphosphorylation of vimentin
induced by drugs or ectopic expression of constitutively active kinases (Ho et al.
1996; Ogawara ef al. 1995), leads to a reorganization of the cytoskeleton.

Glial fibrillary acidic protein (GFAP) is the major subunit of IFs of astrocytes in
mammals (Eng ef al. 1985). Like other IFs, GFAP exhibits dynamic properties
which have been elegantly demonstrated by in vitro fluorescent labelling
studies: a small pool of soluble subunits exists in equilibrium with intact
filaments and phosphorylation of these disassembled subunits inhibits
assembly, the exchange being suppressed in proportion to the extent of
phosphorylation (Eriksson ef al. 1992; Nakamura ef al. 1991, 1996; Inagaki et
al. 1994). However, despite considerable knowledge of this nature of the
mechanics of GFAP assembly little is known about the signals that regulate the
polymerization/depolymerization cycle and consequently the structural integrity
of astrocytic IFs. A candidate extracellular signal during development may be
glutamate, since in previous work we showed that in immature hippocampal
slices from the rat the phosphorylation state of GFAP is increased by glutamate

acting through a type II metabotropic receptor (Wofchuk and Rodnight, 1994;
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Kommers et al. 1999). The effect of glutamate was confined to a period starting
with the first detectable expression of GFAP at 10 days and finishing at 16 days
postnatal. This developmental period corresponds to the start of massive
synaptogenesis in the rat brain (Aghajanian and Bloom, 1967). Since in the
mature brain many synaptic terminals are ensheathed by processes of these
cells (Ventura and Harris, 1999) synaptogenesis is accompanied by
hypertrophy of astrocytes. Consequently we have suggested that glutamate
released from developing synapses may signal an increase in the
phosphorylation state of GFAP and IF reorganization (Rodnight et al., 1997).
Here we report that glutamate also increased the phosphorylation of GFAP in
microslices of immature cerebeilar cortex. Surprisingly, the mechanism of the
glutamate effect in this brain region was different from the hippocampus and

appeared to involve an unconventional NMDA receptor instead of a

metabotropic receptor.

Materials and methods

Materials
[32P]Na2HPO4 was purchased from CNEN, S&o Paulo, Brasil. Acrylamide

(product 8887), materials for electrophoresis, DL-2-amino-5-phosphono-valeric
acid (APS) and kainic acid were purchased from Sigma. L-Glutamate, (1S,3R)-
1-aminocyclopentane-1-3-dicarboxylic acid (1S,3R-ACPD), L(+)-2-amino-4-
phosphonobutyric acid (L-AP4), (25,2'R,3R")-2-(2',3"-
dicarboxycyclopropyl)glycine (DCG 1V), (RS)- -amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) came from Tocris Cookson, USA. NMDA and
6-cyano-7-nitroquinoxalene-2,3-dione (CNQX) were purchased from RBI, USA.
Tetrodotoxin (Calbiochem) was a gift from Dr. A. Cornell-Bell (USA). CNQX was
dissolved in dimethyisulphoxide and diluted to the appropriate concentration
with medium. In this case, an equivalent concentration was included in the

control tubes. For immunodetection, polycional anti-GFAP and monoclonal anti-
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vimentin (v-5255) were obtained from Sigma; secondary antibody (peroxidase-
linked antimouse 1G) and ECL reagents for luminol reaction were purchased
from Amersham International.
Animals

Wistar rats of either sex in the postnatal 13-16 day age range were obtained
from the local breeding colony. They were maintained in a ventilated room at
constant temperature (220C) with free access to food and water on a 12 h
light/dark cycle. All procedures conformed to the regulations of the local Animal
House authorities.
Preparation and [32P]-labelling of slices

Rats were killed by decapitation and the brain was removed and dissected on
a Petri dish placed on ice. Transverse macroslices (0.4 mm) of the cerebellum
were cut with a Mcllwain tissue chopper and transferred to ice-cold medium in a
black porcelain dish. Microslices (1.0 mm diameter) were then prepared from
the cortex with a needle punch and labelled with 32P as previously described

(Wofchuk and Rodnight, 1994). Briefly, 2 microslices were first preincubated at
309C for 30 min in 100 pl of a basic medium gassed with O and containing

(mM) NaCl, 124; KCI, 4; MgSOy4, 1.2; Na-HEPES, 25 (pH,7.4); glucose, 12;
CaClo, 1. After preincubation the medium was removed and replaced with 50 pi
of incubation medium containing 40 pCi of [32P]phosphate with or without
additions of agonists or antagonists. Agonists were diluted to the appropriate
concentrations with medium and added to the incubation medium. Antagonists
of glutamate receptors or tetrodotoxin were added to the medium during
preincubation and incubation. Media lacking Ca*2 contained 1 mM EGTA.
Incubation was stopped after 1 h at 300C with 1 ml of 10% trichloroacetic acid
(TCA). The tissue was washed with 4% TCA to remove the excess radioactivity,
briefly with water to rerﬁove acid and immediately dissolved in 2-D

electrophoresis sample buffer (Wofchuk and Rodnight, 1994). The activity of
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tetrodotoxin was confirmed by showing that it inhibited the release of glutamate
from mouse synaptosomes induced by veratridine (data not shown).
Two-dimensional electrophoresis

Non-equilibrium pH gradient electrophoresis (NEPHGE) was used in the first
dimension and 8% polyacrylamide slab gel electrophoresis (SDS-PAGE) in the
second dimension. Slab gels were prepared in batches of 8 in a casting box.
Sections of three first dimension rod gels containing GFAP were mounted on
one second dimension slab gel with the control sample in the centre.
Quantification of GFAP phosphorylation

Dried gels were exposed to X-ray fims (Kodak X-Omat) at -709C with
intensifying screens. Quantification of GFAP phosphorylation was made by
scanning of the autoradiographs in a scanner (Hewlet-Packard Scanjet 6100C)
and determining optical densities with Optiquant software (version 02.00,
Packard Instrument Company). Density values were obtained for total
phosphorylation and for the spot corresponding to GFAP. Values for GFAP
were first expressed as a percentage of the total phosphoryiation. The corrected
control values were then normalized to 100% and the percentage changes in
the test samples calculated. Data were analysed statistically by a paired

Student's t-test or by ANOVA.

Immunodetection of GFAP and vimentin

In previous work phosphoGFAP was identified on 2-D gels prepared from
labelled hippocampal slices by immunoblotting with a polyclonal antibody
(Gongalves and Rodnight, 1992). Here we used the same procedure to localize
phosphoGFAP in 2-D gels from cerebellar microslices and also to identify
vimentin. Proteins were transferred to nitrocellulose membranes in_a semi-dry
transfer unit (Bio-Rad). After blocking overnight in 5% defatted milk, membranes
were washed with a solution containing 20 mM Tris-HCI (pH 7.5), 500 mM NaCl
and 0.05% Tween 20 (T-TBS). Subsequently all antibodies were diluted in TBS
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(T-TBS without Tween) with 5% (w/v) of defatted milkk (M-TBS). Membranes
were incubated for 1 h on a rotary shaker with anti-GFAP (1:400) or anti-
vimentin (1:400), followed by secondary antibody (peroxidase-linked anti-mouse
Ig, 1:1000) for 1 h. Conjugates were developed by the luminol method using an

ECL kit from Amersham International and X-Omat x-ray film.

Results

Western blotting with a polyclonal antibody showed the presence of GFAP in
the microslices which migrated to exactly the same position as a
phosphorylated spot on an autoradiograph of the nitrocellulose membrane (Fig.
1A). A weak response to polyclonal anti-vimentin was also observed, but at an
intensity too low to be able draw concusions about its phosphorylation state
either under basal or stimulated conditions (Fig.1A).

Incubation of microslices prepared from immature cerebellar cortex with
glutamate resulted in a 2-fold increase in 32P-incorporation into GFAP in a
reaction dependent on external Ca2t (Fig. 1B and Table 1). This effect of
glutamate was not due to a metabotropic glutamate receptor (mGIuR), since
relatively high concentrations of metabotropic agonists selective for groups |
and Il mGluRs (1S,3R-ACPD), group Il mGluRs (DCGIV) and group lil mGluRs
(L-AP4) had no effect. The stimulation given by glutamate was confined to a
period starting with the first detectable expression of GFAP at 10 days and
finishing at 16 days postnatal since no effect was observed in slices from 20
day old rats (Table 1). This result contrasts with our previous work with
immature hippocampal slices in which we found that glutamate increased GFAP
phosphorylation exclusively via a group ll metabotropic receptor with the
properties of mGIuR3 (Kommers et al. 1999; data included.in Table 1). No
effect of ionotropic glutamate agonists, including NMDA, was observed in
hippocampal slices (Wofchuk and Rodnight, 1994). Furthermore, in

hippocampal slices incubated in Ca2*-free medium, basal phosphorylation of
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GFAP was increased to the same extent as occurred with glutamate + Ca2*t
and the two effects were not additive (Wofchuk and Rodnight, 1995). By
contrast, in cerebellar slices Ca2*-lack did not increase basal phosphorylation
(Table 1).

The absence of any effect of metabotropic agonists in the cerebellar slices
suggested a different signal transduction mechanism for the glutamate effect in
the cerebellar tissue compared with hippocampus, possibly involving ionotropic
glutamatergic agonists. However, the ionotropic non-NMDA agonists, AMPA
and kainate at 100 uyM also had no effect on GFAP phosphorylation and
stimulation by glutamate was not inhibited by the ionotropic receptor antagonist
CNQX (Fig. 2). By contrast 100 yM NMDA in the presence of Ca2t stimulated
GFAP phosphorylation to the same extent as glutamate and the effect of both
NMDA and glutamate was completely inhibited by the NMDA antagonist AP5
(Fig. 2). In the absence of Ca2* no stimulation by NMDA was observed (Fig. 2).
Moreover the stimulation given by NMDA was not blocked by preincubation with
2 uM tetrodotoxin, pointing to a direct, rather than an indirect effect secondary
to the release of another transmitter from neurons (Fig. 2). Tetrodotoxin blocks
Na*-channels and is thus a very efficient inhibitor of neurotransmitter release.
The NMDA concentration used (100 pM) was similar to the EC50 for the

induction of CaZ+ currents in cultured neurons (Furukawa and Mattson, 1998).

Discussion

Molecular cloning and electrophysiological studies have demonstrated at least
5 N-methyl-D-aspartic acid receptor subunits (NMDARSs), designated NR1 and
NR2A-D (Ozawa et al. 1998). Functional NMDARs consist of heteromeric
complexes containing NR1 and one or more NR2 subunits resulting in variation
in physiological and pharmacological properties (Monyer ef al. 1992; Petralia et
al. 1994). Neuronal NMDARs incorporate a cation-specific ion channel and are

therefore classified as ionotropic together with AMPA and kainate receptors
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(Nakanishi ef al. 1998). However, in contrast to the latter receptors, the
physiological responses to NMDA have a slow time course and in this respect
resemble metabotropic glutamate receptors. These receptors were formerly
considered to be expressed only in neurons, but recently several reports have
appeared describing responses to NMDA or the occurrence of NMDAR subunits
in glial cells, especially, but not exclusively, in the Bergmann glia of the
cerebellum. Thus Muller et al. (1993) reported NMDA-activated currents which
were blocked by ketamine, in Bergmann glia identified in slices of mouse
cerebellum. /n situ hybridization detected mRNA encoding NR2B, but not A,C or
D, in Bergmann glia from rat brain (Luque and Richards, 1995) and Lopez et al.
(1997), using immunocytochemistry and RT-PCR, reported the presence of
NMDAR subunits in cultured Bergmann glia from the chick. Interestingly the
receptor described by Muller ef al. in Bergmann glia exhibited different
characteristics from NMDARs in neurons in that the activity was not blocked by
Mg2* or enhanced by glycine, nor did NMDA increase cytosolic Ca2* in these
cells. Similar NMDA-activated currents were also observed in a small group of
“passive” glia in hippocampal slices (Steinhauser ef al. 1994) and the presence
of immunoreactive NR1 and NR2A,B subunits in the distal process of some
cerebral cortical astrocytes has been reported (Conti ef al. 1996; 1999). Some
reactive glia in the hippocampus have been reported to express NR2A/B
subunits (Gottlieb and Matute, 1997) and in retinal glial cells (Muller cells)
NMDA-induced currents were detected and antibody studies suggested the
presence of NR1 (Puro ef al. 1996). Although these studies are strongly
suggestive that some glial cells express NMDARs, their functional
characteristics are unclear.

In another study NMDA increased cytosolic Ca2t in Bergmann glia in slices of
immature rat cerebellum (Shao and McCarthy, 1997). This response had the
characteristics of a neuronal NMDA receptor and was considered to be

secondary to the release of another transmitter from neurons since it was
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frequently blocked by tetrodotoxin. It is unlikely that the NMDA-mediated
stimulation of GFAP phosphorylation observed here was due to this receptor for
several reasons. First, the response was consistently not blocked or decreased
by 2 uM tetrodotoxin which was present throughout the pre-incubation and
incubation periods (Fig. 2). Secondly, the response occurred in the presence of
1.2 mM M92+ in the phosphorylation medium, whereas neuronal NMDA
responses are blocked by this concentration of Mg2+. Interestingly Mgz“" block
was not observed in the receptor described by Muller ef al. (1993) in mouse
cerebellum. Thirdly, in an ongoing parallel study we have found that glutamate
and NMDA also significantly (P<0.001, n = 14 and 11 respectively) stimulate
GFAP phosphoryiation in a tetrodotoxin-insensitive reaction in mixed cultures of
cerebellar glia and granule neurons (T.Kommers et al, unpublished).
Interestingly, this GFAP response to glutamate or NMDA was absent in pure
primary cultures of cerebellar glia, a finding which parallels the absence of an
effect of glutamate on GFAP phosphorylation in primary cuiltures of
hippocampal astrocytes (R.Rodnight, unpublished). The nature of the neuronal
influence in the mixed cerebellar cultures is under investigation.

While we believe that our evidence favours a direct effect on glia other
possibilities have to be considered. For example an unconventional presynaptic
NMDAR might release a transmitter (other than glutamate) or a growth factor
capable of stimulating GFAP phosphorylation. Such a release mechanism
would have to be insensitive to tetrodotoxin. We considered the possibility that
a biogenic amine might be an indirect agent since in slices from several species
and in synaptosomes NMDA has been reported to increase the release of
noradrenaline and serotonin through presynaptic NMDARs apparently situated
in part on noradrenergic and serotonergic varicosities (Gothert and Fink, 1991;
Fink et al. 1992; Fink et al. 1995). Although these receptors were only
inconsistently inhibited by tetrodotoxin they appear to correspond to

conventional neuronal NMDARs since they were inhibited by 1.2 mM Mg2*.
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Moreover noradrenergic and serotonergic terminals were absent in the mixed
cultures of cerebellar glia and granule neurons already referred to, since the
perikarya of biogenic amine neurons are situated outside the cerebellum.

Although the Bergmann glia of the cerebellum have figured prominently in
reports of the presence of NMDAR subunits and responses in glia, the cellular
location of the GFAP response to NMDA in the cerebellar microslices is not
known since, as mentioned above, NMDAR subunits and responses have been
detected in cortical and hippocampal astrocytes (Conti et al. 1996,1999;
Steinhauser et al. 1994) and both types of glia express GFAP. it is worth noting
however that extensive proliferation of Bergmann glial cells, involving
reorganization of the cytoskeleton and IF phosphorylation, occurs during the
first two postnatal weeks (Hanke and Reichenbach, 1987). Presumably the
small amount of vimentin detected in the slices reflected the presence of these
radial glia, since in contrast to astrocytes, Bergmann glia continue to express
this IF after 2 weeks postnatal (Lazarides, 1982; Sancho-Tello et al. 1995).

Our results now show that in the cerebellum as well as in the hippocampus
the stimulation of GFAP phosphorylation by glutamate is confined to a period
starting with the first detectable expression of GFAP at 10 days and finishing at
16 days postnatal when synaptogenesis is commencing. This reinforces the
idea that the regulation of GFAP phosphorylation by glutamate plays a role in
CNS ontogeny. However, it is not known whether the glutamate-induced
increase in GFAP phosphorylation state in these short in vitro experiments
results in significant depolymerization and reorganization of the cytoskeleton as
discussed in the Introduction; possibly a more prolonged stimulation as occurs
during development would be necessary to achieve this end. Interestingly, the
results with hippocampal and cerebellar slices are in contrast with the situation
in slices of spinal cord prepared from rats of the same age, where glutamate did
not stimulate GFAP phosphorylation (Kommers et al. 1998). Considering that
glutamate also has no effect on GFAP phosphorylation in the aduit
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hippocampus (Wofchuk and Rodnight, 1994) or 20 day old cerebellum, the
spinal cord result may reflect a faster rate of maturation of that structure.

A full understanding of the mechanism involved in the stimulation of GFAP
phosphorylation by glutamate agonists in both immature hippocampus and
cerebellum will require knowledge of the phosphorylation sites in GFAP and
their specificity for different kinases and phosphatases. These have yet to be
positively identified in the rat, but are known in the head domain of porcine
GFAP and include sites phosphorylated by Ca2t-dependent protein kinases
(Tsujimura et al. 1994). Since the amino acid sequence in the head domain of
the rat protein is very similar to porcine GFAP, it is possible that the same
Ca2+-dependent kinases phosphorylate analogous sites in rat GFAP (see Leal
et al. 1997). Identification of these sites by tryptic phosphopeptide mapping,
ectopic expression of constitutively active kinases and the use of
phosphorylation-specific antibodies will be of fundamental importance in solving
this problem in the future. These approaches have been elegantly pioneered by
Japanese workers; for example in a study of vimentin phosphorylation in
primary cultures of rat astrocytes, Ogawara et al (1995) demonstrated
differential targeting of protein kinase C and CaM kinase Il signals to specific
sites in the protein. It would be impractical to pursue such studies in slices, but
they could be undertaken in mixed cultures of cerebellar glia and granule
neurons where, as mentioned above, glutamate and NMDA stimulate GFAP
phosphorylation. For the present we note that the Ca2*-dependence of the
phosphorylation at first sight suggests that NMDA allowed Ca2+-entry with
subsequent activation of the Ca2"‘—dependent protein kinases. Indeed,
activation of NMDARs in cultured hippocampal neurons results in the
phosphorylation by CaM kinase Il of a specific site in the head domain of
vimentin ectopically expresséd in these cells (Inagaki et al. 2000). However,
there is no evidence at present as to whether the Ca2t-dependence of the

NMDA response involved entry of the cation. NMDA was shown not to increase
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cytosolic CaZ2* in identified Bergmann glia in mouse cerebellar slices (Kirischuk
et al. 1999) and as mentioned above the NMDA currents observed in a similar
cerebellar preparation were not associated with Ca2*+-entry (Muller et al. 1993).
Therefore, the possibility that NMDARs down regulate a dephosphorylation
event linked to GFAP that is independent of Ca2*-entry must also be
considered.

Finally it is important to stress that whatever the nature of the effect of
glutamate on GFAP phosphorylation in the cerebellum it is clearly distinct from
that occurring in the hippocampus, where a type 2 metabotropic receptor is
involved and the role of Ca2* is different. In the latter structure present
evidence suggests that incubation of slices with glutamate leads to the down
regulation of a Ca2*-dependent dephosphorylation event involving calcineurin
apparently through inhibition of CaZ*-entry (Rodnight et al. 1997). Thus
blocking Ca2*-entry with inorganic channel blockers or inhibition of calcineurin
with FK506 both increased GFAP phosphorylation (Wofchuk and Rodnight,
1995; Vinade et al. 1997). The mechanism of the inhibition of Ca2*-entry by
glutamate in hippocampal slices is unknown, but may involve L-type CaZt-

channels (Wofchuk and Rodnight, 1995).
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Legends to Figures

Fig.1. (A) Western blot showing the localization of GFAP and vimentin on 2-D
gels prepared from cerebellar microslices and (B) autoradiographs illustrating
the effect of metabotropic and ionotropic glutamatergic agonists on GFAP
phosphorylation. Microslices of cerebellum from P12-16 rats were incubated
and analysed as describad in Materials and Methods. In (A)G=GFAPand V =

vimentin. In B arrowheads point to GFAP.

Fig. 2. The effect of ionotropic glutamatergic agonists and antagonists on GFAP
phosphorylation in cerebellar microslices. Concentrations were as follows (uM):
gluamate, 1000; AMPA, 100; kainate, 100; NMDA, 100; CNQX, 500; AP5, 100;
tetrodotoxin (TTX), 2. Significance compared to basal control: **, P<0.001; *,
P<0.008. There was no significant difference between the values for glutamate,

NMDA and NMDA + TTX by ANOVA.
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TABLE 1. Effect of glutamate and metabotropic agonists on GFAP phosphorylation in slices from cerebellum and hippocampus in
different days post-natal

days post-natal

Structure Agonists ca* (1 mM) 10 13-16 20
Cerebellum  None - 87.3 + 11 (4) 102 + 0.2 (14) 1115 + 12.2(3)
Glutamate (1 mM) + 1955 + 96 * (7) 198 + 8.4 * (26) 1046 + 7.8 (7)
Glutamate (1 mM) - — 108 + 6 (7) —
18,3R-ACPD (100 M) + — 112 + 9.4 (10) —
DCG IV (20 uM) + — 113 + 5.5 (4) —
L-AP, (500 pM) + — 103.1 + 3.5 (6) —
Hippocampus None - — 212 + 16.4* (16)" -
Glutamate (1 mM) + 222 + 17.1*(7) 206 + 13.5* (15)* 1116 + 9 (7)
DCG IV (20 pM) + — 310 + 16.3* (8)* —

Density values quoted are means + standard error of percentages of control densities for basal phosphorylation in the
presence of 1 mM Ca? (= 100%), corrected for total phosphorylation (see Materials and Methods). * p < 0.001 (compared to

control = 100%): * data obtained from Kommers et al. (1999); — not tested. Number of observations is given in parentheses.

Lo 2 0buay
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Abstract

Glutamate receptors mediate most of the excitatory neurotransmission in the
mammalian Central Nervous System and the actions of glutamate occur through
interaction with fast activating ionotropic receptors (iGluRs) and G protein-coupled
metabotropic receptors (mGIuRs). In a previous work we demonstrated that
glutamate and NMDA stimulate GFAP phosphorylation in slices from cerebellum of
immature rats. In this work we studied the glutamatergic modulation of GFAP
phosphorylation in cerebellar primary glial cell cultures and mixed neuron/glial cell
cultures. Our results show that glutamate was not able to increased GFAP
phosphorylation in primary glial cell cultures in the presence or absencev of granule
cells conditioned medium. However, in mixed neuron/glial cell cultures, glutamate
and his agonist NMDA stimulate GFAP phosphorylation as previously observed in
cerebellum slices. DL-APS reverted the effect of both and TTX had no effect. Our
results suggest a possible involvement of NMDA receptor, presynaptic or glial, in

the mechanism of glutamatergic modulation of GFAP phosphorylation in cerebellum

of rats.
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1. Introduction

Glutamate receptors have a fundamental role on excitatory
neurotransmission in mammalian central nervous system, being implicated in a
various process such as information transmission, development, plasticity and
neurotoxicity. The actions of glutamate are mediated by ionotropic receptors
(coupled to cation—specific ion channels) or metabotropic receptors (coupled to G-
protein) [reviewed in [1,19]]. Their expression occurs in both, neurons and glial
cells and they are involved in physiological interactions between these cells [5,10].
Selective agonists and antagonists for specific glutamate receptor group have been
extensively used to study the role of these receptors in the brain.

We have shown that the phosphorylation of glial fibrillary acid protein
(GFAP), an intermediate filament protein, is strongly stimulated by glutamate in
immature hippocampal and cerebellum slices from rats in a developmental stage
(12-16 days postnatal). In order to understand the mechanism involved in this
effect it was important to identify the glutamate receptor involved. Using specific
agonists and antagonists to glutamate receptors we determined that, although the
effect of glutamate is the same, the mechanism involved in both structures are
different. Our results showed that glutamate stimulation of GFAP phosphorylation in
hippocampal slices is mediated by a mGIuR with pharmacological properties of
group I, possibly subtype mGIuR3 [14,25]. In cerebellum slices, interestingly,
mGluRs agonists did not alter the level of GFAP phosphorylation, but the ionotropic
agonist, NMDA, increased GFAP phosphorylation as glutamate and the NMDA
receptor competitive antagonist DL-APs reverted this stimulation (data not show).

These results involving NMDA receptors and GFAP phosphorylation were surprising
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since the expression and functionality of NMDA receptors in glial cells is still
controverse [8,10]. NMDA receptors were identified in Bergmann glia [15,17], in
cortical astrocytes [7] and in GFAP-positive astrocytes in rat hippocampus [22].

Bergmann cells are a characteristic radial glial cells of cerebellum that, like
astrocytes, express GFAP. Their extensive proliferation phase occurs during the
two first postnatal weeks and, in contrast to cerebellar astrocytes, the expression of
NMDA receptors subunits has been previously described in Bergmann celis [15].

NMDA receptors are perhaps the most widely studied glutamate receptors
because their direct involvement in neuronal development, synaptic plasticity,
[12,23], modulation of kinases and phosphatases activities [13] and other
physiological events. Moreover, excessive NMDA receptor activation causes
neuronal excitotoxicity and are related to several brain diseases [20].

The contrast between the receptors responsible by the responses of GFAP
phosphorylation by glutamate in hippocampus and cerebellum indicate that different
mechanisms are involved in these structures and, probably, are related with their
different functions in the Central Nervous System. In order to understand the
mechanisms involved in GFAP phosphorylation in cerebellum we studied the effect
of glutamate in primary glial cell cultures in absence or presence of conditioned

medium and in mixed cultures from rats.

2. Material and Methods
2.1. Chemicals:

[*?P]Na,HPO, (CNEN, S3o Paulo, Brasil), L-Glutamate (Tocris Cookson,
USA), NMDA (RBI, USA), DNase (Roche), trypsin and trypsin inhibitor soybean

(Gibco BRL), fetal bovine serum (Cultilab and Gibco). Acrylamide (product 8887),
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materials for electrophoresis, DL-2-amino-5-phosphono-valeric acid (AP5),

Dulbecco’s modified Eagle’s medium (DMEM) and other material for cell culture
were purchased from Sigma. Primary antibody anti-rabbit-GFAP was purchased
from DAKO, and secondary antibody anti-rabbit-lgG peroxidase conjugated was
fromAmersham Tetrodotoxin (TTX; Calbiochem) was a gift from Dr. A. Comneli-Bell

(USA).

2.2. Glial cells cultures

Primary glial cultures were prepared as previously described [21]. Briefly,
cerebella of new-born (0-3 days old) and 7-8 days-old Wistar rats were removed,
placed in a Ca®* - and Mg®" - free balanced salt solution (CMF — BSS) pH 7.4,
cleaned of meninges and mechanically dissociated. The cell suspension was
allowed to settle for 4-5 min and the supernatant was transferred to another tube.
The sedimented cells were resuspended in CMF-BSS and dissociated again. The
two supernatants were combined and the resulting cell suspension centrifuged at
1000 rpm for 5 min. The supernatant was discarded, the pellet resuspended in
culture medium (pH 7.6), containing 1% Dulbeco’s modified Eagle’s medium
(DMEM); 8,39 mM HEPES; 23.8 mM NaHCO;; 0,1% fungisone; 0.032% garamicine
and 10% fetal bovine serum. The cells were plated at a density of 1.5 X 10°
cellsicm® onto 24-well plates pre-treated with poly-L-lysine. Cultures were
maintained in 5% CO,/95% air at 37°C and allowed to grow to confluence (2
weeks). Medium was changed every 3-4 days. The quality of pure cerebellum gliai
cell culture was confirmed by immunocytochemistry to GFAP. Cells were fixed by
4% paraformaldehyde in PBS and permeabilized by 0,2% Triton X-100/PBS. Cells

were coverslipped in PBS / 5% bovine serum albumin for 1 h. Primary antibody anti-
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rabbit-GFAP were used 1:200 in PBS. Following primary antibody incubation, cells

were washed 3 times with PBS and them incubated with secondary antibody anti-
rabbit-IgG peroxidase conjugated diluted 1:200 in PBS. Finally, cells were incubated

with 0.05% DAB/0.3% hydrogen peroxide.

2.3. Mixed cerebellar cultures

Mixed cerebellar cell cultures containing both neurons and astrocytes were
prepared from 8-day-old Wistar rats with a modified procedure from Boeck et al.,
[2]. Briefly, freshly dissected cerebella were incubated with 0.025% trypsin solution
for 10 min at 37°C and disrupted mechanically with fire-polished Pasteur pipette in
the presence of 0.08 mg mL" DNase and 0.05% trypsin inhibitor. Cells were
seeded at density of 2.5 X 10° celis/cm? in a 24-well multiwell dish (Nunc) coated
with 10 pg mL™ poly-D-lysine in Eagle’s basal medium (BME) with 10% of fetal
bovine serum, 50 pg mL"' gentamicine, 25mM KCI. Each well's volume were
supplemented to 600 ul with DMEM, as described above but with 10% of fetal
bovine serum appropriated to neurons culture conditions. Cultures were incubated
in a humified atmosphere of 5% C0,/95% air at 37°C, replacing 50% of medium for

DMEM - serum free after 3-4 days in vitro after seeding.

2.4. Conditioned medium preparation

Conditioned medium was obtained from cerebellar granule cells prepared
from 8-day-old Wistar rats [2]. Medium was collected after 5 days of incubation with
neuron cells and used as conditioned medium without freezing. Medium of confluent

glial cell cultures were replaced by 50% of fresh medium and 50% of conditioned
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cerebellar neurons medium. The conditioned treatment was kept for 4 days and

after that the cells were submitted to labelling procedure.

2.5. Labelling of cell cultures with [**P] phosphate

The culture plates were removed from incubator and immediately placed on a
metal stage warmed to 30°C by circulating water. The incubation medium was
removed by suction and the celis were washed with medium containing (mM): NaCl
124, MgSo4 1.3, glucose 12 , Na-HEPES 25 and CaCl; 1 (pH 7.4). Cells were pre-
incubated with incubation medium for 30 min which was replaced by incubation
medium containing 40 uCi / well [*?P] phosphate with or Without additions of
agonists for 60 min at 30°C. Antagonists and TTX were added in pre-incubation and
incubation stage. Labelling procedure was stopped by removing of incubation
medium and addition of the sample solution for two-dimensional analysis.

2.6. Electrophoresis and quantification of data

For two-dimensional electrophoresis, the samples were analysed by non-
equilibrium pH gradient electrophoresis (NEPHGE) in first dimension followed by
SDS-PAGE [14]. After drying gels were exposed to Kodak X-Omat films with
intensifying screens at — 70°C. Autoradiographs were quantified by scanning the
films in a Hewlet-Packard Scanjet 6100C and determining optical densities with
Optiquant (version 02.00, Packard Instrument Company) software. Optical density
values were obtained for total phosphorylation and for the spot corresponding to
GFAP. Values for GFAP were first expressed as a percentage of total
phosphorylation. The control values were then normalised to 100% and the
percentage changes in thei test samples calculated. Results were analysed by a

paired Student’s t-test.
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3. Results

Fig. 1 shows primary glial cells cultures obtained from animals that are 0-3
(A) and 7-8 (B) days post-natal. The glial nature of these cultures was tested by
immunocytochemistry to GFAP (C). Cerebellum mixed cell cultures (D) shown the
presence of granule neurons and glial cells.

GFAP phosphorylation levels were measured in primary glial cell cultures
obtained from animals with 0-3 and 7-8 days post-natal. Table 1 show that GFAP
phosphorylation level in primary cultures of glial cells did not response to glutamate
at both concentrations tested, 0.1 and 1 mM. The absence of glutamate effect was
also observed in primary glial cell cultures treated with conditioned neuronal
medium. However, the level of GFAP phosphorylation in mixed cultures was
significantly increased by glutamate at the two concentrations, in a manner
dependent of concentration (Table 1).

The effect of glutamate 1 mM, shown in mixed cultures, was the same
observed in cerebellum slices where NMDA receptor was involved (submitted). In
order to investigate if the same mechanism observed in cerebellum slices was
present in cerebellum mixed culture, we decided to test the NMDA receptor agonist
and antagonist. NMDA 100uM enhanced GFAP phosphorylation as the same level
as glutamate 1mM, and this effect was blocked by DL-APs a specific NMDA
receptor antagonist (Fig. 2). Tetrodotoxin (TTX), an antagonist of voltage-dependent
sodium channels, did not inhibit the stimulation of GFAP phosphorylation promoted

by glutamate or NMDA agonist (Fig. 2).
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4. Discussion

In order to investigate the mechanism involved in the glutamatergic
modulation of GFAP phosphorylation in cerebellum of rats, we worked with different
cell culture models since the complexity of the brain structure difficults the
understanding of the mechanism involved in the regulation of this phosphorylation
system.

The morphology of cerebellum primary cuitures in this work is similar to
Bergmann cells cultures from chick cerebellum shown by Lépez-Célome et al. [16].
However, the presence of Bergmann glial cells or only astrocytes in our primary
cultures is difficult to check since a characteristic and specific marker for Bergmann
cells in cultures obtained from rats, is not available, as there is in chick [18]. The
morphological profile of cerebellar glial cells in our cultures (Fig. 1 A and B)
suggested that if Bergmann glia is growing under these conditions they were
developing into a different phenotype from the typicai morphology they exhibit
normally in situ [11].

In previous works we demonstrated that glutamate stimulates GFAP
phosphoryiation in slices from cerebellum and hippocampus of immature rats
through NMDA receptor and metabotropic receptor respectively [Kommers et al.,
submitted data, [14]]. However, our present results in cerebellum using primary glial
cultures differ from the studies above, since GFAP phosphorylation levels were not
increased by glutamate in primary glial celis culture (Table 1). In primary cultures of
hippocampal astrocytes it also showed the absence of glutamate effect [R.

Rodnight, unpublished]. It is known that the expression of glutamate receptors in
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primary glial cultures is very low compared to that found in glial cells in situ [6],

which can compromise the effect of glutamate signalling in this condition of cuiture.

in contrast to primary glial cell cultures, glutamate increased the level of
GFAP phosphorylation in glial cells cultured with neurons (mixed neuron/glial cells
culture, Table 1), but not in primary glial cell cultures treated with conditioned
neuronal medium (Table 1). These results point to the possibility that this effect
mediated by glutamate depends on the contact between glial cells and granule
neurons, shown in Fig. 1 D. Some studies, investigating the presence of NMDA
receptors in astrocytes from cerebral cortex of rats showed that both subunits NR1
and NR2A/B are expressed in distal astrocytic processes but only rarely in astrocitic
cell bodies [7,8]. Accordingly this finding it has hypothesised that astrocytic NMDA
receptors mediate part of neuron-glia signalling mechanisms involved in some
functions of astrocytes and plasticity of central nervous system. This could explain
why we reproduce the effect of glutamate increasing GFAP phosphorylation in
slices from cerebellum only in a mixed cultures and not in primary isolated glial cells
from cerebellum and hippocampus, as described above.

However, we cannot excluded that this neuronal/glial interaction could
involve a neuronal short lived factor signalling present in conditioned medium from
neurons, like showed by Brown [4], which is not able to produces modifications in
the mechanism that regulates GFAP phosphorylation by excitatory amino acids.

The involvement of NMDA receptor in the stimulation of GFAP
phosphorylation by glutamate was confirmed using NMDA 100 uM, that increases
the protein phosphorylation to the same level as observed by glutamate 1mM. In
agreement with this, DL-AP5, a specific and competitive antagonist of NMDA

receptors, reverts totally the effect of glutamate and NMDA (Fig. 2).
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An important question refers to the possibility of an indirect mechanism in the

response of glial cells in mixed cultures to glutamate and NMDA, instead of a direct
action. The absence of blockade effect of TTX in this stimulation (Fig. 2) has been
provided an evidence to support that the mechanism of GFAP modulation did not
involve a secondary release of neurotransmitters mediated by voltage-dependent
sodium channel.

The presynaptic NMDA receptors involvement could not be excluded since it
is known that they are able to release glutamate and other neurotransmitters [9].
However, the neuronal cells present in our mixed neuron/glial culture are granule
celis which represent a large homogeneous glutamatergic population. So, the
involvement of presynaptic NMDA receptors in the glutamatergic stimulation of
GFAP phosphorylation could be mediated by glutamate release from presynaptic
terminals. In fact, presynaptic NMDA stimulate glutamate and aspartate release in a
tetrodoxin-insensitive way, involving a cytoplasmatic pool [3]. This system, diferent
of our results, is Ca?*-independet. An interesting point lies on the presynaptic
NMDA characteristics showed by Fink and collaborators [9] that include blockade by
Mg®. In contrast, our work showed that the NMDA involved with GFAP
phosphorylation in cerebellum mixed culture it is not blocked by Mg®* (that is
present in the incubation medium). The NMDA insensitivity to Mg®* was observed in
Bergmann glial cells [16] but not yet in neurons.

The mechanism by which NMDA receptors increase GFAP phosphorylation
is unclear but probably the NMDA allows Ca®-entry stimulating Ca®'-dependent

kinases involved in GFAP phosphorylation [24].
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The major contribution of the present work is that cerebellum glial cells could
respond to NMDA stimulation through a mechanism that is not totally clear but could

plays a specific role in neuron-glia interaction in this structure.
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Legends to Figures

FIG.1. Photograph images of primary glial culture and mixed neuron/glial cell
culture from cerebellum. Primary glial cell cultures were obtained from animals that
are 0-3 (A) and 7-8 (B) days post-natal, both at 8 days in vitro. The glial nature of
these cultures was tested by immunocytochemistry to GFAP (C). Cerebellum mixed
cell cultures (D) showed the presence of granule neuronal cell (arrowhead) and glial

cell (arrow). Cells were viewed in a Nikon Eclipse TE 300 inverted microscope.

FIG. 2. The effect of the ionotropic glutamatergic agonist NMDA and its antagonist
on GFAP phosphorylation in cerebellar mixed neuron/glial cells culture.
Concentrations were as follows (uM): NMDA, 100; glutamate, 1000; AP5, 100; TTX,

2. * significantly different from the 100% control (p<0.001).
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TABLE 1. Effect of glutamate on GFAP phosphorylation in different cerebellum culture

models
% of Control

Glutamate 0,1 mM Glutamate 1mM
Primary glial culture P 0-3 97,3+£7,5(7) 99,3+ 3,7 (19)
Primary glial culture P 7-8 92,7+ 11,6 (4) ' 99,4+48(7)
Primary glial culture with
conditioned medium P0-3 94,6 + 3,2 (8) 92,9 +4,7 (10)
Primary glial culture with
conditioned medium P7-8 90,5 +6,7 (5) 95 £ 5 (6)
Mixed culture P7-8 180,2 + 5,6 (10)* 206,3+7,1 (14)* #

Density values quoted are means * standard error of percentages of control
densities for basal phosphorylation in the presence of 1 mM Ca®* (= 100%),
corrected for total phosphorylation (see Materials and Methods). * significantly
different from the control (p<0.001). * significantly different from glutamate 0,1 mM

(p < 0,01), by ANOVA test.
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3. DISCUSSAO

O primeiro artigo desta tese teve como principal objetivo a
determinagdo do receptor envolvido na modulagdo glutamatérgica da
fosforilagdo da GFAP em hipocampo de ratos jovens.

Resultados prévios (Wofchuk & Rodnight 1994; 1995) mostraram que
em fatias de hipocampo de animais jovens o nivel de fosforilagdo da GFAP
aumenta significativamente na pr‘e#enga de glutamato 1mM, o que é
mimetizado na presenga de 1S,3R-ACPD ou ainda na presenca de EGTA 1mM
(sem agonista). Por outro lado, em hipocampo de animais adultos a
fosforilagdo da GFAP é dependente de Ca® e ndo sofre estimulacdo por
glutamato ou 1S,3R-ACPD. Estes resultados, associados ao fato de que
nenhum agonista ionotrépico promoveu o efeito estimulatério do glutamato,
indicaram o provavel envolvimento de receptores glutamatérgicos
metabotrdpicos.

Com base neste dados, buscou-se avaliar o efeito de diferente
agonistas metabotrépicos sobre a fosforilagdo da GFAP em hipocampo de
animais jovens. O agonista 1S, 3R-ACPD atua sobre receptores
metabotrdpicos do grupo I e IT e deste modo ndo € capaz de diferenciar
estes dois grupos. No entanto, outros agonistas sdo capazes de diferenciar

os subtipos devido a suas especificidades para cada subtipo.
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O DHPG, agonista seletivo para receptores do grupo I (subtipos
mé&luRl e mGIuR5) ndo apresentou efeito sobre o nivel de fosforilagto da
GFAP. Com a findlidade de verificar se os receptores mGlus do grupo I
realmente ndo estdo envolvidos neste mecanismo de modulagdo, utilizou-se
um inibidor de fosfolipase C, U73122, o qual ndo foi capaz de reverter o
efeito estimulatorio promovido pelo glutamato sobre a fosforilagdo da
GFAP.

Com o intuito de verificar o possivel envolvimento de receptores
metabotrdpicos glutamatérgicos do grupo III (subtipos mGluR4, mGluRe,
mGIuR7 e mGluR8), utilizamos o agonista L-AP4, seletivo para este grupo de
receptores. Da mesma forma que o DHPG, o agonista L-AP4 ndo alterou o
nivel de fosforilagdo da proteina indicando que receptores metabotrépicos
do grupo IIT ndo estdo envolvidos no mecanismo de modulagdo
glutamatérgica da fosforilagdo da GFAP.

Por outro lado, os agonistas de receptores mGlus grupo IT (subtipos
mGluR2 e mGIuR3) testados, 15,35-ACPD, L-CC6 I e DCG IV, mimetizaram
o efeito estimulatério promovido pelo glutamato sobre a fosforilagdo da
GFAP. Devido a seletividade destes agonistas podemos indicar o
envolvimento de receptores mGluR do grupo II no mecanismo
glutamatérgico de estimulagdo de fosforilagdo da GFAP. Como hd grande

homologia entre os subtipos mGluR2 e mGIuR3, os agonistas testados ndo
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foram capazes de promover resultados que permitissem a diferenciagdo

entre os subtipos. No entanto, apenas o subtipo mGluR3 tem sido descrito
como presente nas células gliais (Ohishi et dl., 1993).

Embora o mecanismo de transdugdo de sinal envolvido no efeito
estimulatério promovido pelo glutamato sobre a fosforilagdo da GFAP,
permaneca desconhecido, os resultados do primeiro artigo desta tese estdo
de acordo com a hipétese (figura 4.1) publicada por Rodnight e
colaboradores (1997). Através desta, a estimulagdo do receptor m&GiuR3
inibe canais de Ca® do tipo-L e consequentemente impede a entrada de Ca®
externo. A fosfatase tipo 2B (PP2B ou calcineurina), por ser dependente de
Ca®, permanece inativa frente ao seu substrato, o inibidor 1. Na forma
fosforilada, o inibidor 1 atua sobre a fosfatase tipo 1 (PP1), inibindo-a. Uma
vez que a PP1 € responsdvel pela desfosforilagdo da GFAP em hipocampo de
ratos jovens (Vinadé & Rodnight, 1996), o equilibrio entre a forma
fosforilada e desfosforilada da proteina estard deslocado para a forma

fosforilada.
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Figura 4.1: Esquema representando o possivel mecanismo envolvido na
modulagdo glutamatérgico da fosforilagdo da GFAP em hipocampo de ratos
jovens. (1) a ativagdo de receptores mGIuR3 promove uma inibigdo dos canais
de Ca® tipo-L impedindo a entrada de Ca® externo e consequentemente
inibindo a PP2B (2). O inibidor 1, substrato da PPZB, permanece na forma
fosforilada e ativa (3), inibindo a PP1 (4). Sem a agdo da PP1, o equilibrio da
fosforilagdo da GFAP fica deslocado para a forma fosforilada (5).
(Adaptado de Rodnight e colaboradores 1997).
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No segundo trabalho desta tese estudou-se o efeito do glutamato na
modula¢do da fosforilagdio da GFAP em cerebelo de ratos jovens.
Comparativamente a hipocampo, o glutamato feve o mesmo efeito sobre a
fosforilagdo da proteina em cerebelo. Pudemos observar que tdo logo o nivel
de GFAP fosforilada é detectado nas autorradiografias, por volta do 10° dia
pés-natal, o glutamato jd produz aumento no nivel de fosforilagdo. No
entanto, o efeito estimulatério do glutamato desaparece no 202 pés-natal
em ambas as estruturas. Estes resultados reforcam as evidéncias de que a
fosforilagdo desta proteina é modulada ao longo do desenvolvimento.

Embora a ontogenia do efeito glutamatérgico sobre a GFAP em ambas
estruturas seja idéntica, a auséncia de Ca®* (presenca de EGTA) em fatias
de cerebelo ndo mostrou a estimulacdo observada em hipocampo. Este
resultado indicou pela primeira vez que, possivelmente, os mecanismos que
mediam a estimulagdo da fosforilagdo da GFAP por glutamato em hipocampo
e cerebelo da ratos jovens ndo sejam iguais.

Desta forma, buscou-se determinar qual mecanismo estava envolvido
na modulagdo glutamatérgica da fosforilagdo da GFAP em cerebelo de
animais jovens.

Da mesma forma que em hipocampo, agonistas glutamatérgicos
metabotrdpicos foram testados em microfatias de cerebelo, sendo eles 15,

3R-ACPD (para m&luRs do grupo T e IT), DCG IV (especifico para mGluRs do
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grupo II) e L-AP4 (para mGluRs do grupo III). Ao contrdrio de hipocampo,
nenhum agonista metabotrépico foi capaz de mimetizar o efeito do
glutamato sobre a GFAP. A partir deste resultado partiu-se para avaliagdo
do possivel envolvimento de receptores glutamatérgicos ionotrépicos. Os
agonistas AMPA e cainato foram testados e ndo promoveram efeito algum
sobre a fosforilagdo da GFAP. Da mesma forma, o antagonista especifico
para receptores ndo-NMDA, CNQX, ndo reverteu o efeito estimulatdrio da
fosforilagdo da GFAP em cerebelo de animais jovéns.

Ao contrério dos agonistas anteriormente testados, o NMDA
mimetizou o efeito estimulatério do glutamato sobre a fosforilagdo da GFAP
e o antagonista competitivo DL-AP5, seletivo para receptores NMDA,
reverteu o efeito do glutamato e do agonista NMDA sobre a fosforilacdo da
GFAP. Estes resultados indicam o envolvimento do receptor ionotrépico
NMDA na modulagdio glutamatérgica da fosforilagdo da GFAP em cerebelo
de animais jovens.

Por ser o NMDA um receptor ligado a canal de Ca* , testou-se o
efeito da auséncia de Ca® externo, na presenca de EGTA, sobre o efeito do
glutamato e do NMDA. Observou-se que na auséncia de Ca® externo o
efeito estimulatério do glutamato e do NMDA sobre a fosforilagdo da GFAP
desaparece, indicando que o mecanismo é dependente da presenca de Ca®

extracelular. Ou seja, € possivel que a resposta causada por glutamato, via
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receptores NMDA, seja mediada pela entrada de Ca®. Neste caso, talvez -
estejamos frente a um mecanismo em cerebelo contrdrio ao observado em
hipocampo, onde a entrada de Ca** inibe a fosforilagdo da GFAP.

O envolvimento de receptores NMDA na modulagdo glutamatérgica da
fosforilagio da GFAP em cerebelo de animais jovens trouxe uma importante
questdo: a resposta do glutamato, via receptores NMDA, observada sobre a
GFAP envolve ou ndo a atfividade neuronal? De fato, a presenca de
receptores NMDA em astrécitos cerebelares ainda ndo foi descrita e sabe-
se que as células gliais respondem rapidamente a sinais neuronais (Shao &
McCarthy, 1997). Por outro lado, a glia de Bergmann expressa GFAP e
receptores NMDA (Luque & Richards, 1995, Lopez et al., 1997). Com o
objetivo de verificar se a atividade neuronal estd envolvida no mecanismo de
estimulagdo da fosforilagdo da GFAP por glutamato, testou-se o efeito do
glutamato e do NMDA na presenga de tetrodotoxina (TTX), um inibidor de
canais de Na®* capaz de suprimir a atividade pés-sindptica. O efeito, tanto
do glutamato como do NMDA, ndo foi alterado na presenga de TTX,
indicando que provavelmente receptores NMDA pds-sindpticos ndio estejam
envolvidos na estimulagdo glutamatérgica sobre a fosforilagdo da GFAP em
fatias de cerebelo-de animais jovens.

Este resultado é ek‘rremamen're relevante pois sugere a possivel

existéncia de receptor NMDA funcional em glia, ainda controverso na



Discussdo °7

literatura. E possivel que este receptor tenha caracteristicas diferentes
daquele em neurdnio, jé que foi estimulado mesmo na presenga de Mg** no
meio de incubagdo. A literatura cita a presenca de receptor NMDA glial
diferente do neuronal no que diz respeito a inibigdo por Mg® e dependéncia
por glicina (Miiller et al., 1993).

Por outro lado, receptores NMDA pré-sindpticos podem estar
mediando a liberagdo de neurotransmissores os quais poderiam estimular a
fosforilagdo da GFAP. Breukel e colaboradores (1998) mostraram que
receptores NMDA pré-sindptico modulam a liberagdo de glutamato
citoplasmético através de um mecanismo independente de Ca®. Neste caso,
a ativagdo de receptores NMDA neuronais poderia levar a liberacdo de
glutamato e este promover uma multipla sinalizagdo de seus receptores
(efeito apenas observado com glutamato e ndo com agonistas especificos
dos subtipos de GluRs), levando ao aumento no nivel de fosforilagcdo da
GFAP. Embora esta possibilidade exista, é importante ressaltar que o
estudo farmacoldgico realizado indicou o envolvimento de receptores NMDA
na modulagdo glutamatérgica da fosforilagdo da GFAP, por um mecanismo
dependente de Ca*’extracelular. O efeito do glutamato também foi
dependete da presenca de Ca®* extracelular.

Embora diferentes receptores estejam envolvidos na estimulagdo

glutamatérgica da fosforilagdo da GFAP em hipocampo e cerebelo de ratos,
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este efeito do glutamato ocorre nas duas estrufuras estudadas em um
breve periodo de desenvolvimento (P10-P16), o qual coincide com o periodo
de intensa sinaptogénese, durante a qual sabe-se que hd proliferecdo tanto
de astrécitos como da glia de Bergmann (Hanke & Reichenback, 1987,
Gongalves et al., 1990; Rodnight & Leal, 1990).

E conhecido que o nivel de fosforilagdo dos filamentos intermedidrios
regula o equilibrio dindmico entre o estado polimerizado/despolimerizado do
filamento (Steinert & Roop, 1988; Nakamura et al., 1996), o qual tem papel
fundamental na mitose (Chou et al., 1990; Tsujimura et al., 1994; Matsuoka
et al, 1993). Logo, a liberagdo de glutamato pelas sinapses em
desenvolvimento poderia sinalizar um aumento nos niveis de fosforilagéio da
GFAP o que levaria a um aumento do nimero de astrécitos e de células de
Bergmann em mitose. Por outro lado, em periodos mais tardios de
desenvolvimento estas células geralmente encontram-se em interfase, o
que explicaria a auséncia de efeito do glutamato sobre a fosforilagdo da
GFAP.

No terceiro frabalho desta tese verificou-se a presenca da
modulagdo glutamatérgica sobre a GFAP em células cerebelares em cultivo.

Sabe-se que a cultura de células consiste em uma importante metodologia

que permite a separagdo de tipos celulares com o objetivo de estudar
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respostas especificas. Contudo, é importante considerar que as células em
cultura podem apresentar respostas diferentes das apresentadas /in vivo.

Em um primeiro momento testou-se o efeito do glutamato sobre a
fosforilagdo da GFAP em culturas primdrias gliais de cerebelo obtidas de
animais em duas idades, 0-3 e 7-8 dias pés-natal. A escolha das idades dos
animais Téve como objetivo verificar se culturas de células gliais realizadas
a partir de animais de uma semana de vida apresentariam célul‘as gliais com
caracteristicas de glia radial, a glia de Bergmann. A auséncia de marcadores
diferenciais que permitam a determinagtio do tipo de célula glial (astrécito
ou célula de Bergmann) presente na cultura impede a completa
caracterizagdo da cultura de células gliais de cerebelo de ratos jovens.
Ortega e colaboradores (1991) utilizaram 4 critérios para identificacdo de
células de Bergmann em culturas cerebelares obtidas de pinto. Segundo os
autores estes critérios sé sdo vdlidos para pintos e ndo podem ser aplicados
em outros animais.

Nas culturas primdrias gliais de cerebelo, obtidas de animais nas duas
diferentes idades, o glutamato ndo foi capaz de estimular a fosforilacdo da
GFAP. O tratamento das células gliais com meio condicionado neuronal
também ndo permitiu que o glutamato produzisse o efeito observado sobre
as células gliais /n vivo. No entanto, quando testado em culturas mistas,

constituidas por neurdnios granulares e células gliais, o glutamato promoveu
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efeito estimulatério similar ao apresentado em fatias cerebelares de
animais jovens. As duas concentragées de glutamato (0,1 e 1 mM) testadas
foram efetivas; no entanto, o nivel de estimulacdo foi maior com o aumento
da concentragdo de glutamato indicando que o efeito sobre a fosforilagdo
da GFAP é dose-dependente.

O agonista NMDA e o antagonista DL-AP5 foram utilizados a fim de
verificar se, assim como em fatias cerebelares, o efeito glutamatérgico
sobre a fosforilagdo da GFAP envolve recépfor'es ionotrépicos do tipo
NMDA. Os resultados foram similares aos observados em fatias, indicando
que in vitro, assim como /n vivo, a fosforilagdo da GFAP em células
cerebelares sofre modulagdo glutamatérgica via receptores NMDA.

A presenga da toxina TTX nas culturas mistas ndo alterou o efeito
estimulatério do glutamato ou do NMDA sobre a fosforilagdo da GFAP,
indicando que provavelmente terminais pés-sindpticos ndo estejam
envolvidos neste mecanismo e, por outro lado permite a especulacdo &
respeito do envolvimentos de receptores NMDA pré-sindpticos ou gliais.

Embora os resultados com TTX possam sugerir um possivel efeito
direto do glutamato e do NMDA sobre as células gliais, é interessante que
estas, quando em- culturas puras, ndo respondem ao glutamato.
Provavelmente, a maturagdo do sistema envolvido na modulacdo

glutamatérgica da fosforilagdo da GFAP dependa da sinalizagdo neuronal
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e/ou da interagdo entre células gliais e células neuronais. Por outro lado, a
auséncia de resposta glutamatérgica sobre a fosforilagdo da GFAP nas
culturas primdrias tratadas com meio condicionado neuronal pode indicar
que as células nervosas liberam fatores de sinalizagdo muito ldbeis ou, por
outro lado, que a sinalizagdo entre as células dependa da presenca de ambos
tipos celulares e sua interagdo.

A auséncia do efeito estimulatério de glutamato sobre a fosforilagdo
da GFAP em células gliais primdrias de cerebelo /n vitro ndo é
surpreendente. Rodnight e colaboradores (dados ndo publicados)
observaram que astrécitos hipocampais em cultivo primdrio ndo respondem
ao glutamato da mesma forma que em fatias. Este fato provavelmente pode
ser devido ao baixo nivel de expressdo de receptores glutamatérgicos do
tipo mGIuR3 encontrado nestas células quando em cultura (Condorelli et al,,
1997). Da mesma forma, possivelmente a expressdo de receptores
cerebelares em cultura priméria seja diferente da sua expressdo /n vivo.

Embora estudos /in vitfro permitam uma infinidade de opgées
metodoldgicas e determinagdes especificas de mecanismos fisiologicamente
complexos, ndo € possivel esquecer que as respostas obtidas nem sempre
representam os achados in vivo, pois a complexidade do SNC envolve

inimeras sinalizagdes que ndo estdo presentes /n vitro.
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e periodo ontogenético de estimulacdo glutamatérgica da fosforilagdo da

GFAP é igual em ambas estruturas; ‘1{@ ¢ Co

e A fosforilagdo da GFAP em hipocampo de ratos jovens sofre estimulagdo

glutamatérgica via receptores metabotrdpicos do grupo II, subtipo

mG&IuR3.

e A fosforilagdo da GFAP em cerebelo de ratos jovens também sofre
estimulagdo glutamatérgica e, ao contrdrio de hipocampo, envolve
receptores glutamatérgicos ionotrdpicos do tipo NMDA, via mecanismo

dependente de Ca®* extracelular.

e Culturas primdrias de células gliais cerebelares ndo respondem ao
glutamato; no entanto, células gliais em culturas mistas com neurdnios
granulares apresentam niveis aumentados de fosforilagdo da GFAP
quando tratadas com quTarpa‘ro.- Assim como em fatias cerebelares,
receptores ionotrépicos do tipo NMDA estdo envolvidos neste efeito

estimulatério.
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+ A manifestagdo do efeito do NMDA em cerebelo pode ser primdrio em

glia, ou ser mediado por receptores pré-sindpticos;
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trabalhos apresentados nesta tfese abriram inimeras

oportunidades de novos estudos sobre a fosforilagdo da proteina dcida

fibrilar glial (6FAP) em hipocampo e cerebelo de ratos. Sendo assim, os

principais estudos a serem seguidos sdo:

Determinagdo das principais atividades quindsicas e fosfatdsicas
que atuam sobre a fosforilagdo da GFAP em cerebelo de ratos
jovens a fim de elucidar e melhor detalhar o mecanismo envolvido
na modulagdo glutamatérgica;

Avaliacdo da expressdo das subunidades do receptor NMDA em
cultura primdria de células gliais e em cultura mista de neurénios
granulares e células gliais cerebelares, a fim de identificar os
mecanismos envolvidos nas diferentes respostas das células gliais
em cultivo, frente ao glutamato.

Determinagdo da localidade do receptor NMDA (glial ou neuronal)
que media o aumento do nivel de fosforilagdo da GFAP em culturas
mistas de neurdnio/glia cerebelar,

Avaliagdo da modulagdo glutamatérgica sobre a fosforilacdo de

GFAP em culturas primdrias de células gliais em diferentes idades

de cultivo.
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