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O traumatismo cranio enceféalico (TCE) é uma das maiores causas de morte e de
incapacitacdo, resultando frequentemente em disfuncbes neuroldgicas e prejuizo cognitivo.
Neste contexto, tem sido demonstrado que a bradicinina, o principal metabdlito do sistema
calicreina-cininas, esta envolvida no aumento da permeabilidade da barreira
hematoencefalica, na formacéo de edema e no acimulo de leucdcitos induzidos pelo TCE.
Achados experimentais também indicam uma interconexao entre os receptores das cininas e a
atividade da enzima Nicotinamida Adenina Dinucleotideo Fosfato (NADPH)-oxidase. Esta
enzima € uma conhecida produtora de radical superdxido e também parece estar envolvida na
toxicidade induzida pelo TCE. Embora se conheca o envolvimento do sistema calicreina-
cininas e da atividade da NADPH-oxidase na neuroinflamacdo desencadeada pelo TCE,
poucos trabalhos tém avaliado seus efeitos no desenvolvimento do déficit cognitivo pos-
traumatico. Diante disto, o presente estudo avaliou o papel dos receptores das cininas (B; e
B.) e da apocinina (um inibidor da NADPH-oxidase) nos déficits neuromotor e de memoria,
bem como no volume de lesdo cortical e nas alteracfes oxidativas e inflamatorias induzidas
pelo modelo de lesdo cerebral moderada por percussdo de fluido lateral em camundongos.
Para tanto, avaliou-se os efeitos dos antagonistas dos receptores das cininas dos subtipos B
(des-Arg®-[Leu®]-bradicinina) e B, (HOE-140) e da apocinina, injetados subcutaneamente 30
min e 24 horas ap6s o trauma. O presente estudo demonstrou que tanto o HOE-140, como a
apocinina protegeram contra 0 prejuizo de memoria desencadeado pelo trauma, mas nédo
apresentaram efeitos estatisticamente significantes sobre a disfuncdo motora. Cabe salientar
que os testes de ansiedade e locomog&o indicam que a melhora de memdria alcancada com os
tratamentos ndo se devem a interferéncias inespecificas sobre a execucdo do teste de
memoria. O tratamento com HOE-140 atenuou ainda a atividade da NADPH-oxidase,
reforgando a interconexdo entre o receptor B, e a enzima. Além disso, ambos os tratamentos
foram eficazes em atenuar, em cortex ipsilateral, os parametros inflamatorios (niveis de
interleucina-1p, fator de necrose tumoral-o e de metabolitos do oxido nitrico) e o dano
oxidativo (lipoperoxidagdo, carbonilagio proteica e inibicdo da Na*, K*ATPase) induzidos
pelo modelo estudado. Por outro lado, apenas o tratamento com HOE-140 obteve uma
reducdo estatisticamente significante sobre o edema cerebral. Os resultados apresentados
permitem concluir que as cininas, por acdo do receptor B, e possivelmente da NADPH
oxidase, estdo envolvidas na neuroinflamacdo e no estresse oxidativo. Além disso, é plausivel
que a excessiva ativacdo dos receptores B, seguida da ativacdo da enzima NADPH-oxidase
facilite a progressédo da lesdo cortical repercutindo, desta forma, na deterioracdo da memoria
de reconhecimento de objetos.

Palavras-chave: Bradicinina. Traumatismo Cranioencefalico por Percussdao de Fluido.
Memoria de Reconhecimento. NADPH-oxidase.
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Traumatic brain injury (TBI) is a major cause of death and disability. This condition
results in neurological and cognitive impairment. In this context, it has been demonstrated
that bradykinin, the main metabolite of the kallikrein-kinins system is involved in the
increased permeability of the blood-brain barrier, in edema formation and leukocyte
accumulation induced by TBI. Experimental findings also indicate an connection between
kinin receptors and the activity of the enzyme nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, an enzyme that produces superoxide radical. It is known that the
kalikrein-kinin and NADPH-oxidase activity participate of neuroinflammation triggered by
TBI. However, few studies have evaluated their effects on the development of posttraumatic
cognitive impairment. Hence, the present study evaluated the role of kinin receptors (B; and
B,) and the NADPH-oxidase inhibitor (apocynin)in neuromotor deficits, memory impairment,
cortical lesion volume, oxidative and inflammatory damage induced by moderate lateral fluid
percussion injury in mice. Therefore, we determined the effects of kinin receptors antagonists
(des - Arg9-[Leu8]-bradykinin and HOE-140) and apocynin injected subcutaneously 30 min
24 hours post trauma. The present study demonstrated that both, HOE-140 and apocynin,
protected against memory impairment triggered by trauma, but showed no effects in motor
dysfunction caused by TBI. It should be noted that memory improvements was not due to
nonspecific effects over the memory test, because the pharmacological treatment used in this
study did no alter locomotor and/or anxiety-like behavioral. Treatment with HOE-140 also
attenuated the NADPH-oxidase activity, reinforcing the connection between the B, receptor
and this enzyme. Moreover, both treatments attenuated the ipsilateral cortex inflammation
(levels of interleukin-1p, tumoral necrosis factor-a and nitric oxide metabolites) and oxidative
damage (lipid peroxidation, protein carbonylation and inhibition of Na*, K" ATPase) induced
by tested model. On the other hand, only treatment with HOE-140 reduced the cerebral
edema. The results presented in this study suggest that kinins, through of the B, receptor and
possibly through NADPH-oxidase, are involved in neuroinflammation and oxidative stress
caused by trauma. Moreover, it is plausible that excessive activation of B, receptors and
subsequent activation of the enzyme NADPH-oxidase facilitate the cortical lesion progression
resulting in deterioration of object recognition memory.

Keywords: Bradykinin. Fluid Percussion. Brain injury. Recognition memory. NADPH-
oxidase.
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No item INTRODUCAO, esta descrita uma revisio bibliografica sobre os temas
abordados nesta tese. Os resultados que fazem parte desta tese estdo sob a forma de dois
artigos, os quais se encontram, no item ARTIGOS CIENTIFICOS. As secbes Materiais e
Métodos, Resultados, Discussdo e Referéncias Bibliograficas encontram-se nos artigos e
representam a integra deste trabalho. Os itens DISCUSSAO e CONCLUSOES encontrados
no final desta tese apresentam interpretacdes e comentarios gerais sobre os artigos cientificos
contidos neste trabalho. O item REFERENCIAS BIBLIOGRAFICAS refere-se somente as
citacdes que aparecem nos itens INTRODUCAO e DISCUSSAO desta tese.
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1.1. TRAUMATISMO CRANIOENCEFALICO (TCE)

1.1.1. Definicdo e quadro epidemioldgico

Por definicdo, o TCE € “uma agressdo ao cérebro, de natureza ndo degenerativa e nao
congénita causada por uma forca fisica externa, que pode produzir um estado diminuido ou
alterado de consciéncia” (UMPHRED, 1994). Essa condi¢cdo é considerada um problema de
salide em ascensao tendo em vista a ocorréncia de grande numero de acidentes automotores e
dos crescentes indices de violéncia urbana (ARREOLA-RISA et al., 1995). Nos ultimos anos,
o traumatismo cranioencefalico alcancou o patamar de epidemia mundial e vem sendo
associado a altos indices de morbidade e mortalidade, além de trazer consigo expressivos
impactos socioecondmicos (ZITNAY, 2005).

A Organizacdo Mundial de Saude revela o 6Obito de 5 milhdes de pessoas em
decorréncia de TCE anualmente, o que representa 9% de todos os falecimentos mundiais
ocorridos em um ano (WHO, 2009). Dados disponibilizados pelo Centro para Controle e
Prevencdo de Doencas (CDC) do Governo americano também alertam para a dimensao dessa
condicdo de saude. O relatério do CDC revelou uma incidéncia 1.700.000 novos casos, a cada
ano, nos Estados Unidos da América (EUA). Desse numero, 52.000 pacientes falecem,
275.000 necessitam de tratamento hospitalar intensivo e 1,365 milh&o séo tratados e liberados
dos departamentos de emergéncia. Além disso, hd uma estimativa que mais de 98.000
pacientes permanecem com alguma incapacidade ou déficit neuroldgico a cada ano nos EUA
(KRAUS e CHU, 2005). Em razéo disso, tem-se uma populacéo de 5,3 milhGes de pessoas
que convivem com as graves sequelas do TCE, gerando uma despesa anual de 76,5 bilhGes de
ddlares para os cofres publicos americanos (FAUL et al., 2010; CORONADO et al., 2011).

No Brasil, os estudos epidemioldgicos sdo escassos e, em sua maioria, seccionados por
regides, o que dificulta a interpretacdo da situacdo como um todo. O Unico trabalho
epidemioldgico de ambito nacional disponivel foi realizado pela Universidade Federal da
Bahia. O trabalho realizou uma andlise epidemioldgica das internacdes hospitalares em
decorréncia do TCE no Sistema Unico de Salde Brasileiro (FERNANDES, 2010). Esse
estudo verificou que as internacdes se concentram na regido sudeste (43%) do Brasil, entre os

individuos do sexo masculino (81,5%), na faixa etaria de 14-35 anos (53%). Entretanto, € na
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faixa etaria de 35-69 anos que se observa o maior coeficiente de letalidade hospitalar. As
quedas (35,2%) e os acidentes de transito (22,88%) parecem ser as circunstancias que mais
contribuem para ocorréncia do TCE, mesmo que 0s acidentes motociclisticos tenham
apresentado um aumento expressivo (75%) nos ultimos anos do periodo estudado (2001-
2007). Os estudos regionais realizados nos estados de Pernambuco, Santa Catarina e Bahia
apresentam perfis epidemioldgicos semelhantes ao descrito acima e ainda demonstram uma
preponderancia de casos leves e graves (MELO, SILVA e MOREIRA, 2004; MOURA et al.,
2011; RUY e ROSA, 2011).

1.1.2. Classificacdo do TCE

O TCE resulta em lesdes ao parénquima cerebral que ocorrem em consequéncia da
lesdo mecanica e de um complexo mecanismo fisiopatoldgico desencadeado pelo dano. Para
facilitar o estudo deste imbricado quadro, estudiosos classificaram as lesdes advindas do
mesmo de acordo com: a) a gravidade das lesdes (lesdes leves, moderadas ou graves); b) ao
mecanismo fisico de lesdo (lesBes por contato ou por aceleracdo/desaceleracdo); c) a
distribuicdo das lesdes (leses focais ou difusas); d) a progressao das lesdes (lesdes primarias

e secundarias).

1.1.2.1. Classificacdo quanto a gravidade das lesdes

Embora se disponha de modernas tecnologias para classificacdo dos diferentes tipos de
enfermidades, o TCE ainda € amplamente classificado com base em sinais clinicos
principalmente no momento da admissao no servico de saide (ROSENFELD et al., 2012). A
Escala de coma de Glasgow (ECG) é a ferramenta mais utilizada atualmente para dividir
grosseiramente 0s pacientes em trés categorias: leve, moderado e grave (SAATMAN et al.,
2008). Essa escala atribui escores para sinais clinicos como: abertura dos olhos, resposta

motora e resposta verbal. A soma dos escores &, entdo, utilizada para categorizar os pacientes.
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Escala de coma de Glasgow

Abertura dos olhos (O) Espontanea
Ao falar
Ao sentir dor
Olhos sempre fechados
Melhor resposta motora (M) Obedecer
Localizar
Reflexo de retirada
Flex&o anormal
Resposta extensora
Sem resposta motora
Resposta verbal (V) Orientada
Conversa confusa
Palavras inapropriadas
Sons incompreensiveis
Sem resposta verbal

P DD W PO FPDNMNMNOPOOODOEDNWPS

Escore de coma = (O+M+V)

Tabela 1 — Escala de coma de Glaslow — Tabela usada para avaliar, em humanos, a gravidade do trauma
na chegada em unidades de salde. Adaptada de KRAUS e CHU (2005).

O trauma leve se caracteriza por produzir um escore de ECG de 13 ou mais e 0s
pacientes sdo comumente assintomaticos. Quando os sintomas estdo presentes, 0s mais
frequentes s&o dor de cabega, ndusea e vomitos. Alguns pacientes podem também apresentar
uma leve e transitoria desorientacdo e amnésia nas primeiras horas que seguem o0 trauma
(DECUYPERE e KLIMO, 2012). Ja os pacientes com TCE moderado apresentam uma ECG
de 9 -12 e os sintomas clinicos podem variar amplamente. As pessoas acometidas podem
sofrer perda de consciéncia, convulsdo pés-traumatica leve, déficits neuroldgicos focais,
porém ainda respondem a comandos. O TCE moderado também esta associado a uma maior
probabilidade de resultados anormais em exames de neuroimagem (DECUYPERE e KLIMO,
2012). Os pacientes que sofrem TCE grave apresentam ECG de 8 ou menos. Contusdes
intracranianas, hematomas e laceragdes cerebrais formam o grupo de lesGes normalmente
incluidas nessa categoria. Os individuos frequentemente necessitam de intervencéo cirdrgica e

continuo monitoramento da pressdo intracraniana (PIC). A taxa de mortalidade pode atingir
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60% dos pacientes adultos. A recuperacdo € longa (mais de um ano) e normalmente
incompleta (DECUYPERE e KLIMO, 2012).

1.1.2.2. Classificagdo quanto ao mecanismo fisico de leséo

Esse tipo de classificacdo permite entender como forcas especificas, em magnitudes
especificas, agem sobre o parénquima cerebral. Desta forma, é possivel predizer quais padrdes
de lesBes provavelmente resultardo do TCE (SAATMAN et al., 2008).

De acordo tal sistema, as lesdes podem ser por contato, quando resultam do impacto
de um objeto sobre a cabeca ou do contato do cérebro com o cranio. Esse tipo de lesdo
frequentemente associa-se a quedas e perfuracdes (GENNARELLI e GRAHAM, 2005).

Um segundo tipo de lesdo resulta de forgas de aceleragéo e desaceleracdo. Nesse caso,
ndo é necessario o impacto do crénio com estruturas externas. O cranio e as diferentes
estruturas cerebrais desfrutam de densidades desiguais. Assim, quando ocorre 0 movimento
brusco da cabeca, esses tecidos movimentam-se em velocidades dispares. Isso faz com
cérebro se movimente dentro da caixa craniana (FERREIRA et al., 2009), gerando forcas de
cisalhamento, tensdo e compressdo que agem sobre o tecido cerebral (GENNARELLI e
GRAHAM, 2005). A ruptura de vasos sanguineos, as lesdes dos axbnios e a laceracdo do
tecido cerebral sdo a resultante de todo esse processo (FERREIRA et al., 2009). As lesdes por
aceleracdo e desaceleracdao ficam normalmente atreladas a acidentes de transito e quedas de
grandes alturas (GENNARELLI e GRAHAM, 2005).

1.1.2.3. Classificagdo quanto a distribuicdo das lesdes

A analise clinica e neurorradiologica das lesdes possibilita a classificacdo do TCE em
focal ou difuso (GRAHAM, GENNARELLI e MCINTOSH, 2002). No TCE focal, o dano é
produzido frequentemente por trauma de contato, resultando em compressdo focal das
estruturas cerebrais localizadas abaixo do crénio do lado do impacto, bem como no lado
oposto a agressdo. Esse tipo de lesdo causa laceracfes e hematomas e extensiva morte celular
local (GENNARELLI e GRAHAM, 2005; ANDRIESSEN, JACOBS e VOS, 2010). Ja no
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TCE difuso, o0 mecanismo responsavel pelas lesdes é a aceleracdo e desaceleragdo (Gennarelli
& Graham 2005). Nesse caso, o principal achado fisiopatoldgico é o dano axonal difuso
(DAD) (ANDRIESSEN, JACOBS e VOS, 2010). Embora apresentem caracteristicas
patofisioldgicas diferenciadas, os dois tipos de lesdes traumaticas (focais e difusas) causam
quadros clinicos semelhantes. Ambos os tipos de lesdo podem causar coma, perda de
consciéncia, amnesia pos-traumatica e disfungdes motoras (ANDRIESSEN, JACOBS e VOS,
2010).

1.1.24. Classificacdo quanto a progressdo das lesdes

Em um quarto sistema de classificacdo, utilizam-se como base 0s mecanismos
patofisioldgicos envolvidos no TCE, bem como seus possiveis alvos terapéuticos. Neste
quadro classificatorio emergem o dano primario e o dano secundario.

Em geral, a lesdo primaria compreende o dano mecénico imediato e irremedidvel ao
parénquima cerebral que ocorre no momento do trauma (GENNARELLI e GRAHAM, 2005;
WERNER e ENGELHARD, 2007; SAATMAN et al., 2008). Nesse tipo de lesdo, estdo
incluidas as laceracBes ao tecido cerebral, os danos aos vasos sanguineos (hemorragias e
hematomas) e as axotomias primérias (rompimentos axonais) (GAETZ, 2004). Desta forma, o
dano primario ndo é passivel de tratamento, podendo ser apenas evitado com politicas
socioeducativas de incentivo ao uso de capacetes, de combate a violéncia urbana e no transito
(XIONG, MAHMOOD e CHOPP, 2013).

Por outro lado, o dano secundario abrange todos os eventos metabdlicos, celulares e
moleculares que se iniciam minutos apds a lesdo priméaria e em decorréncia da mesma. A
evolucdo dessas cascatas pode perdurar por dias, meses e até anos apos a lesdo, causando
significativa morte celular, atrofia tecidual e consequentemente déficits funcionais nos
individuos acometidos (GENNARELLI e GRAHAM, 2005). A natureza prolongada do dano
secundario cria uma janela temporal que permite intervengdes terapéuticas que podem
prevenir e/ou reduzir as sequelas do paciente em longo prazo (XIONG, MAHMOOD e
CHOPP, 2013).

As alteracBes neuroguimicas mais associadas ao dano secundario incluem uma ampla
variedade de processos, tais como: edema cerebral, distlrbio da permeabilidade da barreira
hematoencefédlica (BHE), aumento da PIC, dano cerebral isquémico, excitotoxicidade,
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estresse oxidativo e nitrosativo, disfuncdo mitocondrial e consequente déficit de adenosina
trifosfato (ATP), DAD, deposicdo amiloide, inflamagdo, apoptose e necrose celular
(WERNER e ENGELHARD, 2007; AARABI e SIMARD, 2009).

1.1.3. Disfuncdes relacionadas ao TCE

O TCE esta relacionado a uma significante diminuicdo na qualidade de vida do
afetado e seus familiares (SERNA e SOUSA, 2005; RIGGIO, 2010). Ap6s a lesdo, o vitimado
passa a manifestar sequelas que incluem problemas vasculares e neuroldgicos, incapacidades
de origem fisica e cognitiva, bem como problemas comportamentais/emocionais (RIGGIO,
2010).

Uma das frequentes sequelas do TCE é a disfuncdo motora. A fungdo motora é
mediada por uma complexa rede neural originaria no cortex e que se estende até os musculos
esqueléticos. Tal rede inclui estruturas (cortex, cértex sensorio-motor, ndcleo subcortical,
cerebelo, tronco cerebral e medula espinhal) cuja correta comunicacdo coordena 0s
movimentos (VANDER, SHERMAN e LUCIANO, 2001). Acredita-se que laceracdes ou
perturbacdes neuroquimicas em qualquer uma dessas estruturas culminem com um prejuizo
na funcionalidade motora do individuo afetado (FUJIMOTO et al., 2004).

O prejuizo cognitivo, por sua vez, é a mais frequente e persistente sequela encontrada
nos pacientes de TCE (CICERONE et al., 2000). Em humanos, a cognicdo é definida como o
processo que inclui a discriminagéo, a selecdo, a aquisicdo, a compreenséo e a retencao, bem
como a expressao e a aplicagdo de informacgdes em situagdes apropriadas. O déficit cognitivo
inclui qualquer reducdo da eficiéncia ou velocidade deste processo ou no desempenho de
atividades rotineiras (CICERONE et al., 2000). Segundo JUNQUE (1999), as laceracdes que
interferem nas circuitarias da porcdo dorsolateral do parénquima neural, bem como atrofia
hipocampal e parahipocampal e o dano axonal sdo as principais lesdes responsaveis pelas
deficiéncias cognitivas citadas acima.

Estudos experimentais utilizando ratos ou camundongos também descrevem algumas
alteracdes neuroquimicas como responsaveis pelo déficit cognitivo associado ao TCE. Neste
sentido, as mudancas na neurotransmissdo glutamatérgica (BIEGON et al.,, 2004;
SCHWARZBACH et al., 2006; HAN et al., 2009), colinérgica (ARCINIEGAS, 2003), a
geracdo de espécies reativas de oxigénio (ERO)s ou nitrogénio (ERN)s (MARKLUND et al.,
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2001; ABDEL BAKI et al., 2010; AIGUO, ZHE e GOMEZ-PINILLA, 2010; SINGLETON et
al., 2010) e o aumento dos niveis de citocinas pro-inflamatdrias (SANDERSON et al., 1999;
SCHERBEL et al., 1999; BERMPOHL et al., 2007; CLAUSEN et al., 2009; KHUMAN et al.,
2011) mostraram-se implicadas na referida sequela. Ademais, estudos de nosso grupo tambem
indicam que o mau funcionamento da enzima sédio (Na'), potassio (K) ATPase pode
desempenhar um importante papel na fisiopatologia do déficit de memdria espacial induzido
pelo PFL em ratos (LIMA et al., 2008).

Embora ndo haja consenso quanto ao papel da morte celular nessa disfuncédo, alguns
estudos demonstram uma melhora no desempenho cognitivo de camundongos tratados com
inibidores de morte celular como necrostatina e o inibidor das caspases inhibitor z-VAD-fmk
(KNOBLACH et al., 2002; YOU et al., 2008). Nesta mesma linha, trabalhos também
mostram que a piora da memdria e a perda neuronal parecem ser eventos concomitantes ou
correlaciondveis em diferentes espécies de roedores submetidas a diferentes modelos de
trauma cerebral (HICKS et al., 1993; FOX et al., 1998; MARKLUND et al., 2001,
CLAUSEN et al., 2005; HAN et al., 2009; LEVY et al., 2009; ABDEL BAKI et al., 2010;
AIGUO, ZHE e GOMEZ-PINILLA, 2010; SINGLETON et al., 2010).

Embora se disponha de resultados experimentais positivos e de estratégias de
reabilitacdo, ainda ndo se conhece um tratamento farmacoldgico que efetivamente apresente

resultados nos déficits cognitivo e motor causado pelo TCE humano.

1.1.4. Modelos Experimentais de TCE

A alta incidéncia mundial do TCE e as devastadoras sequelas a ele associadas
produziram a necessidade de ampliar o entendimento da fisiopatologia das lesGes traumaticas,
bem como o estudo de novos tratamentos. Nesse sentido, nas ultimas trés décadas, modelos
animais foram desenvolvidos na tentativa de replicar os abstrusos aspectos do TCE humano
(XIONG, MAHMOOD e CHOPP, 2013). Dentre esses, podemos citar quatro modelos mais
amplamente utilizados:

A) modelo de trauma por lesdo em cabeca fechada (LCF), conhecido em inglés como “close
head injury” ou “weight-drop”, onde um peso em queda livre atinge o cranio exposto com ou
sem craniectomia (MORALES et al., 2005);
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B) modelo de trauma por impacto cortical controlado (ICC) que utiliza um pistdo pneumatico,
cujo jato de ar deforma lateralmente a dura-mater (membrana cerebral mais externa) causando
lesGes predominantemente focais (MORALES et al., 2005);
C) modelo de trauma por leséo por ondas de explosao que avalia o efeito de ondas de choque
sobre o parénquima cerebral na tentativa de mimetizar os efeitos de explosdes & bomba
(RENEER et al., 2011).
D) modelo de trauma por lesdo por percussao de fluido lateral (PFL), onde o insulto cerebral é
induzido por uma injecdo de fluido sobre a dura-mater através de uma craniectomia
(THOMPSON, SEBASTIANELLI e SLOBOUNOV, 2005).

Segundo THOMPSON, SEBASTIANELLI e SLOBOUNOV (2005), o modelo de
PFL é um dos modelos mais clinicamente relevantes, produzindo alteraces comportamentais,
fisioldgicas e histologicas ja amplamente documentadas em ratos. Nesse sistema, a percussao
do fluido produz uma breve deformacao no tecido cerebral, num processo em que a gravidade
da lesdo depende da intensidade da pressdo do pulso de fluido (MCINTOSH et al., 1989). O
PFL produz uma combinacdo de danos corticais focais aliadas a lesbes difusas em estruturas
como hipocampo e tdlamo. O cortex contundido abaixo da lesdo inicial, em semanas, torna-se
uma cavidade forrada por glia que continua a expandir-se por até 1 ano (BRAMLETT e
DIETRICH, 2002). Ao longo dos meses, as cascatas degenerativas persistem em regides
vulneraveis como hipocampo ipsilateral, talamo, septo medial, estriado e amidala (HICKS et
al., 1996; THOMPSON et al., 2005; LIU et al., 2010). Aliado a isso, o PFL ainda produz
déficits neurocomportamentais e cognitivos, tais como dificuldades motoras e prejuizos de

memdria, que sdo comumente vistos em pacientes com TCE (MORALES et al., 2005).

1.1.5. Fisiopatologia do dano secundario associado ao TCE

Para o melhor entendimento da fisiopatologia do dano secundario, a literatura
contemporanea vem analisando separadamente as cascatas desencadeadas pelas lesdes focais
e difusas (GAETZ, 2004; ANDRIESSEN, JACOBS e VOS, 2010). Entretanto, € importante
ressaltar que tais processos podem ocorrer simultaneamente e interagir entre si em um Unico
paciente (SKANDSEN et al., 2010).
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1.15.1. Mecanismos fisiopatoldgicos das lesdes focais

Um dos principais eventos secundarios envolvidos no trauma focal é a isquemia
(GENNARELLI, 1993; GENNARELLI e GRAHAM, 2005). As lesbes focais produzem
zonas de profunda reducdo no fluxo sanguineo cerebral que podem levar a necrose neuronal
por isquemia (BULLOCK et al., 1991). Isso porque, a0 mesmo tempo em que se estabelece
essa reducdo no aporte de oxigénio, hd um aumento na glicdlise na tentativa de suprir a alta
demanda energética requerida pela Na*,K*ATPase que luta para reestabelecer o equilibrio
ibnico da célula (KAWAMATA et al., 1995). A falta de energia leva ao mau funcionamento
das bombas i6nicas de membrana, desencadeando a despolarizacdo dos terminais nervosos, a
excessiva liberacdo de neurotransmissores excitatorios (GAETZ, 2004) e o estabelecimento
do edema citotoxico.

O principal neurotransmissor excitatério envolvido na excitotoxicidade induzida pelo
TCE é o glutamato (BULLOCK et al., 1995; GLOBUS et al., 1995). De fato, 0 aumento dos
niveis extracelulares desse neurotransmissor é uma conhecida consequéncia do TCE em
humanos e em modelos experimentais (BULLOCK et al., 1995; GLOBUS et al., 1995;
BULLOCK et al., 1998). Estudos mostram que o excesso do mesmo leva ao acimulo de ions
calcio (Ca™) intracelular, o que resulta na abertura de poros na membrana mitocondrial,
chamados de poros de permeabilidade mitocondrial transitério (PPMT). A presenca desses
poros é a responsavel pela despolarizacdo da membrana mitocondrial interna e,
consequentemente, pela diminuicdo da producédo energética (KRISTAL e DUBINSKY, 1997,
SCORRANO, PETRONILLI e BERNARDI, 1997; XIONG et al., 1997; PATERGNANI et
al.,, 2011). Por meio dos PPMT, as EROs produzidas pela mitocondria danificada e o
citocromo c, presente no espago intermembrana da mitocondria, sdo liberados para o
citoplasma (BUKI et al., 2000; SULLIVAN et al., 2002; CHENG et al., 2012) iniciando o
processo de apoptose.

Por outro lado, em condicdes de baixo aporte de energia, o0 excesso de Ca’"
intracelular desencadeia 0 processo de necrose, através da ativacéo de serina proteases como a
calpaina (SAATMAN, CREED e RAGHUPATHI, 2010). A ativacdo dessas enzimas leva a
clivagem de proteinas estruturais (SCHOCH et al., 2012), o que culmina com morte celular
por necrose (YAMASHIMA et al., 2003).

Ademais, 0 excesso de Ca’™ também ativa enzimas dependentes de Ca™ como: a
oxido nitrico sintase endotelial (eNOS), a 6xido nitrico sintase neuronal (nNOS), a fosfolipase
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A, e também as enzimas geradoras de superdxido (O,") (GAETZ, 2004). A producdo de
oxido nitrico (NO) associada a producdo EROs leva a formagdo de uma poderosa ERN, o
peroxinitrito, que, por sua vez, danifica as membranas, as proteinas e 0 DNA celular (RADI et
al.,, 1991; CHERIAN, HLATKY e ROBERTSON, 2004; LAU e TYMIANSKI, 2010). O
peroxinitrito (ONOQ") é também capaz de iniciar um processo de apoptose independente de
caspases, conhecido como necro-apoptose (KOMJATI, BESSON e SZABO, 2005). Nesse
processo, 0 DNA danificado pelo ONOO" inicia uma cascata que culmina com liberagdo do
fator indutor de apoptose do interior da mitocdndria, o qual causa a condensacédo e a lise da
cromatina, desencadeando, assim, o0 processo de apoptose (LORENZO e SUSIN, 2007,
BARITAUD et al., 2010). A figura 1 esquematiza as lesdes focais.
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Figura 1 — Esquema simplificado dos processos moleculares iniciados ap6s uma lesdo focal —
Em suma, o aumento do glutamato extracelular resulta num influxo Ca™ suprafisiol6gico que inicia varias
cascatas intracelulares que operam em paralelo. No canto superior esquerdo: Aumento da atividade das enzimas
dependentes de calcio, nNOS e eNOS, aumentam a produgdo de NO, levando a peroxidagdo lipidica e
eventualmente a morte celular por necrose. Na parte do meio da esquerda: A atividade da calpaina também é
aumentada devido ao excesso de célcio intracelular, resultando, em Gltima andlise, nas vias de necrose celular. A
ruptura da membrana lisossomal e a liberacdo da catepsina desempenham um papel importante nesse processo.
No canto superior direito: 0 aumento de célcio intracelular resulta na sobrecarga de célcio mitocondrial causando
0 aumento da permeabilidade da membrana mitocondrial. Como resultado dessa disfuncdo mitocondrial, tem-se
estresse oxidativo, a liberacdo citocromo-c no citoplasma, o qual inicia a rota apoptética. Glu: Glutamato;
[Glule: concentracdo de glutamato extracelular; R E.: reticulo endoplasmatico [Ca™] concentracdo de célcio
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intracelular; nNOS: NOS neuronal; eNOS: NOS endotelial; MPTP: poro de permeabilidade mitocondrial
transitdrio; ATP: adenosina trifosfato; ADP: adenosina difosfato; EROs: espécies reativas de oxigénio; apaf-1:
proteina ativadora de apoptose-1. llustracdo adaptada de ANDRIESSEN, JACOBS e VOS (2010).

Outra importante consequéncia do desequilibrio i6nico causado pela deplecédo
energética € o aumento da osmolaridade intracelular. O excesso de ions no citoplasma
desencadeia o influxo passivo de agua para o interior da célula através das aquaporinas
(canais proteicos que permitem a passagem de agua), 0 que caracteriza 0 edema citotdxico
(BADAUT et al., 2001; KEMPSKI, 2001; BADAUT et al., 2002). A demasiada concentracdo
de glutamato parece também estar envolvida no edema citotoxico. 1sso porque o0
funcionamento de seus receptores e transportadores também resulta no aumento das
concentracOes de Ca*™, Na®, fons hidrogénio e fons cloreto intracelulares, o que intensifica o
influxo de &gua para o citoplasma das células (AMARA e FONTANA, 2002). O edema
citotoxico é de fundamental importancia no TCE, pois, inevitavelmente, leva a morte celular
por necrose ou por inchaco demasiado (LIANG et al., 2007). Entretanto, esse processo, por si
sO, ndo é capaz de causar 0 aumento de volume cerebral caracteristico do edema (LIANG et
al., 2007). O mecanismo citotoxico aumenta a quantidade de 4&gua no meio intracelular a custa
da diminuicdo da agua no meio extracelular. Esse processo cria um novo gradiente de
concentracdo na area necrética central da lesdo, que se torna hiperosmolar em relacdo ao
sangue. Assim, ocorre o fluxo de agua do plasma para o meio extracelular, aumentando o
volume do cérebro, um processo conhecido como edema osmético intersticial (KATAYAMA
e KAWAMATA, 2003).

1.15.2. Mecanismaos fisiopatologicos das lesdes difusas

Segundo JOHNSON, STEWART e SMITH (2013), as lesdes resultantes das torcoes
mecanicas seguidas por retracdo axonal e vazamento do axoplasma (citoplasma axonal)
constituem a axotomia primaria, uma ocorréncia relativamente rara. A axotomia secundaria
surge atraveés de alteracdes patologicas da estrutura axonal que pode se prolongar por meses e
anos apoés a lesdo cerebral. Esse é 0 processo que concretiza 0 DAD carateristico das lesdes
difusas.



Introducgdo - 44

No processo secundario, ocorre uma alteragdo da permeabilidade do axolema
(membrana axonal) préximo aos nédulos de Ranvier (porgdo axonal desprovida de bainha de
mielina) (PETTUS et al., 1994) com o consequente aumento do influxo de Ca™" e inchago
mitocondrial (BUKI et al., 2000). Proteases especificas passam, entdo, a degradar proteinas
estruturais como a tubulina e outras proteinas associadas aos microttbulos e neurofilamentos,
prejudicando o transporte axonal normal (BUKI et al., 2003; MCGINN et al., 2009). Nesse
caso, ndo ocorre a interrupcdo do transporte axonal nem o inchaco axonal (STONE,
SINGLETON e POVLISHOCK, 2001; MARMAROU, C. R. et al., 2005). STONE et al.
(2004); FARKAS e POVLISHOCK (2007) sugerem também que, em alguns casos, pode
ocorrer uma combinacao entre inchago axonal (formacdo de bulbos axonais) e interrupcéo do
transporte axonal, sem excessiva alteracdo da permeabilidade de membrana. A figura 2
demonstra ambos 0s tipos de lesdes axonais.

O processo de DAD culmina com rompimento ou desconexdo do axdnio danificado.
Embora o ax0nio entre em processo de degeneracdo (conhecido como degeneracdo
Walleriana), ndo ocorre necessariamente a morte do soma neuronal (SINGLETON et al.,
2002). As sinapses que perderam seu “input” entram em processo de reorganizagao sinaptica
que pode ser adaptativo ou inadequado (BUKI e POVLISHOCK, 2006; JOHNSON,
STEWART e SMITH, 2013).
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Figura 2 - Processo molecular e celular desencadeado por lesdes difusas. — A: representa o
movimento de aceleracdo e desaceleracdo lateral causador do dano axonal difuso; B: representa as forgas de
cisalhamento, tensdo e compressdo agindo sobre o tecido cerebral; C: representa em etapas 0s mecanismos de
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dano axonal difuso; C1.1: representa 0 mecanismo de dano axonal que ndo apresenta inchago ou interrupcéo do
transporte axonal; C1.11: representa 0 mecanismo de dano axonal onde ha inchago e interrupcéo do transporte
axonal por acdo da calcineurina; C2: representa o processo de degeneracdo Walleriana; C3: representa a
formacéo de novas conexdes. llustracdo adaptada de ANDRIESSEN, JACOBS e VOS (2010).

1.15.3. Mecanismaos fisiopatoldgicos da neuroinflamacao

O processo inflamatério inclui um conjunto de cascatas celulares e moleculares
iniciadas em resposta a danos teciduais cujo objetivo é preservar a homeostase do tecido. Tal
resposta € mediada por inumeras moléculas, incluindo as citocinas, quimiocinas, cininas,
fatores de crescimento, NO, prostaglandina (PG)s e EROs. Além de modular a resposta
inflamatoria celular, essas substancias também auxiliam na recuperacdo tecidual (DAS;
MOHAPATRA; MOHAPATRA, 2012). Embora seja necessaria, a inflamagdo apresenta
efeitos colaterais que acabam por danificar células vizinhas saudaveis, exacerbando os danos
iniciais (AUFFRAY, SIEWEKE e GEISSMANN, 2009). Desta forma, a neuroinflamacéo é
considerada um componente essencial do dano secundario associado ao TCE.

Um dos acontecimentos centrais na neuroinflamacdo é a ativacdo da microglia
(LOANE e BYRNES, 2010). As células da micrdglia sdo dinamicas e constantemente
patrulham o seu microambiente a procura de agentes nocivos e processos prejudiciais
(NIMMERJAHN, KIRCHHOFF e HELMCHEN, 2005). Elas expressam um conjunto de
receptores que reconhecem padrdes moleculares associados a patdégenos (PAMPS) e padrdes
moleculares enddgenos associados a perigo (DAMPSs). Esses receptores permitem a microglia
identificar e reagir a estimulos nocivos e eventos danosos (BLOCK, ZECCA e HONG, 2007).

Assim, essas células respondem a presenca de restos de células danificadas e proteinas
plasmaticas, mudando da sua forma quiescente para forma ativa fagocitaria e migratoria
(indiscriminavel dos macrofagos) (GIULIAN et al., 1989; DAVALOS et al.,, 2005). A
micrdglia ativa passa, entdo, a produzir citocinas, NO, EROs, e fatores tréficos que podem
exercer efeitos em células vizinhas (LU et al., 2009) e alterar a permeabilidade da BHE
(CHODOBSKI, ZINK e SZMYDYNGER-CHODOBSKA, 2011).

Os astrocitos tornam-se rapidamente ativos em resposta aos mediadores pro-
inflamatorios produzidos pelos fagdcitos ativos (GIULIAN et al., 1989), em um processo
conhecido como astrogliose (MYER et al., 2006). Essas células produzem citocinas pro-
inflamatdrias, constituem os maiores produtores de quimiocinas (moléculas atratoras de

células inflamatorias), e apresentam papel fundamental na abertura BHE (DONG e
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BENVENISTE, 2001). Estudos também mostram que os astrdcitos estdo envolvidos na
formacéo de cicatrizes gliais (DONG e BENVENISTE, 2001) e das cavidades encontradas no
parénquima cerebral (LU et al., 2009). Por outro lado, os astrécitos ativos produzem e liberam
fatores troficos como neurotrofinas (RUDGE, 1993), fator de crescimento nervo (NGF)
(GOSS et al., 1998), fator de crescimento do fibroblasto (FGF), substancias que tém sido
relacionadas a neurogénese ap6s o trauma. A figura 3 detalha o processo de ativacdo das

células da glia.

( Hipoxia J (l:esﬁo R S"(f)
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( Ativagdo da Microglia )

Micrdglia reativa

5 Fatores promotores o Fatores restritores O Citocinas
© de crescimento ®eo de neurogenesa o CNTF,IL'6, IL-1B
SDF1, MCP1, FGF2, IGF1, VEGF TNFe, Hyaluronanto

Figura 3. Representacdo da ativacdo das células da glia ap6s uma lesdo no sistema nervoso

central — A leséo do parénquima neural leva a ativacdo da microglia e subsequente liberagéo de citocinas pro-
inflamatorias, tais como a interleucina-1 beta (IL-1p), IL-6 e fator neurotréfico ciliar (CNTF). Essas moléculas
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iniciam o processo de gliose. Os astrdcitos transitoriamente ativados sdo uma fonte de quimiocinas tais como
fator derivado de células de estroma-1 (SDF1), fator de crescimento do endotélio vascular (VEGF) e da proteina
quimiotatica de monécitos 1 (MCP1). Outros fatores como o FGF e o fator de crescimento semelhante a insulina
1 (IGF-1) fornecidos pelos astrdcitos reativos apoiam a proliferacdo sobrevivéncia e a diferenciacdo celular.
Outros astrdcitos proliferam de forma reativa, tornam-se hipertréficos e aumentam a expressdo da proteina glial
fibrilar &cida (GFAP). Isso acaba por resultar na formagéo de uma cicatriz astrocitaria bem compactada, que
representa uma fonte de fatores que limitam as respostas regenerativas. Esse Ultimo conjunto de moléculas inclui
o fator de necrose tumoral (TNF)-a e hialuronato. llustragdo adaptada de (MULLER, SNYDER e LORING,
2006).

1.1.5.3.1. Alteracdo da permeabilidade da barreira hematoencefalica

A BHE é formada por células endoteliais unidas entre si por “thigh junctions”
(corddes proteicos que atravessam as membranas celulares de células endoteliais vizinhas,
mantendo-as intimamente unidas), revestidas por poddcitos de astrocitos e por pericitos.
Acredita-se que a microglia também interaja fortemente com as demais células formadoras da
BHE (ABBOTT, RONNBACK e HANSSON, 2006). A figura 4 mostra a estrutura normal da
BHE. Em condic¢Bes normais, a BHE restringe a entrada células imunoldgicas e de inimeras
substancias presentes na circulacdo. Essa funcdo possibilita que a BHE possa garantir a
homeostase do parénquima neural, a0 mesmo tempo que permite a troca de moléculas
informacionais entre o sistema nervoso central (SNC) e o sangue (ABBOTT, RONNBACK e
HANSSON, 2006; BANKS, 2010) .
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Figura 4. Representacdo das células formadoras da barreira hematoencefélica. - Ilustragfo
adaptada de ABBOTT, RONNBACK e HANSSON (2006).
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O aumento da permeabilidade que ocorre ap6s o trauma se deve a varios fatores: a
destruicdo mecanica da integridade vascular; as disfungdes nas tight junctions; as alteragdes
na membrana basal dos capilares sanguineos; a mudancga na expressdo e/ou atividade dos
transportadores associados a BHE; as alteracGes nas interacfes funcionais normais entre as
celulas da glia (astrocitos e microglia) e as células endoteliais (CHODOBSKI, ZINK e
SZMYDYNGER-CHODOBSKA, 2011). Todas essas alteracbes sdo desencadeadas por
moléculas secretadas pelos astrécitos e micréglias. As cininas, EROs, citocinas, pro-
inflamatdrias (IL-1p e fator de necrose tumoral (TNF)-a-), glutamato, matriz
metaloproteinase (MMP)s e o NO formam o referido grupo de mediadores.

Uma das maiores repercussdes da disfuncdo da BHE é o estabelecimento do edema de
origem vasogeénica. Nesse tipo de edema, ocorre 0 movimento do plasma presente nos vasos
para 0 espaco extracelular. Assim, o edema vasogénico ndo apresenta inchacgo celular, mas
sim, um aumento nos espacos extracelulares (UNTERBERG et al., 2004; DONKIN e VINK,
2010).

O edema cerebral é um importantissimo evento relacionado ao dano secundario e, em
casos extremos, até a morte (GAETZ, 2004). O principal dano associado ao edema € o
aumento da PIC que decorre do aumento do volume cerebral (DONKIN e VINK, 2010). O
excesso de pressdo dentro da caixa craniana produz compressdo dos vasos sanguineos e,
consequentemente, causa uma diminuicdo do fluxo sanguineo. Além disso, a elevada pressao
ainda pode causar esmagamento e herniacdes de estruturas vitais como o tronco cerebral
(UNTERBERG et al., 2004; DONKIN e VINK, 2010).

Evidéncias experimentais tém mostrado que o edema vasogénico ocorre nas primeiras
horas ap6s o TCE (BARZO et al., 1996; O'CONNOR, CERNAK e VINK, 2006), periodo em
que se destaca a neuroinflamacdo desencadeada pelo trauma. Ja 0 edema citotoxico parece
iniciar instantaneamente (periodo em que se estabelece o processo isquémico), mas
desenvolve-se de maneira mais lenta e duradoura, podendo persistir por até 14 dias (BARZO
etal., 1997).

1.1.54. Mediadores pro-inflamatorios e 0 TCE

A comunicag&o entre as células durante a neuroinflamagcdo é realizada por mediadores

inflamatdrios secretados pelas células locais ou pelas células inflamatérias sanguineas. As
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citocinas constituem o maior grupo de mediadores inflamatérios (CEDERBERG e SIESJO,
2010). Dessas, as citocinas pro-inflamatdrias sdo as principais responsaveis por iniciar a
neuroinflamacdo. Esse grupo inclui: a IL-1a, a IL-1B, TNF-a, o interferon-y, e a IL-6. Elas
desencadeiam a expressdo de moléculas de adesdo, a ativacdo da cascata de apoptose, a
liberagdo de quimiocinas e a ativagdo de enzimas e de outras células inflamatdrias
(CEDERBERG e SIESJO, 2010). Por outro lado, quando se inicia o processo de resolucdo da
inflamacéo, um outro grupo de citocinas ganha importancia. So elas: IL-4, IL-10, IL-13 e 0
fator de crescimento transformador-f. Esses mediadores apresentam efeitos anti-inflamatérios
e de reparacdo tecidual na neuroinflamacdo desencadeada pelo TCE (CEDERBERG e
SIESJO, 2010).

No TCE, a IL-1p tem sido amplamente caracterizada como uma promotora de
neuroinflamacéo, estando aumentada no tecido nervoso e no liquor de roedores e pacientes
nos primeiros dias apés o TCE (HELMY et al., 2011). Estudos experimentais realizados em
roedores indicam seu envolvimento no aumento dos niveis de vérias citocinas (BASU et al.,
2002; CLAUSEN et al., 2009; CLAUSEN et al., 2011), na ativacdo da microglia (CLAUSEN
et al., 2009) e na expressdao de moléculas de adesdo (BASU et al., 2002). Ela ainda parece
desempenhar importante papel na neurodegeneracdo, (LAWRENCE, ALLAN e
ROTHWELL, 1998; JONES et al., 2005; CLAUSEN et al., 2009; CLAUSEN et al., 2011) na
abertura da BHE (VECIL et al.,, 2000), no edema cerebral (CLAUSEN et al., 2009;
CLAUSEN et al., 2011) e no déficit cognitivo (SANDERSON et al., 1999; CLAUSEN et al.,
2009). Entretanto, seu papel no desenvolvimento do déficit motor ainda € controverso.
Enquanto sua neutralizagéo reduziu o dano motor em camundongos submetidos ao modelo de
trauma por LCF e a lesdo criogénica (TEHRANIAN et al., 2002; JONES et al., 2005), outros
estudos ndo mostraram tais melhorias independentemente da espécie e do modelo utilizados
(SANDERSON et al., 1999; KNOBLACH e FADEN, 2000; CLAUSEN et al., 2009;
CLAUSEN et al., 2011).

Da mesma forma que a IL-1p, os niveis de TNF-o aumentam rapidamente apos o TCE
em humanos e roedores (HELMY et al.,, 2011). Estudos farmacolégicos e com animais
geneticamente modificados mostram efeitos benéficos com a supressdo do TNF-a. Tais
beneficios incluem melhora no desempenho motor e cognitivo (SHOHAMI et al., 1996;
SHOHAMI et al., 1997; KNOBLACH, FAN e FADEN, 1999; SCHERBEL et al., 1999;
BERMPOHL et al., 2007; KHUMAN et al., 2011), reducédo na resposta inflamatoria e na taxa
de apoptose (QUINTANA et al., 2005). Por outro lado, SCHERBEL et al. (1999) mostraram

que, quatro semanas ap0s o0 trauma, 0s beneficios da supressdo do TNF desaparecem.
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Segundo HELMY et al. (2011), tais achados sugerem que o TNF pode ser prejudicial na fase
aguda, mas que a sua presenca € necessaria para processos regenerativos e de cura durante a
fase cronica do TCE.

Embora as citocinas sejam importantes mediadores inflamatdrios envolvidos no TCE,
elas ndo sdo os unicos. Existe também um importante envolvimento de fatores da coagulacéo,
fatores da cascata complemento, das cininas, do NO, entre outros. Nesta tese, nos deteremos
no NO e no sistema calicreina-cininas.

O NO é um mensageiro quimico gasoso que desempenha uma grande gama de fungdes
fisiolégicas no SNC. Esse mediador é sintetizado por 3 isoformas da NOS: duas constitutivas
(nNNOS e eNOS) e uma induzivel chamada iNOS. Sob estimulo inflamatério, a INOS passa a
ser expressa em astrocitos, microglia e células endoteliais (CHERIAN, HLATKY e
ROBERTSON, 2004).

No TCE, a ativacdo diferencial das trés isoformas da NOS gera flutuacdes nos niveis
de NO ap6s o trauma, criando as alteracfes hemodinamicas caracteristicas dessa condicao
(CHERIAN, HLATKY e ROBERTSON, 2004). O pico de NO que ocorre imediatamente
apos a lesdo é provavelmente devido a ativacdo excitotoxica da eNOS da nNOS. Apoés o pico
inicial de NO, pode haver um periodo de niveis diminuidos (MAUTES, FUKUDA e NOBLE,
1996). Esse periodo esta associado a um baixo fluxo sanguineo cerebral (FSC) (CHERIAN et
al., 1994) e uma reduzida atividade de ambas as isoformas constitutivas da NOS (WADA,
CHATZIPANTELI, BUSTO, et al., 1998). No periodo mais tardio, aproximadamente 24
horas ap6s o trauma, ocorre um segundo aumento nos niveis NO. Aumento esse que se deve
principalmente a atividade da iNOS (CHERIAN, HLATKY e ROBERTSON, 2004). Estudos
também mostram que, nesse mesmo periodo de tempo, se estabelece um aumento do FSC
(HAYWARD et al., 2011). A NOS induzivel produz uma quantidade grande e toxica de NO
de forma sustentada (GUZIK, KORBUT e ADAMEK-GUZIK, 2003).

Ao contrério das citocinas, 0 NO ndo fica restrito a um Unico receptor, mas reage com
estruturas como 0 DNA, o grupo heme da hemoglobina e com as proteinas (MARSHALL,
MERCHANT e STAMLER, 2000). Muitos desses alvos sdo moléculas reguladoras como
fatores de transcricdo, o que confere ao NO um potencial regulador na neuroinflamagéo
(BOGDAN, 2001). Entretanto, seus efeitos sobre a inflamacdo sdo ambiguos. Alguns
trabalhos demonstraram que o NO diminui a migracao leucocitaria (GRISHAM, GRANGER
e LEFER, 1998) e liberacdo de IL-p (KIM et al., 1998) e outros mostram que esse agente
aumenta a secrecdo de TNF-a (ZHANG et al., 2000) e a ativacdo do fator nuclear kappa B
(NF-xB) (HIERHOLZER et al., 1998; HIERHOLZER et al., 2002) em camundongos



Introducgdo - 51

submetidos a choque hemorragico. Além disso, o seu produto, 0 ONOQO', esté envolvido na
necro-apoptose, na inibicdo da respiracdo mitocondrial e na ativacdo de neutrdfilos.

Da mesma maneira, o papel das diferentes isoformas da NOS na fisiopatologia do
TCE tem se mostrado contraditoria. Um estudo recente sugeriu que tanto as isoformas
constitutivas quanto a induzivel contribuem significantemente para a formacdo de ONOO™ e
consequente nitracdo de proteinas ap6s o TCE em camundongos (HALL, WANG e MILLER,
2012). Ademais, o bloqueio farmacologico ou genético da INOS parece diminuir o déficit
motor (JONES et al., 2004; LOUIN et al., 2006) e cognitivo (JONES et al., 2004), a apoptose
(LU et al., 2003), bem como o volume de leséo resultante do TCE em ratos (JAFARIAN-
TEHRANI et al., 2005). Por outro lado, SINZ et al. (1999) ndo observaram melhoras na perda
neuronal e nas performances motoras ou cognitivas em animais deletados para iNOS.

Tanto o derramamento sanguineo no tecido cerebral quanto a abertura da BHE,
promovem uma massiva entrada de proteinas sanguineas no parénquima cerebral. Dentre
essas proteinas temos 0s componentes da cascata da coagulacdo e do sistema calicreina-
cininas (cascata geradora de cininas), o qual possui potentes mediadores inflamatorios que,

por sua vez, desempenham importante papel na fisiopatologia do TCE.
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1.2. SISTEMA CALICREINA-CININAS

1.2.1. Conceito e funcoes

O sistema calicreina-cininas representa uma cascata metabdlica que, quando ativada,
desencadeia a liberagéo de cininas. As principais séo a bradicinina (BK) e a calidina (KD),
peptideos contendo 9 e 10 aminoacidos respectivamente (MOREAU et al., 2005) que
apresentam uma meia vida curta de aproximadamente 30 s (REGOLI e BARABE, 1980;
MARCEAU, HESS e BACHVAROV, 1998). Elas atuam como horménios locais
(autacdides), sendo ativas somente perto de seu local de formacao e rapidamente hidrolisadas
apo6s a liberacdo (MARCEAU e REGOLI, 2004). Tais peptideos apresentam atividade
vasodilatadora, estimulam nervos sensoriais simpaticos e estdo envolvidos no controle da
pressdo arterial e da permeabilidade da BHE (MOREAU et al.,, 2005; ALBERT-
WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013).

1.2.2. Mecanismos de sintese de cininas

As cininas sdo produzidas nos vasos sanguineos e nos tecidos lesionados a partir de
proteinas precursoras chamadas cininogénios, 0s quais sdo produzidos pelo figado e podem
ser de dois tipos: cininogénios de alto peso molecular (HK) ou cininogénios de baixo peso
molecular (LK). A calicreina, uma serina protease que pode ser tecidual ou plasmatica, € a
responsavel por liberar as cininas a partir da clivagem dos HK ou LK (MOREAU et al.,
2005).

Nos mamiferos, existem duas grandes cascatas bioquimicas produtoras de cininas. O
sistema gerador de cininas plasmatico, também conhecido como sistema de contato € mais
complexo e se inicia com a ativacdo da cascata da coagulacdo. A segunda é mais simples e
envolve a calicreina tecidual (TK) e seu substrato é 0 LK (MOREAU et al., 2005; ALBERT-
WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013).
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1.2.2.1. Sistema de Contato

O sistema de contato é formado pelo HK e por 2 serina proteases: fator XII (FXII) da
cascata da coagulacdo (também chamado fator Hageman) e a pré-calicreina plasmatica. A
calicreina plasmaética (PK) é secretada pelos hepatocitos em uma forma inativa chamada pre-
calicreina. Essa ultima circula no plasma como um heterodimero ligado ao HK (complexo
PK-HK). A ligacao do fator XII inativo a superficies carregadas negativamente, como, por
exemplo, membranas basais danificadas, leva a auto ativacdo do FXII (RAIDOO e BHOOLA,
1998). O FXII ativado, por sua vez, cliva a pré-calicreina liberando a calicreina ativa, que,
entdo, libera a bradicinina a partir da clivagem do HK (KAPLAN et al., 1997). Uma segunda
forma de ativacdo da pré-calicreina ocorre pela ligacdo do HK presente no complexo HK-PK
a superficie de células endoteliais, leucocitos e plaquetas (MOTTA et al., 1998; LIN, PIXLEY
e COLMAN, 2000; ZHAO et al., 2001).

1.2.2.2. Sistema Tecidual

Da mesma forma que a calicreina plasmatica, a forma tecidual da enzima também é
sintetizada na forma de pré-calicreina e, ap6s a clivagem por acdo de proteases, libera a TK
ativa que, por sua vez, catalisa a producdo de calidina a partir da clivagem do LK. As
proteases capazes de clivar e ativar a pro-calicreina incluem metaloproteases, esterases
(NODA, TAKADA e ERDOS, 1985; KAMADA et al.,, 1990) e a plasmina, protease
responsavel por quebrar a rede fibrina. A TK é amplamente distribuida nos rins, vasos
sanguineos, SNC, pancreas, glandulas salivares, adrenais, neutrofilos, intestino, entre outros, e
sua ativacdo ocorre tanto em condigdes saudaveis quanto em processos de lesdo tecidual e
inflamacdo (MOREAU et al., 2005). Embora o LK seja considerado o principal substrato da
TK sabe-se que ela também é capaz de clivar o HK para liberar bradicinina (MOREAU et al.,
2005).
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Figura 5 - As duas principais rotas formadoras de cininas (bradicinina e calidina) - O quadro
superior esquematiza a ativagdo por contato enquanto o quadro inferior demostra a cascata de ativacdo tecidual.
Adaptada de ALBERT-WEISSENBERGER, SIREN e KLEINSCHNITZ (2013).

1.2.3. Degradacao das cininas

A degradacdo das cininas é realizada rapidamente por dois tipos de peptidases
conhecidas como cininases (ALBERT-WEISSENBERGER, SIREN e KLEINSCHNITZ,
2013). As cininases | incluem as carboxipeptidases N e M que sdo zinco metaloproteases.
Elas clivam peptideos contendo Arg ou Lys nas extremidades carboxi terminais,
transformando a BK e a KD em des-Arg®-BK e des-Arg'®-KD, respectivamente. Ambos 0s
metabdlitos sdo cininas ativas com ligacdo preferencial pelo receptor B; (SKIDGEL, 1988;
MOREAU et al., 2005). A enzima conversora da angiotensina (ECA) é a cininase Il que é
capaz de degradar tanto a BK e KD quanto os seus metabolitos ativos. Assim, a ECA €
considerada a maior enzima inativadora de cininas (ERDOS, 1990; JASPARD, WEI e
ALHENC-GELAS, 1993). A figura 5 demonstra esquematicamente as duas principais formas
de ativacdo do sistema calicreina-cininas, bem como seu metabolismo e interacdo com seus

receptores B; e B,.
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1.2.4. Receptores de cininas

Dois tipos de receptores acoplados a proteina G medeiam os efeitos fisioldgicos das
cininas, sdo eles: os receptores B; (B1R) e os receptores B, (B.R) (MOREAU et al., 2005;
ALBERT-WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013). Enquanto as cininas
nativas (BK e KD) tém alta afinidade pelos B,R, os seus metab6litos des-Arg>-BK e des-
Arg’®-KD ligam-se primariamente nos Bj;R (MOREAU et al., 2005; ALBERT-
WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013). Interessantemente, a PK
(HECQUET et al., 2000; HECQUET et al., 2002) e 0 HK (KOLTE et al., 2011) também
ativam diretamente os B;R.

O B2R € o principal responsavel pelas acdes fisioldgicas das cininas. Esse receptor é
comumente encontrado em tecidos saudaveis, particularmente em células endoteliais, células
de masculo liso, fibroblastos, neurénios, astrocitos e neutrofilos (COUTURE et al., 2001).
Sua expressdo pode ser aumentada pela propria BK (PESQUERO et al., 1996) e também pela
IL-1B8 em uma rota que envolve prostanoides e proteina quinase A (PKA) (SCHMIDLIN et
al., 1998).

Ja o B;R apresenta baixa expressdo constitutiva, tendo sua expressao aumentada na
presenca de estimulos inflamatérios ou de lesdes teciduais. A IL-1 e 0 TNF-a e a propria BK
sdo exemplos de mediadores inflamatérios indutores do B;R (BASTIAN et al., 1998;
PHAGOO, POOLE e LEEB-LUNDBERG, 1999; PHAGOO et al., 2000).

Além das diferencas citadas, os receptores B;R e B,R também divergem quanto a
susceptibilidade a dessensibilizacdo. Ao ser ativado por agonistas, 0 B,R entra em um
processo de internalizagdo e endocitose seguido de extensiva reciclagem para a superficie
celular (DE WEERD e LEEB-LUNDBERG, 1997). O B;R, por sua vez, sofre
dessensibilizagdo em um grau muitissimo reduzido (LEEB-LUNDBERG et al., 2005).

1.2.4.1. Cascata de transducéo de sinal dos receptores By e B;

Os receptores B; B, séo receptores de 7 dominios transmembrana acoplados a proteina
G inibitéria (Gi) e a proteina G acoplada a fosfolipase C (Gq) (CALIXTO et al., 2004;
MOREAU et al., 2005). A ativacdo da proteina Gq ativa a fosfolipase C, propiciando a
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liberagdo do Ca™" do reticulo endoplasmatico, e a translocagdo da proteina quinase C (PKC)
para a membrana. O aumento do Ca™" desencadeia a ativacdo da eNOS, da nNOS e da
fosfolipase A, (ALBERT-WEISSENBERGER et al., 2012). H& também um aumento na
producdo de acido araquidénico (LAL et al., 1997; XING, TAO e INSEL, 1997) e,
consequentemente, uma maior sintese de PGs (CALIXTO et al., 2000). O NO e as PGs
(especialmente a prostaciclina) sao os responsaveis pelo mais conhecido efeito das cininnas, a
vasodilatacdo. Isso é possivel porque ambos os mediadores promovem o aumento do
conteddo de guanosina monofosfato ciclica e adenosina monofosfato ciclica (AMPCc),
moléculas conhecidamente vasodilatadoras (MARCEAU e REGOLI, 2004; MOREAU et al.,
2005; ALBERT-WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013). A ativacdo do B;R
também pode promover fosforilacdo transitdria de proteinas quinases ativadas por mitdgeno
(MAPK)s especificamente a quinase regulada por sinal extracelular (ERK)1/2 e a p38
(SABATINI et al., 2013). Outros estudos mostram que ativacéo dessa rota pelo B,R também
é capaz de ativar o NF-xB (PAN et al., 1998; CHEN et al., 2004; BRECHTER e LERNER,
2007; LEE et al., 2008).

O B:R também interage diretamente com Gq e proteinas Gi e recruta essencialmente
as mesmas vias de sinalizagdo do B;R (ALBERT-WEISSENBERGER, SIREN e
KLEINSCHNITZ, 2013; SABATINI et al., 2013). Entretanto, os padrdes de sinalizacdo séo
diferentes em termos de concentracdo e de duragéo e intensidade da resposta, que parecem ser
maiores nos B;R (MOREAU et al., 2005; ALBERT-WEISSENBERGER, SIREN e
KLEINSCHNITZ, 2013).

1.2.5. Sistema Calicreina-cininas no TCE

Todos os componentes do calicreina-cininas estdo presentes no tecido cerebral. A TK
é encontrada em varias regiGes cerebrais, estando expressa nas proximidades dos vasos
sanguineos (KITAGAWA et al., 1991). A expressdo do B;R é baixa em condigdes normais,
mas € rapidamente aumentada durante a neuroinflamacdo. O BR, no entanto, ¢é
constitutivamente expresso em neurdnios (RAIDOO et al., 1996; GROGER et al., 2005),
astrocitos (CHOLEWINSKI et al., 1991; JEFTINIJA et al., 1996), micréglia (NODA et al.,
2003), oligodendrécitos (KASTRITSIS e MCCARTHY, 1993) e células endoteliais (WAHL
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et al., 1993; WAHL et al., 1996; WAHL et al., 1999; ALBERT-WEISSENBERGER, SIREN
e KLEINSCHNITZ, 2013).

Acredita-se que ap6s uma lesdo tecidual (traumatica ou isquémica), as cininas sejam
os primeiros mediadores inflamatdrios gerados no local da lesdo (WALKER, PERKINS e
DRAY, 1995). Isso porque as células destruidas liberam enzimas lisossomais que podem
liberar a BK e a KD de seus respectivos cininogénios (THORNTON et al., 2010). Além disso,
0 extravasamento de plasma e sangue para o tecido lesado ativa o fator XII da cascata da
coagulacao dando inicio a geracao de cininas pelo sistema de contato (FRANCEL, 1992).

De fato, a literatura mostra que, no hemisfério ipsilateral de ratos submetidos ao PFL,
0s niveis de cininogénios encontram-se significantemente aumentados de 1 até 15 horas ap6s
a lesdo (ELLIS, CHAO e HEIZER, 1989). Em camundongos, as cininas acumulam-se no
tecido cerebral a partir de 2 horas ap6s o TCE (TRABOLD et al., 2010). Esses achados estdo
de acordo com estudos realizados em humanos que demonstram aumento nos niveis de
cininas no plasma e no liquor nas primeiras 72 horas ap6s o trauma (SUGIMOTO et al., 1998;
MARMAROU, A. et al., 2005; KUNZ et al., 2013)

Sabe-se que as cininas geradas apos a lesdo estimulam os receptores B, em células
endoteliais e astrécitos, aumentando assim a permeabilidade da BHE (THORNTON et al.,
2010; ALBERT-WEISSENBERGER, SIREN e KLEINSCHNITZ, 2013). De fato, a
literatura demonstra que a ativacdo do B,R em astrocitos medeia a secrecdo da IL-6,
(SCHWANINGER et al., 1999) o aumento do conteGdo de Ca'™ intracelular e
consequentemente a sintese de PGs, NO e a expressdo de metaloproteinases (HSIEH et al.,
2004; HSIEH et al., 2007; YANG et al., 2013). Ademais, estudos do grupo de Papura revelam
que a BK, através do B;R estimula a liberagdo de aminoacidos excitatérios de astrocitos
(PARPURA et al., 1994; LIU et al., 2009) e de células de Schwann (PARPURA et al., 1995;
JEFTINIJA et al., 1996). A BK sabidamente também causa a degranulacdo de mastocitos
resultando na liberacdo de outras substancias vasoativas como a histamina, serotonina e
substancia P. Além disso, o aumento de Ca™ e de AMPc e nas células endoteliais, mediado
pelo B,R, parece estar envolvido na abertura das “tight junctions” (HE, ZHANG e CURRY,
1996; HE, ZENG e CURRY, 2000). Tais agdes explicam o envolvimento das cininas na

abertura da BHE que ocorre ap0s o TCE e sdo esquematicamente resumidas na figura 6.
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Figura 6 — Representacdo esquematica do envolvimento das cininas na abertura da barreira

hematoencefalica. Ativacdo do B,R em astrocitos medeia a secrecdo da IL-6, a sintese de PGs, NO, a
expressdo de MPPs e a abertura das “tight junctions”. O estimulo B,R também causa a liberagdo de outras
substancias vasoativas como a histamina, serotonina e substancia P. Adaptada de ABBOTT, RONNBACK e

HANSSON (2006).

A expressdo e a funcdo dos receptores de cininas também vém sendo bastante
avaliadas em estudos com modelos experimentais de TCE envolvendo blogueio
farmacologico e animais geneticamente modificados.

Interessantemente, o padrdo de expressdo dos receptores de cininas parece se
modificar de acordo com 0 modelo de TCE experimental aplicado. Em modelos de trauma por
ICC, o receptor B; tem sua expressao aumentada 6 horas apos a lesdo cerebral, enquanto o
B,R ndo apresenta significante incremento em sua expressdo (TRABOLD et al., 2010).
HELLAL et al. (2003) demonstraram, em modelos de trauma por LCF, que ambos os
receptores encontram-se aumentados 24 horas apds a lesdo. Entretanto, o grupo de ALBERT-
WEISSENBERGER et al. (2012) evidenciou esse aumento apenas na expressdo do B;R 7 dias
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apos a lesdo induzida por modelo de LCF. Ja no TCE por lesdo criogénica, 0 aumento na
expressdo do B;R foi evidenciado somente nas primeiras 12 horas apds o trauma, enquanto a
inducdo do B;R permaneceu elevada por até 48 horas em camundongos (RASLAN et al.,
2010).

A literatura dispde ainda de trabalhos indicando os beneficios do bloqueio dos
receptores das cininas sobre o TCE experimental. Entretanto, os resultados sdo contraditorios
no que diz respeito a qual receptor desempenha um papel benéfico e qual desempenha um
papel maléfico nessa condicéo.

Varios estudos destacam o B,R como um indutor do edema cerebral causado por
diferentes modelos experimentais de TCE em camundongos e em ratos (STOVER, DOHSE e
UNTERBERG, 2000; GORLACH et al., 2001; PLESNILA et al., 2001; HELLAL et al.,
2003; KAPLANSKI et al., 2003; IVASHKOVA et al., 2006; TRABOLD et al., 2010). Além
disso, a deplegdo genética ou a inibicdo farmacoldgica do B,R apresenta efeitos protetores em
varios outros aspectos do TCE experimental. Esses efeitos incluem:

A) areducdo da PIC (ZWECKBERGER e PLESNILA, 2009);

B) a melhora sobre as disfuncBes neuromotoras agudas (HELLAL et al., 2003;

KAPLANSKI et al., 2003; IVASHKOVA et al., 2006; TRABOLD et al., 2010);

C) areducdo da migracdo de neutréfilos (HELLAL et al., 2003);

D) a menor inducéo da iNOS (HELLAL et al., 2003);

E) adiminuicdo do volume de lesédo cerebral induzida pelo trauma (GORLACH et al.,

2001; ZWECKBERGER e PLESNILA, 2009; TRABOLD et al., 2010).

Contudo, outros dois estudos observaram apenas tendéncias ndo significativas de
melhora no quadro do TCE, com a supressdo farmacologica ou genética da funcéo do receptor
B, em camundongos. Porém, o bloqueio do B;R mostrou acdes protetivas sobre a atividade
neuromotora, a astrogliose, o dano axonal (ALBERT-WEISSENBERGER et al., 2012), o
volume de lesdo, a abertura da BHE e sobre a secrecdo de citocinas pro-inflamatdrias
(RASLAN et al., 2010).

Os efeitos promissores dos antagonistas dos B;R, principalmente em relagdo ao edema
cerebral, e ao aumento da PIC, levaram alguns grupos a avaliar seus efeitos em estudos
clinicos. Os resultados obtidos sdo conflitantes, enquanto alguns demonstram pequenas
melhoras outros ndo a veem. No entanto, é preciso ter-se em mente que esses trabalhos ainda
sd0 poucos e que suas metodologias ndo sdo perfeitas (ALBERT-WEISSENBERGER,
SIREN e KLEINSCHNITZ, 2013), demonstrando a necessidade de mais estudos clinicos e

experimentais.
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1.3. NICOTINAMIDA ADENINA DINUCLEOTIDEO FOSFATO
(NADPH)-OXIDASE

As cascatas que integram o dano secundario do TCE comumente alimentam as rotas
produtoras de EROs. Devido ao alto consumo de oxigénio, ao abundante contetdo de lipideos
sensiveis a oxidacdo e a restrita capacidade regenerativa dos neurénios, o0 SNC torna-se um
orgdo especialmente susceptivel ao insulto oxidativo (ADIBHATLA e HATCHER, 2010). As
EROs produzidas ap6s o TCE frequentemente derivam da disfuncdo mitocondrial e de fontes
enziméaticas que incluem a xantina oxidase, as ciclooxigenases, a mieloperoxidase e a
NADPH-oxidase.

A NADPH-oxidase ¢ um complexo multienzimatico que catalisa a reducdo de
oxigénio molecular a partir da oxidacdo do NADPH para gerar o radical O, ou peroxido de
hidrogénio (H202) (BEDARD e KRAUSE, 2007; BROWN e GRIENDLING, 2009; SURACE
e BLOCK, 2012). Duas de suas subunidades estdo ligadas a membrana plasmatica, a

subunidade catalitica (chamada de NOX) e a p22°"*

, enquanto as outras se encontram no
citoplasma. Durante o processo de ativacdo, as subunidades citoplasmaticas unem-se a NOX
iniciando o a geracdo de O;".

Até o momento, se conhecem 7 tipos de NADPH-oxidase, cada uma contendo uma
NOX diferente. S&0 elas NOX1, NOX2 (também conhecida como gp91P"®), NOX3, NOX4,
NOX5, DUOX1 e DUOX2. Além dos diferentes componentes estruturais, as DUOX1 e 2
também diferem das demais por serem produtoras preferenciais de H,O, (GEISZT et al.,

2003; RADA e LETO, 2010; YOSHIHARA et al., 2012).

1.3.1. Funcéo da NADPH-oxidase no sistema nervoso central

As diferentes isoformas da NADPH-oxidase sdo encontradas em todas as células do
SNC (KAHLES e BRANDES, 2013). Estudos com roedores mostram que as isoformas
contendo NOX 1, 2 e 4 sdo expressas em artérias cerebrais, estando presente no endotélio e

musculatura lisa (KAHLES e BRANDES, 2013). Essas mesmas isoformas sdo também
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expressas em astrocitos (ABRAMOV et al., 2005; REINEHR et al., 2007), neurdnios
(COYOQY et al., 2008) e microglia (HARRIGAN et al., 2008).

Nesse contexto, funcbes fisioldgicas para a NADPH-oxidase no SNC tém sido
propostas por varios autores. A mais conhecida é a producdo de O, como substrato para a
explosdo respiratoria, cuja principal funcdo € destruir 0s microrganismos invasores
fagocitados (KOBAYASHI, VOYICH e DELEO, 2003). Outra fungéo descrita para NADPH-
oxidase é modular a pressdo arterial através da regulacdo da acdo da angiotensina Il (um
peptideo enddgeno responsavel pela regulacdo da homeostase cardiovascular e da pressao
arterial) na vasculatura cerebral (WANG, G. et al., 2004). Estudos também indicam a
participacdo da NADPH-oxidase na proliferacdo da micréglia (MANDER, JEKABSONE e
BROWN, 2006), na apoptose neuronal induzida pela microglia (MARIN-TEVA et al., 2004)
e na liberacdo de glutamato por astrocitos ou pela microglia (BARGER et al., 2007;
HARRIGAN et al., 2008; LIU et al., 2009). Outra possivel funcéo fisioldgica dessa enzima é
a geracdo de EROs necessaria para a sinalizacdo intracelular envolvida nos eventos
moleculares da formacéo da memoria (KISHIDA e KLANN, 2007).

1.3.2. Mecanismo de ativacdo da NADPH-oxidase

Por ser o prototipo das enzimas NADPH-oxidase, a isoforma de fagdcitos tem seu
mecanismo de ativacdo amplamente estudado. Assim, 0 processo de ativacdo dessa enzima
sera descrito nesta tese como base para funcdo da NADPH-oxidase de forma geral.

Em condi¢Bes normais, a NOX2 (subunidade catalitica da isoforma de fagdcitos)
encontra-se inativa e associada a p22""> na membrana do fagossomo (lisossomo contendo
inimeras enzimas proteoliticas e enzimas produtoras de EROs usadas para digerir corpos
estranhos). A partir de um estimulo externo, que pode ser um ligante de receptor, um
microrganismo ou restos celulares, ha a ativacdo de quinases como PKC, PKA e MAPK (p38
e ERK1/2). A partir de entdo, ocorre a fosforilacio da subunidade p47°" (EL BENNA et al.,
1996; JOHNSON et al., 1998; DEWAS et al., 2000; BEY et al., 2004) que gera uma mudanca
conformacional que permite a sua translocagdo para membrana e a associacdo da p47°"™ com
p22°"* (HEYWORTH et al., 1991; LEUSEN et al., 1994). Ao mesmo tempo em que ocorre
essa associagdo, a p67™"™, que se encontra ligada a p47°", une-se a NOX2 ativando-a
(NISIMOTO et al., 1999; HAN e LEE, 2000). Durante esse processo, ha troca de um GDP
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por um GTP em uma Rac GTPase (uma pequena proteina G). A formacdo do complexo
P22PNoX. p47P"*. pe7PMOX_ gera um sitio de ligagdo para a Rac GTPase ativada, cuja associagdo
com o restante do complexo resulta na criacdo da enzima funcional (BROWN e
GRIENDLING, 2009). A NADPH-oxidase ativa passa a catalisar a reducdo do oxigénio
molecular a custa da oxidagdo do NADPH citoplasméatico (BEDARD e KRAUSE, 2007). O
O, produzido é, entdo, liberado no meio extracelular ou no interior do fagossomo (BEDARD
e KRAUSE, 2007). No interior dessa organela, o O, é rapidamente convertido em outras
espécies reativas potencialmente mais toxicas como o H,O, e ONOO™ (KOBAYASHI,
VOYICH e DELEO, 2003).

- © s
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Figura 7 - Representacdo esquematica da ativacdo da NADPH-oxidase. A) Na enzima inativa,
apenas a p22 e a NOX encontram-se na membrana. B) Apds o estimulo externo, ocorre a fosforilacdo da p47 e a
ativacdo da Rac GTPase que levam a associacdo de todas as subunidades na membrana do fagossomo. C)
NADPH-oxidase unida e ativada produzindo superéxido a partir do NADPH. Adaptada de LAM, HUANG e
BRUMELL (2010).
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1.3.3. NADPH-oxidase e neurodegeneracao

Baseado no grande potencial produtor de EROs da NADPH-oxidase, recentes revisoes
(GAO, ZHOU e HONG, 2012; SURACE e BLOCK, 2012) propdem um papel essencial para
ativacdo da enzima de fagodcitos na neuroinflamacdo e no estresse oxidativo associados a
neurodegeneracao.

De fato, existem duas formas pelas quais a atividade da NOX2 pode induzir
neurotoxicidade. Uma delas € o excesso de producdo de EROs, a outra é a sinalizacao
intracelular mediada pelas EROs que permite 0 aumento da resposta inflamatoria da microglia
e, consequentemente, a propagacao da neurotoxicidade (SURACE e BLOCK, 2012).

A ativacdo dos PAMPS e DAMPs da microglia parecem ser 0s responsaveis por
transformar o sinal dado pelos agentes estressores em ativacdo da NOX2 dentro da micréglia.
Assim, é através desses receptores que 0S patogenos, restos celulares e proteinas como a f3-
amiloide estimulam a translocacdo das subunidades reguladoras para membrana (LOANE e
BYRNES, 2010).

Em condicdes patoldgicas, a NOX2 torna-se uma fonte cronica de O, (SURACE e
BLOCK, 2012). O O, produzido por ela pode ser dismutado a H,O, (MCCORD e
FRIDOVICH, 1969). Esse agente oxidante € relativamente estavel, mas esta envolvido na
modulacédo da atividade de quinases e fosfatases, sendo prejudicial apenas em concentracfes
suprafisiologicas. Porém, quando combinado com o O;", 0 H,O, pode ser transformado em
radical hidroxila (OH*), em uma reacdo altamente acelerada pela presenca de metais como
ferro, na chamada reacdo de Fenton (CEDERBAUM, DICKER e COHEN, 1980;
MOREHOUSE e MASON, 1988). Essas espécies reativas, produzidas em consequéncia da
ativacdo da NOX2 (O,", OH’, H,0;), acumulam-se no fagossomo podendo alcancar
concentragdes superiores a 1M (HAMPTON, KETTLE e WINTERBOURN, 1998). Tais
EROs vazam do interior da célula, danificando os tecidos circundantes (BROWN e NEHER,
2010; SUNDAR et al., 2010). Outra importante consequéncia da ativagdo da enzima de
fagécitos € a produgdo de ONOO’, (através da reacdo do NO com o O;") que pode
desencadear a apoptose neuronal (KUHN et al., 2004; BROWN e NEHER, 2010).

Considerando que a sobreposi¢do da producdo das EROs e ERNs a neutralizagdo das
mesmas causa a oxidacdo de lipidios proteinas e DNA, a NADPH-oxidase de fagocitos torna-
se uma importante fonte de dano tecidual no SNC (INFANGER, SHARMA e DAVISSON,
2006). Estudos tém demonstrado que, além de induzir estresse oxidativo, a NOX2 esta
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envolvida na producdo de mediadores inflamatorios (TNF-a PGE,, IL-1B e IL-6), na
expressdo da iNOS e na proliferacdo da microglia (QIN et al., 2004; WANG, T. et al., 2004),
(MANDER, JEKABSONE e BROWN, 2006; QIN et al., 2013). Além disso, (CHOI, S. H. et
al., 2012) revelaram que a alta atividade da NOX2 pode estar associada ao estado pro-
inflamatorio classico da microglia e que a inibicdo dessa enzima passa a célula para um estado
alternativo que amortece a resposta inflamatoria e promove a reparacao e cura de tecidos.

O mecanismo pelos qual as EROs modulam a resposta inflamatoria inclui fosfatases
gue podem ser inibidas temporariamente pela oxidacdo de residuos de cisteinas presentes em
seus sitios redox sensiveis (CHIARUGI e CIRRI, 2003). Além disso, fatores de transcricdo
como o NF-kB e o fator nuclear-2 (fator nuclear relacionado aos eritrocitos e receptores de
glicocorticoides) e quinases como as MAPKs apresentam sitios de regulacdo redox
(BODWELL, HOLBROOK e MUNCK, 1984; BLOOM, DHAKSHINAMOORTHY e
JAISWAL, 2002; YANG et al., 2007; LEE et al., 2011).

A partir dos dados acima citados, alguns autores concluem que o excesso de atividade
da NADPH-oxidase pode ser considerado uma fonte de dano em patologias do SNC como
isquemia, TCE, doenca de Parkinson e doencas Alzheimer (INFANGER, SHARMA e
DAVISSON, 2006; GAO, ZHOU e HONG, 2012).

1.3.4. NADPH-oxidase e 0o TCE

A maior parte dos estudos envolvendo lesGes cerebrais e a NADPH-oxidase avalia seu
papel no dano causado por isquemia e reperfusdo cerebral. Os dados disponiveis indicam que
a isoforma da NADPH-oxidase contendo a NOX2 é a mais importante isoforma envolvida na
lesdo cerebral isquémica (KAHLES e BRANDES, 2012).

Contudo, cinco trabalhos avaliaram, até o momento, a participagdo da NADPH-
oxidase na propagacéo da leséo causada por TCE. Um desses estudos revelou um significante
aumento na atividade da enzima e na producdo de O, de 1-96 horas apés a lesdo por CCI
(ZHANG et al.,, 2012) em camundongos. Outros trabalhos avaliaram a expressdo da
subunidade catalitica, NOX1 ou NOX2. O mais recente deles verificou uma elevacdo na
expressao da NOX1 que se estendeu por até 8 dias ap0s a lesdo cerebral por ondas de choque
em ratos (ABDUL-MUNEER et al., 2013). O outro estudo evidenciou um aumento no
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conteudo proteico da NOX2 em micrdglias ativadas nas primeiras 24 horas a p6s o CCI
(DOHI et al., 2010) de camundongos.

Além disso, a delecdo genética da subunidade gp91°"™ parece reduzir a area de lesdo e
numero de células apoptoticas (DOHI et al., 2010), bem como atenuar o prejuizo motor (LO
et al., 2007) em diferentes modelos de TCE experimental. J& a inibicdo farmacoldgica da
enzima tem sido avaliada com o uso da apocinina (40-Hydroxi-30-metoxiacetofenona).

A apocinina é uma droga originalmente isolada de uma planta medicinal chamada
Picrorhiza kurroa. Atualmente, ela é obtida comercialmente, apresenta baixo custo e pouca
toxicidade. Estudos com esse fitoquimico mostram que ele parece atuar como uma pro-droga,
uma vez que tem de ser oxidada, a sua forma dimérica, a diapocinina, que é supostamente a
forma ativa de apocinina (STOLK et al., 1994; JOHNSON et al., 2002). PETRONIO et al.
(2013) mostraram ainda que apocinina liga-se significantemente a albumina sérica e que tem
facilidade para adentrar em membranas celulares

Trabalhos realizados em modelos experimentais revelam que a apocinina €
considerada como um dos farmacos mais promissores para 0 tratamento de doencas
inflamatdrias e neurodegenerativas, nas quais ha o envolvimento das EROs (GHOSH et al.,
2012; LI, J. et al., 2013; LI, M. et al., 2013; LIU et al., 2013), embora, um trabalho recente
tenha demonstrado que esse farmaco apresenta baixa atividade antioxidante por si sé
(PETRONIO et al., 2013). Estudos demonstram que a apocinina age como um inibidor nao
especifico da NADPH-oxidase (STOLK et al., 1994). Contudo, existem evidéncias indicando
que essa molécula exerce seus efeitos predominantemente sobre a isoforma que contem a
NOX2 (JAQUET et al., 2009). O mecanismo de acdo dessa substancia parece envolver a
inibicdo da translocacdo da p47 e p67 para membrana (STOLK et al., 1994; CHOI, B. Y. et
al., 2012).

Os estudos envolvendo esse farmaco e o TCE foram realizados em ratos e
camundongos. Os resultados desses trabalhos indicam efeitos benéficos sobre: a producédo de
EROs; a lipoperoxidagéo; o dano oxidativo ao DNA; a ativa¢do da micrdglia; a disfungéo da
BHE; a deposicdo B-amiloide; e a morte neuronal induzidas por dois modelos de TCE
experimental (ICC e LCF) (CHOI, B. Y. etal., 2012; ZHANG et al., 2012).
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1.3.5. Bradicinina, producéo de EROs e atividade da NADPH-oxidase

Embora uma ligacao entre bradicinina e a atividade NADPH-oxidase ainda néo tenha
sido estudada em modelos de TCE, a literatura evidencia uma acéo estimulatoria da BK sobre
a atividade dessa enzima em culturas celulares.

Em culturas de astrdcitos, estudos demonstram que a ativacdo do receptor B,
desencadeia a producdo de EROs em consequéncia da ativacdo da NADPH-oxidase (LIU et
al., 2009; HSIEH et al., 2010; AKITA e OKADA, 2011; LIN et al., 2012). O efeito da BK
sobre a NADPH-oxidase parece estar envolvido na liberacdo de glutamato (LIU et al., 2009);
na ativacdo das MAPKs e do NF-kB (HSIEH et al., 2010) e no aumento da expressdo das
MMP-9 (LIN et al., 2012) e da heme oxigenase (HSIEH et al., 2010; YANG et al., 2013). Um
trabalho deste ano revelou ainda que a BK é capaz de induzir morte celular de neur6nios por
meio da ativacdo do B;R, em um efeito que pdde ser revertido com a adicdo do antioxidante
N-acetilcisteina (YANG et al., 2013).

Além disso, acdo da BK sobre atividade da NADPH-oxidase e a producdo de EROs ja
foi demonstrada em outros tipos celulares. Em artérias coronarias humanas, a estimulagéo
com BK induz vasodilatacdo dependente da atividade da NADPH-oxidase (LARSEN et al.,
2009). Em células de musculo liso vascular de roedores, a BK induz a ativacdo da ERK-1/2
via producdo de O, derivada da NADPH-oxidase (GREENE, VELARDE e JAFFA, 2000;
VELARDE et al., 2004). Na isquemia renal, o antagonismo do B,R foi capaz de reduzir a
producdo de EROs e a morte celular (CHIANG et al., 2006). Em macrofagos de porcos da
india, a BK também aumentou a producdo de O, via B,R (BOCKMANN e PAEGELOW,
2000). O mecanismo pelo qual a bradicinina ativa a NADPH-oxidase parece envolver o
aumento de Ca™" intracelular e a ativagdo da PKC (WOODFIN et al., 2011)VELARDE et al.,
2004; LIN et al., 2012).

Embora a importancia do sistema calicreina-cininas e da atividade da NADPH oxidase
na neuroinflamacéo desencadeada pelo TCE estejam bem estabelecidas, poucos trabalhos tém
avaliado seus efeitos no desenvolvimento do déficit cognitivo poOs-traumatico. Sabe-se,
também, que o blogueio da agdo dos principais mediadores inflamatorios parece diminuir
déficits neuromotores e cognitivos. Assim, agentes que consigam diminuir a neuroinflamacao
podem exercer efeitos positivos sobre o déficit de memdria causado pelo trauma. Além disso,
a literatura corrente mostra uma interconexdo entre os sistemas citados, em astrdcitos,

levantando a possibilidade de interconexdo dos mesmos também no TCE.



Introducgdo - 68

Levando em conta os fatos citados acima e o crescente nimero de pessoas
incapacitadas em decorréncia do traumatismo craniano, torna-se pertinente a avaliacdo da
participacdo dos receptores das cininas e da atividade da NADPH-oxidase no
desenvolvimento dos déficits cognitivos e neuromotores, bem como de seus efeitos na

neuroinflamacao e estresse oxidativo causados pelo TCE experimental em camundongos.
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2.1. OBJETIVOS GERAIS

2.1.1. Capitulo I:

Avaliar o efeito de antagonistas dos receptores B; e B, das cininas nas alteracGes
bioquimicas, motoras e cognitivas associadas ao TCE moderado induzido por PFL em

camundongos.

2.1.2. Capitulo I1:

Avaliar o efeito de um inibidor da enzima NADPH-oxidase nas alteracdes
bioguimicas, motoras e cognitivas associadas ao TCE moderado induzido por PFL em

camundongos.
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2.2. OBJETIVOS ESPECIFICOS

2.2.1. Capitulo 1:

A) Determinar o decurso temporal das disfungdes motoras e cognitivas causadas pelo

TCE moderado induzido por PFL em camundongos durante o periodo de 7 dias apos a leséo;

B) Determinar a melhor janela temporal para o bloqueio farmacolédgico dos receptores
B, e B, das cininas, por meio da dosagem do contetdo de cininas em cdrtex cerebral de
camundongos submetidos ao TCE moderado induzido por PFL durante o periodo de 7 dias

apos a lesao;

C) Avaliar o efeito de antagonistas dos receptores B; e B, das cininas sobre o déficit

motor e cognitivo causado pelo TCE moderado induzido por PFL;

D) Avaliar o efeito do antagonista com acdo protetora sobre alteracdes
comportamentais na neuroinflamagdo (IL-1p, TNF-a, NO e edema) causada pelo TCE

moderado induzido por PFL,;

E) Avaliar o efeito do TCE moderado induzido por PFL e do antagonista com acéo
protetora sobre alteracfes comportamentais na a atividade da NADPH-oxidase;

F) Avaliar o efeito do antagonista com acdo protetora sobre alteragdes
comportamentais no estresse oxidativo (contetdo de proteinas carboniladas, de espécies
reativas ao acido tiobarbitirico — TBARS - e atividade da Na*, K ATPase ) causado pelo
TCE moderado induzido por PFL;

G) Avaliar o efeito do antagonista com acdo protetora sobre alteracfes
comportamentais na progressao da lesdo cortical (volume de lesdo) causada pelo TCE

moderado induzido por PFL.
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2.2.2. Capitulo I1:

A) Determinar o efeito da apocinina nos déficits motor e cognitivo causados pelo TCE

moderado induzido por PFL;

B) Determinar o efeito da apocinina na neuroinflamacdo (liberagcdo de IL-1B, TNF-a,

NO e formacéo de edema) causada pelo TCE moderado induzido por PFL;

C) Determinar o efeito da apocinina no dano oxidativo (conteddo de proteinas
carboniladas, TBARS, e inibicdo da atividade da Na', K* ATPase ) causado pelo TCE

moderado induzido por PFL,;

D) Determinar o efeito da apocinina na progressao da lesdo cortical (volume de lesdo)

causada pelo TCE moderado induzido por PFL.
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3.1. Capitulo I:

3.1.1. HOE-140 protects against memory deficits and brain damage induced by

moderate lateral fluid percussion injury in mice.
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HOE-140, an antagonist of B2 receptor, protects
against memory deficits and brain damage induced
by moderate lateral fluid percussion injury in mice
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Abstract
Rationale There are evidences indicating the role ot kinins in

pathophysiology of traumatic brain injury, but little is known
about their action on memory deficits,

Objectives Our aim was to establish the role of bradykinin
receptors B (B,R) and B, (B;R) on the behavioral, biochem-
ical, and histologic features elicited by moderate lateral fluid
percussion injury (mLFPI) in mice.

Methods The role of kinin B, and B, receptors in brain
damage, neuromotor, and cognitive deficits induced by
mLFPI, was evaluated by means of subcutaneous injection
of B3R antagonist (HOE-140; 1 or 10 nmol/kg) or B, R antag-
onist (des-Arg9-[Leu8 |-bradykinin (DAL-Bk; 1 or 10 nmol/’kg)
30 min and 24 h after brain injury. Brain damage was evaluated
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in the cortex, being considered as lesion volume, inflammatory,
and oxidative damage. The open field and elevated plus maze

tests were performed to exclude the nonspecific effects on
object recognition memory test.

Results Our data revealed that HOE-140 (10 nmol/kg)
protected against memeory impairment, This treatment attenu-
ated the brain edema, interleukin-13, tumor necrosis factor-cx,
and nitric oxide metabolites content elicited by mLFPI. Ac-
cordingly, HOE-140 administration protected against the in-
crease of nicotinamide adenine dinucleotide phosphate oxi-
dase activity, thiobarbituric-acid-reactive species, protein car-
bonylation generation, and Na” K™ ATPase inhibition induced
by trauma. Histologic analysis showed that HOE-140 reduced
lesion volume when analyzed 7 days after brain injury.
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Conclusions This study suggests the involvement of the B,
receptor in memory deficits and brain damage caused by
mLFPI in mice.

Keywords Traumatic brain injury - Bradykinin -
Inflammation - Object recognition task - Oxidative stress

Introduction

Traumatic brain injury (TBI) is a devastating disease frequent-
ly followed by significant behavioral disabilities and long-
term medical complications that include permanent cognitive
disorders, learning disabilities, and a wide range of behavioral
and emotional problems (Sosin et al. 1995; Zink 2001; Bay
and Covassin 2012). This condition is characterized by a
combination of immediate mechanical dysfunction of brain
tissue and secondary damage developed over a period of hours
to days after injury. The secondary damage consists of neuro-
chemical and physiological events that include the
neuroinflammatory cascade, increased excitatory amino acid
levels, free radical generation, and loss of ionic equilibrium
and consequently delayed neuronal dysfunction and cell death
{(Wemer and Engelhard 2007).

In the central nervous system (CNS), the kallikrein—kinin
system is one of the first inflammatory pathways activated
after tissue injury (Chao et al. 1983). This system consti-
tutes a framework of serially connected serine proteases
and peptides, namely coagulation factor XII, kininogen,
and plasma kallikrein (Raidoo and Bhoola 1998; Moreau
et al. 2005). It is important to note that all components of
the kallikrein—kinin system have been identified in the brain
and kinins (bradykinin and kallidin) constitute the end
products of this enzymatic cascade (Raidoo and Bhoola
1998). The kinins exert their cellular effects through two
subtypes of 7-transmembrane G-protein coupled receptors,
the B, receptor (B,R) and the B, receptor (B;R) (Moreau
et al. 2005). While the B3R receptor is constitutively
expressed in many cell types and mediates the physiologic
effects of bradykinin, the B|R receptor is induced after
tissue damage (Hall 1992; Moreau et al. 2005). After
activation, both B|R and B;R trigger classical inflammatory
cascades such cytokine release, immune cell invasion, and
increased vascular permeability (Marceau and Regoli
2004).

Although it has been well established that the Kallikrein—
kinin system has a critical role in TBI, the role of B|R and B;R
receptors in the pathophysiology of TBI disorders is not
completely defined. While some authors have suggested the
importance of B, R rather than B R in the pathophysiology of
TBI (Gorlach et al. 2001; Plesnila et al. 2001; Hellal et al.
2003; Trabold et al. 2010), others have demonstrated that
antagonism of B|R, but not B;R, improves neurological

@ Springer

outcome after TBI since it reduces axonal damage, astroglia
activation (Albert-Weissenberger et al. 2012), BBB disrup-
tion, and tissue inflammation (Raslan et al. 2010).

Considering that the direct involvement of kinins in cogni-
tive deficits and brain damage induced by TBI have not yet
been established, we investigated in parallel, the blockade of
the B|R and B3R on the development of secondary damage
characterized by inflammatory processes, oxidative stress
generation, neurodegeneration, and functional outcome in-
duced by the moderate lateral fluid percussion injury
(mLFPI) model in mice.

Materials and methods
Subjects and maintenance

Male Swiss mice (28-32 g) provided by the Animal House of
the Federal University of Santa Maria, were maintained in a
room with a controlled temperature (2441 °C),12 h light/dark
cycle (lights on at 6:00), and standard laboratory chow and tap
water ad libitum.

Experimental design

Initially, animals were submitted to TBI by mLFPI as de-
scribed below. In order to determine the temporal profile of
bradykinin release and cognitive and neuromotor functions,
the mice were analyzed in five different time points (3 h, 6 h
and 1, 3, and 7 days after trauma) as described in Fig. la.

To determinate the role of kinin B, and B, receptors of
kinins in the neuromotor and cognitive deficits induced by
mLFPI, the animals were injected subcutaneously (s.c.) with
phosphate-buffered saline (PBS; 50 mM) or B;R antagonist
(HOE-140; 1 or 10 nmol/kg) or B|R antagonist (des-
Arg9-[Leu8]-bradykinin (DAL-Bk; 1 or 10 nmol/kg) 30 min
and 24 h after injury and the behavioral and histological
analysis were performed as described in Fig. 1b.

In order to determine whether the treatment effective
against memory deficit also protects against biochemical al-
terations induced by mLFPI, the animals were injected s.c.
with PBS (50 mM) or B,R antagonist (HOE-140; 10 nmol/kg)
30 min and 24 h after injury and biochemical analysis were
performed as described in Fig. lc.

Traumatic brain injury

The moderate lateral fluid percussion injury (mLFPI) was
performed according to Carbonell et al. (1998) with slight
modifications. Briefly, mice were anesthetized with a xylazine
(10 mg/kg)ketamine (100 mg/kg) mixture and placed in a
stereotaxic head holder. The scalp was reflected and the skull
exposed by means of a midline incision. A topical anesthetic
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Fig. 1 Schematic representation of the study protocols. Protocol for
determination of temporal profile of behavioral alterations and bradykinin
release (a ). Protocol for determination of HOE-140 and DAL-BK effects
on neuromotor impairment, memory deficit, and lesion volume induced

2 % lidocaine hydrochloride was applied to the skull and the
fascia was scraped from the skull. A burr hole of 3 mm in
diameter was drilled in the right parietal bone between bregma
and lambda and between the sagittal suture and lateral ridge
over the right hemisphere, taking care to keep the dura mater
intact. A plastic cannula was placed over the craniotomy, and

secured with dental cement. When the dental cement hardened
the cannula was filled with 4 % chloramphenicol and closed

with a proper plastic cap. Twenty-four hours after the surgical
procedure, the animals were anesthetized with isoflurane, the
injury cannula was attached to the fluid percussion device, and
they were placed in a heat pad maintained at 37+0.2 °C. All
animals received cefiriaxone (200 mg/kg, i.p.) immediately
after surgery and after trauma. TBI was produced by a fluid-
percussion device developed in our laboratory. A brief (10—
15 ms) transient pressure fluid pulse (1.7£0.56 atm) impact
was applied against the exposed dura. Pressure pulses were
measured extracranially by a transducer (hydraulic fluid con-
trol, Belo Horizonte, MG, Brazil) and recorded on a storage
oscilloscope (Tektronix TDS 210). Sham-operated animals
underwent an identical procedure, with the exception of
mLFPL Immediately after these procedures, the top of the
cannula was sealed with dental cement.

by mLFPI (b). Protocol for determination of HOE-140 (10 nmol’kg)
effects on biochemical alterations induced by mLFPI 3 h and | day after
injury (e ). All behavioral and biochemical analysis were performed 2.5 h
after the drug administration

Assessment of neuromotor function

Neuromotor function was tested by the neuroscore test as
described by Raghupathi et al. (1998). Briefly, animals were
subjected to a grid-walk test for 1 min in order to perform an
assessment of the number of foot-faults. Subsequently, fore-

limb and hindlimb functions were evaluated by suspending
the animals by the tail and observing how the animals grasped

the top of the cage when they were lowered toward it (for the
forelimbs), and the same pattern of spread and hindlimb
extension during the suspension (for hindlimbs). Finally, an-
imals were tested for both right and left resistance to lateral
pulsion. Animals were awarded scores from 0 (severely im-
paired) to 4 (normal) for each of the following indices: fore-
limb function, hind-limb function and resistance to lateral
pulsion. The maximum score for each animal was 12. Neuro-
logical motor function was evaluated by an experienced in-
vestigator who was blinded to all groups.

Evaluation of object recognition task and elevated plus maze

The objects to be discriminated were figures of similar size
and texture (8-10 ¢m high). The objects were selected on the
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basis of previous observations, which demonstrated a lack of
preferential exploration of one object (A) over the other (B)
[exploration of A in seconds was 16.6£3.44 and exploration
of B was 16.8+£4.09; 7(10)=0.159; p =0.05]. To avoid olfac-
tory stimuli, the objects to be discriminated were initially
carefully cleaned and washed with ethanol solution (30 % in
water) after each individual session. The testing arena was a
plastic box (width, 20 cm; length, 30 em; height, 15 cm, with
the floor divided into 24 squares measuring 535 cm each) that
was dimly lit so that the environment was visually uniform.
Twenty-four hours before testing, the mice were allowed to
explore the testing box for 10 min to reduce neophobic re-
sponses and habituate them to the stimuli present in the empty
arena. During this time, an observer, who was not aware of
pharmacological treatments, manually recorded the number of
crossing and rearing responses. In the first trial two identical
objects were placed in the box. Mice were put into the box for
5 min and exploratory activity was manually recorded. After a
delay of 4 h, mice were re-introduced for 5 min, to the same
cage in which one of the objects had been replaced by a new
one. The cumulative time the mouse spent at each of the
objects was manually recorded by an observer, who was not
aware of pharmacological treatments. Exploration of an object
was defined as follows: directing the nose to the object or
touching it with the nose; turning around or sitting on
the object was not considered as exploratory behavior.
The percentage of the total exploration time the animal
spent investigating the novel object was the measure of
recognition memory, defined at the Discrimination Index
(DI). It was calculated using the following formula:
(time spent in investigating the new object)—
(time spent in investigating the known object)/
time spent in investigating both objects* 100.

In order to exclude the nonspecific effects of
anxiogenic-like behavior on the memory test, the same
set of animals was subjected to the elevated plus-maze
task immediately after the object recognition task (ORT)
test. The elevated plus-maze apparatus comprises two open
arms (255 cm) across from each other and perpendicular
to two closed arms (25x5x 15 c¢m) with a center platform
(5%5 cm). The apparatus is made of wood, the platform is
white, and the walls are transparent acrylic. The entire
apparatus is situated 50 c¢cm above the floor. Initially,
subjects were placed on the center platform of the maze
facing an enclosed arm. During the test the mice were
allowed to move freely about the maze for 10 min. The
percentage of entries into each arm, the percentage of time
spent in each arm, and the percentage of time spent in
central platform were recorded and these measurements
served as an index of anxiety-like behavior, as described
by Komada et al. (2008). After each trial, all arms and the
center area are cleaned with 30 % ethanol solution, to
prevent bias based on olfactory cues.

@ Springer

Bradykinin immunoassay

Immediately after assessment of the motor function test and/or
ORT, the animals were euthanized and the ipisilateral cortex
was quickly dissected on ice-cold plate to evaluate the kinin
content. The kinin content was determined in the ipsilateral
cortex homogenized in a solution containing bovine serum
albumin (10 mg/ml), 2 mM EGTA, 2 mM EDTA, and 0.2 mM
PMSF in PBS (0.1 M, pH 7.4). The concentrations of
bradykinin-related peptides were measured using a commer-
cially available ELISA Kit from R&D Systems (Minneapolis,
MN, USA), in accordance with the manufacturer’s protocol.
The total protein concentration in the samples was determined
according to the Bradford method (Bradford 1976) and the
concentration of bradykinin-related peptides was normalized
by the protein concentration contained in the samples. The
results are expressed in picograms of kinins per milligram of
protein.

Cytokine immunoassay

The mterleukin (L-1[3) and tumor necrosis factor-cc (TNF-cx)
content were determined in the ipsilateral cortex homogenate
containing bovine serum albumin (10 mg/ml), 2 mM EGTA,
2 mM EDTA, and 0.2 mM PMSF in PBS (0.1 M, pH 7.4).
Cytokine levels were measured using a commercially avail-
able ELISA kit from R&D Systems (Minneapolis, MN,
USA), in accordance with the manufacturer’s protocol. The
concentration of cytokines was normalized by the protein
concentration contained in the samples. Results are expressed
in picograms per milligram of protein.

Measurement NADPH oxidase activity

Nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) activity was measured according to
Thannickal and Fanburg (1995), with slight modifications.
An aliquot of ipsilateral cortex homogenate was centrifuged
at 1,000xg at 4 °C for 10 min and the resulting supernatant
was used. NADPH oxidase activity was determined by mon-
itoring NADPH consumption for 90 min at 37 °C in the
presence or absence of the inhibitor diphenyleneiodonium
(10 uM).

Measurement of thiobarbituric-acid-reactive species

Thiobarbituric-acid-reactive species (TBARS) content was
estimated by the method of Ohkawa et al. (1979). Briefly,
the ipsilateral cortex homogenates containing BHT (80 uM)
were incubated in medium containing 30 uL cortex homoge-
nate, 20 uL of 8.1 % sodium dodecyl sulfate (SDS), 80 uL
buffered acetic acid (500 mM, pH 3.4), and 150 uL of 0.8 %
thiobarbituric acid. The mixture was made up to 400 pL with
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type [ ultrapure water and heated at 95 °C for 60 min in water
bath using a glass ball as condenser. Absorbance of each
sample was measured in the supernatant at 532 nm in a
Hitachi U-2001 spectrophotometer (Hitachi Instruments In-
corporation, Schaumburg, IL, USA).

Measurement of protein carbonyl content

Total protein carbonyl content was determined by the method
described by Yan et al. (1995) and adapted for brain tissue by
Schneider Oliveira et al. (2004). Briefly, ipsilateral cortex
homogenates were adjusted to 759-800 ug of protein per
milliliter in each sample and 500 uL aliquots were mixed with
0.1 ml 2,4-dinitrophenylhydrazine (DNPH, 10 mM) or 0.1 ml
HCI (2 M). After incubation at room temperature for  hina
dark environment, 250 pL denaturing buffer (150 mM sodium
phosphate buffer, pH 6.8, containing 3 % SDS), | ml heptane
(99.5 %), and 1 ml ethanol (99.8 %) were added sequentially
and mixed under vortex agitation for 40 s and centrifuged for
15 min. Afterwards, protein isolated from the interface was
washed twice with 1 ml ethyl acetate/ethanol 1:1 (v/v) and
suspended in 500 uL ml of denaturing buffer. Each DNPH
sample was read at 370 nm in a Hitachi U-2001 spectropho-
tometer against the corresponding HCl sample (blank) and
total carbonylation was calculated using a molar extinction
coefficient of 22,000 M cmﬁl, as described by Levine et al.
(1990).

Assay of NO, (NO, plus NOs) as a marker of NO synthesis

For NO, determination, an aliquot of 100 uL of ipsilateral
cortex homogenates containing 2 mM EGTA, 2 mM
EDTA, and 0.2 mM PMSF in phosphate-buffered saline
was added to acetonitrile (96 %, HPLC grade). Afterwards,
the homogenate was centrifuged at 3,000xg for 30 min at
4 °C and the supernatant was separated for the analysis of
the NO, content as described by Miranda et al. (2001). The
resulting pellet was suspended in NaOH (6 M) for protein
determination by the Bradford method and the NO, con-
centration was normalized by the protein concentration
contained in the samples. Results are expressed in
nanomoles of NO, per milligram of protein.

Na™, K™-ATPase activity measurement

Na’, K™-ATPase activity was measured in the ipsilateral cor-
tex according to Silva et al. (2013). Briefly, the reaction
medium consisted of 30 mM Tris—HCI buffer (pH 7.4),
0.1 mM EDTA, 50 mM NaCl, 5 mM KCI, 6 mM MgClI2,
and 50 ug protein in the presence or absence of ouabain
(I mM) to 350 uL final volume. The reaction was started by
adding adenosine triphosphate (ATP) to 5§ mM final concen-
tration. After 30 min at 37 °C, reaction was stopped by adding

70 uL trichloroacetic acid (50 %). Appropriate controls were
included in the assays for ATP non-enzymatic hydrolysis. The
amount of inorganic phosphate released was quantified by the
colorimetric method described by Fiske and Subbarow and
the Na™, K™-ATPase activity was calculated by subtracting the
ouabain-insensitive activity from the overall activity (in the
absence of ouabain).

Evaluation of brain edema by water content

To determine the ipsilateral water content, a subset of animals
were euthanized 3 h and | day after trauma. The ipsilateral
hemispheres were immediately removed. After obtaining wet
weight (WW) of fresh brain, tissue samples were dried in a
desiccating oven at 105 °C for 24 h and weighed again to
obtain the dry weight (DW). Tissue water content (%) was
calculated as (WW —DW)/WW x 100, according Zweckberger
et al. (2006).

Evaluation of the injured cortical volume

After elevated plus maze test, the mice were euthanized for
histologic analysis. Under deep anesthesia (ketamine hydro-
chloride, 200 mg/kg, ip.) they were transcardially perfused
with 100 mL of heparinized saline (1,000 Ul/ml) followed by
100 mL of formaldehyde (4 %) in PBS (0.1 M), then the
brains were carefully removed from the skull. Lesion volume
measurement was performed according Ziebell et al. (2011)
with some modifications. Briefly, six sections from bregma
levels 0.5 to 3 mm, spaced 500 um apart, were stained with
hematoxylin and eosin, and digitally photographed using a
stereomicroscope (Olympus BX51) with a digital camera
(Olympus DP25). The peripheries of the lesion were traced
on each image according to Fig. 8b—e by a pathologist, using a
microscope at x4 magnification. The area of cortical lesion
was calculated using a calibrated image analysis software
Image J (NIH, Bethesda, MD, USA). Volumes were cal-
culated using the formula 3 (4dn+4n+1)xd/2 where 4 is
the lesioned area in each section and ¢ is the distance
between sections.

Data analysis

Data are expressed as means £ SEM or median + interquartile
range. Data were analyzed by one- or two-way analysis of
variance (ANOVA) or by non-parametric tests such as
Kruskal-Wallis or Friedman tests depending on the experi-
mental design. Post hoc analyses were carried out by the
Newman—Keuls tests, or Dunn tests when appropriate, and
p <0.05 was considered significant.
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Results

mLFPI causes neuromotor impairment, memory deficit,
and bradykinin increase

Figure 2a shows the temporal profile of neuromotor damage
after TBL The results showed that mLFPI caused neuromotor
impairment at 3 h, 6 h, and 1 day [H(5)=28.24; p <0.0001]
after brain injury. The mLFPI also induced a deficit in object
recognition memory [F(2.22)=6.078; p<0.01] when ana-
lyzed 7 days after brain injury (Fig. 2b). To determine the
best temporal window for anti-bradykinin intervention, we
performed a temporal profile for Bradykinin content in the
ipsilateral cortex. Statistical analysis revealed that mLFPI
increased kinin levels [F(5.18)=3.030; p<0.05] in the
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Fig.2 mLFPI induces neuromotor impairment (a), recognition memory
deficit (b), and Bradykinin release (¢). Values represent mean = SEM or
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sham group (Newman—Keuls multiple comparison test or Dunn’s multi-
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time intervals of 3 h, 6 h, and 1 day after the traumatic
injury (Fig. 2c).

HOE-140 and DAL-Bk had no effect on neuromotor deficit
induced by mLFPI

Figures 3 and 4 demonstrate the effect of B;R antagonist
(HOE-140; 1 or 10 nmol/kg) or B|R antagonist (des-
Arg9-[Leuf]-bradykinin (DAL-Bk; 1 or 10 nmol/kg) on
neuromotor behavior after mLFPI. The Friedman test revealed
that mLFPI induced neuromotor damage over time [F(4)=
11.86; p<0.001; Fig. 3al], but DAL-Bk (at dosages of 1 or
10 nmol’kg; s.c.) did not reverse this effect (Fig. 3b—d). The
analysis of Fig. 4 confirmed the detrimental effect of mLFPI
[F(4)=11.05; p<0.001] but HOE-140 (at dosages of | or
10 nmol/kg; s.c.) also did not reverse the neuromotor deficit
(Fig. 4b—d).

HOE-140 but not DAL-Bk protects against ORT deficit
induced by mLFPI

Statistical analysis revealed that mLFPI significantly reduced
the DI [F(4.27)=17.07; p <0.001; Fig. 5a] and that DAL-Bk
did not alter mLFPI-induced memory deficit. On the other
hand, DI reduction caused by trauma was significantly re-
versed by HOE-140 (10 nmolkg; s.c) [F(4.27)=6.814; p<
0.001; Fig. 5b). In order to exclude the exploratory disabilities
or anxiogenic effect on ORT we performed the open-field test
(Table 1) and the elevated plus maze (Table 2). Statistical
analysis showed that mLFPI and/or HOE-140 administration
had no effect on crossing [F(4.27)=0.0798; p>0.05] and
rearing responses [F(4.27)=0.158; p=0.05]. Therefore,
mLFPl and/or HOE-140 administration did not alter
anxiogenic-like behavior (Table 2). No significant difference
in percentages was found between tested groups as regards the
following behaviors: time spent in open arms [F(4.27)=
0.7596; p=0.05]; number of entries into open arms
F(4.27)=0.2172; p=>0.05]; time spent in enclosed arms
F(4.27)=0.4042; p>0.05]; number of entries into enclosed
arms F(4.27)=0.2174; p >0.05]; and time spent in the central
area F(4.27)=0.3088; p=0.05].

HOE-140 protect against acute inflammatory parameters
induced by mLFPI

We investigated whether this same treatment that reverses the
memory deficit also alters the mLFPl-induced inflammation
in the ipsilateral cortex. The results showed that mLFPI in-
duced an increase in ipsilateral levels of IL-1(3 [F(1.40)=
32.82; p<0.001; Fig. 6a), TNF-a [F(1.40)=88.94; p<
0.001; Fig. 6b] NO, [F(1.40)=11.25; p<0.01; Fig. 6¢] and
water content [F(1.40)=50.22; p<0.001; Fig. 6d]. The statis-
tical analysis also demonstrated that-HOE-140 (10 nmolkg;
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s.c) significantly attenuated mLFPI-induced increase in IL-13
[F(1.40)=4.09; p<0.05; Fig. 6a] and TNF-a content
[F(1.40)=20.93; p<0.001; Fig. 6b]. In addition, the adminis-
tration of this B,R antagonist protected against mLFPI-
induced NO, content [F(1.40)=7.84; p<0.01; Fig. 6c] and
water content [F(1.40)=8.56; p<0.01; Fig. 6d].

Effect of HOE-140 on NADPH oxidase and oxidative stress

Studies have indicated that B;R receptor activation induces
increase in NADPH oxidase activity in astrocytes and endo-
thelial cells (Liu et al. 2009; Hsieh et al. 2010). Thus, we
decided to verify whether HOE-140 alters the NADPH oxi-
dase activity after mLFPI. The data analysis demonstrated that
mLFPI increased NADPH oxidase activity when analyzed 3 h
and | day after trauma [F(1.47)=4.81; p <0.05; Fig. 7a] and
that HOE-140 (10 nmol/’kg; s.c) attenuated this effect elicited
by mLFPI [F(1.47)=5.36; p<0.05; Fig. 7a]. The statistical
analyses also showed that mLFPI increased the protein car-
bonyl content [F(1.52)=4.95; p<0.05; Fig. 7d), TBARS
[F(1.53)=8.47; p<0.01; Fig. 7c] and also decreased Na K~
ATPase activity [F(1.53)=31.49; p <0.001, Fig. 7b]. We also
showed that Hoe-140 (10 nmol/kg; s.c) attenuated the increase
in protein carbonyl [F(1.52)=5.23; p <0.05; Fig. 7d], TBARS

SHAM TBI

[F(1.53)=4.79; p<0.05; Fig. 7c] and protected against the
inhibition of Na"K™ ATPase activity [F(1.53)=4.97; p <0.05;
Fig. 7b] induced by mLFPIL

HOE-140 decreases cortical lesion volume

Statistical analyses of the lesion volume demonstrated that
mLFPI induced a large cortical contusion injury [F(1.20)=
49.44; p <0.0001; Fig. 8a], as shown in representative Fig. 8d
(TBI/PBS: 15.2=1.8) vs. Fig. 8b (SHAM/PBS; 2.8+
0.6 mm?). The treatment with Hoe-140 significantly reduced
the lesion volume induced by trauma [F(1.20)=5.442; p<
0.05; Fig. 8a] as demonstrated by representative Fig. 8e (TBI/
HOE; 7.7=1.3 mm®). The stereological analysis of lesions
revealed that mLFPI induced a marked loss of gray matter
and a perilesional area with several necrotic neurons. In some
cases, there was loss of white matter and a slight inflammatory
infiltrate composed primarily of neutrophils and hemorrhage.
On the other hand, in the sham animals we observed a slight
loss of focal gray matter characterized by a moderate dimple
in the neural parenchyma. The traumatized animals treated
with Hoe 140 also showed marked loss of gray matter, but no
loss of white matter. A minor inflammatory infiltrate
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Table 2 Anxiolitic- or anxiogenic-like behavior 7 days after mLFPI

Group %T.0. %No.E.O. YT.E. %No.E.E. %T.M.
Sham/PBS 12.1£5 25.01+6.6 71.5=6.1 T5=6.6 163=1.8
Sham/HOE-140 10 nmolkg 9.3=34 16.2+5.7 80.2=4.4 83.8=5.7 10£2.7
TBI'PBS 18334 33648 65.6£6.2 66.4x4.8 16.2+£3.5
TBI'HOE-140 1 nmol'kg 11.5=4.2 18.4=3.6 72.1£5.7 81.6=34 16.4=2.1
TBI'HOE-140 10 nmol'kg 7.3x62 16.2£8.1 80.1£7.1 83.8z8.1 12.7+2.7

The tested treatments did not alter the anxiogenic-like behavioral of mice. Data are mean + SEM for n=6-7 in each group

%T.0. percent of time spent in open arms, % No.E.0O. percent of number of entries in open arms, 2 IE. percent of time spent in enclosed arms,
%No.E.E. percent of number of entries in enclosed arms, %37.M. percent of time spent in the central area

1-10 nmol/’kg) or B;R antagonist (DAL-Bk; [ or
10 nmol’kg) had no effect on neuromotor dystfunction,
however the memory impairment caused by trauma was
significantly reversed by HOE-140 (10 nmolkg; s.c). It is
important to note that all pharmacological treatment used
in the present study did not alter locomotor and/or
anxiety-like behavior when analyzed 7 days after mLFPI,
suggesting that the behavioral effects currently reported
cannot be attributed to possible unspecific locomotor
and/or anxiogenic-like behavior. The B,R antagonist ad-
ministration also protected against mLFPI-induced IL-13,
TNF-o, NO, and brain edema when analyzed 3 h and
| day after injury. Moreover, the B,R antagonist attenuat-
ed the NADPH oxidase activity 3 h and 1 day after brain
trauma, reduced the oxidative damage (protein carbonyl,

TBARS) and also attenuated the inhibition of Na K -
ATPase activity induced by mLFPL. The present results
were accompanied by and effective reduction in lesion
volume.

The CNS of mammalians contains all of the components of
the kallikrein—kinin system (Walker et al. 1995). Brain regions
(e.g., perirhinal cortex, periaqueductal gray matter, and hip-
pocampus) that show the earliest manifestations under patho-
logical conditions are also regions where elements of the kinin
system including B, receptors, are most prominently
expressed (Correa et al. 1979; Noda et al. 2003; Groger
et al. 2005). In this study, we showed that mLFPI induced
increased kinin levels in ipsilateral cortex 3 h, 6 h, and 1 day
after neuronal injury. These data are in agreement with previ-
ous studies that suggested the involvement of kallikrein—kinin

Fig. 6 HOE-140 attenuates the ] SHAM 3 h
mLFPl-induced increase in IL-13 SHAM 1 day
(a), TNF-a (b), NO, (e), and = TBI3h
water content (d)3 h and | day Il TBI1day
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represent mean = SEM for n=6-7 a c
per group. *P <0.05 compared = 380 A £ bo * #
with Sham/PBS groups. #P <0.05 T 280 ks %
compared with TBI/PBS groups ° a
(three-way ANOVA); TP <0.05 g 210 2
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e 7 %
' o
o 2
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PBS HOE PBS HOE
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system in TBI, and others acute disorders of CNS (Groger  induced increase in IL-1{3, TNF-content. This anti-

et al. 2005; Austinat et al. 2009). Our data showed that
treatment with B, and B, receptor antagonists did not alter
transient motor dysfunction. On the other hand, the results
presented in this report, for the first time, revealed that mLFPI-
induced impairment of the object recognition memory and
that the treatment with B;R antagonist (HOE-140) significant-
ly reversed the deficit in object recognition memory in mice.
The HOE-140 treatment also attenuated the mLFPI-induced

[ PBS
Il HOE 10 nmol/kg

Fig. 8 HOE-140 attenuates the
mLFPI-induced brain lesion
volume (a). Representative
images of groups Sham/PBS (b),
Sham/HOE (¢), TBI/PBS (d),
and TBI/HOE (e). Values
represent mean = SEM for n =6
per group. *P <0.05 compared
with Sham/PBS group. #P<0.05
compared with TBI/PBS group
(two-way ANOVA)
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-
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inflammatory effect elicited by pharmacological B,R block-
ade corroborates previous studies that have demonstrated the
involvement of this pathway to deleterious effects after ische-
mic brain insult (Su et al. 2009) and closed head trauma in rats
(Kaplanski et al. 2003). Taken together, these data suggest that
early blockade of pro-inflammatory mediators may improve
the memory in later cognitive tests, In fact, recent studies have
found that TNF-a synthesis inhibitor as well as the

SHAM
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neutralization of IL-13 improves the cognitive outcome fol-
lowing traumatic brain injury in mice (Clausen et al. 2009,
Baratz et al. 2011).

In this study, we showed a significant increase in kinin
production and cerebral water content after brain injury. This
finding reinforces the involvement of kinins in brain edema,
and suggests the important role of bradykinin B, receptor in
brain edema. In line with this view, several studies has dem-
onstrated that bradykinin receptor antagonists reduce brain
edema and the blood-brain barrier breakdown in different
models of trauma (Stover et al. 2000; Gorlach et al. 2001,
Plesnila et al. 2001; Kaplanski et al. 2002; Hellal et al. 2003;
Ivashkova et al. 2006). The results presented in this report also
revealed that mLFPI increased both NO, and kinin content at
the time intervals of 3 h and 1 day after injury, and that HOE-
140 abolished the increase in NO, content, suggesting that
NO production induced by the bradykinin B, receptor may be
involved in brain edema in this model of neuronal injury.
However, it is important to note that HOE-140 totally
abolished the increase in NO, content induced by mLFPI,
but only attenuated the brain edema, suggesting the existence
of other molecules that mediate both vasogenic and cytotoxic
brain edema. In this context, it has been demonstrated that
aquaporins, substance P, matrix metalloproteinase, prostaglan-
dins, histamine, and free radicals are also possible targets for
the treatment of brain edema after brain injury (Unterberg
et al. 2004; Stokely and Orr 2008; Donkin and Vink 2010;
Ayer et al. 2011). Another point to consider is that excessive
amount of NO caused by high activity of both isoforms of
NOS (constitutive and inducible enzymes) seems to be in-
volved in protein nitration, apoptosis, exacerbation of brain
lesion, and neurological impairments induced by various
models of TBI (Wada et al. 1998a, b, 1999; Lu et al. 2003;
Gahm et al. 2006). These literature findings reinforce the
beneficial action of HOE-140, since it also reduced the corti-
cal NO, content after mLFPL

Several studies have shown that oxidative damage is linked
to the pathophysiology of secondary damage (Potts et al.
2006; Lima et al. 2008). One mechanism of reactive oxygen

species (ROS) production after TBI is the increase of pro-
oxidant enzymes activity (Gilgun-Sherki et al. 2002) involved
in inflammatory process, such as NADPH oxidase. Thus, one
remarkable finding of this study is that mLFPI increased the
NADPH oxidase activity and that in vivo pharmacological
blockade of B;R attenuates the TBI-induced increase in
NADPH oxidase activity. Qur data also revealed that HOE-
140 protects against mLFPl-induced protein carbonylation
and TBARS increase. These data agree with idea that the
stimulatory effect of bradykinin on B,R leads to production
of reactive oxygen species, dependent on NADPH oxidase
activity in rat brain astrocytes cell cultures (Liu et al. 2009,
Hsieh et al. 2010; Lin et al. 2012). Furthermore, our data
revealed that HOE-140 also protected against mLFPI-

induced protein carbonylation and TBARS increase. It is well
known that ROS increase drastically after injury, leading to
damage of lipids, proteins, nucleic acids, and, consequently, to
cell death by necrosis or apoptosis (Gilgun-Sherki etal. 2002).
In brain injury models, it has been postulated that free radicals
induce blood-brain barrier breakdown (Pun et al. 2009) and
failure of energy metabolism (Silvaetal. 2011). Moreover, the
effective protection against neuronal death elicited by classical
antioxidants treatment (Clausen et al. 2004; Ates et al. 2007;
Aiguo et al. 2010; Singleton et al. 2010), reinforeing the role
of ROS in several rodent TBI models. Considering that a vast
body of evidences indicates the involvement of ROS in pro-
gression of damage induced by TBI, the protective effects
HOE-140 may be due, at least in part, to its ability of reduce
the NADH oxidase activity and the oxidative stress.

The Na™, K™-ATPase enzyme is the main factor responsible
for maintaining ion gradients across plasma membranes and it
is main ATP consumer in neurons (Silva et al. 2011). In this
context, the Na", K™-ATPase activity inhibition evidenced in
this report reinforce the idea that selected targets for oxidative
damage such as Na~, K™-ATPase may be related to secondary
damage induced by TBI (Zhan et al. 2004). Furthermore, since
the Na~, K™-ATPase enzyme is especially sensitive to oxida-
tive stress (Jamme et al. 1995; Lima et al. 2008, 2009; Souza
et al. 2009), it is plausible to propose that the increase in
oxidative stress markers induced after B,R activation occur
in parallel to the decrease in Na', K'-ATPase activity in this
model of TBL

When our findings are taken together, we speculate that the
sum of protective actions of HOE-140 shown in this study,
break the progression of secondary brain damage resulting ina
minor brain lesion that will impact on better cognitive perfor-
mance. To corroborate this hypothesis, we performed a histo-
logical analysis 7 days post trauma (the time in which memory
deficits were developed) and showed that treatment with
HOE-140 reduced the lesion volume induced by trauma.
Nowadays, the mechanisms underlying the development of
cognitive deficits after TBI remain elusive. For instance, while

pathologic examination of post-traumatic human brains dem-
onstrate that specific damage to temporal lobe are associated

with cognitive deficit after TBI (Theodoros et al. 1998),
cognitive deficits suffered by many mild TBI patients are
not always correlated with loss of the cells (Writer and
Schillerstrom 2009). Here, we showed that mLFPI induced
brain damage, characterized by lesion volume, and that treat-
ment with HOE-140 was effective in reducing lesion volume
when analyzed 7 days after brain injury. This result is in
agreement with previous studies that have demonstrated that
B, receptor has protective effects against neurodegeneration
induced by different models of brain lesion (Groger et al.
20035; Klasner et al. 2006; Trabold et al. 2010; Yang et al.
2013). On the other hand, a stimulatory effect of nerve growth
factor on B,R expression (Lee et al. 2002) and an anti-
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inflammatory role for bradykinin (Noda et al. 2007) has been
proposed in studies performed with cell cultures, indicating a
neuroregenerative role for BK. Although the reason for this
discrepancy of results cannot be determined, the different
features of animal models and cell cultures may account for
it. Thus, our data indicate that B;R in vivo activation may be
involved in the secondary brain injury induced by TBI, which
results in additional expansion of the primary lesion and
memory impairment.

In summary, the present study demonstrated that treatment
with HOE-140 at dose of 10 nmol/kg is effective in protecting
against inflammatory and oxidative damage-induced traumat-
ic brain injury and consequently prevents the increase in
lesion volume. These reported effects of HOE-140 may influ-
ence in development of the cognitive deficits that here was
evaluated as the reduction in recognition memory. The present
data suggest a new insight into the mechanism involved in the
TBl-induced cognitive disorder, but more studies are neces-
sary to determine the clinical potential for B;R blockade for
treatment of TBL
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3.2.1. The effect of NADPH-oxidase inhibitor Apocynin on cognitive impairment
induced by moderate lateral fluid percussion injury: role of inflammatory and

oxidative brain damage
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Traumatic brain injury (TBI) is a devastating disease that commonly causes persistent mental distur-
bances and cognitive deficits, Although studies have indicated that overproduction of free radicals, espe-
dally superoxide {05 derived from nicotinamide adenine dinucleotide phosphate {NADPH) oxidase is a
common underlying mechanism of pathophysiology of TBI, little information is available regarding the
role of apocynin, an NADPH oxidase inhibitor, in neurological consequences of TBI. Therefore, the present
study evaluated the therapeutic potential of apocynin for treatment of inflammatory and oxidative dam-

Keywords: . g PP . . R

Trg;‘;:a;c brain injury age, in addition to determining its action on neuromotor and memory impairments caused by moderate
NADPH oxidase fluid percussion injury in mice {mLFPl). Statistical analysis revealed that apocynin (5 mg/kg), when
Apocynin injected subcutaneously (s.c.) 30 min and 24 h after injury, had no effect on neuromotor deficit and brain

Object recognition task

edema, however it provided protection against mLFPI-induced object recognition memaory impairment
Oxidarive stress

7days after neuronal injury. The same treatment protected against mLFPl-induced IL-18, TNF-2,
nitric oxide metabolite content (NOy) 3 and 24 h after neuronal injury. Moreover, apocynin treatment
reduced oxidative damage (protein carbonyl, lipoperoxidation) and was effective against mLFPl-ind uced
Na*, K*-ATPase activity inhibition. The present results were accompanied by effective reduction in lesion
volume when analyzed 7 days after neuronal injury. These data suggest that superoxide (0] derived
from MADPH oxidase can contribute significantly to cognitive impairment, and that the post injury
treatment with specific NADPH oxidase inhibitors, such as apocynin, may provide a new therapeutic
approach to the control of neurological disabilities induced by TBI.

@ 2013 Published by Elsevier Ltd.

1. Introduction cranial injuries, loss of consciousness and motor functional deficits,

The brain damage induced by TBI results from both the primary

Traumatic brain injury [TBI) is characterized as an insult to the
brain caused by an outside force, resulting in skull fractures, intra-

% Corresponding author, Address: Departamento de Métodos e Técnicas Despaor-
fvas, Centro de Educacdo Fisica e Desportos, Universidade Federal de Santa Maria
(UFSM), 97105-800 Santa Maria, RS, Brazil. Tel.: <55 55 3220 9378: fax: 455 55
3220 8241,

E-mail address: nandoroyes@yahoo.com.br (LF.F. Royes).

0157-0186/S - see front matrer @ 2013 Published by Elsevier Lrd.
htt pz//dx.doi.org/10.1016(j.newint.2013.08.012

mechanical impact and secondary degenerative response (Davis,
2000}, Secondary mechanisms are potentially amenable to post-in-
jury therapeutic intervention because of their delayed onset and
include neuroinflammation, oxidative stress, brain edema and de-
layed cell death (Lotocki et al., 2009; Toklu et al., 2009; Zhang et al.,
2012), It is important to note that the survival rate from TBI has
been improved with modern clinical management practices.

Please cite this article in press as: Ferreira, A.P.0, et al. The effect of NADPH-oxidase inhibitor apocynin on cognitive impairment induced by moderate
lateral fluid percussion injury: Role of inflammatory and oxidative brain damage, Neurochem, Int, (2013), heep://dx.dol.org/10.1016/j.neuint.2013.09.012
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However many survivors of TBI still display neuronal death and
suffer from permanent cognitive impairment (Singh, 2003).

In line with this view, a considerable body of evidence has indi-
cated that oxidative stress and functional deficits occurring after
TBI are interrelated events and studies of the mechanisms invalved
in this interface can open new avenues to better understanding of
TBI (Lima et al., 2008; Marklund et al, 2001). Furthermore, it has
been demonstrated that ROS production elicited by TBI induces
cellular death (Clausen et al.,, 2004 ), blood brain barrier breakdown
(BBB) (Pun et al, 2009) and failure of energy metabolism after
brain injury (Arun et al, 2013; Prins, 2008). The mechanisms of
ROS production include mitochondrial breakdown, intracellular
calcium overload and increase in activity of pro-oxidant enzymes
(lambert and Brand, 2009; Lewen et al, 2000; Solaroglu et al,
2005; Zhang et al,, 2012).

The nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) is a pro-oxidant enzyme that catalyzes the reduc-
tion of molecular oxygen and oxidation of NADPH to generate
superoxide radicals (05 ) (Bedard and Krause, 2007; Infanger
et al., 2006; Kahles and Brandes, 2012). NADPH oxidase is a multi-
unit enzyme composed of several subunits that include several iso-
forms of NOX (NOX 1-5) (Bedard and Krause, 2007). Although few
studies have evaluated the role of gp91P"°* (catalytic subunit of the
enzyme, NOXz) in TBI, experimental evidences suggest that use of
specific NADPH oxidase inhibitors may have significant efficacy in
the treatment of TBI (Dohi et al., 2010; Lo et al., 2007). A candidate
for this is Apocynin, a natural organic compound isolated from the
Himalayan medicinal herb Picrohiza kurroa used as an efficient
inhibitor of the NADPH-oxidase complex (Hayashi et al., 2005;
Stolk et al., 1994; Van den Worm et al., 2001). Recently, it was dem-
onstrated that treatment with high doses of apocynin protected
against ROS production, microglial activation, BBB disruption and
neuronal death after weight drop brain injury in rats (Choi er al.,
2012). Moreover, pre- or post-treatment with apocynin protects
against early microglial activation, reduces lipoperoxidation and
deposition of b-amyloid protein after controlled cortical impact in
mice (Zhangetal., 2012). Itisimportant to note that treatment with
apocynin prior to diffuse brain injury also attenuates the expression
and activation of NOX, protein, in addition to reducing brain edema
and spatial learning deficit after neuronal injury (Song et al., 2012).

Although there is increasing evidence supporting the role of
NADPH oxidase in the pathology of TBI, more detailed studies are
required to assess the antioxidant potential of apocynin adminis-
tration in diseases that present cognitive impairment, such as
TBI. For this purpose, we evaluated the effect of apocynin treat-
ment on inflammatory and oxidative damage, and determining
its actions on neuromotor and memory impairments caused by
moderate fluid percussion injury in mice (mLFPI).

2. Materials and methods
2.1. Materials

Apocynin, bovine serum albumin, ethylenediaminetetraacetic
acid disodium salt (EDTA), ethylene glycol-bis [B-aminoethyl
ether)-N,N,N' N'-tetraacetic acid (EGTA), phenylmethylsulfonyl
fluoride (PMSF), trichloroacetic acid (TCA), sodium hydroxide
(NaOH), sodium dodecyl sulfate (SDS), N{1-naphthyl) ethylenedi-
amine dihydrochloride, sulphanilamide, thiobarbituric acid (TBA)
2 4-dinitrophenylhydrazine (DNPH) sodium chloride (NaCl), potas-
sium chloride (KCl), magnesium chloride (MgClz) and ouabain
adenosine triphosphate (ATP) and sodium molybdate were ob-
tained from Sigma Chemical Co. (St. Louis, MO, USA). Lidocaine
hydrochloride and ketamine hydrochloride were obtained from
Cristalia Produtos Quimicos e Farmacéuticos Ltda (Sdo Paulo, SP,
Brazil). Xylazine hydrochloride was obtained from Vallée S.A. -

Produtos Veterindrios (530 Paulo, SP, Brazil) and ceftriaxone
sodium was obtained from SEM Sigma Pharma (S. Bernardo do
Campo, 5P, Brazil).

2.2, Subjects and maintenance

Male Swiss mice (28-32 g) provided by the Animal House of the
Federal University of Santa Maria, were maintained in a room with
a controlled temperature (24 = 1 °C),12 h light/dark cycle (lights on
at 6:00), and standard laboratory chow and tap water ad libitum.
We attest that all the experiments were conducted in compliance
with the current Brazilian Laws (Law No. 6638 of 1979 - Standards
for the Teaching-Scientific Practice of Animal use) and that exper-
iments were previously approved by the Committee on the Use
and Care of Laboratory Animals of the Federal University of Santa
Maria (process number: 113/2010).

2.3. Experimental design

To determine the best dose of apocynin for the trearment of
neuromotor and cognitive deficits induced by mLFPI, the animals
were injected subcutaneously (s.c.) with vehicle (5% ethanol in sal-
ine solution) or apocynin (at doses of 0.05, 0.5 or 5 mg/kg) 30 min
and 24 h after induction of TBI. The neuromotor evaluation was
performed at time intervals of 3h, 6h, and 1day after injury.
The memory test and histological analyses were performed 7 days
after injury, as described in Fig. 1A.

In order to determine whether the treatment effective against
memory deficit also protects against biochemical alterations in-
duced by mLFPI, the animals were injected s.c. with vehicle (5%
ethanol in saline solution) or apocynin (5mg/kg) 30min and
24 h after injury, and biochemical analysis were performed 3 h
and 1 day after neuronal injury, as described in Fig. 1B.

2.4, Traumatic brain infury

The moderate lateral fluid percussion injury (mLFPI) was in-
duced according to the method of Carbonell et al. (1998). Briefly,
mice were anesthetized with a mixture of xylazine {10 mg/kg)/ket-
amine (100 mg/kg) and placed in a stereotaxic head holder. The
scalp was reflected and the skull exposed through a midline inci-
sion. A topical anesthetic 2% lidocaine hydrochloride was applied
to the skull and the fascia was scraped from the skull. A burr hole
of 3 mm in diameter was drilled in the right parietal bone between
bregma and lambda and between the sagittal suture and lateral
ridge over the right hemisphere, taking care to keep the dura mater
intact. A plastic cannula was placed over the craniotomy with den-
tal cement. When the dental cement hardened the cannula was
filled with 4% chloramphenicol and closed with a proper plastic
cap. At 24 h after the surgical procedure, the animals were anes-
thetized with Isoflurane, the injury cannula was attached to the
fluid percussion device, and the animals were placed on a heat
pad maintained at 37 + 0.2 *C. TBI was produced by a fluid-percus-
sion device developed in our laboratory. A brief (10-15 ms) tran-
sient pressure fluid pulse (1.8 +0.41 atm) impact was applied
against the exposed dura. Pressure pulses were measured extracra-
nially by a transducer (hydraulic fluid control, Belo Horizonte, MG,
Brazil) and recorded on a storage oscilloscope (Tektronix TDS 210).
Sham-operated animals underwent an identical procedure, with
the exception of mLFPL. Immediately after these procedures, the
cannula was topped with dental cement. The time elapsed until
the animal spontaneously righted itself was recorded as an acute
neurological assessment, and defined as the righting reflex time
(or unconsciousness). The TBI caused immediate unconsciousness
that lasted for 219.3 + 7.0 s, demonstrating that injury induced by
LFPl was within the range of moderate injury (Hosseini and

Please cite this article in press as: Ferreira, A.P.0., et al. The effect of NADPH-oxidase inhibitor apocynin on cognitive impairment induced by moderate
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Fig. 1. (A) Representation of experimental design with the effect of apecynin treatment (0.05, 0.5 and 5 mg/kg) on neuromotor assessment 3, 6 and 1 day after mLFPI (B). The
effect of apocynin (5 mg/kg, s.c.) on biochemical alterations 3 h and 1 day after neurcnal injury. The neuromotor and biochemical analysis were realized 2.5 h after the drug
administration. The objected recognition task and histologic analysis were determined 7 days after neuronal injury,

Lifshitz, 2009; Morehead et al., 1994). All animals received ceftri-
axone (200 mg/kg, i.p.) immediately after surgery and after trau-
ma. To reduce the unspecific effect of antibiotic treatment all
sham and traumatized animals tested in this study received the
same antibiotic therapy. Although, there is no available literature
indicating pharmacokinetic interactions between apocynin and
ceftriaxone, it is important to note that ceftriaxone has anti-
inflammatory and anti-apoptotic properties (Romano et al., 2004).

2.5, Assessment of neuromotor function

The neuromotor function was assessed at time intervals of 3,6 h
and 1 day after injury. These rime points were selected from a time
course performed in another study, not yet published, in which the
TCE caused neuromotor impairment only at the mentioned times.
The neuromotor function was determined by means of a neuroscore
test, as described by Raghupathi et al. (1998). Briefly, animals were
subjected to a grid-walk test for 1 min in order to asses of the num-
ber of foot-faults. Subsequently, forelimb and hindlimb functions
were evaluated by suspending the animals by the tail and observing
how they grasped the top of the cage when they were lowered to-
ward it (to test the forelimbs) and the same procedure was used for
hindlimb spreading and extension during suspension (to test the
hindlimbs). Finally, animals were tested for both right and left
resistance to lateral pulsion. Animals were scored from 0 (severely
impaired) to 4 (normal) for each of the following indices: fore-limb
function, hind-limb function and resistance to lateral pulsion. The
maximum score for each animal was 12, Evaluation of neurological
motor function was conducted by an experienced investigator who
was blinded to all groups.

2.6. Evaluation of object recognition task {ORT) and elevated plus
maze

The objects to be discriminated were figures of similar size and
texture (8-10 cm high). The objects were selected on the basis of

previous observations, which demonstrated a lack of preferential
exploration for one object (A) over the other (B) [exploration of A
in seconds was 16.6 + 3.44 and exploration of B was 16.8 + 4.09;
t(10)=0.159; p>0.05]. To avoid olfactory stimuli, the objects to
be discriminated were cleaned carefully initially and washed with
an ethanol solution (30% in water) after each individual session.
The testing arena was a plastic box (width: 20 cm; length: 30 cm;
height: 15 cm, with the floor divided into 24 squares measuring
5 x 5cmeach) that was dimly illuminated so that the environment
was visually uniform. Twenty-four hours before testing, the mice
were allowed to explore the testing box for 10 min to reduce neo-
phobic responses and habituate to the stimuli present in the empty
arena. During this habituation, the open-field test was performed.
This test was carried out to identify motor disabilities and lasted
for 10 min. During this time, an observer, who was not aware of
pharmacological treatments, manually recorded the number of
crossing and rearing responses. In the first trial two identical ob-
jects were placed in the box. Mice were placed in the box for
5 min and exploratory activity was manually recorded. After a delay
of 4 h, mice were re-introduced into the same cage in which one of
the objects was replaced by a new one, for 5 min. The cumulative
time spent by the mouse at each of the objects was manually re-
corded by an observer, who was not aware of pharmacological
treatments. Exploration of an object was defined as follows: direct-
ing the nose to the object or touching it with the nose; turning
around or sitting on the object was not considered as exploratory
behavior. The percentage of the total exploration time that the ani-
mal spent investigating the novel object was the measure of recog-
nition memory, defined by the discrimination index (DI). This was
calculated using the following formula: (time spent in investigating
the new object) - (time spent in investigating the known object)/
time spent in investigating both objects = 100.

After ORT, the animals were tested on the elevated plus-maze.
The apparatus comprises two open arms (25 = 5 cm) across from
each other and perpendicular to two closed arms (25 x 5 x 15 cm)
with a center platform (5 x 5 cm). The apparatus is made of wood,
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the platform is white and the walls are transparent acrylic. The en-
tire apparatus is raised 50 cm above the floor. Initially, subjects
were placed on the center platform of the maze facing an enclosed
arm. During the test the mice are allowed to move freely about
the maze for 10 min. The percentage of entries into each arm, the
percentage of time spent in each arm, and the percentage of time
spent in central platform are recorded and these measurements
serve as an index of anxiety-like behavior as described by (Komada
et al., 2008). After each trial, all arms and the center area were
cleaned with 30% ethanol solution, to prevent a bias based on olfac-
tory cues.

2.7. Cytokine immunoassay

The interleukin (L-1p) and tumor necrosis factor-o (TNF-a) con-
tent were determined in ipsilateral cortex homogenate containing
bovine serum albumin (BSA 10 mg/ml), 2 mM EGTA, 2 mM EDTA
and 0.2 mM PMSF in phosphate buffered saline (PBS 0.1 M,
pH7.4). Cytokine levels were measured using a commercially avail-
able ELISA kit from R&D Systems (Minneapolis, MN, USA), in accor-
dance with the manufacturer's protocol. The concentration of
cytokines was normalized to the protein concentration contained
in the samples. The results were expressed in pg/mg of protein.

2.8. Assay of NOy (NOz plus NOs) as a marker of NO synthesis

For NO, determination, an aliquot of 100 pL of ipsilateral homog-
enates containing 2 mM EGTA, 2 mM EDTA and 0.2 mM PMSF in
phosphate buffered saline was added to acetonitrile (96%, HPLC
grade). Afterwards, the homogenate was centrifuged at 3000g for
30 min at 4 °C and the supernatant was separated for the analysis
of the NO, content as described by Miranda et al. (2001 ). The result-
ing pellet was suspended in NaOH (6 M) for protein determination
by the Bradford method and the concentration of NO, was normal-
ized to the protein concentration contained in the samples. The re-
sults were expressed in nmol of NO,/mg of protein.

2.9, Evaluation of brain edema by water content

To determine the ipsilateral water content a subset of animals
was sacrificed 3h and 1day after trauma. The ipsilateral hemi-
spheres were immediately removed. After obtained wet weight
[WW) of fresh brain, tissue samples were dried in a desiccating
oven at 105°C for 24 h and weighed to obtain the dry weight
(DW). Tissue water content (%) was calculated as (WW-=-WD)/
WW x 100 according to Zweckberger et al. (2006).

2.10. Measurement of thiobarbituric acid reactive species (TBARS)

The TBARS content was estimated by the method of Ohkawa
et al. (1979). Briefly, the ipsi lateral cortex homogenates containing
BHT (80 pM) were incubated in a medium containing 30 ulL cortex
homogenate, 20 pL of 8.1% sodium dodecy! sulfate (SDS), 80 pL buf-
fered acetic acid (500 mM, pH 3.4), and 150 pL of 0.8% thiobarbitu-
ric acid (TBA). The mixture was made up to 400 pL with type |
ultrapure water and heated to 95 =C for 60 min in water bath using
a glass ball as condenser. The absorbance of each sample was mea-
sured in the supernatantat 532 nmin a Hitachi U-2001 spectropho-
tometer (Hitachi Instruments Incorporation, Schaumburg, IL, USA).

2.11. Measurement of protein carbonyl content

The total protein carbonyl content was determined by the
method described by Yan et al. (1995) and adapted for brain tissue
by Schneider Oliveira et al. (2004). Briefly, ipsilateral cortex
homogenates were adjusted to 759-800 pg of protein/ml in each

sample and 500 pL aliquots were mixed with 0.1 ml 2,4-dinitro-
phenylhydrazine (DNPH, 10 mM) or 0.1 ml HCI (2 M). After incuba-
tion at room temperature for 1 h in a dark environment, 250 pL
denaturing buffer (150 mM sodium phosphate buffer, pH 6.8, con-
taining 3% SDS), 1 ml heptane (99.5%) and 1 ml ethanol (99.8%)
were added sequentially and mixed under vortex agitation for
40 s and centrifuged for 15 min. Afterwards, the protein isolated
from the interface was twice washed with 1 ml ethyl acetate/eth-
anol 1:1 (v/v) and suspended in 500 pL ml denaturing buffer. Each
DMPH sample was read at 370 nm in a Hitachi U-2001 spectropho-
tometer against the corresponding HCl sample (blank) and total
carbonylation was calculated using a molar extinction coefficient
of 22,000 M~! cm™!, as described by (Levine et al., 1990).

2.12. Na~, K™-ATPase activity measurement

Na*, K*-ATPase activity was measured according to Silva et al.
(2013). Briefly, the reaction medium consisted of 30 mM Tris-HCl
buffer (pH 7.4), 0.1 mM EDTA, 50 mM NaCl, 5 mM KCl, 68 mM MgCl2,
and 50 pgprotein in the presence or absence of ouabain (1 mM)to a
final volume of 350 pL The reaction was started by adding adeno-
sine triphosphate (ATP) to a final concentration of 5 mM. After
30 min at 37 °C, reaction was stopped by adding 70 pLtrichloroace-
tic acid (TCA, 50%). Appropriate controls were included in the assays
for non-enzymatic hydrolysis of ATP. The amount of inorganic
phosphate released was quantified by the colorimetric method de-
scribed by Fiske and Subbarow and the Na*, K*-ATPase activity was
calculated by subtracting the ouabain-insensitive activity from the
overall activity (in the absence of ouabain).

2.13. Evaluation of the injured cortical valume

After the elevated plus maze test, the mice were killed for his-
tologic analysis. Under deep anesthesia (ketamine hydrochloride,
200 mg/kg, i.p.) they were transcardially perfused with 100 mL of
heparinized saline (1000 Ul/ml) followed by 100 mL of formalde-
hyde (4%) in PBS (0, 1 M), then the brains were carefully removed
from the skull. The measurement of lesion volume was performed
according to Ziebell et al. (2011) with some modifications. Briefly,
six sections from bregma levels —0.5 to -3 mm, spaced 500 pm
apart, were stained with hematoxylin and eosin, and digitally pho-
tographed using a stereomicroscope (Olympus BX51) with a digital
camera [Olympus DP25). The peripheries of the lesion were traced
on each image according Fig. 8B-E by a pathologist with help of a
microscope at 4 x magnification. The area of cortical lesion was cal-
culated using calibrated image analysis software program Image |
(NIH, Bethesda, MD, USA). Volumes were calculated using the for-
mula X(An+ An+ 1) x d/2 where A is the lesioned area in each sec-
tion and, d is the distance between sections.

2.14. Data analysis

Data were expressed as means + S.E.M. or median * interquar-
tile range. Data were analyzed by one, two or three way analysis
of variance (ANOVA) or by non-parametric tests such as Kruskal-
Wallis or Friedman tests depending on the experimental design.
Post-hoc analyses were performed with the Newman-Keuls test,
or Dunn test when appropriate, p < 0.05 was considered significant.

3. Results

3.1. Apocynin has no statistically significant effect on neuromotor
deficit induced by mLFPI in mice

To assess whether inhibition of NOX; by apocynin alters the
neurological disabilities resulting from mLFPI, we injected the mice
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with vehicle or apocynin (0.05, 0.5 and 5 mg/keg; s.c.) 30 min and
24 h after mLFPI induction and their neuromotor function were
tested at time intervals of 3 and 6 h and 1day (test performed
2h and 30 min after last drug injection) after trauma induction.
The result of this experiment is shown in Fig. 2A. The Friedman test
revealed that mLFPI induced neuromotor damage over time
[F(5)=13.86; p<0.001]. A trend, although without staristical sig-
nificance, was noted towards attenuation of the neuroscore deficit
in animals treated with TBI/apocynin 0.5 mg/kg and in TBI/apocy-
nin 5 mgfkg in comparison with TBIjvehicle-treated mice. The post
hoc analysis performed at each time point is shown in Fig. 2B-D.

3.2. Apocynin post-treatment is effective in reducing the object
recognition deficit induced by mLFPI in mice

The effect of different doses of apocynin in ORT is demonstrated
in Fig. 3. Our result showed that apocynin 0.05 mg/kg had no effect
on memory impairment caused by mLFPL. On the other hand, the
dose of 0.5 mg/kg demonstrated only a trend towards reversal of
memory deficit, although without statistical significance. However,
the statistical analysis also revealed that DI reduction caused by
trauma was significantly reversed by Apocynin at the dosage of
5 mgl/kg [F(5, 31) = 4.708; p<0.01; Fig. 3]. To exclude the effect
of locomotor and exploratory disabilities on ORT we performed
the open-field test as shown in Table 1. No statistically significant
difference was found between the tested groups in crossing
[F(5,31) = 1.271; p=0.314] or rearing responses [F(5,31) = 1.708;
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Fig. 3. Effect of apocynin (0.05, 0.5 and 5 mg/kg: s.c.) on recognition memory
impairment induced by mLFPI 7 days after injury. Values represent mean # S.EM.
for n=6-7 per group. *P<0.05 compared with Shamjvehicle group. P <0.05
compared with TBljvehicle group (Newman-Keuls multiple comparisen test),

p=0162]. To exclude the effects of anxiety on memory, we ana-
lyzed whether apocynin treatments alter anxiogenic like behav-
ioral as shown in Table 2. No significant difference was found
between the tested groups in percentage of time spent in open
arms [F(5,31)=0.3043; p=0.906], in percentage of number of en-
tries in open arms F(5,31) = 0.7371; p=0.601], in percentage of
time spent in enclosed arms F(5,31) = 0.8171; p=0.547], in per-
centage of number of entries in enclosed arms F(5,31) =0.7371;

p=0601], in percentage of time spent in the central area F(5,31)
=1.489; p=02219].
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Fig. 2. Effect of apocynin (0.05, 0.5 and 5 mg/kg; s.c.) on neuromotor impairment induced by mLFPl performed 3, 6 h and 1 day after injury. The post hoc analysis performed
at each time point is shown in Fig. 2B-D. Values represent median and interquartile for n =6-7 per group, *P < 0.05 compared with sham group (Dunn's multiple comparison

test),
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Table 1
Locomotor and exploratory activity 7 days after mLFPI,

Groups Crossing Rearing N
Sham/vehicle 158.0 £20.1 594+2.1 6
Sham/Apo 5 mgikg 1503195 57.0%5.5 6
TBljvehicle 1824 +6,1 72.2+6.1 6
TBIjApo 0.05 mg/kg 194.4+12,9 788=x43 6
[Bl/Apo 0.5 mg/kg 146.8£17.6 508127 6
IBIjApo 5 mg/kg 162.6 £16.1 602 +6.4 7

3.3. Apocynin attenuates the acute inflammatory response induced by
mLFPl

To evaluate whether the dose of apocynin 5 mg/kg, would also
be effective in reducing the mLFPI-induced inflammation in the
ipsi lateral cortex, we subjected the mice to the same protocol
wreatment and investigated the brain edema and IL-1p5, TNF-o
and NO, content in the ipsilateral cortex at time points of 3 h
and 1day after injury. The results shown in Fig. 4, revealed that
mLFPl induced an increase in ipsi lateral levels of IL-1p
[F(1,44)=2841; p<0.001; Fig. 4A], TNF-a |[F(1,44)=9.62;
p<0.01; Fig. 4B], NO, [F(1,44)=33.66; p<0.001; Fig. 5C] and
water content |F(1,32)=62.56; p<0.001; Fig. 4D|. Notably, the
levels of IL-1p [F(1,44)=4.19; p<0.05] and NO, [F(1,44) =11.67;
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p<0.01] obtained at 1day were higher than the values obtained
at 3 h, but no effect of time on TNF-u levels was found. On the
other hand, contrary to that which we expected, the water content
found at 3h was greater than that found at 1day after injury
[F(1,32)=7.28; p<0.05]. The apocynin (5 mg/kg; s.c.) treatment
also significantly attenuated mLFPl-induced increase in NO,
content [F{1, 44)=8.11; p<0,01; Fig. 4C|, reduced the IL-1B
[F(1,44)=4.23; p<0.05; Fig. 4A] and TNF-u content [F(1,44)=
4.50; p<0.05; Fig. 4B]. It was interesting to note that, apocynin
did not significantly decrease the brain edema resulting from
mLFPI [F(1,32)=1.32; p>0.05; Fig 4D|.

3.4. Effect of apocynin on oxidative damage

It is well known that NADPH oxidase is a pro-oxidant enzyme,
and this is why we decided to evaluate the effects of inhibiting it
with apocynin, on the oxidative stress caused by trauma, as is dem-
onstrated in Fig. 5. The statistical analyses showed that mLFPI in-
aeased the content of protein carbonyl [F(1,48)=17.99;
p<0.001; Fig. 5B), TBARS [F(1,48) = 3.58; p < 0.05; Fig. 5A], in addi-
tion to decreasing Na*, K* ATPase activity [F(1,48)=9.13; p<0.01,
Fig. 5C], an enzyme sensitive to oxidative stress (Lima et al., 2008;
Mota et al., 2012; Souza et al., 2009). In contrast with the results of
the inflammatory parameters, we did not find any effect of time on

Table 2

Anxiolitic or anxiogenic like behavior 7 days after mLFPI.
Group %T.0 % No. EO. %TE % No.EE, %T.M. N
Shamjvehicle 10332 2131£3.1 763 £4.0 787 %31 134221 [
Sham/Apo 5 mg/kg 131224 28.0%2.8 66.1 2.8 720+28 208386 [
TBl{vehicle 14.0 3.0 284 4.8 71.0x44 716+48 152£3.1 [
TBI/Apo 0.053 mg/kg 11318 17.9+4.0 708%25 82.1+4.0 17.9+3.2 [
TBl{Apo 0.5 mg/kg 12444 262267 67.8 4.6 738+6.7 19.9+3.9 [
TBljApo 5 mg/kg 152 %41 249+53 72745 75153 121+14 7

% T.0. percent of time spent in apen arms: % Na. EO. percent of number of entries in open arms: % T.E percent of time spent in enclased arms: % Na. EE percent of number of entries in enclosed arms. % T.M. percent of time spent in

the central area
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Fig. 4. Apocynin (5 mg/kg, s.c.) attenuates the mLFPl-induced increase in [L-1f {A), TNF-2 (B) and NO, (C), but have no effects on water content (D) 3 h and 1 day after brain
lesion. Values represent mean + S.EM. for n =5-7 per group. *P < 0.05 compared with Shamjvehicle groups. *P < 0.05 compared with TBl/vehicle groups (three way Anova).
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Fig. 5. Apocynin {5 mg/kg, s.c.) attenuates the mLFPl-induced increase in TBARS
(A); protein carbonyl content {B) and inhibition of Na*, K*, ATPase activity (C) 3 and
24 h after neuronal injury. Values represent mean + SEM. for n=7 per group.
*P < 0.05 compared with Sham/vehicle groups. *P < 0.05 compared with TBljvehicle
groups (three way Anova).

TBARS |[F(1,48)=131; p>0.05] or on protein carbonyl content
[F(1,48) =0.21; p > 0.05). However, the inhibition of Na™ K™ ATPase

activity at 3h was higher than it was at 1day after trauma
|F(1,48)=6,18; p<0.05]. Our data also demonstrated that

apocynin (5mg/kg; s.c.) attenuated the increase in TBARS
|F(1,48)=16.36; p<0.001; Fig. 5A] and in protein carbonyl
|F(1,48) =4.91; p < 0.05; Fig. 5B] induced by mLFPL This treatment
was also able to attenuate Na/K ATPase inhibition, an enzyme sen-
sitive to oxidative stress, induced by mLFPI |[F(1,48)=5.24;
p < 0.05; Fig. 5C].

3.5. Apocynin reduces the cortical lesion volume

It is well known that acute inflammatory and oxidative brain
damage contribute to cell death after TBL. Thus, we decided to eval-
uate whether the Apocynin treatment also reduces the brain lesion
volume 7 days after injury. Statistical analyses demonstrated that
mLFPI induced a large cortical injury [F(1,20) =54.12; p < 0.0001;
Fig. 6A], as shown by the representative figures Fig. 6D (TBI/vehi-
cle; 15.2+1.8) vs. Fig. 6B (SHAM/vehicle; 2.8 0.6 mm?). The
treatment with Apocynin (5 mg/kg) significantly reduced the le-
sion volume induced by trauma [F(1,20)=4.711; p<0.05;
Fig. 6A] as demonstrated by representative Fig. 6E (TBI/Apocynin;
8.2+1.8 1111113]. The treatment with apocynin also decreased the
small manipulation lesion present in sham/vehicle mice
[F(1,20) = 10.54; p <0.005]. The stereological analysis of lesions
also demonstrated that mLFPI induced a marked loss of gray mat-
ter and a perilesional area with several necrotic neurons. In some
cases, there was loss of white matter and moderate inflammatory
infiltrate composed primarily of neutrophils and hemorrhage. On
the other hand, in the sham animals we observed a focal and slight

loss of gray matter characterized by a moderate dimple in the neu-
ral parenchyma. Differently from groups TBI/vehicle, the trauma-
tized animals treated with apocynin showed a smaller level of
hemorrhage, inflammatory infiltrate and necrosis of neural tissue.
Fig. 7E-G shows representative images of other animals that also
corroborate the above mentioned stereological analysis. Image 7E
demonstrated the hemorrhagic focus in a TBIjvehicle mouse. Image
7F shows a TBI/vehicle mouse that contains neutrophil infiltration.
Image 7G corresponds to a TBI/Apocynin animal and demonstrates
the protective effects of apocynin, characterized by a minor hemor-
rhage, inflammatory infiltrate and necrosis of neural tissue (G).
These results corroborate the deleterious role of NADPH oxidase
in the inflammation and neurodegeneration induced by mLFPI.

4. Discussion

The results presented in this report revealed that treatment with
Apocynin, an efficient inhibitor of the NADPH-oxidase complex,
promoted protection against mLFPI-induced cognition impairment
but had no effect on neuromotor dysfunction. It is important to note
that all treatments used in this study did not alter locomotor and/or
anxiety-like behavior when analyzed 7 days after mLFPI, suggesting
that the effects elicited by apocynin cannot be attributed to locomo-
tor and/or anxiogenic-like behavior. Neurochemical analysis also
demonstrated that apocynin administration reduced the cytokine
release (IL-1p and TNF-o) and oxidative damage induced by mLFPI,
characterized here by the increase in NOx, TBARS and protein car-
bonyl content. Moreover, the protection observed against mLFPI-in-
duced Na®, K'-ATPase activity inhibition induced by acute apocynin
treatment reinforces the idea that the failure of some selected tar-
gets, caused by free radical attack, may increase cellular damage in
this model of TBI. Thus, our data revealed that mLFPI induced a
large cortical injury and that the treatment with apocynin signifi-
cantly reduced the lesion volume induced by trauma. Although
the antibiotic therapy used in this study had anti-inflammatory
and anti-apoptotic properties (Romano et al,, 2004), the positive re-
sults obtained with apocynin cannot be attributed to the antibiotic,

since control animals received de same treatment.
In CNS, the NADPH oxidase plays an important role in the normal

cellular processes of neurons, such as long-term potentiation (LTP)
and hippocampus-dependent memory (Infanger et al., 2006). On
the other hand, under pathological conditions, an over-activation
of NADPH oxidase contributes significantly to the pathology of TBI
via a complex cascade of biochemical events that lead to neuroin-
flammation, oxidative stress and delayed cell death (Harting et al.,
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Fig. 6. Apocynin (5 mg/kg, s.c.) attenuates the mLFPl-induced brain lesion. The various analyzed bregma levels to the rostral/caudal lesion distribution of TBI/vehicle (A) and
of TBI/Apocynin (B). Effects of apocynin lesion volume (mm?*}induced by mLFPI (C). Representative images of groups Sham/vehicle (D) Sham/Apocynin (E) TEl/vehicle (F) and

TBljApocynin (G). Values represent mean +S.EM. for n =6 per group. *P <0.05 compared with Sham/vehicle group. *P <0.05 compared with TBl/vehicle group (two way
Anava).

Fig. 7. Effect of apocynin on TBl-induced damage in the cerebral cortex. H&E staining demonstrates the anatomical and cellular differences between groups. Sham/vehicle
(A): ShamjApocynin (B); TBI/vehicle (C); TEI/Apocynin {D); image of a TBI/vehicle mouse showing hemorrhagic focus (E); image of a TBI/vehicle mouse showing neutrophil
infiltration in TEl/vehicle mice (F): image of 2 TBI/Apocynin mouse showing minor hemorrhage, inflammatory infiltrate and necrosis of neural tissue (G).
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2008; Lotocki et al., 2004). There are experimental evidences that
corroborate this sentence, which indicate the effective involvement
of NADPH oxidase-dependent ROS generation in the activation of
transcriptors, (nuclear factor-kB (NF-kB), pro-inflammatory cyto-
kine and prostaglandin E2 production in microglial cells (Yang
et al., 2007) as well as the microglial proliferation induced by pro-
inflammatory cytokines [ Mander et al., 2006). Furthermore, it has
been shown that the inhibition of NADPH oxidase-dependent redox
signaling by apocynin significantly decreases the iNOS expression in
microvascular endothelial cells (Wu et al., 2008), and that gp91Phex
knockout mice have a reduced up regulation of iNOS after ischemic
stroke (Chen et al,, 2011), Likewise, our results showed that acute
treatment with apocynin was effective against the increase in IL-
1B, TNF-o and NO, when analyzed at time intervals of 3 and 24 h
after brain injury. These data suggest that the reduction in ROS con-
tent resulting from NADPH oxidase inhibition affected the intracel-
lular signaling that triggers the production of inflammatory
mediators.

In the present study we revealed for the first time that an alter-
ation in the profile of cerebral inflammatory status induced by
apocynin limits long-term secondary degeneration, here character-
ized by cognitive impairment. The apocynin treatment also pro-
tected against mLFPl-induced protein carbonylation, increase in
TBARS and Na*, K*-ATPase inhibition. Considering that the Na*,
K*-ATPase enzyme is especially sensitive to oxidative stress (Lima
et al., 2009, 2008; Souza et al.,, 2009) and its inhibition induces spa-
tial learning deficits (Zhan et al., 2004) it is possible that NADPH
oxidase ROS production is involved in the decrease in Na*, K*-ATP-
ase activity and thereby contributes to later cognitive deficit elic-
ited by mLFPIL

It has long been known that the Na“, K*-ATPase activity is par-
ticularly sensitive to reactive species, which alter plasma mem-
brane lipid composition (Jamme et al., 1995) and the redox state
of regulatory sulfhydryl groups (Morel et al., 1998). In this context,
both oxidative and nitrosative stress induce protein carbonylation
(Dean et al., 1997) which is related to increased susceptibility to
proteolysis and marked impairment of protein functionality
(Dalle-Donne et al.,, 2006). From the biochemical point of view,
the most important consequence of oxidarive modification is that
Na*, K*-ATPase molecules have lost the ability to interact with
one another, decreasing oligomeric structure formation and lead-
ing to subsequent suppression of the rate of hydrolysis (Dobrota
et al., 1999). Thus, the effective protection exerted by apocynin
against mLFPI-induced Na*, K*-ATPase inhibition provides a possi-
ble mechanism by which the early blockade of NADPH oxidase pre-
vents the progression of secondary brain damage. Corroborating
this hypothesis, we performed a histological analysis 7 days post
trauma (the time in which memory deficits were developed). Our
experimental findings showed that mLFPI induced neural damage
here characterized by an increase in lesion volume, and that the
treatment with apocynin was effective in reducing lesion volume
when analyzed 7 days after injury. The beneficial effects of this
drug were also observed on the small manipulation lesion present
in sham animals, reinforcing the protective action of this drug on
general brain injuries, These results corroborate those of previous
studies that have shown the significant role of NADPH oxidase in
ROS generation, oxidative stress damage and neuronal cell death
following TBI (Choi et al., 2012). Furthermore, the ability of apocy-
nin to reduce neuronal cell death, neurological impairment and
mortality in the stroke studies reinforces the assumption that the
beneficial effects of Apocynin are specially due to the inhibition
of NADPH oxidase (Jackman et al., 2009).

It is interesting to note that we did not verify any protective ef-
fect of apocynin on brain warter content or against neuromotor dis-
ability induced by mLFPIL. The absence of beneficial results with
treatment with apocynin in brain edema could be indicative that

NADPH oxidase activity is not involved in the development of
brain edema induced by TBI. Although, there are experimental
findings demonstrating that apocynin (5 mg/kg; i.p.) and gp91ds-
tat treatment (another NADPH oxidase inhibitor) reduces brain
edema induced by cold brain injury and controlled cortical impact,
respectively (Jinnouchi et al., 2007; Zhang et al., 2012) our results
are in agreement with other previous studies that did not show
any reduction in brain water content with pre- or post-injury
treatments with apocynin in different brain injury models (Jack-
man et al., 2009; Lo et al., 2007; Tang et al., 2008). One possible
reason for these discrepant results is the low doses used in present
study and the different methodologies used. Therefore, further
studies are necessary to elucidate the involvement of NADPH oxi-
dase in the development of brain edema after TBIL. The results pre-
sented in this report also revealed that Apocynin treatment did not
alter transient motor dysfunction induced by mLFPI suggesting
that in this rauma model, the NADPH oxidase system is patholog-
ically relevant especially at more advanced stages when degener-
ative processes prevail. It is important to note that role of the
enzyme NADPH oxidase in the development of neuromotor deficit
induced by brain injury continues to be controversial. While some
authors have suggested that apocynin shows beneficial effects
when administered before ischemia (Jackman et al., 2009; Tang
et al., 2008) other studies obtained with gp91phox knockout mice
have demonstrated a harmful role (Tang et al., 2005) or no involve-
ment of this enzyme in neuromotor damage (Liu et al., 2007). In a
model of surgically-induced brain injury, the gp91°"* knockout
animals, but not the apocynin-treated mice demonstrated im-
proved neurological scores (Lo et al,, 2007). Conversely, in another
model of traumatic brain injury (controlled cortical injury) the
authors obtained improvements with apocynin (5 mg/kg; i.p)
treatment in neuromotor deficit and only a trend toward improve-
ments in spatial learning (Loane et al., 2013). Although the reason
for these disagreements cannot be established, the differences
between experimental models, as well as diversity of trearment
protocols (low doses, different time intervals of evaluation and
different routes of administration) may determine these
contradictions.

5. Conclusions

In summary, in the present study we showed that a single epi-
sode of mLFPI induced neurological dysfunction characterized by
early neuromotor dysfunction, neuroinflammation, oxidative
stress generation and Na*, K*-ATPase activity inhibition. These
modifications induced by mLFPI were followed by cognitive
impairment and brain lesion when analyzed 7 days after injury.
Our data also revealed that early treatment with Apocynin reduced
secondary brain damage and neurological deficits, here character-
ized by a reduction in recognition memory. Thus, the present study
indicates that post injury treatment with specific NADPH oxidase
inhibitors, such as apocynin, may provide a new therapeutic ap-
proach to the control of neurological disabilities induced by TBIL.
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4.1 DISCUSSAO

O sistema calicreina-cininas representa uma cascata que, quando ativada, desencadeia
a liberacdo de cininas. Sabendo-se que todos os componentes do sistema calicreina-cininas
estdo amplamente expressos no SNC (FRANCEL, 1992; WALKER, PERKINS e DRAY,
1995; THORNTON et al., 2010), espera-se que, apos a lesdo cerebral, as cininas (BK e a KD)
sejam geradas a partir de seus respectivos cininogénios (THORNTON et al., 2010). Nesse
sentido, os resultados experimentais aqui apresentados apoiam a proposi¢do acima, visto que
o0 trauma moderado induzido por PFL aumentou o contetido de cininas 3 horas, 6 horas e 1 dia
ap6s a lesdo. Tais resultados orientaram a escolha dos horarios para a intervencdo
farmacoldgica anti-cininas. Desse modo, apés efetuar duas administracdes subcutaneas (30
min e 24 horas apo6s lesdo) de antagonistas dos receptores B; e B,, seus efeitos foram
avaliados sobre os parametros comportamentais (neuroescore e memoria de reconhecimento
de objetos), de inflamac&o e de estresse oxidativo. As analises bioquimicas foram realizadas 2
horas e 30 minutos apds cada tratamento. Ja os testes comportamentais foram executados em
tempos escolhidos a partir de curvas de tempo. Os resultados das referidas curvas apontaram
os tempos de 3 horas, 6 horas e 1 dia apés a lesdo como melhores para o teste de neuroescore,
enquanto 7 dias ap6s a lesdo mostrou-se um bom tempo para o teste de memoria.

Desta forma, o presente trabalho demostrou que o HOE-140 reduziu o aumento dos
niveis de citocinas (IL-1p e TNF-a) causado pelo TCE induzido por PFL quando analisados 3
horas e 1 dia ap0s a lesdo. A literatura atual suporta o efeito anti-inflamatorio do bloqueio
farmacologico do receptor B,. SU et al. (2009) verificaram que o tratamento com bradyzide
ou SSR240612 (ambos antagonistas B,R), semelhantemente, atenua o aumento de TNF-a ¢
PGE, apds lesdo cerebral isquémica. O LF16-0687Ms , outro antagonista B;R, também
diminui a sintese de prostaglandina E, ap6s trauma induzido por modelo de LCF
(KAPLANSKI et al., 2003).

Da mesma forma, verificou-se que o trauma por PFL aumentou o conteldo de 4gua no
hemisfério ipsilateral 3 horas e 1 dia apds a lesdo, coincidindo com aumento do contetido de
cininas. Em concordancia com a literatura atual (STOVER, DOHSE e UNTERBERG, 2000;
GORLACH et al., 2001; PLESNILA et al., 2001; HELLAL et al., 2003; KAPLANSKI et al.,
2003; IVASHKOVA et al., 2006; TRABOLD et al., 2010), o blogueio do receptor B, foi

efetivo em reduzir o edema cerebral induzido pelo trauma. Assim, 0S nossos achados
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reforcam o envolvimento das cininas no edema cerebral pos-traumético e sugerem um
importante papel para o B;R nesse problema associado ao TCE.

O modelo de TCE experimental utilizado aumentou os niveis de NOx no coértex
ipsilateral dos animais lesionados. Sabe-se que a producdo excessiva de NO induz a nitracéo
de proteinas, exacerbacdo da lesdo cerebral e déficit cognitivo em diversos modelos
experimentais de TCE (WADA, CHATZIPANTELI, BUSTO, et al., 1998, WADA,
CHATZIPANTELI, KRAYDIEH, et al., 1998; WADA et al., 1999; LU et al., 2003; GAHM
et al., 2006). Dessa forma, a reducdo nos niveis de NOx obtida com o tratamento com HOE-
140 reforga o papel danoso do B;R na fisiopatologia do TCE em camundongos.

Outro importante achado foi a constatacdo de que a lesdo traumatica ativa a enzima
NADPH-oxidase. Esse aumento deve-se, muito provavelmente, ao estimulo do B;R, tendo em
vista a acdo inibidora do HOE-140 sobre a referida enzima. De fato, a acdo estimulante da
bradicinina sobre a produgdo de EROs e atividade da NADPH-oxidase em diferentes tipos
celulares (GREENE, VELARDE e JAFFA, 2000; LIU et al., 2009; HSIEH et al., 2010; LIN
et al., 2012), ja é conhecida na literatura. Além disso, os achados aqui relatados indicam que
a inibicdo da NADPH-oxidase pode resultar em uma diminuicdo do estresse oxidativo
induzido pelo trauma. Isso porque o tratamento com HOE-140 também atenuou a
carbonilacdo de proteinas, o acimulo de TBARS e protegeu contra a inibicdo da atividade da
Na’, K" ATPase. Cabe relembrar que essa é uma enzima importante para a fungio neuronal e
altamente sensivel ao dano oxidativo. Além disso, a perda das propriedades eletrénicas dos
dendritos, causada pelo mau funcionamento da Na ¥, K © ATPase bloqueia 0 processamento
do sinal dentro do neurdnio, destruindo o processo de formacdo da memdria (DICKEY et al.,
2005). Tal fato indica um possivel papel para essa enzima no prejuizo de memdria de
reconhecimento de objetos. Embora o efeito do HOE-140 sobre a atividade da Na *, K *
ATPase tenha sido avaliado apenas 3 horas e 1 dia ap0s a lesdo, 0 mesmo tratamento preveniu
o0 desenvolvimento do déficit de memoria de reconhecimento de objeto quando analisado 7
dias apos a leséo.

Evidéncias experimentais recentes apoiam o envolvimento de muitas das alteracoes
bioquimicas descritas aqui em problemas de memoria resultantes de lesGes cerebrais.
Trabalhos tém mostrado que o bloqueio precoce de mediadores inflamatdrios, tais como TNF-
a e IL-1B, melhora a memoria em testes realizados apds o trauma (SANDERSON et al., 1999;
LONGHI et al., 2008; CLAUSEN et al., 2009; BARATZ et al., 2011). Nessa mesma linha de
raciocinio, roedores tratados com substancias antioxidantes tém menor déficit de memoria

quando comparados com os controles em modelos de trauma por ICC ou por PFL (ABDEL
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BAKI et al., 2010; AIGUO, ZHE e GOMEZ-PINILLA, 2010; SINGLETON et al., 2010),
atestando, assim, o papel do estresse oxidativo na deterioragcdo da memdria associada ao TCE.

Também ¢é possivel especular que a soma das a¢des protetivas obtidas com HOE-140
reduz a progressdo do dano secundario, resultando em uma menor lesdo cerebral, cuja
consequéncia poderia ser um melhor desempenho cognitivo. De fato, varios estudos
evidenciam uma relacdo entre a piora da memoria e a lesdo neural em diferentes espécies de
roedores submetidas ao trauma (HICKS et al., 1993; FOX et al., 1998; MARKLUND et al.,
2001; CLAUSEN et al., 2005; HAN et al., 2009; LEVY et al., 2009; ABDEL BAKI et al.,
2010; AIGUO, ZHE e GOMEZ-PINILLA, 2010; SINGLETON et al., 2010). Nesse contexto,
0s nossos resultados do presente estudo mostraram que o tratamento com HOE-140 foi eficaz
na reducdo do volume de lesdo cortical induzida pelo trauma. Esse achado confirma estudos
prévios que ja verificaram um papel protetor para o antagonismo do B;R na neurodegeneracéao
induzida por diferentes modelos de lesdo cerebral (GROGER et al., 2005; KLASNER et al.,
2006; TRABOLD et al., 2010; YANG et al., 2013).

Considerando que o tratamento com HOE-140 protegeu do aumento da atividade da
enzima NADPH-oxidase apds a lesdo, postulou-se que o efeito protetor obtido com o
antagonista do B,R poderia dever-se & sua acdo sobre a referida enzima. Na tentativa de
provar essa possibilidade, foi realizado um segundo estudo utilizando a apocinina, um
conhecido inibidor da NADPH-oxidase.

Os resultados do segundo trabalho apoiam a hipétese levantada, pois demonstraram
gue o tratamento com apocinina apresenta efeitos bastante semelhantes aos obtidos com o
HOE-140. Analisando os resultados do referido trabalho, vemos que a apocinina atenuou o
déficit de memdria de reconhecimento de objetos, reduziu o aumento da carbonilacdo de
proteinas, o contetido de TBARS e a inibi¢do da Na ¥, K * ATPase induzidos pelo TCE. Esses
resultados encontram-se de acordo com a literatura, pois alguns trabalhos ja demostraram uma
diminuigéo do estresse oxidativo com o tratamento com apocinina em diferentes modelos de
leséo cerebral (CHOI, B. Y. et al., 2012; CHOI, S. H. et al., 2012; ZHANG et al., 2012).

O tratamento com apocinina também atenuou o aumento dos niveis de IL-1p, TNF-a ¢
NOx causado pelo trauma por PFL. De fato, h& um vasto conjunto de resultados
experimentais evidenciando o envolvimento das espécies reativas na ativacdo do NF-kB e das
MAPKSs, os quais sabidamente aumentam a expressdo de genes pré-inflamatorios (HADDAD,
2002; HADDAD e LAND, 2002; HSU e WEN, 2002; RYAN et al., 2004; RAHMAN e
ADCOCK, 2006). Também tem sido demonstrado que a atividade da NADPH-oxidase esta

envolvida na ativacdo das MAPKs e do NF-kB, no aumento mediadores pro-inflamatorios
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(YANG et al., 2007), e na proliferacdo da micrdglia induzida por citocinas (MANDER,
JEKABSONE e BROWN, 2006). A literatura dispOe ainda de trabalhos que relatam uma
relacdo entre a atividade de NADPH-oxidase e a producdo de NO em diferentes tipos de
celulares. Esses estudos demonstram que a inibicdo da sinalizacdo redox dependente da
NADPH-oxidase pela apocinina diminui significativamente a expressdo de iNOS em ceélulas
endoteliais (WU, TYML e WILSON, 2008) e em modelo de pleurisia em camundongos
(IMPELLIZZERI et al., 2011). Também foi demonstrado que camundongos knockout
gp91phox tem uma reducdo da expressdo da iINOS ap0s acidente vascular cerebral isquémico
(CHEN et al., 2011). Assim ¢é plausivel que a inibicdo da NADPH-oxidase causada pelo
HOE-140 e pela apocinina afete a sinalizacdo intracelular que desencadeia a producdo de
mediadores inflamatdrios, resultando em uma menor resposta inflamatoria.

Da mesma forma que o HOE-140, o tratamento com a apocinina preveniu o déficit de
memoria induzido pelo trauma sete dias apés a lesdo. O presente resultado confirma trabalhos
anteriores que mostraram que a inibicdo da NADPH-oxidase é protetora contra o prejuizo de
mem©aria dependente de hipocampo em animais com isquemia cerebral e TCE (RAZ et al.,
2010; SHEN et al., 2011; SONG et al., 2012). Sabe-se que as EROs estdo envolvidas na
sinalizagdo pro-inflamatéria e que, mediadores pro-inflamatorios medeiam o desenvolvimento
do déficit cognitivo induzido por TCE. Ademais, ao se levar em conta que a lesdo neural tem
uma relacdo com a piora da memdria em roedores, torna-se possivel que a menor lesdo
cerebral obtida com tratamento com a apocinina resulte em um déficit de memoria reduzido.
Em apoio a essa hipotese, foi demonstrado que o tratamento com apocinina reduziu também o
volume da lesdo cerebral induzido por trauma semelhantemente ao tratamento com HOE-140.
Assim, pode-se dizer que o tratamento com apocinina diminuiu a producdo de EROs e a
resposta inflamatéria, resultando em uma menor lesdo neural e consequentemente menor
prejuizo de memoria. Cabe ainda salientar que o tratamento com apocinina protegeu contra a
inibicdo da enzima Na*, K *-ATPase. Tendo em vista o envolvimento de Na*, K *-ATPase
nos mecanismos de plasticidade sinaptica como a potenciagdo a longo prazo, um prejuizo no
seu funcionamento via geracdo de EROs pode estar relacionado a um déficit de memoria
apos o TCE.

Por outro lado, o tratamento com apocinina nao obteve resultados significantes sobre
0 edema cerebral embora o tratamento com HOE o tenha. As causas para essa diferenca de
resultados ndo foram estabelecidas neste trabalho. Porém, uma possivel explicacdo seria uma
acdo do ByR, independente da atividade da NADPH-oxidase, no desenvolvimento do edema

cerebral induzido por TCE. Esses achados corroboram outros estudos, que ndo verificaram
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reducdo do edema com tratamento com apocinina realizados pré ou poés lesdo em diferentes
modelos de dano cerebral (LO et al., 2007; TANG et al., 2008; JACKMAN et al., 2009).
Entretanto, também existem resultados experimentais demonstrando que o tratamento com
apocinina (5 mg / kg, i.p.) e com gp9 ds tat (outro inibidor da NADPH-oxidase) reduzem o
edema induzido por lesdo cerebral criogénica ou por impacto cortical controlado
(JINNOUCHI et al.,, 2007; ZHANG et al., 2012). Assim, para melhor entender o
envolvimento da NADPH-oxidase no desenvolvimento de edema cerebral apds TCE, mais
estudos sdo necessarios.

Outro parametro comportamental avaliado foi a funcdo neuromotora. A deterioracao
da funcdo motora é uma conhecida consequéncia do TCE tanto em humanos, quanto em
modelos experimentais de ratos e camundongos. Assim, um claro, porém transitorio, déficit
motor foi observado nas primeiras 24 horas apds o trauma. Entretanto, nenhuma das drogas
testadas (HOE-140, DAL-BK, Apocinina) mostrou efeitos significativamente protetores sobre
a disfuncdo motora, embora, uma tendéncia sem significancia estatistica tenha sido vista com
o tratamento com Apocinina (5 mg/kg). Essa pequena diferenca entre os resultados
alcancados com HOE-140 e a apocinina pode ser um indicio de que a melhora na resposta
motora exija uma ampla inibicdo da atividade da NADPH-oxidase ap6s o trauma, a qual ndo
pode ser obtida com as doses testadas de HOE-140 e apocinina.

Portanto, levando-se em conta a ocorréncia dos seguintes fatores: a existéncia de uma
ligacdo entre o estimulo do B;R e 0 aumento da atividade da enzima NADPH-oxidase em
culturas de astrdcitos (LIU et al., 2009; HSIEH et al., 2010; AKITA e OKADA, 2011; LIN et
al., 2012); a inibicdo da NADPH-oxidase causada pelo antagonista do B,R; e a semelhanca
entre os resultados obtidos com o0 HOE-140 e com a apocinina, pode-se sugerir que os efeitos
danosos do B;R envolvem pelo menos em parte o aumento da atividade da enzima NADPH-
oxidase.

Corroborando a referida conclusao, um trabalho recente demonstrou que a estimulacao
de astrocitos com bradicinina leva a produgdo de mdaltiplos mediadores inflamatérios, cujo
contato com neurénios induziu a apoptose dos mesmos. Os efeitos da bradicinina foram
revertidos na presenca do antioxidante N-acetilcisteina (YANG et al., 2013). Assim, sugere-se
que tanto B,R quanto a enzima NADPH-oxidase estdo envolvidas no dano secundario
associado ao TCE experimental, embora mais estudos nessa area ainda sejam necessarios para

pavimentar essa proposicao.
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5.1. CAPITULO I:

A) A lesdo cerebral induzida por PFL causa um prejuizo motor transitério que perdura por até
1 dia ap0s a lesdo, enquanto o déficit de memoria se estabelece apenas 7 dias apds leséo;

B) O TCE moderado induzido por PFL causa um aumento nos niveis de cininas que se
estabelece nos tempos de 3 horas, 6 horas e 1 dia apds a lesdo, indicando que os melhores
momentos para o blogueio farmacologico dos receptores da BK concentram-se nas primeiras
24 horas ap0s 0 trauma;

C) O antagonismo farmacoldgico do B;R reduz os efeitos deletérios das cininas sobre déficit
cognitivo causado pelo TCE moderado induzido por PFL, entretanto nenhum dos antagonistas
testados parece exercer efeitos na disfuncdo motora causada por essa lesdo cerebral;

D) O antagonismo farmacol6gico do B;R reduz a neuroinflamacéo (liberagdo de IL-1f, TNF-
a, NO e formacdo de edema) desencadeada pelo TCE moderado induzido por PFL em
camundongos;

E) O antagonismo farmacoldgico do B2R reduz o aumento da atividade da NADPH-oxidase
desencadeada pela pelo TCE moderado induzido por PFL em camundongos;

F) O antagonismo farmacolégico do B;R reduz o aumento do estresse oxidativo (aumento do
contetido de proteinas carboniladas, de TBARS e diminuicdo da atividade da Na*, K*
ATPase) causado pelo TCE moderado por PFL em camundongos;

G) O antagonismo farmacologico do B;R reduz a progresséo da leséo cortical (volume de
lesdo) causada pelo TCE moderado induzido por PFL em camundongos.
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5.2. CAPITULO II:

A) A inibigdo farmacoldgica da NADPH-oxidase com a apocinina reduz o déficit de
memoria, porém parece nao participar significantemente do déficit motor causado pelo TCE

induzido por PFL em camundongos;

B) A inibicdo farmacologica da NADPH-oxidase com a apocinina reduz a
neuroinflamacéo (liberagéo de IL-1p, TNF-a, NO) causada pelo TCE induzido por PFL em
camundongos, porém parece ndo participar da formacao do edema cerebral desencadeado por

essa lesdo;

C) A inibicdo farmacol6gica da NADPH-oxidase com a apocinina reduz o estresse
oxidativo (conteido de proteinas carboniladas, TBARS e inibicdo da Na’, K* ATPase)

causado pelo TCE induzido por PFL em camundongos;

D) A inibicdo farmacolégica da NADPH-oxidase com a apocinina reduz a progressao

da lesdo cortical (volume de lesdo) causada pelo TCE induzido por PFL em camundongos.
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5.3. CONCLUSAO FINAL

Apocinina
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Figura 8 — Representacdo esquematica da concluséo da presente Tese. A estimulagio do B,R ativa
a NADPH-oxidase que, ao produzir EROs, induz estresse oxidativo e expande a resposta inflamatdria. A soma

dessas ac¢Oes amplifica a lesdo do parénquima neural que se repercute em um prejuizo de meméria.

O modelo experimental de TCE moderado induzido por PFL causa a producdo de
cininas em camundongos. Essas, por acdo do B,R e possivelmente da NADPH-oxidase,
induzem neuroinflamacdo e estresse oxidativo. Os referidos fatores podem estar envolvidos
na progressdo da lesdo cortical a qual pode repercutir na deterioracdo da memdria de
reconhecimento de objetos. Assim, 0 B;R e a NADPH-oxidase podem ser alvos promissores
para farmacoterapias aplicadas ao TCE humano, embora mais estudos nessa area ainda sejam

necessarios. A figura 8 sumariza a conclusdo do presente estudo.
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