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Resumo 

 

Venenos animais são fontes de substâncias neuroativas, algumas capazes de provocar paralisia e 

convulsão em mamíferos, com visível ação no sistema nervoso central (SNC). O veneno da aranha 

Phoneutria nigriventer (PNV) é composto por neurotoxinas que causam, experimentalmente, 

permeabilização da barreira hematoencefálica (BHE). A BHE é uma entidade tanto física, quanto 

molecular, composta pelos microvasos sanguíneos cerebrais, pelos pés astrocitários e pericitos 

adjacentes engajados no controle do tráfego de moléculas na interface sangue-cérebro. A BHE, embora 

imprescindível à manutenção da homeostase no SNC, pode representar um obstáculo ao acesso de 

drogas terapêuticas ao microambiente neural. Nossa proposta foi investigar a ação sistêmica do PNV 

após 15 min, 2 e 5 h da injeção i.v. em ratos Wistar adultos através de: (1) alterações na expressão das 

proteínas juncionais, de efluxo e transportador de glicose da BHE; (2) alterações na expressão da 

proteína conexina-43 (constituinte das junções comunicantes) e da proteína fosfatase pPP2A, uma vez 

que a fosforilação de resíduos de tirosina das proteínas juncionais tem papel no controle da integridade 

paracelular; (3) ativação de vias neuronais e sua modulação pelo óxido nítrico (NO). (4) Reação 

inflamatória e gliose reativa de astrócitos in vivo e in vitro e sua possível modulação pelo NO, (5) 

Purificação e identificação de toxinas do PNV com ação na BHE. A expressão das proteínas juncionais 

encontrava-se diminuída aos 15 min e 2 h, porém às 5 h pós-PNV a expressão das proteínas investigadas 

estava total ou parcialmente recuperada, sugerindo ser esse um dos mecanismos de abertura da BHE. 

Igualmente, a expressão da proteína de efluxo aumentou indicando mecanismo de clearance do agente 

tóxico. A expressão da conexina-43, e da pPP2A estavam aumentadas aos 15 min e diminuída às 5 h da 

injeção do PNV, mostrando não só que as comunicações célula-célula e o mecanismo de adesão célula-

célula foram afetados, mas também que as alterações podem ser transitórias. Ademais, vias neuronais 

foram ativadas em áreas motoras e em núcleos do hipotálamo o que explicaria o comprometimento 

motor (convulsão, paralisia) e os sinais neurovegetativos (sialorréia, hipertensão, estresse respiratório, 

edema pulmonar, anúria) vistos em animais envenenados. Muitas dessas vias apontam modulação 

nitrérgica dos sinais tóxicos do envenenamento, uma vez que a inibição da síntese de NO pelo 7-

nitroindazol (7-NI) diminuiu a ativação neuronal em algumas áreas e exacerbou em outras. Os astrócitos 

incubados com PNV, corroborando com estudos in vivo, expressaram citocinas pró-inflamatórias e 

apresentaram gliose reativa, porém a inibição da síntese do NO atenuou esses efeitos, confirmando que o 

NO tem um importante papel nos efeitos do PNV. Toxinas F8a-1 e F10a-1, purificadas do PNV, foram 

identificadas como responsáveis pela permeabilização da BHE, embora não esteja excluída a 

contribuição de outros componentes. O entendimento da ação do PNV e de suas toxinas no tecido neural 

e na BHE pode contribuir para o desenvolvimento de ferramentas úteis para uso clínico e em pesquisa. 

 

 

 

 



 viii 

Abstract  

 

Animal venoms are source of neuroactive substances, some of them able to provoke paralysis and 

convulsion in mammals, indicating action on the central nervous system (CNS). The Phoneutria 

nigriventer spider venom (PNV) is composed of neurotoxins that cause, experimentally, blood-brain 

barrier (BBB) permeabilization. The BBB is both a physical and molecular entity, constituted by the 

cerebral microvessels and surrounding astrocytic end-feet and pericytes, all involved in the control of the 

traffic of molecules at the blood-brain interface. Even so the BBB presence is essential for the 

maintenance of CNS homeostasis; it also represents an obstacle for the therapeutical drugs access into 

the neural microenvironment. Our proposal was to investigate acute changes (15 min, 2 and 5 h) after 

PNV i.v. injection in adult Wistar rats through evaluation of the: (1) alterations in the expression of the 

BBB-junctional proteins, -efflux proteins, and -glucose transporter; (2) alterations in the expression of 

connexin-43 protein (gap junctions constituent) and protein phosphatase 2A (pPP2A, since 

phosphorylation of tyrosine
 
residues from junctional proteins

 
plays a role in controlling junctional 

integrity); (3) activation of neuronal pathways and its modulation by the nitric oxide (NO). (4) In vivo 

and in vitro astrocytes inflammatory reaction and reactive gliosis after incubation with PNV and its 

possible modulation by NO. (5) Purification and determination of BBB-acting from toxins PNV. The 

expression of the junctional proteins was diminished at 15 min and 2 h post-PNV exposure; however at 5 

h the expression of most of the proteins investigated was total or partially recovered, suggesting that this 

might be one of the BBB opening mechanisms. Similarly, the venom increased the efflux protein 

expression, indicating ongoing clearance of toxic agents from the neural tissue. The expression of both 

connexin-43 and pPP2A increased after 15 min and diminished after 5 h of PNV injection, showing not 

only that cell-cell communication and cell-cell adhesion mechanism were affected, but that these 

alterations were transitory. Activated neuronal pathways have been observed in brain motor areas and 

hypothalamic nucleus, explaining the motor impairment (convulsion, paralysis) and neurovegetative 

signs (salivation, hypertension, respiratory stress, pulmonary edema, anuria) observed in the envenomed 

animals. Many of these neuronal pathways point to a nitrergic modulation of the envenomed toxic signs, 

since that NO synthesis inhibition by 7-nitroindazol (7-NI) decreased the neuronal activation in some 

areas and enhanced in others. The astrocytes incubated with PNV, in agreement with in vivo studies, 

expressed pro-inflammatory cytokines and presented reactive gliosis, however the pretreatment with 7-

NI attenuated these effects, confirming that NO have an important role in the PNV effects. The F8a-1 

and F10a-1 toxins, fractionated from the crude PNV, were identified as responsible by BBB 

permeabilization; despite, other venom components contribution can not be discarded. The 

understanding of the action of the venom of Phoneutria nigriventer and its toxins in the neural tissue and 

BBB can contribute for the development of useful tools for clinical and research purposes. 
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Organização da tese 

 

Este exemplar de tese está estruturado em quatro capítulos: 

  

 O Capítulo I apresenta uma introdução geral ao tema central da tese, “ação do veneno da 

aranha Phoneutria nigriventer (PNV) na barreira hematoencefálica (BHE) e no tecido neural 

(ativação neuronal, reação astrocitária e papel do óxido nítrico)”. Além da Introdução, o Capítulo I 

contém os objetivos da tese. A Introdução foi organizada de forma a contemplar uma revisão sobre 

aspectos morfológicos, moleculares e funcionais dos componentes da BHE; a ação do PNV no 

tecido neural, periférico e central, e em particular na BHE (fruto de pesquisas do nosso 

laboratório). Por fim, foram abordados aspectos das funções biológicas do óxido nítrico, uma vez 

que esse gás parece ter um papel fundamental no mecanismo de ação do PNV no sistema nervoso 

central. 

   

 O Capítulo II contém resultados que deram origem a quatro trabalhos científicos, um 

deles envolvendo dois alunos de graduação, bolsistas de Iniciação Científica. Os artigos 1 e 2 estão 

mais diretamente relacionados a mecanismos que levam à permeabilização da BHE na vigência da 

presença sistêmica do PNV:  

 

1- Phoneutria nigriventer venom impairs expression of junctional proteins in blood-

brain barrier through phosphatases deactivation pathway; e  

2- Cx43, MRP1 and GLUT1 proteins involved in neuro-glial interaction are targets of 

the Phoneutria nigriventer spider venom.  

 

Os resultados abordando a ativação de vias neuronais, a neuroinflamação e o papel do 

óxido nítrico no mecanismo de ação do veneno compõem os artigos 3 e 4:  

 

3- NO signaling mediates the neurotoxic effects of Phoneutria nigriventer spider 

venom in multiple brain regions of the rat; e  

4 -Cultured astrocyte activation by Phoneutria nigriventer. A conversation with nitric 

oxide. 

 

O Capítulo II é finalizado com a apresentação de dados parciais, sobre a ação de frações 

purificadas do PNV na BHE. Esse trabalho está em andamento, porém julgamos por bem incluí-lo 

na descrição das atividades de tese, uma vez que fazia parte de nosso projeto original. Esses 

resultados parciais estão apresentados em português, sob o título: Purificação de toxinas do veneno 

de P. nigriventer e identificação de componentes responsáveis pela permeabilização da BHE. 
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O Capítulo III traz uma discussão geral dos resultados obtidos no desenvolvimento desta 

tese, as conclusões e a lista das referências bibliográficas utilizadas na introdução e na discussão 

geral. 

 

O Apêndice traz artigo recém publicado, contendo resultados que foram obtidos durante o 

mestrado da aluna Gabriela Mariotoni Zago, mas cujos experimentos, além de terem sido 

executados com a participação da aluna Catarina Rapôso, foram posteriormente ampliados com 

experimentos adicionais, realizados durante o período do presente trabalho de doutorado. O artigo 

foi intitulado:  

 

5 -Neuroinflammation and astrocytic reaction in the course of Phoneutria nigriventer 

(armed-spider) blood–brain barrier (BBB) opening, Neurotoxicology 30 (2009) 636-646. 

 



Capítulo I 

 1 

INTRODUÇÃO 

 

1. Barreira hematoencefálica: constituição e fisiologia 

 

1.1.Estrutura e função 

 

 A barreira hematoencefálica (BHE) é uma entidade tanto física, quanto molecular, responsável 

por controlar o tráfego de moléculas na interface sangue-cérebro. O principal componente da barreira 

física (via paracelular) é o endotélio dos microvasos cerebrais, o qual apresenta alta resistência elétrica e 

contato interendotelial fortemente vedado. Além disso, os prolongamentos dos astrócitos perivasculares, 

envolvendo a membrana basal endotelial e os pericitos vasculares contribuem para impedir o trânsito livre 

de macromoléculas (Rubin et al., 1991, Kacem et al., 1998). A barreira molecular (via transcelular) 

envolve receptores de membrana e um conjunto de carreadores específicos, presentes na bicamada 

lipídica e no citoplasma adluminal do endotélio.  

 Essa barreira física e molecular funciona como um regulador dinâmico do balanço de íons, um 

facilitador do transporte de nutrientes e uma barreira às moléculas potencialmente prejudiciais. Para 

alcançar essa função de barreira seletiva, a fenda interendotelial da microvasculatura cerebral é 

caracterizada pela presença do complexo juncional, que inclui junções aderentes (JAs) (Schulze & Firth, 

1993), junções de oclusão (JOs) (Kniesel & Wolburg, 2000; Wolburg & Lippoldt, 2002) e possivelmente 

junções comunicantes (gap) (Tao-Cheng et al., 1987; Braet et al., 2001; Simard et al., 2003). Enquanto as 

junções gap medeiam a comunicação intercelular, as demais, JAs e JOs, agem restringindo essa passagem 

e, por consequência, apenas a via através do citoplasma endotelial é usada para as trocas na interface 

sangue-cérebro (Bazzoni & Dejana, 2004). Entretanto, essa rota transendotelial exerce um transporte 

altamente seletivo de substâncias, que é dependente, em grande medida, de receptores de membrana e 

carreadores altamente específicos (Lok et al., 2007). 
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Portanto, pela sua estrutura peculiar, os vasos sanguíneos cerebrais são o componente principal da 

BHE (Figura 1). As JOs entre as células endoteliais são compostas pelas proteínas: ocludina, claudinas, 

ZO-1, ZO-2, ZO-3, cingulina, AF6, 7H6; as JAs são constituídas pelas caderinas, cateninas, vinculina e -

actinina; Há ainda as moléculas de adesão juncional (JAMs) (Ozaki et al., 1999; Wolburg & Lippoldt, 

2002; Hawkins & Davis, 2005) (Figura 2). O citoplasma das células endoteliais tem espessura uniforme, 

com vesículas pinocíticas e sem fenestrações (Abbott, 2005). Portanto, as células endoteliais dos vasos 

sanguíneos cerebrais diferem das presentes em vasos periféricos por serem contínuas (livres de 

fenestrações) e possuírem JOs extensas e altamente resistentes, vedando, portanto, a via paracelular ao 

tráfego de moléculas.  

A BHE é responsável pela manutenção do microambiente neuroparenquimal, protegendo o tecido 

neural contra toxinas e variações na composição do sangue, além de exercer um importante papel no 

transporte de nutrientes para o cérebro, através de um sistema altamente controlado mediado por 

transportadores e receptores, os quais selecionam moléculas que podem atravessar o citoplasma 

endotelial. As proteínas transportadoras de influxo asseguram a entrada de nutrientes, tais como 

Figura 1: Microvaso cerebral (barreira hematoencefálica) – Os capilares cerebrais são envolvidos 
por diferentes tipos de células e pela membrana basal e apresentam complexo juncional bem 
desenvolvido entre as células endoteliais (Adaptado de Miller, 2002). 
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aminoácidos (por exemplo, LAT1 e sistema L de grandes aminoácidos neutros), nucleosídeos e 

nucleobases e glicose (Begley & Brightman, 2003; para revisão ver Persidsky et al., 2006). A glicose, por 

exemplo, o principal combustível para as células cerebrais, acessa o cérebro por difusão facilitada, via 

transportadores da família GLUT, localizados na membrana plasmática adluminal e adluminal das células 

endoteliais.  

 

 

 

Por outro lado, substâncias prejudiciais e até mesmo drogas terapêuticas não são capazes de 

atravessar os vasos sanguíneos cerebrais, devido à existência de um sistema de proteínas de efluxo. As 

proteínas transportadoras de efluxo removem eficazmente compostos através das células endoteliais, de 

volta ao sangue. A glicoproteína P (Pgp) é uma proteína transportadora de efluxo expressa pelas células 

endoteliais da BHE, pelos astrócitos e micróglia. As células endoteliais e a glia adjacente também 

expressam as proteínas de resistência a multidrogas (família de MRPs), entre outros transportadores de 

efluxo (Figura 3) (Para revisão, ver Liang & Aszalos, 2006).  

Figura 2: Via paracelular da BHE – Organização celular e molecular das junções entre células 
endoteliais (Adaptado de Giepmans, 2004). 
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A MRP1 foi primeiramente descrita por Cole et al. (1992). Essa proteína é um membro da 

superfamília dependente de ATP. Nos seres humanos, foi demonstrado que a MRP é uma família na qual 

sete homólogos foram identificados até agora (MRP1 – MRP7). Todos os membros da família MRP estão 

extensamente distribuídos na maioria dos tecidos humanos. Da família das MRPs, as isoformas MRP1 a 

MRP5 são expressos na BHE. As proteínas de efluxo podem significativamente afetar a farmacodinâmica 

e a farmacocinética das drogas. MRPs e Pgp têm um papel neuroprotetor em impedir a entrada e/ou o 

acúmulo de compostos tóxicos e drogas no tecido neural e contribuem para restringir a distribuição das 

drogas no organismo. Algumas drogas têm esses transportadores de efluxo como sítio alvo e podem ser 

usadas intencionalmente em propostas terapêuticas, para manipular a função das proteínas de efluxo, de 

modo que uma outra droga possa penetrar a BHE (que de outro modo seria removida pelos 

transportadores de efluxo antes que pudesse alcançar o seu alvo no tecido cerebral e exercer seu papel 

terapêutico) (Para revisão, ver: Liang & Aszalos, 2006). 

 

 

 

 

 

Portanto, a presença da BHE, embora seja imprescindível para a manutenção da homeostase 

(estado de equilíbrio) no sistema nervoso central (SNC), representa um imenso obstáculo para o efetivo 

acesso de drogas terapêuticas ao tecido neural. Muitas drogas potenciais, que são efetivas nos seus sítios 

Figura 3: Via transcelular da BHE – As membranas luminal e adluminal das células endoteliais, bem 
como a membrana dos astrócitos e micróglia apresentam receptores transmembrana, que funcionam 
no efluxo e influxo de substâncias, restringindo o acesso das mesmas ao tecido neural (Adaptado de 
Dallas et al., 2006). 
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de ação, têm falhado e têm sido descartadas durante seu desenvolvimento para uso clínico devido à falha 

na sua biodistribuição e biodisponibilidade ao SNC. Portanto, o baixo número de drogas que alcançam o 

sucesso terapêutico é principalmente devido à complexidade do desenvolvimento de drogas que sejam 

capazes de atravessar a BHE em quantidades adequadas. Métodos que aumentem o acesso de drogas ao 

cérebro, portanto, são de grande interesse farmacêutico. Várias estratégias têm sido desenvolvidas, 

incluindo métodos invasivos e não-invasivos, como a manipulação de drogas visando transformá-las em 

análogos lipofílicos, pró-drogas, acesso de drogas mediadas por carreadores, abertura osmótica ou acesso 

intracranial de drogas por administração via intracerebroventricular, intracerebral ou intratecal (Para 

revisão, ver Pathan et al., 2009). Portanto, substâncias capazes de permeabilizar os microvasos cerebrais e 

aumentar o acesso de agentes terapêuticos ao tecido neural têm sido estudadas.  

 

1.2. Astrócitos: papel na manutenção da BHE e na inflamação 

 

Além da proeminente presença de células endoteliais altamente seladas pelas proteínas das JOs e 

JAs e das integrantes do sistemas de transportadores de efluxo e de influxo, a BHE é composta por outros 

componentes estruturais: prolongamentos astrocitários (pés-vasculares) e membrana basal, que formam 

uma camada limitante perivascular, além dos pericitos, envolvidos pela membrana basal endotelial (Rubin 

et al., 1991, Kacem et al., 1998; Ramsauer et al., 2002) (Figura 1). Todos esses elementos formam uma 

unidade neurogliovascular, engajados no controle do acesso de substâncias ao SNC, com vistas a um 

ambiente homeostático compatível com o funcionamento neuronal normal. 

A íntima associação anatômica entre os pés-vasculares astrocitários e os microvasos cerebrais 

conduziu à sugestão de que essas células gliais poderiam mediar a indução e manutenção de características 

específicas do fenótipo de barreira no endotélio dos capilares cerebrais (Davson & Oldendorf, 1967). 

Estudos revelaram que astrócitos cultivados, implantados em áreas com vasos periféricos, normalmente 

com fenestras, podiam induzir a formação de capilares contínuos, típicos do SNC, indicando que os 

astrócitos são elementos chaves na formação e manutenção das características da BHE (Hayashi et al., 

1997). Modelos de cultura de células forneceram muita informação acerca da indução do fenótipo da BHE 

no endotélio cerebral e confirmaram o papel chave dos astrócitos nessa indução (Bauer & Bauer, 2000). 

Os astrócitos podem regular as firmes junções de oclusão (Dehouck et al., 1990; Rubin et al., 1991), a 

expressão e localização polarizada de transportadores de efluxo, incluindo a Pgp (Schinkel, 1999), e de 

influxo, como a GLUT1 (McAllister et al., 2001). Portanto, os astrócitos, além de serem constituintes da 

BHE, induzem e mantêm o fenótipo característico das células endoteliais dos microvasos cerebrais. Nesse 

contexto, a presença das junções gap é essencial para estabelecer uma rede de conexões entre os 

componentes da BHE.  
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As junções gap são formadas por grupos de proteínas transmembrana, as conexinas (nos 

astrócitos, principalmente as conexinas 30 e 43) (Farahani et al., 2005), que formam sítios que conectam 

os citoplasmas de células contíguas e permitem trocas citosólicas de nutrientes, íons e segundos 

mensageiros, porém mantendo a individualidade gênica das células (Li et al., 2001). As junções gap são 

canais intercelulares que medeiam a difusão de íons e outras moléculas menores que 1 kDa, coordenando 

numerosos processos fisiológicos de sistemas multicelulares (Nicholson, 2003; Martin & Evans, 2004; 

Söhl & Willecke, 2004). As conexinas estão intimamente associadas com as proteínas das JOs das células 

endoteliais vasculares (Farquhar & Palade, 1963; Simionescu et al., 1975; Wagner & Kachar, 1995), 

interagindo diretamente com a ZO-1 (ligação da ZO1 com a sequência de aminoácidos 379-382 da 

conexina) (Giepmans & Moolenaar, 1998; Toyofuku et al., 1998; Giepmans, 2004; Herve´ et al., 2004).  

Os astrócitos constituem as maiores e mais numerosas células gliais presentes no SNC dos 

mamíferos, excedendo em número a população de neurônios na proporção de 10:1 (Benveniste et al., 

1992). Além de serem componentes da BHE e mediadores do fenótipo de barreira das células endoteliais, 

os astrócitos respondem rapidamente a injúrias do tecido neural. A proteína ácida fibrilar glial (GFAP) e a 

vimentina (VIM) são componentes dos filamentos intermediários presentes no citoesqueleto astrocitário 

(Bignami et al., 1994). Frente a agressões ao SNC, ocorre aumento na quantidade de GFAP no corpo e 

prolongamentos astrocitários (Bignami et al., 1994). O fenômeno, conhecido como astrocitose fibrilar 

reacional, está usualmente associado com o aumento do número (hiperplasia) e do tamanho (hipertrofia) 

dos astrócitos. Portanto, a GFAP tem sido usada para monitorar a resposta astrocitária em casos de 

insultos contra o SNC (Walz & Lang, 1998). 

Os astrócitos contribuem também para o controle da imunidade no SNC (Farina et al., 2007). 

Agem como moduladores da resposta imune e inflamatória, e como coadjuvantes em vários distúrbios 

neurológicos (Aschner, 1998). Neuroinflamação no SNC compreende a ativação de células gliais, o 

recrutamento de células imunes periféricas e a produção de citocinas, tais como interferon-gama (IFN-γ) e 

fator de necrose tumoral – alfa (TNF-α) (Minghetti & Levi, 1998; Streit, 2000; Neumann, 2001). O TNF-

α medeia as alterações citotóxicas dos neurônios e células gliais, enquanto o IFN-γ parece agir na indução 

de moléculas da superfície da célula para interações entre as células imunes e cerebrais (Imai et al., 2007). 

O conceito de que a disfunção dos astrócitos exerce um papel chave na patogênese do SNC é uma 

importante área em expansão.  
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2. Veneno da aranha Phoneutria nigriventer (PNV) 

 

A principal função biológica do veneno das aranhas é paralisar a presa, portanto eles são 

compostos por uma variedade de toxinas que afetam o SNC (Rash & Hodgson, 2002). Por apresentarem 

diferentes sítios (moléculas) alvo, essas toxinas podem ser ferramentas úteis na compreensão de funções 

do organismo nos mecanismos fisiopatológicos, bem como no desenvolvimento de novos medicamentos.  

No Brasil, os gêneros Loxosceles e Phoneutria são responsáveis pelos acidentes mais graves 

causados por aranhas venenosas. Os acidentes com aranhas do gênero Phoneutria são comuns na região 

de Campinas, embora os acidentes graves sejam raros, sendo observados em somente 0,5% do grupo 

estudado por Bucaretchi et al. (2000). Esses autores classificaram como leves 89,8% dos acidentes 

naquela população, como moderados, 8,5%, e como assintomáticos 1,2%. Foram considerados grupos de 

risco crianças com menos de 10 anos de idade e pacientes idosos (> 70 anos). 

A aranha Phoneutria nigriventer (Ctenidae, Araneomorphae) (Figura 4), popularmente conhecida 

como “armadeira”, é uma das aranhas mais agressivas e venenosas da América do Sul (Lucas, 1988), 

sendo responsável por cerca de 40% dos acidentes por picada de aranha em humanos no Estado de São 

Paulo (Ministério da Saúde, 1998; Bucaretchi et al, 2000). Seu veneno contém peptídeos neurotóxicos 

com efeitos nocivos em animais experimentais e em vítimas de acidentes (Antunes & Malaque, 2003). Os 

acidentes provocados por P. nigriventer constituem-se em problema de saúde pública, uma vez que 

apresentam incidência relativamente alta e, embora raramente sejam classificados como graves, podem 

causar diversos sinais e sintomas clínicos, eventualmente levando à morte. Alterações cardiovasculares e 

neurológicas, como hipertensão arterial, taquicardia, arritmia, distúrbios visuais e convulsões tônico-

clônicas, têm sido descritas em casos graves de envenenamento. Os sintomas causados por 

envenenamento leve a moderado geralmente são dor e inchaço locais, eritema, sudorese, náusea, vômitos, 

salivação, diarréia, convulsões e priapismo (em criança), alguns dos quais indicam o envolvimento do 

sistema nervoso central e periférico (SNP). Em casos raros pode haver choque e edema pulmonar (Brazil 

& Vellard, 1925;1926; Bucaretchi et al, 2000, Antunes & Malaque, 2003).  
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2.1. Composição e ação do PNV em sistemas biológicos 

 

 Os venenos de aranha contêm moléculas com amplo espectro de massa (0,1-14 kDa), dentre elas, 

algumas alteram a função de canais iônicos e outros receptores celulares (Para revisão ver: Estrada et al., 

2007). Essas moléculas são potencialmente apropriadas para o estudo de mecanismos fisiológicos e 

fisiopatológicos em inúmeras células, tecidos e órgãos, principalmente os portadores de membranas 

excitáveis. 

 O veneno de P. nigriventer (PNV) é composto por uma complexa mistura de componentes 

neurofarmacologicamente ativos (Richardson et al., 2006; Rezende et al., 1991; Diniz et al., 1990; 

Cordeiro et al., 1992; Cordeiro et al., 1993). Há mais de 100 diferentes polipeptídeos na composição 

desse veneno (Richardson et al., 2006), os quais são ativos em canais iônicos neuronais (Ca2+, Na+ e K+) e 

em receptores de glutamato (NMDA) (Araujo et al., 1993; Troncone et al., 1995; Prado et al., 1996; 

Mafra et al., 1999; Figueiredo et al., 2001; dos Santos et al., 2002; Gomez et al., 2002; de Lima et al., 

2002; Troncone et al., 2003; Vieira et al., 2005). Estudos de Fontana & Vital Brazil (1985) mostraram 

que o veneno ativa os canais de sódio voltagem dependentes. Em camundongos, a injeção de PNV intra-

muscular ou no nervo ciático causa paralisia espástica dos membros posteriores, seguida por paralisia 

flácida. As alterações morfológicas incluem distorções no diâmetro das fibras nervosas periféricas com 

presença de vacúolos e aumento do volume dos nodos de Ranvier, locais de alta densidade de canais de 

Na+ envolvidos na transmissão saltatória. Essas alterações são compatíveis com aumento do influxo de 

Na+, seguido passivamente por fluido (Cruz-Höfling et al., 1985). Esses distúrbios fisiológicos e 

morfológicos são abolidos pelo pré-tratamento com TTX, um bloqueador de canais de Na+ (Love & Cruz-

Höfling, 1986; Love et al., 1986). 

Figura 4: Phoneutria nigriventer em posição de ataque, por isso conhecida como aranha “armadeira”. 

Imagem disponível no web site da University of Washington (The Spider Myths Site; www.washington.edu). 
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Do ponto de vista bioquímico e farmacológico, esse veneno tem sido descrito como uma 

importante ferramenta para o desenvolvimento de novas moléculas biologicamente ativas com potencial 

de aplicação em medicina e agricultura (Escoubas et al., 2000; Gomez et al., 2002; Rash & Hodgson, 

2002). Os primeiros estudos bioquímicos revelaram que o PNV possuía potentes neurotoxinas capazes de 

promover efeitos excitatórios, tais como salivação, lacrimação, priapismo, paralisia flácida e espástica dos 

membros anteriores e posteriores e morte em camundongos, após injeção intracerebral (Diniz, 1963; 

Entwistle et al., 1982). Subsequentemente, três grupos de frações neurotóxicas (Phtx1, Phtx2 e Phtx3) e 

uma fração não tóxica, com atividade em músculo liso foram purificadas (Rezende et al., 1991). Mais 

tarde, uma quarta fração (Phtx4) foi isolada, a qual foi extremamente tóxica em insetos da ordem Díptera 

e Dictióptera, mas com fracos efeitos tóxicos em camundongos (Figueiredo et al., 1995). Os peptídeos 

denominados Tx2-5 e Tx2-6, provenientes do subfracionamento da Phtx2 do veneno de P. nigriventer, 

apresentaram efeito no tecido erétil de camundongo, após injeção direta nos corpos cavernosos. Esses 

peptídeos promovem relaxamento da musculatura lisa dos corpos cavernosos, causando ereção peniana 

(Andrade et al., 2008).  

Portanto, a purificação de peptídeos tóxicos do PNV tem sido de grande interesse para o estudo 

da estrutura e papel fisiológico de canais iônicos e de receptores de membrana. A ação do veneno e de 

suas toxinas nas células, nos canais iônicos e em receptores alvo tem sido investigada no SNP, entretanto 

algumas das manifestações clínicas da intoxicação pelo PNV ou suas frações apontam o envolvimento do 

SNC. Essas questões levantaram a hipótese de, eventualmente, o veneno ser capaz de interagir com 

receptores/proteínas de membrana das células endoteliais, dos astrócitos ou da membrana basal dos 

microvasos cerebrais, alterando a permeabilidade da BHE. A investigação da ação central do PNV 

potencialmente aponta o veneno como importante ferramenta para estudar a barreira sangue-cérebro, com 

interesse do ponto de vista farmacêutico e biotecnológico. 

 

 2.2. Ação do PNV na BHE e no SNC  

 

Vários venenos agem na integridade e funcionamento da BHE (Haspel et al., 2003; Le Sueur et 

al. 2003; Nunan et al., 2003; da Silva et al., 2004; Mortari et al., 2007; Rapôso et al., 2007) e têm sido 

úteis no entendimento da fisiopatologia dessa barreira. Estudos recentes demonstraram a ruptura da BHE 

pelo PNV (Le Sueur et al., 2003), através do aumento de transporte transcelular dependente de 

microtúbulos (Le Sueur et al. 2004) e de alterações nos níveis de laminina, proteína da membrana basal 

dos vasos da microcirculação cerebral (Rapôso et al., 2007). Foi demonstrado que essas alterações tinham 

diferentes modulações em função da área anatômica do SNC considerada e do tempo decorrido após a 

exposição ao veneno.  
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Foi observado que a quebra da BHE pelo PNV ocorreu no hipocampo, mas não ocorreu no córtex 

cerebral, cerebelo, tálamo e hipotálamo (Le Sueur et al., 2003). Esses estudos foram realizados utilizando 

o marcador extracelular nitrato de lantano (LaNO3) injetado por via endovenosa que evidenciou aumento 

da população de vesículas de pinocitose contendo o traçador, sabidamente engajadas no transporte 

transcelular. O traçador também estava presente na fenda interendotelial, isto é, na via paracelular, que em 

condições normais é uma via interditada para o trânsito bidirecional de substâncias entre sangue-cérebro. 

O traçador foi ainda observado impregnando a membrana basal endotelial das células musculares das 

arteríolas e vênulas. Interessante notar que a permeabilização dos vasos foi diferencial dependendo do 

segmento vascular; as vênulas e arteríolas foram as primeiras a mostrar extravasamentos do traçador e só 

bem mais tarde é que os capilares o fizeram. Todas essas ocorrências eram uma clara indicação de que a 

BHE fora violada. Vários tempos de observação foram feitos no intervalo de 18 horas a 9 dias após o 

envenenamento.  

Estudos posteriores investigaram o mecanismo de ação pelo qual o PNV alterava a permeabilidade 

da BHE 24 h e 9 dias após a injeção do veneno. Os autores constataram que a quebra da BHE ocorria pela 

via transcelular no endotélio dos microvasos hipocampais, através da alteração do transporte intravesicular 

dependente de microtúbulo (Le Sueur et al., 2004). A análise da expressão imunohistoquímica e por 

immunoblotting de algumas proteínas juncionais (JO e JA - ocludina, ZO-1 e β-catenina) e do 

citoesqueleto endotelial, mostrou que a rota paracelular não estava envolvida nos tempos estudados (24 h 

e 9 dias) após o envenenamento. Entretanto, havia uma tendência de aumento (não significativo) na 

expressão da ocludina, sugerindo um mecanismo compensatório da via paracelular, em função da 

fragilização da via transcelular que fora violada nas suas propriedades de transporte restritivo e altamente 

seletivo (Le Sueur et al. 2004). Ademais, era necessário investigar se havia alteração de receptores 

transcelulares, tais como MRP, Pgp (proteínas de efluxo) ou GLUT (transportador de glicose), após a 

injeção do PNV, uma vez que esse veneno parece interferir na via transcelular. 

Um ponto que precisava ser investigado era se em tempos mais precoces após o envenamento 

também ocorria quebra da BHE e se, nesses períodos, a via paracelular estava afetada. Os animais 

mostravam sinais clínicos de intoxicação (hiperemia, tremores, espasmos, sialorréia, paralisia flácida e 

espástica, convulsão, sofrimento respiratório e eventualmente morte) logo nos primeiros minutos após a 

injeção do veneno. Entretanto, o início da recuperação clínica nesses animais ocorria após 5 h 

aproximadamente e estendia-se até 12 horas, quando então se mostravam completamente normais. 

Hipotetizou-se que a permeabilidade da BHE poderia estar prejudicada desde tempos precoces após o 

envenenamento e, nesses tempos, as proteínas das JA e JO poderiam estar alteradas.   

Dessa forma, o aumento da permeabilidade da BHE nos tempos de 15 minutos, 1, 2 e 5 horas após 

a injeção do veneno foi investigado em estudos prévios, pelo nosso grupo de pesquisa, através de 



Capítulo I 

 11 

microscopia eletrônica de transmissão usando traçador eletro-opaco (nitrato de lantano) e 

imunohistoquímica para laminina (com a finalidade de avaliar a membrana basal), no hipocampo e 

cerebelo de ratos Wistar (Rapôso et al., 2007). Diferente do que fora observado por Le Sueur et al., 

(2003), nestes intervalos de tempo o extravasamento do traçador e o dano à membrana basal foi também 

observado no cerebelo. Os resultados mostraram a ocorrência de quebra da BHE após 1 e 2 horas, sendo 

que após 5 horas a permeabilidade dos capilares cerebrais diminuiu, sugerindo um início de recuperação 

da BHE, o que explica a melhora clínica do animal. Essas alterações caracterizavam-se pela presença de 

edema vasogênico e extravasamento do traçador e eram mais marcantes no hipocampo do que no 

cerebelo. Por outro lado, pés-astrocitários perivasculares edematosos, indicativo de gliose reativa, foram 

detectados somente no cerebelo. Também foi observada imediata (logo aos 15 min) e total diminuição no 

conteúdo da laminina, uma das principais proteínas da membrana basal e que influencia a expressão de 

proteínas das JOs (Tilling et al. 1998; Savettieri et al, 2000), resultando em total desaparecimento da 

visibilidade da membrana basal dos capilares cerebrais. Essas alterações foram transitórias, com gradual 

restabelecimento (a expressão da proteína foi se normalizando gradativamente, após 2 e 5 h da injeção do 

PNV) da imunomarcação da laminina, sendo esta recuperação mais rápida no cerebelo. Portanto, esses 

resultados sugeriam que a expressão das proteínas das JA e JO poderiam estar alteradas em momentos 

precoces do envenenamento pelo PNV (Rapôso et al., 2007).  

Além da necessidade de investigar se as proteínas das JAs e JOs estariam alteradas pelo PNV, era 

também de interesse esclarecer o mecanismo (ou, ao menos, um dos mecanismos) pelo qual os 

componentes do veneno provocariam modificações nessas proteínas. A fosforilação das proteínas 

juncionais tem sido proposta como um mecanismo crítico na modulação da adesão e do contato célula-

célula. Várias linhas de evidências sugerem que a fosforilação de resíduos de tirosina de complexos 

caderina-catenina regula a associação desses complexos com o citoesqueleto (Roura et al., 1999; Gaudry 

et al., 2001), influenciando a permeabilidade paracelular. A proteína fosfatase 2A (PP2A) tem sido 

apontada como responsável por cerca de 70 % de toda a atividade de defosforilação de resíduos de serina 

e treonina, em cérebro humano (Liu et al., 2005). Portanto, uma hipótese que precisava ser investigada era 

se ocorria diminuição da atividade da PP2A após a injeção do PNV, o que indicaria que as proteínas das 

JAs e JOs poderiam ter sido anormalmente hiperfosforiladas. 

Temos demonstrado que as alterações induzidas pelo PNV na estrutura dos microvasos cerebrais 

são reversíveis e, como já mencionado, não atingem igualmente todas as regiões, mesmo em um quadro 

de intoxicação grave (dose sub-letal – 0,85 mg/Kg). Esse fato indica que a permeabilização da BHE pelo 

PNV é um evento transitório e, desde que afeta diferentemente diferentes regiões, tem caráter seletivo. 

Isso pode ser útil para o uso terapêutico dos componentes do veneno. Indica também que pode haver 
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diferenças regionais na permeabilidade da BHE. Isso é razoável uma vez que está bem estabelecida a 

existência de diferentes populações de astrócitos em diferentes áreas anatômicas do SNC. 

A despeito da potencial aplicação terapêutica das toxinas do veneno, o mesmo causa efeitos 

tóxicos nos componentes do tecido. A toxicidade do PNV no SNC precisa ser investigada. Este ponto é de 

grande importância uma vez que os efeitos tóxicos são transitórios, a gravidade e letalidade dos acidentes 

são raras, características que podem ser extremamente favoráveis a aberturas temporárias da BHE para 

fins terapêuticos. 

Os astrócitos são células que respondem prontamente ao veneno circulante, como visto pelos pés-

vasculares astrocitários edemaciados observados ao microscópio eletrônico de transmissão (Le Sueur et 

al., 2003; Rapôso et al., 2007). É importante confirmar se marcadores típicos de ativação astrocitária, as 

proteínas GFAP (citoesqueleto) e S100 (metabolismo do cálcio) têm sua expressão alterada pelo PNV. 

Além disso, astrócitos reativos podem desencadear reação inflamatória, causando danos ao tecido. 

Estudos têm mostrado que mediadores inflamatórios, tais como as citocinas produzidas no sítio da 

inflamação, podem ser, pelo menos parcialmente, responsáveis pelas alterações na permeabilidade 

vascular. Injeções intra-craniais de TNF-  e interleucina-1beta (IL-1 ) aumentam a permeabilidade da 

BHE em ratos, enquanto o lipopolissacarídeo (LPS) aumenta a permeabilidade de modelos in vitro de 

BHE (Abbott & Revest, 1991; Burke-Gaffney & Keenan, 1993; Yuan, 2000; Mayhan, 2001). Um outro 

ponto a ser inverstigado sobre a toxicidade do PNV é a integridade da comunicação astrócito-astrócito e 

astrócito-célula endotelial, por meio das junções tipo gap. A investigação da gliose reativa, da integridade 

das junções tipo gap e da expressão de citocinas inflamatórias no SNC, tanto in vivo, quanto em modelo 

in vitro de cultura primária de astrócitos, podem esclarecer a ação do veneno no tecido neural.  

 Embora a BHE seja claramente atingida pelo PNV, até o momento não conseguimos perceber 

alteração morfológica no corpo dos neurônios após o envenenamento. Entretanto, foram vistas alterações 

nos terminais sinápticos. Porém, estudos realizados com vistas a determinar a ação do veneno dessa 

aranha sobre a atividade neuronal, através do mapeamento da expressão da proteína FOS (fosfoproteína 

nuclear produzida nos neurônios em resposta a vários estímulos - Krukoff, 1993; Herrera & Robertson, 

1996; Willoughby et al, 1997), revelaram que várias regiões do cérebro são ativadas (apresentam 

neurônios ativados) em decorrência da intoxicação.  

 

 2.3. Áreas do SNC ativadas pelo PNV 

 

A marcação para FOS, proteína codificada por um gene de expressão primária, tem sido usada 

para determinar a ativação neuronal. A expressão dessa proteína é considerada uma ferramenta eficiente 

para identificar neurônios ativados sob diferentes condições experimentais (Dragunow & Robertson, 
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1987; Craner et al., 1992; Hoffman et al., 1993). Os neurônios estimulados por agentes tóxicos ativam 

genes de expressão primária como uma primeira onda de transcrição gênica. As proteínas desses genes são 

translocadas para o núcleo para ativar a transcrição de outros genes, resultando numa segunda onda de 

atividade gênica (Hughes & Dragunow, 1995). A proteína FOS pode influenciar a síntese de enzimas e a 

produção de neurotransmissores por meio de sua ligação a sequências específicas de DNA. 

Estudos prévios, realizados em nosso laboratório, mostraram aumento significativo no número de 

neurônios FOS-positivos após injeção sistêmica do PNV em áreas relacionadas à 

motricidade/aversão/ansiedade/fuga, tais como o córtex motor parietal (PCM), a substância cinzenta 

periaquedutal ventral (vPAG) e dorsolateral (dlPAG) e o núcleo talâmico periventricular (PTN), e em 

áreas relacionadas a estresse agudo, tais como o córtex rinal (RC) e o núcleo septal lateral (LSN). O maior 

aumento relativo no número de neurônios FOS-positivos ocorreu nas áreas relacionadas com 

fuga/aversão/ansiedade/motricidade vPAG, PCM e PTN. A marcante ativação ocorrida nessas áreas e, em 

menor grau, nas áreas relacionadas ao estresse sugere o envolvimento de vias neuronais localizadas nessas 

regiões em resposta ao PNV. Com o objetivo de correlacionar essas possíveis vias neuronais ao 

envolvimento do óxido nítrico (NO), nessas mesmas áreas foi feita reação para imunodetectar neuônios 

positivos à sintase neuronal do óxido nítrico (nNOS). Os resultados mostraram que neurônios nNOS 

positivos predominaram no PTN, seguido por dlPAG e PCM, indicando que o NO é um mensageiro que 

pode estar envolvido no mecanismo da intoxicação pelo veneno (Cruz-Höfling et al., 2007). Nossos 

resultados indicando que a proteína FOS está sendo expressa pelos neurônios de áreas cerebrais 

específicas sustentam a hipótese de que o veneno afeta a atividade neuronal, seja direta ou indiretamente 

(através de segundos mensageiros). A hipótese de que o NO pode estar envolvido nos efeitos do PNV no 

SNC precisava ser mais bem investigada.  

Embora tenha sido observada, em estudos prévios, a ativação de vias neuronais em áreas do 

cérebro relacionadas com motricidade, os sinais clínicos do envenenamento pelo PNV envolvem tanto 

disfunções motoras (paralisia, convulsão), quanto neurovegetativas (estresse respiratório, edema 

pulmonar, salivação intensa, hipertensão, diminuição do volume urinário). O núcleo supraóptico (SON) é 

uma área reguladora do fluxo salivar, da excreção renal de sódio, do volume urinário e da pressão arterial 

e o NO influencia essa regulação (Saad et al., 2004). O núcleo hipotalâmico paraventricular (PVN) 

influencia a regulação de funções neuroendócrinas, cardiovasculares e respiratórias, em ratos (Yeh et al., 

1997). Portanto, além das regiões cerebrais ligadas à motricidade/aversão/ansiedade/fuga (PCM, dlPAG, 

vPAG e PTN), seria provável que esses núcleos hipotalâmicos (SON e PVN) também estivessem 

envolvidos no mecanismo de intoxicação pelo PNV. 

O corpo celular das células neurosecretórias magnocelulares do SON e do PVN representam a 

principal via neuroendócrina de síntese de vasopressina (AVP) e oxitocina (OT) (Brownstein et al.,1980; 
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Swanson & Sawchenko, 1983). A AVP é essencial para a homeostase, agindo via rim para regular a 

reabsorção de água, na vasculatura para regular o tônus do musculo liso e como um neurotransmissor 

central, na modulação da função autonômica do tronco cerebral (Barrett et al., 2007). OT está também 

envolvida na homeostase hidromineral e no relaxamento vascular e cardíaco (Conrad et al., 1986; 

Gutkowska et al., 2000; Jankowski et al., 2000). Como um componente genuíno do eixo neuroendócrino, 

as células neurosecretórias magnocelulares hipotalâmicas estão sob o controle de vários moduladores, 

dentre os quais o NO ganhou considerável atenção nos últimos anos (Kadowaki et al., 1994; Srisawat et 

al., 2000; Ventura et al., 2002, 2005; Stern et al., 2003). O NO é um radical livre gasoso, que age como 

um neuromodulador (Moncada et al., 1991). A idéia de que o NO poderia estar envolvido no controle da 

liberação de VPS e de OT foi reforçada pela identificação da enzima produtora desse gás (enzima sintase 

do óxido nítrico – NOS) no sistema hipotálamo-neurohipofisário (Bredt et al., 1990). Experimentos in 

vivo mostraram que o NO tem um efeito inibitório na liberação de OT (Kadekaro et al., 1998; Ventura et 

al., 2005), mas para AVP, a literatura é controversa (Yasin et al., 1993; Liu et al., 1998; Yamaguchi & 

Hama, 2003; Ventura et al., 2005). Interessantemente, estudos eletrofisiológicos demonstraram que o NO 

diminui a taxa de atividade das células neurosecretórias magnocelulares hipotalâmicas, sugerindo que o 

NO é um inibidor da liberação da AVP e da OT (Liu et al., 1997; Stern, 2004). Desde que a intoxicação 

pelo PNV altera o tônus vascular, causando hipertensão, e o volume urinário, é possível que as vias 

neuroendócrinas do SON e do PVN sejam afetadas.    

Além de influenciar na liberação de AVP e OT, o NO presente no SON e na área septal medial 

exerce um papel inibitório na regulação da secreção salivar. Tanaka et al. (2008) demonstraram, usando 

coloração de Nissl e histoquímica para nicotinamida adenina dinucleotídeo fosfato diaforase (NADPH-d), 

que a produção de NO em neurônios do SON aumenta com a idade e que esse aumento pode ser um fator 

que contribui para a inibição da secreção salivar relacionada com a idade.  

Saad et al. (2004) investigaram os efeitos da injeção direta no SON, de FK409 (um doador de NO) 

e do NW-nitro-L-arginina metil ester (L-NAME), um inibidor da NOS, na secreção salivar, na pressão 

arterial, na excreção de sódio e no volume urinário alterados pela pilocarpina. FK 409 atenuou o aumento 

da secreção salivar induzido pela pilocarpina. A pilocarpina aumentou a pressão arterial e o L-NAME 

potencializou esse aumento, enquanto o FK409 atenuou o efeito da pilocarpina na pressão arterial. 

Pilocarpina injetada no SON induziu aumento na excreção de sódio e no volume urinário. L-NAME 

potencializou o aumento na excreção de sódio e o volume urinário induzidos pela pilocarpina. FK409 

diminuiu o volume urinário e a excreção de sódio induzidos pela pilocarpina. Uma vez que o PNV 

interfere na salivação, na pressão arterial e no volume urinário, é possível que o veneno atue no SON, 

alterando a liberação do NO.  
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O PNV também causa edema pulmonar e altera a função respiratória, podendo levar à morte. 

Neurônios do PVN e do SON participam na regulação da atividade respiratória e na coordenação das 

funções cardiovasculares (Yeh et al., 1997). Luo et al. (2000) examinaram os efeitos da hipóxia 

hipobárica (exposição a altitudes elevadas) nos neurônios do PVN e do SON do hipotálamo de ratos. A 

hipóxia hipobárica induziu a expressão de FOS e de nNOS no PVN e no SON. Portanto, tanto o PVN, 

quanto o SON de ratos adultos são ativados na hipóxia provocada pela exposição a altitudes elevadas e 

podem estar envolvidos na regulação de funções neuroendócrinas, cardiovasculares e respiratórias.      

Portanto, os núcleos hipotalâmicos, SON e PTN, podem estar envolvidos na alteração de funções 

neurovegetativas induzidas pelo PNV (hipersalivação, hipertensão, alteração da frequência e função 

respiratória, diminuição do volume urinário e edema pulmonar). Além disso, uma vez que esses núcleos 

apresentam grande número de células expressando NOS,  o NO pode ser um modulador da toxicidade do 

veneno, nessas vias.  

 

3. Óxido nítrico (NO)  

 

 No final de 1980, foi demonstrado que alguns tipos celulares produzem NO e que essa molécula 

gasosa está envolvida na regulação dos sistemas cardiovascular, imune e nervoso. O NO é um radical 

livre, difusível através das membranas, capaz de modificar muitas condições fisiológicas e patológicas e 

de interagir com muitos alvos intracelulares para desencadear vias de transdução de sinais, resultando em 

saída de sinais estimulatórios ou inibitórios.  

O NO é produzido a partir do aminoácido l-arginina por membros de uma família de enzimas 

sintases do NO (NOS), dependentes de calmodulina (Bredt & Snyder, 1990; Förstermann et al., 1991; 

Bredt, 1999). Essa enzima existe em três isoformas: NOS neuronal (nNOS), endotelial (eNOS) e 

induzível (iNOS) (Forstermann et al., 1991); A nNOS e a eNOS são enzimas expressas constitutivamente, 

citossólicas, Ca2+/Calmodulina dependentes, cujas atividades são estimuladas pelo aumento de cálcio 

intracelular (Bredt & Snyder, 1990; Klatt et al., 1992; Bredt, 1999). A nNOS, no SNC, ocorre nos corpos 

celulares neuronais, dendritos e axônios (Bredt et al., 1990) e apresenta localização discreta em estruturas 

cerebrais (Barjavel & Bhargava, 1995). As funções imunes do NO são mediadas pela enzima 

independente de cálcio, iNOS. A expressão da enzima iNOS requer ativação transcricional, que é 

mediada por combinação específica de citocinas.  

Uma vez que o NO é uma molécula gasosa, que se difunde rapidamente, esse modulador tem sido 

estudado indiretamente, através de imunohistoquímica para as NOS, detecção de nitrito (um metabólito 

estável do NO) e histoquímica para NADPH diaforase (NADPHd). A histoquímica para NADPH-d marca 

seletivamente populações de neurônios que expressam as NOS, pois essas enzimas são competitivamente 
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inibidas pelo substrato da NADPH-d, nitroblue tetrazolium. Tem sido demonstrado que essa técnica 

proporciona um marcador histoquímico específico para neurônios que produzem NO (Bruce et al., 1991).    

 No SNC, o NO tem algumas funções, tais como regulação da plasticidade sináptica, do ciclo do 

sono, regulação do tônus dos vasos sanguíneos, secreção de hormônios, neurotransmissão e resposta 

imune e inflamatória. A primeira evidência do papel do NO como um neurotransmissor foi descrita por 

Garthwaite et al. (1988), que demonstrou que a estimulação dos receptores de glutamato do tipo NMDA 

(N-metil d-aspartato) cerebelares causava a liberação de uma molécula difusível com grande similaridade 

com o fator de relaxamento derivado do endotélio (FRDE) (Garthwaite et al., 1988; Marletta, 1993; 

Feelisch et al., 1994; Hobbs & Ignarro, 1996). Pouco antes de esse estudo ser publicado, o NO foi 

identificado como sendo o próprio FRDE (Ignarro et al., 1987; Palmer et al., 1987). Subsequentemente, 

foi demonstrado que o NO age como um neurotransmissor, tanto no SNC quanto no SNP por mecanismos 

que são dependentes de GMP (Sanders & Ward, 1992; Garthwaite & Boulton, 1995). O NO tem também 

um papel neuromodulador, regulando a liberação de neurotransmissores em muitas áreas do cérebro 

(Bredt et al., 1991; Brenma & Bredt, 1996). Seu papel na resposta imune e inflamatória no cérebro 

envolve as células gliais, principalmente astrócitos e micróglia, que são os principais componentes que 

medeiam a resposta imune e a inflamação no SNC (Allan & Rothwell, 2001). As células gliais podem 

produzir citocinas, radicais reativos de oxigênio e NO em resposta a vários insultos, levando à 

exacerbação do processo de doença. A resposta inflamatória das células gliais exerce papel em muitas 

condições patológicas, incluindo doenças neurodegenerativas, acidentes vasculares cerebrais, injúria 

traumática e doenças infecciosas (Barone & Feuerstein, 1999; González-Scarano & Baltuch, 1999). O NO 

pode ter, portanto, dentre outros, o papel de um neurotransmissor ou neuromodulador, alterando a 

atividade neuronal, bem como de um mediador da resposta imune, modulando a reação de gliose (Choi & 

Koh, 2008).  

 Particularmente interessante é que o NO, em quantidades fisiológicas, tem papel neuroprotetor, 

enquanto altas concentrações são claramente neurotóxicas (para revisão, ver Calabrese et al., 2007). Além 

disso, se uma célula está em estado pró-oxidante, o NO pode ser submetido a reações de óxido-redução, 

dando forma a compostos tóxicos (estes pertencem a uma família conhecida como espécies reativas de 

nitrogênio – por exemplo, o peroxinitrito), os quais causam dano celular. O NO e as espécies reativas de 

nitrogênio têm sido implicados na patogênese de desordens neurodegenerativas (Castegna et al., 2003; 

Sultana et al., 2006).  

 A influência do NO na toxicidade induzida pelo PNV tem sido estudada. Yonamine et al. (2004) 

reportaram que o pré-tratamento com 7-nitroindazole (inibidor seletivo da nNOS) aboliu sinais da 

intoxicação causados pela injeção intraperitoneal da toxina isolada do PNV, Tx2-5, tais como priapismo, 

salivação e edema pulmonar, em ratos. Os autores concluíram que o NO é o principal mediador envolvido 
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nessa resposta. Concorrentemente, como já mencionado, ativação neuronal (vista através do aumento da 

marcação de FOS) foi demonstrada em neurônios de áreas relacionadas com 

motricidade/aversão/ansiedade/fuga e stress agudo, a maioria delas também ricas em neurônios positivos 

para nNOS, após administração sistêmica do PNV, em ratos (Cruz-Höfling et al., 2007).  É necessário 

investigar melhor, em modelos in vivo e in vitro, o papel do NO no envenenamento, tanto como um 

neurotransmissor e neuromodulador (influenciando na ativação de vias neuronais), quanto como um 

mediador da inflamação (influenciando a resposta astrocitária ao PNV). A injeção de PNV pode ser um 

modelo útil de estudo do NO e, além disso, a partir do entendimento do mecanismo de ação do veneno, 

novos tratamentos para os casos de acidentes por Phoneutria nigriventer podem surgir.   
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OBJETIVOS 

 

O presente trabalho se propôs a investigar:  

 

I. A toxicidade e ação do veneno de P. nigriventer na BHE, em períodos precoces (15 min, 2 e 5 h) após 

injeção sistêmica (i.v.): 

a) Alterações na expressão de proteínas da via paracelular da BHE (ocludina, ZO1, -catenina, claudina-5) e 

da membrana basal (laminina), através de imunofluorescência e/ou western blotting; 

b) Alterações na expressão da proteína fosfatase 2A (PP2A) em seu estado inativado (fosforilado – pPP2A), 

através de western blotting. Aumento na expressão da pPP2A indica alterações nos mecanismos de 

defosforilação das proteínas de junção da BHE e aumento da permeabilidade; 

c) O envolvimento da via transcelular da BHE, através da análise, por imunofluorescência e/ou western 

blotting, da expressão das proteínas de efluxo, P-glicoproteína (Pgp) e MRP1, e de influxo, transportador de 

glicose GLUT1;  

d) A participação das junções gap na sinalização célula-célula durante o envenenamento pelo PNV, avaliando 

a expressão da conexina 43, através de imunofluorescência e western blotting. 

 

II. A toxicidade e ação do veneno de P. nigriventer no tecido neural e o envolvimento do óxido nítrico: 

a) O envolvimento do óxido nítrico na ativação de circuitos neuronais específicos após a injeção sistêmica do 

PNV, através de marcação histoquímica para NADPH-d e imunohistoquímica para proteína FOS (dupla-

marcação FOS/NADPH-d). O papel do óxido nítrico também foi investigado pelo tratamento (injeção i.p) com 

inibidor seletivo da nNOS (7- Nitroindazol), antes da injeção do PNV, seguido de dupla-marcação do tecido 

para proteína FOS e NADPH-d;  

b) Análise da expressão de GFAP, nNOS e das citocinas inflamatórias INF  e TNFα, em cultura primária de 

astrócitos corticais de ratos recém nascidos incubada com PNV, associado ou não ao 7-Nitroindazol. Medida 

da liberação de nitrito no meio de cultura, indicador indireto da produção de óxido nítrico pelos astrócitos, 

após incubação com PNV, associado ou não ao 7NI.  

 

III. A permeabilização da BHE por frações purificadas do veneno de P. nigriventer:  

a) Identificar neurotoxinas purificadas do veneno de P. nigriventer por HPLC (high performance liquid 

chromatography), responsáveis por provocar a permeabilização da BHE. A ação das toxinas purificadas na 

BHE foi avaliada através da injeção i.v. de cada uma separadamente, seguida pela injeção i.v. do corante vital 

Azul de Evans.   

Estudos ao microscópio de luz e eletrônico de transmissão estão em andamento com o objetivo de quantificar e 

qualificar a ação dessas frações na permeabilidade da BHE. 
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Abstract 

 

The regulation of BBB permeability is complex and involves intracellular signaling and 

rearrangement of tight (TJ) and adherens (AJ) junction proteins. Protein phosphatase 2A (PP2A), a 

serine/threonine phosphatase, has key role in signal transduction pathways and regulates the 

phosphorylation/integrity of TJ/AJ proteins. Systemic P. nigriventer spider venom (PNV) induces 

transient BBB opening, seen through extracellular tracer vascular leakage, perivascular edema, 

reactive astrogliosis, neuroinflammation and FOS and nNOS expression in multiple brain regions of 

rats. Here, the investigation, by western blotting and immunofluorescence, of mechanisms by which 

PNV increased microvascular permeability in hippocampus and cerebellum at acute stages showed 

immediate decrease in the expression level of ZO1, occludin, claudin-5 and betacatenin, laminin 

and the efflux protein P-gp, concomitant with increased phosphorylated PP2A. The expression of 

all studied proteins was resolved between 2-5 h, simultaneous to clinical evolution of envenoming 

signals. In general, the impairment of the proteins expression was more prominent in cerebellum, 

even though the recovery of cerebellum was faster than hippocampus. The fast recovery of protein 

expression suggests that PNV could be useful as tool for temporary opening of BBB. Further 

investigation might be addressed towards its therapeutic use as a mean to drug delivery to the CNS. 

 

 

Keywords: endothelial cells, adhesion molecules, efflux protein, basement membrane spider 

venom. 
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Introduction 

The wandering Brazilian armed-spider Phoneutria nigriventer (Ctenidae, Araneomorpha) is 

responsible for most cases of envenomation in Brazil (Bücherl and Buckley, 1976). The P. 

nigriventer venom (PNV) contains various Ca
2+

, K
+
 and Na

+
 channels-acting basic peptides (Gomez 

et al, 2002) that are capable of inducing neurotoxic and excitatory actions in mammals and insects 

(Brazil and Vellard, 1925; Cruz-Höfling et al, 1985; Love and Cruz-Höfling, 1986), increase 

vascular permeability (Antunes et al. 1992), arterial blood pressure (Costa et al, 1996), activate 

capsaicin sensory nerves, induce paw oedema (Costa et al 1997, 2001), cause penile erection 

(Nunes et al, 2008), activate specific brain areas (Cruz-Höfling et al, 2007), cause 

neuroinflammation (Cruz-Höfling et al, 2009) and induce blood-brain barrier (BBB) breakdown (Le 

Sueur et al, 2003, Rapôso et al, 2007). 

The PNV-induced BBB breakdown resulted from increased microtubulemediated vesicular 

transport, apparently with no compromise of TJ/AJ proteins in the periods investigated (1 and 9 

days) (Le Sueur et al, 2004). The BBB breakdown was variable in magnitude and chronology in 

different CNS regions (Le Sueur et al, 2003, Rapôso et al, 2007) leading us to infer that paracellular 

disruption could occur temporarily. Some evidences support this hypothesis: the clinical evolution 

of the neurotoxic signs changed from intense soon after envenoming to moderate 5 h later (Rapôso 

et al, 2007), and was absent at 12 h (Le Sueur et al, 2003; 2004), suggesting that the neurological 

outcome has been resolved; biodistribution studies of PnTx2-6, a Na
+
 channel-acting neurotoxin of 

PNV, showed that the maximum toxin concentration into the brain was achieved between 5-15 min 

after i.p. injection, thereafter it was drastically reduced, despite growing toxin uptake by the thyroid 

gland from circulation continued for hours (Yonamine et al, 2005). These findings suggest that 

BBB opening might likely have occurred very early after envenoming, and that a mechanism of 

repair was straight away activated. Such hypothesis are consistent with reduction of tracer leakage 

and laminin loss from cerebellar and hippocampal microvessels subsequent to the initial acute 

periods (Rapôso et al, 2007). 

Phosphorylation of junctional proteins is a critical step in cell-cell adhesion and contact 

modulation. Several lines of evidences suggest that tyrosine phosphorylation of the cadherin-catenin 

complex regulates the association of the complex with the cytoskeleton (Roura et al, 1999; Gaudry 

et al, 2001), and influence paracellular permeability. Protein phosphatase PP2A has been pointed as 

responsible for over 70% of all phosphoseryl/phosphothreonyl activity in human brain (Liu et al, 

2005). We hypothesized that at early period post-PNV injection TJ and AJ proteins could be 

abnormally hyperphosphorylated by downregulation of PP2A activity. 
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Here, the hypothesis that BBB permeability could take place through the interendothelial 

cleft was investigated. The expression of the junctional proteins, occludin, claudin-5, ZO1 (TJ), -

catenin (AJ) and the phosphorylation changes were investigated through phosphoPP2A (pPP2A) 

activation. In addition, the expression of P-glycoprotein (P-gp), a transcytosis-acting protein efflux, 

and laminin, both the major protein of the basement membrane and a common ligand for cell-to-

matrix proteins were investigated. 

 

Experimental procedures  

Animals and venom 

Male Wistar rats (250–300 g) were obtained from an established colony maintained by the 

Central Animal House Service at UNICAMP. One batch of lyophilized P. nigriventer crude venom 

(PNV) was supplied by Instituto Butantan (São Paulo, SP, Brazil). The venom was stored at -20ºC 

and dissolved in 0.9% sterile saline solution immediately before use. The experiments were done 

according to the guidelines of the Brazilian College for Animal Experimentation (COBEA) and 

approved by the University’s Ethics Committee in Experimental Animal Use 

(CEEA/IB/UNICAMP, protocol n. 1700-1). 

 

Envenoming procedure 

Male rats were given a single i.v. injection of PNV (0.85 mg/kg in 0.5 ml saline) in the tail 

vein. The PNV concentration was selected based on previous studies in our laboratory (Le Sueur et 

al., 2003, 2004). To control group was given the same volume of 0.9% sterile saline solution (sham 

group). 15 min, 2 and 5 h after PNV or saline injection (n = 5/time interval), the animals were 

anesthetized with an i.p. injection (2 mg/mg body mass) of 3:1 mixture of ketamine chloride 

(Dopalen®, 100 mg kg
-1

 body weight) and xylazine chloride (Anasedan®, 10mgkg
-1

 body weight) 

(Vertbrands, Jacarei, SP, Brazil). 

 

Western Blotting (WB) 

Control and PNV-treated rats were anaesthetized and killed by decapitation 15 min, 2 and 5 

h after saline or venom injection. The brains and cerebella were quickly dissected; the hippocampus 

was isolated from brain and both regions were homogenized in an extraction cocktail (10 mM 

EDTA, Amresco, Solon, Ohio, USA; 2 mM PMSF, 100 mM NaF, 10 mM sodium pyrophosphate, 

10 mM NaVO4, 10 g of aprotinin/ml and 100 mM Tris, pH 7.4, all by Sigma, Saint Louis, 

Missouri, USA ). Hippocampi or cerebella from animals killed 15 min, 2 h or 5 h after saline-

injection were mixed and homogenized to form a control pool from each region (n = 15 total each 
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region). This single control was used for evaluating WB of protein contents in hippocampus or 

cerebellum and comparison with the PNV-treated (15 min, 2 h or 5 h). The homogenate was 

centrifuged at 3000xg for 10 min and the supernatants collected and stored at -70ºC until used for 

immunoblotting. The proteins (50 g) were separated on 6.5 % (for ZO1), 8 % (for occludin, -

catenin, laminin and pPP2A) and 12% (for claudin-5) sodium dodecyl sulfate-polyacrylamide 

(Amresco, Solon, Ohio, USA) by gel electrophoresis under reducing conditions and were 

electrophoretically transferred onto nitrocellulose membrane (BioRad Laboratories, ref. 162-0115, 

Hercules, CA, USA). After blocking overnight at 4ºC with 5 % or 2.5 % non-fat milk in TBS-T 

(Tris-buffered saline 0.1 % with 0.05 % Tween 20, pH 7.4), the membranes were incubated at room 

temperature (RT) for 4 h, with rabbit polyclonal antibody against claudin-5 (1:250), occludin 

(1:500), -catenin (1:1000), ZO1 (1:500) (Zymed, San Francisco, CA, Refs. 1393424, 352500, 

711500 and 138400, respectively), laminin (1:500) (Sigma, Ref. L9393), pPP2A (1:500, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), diluted in buffer solution TBS-T containing 3 % non-fat 

milk. After washing (five times, 8 min each) in TBS-T, the membranes were further reacted with 

horseradish peroxidaseconjugated anti-rabbit or anti-mouse IgG (1:1000, Sigma, Refs. A6154 and 

A9309, respectively), diluted in TBS-T with 1 % non-fat milk, for 1 h, at RT. A chemiluminescence 

reagent (Super Signal, Pierce, Rockford, IL, USA) was used to make the labeled protein bands 

visible and the blots were developed on X-ray film (Fuji Medical, Kodak, Ref Z358487-50EA, 

Rochester, N.Y., USA). For quantification, the density of each band was determined by the NIH 

Image 1.41 program (available at ftp from zippy.nimh.nih.gov/ or from http://rsb.info.nih.gov/nih-

image; developed by Wayne Rasband, NIH, Bethesda, MD). For each protein investigated the 

results were confirmed in three sets of experiments. Immunoblot for -actin was done as a control 

for the above protein blots. After protein blots visualization with enhanced chemiluminescence, the 

protein antibodies were stripped from the membranes, which were reprobed with monoclonal anti-

-actin antibody (1:250, Sigma, USA) and subsequently protein densitometry was done. The ratio 

of each investigated protein/ - actin was calculated and compared to saline-pooled (sham) control. 

 

Immunofluorescence (IF) 

In order to determine displacement or expression changes in the proteins studied, the IF was 

assessed in hippocampus and cerebellum of saline and PNVinjected rats. Animals were anesthetized 

and perfused transcardiacally with 4 % paraformaldehyde (Synth, Diadema, São Paulo, Brazil) in 

ice-cold PBS (0.1 M, pH 7.4, Synth). The brains were dissected and immersed in 15 % sucrose 

overnight, after which were included in OCT-Tissue Tek (Sakura Finetek, Torrance, CA, USA) and 

frozen in n-hexane (Dinâmica, São Paulo, SP, Brazil) with liquid nitrogen. Cryosections, 10 m 
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thick, were collected on glass slides and air dried. After washing in TBS, the sections were 

permeabilized with 0.3% Triton X-100 for 10 min at RT and treated with 5 % nonfat milk for 1 h 

added with 0.1% Tween 20, to block nonspecific binding of antibodies. Subsequently, the sections 

were reacted with same antibody described in “Western blotting” sub-section for laminin, occludin, 

claudin-5 and P-glycoprotein (dilution for all was 1:50) (Sigma, Ref. P7965). The primary 

antibodies were incubated overnight at 4ºC, afterward were washed with TBS, then incubated with 

FITC- or TRITCconjugated polyclonal secondary antibody against rabbit or mouse 

immunoglobulins (SIGMA, Ref. F6257 and B7151 respectively, 1:200) for 1 h at RT. The slides 

were then washed with TBS and mounted in fluorescent mounting medium (DakoCytomation) for 

observation under a fluorescence microscope (Olympus). 

 

Statistical analysis 

The results were expressed as means ± S.E.M, where appropriate. The densitometric values 

of the immunoreactive bands (immunoblotting) were analyzed using the Graphpad Prism software 

package. Student t test, or One-way analysis of variance (ANOVA) followed by the Tukey-Kramer 

post-test was used to compare the treated and control groups. A value of P < 0.05 indicated 

statistical significance. 

 

Results 

PNV induces clinical signs of neurotoxicity 

After venom administration the animals showed signals of intoxication which included 

variably hyperemia, piloerection, tremors, hypersalivation, reduced locomotor’s and diuresis 

activity and some difficulty in breathing. Practically all animals presented flaccidity followed by 

spastic paralysis of posterior legs and tonic convulsion. At least 0.5% of the animals died soon after 

venom i.v. injection. After 3 h animals showed clear signal that recovery was underway; salivation, 

tremors and paralysis of members had vanished, but prostration and/or low locomotor activity 

persisted. At 5 h post-PNV injection the clinical condition had improved, but it was only at 12 h that 

the complete recovery was achieved, corroborating earlier findings (Le Sueur et al., 2003). Rats 

injected with sterile saline (sham controls) appeared normal and showed none of the clinical signs 

described above whatever the survival period. Since clinically sham controls from different time-

points were indistinguishable from each other, hippocampus or cerebellum from all time-points 

were homogenized together to form a single control for WB assays (n= 15). 
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Western blotting and immunofluorescence 

The effect of PNV on the paracellular barrier of the hippocampal and cerebellar endothelia 

was assessed, by WB and/or IF, based on the content of some proteins associated with cell-cell 

adhesion (TJ- and AJ-associated proteins) and cell-matrix adhesion (laminin). Despite efforts we 

were unsuccessful to detect Pgp by WB. Then, this protein was investigated just by IF. On the other 

hand, occludin, -catenin, ZO1 and pPP2A were evaluated only through WB. Laminin and claudin-

5 were assessed by both WB and IF. 

 

PNV caused immediate decrease in the expression level of tight- and adherens junctions-

associated proteins, laminin and P-gp-efflux proteins in hippocampus and cerebellum. The 

expression of all studied proteins was recovered between 2-5 h. In general, the proteins 

reduction was more prominent in cerebellum, even though the recovery was faster in 

cerebellum than in hippocampus. 

 

Laminin: Laminin appeared as continuous fluorescent labeling outlining the endothelial 

wall of the brain microvessels in controls (Figure 1A,B,C). PNV injection promoted an immediate 

(15 min) decrease in laminin immunolabeling (IF) and content (WB) both in hippocampus and 

cerebellum; WB bands density indicated equal content of the protein in both regions. There was 

significant reduction of the protein content in all time-points (P < 0.001) in hippocampus, whereas 

just at 15min in cerebellum (P < 0.001), followed by a subsequent significant increase at 2 h (P < 

0.05). The immunofluorescence intensity at the time intervals examined practically paralleled the 

laminin immunoblots content represented by the histogram. Subtle differences between IF and WB 

were ought to specificities of the techniques. While IF is obtained from cryo-histological sections, 

immunoblots result from homogenate of the whole cerebral region examined. An overview of the IF 

intensity in the time-points studied was displayed in Figure 1D,F,H,J (hippocampus) and Figure 

1E,G,I,K (cerebellum). 

Claudin-5: The histogram representative of claudin-5 immunoblots from controls showed 

higher content of the protein in hippocampus compared to cerebellum. The tendencies to increase or 

decrease the density of pixels of claudin-5 immunoblots did not achieve statistic significance both 

in hippocampus and cerebellum of PNVexposed rats and this was attributed to individual 

differences (n = 5) (Figure 2A,B,C). Claudin-5 immunofluorescence appeared as discrete, 

frequently uneven fluorescent labeling outlining the endothelial wall of brain microvessels (Figure 

2, D-K).; this “patch-like” pattern can be explained by the protein location just at junctional sites of 

endothelial cells, differently from laminin which is part of the basement membrane surrounding the 
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entire endothelium Both in hippocampus and cerebellum, the changes in immunofluorescence 

observed in the different time-points were dim, consistent with the WB findings. Nevertheless, both 

in hippocampus (Figure 2E,F) and cerebellum (Figure 2I,J) the protein immunofluorescence 

decreased until 2 h post-envenoming indicating a progressive disorganization and probably 

internalization of claudin-5. After that, claudin-5 gained stronger immunolabeling in hippocampus 

(Figure 2G) and principally in cerebellum (Figure 2K) of PNV-5 h animals, indicating that recovery 

was underway. Vessels limits became visible again. Moreover, in the cerebellum the vessels 

labeling indicates claudin-5 upregulation (panel K). 

P-glycoprotein: This protein was seen delineating the vessels, but in some points the IF 

was brighter, probably where P-gp was more concentrated (Figure 3). Qualitative IF analysis 

showed P-gp poorly expressed in hippocampus (Figure 3A) whereas strongly in cerebellum; 

tangential sections of the vessels showed that the protein was spread all over the vessels’ surface in 

controls (Figure 3B). The protein expression level was stable at PNV-15 min, decreased in PNV-2 h 

and was overexpressed at PNV-5 h in hippocampus (Figure 3C,E,G). In cerebellum, after an 

immediate and abrupt reduction, P-gp expression gradually recovered and in the PNV-5 h group 

this efflux transporter protein was consistently and strongly upregulated in microvessels of variable 

caliber (compare Fig 3H with 3B,D,F). 

ZO-1: The ZO-1 protein content, assessed by WB, showed an immediate significant 

decrease in hippocampus (* p < 0.05) and cerebellum (*** p < 0.001) at 15 min. This reduction was 

sustained at the same level by 2 h post-PNV (* p < 0.05) in hippocampus, but tended to recuperate 

in cerebellum, although still significantly below the control level (* p < 0.05). The findings showed 

that the content of this TJ protein involved in cell-cell adhesion is higher in cerebellum than in 

hippocampus, and that in cerebellum the downregulation provoked by venom is more accentuated 

than in hippocampus despite a faster recovery in the former (Figure 4A,B,C). 

-catenin: The -catenin content was similar in hippocampus and cerebellum of sham 

animals. Endovenous administration of PNV induced immediate (15 min) and significant reduction 

(** p < 0.01) of this AJ protein. In the hippocampus, the reduction of the protein level was 

sustained (* p < 0.05) whereas in the cerebellum this was transient since -catenin content showed 

gradual significant recuperation close to control level. Differences were seen between the lowest 

(15 min) and highest level (5 h) of -catenin in cerebellum (# p < 0.05), indicating a significant 

reactive synthesis of the protein to re-establish cell adhesion (Figure 4D,E,F). As for laminin, 

claudin-5 and ZO-1, -catenin reduction in response to systemic PNV was more prominent in 

cerebellum, nevertheless the recovery of all proteins was faster in cerebellum than in hippocampus. 
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Occludin: In control group, the occludin content was higher in hippocampus than in 

cerebellum (Figure 5A,B,C). The i.v. administration of PNV produced a drastic immediate (15 min) 

reduction (~50%) of the protein content in the hippocampus (** p < 0.01) while it induced a trend 

for increase in cerebellum. Moreover, the tendency for occludin increase persisted in cerebellum in 

the subsequent time points postenvenoming in such a way that at 5 h the level of the protein was 

~25% higher than the basal content of controls. In contrast, despite a gradual recuperation of the 

protein, in hippocampus the occludin content remained below the control level at 2 h (* p < 0.05) 

and 5 h (not significant given the deviation size). Significant differences were seen between PNV-

15 min and PNV-2 h (# p < 0.05), (Figure 5, A-C). 

 

PNV increased pPP2A content soon after PNV injection (15 min), both in cerebellum and 

hippocampus, indicating deactivation of this phosphatase. The cerebellum showed faster 

recovery than hippocampus. 

 

Phosphorylated-PP2A content increased significantly as early as 15 min post- PNV 

injection both in hippocampus (** p < 0.01) and cerebellum (* p < 0.05). Afterward, a reducing 

tendency towards the reestablishment of the controls levels was seen in hippocampus (Figure 

5D,E). In the cerebellum, the reduction down the control content seen in PNV-2h produced a 

significant difference in relation to PNV-2 h (## p < 0.01) (Figure 5 D and F).The return to levels 

close to basal’s indicates a normal phosphorylation state of PP2A, and explains the recuperation of 

junctional proteins. 

  

Discussion 

A bulk of information has been accumulated on the interaction of P. nigriventer venom and 

CNS, and particularly in regard to its action on BBB (Le Sueur et al, 2003, 2004; Cruz-Höfling et 

al, 2007, 2009, Rapôso et al, 2007). These studies have shown that chronologically and regionally 

the venom actions seem to exhibit different time- course and degrees of intensity, or even be absent. 

Since the venom is a rich mixture of polypeptides acting on ion channels of excitable membranes 

and neurotransmitter release (Cruz-Höfling et al, 1985; Love and Cruz-Höfling, 1986; Gomez et al, 

2002) the investigation of its action in molecules involved in blood-brain barrier function is highly 

useful, particularly considering that experimentally the effect are short-lived and only 0.5% of the 

accidents with Phoneutria were graded as grave (Bucaretchi et al, 2000). The venom was shown to 

affect microtubule-mediated transcytotic traffic through vessels endothelium after 24 h and 9 days 

of exposure (Le Sueur et al, 2004), but evidences suggest that the paracellular normally forbidden 
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traffic could also be affected in other periods after of time. TJ and AJ proteins would be likely 

targets of the venom and hence the paracellular route could be affected. The expression and 

phosphorylation state of these are known to contribute for maintenance of the BBB integrity (Fiala 

et al, 2002; Plumb et al, 2002; Staddon et al, 1995a,b). The phosphorylation is a very fast, dynamic 

process (Rubin and Staddon, 1999) and junctional opening can be a transient episode during BBB 

permeabilization, hence supporting intermittent opening and closure of paracellular route. Other 

proteins having critical role in BBB function are P-glycoprotein (P-gp) and laminin from vessels 

basement membrane. P-glycoprotein is a representative efflux transporter protein of brain vessels 

preventing drug accumulation into the cerebral milieu (Roberts and Goralski, 2008). Laminin is the 

main protein of basement membrane (BM) and BM is a true physical barrier against the free transit 

of macromolecules through the BBB. Collectively, the proteins constitutes the operational and 

physical center of the BBB and are assisted by the components of endothelial basement membrane, 

pericytes and a surrounding astrocytic end-feet sheath.  

In this study, immunofluorescence and/or immunoblotting were used to locate and follow 

the expression at structure level (IF) of some TJ and AJ proteins, P-gp, laminin as well as to 

evaluate their content in hippocampus or cerebellum homogenates (WB). The degree of AT and AJ 

proteins were indirectly evaluated through the level of phosphorylation of the protein phosphatase 

2A (PP2A). The investigation allows differentiating in each region the dynamics of the molecular 

mechanisms underlying the transient BBB disruption caused by the systemic P. nigriventer venom 

(PNV). The study is useful for therapeutic management in cases of envenoming and/or to add new 

information about the venom action viewing the discovery of novel pharmacological tools. 

There was significant decrease of occludin, ZO-1, -catenin and laminin 15 min and/or 2 h 

and simultaneous pPP2A increase (15 min) after PNV injection, in hippocampus and cerebellum, 

compared with controls. The IF results showed decrease of claudin-5 labeling in hippocampus and 

cerebellum vessels besides an uneven spatial distribution. In general, the changes were more 

accentuated and/or precocious in the cerebellum; however the recover of the proteins 

expression/content was faster than in hippocampus. As a rule, the most of the proteins were 

overexpressed at 5 h time-point. This time interval matches with the onset of clinical recuperation 

of envenomed animals suggesting that the signs of animal intoxication were likely due to the BBB 

paracellular pathway impairment.  

In regard to P-gp, there was a fast decline in its immunoreactivity in the cerebellum (15 

min) suggesting protein degradation. The immunolabeling of P-gp was very discrete in control. At 

PNV-2 h it was practically negative but at PNV-5 h the fluorescence was bright and intense above 

the seen in control. A number of physiologic properties make the endothelium of the CNS unique. 
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Among them, xenobiotic transporters, such as P-gp and MRPs (multidrug resistance proteins) 

family proteins play special role in the physiology of central vasculature (Abbott, 2002). These 

transporters extrude drugs and toxins if they gain access into the cytoplasm of brain endothelial 

cells before they enter the brain. The present results suggest P-gp as a target of PNV, as well as 

indicate the existence of an efficient intrinsic mechanism which promotes synthesis of efflux 

transporter proteins likely destined to drive out the toxic agent from the CNS. Recent results 

(unpublished), using the same experimental design, showed increase of the MRP1 efflux transporter 

protein expression and level from 15 min to 5 h after the systemic PNV exposure; this may suggest 

that venom degrades specifically P-gp, but not MRP1. However, the two proteins have in common 

to be upregulated at 5 h of the PNV injection, implying that organism strengthen the mechanisms of 

detoxification in the CNS. Pharmacological tools aiming triggering such mechanisms can be useful 

in some neurological disorders.  

The partial or total collapse of the molecular barrier present in the endothelium of brain 

microvessels are evidences of BBB impairment. The BBB functioning works through physical and 

molecular interdependent mechanims, whose sequence is unclear and can be likely variable. Typical 

TJ proteins include, among others, claudins and occludin (Stevenson et al, 1986; Willot et al, 1992; 

Furuse et al, 1993; Furuse et al, 1998). Claudins constitute the backbone of TJ strands, by forming 

dimmers and binding homotypically to claudins on adjacent cells to produce the primary seal of the 

TJ. Occludin functions as a dynamic regulatory protein, whose presence in the membrane is 

correlated with increased electrical resistance across the membrane and decreased paracellular 

permeability (Simon et al, 1999; Furuse et al, 2001). The immediate decrease of the levels of the 

proteins occludin and laminin, besides spatial rearrangement of claudin-5, showed in this work, 

indicates that systemic PNV is able to induce paracellular permeability in very early stages. 

Besides, a complex organization of proteins (Geiger et al, 1987; Jockusch and Rüdiger, 1996), links 

the transmembrane proteins of TJs to actin microfilaments and provides the structural basis for cell-

cell adhesion and signaling. ZO-1 is one of the several cytoplasmic accessory proteins of TJs 

involved in transmembrane proteins-cytoskeleton coupling. Chemical or physical agents can 

determine redistribution of TJ molecules (Huber and Egleton, 2001; Wachtel et al, 1999) and BBB 

permeabilization. These include exogenous or endogenous molecules, such as cytokines and matrix 

metalloproteases released very early after insult (Gasche et al, 1999; Gloor et al, 2001). For 

instance, loss of ZO-1 and occludin and rearrangement of vinculin have been demonstrated 1 h after 

interleukin administration (Bolton et al, 1998). Here, the reduction of ZO1 in the groups PNV-15 

min and/or PNV-2 h suggest them targets of the PNV and likely involvement in BBB disruption. 

Recent unpublished data with the same experimental model show increase of matrix 
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metalloproteinase-9 (MMP9) at 15 min and 2 h after PVN injection. This can explain the early (15 

min) ZO-1 and P-gp degradation.  

The phosphorylation of some junctional proteins (implicated in the regulatory mechanisms 

of BBB permeability), such as occludin and -catenin, occurs especially at tyrosine residues, 

through regulatory kinases and phosphatases located at the junctional site (Rubin and Staddon, 

1999). Tyrosine phosphatase inhibitors or the overexpression of tyrosine kinases leads to a state of 

continuous phosphorylation that decreases the transcellular electrical resistance and rapidly 

increases the ionic permeability of the TJs in epithelium and endothelium in vivo and in vitro 

(Staddon et al., 1995 a,b; Le Sueur et al, 2004). In the current study, PP2A had its activity 

decreased after PNV i.v. administration, concomitant to decreasing TJ protein levels. 

Phosphorylated PP2A (pPP2A) occurs when the protein function is downregulated and, 

consequently, junction proteins are overphosphorylated and downregulated. Therefore, the present 

results suggest that PP2A inactivation was probably the mechanism of junctional opening and BBB 

permeabilization by PNV.  

In conclusion, the initial hypothesis that P. nigriventer venom changes tight and adherens 

junctions proteins expression in early periods after systemic injection was confirmed, and this 

reflects BBB permeabilization, explaining the clinical signs of intoxication. Such alterations were 

probably elicited by a very fast and dynamic phosphorylation process of junctional proteins, which 

was transient and self-limiting. Identification of substances that allows manipulating brain-blood 

barrier is relevant for the development of successful therapeutic strategies for overcoming restricted 

drug delivery into the brain. 
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Titles and Legend to Figures 

Figure 1: Laminin: A – Immunoblots of laminin in hippocampus (HIP) and cerebellum (CER) of 

rats injected with saline (Cont, n=15 as described in Western blotting procedures section) or with 

PNV and sacrificed at 15 min, 2 and 5 h (n=5 each). The membranes were stripped and reprobed to 
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-actin, confirming equal protein loading in the gel. Panels B and C show ratios of the laminin band 

intensity over corresponding - actin intensity. A value of P < 0.05 indicated statistical significance 

(**p < 0.01, ***p < 0.001, comparing to control; #p < 0.05, comparing to PNV-15 min). The 

intensity of the IF in the three time-points (panels D to K) greatly matches with the protein blots. 

There was marked and immediate (F,G) decrease in the intensity of laminin staining in envenomed 

animals. The recovery of the laminin expression was faster in the cerebellum (I) than in 

hippocampus (J); 5 h post-PNV the intensity of the immunolabeling has not reached the control 

level. Bars: D, F, H = 70 m; J, E, G, I, K = 35 m. Each value represents the mean ± S.E.M. 

Student-t test and one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test 

were used to compare the treated and control groups. 

 

Figure 2: Claudin-5. Immunoblots analysis and representative histogram of the densitometric 

protein values in hippocampus (HIP) and cerebellum (CER) of rats injected with saline (Cont, n=15, 

see description in Western blotting procedures section) or PNV in different time-points (n=5 each) 

(A,B,C). -actin served as reference of the loading control of protein for each sample and panels B 

and C show ratios of the claudin-5 band intensity over corresponding -actin intensity. The data 

showed that the ratios of claudin-5 band intensity over corresponding -actin intensity were higher 

in hippocampus of controls; in contrast at 5 h post-PNV the higher intensity was in cerebellum. IF 

confirmed these data. In hippocampus, the immunoreactivity was higher than in cerebellum, both in 

controls and in PNV-15 min and PNV-2 h (compare D,E,F with H,I,J). However, 5 h after PNV 

exposure the reactivity was much stronger in cerebellum (K) than in hippocampus (G); the 

endothelial cell limits which were poorly visible at 15 min/2 h became visible 

again.Immunofluorescence of claudin-5 tipically showed a dotted pattern due to its tight-junction 

location; the venom promoted losses and progressive disorganization of the protein since the 

labelling was absent or very discontinuous. Each value represents the mean ± S.E.M. Student-t test 

and one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test were used to 

compare the treated and control groups.Bars: D-G = 70 m; H-K = 35 m. 

 

Figure 3: P-glycoprotein. Immunofluorescence (FITC-conjugated) showed much lower expression 

of the P-glycoprotein in the hippocampus of control and envenomed animals (A,C,E,G) than in 

cerebellum (B,D,F,H). In both regions, the expression level decreased after envenoming; the 

decrease was much prolonged in hippocampus (until 2 h). In PNV-5 h group (G,H), the efflux 

transporter protein, Pgp, was overexpressed. Bars: A, C, E, G = 35 m; B, D, F, H = 70 m. 
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Figure 4: ZO-1 and -catenin. Immunoblots of both proteins in hippocampus (HIP) and cerebellum 

(CER) with -actin blots which served as reference of the loading control of protein for each sample 

and the representative content (panels A and D). The ratios of the ZO-1 (B,C) and -catenin (E,F) 

bands intensity over corresponding -actin intensity are represented. The venom induced decrease 

of all proteins both in hippocampus and cerebellum followed by recovery to levels near to the 

control (Cont) levels; (* p < 0.05; ** p < 0.01; *** p < 0.001 differences in relation to control; #p < 

0.05 difference in relation to PNV-15 min). Each value represents the mean ± S.E.M. Student-t test 

and one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test were used to 

compare the treated and control groups. 

 

Figure 5: Occludin and phosphorylated Phosphatase Protein 2A (pPP2A). Immunoblots of 

ocluddin in hippocampus (HIP) and cerebellum (CER) of control (Cont, n=15, see description in 

Western blotting procedures section). The venom induced decrease of occluding in hippocampus 

(B, * p < 0.05; ** p < 0.01) compared to control, followed by increase (#p < 0.05, compared to 

PNV-15 min). In the cerebellum (C), the venom induced a growing increase. with -actin blots 

which served as reference of the loading control of protein for each sample and the representative 

content (panels A and D). Immunoblots of pPP2A showed significant increase of the protein 

content both in hippocampus (** p < 0.01) and cerebellum (* p < 0.05); after the pPP2A decreased 

gradually next to control level after 5 h of PNV injection hippocampus, whereas in the cerebellum 

the protein content increased again reaching level superior to control’s at the end of 5 h; ##p < 0.01 

indicated content reduction in relation to PNV-15 min. -Actin served as reference of the loading 

control of protein for each sample, and panels B, C shows ratios of the occludin or pPP2A bands 

intensity over corresponding -actin intensity. Each value represents the mean ± S.E.M. Student-t 

test and one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test were used 

to compare the treated and control groups. 
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Abstract 

 

BBB permeability caused by Phoneutria nigriventer spider venom has been described. 

Immunofluorescence-(IF) and western blotting-(WB) were used to investigate the temporal 

dynamics of venom-induced changes on the multi-resistance drug protein-MRP1, glucose 

transporter protein 1-GLUT1, and connexin-43 in hippocampus and cerebellum. MRP-1 takes part 

in the efflux of some therapeutic drugs out the CNS; GLUT-1 is a typical endothelial cell marker 

and an indicator of the BBB functionality; Cx43 is the most representative protein of gap junction 

involved in cell-cell communication. The IF-labeled sections and WB bands densitometric values 

were quantified. Rats endovenously-injected with venom and euthanized 15 min, 2 and 5 h after, 

showed significant growing levels of MRP1 and GLUT1 in hippocampus. In the cerebellum, 

despite the expression/content of the MRP1 and GLUT1 were higher, their variability was lower 

than in hippocampus. Besides, the recovery of MRP1 to values closer to controls’ was earlier. Cx43 

content (=WB-values), in contrast, was higher in hippocampus, despite showing lower expression 

(=IF-values) than in cerebellum. After an immediate and significant increase (at 15 min), the Cx43 

reactivity gradually decreased, achieving in hippocampus values lower than in control. The highest 

(MRP1-GLUT1) and the lowest (Cx43) values coincided with the intoxication signs remission (2-5 

h post-PNV), suggesting ongoing clearance of venom in parallel with higher local glucose 

utilization, whereas cell-cell communication was impaired. Given the Cx43, GLUT1 and MRP1 has 

been described as having roles in astrocytes, pericytes, endothelial cells and neurons interactions we 

suggest their mechanistic involvement in BBB impairment by P. nigriventer venom. 

 

 

Key words: Astrocytes, blood-brain barrier, efflux protein, gap junction, glucose transporter 
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Introduction  

 The blood–brain barrier (BBB) is both a physical and molecular entity responsible for 

controlling the traffic of molecules at the blood-brain interface. The principal component of the 

physical barrier is the endothelium of the cerebral microvessels, which is unique because has high 

electric resistance and tightly-attached interendothelial contacts which hampers transit through it. 

Besides, extended processes from perivascular astrocytes embracing the endothelial basement 

membrane and vascular pericytes contribute for preventing a free transit of macromolecules (Kacem 

et al., 1998; Rubin et al., 1991). The molecular barrier involves junctional proteins, membrane 

receptors and a set of selected carriers besides the proper lipid bi-layer of endothelial membrane. 

Small lipophilic molecules such as oxygen, CO2 and ethanol can freely diffuse across the lipid bi-

layer. Small polar solutes, such as glucose, require specific transporter, among which the glucose 

transporter protein isoform 1, or GLUT1 (Duelli and Kuschinsky, 2001). Others mediate the efflux 

of potentially toxic metabolites out the CNS (e.g. multidrug resistance proteins (MRPs) and P-

glycoprotein (Pgp)) (Abbott, 2002). The physical and molecular barriers restrict the paracellular 

traffic, hence compelling substances through the strictly regulated transcellular route. Both play a 

key role in the homeostatic regulation of the brain microenvironment (Yang & Aschner, 2003), 

providing important mechanism for protecting neural function from accidental fluctuations in 

plasma composition generated by circulating xenobiotics (Abbott and Romero, 1996). Several 

pathological conditions may disrupt BBB mechanism (Rubin and Staddon, 1999; Sawada et al., 

2003; Wolburg and Lippoldt, 2002). Neurotoxins-containing venoms can also insult CNS and cause 

BBB breakdown. Our previous studies have shown that the venom of Phoneutria nigriventer 

provokes neurointoxication and BBB opening by disturbing both microtubule-mediated transcytosis 

(Le Sueur et al., 2003; 2004), and endothelial cell-cell contact (unpublishe), induces inflammation 

and reactive gliosis (Cruz-Höfling et al., 2009; Rapôso et al., 2007), causes neuron activation in 

CNS (Cruz-Höfling et al., 2007) having nitric oxide as mediator in several brain regions 

(unpublished). These effects are transitory. The venom is rich in voltage-gated sodium, calcium, and 

potassium channels-acting neurotoxins which affect peripheral and central neurotransmitter release 

(Cruz-Höfling et al., 1985; Fontana and Vital-Brazil, 1985; Gomez et al., 2002). The application of 

pharmacological tools for studying the modulation of the BBB transcellular and paracellular 

pathways is relevant clinically (Banks, 2008). 

 The close anatomical apposition between astrocytic end-feets and endothelial cells predicts 

a role for astrocytes in BBB functionality. In support, development and preservation of BBB 

phenotype in brain endothelium has been conditioned to the presence of astrocytes (Abbott, 2000; 

Davson and Oldendorf, 1967). In conformity, the presence of gap junctions is essential for 
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establishing a network among the BBB components viewing integrated actions in favor of CNS 

homeostasis. Gap junctions are intercellular protein channels in charge of coordinating the bi-

directional exchange of cellular messengers (ions and small molecules) for integration of the 

physiological processes (Martin and Evans, 2004; Nicholson, 2003; Sáez et al., 2003; Söhl and 

Willecke, 2004). 

 Herein, the hypothesis that gap junctions proteins are modulated in P. nigriventer 

envenoming was investigated. Additionally, the expression of the endothelial transporters, MRP1 

and GLUT1, was evaluated. A better understanding of the venom mechanisms in the BBB 

disturbance has important implications in development of therapeutic approaches in case of spider 

bite accidents. 

 

Materials and Methods 

Animals and venom 

 Male Wistar rats (250–300 g) were obtained from an established colony maintained by the 

Central Animal House Service at UNICAMP, and kept in a cycle of 12/12 hours light/dark period 

with food and water supplied ad libitum. One batch of lyophilized P. nigriventer crude venom 

(PNV) was supplied by Instituto Butantan (São Paulo, SP, Brazil). The venom was stored at - 20ºC 

and dissolved in 0.9% sterile saline solution immediately before use (0.5 mg of veneno/1ml saline). 

 

PNV treatment 

 Male Wistar rats were divided into two groups. One group received a single intravenous 

(i.v.) injection of Phoneutria nigriventer venom (PNV, 850 g/kg in 0.5 ml) (Le Sueur et al., 2003) 

in the tail vein, while the other (control sham group) was given the same volume of 0.9% sterile 

saline solution. Fifteen minutes, 2 and 5 hours post-injection, the venom and saline-injected rats 

were anesthetized (via i.p.) with ketamine chloride (Dopalen®) and xylazine chloride (Anasedan®), 

100 and 10 mg/kg respectively (both from Vertbrands, Jacarei, SP, Brazil), before euthanasia. These 

time intervals have been shown to be adequate for evaluating acute PNV-induced BBB breakdown 

(Rapôso et al., 2007). The experiments were approved by the Universiy’s Ethic in Animal 

Experimentation Committee (CEEA, (protocol number: 1429-1)) whose procedures are in line with 

the guidelines of the Brazilian College for Animal Experimentation (COBEA) 
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Immunofluorescence (IF) 

 Animal protocols for western blotting and immunohistochemistry study were done in 

separate (n = 5/time interval/technical assay/saline or venom, total of animals for IF=30) In order to 

determine displacement or alterations in the expression of proteins studied, the immunofluorescence 

was assessed in hippocampus and cerebellum of saline (sham controls) and PNV-injected rats. 

Animals were anesthetized and transcardiac perfusion with physiologic solution (150 ml) followed 

by fixative (250 ml of 4 % paraformaldehyde in ice-cold 0.1 M phosphate-buffered saline - PBS, 

pH 7.4) was done. After, the brains were dissected and immersed in 15% sucrose, overnight, then 

embedded in OCT-Tissue Tek and frozen in n-hexane with liquid N2. Cryostat sections, 12 m 

thick, were collected on glass slides and air dried. After washing in TBS, the sections were 

permeabilized with 0.1% Triton X-100 for 10 min at room temperature (RT) (just for GLUT1, 

before Triton X-100, the slices were incubated with ethanol, followed by methanol, for 10 min 

each, at -20º C), followed by 0.1% Tween 20 in TBS containing 5% non-fat milk for 1 h at RT to 

block nonspecific binding of antibodies. Subsequently, sections were reacted with one of the 

following monoclonal primary antibodies diluted in TBS/3% nonfat milk: anti-MRP1 (Zymed, 

187246 - 1:100), anti-GLUT1 (Alpha Diagnostic, GT11-S - 1:100), both raised in mouse, and anti-

connexin-43 (Sigma, C6219 – 1:500), produced in rabbit. The primary antibodies were incubated 

overnight at 4ºC (just for GLUT1, the incubation was for 2 h in RT), afterward were washed with 

TBS, then incubated with FITC- or TRITC-conjugated polyclonal secondary antibody against rabbit 

or mouse immunoglobulins (Anti-rabbit IgG TRITC conjugate – T5268 – 1:1500; Anti-mouse IgG 

FITC conjugate – F6257 – 1:1500, Sigma), diluted in TBS/1% non-fat milk for 1 h at RT, in the 

dark. All incubations were carried out in a humidified chamber; IF was performed in batches, each 

batch containing the three time-points of control and PNV equally represented within each batch in 

order to diminish non-specific inter-group staining variability. The slices were then washed with 

TBS and mounted in glycerinated gelatin. Quantification of the protein expression was performed 

with enhanced contrast and density slicing feature of IMAGEJ software (version 1.33u, NIH, USA). 

Four sections per animal in each of the time-points (n=5 animals), control and envenomed, were 

immunolabeled. Six images/animal (=30 images/group) were captured using a fluorescence 

microscope (Olympus, Tokyo, Japan) equipped with Image-Pro Plus image analyzer software 

(USA). The integrated density of pixels was systematically measured in six areas per animal. 

 

 

 

 



Capítulo II 

 47 

Western Blot (WB) 

 Fifteen min, 2 and 5 h after PNV or saline injection (n = 5 animals/time interval; Ntotal= 30 

animals), the animals were anesthetized as described above, and killed by decapitation. 

Hippocampus and cerebellum from each time-point of PNV-injected animals were quickly dissected 

and each group homogenized in lysis buffer (10 mM EDTA, 2 mMPMSF, 100 mM NaF, 10 mM 

sodium pyrophosphate, 10 mM NaVO4, 10 mg of aprotinin/ml and 100 mMTris, pH 7.4). 

Hippocampus or cerebellum from animals killed at 15 min, 2 h or 5 h after saline-injection was 

mixed and homogenized to form a control pool from each region (n = 15 control hippocampus or 

cerebellum). This single control was used for evaluating WB of protein contents in hippocampus or 

cerebellum and comparison with the PNV-15 min, PNV-2 h or PNV-5 h). This was done because 

there was no visible clinical sign indicating any alteration in the animal aspect caused by saline 

injection, allowing the use of a “pooled-control”. In contrast, for the clinical and 

immunohistochemical observations, the sham control was time-to-time paired with PNV-exposed 

animals for comparison purposes. Homogenates were centrifuged at 3000 g for 10 min and the 

supernatant collected and stored at -70ºC until use for immunoblotting. The proteins (50 g) were 

separated on 10% (MRP1), 15% (GLUT1 or Cx43) sodium dodecyl sulfate-polyacrylamide by gel 

electrophoresis (SDSPAGE) under reducing conditions were electrophoretically transferred onto 

nitrocellulose membrane (BioRad Laboratories, ref. 162-0115). After overnight blocking at 4ºC 

with 5 % non-fat milk in TBS-T (Tris-buffered saline 0.1 % with 0.05 % Tween 20, pH 7.4), the 

membranes were again incubated at RT for 4 h, with primary antibodies described in 

Imunofluorescence sub-section (dilutions: MRP1 – 1:200; GLUT1 – 1:400; Cx43 – 1:600), diluted 

in buffer solution TBS-T containing 3% nonfat milk. After washing (five times, 8 min each) in 

TBS-T, the membranes were further reacted with secondary horseradish peroxidase-conjugated 

anti-rabbit or anti-mouse IgG antibodies (1:1000, Sigma, Refs. A6154 and A9309, respectively), 

diluted in TBS-T with 1% non-fat milk, for 1 h, at RT. A chemiluminescence reagent (Super Signal, 

Pierce) was used to make the labeled protein bands visible and the blots were then developed on X-

ray film (Fuji Medical, Kodak, Ref Z358487-50EA). Each band was quantified by densitometry 

using the IMAGEJ software (version 1.33u, NIH, USA). For each protein investigated the results 

were confirmed in three sets of experiments. In all, immunoblot of -actin was analyzed as a 

loading control for the other protein blots. After visualization, the protein antibodies were stripped 

from the membranes, which were reprobed with monoclonal anti-β-actin antibody (1:250, Sigma, 

USA); subsequently the protein densitometry was done. The ratio MRP1/β-actin, GLUT1/β-actin 

and Cx43/β-actin was calculated and compared to saline-pooled (sham) control. Negative control 

was provided by omitting the primary antibody. 
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Statistical analysis 

 The results were expressed as means ± S.E.M.. The densitometric values of the 

immunoreactive bands (WB) and fluorescence labeling of proteins (IF) were analyzed using the 

Graphpad Prism software package. Student t test, or one-way analysis of variance (ANOVA) 

followed by the Tukey-Kramer post-test, was used to compare the treated with the time-to-time 

paired control (for IF data) or the treated with the pooled control (for WB data). A value of P < 0.05 

indicated statistical significance. 

 

Results 

Clinical observations 

 The rats injected with venom showed variably intense neurotoxic signs, indicating 

peripheral (flaccid and spastic paralysis of hindlimbs), autonomic (hyperemia, tremors, salivation, 

lachrymation and piloerection) and central nervous commitment (prostration, tonic-clonic 

convulsion and respiratory stress). At least 0.5% of the animals died soon after venom i.v. injection. 

After 5 h of PNV injection, the neurotoxic signs were partially resolved, with animals recovering 

gradually the locomotor and respiratory normal capacity. In the saline control group, none 

intoxication sign was observed regardless the survival time interval. 

 

MRP1 

 MRP1 immunolabeling appeared as fluorescent dots outlining the endothelial wall of brain 

microvessels (Figure 1). There was a correspondence in the expression and level of the MRP1 

efflux protein in hippocampus as seen by IF and WB data. There was a gradual increase of the 

protein IF labeling which was significantly different from control only at 5 h post-PNV injection 

(p<0.05). WB values showed significantly higher levels of MRP1 at 5 h compared to either control 

(p<0.05) or PNV-15 min (p<0.001) or PNV-2 h (p<0.01). The immunolabeling of the MRP1 efflux 

protein in hippocampus was less intense than in cerebellum, as was so the content of the protein 

seen by immunoblotting. Besides, instead of the dot-like staining seen in hippocampus, in 

cerebellum the majority of vessels showed a continuous ribbon of staining around vessels lumen 

(Figure 2). Quantification of pixels showed a significant increase of MRP1 expression in PNV-2 h 

group compared to control (p<0.05) (Figure 2A-E). The curve profile of the blots densitometric 

values rigorously matched with the curve profile of the IF immunolabeling quantification (compare 

Figure 2E and 2G), but there was not statistic difference in MRP1 content among groups. Despite, a 

tendency to decrease both the expression and content of the efflux transporter protein at PNV-5 h 

(see a dot-like pattern of MRP1 staining in this time interval), its level remained moderately higher 
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than in control. The data indicates hippocampus as more sensitive to the venom than cerebellum; 

however, cerebellum seemed more efficient in clearing up the intoxicant, probably for presenting 

higher levels of MRP1 than hippocampus. 

 

GLUT1 

 The GLUT1 immunostaining appears as small dots delineating blood vessels profiles. When 

the expression of the protein was higher the dots coalesced to form a more continuous lining around 

vessels lumen; in envenomed animals immunoreactivity seen outside the vessels was likely the 

protein presence in astrocytes (see (*) in panels of Figures 3 and 4). The IF and WB assays showed 

that the cerebellum contains higher expression and content of the glucose transporter protein, 

GLUT1, than hippocampus. The major expression/content of GLUT1 in both regions was seen at 5 

h post-PNV. Hippocampus was more sensitive than cerebellum to the toxicant since the increase in 

the protein content in this region was double the observed in the cerebellum (44% vs. 22% at PNV-

5 h compared to control. A similar proportion between the two regions was observed in relation to 

the IF labeling quantification, ~39% vs. 20%, respectively). In hippocampus, the difference in the 

expression of GLUT1 was significant between control vs. PNV-2 h (p < 0.01), control vs. PNV-5 h 

(p < 0.05), PNV-15 min vs. PNV-2 h (p < 0.01) and PNV-15 min vs. PNV-5 h (p <0.05) (Figure 

3A,B,C,D,E). The WB bands densitometric analysis showed similar increase tendency, but the 

differences were significant only between the PNV groups, 15 min vs. 5 h (p < 0.001). In 

cerebellum, IF labeling remained quite constant in PNV-15 min, PNV-2 h, and their paired controls. 

A significant enhanced expression of GLUT1 occurred thereafter ((PNV-5 h vs. PNV-15 min (p < 

0.05), and PNV-5 h vs PNV-2 h (p < 0.05)) (Figure 4A,B,C,D,E). The GLUT1 content, measured 

by WB density values, showed similarity with the obtained by IF evaluation: differences were 

significant between PNV-5 h x pooled-control (p < 0.05), or x PNV-15 min groups (p < 0.001) 

(Figure 4G). 

 

Connexin-43 

 Cx43 reactivity appeared in the microvessels’walls and in hippocampal and cerebellar 

parenchyma. In microvessels of hippocampus and cerebellum, the protein is likely being expressed 

in endothelium-astrocytic-end-feet-pericytes contacts. In hippocampus, the Cx43 labeling was 

increased in the PNV-15 min group (p < 0.05), compared to sham-15 min followed by a gradual 

decrease. Differently from controls, where reactivity is barely seen in the hippocampal parenchyma, 

in PNV-15 min a marked labeling was found, probably due to staining of astrocyte-astrocyte-

neuronneuron contacts. After, the immunolabeling density of Cx43 became significantly reduced. 
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Differences were significant between control-5 h and PNV-5 h (p < 0.01), PNV-15 min and PNV-5 

h (p < 0.001) and PNV-2 h x PNV-5 h (p < 0.01) (Figure 5E). The WB bands densitometric values 

paralleled with IF data (compare Figures 5E,F,G), but variation in the levels of Cx43 did not reach 

statistic significance. In cerebellum, the reactivity is stronger in granule cell layer of the cerebellar 

cortex (Figure 6A). PNV caused immediate (15 min) increase of the reactivity (p < 0.05), 

particularly on the Purkinje layer, but also in the granular cell layer (Figure 6B); thereby there was a 

trend for reduction (Figure 6C). In the molecular layer, fluorescent labeling was seen. The 

densitometric analysis of WB bands labeling density showed a tendency to maintain increased the 

levels of Cx43 in envenomed groups compared to pooled-control. 

 

Discussion 

 The spider Phoneutria nigriventer (Ctenidae, Araneomorpha) is responsible for the majority 

of accidents involving venomous spider in the Southeast Brazil; the victims of Phoneutriism present 

intoxication signs indicative of central, peripheral and autonomic nervous system involvement 

which, in severe cases, can be manifested by seizures (Bucaretchi et al., 2000). This fact has 

motivated the investigation of the venom toxic action in the CNS and specifically in the blood brain 

barrier. 

 In this study, with immunofluorescence (IF) and immunoblotting (WB) we analyzed the 

expression and content of some proteins associated with the BBB function to advance in the 

knowledge of molecular mechanisms of BBB breakdown caused by P. nigriventer venom (PNV). 

This knowledge also gives basis for therapeutic management in cases of envenoming with this 

armed-spider. Whereas WB is able to detect the proteins in the whole homogenate of hippocampus 

or cerebellum, but allows no cell type or layer specific distribution, IF is able to track expression of 

them at the cellular or structure level. In both, quantitative evaluation is feasible. The expression 

over the basal levels of each of the proteins along the trial period showed a practically equal curve 

pattern regardless the technique assessed. 

 The putative proteins targeted by the PNV were chosen based on the critical roles they 

exerts in the BBB functionality. MRP1 belongs to a family of proteins which are ATP-driven 

pumps which mediates translocation of cytotoxic substances and some drugs out the CNS (Kubota 

et al., 2006). Glucose is the primary energy fuel for brain metabolism. The brain taking up of 

glucose is promoted by the facilitative GLUT1 transporter protein through the capillary endothelial 

cells; an increased expression/content of GLUT1 reflects elevated levels of circulating glucose. 

Also, the augment of the local cerebral glucose utilization is correlated positively with elevated 

expression of GLUT1 (Choeiri et al., 2005). Gap junctions (GJ) are specialized structures formed 
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by integral membrane proteins termed connexins which form intercellular channels providing 

diffusion of chemical and electrical information between adjacent cells. The most conspicuous 

connexin forming the GJ is Cx43; it is also the predominant isoform in astrocytes (Rouach et al., 

2004). Cx43 has been also described in the porcine blood-brain barrier endothelial cells (Nagasawa 

et al., 2006). 

 The data showed that the presence of PNV in the circulation was able to affect the proteins 

studied. However, the expression/content of each one showed particular dynamics along the trial 

period and depending on being expressed, either in hippocampus or cerebellum. Studies have 

shown that MRP1 is located in the luminal aspect of the BBB (Nies et al., 2004), is expressed by 

cultured astrocytes of rodents and humans and by reactive astrocytes of human brain, but was not 

detected in non-reactive ones (see Hirrlinger et al., 2005). Our results showed MRP1 labeling 

located at the BBB; but the light microscopy resolution did not permit to affirm if the labeling 

corresponds to the protein localization in endothelium, astrocytic end-feet or pericytes (Shimizu et 

al., 2008), or in all or some of them. GLUT1 labeling appeared outlining the vessels lumen; in 

envenomed animals also appeared in the parenchyma ground suggesting astrocytes reactivity. In the 

brain, GLUT1 derived of the same gene appears in two isoforms, one vascular and the other 

astrocytic (Kacem et al., 1998), depending on the molecular weight; GLUT1 density is particularly 

high in cortical structures, such as the frontal cortex and the motor cortex as well as in the 

hippocampus and the cerebellum (Choeiri et al., 2002). Here, the cerebellum showed greater basal 

contents of MRP1 and GLUT1 than the hippocampus; cerebellum also showed lesser variability in 

the proteins level in PNV-groups during the trial period. These data corroborate with previous 

studies showing hippocampus more susceptible to the systemic PNV, with BBB breakdown effects 

more evident, whereas cerebellum was unchanged (Le Sueur et al., 2004), or its recovery was faster, 

(Rapôso et al., 2007). A possible explanation would be that the cerebellum greater content, 

including basally, of GLUT1 would supply in part the extra-needs for fuel. Whether the cerebellar 

basal content of these proteins is reflex of a more efficient system for drug exclusion (and tightness 

of BBB), and transport of glucose, allowing non-significant extra-requirements of these proteins in 

PNV-groups is undetermined so far. The fact is that hippocampus showed higher sensitivity to 

PNV, as shown by the growing significant increases in both proteins levels/expression. It might 

reflect that the hippocampus consumption for glucose in PNV-exposed animals is higher than that 

by cerebellum, since high levels of GLUT1 expression have been associated with augment of the 

local cerebral glucose utilization (Choeiri et al., 2005). In agreement, MRP1 in cerebellum showed 

a tendency to return to basal levels between 2 and 5 h, whereas in hippocampus a continued 

significant increase was seen until 5 h post-venom exposure. At this time interval (2-5 h) the 
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attenuation of the intoxication signs (salivation, piloerection, lachrymation, tremors, respiratory 

stress) and progress of exploratory and locomotor’s behavior were in frank course (Rapôso et al., 

2007). It also coincides with increased S100, TNF-  and IFN-  reactivity and regression of GFAP 

content (5 h) subsequent to a previous gliosis by perivascular astrocytes in hippocampus and by the 

specialized astrocytes from cerebellum, the Bergmann glia, using the same experimental model 

(Cruz-Höfling et al., 2009). The high levels/expression of MRP1 and GLUT1 between 2-5 h after 

envenoming might represent an adaptive reaction of the animals’ organism to prevent the minor 

molecular weight PNV toxins from entering the brain (MRP1), and to facilitate the glucose entrance 

for supplying increased brain metabolism induced by the stress of animal and/or by venom 

pharmacological action (GLUT1). Little has been reported about interactions between multidrug 

resistance protein and glucose transporter protein. However, it is conceivable that cytotoxic 

xenobiotics insulting the CNS demands greater resources of glucose and mechanism for eliminating 

the toxic agent. An increased rate of facilitative glucose transport and level of GLUT1 expression 

paralleled with increased vincristine resistance, active vincristine efflux and decreased vincristine 

steady-state accumulation in in vitro cell lines; moreover, glucose transport inhibitors (cytochalasin 

B and Phloretin) blocked the active efflux and increased steady-state accumulation of vincristine 

(Martell et al., 1997). Various factors, such as drug metabolism, alteration of target proteins, 

increased CNS elimination, and decreased cellular drug accumulation have been ascribed to the 

development of cellular drug resistance (MDR) phenotype (Dallas et al., 2006; Dean et al., 2001). 

The use of inhibitors against efflux proteins, such as the members of ABC transporters family, 

including the MRPs, have been investigated in order to decrease the resistance to the entry of 

therapeutic drugs (Kubota et al., 2006). The present results showing that the PNV induced increase 

in MRP1 expression, at same time that maintain active the transport/consumption of glucose (higher 

GLUT1 expression/content) elects the venom as a useful tool for future researches about MDR 

phenotype development and drug efflux. 

 Taken together, the present results support previous studies indicating that changes in the 

BBB function caused by the venom of P. nigriventer result mainly in alterations of the transcellular 

transport (Le Sueur et al., 2004) since, as seen here both the transcellular influx (glucose) and efflux 

(venom neurotoxins) were affected at the blood-brain interface. 

 Recent study, using the present experimental design, showed that 2 h post-PNV 

administration, neurons from several motor-related and stress-related cerebral areas exhibited 

activation, as shown by upregulated FOS reactivity (Cruz-Höfling et al., 2007). The brain capillary 

phenotype, typical of the BBB, is critically dependent on interactions with cells found closely 

associated with brain capillaries, such as pericytes (Shimizu et al., 2008) and astrocytes (Abbott, 
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2002). Like the brain endothelial cells, the pericytes express some barrier-related transporter 

proteins, the drug-efflux MRP1 and the substrate-influx GLUT1, as well as the tight junction 

molecules, occludin and ZO-1, indicating functional cooperation with endothelial cells (Shimizu et 

al., 2008). 

 Astrocytes are eclectic glial cells, whose variety of functions aims primarily to maintain 

CNS homeostasis for normal neuronal activity. Being the most abundant cell type in the CNS, the 

different populations of astrocytes, establish interactions to each other (homotypic interaction), with 

capillary endothelium, other glial cells and to neurons (heterotypic interaction) (Abbott, 2002; 

Giaume et al., 1997). The homotypic coupling among the astrocytes is extensively established 

through gap junctions (GJ) composed mostly by Cx43, being both the expression of the protein as 

well the permeability of the GJ closely regulated (Giaume and McCarthy, 1996). 

 Herein, it was found a two-step Cx43 reactivity characterized by significant increase soon at 

15 min post-PNV exposure, both in hippocampus and cerebellum, followed by significant decrease 

in hippocampus thereafter, and a trend for decrease in cerebellum. The findings indicate that the 

systemic PNV affects GJs’ stability, and hence homotypic and heterotypic cell interactions, 

probably one of the mechanistic causes of BBB permeability induced by PNV. Tabernero and co-

workers (2006) identified steps and molecular pathways that reinforce the hypothesis of a potential 

link between GJs and energy metabolism in astrocytes. Interestingly, the inhibition of Cx43 and 

decrease of GJs specialized membrane regions causes increase of glucose transport by astrocytes 

through GJs (Giaume et al., 1997) which is associated with upregulation of Na+/K+-ATPase 

activity. Also, the treatment of GJs with inhibitors, such as endothelin-1 or carbenoxolone, 

decreases the expression of Cx43. Moreover, when Cx43 was silenced in astrocytes by siRNA, the 

knock down of Cx43 increased the rate of glucose uptake, characterized by the upregulation of 

GLUT1 (Herrero-González et al., 2009). In conformity, comparing the present results for GLUT1 

and Cx43, one can see an inverse relationship between these proteins expression, that is, when the 

Cx43 expression decreased, gradually increased the expression of GLUT1. The basis of this 

relationship is still unknown, but it is plausible to think that situations that insult the CNS may lead 

to negative interference in cell-to-cell communication, homeostasis loss and hence higher needs for 

energy resources. 

 It is also elusive why PNV affects the exchange of information by GJs differently in the 

hippocampus and cerebellum. Likely, the type and/or number of the colonized astrocytes, neurons, 

membrane receptors, the extent of the microcirculation, among others, might be behind the 

differences in the response to venom exhibited by both brain regions. In line, neurons from 
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hippocampus and cerebellum have distinct properties, and studies indicate that GP communication 

and Cxs expression in astrocytes are controlled by neurons (Rouach et al., 2004). 

 Increasing body of evidences indicates a mutual influence between the astrocytes and 

neurons, with astrocyte function extrapolating the widespread notion of simply brain support. In 

fact, in vitro, in situ and in vivo studies have given strong evidences on the existence of 

glutamatergic, GABAergic, adrenergic, peptidergic, serotoninergic, purinergic and muscarinic 

receptors in several astrocytic cells populations, including the protoplasmatic and fibrous astrocytes, 

and the specialized Bergmann glia, Müller glia and pituicytes. The expression of these 

neurotransmitter receptors by astrocytes were shown to vary regionally and intra-regionally and in 

response to injury (Porter and McCarthy, 1997). 

 P. nigriventer venom consists of serotonin, histamine (Schenberg and Pereira- Lima, 1978), 

and several pharmacologically-active neurotoxins, some excitotoxic (Brazil and Veillard, 1925) 

targeting the voltage-gated Ca
2+

, K
+
 and Na

+
 channels conductance (Gomez et al., 2002; Rezende et 

al., 1991). Some neurotoxins block Ca
2+

 channels, inhibit glutamate release (Romano-Silva et al., 

1993), induce vascular permeability in rat and rabbit which is associated with activation of 

histamine and serotonin receptors (Antunes et al., 1992), and activates type 5-HT4 receptors in 

vagus nerve preparations, probably a mechanism involved in pain and inflammation caused by 

venom (Costa et al., 2003). 

 As seen, the PNV has a number of pharmacological attributes which potentially may affect 

the BBB-associated cells and molecules, for instance, the glutamatergic and serotoninergic 

receptors and the ionic channels (principally the Ca
2+

 channels) from astrocytes and neurons. In 

response to pre-synaptic neurons evoked inward currents of Ca
2+

 into the astrocytes, these cells in 

turn release neurotransmitters, such as, glutamate and ATP; which, in sequence either feed-back 

pre-synaptic terminals to activate or depress activity, or directly acts onto post-synaptic neurons 

producing then excitatory or inhibitory responses (Newman, 2003; Santello and Volterra, 2009). 

 In summary, since the presence of molecular expression of Cx43, GLUT1 and MRP1 was 

detected in astrocytes, pericytes, endothelial cells and neurons, and given these proteins underwent 

changes by the PNV, it is likely that modulation of neuro-glial interactions, and even heterotypic 

interactions might have occurred eventually explaining the BBB permeabilization and clinical 

neurological signs of victims of Phoneutriism. The increases in MRP1 and GLUT1 and the decrease 

of Cx43 contents seen mainly between 2-5 h after envenoming suggests continuing toxin clearance, 

accelerated glucose uptake and utilization and deficit in the communication network among 

astrocytes, astrocytes-endothelial cells, and likely astrocytes-neuronal cells. We suggest that the 

deficit in cell-cell communication is protective against excitotoxic toxins present in the venom. At 
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this time interval, the recovery of the intoxication signs is underway. Hence, the venom of the 

spider P. nigriventer promotes transient changes in BBB (Cruz-Höfling et al., 2009; Le Sueur et al., 

2003; Rapôso et al., 2007); the use of inhibitors of protein efflux, for instances spider venom toxins, 

associated with the maintenance of the transport of glucose can provide good prospects for transient 

openings of the barrier to the entry of drugs of interest. 
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Legend for figures 

Figure 1: Immunofluorescence (IF) and western blotting for MRP1 in hippocampus: There was 

gradual increase in the reactivity of the protein in relation to control (A-D; Bar= 35 m). E: IF 

densitometric values showed a significant increase in PNV-5 h compared to control (* p<0.05) (n=5 

each). G: The level of MRP1 increased in PNV-5 h group (n=5) which was significant in relation to 

control pool (n=15, * p<0.05), PNV- 15 min (n=5, † † † p < 0.001) and PNV-2 h (n=5, # # p < 

0.01). -Actin served as reference of the loading control of protein for each sample, and panel G 

shows ratios of the MRP1 band intensity over corresponding -actin intensity. Each value 

represents the mean ± S.E.M. IF and WB data were analyzed by one-way ANOVA followed by the 

Tukey-Kramer post-test. Unpaired t-test was used if necessary. The results were confirmed in three 

sets of experiments; v = blood vessel. 

 

Figure 2: Immunofluorescence and western blotting for MRP1 in cerebellum: The immunolabeling 

of the drug resistance protein, MRP1, showed significant increase until 2 h post-PNV injection 
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(panels A,B,C,E, * p<0.05, Scale bar = 35 m, n=5/experimental group), after which there was a 

tendency for a decreased expression (D). A similar behavior was shown by the level of the protein 

along the time-course (G); differences in the protein level between venom-treated groups 

(n=5/group) and pooled-control (n=15 rats) have no statistic significance. -Actin served as 

reference of the loading control of protein for each sample, and panel G shows ratios of the MRP1 

band intensity over corresponding -actin intensity. Each value represents the mean ± S.E.M. IF and 

WB data were analyzed by one-way analysis of variance (ANOVA) followed by the Tukey-Kramer 

post-test. Unpaired t-test was used if necessary. The results were confirmed in three sets of 

experiments; v = blood vessel. 

 

Figure 3: Immunofluorescence and western blotting for GLUT1 in hippocampus: The reactivity of 

the glucose transporter protein isoform 1, GLUT1, increased significantly at 2 h and 5 h, compared 

to paired control (panels A – D, Bar = 35 m). Panel E shows that the differences were significant 

when compared control with both PNV-2 h (* * p < 0.01) and PNV-5 h (* p < 0.05), or comparing 

PNV-15 minutes with PNV-2 h († † p < 0.01) or PNV-5 h († p <0.05). In panel G, the ratios of the 

GLUT1 band intensity over corresponding -actin intensity content seen through the WB bands 

densitometry showed that the differences were significant between the envenomed groups, PNV-15 

min vs. PNV-5 h groups († † † p < 0.001). -Actin served as reference of the loading control of 

protein for each sample.Each value represents the mean ± S.E.M. IF and WB data were analyzed by 

one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test. Unpaired t-test 

was used if necessary. The results were confirmed in three sets of experiments; v = blood vessel; * 

= astrocytic labeling. 

 

Figure 4: Immunofluorescence and western blotting for GLUT1 in cerebellum: IF showed that 

there was an enhanced immunolabeling of GLUT1 in cerebellum vessels of PNV-5 h group (panels 

A – D, Bar=35 m). Labeling quantification (E) showed that the increase in the GLUT1 content in 

PNV-5h was significant in relation to PNV-15 min († p <0.05) and PNV-2 h (# p <0.05). Panel G 

showed practically unchanged the protein content until 2 h post-venom injection; thereafter, 

occurred an increase in the PNV-5 h group, which was significant when compared with control (* p 

< 0.05), and with 15 min group († † † p < 0.001). -Actin served as reference of the loading control 

of protein for each sample, and panel G shows ratios of the GLUT1 band intensity over 

corresponding -actin intensity. Each value represents the mean ± S.E.M. IF and WB data were 

analyzed by one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test. 
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Unpaired t-test was used if necessary. The results were confirmed in three sets of experiments; v = 

blood vessel; * = astrocytic labeling. 

 

Figure 5: Immunofluorescence and western blotting for Cx43 in hippocampus: Reactivity of Cx43 

delineates the blood vessels (v) profiles (A,B,C,D); at 15 min of envenoming the astrocytes are also 

labeled (see asterisks), Bar = 35 m (C). Panel E shows a significant increase of Cx43 reactivity at 

PNV-15 min (* p < 0.05) followed by marked decrease at PNV-5 h (** p < 0.01), compared with 

time-matched control group. Differences were also seen between PNV-15 min and PNV-5 h (# # p 

< 0.001), and PNV-2 h and -5 h († † † p < 0.01). G: WB blots and quantification shows similar 

pattern of Cx43 content as for IF assay, although differences were not significant. -Actin served as 

reference of the loading control of protein for each sample, and panel G shows ratios of the Cx43 

band intensity over corresponding -act in intensity. Each value represents the mean ± S.E.M. IF 

and WB data were analyzed by one-way analysis of variance (ANOVA) followed by the Tukey-

Kramer post-test. Unpaired t-test was used if necessary. The results were confirmed in three sets of 

experiments; v = blood vessel; * = astrocytic labeling = comparing with PNV-2 h. 

 

Figure 6: Immunofluorescence and western blotting for Cx43 in cerebellum: There was increase in 

the labeling of the protein in PNV-15 min (* p < 0.05), compared to corresponding control; 

thereafter a trend for decreasing was seen (A,B,C,D,E). The labeling was mainly in the granule and 

Purkinje layers of the cerebellar cortex. The densitometric values of the WB bands showed a 

tendency of increase. -Actin served as reference of the loading control of protein for each sample, 

and panel G shows ratios of the Cx43 band intensity over corresponding -actin intensity. Each 

value represents the mean ± S.E.M. IF and WB data were analyzed by one-way analysis of variance 

(ANOVA) followed by the Tukey-Kramer post-test. Unpaired t-test was used if necessary. The 

results were confirmed in three sets of experiments. Bars = 70 m (A,B,D); 35 m (C). 
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Abstract  

 

Phoneutria nigriventer spider venom (PNV) causes neurotoxic signs, blood-brain barrier 

breakdown and neuronal activation in CNS regions, some of which rich in nNOS-immunoreactive 

neurons. We examined the role of NO signaling in mediating the neurotoxic effect of the spider 

venom in multiple brain regions of the rat. The neuronal NOS inhibitor 7-nitroindazole was 

administered systemically prior to PNV exposure to determine if activation of NO signaling was 

responsible for observed neurotoxic signs including behavioral changes and measures of neuronal 

activation. Animals injected with: 1)-saline, 2)-PNV, 3)-7NI/PNV, 4)-DMSO/PNV (7NI vehicle 

pretreatment) and 5)-7NI were used and FOS-, NADPH-d- and double-stained neurons were 

counted. The onset/intensity of neurotoxic signs was registered. In 7NI/PNV, the signs were 

markedly precocious and intense, compared to PNV alone, suggesting downregulation of PNV 

toxicity by NO. PNV increased the number of FOS-positive neurons in almost all examined brain 

regions. NADPH-d-positive cells were found to be elevated in the ventral periaqueductal gray 

(vPAG) and paraventricular hypothalamic nucleus (PVN). Double-labeled cells were elevated in 

the PVN and supraoptic nucleus (SON). These effects were attenuated by 7-NI pretreatment in 

some regions and augmented in others, indicating a complex regionally specific role for NO in 

these effects. 

 

 

Keywords: NADPH-d, FOS, nNOS, arthropod venom 
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Introduction 

 Phoneutria nigriventer venom (PNV) is a rich mixture of neuropeptides, several of which 

act on voltage-gated sodium-, calcium-, and potassium channels and interfere in mechanism of 

neurotransmitter release (1). PNV intraneural injection in mouse causes swelling of the nodes of 

Ranvier secondary to influx of Na
+
, and iterative depolarization of nerve fibers resulting in 

discharge of cholinergic synaptic vesicles, and flaccid and spastic paralysis of hindlimbs (2). PNV 

intravenous injection in rats causes clinical signs, such as convulsions, prostration, flaccid/spastic 

paralysis, tremors, decrease of urinary volume, and intense salivation; simultaneous to blood-brain 

barrier breakdown (3-5). PNV also activates neurons, as shown by FOS immunolabeling, and 

increases neuronal nitric oxide synthase (nNOS) immunolabeling (6). The FOS-like positive 

neurons predominated in motor-related areas, such as dorsolateral and ventral periaqueductal gray 

matter, frontal and parietal motor cortex, and periventricular thalamic nucleus. In acute stress-

related areas, the rhinal cortex and lateral septal nuclei were the most activated. Interestingly, 

several of these activated neurons-containing areas, also showed increase of nNOS immunoreactive 

neurons. Taken together, these data suggest that systemic P. nigriventer venom triggers neuronal 

pathways involved in the symptoms elicited likely through a nitric oxide-mediated mechanism (6). 

The main purpose of this work is to confirm or not the participation of NO as well the 

nature of it in multiple brain regions of the rat. The neuronal NOS inhibitor 7-nitroindazole (7NI) 

was administered intraperitoneally prior the PNV to determine if the clinical signs and neural 

activation caused by envenoming were affected. Regions associated with the clinical signs of 

neurotoxicity such as the related to motility, stress/fear, and neurovegetative control were screened. 

The number of FOS-immunoreactive neurons and NADPH-d (reduced nicotinamide adenine 

dinucleotide phosphate diaphorase)-positive neurons were determined by counting stained cells in 

six areas of the CNS. In addition, double-staining (FOS plus NADPH-d) was employed to identify 

co-localization of neuronal activation and nitrergic neurons. 

 

Materials and methods 

Animals and venom 

 Male Wistar rats (250–300 g) were obtained from an established colony maintained by the 

Central Animal House Service at UNICAMP. One batch of lyophilized P. nigriventer crude venom 

(PNV) was supplied by Instituto Butantan (São Paulo, SP, Brazil). The venom was stored at -20ºC 

and dissolved in 0.9% sterile saline solution immediately before use. 
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Clinical signs 

 Animals belonging to each of the experimental and control groups (see below) were observed 

after procedures and the clinical signs were registered. Each animal was placed on the top of a 

bench in order to better allow observation of behavior and signs of intoxication. Three observers 

registered independently the time interval lasted from the treatment and the onset of signs: 

hyperaemia; salivation; flaccid paralysis; spastic paralysis; respiratory distress, and death. The 

mean of the time interval registered was calculated and statistically analyzed. 

 

Experimental groups 

 The animals were divided into five groups (n = 4/group). The group PNV received a single 

intravenous (i.v.) injection of venom (850 µg/kg in 0.5 ml saline) in the tail vein (3); to group 

7NI/PNV was given an i.p injection of 7-NI (selective nNOS inhibitor; Sigma; 50 mg/Kg), 30 min 

before intravenous injection of PNV. The group DMSO received the vehicle for 7NI, 30 min before 

intravenous injection of PNV. These groups were compared to two control groups: saline (0.9 %) 

i.v.-injected or 7NI (50 mg/Kg)-i.p.-injected groups. Two hours after treatment the animals were 

anesthetized, for the ensuing technical procedures. The experiments were done according to the 

guidelines of the Brazilian College for Animal Experimentation (COBEA) (Protocol n. 1700-1). 

 

FOS/NADPH-d labeling  

 Two hours after PNV administration animals were anesthetized with (2 µg/mg body mass) 

of a 3:1 mixture of ketamine chloride (Dopalen, 100 mg/kg of animal) and xylazine chloride 

(Anasedan, 10 mg/kg,) (Vetbrands, Jacarei, SP, Brazil), and perfused transcardially with 0.9% 

saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PBS, pH 7.4). Brains were 

removed and post fixed over 2 h in paraformaldehyde and stored for at least 30 h in 30% sucrose 

for cryoprotection. Coronal sections (40 m) were obtained in a cryostat and collected in 16 wells 

containing cold PBS, 0.01 M. Consecutive wells received sections cut 600 µm apart. The sections 

were first processed for FOS immunohistochemistry, as previously described (7). Briefly, tissue 

sections were washed and endogenous peroxidase were blocked with 0.3 % H2O2 in 50% ethanol 

for 10 min, and with 1% bovine serum albumin (BSA) in 0.01 M PBS, containing 0.5 % TritonX-

100, for 1 h. In sequence, the tissue was incubated for three nights at 4ºC with rabbit anti-FOS IgG 

(1/1500 into PBS 0.01 M/BSA 1%, sc-253, Santa Cruz Biotechnology, CA, USA). After incubation 

with the primary antiserum, the tissue sections were washed in 1% PBS/BSA and sequentially 

incubated with a biotinilated goat anti-rabbit IgG (1:500). The immunohistochemical reaction was 

visualized using an avidin-biotin kit (ABC – Staining System; Santa Cruz Biotechnology, CA, 
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USA, ref. sc-2018). Protein FOS immunoreactivity was revealed by adding the diaminobenzidine 

chromogen and visualized as a brown reaction product inside the neuronal nuclei. The specificity of 

the immunoreaction was assessed by omitting the primary antibody. For NADPH-d histochemistry, 

sections were incubated for 1 h in a solution containing 1 mg -NADPH (Sigma Aldrich, ref. 

N1630), 0.1 mg/ml nitroblue tetrazolium (Sigma Aldrich, ref. N6876) and 0.6% Triton X-100 in 

PBS 0.1 M (pH 7.4). NADPH-d-stained cells were visualized as a blue reaction product inside the 

neuronal cytoplasm. For double staining, tissue sections processed for FOS immunohistochemistry 

assay were further processed for NADPH-d. The number of FOS, NADPH-d and doubled-stained 

cells was separately counted with a computer-aided image analysis system (Image Pro-Plus 4.0, 

Media Cybernetics) connected to a light microscope (Olympus) adapted with a digital camera to 

capture images. The stained cells contained in an area probe measuring 0.35 mm
2
 in each region 

were counted bilaterally in four sections from each animal group. The mean value obtained from 

each region per treatment (n = 4) was calculated and expressed as the number of positive cells/0.35 

mm
2 

of tissue. The coordinates of the transversal planes and limits of each of the regions studied, 

supraoptic nucleus (SON), periventricular thalamic nucleus (PTN,), parietal motor cortex (PMC), 

paraventricular hypothalamic nucleus (PVN), ventral periaqueductal gray (vPAG) and dorsolateral 

periaqueductal gray matter (dlPAG) were identified in 40 m thick coronal sections with the help of 

a stereotaxic atlas (8) for rat brain (Figure 1). Figure 2 illustrates neurons labeled for FOS alone, 

NADPH-d alone and double-labeled (FOS/NADPH-d). 

 

Data analysis 

 FOS reactivity was immunodetected in brain neurons nuclei as brownish round-like dots 

whereas NADPH-d stained cell bodies and processes were in blue. Both FOS-like and NADPH-d-

positive neurons were counted using 20 X objective (Olympus, Nikon, Japan). The total number of 

rats used for counting FOS, NADPH-d and double-labeled neurons and for clinical observations 

was 20 (n = 4/group). For each rat, six sections (40 m thick) from different stereotaxic coordinates 

were collected to ensure that all areas of interest were included. For each anatomical region, the 

number of n-NOS and NADPH-d or double-positive cells was counted within a 0.35 mm
2
 sized 

area in the selected brain region. 

 

Statistic analysis 

The data were analyzed using the Student unpaired t test, or one-way analysis of variance 

(ANOVA) followed by the Tukey Kramer post-hoc test was used to compare the treated and control 
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groups. The data are presented as mean ± SE (Figure 5) or mean ± SD (Table 1). P values < 0.05 

were considered significant.   

 

Results  

Inhibition of nNOS by 7-nitroindazole accelerates and aggravates clinical signs of intoxication 

by P. nigriventer venom 

The time interval elapsed between the administration of saline solution, PNV, 7NI + PNV 

or DMSO + PNV and the onset of envenoming signs, such as hyperemia, salivation, flaccid and 

spastic paralysis of hindlimbs, respiratory stress, tonic-clonic convulsion, spasm or death, if any, 

were registered by three observers. In 7NI/PNV group neurotoxic signs, such as prostration, hyper-

salivation and hindlimbs spastic paralysis were markedly more precocious, intense and longer-

lasting compared to PNV alone or DMSO/PNV group. Salivation was observed after 17 min in 

DMSO/PNV group, 10 min in PNV group, and 1 min in 7NI/PNV group (p < 0.01). Spastic 

paralysis was seen after 35 min in DMSO/PNV, 20 min in PNV, and 9 min in 7NI/PNV after i.v. 

injection of PNV (p < 0.05). Flaccid paralysis was seen at 30 min in DMSO/PNV, 20 min in PNV 

and 5 min in 7NI/PNV post-envenoming (p < 0.01). Moreover, no death was registered in any of 

the animals of the PNV group, whereas there was one in DMSO/PNV and three in 7NI/PNV (15-45 

min after injection) In the control saline (sham group), none intoxication sign was observed. 7NI-

injected animal showed locomotors and exploration activity decreased, but they did not show the 

toxic signs exhibited by the other groups. The data are summarized in Figure 3. 

 

FOS positive neurons were increased in animals treated with P. nigriventer venom except in 

PTN. The prior administration of 7-NI antagonized the PNV effect in vPAG, dlPAG, PVN and 

PMC, but accentuated it in SON, evidenciang a dual mediation role for  NO depending on the 

brain region.  

 

Saline x PNV- The number of FOS-positive neurons increased significantly in PVN, PMC, 

SON, vPAG and dlPAG regions in animals of PNV-group compared to saline-group (P<0.05).  

Saline x 7NI/PNV- When nNOS was inhibited (7NI/PNV group), the number of FOS-

positive neurons was potentiated in SON whereas in PMC although significantly increased in 

relation to control group (P<0.05), there was not potentiation, meaning that the mediation of NO 

was not stronger enough to abolish PNV effect. The other regions (vPAG, dlPAG, PVN and PTN) 

showed no significant alteration in the number of FOS-positive neurons.  



Capítulo II 

 74 

Saline x 7NI comparison showed significant increase in the number of FOS-

immunolabeled neurons in SON, PTN, dlPAG and vPAG. In SON, the increase was smaller than 

the observed in saline x 7NI/PNV (suggesting that diminishion of NO availability had a role in 

neurons activation, and that the 7NI effect was summed to the venom effect). It is worth noting, that 

only 7NI alone was able to increase the number of neurons immunolabeled for FOS in PTN. All the 

other treatments (PNV and the association 7NI/PNV or DMSO/PNV) were innocuous to activate 

neurons in PTN. In the other brain regions (PVN and PMC) the 7NI alone showed no effect in 

relation to saline.  

Saline x DMSO/PNV- Pre-treatment with 7NI’s vehicle showed no effect in all regions. 

PNV x 7NI/PNV- There were significant decrease in the number of FOS-positive neurons 

in vPAG, dlPAG, PMC and PVN and increase in SON of animals pretreated with the nNOS 

inhibitor.  

PNV x DMSO/PNV- No significant effect was observed in any of the regions screened. 

7NI X 7NI/PNV- There was significant decrease in the number of activated neurons in 

vPAG and dlPAG of 7NI/PNV-treatedanimals compared to 7NI-treated ones. 

The labeling pattern of each region is illustrated in Figures 3A-O and 5A-O. The data 

obtained from counting cells labeled for FOS were summarized in Figure 6A-F. 

 

NADPH-d positive neurons were increased in in vPAG and PVN of animals administered P. 

nigriventer venom. Previous inhibition of nNOS by 7NI antagonized significantly the venom 

tendency to decrease NADPH-d positive neurons in dlPAG.  

Saline x PNV and Saline x 7NI/PNV - In vPAG and PVN regions, the NADPH-d-labeled 

neurons of PNV and 7NI/PNV groups outnumbered the ones of saline group.  

Saline x 7NI- I.p. administration of 7NI increased NADPH-d+ neurons in PVN and SON 

regions and decreased in PTN compared to saline.  

Saline x DMSO/PNV- The 7NI vehicle plus PNV increased the NADPH-d positive 

neurons in PVN region. All other treatments (PNV, 7NI/PNV, 7NI and DMSO/PNV) also 

promoted increase in the labeled neurons number in this region compared to saline group. 

PNV x 7NI/PNV- The nNOS blocker rouse the number of NADPH-d neurons in dlPAG.  

PNV x DMSO/PNV- No effect was produced in any of the regions screened. 

7NI X 7NI/PNV- The number of NADPH-d stained neurons increased significantly in 

7NI/PNV when compared to 7N1 group in dlPAG; in contrast it decreased in PVN. 

The labeling pattern of each area is illustrated in Figures 4A-O and 5A-O. The data 

obtained from counting neurons positive for NADPH-d were summarized in Figure 6A-F. 
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Two brain areas showed differences in the double-labeling for FOS and NADH-d-positive 

neurons: SON and PVN  

Co-FOS/NADPH-d-labeled neurons significantly increased in number in PVN and SON 

regions in all groups (PNV, 7NI/PNV, DMSO/PNV and 7NI) compared to saline sham. The prior 

7NI treatment,(7NI/PNV) reduced significantly the double-labeled neurons in PVN compared to 

PNV alone suggesting an antagonistic effect between venom and NO; in contrast, 7NI alone 

increased NADPH-d positive neurons compared to PNV group. Double-labeled neurons are 

illustrated Figure 2; data were summarized in Figure 6A-F.  

 

Discussion 

 The hypothesis that NO could mediate PNV effects in some CNS regions was recently 

raised by us (6). To prove if NO signaling has a role in the P. nigriventer neurotoxic effects, the 

neuronal NOS was inhibited by 7nitroindazole and activated neurons and NO-synthesizing neurons 

were counted in multiple brain regions. FOS-positive, NADPH-d-positive and double-stained 

neurons were counted in motor, escape and fear related regions (PMC, PTN, dlPAG and vPAG), 

and regions related to neurovegetative functions (blood pressure, urinary volume, salivation, 

respiratory function/frequency) (SON, PVN) of animals administered venom (PNV group), the 

neuronal NOS inhibitor 7-nitroindazole (7NI) alone, or prior venom (7NI/PNV group), the vehicle 

of 7NI+venom (DMSO/PNV group) or saline injection only. The findings were correlated with the 

onset/intensity of clinical neurotoxic signs of animals.    

 

Clinical signs  

 The present results are consistent with activation of neuronal pathways related with motor 

function such as paralysis and convulsion and neurovegetative dysfunction; besides give strong 

evidence that such effects are NO-mediated. The inhibition of nNOS by 7NI prior the venom 

administration accelerated the signals of intoxication compared to animals administered PNV only 

(20 min vs. 9 min for spastic paralysis and 20 min vs. 7 min for flaccid paralysis appearance). The 

venom also caused respiratory anguish, lung edema (seen in necropsy of animals), intense 

salivation and decrease of urinary volume. In 7NI/PNV-treated animals the onset of such signs were 

abbreviated suggesting that neuronal pathways related to neurovegetative dysfunctions elicited by 

PNV was also NO-mediated. Pharmacological controls for vehicle (DMSO/PNV group) retarded 

the onset of clinical signs of intoxication, indicating that the aggravation of clinical signs in 

7NI/PNV animals was not caused by vehicle.  
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Animals injected with saline solution (sham group) did not show any clinical sign 

indicating discomfort, pain or difficulty in movements. However, the manipulation and tail saline 

injection induced stress and certain degree of neuronal activation. The regions vPAG, SON, PMC 

and dlPAG showed very low activation (3 ± 2.8 to 8 ± 0.0); these regions are related with 

motor/scape/fear (vPAG, dlPAG, PMC) and neurovegetative functions linked with water balance, 

such as salivary flux, renal excretion, urinary volume, blood pressure (SON) (9). PVN and PTN of 

controls shwed moderate number of FOS-positive neurons (54 ± 24 and 36 ± 1); these regions 

integrate endocrine and autonomic-stress-evoked response, including respiratory and cardiovascular 

(PVN) (10) and are related with motor/fear/scape (PMC). The findings are consistent with the 

feelings experienced by animals during manipulation. 

 

Activated Neurons FOS-positive 

PNV increased the number of FOS positive neurons in almost all examined brain regions, 

except in PTN, compared to sham controls. PMC was the area most affected by PNV; in contrast, 

dlPAG was the least affected. These effects were attenuated by 7-NI pretreatment in the majority of 

regions, except for SON where it was augmented indicating a complex regionally specific role for 

NO in these effects. Whether these results reflect differences in the tightness of the BBB was not 

clear. If this is true, the region less vulnerable to the systemic PNV was PTN since only 7NI alone 

affected the number of FOS-positive cells. It is interesting mention that PNV or 7NI, in separate, 

increased FOS-positive neurons in vPAG and dlPAG, but when together (7NI/PNV) their number 

fell down the level seen in PNV group indicating that in these fear/motor/escape-related regions the 

interaction PNV-7NI produced opposed action.. In contrast, in SON the interaction PNV-7NI 

showed synergic effect, leading to significant increase of the FOS-labeled neurons. Taken together 

such results indicate different pathways for activation of neurons, probably depending on the 

interaction of drugs and brain area considered.  

 

NADPH-d-stained neurons and NADPH-d/FOS-double stained neurons   

The nitrergic neurons shared the same anatomical regions with FOS-positive neurons. 

dlPAG region showed the highest number of NADPH-d whereas PMC showed the least. PNV 

injection did not change this proportion; however the inhibition of nNOS (7NI/PNV group) did, 

suggesting region-stimulus specificity. In 7NI/PNV animals, the highest number of NADPH-d-

positive neurons passed to be the SON followed by dlPAG, whereas PMC maintained the least 

number. Interestingly, PVN, the area where the suppression of nNOS activity promoted minor 

increase of FOS-positive neurons, exhibited the highest increase of NADPH-d-positive neurons in 
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response to all the treatments (PNV, 7NI/PNV, 7NI and DMSO/PNV). These treatments also 

increased the number of FOS/NADPH-d-double-stained neurons in PVN. Taken together the 

finding reinforces the idea that NO could have a damaging role enhancing the neurovegetative 

unbalance (respiratory distress, blood pressure increase) of animals. 

An interesting finding was that the increase of FOS-immunoreactive neurons was 

accompanied by increase in NADPH-d-stained neurons in PVN, PTN, PMC and vPAG after 

7NI/PNV treatment compared to PNV-treated animals. This finding suggests likely a harmful gas 

mediation role in the sense that it paralleled with toxic signs. In contrast, SON was the only area 

where the nNOS blockade before PNV injection caused elevation in the number of NADPH-d and 

double-stained neurons. The finding suggests a benefic role exerted by NO in this region, what was 

corroborated by the clinical signs findings. 

It is noteworthy that PTN was affected solely by 7NI alone; the treatment increased FOS-

positive neurons whereas reduced the NO-synthesizing ones. Such interesting result may mean 

absence of NO mediation for this aversive/escape/fear/motor-related region, what is consistent with 

the lack of double staining in PTN. 

Both, PNV and 7NI/PNV treatment increased significantly the number of NADPH-d-

stained neurons compared to saline control in the motor/fear/escape- (vPAG) and respiratory and 

cardiovascular function/frequency-related region (PVN). 7NI per se was the agent which affected 

more the number of nitrergic neurons, elevating significantly, or as a tendency, the number in SON, 

PVN dlPAG and vPAG.  

 Available literature indicates that NO behaves as an atypical neurotransmitter, since is 

capable of producing dual/biphasic effects even within a specified system depending on the basal 

level of activity, type of stimulus or both; NO also modulates the release of various 

neurotransmitters (11). Since PNV is a cocktail of neurotoxins acting both in excitatory and 

inhibitory neuronal pathways, it is possible that NO mediates neurotransmitters release evoked by 

venom on a region dependent manner, being this synergistic or antagonistic in relation to venom. 

 The venom of the spider P. nigriventer contains several toxic fractions (such as PhTx2, 

PhTx4(5-5), PhTx3, PhTx3-4) with different targets in mammals and/or insects. PhTx2 is able to 

evoke acetylcholine release from rat cortical synaptosomes and this effect is dependent on 

extracellular calcium availability; PhTx2 is inhibited by tetrodotoxin, a blocking Na
+
 channel (12). 

PhTx4(5-5) inhibits the NMDA-subtype of the ionotropic glutamate receptor, while having little or 

no effect on the AMPA- or kainate-receptor subtypes or on the GABA-gated chloride channel (13). 

PhTx3 is a broad-spectrum Ca
2+

 channel blocker toxin that in synaptosomes inhibits Ca
2+

-

dependent calcium uptake and glutamate release and uptake, and provokes flaccid paralysis when 
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injected intracerebroventricularly (14). The toxin PhTx3-4 decreases the evoked glutamate release 

from synaptosomes by inhibiting Ca
2+

 entry via voltage-dependent Ca
2+

 channels; it is also able to 

inhibit time-dependently glutamate uptake by synaptosomes, which in turn leads to decrease in the 

Ca
2+

-independent release of glutamate (15). In the nervous system, NO is synthesized from L-

arginine by the Ca
2+

/calmodulin-dependent enzyme nNOS. This enzyme is activated by the calcium 

influx induced by the activation of glutamate receptors (16, 17). Since PhTx3 blocks voltage-gated 

Ca
2+

 channels, this toxin could also inhibit n-NOS-Ca
2+

/calmodulin-dependent activity. Our results 

suggest that PNV and 7NI may have synergistic action in promoting inhibition of glutamate release 

and NO synthesis, depending on the intrinsic signaling pathway regulating the region.  

 Studies have shown that NO and the nuclear protein FOS (a component of the c-Fos family 

of immediate early genes) share roles in CNS neurointoxication (18). The pretreatment with the 

non-selective NOS inhibitor L-NAME reduced the penile erection and was partially protective from 

the lethal effects of the PNV toxin PhTx2-5, whereas the pretreatment with 7-NI completely 

abolished all the PhTx2-5 toxic effects, including penile erection and death (19). The authors 

suggest that NO is the major player in this intoxication. In the present study, the data with the 

whole venom showed opposite effects elicited by the selective nNOS blocker 7NI, given the 

neurotoxic signs were severely more intense in 7NI/PNV-treated animals than in animals with 

venom in blood circulation (PNV group). Studies indicate that physiological amounts of NO are 

neuroprotective, whereas higher concentrations could be clearly neurotoxic (18).  

NO is associated with a range of different behavior, including learning and memory 

formation, feeding, sleeping and male and female reproductive behavior, as well with sensory and 

motor function. Within the SON, the endogenous NO system may act as a physiological inhibitory 

factor that modulates NMDA-induced responses. In fact, in hypothalamic slices, NMDA-induced 

depolarization of SON neurons was inhibited by NO-releasing drugs and is enhanced by NOS 

inhibitors (20). Age-related inhibition of salivary secretion has been demonstrated in rats, and the 

NO present in the SON has been reported to play an inhibitory role in the regulation of salivary 

secretion (21). PNV injection induced intense salivation, which was more voluminous in animals 

receiving the nNOS inhibitor before the PNV. In other words, nNOS inhibition by 7NI induced 

hyper salivation in animals, suggesting a synergistic effect of both in promoting syalorrhea. 

Therefore, the downregulation of NO synthesis by venom (and likely the inhibition of glutamate 

release and/or glutamate receptors by some venom toxins) could be likely one of the mechanism by 

which P. nigriventer venom promotes enhanced secretion of salivary glands. Mutatis mutandis, this 

same mechanism may be acting at the dlPAG and vPAG, i.e., the reduction of synthesis/release of 

NO by venom (or both by 7NI alone or 7NI plus PNV, synergism of actions) caused the reduction 
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of motor activity and led to animal prostration, what would explain a lower number of FOS-labeled 

neurons (or lower neuronal activation). In summary, we suggest that PNV and 7NI share a similar 

mechanism in SON and PAGs, in spite of having each distinct function as seen by clinical signs.  

Magnocellular neuron populations distributed between the supraoptic (SON) and 

paraventricular nucleus (PVN) of the hypothalamus synthetize vasopressin (AVP) and oxitocin 

(OT) (22, 23). Both hormones are essential for homeostasis, AVP acts as antidiuretic in response to 

rise in extracellular solute concentration and a vasoconstrictor in response to hypovolemia and 

hypotension; AVP also modulates the autonomic function of the cerebral trunk (24). OT promotes 

smooth muscle contraction acting in parturition, lactation and in rats cause natriuresis in response to 

plasma hyperosmolality (hydromineral homeostasis); OT has also a cardiovascular relaxing action 

(25-27). As genuine integrants of the neuroendocrine axis, the magnocellular neurons from 

hypothalamus are under control of a variety of modulators, among which the nitric oxide has lately 

gained particular attention (28-32). The hypothesis that NO could be involved in AVP and OT 

releasing regulation was reinforced by the detection of NO synthetase in the hypothalamic-

neuropituitary system (33). In vivo studies demonstrate an inhibitor OT releasing effect by NO (31, 

34, 35), whereas is disputed a NO role in relation to AVP (31, 36-38). Despite, interestingly, 

electrophysiological findings has demonstrated a reduction in the activity of the hypothalamic 

magnocellular secretory neurons induced by NO, suggestive of an inhibitory releasing role against 

AVP and OT (39, 40). Since the envenoming by P. nigriventer venom causes a bi-phasic effect in 

blood pressure (41), it is likely that change in the muscular tonus, causing both hypotension (short-

lasting) or hypertension (sustained) has the participation of NO. Such changes were expected to 

have a reflex in urinary volume and natriuresis levels. It is likely, that neuroendocrine pathways 

associated with hypothalamic SON and PVN, had been affected by Phoneutria venom, since 

clinically animals showed urinary retention. 

Tanaka et al. (21) demonstrated by NADPH-d histochemistry and Nissl staining a direct 

correlation between the NO production by SON neurons and decreased salivary glands activity. The 

administration of NO donator directly in SON counteracts the hypertensive action, increased 

sodium excretion and urinary volume promoted by pilocarpine, while L-NAME potentiated these 

effects (9). Given the PNV administration produces syalorrhea, is hypertensive, alters vessels 

permeability, affects smooth muscle contractility and produces anuria in rats, it is highly viable that 

the changes produced in the FOS- and NADPH-d positive neurons were NO-mediated.   

The venom also produced lung edema and respiratory anguish. PVN and SON neurons 

integrate endocrine and autonomic-stress-evoked responses including respiratory function and 

coordination of cardiovascular functions (10). Luo et al. (42) verified that the exposure to hypobaric 
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hypoxia (high altitudes exposure) provoked high level of FOS and nNOS expression in PVN and 

SON hypothalamic neurons of rats. The findings give evidence of their role in the regulation of 

neuroendocrine, cardiovascular and respiratory functions. We suggest that the increase of FOS-

positive neurons by PNV and antagonized by 7NI/PNV in PVN region, and the increase in double-

labeled FOS/NADPH-d-positive neurons induced by all the treatments (PNV, 7NI/PNV, 

DMSO/PNV and 7NI) in SON region are strong evidence of these neuronal pathways involvement 

in envenoming and likely the NO mediation in the clinical neurovegetative signs.  

 The injection of NO donors into the dlPAG induces motor reaction (43) and the inhibition 

by 7NI of NO-dependent pathways provokes anxiolytic effect (44). As shown here, there was a 

significantly higher expression of FOS reactivity in dlPAG neurons of PNV-treated rats. But, when 

7NI was injected before the PNV, dlPAG activation was less intense. Even so, PNV caused tonic-

clonic convulsion (excitatory sign), and also induced flaccid and spastic paralysis of hind members 

besides serious prostration (inhibitory signs). Glutamate agonists injected into the dlPAG induce 

flight behavior characterized by running and jumps (45). In contrast, PNV injection led animals to 

be immobilized for a period without any capacity to run or jump. Intra-dlPAG injections of nNOS 

inhibitor completely blocked the glutamate agonist effects (46). These findings suggest that 7NI 

may be antagonistic to excitatory activated pathways (indicated by decrease of FOS-labeling), but 

agonistic to inhibitory-activated pathway caused by venom. NO inhibition also may be a 

mechanism responsible for inhibiting motility caused by PNV-intoxication, resulting in aggravation 

of animal prostration. 

Venoms from spiders are important source of toxins that can help understanding the 

mechanism involved in neurotransmission. Particularly, PNV neurotoxins act both in excitatory and 

inhibitory neuronal pathways. Our findings explain the down activation of motor-related regions 

and the hyper activation of salivation-related ones of 7NI/PNV-treated animals compared to PNV-

treated ones. Since the synthesis of NO derived from nNOS, and the enzyme expression was 

impaired by 7NI, and that this aggravated the clinical signs of envenoming, we conclude that NO 

has role in envenoming effects whose mediation is protective for some regions and potentiates the 

venom effects in others. Nitrergic cells likely exerted here an essential regulatory function (47). 

Although we showed that the NO can have a beneficial action in some areas and be harmful for 

others, clinically its overall effect appears as beneficial, attenuating PNV effects. In conclusion, we 

suggest that some of the PNV toxins can inhibit NO release whilst others can activate it. We 

conclude that NO is likely directly involved in the quality of the neurotoxic signs elicited in victims 

of P. nigriventer accidents, although mechanism other than nitrergic ones can be involved. Study of 
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the NO role can contribute for the understanding of the Phoneutria envenoming mechanisms, as 

well as can be useful for therapeutic purposes. 
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Legend for Figures  

Figure 1: Schematic representation of cross-sections of the brain showing the location of the 

regions in which FOS, NADPH-d and FOS/NADPH-d reactivity was quantified. Brain areas were 

selected according to Palkovits and Bronstein, 1988. Abbreviations are defined in Table 1. 

 

Figure 2: Light micrograph showing the pattern of immunolabeling of the immediate early gene 

FOS protein (neuron nucleus appears stained in brown, see arrowhead), NADPH-d-stained neurons 
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(for detection of nNOS synthesising neuron; body and processes of neuron appear stained in blue, 

see double-legged arrow) and neurons double-labeled for FOS plus NADPH-d (arrow). Supraoptic 

nucleus (SON) of a rat injected with 7-nitroindazole prior systemic administration of Phoneutria 

nigriventer spider venom. Bar = 35 µm. 

 

Figure 3: Schematic representation showing the time interval (in minutes) lasted from the treatment 

administration (0 min) until the onset of toxic signs by animals after intra-venous injection of PNV 

alone (PNV); 7-nitroindazole (i.p.) before PNV injection (7NI/PNV) and the vehicle for 7NI prior 

PNV injection (DMSO/PNV). In 7NI/PNV group, all neurotoxic signs were markedly more 

precocious, when compared to PNV alone and/or DMSO/PNV groups. Intense salivation started at 

17 min in DMSO/PNV-group, 10 min in PNV-group, and 1 min in 7NI/PNV-group. Spastic 

paralysis was seen after 35 min in DMSO/PNV, 20 min in PNV, and 9 min in 7NI/PNV. Moreover, 

none animal died in PNV group, whereas one died in DMSO/PNV and 3 in 7NI/PNV. 7NI-i.p.-

injected animals decreased locomotors activity but did not exhibit the typical signs of intoxication. 

Saline-injected animals (sham control) appeared normal. The data (registered by three independent 

observers) were presented as means ± SD, P < 0.05 was considered significant (Student unpaired t 

test, or one-way ANOVA followed by the Tukey Kramer multiple comparison post test); * P < 

0.05; ** P < 0.01. (HYP = Hyperaemia; Sal = Salivation; FP = Flaccid paralysis; SP = Spastic 

paralysis; RD = Respiratory distress.  

 

Figure 4: Representative light micrographs of the immediate early gene FOS protein 

immunolabeling (neurons nuclei appear stained in brown, see arrows) and NADPH-d 

histochemistry for detection of nNOS synthesising neurons (body and processes of neurons appear 

stained in blue, see arrowheads) in the motor/fear/escape-related regions (PMC - parietal motor 

cortex, vPAG - ventral periaqueductal gray matter and dlPAG - dorsolateral periaqueductal gray 

matter) after injection in rats of saline solution (sham group), Phoneutria nigriventer venom (PNV 

group), dimetylsulfoxide plus PNV (DMSO/PNV group), 7-nitroindazole plus PNV (7NI/PNV 

group) or 7NI alone (7NI group). PMC (Panels: A – E), vPAG (Panels: F – J), and dlPAG  (Panels: 

K – O). In all regions FOS positive neuronal nuclei were more numerous after PNV injection (B, G 

and L); their number decrease in DMSO/PNV (C, H and M); are sparse in 7NI/PNV (D, I and N), 

and absent in the saline control (A, F and K). In 7NI group, FOS-labeling is low in PMC (panel E), 

vPAG and dlPAG (panels J, O) regions. Very low number of NADPH-d-labeled neurons was seen 

in PMC of all groups; in contrast they are numerous in, vPAG and dlPAG (including in the control 

group of the latter). In vPAG, the number of NADPH-d-positive-neurons increased after PNV, but 
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showed a trend to decrease in 7NI/PNV group (compare F, G and I). In dlPAG, NADPH-d-positive 

neurons of 7NI/PNV-treated animals outnumbered the other groups. bv - blood vessel. Bar = 35 µm 

for panels A-E and 70 µm for panels F-O. 

 

Figure 5: Representative light micrographs of the immediate early gene FOS protein 

immunolabeling (neurons nuclei appear stained in brown, see arrows) and NADPH-d 

histochemistry for detection of nNOS-synthesising neurons (body and processes of neurons appear 

in blue, see arrowheads) in the water balance regulatory region (SON - supraoptical nucleus), 

motor/escape/fear/aversive-related region (PTN - paraventricular thalamic nucleus), and respiratory-

cardiovascular-related region (PVN – paraventricular hypothalamic nucleus) after injection in rats 

of saline solution (sham group), Phoneutria nigriventer venom (PNV group), dimetylsulfoxide plus 

PNV (DMSO/PNV group), 7-nitroindazole plus PNV (7NI/PNV group) or 7NI alone (7NI group). 

SON (Panels: A – E), PTN (Panels: F – J), and PVN (Panels: K – O). In all areas, the FOS labeling 

increased in PNV group, except in PTN; the treatment with 7NI before PNV (7NI/PNV group) 

decreased the expression of the early immediate gene FOS protein in PVN, increased in SON and 

maintained unaltered in PTN (compare panels D, I and N to B, G, L). NADPH-d-stained neurons 

(or nNOS synthesising neurons) were seen in SON, PTN and PVN of control group. In PVN, all 

treatments increased the number of stained cells, whereas for SON only 7NI alone increased them. 

Bar = 35 µm for panel A and 70 µm for panels B – O.  

 

Figure 6: Histogram illustrating mean number of FOS, NADPH-d and double FOS/NADPH-

reactive cells counted bilaterally in a 0.35 mm
2
 area of representative sections of each brain region 

displayed in A to F panels and analysed in sham control (Sal), venom- (PNV), vehicle/venom- 

(DMSO/PNV), 7-nitroindazole nNOS inhibitor plus venom- (7NI/PNV), and 7-nitroindazole- 

(7NI)-treated rats. The results are expressed as the mean ± S.E.M; Student unpaired t test, or one-

way analysis of variance (ANOVA) followed by the Tukey Kramer post-hoc test was used *P < 

0.05, **P < 0.01, ***P < 0.001 – compared treated groups to control group. 
#
P < 0.05, 

##
P < 0.01, 

###
P < 0.001 – compared treated groups to PNV or DMSO/PNV groups and 

∆
P<0.05 – compared 

7NI/PNV with 7NI group. 
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ABSTRACT 

 

In vivo studies in rats have demonstrated the neurotoxic involvement of Phoneutria nigriventer 

venom (PNV) in particular brain areas by increased Fos-like positive neurons. In much of these 

areas, nNOS immunoreactive neurons were found. Moreover, increased GFAP, S100, IFN-  and 

TNF-  expression indicated astrocytes and neuron activation in hippocampus and cerebellum. In 

order to verify whether the astrocytes interact directly with PNV components, and if nitric oxide 

(NO) contribute to PNV intoxication and inflammation, purified rat cortical astrocytes were 

cultured with 14.6 g/ml PNV; 7-nitroindazol (7NI, an inhibitor of nNOS, 1 mg/ml) alone or plus 

PNV (7NI/PNV), and the cells survived for 15 min, 2 and 5 h. LPS incubation was used as positive 

control (1 g/ml). GFAP, IFN-  , TNF- , and n-NOS were immunolabeled and the density of pixels 

was systematically measured. The amount of NO released from astrocytes was determined by 

assaying nitrite in incubation medium. Comparing with control, GFAP expression significantly 

increased 15 min, 2 and 5 h after PNV; TNF-  and IFN-  increased after 2 h; and nNOS showed a 

trend for increase. 7NI/PNVincubated astrocytes reduced significantly GFAP, TNF-  and IFN-  

expression, as well as increased the release of nitrite. Changes in astrocytes morphology 

accompanied the alterations. This study using primary culture from cortical astrocytes showed that 

PNV was able to change astrocyte metabolism of some proteins. One point to stress would be the 

action of PNV in NO regulation by this astrocytic population and vice-versa that is the NO 

mediation of PNV toxic effects. 
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Introduction 

Astrocytes, the most abundant cell type in the CNS, are central for neuronal survival and 

function (for review, see [1]). These cells are active players in the formation and maintenance of a 

safe blood-brain barrier (BBB), restrict the free traffic of substances between the blood and brain 

[2,3], respond to stress and insults by transiently upregulating inflammatory processes [4], and 

contribute to the control of immune responses [5] by acting as modulators of immune and 

inflammatory responses in several neurological disturbances [6], among others.  

Neuroinflammation in the CNS comprises the activation of glial cells, recruitment of 

peripheral immune cells and production of cytokines, such as Interferon-gamma (IFN- ) and Tumor 

Necrosis Factor-alpha (TNF- ) [7-9]. TNF-  mediates cytotoxic damage to glial cells and neurons, 

while IFN-  induces cell surface molecules required for interactions between immune and brain 

cells [10]. Inflammatory processes are accompanied by proliferation of astrocytes and upregulation 

of constitutive cytoskeletal and metabolic proteins, such GFAP and S100, respectively, considered 

as markers of insult against CNS [11-13]. 

Recent study has shown the occurrence of astrogliosis and upregulation of GFAP, S100, 

IFN-  and TNF-  in neurons and astrocytes of hippocampus and cerebellum after systemic injection 

of Phoneutria nigriventer venom in rats (PNV) [14]. PNV induced early and transitory perivascular 

astrocytic edema accompanied by BBB breakdown in these regions [15-17]. The venom is rich in 

small basic polypeptides, 3,500 and 9,000 Da, with numerous pharmacological properties which 

include action on voltage-gated ion channels and neurotransmitter release [18,19]. Impairment of 

the BBB permeability can induce pro-inflammatory-mediated reaction creating a chain of 

interactions between blood-derived cells, neuronal and glial cells [20]. 

In a number of situations nitric oxide (NO) acts as a neuromodulator of the inflammatory 

process, altering neural activity and gliosis reaction in brain [21]. We showed that the PNV causes 

in vivo increase in nNOS-positive neurons of several brain motor- and stress-related areas, in most 

of which paralleled increased number of cFOS immunoreactive neurons (indicative of neuronal 

activation) [22]. The influence of NO in the toxicity induced by the i.p. injection of the Tx2-5 toxin 

isolated from PNV in rats has been studied [23]. The authors showed that the pretreatment with 7-

nitroindazol (7-NI), a selective inhibitor of the constitutive neuronal nitric oxide synthase (nNOS) 

[24] abolished the signs of intoxication caused, such as priapism, salivation and lung edema, 

indicating a potentiating effect of the gas in intoxication mechanism. In contrast, the same treatment 

with 7NI but using the crude venom markedly induced more precocious and intense signs of 

intoxication, such prostration, higher salivation and hindlimbs spastic paralysis, suggesting a 

neuroprotector role for NO in the PNV toxicity (unpublished). Besides, the number of cFOS 
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positive neurons decreased in the majority of the regions examined, but augmented in others 

showing a complex regionally specific role for NO in the venom effects. 

In order to check if the in vitro studies reinforce the data of the studies in vivo, astrocytes 

purified primary cultures were incubated with venom or with venom plus 7NI and quantification of 

GFAP, TNF- , IFN- , and nNOS was evaluated. The approach will allow inferring if the 

inflammatory reaction is intrinsic or acquired from PNV systemic circulation. P. nigriventer is an 

aggressive spider species responsible for many accidents with venomous spiders in Brazil; however 

fatal cases are rare [25]. This study can contribute for the understanding of the Phoneutria 

envenoming mechanisms as well as can be useful for therapeutic purposes. 

 

Materials and methods 

Astrocyte purified primary cell cultures 

Newborn Wistar rats (postnatal day 0-2) were obtained from CEMIB/UNICAMP. Primary 

cell culture of astrocytes derived from cerebral cortices was prepared [26]. Briefly, the cortices from 

four rats were separated and dissected free from the meninges. Thereafter, they were dissociated 

and trypsinized. The resulting cell suspension was centrifuged (1300 rpm, 8 min) in 4% bovine 

serum albumin (BSA) in DMEM. Precipitated cells were resuspended in DMEM and seeded onto 

25cm
2
 bottle and were kept in an incubator at 37°C, under 5% CO2 atmosphere until achieving 

semiconfluence (~ 90% of the total area of culture). Following analysis of the morphology and 

GFAP positivity for confirmation of the culture purity, the cells were trypsinized and centrifuged 

again. Precipitated cells were resuspended in DMEM and seeded onto 24-well cell culture plates 

(104 cells per well). The plates were kept in an incubator until the beginning of the experimental 

procedures when the cultures reached around 90% confluence. 

 

Phoneutria nigriventer venom and astrocytes treatment 

Lyophilized P. nigriventer enom (PNV) from batches of crude venom milked from spiders 

was yielded by Instituto Butantan (São Paulo – Brasil). The venom was stored at -20ºC and diluted 

in culture medium immediately before use. After cell confluence, the culture medium was carefully 

removed by aspiration and replaced by fresh medium. After 24 h, the medium was added with P. 

nigriventer crude venom at concentrations of 14.6 g of PNV/ml or 292 g of PNV/ml. The control 

group received the same volume of culture media without venom. After PNV-treatment, the cells 

were maintained in a 5% CO2 humidified atmosphere at 37 ºC up to 15 min, 2 and 5 h. These time-

points were chosen based on previous evidence showing variable degree of BBB breakdown by 

PNV in rats [17]. The in vitro venom concentration (14.6 g of PNV/ml) was selected as a function 
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of the concentration already adopted for in vivo experiments (0.85 mg of PNV/kg rat) [15,27]. This 

in vivo dose mimics in rats some clinical signs caused by accidents scored as severe in humans, 

such as arterial hypertension, tachycardia, arrhythmia, visual disturbances and tonic convulsions 

[28,29]. For the calculation of the in vitro PNV concentration, we considered: (i) rats with a weight 

average of 250 g, and (ii) that rats with this weight have a plasma volume average of 14.5 ml 

[30,31]. Thus, the 14.6 g of PNV/ml dose is obtained by applying the in vivo concentration (0.85 

mg/kg - 0.21 mg/0.25 kg) to the plasma volume (14.5 ml) of a 250 g rat. To test whether the PNV 

effect was concentration-dependent we used the dose of 292 g of PNV/ml (a 20-fold higher 

concentration). To confirm if NO contributed to PNV intoxication, astrocyte primary cell cultures 

were also treated with the nNOS inhibitor, 7-nitroindazol (7NI - 1mg/ml) alone or followed by PNV 

(14.6 g PNV/ml). Lipopolysaccharide (LPS) was used as positive control of reactive astrocytes (1 

g/ml). The cells were maintained in a 5% CO2 humidified atmosphere at 37 ºC only up to 2 h for 

7NI, 7NI/PNV or PNV at highest concentration (292 g /ml) since this was considered the time 

interval with more intense venom effects [14,17], and up to 5 h for LPS (positive control). All 

experiments were performed in triplicate. 

 

Immunohistochemistry 

The cultures were fixed with 4% paraformaldehyde in DMEM and rinsed three times with 

0.1 M PBS. Non-specific binding sites was blocked with 10% BSA for 1 h at room temperature; 

then the cultures were incubated for 2 h with rabbit polyclonal primary antibodies: anti-GFAP 

(1:100, DakoCytomation, CA.,USA; Catalog numbers: ZO 334), anti-IFN- , anti-TNF-  (1:100, 

1:200; Peprotech-Rocky Hills, NJ, USA; Catalog numbers: 500-P64 and 500-P119, respectively), 

and anti-nNOS (1:200; Transduction Laboratories, ref. N53130) diluted in phosphate buffer 

solution, 0.05 M containing 1 % BSA. After the primary anti-sera, the cultures were washed and 

incubated for 45 min with Cy3-conjugated secondary anti-sera (1:250, Jackson Immunoresearch). 

Cells were then mounted in a mixture of glycerol/PBS (3:1) and observed with a fluorescence 

microscope (TS100, Nikon). The images were captured in a microscope coupled camera (DXM 

1200, Nikon). For quantification, the density of immunofluorescence was determined by the 

IMAGEJ software (version 1.33u, NIH, USA). 

 

Measurement of released nitrite  

Since NO is unstable and is rapidly oxidized to nitrite and nitrate, extracellular nitrite 

concentration is a useful indirect indicator of increased NO production. Therefore, the amount of 

NO released from astrocytes was determined by assaying nitrite concentrations in the supernatants 
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[32]. Briefly, Griess reagent contains two chemicals, sulfanilic acid and N-l-(naphthalenediamine). 

Under acidic conditions, sulfanilic acid is converted by nitrite to a diazonium salt, which readily 

couples with Nl-(naphthalenediamine) to form a highly colored azo dye that can be detected by UV 

plate reader. The optical density of the assay samples was measured in plate reader ELISA at 540 

nm. Nitrite concentration was determined from a standard curve constructed using the known 

concentrations of sodium nitrite (0 – 35 Mol), through a nitrite/nitrate assay kit (Nitrate/Nitrite 

Colorimetric Assay Kit – Cayman Chemical – catalog nº 780001). 

 

Statistical analysis 

The data were analyzed using the Graphpad Prism software package. Student t test, or one-

way analysis of variance (ANOVA) followed by the Tukey Kramer post-test was used to compare 

the treated and control groups. A value of P < 0.05 indicated statistical significance. 

 

Results 

The crude venom of Phoneutria nigriventer incubated with cultured cortical astrocytes from rats 

caused a dose dependent, but transient effect in the expression level of GFAP. Astrogliosis was 

prevented by prior treatment with 7NI. 

 

A basal GFAP expression was seen in the astrocytes of any of the time-points of control 

group (incubated in DMEM) (Fig. 1A). The exposure to venom resulted in hypertrophied somata 

and thickened and longer processes revealed by immediate GFAP immunoreactivity in astrocytes of 

the PNV-15 min group (Fig. 1B) and PNV-2 h group (Fig. 1C). The reactivity of astrocytes was 

transient and at 5 h following PNV exposure, cell processes were thinner and fewer than in the 

previous time-points but still more hype throphic than corresponding control (Fig. 1D). The pre-

treatment with 7NI followed by PNV (7NI/PNV group), or by 7NI alone resulted in drastic decrease 

of astrocytes somata and cytoplasmic processes (Fig. 1E,F). The exposure to a 20-fold higher 

concentration of PNV resulted in extensive reactivity from cortical astrocytes (Fig. 1G), indicating a 

dose dependent effects. A positive control attested the validity of the GFAP immunofluorescence in 

cells incubated with LPS (Fig. 1H).The optical density estimated in pixels percentual from GFAP 

immunofluorescence corroborated the morphological analysis of the immunohistochemical assays. 

Compared to the control basal level, an immediate significant growing increase of the cytoskeletal 

protein GFAP was seen at 15 min (** p < 0.01) and 2 h (* p < 0.05), followed by a significant 

decrease at 5 h PNV exposure compared with PNV 15 min and 2 h (# p < 0.05). However, the 

expression of GFAP remained significantly higher than the control- 5 h (* p < 0.05). The blockade 
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of astrocytic nNOS by 7NI preincubation followed by PNV (7NI/PNV group) substantially reduced 

the GFAP density of pixels percentual in comparison to PNV-15 min ( p < 0.001), PNV-2 h ( p < 

0.01) or PNV-5 h ( p < 0.01). The venom concentration 20-fold higher than the used in the three 

time-points produced the highest increase in the GFAP expression level in comparison to control 

(*** p < 0.001), becoming practically alike the LPS positive control. The quantitative data were 

displayed in Figure 1I. 

 

The crude venom of Phoneutria nigriventer incubated with cultured cortical astrocytes from rats 

caused a dose dependent but transient effect in the expression level of TNF-  by the glial cells. 7NI 

pretreatment reduced this effect. 

 

There was a very tenuous expression of TNF-  in control culture (Fig. 2A), which increased 

markedly in PNV-15 min and PNV-2 h, returning to the control labeling pattern at 5 h (compare 

Figs. 2B,C,D, respectively). Both cultures, either incubated with 7NI/PNV or PNV alone (Fig. 2E,F, 

respectively) showed GFAP immunoreactivity very much alike that of control culture. Astrocytes 

labeling was also seen in cells cultured with the 20x higher PNV concentration (5 h) which parallel 

in the labeling pattern of LPS-incubated astrocytes (Fig. 2G,H, respectively). Data of pixels 

quantification (Fig. 2I) showed significant increase of the TNF-  expression at PNV-2 h compared 

to control (** p < 0.01). Further, there was a significant reduction (close to the control level) of the 

pro-inflammatory cytokine expression in the astrocytes of the PNV-5 h compared to those of PNV-

2 h (# p < 0.05). The 7NI incubation (30 min) followed by PNV (2 h) did not show any statistical 

difference in relation to the percentual of pixels density of TNF- labeling of the control group, but it 

was effective in reducing it when compared to PNV-2 h ( p < 0.05). The nNOS inhibitor by itself 

did not influence this cytokine expression in relation to control. The PNV-20-fold higher 

concentration increased TNF-  immunolabeling (** p < 0.01) in relation to control. The exposure 

of the glial cells to LPS validated the data by confirming the induction of the inflammatory reaction 

(TNF-  positivity). 

 

The crude venom of Phoneutria nigriventer incubated with cultured cortical astrocytes from rats 

caused a dose dependent but transient effect in the expression level of IFN-  by the glial cells. 7NI 

pretreatment reduced this effect. 

 

There was a faint immunolabeling of the pro-inflammatory cytokine IFN-  in cortical 

astrocytes cultured in DMEM (control) (Fig. 3A). The incubation with PNV at any time-course 
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increased the IFN-  immunoreactivity, which is mostly expressed in perikarya (Figs. 3B,C,D, 

respectively at 15 min, 2 h and 5 h). The incubation with the blocker of nNOS, 7 nitroindazole, 

reduced markedly the cytokine labeling (Figs. 3E,F). The higher concentration of PNV (292 /ml) 

used to check a dose response by the glial cells showed the highest increment of the labeling (Fig. 

3G). The positive control (LPS incubation) validated the reactivity for the cytokine (Fig. 3H). The 

computer quantification of the density of pixels of the immunoassay showed significant increase in 

the IFN-  expression level at 2 h following the PNV exposure (** p < 0.01). After, a trend for 

expression decrease was seen at 5 h. The treatment with 7NI (30 min) before the ensuing PNV 

exposure markedly reduced the astrocytic IFN-  expression in comparison to PNV-15 min ( p < 

0.01) and PNV-2 h ( p < 0.001). 7NI itself decreased IFN-  expression, comparing with control ( p 

< 0.001). Similarly to the other proteins here investigated, the PNV 20 x concentrated dose 

provoked the highest elevation in this inflammatory cytokine in relation to control (** p < 0.01). 

LPS treatment confirmed the astrocytic reactivity to IFN- . The representative histogram of the data 

is displayed in Figure 3I. 

 

The crude venom of Phoneutria nigriventer incubated with cultured cortical astrocytes from rats 

caused an immediate but transient trend for increasing the nNOS expression level by the glial cells, 

since at 2 and 5 h incubation the expression returned to basal level. 7NI pretreatment did not alter 

significantly the expression of the enzyme, but 7NI alone did. 

 

Control astrocytes showed a subtle immunolabeling, which became stronger and 

concentrated in the perikaryon as soon as 15 min of PNV incubation (Fig. 4A,B, respectively). 

Thereafter, the reactivity became more diffuse and weaker (Figs. 4C,D, respectively after 2 and 5 h 

of PNV). Such pattern was also exhibited by astrocytes incubated with 7NI/PNV (Fig. 4E). 

Interestingly, astrocytes incubated with 7NI alone exhibited stronger immunolabeling both at the 

perikaryon and astrocytic processes (Fig. 4F). With the highest PNV dose (292 g/ml) astrocytes 

nNOS immunoreactivity was tenuous (Fig. 4G), whereas those incubated with LPS was strong (Fig. 

4H). The density of pixels quantified from the nNOS immunostaining showed that the trend for 

increase after 15 min did not achieve statistic significance compared to control. Interestingly, 

astrocytes incubated with 7NI alone showed marked increment in the density of pixels compared 

with 7NI plus PNV ( p < 0.01), suggesting a venom inhibitory effect against the 7NI-mediated 

upregulation of nNOS. The PNV 20x dose induced a remarkable decrease in this enzyme 

immunolabeling expression compared to controls (** p<0.01). 
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Measurement of released nitrite 

The control group showed a basal nitrite level, which was maintained stable in 15 min and 5 

h venom incubation media. Astrocytes culture incubated with PNV for 2 h. showed a significant 

increase in the extracellular nitrite level in comparison to PNV-15 min (# p < 0.05). Significant 

reduction of nitrite in the incubation medium was seen in 7NI/PNV in comparison to PNV-2 h ( p < 

0.05), suggesting that the selective blockade of the constitutive nNOS enzyme by 7-nitroindazole 

reduces the formation of nitrite from NO. 7NI itself induced a significant decrease in the nitrite 

formation compared to control (* p < 0.05), as was so the incubation with 292 g/ml PNV (** p< 

0.01). The highest nitrite release was shown by cultured cortical astrocytes in response to LPS 

exposure. 

 

Discussion 

The microenvironment of the CNS is considered as immunoprivileged due to the BBB 

surveillance against the entrance of undesirable substances. Despite, the lack of lymphatic drainage 

and the relatively low levels of resident immune cells suggest that putative local immune and 

inflammatory reactions do occur by either an intrinsic mechanism and/or are imported systemically 

through a damaged BBB [21].  

P. nigriventer is an aggressive spider species responsible for many accidents with 

venomous spiders in Brazil; however fatal cases are very rare [25]. Human systemic envenomation 

is associated with a number of adverse effects, the nature and severity of which depends on the ratio 

amount of venom administered/victim body mass and physical health condition and the time 

between accident and appropriate medical treatment. Variably, the Phoneutria biting causes 

irradiating pain, and toxic symptoms, such as cramps, tremors, tonic convulsions, spastic paralysis, 

priapism, sialorrhea, arrhythmias, visual disturbance, and cold sudoresis ([28,33], reviewed by 

[34]). In general, the major targets of animal venoms are the somatic nervous system because they 

do not cross the blood-brain barrier. Because accidents graded as grave may cause convulsion, the 

Phoneutria venom action on the CNS have been investigated by us. 

The P. nigriventer venom (PNV) is composed by basic polypeptides with molecular weight 

between 3,500 – 9,000 Da, the majority Na
+
, K

+
 and Ca

2+
 acting neurotoxins interfering in 

histamine, serotonin, acetylcholine, and glutamate neurotransmitter release [18,19, 35-37]. The 

venom effect on several regions of the CNS [14,22], and in particular at the BBB level, have been 

shown in our laboratory [15-17]. Strong evidences indicate that the venom disrupts the BBB, 

induces CNS inflammation and neuron and astrocyte activation, at least in part with the 

participation of the nitric oxide, either with a neuroprotector or a neurotoxic role. Astrocytes are key 



Capítulo II 

 103 

actors in the insults inflicted to CNS, and NO has been shown to be participants in many 

neuropathologies. 

Here, a pure cortical astrocyte primary culture was incubated with the crude PNV alone or 

in combination with a pretreatment with 7-nitroindazol (7NI), a selective blocker of nNOS, and the 

expression of nNOS, GFAP, and the pro-inflammatory cytokines, TNF-  and IFN- , was 

investigated. A controlled system, such as in vitro cultured cell, permits direct evaluation of cell 

events without the highly interdependent mechanisms normally affecting neurological processes. 

The studies here have revealed that the earlier reactive changes (15 min) in astrocytes in 

response to PNV exposure were characterized by cytoplasmic hypertrophy and intense GFAP 

expression. Only later on (2 h) the astrocytes reacted by significantly express TNF-  and IFN- , a 

time interval where the release of nitrite was raised significantly. The astrogliosis after brain injuries 

and diseases is a well known and vastly documented event; however the exact mechanism eliciting 

this reaction is poorly understood. What seems clear is that reactive astrocytes altered the 

expression of many genes, some related with the synthesis of the cytoskeletal proteins from the 

intermediate filaments, mainly GFAP and also nestin and vimentin [38].  

The findings also revealed that the changes and tendencies for changes were transient and 

after the peak at 2 h, a downregulation in the expression level of the proteins investigated occurred 

at 5 h of PNV exposure. These data corroborate our previous studies showing that the PNV effects 

were self-limited, both clinically and molecularly [16,17,22]. 

The present results give strong evidence that the NO may be directly involved in astrocytic 

reaction and inflammation response against PNV toxicity. We showed that the nNOS inhibition by 

the pretreatment of cultures with 7NI reduced markedly the GFAP and IFN-  expression to levels 

lower and much lower, respectively, than the exhibited by controls. In addition, 7NI treatment 

before the addition of PNV promoted a trend for reducing TNF- . On the other hand, astrocytes 

incubated with 7NI, alone showed increased expression of nNOS, what likely suggests, a 

compensatory mechanism. Interestingly, the combination 7NI plus venom kept the nNOS in 

physiological levels evidencing a venom inhibitory effect against the upregulation promoted by 7NI 

alone. The alteration in the expression of the proteins studied was accompanied by morphological 

alterations of the astrocytes, which is seen as soon as 15 min of PNV exposure. The data 

substantiate previous in vivo studies suggesting the existence of a mechanism of defense in the CNS 

which in response to circulating P. nigriventer venom promptly trigger machinery for synthesis of 

proteins, such as GFAP and S100, and to induce the expression of proinflammatory cytokines [14]. 

NO is a highly reactive radical product of the amino acid arginine, generated by the action 

of nitric oxide synthase. NO mediates the function of a variety of physiological systems [39,40], 
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such as vascular tonus and permeability, platelet function, macrophages cytotoxic action, 

inflammation and immunoregulation and neurotransmission [40-44]. While playing a central role in 

physiological homeostasis, overproduction of NO can aggravate inflammation. 

Recent in vivo data (unpublished) has demonstrated that the blockade of nNOS by 7NI i.p. 

injection before crude PNV administration protected the activation of some brain regions, such as 

parietal motor cortex, hypothalamic nucleus, periaqueductal gray matter pars ventral and lateral, but 

increased the activation of the supraoptical nucleus, seen through the significant increase in number 

of Fos-like positive neurons. The results indicated that in this model, the NO showed a dual role, 

protective or noxious, depending on the cerebral regions. In parallel, the clinical signs of 

envenoming, such as, hyperemia, salivation, flaccid and spastic paralysis, anuria and respiratory 

distress were aggravated and anticipated, indicating a benefic role in the overall clinical condition of 

the animals. Yonamine et al. [23], reported that the pretreatment with 7-NI, abolished signs of 

intoxication caused by intraperitoneal injection of the toxin Tx2-5, such as priapism, salivation and 

lung edema in rats, indicating that NO aggravates the toxicity of the toxin in contrast to our results. 

The venom of P. nigriventer consists of a multitude of pharmacologically active components 

(toxins, acylpolyamines and the like), and alike in other venomous animals, the venom components 

have evolved to assist in the paralysis or death of prey, as well as for use in defence against 

predators. Each toxin has a particular target or targets to achieve an efficient capture of prey. In this 

sense, the venom components may have synergic or antagonistic action in different targets, what 

could explain the conflicting data in relation to NO role seen with the crude venom and the Tx2-5 

toxin [23]. 

A point to discussion is that the brain inflammation occurs inside the brain which is walled 

by the blood-brain barrier, and thus differs from inflammation in the periphery by the relative 

absence of leucocytes and circulating antibodies. However, it is now recognized that there is a 

limited traffic of inflammatory factors across the barrier in physiological basis, and this traffic can 

be increased by inflammation [45]. Recent in vivo results [14] showed that GFAP, S100, TNF-  and 

INF-  expression in astrocytes and neurons were increased after PNV systemic injection, suggesting 

that the expression of pro-inflammatory cytokines is part of the immune response against the 

neurotoxic injury caused by PNV. But, until now, we did not know if the cytokines were locally 

released by resident brain cells or secreted from cells invading the CNS tissue from blood stream. 

Since TNF-  increases vascular-brain permeability, systemic TNF-  would gain access to brain 

through a specific transport system [46]. This question was partially solved in this work, since it 

was confirmed the resident inflammatory response by astrocytes in culture. However, this not 

excludes an additional response by immune cells infiltrated or through microglial response in living 
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systems. Since IFN-  is required for interactions between immune and brain cells, increases 

microglia neuroprotective effect and induces neurotrophic factor receptors [10], it is likely that the 

significant increase here seen may predict for both endogenous and exogenous resources of IFN-  

in adverse brain conditions. Future experiments with markers for resident or infiltrated immune 

cells and for activated microglia will be done in our experimental model. 

Another open question is whether the bulk of inflammatory and gliosis effects hitherto 

known be provoked by systemic PNV results from a direct action of the contact between venom and 

brain cells (so components of the venom could gain access to brain), and/or from peripheral- or 

endogenous-generated secondary messengers elicited during contact of venom/toxins with 

endothelial cells and after BBB permeabilization. In this work, the results showed that the direct 

contact with PNV induces gliosis and inflammatory reaction in cultured astrocytes. However, pro-

inflammatory cytokines traversing the BBB also did; similarly, NO generated by astrocytes in 

response to insult may also induce gliosis and/or inflammation. Astrocytes react to oscillations of 

Ca
2+

 and glutamate, and PNV interferes with both [19], what suggest another pathway involving 

BBB disruption caused by Phoneutria venom directly or by mediators such as cytokines, free 

radicals, excitatory neurotransmitters released from activated astrocytes, or others. 

The nitric oxide showed to be an efficient inflammatory and gliosis modulator of astrocytes 

after PNV exposure, but for a better understanding of the NO role in the armed-spider envenoming, 

future experiments need to be performed with NO-donors before PNV exposure in culture 

astrocytes or before PNV-envenoming in vivo. The richness of neurotoxins in the P. nigriventer 

spider venom elects it as a powerful tool for using in physiopathological, pharmacological and cell 

biology events in the CNS and other systems. The model is useful for the study the regulation of 

inflammatory reaction and gliosis associated with BBB. 
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Legends for figures 

Figure 1: Representative photomicrographs of GFAP immunoreactivity in cortical astrocytes 

primary culture and comparative analysis of the density of pixels evaluated from the intensity and 

extensity of GFAP labeling. Comparison with time-paired controls, the PNV-incubated culture 

(14.6 g PNV/ml) showed reactive astrocytes with both hypertrophied somata and processes and 

increased expression of GFAP (panels A,B,C,D). LPS-exposed astrocytes represent positive 

controls of the immunoreaction (E). The treatment with the selective inhibitor of nNOS (F), or with 

7NI plus PNV (7NI/PNV group, panel G) remarkably downregulated the expression of GFAP and 
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the astrocytic reactivity. A dose-dependent reactive astrocytes/GFAP expression was demonstrated 

with a 20-fold higher concentration of PNV (H). Scale bar for all panels = 50 m. Quantification of 

the density of pixels (panel I) showed significant increases over the paired controls in PNV-15 min 

(* * p < 0.01), PNV-2 h (* p < 0.05) and PNV- 5 h (* p < 0.05). Although high than the control, 

PNV-5 h GFAP pixels density was decreased significantly compared to PNV-15 min and PNV-2 h 

(* p < 0.05). Astrocytes of the 7NI/PNV and 7NI groups showed remarkable reduction in pixels 

density compared to all PNV-groups (PNV-15 min, p < 0.001), PNV-2 h, p < 0.01) or PNV-5 h, p < 

0.01).. The highest density of pixels was achieved by the PNV-20- fold higher concentration (292 

g PNV/ml) group;compared to control-5 h (*** p < 0.001). LPS group, used as positive control, 

showed intense GFAP density of pixels compared to control Data were expressed as mean S.E.M. 

Student t test or one-way ANOVA followed by the Tukey–Kramer multiple comparison test were 

used to compare the treated and paired controls. 

 

Figure 2: Micrographs from cortical astrocytes primary culture immunolabeled with TNF-  show 

light fluorescence in control (A), increased staining in 15 min (B) followed by gradual decrease at 2 

and 5 h (C,D), and in 7NI and 7NI/PNV cultured astrocytes (E,F). The highest immunoreaction was 

with PNV-20x and LPS (G,H). Scale bar: 50 m. In panel I, the density of pixels showed a trend to 

TNF-  increase in PNV-15 min (non significant) and PNV-2 h (** p < 0.01) compared to control. 

In atrocytes treated with 7NI before PNV, the TNF-  expression decreased, comparing to PNV-2h 

group ( p < 0.05). PNV 20 x showed a dose-dependent increase in TNF-  expression (** p < 0.01), 

comparing to control. Data were expressed as mean S.E.M. Student t test or one-way ANOVA 

followed by the Tukey–Kramer multiple comparison test were used to compare the treated and 

paired controls. 

 

Figure 3: Representative micrographs from primary culture of cortical astrocytes immunolabeled 

with INF- . Astrocytes incubated with DMEM (control) showed IFN-  reactivity mainly in nucleus 

and diffuse in cytoplasm (A). In PNV-incubated astrocytes morphology changed both in nucleus 

and cytoplasm; besides the cytokine labeling was stronger in the three time intervals (B,C,D). In 

atrocytes treated with 7NI alone (E) or with 7NI plus PNV (F) the reactivity decreased, and so glia 

morphology. The highest expression of IFN-  was displayed by PNV-20x indicating a dose-

dependency of cytokine expression; the staining is strong both in nucleus and cytoplasm (G). 

LPSincubated glia exhibits morphology similar to control, but the staining is stronger (H). Scale 

bar: 50 m. The pixels density of the protein expression (panel I) was increased in PNV-15 min (non 

significant) and PNV-2 h (** p < 0.01), after what occurred a tendency for decrease in PNV-5 h. In 
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atrocytes incubated with 7NI alone or with 7NI plus PNV, the density of pixels decreased markedly 

in relation to control (*** p < 0.001 and p** < 0.01, respectively), and in relation to PNV-15 min (p 

< 0.01) and PNV-2 h (p < 0.001). Data were expressed as mean S.E.M. Student t test or one-way 

ANOVA followed by the Tukey–Kramer multiple comparison test were used to compare the treated 

and paired controls. 

 

Figure 4: Micrographs from nNOS positive cortical astrocytes incubated with DMEM (A) and with 

Phoneutria venom for 15 min (B), 2 h (C) and 5 h (D). Both the morphology as well the intensity of 

labeling was changed with venom. The highest expression was achieved at 15 min. The nNOS 

expression decreased in astrocytes pretreated with 7NI followed by PNV (E), but increased strongly 

in those incubated with the 7NI alone (F). In PNV-20x (panel G) the astrocytes showed a subtle 

nNOS labeling, hence not exhibiting a dose-dependency. LPS, used as positive control, showed the 

highest nNOS expression; scale bar: 50 m. Panel I shows that there was statistic significance in the 

density of pixels for nNOS only for PNV-20x compared with control (** p < 0.01) and between 

7NI- and 7NI/PNV-incubated astrocytes ( p < 0.05). Data were expressed as mean S.E.M. Student t 

test or one-way ANOVA followed by the Tukey–Kramer multiple comparison test were used to 

compare the treated and paired controls. 

 

Figure 5: Histogram showing the Nitrite concentration in the culture medium of purified primary 

culture from cortical astrocytes. The glial cells incubated for 2 h with PNV showed augment of 

nitrite concentration in the incubation medium in comparison to PNV-15 min (# p < 0.05) whereas 

cells incubated with the nNOS inhibitor 7NI followed by PNV showed reduction of nitrite 

compared to PNV-2 h ( p < 0.05); *P < 0.05 and **P < 0.01 indicate significant difference between 

7NI alone and control and PNV-20x and control, respectively. LPS showed the highest nitrite 

release to the incubation medium. The results are expressed as the mean ± S.E.M. (Student t test or 

one-way ANOVA followed by the Tukey–Kramer multiple comparison test, for compare the treated 

with controls). 
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Purificação de toxinas do veneno de P. nigriventer e identificação de componentes 

responsáveis pela permeabilização da barreira hematoencefálica. 

 

Rapôso C
1
,
 

Freddy I
2
, Possani LD

2
, Cruz-Höfling MA

1 
(

1
Departamento de Histologia e 

Embriologia, Instituto de Biologia, Universidade Estadual de Campinas - UNICAMP, Campinas, 

SP, Brasil, 
2
Institute of Biotechnology, National Autonomous University of México, Cuernavaca, 

México). 

 

Introdução 

A aranha Phoneutria nigriventer (Ctenidae, Araneomorpha) é uma aranha brasileira, 

exptremamente agressiva, responsável pela maioria dos casos de envenenamento no Brasil. A 

observação dos sinais e sintomas (hiperemia, prostração, salivação, paralisia flácida e espástica dos 

membros posteriores, convulsão tônico-clônica, stress respiratório e morte) do envenenamento por 

P. nigriventer levaram a concluir que esse veneno é principalmente neurotóxico. Os efeitos 

neurotóxicos do veneno de P. nigriventer (PNV) atraíram a atenção de pesquisadores, uma vez que 

provavelmente o veneno teria alguma ação em alvos no sistema nervoso central (SNC). O PNV é 

um coquetel de toxinas (para revisão ver Gomez et al., 2002), portanto a purificação de toxinas e a 

identificação de seus efeitos podem ser úteis para aplicações médicas e em pesquisa.  

Atualmente, vários peptídeos tóxicos têm sido isolados do PNV e seus efeitos biológicos 

têm sido testados. Diferentes peptídeos básicos agem em canais de Ca
2+

, K
+
 e Na

+ 
, são capazes de 

provocar efeitos neurotóxicos excitatórios em mamíferos e insetos (Brazil & Vellard, 1925; Cruz-

Höfling et al., 1985; Love & Cruz-Höfling, 1986), aumentam a permeabilidade vascular (Antunes 

et al. 1992) e a pressão arterial (Costa et al, 1996) e causam ereção peniana Nunes et al., 2008). 

Outros peptídeos modulam a liberação de neurotransmissores, tais como glutamato e acetilcolina 

(Oliveira et al., 2003, Gomez et al., 1995). Foi recentemente demonstrado que o PNV induz 

permeabilização da barreira hematoencefálica (BHE) (interface entre o sangue e o tecido neural, 

que restringe o acesso de moléculas ao tecido), quando administrado sistemicamente. A 

permeabilização da BHE ocorre em tempos precoces (1 e 2 horas) e tardios (24 h e 9 dias) após o 

envenenamento (Le Sueur et al., 2003; Rapôso et al., 2007).  

A BHE é responsável pela manutenção do microambiente do SNC, protegendo-o contra 

toxinas e outros componentes presentes no sangue e transportando seletivamente os nutrientes. 

Portanto, um sistema altamente controlado de transportadores e receptores selecionam moléculas 

cuja passagem através do citoplasma das células endoteliais é permitida. Infelizmente, os mesmo 

mecanismos que protegem o tecido neural contra moléculas indesejadas, pode também frustrar 
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intervenções terapêuticas durante doenças do SNC, tais como tumores, epilepsia, doenças 

cerebrovasculares e desordens neurodegenerativas. O baixo sucesso terapêutico é principalmente 

devido à dificuldade no desenvolvimento de drogas que passem através da BHE e sejam 

disponibilizadas em quantidades suficientes ao tecido neural (para revisão, ver (Pathan et al., 2009).    

Desde que o PNV é uma complexa mistura de peptídeos e outras classes de substâncias, e 

que o veneno bruto é capaz de permeabilizar temporariamente a BHE, houve o interesse em 

identificar toxinas purificadas, responsáveis por esse efeito nos microvasos cerebrais. A 

identificação de moléculas com ação conhecida na BHE pode determinar uma nova estratégia para 

disponibilizar drogas terapêuticas ao tecido neural. Portanto, a proposta deste estudo foi analizar 

toxinas isoladas do PNV, por HPLC, com o objetivo de identificar os componentes responsáveis 

pela permeabilização dos microvasos cerebrais.  Um novo método de abertura temporária e 

controlada da BHE pode ser interessante para propostas terapêuticas e, além disso, moléculas ativas 

na BHE são potenciais ferramentas para uso em pesquisa.     

 

Material e método 

Animais e veneno 

Ratos Wistar machos (Rattus norvergicus, 200–300 g, 8 a 10 semanas), obtidos do biotério central 

da UNICAMP, foram mantidos em temperatura controlada (25–28 °C), com ciclo de dia e noite de 

12 horas e ração padrão (Purina), com livre acesso a água. O veneno bruto foi doado e purificado 

pelo professor Dr. Lourival Possani (Instituto de Biotecnologia, Universidade Nacional Autônoma 

do México, Cuernavaca, México), com a participação da Profa. Maria Alice da Cruz Höfling.  

 

Procedimentos de purificação 

O PNV liofilizado foi dissolvido em água e centrifugado a 10,000g por 10 min. A solução 

sobrenadante foi estocada à -20 ºC. As amostram foram separadas por Cromatografia Líquida de 

Alta Performance - HPLC (high performance liquid chromatography -  Milford, MA, USA), em 

uma coluna analítica de fase reversa C18 (Vydac, Hisperia, CA), usando um gradiente linear de 

solvente A (0.12% ácido trifluoroacético, TFA, em água) a 60% de solvente B (0.10% TFA, em 

acetonitrila), com corrida por 60 min a velocidade de fluxo de 1 ml/min. Nessas condições, sete 

componentes foram obtidos na forma heterogênea (designados frações 1-7). Após, foram feitos 

ensaios para verificar quais dessas frações eram capazes de permeabilizar a BHE, fazendo-se 

injeção intra-vascular de corante vital Azul de Evans (ver abaixo detalhes do procedimento). A 

fração deteminada como capaz de romper a BHE foi submetida a uma segunda separação usando 

HPLC, e uma coluna analítica de fase reversa C18, correndo com gradientes ligeiramente 
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modificados, para melhorar a separação. O segundo procedimento de HPLC foi realizado usando a 

fração F1, a qual foi separada em 12 frações (chamadas F1-1 a F1-12). As frações F1-8 e F1-10 

foram, então, submetidas novamente à purificação por HPLC, apenas para descartar os 

contaminantes e obter os picos principais.   
Administração das toxinas purificadas do PNV  

Para os estudos em microscopia de luz, com o corante vital Azul de Evans, um grupo de animais (n 

= 4 por fração) recebeu uma única injeção intravenosa (i.v.) das frações heterogêneas, purificadas 

no primeiro procedimento de HPLC (F1-F7) (12 g/kg em 300 l de salina estéril a 0.9%), na veia 

caudal, enquanto o grupo controle recebeu o mesmo volume do veículo. Após determinação da 

fração heterogênea ativa na BHE (F1), outro grupo de animais (n = 3 por fração) recebeu uma única 

injeção i.v. de cada componente de F1 (F1-1 a F1-12 – obtidos por purificação de F1) (12 g/kg in 

300 l of 0.9% sterile saline), ou o mesmo volume de veículo. A dose escolhida foi baseada em 

estudo prévio (Nunes et al., 2008) com toxina purificada de P. nigriventer. Todos os grupos foram 

sacrificados 2 h após a injeção das frações ou do veículo. Após determinação das frações 

homogêneas ativas na BHE (F1-8 e F1-12), um grupo (n = 3 por fração) recebeu uma única injeção 

na veia caudal de uma ou outra fração (12 g/kg em 300 l de salina estéril a 0.9%), ou o mesmo 

volume do veículo, para análise de cortes semi-finos e ultrafinos, em microscópio de luz e 

eletrônico de transmissão, respectivamente. Para análise de cortes semi-finos e ultrafinos, os 

animais foram sacrificados 2 e 5 h após a injeção das frações ou do veículo. O protocolo 

experimental foi aprovado pelo Comitê de Ética em Experimentação Animal da UNICAMP 

(protocolo 1700-1). 

 

Atividade das toxinas na BHE – Azul de Evans (AE) 

Azul de Evans (0.2 ml; 2%) (Sigma) foi administrado através da veia caudal, 1,5 h após a injeção 

das toxinas (F1 a F7)do PNV ou de solução salina (veículo). Os animais anestesisados com 

combinação de xilasina e ketamina sofreram punção cardíaca e foram perfundidos através da artéria 

aorta, com paraformaldeído 4%, em tampão fosfato 0.1 M, 30 minutos após a administração do AE. 

Os cérebros foram removidos e pós-fixados por 2 h no mesmo fixador. Secções coronais (50 µm) 

foram cortadas em criostato. Regiões de extravasamento do AE nas secções foram observadas com 

microscópio de luz (Olympus, Nikon, Japan). 
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Estudo morfológico 

Para confirmar se as frações (F1-8 e F1-10) induzem a quebra da BHE em estágios precoces, os 

ratos foram anestesiados 2 e 5 h após a injeção das frações ou salina e imediatamente sacrificados 

por perfusão através da artéria aorta, com 150 ml de solução pré-fixadora (100 mM de Tris, pH 7.2, 

150 mM de NaCl, 5.6 mM de KCl, 1 mM de MgCl2, 2.5 mM de CaCl2, 3.7 mM de glicose e 3.6 

mM de procaina), seguida por 250 ml de fixador [2.5% de glutaraldeído e 0.5% paraformaldeído em 

0.1 M de tampão cacodilato de sódio, pH 7.2, contendo 2% de nitrato de lantano (La2NO3)], com 

um marcador extracelular, usando bomba peristáltica. A pressão de perfusão foi monitorada com 

um manômetro de mercúrio e não excedeu 70 mmHg. Após a perfusão, os ratos foram mantidos à 

4º C, overnight (18 h) antes da dissecação dos cérebros. Hipocampo e cerebelo foram removidos e 

amostras de 1 a 2 mm foram mantidas no mesmo fixador sem nitrato de lantano, overnight. As 

amostras do cerebelo incluíram tanto substância branca, quanto cinzenta e as do hipocampo 

incluíram todas as subregiões, escolhidas aleatoriamente. Após as amostras serem lavadas em 

solução de lavagem (0.15 M de NaCl, com 0.2 M de sacarose), foram pós-fixadas em 1% de OsO4, 

diluído em cacodilato de sódio 0.1 M, por 1 h, desidratadas em gradiente de acetona e embebidas 

em resina Epon 812. Para análise em microscópio de luz, secções semifinas (1 m de espessura) 

foram cortadas em ultramicrótomo (Reichert S Ultra-Cut, Leica) e coradas com 1 % de azul de 

toluidina.    

 

Obs.: O material para análise de cortes semifinos (microscopia de luz) e ultrafinos (microscopia 

eletrônica de transmissão) foi coletado e processado. Os primeiros cortes semifinos foram obtidos 

(ver figura 3) e estão em análise. Estudos ao microscópio de luz e eletrônico de transmissão estão 

em andamento com o objetivo de quantificar e qualificar a ação dessas frações na permeabilidade 

da BHE. 

 

Resultados (apresentados na forma de legendas das figuras) 

Figura 1: Perfil cromatográfico – (A) perfil cromatográfico obtido após a separação do veneno 

solúvel de P. nigriventer, por HPLC, com corrida em coluna analítica de fase reversa C18, do 

solvente A (0.12% de TFA em água), para 60% do solvente B (0.10 TFA em acetonitrila), durante 

60 min com velocidade de fluxo de 1 ml/min. As marcações F1-F7, na base do gráfico, indicam os 

componentes eluídos e coletados. (Tabela) O componente ativo na BHE (F1) foi futuramente 

separado usando a mesma coluna, mas correndo de 10% para 45% de solvente B, por 20 min. Após 

o procedimento, foram obtidas as frações F1-1 a F1-12. (B) Os picos de eluição 2.99 (F1-8) e 3.91 

(F1-10) foram submetidos a nova purificação, na mesma coluna, usando concentração constante de 
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20% do solvente B, com corrida por 20 min, para descartar contaminantes. RT (“retention time”) - 

media do tempo de retenção do HPLC.  

 

Figura 2: Análise do extravasamento do corante Azul de Evans: Os vasos com alterações na 

permeabilização foram avaliados pela injeção in vivo do corante vital azul de Evans e análise ao 

microscópio de luz. Nos animais do grupo controle (injetados com solução salina) não foram 

encontradas regiões com extravasamento do corante (A, B). Apenas a subfração F1 promoveu o 

extravasamento do corante (C-E). Também foi visto extravasamento nas frações F1-8 e F1-10, re-

purificadas a partir de F1 (não demonstrado).   

 

Figura 3: Secções semifinas coradas com azul de toluidina: (A e B) Hipocampo de animal controle, 

sacrificado 2 h após a injeção i.v. de solução salina. (C e D) Hipocampo de animal tratado com 

fração F1-10 e sacrificado 2 h após a injeção i.v. da fração. Note que os vasos sangüíneos de C e D 

(setas) apresentam espaço perivascular edemaciado, indicativo de edema vasogênco, enquanto o 

tecido perivascular de A e B (cabeça de seta) está íntegro, sem as áreas edemaciadas, vistas em C e 

D. Essa alteração indica passagem de moléculas, as quais são acompanhadas por líquido (plasma), 

através da BHE. A passagem de líquido para o tecido está ocorrendo devido a alterações na 

permeabilidade dos microvasos cerebrais, causadas pela toxina.   
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DISCUSSÃO GERAL 

A presente tese teve por objetivo avaliar a ação do veneno da aranha Phoneturia nigriventer 

(PNV), uma rica mistura de peptídeos neurotóxicos, na barreira hematoencefálica (BHE) e no tecido 

neural de ratos. O trabalho foi dividido em: I) Estudo da ação do PNV na BHE – a) análise da 

reatividade, através de imunofluorescência e/ou do conteúdo através de western blotting, de 

proteínas presentes nas junções de oclusão (ZO1, ocludina e claudina-5), de adesão (β-catenina), 

membrana basal (laminina), proteína de efluxo da BHE (Pgp) e proteína fosfatase 2A na sua forma 

fosforilada (pPP2A), no hipocampo e cerebelo, 15 min, 2 e 5 h após o envenenamento; b) análise, 

através de imunofluorescência e western blotting, da proteína de resistência multidrogas – MRP1, 

da proteína transportadora de glicose – GLUT1 e da proteína constituinte das junções gap, 

conexina-43 (Cx43), no hipocampo e cerebelo, 15 min, 2 e 5 h após o envenenamento. II) Estudo 

da ação do PNV no tecido neural, observando a ativação de vias neuronais específicas, a 

reação de astrócitos em cultura e o envolvimento do óxido nítrico (NO) – a) análise da ativação 

de regiões cerebrais específicas (córtex parietal motor - PMC, substância cinzenta periaquedutal 

partes ventral e dorso-lateral – vPAG e dlPAG, núcleo talâmico periventricular - PTN, núcleo 

supraóptico - SON e núcleo hipotalâmico paraventricular - PVN) pelo PNV, através da 

imunohistoquímica para proteína FOS. O envolvimento do NO na ativação dessas vias foi 

investigado tanto através do bloqueio da nNOS (enzima produtora do NO) pela injeção 

intraperitoneal de 7-nitroindazole antes da injeção sistêmica do PNV, como pela identificação de 

neurônios positivos para nNOS através de histoquímica para NADPH-d. Foi feita também dupla 

marcação FOS/NADPH-d, para identificar neurônios FOS e nNOS-positivos. As células com 

marcação simples para FOS ou NADPH-d ou co-marcadas para FOS/NADPHd foram contadas nas 

diferentes regiões cerebrais; b) análise da expressão da proteína presente nos filamentos 

intermediários do citoesqueleto de astrócitos, GFAP, cujo aumento indica gliose reativa, das 

citocinas mediadoras de processos inflamatórios, IFN-γ e TNF-α, e da isoforma neuronal da enzima 

produtora de NO, nNOS, em astrócitos cultivados, após exposição ao PNV, associado ou não ao 7-

nitroindazol. III) Estudo da permeabilização da BHE por frações purificadas do PNV por 

HPLC, através da injeção do corante vital Azul de Evans e da análise de cortes semifinos (1 µm de 

espessura).  

 Os sinais clínicos observados nos acidentes provocados pela aranha P. nigriventer, bem 

como no envenenamento experimental (hipertensão, tremores, espasmos, sialorréia, paralisia 

flácida, paralisia espástica, convulsão, diminuição do volume urinário, edema pulmonar e, 

eventualmente, morte), apontavam os sistemas nervoso central e periférico como alvos das toxinas 

presentes no PNV. Esse fato motivou a investigação da ação tóxica do veneno no tecido neural e na 
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BHE. A necessidade de investigar as proteínas das JAs e JOs partiu dos resultados encontrados por 

Le Sueur et al. (2004), que sugeriam que o aumento da permeabilidade da BHE observado após 1 e 

9 dias da administração i.v. do veneno não estava associado à diminuição na expressão e alteração 

da localização de proteínas das JAs e JOs, nem com o aumento na fosforilação de resíduos de 

tirosina. Entretanto, nós demonstramos recentemente que a injeção i.v. de PNV causa edema 

vasogênico, edema nos pés-astrocitários perivasculares e permeabilização da BHE em ratos 

adultos, particularmente no hipocampo, durante estágios agudos após a injeção do veneno (15 min, 

1, 2 e 5 h) (Rapôso et al., 2007). Os mecanismos pelos quais a BHE é alterada em períodos 

precoces permaneciam obscuros. Com base nesses achados, nós hipotetizamos que, em períodos 

precoces após o envenenamento, as JAs e JOs, bem como a membrana basal poderiam ser afetadas. 

No presente trabalho, nossos dados mostraram que, de fato, ocorre significante diminuição na 

expressão das proteínas ZO1, ocludina, β-catenina e laminina e aumento na pPP2A, no hipocampo 

e cerebelo, nos períodos de 15 min e 2 h após a injeção de PNV, quando comparado com os 

controles sham. Além disso, embora as bandas do western blotting não tenham mostrado alteração 

significativa nos níveis teciduais da claudina-5, a imunofluorescência revelou uma diminuição sutil 

na sua reatividade no cerebelo, e alteração na sua localização, no hipocampo. Os dados mostraram 

recuperação total ou parcial das proteínas após 5 h, sendo mais significativa no cerebelo do que no 

hipocampo. Uma vez que a recuperação da expressão das proteínas das JOs e JAs e da laminina 

coincide com o início dos sinais de recuperação clínica dos animais envenenados (após 5 h os 

animais recuperam parcialmente a capacidade motora e exploratória, a função respiratória e ocorre 

normalização do fluxo salivar e hiperemia), nós sugerimos que os sinais clínicos de acometimento 

do SNC estariam relacionados à permeabilização da BHE em período agudos, provavelmente pela 

alteração da via paracelular. Concluímos que o veneno da aranha armadeira pode afetar tanto o 

transporte transcelular como o paracelular na interface sangue:cérebro. 

 Em relação à imunomarcação para Pgp, a imunofluorescência mostrou um declínio na 

expressão dessa proteína 15 min e 2 h após a injeção do PNV, com recuperação após 5 h, 

comparando com o controle. No hipocampo, a expressão após 5 h foi maior que a vista nos animais 

controle. A presença de transportadores de efluxo na membrana das células endoteliais e dos 

astrócitos adjacentes é uma das propriedades fisiológicas que fazem com que o endotélio dos 

microvasos cerebais seja diferente daqueles da periferia. Esses transportadores removem substratos 

(p.e. drogas e toxinas), antes que atinjam o microambiente neural. A expressão diminuída da Pgp 

15 min e 2 h após a injeção do PNV apontam-na como alvo do veneno e pode ser um dos 

mecanismos que contribuem para a maior passagem de moléculas, inclusive citocinas exógenas, 

através da BHE nos animais envenenados. Por outro lado, o aumento da Pgp 5 h após a injeção do 
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PNV dá suporte à idéia de que o mecanismo direcionado para remover o agente tóxico do cérebro 

para a microcirculação foi desencadeado.  

Nossos resultados mostraram, ainda, aumento no conteúdo da fosfatase 2A fosforilada 

(pPP2A), 15 min e 2 h após injeção do PNV, concomitantemente à diminuição da expressão das 

proteínas das JOs e JAs. Fosforilação da PP2A ocorre quando as proteínas de junção são 

hiperfosforiladas e, consequentemente, os contatos juncionais interendoteliais estão afetados. 

Portanto, a hipótese inicial de que o PNV altera a expressão das proteínas das JOs e JAs em 

períodos agudos após a injeção sistêmica do PNV foi confirmada. Isso explica, ao menos em parte, 

o início precoce dos sinais clínicos da intoxicação. Tais alterações ocorrem provavelmente por 

hiperfosforilação das proteínas juncionais. Essas alterações são muito rápidas e dinâmicas e 

caracterizam uma abertura juncional transitória.  

Outro ponto abordado no sentido de avançar no conhecimento dos mecanismos moleculares 

de abertura da barreira pelo PNV foi a determinação da expressão de outras proteínas (MRP1, 

GLUT1 e Cx43) associadas com a função da BHE. A sugestão de que essas proteínas seriam alvos 

do PNV foi baseada no papel crítico que elas exercem no funcionamento da BHE. Nossos dados 

mostraram que a presença do PNV na circulação foi capaz de afetar as proteínas estudadas (MRP1, 

GLUT1 e Cx43). Houve maior conteúdo basal de MRP1 e GLUT1 no cerebelo do que no 

hipocampo; o cerebelo também mostrou menor variabilidade no nível das proteínas nos grupos 

tratados com PNV, durante os períodos examinados. Esses dados corroboram com estudos prévios 

mostrando que o hipocampo é mais suscetível ao PNV, com permeabilização mais evidente da 

BHE, enquanto o cerebelo ficou inalterado, pelo menos nos tempos mais tardios do envenenamento 

(Le Sueur et al., 2004), ou sua recuperação foi mais rápida (Rapôso et al., 2007). Em suporte à 

verificação de que o cerebelo é mais resistente à ação deletéria do PNV, estão os resultados 

mostrados também pelas proteínas das JOs e JAs, que no cerebelo mostraram recuperação mais 

significativa do que no hipocampo. O hipocampo apresentou, de fato, maior sensibilidade ao PNV, 

como visto pelo aumento mais significante nos níveis das proteínas estudadas (MRP1 e GLUT1). A 

alta expressão de MRP1 e GLUT1 entre 2 e 5 h após o envenenamento pode representar uma reação 

adaptativa do organismo dos animais para prevenir a entrada das toxinas do PNV no cérebro 

(MRP1), e para facilitar a entrada de glicose, permitindo o aumento no metabolismo, induzido pelo 

estresse do animal e/ou pela ação farmacológica do veneno (GLUT1). Os presentes resultados 

suportam estudos prévios que mostram que as alterações na função da BHE causadas pelo PNV 

resultam principalmente de alterações no transporte transcelular (Le Sueur et al., 2004), desde que 

foi demonstrado aqui que tanto o influxo transcelular (de glicose) quanto o efluxo (de toxinas do 

veneno) foram afetados na interface sangue-cérebro. 
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  Os resultados mostraram, ainda, duas fases de reatividade da Cx43, caracterizadas por 

significante aumento visto após 15 minutos da exposição ao veneno, tanto no hipocampo quanto no 

cerebelo, seguida por significante diminuição no hipocampo, e uma tendência à diminuição no 

cerebelo. A Cx43 é a principal proteína presente nas junções gap (JG), e em particular nas JG do 

SNC. As JG são responsáveis por estabelecer uma rede de comunicação entre astrócitos, a célula 

glial em maior número e com a mais ampla gama de ações no SNC. As JG permitem comunicação 

entre astrócitos, os quais controlam o microambiente, bem como mantêm o fenótipo de barreira do 

endotélio cerebral. Os dados indicam que o PNV sistêmico afeta a estabilidade das junções 

comunicantes (gap) e, consequentemente, as interações entre astrócitos, provavelmente um dos 

mecanismos causadores do aumento da permeabilidade da BHE induzido pelo PNV.  

 Portanto, os resultados até o momento relatados mostram que o veneno da aranha P. 

nigriventer promove abertura transitória da BHE, cujas proteínas se recuperam total ou 

parcialmente 5 h após a injeção do veneno (Le Sueur et al., 2003, Rapôso et al., 2007). A inibição 

da proteína de efluxo Pgp, o aumento da MRP1 nos períodos de 15 min e 2 h pelo veneno, 

associada à manutenção de transportadores de glicose, podem fornecer boas perspectivas para o uso 

de componente do veneno para a abertura temporária da BHE, com fins terapêuticos. A 

identificação de substâncias que regulam a permeabilidade do endotélio cerebral pode levar ao 

desenvolvimento de estratégias terapêuticas para superar o acesso restrito de drogas ao cérebro. 

 Uma vez que o PNV altera de maneira rápida as principais estruturas da BHE e, 

consequentemente, sua permeabilidade, e que causa sinais clínicos que indicam o acometimento do 

SNC, nós lançamos a hipótese de que o veneno teria ação no tecido neural, tanto na ativação de 

neurônios, quanto na indução de resposta astrocitária. Estudos recentes, com o mesmo desenho 

experimental utilizado para a investigação da BHE, mostraram que 2 h após a administração do 

PNV, neurônios de várias áreas relacionadas com motricidade/aversão/ansiedade/fuga (PCM, vPAG 

dlPAG e PTN), e estresse agudo (córtex rinal - RC e o núcleo septal lateral - LSN) exibiram 

ativação, como mostrado pelo aumento da expressão da proteína FOS (Cruz-Höfling et al., 2007). 

Além disso, neurônios positivos para a sintase neuronal do óxido nítrico (nNOS) predominaram no 

PTN, seguido por dlPAG e PCM, indicando que o NO é um mensageiro que pode estar envolvido 

no mecanismo da intoxicação pelo veneno (Cruz-Höfling et al., 2007). Com o objetivo de 

aprofundar o entendimento sobre o possível papel do NO na intoxicação pelo PNV, estudos in vivo 

e in vitro foram realizados. A nNOS foi bloqueada seletivamente pelo 7-Nitroindazol (7NI), antes 

da injeção i.v. do PNV (estudo in vivo) ou antes da exposição de astrócitos em cultura primária 

(isolados do córtex de ratos Wistar neonatos) ao veneno (estudo in vitro). No estudo in vivo, foi 

investigada a ativação de neurônios, através de imunohistoquímica para proteína FOS, e a co-
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localização da FOS com a NADPH diaforase (histoquímica). No estudo in vitro, GFAP, nNOS e as 

citocinas inflamatórias TNF-α e IFN-γ foram quantificadas por imunohistoquímica, para avaliar a 

gliose, a expressão da sintase do NO e a resposta inflamatória dos astrócitos. Além disso, a 

liberação de nitrito no meio de cultura foi quantificada como uma medida indireta da liberação de 

NO.  

No estudo in vivo, os animais injetados com 7NI/PNV apresentaram alguns sinais, tais 

como prostração, hipersalivação e paralisia espástica dos membros posteriores, mais precoces e 

mais intensos do que nos animais injetados somente com PNV. Isso sugere que a ausência do NO 

agravou o quadro clínico de envenenamento e que, portanto, o NO apresenta um papel 

neuroprotetor, no caso. Comparado ao grupo controle injetado com solução salina, o grupo que 

recebeu PNV aumentou significantemente o número de neurônios FOS-positivos em todas as áreas 

investigadas, exceto no PTN; o número de neurônios positivos para NADPH-d aumentou na vPAG 

e no PVN. Comparado ao grupo injetado com veneno, o grupo que recebeu 7NI antes da injeção do 

mesmo teve menor número de neurônios positivos para FOS em todas as áreas examinadas, exceto 

no SON, onde esse número foi aumentado; neurônios NADHP-d positivos aumentaram em número 

somente na dlPAG. O número de neurônios duplamente marcados aumentou no PVN e no SON dos 

animais tratados com PNV, em relação aos animais controle salina e diminuiu nos animais tratados 

com 7NI mais PNV comparado com o PNV sozinho, somente no PVN. Esses dados indicam que 

ocorre ativação em áreas do cérebro relacionadas tanto com motricidade/aversão/ansiedade/fuga 

(PMC, vPAG, dlPAG), corroborando com os sinais clínicos vistos no envenenamento (paralisia 

flácida e espástica, tremores, espasmos, convulsão), quanto em áreas relacionadas com funções 

neurovegetativas (SON e PVN), o que também está de acordo com os sinais vistos no 

envenenamento (estresse respiratório, edema pulmonar, salivação intensa, hipertensão, diminuição 

do volume urinário). Outro dado importante do estudo in vivo é que, de fato, a inibição do NO 

interferiu na ativação de neurônios e na dupla marcação de neurônios FOS e NADPH-d positivos, 

indicando que esse gás tem papel na ação do veneno, tanto em áreas relacionadas a reações motoras, 

de ansiedade, aversão e fuga, quanto em áreas relacionadas às funções neurovegetativas. Os 

resultados demonstram também que a despeito da clara participação do NO na atenuação dos efeitos 

tóxicos do veneno (avaliados clinicamente), a diferença entre áreas do cérebro, ora mostrando 

ativação, ora diminuição da ativação neuronal, sugere a complexidade do processo e aponta um 

papel duplo ao NO, ora atenuando, ora potenciando a ativação neuronal.  

O estudo in vitro com cultura de astrócitos demonstrou que ocorre aumento significativo da 

expressão de GFAP, TNF-α e IFN-γ após exposição ao PNV. Os estudos in vitro são interessantes 

quando se quer excluir interdependências nos mecanismos acionados no sistema vivo. O presente 
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estudo teve por objetivo comprovar a ação do PNV numa população isolada de astrócitos corticais e 

assim determinar se essa ação podia ser direta ou decorrente de segundos mensageiros 

desencadeados pelo envenenamento. Os resultados obtidos não excluem a existência dos segundos 

mensageiros, mas demonstra que o PNV pode ter ação direta concomitante. O tratamento com 7NI, 

antes do PNV, reduziu significativamente a expressão de GFAP, TNF-α e IFN-γ. Esses resultados 

apontam os astrócitos como mediadores da neuroinflamação desencadeada pelo PNV e o NO como 

um modulador da gliose e da resposta inflamatória induzidas pelo veneno. Esses dados 

complementam o estudo realizado paralelamente aos objetivos centrais da presente tese (Cruz-

Höfling et al., 2009), apresentado no Apêndice, o qual revelou que houve ativação de astrócitos e 

processo inflamatório in vivo, como mostrado pelas alterações na expressão da GFAP, S100, IFN-  

e TNF- , após injeção i.v. do PNV. Porém, não estava claro se os astrócitos eram mediadores da 

inflamação e se o NO estava envolvido nesse processo. Ao considerarmos que o veneno aumentou 

significativamente o nível da proteína das junções comunicantes (Cx-43) rapidamente após a 

administração do PNV (15 min) (Odorissi et al., submetido) podemos inferir que a imediata gliose 

vista tanto in vivo quanto in vitro foi decorrência de rápido aumento de transferência de informações 

astrócito-astrócito. Por outro lado, a diminuição da expressãoda Cx-43 vista 5 h após o PNV, pode 

ser, a nosso entender, medida de proteção contra a liberação de neurotransmissores excitatórios 

pelos astrócitos ou contra peptídeos excitatórios do veneno. 

Portanto, o PNV causa ativação de neurônios de áreas do cérebro relacionadas com 

motricidade/aversão/ansiedade/fuga e com funções neurovegetativas e o NO age modulando essa 

resposta. O NO também está envolvido na ativação e resposta inflamatória dos astrócitos. A riqueza 

de neurotoxinas presentes no PNV elege esse veneno como uma potente ferramenta para 

investigação de processos fisiopatológicos do SNC. Esses modelos, tanto in vitro, quanto in vivo, 

são úteis para o estudo da ativação de vias neuronais, reação inflamatória e gliose no cérebro. Além 

disso, o estudo do papel do NO pode contribuir para o entendimento dos mecanismos de 

envenenamento pelo PNV, bem como ser útil para o desenvolvimento de propostas terapêuticas. 

Como último objetivo do presente trabalho, desde que o PNV é uma complexa mistura de 

peptídeos e outras classes de substâncias, e que o veneno bruto é capaz de permeabilizar 

temporariamente a BHE, o PNV foi purificado e as toxinas denominadas F1-8 e F1-10 

apresentaram efeito em permeabilizar a BHE, 2 h após a injeção i.v.. Esta parte do trabalho ainda 

prosseguirá com estudos ao microscópio eletrônico de transmissão. A identificação de moléculas 

com ação conhecida na BHE pode determinar uma nova estratégia para disponibilizar drogas 

terapêuticas ao tecido neural.  
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RESUMO DOS RESULTADOS E CONCLUSÕES 

 

1.  A) A hipótese inicial de que o veneno de P. nigriventer altera a expressão de proteínas das 

junções de adesão e oclusão em períodos precoces após a injeção sistêmica foi confirmada. O 

mecanimo envolvido na alteração das proteínas juncionais decorreu aparentemente pela 

fosforilação de resíduos de treonina das proteínas. Essas alterações são muito rápidas e dinâmicas 

e caracterizam uma abertura juncional transitória e auto-limitante. É possível que esse mecanismo 

seja responsável pela abertura inicial e mais intensa da BHE, gerando alguns dos sinais clínicos 

que apontam envolvimento do SNC através de vias neuronais que ainda necessitam ser 

identificadas.  

 B) A Pgp é alvo do PNV em períodos precoces após o envenenamento, indicando que pode 

haver seletividade na ativação do tipo de transportador de efluxo em decorrência do tipo de agente 

tóxico. Nós sugerimos que o PNV pode promover uma permeabilização transitória da BHE e a 

identificação das toxinas purificadas, responsáveis por esse efeito, poderá contribuir para o 

desenvolvimento de novas estratégias para disponibilizar drogas terapêuticas ao tecido neural 

central.  

  

2. A expressão aumentada da MRP1 e GLUT1 e a diminuição da Cx43 nos animais envenenados 

coincidem com o início da regressão dos sinais clínicos da intoxicação. Os resultados sugerem que 

ocorre a remoção (clearance) ao menos dos componentes mais leves do veneno do SNC e que pode 

estar ocorrendo a diminuição das interações entre astrócitos-astrócitos, astrócitos-neurônios e 

astrócitos-células endoteliais. Nossa hipótese é que a inibição das comunicações (diminuição do 

nível de expressão da Cx43) representa um mecanismo protetor desencadeado pelo organismo.  

O conjunto dos dados reflete comprometimento da homeostase do SNC provocada pela 

permeabilização da BHE, devido à ação de neurotoxinas presentes no PNV. Os dados mostrando 

aumento nos níveis de expressão de GLUT-1 são um indicativo de reação do organismo, 

aumentando a disponibilidade desse combustível no cérebro em reação à presença do agente 

tóxico. Ao mesmo tempo demonstra a alta utilização local de glicose (metabolismo aumentado). 

  

3. O PNV ativou áreas cerebrais relacionadas com motricidade e com funções neurovegetativas. 

Nossos achados apontam a diminuição da ativação das áreas relacionadas à 

motricidade/aversão/ansiedade/fuga e a hiperativação de áreas relacionadas ao controle de 

funções neurovegetativas, nos animais tratados com 7NI/PNV, comparados àqueles tratados 

apenas com o PNV. Portanto, durante o envenenamento, a presença do NO provavelmente ativa 
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neurônios das regiões relacionadas com controle da motricidade, aversão, ansiedade e fuga (desde 

que sua inibição diminuiu a ativação dessas áreas) e inibe a ativação de neurônios das áreas 

relacionadas com funções neurovegetativas (desde que sua inibição causou maior ativação dessas 

áreas). Isso aponta um papel duplo do NO no mecanismo de ação do veneno, dependendo da via 

neuronal que está sendo ativada. O balanço entre inibição/ativação das vias neuronais causado 

pelo NO pende para o papel protetor deste gás, uma vez que há o agravamento do quadro clínico 

nos animais tratados com 7NI/PNV. Nós concluímos que o NO está diretamente envolvido na 

geração de sinais neurotóxicos desencadeados nas vítimas de acidentes por P. nigriventer. O 

estudo do papel do NO pode contribuir para o entendimento dos mecanismos do envenenamento 

por Phoneutria, bem como pode ser útil para criar e aperfeiçoar propostas terapêuticas.        

  

4. Os resultados mostraram que ocorreu gliose e reação inflamatória nos astrócitos in vitro, após a 

exposição ao PNV. O NO mostrou ser um eficiente mediador da inflamação e da gliose 

desencadeadas pelo veneno, desde que a inibição da nNOS pelo pré-tratamento com o 7NI reduziu 

a expressão da GFAP, TNF-a e IFN-  e diminuiu a liberação de nitrito no meio de cultura, 

comparado com o tratamento com o PNV sozinho. É possível que o papel do NO na ativação das 

vias neuronais tenha como protagonista central os astrócitos através de  interações homotípicas e 

heterotípicas. A riqueza de neurotoxinas no veneno de P. nigriventer aponta-o como uma 

ferramenta potencial para investigações de processos fisiopatológicos do SNC, incluindo processos 

inflamatórios. Esse modelo é útil para o estudo dos mecanismos da reação inflamatória e da gliose 

no cérebro.  

  

  

5. As frações denominadas F1-8 e F1-10 apresentaram ação nos vasos sanguíneos cerebrais, 

aparentemente aumentando a permeabilidade da BHE. O presente trabalho contribuiu com dados 

iniciais na identificação de novas moléculas com capacidade de permeabilizar a BHE, que são de 

grande interesse farmacêutico para uso clínico e em pesquisa. 
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