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RESUMO

O 6xido nitrico (NO) € um radical livre produzido endogenamente a partir da
oxidacdo de um dos nitrogénios do grupo guanidino terminal do aminoacido L-arginina
por oxigénio molecular. Essa biossintese é catalisada por uma familia de enzimas
denominadas Oxido nifrico sintases (NOS), as guais podem ser inibidas por analoges
estruiurais da L-arginina gue possuem grupos substituintes no grupo guanidino terminal.
O NO tem significativa reatividade com espécies guimicas diversas tais como oxigénio,
anion superdxido, grupos tidis, metais de transicdo, etc; sendo que os fons nitrito (NG;)
e nitraio (NOs) s&c os produtos finais estaveis da oxidacdo do NOC no entorno
fisioldgico.

NO, e espécies realivas derivadas do nitrogénio (NDRS) em geral, parficipam de
varios processos fisiclégicos no cérebro, incluindo neurotransmissfo, neuromoedulacio
e plasticidade sinaptica, assim como de processos patologicos tais como
neurodegeneracdo e neuroinflamacaoc. Altos niveis de NO tém sido associados com a
atividade da encefalomielite alérgica experimental (EAE), modelo empregado
amplamente em animais para o estudo da esclerose muitipla em humanos. Neste
trabalho, nos caracterizamos a atividade e a expressaoc das isoformas das NOS, bem
como a presenca de residuos protéicos de nitrotirosina (NT, como indicador da
producdo de peroxinitrito) em massa encefélica total (MET) de ratos Lewis durante o
desenvolvimentc da BEAE. A EAE foi induzida em ratos Lewis através da administracao
subcutdnea de uma emuis&o contendo proteina basica de mielina (MBP) e a evolugéo
clinica da doenca (estagios 0 - I} fol avaliada diariamente. No final de cada estagic, as
METs foram removidas, e analises da alividade de NOS, expressdo de proteinas
contendo residuos de NT, e contetido de mRNA para as diferentes isoformas de NOS
foram realizadas. Amostras de sangue tambem foram coletadas para a medida dos
anions NO; e NO3™ no soro, como indice da producdo de NO sistémico. Na falta de
adicdo de qualquer cofator exdgeno de NGS (excegéo feita para o NADPH), a atividade
de NOS dependente de Ca®* foi significativamente diminuida nos ratos com EAE-Iii
gquando comparada com as dos grupos controle, EAE-0 ou EAE-, mas nenhuma
diferenca foi observada entre os grupos na atividade de NOS independente de Ca®".
Por outro lado, guando os cofatores calmodulina (CaM), FAD, tetrahidrobiopierina (BH4)
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& NADPH foram adicionados, nenhuma diferenca na atividade de NOS dependente de
Ca®" foi observada entre os grupos controie e EAE-H. Uma diminuicéo similar também
fol observada na atividade de NOS dependente de Ca® dos grupos controle e EAE-
quando o FAD foi omitido do meio de incubagdo, mas nenhuma alteracao ocorreu na
auséncia dos outros cofatores. Um aumento nao significativo foi observado na atividade
de NOS independenie de Ca®" da MET de ratos com EAE-UI quando comparada a
atividade obtida pelo grupo controle na presenca de todos os cofatores. A atividade de
NOS independente de Ca® de ratos com EAE-Ill n3o foi afetads pela omisslo de
quaiquer um dos cofatores adicionados, enguanto gue a do grupo controle foi inibida
significativamente tanto pela auséncia de FAD como de BH: no meio de incubacac. A
analise por RT-PCR n&o revelou gualquer alteracio significativa no mRNA das
isoformas nNOS ou eNOS entre os grupos experimentais: contudo, niveie aumentados
de mRNA para INOS foram detectados em homogenatos de MET de ratos com EAE-]
em comparagac com 08 animais conifrole. A analise de proteinas contendo residucs de
NT por Western blot mostrou um aumento significativo na intensidade de duas bandas
{pesos moleculares 53 e 28 kDa) nos grupos EAE-Il ¢ EAE-Ill em comparagao com ¢
grupo controle. Os niveis de NOs sérico foram encontrados significativamente mais
altos nos ratos com EAE il do que nos animais controle. Homogenatos de MET ou soro
de animais controle mostraram sobre a atividade de NOS exacerbado efeito inibitério
guando comparado aquele observado para homogenatos de MET ou soro de animais
com EAE-lll. No entanto, as diferencas entre os grupos desaparecem apds
desnaturagao por aquecimento (tanto dos homogenatos de MET como dos SOres).

Com base nesses resultados, nés concluimos que paralelo a uma diminuicéo da
atividade de NOS dependente de Ca?*, um aumento da expresséo ("up-regulation”) de
INOS ocorre durante estagios mais avancados da doenca, o gual poderia ser
responsavel pelo aumento da producéo de NO sistémico observado e ao aparecimento
de proteinas modificadas por nitragdo de residuos de tirosina a nivel de sistema
nervoso central. Por outro lado, a diminuicao da sensibilidade de iNOS para ambos FAD
& BHs, e a auséncia de inibidor circulante termolabil de NOS observado em animais
com EAE reflete uma complexa modulacio da atividade de NOS nos diferentes niveis
de sitios regulatérios nesse modelo animal de esclerose muitipia.



ABSTRACT

Nitric oxide (NO) is a free radical endogenously synthetised by oxidation of one of
the guanidinum nitrogen atoms of the aminocacid L-arginine by molecular oxygen. This
biosynthesis is catalised by a family of enzimes generically known as nitric oxide
synthases (NOS3), which can be inhibited by structural analogs of L-arginine having
substituent groups at the ferminal guanidinum moeity. NO is extremely reactive foward
different chemical species such as oxyigen, superoxide anion, thiol groups, fransition
metal ions, efc; nitrite (NO7") and nitrate (NO4s") anions are the stable end products which
result from NO oxidation within the physiological environment.

NO, and nifrogen-derived reactive species (NDRS) as a whole, take part of several
physiological processes in the brain, including neurotransmision, neuromodulation and
synaptic plasticity, as well as pathological processes such as neurodegenerative
diseases and neurcinflammation. Increased nitric oxide (NO) production has been
associated with disease activity in experimentai allergic encephalomyslitis (EAE). In this
study, we characterized the expression and activity of the different NOS isoforms, as
well as the presence of protein nitrotyrosine residues (NT, as a marker of peroxynitrite
production) in whole encephalic mass homogenates during the development of EAE in
rats. EAE was induced in Lewis rais by subcutaneous injection of an emulsion
containing myelin basic protein and the development of the disease (stages 0 - lil) was
clinically evaiuated daily. In the end of the different stages, whole encephalic masses
(WEM) were removed for further analysis of NOS activity, protein NT residues (Western
blot} and mRNA for the different NOS isoforms (RT-PCR). Blood samples were also
collected for measurement of serum NO; and NOs; as an index of systemic NO
production.

In the absence of the addition of any exogenous NOS cofactor (with the exception
made for NADPH), CaZ+~dependent NOS activity was significantly decreased in rats with
EAE at stage Ili when compared with either control, EAE-0 or EAE-I groups, but no
differences in Ca*’-independent NOS activity were observed among the groups. In the
other hand, when the cofactors calmodulin (CaM), FAD, tetrahydrobiopterin (BH.) and
NADPH were exogenously added, no differences in WEM Ca*-dependent NOS activity



were observed between confrol and EAE 1 groups. Similar decreases in Ca*’-
dependent NOS from either control or EAE 1ll rats were observed when FAD was
omitted from the incubation media, but no changes occurred in the absence of the other
cofactors. A non-significant increase in Ca’*-independent NOS activity was observed in
WEM from EAE 1l rats compared to those from contrel animals in the presence of all the
cofactors. G82+-independen§ NOS activity in WEM homogenates from EAE 1l rats was
not affected by the omission of any of the added cofaciors, while the one from control
animals was significantly inhibited by the absence of either EAD or BHs in the incubation
media. RT-PCR analysis revealed no significant changes in either nNOS or eNOS
mRNA among the groups of rats; however, increased levels of INOS mRNA were
detected in WEM homogenates from EAE Il in comparison with those from control
animais. Western biotting of NT-containing proteins showed two major bands (MVY: 53
and 28 kDa) of significantly increased intensity at both stages i and !l in comparison
with controls. Serum NOj levels were found significantly higher in EAE 1l rats than in
contro! animals. The addition of sither WEM homogenates or sera from control animals
to a NOS preparaiion led to an exacerbated enzyme inhibition than that observed with
WEM homogenates or sera obtained from EAE i rats. However, differences between
groups disappear after heat-denaturation of both the WEM homogenates and sera.
Based on these results we conclude that parallel to a decrease of constitutive Ca2*-
dependent NOS activity, up-regulation of iINOS occurs during advanced EAE stages,
which could be responsible for the observed increase in systemic NO production and the
appearance of NT-modified proteins at the CNS level. On the other hand, the decreased
sensitivity of INOS to both FAD and BH,, and the absence of a thermolabile circulating
NOS inhibitor observed in animais with EAE reflect a complex moduiation of NOS
activity at different regulatory site levels in this animal model of multiple sclerosis.
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1. INTRODUCAO



1.4 O OXIDO NITRICO

O o&xido nitrico (NO) € uma pequena molécula extremamente reativa e que tem
importantes fungbes bioregulatorias. Embora o NO tenha sido primeiramente
caracterizado ha mais de 200 anos atrés por Joseph Priesley, sua importancia como
substancia endogena surgiu somente ao longo dos anos ‘80 (Groves e Wang, 2000).

A descoberta da producac enddgena de NO surgiu como conseqléncia de
trabalhos voltados ao estudo da resposta inflamatéria e da reatividade vascular.

As primeiras evidéncias da producdo enddgena de NO surgiram com
Tannenbaum e colaboradores (1978) através de experimentos demonstrando a
producéo do fon nifrato atribuida ao metabolismo microbiano intestinal. Contudo,
trabalhos posteriores mostraram  que ratos desprovidos de flora intestinal
excretavam na urina quantidades de ion nitratc comparaveis as dos ratos controle
(Green et al., 1981), e que esta excrecdo aumentava na presenca de processos
infecciosos causados por injecdo de lipopolissacaridec (LPS) de membrana de
Escherichia coli (Wagner et al., 1983).

Stuher e Marletta (1985) e Hibbs e col. (1987a) observaram gue a capacidade
de macréfagos murinos, em culiura, de matar bactérias, fungos e células tumorais
era dependente da presenga do aminodcido L-arginina no meio de cultura, e que de
forma paralela a essa atividade acumulava-se fon nitrito no meio. Hibbs e col.
(1987b) observaram que o nitrito era produzido a partir do substraic L-arginina por
uma L-arginina desaminase e que L-citrulina era formada como um co-produto.
Concluiram entao, que a atividade bactericida, fungicida e tumoricida dos
macrofagos era devida ao nitrito formado.

Em 1980, Furchgott e Zawadzki em experimentos com preparacbes vasculares,
demonstraram gque um fator [&bil liberado do endotélio era capaz de causar
relaxamento do musculo liso vascular. Este fator foi denominado como “fator
relaxante derivado do endotélic” (EDRF) que tem a capacidade de difundir nas
céiulas musculares lisas adjacentes e provocar o relaxamento do tecido através da

ativacéo da guanilato ciclase (GC) soluvel e a consegliente elevacio dos niveis de




guanosina monofosfato ciclico (GMPc), semelhante ao mecanismo observado com
os nitrovasodilatadores. Bolotina e col.(1994), demonstraram gue o EDRF também é
capaz de relaxar o misculo vascular na presenca de azul de metileno (um inibidor
da GC soilvel) por ativacio dos canasis de potassio dependentes de calcio. A
caracleristica de antiagregante plaguetdrio descrita para os nitrovasodilatadores
também foi demonstrada para o EDRF g partir de experimenios realizados in vifro
(Radomski et al., 1987) e in vivo (Bhardwaj et al., 1988).

© EDRF foi quimica e farmacologicamente identificado come NO
simultaneamente por Palmer e col. (1987) & ignarro e col. (1987a, 1987b). Marletta e
col. (1988) chegaram & mesma concluséo a respeito da origem dos jons nitrato e
nitrito produzidos por macréfagos em cultura. De forma analoga as primeiras
descobertas em culturas de macrofagos, o NO de origem endotelial foi confirmado
como produto de oxidacéo da L-arginina (Palmer st al.| 1888a,b).

A existéncia do NO no sistema nervoso central foi apontada pela primeira vez
por Garthwaite e col. (1988). A confirmacédo veic apés as observagdes de que
analogos estruturais da L-arginina com substituintes no grupo guanidino aboliam o
aumento de GMPc causado pela estimulagéo do glutamato via receptores do sub-
tipo NMDA em cortes de cérebro (Bredt e Snyder, 1989; Garthwaite et al., 1989}

1.1.1 Sintese celular do 6xido nitrico

O NO & produzido enzimaticamente por diversos tipos de células. As enzimas
responsaveis por esta produgdo sdo genericamente chamadas de oxido nitrico
sintases (NOS, E.C. 1.14.13.39) e existem sob diferentes isoformas.

Essas isoenzimas foram caracterizadas e purificadas de diferentes tipos de
celulas e tecidos e possuem caracteristicas bioguimicas, funcionais e mecanismos
de regulagao que as diferenciam. Todas se apresentam em forma de homodimeros
onde cada mondmero € constituide por dois dominios: um dominio de oxidase que
contém sitios de ligagdo para o grupo heme, tetrahidrobiopterina (BH,) e
calmodulina (CaM) com o substrato L-arginina @ um dominio de redutase com sitios
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de ligacdic para a forma reduzida da nicolinamida difosfatc (NADPH) e parz as
flavinas adenina mononucleotideo (FMN) e dinucleotideo (FAD).

Conforme Palmer e col. (1988a,b), ¢ NO ¢é produzido pela reacio de oxidacéo
de um dos nitrogénios do grupo guanidino terminal do subsirato fisiclogico L-
arginina por oxigénic molecular (O,, Lecne et al., 1981). Esta oxidacio envolve uma
transferéncia de cinco elétrons e ocorre em duas etapas, conforme ilustrado na
figura 1.

o NH,

Y

: 12 W
NH L yanpy 172 NADP NH
+ N=0
=0 | MO Cy H.Q
H,N* Co, H,N* Co, H,N* co,
L-Arginina N-Hidréxi-Arginina L-Citrulina  Oxido Nitrico

Figura 1. Representacdo esquematica das reacdes catalisadas pelas NOS (Groves e Wang,
2000).

Na primeira etapa forma-se, por transferéncia de dois elétrons, o produto
intermediarioc N®-hidroxi L-arginina (Stuher et al., 1991), o qual se mantém
firmemente ligado a enzima; entretanto, sob determinadas condicbes, pode ser
isolado como produto (Klatt et al., 1993). Esta primeira reagdc assemelha-se as
classicas oxidacdes mediadas pelas redutases do sistema de citocromo P450 (RCP)
dependentes de NADPH. Nestas reagbes um equivalente eletrénico é transferido do
NADPH a flavoproteina FAD, esta reduz o FMN, a qual, pela sua vez, reduz o Fe™
do grupo heme (protoporfirina IX nas NOS de cérebro e macrdfagos) para Fe®,
conforme indicado na figura 2:
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NADPH FAD_ FMNH, ~ %

NADP* FADH, FMN

Figura 2. Representacdo esquematica das reagfes de éxido-reducdo envolvidas na sintese de
NO enddgeno.

O monoxido de carbono (CO) blogueia esta etapa de hidroxilacgo, o qual é
consistente com a participac&o de um grupo heme do tipo citocromo P450, O proprio
NG parece exercer algum tipo de inibicdo por retroalimentacdc pelo mesmo
mecanismo (Rengasamy e Johns, 1993; Assreuy et al., 1993). A reac&o é acelerada
por BHy e requer CaM (Stuher et al., 1991; White e Marletta, 1992, Kiatt et al.,
1993). Estudos de atividade catalitica revelam que BH, é um dos cofatores mais
importantes para a NOS, pois confere acao alostérica que estabiliza a estrutura
dimeérica de funcionamento da enzima, a conformacéo do grupo heme e a ligacéo do
substrato L-arginina (Werner et al., 1998).

Na segunda etapa, ocorre a oxidacéo da NE-hidréxi L-arginina a NO e L-citrulina
pela transferéncia de mais trés elétrons. Esta reacdo ndo estd tdoc bem
caracterizada quanto a primeira, j& que qualguer mecanismo gue tente explica-la
devera dar conta dos seguintes achados experimentais: i) utiliza 0.5 equivalentes de
NADPH; if) requer O, ¢ CalM, iil) & acelerada por H.B; iv) & inibida por CO e
analogos da L-arginina, mostrando, desta forma, comportamento farmacologico
semelhante aquele observado na etapa de hidroxilagéo (Stuher et al.. 1991 White e
Marietta, 1992; Klatt et al,, 1993). Modelos mecanisticos desta reagao deveriam
explicar o fato de que as duas reacbes de oxidacdo da L-arginina (sucessivas e
independentes) ocorrem num sftio ativo comum da enzima (Bredt e Snyder, 1994).



1.1.2 Isoformas das NO sintases

De acordo com & ordem de isolamento e purificacao, as diferentes isoformas de
NOS tém sido nomeadas come NOS neurcnal ou tipo | (nNOS), NOS induziveis ou
tipo If (iINOS, induzidas por citocinas e LPS), e NOS endotelial ou tipe 1l (eNOS).

Duas delas tém sido identificadas como constifutivas, cu seja, presentes em
condices fisioldgicas e reguladas pelo fon Ca®" a NOS neuronal, expressa no
sistema nervoso central & periférico (Knowles and Moncadsa, 1994, Moncada e
Higgs, 1995, Moncada et al., 1997) e a NOS endotelial, iniciaimente detectada no
endotélio vascular (Policck et al., 1991; Maver et al, 1991). A NOS induzivel,
expressa em situagbes patolégicas em resposta & estimulos inflamatérios por
algumas citocinas e oufros compostos como LPS proveniente de bactérias, é
independente de Ca®' (NOS encontrada em macréfagos, hepatécitos, neutrdfiios e
em células do musculo liso; conforme revisao de Marin e Rodriguez-Martinez,
1997).

A figura 3, mosira um modelo esquematico dos sitios de reconhecimento dos
cofatores para as diferentes isoformas de NOS e sdo comparadas com a redutase
do citocromo P450 (RCP):

Dominie Oxidase Dominio Redutase
) A [
NH,~ HemelL-arg FMN NADPH | F—COOH
]
P nNOS
Mir
NH,— Heme/L-arg FMN | | FAD| | NADPH | -COOH
; aNOS
NH,— Heme/L-arg emn | [Fap] I nappH | coon

iNOS

NH;I FmN | | FAD| | NaDes | coon

+ RCP450
Dominio TM

Figura 3. Representacdo esguematica dos sitios de reconhecimento dos cofatores para as
diferentes isoformas de NOS comparadas com a redutase do ciiocromo P45C {(Marin e Rodriguez
Martinez, 1887).



NOS neuronal

Gorsky e col. (1889) foram os primeiros a relatar gque a NOS presente em uma

linha celular derivada de nsurobiastoma era de localizacéo citossdlica, utilizava L-
arginina como substrato, requeria NADPH como cofator, era regulada pelas
conceniragbes fisiologicas intracelulares de Ca®™ e era dependente de CaM.
Trabalhos posteriores determinaram que a NOS presente em homogenatos de
cerebro total também era citossdlica e que tinha os mesmos requerimentos gue a
enzima de neuroblastoma, sendo o cerebelo 2 drea de maior atividade (Forstermann
et al., 1990).
- O isolamento desta isoforma (Bredt e Snyder, 1980) permitiv a posterior
clonagem molecular (Bredt et al., 1981), e ¢ cDNA codificava um polipeptideo de
160 kDa que apresentava no seu exiremo C-termina {dominio de redutase) 36% de
homologia com a RCP450 (vide Figura 3). Esta semelhanca é mostrada por todas
as isoformas de NOS clonadas até o presente e reflete o mecanismo oxidativo
envolvide na biossintese do NO. Na auséncia de L-arginina, o dominic de redutase
pode transferir elétrons do NADPH para o O,, e formar assim anion superoxido (0O5°)
e peroxido de hidrogénio (H;0,); estas espécies podem explicar as caracteristicas
neurotoxicas e neurodegenerativas dos aminodcidos excitatérios. Com base nestes
fatos, Bredt e Snyder (1984) propdem que a NOS seja um resultade evolutivo da
RCP.

Na Figura 3 mostra-se uma seqgiiéncia apta para fosforilacao (P) da serina 372
mediada por uma proteina kinase dependente de AMPG {PKA). Curiosamente, foi
demonstrado que ¢ contelido de mRNA de nNOS em musculo esquelético de
humanos € maior que no préprio cérebro, enquanto que no rato & quase indetectavel
(Nakane et al., 1993).

A nNOS também estd expressa na medula dorsal (Dun et al., 1992), nas
glandulas adrenais (Dun et al., 1993), em céiulas epiteliais do Utero, pulméo e
estdmago (Schmidt et al., 1992a), em plaquetas (Radomski et al. 1990) e céluias
das ilhotas pancreaticas (Schmidt et al., 1992b)
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NOS endotsiial

Em 1988, Ishii e col relataram gue homogenatos de células endoteliais
sintetizavam uma substéncia de caracteristicas similares ao NO gue elevavam os
niveis intracelulares de GMPc em células RFL-68 (uma linha celular derivada de
fibroblastos de pulm&o de rato), e outros autores verificaram que a 3Hw§_warginina era
convertida a °H-L-cifrulina (Palmer e Moncada, 1989). Quando as fracbes
intracelulares de celulas endoteliais em cultura foram analisadas, a atividade de
NOS aparecia como 85% unida a fracdo particulada, e o restante 5% citossdlica
(Forstermann et al, 1991). A mesma distribuicdo foi encontrada em células
endoteliais nativas (Mitchell et al., 1991). Através de eletroforese em SDS-PAGE foi
demonstrado que o pesc molecular da NOS particulada procedente tanto de células
endoteliais nativas como em cultura é 135 kDa.

A eNOS particulada foi clonada e a segléncia predita pelo cDNA mostra 60% de
homologia com a nNOS (Lamas et al., 1992; Sessa et al., 1992; Janssens et al.,
1992). Existe alto grau de conservacéo entre os dominios para unido de FAD, FMN,
NADPH, CaM e de fosforilacdo (P) por PKA (vide Figura 3). Apesar da falta de
dominio de localizagdo transmembrana (TM), existe no extremo N-terminal uma
seqliéncia para miristoilaclo (Mir), a2 qual explica a localizacéo da proteina na fracao
particulada da célula endotelial. De fato, mutacbes nesta regiac dao como resultado

a expresséo de uma eNOS solavel (Busconi e Michel!, 1993).

NOS induzivel

As observacdes de que mamiferos excretam fon nitrato na urina (Green st al.,
1981b) e de que a injecdo de ratos com lipopolissacaridec (LPS) de parede de
Escherichia coli aumenta a dita excrecdo (Wagner et al., 1983) estimularam & busca
de células capazes de sintetizar nitratos. Em 1985, Stuehr e Marletta descobriram
que macréfagos podiam ser induzidos com LPS a produzir quantidades significativas
de ions nitrato e nitrito. Em 1987, Hibbs e col. sugeriram que esta producéo era de
origem enzimatica €, no mesmo ano, Stuehr e Marletta obtiveram a mesma inducgio

incubando macrdfagos murinos com a citocina interferon-y (IFN-v).
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A enzima responsavel pela liberacdo de NO em macréfagos estimulados com
LPS/IFN-y (INOS) foi encontrada na fragic citossdlica (Marletta et al, 1988) e
posteriormente clonada (Xie et al., 1892; Lyons et &l 1992; Lowenstein et al., 1992).

O cDNA prediz uma seqléncia de aminocacides com 50% de identidade com a
niNOS e 51% com a eNOS. O peso molecular é de 130 kDa. A regido de fosforiiacio
esta ausente e 0 mRNA possui zonas de possivel “splicing” (vide Figura 3, Xie et al ,
1992).

O tratamento in vitro com LPS, IFN-y, fator de necrose tumorai-o {(TNF-0) e
interleucina-14 (IL-18) induz a sintese de NOS em hepatocitos (Gelier et al., 1993), e
a IL-1B a induz em condrécitos. Neutréfilos @ mondcitos circulantes de pacientes
portadores de doenca granulomatosa cronica tratados cronicamente com tFN-v n&o
mosiraram liberacao aumentada de NO (Condino-Neto et al., 1995).

O gene da INOS apresenta no comeco (promotor) duas regides de regulacio
diferenciadas. A regiaoc | possui sitios de unido para elementos relacionados ac LPS
e a regiao Il para fatores refacionados ao IFN-y. Esta Gltima nao regula diretamente
a express&@o da NOS, mas amplifica 0 aumento codificado pela regido 1. Conclui-se
assim, gue os elementos responsivos 20 LPS e ao IFN-y atuam em duas regibes
regulatorias diferenies do gene e que o LPS por si préprio & capaz de induzir a
expressao da iNOS, enquanto que o IFN-y 56 o faz na presenca de LPS (Xie et al,,
1993). Estas afirmagdes explicam resultados prévios a respeito da importancia da
seqléncia de estimulacdo de macréfagos in vitro com LPS e IFN-y na inducéo da
NOS (Lorsbach e Russell, 1992).

Como foi anteriormente mencionado, a primeira etapa de oxidacao da L-arginina
a NO requer a unido da CaM a NOS. No caso das isoformas constitutivas nNOS e
eNOS, esta ativagdo s6 ocorre pela formagao do complexo Ca**-CaM. De fato, a
liberaggo de NO da célula endotelial promovido pela acetilcolina é decorrente da
liberacao dos estoques de Ca*" intracelular pelo ciclo do fosfatidil inositol que segue
a ativacao dos receptores muscarinicos M. (Busse e Milsch, 1990). O glutamato
agindo nos receptores NMDA provoca um influxo de Ca** que, apds uniao a CaM,
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ativa a8 nNOS (Garthwaite et al., 1988). No caso das NOS induziveis (provenientes
de macrofagos, hepatécitos, etc.) a atividade nac & estimulada por Ca** nem
blogueada por antagonisias de CaM. Nathan (1982) demonstrou que a CaM esta
estritamente unida as NOS induzivels, e que essa unido nao & afetada pelo Ca*" no
entanto a CaM ndo se une as NOS constitutivas a menos que o Ca™ esteja

presente.

1.1.3 Reatividade do éxido nitrico

O NO é uma moiécula diatdmica considerada um radical livre. No entanto, suas
propriedades quimicas s&o bem diferentes das de outras espécies radicalares como
do radical hidroxila ("OH) e do &nion superdxido (O7°), do perdxido de hidrogénio
(H.02) e outras, chegando-se a considerar (no sentido estritamente guimico) o NO
como bastante inerte (Stamler et al., 1882).

Um certo numero de compostos contém o grupo N-O e podem ser considerados
como reservatérios de NO. Devido 2 estrutura da moiecula, o NO faz parte dessas
estruturas como ion positivo (NO™), por perda de um elétron (nitrosénio) ou como fon
negativo {(NC’), por ganho de um elétron (nitrosilo). Esse par redox (ou o seu acido
conjugado HNO) possui alvos que interagem no sistema bioldgico (Stamler et al.,
1892). Sua funcao bioldgica e seu potencial de agdo sao determinados de acords
com as suas propriedades fisicas e quimicas. Por ser uma molécula de baixo pesc
molecular e razoavelmente hidrofébica € altamente difundivel. O NO €& capaz de
alcancar qualquer lugar dentro das células e tecidos (Feidman et al., 1993)

O maior fator limitante do NO é o anion superéxido devide sua rapida interacao
(Stamler et al., 1992). Outras interacdes melhor caracterizadas incluem a reag&o com
0 oxigénio, interagdo com metais de transicdo como o ferro do grupo heme da

hemoglobina, grupos aminas, tidis € aromaticos de proteinas e, dimerizagao.

Oxigénio
A toxicidade do NO é bem conhecida devido & sua grande reatividade com o

oxigénio molecular. Esta reacdo resulta na formacdc de espécies altamenie
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oxidantes fals como o NO; (reagdo a). © NO, dimeriza-se rendendo N.O, (reacao
b), e por sucessivas reagles de dismutagao (reagdo ¢) e hidratacdo, forma os
acidos nitrose (HNO;) e nitrico (HNGCs) em equilibric com os respectivos anions
nitrito (NO;') e nitrato (NOs', reacbes d e e da figura 4.

aj 2NO + O, 2NO,
b
) 2NO, — N0,
c) 2N,0, —= N,0, + N0,

d NO, +HO—> 2HNO, === 2NO, + 2H*
e} N,O, + HO —> 2HNO === 2NO_ + 2H"
5 2 3 3

Figura 4. Esquema representativo das reacbes de formacgéo de espécies reativas de nitrogénio
& oxigénio (modificado de Marletta et al., 1988).

Experimentos realizados em fase aquosa, empregando um sensor eletroguimico
especifico para o NO, demonstram que as moléculas reagem de forma complexa,
seguindo uma cinética de ordem zero para o NO (a diferenca da ordem dois de fase
gasosa) e de primeira ordem para 0 O, (Taha et al,, 1992). Desta forma, a meia vida
do NO (na concentracéo de 10 uM) na presenca de 50 uM de O, foi de 4 minutos, a
diferenca de meia vida observada em sistemas biolégicos estd entre 3 e 30
segundocs (Palmer et al., 1987, Myers et ai., 1990).

Agrupamentos -NH, e SH

Outros importantes tipos de reagdes s@o os adutos que o NO forma com
nucledfilos tais como aminas e grupos tiol.

A formagao de N-nitrosaminas e diazoquinonas mutagénicas in vivo (Wu et al.,
1893) tem sido demonstrada a partir da reacio do NO com aminas secundéarias e

compostos fendlicos, respectivamente. inferessantemente, o acido ascérbico inibe a
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formacao destes compostos in vivo, mas o mecanismo de acdo deste antioxidante é
questionavel (Mirvish, 1993).

Reacbes de S-nitrosilagdo promovem & gueda da atlividade da enzima
gliceraldeido-3-fosfato  desidrogenase hepdtica observada em modelos de
inflamacac cronica (Molina v Vedia et al,1992), ativacdo de plasminogénio sem
perda das fungdes fibrinoliticas (Stamier et al., 1992), propriedades de antiagregante
plaguetério e vasodilatador vascular por aumento do GMPc nas plaguetas & no
musculo liso vascular respectivamente,

Os mecanismos de S-nitrosilacgo, recentemente enconirados, tém mostrado
envolver a ceruloplasmina na oxidacdo de um elétron do NO. A ceruloplasmina é a
maior proteina gue contém cobre em sua estrutura e € encontrada no plasma dos
mamiferos e sintelizada principaimente por hepatdcitos, mas que pode ser expressa
em macrdfagos e asirocitos. Quando um composio é S-nitrosilado, ele funciona
como um transportador de NO no sistema bioldgico, sendo o NO transferido para
diferentes sulfidrilas de varias biomoleculas. Esta transferéncia pode ser mediada
por reacgdes de transnifracdo que ocorrem na presenga de enzimas especificas
denominadas dissulfeto isomerases (Akaike, 2000).

Proteinas com grupos tiol reduzidos ou mesmo compostos de baixo peso
molecular como o aminoacido cisteina (Myers et al., 1890) ou a giutationa reduzida
(Park et al.,, 1983) podem ser S-nifrosiladas e capazes de liberar o NO de forma
lenta e esponiénea (meias vidas de minutos a horas).

Metais de fransigédo

A coordenagao do NO com metais de fransicdo como manganés, cobre ou ferro
presentes em proteinas da origem a sinais detectaveis por técnicas de ressonancia
paramagneética eletronica (EPR). Esta tecnologia permitiu a interpretacdc molecular
de muitas das ag¢bes bioldgicas do NO. Estes metais podem fazer parte de grupos
heme ou agrupamentos metal-enxofre (principalmente Fe-5) presentes nas

metaloproteinas.

14




A ativacgo da GC citossdlica pelo NO é dependente do grupo heme. O Fe'? esta
fracamente unide & porfirina e 0 NO tem grande afinidade pelo metal. Essa interagéo
provoca o deslocamento do Fe?' para fora do plano da porfirina. Esta mudanca
configuracional da enzima leva a um aumento tanto da velocidade maxima como da
afinidade da GC pelo complexo Mg“-GTP, resultando na hidrélise nara cGMP. A
enzima retorna a forma inativa quando o Fe®’ deixa de ser compiexado pelo NO &
volta ao plano protoporfirina IX (ignarro, 1992).

O NO interage com a hemoglobina {(Hb) produzindo tante NO-Hb como
metahemoglobina (o0 NO-Hb reage com O, produzindo  posteriormente
metahemoglobina; Kosaka et al., 1989). A constante de velocidade de associacdo
da Hb com o NO & similar aquela para o O, (aproximadamente 5 X 10" M™ ™), mas
as velocidades de dissociacio so muite diferentes (aproximadamente 10” s para
o NO e 20 5" para 0 O, Stamler et al., 1992).

A sintese de diversos adutos do NO com agrupamentos Fe-S levou a compostos
que possuem atividade vasodilatadora por ativagdo da GC soluvel (Flitney et al,,
1990, 1982). Estes tipos de complexos foram detectados por espectrometria EPR
em varios sistemas biolégicos. Por exemplo, hepatécitos de rato em cultura
expostos a diferentes estimuios inflamatérios, NO ou nitroprussiato de sédio
mostraram sinais caracteristicos do complexo Fe-NO (Stadler et al., 1993). Estes
sinais resultam da destruicdo dos centro Fe-S pelo NO e saoc diferentes dos
observados nos complexos formados com ¢ grupo heme.

A destruicao dos centros protéicos pelo NO foi assinalado como fator
responsavel pela rejeicdo ao transplante de coragao em ratos. Estes adutos foram
detectados por EPR tanto no sangue dos animais como no sitio da rejeicéao
(Lancaster Jr et al., 1992).

O NO pode, pelo mesmo mecanismo, inativar enzimas mitocondriais envolvidas
na cadeia respiratoria (complexos | e 1) e no ciclo dos acidos tricarboxilicos
(aconitase), e proteinas responsaveis pelo metabolismo do ferro tais como ferritina,
transferrina e fatores reguladores do ferro a nivel de mRNA (para revisdo vide Henry
etal, 1993).
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Aceptores diversos do NO

Estruturas ressonantes de natureza guimica diversa também podem atuar como
aceptores de NO.

A enzima ribonuciectideo reduiase & essencial na sintese de DNA. Por
espectrometria de EPR foi demonstrade que no sitic alive da subunidade R2 a
enzima apresenta um radical livre tirosilo que é inativado pelo NO proveniente de
macrofagos estimulados com LPS e IFN-y (Lepoivre et al., 1994). E possivel que
este mecanismo, enire outros, seja o responsavel pelas afividades anti-virais do
[FN-y.

Anion superdxido

O anion superdxido (O,%) é formado a partir da reducBo do oxigénio molecular por
transferénecia de um elétron. Pode ser formade como subproduto da cadeia
respiratéria mitocondrial gerado por autoxidacgo de flavoproteinas (Smith et al.,
1997) ou durante o burst respiratério de fagdcitos através da ativacdo da NADPH-
oxidase (Kroncke et al., 1997).

A pH fisiolégico, o potencial de oxidacdo do O.* € pequenc para oxidar outras
moléculas, uma vez que requer uma segunda carga negativa (Sawyer e Valentine,
1981: Baum, 1984). A neutralizacdo da primeira carga negativa por protonacdo
facilita a acéo do O;* como oxidante (pKa = 4,8; Bielski, 1978). Assim, o O;" age
como oxidante somente em meio mais acido ou guando a molécuia atacada € um
bom doader de elétrons como o ferro reduzido na forma de ligagdes Fe(ll)-S. O
Fe(lil) é prontamente reduzido pelo O," e essa habilidade de promover a redugao de
Fe(lll) no citocromo ¢ serve como a base para um ensaio usado freglieniemente para
a quantificac@o da producéo de O, em sistemas bicldgicos (McCord e Fridovich,
1969).

Desde antes do descobrimento do NO como biomolécula e do estabelecimento
das reacdes descritas acima, Gryglewski e col. (1986) e Rubanyi e Vanhoutte (1986)

predisserarm a natureza altamente reativa dc EDRF com o O7 a partir das
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observacgbes de que a superdxido dismutase (SOD) potenciava a resposta
vasorrelaxanie de tais fatores.

Blough e Zafiriou (1985) foram os primeiros a relatar formacao do &nion
peroxinitritc (ONOO") a partir da reacso do NOC com o 05" em solucbes alcalinas. Em
sistemnas biclogicos esta reacio segue uma cinética de segundaordem{k=46a867
x 10° M's™; Huie e Padjama, 1993 Murphy et al. 1998, Saha et al., 1998) e &
importante ressaltar que essa reacdo & trés vezes mais rapida que a reacéo do O
com a 30D (Kiug et al., 1972). issc implica em gue o NO é o Gnico alvo gue o O°
reage mais rapido e que pode existir numa concentracao suficiente para competir
com a SOD. O ONOO" decompse-se rapidamente nos radicais NO," & HO™(meia vida
de 1,9 seg; Beckman et al., 1980}

NO + 03" —» ONOO™ + H' === ONOOH
ONOOH —> HO" + NOy ——= NO3” + H”

Uma série de células como as endoteliais, leuctcitos, neutréfilos, neurdnios e
outras produzem ambos NO e O,*, sendo gue a facilidade de se combinarem & muito
alta. O ONOO™ mostra ter uma fungéo nos processos celulares normais, impedindo
que 0 Q" seja convertido a H,O,, no entanto, causa a oxidacdo de uma variedade de
tipos de biomoléculas com consequéncias patoldgicas (Pryor e Squadrito, 1995).

O ONOO' reage de forma complexa com diferentes biomoléculas. Estas reagbes
tém sido mostradas por peroxidagéo lipidica, como causa na guebra da fita de DNA,
oxidacao de residuos de cisteina, lisina, metionina, e histidina, na nitracdo de
compostos heterociclicos come triptofano e guanina ou fendlicos como a tirosina
(Demiryurek et al., 1998; Kelm et al., 1997; Koppenol et al | 1992).

Também o ONOO™ tem uma alta reatividade com o CQ,, em meio aguoso,
levando a formacdo de espécies nitrantes mais eficientes gue o propric ONOO”
{Squadrito & Pryor, 1998). O CO, ¢ uma molécula unipresente nos tecidos e entao
sua reagac com o ONOO” ocorre em uma larga fracdo da reatividade do NO in vivo.
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No SNC, essa reatividade pode ser um fator pelo qual aumenta-se a nitraco de
residuos de tirosina particularmente em patologias pelo qual se promove a acidose.

Com relacgo a reacdo de nitracdo do residuos protéicos de tirosina que leva &
formacéo da 3-nitrotirosinag, esta pode causar danos em varios mecanismos como i)
alteracdo na sinalizacdo dependente de fosforilacao de tirosina, visto a semelhanca
da nitrotirosina com a fosfolirosina, podendo assim bloguear de forma irreversivel a
fosforilacBo desta; i) modificacdo na conformacdo de proteinas e aumento da
protediise pela adicBo de uma carga negativa na tirosina hidrofébica e, i) inicio de
um processo autoimune, visto que nitrofendis s2o considerados altamente
antigénicos (Bartosz, 1986, ver revisac Torreilles et al., 1999).

Ao longo dos Glimos anos, a presenca de residucs nitrosados de tirosina (3-
nitrotirosina) livres ou em proteinas vem sendo considerada como indicadora da
producZo de anion percxinitrito in vivo. O desenvolvimento de anticorpos especificos
anti-nitrotirosina permitiv aprofundar o conhecimento sobre a formacéo de ONOO in
vivo (Szab¢ et al., 1985).

Independente do anion peroxinitrito, Kikugawa e col. (1994) demonstraram que o
radical NO; (toxina presente no ar poluido) guando exposto no ar (30 - 90 ppm) é
capaz de reagir a pH 7.5 com os aminoacidos tirosina (Tyr) e triptofano (Trp) in vitro:

\R NOs OaN \R
H

H
Trp
O OH ?H OH
NOs NO2 , _
—_— ¥ O O + outro
{no ar}
R R R R
Tyr 3-nitro-Tyr diTyr

EMCHQ*?H - COOH
CHo
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Estas mesmas reacdes tiveram lugar quando os aminoacidos faziam parte de
proteinas tais como albumina bovina e gamma-globulinas humana. Van der Viiet e
col. (1994) observaram também a formacio de nitro-fenilalanina, p, m e o-firosina a
partir da reag&o da fenilalanina com anion peroxinitrito in vitro, e demonstraram que
a formac&o das tirosinas era decorrente da producac de radical *OH a partir do
peroxinitrito. Desta forma, sugerem que o acido peroxinitroso possa sofrer uma
ruptura homolitica coriginando os radicais "OH & NO,. Em #rabalho posterior, ¢
mesmo grupo propde gue o mecanismo de nitracdo da tirosina envolve a formacao
de um intermediario radicalar da tirosina (radical tirosil) @ NO; proveniente do anion
peroxinitrito (Van der Viiet et al., 1985).

Baseados em consideracbes cinéticas, Beckman e col, {1994a) desqualificam a
hipbtese da nitracdo de residuos protéicos de tirosina pelo NO; in vivo, e apontam o
fon nitrdnic (NO;") como agente responsavel por esta reagBo. O mecanismo de
nitracac de compostos aromaticos pelo NO,* é bem conhecido e de ampla aplicacao
em quimica orgénica. Em trabalho anterior, 0 mesmo grupo de pesquisadores
observou que a formagao de 3-nitrotirosina pelo anion peroxinitrito era catalisada
pela enzima superdxido dismutase (SOD; ischiropoulos et al., 1992), e sugeriram
que o sitio ativo da enzima estaria envolvido na geracso do ion nitrénio a partir do
anion peroxinitritc por mecanismo analogo ao da dismutacdo do 2nion superdxido.
Entretanto, na auséncia de SOD, estes autores nao justificam nem sugerem
quaiquer mecanismo de producdo de fon nitrénio in vivo a partir do anion
peroxinitrito.

Estudos recentes mostram que a enzima mieloperoxidase (MPQO) pode, em
algumas circunstancias, induzir reagbes de nitracdo de tirosina utilizando nitrito
(NO7) e acido hipociorose (HOCI) através da formacao do cloreto de nitrila (CI-NOg;
Kono et al., 1995; Eiserich et al., 1996; Panasenko et al., 1997, Patel et al., 1999),
ocorrendo também nesse caso a cloragdo da tirosina.

Independente do(s) verdadeiro(s) mecanismo(s) de reacdo envolvido(s), a
detecclo de residuos de tirosina nitrados em proteinas {(ou livre) € indicadora da

produgao de anion peroxinitrito in vivo. A ocorréncia destas proteinas nitradas foi
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relatada em diversos processos patolégicos tais como modelos animais de
endotexemia (Szabd et al, 1895), pacientes com aririte reumatdidea (Kaur e
Halliwell, 1994) ou arteriosclerdticos (Beckman et al, 1994b). Anticorpos anti-
nitrotirosina tem se demonstrado ferramentas extremamente Uteis na investigacao
das determinacles da funcdo de reacBes de nitracdo em patofisiclogias
dependentes do NO.

A presencga do ONOO™ em doencas neurodegenerativas tem sido relevante.
Estudos in vitro demonstram sua foxicidade em culiura de células tais como de
timoécitos de ratos (Salgo et al., 1995 g, b), de neurdnios {com o ONOQ" agindo como
inibidor da captacdo de glutamato; Trotti ef al., 1996, 1298) e de uma linhagem de
células PC12 resulfando em necrose ou apopiose (Estévez et al., 1995).

O ONOO tem side sugerido contribuir em danos teciduais observados na
esclerose lateral amiotréfica (Strong et al., 1998), esclerose multipla (Cross et al.,
1897), doenca de Aizheimer (Smith et al., 1997 ; Good et al., 1996; Suetal, 1897) e
doenca de Parkinson (Ara et al., 1998; Beal, 1998).

1.2 A ESCLEROSE MULTIPLA

A esclerose multipla (EM) é uma doenca crbnica inflamatéria do SNC,
caracierizada pela infiltrac8o de células do sistema imune neste compartimento,
destruicao localizada de mielina e perda de oligodendrécitos (Ewing e Bernard,
1998). Embora sua etiologia ainda seja desconhecida, varios estudos clinicos,
histopatoldgicos e geneticos indicam gque a lesdo do tecido € resultado da resposta
imune voltada contra os constituintes da mielina (Brosnan e Raine, 1996).

Sua manifestacdo ocorre principalmente em adultos jovens. Os primeiros
sintomas aparecem entre os 20 e 45 anos, raramente manifestando-se antes dos 15
anos ou apds os 50 anos, embora existam relatos sobre a doenga em criancas e
idosos {Lynch e Rose, 1996).




A EM e caracterizada por disfungdo neurolégica, seguida por pericdos de
estabilizaggo ou melhora. Clinicamente, durante os surtos, os pacientes podem
apresentar vertigem, tremores, falta de coordenacdo, espasticidade aumentada,
depress&o, oscilagdo de humor, anormalidades cognitivas, disfuncéo sexual, ataxia,
constipagao intestinal, incontinéncia urinaria, fadiga, neurite ptica, quadriparesia,
disartria, perda de coordenacio das extremidades superiores disestasia (Lynch e
Rose, 1996},

De acordo com o desenvolvimento da doenca, 2 EM pode ser classificada como
benigna, de surtos e remissdes ou como progressiva primaria (Lynch e Rose, 1996).

A EM benigna ocorre mais frequentemente em mulheres jovens e os sintomas
sdo ligeiros e normalmente sensoriais. Os problemas neurolégicos sdo quase
completamente resoividos,

A EM marcada por surfos e remissées é a forma mais freqUente da doenca. E
caracterizada por pericdos de disfungdo neurolégica (exacerbacio, relapso ou
atague) seguida por periodos de estabilizacgo ou melhora (remissdo). Durante os
periodos de remissGes nem todos os sintomas sdo resolvidos completamente.
Cerca de 30 a 50% dos pacientes pioram gradualmente e os siniomas e sinais
neurolégicos sdo acumuladeos. Essa forma é classificada como EM progressiva
crénica secundaria.

A EM progressiva priméaria € caracterizada por uma progressdo de
anormalidades neuroldgicas lenta. Os problemas mais comuns gue pioram com ©
tempo incluem pariparesia espastica, ataxia cerebelar e incontinéncia urinaria.

A patologia da EM e caracterizada pela presenca de placas desmilielinizadas
com inflamag&o perivascular, restritas & substancia branca do SNC (Lynch e Rose,
1996). Em todas as lesbes ha predominio de linfocitos e macréfagos, mas a
extensao da destruicdo de oligodendrocitos depende do estégio da les&o, gue pode
ser ativa inicial, ativa tardia ou crénica. Embora sejam observados axénios intactos
nas placas desmielinizadas, o dano axonal pode ser inferido pela presenca de

precursor de proteina amildide, observada nas bordas ativas da lesdo, que coincide



com a localizacgo de macrdfagos no local, sugerindo que a reacéc imuno-mediada
nac esta restrita a mielina (Amor et al., 1997).

Na EM os continuos atagues do sistema imune ao SNC, constituidos de
periodos de surfos e remissfes, reduzem a capacidade de remielinizacéo das
lesbes, resultandc na formac&c de placas permanentes de tecido cicatricial glial
Além dissc, ha redugdc no numerc de neurbnios & conseglentes deficiéncias
neurclogicas irreversiveis (Tourbah et al., 1998).

Embora os antigenos especificos, responsaveis pela resposta autcimune na EM
ndo tenham sido totalmente determinados, postula-se gue esse processo seja
iniciado quando macréfagos que expressam moléculas do complexo de
histocompatibilidade principal classe il (MHC-Il) apresentem peptideos antigénicos
proprios modificados aos receptores de linfécitos T (TCR) nas células T auxiliares 1
(Th1). Durante a apresentacéo do antigeno, tem particular importéncia a presenca
de moiléculas co-estimulatérias como a B7 e CD28. Posteriormente, leuctcitos
circulantes da vasculatura cerebral ligam-se fracamente ao endotélio através de
moiéculas de ades&o, como o antigeno tardio-4 (VLA-4) e antigeno associado a
funcéo linfocitaria-1 (LFA-1). Estas moléculas ligam-se de forma complementar a
molecula de ades&o celular vascular-1 (VCAM-1) e & molécula de adesio celular
intercelular-1 (ICAM-1) na superficie das células endoteliais. A liberacdo de
proteases pelos leucdcitos lesam o tecido e facilitam a diapedese dessas células
para o parénguima cerebral. Desta forma, a destruicdo da mielina seria mediada por
células T que secretariam o fator de necrose tumoral-o (TNF-¢), toxico para
oligodendroécitos e por macréfagos que a fagocitam. Os macréfagos também liberam
TNF-o, radicais livres derivados do oxigénio, oxido nitrico (NO) e proteases. A
destruicdo da mielina ocorre ainda pela agao de linfécitos B que diferenciam-se em
plasmocitos, secrefandc anticorpos que ativam o sistema complemento,
promovendo o ataque & bainha de mielina (Andersson e Goodkin, 1988).

A compreensdo destes mecanismos € importante para o esclarecimento da
patogénese de doencas aufoimunes como a EM e formulacdo de estratégias

terapéuticas para intervencdc imune. Neste sentido, © emprego do modelo
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experimental da EM, a encefalomielite autoimune (ou alérgica) experimental (EAE),
tem trazido grandes contribuigdes (Ewing e Bernard, 1998).

A primeira descricdo da EAE foi feita por Rivers e col, (1933). ksses autores
demonstraram que & encefalomielite aguda disseminada, gue ccasionalmente
ocorre em pacientes apds vacinagio contra raiva, poderia ser reproduzida em
macacos por repetidas injecdes de extrato de cérsbro de coelho (Macedo et al
1996).

Em meados de 1940, varios autores observaram que quando antigenos do SNC

eram emulsificados em adjuvante compieto de Freund (CFA, micobactérias mortas

T3

em uma emulséo de Oleo em dgua), e injetados em animais, i reproduzivel em
roedores, esses desenvolviam uma encefalomielite aguda dentro de poucas
semanas, agora conhecida como EAE ativa (Morgan, 1946; Kabat et al, 1948).

Em 1980, Paterson demonsirou que EAE pode ser induzida de forma passiva
pela injecéo de linfocitos. A partir dai, essa forma de transferdncia tem sido feita
pela injecBo de células T encefalitogénicas ativadas, obtidas de animais
sensibilizados.

A EAE pode ser induzida em varias linhagens animais suceptiveis & doenca
empregando-se imunizagio com o virus da encefalomielite murina de Theiler, com o
homogeneizado de SNC, ou com varios antigenos do SNC como a proteina basica
de mielina (MBP), proteina de proteolipideo (PLP), glicoproteina associada a mielina
(MAG), dlicoproteina de mielina do oligodendrécito (MOG) e gangliosideos, ou
ainda, por fragmentos purificados dessas proteinas emulsificados em CFA. Também
pode ser induzida pela transferéncia passiva ou ativa de células T reativas 4 MBP
ou PLP (Tsunoda e Fujinami, 1996).

Da mesma forma que na EM, o curso clinico da EAE pode ser igualmente
variavel. De acordo com o protocolo de indugdo aplicado, a doenca pode
apresentar-se sob a forma monofasica aguda ou sob a forma crénica com ataques e
remissdes.

A forma monofasica aguda pode ser induzida em ratos Lewis por imunizacéo
ativa com autoantigenos purificados de mielina em CFA ou por transferéncia ativa.
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Em ambos 0s casos a doenca € caracterizada por uma doenca paralisante
ascendente, gue primeiro afeta a cauda e os membros posteriores, progredindo para
os membros anteriores, levando eventualmente & morte. O exame histopatoldgico
demonstira que a doenga clinica na forma monofasica aguda estad associada a
inflamagcao do parénquima perivascular (Wekerle et al., 1984).

A induggo de forma ativa consiste de duas fases: uma fase de inducso e de uma
fase efetora. Como demonstrado na Figura 5, a fase de induc@o envoive (1) a
apresentacéo de epitopos da mielina aos linfocitos T CD4+ nos érgéos linféides
periféricos e (2) subseqlente expansao e diferenciacéo destas em células efetoras
Th1, que secretam citocinas pré-inflamatorias. A fase efetora entdo, consiste na (3)
migracao de linfocitos mislina-especificos ativados para o SNC, levande & quebra da
barreira hematoencefalica (BHE). Nesse momento, ocorre (4) a apresentacio de
epitopos da mieilina por células apresentadoras de antigenos (APC) aos linfécitos T
no SNC. Concomitantemente, ha a expressdo de (5) quimiocinas e (8) citocinas por
linfécitos T encefalitogénicos e por células residentes ativadas do SNC, como os
astrocitos e as micrdglias, as quais em conjunto, recrutam um grande nimerc de
células mononucleares para ¢ parénquima do SNC. Assim, a desmielinizacéo dos
tratos axonais ocorre (7) pela atividade fagocitica de células mononucleares
ativadas e pela provavel ac&o citotdxica, direta ou indireta, de moléculas efetoras
soliveis como interferon v (IFN-y), linfotoxina « (LTa), fator de necrose tumoral o
{TNF-¢), éxido nitrico (NO), enzimas proteoliticas e radicais livres derivados do
oxigénio, todos liberados por linfocitos CD4+ e macréfagos/microglias ativados
{Miller e Shevach, 1998).
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Figura 8. Modelo esquematico da patogénese e reguiacac da EAE (Miller e Shevach, 1998).

A barreira hemato-encefalica (BHE)

O SNC néo possui tecido linfoide nem drenagem linfatica definida, ndo sendo,
portanto, exposto facilmente a estimulacao antigénica. As células endoteliais do seu
sistema vascular s&o unidas por juncdo de oclusdo, formando uma barreira
anatdmica denominada BHE. Os astrécitos, cujas terminacSes ficam em contato
com as paredes dos capilares, cobrindo até 70% de sua superficie, também
contribuem para a formagée da barreira (como mostrado na figura 6). E a BHE que
regula a entrada de fluidos, eletrdlitos, moiéculas complexas e proteinas plasmaticas
para O espaco exiravascular, impedindo que moléculas de alto peso molecular e
ceiulas tenham acessc livre ao SNC (Kallén e Nilsson, 1986).
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Figura 8. Esquema representative da barreira hemato encefalica (Macedo et al., 1995).

Uma das principais caracteristicas da EAE & o rompimento da BHE e o acimulo
de fluidos plasmaticos, levando ao surgimento de edema (Claudic ef. al., 1995)
Estudos realizados na EAE demonstram que linfécitos T ativados cruzam a BHE. Ao
infiltrarem-se no parénguema cerebral, interagem com as células da glia e iniciam
desta forma, a resposta inflamatéria (Tran et al., 1998).

Os eventos que levam a quebra da BHE consistem na ativac@o de macréfagos e
células T apds a ligacdo com a ICAM-1, presente no endotélio cerebral, resultando
na producao de moléculas inflamatérias como {FN-y, 1L-1 & NO que, posteriormente

levam a alterac&o das propriedades da BHE (Merril e Murphy, 1987).

As proteinas da mielina

As principais proteinas da miglina sdo a proteina basica de mielina (MBP) e a
proteina de proteolipideo (PLP), mas ha também a glicoproteina associada & mielina
{(MAG) e a glicoproteina de mielina do oligodendrécito (MOG; mostradas na figura
7).

E provavel que a MBP, esteja associada & face citoplasmatica da membrana,
mediando a compactacao entre duas superficies citoplasmaticas adjacentes. A PLP
é uma proteina infegral de membrana, sendo sua suposta fungéo, a de mediar a

interacdo entre duas superficies exiracelulares opostas. A MAG, atua na
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manutenc@o da estrutura periaxonal normal que, juntamente com a MOG,
constituem os principais antigenos encefalifogéniccs que desencadeiam os
processos autoimunes na EAE (Beveniste, 1997 Ludiwin, 18097}

A

-

Figura 7. Esguema representativo das principais proteinas da mielina {modificado de Macedo et

T8

Bicamada
lipidica

al, 1995}, N=aminc-terminal; C=carboxi-terminal.

Micréglias e macrofagos

As micrdglias constituem um grupo de células da matéria branca e cinzenta do
SNC (20% das células gliais). Sua morfologia & variavel, mas em condicbes de
repouso encontra-se ramificada e com o nicleo alongado.

Na EAE, durante a fase efetora, as micréglias sao ativadas e sofrem mudancgas
morfologicas, assemelhando-se aos macrofagos, e mudancas funcicnais que
consistem no aumento da expressdo dos antigenos do MHC e na liberac8o de
substancias mediadoras j&@ mencionadas como moléculas citotoxicas, NO,
intermediarios reativos de oxigénio, proteases e citocinas (Gehrmann et al. 1985).

Os macréfagos e as microglias sac responsaveis pelos processos
desmielinizantes caracteristicos da EAE e da EM, devido a atividade fagocitica
destas celulas (Bauer et al., 1994). O ataque do sistema imune é direcionado para
os oligodendrécitos que sao resposaveis pela formacdo e, juntamente com
astrocitos, pela manutencéo da mielina e assim atuando na manutencaoc do axodnio
(Ludwin, 1997).
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Embora 0s macrdfagos sejam células mediadoras da inflamac3o, Loughlin e col.
(1994), verificaram que a presenga de macréfagos em cultura de tecido cerebral
induz um aumento dos niveis de MBP, PLP e MAG, sugerindo gue desempenham
importante funcéc no processo de remielinizacdo, por liberarem (pelo menos in
vifro), fatores moduladores da proliferacado, diferenciacio e sobrevivéncia dos
oligodendrécitos (Amor et al., 1987).

Asirocitos

Os astrécitos sao células presentes tanto na matéria branca quanto na cinzenia
do SNC. Desempenham a funcdo de dar suporte estrutural para o tecido nervoso e
atuam na transmissao sinaptica (De Groot et al., 1891).

Na EAE e na EM, os astrocitos participam dos eventos imunolégicos ocorridos
no SNC. Podem ser induzidos a atuar de forma analoga aos macréfagos e células
da microglia. S80 capazes de responder ou secretar citocinas imunorregulatérias
como a IL-1, IL-6, IL-8, IL-10, IL-12, fatores estimulantes de IFN-y, TGF-B, TNF-a &
guimiocinas (Beveniste, 1997).

Linfocitos T e citocinas

Linfécitos T CD4+ sob estimulo antigénico podem diferenciar-se nos sub-tipos
Th1, ThZ ou Th3, dependendo do tipo de citocina secretada. As células Th1 estio
envolvidas em reagbes de hipersensibilidade do tipo tardia , imunidade celular e
viral, produzindo IL-2, linfotoxina, TNF-a e IFN-y. As células Th2 estdo envolvidas na
proliferacdc e diferenciaco de linfécitos B, participando na defesa contra parasitas
e em processos alérgicos, produzindo IL-4, IL-5, IL-6, IL-10 e IL-13 (Olsson, 1995).
Ja as células Th3 consistem de uma linhagem distinta de linfécitos T, as quais
secretam TGF-p (Hafler et al., 1997).

As citocinas tém fungdo crucial no processo lesivo, atuando no inicio,
propagacao e regulacdo da lesdo autoimune tecido-especifica. As citocinas do tipo
Th1 estac presentes nas lesdes inflamatdrias da EAE no SNC. J& as cilocinas
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expressas pelo tipo Th2 e Th3 estdc associadas 3 fase de recuperacao da EAE
{Kuchroo e Weiner, 1998).

O estudo da EAE monofasica aguda em ratos Lewis, demonstrou que o
aparecimenio das citocinas é seqlencial. Inicialmente ocorre a producadc de 1L-12
pelas APCs, ¢ gue coincide com o aparecimento das primeiras células inflamatorias,
antes do inicio dos sinais clinicos. Esta citocina promove a diferenciacéo das células
Thi, que expressam IFN-y, TNF-o efou LT-o. Posteriormente, na fase aguda da
doenga e paralelamente ao aumento da gravidade dos sinais clinicos, também sao
expressas IFN-y e TNF-a. Estas citocinas irdo desencadear a doenga por lesdo
direta @aos oligodendracitos e a mielina, bem como pela ativacio de macrofagos, gue
estdo envolvidos na desmielinizacBo. Durante 2 fase de recuperacio da EAE ocorre
o aumenic da expressao das citocinas das células Th2, que secretam 1L-4, IL-10 e
IL-13 e atuam como desativadores de macréfagos. Além dissc, ha expressio do
TGF-B, produzido por celulas Th2/Th3. A expressaoc de IL-4 n3o tem relacéo clara
com a seqliéncia de evenios patoldgicos {Olsson, 1995: Navikas e Link, 1996).

1.2.1 A participacdo do NO

E bem estabelecido que o NO é capaz de modular a indugao de uma resposta
imune, a permeabiiidade da BHE, difundindo-se de células para ¢ SNC, e a resposta
local no sitio inflamatorio (Pender et al., 1997).

A primeira demonstrago da participacéo do radical livie NO em EAE foi relatada
por MacMicking e col. (1992). Eles mostraram o aumento da producao de
intermedidrios reativos do nitrogénic bem como do oxigénic por células
mononucleares e leucteitos polimorfonucieares periféricos, provenientes do SNC, e
sistémico de ratos com EAE.

Posteriormente, atraves da reacdo em cadeia da polimerase — transcriptase
reversa (RT-PCR), outros autores detectaram a presenca do mRNA para iNOS em
tecido do SNC de ratos iLewis com EAE (Koprowski et al., 1993; Scott et al. 1996).
Em seguida, o NO foi localizado na medula espinhal de camundeongos, com EAE.
Usando a técnica de EPR para deteccéo da formacao do complexo Fe-NQ, Lin e
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col. (1893) observaram significante aumento dos sinais em todos os animais com
EAE com relacado aos controles, e que esse aumenio era correlacionado com o
curso clinico da doenca. Concluiram entao, que o NO é um importante mediador de
uma doenca crénica como a EM.

Hooper e col. (1995), usande um método modificado de “spin-trapping” para NO,
in vivo, mostraram que, em raios Lewis com EAE transferida de forma afiva nor
celulas T, a formacéo de grandes quantidades de NO eram provenientes da espinha
dorsal 4-5 dias apds a indugdo, correlacionada com a paralisia dos membros
posteriores no 4° dia e paralisia geral no 5°. Também cbservaram que apesar da
liberacao de NO ser grande no cérebro, apresentava-se menor gue na espinha
dorsal, consistente com o curso ascendente da doenca, com a espinha dorsal sendo
o primeiro sific de desenvolvimento da lesio.

Alem desses achados, outros estudos tém mostrado que oligodendracitos séo
mortos apods exposicéo ao NO, sugerindo uma funcgdo téxica para o NO na formacao
de lesbes desmilienizantes na EAE (Merrill et al., 1993; Xiao et al., 1996). Contudo,
o NO produzido por celulas fagocitérias ativadas pode exercer um efeito imuno-
supressor pela inibicado da proliferacdo de células T e infiltraggo de leucécitos
(Kubes et al., 1991, Okuda et al., 1997).

Com iss0, estudos voltados & eficdcia da administracdo de inibidores da
producéo de NO no desenvolvimento da doenca tém sido realizados. Os primeiros
estudos terapéuticos foram realizados por Cross e col. (1994). Esses autores
verificaram que a administragdo de aminoguanidina (AG, inibidor seletivo para a
isoforma iINOS) era capaz de previnir os sinais clinicos causados pela EAE. O
experimento foi realizado em camundongos SJL. Resuitados similares foram obtidos
por Brenner e col. (1997), e por Zhao e col. (1996) em ratos. Esses resultados
indicaram que altos niveis de NO liberados pela enzima iINOS tinham atividade
patogénica na EAE.

Zielasek e col. (1995) utilizando quatro inibidores de NOS (N-monometil-L-
arginina, L-MMA,; N-nitro-L-arginina, L-NA; aminoguanidina, AG; e N-nitro-L-arginina
metil ester, L-NAME) em ambas formas de inducdo de FAE em ratos Lewis
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{passiva, através da fransferéncia de céiulas T MBP-especificas, ou ativa, pela
administragc@o de MBP), verificaram que nenhum dos inibidores testados mostrou
efeito benefivo no curso clinico da doenca. Ja Zhao e col. (1986), verificaram que a
AG usada no tratamento de EAE passiva causava protegéc a doenca e, Ruuls e col,
(1996) verificaram que fratamento realizade com L-nitro arginina metil éster (L-
NAME) ou L-nitro metil arginina (L-NMA) agravava a doenca de forma ativa. Assim
também foi observado por Gold e col (1897) utilizando o N-(1-iminoetil) L-lisina (NiL)
& por Cowden e col. {1998) utilizando AG e L-NMA.

Conclui-se portantc que os resultados de tratamento da EAE com inibidores de
NOS mostram-se totaimente divergentes, o que t&m sido justificade por diversos
fatores: forma de inducéo da doenca, especificidade e doses dos inibidores, espécie
e sexo do animal, perfode de administracao, entre outros.
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2. OBJETIVOS




Com base no reiatado na Introducio sobre a participaco do NO em doengas
neurodegenerativas como a esclerose muitipla, os objetivos do presente trabalho
foram:

1) Estudar a express@o e a atividade das isoformas de NOS dependentes e
independente de Ca®*"

2) Estudar a influéncia dos cofatores necesséarios na biossintese de NG,
3) Verificar a presenga de fator(es) endogeno(s) inibidor(es) de NOS e,
4) Estudar a presenca de proteinas contendo resicucs de nitrotirosina em

nomogenatos de cérebros de ratos Lewis durante o desenvolvimento do modelo de
encefalomielite alérgica experimental.
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3. MATERIAIS E METODOS
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3.1 Animaijs

Ratos Lewis (provenientes do Bictério Central da UNICAMP) de ambos os
S€X0s, com peso corporal compreendido entre 200 - 250g foram utilizados para a
inducdo da EAE. Os animais foram manipulados de acordo com as normas do
Colégio Brasileiro de Expe?émeﬁtagé@ Animal (www.fop.unicamp br/ceealetica_animal.htm).

3.2 inducéo da EAE

A EAE foi induzida em ratos Lewis sob anestesia com halotanc {Cristalia Prod.
Quim. Farm. Ltda, Brasil), através da inoculacéo de 100 ul de emulsdo contende
proteina basica de mielina de cobaia (GP-MBP, 250 ug/mi, Sigma Chem. Co., EUA)
e adjuvante completo de Freund (CFA, 3 mg/mi, Sigma Chem. Co., EUA)
suplementado com Mycobacterium tuberculosis (M, 3mg/ml, Difco, EUA) em cada
pata posterior, no coxim plantar (sub-cutaneo). Desta forma, cada animal recebeu a
dose de 50ug da GP-MBP,

Os animais foram pesados e examinados diariamente. Os sintomas da doenca
foram determinados por estagios conforme segue: 0= sem sinais clinicos, I= perda
do tonus da cauda, li= paralisia branda dos membros posteriores, = paralisia
severa dos membros posteriores, V= tetraplegia e V= moribundos ou morte. No
entanto, neste trabalho, utilizamos somente os animais que atingiram até o pico da
doenca (estagio ).

No final de cada estagio, um grupo de 3 a 5 animais foram anestesiados com
halotano e amostras de sangue foram coletadas por exsanglinacao. O plasma foi
separado por centrifugacéo do sangue a 3000 rpm por 10 min e estocado a -20°C
até serem processados. Os cérebros dos animais foram retirados e imediatamente

congelados em nitrogénio liguido e estocados a -70°C para analises posteriores.
3.3 Medida da atividade de NOS

O metodo utilizado € o descrito por Férstermann e col.(1990) e esta baseado na
conversao da [*H]L-arginina para [*H]L-citrulina.
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Os cérebros congelados a -70°C foram pesados e homogeneizados em
homogeneizador ULTRA TURRAX T25 (JANKE & KUNKEL - IKA® Labortechnik,
Alemanha) em 5 volumes de tampéo de incubacdo (Tris-HC! 50 mM, pH 7.4)
contendo 1 mM de PMSF e 1 mM de L-citrulina. Cinglenta microlitros do
homogenate foram incubados na presenca de 1 mM de NADPH, 2 mM de CaCl e
10 uM de L-arginina contendo 100,000 dpm de [2,3,4,5-°H]L-arginina mono
hidrocloreto (Amersham Life Science, Inglaterra) em um volume final de 100 ul a
temperatura ambiente (25 - 27°C) durante 30 minutos, em duplicata. Todos os
reagentes foram preparados em tampé&o de incubagao {com excecéo do PMSF e da
L-citrulina). Apds este periodo, a reacdo foi interrompida pela adicdc de 1 ml de
tamp&o HEPES 20 mM, pH 5.4, contendo 1mM de EGTA ¢ 1 mM de EDTA. Os
tubos foram centrifugados (5" a 10.000 rpm em centrifuga Eppendorf Mod. 5412 -
Alemanha) & 0s sobrenadantes aplicados em colunas contendo 0,6 mi de resina de
troca idnica (tipo anidnica forte, Dowex AG 50X-8, Sigma Chem. Co., EUA). Os
eluatos foram recolhidos em viais de cintilacao. As colunas foram lavadas com 1 mi
adicional de fampé&o HEPES e 0s eluatos foram combinados com aos anteriores.
Apés a adicdo de 10 mi de liquido de cintilacao a radioatividade foi medida durante 1
min em especirometro de cintilacdo (BECKMAN - EUA).

Em cada ensaic foram realizados, em paralelo, controies farmacolégicos da
atividade enzimatica que consistiram na omissao do CaCl, e na adicdo de 1 mM de
EGTA no meio de incubagdc (afim de caracterizar o tipo de NOS quanto &
dependéncia da presenca de Ca2+ no meio de incubacac), ou na adicdo de 1 mM
de L-NAME (inibig&o especifica para as NOS).

As contagens foram corrigidas por subtracéo do “branco” (onde o homogenato
de tecido foi adicionado apbs o tampao HEPES) e da contagem obtida pelos tubos
que obtinham a presenca de L-NAME correspondente de cada amostra. Para o
caloculo das atividades enzimaticas, as contagens (cpm) foram relacionadas a
contagem total (0s contelidos destes tubos receberam [2,3,4,5-*H]L-arginina mono
hidrecloreto diretamente nos viais de cintilacao) pela férmula:

pmoi L-citimin = 1000 x ({cpMamostra - €PMpranca) - CPM Lname)/cpm totais/30
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onde 1000 é 2 guantidade de L-arginina adicionada & mistura de incubacéo (em
pmois) e 30 & o tempo de incubacao (em min).

O contetdo de proteinas foi determinado pelo método de Peterson (1977) e a
atividade da NOS foi expressa como pmols de L-citruling produzidos por minuto e
por mg de proteina.

A atividade de NOS dependente de Ca® foi obtida pela subtraco da atividade
independente de Ca®™ (que possuia EGTA no melo de incubacao) da atividade total.

Com a finalidade de caracterizar a atividade das isoformas de NOS (dependente
ou independente de Ca®) presente nas MET dos animais confrole ou com FAE
quanto @ dependéncia dos cofatores, outros experimentos foram realizados,
medindo-se a atividade de NOS conforme Hiki e colaboradores (1992). Os cérebros
foram homogeneizados em 5 volumes de tampao Tris 50 mM (pH 7,4) que continha
1 mM de L-citrulina, 0,1 mM de EDTA 1 mM de ditiotreitol (DTT), 10 pg/m! de
leupeptina, 10 ug/ml de inibidor de tripsina derivada de soja, 2 ug/mi de aprotinina e
1 mM de PMSF. Os homogenatos foram centrifugados a 10.000 g por 10 min e a
atividade foi medida no sobrenadante. Cinquenta microlitros de amostra foram
incubadas em um meio que continha 2 mM de CaClz, 1 mM de NADPH, 10 uM de L-
arginina contendc 100,000 dpm de [2,3,4,5—3H]L~arginina mono hidrocloreto e os
cofatores CaM (10 pg/ml), FAD (10 uM), e BH, (100 pM) em um volume final de 100
wl a temperatura de 37°C, durante 15 minutos {em duplicata). A reacéo foi
interrompida, o produto foi separado e o resuitado foi expresso conforme descrito
acima.

Aos efeitos de investigar a presenca de possivel(eis) substancia(s) endégena(s)
capaz(es) de afetar(em) a atividade de NOS dependente de Ca**, amostras (10 ubh
de sobrenadante de homogenatos de cérebro total ou soros provenientes de
animais controles ou com EAE (estagio 1) foram acrescentadas ao meio de
incubag@o (homogenatos de massa encefilica total provenientes de animais sem
qualguer tipo de tratamento foram utilizados come fonte de NOS). Aos efeitos de

caracterizar o efeito, tanto as amostras de homogenatos de cérebro total quanto os
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soros foram desnaturados, através de aguecimento das amosiras & 100°C {10 min
para os homogenatos e 2 min para as amostras de soro).

3.4 Deteccdo das isoformas de NOS e de proteinas nitradas em residuos de
tirosina (NT} por Western biot

A expressac das diversas isoformas da NOS e de proteinas contendo residuocs
nitrados de tirosina foi estudada através de técnica de Western biot,

Cem microlitros das amostras de homogenato de massa encefalica total
(concentrac@o de proteinas totais = 20 mg/ml) foram diluidas com 60 ul de tampao
de Laemmii (0,0625 M de Tris-HCI, pH 6,8 contendo 2% de SDS, 10% de glicerol,
0,001% de azul de bromofenol e 5% de 2-mercaptoetanol) e fervidas durante 10
min.

Apos rapida centrifugagdo a 10.000 g (30 seg), as proteinas das amostras foram
separadas por eletroforese em gel de poliacrilamida (7%) contendo 0.1% de lauril
suifato de sodio (SDS - PAGE; Lasmmli, 1870) para a deteccao das isoformas da
NOS. Para a detecgao de NT, a concentragéo total de poliacrilamida no ge! foi de
10%.

Os géis de concentrac@o e de corrida foram preparados conforme descrito a

seguir:

Gel de corrida:

Reagente Gel 7% (ml)  Gel 10% (mi)
HoQ dest. 5,560 4,450
Glicerol 50% 0,095 0,095
TRIS 1,5M - pH 8,8 2,800 2,800
Acrilamida 30% + Bis-acrilamida 0,8% 2,600 3,700
SDS 10% 0,112 0,112
TEMED 0,010 0,010
Persulfato de amobnio 10% 0,030 0,030
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Gel de concentracao:

Reagente Gel 3% (mi)
H.O dest. 3,150
TRIS 0.5M - pH 6,8 1,280
Acrilamida 30% + Bis-acrilamida 0,8% {3,500
508 10% 0,050
TEMED 0,006
Persulfato de aménio 10% 0,025

A composiggo do tampao utilizado na corrida eletroforstica & a seguinte; TRIS
(25 mM), giicina (192 mM) e SDS (0,1%) ajustado para pH 8,3.

A quantidade maxima de proteina aplicada em cada “lane” foi de 50 ug.

A separaco eletroforética das protsinas foi realizada a intensidade de corrente
constante (25 mA), durante aproximadamente 2 horas, resultando em valores de
voltagem variando entre 100 a 180V. Posteriormente, as bandas protéicas foram
transferidas eletroforeticamente através de sistema submerso para uma membrana
de nitrocelulose, aplicando-se uma amperagem de 130-170 mA (voltagem ~50V)
durante 2 horas. A composicio do tampao empregado para a transferéncia
eletroforética das proteinas para a membrana de nitrocelulose € a seguinte: TRIS
(25 mM), glicina (192 mM), SDS (0,1%) e etanol (18%). Para comprovar a eficiéncia
da transferéncia, os géis foram corados com corante Commassie blue (solucao a
0.1% de Commassie brilliant blue em soluca@o aquosa de acido acético 5% contendo
25 % de etanol), e as membranas foram coradas com vermelho de Ponceau
(solugdo a 2% de corante Ponceau em solugo aquosa contendo 30% de &cido
tricloro acético e 30% de acido sulfosalicilico). Os sitios inespecificos de ligagao do
anticorpo primario 2 membrana foram blogueados mediante incubacio da mesma
com solugao a 5% de leite em po desnatado dissolvido em tampac TBS-t pH 7.4 (20
mM de TRIS-HCI, 8% de NaCl contendo 0.1% de Tween-20) sob agitacdo constante
durante uma hora. A seguir, as membranas foram incubadas durante 15 - 18 horas,

a 4°C com anticorpos primarios especificos {diluidos em tampédo TBS, sem a adicado
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de Tween-20) para as diferentes isoformas de NOS oy para residucs de NT
conforme indicado no quadro A:

Quadro A

Anticorpo nNOS eNOS INCS NT

Hospedeiro |Coeiho Camundongo  Camundongo  Camundongo

Isotipo Folicional igG1 lgG2a ol

Conc. {pgimi) 250 250 250 100

Diluicao 1:1000 1:2500 1.2500 1:2000

Procedéncia | Transduction Transduction Transduction Upstate
Lab., EUA Lab., EUA Lab., EUA Biotech. EUA

Apés o término da incubacao, as membranas foram lavadas (8 vezes durante 10
minj com tamp&o TBS-t e incubadas com anticorpos secundarios conjugados com
peroxidase de rabanete (HRP) ou fosfatase alcalina (AP), conforme mostrado no
guadro B, durante 2 horas.

Quadro B

Anticorpo nNOS eNOS INOS NT
Anticorpo Anti-coetho Antij- Anti- Anti-
secundario + HRP camundongo camundongo camundongo
conjugado + AP + AP + AP
Hospedeiro |Cabra Coelho Coelho Coelho
Diluicao 1:.1000 1:1500 1:1500 1:3000

Kit de 4-cloro-1-naftol NBT/BCIP NBT/BCIP Quimio-
Revelagédo + H.Os Luminescéncia
Procedéncia Bio Rad, EUA

Em seguida, as membranas foram submetidas a uma nova série de lavagens
com TBS-t e as bandas imunorreativas foram reveladas mediante um kit de

revelacao (quadro B).
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O peso molecuiar das bandas foi calculado a partir das mobilidades relativas de
proteinas marcadoras de peso molecular (faixa: 29 a 205 kDa, Sigma Chem. Co.,
EUA).

A intensidade das bandas (como medida do grau de expressio da proteina), foi
determinada por anélise densitomatrica mediante 0 uso de software Sigma Gel
{(Sigma Chem. Co., EUA), e os valores foram EXpressos em unidades arbitrarias.

3.5 Nitracdo da albumina de soro bovine (BSA)

Aos efeitos de contarmos com um controle positive apropriado de proteina
nitrada em residuo(s) de tirosina pelo peroxinitrito, procedemos & nitracdo da BSA.
O procedimento envolve 3 reacac de BSA com solucéo aicalina de peroxinitrito, de
acordo com o relatado por Khan & col. (1998

A solucéo de peroxinitrito foi preparada conforme descrito por Beckman e col.
{1994b) pela reac@o de uma solugdo de nitrito de sédio (NaNO, 0.6M) com uma
solugao de perdxido de hidrogénio (H202 0,6M) acidificada com &cido cloridrico (HCI
C,7M) e rapidamente neutralizada com solugdo de hidroxido de sodio (NaOH 1,2M).
O produto da reagéo foi colocado em tubos plasticos e congelados a -20°C. As
goticulas oleosas formadas no topo dos tubos foram coletadas e diluidas em NaOH
1,2M. A concentracdo de peroxinitrito obtido foi determinado por absorbancia a 302
nm utiizando-se um coeficiente de extingdo molar de 1670 M 'cm™.

A nitro-albumina foi preparada pela adicdo da solucao alcalina de peroxinitrito (&
concentragdo final de 1 mM) a uma soluggo de 2 mg/mi de BSA por 5 min e em
temperatura ambiente. Uma aliquota de 50 Lt foi separada, neutralizada com 25 pil
de HCI 0,4M e devidamente diluida em tampao de Laemmii. Aliquotas equivaientes
a 2,5 g de proteina nitrada (ou nativa, como controle negativo), foram submetidas a
eletroforese e posterior analise por Western blot en todos os ensaios subsequentes
de NT nas amostras de MET.
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3.6 Determinacédo das concentragdes séricas de NO;y e NOY

Acs efeitos de evitar a ingestdo de nitratos exogenos, 0s animais controles e
animais com EAE no estagio Il da doenca foram deprivados de alimenio sdlido e
receberam agua destilada durante as 12 h prévias a coleta de sangue. Apods este
periodo, os animais foram anestesiados com halotanc e amostras de sangue (3 mi)
foram coletadas através da aorta abdominal descendente. Apos retracio do coagulo
a temperatura ambiente, 0s tubos foram centrifugados (2000 g durante 15 min) e os
soros foram separados e conservados a -20°C até serem analisados.

As concentracSes de NO;/NOs foram determinadas por cromatografia liguida de
alta eficiéncia (HPLC) de acordo com Muscara & de Nucci (1996). O sistema
cromatografico, permite a separaco de anions em coluna de froca idnica e
deteccao das espécies por posterior derivatizacio.

O sistema completo de HPLC consistiu de uma bomba (Apllied Biosystemms,
EUA), uma coluna troca idnica (tipo catidnica forte: grupo funcional: amédnio
quaternario; tamanho de particula: 5y; Spherisorb SAX, 250 x 4,6 mm, Sigma-
Aldrich, EUA) e de uma coluna recheada de Cd/Cu. A absorbancia do efluente foi
monitorada a 540 nm por um foto-detector de arranjo de diodos (modelo 1000 S,
Apliied Biosystemms, EUA) e o sinal elétrico foi registrado em impressora.

A fase movel utilizada para a separacao dos anions consistiu em uma solugdo
de NH,CL 0,06, pH 2,5 (fluxo 0,7 ml/min). Os padrdes aquosos de KNQO; e KNO»
foram injetados diretamente no sistema (volume injetado; 400 ul). As amostras de
soro foram diluidas 6 vezes com agua e desproteinizadas por ultrafiltracdo através
de tubos tipo Eppendorf com filtrc de nitrocelulose com valor de corte de peso
molecular 5 kDa (Sartorius ultrafiltration tubes, Alemania) e 400 ul dos ultrafiltrados
foram injetados no cromatégrafo.

3.7 Reacao em cadeia da polimerase - transcricdo reversa (RT-PCR)
Massa encefalica total de animais controle (n=3) e com EAE no gstagio Il (n=6)
foram removidos, imediatamente congelados em nitrogénio fiquido e mantidos a -

70°C até o processamento das amosiras.
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Extracdo do RNA total

G RNA total foi extraido usando o reagente Trizol (5§ ml/lg de amostra, GIBCO
BRL, EUA). As amostras de MET foram homogeneizados em Trizol e apds 5 min,
foi adicionado 1 mi de uma solucac de cloroférmio / 4lcool isoamilico {1 parte de
aicool isvamilico em 24 partes de cloroférmic) para cada 5 ml de Trizol Apds
agitacéo vigorosa parz a extragao dos lipideos, os tubos foram deixados 10 min em
repcusc e posteriormente centrifugados a 2000 g, {45 min a 4°C). A fase aguosa
sobrenadante (800 ul) foi separada e o RNA precipitado pela adicdo de 500 ul de
iscpropanoil. Apds 10 min a temperatura ambiente, os tubos foram centrifugados
(13.000 g, 10 min a 4°C). Os sobrenadantes foram descartados € o pellet de RNA foi
lavado com 500 ul de etanol 75%. Apos centrifugacao (13000 g, & min a 4°C), os
sobrenadantes foram desprezados e os fubos foram invertidos e apoiados sobre
papel de filtro aos efeitos de eliminar restos de gtanol.

Posteriormente, o RNA foi dissolvido com 50 ul de agua tratada com DEPC.
Aliquotas desta solugéo foram diluidas 1:1 000, as absorbancia00s medidas a 250
nm e as concentracGes de RNA total foram calculadas considerando a relacdo: 1 AU
= 40 ug/mi.

A integridade do RNA isolado foi verificada através de eletroforese em gel de
agarose (0,8 % em TAE contendo 0,5 Hg/mi de brometo de etidio, GIRCO BRL,
EUA) e as bandas reveladas sob luz uitravioleta.

Transcricdo do cDNA:

Cuidadosamente, 23 ul de H,O (tratada com DEPC), 5 ui de oligo dT (GIBCO
BRL, EUA) e 15 ug de RNA (amostra) foram misturados. A mistura foi aguecida
70°C durante 10 min e deixada posteriormente a temperatura ambiente durante 10
min.

Na seguinte ordem, foram adicionados: 10 ul de tampéo de reacéo (5X first
strand buffer), 2.5 ul de dNTP (10 mM, Amersham, Ingiaterra), 5 ul de DTT (0,1 M)e
1 ul de inibidor de RNAses (RNA guard, Amersham, Inglaterra). A mistura foi
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aquecida a 42°C durante 2 min, posteriormente adicicnou-se 1 pl da enzima RT
(transcriptase reversa — Superscript I, GIBCO BRL, EUA) e novamente aquecida a
42°C por1h

Posteriormente, as amostras foram aguecidas a 70°C durante 15 min e 2 37°C
por 2 min. Adicionou-se, entéic, 1 ul de RNAse H {com a finalidade de se eliminar a
RNAse do hibrido) e aqueceu-se a 37°C por durante 30 min. As amostras foram

mantidas g -20°C ais serem submetidas ao PCR.

PCR:

Os primers para as isoformas de NOS (segundo as seqiéncias utilizadas por
Ferraz et al., 1997, para eNOS e iINOS, e por Swain et al., 1997 para nNOS) foram
diluidos a uma concentracao de 500 pmoles/ul (solug@o estogque) com H.O Milli-Q
autoclavada.

As segliéncias dos primers s&o mostradas abaixo:

Nome Seqléncia do primer (5’ — 3')

nNOS CCCCGTCCTTTGAATACCAG
CCGAGAGCCGAGGCCGAACA

iNOS ACAACAGGAACCTACCAGCTCA
GATGTTGTAGCGCTGTGTGTCA

eNOS GGAGAAGATGCCAAGGCTGCTG
CTTCCAGTGTCCAGACGCACCA

GAPDH CGGAGTCAACGGATTTGGTCGTAT

AGCCTTCTCCATGGTGGTGAAGAC

A reacéo de PCR foi realizada em um volume final de 50 ul gue continha 5 ul de
cDNA (amostra), 5 ul de tamp&o para PCR (10X), 1,5 ul de MgCl; (1,5 mM), 1 ul de
dNTPs (0.2 mM), 0,5 ul do primer 1 (5 uM), 0,5 ul do primer 2 (5 uM), 0,3 pl do
primer de GAPDH &' (gliceraldeido 3-fosfato desidrogenase, controle interno, 3 uM),
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0,3 i do primer de GAPDH 3' (3 uM), 35,4 ul de H.O para PCR e finalmente 0,6 ul
de Tag polimerase (2 U, GIBCO BRL, EUA).

Os ciclos de amplificacgo foram realizados com desnaturac@o por 5 min a 94°C
seguido por 33 ciclos de amplificaco consistindo dos seguintes passos:
denaturac@o a 94°C por 1 min, anelamento dos primers a 85°C por 45 seg e
extensao a 72°C por 1,5 min. Apéds ¢ dlitimo ciclo de amplificacgo, as amostras foram
incubadas a 72°C por 7 min para extensao (Termociciador, PTC 100, MJ Research,
EUA). Os tamanhos dos cDNAs resultantes dos primers para nNOS, INOS e eNOS
foram de 560 bp, 651 bp e 224 bp, respectivamente.

Separagdo dos produtos de PCR:

Aliguotas dos produtos da reacdo de PCR {(aproximadamente 20 ub
previamente normaiizadas para darem quantidades equivalentes do controle de
GAPDH em todas as amostras foram submetidas a um gel de agarcse 1,5%
contendo 0.5 ug/mi de brometo de etidio. Os géis foram visualizados sob luz UV e
as imagens foram capturadas usando um aparelho EagleEye (Amersham). A
intensidade das bandas marcadas com brometo de etidio foram determinadas
usando o FLA3000 Fluorescent Analyzer (FUJIFILM) para determinar o nivel da
expressdo relativa de cada uma das isoformas.

3.8 Andlise dos resultados

Os resultados experimentais foram expressos como média + erro padrao da
media e foram analisados pelo teste de ANOVA de um critério seguido do teste de
Student - Newman - Keuls para multiplas comparacgbes. Valores de p < 0,05 foram
considerados significantes.
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4. RESULTADOS



A figura 8 mostra que na auséncia dos cofatores exégencs (exceto NADPH), a
atividade da NOS dependente de Ca®* proveniente de homogenato de MET, foi
significativamente diminuida em ratos com EAE no estagio lll (5,9 + 0,3) quando
comparado com cada um dos grupos: controle (7,8 + 0,7), EAE-0 (7,8 + 0,3) ou

EAE- (7,8 £ 0,4 pmol L-citrulina/min/mg de proteina).

B %?" wj Ca**-dependente
g g8 8 L 7 7 T - Bl Ca*-independente
& / %
: § 8- / / e
==
N |
N . =
< a
Controle EAE-0 EAE-] EAE-I EAE-

Figura 8. Atividade de NOS obtida de homogenato de MET de ratos controles e com EAE
nos diferentes estagios. Nenhuma diferenca significativa foi observada entre os grupos de
NOS independente de Ca®".

* p<0,05 vs Controle e EAE-I, e ®:p<0,01 vs. EAE-0.

Contudo, e como mostrade na figura 9, nenhuma diferenca significativa foi
observada na atividade da NOS dependente de Ca” entre os grupos controle e
EAE-HII quande o ensaio foi realizado na presenca de todos os cofatores testados:
NADPH, FAD, CaM e BH, (81,0 £ 8,1 e 87,8 = 7,2 pmol L-cit/min/mg proteina,
respectivamente).
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Nessas condigbes, a atividade da NOS independente de Ca®" obtida de
homogenatos de MET de animais com EAE-Ill mostrou-se maior do que aquela
medida em animais controles (29 £ 0,5 e 1,9 + 0,4 pmol L-citymin/mg de proteina,
respectivamente), embora esta diferenca ndo seja estatisticamente significativa
(Figura 9).
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Ca2+-dep. Ca2+-indep.

Figura 9. Atividade de NOS obtida de homogenatos de MET de ratos controles e com EAE
no estagio il na presenca dos cofatores NADPH, FAD, CaM and BH,. Nenhuma diferenca
significativa foi observada entre os dois grupos nas atividades de NOS dependente ou
independente de Ca®".

A figura 10 mostra que as atividades de NOS dependentes de Ca*" medidas em
homogenatos obtidos de MET de animais controle ou EAE-Ill foram igualmente
inibidas (~30%) pela auséncia de FAD no meio de incubac@o. Pelo contrario, a
atividade de NOS independente de Ca®* em homogenatos de animais com EAE-Il
n&o foi afetada pela auséncia de qualquer um dos cofatores exdgenos adicionados,
enquanto que a omissdo de FAD ou BH; do meio de incubacdo inibiu
significativamente a atividade de NOS independente de Ca®* dos animais controle
(48,7 £ 13,0% e 62,7 + 18 6%, respectivamente).
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Figura 10. Efeito da omisséo de cada um dos cofatores FAD, CalM e BH4 no meio de

incubag@o sobre a atividade de NOS dependente e independente de Ca** de homogenatos
de MET obtida de ratos controles e com EAE no estagio 11,

*: p<0,05 e ™*:p<0,001 vs. 0 respectivo grupo completo.

A figura 11 mostra que tanto os homogenatos de MET como os soros
provenientes de animais controles inibiram a atividade da NOS dependente de Ca*
{proveniente de homogenatos de MET de ratos normais) em grau maior do que
aquele observado com os homogenatos de MET e soros de ratos com EAE-I {com
homogenatos, controle: 20,1 + 3,2, EAE lIl: 12,1 + 2.1%, p<0,05; com soro, controle:
53,1 = 1,8%, EAE-lll: 38,7 £ 1,9%, p<0,001). Essas diferencas na inibicdo da
atividade das NOS entre os grupos experimentais desapareceram quando ambos
homogenatos e soros foram desnaturados por aquecimento (Figura 11).
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Figura 11. Efeito da presenga de homogenato de MET e de soro obtidos de animais
controle e com EAE no estagio ill sobre a atividade de NOS de homogenatc de massa
encefaiica total de animais normais.

* p<0,05 e **:p<0,001 vs. o respectivo Conirole.

A analise da expressao das isoformas de NOS por Western blot monstrou que

houve uma tendéncia ao aumento na expressdo de nNOS em animais com EAE

com o decorrer da doenca quando comparado com o grupo de animais controle,

como & mostrado na figura 12A e a analise densitomeétrica 12B.

No entanto, nao foi possive! detectar de forma precisa a expressac das

isoformas INOS e eNOS atraves dessa metodologia.
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Figura 12. A} Western blot representative (n = 3) de amostras de homogenatos de MET de
ratos em diferentes estégios de EAE (25 ug) utilizando-se anticorpo policlonal anti-nNOS
(dil. 1:1000). “Lanes” a, b: estagio 1l}; ¢, d: estagio II; e, f: estagio I: g: estagio 0; h: controle.

B) Intensidades relativas das bandas de nNOS (quantificadas por densitometria) para os
diversos estagios de EAE em amostras de MET de ratos (vide Western blot do painel A).

Né&o foi observada qualquer diferenca significativa entre os diversos grupos.
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A andlise de Western blot para proteinas contende NT em homoegenatos de MET
mostraram duas bandas principais (com peso molecular aproximado de 53 e 28 kU,
figura 13A), e suas expressdes foram significativamente aumentadas em ratos com
EAE durante os estagios il e 1l quando comparado com o grupo confrole (figuras
13B1 e 13B2).
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Figura 13. A) Western blot representativo {n = 4) de proteinas contendo residuos de NT de
amostras de homogenato de MET de ratoc em diferentes estagios de EAE (50 ug) utilizando-
se anticorpo monoclonal anti-NT (dil. 1:2000). “Lane” a: estagio lil; b estagio Il; ¢ estagio |;
d: estagio 0; e: controle; f: nitro-albumina (2,5 ug); g: albumina nativa (2,5 ug).

B) Intensidades relativas das bandas de proteinas contendo residuos de nitrotirosina
(quantificadas por densitometria) para os diversos estagios de EAE em amostras de MET
de ratos {vide Western blot do painel A). B1: banda correspondente a peso maolecular 28
k0. B2: banda correspondente a peso molecular 51 kD. * p<0,05 vs. grupo controle; #:
p=<0,05 vs. estagio il
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A concentracao serica de NOj™ foi significativamente maior em ratos com EAE-{]
do gue nos animais do grupo controle (1046 + 98 e 332 + 675 i,
respectivamente; p<0,01), no entanto, nenhuma diferenca significativa foi observada

para os nivels circulantes de NO, entre os dois grupos (Figure 14).
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Figura 14. Concentragbes séricas de nitrito (NO,) e nitrato (NO3) medidas em animais
controle e EAE-Il ™ p<0,01 vs. grupo controle para NO;. Nac foram observadas

diferencas significativas entre os grupos para NO,".

A analise de RT-PCR revelou um aumento nos niveis de mRNA para iNOS
nos homogenatos de MET obtidos de ratos com EAE-!l em comparagdo com os
provenientes dos animais controle (Figura 15). Por outro lado, nenhuma alteragado

significativa foi observada nos niveis de mRNA para nNOS e eNOS,
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Figura 15.- A) Andlise de mRNA por RT-PCR: A1) nNOS; AZ) INOS e A3) eNOS em
amostras de homogenatos de MET obtidas de animais controle ou com EAE no estagio Ill.
GAPDH foi empregado como controle interno. “Lane” 7: Controle, “Lanes™ 2 e 3: EAE-IH.

B} Niveis de expressdo de mRNA para nNOS, INOS e eNOS (B1, B2 & B3,
respectivamente) estimados por densitometria das bandas mostradas nos painéis A.

* n<0,001 vs. o grupo controle.
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5. DISCUSSAO




Os resuitados expostos mostram que na auséncia de gqualguer cofator de NOS
adicionado exogenamente {com excecdo feita para o NADPH), a atividade da NOS
dependente de Ca” presente em homogenatos de MET de ratos com EAE diminuiu
de forma paralela & severidade da doenga, assim como em relagio a atividade
observada nos homogenatos de MET provenientes de animais controle. Nessas
condigBes, nenhuma diferenca significativa foi observada entre os grupocs para a
atividade independente de Ca®". Também, em termos de expressdo de nNOS e
eNOS, nenhuma diferenga significativa foi observada entre os grupos, quando
analisadas por RT-PCR, o gque levou-nos entao, a investigar a possivel presenca de
fator(es) inibitdrio(s) gue poderia(m) estar afetando a atividade da enzima
dependente de Ca?" efou alguma possivel deficiéncia de cofatores de NOS nos
animais com EAE.

Na presenca de todos os cofatores essenciais de NOS (NADPH, FAD, CaM e
BH,), ndés observamos gue a atividade da NOS dependente de Ca®* presente em
homogenatos de MET de ratos com EAE, era restaurada aos niveis obtidos dos
animais do grupo controle, € que a atividade da NOS independente de Ca*" era
ainda semelhante entre ambos os grupos, apesar da tendéncia a aumentar no grupo
de animais com EAE, assim como um significative aumento de mRNA para iNOS
(Figura 15).

Estudamos entdo, a atividade da NOS dependente e independente de Ca* na
auséncia de cada um dos cofatores adicionados anteriormente. A omiss@o de FAD
no meio de incubacgio resultou em uma diminuicao da atividade da NOS dependente
de Ca™ proveniente de homogenatos de MET de ambos os grupos. Uma queda
significativa foi observada na atividade da NOS independente de Ca**, decorrente
da auséncia de FAD ou BHs no meic de incubacdo nos homogenatos de MET
provenientes dos animais do grupo controle. Por outro lado, nenhuma alteracéo
significativa foi observada na atividade dessa isoforma nas amostras provenientes
de animais doentes na omissio de qualguer um dos cofatores adicionados.

Tanto o FAD como o BH, s@o cofatores essenciais para a atividade funcionai

das NOS pois estdo envolvidos na transferéncia de elétrons nos dois passos da




biossintese do NO (Marletta, 1988: Marletta, 1993, Masters, 1994 Knowles e
Moncada, 1994, Stuher, 1897).

Nesse ponto, & muito Importante mencionar que resuitados prévios mostram que
citocinas pro-inflamatdrias estimulam a producdo de BH, em células endoteliais
(Katusic et al., 1998) bem como em células do musculo liso vascular (Hattori et &l
1998). Walter e col. (1998) mostraram que o TNF-o & o mais potente estimulo para
a sintese de novo de BH,.

Okuda e col. (1895) mostraram gue os niveis de mRNA e a expressao protéica
de INOS e de algumas citocinas pré-inflamatérias (IL-1q, IL-1B, IL-2, IL-8, IFN-y,
TNF-o. @ TNF-B) medidas no liquido cefalorraguidiano (lfguor) de ratos com EAE
foram positivamente correlacionados com o grau de severidade da doenca, Também
demonstraram que n&o ocorre alteracio nos niveis das citocinas imunorregulatdrias
(IL-4, IL-10 e TGF-B).

Em estudos com pacientes com EM, Johnson e col. (1995) além de encontrarem
altos niveis de nitrato e nitrito no liguor desses pacientes, também encontraram um
aumento nos niveis de neopterina, precursor da BH. quando comparados com
individuos normais.

Considerando-se esses resuftados e que a producdo de citocinas proé-
inflamatérias encontra-se aumentada em animais com EAE no pico de severidade
da doenga, nds podemos supor gue altos niveis de BH, endégeno em ratos com
EAE sao responsaveis pela falta de efeito observado na atividade de iNOS quando ¢
BH, exdgeno nao foi adicionado ac meio de incubagao (Figura 10).

Por outro lado, uma elevada atividade da glutationa redutase (um indice
empregado clinicamente para estimar os niveis de riboflavina presentes no
organismo) tem sido relatada em liquor de pacientes com EM (Calabrese et al.,
1994). De forma semelhante as observacdes feitas acima com relacdo a BH, , esses
achados clinicos poderiam explicar o motivo pelo qual a omissao de FAD exégeno
do meio de incubagdo nac teve efeitos significantes na atividade de NOS
independente de Ca** presente no cérebro de ratos com EAE, mas que em

contrapartida, inibiu em torno de 50% a atividade da enzima presente em cérebro de
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ratos coniroles (Figura 11). Contudo, nés nac tivemos uma explicacdo satisfatdria
para os efeitos da omiss&o desse cofator na atividade de NOS dependente de Ca®",
onde decrescimos semelhantes foram observados em ambos os grupos de animais.

Apesar da inabilidade de detectarmos a atividade da NOS independents de Ca*
em homogenatos de MET de animais com EAE (estagio i), altos niveis de nitrato
circulante, aumenio de mRNA para INOS e proteinas nitradas em residuos de
tirosina foram encontradas nesse grupo de animais, concluindo-se uma exacerbada
produgdo de NO em comparagdo com o grupo controle. Esta conclusdo, é reforcada
por relatos prévics qgue mostram altos niveis de produtos finais de NO em amostras
de soro de rato com EAE (Cross et al, 1887, Cowden et al., 1998; O'Brien ef
al.,1999) e em amostras de liguor coletadas de pacientes com EM (Yamashita,
1897, Giovannoni, 1988, Giovannoni et al., 1888).

Como mostrado na Figura 11, fanto homogenatos de MET como soro
provenientes de animais com EAE inibiram a atividade de NOS dependente de Ca*™ -
em menor grau do que o cbservado com amostras obtidas de animais controles. No
entanto, essas diferencas entre os dois grupos desapareceram quando as amostras
de homogenatos de MET ou soro foram desnaturadas por aguecimento.
interessantemente, esse processo de desnaturacdo foi efetivo na diminuicdo da
atividade de inibicdo para 08 niveis presenies em amostras de animais controles,
sugerindo assim, que niveis endogenos de inibidores de NOS presentes em ratos
controles encontram-se pelo menos diminuidos em ratos com EAE. Esses
resultados s&o, em principio, contraditdrios, considerando que a diminuicdo
significativa na atividade de NOS dependente de Ca®’, observada em ratos com
EAE, nao pode ser explicada em {ermos de deficiéncia de cofatores da enzima.
Dados de literatura descrevem que residuos de arginina em proteinas sdo metiladas
por uma familia de proteinas nomeadas de N-metiliransferases (PRMTs; Clarke,
1993). Essas enzimas catalisam a metilacao do nitrogénio do grupo guanidino da
arginina para produzirem N®-monometil-L-arginina (L-NMMA), N N®-dimetil-L-
arginina (dimetil-arginina assimétrica; ADMA) e N°N“-dimetil-L-arginina (dimetil-

arginina simeétrica, SDMA). Quando proteinas contendo esses residuos sofrem
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protedlise ocorre a liberacdo dessas metil-argininas livres (Kakimoto e Akazawa,
1970). As metil-argininas ocorrem endogenamente e elas t8m sido detectadas em
células imunes (Kimoto et al., 1993), em neurdnios (Ueno et al., 1992) e em plasma
humano (Vallence et al., 1992). L-NMMA & ADMA {mas na&o SDMA) s30 inibidores
nao especificos das trés isoformas de NOS e podem alterar a atividade da NOS
(Vallence et al., 1992). Elevadas concentracdes de ADMA t&m sido detectadas em
plasma de pacientes ou animais experimentais com hipertipidemia (Yu et al., 1994),
doengas renais (Vallence et al., 1992) ou com arteriosclerose (MacAliister et al
1994) bem como em pacientes com esquizofrenia {Das et al,, 1998).

1

Rawal e colaboradores (1995) demonstraram que o0s valores da excrecdo
urinaria de ADMA e SDMA provenientes de pacientes com esclerose multipla foi
20% menor dagueles obtidos dos individuos controles. De acordo comn essa yltima
observacao podemos, pelo menos em parte, justificar nossos achados, mas uma
interpretacéo fisioldgica conclusiva fica ainda por ser estabelecida.

O NO pode se combinar com o &nion superdxido para dar origem ao peroxinitrito
que & um forte oxidante e agente nitrante que pode promover peroxidagao lipidica,
nitracao de proteinas em residuos de tirosina e ainda gerar radical hidroxila que &
altamente toxico (Beckman et al., 1990). Dessa forma, o papel do NO no SNC fem
sido extensivamente estudado nesse modelo de esclerose multipla experimental,
embora, os resultados ainda n&c sejam conclusivos.

Foi Bagasra e col. (1996) que além de demonstrarem a expressao de mRNA
para iINOS em todos os cérebros de pacientes com EM examinados e no nos
cerebros nermais, mostraram também a presenga de protelnas nitradas em lesdes
da EM com anticorpe anti-nitrotirosina, co-localizando-se com o mMRNA da iNOS e
proteinas nessas celulas (macréfagos e microglia).

O NO pode causar danos em regides especificas de uma maneira dose-, tempo-
e sitio-dependente mas pode também contribuir significativamente, e talvez mais
importantemente, para uma atenuacdo do estado da doenca {para revisdo, vide
Wililenborg et ai., 1999). Pasquet e col. (1996) demonstraram que o peroxinitrito
pode atuar como um potente inibidor da sintese de NO, e que essa inibicao seria
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preferencialmente devida a oxidac8o de grupos sulfidrilas do gue a nitraggo de
residuos de tirosina da enzima.

Por outro lado, varios trabalhos ja demonstraram gue o NO pode causar inibigao
de sua propria sintese (Rogers e ignarro, 1992; Buga et al., 1893; Rengasamy &
Johns, 1993; Griscavage et al,, 1993; Assreuy et al,, 1983).

Estudos farmacologicos utilizande os inibidores de NOS também levam z
conciusdes contraditdrias sobre o papel do NO no estado clinico de animais com
EAE. Os primeiros estudos terapéuticos sugerindo uma funcdo do NO na EAE foram
realizados por Cross e col. (1994) e seus resuitados, foram mais tarde, confirmados
por Brenner e col. (1987). Esses autores, verificaram que a administracBo de
aminoguanidina (AG, inibidor especifico para iINOS) era capaz de previnir 0s sinais
clinicos causados pela EAE em camundongos SJL. Resultados semelhanies foram
obtidos em ratos por Zhao e col (1998). Esses resultados indicaram gue altos niveis
de NO produzido pela iINOS seriam fator patogénico no processo da EAE.

Por outro lado, Zielasek e col. (1895) demonstraram que a administracdo de
diferentes inibidores de NOS n&o tiveram nenhum efeito terapéutico significante
sobre a EAE em ratos. Ainda, esses autores mostraram que a AG agravou
"levemente" o estado clinico dos animais com EAE; observacgbes gue foram mais
tarde confirmadas por Cowden e col. {1998) empregando ambos AG & L-NMMA.
Reforcando essas conclusbes, outros autores também mostraram gque a
administracéo de inibidores de NOS n&o-seletivos, tais como L-nitro arginina metil
éster (L-NAME) e L-nitro metil arginina (L-NMMA, Ruuls e col, 1996), ou altamente
seletivo para a isoforma iNOS como o N-(1-iminoetil) L-lisina (L-NIL, Gold e col,
1997), tiveram efeitos clinicos negativos, sugerindo que os efeitos benéficos de NO
poderiam ser explicados com base em sua atividade imuno-supressora.

Portanto, a funcdo do NO na EAE, bem como na EM, ainda nao € bem
estabelecida. Dessa forma, os efeitos causados pela administracdo de gqualquer
inibidor de NO em animais com EAE devem ser analisados com muita cautela, uma
vez que poderdo ser futuramente utilizados no uso terapéutico em ciinicas para a
prevencac da EM humana.
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6. CONCLUSAO




Com base nos resultados apresentados, nés concluimos gue ocorre aumenio da
expressao da INOS durante estagios mais avangados da EAE, o qual seria
responsave! pelo aumento da producao de NO sistémico & a0 aumento dos niveis
de proteinas nitradas no SNC. Em paralelo a esses resultados, uma diminuicéo da
atividade de NOS constitutiva ocorre provaveimente devido a inibicgo pelo excesso
de NO/peroxinitrito formado, mas n&o devido a presenca de inibidores endégenos
ou a guaiquer deficiéncia de cofatores.

Por outro lado, se a atividade ex-vivo da NOS independente de Ca®" presente no
cerebro de ratos com EAE nao ¢ afetada pela omissao de ambos os cofatores FAD
e BHs e se a presenga de um inibidor circulante de NOS (termolébil) ndo foi
cbservada nesses animais, isso tudo poderia justificar um mecanismo fisioldgico
tendendo a potencializar a atividade imuno-supressora do NO derivado da iINOS.
Contudo, experimentos adicionais devem ser reslizados com a finglidade de
confirmar essa hipdtese.
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Effect of Tityus serrulatus scorpion venom on the rabbit isolated
corpus cavernosum and the involvement of NANC nitrergic nerve
fibres

Cleber E. Teixeira, Antonio C. Bento, Rodrigo A.B. Lopes-Martins, Simone A. Teixeira,
‘Vera von Eickestedt, Marcelo N. Muscar4, *Eliane C. Arantes, 2Jose R. Giglio, *Edson Anfunes &
Gilberto de Nucci

Department of Pharmacclogy, Faculty of Medical Sciences, UNICAMP, PO Box 6111, 13081970, Campinas (SP): "Arthropods
Laboratory, Butantan Institute, S8c Paulo (SP} and "Department of Biochemistry, Ribeirfo Préto Medical School, University of
Sdc Paulo, 14049, Ribeiro Preto {(3P), Brazil

1 The effect of Tityus serrulaius scorpion venom and its toxin components on the rabbit isolated corpus
cavernosum was investigated by use of a bioassay cascade,

2 Tityus serrulatus venom (3- 100 pg), acetyicholine (ACh; 0.3- 130 nmol} and glyceryl trinitrate (GTN;
0.5—10 nmol) dose-dependently relazed rabbit isolated corpus cavernosum preparations precontracted
with noradrenaline (3 uM). The selective soluble guanylate cyclase inhibitor 1H-{1,2,4] oxadiazolo [4,3,-
alquinoxalin-1-one] (GDQ; 30 M) increased the basal tone of the rabbit isolated Corpus cavernosum and
abolished the relaxations induced by the agents mentioned above. Methylene blue {30 um) also inhibited
the relaxations induced by Tiyus serrularus venom but, in conirast to ODQ, the inhibition was
irreversible.

3 The non-selective NO synthase (NOS) inhibiiors N®-nitro-L-arginine methy! ester (L-NAME; 10 #h)
and N-iminoethyl-L-ornithine (1-NIO; 30 umM) also increased the tone of the rabbit isciated corpus
cavernosum and markedly reduced both ACh- and Tityus serrulatus venom-induced relaxations without
affecting those evoked by (GTN. The inhibitory efiect was reversed by infusion of c-arginine (300 i),
but not D-arginine (300 uM). The neuronal NOS inhibitor i-(Z-trifluoromethylphenyl) imidazole (TRIM,
100 pm) did pot affect either the tone of the rabbit isolated corpus cavernosum or the relaxations
induced by ACh, bradykinin (Bk), Ziryus serridarus venom and GTN, TRIM was approximately 1,000
times less potent than L-NAME in inhibiting rabbit cerebellar NOS in vitro, as measured by the
conversion of [*H}-L-arginine to [*Hi-L-citruliine.

4 The protease inhibitor aprotinin (Trasylol; 10 ug mi~’) and the bradykinin B, receptor antagonist
Hoe 1[40 (D-Arg-[Hyp’, Thi®D-Tic’, Oic®]-BK; 50 nM) did not affect the rabbit isolated corpus
cavernosum relaxations induced by Tirvus serrulatus venom. The ATP-dependent K* channel antagonist
glibenclamide (10 uM) and the Ca’*.activated K* channel antagonists apamin (0.1 uM) and
charybdotoxin (0.1 uM) also failed to affect the venom-induced relaxations. Similarly, the K* channel
blocker tetracthylammonium (TEA; 10 uM) had no eflect on the venom-induced relaxations.

5 Capsaicin (3 and 10 nmol) relaxed the rabbit isolated corpus cavernosum in a dose-dependent and
non-tachyphylactic manner. Ruthenium red (30 uM), an inhibitor of capsaicin-induced responses,
markedly reduced the relaxations caused by capsaicin, but failed to affect those induced by Titvus
serrulatus venom. L-NAME (10 gM) had no effect on the capsaicin-induced relaxations of the rabbit
isolated corpus cavernosum.

6 The sodium channel blocker tetrodotoxin (TTX: i umM} abolished the relaxations of the rabbit
isolated corpus cavernosum induced by Tityus serrulgius venom without affecting those evoked by

capsaicin, ACh and GTN. Tetrodotoxin (1 uM) also promptly reversed the response to the venom when
infused during the relaxation phase,

7 The bivassay cascade of the toxin components purified from Tityus serrudatus venom revealed that
only fractions X, XI and XII caused dose-dependent relaxations of the rabbit isolated corpus
cavernosum and these were markedly reduced by either TTX (1 pM) or L-NAME (10 um).

8 Our results indicate that Tiryus serrulatus scorpion venom {and the active fractions X, X1 and XII)
relaxes rabbit corpus cavernosum via the release of NO. This release is specifically triggered by the
activation of capsaicin-insensitive cavernosal non-adrenergic non-cholinergic (NANC) fibres, that may
possibly be nitrergic neurones. Tifyus serrulatus venom may therefore provide an important tool for
understanding further the mechanism of NANC nitrergic nerve actjvation.

Keywords: Scorpion venom; nitrergic nerves: tetrodotoxin; non-adrenergic non-cholinergic nerves; nitric oxide; ODQ

Intreduction

Scorpion toxing have been extensively used to study the al., 1991; Rogowski e al., 1994; Vatanpour & Harvey, 1995
activation of both Na® {(Barhanin er al, 1982; Nagy, 1983; channels. Tityus serrulatus is the most dangerous scorpion of
Yatani ef al., 1988; Kirsch ef af, 1989) and K~ (Blaustein et the subfamily Tityinae because of the high toxicity of its venom
and its widespread distribution in populous urban centres of
southeastern Brazil (Bucher! & Diniz, 1978). The most
important symptoms of the human envenomation by Tityus

* Author for correspondence.
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serrufatus are intense local pain and an immediate local
burning sensation which mav last from 2 few minutes to
several hours. These symptoms may be accompanied by
autonomic dysfunctions (mydriasis, salivation, sphincter
relazation) and cardiovascular disorders characierized by
short-lived hypotension followed by 2 prolonged increase in
blood pressure, arrliythmia and bradycardia (Corrado er al.,
1974). Tityus serrularus venom is known to act on nerve
endings to stimulate the release of either acetylcholine (Gomez
et al., 1973; Gliveirz ¢z of., 1989, Vatanpour & Harvey, 19935)
of catecholamines {Corrado ef af., 1974; Moss er ol 1974;
Langer e al, 1975} from dificrent organs and tissues.

Interestingly, the venom of the African scorpion Leiurus

guinguestriaius quinguestriatus relaxes the rat isolated anoeoc-
cygeus muscle via nitric oxide (NO) release, possibly due 1o
persistent depolarization of peripheral non-adrenergic non-
cholinergic {NANC) nerves (Gwee ef al., 1995). Since NANC
nerve stimulation causes corpus cavernosum relaxation
{Ignarro 21 al, 19909, we have investigated the effects of
Tiryus serridatus scorpion venom on the rabbit isolated COTpUS
CAVETNOZUM,

Methods
Rabbit corpus cavernosum preparation

Male New Zealand whits rabbits (1.5-2.5 kg, provided by
CEMIB-UNICAMP) were anassthetized with pentobarbitone
sodium (Sagatal, 30-40 mg/kg™’, iv.) and exsanguinated via
the carotid artery, Folloéwing penectomy, the rabbit corpus
cavernosum was dissected in the Krebs solution and cleared of
the tunica albuginea and surrounding tissues. Strips of rabbit
isolated corpus cavernosum were superfused in a cascade
system (Vane, 1964) with warmed (37°C) and oxygenated
(95%0; + 5%CO;) Krebs solution at a How rate of
Smlimin™'. The tissue. responses (tension of 2.5 ) were
detected with auxotonic levers attached to Harvard heart/
smooth muscle isotonic. transducers and displayed on a
Watanabe multichannel pen recorder (model WTR 381}, After
& 60-90 min period of equilibration, rabbit isolated’ corpus
cavernosum strips were precontracted with noradrenaline
(3 pp) in order to increase the basal tone. The lissues were
continuously infused with indomethacin (5.6 M) to inhibit the
generation of cyclo-oxygenase products.

Tityus serridatuy venom and _ot_her substances {glyceryl
trinitrate, acetylcholine, bradvkinin, substance P, vascactive
intestinal peptide, calcitonin gene-refated peptide, cromakalim
and capsaicin) were ‘administered as single bolus injections
{10-50 ul). Nenitro-L-arginine methyl ester (L-NAME), D-
NAME, L-arginine, p-arginine, NC-iminosthyl-L-ornithine {1~
NIO), I-(2-trifluoromethylphenyl) imidazole (T RIM), 1H-
{1,2,4] oxadiazolo [4,3-alquinoxalin-1-one} (ODQ), aprotinin
{Trasylol), Hoe 140 (D-Arg-[Hyp®, Thi’,nTic’.0ic*-BK), apa-
min, charybdotoxin, glibenclamide, ruthenium red, methviene
blue, atropine, tetraethylammonium and tetrodotoxin were
infused over rabbit isolated corpus cavernosum tissues 20 min
before and during a bolus injection of the appropriate agonists.

Effect of 1-NAME and TRIM on rabbit cerebelium nitric
oxide synthase activity in vitre

The in vitro actions of .both .L-MAME - and TRIM  were
studied in.a rabbit cerebelium homogenate by méasuring
their ability to ‘inhibit the conversion of PHYLdrginine to
{%{}L-ﬁézmﬂine-_ ag:described by Forsterinann ef a[.,'{l%%?g.z

Briefly, the rabbits were anaesthetized with sodium pento-
barbitone {(Sagatal; 40mgkg™', iv.), the cerebella were
rapidly removed and homogenized in five volumes of cold
incubation: buffer (50 mum Tris-HC! buffer, pH 7.4y conlaining
I mm PMSF and | mM L-citrulline, The homogenates were
incubated for 30 min in the presesce of 1 rmn NADPH,
2 mm CaCl; and 10 mM L-arginine containing 100,000 d.p.m.
of {2,3,4,5"Hl-L-arginine monchydrochloride at room tem-
perature (25-27°C). The NGS inhibitor, L-NAME or TRIM
was thén added to the homogenates to give a . final
concentration of 10 nv—3 mu. The protemn content of the
samples was determined according to the method of Peterson
{1977 and the activities of cerebellar NOS age expressed as
pmol L-citrulline produced min~' mg™! protein. The reduc-
tion in L-citrulline production caused by the inhibilors was
expressed as a percentage of the maximum activity. From the
semi-log  concentrationeactivity  curves,  the  valuss of
vl —logw of the molar concentration of inhibitor that
causes 0% inhibition) were cajculated.

Purification of Tityus serrulatus venom

Dried whole venom (400 mg) dissolved in ammonium
bicarbonate buffer (0.01 M, pH 7.8) was purified with a
25=670 cm column of ChM-cellulose-32 as previously
described  {Arantes er al, 1989). The resulting  pools,
designated fractions I-X1I!, were then directly Iyophilized,
wetted and again Iyophilized until complete removal of the
sait. All of these fractions were assaved in the rabbit isolated
corpus cavernosum bioassay cascade, The doses of all fractions
used to carry out the bioassay cascade were previously
determined by calculating the extinction coefficient {z) of each
fraction. This coefficient gives the protein content mgmi~Yin
a given absorbance. Usually, it is presented as the fraction
absorbance which coatains 1 mg ml~" protein.

Drugs and Tityus serrulatus venom

The venom of Fityus serrulaius was provided by the Butantan
Institute (Sdo Paulo). The crude venom (ot no. 041088) was
obtained by electrostimulation of the telsons of scorpions in
captivity and was lyophilized and stored at —20°C.

Acetylcholine, apamin, aprotinin, atropine, D-arginine, L-
arginine, bradykinin, calcitonin gene-related peptide, capsai-
¢in, charybdotoxin, cromakalim, glibenclamide, indomethacin,
methylene blue, N*-nitro--arginine methyl ester {(D-NAME),
N®-pitro-t-arginine methyl ester (L-NAME), noradrenaline,
ruthenium red, substance P, tetraethylammonium, tetrodotox-
in and vasoactive intestinal peptide were obtained from Sigma
Chemical Co. (St. Louis, MO, USA) N%iminoethyl-L.
ornithine (L-NI(Q) was bought from Research Biochemicals
International (Nattick, MA; US.A). Giyceryl  trinitrate
{ampoules containing ! mgmi™' in isotonic saline) and
pentobarbitone sodium (Sagatal) were acquired from Lipha
Pharmaceuticals (London, U.K.) and May & Baker (Dagen-
ham, Essex, U.K.), respectively. Hoe 140 (D-Arg-[Hyp®, Thi*.p.
Tic’,0ic*-BK) was a gift from Hoechst AG {Frankfurt,
Germany). 1-(2-Trifluoromethylphenyl} imidazole (TRIM)
and 1H-{1,2.4] oxadiazolo [4.3,-alquinoxalin-1-one} (ODQ)
were obtamed from Tocris Cookson Ine. (St Louis, MO,
US.A). PHlL-arginine was purchased from Amersham
International (U.K.).

Tityus sérrulatus venom and test agents were stored in stock
solution at —20°C and then diluied with isotonic sajine
{0.9% wiv) when assayed in the rabbit isclaled £OTpUS
cavernosum strips.
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The vemposition of the Krebs solution was (in mm): MaQl
118, MNaHCO; I5, glucose 5.6, KCl 47, KH.PO, 1.2,
MgS3G,7H0 1.17 and CaCLEH,D 2.5

Statisiical analysis

The relazations induced by Fiyus serrudatus venom and other
agenis were oxpressed relative 1o the submazimal relaxation
induced by GTN, which was taken to be 100%. The resulis are
shown as the meanzts.emean of » experiments. Analysis of
variance and Student’s paired ¢ test were emploved to evaluate
the data. A P value less than 0.05 was considered to indicate
significancs.

Results

Involvement of nitric oxide (NQ) in the rabbit corpus
cavernosum relaxations induced by Tityus serrulatus
Venom

Tiryus serrvlatus venom {3 - 100 ug), acetvicholine (ACh; 8.3
30 amof), bradykinin {BK: 0.2- 10 nmol) and givceryi irini-
trate {GTHM; 0.5~ 10 nmol) caused dose-dependent relaxations
of the rabbit isolated corpus cavernosum strips (not shown;
n=12 each]. The infusion of 1H-[1,2.4] oxadiazolo 14,3-
alquinoxalin-1-one] (ODQ: 30 umM, n=4), 2 selective inhibitor
of NO-stimulated soluble guanylyl cyclase activity, abolished
the relaxations induced by ACh (0.6 nmol; 66+ 18% before
and 110.5% dusing ODQ infusion; <0.91), BX (10 nmol;
49+ 10% before and 0.0% during ODQ infusion; P<0.01)
and Tiryus serrularus venom (30 ug, 85+4% before and
5+1% during 0ODQ infusion; P<000). The GTN
{1.3 nmol)-induced relaxation was also significantly reduced
by ODQ (98+1% inhibition; P<0.01). The relaxations
evoked by these agents were greatly restored 15 min after the
ODQ infusion had stopped {P < 0.01; Figure 1). An infusion of
methylene blue (MB; 30 uM, n=4) significantly reduced the
relaxations induced by ACh (0.6 nmol; 87+ 3% before and
374+ 11% during MB infusion; P<0.05} and Tityus serrulatus
venom (10 pg; 9615% before and 331£10% during MB
infusion; P<0.61). The GTN (1.3 nmol)-induced relzxation
was also significantly reduced by MB (32+11% inhibition;
P <0.05). However. in contrast to ODQ, the inhibitory effect
of MB was irreversible {not shown).

The infusion of D-NAME {10 uM, n=3) did not affect
either the basal tone of the rabbit isolated COTPUS Cavernosum
tissues or the relaxations induced by either ACh (0.6 nmoi;
130 % 18% before and 107+ 14% during D-NAME infusion)
or Tityus serrulatus venom (30 ug; 113+16% before and
87418% dusing D-NAME infusion). However, the subse-
quent infusion of L-NAME {10 up4, n =256} further increased the
tone of the rabbit isolated corpus cavernosum tssues and
markedly reduced both ACh- (0.6 nmol: 1074 14% before and
1728% during L-NAME infusion; £<0.01) and Tityus
serrulatus venom-induced relaxations {30 pg 87 + 18% before
and 13:7% during 1-NAME infusion; FP<8.01) without
affecting those evoked by GTN. Infusion of {-arginine
{300 i, n=46), but not p-arginine (300 pu, n=35}, partially
reversed the increased tone and significantly restored the
relaxations induced by ACh (0.6 nmol; 17+8% before and
80+13% during L-arginine infusion; P<001) and Fityus
serrulatus venom {30 ug; 13+ 7% before and 75+ 12% during
L-arginine infusion; < 0.0}

Similarly, the NO synthesis inhibitor N%iminoethyl-L-
ornithine {1-NIO; 30 um, n=5) increased the tone of the
rabbit isolated corpus cavernosum and significantly reduced
the relaxations induced by both ACh 0.6 nmol; 143+27%
before and 24+6% dunng L-NIO infusion P01} and
Tiyus serrvlamus venom (30 pg 171426% before and
35+ 10% during 1-NIO infusion; P<0.01). At this dose, L-
NIC had no significant effect on the GTN-induced relaxations.
The subseguent infusion of L-arginine (300 M, 7= 5)
significantly restored both the increased tone and the rabbit
isolated corpus cavernosum relaxations induced by ACH
(10 29%; P<0.01) and Tityus serrulatus venom (1154 17%;
F<G.01) (Figure 2).

TRIM  (1-(2-trifluoromethyiphenyl) imidazale; 100 umM,
n=4) had no effect on the rabbit isolated corpus cavernosum
relaxations induced by Titvus serrwlatus venom {30 ug;
£ 6% before and 85+4% during TRIM infusion), ACh
{0.6 nmol; 66+18% before and 66+18% during TRIM
infusion), BK (10 nmeotl; 48+ 11% before and 494 11% during
TRIM infusion} or GTN (1.3 nmol).

In vitro NO synthase g’NOS) activity
The maximum NOS activity in the homogenates (in the

absence of any inbibitor) was 5.96+0.3f pmo! L-citruiline
min~' mg~' protein (n=3). When Ca®* was omitied from the

CDQ 30 um 4 min

Yol ase’s

GTN 12

ACh 0.6

Bk 10

TSV 30

Figure 1

1.3 1.3 nmel
06 05 nmol
‘i:’.) {0 nmel

30 3 ug

Inhibition by ODQ (30 um) of the rabbit vorpus cavernosum (RbCC) relaxations induced by acetylcholine {ACH;

0.6 nmol) and Tiryus serrulatus venom {TSVY: 30 ug). The infusion of OD4 increased the tone of the tissues and virtually abolished
the relaxations induced by the above agonists. After the ODO infusion had ended, the relaxations were greatly restored. Thisis a

representative tracing of four experiments. Bk, bradykinin a3
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incubation media, the conversion of L-arginine fo L-citrulline
was inhibited by mors than 90%, thus confirming that the
enzymatic activity measured in the homogenates was due (o
calcium-dependent NOS, From the conceniration vs NOS
activity curves, the pl, values derived were 3.17+0.76 and
26249018 for L-NAME and TRIM, respectively (n=3).

Lack of effect of aprotinin, Hoe 140 and atropine

The protease inhibiter aprotinin (Trasylel 10 ug mI~ Y did not
significantly affect the rabbit isolated corpus cavernosum
relaxations induced by either ACh (n=4) or Tityus serrulatus
venom (n=4; Table 1).

The siable bradykinin B, recepior antagonist Hoe 140
{50 nmj, #=15} virtually abolished the BK (10 nmol-induced
relaxations (P<0.01) without affecting those induced by
Tityus serrulatus venom {10 pg; Table 1),

The muscarinic receptor antagonist atropine {1 um. 7 == 5)
significantly reduced the ACh (0.6 nmol)-induced relaxation
{#<0.01) but had no effect on those induced by either BK
(10 nmol) or Tityus serrulaius venom {10 ug; Table 1).

Effect of K* channel blockers

The ATP-dependent K7 channe! agonist cromakalim (10 and
30 nmol} caused dose-dependent (51 £9 and 954 19% relaxa-
tiom, respectively; n =206} and long-lasting corpus cavernosum
refaxations. Figure 3 shows that an infusion of the ATP.
dependent K channel antagonist glibenclamide (10 um, n= 6}

significantly reduced the cromakalim {30 nmol)}-induced
relaxations without alfecting those induced by either ACH
(0.6 amol) or Tityus serrufatus venom (10 ung; Table 2 and
Figure 3). In contrast, the cromakalim (30 amoi-induced
relaxations were not significantly affected by L-NAME (30 umMm;
30+6% before and 27+ 4% during L-NAME infusion, n=4).

The Ca®*-activated K* channel blockers apamin (0.1 u», . .
#= &3 and charybdotoxin (0.1 uM, n=46) also had no significant
effect on the rabbit isolated corpus cavernosum relaxations
induced by ACh, BK, cromakalim and Titpus serrufatis venom
{Table 2). In addition, the K~ channe! blocker TEA {10 M,
7 =4} failed to afiect ACh-. cromakalim- and Tityus serrulaius
venom-induced relaxations (Table 2). Al these concentrations,
glibenclamide, apamin, charybdotoxin and TEA had no effect
on the GTN-induced relaxations (not shown, 2= 6).

Irvolvement of NANC mechanisms

Bolus injections of capsaicin {3 and 10 nmol) over the rabbit
isolated corpus cavernosum tissues induced dose-dependent
and non-tachyphylactic relaxations (n=6) with a similar
patiern t¢ that induced by Tirpus serruiaius venom and other
agonists. The infusion of ruthenium red (RR; 30 1M, n=6) did
net significantly affect the relaxation induced by ACh
(0.6 nmol; 88+20% before and 831 13% during HR
infusion}, BK (10 nmol; 49+9% before and 55+ 8% during
RR infusion) and Tiryus serrdatus venom (10 gz Bi+17%
before and 68+ 16% during RR infusion). At this dose, RR
markediy reduced the capsaicin-induced relaxations {Figure 4).

L-NIO 30 um -Arg 300 um 4 min
GTN 13 13 1.3 nmol
ACh 0.6 06 05 nmal
TSV 100 100 100 K9

Figure 2 Effects of N"-nitre-imino-t-ornithine (1-NIO, 10 uM) and L-arginine (
{RbCC) strips. The infusion of L-NIO increased the RbCC tone and reduced the

0.6 nmeol} and Tityus serridatus venom (TSV; 100

L-Arg; 300 um) on rabbit corpus cavernosum
refaxation induced by both acetylcholine {(ACh;

ug). The relaxations induced by glyceryl trinitrate (GTN; 1.3 nmol) were not

significantly affected by the -NIO infusion. Subseguent infusion of L-Arg reversed the increased RbCC tone and also partiaily

restored the relaxations induced by ACh and TSV,

Table T Effect of aprotinin (10 ug mi™ ). Hee 140
induged by acetylcheline (ACh; 0.6 nmol).

This is a representative tracing of six experiments.

(506 nM) and atropine (1 um) on the rabbit corpus cavernosum (RbCC) relaxations
bradykinin (BK; 10 nmol) and Titvus serrulones venom {TSV, 10 ug)

RbOCC reloxations (% )

ACh BK TSV
Treatmeni Control Treated Control Treated Control Treated
Aprotinin 41416 148 4- 46 ND NG 84423 62+ 34
Hee 140 ND ND 88455 t6 9% 98+ 11 95410
Atroping HT+7 104 4% 3649 66+ 18 23410 80+¢6

Aprotinin. Hoe 140 and atropine were infused over the RBOC tissues at a flow rate of 0.1 mi min~ ' for at least 20 min before injection

of the agonists. The RbCC relaxations induced by ACh, BK and TSY were expressed (mean
swbmaximal relaxation induced by glyceryl trinitrate which was taken to he H0%. N

respective control,

24

+semean, =4~ 5 relative to the
D. not determined. * P<0.01, compared to the
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The bolus injection of substance P (8P, 0.73 and 2.2 nmol}
had no effect on the rabbit isolaied corpus cavernosum tssues
(=4, not shown), although higher doses {7.5 nmol) svoked a

Valaliee
l/

=

&
GTN 1.3
2
ACh 0.8
2
CMK 20
L
TSV ®

short-fived contraction {10.5£3%, n=4} of the nssues. in
doses up to 2 nmol, calcitonin gene-related pepiide ({CGRP)
had no significant effect on the rabbit isolated corpus

Glibenciamide 10 um 4 min

® nmol
1.3
® amol
¢.5
L)
30 nmoi
-
10 ug

Figure 3 The ATP-dependent B channel antagonist glibenclamide (10 pwm) virtually abolished the rabbit corpus cavernosum
(RpTC) relaxation induced by the K7 channel opener cromakalim (30 nmol} without affecting that induced by Titpus serrulafus
wvenom (10 gg). The RbCC relaxations induced by acetylcholine (ACh; 0.6 nmol) and glycery! trinitrate (GTIN, 1.3 nmol) were also
not affected by glibenclamide. This is a representative tracing of six experiments.

Table 2 Lack of effect of K” channel blockers on the rabbit corpus cavernosum (RbCC) relaxations induced by acetylcholine (ACh;
0.6 nmol), bradykinin (BK; | nmel), cromakalim (CMK; 30 mnol) and Tiryus serrufatus venom (TSV; 10 pg)

RECC relaxations (%)

Glibenclamide Apamin Charybdotoxin TEA
Agents Control Treated Control Treated Control Treated Control Treated
ACh H2+11 G988 99+7 90+8 107+ 18 1004+ 2C 64413 80+ 11
BX ND ND 4743 48413 4449 43416 ND ND
CMK 95+19 i14+6* 57+15 £7 421 ND ND 4848 46413
TSV 25411 102411 83+13 88+ 11 84+ 20 87+ 19 GO+ 69+14

Glibenclamide (10 um), apamin (0.1 pn), charybdotoxin (0.1 #M) and tetracthylammoniom (TEA, 19 uM) were infused over the RbCC
tissues at & flow rate of 0.1 mi min ™" for at least 20 min before injection of the agonists. The RbCC relaxations induced by ACh, BK
and TSV were expressed (mean +s.e.mean, n= §) relative to the submaximal relaxation induced by glyceryl trinitrate which was taken to
be 100%. ND, not determined. * P<0.05 compared to the tespective control.

a

Y VY e

Ruthenium red 30 um

T

o> o
GTN 1.3 1.3
ACh 0.6 0.6
Cap ; 10 5
VS 30

Tetrodotoxin 1 um 4 min
ueannst
@
1.3 nmol
-]
0.6 nmol
& @& &
10 3 10 nmaol
B L
30 30 ug

Figure 4 Effects of ruthenium red and tetrodoioxin on rabbit corpus cavernosum (RbCC). The infusion of ruthenium red (30 pm)
over the second tissue {b) markediy inhibited the capsaicin-induced RbCT relaxations, without affecting those evoked by Tityus
serrufatus venom. The sodium channel blocker tetrodotoxin (I pm} infused over both tssues abolished the RbCC relaxations
induced by Triyus serrularus venom {TSV, 30 pg), but had no effect on those induced by capsaicin {Cap: 3 and 10 nmoi),
acetylcholine {ACh; £.6 nmol) and glyceryl trinitrate {G?géiﬁ nmot}). This & a representative tracing of six experiments.
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cavernosum Ussues (=4, not shown). Bolus injection of
vasoactive intestinal peptide (VIP: 0.6 and 2 nmol} caused
small relaxations (84:2.5% and 19+4%, respectively). The
VIF (2 nmolj-induced rtelaxations were not significantly
affected by L-NAME (10 uM; 162 6% before and 144+ 5%
during L-NAME infusion; n=4, not shown).

Effect of the sodium channel biocker tetrodotoxin

An infusion of leirodotoxin (TTX; 1 M. n=6} virwally
abolished the Tirvws serrulotus venom {30 pg)-induced relaxa-
tions {66+ 9% before and 442% during TTX infusion; P<
0.01). At this concentration, TTX did not affect either the tone
of the rabbit isolated corpus cavernosum tissues or the
relaxations induced by capsaicin (i0 nmol; 7t +6% before
and 68+£6% during TTX infusion, #=83, BK {10 nmel:
7519% before and 7347% during TTX mfusion), ACH
(0.6 nmol; 78+ 1% before and 90+ 10% during TTX infusion}
and GTN (1.3 nmol) (Figure 4). In addition, the established
retaxations by Tiryus serrulatus venom were promptly reversed
by the same concentration of TTX (Figure 3.

Bivassey cascade of fractions purified from Tityus
serrufatus venom

The bicassay cascade of the fractions L.XI}] revealed that
fractions I-IX and XII (up to 80 #g} had no effect on the
rabbit isolated corpus cavernosum tissues {not shown: n=6.
In contrast, fractions X {1.2~12 #gy XK1 (1.4- 14 ug) and Xl
{110 ug) caused dose-dependent relaxations. These fractions
corresponded to 4.01, 3.58 and 2.97% of whole venom,
respectively. Tityus serruforus venom (30 pg; n=8) caused
65 4 8% whereas fraction X (3.8 ug. n=38), fraction XI (4.2 ug.
n=8) and fraction XII (3.0 ug, a=8) caused 44+8%.
S6212% and 54+10% of relaxation. respectively. The

4 min

v \g

TTX T um

GTN 1.3 nrmol
ACh 98 nmol
TSV 30 ug

Figure 5 Infusion of the sodium channel blocker tetrodotexin {ITH,
1 um} over the second tssue protmptly reversed the established RECC
relaxation induced by Tiryus serrularus venom {T8Y: 30 ug). Thisis a
represeniative tracing of four experiments. o5

infusion of sither L-NAME {10 g, n=4) or TTH (1 pM;
n=4) reduced by >9%0% the relaxations of rabbit izolated
corpus cavernosum induced by these fraciions.

Discussion

Our resulis indicate that Tityws serrdatus scorpion venom
relaxes the rabbit corpus cavernosum via the release of NQ.
The involvement of NO was confirmed by the findings that the
non-specific NOS inhibitors L-NAME {(Moore er al., 1989) and
L-NIO (Rees er afl, 1950) markedly reduced the Tirpus
serrufatus venom-induced relaxations and that this inhibition
was reversed by L-arginine (but not D-arginine). Methylene
blue (Gruetter e al, 1981; Rapoport & Murad, {983) and
ODQ (Garthwaite of ol 1995}, inhibitors of soluble guanylate
cyclase, alse markedly reduced the refaxation induced by
Tityvus serrulatus venom, further supporting the involvement of
NO. In contrast to MB. the inhibition by ODQ was reversibie,
Whether this finding reflects a weaker binding of the inhibitor
to soluble guanylate eyclase remains to be established.

NO activates Ca®' -dependent K * channels in rabbil aorta
{Bolotina ¢7 al., 1994}, Cromakalim rejaxed the rabbit isolated
corpus cavernosum and this effect was selectively blocked by
ghibenclamide, indicating the presence of functional ATPE-
dependent K channels in the ereciile tissue However, the
finding that Tiryus serrulaius venom-induced relaxations were
not aflected by either the Ca'*-dependent K* chanmel
antagonists, apamin (Burgess e al., 1980) and charybdotoxin
{Gimenez-Gallego et af.. 1986), or by glibenclamide, excludes
the involvement of these K channels in the venom
transduction mechanism. The failure of TEA to affect
venom-induced relaxations further supports the conigntion
that K* channels do not play a role.

Similar to the scorpion venom, Phoneurria aigriventer spider
venom aiso refaxes rabbit isolated €orpus cavernosum via the
release of NO. However, this release is secondary to tissue
kallikrein activation {Lopes-Martins et al., 1994). Since neither
the protease inhibitor aprotinin {Vogel & Werle, 1970) nor the
BK antagonist Hoe 140 (Wirth et al., 1991) affected the Tiryus
serrulatus venom-induced relaxation, we may rule out this
intermediate step in NO release.

The erectile tissues from different amimal species are
mmnervated by both adrenergic excitatory and cholinergic
infiibitory nerve fibres (see Andersson & Wagner, 1995). The
failure of the muscarinic receplor antagonist atropine to affect
the Tityus serrutatus-induced relaxations indicates that the
venom does not act either by activating cholinergic fibres nor
through the presence of ACh-like substances in the venom
itself,

The erectile tissues are also richly innervated by NANC
inhibitory nerve fibres (Giltespie, 1972; Klinge & Sjostrand,
1974} and this is believed to play a pivotal role in the neural
mechanisms involved in penile erection through the release of
NO {dgnarro er al., 1990: Pickard es al., 1991 Kim et ol., 1991;
Rafer er af, 1992). Thus, the potential sources of NO
production in the rabbit isolated COTpUs CAVErnosum prepara-
tion employed in this study are both NANC neurenes and the
endothelium, which covers the network of sinusoidal
capillaries supplying the cavernosal tissue.

The classical sodium channel blocker tetrodotoxin specifi-
cally inhibited the Tiryus serrulzius venom-induced rabbit
isolated corpus cavernosum relaxations, strongly indicating
that NO release by the venom is preceeded by nerve activation,
possibly involving the NANC system. Indeed, the addition of
Tityus serrulatus venom {or tityustoxin} 1o the peripheral cut
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end of either sciatic or saphencus nerve of the ral releases a
neurogenic permeability factor from sensory fibres, which is
responsible for the increase in vascular permesability and
oedema formation in the areas supplied by the nerves (Garcia-
Leme ¢t al., 1977}

NANC activation leads to the release of neuropeptides such
as substance P, CGRP and VIP. Capsaicin, a substance known
to activate primary sensory neuronss (fancsd e af, 1977)
causes the release of these neuropeptides from NANC
terminals in different tissues {Holzer, 1991}, However, it is
unlikely that the venom activates NANC primary sensory ©
fibres to cause the release of nesuropeplides. since bolus
injections of substance P and CGRP were unable 1o relax
rabbit {solated corpus cavernosum tissues whereas VIP caused
small relaxations. The observation that capsaicin caused NQO-
independent and tetrodotoxin-insensitive relaxations rein-
forces the concepi, thal rabbil isolated corpus cavernosum
relaxation by Tifyus serrulatus venom does not result from the
activation of capsaicin-sensitive sensory neurones. Further-
more, ruthenium red, an inhibitor of capsaicin-induced
stimulation of sensory neurones {Buckely er al,, 1990: Amann
& Maggi, 1991), markedly reduced capsaicin-induced relaza-
tions but fafled o affect those induced by the venom. The
mechanism by which capsaicin relaxes the rabbil isolated
coTpus cavernosum is nol yet clear but it may involve a direct
vasoreiaxing effect on the cavernosal tissues, independent of
both endothelium and nerve stimulation,

We propose therefore that Firpus serrwlanus venom acis
selectively on NANC fibres, possibly nitrergic neurones. and
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Absiract

Chronic administration of the nitric oxide {NO) synthesis ishibilor N"-nitro-L-arginine methyl ester (L-NAME) to rals causes
hypertension and morphological abnormalities in the heart, consisting mainly of ventricular hypertrophy and foci of necrosis and fibrosis.
Since these phenomena have usually been described with high {or moderate} doses of L-NAME, this study was undertaken to evaluate the
effects of a low dose of L-NAME on arterial blood pressure, heart weight index. left ventricular weight index. amount of ventricular
fibrosis, and cardiomyocyte size. Male Wistar rats received L-NAME (7.5 mg /kg per day) in the drinking water for 2. 4, and 6 months,
whereas coatrol animals received tap water alone. At this dose, L-NAME caused 90% inhibition (P < 0.001) of brain NO synthase {N0OS)
activity. The chropic L-NAME treatment caused an approximately 15% reduction in body weight of the animals, and no death was
observed. The tail-cuff pressure was markedly (7 < 0.01) elevated in 1-NAME-treated rats. A significant { P < 0.05) reduction in both
heart weight index (13-20% decrease) and left ventsicular weight index {20-34% decrease) at 2. 4. and 6 months of treatment was
observed in L-NAME-treated rats. The cardiomyocyte size in subendocardial, subepicardial, and mudmyocardial regions of the left
ventricles was time-dependently reduced, irrespective of the region studied. as measured at 2 (11% decrease), 4 {28% decrease.
P < 0.05), and 6 (45% decrease, P < 0.05) months of chronic L-NAME treatment. The amount of fibrous tissue was uraltered at 2 and 4
months, but a small (but significant) increase in the amount of fibrous tissue was detected at 6 months {7.1 £ 0.2 %, P < 0.05) compared
to that of control animals (3.9 & 0.2%). Our results show that chronic treatment of rats with 2 fow dose of L-NAME for prolonged periods
{up to 6 months) causes arterial hypertension accompanied by significant reductions in heart weight, left ventricular weight indexes, and
cardiomyocyte size. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction iopathological changes mediated by NO in different rat
models (see Zatz and Baylis, 1998).

Nitric oxide (NO) plays a major role in modulating The cardiovascular studies, in which rats ingested i-
regional blood flow and arterial blood pressure in different NAME daily, mainly used relatively high (70-250 mg
animal species, including humans (Moncada et al., 1991), kg™' day ') or moderate {(40-50 mg kg~ day ') doses
Former studies reported that daily administration of NO of NOS inhibiters for a period of time varying from 1 to 8
synthase (NOS) inhibitors such as N“.nitro-L-arginine weeks. Using this range of doses. hypertension induced by
methyl ester (L-NAME) caused marked and sustained arte- chronic L-NAME intake may be accompanied by marked
rial hypertension in rats (Baylis et al.. 1992; Ribeiro et al., pathotogical changes in both heart (Jover et al., 1993:
1992). A number of subsequent stuches reported the use of Rhaleb et al., 1994. Moreno-Jr et al., 1995, 1996} and
profonged ingestion of NOS inhibitors to evaluate phys- kidney (Fujihara et al., 1994}, as weli as in arterial vessels

{Delacretaz et al., 1995; Numaguchi et al., 1995; Babal et
al, 1997; Chillon et al. 1997, Moreau et al., 1998). In the
heart, morphological abnormalities consist mainly of ven-
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K-Laflamme et al,, 1998; Luvara et al,, 1998). However.
the mechanism by which these alterations take place in the
heart is unciear. Although concomitant ingestion of antihy-
pertensive agents prevents L-NAME-induced hypertension,
the resulting hypertrophy and cardiac lesions can either be
unaltered (Moreno-Jr et al., 1995} or attenuated by these
agents (Numagachi et al,, 1995; Oliveira et al., 19959 The
purpose of this study was to further understand the rela-
tionship between high levels of biood pressure, changes of
cardiomyocyte size, and ventricular fesions in response (o
chronic 1-NAME treatment. We therefore treated rats
chronically with a low dose of L-NAME (7.5 mg kg~
day~ '), and evaluated hypertension, heart weight index,
left ventricular weight index, ventricular fibrosis. and car-
diomyocyte size after 2, 4, and 6 months of treatment.

2. Material and methods
2.1 Animals

Male Wistar rats {approximately 150 g at the beginning
of the study) were provided by the Central Animal House-
State University of Campinas (CEMIB-UNICAMP). The
animals were maintained under light and temperature-con-
trolled conditions (12 h day /12 h night, 25°C) and were
fed with 2 standard chow (Nuvilab CR-1®, Nuvital Nutri-
entes, Curitiba, Brazil). All experiments were in accor-
dance with the guidelines of the UNICAMP for animal
care.

2.2. Treatment of the animals with 1-NAME

The chronic treatment with L-NAME was performed as
previously described (Ribeiro et al,, 1992). The animais
received L-NAME dissolved in the drinking water to give a
daily dose of 7.5 mg kg "' day~'. The animals were killed
at 2 {n=10), 4 (n=10), and 6 (n = 15) months after
treatment. Control animals receiving tap water alone were
used alongside each experimental group (# = 10-15). The
concentration of L-NAME in the water would give a total
amount of 2 mg rat™' day™'. This was maintained con-
stant; so in the beginning, the rat would have a higher
intake than 7.5 mg/kg (first 2 months) and at the end of
the experiment (last month), the total dose would be
slightly lower than 7.5 mg/kg. The concentration in the
water was caiculated by our previous experience in the
daily intake of water per rat.

2.3. Cardiac weight indices

At the end of the study. the animais were killed with an
overdose of sodium pentobarbital (Sagatal®). and the heart
was dissected out and washed with saline (0.9%, w V&)
The hearts were fixed in a 10% formalin for 24 h. Heart
weight was obtained by the removal of both atria, and left
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ventricular weight was determined by excising the right
veniricle and weighing the remaining tissue. Finally, heart
weight and left ventricular weight indices were calculated
by dividing heart weight and left ventricular weight by
body weight measured in the last week of treatment.

2.4. Stereological procedures

Stereological analysis was performed according 1o the
method described by Aherne {1970). For this procedure,
formalin-fixed left ventricle and septum were cut into five
equidistant rings perpendicular to the fong axis of ihe
veniricle. The rings were then embedded in paraffin, and
S-prm sections were stained with Masson’s trichrome.
Analysis of the slides was performed blindly using a light
microscope {Zeiss, Germany), and the relative volume
occupied by each element of the ventricle {myocardial
fibers and fibrous tissue) was measured with a special
ocular containing a Z5-point reticulum (five parailel lines
with five poimss each, kp! § X, Zeiss). For counting. 30
microscopic fields were evaluated and the relative volume
(Ppi) occupied by each component was calculated as fol-
lows: Ppi = p /(P — R), where p is the number of reticular
points hitting each cardiac element, P is the total number
of reticular points and R is the number of points hitting
artefactual retraction areas. To determine the cardiomy-
ocyte size, the cell diameters were measured by using a
light optical system supplied with a graduated evepiece
micrometer and a 40 X objective (400 magnification).
Fifteen cells, randomly selected from the subepicardial,
midmyocardial, and subendocardial regions, were mea-
sured for each animal from the different experimental
groups.

2.5. Determination of NOS activity in brain

Determination of NOS activity in brains from the both
control and L-NAME-treated rats was carried out accord-
ing to a method previousty described, which is based on
the conversion of [3H}L-arginéne to [ Hl-citrulline
(Forstermann et al., 1990). For this purpose, the brains
from the control and L-NAME-treated rats were rapidly
removed, weighed, and individually homogeneized in five
volumes of cold incubation buffer (Tris—HC! 50 mM, pH
7.4) containing | mM of phenyl methy! suiphonyl fluoride
and I mM of L-citrulline. The homogenates were incubated
at room temperature for 30 min in the presence of 1 mM
NADPH, 2 mM CaCl,, and 10 wM L-arginine containing
100,000 dpm of 1-{2.34,5-*Hlarginine monohydrochio-
ride. The determination of NOS activity was also per-
formed in the absence of calcium {omission of Ca(ll, and
addition of T mM EGTA). Protein content of the samples
was determined (Peterson. 1977), and brain NOS activity
i3 expressed as picomoles of L-citrulline produced per
minute and per milligram of protein.
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Table 1

Body weight and mil-cuff pressurg in animals tregted chronicslly with
i-NAME (7.5 mg/kg per day) and in control animals that received tap
water ajone

The results represeat the means £ S.EM. for 10-15 rats.

BW, body weight. TCP, tail—cuff pressure.

Months  BW (g} TCP {mm Hg}

Control 1-NAME Control -NAME
2 36+84 2594 13.5% 122406 IS1£1.0%
4 341478 261 4 FLOF 118117 i51+1.2%
6 386473 KN e 1204 0.7 146+ 2 0%

*p < 0.05 compared to control values.

2.6. Blood pressure measurements

The arterial blood pressure was evaluated weekly, For
gach animal, mean blood pressure was measured at least in
triplicate by a tail-cuff method (Zatz, 1990} Briefly, a
small electret microphone, used as a sensor, was connected
to the tail by a plece of rubber tubing. This design provides
selective atlenuation of tail pulsations appearing as the cuff
is deflated between systolic and mean arterial pressures,
Mean, rather than sysiolic pressure, appears to be evalu-
ated in the conscious rat with this method.

2.7. Drugs

L-NAME and pentobarbital sodium (Sagatal®) were
purchased from Sigma (USA) and May & Baker (UK),
respectively. L-{2.3.4,5- H] arginine (specific activity 60.0
Ci/mmol) was supplied by Amersham (UX). The reagents
to measure brain NOS activity were purchased from Sigma.

2.8. Data and statistical analysis

Results are expressed as mean + S.E.M. Analysis of
variance (ANOVA) followed by Bonferron: test was ap-
plied in order to assess the differences in body weight and
tail—cuff pressure. For stereological procedures, ANOVA
was followed by Tukey test. A P.value <005 was
considered significant.

Tabic 2

3. Results
3.1, Body weight and survical

L-NAME (7.5 mg kg™' day™') did not significantly
affect the body weight of the animals unti] the fourth week
of treatment (249 + 1.9 and 237 £ 8.1 g, for control and
treated. respectively, n= {0}, after which, a small {but
significant) reduction in body weight of approximately
13% was observed in the L-MNAME-treated animals (P <
(.05: Table 1), All the animals from the control (tap water)
and L-NAME groups survived. '

3.2 Tail—cuff pressure

L.-NAME caused a marked increase (P < 0.01) in tail-
cuff pressure, reaching submaximal values after § month
of treatment {142+ 2.1 mm Hg: P <0.01) compared to
that of control animals {120 4 2.7 mm Hg). In this group
of animals, tail—cuff pressure remained significantly (P <
0.01) elevated for the whole period of treatment with
L-NAME (Table 1}, Animals receiving tap water alone had
no significant changes in tail—cuff pressure {Table 1}.

3.3, Cardiac weight indices

Significant reductions in heart weight index and left
ventricular weight index at 2, 4, and 6 months, were
observed in the t-NAME-treated animals compared to the
control group {Table 2).

3.4. Stereclogical analysis in subendocardial, subepicar-
dial, or midmyocardial regions: cardiomyocyte size and

Sfibrous tissue

Antmals receiving L-NAME showed a marked and pro-
giessive decrease in cardiomyocyie size at 4 and 6 months
after treatment (Fig. 1). This reduction of cardiomyocyte
size was of the same magnitude, irrespective of the region
of the left ventricle studied {subendocardial, subepicardial,
or midmyocardial) and was clearly detected at 4 {25-30%

Heart weight index (HWI), Teft ventricular weight index (LVWI) and amount (%) of fibrous tissue in amimals reated chronically with L-NAME (7.5
vag/kg per day) for & months and in control animals that reccived tap water alone

The results represent the means + S.E.M. for 1015 rats for each group.

Months HWI LYW Fibrous tissue {%)

Control L-NAME Conirol L-NAME Control 1-NAME
2 2,30 & 007 1.82 + 0.06% 223 44032 LAD 4+ 0127 5700 37402
4 280+ 003 190 + 010" 1.834+003 1.59 + 0.08% 39+03 57402
6 292 4+ 004 1.95 +0.09% P87 4+ 0.02 150 + 0.08% 59 +02 T34 02*

* P < (.05 compared to control values.
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Fig. 1. Cardiomyocyte size (pm} in subendocardial, subepicardial, and
midmyocardial regions of the left ventricie from rats treated chronicaily
with t-NAME (7.5 mg/kg per day) for 2 (Pane! A), 4 (Panel B), and 6
(Panet C} months. Control animals that received tap water alone are
showi by the apen columns, whereas L.NAME-treated animals are shown
by the hatched cotumns. *P < 0.05 compared to control values. Endoc,
subendocardial: Epte. subepicardial; Myoc, midmyocardial.

reduction} and 6 (40-50% reduction) months of chronic
L-NAME treatment {Fig. 1).

For measurement of fibrous tissue in the jeft veniricle,
we assumed the amount of fibrous tissue to equal the sum
of postnecrotic fibrous scars and interstitial and perivascu-
lar fibrosis. With L-NAME treatment, the amount of -
brous tissue was unaltered at 2 and 4 months, but a small
(but significant; P < 0.05) increase in fibrous tissue was
observed at 6 thonths of treatment (Table 2).

3.5. Brain NOS acrivity

The brain NOS activity in rats treated chronically with
L-NAME for 2 months was markedly reduced (0.59 + 0.10
pmol citrultine min~' mg™': 1 =3) compared to that of
control animals (5.04 £ 0.48 pmol min™! mg™'; »=13:
P <0.01). The omission of Ca’” and addition of EGTA 10

the brain homogenates abolished the NOS activity in both
the control {0.6 £ 0.1 pmol ciirulline min ' mgTlia=13)
and L-NAME-treated animals (0.1 + 0.06 pmol citrulline
min~' mg™ " 5= 3); thus, indicating that conversion of
& Hli-arginine to ['HlL-citrulline was dus to constitutive
NGS.

4. Discussion

Our results show that chronic treatment of rars with a
fow dose of L-NAME (7.5 mg kg ™' day~") for prolonged
periods (4 and 6 months) causes significant hyperiension
accompanied by significant reductions in both heart weight
and teft ventricular weight indexes as well as in cardiomy-
ocyle size. This finding contrasts with the literature, since
in other studies {(usually using higher doses of L-NAME
for shorter periods), ventricular hypertrophy and increase
in cardiomyocyte size were reported in association with
hypertension (Numagachi et al., 1995 Moreno-Jr ef al.,
1996, Devlin el al., 1998: Gomes-Pessanha et al., 1999),

The reduction in cardiomyocyte size is not due to the
sustained hypertension induced by L-NAME., since it usu-
ally leads to ventricular hypertrophy in animals (Dussaule
et al.. 1986) and humans (Hammond et al.. 1938: Levy et
al.. 1989) in response to the increased afterioad
{Dominiczak et al., 1997). This discrepancy indicates that
cardiac hypotrophy in NO-deficient rats is not due to
mechanical overload. Two possible explanations for these
results can be proposed: one, based on a systemic defi-
ciency of NO. leading to a decrease in blood supply to the
heart muscle: and the other, based on a local deficiency of
NO. causing metabolic changes in the cardiomyocyte it-
self.

The first hypothesis is supported by the findings that
ventricular lesions caused by higher doses of L-NAME
appear to be mainly the consequence of extensive myocar-
dial ischaemia, which ultimately leads to cardiomyocyte
death, necrosis, and subsequent formation of interstitial
fibrosis {Moreno-Jr et al. 1996). These phenomena take
place independently of arterial hypertension since pro-
fonged treatment of rats with angiotensin-converting en-
zyme inhibitors (Hropot et al., 1994; Pechanova et al.,
1997; Akuzawa et al. 1998; Matsubara et al., 1998)
reduces hypertension but fails to affect the accompanying
ventricular lesions (Moreno-Jr et ai., 1995). Therefore. the
reduction of cardiomyocyte size, as evidenced in this
study. could represent a prior step before cardiomyocyte
death. Thus, a slow (but persistent) reduction in coronary
flow in response to a low dose of L-NAME would lead to
an nadequate supply of oxygen and impaired myocardial
comtractility, resulting in cardiomyocyte thinning and, in
fater stages, in myocyte death and replacement by fibrous
tissue. Consislent with this. a significant increase in fi-
brous tissue was observed 6 months after L-NAME treat-
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ment. It is likely that hypotrophy of cardiomyocyies with
higher doses of L-NAME was undetectable as intense
corgnary ischaemia would occur promptly after 1L-NAME
administration, thereby accelerating cardiomyocyte death.
Indeed, cardiac infarciion. induced by high doses of L-
MAME, is observed as soon as 72 h after oral administra-
tign {Moreno-Jr et al., 19971

Mechanical (stretch) and humoral factors (thyroid hor-
mones, catecholamines. and the renin—angiotensin system
hormones) are known to regulate the growth of adult
hearts {see Hudlicks and Brown, 1996). However, little i
known about whether NO is involved In cardiomyocyte
growth {Pignatt et al, 1999} Previous studies demon-
strated that cardiomyocytes produce NGO {Kitakaze et al.,
1995) and express both type I {(Pinsky et al., 1995;
Buchwalow et al., 1997) and type 111 (Stein et al.,, 1998)
NOS. Since the low dose of L-NAME caused hypotrophy
of cardiomyocytes {and inhibited NOS), it is possible that
NO has hypertrophic actions in this particular cell type.
indeed, NG has been shown to have proliferative actions in
both endothelial cells from coronary postcapillary venules
{Ziche et al., 1994) and chick cardiomyocyies in culture
{(Pignatti et al., 1999).
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Abstract

In this study, we have investigated the relaxing effects of both Androctonus australis venom (AAV) and Buthotus judaicus
venom (BIV) on the rabbit corpus cavernosurn (RbCC) smooth muscle strips. The RbCC strips were mounted in a cascade
system and superfused with warmed and gassed Krebs solution, The nitric oxide (NO) synthesis inhibitor N*-nitro-1-arginine
methyl ester (L-NAME, 10 uM), but not p-NAME (10 pM), significantly inhibited the RbCC relaxations induced by aceryl-
choline (ACh, 0.6 amol), AAV (30 ug) and BIV (30 pg). Subseguent infusion of L-arginine (300 M), but not of p-arginine
(300 M), partially restored the relaxations evoked by these agents. The brain NO synthase inhibitor 7-nitroindazole (7-NI,
10 M) also inhibited the relaxant responses elicited by the scorpion venoms. The guanylyl cyclase inkibitors methylene biue
(MB, 30 uM) and 1H-[1,2.4] oxadiazolo {4.3,-alguinoxalin-1-one] (ODQ, 10 uM) virtnally abolished the relaxations induced
by either AAV or BJV. The infusion of muscarinic receptor antagonists such as scopolamine and atropine (1 wM, each)
completely abolished the ACh-induced refaxations but had no effect on those evoked by the scorpion venoms. The Na* channel
blocker tetrodotoxin (1 M) prevented the relaxations evoked by both AAV and BIY. Thus, NO released from nitrergic nerve
fibres mediates the relaxations elicited by AAV and BJV in the rabbit cavernosal tissue. © 2000 Elsevier Science Ltd, All rights

reserved.

Keywords: Androctonus australis; Buthotus judaicus; Nitric oxide; Priapism; Tetrodotoxin

1. Introduction

Scorpion venoms exert a variety of effects on excitable
tissues, doe to their action at the peripheral nervous system
enhancing the release of neurotransmitters (see Freire-Maia
and Campos, 1989). The clinical symptomatology observed
in severe scorpion envenomation involves mainly sympa-
thetic (tachycardia, hypertension, sweating and mydriasis)
and parasympathetic (bradycardia, hypotension, secretions
and miosis) stimulation as well as central manifestations

Abbrevigrions: AAV, Androctonus austrells venom; BIV, Buthorus
Judaicus venom; RbCC, Rabbit corpus cavernosum; NANC, Non-
adrenergic non-cholinergic: NQ, Nitric oxide; NCS, Nitric oxide
synthase
* Corresponding author. Tel.: +33-19-7887183; fax: +55-19-
2521516,
E-mail address: cleber@besrway com.br (CE. Teixeira),

such as irritability, hyperthermia, vomiting, tremor and
convuision. The occcurrence of priapism is also a commeon
sign of scorpion envenomation, especially in accidents
involving scorpions of Buthinae family, pasticularly the
genus Buthus and Leiurus (Bawaskar, 1982; Amital et al,
1985; Hershkovich et al,, 1985}, The mechanisms involved
in venom-induced priapism are unclear and lirtle studied. In
the rat isolated anococcygeus muscle, a persistent activation
of peripheral NANC nerves by Leiurus gquinguestriatus
quinguestriaius scorpion venom leads to nitric oxide (NO)
refease (Gwee et al,, 1993). Recently, we demonstrated that
Tityus serrulatus scorpion venom (TSV) relaxes the rabbit
corpus cavernosum (RbCC) due to the release of NO from
nitrergic nen-adrenergic non-cholinergic (NANC) nerve
terminals {Teixeira et al., 1998). NQ released from NANC
inhibitory nerve fibres has been shown to play a pivotal role
in the neural mechanisms involved in penile erection
{Ignarro ot al, 1990; Kim ot al., 1991, Pickard et al, 199%;

0041-0101/00/8 - see front matter © 2000 Elsevier Science Lid. All rights reserved.

PIL S0041-0101(00300187-2

105



634 C.E. Teixeirg et al. / Toxicon 39 {2007} 633638

Rajfer et al,, 1992). Since studies on the effects of scorpion
venoms on NAMNC newrotransmission and cavernosal
relaxation are generally lacking, the present study was
designed to examine the relaxamt effects of venoms
Androctonus australis and Buthotus judaicus, two Scorpions
belonging to Buthinae family, on the isolated cavernosal
smooth muscle, We have focussed our attention mainly on
the role of NO mediating the scorpion venom-induced
cavernosal relaxations.

Z. Materiza! and methods
2.1, Venoms and reagents

Acetylcholine, D-arginine, L-argimine, atropine, indo-
methacin, methylene blue, N*-nitro-p-arginine methyl
sster, N-nitro-L-arginine methyl ester, 7-nitroindazcle {7-
NI, noradrenaline, 15-[1.2 47 oxadiazolo 4.3 ~alguinoxalin-
i-one] (ODQ). scopolamine, tetrodotoxin, Androcionus
australis venom (AAV} and Buthotus judmicus venom
{BIV) were acquired from Sigma Chemical Co (St, Louis,
USA). Glyceryl winitrate (ampoules containing 1 mg/ml in
isotonic saline) and pentobarbital sodium {Sagatal) were
obtained from Lipha Pharmaceuticals (London, UK) and
May&Baker (Dagenham, Essex, UK), respectively. [*H]-
L-Arginine was purchased from Amersham International
(Buckinghamshire, UK).

2.2. RbCC preparation

Male New Zealand white rabbits (2.0-2.5 kg, provided by
CEMIB-UNICAMP) were anaesthetised with pentobarbital
sodium (Sagatal®, 30-40 mg/ke, i.v.) and exsanguinated via
the carotid artery. Following penectomy, the RbCC was care-
fully dissected in chilled Krebs solution and cleared of the
tunica albuginea and the sarrounding tissues. Strips of RBCC
were superfused in a cascade system with warmed (37°C)
and oxygenated (83%0; + 3%C0,) Krebs solution at a fiow
rate of 5 ml/min (Vane, 1964}, The tissue responses (tension
of 2.5 g) were detected with auxotonic levers attached to
Harvard heart/smooth muscle transducers and displayed on
& Watanabe multichannel pen recorder (mode] WTR 381
Afier a 60 min period of equilibration, RbCC strips were
precontracted with noradrenaline (3 uWM) in order to increase
the basal tone. A. awsrralis and B. judwicus venoms were
administered as single bolus injections (10-100 ul). Indo-
methacin was continnously infused over tissues 1o prevent
the generation of cyclo-oxygenase products.

2.3, Determination gf rabbit cerebellar nitric oxide synthase
{NOS) activity in vitro

The in vitro action of N*-nitro-L-arginine methyl ester
(L-NAME), p-NAME and 7-NI was studied in rahbit
cerebellum homogenates by measuring their ability to
inhibit the conversion of i3H}L~argirzéne to EBH}L-Cimﬂme*

as previously described (Férstermann et al, 1990}, Briefly,
the rabbits were anzesthetised with Sagatal (40 my/ikg, 1v),
the cerebella were rapidly removed and homogenised in five
volumes of cold incubation buffer 150 mM Triz-EC) buffer,
pH 7.4 containing } mM PMSFand ! mM L-citrulline. The
homogenates were incubated for 30 min in the presence of
e NADPH, 2mM CaCl, and 10mM L-arginine
containing 100,000 dpm of [2,3,4,5-°H] 1-arginine mono-
hydrochioride at room temperatare (25-27°C). The NOS
inhibitors 1-NAME (and its inactive enantiomer B-MNAME)
or 7-NI were then added io the homogenates to give a
final concentration of 0.01-3000 M. The protein content
of the samples was determined according to the method of
Peterson (1977), and the activity of cerebellar NOS was
expressed as pmol of L-citrulline/min/mg of protein. The
reduction in L-citruifine production caused by the inhibitors
was expressed as a percentage of the maximum activity.
From the sermi-log concentration—activity curves, the values
of ply {~log of the molar concentration of inhibitor that
causes 30% inhibition} were calculated.

2.4, Dara analysis

The relaxations induced by AAV, BIV and acetyicholine
were measured considering the maximal relaxation induced
by glycery! trinitrate (dose in mol} as 100%. Results are
expressed as means = SEM of n experiments. Analysis of
variance {ANOVA) and Student’s unpaired r-test were
employed to evaluate the data. p < 0.05 was taken as
significant,

3. Results

3.1, Mediation by NO of the RbCC relaxations induced by
the scorpion venoms

Bolus injection of AAV or BIV over the RbCC tissues
caused dose-dependent relaxations (AAV, 1614, 47+ 6
and 82 & 7% relaxation; BFV: 7+ 2, 23 = 4 and 53 = 6%
relaxation, for 3, 10 and 30 pg, respectively; n = §). Dose-
dependent RbCC relaxations were also observed with
acetylcholine (ACh; 65 % 6, 79 = 7 and 93 = 10% for 0.2,
0.5 and 2 amol, respectively: n = 8) and ghyceryltrinitraie
(GIN; 485, 100 and 135% 13% for 0.5, 1.5 and
4.3 nmol, respectively, n = 8).

Fig. 1 shows that the infusion of D-NAME (10 pM;
n = 0) affected neither the basal tone of the RbCC tissues
nor the relaxations induced by ACh 0.6 nmol), AAV
(30 ug) and BIV (30 pug). The subsequent infusion of
NO synthase inhibitor L-NAME (10 uM; »=8) further
increased the tone of the RbCC tissues and markedly
reduced (p < 0.01) the relaxations elicited by ACh,
AAY and BIV without affecting those induced by GTN
(1.5 nmol; Table 1) Subsequent infusion of L-arginine
(300 WM n == 8). but not of p-arginine (300 M n e B,
partially reversed the increased tone and significantly
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Fig. 1. Androctonus australis venom and Buthotus judaicies venom relax the rabbit corpus cavernosum (ReCC) due 1o NO release. The infusion
of L-NAME (10 ubi), but not -NAME (i0 M), increased the RbCC tone and markedly reduced the relaxations induced by acetyicholine
(ACh, 0.6 amol), Androcionus ausiralis venom (AAY, 30 n.g) and Buthotus judaicus venom {BIV. 30 ug). The relaxations induced by giyceryl

minirate (GTN, 1.5 amol) were not significantly affected by L-NAME. Subsequent infusion
partially reversed the increased RbCC tone and also significantly restored the relzxations

representative racing of eight experiments.

restored {p < 0.01) the relaxations induced by ACh, AAY
and BJV (Table 1).

The infusion of the neuwronal NO synthase (aNOS)
inhibitor 7-nitrcindazole (7-NI; 10 pM, n = 6) increased
the tone of the RbCC tissues (not shown) and markedly
reduced the RbCC reiaxation indeced by both AAV
(30 g 76 11% before and 15 *3% doring 7-NI
infusion; p < 0.01) and BIV (30 ug; B85 £ 9% before
and 33 = 10% during 7-NI infusion; p < 0.01). In addition,
7-NI significantly inhibited the ACh-induced relaxations
(0.6 nmol; 91 = 13% before and 47 = 11% during 7-NI
infusion; p < 0.03). The inhibiticn of RhCC relaxations

Table 1

of L-arg (300 uM}, but not D-arg (300 pM),
induced by ACh, AAV and BJIV. This is 2

by 7-NI was reversible, since after stopping 7-NI infusion,
relaxations could be fully restored (not shown)., The GTN
(1.5 amol)-induced relaxations were not affected by 7-N1,
The infusion of 1H-{1,2,4) oxadiazolo [4,3,-alquinoxalin-
i-one} {ODQ, 10 pM: n = 5), a selective inhibitor of NO-
stimelated soluble gunanylate cyclase activity, abolished
(< 0.01) the RbCC relaxations induced by ACh
(0.6 nmol), AAV (30 ug} and BIV (30 ng; Table 2). The
GTN (L5 nmol)-induced RbBCC relaxation was also
significantly reduced by ODQ (97 £ 1% inhibition; p <
0.01). The relaxations evoked by these agents were
significantly restored 25 min after stopping the ODQ

Effect of p-NAME, L-NAME, p-arginine (p-arg) and L-arginine (L-arg) on the rabbit corpus cavernosum (RbOC) relaxations induced by
acetylcholine {ACh), Androcionus australis venom (AAVY and Buthotus Jjudaicus venom (BJV), p-NAME (10 uM), L-NAME (10 M), Dearg
(300 uM) and 1-arg (300 pM) were infused over the RbCC tissues at 2 fow rae of 0.1 mbmin for at least 20 min before injection of the
substances mentioned above, The RbCC relaxations induced by ACh, AAV and BIV were expressed (mean = SEM, n = 6-R) relative to the
sub-maximal relaxation induced by glyceryl trinitrate which was taken to be 100% {*p < 0.01 compared 10 the respective control)

Treatment RbOC relexations (%)

ACh (0.6 namol) AAV (30 pg) BIV (30 ug)

Control Treated Control Treated Control Treated
D-NAME 136 = 11 121 %10 TrT=8 66+ 6 Nx2 47 = 32
1-NAME 121 = 10 24k 13= 66 § = 2= 47 2 0%
-ARG 24 + 13 2352 14 8+2 3422 o] =1
L-ARG 23> 14 92 = 4% 3I+32 48 = 7* 1= 32 & 4%

e wd
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Table 2

Effect of ODQ and methylene blue {MB) on the rabbit <orpus cavernosurn (RbUC) relaxations induced by acetylcholine (ACh), Androcronius
qustralis venom (AAV) and Buthorus Judaicus venom (BIV), CDG (10 M) and ME (30 M) were infused over the RhCC tissues at a flow rate
of 0.1 m¥min for 20 min before injection of the substances mentioned above. The RhOC relaxations induced by ACh, AAY and BIV were
expressed (mean = 5EM, » = 9) relative 1o the sub-maximal relaxation induced by glycery! triniwate which was taken to be 100% (%5 < 0,01
compared 10 the respactive control)

Treatment RBCC relaxations (%)

ACh (0.6 amoD) AAY 30 ug) BIV (30 ug

Contro] Treawed Control Treated Control Treated
ODgG 80> 13 bl & 94 =7 2x1* 6823 i=gx
MB 127> 14 35+ 4% 2+ 11 6 1= 5x7 2%

infusion (p < 0.0%: Fig. 2). The infusion of methylene blue
(MB: 30uM, n=4) significantly reduced {p < 000
RBCC relaxations induced by ACh (0.6 nmol), AAV
(30 pg) and BIV (30 ug: Table 2), The GTN {1.5 amol)-
induced RbCC relaxation was also significantly reduced by
methylene blue (44 % 11% inhibition: p < 0.05). However,
in contrast to ODQ, the inhibitory action of methylene bioe
was ireversibie (not shown).

effect on those induced by AAV
Table 3.

{30 ug)y or BIV (30 g

3.3 Involvement of Na™ channels

The infosion of the Na* channel blocker tetrodotoxin
(TTX, i uM; n = 6) virtuaily abolished the RBCC relaxa-
tions elicited by both AAY (30 ng: 62 % 16% before and

9 = 4% during TTX infusion; 7 <0.01) and BIV (30 ug:
27T = 7% before and 1+ 1% during TTX infusion: p <
0.01). At this concentration, TTX affected neither the tone
of the RbCC tissues nor the relaxations induced by ACh
(0.6 nmol; 138 > 17% before and 119 + 132 during TTX
infusion) or GIN (1.3 nmol). A representative tracing is
shown in Fig. 3.

3.2, Lack of effect of muscarinic receplor antagonists
Infusion of either atropine (1 pM; 1 = 3) or scopolamine

(I uM: n=15) significantly reduced the AChH (0.6 nmol)-
induced RbCC relaxation {p < 0.01}, but had no significant

ODQ 10 uM
s T—y

RbCC
; ﬂf 4 min
|
8 ® %
GTN 1.5 1.5 1.5 nmol
L] B &
ACh 0.6 0.8 0.6 nmol
@ @ ®
AAY 30 30 30 ug
& @ ®
Bav 30 30 30 ug

Fig. 2. Effects of ODQ on the relaxations elicited b
(RbCC) sirips and virually abolish
30 pg), acetylcholine (ACHh, 0.6 nmel) and glyceryi trinitrate (GTN, 1.
agents were partially resiored. This is a representative tracing of fiv
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Table 3

Effect of scopolamine 2nd atropine on the rabbit corpus cavernosum (RbCC) relaxations induced by acetyicholine {ACh), Androctonis australis
venom {(AAY) and Buthotus judaicus venom (BIV). Scopolamine (1 wM) and atropine (1 oM} were infused over the RhOC tissues &t 2 flow 1ate
of 4.1 mifmin for 20 min before injection of the substances mentioned above, The RbCC relaxations induced by ACh, AAV and BJV were
expressed {mean X SEM, n = 5} relative to the sub-maximal relaxation induced by givoeryl winitrate which was takes 1o be 100% {*p < 0.01

compared o the respsciive control)

Treatment RBOCC relaxations (%)

ACh (0.6 nmol) AAY (30 g BIV (30 ug)

Conizol Treated Controd Treated Control Treated
Scopolamine 1038 5x1* 6l =5 66 % 5 52%5 Bx3
Atropine 119 =20 Jxix 6229 g1xsg 5035 867

3.4 Effect of L-NAME, o-NAME and 7-NI on the aciiviry of
rabbir cerebellar NOS

The maximum NOS activity in the rabbit homogenates
{in the absence of any inhibitor) was 3.6] = 0.67 pmol -
citrulline/min/mg protein (n = 4). When Ca®* was omitted
from the incubation media, the conversion of L-arginine to
L-citruiline was inhibited more than 90%, thus confirming
that the measured enzymatic activity in the homogenates
was due to a calcium-dependent NOS. From the concentra-
tion vs. NOS activity curves, the derived pl; values were

RbCC =
&
GTN 15
L

ACh 0.8

L]
AAV 30

L]

BJV 30

3.3% £ 082, 5152326 and 5.02 £ 041 for p-NAME,
L-MAME and 7-NI, respectively.

4, Discussion

The present study showed that A. australis and B, judaicus
scorpion venoms cause NO-dependent RbCC relaxations,
This conclusion was based on our findings that the non-
selective NO synthase inhibitor -NAME (but not its
inactive enantiomer D-NAME) significantly reduced the

TETRODOTOXIN 1 uM

4 min

1.5 nmol

0.6 nmol

30 ug

30 kg

Fig. 3. The effect of the Na* channel blocker tetrodotoxin on the scorpion venom-induced rabbit corpus cavernosum (RbCC) relaxations.
Tetrodotoxia {1 uM) virmally abolished the relaxations induced by Androcronus australis venom {AAV, 30 pg) and Burhoms judaicus venom
(BJVY, 30 pg), withouw affecting those elicited by either acetylcholine (ACh, 0.6 nmol) or glyceryl trinitrate (GTN, 1.5 amol). This is a

represeniative racing of six experiments.
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venom-induced relaxations. The reduction by L-NAME
was partially reversed by the NO precursor L-arginine (bt
not p-arginine}, thus confirming the invelvement of NO in
the relaxant responses elicited by both AAV and BIV.

N has been identified as an important inhibitory newro-
transmitter of NANC relaxations in the penile corpus
cavernosum of man (Kim et al, 1991; Bush 2t al., 1997
Ho}mqmst et al., 1992}, rabbit (Ignarro et al., 1990; Kim et

» 1991; Bush et al, 1992; Hoimquist et al., 1992), dog
(ﬁed}umﬁ et al., 1995, Hayashicia etal, 19963, imrse (Recio
et i, 1998), monkey (Ckarura et al, 1998) and mouse
(Gbgmen et al., 1997). NO and vasodilators acting through
NO release such as GTN (Feelisch, 1991) stimulate soluble
guanylyl cyclase, leading to an increase in the tissue fevels
of cyclic GMP (Ignarro et al., 1990; Bush et al., 1992;
Holmauist et al, 1993). The guanylyl cyclase inhibitors
methylene blue (Gruetter et al, 1981; Rapoport and
Muorad, 1983) and ODG (Garthwaite 2t al., 1595) markedly
reduced the relaxations induced by either AAV or BIV,
providing further evidence that venom-induced relaxations
imvolves NO release which in tumn activates the soluble
guanylyl cyclase leading to cyclic OMP accumulation in
the cavernosal smooth muscle.

Acetylcholine has been shown to present both pre- and
post-junctional inhibitory effects on adrenergic necro-
transmission in isclated penile erectile tissve (Hediund and
Andersson, 1985). The failure of the muscarinic receptor
antagonists atropine and scopolamine to reduce the RbCC
relaxations elicited by AAY and BFV suggests that acetyl-
choline release does not contribute to the venom-induced
relaxations and excludes the involvement of cholinergic
nerves in the venom transduction mechanism of action.
Accordingly, muscarinic receptor blockade has no effect
on the rat (Dail et al., 1987) and rabbit (Holmauist et al.,
1992) corpus cavernosum relaxations elicited by elecirical
field stimulation, thus suggesting a role for NO supplied by
NANC nitrergic terminals as the main neural medsator in
penile erection.

In our study, the relaxant responses of rabbit cavernosal
smooth muscle preparations to scorpion venoms were
susceptible to full blockade by the Na* channel blocker
tetrodoioxin, indicating that they originated from the
stimulation of nerves supplyving the cavernosal tissue,
Furthermore, the presence of NO synthase has been
demonstrated histochemically in neurones in the rat, dog
and human penis (Burnett et al., 1992; Keast, 1992; Burnett
et al., 1993} The compound 7-Ni, an inhibitor of sNOS
(Moore et al,, 1993), has been reported to induce a reversible
and dose-dependent inhibition of erection in the rat (Spiess
et al, 1996). Our findings that 7-NI markedly reduced the
venom-induced relaxations in a reversible fashion suggest
that NC refeased by AAV and BJV in the rabbit cavernosal
tissue is neuronal in origin. Besides preferentially inhibiting
the nNOE, 7-NI has also been shown to inhibit the endothe-
lial NO synthase (eNOS) isoform in vitro {Wolff et al., 1954;
Bland-Ward and Moore, 1993). This may explain the ability

of 7-NI to increase the basal RbCC tone and to reduce
acetyicholine-induced relaxations. Additionally, using rabbit
cerebellum homogenates we demonstrated that 7-NJ and
L-NAME were equipotent regarding the inhibition of sNOS.

On the basis of these findings we conclude that both AAY
and BIV relax the cavernosal tissues by activating NANC
nerve fibres with subsequent release of NG that in tom leads
to refaxation through activation of soluble guanyiate cyclase
and hence cyclic GMP formation.
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Abstract

The role of aitric oxide (NG} on the increase in vascular permeability and neutrophil migration induced by staphylococcal enterotoxin
B (SEB; 25 ug/paw) in the mouse was investigated in this study. The NO synthase inhibitor N*-ajtro-L-arginine methyl ester (L-NAME)
ibut not its inactive enantiomer A*-nitro-D-arginine methyl ester (o-NAME)], given intravenously (25-100 wmol/ka) or subplantarly
(0.25-1.0 gemol/paw}, reduced SEB-induced paw oedema significantly. A similar response was observed with aminoguanidine, given either
intravenously (200600 umolfkg) or subplantariy (2 #mol/paw). In contrast 10 paw oedema, the plasma exudation in response to SEB was
not affected by the subplantar injection of L-NAME or aminoguanidine. The inhibition of cedema and plasma exudation by systemic
treatment with L-NAME or aminogranidine was reversed by co-injection of the vasodilator floprost (0.3 amolfpaw). Subplantar injection
of SEB (25 ugfpaw) increased by 69% the myeloperoxidase (MPO) activity of SEB-treated paws, indicating the presence of neutrophils.
Intravenous (12.5-30 umol/kg) or subplantar (0.125-0.5 wumol/paw) administraton of L-NAME (but not of its inactive enantiomer,
D-NAME) largely reduced the MPO activity in SEB-treated paws. Similarly, intravenous (200-600 umol/kg) or subplantar (2 umol/paw)
administration of aminoguanidine significantly reduced the MPQ values of the SEB-injected paws. The vasodilator iloprost (0.3 mol/paw)
completely reversed the inhibition by t-NAME or amincguanidine of the MPO activity in SEB-injected paws. Our reschs show that the
increased vascular permeability and neutrophil accumulation in response to subplantar injection of SEB in the mouse are inhibited by
1L-NAME and aminoguanidine by mechanisms probably involving reduction of local microvascular blocd Bow. © 2001 Elsevier Science

Inc. All rights reserved.

Keywords: Plasma exudation; Paw oedema; Neutrophils; Enterotoxins: Aminoguanidine

i. Introduction

Staphylococeal enterotoxins are the most common cause
of acute food poisoning in humans [1]. They represent a
family of structurally related exoproteins (25-30 kDa) pro-
duced by several strains of Staphylococcus aureus and are
classified into eight distinct immunological types (A-E and

* Corresponding  author, Tel: +55-15-7887183; fax: -+35-19-
2802968,

E-mail address: eantunes@bestway.com.br (E. Antunes).

Abbreviarions: SEB, siaphylococesl enterotoxin By NO, niric oxide:
NOS, nitric oxide synthase; L-NAME, N“.niro-L-arginine methyl ester;
D-NAME, ¥N*-nitro-n-arginine methy! ester; MPO, myeloperoxidase: IL.,
interleukin: TNF, tumor necrosis factor; and IFN, interferon,

G-I) [2]. The physiopathological responses to staphylococ-
cal enterotoxins involve activation of a number of cell types
such as mast cells, macrophages, and lymphocytes, causing
the release of different mediators including histamine, se-
rotonin, leukotrienes, and various cytokines [3-3]. Among
the staphylococcal toxins, SEB can be easily obtained in
relatively large amounts and purity, and therefore has been
used extensively in experimental investigations. Previous
studies demonstrated that SEB induces hind-paw oedema
and peritoneal neutrophil migration in the mouse, both of
which are believed to be mediated by platelet-activating
factor, histamine, leukotrienes, and neuropeptides [6,7]. In
addition, SEB causes acute inflammatory lung injury char-
acterized by an increase in vascular permeability. granulo-
cyte infiltration, and induction of a number of cell adhesion

0006-2932/01/% ~ see froni mauer © 2001 Elsevier Science Inc. Al rights reserved.
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molecules [8]. In the air pouch model in mice, SEB was able
o recruit leukocytes (mainly neutrophils) in the pouch ex-
udate [91. Neutrophils have been considered the major cel}
type involved in the host’s defense against & aurens [10],
and accumuiation of neutrophils is a prominent feature of
staphylococcal enterotoxin-induced gastroenteritis [111

NGO is produced in physiopathological conditions by
three distinet isoforms of NOS, namely eNOS (isoform 111,
BNGOS (isoform 1), and iNOS {isoform 1), The first two
isoforms are expressed constitutively, whereas iNOS is ex-
pressed following exposure to diverse stimuli, such as oy-
tokines {IL-1, TNF, IFN- %} and lipopolysaccharide. SEB is
able 1o release NO both in vivo [12] and in vitro [13], and
this seems to play a major role in SEB-induced shock. Since
NGO has been shown to modulate acute and chronic inflam-
matory processes [14], in this study we examined the role of
NG on the increase in vascular permeability (plasma exu-
dation and paw cedema) and neotrophil migration induced
by S3EB in the mouse paw.

2. Materials and methods
2.1, Drugs

SEB (purchased from the Sigma Chemical Co.) was
dissolved in sterile saline (0.9%, w/v) and stored in a re-
frigerator at a concentration of ! mg/mL. L-NAME, b-
NAME, aminoguanidine, hexadecyltrimethylammonium
(HTAB), o-dianisidine dihydrochloride, and hydrogen per-
oxide were also obtained from Sigma. Iloprost was obtained
from Schering. L-[2,3.4,5-H]Arginine (specific activity
60.0 Ci/mmot) was supplied by Amersham. All drugs were
diluted in saline.

2.2. Animals

All experiments were carried out in accordance with the
guidelines of the State University of Campinas (UNICAMP).
Experimental procedures were performed in adulft male Swiss
mice {25-30 g) obtained from the Ceatral Animal House
(CEMIB).

2.3. Measurement of paw ocedema and vascular
permeability

Groups of five mice were injected intravenously with
Evans blue (25 mg/kg) immediately before subplantar in-
jection of 0.05 mb (25 ug/paw) of SER in the left hind-paw
under light ether anesthesia. The right hind-paw of each
mouse served as the controf and received an injection of
0.05 mL of vehicle alone {saline). The cedema and the dve
exndate were measured 4 hr after the stirnulus. Briefly, after
being killed, the paws of the animals were amputated at the
tarsocrural joint and weighed on an analytical batance. The
oedema, expressed in milligrams, was the weight variation
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between the left (treated) and right {untreated) paw. Each
paw was then chopped into smali pieces and placed in a test
tube with 3.0 mL of formamide, The tubes were then incu-
bated in a water bath at 57° for 24 hr. The absorbance of the
supernatanis was measured at 619 . The conceniration of
Evans blue present in the extracts was determined from a
standard curve of the dye prepared in formamide.

2.4, MPO assay

MPO, a2 hemoprotein located in azurophil granules of
neuirophils, has been used as a biochemical marker for
neutrophil infiliraticn into tissues. Briefly, each paw was
weighed, chopped into small pieces, and placed in a test
tube in the presence of 0.5% HTAB in 50 mM potassium
phosphate buffer, pH 6.0. Each tissue sample was homog-
enized for 15 sec, then vortexed, and l-ml aliguots of the
homogenate were decanted into Hppendorf tubes. These
tubes were then cenirifuged (Eppendorf centrifuge) for 2
min at maximum speed, and the supernatants were col-
lected. An MPO assay was performed using a microliter
plate scanner (Spectra Max 34, Molecular Devices). This
consisted of mixing 10 wl of sample with 200 i of
o-dianisidine solution (0.167 mg/mL of o-dianisidine dihy-
drochloride and 0.0005% hydrogen peroxide) prior to read-
ing the plate. The changes in absorbance were measured at
460 nm for 30 sec over a period of 5 min. One unit of MPO
activity was defined as that degrading 1 pumol of peroxide/
min at 25° [15}

2.5, NOS assay

NOS activity was determined according to the method
described by Forstermann ez al. {16], which is based upon
the conversion of [°H]L-arginine to [*HiL-citrulline. Briefly,
hind-paws were thawed, weighed, and homogenized with
50 mM Tris—HC, pH 7.4, containing 1 mM phenylmethyl-
sulphonyl fluoride (PMSF) and 1 mM L-citrulline in a poly-
tron tissue homogenizer. The homogenates were centri-
fuged (10,000 g, 10 min), and 50 wl of each supernatant
was incubated for 30 min in the presence of ! mM NADPH,
2 mM CaCli,, 10 ug/mL of calmodalin, 10 uM FAD, 100
#M BH,, and 10 pM r-arginine containing 200,000 dpm of
[2,3.4,5-*H]L-arginine monochydrochloride at 37°. Pharma-
cological contrels of NOS activity were carried out in par-
allel and consisted of either the omission of CaCl, and the
addition of 1 mM EGTA, or the addition of 1 mM .-NAME
to the incubation medium. The protein content of samples
was determined according to the method of Peterson [17],
and NOS activity was expressed as picomoles of L-citrulline
per minute per milligram of protein.

2.6, Experimental protocols

For the plasma exudation and paw ocedema measure-
ments, the animals received L-NAME (25100 pmolfkg),
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o-NAME (100 wmol/kg), or aminognanidine (200—600
wmol/kg) intravenously immediately before subplantar in-
jection of S5EB (25 ug/paw; N = 5 in each group). In a
separats set of experiments, L-NAME (0.25-1.0 pmeifpaw),
p-NAME (1.0 umol/paw), and aminoguanidine (2 zmol/
paw) were co-injected with SEB into the paws (N = 5 in
each group). In the experiments designed to examine the
effects of the vasodilator iloprost on SEB-induced re-
sponses, iloprost {0.3 amol/paw) was injected 1 hr before
the measurement of paw oedema. The increases in paw
weight and plasma exudation were always measured 4 hr
after the subplantar injection of SEB,

For the MPO assay, groups of five mice were injecied
intravenously with L-NAME (12.5-50 umol/kg), o-NAME
(30 wmol/kg), or aminoguanidine (200-600 umol/kg) im-
mediately before the subplantar injection of SEB (25 ug/
paw). In a separate set of experiments, L-NAME (0.125-0.5
piolipaw), o-NAME (0.5 umol/paw), and aminoguanidine
{2 wmol/paw) were co-injected with SEB into the paws
(M = 3 in each group). In the experiments designed to
examine the effects of the vasodilator iloprost on SEB-
induced responses, iloprost (0.3 nmol/paw) was injected 1
hr before the measurement of MPO activity. The MPO
activity in the paw homogenates was determined 4 hr after
the subplantar injection of SEB,

2.7. Statistical analysis

Data are reported as the means = SEM of 4—5 animals.
Results were compared using ANOVA followed by the
Bonferroni test. Values of P < 0.05 were considered to be
significant.

3. Results
3.1. Plasma exudation and paw pedema

Subplantar injection of SEB in the hind-paws of mice
caused a dose-dependent paw oedema (2 = 2, 10 * 0.1,
30 = 3.1, and 32 = 2 mg for 6.25, 12.5, 25, and 50 ug/paw
at 4 hr, respectively) and plasma exudation (18 = 2, 32 =
2, and 14 £ 2.5 mg for 25 ug/paw at 2, 4, and 24 hr,
respectively). The time-course for oedema formation (18 =
2,32 £ 2, and 14 = 2.5 mg for 25 pg/paw at 2, 4, and 24
hr, respectively) and plasma exadation (1.4 = 0.4, 43 =
0.6, and 1.8 = 0.2 ug/g of Evans blue for 25 ug/paw at 2,
4, and 24 hr, respectively; N = 5) revealed that maximal
responses were observed at 4 hr post-SEB injection. For
further studies, SEB was administered routinely at a dose of
25 upgfpaw, and both plasma protein exudation and paw
oedema were evaluated 4 hr later.

Figure 1A shows that intravenous administration of
t-NAME (25-100 pmol/kg} caused a dose-dependent inhi-
bition of the SEB-induced paw oedema. A significant re-
duction (P << 0.05) in dye exudation was observed only at
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Fig. 1. Bffects of L-NAME (25-100 pmolikg) and -NAME {100 amolf
kg) on SEB-induced paw cedema and piasma exudation. The changes in
paw weight (A) and Evans blue exudation (B) were measured 4 hr after the
injection of SEB (25 ug/paw). Each column represents the mean & SEM
of five mice, Key: (*) P < 0.05 compared with the control group (untreaied
animals).

the highest dose of .-NAME (Fig. 1B). The intravenous
administration of the inactive enantiomer D-NAME {100
mmol/kg) affected neither paw cedema (Fig. 14) nor plasma
exudation (Fig. 1B). At the doses used, intravenous admin-
istration of L-NAME had no significant effect on basal
plasma exudation in saline-injected paws {not shown).

The subplantar administration of L-NAME (0.25-1.0
prmol/paw), but not p-NAME (1.0 umol/paw), also reduced
SEB-induced paw oedema significantly without affecting
plasma exudation (Table 1). At the doses used, subplantar
administration of L-NAME had no significant effect on the
basal plasme exudation of the saline-injected paws (not
shown).

The intravenous administration of the iNOS inhibitor
aminoguanidine (200-600 umol/kg) significantly reduced
{P < 0.05) both paw oedema (Fig. 2A) and plasma exuda-
ton {Fig. 2B) induced by SEB. When given locally into the
paws, aminoguanidine (2 umol/paw) reduced paw oedema
by 44% (P < 0.05), but fajled to affect plasma exudation
(4.6 = 0.8 and 5.6 = 0.5 ug/g of Evans blue for control and
treated-paws, respectively). At the doses used, subplantarly
or intravenously, aminoguanidine had no significant effect
on basal plasma exudation in saline-injected paws (not
shown).

Table 1
Effects of subplaniar administration of L-NAME or o-NAME on paw
oedema and piasma exudation induced by SEB (25 ug/paw)

A Increase in Evans blue
paw weight (ugle)
(mg)
Control 3424 38403
L-NAME (rumol/paw)
0.23 18 = 2.0+ 46 =11
0.5 20 = 3.2% 47 =09
1.0 20 = 45% 48 = 0.6
D-NAME (umol/paw)
1.6 332 459 = 0.9

The increase in paw weight and Bvans blue exudation was measured 4
br after SEB injection, Data represent the means = SEM of five mice.
*F < 0.05 compared with the contro! group.
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Fig. 2. Effect of aminoguanidine (200-600 umolke, 1.v.) on SER-indaced
paw oedema and plasma sxudation. The changes in paw weight (A} and
Evans blue exudation (B} were measured 4 br after injection of 388 (25
pgioaw). Bach column represenis the mean = SEM of five mice, Key: (%)
P < {.05 compared with the contro} group {untreated animals).

The subplantar injection of the prostacyclin analogue
iloprost (0.3 nmolfpaw) potentiated the SEB-induced paw
cedema and plasma exudation by 65.7 and 42.7% (P <
(.03}, respectively, as expecied. In addition, Hoprost signif-
icantly reversed the inhibition by L-NAME or aminoguani-
dine of the SEB-induced paw oedema (Fig. 3A) and plasma
exudation {Fig. 3B). lloprost did not evoke paw cedema or
plasma exudation when injected alone (not shown).

3.2. Measurement of MPO activity

Subplantar injection of SEB (25 ug/paw) in the hind-
paws of the mice caused a significant increase (P < 0.05) in
MPQO activity, as determined at 4 and 12 hr posi-SER
injection (12.5 = 0.8 and 15.7 = 1.1 MPO units/mg) in
comparison with the MPG values in the contralateral paws
injected with sterile saline (7.44 & 0.5 MPO units/mg). For
further studies, MPO activity was determined routinely at 4
hr post-SEB injection.

Intravenous administration of i-NAME {(12.5-50 umol/
kg) largely reduced the MPO activity in SEB-treated paws.
At the highest dose (30 umol/kg), the increased MPO ac-
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Fig. 3. Effects of iloprost on the inhibition of SEB-induced paw oedema
{A) and plasma exudation (B} by L-NAME (open columns) or aminogua-
nidine (sriped columns). The mice were injected intravenously with either
L-NAME (100 pmolkg) or aminoguanidine (600 umol/ke) immediaely
before SEB (25 ug/paw), Control {untreated) mice were injected intrave-
nously with saline (solid columns). The mice received gither iloprost (0.3
nmolfpaw; + ILC) or saline instead of Hloprost (-JLO) 1 by before paw
ozdema analysis. The changes in paw weight and dye exudation were
measured 4 hr zfier the injection of SEB. Hach column represents the
mean = SEM of five mice. Key: {*} £ < 0.05 compared with the comirol

group.
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Fig. 4. Effects of intravenous (A} and subplantar (B) administration of
L-NAME and o-NAME on the MPO activity of SEB-weated paws, The
measurerment of MPO actvity (UMPUYmg) was carried oot at 4 ar after
injection of S8EB (23 ug/paw), UMPO = MOF oniws. Each colurmm repre-
sents the mean = SEM of five mice. Key: (#) P < 0.05 compared with the
saline group; and (*} P < 0.05 compared with the SEB group.

tivity was nearly abolished by 1-NAME (Fig. 44). Simi-
larly, subplantar administration of -NAME (0.125-0.3
pmol/paw} dose-dependently reduced the increased MPO
activity in SEB-treated paws. A total reversal of the in-
creased MPO activity was observed with 0.5 pmol/paw of
L-NAME (Fig. 4B). The inactive enantiomer p-MNAME,
given either intravenously (50 uwmol/kg) or subplantarly
(0.5 umol/paw), had no effect on the increased MPO activ-
ity in SEB-treated paws (Fig. 4). In addition, .-NAME,
given either intravenously (50 pmol/kg) or subplantarly
(0.5 umol/paw), failed to affect the MPO activity of saline-
injected paws significantly (not shown).

The intravenous {200-600 uwmol/kg) or subplantar (2
wpmol/paw} administration of the iNOS inhibitor aminogua-
nidine significantly reduced (P < 0.05) MPO activity in the
SEB-treated paws, However, a complete reduction of MPO
activity was not observed with the use of aminoguanidine
(Table 2).

Subplantar injection of iloprost (0.3 nmol/paw) potenti-
ated by 40% (P < 0.035) the MPO activity of SEB-treated
paws. In addition, iloprost completely reversed the inhibi.
tion by L-NAME (50 umel/kg, i.v.) or aminoguanidine (600

Table 2

Effects of intravenous (200-600 umol-kg) or subplantar (2 umol/paw)
administration of aminoguanidine on MPO activity of SEB-treated paws
(23 pglpaw)

MPO activity
(MPO units/mg)

Saline 6907
SEB 221 > 1.5
Aminoguanidine (umol/kg)
200 17.2 & 6%
400 149+ 1.0%¥
500 148 & 1.1k
Aminoguanidine {umol/paw)
2 127 2 1.2%*

Changes in MPO activity were measured 4 br after SEB injection. Deta
represent the means = SEM of five mice.

* P < (.03 compared with the saline group.

#* P < 0.05 comparsd with the 3EB-treated group.
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Fig. 5. Effects of iloprost on the reduction of MPO activity by L-NAME
{open columns) or aminoguanidine (striped columns). The mice were
injectzd intravenously with either L-NAME {50 smelfkg) or aminoguarni-
dine {600 smolfkg) immediately before SEB (25 ag/paw). Conmol {un-
treated) mice were injected inwavenously with saline (solid cojurnns), The
mice received either iloprost (0.3 nmol/paw; + ILO) or sterile saline
instead of iloprost (-ILO). The changes in MPO activity (UMPO/mg) were
measured 4 hr after the injection of SEB. UMPO = MPO units. Each
column represenis the mean x SEM of five mice. Key: (¥} P < 0.05
compared with the control group.

prmol/kg, iv.) of the MPO activity in SEB-injected paws
(Fig. 3). When injected alone, iloprost did not affect MPO
activity compared with the saline control (7.5 = 1.1 and
7.6 = 0.4 MPO units/mg, respectively).

3.3. Measurement of NOS acrivity

cNOS activity in the SEB-injecied mouse paws was
enhanced markedly (1.7 * 04 pmol cimulline/min/mg)
compared with that of the saline-injected paws (0.4 + .09
pmol citrulline/min/mg, N = 3; P < 0,05). The omission of
Ca®" and the addition of EGTA to the paw homogenates
abolished the increased NOS activity of SEB-injected paws
(0.3 = 0.1 pmol citrulline/min/mg), thus indicating that the
conversion of {3H}L-arginéne to {3H]L—cimﬁ§ine was essen-
tially due to constitutive NOS.

4, Discussion

Our results clearly show that increased vascular perme-
ability and neutrophil accumulation in response t SEB in
the mouse paw were inhibited significantly by local or
systemic treatment of the animals with the NOS inhibitors
L-NAME and aminoguanidine, strongly indicating that NC
modulates both of these phenomena. The failure of the
inactive enantiomer D-NAME to affect the 5EB-induced
mmflarnmatory responses confirms the hypothesis that inhi-
bitton by L-NAME was, in fact, due to the inhibition of NO
synthesis.
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The role of NO in inflammation is still controversial.
Depending on the type and the phase of inflammation and
the individual vascular or cellular response siudied, NO
seemns 1o have both pro-inflammatory and anti-inflammatory
properties, suggesting that NO, ke other inflammatory me-
diators, has a duoalistic fanction in inflammation [14]. NO
modulates vascular permeability and oedema formation by
mechanisms dependent on, and independent of, local blood
flow [1R]. Our resalts showing that .-NAME, given intra-
venously or subplantarly, significantly reduced SEB-in-
duced paw oedema are in agreement with previous studies
that demonstrated that this compound reduces cedema for-
mation in a number of animal species, including the mouse
[19.20]. The reduction of inflammatory cedema by NOS
inhibitors has been atributed 1o their ability to prevent
vasodilatation and decrease regional microvascular blood
flow as a conseguence of the inhibition of NO synthesis in
vascular endothelivm [21-24], We speculated, thersfore,
that inhibition of SEB-induced paw oedema by L-NAME
reflects a decrease in blood flow of the paw microcirculation
{vasoconstriction) without directly affecting the permeabil-
ity. The finding that iloprost, an analogue of the vasodilator
prostacyclin [25], completely reversed the inhibition by
L-NAME of SEB-induced paw oedema is consistent with
this proposal, as previously suggested for carrageenan-in-
duced rat paw oedema [26]. Aminoguanidine is a compound
known to preferentially inhibit the INOS isoform with little
or o inhibitory effect on the constitutive (endothelial and
neuronal) NOS isoforms [27-29]. Interestingly, systemic or
subplantar treatment of the mice with aminoguanidine also
reduced SEB-induced paw oedema significantly, and such
reduction was completely reversed by iloprost. This sug-
gests that inhibition of SEB-induced oedema by aminogua-
nidine cannot be explained solely by virtue of its ability to
selectively inhibii the INOS isoform, but rather involves
inhibition of constitutive NOS activity. Indeed, previous
studies reported that, depending on the dose employed,
aminoguanidine can inhibit constitutive NOS activity [30].
Our findings that subplantar injection of SEB markedly
increased constitutive NOS activity in the paw homogenates
further support the involvement of this isoform in oedema
development. The participation of an inducible, calcium-
independent NOS isoform was excluded since omission of
calcium and addition of EGTA to the paw homogenates
completely prevented the increased NOS activity. Although
the evidence that SEB increases the activity of a constitutive
(but not an inducible) NOS isoform is surprising, previous
studies showed that rat paw oedema induced by carrageenan
is accompanied by a marked increase in constitutive (but not
inducible) NOS in paw homogenates at early (0-4 hr)
phases of oedema [31], an effect recently attributed to NO
synthesized by a2 neuronal NOS isoform, most probabily
within sensory merves [32]. Accordingly, a recent study
showed that SEB-induced mouse paw oedema is a conse-
quence of a complex neurogenic response involving local
aclivation of sensory nerves {33].
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It is well documented that development of inflammatory
oedema is due primarily to an increase in protein effiux,
which decreases the lymph-to-plasma total-protein ratio
{1/P ratio)}, thus virually eliminating the wransmural colloid
osmolic pressure gradient, whereas the transmural hydro-
static pressure gradient is increased markedly. The rise in
microvascular pressure (P} is not accepted as an impor-
tant determinant of cedema formation [34]. Owr results
showed that while L-NAME (or aminoguanidine) reduced
SEB-induced paw oedema, the plasma exudation was re-
duced only by the higher doses of these compounds (in the
case of systemic treatment) or was not affected {in the case
of subplantar treatment}. This implies that in situations
where paw oedema is reduced, the amount of extravasated
proteins is not modified significantly. Although these results
are unclear, they suggest that L-NAME and aminoguanidine
reduce SEB-induced paw oedema mainly by reducing the
transmural hydrostatic pressure gradient; the findings that
the vasodilator iloprost reversed the inhibition of paw oe-
dema by L-NAME and aminoguanidine reinforce this pro-
posal. Furthermore, L.-NAME inhibits carrageenan-induced
paw oedema without affecting the permeability kinetics
[26]. In this respect, it is interesting to note that -NAME
has been shown to increase the microvascular protein efflux
by mechanisms dependent on, and independent of, leuko-
cyte adbesion [35,36]. However, it is unlikely that this
mechanism contributes to the overall phenomenon in the
mouse paw microcirculation since 1-NMAME and aminogua-
nidine failed to affect basal plasma exudation, as observed
in the saline-treated paws.

Neutrophil migration from circulating blood to sites of
injury is a crucial event during inflammatory processes, a
phenomenon mediated by various substances including
C5a, leukotriene By, IL-1, IL-8, TNF-2, and IFN-v. Some
of these cytokimes such as IL-1, TNF-&, and IFN-v can
induce iNOS activity in a variety of cells (including neu-
trophiis), leading to enhanced NO formation [30}. The role
of NO on leukocyte recruitment has been investigated ex-
tensively, but results are still conflicting. Inhibitors of NGS5
such as N°-monomethyl-L-arginine attenuated in vitro hu-
man neutrophil chemotaxis [37,38]. In the in vivo pleurisy
model, L-NAME can sither inhibit [39,40] or have no effect
on [41] pleural neutrophil accurnulation. Additionally, in
both cat mesenteric [42] and rat hindlimb muscle [43] prep-
arations in vive, L-NAME increases leukocyte adhesion to
vascular endothelium. Our results showed that subplantar
injection of SEB markedly increased MPO activity in
mouse paw homogenates at 4 hr, indicating that the number
of neutrophils in the paws was enhanced by this enterotoxin.
The increased MPO activity values of SEB-treated paws
were reduced significantly by L-NAME (but not p-NAME)
and aminoguanidine, indicating that NO modulates this phe-
nomenon. Since L-NAME (and aminoguanidine) reduced
SEB-induced paw oedema by a mechanism probably related
1o decrease of Jocal blood flow, we next examined whether
attenuation of infiltrating neutrophils by the NO inhibitors
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also reflects a decrease of regional microvascular blood
flow, a condition that may restrict the number of infiltrating
cells into inflammatory sites. Our findings that the vasodi-
lator dloprost potentiated the MPO activity in SER-treated
paws and completely reversed the inhibitory effects of -
NAME (and aminoguanidine) on the SEB-induced increase
in MPQ activity are consistent with the suggestion that
reduction of basal blood flow is the mechanism by which
L-NAME and aminoguanidine inhibit neutrophil accumula-
tion in SEB-treated paws. In a similar way, the vasodilators
sodium nitroprusside and prostaglandin B, also reversed the
inhibitory effects of L-NAME on the neutrophil accumula-
tion induced by zymosan-activated serum in guinea-pig skin
{23], thus reinforcing our proposal. Furthermore, the failure
of L-NAME to affect the MPQ activity in the contralateral
paws injected with saline may rule out that increased MPO
activity in SEB-treated paws reflects an enhancement of
neutrophil adhesion 10 vascular endothelivm.

In conclusion, our resnlts demonstrate that the increased
vascular permeability and neutrophil accumulation ob-
served in response to subplantar injection of SEB in mice
were inhibited significantly by NOS inhibitors such as 1~
NAME and aminoguanidine, Reduction of local blood fAlow
seems to be the main mechanism by which the NO inhibi-
tors exert their anti-inflammatory effects.
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Abstract

In this study. the role of aitric oxide (NO) or neutrophii migration induced by staphylococcat cnterotoxin B (SEB) in the
mousc peritoneal cavity was investigated. The NO synthase inhibitors L-NAME and aminoguanidine, as well as dexametha-
sone, markedly reduced SEB-induced neutrophil influx. In mice with an increased population of peritoneal macrophages. the
inhibition of SEB-induced neutrophil influx by these agents was significantly lower. The in vivo treatment with aminoguanidine
inhibited only the iINOS activity, whereas L-NAME inhibited both the eNOS and iNOS activities. In conclusion, NO modulates
the neutrophif migration in responsc to SEB through the activity of an iNOS isoform, € 2001 Elsevier Science Lid. All rights

reserved.

Kevwords: Enterotoxins: Aminoguanidine: Inflammation: Nitric oxide synthases

Staphyloceccus aureus sectetes several toxins known as
staphylococcal enterotoxins (SE} which are a major cause of
food poisoning in man. They represent a family of structu-
raliy-related exoproteins (25-30 kD) that are classificd into
cight distinet immunological types (Munson ot al.. 1998).
The enterotoxin type B (SEB) causes acute inflammatory
lung injury charactensed by an increase in vascular perme-
ability, granulocyte infiltration and induction of cell adhe-
ston molecules {(Neumann et al.. 1997). Platclet-activating
factor, histamine, leukotricnes (DeSouza et al.. 1998; DeSo-
uza and Riveiro-DaSilva, 1996) and neurcpeptides (Linardi
et al.. 2000) have been implicated in the inflammutory
responses t0 SEB. In mice, intraplantar administration of
SEB induces an early and fong-lasting increase in vascular
permeability and kence oedema formation (DeScouza et al.,
1996) that is accompanied by a marked newtrophil influx
into the paw tissues (Franco-Penteado et al., 2000). Nitric
oxide (NO} modulates the SEB-induced inflammatory
responses in the mice paw by a mechanism involving redue-

* Corresponding auther. Tel +55-19-3788.7185. fux: +35-19-
325-92968.
E-mait address: cantunes@bestway conubr (L Antunes).

tion of local microvascular blood fiow through the activity
of a constitutive NO synthase {NOS: Franco-Penteado cf al..
20003 Additionally, SEB is able to potently attract neutro-
phits into the mice peritoneal cavity, the maximal response
of which is obtained at 12 h post-texin injection (DeSouza
and Ribeiro-DaSifva, 1996). The plasma levels of nitrite and
nitrate s also markedly increased at 16 h after intraperito-
neal injection of SEB. thus indicating a marked in vivo NO
synthesis (Florquin et al., 1994). Since NO has been shown
o modulate the neutrophii chemotuxis {Kaplan et al., 1989;
Belenky ct al.. 1993;, this study was carried out o investi-
gate the role of NO on the peritencal acutrophil migration
tnduced by SEB in mice.

The experiments were carried out in accordance with the
guidelings of State University of Campinas (UNICAMP)-
The experimental procedures were performed in adult
male Swiss mice (25-30g) obtained from the Central
Animal Housc. Staphylococcal enterotoxin B (Sigma. St
Louis, USA. dissoived in sterile 0.9% PBS) was injected
into the peritoncal cavity, Twelve hours thereafter, the
cells from the peritonesl cavity were harvested by lavage
of the cavities with 2 ml of PBS-heparin (5 1Ufinl) prepared
11 1L 19 hovine serum albumin (B854, Total and differential
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Fig. 1. The effect of L-NAME (LN; 150 pmol/kg). D-NAME (DN: 100 pmolfkg) aminoguanidine (AG: 400 pmol/kg) and dexamethasone
(DEXA; 0.5 mg/kg) on the peritoneal neutrophi} migration induced by SEB (125 pgfeavity) in both non-stimulated and thioglycollate
stimulated cavities. Neutrophil migration was measured 12 h after i injection of SEB. Each column represents the mean = SEM of five mice.
P < 0.05 compared o respeciive conlrol group; P < 0.05 compared to contro] group of non-stimulated cavity,

cell counts were determined by conventional technigues. In
a separate group of experiments, animals were pre-treated
with 2 mi of thioglycoliate (3% wiv, i.p.) to increase the
number of peritoneal macrophages (Gallily and Feldman,
1967). Four days later, animals were injected with SEB
{125 ug, i.p.) and neutrophil migration evaluated 12 h
later. The effects of both L-NAME (5t Louis, USA) and
aminoguanidine (St Louis, USA) on the in vivo ¢NOS
(brain) and iNOS {lung) activities were also investigated,
To achicve this, an assay based on the ability of a whole

bram or lung homogenates to convert |*HIL- arginine to
[*H]iL-citrulline was used {Faria et al., 1996). The iNOS
activity in lungs was evaluated by pretreating the animals
with Escherichia coli lipopolysaccharide (10 mg/kg, 12h
before}. Data are reported as the mean + SEM for four to
five animals. The results were compared using analysis of
variance {ANOVA] followed by the Bonferroni test. Values
of P < 0.05 were considered as significant.

Intraperitoneal administration of SEB in the mice caused a
significant  peritoneal reutrophil  accumulation (125 wg/
cavity: 32+ 05, 85 1.8 and 3.5+ 1.2% 10" neutro-
phils/cavity at 4. 12 and 24 h afier injection. respectively)
as compared to PBS (16 £ 03 1.1 203 and [ 4+02
ncutrophilsicavity at 4. 12 and 24 h after injection. respec-
tively; i = 5). For further studies. SEB was routinely admi-
nistered at the dosc of 125 ugicavity and ncutrophil influx
evaluated 12 h later. Intravenous administration of L-NAME
{100 wmol/kg), given immediately before intraperitoneal
injection of SEB, reduced by 63% (P < 0.03) the neutrophil
influx whereas D-NAME (100 wmol/kg) had no significant
effect (Fig. 1). When given intraperitoneally, L-NAME (but
not D-NAME) also significantly (P < 0.05) reduced SEB-
induced neutrophil migration (Table 1). in addition, treatment
of the animals with either the INOS inhibitor aminoguanidine
{400 pmol/kg, v, given immediately before SEB) or dexa-
methasone (0.5 megfkg, s.c.. | h before SEB} significanty

Toxicon - Model 4 - Refsivie 2 - B

inhibitcd SEB-induced nevtrophil influx (Fig, 1), In order o
increase the peritoneal macrophage population. the animals
were treated with thioglycollate (3% wiv, 1.p) and used 4
days later. By this time, the number of perimnea] macro-
phages increased from 4.4+ 06 x 107 {non-stimulated
cavity) to 36 x 3.0 x 16° cellveavity (stimulated cavity,
P <005, In these animals. intraperitoneal injection of
SEB (125 ug) promoted a two-fold increase (F=<C0.05) in
the peritoneal neutrophil accumulation as compared to non-
stimulated cavities (Fig. 1). In addition. L-NAME {100 mol/
kg, given intravenously immediately before injection of SEB)
caused a significant reduction of the SEB-induced neutrophii
influx. but this reduction (31 + 6. 5%) was markedly smalier
as compared to the non-stimulated cavities (62 * §.0%.
P <005 see Fig. 1). Intravenous administration of D-
NAME (100 pmol/kg: given immediately before injection
of SEBJ in thiogiycollate-treated mice had no significant on
SEB-induced neutrophil influx (Fig. 1), Similardy to L-
NAME. reatment of the animals with cither aminoguanidine
@00 pmoelkg, iv) or dexamethasone (0,5 mglkg. s.c.)
significantly reduced the SEB-induced neutrophil accumuia.
tion in thieglycollate-ireated mice (41 * 7.9 and 38 + 74%

Table |

The effect of intraperitoneal administration of L-NAME or D.
NAME on the SEB-induced neutrophil infiltration {L-NAME or
B-NAME were administered intraperitoneally together with SEB
(125 pgfeavity). Newtrophil migration was measured 12 hafter the
mjection of xin. The data represent mean = SEM of five mice.
T <005 compared to the control groups]

Treatment Neutrophils/cavity { X 105
Cantrol 85 1.8

L-NAME 0.5 pmol/cavity lzxoa

L-NAME 1.0 umel/cavity 32 =047

D-NAME 1.0 pmol/icavity BRI F

PH . Aidmz




CF France-Pentoada et al. 7 Toxicon 00 {2001 ) 003-000 3

reduction, respectively), however, these reductions were
smaller (P <{0.05) than those of non-stimulated cavities
(58 £ 4.2 and 67 = 3.0%, respectively), In order to evaluate
whether the in vivo doses of L-NAME (100 praolkg, ivior
aminoguanidine (400 pwmolkg, 1.v.) were officient to inhibit
the cNOS and iNGS activities, the animals were trested with
either compounds, and {2 h fater the NOS activities in both
brain (cMNOS) and lung (INOS) were determined. Intravenous
administration of L-NAME significantly reduced the ¢NOS
{28202 and 04 £ 0.1 prmo! L-citrulline/min/mg protein
for control and treated, respectively; P < 0.03) and iNOS
activity (1.8 2 0.2 and 1.1 = (. §3m0§ L-citrulline/minfmg
protein for control and treated, respectively; P < 0.0%). Intra-
venous  administration  of aminoguanidine  significantly
reduced the INOS activity (0.8 + 0.2 Lecitrulline/min/mg
protein; P << 0.03), without significantly affecting the cNOS
activity {2.3 £ 0.1 pmol L-citrulfine/min/mg protein).

The role of NO on the leukocyle recritment bas been
largely investigated, but results are still conmtroversial. In
mouse and human, inhibiiors of NOS attenuate the neutro-
phil chemotaxis (Kaplan et al., 1989; Belenky ot al.. 1993
Menezes-de-Lima et al.. 1997; Vianna and Calizto, 1998)
whereas in rat they have no significant effect {Ferreira et al.
1996; 1998). Our results clearly show that the non-selcctive
NOS inhibiter L-NAME (Moore et al., 1990) markedly
reduced neutrophil migration induced by SEB into the
mouse peritoneal cavity strongly indicating that NO modu-
fates this phenomenon. At the dose used. L-NAME effi-
ciently inhibited the activities of both the cNOS and INOS
isoforms, as expected. The failure of the inactive enantiomer
D-NAME o affect the SEB-induced inflammatory
responses confirms that inhibition by L-NAME was, in
fact, due to NO synthesis inhibition. Additionally, the selec-
tive iNOS inhibitor aminoguanidine (Misko et al.. 1993:
Griffiths et al.. 1993) significantly reduced SEB-induced
reutrophil influx, supporting the concept that an INOS
isoform and. hence, a NO overproduction medinies this
effect. Consistent with this, high serum levels of niirite
and nitrate were detected in mice after infraperitoneal injec-
tion of SEB (Florquin et al.. 1994). and detectabic cxpres-
sion of mRNA for INOS was found in mouse endothelial
cells treated with SEB (LeClaire et al.. 1995). The findings
that aminoguanidine markedly reduced the INOS activity
without alfecting the cNOS activity indicate that inhibition
of neutrophil influx is not sccondary 10 a reduction of biood
flow at the peritoncal microcireulatory bed. The SEBR.
induced newtrophil fnflux into the mouse peritoneat cavity
was also reduced by dexamethasone, This is expected since
glucocorticoid has been shown 1o inhkibit the release of
aeutrophil chemetactic mediators such as arachidonic acid
metabolites and cytokines (Fantuzzi and Chezzi. 1993
Klein et ab, 1993}, as well as the induction of INOS (Di

Rosa ¢t al.k 1990). The neutrophil infiux induced by SER
was partly dependent on the presence of resident macro-
phages at the periioncal cavity. confirming a previous
1996}, 1n peritoneal

study {DeSouza and Ribeiro-DaSitva
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cavities with higher number of macrophages. treatment of
mice with L-NAME. aminogvanidine or dexamethasonc
was less efficient to ikhibit the neatrophil influx. Although
this needs to be further clarified. we could specuiate that in

thiogiycoliate-stimulated cavities where the amount of
inflammatory mediators {including NO) is largely increased.
higher doses of NOS inhibitors and dexamethasone would
be necessary. Interestingly. L-NAME (or aminoguanidine}
and dexamethasone caused the same magnitude of inhibi-
tion in both non-stimulated and thioglycollate-stimulated
cavity, indicating they are acting using the same pathway
{NOS inhibition). This suggests, besides NO. other media-
dors are implicated in the remaining neutrophil migration in
animals treated with the above compounds. In conclusion,
our results indicate that NO modulates SEB-induced neutro-
phil influx through the activity of an INOS.
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ABSTRACT. Defective leukocyte-endothelial interactions are observed in experimental
diabetes mellitus. Endogenous substances, including nitric oxide (NO), have anti-
inflammatory effects within the vasculature by reducing leukocyte adherence to post-
capillary venules. The purpose of this study was 10 examine the activity and expression of
NO synthase in polymorphonuclear leukocytes from alloxan-induced diabetic rats. Glycogen-
elicited peritoneal leukocytes were obtained from diabetic rats and matching controls 10, 30,
and 180 days after alloxan (42 mg/kg, i.v.) or saline injection. NO synthase activity was
determined by [*H] L-citrulline assay method. Expression of the enzyme was investigated by
Western blot analysis. Relative to controls, polymorphonuclear leukocytes obtained from
diabetic rats presented: i) a 2-fold increase in the activity of NO synthase; ii) this was
accompanied by an increase in the expression of the enzyme depicted by Western blot; iii)
treatment of diabetic animals with NPH insulin (2 IU/day, for 3 days) reduced both the
activity and expression of NO synthase to normal levels. Results presented suggest that
overexpression of the inducible isoform of NO synthase by polymorphonuclear leukocytes
might be responsible, at least in part, for the defects in leukocyte-endothelial interactions in

diabetes mellitus.

KEY WORDS. polymorphonuclear leukocyies; nitric oxide synthase; diabetes mellitus
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There is evidence to show that insulin is involved with the development of the inflammatory
process {1, 2]. The early local exudative cellular reaction in an inflammatory lesion is
impaired in alloxan induced rats due to a reduced migration of neutrophils to the inflamed
area [3]. The finding is not dependent on the number of circulating leukocytes,
hyperglycaemia alone, or hyperosmolality secondary to hyperglycaemia. A complete
recovery is attained by treatment of the animals with insulin [3]. The number of leukocytes
rolling along the venular endothelium of the microcirculation network is markedly reduced in
diabetic rats. If a noxious stimulus is applied to induce a local lesion, leukocytes adhere to
the vessel wall and accumulate in the connective tissue of normal animals in a pattern
characteristic of the inflammatory reaction, whereas in diabetic rats the number of adhered
leukocytes was reduced and only a few cells are found in the perivascular tissue. Reversal of
the defective leukocyte-endothelial interactions is observed after treatment of diabetic
animals with insulin [4, 5].

Several lines of evidence indicate that NO is an endogenous medulator of leukocyte
adhesion in postcapillary venules [6], due to its ability to inhibit the expression of cell
adhesion molecules, including E-selectin, vascular cell adhesion molecule-1 and intercellular
adhesion molecule-1 [7]. NO is synthesized by a variety of cells from L-arginine, by a family
of NO synthase enzymes. The endothelial [8] and neuronal enzymes [9] are constitutive
isoforms dependent on calcium and calmodulin. The inducible isoforms, calcium-
independent, are present in macrophages and others cells [10]. NADPH and cofactors, such
as (6R)-tetrahydro-L-biopterin (HB), are required for enzyme activation [11, 121

The aim of the present study was to evaluate the activity and expression of NO synthase in

polymorphonuclear leukocytes from alloxan-induced diabetic rats.
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MATERIALS AND METHODS

Materials

Alloxan monohydrate, oyster glycogen, Tris, HEPES, EDTA, NADPH, FMN, FAD, H.B |
DTT, L-NAME, L-NMMA, Dowex AG 50Wx8-400 resin, SDS, glycerol, bromophenol blue,
and B-mercaptoethanol were purchased from Sigma Chemical Co. St. Louis, MO, USA. [H]
L-arginine was from NEN Products, Boston, MA, USA. Liquid scintillation Ultima Gold was
from Packard, USA. NPH insulin (lolin®) was from Biobras, S3o0 Paulo, Brazil, NBT and
BCIP were obtained from Bio-Rad, USA. Nitro-cellulose membrane was from Amersham,
USA. Anti-NO synthase antibody (mouse IgG; anti-rat INOS), alkaline-phosphatase
conjugated rabbit anti-mouse IgG, and the positive control (mouse macrophage iINOS) were

from Transduction Laboratories, KY, USA.

Arimals

Male Wistar rats weighing 180 to 200 g at the beginning of the experiments were used. The
animals were allowed a standard pellet diet and free access to water and maintained at 23° C
under a cycle of 12 h light/dark. All experiments were in accord with ethical principles in
animal research adopted by the Biomedical College Animal Experimentation (COBEA) and
approved by the Biomedical Sciences Institute/University of S#io Paulo- Ethical Committee

for Animal Research (CEEA).
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Induction and freatment of Diabetes Mellitus

Diabetes mellitus was induced by the intravenous injection of 42 mg/kg alloxan dissolved in
physiological saline. Control rats were injected with physiclogical saline alone. Ten, 30, or
180 days thereafter, the presence of diabetes was verified by blood glucose concentrations >
200 mg/dL, determined with the aid of a blood glucose monitor (Advantage®, Eli Lilly, Sio
Paulo, Brazil) in samples obtained from the cut tip of the tail. A group of diabetic animals

were treated with NPH insulin 2 [U/day, s.c., for 3 days before the experiments,

Isolation of peritoneal neutrophils

Neutrophils were obtained from the peritoneal cavity of the animals 4 h after the injection of

20 mL of sterile 1% oyster glycogen in physiological saline [13]. Erythrocytes were

removed by hypotonic lysis. Final cell suspension contained 95- 98 % neutrophils. Cell

viability was assessed by Eosin Y exclusion method.
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NQO Synthase activity

NO synthase activity was measured by the 'H | L-citrulline assay method as described
previously [14] with slight modifications. Neutrophils (100 x 10° cells/mL) resuspended in
HEPES buffer (20 mM HEPES, 2 mM CaCl;, 0.32 M sucrose, ImM DTT , pH 7.4) were
lysed with the aid of a sonifier (Thorton, S&o Paulo, Brazil), and centrifuged at 500 g for 10
min, Aliquots (100 ul) from the supernatant were incubated with 200 uL HEPES buffer (50
mM HEPES, | mM EDTA, 1.25 mM CaCly, pH 7.4}, containing 4 uM FAD, 4 uM FMN. 4
uM HeB, 11 mM NADPH and | pCi [°H] L-arginine for 60 min at 37°C . The reaction was
stopped by the addition of 20 ul cold buffer containing 20 mM L-arginine and 50 mM
EDTA. The reaction mixture was applied to Dowex AG 50Wx8-400 (Na~ form) resin
columns and eluted with HEPES buffer (20 mM, pH 5.5) and water (v/v). The radioactivity
corresponding to [*H] L-citrulline content in the sample was measured with liquid
scintillation counting. Protein concentration was determined by the Bio-Rad Protein Assay
[15]. Results are presented as pmoles citrulline/ mg protein/ min.

Tests were performed in the absence of NADPH and calmodulin and in the presence of
NG synthase inhibitors, such as L-NAME and L-NMMA, at the concentrations of 10, 100,

and 1000 uM.
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Western Bloi

Samples obtained from lysed neutrophils, as described above, were diluted {1 mg
protein/mL) in Tris buffer (62.5 M Tris-HCI, 10% glycerol, 2% SDS, 5% B-mercaptoethanol,
0.001% bromophenol blue) and heated at 100°C for 5 min. Proteins (10-20 ug) were
separated on 7% SDS-PAGE [16] and transferred to nitrocellulose membranes during 2 h
(150 mA)} in Tris-glycine buffer (25 mM Tris, 192 mM glycine) containing 0.1% SDS and
20% methanol. Membranes were incubated with Tris buffer saline (TBS, 200 mM Tris, 1.37
M NaCl, pH 7.6} containing 5% skimmed milk, followed by overnight incubation at 4°C
with the primary monoclonal antibody (mouse igG; anti-rat iNOS, 1:2500). After extensive
washings in TBS, the nitrocellulose membranes were incubated with the secondary antibody
(rabbit anti-mouse IgG conjugated to alkaline phosphatase, 1:1500) for 2 h at room
temperature. The immunoreactive proteins were visualized with NBT/BCIP. The
densitometric quantitation of INOS expression was performed using the Sigma Gel Software-
Jandel Scientific (Sigma Chemical Co. St Louis, MO, USA). Results were presented as

arbitrary units.

Data analysis

Results are presented as means + SEM., When appropriate, the data were statistically
analysed by Student’s 1 test or analysis of variance {ANOVA) followed by the Tukey-Kramer

multiple comparisons test, p < 0.05 was considered significant.
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RESULTS

NO synthase activity in alloxan induced diabetic rats

Relative 10 controls, the activity of NO synthase in polymorphonuclear leukocytes was
markedly increased in rats rendered diabetic by the injection of alloxan. Estimates made 10,
30 or 180 days after alloxan administration showed that the increase in NO synthase activity
was comparable in all groups of animals tested. The finding was not dependent on the
number of neutrophils recovered from the peritoneal cavity of the animals. Values were
(mean + SEM): 1.30 £ 0.07 x 10° celis and 1.40 +£0.11 x 10% cells in control and diabetic rats,
respectively. Blood glucose concentrations were sharply elevated and a significant reduction
in body weight gain was observed in diabetic animals during these intervals. Results are
summarized in Table 1.

Tests performed in the absence of some cofactors showed that the activity of the enzyme
did not change in the absence of calmodulin, but calcium absence reduced NO synthase
activity by 30-35 % in polymorphonuclear leukocvtes from both diabetic and control
animals. In the absence of NADPH, enzyme activity was almost completely abolished.
Whatever the situation NO synthase activity in polymorphonuclear leukocytes from diabetic
rats was twice as that observed in controls. Results are illustrated in Figure 1. Similar results
were observed upon inhibition of NO synthase by L-NAME and L-NMMA. Both substances
caused a dose-dependent inhibition of NO synthase, the remaining enzyme activity levels

being higher in diabetic rats than in controls (Fig. 2).
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Role of insulin on NO synthase activiey

in order to verify the relationship between NO synthase activity and the circulating level of
insulin, animals rendered diabetic by the injection of alloxan 10 days before were given Z [U
NPH insulin each evening for the last 3 days of the period. A complete normalization of the
NO synthase activity was observed in diabetic rats treated with insufin. Values attained
matched those observed in controls. Results are illustrated in Figure 3. Blood glucose levels
decreased from (mean * SEM) 447 + 15 before treatment to 285 + 78 mg/dL after insulin
treatment {p < 0.0001).

Western blot analysis performed with the lysates from polymorphonuciear leukocytes
showed a strong immunoreactivity for the inducible NO synthase in the diabetic group, the
level of protein expression decreasing after treatment of diabetic animals with insulin (Fig.

4).
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DISCUSSION

Results presented suggest that the activity of NO synthase in polymorphonuclear leukocytes
is regulated by insulin. The suggestion is supported by the following observations. First, the
activity of NO synthase was markedly increased in leukocytes obtained from alloxan-induced
diabetic rats. Second, this was accompanied by an increase in the level of enzyme expression.
Third, both the activity and expression of NO synthase returned to normal values after
treatment of diabetic rats with insulin.

Determinations of NO synthase activity by the ["H] L-citrulline assay method showed that
enzyme activity in peritoneal leukocytes from diabetic rats was approximately twice the
values observed in controls. Differences between diabetic and control groups ranged from 1.5
to 2.5 times. This was observed from the early stages of diabetes, remaining up to 180 days
after alloxan injection. Similar results were obtained from the analysis of NO synthase
expression by Western blot. The lysates prepared from polymorphonuclear leukocytes of
diabetic rats showed a strong immunoreactivity for the inducible isoform of NO synthase
(130 kDa). Tests performed to characterize NO synthase in peritoneal leukocytes showed that
the enzyme activity is dependent on calcium but not on calmeodulin. NO synthase purified
from rat polymorphonuclear leukocytes is known to be dependent on calcium, NADPH and
HiB [17, 18]. A 130 kDa protein and a 22 kDa linked protein were purified from human
neutrophils by SDS-polyacrilamide gel electrophoresis [19] and was characterized in these
cells upon stimulation with interleukin-1, tumor necrosis factor-o, and interferon-v [20] as

well in rat neutrophils in a model of endotoxic shock [21]. Furthermore, we clearly
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demonstrated a dose dependent effect with both inhibitors of NO synthase, L-NAME and L-
NMMA, on the activity of NO synthase in rat polymorphonuclear leukocytes,

In both series of experiments, testing enzyme activity in the absence of some cofactors or
in the presence of L-NAME and L-NMMA, the activity of NO synthase in leukocytes from
diabetic rats was approximately twice the activity of the enzyme observed in matching
controls. Values returned to normal levels after treatment of diabetic animals with msulin.
Daily injections of NPH insulin had to be administered for at Jeast 3 days before experiments.
Insulin treatment clearly was not sufficient to maintain normal blood glucose levels in these
animals. Accordingly, the increase in NO synthase activity might be primarily linked to
continuing insulin deficiency rather than to secondary hyperglycaemia occurring in diabetic
animals. Adequate concentrations of insulin seem to be required for the normal function of
endothelial cells and leukocytes during the course of the inflammatory process. The local
exudative cellular reaction in a inflammatory lesion, including the carrageenan-induced
pleurisy [3], the allergic pleurisy [22], and the allergic airway inflammation [23] depends on
the availability of insulin.

Recent studies support the idea that insulin might regulate the activity of NO synthase.
Macrophage NO production (NO, levels) and NO synthase mRNA expression are elevated in
rats and mice made diabetic by streptozotocin injection [24]. Increased expression of
endothelial cell NO synthase, on diabetic rat kidney, was prevented by treatment of the
animals with L-NAME or insulin [25]. We presently demonstrated that the activity and
expression of the inducible isoform of NO synthase in polymorphonuclear leukocytes are

increased in alloxan-induced diabetic rats. The ability of insulin to normalize enzyme activity
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and expression is an indication that the alteration observed is a consequence of the diabetic
state.

Several lines of evidence implicate NO as an endogenous inhibitor of leukocyte adhesion
in venules. NO synthase inhibition elicit recruitment of adherent leukocytes [26, 27]; NO
donors (nitroprusside) attenuate or prevent leukocyte adherence induced by different
inflammatory stimuli [28]; superoxide, by reacting with NO, promotes leukocyte adherence
[29]. Previous studies showed that defective leukocyvte-endothelial interactions and leukocyte
chemotaxis are observed in experimental diabetes mellitus [3-3, 30]. Any dysfunction in the
sequence of events leading to the ability of leukocytes to migrate efficiently in response to
inflammatory stimuli could result in an increased susceptibility of the host to infectious
diseases [31, 32]. It is well established that certain infections occur almost exclusively in
diabetic patients and many diabetic patients have a worse prognosis once infection is
established [1-2, 331

Results presented suggest that overexpression of the inducible isoform of NO synthase by
polymorphonuclear leukocytes might be responsible, at least in part, for the defects in
leukocyte-endothelial interactions in diabetes mellitus, which represents an aggravating

factor for host defence in the first stages of infection.
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TABLE 1. General characteristics of the animals and NG svnthase activity in

polymorphonuclear leukocytes

Animals Body weight gain ~ Blood glucose  NO synthase activity i
{g} (mg/di) {(pmol/mg/min} _

Diabetic (10 days) 5+37 444+ 127 343.86% 1629 7(12)
Maiching controls 55+ 13 1054 17198+ 15.88 7(11}
Diabetic (30 days) 23137 3674247 191.17+ 426" 3(6)
Matching controls 120+ 4 97+5 13330 1.02 3(6)
Diabetic (180 days) 104 =141 371+117 268.10 1(3)
Matching controls 232+ 11 1083 105.80 1(3)

Animals were rendered diabetic by the injection of alloxan (42 mg/kg, iv.) 10, 30 or 180 days
before. Values are means + SEM for n assays. Figures within parentheses indicate the number of

animals used in each group. * p<0.0001; "p<0.001; ¢ p<0.01 vs matching controls.
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Legends for figures

FIG. 1. Effect of calmodulin (400 U/ml), C&* (2 mM) and NADPH (11 mM) on the activity
of NO synthase (["H] L-citrulline assay method) in polymorphonuclear leukocyies from
diabetic rats and matching controls. Animals were rendered diabetic by injection of alloxan
(42 mg/kg, i.v.} 10 days before. Glycogen-elicited peritoneal leukocytes from 3 to 4 rats were
pooled, each animal vielding approximately 100 x 10° cells. Values presented are means of 2

independent experiments.

FIG. 2. Inhibition by L-NAME and L-NMMA of NO synthase activity ([°H] L- citrulline
assay method) in polymorphonuclear leukocytes from diabetic rats and matching controls.
Animals were rendered diabetic by the injection of alloxan (42 mg/kg, i.v.) 10 days before.
Glycogen-elicited peritoneal leukocytes from 3 to 4 rats were pooled, each animal vielding

approximately 100 x 10° cells. Values presented are means of 2 independent experiments.

FIG. 3. NO synthase activity (PH] L- citruiline assay method) in polymorphonuclear
leukocytes from diabetic {n=6), diabetic rats treated with insulin (n=8) and matching controls
(n=7). Animals were rendered diabetic by the injection of alloxan (42 mg/kg, i.v.) 10 days
before. Insulin (NPH, 2 1U/day, s.c.) was given for the last 3 days before testing. Glycogen-
elicited peritoneal leukocytes from 2 to 3 rats were pooled, each animal yieiding

approximately 100 x 10° cells. Values are means + SEM of 3 to 4 experiments in each group.

* p< 0.05 vs other values,
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FIG. 4. Western blot analysis was performed with the lysates from polymorphonuclear
leukocytes. Cells were obtained from diabetic rats (D), diabetic rats treated with insulin {Dh
and matching controls (C). Animals were rendered diabetic by the injection of alloxan (42
mg/kg, i.v.} 10 days before. Insulin (NPH, 2 [U/day, s.c.) was given for the last 3 days before
testing. Glycogen-elicited peritoneal leukocytes from 2 to 3 rats were pooled, each animal
yielding approximately 100 x 10° cells. The inducibie NO synthase (iNOS) from mouse
macrophages was used as positive control. Densitometric analysis (inset) was performed

using the Jandel Scientific Sofiware {Sigma Gel - USA).
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ABSTRACT

Motoneuron death induced by sciatic nerve transection in neonatal rats has been
related to induction of the neuronal isoform of nitric oxide synthase (nNOS), a
diaphorase of which one of the cofactors is NADPH. We transected the sciatic
nerve of neonatal rats (P2) and examined nNOS expression by immunostaining in
neurons of the sciatic pool and of other spinal levels on the fifth day after surgery.
No correspondence was observed between the surviving motoneurons and nNOS
positive cells. The appearance and distribution of nNOS positive neurons at all
spinal levels and laminae were similar to those of adult animals. These results are
at variance with previous studies which showed correlation between motoneuron
loss after axotomy and number of NADPH-diaphorase positive motoneurons after

sciatic transection.

Key words: Nitric oxide synthase; Neonatal rat; Motoneuron; Sciatic nerve;

Axotomy; Neuronal death; Spinal neurons
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Transection of peripheral nerves of rodents during the first postnatal week is
known to cause death of numerous motoneurons [6, 11, 12, 15]. A possible
mechanism might be intense free radical production such as nitric oxide (NO) and
its derivatives [5, 16, 22]. NO is formed in the cytoplasm by the neuronal isoform
of nitric oxide synthase (nNOS) and may interact with various intracellular
molecules, including other free radicals like superoxide (O,7). This results in
peroxinitrite (ONOOQOT) which may cause lipid peroxidation of membranes,
inhibition of mitochondrial respiration and apoptosis [13]. NOS is 2 NADPH-
dependent diaphorase [8] and histochemically demonstrable NADPH-diaphorase
activity in nervous tissue has been interpreted as evidence of nANOS expression [1,
4, 18,19, 22].

Clowry (1993) [4] demonstrated that sciatic nerve transection in newbom Wistar
rats (P1) increases the proportion of NADPH-diaphorase positive motoneurons in
the dorsolateral region of the ventral horn of the lumbar enlargement between 4 and
18 days after the lesion with a peak on the 5th day. As some of these neurons
showed nucleolar fragmentation it was proposed that the diaphorase detected
during motoneuron death would be nNOS.

With the aim of further evaluating nNOS expression in this experimental model
we marked the enzyme by immunohistochemistry on the fifth day after axotomy
when neuronal death and the proportion of NADPH-diaphorase positive neurons

were found to be maximal [4]. We also examined the morphology and distribution
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of nNOS positive neurons in other spinal levels (i. e. cervical, thoracic and sacral).

Wistar rats (n=8) at an age of 2 days postﬁataliy (P2) were anesthetized by
hypothermia. The sciatic nerve was transected unilaterally at mid-thigh level. A
short segment (approximately 3 mm) of the dista) stump was removed. After
surgery, the rats was returned to their mother and allowed to survive for 5 days.

Animals were anesthetized with sodium pentobarbital 3% (0,1 ml/20g; i.p.) and
perfused through the heart with saline followed by 40 ml of freshly prepared 4%
paraformaldehyde in phosphate buffered saline.

Spinal cords were dissected into segments corresponding to cervical (C5-C7),
thoracic (T4-T10), lumbar (L3-L6) and sacral (52-54) levels and postfixed in the
same fixative for 24 h at 4° C. The specimens were rinsed with water, dehydrated
in ethanol and embedded in paraffin as serial blocks as described by Beesley and
Daniel (1956) [2]. Serial sections (8um) were cut from each block. In every four
sections the first was stained with cresyl violet (Sigma), the second was reacted for
nNOS immunohistochemistry and the third and fourth sections were not collected.

For immunostaining sections were incubated in primary antibody to nNOS
(rabbit polyclonal antibody; Transduction Laboratories — KY, cat # N31030)
overnight, at room temperature (20° C). This antibody was applied in 1:50 dilution
in 0,IM PBS containing 16% normal goat serum and 0.3 % Triton X-100. Sections
were then incubated in biotinylated secondary antiserum (anti-rabbit: Rockland —

PA, cat # 611-1602) for 1 h at 20° C and, following that, were incubated in ABC
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reagents (Vectastain ABC kit; Vector - CA) for 1 h. Finally, sections were
incubated in diaminobenzidine (0,5 mg/ml) and H;0, (10 ul) for 25 minutes. In
control experiments, the primary antibody was omitted. Immunoreactivity to nNOS
was examined in neurons and neuropil in all Rexed’s laminae of the different spinal
cord levels.

After cresyl violet staining large neurons of the ventrolateral group (IX laminae)
containing a clearly-visible nucleolus were counted on every section at the lumbar
level as described previously [7]. The unoperated contralateral side of the spinal
cord was used as control. The percentage of motoneuronal loss compared with the
control side, was calculated. Statistical analysis was performed using the Student t -
test.

Immunostaining for nNOS in neurons was observed in the cell body and
processes but not in the nucleus. Densest staining was seen in laminae I-IV, from
cervical through sacral levels. The neuropil in laminae I and III reacted more
intensely than in I, reproducing the bilaminar pattern described by others in the
dorsal region of adult rat spinal cords [19]. Most nNOS positive neurons in the
deeper dorsal horn were single cells in laminae IV and V, usually bipolar or
polygonal (Fig. 1A). At thoracic and sacral levels, lamina VII contained groups of
intensely reacting neurons linked by bundles of cell processes to neurons situated
around the central canal (lamina X). Isolated projections towards the ventral hom

were also seen. In adult rats, immunohistochemical studies identified the lamina
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VII group of neurons as constituents of preganglionic sympathetic (thoracic) and
parasympathetic (sacral) columns [1, 19]. Numerous nNOS positive neurons were
situated around the central canal (lamina X) at all levels. These were mostly
bipolar, arranged singly or in small groups amid a network of reactive varicose
fibers and occasionally vessels (Fig. 1B).

At the lumbar ventral horns, some neurons were stained at both the control and
axotomized sides. These were mostly bipolar, arranged singly or in small groups in
laminae VII, VIII and IX. Large polygonal neurons were identified in the ventral
aspect of laminae VII and IX. nNOS immunoreactivity for all these cells was small
to absent. No marked cells had morphological features indicative of motoneurons
(Fig. 1C and Fig. 1D).

Cresyl violet stained sections were used for counting lumbar motoneurons of the
eight animals, which yielded a 60% reduction on the axotomized (6119;
meantSEM), compared to the control side (15 1£15) (p<0.001). These sections
were also helpful in the identification and morphological evaluation of
immunostained neurons (Fig. 1E and Fig. 1F).

Our study in neonatal rats showed nNOS positive spinal neurons most notably
around the central canal, in the lateral group of lamina VII (presumably
preganglionic autonomic) and bipolar neurons in laminae IV, V, VI - IX. These
results agree with those reported for adult animals [1, 19] and suggest that at P7

this enzyme is constitutively expressed with no deleterious function. Among
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physiological functions attributed to NO in spinal neurons are the modulation of
synaptic transmission and neuroplasticity, both of importance during CNS
maturation [9]. Kalb and Agostini (1993) [10] observed NOS expression in celis of
the lumbar cord of P7 rats, thought to be interneurons, and suggested that enzyme
activity in them may be transitory and related to development of the adjacent
motoneurons of the sciatic pool. NOS might contribute to the development of the
molecular phenotype of the motoneurons which is acquired early in the neonatal
period. However, maintenance of such phenotype would be independent of the
enzyme as it does not change in adult animals subjected to NOS inhibitors.

We did not observe differences in immunostaining of lumbar neurons between
operated and control sides five days after axotomy. There was no evidence that
nNOS is more expressed in axotomized motoneurons, or that nNOS positive
neurons are more numerous on the injured side, although counting of
immunolabeled neurons was not attempted. There was no morphological
correspondence between motoneurons identified in Nissl-stained material and
nNOS positive neurons in adjacent sections. Our results therefore do not support
previous observations that nNOS would be expressed by immature motoneurons 5
days after axotomy [4]. The observations of Piehl et al. (1998) [17] also do not
provide evidence that damaged motoneurons express nNOS, as these authors did
not find nNOS mRNA expression in newborn rat lumbar motoneurons (P3) at 1, 3

or 7 days after axotomy. Furthermore Kalb and Agostini (1993) [10] did not
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observe coincidence between undamaged motoneurons retrogradely labeled by Fast
Blue and NOS-positive lumbar neurons in P7 rats. The latter cells did not have
shape or size of motoneurons and were distributed around Fast Blue labeled
neurons which suggests they were probably premotor interneurons.

It is therefore possible that nNOS expression is not altered by axotomy and that
the diaphorase demonstrated by Clowry (1993) [4] is different from nNOS f3].
Liuzzi et al. (1993) [14] studied NOS expression in the dorsal horn of neonatal rats
(P7) using the histochemical tecnique for NADPH-diaphorase and found intense
marking in lamina II and almost nil in laminae I and IIi. That is the opposite of
what we found using immunohistochemistry for nNOS, which indicates that the
enzymes demonstrated by each technique may be different as suggested by
Callsen-Cencic et al. (1999) [3].

Another possibility is that nNOS expression did occur but this was fatal to the
cells before P7 when the material was collected so the enzyme was no longer
demonstrable. For instance, He et al. (1996) [7] observed NADPH-diaphorase
activity in motoneurons of newborn mice after sciatic transection at P1 but not at
P3. Wu et al. (1995) [21] also employed histochemical demonstration of NADPH-d
to analyse NOS expression in spinal rat motoneurons after C7 ventral root avulsion
in newborn and early postnatal rats and observed extensive diaphorase activity on
the side of the lesion. The staining occurred earlier and was more intense in

younger animals. The reason why these authors found NADPH-diaphorase activity
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after axotomy and we did not is unclear. It is possible that the differences could be
due to the types of lesion employed. Nerve root avulsion is severer than nerve
transection because it occurs closer to the cell body and no root stump is left. The
proximal stump of transected nerves contains Schwann cells that produce
neurotrophic factors which may increase motoneuron survival, possibly by
regulating nNOS expression or activity [20, 21].

Function of nNOS in normal and pathological spinal cord is still little
understood, in part due to uncertainties in enzyme demonstration by available
techniques. Using immunohistochemistry instead of histochemistry for diaphorase
activity we found no evidence that alterations of nNOS expression underlie

motoneuron demise following axotomy.

The authors wish to thank Ms Léa de Magalhfies for technical assistance. This
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Figure I

A. Bilaminar pattern of immunolabeling for nNOS in the dorsal thoracic spinal

cord. Large bipolar neurons in lamina [V {(arrows).

B. nNOS immunohistochemistry in transverse sections of thoracic cord. Neurons of
lateral column and around the central canal (cc) are joined by nNOS positive fibers.

Other isolated nNOS positive fibers are seen towards the ventral horn (arrows).

C, D. nNOS immunohistochemistry in ventral horn neurons of non-injured (C) and
injured (D) sides. nNOS positive neurons of different shapes and sizes are seen in
laminae VIII and IX, with predominance of bipolar neurons. The number of
labelled neurons is larger in the non-injured side. No cells morphologically

suggestive of motoneurons are labelled on either side.

E, F. Cresyl violet stained lumbar motoneurons of non-injured (E) and injured (F)

sides. No chromatolysis is seen on either side.

Scale bar = 100um; (I, II, III, TV: Rexed laminae; CC: central canal; * blood

vessel.).
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Abstract: Venoms from snakes of the genus Bothrops cause pronounced local effects in the
victims. These alterations result not only from the direct toxic action of venom components, but
also from the prominent inflammatory reaction associated with these envenomations. In this
study we investigated the ability of Bothrops asper (BaV) and Bothrops jararaca (BjV) venoms
to induce cellular influx and microbicidal functions in leukocytes. BaV and BjV (5 ug/animal)
caused a long lasting infiltration of leukocytes (3 to 48 h) when injected into mouse peritoneal
cavity. Both venoms increased phagocytosis and production of hydrogen peroxide (H,0.) by
polymorphonuclear (PMN) and mononuciear (MN) peritoneal leukocytes. In addition, nitric
oxide (NO) production by macrophages was also enhanced after the venom injections. This effect
was inhibited by treating animals with L-NAME and aminoguanidine, thus suggesting the
induction of INOS synthesis by the venoms. Western blot analysis confirmed the expression of
INOS in macrophages. BaV and BjV injection led to increased levels of IFN-y at the site of
inflammation. Since IFN-y is an effective inducer of iNOS expression, an indirect action of the
venoms on iNOS expression can be proposed. A marked formation of nitrotyrosine-containing
proteins was also observed in macrophage homogenates. Based on these results, we suggest that
reactive oxygen and nitrogen-derived species are involved in the pathogenesis of the local tissue

damage characteristic of Bothrops sp envenomations.

Keywords: Snake venoms; Leukocyte functions; Nitric oxide; Hydrogen peroxide; Peroxynitrite
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1. Introduction

In Latin America, the majority of snakebites are caused by species of the genus Bothrops
(Cardoso, 1985; Gutiérrez, 1995). B. jararaca and B. asper are responsible for most snake
poisonings in Brazil and Costa Rica, respectively. Envenomations caused by these species result
in severe local tissue damage, with haemorrhage, pain, myonecrosis and inflammation
(Rosenfeld, 1971; Gutierrez et al., 1984, 1986; Trebien and Calixto, 1989; Flores et al, 1993). It
has been shown that Bothrops venoms induce a significant leukocyte accumulation at the site of
tissue damage (Flores et al., 1993; Acosta De Pérez et al., 1996; Farsky et al., 1997). However,
little is known about the activation state of these cells at the site of Bothrops venom injection.
Leukocytes play essential roles in the host defense against offending agents and are key
mediators in the inflammatory response (Miller and Britigan, 1995; Ley, 1996). On exposure to a
pathogen, leukocytes respond with phagocytosis followed by generation and release of several
microbicidal products (Rohn et al., 1999).

One of the most important metabolic pathways activated by phagocytosis in leukocytes is
the respiratory burst, characterized by an increased oxygen consumption and consequent
generation of reactive oxygen species (ROS), including hydrogen peroxide (H,0,) and
superoxide anion (O;). In this metabolic pathway, oxygen is enzymically reduced through a
series of one-electron reductive reactions catalyzed by a NAD(P)H oxidase system (Pick and
Mizel, 1981; Russo et al., 1989; Caron and Hall, 1998). Another pathway stimulated during
phagocytosis involves the generation of nitric oxide (NO) and related reactive nitrogen
intermediates (RNI) by macrophages and neutrophils. NO is enzymically synthesized from L-
arginine by a family of enzymes generically known as nitric oxide synthases (NOS; Nathan,

1992; Chan, et al., 1995). Type II or inducible nitric oxide synthases (iNOS) expression occurs in
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several pathological processes and its synthesis is induced by some cytokines following immune
activation (Moncada, 1992; Hogaboam et al., 1967).

Despite the well demonstrated role of leukocytes and their reactive products in the
pathogenesis of a variety of diseases, little is known on their activation in snake venom-induced
tissue damage. In the present work we investigated the effect of B. asper and B. Jjararaca venoms
on leukocyte recruitment and microbicidal functions at the site of injection, as well as the

mechanisms involved in such actions.
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2. Materials and Methods
2.1. Venom

Lyophilized crude venoms of B. asper (BaV) and B. jararaca (BjV) were supplied by
Clodomiro Picado Institute, San José, Costa Rica and Herpetology Laboratory from Butantan
Institute, S3¢ Paulo, Brazil, respectively. The venoms were sclubilized in 0.9% NaCl solution
and subsequently filtered through sterilizing membranes (0.22 um pore size; Millipore Ind. Com.

Ltda., Brazil) before use.

2.2. Animals

These studies were approved by the Experimental Animals Committee of Butantan
Institute in accordance with the procedures laid down by the Universities Federation for Animal
Welfare. Male Swiss mice (19-20 g) were housed in temperature-controlled rooms and received

water and food ad [ibitum unti] used.

2.3. Induction of inflammatory reaction

BaV and BjV (5 pg/mouse) dissolved in 1 ml of sterile saline were injected
intraperitoneally (i.p.). Control animals received 1 ml of sterile saline alone. Following the
injections, and at selected time points (1 to 72 h), groups of animals were killed by over exposure

to halothane and the inflammatory exudate was withdrawn after washing the peritoneal cavity,

2.4. Leukocyte harvesting and counting

Leukocytes were harvested by washing cavities with 2 ml of saline containing heparin (5

U/ml). Aliquots of the washes were used to determine total cell counts in Neubauer chamber after
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dilution in Turk solution (0.2% crystal violet dye in 30% acetic acid). Differential leukocyte

counts were performed on stained Hema’ cell smears.

2.5. Phagocytosis by peritoneal lewkocyres

Leukocytes were obtained from the peritoneal cavity of the animals 12 or 48h after L.p.
injection of BaV, BjV or saline. Leukocytes (1 x 10’ cells/ml) were incubated with 2 ml of
phosphate-buffered saline (PBS) containing complement-opsonized zymosan for 40 min at 37°C.
For opsonization, 2 ml zymosan particles (2,9 mg/ml in PBS) were mixed with 2 ml mice serum
and incubated for 30 min at 37°C. The opsonized zymosan particles were then washed,
resuspended in PBS at a concentration of 1 mg/ml. The extent of phagocytosis was determined by
counting (in a counting chamber) the percentage of cells that had phagocytosed more than four

particles of zymosan (Costa Rosa et al., 1994),

2.6. H)O; production by peritoneal levkocytes

The production of H0, by peritoneal leukocytes was determined in cel] suspensions
collected from 3 to 48 h after i.p. injections of either the venoms or saline solution. Total cell
number was adjusted to 2 x 10° cells/ml, centrifuged for 10 min and the cell pellet subsequently
resuspended in 1 ml of phenol red solution (PRS: 140 mM NaCl, 10 mM potassium-phosphate
buffer, pH 7.0, 5.5 mM dextrose, 0.56 mM phenol red) containing 8.5 U/ml of horseradish
peroxidase, as previously described by Pick and Mizel (1981). Using 96-well flat-bottom tissue
culture plates (Corning, USA), 100 pl of the cell suspension were combined with 10 pl ‘of
phorbol myristate acetate solution (PMA, 10 ng/well) and incubated at 37°C in a 5% CO,

atmosphere for 1 h. At the end of the incubation period, 10 ul of I N NaOH were added to each
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well to stop the reaction. Hydrogen peroxide-dependent phenol red oxidation was
spectrophotometrically determined by measurement of absorbance at 620 nm (Titertek Multiscan
reader, Labsystems, USA). H,O, concentration values were extrapolated from a standard H,O»

calibration curve and expressed as nmoles H,0,/2x10° cells.

2.7. Determination of Nitrite

Release of NO from peritoneal macrophages was evaluated 12, 24, 48 and 72 h after i.p.
injection of either the venoms or saline solution. Peritoneal cells were collected in 3 ml saline,
centrifuged for 6 min at 500 g and the cell pellet was subsequently resuspended in RPMI medium
supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin, 50 ug/ml gentamicin and 10%
heat-inactivated fetal calf serum and plated onto 96 flat-bottom tissue culture plates (2 x 10°*
cell/well). After Zh incubation at 37°C in a 5% CO» atmosphere, the wells were washed three
times with RPMI medium to remove non-adherent cells and 100 pl of fresh RPMI were added.
The cells were incubated during 48 h at 37° C under a 5% CO; atmosphere and at the end of this
period, the release of NO from macrophages was determined by the accumulation of nitrite (NO,”
) in the cell culture supernatants which was measured by the Griess reaction (Green et al., 1982).
Aliquots of cell supernatants were mixed with an equal volume of Griess reagent (1%
sulphanilamide/0.1% naphthylethynedianime dihydrochloride in 2.5% phosphoric  acid),
incubated during 10 min at room temperature and the resulting absorbance was measured at 550

nm. Nitrite concentration values were extrapolated from a calibration curve constructed using

sodium nitrite as standard and were expressed as uM NO5".
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2.7.1. Drug treatments

In order to pharmacologically characterize the NOS responsible for the BaV and BjV-
induced production of NO, selected groups of mice were treated with the NOS inhibitor N&-nitro-
L arginine-methil ester (L-NAME) 50 mg/kg, i.p., 24h and 30 min before and 12h after injection
of BaV or BjV, or with aminoguanidine 50 mg/kg i.p., 24h and 100 mg/kg 1.p. 30 min before and
8h after injection of the venoms. Control groups of animals received saline injection following

the same treatment protocols used for L-NAME or aminoguanidine, respectively.

2.8. Effects of venoms on IFN-ylevels

Interferon gamma (IFN-y) concentrations in peritoneal exudates were quantified by using
an antibody-capture enzyme immunoassay (EIA) technique. Briefly, 96-well plates were
precoated with monoclonal antibody XMG 1.2 (Spg/ml, 50 ul/well). Fifty microliters of the
samples were added to each well and incubated for 60 min at 37°C. A biotinylated AN18 antj-
IFN-y (5pg/ml, 50 pl/well) antiserum was then added. After 1 h incubation and washing, 50l of
avidin-peroxidase were added, followed by incubation for 45 min at room temperature and
addition of the substrate (300 pg/ml of 2,2’-azino-bis ethylbenzthiazoline-6-sulfonic acid).
Absorbance was measured at 405 nm and IFN-y levels were calculated from a calibration curve

using recombinant murine IFN-y as standard.

2.9. Western blot analysis
The presence of iINOS and proteins containing nitrotyrosine residues (NT) in macrophages
obtained 6, 12, 24 and 48 h after i.p. injection of either the venoms or saline solution (control)

was detected by Western blotting. Briefly, after sodium dodecyl sulfate-polyacrilamide gel
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electrophoresis (SDS-PAGE) of total cell lysate proteins (a 7% total polyacrilamide concentration
was used for iNOS and 10% for NT), the bands were electro-transferred to nitrocellulose
membranes (Bio-Rad, USA), and following blockade of non-specific sites with casein, the
membranes were incubated overnight at 4°C with the monoclonal antibodies anti-INOS (250
ng/ml) or anti-NT (500 ng/ml). An alkaline phosphatase-conjugated rabbit-anti mouse IgG
(1:3000; Bio Rad) was used as a secondary antibody and the immunoreactive bands were
visualized using a chemiluminiscence detection system (Immun-Star, Bio-Rad). The molecular
weights of the immunoreactive bands were estimated from their relative mobility, and their
intensity was calculated by densitometric analysis. Nitrotyrosine-containing bovine serum
albumin (nitro-BSA) was prepared according to the method described by Beckman et al. (1994)

and was included as a positive control in the Western blots for NT.

2.10. Drugs and reagents

NeE-nitro-I, arginine-methyl ester (L-NAME), aminoguanidine, phenol red solution and
PMA were purchased from Sigma Chemical Co. (MO, USA). Anti-IFN-y (clones: XMG 1.2 and
AN18) and rIFN-y were purchased from Pharmingen (CA, USA). Anti-INOS was purchased from
Transduction Laboratories (USA) and anti-NT purchased from Upstate Biotechnology Inc..
Rabbit anti mouse IgG and 2,2"-azino-bis (3 ethybenzoline-6-sulfonic acid) were purchased from
Bio Rad and Southern Biothecnology Associates Inc (AL, USA), respectively. Hema® was
obtained from Biochemical Sci. Inc., USA. All others chemicals were of the highest purity

commercially available.
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2.11. Statistical analysis

Results are expressed as mean + SEM. Differences among groups were analyzed by one-

way analysis of variance (ANOVA) followed by either Turkey or Student rtest. Valies of

probability less than 5% (P<0.05) were considered significant.
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3. Results

3.1. Cellular influx into peritoneal cavity

Fig. 1 shows the time-course of leukocyte influx into the peritoneal cavities after injection
of Bothrops venoms or saline solution. Both venoms evoked a significant cell accumulation in the
local of injection. BaV caused an increase in the number of total leukocytes from the 3™ up to
48" h, while BjV-induced leukocyte accumulation was significant from 6™ up to 48" h following
the injection. For both venoms. leukocyte accumulation returned to the control levels after 72 h
(panel A). Differential cell counts showed that cells present in the peritoneal cavity after either
BaV or BjV injection were predominantly polymorphonuclear leukocytes (PMN), mainly
neutrophils. Maximal neutrophil migration was observed at 6 h and 12 h for BaV and BjV,
respectively (panel B). As seen in panel C, 48 h after the injection of any of the venoms, a

significant accumulation of mononuclear feukocytes (MN) occurred.

3.2, Phagocytosis induced by BjV and BaV

Since maximal PMN and MN influx was observed 12 and 48h after BaV and BjV ip.
injection respectively, we evaluated phagocytosis at these time points. Fig. 2 shows that both
venoms induced a similar increment in the extent of phagocytosis at the studied time: BjV (21%

at 12hand 31% at 48 h) and BaV (23% at 12 h and 22% at 48 h).

3.3. Production of H,O; induced by BiV and BaV
After the i.p. injection of BjV or BaV (5ug/mouse) or sterile saline (control), harvested

leukocytes did not show significant spontaneous release of H,O; (data not shown). However, in
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the presence of PMA, BaV increased the H:0; production by leukocytes collected from the 3™ h
to 12" h, with a peak at 12 h. BjV administration caused increased H,0; production by

leukocytes collected only at the 12" h (Table 1).

3.4. Production of NO by macrophages stimulated by BaV and BiV and the effect of NO synthase
inhibitors

A significant increase in the production of NO by macrophages was observed 48 h after
injection of any of the venoms when compared to that from cells obtained from animals injected
with saline solution alone. Two different NOS inhibitors, L-NAME and aminoguanidine, were
tested for their capacity to block NO production. As shown in Fig. 3, treatment of the animals
with either of these inhibitors, at doses reported in the literature, caused significant decrease in
nitrite accumulation in the supernatants of cultured macrophages collected 48 h after the injection

of either BaV or BjV.

3.5. Release of [FN-y in the peritoneal cavity induced by BjV and BaV
The release of IFN-y was evaluated by EIA in the mouse peritoneal cavity at 6, 12, 24 and
48h after injection of BaV and BjV. A marked increase in IFN-y levels was observed 48h after

i.p. injection of BaV (92% increase) and BjV (90% increase), as compared with animals that

received saline solution (Table 2).
3.6. iNOS expression

To better understand the ability of the venoms to induce NO, the expression of iNOS

from peritoneal macrophages was analysed by western blot. Macrophages harvested 12h after
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injection of the venoms showed augmented expression of iINOS when compared with cells
harvested at the 24 h time point (Fig. 4). Celis harvested 48h after the injection of any of the

tested venoms did not show detectable immunoreactivity towards iNOS (not shown).

3.7. Presence of nitrofyrosine-containing proteins in macrophages homogenates
The analysis of nitrotyrosine-containing proteins by Western blot of macrophage
homogenates revealed a marked increase of immunoreactivity in macrophages obtained 12, 24 or

48 h after the injection of the venoms when compared to cells obtained from control animals (Fig.

3).
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4. Discussion

Our results demonstrate that the intraperitoneal injection of 5ug of either BaV or BjV to
mice resulted in a time-related inflammatory response. Analysis of the cellular compoenent of this
reaction showed that both venoms caused a long lasting leukocyte migration into the peritoneal
cavity (3 to 48h). Neutrophils were the predominant cells accumulating during the early stages
(3-24h), while mononuclear leukocytes appeared at a later time-point (48h) of the reaction. These
results are in agreement with others from the literature showing a marked infiltration of
leukocytes into the local of tissue damage after injection of Bothrops snake venoms (Gutiérrez et
al., 1986; Flores et al., 1993; Lomonte et al., 1993; Acosta De Péres et al., 1996; Farsky et al.,
1997).

Leukocytes play a central role in the host defense against offending agents owing to their
capacity to produce a variety of inflammatory mediators as well as to present antigens and to
ingest and kill microorganisms (Zheng et al., 1999). Moreover, by removing necrotic material,
leukocytes set the stage for tissue repair and regeneration. Phagocytosis by leukocytes occurs
through activation of a restricted number of membrane receptors: mannose receptor, that
recognizes carbohydrates; complement receptor (CR) with specificity for C3b and C3bi
fragments from the complement system, and Fc receptor (FcyR) that binds IgG-opsonized
particles (Lennartz, 1998; Aderem and Underhill, 1999).

In this study the effects of BaV and BjV on peritoneal leukocyte phagocytic capacity were
investigated. Our results showed that BaV and BjV increased the engulfment of Zymosan
particles by both peritoneal polymorphonuclear (PMN) and mononuclear (MN) cells, with the
involvement of complement receptors. In contrast to our results, Souza e Silva et al. (1996)

showed that the venom of the South American rattlesnake Crotalus durissus terrificus reduces the
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capacity of spreading and phagocytosis by peritoneal MN. Such discrepancies indicate that
different venoms induce different patterns of inflammation reaction. It is well known that
Bothrops venoms are strongly pro-inflammatory, whereas the venom of C. 4. terrificus exerts
antiinflammatory effects instead (Giorgi et al., 1993; Landucci et al., 1995).

Since an augmented phagocytic capacity is characteristic of activated inflammatory cells
(Costa Rosa, et al., 1994), we investigated the effect of both Bothrops venoms on the generation
of H,O, and NO by migrating leukocytes. Our results showed that B. asper and B. Jararaca
venoms increased the production of HyO, by peritoneal leukocytes, indicating that they are
capable of priming leukocytes for the respiratory burst. The effects of BaV on this microbicidal
mechanism were longer-lasting than those of BjV, thus suggesting that the components
responsible for the induction of this cellular response must be different between both venoms.
Taking into account that the maximal production of H>O, occurs at a time-point (12 h) at which a
large accumulation of neutrophils is observed in the peritoneal cavity, we assume that these cells
may be the main source of H,O; secondary to the stimulation by the venoms. Mononuclear cells
appear not to play a major role in this response because increased levels of H,O, were no longer
observed at the time of maximum cell accumulation (48h). To our knowledge this is the first
report demonstrating the ability of snake venoms to activate the respiratory burst in leukocytes in
vivo. Although the mechanisms whereby these venoms activate the respiratory burst and induce
the release of H,O; are currently unknown, it is suggested that stimulation of phagocytosis may
be the first step of this phenomenon.

The influence of the venoms on the release of NO by peritoneal macrophages was also
studied. Administration of BjV and BaV induced a significant increase of nitrite (a NO end-
product) concentrations in the supematants of cultured macrophages harvested from mouse

peritoneal cavities 48h after the venom injection. This effect was inhibited by pre-treating
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animals with either L-NAME (a non-selective NOS inhibitor) or aminoguanidine (at dose proven
to be selective for iINOS). These findings implicate iNOS in the production of NO by

macrophages secondary to the venom stimulation.

Strengthening the involvement of iNOS in the venom-induced NO release by peritoneal
macrophages, we show significant expression of this enzyme in macrophages harvested 12 and
24h following the injection of either BaV or BjV. Interestingly, no significant expression of
INOS was detected in macrophages harvested 48h after injection of these venoms. This apparent
lack of correlation between the degree of enzyme expression and the increase in NO production
may reflect the lack of sensitivity of the immunoblotting technique.

Gamma interferon (IFN-y) and tumor necrosis factor alpha (TNF-o) have been identified
as the key cytokines responsible for induction of INOS (Ding et al., 1988). To further elucidate
the mechanism(s) involved in macrophage iNOS expression secundary to the venom
administration, we decided to analyse the release of IFN-y into the peritoneal cavity. Results
showed that i.p. injection of BaV and BjV induced a significant increment in intraperitoneal
concentrations of IFN-y. We have previously shown that the intravenous administration of either
BaV or BjV into mice results in a marked increase in serum IFN-y levels, among other cytokines
(Petricevich et al., 2000). Taken together, these results strongly suggest a role for IFN-y as a
mediator of macrophage iINOS synthesis induction by the venoms. However, an alternative direct
effect of the venoms on macrophages can not be ruled out.

The actual role that NO plays in the inflammatory reaction associated with Bothrops
venom injection is not presently known. NO is a short-lived free radical that mediates several
physiological functions including neurotransmission (Bredt and Snyder, 1992; Downen et al.,

1999) and vasodilation (Palmer et al., 1987). However, in response to inflammatory mediators,
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phagocytic cells produce a large amount of iINOS-derived NO (Green et al., 1990; Moncada and
Palmer, 1991; Bertholet et al., 1999) which could account for its tumoricidal (Hibbs et al., 1989)
and microbicidal activities (Maugl et al., 1991).

NO and superoxide anion, when locally produced at the site of inflammation, can react to
form peroxynitrite anions (ONOQO") (Beckman et al., 1990) . Peroxynitrite is not a free radical but
a short-lived and far more reactive species than its precursors. It can react with and modify many
important biological targets (such as reduced thiol groups, lipids, proteins, and nucleic acids) by
different molecular mechanisms (Pryor and Squadrito, 1995) and has been described in a number
of pathological inflammatory conditions (Rohn et al., 1999). The nitration of protein tyrosine
residues (to form the 3-nitrotyrosine derivative) has been shown to be a marker of peroxynitrite
production both in vivo and in vitro (Beckman et al., 1994). In this work, we show that
nitrotyrosine-modified proteins are present in peritoneal macrophages harvested 12 to 48 h after
either BaV or BjV injections. The initiation of ONOQO™ formation correlates well with the
activation of the burst of oxygen consumption and with iNOS expression, indicating a close
relationship between these venom-induced reactions. However, these results do not allow us to
determine if the ONOOQ" detected in macrophages arises from neighboring polymorphonuclear
cells or if macrophages themselves are responsible for its formation. It is therefore possible that
ONOO' plays a role in the venom-induced toxic effects, a hypothesis that needs to be addressed
in future studies.

Taking the above considerations together, we can hypothetise that NO participates of the
pathogenesis of envenomation in distinct ways: (a) it can induce tissue damage due to its ability
to form peroxynitrite after reaction with locally generated superoxide anions and, (b) it can

contribute to the characteristic hvpotension observed in these envenomations.
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In conclusion, the present study provides the first experimental evidence that B. asper and
B. jararaca venoms trigger several leukocyte microbicidal functions iz vive. Both venoms are
able to induce phagocytosis and the release of reactive oxygen species, iNOS-derived NO and
IFN-y. The presence of nitrotyrosine-containg proteins suggests that peroxynitrite can also be
involved in the physiopathology of Bothrops envenomation. If this is the case, specific iINOS
inhibition and/or peroxynitrite scavengers should be considered as potentially useful therapeutical

approach for treatment of the local effects of Bothrops snakebites.
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LEGENDS TO THE FIGURES AND TABLES

Fig. 1- Time-course of leukocyte influx into the mouse peritoneal cavity induced by B. asper
or B. jararaca venoms. The venoms of BaV or BiV (5pg/mouse) or sterile saline (control group)
were injected i.p.. Animals were anesthetised and the peritoneal cavity washed with PBS for
counting cells counts at the time intervals indicated above. Panel A represents the number of total
leukocytes, Panel B the number of polymorfonuclear cells (PMN) and panel C the number of
mononuclear cells (MN). Each point represents the mean + S.EM. from 5-8 animals. *P< 0.05

compared with the control group.

Fig. 2 — Leukocyte mediated phagocytosis of opsonized zymosan particles induced by B.
asper or B. jararaca venoms. Leukocytes were collected from mouse peritoneal cavity 12 and 48
h after i.p. injection of the venoms (Sug/mouse) or sterile saline. 1x10° cells/m! were incubated
with PBS containing opsonized zymosan for 40 min at 37°C. The percentage of cells that had
phagocytosed more than four particles of zymosan was determined by light microscopic
observations. Each value represents the mean = S.E.M. from 4 animals. * P< 0.05 compared

with control group.

Fig. 3 — Effect of B. asper or B. jararaca venoms on the NO production by macrophages.
Mice were injected i.p. with either BaV or BjV (Sug/mouse) or sterile saline solution (control
group). Nitrite concentration in the supernatant from cultured peritoneal macrophages (collected
24, 48 and 72 hours after injections of the venoms) were measured by the Griess reaction.
Selected groups of animals were treated with L-NAME or aminoguanidine (AG) (at doses

described in Matherial and Methods) before injection of venoms. Data are expressed as mean +
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SEM. from 8-10 animals. *P< 0.05 as compared to saline (control) value; # P <0.05 as

compared to the corresponding venom treated group.

Fig. 4- The effect of B. asper and B. jararaca venoms on iNOS expression by macrophages.

Peritoneal macrophages were harvested 48h after i.p. injection of either BaV or BjV. Whole-cell
lysates were obtained and subjected to electrophoresis and Western blot analysis with an anti-
iNOS polyclonal antibody, as described in Materials and Methods. (A) Representative blot from
three independent experiments. Lane C: control; J: B. jararaca venom; A: B. asper venom; {(+):
positive control. (B) Densitometric analysis of immunoreactive band intensities. Results are
expressed as mean * S.E.M. from three experiments. *P< 0.05 as compared to corresponding

control value.

Fig. 5 - Effect of B. asper and B. jararaca venoms on the expression of nitrotyrosine
containing proteins by peritoneal macrophages. Peritoneal macrophages were harvested 12, 24
and 48h after i.p. injection of BaV or BjV. Western blot analysis of the whole cell lysates was
performed for nitrotyrosine containing proteins (as described in Material and Methods). The
shown immunoblots are representative of four independent experiments. Lane C: control; A: B.

asper venom; J. B. jararaca venom; (NT-BSA): positive control.
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TABLE 1 — Release of H,O; by peritoneal leukocytes induced by either Bothrops asper

(BaV) or B. jararaca (BjV) venoms.

nmoles H,0, / 2x10° cells

Time after
Control BaV Bjv
i.p. injection (h)
3 0.40+0.06 091 +0.10% 0.63£0.20
6 0.49 £ (.08 0.87+x0.12% 0.54 £0.07
12 0.35+0.08 1.88 £0.19%% 1.10 £0.19*
24 (.36 x0.19 0.59+0.08 (.46 +0.08
48 0.18+0.10 0.14+0.04 0.27+£0.07

The animals were injected i.p. with B. asper, B. jararaca venoms (Sug/mouse) or sterile saline
solution (control). Peritoneal cells were harvested and 2x10° cells were resuspended in phenol red
solution containing horseradish peroxidase (8,5 U/ml). Production of H;0, in the presence of
PMA was evaluated 3, 6, 12, 24 and 48 hours after injection of the venoms. Each value represents
the mean + S.E.M. from 4 — 8 animals.

* P< (.01 compared with control. A P< 0.05 compared with BjV.
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TABLE 2 — Release of IFN-y induced by Bothrops asper (BaV) or B. jararaca (BjV) venoms in

the peritoneal cavity of mice.

ng IFN-y/ml
Time after
Control BaV BjvV
i.p. injection (h)
6 0.12£0,05 0.22+0.13 0.40+0.16
12 0.38£0.09 024+0.12 0.37+0.10
24 0.12 £0.07 0.13+£0.05 (.13 +£0.07
* *
48 0.05+0.05 0.61+0.10 0.51+0.11

The animals were injected i.p. with B. asper, B. jararaca venoms (Spg/mouse) or sterile saline
solution (control). Concentrations of IFN-y in the peritoneal washes collected 6, 12, 24 and 48
hours after the injection of venoms were measured by EIA. Each value represents the mean +

S.E.M. from 4 animals. * P< 0.05 compared with control.

186



May 02%, 2001.

D.H.G. Versteeg, Ph.D.

European Journal of Pharmacology
Editorial Office

Universiteitsweg 100

3584 CG UTRECHT

The Netherlands

Ref. MS E16540 entitled “Effect of long-term nitric oxide synthesis inhibition on the
contractile responses in the rat ileum” by Bricola et al.

Dear Dr Versteeg,

Please find enclosed two copies of the above-mentioned MS, together with two sets of
figures, our replies to referees (see doc attached) and a matched diskette of our revised MS
(labeled as "Bricola MS E16540.doc™).

Corrections of our revised MS were also done according the checklist indications.

We hope you find our MS suitable to be published in European Journal of Pharmacology.
Thank you very ruch for your attention.

I look forward to hearing from you in due course.

Yours sincerely

Edson Antunes, PhD

Department of Pharmacology
Faculty of Medical Sciences
UNICAMP - PO Box 6111
13.081-970

CAMPINAS (SP), Brazil

FAX +55-19-3289-2968

E.mail: eantunes@bestway.com.br

197




Effect of long-term nitric oxide synthesis inhibition on the contractile

responses in the rat ileum

Alice A. O. Bricola °, Simone A. Teixeira %, lara M.S. De Luca ® Louis A. Barker °, Angelina

Zanesco ¢, Edson Antunes ®, Gilberto De Nueci ®

* Department of Pharmacology, F. aculty of Medical Sciences, UNICAMP, PO Box 6111 , 13081-
970, Campinas (SP), Brazil; ® Department of Histology and Embriology, Biology Institute,
UNICAMP, Campinas (SP), Brazil; “Department of Pharmacology, Louisiana State University,
New Orleans (LA), US.A; dDepartmem of Physical Education, Biosciences Institute, UNESP,

Rio Claro (SP), Brazil,

Author for correspondence:
Edson Antunes, PhD
Department of Pharmacology
Faculty of Medical Sciences
UNICAMP P.O. Box 6111

13081-970

Campinas (SP), Brazil

Phone +55-19-3788-7185

Fax +55-19-3289-2968

E-mail eantunesi@bestwayv.com.br

188



Abstract

The responsiveness of muscarinic and tackykinin agonists in the intestinal smooth muscle
of animals under long-term nitric oxide (NO) synthase blockade has not been studied. The aim of
this study was to examine the effects of long-term treatment with N®-nitro-L-arginine methyl
ester (L-NAME) on the rat ileum contractions induced by methacholine, carbachol and substance
P. Male Wistar rats received L-NAME (20 mg/rat/day) in the drinking water for 7, 15, 30 and 60
days. Control animals received either tap water alone or D-NAME. Concentration-responses
curves to methacholine, carbacho! and substance P were obtained and pECs; values were
calculated. The ileum NO synthase activity was markedly reduced in all L-NAME-treated rats.
The potency of methacholine was not significantly affe'cted at 7, 15 and 30 days of L-NAME
treatment. However, at 60 days a 4-fold increase in methacholine potency was observed in L-
NAME-treated rats (7.16 + 0.06) compared to control animals (6.56 + 0.05) or D-NAME group
(6.81 £ 0.11). At 60 days, a 3-fold increase in carbachol potency was also observed in L-NAME-
treated rats. The supersensitivity to methacholine at 60 days was not modified by L-arginine (1
mM), tetrodotoxin (0.3 uM), indomethacin (3 uM) or 1H-[1,2,4Joxadiazolo-[4,3-a]quinoxalin-1-
one (ODQ; 3 uM). The potency and maximal responses of substance P were not affected by L-
NAME treatment. No morphological alterations in the rat ileurn were observed in L-NAME-
treated rats. In conclusion, long-term NO blockade leads to an increase of the potency for
muscarinic agonists in the rat isolated ileum, possibly by functional alterations occurring at post-

junctional level.

199




Keywords: Muscarinic receptors; Tachykinin receptors; N-nitro-L-arginine methy] ester; Nitric
oxide synthase; Non-adrenergic non-cholinergic fibers.
1. Introduction

The enteric nervous system is composed of the myenteric and the submucosal plexus. The
former lies between the longitudinal and circular muscular layers, and controls the
gastrointestinal motility whereas the latter lies in the submucosa, and regulates epithelial
secretion and local blood flow (Furness et al., 1992). Besides sympathetic and parasympathetic
fibers, non-adrenergic non-cholinergic (NANC) nerves exert an important role in the
gastrointestinal functions (Bennett, 1997). The NANC innervation consists of two components,
namely inhibitory and excitatory. The inhibitory neurons contain ATP (Burnstock, 1990) and
vasoactive intestinal peptide (VIP, Fahrenkrug et al., 1978). Additionally, nitric oxide (NO) has
been considered the primary inhibitory neurotransmitter in gastrointestinal tissues from a number
of animal species as evidenced by both functional (De Man et al,, 1991; Kanada et al., 1992;
Sanders and Ward, 1992; Suzuki et al., 1994) and immunohistochemical studies (Bredt et al.,
1990; Donat et al., 1999). Interactions between the main neurotransmitter of parasympathetic
fibers, acetylcholine, and NANC inhibitory fibers have been reported. Acetylcholine can release
NO in the gut by activation of pre-synaptic M, receptor on myenteric neurons showing that
NANC nitrergic and cholinergic fibers interact on the intestinal smooth muscle controlling its
motility and neuronal activity (Iversen et al., 1997). Conversely, endogenous NO can inhibit
neurotransmission mediated by acetylcholine, probably via a pre-junctional mechanism
(Gustafsson et al., 1990; Wilkiund et al., 1993). The tachykinins substance P and neurokinin A
are the NANC excitatory neurotransmitters in the mammalian intestine (Kunze and Furness,

1999). Furthermore, substance P stimulates the gastrointestinal tract not only by a direct effect on
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the smooth muscle, but also through activation of tachykinin NK; receptors at pre-synaptic leve]
causing the release of acetyicholine from parasympathetic terminals (Holzer and Holzer-Petsche,
1997). Although considered as an excitatory agent, substance P can also inhibit peristalsis
through activation of pre-junctional tachykinin NK, receptors present in the inhibitory fibers
causing NO release (Holzer, 1997). This interaction has been supported by immunocytochemical
studies showing a colocalization of tachykinin NK, receptors and NO synthase in the enteric
neurons of the guinea-pig gut (Portbury et al., 1996). In addition, endogenous NO has been
shown to counteract the actions of substance P. The functional role of these multiple
neurotransmitters in the gastrointestinal tract and their interactions with each other is still unclear.
Besides, no investigations have been performed to study the responsiveness of muscarinic and
tackykinin agonists in the intestinal smooth muscle in animals under long-term blockade of the
NO synthase. Therefore, the aim of this study was to examine the effect of long-term
administration of a NO synthesis inhibitor, N®-nitro-L-arginine methyl ester (L-NAME), on the

contractility of rat isolated ileum induced by muscarinic agonists {(methacholine and carbachol)

and substance P.
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2. Materials and methods

2.1 Animals

Experiments were carried out in male Wistar rats weighing approximately 150 g provided
by the Animal Care of State University of Campinas (UNICAMP). All procedures were designed

in accordance with the guidelines for animal care of UNICAMP.

2.2. Long-term treatment with L-NAME and blood pressure measurements

The NO synthase inhibitor L-NAME was dissolved in the drinking water at a
concentration of 400 mg L™ to give a daily intake of approximately 20 mg/rat/day for 7, 15,30 or
60 days. The inactive enantiomer D-NAME (20 mg/rat/day) was given only for sixty days.
Matched-control groups received tap water alone. The arterial blood pressure was measured

weekly by a modified tail-cuff method.

2.3. Tissue preparation

The rats were anesthetized with halothane and exsanguinated. Ileum segments were taken
16 em from the ileocaecal junction and washed with Krebs-Henseleit solution (pH 7.3-7.5) with
the following composition (in mM): 117 NaCl, 4.7 KCL, 2.5 CaCl,, 1.2 MgCl,, 1.2 NaH,PO,, 25
NaHCO; and 11 glucose. Functional and histological studies on the rat isolated ileum were

performed.
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2.4. Histological analysis

The rat isolated ileum was cut into pieces of 2 ¢m, opened and fixed immediately in 10%
formalin for 24 h. The tissue was then washed in water and embedded in 70% ethy! alcohol,
according to conventional methods for light microscopy. Briefly, the ileum pieces were
embedded in paraffin and 5 mm sections were stained with hematoxylin-eosin. For the qualitative
analysis, the integrity of the mucosa (especially villus), circular and longitudinal muscles were
evaluated. For the quantitative analysis, a morphometric determination of thickness of the

circular and longitudinal layers was performed.

2.5. Functional assays

Segments of 1.5 cm of the rat ileum obtained at 7, 15, 30 or 60 days after L-NAME
treatment or the age-matched control groups were mounted in a 10 ml organ bath containing
Krebs solution at 37°C, continuously gassed with a mixture of 5% CO; and 95% O,. A tension of
2 g was applied and the tissues were allowed to equilibrate for 45 min. Cumulative concentration-
response curves to methacholine were obtained in absence or in presence of the following drugs:
L-arginine (1 mM), tetrodotoxin (0.3 uM), indomethacin (3 pM), 1H-[1,2.4]oxadiazeolo-[4,3-
ajquinoxalin-1-one (ODQ, 3 uM) and atropine (1-100 nM) after 30 min incubation.
Concentration-response curves to substance P were also obtained in presence of cyproheptadine
(1 uM), atropine (10 nM) and tetrodotoxin (0.3 uM) to block indirect actions of substance P
(Maggi and Giuliani, 1995). Isotonic contractions were recorded using an isotonic transducer

(Harvard Apparatus) and a Watanabe multichanne! pen recorder (model WTR 38 1).
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2.6. Construction of concentration-response curves

Curnulative concentration-response curves to methacholine, carbachol and substance P
were constructed by using one-half log unit increments (Van Rossum, 1963). All concentration-
response data were evaluated for a fit logistic equation:

E = Ena/((14(1010%") + @)
where £ is the increase in rate above basal; E,., is the maximum response that the agonist can
produce; ¢ is the logarithm of the ECs,, the concentration of agonist that produces half-maximal
response; x is the logarithm of the concentration of agonist; the exponential term, n, is a curve
fitting the parameter that defines the slope of the concentration-response line, and @ is the
response observed in the absence of added agonist. Nonlinear regression analyses to determine
the parameters Enmax. log ECso and n were done using GraphPad Prism (GraphPad Software, San
Diego, CA) with the constraint that @ = zero. The displacement on the cumulative concentration-
response curve to methacholine induced by the competitive antagonist atropine was analysed by

Schild regression (Arunlakashana and Schild, 1959).

2.7. Assay of illeum constitutive NO synthase activity

The animals were killed with CO; asphyxiation and the isolated ileum (10 ¢m) was
dissected and c¢leaned in physiological saline. The tissue was homogenized in 50 mM Tris, buffer
pH 7.4 (100 ml), containing L-citrulline (1 mM), EDTA (0.1 mM), dithiothreitol (1 mM),
leupeptin (10 pug ml™), soybean trypsin inhibitor (10 pg mi™h, aprotinin (2 ug mi™h, phenyl

methy! sulfonyl fluoride (1 mM). The tissue homogenization was performed using a Ultra-Turrax
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T25 in 5 ml of buffer per g of tissue (wet weight). The homogenates were centrifuged at 12,000 g
for 10 min and NO synthase activity was measured in the supernatant fractions according to
Lincoln and Messersmith (1995). Briefly, the supernatant fractions (50 ul) were incubated in a
modified Tris buffer (50 mM, pH 7.4) containing CaCl, (1 mM), FAD (10 uM), NADPH (1
mM), calmodulin (10 ug ml™) and BH4 (100 uM; Hiki ef al., 1992), previously equilibrated at
37° C for 5 min. Pharmacological controls of enzymatic activity were carried out in parallel and
consisted of either the omission of CaCl; and addition of EGTA (1 mM) or the addition of L-
NAME (1 mM) to the incubation medium. The L-[2,3,4,5-’H]arginine solution was prepared by
diluting [*H]arginine with non-labeled L-arginine to give a final [*H]arginine concentration of 10
uM and 200,000 dpm. After 15 min, the reaction was stopped by addition of 1 ml of the ice-cold
buffer (pH 5.4) containing HEPES (20 mM), EGTA (1 mM), EDTA (I mM), followed by vortex
mixing. The samples were then applied to a 0.6 ml DOWEX 50wx8-200 (ionic form: hydrogen,
dry mesh 100-200) pre-equilibrated with the stopping buffer. L-[2,3,4,5-*H]L-citrulline was
eluted and washed with 1 ml of stopping buffer and the radioactivity was determined by liquid
scintillation counting. All measurements were made in duplicate. Protein concentrations were
determined using bovine serum albumin as a standard. Activity was expressed as pmol of
citrulline mg' protein min™', and the values were corrected from the remaining NO synthase

activity in presence of exogenous L-NAME.
2.8. Drugs

N®-nitro-L-methyl arginine (L-NAME), D-NAME, carbachol, atropine sulfate salt,
tetrodotoxin, indomethacin, substance P, L-arginine hydrocloride, cyproheptadine hydrochloride,

methacholine (acetyl-B-methycholine chloride), 1H-[1,2.4Joxadiazolo-[4,3-a]quinoxalin-1-one
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(ODQ) and all reagents used in determination of ileum NO synthase activity were purchased
from Sigma Co (St. Louis, MO). L-[2.3,4,5-’H]arginine (specific activity of 41 Ci/mmol) was

supplied by Amersham Pharmacia Biotech (UK).

2.9, Statistical analysis

All values are expressed as the means + S.E.M. The program InStat (GraphPad Software)
was used for statistical analyses. Where appropriate, one-way analyse of variances (ANOVA)
followed by a Newman-Keuls multiple comparisons post hoc test were performed. In some cases,

a paired or unpaired Student's 7 tests were used. P < 0.05 was accepted as significant.
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3. Results

3.1. Svstolic blood pressure

The long-term administration of L-NAME caused a time-dependent and significant (P <
0.05) increase in systolic blood pressure, as evaluated at 7, 15, 30 and 60 days (136 + 1.3, 167 +
23,172 £0.7 and 204 + 7.9 mmHg, respectively) compared to control animals (122 £ 1.9 mmHg
at 60 days of treatment). The inactive enantiomer D-NAME had no effect on systolic blood
pressure (118 % 1.2 mmHg at 60 days of treatment). The average daily intake of both water and

food did not differ among the L-NAME, D-NAME and control groups.

3.2. NO synthase activity

Fig. 1 shows that long-term L-NAME treatment markedly reduced the activity of ileum
NO synthase at 7, 15, 30 and 60 days after treatment. In absence of Ca®* ions and addition of
EGTA (0.1 mM) to the incubation media, the ileum NO synthase activity was inhibited by 80%
in control group, confirming that conversion of [3H]arginine to ["Hcitrulline was mainly due to a
calcium-dependent constitutive NO synthase. Similarly, at 7 days after treatment, omission of
Ca’ ions and addition of EGTA significantly inhibited the Ca**-dependent constitutive NO
synthase activity. At 15, 30 and 60 days, no changes were found between L-NAME-treated

groups and age-matched groups with omission of Ca®* ions and addition of EGTA.
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3.3. Agonist potency and maximal responses lo methacholine and carbachol

No significant changes on the concentration-response curves to methacholine were
observed at 7, 15 and 30 days after L-NAME treatment, but a 4-fold increase at pECsg level for
this muscarinic agonist was observed at 60 days (Fig. 2 and Table 1). Maximal responses to
methacholine were not affected by the L-NAME treatment in any studied time (Table 1).
Similarly to methacholine, a 3-fold increase (P<0.05) at pECsp level was found for carbachol at
60 days after L-NAME treatment (6.69 + 0.05 and 7.17 £ 0.09 for control and treated animals,
respectively; n=6) without affecting the maximal responses (67 = 3.5 and 78 + 4.5 mm for control
and treated animals, respectively). For further experiments, methacholine was routinely used,

Treatment of animals with the inactive enantiomer D-NAME did not produce any
significant displacement of the log concentration-response curves for methacholine, as observed
60 days after treatment (6.81 £ 0.11 and 6.79 + 0.10, pECs, for control and D-NAME groups,
respectively; n=8; Fig. 2).

Addition of L-arginine (I mM) affected neither pECs; nor maximal responses to
methacholine at 60 days after L-NAME treatment (Table 2). Moreover, the cyclooxygenase
inhibitor indomethacin (3 uM) had no effect on the potency and maximal responses for
methacholine on isolated ileum obtained from control or L-NAME (60 days)-treated rats (Table

2).

3.4. L-NAME and muscarinic receptors

Addition of L-NAME in vitro (0.1-3 mM) on isolated ileum did not produce any

significant shift of the concentration-response curves for methacholine (6.64 + 0.01, 6.81 + 0.008,
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6.80 1 0.007, 6.74 £ 0.007 and 6.65 £ 0.006, at pECs; values for control and L-NAME 01,031
and 3 mM, respectively; n=8).

Atropine (1-100 nM) exhibited a competitive antagonism for methacholine in the isolated
rat lleum, as expected. The pA; value for atropine was 9.70 x 0.09 (n=6) and the Schild
regression indicated a slope that did not differ significantly from unity [0.92 (0.87-0.97, 95% of

confidence interval)].

3.3, Effect of tetrodotoxin

In control rats, tetrodotoxin (0.3 uM) caused a small, but significant (P < .035), increase on
the potency of methacholine in the isolated ileum whereas the maximal responses were not
significantly affected by this compound (Table 3). In L-NAME (60 days)-treated rats,
tetrodotoxin did not change the supersensitivity of rat ileum to methacholine, but decreased by 15

% (P < 0.05) the maximum response to this muscarinic agonist (Table 3).

3.6. Effect of 1H-[1,2,4]Joxadiazolof4,3-a]-Quinoxalin-1-One (ODQ)

In isolated ileum from control rats, the potency and maximal responses of methacoline
were not affected by the addition of the soluble guanylate cyclase inhibitor ODQ (3 pM, n=8;

Table 3). Similarly, in tissues obtained from L-NAME (60 days)-treated rats, ODQ (3 pM) failed

to affect the increased pECs values and maximal responses for methacholine (n=6; Table 3).
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3.7. Agonist potency and maximum response to substance P

Concentration-response curves for substance P in the isolated ileum were obtained in
presence of cyproheptadine (1 uM), atropine (0.01 1uM) and tetrodotoxin (1 uM) to avoid indirect
contractions evoked by its actions on the myenteric plexus. Qur results showed that the potency
of substance P in control animals (5.93 + 0.12, n=6) did not differ from L-NAME (60 days)-
treated rats (6.09 * 0.12, n=6). The maximal responses for substance P were also unaffected by

the L-NAME treatment (60.5 £ 5.92 and 73.7 £ 5.27, P= .13, n=6}.

3.8. Quantitative and qualitative histological analysis

Treatment of rats with L-NAME for 60 days (n=6) did not cause any morphological
alterations in the rat ileum, as evaluated by the measurement of the thickness of either
longitudinal (28.9 + 1.4 and 32.5 £ 3.5 um for control and treated groups, respectively) or
circular layers (54.9 + 3.2 and 47.0 + 3.3 um for control and treated groups, respectively).
Regarding to mucosa layer, the L-NAME treatment did not cause any microscopic injury,

especially villus (n=11), compared to tissues from age-matched control groups (n=6).
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4. Discussion

This study shows that inhibition of ileum constitutive NO synthase activity by long-term
treatment (60 days) of rats with the NO inhibitor L-NAME causes a significant increase in the
potency of muscarinic agonists, an effect unaltered by addition of L-arginine, indomethacin,
tetrodotoxin and ODQ. These findings indicate a modulatory role of NO on the contractile
response mediated by muscarinic receptors in isolated ileum. The alterations to methacholine
were due to NO inhibition since animals receiving the inactive enantiomer D-NAME did not
show any changes in the potency to this muscarinic agonist. Furthermore, the lack of any
morphological lesions in the rat ileum after L-NAME treatment supports the concept that the
increased potency for methacholine at 60 days reflect functional rather than pathological
adaptative alterations.

Our results showed that the ileum constitutive NO synthase activity was similarly reduced
by L-NAME at 7, 15, 30 and 60 days post-treatment, but the increased responsiveness (4-fold) to
methacholine was observed only at 60 days demonstrating that a long-term NO blockade is
necessary to produce the alterations of muscarinic receptor responses. Similarly, a 3-fold leftward
shift to carbachol was observed at 60 days. Although our results are still unclear, we could
postulate that supersensitivity to muscarinic agonists at 60 days reflects slow onset mechanisms
including increases in the efficiency of coupling between agonist-receptor events and/or changes
in the membrane environment (i.e., membrane modifying proteins that modulate the binding of
agonists to receptors) that would affect the potency of methacholine and carbachol (Kenakin,
1993). We also tested the effect of exogenous L-arginine to revert the supersensitivity for

methacholine in L-NAME-treated group. In previous studies, addition of L-arginine prevented
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the inhibitory effects of NO synthase inhibitors on the electrical stimulation-induced contractions
of rat gastric fundus (Boeckxstaens et al., 1991a), guinea-pig gastric fundus (Lefebvre et al.,
1992) and guinea-pig ileum (Williams and Parsons, 1995). In an in vivo study, L-arginine also
prevented the increase in rat jejunal motility by acute L-NAME administration (Calignano et al,,
1992). In our study no changes were observed by L-arginine addition suggesting that
supersensitivity for methacholine in L-NAME-treated rats does not involve NO deficiency but
rather reflects a complex interaction between parasympathetic fibers and NANC innervation in
rat ileum. In a previous study, L-NAME was reported to antagonize muscarinic receptors in
rabbit coronary arteries and canine colonic smooth muscle (Buxton et al., 1993), a data not
confirmed in latter investigations (Suzuki et al., 1994; Bartho et al., 1999). Our findings show
that addition of L-NAME in vitro (up to 10 M) had no antimuscarinic actions in rat isolated
ileum while in a parallel experiment a classical muscarinic receptor antagonist, atropine,
exhibited a competitive antagonism in the concentration-response curves to methacholine.
Therefore, the leftward displacement of concentration-response curves to methacholine seen in L-
NAME-treated animals at 60 days was not attenuated by any potential antimuscarinic actions of
L-NAME.

The mechanisms by which NO regulates the tone of the gastrointestinal tract are still a
matter of controversy. While some authors postulate that the effects of NO in gastrointestinal
muscle are coupled to ¢cGMP production since they can be blocked by the guanylate cyclase
inhibitor ODQ (Eklad and Sundler, 1997; Sanders and Keef, 2000), others suggest that a cGMP-
independent process and smooth muscle cell hyperpolarization via K™ channel activation are
involved (Koh et al., 1995). It has also been proposed that both ¢GMP-dependent and
independent mechanisms can mediate the NO actions in the gut (Cellek et al., 1996; Bayguinov

and Sanders, 1998). Our data that ODQ failed to affect the methacholine-induced contractile
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responses rule out the involvement of cGMP as a transductional signal in the rat ileumn. This is
reinforced by the findings that cGMP levels are unaltered in the guinea-pig ileurn stimulated with
carbachol (Hartle, 1976).

Various cyclooxygenase products stimulate cholinergic neuro-effector transmission. In
guinea-pig ileum, endogenous prostacyclin modulates acetylcholine release from cholinergic
nerves terminals in the myenteric plexus (Fukunaga et al, 1993). Additionally, a molecular cross-
talk between NO and cyclooxygenase-derived products regulating tissue homeostasis and
pathophysiological processes has been reported (Clancy et al., 2000). Thus, endogenous NO
(Stadler et al., 1993) or NO-releasing compounds (Kosonen et al, 1998) can inhibit the
prostanoid production in various cell types and tissues. However, the possibility that the
increased sensitivity to methacholine by long-term L-NAME treatment could be due to
cyclooxygenase up-regulation, and consequently an enhancement of cyclooxygenase-derived
products was tested by using the cyclooxygenase inhibitor indomethacin. Our findings that
indomethacin had no effect on the concentration-response curves for methacholine in control and
L-NAME-treated animals show that prostanoids are not involved on the supersensitivity to
methacoline by long-term L-NAME treatment.

A bi-directional interaction between acetylcholine and nerve-evoked NO release in the gut
has been reported. Thus, exogenous acetylcholine releases NO/NO7; through activation of
muscarinic M; receptors in the guinea-pig colon (Iversen et al., 1997) and, on the other hand, NO
itself inhibits the nerve-evoked acetylcholine release in the guinea-pig ileum (Kilbinger and
Wolf, 1994). Therefore, the supersensitivity for methacholine caused by long-term NO blockade
might reflect an increased release of acetylcholine from enteric nerves. This hypothesis was
tested using tetrodotoxin, a Na® channel blocker that inhibits nerve-mediated responses. Qur

results showed that in control (untreated) animals, tetrodotoxin increased by approximately 2-fold
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the potency for methacholine. A number of studies have reported the importance of NO as an
inhibitory neurotransmitter in intestinal smooth muscles (Thombury et al., 1991: Sanders and
Ward, 1992). Since NO generated from gastrointestinal smooth muscle can be inhibited by
tetrodotoxin (Boeckxstaens et al., 1991b), our ﬁndings suggest that inhibitory pre-synaptic
mechanisms can modulate the potency of muscarinic agonists. However, in L-NAME-treated
rats, tetrodotoxin did not affect the supersensitivity for methacholine showing that this alteration
occurs independently of neural transmitter release, and suggests that a post-junctional event
contributes to the overall phenomenon. Therefore, the supersensitivity to methacholine in isolated
ileum after L-NAME treatment at 60 days might reflect an increase of muscarinic receptor
densities and/or enhancement of receptors coupling events such as G protein, contractile protein
and Ca”* mobilization.

In an attempt to evaluate whether the supersensitivity to methacholine in response to long-
term L-NAME treatment could also be observed with another excitatory neurotransmitter in the
gastrointestinal smooth muscle, the tachykinin substance P was tested. In the musculature of the
rat small intestine all three tachykinin receptors are expressed, as evidenced by using selective
antagonists and agonists (Hellstrom et al., 1994) and activation of tachykinin NK, NK; and NK;
receptors evokes an increase in the gastrointestinal motility (Willis et al., 1993). Our results
showed that the contractile responses of rat ileum to exogenous substance P were unaffected by
L-NAME treatment indicating that long-term NO blockade affects the smooth muscle
contractility mediated by muscarinic (but not by tachykinin) receptors.

In summary, our findings show an increase in potency for methacholine and carbachol
after 60 days of in vivo L-NAME ftreatment, possibly by mechanisms involving functional
alterations of smooth muscle responsiveness mediated by muscarinic receptors at post-junctional

level.
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Table 1
Effect of long-term L-NAME treatment on the potency (pECs;) and maximal responses (Epax) to

methacholine in isolated rat ileum.

GROUPS pECso SHIFT®  Eupax(mm) N
Control 7 days 6.95 +0.04 65.7+34 9
L-NAME 7 days 7.20 +0.09 1.77 67.6+4.2 8
Control 15 days 6.85+0.06 63.4+33 11
L-NAME 15days 701 +0.05 1.44 729426 11
Control 30 days 6.66 £0.05 673%2.6 I5
L-NAME 30days 6380 +0.04 1.38 743+2.0 13
Control 60 days 6.56 +0.05 78.4+4.4 9

L-NAME 60 days 7.16 £0.06°

(U]
O
GO

67.3+3.4 9

Data are means = S.E.M. for N animals.
® Arithmetic multiple for change on potency following L-NAME treatment.

® P < 0.05 compared to age-matched group.
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Table 2

Potency (pECsy) and maximal responses (Epa.) for methacholine in the isolated ileum obtained

from control and L-NAME (60 days)-treated rats in absence or presence of either L-Arginine (1

mM) or Indomethacin (3 uM) in virro.

L-arginine (1 mM)

Indomethacin (3 uM)

Groups Absence Presence Absence Presence

Control pECsp 6.73 +0.08 6.75 +0.04 6.74+0.13  6.86+0.10
Ecax (mm) 69.2+3.0 73.8+£2.9 724443 71.1+34

L-NAME PECso 7.24+0.10° 7.08 £0.13° 7.14+0.15°  7.15+0.12%
Emex (mm) 65.7+4.0 61.1+£3.3 82.2+2.7 79.4£29

Data are mean + S.E.M. for 5-12 experiments.

* P <0.05 compared to respective control values.
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Table 3

Effect of tetrodotoxin and ODQ on the potency (pECsy) and maximal responses {Ena for

methacoline in isolated ileum from control and L-NAME-treated rats for 60 days.

Tetrodotoxin (0.3 uM) ODQ G uM)
Groups Absence Presence Absence Presence
Control PECso 6.77+0.10 701£007°  697%0.05  7.11%0.07
Emex (mm) 363+4.0 53.5+2.4 58.8+3.9 56.3+3.0
L-NAME PECso 7.07 £0.05 7.11£0.08° 729+0.11F 7.46x0.08°
Emax (mm) 714+25 61.2+32° 65.6+45 61.2+3.8

Data are means = S.E.M. for 6-11 experiments.
% P < (.05 compared to respective control values.

> P <0.05 compared to values in absence of tetrodotoxin.
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Fig. 1. Nitric oxide (NO) synthase activity in the ileum homogenates from control (C) and L-
NAME-treated rats. L-NAME (20 mg/rat/day) was dissolved in drinking water and given for 7,
15, 30 and 60 days, as stated in the Methods section. The open bars represent the NO synthase
activity under standard conditions for control (C) and L-NAME-treated animals whereas hatched
bars represent the activity in the absence of Ca*™? ions and in presence of EGTA (1 mM). Activity

was expressed as pmol of citrulline mg-1 protein min-1. Data are means £ SEM. of 3

experiments. *P < 0.05 relative to the control group.
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Fig. 2. Concentration-response curves to methacholine in isolated rat ileum from control (M) and
L-NAME-treated rats at 7, 15, 30 and 60 days (e ). Treatment with D-NAME (O0) is showed

only after 60 days of treatment. Data are means = S.E.M. for 8-15 experiments.
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