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RESUMO

O acido quinolinico (QUIN) é um metabdlito implicada patologia de diversas
doencas neurodegenerativas, sendo que a injegcaesttatal com QUIN é um modelo
bastante utilizado para o estudo da doenca de mfjjoti (DH). A DH envolve
manifestacdes cognitivas, motoras e neuropsiqeagtrisendo que a forma juvenil da
doenca (DHJ) tem uma progressdo dos sintomas mmaie rapida e é bem menos
estudada que a forma adulséo presente trabalho desenvolvemos um modelo adena
DHJ, além de utilizarmos abordagemsvivo e estudosn vitro com o objetivo de
avaliar os efeitos do QUIN sobre a homeostase tdestjueleto, as vias de sinalizacao
direcionadas ao equilibrio de fosforilagdo/desfolsigdo dos filamentos intermediarios
(F1) de astrocitos e neurdnios e a participacaoimesqueleto das células neurais sobre
o dano celular no estriado, cortex cerebral e lpgo de ratos jovens. Também foram
avaliados parametros comportamentais no estudi@o. Para o estudm vivo, os ratos
foram submetidos a uma injecao intraestriatal ddNQ)(@50 nmol) ou solugéo salina
(controles) e os parametros bioquimicos e compersars foram avaliados 1, 7, 14 e
21 dias ap6s a injecdo. Para o estedadvo, foram utilizadas fatias de estriado tratadas
com QUIN (100 uM) ou tampao fisioldgico (controle)rante 50 min e ferramentas
farmacoldgicas foram utilizadas para estudar as di sinalizacdo envolvidas nos
efeitos causados pela neurotoxina no citoesquel®®. estudosin vitro foram
desenvolvidos utilizando astrécitos e neurbniosaats em cultura primaria, onde as
células foram tratadas com QUIN (10-500 uM) ou aperom veiculo (controles) por
24 h. Os resultados mostraram que os ratos injetadm QUIN apresentaram uma
diminuicdo da captacdo de glutamato e um aumentaptacdo de Galogo apds a
infusdo. Estes efeitos causaram alteracdo na fiesfo dos FI, propagaram-se do
estriado para o cortex cerebral e hipocampo e f@awmpanhados de gliose reate/a
neurodegeneracao no estriado e cértex, mas napocaimpo. Além disso, os animais
apresentaram déficit cognitivo que precedeu agagfies motoras, o que é uma
caracteristica da DHJ. O estudovivo mostrou que o QUIN causou hiperfosforilacdo
das subunidades dos neurofilamentos (NF) e daipeoggial fibrilar 4cida (GFAP), FI
de neurdnios e astrocitos, respectivamente. E$sésseforam dependentes da ativacéo
de receptores glutamatérgicos ionotrépicos e metgtioos, do influxo de CAatravés
de canais de G& dependentes de voltagem (VDCC) e da ativacdo dases
dependentes e independentes de segundos mensagédrasdisso, o estudm vitro
mostrou que a alteracao da fosforilacdo dos Flaieéracompanhada de reorganizacéo
do citoesqueleto neuronal e astroglial por mecamssenvolvendo CA Os efeitos
sobre o citoesqueleto neuronal foram totalmenterties pelo meio condicionado de
astrocitos tratados com QUIN. Ainda, o estudo errcudtura astrécito/neurdnio
mostrou que ha uma protecéo reciproca contra a®ef@o QUIN. O conjunto dos
nossos dados evidencia que o dano excitotoxicoadaupelo QUIN, através do
aumento do influxo de Gapara o citoplasma, pode ser um dos principaisoresyeis
pela desregulacdo das cascatas de sinalizacaaeioteaes direcionadas para o
citoesqueleto, sendo entdo o citoesqueleto nearamportante alvo para as acbes do
QUIN no cérebro de ratos jovens. A formacdo de wadp de excitotoxicidade, o
rompimento da homeostase do citoesqueleto e agdietecidual e celular parecem ser
etapas iniciais no dano causado pelo QUIN e podaar eelacionados com os déficits
comportamentais observados nos animais. Acreditaqas esses resultados séo
relevantes para a compreensdo dos mecanismos taoéscuenvolvidos na
neurotoxicidade causada pelo QUIN em animais joeessperamos que a continuidade
desse estudo possa contribuir ainda mais paraidcedas bases moleculares da DHJ.
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ABSTRACT

Quinolinic acid (QUIN) is a neuroactive metabolt@ensidered to be involved in
neurodegenerative disorders, and the intrastigedtion of QUIN is a commonly used
model for the study of HD. The disease involvesntibge, motor and neuropsychiatric
manifestations, and the juvenile form of the dise@$iD) has a more rapid progression
of symptoms and is much less studied. In the pteserk we developed an animal
model of JHD and ex vivo and in vitro approacheg\aluate the effects of QUIN on
the homeostasis of the cytoskeleton, signaling vpays targeting the
phosphorylation/dephosphorylation equilibrium ofrasyte and neuron intermediate
filaments (IF) and the involvement of the cytoskatheof neural cells on cell damage in
the striatum, cerebral cortex and hippocampus aeingorats. Behavioral parameters
were also evaluated an vivo study. For than vivo study, rats were subjected to an
instrastriatal injection of QUIN (150 nmol) or s&i (controls) and the biochemical and
behavioral parameters were evaluated 1, 7, 14 andh¥s after injection. Fax vivo
study, striatal slices treated with QUIN (100 puM)kuffer (control) for 50 min and
pharmacological approaches were used to studyighalsng pathways involved in the
effects caused by the neurotoxin on cytoskeletoritro studies were developed using
striatal neurons and astrocytes in primary cultuieere cells were treated with QUIN
(10-500 mM) or vehicle only (controls) for 24 h. & hesults showed that rats injected
with QUIN showed a decrease in uptake of glutaraatkincreased uptake of Cafter
infusion. These effects caused alterations in ti@sphorylation of IFs that propagated
from striatum to cerebral cortex and hippocampud &rre accompanied by reactive
gliosis and neurodegeneration in cortex and smathut not in hippocampus.
Furthermore, the animals showed cognitive defitigd preceded motor changes, which
is a characteristic of JHD.Ex vivo studies showed that QUIN caused
hyperphosphorylation of neurofilament subunits (MRY glial fibrillary acidic protein
(GFAP), IF of neurons and astrocytes, respectivEhese effects were dependent on
the activation of ionotropic and metabotropic ghigde receptors, Gainflux through
voltage-dependent €a" (VDCC) and the kinase-dependent and independent of
activation of second messengers. Moreowerjtro studies showed that the change in
phosphorylation of neural IFs is accompanied bygawoization of the neuronal and
astroglial cytoskeleton by mechanisms involving’ GaThe effects on the neuronal
cytoskeleton were completely reversed by the caitd medium of astrocytes treated
with QUIN. Also, the study with co-cultured astroeyneuron showed that there is a
mutual protection against the effects of QUIN. Tdet of our data shows that the
excitotoxic damage caused by QUIN by increasingrfiex of C& *into the cytoplasm
can be a major contributor to the misregulatiorca$cades of intracellular signaling
directed to the cytoskeleton, making the cytoskeletn important target for the actions
of QUIN in brain of young rats. The formation afcd#otoxicity, the disruption of
cytoskeletal homeostasis and changes in cell tisgpear to be steps in the initial
damage caused by QUIN and may be associated vhiwlmeal deficits observed in the
animals. We believe that these findings have comteid to a better understanding of the
molecular mechanisms involved in the neurotoxicaysed by QUIN in young rats and
we expect that the continuation of this study cantgbute to the better understanding
of the molecular basis of JHD.
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1. INTRODUCAO

1.1. BIOSSINTESE DO ACIDO QUINOLINICO - ROTA DAS

QUINURENINAS

O triptofano € um aminoacido essencial que possuicdes bioldgicas
importantes. Nos mamiferos, cerca de 90% do tapmfda dieta € metabolizado
através da rota das quinureninas (RQ) (Figura ¢hw@rcz et al., 2012). A RQ ¢é a
maior fonte de nicotinamida-adenina dinucleotid¢al*), um cofator importante para
a respiracdo celular, producdo de ATP, reparo ad [BNregulacdo da transcricdo
génica (Anderson et al., 2002, Massudi et al., 20l® SNC, essa rota ocorre nos
astrocitos, macrofagos ativados e na microglia @(Rikd et al., 2006). Estudos
demonstraram que os metabdlitos da RQ participafurd@es cerebrais normais como
moduladores da neurotransmissédo glutamatérgica&nkanuitos grupos de pesquisa
tém estudado as acdes destes metabdlitos na fdiogia de diversas doencas
neurodegenerativas e imunolégicas (Schwarcz €2@l2, Stone et al., 2013).

A RQ é formada por uma sequéncia de enzimas palmgnte gliais e seus
metabolitos estdo presentes normalmente em coacéay nanomolares no cérebro de
mamiferos. A enzima regulatéria mais importantezidano SNC € a indoleamina 2,3-
dioxigenase (IDO) (Schwarcz et al., 2012). Varigstudos tém demonstrado que o
interferon ¢ e b, fator de necrose tumoral, peptigl@amiloide, entre outros, podem
aumentar a expressao celular da IDO, com consegjaembento na producdo de seus
metabolitos (Takikawa et al., 1986, Heyes et &97]1 Pemberton et al., 1997, Smith et
al., 2001). A RQ produz varios intermediarios camcgibes neuroativas, como 0 acido

quinurénico, um antagonista de receptores NMDA;hedBxiquinurenina, que possui



propriedades pré-oxidantes, e o acido quinolin@uI{), um agonista de receptores
NMDA (Schwarcz et al., 2012). Entre estes metabglio QUIN é considerado o mais

importante em termos de neurotoxicidade.
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Figura 1. Via das kinureninas (adaptado de Guillestial, 2012).

1.1.2. NEUROTOXICIDADE PRODUZIDA PELO ACIDO QUINOLI NICO

(QUIN)

O padrao de toxicidade que o QUIN exerce € corsmigémente complexo, com
muitos mecanismos potencialmente envolvidos. Emptmeiro momento, ele exerce
excessiva ativacdo de receptores N-metil-D-asparidfMDA), especificamente os
subtipos NR2A e NR2B, causando uma entrada exeestivC4a em neur6nios e
astrocitos. Como consequéncia do aumento d&, G& disfuncdo mitocondrial,

diminuicdo dos niveis de ATP, liberacdo de citomame estresse oxidativo. Estes
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efeitos sdo dependentes de ativagdo primaria @ptaes glutamatérgicos e producéo
de radicais livres, além da inibicdo da atividade diversas enzimas da cadeia de
respiracéo celular (Perez-De La Cruz et al., 2007).

O QUIN também causa aumento de liberacdo de glttapelos neurdnios e
inibe sua recaptacao pelos astrocitos (Tavares,e2QD8). Além disso, ele limita o
ciclo glutamato-glutamina em astrdcitos por dimiraiatividade da enzima glutamina
sintetase (Ting et al.,, 2009), aumentando a coragit de glutamato no
microambiente e causando excitotoxicidade. Outrocamemo importante de
neurotoxicidade causada pelo QUIN é a peroxidaigddida, através da formacao de
um complexo QUIN-F& que desencadeia a formacéo de espécies reatiasgéaio
(Goda et al., 1996, Stipek et al.,, 1997), além dedifitar o perfil de diversos
antioxidantes enddégenos (Perez-De La Cru et d3)20

Durante os processos neuroinflamatérios que ocoeemdiversas doencgas do
SNC, o aumento da producdo de QUIN € um passo eha/eéesencadeia uma cascata
de eventos que irdo contribuir para os efeitostéliétes vistos nessas doencas. O QUIN
atua em multiplos alvos, causando desde excitatiade, estresse oxidativo e dano ao
DNA, até alteracbes morfoldégicas e na dinamica itlmesqueleto (Figura 2). Esses
multiplos efeitos vao se refletir na perda de &fian¢des cognitivas e motoras que
podem estar relacionadas com a fisiopatologia whdar em varias doencas
neurodegenerativas, especialmente a doenca dengtamti(DH) (Perez-De La Cruz et

al., 2012).
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Figura 2. Mdltiplos mecanismos que causam toxicidade indupiaQUIN. Um dos principais
mecanismos toxicos se da pela superativacdo deptozes NMDA. Além disso, QUIN aumenta a
liberagdo de glutamato sinaptossomal como uma goéseia da inibi¢céo da captagéo de glutamato pelos
astrécitos, 0 que leva a uma superestimulacdoat®ptores glutamatérgicos. O QUIN pode diminuir a
atividade de enzimas antioxidantes, causando pamduig espécies reativas de oxigénio e gerando
peroxidacao lipidica. Ele também pode inibir aidtide de complexos mitocondriais, levando a um
déficit energético, ativando caspases e liberanda@itocromo c. Todos estes fatores induzem
desestabilizacdo do citoesqueleto, dano ao DNApkentelular. Adaptado de Perez-de-La-Ceual.
2012,

1.2. DOENCA DE HUNTINGTON

A DH é um transtorno neurodegenerativo autossomaminante caracterizado
por uma extensa neurodegenerac¢ao no corpo estriedidex cerebral, o que resulta em
disfuncbes motoras, cognitivas e neuropsiquiatrieées se manifesta quando o gene da
proteina huntintina apresenta um numero aumentadepkticoes CAG, resultando em
uma proteina mutante contendo um sitio amino-teiralongado, que é formado por
varias repeticdes de glutamina (Munoz-Sanjuan atd€32011). O inicio dos sintomas
€ inversamente proporcional ao numero de repetiC@€S que a proteina apresenta.

Quando a proteina apresenta aproximadamente 4luossde glutamina, a doenca se
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apresenta durante a fase adulta. A doenca adoéeaéterizada por alteracées motoras,
como movimentos repetitivos involuntarios, chamades movimentos coreiformes,
além de distarbios psiquiatricos como agressividadiepressao. Nos estagios finais,
aproximadamente 20 anos apos o inicio dos sintoosasjovimentos coreiformes sao
substituidos por rigidez e bradicinesia, até a endot paciente (Wang and Qin, 2006).

A forma juvenil da doenca (DHJ) ocorre quando dgina apresenta mais de 60
repeticdes, e representa cerca de 10% dos pacwmtesa DH. A DHJ é caracterizada
por uma rapida progressdo dos sintomas, sendo gudistirbios comportamentais
normalmente s&o os primeiros sintomas da doeneag@endo as alteragbes motoras
(Nance and Myers, 2001). Os pacientes apresentamr@pida deterioracdo cognitiva,
hiperatividade e comportamento desafiador (Gonzalegre and Afifi, 2006), sendo
gue estes sintomas progridem rapidamente ao loagaados, evoluindo para rigidez
muscular, convulsbes e perda acentuada das fucogesivas. A morte do paciente
ocorre entre 7 a 10 anos depois (Rasmussen 20a0).

O estriado é a principal estrutura cerebral afetada DH, apresentando
pronunciada degenerag¢do dos neurdnios espinhaissn®EM) (Wilson et al., 1990).
Mais tardiamente, ha a degeneracédo dos neurbniamsigais das camadas lll, V e VI
do cortex cerebral (Vonsattel and DiFiglia, 199Bnbora estas duas regides sejam 0s
principais alvos da doenca, um estudo recente mosgjue 0s pacientes com esse
transtorno também apresentam altera¢des hipocafeisome et al., 2012).

Vérios estudos tém demonstrado que a RQ e seuddlittia estdo envolvidos
nos mecanismos patolégicos na DH. Estudos em @& glmst-mortem revelaram que
os niveis de QUIN estdo substancialmente elevadesestagios iniciais da doenca,
especialmente nas regides cerebrais que sofremdaats como o0 corpo estriado e 0

cortex cerebral (Guidetti et al.,, 2004). Este aumenue coincide com a ativagédo
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precoce da microglia, gera concentracdes de QU#Xarlente capazes de produzir
dano excitotoxico.

Modelos animais tém revelado muito a cerca da patege da DH e sao
ferramentas Uteis para testar novos alvos teragpdutDentre eles, 0s modelos genéticos
e excitotoxicos sdo os mais utilizados. Os modgérgticos apresentam algumas das
alteracdes encontradas na doenca humana (Wangian@0D6). Porém, os animais
podem desenvolver diabetes e muitos desses mottalesgénicos ndo apresentam
apoptose ou a neurodegeneragdo corticoestriatattesistica da doenca (Nance and
Myers, 2001; Sathasivam et al., 1999). Por outdp,lea injecdo intraestriatal com
QUIN induz alteragBes comportamentais e bioquimigss mimetizam os achados da
DH (Colle et al., 2012; Kalonia et al., 2012; Saéaal., 2012). Além disso, um estudo
pré-clinico mostrou que a administracdo de QUINeswiado de ratos causa a morte
dos NEM e reproduz varias das alterac6es compontaises bioquimicas vistas na DH
(Estrada Sanchez et al., 2008). Deste modo, admjetraestriatal com QUIN em ratos
adultos se tornou um modelo experimental bastailiizado para estudar as mudancas
patologicas vistas na doenca e testar novos trataseerapéuticos para a enfermidade.
Porém, ainda ha poucos estudos sobre as alteremd&sdas pela injecdo com QUIN no
cérebro em desenvolvimento. Visto que, apesar dsideravel progresso no estudo dos
mecanismos deletérios que ocorrem na DH e na DiAdaado ha um tratamento
efetivo para a prevencdo ou diminuicdo dos sintpréade extrema importancia o
desenvolvimento de novos modelos animais e maislesta respeito dos mecanismos

de acao fisiopatoldgicos que ocorrem nesta doenca.
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1.3. CITOESQUELETO

As células eucaritticas apresentam funcdes eslisiter mecanicas altamente
desenvolvidas, adotando uma grande variedade dwa$orpara reorganizar seus
componentes internos e desenvolver movimentos eoadbs e direcionados em
resposta ao ambiente. Estas diversas habilidadetep&ndentes de uma complexa rede
de filamentos proteicos que se estende atravéodie @ citoplasma, denominada
citoesqueleto (Alberts et al., 2008). Nos ultimass os estudos do citoesqueleto vém
sendo fortemente associados a estudos sobre tg@wsde sinal. Tornou-se claro que a
rede de filamentos do citoesqueleto e as vias dalizgao celular funcionam
cooperativamente para gerar um fenotipo adaptadmidicoes da célula. Quando a
célula recebe um sinal, as respostas estruturaiarmdadas pelo citoesqueleto podem se
refletir na formacéo de novos eixos de polaridggeacao de protrusdes, formagédo ou
quebra de contatos, movimentos, divisao, proli@wagu morte. Todos esses eventos
envolvem mais de um componente do citoesquelethyimio uma miriade de proteinas
associadas, mostrando a complexidade das interagdes as vias de sinalizacao e o
citoesqueleto (Hollenbeck, 2001).

No sistema nervoso central (SNC), os neurdnioscglagas da glia possuem uma
morfologia complexa, relacionada com as suas fug¢céendo os componentes do
citoesqueleto os principais reponsaveis pela mugfal neural, modificando-se em
resposta a uma variedade de sinais extracelul®ascliez et al., 2000). Durante a
morfogénese neuronal, por exemplo, diferentes imade do citoesqueleto se
reorganizam para promover a elongacdo dos newitegbsequente estabilizacdo de
axbnios e dendritos formados (Ludin and Matus, 1988urneau, 1996). Além disso,
as proteinas do citoesqueleto tém papel fundameataliacdo e manutencao do calibre

axonal, bem como no transporte de organelas e&diss envolvidas na transmissao
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sinaptica (Kirkpatrick and Brady, 1999) e na orgagéo dos receptores de membrana
(Carraway, 2000).

As diversas atividades do citoesqueleto dependertrédetipos de filamentos
proteicos: os microfilamentos (MFs), os microtulsulgMTs) e os filamentos
intermediérios (FI), (Figura 3). Esses sistemasefros sdo conectados entre si e suas
fungbes sdo coordenadas por um conjunto de pretedcassorias, permitindo a
participacdo do citoesqueleto em inUmeras ativisl@gtulares (Alberts et al., 2008). As
subunidades constituintes dos MFs e MTs, actinaibalina respectivamente, sao
proteinas globulares altamente conservadas. BEslsasidades possuem a caracteristica
comum de terem sua dindmica controlada pela hgdrale nucleotideos (Herrmann and
Aebi, 2000). Por outro lado, os membros da famdles FIs sdo compostos por
subunidades de proteinas fibrosas especificas di@ tj@o celular e sua dinamica

independe da hidrélise de nucleotidios (Fuchs, 192dverenyi et al., 2008).

Membrana Microfilaentos
celular monémero de

actina

Figura 3. Citoesqueleto das células eucaritticas. O citodstpué constituido por microtubulos,
filamentos intermediarios e microfilamentos. Os noiitamentos sdo formados por uma dupla fita e sao
responsaveis pela contragdo muscular, forma ddacélunovimentos citoplasméticos. Os filamentos
intermediarios sdo formados por subunidades queaier polimeros, e ajudam na manutencdo da forma
celular, suportam a extensdo das células nervosaanéém as células unidas. Os microtdbulos séo
formados por dimeros dee B-tubulina, e estdo associados com o transportegamelas e cromossomos
(adaptado de Snauer Associates, Inc. Publishers).
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1.3.1. MICROFILAMENTOS

A actina é uma das mais abundantes e altamentergadas proteinas das células
eucaribticas. Ela é uma proteina globular de 42 ga pode sofrer ciclos de auto-
associagdo, gerando um equilibrio dindmico entri®rma filamentosa (associada,
polimerizada) e a monomérica (desassociada, desgritiada), através de regulacéo
pela hidrélise de ATP (Campellone and Welch, 2010).

Os MF tém um papel importante na morfologia e nuatile celular, fagocitose,
migracdo, adesdo e exocitose/endocitose. Eles s§aepos filamentos flexiveis,
situados na regido cortical da célula e ancoraduosrabrana plasmatica (Omary et al.,
2006). Além disso, eles podem formar tanto estagt@staveis quanto instaveis dentro
da célula. Os MF estaveis formam o coracdo dasomiiosidades e sdo componentes
cruciais do aparato contratil das células muscslad® entanto, muitos movimentos
celulares, como migracdo e motilidade celular, ddpm da dindamica das estruturas
instaveis formadas pelos MF em resposta a estimutesnos (Alberts et al., 2008).

A instabilidade dos filamentos de actina em conérgia da hidrélise do ATP em
ADP + Pi, é acompanhada por mudancas conformasiaraciais para durnover
destes filamentos. Unurnover aumentado dos filamentos de actina € conhecido por
promover a longevidade celular, enquanto que aestabilizacdo inicia eventos de
morte celular, como apoptose (Gourlay and Ayscof)Q5). Além disso, varias
evidéncias mostram que drogas que previnem a patiagdo de actina sdo capazes de
alterar varias funcbes celulares (Alberts et 808} e causar a liberacdo de espécies

reativas de oxigénio, com consequente morte cgl@lanrlay and Ayscough, 2005).
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1.3.2. FILAMENTOS INTERMEDIARIOS

Os filamentos intermediarios (FI) s&o formados @elsociacdo de subunidades
fibrosas, formando fibras resistentes encontradamaioria das células animais. Eles
foram denominados intermediarios por causa do &enedro (8-10 nm), que esta entre
0 dos MF (7-8 nm) e o dos MT (25 nm) (Alberts et @D08). Os FI constituem a
familia mais diversificada de proteinas do citoesefo e sdo codificados por cerca de
70 genes no genoma humano (Fuchs, 1994), possuimdaito grau de especificidade
celular e sendo frequentemente considerados massadie diferenciagdo celular
(Alberts et al., 2008, Eriksson et al., 2009). Abunidades dos FI consistem em um
dominio central altamente conservado efélice, e dominios N-terminal e C-terminal
variaveis, sendo classificados em seis sub-grugp@sacordo com o tipo celular e o
padréo de desenvolvimento (Fuchs, 1994).

Na maioria das células eucaridticas, uma extemgade Fl circunda o nucleo e se
estende para a periferia da célula, interagindo aomembrana plasmatica. Eles séo
particularmente proeminentes no citoplasma de a®lsljeitas a estresse mecanico,
como por exemplo, células epiteliais, axénios neaioe células musculares (Alberts et
al., 2008). No citoplasma, eles provém sustentgpgia a mitocondria, complexo de
Golgi, centros de organizacdo dos microtubulos teoswelementos do citoesqueleto
(Green et al., 2005, Herrmann et al., 2007), semumrados em especializagbes da
membrana plasméatica, como desmossomos, hemidesmuss adesdes focais. Essa
rede integra e organiza o citoplasma provendo agiitade mecanica que é
crucialmente importante para as func¢des celulatesig@uais (Figura 4). Além disso, 0s
FI estdo envolvidos em processos regulatorios, bbktas e de sinalizacdo celular.
Recentemente foi demonstrado que eles possuenosefgtbprotetores relacionados

com a sua capacidade de interagir com vias dezgab envolvidas na sobrevivéncia
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celular (Eriksson et al., 2009). A natureza din&amidos Fl é refletida pela sua
reorganizagdo em resposta a uma ampla variedadstideulos fisioldgicos, incluindo
mitose e apoptose, além de uma variedade de estreskilares (Omary et al., 2006).
Ha uma grande lista de desordens genéticas huncanaadas por deficiéncias nesta
rede de organizacdo dos Fl, incluindo laminopdtielacionadas as laminas nucleares,

os Fl nucleares), miopatias e neuropatias (Magah. 2004, Omary et al., 2004).

N Fi g Desmossomo A RE B MTOC

MT als _ _
Jungdes de === OColgi @) (TuRC/GCPE
MF adeséo

o 4
&» Endossomo it Nesprina-3

> . Contatos
% Plaquina [l facals @D Mitocondria

Figura 4. Os Fls séo integradores da citoarquitetura. El&®oeancorados no nicleo e se estendem
para o citoplasma, formando pontos de contato nanbr@na plasmatica, associando-se com a
mitocondria, as membranas do complexo de Golgi sistema endolisossomal. Os Fls também
posicionam o0s centros de organizacdo dos micratébuhfluenciando a organizacdo dos MT e as
propriedades de suas proteinas transportadordsl @mbém posicionam os centros de organizacdo dos
microtibulos (MTOCSs), através de interaces com omnpiexo yTURC/GCPS6, influenciando a
organizagdo dos MT e as propriedades de distribuled proteinas de membrana (Adaptado de Godsel et
al, 2007).

1.3.2.1. NEUROFILAMENTOS

O desenvolvimento e manutencdo de um sistema rerfoscional séo

dependentes de uma ordenada elaboracdo e manutngaatriz axonal, que por sua
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vez é dependente da organizacao do citoesquelet@laHa uma grande variedade de
padrées neurais dependendo do tipo celular. Osi@xdio Sistema Nervoso Periférico

(SNP), por exemplo, excedem 1 metro em comprimeamitdio ndo é surpreendente que
uma estrutura estavel, porém dinamica, se torneneisd para manter a forma destas
células. Esta estrutura é formada pelos FI espesifios neur6nios, os neurofilamentos
(NFs) (Koenig, 2009).

Os NFs sédo um sistema de fibras proteicas altanestdégeis arquitetonicamente.
Eles sao classificados como FI tipo IV (Fuchs amelv€land, 1998) e exercem um
importante papel estrutural que, junto com as prateassociadas aos microtubulos
(MAP), formam a rede de sustentacdo de axdniomdrides, além de promoverem o
crescimento e calibre axonal, consequentementéaredpia velocidade de condugéo do
impulso nervoso (Friede and Samorajski, 1970). AtBeso, eles estdo envolvidos na
diferenciagao e regeneracao neuronal (Morris aiseéhl,al984).

Os NFs séo formados por trés subunidades proteicashunidade de baixo peso
molecular (NFL) com 68kDa, a subunidade de médgopmolecular (NFM) com 150
kDa e a subunidade de alto peso molecular (NFH) 20thkDa (Lee and Cleveland,
1996). Originalmente, foi assumido que os NF eraompostos apenas pelas
subunidades NFL, NFM e NFH. Porém, estudos indicarae outras proteinas, como a
a-internexina no SNC, e a periferina no SNP, estiassociadas aos NF (Beaulieu et
al., 1999). A extremidade amino-terminal, juntareecdm a regido em alfa-hélice da
subunidade NFL interagem lateralmente e longitudieate formando a estrutura
propriamente dita do NF, enquanto que a regidacogatbrminal das subunidades NFM
e NFH é responsavel pelas proje¢fes laterais, gumitem a interacdo dos NF entre si
e com o0s demais constituintes do citoesqueletooiet al., 1992).

Acumulos dos NFs sao vistos em uma variedade decdeeneurodegenerativas,

como esclerose amiotroéfica lateral, doenca de Rsoki, e doenca de Alzheimer (Bartos
18



et al., 2012, Su et al.,, 2012, Puentes et al., RO\drios fatores podem levar a
agregacédo anormal dos NFs, incluindo desregulag&@xpressdo génica, mutacdes nos
NFs e alteragdes no sistema fosforilante assoeiaditoesqueleto (Julien, 1999). Além
disso, modelos transgénicos tém suportado a ideiqué este acumulo aberrante de
NFs pode ser a causa da morte dos neurdnios adetadanvés de ser simplesmente
consequéncia das inumeras disfuncbes neuraisfidadéis nessas doencas (Cote et al.,

1993).

1.3.2.2. PROTEINA GLIAL FIBRILAR ACIDA E VIMENTINA

A proteina glial fibrilar acida (GFAP) é o princlgd de astrécitos maduros, e por
este motivo € considerada um marcador destas sélAlavimentina (vim) € o FlI
expresso em células mesenquimais, além de ser tead@mos astrécitos imaturos
(Alberts et al., 2008).

O papel estrutural da GFAP em astrécitos é conbdudbastante tempo. Porém,
nos ultimos anos, ela tem se mostrado importantedigarsas fungbes astrocitarias,
como regeneracdo apOs processos patoldgicos,cplasi sinptica, gliose reativa,
manutencgédo da forma, migragao celular e como atveias de transdugdo de sinais.
Além disso, a GFAP participa de um sofisticadoesigt de comunicagdo entre 0s
astrocitos e neurdnios (Middeldorp and Hol, 2011).

Vérias doencas apresentam aumento na expressa&Afe, Gomo a doenca de
Alzheimer, encefalomielite, esclerose multipla (Eamgl Ghirnikar, 1994) e doenca de
Alexander (Middeldorp and Hol, 2011). Por outrodadstudos com animais knockout
para a GFAP tém mostrado que falta dessa proteireae tornar os astrocitos menos

eficientes em lidar com estados agudos de injimaSNC (Pekny and Pekna, 2004).

19



O principal mecanismo de regulagdo dos Fl é atraésosforilacdo de suas

subunidades.

1.4. FOSFORILACAO DE PROTEINAS

A fosforilacdo/desfosforilacdo de proteinas (Figbydem um papel essencial em
diversos aspectos da vida celular. Proteinas @nesgulam vias de sinalizagdo e
processos celulares que irdo mediar o metabolisraascricdo génica, progresséo do
ciclo celular, apoptose, comunicacdo intercelulancdes neuronais e imunoldgicas.
Em especial, a fosforilagdo/desfosforilagdo de gingis do citoesqueleto € um dos
principais mecanismos pos-traducionais que regusandiferenciacdo, rearranjo e
movimentagdo do citoesqueleto em resposta a simiags e extracelulares (Johnson,
2009).

No SNC, a fosforilacdo proteica, através de Serfihases, € um mecanismo
molecular dindmico de fundamental importancia ngulecdo de muitas funcdes
neuronais, onde diversos sinais produzem efesgasdpicos nas células alvo através da
regulacdo do estado de fosforilacdo de determin&osfeproteinas (Ubersax and
Ferrell, 2007). Essa modificacdo covalente reguiangdo de proteinas em resposta a
estimulos extracelulares, chamados primeiros mei®ag como neurotransmissores,
horménios, fatores troficos e drogas. Segundos agem®s tipicos, como AMPc,
inositol-3-fosfato (IP3) e calcio (C3, transduzem o sinal a partir do primeiro
mensageiro, ativando cascatas de cinases ou feesfatfe, por sua vez, modificam o
estado de fosforilacdo de proteinas intracelularesgulando as funcdes neurais.
Proteinas alvo sao fosforiladas por uma ampla dadie de cinases e 0s grupamentos
fosfato das fosfoproteinas sédo removidos por fasés, traduzindo-se num processo

dindmico capaz de modular uma resposta fisioldgiedfand et al., 2005).
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As proteinas cinases compartilham um dominio ¢&@iconservado, que catalisa
a transferéncia de um fosfato do ATP para um resdiduserina, treonina ou tirosina no
substrato proteico. As cinases existem em um estdo ou inativo e sao reguladas
por uma variedade de mecanismos que incluem cerpml fosforilacédo, por adicéo de
dominios, por ligagdo e regulacdo de subunidad@snbém por associacdo proteina-

proteina (Johnson, 2009).
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Figura 5. Regulacéo das proteinas celulares por fosforila@éateinas cinases transferem grupos
fosfato do ATP para residuos de serina, treoninérosina em um substrato proteico. A remogdo dos
grupos fosfato é catalisada por proteinas fosfata#staptado de Purvesal. 2005.

1.4.1. FOSFORILACAO COMO MECANISMO REGULATORIO DOS FI

A fosforilacado/desfosforilacdo € o principal mesamd regulatério dos Fl e de
outras proteinas do citoesqueleto e alteracbes nbeis fisiologicos de
fosforilacdo/desfosforilacdo destas proteinas sé@osideradas eventos criticos em
patologias do SNC (Miller et al., 2002), podendwalea disfuncdes neurologicas e
morte celular. Um grande numero de doencas neueodegtivas, como doenca de
Alzheimer, doenca de Parkinson e doenca de Huotin@H) séo caracterizadas por
acumulo de agregados de filamentos insollUveis taplasma das células (Goedert,

1998, Julien, 1999, DiProspero et al., 2004), cagyjastao relacionados a desregulacao
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na atividade de cinases e fosfatases associadaBlaoenstituindo-se num achado
comum na neurodegeneracéo (Petzold, 2005).

Resultados experimentais mostram que as subuniddeleBl sdo altamente
fosforiladas nos seus dominios amino e carboxiiteais, sendo o dominio amino-
terminal fosforilado principalmente por cinasesatgfentes de segundos mensageiros,
como a proteina cinase A (PKA), proteina cinas®KQ), proteina cinase dependente
de C&? e calmodulina 1l (PKCaMIll), enquanto que o domimiarboxi-terminal é
fosforilado por cinases independentes de segundossageiros, como as proteinas
cinases ativadas por mitogenos (MAPK) e a proteinase dependente de ciclina 5
(cdk5), o que pode alterar drasticameatdisiologia destes filamentos (Chang and
Goldman, 2004, Sihag et al., 2007, Zamoner et24lQ8, Heimfarth et al., 2012,
Pierozan et al., 2012).

As Ser/Thr fosfatases também desempenham um papeitante na manutencéo
da integridade estrutural dos FI (Eriksson et 882) e sinais que rompem o equilibrio
de acdo destas enzimas sdo capazes de causarequilil@so na homeosatase dos Fl.
Inimeros trabalhos de nosso grupo tém mostrad@ariémcia das proteinas fosfatases
mediando respostas dos NF e GFAP a diferentes dlidtsbe toxinas em modelos
animais de doencgas metabdlicas e neurotoxicidadepricipais Ser/Thr fosfatases
associadas a desfosforilacdo dos FI em célulasiseséio: proteina fosfatase 1, 2A e
2B, ou calcineurina (Loureiro et al., 2009, Loupegt al., 2010a, Heimfarth et al.,
2012).

O balanco entre as atividades de proteinas cimaBefatases € essencial para as
funcBes que os FlI desempenham nas células (Gab, €998, Inada et al., 1999),
sendo que o estudo dos mecanismos da acdo dezsaasé de grande importancia na
compreensao da dindmica das proteinas do citoesquelde seu envolvimento no

funcionamento  celular (lnada et al., 1999). Nesteontexto, a
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fosforilagdo/desfosforilacdo do dominio amino-terahino NFL e NFM tem sido
relacionada com a associacdo\desassociacdo debtasidades (Gotow, 2000). J& a
fosforilagdo/desfosforilacdo do dominio carboximeral do NFM e NFH regula a
interacdo dos NFs entre si e com outras estrutloastoesqueleto (Sihag et al., 2007,
Shea and Chan, 2008) e est4 também envolvida ndag¢dg do calibre axonal e da
velocidade do transporte através do axbnio (Acker& al., 2003). Os NF
hipofosforilados séo transportados mais rapidameaitavés do axénio que o0s
extensivamente fosforilados (Jung et al., 2000)dsegue 0 aumento excessivo de sua
fosforilacdo retarda o transporte dos NFs, levaadacumulos patologicos destas
proteinas em regides proximais ou distais dos asdnbbservados em diferentes
patologias (Ackerley et al., 2000, Ackerley et 2004, Juranek et al., 2013)

A GFAP apresenta seis diferentes sitios de fosafgid identificados, sendo cinco
identificados na regido amino-terminal e um idécadlo na regido carboxi-terminal
(Inagaki et al., 1990, Nakamura et al., 1992). Eidgaque a fosforilacdo da GFAP em
residuos especificos na regido amino-terminalesstalvida na regulacdo da associagéo
entre as suas subunidades. Essa regulagéo € intpopra a redistribuicdo da GFAP
durante o ciclo celular (Ralton et al., 1994). Bsticom muta¢cdes na regido amino-
terminal da GFAP mostraram uma associacdo anornmed @s suas subunidades
vitro, enquanto que mutacdes na regido carboxi-terndgaaaram modificacdo na
morfologia do filamento, o que € importante pasua associagdo com outras proteinas

citoplasmaticas (Pekny et al., 1999).

1.5. SINALIZACAO CELULAR

Para se adaptar as mudancas no ambiente, as gétaldsam de sinais, que

devem ser cuidadosamente regulados e coordendelms isto, a sinalizagao celular
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requer tanto moléculas sinalizadoras extracelularesceptores de proteinas, quanto
moléculas sinalizadoras intracelulares, capazessaddigar e responder de forma
integrada, programada e caracteristica (Alberds. €2008).

As vérias rotas de sinalizacdo intracelular atigapar receptores de superficie
diferem em sua complexidade e modo pelo qual atisemais, desencadeando assim
uma variedade de respostas bioldgicas. A ligacamaléculas sinalizadoras aos seus
receptores especificos leva a alteracdo de segumelasageiros intracelulares, os quais
desencadeiam uma série de reacdes, modificandeidade de enzimas intermediarias
das cascatas de sinalizac&o celular (Alberts,2@08).

Existem trés familias de receptores de superftgida um deles desencadeando
cascatas de transducédo de sinais diferentes. Reegfdigados a canais i0nicos se
abrem ou fecham rapidamente em resposta a ligag@dTaespecifico. Receptores
ligados a proteinas G ativam ou inibem indiretamesizimas ligadas a membrana
plasmatica ou canais i6nicos. Receptores ligadeszamas atuam diretamente como
enzimas ou estdo associados com alguma enzimasgabnente sdo proteinas cinases,
as quais fosforilam proteinas especificas na casleasinalizacdo. Todas essas cascatas
sdo altamente reguladas por fosforilacdo/desfdaédio de proteinas, interacdo entre

proteinas e alteracdo nas concentracoes de ioasahtares. (Alberts et al., 2008).

1.5.1. HOMEOSTASE GLUTAMATERGICA

O glutamato € o maior neurotransmissor excitat@®m SNC. Ele produz
mudancas na excitabilidade neuronal, organizagéptca, migracdo neuronal durante
o desenvolvimento e viabilidade neuronal (Meldr@®00). As respostas excitatérias
desse aminoacido sdo mediadas por um grande nilmheereceptores de membrana

celular. Dois tipos de receptores modulam as ag@egylutamato: os receptores
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ionotropicos e 0s metabotropicos (Sprengel and 8geb1993, Hollmann and
Heinemann, 1994). Os receptores ionotrépicos (iGdtlem ser distinguidos por suas
propriedades farmacologicas e eletrofisiol6gicas:remeptor N-metil-D-aspartato
(NMDA) é um canal altamente permedavel ad‘Canquanto que o receptor acido
amino-3-hidroxi-5-metil-4-isoxazol-propidonico (AMBAe o0 kainato sao canais
permeaveis principalmente ao sédio N®s receptores metabotropicos (MGIUR) séo
acoplados a proteinas G e induzem a ativacdo temsis de segundos mensageiros,
como o IP3, causando a liberacdo dé*@m reticulo endoplasmatico. S&o conhecidos
oito subtipos de receptores metabotrépicos, ossgerercem tanto acdes excitatérias
guanto inibitérias (Ozawa et al., 1998).

O glutamato do espaco extracelular interage também iGIuUR e mGIuR de
astrocitos iniciando varias respostas nestas &lilaeluindo a ativacdo de cascatas de
mensageiros intracelulares e a modulacdo da sidegeoteinas. O influxo de €a
causado pela ativacdo de receptores AMPA astrimstapor exemplo, regula a
manutencdo da associagdo estrutural entre neurérasgocitos nas sinapses. A perda
da permeabilidade ao €acausa uma retragéo dos processos gliais, torranelmocao
de glutamato da fenda sinaptica menos eficiente @t al., 2001).

Os mecanismos glutamatérgicos estdo entre 0s smais importantes na
regulacéo/desregulacao da dinamica do citoesquedetal. Os iGIUR e mGIuR podem
mediar vias de sinalizacdo dependentes d&, @Qae controlam diretamente o sistema
fosforilante associado ao citoesqueleto (Matts@891 Carraway, 2000). Metabdlitos
ou neurotoxinas sdo capazes de ativar o sistent@ntptergico, que por sua vez, ativa
cinases e fosfatases dependentes ou independensegjundos mensageiros, as quais
fosforilam/desfosforilam sitios especificos em subdades dos FI ou proteinas
associadas aos filamentos de actina, mediandorgar@pacdo do citoesqueleto e a

plasticidade celular (Loureiro et al., 2010a, Pzaroet al., 2012).
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Na maioria das células, o €& o maior sinalizador celular. As concentracées de
c&* livres no citosol da célula sdo extremamente Isa{x40’ M), enquanto que as
concentracdes no espago extracelular e reticulopdgsmatico (RE) séo relativamente
altas (~10). Por este motivo, ha uma tendéncia & entradasffep@ra o citosol através
da membrana plasmatica e do RE. As concentracée€dle intracelulares s&o
reguladas por varios processos simultaneos, quenpod colocar o Gapara o interior
do citosol, ou entéo retira-lo para o meio extnaleglou para depdsitos intracelulares.
Os mecanismos de entrada de*’Cpara o citosol incluem canais localizados na
membrana plasmatica e no RE. Quando um sinal abreanais de CGA nestas
membranas, h4 uma grande entrada deste ion p#msal,caumentando drasticamente
suas concentracdes locais e ativando proteinasngisps ao Ca. Apds a ativacdo das
cascatas especificas ativadas por este ion, asrtoegdes precisam voltar para o seu
estado basal. Os mecanismos de retirada dei@duem Ca’-ATPases na membrana
plasmatica e no RE, além de trocadores idnicoautjilizam o gradiente de outros ions
para transportar o Gapara o meio extracelular. Todos estes mecanismes &m
conjunto para restaurar os niveis basais dentogldida (Berridge et al., 2000, Montero
et al., 2000, Alberts et al., 2008).

As diferentes frequéncias e intensidades de esifimextracelulares causam as
mais variadas combinacdes de influxo/liberacdo @& @or parte de uma célula,
gerando uma enorme variedade de perfis de flutuamiacelular de C&, o que
constitui um dos mais importantes e complexos mddie sinalizacdo para a célula.
Esta diversidade nos mecanismos de sinalizacdo afle pdde ser vista durante a
estimulacao de diferentes tipos celulares (Berratgd., 2000).

Os diversos padrdes de liberacdo dé*@antrolam muitas funcdes celulares no
SNC, como diferenciagdo e crescimento, excitalbdaa membrana, exocitose e

atividade sindptica (Sattler and Tymianski, 20@3. neurbnios possuem mecanismos
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especializados de homeostase dd*Gmra assegurar um alto controle dos niveis
citosélicos deste jon. Pequenos aumentos nas deag@es de Ca que ocorrem na
vizinhanga dos canais ibnicos ou nos sitios dedi#® intracelulares podem ativar
enzimas ou canais i6nicos proximos. Os neurfniostr@lam tanto o0s niveis
intracelulares quanto a localizacdo da liberacadCefd através da acdo combinada
entre influxo e liberacdo, tampdes de&#'Garegulacéo dos estoques internos deste fon.
O influxo de C&" extracelular é mediado por canais voltagem-depeadgVDCC) e

por receptores NMDA. A liberacdo dos estoques marenvolve principalmente
liberacdo de C4 do RE induzida por aumento do ‘€aitosélico Ca’*-induced Ca**
release) ou por ativacdo de canais de’Cdo RE sensiveis ao IP3 (Konur and Ghosh,
2005). Em condicBes fisioldgicas, estes processosiifem que muitas cascatas de
sinalizacdo reguladas pelo Cacorram independentemente dentro de uma mesma
célula. No entanto, o excessivo influxo d€Qaela membrana plasmaética ou liberacdo
dos estoques intracelulares pode eleva-lo a ningsexcedem a capacidade de acgéo
dos seus mecanismos regulatorios. Isto leva a uivaca@o excessiva de processos
dependentes de Eaque estdo normalmente inativos ou operando enpdaifveis,
causando danos metabodlicos que afetam a viabilidatlidar (Tymianski and Tator,
1996, Bootman et al., 2001).

A excitotoxicidade é causada por uma excessivadi@® de glutamato ou por
sua reduzida remocdo da fenda sinptica (Caudle Zmahg, 2009), o que
consequentemente ira causar uma superestimulagiedeptores glutamatérgicos. O
aumento de glutamato na fenda sinaptica ativacepteres NMDA, AMPA e os canais
L-VDCC causando um aumento do influxo de?*Cpara o citosol. Além disso, a
ativacdo de mGluRs pode estimular a liberacdo d& @as estoques internos
(Tymianski, 1996). Enzimas ativadas por®Cacomo proteases, endonucleases e

fosfolipases contribuem para a degradacgéo de ditsseomponentes celulares e para a
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morte neuronal. Um influxo massivo de ®alurante a excitotoxicidade causa uma
sobrecarga intramitocondrial de‘Caalterando sua atividade e prejudicando a producéo
de ATP. Como consequéncia, mecanismos de extres8atpodem ser prejudicados,
levando a um aumento sustentado d& @aracelular (Ali et al., 2006). Outro evento-
chave envolvido na excitotoxicidade é a geracacadeais livres como resultado da
disfuncdo mitocondrial e da ativacdo de enzimasmgntes de C§ tais como a
oxido nitrico sintase. Os radicais livres danificamcomponentes lipidicos e proteicos
da célula, bem como os acidos nucleicos, contrifiupara a cascata de morte neuronal

(Lafon-Cazal et al., 1993) (Figura 6).
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Ca2+
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Figura 6. Mecanismos de excitotoxicidade. Liga¢géo do glutaraas receptores AMPA e kainato
abre os canais de membrana resultando em influXdalle consequente despolarizacdo da membrana,
abrindo os canais de Eavoltagem dependentes (VDCC). A ligacéo do glutanaat receptores NMDA
em condicdes de despolarizac&o abre os canais N3Altando em uma grande entrada o€ Gara o
citosol. A ativacdo dos receptores metabotrépiddstR) induz a producdo de JRe ativacdo dos
receptores IPna membrana do RE, resultando em liberacdo dédda estoques internos. O aumento
nos niveis intracelulares de @m resposta a ativacdo dos receptores glutamziérgode induzir a
captacdo de Ghpela mitocondria que, se for excessivo, pode iinduproducéo de espécies reativas de
oxigénio (EROs) e inibir a producdo de ATP. O*Gambém pode induzir a ativacdo de proteases e
oxigenases, contribuindo para a morte celular etiica (Adaptado de Mattson et al, 2002).
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1.6. CITOESQUELETO, ACIDO QUINOLINICO E DOENCA DE

HUNTINGTON

Visto que tanto alteragOes do citoesqueleto quaasconcentragdes de QUIN
sdo eventos iniciais em diversas doencas neuroeegem@s, o acompanhamento da
evolucdo temporal das primeiras alteragbes que r@wnorlogo apdés o insulto
excitotoxico é de extrema importancia na compreenlsd alteracdes encontradas nos
pacientes acometidos com doencas neurodegenerdissess estudos podem ajudar a
definir uma janela de oportunidade para uma polsgitervencdo terapéutica. Além
disso, a analise dos insultos que ocorrem no ag@erhrdesenvolvimento pode ajudar a
entender os diferentes fenétipos encontrados nacdode Huntington na fase adulta e

na fase juvenil.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Investigar as acdes do QUIN sobre o cérebro des rjateens, com énfase na
modulacdo do citoesqueleto através da fosforilag&morganizacdo dos Fl, bem como
as vias de sinalizacdo envolvidas nesses efeittisn Alisso, estudar os efeitos da
injec@o intraestriatal de QUIN sobre parametrosfoh@gicos e comportamentais em
ratos jovens, relacionando com as alteragdes nesgjtieleto neural, numa tentativa de

elucidar algumas das alterag6es encontradas nesjesccom a DHJ.

2.2. OBJETIVOS ESPECIFICOS

2.2.1. Desenho experimental 1

Analisar os efeitos desencadeados pela injecdo QN sobre parametros

morfolégicos e comportamentais nas primeiras sesapés a inje¢cdo, comparando 0s

efeitos com as alteragdes encontradas na DHJ, tentativa de padronizar um modelo

com QUIN em ratos jovens para o estudo da doenca.

Avaliar os efeitos da injecéo intraestriatal de RQUdobre o contetddo e a

fosforilacdo dos FI neuronais e gliais nas pringeg@amanas apdés a inje¢do no estriado,

cortex cerebral e hipocampo de ratos de 30 diadadie.
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Investigar a participacéo de cinases e fosfatagesefeitos desencadeados pelo
QUIN sobre o citoesqueleto neural, bem como megassenvolvendo o Gae o

glutamato.

Relacionar os efeitos comportamentais e morfol@macontrados nos animais

injetados com QUIN com as alteracdes no citoestpuakeural.

2.2.2. Desenho experimental 2

Avaliar os efeitos do QUIN sobre o citoequeleto rakuutilizando fatias de
estriado, para investigar os mecanismos de ac¢&esleteitos, como a participagdo dos
receptores glutamatérgicos, homeostase dd, ®am como a participacéo de cinases

envolvidas nesses efeitos.

Analisar os efeitos do QUIN sobre sitios de fosgdo especificos das
subunidades dos NF, como os sitios Ser55 e SerBlFda os sitios KSPepeats das

subunidades NFM e NFH.

2.2.3. Desenho experimental 3

Analisar os efeitos do QUIN sobre o citoesquelatcasgtrocitos e neurdnios em

cultura priméria, investigando os mecanismos @e apvolvidos nesses efeitos.

Avaliar a acdo do QUIN sobre a viabilidade celukarreorganizacdo do
citoesqueleto de actina e GFAP (em cultura de @8ig primarios) e de MTs (em

cultura de neurénios primarios).
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Investigar possiveis mecanismos de protecdo décées e neurbnios nos efeitos

desencadeados pelo QUIN em co-cultura neurénioeistr

3. Materiais e métodos

A secdo materiais e métodos esta inserida em aaddos cinco capitulos da
parte Il dessa tese.

Os resultados estdo apresentados na forma desactegaificos.

Abaixo segue a descricdo resumida de cada modékadb para o estudo dos

trés desenhos experimentais.

3.1. Desenho experimental 1 — Modelo vivo

O modeloin vivo foi utilizado para a padronizagédo do modelo da BrJanimais
jovens, comparando os resultados obtidos com es@ites encontradas nos pacientes
acometidos com a doenca. Além disso, 0 modelo ¢teweo objetivo o estudo da
relagéo entre as alteragbes morfoldgicas em coarperitais encontradas nos animais,
com alteragcbes na homeostase do citoesqueletol.n®aa isso, utilizou-se ratos
Wistar adolescentes (30 dias de idade). Os ratasnf@nestesiados com uma solucao
de Equitesina (2.5 mL/kg i.p.) e colocados em urarelpo estereotaxico. Os ratos
receberam uma injecdo intraestriatal de QUIN (15@10.5 pL) ou de solucdo salina
(ratos controle-Sham) durante 4 min. Os ratos fosagrificados por decapitacdo 30
min, 1, 7, 14 e 21 dias ap0s a injecdo e o corfriads, cortex e hipocampo foram
dissecados para posterior avaliacdo dos parametestigados: captacao de glutamato,

captacdo de célcio, fosforilacdo dos FI neuraisjdaide de cinases e fosfatases e
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andlise imunohistoquimica. Os ratos também forantizados para andlise de
parametros comportamentais 1, 7, 14 e 21 dias apdgcdo com QUIN ou solucdo

salina (sham).

3.2. Desenho experimental 2 — Modelkex vivo

O modelo ex vivo foi utilizado para o estudo mawofundado das vias de
sinalizacdo envolvidas nos efeitos do QUIN sobocgaesqueleto neural. Neste modelo
experimental utilizou-se ratos Wistar de 30 diasddele. Os ratos foram sacrificados
por decapitacdo, o corpo estriado foi dissecadortado em fatias de 400 pm em um
chopper Mcllwain. As fatias foram pré-incubadas0a°@ por 10 min em um tampao
fisiologico (Krebs-Hepes-pH 7.4) na presenca oweacia de diferentes ferramentas
farmacoldgicas para o estudo das vias de sinatizeg@olvidas nos efeitos do QUIN.
Apoés a pré-incubacéo, o meio foi trocado por 10Gpltampéao fisioldégico na presenca
ou auséncia de QUIN por 20 min. Apés 20 min, 100 geCP?P]- ortofosfato de sédio
foram adicionados ao meio de incubacdo por maism8Q Apds as incubacgdes,
procedeu-se com a técnica para extracédo da frag@uecida em FI, como descrito no

capitulo trés da parte Il dessa tese.

3.3. Desenho experimental 3 — Modela vitro

O modeloin vitro foi desenvolvido com o intuito de relacionar agralcbes no
sistema fosforilante associado ao citoesqueletorahecom possiveis alterages
morfolégicas causadas pelo QUIN em células isolagl@ésn de avaliar a resposta de
cada tipo celular ao insulto causado pelo metahGéita interacdo neurdnio-astrécito

nesses efeitos. Neste modelo experimental utilgmweultura primaria de astrocitos e
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neurdnios estriatais para analise dos paramettaslagks. As culturas de astrécitos
primérios foram preparadas utilizando o corpo adtride ratos Wistar recém-nascidos.
A cultura foi mantida por 15 dias in vitro (15 DI¥jn meio DMEM suplementado com
10% de soro bovino fetal. Apés 15 dias, os astvédibram incubados com QUIN em
diferentes concentragbes ou apenas com meio DMEMssgo (controles) por 24 h.
Apoés a incubacgédo, procedeu-se as andlises deswiteapitulo quatro e cinco da parte
Il dessa tese. As culturas neuronais primariasnfopseparadas utilizando o corpo
estriado de ratos Wistar embrionéarios (18 diasedtagado). A cultura foi mantida por 7
DIV em meio Neurobasal. Apés 7 DIV, os neurdniosufo incubados com diferentes
concentracdes de QUIN ou apenas com meio Neurot@sdtoles) por 24 h. Apés a

incubacgédo, procedeu-se as analises descritas ftaloagnco da parte 1l dessa tese.
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Quinolinic acid (QUIN) is a neuroactive metabolite of the kinurenine path-
way, and is considered to be involved in aging and some neurodegenerative
disorders, including Huntington’s disease. QUIN was injected intrastriatally
into adolescent rats, and biochemical and histopathological analyses in the
striatum, cortex, and hippocampus, as well as behavioral tests, were carried
out in the rats over a period of 21 days after drug injection. Decreased [*H]
glutamate uptake and increased **Ca’>" uptake were detected shortly after
injection in the striatum and cerebral cortex. In the hippocampus, increased
4Ca’" uptake preceded the decreased [*H]glutamate uptake, without histo-
pathological alterations. Also, corticostriatal astrogliosis was observed
7 days later, progressing to neuronal death at day 14. QUIN-treated rats
also showed cognitive deficits 24 h after injection, concurrently with striatal
astrogliosis. Motor deficits appeared later, after corticostriatal neurodegener-
ation. We assume that glutamate excitotoxicity could represent, at least in
part, a molecular mechanism associated with the cognitive and motor
impairments, corticostriatal astrogliosis and neuronal death observed in the
QUIN-treated rats. We propose that our findings could be relevant for
understanding the pathophysiology of human neurodegenerative diseases
affecting young people, such as the juvenile form of Huntington’s disease,
and for the design of potential therapeutic strategies to slow down the
progression of the disease.

Introduction

Quinolinic acid (QUIN) is a neuroactive intermediate of
the kinurenine pathway, which is the major route for
the metabolism of the essential amino acid tryptophan.
QUIN’s excitatory properties are attributable to its
direct, selective stimulation of N-methyl-p-aspartate
(NMDA) receptors, as originally demonstrated with
selective  NMDA receptor antagonists [1]. This

Abbreviations

metabolite is present at nanomolar concentrations in
human and rat brains, under normal conditions [2].
However, under pathological conditions, the kynurenine
pathway is stimulated, leading to an increase in the level
of QUIN, therefore augmenting the risk of excitotoxic
events. QUIN is produced by microglia, and must exit
those cells to be metabolized in a separate population of

CNS, central nervous system; DAPI, 4’,6-diamidino-2-phenylindole; FJC, Fluoro-Jade C; GFAP, glial fibrillary acidic protein; HD, Huntington's
disease; IF, intermediate filament; JHD, juvenile-onset Huntington's disease; NeuN, neuron-specific nuclear antigen; NMDA, N-methyl-b-
aspartate; OF, open field; OR, object recognition; QUIN, quinolinic acid; YM, Y-maze.
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cells [3]. There are substantially fewer cells containing
the enzyme 3-hydroxyanthranilic acid-3,4-dioxygenase,
which produces QUIN, than those containing QUIN
phosphoribosyl transferase, which converts QUIN to
NAD™ [4]. Consequently, the production of QUIN
occurs as a much higher rate within the brain that the
conversion to NAD . As we have suggested previously
[5], this has implications for the accumulation of QUIN
in the brain under certain pathological conditions. As
Foster et al. [6] concluded, the brain areas that preferen-
tially accumulate QUIN in pathological conditions are
the frontal cortex, striatum and hippocampus.

High QUIN levels are considered to be involved in
aging and in the pathophysiology of some neurodegen-
erative diseases, including Huntington’s disease (HD)
[7]. In pathological conditions, this metabolite causes
excessive excitation of NMDA receptors, resulting in
increased cytoplasmic Ca®" concentrations, and causes
mitochondrial dysfunction, decreased ATP levels, cyto-
chrome ¢ release, and oxidative stress, further leading
to selective loss of 4-aminobutyrate-producing and
cholinergic neurons [8]. Indeed, despite the compelling
evidence that aberrant neuronal signaling and energetic
dysfunctions underlie the toxic actions triggered by
QUIN, the production of reactive oxygen and nitrogen
species caused by high concentrations of QUIN also
have a major role in the development of the neuro-
toxic actions caused by this compound. [9].

Neurodegeneration is a chronic process that results
in progressive loss of function, structure and number
of neural cells, leading to generalized atrophy. Neuro-
degenerative processes affect the connectivity of neural
networks, which is critical for information processing
and cognitive power [10]. Indeed, insults to the brain
or to the spinal cord trigger a specific and evolution-
arily conserved glial defense response generally known
as reactive gliosis. This response is manifested as a ser-
ies of histopathological and functional changes, which,
in astrocytes, are represented by reactive astrogliosis
[11,12]. The hallmark of reactive gliosis in central ner-
vous system (CNS) ischemia, trauma or neurodegener-
ation is characteristic hypertrophy of cellular processes
of astrocytes, upregulation of glial fibrillary acidic pro-
tein (GFAP) and vimentin, and re-expression of nestin,
all of which participate in the formation of the inter-
mediate filament (IF) network. The IF network
becomes very prominent, in particular in the main pro-
cesses and the somata of astrocytes [13,14].

In several animal models of neurodegeneration,
including those induced by QUIN, neuronal loss is med-
iated by excitotoxicity, i.e. neuronal damage resulting
from excessive glutamate receptor activation [15]. It fol-
lows that microglia-derived QUIN might function as a
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trigger molecule in the neurodegenerative process [16].
Excitotoxic cell death is dependent on the increase in the
intracellular concentration of Ca®" after its influx
through NMDA receptors. Ca’"-activated enzymes,
such as proteases, endonucleases, and phospholipases,
contribute to the degradation of different cell compo-
nents and neuronal death. In addition, excitotoxic stim-
ulation is associated with extremely high Ca®* influx
and intramitochondrial Ca®>* overload. Altered mito-
chondrial activity and disrupted ATP production,
impairing ATP-dependent Ca”>" loading and extrusion
mechanisms, contribute to sustained excitotoxicity
[17,18].

Interestingly, pharmacological lesioning of the stria-
tum with excitotoxins, such as QUIN, results in neuro-
pathological changes whose features and time
progression clearly resemble those encountered in HD
[19], including motor and behavioral deficits [20], fur-
ther supporting the idea that QUIN-lesioned rats may
represent a suitable model with which to study disease
progression.

QUIN-induced behavioral and biochemical altera-
tions in adult and aged rodents have been extensively
described in recent years [21-23]. However, little infor-
mation is available on the excitotoxic events elicited by
QUIN in the brains of young rats. In this context, we
previously reported that QUIN elicited NMDA-
induced Ca”"-mediated disruption of the cytoskeleton
of neural cells and oxidative stress 30 min after its in-
trastriatal injection into adolescent rats [24].

In the present study, we searched for brain biochemi-
cal, histopathological and behavioral alterations elic-
ited by a single intrastriatal injection of QUIN into
adolescent rats. We assume that intrastriatal QUIN
injection into young rats could mimic the early steps of
the pathophysiological cascades involved in the delete-
rious events occurring in neurodegenerative diseases,
such as juvenile-onset HD (JHD). Neurodegeneration
and disturbance of glutamate metabolism are involved
in JHD. As the behavioral changes depend on the brain
region affected, we evaluated the time course of the
biochemical changes, including [*H]glutamate and
4Ca’" uptake, the histopathological findings in the
striatum, cerebral cortex, and hippocampus, and the
behavior and motor activity in response to QUIN.

Results

Biochemical findings

To assess glutamate-mediated excitotoxicity resulting
from QUIN administration, [*H]glutamate uptake
and *Ca’* uptake were measured in sham and

FEBS Journal (2014) © 2014 FEBS
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QUIN-injected rats at 30 min, 1, 7, 14 and 21 days
after injection. The results showed that QUIN injection
decreased [*H]glutamate uptake in the striatum at
30 min and 14 days after injection (Fig. 1A). Further-
more, [*H]glutamate uptake was decreased at 30 min, 1
and 2 weeks in the cerebral cortex (Fig. 1B) and at 1, 3
and 4 weeks after intrastriatal injection into the hippo-
campus (Fig. 1C). We also measured **Ca’>" uptake in
the three brain regions from 30 min until week 4 after
QUIN injection. The results showed increased *Ca®*
uptake in the striatum 30 min and 1 day after injection
(Fig. 1D), with a return to sham values 7, 14 and
21 days later. In the cerebral cortex, B2t uptake
was increased from 30 min until 7 days after QUIN
injection (Fig. 1E), returning to sham levels at day 14
and increasing again at day 21. Otherwise, in the hip-
pocampus, *°Ca®" uptake was persistently increased
from 30 min after injection until day 21 (Fig. 1F).

Histopathological findings

To search for histopathological changes in QUIN-trea-
ted rats, we carried out histological analysis in striatal,
cortical and hippocampal sections at day 1, day 7,

Quinolinic acid, behavior, and brain morphology

sections were processed for immunofluorescence with
antibody against GFAP or neuron-specific nuclear
antigen (NeuN), as well as for nuclear staining with
4’ 6-diamidino-2-phenylindole ~ (DAPI).  Moreover,
degenerating neurons were recognized with Fluoro-
Jade C (FJC). Tissue sections were analyzed with con-
focal microscopy, as shown in Fig. 2. Twenty-four
hour after QUIN injection, we observed an absence of
FJC-labeled cells and unaltered NeulN immunostaining
(showing in supporting information), and increased
GFAP-immunostaining (showing in Fig. 2A) in the
striatum as compared with sham-operated rats. In con-
trast, we did not detect any altered staining in the
cerebral cortex between groups (Supporting informa-
tion). Taken together, these results indicate reactive as-
trogliosis and an absence of neuronal death in the
striatum 24 h after QUIN injection. Figure 2B shows
increased GFAP immunostaining in the striatum and
cerebral cortex 7 days after QUIN administration,
indicating persistent astrogliosis in the striatum and a
later response in the cerebral cortex relative to initial
astrogliosis. Furthermore, we found unaltered NeuN
immunostaining and FJC staining in the striatum and
cortex, indicating an absence of neuronal loss in these

day 14 and day 21 after QUIN injection. Tissue brain regions (Supporting information). Figure 2C
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B Striatum 7 days

A Striatum 24 h

Cerebral cortex 7 days
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Fig. 2. QUIN-induced lesions assessed with FJC staining, and NeuN and GFAP immunohistochemistry. Rats were subjected to an
intrastriatal injection of 150 nmol of QUIN in the right striatum, and the lesion was assessed 1, 7, 14 and 21 weeks postsurgery.
Representative images are shown. (A) Astrogliosis in the striatum 24 h after injection. Note more ramified cells with wider projections. (B)
Reactive astrogliosis in the striatum and cerebral cortex 7 days after injection. (C-F) Reactive astrogliosis and neuronal death are shown in
the striatum (C) and cerebral cortex (D) 14 and 21 days after injection [(E) striatum; (F) cortex]. The staining shows dot-shaped structures
(arrow) in (C) and fiber-like structures (arrowhead) in (E) and (F). The asterisk in (D) indicates a pyramidal neuron characteristic of layer V in
the cerebral cortex. Representative images of eight rats. Scale bar: 30 um (magnification: x 40).
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shows persistent astrogliosis, decreased NeuN immu-
nostaining and a large number of both linear and dot-
shaped FJC-positive structures in the striatum at
day 14 after injection. Figure 2D shows FJC-positive
cell bodies with a neuronal profile, increased GFAP
immunostaining, and decreased NeuN immunostain-
ing, indicating astrogliosis and neuronal death in the
cerebral cortex 14 days after QUIN injection. Fig-
ure 2E,F shows the remaining FJC-labeled FIC debris,
diminished NeuN immunostaining and increased
GFAP immunostaining in the striatum (Fig. 2E) and
cortex (Fig. 2F) 21 days after lesion. No histological
alterations were observed in the hippocampus of
QUIN-treated rats at any time analyzed during the
study (Supporting information). Taken together, these
results show progressive injury in which astrogliosis
preceded neuronal loss in the corticostriatal region
over the first weeks after the QUIN-induced damage.

Behavioral evaluation

Behavioral evaluation was carried out for 4 weeks
after intrastriatal QUIN injection. The behavioral tests

Quinolinic acid, behavior, and brain morphology

were performed on four sequential days in each week.
Locomotor functions were evaluated with an open
field (OF) task at day 1, day 7, day 14 and day 21 in
rats from the naive, sham and QUIN groups. Habitua-
tion and anxiety were tested on day 2, day 8, day 15
and day 22 with an OF task. Spatial memory was
tested on day 4, day 10, day 17 and day 24 with a
Y-maze (YM) task in the same groups. Short-term
memory was evaluated with an object recognition
(OR) task on day 3, day 9, day 16, and day 23. The
timeline of the experimental procedures used to evalu-
ate the behavioral consequences of intrastriatal QUIN
injection is shown in Fig. 3A.

The results for locomotor activity evaluated with
the OF task at 1, 2, 3 and 4 weeks after QUIN injec-
tion are summarized in Fig. 3B. One-way ANOVA
(control groups versus QUIN injection) revealed no
significant differences between groups in the total dis-
tance traveled until week 3 after treatment. However,
on week 4, rats that received QUIN showed signifi-
cantly reduced locomotor activity as compared with
the sham and naive groups, indicating a deficit in
locomotor activity. The sham-treated group did not
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Fig. 3. (A) The timeline of the behavioral OF OF OF OF OF OF OF OF
tests. (B) Effect of QUIN administration on day 1 day2 day 1 day2 day1 day2 day 1 day2
locomotor activity and spatial memory in
the OF task, measured as the distance c Week 4 D Week 4 ¢ Contro
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iati i sE WNIHTHNGATT 8E. [Hhes| T waitlls
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followed by the Tukey post hoc test). Seconds Seconds
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show a significant difference from the naive group in
locomotor activity.

In addition, it is important to note that, in the OF
task performed at week 4, the distance traveled by the
sham and naive rats on OF day 2 was significantly
decreased as compared with that on OF day 1,
whereas the distance traveled by the QUIN group was
not altered, suggesting a locomotor deficit or lack of
habituation. To further demonstrate the exploratory
behavior of the different groups in week 4, we show a
detailed analysis of OF day 1 and day 2 (Fig. 3C,D).
On OF day 1, locomotor activity declined significantly
only in the sham and naive groups, indicating habitua-
tion to the OF (Fig. 3C). On OF day 2, naive and
sham rats started the test with less exploratory activity,
which, in turn, remained constant over the time of the
test. Otherwise, QUIN-treated rats showed the same
exploratory activity as observed on OF day 1
(Fig. 3D). Taken together, the results further support
lack of habituation in the QUIN group as compared
with the sham and control groups at week 4.

Figure 4 shows the effect of intrastriatal administra-
tion of QUIN on the sample phase (Fig. 4A) and dis-
crimination phase (Fig. 4B), respectively, in the OR
task. Results for the sample phase revealed no signifi-
cant difference between groups in the time spent in
exploring the objects (Fig. 4A). Figure 4B shows the
effect of the intrastriatal injection of QUIN on dis-
crimination score. Statistical analysis revealed that
QUIN decreased the discrimination score as compared
with control groups at all times studied, indicating
short-term memory impairment in QUIN-treated rats.

To further investigate the effects of QUIN injection
on spatial memory, naive, sham and QUIN rats were
subjected to a YM task. There were no significant dif-
ferences between the groups tested for all parameters
analyzed (number of entries, total duration of visits in
the novel arm, and time spent in the arms), suggesting
no loss of spatial recognition memory (Table S1) as
detectable with this specific test.

Discussion

Consistent with previous data in the literature, we found
that intrastriatal injection of QUIN induced reactive gli-
osis and neuronal loss, as well as motor and behavioral
alterations [25,26], in rats. The great vulnerability of the
young brain to the excitotoxic effects of intrastriatally
injected QUIN has been previously reported. In this
context, Figueredo-Cardenas et al. [27] have described
the influence of animal age, QUIN concentration and
injection speed on the survival of striatal interneurons
following QUIN injection. Also, Sun et al. [28] found
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Fig. 4. Effects of the intrastriatal administration of QUIN on
performance in the OR task. (A) The investigation time (s) was
calculated as the sum of the time that the rats spent investigating
C1 and C2. (B) The discrimination index was calculated as the time
that the rats spent investigating [(T — C3)/(T + C3)]. Data are
presented as mean =+ standard deviation. *P < 0.05, **P < 0.01
and ***P < 0.001 versus the naive and sham groups (ANOVA
followed by the Tukey post hoc test.

greater damage to enkephalinergic striatal projection
neurons in young rats than in adult rats, emphasizing
the age-dependent decline in excitotoxic vulnerability to
injected QUIN. However, the present study presents
novel information about the time course of the effect of
QUIN in young rats. We were interested in evaluating
the impact that intrastriatal QUIN-induced lesioning
could have away from the injection site, in other regions
of the CNS. Therefore, we analyzed the progression of
cellular damage in the striatum, cerebral cortex, and
hippocampus, as well as the behavior and motor activity
of these young rats for 4 weeks following QUIN injec-
tion. Unraveling the mechanisms that occur soon after
intrastriatal QUIN injection and how these events pro-
gress from the striatum itself to other brain regions is
important for understanding the biochemical and histo-
pathological basis of neurodegeneration and behavioral
changes in injured animals.

We found decreased [H]glutamate and increased
4Ca’" uptake, supporting glutamate excitotoxicity in
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QUINe-injected rats. These phenomena could underlie,
at least in part, the molecular mechanisms associated
with cognitive and motor impairments, as well as the
selective astrogliosis and neurodegeneration observed
in the QUIN-treated rats. QUIN-treated rats showed
decreased corticostriatal [*H]glutamate uptake 30 min
after lesion; uptake was restored to sham levels after
1 day in the striatum, but the decrease persisted for
2 weeks in the cerebral cortex. **Ca®" uptake slightly
increased in the striatum until day 1, returning to sham
values thereafter. Moreover, decreased cortical [*H]glu-
tamate uptake and increased **Ca’" uptake were
observed until day 14. In the hippocampus, an impor-
tant increase in **Ca’" uptake persisted for 21 days
after QUIN injection, whereas [*H]glutamate uptake
oscillated during the same period. Taken together,
these results suggest a causal relationship between the
activity of the glutamatergic system and intracellular
Ca’" levels in these brain structures, at least in the cor-
ticostriatal region, until day 7 after QUIN injection. It
is feasible that voltage-dependent Ca>" channels might
mediate additional entry of Ca?" from the extracellular
space, supporting the increased **Ca®" uptake, despite
the oscillations observed in [*H]glutamate uptake. It is
also possible that the observed long durations of the
QUIN responses are not attributable to the NMDA
receptor properties, but to the slow release of gluta-
mate from astrocytes elicited by the long-lasting intra-
cellular Ca?" increases. In this context, our
experiments do not rule out the possibility that the as-
trocytes release glutamate or another factor that con-
tributes to the excitotoxic cycle [29].

The spreading of the excitotoxic wave from the zone
of lesion to other brain regions suggests spatiotempo-
ral cell damage caused by QUIN for up to 4 weeks
after lesion. It is therefore feasible that the early gluta-
mate excitotoxicity in the striatal region may be
involved in the persistent astrogliosis observed at 24 h
after injection. Conversely, reactive astrocytes were
detected only 7 days after injection in the cerebral cor-
tex, which could suggest different temporally evoked
molecular mechanisms underlying the glutamate-elic-
ited cell damage in these brain regions.

We assessed astrogliosis in the striatrum, cerebral cor-
tex and hippocampus by determining GFAP immuno-
fluorescence and neuronal loss with double-labeling
studies in brain sections, by combining FJC staining
with immunofluorescence with the neuronal marker
NeuN. An important finding of our work was that acute
administration of QUIN provoked astrogliosis in the
striatum soon after injection (24 h) that persisted
throughout the period of the experiment (7, 14, and
21 days). Furthermore, a progressive neurodegenerative
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process in the striatum as determined by increased FJC
staining, initiated between days 7 and 14, was verified
by the histopathological abnormalities observed, such
as shrunken cell bodies and swollen fibers [30]. In the
cerebral cortex, astrogliosis as verified by increased
GFAP immunoreactivity occurred at a later stage after
QUIN administration (day 7), and was followed by the
appearance of highly stained FJC-positive neurons in
the pyramidal bodies at day 14. In addition, in the
fourth week after QUIN administration, cortical degen-
eration progressed to the histological alterations
observed earlier in the striatum.

It is important to note that QUIN administration
did not result in acute neuronal loss, as would be
expected with a potent excitotoxin [31]. As astrocytes
were rapidly activated, especially in the striatum, and
neuronal death occurred later in response to the ex-
citotoxic damage provoked by QUIN injection, it is
conceivable that astrocytes produced soluble factors
that were toxic to neurons, as previously shown in
other neurodegenerative pathologies [32]. It is empha-
sized that reactive astrogliosis is a prominent process
leading to the formation of the glial scar that inhibits
axonal regeneration after CNS injury. Upon becoming
reactive, astrocytes undergo various molecular and
morphological changes, including upregulation of the
expression of GFAP, vimentin, and chondroitin sulfate
proteoglycans, as well as of other molecules that are
inhibitory to axon growth. Our present results showing
late neuronal death in young rats are different from
those obtained with QUIN injection in adult rats. In
adult animals, QUIN causes massive neuronal damage
near the site of QUIN injection in the striatum within
aperiod of 30 min up to 2 days, followed by continu-
ous and evolving neuronal damage in a progressive
transitional zone in the periphery of the lesion over a
period of at least 14 days after QUIN administration
[33,34].

The hippocampus was less susceptible than the cere-
bral cortex and striatum to the excitotoxic injury cau-
sede by QUIN injection, as no histopathological
alterations were detected in this structure until the
fourth week after drug administration. This is consis-
tent with previous observations that the hippocampus
seems to be spared from injury in a genetic model of
JHD [35] and in autopsied brains from the early stages
of HD [36]. We should also consider that several fac-
tors, such as intrinsic neuronal properties, degree of
myelination, state of receptor and ion channel matura-
tion, and functional maturation of synaptic contacts,
could contribute to region-dependent differences in the
response to the insult, as well as to its long-term dele-
terious effects [37].
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Concerning the behavioral consequences of cell
damage induced by QUIN, we observed impairment of
short-term memory in the OR task in rats shortly after
QUIN administration that persisted throughout the
experiment. Furthermore, lack of habituation and
motor deficits were observed only at 21 days after
QUIN injection. It is apparent from these findings and
from the histopathoplogical studies that neuronal
death in these brain regions is not required for the
onset of cognitive deficits (OR), but it could underlie
the motor disability observed, consistent with the
hypothesis that motor changes result from loss of neu-
rons in the striatum [38].

Lack of habituation was observed only in 50-55-
day-old rats injected with QUIN; adolescent rats did
not show this behavior. A possible explanation for
these findings is that younger animals have a higher
level of exploratory activity, and this may possibly
mask a habituation deficit at this age [39]. Thus, the
lack of habituation can be tentatively interpreted as
being attributable to increased anxiety and exploratory
activity. Accordingly, previous studies demonstrated
that QUIN-injected rats showed motor alterations,
such as perseveration to novel stimuli exposure and
reduced fear/anxiety [40]. In this regard, behavioral
alterations such as disinhibition, enhanced impulsivity
and emotional disorders have been reported in the ini-
tial stages of JHD [41]. On the other hand, although
QUIN:-injected adult rats showed spatial learning defi-
cits in the Morris water maze task and in the radial
arm water maze [42,43], we did not find differences in
the YM task at the evaluated periods following QUIN
administration. Our findings are in accordance with
other results obtained in R6/1 mice, used as a trans-
genic model for JHD, which also did not show any
change in YM task performance [44]. The apparently
conflicting results in young and adult animals could
possibly be attributable to the differences in animal
age between our present study and previous studies.

Overall, in the present study, we have provided new
insights into the molecular mechanisms and behavioral
aspects of QUIN toxicity in adolescent rats, showing
early cognitive deficits followed by late motor impair-
ment. Selective and progressive astrogliosis and neuro-
nal loss was elicited from the striatum to cerebral
cortex without affecting the hippocampus, despite the
early Ca’>”" influx observed in the three brain regions.
Thus, we are tempted to propose that the deleterious
effect of intrastriatal QUIN injection may not solely
be a consequence of neuronal damage and loss as
such, but could result from the fact that QUIN inter-
feres with the highly regulated signaling mechanisms in
the immature brain [37].
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In this context, we have recently found [24] that
acute intrastriatal administration of QUIN in 30-day-
old rats affects the phosphorylating system associated
with the cytoskeleton of neural striatal cells, causing IF
hyperphosphorylation. As we have shown previously
[45], this effect was mediated by Ca®" influx through
NMDA channels and by oxidative stress. Additionally,
alterations in the homeostasis of the cytoskeleton of as-
trocytes and neurons were found in rat striatal slices
treated with 100 um QUIN. These events were associ-
ated with increased Ca®" influx through NMDA recep-
tors and L-type voltage-dependent Ca®* channels in
astrocytes. In neurons, QUIN actions involved metabo-
tropic glutamate receptors and the Ca®" from intracel-
lular stores as well as Ca’” influx through NMDA
receptor and L-type voltage-dependent Ca”>" channels.
In both cases, the increase in the intracellular Ca®" lev-
els set off a cascade of events, including activation of
the second messenger-dependent protein kinases, which
phosphorylate head domain sites on GFAP and neuro-
filament subunits, potentially leading to misregulation
of IF assembly in both glia and neuronal cells [45].

Although QUIN is classically used as a model for
HD, little information is available on QUIN toxicity
in adolescent rodents in vivo. For this reason, it is
important to develop more research to clarify the
molecular mechanisms involved in the brain damage
that mimics QUIN-associated neurodegenerative dis-
eases at this age. To our knowledge, this is the first
report describing biochemical, histopathological and
behavioral alterations following QUIN administration
over time in very young animals. In this context, it has
been long recognized that early and severe cognitive
deficits followed by later motor impairments character-
ize the onset of JHD in humans [46—48], as found in
the present study. It is expected that our approach
may serve as a model with which to better understand
early-onset human neurodegeneration.

Experimental procedures

Animals

Adolescent (30-day-old) Wistar rats, obtained from the Cen-
tral Animal House of the Department of Biochemistry, Fed-
eral University of Rio Grande do Sul, Porto Alegre, Brazil,
were used in the studies. Rats were considered to be adoles-
cent at postnatal days 24-45 [39]. The rats were maintained
on a 12 : 12-h light/dark cycle in an air-conditioned con-
stant-temperature (22 + 1 °C) colony room, with food and
water available at libitum. The experimental protocol fol-
lowed the Principles of Laboratory Animal Care (NIH publi-
cation 85-23, revised 1985), and was approved by the Ethics
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Committee for Animal Research of the Federal University
of Rio Grande do Sul. All efforts were made to minimize
the number of animals used and their suffering.

Radiochemicals and compounds

L-[*H]Glutamate (52 Ci-mmol~') and [*Ca]CaCl, (specific
activity of 321 kBg-mg~' Ca®>") were purchased from Perk-
inElmer Life and Analytical Sciences (Boston, MA, USA).
QUIN and GFAP Ig (clone 6F2), anti-rabbit Cy3 Ig and
anti-mouse Cy3 Ig were obtained from Sigma (St Louis,
MO, USA). Anti-NeuN Ig and FJC were obtained from
Millipore. DPX was obtained from Dako (St Louis, MO,
USA). All other chemicals were of analytical grade and
were purchased from standard commercial suppliers.

Surgery

The rats were deeply anesthetized with Equitesin solution
(2.5 mL-kg™ !, intraperitoneal), and placed in a stereotaxic
apparatus. A small hole was drilled in the skull for microin-
jection, and 150 nmol (0.5 puL) of QUIN (pH adjusted to 7.4
with NaOH) or NaCl/P; (sham-operated groups) was slowly
injected over a period of 4 min into the right striatum via a
needle connected by a polyethylene tube to a 10-ul. Hamil-
ton Syringe (Hamilton; 701 N) and an infusion pump
(Insight, Sao Paulo, SP, Brazil). The needle was left in place
for another 4 min before been gently removed, so that the
total procedure lasted for 8 min. The coordinates for injec-
tion were as follows: 0.6 mm posterior to bregma, 2.6 mm
lateral to the midline, and 4.5 mm ventral from dura [49].
The correct position of the needle was tested by injecting
0.5 pL of methylene blue (4% in saline solution) and carry-
ing out histological analysis. The dose and method of QUIN
administration were based on a previous study [50].

Experimental groups

Experimental groups (n = 8 rats per group) were as follows:
naive rats (untreated); sham rats (intrastriatal injection of
0.5 pL of vehicle); and treated rats (intrastriatal QUIN).
Behavioral, biochemical and histopathological characteris-
tics of these rats were then assessed at 1, 2, 3 and 4 weeks
after surgery. [PH]Glutamate and **Ca®" uptake were
assessed at 30 min, 1, 2, 3 and 4 weeks after surgery. All
groups were independent.

Biochemical and histopathological assessment
[*H]Glutamate uptake

Rats were decapitated, and brains were immediately removed
and submerged in HBSS containing 137 mm NaCl, 0.63 mm
Na,HPO, 4.17 mm NaHCO;, 5.36 mm KCI, 0.44 mm
KH,POy4, 1.26 mm CaCl,, 0.41 mm MgSOy, and 1.11 mm
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glucose, adjusted to pH 7.2. The striatum, cerebral cortex
and hippocampus were dissected, cut into 400-um-thick slices
with a McIlwain chopper, and washed with HBSS. [*H]Glu-
tamate uptake was performed according to Frizzo et al. [51].
Tissue slices were initially preincubated at 35 °C for 15 min.
After preincubation, the medium was changed by adding
12.2 MBq-L™! L[’H]glutamate and 100 mm unlabeled gluta-
mate in HBSS. The reaction was stopped after 7 min by
washing with 0.5 mL of ice-cold HBSS, and this was fol-
lowed by the addition of 0.5 M NaOH. Nonspecific uptake
was determined by the use of N-methyl-p-glucamine. [*H]
Glutamate uptake was calculated as the difference between
the uptake measured in a sodium-containing medium and
the uptake measured in the absence of sodium. Incorporated
radioactivity was determined with a Wallac scintillation spec-
trometer. All experiments were performed in triplicate, and
the mean was used for the statistical calculations.

45Ca’™" uptake

Rats were killed by decapitation, and brains were removed
and placed in Krebs Ringer/bicarbonate buffer (122 mm
NaCl, 3 mm KCI, 1.2 mm MgSOy, 1.3 mm CaCl,, 0.4 mm
KH,POy4, 25 mm NaHCOs;). The striatum, cerebral cortex
and hippocampus were dissected, cut into 400-pm-thick
slices with a Mcllwain chopper, and washed with Krebs
Ringer/bicarbonate buffer; the sections were then sepa-
rated. Slices were preincubated for 15 min at 35 °C
(pH 7.4). The medium was exchanged with fresh Krebs
Ringer/bicarbonate buffer buffer, and the slices were prein-
cubated with 0.2 uCi-mL~! #°Ca®" for 1 h. Extracellular
45Ca%" was thoroughly washed off for 10 min with a wash
solution containing 127.5 mm NaCl, 4.6 mm KCI, 1.2 mm
MgSO,, 10 mm Hepes, 11 mMm glucose, and 10 mm LaCls
(pH 7.3). The presence of La®>" during the washing stages
was found to be essential to prevent the release of the
intracellular **Ca®* [52]. After washing, tissue slices were
digested and homogenized with 0.5 M NaOH, and 200-uL
aliquots were placed in scintillation fluid and counted in an
LKB rack B-liquid scintillation spectrometer (Wallac scintil-
lation spectrometer), and 5-pL aliquots were used for pro-
tein quantification as described by Lowry et al. [53].

Immunofluorescence and FJC staining

After surgery (1, 7, 14 and 21 days), each rat was overdosed
with sodium thiopental and perfused intracardially with
0.9% saline followed by 4% paraformaldehyde. The brain
was removed, and postfixed overnight in 4% paraformalde-
hyde at 4 °C. The tissue was then rinsed in 0.1 M phosphate
buffer, and transferred to the 15% and 30% sucrose solution
in NaCl/P; at 4 °C. After the brain had sunk (2-3 days), it
was frozen by immersion in isopentane cooled with CO,, and
stored in a freezer (—80 °C) for later analyses. Serial coro-
nal sections (30 pm) of the striatum, cerebral cortex and
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hippocampus were obtained with a cryostat at —20 °C (Le-
ica, St. Louis, MO, USA.). A set of eight sections, taken
from the same region in all groups throughout the rostrocau-
dal axis of the dorsal striatum, frontal cortex, and dorsal
hippocampus, were used for histochemical analysis. The sec-
tions of striatum were located around the tip of the cannula.
The sections were incubated, according Heimfarth et al. [54],
with polyclonal rabbit with GFAP Ig (clone 6F2) or mouse
NeuN Ig (clone A60) or mouse anti-NeuN Ig (clone A60) for
48 h, and diluted 1 : 3000 and 1 : 1000, respectively, in
NaCl/P; (0.3% Triton X-100) and 2% BSA. Negative con-
trols were carried out with omission of the primary antibod-
ies. After being washed repeatedly in NaCl/P;, tissue sections
were incubated with rabbit Ig or mouse Ig Cy3 (F(ab’)2 frag-
ment), both diluted 1 : 500 in NaCl/P;, 0.3% Triton X-100
and 2% BSA for 1 h at room temperature. The sections were
then washed numerous times in NaCl/P;, and transfer to gel-
atinized slides. To visualize degenerative neurons, the slides
were air-dried and subjected to FJC staining, with a method
adapted from Ehara and Ueda [30]. Briefly, slides were rinsed
for 5 min in distilled water, and then incubated in 0.06%
potassium permanganate solution for 10 min. Following a
2-min water rinse, slides were incubated for 10 min in the
FJC staining solution with 0.001% DAPI. The slides were
washed, dried, coverslipped in acidic mount media (DPX),
and examined under an epifluorescence microscope. The
images were obtained with an Olympus IX-81 confocal FV-
1000 microscope, and analyzed with oLYMPUS FLUOVIEW soft-
ware (Shinjuku, Tokyo, Japan).

Protein determination

The protein concentration was determined with the method
of Lowry et al. [53], using BSA as the standard.

Behavioral assessment
Habituation and locomotion

The motor activity and the habituation of rats were evalu-
ated in the OF test. The OF was made of wood covered
with impermeable wood, had a black floor measuring
60 cm?, and was surrounded by 60-cm-high walls. In the
habituation task, the rats were allowed to explore the OF
for 10 min on two consecutive days. The distance traveled
was registered on the first day as an index of general activ-
ity [55]. The rats were individually placed in the center of
the OF, and behavioral parameters were recorded and sub-
sequently elaborated with an automated activity-monitoring
system (Any-maze; Stoelting, Wood Dale, IL, USA).

OR task
The OR task was conducted in the OF, as previously

described by Ennaceur and Delacour [56], and adapted by

10
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Pamplona et al. [57]. It consisted of three distinct phases:
habituation, sample, and discrimination. In the habituation
phase, the rats were allowed to explore the OF for 10 min on
two consecutive days. In the sample phase, two identical
objects (C1 and C2; cubes) were placed in opposite corners
of the OF, 20 cm distant from the walls and ~ 60 cm apart
from each other, and the rats were allowed to explore them
for 5 min. After the end of the sample phase, the rats were
removed from the OF and kept in the home cage. After a
delay period of 30 min, in the discrimination phase, an iden-
tical copy of the familiar object (C3) and a novel T-shaped
object (T) were placed in the locations previously occupied
by Cl and C2, and the rats were allowed to explore the
objects for 5 min. All of the objects were constructed with
plastic LEGO blocks. The locations of the objects were coun-
terbalanced in each session. The time spent by the rats in
exploring each object was monitored with a video system
placed in an adjacent room. Exploration of an object was
defined as directing the nose to the object at a distance of
< 2 cm and/or touching it with the nose. Analyses were per-
formed on the following measures: the total time spent
exploring the two objects in the sample phase (C1 + C2) and
the discrimination index, which is defined by the difference in
exploration time between the novel and the familiar objects,
divided by the total time spent exploring these two objects in
the discrimination phase [(T — C3)/(T + C3)].

YM task

The apparatus consisted of three arms (30 x 10 x 15 cm?®
and 120° apart) made of black wood, placed in a room
with visual cues on the walls; YM testing consisted of two
trials separated by an interval of 1 h [58,59]. In the first
trial, the rat was placed in the end of one arm, and allowed
access to that arm and another arm for 5 min. The third
arm (the novel arm) was blocked with a guillotine door.
The rat was then removed from the maze and returned to
its home cage. For the second trial, the rat was placed back
into the start arm of the maze, and given free access to all
three arms for 5 min. The number of entries and the time
spent in each arm were recorded. The percentage of entries
and time spent in the novel arm were compared with ran-
dom exploration of the three arms of the maze (i.e. 33%).

All  behavioral were conducted in a
sound-attenuated room under low-intensity light, and were
monitored by an experimenter who was unaware of the
treatments. All apparatus was cleaned with a 10% ethanol
solution, and then dried with a paper towel after each trial,
in order to avoid odor impregnation.

experiments

Statistical analysis

Data were analyzed statistically with one-way or two-way
ANOVA followed by the Tukey-Kramer multiple com-
parison test when the F-test was significant. All analyses

FEBS Journal (2014) © 2014 FEBS
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were performed with spss on an

IBM-PC-compatible

computer.
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Table S1. Spatial memory in the Y-maze task 1, 2, 3
and 4 weeks after intrastriatal injection of QUIN.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

S1. Striatum 24 h.

S2. Cerebral cortex 24 h.
S3. Striatum 7 days.

S4. Cerebral cortex 7 days.
SS5. Striatum 7 days.

S6. Cerebral cortex 7 days.
S7. Striatum 21 days.

S8. Cerebral cortex 21 days.
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TABLE SI: Spatial memory in Y-maze task after 1,2, 3 and 4 weeks after intrastriatal injection with QUIN. Y-maze (YM) testing consisted
of two trials separated by an interval of one hour [58, 59]. In the first trial, the animal was placed into the end of one arm and allowed access to
that arm and another arm during 5 min. The third arm (the novel arm) was blocked by a guillotine door. The rat was then removed from the maze
and returned to its home cage. For the second trial, the rat was placed back into the start arm of themaze and given free access to all three arms

for 5 min. The number of entries and the time spent in each arm were recorded. The percentage of entries and time spent in the novel arm was

compared to random exploration of the three arms of the maze (i.e. 33%).

*week 2™ week 3% week 4" week
Control Sham  Quin Control Sham  Quin Control Sham  Quin Control  Sham  Quin
Number of visits in novel arm 9+3.7 1243 8+4 913 9.5%4 8+2 915 9.4+ 9133 913 912 8t4
Duration of visitin novel arm 329 30t19 3519 366 4312 41+1 48+10 36t12 3919 327 327 25+9
(%)
Time spentin novel arm (s) 79.63 663 61.86 80 S8 96 78 81 ™ 75 74 62
22 3 +38 17 16 22 +40 30 +33 *15 *15 20

Exploration [duration (%), number ofvisits and time spent (s) in the novel arm]of the Y-maze task. Percentage of exploration in novel arm with respect o
these measured in the three arms. The measurements (mean * S.D.) were recorded during the second trial.



Suppelementary Figure S1: Striatum 24 h. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP

immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Astrogliosis in the striatum 24 h

after injectin with absence of FJC-labeled cells and unaltered NeuN immunostaining. Note more ramified cells with wider projections.

Representative images of 8 animals. Bar scale= 30 pm (magnification: 40x).
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Suppelementary Figure S2: Cereébral cortex 24 h. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Absence of FJC-labeled cells and

unaltered NeuN and GFAPimmunostaining. Representative images of 8 animals. Bar scale= 30 um (magnification: 40x).
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Suppelementary Figure S3: Striatum 7 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Panel shows increased GFAP
immunoreactivity in striatum 7 days after injection, indicating persistent astrogliosis with unaltered NeuN immunostaining and absence of FIC-

labeled cells. Representative images of 8 animals. Bar scale= 30 um (magnification: 40x).
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Suppelementary Figure S4: Cerebral cortex 7 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP

immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Panel shows increased GFAP

immunoreactivity in cerebral cortex 7 days after injection with unaltered NeuN immunostaining and absence of FIC-labeled cells.

Representative images of 8 animals. Bar scale= 30 ym (magnification: 40x).
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Suppelementary Figure S5: Striatum 14 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striastum. Panel shows persistent
astrogliosis, decreased NeuN immunostaining and alarge number of both linear and dot-shaped FJC-structuresin striatum 14 days afterinjection.

Staining shows dot-shaped structure (arrow). Representative images of 8 animals. Bar scale= 30 pm (magnification: 40x).
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Suppelementary Figure S6: Cerébral cortex 14 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Panel shows persistent
astrogliosis, decreased NeuN immunostaining, FJC-positive cell bodies with neuronal profile 14 days after injection in cerebral cortex. Staining
shows fiber-like structures (arrow head) and asterisk indicates a pyramidal neuron characteristic of layer V in cerebral cortex. Representative

images of 8 animals. Bar scale= 30 pm (magnification: 40x).
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Suppelementary Figure S7: Striatum 21 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Panel shows remained labeled
FJC debris, diminished NeuN and increased GFAP immunofl uorescence in striatum 21 days afterinjection. Staining shows fiber-like structures

(arrow head) and dot-shaped stmuctures (arrow). Representative images of 8 animals. Bar scale= 30 um (magnification: 40x).
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Suppelementary Figure $8: Cereébral cortex 21 days. Quinolinic acid-induced lesions assessed with FJC staining NeuN and GFAP
immunohistochemistry. Rats were subjected to an intrastriatal injection of 150 nmol of QUIN in right striatum. Panel shows remained labeled
FJC debris, diminished NeuN and increased GFAP immunofluorescence in cerebral cortex 21 days after injection. Staining shows fiber-like

structures (arrow head) and dot-shaped structures (arrow). Representative images of 8 animals. Bar scale= 30 um (magnification: 40x).
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Capitulo 2

ACUTE INTRASTRIATAL INJECTION OF QUINOLINIC ACID
PROVOKES LONG-LASTING MISREGULATION OF THE CYTOSKEL ETON
IN THE STRIATUM, CEREBRAL CORTEX AND HIPPOCAMPUS OF YOUNG
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Abstract

Quinolinic acid (QUIN) is a neuroactive metabolite of the kinurenine pathway,
considered to be involved in aging and some neurodegenerative disorders, including
Huntington’s disease. In the present work we have studied the long-lasting effect of
acute intrastriatal injection of QUIN (150 nmol/0.5uL) in 30 day-old rats on the
phosphorylating system associated with the astrocytic and neuronal intermediate
filament (IF) proteins: glial fibrillary acidic protein (GFAP), and neurofilament (NF)
subunits (NFL, NFM and NFH) respectively, until 21 days after injection. The acute
administration of QUIN altered the homeostasis of IF phosphorylation in a selective
manner, progressing from striatum to cerebral cortex and hippocampus. Twenty four h
after QUIN injection, the IFs were hyperphosphorylated in the striatum. This effect
progressed to cerebral cortex causing hypophosphorylation at day 14 and appeared in
the hippocampus as hyperphosphorylation at day 21 after QUIN infusion. PKA and
PKCaMII have been activated in striatum and hippocampus, since Ser55 and Ser57 in
NFL head domain were hyperphosphorylated. However, MAPKs (Erkl1/2, JNK and
p38MAPK) were hyperphosphorylated/activated only in the hippocampus, suggesting
different signaling mechanisms in these two brain structures during the first weeks after
QUIN infusion. Also, protein phosphatase 1 (PP1) and 2B (PP2B)-mediated
hypophosphorylation of the IF proteins in the cerebral cortex 14 after QUIN injection
reinforce the selective signaling mechanisms in different brain structures. Increased
GFAP immunocontent in the striatum and cerebral cortex 24 h and 14 days after QUIN
injection respectively, suggests reactive astrocytes in these brain regions. We propose
that disruption of cytoskeletal homeostasis in neural cells takes part of the long-lasting

molecular mechanisms of QUIN toxicity in adolescent rats, showing selective and



progressive misregulation of the signaling mechanisms targeting the IF proteins in the
striatum, cerebral cortex and hippocampus with important implications for brain

function.
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cell signaling; neurotoxicity



1. Introduction

Intrastriatal injection of quinolinic acid (QUIN), an endogenous metabolite of
tryptophan pathway and N-methyl-D-aspartate (NMDA) receptor agonist, has been
reported to cause an increase in Ca’" influx, a decrease in ATP production, and
excitotoxic cell death producing a pattern of striatal cell loss that mimics the depletion
of projections of striatal neurons observed in Huntington Disease (HD) (Beal et al.,
1986). It was also shown that QUIN induces lipid peroxidation and mitochondrial
dysfunction in the brain in a concentration-dependent manner (Perez-De La Cruz et al.,

2005).

Huntington Disease is a hereditary neurodegenerative disorder characterized by an
extensive neurodegeneration in striatum and cerebral cortex, which results in motor,
cognitive and neuropsychiatric disorders (Martin and Gusella, 1986). The juvenile-onset
or Juvenil Huntington’s disease (JHD) and adult-onset forms of HD appear to differ in
their pattern of striatal projection neuron loss and in the onset of symptoms (Albin et al.,
1990). The mechanisms underlying the selective neurodegeneration in HD are still
unknown, but is has been proposed that NMDA receptor-mediated excitotoxic processes

may be involved.

The cytoskeleton, consisting of microtubules, intermediate filaments (IFs) and
actin filaments is indispensable for any eukaryotic cell. The IF proteins constitute an
important network of cytoskeletal proteins of vertebrate cells expressed in a tissue-and

development-specific manner.

Neurons express specific IF named neurofilaments (NFs) which consist of three

subunits divided according to their molecular mass: NF heavy-chain (NFH), NF middle



chain (NFM) and NF light chain (NFL). Neurofilaments are important elements of the
axonal cytoskeleton where they are longitudinally oriented and crosslinked to other
structures constituting the most important supporting network for adult axons. Although
a considerable body of evidence supports that the most essential function of NFs is
maintaining the axonal diameter and thereby the conduction velocity (Friede and
Samorajski, 1970; Zhu et al., 1997), recent evidence points the axonal cytoskeleton as a
highly dynamic and responsive structure, able to alter their homeostasis in response to a
variety of physiological and pathological signals. (Zamoner and Pessoa-Pureur, 2011a;

Zanatta et al., 2012).

Glial fibrillary acidic protein (GFAP) is the main IF protein expressed in mature
astrocytes, where it is thought to help maintaining mechanical strength, as well as the
shape of cells. However, recent evidence has shown that GFAP plays a role in a variety
of additional astrocyte functions, such as cell motility/migration, cell proliferation,
glutamate homeostasis, neurite outgrowth and injury/protection (Middeldorp and Hol,
2011). Also, after injury of CNS, astrocytes become reactive and respond in a typical
manner, termed reactive gliosis (Eng et al., 2000) which is characterized by astrocyte
proliferation, increased production of GFAP or by decreased GFAP turnover, causing

increased protein content.

Intermediate filament proteins are known to be phosphorylated on their head and
tail domains and the dynamics of their phosphorylation/dephosphorylation plays a
major role in regulating the structural organization and function of IFs in a cell-and
tissue-specific manner (Grant and Pant, 2000; Inagaki et al., 1990; Nixon and Sihag,
1991; Omary et al., 2006). Amino-terminal phosphorylation is mainly involved in

regulating the assembly/disassembly equilibrium of GFAP, NFL and NFM subunits of
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NFs (Sihag et al., 2007). In vivo and ex vivo studies from our group and from others
have demonstrated that the phosphate groups on the amino-terminal head domain of
GFAP, vimentin and NFL are added by second messenger-dependent protein kinases,
such as cAMP-dependent protein kinase (PKA), Ca’*/calmodulin-dependent protein
kinase II (PKCaMII) and protein kinase C (PKC) (Pierozan et al., 2010; Pierozan et al.,
2012; Sihag et al., 2007). GFAP phosphorylation is possibly a key factor in astrocyte,
since cell uses phosphorylation/dephosphorylation levels to regulate the dynamic of the
polymerization/depolymerization of these proteins promoting cell survival and
physiological roles.

Also, the assembly of NFs into a heteropolymer is dependent on the head
domains of NFL and NFM and more specifically on the phosphorylation level of these
domains. In this context, some of the major sites of in vivo and in vitro phosphorylation
by QUIN on NFL and NFM subunits were identified to be Ser-55 (PKA) and Ser-57
(PKCaMII) (Pierozan et al., 2012).

On the other hand, phosphorylation sites in the tail domain of NFM and NFH
were found to be Ser residues located in Lys-Ser-Pro (KSP) repeat regions of the tail
domain of these subunits. The KSP repeats are phosphorylated by the proline-directed
kinases CdkS5, the mitogen-activated protein kinases (MAPK) such as Erkl1/2, JNK,
p38MAPK, as well as glycogen synthase kinase 3 (GSK3) (Giasson and Mushynski,

1996; Guidato et al., 1996a; Guidato et al., 1996b; Veeranna et al., 1998).

We have recently found that intrastriatally QUIN-injected adolescent rats showed
progressive biochemical and histopathological alterations in the striatum, cerebral
cortex and hippocampus, as well as behavioral deficits over a period of 21 days after

drug injection, mimicking JHD (Pierozan et al., 2014). However, little is known about



the role of the cytoskeleton in the cell damage induced by QUIN over the first weeks
after the intrastriatal injection. In line with this, we have recently described that QUIN is
able to induce hyperphosphorylation of neuronal and glial IF proteins in QUIN-exposed
striatal slices of young rats and this effect was mediated by glutamate receptors and
iCa’" levels (Pierozan et al., 2012). It is important to note that the disrupted
homeostasis of the cytoskeleton of striatal neural cells was demonstrated to be an early
event observed 30 min after intrastriatal QUIN injection in young rats (Pierozan et al.,
2010). The evidence of a link between misregulation of cell signaling mechanisms,
disruption of IF phosphorylation and cell damage in response to QUIN point to a critical
role of the signaling pathways regulating the IF phosphorylation in the early events of
QUIN-induced toxicity and lead us to search for the role of the cytoskeleton in the

progress of brain injury.

Therefore, in the present report we investigated the long-lasting QUIN actions
targeting the phosphorylating system associated with the IF-enriched cytoskeleton in the
striatum, cerebral cortex and hippocampus of young rats, identifying activated kinases
and phosphatases over 21 days after QUIN injection. We hypothesize that disruption of
cytoskeletal homeostasis could be implicated in the neural damage and behavioral

changes induced by acutely injected QUIN during the first weeks after the insult.

2. Results

Initially we studied the effects of intrastriatally injected QUIN on the endogenous
phosphorylating system associated with IF-enriched cytosleletal fraction of striatum,

cerebral cortex and hippocampus of 30 day-old rats over 21 days after the insult. As



depicted in Figure 1A, we found hyperphosphorylated IF proteins from striatal
astrocytes (GFAP) and neurons (NFL, NFM and NFH) 24 h after injection, restoring
control values afterwards. In cerebral cortex, the phosphorylation level of these proteins
remained similar to those of control rats 24 h after QUIN injection, progressing to
hypophosphorylation 14 days after injection and restoring again control levels at day 21
(Figure 1B). In the hippocampus, hyperphosphorylation of these cytoskeletal proteins

was observed only 21 days after injection (Figure 1C).

Concomitantly with altered incorporation of **P-orthophosphate into GFAP we
detected increased immunocontent of this protein in the homogenate of striatum and
cerebral cortex 24 h and 14 days after QUIN injection, respectively (Figure 2A and B).
Nonetheless, in the hippocampus we did not observe altered GFAP immunocontent
concomitant with hyperphosphorylation at day 21 (Figure 2C). Increased GFAP levels
in striatum and cerebral cortex could be associated with the astrocytic response to the

QUIN insult and is compatible with reactive gliosis (Liberto et al., 2004).

In order to search for the protein kinases and phosphatases activated by QUIN in
these brain structures we used Western blot analysis with specific monoclonal
antibodies. We first assayed the MAPKs (Erk1/2, JNK and p38MAPK) and we found
that MAPKs were not phosphorylated/activated in the striatum 24 h after QUIN
injection (Figure 3A), however they were phosphorylated/activated in the hippocampus
21 days after QUIN injection (Figure 3C). These results suggest that in QUIN-injected
rats, hyperphosphorylation of IF proteins in the striatum is independent of MAPK
activation while in the hippocampus these kinases are probably involved. Otherwise,
protein phosphatase 1 (PP1) and 2B (PP2B) were activated in the cerebral cortex at day

14 after QUIN injection, while the level of PP2A was similar to that of control animals
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(Figure 3B). Therefore we could presume that hypophosphorylation of IF proteins in

the cerebral cortex 14 days after QUIN injection was mediated by PP1 and PP2B.

According with these results, Western blot analysis using anti-KSP repeat
antibody demonstrated hyperphosphorylation of the KSP repeats located in the long tail
domains of NFM and NFH (Holmgren et al 2012), both in striatum (24 h after QUIN
injection) and hippocampus (21 days after QUIN injection), while in the cerebral cortex
the KSP repeats were hypophosphorylated 14 days after QUIN injection (Figure 4). In
addition, pNFL Ser55 and pNFLSer57 appeared hyperphosphorylated in striatum and
hippocampus and hypophosphorylated in cerebral cortex (Figure 4). The
phosphorylation of NFL subunit in Ser55 and Ser57 phosphorylation sites is consistent
with PKA and PKCaM activation, respectively (Pierozan et al., 2010; Pierozan et al.,
2012). Interestingly, these results are in line with altered **P incorporation into NFM

and NFH in the different brain structures, shown in Figure 1.

3. Discussion

In this study we analyzed the progress of cytoskeletal disruption during the first
weeks after the excitotoxic insult caused by intrastriatally injected QUIN (150
nmol/0.5uL) in 30 day-old rats. We have focused on the effect of QUIN on the
phosphorylating system associated with cytoskeletal IF proteins from striatum, cerebral
cortex and hippocampus until 21 days after injection since the dynamics of IFs is mostly

regulated by phosphorylation.

We are demonstrating the long-lasting involvement of the cytoskeleton in the
injury caused by acutely injected QUIN in the first weeks after the insult. Also, the
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present results show different susceptibilities of the phosphorylating system depending
on the brain region and on the progress of the lesion. Activation of PKA and PKCaMII
was evident in the striatum 24 h after infusion and in the hippocampus 21 days
afterwards. Considering that the phosphorylating sites on Ser-55 and Ser-57 on NFL are
targeted by PKA and PKCaMII, respectively (Pierozan et al., 2012), it is feasible that
these kinases mediated the hyperphosphorylation of Ser-55 and Ser57 on NFL subunit
in these brain regions in response to QUIN injection. The phosphorylation of these
subunits is important for the polymerization of NF itself, and hyperphosphorylation of
these subunits may cause a blockage in the association of NF (Sihag and Nixon, 1990).
Thus, we propose that QUIN could interfere with the homeostasis of IFs in axons in

Vvivo.

Interestingly, KSP repeats on NFM and NFH tail domains in the striatum are not
hyperphosphorylated 30 min after QUIN injection (Pierozan et al., 2010), suggesting
that kinases known to phosphorylate these sites, such as MAPKs and cdkS5 (Sihag et al.,
2007) are not involved in the early events of QUIN toxicity in this brain structure. Our
present findings show that 24 h after QUIN injection MAPKSs remain inactivated in the
striatum, however the KSP repeats on NFM and NFH subunits presented statistically
increased hyperphosphorylation compared with controls. We could, therefore, propose
that the tail domains of these NF subunits are phosphorylated by Cdk5. This is
consistent with previous ex-vivo results showing the activation of cdk5 by group I
mGLURs, particularly mGLURI1 and mGLURS in striatal slices exposed to QUIN
(Pierozan et al., 2012). This is also supported by the role of mGLURS, which is

described to be upstream of several kinases, including Cdk5 (Wang et al., 2004).
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Moreover, we cannot exclude the possibility of cdk5-induced inactivation of the MAPK
pathway (Li et al., 2002; Sharma et al., 2002) in the striatum.

Activation of Erk1/2, JNK and p38MAPK in the hippocampus 21 days after
QUIN injection suggests a long-lasting response of signaling mechanisms away from
the site of lesion. Hyperphosphorylation of KPS repeats in neuronal IFs is considered an
important event promoting the aggregation between NF and causing the formation of
agglomerates into the axons (Holmgren et al., 2012) Moreover, the phosphorylation
level at the KSP repeats determines association of NFs with the motor proteins kinesin
and dynein. Hyperphosphorylation interferes with their binding with kinesin decreasing
the rate of the axonal transport (Holmgren et al 2012). Therefore, extensively
phosphorylated NFH and MAPK activation observed in the hippocampus of QUIN-
injected animals could interfere with NF axonal transport and explain, at least in part,
the neural dysfunction and behavioral deficits associated with acutely injected QUIN in

rat brain (Pierozan et al, 2014).

The most frequent Ser—Thr phosphatases involved in the modulation of the
phosphorylating level of IF cytoskeletal proteins are PP1, PP2A and PP2B (Heimfarth
et al.,, 2012). We have found QUIN-induced activation of PP1 and PP2B without
affecting PP2A activity in the cerebral cortex 14 after injection. PP2B is implicated in
the regulation of neuronal cytoskeleton in response to extracellular signals that increase
intracellular Ca*" (Kayyali et al., 1997; Letourneau, 1996). Otherwise, the involvement
of PPl could be regulated by the 32-kDa dopamine- and adenosine 30,50-
monophosphate-regulated phosphoprotein (DARPP-32), an important endogenous
regulator of PP1 activity, whose biochemical effects are dependent on the

phosphorylating level of specific sites. When pThr34DARPP-32 is dephosphorylated by
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PP2B, it is itself inhibited, promoting the release of PP1 activity (Hakansson et al.,
2004; Heimfarth et al., 2012). Therefore, we could propose a stimulatory effect of PP2B
on PP1, reinforcing hypophosphorylation of IF proteins in the cerebral cortex in
response to QUIN. The dephosphorylation of NF is involved in its degradation in nerve

terminals (Cohen 1987) and his premature proteolysis (Goldstein 1987; Pant, HC 1988).

Interestingly, altered phosphorylation levels of IF proteins were accompanied by
increased immunoreactivity of GFAP in the striatum and cerebral cortex but not in the
hippocampus. These findings are in line with previous immunohistochemical analysis
showing corticostriatal reactive astrogliosis initiated 24 h after QUIN injection and
absence of astrogliosis in the hippocampus until 21 days after the insult (Pierozan et al,

2014).

Concerning the susceptibility of hippocampus to acutely injected QUIN, it is
interesting to note that misregulation of hippocampal cytoskeleton and activation of
MAPK pathway are later responses to the insult. Since p38MAPK is activated in cell
death processes, and ERK1/2 contributes to the process of astrogliosis (Che 2001; Ito
2009) we could presume that disruption of the cytoskeleton and MAPK activation are
initial steps of a later neuronal death and reactive gliosis in the hippocampus, since we
have not detected any histopathological alterations in this brain structure until the fourth

week after QUIN injection (Pierozan et al, 2014).

Taking into account our previous in vivo and in vitro findings, we could propose
that QUIN effects on the cytoskeleton, that we are showing in the present report, could
be initiated by the activation of NMDA receptors, voltage-dependent Ca*" channels type
L (L-VDCC) and metabotropic glutamate receptors 1 and 5 (nGLUR1 and mGLURYS),

and the signal is transduced downstream of Ca’" mobilization through different
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kinase/phosphatase pathways, regulating the dynamics of the cytoskeleton (Pierozan et
al., 2010; Pierozan et al., 2012).

In agreement with the excitotoxicity provoked by QUIN (Pierozan et al., 2012)
our present findings support the relevance of Ca”" overload on the misregulation of the
phosphorylating system associated with the cytoskeleton in the long-lasting response to
QUIN in striatum, cerebral cortex and hippocampus. In the striatum and hippocampus,
increased cytosolic Ca*" levels lead to astrocyte and neuronal IF hyperphosphorylation
directly activating PKCaMII and indirectly activating PKA, as a consequence of the
neural isoforms of adenylyl cyclase activated by Ca®" (Steiner et al., 2006). Therefore,
the phosphorylation of GFAP and NFL could be a critical mechanism in the
misregulation of filament assembly (Gill et al., 1990; Heins et al., 1993). Similarly,
hypophosphorylation of IF proteins in the cerebral cortex could be downstream of Ca*"
increase, since PP2B is directly activated by high Ca*" levels, while PP1 activity can be
modulated by complex mechanisms downstream of PP2B. Also, Ca®" influx activates
MAPK pathway in neuronal cells (Li et al., 2002) which could underlie the

hyperphosphorylation of IF proteins in the hippocampus.

Alterations in IF phosphorylation, both hyper and hypophosphorylation have been
shown in animal models of neurometabolic diseases (Loureiro et al., 2010; Pessoa-
Pureur and Wajner, 2007; Pierozan et al., 2010; Pierozan et al., 2012; Zamoner et al.,
2008; Zamoner and Pessoa-Pureur, 2011b) and are ascribed to be directly or indirectly
involved with human disease (Omary et al., 2006). Taking into account our present
findings and immunohistochemical results (Pierozan et al, 2014) showing astrogliosis in
the striatum and cerebral cortex 24 h and 14 days after QUIN injection, respectively,

we could propose a link between misregulation of cell signaling mechanisms, disruption
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of IF phosphorylation and cell damage as part of QUIN toxicity in these brain

structures.
4. Conclusion

In the present report we provide evidence that disruption of cytoskeletal
homeostasis takes part of the molecular mechanisms of QUIN toxicity in adolescent rats
showing selective and progressive misregulation of the signaling mechanisms targeting
the IF proteins in the striatum, cerebral cortex and hippocampus. It is feasible that Ca*"
influx previously observed by us could be upstream of these effects in the three brain
regions. Thus, we are tempted to propose that the long-lasting deleterious effect of
intrastriatal QUIN injection could be due to the fact that QUIN interferes with the
highly regulated signaling mechanisms targeting the cytoskeleton in the immature brain
and these mechanisms could contribute, at least in part, to the brain injury observed in

the juvenile form of HD.

5. Experimental Procedures

5.1. Radiochemical and compounds

Radiolabeled sodium orthophosphate (P*Na,PO4) was purchased from CNEN,
Sao Paulo, Brazil. Quinolinic acid (QUIN), benzamidine, leupeptin, antipain, pepstatin,
chymostatin, acrylamide, bis-acrylamide, anti-NFL (N5264), anti-NFM (N2787), anti-
NFH (N0142), anti-GFAP (G3893), anti calcineurin(a-subunit), anti-Protein
Phosphatase 2A (c-subunit) and anti-Protein Phosphatase 1o monoclonal antibodies
were obtained from Sigma (St. Louis, MO, USA). Anti-p44/42 MAP kinase (anti-
ERK1/2), antiphospho-p44/42 MAP kinase (anti-phospho-ERK1/2), anti-p38 MAPK,
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anti-phospho p38 MAPK, anti-SAPK/INK, anti-phospho-SAPK/JNK, anti-KSP repeat
(#MAB1592) and anti-B-actin antibodies were from Cell signaling Technology, Inc.
(Danvers, MA, USA). Anti-pNFL(Ser55) and anti-pNFL(Ser57) were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The chemiluminescence ECL kit peroxidase
and the conjugated anti-rabbit and anti-mouse IgG were obtained from Amersham

(Oakville, Ontario, Canada). All other chemicals were of analytical grade.

5.2. Animals

Adolescent (thirty-day-old) Wistar rats obtained from Central Animal House of
the Department of Biochemistry, Federal University of Rio Grande do Sul, Porto
Alegre, Brazil, were used in the studies. The animals were maintained on a 12:12
light/dark cycle in an air-contidioned constant temperature (22°C+1°C) colony room,
with food and water at libitum. The experimental protocol followed the “Principles of
Laboratory Animal Care” (NIH publication 85-23, revised 1985) and was approved by
the Ethics Committee for Animal Research of the Federal University of Rio Grande do
Sul (number 18266). All efforts were made to minimize the number of animals used and

their suffering.

5.3. Quinolinic acid injection

The animals were anesthetized with equitesin solution (2.5 ml/Kg i.p.) The skull
was exposed and the head was positioned in stereotaxic apparatus. A 10 uL Hamilton
syringe (Hamilton, 701 N) with a stainless needle was used to inject 150 nmol/0.5 pL of
QUIN (pH 7.4 adjusted with NaOH) (QUIN-injected) or saline-phosphate buffer
(SHAM) over 4 min into the right striatum with an infusion pump (Insight, Brazil).

Control animals were not operated. The needle was left in place for another 4 min
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before removed, so that the total procedure lasted 8 min. The coordinates for injection
were as follows: 0.6 mm posterior to the bregma, 2.6 mm lateral to the midline and 4.5
ventral from dura (Paxinos et al., 1985). The correct position of the needle was tested by
0.5 pL of methylene blue injection (4% in saline solution) and carrying out histological
analysis. The dose and method of QUIN administration were based in previous work
(Pierozan et al., 2010). Postoperatively, rats were kept in a warm cage until they

recovered from anesthesia.
5.4. Preparation of slices

Animals were sacrificed by decapitation without anesthesia 24 h, 7, 14 and 21
days after surgery, and the striatum, cerebral cortex and hippocampus were dissected
onto Petri dishes placed on ice and cut into 400 pm thick slices with a Mcllwain

chopper.
5.5. Preincubation

Tissues slices were preincubated at 30°C for 20 min in a Krebs-Hepes medium
containing 124 mM NaCl, 4 mM KCIl, 1.2 mM MgSQ,, 25 mM Na-HEPES (pH 7.4), 12
mM glucose and 1 mM CaCl,, and the following proteases inhibitors: 1 mM
benzamidine, 0.1 uM leupeptin, 0.7 puM antipain, 0.7 puM pepstatin and 0.7 pM

chymostatin.
5.6. Incubation

After preincubation, the medium was changed and incubation was carried out at
30 °C with 100 ml of the basic medium containing 100 pCi [32]NazPO4, as previously
described by Funchal et al (Funchal et al., 2003). The labeling reaction was allowed to

proceed for 30 min at 30°C and stopped with 1 ml of cold stop buffer (150 mM NaF, 5
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mM EDTA, 5 mM EGTA, 50 mM Tris-HCI, pH 6.5) and the protease inhibitors
described above. Slices were then washed twice with stop buffer to remove the excess

of radioactivity.

5.7. Preparation of the high-salt Triton-insoluble cytoskeletal fraction from

tissue slices.

The IF-enriched cytoskeletal fractions were obtained from slices of striatum,
cerebral cortex and hippocampus (Funchal et al., 2003). Briefly, after the labeling
reaction, slices were homogenized in 400 pL of ice-cold high-salt buffer containing 5
mM KH,PO, (pH 7.1), 600 mM KCI, 10 mM MgCl,, 2 mM EGTA, 1 mM EDTA, 1%
Triton X-100 and the proteases inhibitors described above. The homogenate was
centrifuged at 15.800 x g for 10 min at 4°C in an Eppendorf centrifuge, the supernatant
was discarded and the pellet was homogenized with the same volume of the high-salt
medium. The resuspended homogenate was centrifuged as described and the
supernatant was discarded. The Triton-insoluble IF-enriched pellet, containing the IFs,

was dissolved in 1% SDS and protein concentration was determined.

5.8. Total tissue homogenate

Tissues slices from striatum, cerebral cortex and hippocampus were homogenized
in 100 pL of a lysis solution containing 2 mM EDTA, 50 mM Tris-HCI, pH 6.8, 4%
(v/v) SDS. For electrophoresis analysis, samples were dissolved in 25% (v/v) of
solution containing 40% glycerol, 5% mercaptoethanol, 50 mM Tris-HCI, pH 6.8 and

boiled for 3 min.

5.9. Protein determination
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The protein concentration was determined by the method of Lowry (Lowry et al.,

1951) using serum bovine albumin as the standard.
5.10. Polyacrylamide gel electrophoresis (SDS-PAGE)

The cytoskeletal fraction and the total tissue homogenate were prepared as
described above. For electrophoretical analysis, samples were dissolved in 25% (v/v) of
a solution containing 40% glycerol, 5% mercaptoethanol, 50 mM Tris-HCI, pH 6.8 and
boiled for 3 min. Equal protein concentrations were loaded onto 7% or 10%
polyacrylamide gels and analyzed by SDS-PAGE according to the discontinuous system
of Laemmly (Laemmli, 1970). In the in vitro 32p incorporation experiments, the gels
containing the IF-enriched cytoskeletal fractions were exposed to X-ray films (T-mat
G/RA) at -70°C with intensifying screens, and finally the autoradiograms were obtained
and quantified by scanning the films with a Hawlett-Packard Scanjet 6100 scanner and
determining optical densities with an Optiquant version 02.00 software (Packard
Instruments Company). Optical density values were obtained for the band
corresponding to each protein. Protein loading was controlled by Coomassie blue R
staining or actin immunoblotting. All bands being measured were within the linear

range of the film.
5.11.Western blot analysis

The homogenates (30 pg) were analyzed by SDS-PAGE and transferred to
nitrocellulose membranes (Trans-blot SD semi-dry transfer cell, BioRad) for 1 hat 15V
in transfer buffer (48 mM Trizma, 39 mM glycine, 20% methanol and 0.25% SDS). The
nitrocellulose membranes were washed for 10 min in Tris buffered saline (TBS; 0.5 M

NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation in blocking solution (TBS
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plus 5% defatted dried milk or albumin bovine). After incubation, the blot was washed
twice for 5 min with TBS plus 0.05% Tween-20 (T-TBS), and then incubated overnight
at 4°C in blocking solution containing one of the following monoclonal antibodies: anti-
NFH (clone N52) diluted 1:1000; anti-NF-150 (clone NN-18) diluted 1:500; anti-NF-68
(clone NR-4) diluted 1:1000; anti-GFAP (clone G-A-5) diluted 1:500; anti-pNFLSer55
or anti-pNFLSer57 diluted 1:800; anti-KSP repeats diluted 1:1000. In experiments
designated to study the MAPK cascade anti-ERK1/2, anti-phosphoERK1/2; anti-p38
MAPK; anti-phospho-p38 MAPK; anti-SAP/JNK or anti-phospho-SAPK/JINK, were
used diluted 1:1000. The following anti-protein phosphatase antibodies: anti-calcineurin
(PP2B) (a-subunit), anti-protein phosphatase 1a (PP1) and anti-protein phosphatase 2A
(PP2A) (c-subunit) were diluted 1:1000. The blot was then washed for 5 min with T-
TBS and incubated for 2 h in TBS containing peroxidase conjugated rabbit anti-mouse
IgG diluted 1:2000, or anti-rabbit IgG 1:2000. In addition, we used the following
controls in the antibody experiments: primary antibody only, secondary antibody only
and negative controls (lacking the sample containing the antigen of interest). These
controls (not shown) stated the specificity and sensibility of the antibodies. The blot was
washed twice again for 5 min with T-TBS and twice for 5 min with TBS. The blot was

then developed using a chemiluminescence ECL kit and quantified as described above.

5.12.Statistical analysis

Data were analyzed statistically by one-way analysis of variance (ANOVA)
followed by the Tukey-kramer post hoc comparision when the F-test was significant
and by t test. All analyses were performed using the SPSS software program on an

IBM-PC compatible computer.
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Figure legends

Figure 1. Electrophoretic pattern (SDS-PAGE) and autoradiogram of the
phosphorylated IFs in the striatum (A), cerebral cortex (B) and hippocampus (C) of 30
day-old-rats. Animals were intrastriatally injected with 150 nmol QUIN and sacrificed
24 h, 7, 14 and 21 days afterwards. The labeling reaction with **P orthophosphate was
proceed as described in Materials and Methods and the radioactivity incorporated into
the high molecular weight neurofilament subunit (NFH), middle molecular weight
neurofilament subunit (NFM), low molecular weight subunit (NFL) and glial fibrillary
acidic protein (GFAP) associated with the cytoskeletal fraction was measured. Data are
reported as means + S.D. expressed as percentage of controls. Statistically significant
differences from controls, as determined by one-way ANOVA followed by Tukey-
kramer multiple comparision test are indicated: ***p<0.001. Coomassie blue stained
representative gels of control (C), sham (S) and QUIN-treated (Q) animals with
corresponding autoradiographs are presented. Western blot analysis of the cytoskeletal
fraction with anti-NFH, anti-NFM, anti-NFL and anti-GFAP antibodies was used to
identify the IF proteins. Equal amounts of the cytoskeletal fraction (50 pg) were run in

7.5 % SDS-PAGE. MW: molecular weight standard proteins. WB: Western blot.

Figure 2. Effect of QUIN on the immunocontent of IF subunits in the striatum (A),

cerebral cortex (B) and hippocampus (C) of young rats 24 h, 14 and 21 days after
23



injection, respectively. Western blot analysis of sham (S) or QUIN-treated animals
(QUIN) was carried out with anti-NFH, anti-NF-150, anti-NF-68 and anti-GFAP
antibodies. Representative Western blots are shown. Western blot of B-actin was used as
loading control. Statistically significant differences from controls, as determined by
one-way ANOVA followed by Tukey-kramer multiple comparision test are indicated:

*#%p<0.001 and **p>0.01.

Figure 3. Effect of QUIN injection on the activity of cytoskeletal associated kinases and
phosphatases. Western blot analysis using the specific antibodies: anti-ERK1/2, anti-
phosphoERK1/2, anti-p38 MAPK, anti-phospho-p38 MAPK, anti-SAP/JNK, anti-
phospho-SAPK/JNK, anti-calcineurin (PP2B) (a-subunit), anti-protein phosphatase 1a
(PP1) and anti-protein phosphatase 2A (PP2A) (c-subunit) were used. Enzyme activities
ERK1/2 (A and G), JNK (B and H), p38 MAPK (C and I), were measured in Sham or
QUIN-injected animals 24 h (A, B and C) and 21 days (G, H and I) after injection.
Calcineurin (PP2B) (a-subunit) (D), PP1a (E) and PP2A ( c-subunit) (F) were measured
14 days after injection. Representative Western blots of the proteins studied are shown.
Western blot of B-actin was used as loading control. Data are reported as means + S.D.
and expressed as percent of control. Statistically significant differences from controls as
determined by one way ANOVA followed by Tukey-kramer test are indicated:

*54p<0.001.

Figure 4. Effect of QUIN injection on the phosphoNFH/NFM KSP repeats,
phosphoNFL(Ser55) and phosphoNFL(Ser57) in the striatum (A), cerebral cortex (B)
and hippocampus (C) 24 h, 14 and 21 days after injection, respectively. Representative
Western blots of the proteins studied are shown. Western blot of B-actin was used as

loading control. Data are reported as means + S.D. and expressed as percent of control.
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Statistically significant differences from controls, as determined by t-test are indicated:

*#%p<0.001; **p<0.01 and *p<0.05.
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The studies of signaling mechanisms involved in the disruption of the cytoskeleton homeostasis were per-
formed in a model of quinolinic acid (QUIN) neurotoxicity in vitro. This investigation focused on the phos-
phorylation level of intermediate filament (IF) subunits of astrocytes (glial fibrillary acidic protein — GFAP)
and neurons (low, medium and high molecular weight neurofilament subunits — NFL, NFM and NFH, respec-
tively). The activity of the phosphorylating system associated with the IFs was investigated in striatal slices of
rat exposed to QUIN or treated simultaneously with QUIN plus glutamate receptor antagonists, calcium chan-
nel blockers or kinase inhibitors. Results showed that in astrocytes, the action of 100 pM QUIN was mainly
due to increased Ca%* influx through NMDA and L-type voltage-dependent Ca?* channels (L-VDCC). In neu-
ronal cells QUIN acted through metabotropic glutamate receptor (mGIuR) activation and influx of Ca?*
through NMDA receptors and L-VDCC, as well as Ca* release from intracellular stores. These mechanisms
then set off a cascade of events including activation of PKA, PKCaMII and PKC, which phosphorylate head do-
main sites on GFAP and NFL. Also, Cdk5 was activated downstream of mGIuR5, phosphorylating the KSP re-
peats on NFM and NFH. mGIluR1 was upstream of phospholipase C (PLC) which, in turn, produced
diacylglycerol (DAG) and inositol 3,4,5 triphosphate (IP3). DAG is important to activate PKC and phosphory-
late NFL, while IP; contributed to Ca?* release from internal stores promoting hyperphosphorylation of KSP
repeats on the tail domain of NFM and NFH. The present study supports the concept of glutamate and Ca?*
contribution in excitotoxic neuronal damage provoked by QUIN associated to dysfunction of the cytoskeleton
homeostasis and highlights the differential signaling mechanisms elicited in striatal astrocytes and neurons.

© 2011 Elsevier Inc. All rights reserved.
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Introduction from Ca“™ overload and the generation of reactive oxygen species

(ROS) by mitochondria (Behan et al., 1999; Rios and Santamaria, 1991).

Quinolinic acid (QUIN) is an intermediate of the kynurenine path-
way, a central route in tryptophan (TRP) metabolism in most mamma-
lian tissues. The kynurenine pathway has been demonstrated to be
involved in many diseases and disorders, including Alzheimer's disease,
amyotrophic lateral sclerosis, Huntington's disease, AIDS dementia
complex, malaria, cancer, depression and schizophrenia (Chen and
Guillemin, 2009).

QUIN is a co-agonist of the NMDA receptor subgroup containing the
NR2A and NR2B subunits (de Carvalho et al., 1996), with low receptor af-
finity. It is known that QA can cause excitotoxicity through a direct acti-
vation of NMDA receptors (Stone and Perkins, 1981) due to inhibition of
release and uptake of endogenous glutamate (Connick and Stone, 1988;
Tavares et al., 2002). In this context, it is generally accepted that excito-
toxic cell death elicited by QUIN involves bioenergetic failure resulting

* Corresponding author at: Universidade Federal do Rio Grande do Sul, Instituto de
Ciéncias Basicas da Saidde, Departamento de Bioquimica, Rua Ramiro Barcelos 2600
anexo, CEP 90035-003 Porto Alegre, RS, Brazil. Fax: +55 51 3308 5535.

E-mail address: rpureur@ufrgs.br (R. Pessoa-Pureur).

0014-4886/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.expneurol.2011.11.005

QUIN at high concentrations is an excitotoxin that produces a pat-
tern of cell death that mimics the selective neuronal vulnerability
seen in Huntington's disease patients with loss of striatal neurons
(Beal et al., 1986; Estrada Sanchez et al., 2008). Intrastriatal QUIN in-
jection has been used as a model of neurotoxicity loading striatal de-
generation, behavioral, biochemical and cellular alterations (Kalonia
et al.,, 2011a) and oxidative damage (Kalonia et al., 2011b).

The neuronal cytoskeleton comprises a protein network formed
mainly by microtubules (MT) and neurofilaments (NF), the IFs of neu-
rons. NF, known as type IV IF, are composed of three different polypep-
tides whose approximate molecular weights are 200, 160, and 68 kDa,
and are commonly referred to as heavy (NFH), medium (NFM), and
light (NFL) NF subunits (Ackerley et al., 2003). Type III IF proteins in-
cludes vimentin, desmin, glial fibrillary acidic protein (GFAP) and per-
ipherin. GFAP is the IF of mature astrocytes (Eng et al, 2000),
peripherin is found in neural cells of the peripheral nervous system,
and vimentin is the IF of cells of mesenchymal origin (Albert et al.,
2008). Otherwise, desmin constitutes the IF of muscle cells (Albert et
al., 2008). IFs play an important structural or tension-bearing role in
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the cell. Evidence is now emerging that IFs also act as an important
framework for the modulation and control of essential cell processes,
in particular, signal transduction events (Kim and Coulombe, 2007;
Paramio and Jorcano, 2002).

Protein phosphorylation is the most widespread type of posttransla-
tional modification used in signal transduction (Ubersax and Ferrell,
2007) affecting basic cellular processes, including regulation of the
structural organization of the cytoskeleton (Fuchs and Weber, 1994;
Sihag et al,, 2007). Accordingly, phosphorylation of types IIl and IV
(NF triplet proteins and a-internexin) IFs is known to regulate their or-
ganization and function (Sihag et al., 2007). IF proteins are known to be
phosphorylated on their head and tail domains. Type III filaments are
phosphorylated on head domain sites by second messenger-
dependent protein kinases and it is described that phosphorylation
plays a major role in regulating the assembly/disassembly of these fila-
ments (Sihag et al., 2007). Similarly, the three subunits of NFs are highly
phosphorylated (Shea and Chan, 2008). The major sites of phosphoryla-
tion of NFL and NFM subunits were identified as Ser-55, which is phos-
phorylated by protein kinase A (PKA), Ser-57 phosphorylated by Ca?*/
calmodulin-dependent protein kinase II (PKCaMII), Ser-51 for protein
kinase C (PKC) (Gill et al., 1990; Heins et al., 1993), and Ser-23 for
PKA and protein kinase C (PKC), respectively (Daile et al., 1975; Kemp
et al., 1975). Nonetheless, PKCaMII is able to phosphorylate head do-
main sites on NFL subunit in vitro (Songyang et al., 1994). On the
other hand, most of the phosphorylation sites on NFM and NFH are lo-
cated on multiple lysine-serine-proline (KSP) repeat motifs abundant
in the carboxyl-terminal tail domain of these NF subunits (Geisler et
al., 1987; Lee et al., 1988; Xu et al., 1992). It is now evident that
proline-directed kinases, such as cyclin-dependent kinase 5 (Cdk5)
and mitogen-dependent protein kinase (MAPK) are the main kinases
that phosphorylate Ser residues on the KSP repeats (Jaffe et al.,, 1998;
Sun et al,, 1996; Veeranna et al,, 1998). The C-terminal regions of NFH
and NFM protrude laterally from the filament backbone when phos-
phorylated (Sihag et al,, 2007) and a considerable body of evidence,
supports the notion that phosphorylation of C-terminal side arms, in
particular those of NFH, regulates NF axonal transport (Shea and
Chan, 2008). This is in concern with the evidence that carboxyl-
terminal phosphorylation of NFH progressively restricts association of
NFs with the anterograde motor kinesin, providing one mechanism by
which the NF axonal transport is slowed (Yabe et al., 2000). In fact, per-
ykarial accumulations/aggregations of aberrantly phosphorylated NFs
are a pathological feature of several human neurodegenerative diseases,
such as Alzheimer's disease, motor neuron diseases and Parkinson's dis-
ease (Grant and Pant, 2000; Lariviere and Julien, 2004; Nixon, 1993;
Nixon and Sihag, 1991; Sasaki et al., 2006).

In this context, we have recently described that acute intrastriatal
administration of QUIN targets the phosphorylating system associated
with the cytoskeleton of neural striatal cells, causing IF hyperphosphor-
ylation 30 min after injection (Pierozan et al., 2010). These findings sug-
gested the participation of QUIN-elicited transduction pathways
targeting the cytoskeleton. Therefore, misregulation of the phosphory-
lating system associated with IF proteins could represent an early step
in the pathophysiological cascade of deleterious events exerted by
QUIN in rat striatum. However, the cell signaling cascades in QUIN-
induced IF hyperphosphorylation are incompletely understood. To ex-
tend the scope of our previous findings, the purpose of the present
study was to elucidate the signaling mechanisms provoking hyperpho-
sphorylation of IF proteins focusing in the differential pathways attain-
ing neuronal and glial cells in striatal slices exposed to QUIN.

Materials and methods
Radiochemical and compounds

[32P]Na,HPO, was purchased from Comissdo Nacional de Energia
Nuclear (CNEN), S3do Paulo, Brazil. Quinolinic acid, 1,2-bis (2-

aminophenoxy) ethane-N-N-N’-N'-tetraacetic acid tetrakis (acetoxy-
methyl ester) (BAPTA-AM), D-2-amino-5-phosphonopentanoic acid
(DP-AP5), ethylene glycol tetraacetic acid (EGTA), verapamil hydro-
chloride, dantrolene, phaclophen, bicuculine, staurosporine, benzami-
dine, leupeptin, antipain, pepstatin, chymostatin, acrylamide, bis-
acrilamide, SP600125, and roscovitine were obtained from Sigma (St.
Louis, MO, USA). KN-93, PD98056 and H89 were obtained from Calbio-
chem (La Jolla CA, USA). Anti-pNFL(Ser55), anti-pNFL(Ser57) and p38
inhibitor were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), (S)-a-methyl-4-car-
boxyphenylglycine (MCPG), 2-methyl-6-(phenylethynyl)pyridine hy-
drochloride (MPEP) and (S)-4-carboxy-3-hydroxyphenylglycine
(4C3HPG) were obtained from Tocris Bioscience (Ellisville, Missouri,
USA). Pictrotoxin was obtained from TCI America (Portland, OR, USA).
The antibody NFH (anti-KSP repeats) was from Chemicon (Temecula,
CA, USA). The chemiluminescence ECL kit peroxidase and the conjugat-
ed anti-rabbit IgG were obtained from Amersham (Oakville, Ontario,
Canada). All other chemicals were of analytical grade.

Animals

Thirty-day-old Wistar rats obtained from Central Animal House of
the Departament of Biochemistry Federal University of Rio Grande do
Sul, Porto Alegre, Brazil, were used in the experiments. The animals
were maintained on a 12:12 h light/dark cycle in an air-conditioned
constant temperature (22 °C+1°C) colony room, with food and
water at libitum. The experimental protocol followed the “Principles
of Laboratory Animal Care” (NHI publication 85-23, revised 1985)
and was approved by the Ethics Committee for Animal Research of
the Federal University of Rio Grande do Sul.

Preincubation

Rats were sacrificed by decapitation, the striatum was dissected
onto Petri dishes placed on ice and cut into 400 pm thick slices with
a Mcllwain chopper. Tissue slices were initially preincubated at
30°C for 10 min in a Krebs-Hepes medium containing 124 mM
NaCl, 4 mM KCl, 1.2 mM,MgS0O,, 25 mM Na-Hepes (pH 7.4), 12 mM
glucose, 1 mM CaCl,, and the following protease inhibitors: 1 mM
benzamidine, 0.1 uM leupeptin, 0.7 uM antipain, 0.7 UM pepstatin
and 0.7 uM chymostatin in the presence or absence of 100 mM DL-
AP5, 50 uM BAPTA-AM, 1 mM EGTA, 30 uM verapamil, 50 pM dantro-
lene, 10 M KN93, 1 pM staurosporine, 30 uM PD98059 and 10 pM
U73122 (Loureiro et al, 2008), 50uM CNQX, 100 uM MCPG
(Loureiro et al., 2005), 10 uM H89 (Cortes et al., 2010), 30 uM
SP600125 (Katayama et al., 2009), 10 uM p38 MAPK inhibitor VIII
(Rigon et al, 2008), 10 uM roscovitine (Tomizawa et al., 2002),
20 uM bicuculine and 100 pM picrotoxin (Adermark et al.,, 2010),
10 uM phaclofen (Seto et al, 2002), 30 uM MPEP hydrochloride
(Domenici et al., 2004) and 30 uM (S)-4-carboxy-3-hydroxyphenyl-
glycine (Orlando et al., 2001), when indicated.

Incubation

After preincubation, the medium was changed by 100 ml of the
basic medium with or without 100 uM QUIN and/or the inhibitors
cited above, and incubation was carried out for 20 min at 30 °C.
After this, 100 pCi of [*2P]-orthophosphate was added to the incuba-
tion medium and the labeling reaction was allowed to proceed for
30 min at 30 °C. Reaction was stopped with 1 ml of cold stop buffer
(150 mM NaF, 5 mM, EDTA, 5 mM EGTA, 50 mM Tris-HCl, pH 6.5,
and the protease inhibitors described above). Slices were then
washed twice with stop buffer to remove excess radioactivity.
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Preparation of the high salt-triton-insoluble cytoskeletal fraction from
tissue slices

After treatment, preparations of IF-enriched cytoskeletal fractions
were obtained from striatum of rats as previously described by us
(Funchal et al., 2003). Briefly, after the labeling reaction, slices were ho-
mogenized in 400 ml of ice-cold high salt buffer containing 5 mM
KH,PO,4, (pH 7.1), 600 mM KCl, 10 mM MgCl,, 2 mM EGTA, 1 mM
EDTA, 1% Triton X-100 and the protease inhibitors described above.
The homogenate was centrifuged at 15,800x g for 10 min at 4 °C, in
an Eppendorf centrifuge, the supernatant discarded and the pellet ho-
mogenized with the same volume of the high salt medium. The resus-
pended homogenate was centrifuged as described and the
supernatant was discarded. The Triton-insoluble IF-enriched pellet,
containing NF subunits and GFAP, was dissolved in 1% SDS.

Total tissue homogenate

Tissue slices from striatum were homogenized in 100 ml of a lysis
solution containing 2 mM EDTA, 50 mM Tris-HCl, pH 6.8, 4% (v\v)
SDS. For electrophoresis analysis, samples were dissolved in 25% (v\v)
of solution containing 40% glycerol, 5% mercaptoethanol, 50 mM Tris-
HCl, pH 6.8 and boiled for 3 min.

Cell integrity

Measurement of cell integrity was determined by lactate dehydro-
genase (LDH) activity using a colorimetric commercial kit (from
Doles, Brazil), (Whitaker and McKay, 1969). Total LDH activity was
determined after adding a final concentration of 10% Triton X-100
and disrupting the slices by homogenization with a Tissue Tearor
(Biospec). Results were expressed as percentage relative to 100%
LDH activity.

Cell viability

Mitochondrial dehydrogenase activity to reduce MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was used
to determine cell survival (Liu et al., 1997). The tetrazolium ring of
MTT is cleaved by various dehydrogenase enzymes in active mito-
chondria and then precipitated as a blue formazan product. Striatal
slices were incubated with MTT (0.5 mg/mL) in KRB buffer, pH 7.4
(122 mM Na-gluconate, 5mM K-gluconate, 2 mM HEPES, 25 mM
NaHCO;3;, 1 mM MgS0O,4, 1.2 mM NaH,PO4 0.9 mM Ca-gluconate,
1 mM L-glutamine, 5 mM glucose; KRB buffer) for 20 min at 37 °C.
The medium was then aspirated, the precipitated formazan was solu-
bilized with dimethyl sulfoxide, and viable cells were quantified spec-
trophotometrically at a wavelength of 550 nm.

Polyacrylamide gel electrophoresis (SDS-PAGE)

The cytoskeletal fraction and total tissue homogenate were pre-
pared as described above. For electrophoresis analysis, samples
were dissolved 25% (v/v) in a solution containing 40% glycerol, 5%
mercaptoethanol, 50 mM Tris-HCl, pH 6.8 and boiled for 3 min. Sam-
ples containing equal protein content (50 ng) were loaded onto 7% or
10% polyacrylamide gels and analyzed by SDS-PAGE according to the
discontinuous system of Laemmli (Laemmli, 1970). In the in vitro 32P
incorporation experiments, the gels containing the IF-enriched cyto-
skeletal fraction were exposed to X-ray films (T-mat G/RA) at
—70°C with intensifying screens and finally the autoradiograph
was obtained. Cytoskeletal proteins were quantified by scanning the
films with a Hewlett-Packard Scanjet 6100C scanner and determining
optical densities with an Optiquant version 02.00 software (Packard
Instrument Company). Optical density values were obtained for the
band corresponding to each protein. Protein loading was controlled

by Comassie blue R staining or actin immunoblotting. All bands
being measured were within the linear range of the film.

Western blot analysis

Cytoskeletal fractions (50 pg) were analyzed by SDS-PAGE and
transferred to nitrocellulose membranes (Trans-blot SD semi-dry trans-
fer cell, BioRad) for 1 h at 15 V in transfer buffer: 48 mM Trizma, 39 mM
glycine, 20% methanol and 0.25% SDS. The nitrocellulose membranes
were washed for 10 min in Tris buffered saline (TBS; 0.5M Nadl,
20 mM Trizma and pH 7.5), followed by 2 h incubation in blocking solu-
tion (TBS plus 5% defatted dried milk). After incubation, the blots were
washed twice for 5 min with TBS plus 0.05% Tween-20 (T-TBS), and
then incubated overnight at 4 °C in blocking solution containing the fol-
lowing monoclonal antibodies: anti-p-NFL(Ser55) diluted 1:800, anti-
p-NFL(Ser57) diluted 1:800, anti-NFH/NFM KSP repeats diluted 1:100
and anti-B-actin diluted 1:1000. The blot was then washed twice for
5 min with T-TBS and incubated for 2 h in TBS containing peroxidase
conjugated rabbit anti-mouse IgG or anti-rabbit IgG diluted 1:2000. In
addition, we used the following negative controls: antibody negative
control (lacking the sample containing the antigen of interest) and sam-
ple negative control (lacking the first antibody). These controls (not
shown) stated the specificity and sensibility of the antibodies. The blot
was washed twice again for 5 min with T-TBS and twice for 5 min
with TBS. The blot was then developed using a chemiluminescence
ECL kit and quantified as described above.

Protein determination

The protein concentration was determined by the method of Lowry
(Lowry et al., 1951) using serum bovine albumin as the standard.

Statistical analysis

Data were analyzed statistically by one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer post hoc comparison when
the F-test was significant. A p<0.05 was considered significant. All an-
alyses were performed using the SPSS software program on an IBM-
PC compatible computer.

Results

We initially evaluated the cell integrity of mitochondrial damage in
our experimental model, measuring LDH extracellular activity and MTT
which indicates overall mitochondrial dehydrogenase activity, respec-
tively. Our results showed that the in vitro treatment with 100 uM
QUIN preserved cell integrity and viability in striatal slices of 30 day-
old rats (results not shown). Thereafter, we studied the effect of QUIN
on the phosphorylation of IF-enriched cytoskeletal fraction of striatal
slices. Results showed that after 50 min exposition to 100 UM QUIN
the phosphorylation level of NF subunits (NFL, NFM and NFH) and
GFAP was increased (Fig. 1), suggesting that the cytoskeleton of both
neurons and astrocytes of striatal slices is an important in vitro target
of QUIN at a concentration described to be neurotoxic (Perez-De La
Cruz et al., 2010).

Action of QUIN on the second messenger-dependent and -independent
kinases targeting the IF proteins in astrocytes and neurons of striatal
slices

Since it is described that the second messenger-dependent protein
kinases are able to phosphorylate sites at GFAP and NFL head domains
(Hisanaga et al., 1990; Sihag and Nixon, 1989; Sihag et al., 2007), we
focused on the role of PKA, PKCaMII and PKC mediating the action of
QUIN on the phosphorylation level of these IF subunits. Results
showed that H89 (PKA inhibitor) and KN93 (PKCaMII inhibitor)
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Fig. 1. Effect of QUIN on the phosphorylation of intermediate filament subunits in the cytoskeletal fraction from slices of striatum of 30-day-old rats. A) Slices were incubated with 100 uM
of QUIN in the presence of >2P-orthophosphate. The cytoskeletal fraction was extracted and the radioactivity incorporated into NFL, NFM, NFH and GFAP was measured as described in
Materials and methods. Data are reported as mean 4= S.D. of 18 animals in each group and expressed as percent of controls. Statistically significant differences from controls, as determined
by one-way ANOVA followed by Tukey-Kramer multiple comparison test are indicated: ***p<0.001compared with control and ###p<0.001 compared with QUIN group. B) Coomassie
blue stained molecular weight standards and representative stained gel of a control and a treated sample; C) corresponding autoradiograph. Equal amounts of the cytoskeletal fraction
(50 pg) from control (C) and treated (T) samples were run in 7.5% polyacrylamide gel electrophoresis. MW: molecular weight standard proteins.

prevented hyperphosphorylation of GFAP and NFL without affecting In order to identify the kinases targeting the phosphorylating sites
the QUIN-induced NFM and NFH hyperphosphorylation. Conversely, on NFM and NFH subunits, we used specific MAP kinases and CdkS5 in-
staurosporine, a specific PKC inhibitor, was ineffective in preventing hibitors. Results showed that PD98059, a MAPKK (MEK) inhibitor and
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Fig. 2. Involvement of protein kinases on QUIN-induced IF in vitro hyperphosphorylation in striatum of 30 day-old rats. (A) Participation of second messenger dependent protein
kinases PKA, PKCaMII and PKC was tested by using the specific inhibitors 10 uM H89, 10 uM KN93 and 1 uM staurosporina, respectively. (B) Participation of MEK/ERK, JNK,
p38MAPK and Cdk5 was tested using the specific inhibitors 30 pM PD9859, 30 uM SP600125, 10 pM p38 MAPK inhibitor and 10 pM roscovitine, respectively. Slices were preincu-
bated in the presence or absence of inhibitors for 10 min followed by incubation with 100 uM QUIN for 20 min. After, slices were incubated with *?P-orthophosphate with or with-
out 100 uM QUIN and/or inhibitors, as described in Materials and methods. The cytoskeletal fraction was extracted and the radioactivity incorporated into NFL, NFM, NFH and GFAP
was measured. Data are reported as means 4 S.D. of 18 animals in each group and expressed as % of control. Statistically significant differences from controls, as determined by one-
way ANOVA followed by Tukey-Kramer multiple comparison test are indicated: ***p<0.001; **p<0.01; *p<0.05 compared with control group; ###p<0.001; ##P<0.01 and

#p<0.05 compared with QA group.
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(DeFuria and Shea, 2007), partially prevented NFM hyperphosphory-
lation. Furthermore, roscovitine, a Cdk5 inhibitor (Zhou et al., 2010)
totally prevented NFM and NFH hyperphosphorylation (Fig. 2B).

QUIN-induced signaling pathways targeting specific phosphorylating
sites on NF subunits in striatal slices

In an attempt to identify the phosphorylating sites targeted by QUIN
on NFL head domain, we assayed the immunoreactivity of NFLSer55
and NFLSer57 for PKA and PKCaMIll, described to be regulatory sites
for the NF assembly (Grant and Pant, 2000). Western blot assays
showed that the immunoreactivity with anti-phosphoSer55 and anti-
phosphoSer57 antibodies was increased in the cytoskeletal fraction of
striatal slices exposed to QUIN. Moreover, phosphorylation of NFLSer55
was prevented by H89 and phosphorylation of NFLSer57 was prevented
by KN93, PKA and PKCaMII inhibitors, respectively (Fig. 3A). Moreover,
the KSP repeats, located in the NFH tail domain were the targets for the
action of QUIN, as demonstrated by Western blot assay with anti-
phosphoKSP repeat antibody. Interestingly, QA-induced phosphoryla-
tion of KSP repeats was totally prevented by MPEP (mGIluR5 antagonist)
and roscovitine, suggesting that QUIN would be upstream of mGIuR5,
which in turn, would activate cdk5 provoking hyperphosphorylation
of the KSP repeat sites in the NFH tail domain (Fig. 3B).

Participation of neurotransmitters in the action of QUIN in striatal slices:
Testing the roles of glutamatergic and GABAergic systems

Since QUIN is considered a NMDA glutamate agonist (Schwarcz and
Pellicciari, 2002; Stone, 1993), we assayed the participation of gluta-
mate receptors in the action of QUIN on the phosphorylating system as-
sociated with the IFs of the striatal neural cells. Tissue slices were
coincubated with QUIN and DL-AP5, a competitive NMDA ionotropic
antagonist, CNQX, a nonNMDA ionotropic antagonist and MCPG, a
metabotropic glutamate antagonist. As shown in Fig. 4, hyperphosphor-
ylation induced by QUIN was totally prevented in the IF subunits by the
NMDA antagonist, while CNQX attenuated the effect of QUIN on NFL. In
addition, the metabotropic glutamate antagonist MCPG attenuated the
action of QUIN on NFM. To further identify the types of mGIuR involved
in such action, we tested 4-C3-HPG and MPEP, specific mGluR1 and
mGIuR5 antagonists, respectively. Results showed that mGluR1 inhibi-
tion totally prevented the QUIN-induced hyperphosphorylation of NFL
head domain sites. In addition, mGluR5 inhibition prevented the hyper-
phosphorylation of KSP repeats on NFM and NFH and partially in the
head domain sites on NFL. Taken together, these findings suggest the
participation of mGluRs in the action caused by QUIN on the dynamic
phosphorylation of NF subunits.

We also, tested the involvement of the GABAergic system on the ac-
tion of QUIN in vitro on the striatal tissue, since we have previously
demonstrated that this neurotransmitter system was involved in the
dynamics of the phosphorylating system associated with the IF proteins
in brain slices (Funchal et al, 2004). Moreover, Rekik et al. (2011)
reported increased GABAg, or GABAg, immunoreactivity in the lesioned
striatum after QUIN injection. In line with this, Fujiyama et al. (2002)
described upregulation of GABA4 receptors in the substantia nigra of
rats that have received intrastriatal QUIN injection. However, results
obtained in the present study with the specific antagonists for GABAx
(bicuculine and pictrotoxin) and GABAg (phaclofen) receptors, respec-
tively, indicated that IF hyperphosphorylation induced by QUIN was
not mediated by the GABAergic system in striatal slices (results not
shown).

Roles of Ca® * mediating the actions of QUIN on the phosphorylating system
associated with the cytoskeleton

Taking into account the relevance of Ca?* in the intracellular events
that result in the regulation of cell function, particularly in what
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Fig. 3. Effect of QA and different inhibitors on QA-hyperphosphorylation of specific
sites of NF. (A) Effect on QUIN-hyperphosphorylation of NFL(Ser55) and NFL(Ser57)
of striatum of rats. H89 (10 uM), KN93 (10 uM), 4-C3-HPG (30 uM) are incubated in
slices before QUIN, as described in Material and Methods. The cytoskeletal fraction
was extracted and the immunocontent of phosphoNFL(Ser55) and phosphoNFL(Ser57)
was measured. (B) Effect of QUIN on immunocontent of phosphoNFH(KSP repeats) in
slices of striatum of rats. Roscovitine (10 uM) and MPEP (30 uM) are incubated in slices
before QUIN, as described in Materials and methods. The cytoskeletal fraction was
extracted and the immunocontent of phosphoNFH(KSP repeats) was measured. Densito-
metric data are shown. Representative immunoblots are represented. Results are
expressed as mean =+ S.D. Statistical analysis: one-way ANOVA followed by Tukey-Kramer
test is indicated: ***p<0.001 compared with control group and ###p<0.001 compared
with QUIN group.

concerns to the cytoskeletal phosphorylation system (Funchal et al.,
2004, 2005a,b; Loureiro et al., 2008; Stull, 2001), we examined the in-
volvement of Ca®* in the QUIN-mediated increase of the in vitro ?P in-
corporation into IF in rat striatum. To test the involvement of Ca®™
influx through voltage-dependent Ca?* channels (VDCC), we used
the specific L-VDCC blocker verapamil. Results showed that co-
incubation of the tissue slices with QUIN and verapamil totally pre-
vented the effect of QUIN on the phosphorylating system, suggesting
that Ca®* influx via L-VDCC was involved in the ability of QUIN to
alter the phosphorylating/dephosphorylating equilibrium of IF proteins
recovered in the cytoskeletal fraction. To further investigate the role of
intra and extracellular Ca%* levels in this process we performed exper-
iments using EGTA, as an extracellular Ca®> ™ chelator and BAPTA-AM
the membrane-permeable form of BAPTA, an intracellular Ca>* chela-
tor (Tymianski et al., 1994). In the experiments designed to verify the
involvement of the Ca® " release from the intracellular stores we used
dantrolene, an inhibitor of ryanodine Ca?* channels of the endoplasmic
reticulum. Taken together, the results showed that the action of QUIN
was dependent on the cytosolic Ca>* levels and on the Ca?™" influx
from external medium in both neuronal and glial cells. In addition, dan-
trolene at a concentration described to irreversibly inhibit ryanodine
channel opening (Serysheva and Hamilton, 1998), prevented the IF
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Fig. 4. Involvement of glutamate receptors on QUIN-induced IF hyperphosphorylation in striatum of 30-day-old rats. Slices were preincubated for 20 min in the presence of 100 uM
DL-AP5, 50 uM CNQX, 100 puM MCPG, 30 pM MPEP, 30 uM 4C3HPG and incubated with 100 uM of QUIN for 30 min. After, the slices were incubated with **P-orthophosphate with or
without the blockers and/or 100 uM QUIN. The cytoskeletal fraction was extracted and the radioactivity incorporated into NFL, NFM, NFH and GFAP was measured. Data are
reported as means+S.D. of 18 animals in each group and expressed as percent of control. Statistically significant differences as determined by one-way ANOVA followed by
Tukey-Kramer multiple comparison test are indicated: ***p<0.001; **p<0.01 and *p<0.05 compared with control; ###p<0.001; ##p<0.01 and #p<0.05 compared with QUIN

group.

hyperphosphorylation induced by QUIN (Fig. 5), in neurons, but not in
astrocytes, which is consistent with the presence of these channels in
excitable cell types, such as muscle and neurons (Bennett et al., 1996).

Finally, to characterize the role of phospholipase C in the QUIN-
activated signaling pathways targeting the IF-associated phosphory-
lating system, we used U73122, a specific PLC inhibitor. Results
showed a partial involvement of PLC in the phosphorylation level of
NFL, compatible with a role of diacylglycerol (DAG) in the activation
of PKC and phosphorylation of head-domain phosphorylating sites
on NFL (Fig. 2).

Discussion

We have recently demonstrated that intrastriatal QUIN injection
provoked the disruption of the homeostasis of the phosphorylating
system associated with the cytoskeleton in neurons and in astrocytes
of 30-day-old rats and that this effect was mediated by Ca?* influx
through NMDA channels and by oxidative stress. We then proposed
that alterations of the phosphorylation system associated with the
IF proteins could represent an early event on the cascade of neurode-
generation mediated by QUIN in vivo (Pierozan et al., 2010). Taking
into account these findings and the relevance of the cytoskeleton in
the physiology and pathophysiology of neural cells, we were interest-
ed to assess the molecular mechanisms underlying the actions of
QUIN on the phosphorylating system associated with the cytoskele-
ton in the striatal astrocytes and neurons. Therefore, in the present
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report we used an in vitro model in which striatal slices of 30-day-
old rats were exposed to 100 uM QUIN for 50 min demonstrating
that QUIN, at a concentration described to induce excitotoxic effects
in striatal slices (Perez-De La Cruz et al.,, 2010), is upstream of com-
plex signaling pathways provoking hyperphosphorylation of GFAP,
the IF protein from mature astrocytes, as well as of NFL, NFM and
NFH, constituents of neuronal IFs.

It was found that QUIN disrupted the homeostasis of the cytoskel-
eton of astrocytes and neurons by cell specific mechanisms. In astro-
cytes, the action of QUIN was mediated by increased Ca?* influx
through NMDA and L-VDCC channels. High Ca®* levels in the cytosol
induced hyperphosphorylation of GFAP, by the second messenger-
dependent protein kinases PKA and PKCaMII. These findings are in
agreement with the previous evidence showing that the neural iso-
forms of adenylyl cyclase are activated by Ca®™, supporting the PKA
activation by high Ca?* levels (Steiner et al., 2006). It is of note that
PKCaMII is a Ca ™/calmodulin protein kinase implicated in the phos-
phorylation of sites in the head domain of type III IF proteins, includ-
ing GFAP (Leal et al, 1997; Omary et al., 2006).In this context,
phosphorylation of the head domain of homopolymeric filaments
like vimentin, desmin and GFAP is known to be important for fila-
ment assembly and plays a special role in dividing cells. Therefore, ab-
normal phosphorylation of the head domain sites of these type III IF
proteins could lead to nonphysiological disassembly of IFs contribut-
ing to disruption of cell homeostasis (Gill et al., 1990; Heins et al.,
1993).
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In neurons QUIN elicited more complex actions involving metabo-
tropic glutamate receptors and the release of Ca?™ from intracellular
stores besides Ca® ™ influx through NMDA and L-VDCC membrane chan-
nels. These events resulted in the hyperphosphorylation of both head-
domain sites on NFL and tail-domain sites on NFM and NFH proteins.

It was observed that in QUIN-induced hyperphosphorylation of NFL
head domain sites was mediated by PKC, PKA and PKCaMII. NFL hyper-
phosphorylation was partially prevented by the mGIluR1 antagonist and
by inhibiting PLC activity. These findings indicate that QUIN is upstream
of mGIuR1/PLC pathway implicated in the hydrolysis of phosphatidyl
inositol 4,5-biphosphate (PI(4,5)P,) in neurons, producing inositol
1,4,5-triphosphate (IP3) and diacylglycerol (DAG) which, in turn, is
able to activate PKC. Moreover, the use of site- and phosphorylation
state-specific antibodies, as well as protein kinase inhibitors, pointed
to PKA phosphorylating NFL subunit on Ser55 and PKCaMII phosphory-
lating NFL on Ser57. Differently from homopolymeric filaments, phos-
phorylation of the head domain sites on NFL was not involved in
filament disassembly. NFs are present in the postmitotic neurons, and
once formed, do not undergo depolymerization (Sihag et al., 2007).
Thus, the roles of head domain phosphorylation of rat NFL and NFM
are thought to be related to the obligate heteropolymeric NF filament
formation (Ching and Liem, 1999), suggesting, therefore, that QUIN
neurotoxicity in striatal slices includes destabilization of the IF network
of neuronal cells. In this context, we have previously demonstrated that
hyperphosphorylation of NFL on Ser55 is on the basis of neuronal dys-
function related to congenital hypothyroidism (Zamoner et al., 2008a).

Moreover, the KSP repeats located on NFM and NFH carboxyl-
terminal tail domains were hyperphosphorylated by cdk5, while JNK/
MAPK only partially contributed to NFM hyperphosphorylation in re-
sponse to the QUIN insult. In this context, it has been described that
Cdk5 phosphorylates cytoskeletal proteins, including the NFs and the
microtubule associated protein Tau (Ackerley et al., 2003; Bu et al.,
2002; Pant et al.,, 1997; Shea et al., 2004; Zhou et al., 2010). Cdk5 is a
member of the Cdk family, whose activity is predominantly detected
in post-mitotic neurons (Hisanaga and Saito, 2003). Two related pro-
teins, p35 and p39, activate Cdk5 upon direct binding. During neurotox-
ic stress, intracellular rise in Ca®* activates calpain, which cleaves p35
to generate p25. The long half-life of Cdk5/p25 results in a hyperactive
aberrant Cdk5 that hyperphosphorylates Tau, NF and other cytoskeletal
proteins (Hisanaga and Saito, 2003). It is known that carboxyl-terminal
phosphorylation of NFH progressively restricts the association of neuro-
filaments with kinesin, the axonal anterograde motor protein, and
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stimulates its interaction with dynein, the axonal retrograde motor pro-
tein (Motil et al., 2006). This event could represent one of the mecha-
nisms by which carboxyl-terminal phosphorylation would slow
neurofilament axonal transport. These hyperphosphorylated cytoskele-
tal proteins set the groundwork to forming neurofibrillary tangles and
aggregates of phosphorylated proteins, that are hallmarks of neurode-
generative diseases like Alzheimer's disease, Parkinson's disease and
Amyotropic Lateral Sclerosis (Kanungo et al., 2008).

Proline-directed Cdk5 and MAP kinases are among the main proline-
directed kinases phosphorylating Ser residues on KSP tail domain on
the NFM and NFH (Jaffe et al,, 1998; Sun et al.,, 1996; Veeranna et al.,
1998) in response to signal transduction cascades triggered by a variety
of signals (Dashiell et al., 2002; DeFuria and Shea, 2007; Li et al., 19993,
2000), including Ca?* influx (Li et al., 1999b). It is important to note
that our results showing that QUIN induced NFM and NFH hyperpho-
sphorylation was mediated by cdk5 while Erk and p38MAPK were not
involved in this effect, and JNK partially phosphorylated NFM subunit.
These findings could be correlated with cdk5-induced inactivation of
the MAPK pathway (Li et al., 2002; Sharma et al., 2002).

In the neuronal cells the glutamate receptors were also important
mediators of the neurotoxicity of QUIN in striatal slices. We observed
that hyperphosphorylation of NFL, NFM and NFH was dependent on
NMDA as well as group I metabotropic glutamate receptors (mGluR1
and mGluR5), but not on AMPA and kainate receptors. However, we
cannot exclude the possibility that QUIN-induced increase of IF phos-
phorylation through mGLUR could be due to and indirect effect of
QUIN causing glutamate release. In this context, although Connick and
Stone (1988) have described that high concentrations (2 mM and
higher) of QUIN were able to release glutamate in vivo, this metabolite
failed to induce glutamate release in concentrations as high as 5 mM
in vitro. Therefore it is improbable that glutamate release could be pro-
voked by QUIN (100 uM) in our experimental conditions.

Activation of group I mGluRs by QUIN is consistent with a central
role of these receptors in the striatum, whereas activation of mGlul
and mGlu5 receptors exerts distinct actions, depending on the neuronal
subtype involved (Bonsi et al., 2008). Consistently with our results, the
mGIuR1/5 signal transduction is complex and involves multiple part-
ners leading to activation of a wide variety of signaling pathways. It is
noted that mGluRs coupled to Gou(q/)q1 proteins activated phospholi-
pase CP1 resulting in DAG and IP3 formation is followed by PKC activa-
tion. In addition, mGIuR activation can lead to modulation of a number
of ion channels, such as different types of Ca®?* and K* channels

3

]

GFAP

Fig. 6. Proposed mechanism by which QUIN activates IF phosphorylation in neural cells of striatum of rats. The effects of QUIN are initiated by mGluR activation and excessive influx
of Ca?* through NMDA receptors and L-VDCC, together with Ca® " release from intracellular stores leads to an overload of Ca? * within the cell, which set off a cascade of events
including activation of PKA, PKCaMII and PKC, which phosphorylate head domain sites on GFAP and NFL subunits. Cdk5 is activated downstream of mGIuR5 phosphorylating the
KSP repeats of NFM and NFH, and mGluR1 is upstream of PLC which produces DAG which, in turn, activate PKC and phosphorylate NFL.
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(Ribeiro et al., 2010). Also, mGIuR5 is reported to be upstream of several
kinases, including cdk5 (Wang et al., 2004). Otherwise, activation of
NMDA receptors is implicated in the increased cytoplasmic Ca* con-
centrations, which in turn, can trigger a range of downstream neurotox-
ic cascades, including the activation and overstimulation of protein
kinases (Szydlowska and Tymianski, 2010).

Regarding to the relevance of Ca® ™ overload on the modulation of
the phosphorylating system associated with the cytoskeleton
(Heimfarth et al., 2010; Loureiro et al., 2005, 2010; Zamoner et al.,
2008b), the blockade of L-VDCC and the intra and extracellular Ca®*
chelation totally prevented the effect of QUIN on IF phosphorylation. In-
terestingly, dantrolene-induced inhibition of Ca?* release from the en-
doplasmic reticulum through ryanodine receptors prevented this effect
in neurons but was ineffective in astrocyte IFs, reinforcing the cell type
specific signaling mechanisms. On the basis of our results QUIN in-
creased cytosolic Ca?™ in neural cells downstream of Ca?™ influx
through NMDA, L-VDCC and Ca®™ release from intracellular stores.
These findings show the role of Ca?™ in the actions of QUIN on the
cytoskeleton.

Taking into account our experimental results we could reach to the
proposal depicted in Fig. 6, that the in vitro action of QUIN on the endog-
enous phosphorylating system targeting the cytoskeleton of striatal
cells is a complex intracellular process initiated by mGIuR activation
and excessive influx of Ca2™ through NMDA receptors and L-VDCC.
These events, together with Ca?™ release from intracellular stores
lead to an overload of Ca® ™ within the cell. Elevated Ca®* levels then
set off a cascade of events including activation of the second
messenger-dependent protein kinases PKA, PKCaMII and PKC, which
phosphorylate head domain sites on GFAP and NFL subunits and poten-
tially misregulating IF assembly in both glial and neuronal cells. It was
also found that Cdk5 is activated downstream of mGIuR5, phosphory-
lating the KSP repeats on NFM and NFH. Also, mGluR1 is upstream of
PLC which, in turn, produces DAG and IP3. Our results are also in accor-
dance to the evidence that DAG is important to activate PKC and phos-
phorylate NFL, while IP3 contributes to Ca?* release from internal
stores promoting hyperphosphorylation of KSP repeats on the tail do-
main of NFM and NFH. Besides the action on the phosphorylation sites
on IF subunits, Cdk5 is probably able to inhibit MAPK pathway. Taking
together, these signaling pathways eventually contribute to the fate of
the affected astrocytes and neurons exposed to QUIN.

Acknowledgments

This work was supported by grants of the Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq), Fundacdo de
Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS) and
Pro-Reitoria de Pesquisa de Pés Graduagdo of the Universidade Federal
do Rio Grande do Sul (Propesq-UFRGS).

References

Ackerley, S., Thornhill, P., Grierson, A.J., Brownlees, ., Anderton, B.H., Leigh, P.N., Shaw,
C.E., Miller, C.C,, 2003. Neurofilament heavy chain side arm phosphorylation regu-
lates axonal transport of neurofilaments. J. Cell Biol. 161 (3), 489-495.

Adermark, L., Clarke, R.B., Soderpalm, B., Ericson, M., 2010. Ethanol-induced modula-
tion of synaptic output from the dorsolateral striatum in rat is regulated by cholin-
ergic interneurons. Neurochem. Int. 58 (6), 693-699.

Albert, B., Johnson, A., Lewis, ]., Raff, M., Roberts, K., Walter, P., 2008. Molecular Biology
of the Cell Published by Garland Science. Taylor and Francis Group, New York USA
Fifth Edition.

Beal, M.F., Kowall, N.W.,, Ellison, D.W., Mazurek, M.F., Swartz, K., Martin, J.B., 1986.
Replication of the neurochemical characteristics of Huntington's disease by quino-
linic acid. Nature 321 (6066), 168-171.

Behan, W.M., McDonald, M., Darlington, L.G., Stone, T.W., 1999. Oxidative stress as a
mechanism for quinolinic acid-induced hippocampal damage: protection by mela-
tonin and deprenyl. Br. J. Pharmacol. 128 (8), 1754-1760.

Bennett, D.L., Cheek, T.R., Berridge, M J., De Smedt, H., Parys, ].B., Missiaen, L., Bootman,
M.D., 1996. Expression and function of ryanodine receptors in nonexcitable cells.
J. Biol. Chem. 271 (11), 6356-6362.

Bonsi, P., Platania, P., Martella, G., Madeo, G., Vita, D., Tassone, A., Bernardi, G., Pisani, A.,
2008. Distinct roles of group I mGlu receptors in striatal function. Neuropharma-
cology 55 (4), 392-395.

Bu, B., Li, J., Davies, P., Vincent, 1., 2002. Deregulation of cdk5, hyperphosphorylation,
and cytoskeletal pathology in the Niemann-Pick type C murine model. J. Neurosci.
22 (15), 6515-6525.

Chen, Y., Guillemin, G.J., 2009. Kynurenine Pathway Metabolites in Humans: Disease
and Healthy States. Int ] of Trypt Res 2 (1), 1-19.

Ching, G.Y., Liem, RK., 1999. Analysis of the roles of the head domains of type IV rat
neuronal intermediate filament proteins in filament assembly using domain-
swapped chimeric proteins. J. Cell Sci. 112 (Pt 13), 2233-2240.

Connick, ].H., Stone, T.W., 1988. Quinolinic acid effects on amino acid release from the
rat cerebral cortex in vitro and in vivo. Br. J. Pharmacol. 93 (4), 868-876.

Cortes, H., Paz, F., Erlij, D., Aceves, ]., Floran, B., 2010. GABA(B) receptors modulate
depolarization-stimulated [(3)H]glutamate release in slices of the pars reticulata
of the rat substantia nigra. Eur. J. Pharmacol. 649 (1-3), 161-167.

Daile, P., Carnegie, P.R., Young, ].D., 1975. Synthetic substrate for cyclic AMP-dependent
protein kinase. Nature 257 (5525), 416-418.

Dashiell, S.M., Tanner, S.L., Pant, H.C., Quarles, R.H., 2002. Myelin-associated glycopro-
tein modulates expression and phosphorylation of neuronal cytoskeletal elements
and their associated kinases. J. Neurochem. 81 (6), 1263-1272.

de Carvalho, L.P.,, Bochet, P., Rossier, ]., 1996. The endogenous agonist quinolinic acid
and the non endogenous homoquinolinic acid discriminate between NMDAR2 re-
ceptor subunits. Neurochem. Int. 28 (4), 445-452.

DeFuria, J., Shea, T.B., 2007. Arsenic inhibits neurofilament transport and induces peri-
karyal accumulation of phosphorylated neurofilaments: roles of JNK and GSK-
3beta. Brain Res. 1181, 74-82.

Domenici, M.R., Pepponi, R.,, Martire, A., Tebano, M.T., Potenza, R.L., Popoli, P., 2004.
Permissive role of adenosine A2A receptors on metabotropic glutamate receptor
5 (mGluR5)-mediated effects in the striatum. J. Neurochem. 90 (5), 1276-1279.

Eng, LF., Ghirnikar, R.S,, Lee, Y.L, 2000. Glial fibrillary acidic protein: GFAP-thirty-one
years (1969-2000). Neurochem. Res. 25 (9-10), 1439-1451.

Estrada Sanchez, A.M., Mejia-Toiber, J., Massieu, L., 2008. Excitotoxic neuronal death
and the pathogenesis of Huntington's disease. Arch. Med. Res. 39 (3), 265-276.

Fuchs, E., Weber, K., 1994. Intermediate filaments: structure, dynamics, function, and
disease. Annu. Rev. Biochem. 63, 345-382.

Fujiyama, F., Stephenson, F.A., Bolam, J.P., 2002. Synaptic localization of GABA(A) re-
ceptor subunits in the substantia nigra of the rat: effects of quinolinic acid lesions
of the striatum. Eur ] Neurosci 15 (12), 1961-1975.

Funchal, C,, Dall Bello Pessutto, F., de Almeida, L.M., de Lima, Pelaez P., Loureiro, S.O.,
Vivian, L., Wajner, M., Pessoa-Pureur, R., 2004. Alpha-keto-beta-methylvaleric
acid increases the in vitro phosphorylation of intermediate filaments in cerebral
cortex of young rats through the gabaergic system. J. Neurol. Sci. 217 (1), 17-24.

Funchal, C., de Almeida, L.M., Oliveira Loureiro, S., Vivian, L., de Lima, Pelaez P., Dall
Bello Pessutto, F., Rosa, A.M., Wajner, M., Pessoa, Pureur R., 2003. In vitro phos-
phorylation of cytoskeletal proteins from cerebral cortex of rats. Brain Res. Brain
Res. Protoc. 11 (2), 111-118.

Funchal, C., Zamoner, A., dos Santos, A.Q., Loureiro, S.0., Wajner, M., Pessoa-Pureur, R.,
2005a. Alpha-ketoisocaproic acid increases phosphorylation of intermediate fila-
ment proteins from rat cerebral cortex by mechanisms involving Ca®?* and
cAMP. Neurochem. Res. 30 (9), 1139-1146.

Funchal, C., Zamoner, A., dos Santos, A.Q., Moretto, M.B., Rocha, J.B., Wajner, M., Pessoa-
Pureur, R., 2005b. Evidence that intracellular Ca>* mediates the effect of alpha-
ketoisocaproic acid on the phosphorylating system of cytoskeletal proteins from
cerebral cortex of immature rats. J. Neurol. Sci. 238 (1-2), 75-82.

Geisler, N., Vandekerckhove, J., Weber, K., 1987. Location and sequence characteriza-
tion of the major phosphorylation sites of the high molecular mass neurofilament
proteins M and H. FEBS Lett. 221 (2), 403-407.

Gill, S.R,, Wong, P.C., Monteiro, M., Cleveland, D.W., 1990. Assembly properties of
dominant and recessive mutations in the small mouse neurofilament (NF-L) subu-
nit. J. Cell Biol. 111 (5 Pt 1), 2005-2019.

Grant, P., Pant, H.C, 2000. Neurofilament protein synthesis and phosphorylation.
J. Neurocytol. 29 (11-12), 843-872.

Heimfarth, L., Loureiro, S.0., Reis, K.P., de Lima, B.O., Zamboni, F., Lacerda, S., Soska, AK.,
Wild, L., da Rocha, J.B., Pessoa-Pureur, R., 2010. Diphenyl ditelluride induces hypo-
phosphorylation of intermediate filaments through modulation of DARPP-32-
dependent pathways in cerebral cortex of young rats. Arch. Toxicol.

Heins, S., Wong, P.C., Muller, S., Goldie, K., Cleveland, D.W., Aebi, U., 1993. The rod do-
main of NF-L determines neurofilament architecture, whereas the end domains
specify filament assembly and network formation. J. Cell Biol. 123 (6 Pt 1),
1517-1533.

Hisanaga, S., Gonda, Y., Inagaki, M., Ikai, A., Hirokawa, N., 1990. Effects of phosphoryla-
tion of the neurofilament L protein on filamentous structures. Cell Regul. 1 (2),
237-248.

Hisanaga, S., Saito, T., 2003. The regulation of cyclin-dependent kinase 5 activity through
the metabolism of p35 or p39 Cdk5 activator. Neurosignals 12 (4-5), 221-229.

Jaffe, H., Veeranna, Shetty K.T., Pant, H.C., 1998. Characterization of the phosphoryla-
tion sites of human high molecular weight neurofilament protein by electrospray
ionization tandem mass spectrometry and database searching. Biochemistry 37
(11), 3931-3940.

Kalonia, H., Kumar, P., Kumar, A., 2011a. Comparative neuroprotective profile of statins
in quinolinic acid induced neurotoxicity in rats. Behav. Brain Res. 216 (1), 220-228.

Kalonia, H., Kumar, P., Kumar, A., 2011b. Pioglitazone ameliorates behavioral, biochem-
ical and cellular alterations in quinolinic acid induced neurotoxicity: possible role
of peroxisome proliferator activated receptor-Upsilon (PPARUpsilon) in Hunting-
ton's disease. Pharmacol. Biochem. Behav. 96 (2), 115-124.



P. Pierozan et al. / Experimental Neurology 233 (2012) 391-399 399

Kanungo, J., Zheng, Y.L, Amin, N.D., Pant, H.C., 2008. The Notch signaling inhibitor
DAPT down-regulates cdk5 activity and modulates the distribution of neuronal cy-
toskeletal proteins. J. Neurochem. 106 (5), 2236-2248.

Katayama, T., Tanaka, H., Yoshida, T., Uehara, T., Minami, M., 2009. Neuronal injury in-
duces cytokine-induced neutrophil chemoattractant-1 (CINC-1) production in as-
trocytes. J. Pharmacol. Sci. 109 (1), 88-93.

Kemp, B.E., Bylund, D.B., Huang, T.S., Krebs, E.G., 1975. Substrate specificity of the cyclic
AMP-dependent protein kinase. Proc. Natl. Acad. Sci. U. S. A. 72 (9), 3448-3452.

Kim, S., Coulombe, P.A., 2007. Intermediate filament scaffolds fulfill mechanical, organiza-
tional, and signaling functions in the cytoplasm. Genes Dev. 21 (13), 1581-1597.

Laemmli, U.K,, 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227 (5259), 680-685.

Lariviere, R.C., Julien, J.P., 2004. Functions of intermediate filaments in neuronal devel-
opment and disease. ]. Neurobiol. 58 (1), 131-148.

Leal, R.B., Goncalves, C.A., Rodnight, R., 1997. Calcium-dependent phosphorylation of
glial fibrillary acidic protein (GFAP) in the rat hippocampus: a comparison of the
kinase/phosphatase balance in immature and mature slices using tryptic phospho-
peptide mapping. Brain Res. Dev. Brain Res. 104 (1-2), 1-10.

Lee, V.M., Otvos Jr., L., Carden, M.J., Hollosi, M., Dietzschold, B., Lazzarini, R.A., 1988.
Identification of the major multiphosphorylation site in mammalian neurofila-
ments. Proc. Natl. Acad. Sci. U. S. A. 85 (6), 1998-2002.

Li, B.S., Veeranna, Grant P., Pant, H.C., 1999a. Calcium influx and membrane depolariza-
tion induce phosphorylation of neurofilament (NF-M) KSP repeats in PC12 cells.
Brain Res. Mol. Brain Res. 70 (1), 84-91.

Li, B.S., Veeranna, J.G., Grant, P., Pant, H.C., 1999b. Activation of mitogen-activated pro-
tein kinases (Erk1 and Erk2) cascade results in phosphorylation of NF-M tail do-
mains in transfected NIH 3T3 cells. Eur ] Biochem 262, 211-217.

Li, B.S., Zhang, L., Gu, J., Amin, N.D., Pant, H.C., 2000. Integrin alpha(1) beta(1)-mediated
activation of cyclin-dependent kinase 5 activity is involved in neurite outgrowth
and human neurofilament protein H Lys-Ser-Pro tail domain phosphorylation.
J. Neurosci. 20, 6055-6062.

Li, B.S., Zhang, L., Takahashi, S., Ma, W., Jaffe, H., Kulkarni, A.B., Pant, H.C., 2002. Cyclin-
dependent kinase 5 prevents neuronal apoptosis by negative regulation of c-Jun N-
terminal kinase 3. EMBO ]. 21 (3), 324-333.

Liu, Y., Peterson, D.A., Kimura, H., Schubert, D., 1997. Mechanism of cellular 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction. J. Neu-
rochem. 69 (2), 581-593.

Loureiro, S.0., de Lima, Pelaez P., Heimfarth, L., Souza, D.O., Wajner, M., Pessoa-Pureur,
R., 2005. Propionic and methylmalonic acids increase cAMP levels in slices of cere-
bral cortex of young rats via adrenergic and glutamatergic mechanisms. Biochim.
Biophys. Acta 1740 (3), 460-466.

Loureiro, S.0., Heimfarth, L., Pelaez Pde, L., Lacerda, B.A., Vidal, L.F., Soska, A., Santos,
N.G., Andrade, C., Tagliari, B., Scherer, E.B., Guma, F.T., Wyse, A.T., Pessoa-Pureur,
R., 2010. Hyperhomocysteinemia selectively alters expression and stoichiometry
of intermediate filament and induces glutamate- and calcium-mediated mecha-
nisms in rat brain during development. Int. J. Dev. Neurosci. 28 (1), 21-30.

Loureiro, S.0., Heimfarth, L., Pelaez Pde, L., Vanzin, C.S., Viana, L., Wyse, A.T., Pessoa-
Pureur, R., 2008. Homocysteine activates calcium-mediated cell signaling mecha-
nisms targeting the cytoskeleton in rat hippocampus. Int. J. Dev. Neurosci. 26 (5),
447-455.

Lowry, O.H., Rosebrough, NJ., Farr, A.L,, Randall, RJ., 1951. Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193 (1), 265-275.

Motil, J., Chan, W.K.,, Dubey, M., Chaudhury, P., Pimenta, A., Chylinski, T.M., Ortiz, D.T.,
Shea, T.B., 2006. Dynein mediates retrograde neurofilament transport within
axons and anterograde delivery of NFs from perikarya into axons: regulation by
multiple phosphorylation events. Cell Motil. Cytoskeleton 63, 266-286.

Nixon, R.A,, 1993. The regulation of neurofilament protein dynamics by phosphoryla-
tion: clues to neurofibrillary pathobiology. Brain Pathol. 3 (1), 29-38.

Nixon, R.A,, Sihag, RK., 1991. Neurofilament phosphorylation: a new look at regulation
and function. Trends Neurosci. 14 (11), 501-506.

Omary, M.B., Ku, N.O,, Tao, G.Z., Toivola, D.M,, Liao, J., 2006. “Heads and tails” of inter-
mediate filament phosphorylation: multiple sites and functional insights. Trends
Biochem. Sci. 31 (7), 383-394.

Orlando, LR, Alsdorf, S.A., Penney Jr., ].B., Young, A.B.,, 2001. The role of group I and
group Il metabotropic glutamate receptors in modulation of striatal NMDA and
quinolinic acid toxicity. Exp. Neurol. 167 (1), 196-204.

Pant, A.C., Veeranna, Pant H.C,, Amin, N., 1997. Phosphorylation of human high molec-
ular weight neurofilament protein (hNF-H) by neuronal cyclin-dependent kinase 5
(cdk5). Brain Res. 765 (2), 259-266.

Paramio, ].M,, Jorcano, J.L., 2002. Beyond structure: do intermediate filaments modulate
cell signalling? Bioessays 24 (9), 836-844.

Perez-De La Cruz, V., Elinos-Calderon, D., Carrillo-Mora, P., Silva-Adaya, D., Konigsberg,
M., Moran, J., Alj, S.F., Chanez-Cardenas, M.E., Perez-De La Cruz, G., Santamaria, A.,
2010. Time-course correlation of early toxic events in three models of striatal
damage: modulation by proteases inhibition. Neurochem. Int. 56 (6-7), 834-842.

Pierozan, P., Zamoner, A., Soska, A.K., Silvestrin, R.B., Loureiro, S.0., Heimfarth, L.,
Mello e Souza, T., Wajner, M., Pessoa-Pureur, R., 2010. Acute intrastriatal admin-
istration of quinolinic acid provokes hyperphosphorylation of cytoskeletal inter-
mediate filament proteins in astrocytes and neurons of rats. Exp. Neurol. 224 (1),
188-196.

Rekik, L., Daguin-Nerriere, V., Petit, ].Y., Brachet, P., 2011. gamma-Aminobutyric acid
type B receptor changes in the rat striatum and substantia nigra following intras-
triatal quinolinic acid lesions. ] Neurosci Res 89 (4), 524-535.

Ribeiro, F.M., Paquet, M., Cregan, S.P., Ferguson, S.S., 2010. Group I metabotropic gluta-
mate receptor signalling and its implication in neurological disease. CNS Neurol.
Disord. Drug Targets 9 (5), 574-595.

Rigon, A.P., Cordova, F.M,, Oliveira, C.S., Posser, T., Costa, A.P., Silva, L.G., Santos, D.A.,
Rossi, F.M., Rocha, J.B., Leal, R.B., 2008. Neurotoxicity of cadmium on immature hip-
pocampus and a neuroprotective role for p38 MAPK. Neurotoxicology 29 (4),
727-734.

Rios, C., Santamaria, A., 1991. Quinolinic acid is a potent lipid peroxidant in rat brain
homogenates. Neurochem. Res. 16 (10), 1139-1143.

Sasaki, T., Gotow, T., Shiozaki, M., Sakaue, F,, Saito, T., Julien, ].P., Uchiyama, Y., Hisanaga, S.,
2006. Aggregate formation and phosphorylation of neurofilament-L Pro22 Charcot-
Marie-Tooth disease mutants. Hum. Mol. Genet. 15 (6), 943-952.

Schwarcz, R, Pellicciari, R., 2002. Manipulation of brain kynurenines: glial targets, neu-
ronal effects, and clinical opportunities. J. Pharmacol. Exp. Ther. 303 (1), 1-10.
Serysheva, LI, Hamilton, S.L., 1998. Ryanodine binding sites on the sarcoplasmic retic-
ulum Ca2C release channel. In: Sitsapesan, R., Willaims, AJ. (Eds.), Structure and

Function of Ryanodine Receptors, pp. 95-104.

Seto, D., Zheng, W.H., McNicoll, A., Collier, B., Quirion, R., Kar, S., 2002. Insulin-like
growth factor-I inhibits endogenous acetylcholine release from the rat hippocam-
pal formation: possible involvement of GABA in mediating the effects. Neurosci-
ence 115 (2), 603-612.

Sharma, P., Veeranna, Sharma M., Amin, N.D., Sihag, RK., Grant, P., Ahn, N., Kulkarni,
A.B., Pant, H.C., 2002. Phosphorylation of MEK1 by cdk5/p35 down-regulates the
mitogen-activated protein kinase pathway. J. Biol. Chem. 277 (1), 528-534.

Shea, T.B., Chan, W.K,, 2008. Regulation of neurofilament dynamics by phosphoryla-
tion. Eur. J. Neurosci. 27 (8), 1893-1901.

Shea, T.B., Zheng, Y.L., Ortiz, D., Pant, H.C., 2004. Cyclin-dependent kinase 5 increases
perikaryal neurofilament phosphorylation and inhibits neurofilament axonal
transport in response to oxidative stress. J. Neurosci. Res. 76 (6), 795-800.

Sihag, RK., Inagaki, M., Yamaguchi, T., Shea, T.B., Pant, H.C., 2007. Role of phosphoryla-
tion on the structural dynamics and function of types III and IV intermediate fila-
ments. Exp. Cell Res. 313 (10), 2098-2109.

Sihag, R.K., Nixon, R.A., 1989. In vivo phosphorylation of distinct domains of the 70-
kilodalton neurofilament subunit involves different protein kinases. J. Biol. Chem.
264 (1), 457-464.

Songyang, Z., Blechner, S., Hoagland, N., Hoekstra, M.F., Piwnica-Worms, H., Cantley, L.C.,
1994. Use of an oriented peptide library to determine the optimal substrates of pro-
tein kinases. Curr. Biol. 4 (11), 973-982.

Steiner, D., Saya, D., Schallmach, E., Simonds, W.F., Vogel, Z., 2006. Adenylyl cyclase
type-VIII activity is regulated by G(betagamma) subunits. Cell. Signal. 18 (1),
62-68.

Stone, T.W., 1993. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol.
Rev. 45 (3), 309-379.

Stone, T.W., Perkins, M.N., 1981. Quinolinic acid: a potent endogenous excitant at
amino acid receptors in CNS. Eur. J. Pharmacol. 72 (4), 411-412.

Stull, ].T., 2001. Ca? *-dependent cell signaling through calmodulin-activated protein
phosphatase and protein kinases minireview series. ]. Biol. Chem. 276 (4),
2311-2312.

Sun, D., Leung, C.L, Liem, RK., 1996. Phosphorylation of the high molecular weight
neurofilament protein (NF-H) by Cdk5 and p35. ]. Biol. Chem. 271 (24),
14245-14251.

Szydlowska, K., Tymianski, M., 2010. Calcium, ischemia and excitotoxicity. Cell Calcium
47 (2), 122-129.

Tavares, R.G., Tasca, C.I, Santos, C.E., Alves, L.B., Porciuncula, L.O., Emanuelli, T., Souza,
D.0., 2002. Quinolinic acid stimulates synaptosomal glutamate release and inhibits
glutamate uptake into astrocytes. Neurochem. Int. 40 (7), 621-627.

Tomizawa, K., Ohta, ]., Matsushita, M., Moriwaki, A., Li, S.T., Takei, K., Matsui, H., 2002.
Cdk5/p35 regulates neurotransmitter release through phosphorylation and down-
regulation of P/Q-type voltage-dependent calcium channel activity. J. Neurosci.
22 (7),2590-2597.

Tymianski, M., Spigelman, I, Zhang, L., Carlen, P.L., Tator, C.H., Charlton, M.P., Wallace,
M.C., 1994. Mechanism of action and persistence of neuroprotection by cell-
permeant Ca®* chelators. J. Cereb. Blood Flow Metab. 14 (6), 911-923.

Ubersax, J.A., Ferrell Jr., J.E., 2007. Mechanisms of specificity in protein phosphoryla-
tion. Nat. Rev. Mol. Cell Biol. 8 (7), 530-541.

Veeranna, Amin N.D., Ahn, N.G,, Jaffe, H., Winters, C.A., Grant, P., Pant, H.C., 1998. Mito-
gen-activated protein kinases (Erk1,2) phosphorylate Lys-Ser-Pro (KSP) repeats in
neurofilament proteins NF-H and NF-M. ]. Neurosci. 18 (11), 4008-4021.

Wang, Q., Walsh, D.M., Rowan, M.J., Selkoe, D.J., Anwyl, R., 2004. Block of long-term po-
tentiation by naturally secreted and synthetic amyloid beta-peptide in hippocam-
pal slices is mediated via activation of the kinases c-Jun N-terminal kinase, cyclin-
dependent kinase 5, and p38 mitogen-activated protein kinase as well as metabo-
tropic glutamate receptor type 5. J. Neurosci. 24 (13), 3370-3378.

Whitaker, A.N., McKay, D.G., 1969. Studies of catecholamine shock. I. Disseminated in-
travascular coagulation. Am ] Pathol 56 (2), 153-176.

Xu, ZS., Liu, W.S,, Willard, M.B., 1992. Identification of six phosphorylation sites in the
COOH-terminal tail region of the rat neurofilament protein M. J. Biol. Chem. 267 (7),
4467-4471.

Yabe, ].T., Jung, C., Chan, W.K,, Shea, T.B., 2000. Phospho-dependent association of neu-
rofilament proteins with kinesin in situ. Cell Motil. Cytoskeleton 45 (4), 249-262.

Zamoner, A., Heimfarth, L., Oliveira Loureiro, S., Royer, C., Mena Barreto Silva, F.R., Pes-
soa-Pureur, R, 2008a. Nongenomic actions of thyroxine modulate intermediate fil-
ament phosphorylation in cerebral cortex of rats. Neuroscience 156 (3), 640-652.

Zamoner, A., Heimfarth, L., Pessoa-Pureur, R., 2008b. Congenital hypothyroidism is associat-
ed with intermediate filament misregulation, glutamate transporters down-regulation
and MAPK activation in developing rat brain. Neurotoxicology 29, 1092-1099.

Zhou, J., Wang, H., Feng, Y., Chen, ., 2010. Increased expression of cdk5/p25 in N2a cells
leads to hyperphosphorylation and impaired axonal transport of neurofilament
proteins. Life Sci. 86 (13-14), 532-537.



Capitulo 4

THE PHOSPHORYLATION STATUS AND CYTOSKELETAL
REMODELING OF STRIATAL ASTROCYTES TREATED WITH

QUINOLINIC ACID
Paula Pierozan; Fernanda Ferreira; Barbara O de;L@arolina G Fernanda;
Priscila T Monteforte; Natalia C Medaglia; Claudiacoletto; Soraya S Smaili; Regina

Pessoa-Pureur

Artigo publicado n&xperimental Cell Research

104



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
521
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

92
93

EXPERIMENTAL CELL RESEARCH I (RRER) RRE-HN1N

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier.com/locate/yexcr

Research Article

The phosphorylation status and cytoskeletal remodeling
of striatal astrocytes treated with quinolinic acid

Paula Pierozan®, Fernanda Ferreira®, Bdrbara Ortiz de Lima®, Carolina Gongalves Fernandes®,
Priscila Totarelli Monteforte®, Natalia de Castro Medaglia®, Claudia Bincoletto”,
Soraya Soubhi Smaili®, Regina Pessoa-Pureur®*

?Departamento de Bioquimica, Instituto de Ciéncias Bdsicas da Satide, Universidade Federal do Rio Grande do Sul, Porto Alegre,

RS 90035-003, Brazil

bDepartamento de Farmacologia, Universidade Federal de Séo Paulo (UNIFESP/EPM), Sdo Paulo, SP, Brazil

ARTICLEINFORMATION

Article Chronology:

Received 18 September 2013
Received in revised form

10 January 2014

Accepted 19 February 2014

Keywords:

Quinolinic acid
Cytoskeleton remodelling
Astrocyte, cell signaling
GFAP phosphorylation

ABSTRACT

Quinolinic acid (QUIN) is a glutamate agonist which markedly enhances the vulnerability of
neural cells to excitotoxicity. QUIN is produced from the amino acid tryptophan through the
kynurenine pathway (KP). Dysregulation of this pathway is associated with neurodegenerative
conditions. In this study we treated striatal astrocytes in culture with QUIN and assayed the
endogenous phosphorylating system associated with glial fibrillary acidic protein (GFAP) and
vimentin as well as cytoskeletal remodeling. After 24 h incubation with 100 uM QUIN, cells were
exposed to >’P-orthophosphate and/or protein kinase A (PKA), protein kinase dependent of Ca®*/
calmodulin I (PKCaMII) or protein kinase C (PKC) inhibitors, H89 (20 pM), KN93 (10 pM) and
staurosporin (10 nM), respectively. Results showed that hyperphosphorylation was abrogated by
PKA and PKC inhibitors but not by the PKCaMII inhibitor. The specific antagonists to ionotropic
NMDA and non-NMDA (50 uM DL-AP5 and CNQX, respectively) glutamate receptors as well as to
metabotropic glutamate receptor (mGLUR; 50 tM MCPG), mGLUR1 (100 uM MPEP) and mGLUR5
(10 uM 4C3HPG) prevented the hyperphosphorylation provoked by QUIN. Also, intra and
extracellular Ca®>* quelators (1 mM EGTA; 10 uM BAPTA-AM, respectively) prevented QUIN-
mediated effect, while Ca®>* influx through voltage-dependent Ca®* channel type L (L-VDCC)
(blocker: 10 uM verapamil) is not implicated in this effect. Morphological analysis showed
dramatically altered actin cytoskeleton with concomitant change of morphology to fusiform and/
or flattened cells with retracted cytoplasm and disruption of the GFAP meshwork, supporting
misregulation of actin cytoskeleton. Both hyperphosphorylation and cytoskeletal remodeling
were reversed 24 h after QUIN removal. Astrocytes are highly plastic cells and the vulnerability of
astrocyte cytoskeleton may have important implications for understanding the neurotoxicity of
QUIN in neurodegenerative disorders.

© 2014 Published by Elsevier Inc.
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Introduction

Kynurenine pathway (KP) catabolises the essential amino acid
L-tryptophan to nicotinamide adenine dinucleotide. KP also leads
to the production of several neuroactive metabolites, of which the
NMDA receptor agonist, quinolinic acid (QUIN) is likely to be more
important in terms of biological activity [1]. Dysregulation of this
pathway is associated with neurodegenerative conditions, such as
Huntington's disease [2], Alzheimer's disease (AD) [3,4] and other
neurological disorders, as well as with psychiatric diseases such as
depression and schizophrenia [5].

QUIN is produced and released by infiltrating macrophages and
activated microglia, the very cells that are prominent during neuroin-
flammation. QUIN acts as an agonist of the N-methyl-p-aspartate
(NMDA) receptor and as such is considered to be a brain endogenous
excitotoxin [6]. The primary mechanism exerted by QUIN in the
central nervous system (CNS) has been largely related with the over-
activation of NMDA receptors and increased cytosolic Ca>* concen-
trations, followed by mitochondrial dysfunction, cytochrome c release,
ATP exhaustion, free radical formation and oxidative damage [6,7].

In this context, Rahman et al. [8] described a NMDA-mediated role
of QUIN in the AD pathology through promotion of tau phosphoryla-
tion, since QUIN in pathophysiological concentrations is co-localized
with hyperphosphorylated tau within cortical neurons in AD brain.
Accordingly, we have previously described QUIN-elicited hyperpho-
sphorylation of glial fibrillary acidic protein (GFAP) in astrocytes and
neurofilaments (NF) in neurons, achieved by rat intrastriatal QUIN
injection. NMDA-mediated Ca** events and oxidative stress were able
to be related to the altered hyperphosphorylation of these cytoskeletal
proteins and could represent an early step in the pathophysiological
cascade of deleterious events exerted by QUIN in rat striatum [9].
Moreover, studies of signaling mechanisms involved in the disruption
of the cytoskeletal homeostasis were performed in striatal slices
acutely exposed to an excitotoxic concentration of QUIN (100 uM).
In astrocytes, the action of QUIN was mainly due to increased Ca**
influx through NMDA and L-type voltage-dependent Ca®>* channels
(L-VDCC). In neurons, QUIN acted through metabotropic glutamate
receptor (MGIuR) activation and influx of Ca?* through NMDA
receptors and L-VDCC, as well as Ca®>* release from intracellular
stores. These mechanisms set off a cascade of events including
activation of cAMP-dependent protein kinase (PKA), Ca®>*/calmodu-
lin-dependent protein kinase (PKCaMII) and protein kinase C (PKC),
which phosphorylate head domain sites on GFAP in astrocytes [10].

GFAP is the main intermediate filament (IF) protein expressed in
mature astrocytes, where it is thought to help maintaining mechan-
ical strength, and the shape of cells. However, recent evidence has
shown that GFAP plays a role in a variety of additional astrocyte
functions, such as cell motility/migration, cell proliferation, gluta-
mate homeostasis, neurite outgrowth and injury/protection [11].

Because of their multiple roles into the cell, cytoskeletal protein
components are among the main targets modified in response to
extracellular signals that ultimately determine cell morphology
and physiological role [12]. Consequently, it is not surprising that
IFs are likely to be targeted in several genetically determined
protein misfolding/aggregation diseases [13-15] as well as by a
variety of pathogens [16] and toxins [17-20].

IF proteins are known to be phosphorylated on their head and tail
domains and the dynamics of their phosphorylation/dephosphoryla-
tion plays a major role in regulating the structural organization and

function of IFs in a cell- and tissue-specific manner [21]. Amino-
terminal phosphorylation plays a major role in regulating the
assembly/disassembly equilibrium of type III IFs (GFAP, vimentin) as
well as of low and medium molecular weight NF proteins (NF-L and
NF-M, respectively) [22]. In vivo and ex vivo studies from our group
and from others demonstrated that the phosphate groups on the
amino-terminal head domain on GFAP, vimentin and NF-L are added
by the second messenger-dependent protein kinases PKA, PKCaMII
and PKC [9,10,22-24]. Phosphorylation of Ser-8, Thr-7, Ser-13 and Ser-
38 in the N-terminal region (head domain) of GFAP [25,26] causes
disassembly of the IFs and conversely, dephosphorylation (by protein
phosphatases) restores their ability to polymerize [27]. GFAP phos-
phorylation is possibly a key factor in astrocytes, since cell uses
phosphorylation/dephosphorylation levels to regulate the dynamic of
the polymerization/depolymerization of these proteins promoting cell
survival and physiological roles.

Astrocytes are involved in a wide range of CNS pathologies,
including trauma, [28] ischaemia [29], and neurodegeneration
[30]. Alterations of the functionality of glial cells, including
changes in morphology and proliferative activity, are a common
feature of pathologies [31], and during brain inflammation
associated with HD, astrocytes are activated leading to their
cellular hypertrophy and/or proliferation [28]. Also, astrocytes in
culture have been long time considered a useful model for
evaluating neurotoxic-induced injury [32]. In addition, we have
previously described that the cells change both their morphology
and phosphorylation status of GFAP and/or vimentin, in response
to metabolites or toxins [18,33].

Therefore, considering the pivotal role of cytoskeletal remodeling
and the relevance of astrocyte plasticity in several pathologies that
affect CNS, the aim of the present work was to study the effects of
QUIN in concentrations previously described as neurotoxic to
astrocytes and neurons in acute slices [9,10], on the cytoskeleton
of primary astrocytes. We searched for the implications of gluta-
mate mechanisms and Ca®* levels on GFAP and vimentin phos-
phorylation and their link with actin cytoskeletal remodeling.

Material and methods

Phalloidin-fluorescein, anti-GFAP (clone GA-5), monoclonal anti-
vimentin (clone Vim 13.2), anti-mouse IgG (whole molecule),
anti-mouse IgG (whole molecule)-FITC, F(ab0)2 fragment-Cy3,
quinolinic acid (QUIN), benzamidine, leupeptin, antipain, pepsta-
tin, chymostatin, acrylamide, bis-acrylamide and material for cell
culture were obtained from Sigma (St. Louis, MO, USA). Polyclonal
anti-GFAP was from DAKO. 40, 60-diamidino-2-phenylindole
(DAPI) was from Calbiochem (La Jolla, CA, USA). p-actin was from
Cell Signaling (Boston, MA, USA). [>2P]-orthophosphate was
purchased from CNEN, S3o Paulo, Brazil. Fetal bovine serum
(FBS), Dulbecco's Modified Eagle's Medium (DMEM), fungizone
and penicillin/streptomicin were purchased from Gibco BRL
(Carslbad, CA, USA). All other chemicals were of analytical grade.

Animals

Pregnant Wistar rats (200-250 g) were obtained from our breed-
ing stock. Rats were maintained on a 12-h light/12-h dark cycle in
a constant temperature (22 °C) colony room, with food and water
at libitum and animals were observed on gestational day 22.
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As soon as delivery finished, mothers and pups were sacrificed by
decapitation without anesthesia. The experimental protocol fol-
lowed the “Principles of Laboratory Animal Care” (NHI publication
85-23, revised 1985) and was approved by the Ethics Committee
for Animal Research of the Federal University of Rio Grande do Sul
(number 18266). All efforts were made to minimize the number
of animal used and their suffering.

Primary astrocyte cultures

Astrocyte primary cultures were prepared from the striatum of
newborn (0-1 day old; P0O) Wistar rats, as described previously
[33]. Briefly, rats were decapitated and striatum was carefully
removed. Mechanically dissociated cells were plated in Dulbecco's
Modified Eagle's medium (DMEM)/10% FBS (pH 7.4) supplemen-
ted with glucose (33 mM), glutamine (2 mM), and sodium bicar-
bonate (3 mM) into a 15.6 and 34.8 mm diameter well (6 and 24-
well plate) (Corning Inc., New York, New York), previously coated
with polyornithine (1.5 mg/mL, Sigma, St. Louis, MO). These cells
were grown in a humid incubator (37 °C, 5% CO,), with the media
replaced every 3 days. After astrocytes reached semi-confluence,
the culture medium was removed by suction and the cells were
incubated until 24 h at 37 °C in an atmosphere of 5% CO, in
DMEM without FBS in the absence (controls) or presence of
different QUIN concentrations (300 nM —1 mM). Cultures of stria-
tal astrocytes containing more than 95% GFAP positive cells were
used for all the experiments. Morphological studies were per-
formed using cells fixed for immunocytochemistry.

Cell viability

Cells were seeded at a density of 2 x 10* cells/well in 96-well
plates. They were treated with 300 nM—1 mM QUIN for 24 h
with 3 replicates of each treatment. Cell viability was measured
by the 3-(4,5 dimethyl-2-yl)-2, 5-diphenyl-2 H-tetrazolium bro-
mide (MTT) and lactate dehydrogenase (LDH) assays, as
described below.

MTT assay

Astrocyte viability was determined by MTT assay, which is based
on the conversion of the tetrazolium salt to the colored product,
formazan. In brief, 0.5 mg/mL of MTT was added into each well of
the 96-well plates (containing 100 mL medium and cells) 4 h
before the end of incubation with QUIN. The supernatant was
then separated, and 100 pL dimethylsulfoxide (DMSO) was added
to each well followed by incubation and shaking for 10 min. The
formazan product generated during the incubation was solubi-
lized in DMSO and measured at 490 and 630 nm. Only viable cells
are able to reduce MTT.

LDH assay

The viability of astrocytes was assessed by measuring the release
of the cytosolic enzyme lactate dehydrogenase into the medium.
A LDH measurement was carried out in 250 pL aliquots using the
LDH kit (Doles reagents).

In vitro phosphorylation

Astrocytes were incubated for 24 h in the presence or absence of
QUIN, then the medium was changed and incubation for 1 h was
carried out at 30°C with 1000 pL of a medium containing
(in mM): 124 NaCl; 4 KCI; 1.2 MgS0,, 25 Na-HEPES (pH 7.4); 12
glucose; 1 CaCl, and the following protease inhibitors: 1 mM
benzamidine, 0.1 uM leupeptin, 0.7 M antipain, 0.7 uM pepsta-
tin, 0.7 uM chymostatin, and 10 uCi of [*2P]- orthophosphate with
or without addition of the QUIN (10, 100 and 500 pM). In the
experiments designed to study signaling mechanisms, cells were
pre-incubated for 30 min in the presence or absence of 50 pM DL-
AP5, MCPG and CNQX [33], 100 puM 4C3HPG [34], 10 uM MPEP
[35], 10 uM verapamil [36],10 uM BAPTA-AM [37], 1 mM EGTA
[38], 20 M H89 [39], 10 nM staurosporin [40], 10 uM KN93 [41],
10 pm SP600125 [42], 10 uM PD98056, 3 uM p38 inhibitor [43]
and 10 uM roscovitine [44]. In the experiments designed to study
the reversibility of QUIN effects, the metabolite was removed after
24 h of treatment and cells were observed 48 h afterwards. The
labeling reaction was normally allowed to proceed for 1 h at 30 °C
and stopped with 1 mL of cold stop buffer (150 mM NaF, 5 mM
EDTA, 5 mM EGTA, Tris-HCl, 50 mM, pH 6.5, and the protease
inhibitors described above). Cells were then washed twice by
decantation with stop buffer to remove excess radioactivity. After,
preparations of IF-enriched high-salt Triton-insoluble cytoskeletal
fraction were obtained from striatal primary astrocytes, as
described by Funchal et al. [45]. Briefly, cells were homogenized
in 200 pL of ice-cold high salt buffer containing 5 mM KH,PO4
(pH 7.1), 600 mM KCl, 10 mM MgCl,, 2 mM EGTA, 1% Triton X-100,
and the protease inhibitors described above. The homogenate was
centrifuged at 15,800 x g for 10 min at 4 °C in an Eppendorf
centrifuge and the supernatant discarded. The Triton-insoluble
IF-enriched pellet, containing GFAP and vimentin, was dissolved
in 1% SDS and protein concentration was determined by the
method of Lowry et al. [46].

Polyacrylamide gel electrophoresis (SDS-PAGE)

The cytoskeletal fraction from striatal astrocytes was prepared as
described above. Equal protein concentrations were loaded onto
7.5% polyacrylamide gels and analyzed by SDS-PAGE according to
the discontinuous system of Laemmli [47]. After drying, gels were
exposed to X-ray films (X-Omat XK1) at -70 °C with intensifying
screens and finally the autoradiograph was obtained. Proteins
were quantified by scanning the films with a Hewlett-Packard
Scanjet 6100C scanner and determining optical densities with an
Optiquant version 02.00 software (Packard Instrument Company).
Density values were obtained for the studied proteins.

Ca?* measurements

For Ca’* measurements, cells adhered to poly-lysine coated
coverslips were incubated with 5puM acetoxymethyl ester of
Fura-2 (Fura-2AM) in a buffer containing: 130 mM NaCl;
5.36 mM KCI; 0.8 mM MgCl,; 1.5 mM CaCl,; 1.0 mM NayHPOy;
2.5 mM NaHCOs; 25 mM glucose, and 20 mM Hepes, pH 7.3 for
30 min at room temperature. After loading, cover slips were
washed, mounted in a Leiden chamber and positioned at the
microscope and cells were maintained to a temperature of 37 °C.
Cytoplasmic Ca®>* measurements were evaluated by fluorescence
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microscopy (Nikon TE300; Nikon, Osaka, Japan) coupled to a CCD
camera (Quantix 512-Roper Scientific Inc., Princeton Instruments,
Princeton, NJ). Images were acquired in BiolP software (Anderson
Eng, Delaware, USA). Basal Ca?* levels were considered to be the
first 20 images, and then exposed to QUIN (100 pM) for 30 min.
Fura-2 fluorescence (emission=>510 nm) was monitored following
alternate excitation at 340 and 380 nm. Results were expressed as
ratio (340/380) values, normalized from the basal fluorescence
and data were normalized by the (F—Fp)/Fox 100 formula, in
which F, represents the basal Ca** level. Calibrations were
performed using digitonin (100 uM) to obtain maximum fluores-
cence (Rnax) of the system. For experiments using the antagonists,
cells were incubated with DL-AP5 (50 uM), CNQX (50 uM) and
BAPTA-AM (10 pM) 30 min after FURA 2/AM and QUIN incubation.

Western blot analysis

After treatment, astrocytes were disrupted by lysis solution containing
2mM EDTA, 50 mM Tris-HCl, pH 6.8, 4% SDS. For electrophoretic
analysis, samples were dissolved in 25% (v/v) of a solution containing
40% glycerol, 5% mercaptoethanol, 50 mM Tris-HCl, pH 6.8, and
boiled for 3 min. Total protein homogenate was analyzed by 10%
SDS-PAGE (50 mg of total protein/lane) and transferred (Trans-blot SD
semidry transfer cell, BioRad) to nitrocellulose membranes for 1 h at
15 V in transfer buffer (48 mM Trizma, 39 mM glycine, 20% methanol,
and 0.25% SDS). The blot was then washed for 20 min in TBS
(500 mM NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation
in blocking solution (TBS plus 5% defatted dry milk). After incubation,
the blot was washed twice for 5 min with blocking solution plus
0.05% Tween-20 (T-TBS) and then incubated overnight at 4 °C in
blocking solution containing one of the following monoclonal anti-
bodies: anti-GFAP (clone G-A-5) diluted 1:1000, anti-B-actin diluted
1:500, anti-vimentin diluted 1:1000. The blot was then washed twice
for 5 min with T-TBS and incubated for 2 h in a solution containing
peroxidase-conjugated rabbit anti-mouse IgG diluted 1:2000 or
peroxidase-conjugated anti-rabbit IgG diluted 1:2000. The blot was
washed again twice with T-TBS for 5 min and twice with TBS for
5 min. The blot was developed using a chemiluminescence ECL kit.

Immunocytochemistry

Immunocytochemistry was performed as described previously [33].
Briefly, cultured cells plated on glass coverslips were fixed with 4%
paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-
100 in phosphate-buffered saline (PBS) for 5 min at room tempera-
ture. After blocking, cells were incubated overnight with polyclonal
anti-GFAP (1:500) and phaloidin-fluorescein (1:100) at room tem-
perature, followed by PBS washes and incubation with specific
secondary antibody conjugated with Cy3 (1:1000) for 1h. In all
immunostaining-negative controls, reactions were performed by
omitting the primary antibody. No reactivity was observed when
the primary antibody was excluded. The nucleus was stained with
DAPI (0.25 pg/mL). Cells were viewed with a Nikon inverted
microscope and images transferred to a computer with a digital
camera (Sound Vision Inc, USA).

Morphometric analysis

Astrocytes stained for actin cytoskeleton and nucleus were
measured using the labeling for phalloidin-fluorescein and DAPI,

respectively. Measurement of cytoplasm and nucleus were obtained
using the Image ] Software (NIH, Bethesda, MD). Cytoplasmic area
(total area-nuclear area) and cytoplasm/nucleus ratio of the cells
were used as a criterion of morphological alteration.

Statistical analysis

Data from the experiments were analyzed statistically by one-way
analysis of variance (ANOVA) followed by the Tukey test when the
F-test was significant. Values of p<0.05 were considered to be
significant. All analyses were carried out in an IBM compatible PC
using the Statistical Package for Social Sciences (SPSS) software.

Results

Initially, astrocyte viability was tested to certify that 24 h expo-
sure to QUIN was not able to induce significantly important cell
death. For this, LDH and MTT assays were carried out in the
presence of QUIN from 300 nM to 1 mM, and results showed
absence of significantly increased release of the cytosolic enzyme
LDH in the medium or decreased production of reduced MTT in all
the concentrations tested (Fig. 1). These results indicate that QUIN
exposure for 24 h failed to induce necrotic cell death or mito-
chondrial damage in cultured striatal astrocytes.

We therefore assayed the ability of QUIN in misregulating the
endogenous phosphorylating system associated with the IF proteins
in the cytoskeletal fraction of striatal astrocytes. The in vitro incor-
poration of 2P orthophosphate into the cytoskeletal proteins GFAP
and vimentin was measured and results showed that 24 h incubation

A

0.4 -
,-g-. T [ Control
2 osd I [+ [ 10 M
3 | L 100 uM
52 B 300 uM
E s 0.2 4 B 500 M
= § m 1mM
£ 01 4
=
e
0.0
B 0.4 -
' 1 Control
0.3 4 10 puM
z" 100 uM
= s B 300 uM
S 924 B 500 uM
I 1 mM
= 01 -
0.0

Fig. 1 - Effect of quinolinic acid (QUIN) on the viability of
striatal astrocytes in culture. Cells were treated with QUIN at
different concentrations (10 pM-1 M) for 24 h. (A) Viability
assay performed by the colorimetric MTT method. (B) The
viability was assessed by measuring the released cytosolic
enzyme lactate dehydrogenase (LDH) into the medium. Three
independent experiments were performed in triplicate. Data
were statistically analyzed by one-way ANOVA.

Please cite this article as: P. Pierozan, et al., The phosphorylation status and cytoskeletal remodeling of striatal astrocytes treated with
quinolinic acid, Exp Cell Res (2014), http://dx.doi.org/10.1016/j.yexcr.2014.02.024

400
401
402
403
404
405
406
407
408
409
410
3
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459



460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

EXPERIMENTAL CELL RESEARCH I (RREN) RRER-0N1I 5

with 10 pM QUIN failed to alter the IF phosphorylation level, while
100 and 500 uM QUIN induced hyperphosphorylation of these
cytoskeletal proteins (Fig. 2A and B). GFAP and vimentin are known
to be good substrates for second messenger-dependent protein
kinases [10,48], therefore we used specific kinase inhibitors to assess
the serine/threonine kinases involved in the QUIN-mediated hyper-
phosphorylation of these proteins. After 24 h incubation with 100 uM
QUIN, cells were exposed to >2P-orthophosphate and/or protein
kinase A (PKA), protein kinase dependent of Ca®*/calmodulin II
(PKCaMII) or protein kinase C (PKC) inhibitors H89 (20 uM), KN93
(10 uM) and staurosporina (10 nM), respectively. Results showed that
hyperphosphorylation was abrogated by PKA and PKC inhibitors but
not by the PKCaMII inhibitor (Fig. 3).

To search for the role of glutamate receptors on QUIN-induced
IF hyperphosphorylation we used ionotropic NMDA and non-
NMDA (50 uM DL-AP5 and CNQX, respectively), as well as
metabotropic (50 pM MCPG) glutamate antagonists. Metabotropic
glutamate receptor 1(mGLUR1; 100 uM MPEP) and mGLUR5
(10 uM 4C3HPG) specific antagonists were also tested. Results
showed that the ionotropic NMDA and non-NMDA glutamate
receptors as well as metabotropic glutamate receptors prevented
the hyperphosphorylation provoked by QUIN. Moreover, the
mGLUR1 and mGLURS5 are partially involved in this effect, as
depicted in Fig. 4A.

Using intra and extracellular Ca®>* quelators (1 mM EGTA;
10 uM BAPTA-AM, respectively) and a voltage-dependent Ca**
channel type L (L-VDCC) blocker (10 uM verapamil), we showed
that intra and extracellular Ca®* buffering prevented QUIN-
mediated effect, moreover Ca®* influx through L-VDCC is not
implicated in QUIN action (Fig. 4B).

To further demonstrate the role of Ca®>* in the QUIN actions, we
evaluated the cytosolic Ca** levels in different experimental
conditions in astrocytes loaded with Fura-2AM. Results showed
that QUIN (100 uM) exposure induced significantly increased
cytosolic Ca?* levels, represented by an elevation in fluorescence
ratio (340/380) in cells (Fig. 5A). By using DL-AP5 and CNQX
we evaluate the participation of NMDA and AMPA/Kainate recep-
tors, respectively, in QUIN-induced Ca* levels alterations. Results
showed that the presence of the glutamatergic antagonists

prevented QUIN-induced cytosolic Ca®* increase. Also, BAPTA-
AM was capable to prevent the increased cytosolic Ca’>* levels
induced by QUIN (Fig. 5A). Fig. 5B demonstrates the profile of
cytosolic Ca®* alterations caused by QUIN, which evoked a
gradual increase in the Ca®* concentrations.

Interestingly, we showed that QUIN-mediated GFAP and vimen-
tin hyperphosphorylation is a reversible mechanism, since when
the metabolite is removed from the incubation medium after 24 h
of treatment, hyperphosphorylation observed 48 h afterwards is
totally reversed, recovering control values (Fig. 6).

Next, we evaluated the effect of QUIN on the morphology of
striatal astrocytes in culture, as depicted in Fig. 7. To analyze the
organization of actin filaments cells were incubated for 24 h with 10,
100 or 500 M QUIN and actin/phalloidin-FITC was analyzed by
fluorescent microscopy afterwards. Results showed that untreated

200 3 Control
i £ QUIN
H89
160 BB QUIN+H89
= KN93

N QUIN+KN93
Staurosporine
Z QUIN+Staurosporine

IF phosphorylation
(% of control)
g B

GFAP

Fig. 3 - Involvement of protein kinases on QUIN-induced IF
in vitro hyperphosphorylation. Cells were exposed to 100 pM
QUIN and the participation of second messenger-dependent
protein kinases PKA, PKCaMII and PKC was tested by using the
specific inhibitors H89 (20 pM), KN93(10 uM) and
staurosporine (10 nM), respectively. Data are reported as
means +S.D. of four different experiments and expressed as %
of control. Statistically significant differences from controls, as
determined by one-way ANOVA followed by Tukey-Kramer
multiple comparison test are indicated: ***p <0.001 compared
with control group; ###p <0.001, ##p<0.01 and #p<0.05
compared with QUIN group.
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Fig. 2 - Effect of QUIN on the phosphorylation of GFAP and vimentin in the cytoskeletal fraction from striatal astrocytes in culture.
(A) Data are reported as mean+S.D. of four different experiments and expressed as percent of controls. Statistically significant
differences from controls, as determined by one-way ANOVA followed by Tukey-Kramer multiple comparison test are indicated:

* %k

p<0.001compared with control. (B) Coomassie blue stained molecular weight standards and representative stained gel of a

control and treated samples with corresponding autoradiograph. Equal amounts of the cytoskeletal fraction (50 pg) from control
(C) and treated samples were run in 7.5% polyacrylamide gel electrophoresis (SDS-PAGE). MW: molecular weight standard proteins.
Representative Western blot (WB) with anti-vimentin and anti-GFAP antibodies.
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Fig. 4 - Involvement of glutamate receptors, intra and
extracellular Ca?* on QUIN-induced IF hyperphosphorylation
in striatal astrocytes in culture. Cells were exposed to 100 pM
QUIN and/or the glutamate receptor blockers (A): DL-AP5

(50 pM), CNQX (50 pM) and MCPG (50 pM), MPEP (100 pM) and
4C3HPG (10 pM). (B) Intra and extracellular Ca*>* were buffered
with BAPTA-AM (50 uM) and EGTA (1 mM) respectively; L-VDCC
blocker verapamil (30 pM). Data are reported as means +S.D. of
four different experiments and expressed as percent of
control. Statistically significant differences as determined by
one-way ANOVA followed by Tukey-Kramer multiple
comparision test are indicated: ***p <0.001; **p<0.01, *p<0.05
compared with control. ###p<0.001 and #p <0.05 compared
with QUIN group.

cells presented a flat polygonal morphology and that actin filaments
were largely distributed into well-organized actin stress fibers, a
predominant characteristic of cultured astrocytes. Few stellate cells
were observed in our control cultures. After 24 h exposure, the
QUIN-treated cells presented a dramatic morphological alteration
evidenced by a dose-dependent reorganization of actin stress fibers
(Fig. 7A). Disruption of actin meshwork seems to be associated with
cell spreading, as determined by cytoplasm/nucleus ratio, reflected
by the appearance of fusiform and/or flattened cells with retracted
cytoplasm (Fig. 7B and C). Immunocytochemical analysis using Cy3-
labeled anti-GFAP antibody showed a typical IF array extending
across the cytoplasm in control cells and this IF network was also
progressively disrupted in the presence of the increasing QUIN
concentrations (Fig. 7A). Immunoblotting assay with anti-GFAP, anti-
vimentin and anti-actin monoclonal antibodies showed that 24 h
exposure to 100 uM QUIN was not able to alter the level of these
proteins into the astrocytes (Fig. 7D), suggesting the disruption of
the cytoskeleton on the basis of the plastic alteration induced by
QUIN treatment.

This was further supported by reversion experiments, in which
QUIN was removed from the incubation medium after 24 h.
Interestingly,48 h after QUIN removing, both actin and GFAP
meshworks restored their control organization and cells restored
the flattened and circular morphology (Fig. 7A).

A ] QUIN

50 - 3 QUIN+DL-APS5

BN QUIN+CNQX
40 4 T [ QUIN+BAPTA-AM
30 -
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(340/380)
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Fluorescence ratio
(340/380)

- i i i i i i
0 50 100 150 200 250 300 350
Image Number

Fig. 5 - Ca®>" influx promoted by QUIN in rat striatal astrocytes.
Astrocytes were loaded with Fura-2AM (5 pM) and stimulated
with QUIN (100 uM) in the absence or presence of DL-AP5

(50 pM), CNQX (50 pM) AND BAPTA-AM (10 uM). (A) Histogram
represents the cytosolic Ca>* peaks obtained after the addition
of QUIN in the presence or absence of glutamate antagonists or
BAPTA-AM. Experiments were individually calibrated with the
addition of digitonin (100 uM) at the end of the experiments
and data are expressed as a percentage of the baseline
normalized fluorescence. Data presented as mean +S.D. of
three independent experiments measuring 20-25 individual
cells/experiment. (B) Representative trace of the effect evoked
by QUIN. Statistically significant differences, determined by
one-way ANOVA followed by Tukey-Kramer multiple
comparison test are indicated: **p <0.01, *p <0.05.

Discussion

We have previously demonstrated QUIN-induced hyperphosphor-
ylation of IF proteins in astrocytes and neurons of intrastriatally
injected rats [9] and in acute striatal slices [10]. In the present
study we incubated striatal astrocytes in culture with the same
QUIN concentration that was able to cause hyperphosphorylation
in striatal slices (100 uM) and we searched for the link between
hyperphosphorylation of IF proteins, cytoskeletal remodeling and
signaling mechanisms downstream of QUIN exposure. We found
that QUIN affected the endogenous phosphorylation system
associated with the IF enriched cytoskeletal fraction in these
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Fig. 6 - Phosphorylation level of GFAP and vimentin 24 h after QUIN removal from astrocyte cultures. In experiments designed to
study reversion of QUIN effects, cells were treated for 24 h with 100 pM QUIN, the metabolite was removed and 2P incorporation
was measured 24 h afterwards. Data are reported as means +S.D. of four different experiments and expressed as percent of control.
Statistically significant differences as determined by one-way ANOVA.

cultured cells. Concomitant with hyperphosphorylation of GFAP/
vimentin, we evidenced an altered organization of actin and GFAP
networks in cells treated with QUIN for 24 h. Also, 24 h after
removing QUIN from the primary astrocytes, the phosphorylation
level of IF proteins restored control levels, indicating the reversi-
bility of the effect. Moreover, reorganization of actin and GFAP
filaments was totally reversed to a similar picture of the control
conditions and cells restored their original morphology if QUIN
was removed. Therefore, we could propose that, in QUIN-treated
striatal astrocytes, disruption of the phosphorylation status of
GFAP/vimentin was able to mediate reorganization of the cytos-
keletal meshwork altering cell plasticity. This effect is down-
stream of glutamate signaling and high Ca* levels, activating PKA
and PKC, which, together with actin remodeling, are responsible
for disrupting the astrocyte cytoskeleton. Thus, it is possible that
in QUIN treated astrocytes, glutamate signaling mediated the
reorganization of actin cytoskeleton concomitant with GFAP/
vimentin network in response to activation of phosphorylating
signals.

It is important to note that QUIN-treated astrocytes failed to
death and to present mitochondrial damage. This is in line with
the role of cytoskeletal flexibility in the survival of cells exposed
to a deleterious signal. Previous evidence supports that increased
turnover of filamentous actin can promote cell longevity, whereas
decreased turnover seems to trigger cell death through an
apoptosis-like pathway [49]. These findings are in agreement
with the previously reported effects of homocysteine on cortical
astrocytes in culture which was able to induce GFAP/vimentin
hyperphosphorylation and cytoskeletal remodeling without cell
death [33]. Interestingly, our results on QUIN toxicity in striatal
astrocytes from newborn rats are conflicting with previous
studies using foetal human astrocytes. In this context, QUIN in
concentrations of 50 nM is able to provoke apoptotic death of
foetal human astrocytes in culture [50]. Also, Braidy et al. [51]
showed increased LDH activity in human foetal astrocytes in
culture exposed to 1-1000 uM QUIN for 24 h. The mechanism for
QUIN toxicity in human astrocytes was ascribed to involve NMDA
receptor activation and NOe. production [52]. Although, further
studies will be necessary to clarify our present findings, it must be
also considered the role of mGLUR1 and 5 in the toxicity of QUIN

in rat astrocytes. This is supported by the evidence that activation
of mGLUR1 and 5 protects cortical astrocytes from ischemia-
induced impairment [53].

QUIN is known as a classic NMDA agonist [5,54]| and chemical
preconditioning models using NMDA pre-treatment, have been
demonstrated to lead to neuroprotection against seizures and
damage to neuronal tissue induced by QUIN [55]. The existence of
functional NMDA receptor expression in cultured astrocytes was
first demonstrated by Lee et al. [56] who demonstrated that
human foetal astrocytes were responsive to excitotoxic concen-
trations of glutamate and QUIN. The role of Ca®* influx through
NMDA receptors we observed in QUIN-treated astrocytes is, at
least in part, compatible with the excitotoxic effect of QUIN and
with the high Ca?* levels required for the action of QUIN on the IF
proteins, as demonstrated by buffering intra and extracellular
Ca®*. The close connection between QUIN action and cytosolic
Ca®* levels was demonstrated by loading astrocytes with Fura-
2AM, proposing that the increase in cytosolic Ca** through NMDA
receptors is an early and critical event upstream of signaling
mechanisms targeting the cytoskeleton.

Interestingly, despite of the relevance of high Ca®* levels to the
action of QUIN on the cytoskeleton, GFAP/vimentin hyperpho-
sphorylation was not mediated by CaMKII in primary astrocytes,
differently from the ex-vivo system. These findings claim to the
relevance of the interplay between astrocytes and neurons, since
in acute slices Ca?* influx induced by 100 uM QUIN was mediated
by both NMDA and L-VDCC, activating CaMKII in astrocytes [10].

Otherwise, PKA-mediated GFAP/vimentin hyperphosphoryla-
tion in cultured astrocytes could be downstream of Ca>*-depen-
dent mechanisms, since the neural isoforms of adenylyl cyclase
are activated by Ca®*, supporting the PKA activation by high Ca**
levels [57]. Moreover, glutamate neurotransmission has been long
time recognized as an essential component of many forms of
neuronal plasticity and PKA-mediated mechanisms have been
implicated in those actions [58]. PKA catalytic and regulatory
(RIIB) subunits are members of the NMDA receptor complex [59].
This linkage facilitates phosphorylation-dependent modulation of
NMDA receptor activity in agreement with findings that activation
of PKA enhances NMDA receptor currents [60]. It is also possible
that PKA is mediating QUIN-induced effects on GFAP/vimentin
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Fig. 7 - Actin and GFAP co-staining of striatal astrocytes exposed to QUIN. Cells were cultured to semi-confluence in DMEM/F12 10%
fetal bovine serum (FBS). The medium was then changed to DMEM/F12 0% FBS in the presence or absence of 10, 100 and 500 uM
QUIN for 24 h. (A) Representative images of QUIN-treated cells stained with phalloidin-fluorescein, anti-GFAP antibody and DAPL
GFAP disruption concomitant with actin reorganization was shown in the presence of increasing concentrations of QUIN.
Representative images of QUIN treated cells co-stained for actin and GFAP, observed 24 h after QUIN removal, showing the

reversion of the QUIN effect. Scale bar=50 um. (B) and (C) Morphometric analysis from control and treated astrocytes with the
Image ] Software: (B) cytoplasm area; (C) the cells were analyzed using the ratio between the size of cytoplasm and nucleus. (D)
Western blot analysis of actin, vimentin and GFAP content in cell extract. All lanes received equivalent amount (30 pg) of total

protein. Inmunoblotting was carried out with monoclonal anti-p-actin, anti-vimentin and antiGFAP antibodies diluted 1:500. Data

are reported as means+S.D. of four different experiments expressed as percentage of controls.

hyperphosphorylation through cAMP, since certain forms of
adenylyl cyclases in the brain are regulated by Ca®* [61]. There-
fore an increase in cellular Ca** levels resulting from increased
entry of Ca’" into the cell via NMDA receptor channels in
response to QUIN would be expected to activate these enzymes.

Metabotropic glutamate receptors can also be coupled to the
activation of phospholipase C (PLC) via Gaq/11 resulting in the
cleavage of phosphatidylinositol-4,5-bisphosphate with the ensu-
ing formation of the intracellular second messengers, inositol-
1,4,5-trisphosphate (IP3), and diacylglycerol (DAG), which are
known to activate PKC [62]. Otherwise, mGLUR1 and mGLUR5
are able to activate AMPA receptors through PKA-mediated
phosphorylation of their GluA1 subunit [63], and this could be

on the basis of the participation of AMPA glutamate receptors in
the action of QUIN on the cytoskeleton of astrocytes. Moreover,
activation of AMPA receptors could increase Ca* influx through
NMDA receptors, since a strong depolarization induced by AMPA
receptors expels the Mg+ block and activates NMDA receptors
[64]. This could explain our results showing that CNQX prevented
increased cytosolic Ca®* levels induced by QUIN.

A schematic representation of the molecular mechanisms
proposed to lead to QUIN-elicited cytoskeletal hyperphosphoryla-
tion in striatal astrocytes is depicted in Fig. 8.

Moreover, it is possible that QUIN-induced signaling mechan-
isms provoking aberrant IF phosphorylation could also underlie
the disrupted homeostasis of the actin cytoskeleton in the
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cultures astrocytes. This is supported by the evidence that actin
reorganization is controlled by associated proteins downstream of
signaling phosphorylation cascades. In this context, fluctuations
in intracellular Ca®* [65] as well as cAMP/PKA [66-68] have the
capacity to modulate actin cytoskeleton through inactivation of
LIM kinase, the main kinase phosphorylating/inactivating the
actin-binding protein cofilin.

Typically astrocytes respond to an injury undergoing hypertro-
phy, upregulating nestin, vimentin, and GFAP, and activating cell
proliferation [69,70]. Although QUIN failed to induce over-
expression of vimentin and GFAP within 24 h exposure, we could
presume that altogether these responses represent an initial step
in a program of reactive astrogliosis, provided that it is increas-
ingly clear that the modalities and dynamics of the astrocyte
response to damage are dependent on the degree of neurological
damage [71].

The actions of QUIN on the cytoskeleton could represent a
damage to the astrocyte, since GFAP/vimentin hyperphosphoryla-
tion inhibits filament assembly, induces disassembly [72,73] and
disrupts the cytoskeletal array with consequences on cell plasticity
and function. In line with this, QUIN is implicated in the reorga-
nization of the filament meshwork and altered cell morphology
since we observed total reversion of hyperphosphorylation, cytos-
keletal remodeling and cell plasticity after QUIN removal.

Taking into account that the rearrangement of the cytoskeleton
in response to an insult could modulate integrin signaling,
reorganizing the extracellular matrix and favoring neuronal
proliferation [74], we can presume a role for astrocytes in
determining the vulnerability of neurons to the deleterious QUIN
stimulus, however further experiments will be necessary to clarify
these findings.
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Fig. 8 - Proposed mechanism by which QUIN activates IF
phosphorylation in cultured striatum astrocytes. The effects of
QUIN are initiated by NMDA, AMPA/kainite and mGluR
activation. Ca?* influx through NMDA receptors leads to an
overload of Ca®>" within the cell, which set off a cascade of
events including activation of PKA and PKC, which
phosphorylate head domain sites on GFAP and vimentin.
mGluR1and 5 are upstream of PLC and DAG which activate
PKC. Also, mGLUR1 and 5 could further activate PKA, which, in
turn phosphorylate and activate AMPA and NMDA receptors,
contributing to the enhanced Ca®>* influx.

Conclusion

Taken together, our present findings indicate that 100 uM QUIN
elicits signaling mechanisms downstream of glutamate receptors
and Ca* levels, which activate PKA and PKC, causing hyperpho-
sphorylation of head domain sites on GFAP and vimentin of
striatal astrocytes. Otherwise, we can propose that misregulation
of the phosphorylation system associated with IF in QUIN-treated
astrocytes could be also implicated in remodeling the actin
cytoskeleton since actin reorganization is controlled by associated
proteins downstream of signaling phosphorylation cascades.
Therefore, we could hypothesize that disruption of the cytoske-
leton could be one of the mechanisms implicated in the toxicity of
QUIN in astrocytes. Astrocytes are known to be highly plastic cells
and their dynamic morphological changes could affect the inter-
cellular communication with surrounding synapses which could
be important mechanisms underlying brain lesions [75]. Consid-
ering that astrocytes are polyvalent cells that are implicated in
almost all processes that occur in the CNS, the vulnerability of
astrocyte cytoskeleton may have important implications for
understanding the effects of QUIN in the neurotoxicity linked to
neurodegenerative disorders [76]. Therefore, further studies will
be necessary to clarify the implications of the aberrant cytoske-
letal organization in the striatal astrocytes exposed to QUIN on
the vulnerability of neurons to the insult.
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Abstract

Quinolinic acid (QUIN) is an endogenous metabatitehe kynurenine pathway
involved in several neurological disorders. Amohg several mechanisms involved in
QUIN-mediated toxicity, disruption of the cytoskiele has been demonstrated in
striatally injected rats and in striatal slices.the present work we searched for the
actions of QUIN in striatal neurons in culture. Kes exposed to 10 uM QUIN
presented hyperphosphorylated neurofilament subufiNFL, NFM and NFH).
Hyperphosphorylation was abrogated in the presefgeotein kinase A (PKA) and
protein kinase C (PKC) inhibitors, H89 (20M) and staurosporina (10 nM),
respectively, as well as by the specific antagenistN-methyl-D-aspartate (NMDA)
(50 uM DL-AP5) and metabotropic glutamate recefitomGLUR1), (100 uM MPEP).
Also, intra and extracellular €aquelators (10uM BAPTA-AM and 1 mM EGTA,
respectively), and CG& influx through L-type voltage-dependent ®Cachannel (L-
VDCC) (10 uM verapamil) are implicated in QUIN-matiid effect. Cells
immunostained for the neuronal markd¥gubulin Il and MAP2 showed altered
neurite/neuron ratio and neurite outgrowtNF hyperphosphorylation and
morphological alterations were totally preventeddoynditioned medium from QUIN-
treated astrocytes. Also, co-cultured astrocytesraurons interacted with one another
reciprocally protecting themselves against QUINuipj Co-cultured cells preserved
their cytoskeletal organization and cell morpholaggether with unaltered activity of
the phosphorylating system associated with theskgeton. Altogether, we described
cytoskeletal disruption as one of the most relewntions of QUIN toxicity in striatal
neurons in culture and soluble factors secreteasirpcytes, as well as neuron-astrocyte

interaction playing a role in neuroprotection.
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Introduction

Degradation of the essential amino acid tryptoplaéong the kynurenine
pathway (KP) vyields several neuroactive intermediain astrocytes and microglial
cells. Among them, the excitotoxic N-methyl-D-agpte (NMDA) receptor agonist
quinolinic acid (QUIN) is perhaps the most impottam terms of biological activity

(Schwarcz and Pellicciari, 2002).

QUIN is normally present in low nanomolar concetitwas in human brain.
However, substantial increase in QUIN levels toromwolar concentrations are found in
cerebral insults or infection, and have been mdsarly implicated in the AIDS-
dementia complex (Stone et al.,, 2001), Huntingtatisease (McLin et al., 2006),
Alzheimer’s disease (Stone et al., 2001) and psygbidisorders (Myint, 2012). In
addition, it has been described that intracerebrgction of QUIN results in the
development of axon-sparing lesions, characterisficHuntington’s disease (HD)
(Schwarcz et al., 1983).he pattern of toxicity which results from increds@UIN
levels is considerably complex with many mechanipoigntially involved. It has been
assumed that QUIN exerts excessive excitation ofDMMreceptors, increased €a
influx, mitochondrial dysfunction, decreased ATPvdks, cytochromec release,
selective loss of GABAergic and cholinergic neuraarsd oxidative stress (Perez-De La

Cruz et al., 2012).

Human neurons do not produce QUIN but they can ifalip. Neuronal uptake
of QUIN is likely to be part of a scavenging prog@s which activated microglia and/or
infiltrating macrophages release high concentratiohQUIN (Guillemin et al., 2005,

Guillemin et al., 2007). Chronic exposure of humanrons to QUIN causes significant



structural changes including dendritic beading,raotidoular disruption and decrease in

organelles (Whetsell and Schwarcz, 1989).

Previous evidence from our group (Pierozan e8l10, 2012) and from others
(Kerr et al., 1998, Braidy et al., 2009, Rahmaralet2009) showed that disruption of
the cytoskeleton of neural cell is one of the ntangets of the action of QUIN both
vivo andin vitro. The signaling mechanisms underlying the actionsntstriatally
injected QUIN, on the cytoskeleton of neural cefipresent an early event, in which
excitotoxicity and oxidative damage are possiblyolmed (Pierozan et al., 2010). In
addition, in rat striataslices, QUIN act through activation of metabotrogiatamate
receptor (MGIuR) and Ghinflux through NMDA receptors and L-type voltage-
dependent G4 channels (L-VDCC), as well as €aelease from intracellular stores.
These findings were associated whityperphosphorylation of cytoskeletal proteins and

disruption of cytoskeletal homeostasis in resp@aa<@UIN (Pierozan et al., 2012)

Neurofilaments (NF) are members of the intermedifiament (IF) family
expressed in neurons. They consist of three subutiitided according to their
molecular mass: NF heavy chain (NFH); NF middleicH&lFM) and NF light chain
(NFL). NF proteins play an important structuralerah neurons and together with
microtubules, microtubule-associated proteins arlgdero associated proteins, they
sustain axonal and dendritic branching patterns @sd promote axonal growth or
thickening (Kesavapany et al., 2006). The IF neknajrmature astrocytes includes glial
fibrillary acidic protein (GFAP) as a major compahetogether with vimentin and
nestin. GFAP and vimentin have an important function fagnsil transduction and
structural properties of astrocytes and form thBulee cytoskeleton together with

microtubules and actin microfilaments (Thomsen.e2813).



Intermediate filament (IF) proteins are unique agtre cytoskeletal proteins, in
that phosphorylation takes a central role in thegulation. IF phosphorylation is due,
in large part, to the abundance of potential Serfffosphorylation sites targeted by
specific protein kinases and to the location ofséhsites in accessible carboxyl and
amino terminal domains (Omary et al., 2006). Mdsbgphorylation sites in NFM and
NFH are found in their lysine-serine-proline (KSRypeat regions, which can be
specifically phosphorylated by proline-directeddses. The tail domains of the NFM
and NFH contain consensus sequences of Cdk5 andnitogen activated protein
kinase (MAPK) family. The KSP sites in NFM and NFHre extensively
phosphorylated in axons but not in dendrites of loetlies, under normal conditions.
Nevertheless, all kinases and NF subunits are presleover the cell (Holmgren et al.,

2012).

IFs such as GFAP, vimentin and NFL are phosphtaglaby the second
messenger-dependent protein kinases dependent P ¢RKA), dependent on &a
and diacylglicerol (PKC) and dependent on *@amlmodulin (PKCaM).
Phosphorylation occurs in the N-terminal head donaaid prevents NFL assembly and

induces the disassembly of NFL filamentwitro (Kesavapany et al., 2006).

Although phosphorylation has a relevant physiolafgioles in the homeostasis of
the cytoskeleton, aberrantly phosphorylated cytieseproteins have been long time
considered a hallmark of brain cell dysfunctionoagsted with mitochondrial damage,
oxidative stress, excitotoxicity and neural cellatthe in several neurodegenerative
diseases (Pessoa-Pureur and Wajner, 2007) ardpomnse to hormones (Zamoner and

Pessoa-Pureur, 2011).



Even though we have previously found that the eedogs phosphorylating
system associated with IF proteins was misregulatecesponse to QUIN both in
intrastriatally injected rats and in acute slicésefozan et al., 2010, 2012), it is
important to note thain vivo or ex-vivo, the extensive cell—cell interactions between
different cell types of brain limits the study oélective cellular responses and
vulnerability to QUIN-induced insulfThus, primary astrocyte and/or neuron cultures
represent useful tools to test whether the distiaatesponse of each brain cell type to
QUIN reflects an inherent property of the cellseTdurrent study used primary cultured
and co-cultured striatal astrocytes and neurongest cell-cell interactions and
responses of these cell typesinovitro QUIN exposure and to clarify their role in the
susceptibility of the cytoskeleton to the excitotoxeffects of QUIN and the

contributions of astrocyte-neuron interactionshi@ protection against this effect.

Material andethods
Materials

Phalloidin-fluorescein isothiocynate, anti-GFAPofat GA-5), ant-11l tubulin,
anti-mouse IgG (whole molecule), anti-mouse 1gG dlehmolecule)-FITC, F(ab0)2
fragment-Cy3, anti-NFL, anti-NFM, anti-NFH, quineic acid (QUIN), peroxidase
conjugated anti-mouse IgG, benzamidine, leupeatittipain, pepstatin, chymostatin,
acrylamide, bis-acrylamide and material for celtune were obtained from Sigma (St.
Louis, MO, USA). Polyclonal anti-GFAP was from DAKQ0, 60-diamidino-2-
phenylindole (DAPI) was from Calbiochem (La Jol@A, USA). ECL detection kit

was from Millipore (Millipore, Billerica, MA, USA).Anti p-actin and anti-MAP2



antibodieswere from Cell Signaling (Boston, MA, USA)**PJorthophosphate was
purchased from CNEN, S&o Paulo, Brazil. Fetal bmvaerum (FBS), Dulbecco’s
Modified Eagle’s Medium: Nutrient Mixture F-12 (DM#EF12), Neurobasal medium,
B-27 supplement, fungizone and penicillin/streptomywere purchased from Gibco
BRL (Carlsbad, CA, USA). Apoptosis detection ki6¥6547 was obtained from BD

Pharmigen. All other chemicals were of analyticaldg.
Animals

Pregnant Wistar rats (200-250 g) were obtained foambreeding stock. Rats
were maintained on a 12-h light/12-h dark cycleairconstant temperature (22 °C)
colony room, with food and water at libitum aadimals were observed on gestational
day 22. As soon as delivery finished, mothers amaspvere sacrificed by decapitation
without anesthesia, and pups were used for as&ocytture. For neuron culture,
mothers were sacrificed on gestational day 18 lpapiéation and the embryos were
used for neuronal cultures. The experimental patdollowed the “Principles of
Laboratory Animal Care” (NHI publication 85-23, reed 1985) and was approved by
the Ethics Committee for Animal Research of thedfaldUniversity of Rio Grande do
Sul (number 18266). All efforts were made to miraenthe number of animal used and

their suffering.

Astrocyte and neuron primary culture and co-culture

Astrocyte primary cultures were prepared from ttnatsim of newborn (0-1 day
old; P0O) Wistar rats, as described previously (keoaret al., 2010). Briefly, for primary
astrocyte cultures, rats were decapitated and staatum was removed. Mechanically
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dissociated cells were plated in Dulbecco’s ModifieEagle’s medium
(DMEM/F12)/10% FBS (pH 7.4) supplemented with glsedq33 mM), glutamine (2
mM), and sodium bicarbonate (3 mM) into a 15.6 8348 mm diameter well (6 and
24-well plate) (Corning Inc., New York, New York)previously coated with
polyornithine (1.5 mg/mL, Sigma, St. Louis, MO).éRe cells were grown in a humid
incubator (37°C, 5% C£), with the media replaced every 3 days. After castres
reached semi-confluencé5 days in vitro-DIV), the culture medium was removed by
suction and the cells were incubated until 24 B78C in an atmosphere of 5% ¢
DMEM/F12 without FBS in the absence (controls) sesence of different QUIN
concentrations (10-100pMjuring 24 h Morphological studies were performed using

cells fixed for immunocytochemistry.

Primary neuronal cell cultures were prepared froéhday embryonic (E18)
Wistar rats striatum, as previously described (MoNeto et al., 1983). Briefly, single-
cell suspensions were obtained by dissociating oélstriatum in DMEM/F12 medium
supplemented with 33 mM glucose, 2 mM glutaminel armM sodium bicarbonate.
Approximately 5 x 16 neuronal cells were plated on polyornitine-treatederslips
placed on a 24-well plate, or 1.5 x®1%euronal cells for 6-well plate. The neuronal
cultures were kept in Neurobasal medium supplendentth 2 mM glutamine and B27
for up to 24 h. After this time, the culture mediwas removed by suction and the cells
were incubated for 7 days in a humid incubator°@y75% CQ). After this time,when
culture has 7-8 DIV the culture medium was removed and the cells werebated
until 24 h in Neurobasal medium in the absence tots) or presence of different
QUIN concentrations (10-100 uMJ).he controls were treated with the same QUIN

vehicle (but without the drugMorphological studies were performed using caked



for immunocytochemistry. In the co-culture assastsiatal neurons were plated onto

nontreated astrocyte monolayers.

Co-cultures were kept for 7 days at 37°C in a hufireidl 5% CQ air atmosphere.
After this time, co-cultures were treated with QUi 24 h. In experiments designed
to evaluate the role of the conditioned mediumstfacytes on neuron survival, neurite
outgrowth and NFs phosphorylation, the astrocytesevpretreated with QUIN for 24h
in serum-free DMEM/F12 medium, and after 24 h thedmm was collected. The
neuronal cultures were kept in Neurobasal mediupplemented with glutamine (2

mM) for 7 days followed by treatment with the asyi@ conditioned medium for 24 h.
Apoptotic detection assay

Apoptotic detection assay was carried out by serfebeling with the Ca
dependent phosphatydylserine-binding protein am¥XxiAfter incubation with QUIN
(10-500 puM) for 24 h, cells were recovered from thture plates by 0.25% trypsin-
EDTA treatment, centrifuged (1000 x g, 5 min) anashed once with PBS. Cells were
labeled by incubation with Annexin V-FITC and prdipim iodide (PI) in a binding
buffer (Apoptosis detection Kit | # 556547, BD Pimamgen) for 15 min at room
temperature in the dark, according to the manufactiinstruction. Stained cells were
acquired (10,000 for gated astrocytes) on a FAC®@dlow cytometer. Analysis was

performed using FlowJo Software.
In vitro phosphorylation

Neurons in culture were incubated for 24 h in thespnce or absence of QUIN,
then the medium was changed and incubation fowascarried out at 30°C with 1000
puL of a medium containing (in mM): 124 NaCl; 4 K@l2 MgSQ, 25 Na-HEPES (pH
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7.4); 12 glucose; 1 Cagand the following protease inhibitors: 1 mM bendine, 0.1
UM leupeptin, 0.7 uM antipain, 0.7 uM pepstatiry, @AM chymostatin, and 10 uCi of
[*?P] sodium orthophosphate with or without additidrQJIN (1, 10, 25 and 100 pM).
In the experiments designed to study signaling meisims, cells were pre-incubated
for 30 min in the presence or absence of 50 uM M5And CNQX (Loureiro et al.,
2010), 100 uM 4C3HPG (Copani et al., 1998), 10 uMB® (Takagi et al., 2012), 10
UM verapamil (Tang et al., 2008), 10 uM BAPTA-AMuan et al., 2013), 1 mM
EGTA (Kurusu et al., 2008), 20 uM H89 (Masmoudakt 2005), 10 nM Staurosporine
(Chong and Lee, 1999), 10 uM KN93 (Kao et al., 3008 um SP600125 (Dong et al.,
2009), 10 uM PD98056, 3 uM p38 inhibitor (Cha et 2000) and 10 uM roscovitine
(Maldonado et al., 2011). The labeling reaction wasnally allowed to proceed for 1h
at 30°C and stopped with 1 mL of cold stop bufies mM NaF, 5 mM EDTA, 5 mM
EGTA, Tris—HCI, 50 mM, pH 6.5, and the proteasehitbrs described above). Cells
were then washed twice by decantation with stofiebub remove excess radioactivity.
After, preparations of IF-enriched high-salt Triimsoluble cytoskeletal fraction were
obtained from striatal primary neurons, as desdribg Funchal et al. (Funchal et al.,
2003). Briefly, cells were homogenized in 200 pLcaf-cold high salt buffer containing
5 mM KH,PO, (pH 7.1), 600 mM KCI, 10 mM MgG] 2 mM EGTA, 1% Triton X-100,
and the protease inhibitors described above. Th&obenate was centrifuged at 15,800
x g for 10 min at 4°C in an Eppendorf centrifugel dhe supernatant was discarded.
The Triton-insoluble IF-enriched pellet, containiddfF-L, NF-M and NF-H, was
dissolved in 1% SDS and protein concentration weterchined by the method of

Lowry et al (Lowry et al., 1951).
Polyacrylamide gel electrophoresis (SDS-PAGE)
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The cytoskeletal fraction from striatal neurons waspared as described above.
Equal protein concentrations were loaded onto 7pd¥%acrylamide gels and analyzed
by SDS-PAGE according to the discontinuous systérhaemmli (Laemmli, 1970).
After drying, the gels were exposed to X-ray filfps-Omat XK1) at -70°C with
intensifying screens and finally the autoradiographs obtained. Proteins were
quantified by scanning the films with a Hewlett-Raxel Scanjet 6100C scanner and
determining optical densities with an Optiquant si@n 02.00 software (Packard

Instrument Company). Density values were obtainedhe studied proteins.

Western blot analysis

After treatment, neurons were disrupted by lysitutsmn containing 2 mM
EDTA, 50 mM Tris—HCI, pH 6.8, 4% SDS. For electropétic analysis, samples were
dissolved in 25% (v/v) of a solution containing 4@fgcerol, 5% mercaptoethanol, 50
mM Tris—HCI, pH 6.8, and boiled for 3 min. Totabpein homogenate was analyzed by
10% SDS-PAGE (3Qug of total protein/lane) and transferred (Trans-l8@ semidry
transfer cell, BioRad) to nitrocellulose membrafa@sl h at 15 V in transfer buffer (48
mM Trizma, 39 mM glycine, 20% methanol, and 0.25%S$% The blot was then
washed for 20 min in TBS (500 mM NacCl, 20 mM Triznpdd 7.5), followed by 2 h
incubation in blocking solution (TBS plus 5% dedalttdry milk). After incubation, the
blot was washed twice for 5 min with blocking s@uatplus 0.05% Tween-20 (T-TBS)
and then incubated overnight at 4°C in blockingusoh containing one of the
following monoclonal antibodies: anti-NFL, anti-NFind anti-NFH diluted 1:500,
antif-actin diluted 1:500. The blot was then washed éwiar 5 min with T-TBS and
incubated for 2 h in a solution containing perosel@onjugated rabbit anti-mouse IgG

diluted 1:2000 or peroxidase-conjugated anti-rabdf@ diluted 1:2000. The blot was

12



washed again twice with T-TBS for 5 min and twicghwi BS for 5 min. The blot was

developed using a chemiluminescence ECL Kkit.
Immunocytochemistry

Immunocytochemistry was performed as describediguely (Loureiro et al.,
2010). Briefly, cultured cells plated on glass aslips were fixed with 4%
paraformaldehyde for 30 min and permeabilized Witt?o Triton X-100 in phosphate-
buffered saline (PBS) for 5 min at room temperat#ger blocking, neurons were
incubated overnight with antibody aftHl tubulin (1:200) and anti-MAP2 protein
(1:200), and co-cultures were incubated with @rii- tubulin (1:200) and anti-GFAP
(1:500) at room temperature, followed by PBS washed incubation with specific
secondary antibody conjugated with Cy3 (sheeprabtit; 1:1000) or with fluorescein
isothiocynate (FITC) (sheep anti-mouse; 1:400)1for In all immunostaining-negative
controls, reactions were performed by omitting phienary antibody. No reactivity was
observed when the primary antibody was excludeéd. fittleus was stained with DAPI
(0.25 pg/mL). Cells were viewed with a Nikon inwstt microscope and images

transferred to a computer with a digital cameraufbVision Inc, USA).
Morphometric analysis

Neurons stained with anHIl tubulin and anti-MAP2 antibodies were captured
by a system coupled to a Nikon inverted fluoresamitroscope (Nikon Eclipse T
E300).The neurites/neuron ration and neurite length vamayzed by using the Image
J Software as previously described (Baranes et2@lL2). Figure ?a demonstrates a
schematic neuron and the morphometric parametersmeasure: the number of

originating neurites from the soma and the nedategth. The number of processes
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originating from the soma are measured manually alhdheurites emerged from
neuronal soma were considered. To measure the ga@exdength we use an ImagelJ
plugin (US National Institutes of Health, Bethes##), USA) which enables semi
automatic tracing of neurites and lengths measunesné&leurite length was analyzed
either considering only the major process per nesrét least, four independent
experiments were performed in triplicate, encomipgsten fields randomly chosen in
each groupThe data were stored and morphometric analyses eeered out using the

GraphPad Prism 5.

Astrocytes stained for actin cytoskeleton and rugleere measured using the
labeling for phalloidin-fluorescein and DAPI respeely. Figure ?b demonstrates a
schematic astrocyte and the morphometric parametmeasure: the cytoplasmic and
nucleus area and the cytoplasmic/nucleus ratio shteaents of cytoplasm and nucleus
were obtained using the Image J Software (NIH, 8gdla, MD) and cytoplasm/nucleus
ratio of the cells was used as a criterion of molpgic alteration. To measure the
cytoplasmic and nucleus area we use an ImageJnplds National Institutes of
Health, Bethesda, MD, USA) which enables semi aatamtracing of the area of
interest. At least, four independent experimentsrew@erformed in triplicate,
encompassing ten fields randomly chosen in eachpgibhe data were stored and

morphometric analyses were carried out using tlapldad Prism 5.

Statistical analysis

Data from the experiments were analyzed stati$fiday one-way analysis of
variance (ANOVA) followed by the Tukey test where th-test was significant. Values
of p < 0.05 were considered to be significant. Alhlgses were carried out in an IBM

compatible PC using the Statistical Package foigb&ciences (SPSS) software.
14



Results

Initially we searched for the effect of QUIN on thbility of 7-8 DIV striatal
neurons in primary culture. Cells were incubatethwi to 500 uM QUIN for 24 h and
tested for apoptosis and necrosis using AnnexinlNGFand propidium iodide (P1)
assay. We have found significant apoptotic andateccell death in neurons treated
with 500 uM QUIN, however survival of cells treatedth 10-100 uM QUIN was
similar to control ones (Figure 1). On the basishafse results, we tested the effect of
10, 25 and 100 pM QUIN on the endogenous phospdiiomgl system associated to the
cytoskeleton of the primary neurorsring 24 h of treatmer{Figure 2). We have found
increased®P-orthophosphate incorporation into NFL, NFM andH\Without altered
protein levels in all the QUIN concentrations sadli(Figure 2A, B, C and D).
Therefore, we have chosen to use 10 uM QUINNg 24 f)to search for the molecular

mechanisms underlying the actions of QUIN on the&rmeal cytoskeleton.

The contribution of different protein kinases knotentarget the NF proteins in
striatal slices incubated with QUIN (Pierozan et @012)was investigated and is
shown in Figure 3. Interestingly, 10 uM QUIN-indddayperphosphorylation of NFs in
cultured neurons was unaffected in the presené&dN&B (10 pM), inhibitor of protein
kinase dependent of E&almodulin (PKCaMIl). However, H89 (10M), inhibitor of
cAMP-dependent protein kinase (PKA), partially peted NFL and NFM
hyperphosphorylation without affectintfP-orthophosphate incorporation into NFH.
Moreover, staurosporine (10 nM), a protein kinas@&C) inhibitor, totally prevented
NFM and NFH, but only partially prevented NFL hypleosphorylation (Figure 3A).

On the other hand, the MAPK inhibitors, namely SPBIb (10uM) for IJNK; PD
15



98056 (10uM) for Erk1/2; p38 inhibitor (3QuM) for p38MAPK, and roscovitine (10
uM) for Cdk5, totally prevented NFL, NFM and NFH hgrphosphorylation (Figure
3B). Altogether, these findings suggest a roleR&A, PKC, MAPK and Cdk5 in the
QUIN action on the homeostasis of the phosphondasiystem targeting the neuronal

cytoskeleton in culture.

Since QUIN is considered a glutamate agonist (Std®93, Schwarcz and
Pellicciari, 2002), we assayed the participatiorgloftamate receptors in the action of
QUIN on the phosphorylating system associated tighNFs of striatal neurons. Cells
were co-incubated with 10 puM QUIN and 50 uM DL-ARSb,competitive NMDA
ionotropic antagonist or 50 uM CNQX, a non-NMDA atropic antagonist. As shown
in Figure 4A, hyperphosphorylation of NF subunisswotally prevented by the NMDA
antagonist, while CNQX failed to prevent this effdn addition, we tested (100 uM) 4-
C3-HPG and (10 uM) MPEP, specific metabotropic ajhate receptor type 1
(mGIuR1) and mGIuR5 antagonists, respectively. Resshowed that mGIluR1
inhibition totally prevented QUIN-induced hyperpbbsrylation of NFL, NFM and
NFH. Conversely, mGIuR5 inhibition was unable tgair hyperphosphorylation of the
NF subunits. These findings suggest the parti@patf NMDA and mGIuR1 in the
action of QUIN on the hyperphosphorylation of NBgnits in cultured neurons treated

with 10 uM QUIN.

Taking into account the relevance of *Cain maintaining cytoskeletal
homeostasis, particularly in what concerns to tfteskeletal phosphorylation system in
striatal slices exposed to QUIN (Pierozan et @12}, we examined the involvement of
Ccd" in the QUIN-mediated hyperphosphorylation of Nbwuits in cultured striatal

neurons. The role of G4influx through voltage-dependent €@hannels (VDCC), was
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tested using the specific L-VDCC blocker nifedipi(l® pM) (Figure 4B). Results
showed that NFM and NFH hyperphosphorylation wdallio prevented, while NFL
hyperphosphorylation was partially prevented in phesence of the L-VDCC blocker.
To investigate the role of intra and extracellu@a levels in this process we
performed experiments using EGTA (1 mM), an exitaze C&* chelator and
BAPTA-AM (10 pM) the membrane-permeable form of BA® an intracellular C&
chelator (Tymianski et al., 1994). We found thatlgtion of extracellular G4 partially
prevented NF hyperphosphorylation, while intradefC&* buffering totally prevented

this effect of QUIN (Figure 4B).

Since outgrowth of neuronal processes is dependendynamic changes in
cytoskeleton properties (da Silva and Dotti, 20@&nt and Gertler, 2003), we
evaluated the consequences of NF hyperphosphanylath some morphological
parameters of neurites from QUIN-treated neuronsr FEhis, we carried out
immunocytochemical analysis using FITC-labeled-g#ti tubulin and Cy3-labelled
anti-MAP2 antibodies, in the presence of the sammacentrations of QUIN able to
provoke hyperphosphorylation. Results showed tbatrol neurons presented complex
neurite meshworks containing long processes (FigiAg however, neurons treated
with 10 uM QUIN presented a slightly but not sigraintly reduced neurite/neuron
ratio. However, in the presence of 25 and 100 puMNRkkurite outgrowth progressed
to a significantly reduced neurite/neuron ratiog(ffe 5A and B). In addition, neurite
lengths were decreased in all QUIN concentrati@sset! (Figure 5A and C). These
findings suggest the compromised cytoskeletal fiaonk of neurites in the presence of

QUIN.
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Next, we searched for the role of the conditionestiinm secreted by astrocytes
on the response of neurons to QUIN. Thereforepmesexperiments, the conditioned
medium of astrocyte monolayers treated with 10a88 100uM QUIN or of control
cells was added on primary cultured neurons fonh.ZBhereafter, plates were fixed and
immunostained for the neuronal markdrgubulin 1l and MAP2. Results showed
unaltered cytoskeletal parameters evaluated ast&@auron ration (Figure 6A and C)
and number of neurites/neuron (Figure 6A and B) mamad with neurons exposed to
control conditioned medium (Figure 6A). Moreovdre tNF subunits in neurons that
received the conditioned medium from QUIN-treatestracytes failed to present
hyperphosphorylation (Figure 7). Taken togetheeséhfindings claim to the presence
of protective factors secreted by stimulated agtescand protecting neurons against

the QUIN-induced cell death and disruption of thoskeleton.

In order to evaluate the role of astrocyte/neurdgaraction on QUIN effects, after
primary astrocyte became confluent, neurons wexeglonto astrocytic monolayer, co-
culture was proceed and QUIN was added 7 daysaadtds. Co-cultures proceeded for
24 hours and some plates were assayed for IF pbodation and others were fixed,
immunostained for the astrocyte marker GFAP anderneuronal markes-tubulin
[ll. Co-staining with the astrocyte and neuron nesirkhowed that in QUIN treated co-
cultures GFAP presented a typical IF array extemdinross the cytoplasm and this
distribution was not altered compared with astresytrom control co-cultures. It is
important to note that we have previously descrited primary astrocytes treated with
QUIN presented cytoskeletal disruption and hypesphorylated IF proteins
(unpublished results), evidencing the susceptybdit astrocyte cytoskeleton to QUIN.

The morphometric analysis showed that the neuatebn ratio (Figure 8A and C) and

18



the neurite length (Figure 8A and B) were not altem QUIN treated co-cultures,
compared with control ones. Also, the cytoplasmigaa(Figure 8A and D) and the
cytoplasmic/nuclear area ratio (Figure 8 A and E)strocytes were not altered in
QUIN treated co-cultures. These findings suppore@procal protective role on the
cytoskeleton, associated with the interaction betwastrocytes and neurons. In line
with this, the phosphorylation level of IF proteims both cell types was similar to

control ones (Figure 9).

Discussion

In the present report we describe that QUIN isddaistriatal neurons in culture,
inducing apoptotic death only in high concentratioin agreement with previous
evidence (Kim and Choi, 1987, Tavares et al.,, 20Q@mar, 2008). In smaller
concentrations QUIN disrupted the homeostasis of itytoskeleton through
hyperphosphorylation of NF subunits and altered phometric parameters, such as
neurite/neuron ratio and neurite length withoutuicidg death. We also found a
protective role of astrocyte-conditioned mediumtloa disrupted neuronal cytoskeleton
and morphometric alterations, suggesting that QuikiNtced trophic factors secreted by
astrocytes are able to modulate signaling mechanidargeting the neuronal
cytoskeleton. More interestingly, co-cultured asytes and neurortgghtly and actively
interacted with one another reciprocally protectimgmselves against QUIN injury. Co-
cultured astrocytes and neurons preserved thewmskgtetal organization and cell
morphology together with unaltered activity of thieosphorylating system associated
with the cytoskeleton. Such a mutual protectionfoeces the concept of collaboration

between neuron and astrocyte ability in processiggaling mechanisms. We also
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evidenced that the neuronal cytoskeleton is morsceqtible than astrocytic
cytoskeleton to QUIN injury, since we found that-feld more concentrated QUIN is
necessary to disrupt the cytoskeleton from astescy100 pM) (unpublished results)

than from neurons (10 puM).

Neurofilaments present in the axonal cytoskeletenextensively phosphorylated
and their phosphorylation level is pivotal for thproperties and functions. Aberrantly
phosphorylated NF subunits often result from a egslated kinase or phosphatase
activity, which could link stress-induced NF phospfiation to disease (Shea and
Chan, 2008, Holmgren et al., 2012). We have fourad the NF subunits NFL, NFM
and NFH of striatal neurons in culture are abelygoitosphorylated in response to 10
MM QUIN exposure. PKA and PKC, as well as MAPKs aatk5 appeared as the main
protein kinases phosphorylating head and tail domsites of these proteins,
respectively. The major sites of phosphorylationN#fL. and NFM subunits are known
to be Ser-55 for PKA and Ser-23 for PKA and PKhégi and Nixon, 1991, Sihag et
al., 1999, Pierozan et al., 2012). It has been deimated that phosphorylation of NFL
subunit by PKA or PKC prevents their associatiod disassociates filaments formed
from NFL (Hisanaga et al., 1990) interfering, tHere, with the axonal framework. In
addition, we found that QUIN stimulus has alsowattd the MAPKs Erk 1/2, JNK and
p38MAPK as well as Cdk5. These protein kinasesaareng the main kinases found to
phosphorylate the Lysine-Serine-Proline (KSP) repéa the C-terminal domain of
NFM and NFH in response to stress (Giasson and Whsgih 1997, Ackerley et al.,
2004, Shea et al., 2004, Rudrabhatla et al., 2008)yding QUIN actions in striatal
slices (Pierozan et al., 2012). Although activatmf MAPKs and Cdk5 causes an

increase in NFH phosphorylation and neurite outginoSharma et al., 2002),
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aberrantly phosphorylated NFH gives rise to disaupof the cytoskeleton related with
neurodegeneration (Zhou et al., 2010). In suppbrthis, several lines of evidence
suggest that aberrant phosphorylation of C-termsii@s of NFs by proline-directed
kinases affects their transport along axons (Pemat Eyer, 2009) by interfering with
their binding to the fast motor proteins kinesindadynein (Uchida et al., 2009,

Holmgren et al., 2012).

The morphological alterations we have found in Quiéated neurons, appear
to arise due to QUIN-induced misregulation of slgrgp mechanisms related with
disruption of NF homeostasis. However, we cannotugle some kind of impairment in
neurite sprouting, which in turn drive the formatiof actin-based protrusions and
neurite outgrowth (Gallo, 2011). In agreement wihis hypothesis, Lopez-Picon and
co-workers (Lopez-Picon et al., 2004), found hypegphorylated NFs implicated in
maintaining normal microfilament organization andssy fiber sprouting in a model of
kainic acid-induced status epilepticus. Moreoversruption of the cytoskeletal
homeostasis of QUIN-treated neurons could represgreast in part, an excitotoxic
dendritic injury (Greenwood and Connolly, 2007))c& dendrites have been proposed
to be the initial sites of excitotoxic injury (Biokas and Miller, 1995), resulting in
either rapid necrosis or delayed apoptosis of thean depending of the severity of the

insult (Bonfoco et al., 1995).

Interestingly, we have found that inhibition of MKB and Cdk5 with specific
inhibitors, totally or partially impaired th&P-ortophosphate incorporation into N-
terminal located sites of NFL, directly targeted BiKA and PKC. Conversely PKC
inhibition totally impaired NFM and NFH phosphortitan in sites targeted by MAPKs

and Cdk5. While the exact signaling mechanisms latigg NF phosphorylation in
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QUIN-treated neurons remains elusive, these firglisgggest the complexity of the

signaling pathways implicated in these actions.

Even though QUIN is classically considered a NMDgbouist, its action on the
cytoskeletal proteins of neural ceitsvivo andex-vivo (Pierozan et al., 2010, 2012) as
well as our present findings cannot be fully expdai by activation of NMDA
receptors. In fact, cytoskeletal disruption in Qtthsated primary neurons can be
related to increased €anflux through L-VDCC in addition to NMDA, and tmGluR1
activation. In this context, enhanced?Canflux through NMDA and L-VDCC in
striatal neurons in culture support the role off‘@aediated neurotoxicity in the
aberrant phosphorylation of NFs associated with DEXposure and is consistent with
previous results in striatal slices (Pierozan gt2012). Also, VDCCs can be regulated
by a G protein-mediated pathway (Hille, 1994) or goptein kinases such as PKA,
PKC, and PKCaMIl (Catterall, 1997). These proteinakes, together with casein
kinase 1 (CK1) are able to phosphorylate and aetizs* channels (Catterall, 1997).
Therefore, it is probable that in cultured neurdP$A, PKC and Cdk5 reinforces €a
mediated excitotoxicity in response to QUIN, cdmiting to disruption of the

cytoskeletonthereby causing more damage to neurons.

Taking into account our previous findings in stalaslices (Pierozan et al.,
2012), we could propose that in QUIN-treated nesiranGluR1 is upstream of
phospholipase C (PLC) which, in turn, produced ylglgcerol (DAG) and inositol
3,4,5 triphosphate (IP3). DAG is important to aates PKC and phosphorylate NFL,
while IP3 contributed to CG& release from internal stores promoting

hyperphosphorylation of KSP repeats on the tail @onmof NFM and NFH. These
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mechanisms then set off interacting cascades afteveulminating with aberrantly

phosphorylated NFs and disrupted axonal cytoskeleto

It is important to note that in our present data thisregulated signaling
mechanisms modulating kinase activities and mogahoél alterations in neurons were
prevented in the presence of astrocyte-conditiomedlium or astrocyte-neuron co-
culture. This is in line with current evidence icaling that astrocytes influence
neuronal development and the activity of neuronseaeral levels through direct cell-
to-cell contacts and via a variety of soluble fast@Schmalenbach and Muller, 1993,
Nakayama et al., 2003, Nedergaard et al., 2003egék et al., 2003, Kornyei et al.,
2005). Otherwise, neurons are able to facilitatal gommunication and contribute to
neuroglial interaction, which play a role in neuratection (Rouach et al., 2002). Thus
it is feasible that in our experimental conditiosisiatal astrocytes secrete factors which
promote neurite formation and extension and prowadeellular microenvironment
where astrocyte/neuron interactions reciprocallptgnt themselves against QUIN
insult, so that the homeostasis of the cytoskele&tnd morphological features are

preserved.

In addition, a number of studies have contribudiémonstrate that neurons
and astrocytes tightly and actively interact anttoagtic gap junctions represent a
target for the interactions occurring between nesirand astrocytes (Rouach et al.,
2002). In fact, astrocytes may play a complex faleneuronal survival by exerting
either a neuroprotective or a neurotoxic influelfpattson et al., 1997). Otherwise,
neurons release bioactive molecules, including ateamsmitters, peptides and lipids,
which activate astrocytic receptors and modifydbgvity and/or the expression of gap

junction channels (Giaume and McCarthy, 1996, Roustcal., 2002). An important
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consequence of the upregulation of astrocytic geyetfons by neurons is the increase
in the propagation of intercellular €avaves (Rouach et al., 200®)deed, astrocytes
respond to neuronal activity by an elevation in {@awhich triggers the release of
gliotransmitters and in turn contributes to theutagjon of synaptic activity (Araque et
al., 1999, Rouach et al., 2000). The magnitudéne$e¢ neuroglial interactions regulates
several aspects of cell function, including exthata and intracellular homeostasis,
trafficking and supply of energy metabolites, potiten of neurons against oxidative

stress, and propagation of death signals (BruzaadeGiaume, 1999).
Conclusion

In summary, this study provides consistent evidethe¢ the cytoskeletal is a
critical target of the actions of QUIN in isolatsttiatal neurons and highlights the role
for secreted factors and for reciprocal interactidoetween astrocytes and neurons
protecting themselves against the insult. It haanljgroposed that an imbalance in the
kinurenine pathway leading to QUIN accumulation Imigoe involved in the
pathogenesis of neurodegenerative diseases, sudhordmgton’s disease (Sanchez et
al., 2008). Therefore, the relationship betweer Q4 IN levels and neurotoxicity is an
intense subject of study. However, further investtan is required in order to elucidate
the molecular mechanisms by which neurons undeygardic cytoskeletal alterations
and their roles in neurite morphology in responseQUIN insult. In addition, the
pathways of astrocyte/neuron interactions and tteé@ in neuroprotection will be of

great interest in the in understanding the actadr@UIN on neural cells.
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Figure 1. Effect of QUIN on neuron viability. Striatal neun® of rats were cultured for
7 days in Neurobasal medium. Apoptotic and necragitection was carried out with
Annexin V-FITC and propidium iodide (Piassayin the presence or absence of 10, 25,
50, 100 and 50QuM QUIN for 24 h. Cells labeled with FITC-labeled reaxin V
(Anexin'Pi) detects early apoptotic cells, with propidiumided (AnnexirPi*) detects
necrosis, with annexin plus Pi (AnneXt’) detects cells that underwent apoptosis
followed by necrosis and cells without labeled (ArmPi) to life cells.Data are
reported as means = S.D. of four independent exysts performed in triplicate.
Results were statistically analyzed by one way AMOMIlowed by Tukey-Kramer
multiple analysis are indicatedp<0.001 compared with Annexi of control;
®p<0.001 compared with AnexiRi of control;p<0.05 compared with AnnexRi* of

control and’p<0.001 compared with AnneXigi* of control.

Figure 2. (A) Effect of QUIN on the phosphorylation of NFNFM and NFH subunits
in the cytoskeletal fraction from primary neuronsulture. Data are reported as meant
S.D. of four different experiments and expressegpeasent of controls. Statistically
significant differences from controls, as determibgdone-way ANOVA followed by
Tukey—Kramer multiple comparison test are indicat&dp< 0.001 and *p<0.05
compared with control. B) Coomassie blue stainedeocubar weight standards,
representative stained gel of a control and treasaimples, corresponding
autoradiograph, and Western blot for NFL, NFM anBHN Equal amounts of the
cytoskeletal fraction (5Qg) from control (C) and treated (T) samples wereiru7.5%
polyacrylamide gel electrophoresis. MW: moleculagigit standard proteins; WB:
Western blot. C) Western blot analysis of NFL, Nlelid NFH protein content in cell

homogenate. All lanes received equivalent amousisp(g) of total protein from cell
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extract. Immunoblotting was carried out with mommal anti-NFL, anti-NFM and anti-
NFH antibodies. The blots were developed using @h Kt. Anti-p-actin was used as
an internal control since its level is not affectby the experimental treatments.
Representative immunological reactions are sholowbéData are reported as means +
S.D. of four different experiments. Results weratistically analyzed by one-way

ANOVA followed by Tukey-kramer test. D) Represeitatimmunoblots.

Figure 3. Involvement of protein kinases on QUIN-inducedhifperphosphorylation.
(A) Participation of second messenger dependerieipr&inases PKA, PKCaMIl and
PKC was tested by using the specific inhibitorquR0H89, 10uM KN93 and 10 nM
staurosporina, respectively. (B) Participation dEKIERK, JNK, p38MAPK and Cdk5
was tested using the specific inhibitors @@ PD9859, 10uM SP600125, 3iM p38
MAPK inhibitor and 10uM roscovitine, respectively. Data are reported aams = S.D.
of four different experiments and expressed as %auitrol. Statistically significant
differences from controls, as determined by one-W&OVA followed by Tukey—
Kramer multiple comparison test are indicated: ®€p001and *p<0.05 compared with

control group; ###p<0.001 and #p<0.05 compared @ItKhN group.

Figure 4. (A) Involvement of glutamate receptors on QUINdodd IF
hyperphosphorylation in primary neurons in culturgarticipation of NMDA and non-
NMDA receptors, mRGIlul and mRGIu5 was tested uiiegblockers 50 uM DL-APS5,
CNQX, 100 uM MPEP and 10 uM 4C3HPG, respectivelgtalare reported as means
+ S.D. of four different experiments and expresasdercent of control. Statistically
significant differences as determined by one-wayOAM followed by Tukey-kramer
multiple comparision test are indicated: ***p<0.0Gbmpared with control and

###p<0.001 compared with QUIN group. B) Involvemehintra and extracellular €&
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on QUIN-induced IFin vitro phosphorylation. Cultures were preincubated with
BAPTA-AM, EGTA and verapamil to test the involvemesf intra and extracellular
Cd"*, and L-VDCC. Data are reported as means * S.fwfdifferent experiments and
expressed as percent of control. Statistically iBagnt differences as determined by
one-way ANOVA followed by Tukey-Kramer multiple cgarision test are indicated:

***p<0.001 and *p<0.05 compared with control and##0.001 compared with QUIN

group.

Figure 5. Effect of QUIN on neuronal cytoskeleton. Neuronells were cultured in
Neurobasal medium supplemented with glutamine fatays. After, the cells were
treated with 10, 25 and 100 uM QUIN for additiorzd h. The neurite length and
neurite/neuron ratio were analyzed by using thegknd Software. A) Representative
images of QUIN treated cells immunostained with-8ril tubulin (green), anti-MAP2
(red) and DAPI (blue) showing that treatments atlter neurites/neuron ratio (B) and
the neurite lengths (C). Scale bar=50um. Four iaddpnt experiments were performed
in triplicate, encompassing ten fields randomly s in each group. The data were
stored and morphometric analysis were carried sutguthe GraphPad Prism. Data
were statistically analyzed by one-way ANOVA. S$tatially significant differences
from controls are indicated: ***p<0.001; **p<0.0ha *p< 0.05. (For interpretation of
the references to color in this figure legend, deder is referred to the web version of

this article.)

Figure 6. Effect of conditioned medium of control and QUINdted astrocytes on
neuronal cytoskeleton. Neuronal cells were cultured Neurobasal medium
supplemented with glutamine for 7 days. After, £ellere treated with conditioned

medium of control or 10, 25 and 100 uM QUIN-treatestrocytes for 24 h. (A)
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Representative images of cells immunostained witti-falll tubulin (green), anti-
MAP2 (red) and DAPI (blue) showing that conditiomaddium preventethe effects of
QUIN. Scale bar= 30 pm. Analysis of neurite len@®) and neurites/neuron (C) of
neurons treated with conditioned medium. The lengththe neurites of each cell
immunostained fof-lll tubulin and MAP2 was analyzed using the Imag8&oftware.
Four independent experiments were performed, enassipy 10 fields randomly
chosen on each group. Data were statistically aedlyoy one-way ANOVA followed

by Tukey-kramer test.

Figure 7. Effect of conditioned medium of control and QUIli¢ated astrocytes on the
phosphorylation of NFL, NFM and NFH subunits in tbgtoskeletal fraction from
primary neurons in culture. Neuronal cells weretweld in Neurobasal medium
supplemented with glutamine for 7 days. After, sellere treated with conditioned
medium of control or 10, 25 and 100 uM QUIN-treatedrocytes for 24 h. Data are
reported as mean + S.D. of four different experiteesnd expressed as percent of
controls. Statistically significant differences frarantrols, as determined by one-way
ANOVA followed by Tukey—Kramer multiple comparisaiest. B) Representative
Coomassie blue stained 7.5% SDS-PAGE of the cykesék fraction of (50ug)
control (C) and (10, 25 and 100 uM) QUIN-treatedumoes with corresponding
autoradiograph. MW = molecular weight standards; WB/estern blot standards for

NF-L, NF-M and NF-H.

Figure 8. Effect of QUIN treatments on the neurite lengthd ameurite/neuron of
neuron/astrocyte  co-cultures. After astrocytes heacsemi-confluence in
DMEM/F12/10% FBS, neurons were plated onto asteaybnolayers and cultured for

7 days. After, the cells were treated with 10, 88 2400 uM QUIN for additional 24 h.
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(A) Representative images of QUIN treated cells imostained with anfi-IIl tubulin
(green), anti-GFAP (red) and DAPI (blue), showihgtttreatment did not alter neurite
extension(B), neurite/neuron (C), cytoplasmic afea and cytoplasmic/nucleus ratio
(D) of astrocytes. Scale bar= 50um. Analysis of riteulength of neurons
immunostained foB-Ill tubulin, and cytoplasmic area and cytoplasmi@leus ratio of
astrocytes immunostained for GFAP was carried sutguthe Image J Software. Four
independent experiments were performed in tripticahcompassing 10 fields randomly

chosen on each group. Data were statistically aedlypy one-way ANOVA.

Figure 9. Effect of QUIN exposure on the phosphorylationeleof IF proteins in the
cytoskeletal fraction from neuron/astrocyte co+auds. After astrocytes reach semi-
confluence in DMEM/F12/10% FBS, neurons were platatb astrocyte monolayers
and cultured for 7 days. After, the cells weretedavith 10, 25 and 100 uM QUIN for
additional 24 h. Data are reported as meanz S.Oowf different experiments and
expressed as percent of controls. StatisticallpiBggint differences from controls, as
determined by one-way ANOVA followed by Tukey—Krammaultiple comparison test.
B) Coomassie blue stained molecular weight starsjaspresentative stained gel of a
control and treated samples, corresponding autogeaph, and western blot for VIM,
GFAP, NFL, NFM and NFH. Equal amounts of the cytstal fraction (5Qug) from
control (C) and treated (T) samples were run in%/.polyacrylamide gel

electrophoresis. MW: molecular weight standardginsg; WB: Western blotting.
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1. DISCUSSAO

O foco deste trabalho foi acompanhar a evolucdoddo®s celulares causados
pelo QUIN durante as primeiras semanas ap0s otinsutitotoxico. Atencao especial
foi dada aos mecanismos moleculares direcionad@sgeitoesqueleto neural de ratos
jovens e a relacdo entre o rompimento da homeodtasgoesqueleto e o dano celular
excitotéxico causado pelo QUIN. Para isto, utilipanB desenhos experimentais: o
primeiro (desenho experimental 1) foi uma abordagemivo, a qual consistiu numa
injecdo intraestriatal do metabdlito em ratos dedds de idade mimetizando um
modelo animal para a DHJ. Nesta abordagem inwemstlg a evolucdo das acdes deste
metabolito sobre o citoesqueleto e sobre alterag@eportamentais e histopatoldgicas
durante trés semanas apos a injecao, relacionasds achados com os danos celulares
e alteracdes comportamentais de humanos com DHSe@lmdo desenho experimental
(desenho experimental 2) utilizamos fatias esiggieovenientes de ratos de 30 dias de
idade tratadas agudamente com QUNésta abordagem verificamos 0s mecanismos
moleculares direcionados para o citoesqueleto,sporo estriado uma das principais
regides afetadas por este metabdlito, constitugstie um estudex vivo. Este desenho
experimental nos permite investigar mais profunddmeas vias de sinalizacao
direcionadas ao citoesqueleto que participam dassadesta excitotoxina. O terceiro
desenho experimental (desenho experimental 3)jdemaslo uma abordagem vitro,
utiliza células neurais, astrocitos e neuréniogatats em cultura primaria, na tentativa
de verificar as respostas das células isoladasltas eoncentracdoes de QUIN,
permitindo estabelecer uma relacdo entre a pert@meostase do sistema fosforilante

e 0 rompimento do citoesqueleto. Além disso, ctucas de astrécitos e neurbnios
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constituiram uma importante abordagem que nos permvidenciar as relacdes

intercelulares de protecao ao insulto excitotoxico.

1.1. Desenho experimental 1. Alteracdes neuroquinais, histopatolégicas e
comportamentais causadas pelo QUIN em ratos jovens participacdo do

citoesqueleto

Nesta abordagem experimental estudamos os efegosinth Unica injecao
intraestriatal de QUIN sobre a excitotoxicidadeteralcbes comportamentais,
homeostase do citoesqueleto e alteracbes histépatas de diferentes regides
cerebrais de ratos jovens. Animais de 30 dias ddeidoram submetidos a uma Unica
injecdo de 150 nmol de QUIN no estriado, e os paté@s determinados foram
analisados 1, 7, 14 e 21 dias apo0s a injecdo. Wm@prévio do nosso grupo ja havia
demonstrado que a injecdo de QUp¥ovoca um efeito a curto prazo sobre a
homeostase do citoesqueleto, observado 30 minupais a administragdo da
excitotoxina, levando a um desequilibrio do sistefoaforilante associado ao
citoesqueleto neural estriatal, causando hipenfitef@o dos FI gliais e neuronais
mediada pela ativacdo de receptores NMDA e estresdativo (Pierozan et al., 2010).
No entanto, consideramos importante estender sfisgoepara um periodo mais longo,
abrangendo as trés primeiras semanas apoés o insgjte nos permite avaliar melhor a

participacéo do citoesqueleto na evolugcéo do dehdar causado pelo QUIN.

Os resultados obtidos mostraram diferentes padtéedteracdes dependendo da
regido cerebral. O espalhamento da onda excit@od& zona de lesdo para outras

regides cerebrais sugere um dano espaco-tempaedey pelo QUIN até trés semanas
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apos a lesdo. Os eventos excitotdoxicos desencaslgaelo QUIN no estriado se
mostraram rapidos e transitorios, iniciando-se 39 apds a injecdo e restaurando os
niveis basais de glutamato e’Capds 24 horas. Estes efeitos foram seguidosiateg|
reativa e alteracdes na homeostase do citoesqureletal, que ocorreram 24 horas ap6s
a lesdo. Mais tardiamente, entre 7 e 14 dias apoggao, houve o aparecimento de
morte neuronal. No cértex cerebral, a excitotoxidel mostrou-se de inicio rapido,
porém com uma duracdo de intermediaria (no cas@aggacdo de glutamato) a
persistente (no caso da captacdo dé")Calesta estrutura cerebral a astrogliose,
alteracdo do citoesqueleto e neurodegeneracaoec@ormmais tardiamente, 7 (no caso
da astrogliose) e 14 dias (no caso da neurodeggites alteracdo do citoesqueleto)
apos a lesdo. Por outro lado, apesar dos efeitm®#xicos causados pelo QUIN no
hipocampo serem de inicio rapido e persistente, s@ioobservou astrogliose e
neurodegeneracdo no periodo estudado, enquantasqa#eracfes no citoesqueleto

apareceram mais tardiamente, 21 dias ap0s a lesao.

As concentracdes extracelulares de glutamato samexhte reguladas através de
transportadores especificos localizados principaleneas células gliais, mas também
nos neurdnios. O glutamato é captado pelas céllies e metabolizado a glutamina,
que por sua vez é liberada para 0 espaco extracewaptada pelos neurdnios, sendo
novamente convertida a glutamato para reabasteceoob de neurotransmissor
(McKenna, 2007). A falha na remocao do glutamatésagua liberacdo leva ao seu
acumulo na fenda sinaptica e a ativacdo prolonghldaeceptores glutamatérgicos,
podendo causar uma mudanca nas concentracoelnkaaes de ions, especialmente o
Cd*. O aumento excessivo de’Cantracelular pode iniciar cascatas de sinalizapé®
irdo levar a morte celular (Arundine and Tymiang&003). Além disso, modificacdes

em alguns componentes da neurotransmisséo glutagicatéém sido reportadas em
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estudospost mortem de pacientes com a DH e em modelos transgénicabeiaca,
sugerindo que a transmissao glutamatérgica poadeircal no desenvolvimento de um
mecanismo excitotoxico nesta doenca (Faideau,e2Gl0, Marco et al., 2013). Nesse
sentido, podemos propor que as alteracbes na éaptde glutamato e de €a
observadas nos animais tratados com QUIN possaan eatisando um quadro de
excitotoxicidade nas 3 estruturas estudadas, ev@yel que a excitotoxicidade seja um
dos primeiros eventos que 0 QUIN desencadeia rebie&rculminando em astrogliose,
alteracbes do citoesqueleto e morte neuronal, sgondoestes achados podem estar
relacionados com as alteragbes comportamenta&s\ist estudo.

A astrogliose € um processo desencadeado quandonhdano ao SNC, na
tentativa de restaurar a homeostase cerebral @usdanjuria (Pekny and Nilsson, 2005).
Isso ocorre através de importantes fungdes queench formacgéo de cicatrizes gliais,
regulacdo da resposta imune, modulacdo da sobmevav@eural e crescimento de
neuritos (Sofroniew, 2009). A gliose reativa é umcesso de astrogliose que causa
varias mudancas moleculares e morfoldégicas nogcists, incluindo hipertrofia,
estrelacdo e proliferacdo celular, além de supeeszpo de GFAP. O conjunto das
alteracdes astrocitarias pode levar a alteracaofurg®es e na viabilidade neuronal
(Pekny and Nilsson, 2005). Essas alteragfes poéerbeméficas ou prejudiciais aos
neurdnios, sendo que as consequéncias dependeivedsod fatores, como a idade do
organismo, o tipo e a extensdo da lesao (Sofror8@9). Os resultados obtidos neste
trabalho mostraram que o0s niveis alterados de rizgfao da GFAP foram
acompanhados de aumento no imunocoteudo dessdanprate estriado e cortex
cerebral, mas ndo no hipocampo. Esses resultadas de acordo com a analise
imunohistoquimica que mostrou astrogliose no ekiria no cértex 24 horas e 7 dias,

respectivamente, depois da inje¢cdo com QUIN, emmis&e astrogliose no hipocampo
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até 21 dias depois da lesdo. Visto que os astedddoam rapidamente ativados,
especialmente no estriado, e a morte neuronal@conais tardiamente em resposta ao
dano excitotoxico provocado pela injecdo com QU&ENpossivel que os astrocitos
estejam produzindo fatores solUveis toxicos paranesonios, contribuindo para a

neurodegeneracao vista nos animais injetados coiN.QU

Com relacdo aos efeitos do QUIN sobre a GFAP, soessultados mostraram
gue houve um aumento no imunoconteldo dessa mptEincomintante com aumento
da fosforilacdo 24 horas apds a injecdo de QUIN,eswiado. NOs ndo podemos
descartar que o aumento da fosforilagdo se deuguehento na expressao da proteina,
uma vez que no estudovivo nao foi possivel usar ferramentas farmacolégiegazes
de esclarecer se 0 aumento do imunoconteldo déatéforeado com expressao proteica
aumentada. Por outro lado, o aumento do imunocdate®d cortex 14 dias apos a
injecdo foi acompanhado de hipofosforilacdo da GFfsio que n&o era esperado.
Embora ainda ndo tenhamos a explicacdo para egté@neia experimental, n0ssos
resultados podem ser um indicativo de gliose raatjue € um processo complexo que
pode variar de célula para célula e de regido payidio no cérebro, de acordo com a

intensidade e duracao do insulto (McGraw et aD12&ofroniew, 2005).

Os nossos resultados mostraram que a injecacesitictal de QUIN causou
hiperfosforilagcdo da Ser55 e Ser57 localizadosegé&o amino-terminal da subunidade
NFL, 24 horas e 21 dias no estriado e hipocamppetivamente. Considerando que
os sitios Serb55 e Ser57 sdo fosforilados principatmpela PKA e PKCaMll (Sihag et
al., 2007), respectivamente, no interior do axoéipossivel que estas cinases estejam
mediando a hiperfosforilagcdo da subunidade NFLasessgides cerebrais em resposta a
injecdo com QUIN. O nivel de fosforilacdo destawsittade regula a capacidade de

polimerizacao/despolimerizacdo dos NFs propriamelites e consequentemente o
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equilibrio entre a fase solavel, representado mriasinidades em sua forma livre ou de
pequenos agregados e a fase insolUvel, represemgdaka subunidades associadas em
filamentos. A hiperfosforilacdo de sitios espeosipode causar um desequilibrio no
sentido das subunidades soluveis, prejudicandoassaciacdo em filamentos, com
consequente prejuizo na formacgédo da citoarquitetwomal (Sihag and Nixon, 1990).
Podemos entdo propor que o QUIN esteja interferindchomeostase dos NF nos

axbniosin vivo o que pode afetar a fisiologia da regido ceredfehda.

A maior parte dos sitios de fosforilacdo da regiddoxi-terminal dos NF esta
localizada na sequéncia de repeticdo dos amincadiglpa, serina e prolina (KSP) na
regido carboxi-terminal das subunidades NFM e NEdigler et al., 1987, Xu et al.,
1992), sendo que as cinases independentes de ssgmetisageiros Cdk5 e MAPKs
sao as principais enzimas que fosforilam estessg(fiaffe et al., 1998, Veeranna et al.,
2000). Evidéncias mostram que a fosforilagdo dtessKSP pode ser regulada por
cascatas de sinalizagéo que envolvem influxo dé (Caet al., 1999), integrinas (Li et
al., 2000) e fatores gliais (Dashiell et al., 20@23abe salientar que os NF quando s&o
sintetizados no corpo celular ndo sdo fosforiladties comecam a ser fosforilados
guando entram nos axonios e tornam-se progressitameais fosforilados a medida
em que sao transportados anterogradamente emalaeséerminais nervosos. Os NFs
aberrantemente fosforilados nos KReats perdem a capacidade de interagir com as
cinesinas, que sdo as proteinas motoras respogsspek transporte anterégrado e
passam a agregar-se no interior do axonio levandeg&neracdo e morte neuronal

(Yabe et al., 2001a, Yabe et al., 2001b).

Os nossos resultados mostraram que o QUIN ativBdkd no estriado e a via
das MAPK no hipocampo, causando hiperfosforilacée Bl neuronais e dos KPS

repeats. Estes resultados sugerem que o QUIN pode estangmendo a agregacao

166



entre os NF e causando a formacdo de aglomeramt&xaos. Além disso, € descrito
que a ativacdo da JNK inibe a translocagédo dos b meuritos em crescimento

causando acumulo de fosfo-NF no corpo neuronal (bBeafet al., 2006).

As proteinas fosfatases mais envolvidas na moduldgdosforilacdo dos Fl sdo a
PP1, PP2A e PP2B (Heimfarth et al., 2012). O QUidluriu ativacédo da PP1 e PP2B
no cortex cerebral 14 dias apos a injecao, caushipddosforilacdo dos Fl neurais. A
PP2B esta envolvida na regulacdo do citoesqueletmonal em resposta a sinais
extracelulares que aumentam dQerreira et al., 1993, Letourneau, 1996, Kaygali
al.,, 1997), enquanto que a PPl pode ser regulaida peRPP-32, cujos efeitos
bioquimicos sdo dependentes dos niveis de fosfadlade sitios especificos
(Hakansson et al., 2004, Heimfarth et al., 2012)nsiderando que o aumento da
fosforilacdo dos NF protege contra a acdo da cadpaima importante protease que
degrada os FI nos terminais nervosos, a desfasféol destas estruturas poderé estar

envolvida com sua protedlise prematura (Goldsteal. £1987, Pant, 1988).

Visto que as alteracbes no citoesqueleto sdo respasiciais da disfuncéo
celular, pode-se propor que a neurodegeneracao nasestriado e cortex cerebral seja
uma resposta tanto a excitotoxicidade e astrogloagesadas pela injecdo de QUIN,
quanto a alteracdo na homeostase do citoesquéliétm. disso, a agregacao dos NF
também pode estar relacionada com um aumento deis mie C&' citosélico e morte

celular induzida pela ativacdo dos receptores NM@d&ixando os neurdnios mais

susceptiveis ao dano excitotoxico (Sanelli e2807).

As alteracbes no citoesqueleto hipocampal ocorrereis tardiamente que nas
outras estruturas. Além disso, houve ativacdo dA®H121 dias apds a injecdo no

hipocampo. Visto que a p38MAPK é ativada em praxeske morte celular e que a
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ERK contribui para o processo de astrogliose (Ghal.e 2001, Ito et al., 2009), é
possivel que as alteracdes no citoesqueleto evacati da via das MAPK estejam
iniciando etapas de morte neuronal e astrogliogkatano hipocampo, que nao estao

sendo detectadas nas primeiras semanas aposaoimé&gestriatal com QUIN.

Com respeito a estas diferencas entre as regidelsraes, é possivel que o QUIN
cause diferentes tipos de estimulos dependendecdiotcerebral, o que pode culminar
em diferentes combinacdes de influxo e liberacdoCd€, levando a diferentes
mecanismos de aumento de’Oatracelular dependendo do tipo celular. Por epem
ele pode estar agindo ndo somente através dosoeeepMDA, mas também através
dos canais L-VDCC, além dos receptores rianoding®3® do RE, que causam a
liberacdo de C& dos estoques internos. Isto pode explicar porq@efd se mantém
alterado no cortex cerebral e no hipocampo dutani® o periodo de estudo, apesar das
oscilagbes de glutamato vistas nestas regifes. Aléso, a longa duracdo dos efeitos
do QUIN pode néo ser apenas por efeitos diretos,sina pela prolongada liberacdo de
glutamato pelos astrécitos, o que poderia contripaia o aumento do €antracelular.
Outro fator importante a ser considerado é que® @ade ativar tanto cinases, como
observado no estriado e no hipocampo, quanto &ssat como observado no cortex
cerebral. Esses efeitos antagbnicos podem sercadpb pelos diferentes padrées de
flutuacdes das ondas de’Caas células estimuladas, gerando a ativacéo deedtés

vias de sinalizagcdo com consequentes respostdaresl(Berridge et al., 2003).

Além da perda seletiva e progressiva da homeostaseitoesqueleto, nossos
resultados mostraram uma morte neuronal mais tamiaatos jovens se comparado
com os estudos em animais adultos. Em ratos adolt@&JIN causa um dano neuronal
massivo na regido da lesédo entre 30 minutos e &% lapos a injecdo, seguido por um

dano neuronal progressivo que se estende até $4apis a administracdo de QUIN
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(Beal et al.,, 1986, Brickell et al.,, 1999). Os #fsi da idade do animal na
vulnerabilidade ao QUIN podem ser devidos a difgmenna expressao tanto dos
receptores glutamatérgicos NMDA quanto ndo-NMDAatite a maturacdo cerebral
(Haberny et al., 2002), além de mudancas na camigw de suas subunidades
(Monyer et al., 1991, Williams et al.,, 1993, Ben&k al., 1995), propriedades de
condutancia (Hestrin, 1992) e mudancas na densuadeceptores (Wenk et al., 1991,
Pagliusi et al., 1994) que ocorrem em diversaesgcerebrais de ratos e primatas na
juventude e na idade adulta. Estas diferencasnmaigioma maturacao e diferenciacdo dos
receptores também podem explicar por que o0 hipocam@o apresentou
neurodegeneracdo durante o periodo de estudo. Aiéso, estes resultados sdo
consistentes com os achados de outros estudosagiearam que o hipocampo parece
ser mais resistente a injuria tanto em modelos tgp@séda DHJ (Shelbourne et al.,
2007) quanto nos primeiros estigios da doenca enartms(van den Bogaard et al.,
2011). Se realmente ha um envolvimento excitotorig@atogénese da DH e da DHJ,
uma diferenca na sensibilidade dos diferentes tygasonais relacionados com a idade
do individuo pode contribuir para o entendiments diversos quadros fenotipicos

vistos na doenca juvenil e na doenca na fase adulta

Nossos achados histopatoldgicos sugerem que a meutenal ndo é necessaria
para desencadear o0 inicio dos sintomas cognitiwdsio que nao houve
neurodegeneracao corticoestriatal antes de 7 gizs a lesdo, e a disfuncdo cognitiva
apareceu 24 h apos a lesdo. Talvez o quadro exditotobservado nas trés estruturas
estudadas seja condicdo suficiente para desencadigdicit cognitivo encontrado nos
animais lesionados. Por outro lado, as alterac@#eras parecem ser consequéncia da
neurodegeneracao, visto que o déficit motor observaos animais foi detectado

somente apos a neurodegeneracdo corticoestrgtalé Iconsistente com a hipoétese de
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que alteracdes motoras resultam de uma perda dénmesi estriatais (Albin et al.,

1990, Kantor et al., 2006).

Estes resultados contribuem com novos conhecimantespeito dos mecanismos
moleculares e comportamentais desencadeados péhd €tlratos jovens. Os déficits
cognitivos precederam as alteragfes motoras, etajgae uma seletiva e progressiva
gliose reativa, alteracdo no citoesqueleto e meetegonal se iniciaram no estriado e se
propagaram para o coOrtex e hipocampo. NOs propajuesos efeitos deletérios do
QUIN podem interferir com os mecanismos de sinaefipaaltamente regulados no
cérebro imaturo. Uma questdo central no entendoneda patogénese da DH é
determinar as alteragcbes moleculares, celular@sdpteas que constituem a base das
mudangcas comportamentais e neuropatologicas. Embgistam varios estudos
mostrando diversos mecanismos de disfungcdes malesutjue ocorrem na doenca, 0S
exatos mecanismos que iniciam as cascatas dezaigadi deletéria que irdo culminar
nas disfuncdes celulares, teciduais e comportatseaiteda permanecem incertos. Este
€ um dos primeiros estudos que descreve as alesrdpdquimicas, histopatoldgicas e
comportamentais que ocorrem nas primeiras semadasaaadministracao intraestriatal
de QUIN em animais jovens. Modelos animais que ra®e 0s sintomas clinicos e
neurobiolégicos da DHJ podem prover novas abordagpara o estudo da
patofisiologia da doenca, e com isso permitir oedeslvimento de novas terapias.
Esperamos que nossos achados possam servir commonpardante ferramenta para o

melhor entendimento da neurodegeneracao precocecque na doenga humana.

Para melhor comparacdo e integracdo entre as d@dan enzimaticas
direcionadas para o citoesqueleto e o dano cehdar diferentes regides cerebrais
estudadas, o conjunto dos resultados obtidos emdzstcortex cerebral e hipocampo

de ratos injetados com QUIN estéo representadésgnsa 7.
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Figura 7. Mecanismos que levam a alteracdes do citoesquekata relacdo com o dano celular causados
pelo QUINiIn vivo. Um dos principais mecanismos da toxicidade doNQ&htravés da superestimulacédo
dos receptores NMDA. Adicionalmente, o QUIN caubainuicdo da captacdo de glutamato do espaco
extracelular, aumentando o quadro de excitotoxitdda causando aumento das concentracées de Ca
intracelular. O C4 é um elemento chave nos efeitos do QUIN sobré¢oestjueleto neural. No estriado
e hipocampo, ele ativa a PKCaMIl e a PKA, causaautoento da fosforilacdo dos sitios Ser55 e Ser57

da subunidade NFL e da regido amino-terminal daBRBACdk5 também é ativada porCao estriado,
fosforilando os sitios KSPepeats das subunidades NFM/H. No hipocampo, esses simdosforilados
pela via das MAPK. No cértex, o Eaativa a proteina PP2B (calcineurina), que porv@minativa a

DARPP-32, deixando a PP1 ativa. Essas duas endesisforilam os sitios Ser55 e Ser57 da NFL e os
sitios KPSrepeats da NFM/H, além da regido amino-terminal da GFARjUesna geral dos efeitos da
injecdo intraestriatal com QUIN sobre o estriadirtex cerebral e hipocampo de ratos de 30 dias de

idade.
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1.2. Desenho experimental 2 - mecanismos molecularéas alteracbes no

citoesqueleto causadas pelo QUIN

Considerando que o QUIN altera a homeostase desgt®leto neural de ratos
jovensin vivo e que este efeito pode estar relacionado com &odegeneracao
encontrada, procuramos entender um pouco melharezsinismos moleculares pelos
quais este metabdlito age no citoesqueleto. Umaquez o corpo estriado é uma
estrutura bastante susceptivel as acbes do QUINaep®Bncipal estrutura cerebral
afetada na DH, nds verificamos o efeito de uma sigfoex vivo, utilizando fatias de
tecido expostas ao QUIN, sobre a fosforilacdo dasekronais e gliais no estriado de
ratos jovens, determinando as cascatas de sir@dizagvolvidas na ruptura da

homeostase do citoesqueleto

Os resultados mostraram que 100 QUIN adicionado diretamente sobre fatias
de estriado durante 50 minutos causou hiperfoafgid de GFAP e das subunidades
dos NF em animais de 30 dias de idade. Isso estéatdo com 0s nossos resultatdos
vivo, que mostraram hiperfosforilacdo dos Fl no estria@ min (Pierozan et al, 2010) e

24 horas apos a injecao intraestriatal com QUIN.

Os efeitos do QUIN sobre o citoesqueleto estrfataim principalmente, mas néo
exclusivamente, dependentes de receptores glutayitate havendo algumas diferencas
dependendo do tipo celular. Nos astrocitos, assadie QUIN foram dependentes
principalmente da ativacdo de receptores NMDA e dasais L-VDCC. Ja& nos
neurénios, o QUIN ativou os receptores NMDA, os ofGldo tipo 1 (mGIuR1) e
MGIuUR5, além de canais L-VDCC. Esses achados sastem hipotese de que o QUIN

age em diferentes vias de sinalizacdo dependendipaaelular afetado. A ativacdo
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dos receptores mGIuR1 pelo QUIN é consistente commmortante papel destes
receptores no estriado, sendo que a ativacao deptozes mGIluR1 e 5 exercem acdes

distintas dependendo do subtipo neuronal afetadngiRet al., 2008).

Os receptores NMDA estdo envolvidos nos efeitoemEsieados pelo QUIN
tanto nos neurbnios quanto nos astrocitos. A divagistentada dos receptores NMDA
leva a um aumento excessivo no influxo de fon¥,@ausando excitotoxicidade, que
por sua vez pode iniciar diversos tipos de cascatasotoxicas, incluindo vias de

sinalizacao formadas pela ativacdo de cinases I@zgkia and Tymianski, 2010).

E importante ressaltar que os receptores VDCC aeguh atividade elétrica
neuronal, modulam a abertura de outros canais &ot@m numerosos processos
celulares, como a liberacdo de NT, sobrevivénciaramal, ativacdo de cinases,
crescimento de neuritos e trancricdo génica atrdeéinfluxo de C& extracelular,
seguido de despolarizacdo da membrana (Dolmetseth,e2001, Lipscombe et al.,
2004). Em processos patologicos relacionados cexcitotoxicidade, a ativacdo desses
receptores pode contribuir para o influxo massigdCd#"* para o citoplasma, além de
contribuir para a ativacado dos receptores NMDA eP®MFreund and Reddig, 1994,

Akopian and Walsh, 2002).

Entre as multiplas acdes do“<ao SNC, ha também a modulacéo de sistemas
enziméticos de fosforilagdo de proteinas do citoelsqo (Zamoner et al., 2008,
Loureiro et al., 2009, Heimfarth et al., 2012).liddndo um bloqueador de receptores
L-VDCC e quelantes intra e extracelulares dé*Cads observamos que houve uma
prevencdo dos efeitos causados pelo QUIN sobresfrilacdo dos FI em fatias
estriatais, mostrando a relevancia deste segundsageiro nos efeitos desencadeados

pelo QUIN tanto em astrocitos quanto em neuroexosvo.
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Interessantemente, o bloqueio da liberacéo dé 4o RE através dos receptores
rianodina preveniu os efeitos do QUIN nos neurgniess ndo em astrécitos estriatais.
Os receptores rianodina contribuem para a plaatieicsinaptica, em mecanismos de
aprendizado e memadria e em processos de apoptbaeig@t al., 1996, Schwab et al.,
2001, Galeotti et al., 2008). Com base nessestagss, podemos concluir que o QUIN
causa aumento de €antracelular nas células neuronais pelo influxsteldon através
dos receptores NMDA, canais L-VDCC e liberacéo esteques internos, reforcando o

papel do C& nas acdes do QUIN sobre o citoesqueleto.

O aumento de Gintracelular proveniente dos receptores NMDA e DGC
causado pelo QUIN nos astrocitos pode formar difese padrbes de oscilagdo
comparado com os causados nos neurdnios, atravésdlam de CA" pelos canais
NMDA, L-VDCC, mGIuR5 e rianodina. Isto poderia eixpr as diferentes respostas
observadas nos dois tipos celulares devido a egmsio QUINex vivo. Uma alteracdo
na homeostase do €deva a uma ativacéo direta ou indireta de cinaséssfatases,
que, por sua vez, regulam o equilibrio de fosfoéitddesfosforilacdo dos FI gliais e
neuronais. Em processos patologicos, a habilidamte rieurbnios e astrocitos em
controlar o influxo de C4 e restaurar seus niveis basais estd compromksticdedo a
um rompimento da homeostase desse ion e desendadehiperativacdo de enzimas e

de vias de morte celular (Mattson, 2007).

A transducéo de sinais no SNC é muito dependent@siserina/treonina cinases:
a PKA, a PKCaMll e a PKC (Scott and Soderling, )992PKA pode ser ativada pelo
aumento do AMPc formado pela enzima adenilato £gc(@C). Existem diversos tipos
de AC neurais que sdo ativadas pof'GSteiner et al., 2006). O sistema AMPc/PKA
tém um grande papel integrativo nas ceélulas anjmads altamente expresso em

neurdnios, e representa uma via de sinalizacawacnio processo de aprendizado e
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memoria (Drain et al., 1991, Malenka, 1994)PKCaMIl é uma cinase dependente de
C&* e calmodulina que esta envolvida com a plastieideglironal e no aprendizado e
memoéria, sendo o maior mediador de glutamato nessasos (Malenka and Nicoll,
1999). Além disso, ela pode participar da reguldeéto da morte neuronal, através do
aumento da condutancia do receptor AMPA (Oh andkd&xfy, 2005), quanto da
sobrevivéncia neuronal, através da inibicdo dadritrico sintase (NOS) (Komeima et
al., 2000). Por sua vez, a PKC regula eventos da duracdo no cérebro, como fluxo
de ions e liberacdo de NT, de média duragdo, coatulacdo de receptores e de longa
duragdo, como remodelamento sinaptico e express&ticag (RamaRao and
Bhattacharya, 2012). Varios estudos tém relaciorad®KC com injuria ao SNC
(Felipo et al., 1993, Krieger et al., 1996). A PKRKCaMIl e PKC também estdo
envolvidas com a fosforilagdo da regido amino-teaindos FI (Omary et al., 2006,

Pierozan et al., 2010, Heimfarth et al., 2012,d2en et al., 2012).

A fosforilacdo da regido amino-terminal dos Fl énloecida por regular a
associacao/desassociacdo dos Fl e tem um papettamigona divisdo celular. Ainda,
desregulacdo na fosforilagdo de sitios dessa r@gide levar a desassociacao dos Fl e
contribuir para o desequilibrio da homeostase tesqueleto (Gill et al., 1990, Heins
et al., 1993). O aumento dos niveis intracelulae<d" pode ativar a PKCaMll e a
PKA. Nos neurdnios, estas enzimas fosforilam a Be5Ser55, respectivamente,
localizados na regido amino-terminal da NFL (Omatyal., 2006). O papel da
fosforilacdo da regido amino-terminal nos NF estacionado com a formacédo do NF
heteropolimérico (Ching and Liem, 1999). Em astuxia fosforilacdo dos dominios
amino-terminais de vimentina e GFAP é importante @aassociacao dos filamentos,
tendo um importante papel na divisdo celular. Afdidlecdo anormal destes sitios

nessas proteinas pode causar desassociacdo dostfihuindo para o desequilibrio da
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homeostase celular (Gill et al., 1990, Heins et1&193). O estudm vitro com QUIN
mostrou que este metabdlito é capaz de ativar a EKAPKCaMIl nos neurdnios e
astrocitos, através do aumento de*Cimtracelular. Estas enzimas, por sua vez,
fosforilam os sitios Ser55 e Ser 57 da subunidaée & a regido amino-terminal da
GFAP. Estes resultados sugerem, portanto, que ieidade do QUINex vivo pode

incluir desestabilizacdo da rede de Fl tanto nadaseneuronais quanto astrocitarias.

Por outro lado, a PKC foi ativada apenas nos néwsprcontribuindo para as
acoes do QUIN neste tipo celular. Essa enzima eadsi principalmente por
diacilglicerol (DAG), através da ativacdo de reoeps ou pela despolarizagdo da
membrana celular (Majewski and lannazzo, 1998). A pode ser gerado através da
hidrolise de fosfatidilinositidios ou de fosfathblina da membrana plasmaética, através
da acéo da fosfolipase C (PLC) (Huang, 1989). Adlisk destes lipidios de membrana
pela PLC causa um aumento transitério de IP3 e DAGRP3 abre canais de €alo
RE, enquanto que o DAG é um ativador da PKC (Bgeid987). Em particular, no
SNC, os mGIluR1 podem causar ativacdo da PLC, comseqoiente ativacdo da PKC
(Hermans and Challiss, 2001). Levando em considergge a fosforilagdo da NFL foi
parcialmente prevenida por um antagonista de remEpmGIluR1, por inibicdo da PLC
e por inibicdo da PKC, podemos propor que estal@iainalizacdo esta implicada nas

acoes do QUIN sobre os NFs.

Além das cinases dependentes de segundos mensagesroFl podem ser
fosforilados por cinases independentes de seguméosageiros, como a ERK1/2, a
JNK, a p38MAPK e a Cdk5. Estas enzimas fosforilaragi&o carboxi-terminal dos Fl,
regulando a sua interacdo com outros FI e com yirateinas do citoesqueleto
(Geisler et al., 1987, Omary et al., 2006, Holmgeeml., 2012). Os nossos resultados

mostraram que a Cdk5 esta envolvida na hiperfdaf@® dos sitios KSPepeats
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causada pelo QUIN, e que a JNK esté apenas paeris@menvolvida na fosforilagdo da
subunidade NFM. A Cdk5 é um membro da familia dasses dependentes de ciclina.
A sua atividade esta restrita ao SNC e ela é atipadhs proteinas p35 e p39, as quais
possuem padrdes neuronais especificos. Nos Ulamus tem se verificado que a Cdk5
possui distintos papéis no SNC, funcionando coma enzima integradora em diversas
vias de transducéo de sinais. Além do seu papeldigco, ela vem sendo implicada
em varias desordens neurodegenerativas (Kesavapahy 2004). Estudos mostraram
que a p35 pode ser clivada por uma protease depende C&" (calpaina) produzindo
um fragmento mais ativo, a proteina p25. Esta prateansloca através da membrana e
causa hiperativagdo, perda de compartimentalizac@specifidade ao substrato da
Cdk5 (Patrick et al., 1999). Insultos neurotoxicaemo excitotoxicidade, causam
ativacdo da calpaina, niveis aumentados da p23%eeativacdo da Cdk5. Isto pode levar
a fosforilacdo aberrante de componentes do citeéstqpi como a proteina tau,
proteinas associadas aos microtubulos (MAPSs) e plddendo desencadear processos
de morte neuronal (Patrick et al., 1999, Lee e28l00). E sabido que a fosforilagéo da
por¢cdo carboxi-terminal da NFH restringe a sua @agdo com a cinesina, uma
proteina do transporte anterogrado axonal, e elstisua interacdo com a dineina, uma
proteina do transporte retrégrado axonal resultaraiminuicdo da velocidade do
transporte axonal de NF (Motil et al., 2006). Podsrantao propor que o NFM e NFH
hiperfosforilados na regido carboxi-terminal podémmar agregados proteicos no

interior dos axénios contribuindo para o dano eglahusado pelo QUIN.

Podemos concluir, portanto, através dos resultexles/o que o rompimento da
homeostase do citoesqueleto causada pelo QUIN graresso complexo iniciado pela
ativacdo de mGIuRs e iGIuR, além da ativacéo doaisd.-VDCC. Esses receptores de

membrana ativam a via DAG/IP3/PLC e a liberacdoCde do RE, levando a um
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aumento do CA citosdlico, que por sua vez ird desencadear umeatz de eventos,
incluindo a ativacdo de proteinas cinases depeeslentindependentes de segundos
mensageiros. Estas enzimas irdo fosforilar sitipeeificos das subunidades da GFAP

e dos NF, desestabilizando o citoesqueleto tanteedsnios quanto de astrécitos.

Os resultado®x vivo mostrando a ativacado aberrante de diferentes teasda
sinalizacdo em resposta ao aumento d© iB&acelular e rompimento da homeostase
de proteinas do citoesqueleto no estriado podean associados a perda da homeostase
celular, astrogliose e morte neuronal observadoanimais tratados com QUIN. Estes
resultados reforcam a hipotese de que a perdardadstase do citoesqueleto faz parte

do conjunto de processos caracteristicos da ingétidar.

1.3. Desenho experimental 3 - Resposta de astrosite neurdnios isolados ao

QUIN e interacao neurdnio-astrécito

O isolamento e a cultura de células sdo ferramesdaenciais no estudo das
funcdes celulares. As células isoladas e mantidasandi¢cdes controladas podem ser
manipuladas e observadas em um nivel que naopesével utilizando o tecido intacto
(Zhang and Kuhn, 2013). Além disso, a utilizacaacdeulturas possibilita a obtencao
de dados sobre as interacfes neurdnio-astrocito &an situacdo fisioldgica quanto
patolégica. Considerando que tanto no modelovivo quanto no modela@x vivo
utilizando o QUIN como agente excitotoxico houve wmsequilibrio do sistema
fosforilante associado ao citoesqueleto neural,ue gste desequilibrio pode estar
associado com alteracdes morfologicas e dano cetidaidimos estudar os efeitos do

QUIN sobre o citoesqueleto de astrocitos e neusdprimarios isolados do estriado,
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com enfoque na relacdo entre os niveis de fosf@olados FI e a reorganizacdo do
citoesqueleto. Além disso, utilizamos co-culturardaio-astrécito estriatal para avaliar

a contribuicdo dessa interacao sobre os efeit@ndadeados pelo QUIN.

Observamos que o QUIN afetou o sistema fosforilaagsociado aos Fl nas
culturas neuronais e astrocitarias isoladas. Essmdtados estdo de acordo com o0s
estudodn vivo e ex vivo anteriormente discutidos, nos quais observamosalt®aacao
na fosforilagdo dos FI neurais. Além disso, a ligderilagdo dos FI estriatais causou
uma reorganizagdo do citoesqueleto e alteracoe®ldgicas em astrécitos e neurbnios

24 horas apos a exposicdo ao QUIN.

Os astrocitos sdo células multifuncionais que, alénterem um papel essencial
no controle da homeostase cerebral e contribua pagsrocessamento de informacdes,
sdo capazes de produzir respostas a um infindavetm de insultos ao SNC (Buffo et
al., 2009). Além disso, durante uma resposta ai@ngerebral, os astrocitos migram
para o sitio da injuria, onde eles contribuem pare do tecido danificado criando uma
cicatriz glial protetora além de responder a imjuremovendo restos celulares e
secretando fatores troficos. Porém, essa respestandrgéncia pode ser tanto benéfica
quanto deletéria para o SNC. Alteracdes da funtitade das células gliais, incluindo
mudancas na sua morfologia e atividade prolifeaattdo um achado comum em
neuropatologias (Sofroniew, 2005, 2009). Duranit&lamacédo cerebral associada com
a DH, por exemplo, os astrocitos séo ativados,nigwa hipertrofia e/ou proliferacéo
celular (Guncova et al., 2010, Oliveira, 2010). Safual o papel que os astrécitos
exercem nas doencas que acometem o SNC, se bebpéfideletério, pode ter uma
grande contribuicdo para o entendimento da patidigia destas doencas. Nesse
sentido, os astrécitos em cultura sdo modelos peria avaliar a resposta a injurias

neurotéxicas.
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Uma vez ativados, os astrocitos respondem tipiceananuma injuria com
hipertrofia e proliferacéo celular, superexpress@mestina, vimentina e GFAP (Silver
and Miller, 2004). Essas respostas podem levari#osfreparadores ou destrutivos,
dependendo do contexto em que a lesdo ocorre, aomensidade, o tempo (crénico
versus agudo) e o tipo de injuria. Embora o QUIN ténhha induzido superexpressao
de vimentina ou GFAP nos astrocitos isolados darast24 horas de exposicdo, nés
podemos supor que todas essas respostas repregassos iniciais de uma astrogliose
programada, visto que a dindmica das respostascédtias a injuria sdo dependentes

do grau de dano neurolégico (Buffo et al., 2010).

Os receptores iGIuR, em particular o NMDA, tém umportante papel na
sinalizacdo glial. A sinalizacdo glutamatérgicaastaria envolve a indugdo de ondas
intracelulares de G§ que pode ser uma resposta a NT liberados tantmemdnios
guanto por outros astrécitos (Cornell-Bell et 4890). Enquanto que nos neurdnios 0s
canais de sodio sdo 0os maiores receptores envsinmaalespolarizacdo da membrana,
nos astrocitos podem ocorrer diferentes formasimiizacdo, que irdo culminar em
ondas de CA intracelulares. Nos astrécitos, os receptores AMPAIGIUR sd0 os
principais receptores envolvidos na facilitacAd@daada do Ca para o citoplasma. No
entanto, recentes estudos revelaram que a atidmsAeceptores NMDA também pode
ser importante para os mecanismos de influxo &, @msto que estes canais idnicos
apresentam uma permeabilidade muito maior a esteqie os receptores AMPA
(Schipke et al., 2001). As vias de sinalizacéosakis pelo aumento de Cintracelular
nos astrécitos ainda ndo sdo bem compreendidagéritias prévias mostraram que o
Cd" extracelular pode liberar os estoques interna@aeatravés da via DAG/IP3 apds

ativacéo dos receptores mGluRs. No entanto, estanisno parece ser dependente de
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ativacdo prévia dos receptores NMDA (Benarroch,520@ortanto, é provavel que

tanto os mGIuR quanto os iGIuR estejam envolvidgosinalizacéo glial.

Nossos resultados mostraram que o aumento do infliex C&" causado pela
exposicdo ao QUIN foi dependente dos receptores AMD utilizacdo de quelantes
intra e extracelulares de £amostrou que a hiperfosforilacdo da GFAP/Vim caasad
pelo QUIN é dependente do aumento nas concentrai®e84" intracelulares. A
estreita correlacdo entre as acdes do QUIN e osisnigitosélicos de G foi
comprovada pela marcacdo dos astrécitos com o FRIRM: um indicador do
aumento de Ca intracelular, demonstrando que o aumento nd €igosélico através
dos receptores NMDA € um dos primeiros eventosmbeskeantes dos mecanismos de

sinalizacao que tem o citoesqueleto astroglial cava.

Interessantemente, os resultados obtidos atraveexjmerimentos com FURA-
2AM mostraram que o0s receptores AMPA também esté&oledos no aumento do
Ccd" intracelular desencadeado pelo QUIN. Os recept®BA sdo proteinas hetero-
oligoméricas formadas por 4 subunidades (Al-4)dsaue cada subunidade interage
com proteinas citoplasmaticas especificas (Hollmand Heinemann, 1994). Uma
explicacdo para a participacdo dos receptores AMBAefeitos do QUIN pode se dar
pelo fato de que a subunidade GIuA2 do receptor AMRRixa o canal menos
permeavel ao G4 e a maioria das células gliais ndo expressa ssbanidade,
resultando em receptores AMPA astrogliais mais pésmis a este ion (Burnashev,
1998). Isto esta de acordo com nossos achadosramdstque o CNQX preveniu a

entrada de G4 causada pelo QUIN em astrécitos estriatais.

Surpreendentemente, apesar da relevancia do aurdestmiveis de C&nos

efeitos do QUIN sobre os Fl, a fosforilagdo da GRAR ndo teve a participacdo da
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PKCaMIl. Esses achados podem ser um indicio da ridpcga da comunicacdo
neurdnio-astrécito na sinalizacdo desencadeada Q&ltN, visto que nos outros
desenhos experimentais essa enzima participou destos desencadeados pelo
metabdlito em astrécitos. Por outro lado, a hipgdislacdo da GFAP/Vim nos
astrocitos em cultura foi mediada por PKA. Visteegas isoformas neurais da AC
podem ser ativadas por €4Steiner et al., 2006), provavelmente o aumentCed
citosolico desencadeado pelo QUIN causou a ativdgdBKA. A PKC também teve
participacdo nos efeitos desencadeados pelo QUIBsendcitos isolados. A ativagédo da
PKC pode ser mediada pela ativacdo dos recepto@gRnvia DAG/IP3/PLC, como
discutido anteriormente (Wang et al., 2012), pdaaanativacdo dos mGIuR1 e 5 pelo

QUIN provavelmente causou a ativacdo da PKC emasis.

Alteracbes no citoesqueleto de actina em respossinas celulares podem
ocasionar complicacdes relevantes em diversas ésngstrocitarias, como motilidade
celular, suporte metabdlico, excitotoxicidade eresse oxidativo (Aschner, 2000,
Hazrati et al., 2008). Considerando as alterac@edimamica do citoesqueleto celular,
observamos que os astrocitos apresentaram retrac@doplasma com redistribuicao
dos filamentos de GFAP e actina ap0s 24 horas atamento com QUIN. Essa
redistribuicdo nédo foi acompanhada de aumento nmaconteido dessas proteinas,
sugerindo que o metabdlito causa uma reorganizdgadIs em astrécitos isolados,
sem alterar a expressdo de suas subunidades. @elamento do citoesqueleto de
actina e GFAP pode explicar as alteracbes morfoddgiobservadas, sugerindo um
papel para as proteinas do citoesqueleto na respostastrocitos as acoes deletérias do

QUIN.

O citoesqueleto de actina é considerado um dos ladges-chave da

sobrevivéncia ou morte celular. A extrema dinandea filamentos de actina pode
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promover a longevidade celular, enquanto que aciwluda estabilizagcdo desses
filamentos esta associada a vias de apoptose @yoand Ayscough, 2005, Boldogh

and Pon, 2006). Embora os mecanismos exatos qeed@eiam esses efeitos ainda
ndo sejam bem compreendidos, estudos prévios saggre a estabilizacdo da actina
pode alterar as fun¢cdes mitocondriais, levando aptage (Martin and Leder, 2001).

Isso esta de acordo com os nossos achados, mast@aréncia de morte celular em
todas as concentracdes utilizadas, concomitanteacdesestabilizacdo do citoesqueleto
de actina. Também estd de acordo com outros acldadnssso grupo, onde astrécitos
corticais tratados com homocisteina e prolina @inerdesregulacdo do sistema
fosforilante e remodelamento do citoesqueleto, aaséncia de morte celular (Loureiro

et al., 2010b, Loureiro et al., 2013).

Por outro lado, um estudo prévio utilizando astaschumanos fetais evidenciou
gue 50 nM de QUIN foram suficientes para causaptse astrocitaria (Guillemin et
al., 2005). Além disso, Braidy e colaboradores i@Braet al., 2009) mostraram que
houve um aumento da atividade da LDH em astrébiiosanos expostos a 1-1000M
de QUIN por 24 horas. Os mecanismos de toxicidade aj QUIN desencadeia em
astrocitos humanos envolveu a ativacdo de receptdMDA e producdo de NOe
(Braidy et al., 2009). Com base nesses resultadosjderamos importante desenvolver
estudos subsequentes para melhor elucidar nosdoadasc Porém, deve ser
considerado o papel dos receptores mGIuR1 e 5xiEdade evocada pelo QUIN nos
astrocitos primarios de ratos, visto que evidénsiagerem que a ativacdo destes
receptores protege os astrocitos corticais de modezida por isquemia (Liu et al.,

2013).

E possivel que o desequilibrio dos sistemas deritzsfdo em resposta ao QUIN,

além de provocar hiperfosforilacdo dos FI, possarlea perda da homeostase do
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citoesqueleto de actina nos astrocitos em cultasaa possibilidade é reforcada pela
evidéncia de que a reorganizacdo da actina é tawdrgor proteinas associadas, as
quais, por sua vez, sdo reguladas por cascatasfieilacdo. Dentre essas proteinas, a
cofilina é a mais importante proteina associadetiaa estando implicada na migracéo

celular e reorganizacdo do citoesqueleto de a¢Wiaa Troys et al., 2008). Os efeitos

da cofilina na dindmica da actina séo diversoswearegulacdo é complexa. Nas células
ativadas, mdltiplas vias de sinalizacdo podem rseiadas através de mecanismos de
fosforilacado, resultando em diferentes tipos deagfio/desativacao que controlam a sua
atividade. A fosforilagdo/desfosforilacdo da cofli € um modulador crucial da

dindmica dos filamentos de actina, sendo que sfarflacdo na Ser3 causa inativagcéo

por inibicdo da ligacdo da actina G e F (Bambu)\aiiggan, 2002).

Duas familias de cinases sdo responsaveis pelavag@d da cofilina por
fosforilagdo: as LIM cinases e as TESK cinasest{@sual Olson, 2007), sendo que as
LIM cinases se mostraram reguladores essenciags rparganizacao do citoesqueleto
de actina (Sumi et al., 1999). Além disso, um estietente mostrou o papel da SSH
fosfatase, um membro da familia Slingshot (SSH) dH. proteinas fosfatases, na
desfosforilacdo da cofilina mediada por®CéNishita et al., 2004). Neste contexto,
flutuacdes nas concentracdes intracelulares dé(@an Troys et al., 2008) bem como
alteracOes da via AMPc/PKA tém a capacidade de fapducitoesqueleto de actina
através da fosforilacao/desfosforilacdo de cofili@aC&" atua ativando a calcineurina
(PP2B), que desfosforila a SSH1, ativando-a. A S3kila desfosforila a cofilina
(Nishita et al., 2004). A PKA ativada, por sua Viesforila a LIM cinase, que fosforila
a cofilina na Ser3 (Meberg et al., 1998, Nadellalget2009). Portanto, é possivel que
nos astrocitos tratados com QUIN, a sinalizacatagiatérgica esteja causando uma

reorganizacdo do citoesqueleto de actina concoteitaom a rede de GFAP/Vim
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através da ativacdo de cascatas de fosforilacd®, i interferir na cascata de
sinalizacdo das proteinas associadas & actina.saApd conjunto de evidéncias
mostrando a importancia da cofilina, novos expemto® serdo necessarios para

verificar sua participagdo na regulagcdo da dinandoa filamentos de actina em

astrocitos isolados expostos ao QUIN.

E interessante salientar que 24 horas apos a remag&UIN das culturas
primarias, os niveis de fosforilacdo dos Fl, bemma@@ reorganizagdo do citoesqueleto
de actina e GFAP, assim como a morfologia celwiaitaram a suas condi¢des basais,
indicando a reversibilidade das acdes causadasQi¢ld no citoesqueleto astrocitario.
Com base nesses achados, nés podemos propor guastraxitos tratados com QUIN,
o desequilibrio do sistema fosforilante associadcaitoesqueleto de GFAP/Vim foi
capaz de mediar a reorganizacdo da rede citoetigagl@lterando a plasticidade
celular. Este efeito foi desencadeado por mecamigghaamatérgicos e €a ativacéo
da PKA e PKC que, junto com o remodelamento da dedactina, foram responsaveis
por alterar o citoesqueleto astrocitario. As acdesQUIN no citoesqueleto podem
representar um dano ao astrocito por induzir astigiséizacdo do citoesqueleto com
consequéncias na plasticidade e funcéo celulagsEstultados somam-se aos obtidos
nas abordagens vivo e ex-vivo, mostrando que a perda da homeostasatdesqueleto

pode ser um dos mecanismos implicados na toxicidad@UIN em astrocitos.

A exposicdo cronica dos neurdnios humanos ao QUdNe pcausar efeitos
deletérios a estas células, podendo levar a suae mOr QUIN causa mudancas
estruturais significativas nos neurdnios, incluirmteragcdes dendriticas, ruptura dos
microtubulos e diminuicdo de organelas (Whetsell Sohwarcz, 1989). Aléem disso,
evidéncias do nosso grupo (Pierozan et al., 20l3p&n et al.,, 2012) e de outros

(Kerr et al., 1998, Braidy et al., 2009) mostramgue o rompimento do citoesqueleto de
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células neurais é um dos alvos das a¢fes do QUi éx-vivo quantoin vivo. As
alteragcdes no citoesqueleto neural representamogrpréneiros eventos desencadeados
por este metabdlito, em que a excitotoxicidade @awo oxidativo estdo envolvidos

(Perez-De La Cruz et al., 2012).

N6s observamos que o QUIN se mostrou téxico aosbnms estriatais em
cultura, induzindo morte celular por apoptose et@satoncentracdes. Estes dados estédo
de acordo com estudos prévios, mostrando que [@d0 QUIN causou morte
significativa de neurbnios espinhais médios esisae 1 mM causou aumento de
liberacdo de LDH em neurdnios corticais (Kim andoiCi987, Kumar, 2008). Em
concentracbes menores (1M), o QUIN causou alteracdo da homeostase do
citoesqueleto neuronal através da hiperfosforilad@® subunidades dos NF, além de
alterar parametros morfométricos neuronais, comoazio neurdnio/neurito e o

comprimento dos neuritos, sem inducdo de morte.

Os NF desempenham um importante papel estruturalezmonios e, junto com
os MT e as proteinas associadas aos MT, sustentade axonal e dendritica, além de
promoverem 0 crescimento e/ou espessamento ax¢esd(apany et al., 2006). Nesse
sentido, € de grande importancia avaliar a cor@elagntre a alteracdo do sistema
fosforilante associado ao citoesqueleto e as pevaalteracbes morfologicas nos
neurénios em diversas patologias, incluindo praxesgie desencadeiam quadros de

excitotoxicidade.

O desequilibrio na homeostase do sistema fosfteilassociado ao citoesqueleto
neuronal foi dependente do influxo de’Catravés da ativacéo de receptores NMDA,
dos L-VDCC e da ativagéo dos receptores mGluRZEesE®sultados estao consistentes

com o0s outros desenhos experimentais que mostrasatotoxicidade através do
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aumento do CA intracelular e sinalizacdo glutamatérgica (Pieroeanal., 2010,
Pierozan et al., 2012). A fosforilagdo aberrante slagbunidades dos NF resultante de
uma desregulacdo na atividade de cinases/fosfafas@s causar estresse celular
induzido por alteracdo nos NF e causar dano neug®haa and Chan, 2008, Holmgren
et al., 2012). N6s demonstramos que as subunidbdeslF de neurdnios estriatais em
cultura estdo hiperfosforiladas em resposta alIOQUIN, e que PKA, PKC, bem
como MAPKs e Cdk5 estdo envolvidas nestes mecasisn@omo discutido
anteriormente, a fosforilacdo das subunidades da pdfa PKA ou PKC previne a
associacdo da subunidade NFL e desassocia filamepteviamente formados
(Hisanaga et al., 1990), interferindo, portantomca rede axonal. Visto que o0s
receptores NMDA, e L-VDCC estao envolvidos nostefedesencadeados pelo QUIN
nos neurdnios em cultura e que utilizando tampdea e extracelulares de Caste
efeito foi prevenido, podemos concluir que a atiwagla PKA se deu através do
aumento de Caintracelular. Da mesma forma que nos astrécitasivacio da PKC se
deu através da ativacdo dos receptores mGluR1vead2AG/IP3/PLC, enquanto que

nao houve a participacdo da PKCaMII nestes efeitos.

Além disso, o0 QUIN ativou a ERK1/2, JNK e p38MAPBem como a Cdkb5,
sugerindo desregulacdo do citoesqueleto axonasfangéo celular (Perrot and Eyer,
2009). Interessantemente, nossos resultados demranstque a inibicdo das MAPK e
Cdk5 preveniu a fosforilagdo da NFL, ao mesmo termpoque a inibicdo da PKC
preveniu a fosforilacdo da NFM. Visto que estes @0 0s sitios tipicamente
fosforilados por estas enzimas, nés podemos supdvi@s de sinalizacdo complexas

estdo implicadas nas acdes do QUIN sobre o citeéstquneuronal.

O crescimento dos processos neuronais é dependiem@dancas na dinamica e

nas propriedades do citoesqueleto (da Silva and, 2802, Dent and Gertler, 2003).
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Os resultados do nosso estudo mostraram que o®nmagirtratados com QUIN
apresentaram reducdo da razao neurito/neuréniocerdprimento dos neuritos, sendo
esse efeito dependente da concentracdo de QUINIté&scdes morfologicas que nds
encontramos nos neurdnios tratados com QUIN pareestar envolvidas com a
desregulacdo dos mecanismos de sinalizagédo red@mercom a homeostase dos NF.
Os dendritos sdo considerados particularmente rauaes a injuria excitotoxica, visto
gue 0s contatos sinapticos excitatérios estdo pmadmtemente na arvore dendritica.
Por este motivo, os dendritos tém sido propostasocsitios iniciais de injuria causada
por excitotoxicidade (Bindokas and Miller, 1995)orfAnto, o desequilibrio na
homeostase do citoesqueleto neuronal causado pdld Qode representar, a0 menos
em parte, uma injaria excitotoxica dendritica (Gweod and Connolly, 2007),
podendo resultar em uma rapida necrose ou em agmpfrdia do neurdnio,

dependendo da severidade do insulto (Bonfoco,e1395).

Interacdes entre neurdnios e astrécitos sado evenmisos para a sinalizacao,
metabolismo energético, homeostase extracelul@gorde regulacédo do volume celular,
além de neuroprotecdo no SNC. Os astrocitos edtamemte relacionados com a
funcionalidade das sinapses, e formam uma extestda interconectada por juncdes
gap. Eles expressam diversas proteinas de membramzireas que sao criticas para a
captacdo de glutamato nas sinapses, detoxificagZmdnia e tamponamento dd K
extracelular. Eles também participam da deteccéapagacdo e modulacdo dos sinais
excitatérios nas sinapses, provendo suporte métabphra os neurdnios ativos, e
contribuindo para o funcionamento do tecido celgfrarea and Araque, 2005, Halassa
and Haydon, 2010). Distarbios dessas interacdeniedastrocito estao relacionados
com diversas doencas neurolOgicas, incluindo istue®rebral, neurodegeneracao e

encefalopatia hepatica (Albrecht et al., MizunalZKang et al., 2012).
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Considerando que os insultos gerados pelo QUINgmemam reorganizacao do
citoesqueleto das células gliais e neuronais issladque o citoesqueleto neuronal foi
mais susceptivel que o astrocitério as acdes dedeadas pelo QUIN, (foi necessério
uma concentragdo 10 vezes maior para alterar ensmstfosforilante associado ao
citoesqueleto de astrécitos), avaliamos a fosfgadados FI, bem como a organizacdo
do citoesqueleto neural em co-cultura neurdnidjaestr, com o objetivo de verificar as

consequéncias dessa interacéo sobre a resposidalgpo celular.

Inicialmente observamos que neurbnios expostos am rondicionado de
astrocitos tratados com QUIN ndo apresentaramagfierde nenhum dos parametros
relativos a homeostase do citoesqueleto neurorstbsEachados sugerem que o0s
astrocitos ativados pelo QUIN podem secretar fatpretetores capazes de modular os

mecanismos de sinalizacdo que tem o citoesquetet@nal como alvo.

E bem estabelecido que os astricitos secretaneuiiéar gliotransmissores como
glutamato, d-serina, TN&-e ATP. Alguns desses metabdlitos sdo liberadosateeira
Cd*-dependente (Volterra and Meldolesi, 2005), e d¢resh sinais ddeedback dos
astrocitos para modular a excitabilidade neurenaltransmissao sinaptica (Araque et
al., 1998, Araque et al., 2000, Takano et al., 2082 regressdo dos neuritos e a
neurodegeneracao sao achados comuns nas descedevdegenerativas, sendo que 0s
fatores de crescimento e 0s neurotransmissoretagxms tém um papel chave nos
processos neurodegenerativos. Um grande numeratdees de crescimento podem
atuar no desenvolvimento do SNC e na respostalédanfendo um importante papel
durante um quadro de excitotoxicidade, por estimolaeparo ao SNC (Mattson and
Scheff, 1994). Os mais importantes fatores de nesto incluem o fator de
crescimento neurotrofico (NGF), o fator de crescitoede fibroblastos (FGF), fator

neurotrofico derivado do cérebro (BDNF) e o fateumotrofico ciliar (CNTF) (Mattson
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and Scheff, 1994). Neste contexto, um estudo deuekigdo e colaboradores
(Figueiredo et al., 2008) demonstrou que 0s astr®@rotegeram neurdnios cerebelares
granulares de um insulto com QUIN pela secrecabGle-2. O FGF-2 € um fator de
crescimento envolvido em processos de neurogépéseua estresse agudo, sendo que
varios estudos mostraram que o estresse agudo wumerxpressdo e liberacdo de
FGF-2 pelas células astrocitarias (Figueiredo .e2808, Kirby et al., 2013, Xia et al.,
2013). Outro estudo mostrou que o CNF protegeleasdnios estriatais de uma injecao
intraestriatal com QUIN, por aumentar a atividads ttansportadores glutamatérgicos
gliais (Beurrier et al., 2010). Embora no nossodsindo tenhamos avaliado qual fator
€ 0 responséavel pela protecdo dos neurbnios petosciios, é possivel que o QUIN
promova a liberacdo de algum fator protetor pesisdeitos, que estaria protegendo 0s

neurénios dos efeitos desencadeados pelo QUIN sabiteesqueleto neuronal.

Na tentativa de investigar mais a fundo a interacélula/célula na injuria
excitotéxica causada pelo QUIN, nés avaliamos ositesf desencadeados por
concentracdes crescentes de QUIN sobre a co-cultassrocito/neurdnio.
Surpreendentemente, nossos resultados mostraraos glas tipos celulares interagem
ativamente protegendo-se mutuamente contra ostossohusados pelo metabdlito,
visto que ambos os tipos celulares preservaramaaosganizacao citoesquelética e

morfologia, além de manter intacto o sistema falsfiole associado aos FI.

Sabe-se que o0s astrgcitos influenciam o desenvehtone a atividade neuronal
nao apenas pela liberacdo de fatores sollveistands®m através da interacéo célula-
célula (Schmalenbach and Muller, 1993, Nedergaiaed.,€2003, Villegas et al., 2003,
Kornyei et al., 2005). A existéncia de uma singi@abi-direcional entre os astrocitos e
0s neurbnios tem revelado o importante papel dosca®s na fisiologia do SNC.

Como consequéncia, ha um novo conceito de fisialegiaptica: a sinapse “tripartite”,
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onde os astrocitos trocam informacdo com os elemgé e pds-sinapticos neuronais
e participam de elementos regulatérios dinamicoma@rotransmissao. A habilidade
dos astrécitos em responder a atividade neuronstriminar entre a atividade de
diferentes sinapses, e modular a excitabilidadedtita através da atividade sinaptica,
indica que os astrécitos sdo dotados de caraatassiue permitem o processamento de

informacdes sinapticas (Perea and Araque, 2005).

Por outro lado, os neurdnios também podem modulatividade astrocitaria,
facilitando a comunicacéo glial e contribuindo parateracdo neuroglial (Rouach et
al., 2002). Eles secretam moléculas bioativas, cdiie, peptideos e lipideos, que
ativam os receptores astrogliais e modificam aasivaade ou a expressao de proteinas
das jungbegap (Giaume and McCarthy, 1996, Rouach et al., 200&2)a consequéncia
importante dessa regulacéo é o aumento na propagaséndas intercelulares dCa
astroglial (Rouach et al., 2002). Nesse sentido,esindo mostrou que 0sS neurdnios
aumentam a expressao das jung@@sdos astrocitos, por aumentar a expressao de uma
das proteinas transmembrana mais importantes qu&titcem as juncdegap em
astrocitos, a conexina 43 (Rouach et al., 2000)e Eestudo estd de acordo com
observacoes prévias de que os neurdnios facilitonaunicacéo glial em co-cultura
cerebelar (Fischer and Kettenmann, 1985). Essesresdrabalhos tém indicado que a
comunicacao atraveés das junc@ep e/ou a expressao de conexinas nos astrécitos sédo
controladas pelos neurdnios (Rouach et al.,, 208dgm disso, parece que em
patologias caracterizadas por disfuncdo neuronal, jumcdes gap astrociticas
representam um alvo para as interagdes neuro@Raisimann et al., 1993, Hanani et

al., 2002).

Com base no exposto acima, se torna possivel afgoe existe uma regulacao

mutua de ambos os tipos celulares. Essa regulag@@mode envolver a modulagcéo da
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transmissdo singptica em neurbnios e a comunicagafuncdesgap em astrocitos.
Esse controle mutuo reforca o conceito de uma iesto®laboracdo entre a rede
neuronal e astrocitaria no processamento da infifm&Smith, 1994). Além disso,
devido a varias linhas de estudo terem demonstopoo oS neurdnios regulam a
expressdo de conexinas nas junggsastrocitarias, podemos supor que, na co-cultura
tratada com QUIN, os neurdnios estejam contribuipdia 0 aumento destas juncoes
nos astrocitos, enquanto que os astrécitos estaganetando fatores protetores para 0s
neurdnios, levando a uma protecao reciproca castagdes deletérias do QUIN sobre

as vias de sinalizacéo direcionadas ao citoesquedeiral.

Concluindo, a abordagem em células isoladas forpeasistentes evidéncias de
que o citoesqueleto neural € um alvo critico paragies do QUIN em culturas de
neurénios e astrécitos isolados, modificando as su#fologias, e provavelmente suas
fungBes. Além disso, houve uma reciproca protegéie @strocitos e neurdnios contra
os insultos provocados pelo QUIN. No entanto, npaisquisas devem ser feitas para
elucidar a relacdo entre as alteragcdes na dinéenisa morfologia do citoesqueleto
neural e provaveis mudancas nas funcdes celulareggposta ao QUIN. Além disso,
um intenso estudo entre as interacdes astrocitggimes e seu papel na neuroprotecao
pode ser de grande interesse para o entendimest@giges do QUIN nas células

neurais.

1.4. Consideracdes finais

Considerando o conjunto dos nossos resultadosmuxddizer que o QUIN é um
composto neurotoxico capaz de afetar a sinalizagd@olar e a dindmica do

citoesqueleto de diferentes estruturas cerebram apcorpo estriado, cortex cerebral e
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hipocampo. Entretanto, os seus efeitos vao depeddsr caracteristicas de cada

estrutura e do tipo celular.

Analisando os resultados dos trés desenhos expaaimepodemos concluir que
as acbes do QUIN sobre o citoesqueleto neural drasse¢ fundamentalmente no
desenvolvimento de um quadro excitotoxico, atrawis ativacdo do sistema
glutamatérgico e aumento de*Citracelular, com consequente ativacio de casdatas
fosforilacdo. Essa ativagao das cascatas causacditena fosforilagdo dos FI neurais,

além de alterac&o na organizacao do citoesquededstdocitos e neurdnios.

Levando-se em conta apenas o estriado, encontraigpsnas diferencas
dependendo do modelo experimental utilizado. Corastrado na Tabela 1, os modelos
in vivo e ex vivo apresentam grande semelhanca nas vias de si@alizmyolvidas,
embora o modelin vivo ndo nos dé condi¢des de explorar mais a fundnadizcao
desencadeada pelo QUIN, como a participacdo dept@es mGIuR 1 e 5 e dos canais
L-VDCC. Também podemos verificar algumas diferergiase os mecanismos de acao
desencadeados pelo QUIN em fatias estriatais eudtora de células. Uma provavel
explicacdo para estas diferencas € que as cébokmlas muitas vezes respondem a
estimulos externos diferentemente de fatias, onde diversos tipos celulares
interagindo, e do cérebro intacto, onde as conegfige as estruturas cerebrais estao
preservadas. Os tipos celulares neurais comunieaemse si, através da liberacdo de
fatores e neurotransmissores, além do contatoacé@lila, modificando as respostas

gue a célula teria isoladamente.

Tabela 1. Resumo dos efeitos do QUIN sobre o sistema fdafde associado ao citoesqueleto
estriatal nas diferentes abordagens experimentais.

Abordagem Neuronios Astrocitos
In vivo Aumento de fosforilagdo dgsAumento de fosforilacap
NF pela ativagdo de PKA,da GFAP pela ativagédo de
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PKCaMll e Cdk5

PKA e PKCamll

Ex vivo

Aumento de fosforilagdo dg
NF  pela

5 e canais L-VDCC
Aumento de influxo de G&
extracelular e liberacdo dg
estoques extracelulare
Ativacdo da PKA, PKCaMIll
PKC e Ckd5

ativagdo  dosda GFAP pela ativagdo dos
receptores NMDA, mGluR1 Ereceptores NMDA e canajs

sAumento da fosforilaca

O

L-VDCC. Aumento do
influxo de ca"
Sextracelular e ativacao da
PKA e PKCaMll

Invitro

Aumento da fosforilagdo dg
NF através da ativagdo d
receptores NMDA, mGIuR1
canais L-VDCC. Aumento d

sAumento da fosforilaca
Dgla GFAP pela ativagao de
Ereceptores NMDA, AMPA
Fe mGIuR1 e 5. Aumento do

O

influxo de C&" e ativacio da

1 + . -
PKA. PKC, MAPK e Cdk5 influxo de C&* e ativagao

da PKA e PKC

Um dado importante que comprova 0 exposto acimaréswoitado da protecdo
muatua que nés demonstramos nas co-culturas netaétriicito tratados com QUIN.
Esta neuroprotecdo ndo foi observada no moielovo e no estud@x vivo. Quando
houve a interagdo apenas do neurbnio com o asisadiistes dois tipos celulares
desenvolveram mecanismos de protecdo mutua que oapagam dos efeitos
excitotoxicos do QUIN. Porém, nas fatias estria@ino cérebro intacto, houve um
terceiro elemento que impediu essa protecao, cdasdano tanto neuronal quanto

astroglial.

As células da microglia sdo as células imunes eastd no cérebro que apés
mudancas patologicas, como injuria excitotoxicat@eam ativadas e rapidamente
mudam sua morfologia (van Rossum and Hanisch, 2@3a mudanca € acompanhada
de liberacdo de citocinas pro-inflamatorias e pgddude altos niveis de QUIN e
glutamato (Tikka and Kaoistinaho, 2001), sendo qodo$ esses fatores podem
contribuir para o quadro de excitotoxicidade. A nogdia ativada exerce seus efeitos

nos neurdnios e em astrocitos, através da liberdedsubstancias citotoxicas como
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radicais livres de oxigénio, Oxido nitrico, glutama proteases (van Rossum and
Hanisch, 2004). Os efeitos da microglia também s#@mulados por astrocitos e
neurdnios através de citocinas e NT, dando origemmma complexa interacédo
microglia-neurénio-astrocito que € denominada netlesnacdo. A neuroinflamacéo é
um elemento importante de doencas neurodegenerafskass et al., 2010) e é
considerada uma consequéncia da ativacdo micr@ikddria, 1999, Mennicken et al.,
1999). Ha um grande numero de evidéncias mostrgndaim importante componente

da resposta microglial a injuria ou doencas do NCativacédo da RQ.

Como falado anteriormente, em condi¢Bes de nelmaiaido os macrofagos e a
microglia podem produzir altas quantidades de QUijb& podem ser toxicas ao SNC
(Heyes, 1993). O rapido recrutamento das célulasogliais ao sitio de injuria é bem
documentado apoOs excitotoxicidade (McGeer et @931 Akiyama et al., 1994).
Embora se saiba que a microglia ativada nas imgeaglo sitio de injaria esta
envolvida na remocédo dos restos de neurbnios erandemgdo (Rozemuller et al.,
1989), a exata contribuicdo da ativacdo microgiialrecuperacdo e remodelamento
neuronal ainda ndo esta bem clara. As células gliar® aumentam consideravelmente
no cérebro de pacientes com HD e estas célulagss@n quantidades aumentadas de
QUIN. Nesse sentido, um estudo de Sapp e colab@adBapp et al., 2001) mostrou
mudancas microgliais no estriado, cortex cerebgibko palido de pacientes com DH.
Além disso, Pavese e colaboradores (Pavese €08l6) mostraram que a ativagcao
microglial na DH esta relacionada com a progresk@ialoenca. Interessantemente,
estudo utilizando a injecéo intraestriatal de QWdt¥o modelo para a DH demonstrou
que a infusdo do metabdlito causa uma respostaghar que acompanha a injaria
excitotoxica (Topper et al., 1993), produzindo &sdacompanhadas de resposta

inflamatodria, que envolvem aumento de ativacaoéferacdo da microglia (Ryu et al.,
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2005). Ou seja, 0 QUIN ativa a microglia, e esta&adf produz mais QUIN em

guantidades neurotoxicas, alimentando a injurid@xxica.

Com base no exposto acima e nos resultados endositean co-cultura astrécito-
neurbnio, podemos propor que a microglia contrfmra produzir o dano excitotéxico
desencadeado pelo QUIN. O QUIN tem a capacidadsivr a microglia, sendo que
estas células ativadas irdo liberar fatores citot®xdeletérios para as células, além de

produzir mais QUIN, alimentando assim o quadrotex@xico.

196



2. CONCLUSAO

Células neurais do corpo estriado, cortex cereblapocampo sdo susceptiveis a
acOes excitotoxicas desencadeadas pelo QUIN. dassattm QUIN em ratos jovens
podem causar um quadro neurotoxico bastante semtelba encontrado na DHJ. Os
experimentosn vivo com ratos jovens demonstraram que o0 QUIN podaisebom
modelo para o estudo da DHJ. Além disso, o citcastiuneural € um importante alvo
para as acdes do QUIN no cérebro de ratos jovemsp ademonstrado em culturas

celulares tratadas com QUIN.

As acdes do QUIN sobre o citoesqueleto sdo deptexlete sinalizagéo
glutamatérgica, do aumento do “Cantracelular e da ativacdo de cascatas de
sinalizagdo. Além disso, os efeitos sobre os Fldeendentes da estrutura cerebral e
do modelo experimental. Portanto, as alteracOesitdesqueleto cerebral podem estar

envolvidas, pelo menos em parte, com a neurot@adedio QUIN.
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3. PERSPECTIVAS

Os resultados obtidos nesse trabalho vislumbraraspuessibilidades de estudos
com a finalidade de elucidar melhor as respostataces as acdes desencadeadas pelo
QUIN, além de investigar possiveis mecanismos degéio contra esses efeitos. Dessa

maneira, nossas perspectivas sao:

3.1. Avaliar o papel da neuroinflamacdo nos efeitos miesmteados pelo QUIN

sobre o citoesqueleto neural, utilizando divergusstde agentes anti-inflamatorios.

3.2.Verificar o efeito neuroprotetor da quinurenina ag8es do QUINN vivo, ex

Vivo ein vitro.

3.3. Estudar os mecanismos pelos quais 0s astrocit@®mos em cultura se
protegem dos efeitos causados pelo QUIN, avalignoksiveis fatores sollveis e

proteinas formadoras das junc@i@p nessa neuroprotecao.

3.4.Analisar o papel da microglia nos efeitos deseradote pelo QUIN.
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