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RESUMO

A veratrina é o exirato comercial obtido do Schoenocaulon officinale (Liliaceag),
planta nativa da América do Sul e Central, que ativa os canais de sédio-voltagem
dependentes, induzindo despolarizagio persisientie ¢ aumento da permeabilidade aos ions
sédio em fibras musculares ou nervosas. O objetivo do presente trabalho foi investigar os
efeitos da veratrina sobre o musculo esquelético de camundongos € peixes. A expressio
fenotipica das fibras oxidativas, oxidativa-glicoliticas e glicoliticas no misculo soleo {de
contraciio lenta, com fibras predominantemente oxidativas) e EDL (de contragio répida,
com maioria de fibras glicoliticas) de canmmdongos, e do miusculo lateral de tildpia foi
examinada em varios intervalos de tempo ap6s injeglo intrammscular da veratrina. As
alteragbes ultraestruturais nos misculos foram analisadas ao microscopio gletrénico de
iransmissdo. Os efeitos da veratrina foram também examinados em mitocSndrias isoladas
de risculo esquelético de camundongos e ratos, € em mitocdndrias de figado de ratos.

Nos camundongos, as fibras oxidativas e as fibras oxidativa-glicoliticas, ambas ricas
em mitocdndrias, mostraram um decréscimo da atividade das enzimas oxidativas (NADH-
TR) apbs a verairina. As fibras glicoliticas, com menor nimero de mitocdndrias foram
menos sensiveis ao alcaldide. J4 nas tilapias, foram as fibras oxidativas e as ghcolfticas que
apresentaram maior susceptibilidade ac dano metabélico sob ago do alcaloide.

Com relagio 3 atividade contritil houve um significante decréscimo (P=0.001) no
ntimerc de fibras tipo IIB e um aumento no numero de fibras tipo 1 de camundongos apos
injecio do alcaldide no EDL. Ao contrario, no musculo sélec houve um decréscimo nas

fibras tipo I e IIA. Além disso, houve o aparecimento de fibras indiferenciadas nos dois
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msculos ao longo dos 60 min do tratamento. Em contraposicfo, ndo houve alteragBes na
atividade contratil dos trés tipos de fibras presentes no musculo lateral das tildpias ac longo
dos 30 min apdés a administrac8o do alcaldide, exceto pelo aparecimento de fibras
indiferenciadas 20s 60 min.

As alteragbes mionecréticas produzidas pela verairina inclufram dilatacfio das
cisternas  terminais do reticulo sarcoplasmético, hipercontracic de miofibrilas,
desorganizacio de sarcOmeros, dissociagBo e/ou ruptura de miofilamentos e dano
mitocondrial. Estas alteracBes se diferenciaram quanto 3 gravidade e ac tempo de
aparecimento nos diferentes msculos. Por exemplo, a dilatacBo das cisternas do reticulo
sarcoplasmatico ocorreu mais precocemente e fol mais evidenciada nas fibras musculares
do EDL do que no sbleo, a0 passo que foram sutis nas fibras das tilapias. As alteracBes
mitocondriais entretanto, foram mais precoces e proeminentes no sblec do que no EDL.

Os efeitos da veratrina nas mitocOndrias isoladas mostraram que o alcalbide
desacopla a oxidagfio fosforilativa em misculos esqueléticos de camundongos e ratos,
devido a um aumento na fransicio da permeabilidade da membrana interna a protdns, de
modo nfo especifico. Diferentemente, a atividade respiratoria nas mitocdndrias isoladas de
figado foi inibida apés a administragfic da veratrina.

Nos conclufmos que a interacfio da veratrina com as fibras musculares é espécie-
especifica, musculo-especifica e tipo de fibra especifica, € que 2 interagfio da veratrina com
as mitocondrias € tecido(6rgfo)-especifica. As alteraces mionecrdticas induzidas pela
veratrina foram atribuidas ao maior influxo de ions sédic e de 4gua para o interior das
células, j& que estes efeitos foram antagonizados pela tetrodotoxina, um bloqueador de
canais de sddio. Eniretanto, nSo podemos descartar a possibilidade de que outros

mecanismos, tais como a mobilizagiio de Ca”* das cisternas do reticulo sarcoplasmatico ou
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de mitocdndrias e/ou a penetracfio da toxina para o interior das células possam estar

envolvidos.
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ABSTRACT

Veratrine, a2 commercial extract from the South and Ceniral America plant
Schoenocaulon officinale (Liliaceae), activates voltage-dependent Na'charnmels to produce
persistent depolarization and an increase in sodium ion permeability in muscle fibers ot
nerves. The aim of this study was (o investigate the effects of the veratrine alkaloid on
skeletal muscle of mice and fish. The phenotypic expression of oxidative, oxidative-
glycolytic and glycolytic fibers in soleus muscle (slow-twitch, with predominantly
oxidative fibers) and EDL muscle (fast-twiich, with predominantly glveolytic fibers) of
mice, and lateral muscle of tilapia were examined at various times after intramuscular
injection of veratrine. The ultrastructural changes in the muscles were analyzed by
transmission electron microscoy. The veratrine effects were also examined in isolated
mitochondria from mice and rats skeletal muscle, and in isolated rat liver mitochondria.

In mice, oxidative and oxidative-glycolytic fibers, which are rich in mitochondria,
showed decreased oxidative enzyme activity (NADH-TR reaction) afier veratrine.
Glycolytic fibers, which have fewer number of mitochondria, were less sensitive to the
alkaloid. However, the oxidative and glvcolytic fibers of tilapia were more susceptible to
damage by veratrine.

There was a significant decrease (P=0.001) in the number of type IIB fibers and an
increase in the mumber of type I fibers i EDL muscle of mice (m-ATPase reaction) after
alkaloid injection. In contrast, there was a decrease in type [ and A fibers of the soleus
muscle. Moreover, undifferentiated fibers were present in both muscles throughout the 60
min treatment. Contrarily, there were not alterations in the contractile activity of the three

UINICAMY
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types of fibers present in tilapia lateral muscle up to 30 min after alkaloid injection, but
undifferentiated fibers were seen after 60 mimutes.

The myonecrotic alterations produced by veratrine included swelling of the terminal
cisternae sarcoplasmic reticulum, hypercontraction of myofibrils, disorganization of
sarcomeres, dissociation and/or rupture of myofilaments and mitochondrial damage. These
alterations differed in gravity and duration in different muscles. Thus, swelling of the
sarcoplasmic reticulum cisternae was earlier and more prominent in EDL muscle fibers
than in the soleus, and was subtle in tilapia muscle fibers. The mitochondrial alterations
though were earber and more prominent in the soleus than in the EDL.

The effects of veratrine in isolated mitochondria showed that the alkaloid uncouples
oxidative phosphorylation in mice and rats skeletal muscle due to an increase in unspecific
permeability transition of the inner membrane to protons. Differently, the respiratory
activity on isolated liver mitochondria was inhibited afier veratrine administration.

We conclude that the interaction of veratrine with muscle fibers is species-specific,
muscle-specific and fiber type-specific, and that the interaction of the veratrine with
mitochondrial is tissue{organ)-specific. The veratrine induced-mvonecrotic alterations were
attributed to the higher influx of Na" ions and water into cells, since they were antagomized
by tetrodotoxin, a Na'channel blocker. However, the involvement of other mechanisms,
such as the mobilization of calcium ions from sarcoplasmic reticulum cisternae or

mitochondria, and/or the entry of toxin into cells cannot be ruled out.
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Introducio

1. INTRODUCAO

A introducdo foi organizada de forma a colocar pontualmente informagdes
consideradas relevantes como substrato tedrico para as exposi¢des subseqiientes contidas
nos artigos originados do projeto experimental. Assim, discorreremos inicialmente no item
1.1 sobre a veratrina no que respeita & origem, estrutura quimica, efeitos clinicos, estudos
experimentais, aspectos farmacoldgicos e mecanismos de agdo. A seguir serdo tecidas
algumas consideragdes gerais sobre as caracteristicas morfofuncionais do tecido muscular
que fazem das células desse tipo altamente especializado de fecido, aptas a serem
excitadas por substdncias quimicas especificas (item 1.2). Também serdo abordados
aspectos relativos aos diferentes tipos de fibras musculares jd que serd investigada uma
possivel "preferéncia de agdo da veratrina” a um tipo particular de fibra muscular (item
1.3). Rapidamente abordaremos aspectos morfofuncionais dos modelos de canais de sodio
e daremos uma idéia das toxinas integrantes de venenos ou substdncias toxicas de

organismos e suas agbes nas fibras musculares esqueléiicas (item 1.4-1.7).

1.1. A veratrina

Os alcaldides de plantas do género Veratrum sdo extraidos das sementes ou rizomas
das plantas da subordem Melanthaceae pertencentes 4 familia Liliaceae. As espécies mais
importantes onde estes alcaloides foram isolados sdo Verafrum album (Figura 1),
encontrada na Europa e norte da Asia, Veratrum viride, encontrada na América do Norte, e
Schoenocaulon officinale, encontrada principalmente no sul da América do Norte, América
do Sul (Venezuela) e Central (Guatemala) (Benforado, 1967; Catterall, 1980; Honerjéger,
1982; Ulbricht, 1998). As sementes de "sabadilla" (nome popular do S. officinale) foram
inicialmente utilizadas como inseticidas pelas civilizagdes pré-colombianas dos astecas,

maias e incas (Crosby,1971).
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Introducio

Figura 1: Exemplar de Veratrum album (ilustragfio retirada do livro Fleurs des Alpes- Paula Kohlhaupt)

A veratrina € o nome dado ao extrato comercial obtido de S. officinale. Contém
principalmente uma mistura de dois ésteres alcaldides, a cevadina e a veratridina, sendo
este Gltimo a toxina mais potente dos alcaldides do género Veratrum (Benforado, 1967,
Catterall, 1980). Estes alcaldides sfio compostos policiclicos, lipossoliveis, com estrutura

quimica esterdide contendo um dtomo de nitrogénio secunddrio ou tercidrio dentro do anel

(Figura 2) (Benforado, 1967; Catterall, 1980).
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Introducio

VERATRIDINE

Figora 2: Representaciio da estrutura quimica da veratridina (Catterall, 1980).

Apesar da purificacfio dos alcaléides do género Veramrum ter se iniciado na década
de 40 e os primeiros ensaios farmacolégicos terem sido feitos nessa época (Kraver &
Acheson, 1946), spenas em 1970 a veratriding isolada passou a ser utilizada
comercialmente (Ulbricht, 1998).

A utilizacBio dessas plantas com propésitos medicinais remonta 2 periodos bem
anteriores. O primeiro relato da utilizagBo clinica dos extratos brutos de plantas do género
Veratrum ocorreu em 1867, em pacientes com hipertensio arterial (Benforado, 1967;
Catterall, 1980). Em 1939, Jarisch baseando-se nos estudos de von Bezold, observou
efeitos cardiovasculares, como hipotensfo e bradicardia, ap6s a administragiio de pequenas
doses intravenosas de veratrina em animais ¢ humanos. Estes efeitos nfio envolviam apenas
agOes cardiovasculares. Os pulmdes, o seic carotideo ¢ as artérias cardtidas também
apresentavam importantes 4reas receptoras para estes alcaléides (para revisfio ver
Benforado, 1967).

Os efeitos cardiovasculares provocados pela veratrina foram denominados de
“efeitos Bezold-Jarisch”, termo sugerido por Krayer em 1953 (¢f Benforado, 1967).
Aliado ao efeito hipotensivo, a veratrina produzia também outros efeitos colaterais
indesejaveis.

Os graves efeitos colaterais advindos do uso destes alcalides, foram paralisia da
face e torax, arritias cardiacas e miotonia, o que levou a restriciio do uso dessa substincia

como ferramenta terap@utica. Estudos t8m demostrads que os alcaldides do Ferarrum,
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imtroducle

quando sdo administrados por via intravenosa em doses de pg/kg do animal, afetam os
sistemas Tespiratério, cardiovascular, nervoso e muscular (Benforado, 1967).

Um dos primeiros ensaios fisioldgicos com a veratridina foi realizado por Ulbricht
(1965; 1969} que observou a agio deste alcaldide sobre os nodos de Ranvier de fibrag
nervosas de 18 utilizando a téenica de "voltage-clamp”. E interessante notar gue as
membranas excitdveis das fibras nervosas mielinicas t8m nos nodos de Ranvier ¢ local de
maior concentraglo de canais de sédio, os quais s80 responséveis pela conducdio saltatéria

do impulso elétrico (Ritchie & Rogart, 1977; Ritchie & Chiu, 1981).

Estudos posteriores vieram demonstrar que estes alcaléides alteram a corrente de
s6dio sensfvel & tetrodotoxina (Horackova & Vassort, 1973), causando ativagio persistente
dos canais de sédio (Catterall, 1980; Honerjliger ef al, 1992). Os alcaldides do Veratrum
induzem despolarizacBio ¢ respostas elétricas iterativas em membranas excitaveis de fibras
muscularss ou nervosas (Macfarlane & Meares, 1958; Ulbriche, 1969), denominadas de
“resposta veratrinica”, ou seja, um Wnico estimulo aplicado em membrana de célula

excitavel provoca descarga de uma série de potenciais de acfio (Benforado, 1967).

_ /s
! S e | fngeiivotion gele
i . » F

GUTSIDE

Figura 3: Representacfio dos sitios de acio da veratrina (VTX) e da tetrodotoxina (TTX) - esquema
modificado de Becker & Gordon (1992)
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Introducio

Foi demonstrado que a veratrina liga-se, de modo reversivel, ao sitic 2 dos canais
de sodio (Figura 3), caracterizado como sitic hidrofébico responsdvel pela ativacdo do
canal (Becker & Gordon, 1992). O aumento da permeabilidade ao ion Na© pode ser inibido

pels tetrodotoxina (TTX), um composto guanidinico heterociclice que blogueia esses
canais ibpicos (Catterall, 1980).

Durante a década de 80, wma série de pesquisas esteve voltada para a elucidagio das
acBes dos alcaldides pertencentes ao género Veratrum, principalmente focalizando seus
efeitos sobre os canais de so6dio presentes nas membranas de fibras nervosas mielinicas ¢
musculares esqueléticas. Assim, em 1985, Vital Brazil & Fontana investigaram o efeito in
vitro produzido pela veratrina, Os autores usaram varias doses do alcaldide (0.4, 2.0 10.0
ug/ml) em cinco diferentes regies da preparagiic de nerve frénico-diafragma de ratos,
previamente "mapeadas” pelos autores utilizando o critéric de proximidade 2 drea de
inervacio motora. Os autores observaram que a despolarizacfic nas distintas regides do
misculo diafragma causada pelo alcaldide era dependente da dose. Na concentracfio de 0.4
pg/ml, a veratrina despolarizava as regibes 1 ¢ 2, e na de 2.0 pg/ml, as regibes 1, 2 ¢ 3,
mais proximas & placa motora. Com a concentragdo de 10 ug/ml de veratrina, a
despolarizagio ocorria em todas as cinco regides selecionadas pelos autores. Concluiram
que esta despolarizacfio seletiva de regiSes do musculo poderia ser causada por uma
distribuicio diferenciada de canais de sodio ativados pela veratrina ou pela existéncia de
quantidades diferentes de tipos de canais de sédio em éreas distintas do musculo. J& estd
estabelecido que existe maior concentragfo de canais de s0dio nas regides préximas de
jungdes neuromusculares (Caldwell ef al.,, 1986). Num trabalho posterior, Vital Brazil &
Fontana (1993) demostraram que a veratrina ¢ outras toxinas ativadoras dos canais de sddio
tais como a crotamina, 0 veneno bruto da aranha Phoneutria nigriventer ¢ sua fracio téxica
PhTx2, produziam maior despolarizac@io no sarcolema das regides juncionais do que das
regides extrajuncionais. Entretanio, a veratridina e a batrachotoxina, alcaléide extraido da
pele de rds pertencentes ao género Phyllobates, também toxinas ativadoras dos canais de
sbdio, despolarizaram uniformemente o sarcolema, ndo ocorrendo predisposicio por uma
regifio ou outra. Uma possibilidade encontrada pelos autores para explicar essa diferenca

de despolarizac8o seria a existéncia de um subtipo de canal de s6dic encontrado em maior
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Introducko

nimerc nas regides juncionais, sensivel preferencialmente 3 veratrina, 4 crotamina, ac
veneno brute da P. nigrivenfer e sua fraclo toxica PhTx2 . J4 2 veratridinga e a
batrachotoxina interagiriam com um subtipo de canal de sédio distribuido umiformemente
no sarcolema ou ativariam canais de s6dio "silenciosos” presentes nas regides
extrajuncionais, isic ¢, canais de Na'-voltagem insensiveis, responsaveis  pela

despolarizacio umiforme da membrana da fibra muscular (Vital Brazil & Fontana, 1993).

Os alcalbides pertencentes ao género Verarrum podem também agir nos canais de
sédio presentes nas membranas dos masculos esqueléticos de invertebrados. Lehouelleur e
colaboradores (1988), utilizando preparagSes de musculo flexor abdominal do pitu ou
camardo d’agna doce Procambarus clarkii, notaram que apds a aplicacdo dos alcaldides
veratring ou veratridina in vifro, também ocorria despolarizacio das membranas eXcitdveis,
provocando descargas de potenciais de agfio. Estes potenciais eram Na'-dependentes, Ca®’-

dependentes ¢ TTX-resistentes.

A ativaglo dos canais de sédio induzidos por esses alcaldides € também dependente
da dose ¢ concentragdo. Em um estudo experimental in vitro com veratriding, foram
utilizadas fibras isoladas do misculo semitendinoso de ris adultas Rang catesbiona. A
incubac8o com veratridina (1uM) mostrou que nesta concentracio, a toxina nio afeta as
correntes de fons Na" e Ca** (Sutro, 1986). Em 1994, Nénasi e colaboradores utilizando
fibras isoladas do muisculo semitendinoso de 13 Rana pipiens, mostraram que a veratridina

em altas concentragdes (100 pM) ativava esses canais idnicos.

Benders ¢ colaboradores (1997) demonstraram que a veratridina em cultura de
células musculares esqueléticas humanas, obtidas dos musculos quadriceps, biceps ¢ reto
abdominal, causava despolarizagio do sarcolema e ativagio do complexo DHPR-RyR
(dihidropiridina-rianodina),  receptores  encontrados em  thbulos-T e  reticulo
sarcoplasmatico. Através da ativagio desse complexo, ocorria a liberagiio de Ca®™ do
reticulo sarcoplasmético. O uso prévio de TTX inibia parcialmente a liberagfio de fons Ca**
do reticulo sarcoplasmatico, isto devido i coexisténcia de receptores TTX-sensive] e TTX-

resistente ligados aos canais de Na*.

Hé mais de um século realizam-se ensaios farmacolégicos e fisioldgicos com os

alcaldides do Veratrum. Por constitufrem uma classe de toxinas que ativa os canais de sodio
20




Entroducio

tém sido eleitos como ferramentas no estudo dos mecanismos de funcionamento desses
canais idnicos. Por outro lado, estudos direcionados para ampliar o conhecimento sobre os
sftios-alvos de ag8o da veratring sdo restritos, principalmente no qgue diz respeito 3 ac8o no

tecido muscular esquelético, i vivo.

1.2. Consideracdes gerais sobre ¢ musculo estriade esquelético

O mdsculo esquelético € constituido por células ou fibras orientadas paralelamente,
circundadas por tecido conjuntivo. SHo células alongadas e multinucleadas, com nficleos
localizados perifericamente, podendo atingir mais de 30 cm de comprimento e didmetro de
10-100 pm (Dubowitz, 1985). Entretanto, o comprimento da fibra muscular pode variar de
acordo com o sexo (Brooke & Engel, 1969a), com a idade do mdividuo (Brooke & Engel,
1969b), com ¢ muscule estudado (Brownlow ef al, 1989) e com a atividade fisica e
alimentag8o (Mahon ef al., 1984).

As fibras musculares sfio inervadas por fibras nervosas motoras que formam

estruturas denominadas placas motoras ou jungZo neuromuscular (Ross & Rowrell, 1993).

As miofibrilas ocupam cerca de 80-90% do volume de uma fibra muscular,

dependendo do tipo de fibra. S8o compostas por uma seqiiéncia de unidades contrateis

repetitivas denominadas de sarcdmeros (Harris & Cullen, 1990).

O sarcémero ¢ definido como uma unidade morfofuncional que se estende de uma
linha 7 & outra. A organizacio do sarcOmero é mantida pela presenca das protefas titina,
responsavel peia elasticidade do tecido muscular estriado (Linke ef al., 1996) e nebulina,
importante na regulagic do comprimento dos filamentos de actina durante o
desenvolvimento do musculo (Alberts, 1994a). Visto ao microscopio eletrdnico, o
sarcomero € constituido por bandas A (escuras) ao centro, alternadas por bandas I {claras).

As bandas I s#o bissectadas por uma linha densa denominada de linha 7 (Harris & Cullen,
19903.

As bandas I (isotrépicas sob luz polarizada) sio compostas exclusivamente pelos
micfilamentos finos contendo actina, tiropomina e tropomiosina. As bandas A

{anisotrépicas) sdo compostas por parte dos miofilamentos finos e pelo comprimento total
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dos miofilamentos grossos, tendo centralmente a banda H, que corresponde 2 regifio da
miofibrila onde € encontrada somente a miosina, sem interposicic dos miofilamentos finos
de actina. A linha M aparece no centre de cada banda H, e ¢ constituida pelas projecdes
transversais do centro do filamento de miosina. Neste local encontra-se tarobém a creatino-
fostoquinase {(CK), enzima importante para o metabolismo energético da miofibra. A linha
Z ¢ uma estrutura altamente flexivel, capaz de suportar o deslizamento dos micfilamentos
durante os processos de contragfio e relaxamento muscular (Harris & Cullen, 1990;
Esbérard, 1991). Duas importantes proteinas estiic associadas & linha 7- o-actining,
proteina pertencente a familia das espectrinas, responsével por promover a ligagiio cruzada
das actinas (Alberts, 1994a), e a desmina, responsavel pela ligacso entre linhas Z adjacentes
e/ou ligag8o das linhas Z com a membrana plasmatica (Li er 4/, 1997; Capetanaki ef al,
1997y .

Estudos feitos com diftagio de raios-X e microscopia eletrfmica v&m contribuindo
na definiciio do arranjo estrutural da fibra muscular, & concomitantemente na elucidacio
dos eventos moleculares envolvidos no processo da contragio muscular. Através dessas
técnicas chegou-se a conclusfio de que a molécula de miosina apresenta wm arranjo
estrutural em forma de bastio com 20 nm de comprimento e 2-3 nm de didmetro, disposto
em dupla o-helice. A miosina pode dissociar-se em duas cadeias pesadas idénticas e dois
pares de cadeias leves. A porglo caudal da miosina é chamada de meromiosina leve e 2
por¢io que contem as cabecas, de meromiosina pesada. As cabecas das moléculas de
miosina apresentam atividade ATPésica, responsdvel por liberar energia parz o processo de
contragio muscular (Esberard, 1991; Squire, 1997).

O filamento de actina é constituido por mondmeros de actina G {globular) que
polimerizados formam duas cadeias torcidas em a-hélice e constituem a actina F
(filamentar). O arranjo atdmico da actina G foi determinado apenas em 1990 por Kabsch ¢
colaboradores (c¢f. Squire, 1997). O monémerc de actina tem quatro subdominios: 1 (16400
Da); 2 (4000 Daj; 3 (11500 Da) e 4 (10000 Da). Os subdominios 3 e 4 estio localizados no
lado interno dos filamentos finos, interagindo principalmente com os subdominios 3 ¢ 4 de
outros mondmeros de actina, enquanto o subdomnio 1 possui o sftio de ligacfio 2 miosina.

Os filamentos de actina possuem também as "proteinas regulatérias” tropomiosing,
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troponina ¢ pebulina. As moléculas de tropomiosina siio formadas por duas cadeias de
polipeptideos, cada uma com estrutara o-helicoidal que se associam & actina F ¢ ocupam o
sitio entre as actinas G seis ¢ sete. Cada tropomiosina estd associada com um complexo
globular de troponina (80.000 Da) que compreende trés subunidades: troponina C (18.000
Da), sitio de ligagio 2 fons Ca’™; troponina 1 (21.000 Da), sftio inibitério do acoplamento
actina-miosina e troponina T (30.500 Da), sitio de ligagho a tropomiosina (¢f Saquire,
1997).

A contragBio muscular inicia-se pela combinaciio de fons cdlcio com a subunidade
To-C da troponina e o deslocamento da tropomiosina, consegiientemente expondo os sitios
fixadores para a cabeca da molécula de miosina presentes no filamento de actina. Em
seguida, a miosina catalisa a hidrélise do ATP (adenosina trifosfate) em ADP (adenosina
difosfato) e fosfato inorglmico, promovendo o deslizamento e a sobreposigio dos

miofilamentos e, concomitantemente o encurtamento da fibra muscular (Esbérard, 1981).

1.2.1. Reticulo Sarcoplasmatico e Tabulos-T

O reticulo sarcoplasmético apresenta-se nas fibras musculares como uma rede de
cisternas do reticulo endoplasmitico liso que envolve as miofibrilas. £ composto por
compartimentos distintos responsdveis pela regulacfio de fons cdlcio no interior das céhulas.
Divide-se em dois compartimentos, reticulo sarcoplasmético longitudinal e cisternas

terminais.

O reticulo sarcoplasmético longitudinal apresenta alta concentracic de Ca®*-ATPase
em sua membrana e € responsavel pela recaptaciio de fons célcio para o interior do reticulo,
interrompendo a atividade contrdtil da fibra muscular. As cisternas terminais sdo
responsaveis pelo armazenamento e lberagiio de célcio do reticulo sarcoplasmatico.
Apresentam a calsequestrina, uma proteina de ligaglio ao célcio, € o receptor riancdina,
responsdvel pela liberagdo de jons calcio do interior do reticulo (Flucher, 1992). Apés a

liberagfio dos fons calcio as proteinas contriteis sfio ativadas e segue-se a contragéo

muscular.
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Os tlibulos-T ou sistema-T € uma rede complexa de invaginagSes tubulares da
membrana celular ou sarcolema responsével pela propagacdo de potenciais de agio para o
nterior da fibra muscular de forma a atingir instantaneamente as miofibrilas (Flucher,
1992). Ha maior concentragho de tibulos-T nas fibras musculares de contracfo répida do
que pas de contragdo lenta (Eastwood ef al., 1982). Os tibulos-T apresentam os canais de
Na'voltagem-dependentes, a bomba Na'/K'-ATPase ¢ altas concentragies dos receptores
1,4-dihidropiridina (DHPs) em suas membranas. O DHP ¢ um complexo de
multisubunidades pertencente 4 classe de canais de calcio tipo-L, que age como um sensor
de voltagermn no mecanismo de excitagSo-contragiio muscular (Rosemblatt er al., 1981;
Flucher, 1992). Em cada lado do tibulo-T existem cisternas terminais do reticulo
sarcoplasmatico formando wm complexo especializado denominade de triade. A localizacio
das triades nas fibras musculares difere de acordo com as espécies animais. Por exemplo,
nos peixes teledsteos as triades se localizam preferencialmente ao longo da linha Z e nos
mamiferos, na jungdo das bandas A e I (¢f. Ogata, 1988). Esta disposiciio das triades ¢
estratégica para que a liberagiio de fons célcio das cisternas terminais do reticulo

sarcoplasmatico ocorra nos locais onde h4 sobreposicic dos miofilamentos (Esbérard,
1991).

1.2.2. MitocGndrias

No espago intermiofibrilar, juntamente com os perfis das cisternas do reticulo
sarcoplasmatico e dos tabulos-T, alinham-se as mitocdndrias, organelas responséveis pela
geraglo de energia para a fibra muscular e pela regulagio, em conjunto com o reticulo
sarcoplasmatico, da concentracio intracelular de fons calcio. Além dessa localizacdo, as

mitocondrias podem se acumular nas regides subsarcolemais ou no sarcoplasma

subsinaptico.

Ultraestruturalmente, as mitocéndrias sfio esféricas ou ovéides e a disposicio ¢ o

nimero de mitocOndrias sfo varidveis nos diferentes tipos de fibras musculares existentes
{¢f. Ogata, 1988).
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1.3. Tipos de fibras muscujares

Nem todas as fibras musculares sfo fisiologica, bloguimica e metabolicamente
iguais. As diferencas entre esses aspectos da fibra muscular sfo dependentes do tipo de
terminal nervoso, e controlado geneticamente. As fibras musculares, ainda na fase de
miotubos, dependem da inervacfio para softerem o processo de diferenciacfo (Jansen &
Fladby, 1990). Uma série de experimentos tem mostrado a existéncia de uma interacfo
interdependente entre células musculares ¢ a sua inervagfo motora. Por outro lado, fatores
troficos, que sio permutados entre ferminais nervosos e fibras musculares, estfio envolvidos
tanto na determinacBio do tipo de fibra muscular, como na reinervacio das fibras
musculares, quando o neurdnio motor ou as fibras nervosas motoras sfio afetados (Seckel,
1990).

A distribuico dos tipos de fibras musculares € variavel nas espécies de animais.
Esta heterogeneidade na proporg3o de tipos de fibras musculares € devido a um alto grau de
especializacfo funcional dos diferentes miisculos (Pette & Staron, 1990).

Em 1873, Ranvier diferenciou dois tipos de fibras constituintes do tecido muscular
esquelético: fibras vermelhas e fibras brancas (para revisfio ver Pette & Staron, 1990). As
fibras vermelhas s@io ricas em citocromo e mioglobina, dando a coloragio avermethada a
fresco ao tecido muscular. J4 as fibras brancas sfio pobres em citocromo e mioglobina

{Ogata, 1958), sendo esbranquicadas a fresco.

Com o aperfeicoamento dos métodos histologices, fisiolégicos e histoquimicos de
andlise dos tipos de fibras musculares, também foi sendo implementada a classificaciio dos
diferentes tipos de fibras musculares (Pette & Staron, 1990). A identificacfio dos diferentes
tipos de fibras pode ser realizada utilizando-se vérias coloragdes e reagdes histoquimicas,
dentre as quais destacam-se as rea¢bes do acido periddico de Schiff (PAS), nicotinamida
adenina dinucieotideo hidrogénio-tetrazolio redutase (NADH-TR), succinato desidrogenase
(SDH) e adenina trifosfatase miofibrilar (ATPase~m).

A reacfio de PAS ¢ utilizada para quantificar a concentragfo de glicogénio nas fibras
musculares (Peter ef al., 1972). Desta maneira, as fibras brancas que possuem grande
estoque de glicogénio em seu citoplasma apresentam positividade mais intensa & reacfio
quando comparadas as fibras vermelhas.
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As reagfes histoquimicas NADH-TR e SDH revelam 2 atividade metabélica de uma
fibra muscular através da redugio de elementos da cadeia respiratéria (Ogata & Mori, 1964;
Peter ef al., 1972; Dubowitz, 1985). A NADH-TR ¢ uma diaforase que reduz os sais de
tetrazdlio utilizando 2 coenzima NADH. Os elétrons do NADH entram na cadeia
respiratoria através da NADH-Q redutase (ou NADH desidrogenase ou Complexo I). A
etapa inicial do processo ¢ a ligag8io de WADH e a transferéneia de sens dois elétrons para a
flavina mononucleotideo (FMN), grupamento prostético desse complexo para originar a
forma reduzida FMNH,:  NADH — NAD"+H' +2¢

NADH +H +FMN — FMNH, + NAD"

Os elétrons sfio entfio transferidos do FMINH; para uma série de aglomerado ferro-
enxofre (Fe-5). Por ultimo, os elétrons nos aglomerados Fe-S de NADH-Q sio
encaminhados a coenzima Q, também conhecida como ubiquinona. A coenzima Q §
reduzida a um radical livre anionte semiquinona pela captagfo de um elétron. A redugiio
desse intermediario ligado 2 enzima por um segundo elétron, origina finalmente o ubiquinol
(QH,) (¢f. Stryer, 1996).

Na etapa da oxidagio do ferro, o elétron é captado pelos sais de tetrazélio (NBT-
Nitroblue Tetrazolium) formando um precipitado, visto na microscopia de iz como uma
coloragc azulada.

A SDH ¢ uma enzima oxidativa intra-mitocondrial que participa do ciclo de Krebs e
sua detecg@o histoquimica € um fndice para a atividade deste ciclo. Age sobre um substrato
especifico transferindo hidrogénio do substrato diretamente para uma aceptor. O principio

da transferéncia de elétrons para os sais de tetrazélio € o mesmo descrito para a reacfo do
NADH-TR (Nachlas er al., 1957).

As fibras vermelhas, que possuem maior concentragic de mitocéndrias, quando
comparadas a outros tipos de fibras apresentam muitos depésitos de sais de formazana no
mterior da célula, caracterizando seu metabolismo oxidativo. As fibras brancas apresentam
menor concentragdo desses sais, caracterizando seu metabolismo glicolftico. Existemn fibras

musculares que apresentam caracteristicas intermediarias quanto a atividade metabolica,

sendo chamadas de fibras oxidativa-glicoliticas (intermedisrias).
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A reac8o histoquimica ATPase-m {Brooke & Kaiser, 1970) ¢ utilizada para avaliar
as caracteristicas conirateis das fbras musculares e diferencid-las em frés tipos principais
denominados de L, A e IIB (Peler ef af, 1972; Dubowitz, 1985). A ATPase-m & uma
fosfatase responsavel pela hidrélise do ATP (adenosina trifosfato) em  ADP (adenosina
difosfato) e P1 (fosfato inorgénico). MNa fibra muscular, a saida de lons célcie do reticulo
sarcoplasmatico em resposia ao estimulo nervoso ativa a atividade ATPésica {presente na
cabeca da miosina). A ATPase separa o fosfato do ATP gue se liga ao cdlcio da solucdo,
formando o fosfato de calcio. O fosfato do caleio € msolivel e precipita-se no local da
reacdo. Para gue o produto da reacfio torne-se visivel, o fosfato de célcio é tratade com
cloreto de cobalto. O célcio € trocado pelo cobalto, formando o fosfato de cobalto que reage
com sulfeto de aménio, formando o sulfeto de cobalio que apresenta a coloragio marrom
ou preta. Utiliza-se na reagfo uwm meio de incubag@io em pH 94, vprecedido de pré-
incubagfc em meio acido (pH 4,3-4,8) ou alealino {pH 10,2-10,6).

Eiapas da reag¢ho de ATPase-m:

1YATP — ADP + energia + POy

§
wroporcional a enzima ATPase
2) Cas (POy); + CoCl, — Cos(POs), + CaCly
3) Coa(PQy)p + (NFL),S — CoS
U
precipitado visto na microscopia de fuz

A andlise da atividade ATPase-m apds pré-incubagiio em diferentes pHs mostra que
os tipos de fibras estfo relacionados com a distribuicfio das isoformas da cadeia pesada de
miosing (Staron & Pette, 1986). Assim, para a identificacfio das fibras musculares, também
podem ser utilizadas reag@es mmunohistoquimicas, utilizando-se anticorpos especificos para
a miosina {Piercbon-Bormioli ef o/, 1981; Gorza, 1990). Através das técnicas de
imunohistoquiniica, nota-se a presenca de quatro tipos de fibras musculares classificadas
como iipos I, ITA, IIB ¢ IIC. Entretanto, o tipo I1C s6 fol encontrado em fibras regenerativas

contendo a isoforma de cadeia pesada de miosina embriondria e neonatal (Schiaffino ef al.,
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1986}, capaz de se diferenciar em tipo TLA ou 1IB (Dubowitz, 1985). Um outro tipo de fibra
muscular denominado de IIX/IID foi encontrado em musculos normais de ratos,
camundongos e cobaias {Gorza, 1990). E um tipo intermediario que surge no processo de

conversio do tipo IIB para o tipo [IA ou vice-versa (Zardini & Parry, 1994).

A inter-relagiio da atividade metabélica com a contratil sugeriu uma nova
terminologia para os ir8s tipos principais de fibras musculares: fibras oxidativas e de
contragdo lenta (“slow twitch oxidative™ SO); fibras glicoliticas e de contragio rapida
("fast twitch glycolytic”™- FG) e fibras com caracteristicas intermedidrias quanto ao
metabolismo e de contragiio rapida (“fast twitch oxidative glycolytic”™ FOG) (Peter ef al.,
1972; Dubowitz, 1985; Ogata, 1988). Entretanto, alguns autores discordam desta
classificaco, pois a associagdo dos métodos para avaliar 2 atividade das enzimas oxidativas
e a atividade ATPasica, pode conduzir a interpretacfes erréneas de tipagem de fibras (¢f

Pette & Staron, 1997},

No caso da maioria das espécies de peixes, os tipos de fibras musculares
apresentam-se distribuidos da seguinte maneira: fibras musculares oxidativas ou tipo I
podendo aparecer na regidio subdermal como uma camada uniforme ao longo de todo o
corpo (Egginton & Johnston, 1982; Hoyle er al., 1986), ou aparecer numa configuraco
triangular somente na regifio da linha lateral (Walesby & Johnston, 1980; Te Kronie ef al.,
1983; Hoyle ef al., 1986); fibras musculares glicoliticas ou tipo IIB aparecem constituindo
a maior parte da massa corporal (Hoyle e al., 1986; Weartherley & Gill, 1987) ¢ fibras
musculares oxidativa-glicoliticas ou tipo IIA aparecendo entre as outras fibras (Mascarello
el al., 1986). Esta distribui¢Ao das fibras nos compartimentos varia de acordo com a espécie

¢ ¢ estagio de crescimento do animal.

Nos mamiferos, de um modo geral, a maioria dos musculos é formada por uma
populacdio heterogénea de fibras, constituindo mosaico ou pequenos grupos de fibras de um
mesmo tipo. Normalmente, os musculos dos membros anteriores dos mamiferos, possuem
maior niumero de fibras de contragdo lenta ou tipo T, enguanto nos masculos dos membros
posteriores, ocorre o predominio de fibras de contragfio répida ou tipo II (Armstrong &
Phelps, 1984). Com isto, tem sido atribuido & funclio locomotora dos musculos dos

membros anteriores, como posturais, ¢ os posteriores come propulsivos {Armostrong ef of.,
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1982; Armstrong & Phelps, 1984). Certos miisculos apresentam o predominio de um certo
tipo de fibra sobre outro, como o exfemsor digitorum longus (EDL), musculo branco,
predominantemente glicolitico e de contragdo rapida e, o soleus (SOL), misculo vermelho,

oxidativo e predominantemente de contracdo lenta {Crow & Kushmerick, 1982).

1.4, Canais de s6dio

s canais i6nicos formam poros através da bicamada lipidica e permitem a fons
inorgénicos, principaimente Na“, Ca’, K™ ou (I, difundirem-se através da membrana, a
favor de seus gradientes eletroquimicos. Eles apresentam seletividade i6nica, permitindo a
passagem de alguns {ons inorgénicos, mas ndo de oufros. Esses canals idnicos tém portBes
ou "gating” que, em geral, abrem-se {ransitoriamente em resposta a um estimulo especifico,
tais como uma mudan¢a no potencial de membrana (canais voltagem-dependentes) ou a
ligacdio de um neurotransmissor (canais conirolados por um transmissor). As fibras
nervosas e as fibras musculares esqueléticas, células eletricamente excitiveis,
especializaram-se em usar 0s canais idnicos voltagem-dependentes para receber, conduzir &

{ransmitir sinais elétricos (Alberts, 1994b).

Os canais de sodio voltagem-dependentes sfic poros hidrofilicos constituidos por
protefnas integrais transmembranas, responsdveis pela modulagfio da permeabilidade das
membranas excitaveis aos fons sédio, e portanto, importantes na geragdo de potenciais de
acdo (Hodgkin & Huxley, 195Z). Eles podem apresentar-se em (rés estados funcionais

distintos: repouso, ativado ou inativado (Catterall, 1993).

No estado de repouso, a membrana de um axdmio, por exemplo, € muito mais
permeavel aos fons potassio do que aos fons sédio, e deste modo, o potencial de membrana
¢ determinado pela relagfo entre a concentracfio de K interna e externa (excesso de cargas
positivas no lado externo da membrana e um excesso de cargas negativas no interior). Em
células nervosas ¢ musculares esqueléticas, um estimulo suficiente para  causar
despolarizaclo, provoca imediatamente a abertura de canais de Na'-voltagem dependentes,
permitindo que, uma pequena quantidade de Na’ entre na célula a favor de seu gradiente
eletroquimico. A entrada de Na’ despolariza ainda mais a membrana e, consegilentemente,

mais canais de Na~ sdo ativados. O "feedback” positivo entre a despolarizaco e a entrada
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de Na' leva a uma alteragéio grande & rapida no potencial de membrana, de cerca de 60 mV
para +40 mV em um milisegundo. Os canais de Na™ tem um mecanismo automético de
inativagio, que faz os canais fecharem-se rapidamente apesar da membrana ainda estar
despolarizada. Eles permanecem inativados até uns poucos milisegundos ap0s o potencial

de membrana ter retornado ao seu valor negativo inicial (Alberts, 1994h).

Nem todos os canais de s6dio sfio iguais ou tem o mesmo tamanho. Fles apresentam
particularidade. Uma série de estudos nas décadas de 80 ¢ 90 tém-se dedicado a formular
modelos estruturais ¢ funcionais para explicar a fisiologia dos canais. Os canais de sédio
sfo estruturalmente constituidos por subunidades denominadas de o, Bl e B2. Os canais de
sodio presentes no drglo elétrico do peixe elérico Electrophorus eleciricus (o primeiro
canal de sodio purificado) € uma cadeia tinica de 260 kDa (Neda ef o/, 1984). Os canais de
so6dio purificados de cérebros de ratos apresentam cadeia o de 260 kDa, B1 de 36 kDa e B2
de 33 kDa (Catterall, 1993). As seqliéncias do DNAc dos canais de Na' presentes no 6rgio
eléirico do peixe elétrico e no cérebro de rato sfo 61% semelhantes, indicande a
conservagdo das segiléncias de aminodcidos que constituem o canal de sddio durante a

evolugdo (¢f. Strver, 1996).
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Sodbun channel: an expanded model showing how the = .-helices
are arranged in the membrane.

Figura 4: Modelo estrutural do canal de sédio

(hitp://swww lacr bbsic ac, uk/nolebookioourses/guide/sodiumehannsl. himD

A estrutura priméria da subunidade o (Figura 4) € formada por quatro dominios
homoélogos transmembrana, cada um contendo seis provdveis segmentos em alfa-hélices

(S1-56) com seus terminais amino e carboxil localizados no lado citoplasmatico da
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membrana. Entre os segmentos S5 ¢ 56, existe uma alga denominada de segmentos 851 ¢
882 que constituem o poro central do canal O segmento 54 dos quairo dominios
homologos agiria como  um “sensor de voltagem™, responsivel pelo mecanismo de
ativacdio, isto €, abertura do canal, por possuir aminoacidos de arginina e lisina que
apresentam cargas elétricas positivas. Ja a regifio entre os segmentos 86 do dominio 1l ¢
81 do dominic 1V, formada por aminodcidos com carga eléirica positiva srincipalmente
aminocacido lisina, e localizada no lado citoplasmatico da membrana, estaria envolvida no

processo de inativacio, ou fechamento do canal (Noda, 1993},

O poro idnico do canal de sédio age como um filtro de seletividade, pois apresenta
uma dimensfo aproximada a do fon s6dio, permitindo uma seletividade 12 vezes maior para

ions Na do gue para outros ions (Catterall, 1993).

Os canais de s6dio sfo fosforilados por proteinas quinases, reguladas de acordo com
a concentracdo de Ca®’ intracelular ¢ AMPc e podem ser modulados biossinteticamente

{Catterall, 1993).

Mutagdes, que possan OCOITer nOS genes que expressam as proteinas dos canais de
sddio, podem afetar a estrutura primdria do canal, e em humanos, estas mutagdes levariam a
casos de desordens ou miopatias como: paralisia periddica hipercaldmica, paralisia
periédica hipocalémica, paramiotonia congénita, miotonia flutuante, miotonia permanente,

miotonia & resposta de acetazolamida {(um diurético inibidor da produgfo de liguor) &

hipertemia maligna (¢/. http:// www neuro.wust eduneuromuscuiarimothericharn.bim).

1.5, Canais de sédio e fibras musculares
Em neurdnios e fibras musculares, os canais de sodio voltagem-dependentes que
mediam a transmissdo smaptica, estdo concentrados nas regifes subsindpticas, proximos

aos stios de liberacfo de neurotransmissores (Hille & Campbell, 1976).

Caldwell e colaboradores (1986), através de estudos eletrofisiolégicos, concluiram
que ha alta concentraco de canais de sédio proximo a placa motora de fibras musculares e,
esta distribuigio de canais diminui 4 medida que se distancia da placa, sendo baixa proximo
4 regifio do tenddo.
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Vital Brazil & Fontana (1993), analisando os efeifos de toxinas ativadoras de canais
de sédio {crotamina, veneno bruto de Phoneuiria nigriventer, PhTx2 e veratrina) sobre
fibras musculares  esqueléticas, observaram que estas toxinas produziam aior
despolarizacdo na membrana de regifes juncionais {préximo & placa motora) do que nas
regides extrajuncionais, e atribufram esta diferenca na distribuigio nfo uniforme de canais
de sodio sobre o sarcolema. Entretanto, a veratridina ¢ a batrachotoxina despolarizaram as
regifes juncionais e nfo-juncionais de maneira semelhante. A explicagio encontrada pelos
autores seria a possivel presenca de canais de sodio silenciosos (canals de Na~ voltagem-
insensiveis) nas regides extrajuncionais de fibras musculares que seriam ativados pela

veratridina e a batrachotoxina,

Ha diferenca na distribuico de canais de sédic nos diferentes tipos de fibras
musculares. As fibras musculares glicolfticas contém maior concentracio de canais de Na©
no sarcolema do que as fibras oxidativas (Ruff, 1992; Milton & Behfourouz, 1995). As
desigualdades fenotipicas, fisiclégicas e bioquimicas existenies em cada tipo de fibra

muscular sdo determinadas pelo tipo de inervagio motora presente (Nemeth er al., 1981).

1.6. Toxinas gue atuam em canais de sédio

Existem muitas toxinas naturais, de origem animal ou vegetal, que se ligam a sitios
especificos presentes nos canais de sédio voltagem-dependentes ¢ alteramn a sua fisiclogia
(ver Tabela). O uso destas toxinas em modelos experimentais vem contribuindo para a

melhor compreensio da fisiologia e estrutura dos canats de s6dio.

Estas toxinas podern agir na fisiclogia dos canais de sédio de trés modos:
bloqueando-o, retardando-o ou alterando sua inativagdo ou ainda causando a ativacfio
persistente dos canais. O mecanismo pelo qual o efeito sobre o canal se expressars,
dependerd em quais dos sitios de ligacio, presentes nos canais de sodio, as toxinas atuario,

se nos sitios responsaveis pela abertura, fechamento, ou ambos.
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Tabela: Toxinas que atuam em canais de 36dio e seus sitios de ligagio

Sitio de ligacdo Grupo de Toxinas Fleitos sobre o8 canals de sodio
I Compostos guanidinicos Blogueiam o influxo de ions
heterociclicos soliveis em dgua e sédio
conotoxinas
i Toximas bpossolaveis Causam ativaco persistente
11 Toxinas o-escorpibnicas ¢ de Retardam a mativagio

anémonas do mar, e atracotoxinas

v Toxinas B-escorpifnicas € veneno  Afivam ou retardam a inativagfo

da aranha Phoneutria nigriventer

v Ciguatoxinas e brevetoxinas Causam ativagfio persistente

1.6.1. Toxinas de sitio §

A tetrodotoxina, a saxitoxina € as L-conotioxinas provecam o bloqueio do fluxo de
fons sédio através do canal, de modo reversivel, sem alterar o mecanismo de ativagiio ou
inativacdo voltagem-dependente (Becker & Gordon, 1992). Estas toxinas marinhas sdc
consideradas problemas de saide publica pois podem provocar quadros de intoxicacio

alimentar fatal em humanos.

A tetrodotoxina (TTX) ¢ um composto guanidinico heterociclice, encontrada em
ovarios, figado ¢ pele de peixes da subordem Gymmodontes conhecidos como peixes “fugu”
no Japdo, podendo também ser encontrada em algumas espécies de lagartixas, sapos e
polvos. Esta toxina atua no sistema respiratério, cardiovascular e neuromuscular (Catterall,
1980). Porém, em misculo cardiaco adulto e musculo esquelético desnervado hd presenga

de canais de sodio TTX msensiveis (Becker & Gordon, 1992).

Os egipcios foram os primeiros a saber que os peixes “fugu” eram venenosos. Em

14 de abril de 1883, Charles Rémy registrou para a Societé de Riologie {Paris) os resultados
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do primeiro {rabalbo experimental com esse peixe. Ele Hstou cinco espécies de peixes e
afirmou que a loxina era encontrada principalmente nas gbénadas desses animais. Neste
mesmo periodo, alguns japoneses viajaram para a Europa, principalmente para a Alemanha,
com intuitc de realizar pesquisas clentificas. Retornando ao Japdo, D. Takahashi tornou-se
o primeiro professor de farmacologia na Universidade de Téquio e, em 1889, publicou um
estudo ingdito sobre a farmacologia dessa toxina. Neste estudo, descreveu que a toxina
pode causar hipotensfio e parada respiratoria. Em 1911, Tahara isolou a toxina dos ovarios
do “fugu” e a denominou de tetrodotoxina. Em 1918, Ishihara mostrou que os nervos
sensoriais eram bloqueados pela acfio da TTX. Alguns anos mais tarde, Twakama e Kimura
compararam 2 a¢8o anestésica local da TTX com 2 da cocaina. Em 1960, Narahashi e
colaboradores mostraram que a TTX blogueava o potencial de acfio de fibras musculares
devido a inibigBo do influxo de fons sodio através de estudos de “voltage-clamp” (para
revisdo ver Fubrman, 1986}

A saxitoxina (STX) também ¢ wm composto guanidinice heterociclico produzido
pelo dinoflagelado pertencente ao género Gonyaulax ¢ encontrada em grande concentragdo
em moluscos ¢ mexithSes (Catterall, 1980). Em 1963, Kac e Nishiyama (cf. Salgado e ol
1986) propuseram que a TTX e a STX eram moléculas muito grandes para passar através
dos canais de sGdio, desse modo elas bloqueavam os canais impedindo a passagem de
outros fons, agindo nos canais como “uma rotha na garrafa”, com o grupo guanidinum de
suas moléculas fazendo o papel de rolha. Em 1975, Hille (¢f. Salgado ef al., 1986) propds
um modelo para o bloqueio das toxinas, o grupo guanidinum fgar-se-ia a0 grupo carboxila
do filtro de seletividade do canal de sédio, formando cinco pontes de hidrogénio entre as
moléculas das toxinas e o canal. O bloqueio da ligaciio de TTX no canal de sédio por
tetrafluoroborato trimetilloxonio (TMO), um reagente com grupo carboxila modificado,
reforgou o modelo proposto por Hille. Entretanto, os canais TTX-resistentes mostravam
seletividade normal, sugerindo gue o grupo carboxila necessério para que a TTX se ligasse
ac canal era distinto daquele presente no filtro de seletividade (para revisio ver Salgado ef
al., 1986). Noda ¢ col. (1984) criaram um canal de s6dio de cérebro de rato mutante através
de técnica de mutagénese, e examinaram a sensibilidade do canal 4 TTX e & STX. Assim,

determinaram que estas toxinas se ligam ao sftio 1 (localizado na alca entre os segmentos
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transmembrana S5 e S6 do dominio 1 que constituem o poro central do canal de sédio)
(para revisfo ver Becker & Gordon, 1992).

As conotoxmas (fambém chamadas de u-conotoxinas) sfo polipetideos isolados do
gastrépodo Conus geographus. Elas blogueilam os canais de s6dio das fibras musculares de
maneira semelbante 3 da TTX. Competem com 3 STX pelo mesmo sitio receptor nos canais
de s6dio (Catterall, 1980; Becker & Gordon, 1992). As my-conotoxinas bloqueiam os
canais de sOdio presentes nas fibras musculares esqueléticas, sem afetar os canais presentes
nos terminais nervosos. A toxina isolada do Conus comsors (CcTx) e a conotoxina EVIA
(denominadas de o-conotoxinas) agem nos canais de sodic de axfnios ¢ terminais

nervosos, ndo tendo efeito sobre fibras musculares esqueléticas (para revisfio ver Favreau ef
al., 1599},

1.6.2. Toxinas de sitio 11

A veratridina, a aconitina, a batrachotoxina e a grayanotoxina, juntamente com a
veratrina, causam a ativagio persistente dos canais de s6dio, promovendo despolarizagiio e
respostas elétricas iterativas em membranas excitdveis de fibras musculares ou nervosas
(Macfarlane & Meares, 1958; Ulbricht, 1969). A natureza hidrofobica destas toxinas sugere
que o sitio de ligacdo delas (sitio 2) encontra-se na regifio hidrofobica da membrana,

interagindo com as hélices transmembrana do canal de sédio (Becker & Gordon, 1992).

A veratridina € um alcaldide esterdide, o mais potente alcaldide do género
Veratrum, exiraido de plantas da subordem Melanthaceae, da familia Liliaceae (Benforado,
1967). Esta toxina induz contragfio muscular, impulsos nervosos repetitivos e arritmias
cardiacas, Estes efeitos farmacoldgicos sfio provenientes das alteracdes nos canais de sédio
provocado pela toxina, induzindo hiperexcitabilidade, despolarizagic das membranas
excitdveis ¢ aumento da permeabilidade aos ions sédio. A TTX inibe a acio da veratridina

de forma nfc-competitiva, indicando que a veratridina e a TTX agem em sitios diferentes
nos canais de sédio (Catterall, 1980).

A batrachotoxina (BTX), substincia altamente t6xica, é um alcaldide encontrado na

pele de rds do génerc Phyllobates. Os efeitos farmacolégicos da BTX resultam da
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despolarizacfo de fibras musculares e nervosas causada pelo aumento da permeabilidade
aos jons sodio, € estes efeitos sfo inibidos de forma nfo-competitiva pela TTX. Esta toxina

causa a ativacHo persistente dos canais de sbdio no potencial de repousc da membrana
{Catterall, 1980).

A aconitina € um alcaléide encontrado em plantas Aconmitum napellus. Em
prepara¢des utilizando fibras musculares cardiacas, a aconitina causa arritmias e repetitivos
pos-potenciais ¢ oscilagBes seguindo estimulac#io nervosa. Estes efeitos sdo provocados
pela despolarizagio prolongada seguida de potenciais de agfo, que impede a repolarizacio
completa das membranas excitdveis ¢ esta despolarizacio pode ser blogueada pela TTX
{Catterall, 1580).

As grayanotoxinas (grayanotoxina I, 11 e 1) sfo toxinas diterpendides obtidas de
plantas do génerc Rhododentron, Kalmia e Leucothoe, pertcncentés & familia Ericacae. As
grayanotoxinas II e III sfo derivadas da I. Estas toxinas possuem mecanismos de agdo
similares, causando despolarizagfio das membranas excitaveis pela ativagio dos canais de

sodio em varios graus. A TTX também ¢ um inibidor nfo-competitivo destas toxinas
{Becker & Gordon, 1992).

Experimentos demostrando interagBes competitivas com as quatro toxinas
lipossoliiveis mostraram que a BTX € um agonista total, isto &, ela € capaz de ativar todos
os canais de sédio presentes em células de neuroblastoma e que a veratridina, a aconitina e

as grayanotoxinas sio agonistas parciais (para revisio ver Catterall, 1980).

1.6.3. Toxinas de sftio FI

As toxinas o-escorpibnicas e algumas toxinas de anémonas do mar atuam

retardando a inativacio dos canais de s6dio.

As toxinas isoladas dos venmenos de escorpifes norte-africanos (toxinas o-
escorpibnicas) sdo polipeptideos bédsicos com peso molecular de aproximadamente 7.000.
SHo proteinas que estic em cadeia tnica ligada por quatro pontes dissulfeto (Catterall,
1980). Estas toxinas sfio encontradas nos venenos de escorpifes pertencentes ao género

Leiurus, Buthus € Androctonus (Lazdunski & Renaund, 1982). As toxinas c-escorpibnicas
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causam aumento na secregiio de neurofransmissores, arritmias cardiacas, respostas elétricas
repetitivas e despolarizacio em fibras nervosas (Catterall, 1980). A liberagfio de grandes
conceniracfes de neuroiransmissores € a responsdvel pela maior parte dos sintomas do
envenenamento {Viial Brazil, 1986). A toxina mais potente e meihor estudada foi isolada
do veneno do escorpifio Leiurus gquinguestriatus. A analise do efeito do wveneno do
escorpifio L. guinguesirigtus, através de técnica de "voltage-clamp”, mosirou que a
inativagfo dos canais de sodio € lenta e incompleta, ¢ a ativacio e a inativacfio sio
modificadas para potenciais de membrana mais negativos. As toxmas a-escorpibnicas nfo
causam ativagfio persistente dos camais de sodio, mas podem aumentar a ativacHo
provocada pelas toxinas lipossoliveis. Elas aumentam a fracfo de canais de sédio ativados
pelos agonistas parciais (veratridma, aconifina e grayanotoxinas}. Esta interacfo
cooperativa entre as toxinas lipossoliiveis e as toxinas a-escorpidnicas indica que elas agem
em receptores separados mas que interagem alostericamente {Catterall, 1980). Em 1986,
Noda e col. propuseram que a toxina V de L. quinguestriatus (LqV) se ligaria a alca
extracelular entre oS segmentos S5 e 56 da subunidade o do canal de sédio (sitio 3) e,
interagiria com o segmento S4 (sensor de voltagem do canal), retardando ou prevenindo a
mudanca conformacional do estado ativo para o inativo do canal (cf Becker & Gordon,
1992).

As toxinas de anémonas do mar sfio polipeptideos bésicos com 27 a 51
aminoacidos, ¢ sdo isoladas de anémonas pertencentes aos géneros Anemonia, Anthopleura
e Radianthus {Catterall, 1980; Lazdunski & Renaud, 1982). As toxinas I e II isoladas da
Anemonia sulcata e a anthopleurina A da Awmthopleura xanthogrammica possuem 47-49
aminodcidos € tem segliéncias homdlogas. A toxina III da 4. suicata tem apenas 27
aminodcidos e também algumas seqiiéncias homologas com as duas outras toxinas.
Entretanto, as toxinas de anémonas nfo possuem seqliéncias homélogas com as estruturas
das toxinas a-escorpibnicas. Os mecanismos de acfio destas toxinas so similares aos das
toxinas o-escorpidnicas: retardam a inafivagfo dos canais de sddio, aumentam a ativagio
persistente do canal provocada pelas toxinas lipossolveis e se ligam ac mesmo sitio
{Catierall, 1980).
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As aranhas pertencentes 4 subfamilia Atracinae, compreendem cerca de 35 espécies
divididas entre os géneros Atrax e Hadronyche, ¢ sio encontradas principalmente no litoral
sudeste australiano. Alguns polipeptideos conhecidos como atracotoxinas (ACTX) foram
isolados do veneno dessas aranhas. A 8-ACTX-Hvl, conhecida por versutoxing ¢ isolada
do venenc da aranha Hadronyche versuta, e a 8-ACTX-Arl, conhecida por robustoxinag ¢
isolada do veneno da Afrax robustus, retardam a mativacio dos canais de sédio sensiveis 2
TTX, de maneira semelhante 4 ag3o das toxinas c-escorpibnicas e das toxinas isoladas de
enémonas-do-mar. Estas toxinas tm cerca de 42 aminoédcidos e possuem seqgiiéncias
homélogas. As 8-ACTXs representam uma nova classe de toxinas que interagem com
canais de s0dio presentes em mamiferos e em insetos e se ligam a sftios similares ao sitic 3,
local de ligacBo das toxinas o-escorpibnicas e das toxings de anfmonas-do-mar. Nem todas
as toxinas sfo prejudiciais ao homem, algumas podendo trazer beneficios. Por exemplo, a
8-ACTX-Hv1b apresenta alta toxicidade para insetos, e pouca a¢lio para mamiferos, sendo
assim, esta fraglo téxica pode ser utilizada como um biopesticida (cf. Szeto er al., 2000).

1.6.4. Toxinas de sitio IV

As toxinas B-escorpibnicas sfo polipeptideos bésicos com massa molecular de
aproximadamente 7000 daltons, isoladas de escorpifes americanos pertencentes acs
géneros Tityus e Centruroides. Apresentam seqiiéncias homélogas com as toxinas o-
escorpibnicas. Estas toxinas causam alieracio na voltagem da ativagio do canal de sédio de
40-50 mV para potenciais de membrana mais negativos, conseqilentermente modificando a
inativagéo. Ligam-se ao sitio 4 (localizado no lado extracelular) dos canais de sodio {para
revisio ver Catterall, 1980; Honerjéger, 1982 ; Becker & Gordon, 1992).

A fracio toxica 2, isolada do venmeno bruto da aranha armadeira Phoneutria
nigriventer (PhTx2), atua na ativagio dos canais de sodio presentes em fibras musculares
esqueléticas e nervosas (Vital Brazil & Fontana, 1993) e, provavelmente no mesmo sftio
em que as toxinas B-escorpibnicas se ligam aos canais (Vital Brazil, 1986). A acfio da PhTx
2 € inibida pela TTX.
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1.6.5. Toxinas de sitic V

Existem as ciguatoxinas e brevetoxinas que sf#o responsiveils por causar
mtoxicagdes em humanos, caracterizadas principalmente por distirbios neurclégicos. Estas
toxinas sHo produzidas pelos dinoflagelados pertencentes as espécies Gambierdiscus
toxicus e Piychodiscus brevis e afetam fibras nervosas mielinicas e jungBes
neuromusculares de vertebrados. Ligam-se ao sitic 5, localizado na subumidade o dos
canais de sédio. Estudos eletrofisiolégicos identificaram essas toxinas como ativadoras dos
canais de sodio. Elas aumentam o fluxo de fons sodio em células excitdveis,

conseqlientemente provocando descargas repetitivas de potenciais de acfio (Mattei ef al,
1999).

1.6.6. Qutras toxinas que atuam em canais de sédio

A crotamina, uma toxina isolada da peconha da cascavel sul-americana, Crofalus
durissus terrificus, € um polipeptideo bésico composto por 42 aminoécidos. Ela provoca
despolariza¢8o nas membranas de fibras musculares e aumenta a permeabilidade aos fons
sédio (Chang & Tseng, 1978). Pode também inibir & transicio dos canais de sodio do
estado de repouso para inativado, permitindo que os canals em repouso sejam

automaticamente ativados (Matavel er al., 1998).

A miotoxina a € um polipeptideo bésico com cerca de 39 aminoécidos, isolado da
pegonha da cascavel norte-americana Crofalus viridis viridis (Cameron & Tu, 1978). Esta
toxina causa despolarizagio do sarcolema e induz fasciculag&o do muisculo com potenciais
de acio repetitivos. Ha controvérsias sobre o sitic de acfio desta toxina. Hong & Chang
(1985) sugeriram que 2 miotoxina ¢ age em sitios localizados no sarcolema e tibulos-T,
que diferem dos sitios de ligacio de outras neurotoxinas. Estes sitios estariam
possivelmente localizados nos canais de Na™ voltagem-dependentes e a mitoxina a atuaria
no mecanismo de ativagio dos canais. A ativaglio dos canais de sédic induzida pela toxina
aumentaria o nfluxo de Na” e fluido extracelular, possibilitando também o aumento na
concentragio intracelular de célcio via trocador Na’-Ca®™ Esses autores propuseram
também que a miotoxina g € a crotamina agiriam num mesmo sftio de ligacio devido as

semethancas quimicas e farmacolégicas (além de imunologicas) entre ambas. Eniretanto,
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Volpe e colaboradores (1986) demonstraram, através de ensaios imunoquimicos e
bioquimicos utilizando vesiculas de reticulo sarcoplasmitico isoladas, que a miotoxina g
provoca o desacoplamento da bomba Ca’*-ATPase, proteina localizada na membrana do
reticulo sarcoplasmatico, inibindo a recaptagiio de Ca®*. Conseqiientemente, a mictoxina g
causatia umn aumento na concentracdo intracelular de Ca™, justificando as aiteracBes
morfolégicas, tais como miovacuolizacdo observadas por outros autores {Ownby ef al.,
1976; Cameron & Tu, 1978; Hong & Chang, 19835). A TTX é um antagonisia nfic-

competitivo das toxinas crotamina e miotoxing 4.

1.7. Toxinas ativadoras de canais de sédio ¢ danos nenromusculares

Existem poucos estudos histoldgicos e ultraestruturais, envelvendo toxinas que

agem em canais de sodio,

Em estudo e¢xperimental in vitro com a batrachotoxina, foi observado que esta
toxina produzia alteracSes estruturais em fibras musculares e nervosas (Albuquerqgue ef al.,
1971). Esta toxina induzia dilatagio das cisternas terminais do reticulo sarcoplasmatico.
Podia também ocasionar a ruptura dos tibulos-T e do reticulo sarcoplasmatico, dependendo
da dose (Warnick er al, 1971). A batrachotoxina, injetada dentro do nervo cistico,
provocava também edema na regifio dos nodos de Ranvier e regiic paranodal de fibras
nervosas mielinicas associado com redugfio no calibre axonal nas regides internodais. Os
efeitos eram causados pelo fluido intracelular excessivo induzido pelo aumento da
permeabilidade aos fons sbdio ¢ aumento na densidade de organelas axoplasmaticas
{Wayne Moore et al., 1986).

AlteragOes estruturais nas fibras nervosas, similares as observadas no estudo com 2
batrachotoxina, ja tinham sido encontradas no experimento in vivo com o veneno bruto da
aranba Phoneutria nigriventer em nerve cidtico de camundongos (Cruz-Hofling er al,
1985). Os autores observaram a ocorréncia de edema no axoplasma nodal e paranodal,
desenvolvimento de vactiolos no espago periaxonal, aumento na densidade de organelas
axoplasmaticas e reducdio no calibre axonal das regides internodais. Eles atribufram como
causa destas anormalidades nas fibras nervosas mielinicas, o influxe de fons s6dio no nodo

de Ranvier provocado pela acic do veneno sobre os canais de sédio. Os venenos dos
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escorpibes Leiurus quinguestriatus e Cenfruroides sculpturatus causaram alteracdes
morfolégicas idénticas aquelas produzidas pelo veneno da Phorneutria. Essas alteracBes nfio

se manifestaram com o pré-tratamento com TTX (Love ef al., 1986).

As ciguatoxinas e as brevetoxinas fazem parte também da classe das neuroioxinas
gue ativam canais de sédio. Causam edema em nodos de Ranvier de fibras nervosas

mielinicas ¢ em placas motoras de fibras musculares (Mattei e al., 1999).

Ownby ¢ colaboradores (1976) demonstraram através de andlise ao microscépio
eletrdnico que a miotoxina a, toxina isolada da peconha de Crotalus viridis viridis, induz
dilatagBio do reticulo sarcoplasmético, desorganizacio com dissociacio de micfibrilas e
dano mitocondrial quando injetada  via Intramuscular em camundongos. Estas alteracfes
poderiam ser causadas pelo actmulo mtracehuar de fons Na' resultantes da ativagio dos
canais de Na' induzida pela toxina, ou pelo aumento intracelular de fons Ca*" devido 4 acfio
da toxina mo trocador Na™-Ca®" (Hong & Chang, 1985) ou na bomba Ca’*-ATPase
localizada no reticulo sarcoplasmatico (Volpe ef al., 1986).

Em estudo experimental utilizando a miotoxina ¢ e a crotamina, fracfo téxica do
veneno de Crotalus durissus terrificus, foi observado que a miovacuolizagdio causada por
estas toxinas eram gqualitativamente similares, entretanto o local da miovacuolizacio ndo
pode ser determinado através de microscopia de luz (Cameron & Tu, 1978). Chang &
Tseng (1978) demonstraram, através de estudos miogréficos e eletrofisiologicos, que a
crotamina provocava uma despolarizagfo nas membranas de fibras musculares e, que esta
despolarizagfo era abolida com um pré-tratamento com TTX ou com baixa concentracio de
fons Na™ no meio de incubagfio. O antagonismo provocado pela adiciio de fons Ca®" ao
meio sugeria o envolvimento de correntes de célcic no mecanismo de acfio da crotamina,

além do aumento de influxo de Na™.

Recentemente, Mattiello-Sverzut & Cruz-Hofling (2000), através de microscopia de
luz e eletrbnica de transmissdo, mostraram que a PhTx2 causa alteracdes morfologicas em
nervo frénico e misculo diafragma de camundongos, in vitro, como, hipercontragio de
miofibrilas, desorganizaciio de sarcOmeros, dilatagbes de cisternas terminais do reticulo
sarcoplasmatico, deplecio de vesiculas nas placas motoras, vacuolizagdo de axdnios e
células de Schwann, dano mitocondrial e mionecrose. Estas alteracdes foram atribuidas aos
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distirbios osméticos ocasionados pelo aumento do influxe de ions s6dic induzido pela

toxima.

A veratrina pode ocasionar também miovacuolizagBio. Fm experimento in virro,

utilizando © misculo diafragma de camundongos, Cruz-Hofling & Vital Brazil {1987,

1990) mostraram através de andlise ultraestrutural que os vactiolos encontrados em algumas

fibras musculares eram dilatagBes das cisternas do reticulo sarcoplasmético. Os autores

atribuiram como causa dessas dilatagSes, o aumento do influxo de fons sédio para o interior

das células provocado pela veratrina, uma vez que nfio se manifestavam quando a

preparacdo era previamente incubada com TTX.

1.8. Objetivos

Considerando:

que nosso modelo experimental enfocou os efeitos da veratrina, alcaldide

que ativa os canais de sddio sobre células musculares esqueléticas;

que pretendiamos investigar se haviam diferencas entre a resposta dada
pelos diferentes tipos de fibras musculares — oxidativas, oxidativa-
glicoliticas e glicoliticas - em dois tipos de miisculos de mamiferos, o sdleo
{de contracfic lenta e predominantemente com metabolismo oxidativo), e o

extensor longo dos dedos (de contragic répida, predominantemente
glicolitico);

que pretendiamos verificar se a resposta dada pelo mesmo tipo de fibra era

igual ou diferente, dependendo de a mesma estar inserida no misculo séleo

ou no misculo extensor longe dos dedos;

que pretendiamos verificar se a interagio da veratrina com esses tipos de
fibras musculares esqueléticas de mamiferos (camundongos) era equivalente
& exibida pelos mesmos tipos de fibras em musculo esquelético de peixes
(tilapias);
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gue pretendiamos observar os efeitos da veratrina sobre a uliraestrutura das
fibras musculares do sdlec e extensor longo dos dedos de camundongos
BALB/c adultos, e do misculo lateral da tildpia, Oreochromis niloticus,
com o objetivo de identificarmos quais as organelas-alvo principalmente

atingidas pela veratrina, ¢ se havia diferenca entre os trés tipos de musculos;

que 2 veralrina ¢ um alcaléide de natureza lipidica, extraido de plantas
(Schoenocauion  officinale), pertencentes ao grupo dos compostos
policiclicos lipossoliveis, que, uma vez em contato com membranas
excitaveis como o sarcolema, promove a ativagio de canmais de sodio,
fazendo com qQue permanecam abertos por mais tempo, e,
conseqiientemente, permitindo que o influxo de Na™ seja aumentado durante
a despolarizacio da membrana;

que a veratrina promove respostas fterativas (despolarizacGes repetitivas) da
fibra muscular, ¢ que esses efeitos devem ter consegiiéncias que podem estar
refletidas na atividade oxidativa, na atividade contritil e nas caracteristicas

ultraestruturais das fibras musculares;

que o aumento citossdlico de Na™ leva a alteragbes no funcionamento de

canais de Ca’’;

que dentro desse contexto era relevante investigarem-se possiveis efeitos da
veratrma sobre mitocdndrias isoladas de misculo esquelético, j& que essas
organelas néic s tem papel definitivo no metabolismo da fibra muscular
“condicionando-a” & atividade predominantemente aerébica, ou anaerdbica
{dependendo de seu maior ou menor ndmerc), mas também possul papel
tampdoc no metabolisme do cdlcio celular (unto com o reticule

sarcoplasmatico);

que a utilizagdo de outras toxinas com a¢io antagbnica a da veratrina, como
por exemple a tetrodotoxina (TTX), que blogueia capais de Na',
possibilitam a comprovagfio dos efeitos promovidos pela primeira, quando

utilizadas como pré-tratamento;
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Estabelecemos como modelo experimental, o estudo in vive da acdc da
veratring sobre os misculos séleo e EDL de camundongos BALB/c, e o miisculo
lateral da tildpia Oreochromis niloticus, através de estudos histoenzimolégicos por
meio das reagbes NADH-TR ¢ m-ATFase, e através da microscopia eletrénica de
transmissdc para caracterizaclo das alieracBes ultraestruturais induzidas pelo

alcaldide, bem como o estudo in vitro dos efeitos da veratring sobre mitocondrias

isoladas.




RESULTADOS: ORGANIZACAC

O projeto de pesquisa desenvolvido para a obtencdio do titulo de Mestre dey origem
a gquatro irabalhos cientificos, irés dos quais, prontos para serem submetidos & publicacdo.
O quarto trabalho ainda requer gue sejam feitos alguns experimentos adicionais, para
estar apto a ser submefido.

Considerando os aspectos relacionados ¢ abordagem metodolégica empregada na
investigacdo, o0s enfoques utilizades para elucidar pontos relativos & interacdo da
veratrina com o fecido muscular, os tipos de animais da experimentacdo, e, ainda,
considerando os aspecios relativos &s dimensdes, em termos de pdginas, que seria razodvel

o trabalho possuir, foi feita a apresentacdo dos resultados da seguinte forma:

® No artigo I foram enfocados os resultados da interacdo do alcalbide veratring com os
muisculos séleo e extensor longo dos dedos, apés administragdo in situ, particularmente
no que se refere 4 expressdo femotipica exibida pelos tipos de fibras musculares
esqueléticas, revelada por métodos histoenzimolégicos para deteccdo da atividade
oxidativa (método NADH-TR) ¢ da atividade contrdtil (reacdo ATPase-miosinica em
pH dcido e alcalino). Os resultados revelaram que a veratrina é capaz de modular a
atividade metabdlica das fibras, alterar a propor¢do dos tipos de fibras e induzir no
soleo o aparecimento de um terceiro tipo. O comportamento de um mesmo tipo de fibra

€ diferente frente & veratrina, dependendo da sua localizacdio ser no sélec ou no EDL.

e No artigo 2 foram enfocadas as alteragbes ultraestruturais induzidas pela veratring
apos administracdc in situ no misculo séieo ou no extensor longo dos dedos,
destacando aqueles aspectos que se configuravam como distintos da interagdo
veratrina-sélec e veratring-EDL. Os resultados foram discutidos & Iz das
caracteristicas farmacoldgicas-fisiolégicas da veratrina e bioquimicas-fisiolégicas de
cada musculo e levantando questBes sobre a enmtrada ou ndo do alcaldide dentro da
céluia e algumas conseqiiéncias advindas dessas possibilidades. O pré-tratamento com
tetrodotoxing, que bloqueia o0s canais de sédio mos permitiu comprovar que as

alteracfes ultraestruturais decorriam da agdo da veratring nos canais.

45



e No artigo 3 foram abordados os efeitos da veratrina sobre o musculo lateral da tilapia,
tanto sob o ponto de vista dos alteracBes ultraestruturcis, como das atividades do
metabolismo  oxidative e comtrdtil dos diferemtes tipos de fibras musculares
evidenciados pelas reacdes NADH-TR e m-ATPase. 4 discusséo dos resultados
abordou os dados histoenzimoldgicos destacando os dados inesperados com relagdo o
diferencas regionnis exibidas pela atividade oxidativa dentro da mesma Jfibra, bem
como aparecimento de um quarto tipo de fibra néio observado nas tildpias controle. Os
resultados histoenzimologicos, como os ultraestruturais observados rno séleo e EDL de
camundongos, permitiram verificar que, muito embora a veratrina deva atuar
igualmente na fisiclogia dos canais de sédio do sarcolema de misculo esquelético de
peixes, algumas especificidades do mecanismo de agfio devem existiv, uma vez gue

diferencas substantivas foram deteciadas entre ambos os modelos experimentais.

© No artigo 4 redirecionamos nosso foco de investigacdo, particularizando nossa alengdo
sobre as mitocondrias isoladas de miisculos esqueléticos quanto aos efeitos da
veratrina. Foram utilizadas mitocondrias isoladas dos misculos das pernas traseiras
de camundongos ou de rates e mitocondrias de figado de ratos. Os resultados até
agora obtidos apontam para o efeito inibitério da veratring sobre a respiracdo
mitocondrial em mitocOndrias hepdticas e efeito no aumenio da permeabilidade a
prétons da membrana interna das mitocéndrias de musculos. Reputamos a uma
possivel internalizagdo da veratrina nas fibras musculares como potencial responsdvel
pelas alteracdes descritas nos Artigos 1 e 2. Este efeito somado as alteragdes nas

propriedades de permeabilidade idnica seriam os responséveis pelos  efeitos

observados.

Nossos resultados lancam luzes sobre aspectos que ainda néo tinham side
abordados da interagdo veratrina-misculo esquelético e reforcam a idéia da utilizacdo de
toxinas com agdo altamente especifica, que se prestam como ferramentas valiosas no

esclarecimento de processos bioldgicos como os que aqui foram investigados.
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ABSTRACT

The aim of this study was to compare the morphological changes In the extensor
digitorum longus (EDL) and soleus (SOL) muscles of mice after the intramuscular injection
of veratrine (10 ng/kg), a Na'-channel activating alkaloid from the plant Shoenocaulon
officinale (Liliaceae). Fifteen, 30 and 60 min after the injection of veratrine. the mice were
sacrificed and the muscles processed for evaluation by standard histochemical methods to
determine the oxidative and myosin-ATPase activities. The damage to slow-twitch
oxidative, fast-twitch oxidative glycolytic and fast-twitch glycolytic fibers, as well as the
changes in fiber type, were assessed. Veratrine altered the metabolic and contractile
activities of EDL and SOL. Oxidative fibers and oxidative-glycolytic fibers were more
sensitive to veratrine than glycolytic fibers, with both showing a decrease in their metabolic
activity. In EDL, the m-ATPase reaction revealed a significant decrease (50%) in the
number of type IIB fibers after 30 min while the number of type 1 fibers increased by 55%.
The proportion of type I fibers decreased from 34% in control SOL to 17% in veratrinized
muscles, with a 10% decrease in type HA fibers within 15 min. Concomitantly, a third type
of fiber appeared which accounted for 28% of the fibers. The changes in fiber type were
maximal by 15 min after veratrine administration. The alterations in EDL may be related to

the higher number of Na~ channels present in this muscle whereas those in SOL may

mvolve an action of veratrine on mitochondria.

Key words: EDL, fiber type, mouse, Na™ channels, soleus muscle, veratrine
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INTRODUCTION

Naturally occurring newoloxic and myoioxic substances are valable tools for
studving pathophysiological phenomena in newromuscular disorders. Numerous natural
toxins from plants and animal venoms act by altering the kinetics of sodium channel
activation and imactivation in excitable membranes (4). Despite sharing a common target
(Na® channels), these substances comprise a heterogeneous group which inclides water
soluble heterocyclic guanidines, lipid-soluble polyeyclic compounds, and small, highly
basic peptides, each with a characteristic physiological action.

Na” channel-blocking toxins produce no morphological changes as part of their
physiological action. In conirast, extensive morphological alierations occur with toxins
which activate or delay the inactivation of Na' channels, as shown for small basic peptides
such as crotamine and myotoxin a from Crofalus durissus terrificus and C. viridis viridis
snake venoms, respectively (3, 22).

The morphophysiological effects of lipid-scluble polycyclic compounds such as
batrachotoxin (29) and veratrine (5, 6), a commercial extract of the plant Schoenocaulon
officinale, have been described. These substances cause necrosis in skeletal muscle cells,
the onset of which is characterized by multifocal-vacuclation as a result of an osmolarity
imbalance caused by an increased influx of Na® followed by water. The mechanism behind
these alterations is still poorly understood (13, 16). Not all cells in a given muscle underge
myonecrosis following exposure to these substances. Although varying degrees of damage
may reflect an uneven diffusion of the toxic agent or an inaccessibility of some fibers to the
substance, the nature of the predominant cell type, ie., glycolytic and/or oxidative, may
also be an important factor.

In this work, we used histochemical analysis to examine whether veratrine, a Na*
channel-activating alkaloid (26), exerts different myotoxic effects in glycolytic and
oxidative muscle fibers. The two muscles examined were the soleus (SOL), composed

mainly of oxidative fibers, and the extensor digitorum longus (EDL), which consists mainly
of fast-twitch glycolytic fibers.
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MATERIALS AND METHODS
Experimental groups

Twelve adult male BALB/c mice {20-25 g) obtained from the Central Animal House
at the State University of Campinas were used. The mice were housed in standard plastic
cages at 25 °C and had access to food and water ad /ibitum. For the experiments, the mice
were divided into four groups (3 mice/group), one of which received sterile saline and the
other three, veratrine. For use, the mice were anesthetized with sodium pentobarbital (40-70
mg/kg, i.p.) and the SOL and EDL then exposed prior to the injection of veratrine (5 ul,
10ng/kg - Sigma) into each muscle. The anesthetized mice were sacrificed by cervical
dislocation 15, 30 or 60 min later and the muscles excised and their distal portions
removed. The remaining central portion of each muscle was then quickly frozen in bquid
Ny and stored at — 80°C. The conirol group received sterile saline solution under the same
experimental protocol.

Histochemistry

Frozen sections (5 um thick) were obtained with a cryostat and immediately stained
with H.E. and Gomori trichrome (10) for analysis of the general muscle fiber morphology.
Nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) (9, 23) and myosin-
ATPase reactions after acidic or alkaline preincubations (m-ATPase, pH 4.35, 4.6 or pH
10.3) (2, 12) were used to classify the fibers according to their oxidative {metabolic) and
contractile activities, respectively. Quantification of the fiber types was provided in saline-

and veratrine-treated muscles at 15, 30 or 60 min, in order to examine if the alkaloid affects
differently each fiber type.

Statistical methods
Statistical analyses were done using SAS system statistical software*. The
procedures used included general linear models (GLM) and Duncan’s multiple range test

for variables, and the chi-square test for comparing the proportion of fiber types, identified

by the m-ATPase reaction, versus time.

*SAS System Inc. SAS/STAT™ User’s Guide, Release 6.03 Edition, Cary, NC: SAS Instinne Inc., 1998,
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RESULTS

Controls

HE.: - Light microscopy of EDL and SOL from saline-treated (control) mice
showed polygonal, regular-sized muscle fibers with a normal morphology (Figs. 1 and 2).
In EDL, some fibers were highly oxidative while others showed moderate to pale staining
for oxidative activity using the NADH-TR reaction. Using the m-ATPase reaction at pH
4.6, three fiber types were identified in control EDL: dark staining fibers (type I), rarely
present in normal muscle, medium to pale staining fibers (type IIA) and pale staining fibers
(type IIB). At pH 10.3, type 1 fibers stained pale and type IIA and IIB fibers showed
moderate to intense staining with the m-ATPase reaction. In control SOL, the muscle fibers
showed moderate to high oxidative enzyme activity using the NADH-TR reaction. With the
m-ATPase reaction (pH 4.6), only dark staining fibers (I) and medium staining fibers (I1A)
were identified in control SOL. However, these muscle fibers showed a reversed staining
pattern at pH 10.3. Quantification of the fiber types showed that 73% of the EDL fibers

were 118, 22% were 1A and 5% were I; in the SOL, 66% of the fibers were type IIA and
34% were type I (Fig. 3A - B).

Veratrine-treated EDL

H.E. and Gomori: - Within 15 min of veratrine injection, there were signs of muscle
tissue injury and differences in the metabolic activity of the EDL and SOL. Qualitatively,
the pattern of morphological damage was similar up to 60 min, although the proportion of
injured cells increased. In veratrine-treated EDL, the affected fibers showed swelling, delta
lesions, and were interspersed with other apparently intact fibers (Fig. 4A). In addition,
from 30 min inwards, there was interstitial edema (Fig. 4B). By 60 min, the cells had
increased markedly in diameter (Fig. 4C), probably as a result of a greater influx of Na~
followed by water, and some fibers showed zones of hypercontraction.

NADH-TR: - Comparison of the NADH-TR reaction in saline- and veratrine-treated
mice showed that the oxidative fibers in saline-injected EDL had a formazan precipitate
that appeared as dark bands in the subsarcolemmal region and as punctuations (or short
lines, in oblique cell sections) scatiered within the fibers. This reactivity represented
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clusters of closely-packed mitochondria immediately under the sarcolemma or a ring of
mitochondria arranged around the myofibrils, respectively (Fig. 1B). The glycolytic fibers
of control EDL typically showed weak reactivity in the NADH-TR reaction and no
reactivity in the subsarcolemmal cytoplasm (Fig. 1B). After the im. injection of veratrine,
the pattern of the reaction changed and there was a time-dependent reduction reactivity
(Fig. 4D-F). The subsarcolemmal black band of formazan particles was thinner and
gradually showed discontinuities up to 60 min. Concomitantly, the NADH-TR reaction
decreased progressively during the 60 min of observation, with some of the cells showing
no reactivity in the mitochondria encircling the myofibrils. Veratrine also abolished the
rare, tiny formazan particles seen in control glycolytic fibers (Fig. 4D-F).

m-ATPase: - In the EDL, most of the type I, A and IIB muscle fibers showed g
normal staining profile with the m-ATPase reaction afier acidic and alkaline preincubations
{Fig. 5). However, some fibers showed no differentiation as there was no reversal of
staining at pH 10.3 (Fig. SA-F). A number of type I and type II fibers stained alike at pH
10.3 after treatment with veratrine for 30 min and 60 min. In addition, the intensity of the
reaction differed from that in control cells afier acidic and alkaline preincubations.
Quantification of the fiber types showed that in the EDL veratrine significantly decreased
(50%) the number of type IIB fibers, and significantly increased (35%) the number of type [
fibers (P = 0.001), both of which were maximal after 15 min (Fig. 3A).

Veratrine-treated SOL

HE and Gomori: - As with EDL, some dark, swollen fibers and a diffuse
interstitial edema were seen in the SOL at all periods. By 30 min afler veratrine, the signs
of fiber mjury included a numwber of split fibers, centralized nuclei, zones of
hypercontracted myofibrils, an irregular cell outline and some disintegrating cells (Fig. 6A -
C). SOL muscle cells generally showed more alterations typical of artefacts produced by
ice crystals (Fig. 4A~C and 6A-C) than the EDL. These changes were attributed to the
ability of veratrine to increase the influx of fluid secondary to an increase in Na® influx.

None of the muscles from control mice group showed such alterations (F igs. 1A and 2A).
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NADH-TR: - As with EDL, oxidative and oxidative-giycolytic fibers of SOL
showed an irregular distribution of formazan precipitates afler exposure to veratrine.
Similarly, there was 2 decrease in the intensity of the reaction together with marked
swelling (¢f. Fig. 2B and Fig. 6D-F for the effect of veratrine on fiber diameter). A
considerable number of oxidative fibers showed weak reactivity or had sberrant deposits of
formazan. Numerous fibers also appeared partially destroved (Fig. 6D-F).

m-ATPase:- The m-ATPase reaction (pH 4.6 or pH 10.3) stained the fibers
abnormally and three types of fibers, rather than the usual two, were seen in veratrinized
SOL muscle (Fig. 7TA-F). This “third” type fiber showed no reversal of staining in the
acidic or alkaline preincubations. The intensity of the m-ATPase reaction varied with the
length of exposure to veratrine and differed from that of control mice. Post-verairine
counting of the BOL fiber types showed that there was a significant decrease (P = 0.007) in
type 1 fibers within 15 min, but which then remained constant for up to 60 min afler
application of the toxin. The “third” fiber type accounted for 28%, 19% and 21% of the
total number of fibers after 15, 30 and 60 min, respectively (Figs. 3B). This fiber type
apparently mainly from a change in the contractile activity of slow-twitch oxidative fibers
(type I), with type HA fibers coniributing only 10% to this new fiber type.

UNICAMP
SIBLIOTECA CENTRA
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DISCUSSION

Veratrine produced myotoxic effects in the EDL and SOL of mice. Acute signs of
injury, such as vacuolated fibers, hypercontraction, swollen cells, delta lesions and
interstitial edema were seen as early as 15 min after alkaloid administration. The
vacuolation of muscle cells is a common finding with Na* channel-activating myotoxins (3,
15, 16, 22) and probably results from changes in sarcolemmal permeability. The EDL and
SOL, vacuolation produced by veratrine may involve sarcoplasmic reticulum terminal
cisternae swelling without affecting T-tubules (6). The prolonged influx of Na¥ would in
turn lead to the accurulation of fluid within the cell reticulum by osmotic forces. An
indirect evidence of such effect is offered by technical artifacts-like structures, actually
fluid containing-SR vacuoles submitted to rapid freezing when the muscle piece was
mumersed in hguid No.

The other myonecrotic changes observed in the muscles normally ocour following
rupture of the sarcolemma. Since, like other Na™ channel-activating myotoxins, veratrine
has no enzymatic or cytolytic activity, the rupture of the cell membrane was considered to
be caused by the mechanical forces produced by hydrostatic pressure. As early as 30 min
after the injection of veratrine, SOL muscle unexpectedly showed long-term (chronic) signs
of damage, such as split fibers (19, 30) and fibers with central nuclei, Saline-treated soleus
were negative for such types of damage. The mechanism of these phenomena is unknown,
but probably involved an imbalance in osmolarity.

Veratrine altered the metabolic and contractile activities of EDL and SOL muscle
fibers, as revealed by histochemical procedures. The oxidative and oxidative-glycolytic
fibers showed a greater decrease in oxidative enzyme reactions after veratrine than did the
glycolytic fibers in both muscles. Veratrine uncouples the respiratory chain in isolated
mitochondria from rat and mouse skeletal muscle (unpublished observations). In support of
a direct effect of veratrine on oxidative enzyme reactions, veratridine {and supposedly
veratrine) (1, 27) binds to site 2 of the Na* channel and reaches the cell cytoplasm by
diffusing across the membrane in its uncharged form (13). Such internalization of the
alkaloid would allow a direct effect on mitochondria and could explain the decrease in the
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NADH-TR reaction at all time points after treatment with veratrine. Obviously,
hydroelectrolytic disturbances caused by the alkaloid need to be comsidered when
explaining metabolic-induced changes. In this regard, SOL muscle was more affected than
EDL.

The appearance of a “third” fiber type detected by the m-ATPase reaction after
scidic and alkaline preincubations (SOL), as well as the change in the mtensitv of the
reaction in EDL and SOL muscles afier veratrine, suggested that other factors in addition to
a hydroelectrolytic disturbance, affected this contractile activity. The activation of Nz’
channels by veratrine leads to repetitive firing in nerve and muscle (1), probably because of
prolonged unequal depolarization of the cell membrane (28). The resulting Na™ overload in
the cells will impair the regulation of lon levels critical for normal muscle functioning. An
elevation in infracellular [Ca®] M muscle fibers as a result of such excitation could
contribute to muscle injury. Calctum entry can occur following rupture of the sarcolemma
and/or through T-tubule depolarization and Ca®" release from the sarcoplasmic reticulum,
all of which may be induced by veratrine in muscle cells.

Florendo et al. (11) investigating the eletrophysiologic differences between EDL
and SOL of mice (Bar Harbor 129 strain) verified that EDIL contains 60% fast-twitch
glycolytic fibers (FG), 39% fast-twitch oxidative-glycolytic fibers (FOG), and 1% slow-
twitch oxidative fibers (SO), whereas the SOL contains 50% type FOG fibers and 50% SO
fibers. In addition, the authors found that EDL has a higher frequency of miniature end-
plate potentials than SOL, which indicates a greater number of acetyicholine molecules
combining with acetylcholine receptors per unit time. The action potentials in EDL have a
greater amplitude and shorter duration than in SOL, probably because of the greater Na
concentration gradient in EDL, which provides a larger electromotive force to generate an
action potential of greater amplitude. The difference in Na™ content between the EDL and
SOL may be related to the different fiber types in these muscles (11). Fast fibers have a
higher density of Na” channels at the neuromuscular junction than slow fibers (18, 24). Asa
result, EDL shows a higher influx of Na* at a lower frequency of external stimulation or
during contractile activity than does SOL (20).
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Although EDL was more sensitive regarding the proportion of fiber types than SOL
to the action of veratrine, the latter muscle showed more severe morphological changes.
However, quantification of the fiber types in the SOL indicated that type I fibers
contributed more to the appearance of a third fiber type (indicated by asterisks in Fig. 7),
since there was a significant decrease in slow-twitch oxidative fibers. The 50% decrease in
type 1 fibers and the appearance of split fibers or fibers with central nuclei suggested that
the third fiber type seen with the m-ATPase reaction in veratrinized animals may derive
from a change in the contractile activity of type I fibers in the SOL. These cells would form
undifferentiated-like or type IIC-like fibers (with no reversal of staining in the two pHs)
which are common in exercise-induced muscle damage (30), in chronic electrical
stimulation (14} and after snake venom (7} or myotoxin inoculation (19, 25). The damage
caused by these stimuli and agents as those above mentioned, requires a larger time scale
than the rapid effects (within 60 min) seen in this study, a clear undestanding for these
findings remains to be clarified.

Oxidative fibers, which have a high concentration of mitochondria and are mainly
Na'-channel-poor fibers, were more severely damaged by veratrine. This damage may
involve the mobilization of calcium from the sarcoplasmic reticulum and/or mitochondria
through an excitation-contraction mechanism stimulated by the alkaloid. The increased
eytosolic Ca®* could contribute to cell jury (8), mainly in mitochondria-rich fibers.

Veratrine also changed the proportion of the glycolytic fibers thereby modulating
the oxidative and contractile activities. However, there was a significant difference in the
direction of this medulation depending on whether the fiber belonged to the SOL or EDL,
i.e., the proportion of type I fibers in the SOL decreased by 50%, whereas in the EDL the
same fiber type increased in number by 55%. Little is known of how the internal milieu of
slow-twitch oxidative muscle (SOL) and fast-twitch glycolytic muscle (EDL) interacts with
the toxin to modify the response of the same fiber type to the same stimuli. Similarly, the
reason why type I fibers were more susceptible in the SOL muscle and type 1IB fibers were
more susceptible in EDL is unclear. Melo and Ownby (17) demonstrated that the EDL is
more sensitive to the myotoxic action of Agkistrodon contortrix laticinctus and Notechis

scutatus scutatus venoms than SOL muscle. Ownby et al. (21) also reported that myotoxin
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g, a Na“ channel activator from the venom of the North American rattlesnake Crotalus
viridis viridis, preferentially affected mitochondria-rich (oxidative) fibers rather than
mitochondria-poor (glycolytic) fibers. These findings suggest that the susceptibility of a
fiber type depends on the myotoxic agent used and on the biochemical, physiclogical and
metabolic properties of the muscle. The present results demonstrate that there are activity-
dependent histochemical differences between the responses of predominantly fast-twitch
glycolytic muscle (EDL) and slow-twitch oxidative muscle (SOL) to veratrine. They also
emphasize the need for determining the type of fibers involved when evaluating the
mechanisms underlying the morphological changes induced by myotoxins.
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LEGEND FOR FIGURES
Figure 1: Mouse EDL muscle (control): (A) - HE, (B) - NADH-TR reaction showing
oxidative fibers (ox), oxidative-glycolytic fibers (og) and glycolytic fibers (gly), (C) and
(D) - m-ATPase reaction at pH 4.6 and pH 10.3, respectively (I, IIA and IIB type fibers).
Bar = 50 pum for all panels.
Figure 2: Mouse SOL muscle (control): (A) - H&E, (B) - NADH-TR reaction showing
oxidative fibers (ox) and oxidative glycolytic fibers (og), (C) and (D) - m-ATPase reaction
at pH 4.6 and pH 10.3, respectively (I and IIA type fibers). Bar = 50 um for all panels.
Figure 3: Percentage of fiber types found in the EDL (A) and SOL (B) of saline-treated
(control) and veratrine-treated mice. All fibers were typed by the myosin-ATPase.
Figure 4: EDL 15 (A and D), 30 (B and E) and 60 min (C and F) afier the injection of
veratrine. (A) and (C) - HE; (B) Gomori Trichrome staining, (D - F) NADH-TR reaction:
note a general decrease in the sarcoplasmic and subsarcolemmal formazan precipitates in
all fiber types (ox, og and gly). Arrows indicate the absence or anomalous accumulation of
reaction product. h = hypercontracted fibers, dl = delta lesion in a damaged cell, s = swollen
cell, (*) = interstitial edema. Bar = 50 pm for all panels.
Figure 5: m-ATPase of EDL at 15 (A-B), 30 (C-D) and 60 min (E-F) after the injection of
veratrine. Note the fiber types I, IIA and IIB, and abnormally reacting fibers, ie., fibers
which showed no reversal of the reaction (*) after acidic (A, C and E) and alkaline (B, D
and F) preincubations. Bar = 50 pum for all panels.
Figure 6: SOL 15 (A and D), 30 (B and E) and 60 min (C and F) after the injection of
veratrine. (A) and (C) - Gomori trichrome staining, (B) - H&E, (D-F) - NADH-TR
reaction. The arrows indicate an anomalous or discontinuous accumulation of formazan
clusters or deposits in oxidative (ox) and oxidative-glycolytic (og) fibers with an overall
decrease relative to the controls. s = swollen and b = highly basophilic cells, fi = fibers with
centralized nuclei, ¢ = cell debris, arrowhead = split fibers, (*) = interstitial edema. Bar =
50 pm for all panels.
Figure 7: SOL 15 (A-B), 30 (C-D) and 60 min (E-F) after veratrine showing type I and ITA
muscle fibers. Atypical fibers which showed no reversal in the reaction under acidic (A, C

and E) and alkaline (B, D and F) conditions are also present (*). Bar = 50 um for all panels.
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ABSTRACT

The ultrastructural effects of veratrine, a Na' channel activator, on the exfensor
digitorum longus (EDL) (fast-twitch) and soleus (SOL) (slow-twitch) muscles of the mouse
were investigated. Veratrine (5 pl, 10 ng/kg) was injected into the EDL and SOL and the
ultrastructural changes were analyzed 15, 30 and 60 min later. The myotoxic effects of the
alkaloid in both muscles were compared by analysis of the resulting ultrastructural
disturbances. The mitochondria in SOL were affected earlier (within 15 min) than in EDL.
Swelling of the terminal cisternae of the sarcoplasmic reticulum was more marked in EDL
than in SOL so that fragmentation of the myofilaments was more pronounced in EDL.
Hypercontracted sarcomeres were seen mainly in the SOL and veratrine caused infoldings
of the sarcolemma only in this muscle. Pyknotic nuclei occurred only in EDL. In both
muscles, the T-tubules remained unaffected and by 60 min after veratrine most of the above
alterations had reverted to normal. Pretreating the muscles with tetrodotoxin prevented the
alterations induced by veratrine. These findings indicated that there were distinctive
differences in the morphological effects of veratrine in EDL and SOL. Most of the
alterations resulted from the enhanced influx of Na* into muscle fibers, although the entry
of veratrine into the cells to act directly on mitochondria cannot be ruled out. These results

emphasize the importance of considering the type of muscle when studying the action of

myotoxic agents.

Key Words: EDL, mouse, soleus, ultrastructural changes, veratrine
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INTRODUCTION

The term veratrum alkaloid is used generically to designate products extracted from
species of plants belonging to the family Liliaceae, the best known of which are Veratrum
album, V. viride and Schoenocaulon officinale (38). The alkaloid veratrine is a commercial
extract from the seeds of S. officinale found in South and Central America (23, 39). The
extract contains mainly two ester alkaloids, cevadine and veratridine (7) which, together
with veratrine, are lipid-soluble activators of voltage-sensitive Na™ channels (38) and act by
binding reversibly to a hydrophobic site in these channels (5, 39). The resulting increase in
sodium permeability is prevented by tetrodotoxin (TTX), a heterocyclic guanidine that
blocks Na* channels (10).

Other natural toxins that alter Na'-channel kinetics include the alkaloid
batrachotoxin from the skin of the frog Phyllobates aurotaenia (42), the peptide myotoxin a
from Crotalus viridis viridis rattlesnake venom (33) and the neurotoxic fraction PhTx2
from Phoneutria nigriventer armed-spider venom (27). All of these cause morphological
changes in skeletal muscle fibers and are considered myotoxins. The myonecrotic effects
include fiber vacuolation that results from dilatation of the sarcoplasmic reticulum terminal
cisternae without affecting T-tubules. Since these myotoxins generally lack enzymatic
activity, only the cell membrane permeability to ions is affected and there is no lysis of the
sarcolemma (27, 33, 42).

Experiments in vitro (13, 14) have shown that in diaphragm muscle veratrine
provokes alterations similar to those described above, and that these changes were
abolished by pretreating the preparations with TTX. Veratrine also alters the m-ATPase and
NADH-TR activities of the lateral muscle fibers of the freshwater fish Oreochromis
niloticus, but the structure of the sarcoplasmic reticulum appeared to be unaffected; but
strongly affected sarcomeres regular structure; TTX effectively prevented these alterations
(Freitas et al. unpublished results). The im. injection of veratrine in mouse skeletal muscle
changed the phenotypic expression of oxidative and glycolytic fibers, altered oxidative and
contractile enzyme activities, and produced characteristic cell vacuolation (21). There were

also clear differences in the alterations seen in SOL and EDL muscles. These observations
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suggested that the effects of veratrine may vary, depending on whether the muscle is of the
slow-twitch (SOL) or fast-twitch (EDL) type.

In this work, we used electron microscopy to study the ultrastructural pathological
changes induced by veratrine in mouse extensor digitorum longus and soleus muscles after
in situ administration of the alkaloid. In some cases, the muscles were pretreated with TTX
to determine whether the veratrine-induced alterations were the result of Na® channel

activation.
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MATERIALS AND METHODS

Adult male mice BALB/c (20-25 g) were obtained from the university's Animal
House Unit. A total of 14 animals were used in this study. The mice were housed in
standard plastic cages at 25°C on a 12 h light/dark cycle (lights on at 6:00 a.m.) and had
access to food and water ad Ilibitum. The animals were anesthetized with sodium
pentobarbital (40-70 mg/kg) and the soleus (SOL) and extensor digitorum longus (EDL)
muscles were exposed for the injection of veratrine 5 pl (10 ng/kg; Sigma) using a
Hamilton syringe. Fifteen, 30 or 60 min later, the anesthetized mice (n=2/group) were
perfused through the left ventricle with Karnovsky’s fixative (2.5% glutaraldehyde plus 2%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). The muscles were removed and
sectioned into small fragments which were then immersed in the same fixative, post-fixed
in buffered 1% OsQOy4, dehydrated through a graded series of acetone and embedded in an
Epon-Araldite resin mixture. Sections (0.5-1 pm thick) were stained with toluidine blue and
selected by light microscopy. Ultrathin sections (60-70 nm thick) were stained with lead
citrate and uranyl acetate, and examined in a LEO 906 or Philips C-100 transmission
electron microscope (TEM). Control groups received the same volume of sterile saline
under the identical conditions. In some cases, mice received 1 pl of TTX (50 pM in sterile
saline; Sigma), im., 5 min before the administration of veratrine. A semi-quantitative
approach was used to estimate the extent of the ultrastructural changes in the muscles at
each time interval. For this, approximately 20 electron micrographs of each muscle and
time were examined in order to establish the effects of veratrine with sarcotubular system,

mitochondria and sarcomeres.
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RESULTS
Extensor digitorum longus

Control - Ultrastructural analysis of control EDL showed the typical organization of
this muscle, with well-defined sarcomeres and myofibrils aligned with the sarcoplasmic
reticulum (SR) terminal cisternae (Fig. 1A).

15-60 min after veratrine injection — Veratrine caused tissue injury at all times up to
60 min. Most fibers were affected. Disorganization of the sarcomeres and poor definition of
the Z and M lines and of the A and I bands were the first signs of cell damage as early as 15
min post-injection (Fig. 1B - C). The main change involved dilatation of the sarcoplasmic
reticulum (SR) terminal cisternae, which was relatively incipient at 15 min (Fig. 1B - O)
and dramatic at 30 min (Fig. 1D). The distortion of the myofilaments seen at 15 min (Fig.
IB) was replaced by extensive damage resulting from stretching and rupture of the
myofilaments (Fig. 1D) in many muscle fibers. With the disappearance of the sarcomeres
and the rupture of the myofilaments in these severely-injured fibers, Tows of vacuoles
resulting from the swelling of the SR terminal cisternae were seen aligned in widened
sarcoplasmic areas which corresponded to the normally thin intermyofibrillar
compartments (Fig. 1D). The mitochondria were intact after 15 min but, after 30 min, were
badly-injured and swollen, with several patterns of degeneration involving the cristae and
matrix. Pyknotic nuclei were seen in the widened subsarcolemmal space of some cells (Fig.
1E).

By 60 min post-injection, the subsarcolemmal space in some fibers was still
abnormally wide (indicating fluid accumulation) but the swelling of the SR cisternae was
no longer as extensive as that seen at 30 min (Fig. 2A - B). However, the normal structure
of the sarcomeres was lost in an appreciable number of muscle cells, supposedly as a
consequence of the mechanical stretching of the myofilaments which were dislocated by
the rows of widened SR cisternae. Another prominent finding was the varying thickness of
the Z line after 60 min. The T-system remained intact in all cases (Fig. 2A - B).

Pretreatment with TTX prevented the veratrine-induced osmotic disturbances (Fig. 20).
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Soleus

Control - The SOL muscle fibers showed regular sarcomeres with well-dimensioned
A, H and I bands and clearly visible M and Z lines. Aggregates of normal mitochondria
appeared beneath the sarcolemma or between the myofibrils (Fig. 3A).

15-60 min after veratrine injection — Zones of hypercontracted muscle fibers were
seen and the bands and lines present in the control sarcomeres now disappeared (Fig. 3B, D
and E). The mitochondria also showed a range of degenerative signs involving the cristae
and/or the matrix, ie., swelling, electronlucency, and membrane rupture (Fig. 3C). The
onset of these mitochondrial abnormalities was earlier in the SOL (15 min) than in EDL (30
min). However, in both muscles, the morphological signs of an SR hydroelectrolytic
imbalance were seen within 15 min. The T-system remained unaffected by veratrine (Fig.
3D -E).

As in EDL, almost all of the signs of severe damage in the SOL disappeared by 60
min, with little or no vacuolation. The sarcolemma showed a sequence of invaginations and
the nuclei had extensive folding suggestive of shrinkage and/or of repetitive cycles of
contraction (Fig. 4A). Such serial sarcolemmal invaginations were not seen in EDL fibers.
After 60 min, the edema persisted beneath the membrane of some cells, but the dimensions
of the SR cisternae were generally restored by this time (Fig. 4B). Disrupted myofilaments,
a consequence of osmotic-induced changes, were still seen, but were less marked than in
EDL (Fig. 4B). As in EDL, TTX completely prevented the veratrine-induced osmotic
disturbances (Fig. 4C).
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DISCUSSION

Electrophysiological and pharmacological studies with veratrine (40), veratridine
(38), batrachotoxin (1) and the highly basic small peptides myotoxin a (25) and crotamine
(11) isolated from Crotalus viridis viridis and C. durissus terrificus rattlesnake venoms,
respectively, showed that these substances produced complete depolarization of muscle
fibers and increased the frequency and amplitude of end-plate potentials as a result of an
increase in Na* conductance. The structural damage produced by these toxins in skeletal
muscle fibers was in keeping with the physiological findings.

Ultrastrutural analysis showed that veratrine produced short-lived necrosis in EDL
and SOL which resembled that seen in mouse isolated diaphragm preparations incubated
with this same compound (14). The myonecrosis was characterized by swelling of the SR
terminal cisternae, disorganization of the sarcomeres with splitting and/or rupture of the
myofilaments, Z-line destructuring, hypercontraction of the sarcomeres that lead to
myofilament clumping, and marked mitochondrial damage. However, the effects of
veratrine on the ultrastructure of SOL and EDL muscles varied. Although both muscles
showed a similar onset (15 min) in SR terminal cisternae dilatation, by 30 min the dilatation
of the SR in EDL had progressed faster and showed more severe pathological effects than
in SOL. This difference was reflected in the extensive myofilament disruption in the EDL
at 60 min, even after the regression of vacuolation.

EDL and SOL have phenotypic, functional, biochemical and metabolic differences
that are ultimately determined by the type of motor innervation (31). Thus, fast-contracting
glycolytic muscles have a higher number of T-tubules (15, 17), a higher frequency of
miniature end-plate potentials which means a greater number of acetylcholine (ACh)
molecules combining with ACh receptors per unit time (20), a less developed vascular
supply (2), a well-developed sarcotubular system, fewer mitochondria accumulated
between the sarcolemma and myofibrils, thiner Z lines (32), and a higher density of Na*
channels in the neuromuscular junctions (29, 36), which allows a higher influx of Na*
during contractile activity (30) than occurs in slow-contracting oxidative muscles. These
characteristics of fast-contracting glycolytic muscles probably contribute to the greater

effects of veratrine seen in the SR of EDL.
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The SR disturbances resulted from Na’ channel activation since they were
prevented by TTX. Although it is still unclear which ions accumulate in the SR cisternae to
promote the entrance of water, the must likely candidate is Ca®*. Impairment of the Na'-
Ca®" exchanger caused by the accumulation of Na' in the cytosol may be one of the
mechanisms involved. The Na'-Ca®* exchanger is a non ATP-dependent pump that, under
normal physiological conditions, transports three Na” ions into the cell for each Ca®* ion
pumped out (4, 8). This exchanger is widely distributed in the sarcolemma of cardiac cells,
smooth muscle cells and neural tissue (43), but also occurs in intact single skeletal muscle
fibers of the frog (9, 22) and mouse (3), and in isolated T-tubule membranes of the frog
skeletal muscle (16).

During cardiac cell Na* overload, the Na*-Ca®* exchanger operates in a reverse
mode, i.e., one Ca”" ion enters the cell for every three Na* pumped out, thus triggering Ca”
release from the sarcoplasmic reticulum (26, 43). A similar or identical mechanism could
account for the SR swelling seen after veratrine. This mechanism would involve a higher
influx of Na* into the sarcoplasm to promote the activation of Ca®*-ATPase and the capture
of cytosolic Ca** by SR, followed by the passive release of Ca** by the SR. Stimulation of
the Ca?*-ATPase and an increase in SR Ca®* loading has been reported for myotoxin a in
isolated rabbit skeletal muscle SR (41). In this case, myotoxin g bound to the SR
membranes and uncoupled Ca** uptake from Ca®*-dependent ATP hydrolysis. A greater
uptake of Ca®" by SR cisternae through a Ca**-ATPase could increase the permeability of
the SR membrane to anions and water, leading to cisternal dilatation (18) or spontaneous
Ca®" release (6). An increase in Ca®" release from the SR can also occur through the
activation of intracellular ryanodine-sensitive Ca®* channels, as seen with some peptide
myotoxins, and myotoxins with PLA; activity (cf. 19).

An increase in cytosolic Ca** could also result from the repetitive depolarization of
fibers by veratrine. Veratridine decreases the replenishment of ACh in synaptic vesicles
from the electric organ of Torpedo californica and elicits a sustained depolarization of the
neuromuscular junction in rat phrenic nerve-diaphragm preparations. The latter action
activates voltage-sensitive Ca* channels, which in turn increases the miniature end-plate
potential and miniature end plate currents (35). In fast contracting muscle, the repetitive

depolarization of fibers quickly exhausts the ACh stores of end-plate vesicles, and these are
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not replenished in the presence of the alkaloid. Nerve terminals depleted of synaptic
vesicles have been observed in mouse phrenic nerve-diaphragm preparations incubated
with veratrine (10 pg/ml) for 60 min (14).

We have recently observed that veratrine rapidly increases oxidative enzyme
NADH-TR reactions in type I, IIA and IIB muscle fibers and alters the contractile activity
of these fibers in lateral muscle of the fish Oreochromis niloticus (Freitas ef al. unpublished
results). Veratrine also affects the histochemistry of SOL and EDL muscle fibers in the
mouse (21). In SOL, veratrine significantly decreased the number of type I fibers, but
maintained the number of type IIA fibers. Conversely, in EDL, veratrine significantly
increased the number of type I fibers and decreased those of type IIB. These observations
suggested that veratrine interacted differently with each muscle, and that the response of the
same muscle fiber type (slow-twitch or fast-twitch) varied depending on the fibers’ location
(SOL or EDL). These findings also suggested that iterative conditions (muscle vs internal
tissue characteristics vs gene expression) might control (or modulate) the fiber phenotype.
A direct action of veratrine on mitochondria could be responsible for the greater effect of
this alkaloid in SOL. Indeed, veratrine uncouples respiration in mitochondria isolated from
the muscle of rats and mice by non-specifically increasing in the permeability of the inner
mitochondrial membrane to protons (unpublished observations).

The possibility that substances that act on Na' channels can also enter cells to act
intracellularly has been suggested by several authors (11, 12, 25, 27, 28, 37, 41) to explain
the SR swelling seen after alterations in Na™ conductance. Tu and Morita (37) reported that
peroxidase-conjugated myotoxin a bound to the SR membranes of human skeletal muscle
in vitro, but did not examine whether this also occurred in vivo. Mebs and Ownby (28)
suggested that myotoxin a crossed the plasma membrane or gained access to the SR via the
T-tubules. Like other Na* channel-activating toxins such as batrachotoxin, myotoxin @, and
toxin PhTx2 from spider P. nigriventer venom, veratrine has no enzymatic activity and is
not cytolytic so is unable to damage the cell membrane and reach the sarcoplasm. Some
myotoxins, generally those with PLA, activity or a cytolytic action, induce myonecrosis by
activating tissue lipases (19), but this seems an unlikely mechanism for veratrine.

The hydrophobic nature of veratrine most likely facilitates its interaction with the

corresponding hydrophobic region of the Na* channel (5). Honerjiger et al. (24) showed
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that veratridine interacts with the protonated form of site 2 of the Na' channel and gains
access to the cytosol by diffusing through the membrane in its uncharged form. Should
such internalization also occur with veratrine, it would help to explain the stronger effect
seen in SOL muscle which is more dependent on oxidative metabolism and has a higher
number of mitochondria.

These results indicate that the ultrastructural effects of veratrine in EDL and SOL
are mediated by a direct action on Na' channels since TTX effectively abolished the
abnormalities. The opening of Na™ channels by veratrine probably leads to an electrolytic
imbalance within the cell which, in turn, could account for the alterations seen in the SR
and mitochondria. It is also possible that veratrine may cross the cell membrane to act
directly on intracellular organelles. The differences in the ultrastructural effects of veratrine
in SOL and EDL probably reflect the phenotypic, physiological and metabolic
characteristics of these muscles. Such differences need to be considered when investigating

the myotoxic action of any substance.
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LEGEND FOR FIGURES
Figure 1- Electron micrographs of EDL muscle fibers (longitudinal sections).
(A) - Control: Normal fiber morphology. Bar = 0.5 pm; (B-C) - Fifteen minutes after
veratrine: note the loss of the regular organization of the sarcomeres, and the numerous
vacuoles resulting from SR swelling. T = intact T-tubules, m = myelin figures, mi =
mitochondria. Bars = 0.5 um; (D-E) - Thirty minutes after veratrine. (D) shows a severely-
affected cell with a massive loss of myofilaments and numerous membranous profiles
resulting from SR cisternae dilatation. (D-E), mi = mitochondria with vesicular cristae or
tightly juxtaposed cristae. N = pyknotic nucleus, T = intact T-tubules. Bars = 1 ym.
Figure 2 - Electron micrographs of mouse EDL 60 min after veratrine (A-B) or after
treatment with TTX followed by veratrine (C).
(A-B) — Affected muscle cells showing abnormal Z line and irregular sarcomeres. No SR
vacuoles are seen. (*) edema. mi = highly damaged mitochondria. m= myelin figure; (C) -
Detail of a cell showing the protection of the SR system. T = intact T-tubules in the middle
of normal terminal cisternae. Bars = 1 pm, 0.5 pm and 0.125 pm for A, B and C,
respectively.
Figure 3 - Electron micrographs of SOL muscle fibers (longitudinal sections)
(A) - Normal appearance of oxidative muscle. Bar = 1 pm; (B-C) ~Two pathological states
seen after 15 min veratrine treatment: hypercontracted sarcomeres (B), and highly
degenerated mitochondria (mi) (C) - Note that in the latter case, the sarcotubular system
was undisturbed (arrowheads). Bars = 1 pm; (D-E) —Thirty min after veratrine showing
hypercontracted sarcomeres and rows of enlarged SR terminal cisternae. mi = mitochondria
with electronlucent matrix and diffuse cristae. Bars = 1 ym and 0.5 pm for D and E,
respectively.
Figure 4 — Electron micrographs of SOL after veratrine and TTX + veratrine.
(A-B) — By 60 min after veratrine, the normal morphology was generally restored, but deep
infoldings were seen in the sarcolemma (large arrows) and the outline of the nucleus was
corrugated (small arrows); the mitochondria had a normal morphology; (B) — Detail
showing a damaged fiber 60 min after veratrine. (*) edema; (C) — With TTX, the abnormal
features induced by veratrine did not occur. Bars = 1 pm, 1 pm and 0.5 um for A, B and C,

respectively.
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ABSTRACT

The effects of veratrine, an alkaloid mixture extracted from the plant Schoenocaulon
officinale, were studied in the lateral muscle of the freshwater teleost Oreochromis niloticus
after intramuscular injection. Histoenzymological typing of the muscle fibers before and
15, 30 and 60 min after the injection of veratrine (10 ng/kg fish) was used to assess the
morphological changes. Electron microscopy was also used to evaluate the ultrastructural
alterations caused by the alkaloid. In some cases, muscles were pretreated with tetrodotoxin
to determine whether the changes were the result of Na' channel disturbances. Veratrine
altered the metabolism of fibers mainly after 30 min. Oxidative fibers showed decreased
activity, whereas that of glycolytic and oxidative-glycolytic type fibers was increased.
There was no change in the m-ATPase activity of the three fiber types, except at 60 min
post-veratrine, when a novel fiber type, which showed no reversal after acidic and alkaline
preincubations, appeared. Ultrastructural analysis showed that veratrine-induced
myonecrosis was characterized by disorganization of the sarcomeres, dissociation and/or
rupture of the myofilaments and degeneration of the mitochondria. Dilatation of the
sarcoplasmic reticulum terminal cisternae was discrete, and the T-tubules remained intact.
Veratrine caused a time-dependent increase in the length of lateral muscle sarcomeres, as
shown by transmission electron microscopy, in contrast to the hypercontracted fibers seen

with light microscopy. Pretreatment with tetrodotoxin (I ng/ml) prevented the

ultrastructural changes caused by veratrine.

Key words: fish, histoenzymology, muscle, ultrastructural changes, veratrine
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INTRODUCTION

Veratrine, an alkaloid extracted from the plant Schoenocaulon officinale and other
species of the family Liliaceae (Ulbricht, 1998), belongs to a heterogeneous group of
natural substances, including many of animal origin, which interfere with the physiology of
voltage-dependent Na™ channels. In mammalian muscle, veratrine causes repetitive firing
and depolarization of excitable membranes as a result of increased sodium permeability
(Benforado, 1967; Vital Brazil and Fontana, 1985). Morphologically, veratrine causes
vacuolation in muscle fibers and hypertrophy of sarcoplasmic reticulum terminal cisternae
with no change in the T-system of the phrenic nerve diaphragm preparation. In addition,
nerve endings are depleted of synaptic vesicles and the axoplasm becomes swollen and
electronlucent (Cruz-Hofling and Vital Brazil, 1990). In vivo, veratrine alters the
phenotypic profile in muscle fibers of mouse extensor digitorum longus (EDL) and soleus
muscles as demonstrated by the NADH-TR and m-ATPase reactions (Freitas et al., 2000a).
Pharmacologically, veratrine prolongs the action potential and increases in Na* and Ca®*
influx (Sutro, 1986; Lehoueller et al., 1988; Nanasi et al., 1994) in invertebrate and frog
skeletal muscle. As a result, the inactivation of Na' channels is delayed (Ulbricht, 1998). In
this study, we examined the ultrastructural changes in the muscle fibers of the lateral
musculature of the freshwater teleost Oreochromis niloticus (Nile tilapia) following
exposure to veratrine. Histoenzymological techniques were used to determine whether
veratrine affected the expression of slow-twitch oxidative (type I), fast-twitch glycolytic
oxidative (type IIA) and fast-twitch glycolytic (type 1IB) fibers.
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MATERIALS AND METHODS

Juvenile specimens of Oreochromis niloticus (Teleostei: Cichlidae) 12 ¢cm long and
weighing 25-35 g were obtained from CEPTA, Pirassununga, SP, Brazil. The fish were
caught during the spring and kept in suitable tanks until used. One group of fish (2=9)
received 5 pl of veratrine intramuscular (im.) (10 ng/kg) in the lateral musculature after
anesthesia with 3-aminobenzoic acid ethyl (MS 222 - 1:100000), while another group (n=6)
received 1 pl of TTX (1 ng/ml, Sigma) im. 5 min before the administration of veratrine.
Fifteen, 30 or 60 min later, the fish were sacrificed by cervical dislocation and the muscle

excised. Control fish (n=9) received an injection of sterile saline under the same

experimental conditions.

Histoenzymological studies

Small fragments of lateral muscle were immediately frozen in liquid N, and stored
at —80°C. Serial frozen sections (8 um thick) were obtained with a cryostat and stained with
hematoxylin-eosin (HE), or Gomori’s trichrome for morphological examination. Some
sections were also stained for nicotinamide adenine dinucleotide-tetrazolium reductase
(NADH-TR; Peter et al., 1972) and myosin ATPase (m-ATPase) activity after acidic (pH
4.6) or alkaline (pH 10.2) preincubations (Guth and Samaha, 1969; Brooke and Kaiser,
1970) to allow histochemical typing of the fibers. A pH range of 4.3 - 4.6 and 10.1 - 10.3

was tested for acidic and alkaline preincubations in order to established the best conditions

for m-ATPase activity.

Ultrastructural studies

At specific times after injection, the lateral muscle was quickly removed and
sectioned into small fragments, which were immediately immersed in Karnovsky solution
(2.5 % glutaraldehyde plus 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4), post-
fixed in 1% OsOs, dehydrated through graded acetone and embedded in an Epon-Araldite

mixture. Sections (0.5 - 1 um thick) were stained with toluidine blue and examined by light
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microscopy. Ultrathin sections (60-70 nm thick) stained with lead citrate and uranyl acetate

were examined in a LEO 906 or Philips C-100 transmission electron microscope (TEM).

Chemicals

All reagents were from Sigma Chemical Co. (St. Louis, MO, USA), with the
exception of glutaraldehyde which was from Polysciences, Inc. (Warrington, PA, USA).
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RESULTS

Morphology and histochemistry

Saline-treated fish: - The lateral musculature of saline-injected O. niloticus was
organized in more or less parallel bundles of fibers in which small-diameter “red” fibers
were arranged as a superficial triangular mass, while large “white” fibers, which were
heterogeneous in size, were located at a deeper position (Fig. 1A). The white fibers were
polygonal and outnumbered the red fibers. A further group of morphologically and
biochemically heterogeneous fibers formed an intermediate zone between the superficial
and deep layers (Fig. 1A). The red muscle fibers showed high oxidative enzyme activity by
the NADH-TR reaction in the subsarcolemmal and intermyofibrillar region (Fig. 1B), as
well as acidic-stable and alkaline-labile m-ATPase activities, characteristic of type I fibers
(Fig. 1C). The white fibers showed moderate to weak oxidative activity in the NADH-TR
reaction (Fig. 1B) and strong to moderate alkaline-stable and acidic-labile m-ATPase
activities (Fig. 1C). Fibers with these activities were classified as fast-twitch oxidative
glycolytic (type IIA) and glycolytic (type IIB) fibers. After acidic preincubation, the fibers
of the intermediate zone, disposed as a mosaic, showed strong, moderate and weak m-
ATPase reactions corresponded to type I, IIA and IIB fibers, respectively (Fig. 1D). Small
and large fibers in this muscle layer showed similar patterns of m-ATPase activity.

Veratrine-treated fish: - Veratrine did not change the distribution of muscle fiber
types in the three zones seen in control fish. However, within 15 min, a few cells showed
vacuolation (Fig. 2A). After 30 min, the number of vacuolated fibers had increased and
several hypercontracted cells were observed (Fig. 2B). Veratrine-treated muscle also

showed interstitial edema which persisted for up to 60 min (Fig. 2B-C).

The NADH-TR reaction revealed alterations in the oxidative enzyme activity in all
muscle fibers. In the subsarcolemmal and intermyofibrillar regions, the formazan deposits
showed no corresponding increase or decrease in enzyme expression (Table 1). There was
an increase in formazan aggregates along the subsarcolemmal region after 30 min, followed
by a decrease to below control levels by 60 min (Fig. 2D-F). Conversely, the formazan

deposits decreased until 30 min post-veratrine, then recovered slightly, although control
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levels were not reached (Fig. 2D-F). The NADH-TR activity of red (oxidative) fibers

decreased after veratrine. The reactivity of the oxidative-glycolytic fibers in the
intermyofibrillar region increased slightly at 30 min and was sustained up to 60 min,
whereas in type IIB fibers, the increase up to 30 min was followed by a slight decrease at
60 min (Fig. 2D-F). Anomalous accumulations of formazan particles were seen in a
significant number of cells in the three fiber types (Fig. 2E). The changes in the intensity of

the reaction are summarized in Table I and Fig. 3.

The levels of m-ATPase activity in the three fiber types 15 min and 30 min post-
veratrine were similar to the controls (Fig. 3A-D). However, at 60 min, an unexpected
fourth type of fiber appeared which showed no reversal of staining at both pH values

(Figures 3E-F). Prominent interstitial edema occurred in the muscle tissue after contact
with the alkaloid for 60 min.

Ultrastructural findings

Saline-treated fish: - Longitudinal sections of the lateral muscle of fish injected with
sterile saline showed well-defined, aligned sarcomeres 1.45 pum in length. The A and I
bands were arranged in register, and were bissected by the M and Z lines. The M-line in
fish is thick and almost the same width as the H-band. The myofibrils (0.69 pum thick) were
well delimited by a relatively wide intermyofibrillar space occupied by membranous
profiles of the sarcotubular system, ribosomes and mitochondria in slow red fibers (type I).
The triads were arranged at the Z—ﬁnes, which showed a zig-zag pattern (Fig. 4A). The T
tubule was interposed between the two lateral, well-developed sarcoplasmic reticulum
terminal cisternae (SR-TC) (Fig. 4A).

Veratrine-treated fish: - Veratrine produced a variety of alterations within 15 min
which were maintained throughout the experiment (60 min). The changes were focal, with
some fibers showing no sign of damage. Up to 30 min post-injection, the size of the
affected areas was similar to that of unaffected areas, but then decreased by 60 min. Most
changes were associated with the disorganization and size of the sarcomeres, which ranged
from 1.38 um to 1.61 pum in length and with the myofibrils. The thickness of the myofibrils
(0.76 pm to 1.11 pm) also changed, the sarcomeres were disorganized and the
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myofilaments appeared dissociated or ruptured (Figs. 4B, 4D and 5A). Degenerated

mitochondria, which were swollen and irregular in shape, contained electronlucent

flocculent material and disorganized cristae, especially after 15 min and 30 min (Fig. 4C).
In some cells, mitochondria were more preserved (Figs. 4D, 4E and 5A). The T-tubules
remained unaltered throughout the experiment (Figs. 4B, 4D and 5A). Although there was
no remarkable change in the SR-TC, the network of the reticulum tubules showed
discontinuities by 60 min (Fig. 5A). The M- and Z-lines assumed a tortuous, more
accentuated osmyophilia in veratrinized muscles (Figs. 4B, 4D and 5A). In some cases,
there was interruption of the M-lines (Fig. 5A) and an increased number of pinocytotic
vesicles underlying the sarcolemma (Fig. 4B and 4E). Prior treatment with TTX prevented
the alterations in myofibril and sarcomere organization, and decreased the number of
pinocytotic vesicles (Fig. 5B). The T-tubules appeared intact, the SR-TC preserved its
original dimensions and the network of SR tubules was again continuous and well

developed (compare Fig. 5A and 5B).
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DISCUSSION

As in other teleosts, the lateral musculature in juvenile tilapia (O. niloticus)
consisted of a superficial layer of small-diameter fibers or "red" muscle overlying a deep
layer of larger diameter, polygonal fibers known as "white" muscle. The red layer consisted
of slow-contracting fibers with predominantly aerobic metabolism, and the deep layer,
which accounted for most of the lateral muscle mass, consisted of fibers with mainly
anaerobic pathways of metabolism. Red muscle is involved in routine activities such as
foraging and migration, whereas white muscle is important during rapid acceleration and

high-speed swimming (Kilarski, 1990; Johnston, 1994).

The intermediate layer of “pink” muscle located between the red and white muscles
contains large and small diameter fibers (Mascarello et al, 1986). These fibers have
oxidative, glycolytic and oxidative-glycolytic activities as shown by the NADH-TR
reaction (Ogata and Mori, 1964; Patterson et al, 1975; Mascarello et al., 1986, Kilarski,
1990), are stable to m-ATPase activity after acidic or alkaline preincubations and have
distinct forms of myosin based on immunohistochemistry (Mascarello et al., 1986). The
great variation in staining intensities is correlated with the presence and varying expression
of myosin isoforms during development (Rowlerson et al., 1985; Romanello et al., 1987;
Mascarello et al., 1986; Staron, 1991). The variation in fiber diameter, which produced the
mosaic appearance seen in tilapia, agrees with the hyperplastic growth of muscle that

occurs in fish (Carpené and Veggetti, 1981; Egginton and Johnston, 1982; Rowlerson et al.,
1985).

Veratrine increased the NADH-TR activity in white fibers, indicating greater
oxidative activity, as confirmed by the formazan precipitate associated with mitochondria.
In contrast, veratrine had an opposite effect on red oxidative fibers, ie., the alkaloid
depressed the oxidative enzyme reaction. Maximal change occurred at 30 min, with
subsequent partially reversal during the next 30 min (see Table 1). NADH-TR activity rose
moderately in the subsarcolemmal region and decreased to half the control values in the
intermyofibrillar region of red fibers 30 min after veratrine. This response was also
observed in oxidative-glycolytic and glycolytic fibers. These divergent mitochondrial
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responses suggested the existence of distinct cell compartments or factors which modulate

the metabolism of these organelles.

In previous work on the effects of veratrine in the soleus and EDL of mice,
veratrine decreased the reactivity of all three fiber types, although oxidative and oxidative-
glycolytic fibers were more sensitive than glycolytic fibers, with no difference between the
soleus and EDL (Freitas et al.,, 2000b). Veratrine significantly increased the number of
oxidative fibers in EDL and decreased the number of glycolytic fibers. In soleus, veratrine

decreased the number of oxidative and oxidative-glycolytic fibers.

There was no change in the pattern of the m-ATPase reaction in any of the three
fiber types in the three zones of the lateral muscle of juvenile tilapia up to 30 min after
veratrine injection. The m-ATPase activity correlated with the occurrence of at least two
myosin isoforms (acidic-stable in red muscle and alkaline-stable in the white muscle) up to
30 min post-veratrine. However, by 60 min, a marked change had occurred and another
fiber type with no reversal of staining had appeared. Cells with the above characteristics
have been classified as “undifferentiated cells” and have been reported in fish during
development and after fluctuations in water temperature. In both cases, different isoforms
of myosin are eventually expressed. Similar changes have been demonstrated in
myofibrillar regulatory proteins of goldfish (Johnston, 1979), in carp light chain myosin
(Crockford and Johnston, 1990), and in the expression (Gerlach et al., 1990) and structure
(Hwang et al. 1990, 1991) of carp heavy chain myosin. In tilapia, a fourth type of fiber

appeared after a very short exposure to veratrine (60 min).

Comparison of the histochemical findings following veratrine injection in tilapia
and mice (Freitas et al.,, 2000b) indicated different metabolic and contractile responses of
the fibers, which may be species-, muscle- and fiber-specific. The ultrastructural changes

seen in these two species generally supported these divergent responses.

In tilapia, there was none of the characteristic swelling of the SR-TC seen in mice
treated with myotoxins that affect sodium currents by altering Na* channel gating (see
Mebs and Ownby; 1990, Mattiello-Sverzut and Cruz-Hofling, 2000) or with veratrine in
vitro (Cruz-Hofling and Vital Brazil, 1990) and in vivo (Freitas et al., 2000b). The normal,
wider SR-TC present in fish skeletal muscle (Franzini-Armstrong and Porter, 1964, for
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review see Ogata, 1988) remained intact afier veratrine or TTX+veratrine. However,

veratrine produced discontinuities in the longitudinal compartment of the SR, a disturbance
prevented by pretreatment with TTX. This part of the reticulum is involved in the active
uptake of Ca** from the sarcoplasm through Ca®’-ATPase activity during muscle
relaxation. The stimulation of Ca®*-ATPase and an increase in SR Ca** loading has been
reported for myotoxin a, a Na* channel-acting peptide from the venom of the rattlesnake
Crotalus viridis viridis, in isolated rabbit skeletal muscle SR (Volpe et al., 1986). The toxin
bound to the SR membranes and uncoupled Ca®* uptake from Ca**-dependent ATP
hydrolysis. Myotoxin a caused vacuolation of muscle cells (Tu and Morita, 1983) through
SR-TC swelling (Ownby et al., 1976), an effect not seen in tilapia lateral muscle cells.

The most prominent ultrastructural change was the damage to sarcomere and
myofibrillar structure. This damage, which did not involve all muscle fibers, decreased by
60 min and was prevented by prior injection of TTX. Curiously, veratrine caused a time-
dependent increase in the length of lateral muscle sarcomeres. In mouse (Vital Brazil and
Fontana, 1985) and frog (Lehoueller et al., 1988) muscles, veratrine causes repetitive nerve
firing, which leads to iterative muscle fiber depolarization and hypercontraction, as well as
sarcomere shortening. Although light microscopy of tilapia muscle indicated
hypercontracted zones, no hypercontracted sarcomeres were seen with TEM. The
mitochondrial effects of veratrine in tilapia were similar to those in mouse EDL and soleus,
with the damage showing partial reversal after 60 min. Veratrine can uncouple oxidative
phosphorylation in mouse and rat isolated mitochondria (Freitas et al., 2000d). This effect
may reflect a nonspecific mitochondrial permeability transition induced by veratrine,
perhaps through mitochondrial Ca®* overload, a suggestion supported by the state of

relaxation indicated by the sarcomere lengthening.

There are few reports of the morphological and physiological responses of fish to
toxic environmental conditions resulting from river pollution or chemical dumping. Most
investigations have dealt with the biochemical and physiological responses of skeletal
muscle in fish during developmental stages or in response to changes in temperature. There
are no reports on the effects of veratrine in fish skeletal muscle. The results of this study

indicate that the mechanism of action of the veratrine in tilapia is distinct from that in mice,
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although some of the disturbances in muscle enzyme activity and morphological alterations

are superficially similar.
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LEGEND OF FIGURES

Figure 1: Cross-sections of the lateral muscle of O. niloticus.

(A) Control:- Red muscle (R) and white muscle (W). HE; (B) oxidative (0x), glycolytic
(gly) and oxidative glycolytic (og) fibers as identified by the NADH-TR reaction; (C-D) m-
ATPase reaction at pH 4.6 and 10.2, respectively:- type I, IA and IIB muscle fibers,
organized as a mosaic, are present in the intermediate layer between red and white

muscles. Bar = 50 um for all panels.

Figure 2: Light micrographs of the lateral muscle of O. niloticus.

Fifteen minutes (A and D), 30 min (B and E) and 60 min (C and F) after the injection of
veratrine (5 pl, 10 ng/kg fish). (A-C) H&E. Vacuolated cells (v), hypercontracted fibers
(h), interstitial edema (asterisks); (D-F) NADH-TR reaction showing muscle fibers with

subsarcolemmal or central aggregates of formazan particles (arrowheads). Bar = 50 pm for
all panels.

Figure 3: Light micrographs of m-ATPase of the lateral muscle of O. niloticus.

Fifteen minutes (A-B), 30 min (C-D) and 60 min (E-F) after veratrine injection. Muscle
fiber types I, IIA and IIB reacted after preincubation at pH 4.6 (A, C and E) and pH 10.2
(B, D and F). Note the presence of undifferentiated cells (*), interstitial edema and muscle

tissue disarray. Bar = 50 pum.

Figure 4: Electronmicrographs of the lateral muscle of O. niloticus.

(A) Control muscle. Sarcomeres (s), myofibrils (m), Z-line (Z) showing the zig-zag pattern
(arrow), dense and large M-line (M), triads (tr), muscle fibers 15 min (B-C) or 30 min (D-
E) afier veratrine (5 upl, 10 ng/kg) injection. Note the dissociation of the myofilaments
showing the underlying longitudinal network of SR tubules (*), sarcoplasmic reticulum
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terminal cisternae (sr), T-system (t), and abnormal mitochondria (mi). Bars = 0.5, 0.5, 0.25,

0.5 pum, respectively.

Figure S: Electronmicrographs of the lateral muscle of O. niloticus.

(A) 60 min after veratrine injection; (B) TTX-treated (1 ng/ml) fibers before veratrine
injection (60 min survival time). Note the dissociated or ruptured myofilaments ),
sarcoplasmic reticulum cisternae (sr), T-system (t), mitochondria (mi), collagen fibers (fc),

and distorted Z- lines (Z). Bars = 1.0 pm and 0.125 um, respectively.

Table 1: Formazan particle distribution in the subsarcolemmal and intermyofibrillar
region of muscle cells in type I, IIA and IIB fibers 15, 30 and 60 min after the injection of

veratrine.
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ABSTRACT

In this paper, we have focused our attention on the effects of veratrine, a steroidal
substance of alkaloid nature, in skeletal muscle mitochondria of mice in vive, and in
isolated mitochondria of mice and rats in vifro. Veratrine caused various degrees of
degeneration in mitochondria from mouse extensor digitorum longus (EDL) and soleus
(SOL) muscles when injected in situ. Ultrastructural alterations were time-dependent and at
certain extent also muscle-specific. They were short-lived being almost resolved by 60 min
post-veratrine. These morphological changes were attributed to a higher influx of Na* and
water into muscle cells induced by veratrine (a Na’ channel-activating toxin), and
supposedly leading to greater mobilization of Ca®" ions from mitochondria. In vitro,
veratrine provoked the uncoupling of the mice and rats skeletal muscle mitochondria
respiration and the inhibition of the rats liver mitochondria respiration. The preliminary
biochemical assays showed that veratrine acts on the permeability transition of

mitochondria inner membrane unspecifically. A role of the veratrine in the mobilization of

calcium stores from mitochondria is raised.

Key Words: Mitochondria, skeletal muscle, liver, uncoupling, respiratory inhibition,

ultrastructural changes, veratrine.
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INTRODUCTION

Recent evidences indicate that the alkaloid veratrine may be involved in
degenerative mitochondrial changes observed when the drug is injected intramuscularly in
mice (Freitas et al.,2000 a). Veratrine, extracted from the seeds of some plants of the family
Liliaceae (Ulbricht, 1998), is a mixture of mainly two alkaloid esters, veratridine and
cevadine (Benforado, 1967). It activates Na' channels of excitable membranes (Catterall,
1980) causing iterative depolarization (Vital Brazil and Fontana, 1985), higher influx of
Na* and hence an osmotic accumulation of fluid inside the cell which, morphologically,
appears as numerous tiny vacuoles inside muscle cells or as peri- or intra-axonal or intra-
myelin vacuoles in nerve fibers (Cruz-Hofling and Vital Brazil, 1990). In view of evidences
indicating a probable access of the toxin into the cell (Honerjéger et al., 1992), facilitated
by its lipid-soluble biochemical property (Catterall, 1980) and corroborated by suggestive
differences on the action of veratrine in soleus (predominantly composed of oxidative
muscle fibers) and in extensor digitorum longus (EDL, predominantly composed of
glycolytic muscle fibers) (Freitas et al., 2000a) we have extended our observations on the
effects of veratrine in isolated mitochondria. In this work, we will correlate the findings on
the effects of veratrine in the respiratory activity of isolated muscle mitochondria from the
hind limb skeletal muscles from rats and mice to those obtained from rat liver
mitochondrial activity assays screened for comparative studies. An improved understanding
of the targets of veratrine interaction and the mechanisms behind the morphofunctional
disturbances of muscle tissue should facilitate the comprehension of distinctive differences

of soleus and EDL responses seen elsewhere (Freitas et al., 2000a).

The present study has undertaken to investigate oxygen consumption on isolated
mitochondria from hind limb muscles and liver after addition of the Na* channel-activating

alkaloid veratrine. The biochemical assay was combined with ultrastructural studies of EDL

and soleus mitochondria on saline- and veratrine-injected mice.
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MATERIALS AND METHODS

Animals
Adult BALB/c mice (20-25 g) and Wistar strain rats (200-250 g) from the Animal
House Unit of the State University of Campinas (UNICAMP, Campinas, SP, Brazil) were

used.

Toxin
Veratrine was commercially obtained from Sigma Chemical Co., St. Louis, MO,
USA. The toxin was used in the dose 10 ug/ml on experiments in vivo, and in the dose of

10 to 50 pg/ml on biochemical assays.

Ultrastructural studies

Anesthetized mice with sodium pentobarbital (40-70 mg/kg) were submitted to a
microsurgery, which expose the extensor digitorum longus (EDL) and soleus (SOL)
muscles for receiving an in situ injection of 5 ul veratrine (10 ng veratrine/kg mice). After
15, 30 or 60 min (n=2/groups), mice under deep anesthesia were perfused through the left
ventricle with Karnovsky fixative (2.5 % glutaraldehyde plus 2% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4). The muscles were removed and sectioned into small
fragments. Muscle fragments were immersed in Karnovsky solution, post-fixed in 1%
0s0Oy4, dehydrated through graded acetone and processed for transmission electron

microscopic (TEM) examination. Control group received sterile saline solution injection at

the same experimental condition.

Isolation of mouse and rat skeletal muscle mitochondria

Male mice and rats were sacrificed through cervical dislocation before hind limbs
muscles were removed. The muscles were dissected, perforated and immersed in ice-cold
isolation buffer with the following composition: 0.15 M KCl, 10mM Hepes (n-2-
hydroxyethylpiperazine-N’-2 ethanosulfonic acid), 1.0 m M EGTA (ethylene-glycol-bis-(B-
aminoethylene)-N-N-N"-N’-tetracetic) and 0.5% BSA (bovine serum albumin), pH 7.2 at

4°C. After, the muscles were washed in ice-cold medium, finely minced and homogenized
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(Polytron, 4 second at setting 3; Van Potter, 3 strokes) in the same buffer. The homogenate
was centrifuged (4°C) at 800xg for 8 min (twice). The supernatant was retrieved and
centrifuged at 7000xg for 10 min. The resulting pellet was then resuspended in the same
buffer lacking EGTA and recentrifuged at 7000xg for 10 min.

The final pellet was resuspended in the EGTA-free buffer to a protein concentration
of 30-50 mg/ml and kept on ice during all biochemical assays. Protein concentration were

determined by the biuret method using BSA as standard.

Isolation of rat liver mitochondria

Rat liver mitochondria (RLM) were isolated by conventional differential
centrifugation from the livers of adult female Wistar rats fasted overnight, using a buffer
containing 1.0 M sucrose, 0.5 M Hepes and 0.1 M EGTA. The mitochondria were washed
and resuspended in the same buffer without EGTA. Protein concentration (80-100 mg/mi)

was determined by the biuret method.

Biochemical Assays

Oxygen consumption was measured with a Clark-type electrode (Yellow Springs
Instruments Co., OH, USA) in 1.3 ml of standard incubation medium (28°C), in a sealed
glass cuvette equipped with a magnetic stirrer. The incubation medium contained 125 mM
sucrose, 65 mM KCl, 10 mM Hepes, pH 7.2, 0.5 mM EGTA, 2 mM Pi and 1.0 mM MgCl,,
with addition to veratrine and 0.3 and 1.0 mg of muscle or liver mitochondrial protein,

respectively. Each experiment was performed in triplicate.
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RESULTS
Ultrastructural findings

EDL
Control: In the EDL muscle the mitochondria were normal in appearance, keeping

cristae and matrix with normal morphology. They were aligned along the myofibrils,
laterally to the Z-lines, at the I bands and having side-by-side the triads. The cristae were
regular and the matrix electrondense (Fig. 1A).

Veratrinized EDL: Veratrine induced remakable changes in the EDL mitochondria.
The pathogenesis of the changes started at 15 min with an initial moderate increase of the
organelle dimension which persisted time-dependently up to 60 min. The changes involved
all the components, matrix and cristae as described in detail in the legend for figures (Fig.

1B-F). Ruptured mitochondria were seen by 30 min. A regression of the changes had its

onset after 60 min of veratrine treatment (Fig. 1F).

SOL

Control soleus: As for EDL, the mitochondria were structurally normal, being found
in the intermyofibrillar (Fig. 2A) and subsarcolemmal space.

Veratrinized soleus: Soon at 15 min, SOL mitochondria showed high degree of
degeneration characterized by increase of volume, rupture and partial lost of cristae (Fig.
2A). In the soleus the disruption of the mitochondria is most common than in the EDL (Fig.
2B-2E). A detailed description of the abnormalities is found in the legend for figures. As
for EDL these alterations were short-lived, as they were greatly resumed by 60 min,
although some swelling persisted, particularly in the mitochondria population of the

subsarcolemmal regions (Fig. 2F). No indication of calcium accumulation was seen inside

the mitochondria of EDL and soleus.

Respiration rate in mice and rats muscle mitochondria
The state 4 respiration rate (20 nanoatoms oxygen/min/mg of protein for mice, and
44 for rats) and state 3 respiration rate (131 nanoatoms oxygen/min/mg of protein for mice,

253 for rats) (Figures 3 and 4 - trace A) confirmed the good coupling of the mice and rats
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mitochondria (respiratory control factor - RC = 6.5 and 5.75, respectively). After addition
of veratrine (10 pg/ml) in the incubation medium with isolated mice mitochondria, the state
3 respiration rate decreased (101 nanoatoms of oxygen/min/mg of protein) and the state 4
increased (55), leading to a reduction of the RC (1.8) (Figure 3 - trace B). In the assays
with isolated rats mitochondria after contact with veratrine (50 ug/ml), there was an

increase in the states 3 and 4 respiration rate (396 and 121, respectively) (Figure 4- trace

B), showing a reduction of the RC (3.27), as seen in the mice.

Respiration Rate in rat liver mitochondria

Differently than it was seen in the mice and rats mitochondria, the state 3 respiration
rate increased (from 108 to 110 nanoatoms oxygen/min/mg of protein) after addition of
veratrine (50 pg/ml). The state 4 respiration rate decreased (25 from to 7.7 nanoatoms

oxygeh/min/mg of protein), leading to an increase of the RC (14.2).
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DISCUSSION

The results indicate that there exist an interference of the veratrine in the RC of rats
and mice muscle isolated mitochondria. However, whilst in mice the state 3 respiration rate
decreased and the state 4 increased, in rats an increase in the state 3 and 4 respiration rate
has occurred, but the final result of both was a reduction of the RC. In the liver though, the
state 3 respiration rate increased after addition of veratrine (50 pg/ml), and the state 4
respiration rate decreased leading to an increase of the RC. Morphological correlation
undertaken to investigate in vivo whether veratrine is able to disturb the structural
organization of mitochondria, even when applied in the intercellular compartment of the
muscle tissue of the EDL and soleo, confirmed the previous findings (Freitas et al., 2000
a,b).

Morphologically, veratrine induced various structural changes affecting not only the
mitochondrial compartments, but also the outer and inner membrane of the mouse muscle
mitochondria when injected in situ. Different patterns of mitochondrial alterations, as
showed in our experiments, is usually described on reports of neuromuscular disorders
(Lindal et al, 1992; Nishino et al., 1998), and on studies with use of uncouplers of
oxidative phosphorylation (Melmed et al., 1975). Crotoxin, a neurotoxic fraction isolated
from Crotalus durissus terrificus rattlesnake venom, and 2,4-dinitrophenol (DNP), an
uncoupler of oxidative phosphorylation, caused mitochondria abnormalities, as swelling
and disruption of cristae which appeared from 10-15 min injection up to 1 h (DNP), and 24
h (crotoxin) (Shah et al., 1982). The authors also observed intramitochondrial calcium after
injection of these agents, suggesting that calcium ions accumulation may play a significant
role in the pathogenesis of these alterations. Recent studies showed that veratrine causes
necrosis in mice and fish muscle fibers characterized by hypercontraction of myofibrills,
swelling of sarcoplasmic reticulum cisternae, disorganization and/or disruption of
sarcomeres, mitochondrial damage, and that these ultrastructural alterations were prevented
with tetrodotoxin pretreatment, a Na™ channel-blocker (Freitas et al., 2000 a; ¢). These data
seem to indicate that the majority of the alterations in vivo has its basis on a higher influx of
Na" and water into cells, however the authors also suggested that a cell influx of Ca®* ions,
mobilized directly or indirectly by veratrine, could contribute to cell injury.
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Biochemically, the mitochondrial myopathies can be divided into defects of
substrate transport, utilization, oxidation-phosphorylation coupling, and respiratory chain
(Lindal et al., 1992). Moreover, types of mitochondrial changes are variable from cell to
cell and from individual to individual, resulting from gene expression of respiratory chain
enzymes (Koga et al., 1988). Routine histoenzymological methods have shown that muscle
biopsies specimens from patients with myopathies have high enzyme activities for NADH-
tetrazolium reductase (NADH-TR), succinate dehydrogenase (SDH) and cytochrome ¢
oxidase (COX) in the subsarcolemmal region, and decreased in the sarcoplasm (Shah et al.,
1982; Koga et al., 1988; Nishino et al., 1998).

Recently, we have shown that in the lateral musculature of teleost Oreochromis
niloticus, veratrine affected differently the oxidative activity seen by NADH-TR reaction in
the subsarcolemmal and intermiofibrillar regions and hypothesized on the existence of
mitochondria populations whose internal stimuli should be under different control
mechanisms or factors (Freitas et al., 2000b; ¢). On the other hand, contractile activity
evaluation on soleus and EDL muscles from mice showed that oxidative and oxidative-
glycolytic fibers were more susceptible to the action of the veratrine than glycolytic fibers,
and that the muscle type (soleo: oxidative, slow twitch, and the EDL, glycolytic, fast twitch
muscle) would regulate the response of a same fiber type, increasing their number in one
muscle type, and decreasing it in the other (Freitas et al, 2000b). Similarly, the
species/class of animal seemed to have a role in the response of muscle fiber to veratrine.
So, in fish, oxidative and glycolytic fibers were strongly affected, differently to what occurs
in mice (Freitas et al., 2000c). On the other hand, we confirmed that mitochondria of soleus
muscle was early affected by the veratrine than EDL, which apparently were more resistant
to the action of the alkaloid (Freitas et al., 2000a).

Biochemical assays with rats and mice skeletal muscle and rat liver mitochondria
revealed changes on oxygen consumption after addition of veratrine. Veratrine caused
uncoupling of oxidative phosphorylation, represented by increase of oxygen consumption
during respiratory state 4 on mitochondria isolated from mice (starting from 10 pg/ml) and
rats (50 pg/ml) muscles. On the contrary, veratrine (50 pg/ml) inhibited oxygen
consumption on liver isolated mitochondria. As for the other different specificities

aforementioned on the interaction veratrine vs classes of animals, type of muscle, type of
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muscle fiber, here it was demonstrated that veratrine also interacts differently with
mitochondria, depending on the organ, even though belonging to the same animal species
(e.g. it exhibits opposite effects on the respiratory activity in the liver and muscle isolated
mitochondria).

As mitochondrial membrane is devoid of Na* channels, probably the veratrine, a
lipid-soluble alkaloid toxin, interacts with their inner membrane, after transposing the outer
membrane. The outer mitochondrial membrane is permeable to molecules of approximately
7 000 Da. It is constituted by phospholipids and the canal proteins porinas and several
enzymes that interfere with lipid metabolism (e.g., lipases and sinthases). Its main function
is to be responsible for a selective transport of energetic substrates, proteins and fatty acids.
A presumable explanation for the effects in the physiology of the mitochondria here
observed could be regarded as owing to the action of these alkaloids on cell membrane
permeability. Pemberton et al. (1995) have demonstrated that the veratridine, a component
of the veratrine, inhibits the refilling of cholinergic synaptic vesicles with acetylcholine in
rats hemidiaphragm owing to its ability in dissipating the transvesicular membrane proton
gradient in a non-specific way. Whether this proton quenching activity of veratridine
(veratrine) can be correlated with the present observations on the ability of the alkaloid in
accelerates the respiratory activity is until now uncertain. On the other hand, why in the
liver this supposed quenching activity of the veratrine is not being expressed ?

Concluding the results indicate that veratrine uncouples oxidative phosphorylation
in mitochondria of muscles. Whilst the precise mechanism by which veratrine inhibits the
respiratory activity in the rat liver mitochondria, and enhances the respiratory activity in the
rat and mouse muscle mitochondria remains to be elucidated, it appears, at least in part, that
an action on the mitochondrial permeability transition to protons could be involved. Also,
the studies pointing to the cell targets for veratrine interaction as the sarcoplasmic reticulum
(Freitas et al., 2000 a) and the mitochondria (Freitas et al., 2000a, b, c) seem to suggest for

an interference of the alkaloid in calcium metabolism.
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LEGENDS FOR FIGURES

Figure 01 - Electronmicrographs of mitochondria Jrom mice EDL muscle fibers.
(A) — Control muscle: mitochondria with typical morphology; (B) — Veratrinized muscle at
15 min: Abnormal swollen mitochondria with disorganized cristae, atypical matrix, outer
and inmer membrane; (C-E) - At 30 min, various patterns of degenerative changes: huge
increase of the mitochondrial dimensions probably owing to fluid collection. Note the
electrolucency of matrix and the disarray of cristae which exhibit presence of straight
parallel dark lines into the organelle (C), or cristae constituting trabeculae, some of them
fused and/or interspersed by enlarged intercristal spaces (D), or ruptured mitochondria
showing absence of the intermembranous compartment and marked reduction of cristae
surface (E); (¥) - At 60 min: the degenerative changes are in a process of recovery. Note

that the dimensions of the organelles tend to be restored and there was an increase of the

cristae surface. Bar = 0.5 pum for all panels.

Figure 02 - Electronmicrographs of mitochondria Jrom SOL muscle fibers.
(A) Control muscle: mitochondria are elongated and well-provided with cristae, which are
immersed in an electrondense matrix; (B-D) Veratrinized muscle at 15 min: the great
majority of mitochondria were degenerated. Disruption of the membranes and areas devoid
of cristae, which were immersed in an electronlucent matrix were common (B-D). Note that
flocculent densities and aberrant cristae also are present (D); (E) At 30 min: the
degenerative picture is almost the same, and persists the marked increase of mitochondrial
volume paralleled in a number of organelles with the rupture of the outer and inner
membrane, as shown in the picture; (F) By 60 min is visible the recovery of mitochondria

structure, but their dimensions were not fully restored. Bar= 0.5 um for all panels.
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Figure 03 - Figure shows the oxygen consumption in mouse isolated muscle
mitochondria.
(A) The experiments started with the addition of 3 mM succinate (SUC). State 3 respiration
rate was reached by the addition of 200 nmoles ADP. Numbers on the trace refer to oxygen
consumption rates of nanoatoms oxygen/min/mg of protein. (B) Mouse muscle
mitochondria were incubated in the presence of reaction medium and 10 pg/ml veratrine for
1 min. It was observed a decrease in state 3 respiration rate (from 131 to 101) and an

increase in state 4 (from 20 to 55) after addition of muscle mitochondria with veratrine.

Figure 04 - Assay conditions as described under “Materials and Methods” for Rats.
(A) The figure shows the oxygen consumption in isolated rat muscle mitochondria. The
experiments started with the addition of 10 mM glutamate (GLUT). State 3 respiration rate,
was reached by the addition of 200 nmoles ADP. Numbers on the trace refer to oxygen
consumption rates of nanoatoms oxygen/min/mg of protein. (B) Rat muscle mitochondria
were incubated in the presence of reaction medium and 50 pg/ml veratrine for 1 min. It was

observed an increase in state 3 respiration (from 253 to 396) and 4 (from 44 to 121) after

contact with veratrine.

Figure 05 - The figure shows the oxygen consumption in rat isolated liver mitochondria.
(A) The assays started with the addition of 3 mM succinate (SUC). State 3 respiration rate,
was reached by the addition of 200 nmoles ADP. Numbers on the trace refer to oxygen
consumption rates of nanoatoms oxygen/min/mg of protein. (B) RLM were incubated
(during 1 min) in the presence of reaction medium and veratrine (50 pg/ml). It was
observed an increase in state 3 respiration (from 44 to 121) and a decrease in state 4 (from

25 to 7.7) after addition of liver mitochondria with veratrine (50 pg/mi).
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CONCLUSOES

A agfio da veratrina é complexa e envolve mecanismos dependentes de fatores locais
dependentes de controle génico. Esta afirmagéo decorre da observacfo de que as alteracbes
induzidas pelo alcaléide ndo se expressam igualmente nos modelos utilizados.

Nés concluimos que a interagio da veratrina com as fibras musculares esqueléticas
é espécie-especifica, misculo-especifica e tipo de fibra especifica, e que a interacéo da
veratrina com as mitocOndrias é tecido(6rgéo)-especifica.

Atribuimos como principal causa dos efeitos produzidos pela veratrina,
principalmente nos camundongos, ao seu papel na ativagéo dos canais de sodio, ja que o
pré-tratamento com TTX abole praticamente todos os efeitos. Além disso, o fato das
alteragdes reverterem-se espontaneamente ao final dos 60 minutos de experimentacéo
sugerem fortemente a existéncia de disttrbios hidroeletroliticos (mais inerentes a distarbios
em canais i6nicos).

Finalmente, uma vez que o reticulo sarcoplasmatico e as mitocondrias parecem ser
os alvos primordiais de agfio da veratrina (¢ que provavelmente as demais alteragdes
observadas na estrutura e atividade metabdlica e contratil da fibra muscular, sejam
decorrentes dessa acdio primordial no reticulo e mitocondrias), levantamos a hiptese de
que a veratrina interfere também com o metabolismo do célcio, além do metabolismo do

s6dio. Ndo é descartada a possibilidade de entrada da veratrina para o interior da célula.
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