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Parte I



Resumo

A S100B, uma proteina ligante de célcio de 21 kDa, possui muitos alvos
intracelulares envolvidos no ciclo celular e na regulagdo do citoesqueleto em astrdcitos.
Além disso, essa proteina ¢ secretada e possui efeitos autdcrinos e paracrinos na glia,
plasticidade sinaptica e microglia. A expressao de S100B, particularmente a S100B
extracelular, ¢ usada como um parametro de ativacdo e/ou morte glial em diversas
situagdes de dano cerebral. Existem muitos imunoensaios para a dosagem de S100B, que
diferem em relagdo a especificidade, sensibilidade, aplicacdo das amostras e custo. Nos
padronizamos dois protocolos para a dosagem de S100B (variando em sensibilidade de
1,9 pg a 10 ng/mL) em amostras de humanos e de ratos, de tecido cerebral, tecido
adiposo, soro, liquor, urina e amostras de cultura de células. Muitos secretagogos de
S100B j& foram identificados, mas o mecanismo de secrecdo dessa proteina ainda ¢é
desconhecido e envolve um mecanismo do tipo ndo-classico de secrecdo. NOs
investigamos o papel do Ca*" na secre¢do de S100B em cultura priméria de astrocitos.
Nossos resultados mostraram que o DMSO ¢ um potente secretagogo da S100B. A
secrecdo de S100B induzida por DMSO foi dependente da mobilizagdo de célcio do
reticulo endoplasmatico, mas nao de reorganizagdo do citoesqueleto. A propriedade do
DMSO em induzir a secre¢do de S100B deve ser adicionada a lista de aplicagdes
terapéuticas desse composto, especialmente considerando os efeitos neuroprotetores que
tém sido observados da S100B em situacdes de dano cerebral agudo. Além disso, a
utilidade do DMSO como uma ferramenta para investigar a mobilizacdo de calcio
intracelular deve ser levada em consideragdo. Sabe-se que os astrocitos sentem,
interagem e respondem a estimulos gerados pelos neurdnios ou pelo dano neuronal e essa
resposta envolve a comunicagdo por jungdo gap. A vulnerabilidade neuronal a danos ¢
aumentada quando co-culturas de astrocitos e neurdnios sdo expostas a inibidores de
jun¢do gap. Entretanto, a inibi¢do das jun¢des gap pode limitar a extensdo de uma lesdo.
Nos investigamos uma possivel relagdo entre a comunicagdo por jungdo gap € a secregao
de S100B. Nossos dados indicam que o bloqueio das jung¢des gap estimula a secrecdo de
S100B em cultura de astrécitos, bem como em fatias agudas hipocampais. A secrecdo de
S100B foi observada com o uso de diferentes tipos de bloqueadores de jungdo gap e o
resultado foi dependente do tempo, da natureza do inibidor, de seu possivel alvo
intracelular e/ou do tipo de preparagdo celular utilizada. Fisiologicamente, um bloqueio
local da comunica¢do por jungdo gap associado com a liberagdo de S100B em uma
situacdo de dano favorece a idéia da existéncia de um mecanismo comum para limitar a
extensdo da lesdo e, simultaneamente, aumentar as chances de sobrevivéncia celular.



Abstract

S100B, a calcium-binding protein of 21 kDa, has many putative intracellular
targets involved in cell cycle and cytoskeleton regulation in astrocytes. In addition, this
protein is also secreted and has autocrine and paracrine effects on glia, synaptic plasticity
and microglia. S100B expression, particularly extracellular S100B, is used as a parameter
of glial activation and/or death in several situations of brain injury. Several
immunoassays for S100B measurement are available, which differ with regard to
specificity, sensitivity, sample application, and, of course, economic costs. We
standardized two protocols for SI00B measurement (range between 1,9 pg and 10
ng/mL) in human and rat samples from brain and adipose tissues, blood serum,
cerebrospinal fluid, urine and cell culture. Many S100B secretagogues have been
identified, but the underlying mechanism of secretion remains unknown and involves a
non-classic export. Herein, we investigate the role of Ca®" in S100B secretion in primary
cultured astrocytes. Results indicate that DMSO is a powerful S100B secretagogue.
DMSO induced S100B secretion was dependent on increased intracellular Ca®’
mobilization from endoplasmatic reticulum and independent of cytoskeleton
reorganization. Furthermore, the S100B-secreting property of DMSO should be added to
the list of therapeutic applications of this compound, particularly considering the
neuroprotective effects of S100B that have been observed in acute brain damage. In
addition, the usefulness of DMSO per se as a tool to investigate intracellular calcium
mobilization should be taken into consideration. Astrocytes sense, integrate, and respond
to stimuli generated by neurons or neural injury; this response involves gap junction (GJ)
communication. Neuronal vulnerability to injury increased when cocultures of astrocytes
and neurons were exposed to GJ inhibitors. However, GJ uncoupling could limit the
extension of a lesion. We investigated a possible link between GJ communication and
S100B secretion. Our data indicate that GJ blocking stimulates S100B secretion in
astrocyte cultures and acute hippocampal slices. S100B secretion was observed with
different types of GJ inhibitors; the resulting event was dependent on time, the nature of
the inhibitor, its putative molecular target of GJ blocking, and/or the cell preparation
used. Physiologically, a local GJ closure associated with release of S100B in injury
conditions favors the idea of a common mechanism available to limit the extension of
lesion and increase the chances of cell survival.
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Introducéo

1. Sistema nervoso central e proteinas S100

As proteinas S100 foram isoladas pela primeira vez em 1965 no tecido encefalico
e foram assim denominadas por serem soliiveis em solugdo 100% saturada de sulfato de
amonio (Moore 1965). Até o presente momento ja foram caracterizadas 25 proteinas
pertencentes a familia S100 (Donato et al. 2009). Essas proteinas sdo ligantes de calcio
do tipo EF-hand e sdo expressas de forma especifica nos diferentes tipos celulares
(Donato 2001, Goncalves et al. 2008). Por exemplo, no sistema nervoso central de
mamiferos, a SI00A1 ¢ expressa em neurdnios enquanto que a SI00B ¢é expressa em
astrocitos.

As proteinas S100 apresentam uma grande diversidade de fungdes intra e
extracelulares, como, por exemplo, a regulagdo do metabolismo energético, do ciclo
celular, da inflamagdo, da coagula¢do e modulagdo de proteinas do citoesqueleto (Donato

2001).

1.1.  Astrdcitos e a proteina S100B
Os astrocitos sdo células gliais que, por muito tempo, foram considerados como
sendo apenas um suporte estrutural para os neuronios. Ha algumas décadas que essa visao
estd mudando, devido a descoberta de inUimeras outras fungdes desse tipo celular
(Kimelberg & Norenberg 1989). Os astrocitos possuem um papel de suporte energético
para os neurdnios (Magistretti 2006, Magistretti & Pellerin 1999), sendo inclusive
capazes de modular as sinapses (Perea & Araque 2006) através da liberagdo de glutamato

e ATP, por exemplo. Atualmente, os astrécitos sdo considerados parte integrante das



sinapses (Perea et al. 2009). Dessa forma, neurénio e astrocitos formam uma unidade
multifuncional no cérebro (Fellin & Carmignoto 2004, Kirchhoff et al. 2001). Além
disso, os astrdcitos fazem parte da barreira hematoencefilica, participam da manutengdo
da homeostase i0nica cerebral e sdo responsaveis por captar neurotransmissores da fenda
sinaptica (Wang & Bordey 2008).

Os astrocitos sdo as células que expressam S100B em maior quantidade no
sistema nervoso central. A S100B foi a primeira proteina da familia S100 a ser isolada,
juntamente com a S100A1, a partir de cérebro bovino. Essa proteina se apresenta na
forma de homodimeros compostos por duas subunidades beta, cada uma contendo dois

sitios de ligacdo para o célcio (Donato 2001).

1.1.1. C¢lulas que expressam e secretam S100B

A proteina SI00B foi inicialmente caracterizada como sendo uma proteina
expressa especificamente no cérebro (Moore 1965) e por muito tempo foi considerada
como sendo expressa exclusivamente em astrocitos. Entretanto, outros tipos celulares
também expressam S100B, inclusive no sistema nervoso central (Goncalves et al. 2008).

Os astrocitos sdo as células que expressam S100B em maior quantidade no
sistema nervoso central e também sdo capazes de secretar essa proteina de uma forma
regulada (Goncalves et al. 2008). Por muito tempo a S100B foi considerada como uma
proteina marcadora de astrocitos, mas esse conceito estd sendo mudado, visto que outras
células no sistema nervoso central também podem expressar S100B, como alguns
neurdnios colinérgicos (Yang et al. 1995), oligodendroécitos (Vives et al. 2003, Deloulme

et al. 2004) ¢ microglia (Adami et al. 2001). Além dos astrocitos, nenhum desses tipos



celulares ¢ capaz de secretar S100B. Em um estudo com a linhagem OLN-93 de
oligodendrocito, foi observada uma liberagdo de S100B para o meio extracelular (Steiner
et al. 2008), bem como em estudos em células de melanoma (Donato 2001). No entanto,
a liberagdo de S100B por outras células do sistema nervoso central, diferentes dos
astrocitos, parece ocorrer vinculada a morte celular, o que ndo indica uma secregdo
regulada e sim uma liberacdo por rompimento de membrana celular (Goncalves et al.
2008).

A S100B originada do sistema nervoso central ¢ capaz de atravessar a barreira
hematoencefalica e contribuir para a concentragdo sérica dessa proteina. A concentracao
de S100B no soro ¢ bastante baixa, na ordem de 0,05 ng/mL em humanos adultos
saudaveis (Leite et al. 2008). Dessa forma, a S100B pode ser considerada como
marcadora de lesdo cerebral (Goncalves et al. 2008) ¢ de dano na barreira
hematoencefalica (Marchi et al. 2004).

A S100B ¢ eliminada através da urina, mas em concentracoes muito baixas,
podendo ser detectada apenas em urina de criancas recém-nascidas (Leite et al. 2008,
Goncalves et al. 2008), que possuem concentragdo de S100B no soro cerca de dez vezes
maior que em adultos (Netto et al. 2005, Portela et al. 2002). O aumento de S100B na
urina tem sido estudado como marcador de lesdo com valor progndstico em recém-
nascidos (Gazzolo et al. 2009, Liu et al. 2010, Michetti & Gazzolo 2002).

Existem também fontes extracerebrais de S100B. Alguns tipos celulares como
condrocitos, cardiomiocitos, células da medula 6ssea, linfocitos (Jonsson et al. 1999,
Anderson et al. 2001) e células de melanoma (Harpio & Einarsson 2004) também

expressam S100B. Os adipocitos ndo apenas expressam, mas também sdo capazes de



secretar S100B, contribuindo para a concentracdo sanguinea de S100B (Schulpis et al.
2007, Netto et al. 2006, Steiner et al. 2009a, Holtkamp et al. 2008), o que pode dificultar
o uso dessa proteina como marcadora de lesdo cerebral (Goncalves et al. 2008). Além

disso, a S100B também pode ser encontrada no leite humano (Gazzolo et al. 2003).

1.1.2. Papéis intra e extracelulares da S100B

As proteinas da familia S100, incluindo a S100B, possuem tanto funcdes
intracelulares como também podem ser secretada e exercerem fungdes no meio
extracelular (Donato 2003). Dentre as fungdes intracelulares da S100B podemos destacar
a inibi¢do da fosforilagdo protéica, regulacdo da atividade enzimatica, modulacdo de
citoesqueleto e regulacdo do crescimento e diferenciacdo celular. Por exemplo, a SI00B ¢
capaz de inibir a fosforilagdo das proteinas de citoesqueleto GFAP e vimentina (Ziegler
et al. 1998, Frizzo et al. 2004), bem como de estimular a atividade da proteina fosfatase
calcineurina (Leal et al. 2004).

As atividades extracelulares da S100B sdo bastante variadas. Estudos in vitro
demonstraram efeitos troficos da S100B quando em concentragdes baixas, variando de
altos valores na faixa de picomolar até baixos valores na faixa de nanomolar. Esses
efeitos incluem aumento da sobrevivéncia neuronal, do crescimento de neuritos e da
funcdo sinéptica. Por outro lado, concentragdes mais altas de S100B, na faixa de altos
valores de nanomolar e baixos valores na faixa de micromolar, podem causar disfuncdo e
morte neuronal. Esses efeitos toxicos sdo mediados pela ativagdo de astrocitos e
microglia, que passam a produzir e secretar citocinas inflamatérias, como IL-13 e TNF-a,

bem como NO (Van Eldik & Wainwright 2003). E importante ressaltar que esses estudos



foram realizados in vitro e que ainda ndo foi demonstrada uma correlagdo com valores de
concentragdo de S100B observados in vivo.

A S100B secretada pode ter uma acdo autdcrina ou pardcrina. Ela pode agir sobre
astrocitos, estimulando a captacdo de glutamato (Tramontina et al. 2006), bem como agir
sobre a microglia, potencializando o efeito do IFN-y sobre a iNOS (Adami et al. 2001). O
efeito da S100B extracelular pode ser diferente dependendo do tipo celular em que ela
tem efeito estimulatorio. Um estudo comparativo demonstrou que a S100B ¢ capaz de
potencializar a produgdo de NO estimulada por LPS em células BV-2 (uma linhagem de
células de microglia); entretanto, esse efeito ndo ¢ observado em astrocitos (Petrova et al.
2000). Além disso, a S100B ¢ capaz de aumentar a expressdo da COX-2, tendo efeito
sinérgico com IL-1B e TNF-a, em microglia por um mecanismo envolvendo o fator de
transcricdo NF-kB (Bianchi et al. 2008).

Apesar de se conhecer muitos efeitos extracelulares da proteina S100B, pouco se
sabe sobre os mecanismos de transducdo de sinal envolvidos na sua ag¢do. Até o presente
momento ndo foi caracterizado nenhum receptor ou transportador especifico para a
S100B. O que se sabe ¢ que ela é capaz de ligar no RAGE e que essa ligacdo ¢
responsavel por muitos de seus efeitos (Bianchi et al. 2008, Hofmann et al. 1999, Donato
2007). Ja foi demonstrado que o receptor RAGE pode mediar tanto os efeitos troficos
quanto os efeitos toxicos da S100B, ativando diferentes vias de sinalizagdo intracelular, e

que essa ativagao depende da concentracdo de S100B extracelular (Donato et al. 2009).
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1.1.3. Moduladores da secre¢ao de S100B

Alteragdes na concentracdo de S100B no meio extracelular estdo relacionadas
tanto com o desenvolvimento normal (Tramontina et al. 2002), quanto com condigdes
patologicas, como a esquizofrenia (Steiner et al. 2009b, Pedersen et al. 2008), a
depressdo maior (Zhang et al. 2009) e a doenca bipolar (Andreazza et al. 2007), bem
como doengas neurodegenerativas. Estudos mostram um aumento de S100B no liquido
cefalorraquidiano de pacientes com a doenga de Alzheimer (Peskind et al. 2001, Petzold
et al. 2003) ou com a Sindrome de Down (Netto et al. 2005).

Estudos em culturas de células ja identificaram muitos moduladores da secre¢ao
de S100B, como amoénia (Leite et al. 2006), serotonina (Whitaker-Azmitia et al. 1990),
fluoxetina (Tramontina et al. 2008), beta hidroxibutirato (Leite et al. 2004), altas
concentragoes de glicose (Nardin et al. 2007), glutamato (Ciccarelli et al. 1999,
Goncalves et al. 2002), bloqueadores de juncao gap (Leite et al. 2009), resveratrol (de
Almeida et al. 2007), farmacos neurolépticos atipicos (Quincozes-Santos et al. 2008),
IL1-B (de Souza et al. 2009), estresse metabolico (Gerlach et al. 2006), forskolina ¢ LPA
(Pinto et al. 2000).

Estudos in vivo também demonstraram alteragdes da concentra¢do sérica de
S100B ou no liquido cefalorraquidiano de S100B no jejum (Netto et al. 2006), em ratos
tratados com dieta cetogénica (Ziegler et al. 2004), em modelos de deméncia (Rodrigues
et al. 2009, Swarowsky et al. 2008, Vicente et al. 2009) e em filhotes de ratas intoxicadas

com mercurio (Vicente et al. 2004).
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1.1.4. Mecanismo de secrecdo da S100B

A secrecdo protéica pode ser classificada em dois grandes grupos: secrecao
classica e secrecdo nao-classica. No mecanismo de secre¢do classico, a proteina ¢é
sintetizada e direcionada para o reticulo endoplasmatico através de uma seqiiéncia
peptidica sinalizadora especifica em sua estrutura. A proteina ¢ entdo encaminhada para o
complexo de Golgi, de onde ¢ exportada na forma de vesiculas (Nickel 2003).

J4 no mecanismo de secre¢do ndo-classico, ndo hd o envolvimento do sistema
reticulo endoplasmatico/complexo de Golgi (Nickel 2003). Existem diferentes
mecanismos ja identificados para esse tipo de secre¢dao, como o “flip-flop” de membrana,
o “blebbing” de membrana, a secre¢do através de transportadores especificos e por
vesiculas endolisossomicas (Nickel 2003, Prudovsky et al. 2008). Atualmente ja foram
identificadas proteinas que, apesar de conterem a seqiiéncia peptidica sinalizadora para a
secre¢do classica, ndo sdo secretadas via complexo de Golgi e, portanto, seu mecanismo
de secrecdo também € considerado como sendo nao-cléssico (Nickel & Rabouille 2009).
Apesar de muitos mecanismos ja terem sido identificados, pouco se sabe sobre as vias de
sinalizacdo que modulam a secre¢do nao-classica (Prudovsky et al. 2008).

O mecanismo de secre¢do de S100B ainda ndo foi completamente elucidado;
entretanto, sabe-se que sua secrecdo ¢ via um mecanismo ndo cldssico, ou seja,
independente do complexo reticulo endoplasmatico/complexo de Golgi, visto que a
S100B ndo possui a seqiiéncia peptidica sinalizadora para a secrecdo classica (Donato
2001). Além disso, um estudo em glioblastomas demonstrou que a S100B ¢ secretada por
um mecanismo vesicular e dependente da concentragdo de cdlcio intracelular (Davey et

al. 2001). E importante ressaltar que esse estudo foi realizado em linhagens celulares, que

12



por serem células transformadas podem apresentar mecanismos de secrec¢do diferentes de
células ndo tumorais. Até o presente momento nenhum estudo sobre o mecanismo de

secre¢ao de S100B foi realizado em astrdcitos.

1.1.5. Dosagem de S100B

Atualmente existem muitos métodos diferentes para a dosagem de S100B, que
variam desde técnicas caseiras (Green et al. 1997, Leite et al. 2008, Missler et al. 1995,
Van Eldik & Griffin 1994) até kits comerciais. Todos os métodos disponiveis sdo
imunoquimicos, com a forma de deteccdo empregada podendo ser enzimatica (ELISA),
fluorescente (IFMA), radiométrica (IRMA) ou quimioluminescente (ECLIA e LIA),
dependendo da metodologia. Essas variagdes de metodologias ocasionam diferencas
quanto a sensibilidade, anticorpos utilizados, reacdes cruzadas e interferentes de cada
técnica, tornando muitas vezes dificil a comparacdo de resultados de diferentes grupos de

pesquisa no que se refere a concentragao de S100B em fluidos biologicos (Goncalves et

al. 2008).

2. Comunicag¢ao entre astrocitos
2.1.  Jungoes gap
A juncdo gap ¢ um tipo de jun¢do comunicante que une o citoplasma de duas
células deixando passar de uma forma especifica e regulada alguns compostos de uma

célula para outra.
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2.1.1. Estrutura e permeabilidade

As jun¢des gap sdo formadas por proteinas transmembrana chamadas conexinas.
Essas proteinas se agrupam em hexameros, que sdo chamados de conexons. Esses
conexons formam um poro na membrana plasmatica. Quando dois conexons se ligam
ndo-covalentemente a jungdo gap estd formada (Yeager & Harris 2007). A distancia entre
as duas células que participam da juncdo gap ¢ apenas de 2-4 nm e o tamanho do poro
formado ¢ de cerca de 1 kDa (Mese et al. 2007). Sendo assim, compostos como glicose,
glicose 6-fosfato, inositol trisfosfato, glutamato, glutamina, ATP, ADP, AMP e glutationa
sdo capazes de passar de uma célula a outra através de jungdes gap (Tabernero et al.
2006).

Existem pelo menos 21 isoformas de conexinas no genoma humano. As jungdes
gap podem ser formadas por apenas uma ou por varias isoformas, podendo ser
classificadas como homoméricas ou heteroméricas (se as conexinas de um mesmo
conexon sdo todas iguais ou se sdo diferentes, repectivamente) e homotipicas ou
heterotipicas (se os dois conexons sdo idénticos ou se sdo diferentes entre si,
respectivamente) (Mese et al. 2007). As isoformas de conexinas variam de acordo com o
tipo celular, ndo sendo especificas de apenas um tipo celular. No sistema nervoso central,
os neurdnios expressam predominantemente Cx32 e Cx43 e os astrocitos expressam
predominantemente Cx43, podendo também expressa Cx30, entre outras (Rouach et al.
2002, Rozental et al. 2000). A expressdo de conexinas varia ontogeneticamente ¢ também

em algumas condicdes patoldgicas (Rouach et al. 2002).
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2.1.2. Astrdcitos e jungdes gap

A comunicacdo por jun¢do gap no sistema nervoso central ocorre em grande
quantidade nos astrocitos, formando uma verdadeira rede de comunicagdo entre esse tipo
celular (Rouach et al. 2002, Rozental et al. 2000). Essas células podem formar jungdes
gap do tipo astrocito-astrocito, astrocito-oligodendrocitos (Orthmann-Murphy et al. 2008)
¢ até mesmo astrocito-neurdnio (Froes et al. 1999). Os astrocitos podem até mesmo
formar jun¢des gap dentro da mesma célula, jungdes gap autocelulares, que unem
diferentes prolongamentos celulares (Wolff et al. 1998). A fungdo desse tipo de jungao
gap ainda ndo foi completamente elucidada, mas acredita-se que estd envolvida com a
facilitacdo da homeostase de ions e mensageiros intracelulares entre diferentes processos,

independente de uma regulag@o do corpo celular (Rouach et al. 2002).

2.1.3. Hemicanais

Alguns conexons ndo formam junc¢des gap; entretanto, permanecem funcionais na
membrana celular, comunicando o meio intracelular com o meio extracelular. Esses
canais s3o chamados hemicanais e estdo presentes em astrocitos (Ye et al. 2003, Saez et
al. 2003).

Pouco se sabe sobre a modulagdo dos hemicanais, apesar de ja ter sido
demonstrado que parecem ser regulados pela concentracdo de célcio extracelular. Baixas
concentragdes de célcio extracelular em culturas de astrécitos sdo capazes de abrir os
hemicanais, liberando glutamato (Bennett et al. 2003, Ye et al. 2003) e também
aminoacidos e glutationa (Rana & Dringen 2007, Stridh et al. 2008) para o meio

extracelular.
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2.1.4. Regulacdo metabolica e juncdo gap

Os astrocitos agem de forma conjunta com os neurdnios, participando das
sinapses e fornecendo suporte energético para que a atividade sindptica ocorra de maneira
ideal. Os astrocitos liberam lactato para servir como fonte energética para os neuronios.
Além disso, nas sinapses glutamatérgicas, os astrocitos captam o glutamato liberado na
fenda sinaptica, convertem em glutamina (pela a¢do da enzima glutamina sintetase), que
¢ liberada para os neurdnios, onde ¢ novamente convertida em glutamato (pela agdo da
enzima glutaminase), fechando o chamado ciclo glutamato-glutamina (Magistretti 2006,
Magistretti & Pellerin 1999, Pellerin 2008, Pellerin et al. 2007).

Essa cooperacdo dos astrocitos com os neurénios sempre foi, por muito tempo,
atribuida a uma Unica célula glial interagindo com a sinapse, visto que um Unico astrécito
pode emitir prolongamentos para mais de uma sinapse. Por outro lado, estudos mostram
que a comunicacdo por juncdes gap esta intimamente envolvida nesse processo,
formando redes astrociticas que comunicam os vasos, através dos pés terminais, com as
sinapses, criando um fluxo de energia e uma melhor interacdo metabdlica entre astrocitos
¢ neurdnios (Tabernero et al. 2006, Kirchhoff et al. 2001).

Além da comunicag@o por jun¢do gap nos astrociots ser importante para a relacao
dessas células com os neurdnios, essa rede formada pelos astrocitos também ¢ de extrema
importincia para o metabolismo astrocitico. A inibi¢do da comunicagdo por jun¢do gap
em astrdcitos ocasiona um aumento na captagdo e no consumo de glicose, que ¢ desviada
para o ciclo das pentoses fosfato, fornecendo precursores para a sintese de DNA. Nessa

situacdo ocorre um aumento na taxa de proliferagdo celular (Tabernero et al. 2006).
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2.1.5. Regulacdo da jungdo gap

Sabe-se que a atividade neuronal regula a comunicagdo por juncdo gap (Kirchhoff
et al. 2001, Rouach et al. 2004). Um estudo em cultura de astrocitos mostrou que ocorre
uma facilitagdo na comunicac¢do por jun¢do gap e uma maior propagacao das ondas de
calcio quando os astrocitos sdo cultivados juntos com neurdnios (Rouach et al. 2000). Por
muito tempo essa rede formada por astrécitos comunicados por jungdes gap foi chamada
de “sinsicio astrocitico”, expressao que estd sendo gradativamente substituida por rede
astrocitica, visto que a comunica¢do por juncdo gap ¢ bastante dindmica e as células
envolvidas nessa rede podem rapidamente ser alteradas devido a mudangas na atividade
neuronal (Rouach et al. 2008), fornecendo assim um melhor suporte energético.

De fato, a inibicdo da comunica¢do por juncdo gap, tanto em co-culturas de
astrocitos e neurdnios quanto em culturas organotipicas, leva a um aumento da
vulnerabilidade neuronal a um dano oxidativo (Blanc et al. 1998) e também a
neurotoxicidade mediada por glutamato em um mecanismo que ndo altera a captacdo de
glutamato (Ozog et al. 2002). Entretanto, em culturas puras de astrocitos, o bloqueio da
comunica¢do por jun¢do gap induz uma redug¢do da passagem do sinal apoptdtico
induzido por deple¢do de ATP. E importante ressaltar que o sinal de inicio da apoptose
nesse caso continua, sem ser transmitido para as células vizinhas, visto que a
comunica¢do por juncdo gap esta bloqueada, ocasionando uma menor morte celular
(Nodin et al. 2005).

Muitos sdo os estimulos capazes de alterar a comunicagdo por jungdo gap em
astrocitos, o que torna o estudo desse tipo de comunicagdo de extrema importancia nos

processos patologicos do sistema nervoso central. Aumentos de célcio intracelular sdo
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capazes de bloquear a comunicacdo por jun¢do gap em astrocitos (Enkvist & McCarthy
1994), bem como aumentos de TNF-a e IL-1B (Haghikia et al. 2008, Meme et al. 2006).
De fato, estudos mostram que processos inflamatorios podem modular a comunicagao por
juncao gap (Kielian 2008, Kielian & Esen 2004). O glutamato aumenta essa comunicagao
(Enkvist & McCarthy 1994) e sabe-se que algumas proteinas ligantes de calcio podem se
ligar in vitro a polipeptideos purificados de jungdes gap (Van Eldik et al. 1985). Apesar
disso, ainda ndo foi demonstrado um efeito direto da S100B modulando jungdes gap

como também um efeito da comunicagao por jungao gap sobre a secre¢ao de S100B.

2.2.  Sinalizagao por célcio

O calcio ¢ um ion divalente que funciona como mensageiro intracelular,
participando de uma diversidade de funcdes celulares, como proliferagdo, diferenciagdo e
exocitose em diferentes tipos celulares (Berridge 2009) e que, em altas concentragdes,
pode sinalizar para a morte celular (Celsi et al. 2009). Dessa forma, em situa¢do de
repouso, o calcio intracelular ¢ mantido em concentragdes em torno de 100 nM, enquanto
que a concentracdo de célcio extracelular ¢ em torno de 1 mM. A célula possui uma
diversidade de mecanismos e organelas envolvidas na manutencdo desse gradiente, bem
como nas variagdes de concentragdo de calcio intracelulares quando em situagdes de

estimulo (Rizzuto & Pozzan 2006).

2.2.1. Canais e trocadores de calcio

A concentracdo de calcio livre intracelular ¢ mantida por transportadores

presentes na membrana plasmatica e também na membrana das organelas envolvidas no
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estoque de célcio. O gradiente de célcio entre o meio intra e extracelular na auséncia de
estimulo ¢ mantido essencialmente por proteinas da membrana plasmatica, como a Ca”'-
ATPase, que bombeia Ca®" para fora da célula com gasto de ATP, e o trocador Na*/Ca®",
que depende do funcionamento da Na'/K'-ATPase (Rizzuto & Pozzan 2006). Na
membrana plasmatica também estdo os chamados canais operados por estoque (SOCs),
que tem uma relagdo intima com o reticulo endoplasmatico e sdo responsaveis por repor o
calcio do reticulo logo ap6s um estimulo (Berridge 2004). Outros canais de célcio
presentes na membrana plasmatica sdo os canais de célcio dependente de voltagem
(VOCs) que, quando ativados, permitem a entrada de célcio do meio extracelular para o
meio intracelular (Rizzuto & Pozzan 2006). Em astrocitos, os canais do tipo L estdo
presentes em grande quantidade na membrana plasmatica.

O reticulo endoplasmatico, por ser um importante reservatorio de calcio, possui
transportadores especificos. Para a liberacdo dos estoques de calcio dessa organela,
existem os canais ativados por rianodina e os canais ativados por IP3;, mais comuns em
astrocitos. Por outro lado, para a captagdo do célcio intracelular pelo reticulo, existe a
bomba Ca*" - ATPase do reticulo sarco/endoplasmatico (SERCA) (Rizzuto & Pozzan

2006). Essa bomba ¢ inibida por tapsigargina.

2.2.2. Estoques intracelulares de calcio

Existem organelas que estocam célcio, como o reticulo endoplasmatico (Berridge
2002), a mitocondria (Pizzo & Pozzan 2007), os endossomos, o complexo de Golgi e os
lisossomos (Rizzuto & Pozzan 2006). O reticulo endoplasmatico ¢ uma das organelas que

ndo somente estoca calcio, como também ¢ responsavel pela sinalizagdo por calcio. Em
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astrocitos, o mecanismo de liberagdo de calcio desse estoque ocorre principalmente por
ativacdo da PLC, o que leva a produgdo de IP;. O IP; se liga a canais de calcio presentes
na membrana do reticulo endoplasmatica e ativa a liberacdo de calcio para o meio
intracelular (Berridge 2002, Nowycky & Thomas 2002).

A mitocondria também ¢ um importante estoque de calcio intracelular, sendo
responsavel por captar o célcio quando esse se encontra em altas concentragdes. Além
disso, a fun¢do do reticulo endoplasmatico estd intimamente conectada com a da
mitocondria, ocasionando um fluxo de célcio entre essas organelas. A mitocondria capta
o excesso de célcio livre e ¢ capaz de repassar esse célcio para o reticulo em condigdes
normais. O reticulo pode, por sua vez, sinalizar através da liberacdo de calcio para a
abertura de poros na mitocondria que levam a apoptose em situagdes de dano (Berridge

2002, Pizzo & Pozzan 2007).

2.2.3. Ondas de célcio

Os astrocitos sdo células ndo excitaveis capazes de se comunicar por um
fenomeno chamado ondas de calcio. Quando um astrécito € estimulado, ocorre um
aumento na sua concentragdo de célcio intracelular e esse aumento ¢ passado para células
adjacentes, que ndo foram diretamente estimuladas, em um intervalo de milisegundos
(Scemes & Giaume 2006). Essas ondas de céalcio fazem com que um maior nimero de
células responda a um estimulo e que esse estimulo gere respostas em células mais
distantes. As ondas de célcio podem ser disparadas pela atividade neuronal e, como

conseqiiéncia, modulam a atividade sindptica, secretando glutamato, por exemplo
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(Araque et al. 1998b, Araque et al. 1998a). Ou seja, as ondas de calcio permitem uma
comunicagdo bidirecional entre astrocitos e neuronios (Araque et al. 2001).

Existem dois mecanismos ndo mutuamente exclusivos que explicam como
ocorrem as ondas de calcio em astrocitos. O primeiro mecanismo ocorre por uma
sinalizacdo intracelular envolvendo a comunicacdo por juncdes gap. Nesse caso, o
aumento de célcio se propaga para as células adjacentes através da passagem do proprio
calcio, mas principalmente de IP; pelas jungdes gap. Dessa forma, o IP; sinalizard para
que os estoques de calcio do reticulo endoplasmatico sejam liberados na célula vizinha e
assim sucessivamente por todas as células conectadas por jungdes gap (Scemes &
Giaume 2006, Bennett et al. 2003).

O outro mecanismo ocorre através da sinalizacdo extracelular, quando a célula
estimulada secreta ATP, que através da ligacdo em receptores especificos sinaliza para a
liberacdo dos estoques intracelulares de calcio em células proximas. O principal
mecanismo de secrecdo de ATP parece ser vesicular (Bowser & Khakh 2007), embora ele
também possa ser liberado através de hemicanais (Bennett et al. 2003).

Ainda existe muita controvérsia sobre qual mecanismo ¢ mais importante para a
formag¢do das ondas de calcio, mas o que parece ¢ que eles atuam em conjunto (Araque et
al. 2001, Bennett et al. 2003) ou ainda que o mecanismo predominante possa variar de
acordo com o estimulo (Suadicani et al. 2004). Em linhagens de glioblastoma, ha
evidéncias de que a mobilizagio de Ca*" esta envolvida com a secregdo de S100B (Davey

et al. 2001), porém nenhum estudo em astrdcitos foi realizado até o presente momento.
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Objetivos

Objetivo Geral
Estudar o efeito do bloqueio da comunicagdo por jung¢do gap sobre a secre¢do de
S100B em astrocitos e fatias agudas hipocampais, bem como o envolvimento da

mobilizacdo de célcio intracelular no processo de secrecdo dessa proteina.

Objetivos Especificos

* Padronizar uma técnica para dosar S100B, que seja simples, sensivel,
amplamente aplicavel e de baixo custo, possibilitando o estudo da secre¢do
dessa proteina em pequenos intervalos de incubacao.

= Estudar o efeito do bloqueio da comunica¢do por jun¢do gap em astrocitos
primarios e fatias agudas hipocampais sobre a secre¢ao de S100B.

= Estudar o efeito da mobilizacdo de célcio intracelular, especialmente do
reticulo endoplasmatico, sobre a secrecdo de S100B estimulada por

secretagogos classicos dessa proteina, como a forscolina.
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Capitulo I

A simple, sensitive and widely applicable ELISA for S100B: Methodological features of
the measurement of this glial protein.

Artigo publicado no periddico Journal of Neuroscience Methods
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Abstract

S100B expression, particularly extracellular S100B, is used as a parameter of glial activation and/or death in several situations of brain injury.
Several immunoassays for S100B measurement are available, which differ with regard to specificity, sensitivity, sample application, and, of course,
economic costs. We standardized two protocols for S100B measurement (range between 1.9 pg and 10 ng/mL) in human and rat samples from brain
and adipose tissues, blood serum, cerebrospinal fluid, urine and cell culture. Abundance and secretion of this protein in adipose tissue reinforces
the caution about its origin in blood serum. Interestingly, S100B recognition was affected by the redox status of the protein. This aspect should
be considered in S100B measurement, assuming that oxidized and reduced forms possibly coexist in vivo and the equilibrium can be modified by

oxidative stress of physiological or pathological conditions or even by obtaining sample conditions.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Adipocyte; Astrocyte; Brain injury; ELISA; Oxidative stress; S100B protein

1. Introduction

The search for general and specific peripheral markers of
brain damage has increased over the last 10 years. One putative
marker is S100B, which is a calcium-binding protein, predomi-
nantly expressed by astrocytes in vertebrate brain (Donato, 2001;
Marenholz et al., 2004). This protein is secreted (Van Eldik and
Zimmer, 1987) and the extracellular effect of S100B, observed
in neural cultures, depends on its concentration, since it is neu-
rotrophic at nanomolar levels and apoptotic at micromolar levels
(Donato, 2003; Van Eldik and Wainwright, 2003).

S100B expression, particularly extracellular S100B, is used
as a parameter of glial activation and/or death in several situ-
ations of brain injury (Rothermundt et al., 2003; Kleindienst
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Barcelos 2600 anexo, 90035-003 Porto Alegre, RS, Brazil.
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and Ross Bullock, 2006). Brain disorders associated with
peripheral increments of S100B include traumatic brain dam-
age (McKeating et al., 1998; Ingebrigtsen et al., 1999), brain
ischemia (Kim et al., 1996; Missler et al., 1997; Wunderlich et
al., 1999), neurodegenerative diseases (Green etal., 1997; Otto et
al., 1997; Peskind et al., 2001; Netto et al., 2005, 2006) and psy-
chiatric disorders (Rothermundt et al., 2001; Lara et al., 2001;
Andreazza et al., 2007). The significance of these increases in
S100B, however, is often unknown and debatable due to the pos-
sible extra brain sources of S100B or methodological problems
surrounding the measurement of S100B.

Several immunoassays for S100B measurement are available,
these are include commercial kits for immunoradiometric assay
(IRMA) and immunoluminometric assay (LIA) from Sangtec,
an enzyme-linked immunosorbent assay (ELISA) from CanAg
and home made ELISAs that employ commercial antibodies
(Missler et al., 1997; Green et al., 1997; Tramontina et al.,
2000). All these available methods differ with regard to speci-
ficity, sensitivity, sample application, and, of course, economic
costs.
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Our group has studied S100B protein in a number of physi-
ological and pathological conditions, in cell cultures, brain and
adipose tissues of rats and blood and cerebrospinal fluid (CSF)
samples from humans. For these studies, we originally utilized
an ELISA for S100B (Tramontina et al., 2000), based on Green
et al. (1997). Reviewing the literature, it may be noted that a
number of controversial aspects exist with regard to the use of
S100B as a marker of brain damage, since several biochemical
features of this protein and its physiological and pathologi-
cal variations are not well characterized; furthermore, possible
methodological pitfalls in the immunoassays could contribute
to those discrepancies.

This study present and discuss two specific and sensitive
protocols for S100B measurement, applicable to many bio-
logical samples. We found that the oxidation state affects the
immunorecognition and that this aspect is relevant, assuming
that oxidized and reduced forms possibly coexist in vivo and that
the equilibrium can be modified in oxidative stress conditions.

2. Materials and methods
2.1. Material

Anti-S100B antibody (SH-B1, S2532, lot 115K4846), S100B
protein (S6677), phenylmethyl-sulfonylfluoride (PMSF), ethy-
lene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetracetic acid
(EGTA), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), carbonate—bicarbonate buffer, bovine serum albumin
(BSA), albumin from chicken egg white grade II, polyvinyl-
pyrrolidone-40 (PVP-40), Tween-20, Triton X-100, Sigma fast
O-phenylenediamine dihydrochloride tablets sets (OPD), 1,4-
dithio-DL-threitol (DTT) and other material for cell cultures
were purchased from Sigma. Polyclonal anti-S100 antibody
(Z0311, lot 00020766) and anti-rabbit peroxidase-conjugated
anti-IgG (NA934YV, lot 349195) were purchased from DAKO
and Amersham, respectively. Fetal calf serum (FCS) was pur-
chased from Cultilab (Sao Paulo, Brazil). Dulbecco’s modified
Eagle’s medium (DMEM) was from Gibco and H,O; was from
MERCK. High-binding flat-bottomed plates from Greiner Bio-
One were used in ELISA.

2.2. ELISA for S100B

Protocol I: Plates were previously coated overnight at 4 °C
with 100 L of a fresh 1/1000 dilution of monoclonal anti-
S100B in 50 mM carbonate—bicarbonate buffer (pH 9.5). Plates
were washed three times with 200 wL of washing buffer (0.1%
BSA in PBS containing 0.05% Tween-20). Blocking solution
(2% BSA, 150 L) were incubated for 1 h at room temperature.
Plates were washed once with 200 wL of washing buffer. Then,
50 L of 60 mM barbital or 50 mM Tris buffer (pH 8.6) con-
taining, or not, 0.2 mM CaCl, plus 50 pl of samples (diluted
with PBS containing 0.2% BSA) or standard curve (range from
0.0019 to 1 ng/mL) were incubated for 2 h at 37 °C on a warm-
ing plate. Plates were then washed three times with 200 wLL of
washing buffer. Polyclonal anti-S100B antibody, diluted 1/5000
in 0.5% BSA (100 nL), containing or not 0.2 mM CaCl, was

then incubated for 30 min at 37 °C. Plates were washed three
times with 200 wL of washing buffer. Then, 100 L of anti-rabbit
peroxidase-conjugated diluted 1/5000 in 0.5% BSA were incu-
bated for 30 min at 37 °C. Plates were washed three times with
200 L of washing buffer and once with 200 wL PBS. Finally,
200 pL of a fresh solution of Sigma Fast OPD were incubated
in the dark, for 30 min at room temperature. Microplates were
immediately read at450 nm or 50 L. of 3 M HC1 were added and
plates were read at 492 nm. Values indicated in the figures refer
to 492 nm reading. Protocol 2: All buffers and antibodies used
in protocol 1 were also used in protocol 2. The main difference
was that both polyclonal anti-S100B and anti-rabbit peroxidase-
conjugated antibodies were incubated together, for 1 h at 37 °C,
on a warming plate. Both antibodies were diluted 1/5000 in PBS
containing 0.5% BSA and in the presence or absence of 0.2 mM
CaCl,. Using this protocol, the standard curve was linear and
ranged from 0.019 to 10 ng/mL.

2.3. Human samples

Five milliliters of blood from 32 adult (older than 18 years;
21 males and 11 females) healthy volunteers were collected by
venipuncture without anticoagulants. Serum was obtained by
centrifugation at 3000 x g for 5 min and kept frozen at —70 °C
(for up to 6 months) until the biochemical assay. These indi-
viduals did not have any history of major psychiatric disorders,
dementia or cancer and were not on medication. Urine sam-
ples were collected from 13 children at the ages indicated in
Fig. 6. Children did not have any history of major neurologic
disorder, cancer or renal impairment and were not on med-
ication. Urine samples were immediately frozen at —70°C
(for up to 1 month) until the ELISA for S100B. Samples of
human peritumoral tissues were obtained by surgical resec-
tion from previously untreated patients at the Neurosurgical
Unit of the Hospital de Clinicas de Porto Alegre. The local
ethical committee approved this study, and all subjects (or
parents) signed their informed consent before entering the
study.

2.4. Rat samples

Male 10- or 60-day-old Wistar rats, from the local breeding
colony, were anaesthetized by intraperitonial injection of a mix-
ture of ketamine and xylazine (75 and 10 mg/kg, respectively).
Animals were then positioned in a stereotactic holder and cere-
brospinal fluid was obtained by cisterna magna puncture using
an insulin syringe (27 gauge x 1/2 in. length). A maximum vol-
ume of 30 uL was collected in a 3 min period to minimize the
risk of brainstem damage. Using a similar syringe, intracardiac
puncture was carefully performed to obtain 1 mL of blood. Blood
was transferred to an Eppendorf tube, which was rested for 5 min
and then centrifuged (3000 x g) for another 5 min to obtain the
serum fraction. CSF and serum samples were frozen (—20 °C)
until further analysis. After decapitation, the hippocampi were
dissected and cut into 0.4 mm slices with a Mcllwain chopper.
Epididymal fat pads were dissected out. Hippocampal and epi-
didymal tissues were homogenized in phosphate-buffered saline
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(pH 7.4), containing | mM EGTA and 1 mM PMSF and stored at
—20°C. Crude epididymal tissue homogenate was delipidated
by mixing with Triton X-100 and sucrose at final concentrations
of 0.5% and 30%, respectively, and centrifuged at 10,000 x g
for 10 min (4 °C). All procedures with animals were in accor-
dance with the NIH guidelines (USA) for the care and use of
laboratory animals and were approved by the local authorities.

2.5. Cell cultures

Astrocyte culture: Primary astrocyte cultures from Wistar rats
were prepared as previously described (Gottfried et al., 1999).
Briefly, the cerebral cortex of newborn Wistar rats (1-2 days
old) were removed and mechanically dissociated in Ca**- and
Mg?*-free balanced salt solution (BSS), pH 7.4, containing (in
mM): 137 NaCl; 5.36 KCI; 7.9 NaHCOs3; 0.27 NayHPOyq; 1.1
KH,PO4 and 6.1 glucose. The cortex were cleaned of meninges
and mechanically dissociated by sequential passage through a
Pasteur pipette. After centrifugation at 1000 RPM for 5 min, the
pellet was resuspended in DMEM (pH 7.6) supplemented with
8.39 mM HEPES, 23.8 mM NaHCO3, 0.1% fungizone, 0.032%
garamycin and 10% FCS. Cultures were maintained in DMEM
containing 10% FCS in 5% CO2/95% air at 37 °C and allowed to
grow to confluence and used at 15 days in vitro. The medium was
replaced by DMEM without serum for S100B measurement. C6
glioma cell culture: A rat glioblastoma cell line was obtained
from the American Type Culture Collection (Rockville, Mary-
land, USA). Cells were seeded on 24-well plates at densities of
10* cells/well and cultured in DMEM, containing 5% FCS in 5%
C0O2/95% air at 37 °C for 5 days. Adipocyte culture: Epididymal
fat pads from 60-day-old rats were dissected out, incubated in
BSS containing collagenase, and mechanically dissociated. The
cell suspension was diluted in DMEM (pH 7.6), supplemented
with 8.4 mM HEPES/24 mM NaHCOs, seeded on 24-well plates
at a density of 10* cells/well and maintained in a CO5 incubator
at 37 °C for 6 h (Marshall et al., 1983).

2.6. S100B oxidation procedures

S100B solution at 1wg/mL was incubated, or not, with
0.1mM H50,, in the dark, for 30 min. Standard curves of
S100B (from 0.015 to 0.25ng/mL) were prepared and mea-
sured by ELISA (protocol 1). This first procedure is commonly
used to induce oxidative stress in cell cultures or tissue slices.
Another stronger procedure, utilizing cystein oxidation or cys-
tein alkylation, was performed on purified S100B to investigate
immunorecognition. A fresh solution of SI00B (assumed to
be non-oxidized S100B) was incubated with 5 mM of sodium
tetrathionate in the presence of 1 mM CaCl, for 1h or alkylated
with iodoacetamide (Scotto et al., 1998; Gongalves et al., 2000).
Protein was dialyzed against 20 mM Tris—HCI, pH 7.4 and ana-
lyzed by 11% SDS-PAGE, as described by Schigger and von
Jagow (1987), for separation of SI00B 10 kDa monomers (non-
oxidized S100B) from 21 kDa dimeric S100B (oxidized S100B).
Molecular weight standards of 2512, 6214, 8159, 14,404 and
16,949 Da were purchased from LKB.

2.7. Protein content

The total protein content was determined by the modified
method of Lowry (Peterson, 1977), using BSA as standard.

3. Results
3.1. Performance characteristics of the protocols

As shown in Fig. 1, the S100B assay using protocols 1 and
2 covered concentration ranges of between 1.9 pg and 1 ng/mL
and 19 pg and 10 ng/mL, respectively. The immunoassays were
extremely linear, presenting equations of y=1.620x+0.142 and
R =0.9875 for protocol 1, and y =0.203x + 0.206 and R = 0.9796,
for protocol 2. The intra-assay and inter-assay coefficients of
variance (CV) are indicated in Table 1.

3.2. Linearity for different samples

Linearity of the assays was examined by serial dilutions of
different samples: brain and adipose tissues from rats for proto-
col 1; serum and CSF from humans for protocol 2. The R values
were 0.996 and 0.998 for protocols 1 and 2, respectively. Val-
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2 4 [ 8 10 12
S100B (ng/mL)

Fig. 1. Standard curves of S100B measured by ELISA. (A) Diluted samples of
S100B (between 1.9 pg and 1 ng/mL) were measured using a three-step sandwich
ELISA, according to the protocol 1 described in Section 2. Lower values are
shown in the insert. (B) Diluted samples of S100B (between 19 pg and 10 ng/mL)
were measured using a two-step sandwich ELISA, according to the protocol 2
described in Section 2. Absorbance values correspond to the means + standard
errors from 10 to 12 independent experiments. The intra-assay and inter-assay
coefficients of variance (CV) are indicated in Table 1.
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Table 1
Coefficients of variance (CV) in ELISA for S100B

ng/mL Intra-CV (%) (N=4) Inter-CV (%) (N=10)
Protocol 1
0.015 2.5 49
0.03 3.6 7.3
Protocol 2
0.15 32 6.4
0.3 2.8 5.5
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Fig. 2. S100B content in rat astrocyte cultures, rat hippocampus and human
peritumoral tissue. S1I00B content was measured by ELISA (protocol 2) in
primary astrocyte cultures prepared from the cerebral cortex of neonate rats
(astrocyte, N=6); in hippocampal tissue of 10-day-old rats (Hc 10 days,
N=5) and 60-day-old rats (Hc 60 days, N=5); and in peritumoral tissues
from human brain obtained by surgical resection (peritumoral, N=7). Values

(expressed in nanograms of S100B per microgram of protein) correspond to the
means =+ standard errors.

ues obtained in hippocampal tissue and astrocytes from rats, as
well as peritumoral hippocampal tissue from humans are shown
in Fig. 2. Values of S100B secretion (under serum-deprived
conditions, for 6 h) in different cell types are also presented in
Fig. 3.
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Fig. 3. S100B secretion in cell cultures. Extracellular SI00B was measured
by ELISA in culture medium of primary astrocytes from the cerebral cortex
of neonate rats (astrocyte); C6 glioma cells obtained from the American Type
Culture Collection (C6 glioma); and adipocytes prepared from epididimal adi-
pose tissue from 60-day-old rats (adipocyte). Media samples were collected 6 h
after serum deprivation. Values (expressed in nanograms of S100B per milliter
of medium) correspond to the means =+ standard errors, from three independent
experiments.
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Fig. 4. Serum and cerebrospinal fluid S100B content in rats. Rats were anaes-
thetized and CSF was collected by cisterna magna puncture. Blood was colleted
by intracardiac puncture and serum obtained by centrifugation. Serum and
CSF S100B contents (from 11 to 12 rats) were measured by ELISA. Values
(expressed in nanograms of S100B/mL) correspond to the means + standard
erTors.

It should be noted that the S100B content in serum and CSF
from rat samples was always detected (>1.9 pg/mL) (Fig. 4).
Notice that the CSF/serum ratio for S100B (in rats) is approxi-
mately 3. This ratio dropped, however, to less than 1 when shed
blood was collected after decapitation (data not shown). Simi-
larly, S100B content in human serum was also always detected
(Fig. 5A), but in the case of urine samples from children, S100B
was not detected in 15% of samples (N=13, Fig. 5B).

3.3. Sample stability tests

Since serum and brain tissue S100B samples are commonly
stored before measurement, the effect of freezing and thaw-
ing was examined. Serum, CSF and urine were immediately
frozen at —20°C and analyzed 24 h after. Brain tissue slices
(diameter around 1 mm) were stored at —70°C without the
addition of protease inhibitors for 24 h, they were then thawed
and homogenized in the presence of 1 mM PMSF, 1 mM EDTA
and 1 mM EGTA. Values of homogenates from frozen or fresh
tissue samples did not present significant differences (inter-
assay CV of less than 8%). Results obtained for frozen and
fresh samples of serum and CSF were also similar (data not
shown).

3.4. Peroxide-induced oxidation and calcium-binding
status of S100B

In a set of experiments, the S100B curve was prepared
from a protein sample exposed to 0.1 mM H>O, for 30 min
(Fig. 6A). The immunoassay for oxidized S100B was also
extremely linear between the range of 0.015 and 1 ng/mL S100B
(R=0.9969). However, the angular coefficient changes after oxi-
dation decreased by about 37%. DTT was not able to able to
reverse this change (data not shown). Both antibodies for capture
(SH-BI1 clone from Sigma) and detection (polyclonal anti-S100
from DAKO) were not affected by the presence of calcium (data
not shown).
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Fig. 5. Serum and urine S100B contents in humans. (A) Serum S100B in samples of humans (older than 18 years old, N=32) were measured by ELISA (protocol
1). (B) Urine S100B in samples from children (at indicated age, N = 13) were measured by ELISA (protocol 1). Dashed line indicates the detection limit (1.9 pg/mL).

Values (expressed in nanograms of S100B/mL) correspond to the means =+ standard
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Fig. 6. Measurement of SI00B in samples exposed to peroxide-induced oxi-
dation. (A) Samples of S100B were incubated or not with 0.1 mM H,O, for
30min. After this procedure, SI00B was measured by ELISA. Each value
corresponds to the mean = standard error from four independent experiments.
Notice that linearity was maintained after oxidation, but the angular coefficient
changed from basal (closed circles) to the oxidized (open circles) condition.
(B) Non-oxidized (closed circles), alkylated (with iodoacetamide; triangles)
and oxidized S100B (with sodium tetrathionate; open circles) were quantified
by ELISA. SDS-PAGE of S100B samples is shown in the inset. Lanes 1, 2
and 3 correspond to non-oxidized, alkylated and oxidized S100B, stained with
Comassie-blue, respectively. In the right margin are the positions of molec-
ular weight standards. Arrowheads indicate dimeric (21 kDa) and monomeric
(10kDa) S100B. Notice that sensitivity to oxidized S100B strongly decreased.
Each value corresponds to the mean = standard error from three independent
experiments.

€rror.

3.5. Sodium tetrathionate-oxidation and
iodoacetamide-alkylation of S100B

In order to confirm the altered antibody recognition, depen-
dent on the oxidation state of S100B, we induced cystein
oxidation with sodium tetrathionate and cystein alkylation with
iodoacetamide. Comparative curves were prepared based on the
content of oxidized and non-oxidized proteins, as evaluated by
Comassie-blue staining. After oxidation assay about 50-60%
of S100B consisted of disulfide-bonded dimers, in contrast to
the non-oxidized or alkylated form, where about 90% were
found as monomers. The absorbance curve for the immunoas-
say of S100B shows a clear difference in the angular coefficient
between oxidized and non-oxidized S100B (Fig. 6B).

3.6. Delipidation of adipose tissue samples

Considering that S100B is abundant in adipose tissue and that
lipid content can affect immunoassay we standardized a simple
procedure for the delipidation of adipose tissue samples. Sample
delipidation improved the accuracy of S100B measurement in
these samples (Fig. 7).

3.7. Buffers and blockers

Additional buffers and blockers were investigated in order
to reduce the economical costs of these assays. Tris—HCI buffer
suitably replaced barbital buffer in both protocols; and PVP-40
and ovoalbumin at 2% efficiently replaced the blocker activity
of 2% BSA. Non-fat powered milk cannot be used as a blocker
in either of the ELISA protocols for S100B.

4. Discussion
There are many possible methods available for S100B

measurement and, sometimes, contrasting results are enthusias-
tically discussed, ignoring or underestimating methodological
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Fig. 7. Measurement of S100B in the adipose tissue of rats. Epididymal fat pads
from 60-day-old rats were homogenized in phosphate-buffered saline solution
(crude sample) and then delipidated with 0.5% Triton X-100 and 30% sucrose
(delipidated sample), as described in Section 2. S100B content was measured
in crude and delipidated samples by ELISA. Values (expressed in nanograms of
S100B/p.g of protein) correspond to the means = standard errors. *, a significant
increase was observed after delipidation (Student’s ¢ test, p <0.01).

differences. All available methods are based on the antibody
recognition of S100B protein, particularly with commercial anti-
bodies. In theory, the use of these antibodies should facilitate
the comparison of results from independent groups; however,
a number of details in the methodological procedures could
affect the specificity and affinity of S100B detection in the dif-
ferent biological samples, suggesting caution in the comparison
of results.

Although the two ELISA protocols, described herein, have
different sensitivities they are quite similar in the procedure steps
and together allow a wide application for S100B containing sam-
ples. Protocol 1 was 10 times more sensitive than protocol 2, with
similar reproducibility. Protocol 2 had a sensitivity and repro-
ducibility that was comparable to the commercial kits available
for S100B, particularly from Sangtec (Tort et al., 2003).

The S100B recognition in diverse samples, based on this
assay, was not affected by freezing and thawing. Addition of
common protease inhibitors (PMSF, EDTA and EGTA) to the
homogenate tissue was enough to preserve protein stability. No
protease inhibitors were added to serum, CSF or urine samples.
Another interesting aspect of the assay was the use of block-
ing agent during. Both 2% ovoalbumin and PVP-40, instead of
bovine serum albumin, efficiently blocked unspecific interac-
tions in the immunoassay without altering the blank reading.
However, confirming the presence of S100B in milk (Gazzolo
etal., 2003), it was not possible to use non-fat milk as a blocking
agent.

Post-translational modifications and/or non-covalent ligants
are elements that interfere in the antibody—antigen interaction,
however these modifications are often not fully considered
during the elaboration and interpretation of immunoassays
(Tramontina et al., 2007). S100B is a calcium-binding protein
and its calcium-binding status greatly affects its antibody recog-
nition (Gongalves et al., 1997). Previously, we showed that the
monoclonal antibody (SH-B1, from Sigma) used for capture in
this assay is not affected by the presence of calcium (Gongalves
etal., 1997), but the secondary peroxidase-conjugated anti-S100

antibody (from DAKO), used for detection, had its recogni-
tion activity improved by Ca®* addition (Green et al., 1997;
Tramontina et al., 2000). Conversely, calcium-chelators improve
the antigen recognition in the immunoassay with Sangtec anti-
bodies (Tort et al., 2003). In this ELISA for S100B, neither of
the antibodies (for capture and detection) was affected by the
presence of calcium.

S100B interferes in the phosphorylation of many protein sub-
strates (Donato, 2001), but it does not appear to be the target of
protein kinases in vivo. Therefore, this aspect is not relevant
for immunoassays. However, other feature is its redox state is a
condition that could affect antibody recognition, as it interferes
with the interaction to specific protein targets (Scotto et al., 1998;
Gongalves et al., 2000). In fact, we observed that incubation of
S100B with 0.1 mM H;O» for 30 min diminished its recognition.
A vigorous oxidation of S100B, induced by sodium tetrathion-
ate, significantly decreased recognition by the antibody.

All amino acids can be oxidized, but some of them are more
susceptible to oxidation in physiological or pathological condi-
tions, particularly cystein, methionine and tyrosine (Spickett et
al., 2006). DTT was not able to recover the basal recognition
of S100B, suggesting that the peroxide-induced oxidation was
not limited to the disulfide bond formation. Moreover, the oxi-
dized form of S100B, as occurs in some other proteins, is highly
resistant to reducing agents, suggesting that in vivo reduced and
oxidized forms are not in spontaneous equilibrium (Mely and
Gérard, 1988). Therefore, this aspect needs to be considered in
the immunoassay and in the interpretation of results, particu-
larly when samples were exposed to oxidative stress, including
the extraction process. It should be noted that EDTA, used in the
preparation of the tissue sample, possibly contributes to diminish
the metal-mediated oxidation of the protein. Moreover, S100B
is a very soluble and interacting protein (Donato, 2001) and its
recognition by the antibody could be affected by other neighbor
proteins, independently of possible cross-immune reactions. We
used a monoclonal anti-S100B that does not react with S100A1,
aprotein thatis abundant in neural tissue. Anti-S100B antibodies
from Sangtec have been reported to weakly react with SI00A1
(Heizmann, 2004); moreover, their S100B recognition may be
affected by neighboring proteins (Fazio et al., 2004), demanding
caution in the measurement of this protein in tissue homogenates
(Mazzini et al., 2005).

In our ELISA for S100B, we found a linear correlation in the
dilutions of the analyzed samples, but delipidation was essential
to ensure this correlation for adipose tissue samples. This may
be due to the general interference of lipids in the hydrophobic
interaction between antigen and antibody.

In summary, we have described to two specific and sensitive
protocols for S100B measurement, applicable to many biologi-
cal samples, including brain and adipose tissues, cell culture,
cerebrospinal fluid, blood serum and urine. We observe that
the oxidation state of S100B affects antibody recognition. This
aspect is quite important and should be considered, assuming
that oxidized and reduced forms may coexist in vivo and that
the equilibrium can be modified by oxidative stress of physio-
logical or pathological conditions or even by obtaining sample
conditions.
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Astrocytes sense, integrate, and respond to stimuli
generated by neurons or neural injury; this response
involves gap junction (GJ) communication. Neuronal
vulnerability to injury increased when cocultures of
astrocytes and neurons were exposed to GJ inhibitors.
However, GJ uncoupling could limit the extension of a
lesion. We investigated a possible link between GJ
communication and S100B secretion. S100B is a cal-
cium-binding protein of 21 kDa that is predominantly
expressed and secreted by astrocytes, which has
trophic paracrine activity on neurite growth, glial prolif-
eration, and neuronal survival. GJ inhibitors were ana-
lyzed in isolated astrocytes in primary cultures from
hippocampus, acute hippocampal slices, and C6 gli-
oma cells, which were used as a negative control. Our
data indicate that GJ blocking stimulates S100B secre-
tion in astrocyte cultures and acute hippocampal slices.
Different assays were used to confirm cell integrity dur-
ing exposure to GJ inhibitors. S100B secretion was
observed with different types of GJ inhibitors; the
resulting event was dependent on time, the nature of
the inhibitor, its putative molecular target of GJ block-
ing, and/or the cell preparation used. Only carbenoxo-
lone induced a fast and persistent increase in S100B
secretion in both preparations. Endothelin-1 increased
S100B secretion in astrocyte cultures at 1 hr, but a
decrease was observed at 6 hr or in acute hippocam-
pal slices. Physiologically, a local GJ closure associated
with release of S100B in injury conditions favors the
idea of a common mechanism available to limit the
extension of lesion and increase the chances of cell
survival. © 2009 Wiley-Liss, Inc.

Key words: carbenoxolone; endothelin-1; flufenamic

acid; gap junction; S100B

S100B is a calcium-binding protein of 21 kDa that
is predominantly expressed and secreted by astrocytes in
vertebrate brain (Marenholz et al., 2004). Intracellularly,
many putative protein targets of S100B have been char-
acterized, particularly modulating cytoskeleton plasticity
and cell proliferation (Donato, 2001). At subnanomolar

© 2009 Wiley-Liss, Inc.

concentrations, extracellular S100B stimulates in vitro
neurite growth, results in glial proliferation, and pro-
motes neuronal survival (Van Eldik and Wainwright,
2003).

We have observed an accumulation of S100B in
brain tissue, accompanied by a negative correlation of
this protein in cerebrospinal fluid, during the develop-
ment of rats (Feoli et al., 2008; Tramontina et al., 2002),
as well as a negative correlation between intracellular
content and secretion of S100B observed during the in-
crement of cell density and confluence in culture prepa-
rations (Tramontina et al., 2002). Because evidence sug-
gests an increase in gap junction (GJ) communication in
astroglial cultures at confluence (Tabernero et al., 2006),
we hypothesized that the decrease in basal S100B secre-
tion, at confluence, could be associated with changes in
this type of cell communication.

GJ are closely packed hemichannels formed by a
hexameric pore of connexins that align themselves
between neighboring cells head to head to form func-
tional and regulated intercellular channels (see Kielian,
2008, for a review). Moreover, isolated hemichannels
are able to release glutathione and amino acids (Stridh
et al., 2008). GJ are developmental regulated, and the
expression of connexins, particularly Cx43, has been
associated with glial proliferation (Tabernero et al.,
2006). The internal gating control of these channels is
regulated by intracellular Ca®*, pH, and protein kinases
(Salameh and Dhein, 2005). However, much of the in-
formation regarding the protein kinases, particularly
PKC and PKA, is still conflicting. A number of S100B
secretagogues have been identified, but the underlying
secretion mechanism remains unknown and involves a
nonclassic vesicular export (Davey et al., 2001; Gon-
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calves et al., 2008). Some of these S100B secretagogues
also act on GJ, e.g., forskolin and lysophosphatidic acid
(Pinto et al., 2000). However, so far, a possible link
between GJ and S100B secretion has not been
addressed.

GJ have been extensively investigated in neural
(and nonneural) cells by uncoupling chemicals, but gen-
erally, their effects on other ionic channels and molecu-
lar binding sites are not well characterized (Salameh and
Dhein, 2005). Four classes of uncoupling GJ agents were
used in this study: 1) small lipophilic agents (halothane
and octanol) that apparently incorporate into the lipid
bilayer and interfere in ionic channels, including GJ; 2)
carbenoxolone (CBX), which affects connexins and is a
synthetic drug derived from glycyrrhizic acid (GZA) that
has no eftect on GJ; 3) flufenamic acid (FFA), a nonste-
roid anti-inflammatory molecules that independently
inhibits cyclooxygenase-2 and GJ; and 4) endothelin-1,
which in contrast to the other GJ blockers acts via spe-
cific signaling pathways on astrocytic GJ rather than at
the connexin proteins directly. The action of these com-
pounds has been characterized on Cx43, the most abun-
dant astrocytic connexin in cell culture and brain tissue
(Rozental et al.,, 2000; Saez et al., 2003; Tabernero
et al., 2006).

To investigate a putative role of GJ in S100B
secretion, we analyzed the effect of different classes of
chemical inhibitors in three preparations from rat brain:
primary cultures of astrocytes, acute hippocampal slices,
and C6 glioma cells, which contain low levels of GJ
channels when compared with astrocytes and which
were used as a negative control.

MATERIALS AND METHODS
Materials

Poly-l-lysine anti-S100B antibody (SH-B1), octanol,
GZA, FFA, endothelin-1, methylthiazolyldiphenyl-tetrazolium
bromide, neutral red, and propidium iodide were purchased
from Sigma. Fetal calf serum (FCS), Dulbecco’s modified
Eagle medium (DMEM), and other materials for cell culture
were purchased from Gibco. Halothane was purchased from
Cristalia. Polyclonal anti-S100B and anti-rabbit peroxidase
linked were purchased from Dako and GE, respectively.

Astrocyte Culture

Primary astrocyte cultures from Wistar rats were pre-
pared as previously described (Gottfried et al., 2003). Proce-
dures were in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and were approved by the local authorities. Briefly, the cere-
bral cortex of newborn Wistar rats (1-2 days old) were
removed and mechanically dissociated in Ca®"- and Mg®" -
free Hanks’ balanced salt solution (HBSS), pH 7.4, containing
(in mM): 137 NaCl, 5.36 KCI, 0.27 Na,HPO,, 1.1 KH,PO,,
and 6.1 glucose. The cortex was cleaned of meninges and
mechanically dissociated by sequential passage through a Pas-
teur pipette. After centrifugation at 1,000 rpm for 5 min, the
pellet was resuspended in DMEM (pH 7.6) supplemented

with 8.39 mM HEPES, 23.8 mM NaHCO3;, 0.1% amphoteri-
cin B, 0.032% Garamycin, and 10% FCS. Approximately
300,000 cells were seeded in each well in 24-well plates and
maintained in DMEM containing 10% FCS in 5% CO,/95%
air at 37°C, then allowed to grow to confluence and used at
15 days in vitro. The medium was replaced by DMEM with-
out serum in the absence or presence of GJ blockers or GZA.
Preconfluent astrocyte cultures, obtained by seeding 50,000
cells per well, were used as negative controls for GJ inhibitors.

C6 Glioma Cell Culture

The C6 glioma cell line was obtained from the Ameri-
can Type Culture Collection (Rockville, MD). Late passage
cells (i.e., after at least 100 passages) were seeded in 24-well
plates at densities of 10" cells/well, then cultured in DMEM
(pH 7.4) supplemented with 5% fetal bovine serum, 2.5 mg/
mL amphotericin B, and 100 U/L gentamicin in 5% CO,/
95% air at 37°C (de Souza et al., 2009). After cells reached
confluence, the culture medium was replaced by DMEM
without serum in the absence or presence of GJ blockers or
GZA. The preparations, which contain low levels of GJ, were
also used as negative controls for GJ inhibitors (Tabernero
et al., 20006).

Preparation and Incubation of Hippocampal Slices

Rats were decapitated and their hippocampi quickly dis-
sected out. Transverse sections (300 wm) were rapidly
obtained with a Mcllwain tissue chopper. One slice was
placed into each well of a 24-well culture plate. Slices were
incubated in oxygenated physiological medium containing
120 mM NaCl, 2 mM KCI, 1 mM CaCl,, T mM MgSO,,
25 mM HEPES, 1 mM KH,PO,, and 10 mM glucose,
pH 7.4, at room temperature and the medium was changed
every 15 min with fresh medium. After a 120-min equilibration
period, slices were incubated in medium in the absence or pres-
ence of GJ blockers or glycyrrhizic acid for 1 hr at 30°C.

Drug Treatment

Cells and slices were incubated in DMEM without se-
rum or physiological medium, respectively, in the absence or
presence of GJ blockers or GZA. For GJ communication assay
with Lucifer yellow, cells were incubated in HBSS. CBX
(100 uM), halothane (0.02%), and endothelin-1 (1 pM) were
diluted in water. GZA (100 uM), FFA (100 pM), and octanol
(1 mM) were diluted in 0.1% dimethyl sulfoxide (DMSO),
which did not affect basal S100B secretion. Results were
expressed as the percentage of basal in each experiment.

S100B Measurement

S100B was measured by enzyme-linked immunosorbent
assay as previously described (Leite et al., 2008). Briefly, 50 pl
of sample plus 50 pl of Tris buffer were incubated for 2 hr on
a microtiter plate previously coated with monoclonal anti-
S100B (SH-B1). Polyclonal anti-S100B was incubated for
30 min, and then peroxidase-conjugated anti-rabbit antibody
was added for a further 30 min. A colorimetric reaction with
o-phenylenediamine was measured at 492 nm.
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Fig. 1. GJ inhibitors stimulate ST00B secretion in astrocyte cultures.
Rat primary astrocyte cultures and C6 glioma cells in serum-free me-
dium were exposed to different GJ inhibitors: halothane (Hal, at
0.02%), octanol (Oct, at 1 mM), carbenoxolone (Cbx, at 100 pM),
glycyrrhizic acid, inactive analogue of Cbx (Gza, at 100 pM), flufe-
namic acid (FFA, at 100 pM), and endothelin-1 (ET-1, at 1 pM),
and astrocyte samples from media were collected at 15 min (A), 1 hr

GJ Communication

Scrape loading/dye transfer was carried out as previously
described (Nodin et al., 2005). After treatment, the condi-
tioned incubation buffer was removed and saved. The cultures
were quickly and carefully rinsed in Ca®"-free HBSS to pre-
vent uncoupling of the cells as a result of high Ca** levels.
Two parallel scrapes were performed with a scalpel blade in
the Ca®* free HBSS with 0.1% (w/v) Lucifer yellow at room
temperature. Disruption of the cell membrane allows the dye
to permeate the cell and to diffuse to surrounding cells
through GJ channels. The dye was rinsed away with HBSS af-
ter 1 min. The conditioned incubation buffer was reintro-
duced and cultures were left for 7 min. After that, cells were
viewed with a Nikon inverted microscope and images trans-
ferred to a computer with a digital camera. All images are rep-
resentative fields from at least three experiments carried out in
triplicate.

MTT Reduction Assay

Cells were treated with methylthiazolyldiphenyl—tetrazo-
lium bromide (MTT) 50 pg/mL for 30 min in 5% CO,/95%
air at 37°C. After, the media was removed and MTT crystals
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(B), and 6 hr (C) for extracellular SI00B measurement. Basal values
were assumed as being 100% in nine independent experiments per-
formed in triplicate. D: Negative control using preconfluent astrocyte
cultures exposed to the GJ inhibitors (media collected at 1 hr) in five
independent experiments. *Significant statistical difference from basal
secretion (Student f-test, assuming P < 0.05).

were dissolved in DMSO. Absorbance values were measured
at 560 and 650 nm. The reduction of MTT was calculated by
the following formula: [(abs 560 nm) — (abs 650 nm)].
Results were expressed as percentage of control.

Neutral Red Incorporation Assay

Cells were treated with 50 pg/mL neutral red (NR) for
30 min in 5% CO5/95% air at 37°C. Afterward, cells were
rinsed twice with phosphate-buffered saline for 5 min each,
and the NR dye taken up by viable cells was extracted with
500 pl of acetic acid/ethanol/water (1/50/49, v/v). Absorb-
ance values were measured at 560 nm. Results were expressed
as a percentage of control.

Lactate Dehydrogenase Assay

The lactate dehydrogenase (LDH) assay was carried out
in 50 pl of extracellular medium with a commercial colori-
metric assay from Doles (Goiania, Brazil).

Propidium Iodide Uptake Assay

Cells were treated with GJ blockers concomitantly with
7.5 UM propidium iodide and incubated for 1 hr. Cells were
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viewed with a Nikon inverted microscope with a TE-FM
Epi-Fluorescence accessory; images were transferred to a com-
puter with a digital camera. All images are representative fields
from at least three experiments carried out in triplicate. Opti-
cal density was determined with the Optiquant version 02.00
software (Packard Instrument Company). Density values
obtained were expressed as density light units.

Statistical Analysis

Parametric data are reported as mean * standard error
and were analyzed by Student’s f-test. Significance was con-
sidered when P < 0.05. All analyses were carried out in a
PC-compatible computer by SPSS software.

RESULTS

Basal S100B secretion in primary astrocytes was
modified in the presence of the GJ inhibitors (Fig. 1). A
rapid increment (at 15 min) was observed when cells
were exposed to CBX and endothelin-1 (Fig. 1A). Later
(at 1 hr), all GJ inhibitors induced an increase in S100B
secretion. GZA, a precursor of CBX but inactive on GJ,
did not alter S100B secretion. However, at 6 hr, only
octanol and CBX remained, stimulating S100B secretion
(Fig. 1C). Interestingly, endothelin-1 caused a decrease
in S100B secretion at this time. Preconfluent astrocyte
cultures were used as negative controls (Fig. 1D). No
significant changes in S100B secretion were observed in
the presence of GJ inhibitors in these preparations.

In order to investigate the effect of neuronal neigh-
bors on S100B secretion, we used acute hippocampal
slice preparations and measured the protein secretion
1 hr after GJ inhibitor exposure (Fig. 2A). Again, as
occurred with astrocytes at 6 hr, CBX caused an increase
in S100B secretion, while endothelin-1 decreased S100B
secretion. Octanol, halothane, and FFA did not affect
S100B  secretion in hippocampal slice preparations.
However, unexpectedly, GZA also caused an increase in
S100B secretion equivalent to CBX. C6 glioma cells
were used as negative controls (Fig. 2B). Again, no sig-
nificant changes in S100B secretion were observed in
the presence of GJ inhibitors in these preparations.

To confirm whether GJ inhibitors were, in fact,
blocking the connexin channels rather than affecting cell
integrity, a scrap loading assay was carried out with Lu-
cifer yellow and the propidium iodide incorporation
assay, respectively (Fig. 3). CBX and endothelin-1 did
not affect cell integrity at 1 hr (Fig. 3D-F) or at 6 hr
(data not shown). Moreover, these GJ blockers were
able to inhibit GJ communication (Fig. 3B,C), compared
with control astrocytes also submitted to scrap loading
(Fig. 3A).

[t is important to emphasize that we are assuming
S100B “secretion” (instead of “‘release’) also on the basis
of cell integrity, as evaluated by measurement of extrac-
ellular LDH activity carried out in parallel with S100B
measurement in extracellular medium. The increases
observed in Figures 1 and 2 were not corrected by
extracellular LDH activity, which could overestimate

I
L
=
-

4y S100B secretion
"

*

I :

ET-1

E 3
I ; I :
Chx FFA

S0 A D
0 T
Hal

a Ot Giza

B 160 -

140 - <
£ 120 - i
2 100 ¥ —
Z
o 80
= .
= 60
o
aa 40

20

0 . : . ;

FFA ET-1

Hal Oct Chx Giza

Fig. 2. Carbenoxolone and glycyrrhizic acid (GZA) stimulate S100B
secretion in hippocampal slice, but not in C6 glioma cells. A: Acute
hippocampal slices, after an equilibration phase, were incubated in
HBSS with different GJ inhibitors: halothane (Hal, at 0.02%), octanol
(Oct, at T mM), carbenoxolone (Cbx, at 100 M), GZA, an inactive
analogue of Cbx (Gza, at 100 uM), flufenamic acid (FFA, at 100
uM), and endothelin-1 (ET-1, at 1 pM). A sample was then col-
lected from the medium at 1 hr for extracellular SI00B measurement.
Basal values were assumed as being 100% in nine independent
experiments performed in triplicate. B: Negative control using C6
glioma cell preparations exposed to the GJ inhibitors (media collected
at 6 hr) in five independent experiments. *Significant statistical differ-
ence from basal secretion (Student f-test, assuming P < 0.05).

these values. In fact, three GJ inhibitors (FFA, CBX,
and endothelin-1) per se caused a decrease in LDH ac-
tivity at 6 hr in astrocyte cultures (Table I). In agree-
ment, FFA and endothelin-1 caused a decrease in LDH
activity in the incubation medium of slice preparations
at 1 hr. C6 glioma cells, also at 6 hr, exhibited a
decrease in extracellular LDH activity when exposed to
FFA and CBX. The enzymatic assay was not able to
detect extracellular alterations in LDH activity at 1 hr in
astrocyte and C6 cultures. No direct effect of these GJ
inhibitors was observed on rat serum LDH activity (data
not shown).

Two other assays (NR incorporation assay and
MTT reduction assay) were performed to evaluate cell
viability in astrocyte cultures and hippocampal slice
preparations when exposed to GJ inhibitors and GZA.
Only FFA altered MTT reduction in astrocyte cultures,
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Fig. 3. Influence of GJ inhibitors on membrane integrity and GJ
communication, evaluated by fluorescence staining. A—C: Astrocytes
were exposed to GJ inhibitors (carbenoxolone or endothelin-1) for 1
hr and then submitted to scrape loading with Lucifer yellow for 10
min, as detailed in Materials and Methods. Shown are basal cell fluo-
rescent staining (A), carbenoxolone (B), and endothelin-1 (C). D-F:
Astrocyte cultures were exposed to GJ inhibitors (carbenoxolone at

inducing an increase of 25% (Fig. 4A). In contrast, hippo-
campal slices incubated with GJ inhibitors exhibited a
decrease (approximately 20%) in MTT reduction (Fig. 4B).
GZA did not alter MTT reduction in slice preparations.

Confirming the MTT assay, NR incorporation assay
indicated that astrocyte cultures were viable when exposed
to GJ inhibitors (Fig. 5A). Again, FFA was an exception.
This compound caused a decrease in NR incorporation.
In hippocampal slices, this assay indicated that no change
in cell wviability was observed in hippocampal slices
exposed to GJ inhibitors (Fig. 5B). However, CBX caused
a small decrease (<8%) in NR incorporation.

DISCUSSION

Our results show that S100B secretion is increased
by the blocking of GJ in both astrocyte cultures and hip-
pocampal slices. Specific variations are likely due to the
nature of the GJ inhibitor, its molecular target of GJ
blocking, and/or the cell preparation used. This investi-
gation involved four classes of uncoupling GJ agents;
however, their mechanisms of action remain unknown.
Two small lipophilic agents, halothane and octanol,
were able to induce S100B secretion in astrocyte cul-
tures at 1 hr (but only octanol at 6 hr). These agents
were not S100B secretagogues in hippocampal slice
preparations. These molecules, which putatively act in
the lipid bilayer, apparently had different molecular tar-
gets or metabolization in cell and slice preparations. Sim-
ilarly to halothane, FFA was also not as effective as the
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100 pM or endothelin-1 at 1 pM) for 1 hr in the presence of propi-
dium iodide (PI). Shown are basal nuclear fluorescent staining (D), car-
benoxolone (E), and endothlin-1 (F). Values of gross density lumines-
cence unit (mean = SE) from three independent experiments performed
in triplicate are indicated. Scale bar = 100 pm. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.|

TABLE I. Extracellular LDH Activity in the Presence
of GJ Inhibitors*

1 hr 6 hr
Inhibitor ~ Astrocytes Hippocampal slices ~ Astrocytes C6 glioma
Basal (%) ND 100 100 100
FFA ND 60.1 = 7.9 438 £ 6.4 323 £ 82
ET-1 ND 58.0 = 9.6 63.4 £ 7.2 98.6 = 3.1
CBX ND 106.7 = 9.0 33.6 £ 123 12.0 = 49

*Values of extracellular LDH activity (mean = SE) in different cell prep-
arations (primary astrocyte cultures, acute hippocampal slices, and C6 gli-
oma cells) exposed to gap junction (GJ) inhibitors (FFA, 100 pM flufe-
namic acid; ET-1, 1 pM endothelin-1; CBX, 100 pM carbenoxolone)
for 1 and 6 hr. Basal values were assuming as being 100% in nine inde-
pendent experiments. ND, not detected.

S100B secretagogue in astrocytes at 6 hr or in hippo-
campal slices. The mechanism of FFA on GJ is
unknown. The only common aspect between halothane
and FFA is the trifluorocarbon in their structures;
however, this feature does not allow us to draw conclu-
sions about a common molecular target or metabolic
Inactivation.

In contrast, CBX, a synthetic molecule derived
from GZA, induced a rapid and persistent eftect on
S100B secretion, in both astrocyte and slice preparations.
This uncoupling GJ agent is proposed to act directly on
connexin (Salameh and Dhein, 2005). However, its
specificity to GJ has been argued and an effect on astro-
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Fig. 4. Effect of GJ inhibitors on MTT reduction capacity in astro-
cyte cultures and hippocampal slices. Rat primary astrocyte cultures
(A) and acute hippocampal slices (B) were exposed to difterent GJ
inhibitors: halothane (Hal, at 0.02%), octanol (Oct, at 1 mM), carbe-
noxolone (Cbx, at 100 pM), glycyrrhizic acid, inactive analogue of
Cbx (Gza, at 100 pM), flufenamic acid (FFA, at 100 pM), and endo-
thelin-1 (ET-1, at 1 pM) for 1 hr. MTT reduction assay was per-
formed as described in Materials and Methods. Basal absorbance val-
ues for formazan were assumed as being 100% in six independent
experiments performed in triplicate. *Significant statistical difference
from basal secretion (Student t-test, assuming P < 0.05).

cytes secondary to its neuronal activity is possible as well
(Rouach et al., 2002).

Endothelin-1 activity on GJ communication in
astrocytes involves specific intracellular signaling (Sal-
ameh and Dhein, 2005). In agreement with our hypoth-
esis, endothelin-1 was able to induce S100B secretion in
astrocytes at 1 hr. However, possibly as a result of long-
term changes induced in astrocytes and/or neuronal
neighbors, endothelin-1 caused a decrease in S100B
secretion in astrocyte cultures at 6 hr and in acute hip-
pocampal slices. Dye-coupling studies have demonstrated
that the inhibition of GJ communication by endothelin-
1 and -3 occurs rapidly and returns to control levels after
90 min of exposure (Blomstrand and Giaume, 2006).
Moreover, these authors showed that long-term expo-
sure of cells to endothelins could desensitize receptors
for endothelin-1, whereas CBX did not show any time-
dependent desensitization (Blomstrand and Giaume,
2006). The long-term eftect of endothelin-1 in cell cul-
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Fig. 5. Effect of GJ inhibitors on neutral red (NR) uptake in astro-
cyte cultures and hippocampal slices. Rat primary astrocyte cultures
(A) and acute hippocampal slices (B) were exposed to different GJ
inhibitors: halothane (Hal, at 0.02%), octanol (Oct, at 1 mM), carbe-
noxolone (Cbx, at 100 uM), glycyrrhizic acid, inactive analogue of
Cbx (Gza, at 100 pM), flufenamic acid (FFA, at 100 pM), and endo-
thelin-1 (ET-1, at 1 uM) for 1 hr. NR uptake assay reduction was
performed as described in Materials and Methods. Basal absorbance
values for incorporated NR were assumed as being 100% in six inde-
pendent experiments performed in triplicate. *Statistical difference
from basal secretion (Student t-test, assuming P < 0.05).

ture also includes a decrease in the expression of gluta-
mate receptors and glutamine synthetase (Lehmann
et al., 2008). However, there is no current information
regarding the desensitization of endothelin-1 receptors in
hippocampal slice preparations, although this possibility
cannot be ruled out. An alternative explanation to the
endothelin-1-induced decrease S100B secretion in hip-
pocampal slices could be due to the increase in neuronal
activity mediated by glutamate (Goncalves et al., 2002;
Shihara et al., 1998).

Another interesting aspect regarding the differences
between astrocyte and slice preparations is the effect of
GZA. No eftect of GZA on GJ has been described, and
in fact, no effect was observed on S100B secretion in
astrocyte cultures. However, a possible eftect of GZA on
other cell activities could trigger S100B secretion
observed in acute hippocampal slices. In agreement, an
effect of GZA on neuronal excitability was recently
described, particularly on K* permeability (Elsen et al.,
2008). Moreover, through a mineralocorticoid- like
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activity, GZA could affect the neuronal membrane K*/
Na™ ATPase (Zhou et al., 1996).

The scrape loading assay with Lucifer yellow con-
firms that the GJ inhibitors used worked in our prepara-
tions. Moreover, cell integrity and/or viability assays
(propidium iodide, LDH release, MTT reduction, and
NR uptake) helped us to characterize the eftect of these
inhibitors on S100B secretion, as well as to identify
some apparent side effects of GJ inhibitors in the difter-
ent cell preparations.

MTT reduction assays in astrocyte cultures (Fig.
4A) indicate that the reductive capacity was not affected
by GJ inhibitors and that FFA in particular increased this
capacity. However, when this capacity was evaluated in
acute hippocampal slices, all uncoupling GJ agents (but
not GZA) caused a decrease in reductive capacity. This
suggests that these effects in brain slices, which are more
vulnerable to oxidative stress than cultured cells, do not
necessarily involve GJ targets. However, it is important
to mention that the MTT reduction assay does not
exclusively measure the reductive mitochondrial
capacity, but also the membrane activities of endocytosis
(to uptake MTT) and exocytosis (to export the MTT
reduced product) (Liu et al,, 1997). NR uptake assay
indicated that in general, GJ inhibitors did not alter cell
viability in both cultured astrocytes and acute hippocam-
pal slices. The NR uptake assay indicated that FFA
seems to impair cell viability; however, the MTT, LDH,
and propidium iodide assays did not show a similar
effect. Although the reason for this is unclear at
moment, this emphasizes the importance of the use of
different assays for the evaluation of cell viability.

All embryonic neural cells express high levels of
Cx43, but with development, this connexin remains
expressed predominantly in astrocytes, which are found
in GJ in vivo and under culture conditions (Rozental
et al.,, 2000). A decrease in basal S100B secretion has
been observed after astroglial confluence in vitro (Tra-
montina et al.,, 2002; Van Eldik and Zimmer, 1987),
which could be negatively modulated by changes in GJ
communication in these preparations. In agreement with
this, our present data reinforce the existence of an
inverse relationship between GJ communication and
S100B secretion.

Today we know that astrocytes sense, integrate,
and respond to stimuli generated by neurons or neural
injury and that this response involves Cx43 channels and
hemichannels. In support of this hypothesis, GJ blockers
increased neuronal vulnerability when cocultures of
astrocytes and neurons were exposed to oxidative stress
(Blanc et al., 1998) or to high glutamate (Ozog et al.,
2002). On the other hand, considering the astrocytic
syncytium in the brain, GJ uncoupling could limit the
extension of a lesion (Nodin et al., 2005). Therefore, on
the basis of the neurotrophic activity of S100B observed
in many conditions of injury (Van Eldik and Wain-
wright, 2003), it may be proposed that secreted S100B,
as a result of GJ uncoupling, may be of benefit to cell
survival in the affected area. As such, the altered signal-
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ing during an injury (for example, mediated by Ca®" or
adenosine triphosphate) could locally and transiently
close the functional astrocyte syncytium and this could
trigger other signals for cell survival, including S100B
secretion. In support of the inverse correlation between
GJ communication S100B secretion, high glutamate or
K" (as observed in excitotoxic conditions) increases GJ
communication (Enkvist and McCarthy, 1994) and
decreases S100B secretion in astrocyte cultures (Gon-
calves et al., 2002) and acute hippocampal slices (Nardin
et al.,, 2009). However, there are many putative S100B
secretagogues, and it would be reasonable to consider
that all they trigger S100B secretion mediated by GJ
communication.

In summary, our data indicate that GJ blocking
stimulates S100B secretion in astrocyte cultures and in
acute hippocampal slices. Different assays were used to
confirm cell integrity during exposure to GJ inhibitors.
S100B secretion was observed with different types of GJ
inhibitors, and the resulting event was dependent on
time, the nature of the inhibitor, its putative molecular
target of GJ blocking, and/or the cell preparation used.
Only CBX induced a fast and persistent increase of
S100B secretion in both preparations. Physiologically, a
local GJ closure, associated with release of S100B in
injury conditions, favors the idea of a common mecha-
nism available to limit the extension of lesion and
increase the chances of cell survival.
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Capitulo III

S100B secretion is mediated by Ca®" from endoplasmic reticulum: a study using DMSO
as a tool for intracellular Ca®" mobilization.
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Abstract

S100B, a calcium-binding protein of 21 kDa, has many putative intracellular targets
involved in cell cycle and cytoskeleton regulation in astrocytes. In addition, this protein is also
secreted and has autocrine and paracrine effects on glia, synaptic plasticity and microglia. Many
S100B secretagogues have been identified, but the underlying mechanism of secretion remains
unknown and involves a non-classic export. Herein, we investigate the role of Ca?* in S100B
secretion in primary cultured astrocytes. Results indicate that dimethyl sulfoxide (DMSO, at
concentrations of higher than 0.1%) is a powerful S100B secretagogue. DMSO-induced S100B
secretion was dependent on increased intracellular Ca** mobilization from endoplasmatic
reticulum and independent of cytoskeleton reorganization. This issue highlights the fact that
secreted S100B is a possible mediator of the effects (and side-effects) of DMSO and that caution
is required in the use of this vehicle, since some secretable proteins, including S100B, are
involved in intercellular communication. Furthermore, the S100B-secreting property of DMSO
should be added to the list of therapeutic applications of this compound, particularly considering
the neuroprotective effects of S100B that have been observed in acute brain damage. In addition,
the usefulness of DMSO per se as a tool to investigate intracellular calcium mobilization should
be taken into consideration. DMSO-induced secretion of S100B has also been observed in

hippocampal slices and in vivo in the cerebrospinal fluid of rats.

Key words: Astrocyte, calcium, protein secretion, DMSO, S100B

Running title: Astroglial S100B secretion induced by DMSO
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Introduction

S100B is a homodimeric calcium-binding protein of 21 kDa, belonging to the S100
family of proteins (Marenholz et al. 2004) that are characterized by their high solubility and,
currently, comprises 21 members that are expressed in a cell-specific manner [see (Donato et al.
2009) for a review]. Astrocytes appear to be the major S100B-containing compartment in the
gray matter of the central nervous system (Steiner er al. 2007, Goncalves et al. 2008). This
protein has many putative intracellular targets involved in cell cycle and cytoskeleton regulation,
but it is also secreted (less than 1%) and has autocrine and paracrine effects on glia, neurons and
microglia. The effect of extracellular S100B on each cell target, whether it be trophic or toxic,
will depend upon its concentration, redox environment and, evidently, active signaling pathways
(Donato et al. 2008, Pichiule et al. 2007).

Many S100B secretagogues have been identified, including forskolin, lyso-phosphatidic
acid (Pinto et al. 2000), fluoxetin (Tramontina et al. 2008), kainate (Sakatani et al. 2008) and
carbenoxolone (Leite et al. 2009). Moreover, it is known that metabolic stress conditions affect
S100B secretion, such as elevated concentrations of glutamate (Buyukuysal 2005), glucose
(Nardin et al. 2007), beta-hydroxy-butyrate (Leite et al. 2004) and ammonium (Leite et al
2006). However, the underlying mechanism of secretion remains unknown and involves a non-
classic vesicular export (Davey et al. 2001, Goncalves et al. 2008, Donato et al. 2008).
Commonly, S100B secretagogues in astrocyte cultures are characterized in the absence of serum
[e.g. (Eriksen et al. 2002)]. Furthermore, serum deprivation, per se, is able to stimulate S100B
secretion (Goncalves et al. 2002, Pinto et al. 2000). Therefore, some putative secretagogues may
act via a mechanism triggered by serum-deprivation, a complex event where Ca?* is a key
mediator. As an example, serum-deprivation in astrocyte cultures is able to induce Ca* release

from the endoplasmic reticulum and this, in turn, underlies the release of fibroblast growth factor
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-1 (Matsunaga & Ueda 2006). In addition, we have observed that serum deprivation in astrocytes
induces an early transitory increment in cyclic AMP (cCAMP) (Goncalves et al. 2002), which
could be associated with intracellular Ca?* changes following this event. Therefore, S100B
release is directly or indirectly modulated by Ca**. However, a clear connection between
intracellular Ca* in astrocytes and S100B release is lacking.

We recently found that Ca®*-free medium or exposure to 1 mM EGTA in acute
hippocampal slices causes a significant increase in S100B secretion (Nardin er al. 2009), in
agreement with previous observations in brain slices (Buyukuysal 2005), possibly due to the
mobilization of internal stores of Ca®*. In fact, Heizmann’s group, using the U87 glioblastoma
cell line, exposed to EGTA (10 mM for 6h) in a serum-free medium, observed an increase in
S100B secretion (Davey et al. 2001). In addition, calcium channel blockers (verapamil and
CoCl,) reduced S100B secretion in acute hippocampal slices (Nardin et al. 2009), suggesting an
involvement of extracellular Ca?*. Hence, we herein investigate the role of extra and intracellular
Ca”" in S100B secretion in primary cultured astrocytes.

During this investigation, serendipitously, we discovered that dimethyl sulfoxide
(DMSO) is a powerful S100B secretagogue. DMSO is an amphipathic molecule with a highly
polar sulfoxide [-S-O] and two apolar dimethyl groups [-(CH3),], making it a very good vehicle
in both aqueous and organic media. This compound is also used as a hydroxyl radical scavenger,
hydrogen-bound disrupter and cryoprotectant [see (Santos et al. 2003) for a review]. Moreover,
DMSO itself appears to affect the secretion of some proteins such as interleukin-1 (Xing &
Remick 2005), interleukin-8 (Zeng et al. 2003) and insulin (Kemp & Habener 2002). However,
the molecular basis of the effect of DMSO remains uncertain. The present study investigates the
involvement of Ca®* in S100B secretion in astrocyte cultures, as well as providing a possible

explanation for the S100B secretagogue effect of DMSO. This effect was also investigated in
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vivo by intracerebroventricular (ICV) administration of DMSO and in acute hippocampal slice

preparations.

Experimental Procedures

Material- Poly-L-lysine, antibody  anti-S100B (SH-B1), propidium iodide,
methylthiazolyldiphenyl-tetrazolium bromide (MTT), ethylene glycol-bis (2-aminoethylether)-
N,N,N',N'-tetraacetic acid (EGTA), ionomycin, A23187, 1,2-bis-(o-Aminophenoxy)-ethane-
N,N,N',N'-tetraacetic acid - tetraacetoxymethyl ester (BAPTA-AM), thapsigargin, forskolin,
verapamil, cobalt chloride, rhodamine-phalloidin, fura-2-AM and pluronic F-127 were purchased
from Sigma. Fetal calf serum (FCS), Dulbecco’s modified Eagle’s medium (DMEM) and other
materials for cell culture were purchased from Gibco. Polyclonal anti-S100B and anti-rabbit
peroxidase-conjugated antibody were purchased from DAKO and GE, respectively. DMSO was
purchased from Merck.

Cell culture- Primary astrocyte cultures from Wistar rats were prepared as previously described
(Gottfried et al. 2003). Procedures were in accordance with the NIH Guide for the Care and Use
of Laboratory Animals and were approved by the local authorities. Briefly, cerebral cortex of
newborn Wistar rats (1-2 days old) were removed and mechanically dissociated in Ca®*- and
Mg?*-free balanced salt solution, pH 7.4, containing (in mM): 137 NaCl; 5.36 KCI; 0.27
Na;HPO,; 1.1 KH,PO, and 6.1 glucose. The cortex were cleaned of meninges and mechanically
dissociated by sequential passage through a Pasteur pipette. After centrifugation at 200 x g for 5
min the pellet was resuspended in DMEM (pH 7.6) supplemented with 8.39 mM HEPES, 23.8
mM NaHCO3, 0.1% amphotericin, 0.032% gentamicin and 10% fetal calf serum (FCS). Cultures
were maintained in vitro in DMEM containing 10% FCS in 5% CO,/95% air at 37°C, allowed to

grow to confluence and used at 15 days.
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Culture of Cells on Coverslips for Calcium Measurements- \When primary cortical astrocyte
cultures reached confluence, they were trypsinized (0.25% trypsin/EDTA), re-plated onto 25 mm
poly-L-lysine-coated coverslips, and employed in experiments within two days (Carvalho et al.
2004).
Calcium Measurements by Real Time Fluorescence Microscopy- For intracellular calcium
measurements, cells were incubated with appropriate indicator in microscopy buffer containing
(in mM): 1.5 CaCl,, 130 NaCl, 5.6 KCI, 0.8 MgSO,, 1 Na;HPO,, 25 glucose, 2 HEPES and 2.5
NaHCOs, pH 7.3. For cytoplasmic calcium measurements, cells were loaded with Fura 2-AM (5
MM) in microscopy buffer containing 5 pl nonionic surfactant Pluronic F-127 (0.02%) for 30 min
at room temperature. After incubation, cells were rinsed and placed in a Leiden coverslip
chamber on the microscope stage. The temperature of the specimen was maintained at 37°C
during the experiments. Calcium levels were investigated in isolated cells using an inverted
microscope (TE300 Nikon, Osaka, Japan) coupled to a high-resolution cooled CCD camera
(Roper Sci or CoolSnap, both from Princeton Instruments, USA) and controlled by imaging
software (BiolP, Wilmington, DA). Cells were stimulated with 0.5% DMSO, 2 mM EGTA or 10
uM forskolin. Fura-2 fluorescence was acquired using 340 and 380 nm excitation and 510 nm
emission filter sets. Calibrations were performed using digitonin (100 pM) to obtain maximum
fluorescence (Rmax), and MnCl, (2 mM), for minimum fluorescence (Rmin) Of the system.
Changes in cytosolic [Ca?*] were determined by temporal analyses of single cells and
expressed as fluorescence intensity F/Fy ratios. Fluorescence was extracted from Regions of
Interested (ROI), determined as previously described (Smaili et al. 2008). The resting
fluorescence value, Fy, was determined at the beginning of each experiment. Results were
normalized in relation to the basal fluorescence and data were expressed as percentages in

relation to the total Ca®* (obtained with digitonin) in the system.
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Surgical Procedure for ICV DMSO Infusion- Procedures were in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the local authorities. Adult
Wistar rats (60 days old) were used. For ventricle access, the animals were anesthetized with
ketamine/xylazine (75 and 10 mg/Kg, respectively, i.p.) and placed in a stereotaxic apparatus. A
midline saggital incision was made in the scalp and one burr hole was drilled in the skull over the
right lateral ventricle. The following coordinates were used: 0.9 mm posterior to bregma; 1.5 mm
lateral to saggital suture; 3.6 mm beneath the surface of brain (Rodrigues et al. 2009). Rats
received 2 pL ICV of pure DMSO or phosphate-buffered saline (control). Assuming a CSF
volume of 200 pL (excluding subarachnoid space), final DMSO concentration would be
approximately 1%. After the surgical procedure, rats were kept in a stereotactic holder for 1 h
and the CSF was obtained by puncture of the cisterna magna using an insulin syringe. A
maximum volume of 30 uL was collected over a 3 min period to minimize risk of brain stem
damage. Cerebrospinal fluid samples were frozen (-20°C) until S100B analysis. The blood
samples were obtained with intracardiac puncture, and the animals were killed by decapitation.
The blood samples were incubated at room temperature (25°C) for 5 min and centrifuged at 3200
rpm for 5 min. Serum was stored at -20 °C until the day of analysis.

Hippocampal Slices- Hippocampal slices were prepared as previously described (Nardin et al.
2009). Sixty-day-old Wistar rats were killed by decapitation and their brains were removed and
placed in cold HEPES-buffered saline medium with the following composition (in mM): 120
NaCl; 2 KCI; 1 CaCly; 1 MgSOQq; 25 HEPES; 1 KH,PO,, and 10 glucose, adjusted to pH 7.4, and
previously aerated with O,. The hippocampi were dissected and transverse slices of 0.3 mm were
obtained using a Mcllwain Tissue Chopper. Slices were then transferred immediately to 24-well
culture plates, each well containing 0.3 ml of physiological medium and only one slice. The

medium was exchanged for fresh saline medium every 15 min at room temperature (maintained
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at 25°C). Following a 120-min equilibration period, the medium was removed and replaced with
HEPES-buffered medium (containing, or not, DMSO) for 60 min at 30°C in a warm plate.
Subsequently, 10 uL of media were collected and stored at -20°C until S100B measurement.
S100B Measurement- S100B was measured by ELISA, as previously described (Leite et al.
2008). Briefly, 50 ul of sample plus 50 ul of Tris buffer were incubated for 2 h on a microtiter
plate previously coated with monoclonal anti-S100B. Polyclonal anti-S100 was incubated for 30
min and then peroxidase-conjugated anti-rabbit antibody was added for a further 30 min. The
color reaction with OPD was measured at 492 nm. The standard S100B curve ranged from 0.002
to 1 ng/ml.

Astrocyte Morphology- After 1 h of drug treatment, cells were fixed for 20 min with 4%
paraformaldehyde in phosphate-buffered saline (PBS), rinsed with PBS and permeabilized for 10
min in PBS containing 0.2% Triton X-100. Fixed cells were then blocked for 60 min with PBS
containing 5% bovine serum albumin and incubated 20 min with rhodamine-phalloidin at 2.5
U/mL. Cells were viewed with a Nikon inverted microscope and images transferred to computer
with a digital camera (Sound Vision Inc., Wayland, MA, USA). All images are representative
fields from four experiments carried out in triplicate.

MTT Reduction Assay- Cells were treated with 50 ng/mL Methylthiazolyldiphenyl-tetrazolium
bromide (MTT) for 30 min in 5% CO,/95% air at 37°C. The medium was then removed and
MTT crystals were dissolved in DMSO. Absorbance values were measured at 560 and 650nm.
The reduction of MTT was calculated as (abs 560 nm) — (abs 650 nm).

Propidium lodide Uptake Assay- Cells were treated with DMSO, concomitant with 7.5 uM
propidium iodide, and incubated for 6 h. Cells were viewed with a Nikon inverted microscope

with a TE-FM Epi-Fluorescence accessory and images were transferred to a computer with a
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digital camera. All images are representative fields from at least three experiments carried out in
triplicate. Optical density was determined with the Optiquant version 02.00 software (Packard
Instrument Company). Density values obtained were expressed as density light units.

Statistical Analysis- Parametric data are reported as mean + standard error and were analyzed by
Student’s ¢ test (when two groups were considered) or by one-way analysis of variance
(ANOVA), in the SPSS-16.0. Data from S100B measurements were log transformed to satisfy
the assumption of statistical tests when necessary. Tests are specified in the legends, assuming

p< 0.05.

Results

S100B secretion is increased by removal of external calcium. Generally, S100B secretion
has been studied under serum-free conditions, in which Ca** and cAMP are putatively triggered
messengers. A time-dependent increase in S100B secretion from astrocytes was observed after
serum deprivation for 15 min, 1 h and 6 h (Fig 1A). Fig 1B demonstrates that EGTA addition
(from 1mM to 3 mM) significantly increased S100B secretion after 1 h of serum deprivation.
This secretion was apparently negatively correlated with free external Ca?*. In addition, CoCl,
(at ImM) caused a decrease in basal secretion of S100B (Fig 1C). lonophores (1 uM ionomycin
and 1 uM A23187) were also able to increase S100B secretion within 1 h; this increase was even
greater than that induced by forskolin, a classical secretagogue for S100B. Similar results were
observed in 15 min for all these compounds. However, the secretion induced by ionophores,
within 6 h, affected cell integrity (as evaluated by propidium iodide - data not shown).

DMSO induces S100B secretion and this effect is prevented by thapsigargin or BAPTA-

AM. DMSO is the most common solvent for compounds used to mobilize or measure
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intracellular calcium. Therefore, we first investigated the effect of this compound on S100B
secretion. Interestingly, we found a positive correlation between DMSO concentration (over
0.1%) and S100B secretion (Fig 2A) at all times examined (15 min, 1h and 6 h). This dramatic
DMSO-induced S100B secretion was also observed in the presence of serum (Fig 2B). DMSO-
induced S100B secretion was significantly reduced by 1uM thapsigargin or 10 uM BAPTA-AM,
in the presence or absence of serum (Fig 2C and D, respectively). Moreover, U73122 (at 1 uM),
a Phopholipase C (PLC) inhibitor, and Ca®*-channel blockers (ImM CoCl, and 50 pM
verapamil) also reduced DMSO-stimulated S100B secretion.

DMSO induces an increase in intracellular Ca’’. Representative images of astrocytes
loaded with Fura-2 are shown in Fig 3 A. The effect of DMSO was investigated and two types of
Ca*'response were induced, as shown by representative graphs in Fig 3B, where a fast, short and
transient increment (type 1 response, T1R) and a slower and more sustained increase (type 2
response, T2R) can be observed. Quantitative analyses of assays with Fura-2 indicated the
percentage and type of cells responsive to 0.5% DMSO or 2 mM EGTA (calcium-free medium)
or 10 uM forskolin (Fig 3C) and the intensity of these responses, compared to the maximum
fluorescence obtained with digitonin (Fig 3D). Fig 3C demonstrates the percentage of cells that
responded with only T1R; only T2R; both T1R and T2R and cells with no response (none) after
DMSO, EGTA or forskolin additions. Note that DMSO and forskolin induced only TR1 in 25
and 30 % of cells, respectively, but only TR1 was not observed during incubation with EGTA.
Moreover, less than 20% of cells exhibited only TR2 induced by DMSO or forkolin, but more
than 40% exhibited only TR2 during incubation with EGTA. Under all conditions, the
percentage of cells that exhibited TR1 and TR2 was higher than 50%, and less than 5% of cells

were non-responsive, i.e., neither TR1 nor TR2.
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When the profile of the DMSO-induced Ca®* increment was analyzed, it was seen to be
more similar to that evoked by forskolin than that caused by external addition of EGTA. In
addition, the intensities of TR1 and TR2 (Fig 3D) during incubation with EGTA were not
different, but they differed (TR2 > TR1) when they were induced by DMSO or forskolin.

DMSO-induced calcium increment involves mobilization from endoplasmatic reticulum.

In another set of experiments, we investigated the involvement of calcium from the external
medium (by removing it) and/or from endoplasmatic reticulum (by adding thapsigargin), in the
types of responses: TR1; TR2; TR1 and TR2; neither T1R nor T2R (none) (Fig 4A). About 25%
of cells exhibited T1R in the presence of DMSO and this number fell to 10% in the absence of
external calcium; however, this response disappeared when cells were incubated with
thapsigargin in a calcium-free medium. On the other hand, the percentage of cells that exhibited
TR2 in the presence of DMSO was not altered by external calcium removal, but dramatically
increased when cells were also incubated in the presence of thapsigargin. The percentage of cells
that exhibited TR1 and TR2 under the influence of DMSO (about 60%) was not altered by
removal of external calcium as well, but disappeared when thapsigargin was added. It was also
possible to observe an increase in the percentage of non-responsive cells, by removal of external
calcium and even more when thapsigargin was added.
In addition, the intensity of the type 1 response (Fig 4B) induced by DMSO was higher in Ca**-
free medium and, interestingly, this was fully abolished when thapsigargin was added. The
intensity of the type 2 response was not modified by removal of calcium, but significantly
decreased when thapsigargin was added to the Ca®*-free medium.

DMSO does not affect MTT reduction capacity or membrane integrity. Extracellular
lactate dehydrogenase (LDH) activity was measured to evaluate membrane integrity (in parallel

with S100B measurement). No changes were induced by DMSO at 1or 6 h, independently of the
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presence of serum (data not shown). Two other assays were performed to characterize cell
viability; the MTT reduction assay (Fig 5A,B) and PI exclusion (Fig 5C). DMSO (0.1-1%) did
not affect the cell capacity of MTT reduction at 1 or 6 h (Fig 5A). Notice that this also occurred
in the presence of serum (Fig 5B). It should be noted that the MTT reduction was significantly
higher (~60%) in serum-deprived astrocytes (Student t test, p<0.05, in basal conditions or in the
presence of DMSO). DMSO (at 1 %) did not cause changes in cell integrity, based on the PI
exclusion assay, in the presence (data not shown) or absence of serum at 6 h (Fig 5C).

DMSO, in contrast to forskolin, does not induce morphological changes associated with
S100B secretion. Phase-contrast microscopic images indicate that serum deprivation does not
cause a significant stellation in primary astrocytes at 1 h after treatment. Cytochemical staining
for actin confirmed typical flat and polygonal cells (Fig 6, panels A and D, respectively). The
addition of DMSO (at 1 %) also did not alter this morphology (panels B and E); however,
forskolin (10 uM) induced an intense stellation of cells (panels C and F).

DMSO induces an increase in cerebrospinal fluid S100B and in S100B secretion by acute
hippocampal slices. Anesthetized rats received 2 pL ICV of DMSO or phosphate-buffered saline
(control). Assuming a CSF volume of 200 pL (excluding subarachnoid space) (Huang et al.
1996), the final DMSO concentration is calculated to be approximately 1%. CSF was collected
by cistern magna puncture at 1 h after and a significant increase in S100B was observed in this
time (Fig 7A), without significant changes in S100B serum content (Fig 7B). Moreover, a
significant increase in S100B secretion was found in ex-vivo hippocampal slices when exposed

to 1% DMSO (Fig 7C).
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Discussion

Astrocytes express and secrete S100B protein. There is much in vitro evidence to indicate
that extracellular S100B plays a neurotrophic or toxic role in neural cells, depending on its
concentration (Van Eldik & Wainwright 2003). The neurotoxic effect of S100B, particularly on
neurons, appears to be dependent upon the redox environment (Donato et al. 2008) and does not
necessarily involve Receptor for Advanced Glycation End products (RAGE), a well
characterized receptor for S100B protein (Pichiule et al. 2007). Similarly, S100B secretion is
affected by many conditions of metabolic stress or injury, but the underlying mechanism remains
to be identified. A non-classical route for S100B release has been proposed, in which Ca** could
be a mediator (Davey et al. 2001).

EGTA-induced S100B secretion has been previously observed in brains slices
(Buyukuysal 2005) and in glioma cell cultures (Davey et al. 2001, Suzuki et al. 1987). Herein,
using primary cortical astrocytes in culture, we found that S100B secretion negatively correlates
with the external concentration of Ca*, i.e. S100B secretion increases proportionally with
decreased external Ca®* and this effect is dependent upon time. Removal of external Ca** in non-
excitable cells, like astrocytes, induces mobilization of internal stores of Ca*" (Verkhratsky
2002). In addition, herein, Ca®*- ionophores also induced S100B secretion. In astrocytes, Ca?*-
entry (by channels in plasma membrane) occurs frequently for the replenishment of internal
stores (Agulhon ez al. 2008, Verkhratsky 2002) and this explains the blocking effect of Co?* on
S100B secretion. It is important to emphasize that basal S100B secretion in these experiments
was induced by serum-deprivation, which per se mobilizes intracellular Ca®* in astrocytes
(Matsunaga & Ueda 2006).

DMSO is a common and widely-used solvent in biological studies and is often employed

as a vehicle in pharmacological assays. This compound is often assumed to be a safe and inert
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vehicle or is used in a determined safe concentration for specific assays. Concentrations of
DMSO vehicle vary from low levels, such as 0.1% to higher levels, such as 20%. However,
some effects (and side effects) of this agent are neglected. Due to its properties, particularly as a
radical scavenger and hydrogen-bond disrupter, this membrane diffusible solvent can affect both
in vitro and in vivo assays [See (Santos et al. 2003) for a review]. With regard to protein
secretion, DMSO has been reported to increase the lipopolysaccharide (LPS)-induced secretion
of interleukin-1 in human monocytes (Xing & Remick 2005), augment glucagon-like peptidel-
induced secretion of insulin in a pancreatic beta-cell line (Kemp & Habener 2002) and decrease
homocysteine-induced secretion of interleukin-8 in human monocytes (Zeng et al. 2003). In the
latter case, this effect was attributed to the homocysteine scavenging property of this compound;
however, the mechanisms of this effect remain unclear. It should be pointed out that, CAMP
levels, investigated in the glucagon-like peptidel-induced secretion of insulin, were not affected
by DMSO (Kemp & Habener 2002).

We found that DMSO increased S100B secretion, in a concentration- and time-dependent
manner. The S100B secretion was robust when compared to a classical secretagogue, such as
forskolin. Moreover, this increment was also robust even in the presence of serum. An effect of
DMSO on S100B secretion involving Ca®" release from internal stores is supported by the
inhibitory effect observed with BAPTA-AM and thapsigargin (dissolved in 0.04 % DMSO). A
very effective inhibition of DMSO-induced S100B secretion was obtained with Co®* and
verapamil. A significant inhibition was also obtained with U73122, an inhibitor of PLC,
suggesting that IP3 might be involved. These pharmacological agents were also effective in the
S100B secretion induced by DMSO, in the presence of serum.

The next step was to investigate the intracellular calcium mobilization by DMSO. Indeed,

DMSO (at 0.5% and 1%) induced an increase in intracellular calcium and the profile of this
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effect (shape and amplitude of the responses) was more similar to that obtained with forskolin
than that obtained by removal of external Ca®* with EGTA. In addition, the response to DMSO
was not altered in Ca®*-free medium, indicating that this effect is dependent on intracellular
calcium stores. In fact, this response was strongly modified when thapsigargin was added,
suggesting that DMSO affects mobilization from the endoplasmic reticulum. It is important to
note that TR1 was abolished by this treatment. On the other hand, the TR2 sustained response,
was not completely inhibited by Ca®*-free medium plus thapsigargin, indicating that DMSO may
mobilize calcium from other intracellular stores not sensitive to thapsigargin. This source of
calcium could be maintained in a different compartment to that of the endoplasmic reticulum,
such as other important organelles, for instance the mitochondria or lysosomes, which may
participate in calcium signalling and homeostasis in astrocytes (Simpson & Russell 1998,
Heidemann et al. 2005, Li et al. 2008).

The secretagogue effects of forskolin on S100B are not fully understood, but could be
explained by a positive modulation of IPs-sensitive Ca** channels by Protein Kinase dependent
on cAMP (PKA) (Bezprozvanny 2005). Accordingly, H89, an inhibitor of PKA, reduced the
S100B secretion induced by serum deprivation (Goncalves et al. 2002); furthermore,
thapsigargin, an inhibitor of endoplasmic reticulum Ca**-ATPase, reduced the S100B secretion
induced by serum deprivation and forskolin (data not shown). However, astrocytes express
primarily type 2 IPs-channels (Agulhon et al. 2008), which apparently (at least in non-neural
cells) are weakly sensitive to PKA phosphorylation (Soulsby & Wojcikiewicz 2007). An
alternative explanation may be that the cAMP/PKA system induces cytoskeleton reorganization,
which in turn remodels the space between the plasma membrane and ER, increasing calcium
flow into the cells (Grimaldi ez al. 1999). Moreover, cCAMP itself could modulate capacitative

Ca” entry (Wu et al. 1999). These possibilities require further investigation; however DMSO

56



induced a forskolin-like profile of Ca?* intracellular increase, possibly also mobilizing Ca** from
internal stores. Identification of any molecular target(s) is merely speculative at the moment.

Assuming that DMSO is a diffusible vehicle, a direct solvent effect on S100B secretion

must be investigated, particularly when evaluating closer cell integrity and viability. No changes
at 1h or 6 h in cell integrity (evaluated by LDH and PI assay) or cell viability (as evaluated by
MTT reduction capacity assay), in the presence or absence of serum, were observed. It is
important to mention that ethanol (at 1%) has no effect on S100B secretion (data not shown).
Taken together, these data rule out a generic effect of this solvent on membrane permeability or
alterations in cell viability that could explain S100B efflux.
Although DMSO and forskolin induced a similar profile of Ca®* response, only forskolin caused
a dramatic change in astrocyte morphology, as observed by phase-contrast microscopy or
cytochemical staining for actin. Notice that S100B secretion induced by DMSO was not
accompanied by cytoskeleton reorganization. It is important to emphasize that the effect of
forskolin on cytoskeleton is reverted by lysophospatidic acid, which per se also caused an
increase of S100B secretion (Pinto et al. 2000). These data, once more, suggest that S100B
secretion profile in astrocytes is not necessarily associated with intense changes in cell
morphology, at least in primary astrocyte cultures.

Finally, we investigated extracellular levels of S100B in the cerebrospinal fluid of rats
after intracerebroventricular infusion of DMSO. Such findings are relevant because DMSO, at
different concentrations, is commonly used as a vehicle (and control) for ICV drug
administration. We found that 1% DMSO increased CSF S100B content, without affecting
significantly the serum S100B content, suggesting that CSF changes in S100B content are not
necessarily accompanied by serum variations in this protein. Moreover, acute hippocampal slices

incubated with 1% DMSO secreted more S100B as cultured astrocytes do.
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Our data consolidate a view that S100B secretion is triggered by agents that increase
intracellular Ca?* by mobilization from endoplasmic reticulum in astroglial cultures and brain
slices; such triggering factors include serum-deprivation, ionophores, forskolin (Pinto et al.
2000), absence of external Ca®* (Suzuki et al. 1987, Davey et al. 2001) and external low levels of
K* (Nardin et al. 2009). However, not all agents that mobilize intracellular calcium may
necessarily result in S100B secretion and, furthermore, some S100B secretagogues act on
downstream elements involved in the secretion triggered by Ca?".

In conclusion, whilst the molecular targets of DMSO are unknown, this agent (at
concentration > 0.1%) increases intracellular Ca?* and induces S100B secretion. This issue
highlights the fact that secreted S100B is a possible mediator of the effects (and side-effects) of
DMSO and that caution is necessary in the use of this vehicle, particularly assuming that many
other secretable proteins, such as S100B, involved in intercellular communication, need to be
investigated. Furthermore, the S100B secreting property of DMSO should be added to the list of
therapeutic applications of this compound, particularly considering the neuroprotective effects of
S100B that have been observed in traumatic brain damage (Kleindienst et al. 2005). In addition,
the usefulness of DMSO as a tool to investigate intracellular calcium mobilization should be

taken into consideration.
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Figure Legends

Fig. 1. S100B secretion is modified by removal of external calcium. A, Rat cortical
astrocytes were cultured in DMEM containing 10% FCS. After confluence, the medium was
replaced by the DMEM without serum (open circles) or DMEM/10% FCS (black circles). S100B
was measured by ELISA at 15 min, 1 h and 6 h. Statistical analysis was carried out by repeated
measures ANOVA. B, The medium was replaced by the DMEM without serum in the presence
or absence of EGTA (from 1 to 3 mM). S100B was measured by ELISA at 1 h. Means indicated
with a different letter differ (one way ANOVA followed by Duncan’s test, assuming p< 0.05). C,
The medium was replaced by DMEM without serum in the presence or absence of 1 mM CoCl,,
1 uM ionomycin, 1 uM A23187 or 10 uM forskolin. S100B was measured by ELISA at 1 h. For
all these results, each value represents the mean (+ standard error) of at least 5 independent

experiments performed in triplicate. * Significantly different from basal secretion (Student t test

followed by Bonferroni’s adjustment, p< 0.05).

Fig. 2. DMSO increases S100B secretion in the presence or absence of serum. Rat
cortical astrocytes were cultured in DMEM containing 10% FCS. After confluence, the medium
was replaced by the DMEM without serum (A and C) or DMEM/10% FCS (B and D). In A and
B, DMSO was added at a final concentration ranging from 0.1 to 1%. S100B was measured by
ELISA at 15 min, 1 h and 6 h. Each value is the mean (+ standard error) of at least 5 independent
experiments performed in triplicate. Statistical analysis was carried out by repeated measures
ANOVA. In C and D, cells were treated with 1 uM thapsigargin (TPG), 10 uM BAPTA-AM, 1
uM U73122, 1ImM CoCl; or 50 uM verapamil (VER) for 15 min before media replacement.

Media were then replaced by DMEM without serum (in C) or DMEM/10% FCS (in D),
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containing 0.5% DMSO and the drug previously incubated. S100B was measured by ELISA
after 1 h. Basal S100B secretion was assumed as 1 in each experiment. Each value is the mean (+
standard error) of at least 5 independent experiments performed in triplicate. * Significantly

different from basal secretion (one way ANOVA followed by Dunnett’s test, assuming p< 0.05).

Fig 3. DMSO induces an increase in intracellular Ca*‘in astrocytes. Rat cortical
astrocytes were cultured in DMEM containing 10% FCS. Intracellular calcium variations were
evaluated in pre-confluent astrocytes loaded with Fura-2 by real time fluorescence microscopy.
A, representative fluorescent images of cells loaded with Fura-2 before and after DMSO
stimulation. B, representative graphs of the type 1 and type 2 responses (TR1 and TR2,
respectively) induced by DMSO. C, percentage of responsive cells exposed to 0.5% DMSO, 2
mM EGTA or 10 uM forskolin and non-responsive cells: cells that exhibited type 1 response
(TR1) are represented by black bars; cells that exhibited type 2 response (TR2) are represented
by dark-grey bars; cells that exhibited type 1 and 2 responses (TR1/2) are represented by grey
bars; cells that do not respond to DMSO or EGTA or forkolin stimulation are represented by
open bars. D, intensity of cell response to 0.5% DMSO, 2 mM EGTA or 10 puM forskolin,
compared with response induced by 0.1 mM digitonin (assumed as 100%): intensities of TR1
and TR2 are represented by black and dark-grey bars, respectively. Means, in each stimulating
condition, indicated by different letters differ (one way ANOVA followed by Duncan’s test in

panel C and Student t test in panel D, assuming p< 0.05).

Fig. 4. DMSO induces intracellular calcium mobilization. Intracellular calcium
variations were evaluated in pre-confluent astrocytes loaded with Fura-2 by real time

fluorescence microscopy, stimulated by 0.5% DMSO (dotted black bars) or DMSO in a calcium-
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free medium (DMSO/-Ca?*, dotted grey bars) or DMSO in a calcium-free medium containing 1
UM thapsigargin (DMSO/-Ca**/TPG, dotted white bars). A, percentage of cells exhibiting only a
type 1 response (TR1); exhibiting only a type 2 response (TR2); exhibiting both TR1 and TR2;
and neither TR1 nor TR2 (none) were analysed separately, comparing the different stimulating
conditions. B, intensities of type 1 and type 2 responses (TR1 and TR2, respectively) obtained
under different stimulating conditions. Means, under each stimulating condition, indicated by a

different letter differ (one way ANOVA followed by Duncan’s test, assuming p< 0.05).

Fig. 5. DMSO does not affect cell integrity or viability. Rat cortical astrocytes were
cultured in DMEM containing 10% FCS. Confluent astrocytes were exposed to DMSO at a final
concentration of 0.1 or 0.5 or 1%, during 1 or 6 h. During this time astrocytes were incubated
with propidium iodide (panel C) or were incubated with MTT at the end of this time period
(panels A and B). A, MTT reduction assay performed after 1 h (black bars) or 6 h (grey bars) of
incubation in DMEM without serum (in A) or with 10% FCS (in B). Statistical analysis was
performed by one way ANOVA. C, representative propidium iodide fluorescent image of
astrocytes after 6 h of incubation in DMEM with 10% FCS, in the absence (at left) or presence of
1% DMSO (at right). Each value is the mean (+ standard error) of at least 4 independent
experiments performed in triplicate. Statistical analysis was performed by Student t test. Scale

bar: 50 pm.

Fig. 6. DMSO does not induce morphological changes associated with S100B secretion.

Rat cortical astrocytes were cultured in DMEM containing 10% FCS. Confluent and pre-

confluent cells in basal conditions (panels A and D, respectively) or incubated with 1% DMSO

66



(panels B and E) or incubated with 10 uM forskolin for 1 h (panels C and F) were analyzed by
phase-contrast microscopy (A-C) and fluorescent microscopy after rhodamine-phalloidin
staining for actin filaments (D-F). Images are representative of 4 independent experiments. Scale

bar: 50 um.

Fig. 7. DMSO increases cerebrospinal content of S100B and in vitro S100B secretion in
brain slices. A and B, Intracerebroventricular injection of DMSO (2 uL) or saline solution (2
pL) in adult Wistar rats under anaesthesia. After 1 hour, cerebrospinal fluid and blood were
collected by magna puncture and intracardic puncture, respectively. Cerebrospinal fluid (A) and
serum (B) contents of S100B were measured by ELISA. Each value represents the mean (+
standard error) of 5 rats per group. C, Adult Wistar rats were killed by decapitation and 0.3 mm
hippocampal slices were obtained using a Mcllwain chopper. After a metabolic recovery period,
hippocampal slices were exposed to 1% DMSO and extracellular content of S100B was
measured by ELISA. Each value is the mean (+ standard error) of at least 4 independent
experiments performed in triplicate. * Significantly different from the respective control (Student

t test, p< 0.05).
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Figure 3
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Figure 7
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Discussao

1. Dosagem de S100B
1.1.  Caracteristicas do imunoensaio

Existem muitas técnicas diferentes disponiveis para a medida da S100B, o que
muitas vezes provoca discrepancias entre valores de concentragdo de S100B obtidos entre
diferentes grupos de pesquisa, que acabam sendo discutidos sem levar em consideracdo
essas diferencas metodoldgicas. Todas as metodologias disponiveis atualmente para a
dosagem de S100B sao imunoensaios, ou seja, sdo técnicas baseadas no reconhecimento
da proteina por anticorpos comerciais especificos. Apesar de frequentemente diferentes
técnicas utilizarem os mesmos anticorpos (Goncalves et al. 2008), o que deveria facilitar
a comparag¢do dos resultados de diferentes grupos, isso ndo acontece, devido a uma série
de pequenas variacdes metodoldgicas que afetam a especificidade e a afinidade da
deteccdo da S100B nos diferentes tipos de amostras biologicas.

Parece claro que pequenas alteragcdes metodoldgicas podem causar grandes
alteragdes na imunodetecgdo da S100B quando observamos os dois protocolos
padronizados nesse trabalho. Ambos utilizam os mesmos anticorpos comerciais;
entretanto, o protocolo 1 ¢ dez vezes mais sensivel que o protocolo 2, enquanto que este
possui uma linearidade dez vezes maior. E importante ressaltar que a tUnica diferenga
metodoldgica entre os dois protocolos estd no tempo de incubagdo dos anticorpos e na
forma como eles sdo incubados (em separado, no protocolo 1, ou simultaneamente, no
protocolo 2). A sensibilidade e reprodutibilidade do protocolo 2 foi comparéavel a de kits

comerciais para a dosagem de S100B, especialmente o da marca Sagtec (Tort et al.
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2003), enquanto que o protocolo 1 apresentou sensibilidade maior do que a maioria das
técnicas disponiveis para a dosagem de S100B (Goncalves et al. 2008).

O reconhecimento da S100B nas diferentes amostras bioldgicas testadas ndo foi
alterado pelo congelamento e descongelamento das amostras. Nas amostras de tecido,
inibidores de proteases como PMSF, EGTA e EDTA foram suficientes para preservar a
estabilidade da proteina. Nas amostras de soro, liquor, urina e meio de cultura, ndo foi
necessaria a adicao desses inibidores. Nos dois protocolos padronizados, o bloqueio com
albumina de soro bovino pode ser substituido com a mesma eficiéncia no bloqueio de
ligagdes inespecificas, por um bloqueio com ovoalbumina ou PVP-40. O leite desnatado
ndo pode ser usado como agente bloqueador, o que confirma a presenga de S100B no

leite (Gazzolo et al. 2003).

1.2.  Interferentes na técnica

Sabe-se que um anticorpo especifico reconhece um antigeno através de uma
pequena parte de sua estrutura chamada epitopo. Esse reconhecimento ¢ feito através de
ligacdes ndo covalentes entre antigeno e anticorpo que, para se formarem, necessitam que
antigeno e anticorpo estejam em uma conformagio tridimensional especifica. E por isso
que o reconhecimento de uma proteina por seu anticorpo especifico pode mudar se ela
sofrer modificagdes pos-traducionais ou ainda se esse antigeno se ligar com algum ligante
de forma ndo covalente. Essa especificidade dos anticorpos por uma estrutura
tridimensional especifica do antigeno ¢ o que possibilita a produgdo de anticorpos que
reconhegam apenas a forma fosforilada ou glicosilada de uma determinada proteina, por

exemplo. Entretanto, esse tipo de alteracdo estrutural frequentemente ndo ¢ levado em
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consideracdo durante a elaboragdo ¢ a interpretagdo dos imunoensaios (Tramontina et al.
2007).

A S100B ¢ uma proteina ligante de calcio, que pode mudar seu reconhecimento
pelo anticorpo dependendo de seu estado de ligagdo ao calcio (Goncalves et al. 1997).
Trabalhos prévios demonstraram que o reconhecimento da S100B pelo anticorpo de
captura utilizado nesse trabalho (clone SH-B1, da marca Sigma) ndo ¢ alterado pela
presenga de calcio (Goncalves et al. 1997). Entretanto, o reconhecimento da S100B por
um anticorpo de detec¢do, conjugado com a peroxidase (da marca DAKO) ¢
significativamente aumentado na presenga de calcio (Green et al. 1997, Tramontina et al.
2000). Inversamente, o uso de quelantes de célcio aumentou o reconhecimento da
proteina S100B pelo anticorpo em um imunoensaio comercial, da marca Sangtec (Tort et
al. 2003). Em ambos os protocolos de ELISA para S100B demonstrados nesse trabalho, a
presenga de calcio ndo modificou o reconhecimento da S100B por nenhum dos
anticorpos utilizados (captura e detec¢do). E importante ressaltar que o anticorpo de
deteccdo utilizado nesse trabalho foi o da maca DAKO, que apresentou alteragdo de
reconhecimento da S100B na presenca de célcio em trabalhos prévios (Green et al. 1997,
Tramontina et al. 2000). Nesses estudos anteriores, o anticorpo era conjugado a
peroxidase. Recentemente a DAKO parou de produzir o anticorpo conjugado e o
substituiu pela forma ndo conjugada, que foi utilizada no presente trabalho, o que sugere
que pequenas modificagdes no anticorpo (como a conjugagdo com uma enzima) também
possam causar modificagcdes no reconhecimento de seu antigeno.

A S100B interfere no estado de fosforilagdo de muitas proteinas-alvo (Donato

2001), mas até agora ndo foi demonstrado que ela seja alvo de nenhuma proteina cinase
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in vivo. Portanto, o estado de fosforilagdo da S100B ndo ¢ relevante para os
imunoensaios. No entanto, o estado de oxidacao da S100B pode alterar o reconhecimento
pelo anticorpo e também interfere na interacdo da S100B com proteinas-alvo especificas
(Goncalves et al. 2000, Scotto et al. 1998). De fato, uma diminui¢do no reconhecimento
da S100B foi observada quando ela foi oxidada através de um tratamento prévio com
perdxido de hidrogénio ou com tetrationato de sédio. O DTT nao foi capaz de reverter a
diminui¢do do reconhecimento da S100B pelos anticorpos induzida por perdxido de
hidrogénio, sugerindo que essa oxidagdo ndo ¢ limitada a formagao de ligac¢des dissulfeto.
Portanto, esse aspecto deve ser considerado na avaliagdo dos resultados, especialmente
quando as amostras sdo expostas ao estresse oxidativo, inclusive durante a sua obtengao.

A S100B ¢ uma proteina altamente soluvel e que pode interagir com muitos
substratos diferentes (Donato 2001) e seu reconhecimento pelo anticorpo pode ser
afetado pela interacdo com essas proteinas independentemente de ligacdes cruzadas.
Nesse estudo, foi utilizado um anticorpo de captura monoclonal que ndo reconhece a
S100A1, uma proteina abundante no tecido neural. Os anticorpos utilizados no
imunoensaio comercial da marca Sangtec apresentam reacdo cruzada fraca com a
S100A1 (Heizmann 2004) e que seu reconhecimento pode ser afetado na presenca de
outras proteinas da amostra (Fazio et al. 2004), o que demanda um cuidado maior na
avalia¢do dos resultados quando a dosagem for realizada em homogeneizados de tecidos
(Mazzini et al. 2005).

A alta concentragdo de lipidios no tecido adiposo se mostrou como um
interferente nos dois protocolos padronizados nesse trabalho, diminuindo o

reconhecimento da S100B pelos anticorpos. Esse fendomeno pode ser explicado pela
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interferéncia dos lipideos nas interacdes hidrofobicas entre antigeno e anticorpo. Essa
interferéncia pode ser eliminada através da delipida¢do prévia das amostras de tecido

adiposo.

1.3.  Conclusoes

Dois protocolos para S100B foram padronizados, que devido a sua diferenca de
sensibilidade e linearidade sdo ideais para dosar uma diversidade de amostras. Dessa
forma, amostras com baixas concentragdes de S100B, como urina, soro, liquor e amostras
de cultura de células podem ser dosadas utilizando o protocolo 1, de maior sensibilidade.
J& amostras com maior concentracdo de S100B, como tecido adiposo e tecido cerebral,
podem ser dosadas pelo protocolo 2, que apresenta maior linearidade, evitando o uso de
dilui¢des muito altas o que poderia causar um erro maior. O fato de serem técnicas muito
parecidas facilita a comparacao entre resultados obtidos em diferentes tipos de amostras
bioldgicas. A técnica apresentou sensibilidade comparada a de imunoensaios comerciais,
com um custo por amostra extremamente baixo.

O estado de oxidacdo da S100B afetou o reconhecimento pelo anticorpo. Esse
aspecto ¢ de extrema importancia visto que as formas reduzida e oxidada da proteina
podem coexistir in Vivo e que o equilibrio entre essas duas formas pode ser modificado
pelo estresse oxidativo em situagdes fisiologicas ou patoldgicas ou ainda mesmo no

momento da obtencdo das amostras.
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Comunicag¢ao por jungdo gap e secrecao de S100B

2.1.  Secrecao de S100B na presenca de inibidores de jungdo gap

Preparacdo / Tempo Hal | Oct | Cbx | Gza | FFA | ET-1

Astrécitos 15 minutos - - T - - 0

Astrécitos 1 h ) ) ) - ) )

Astrocitos 6 h - 0 0 - - l

Fatias 1 h - - T 0 - J

GliomaC6 1 h - - - - - -

Astrocitos pré-confluentes 1 h - - - - - -

2.2.  Viabilidade celular — cultura de astrdcitos e glioma C6

. Nao foi observada alteragdo na integridade celular em cultura de

astrocitos em 6 h de incubagcdo com os bloqueadores de jung¢do gap ou
com acido glicirrizico (Gza) pela técnica de captacdo do iodeto de
propidio e liberagdo de LDH.

. Nao foi observada alteragdo na viabilidade celular pela técnica de
reducdo do MTT em astrécitos expostos aos bloqueadores de jungdo gap
ou ao Gza durante 6 h. O FFA aumentou a redugao de MTT.

. Apenas o FFA foi capaz de reduzir a captagdo do corante vermelho

neutro em cultura de astrocitos, em 6 h de tratamento.

2.3.  Viabilidade celular — fatias agudas hipocampais
= Nao foi observado aumento de atividade de LDH no meio extracelular
em 1 h de exposi¢do aos bloqueadores de jun¢do gap ou ao Gza.
* Todos os bloqueadores de jun¢do gap, mas ndo o Gza, foram capazes

de diminuir a redu¢do do MTT em 1 h de exposi¢do.
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= Apenas a Cbx foi capaz de reduzir a captacdo do corante vermelho

neutro durante 1 h de exposi¢ao.

2.4.  Eficiéncia no bloqueio de jungdo gap em astrocitos
Todos os bloqueadores de juncdo gap testados foram capazes de bloquear a
comunicagdo por jun¢do gap, avaliada pela técnica de incorporacdo do corante “Lucifer

Yellow”.

2.5.  Comentarios

Os resultados mostram que a secre¢do de S100B aumenta com o bloqueio da
comunicagdo por juncdo gap tanto em cultura de astrécitos quanto em fatias agudas
hipocampais. Algumas variagcdes foram observadas e podem ser justificadas pela natureza
do bloqueador de juncdo gap, pelos seus diferentes alvos intracelulares e pelo tipo de
preparacao utilizada.

Nao existe um bloqueador de juncdo gap altamente especifico; a maioria deles
possui outras atividades intracelulares. O halotano, por exemplo, além de bloquear junc¢ao
gap, ¢ um anestésico, e o efeito anestésico pode estar relacionado com o bloqueio da
jungdo gap (Wentlandt et al. 2006). O acido fluflendmico, além de bloquear jungdo gap, é
um composto com atividade anti-inflamatéria. De todos os bloqueadores de jun¢do gap, a
carbenoxolona ¢ considerada a mais especifica.

Dessa forma, para confirmar se o efeito observado ndo ¢ devido a um efeito
inespecifico de um determinado bloqueador, utilizamos cinco diferentes bloqueadores.

Todos os bloqueadores foram capazes de aumentar a secre¢dao de S100B em culturas de
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astrocitos no intervalo de 1 h, no qual o bloqueio de juncdo gap ¢ efetivo. Os astrdcitos
pré-confluentes que ainda nao estabeleceram comunicagdo por jungdo gap e as células C6
que praticamente ndo expressam conexinas (Tabernero et al. 2006) foram utilizadas como
controle negativo. De fato, nenhum dos bloqueadores testados foi capaz de aumentar a
secrecao de S100B em cultura de astrocitos pré-confluentes e em células de glioma C6,
mostrando que o aumento da secre¢do de S100B ¢ devido ao bloqueio da jungdo gap.

O octanol também foi capaz de aumentar a secrecdo de S100B em culturas de
astrocitos em 6 h de tratamento; entretanto, contrariamente aos resultados em astrocitos,
nenhum dos agentes lipofilicos (halotano e octanol) foi capaz de modular a secrecdo de
S100B em fatias agudas hipocampais durante 1 h de exposi¢do. Essas moléculas atuam
na bicamada lipidica e, aparentemente, tém alvos moleculares diferentes em cultura de
células e em fatias. O acido flufendmico também ndo foi capaz de alterar a secreg¢do de
S100B em fatias agudas hipocampais e seu mecanismo de bloqueio de juncdo gap ainda ¢
desconhecido. A carbenoxolona, que atua diretamente nas conexinas para bloquear a
jungdo gap (Salameh & Dhein 2005), foi o Gnico bloqueador capaz de aumentar rapida e
persistentemente a secre¢do de S100B, tanto em cultura de astrécitos quanto em fatias
agudas hipocampais.

O mecanismo de bloqueio de jun¢do gap pela endotelina-1 envolve vias de
sinalizacdo intracelulares (Salameh & Dhein 2005) e contrariamente ao seu efeito em
astrocitos em 1 h de exposi¢do, em 6 h a endotelina-1 foi capaz de reduzir a secre¢do de
S100B, bem como em fatias agudas hipocampais. Estudos com corantes fluorescentes
demonstram que a endotelina-1 bloqueia rapidamente a comunicagdo por jun¢do gap, mas

a comunicacdo normal ¢ restabelecida em 90 min (Blomstrand & Giaume 2006), o que
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poderia explicar o efeito em longo prazo da endotelina-1 em cultura de astrécitos. Além
disso, periodos prolongados de exposi¢do a endotelina causam a diminuicao de receptores
de glutamato e da glutamina sintetase (Lehmann et al. 2008). Apesar de ndo se ter
nenhuma informagdo a respeito da dessensibilizacdo dos receptores de endotelina-1 em
fatias agudas hipocampais, esse mecanismo ndo pode ser descartado. Outra explicagdo
para a reducdo da secre¢do de S100B em fatias expostas a endotelina-1 pode ser o
aumento da atividade neuronal mediada pelo glutamato (Goncalves et al. 2002, Shihara et
al. 1998).

Outra diferenga entre os modelos de cultura primdria de astrécitos e preparagoes
de fatias hipocampais ocorreu no que diz respeito ao uso do &cido glicirrizico. Esse
composto ¢ estruturalmente similar & cabenoxolona, mas nao bloqueia jungdes gap. O
acido glicirrizico ¢ um composto bastante utilizado como controle negativo. Nenhum
efeito sobre a secrecdo de S100B foi observado em culturas de astrocitos expostas ao
acido glicirrizico; entretanto, em fatias agudas hipocampais, foi observado um aumento
da secre¢do de S100B quando expostas a esse composto. Esse feito poderia ser explicado
pela atividade do acido glicirrizico em outras células presentes nas fatias que pudessem
ter efeito secundario sobre a secrecdo de S100B. Sabe-se que o 4cido glicirrizico tem
efeito sobre a excitabilidade neuronal, principalmente sobre a permeabilidade do K"
(Elsen et al. 2008).

A técnica de incorporagdo do corante fluorescente Lucifer Yellow confirmou que
o bloqueio da comunicagdo por jungdo gap foi efetivo em nossas preparacdes. Além

disso, as técnicas de integridade ou viabilidade celular ajudaram a caracterizar o efeito
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dos bloqueadores de jungdo gap sobre a secrecdo de S100B, bem como a identificar
efeitos inespecificos deles nas diferentes preparagdes.

O ensaio de redu¢do do MTT em cultura primaria de astrocitos mostrou que
nenhum dos compostos utilizados foi capaz de diminuir a capacidade redutora das
células. O acido flufenamico foi capaz até de aumentar a redugdo do MTT. Ja em fatias
agudas hipocampais, todos os bloqueadores de jun¢do gap, mas ndo o acido glicirrizico,
foram capazes de diminuir a reducdo do MTT. Isso sugere que esse efeito em fatias, que
sd0 mais susceptiveis ao estresse oxidativo do que cultura de astrécitos, ndo envolve
necessariamente o bloqueio da comunicagdo por jungdo gap. E importante mencionar que
o ensaio de redu¢do do MTT ndo envolve apenas a capacidade redutora da mitocondria,
mas também os processos de endocitose (para captar o MTT) e exocitose (para exportar o
produto reduzido do MTT) (Liu et al. 1997). O ensaio de captagdo do corante vermelho
neutro indicou que em geral os bloqueadores de jun¢do gap ndo alteram a viabilidade
celular em cultura priméaria de astrdcitos ou em fatias agudas hipocampais, apesar de uma
reducdo da captagdo do corante vermelho neutro ter sido observada durante a exposi¢ao
ao acido flufendmico. Os ensaios de liberagdo LDH, incorporagdo de iodeto de propidio e
reducdo do MTT ndo mostraram um efeito similar. A razdo para essa discrepancia nos
ensaios ndo ¢ clara, mas enfatiza a importancia do uso de diferentes ensaios para a
avaliacdo da viabilidade celular.

Estudos prévios mostraram uma reducdo da secrecdo basal de S100B quando
células astrogliais atingem a confluéncia in vitro (Tramontina et al. 2002, Van Eldik &
Zimmer 1987), o que pode ser modulado negativamente por mudangas na comunicacao

por jungdo gap nessas preparagdes. Os dados apresentados nesse trabalho permitem
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formular a hipotese da existéncia de uma relacdo inversa entre a comunicacao por jungao
gap e a secrecao de S100B.

Atualmente sabe-se que os astrocitos sentem e respondem a estimulos gerados por
neurdnios € que essas alteracdes envolvem juncdes gap e hemicanais. Os inibidores de
juncdo gap aumentam a vulnerabilidade neuronal induzida por estresse oxidativo em co-
cultura de astrdcitos e neuronios (Blanc et al. 1998) e também por altas concentragdes de
glutamato (Ozog et al. 2002). Por outro lado, considerando a rede formada por astrocitos
interligados por jungdes gap, o bloqueio dessa comunicagdo pode limitar a extensdo de
uma lesdo (Nodin et al. 2005). Portanto, com base na atividade neurotréfica da S100B
observada em uma série de condi¢gdes de injuria (Van Eldik & Wainwright 2003), pode-
se inferir que a S100B secretada estimulada pelo bloqueio da comunica¢dao por jungdo
gap em astrdcitos pode ser benéfica para a sobrevivéncia celular em uma éarea afetada por
lesdo. De fato, a sinalizacdo alterada durante um dano (mediada por calcio ou ATP, por
exemplo) pode local e transitoriamente interromper a comunicagao por jungdo gap € isso
pode ser o gatilho para a sinalizagdo para a sobrevivéncia celular, o que pode incluir a
secrecao de S100B.

Outros dados que reforcam essa relacdo inversa entre comunicagdo por jun¢ao
gap e secrecdo de S1I00B ¢ que altas concentragdes de glutamato ou potassio (como as
observadas em situagdes excitotoxicas) aumentam a comunicacdo por jungdo gap
(Enkvist & McCarthy 1994) e diminuem a secrecdo de S100B em cultura de astrdcitos

(Goncalves et al. 2002) e fatias agudas hipocampais (Nardin et al. 2009).
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2.6.  Conclusdes

Os dados indicam que o bloqueio da comunicagdo por jun¢do gap aumenta a
secregdo de S100B em cultura priméria de astrocitos, bem como em fatias agudas
hipocampais. A secrecdo de S100B foi observada utilizando diferentes tipos de inibidores
de juncdo gap e os efeitos observados foram dependentes do tempo, da natureza do
inibidor e do tipo de preparacdo utilizada. Apenas a carbenoxolona foi capaz de produzir
um aumento rapido e persistente na secre¢do de S100B nas duas preparagdes.

Fisiologicamente, um bloqueio local da comunicacdo por juncdo gap, associada
com o aumento da secre¢do de S100B em uma condi¢do de injuria, favorece a idéia da
existéncia de um mecanismo comum para limitar a extensdo da lesdo e aumentar as

chances de sobrevivéncia celular.

3. Mobilizacdo de calcio e secrecao de S100B
3.1.  Secrecdo basal de S100B
* Um aumento tempo dependente da secrecdo de S100B foi observado
apos a privagao de soro fetal bovino (SFB).
* A redugdo do cdlcio extracelular, quando as células foram expostas ao
EGTA, foi capaz de aumentar a secre¢do de S100B estimulada pela
auséncia de SFB.
= O Co”" diminuiu e os iondforos de célcio (ionomicina e A23187)
aumentaram a secrecdo de S100B estimulada pela auséncia de SFB.

Esse aumento foi maior do que o observado com forscolina.
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A secrecao de S100B foi estimulada na presenca de concentragdes de
DMSO superiores a 0,1% tanto na presenga quanto na auséncia de
SFB.

Os moduladores de célcio (tapsigargina, BAPTA-AM, U73122, CoCl,
e verapamil) foram capazes de reduzir a secre¢cao de S100B induzida

por DMSO 0,5% tanto na presenga quanto na auséncia de SFB.

3.2. Medidas de céalcio intracelular

3.2.1. Estimulos com DMSO, forscolina e EGTA em astrocitos

Dois tipos de resposta de aumento de calcio foram observadas. Uma
resposta rapida (tipo 1) e uma resposta sustentada (tipo 2).

A exposi¢do ao DMSO e a forscolina induziu uma porcentagem de 20-
30% das células a responderem apenas com resposta de tipo 1,
enquanto que a exposi¢do ao EGTA ndo apresentou esse tipo de
resposta.

A exposicdo a0 DMSO e a forscolina induziu menos de 20% das
células a resposta do tipo 2, enquanto que o EGTA induziu 40% das
células a apresentar esse tipo de resposta.

Em todos os tratamentos (DMSO, forscolina e EGTA), mais de 50%
das células apresentaram respostas do tipo 1 e do tipo 2 (na mesma
célula) e menos de 5% das células ndo apresentaram nenhum tipo de

resposta de aumento de célcio intracelular.
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3.2.2.

* A intensidade das respostas tipo 1 e tipo 2 ndo foram diferentes
quando as células foram estimuladas com EGTA, mas a resposta tipo 2
teve intensidade maior que a resposta tipo 1 nos tratamentos com

DMSO e forscolina.

Variagdes de célcio intra e extracelular

= A porcentagem de células que exibiram apenas resposta do tipo 1
induzida por DMSO (25%) caiu para 10% com a remocdo do célcio
extracelular e foi abolida com a adi¢do de tapsigargina.

= A porcentagem de células que apresentaram resposta do tipo 2
estimuladas com DMSO nao foi alterada com a remog¢do do célcio
extracelular, mas aumentou quando as células foram expostas a
tapsigargina.

= A porcentagem de células que apresentaram resposta do tipo 1 e do
tipo 2 quando tratadas com DMSO nao foi alterada com a remoc¢ao do
calcio extracelular, mas foi abolida com a exposi¢do a tapsigargina.

= A intensidade da resposta tipo 1 induzida por DMSO foi aumentada
com a remo¢ao do célcio e abolida com a tapsigargina.

= A intensidade da resposta tipo 2 induzida por DMSO ndo foi alterada
pela remocdo do calcio extracelular, mas foi diminuida com a

tapsigargina.
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3.3.  Comentarios

Os resultados mostram um aumento da secre¢do de S100B estimulada por EGTA,
sendo dessa forma a secrecdo de S100B negativamente correlacionada com a
concentragdo de calcio extracelular, e esse efeito foi depende do tempo. Estudos prévios
jé& tinham observado um aumento de secrecdo de S100B induzido por EGTA em fatias
cerebrais (Buyukuysal 2005) e em células de glioma C6 (Davey et al. 2001, Suzuki et al.
1987). Em células ndo excitdveis como os astrocitos, a remocdo do calcio externo
provoca uma mobilizacdo dos estoques de célcio intracelular (Zanotti & Charles 1997).
Além disso, o uso de ionoforos também aumentou a secre¢do de SI00B. A entrada de
calcio do meio extra para o meio intracelular em astrocitos ocorre frequentemente para
repor os estoques intracelulares de calcio ap6és um estimulo (Agulhon et al. 2008). Isso
explica a reducdo da secre¢do de SIO0B em células expostas ao cobalto, que bloqueia
transportadores de calcio da membrana plasmatica. E importante ressaltar que esses
tratamentos foram realizados na auséncia de soro fetal bovino que por si s6 mobiliza
calcio intracelular em astrocitos (Matsunaga & Ueda 2006).

O DMSO ¢ um solvente comum e amplamente utilizado em estudos biologicos e
também e em ensaios farmacologicos. Sua concentragdo de uso varia de 0,1% a 20%
nesses estudos, onde é considerado como um solvente inerte. Entretanto, muitas vezes
alguns efeitos do DMSO acabam sendo negligenciados. O DMSO ¢ um solvente que se
difunde facilmente por membranas e ¢ capaz de seqiiestrar radicais livres e romper pontes
de hidrogénio, podendo assim interferir em ensaios in vivo e in vitro (Santos et al. 2003).
Com relagdo a secregdo protéica, ja foi demonstrado que o DMSO aumenta a secregao de

IL-1 induzida por LPS em mondcitos humanos (Xing & Remick 2005), aumenta a
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secre¢do de insulina induzida pelo peptideo-1 andlogo ao glucagon em uma linhagem de
células beta de pancreas (Kemp & Habener 2002) e diminui a secrecao de IL-8 induzida
por homocisteina em mondécitos humanos (Zeng et al. 2003).

O DMSO foi capaz de aumentar a secre¢do de S100B de forma tempo e
concentragdo dependente. Esse aumento foi maior do que o ocasionado pela forscolina,
um secretagogo classico de S100B, e também ocorreu na presenca de soro fetal bovino,
ou seja, sem nenhum outro estimulo. Um efeito do DMSO sobre a secre¢do de S100B
envolvendo a liberagdo de calcio dos estoques internos ¢ refor¢ado pelo efeito inibitorio
do BAPTA-AM (um quelante de cdlcio intracelular) e da tapsigargina (um bloqueador da
SERCA). Uma inibicdo efetiva da secrecdo de S100B induzida por DMSO também foi
obtida pelo tratamento com Co”" e verapamil (bloqueadores de transportadores de célcio
da membrana plasmatica). Uma inibicdo da secre¢do de S100B estimulada por DMSO
também foi obtida no tratamento com U73122 (um inibidor da PLC), sugerindo o
envolvimento do IP; como mensageiro intracelular responsavel pela sinalizacdao para essa
liberagdo de calcio dos estoques intracelulares de calcio. Todos esses agentes
farmacoldgicos foram efetivos em modular a secre¢do de S100B induzida por DMSO
tanto na presenga quanto na auséncia de soro fetal bovino.

Para confirmar os dados obtidos com os agentes farmacologicos, foram realizadas
medidas de calcio intracelular em astrocitos estimulados com DMSO, forscolina e
EGTA. De fato, o DMSO (0,5% e 1%) induziu um aumento de cdlcio intracelular e o
perfil desse efeito (tipo e intensidade de resposta) foi mais similar com o perfil induzido
por forscolina do que com o perfil induzido por EGTA. A resposta ao DMSO ndo foi

alterada quando o experimento foi realizado em um meio livre de célcio, confirmando
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que o aumento de célcio intracelular ¢ devido a mobilizacdo de estoques internos e ndo a
um influxo de célcio do meio extracelular. Quando a tapsigargina foi adicionada (em um
meio livre de célcio), a resposta de aumento de calcio intracelular estimulada por DMSO
foi drasticamente alterada, sugerindo que o DMSO ¢ capaz de mobilizar céalcio do
reticulo endoplasmatico. E importante ressaltar que a resposta do tipo 1 foi abolida com
tapsigargina, mas que a resposta sustentada do tipo 2 ndo foi completamente inibida.
Entretanto, ¢ importante observar que, apesar de uma porcentagem grande de células
apresentarem resposta do tipo 2 quando expostas a tapsigargina e DMSO, a intensidade
dessa resposta foi muito mais baixa que quando expostas apenas a0 DMSO e um nimero
maior de células ndo apresentou nenhum tipo de resposta. Sendo assim pode-se concluir
que o principal mecanismo de mobilizacdo de calcio intracelular por DMSO envolve o
reticulo endoplasmatico. Como a resposta ndo foi completamente abolida com o uso de
tapsigargina, ndo se pode descartar o envolvimento da mobiliza¢do de calcio de outros
estoques intracelulares, como por exemplo, a mitocondria ou os lisossomos, que também
participam da sinalizagao por calcio em astrocitos (Heidemann et al. 2005, Li et al. 2008,
Simpson & Russell 1998).

O efeito secretagogo da forscolina ainda ndo ¢ completamente entendido, mas
poderia ser explicado pela modulagdo positiva dos canais de cdlcio sensiveis a IP; pela
PKA (Bezprozvanny 2005). De fato, o H89 (um inibidor de PKA) reduz a secre¢do de
S100B estimulada pela auséncia de soro fetal bovino (Goncalves et al. 2002). Por outro
lado, astrdcitos expressam primariamente canais sensiveis ao IP; do tipo 2 (Agulhon et al.
2008), que aparentemente (a0 menos em células ndo neuronais) sdo pouco sensiveis a

fosforilagdo por PKA (Soulsby & Wojcikiewicz 2007). Outra possivel explica¢do € que o
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cAMP e a PKA possam agir reorganizando o citoesqueleto de forma a remodelar o
espaco entre a membrana plasmatica e o reticulo endoplasmatico, aumentando assim a
captagdo de calcio pelo reticulo (entrada capacitativa) (Grimaldi et al. 1999, Wu et al.
1999). Essas possibilidades requerem futuras investigagoes.

Como o DMSO ¢ um solvente, uma possivel liberagdo inespecifica de S100B foi
investigada, particularmente no que se refere a integridade e viabilidade celular.
Nenhuma mudanga na integridade celular (avaliada pela liberagdo de LDH e pela
captagdo de iodeto de propidio) ou na viabilidade celular (avaliada pela redu¢ao do MTT)
foi observada. Além disso, a exposicdo das culturas de astrocitos a 1% de etanol nao
produziu uma aumento na secre¢do de S100B (dados ndo mostrados), tanto na presenga
quanto na auséncia de soro fetal bovino. Dessa forma, ndo hé4 evidéncias que apontem
para uma liberagdo inespecifica de S100B por astrocitos, quando estimulados com
DMSO.

Apesar de a forscolina causar um aumento na secre¢do de S100B similar ao
observado com o DMSO, a secre¢do de S100B induzida por DMSO niao ¢ acompanhada
por alteragdo morfolégica. E importante enfatizar que o efeito da forscolina sobre o
citoesqueleto ¢ revertido com &cido lisofosfatidico, que por si s6 causa aumento na
secre¢do de S100B (Pinto et al. 2000). Esses dados reforcam a idéia de que o perfil de
secrecao de S100B em astrocitos nao estd necessariamente associado com alteragdes
morfoldgicas, pelo menos em cultura primaria de células.

Finalmente, a concentragdo extracelular de S100B foi investigada no liquor de
ratos que receberam uma infusdo ICV de DMSO. Essa investigacdo se torna relevante,

visto que 0 DMSO ¢ comumente utilizado como veiculo para a administragdo ICV de
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farmacos. Os resultados mostram que uma concentragdo de 1% de DMSO aumentou
significativamente o contetdo de S100B no liquor sem, no entanto, aumentar a
concentragdo de S100B no soro, sugerindo que aumentos na concentragdo de S100B no
liquor ndo sdo necessariamente acompanhados de aumentos dessa proteina no soro. Além
disso, fatias agudas hipocampais também mostraram um aumento na secre¢ao de S100B

quando estimuladas com 1% de DMSO.

3.4. Conclusodes

Esses dados consolidam a visdo de que a secrecao de S100B ¢ disparada por
agentes que aumentam o célcio intracelular por mobilizagdo do reticulo endoplasmatico
em culturas astrogliais e fatias agudas hipocampais. Esses agentes incluem a privacao de
soro fetal bovino (Goncalves et al. 2002), iondforos, forscolina (Pinto et al. 2000),
auséncia de célcio extracelular (Davey et al. 2001, Suzuki et al. 1987) e redugio do K"
extracelular (Nardin et al. 2009). Nem todos os agentes que mobilizam calcio intracelular
poderdo necessariamente ser capazes de modular a secre¢do de S100B.

Apesar dos alvos moleculares do DMSO ainda serem desconhecidos, esse
composto (em concentracdes maiores que 0,1%) aumenta o calcio intracelular e induz a
secrecdo de S100B. Isso reforca o fato de que a S100B secretada seja um dos possiveis
mediadores dos efeitos (e efeitos colaterais) do DMSO e que ¢é necessaria cautela na sua
utilizagdo como veiculo. Esse fato ¢ particularmente importante quando se considera
proteinas secretadas envolvidas na comunicagdo intercelular, como a S100B, que também
podem ser moduladas pelo DMSO. Além disso, a propriedade de aumentar a secregdo de
S100B do DMSO pode ser adicionada a lista de aplica¢des terapéuticas desse composto,

especialmente considerando o efeito neuroprotetor da S100B que tem sido observado em
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modelos de dano cerebral (Kleindienst et al. 2005). Além disso, o uso do DMSO como
ferramenta para se estudar a mobilizagdo de célcio intracelular deve ser levado em

consideragao.
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Considerac0es Finais

Apesar de muitos moduladores da secre¢do de S100B ja terem sido identificados,
pouco se sabe sobre os mecanismos de ativacdo e regulagdo dessa secrecdo. Nesse
trabalho, algumas importantes questdes para uma compreensdo melhor dos mecanismos
celulares que regulam a secre¢do de S100B foram abordadas.

Primeiramente, uma técnica para a dosagem da S100B foi padronizada. Isso nos
possibilitou dosar essa proteina com uma maior sensibilidade e, consequentemente, a
possibilidade de trabalhar com intervalos mais curtos de incubacdo, o que ¢ fundamental
no estudo da regulagdo da secrecdo. Essa técnica também se mostrou versatil, na medida
em que foi aplicavel para diversos tipos de amostras biologicas, o que facilita a
comparacdo de valores de concentracdo de S100B obtidos em diferentes condigdes
experimentais. Além disso, a técnica possui um custo muito baixo em relagdo aos kits
comerciais disponiveis e ¢ de facil execug¢ao.

Considerando que a SI00B ¢ uma proteina com efeitos autocrinos e paracrinos,
podendo ser tréfica ou toxica dependendo de sua concentragdo, e ainda que as juncdes
gap em astrocitos estdo intimamente relacionadas com a comunicagdo entre astrocitos e
neurdnios, o efeito do bloqueio das jungdes gap sobre a secre¢cdo de S100B foi
investigado. O aumento da secre¢do de S100B observado pode indicar uma resposta
trofica dos astrdcitos a uma situacdo de dano, em que a comunicagdo por juncao gap €
bloqueada para limitar a extensdo da lesdo. Ainda ndo foi demonstrado um efeito do
bloqueio das jungdes gap sobre a mobilizacdo de célcio intracelular; entretanto, as
jungdes gap podem ter alvos protéicos envolvidos diretamente na maquinaria de secrecao

da S100B, que ainda ¢ desconhecida.
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Finalmente, visto que aumentos de calcio intracelular parecem estar envolvidos na
secre¢do de S100B em linhagens celulares e que também ¢ capaz de regular juncdes gap,
um possivel envolvimento da mobilizacdo de célcio intracelular em astrdcitos na secre¢do
de S100B estimulada por secretagogos conhecidos (como a forscolina) foi investigado.
Durante esse estudo, nés descobrimos que o DMSO ¢ um secretagogo mais potente do
que a forscolina e por isso ele foi utilizado nesse estudo. De fato, o DMSO ¢ capaz de
mobilizar célcio do reticulo endoplasmatico e essa mobilizagdo estd diretamente
relacionada com o aumento da secrecdo de S100B observado. Dessa forma, deve se ter
cautela com o uso do DMSO como veiculo em ensaios bioquimicos e farmacologicos e
mais estudos devem ser realizados sobre a possibilidade desse composto ter atividade

como secretagogo de outras proteinas envolvidas na sinalizagdo celular.
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Perspectivas

Investigar se os moduladores da secre¢do de S100B conhecidos podem
ter efeito sobre a comunicacdo por juncdo gap em astrocitos, bem
como se a carbenoxolona ¢ capaz de mobilizar célcio intracelular.
Investigar a participagdo de outras organelas, que ndo o reticulo
endoplasmatico, no aumento de cdlcio intracelular estimulado por
DMSO em astrocitos.

Investigar um possivel mecanismo vesicular da secregdo de S100B em

cultura primaria de astrdcitos, utilizando o DMSO como estimulo.
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