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1. RESUMO

O 6xido nitrico (NO) é uma molécula gasosa, de vida curta, que modula a
neurotransmissdo, a forca de contracdo, o metabolismo de glicose, o tdnus vascular e a
funcdo muscular em geral. O musculo esquelético € a maior fonte de NO em mamiferos
e expressa todas as trés isoformas de NO sintases (NOS). Os inibidores da NOS sao
ferramentas usadas para estudar a fungao do NO na fisiologia muscular.

Neste trabalho, nds examinamos os efeitos do tratamento cronico de ratos com
N“-nitro-L-arginina metil éster (L-NAME), que bloqueia a sintese de NO pelas NOSs,
através de parametros bioquimicos e morfolégicos dos musculos soleus e extensor
digitorum longus. A tipagem das fibras musculares, a medida da darea de secgdo
transversal das fibras, a expressdo das isoformas de miosina, a determinag¢do do nimero
dos nucleos da fibra muscular e, a expressdo e imunolocalizacdo da NOS endotelial e
neuronal foram parametros usados para avaliar os efeitos da falta de NO nos musculos.
Os ratos foram tratados com L-NAME (20 mg/rato/dia, na dgua de beber dos animais)
por duas, quatro e oito semanas. Decorridos esses tempos, os animais foram sacrificados
e os musculos removidos e processados para andlises. O tratamento cronico dos ratos
com L-NAME causou um pequeno (13.2%), porém significativo, decréscimo na
porcentagem das fibras tipo I, apds duas semanas de tratamento, e aumento na area de
seccdo transversal das fibras IID, apds oito semanas de tratamento, no musculo soleus.
Nao houve diferencas significativas na porcentagem dos tipos de fibras, ou em suas
areas de seccdo transversal no musculo extensor digitorum longus. O nimero de nicleos
da fibra muscular, também usado como um indicador de hipertrofia da fibra, ndo
apresentou diferencgas significativas nos ratos tratados com L-NAME. Igualmente, ndo
houve alteracdes significativas na expressdao e distribuicdo das NOSs endotelial e
neuronal, ou na expressao das isoformas de miosina de ambos os musculos.

Estes resultados mostram que a inibicdo cronica da biossintese de NO pelo L-

NAME, nos periodos pesquisados, em geral ndo altera os vdrios parametros estudados
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nos musculos soleus e extensor digitorum longus, exceto para as fibras tipo I e tipo 11D

no musculo soleus.
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2. ABSTRACT

Nitric oxide (NO) 1is a short-lived gas molecule that modulates
neurotransmission, contractile force, glucose metabolism, vascular tone, and muscle
function in general. Skeletal muscle is a major source of NO in mammals and expresses
all three isoforms of NO synthases (NOS). Inhibitors of the NOS are useful tools for
studying the role of NO in muscle physiology.

In this work, we examined the effects of chronic treatment of rats with N®-nitro-
L-arginine methyl ester (L-NAME), which blocks the synthesis of NO by NOSs,
through selected biochemical and morphological parameters of soleus and extensor
digitorum longus muscles. Fiber typing, fiber cross-sectional area, expression of myosin
isoforms, number of muscle fiber nuclei, and the expression and immunolocalization of
endothelial and neuronal NOS were used to assess the effects of NO deprivation. Rats
were treated with L-NAME (20 mg/rat/day, in the drinking water) for two, four and
eight weeks, after which the animals were sacrificed and the muscles removed and
processed for analysis. The chronic treatment of rats with L-NAME caused a slight
(13.2%) but significant decrease in the percentage of type I fibers after two weeks of
treatment and in the cross-sectional area of IID fibers after eight weeks of treatment in
soleus muscle. There were no significant differences in the percentage of fiber types or
in their cross-sectional areas in the EDL. The number of muscle fiber nuclei, also used
as an indicator of hypertrophy, did not show significant differences in the treated rats.
Likewise, there were no significant changes in the expression and distribution of
endothelial and neuronal NOS, or in the expression of myosin isoforms.

These results show that the chronic inhibition of NO biosynthesis by L-NAME in the
time intervals examined, generally did not alter the various parameters studied in rat
soleus and extensor digitorum longus muscles, except for type I and IID fibers in soleus

muscle.
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3. INTRODUCAO

3.1. Consideracoes Gerais sobre o Misculo Estriado Esquelético

A estrutura dos tecidos reflete suas fungdes. No caso do misculo estriado
esquelético, sua funcdo é gerar forca e/ou produzir movimento. Desta forma, o misculo
esquelético representa o cldssico exemplo onde a relagdo estrutura-funcdo estd
perfeitamente ilustrada. Por conta desta intima relag@o entre estrutura e funcio do tecido
muscular, estudos sobre a sua fungdo estardo implicados estreitamente com os estudos
sobre estrutura muscular, e vice versa.

Durante o processo de desenvolvimento do misculo, quatro fases principais
podem ser destacadas, lembrando que algumas dessas fases podem ocorrer simultinea e
coordenadamente. A primeira fase compreende o crescimento axonal externo, que é o
processo pelo qual os axdnios motores deixam a raiz ventral e dirigem-se para a periferia
para contatar as fibras musculares. A segunda fase € a da miogénese, com a formacao
da célula muscular, segue-se a ela a sinaptogénese, quando ocorre a formagdo das
jungdes neuromusculares entre nervo motor e fibra muscular, e, por fim, a quarta fase,
que é a da eliminagdo de sinapses, processo pelo qual sinapses neuromusculares

excedentes sdo eliminadas (LIEBER, 1992).

3.1.1. Crescimento Axonal Externo

O crescimento axonal externo € um estidgio importante ja nos primérdios da
formacdo das primeiras conexdes sindpticas entre as fibras musculares e as nervosas.

Quando um musculo é requerido a contrair-se, sdo enviadas as instrucdes
necessdrias através de impulsos nervosos, sob a forma de potenciais de agcdo, gerados
nos corpos celulares dos grandes neurdnios situados na por¢do cinzenta ventral da
medula espinhal. Estas células sdo denominadas motoneurdnios, € existem em nimero
de cem ou mais para cada musculo. Um motoneurdnio consiste de um corpo celular ou

soma, e de inimeros prolongamentos, os dendritos e o axonio (MCCOMAS, 1996).
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3.1.2. Miogénese

Os musculos esqueléticos sdao derivados dos somitos presentes a intervalos ao
longo do comprimento dos embrides. Sdo derivados da parte dorsal do mesoderma, que
se divide sob a influéncia de genes reguladores, em blocos segmentados de tecido
embriondrio (LIEBER, 1992; HAUSCHKA, 1994; MCCOMAS, 1996).

Os somitos ddo origem aos musculos miotomais primitivos, que posteriormente
formam os musculos extensores axiais da coluna vertebral, os musculos do corpo e os
musculos apendiculares.

O processo de miogénese ocorre em vdrios estdgios. Primeiramente ocorre
proliferacdo celular dos somitos, que se multiplicam sob a influéncia de fatores de
crescimento de natureza peptidica (HAUSCHKA, 1994; MCCOMAS, 1996). A medida
que o desenvolvimento prossegue, formam-se células mononucleadas dentro dos
somitos, com ntcleo central, denominadas mioblastos, que sdo as primeiras células
precursoras das fibras musculares. Os mioblastos ndo diferem morfologicamente de suas
células mesodermais ancestrais. Sao envoltos por uma membrana basal. Ainda sob a
influéncia de fatores de crescimento, ou peptidios, e de genes reguladores, os mioblastos
proliferam através de mitoses e formam agrupamentos, constituindo assim um dos
primeiros estdgios da miogénese. Ocorre, a seguir, alinhamento dos mioblastos, tendo
como diretriz a membrana basal do mioblasto primordial. Concomitantemente
desenvolvem-se estruturas eletrondensas que se assemelham as junc¢des do tipo gap, e
inicia-se a sintese das proteinas contréteis. Nesta fase também ocorre entrada de Ca™
que ird promover a despolarizacdo da membrana promovendo a fusd@o dos mioblastos em
miotubos. Os miotubos s3o multinucleados e seus nucleos centrais encontram-se
enfileirados. Os primeiros miotubos, provenientes da fusdo dos mioblastos sao
chamados de miotubos primdrios, e os que se formam posteriormente sio denominados
miotubos secundérios.

Com o desenvolvimento progressivo, € a sintese das proteinas contrateis, hd um
aumento dos filamentos de actina e miosina, sintese de novas proteinas, organiza¢iao dos
miofilamentos em miofibrilas, aumento do nimero de mitocdndrias, aparecimento do

sistema rudimentar de tibulos-T (derivado de invaginacdes da membrana plasmaética),
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diferenciacdo do reticulo sarcoplasmdtico a partir do envoltério nuclear externo e,
desenvolvimento da membrana basal. Com o passar do tempo, os miotubos aumentam
de tamanho, sdo formados mais miofilamentos e ambos os sistemas de tibulos-T e do
reticulo sarcoplasmdtico comecam a se diferenciar. Neste mesmo tempo, os nicleos se
movem ao longo do citoesqueleto do centro da célula posicionando-se abaixo do
sarcolema. Neste estdgio o miotubo estd completo e pronto para se diferenciar em uma

fibra muscular esquelética (LIEBER, 1992; HAUSCHKA, 1994; MCCOMAS, 1996).

3.1.3. Sinaptogénese

Por sinaptogénese compreende-se a formagdo da juncdo neuromuscular (JNM).

A juncdo neuromuscular (ou placa terminal motora) € uma verdadeira sinapse,
uma vez que usa um neurotransmissor quimico, a acetilcolina (ACh), para transferir
informa¢des do nervo (regido pré-sindptica) para o musculo (regido pds-sindptica)
através da fenda sindptica. A JNM € uma sinapse quimica, colinérgica, e a ACh esta
intimamente envolvida no processo contratil.

Todas as jungdes neuromusculares adultas sdo compostas por cinco componentes
principais: 1. Célula de Schwann, que forma uma cobertura acima da regido do terminal
nervoso, em geral através de seus prolongamentos citoplasmaticos; 2. Terminal nervoso,
que contém o neurotransmissor; 3. Espaco ou fenda sindptica, situado entre as
membranas pré- e pos-sindptica; 4. Sarcoplasma juncional, que se apresenta sob a forma
de dobras juncionais e proporciona suporte estrutural e metabdlico para a regiao pos-
sindptica; e 5. Membrana pds-sinédptica, que contém os receptores colinérgicos.

Os receptores colinérgicos sdo proteinas especificas que estdo integradas no
sarcolema juncional. Quando as fibras nervosas contatam a fibra muscular na
sinaptogénese, os receptores de ACh comecam a concentrar-se em torno do sitio de
contato do axdnio, por um mecanismo ainda ndo bem conhecido. De qualquer forma o
contato do axénio com a fibra muscular provoca a diminui¢do dos receptores de ACh
extrajuncionais € aumenta os receptores juncionais.

Na JNM adulta, a desnervagdo resulta na reversdo deste processo, isto é, ha

aumento dos receptores extrajuncionais. A estimulacdo elétrica apds desnervagido, pode
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diminuir o ndmero de receptores de ACh extrajuncionais. Assim que a JNM é formada,
a fibra muscular perde sua receptividade para a formacdo de JNM em outros locais da
fibra muscular. Apés a formagdo inicial da JNM, vérios outros motoneuroénios formam
sinapses. O nimero real de motoneurdnios por sinapse varia de dois a seis, dependendo
do misculo, e comeca a declinar logo apds o nascimento, de forma que na maturidade,
todas as fibras musculares em mamiferos possuem apenas um tGnico motoneurdnio. Esta
diminuicdo € altamente especifica e o processo pelo qual ela acontece ¢ denominado
eliminacdo sindptica ( para revisdao ver: LIEBER, 1992; ENGEL, 1994; MCCOMAS,
1996).

3.1.4. Eliminacao de Sinapses

A razdo pela qual as fibras musculares sdo inicialmente hiperinervadas ndo é
clara. A primeira sugestdo que foi feita sobre a razdo da ocorréncia de hiperinervagao
seguida pela eliminacdo sindptica, é que esta seria um mecanismo de correcdo de
jungdes neuromusculares que apresentassem “defeitos de fabricacdo” durante o
crescimento axonal. Entretanto, sabe-se que o crescimento axonal € um processo bem
definido, no qual a chance de erros € praticamente nula. Assim, a explicag¢do precisa para
a ocorréncia de eliminacdo sindptica ainda ndo estd clara. Também ndo se sabe quais
seriam os fatores que determinariam qual o motoneurdnio que permanecerd ao final do
processo de eliminagdo sindptica. Se por um lado ainda ndo estd claro como este evento
mecanico € traduzido pela fibra muscular, por outro lado, j4 se sabe que os eventos
mecanicos influenciam fortemente a maquinaria da célula muscular e o seu
desenvolvimento. Isso desencadeia outro sistema de feedback positivo no qual o
movimento, ou a acdo mecanica aumenta a diferencia¢do, que por sua vez possibilita o
movimento, que por sua vez aumenta a diferenciacio, e assim por diante.

A plasticidade sindptica € evidenciada através: 1. do aparecimento e
desaparecimento de inputs poliaxonais durante o desenvolvimento da JNM; 2. das
transformacdes que ocorrem na estrutura fina e arquitetura molecular do terminal
nervoso, na lamina basal e da regido pds-sindptica ao longo do desenvolvimento e

durante os processos de regeneracdo da JNM; 3. do aparecimento de brotamentos
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nervosos colaterais, ultraterminais e intraterminais em resposta a varios estimulos; 4. da
remodelacdo da JNM durante a vida e com a idade (¢f. ENGEL, 1994).

A remocgdo de inervacdo poliaxonal (ENGEL, 1994) ou elimina¢do de sinapses
(LIEBER, 1992) ocorre geralmente quando axOnios provenientes de segmentos
inadequados da medula espinhal sdo removidos. A morte do motoneurénio acompanha a
remoc¢do de projecdes incorretas no pool de motoneurdnios, e a perda da inervagdo
poliaxonal de locais sindpticos acompanha a morte do motoneuronio. Portanto, a perda
da inervacdo axonal pode resultar da eliminacdo dos brotamentos colaterais, bem como
da morte celular do motoneuro6nio.

As alteracOes pelas quais esses fendmenos bioldgicos passam atestam a
plasticidade muscular, que pode ocorrer durante o desenvolvimento, € como veremos

adiante, no adulto sob influéncia de variados estimulos ou fatores.

3.2. A Fibra Muscular Esquelética

Musculos estriados esqueléticos sdo especializados na geracdo rdpida de
movimento e de for¢ca numa dire¢do especifica. Sua estrutura altamente ordenada, tanto
ao nivel molecular, quanto microscopicamente, reflete esta funcao.

As fibras musculares estriadas sdo multinucleadas, possuem de 10 a 100 um de
didmetro, podendo atingir varidvel comprimento. Ao microscépio de luz, as fibras
estriadas mostram um modelo regular de faixas transversais. As fibras sdo compostas
por numerosas miofibrilas, com 1 a 3 um de didmetro, cada qual envolta pelo reticulo
sarcoplasmaético e dispostas paralelamente ao eixo da fibra. As miofibrilas sdo estriadas
e sdo elas que conferem a aparéncia estriada a fibra muscular como um todo. A estriagdo
decorre da disposi¢do altamente ordenada, em registro, das proteinas estruturais,
contrateis, ao longo do comprimento das miofibrilas.

O modelo de estriacdo da miofibrila se repete com a periodicidade de 2 a 3 pm.
A unidade que se repete € conhecida como sarcomero, que pode ser considerado a
unidade contrétil fundamental do musculo estriado. O sarcomero ¢ margeado em cada
extremidade por uma linha escura e estreita, conhecida como linha Z. Cada linha Z

divide uma banda clara de 1 um de extensdo, chamada banda I, que € isotropica a luz
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polarizada. No centro do sarcomero hd uma banda escura de 1,6 pm de extensio,
anisotrépica a luz polarizada, denominada banda A, e que é dividida por uma zona
menos densa, a zona H (ou banda H). No meio da zona H, existe uma regido de alta
densidade, chamada de linha M, local onde se concentram moléculas da enzima creatino
quinase ( ¢f. CRAIG, 1994).

O padrao de bandas é explicado pelo arranjo precisamente ordenado dos
filamentos contréteis dentro da miofibrila, sendo a banda I formada somente por
filamentos finos, a banda A, por filamentos grossos interpostos regular e
equidistantemente com filamentos finos e a zona H somente por filamentos grossos. Os
filamentos grossos e finos sdo polimeros formados por proteinas que ndo estdo ligadas
covalentemente, e sdao chamados de filamentos contrateis. A miosina € o maior
constituinte dos filamentos grossos, enquanto a actina representa a maior parte dos
constituintes dos filamentos finos. Os filamentos grossos também apresentam outras
proteinas, em menor quantidade que a miosina, estes incluem proteina C, proteina H,
proteina X, AMP deaminase, miomesina, proteina M e creatino-quinase. Os filamentos
grossos também estdo associados, ao longo de sua extensdo, a proteina gigante titina.
Além da actina, os miofilamentos finos apresentam outras proteinas, as mais importantes
sd0 a tropomiosina e a troponina (que formam um complexo envolvido na regulacdo da
contragdo), a nebulina (uma segunda proteina miofibrilar gigante) e a oa-actinina. Os
filamentos finos auxiliam na formagdo do citoesqueleto das fibras musculares ( para
revisdo ver: CRAIG, 1994; MCCOMAS, 1996).

Outra proteina de cabal importancia € a distrofina. A distrofina ¢ uma proteina
membro da familia das espectrinas (DAVISON e CRITCHLEY, 1988) e estd organizada
em quatro dominios estruturais: um dominio amino-terminal ligado a actina, um
dominio central, um dominio rico em cisteina e um dominio carboxi-terminal (KOENIG
e KUNKEL, 1990; COFFEY et al, 1992). A funcdo precisa da distrofina ainda ¢é
desconhecida, originalmente a distrofina foi relacionada com a estabilidade da
membrana muscular. Na falta da distrofina, a membrana se desestabiliza e aumenta a
entrada de célcio na fibra, levando & mionecrose e degeneracdao muscular ( BERTORINI

et al, 1982). A distrofina estd ancorada ao sarcolema através de um complexo
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glicoproteico denominado complexo distrofina-glicoproteina, que estd organizado em
um grupo de proteinas complexas que inclui a actina, a distroglicana, as sintrofinas,
distrobrevinas e as sarcoglicanas (RANDO, 2001; BIGGAN et al., 2002; LAPIDOS et
al., 2004).

3.2.1. Tipos de Fibras Musculares Esqueléticas

A heterogeneidade do musculo esquelético € principalmente evidente quando se
observa a sua organizacdo celular; através dela é possivel constatar que o musculo de
mamiferos, e em especial o humano, € composto por uma populagdo heterogénea de
tipos de fibras musculares. Esta populagdo de tipos de fibras constitui a base da
variedade e qualidade das fun¢des que o musculo pode desempenhar. Além disso, as
fibras musculares podem adaptar-se a alteracdes de demanda, alterando seu tamanho ou
a composi¢do de suas fibras. Esta plasticidade serve como base fisioldgica para as
numerosas intervengdes de fisioterapia destinadas a aumentar o desenvolvimento da
forca e da sustentacdo do paciente. Alteragdes na composi¢do do tipo de fibra de um
musculo também podem ser responsdveis por algumas das alteragdes ou disfuncdes
vistas em pacientes que ficaram sujeitos a grandes periodos de imobilidade, inatividade,
ou desnervagdo do musculo.

Nas ultimas décadas, o nimero de técnicas disponiveis para classificacdo das
fibras musculares aumentou, resultando em varios sistemas de classifica¢do, dependendo
das propriedades analisadas (PETTE e STARON, 1997).

A classificacdo das fibras musculares pode ser feita usando-se técnicas
histoquimicas, bioquimicas, morfolégicas ou fisioldgicas, contudo as classificagdes das
fibras musculares por diferentes técnicas nem sempre sao concordantes.

A diversidade das fibras musculares esqueléticas é decorrente e pode ser
demonstrada de acordo com as suas propriedades contriteis e metabdlicas. Trés grupos
de fibras diferem quanto aos seus tempos de contracido isométrica sendo classificadas
como fibras de contracdo: rdpida (fast), intermedidria (intermediate) e lenta (slow)
(CLOSE, 1967; EDSTROM e KUGELBERG, 1968; KUGELBERG, 1973). Estes trés

tipos foram complementados fazendo uso de experimentos que se baseavam nas
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propriedades de fadiga da fibra muscular, resultando na delineacdo de: fast-fatigable
(fibras de contracdo répida fatigdveis), fast-fatigue resistant (fibras de contracao rédpida,
fatigdveis resistentes) e slow-fatigue resistant (fibras de contragdo lenta fatigdveis)
(BURKE et al., 1971). Esta classificagdo funcional mostra correlacdo com os trés tipos
de fibras classificados histoquimicamente: fast-twitch glycolytic (FG) cujo metabolismo
¢ glicolitico, fast-twitch glycolytic-oxidative (FOG), de metabolismo glicolitico-
oxidativo e slow-twitch oxidative (SO), de metabolismo oxidativo (BARNARD et al.,
1971; PETER et al., 1972).

3.2.2. Desenvolvimento de Tipos de Fibras Musculares

A geracdo (formacdo) de miofibras especializadas, originadas de células
progenitoras especializadas, e a organizacao de esquemas precisos da inervagdo motora,
sdo questdes centrais da biologia do tecido muscular. O tipo de axdnio motor é que
definird o fenotipo da fibra muscular. Na maioria dos musculos, fibras répidas e lentas
estdo misturadas entre si, formando um mosaico. Uma implicacao deste arranjo € que as
unidades motoras estdo misturadas. Todas as miofibras dentro de uma unidade motora
possuem as mesmas propriedades contriteis e metabdlicas (BURKE et al, 1973;
KUGELBERG, 1973; NEMETH et al., 1985). Estas caracteristicas sustentam a hiptese
de que as fibras musculares tém suas propriedades determinadas pelo motoneurénio. A
transformacao das propriedades de um determinado tipo de fibra muscular, por exemplo
de uma fibra de contracdo lenta para uma fibra de contracdo rdpida, é comprovada por
experimentos de inervagdo cruzada, onde a fibra receptora passa a exibir o fenétipo da
fibra original a que pertencia o axdonio motor transplantado. Geralmente, o sistema
nervoso central também instrui a diferenciacdo dos tipos de fibra muscular que ocorre
durante a miogénese ao longo do desenvolvimento (KELLY e RUBINSTEIN, 1994).
Nos estdgios iniciais do desenvolvimento do musculo esquelético de aves, tanto a
formacao das fibras musculares primdrias como a diversidade das fibras sdo processos
independentes de inervacdo. J4 a formacdo das fibras musculares secunddrias e o
crescimento das fibras primdrias e secunddrias sdo processos dependentes de inervagdo

(STOCKDALE e MILLER, 1987).
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3.2.3. ATPase miofibrilar (mATPase)

A ATPase miofibrilar (m-ATPase) é uma técnica histoquimica amplamente
utilizada no reconhecimento dos tipos de fibras e estd relacionada com a velocidade de
contracdo muscular dependente de ATP. Fazendo uso dessa técnica, quatro grupos
maiores de tipos de fibras foram delineados, sendo trés deles de fibras ripidas, tipo 11
(fast) e um de fibras lentas, tipo I (slow) (PETTE e STARON, 1990, 1993;
SCHIAFFINO e REGGIANI, 1994). Os subtipos IIB, IID/X e ITA contém a isoforma
correspondente de cadeia pesada de miosina (myosin heavy chain), MHC-IIb, MHC-
IId/x e MHC-IIa, enquanto o tipo I contém a isoforma MHC-I. Estes quatro tipos
representam populacdes distintas expressando somente uma isoforma de MHC e sdo
consideradas fibras puras (STARON e PETTE, 1987a,b; STARON et al., 1987). Fibras
que contém duas isoformas de miosina combinadas, como por exemplo, MHC-IIb +
MHC-IId/x, MHC-IId/x + MHC-IIa ou MHC-IIa + MHC-I, sdao consideradas fibras
hibridas ou de transi¢do (PIEROBON-BORMIOLI et al.,1981; STARON e PETTE,
1986). Pela combinagdo das técnicas de histoquimica de ATPase miofibrilar (m-
ATPase) com a andlise bioquimica dos tipos de MHC em fibras musculares isoladas
(single fiber analysis) € possivel delinear histoquimicamente estes tipos de fibras
hibridas ou de transicdo (STARON e PETTE, 1986; TERMIN et al., 1989; STARON,
1991; HAMALAINEN e PETTE, 1993; PEREIRA et al., 1995).

Os diferentes tipos de fibras musculares também podem ser distingiiidos por
meio de reacdes histoquimicas para enzimas cujo metabolismo € oxidativo e aerdbico,
por exemplo, succinato desidrogenase (SDH), citocromo oxidase, e nicotinamida
adenina dinucleotideo hidrogénio tetrazdlio redutase (NADH-TR) (PETTE e STARON,
1990).

3.3. Oxido Nitrico

O o6xido nitrico (NO), é uma molécula gasosa, liberada como co-produto do
metabolismo do aminodcido L-arginina para L-citrulina, através de uma reagdo
catalizada por enzimas denominadas 6xido nitrico sintases (NOS). A biossintese de NO

ja foi relatada em diversos tipos de células endoteliais, midcitos, neurdnios, macréfagos,
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mondcitos, neutréfilos, plaquetas e hepatdcitos, entre outros (MONCADA et al., 1991;
NATHAN, 1992; FUKUTO e CHAUDHURI, 1995).

O NO exerce amplo espectro de atividades bioldgicas in vivo, inclusive na
apoptose, citotoxicidade (DRAPIER e HIBBS, 1988; BECKMAN e KOPPENOL,
1996; BRUNE et al, 1998 ab), inflamagdo, dor (CATTELL e JANSEN, 1994),
neurotransmissdo e no téno vascular (FLEMING et al,1996). No sistema
cardiovascular, o NO possui potente acdo vasodilatadora e € responsavel por pelo menos
parte da resposta hipotensora a acetilcolina e a peptideos como a bradicinina. Muitos
efeitos do NO s@o mediados principalmente pela guanosina-3’, 5’-monofosfato ciclico
(cGMP), produzida apds estimulacdo da enzima guanilil ciclase solivel pelo préprio NO
(MONCADA et al., 1991). Além disso, a interacdo de NO com intermedidrios reativos
de oxigénio pode ter um papel importante na modulagdo de respostas vasculares
(BECKMAN e KOPPENOL, 1996; WOLIN et al., 1998).

O NO exerce vdrias fungdes independentes das mediadas pelo cGMP. Tais
funcdes incluem a modulag¢do da sintese protéica (CURRAN et al., 1991), controle de
atividade enzimdtica (TROY er al., 1996) e a regulacdo da expressdo (ativacdo ou
repressdo) de genes para a-actina (KAWADA er al., 1996), citocinas (REMICK e
VILLARETE, 1996), fatores de crescimento (TSURUMI et al., 1997, GUO et al,
1998), moléculas de adesdao (BIFFL et al., 1996; LEFER, 1996; MUROHARA et al.,
1996; KUPATT et al., 1997), proteinas envolvidas em apoptose (BRUNE et al.,
1998a,b), receptores (MICHELSON et al.,, 1996; REMOND et al.,1996; WALLACE e
BOOZE, 1997; ICHIKI et al., 1998; USUI et al., 1998), e enzimas, tais como a
ciclooxigenase-2 (COX-2) (AMIN et al, 1997), citocromos P-450 (KHATSENKO,
1998), metaloprotease de matriz extracelular (LALA e ORUCEVIC, 1998), superéxido
dismutase (BRADY et al., 1997) e a prépria modulacdo da atividade da NOS (CHEN e
MEHTA, 1997).

Substancias andlogas a L-arginina, tais como a L-nitro-arginina (L-NA) (ISHII et
al.,1990; MAGGI er al., 1991), N®-amino-L-arginina (L-NAA), N“-nitro-L-arginina
metil éster (L-NAME) (MOORE et al.,1990), N-iminoetil-L-ornitina (L-NIO) e NE-
monometil-L-arginina (L-NMMA) (MARLETTA et al., 1988) inibem a atividade de
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NOS, tanto in vitro como in vivo, embora existam diferencas na especificidade e
poténcia (FUKUTO e CHAUDHURI, 1995). Os isomeros L sdo inibidores mais efetivos
da NOS do que os isomeros D correspondentes (MONCADA et al., 1997). Entre os
inibidores disponiveis, o L-NMMA e o L-NAME sio ativos por via oral. Outros
compostos ndo derivados da L-arginina, tais como guanidina, imidazéis, 7-nitroindaz6is
e azul de metileno (SOUTHAN e SZABO, 1960), também tém sido descritos como
inibidores da NOS. Neste grupo existem compostos “seletivos” para a NOS, como € o
caso da aminoguanidina que inibe preferencialmente a iNOS (CORBETT et al., 1992) e
o 7-nitroindazol que inibe preferencialmente a nNOS (MOORE et al., 1993). Através do
uso de inibidores de NOS tem sido possivel estudar o papel do NO enddgeno em
diversos eventos fisiopatolégicos. Dentre os inibidores de NOS, destaca-se o L-NAME,
um inibidor amplamente usado devido a potente a¢do inibidora ndo-especifica sobre a
NOS.

A administracdo aguda de L-NAME em diversas espécies animais resulta em
hipertensdo arterial acompanhada por aumento de resisténcia vascular sist€émica,
bradicardia e reducdo do débito cardiaco (GARDINER et al., 1990; RICHARD et al.,
1991; KLABUNDE et al., 1991; VAN GELDEREN et al., 1993; ZAPELLINI et al,
1997), efeitos estes que podem ser revertidos pela administragdo de L-arginina (REES et
al., 1988). De forma semelhante, ratos tratados cronicamente com L-NAME (20
mg/kg/dia) durante até oito semanas desenvolvem hipertensdo prolongada (ARNAL et
al., 1992; BAYLIS et al., 1992; RIBEIRO et al., 1992). As alteragdes hemodinamicas e
morfoldgicas associadas a este modelo de hipertensdo t€ém sido muito estudadas,
principalmente nos tecidos cardiaco (MORENO Jr. et al., 1995, 1997) e renal (ZATZ e
BAYLIS, 1998). No rim e coragdo, a inibi¢@o cronica afeta ndo somente as propriedades
vasculares destes dois 6rgdos, mas também resulta em dano tecidual com necrose
seguido de fibrose. Doses menores de L-NAME (7.5 mg/kg/dia) também sdo eficazes
em inibir a atividade da NOS e causar hipertensdo, porém sem produzir dano

morfoldgico intenso (OLIVEIRA et al., 2000).
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3.3.1. Oxido Nitrico Sintases

Pelo menos trés tipos de NOS sdo reconhecidos: NOS neuronal (nNOS ou NOS
I), NOS endotelial (eNOS ou NOS III) e NOS induzivel iNOS ou NOS II) (TAYLOR et
al., 1998). Os trés tipos de isoformas foram nomeados de acordo com a célula ou tecido
no qual foram originariamente encontradas, ou de acordo com a ordem histdrica na qual
foram purificadas e clonadas (GROZDANOVIC, 2001).

A nNOS e a eNOS sdo enzimas de expressao constitutiva, cuja atividade depende
do complexo Ca**/calmodulina, enquanto a iNOS é uma isoforma induzivel por
citocinas e endotoxinas bacterianas e cuja atividade independe de Ca** (FUKUTO e
CHAUDHURI, 1995). Entretanto, tém sido ultimamente postulado, que os trés tipos de
NOS podem ser consideradas constitutivas, uma vez que a iNOS j4 foi identificada em
tecidos normais, em condig¢des fisioldgicas (PUNKT et al., 2002). Outra corrente afirma
que todos os trés tipos de NOS podem ser também considerados induziveis, ja que sob
condicoes especificas podem aumentar sua expressdo e atividade (GROZDANOVIC,
2001). A nNOS e eNOS liberam baixos niveis de NO por periodos curtos, enquanto a
iNOS produz altos niveis de NO por periodos prolongados de tempo (MONCADA et al.,
1991).

Todas as isoformas de NOS podem ser reguladas por transcricdo, através de
hipéxia. Por exemplo, a express@do da nNOS € aumentada pela lesdo por esmagamento
(RUBISTEIN et al, 1998), atividade muscular (BALON e NADLER, 1997), e
processos de envelhecimento (CAPANNI et al., 1998), ao mesmo tempo decresce apds a
desnervacdo (TEWS et al., 1997). Tanto a eNOS vascular, como a eNOS da musculatura
esquelética, sdo reguladas pelo exercicio cronico (estimulacio) (BALON e NADLER,
1997; TIDBALL et al., 1998). O inicio da expressio da nNOS muscular e da iNOS
coincide com a fusdo dos miotubos em cultura (KALIMAN et al., 1999; LEE et al.,

1994), sugerindo que a expressado € regulada pelo desenvolvimento.

3.3.2. O Oxido Nitrico no Misculo Esquelético
No miisculo esquelético, o NO estd envolvido na regulacdo da contratilidade,

metabolismo  mitocondrial, homeostasia da glicose, e fluxo sangiiineo
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(GROZDANOVIC e BAUMGARTEN, 1999; REID, 1998; STAMLER e MEISSNER,
2001).

A atividade da NOS ¢€ visivel na inibi¢ao da respiracdo mitocondrial no musculo
esquelético (KING et al., 1994 e KOBZIK et al., 1995). O tratamento de musculos com
doadores de NO pode inibir a atividade da ATPase sobre o complexo actomiosina e com
isso, reduzir a for¢ca no misculo esquelético (PERKINS ez al., 1997).

No tecido muscular esquelético a isoforma neuronal da NOS estd associada ao
sarcolema das células musculares, onde estabelece relacdo direta com as proteinas do
citoesqueleto, como a distrofina e as integrinas e, € particularmente abundante nos locais
de contato musculo-tendao (KOBZIK et al., 1995, CHANG et al.,, 1996, GOSSRAU,
1998). Por outro lado, a atividade da nNOS aumenta em decorréncia de atividade
mecanica (TIDBALL et al., 1998) e induz a adicdo de novos sarcomeros as fibras
musculares, o que € importante na funcdo e desenvolvimento do misculo normal, como
também € necessdria no crescimento em comprimento longitudinal do mudsculo, além de
influenciar positivamente as propriedades de forca e velocidade e de forca e
comprimento do mesmo (KOH e TIDBALL, 1999).

A isoforma neuronal (nNOS) € detectada em varios misculos esqueléticos, tanto
em humanos, como em ratos, camundongos e outras espécies (STAMLER e
MEISSNER, 2001).

A eNOS ou isoforma endotelial também estd presente no musculo esquelético
onde esta associada com mitocdndrias (KOBZIK et al., 1995, OHKOSHI et al., 1997); é
uma proteina periférica de membrana, duplamente acilada, que tem como alvo a cavéola
plasmadtica endotelial, através de interacdo com a caveolina-1, uma proteina estrutural da
cavéola (GARCIA et al., 1997) e da cavéola sarcolemal, no coracio, através de interagdo
similar com a caveolina-3 (FERON et al., 1998).

Em musculos esqueléticos de roedores a isoforma endotelial estd distribuida de
forma homogénea entre as fibras de contracdo rdpida e lenta e associada com
mitocOndrias (KOBZIK et al., 1995), também estd relacionada com a respiragdo
mitocondrial e fosforilagdo oxidativa (REID, 1998). Em misculos de humanos, a eNOS

¢é encontrada tanto no endotélio dos grandes vasos como no endotélio dos pequenos e
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micro vasos (FRANDSEN et al.,1996). Estudos imunohistoquimicos detectaram a
presenca da eNOS no endotélio e no tecido perivascular de artérias corondrias
(TAMBASCIA et al.,2001).

A eNOS ¢é um importante vasodilatador e também inibe a adesdo e agregacao
plaquetaria (GROZDANOVIC, 2001).

A atividade da isoforma induzivel (iNOS) varia nos musculos esqueléticos,
dependendo do estdgio da doenca ou espécies animais investigadas. A expressdo da
iNOS torna-se grandemente aumentada em células musculares esqueléticas de pacientes
com faléncia cardiaca cronica (ADAMS et al., 1999; RIEDE et al., 1998), ou com
miopatias inflamatérias autoimunes (TEWS e GOEBEL, 1992), e em animais ou cultura
de células musculares esqueléticas, apds exposi¢cdo ao lipopolissacarideo bacteriano
(LPS), ou a citocinas inflamatérias (BOCZKOWSKI et al., 1996; EL-DWAIRI et al.,
1998).
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3.4. OBJETIVOS

Através dessa breve introducao procurou-se oferecer um breve quadro do tecido
muscular esquelético, no que se refere a aspectos do seu desenvolvimento, da sua
estrutura e plasticidade. Foram apresentados sucintamente, os diferentes tipos de fibras
musculares que constituem um musculo, bem como foram apontados alguns dos
critérios que sao usados para a classificagdo das fibras musculares. Procurou-se também
situar o papel do 6xido nitrico na fisiologia muscular, e fornecer um breve relato acerca
das trés isoformas da 6xido nitrico sintase, todas elas expressas no tecido muscular
esquelético. O crescente interesse despertado pelo papel do 6xido nitrico, como
mensageiro modulador em diferentes processos bioldgicos, € a constatacdo de que o
musculo esquelético é uma das maiores fontes desse gds, foi um ponto importante que

serviu de base para a presente pesquisa.

Tendo em vista que o tecido muscular mostra uma admirdvel capacidade pléstica
de responder a estimulos alterando seu perfil fenotipico, o objetivo do presente trabalho
foi investigar se o tratamento crénico com N“-nitro-L-arginina metil éster (L-NAME)
em ratos, afeta a proporcdo de tipos de fibras musculares nos misculos soleus, um
musculo predominantemente composto de fibras de contracdo lenta e metabolismo
oxidativo, e no extensor digitorum longus, um musculo predominantemente composto
de fibras de contracao répida e metabolismo glicolitico. A drea da seccdo transversal das
fibras e a contagem do nimero de nicleos, como parametros de hipertrofia do tecido, a
determinacdo da expressdo das isoformas da cadeia pesada da miosina de ambos os
musculos, e a expressdao das 6xido nitrico sintases neuronal (n-NOS ou NOS tipo I) e
endotelial (e-NOS ou NOS tipo III), tanto por western blotting como por

imunohistoquimica, foram também investigadas.
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4. ARTIGO 1

Histochemical analysis of soleus and extensor digitorum longus muscles from rats

treated chronically with N®-nitro-L-arginine methyl ester (L-NAME)
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ABSTRACT

Nitric oxide (NO) plays an important role in numerous physiological processes, including muscle
contraction and metabolism. In this work, we used the histochemical mATPase technique and
electrophoresis of muscle extracts to investigate whether the chronic inhibition of NO synthesis affected
the composition and cross-sectional areas of fibers in soleus (SOL), a predominantly slow-twitch oxidative
muscle, and extensor digitorum longus (EDL), a predominantly fast-twitch glycolytic muscle, as well as
the expression of slow and fast myosin isoforms. Treatment with L-NAME did not significantly alter the
percentage of muscle fiber types, except for a slight, but significant decrease in type I fibers of SOL in
rats treated with L-NAME for two weeks. Similarly, the muscle fiber cross-sectional areas were
unaffected, except for hypertrophy of type IID fibers in SOL from rats treated with L-NAME for eight
weeks. There were also no significant changes in the expression of myosin isoforms in SOL and EDL.
These results show that the chronic inhibition of NOS activity does not affect the fiber type and cross-
sectional area, or the expression of myosin isoforms, in rat SOL and EDL muscles, except for type I and

IID fibers in soleus muscle.

Key words: Chronic inhibition, L-NAME, Muscle fiber type, Myosin, Nitric oxide,

Nitric oxide synthase, Rat hindlimb muscle

INTRODUCTION

Myosin consists of two myosin heavy chains (MHC) and two pairs of myosin
light chains. The distal ends of the MHCs have ATP-binding sites, ATPase activity, and
can bind actin to promote muscle contraction. The expression of myosin isoforms has
been correlated with fibers classified as slow- or fast-contracting based on the m-
ATPase histochemical technique (Talmadge and Roy, 1993; Schiaffino and Reggiani,
1994). Slow- and fast-twitch fibers have been identified in skeletal muscle of different
species of vertebrates (Staron and Pette, 1986; Termin et al., 1989; Staron, 1991;
Arguello et al., 2001). Slow fibers express the myosin type I isoform (MHCI)
(Talmadge et al., 2002), whereas fast fibers express three fast myosin isoforms (Ila, 1Ib,
IId), and the respective MHC-containing fibers are of the type 1IA, IIB or IID (Termin et
al., 1989), with the latter fiber type also being referred to as IIX (MHCIIx isoform)
(Pette and Staron, 1990; Schiaffino and Reggiani, 1994, 1996).
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The selective expression of each of these isoforms in a muscle fiber results in
four different types of fibers. Pure fibers express only one myosin isoform whereas
hybrid fibers express two or more myosin isoforms (Pette and Staron, 1993). Based on
the combination of myosin expressed in a given fiber, the following subtypes can be
distinguished: IC (MHCI>MHClIIa), IIC (MHCIIa>MHCI), [TAD (MHCIla>MHCIId),
IIDA (MHCIId>MHCIIa), [IDB (MHCIId>MHCIIb) and IIBD (MHCIIb>MHCIId)
(Pette and Staron, 1993). The existence of different fiber types in the same muscle
allows the muscle to alter its energetic and myofibrillar phenotype in response to stimuli.
This adaptation frequently involves modulation of the expression of myosin isoforms
and other muscle genes (Pette and Vrbov4, 1992).

Recent studies have shown that skeletal muscle is a major source of nitric oxide
(NO) (Maréchal and Gailly, 1999) and expresses all three isoforms of nitric oxide
synthase (NOS), namely, neuronal, endothelial and inducible NOS (nNOS or NOS type
I, eNOS or NOS type III, and iNOS or NOS type II, respectively) (Stamler and
Meissner, 2001). In muscle, NO has a variety of actions that include the regulation of
cell growth (Sheehy et al., 1997), differentiation (Kaliman et al., 1999), migration
(Mason et al., 1999), and apoptosis (Kobzik et al., 1994). Both eNOS and nNOS are
upregulated in skeletal muscle after exercise training (Balon and Nadler, 1997; Perez et
al., 2002; Vassilakopoulos et al., 2003) and electrical stimulation (Reiser et al., 1997;
Folland et al., 2000), and downregulated during muscle disuse or immobilization
(Rudnick et al., 2004). Furthermore, changes in NOS expression and activity may
increase talin and vinculin levels and decrease calpain-mediated talin proteolysis,
thereby modulating the mechanical behavior of skeletal muscle myocytes (Tidball et al.,
1999; Zhang et al., 2004).

In this work, we used m-ATPase activity-based fiber typing and the fiber cross-
sectional area to assess the influence of chronic treatment with the non-selective NOS
inhibitor N®-nitro-L-arginine methyl ester (L-NAME) on the proportion of muscle fiber
types in soleus (SOL), a predominantly slow-contracting muscle, and extensor digitorum

longus (EDL), a predominantly fast-contracting glycolytic muscle, in rats.
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MATERIAL AND METHODS

Animals

Thirty male Wistar rats (150 g at the start of the experiment) were obtained from the Central
Animal House of the State University of Campinas. The rats were housed in standard plastic cages at a
constant temperature of 25°C with free access to food and water. The experiments described here were

done within the guidelines of the Brazilian College for Animal Experimentation (COBEA).

Treatment with L-NAME

The rats received L-NAME (20 mg/rat/day) in the drinking water for two, four and eight weeks
(n=5 rats/period) (Ribeiro et al., 1992). Control rats received tap water. Systemic arterial blood pressure
was measured by a tail-cuff method in conscious rats (Zatz, 1990). Blood pressure was measured before
treatment and then at weekly intervals throughout the experiment. The treatment with L-NAME was
efficacious since the blood pressure in all treated groups was significantly greater than the corresponding
controls: 2 weeks — Control 121 = 7 vs. L-NAME 170 = 11* ; 4 weeks — Control 130 + 9 vs. L-NAME
173 £ 15% ; 8 weeks — Control 125 + 11 vs. L-NAME 178 * 12*.

Fiber typing and determination of cross-sectional area

Frozen muscles (SOL and EDL) were placed in a cryostat at -24 °C for 1 h before processing. The
midportion of the SOL and EDL was cut into 12-um-thick sections and the main fiber types and subtypes
were determined using the mATPase technique (Staron and Pette, 1993) after pre-incubation at pH 4.25
and pH 4.55 for SOL and pH 4.35 and pH 4.55 for EDL (Brooke and Kaiser, 1970), as well as pH 10.5 for
SOL and pH 10.6 for EDL (Guth and Samaha, 1970). The sections pre-incubated at the acidic and alkaline
pHs were examined to determine the number, percentage and cross-sectional areas of the different fiber
types. For SOL, the fiber subtypes determined were I and IC (grouped as I), IIC, ITA and IIAD (grouped
as ITA), and IIDA and IID (grouped as I1ID). For EDL, the fiber subtypes determined were I, IC, IIC plus
half the number of IIAC (grouped as I), half of ITAC, IIA and IIAD (grouped as IIA), IIDA, IID and [IDB
(grouped as IID), and IIBD and IIB (grouped as IIB). Five regions of each muscle section containing
approximately 50 fibers each were selected at random (total of ~250 fibers per rat), captured on computer
using a CCD camera coupled to a light microscope and counted (Image Pro-Plus 4.1, Media Cybernetics).
Since each experimental group consisted of n=5 rats, a total of 750 fibers per group was analyzed, from
which the number of type I, IIA, IID and IIB fibers was determined. In addition, the fiber cross-sectional

2
area (um”) was measured.
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Myosin heavy chain (MHC) analysis

After sections had been collected for histochemistry, 5—15 additional sections (12 um thick) were
collected for biochemical analysis. The sections were placed in 0.5 ml of a solution containing 10% (v/v)
glycerol, 5% (v/v) B-mercaptoethanol and 2.3% (w/v) sodium dodecylsulfate (SDS) in 62.5 mM Tris-HCI
buffer, pH 6.8. The mixture was then shaken (1 min) and heated (10 min) to 60°C. Small portions of the
extract (6 pl) were then run on 7-10% gradient polyacrylamide gels for 20 h at 120 V and stained with 2%
AgNO; in 40% formol (Blum et al., 1987). Myosin heavy chains were identified according to their
apparent molecular masses compared with those of marker proteins. The gels were scanned with an HP
Scan Jet 6100C/T scanner and the percentage of each myosin isoform was determined indirectly using

Scion Image software.

Statistical analysis

The results were expressed as the mean + SD, where appropriate. The densitometric values of the
reactive bands and the percentage and cross-sectional areas of the fiber types were analyzed using the
GraphPad Prism software package. One-way analysis of variance (ANOVA) followed by the Tukey test

was used to compare the treated and control groups. A value of p<0.05 indicated significance.

RESULTS
Fiber type distribution

Figure 1 shows the three main fiber subtypes defined as described in the
Methods. SOL muscle consisted predominantly of slow-twitch type I fibers, with a
small percentage of type IIA and IID fibers (Fig. 1A-C). In contrast, EDL muscle had
predominantly fast-twitch type IID and IIB fibers and a minor percentage of type I and
ITA fibers (Fig. 1D-F).

After two weeks, there was a slight (13.2%) but significant (p<0.05) decrease in
the percentage of type I fibers in SOL of L-NAME-treated rats compared to the controls
SOL, but this difference was no not seen after four and eight weeks. There was a
increase in type IIA fibers of SOL after two weeks of treatment with L-NAME, but this
increase was not significant; there was no change in these fibers after four and eight
weeks of treatment. There were no significant changes in the percentage of type IID

fibers in any of the treatment intervals (Fig. 2A).
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There were no significant changes in any of the fiber types in EDL muscle after
up to eight weeks of treatment with L-NAME (Fig. 2B). However, compared to the
fibers in SOL, there was greater variation in the percentage of each fiber type present, as

shown by the greater distribution of the error bars.

Cross-sectional area

There were no significant differences in the cross-sectional areas of type I and
ITA fibers of SOL muscle from control and L-NAME-treated rats. However, type 11D
fibers showed a significant increase in cross-sectional area after eight weeks of treatment
compared to the corresponding controls (Fig. 3A). There were no significant changes in
the cross-sectional areas of the fibers in EDL muscle in any of the L-NAME-treated

groups compared to the corresponding controls (Fig. 3B).

MHC analysis

The SOL muscle showed the typical predominant expression of the MHC I
isoform, followed by the MHC Ila isoform. The MHC IId isoform was not seen in the
control or treated rats. In EDL muscle, the IIb isoform typically predominated over 11d
and Ila isoforms. Densitometric analysis showed that there were no significant changes

in the expression of the the MHC isoforms of these two muscles (Fig. 4).

DISCUSSION

The expression of specific MHC isoforms in a given skeletal muscle fiber
influences the fiber’s contractile and histochemical characteristics. Changes in the
phenotypic profile require the expression of MHC specific genes. Pette ef al. (1999)
described the various methods used to study myosin and the expression of MHC
isoforms, including the histochemical analysis of ATPase activity to assess the globular
portion of myosin and electrophoresis to evaluate the expression of myosin isoforms.
Unlike phenotypic transitions triggered by changes in motor innervation, hormone
levels, electrical stimulation, mechanical stimuli (exercise, overloading or unloading),

disuse, partial or total immobilization, and aging (reviewed by Pette and Staron, 1997
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and Talmadge, 2000), chronic treatment with L-NAME did not alter the phenotypic
profile of muscle fiber types, except for fiber type I in SOL.

As shown here, chronic treatment with L-NAME produced a slight but
significant decrease in the percentage of type I fibers in SOL after two weeks, and a
significant increase in the cross-sectional area of the type IID fibers after eight weeks,
but with no other significant changes in the other time intervals studied, or in relation to
other fiber types of SOL and EDL. The treatment with L-NAME was efficacious since
all treated rats developed hypertension (see Methods), indicating inhibition of NOS.
Nevertheless, the expression of eNOS and nNOS, as assessed by western blotting and
immunohistochemistry, was unchanged (Ito et al., unpublished results).

These findings agree with a report by Smith er al. (2002) who studied the
adaptation of muscle in rats to chronic overload, in the absence and presence of chronic
treatment with L-NAME. These authors found no significant differences in the cross-
sectional areas of muscle from unloaded groups in the absence and presence of L-
NAME, in the MHC composition and in the percentage of type I, IIA and IIB/X fibers in
plantaris muscle. Significant differences were seen only in rats submitted to overload
plus L-NAME, with the parameters affected being the percentage of type I fibers, the
expression of MHC 1, Ila and IIb, and the cross-sectional areas of type I and IIB/X
fibers. These authors concluded that NO signaling in skeletal muscle represented a
mechanosensitive pathway for modulating muscle phenotype. The suggestion that NOS
is a putative mechanosensor in skeletal muscle (Smith et al., 2002) is supported by the
observation that this tissue is one of the richest sources of NO in mammals (Kobzik et
al., 1994), with eNOS and nNOS being calcium-dependent and occurring at high levels
(Morrison et al., 1996; Stamler and Meissner, 2001). In addition, the expression of these
enzymes may be modulated by exercise training (Balon and Nadler, 1997), electrical
stimulation (Reiser et al., 1997), and the degree of loading (Roberts et al., 1999; Tidball
et al., 1998).

The chronic administration of L-NAME to rats reduces blood flow to muscle,
presumably by inhibiting eNOS (Wilson and Kapoor, 1993; Hirai et al., 1994; Hickner

et al., 1997). The decrease seen in type I fibers of SOL muscle after two weeks of
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treatment with L-NAME may have reflected an initial response to a reduced blood flow
since these fibers are slow-contracting fibers that depend on oxidative metabolism. An
initial decrease in blood flow could have affected these fibers, causing slow-to-fast
transition in the SOL muscle, whereas the lack of such an effect after four and eight
weeks may indicate an adaptive response to the chronic absence of NO.

Chronic treatment with L-NAME also did not significantly alter the expression of
the myosin isoforms or the cross-sectional areas of the different fiber types, except for
type IID fibers, the cross-sectional area of which increased after eight weeks of
treatment. IID fibers are usually very rare in SOL and represent only 3-5% of the total
muscle fibers under normal conditions. The increase in the cross-sectional area of these
fibers after eight weeks suggested that they were affected by NO deprivation, the
explanation of which remains obscure. We speculate that since type IID fibers are fast
fiber types they are target when NO synthesis is chronically blocked, because nNOS in
enriched in fast muscle fibers where NO modulates the development of contractile force
(Kobzik et al.,1994). However, Smith et al., (2002) failed to correlate NOS activity and
skeletal muscle hypertrophy, unless chronic overload is combined with blockade of NOS
activity. On the other hand, the reduced blood flow caused by the chronic treatment with
L-NAME would not alter the percentage of the typical fiber types of EDL muscle, nor
the cross sectional area of these fibers, because this muscle is genetically adapted to a
glycolytic metabolism.

Together, these results indicate that the chronic inhibition of NO biosynthesis by
L-NAME did not alter the fiber type, fiber cross-sectional area and myosin isoform
expression in rat SOL and EDL muscles, except for type I fibers and type IID fibers in
soleus muscle. That decline of blood flow caused by the deprivation of NO may explain
the decrease of fibers type I is also supported by both the marked increased (72%,
although not significant ought to individual variability) of fibers type IIA after two
weeks treatment, and the tendency of increasing MHC- Ila in SOL after four and eight
weeks. In agreement, MHC-I decreasing tendency after two weeks of L-NAME

treatment gives support to such hypothesis.
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Figure 1: Serial cross-sections of SOL and EDL muscles assayed for myofibrillar ATPase after
preincubation at pH 4.55 (A, D), pH 10.5 (B), pH 10.6 (E), pH 4.25 (C) and pH 4.35 (F). The fiber types
are indicated as I, IC, ITIA, IID and IIB (types I, IC, ITA, IID and IIB, respectively). Bar = 1 um, for all

panels.
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Figure 2: Percentage of fiber types in SOL (A) and EDL (B) muscles from rats treated with L-NAME for
two, four and eight weeks. In SOL, there was a significant decrease in the percentage of type I fibers after
two weeks of treatment while in EDL there were no significant changes in the percentage of fiber types in
any of the L-NAME-treated groups compared to the corresponding controls. The columns are the mean +

S.D. of five rats each.
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Figure 3: Cross-sectional areas of fiber types in SOL (A) and EDL (B) muscles from rats treated with L-
NAME for two, four and eight weeks. In SOL, there was a significant increase of the cross-sectional area
of type IID fibers after eight weeks of treatment, while in EDL there were no significant changes in the
cross-sectional areas of the different fiber types in any of the L-NAME-treated groups compared to the

corresponding controls. The columns are the mean + S.D. of five rats each.
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Figure 4: MHC expression in SOL (A) and EDL (B) muscles from rats untreated (2C, 4C, 8C) and treated
with L-NAME (2T, 4T, 8T) for two, four and eight weeks. There were no significant differences in the
expression of MHC isoforms in the two muscles studied. SOL contained predominantly MHC I and Ila
isoforms, whereas EDL had MHC IIb, IId and Ila isoforms. The columns are the mean + S.D. of five rats

each.
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5. ARTIGO 2

Chronic treatment with N®-nitro-L-arginine methyl ester (L-NAME) does not
affect the expression of nitric oxide synthase in rat soleus and extensor digitorum

longus muscles
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ABSTRACT

Skeletal muscle produces large amounts of nitric oxide (NO) that may be involved in the
regulation of muscle metabolism and contractile activity. In this study, we examined the influence of the
chronic administration of N®-nitro-L-arginine methyl ester (L-NAME) (20 mg/rat/day) to rats for up to
eight weeks on the expression of endothelial and neuronal nitric oxide synthases (eNOS and nNOS,
respectively) in soleus (SOL) and extensor digitorum longus (EDL) muscles. Treatment with L-NAME
significantly increased the arterial blood pressure at all intervals, but produced no significant change in the
expression and distribution of the NOS isoforms, as assessed by western blotting and
immunohistochemistry. There were also no changes in the number of muscle fiber nuclei, used as an
indicator of fiber hypertrophy. These results indicate that the chronic inhibition of NOS activity does not

affect the expression and distribution of eNOS and nNOS in these rat skeletal muscles.

Key words: N®-nitro-L-arginine methyl ester, Nitric oxide synthase I and III, Rat

hindlimb muscle

INTRODUCTION

Nitric oxide (NO), a free radical gas generated by the enzyme nitric oxide
synthase (NOS), is involved in numerous physiological processes, including leukocyte-
endothelial cell interactions, blood flow, glucose uptake, glycolysis, mitochondrial
respiration and muscle contraction (Kobzik et al., 1994, Maréchal and Gailly, 1999,
Stamler and Meissner, 2001). NO is also involved in various pathophysiological
conditions. De-regulation of nNOS in brain has been associated with glutamate receptor
overactivity and neuronal damage in animal models of stroke (Dawson et al., 1992). In
contrast, mutant mice lacking nNOS are relatively resistant to neuronal damage
following focal cerebral ischemia (Huang et al., 1994). Three isoforms of NOS (two
constitutive and one inducible) are currently recognized (Stamler and Meissnet, 2001,
Punkt et al., 2002). Endothelial and neuronal NOS (eNOS and nNOS or Types III and I,
respectively), the two constitutive forms, were originally characterized in endothelial
cells and neurons, respectively (Brenman et al., 1995), although both are also expressed

in other cell types. eNOS contributes to the endothelium-dependent relaxation of blood

47



vessels, while nNOS modulates diverse physiological cellular processes in neurons,
epithelial cells, mesangial cells, and skeletal muscle cells.

In many cell types, including neurons, nNOS immunoreactivity is detected in the
rough endoplasmic reticulum, mitochondria and specialized electron-dense synaptic
membrane structures, while in skeletal muscle nNOS is associated with the sarcolemma
(Kobzik et al., 1994), and with the neuromuscular junction and mitochondria (Kobzik et
al., 1995, Reid, 2001, for review, see Grozdanovic and Baumgarten, 1999). eNOS is
associated with endothelial membrane and skeletal muscle mitochondria (Kobzik et al.,
1995). nNOS is expressed at higher levels in human (Nakane et al., 1993) and rat
(Kobzik et al., 1994) skeletal muscle than in brain. In mature skeletal muscle, nNOS is
enriched in fast-twitch muscle fibers, where NO modulates the development of
contractile force (Kobzik et al., 1994). Inhibition of NOS by treating rats with N®-nitro-
L-arginine methyl ester (L-NAME) causes a progressive severe reduction in walking
speed, walking velocity, and muscle cross-sectional area and mass (Wang et al., 2001).
nNOS activity is dramatically reduced in the sarcolemma of dystrophin-deficient muscle
from humans and mdx-mice, a dystrophic mouse model (for review see, Stamler and
Meissner, 2001, Marques, 2004). In mdx mice, exogenous NO reduced the severity of
dystrophy and promoted muscle growth and repair (Wehling et al., 2001, Anderson and
Vargas 2003).

Prolonged treadmill training increases the protein expression of nNOS and eNOS
in soleus muscle homogenates (Balon and Nadler, 1997), whereas chronic (three weeks)
electrical stimulation of the tibialis anterior and extensor digitorum longus muscle of
rabbits increased the nNOS activity and protein levels by two-fold (Reiser et al., 1997).
Changes in muscle activity and mechanical load affect fiber composition, nNOS
expression, and NO production (Tidball et al., 1998; Smith et al., 2002).

In this work, we used western blotting and immunohistochemistry to investigate
the expression of nNOS and eNOS in the soleus (SOL, slow-twitch, predominantly
oxidative) and extensor digitorum longus (EDL, fast-twitch predominantly glycolytic)
muscles of rats treated with N”-nitro-L-arginine methyl ester (L-NAME) for up to eight

weeks. This work complements an investigation in which we used m-ATPase-based
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histochemistry and the electrophoretic profiles of myosin heavy chain (MHC) isoform
expression to assess the fiber-type transition in these muscles after long-term treatment

with L-NAME.

MATERIAL AND METHODS

Animals

Thirty male Wistar rats (150 g at the start of the experiment) were obtained from the Central
Animal House of the State University of Campinas. The rats were housed in standard plastic cages at a
constant temperature of 25°C with free access to food and water. The experiments described here were

done within the guidelines of the Brazilian College for Animal Experimentation (COBEA).

Treatment with L-NAME

The rats received L-NAME (20 mg/rat/day) in the drinking water for two, four and eight weeks
(n=5 rats/period) (Ribeiro et al., 1992). Control rats received tap water. Systemic arterial blood pressure
was measured by a tail-cuff method in conscious rats (Zatz, 1990). Blood pressure was measured before
treatment and then at weekly intervals throughout the experiment. The rats in all groups were also

weighed on the same day as the blood pressure measurements were taken.

Tissue collection

At the end of each interval of treatment, control and L-NAME-treated rats were anesthetized with
urethane (1 g/kg body weight, i.p.) then perfused transcardially with heparinized 0.9% NaCl. The SOL and
EDL muscles were quickly dissected from the right hindlimb, embedded in tragacanth gum and
immediately frozen in isopentane cooled to -159 °C in liquid nitrogen. The tissues were then stored at -70

°C until processed.

Western blotting

Muscles (SOL and EDL) were homogenized in an extraction cocktail (10 mM EDTA, 2 mM
PMSF, 100 mM NaF, 10 mM sodium pyrophosphate, 10 mM NaVOy, 10 uL of aprotinin/mL and 100 mM
Tris, pH 7.4). The homogenates were centrifuged at 3,000 g for 10 min and the supernatants collected and
stored at -70°C until used for immunoblotting. Protein concentrations were determined with a Bio-Rad
protein assay kit. Aliquots of SOL (50 pg) and EDL (50 ug) were applied to 8% or 10% polyacrylamide
gels (Hames, 1990). After SDS-PAGE, the proteins were transferred to a nitrocellulose membrane by
electroblotting (Towbin et al., 1979), and the membrane then blocked for 1 h at room temperature (RT)
in Tris-buffered saline (TBS, pH 7.4) containing 0.05% Tween 20 with 5% non-fat milk. The blots were
incubated overnight at 4°C with polyclonal anti-nNOS (NOS I) or monoclonal anti-eNOS (NOS III)
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antibodies (both diluted 1:1000 in TBS; Transduction Laboratories, Lexington, KY). The membranes
were subsequently rinsed six-times (10 min each) in TBS and then incubated with the respective HRP-
conjugated secondary antibody (Sigma or Amersham) (diluted 1:1000-1:2000 in TBS) for 1 h at RT. After
rinsing in buffer, the immunoreactive bands were detected by chemiluminescence (Super Signal, Pierce)

using X-ray film (Kodak). Densitometric analysis were done using Scion Image software.

Immunohistochemistry

NOS expression in muscles from control and L-NAME-treated rats was also assessed by
immunohistochemistry using tissues obtained as described above. Cryostat cross-sections (12 um thick)
were collected on silane-coated glass slides, air dried and fixed in cold acetone (4°C) for 4 min at RT. The
sections were washed in 0.05 M Tris-buffered saline, pH 7.4 (TBS) for 5 min at RT. To quench
endogenous peroxidase activity, sections were treated with methanol containing 0.3% H,O, for 30 min at
RT, after which they were rinsed four times with TBS (5 min each). Non-specific sites were blocked with
TBS containing 5% non-fat milk at RT for 1 h. The sections were then incubated at 4°C overnight with
primary antibodies to nNOS or eNOS (diluted 1:30 in TBS containing 1% non-fat milk; Santa Cruz
Biotechnology). After washing in TBS, the bound primary antibodies were detected by incubating the
sections with biotinylated antibody (Santa Cruz Biotechnology) (diluted 1:4 in serum blocking solution)
for 30 min at RT, followed by washing in TBS and incubation with HRP-streptavidin (Santa Cruz
Biotechnology) for 30 min at RT. The sections were subsequently washed four times in TBS (5 min each).
The reaction was developed using 3,3-diaminobenzidine (DAB, Sigma) and stopped with distilled water.
The slides were counterstained with Harris’ hematoxylin, mounted with Permount and examined by light

microscopy. For negative controls, the primary antibodies were omitted.

Counting of muscle fiber nuclei

The sections of SOL and EDL muscle used for NOS immunohistochemistry were also used to
count the muscle fiber nuclei. In these sections, the nuclei were stained blue and were easily
distinguishable and countable. Quantification was done by counting the nuclei from 25 fibers (from
control and L-NAME-treated rats) in ten non-overlapping areas to give a total of 250 fibers per treatment

interval (two, four and eight weeks).

Statistical analysis

The results were expressed as mean + SD, where appropriate. The densitometric values of the

immunoreactive bands (NOS expression) were analyzed using the GraphPad Prism software package.
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One-way analysis of variance (ANOVA) followed by the Tukey test was used to compare the control and

treated groups. A value of p<0.05 indicated significance.

RESULTS

Arterial blood pressure and body weight measurements

Table 1 shows that there was a significant increase in blood pressure in all of the
L-NAME-treated groups compared to the corresponding controls. In contrast, there
were no significant differences in the body weights between control and treated rats in

any of the treatment intervals.

Western blot analysis
Figure 1 shows that although there were slight fluctuations in the levels of
expression of eNOS and nNOS in rat SOL and EDL muscle, there were no significant

differences between control and L-NAME-treated groups at any of the time intervals.

Immunohistochemical analysis

Figures 2 shows the immunolabeling patterns of eNOS and nNOS in SOL and
EDL, respectively, after four weeks of treatment. Both NOS isoforms were localized in
the subsarcolemmal region, and the labeling was stronger for nNOS than for eNOS.
Light microscopy resolution did not permit distinguish if eNOS immunolabeling
underneath sarcolemma were due to the subsarcolemmal mitochondria population.
However, there were no consistent differences in the intensities of labeling between
control and L-NAME-treated rats. Similar findings were obtained for two and eight

weeks (not shown).
Muscle fiber nuclei

Table 2 shows that were no significant differences in the number of nuclei

between control and L-NAME-treated rats in either the SOL or EDL.
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DISCUSSION

Skeletal muscle is one of the richest sources of NO in mammals and the NO
produced has an important role in modulating muscle function (for reviews, see
Maréchal and Gailly, 1999, Grozdanovic, 2001 and Stamler and Meissner, 2001). The
chronic inhibition of NOS activity by inhibitors such as L-NAME has shown that NO
has an important role in regulating blood pressure (reviewed in Zatz and Baylis, 1998).
Other functions attributed to NO include the modulation of neuromuscular transmission,
muscle contraction force, mitochondrial respiration and glucose metabolism (Reid,
1998, Maréchal and Gailly, 1999).

The chronic administration of L-NAME to rats reduces blood flow to muscle,
presumably by inhibiting eNOS (Wilson and Kapoor, 1993, Hirai et al., 1994, Hickner
et al., 1997), increases the force developed during slow-twitch contractions (King-
Vanvlack et al., 1995), inhibits the contraction-induced uptake of glucose and the
translocation of glucose transporter (GLUT-4) to the plasma membrane (Roberts et al.,
1997), reduces inflammation and muscle necrosis following hindlimb unloading and
reloading (Pizza et al., 1998), stimulates the addition of sarcomeres in rats following
long-term immobilization (Koh and Tidball, 1999), decreases muscle weight, fiber
cross-sectional area and walking speed (Wang et al., 2001), is involved in overload-
induced skeletal muscle hypertrophy (Smith et al., 2002), reduces constitutive protein
synthesis in muscle fibers (Rajendram et al., 2003). Of these various studies, only two
measured the activity of the NOS following blockade with L-NAME and observed a
marked decrease (Wang et al, 2001, Smith er al., 2002). None of these studies
investigated the expression of NOS isoforms following blockade of activity by L-
NAME.

Smith et al. (2002) found no difference in the muscle mass, total protein
concentration and cross-sectional area of plantaris fibers after treatment with L-NAME.
However, Ito et al.,(unpublished results) found decreased percentage of type I fibers and
increased cross-sectional area of type IID fibers in rat soleus muscle after two and eight
weeks of L-NAME treatment, respectively. As shown here, the expression of eNOS and

nNOS in rat SOL and EDL muscles was unaltered by treatment with L-NAME for up to
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eight weeks, even though the increase in blood pressure indicated that the treatment had
been effective. Immunohistochemistry showed the typical subsarcolemmal localization
for nNOS (Kobzik er al., 1994) and, less conspicuously, as scattered dots among the
myofibrils. eNOS presented similar pattern, but it was impossible to define whether
reactivity referred to sarcoplasmic areas where mitochondria were distributed in the
fibers. However, the alterations in expression were not consistent. The lack of change
in the number of fiber nuclei also suggested that there was no muscle fiber hypertrophy.
Together, these results indicate that the chronic inhibition of NO production by L-
NAME did not alter the expression of nNOS and eNOS in rat SOL and EDL muscles.
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Table 1. Body weight (g) and arterial blood pressure (mmHg) in the different groups of
rats.

Treatment 2 weeks 4 weeks 8 weeks

BWT ABP BWT ABP BWT ABP

Control 263 + 18 121 +7 319+21 130+9 392 +18 125+ 11
L-NAME 233 +21 170+ 11* 301 £ 25 173 £ 15*% 365 +22 178 + 12*

The values are the mean = SD of 15 rats/group; BWT- body weight; ABP — Arterial blood pressure; L-
NAME — N°-nitro-L-arginine methyl ester; *p< 0.05 compared to control (untreated) rats.
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Figure 1: eNOS and nNOS expression in SOL (A) and EDL (B) muscle as determined by western
blotting. There was no significant difference in the expression of the NOS isoforms in control and L-
NAME-treated muscles at any of the time intervals (2, 4 and 8 weeks). The columns are the mean = S.D.

of five rats each.
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Figure 2: Immunohistochemical detection of eNOS and nNOS expression and distribution in
SOL (A-D) and EDL (E-H) from control and L-NAME-treated (4 weeks) rats. The treatment
with L-NAME enhanced immunolabeling of eNOS in SOL ad nNOS in EDL, where decreased
immunolabeling of eNOS in EDL and nNOS in SOL, when compared to matched controls. The
tissue sections were processed and stained as described in Methods. Muscle fiber nuclei are
stained blue and NOS isoforms appear as finely scattered spots, or especially as a thin line in the
subsarcolemmal region. Similar findings were obtained for two and eight weeks of treatment

with L-NAME (not shown). Bar = 10 um, for all panels.
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Table 2. Number of muscle fiber nuclei in the different groups of rats.

Treatment 2 weeks 4 weeks 8 weeks
SOL EDL SOL EDL SOL EDL
Control 50+7 45+3 49+5 47 +5 47+ 6 43 +9
L-NAME 55+9 506 55+6 42 +8 44+ 6 44 + 8

The values are the mean + SD; SOL — Soleus; EDL — Extensor digitorum longus; L-NAME - N®-nitro-L-
arginine methyl ester. There was no significant difference in the number of mucle fiber nuclei between

control and L-NAME treated rats at any of the teatment intervals (n= 250 fibers/period).
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6. CONCLUSOES

O presente trabalho permitiu verificar que a administracdo cronica de L-NAME

em ratos Wistar adultos jovens, machos, por duas, quatro e oito semanas, causou:

SOLEUS

EDL

Diminuicao significativa (p<0.05) do nimero de fibras do tipo I apdés duas semanas
(com subseqiiente e gradual recupera¢do apds quatro e oito semanas, sem, contudo,
atingir os niveis normais),

Aumento de 72% de fibras tipo IIA, porém ndo significativamente, devido a
variabilidade individual,

Aumento significativo (p<0.05) da drea de sec¢do transversal das fibras tipo 11D,

Nao alterou a expressdo das MHC-1 e MHC-IIA,

Nao alterou a expressdo das e-NOS e n-NOS, bem como a sua imunolocalizagao,

Nao alterou o niimero de nticleos das fibras em qualquer dos periodos de tratamento,

Aumento, porém ndo significativamente, das fibras tipo IIB, que sdo predominantes
neste musculo, apés duas semanas de tratamento com L-NAME,

Nao alterou a expressdo das isoformas MHC-I, -1IB e —IID,

Nao alterou a expressao das e-NOS e n-NOS, bem como a sua imunolocalizagao,

Nao alterou o nimero de nicleos das fibras em qualquer dos periodos de tratamento,

E, considerando-se, que:

Todos os animais desenvolveram significativa hipertensao em todos os periodos de

tratamento,

temos como:

Conclusoes especificas:

O tratamento cronico com L-NAME foi efetivo e houve inibicdo ou diminuicdo

importante da sintese do fator de relaxamento vascular, o 6xido nitrico (NO),
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A deficiéncia de NO teve como alvo no soleus, sua fibra predominante, a fibra tipo I,
diminuindo significativamente a sua propor¢do apds duas semanas de tratamento. Uma
vez que este tipo de fibra depende de metabolismo oxidativo, a diminuicdo do fluxo
sangiiineo decorrente da deficiéncia de NO, afetaria a expressdo fenotipica das fibras
tipo I, passando-as de contracfio lenta para rapida. O aumento de 72% (embora ndo
significativo) das fibras tipo IIA no soleus apds duas semanas, e a leve tendéncia de
aumento da expressio da MHC-Ila apds quatro e oito semanas, dao suporte a esta
conclusdo. Da mesma forma, a tendéncia de diminuic¢do da expressao da isoforma MHC-
I, corrobora os dados relativos a diminui¢cdo da porcentagem de fibras tipo I, apds duas
semanas de tratamento. A recuperacdo gradual, porém incompleta, observada apds
quatro e oito semanas sugere adaptacdo do musculo e confirma sua plasticidade.

As fibras tipo IID do soleus, o tipo de fibra menos freqiiente neste miisculo (3 a 5%) sdo
mais sensiveis a defici€ncia cronica de NO respondendo com aumento da drea seccional
transversal (hipertrofia). Embora a literatura relate aumento (hipertrofia) da &rea
seccional de fibras por conta de estimulos diversos, a explicacdo para o fendmeno néao
existe, e, no presente caso, também ndo estd claro o serem as fibras tipo IID a

responderem a falta de NO.

Conclusao geral:

Uma vez que o mesmo estimulo, isto &, a deficiéncia de NO, reduz significativamente as
fibras tipo I do soleus, mas ndo altera a porcentagem das fibras IIA e IID do mesmo
musculo, e da mesma forma ndo altera a porcentagem de qualquer dos tipos de fibras do
EDL, conclui-se que o mesmo padrio de estimulo resulta em diferentes respostas do
soleus e do EDL, e mesmo do mesmo tipo de fibra, dependendo do musculo onde estio
inseridas. Uma vez que a expressdo das isoformas da cadeia pesada da miosina (MHC)
parece ser principalmente regulada ao nivel transcricional (Izumo et al., 1986), os
resultados presentes sugerem que os isogenes para as MHCs poderiam ser “ligados”ou
“desligados” em decorréncia do padrdo de atividade e de uma maneira tipo-de-musculo-
especifica e tipo-de-fibra-especifica. Em conclusdo, as diferentes respostas do soleus e
do EDL frente ao mesmo estimulo aponta para propriedades intrinsicamente diferentes

entre o musculo “lento” e o muasculo “rdpido”.
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