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APRESENTACAO

Esta tese é constituida por:

PARTE I

1. Introducdo: contém o embasamento tedrico necessario para a
compreensao da proposta de trabalho e objetivos.

2. Justificativa: elucida a relevancia cientifica do estudo realizado.

3. Hipétese: expde os principais resultados esperados.

4. Objetivos: definem os propdsitos centrais do trabalho, desenvolvidos

ao longo dos capitulos 1 e 2.

PARTE Il

Capitulo 1: Artigo publicado no periodico Neuroscience — “Arundic acid
(ONO-2506), an inhibitor of S100B protein synthesis, prevents neurological
deficits and brain tissue damage following intracerebral hemorrhage in male
Wistar rats”.

Capitulo 2: Artigo submetido ao periédico Cellular and Molecular
Neurobiology — “Arundic acid (ONO-2506) attenuates neuroinflammation and

prevents motor impairment in rats with intracerebral hemorrhage”.

PARTE Il

Discussdo Geral: contém a interpretagdo dos resultados obtidos nos
artigos 1 e 2, englobando-os em um contexto geral.

Conclusdes: abordam as conclusdes gerais da tese.

Referéncias: listam as referéncias citadas nas sec¢des Introducdo e

Discussao.
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RESUMO

A hemorragia intracerebral (HIC) consiste no principal subtipo de
acidente vascular cerebral (AVC) hemorragico, sendo responsavel por altas
taxas de mortalidade e graves sequelas neuroldgicas. Até o momento, nao
existe nenhum tratamento especifico capaz de melhorar os desfechos da
doenca. Niveis aumentados da proteina astrocitaria S100B sdo reportados
apos a HIC e contribuem no mecanismo de lesdo cerebral secundaria, estando
associados a exacerbacao da neuroinflamacéo, agravamento da leséo e piores
desfechos neurolégicos. A inibicdo da sintese de S100B pelos astricitos
através do acido arundico (AA) tem mostrado efeitos neuroprotetores em
diferentes modelos experimentais de doencas do sistema nervoso central
(SNC), mas seus efeitos ainda nédo foram estudados na HIC. Esta tese teve
como objetivos estabelecer uma concentragdo efetiva para a administragéo
intracerebroventricular (ICV) de AA e analisar os seus efeitos em ratos
submetidos a HIC induzida por colagenase, quanto aos niveis centrais e
periféricos de S100B, reatividade astrocitaria e microglial, morte neuronal,
parametros inflamatérios e oxidativos, assim como suas consequéncias no
volume de lesdo e na fungcdo neuroldgica dos animais. Inicialmente, ratos
Wistar machos sem lesdo prévia receberam umas das seguintes
concentracfes de AA: 0.02, 0.2, 2 e 20 ug/ul; e a concentracdo mais efetiva na
reducdo dos niveis de S100B e GFAP no estriado (2 pg/ul) foi utilizada nos
experimentos seguintes. Para os proximos experimentos, os ratos foram
submetidos a uma cirurgia estereotaxica para administracdo de AA no
ventriculo esquerdo e de colagenase no estriado dorsolateral esquerdo. As
andlises bioquimicas foram realizadas 24h, 72h e 7 dias ap6s a HIC, e as
analises histolégicas e comportamentais em 72h e 7 dias ap0s a lesdo. Os
resultados mostram que o tratamento com AA reduziu os niveis de S100B no
estriado, soro e liquido cerebrospinal, assim como os niveis de proteina glial
fibrilar acida (GFAP, indicador de reatividade astrocitaria) no estriado. Além
disso, o AA aumentou os niveis do antioxidante cerebral glutationa (GSH),
reduziu a formacdo de espécies reativas de oxigénio (ERO), e atenuou a
ativacdo da microglia, reduzindo os niveis das citocinas inflamatorias
interleucina-1B3 (IL-18) e fator de necrose tumoral-a (TNF-a). Essas agdes
neuroprotetoras culminaram no aumento da sobrevivéncia neuronal
(manutencéo da densidade neuronal e prevencao de apoptose) no estriado, na
limitacdo da expansdo do volume de lesdo e na prevencdo de déficits
neuroldgicos nos animais tratados. Os resultados sugerem que a proteina
S100B tem um importante papel no mecanismo de lesdo secundaria inicial da
HIC, e que o Acido Arandico demonstrou ser um agente neuroprotetor
promissor no tratamento da doenca.

Palavras-chave: Hemorragia intracerebral; S100B; astrocito; acido arundico;
neuroinflamacéo



ABSTRACT

Intracerebral hemorrhage (ICH) is the main subtype of hemorrhagic
stroke, being responsible for high mortality rates and severe neurological
impairments. To date, there is no specific treatment capable to improve the
disease outcomes. Increased levels of the astrocytic protein S100B are
reported after ICH and contribute to the mechanism of secondary brain injury,
being associated with exacerbation of neuroinflammation and worsening of the
injury and neurological deficits. Inhibition of astrocytic synthesis of S100B by
arundic acid (AA) has shown neuroprotective effects in different experimental
models of central nervous system (CNS) disorders, but its effects have not yet
been studied in ICH. This thesis aimed to establish an effective concentration
for intracerebroventricular (ICV) administration of AA and to analyze its effects
in rats submitted to collagenase-induced ICH, in terms of central and peripheral
levels of S100B, astrocytic and microglial reactivity, neuronal death,
inflammatory and oxidative parameters, as well as its consequences in the
lesion volume and functional neurological outcome. Initially, rats without
previous CNS injury received one of the following concentrations of AA: 0.02,
0.2, 2 and 20 pg/ul; and the most effective concentration in reducing S100B and
GFAP striatal levels (2 ug/pl) was used in the following experiments. For the
next experiments, rats underwent a stereotactic surgery to AA administration in
the left ventricle and collagenase in the left dorsolateral striatum. Biochemical
analyzes were performed 24h, 72h and 7 days after ICH, and histological and
behavioral analyzes at 72h and 7 days after the injury. Results show that the AA
treatment reduced S100B levels in the striatum, serum and cerebrospinal fluid,
as well as the glial fibrillar acid protein (GFAP, indicator of astrocytic reactivity)
levels in the striatum. In addition, AA increased levels of the brain antioxidant
glutathione (GSH), reduced the production of reactive oxygen species (ROS),
and attenuated the activation of microglia, thus reducing the levels of the
inflammatory cytokines interleukin-13 (IL-1p) and tumor necrosis factor-a (TNF-
a). These neuroprotective effects culminated in improving neuronal survival
(maintaining neuronal density and preventing apoptosis) in the striatum, limiting
the expansion of the lesion volume and preventing neurological deficits in
treated animals. Thus, the S100B protein has been shown to play an important
role in the initial secondary injury mechanism of ICH, and AA has proved to be a
promising neuroprotective agent in the treatment of the disease.

Keywords: Intracerebral hemorrhage; S100B; arundic acid; astrocyte;

neuroinflammation
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1. INTRODUCAO

A hemorragia intracerebral (HIC) consiste no extravasamento sanguineo
para o interior do parénquima cerebral ou espagos ventriculares (Mracsko and
Veltkamp, 2014; Provencio et al., 2013). Altera¢cGes degenerativas relacionadas
a hipertensdo arterial ou angiopatia amildide cerebral sdo responsaveis por
50% e 20% dos casos, respectivamente (Qureshi et al., 2001). A hemorragia
relacionada a hipertensdo, na maior parte dos casos, ocorre nas proximidades
ou na bifurcacdo de pequenas artérias penetrantes que se originam das
artérias basilares ou das artérias cerebrais anterior, média ou posterior
(Campbell and Khatri, 2020). Por sua vez, a angiopatia amildide cerebral é
caracterizada pela deposicdo de peptideo p-amildide e alteracbes
degenerativas nos vasos sanguineos do encéfalo (Rosand et al., 2000). Outros
fatores de risco relevantes sdo o uso oral de anticoagulantes, obesidade,
diabetes mellitus, colesterol alto, tumores cerebrais, aneurismas, malformacdes
vasculares cerebrais, angiomas cavernosos e fistulas arteriovenosas (Qureshi
et al., 2009).

As internagBes por HIC aumentaram nas Ultimas décadas devido ao
aumento do numero de idosos, muitos dos quais ndo possuem um controle
adequado da pressdo arterial, e ao uso crescente de anticoagulantes,
tromboliticos e antiagregantes plaquetarios (Campbell and Khatri, 2020; Garton
et al., 2020; Qureshi et al., 2009). A HIC corresponde a 15% de todos os AVCs
e possui uma incidéncia anual de 10-30 para cada 100 mil pessoas, totalizando
cerca de 2 milhdes de novos casos no mundo a cada ano (Labovitz et al., 2005;

van Asch et al., 2010). Constitui um importante problema de saude publica,



sendo responsavel por altas taxas de morbidade e mortalidade: 40-50% dos
pacientes morrem no primeiro ano apos a HIC e 70% dentro de 5 anos (Poon
et al., 2014); além disso, apenas 20% dos sobreviventes recuperam sua
independéncia funcional 6 meses apds o evento (van Asch et al., 2010).

Comumente, a HIC afeta os lobos cerebrais, os nucleos da base, o
talamo, o tronco encefélico (principalmente a ponte) e o cerebelo (Qureshi et
al., 2001; Xi et al., 2006), resultando em morte celular em torno da regido do
hematoma e consequente atrofia cerebral (Keep et al., 2012). A localizagéo da
hemorragia, o volume inicial e a expansdo do hematoma podem ser preditores
do prognostico e determinantes na escolha de um potencial tratamento
(Schlunk and Greenberg, 2015). As hemorragias pontinas, por exemplo,
possuem a maior mortalidade e as hemorragias superficiais podem ser mais
viaveis de tratar cirurgicamente (Mendelow et al., 2011). Em cerca de 20 a 40%
dos casos, ocorre expansdo do hematoma no primeiro dia apés o dano inicial,
contribuindo para o efeito de massa da HIC com consequente compressao
mecanica das estruturas cerebrais (Balami and Buchan, 2012; Dowlatshahi et
al., 2011). Em torno do hematoma, ocorre a formacao de edema, cujo volume
aumenta cerca de 75% nas primeiras 24 horas, atingindo o pico entre 5 a 6
dias e contribuindo consideravelmente para o efeito de massa e a leséo
cerebral (Gebel et al., 2002; Inaji et al., 2003).

A apresentagdo clinica classica do AVC hemorragico inclui déficits
neuroldgicos focais de inicio rapido, diminuicdo da consciéncia e sinais de
disfuncdo do tronco encefélico, os quais estdo relacionados ao tamanho e a

localizacéo do hematoma (Qureshi et al., 2009).
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Até 0 momento, nenhum tratamento clinico ou cirdrgico se mostrou
capaz de reduzir a mortalidade ou melhorar o desfecho clinico dos pacientes,
especialmente em fases agudas da HIC. O tratamento baseia-se nos cuidados
dentro da unidade de terapia intensiva, a fim de garantir controle/prevencgéo da
hipertensdo arterial, coagulopatia, aumento da pressdo intracraniana (em
alguns casos €é necessaria a colocacdo de um cateter de drenagem
ventricular). Além disso, alguns casos podem requerer a realizacdo de uma
craniotomia ou craniectomia para evacuacdo da hemorragia e/ou

descompressao (Fiorella et al.,, 2015; Thabet et al., 2017; Ziai and

Carhuapoma, 2018).

1.1. Fisiopatologia da hemorragia intracerebral (HIC)

1.1.1. Lesao cerebral primaria

O sangramento no interior do parénquima cerebral leva a formacéo de
um hematoma, ocasionando 0 aumento da pressao intracraniana, compressao
de estruturas cerebrais (podendo levar a hérnia cerebral), redugcdo do fluxo
sanguineo (isquemia) e destruicdo mecanica direta de axbnios e células gliais.
(Keep et al., 2012; Qureshi et al., 2009).

Apoés o inicio do sangramento, a expansdo do hematoma agrava 0s
danos cerebrais em 20 a 40% dos pacientes dentro de 24 horas (Balami and
Buchan, 2012). As regides circundantes ao hematoma sdo caracterizadas por
edema, apoptose, necrose e ceélulas inflamatorias (Qureshi et al.,, 2003). O
edema periematomal aumenta em volume em cerca de 75% nas primeiras 24

horas apos a HIC (Gebel et al., 2002), atinge o pico em torno de 5 a 6 dias e
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dura até 14 dias (Inaji et al., 2003). Na presenca de uma pressao intracraniana
muito elevada e uma baixa pressao de perfusdo cerebral, torna-se alto o risco

de isquemia global (Qureshi et al., 2009).

1.1.2. Lesao cerebral secundaria

A lesdo secundaria apos a HIC pode ser causada por uma cascata de
eventos iniciados pela lesdo primaria (por exemplo, efeito de massa e ruptura
fisica), pela resposta fisiologica ao hematoma (por exemplo, inflamacéo) e pela
liberacdo de componentes do coagulo (por exemplo, hemoglobina e ferro)
(Keep et al., 2012) (Figura 1).

Os produtos derivados do sangue, como a hemoglobina (Hb), heme e
ferro, sdo altamente toxicos ao tecido cerebral e tém sido implicados como
potentes mediadores da lesdo apds a HIC (Lin et al., 2012a; Righy et al., 2016).
A lise eritrocitaria ocorre dentro de minutos e continua por varios dias apés a
formacdo do hematoma (Wu et al., 2003). Heme, o principal componente da
hemoglobina, é degradada em biliverdina, mono6xido de carbono e ferro,
através das heme oxigenases (HO) (Righy et al., 2016). A sobrecarga de ferro
no encéfalo apés a hemorragia gera altos niveis de espécies reativas de
oxigénio (EROs) (Xiong et al., 2014). Hb, heme e ferro sdo potencialmente
citotoxicos e, através de uma ampla variedade de mecanismos, aumentam a
resposta inflamatéria e promovem a oxidagdo de proteinas, acidos nucleicos,
carboidratos e lipidios, interrompendo a sinalizacdo celular e causando,
finalmente, a morte celular (Dutra and Bozza, 2014; Figueiredo et al., 2007).
Neste processo de lesdo, 0 neurotransmissor excitatorio glutamato € liberado

em quantidades patolégicas por neurdnios necréticos ao redor do hematoma e
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por vasos rompidos, levando ao acumulo de subprodutos oxidativos, ainda
mais necrose de células vizinhas e a formacdo de edema citotoxico (Sharp et
al., 2008).

Outra resposta do tecido cerebral & hemorragia é a ativacdo de
mecanismos hemostaticos para limitar o sangramento, como a liberacdo de
trombina. A trombina, no entanto, afeta diversos tipos de células na penumbra
circundante, criando condi¢des inflamatérias e neurotoxicas (Xi et al., 2003):
ativa as células microgliais, as quais liberam mediadores inflamatérios; causa
proliferacdo de células mesenquimais e formagéo de tecido cicatricial; e leva a
disfuncdo das células endoteliais, resultando em aumento da permeabilidade,
rompimento da BHE e formacdo de edema vasogénico (Liu et al., 2010; Xi et
al., 2003).

A disfuncdo da BHE apos a HIC ndo apenas contribui para a inflamacéo,
favorecendo a infiltracdo de leucécitos, mas é também uma consequéncia da
resposta inflamatéria, uma vez que EROs derivadas de leucécitos, citocinas
pro-inflamatérias, quimiocinas e metaloproteinases de matriz (MMPS)
promovem a ruptura da BHE (Keep et al., 2008). Células inflamatérias, tais
como leucécitos derivados do sangue, microglia, macréfagos, astrécitos e
mastocitos sdo vitais para a depuracdo do hematoma, mas também podem
aumentar a lesdo cerebral causada pela HIC, devido a excrecdo de uma

variedade de citocinas e quimiocinas (Wu et al., 2010; Zhang et al., 2017).
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Figura 1. Representagdo esquematica do mecanismo de lesé@o cerebral priméria e secundéria

apos hemorragia intracerebral. BHE = barreira hemato-encefalica; EROs = espécies reativas de
oxigénio; HO-1 = heme oxigenase-1. (Adaptada de Mraksco et al., 2014)

1.2. Modelos animais de HIC

Os modelos animais mais utilizados atualmente para estudar os efeitos
da HIC espontanea consistem na infusdo intraestriatal de colagenase
bacteriana (tipo IV ou tipo VII) ou de sangue autélogo, usualmente em
roedores. Ambos o0s modelos sdo Uteis no estudo dos mecanismos e
progresséao da lesédo, assim como na investigacdo de potenciais tratamentos.

A colagenase € uma enzima derivada da bactéria anaerdbica clostridium
hystolyticum que, quando injetada no estriado, age dissolvendo a matriz
extracelular periendotelial & base de colageno, levando a ruptura da lamina
basal de vasos sanguineos, o que resulta em hemorragia espontanea no tecido

circundante (Askenase et al., 2016; MacLellan et al., 2010). O sangramento
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ocorre apoOs aproximadamente 10 minutos, com crescimento adicional do
hematoma durante pelo menos 2 horas (Won et al., 2013). Esta abordagem
contempla alguns elementos-chave da HIC na clinica, incluindo o dano
endotelial, rompimento da barreira hematoencefadlica, o sangramento /
ressangramento continuo e subsequente expansdo do hematoma (James et
al., 2008; Schlunk and Greenberg, 2015). Além disso, o modelo é altamente
reprodutivel e reproduz a fisiopatologia da morte celular secundéaria e do
edema causado pelo hematoma (Schlunk and Greenberg, 2015).

No entanto, sabe-se que o modelo induzido por injecéo estereotaxica de
colagenase néo simula exatamente as mesmas condi¢des da HIC humana, em
que ocorre a ruptura de um Udnico vaso, devido & combinagdo de danos
estruturais cronicos e efeitos intrinsecos de pulsacdes sanguineas
intravasculares (Schlunk and Greenberg, 2015). Outro fator que deve ser
levado em consideracao, sugerido por alguns autores, € que este modelo gera
niveis mais altos de inflamacdo que outros modelos, possivelmente como
resultado da presenca de tragcos bacterianos contaminantes, da capacidade de
ativar receptores de reconhecimento de padrdes bacterianos ou simplesmente
devido a dissolucdo continua da membrana basal (Barratt et al., 2014,
MacLellan et al., 2010; Xue and Del Bigio, 2003).

O modelo de HIC induzido por injecdo estriatal de sangue autélogo
mimetiza os efeitos de um hematoma intracerebral, possuindo a vantagem do
controle preciso do tamanho do hematoma. No entanto, esta abordagem né&o
modela efetivamente o dano endotelial, a ruptura dos vasos sanguineos ou o
sangramento sustentado associado a HIC na clinica. Acredita-se que fatores

soluveis associados ao dano endotelial, incluindo ativadores da cascata do
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complemento e trombina, sejam importantes sinais precoces na patologia da
HIC (Babu et al., 2012).

Um estudo (Maclellan et al., 2008) comparou os dois modelos animais e
concluiu que, embora tenha-se ajustado a dose de colagenase para produzir
um hematoma de igual tamanho ao do modelo de infuséo de sangue, o
tamanho final da lesdo induzida por colagenase foi substancialmente maior,
resultou em maiores danos a BHE, ao estriado, substancia negra, substancia
branca e cortex cerebral do que o modelo de sangue autélogo, o qual
apresentou resolucdo mais rapida do hematoma e recuperacdo total dos
déficits funcionais.

Com base nas evidéncias existentes na literatura e levando em
consideracdo as vantagens e limitacbes de ambos os modelos, a injecao
estereotédxica de colagenase foi escolhida para induzir a HIC neste trabalho,
por possuir mais similaridades ao mecanismo de leséo primario e secundario
que ocorre em humanos, assim como 0 consequente prejuizo funcional grave

e, na maioria das vezes, irreversiveis que os acometem.

1.3. Neuroinflamacédo na HIC

Evidéncias crescentes sugerem que mecanismos inflamatérios estédo
envolvidos na progressao da leséo cerebral induzida pela HIC, sendo um fator
chave na patogénese e no desfecho da doenca (Righy et al., 2016; Wang,
2010; Wang and Doré, 2007; Zhang et al., 2017; Zhou et al., 2014).

A neuroinflamacdo é mediada por componentes celulares, como

leucdcitos e microglia residente, e componentes moleculares, incluindo
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prostaglandinas, quimiocinas, citocinas, proteases extracelulares e EROs

(Mracsko and Veltkamp, 2014; Wang and Doré, 2007).

1.3.1. Ativacdo microglial e citocinas pré-inflamatorias

Os distarbios agudos e crénicos do SNC levam a ativacdo glial,
manifestada pelo aparecimento de microglia e astrécitos ativados no local e em
torno dos focos de danos nos tecidos (Wajima et al., 2013). A microglia ativada
€ caracterizada por alteracbes morfolégicas, como tamanho aumentado e
processos robustos, além de resposta migratéria, proliferativa e comportamento
fagocitico (Mracsko and Veltkamp, 2014).

Microglias sé@o as primeiras células imunes a reagir a lesdes cerebrais,
incluindo a HIC, e podem ser ativadas por componentes do sangue, como
eritrocitos, heme, leucdcitos, proteinas plasmaticas e hemoglobina, por meio de
receptores do tipo Toll (TLR — do inglés “toll-like receptor”) (Wang et al., 2014;
Zhang et al., 2017). Nos modelos animais de HIC, a microglia ativada pode ser
detectada dentro de uma hora apds o insulto, atingindo o pico de ativacdo entre
3 e 7 dias (Gong et al., 2000; Wang et al., 2003; Yang et al., 2015) e retornando
ao numero basal dentro de 21 dias (Wang et al., 2003).

A ativacao da microglia parece ter um papel duplo na HIC: sua principal
funcéo é a fagocitose dos componentes sanguineos e de restos celulares, a fim
de manter a homeostase tecidual e promover a recuperagdo neuroldgica
funcional (Zhang et al., 2017); no entanto, nesse processo, a microglia ativada
produz uma variedade de citocinas proé-inflamatérias, quimiocinas, EROs,

proteases, oxido nitrico (NO) sintase e prostaglandinas, 0s quais aumentam a
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lesé@o cerebral apds a HIC (Shiratori et al., 2010; Wu et al., 2015, 2011; Yang et
al., 2014).

Diversos estudos em modelos animais de HIC evidenciam o potencial
terapéutico de tratamentos com base na inibicdo da ativacdo microglial,
correlacionando-a com a diminuicdo do edema peri-hematomal, do volume de
lesdo tecidual, da degeneracdo neuronal e com a melhora das funcbes
neurolégicas (Gao et al., 2008; Qiao et al., 2018; Wang et al., 2003; Wang and
Tsirka, 2005; Wu et al., 2009, 2008). Além disso, foi demonstrado que a
microglia induz a producéo de EROs in vitro (Yang et al., 2015), e que a sua
inibicdo diminui a produgédo de EROs em um modelo animal de ICH (Wang and
Tsirka, 2005), tornando evidente a relacdo entre a neuroinflamacdo mediada
pela microglia e o estresse oxidativo na lesdo secundaria decorrente da HIC. O
estresse oxidativo € uma condi¢cdo na qual a superproducao de radicais livres,
principalmente EROs, excede a capacidade antioxidante e subsequentemente
leva a lesdo celular via oxidagéo direta de proteinas celulares, lipidios e DNA
ou participacdo em vias de sinalizacdo de morte celular (Sinha et al., 2013).

Citocinas pré-inflamatérias, como o fator de necrose tumoral a (TNF-a) e
a interleucina -1p (IL-1B), séo liberadas pela microglia ativada em resposta a
diversos tipos de lesdo cerebral, incluindo a lesdo hemorragica, na qual
parecem ter papel importante na progressdo da lesdo secundaria, sendo
fortemente mediadas pela producdo de trombina, através de receptores
especificos de trombina presentes nas células microgliais (PARs — do inglés
protease-activated receptors) (Wu et al., 2008). Embora essas citocinas pro-
inflamatorias possam ser liberadas por diversos tipos celulares (incluindo

astrocitos, neurdnios e células endoteliais), sua principal fonte no encéfalo sdo
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as microglias ativadas (Emsley and Tyrrell, 2002). As citocinas liberadas
induzem ou potencializam a producdo de outras citocinas; além disso, elas
podem induzir uma a outra mutuamente (por exemplo, TNF-a e IL-1B) (Turrin

and Plata-Salaman, 2000).

1.4. O papel dos astrocitos na patologia da HIC

Os astrocitos possuem importancia fundamental na homeostase cerebral,
além de fornecer suporte estrutural aos neurénios. Contribuem ativamente na
formacdo e manutencdo da BHE (Abbott et al.,, 1992), regulam o fluxo
sanguineo cerebral (Takano et al., 2006), transportam substancias entre o
sangue e neurbnios (Matsui et al., 2002), mantém a homeostase oxidativa e
ibnica (Wilson, 1997), secretam fatores neuroprotetores (Mahesh et al., 2006),
modulam a transmissao sinaptica, a sinaptogénese e a neurogénese (Matsui et
al., 2002).

Astrocitos desempenham um papel chave tanto na producdo como na
regulacdo de neurotransmissores no SNC, produzindo, por exemplo a
glutamina, precursora para 0s neurotransmissores glutamato e GABA, a partir
da glicose (Zou et al., 2010). Além de fornecer precursores para
neurotransmissores, estas células gliais realizam a captacdo do glutamato da
fenda sindptica, por meio dos transportadores astrocitarios GLT-1
(transportador de glutamato 1) e GLAST (transportador de glutamato e
aspartato), a fim de evitar seu acumulo excessivo no meio extracelular (Eid et
al., 2018; Lewerenz and Maher, 2015). Na HIC, o glutamato é patologicamente
liberado em quantidades excitotéxicas pelos neurdnios necréticos em

decorréncia da lesdo (Senn et al., 2014); além disso, o0s niveis dos
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transportadores desse neurotransmissor diminuem agudamente apos lesdes
cerebrais, exacerbando a morte neuronal devido & excitotoxicidade
glutamatérgica (Eid et al., 2018; Neves et al., 2018). Além da remocdo do
glutamato da fenda sinptica, os astrocitos sdo responséveis pela sua
conversdo em glutamina, através da enzima glutamina sintetase (GS) (Eid et
al.,, 2016). Por este motivo, a atividade da GS tem sido utlizada para
caracterizar a fungéo astroglial no tecido cerebral (Eid et al., 2016; Nedergaard
et al., 2002; Neves et al., 2018)

Outra importante funcdo desempenhada pelos astricitos diz respeito ao
suporte a outras células cerebrais em defesa contra as EROs. O tripeptideo
glutationa (GSH), sintetizado e secretado pelos astrécitos, € o principal
antioxidante cerebral, exercendo importante papel neuroprotetor contra danos
oxidativos (Dringen et al., 2015). Estudos mostram que o contetdo de GSH
encontra-se reduzido apés a HIC experimental, contribuindo para o aumento da
morte neuronal em decorréncia do estresse oxidativo (Diao et al., 2020; Wang

et al., 2018).

1.4.1. Astrogliose reativa

A astrogliose reativa € uma resposta dos astrocitos a lesdes ou processos
neuropatologicos, caracterizada pela hipertrofia dos corpos e processos
celulares, alteracdo da expressao génica e proliferacdo dos astrécitos em torno
do local da lesado (Sofroniew and Vinters, 2010a; Sukumari-Ramesh et al.,
2012a). Diversos tipos de células podem liberar mediadores que induzem a
astrogliose reativa, incluindo neurbénios, microglia, células endoteliais,

leucdcitos e outros astrocitos, em resposta aos insultos no SNC. Citocinas
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liberadas pela microglia, por exemplo sdo fortes indutoras da reatividade
astrocitaria (Wajima et al., 2013). Além disso, durante a hemorragia, fatores
derivados do sangue, como a trombina, s&o potenciais indutores da
proliferacdo e ativacado astrocitica (Nishino et al., 1993).

Evidéncias indicam que o0s astrocitos reativos possuem um papel
complexo em resposta a lesées do SNC, tendo potencial tanto para aumentar a
regeneracdo e sobrevivéncia neuronal, como para contribuir com o
agravamento da lesédo (Sofroniew, 2009; Sofroniew and Vinters, 2010a). Os
efeitos benéficos proporcionados pelos astrécitos incluem o reparo tecidual,
protecdo celular, captacdo do glutamato e liberacdo de neurotrofinas
(Sukumari-Ramesh et al., 2012b; Wasserman and Schlichter, 2007), enquanto
efeitos potencialmente prejudiciais podem ser causados pela liberagcdo de
citocinas inflamatérias como IL-18 e TNF-a (Mracsko and Veltkamp, 2014) e
de radicais citotéxicos (Qu et al., 2016), levando a potencializacdo de respostas
inflamatoérias, aumento da permeabilidade da BHE , edema vasogénico e
estresse oxidativo apdés a HIC (Barreto et al., 2011; Sukumari-Ramesh et al.,
2012a). Além disso, no processo de reparo tecidual, os astrécitos formam uma
cicatriz glial com a finalidade de proteger o tecido néo danificado, a qual acaba
por gerar uma barreira fisica e producao de inibidores quimicos que impedem a

regeneracao axonal (Barreto et al., 2011).

1.4.2. Proteina glial fibrilar acida (GFAP)

A astrogliose reativa em decorréncia de lesées no SNC leva ao aumento
da expressdo de GFAP, membro da familia de proteinas do citoesqueleto dos

astrocitos, que ajuda a manter a forca mecéanica, bem como a forma dessas
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células. Assim, o aumento dos niveis de GFAP é considerado um importante
marcador bioldgico, sensivel e especifico para a rapida resposta dos astrocitos
a lesdes e doencas no SNC, incluindo a HIC (Kumar et al., 2015).

Apéds a HIC, GFAP pode ser encontrado no soro e no plasma de pacientes
devido a destruicdo de astrocitos e a ruptura da BHE (Foerch et al., 2012; Senn
et al.,, 2014) e seus niveis correlacionam-se ao volume do hematoma e ao
desfecho clinico dos pacientes (Foerch et al., 2012; Kumar et al., 2015). Niveis
elevados de GFAP também sdo encontrados na HIC experimental (Neves et
al.,, 2017) e um estudo recente mostrou que a atenuacdo da atividade
astrocitica, através da administracdo de um inibidor especifico, reduziu o
acumulo de astrécitos e a expansdo do hematoma, diminuiu a destruicdo da
BHE e melhorou os desfechos neurolégicos funcionais de ratos submetidos a

HIC (Chiu et al., 2017).

1.4.3. Proteina S100B

Outra consequéncia da reatividade e proliferacdo astrocitaria frente a um
insulto no SNC é o aumento dos niveis da proteina S100B, uma proteina
ligante de calcio, encontrada abundantemente no cérebro, onde é expressa
principalmente pelos astrocitos (Sorci et al., 2010). No caso de les6es no
sistema nervoso, a concentracdo de S100B extracelular pode ser ainda mais
alta em decorréncia de danos ou necrose dos astrécitos, levando a liberacdo
passiva da proteina e possivelmente a um “clearance” menos eficaz em
consequéncia da inflamacéo (Sorci et al., 2010).

A S100B faz parte de uma familia de proteinas ligantes de Ca?* que,

quando ativadas por este ion, interagem com proteinas alvo intracelulares,

22



cujas fungbes sdo dependentes de calcio, regulando assim suas atividades
(Sorci et al., 2010). S100B intracelular exerce atividades regulatorias nas
células e, uma vez secretada/liberada, atua como um sinal extracelular. Como
regulador intracelular, a S100B atua na regulacéo da fosforilacdo de proteinas,
no metabolismo energético, na dindmica dos constituintes do citoesqueleto, na
homeostase do Ca*? e na proliferacédo e diferenciacédo celular (Donato et al.,
2009). A nivel extracelular, a S100B pode atuar como fator neurotréfico ou
neurotoxico, dependendo de sua concentracdo. Em niveis baixos, fisioldgicos
(nano molares — nM) protege 0s neurdnios contra apoptose, estimula o
crescimento de neuritos e a sobrevivéncia neuronal; no entanto, em
concentracdes elevadas (micro molares - mM), exerce efeito téxico, facilitando
a morte neuronal (Villarreal et al., 2014).

A S100B se liga nos receptores RAGE (receptor para produtos finais de
glicacdo avancada), um receptor multiigante da superfamilia de
imunoglobulinas expresso em varios tipos de células, incluindo neurénios,
astrocitos e microglia (Hofmann et al.,, 1999), nas quais ativa diferentes
cascatas de sinalizacao intracelular.

A ligacdo de RAGE por S100B nos neurdnios demonstrou ser responsavel
pelos efeitos neurotréficos (em doses baixas) e pro-apoptéticos (em altas
doses), com consequente superproducdo de EROs (Huttunen et al., 2000). A
ativacdo da microglia devido a um dano cerebral € acompanhada pelo aumento
da densidade de receptores RAGE em sua superficie (Lue et al., 2001) e,
assim, a S100B torna-se capaz de atrair quimicamente as células microgliais
para o local da lesédo, além de aumentar a expressao e secrecado de IL-1[,

TNF-a, ciclo-oxigenase-2 (COX-2) e 6xido nitrico sintase induzivel (iNOS) por
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essas células (Esposito et al.,, 2006; Kim et al., 2004). Nos astrdcitos,
concentragbes elevadas de S100B demonstraram induzir astrogliose reativa,
proliferagdo e migragao para o local da leséo (Villarreal et al., 2014), aumentar
a expressao de INOS, liberacédo de NO e secrecéo de IL-1f3, interleucina 6 (IL-

6) e TNF- a (Ponath et al., 2007; Villarreal et al., 2014). (Figura 2).
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Figura 2. Representacdo esquematica dos efeitos extracelulares da S100B no encéfalo. (a) Em
baixas concentracdes, a S100B promove sobrevivéncia neuronal e crescimento de neuritos via
estimulacdo da sinalizacdo da RAGE. (b) Em altas concentragbes, a S100B causa morte
neuronal tanto diretamente, pela estimulacdo excessiva da sinalizacdo da RAGE em neurbnios,
como indiretamente, via ativacdo dependente de RAGE da microglia e astrécitos. IL-6 =
interleucina 6; TNF-a = fator de necrose tumoral alfa; NO = éxido nitrico; ERO = espécies

reativas de oxigénio. (Sorci et al., 2010).

Os niveis periféricos de S100B no soro e no plasma sédo considerados
biomarcadores de lesdo no SNC, incluindo a HIC (Ferrete-Araujo et al., 2019;
Senn et al., 2014; Zhou et al., 2016), na qual o dano/necrose de astrécitos,
associada a ruptura da BHE podem permitir a entrada de S100B na corrente
sanguinea (Kapural et al., 2002). Estudos prospectivos mostram que 0s niveis
periféricos de S100B no sangue e no liguor em pacientes com HIC encontram-

se significativamente mais altos do que nos individuos saudaveis nos primeiros
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dias apo6s a lesdo, demonstrando ser um preditor de mortalidade (Ferrete-
Araujo et al., 2019; Hu et al., 2010; Huang et al., 2010) e estar correlacionado a
um maior volume hemorrdgico (Huang et al., 2010; Zhou et al., 2016) e pior
desfecho neurologico funcional (Delgado et al., 2006; Ferrete-Araujo et al.,
2019; Huang et al., 2010; James et al., 2009; Zhou et al., 2016).

Estudos experimentais mostram que ratos submetidos a HIC induzida por
colagenase também apresentam niveis elevados de S100B no soro, liquor e
tecido cerebral (estriado e cértex) (Neves et al., 2017). Além disso, um estudo
mostrou que o pico de S100B no soro de ratos com HIC correlacionou-se com
o edema cerebral e a extensdo maxima do volume do hematoma (Tanaka et
al., 2009).

Diante das evidéncias de que o aumento dos niveis da proteina S100B em
decorréncia da astrogliose reativa frente a HIC possui importante papel no
mecanismo de lesdo secundaria, resultando em aumento da morte celular e
piora da funcdo neurolégica, a S100B pode ser um interessante alvo

terapéutico a ser estudado na patologia e nos desfechos da HIC.

1.5. Acido arindico (AA)

O &cido arundico (ONO-2506) € um agente inibidor da sintese astrocitica
de S100B (Asano et al., 2005). Sua descoberta foi impulsionada por estudos in
vitro que mostraram que astrécitos em cultura se proliferam e se ativam
espontaneamente, com consequente aumento no contetdo de S100B e GFAP,
diminuicdo da expressao de receptores do acido y-aminobutirico A (GABAA) e
dos transportadores gliais de glutamato (GLT-1 e GLAST) (Mori et al., 2005;

Tateishi et al., 2002) . Observou-se, entdo, que a adicdo de um anticorpo
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contra S100B na cultura inibiu a ativagdo espontdnea dos astrocitos,
evidenciando o papel da superexpressdo de S100B na reatividade astrocitéria.
Assim, realizou-se uma triagem na busca de um agente que possuisse uma
acao inibitdria na sintese de S100B pelos astrécitos, levando a descoberta do
AA (Asano et al., 2005; Tateishi et al., 2002). Verificou-se, entdo, que quando
expostos ao AA, astrécitos resistem a ativacdo espontanea, mostram
diminuicdo da expressdo do RNAmM de S100B e aumento da expressdo do
RNAmM de transportadores de glutamato e receptores GABA, de forma a
proteger neurbnios em co-cultura (Asano et al., 2005).

Estudos experimentais tém mostrado efeitos benéficos do AA em diversas
doencas no SNC, por meio de diferentes vias de administragcdo e em variadas
dosagens e protocolos de tratamento. Em modelos de isquemia cerebral, 0 AA
reduziu o volume do infarto, melhorou a funcdo motora (Mori et al., 2005;
Tateishi et al., 2002) e reduziu os niveis de glutamato extracelular (Mori et al.,
2004). Em ratos submetidos a hipoperfusdo cerebral crénica, diminuiu as
lesGes na substancia branca (Ohtani et al., 2007). Em um estudo com ratos
hipertensos propensos ao AVC esponténeo, o tratamento foi capaz de diminuir
a pressao arterial, aumentar a taxa de sobrevivéncia e o tempo médio de vida
dos animais (Higashino et al., 2009). No modelo de hematoma subdural agudo,
0 AA diminuiu o volume da lesé&o e a morte celular por apoptose (Wajima et al.,
2013). Ainda, a administragdo de AA em ratos com lesdo medular levou a
melhora da funcdo motora e aumento da forca de preensao, além de limitar a
expansao da lesédo (Hanada et al., 2014) e suprimir a dor neuropatica (Ishiguro
et al., 2019). Quando utilizado no modelo de doenca de Parkinson, preveniu a

deplecdo de neurdnios dopaminérgicos na substancia negra e o aparecimento
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de disfungdes motoras (Kato et al., 2004). Recentemente, a administracao de
AA em ratos submetidos a hipdxia-isquemia neonatal demonstrou reduzir 0os
danos teciduais e os déficits de memoria causados pela lesdo (Mari et al.,
2019).

Um estudo clinico (fase ) foi conduzido para avaliar a seguranca e
tolerabilidade da administracao intravenosa de AA durante 7 dias em pacientes
com AVC isquémico agudo e verificou-se que, além de ndo gerar efeitos
adversos importantes, o AA diminuiu os déficits neurolégicos e a dependéncia
para realizacdo de atividades de vida diaria dos pacientes até 40 dias apos a
lesdo; além disso, os niveis séricos de S100B correlacionaram-se com o
desfecho neuroldgico funcional (Pettigrew et al., 2006a, 2006b).

Sabe-se que a sintese astrocitica aumentada de S100B leva a ativacao de
multiplas cascatas de sinalizacdo intracelular, que induzem respostas como o
aumento da producdo de citocinas inflamatérias, NOS induzivel e COX-2,
aumento da expressdo de GFAP, diminuicdo da expressao de transportadores
de glutamato e receptores GABAA e diminuicdo da sintese de glutationa
(Wajima et al.,, 2013). A microglia ativada libera citocinas inflamatérias que
levam a ativacdo dos astrdcitos, os quais promovem a sintese de S100B. A
S100B liberada, por sua vez, gera ainda mais ativacdo da microglia,
culminando em um ciclo vicioso de citocinas inflamatérias e substancias
toxicas, resultando no agravamento da inflamacdo e progressdo da leséo
(Griffin et al., 2006). Dessa forma, os efeitos do acido arundico séo atribuidos a
sua acao inibitéria na sintese de S100B, de forma a suprimir o ciclo de
citocinas e as consequéncias prejudiciais da superexpressao da proteina

(Figura 3).
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Figura 3. Mecanismo proposto pelo qual o &cido artndico previne a progressao da lesdo apds
ativagdo astrocitica devido a les@es, inflamacéo e isquemia. O &cido arindico suprime o ciclo
de citocinas pela inibicdo astrocitica da sintese de S100B. RAGE = receptor para produtos
finais de glicacdo avancada; iNOS = oxido nitrico sintase induzivel; NO = dxido nitrico; COX-2 =
ciclo-oxigenase-2; GABAa-R = receptor de &cido gama-aminobutirico-A; [Cl-] = concentracéo
de ion cloro; GLT-1 = transportador de glutamato 1; GLAST = transportador de glutamato e

aspartato; [Glu] = concentracdo de glutamato. (adaptado de Wajima et al., 2013).
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2. JUSTIFICATIVA

Tendo em vista as altas taxas de mortalidade e a severidade das
sequelas neurologicas causadas pela hemorragia intracerebral (HIC), torna-se
evidente a necessidade da busca de novos tratamentos capazes de melhorar o
prognostico dos pacientes acometidos por esta doenca.

Sabe-se, por meio de evidéncias experimentais e clinicas, que a
proteina S100B, produzida e liberada em excesso pelos astrocitos reativos,
possui efeitos prejudiciais na fisiopatologia da HIC, culminando no aumento da
morte neuronal, da neuroinflamacéo e no agravamento da leséo.

O acido arundico (AA) é um agente inibidor da sintese astrocitaria de
S100B, cujo potencial terapéutico tem sido demonstrado em diversas doengas
do sistema nervoso central, por meio da supressdo dos efeitos toxicos da
proteina em niveis elevados.

Com base nestas assertivas, o estudo dos efeitos do AA sobre a
fisiopatologia, a progressdo da lesdo e os desfechos neurolégicos da HIC
possui grande relevancia na busca de novas condutas terapéuticas para a

doenca.
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3. HIPOTESE

A hipotese de trabalho é de que o tratamento intracerebroventricular com
acido arundico, por meio de sua propriedade inibidora da sintese de S100B
pelos astrécitos, seja capaz de prevenir os efeitos causados pelas
concentracbes aumentadas da proteina ap6s a hemorragia intracerebral
experimental, reduzindo, desta forma, a reatividade astrocitaria e microglial, a
producédo de citocinas inflamatérias, os danos oxidativos e a morte neuronal no
estriado dos animais tratados. Como resultado da supressao dos mecanismos
de lesdo secundaria supracitados, os animais tratados com AA devem
apresentar um menor volume de lesdo estriatal e, consequentemente,
melhores desfechos neurolégicos funcionais em comparacdo aos animais ndo

tratados.
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4. OBJETIVOS

4.1. Objetivo geral

Investigar os efeitos da administracdo intracerebroventricular (ICV) de
acido arundico (AA) no modelo experimental de hemorragia intracerebral (HIC),

analisando parametros histolégicos, bioquimicos e comportamentais.

4.2. Objetivos especificos

|. Estabelecer a dose ideal para a administracdo ICV de AA, a partir da
andlise dos niveis estriatais de S100B e GFAP em ratos néo lesados;

ll. Avaliar os efeitos do tratamento com AA em ratos com HIC, no que diz
respeito a:

- Funcdo motora, por meio dos testes comportamentais: escore
neurologico, teste de preensao e escada horizontal, realizados em 72h e 7 dias
apos a lesao;

- Volume da lesdo hemorragica estriatal, por meio de coloragcdo com
hematoxilina-eosina, em 72h e 7 dias ap6s a HIC;

- Niveis estriatais de S100B e proteina glial fibrilar acida (GFAP), por
meio da técnica de imunofluorescéncia, em 72h e em 7 dias apos a HIC;

- Reatividade microglial, por meio da técnica de imunofluorescéncia, em
72h e em 7 dias apos a HIC;

- Contagem neuronal, assim como a morte celular por apoptose, por

meio da técnica de imunofluorescéncia, em 72h e em 7 dias apods a HIC;
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- Niveis de GFAP no estriado, e de S100B no estriado, soro e liquido
cerebrospinal (LCE), por meio de ELISA, em 24h, 72h e 7 dias ap0s a leséo;

- Atividade da enzina glutamina sintetase (GS) e conteldo de glutationa
(GSH) no estriado, em 24h, 72h e 7 dias ap6s a HIC;

- Niveis estriatais as citocinas inflamatorias interleucina-1p (IL-1 B) e
fator de necrose tumoral-a (TNF-a), em 24h, 72h e 7 dias apds a HIC;

- Niveis de espécies reativas de oxigénio (EROs) no estriado através da

oxidacao de diclorofluoresceina (DCF), em 24h, 72h e 7 dias apds a HIC.
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Abstract

Stroke is one of the leading causes of mortality and neurological morbidity.
Intracerebral hemorrhage (ICH) has the poorest prognosis among all stroke
subtypes and no treatment has been effective in improving outcomes. Following
ICH, the observed high levels of S100B protein have been associated with
worsening of injury and neurological deficits. Arundic acid (AA) exerts
neuroprotective effects through inhibition of astrocytic synthesis of S100B in
some models of experimental brain injury; however, it has not been studied in
ICH. The aim of this study was to evaluate the effects of intracerebroventricular
(ICV) administration of AA in male Wistar rats submitted to ICH model
assessing the following variables: reactive astrogliosis, S100B levels,
antioxidant defenses, cell death, lesion extension and neurological function.
Firstly, AA was injected at different doses (0.02, 0.2, 2 and 20 pg/ul) in the left
lateral ventricle in order to observe which dose would decrease GFAP and
S100B striatal levels in non-injured rats. Following determination of the effective
dose, ICH damage was induced by IV-S collagenase intrastrial injection and 2
pmg/ul AA was injected through ICV route immediately before injury. AA
treatment prevented ICH-induced neurological deficits and tissue damage,
inhibited excessive astrocytic activation and cellular apoptosis, reduced
peripheral and central S100B levels (in striatum, serum and cerebrospinal fluid),
improved neuronal survival and enhanced the antioxidant defenses after injury.
Altogether, these results suggest that S100B is a viable target for treating ICH
and highlight AA as an interesting strategy for improving neurological outcome

after experimental brain hemorrhage.
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1.Introduction

Intracerebral hemorrhage (ICH) accounts for 15-20% of all stroke cases
and is associated with high morbidity and mortality rates (Qureshi et al., 2009).
ICH has the poorest prognosis among all stroke subtypes, with only 20% of
survivors having independent functioning 6 months after injury (Agnihotri et al.,
2011). No pharmacological or surgical intervention has been able to reduce
mortality or to improve the outcome following ICH (Fiorella et al., 2015).
Therefore, ICH patients usually present with sensorimotor impairments
according to the site and the extent of brain damage (Cheon, 2015).

ICH injury mechanisms can be divided into two phases. The primary
damage occurs due to the initial bleeding and hematoma formation into the
brain parenchyma, which leads to the compression of brain regions, decrease
of blood flow and direct mechanical destruction of axons and glial cells (Qureshi
et al., 2009; Keep et al., 2012). Secondary brain injury occurs mainly due to the
hematoma formation and clearance, which causes hemotoxicity by the blood
breakdown products released (Qureshi et al.,, 2009; Aronowski and Zhao,
2011). These secondary mechanisms result in blood brain-barrier (BBB)
disruption, neuronal loss and reactive gliosis (Hu et al., 2016).

Astrocytes contribute to neuronal metabolism and cell survival (Matsui et
al., 2002). Glutamate uptake from the extracellular space is a major astrocyte
function in order to prevent glutamate-induced excitotoxicity (Eid et al., 2018).
Furthermore, glutamate is used in the synthesis of glutamine through the
glutamine synthetase (GS) enzyme (Eid et al., 2016) and also for the synthesis
of glutathione (GSH), an important brain antioxidant (Dringen et al., 2015).
Astrocytes become reactive in response to a central nervous system (CNS)
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damage, exhibiting characteristics such as increased size and complexity of
their projections, with a consequent increase of GFAP (glial fibrillary acid
protein), a member of cytoskeleton protein family that has been used as an
astrocyte-specific biomarker (Kumar et al., 2015). It has been demonstrated that
GFAP levels are increased after CNS injury, such as ICH (Foerch et al., 2012;
Kumar et al., 2015). Reactive astrocytes may cause potentially detrimental
effects due to the induction of proinflammatory responses (Mracsko and
Veltkamp, 2014) and oxidative stress (OS) (Qu et al., 2016).

In addition to the increase in GFAP levels, CNS insults lead to an
increase in astrocyte synthesis of S100B, a 21-kD Ca?* binding protein that
exerts beneficial roles at low concentrations, facilitating neuronal survival,
whereas at high levels it causes neurotoxic effects and neuronal death (Hu et
al., 1996; Sorci et al., 2010; Wajima et al., 2013). Following brain insults, the
increased levels of S100B lead to the activation of multiple intracellular
signaling cascades, resulting in the suppression of neuronal function and
delayed expansion of injury (Matsui et al., 2002).

S100B has been considered a biomarker of brain damage in several
CNS disorders, including ICH (Tanaka et al., 2009; Hu et al., 2010; Zhou et al.,
2016; Neves et al., 2017). High S100B plasma concentration was related with
hemorrhage volume, neurological deficits and functional disability in ICH
patients (Hu et al., 2010; Zhou et al., 2016). In a recent preclinical study,
increased levels of S100B in serum, cerebrospinal fluid (CSF), striatum and
cerebral cortex were observed following ICH in a collagenase-induced model in

rats (Neves et al., 2017). In addition, another study reported that the increased
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serum S100B levels in ICH rats was significantly correlated with brain edema
formation and with hematoma volumes (Tanaka et al., 2009).

Arundic acid (AA; (R)-(-)-2-propyloctanoic acid; ONO-2506) is a novel
drug acting through the inhibition of S100B synthesis in astrocytes (Asano et al.,
2005). It suppresses the intracellular signaling cascades, which triggers
responses as increased production of inflammatory cytokines, increased
expression of GFAP, decreased expression of glutamate transporters,
decreased GSH synthesis and suppressed apoptotic mechanisms, among
others (Wajima et al., 2013). AA has been tested as a potential protective agent
in several experimental models of CNS injuries (Hanada et al., 2014; Kato et al.,
2003; Mori et al., 2005, 2006; Oki et al., 2008; Tateishi et al., 2002; Wajima et
al., 2013). Following experimental ischemic stroke, AA has been able to reduce
the S100B expression in the peri-infarcted area, to decrease the infarct volume
and neurological deficits, and to improve motor function (Tateishi et al., 2002;
Mori et al., 2005). However, despite evidence suggesting neuroprotection
following ischemic brain injury, there are no studies evaluating the effects of AA
on ICH.

Considering that S100B may serve as a therapeutic target following ICH,
the aims of this study were: 1 - to identify the most effective
intracerebroventricular (ICV) dose of AA for adult rats considering astroglial
parameters as the main outcome. 2 - to test the protective effects of the AA
after ICH induced by the intrastriatal injection of collagenase in rats, by
evaluating neurochemical, histological, immunofluorescence and behavioral

responses up to 7 days after the injury.
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2. Experimental procedures

2.1. Animals

Adult male Wistar rats (n = 176) approximately 90 daysold (300-350 g
weight) were housed in groups of four animals in Plexiglas cages under
standard laboratory conditions (12 h light/dark cycle, with lights off at 7:30p. m.
and controlled temperature of 22 + 2 C). Water and standard laboratory chow
were provided ad libitum. All procedures were approved by the University Ethics
Committee for Animal Research under the experimental protocol #30944 and
were in accordance with the Guidelines for Care and Use of Laboratory Animals
adopted by the National Institute of Health (USA) and with National Animal
Experimentation Control Board (CONCEA-Brazil). All efforts were made to

minimize animal suffering and to reduce the number of animals needed.

2.2. Experimental design

Experiment | — Effective ICV AA dose curve.

The experiment aimed to determine an effective dose for ICV
administration of AA. For this purpose, the decrease in S100B and GFAP
protein levels in the left striatum of healthy rats, assessed 24 h after the AA
administration, were taken as the main outcome in order to determine the
effective AA dose. AA was dissolved in 5 mL of saline solution and injected in
the left lateral ventricle in the following concentrations: 0.02 pg/uL, 0.2 pg/uL, 2
Mg/l and 20 pg/puL. The dose was calculated based on the animal weight
(weight x 0.005). Animals were randomly allocated into groups in order to

receive one of the determined AA doses. Vehicle rats received saline solution
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and the Naive group had no injection. A total of 37 animals were used for this
experiment. The AA dose that reduced both S100B and GFAP protein levels in
the striatum was chosen to be used in the following experiments.

Experiment Il — effects of AA treatment on behavioral, histological and
biochemical parameters in rats submitted to ICH.

Biochemical analysis was performed 24 h (n = 18), 72 h (n = 21) and 7
days (n = 27) after ICH in order to measure the effects of AA treatment on
S100B levels on striatum, CSF and serum; GFAP protein levels, quantification
of brain antioxidant GSH and GS activity in the rats striatum were also
determined (Fig. 1). Sensorimotor function was evaluated using the neurological
score, assessed by an investigator blinded to the rat’s experimental condition at
72 h (n = 21) and 7 days (n = 27) after ICH (different animals were used for
each endpoint). A total of 66 rats were used for biochemical and behavioral
assessments.

Histological analysis of the striatum was performed 72 h (n = 27) and 7
days (n = 21) after ICH in order to measure the effects of AA treatment on
hemorrhage and injured hemisphere volumes. Immunofluorescence analysis
was performed 7 days (n = 16-19) after ICH to quantify the fluorescence
intensity of S100B, GFAP, NeuN (neuron marker) and cleaved caspase-3 (cell
apoptosis marker) in the striatum. A total of 48 rats were used for histological

and immunofluorescence assessments.
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Figure 1. Timeline of experiment Il showing ICH surgery, AA treatment and the subsequent

biochemical, behavioral, histological and immunofluorescence analysis.

2.3. Surgical procedures — ICH and AA administration

Animals were anesthetized with isoflurane (4% induction, 2%
maintenance in 70% N20 and 30% O3z) and placed in a stereotaxic frame. For
AA administration, a burr hole was drilled in the skull and a 26-G needle
(Hamilton, Reno, NV, USA) was inserted into the left lateral ventricle according
to the following stereotactic coordinates: 0.80 mm anterior, 1.50 mm lateral and
3.50 mm ventral to Bregma in the left side (Paxinos and Watson, 2007). In
experiment |, a single dose of AA (concentrations: 0.02 pg/ul, 0.2 pg/ul, 2 pg/ul
or 20 pg/ul; dose: weight x 0.005; Tocris®) or saline solution (dose: weight x
0.005) was infused and the needle was kept in the position for additional 5 min
period to prevent backflow. In the experiment Il, the most effective dose (2
png/ul) was injected under the same conditions, immediately before ICH
induction.

ICH was produced by injecting 0.5 mL of bacterial collagenase type-IVs
(Sigma-Aldrich, USA) into the rat’s striatum at a concentration of 0.2 U per 1.0
uL of saline buffer into the dorsolateral striatum, at the following coordinates: 0

mm anterior, 3.6 mm lateral and 6.0 mm ventral to Bregma (Paxinos and
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Watson, 2007). The needle was kept in position for an additional 5 min period
and then slowly removed to prevent backflow. In the Vehicle group, sterile
saline (0.5 pL) was injected rather than collagenase. After surgery, the incision
was sutured, the animals were housed in a biologically clean room and
monitored daily. The total mortality rate (including the Vehicle group) was
around 15%, with no statistical difference between treated (20.75%) and

untreated groups (21.15%).

2.4. Experimental groups

Animals were randomly divided into three experimental groups: ICH (rats
that underwent ICH and received saline solution); ICH + AA (rats that
underwent ICH and treated with AA); Vehicle (surgical and treatment controls
that received only saline solution). Based on results of Experiment I, in which
there were no differences between Naive and Vehicle groups, and in order to
reduce the number of animals used, only vehicle-treated rats were used as

controls in Experiment II.

2.5. Behavioral assessment

Neurological score

The neurological score was used to evaluate motor function and
included the assessment of spontaneous ipsilateral circling and beam walk
ability. Spontaneous ipsilateral rotation was assessed with the rat being held by
the tail for 10 s and the behavior was rated into five degrees of severity: 0 —
normal symmetric rotation; 1 — a tendency to ipsilateral rotation; 2 — ipsilateral

rotation with occasional contralateral turns; 3- frequent ipsilateral rotation
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without contralateral rotation; and 4 — continuous ipsilateral rotation. The beam
walk ability was performed to assess the animal capability to traverse a narrow,
elevated beam till the home cage and was also rated according to the degree of
severity in: 0 — normal walking to home cage; 1 — minor dysfunction such as
long stride or unbalanced walking; 2 — mild dysfunction with frequent slip of the
limb from the beam; 3 — moderate dysfunction with inability to walk on a beam;
and 4 — severe dysfunction, falling from beam within 10 s. Beam walk was run
twice for animal habituation and the third trial was scored. The final neurological
score was obtained by summing up the points of both spontaneous rotation and
the beam walk ability (Altumbabic et al., 1998; Imamura et al., 2003; Neves et

al., 2017).

2.6. Histological assessment

Rats were subjected to transcardiac perfusion under deep anesthesia
with isoflurane. Saline solution followed by 4% paraformaldehyde were injected
through the animals’ circulation (Reagen, Rio de Janeiro, Brazil) through the left
cardiac ventricle. Brains were removed from the skull, stored in the same
fixative solution overnight and crioprotected with sucrose 30% solution until
sink. Brains were frozen in liquid nitrogen and stored at 20° C before sectioning.

Coronal sections (30 um) were obtained using a cryostat (one slice every
210 pm), from +1.70 to -1.40 mm from Bregma (Paxinos and Watson, 2007).
The slices were mounted on gelatin-coated slides and stained with
hematoxylin—eosin (HE).

The striatal hemorrhage volume and the brain hemispheres were

measured using the software NIH — Image J. The striatal hemorrhage volume
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(mm3) was defined as follows: lesion area of all coronal sections X interval
between sections X number of sections analyzed (Mestriner et al., 2013). The
hemisphere volume was calculated in the formula: area of all sections X interval
between sections X number of sections analyzed, and the hemisphere volume
ratio was calculated by the equation: ipsilateral volume (mm3) / contralateral
volume (mms3).

The presence of hemorrhage in the coronal section located at the
bregma 0.20 mm (interaural 9.20 mm — according to Paxinos’ Atlas coordinates)
after HE staining was used to check whether the injection site was correct

(Paxinos and Watson, 2007).

2.7. Immunofluorescence analysis

For the immunofluorescence analysis, frozen brain slices were washed
with PBS, permeabilized in PBS-Triton X (0.25%), and then blocked with goat
serum (5%) for 45 min. In order to perform astrocytes and calciumbinding
protein S100B co-labeling, sections were incubated with the primary antibodies
against glial fibrillary acidic protein (anti-GFAP, mouse IgG, 1:200, Thermo
Fisher — MA5-12023) and against S100B (antiS100B, rabbit IgG, 1:200, Dako —
Z0311). In order to identify neurons and cleaved caspase-3, the primary
antibodies anti-NeuN (mouse IgG, 1:250, Merck Millipore — MAB377) and anti-
cleaved caspase-3 (rabbit IgG, 1:250, Cell Signaling — 9661 S) were used. This
procedure was carried out in 1% goat serum and PBSTx at 4°C overnight.
Following PBS washes, sections were incubated with secondary antibody anti-
mouse Alexa 555 (1:500, Molecular Probes, Invitrogen, USA) and secondary

antibody anti-rabbit Alexa 488 (1:500, Molecular Probes, Invitrogen, USA).
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Slices were covered in aqueous mounting medium with DAPI (Fluoroshield
F6057, Sigma-Aldrich) and coverslipped.

Images of the peri-hematomal area of the left striatum and corresponding
area of the right striatum (Fig. 2) were captured using a microscope (EVOS® FL
Auto Imaging System). Four brain slices per animal were used and all analyses
were made using high magnification images (x20). An area of interest (AOI)
was determined (400 x 400 um) to assess the staining intensity (integrated
densities/mm?), the total immunostained surface (percent of the immunostained
surface/mm?) and the number of stained cells. Assessments were performed
through the capture and analysis of images in the software Image Jv. 1.46. The
analyzes were performed on the left (ipsilateral) and right (contralateral)
striatum and the data are reported as the left/right ratio of as previously

described (Nicola et al., 2016).

Figure 2. Image of a brain slice illustrating the location of the perihematomal area in the left
hemisphere (A) and the corresponding striatal region in the contralateral hemisphere (B) that

were captured under the microscope for immunofluorescence analysis.

2.8. Biochemical analysis

ELISA
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The immunocontent of S100B in the striatum, serum and CSF, as well as
immunocontent of GFAP in the striatum were measured by ELISA assays 24 h,
72 h and 7 days after ICH surgery.

For this purpose, animals from Experiment Il were deeply anesthetized
with isoflurane (4%; Cristélia, Brazil), and placed in a stereotaxic frame. Then, a
maximum volume of 30 puL of CSF was obtained by puncturing the cisterna
magna using an insulin syringe, in a period of 3 min to minimize risk of
brainstem damage. Serum samples of approximately 1 mL of blood were
obtained via cardiac puncture. The samples were centrifuged and the
supernatant was removed. Serum and CSF fluid samples were frozen (-80° C)
until use. For striatum samples, rats were decapitated, brains were removed
from the skull and the ipsilateral striatum was dissected on ice. Transverse
slices of 0.3 mm (Bregma, +1.7-4.8 mm) were obtained using a Mcllwain
Tissue Chopper and the samples were frozen (-80° C) until they were used for

the biochemical analysis.

S100B quantification

Microtiter plates (96-well flatbottom) were coated for 12-18 h with the
samples diluted (PBS) from striatum, CSF and serum to give a final quantity
between 5 and 500 ng of protein. Slices were then, homogenized in PBS (50
mM NaCl, 18 mM Na2HPO4, 83 mM NaH2PO4H20, pH 7.4), containing 1 mM
EGTA and 1 mM phenylmethyl-sulphonyl fluoride (PMSF). The S100B content
in the CSF, serum and brain tissue were measured by ELISA, as previously
described (Leite et al., 2008). Briefly, polyclonal primary antibody (anti-S100B

rabbit — Dako — Z0311) was incubated for 30 min and then, the secondary
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antibody (anti-rabbit peroxidase-conjugated anti-lgG-GE Amersham-NA934 V)
was added for 30 min both, at final concentration of 1:5000. The color reaction
with o-phenylenediamine dihydrochloride (OPD), a detection reagent, was

measured at 492 nm. The standard S100B curve ranged from 0.02 to 1 ng/mL.

GFAP quantification

Microtiter plates (96-well flatbottom) were coated for 12-18 h with the
samples diluted (PBS) from striatum to give a final quantity between 5 and 500
ng of protein. Slices were then, homogenized in PBS (50 mM NacCl, 18 mM
Na2HPO4, 83 mM NaH2PO4H20, pH 7.4), containing 1 mM EGTA and 1 mM
PMSF. GFAP content was measured by ELISA, as previously described
(Tramontina et al., 2007). Briefly, the homogenate was blocked for 2 h followed
by an incubation with a polyclonal primary antibody (anti-GFAP rabbit-Sigma
Aldrich-G9269) for 1 h and an incubation with a secondary antibody (anti-rabbit
peroxidase-conjugated anti-IgG-NA934 V, GE Amersham) for 1 h, at room
temperature both, at final concentration of 1:1000. The color reaction with OPD
was measured at 492 nm. The standard GFAP curve ranged from 0.1 to 10

ng/mL. Antibody characterization is presented in Table 1.

Table 1. Characterization of antibodies used in biochemical and histological analyzes.

Antibody name Immunogen Manufacturer Concentration
Anti-S100B Anti-mouse monoclonal Sigma — 52532 1:1000
Anti-rabbit polyclonal Dako — 20311 1:5000
1:200
Anti-lgG Anti-rabbit peroxidase-conjugated GE Amersham — NA934 V 1:5000
Anti-GFAP Anti-rabbit polyclonal Dako — 20334 1:1000
Sigma Aldrich — G9269 1:1000
Anti-mouse monoclonal Thermo Fisher — MA512023 1:200
Anti-lgG Anti-rabbit peroxidase-conjugated GE Amersham — NA934 V 1:1000
Anti-NeuN Anti-mouse monoclonal Merck Millipore — MAB377 1:250
Anti-Cleaved-caspase-3 Anti-rabbit polyclonal Cell Signaling — 9661 S 1:250
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GS activity

The enzymatic assay was performed as previously described (Minet et
al., 1997). Briefly, homogenized tissue samples were added to a reaction
mixture containing (in mM): 10 MgCl2, 50 mM L-glutamate, 100 imidazole-HCI
buffer (pH 7.4), 10 2-mercaptoethanol, 50 hydroxylamine-HCI| and 10 ATP and
incubated for 15 min at 37° C. The reaction was stopped by the addition of 0.4
mL of a solution containing (in mM): 370 ferric chloride; 670 HCI; 200
trichloroacetic acid. After centrifugation, the supernatant was measured at 530
nm and compared to the absorbance generated by standard quantities of y-
glutamylhydroxamate treated with ferric chloride reagent. The standard y-
glutamylhydroxamate acid (Sigma-Aldrich, St. Louis, MO. USA) curve ranged

from 0.1 to 10 mmol/ml.

GSH content assay

Total GSH content was determined as previously described (Tietze,
1969; Allen et al., 2000) in order to detect the reduced GSH content. Briefly,
striatal slices were homogenized in sodium phosphate buffer (0.1 M, pH 8.0),
and protein was precipitated in 1.7% metaphosphoric acid. Supernatant was
assayed with o-phthaldialdehyde (1 mg/mL methanol) at room temperature for
15 min. Fluorescence was measured using excitation and emission wave
lengths of 350 and 420 nm, respectively. A calibration curve was performed with

standard GSH solution (0-500 pM).

Protein assessment
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Protein concentration was measured by Lowry’s method, modified by

Peterson, using bovine serum albumin as standard (Peterson, 1977).

2.9. Statistics

All statistical analysis was performed using SPSS 22.0 for Windows
(SPSS Inc., Chicago, IL, USA). Normality of data distribution was confirmed by
Shapiro-Wilk test and the variance equality by the Levene’s test. Parametric
data were analyzed by one-way ANOVA (data are expressed as mean = SD)
followed by Duncan’s post hoc test. As for non-parametric data (neurological
score) Kruskal-Wallis analysis of variance, followed by Dunn’s post hoc tests
whenever indicated, were used (data are expressed as median and 25th-75th
percentiles). Significance was accepted when p < 0.05. Sample size calculation
was based on previous studies with similar methodology for biochemical
analysis (Neves et al., 2017) in order to reach the statistical power of 80%

calculated with the software PEPI for-windows 4.0.

3. Results

3.1. AA dose response curve

A dose—response curve of AA (from 0.02 to 20 pg/uL) was carried out in
order to quantify, in non-injured rats, striatal S100B and GFAP immunocontent
(Fig. 3). After receiving 0.2 pg/uL and 2 pg/pL, S100B levels decreased
compared to controls groups (Naive and Vehicle) (Fig. 3A) (Fs,36 = 4.009, p =
0.006; n = 5-7). The dosing of 2 pg/uL was used in the Experiment Il because

of its marked inhibitory effect on GFAP levels (Fig. 3B) (F36 = 2.919, p =
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0.028; n = 5-7). Interestingly, animals exposed to the highest AA concentration

(20 pg/pL) had no inhibitory effects on the evaluated parameters at all.
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Figure 3. Effects of intracerebroventricular injection of different doses of AA on striatal levels of
S100B (A) and glial fibrillary acid protein — GFAP (B), measured 24 h after injection in Naive
rats. n = 5-7 per group. Data are expressed as mean = SD. *Different from the control group

and # different from 20 pg/uL group.

3.2. Behavioral assessment

Seventy-two hours after surgery, both ICH and ICH + AA animals
presented neurological deficits, as compared to the control group (X%@ =
13.792, p = 0.001) (Fig. 4A). However, 7 days after injury, ICH group showed

motor dysfunction compared to the Vehicle group, while ICH + AA had better
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performance than ICH group and was not different from controls, indicating the

total reversion of ICH motor dysfunction by AA (X2 = 13.368, p = 0.001) (Fig.

4B).
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Figure 4. Effects of AA on motor impairment caused by ICH, as assessed by the neurological
score at 72 h (A) and 7 days (B) post injury. n = 5-9 and 7-10 per group 72 h and 7 days after
injury, respectively. Data are expressed as median (25th and 75th percentiles). *Different from

the control group and # different from the ICH group.

3.3. Histological assessment

Collagenase injection into the dorsolateral striatum caused intrastriatal
hemorrhage, as expected. Seventy two hours following injury, ICH and ICH +
AA groups presented striatal lesion compared to the Vehicle group and AA

treatment was not able to reduce the lesion volume at this time point (F.26) =

29.923, p < 0.001; n = 8-10) (Fig. 5A, E). However, 7 days after injury, the AA
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injected group showed a decrease in the striatal lesion volume as compared to

ICH group, being similar to the Vehicle group (F,20) = 10.686, p = 0.001; n = 5—

8) (Fig. 5B, F). Hemispheric ratio was increased both in the ICH and ICH + AA

groups compared to the Vehicle group at 72 h after injury (F26 = 14.675, p <

0.001; n = 8-10) (Fig. 5C). Nonetheless, there was a decrease in the volume of

the injured hemispheres and the left/right ratio became similar among all groups

7 days after ICH (F,20) = 2.309, p = 0.128; n = 5-8) (Fig. 5D).
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Figure 5. Effects of ICH surgery and AA treatment on hemorrhage and hemisphere volumes.
Hemorrhage volume 72 h (A) and 7 days (B) post ICH; n = 8-10 and 5-8 per group 72 h and 7
days after injury, respectively. Volume of hemispheres 72 h (C) and 7 days (D) post ICH; n = 8-
10 and 5-8 per group at 72 h and 7 days after injury, respectively. Lesion volume representative
images at 72 h (E) and 7 days (F) after ICH. Data are expressed as mean + SD. *Different from

the control group and #different from the ICH group.

3.4. Immunofluorescence

Immunofluorescence analysis performed 7 days after injury showed high
levels of GFAP and S100B protein in striatum of ICH compared to Vehicle rats,
as shown by the fluorescence intensity (Fig. 6A, B, E) (GFAP: Fe,18) = 4.312, p
= 0.032, n = 6-7; S100B: Fp1s = 4.899, p = 0.022, n = 6-7) and the
immunostained surface (Fig. 6C, D) (GFAP: F,18) = 18.604, p < 0.001, n = 6-7;
S100B: Fe18 = 11.459, p = 0.001, n = 6-7), suggesting reactive astrogliosis
and increased S100B synthesis/ release in injured animals. AA treated rats had
significantly lower levels of striatal GFAP and S100B as compared to the

untreated group, being similar to the Vehicle.
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Figure 6. Effects of ICH injury and AA treatment on glial fibrillary acid protein (GFAP) and

ICH+AA

S100B levels measured by immunofluorescence analysis in the striatum, 7 days after injury. (A)
Fluorescence intensity for GFAP (n = 6-7); (B) Fluorescence intensity for S100B (n = 6-7); (C)
Immunostained surface for GFAP (n = 6-7); (D) Immunostained surface for GFAP (n = 6-7); (E)
Representative images of immunofluorescence. Data are expressed as mean = SD of
ipsilateral/contralateral fluorescence intensity and immunostained surface ratio *different from
the Vehicle group and #different from the ICH group. Statistical difference was considered when

p < 0.05. One-way ANOVA followed by Duncan test. Scale is equivalent to 200 um.

The number of NeuN positive cells (Fig. 7C) as well as the NeuN
fluorescence intensity (Fig. 7A) were reduced in ICH rats compared to the
Vehicle group (Fe,15 = 9.170, p = 0.003, n = 5-6; Fe,15 = 7.617, p = 0.006; n =
5-6, respectively), suggesting striatal neuronal death caused by injury, which
occurred in parallel to the increase in cleaved Caspase-3 positive cells (Fig. 7D)
and fluorescence intensity (Fig. 7B), a marker of cell apoptosis (Fi,15 = 7.011, p
= 0.009, n = 5-6; Fra1s5 = 4.808, p = 0.027; n = 5-6, respectively). Further,
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double stained Neun* and cleaved caspase-3* cells was increased in ICH group
compared to Vehicle (Fe15 = 3.801, p = 0.05, n = 5-6) confirming the
occurrence of striatal neuronal death as a result of the injury. Still, ICH + AA
animals had NeuN and cleaved Caspase-3 levels similar to the Vehicle group

and significantly lower than ICH group, suggesting that AA treatment prevented

striatal cell death (Fig. 7).
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Figure 7. Effects of ICH injury and AA treatment in neuronal survival and in cell apoptosis
measured by immunofluorescence analysis in the striatum, 7 days after injury. (A) NeuN levels
measured by fluorescence intensity (n = 5-6). (B) Cleaved Caspase-3 levels measured by
fluorescence intensity (n = 5-6). (C) Number of NeuN positive cells (n = 5-6). (D) Number of
cleaved caspase-3 positive cells (n = 5-6). (E) Number of double stained NeuN and cleaved
caspase-3 positive cells (n = 5-6). (F) Representative images of immunofluorescence. Data are
expressed as mean + SD of ipsilateral/contralateral ratio *different from the Vehicle group and
#different from the ICH group. Statistical difference was considered when p < 0.05. One-way

ANOVA followed by Duncan test. Scale is equivalent to 200 um.

3.5. Biochemical analysis
As shown in Fig. 8, striatal levels of GFAP increased in the ICH group 7
days following injury, whereas AA treated group kept protein levels similar to the

control group (F(2,23) = 3.490; p = 0.049).
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Figure 8. Effects of ICH surgery and AA treatment on striatal levels of GFAP 24 h (A), 72 h (B)
and 7 days (C) post ICH; n=5-8, 5-9 and 6-10 per group, respectively. Data are expressed as

percentage of control values (mean+SD). *Different from the control group.

S100B protein content in the striatum increased 7 days after injury in the
ICH group compared to the control. However, ICH + AA group presented a
decrease in S100B levels compared to ICH group (Fe,26) = 3.592; p = 0.043)
(Fig. 9C), confirming results of immunofluorescence analysis. In the CSF,
S100B levels were increased 72 h after injury in the ICH group, while rats
treated with AA kept S100B levels similar to the Vehicle group and significantly
lower than injured group (F@e17) = 4.045; p = 0.039) (Fig. 9E). In the serum,
S100B levels were increased 24 h after injury in the ICH group, whereas in the
ICH + AA group the levels were reduced compared to the untreated group and
similar to the Vehicle group (Fe.17 = 18.537; p < 0.001) (Fig. 9G). At 72 h,
S100B levels of both injured groups returned to the baseline, presenting no
difference compared to the controls (F.20) = 0.219; p = 0.806) (Fig. 9H). Seven
days after injury, S100B levels returned to increase in the ICH group, but did not

increase in the AA treated group (F2,19) = 3.599; p = 0.050) (Fig. 9I).
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Figure 9. Effects of ICH surgery and AA treatment on central and peripheral levels of S100B.
S100B levels on striatum 24 h (A; n=5-8), 72 h (B; n=6-9) and 7 days (C; n=8-10) post ICH;
S100B levels on cerebrospinal fluid (CSF) 24 h (D; n=5-8), 72 h (E; n=5-8) and 7 days (F; n=6—
8) post ICH; S100B levels on serum 24 h (G; n=5-8), 72 h (H; n=6-8) and 7 days (l; n=6-8)
post ICH. Data are expressed as percentage of control values (meanzSD). *Different from the

control group and #different from the ICH group.

GSH levels showed an increase in striatum 24 h after injury in the ICH +
AA group compared to the ICH and Vehicle groups (Fe,17) = 4.232; p = 0.033)
(Fig. 10A). Seventy-two hours (Fig. 10B) and 7 days post ICH (Fig. 10C), there
were no differences in GSH levels among groups (F,18 = 0.558; p = 0.583 and

Fe.23) = 1.411; p = 0.266, respectively).
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Figure 10. Striatal levels of glutathione (GSH) in response to ICH surgery and AA treatment 24
h (A), 72 h (B) and 7 days (C) following ICH. n=5-8, 5-8 and 7—9 per group in 24 h, 72 h and 7
days, respectively. Data are expressed as percentage of control values (meantSD). *Different

from the control group and #different from the ICH group.

GS activity was decreased in ICH + AA group 24 h post injury compared
to the ICH and control groups (F@17) = 3.697; p = 0.050) (Fig. 11A). Seventy-
two hours (Fig. 11B) and 7 days after ICH (Fig. 11C), GS activity was similar
among groups (Feai7) = 0.482; p = 0.627 and Fe.2s5 = 1.601; p = 0.223,

respectively).
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Figure 11. Activity of the glutamine synthetase (GS) enzyme in the striatum 24 h (A), 72 h (B)
and 7 days (C) post ICH. n=5-8, 5-8 and 8-10 per group, respectively. Data are expressed as
percentage of control values (mean+SD). *Different from the control group and #different from
the ICH group.

4. Discussion
Present study aimed to analyze the beneficial effects of AA for treating
ICH in rats. It is shown that AA injection exerted protective effects in injured

animals, that is, it prevented neurological deficits caused by the ICH, possibly
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by inhibiting the astrocytic synthesis of S100B thereby reducing glial activation
and cell death, and increasing brain antioxidant defenses.

Firstly, we tested different doses of AA to define an effective dose
(Experiment 1) for further studies. The 2 pg/pL dose markedly reduced GFAP
and S100B levels in the striatum of Naive rats (Fig. 3) and was chosen to be
used as treatment for animals undergoing ICH surgery in the further experiment
(Experiment Il). The advantages of ICV administration is that drugs do not need
to pass through the BBB and are not metabolized before reaching the CNS,
thus ensuring that the amount of drug is all delivered to brain tissue (Atkinson,
2017). However, there are some difficulties and complications have been
related to this route of administration. The scarcity of studies that carry out ICV
drug administration makes it difficult to establish the ideal dose (Atkinson,
2017). Furthermore, the risks of ICV catheter placement include post-operative
infection, hemorrhage and malpositioning (Glascock et al.,, 2011). As we
performed a single administration of the agent, it was not necessary to place a
catheter, reducing the chances of adverse effects. Interestingly, one study
compared the intraperitoneal (IP) versus stereotactic injection (Sl) of Edaravone
into the hematoma cavity in rats with ICH and found that the SI had superior
effects than IP injection, improving the neurological deficits and decreasing the
hemorrhage volume, brain edema and BBB damage (Zhang et al., 2016).

Striatum is widely known to be an important structure in motor function
control (Graybiel and Grafton, 2015). Hematoma resulting from ICH in this area
may directly compress brain tissue, which leads to further mechanical damage
and additional secondary brain injury, as well as neurological deterioration due

to excitotoxicity and cell death (Enatsu et al., 2012). We showed that striatal
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injection of IV-S collagenase caused striatal hemorrhage and significant
neurological impairments in rats submitted to ICH, as previously described
(Mestriner et al., 2011; Zhang et al., 2016; Neves et al., 2017). Animals treated
with AA had a total reversal of striatal lesion volume and neurological deficits
compared to the untreated group 7 days post injury (Figs. 4 and 5). AA half-life
is 2 to 3 h in patients with acute ischemic stroke (Ishibashi et al., 2007), and
although only one dose of AA was administered, we believe that the prolonged
effect of AA treatment was due to inhibition of deleterious events of the insult in
the first hours after ICH.

Previous reports in ischemic brain injury models have also shown that AA
treatment was able to mitigate the delayed expansion of infarct volume and the
neurologic deficits (Tateishi et al., 2002; Asano et al., 2005; Mori et al., 2005). In
addition to experimental studies, a multicenter phase | trial in patients suffering
from acute ischemic stroke showed that AA treatment during 7 days was
associated with lower serum levels of S100B and improvement of neurological
function until 40 days after stroke (Pettigrew et al., 2006a,b).

S100B is passively released from damaged/necrotic astrocytes (Sorci et
al., 2010). Peripheral S100B levels has been considered a biomarker of ICH
brain damage in basic (Tanaka et al., 2009; Neves et al., 2017) and clinical
research (Hu et al., 2010; Senn et al., 2014; Zhou et al., 2016). S100B plays an
important role in the mechanism of secondary brain injury and its levels are
associated with higher mortality rates (Hu et al., 2010) and poorer neurological
outcomes (James et al., 2009) in ICH patients; in the ICH rat model, high levels
of S100B are associated with cerebral edema and maximal extent of hematoma

volume (Tanaka et al., 2009). In present study we observed that serum S100B
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levels had an early increase within 24 h after injury (Fig. 9G), whereas the
increase of S100B central levels (in the CSF and in the striatum) occurred later,
at 72 h and 7 days post ICH, respectively (Fig. 9, C). Other studies using the
ICH rat model also reported increased levels of S100B in serum (Tanaka et al.,
2009; Neves et al.,, 2017), CSF and striatum at different time-point post-ICH
(Neves et al., 2017). Interestingly, S100B levels in serum had an additional
increase 7 days after injury (Fig. 91), following the increase of S100B content in
the striatum. We tend to interpret such increase as a S100B leaking from the
CNS into the peripheral blood through the disrupted BBB due to ICH, as
previously described (Kanner et al., 2003). However, we must be careful with
this assumption, since extracerebral sources such as adipocytes chondrocytes
contribute to the serum S100B content (Goncalves et al., 2010).

Importantly, AA treatment was able to reduce peripheral and central
S100B levels of ICH-submitted rats at all time-points in which they were
increased, as demonstrated by ELISA and immunofluorescence analysis (Figs.
9 and 6B, D). In agreement, previous studies have shown that AA reduces
S100B levels in permanent middle cerebral artery occlusion (Tateishi et al.,
2002; Mori et al., 2005), chronic cerebral hypoperfusion (Ohtani et al., 2007),
acute subdural hematoma (Wajima et al., 2013), spinal cord injury (Hanada et
al., 2014), Parkinson (Kato et al., 2004; Oki et al., 2008) and Alzheimer’s
disease models (Mori et al., 2006), as well as improves neurological outcomes
and / or decreases tissue injury.

The increase observed in striatal S100B concentration occurred in
parallel with the increase in GFAP content within 7 days after ICH in animals

that did not receive AA treatment (Fig. 8C), suggesting intense reactive
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astrogliosis in the region. Supporting our findings, a previous ICH study showed
elevated GFAP levels in striatum, measured by ELISA, on the 7th day after ICH
(Neves et al.,, 2017). Besides that, other studies using AA treatment have
observed a reduction in GFAP tissue levels following CNS injuries (Tateishi et
al., 2002; Mori et al., 2005; Higashino et al., 2009; Hanada et al., 2014),
corroborating with our results. Here, the animals treated with AA had lower
levels of GFAP compared to the ICH group, showing a partial decrease in
reactive astrogliosis. Increases in GFAP levels following ICH are well
documented (Sukumari-Ramesh et al., 2012) and, recently, Chiu et al., (2017)
observed that the suppression in astrocytic activity of rats submitted to ICH
resulted in a decrease in hematoma expansion, less BBB destruction, reduced
astrocyte accumulation in perinematomal regions, and better neurological
outcomes. This supports the idea that astrocytes play a key role in the
pathological development of ICH and makes them an interesting therapeutic
target in brain injury.

Immunofluorescence analysis confirmed the elevated GFAP levels in
striatum of ICH rats observed by ELISA 7 days after injury (Fig. 6A, C, E), and
also exhibited the morphological changes of reactive astrocytes, a process that
was accompanied by the increase of S100B levels (Fig. 6B, D, E). The efficacy
of AA injection could be observed by the remarkable reduction in the
fluorescence of these two proteins in treated animals (Fig. 6). Reactive
astrogliosis in ICH can be triggered by several factors. During brain
hemorrhage, blood-derived factors such as thrombin can leak into the brain
parenchyma and serve as an inducer of astrocytic activation and proliferation

(Nishino et al., 1993). Also, when BBB is damaged following brain injury, a
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variety of neurochemical factors are released and have been shown to induce
astrogliosis (Sukumari-Ramesh et al., 2012). High S100B concentrations can
also promote astroglial hypertrophy, turning astrocytes into a pro-inflammatory
phenotype and activating RAGE (Receptor for Advanced Glycation End
products) receptors expression, thus configuring a feed-forward loop that may
potentiate and expand S100B effects (Villarreal et al., 2014), which must have
happened in our study.

ICH causes significant perihematomal cell death and brain atrophy
through cell death pathways that include necrosis, apoptosis and autophagy
(Keep et al., 2012). This work showed that untreated injured animals had a
decrease in the number of striatal neurons and an increase in cleaved caspase-
3 positive neural cells, indicating apoptotic cell death, whereas AA-treated
animals had neuron preservation (Fig. 7). It is well known that high
concentrations of S100B lead to neuronal apoptosis, which can occur via direct
action on neurons by binding to RAGE receptors, and via stimulation of nitric
oxide release by astrocytes (Fano et al.,, 1993; Hu et al., 2002; Sorci et al.,
2010). Thus, decreased S100B protein concentration by AA action must have
been an important factor in preventing neuronal death, since at low
concentrations, S100B protects neurons against apoptosis, stimulates neurite
growth and downregulates astrocytic response to neurotoxic agents (Sorci et
al., 2010).

Another consequence of brain damage is the pathological release of
glutamate in excitotoxic quantities by necrotic perihematomal neurons (Senn et
al., 2014). An important function of astrocytes is the extracellular glutamate

uptake, that may be targeted for conversion to glutamine by action of GS
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enzyme (Eid et al., 2016), or to the synthesis of GSH (Dringen et al., 2015). Our
study demonstrated an elevated GSH content in AA treated animals compared
to the untreated and control group 24 h after ICH (Fig. 10A); interestingly, this
increase was followed by a decrease inGSactivity at the same time point (Fig.
11A), indicating that glutamate uptake by astrocytes was directed to GSH
synthesis rather than to glutamine production. This finding suggests that AA
may have a potential antioxidant action, protecting the brain against OS, a
metabolic challenge that plays a pivotal role in cerebral injury following ICH (Hu
et al., 2016; Neves et al., 2018).

Our study has some limitations: (1) not considering sexual dimorphism in
the experimental design, since the sex of animals may have an effect on
behavioral, biochemical and histological variables here measured. We chose to
use only male rats in order to avoid the influence of the estrous cycle and
female sex hormones, especially estrogen, which exerts neuroprotective effects
and modulates the immune response after experimental stroke and other acute
CNS injuries (Engler-Chiurazzi et al., 2017; Ce” spedes Rubio et al., 2018; Kim
et al., 2019); (2) the correlation analysis between biochemical variables and
behavioral outcomes did not reach statistical significance, probably due to the
small sample size used. However, it is necessary to admit that AA could have
other mechanisms of action that are influencing neurological improvement; (3)
regarding the ICH model, it is possible that the collagenase itself causes an
inflammatory reaction independent of the inflammation due to the components
of the hematoma (Vargaftig et al., 1976), so AA could have an effect on
inflammation induced by collagenase rather than inflammation resulting from

the ICH lesion; (4) only one AA injection was performed immediately before the
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ICH injury, so it is necessary to conduct studies to assess the effects of delayed
AA administration for modelling clinical populations; (5) other limitation is that
rats were evaluated only up to 7 days post-injury, so further studies assessing
the AA long-term effects on this injury model are needed.

In conclusion, ICV AA injection showed neuroprotective action following
ICH in rats, as demonstrated by: (1) reduction of intracellular and extracellular
S100B levels; (2) prevention of excessive reactive astrogliosis in the damaged
striatum; (3) reduction of cellular apoptosis and neuronal death; (4) increase in
brain antioxidants concentration; (5) attenuation of striatal lesion extension and
(6) improvement of neurological function. ICH is a complex pathology and, to
date, there is no effective treatment for improving neurological outcome. Acting
on distinct points of the injury cascade, AA was shown to be an effective

neuroprotective agent after experimental ICH.
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Abstract

Intracerebral hemorrhage (ICH) is a severe stroke subtype caused by the
rupture of blood vessels within the brain. Increased levels of S100B protein may
contribute to neuroinflammation after ICH through activation of astrocytes and
resident microglia, with the consequent production of proinflammatory cytokines
and reactive oxygen species (ROS). Inhibition of astrocytic synthesis of S100B
by arundic acid (AA) has shown beneficial effects in experimental central
nervous system disorders. In present study, we administered AA in a
collagenase-induced ICH rodent model in order to evaluate its effects on
neurological deficits, S100B levels, astrocytic activation, inflammatory and
oxidative parameters. Rats underwent stereotactic surgery for injection of
collagenase in the left striatum and AA (2 pg/ul; weight x 0.005) or vehicle in the
left lateral ventricle. Neurological deficits were evaluated by the Ladder rung
walking and Grip strength tests. Striatal S100B, astrogliosis and microglial
activation were assessed by immunofluorescence analysis. Striatal levels of
interleukin 1B (IL-1B) and tumor necrosis factor a (TNF-a) were measured by
ELISA, and the ROS production was analyzed by dichlorofluorescein (DCF)
oxidation. AA treatment prevented motor dysfunction, reduced S100B levels,
astrogliosis and microglial activation in the damaged striatum, thus decreasing
the release of proinflammatory cytokines IL-18 and TNF-a, as well as ROS
production. Taken together, present results suggest that AA could be a
pharmacological tool to prevent the harmful effects of increased S100B,

attenuating neuroinflammation and secondary brain damage after ICH.
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1. Introduction

Intracerebral hemorrhage (ICH) is a particularly severe stroke subtype
that results from rupture of blood vessels in the brain (Qureshi et al., 2009). It
affects 24.6 per 100,000 person per year (van Asch et al., 2010) and is
associated with a thirty-day mortality between 30% and 50% (Manno, 2012).
Moreover, most of the surviving patients remain functionally dependent 12
months after the stroke (van Asch et al., 2010).

Primary brain injury after ICH is caused by the parenchymal blood
accumulation, which directly compresses brain tissue, affects blood flow, and
leads to mechanical injury due to the mass effect (Mracsko and Veltkamp,
2014; Xi et al.,, 2006). Secondary damage occurs due to the presence and
clearance of hematoma (Qureshi et al., 2009). Thrombin is produced to limit the
bleeding, but also activates astrocytes and microglial cells to release
inflammatory mediators, and leads to endothelial cell dysfunction, causing
hyperpermeability, vasogenic edema and disruption of blood brain barrier
(BBB) (Xi et al., 2003) . Furthermore, hemoglobin and its degradation products,
such as heme and iron, are highly toxic to the brain tissue and contribute to the
production of reactive oxygen species (ROS) and inflammation (Dutra and
Bozza, 2014, Lin et al., 2012b).

Neuroinflammation induced by intracerebral blood is increasingly
recognized as a key factor in the pathophysiology of secondary brain damage in
ICH (Wang and Doré, 2007) and involves the activation of astrocytes and
resident microglia, as well as the infiltration of systemic immune cells (Mracsko

and Veltkamp, 2014). The main role of activated microglia is the phagocytosis
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of blood components released into the brain parenchyma and the clearance of
cell debris (Aronowski and Zhao, 2011; Zhang et al., 2017). However, these
immune cells can also produce a variety of proinflammatory cytokines,
chemokines, ROS, nitric oxide (NO) and other potentially toxic factors,
suggesting that activated microglia might contribute to increase brain damage
after ICH (Mracsko and Veltkamp, 2014; Wang and Doré, 2007; Zhang et al.,
2017).

In central nervous system (CNS) injuries, including ICH, astrocytes work
in synergy with microglia. The release of cytokines such as tumor necrosis
factor a (TNF-a) and interleukin 18 (IL-1B) by the activated microglia, triggers
and increases astrocytic activation (Wajima et al., 2013). In addition, cell death
or injury and blood-derived factors (such as thrombin) can also be potent
inducers of reactive astrogliosis, characterized by proliferation and activation of
astrocytes surrounding the hematoma (Nishino et al., 1993; Sofroniew and
Vinters, 2010b; Sukumari-Ramesh et al., 2012a). Reactive astrocytes may exert
some detrimental effects in ICH lesion, such as inducing proinflammatory
responses and ROS production (Mracsko and Veltkamp, 2014).

Astrogliosis as a result of brain damage also leads to an increased
expression of S100B, a 21-kD Ca?* binding protein that is expressed primarily
by astrocytes (Sorci et al., 2010). Intracellular S100B exerts regulatory functions
and, once secreted/released, it acts as an extracellular signal, exerting trophic
and toxic effects depending on its concentration and the density of RAGE
(receptor for advanced glycation end products) molecules expressed on the
surface of different cell types (Sorci et al., 2010). At low (nanomolar),

physiological concentrations, extracellular S100B protects neurons against
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apoptosis and stimulates neurite outgrowth (Huttunen et al., 2000; Sorci et al.,
2010). At high (micromolar) concentrations, S100B causes neuronal apoptosis
and consequent overproduction of ROS (Huttunen et al., 2000), induces
reactive gliosis and a pro-inflammatory phenotype in astrocytes (Villarreal et al.,
2014), and leads to microglial activation and migration with the consequent
increase in the release of pro-inflammatory factors, thus actively contributing to
neuroinflammation (Bianchi et al., 2011, 2010; Kim et al., 2004).

S100B plays an important role in the mechanisms of secondary brain
injury and its levels has been considered a biomarker of CNS lesions (Kanner et
al., 2003), including ICH (Senn et al., 2014; Zhou et al., 2016). In ICH patients,
high peripheral levels of S100B are associated with the hemorrhage volume,
functional neurological outcomes and mortality rates (Delgado et al., 2006; Hu
et al., 2010; James et al., 2009; Zhou et al., 2016), thus showing diagnostic and
prognostic value (Sen and Belli, 2007). Comparatively, in ICH rat model, S100B
levels were found increased in brain tissue, serum and cerebrospinal fluid
(CSF) (Cordeiro et al., 2020; Neves et al., 2017) and a previous study reported
that the increased serum S100B levels was related to hematoma volume and
brain edema (Tanaka et al., 2009).

Arundic acid (AA; (R)-(-)-2-propyloctanoic acid; ONO-2506) is an
astrocyte-modulating agent suggested to inhibit S100B synthesis (Asano et al.,
2005) and suppress the subsequent activation of multiple intracellular signaling
pathways arising from S100B overexpression by the reactive astrocytes in the
damaged area (Asano et al., 2005; Wajima et al., 2013). Experimental evidence
demonstrates that AA inhibited the overexpression of S100B, decreased

astrocytic activation, reduced the delayed infarct expansion and improved
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neurologic deficits in experimental models of cerebral ischemia (Mori et al.,
2005; Ohtani et al., 2007; Tateishi et al., 2002). A recent study of our group
showed that intracerebroventricular administration of AA immediately before
ICH surgery had neuroprotective effects, preventing neuronal death, the
expansion of hemorrhagic volume and motor impairments (Cordeiro et al.,
2020).

Considering the suggested benefits of AA in CNS lesions and the need
for effective treatments for ICH, the aim of this study was to evaluate the effects
of AA treatment on S100B levels, astrocytic activation, inflammatory and
oxidative parameters and motor function impairment in rats submitted to

intracerebral hemorrhage.

2. Materials and methods

2.1. Animals

Adult male Wistar rats (n = 122) approximately 90 days-old (300-350 g
weight) were housed in groups of 4 animals in Plexiglas cages. They were
maintained in a temperature controlled room (21 £+ 2 °C) on a 12/12 h light/dark
cycle, with food and water available ad libitum. All procedures were approved
by the Research Ethics Committee of the University (#30944) and were in
accordance with the Guidelines for Care and Use of Laboratory Animals
adopted by the National Institute of Health (USA) and with National Animal
Experimentation Control Board (CONCEA-Brazil). All efforts were made to

minimize animal suffering and to reduce the number of animals needed.
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2.2. Experimental design

Animals underwent surgery for the induction of the ICH model by
collagenase injection in the striatum and for the intracerebroventricular (ICV)
administration of AA.

Rats were randomly divided into three experimental groups: VEH
(Vehicle - surgical and treatment controls that received only saline solution,
n=48), ICH (rats that underwent intracerebral hemorrhage and received saline
solution rather than arundic acid treatment, n=37) and ICH+AA (rats that
underwent intracerebral hemorrhage and were treated with arundic acid, n=37).

To evaluate the effects of ICH injury and AA treatment on motor function,
the Ladder rung walking test and the Grip strength test were performed 72
hours and 7 days after the ICH injury. At the same time points,
immunofluorescence analyzes were performed in order to measure the levels of
S100B, GFAP (glial fibrillary acid protein; astrocytes marker) and CD11b
(microglia and macrophages marker) in the striatum. Biochemical analyzes
were performed 24 hours, 72 hours and 7 days after ICH induction to measure
the levels of proinflammatory cytokines, such as tumor necrosis factor a (TNF-
a) and interleukin 1B (IL-1B), and the production of reactive oxygen species
(ROS). The sample number for each assessment and time point is described in

the Results section. The experimental design is shown in figure 1.
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Figure 1. Timeline of the experiments performed 24 hours, 72 hours and 7 days after
experimental intracerebral hemorrhage (ICH) and arundic acid injection (AA) (time 0Oh) in rats.
2.3. Experimental ICH and AA treatment

AA was injected via ICV, immediately before ICH induction. For this
purpose, animals were anesthetized with isoflurane (4% induction, 2%
maintenance in 70% N20 and 30% O2) and positioned in a stereotaxic frame.
For AA injection, a burr hole was drilled in the skull and a 26-G needle
(Hamilton, Reno, NV, USA) was inserted into the left lateral ventricle according
to the following stereotactic coordinates: 0.80 mm anterior, 1.50 mm lateral and
3.50 mm ventral to Bregma (Paxinos and Watson, 2007) in the left side. Thus, a
single dose of AA (concentration: 2 ug of AA per pl of saline solution; dose:
weight x 0.005; Tocris®) or saline solution (dose: weight x 0.005) was infused
and the needle was kept in the position for additional 5 min period to prevent
backflow. The AA concentration was chosen based on our previous study

(Cordeiro et al., 2020).

89



Subsequently, ICH was induced by infusing 0.5 pl of bacterial
collagenase type-IVs (concentration: 0.2 U per 1.0 pL of saline buffer; Sigma-
Aldrich, USA) into the dorsolateral striatum, at the following coordinates: 0 mm
anterior, 3.6 mm lateral and 6.0 mm ventral to Bregma (Paxinos and Watson,
2007). In Vehicle surgery, sterile saline (0.5 pL) was injected rather than
collagenase. The needle was kept in position for an additional 5 min period and
then slowly removed to prevent backflow. After surgery, the incision was

sutured and the rats were housed in a biologically clean room.

2.4. Behavioral analysis

2.4.1. Ladder rung walking test

The gait skills, hindlimb and forelimb function were evaluated by the
ladder rung walking test. The apparatus consisted of two transparent acrylic
walls (width: 1 m; high: 20 cm) with metal rungs (diameter: 3 mm) which could
be inserted into the walls in variable arrangements. The ladder was elevated 30
cm above the ground with a dark cage at the end.

Animals underwent a training session (before surgery), using a regular
pattern (1 cm of distance between rungs). On test day, animals were required to
walk along the ladder with an irregular pattern (from 1 to 4 cm of distance
between rungs) that was changed from trial to trial, so that the same patterns
were applied to all animals to standardize the difficulty of the test. The test was
video-recorded from an inferior view and paw placement on the rung was rated
as follows: 0 = Total miss: deep fall after limb missed the rung; 1 = Deep slip:
deep fall after limb slipped off the rung; 2 = Slight slip: slight fall after limb

slipped off the rung; 3 = Replacement: limb replaced from one rung to another;
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4 = Correction: limb aimed for one rung but was placed on another, or limb
position on same rung was corrected; 5 = Partial placement: limb placed on
rung with either digits/toes or wrist/heel; and 6 = Correct placement: the
midportion of the palm of the limb was placed on the rung with full weight
support) (Metz and Whishaw, 2002).

The mean number of errors per step and paws placement quality of
contralateral forelimb and hind limb were analyzed. An error was considered as
each limb placement that received a score of 0, 1 or 2 points (any kind of paw
slip or total miss) and was calculated and averaged for three trials, according to
the equation: number of erros / number of steps X 100. Paws placement and
accuracy of the paws position on the rung on consecutive steps was rated from

0 to 6 and averaged for three trials (Antonow-Schlorke et al., 2013).

2.4.2. Grip strength test

In order to measure the grasping strength of the forepaws, the grip
strength test was performed as previously described (Jeyasingham et al.,
2001). A digital force gauge instrument (TEC-04422 Instrutherm DD-500, Brazil)
was used. The forepaws were put on the metal bar attached to a strain gauge.
Then, the animal was gently pulled by the tail until it released the bar. The value
of three trials were recorded in grams (g) and the mean value for each animal

was calculated.

2.5. Immunofluorescence analysis
Rats were deeply anaesthetized with isoflurane and subsequently

subjected to transcardiac perfusion. Saline solution followed by 4%
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paraformaldehyde were injected through the animals’ circulation (Reagen, Rio
de Janeiro, Brazil) through the left cardiac ventricle. Brains were removed from
the skull, stored in the same fixative solution overnight and crioprotected with
sucrose 30% diluted in phosphate buffer saline (PBS)., After cryoprotection, the
samples were frozen in liquid nitrogen and stored at -20°C until slicing. Coronal
sections of 30 uym thick were taken every 210 uym using a cryostat (Leica,
Germany), from +1.70 to —1.40 mm from Bregma (Paxinos and Watson, 2007)
and were mounted on gelatin-coated slides..

For the immunofluorescence analyzes, the slices were washed with PBS,
permeabilized in PBS-Triton X (0.25%), and then blocked with goat serum (5%)
for 45 min. In order to identify astrocytes and calcium-binding protein S100B,
sections were incubated with the primary antibodies against glial fibrillary acidic
protein (anti-GFAP, mouse IgG, 1:200, Thermo Fisher — MA5-12023) and
against S100B (anti-S100B, rabbit IgG, 1:200, Dako-Z0311). In order to identify
microglia/macrophages, the primary antibody against CD11B was used (anti-
CD11B, mouse IgG, 1:200, Millipore - CBL 1512). This procedure was carried
out in 1% goat serum and PBS-Tx at 4°C overnight. Following PBS washes,
sections were incubated with secondary antibody anti-mouse Alexa 488 (1:500,
Molecular Probes, Invitrogen, USA) and secondary antibody anti-rabbit Alexa
555 (1:500, Molecular Probes, Invitrogen). Slices were covered in aqueous
mounting medium with DAPI (Fluoroshield F6057, Sigma-Aldrich) and
coverslipped.

Images of the peri-hematomal area of the left striatum and corresponding
area of the right striatum were captured using a microscope (EVOS ® FL Auto

Imaging System). All analyses were made using high magnification images
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(X20). An area of interest (AOIl) was determined (180X180 ym) to assess the
staining intensity. The integrated density value per unit of area was obtained
through the capture and analysis of images in the software Image J v. 1.46.
Data are reported as the left/right ratio of integrated densities/mm?, as

previously described (Nicola et al., 2016).

2.6. Biochemical analysis

Rats under deep anesthesia with isoflurane (4%; Cristélia, Brazil) were
decapitated for the removal of the brains from the skull and dissection of the
ipsilateral striatum on ice. Transverse slices of 0.3 mm (Bregma, +1.7 to 4.8
mm) were obtained using a Mcllwain Tissue Chopper and the samples were

frozen and kept in -80°C until the analysis.

2.6.1. Quantification of TNF-a and IL-1f3

Striatal soluble extracts were prepared by a phosphate buffer saline
(PBS) (mM) (50 NaCl, 18 Na2HPO4, 83 NaH2PO4.H20, pH 7.4), containg 1 mM
EGTA and 1 mM PMSF followed by centrifugation at 1000 xg for 5 min at 4 °C.
These assays were carried out in 100 uL of supernatant, using a rat TNF-a and
IL-18 ELISA (eBioscience, Ref. 88-7340, San Diego, USA) (Vizuete et al.,

2013).

2.6.2. 2’,7’- dichlorofluorescein (H2DCF) oxidation assay
The method of LeBel et al., (1992) was used to measure reactive species
production based on the oxidation of 2’,7’- dichlorofluorescein (H2DCF).

Samples of ipsilateral striatum (60 pl) were incubated for 30 min at 37°C in the
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dark with 240 yL of 100 mM 2’,7’-dichlorofluorescein diacetate (H2DCF-DA)
solution in a 96 wells plate. H.DCF-DA was cleaved by cellular esterases and
the resultant H2.DCF was eventually oxidized by reactive species present in the
samples. The last reaction produces the fluorescent compound
dichlorofluorescein (DCF) which was measured at 485 nm excitation and 520

nm emission wave lengths.

2.7. Statistics

Statistical analysis was performed using SPSS 22.0 for Windows (SPSS
Inc., Chicago, IL, USA). Normality of data distribution was confirmed by
Shapiro-Wilk test. Parametric data were analyzed by one-way ANOVA followed
by Duncan’s post hoc test. Data are expressed as mean + SEM. Differences
were considered significant when P<0.05. Sample size calculation was based
on previous studies with similar methodology for biochemical analysis (Neves et
al., 2017) in order to reach the statistical power of 80% calculated with the

software PEPI for-windows 4.0. Artwork was made in Graphpad Prism 8.

3. Results

3.1. Behavioral assessment

3.1.1. Ladder rung walking test

In the ladder rung walking test, 72 hours after injury, ICH group showed
motor impairment, having a higher percentage of right forelimb and hindlimb
placement errors per number of paw steps than the VEH group (Fig 2a, b).

ICH+AA had a better performance in the test, presenting less errors than the
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ICH group in both assessments (F(2,20)=9.463, p=0.002 for forelimb and
F(2,20)=16.024, p<0.001 for hindlimb, respectively; n=5-9 per group). Similarly,
the ICH+AA showed a higher forelimb and hindlimb step quality than the ICH
group (Fig 2c, d), being similar to the VEH (F(2,20)=10.380, p=0.001 and
F(2,20)=11.972 and p<0.001, respectively; n=5-9 per group). At 7 days after
injury, the ICH group had more right forelimb (Fig 2e) and hindlimb erros (Fig
2f) than VEH, and the ICH+AA group presented a reversal of motor deficit
compared to ICH, not differing from the VEH group (F(2,26)=12.296, p=0.000
and F(2,26)=3.381, p=0.051, respectively; n=8-10 per group). The step quality
was better in the ICH+AA than the ICH group in the forelimbs (F(2,26)=7.824,
p=0.002; n=8-10 per group) and hindlimbs (F(2,26)=4.056, p=0.030; n=8-10 per

group), being similar to VEH, at 7 days post-injury.

a b c d
£ £ g’ E
s 3 ‘s 5
§8” £3 52° £
=< £ =8 <8
Z o4 P =R Z0
g2 oo 28 D
= £ &
=5 5 ) © G
£ £
N & N &
~ 0 N ~ o ~

VEH ICH ICH+AA VEH ICH ICH+AA VEH ICH ICH+AA VEH ICH ICH+AA

e f g h
a .E 50 _g ,E 6.0
E E £ E
T 5" 3o 3ol
2% £ %30 2 § £ § o0
T 210 = P T + 45
59 3R ) g EX
T, %5 €y 2
1‘, ] 10 _é | 35
T Rl
N s ~ ~se
VEH ICH ICH+AA VEH ICH ICH+AA VEH ICH ICH*AA VEH ICH ICH+AA

Figure 2. The Ladder rung walking test assessing the percentage of step errors (a, b, e, f) and
the step placement quality (c, d, g, h) applied in right forelimb and hindlimb at 72h and 7 days
after injury. N=5-9 and 8-10 per group in 72 hours and 7 days after injury, respectively. Data
expressed as mean + SEM of foot placement score and percentages of limb placement errors
per number of paw steps. *different from the VEH group and #different from the ICH group.

Statistical difference was considered when p <0.05. One-way ANOVA followed by Duncan test.
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3.1.2. Grip strength test

The ICH group had significant loss of forelimbs strength compared to
VEH group 72 hours after injury (Fig 3a) and the ICH+AA group showed no loss
of strength, remaining similar to the VEH group (F(2,17)=8.584, p=0.003; n=5-8
per group). At 7 days (Fig 3b), a total recovery of both groups submitted to ICH
was observed, with no difference between groups (F(2,26)=2.239, p=0.128;

n=8-10 per group).
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Figure 3. Grasping test assessing the forelimbs strength 72 hours (a) and 7 days (b) post-injury.
N=5-8 and 8-10 per group in 72 hours and 7 days post-injury, respectively. Data are expressed
as mean = SEM of forepaw strength (g). *different from the VEH group and #different from the
ICH group. Statistical difference was considered when p <0.05. One-way ANOVA followed by

Duncan test.

3.2. GFAP, S100B and CD11b levels

GFAP levels increased in both ICH and ICH+AA groups compared to
VEH with no difference between them in 72 hours after injury (Fig 4a, c)
(F(2,29)=81.397, p<0.001; n=8-12 per group), suggesting that there was a
process of reactive astrogliosis in the striatum caused by the lesion. S100B
levels also increased in both ICH and ICH+AA groups 72 hours after injury
compared to VEH (Fig 4b and c), but the AA-treated animals had lower levels

compared to the untreated group (F(2,29)=77.718, p<0.001; n=8-12 per group).
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Seven days after injury, GFAP levels remained increased in the ICH
group, but there was a reduction of the levels in the AA treated animals (Fig 5a,
c), with no difference when compared to the VEH (F(2,26)=4.982, p=0.015;
n=8-10 per group). Similarly, S100B levels also remained high in the ICH group,
but the AA-treated animals had a decrease in S100B levels compared to the
untreated group (Fig 5b and c), showing similar levels to the VEH group
(F(2,26)=3.781, p=0.037; n=8-10 per group).

CD11b levels were also increased in both groups submitted to ICH
compared to the VEH group 72 hours after injury (Fig 6a, c), demonstrating
microglial/macrophage activation in the damaged striatum. The ICH+AA had
lower levels compared to ICH group (F(2,28)=36.928, p<0.001; n=8-12 per
group). At 7 days, the ICH group had increased CD11b levels, while the AA
treated animals presented lower levels, similar to the Vehicle group (Fig 6b, c)

(F(2,26)=5.089, p=0.014; n=8-10 per group).
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Figure 4. Effects of ICH injury and AA treatment on glial fibrillary acid protein (GFAP) and
S100B levels measured by immunofluorescence analysis in the striatum, 72 hours after injury.
a) GFAP levels (n=8-12 per group); b) S100B levels (n=8-12 per group); c) Representative
images of immunofluorescence. Data are expressed as mean + SEM of ipsilateral/contralateral
fluorescence intensity ratio *different from the VEH group and #different from the ICH group.

Statistical difference was considered when p<0.05. One-way ANOVA followed by Duncan test.
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Figure 5. Effects of ICH injury and AA treatment on glial fibrillary acid protein (GFAP) and

ICH

ICH+AA

S100B levels measured by immunofluorescence analysis in the striatum, 7 days after injury. a)
GFAP levels (n=8-10 per group); b) S100B levels (n=8-10 per group); c) Representative images
of immunofluorescence. Data are expressed as mean = SEM of ipsilateral/contralateral
fluorescence intensity ratio *different from the VEH group and #different from the ICH group.
Statistical difference was considered when p <0.05. One-way ANOVA followed by Duncan test.
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Figure 6. Effects of ICH injury and AA treatment on microglia/macrophage activation measured
by immunofluorescence analysis in the striatum, 72 hours and 7 days post-injury. a) CD11b
levels at 72 hours (n=8-12 per group); b) CD11b levels at 7 days (n=8-10 per group); c)
Representative images of immunofluorescence at 72 hours; d) Representative images of
immunofluorescence at 7 days. Data are expressed as mean + SEM of ipsilateral/contralateral
fluorescence intensity ratio *different from the VEH group and #different from the ICH group.

Statistical difference was considered when p <0.05. One-way ANOVA followed by Duncan test.

3.3. TNF-a and IL-1pB levels

TNF-a levels were not different between groups 24 hours (Fig 7a)
(F(2,17)=0.089; n=5-8 per group) and 72 hours (Fig 7b) (F(2,18)=2.266; n=6-7
per group) after injury. At 7 days (Fig 7c), the ICH group had increased levels
compared to the Vehicle, and the ICH + AA group had a reduction of TNF- a
levels in relation to the ICH group (F(2,20)=3.856, p=0.040; n=6-8 per group),
being similar to the control.

IL-18 levels were also not different between groups in 24 hours (Fig 7d)
(F(2,17)=2.148; n=5-8 per group), had a tendency to increase in ICH group in
72 hours (Fig 7e) (F(2,17)=2.633; n=5-8 per group) and increased significantly
7 days after injury (Fig 7f) in ICH but not in ICH + AA group, which remained at
levels similar to those in the Vehicle group (F(2,23)=3.581, p=0.046; n=7-10 per
group). These results show that AA treatment prevented increased levels of
proinflammatory cytokines, possibly controlling neuroinflammation in the

damaged striatum.
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Figure 7. Striatal levels of the pro-inflammatory cytokines tumor necrosis factor a (TNF-a) and
interleukin 1B (IL-1B) in response to ICH surgery and AA treatment. a) TNF-a levels at 24 hours
(n=5-8 per group); b) TNF-a at 72 hours (n=6-7 per group); c) TNF-a levels at 7 days (n=6-8 per
group); d) IL-1B levels at 24 hours (n=5-8 per group); e) IL-1B levels at 72 hours (n=5-8 per
group); f) IL-1B levels at 7 days (f; n=7-10 per group) post-injury. Data are expressed as
percentage of control values (mean + SEM). *different from the VEH group and #different from
the ICH group. Statistical difference was considered when p <0.05. One-way ANOVA followed
by Duncan test.

3.4. DCF assay

The analysis of DCF oxidation revealed that there was no significant
increase in reactive oxygen species (ROS) production within 24 hours after
injury (Fig 8a) (F(2,17)=0.584; n=5-8 per group). In 72 hours (Fig 8b), both ICH
and ICH+AA groups presented increase of ROS compared to VEH
(F(2,19)=5.132, p=0.018; n=6-8 per group) indicating oxidative stress in
damaged striatal tissue. At 7 days post-injury (Fig 8c), only the ICH group had
increased ROS levels, while the AA treated group had a reduction of the levels
compared to the ICH group (F(2,25)=4.388, p=0.024; n=8-10 per group), being

similar to the VEH group.
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Figure 8. Levels of reactive oxygen species (ROS) in striatum assessed by DCF oxidation in 24
hours (a; n=5-8 per group), 72 hours (b; n=6-8 per group) and 7 days (c; n=8-10 per group)
post-injury. Data are expressed as percentage of control values (mean + SEM). *different from
the VEH group and #different from the ICH group. Statistical difference was considered when p
<0.05. One-way ANOVA followed by Duncan test.

4. Discussion

Present study investigated the effects of intracerebroventricular
administration of arundic acid in rats with experimental intracerebral
hemorrhage. As expected, ICH caused severe neurological deficits, evidenced
by impairment in gait ability and loss of limb strength and function. AA treatment
was effective in reversing motor impairment, possibly due to the reduction of
S100B levels, reactive astrogliosis and microglial activation in the damaged
striatum, thus decreasing the release of proinflammatory cytokines and
oxidative stress in treated rats.

Motor impairment is well-documented in experimental ICH (Mestriner et
al., 2011; Neves et al., 2017; Zhang et al., 2016). Herein, behavioral
assessments showed that AA treated animals had a lower percentage of errors
(falls) and a better quality of foot placement on the rungs in the ladder rung
walking test (Fig 2) and more forelimb strength in the grasping test (Fig 3) than

the untreated animals. Previous studies have also shown the potential of AA in
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reducing neurological deficits and motor impairments in experimental models of
ischemic stroke (Mori et al., 2005; Tateishi et al.,, 2002), spinal cord injury
(Hanada et al., 2014) and Parkinson's disease (Kato et al., 2004).

In the immunofluorescence analysis, we found that animals with ICH had
increased levels of S100B and GFAP (suggesting astrogliosis), as well as an
increase of microglia/macrophages in the damaged striatum (Figs 4, 5 and 6),
which were reversed by AA administration. This findings are particularly
important, since S100B expression is enhanced in astrogliosis and is passively
released from damaged and/or necrotic cells (Sorci et al.,, 2010), having
potential for affect astrocytic, neuronal and microglial activities (Bianchi et al.,
2010). Given the ability of S100B to alter cellular functions, participate in the
inflammatory response and cause cell death, it can been considered as
damage-associated molecular pattern (DAMP) (Sorci et al., 2010) and its levels
are reported to have diagnostic and/or prognostic value (Sen and Belli, 2007;
Zhou et al., 2016).

In the present study, AA treatment reduced GFAP expression in the
perihematomal tissue. Increased levels of this protein are reported in clinical
and experimental ICH (Neves et al., 2017; Sukumari-Ramesh et al., 2012a). It
has been shown that high extracellular S100B concentration after brain injury
leads to astroglial migration to the injured site and induces reactive gliosis by
activating a number of intracellular cascades via RAGE ligation (Villarreal et al.,
2014). This may explain why an S100B inhibitor was able to reduce reactive
gliosis in the injured site. Moreover, evidence suggests that suppression in
astrocytic activity in rats submitted to ICH resulted in a decreased size of

hematoma, less BBB destruction and better neurobehavioral function (Chiu et
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al., 2017). The harmful effects of reactive astrocytes might be caused by the
release of proinflammatory cytokines such as IL-13 and TNF-a (Mracsko and
Veltkamp, 2014), ROS production (Qu et al., 2016) and inhibition of axonal
regeneration (Barreto et al., 2011).

Extracellular S100B also stimulates microglia migration and activation,
which shows an increase in the density of RAGE molecules on its surface (Lue
et al., 2001), contributing to the propagation of inflammation after the insult. In
this study, microglia/macrophage was found increased in the damaged striatum
72 hours and 7 days after ICH injury in untreated animals (Fig 6). Although the
primary role of activated microglia after ICH is to clear the hematoma,
numerous evidence suggests it is the major cell type responsible for secondary
damage after ICH (Wang and Doré, 2007). In this study, ICV administration of
AA prevented the increase in microglial activation in injured rats. AA has been
previously reported inhibiting microglial activation in other SNC injuries (Mori et
al., 2006; Oki et al., 2008). Evidences have shown that inhibition of microglial
activation in experimental ICH leads to decrease in brain injury, edema and
neuronal degeneration, thus improving functional neurological outcomes (Gao
et al., 2008; Wang et al., 2003; Wang and Tsirka, 2005; Wu et al., 2009, 2008).

One of the detrimental effects of microglial activation on ICH pathology is
the increased expression and release of proinflammatory cytokines, such as IL-
18 and TNF-a (Bianchi et al., 2011, 2010; Sorci et al., 2010), as observed in this
study (Fig 7). Interestingly, AA administration was effective in reducing the
levels of these two major inflammatory cytokines, possibly due to reduced
expression of microglia/macrophages as well as reactive astrogliosis.

Experimental studies have provided evidence that inhibition or reduction in
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levels of proinflammatory cytokines IL-1B and TNF-a may decrease brain
damage and improve functional outcomes after ICH (Li et al., 2018; Ren et al.,
2018). Intrastriatal infusion of anti-TNF-a agents and the consequent
downregulation of TNF-a expression reduced hematoma volume, cell death,
and improved the neurobehavioral deficits in rat model of ICH (Lei et al., 2013;
Mayne et al., 2001a, 2001b). In clinical studies, high plasma concentrations of
TNF-a were associated with increased risk of mortality, hematoma growth and
poor functional outcome in ICH patients (Fang et al., 2007; Silva et al., 2005).
IL-18 inhibition has also been reported to attenuate brain edema formation and
intracerebral inflammation in a rat model of ICH (Masada et al., 2003, 2001). In
this context, modulation of microglial activation and inflammatory cytokine levels
appears to be one of the possible therapeutic targets to mitigate the deleterious
effects of ICH, and AA has the potential to decrease microglia activation and
inflammatory cytokine production, possibly attenuating neuroinflammation due
to ICH.

In addition to inflammatory factors, we found an increase in ROS
production 72h and 7 days after injury (Fig 8). Overproduction of free radicals
can lead to oxidative stress (OS), which causes cell injury via direct oxidation of
cellular protein, lipid, and DNA or participating in cell death signaling pathways
(Sinha et al., 2013). Hemoglobin and its degradation products are potent
mediators of increased ROS release in ICH pathology (Hu et al., 2016).
Furthermore, activated microglia, in addition to proinflammatory factors, also
contributes to a large release of ROS (Hu et al., 2016). Inflammation and OS
are closely related, since they can stimulate each other forming a positive

feedback loop (Hu et al., 2015; Khaper et al., 2010). Moreover, the inhibition of
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microglia was reported to decrease the ROS production, injury volume, and to
improve the neurological functional outcome in an ICH animal model (Wang and
Tsirka, 2005). Herein, AA treatment was able to reduce ROS, microglial
activation and proinflammatory factors, corroborating with the literature.

High extracellular S100B concentration can also contribute to OS-related
injury, since it leads to neuronal apoptosis (and consequent overproduction of
ROS) via a direct action on neurons through RAGE ligation and via stimulation
of nitric oxide (NO) release by astrocytes (Hu et al., 2002). By inducing neuronal
death, increased S100B stimulates inflammation and dispersion of interleukins,
such as IL-13 and TNF-a (Kim et al., 2004; Ponath et al., 2007). This helps to
explain why AA treated animals had reduced free radical generation and
proinflammatory cytokines levels in the damaged striatum.

This study has some limitations: 1) In order to avoid other invasive
procedures, such as brain cannulation, treatment was performed with only one
stereotaxic injection of AA, during ICH surgery. However, we recognize the
need to study late administration, as well as continued AA treatments; 2) The
effects of AA were assessed only up to 7 days after the injury, therefore the
investigation of the long-term treatment effectiveness is necessary. 3) Only
male rats were used, in order to avoid the influence of the estrous cycle and
female sex hormones, which are reported to exert neuroprotective effects after
experimental stroke and other acute CNS injuries (Céspedes Rubio et al., 2018;
Engler-Chiurazzi et al., 2017; Kim et al., 2019). However, we recognize the
importance of considering sex dimorphism in future studies, since the sex of

animals may affect behavioral, biochemical and histological variables.
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In conclusion, this study provides interesting findings that contribute to
the understanding of the mechanism by which AA exerts neuroprotective effects
in the pathology of experimental ICH. Firstly, AA decreased S100B protein
expression in the damaged tissue, avoiding the excessive astrocyte and
microglia activation and, consequently, decreasing the release of
proinflammatory cytokines and ROS production (possibly attenuating the
neuroinflammation that leads to cell injury and death). Altogether, the results
suggest that AA treatment inhibited the cascade of events secondary to S100B
overexpression in ICH, thus preventing neurological impairment in treated
animals. The identification of new potential therapeutic targets and drugs in the
treatment of ICH is of great importance, given the scarcity of effective

treatments and the poor prognosis of this type of stroke.
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5. DISCUSSAO GERAL

A hemorragia intracerebral (HIC) corresponde a 15% de todos os
acidentes vasculares cerebrais (AVC) e acomete cerca de 2 milhdes de
pessoas no mundo a cada ano (van Asch et al., 2010), além de ser responsavel
por altas taxas de morbidade e de mortalidade (Qureshi et al., 2009). A
complexidade do mecanismo patofisiolégico da HIC, assim como a escassez
de opcles terapéuticas eficazes na melhora dos desfechos clinicos dos
pacientes acometidos, tornam de fundamental importancia a investigacdo de
possiveis alvos terapéuticos e de agentes com potencial neuroprotetor para
auxiliar no tratamento dessa doenca.

A proteina S100B, sintetizada e liberada em altos niveis pelos astrocitos
reativos na HIC, demonstrou ser um biomarcador Util para o diagndstico
diferencial e prognéstico da patologia (Senn et al., 2014; Zhou et al., 2016),
além de participar ativamente do mecanismo de lesdo secundéaria. A S100B
extracelular causa apoptose neuronal e ativacdo das células astrocitarias e
microgliais (Bianchi et al., 2011) com consequente aumento na producdo de
citocinas inflamatérias e produtos oxidativos que contribuem para a
neuroinflamacdo, lesdo oxidativa, morte celular e agravamento da lesdo
(Donato et al., 2009; Sorci et al.,, 2010; Tanaka et al., 2009; Villarreal et al.,
2014; Wajima et al., 2013). Tais evidéncias motivaram o estudo desta proteina
como um possivel alvo terapéutico para suprimir as cascatas de
neuroinflamacéo e dano celular e, assim, melhorar os desfechos da HIC.

O acido arundico (AA) é um agente inibidor da sintese astrocitaria de

S100B que tem demonstrado efeitos benéficos e neuroprotetores em diversos
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modelos experimentais de doencas do sistema nervoso central (SNC) (Hanada
et al., 2014; Kato et al., 2004; Mari et al., 2019; Mori et al., 2006; Ohtani et al.,
2007; Oki et al., 2008; Tateishi et al., 2002; Wajima et al., 2013), mostrando-se
capaz de reduzir a morte celular, melhorar parametros histolégicos e atenuar
os déficits neurolégicos causados pela lesédo. Estas evidéncias experimentais,
aliadas a seguranca clinica, tolerabilidade e auséncia de efeitos adversos
significativos em humanos (Pettigrew et al., 2006a) nos incentivou a
investigagdo dos efeitos da utilizagdo do AA como tratamento no modelo
experimental de HIC.

A via de administracdo escolhida para a infuséo do AA foi a
intracerebroventricular (ICV), nunca utilizada em estudos anteriores para este
agente. Uma vez estabelecida a dose ideal de AA (2ug/ul), com base nos seus
efeitos na reducdo dos niveis estriatais de S100B e GFAP, o tratamento foi
administrado por meio de cirurgia estereotaxica, apenas uma vez,
imediatamente antes da administracéo de colagenase no estriado para inducao
da hemorragia, e os efeitos foram observados até 7 dias apoés a leséo.

Conforme esperado, a HIC ocasionou aumento dos niveis de S100B
tanto central (estriado e liquido cerebrospinal — LCE) quanto perifericamente
(soro). A presenca de concentracOes elevadas de S100B no sangue pode ser
atribuida a ruptura da barreira hematoencefélica (BHE) e refletir a cascata
patofisiologica em andamento, bem como a liberacdo passiva da proteina a
partir de astrocitos danificados (Kanner et al., 2003). Nossos resultados
corroboram com estudos prévios que mostram que o aumento dos niveis de
S100B podem ser considerados biomarcadores de lesdo cerebral decorrente

da HIC tanto em ratos (Neves et al.,, 2017; Tanaka et al., 2009) como em
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humanos (Delgado et al., 2006). Estudos clinicos mostram que 0s niveis
periféricos de S100B encontram-se aumentados em pacientes com HIC aguda,
estando associados a um maior volume hemorragico, maior severidade da
lesdo e, consequentemente, a piores desfechos neurolégicos a curto e longo
prazo, assim como elevadas taxas de mortalidade (Delgado et al., 2006; Hu et
al., 2010; Huang et al.,, 2010; James et al.,, 2009). No presente estudo, o
tratamento com AA inibiu a superexpressao de S100B no tecido estriatal, no
soro e no LCE, em todos os pontos de tempo em que houve aumento dos
niveis da proteina em animais ndo tratados, como verificado por meio de
medidas bioquimicas e histologicas.

A reducdo dos niveis de S100B em processos patoldgicos cerebrais tem
sua importancia relacionada aos efeitos toxicos exercidos por concentracfes
extracelulares elevadas da proteina, que resultam em neurodegeneracdo e
aumento da resposta inflamatéria. A estimulacdo aguda do receptor RAGE
(receptor para produtos finais de glicacdo avancada) por altas doses de S100B
causa apoptose neuronal por meio da ativacao excessiva de cinases reguladas
por sinal extracelular (ERK)1/2 e através da superproducdo de espécies
reativas de oxigénio (EROs) (Huttunen et al., 2000). Além disso, em doses
relativamente altas, a S100B estimula a producdo de Oxido nitrico sintase
induzivel (iNOS) em astrécitos e micréglia, o que pode contribuir para a
apoptose astrocitica e neuronal através do aumento da producdo de Oxido
nitrico (NO) (Hu et al., 1997). Ao induzir a morte celular, a S100B estimula o
estresse inflamatorio, bem como a dispersdo de citocinas, tais como IL-13
(interleucina-1B), IL-6 (interleucina-6) e TNF-a (fator de necrose tumoral-a) e,

portanto, pode se correlacionar com a progressao da doenca (Kim et al., 2004;
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Ponath et al., 2007). Ainda, a proteina S100B é capaz de influenciar a atividade
de células astrocitarias e microgliais, as quais expressam RAGE em sua
superficie, induzindo um perfil inflamatorio nesses tipos celulares, de forma a
exacerbar a lesdo secundaria (Sorci et al., 2010).

A astrogliose reativa, que induz o aumento da sintese de S100B,
também é estimulada pelos niveis aumentados da proteina, ou seja, a S100B
promove um fendtipo reativo dos astrdcitos, caracterizado por hipertrofia,
aumento da proliferacdo, liberacdo de fatores inflamatérios, migracdo de
astrocitos ativados para o local da lesdo e aumento da expressao de RAGE em
sua superficie, configurando um ciclo vicioso que potencializa e expande o0s
efeitos da S100B (Villarreal et al., 2014). Neste sentido, o rompimento do ciclo
tende a suprimir os efeitos deletérios causados pela proteina. Neste estudo, o
tratamento com AA levou ndo somente a reducdo das concentracbes de
S100B, como também a atenuacdo da reatividade astrocitaria no estriado,
evidenciada pela manutencgdo dos niveis da proteina glial fibrilar acida (GFAP)
similar aos dos animais que nao sofreram lesdo. Dessa forma, estima-se que
os diversos efeitos prejudiciais comumente exercidos pelos astrdcitos reativos
na HIC, tais como aumento da ruptura da BHE e do edema cerebral, assim
como a secrecao de citocinas inflamatdrias e metaloproteinases de matriz
(MMP) (Min et al., 2015) possam ser atenuados através da modulacdo da
reatividade astrocitica, por meio da inibicdo da sintese de S100B.

Apesar dos conhecidos efeitos prejudiciais dos astrécitos reativos frente
a uma lesdo cerebral, sabe-se que estas células exercem diversas funcdes
vitais no SNC. Uma das func¢des essenciais para a sobrevivéncia neuronal diz

respeito a captacédo de glutamato da fenda sinaptica, que além de proteger os
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neurdnios da excitotoxicidade, possui a funcdo de converté-lo em glutamina,
por meio da enzima glutamina sintetase (GS), ou sintetizar glutationa (GSH),
fornecendo protecdo contra danos oxidativos (Dringen et al.,, 2015). No
presente estudo, pode-se observar que o0s animais tratados com AA
apresentaram uma reducéo na atividade da GS, acompanhada de um aumento
no contetdo de GSH, em 24 horas apos a leséo, sugerindo que, frente a leséo
cerebral aguda, o glutamato captado foi majoritariamente direcionado para
atuar na protecéo contra danos oxidativos.

Estudos mostram que o estresse oxidativo exerce um papel crucial na
lesdo cerebral ap6s a HIC experimental (Hu et al.,, 2016; Nakamura et al.,
2005). Em estudos clinicos, niveis sanguineos elevados de marcadores para
estresse oxidativo estédo relacionados a piores desfechos funcionais (Chen et
al., 2011) e a mortalidade a curto prazo (Alexandrova and Danovska, 2011). Os
principais fatores que contribuem para a formacdo de espécies reativas e
devem ser considerados neste trabalho incluem: a lise dos eritrocitos no
hematoma que leva a liberacdo de heme, principal componente da
hemoglobina, cuja degradacdo em ferro pela enzima heme-oxigenase gera
producdo abundante de EROs, resultando em neurotoxicidade; concentracdes
elevadas de S100B, que levam a morte celular por apoptose (Huttunen et al.,
2000); a disfungcado mitocondrial com consequente redugéo do metabolismo de
oxigénio (Kim-Han et al., 2006); e, por fim, a ativacdo de células inflamatorias,
tais como microglia/macréfagos, com consequente liberacdo de citocinas
inflamatorias pelas mesmas, estimulando a producéo de EROs (Zhang et al.,

2017).
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Neste trabalho, a HIC causou aumento na producdo de EROs no
estriado em 7 dias apos a lesdo, juntamente com o aumento dos niveis das
citocinas inflamatorias TNF-a e IL-1B, afirmando a intima relacdo existente
entre inflamac@o e estresse oxidativo, ja descrita na literatura (Duan et al.,
2016), em que as EROs induzem o aumento da expressao de citocinas
inflamatodrias e as citocinas, por sua vez, favorecem a producdo de espécies
reativas, constituindo assim, mais um ciclo de feedback positivo (Khaper et al.,
2010) que potencializa a lesdo cerebral secundéaria, a morte neuronal e a
disfuncdo neurolégica na HIC (Duan et al., 2016). Nos animais tratados com
AA, observou-se uma reducao na formacao de espécies reativas, associada a
reducdo dos niveis de TNF-a e IL-1B, sugerindo ser esta uma das vias pelas
quais o AA age, de forma a atenuar o estresse oxidativo e a reacao inflamatéria
que resultam em morte neuronal apés a HIC.

Sabe-se que a intensa reacao inflamatéria que ocorre apos a HIC é
marcada pela ativacdo da microglia residente, influxo de leucdcitos no encéfalo
e producdo de mediadores inflamatorios, contribuindo significativamente na
fisiopatologia da lesdo secundaria ap6s o insulto hemorragico (Mracsko and
Veltkamp, 2014). As microglias sdo as principais células responsaveis pela
producdo e secrecdo de citocinas inflamatérias no SNC. Em condicdes
saudaveis, a microglia “em repouso” nao sofre influéncia da S100B em niveis
fisiologicos, devido a escassez ou auséncia de receptores RAGE em sua
superficie. Em situagbes de leséo cerebral, no entanto, a ativagdo da microglia
€ acompanhada pelo aumento na densidade de moléculas RAGE na superficie
celular e, assim, a proteina S100B torna-se capaz de atrair quimicamente a

microglia para o local da lesdo, além de aumentar a producao e liberacdo de
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citocinas inflamatérias (Lue et al., 2001). Ainda, demonstrou-se que a ligacdo
de S100B a RAGE na microglia causa a ativagao do fator de transcricdo NF-kB,
estimulando a atividade de transducédo de RAGE e a expresséo de genes pro-
inflamatorios, além de regular positivamente a expressdo da enzima pré-
inflamatoria ciclo-oxigenase 2 (COX-2) (Bianchi et al., 2010).

As andlises de imunofluorescéncia realizadas no estriado em 72 horas e
em 7 dias apods a lesdo para identificar microglia/macréfagos em torno da
lesdo, mostram um aumento dessas células em ambos 0s tempos nos animais
ndo tratados. Dados da literatura indicam que este € o periodo de pico da
ativacao microglial apés a HIC, a qual deve persistir por 3 a 4 semanas apés o
insulto (Gong et al., 2000; Wang et al., 2003; Yang et al., 2015). Além da
ativacao microglial, os niveis de IL-1p e TNF-a aumentaram significativamente
no estriado em 7 dias apos a lesdo. De forma interessante, a inibicdo da
proteina S100B através do AA preveniu a reatividade microglial no estriado
parcialmente em 72 horas e completamente em 7 dias apés a HIC.
Corroborando com 0s nossos resultados, estudos prévios ja haviam relatado os
efeitos do AA na diminuicdo da ativacdo microglial na doenca de Parkinson
(Oki et al., 2008), Alzheimer (Mori et al., 2006) e glioma (Wang et al., 2013) em
roedores. Ainda, no nosso estudo, a inibicdo da microglia foi acompanhada
pela reducéo dos niveis de TNF-a e IL-1B em 7 dias apds a lesao.

Estudos experimentais mostram que a inibicdo ou reducéo dos niveis de
IL-18 e TNF-a podem diminuir os danos cerebrais e melhorar os desfechos
funcionais apo6s a HIC (Li et al., 2018; Ren et al., 2018). Tratamentos com
agentes inibidores de TNF-a em ratos apés HIC reduziram o volume do

hematoma, o edema cerebral, a morte celular, e melhoraram os déficits
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neurocomportamentais (Lei et al., 2013; Mayne et al., 2001a, 2001b). Em
estudos prospectivos de coorte, pacientes com HIC que apresentaram altas
concentragfes plasméticas de TNF-a foram associadas ao risco aumentado de
mortalidade na unidade de terapia intensiva, a expansdo do hematoma e ao
mau prognéstico funcional (Fang et al., 2007; Silva et al., 2005). O aumento
dos niveis de IL-13 também tem sido relacionado ao dano cerebral secundario
na HIC, e a sua inibicdo atenuou a inflamacdo e a formacdo de edema
cerebral em ratos submetidos a HIC (Masada et al., 2003, 2001).

Os efeitos do AA sobre as células microgliais confirmam que a S100B é
uma forte indutora da ativacdo microglial e da liberacdo de citocinas
inflamatérias na HIC, e sugerem, desta forma, que o AA possui potencial para
atenuar a neuroinflamacédo através do rompimento do ciclo de citocinas que
contribui no mecanismo de lesé@o cerebral secundéria e resulta em aumento da

morte celular e consequente agravamento da lesao (Figura 4).
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Figura 4. Representacdo esquematica do mecanismo de lesdo secundaria causado pelo
aumento das concentracfes extracelulares de S100B e sua influéncia na neuroinflamacéo,

morte celular e aumento da severidade da hemorragia intracerebral.
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A morte neuronal na HIC acontece principalmente por apoptose, necrose
e autofagia (Keep et al.,, 2012). Neste trabalho, foi analisado o namero de
neurbnios no estriado, assim como o numero de células neuronais positivas
para caspase-3 clivada, ou seja, neurbnios em processo de apoptose, no
sétimo dia apds a HIC. Observou-se que o tratamento com AA preveniu a
morte neuronal por apoptose, de forma a manter a densidade neuronal dos
animais tratados semelhante a dos animais controle. Sabe-se que a ligagcédo de
S100B nos receptores RAGE dos neurbnios € responsavel tanto pelos seus
efeitos neurotréficos (em baixas doses) quando pelos seus efeitos pro-
apoptoéticos (em altas doses), e que a apoptose neuronal culmina no aumento
da producédo de EROs (Huttunen et al., 2000). Corroborando com a literatura,
este trabalho mostra que além da apoptose neuronal, também houve aumento
na produgdo de EROs no estriado dos animais com HIC n&o tratados e que o
AA reduziu tanto a morte neuronal como a consequente producao de EROs em
7 dias apés a lesdo, contribuindo para a reducao de danos oxidativos e para a
sobrevivéncia neuronal.

Como consequéncia da HIC, a formacdo do hematoma e a subsequente
compressdo das estruturas cerebrais levam a lesdo mecéanica de neurénios e
células gliais, assim como a resposta inflamatéria e deterioragdo neurolégica
(Enatsu et al., 2012). A expanséo do hematoma ocorre principalmente durante
as 3 primeiras horas apo0s o insulto, podendo aumentar até 12 horas apds o
inicio dos sintomas (Qureshi et al., 2009). Os resultados deste trabalho
sugerem que, juntos, os efeitos benéficos e neuroprotetores do AA resultaram
na limitacdo da expansdo da lesdo hemorragica estriatal e mais rapida

reparacao tecidual, conforme observado através das analises histologicas de
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fatias cerebrais. Sabe-se que o estriado é uma estrutura relacionada ao
controle da funcdo motora (Graybiel and Grafton, 2015) e, portanto, a presenca
do hematoma intra-estriatal resulta em prejuizos neurolégicos funcionais nos
animais submetidos a HIC, conforme observado nas avaliacbes
comportamentais realizadas neste estudo. A resolugdo da hemorragia
observada nos animais que receberam AA possibilitou que estes
apresentassem menos prejuizos funcionais do que os animais ndo tratados, o
que foi confirmado pela preservacdao da funcionalidade dos membros para a

marcha e prevencédo da deterioracdo neuroldgica apos a lesao.
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6. CONCLUSOES

O tratamento com &cido arundico no modelo animal de hemorragia
intracerebral, por meio da inibicdo da superexpressdo de S100B, levou a
atenuacdo da astrogliose reativa e da ativacdo microglial, com consequente
reducdo dos niveis de citocinas inflamatorias e formacao de espécies reativas
de oxigénio, além de promover o aumento da producdo de antioxidantes
cerebrais pelos astrocitos. A unido desses fatores culminou na prevencao da
morte neuronal e na limitacdo da expansdo do volume hemorragico estriatal,
com consequente preservacdo das funcdes motoras e prevencdo da
deterioracdo neuroldgica nos animais tratados.

Dessa forma, o presente trabalho torna evidente o papel deletério de
niveis elevados da S100B no mecanismo de lesdo secundaria da HIC e a
coloca como um potencial alvo terapéutico na busca de tratamentos para a
doenca. Neste sentido, o acido arundico mostrou acédo neuroprotetora agindo
em diferentes vias das cascatas de lesdo secundaria ocasionadas pela S100B,
resultando na reducéo da severidade e na melhora dos desfechos neurolégicos

da HIC.
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7. PERSPECTIVAS

1) Analisar os efeitos do tratamento prolongado com acido arandico (AA) apos
a hemorragia intracerebral (HIC), com maior nUmero de administracdes, via

canulacao intracerebroventricular.

2) Avaliar os efeitos do tratamento a longo prazo, a fim de verificar se os

beneficios do AA se mantem apds 4 semanas da ultima administracao.

3) Incluir ratas fémeas no estudo para analisar se o dimorfismo sexual influa na

resposta ao tratamento.
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