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RESUMO

A distrofia muscular de Duchenne ¢ caracterizada pela falta de distrofina, proteina
estrutural do sarcolema que promove a sua estabilizagdo. Em auséncia de distrofina, ocorre
aumento da permeabilidade ao calcio e conseqliente mionecrose. No camundongo
distréfico mdx, os musculos extra-oculares (EOM) ndo apresentam mionecrose, sendo
protegidos da falta de distrofina. Este fato os torna importantes para a maior compreensao
dos mecanismos da patogénese da distrofia muscular. No presente trabalho verificamos se
alteracdes nos niveis das proteinas calsequestrina ¢ SERCA1, reguladoras do calcio, e B-
distroglicana (B-DG), pertencente ao complexo distrofina-glicoproteinas, podem se
relacionar a prote¢do contra a mionecrose dos EOM de animais distroficos. Utilizamos as
técnicas de immunoblotting e imunofluorescéncia e observamos que os EOM de animais
distréficos apresentaram aumento significativo no conteudo das proteinas calsequestrina e
SERCA1, bem como aumento significativo da B-distroglicana. Musculos distréficos nao
protegidos (tibial, gastrocnémio, séleo, esternomastdide e diafragma) apresentaram
diminui¢do no contetdo destas proteinas em relagdo aos controles. Nao foram observadas
alteragcdes na localizagdo da utrofina, decorrente da falta da distrofina. Sugerimos que o
aumento da B-DG nos EOM de animais distroficos possa auxiliar na integridade do
sarcolema e, conseqiientemente, na prote¢do das fibras musculares. J& o aumento das
proteinas ligadas ao Ca>" nos EOM mdx poderia ajudar na rapida remocdo do excesso de
calcio, resultando na manutencao da sua homeostase e prote¢do a mionecrose. Os resultados
obtidos nos demais musculos distréficos confirmam que distirbios no tamponamento do

calcio podem estar envolvidos na distrofia muscular.



ABSTRACT

Duchenne muscular dystrophy is one of the most common hereditary diseases.
Abnormal calcium ion handling renders dystrophic muscle fibers more susceptible to
necrosis. In the mdx mice, extraocular muscles (EOM) are protected and do not undergo
myonecrosis. We investigated whether this protection is related to an increased expression
of calcium-binding proteins, which may protect against the elevated calcium levels seen in
dystrophic fibers. The expression of SERCA1 and calsequestrin was examined in EOM and
in non-spared limb, diaphragm and sternomastoid muscles of control and mdx mice using
immunofluorescence and immunoblotting. Dystrophic EOM presented a significant
increase in the proteins studied, and a significant increase in B-dystroglycan expression.
These proteins were reduced in the non-spared mdx muscles. The were no changes in
utrophin distribution. The increase of Ca”’-handling proteins in dystrophic EOM may
permit a better maintenance of calcium homeostasis, with the consequent absence of
myonecrosis. The results further support the concept that abnormal Ca’"-handling is

involved in dystrophinopaties.
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1. INTRODUCAO



Introducao 2

As distrofias musculares sdo miopatias primdrias progressivas geneticamente
determinadas. A distrofia muscular de Duchenne (DMD) é considerada a mais comum e
devastadora das distrofias musculares. E uma doenca recessiva ligada ao cromossomo X
que acomete um a cada 3500 homens nascidos vivos (ENGEL et al., 1994). Entre 2 ¢ 5
anos de idade comeca a fraqueza muscular progressiva, levando a morte prematura em
torno de 20 anos por faléncia cardiaca ou respiratéria (ALDERTON & STEINHARDT,
2000).

Os camundongos distréficos da linhagem mdx (X-linked muscular dystrophy;
BULFIELD et al., 1984; GROUNDS et al., 2008) possuem, tal como humanos portadores
de distrofia muscular progressiva, altos niveis séricos de piruvato kinase e creatina kinase,
bem como auséncia de distrofina, proteina estrutural do sarcolema, que desempenha papel
importante na manutencao de sua estabilidade (HOFFMAN et al., 1987; BONILLA et al.,
1988).

A distrofina faz parte de um complexo de proteinas e glicoproteinas que estabiliza e
previne a formacdo de falhas no sarcolema durante os ciclos de contracdo e relaxamento
muscular, mantendo assim a integridade da fibra muscular (ENGEL et al, 1994;
GRANOLINI & JASMIN, 1998; HACK er al, 2000). Porém sua auséncia modifica a
expressao de vdrias outras proteinas deste complexo (DURBEEIJ et al., 2000; HACK et al.,
2000; GALBIATI et al., 2001; RANDO et al., 2001). A deficiéncia da distrofina resulta na
alteracdo da permeabilidade da membrana, facilitando a entrada de grandes quantidades de
Ca™" nas fibras musculares, levando-as a degeneraciio (TURNER et al., 1993; ALDERTON

& STEINHARDT, 2000).



Introducao 3

O influxo excessivo de cdlcio na fibra muscular, bem como distirbios na sinaliza¢ao
do célcio intracelular estdo provavelmente envolvidos na distrofia muscular
(BERCHTOLD et al., 2000; TIDBALL e SPENCER 2000; WHITEHEAD et al., 2006). As
principais vias de entrada de Ca™ para o sarcoplasma é o receptor dihidropiridina (DHPR)
tipo L, localizado na membrana dos tdbulos transversos (Figura 1). O potencial de agdo
gerado pelos DHPRs ativa os receptores rianodina (RyR) que liberam Ca*™" do reticulo
sarcoplasmatico (RS) para o citosol. O aumento do [Ca™"]i leva a ativacdo de protefnas e
conseqiientemente contracdo da fibra. O relaxamento ocorre em decorréncia da diminui¢ao
do [Ca™]i que poder4 ser levado para fora da fibra muscular pela bombas Ca™"-ATPase da
membrana plasmdtica (PMCA) ou retornar para dentro do RS pela bomba Ca™*-ATPase do
reticulo sarcoplasmatico (SERCA) (ROSSI e DIRKSEN, 2006). O Ca™ bombeado pela
SERCA para o limem do reticulo sarcoplasmatico serd seqiiestrado pela calsequestrina
(CSQ), principal proteina de tamponamento e estocagem de Ca™ desta organela. Além
disso, a CSQ parece regular a liberagio do Ca™ para fora do RS através dos receptores
rianodina, permitindo niveis normais de cdlcio no citosol (Figura 1) (MacLENNAN et al.,
2000b; BEARD et al., 2002).

A [Ca™]i elevada ativa proteases como a calpaina, que ativa os canais de Ca™ do
tipo leak (ALDERTON e STEINHARDT, 2000). A ativacdo de canais leak leva a um
influxo continuo de Ca™ (FONG et al., 1990; TURNER et al.,1991; TURNER et al.,1993),
com conseqiiente aumento na [Ca™"]i e ativacdo de diferentes vias degenerativas, que levam

a mionecrose (TIDBALL e SPENCER, 2000).
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Figura 1. Diagrama esquemadtico da regulagdo de fons intracelular (Ca*") em uma fibra muscular
esquelética distrofica. As setas continuas indicam a movimentacdo de célcio intracelular; as setas
pontilhadas indicam vias de regulagdo do Ca™. Em resposta a despolariza¢do do sarcolema, os
canais de calcio tipo-L (L), localizados nos tibulos (TT) permitem a entrada de célcio na fibra
muscular e ativam os receptores rianodina (RyR) do reticulo sarcoplasmatico (RS), levando a um
aumento [Ca*"]i e conseqiientemente contragdo muscular. O relaxamento ocorre em decorréncia da
diminui¢io da [Ca™]i pelo bombeamento de Ca*™ para fora da fibra muscular e para o RS vias
bombas Ca™ ATPase da membrana plasmiatica (PMCA) e Ca™-ATPase do reticulo
sarcoplasmitico (SERCA 1). O cdlcio bombeado para o reticulo sarcoplasmatico liga-se a
calsequestrina (CSQ), que parece regular a liberagdo do Ca™ para fora do RS através dos RyR. A
deficiéncia primdria da distrofina desencadeia uma reducdo sarcolemal das proteinas associadas a
distrofina (DGC), resultando na alteragdo da permeabilidade da membrana, facilitando a entrada de
grande quantidade de Ca™ nas fibras musculares, levando-as a degeneragio. Os ciclos de contragdo
e relaxamento aumentam as micro-rupturas transitérias da membrana plasmatica (1), permitindo o
influxo de célcio para o meio intracelular. O aumento [Ca™"]i ativa proteases como a calpaina, que
ativa os canais de Ca™ do tipo leak e leva a um influxo continuo de Ca*™, com consegiiente
aumento da [Ca*"]i e ativa¢do de diferentes vias degenerativas, que levam a mionecrose. A auséncia
de distrofina no Complexo Distrofia-Glicoproteinas (CDG) pode levar a fungao anormal de canais
do sarcolema.
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Estudos realizados em musculos estriados esqueléticos de camundongos mdx
revelaram baixos niveis de calsequestrina (NIEBROJ-DOBOSZ et al., 1989; DORAN et
al., 2004, 2006). Porém, alguns estudos ndo observaram diferenca entre animais controle e
mdx (CULLIGAN et al, 2002), sendo observada reducdo de uma isoforma da
calsequestrina de alto peso molecular - “calsequestrin-like” - cuja funcdo permanece
obscura (DOWLING et al., 2003; DOWLING et al., 2004). Por outro lado, a expressao do
receptor dihidropiridina (DHPR), receptor rianodina (RyR) e SERCA1 no mdx foi
considerada semelhante a de animais normais (CULLIGAN et al., 2002; DORAN et al.,
2004; DIVET et al., 2005). Em contradic¢ao, estudos mais recentes indicam altos niveis de
SERCA1 nos miusculos dos dedos da pata do camundongo distréfico (DOWLING et al.,
2003).

Segundo Berchtold et al., 2000, nos musculos distréficos, as proteinas do reticulo
sarcoplasmdtico que regulam o cdlcio parecem estar alteradas, levando a eventos
intracelulares que culminam na mionecrose. Embora nas ultimas décadas havia maior
interesse nos distirbios do ([Ca*"]c), o célcio do reticulo sarcoplasmdtico ([Ca *]rs)
também parece participar do processo de degeneracao muscular (CULLIGAN et al., 2002).

Os misculos extra-oculares (EOM) dos camundongos mdx sdo protegidos da
mionecrose (PORTER et al., 1998, 2000, 2006). Enquanto a maioria dos grupos musculares
esqueléticos sao afetados pela auséncia da distrofina, os extra-oculares permanecem nao
afetados durante o curso da doenca. Uma das possibilidades para explicar a protecdao contra
a mionecrose dos EOMs distréficos pode estar diretamente relacionada a propriedades
especificas desses musculos (ANDRADE et al., 2000), como o pequeno diametro da fibra,

(KARPATI et al., 1988; PORTER et al., 1998), a origem embriolégica (PORTER et al.,
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1996, 1998), tipo da fibra muscular, padrdo de inervacdo e organizacdo da junc¢do
neuromuscular (KHANNA er al, 2002), preservagdo da beta-distroglicana (B-DG)
(DOWLING et al., 2003) e aumento da utrofina (UTR) (KHURANA et al, 1995) que
apresenta estrutura e fun¢do homodloga a distrofina. Como a utrofina e a distrofina
apresentam as mesmas proteinas associadas (distroglicanas, sarcoglicanas e sintrofinas),
sugeriu-se que a utrofina poderia compensar a deficiéncia da distrofina (LOVE et al., 1989;
GRADY et al., 1997). Estudos realizados em camundongos mutantes para distrofina e
utrofina revelaram agravamento do quadro da distrofia muscular, quando comparados aos
camundongos distréficos mdx (GRADY et al., 1997), sugerindo que a utrofina pode
compensar parcialmente a auséncia da distrofina (LOVE et al., 1989; GRADY et al., 1997).

Outra possibilidade para se explicar a protecdo € devido a habilidade intrinseca
desses musculos em manter a homeostase do Ca** (KHURANA et al., 1995). Contudo,
ainda ndo estdo esclarecidos os mecanismos pelos quais os miusculos extra-oculares
mantém a homeostase do calcio.

Estabelecemos a hipétese de que o aumento na captura do Ca™ no reticulo
sarcoplasmatico, pela proteina calsequestrina, e no transporte do Ca™" livre no citosol para
o interior do reticulo sarcoplasmatico, através da Ca""-ATPase do reticulo sarcoplasmatico
(SERCATI), poderia ajudar na ripida remocdo do excesso de célcio, levando a reducdo da

mionecrose observada nos musculos extra-oculares do camundongo distrofico mdx.
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Verificar se as proteinas reguladoras do calcio, calsequestrina e SERCAL, estdo
aumentadas nos musculos extra-oculares dos camundongos mdx e, conseqiientemente,
protegendo-os da mionecrose. Para tal foi realizado uma andlise quantitativa dessas
moléculas.

Analisar qualitativamente a expressdo da utrofina e se hd aumento da J3-
distroglicana nos musculos extra-oculares, favorecendo a integridade do sarcolema e,

conseqiientemente, a protecao a mionecrose.
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3.1 Distrofia Muscular de Duchenne

A distrofia muscular de Duchenne (DMD) foi primeiramente descrita por Edward
Meryon em 1852 e posteriormente pelo neurologista francés Guillaume Benjamin Amand
Duchenne, em 1868 (DORLAND'S, 1974). E considerada a mais comum e devastadora das
distrofias musculares. Ocorrendo em cerca de 1 a cada 3500 homens nascidos vivos. Sendo
aproximadamente dois ter¢os dos quais sdo filhos de maes portadoras, e o restante tendo
sofrido nova mutagdo no 6vulo da mde ou da avé da crianca (ENGEL et al., 1994 ;
ROBBINS, 1989).

O diagndstico, na maioria dos casos, € feito somente no quarto ou quinto ano de
vida, quando os pais percebem que a crianga apresenta um atraso no desenvolvimento
motor, dificuldade em correr e subir escadas, freqiientes quedas e aumento do volume
muscular ou pseudo-hipertrofia das panturrilhas. Entre 5 ¢ 6 anos hd aumento de volume
também nos musculos gliteos, vasto laterais, deltdides e infra-espinhais, sendo a fraqueza
muscular mais proximal que distal. Entre 6 e 11 anos a fraqueza muscular progride
resultando em intensa fraqueza de outros grupos musculares juntamente com significativa
contratura. Aos 12 anos, freqiientemente a crianga ndo consegue mais andar. Nas fases
terminais restam apenas movimentos dos dedos, da lingua e dos musculos da respiragao.
Em torno da 2° ou 3° década de vida, o paciente vai a ébito por broncopneumonia e/ou
faléncia cardiaca (ENGEL et al., 1994).

A anormalidade genética na DMD est4 presente na banda 1 da regiao 2 do braco
curto do cromossomo X (banda Xp21). Este gene € atualmente o maior ja descoberto,

medindo aproximadamente 2.4 megabases (Mb) de DNA, ou seja, cerca de 1% do total do
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cromossomo X. O gene apresenta 2,5 milhdes de pares de bases e 79 exons, codificando a
proteina denominada distrofina. Devido ao grande tamanho e complexidade do gene, é
bastante elevada a taxa de mutacdo, delecdes ou duplicacdes, as quais resultam na leitura
errada e/ou parada prematura da transcri¢do génica e/ou codificacdo anormal da proteina
(TINSLEY et al., 1994).

A patogénese da DMD esté relacionada com anormalidade da membrana da fibra
muscular (CARPENTER e KARPATI, 1979; SCHOTLAND et al., 1977), a qual permite a
saida de enzimas intracelulares e o ingresso de cdlcio (OBERC e ENGEL, 1977;
BODENSTEINER e ENGEL, 1978). O actumulo de célcio € fator importante na evolugcdo
da degeneracao muscular (ROBBINS, 1989), desempenhando papel central na génese da
mionecrose (GAILLY, 2002; MARIOL e SEGALAT, 2001). O aumento elevado na
concentracdo de cdlcio em bidpsias de misculos de pacientes com DMD tem sido
extensamente reportado (BODENSTEINER e ENGEL, 1978; MAUNDER et al., 1980;
JACKSON et al., 1985). Ao exame patoldgico observa-se padrdo difuso caracterizado pela
degeneracdo. As fibras necrdticas sdo fagocitadas por macréfagos e, a medida que sao
destruidas, sdo substituidas por tecido fibroadiposo e conjuntivo (ROBBINS, 1989;

BOCKHOLD et al., 1998).

3.2 O camundongo mdx

A caracterizacdo do gene defeituoso da DMD permitiu a identificacdo desta
alteracdo em vdrias espécies animais: cdo, gato, camundongo (GASGHENER et al., 1992;

MATSUMURA e CAMPBELL, 1994; VALENTINE et al., 1986). Nos cdes, a doenca
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parece ser mais severa, com inicio e evolu¢do mais rapida que em humanos (PASTERNAK
et al., 1995). Em camundongos e gatos a fibrose do tecido muscular é mais moderada e o
processo de regeneracdo maior. Contudo, o gato, apesar de apresentar processo de fibrose
mais brando, desenvolve hipertrofia muscular exagerada com evolucdo geralmente fatal
(GASGHENER et al., 1992; ENGEL et al., 1994).

O camundongo mdx ¢ um dos modelos mais utilizados para o estudo da DMD
(ENGEL et al., 1994). O mutante mdx foi inicialmente identificado na col6nia do
camundongo C57BL10/ScSn, apresentando niveis elevados das enzimas musculares
piruvato kinase e creatina kinase (BULFIELD et al., 1984). Estudos genéticos demonstram
que o gene afetado é homoélogo ao dos pacientes com DMD (LEFAUCHEUR et al., 1995;
SICINSKI et al, 1989) e os camundogos desta linhagem apresentam defici€éncia na
producdo da distrofina, reproduzindo, assim, as caracteristicas das fibras musculares dos
pacientes portadores de DMD (BULFIELD et al, 1984; SICINSKI et al., 1989). As
principais alteragdes histoldgicas evidentes no tecido muscular, observadas a partir do 18°
dia pds-natal, s@o necrose e intenso infiltrado inflamatério (QUIRICO-SANTOS et al.,
1995; SEIXAS et al., 1994). Em torno da terceira semana observa-se abrupto aumento da
mionecrose, seguido de rdpida regeneracdo apds a quinta semana pds-natal. Entre 35 e 90
dias, mais de 50% das fibras do musculo estdo em regeneracdo, com didmetro varidvel e
nucleos centrais. Com cerca de 120 dias de idade, praticamente todas as fibras do musculo
encontram-se regeneradas (TANABE et al., 1986).

Entretanto, hd algumas diferencas entre a patologia dos camundongos mdx e da
DMD, pois machos e fémeas sdo afetados (TORRES e DUCHEN, 1987) e, embora o

camundongo mdx apresente intenso infiltrado inflamatério nas dreas de mionecrose, difere
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da distrofia humana por ndo apresentar fibrose intensa e depdsito de tecido adiposo, na
maioria dos tecidos musculares esqueléticos. No entanto, o diafragma do camundongo mdx
apresenta degeneracdo e fibrose semelhantes aos musculos extensores de pacientes com
DMD (BOLAND et al., 1995). Além disso, camundongos mdx idosos, com 65 - 104
semanas de vida também apresentam deposicdo de tecido adiposo e diminui¢do da
sobrevida (LEFAUCHEUR et al., 1995). Quanto ao envolvimento do musculo cardiaco no
camundongo mdx, alguns autores encontraram necrose no miocardio do mdx (QUINLAN et
al., 2004; SPURNEY et al., 2008)

Apesar de apresentarem algumas caracteristicas diferentes em relacdo a distrofia
muscular humana, em termos de severidade e persisténcia da miopatia, o mdx é de facil
manutencdo, disponibilidade e baixo custo financeiro, sendo o modelo experimental da
DMD mais empregado para se estudar a biologia dos musculos esqueléticos distréficos e

dos mecanismos das distrofinopatias (STRAUB et al., 1997; YOSHIDA et al., 2006).

3.3 Complexo Distrofina-Glicoproteinas

A distrofina é uma proteina de massa molecular relativa de 427 kilodaltons (kDa),
presente na superficie citoplasmdtica do sarcolema, fazendo parte do citoesqueleto
subsarcolemal, que conecta os miofilamentos a um complexo de glicoproteinas da
membrana celular. Estudos bioquimicos relatam sua auséncia em musculos distréficos
(ENGEL et al., 1994; BONILLA et al., 1988), embora em alguns casos pode ser detectada
pequena concentragdo em pacientes com DMD (PATEL et al., 1988, OHLENDIECK et al.,

1991). A expressdo da distrofina muscular € regulada de acordo com as etapas do
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desenvolvimento. Nos musculos fetais, a distrofina € detectada depois da nona semana de
gestacdo, aumentando progressivamente sua expressio na juncdo neuromuscular e
miotendinosa, na superficie das membranas plasmadticas, tibulos transversos da fibra
muscular cardiaca e junto a diversas junc¢des celulares (ENGEL et al., 1994).

A molécula da distrofina consiste de uma longa cadeia de 120nm de comprimento,
formada por uma tripla hélice de 1700 aminodcidos (McCOMAS, 1996), codificados por
79 exons, que sdo comandados pela atuacdo de diversos promotores presentes em alguns
tipos celulares, como as células musculares, as células gliais, as células de Purkinje e as
células de Schwann. O promotor muscular para distrofina € bastante ativo nos musculos
esqueléticos, cardiacos e lisos (ENGEL et al., 1994).

A proteina utrofina, de massa molecular relativa de 395 kDa, destaca-se por
apresentar estrutura e funcdo homologa a distrofina. A utrofina contém quatro dominios
semelhantes ao da distrofina (BLAKE et al., 1996; PEARCE et al., 1993; TINSLEY et al.,
1992): o amino terminal, dominio central, dominio rico em cisteina ¢ um dominio C-
terminal (KOENIG et al., 1988), e as mesmas proteinas associadas (distroglicanas,
sarcoglicanas e sintrofinas). Diferente da distrofina, a utrofina € encontrada em muitos
tecidos (LOVE et al., 1991). Em musculos normais € encontrada na jun¢do neuromuscular
(NGUYEN et al., 1991; TAKEMITSU et al., 1993) e miotendinosa (KHURANA et al,,
1992), na parede de capilares e outros vasos sanguineos, no perineuro e células de Schwann
de nervos intramusculares (KARPATI et al, 1993). Durante a ontogénese (LIN e
BURGUNDER, 2000) e regeneracao (LIN et al, 1998), € encontrada no sarcolema. Estudos
realizados em camundongos mutantes para distrofina e utrofina revelaram agravamento do

quadro da distrofia muscular, quando comparados aos camundongos distréficos mdx
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(GRADY et al., 1997), sugerindo que a utrofina pode compensar parcialmente a auséncia
da distrofina (LOVE et al., 1989; GRADY et al., 1997).

O complexo distrofina-glicoproteinas — CDG (Fig. 2), expresso em alta
concentracdo no musculo estriado esquelético, conecta o citoesqueleto da fibra muscular
(actina) a matriz extracelular e é constituido por proteinas sarcolemais (CAMPBELL &
KAHL, 1989; ERVASTI & CAMPBELL, 1991). A distrofina € considerada um dos
componentes centrais do CDG, sendo que sua auséncia modifica a expressdo de vdrias
outras, supondo a interdependéncia da distrofina com este complexo (GILLIS, 1999;
DURBEE] et al., 2000; HACK et al., 2000; GALBIATI et al., 2001). Algumas proteinas
sdo consideradas componentes integrais porque estdo fortemente associadas com este
complexo; a maioria estd associada com a distrofina ou com as distroglicanas. As proteinas
incluidas no complexo sdo: distrofina, a-distroglicana, B-distroglicana, a-sarcoglicana, [3-
sarcoglicana, y-sarcoglicana, d-sarcoglicana, a-distrobrevina, al e B1 sintrofina, sarcospan;
um componente de ligacdo extracelular: laminina 2; um componente de ligacao
intracelular: actina F, sincoilin e filamento 2; e moléculas sinalizadoras associadas com o
complexo: calmodulina, Grb2 e nNOS (RANDO, 2001). A distrofina liga-se a actina F
(HOFFMAN et al., 1987; RYBAKOVA et al.,, 1996; RYBAKOVA & ERVASTI, 1997),
formando uma ligagdo mecénica entre o sarcolema e a miofibra (RYBAKOVA et al,

2000), a-distroglicana encontra-se ligada ao dominio G da laminina 2 (JUNG et al., 1995;

RANDO, 2001), enquanto a p-distroglicana estd ligada ao complexo de sarcoglicanas e ao
dominio C-terminal da distrofina (JUNG er al., 1995; SUNADA & CAMPBEL, 1995;

NIGRO et al., 1996; JUNG et al., 1996); as sintrofinas, proteinas intracelulares que ligam-
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se ao terminal C da distrofina (YANG et al., 1995). Sugere-se que a distrofina, unida as
proteinas integrantes, estabiliza e previne a formacdo de falhas no sarcolema durante os
ciclos de contracdo e relaxamento muscular, mantendo assim a integridade da fibra

muscular (ENGEL et al., 1994; GRANOLINI & JASMIN, 1998).

Laminina-2

Complexo Distroglicanas Complexo Sarcoglicanas

__ Sarcospan

Distrofina

Sintrofina

Calmodulina

F- Acti Sincolina
-Actina
F O~ Distrobrevina

Figura 2. Complexo distrofina-glicoproteinas no sarcolema extrajuncional representando
os componentes integrais do complexo (distrofina, complexo distroglicanas, complexo
sarcoglicanas, o-distrobrevina, as sintrofinas e sarcospan), um ligante extracelular
(laminina-2), componentes de ligacdo intracelular (F-actina, sincolina, filamento 2) e
moléculas sinalizadoras associadas com o complexo (calmodulina, Grb2, nNOS). As
distroglicanas e sarcoglicanas sao mostradas sendo glicolizadas. Adaptado de Rando TA,
Muscle & Nerve, 24, p.1575-1594, 2001.
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3.4 Musculos extraoculares do camundongo mdx

Os musculos extra-oculares (EOM) sdo responsdveis pelo controle dos movimentos
dos olhos. Compreendem os musculos retos (superior, inferior, medial e lateral), os
miusculos obliquos (superior e inferior), o musculo levantador da pélpebra e o musculo
retrator do bulbo.

Os musculos extra-oculares dos camundongos mdx ndao apresentam sinais de
mionecrose, acimulo de tecido conectivo ou nucleo central (caracteristico em fibras
regeneradas), sendo protegidos dos efeitos da falta de distrofina. Entretanto, os musculos
extra-oculares acessorios (levantador da pdlpebra e retrator do bulbo) sdo parcialmente
afetados pela distrofia, sofrendo o processo de degeneragdo-regeneracdo muscular, fato
constatado pela presencga do nicleo central (KHURANA et al., 1995; PORTER e BAKER,
1996; ANDRADE et al., 2000; MARQUES et al., 2007).

Os EOM exibem diferencas fundamentais em relacdo aos demais musculos
esqueléticos no que se refere a inervagao, estrutura da juncdo neuromuscular, propriedades
mecanicas, classificacao das fibras musculares (PORTER er al., 1995; BRON et al., 1997),
tempo de contracdo-relaxamento rdpido (PORTER e al., 1998; 2000), maior resisténcia a
fadiga (KJELLGREN et al., 2003), adicao continua de mionicleos (WIRTSCHAFTER et
al., 2004) e origem embrioldgica (PORTER et al., 1996, 1998).

Os EOM apresentam organiza¢do laminar em duas camadas, sendo uma fina e
externa denominada orbital (adjacente aos 0ssos que constituem a Orbita) e outra espessa e
interna denominada global (adjacente ao nervo 6ptico). As camadas apresentam diferencas

no tamanho de fibras musculares, nas caracteristicas eletromiograficas, na vascularizacao e
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atividade metabdlica (PORTER et al.,, 1995; BRUECKNER et al., 1996). Segundo Porter
(1995), a classificagdo dos tipos de fibras do EOM se baseia na localizacdo (orbital ou
global), cor (vermelho, intermedidrio ou branco) e padrdo de inervacdo (mono-inervada e
poli-inervada). Os musculos acessorios diferem dos musculos retos e obliquos, por nao
apresentarem organizacdo em camadas (orbital e global) e também pela auséncia de fibras
musculares com multipla inervacio (MATHEUS e SOARES, 1999).

Virios estudos tém sido realizados na tentativa de descobrir os mecanismos que
fazem os EOM protegidos da auséncia da distrofia. Acreditava-se que o aumento da
utrofina seria uma provavel explicacdo para sua protecdo (LOVE et al., 1989). Porém, foi
verificado aumento da utrofina somente em trés dos seis tipos de fibras encontradas no
EOM, sendo improvével que tal aumento fosse o responsavel pelo mecanismo de prote¢ao
(PORTER et al., 2003). Resultados t€m sugerido que a atividade da peroxidase dismutase é
consideravelmente maior nos EOM que em outros musculos esqueléticos, tornando-os mais
eficientes na remoc¢do dos radicais livres (PORTER et al., 1995), porém a remocgdo de
radicais livres nao cura a doenga (KAMINSKI ef al., 2002). O aumento da proteina [3-
distroglicana (DOWLING et al., 2003) parece também estar envolvido na protecdo dos
musculos extra-oculares. Experimentos “in vitro” mostraram que os EOM sdo mais
resistentes a necrose causada pelo aumento do cdlcio através da utilizacdo de drogas,
sugerindo que esses musculos sdo protegidos da DMD devido a habilidade intrinseca destes
em manter a homeostase do Ca™ (KHURANA et al., 1995). Contudo, os mecanismos pelos

quais os EOM mantém a homeostase ainda ndo sdo esclarecidos.
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A importancia em se determinar os mecanismos que fazem os EOM protegidos da
distrofia permitird o desenvolvimento de novas estratégias terapéuticas para as

distrofinopatias.

3.5 Calcio

No misculo estriado esquelético, a contragdo muscular inicia-se quando um
potencial de acdo gerado no neurdnio motor é propagado até os terminais axonicos,
resultando na liberacdo do neurotransmissor acetilcolina (ACh) na fenda sindptica. A ACh
difunde-se em dire¢do a membrana sarcoplasmadtica e liga-se ao receptor. O receptor € um
canal i6nico nao seletivo que, quando ativado pela ACh, permite o influxo de Na+ e efluxo
de K+ levando a despolarizacdo do sarcolema. O potencial de a¢ao propaga-se pelo interior
da fibra por um sistema especializado de membranas tubulares chamado de tuibulos
transversos ou tibulos T, que s@o continuos ao sarcolema e invaginam-se transversalmente
para o interior da célula. As membranas dos tibulos T e o sarcolema sdo organizados para
conduzir rapidamente o potencial de a¢do por toda a fibra muscular. Juntamente com as
membranas do reticulo sarcoplasmatico (RS), o tibulo T forma uma juncdo especializada
denominada triade, que estabelece a comunicac¢do entre o sarcolema (tibulo T) e a cisterna
terminal do reticulo sarcoplasmético (RS) (SPERELAKIS, 1998).

Na triade, os receptores diidropiridina (DHPRs) detectam a despolarizacdo da
membrana e, através de uma mudanga conformacional de seus dominios intramembrana,
eles ativam (abrem) os canais de Ca""do RS (HUANG & PEACHEY, 1989; HAMILTON

et al., 2000; FILL & COPELLO, 2002) denominados receptores de rianodina (RyR). O
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reticulo sarcoplasmdtico € uma organela altamente especializada no controle de
Ca™"citosélico. Além de liberacio de Ca™ para o citoplasma, o RS possui funcdes
adicionais: recaptagio de Ca™" para iniciar o relaxamento muscular e seu armazenamento.
Ap6s a liberagdo de Ca™ no citosol, estes fons difundem-se e ligam-se a troponina
ativando o aparato contrdtil actina-miosina, iniciando a contracio (BERCHTOLD et al.,
2000). Quando a fibra muscular estd relaxada, o Ca™ em excesso no citosol é normalmente
transportado para o interior do RS através da SERCA, sendo seqiiestrado pela
calsequestrina (CSQ), proteina do RS importante para a regulacio do Ca™ (MacLENNAN,
2000a), ou o Ca™" sera transportado para fora da célula pela Ca™*-ATPase da membrana

plasmética (PMCA) (RUEGG et al., 2002).

3.6 Serca 1 e Calsequestrina

As mudancas nos niveis de Ca™ nos musculos distréficos levam ao distirbio na
homeostase do Ca™" intracelular, influenciando suas ligacdes e diminuindo a captura deste
ion pelo RS. Alguns autores t€ém sugerido que o aumento nos niveis de cdlcio nas fibras
musculares afeta diretamente a habilidade do transporte e retencao do mesmo pelo reticulo
sarcoplasmatico (LAMB e CELLINI, 1999).

Experimentos “in vitro” demonstraram que as células musculares do camundongo
mdx apresentaram alteracao no mecanismo de captura do cdlcio, diminui¢c@o na sua taxa de
acumulo no RS e aumento de sua saida do reticulo sarcoplasmatico (DIVET et al., 2002).
Adicionalmente, sugerem que ha correlacio entre alteracio da concentragdo do Ca™ livre

no citoplasma e a diminui¢io da habilidade das células mdx removerem o Ca™", pela bomba
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Ca""-ATPase , levando a uma alteracdo no relaxamento do misculo (NICOLAS-METRAL
etal., 2001).

O citosol de uma fibra muscular normal em repouso contém [Ca™] em torno de 0,1
uM, pela fun¢do da bomba Ca™-ATPase (SERCA) presente na membrana longitudinal do
RS (VIIRES,1998). No misculo distréfico, a SERCA 1 encontra-se funcionalmente
alterada apresentando uma velocidade de transporte de calcio diminuida (KARGACIN et
al., 1996). Entretanto, ha controvérsias, pois alguns autores nao observaram diminui¢do na
concentracdo da SERCA1 no musculo mdx (DORAN et al., 2004, CULLIGAN et al.,
2002) e outros encontraram um aumento na concentracdo e na atividade da SERCA 1
apenas nos musculos dos dedos da pata do mdx (DOWLING, et al., 2003). Possivelmente,
esse aumento estd envolvido na rdpida remogdo do excesso do Ca'"citosdlico, reduzindo a
mionecrose também observados nas fibras musculares dos dedos da pata do camundongo
mdx.

A calsequestrina é a principal proteina que liga ao Ca'™ no interior do RS,
neutralizando o efeito potencialmente negativo do Ca™ sobre a fungdo do reticulo
sarcoplasmatico (MITCHELL et al., 1988). Esta localizada dentro da cisterna terminal do
RS, seqiiestrando o Ca"™ bombeado pela SERCA 1 para o limen do RS. Sugere-se que a
CSQ tem papel central na homeostase do Ca™ (MacLENNAN, 2000a), regulando a
liberagdo do Ca'™ para fora do reticulo sarcoplasmadtico através do receptor rianodina
(RyR), permitindo assim niveis normais de cdlcio no citosol (OHKURA et al., 1998;

MacLENNAN, 2000b; BEARD et al., 2002).
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Uma vez que a calsequestrina parece desempenhar papel importante na regulacdo do
ciclo do Ca™ através do reticulo sarcoplasmadtico, sendo um mediador essencial durante a
contracdo e relaxamento muscular, acredita-se que a diminui¢do na fun¢do de elementos da
cisterna terminal resulta em um maior dano ao tecido (DOWLING et al., 2003).

Desta forma, € provével que a alteracdo das proteinas reguladoras do Ca™" SERCA
1 e calsequestrina, estejam envolvidas na distrofia muscular (DORAN et al, 2004),
contribuindo na génese da necrose das fibras musculares (CULLIGAN et al., 2002;

BERCHTOLD et al., 2000).



4. MATERIAIS E METODOS
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4.1 Animais

Foram utilizados camundongos adultos (60 dias), da linhagem mdx (n=14) de ambos
os sexos. Os camundongos da linhagem C57BL/10 (n=14) foram utilizados como controle,
os quais sdo heterozigotos para o gene que desencadeia a distrofia muscular e deram origem
a linhagem mdx (BULFIELD et al, 1984). Os animais foram adquiridos no Biotério
Central da UNICAMP e mantidos no biotério do Departamento de Anatomia, em caixas
plasticas padrdo, com condi¢Oes ambientais adequadas (12 horas de ciclo claro/escuro),
com racgdo e agua ad libitum.

Todos os experimentos foram realizados em acordo com as diretrizes para
experimentacdo animal da Universidade Estadual de Campinas, sob o protocolo da

Comissdo de Etica na Experimentacio Animal (CEEA-IB-UNICAMP) n°: 1175-1.

4.2 Técnica de Imunofluorescéncia e Microscopia de Luz
4.2.1 Grupos Experimentais
4.2.1.1 - Grupo Miisculos Extra-oculares
Este grupo € constituido por camundongos mdx (n =5) e C57BL/10 (n = 5) que tiveram
os musculos reto superior, reto inferior, reto medial, reto lateral, obliquo superior, obliquo

inferior, retrator do bulbo e levantador da pédlpebra estudados.

4.2.1.2 — Grupo tibial anterior e demais miisculos
Constituido por camundongos mdx (n = 5) e C57BL/10 (n = 5) em que o misculo

tibial anterior (TA), gastrocnémio (GAS), séleo (SOL), esternomastéideo (STN) e
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diafragma (DIA) foram analisados. Estes musculos apresentam grande comprometimento

muscular decorrente da falta da distrofina.

4.2.2 Imunofluorescéncia das proteinas calsequestrina, SERCA1, distrofina, utrofina e
B-distroglicana.

Apds os animais serem anestesiados com hidrato de cloral 10% intra-peritonial
(1mL/10g de peso do animal) e perfundidos com 20ml de PBS e 20ml de paraformaldeido
2%, os musculos EOM (em conjunto com a 6rbita), TA, SOL, STN, DIA e GAS foram
retirados e colocados em suportes de madeira com uma mistura de “Gum Tragacanth”
(Sigma-G1128) e “TBS Tissue Freezing Médium” (Triangle Biomedical Sciences),
congelados em isopentano resfriado a -80°C por 40 segundos e imediatamente colocados
em nitrogénio liquido a -159°C. Os musculos foram retirados do nitrogénio e mantidos
em Biofreezer a -80°C. Para obtencdo dos cortes, os musculos foram levados para o
criostato (Microm-HS505E) a -24°C onde permaneceram por 1 hora antes de serem
processados. Cortes transversais de 8um foram coletados em laminas. A seguir, foram
incubados com Triton X-100 (0,3%) por 10 minutos. Apds esse periodo, o material ficou
em solu¢do bloqueadora composta de glicina 1%, BSA 3%, leite desnatado 2%, soro fetal
bovino 8%, triton X-100-0,6%, durante 3 horas. Apds esse periodo, os musculos foram
incubados com anticorpo primdrio anti-calsequestrina, anti-SERCAI, anti-distrofina, anti-
utrofina e anti-fB-distroglicana (Affinity BioReagents; 1:100, Novocastra Laboratories;
1:100, Novocastra Laboratories; 1:100, Affinity BioReagents; 1:100 e Novocastra

Laboratories; 1:100, respectivamente), durante 12 horas. No dia seguinte, foram lavados e
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incubados com anticorpo secunddrio (anti-mouse-IgG-FITC; Sigma; 1:100, em solugao
bloqueadora) durante 1 hora. Apés lavagens, as laminas foram montadas com laminula em
meio de montagem para fluorescéncia DABCO (Sigma) e posteriormente observadas com a

utilizacdo do microscépio confocal e 6ptico de fluorescéncia Nikon.

4.2.3 Analise Histolégica
A obtencdo de cortes para andlise da presenca de nucleos centrais e drea das fibras
musculares procedeu da mesma forma que na imunofluorescéncia, através de cortes

congelados de 8um em criostato (Microm-HS505E) a —24°C.

4.2.3.1.Técnica de coloracao pela hematoxilina-eosina:

Os cortes foram hidratados e corados em solucdo de hematoxilina por 15 min. Em
seguida foram lavados em d4gua corrente para retirar o excesso do corante.
Seqiiencialmente, corou-se com eosina por 10 min. Novamente os cortes foram lavados em

agua corrente, seguindo-se a desidratacao e montagem.

4.2.3.2 Contagem de fibras normais e regeneradas e andlise das areas das fibras musculares
A contagem do numero de fibras normais e de fibras regeneradas (indicada pela
presenca de nucleos centrais) foi realizada selecionando aleatoriamente trés cortes em cada
lamina dos musculos empregados no experimento, corados pelo método da H.E. Utilizou-se
um reticulo com linhas paralelas horizontais e verticais que dividiam o campo microscopico

em 4 regides distintas, acoplado a ocular de microscépio de luz Nikon, em objetiva de 40x,
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com auxilio de um contador manual. Foram contadas todas as fibras do corte para a
estimativa da populacao total de fibras dos musculos, juntamente com a populacdo de fibras
regeneradas.

Para andlise da drea da fibra muscular foi utilizado o microscépio ptico Axioskop
Zeiss, locado no Departamento de Anatomia — IB. Cada corte foi focado em objetiva de
40x e a imagem captada por videocamara e analisada pelo programa Image-Pro (versdo
4.0). Foram definidos trés campos aleatdrios e cada fibra muscular foi contornada com o

mouse, 0 que permitiu obter a drea em micrometros quadrados.

4.4 Técnica de Immunobloting
Foram utilizados camundongos adultos (60 dias) mdx (n = 9) and C57Bl/10

(controle; n =9).

4.4.1 Grupos Experimentais
4.4.1.1 - Grupo Miisculos Extra-oculares Total (EOM+)
Este grupo € constituido por camundongos mdx e CS57BL/10 que tiveram os

musculos reto superior, reto inferior, reto medial, reto lateral, obliquo superior, obliquo

inferior, retrator do bulbo e levantador da pélpebra estudados.

4.4.1.2 — Grupo Musculos Extra-oculares Protegidos (EOM-)
Constituido pelos miusculos reto superior, reto inferior, reto medial, reto lateral,
obliquo superior e inferior de camundongos mdx e C57BL/10. Os musculos protegidos nao

apresentam mionecrose decorrente da falta da distrofina.
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4.4.1.3 — Grupo tibial anterior e demais miisculos
Constituido por camundongos mdx e C57BL/10 em que o musculo tibial anterior,
gastrocnémio, séleo, esternomastdideo e diafragma foram analisados. Estes musculos

apresentam grande comprometimento muscular decorrente da falta da distrofina.

4.4.2 Preparacao de Extrato Total

Os animais foram anestesiados através de injecdo intraperitoneal de 0,3 ml de
hidrato de cloral a 10%. O plastdo esternal foi aberto aproximadamente na linha mediana, o
coracdo exposto e foi realizada uma abertura no atrio direito. A seguir, utilizando-se uma
agulha 25x7 montada em seringa de 20 ml perfundiu-se o animal com aproximadamente 40
ml de PBS e os musculos tibial anterior, gastrocnémio, sdleo, esternomastdideo, diafragma
e os extra-oculares (total e protegidos) foram removidos. Em cada animal, uma orbita foi
destinada para constituir o grupo EOM", formado por todos os musculos extra-oculares e a
outra para constituir o grupo EOM’, onde os quatro retos e dois obliquos foram isolados.
Todos os musculos foram cortados em pequenos pedagos e homogeneizados imediatamente
em 2 ml de tampdo para homogeneizagdo (Triton X-100 1%, tris-HC1 100mM (ph 7.4),
pirofosfato de s6dio 100mM, fluoreto de s6dio 100mM, ETDA 10mM, ortovanadato de
s6dio 10 mM, PMSF 2 mM e 0,Img/ml de aprotinina) a 4°C usando um homogeneizador
tipo Polytron PTA 20S (modelo PT 10/35) operado em velocidade méxima por 30
segundos. Os extratos foram centrifugados a 11000 rpm a 4°C por 20 minutos e o
sobrenadante utilizado para andlise por extrato total. A determinag¢do de proteina foi

realizada pelo método de BRADFORD et al. (1976).
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4.4.3 Eletroforese

As amostras do extrato protéico foram tratadas com tampdo Laemmli (azul de
bromofenol 0,1% e fosfato de s6dio 1 M pH 7,0, glicerol 50% e SDS 10%), acrescido de
ditiotreitol 100mM e aquecidas em dgua fervente por 5 minutos e centrifugadas por 1
minuto. Em seguida, 30 pug de proteina foram aplicados em gel SDS-poliacrilamida a 10%,
12% e 8% (para calsequestrina 63 kDa, B-distroglicana 43 kDa e SERCA1 110 kDa,
respectivamente) em um aparelho para eletroforese miniaturado da Bio-Rad (mini-Protean,
Bio-Rad Laboratories, Richmond, CA, EUA). Para cada proteina analisada foram obtidos 8
géis. A eletrotransferéncia do gel para a membrana de nitrocelulose foi realizada em 90
minutos a 120V (constante) em aparelho de transferéncia miniaturado da Bio-Rad. As
membranas foram incubadas com solu¢do basal (Trisma base 10mM, cloreto de sédio
150mM e Tween-20 0,02%) contendo 5% de leite desnatado, por 2 horas em temperatura
ambiente para reduzir a ligacdo ndo especifica de proteinas. Posteriormente, foram
incubadas com 10ug de anticorpos primérios diluidos em 10mL de solucao basal contendo
3% de leite desnatado a 4°C durante a noite. No dia seguinte, as membranas foram lavadas
por 30 minutos com solugdo basal e incubadas em 10mL de solugdo basal contendo 3% de
leite desnatado e 2,5ug de anticorpo secundario por duas horas em temperatura ambiente.
Posteriormente, as membranas foram novamente lavadas por 30 minutos com solugdo
basal.

Para detectar as bandas imunorreativas, as membranas foram expostas a solucao de
quimioluminescéncia (Super Signal West Pico Chemiluminescente, Pierce) por 5 minutos,

seguido de exposicao a um filme Kodak XAR (Eastman KodaK, Rochester, N.Y, USA).
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4.4.4 Analise dos Dados

As bandas observadas na técnica de immunobloting foram escaneadas e “salvas” no
computador para posterior quantificacdo da densitometria Gtica, usando um scanner € o
programa Image J (The National Institute of Health, EUA).

A avaliacdo dos dados foi feita através do programa Excel®, considerando média,

desvio padrao e Teste t- Student.

4.4.5 Anticorpos
4.4.5.1 — Anticorpos Primdrios
Anticorpo monoclonal para calsequestrina (VIIID12 — Affinity BioReagents).

Anticorpo monoclonal SERCA1 ATPase (IIH11 - Affinity BioReagents).

Anticorpo monoclonal para -dystroglycan (NCL-b-DG, Novocastra).

4.4.5.2 — Anticorpos Secunddrios
Affinity Purified Antibody Peroxidase Labeled Goat Anti-mouse-IgG; Kirkegaard & Perry

Laboratories (KPL).
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5.1 Caracteristicas Histolégicas

Os musculos retos (superior, inferior, medial e lateral) e obliquos (superior e
inferior) distréficos ndo apresentaram degenera¢ao muscular, acimulo de tecido conjuntivo
ou nucleos centrais caracteristicos da regeneracdo muscular (0,5% de fibras regeneradas;
Tabela 1; Figura 3D) (artigo publicado: Tabela 1; Fig. 1A, p.40). Diferente dos musculos
extra-oculares protegidos, o musculo retrator do bulbo apresentou 45% das fibras
musculares com nucleo central (Tabela 1, Figura 3C), (artigo publicado: Tabela 1; Fig. 1B,
p.40). Os outros musculos distroficos analisados apresentaram  quantidade
significativamente maior de fibras musculares com nucleos centrais em relacao as fibras
musculares com nucleo periférico (Tabela 1, Figura 3B, E, F, G, H). Nao houve diferenca
no numero total de fibras entre controle e mdx e na area da fibra muscular, visto que apos o
periodo de degeneragdo e regeneragdo muscular as areas das fibras retornam aos valores

originais (LIEBER, 2002), (Tabela 1 e 2), (artigo publicado: Tabela 1).
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Figura 3. Cortes histologicos de musculos controle e mdx. Observar as posi¢des dos
nucleos periféricos em (A) musculo tibial anterior controle (TA). Em (B, C, D, E, F, G e H)
somente musculos mdx com presenga de nucleos centrais, exce¢ao do reto (RE) mdx (D)
predominio de nucleos periféricos. Escala A, B, E, G: 50um; C, D, F, H: 20pum.
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Tabela 1. Total de fibras e porcentagens de nucleos centrais e periféricos nos animais
controle e mdx. * P < 0.05, diferenca significativa do respectivo controle (Teste - Student).

. TOTAL DE % NUCLEO % NUCLEO
MUSCULO ANIMAL FIBRAS CENTRAL PERIFERICO
Controle 569 +98 0,4+ 0,1 99,6 + 0,1
Retos/Obliquos
Mdx 581 + 87 0,5+0,2 99,5+0,3
Retrator do Controle 375+ 96 0,3+0,1 99,7 +0,1
bulbo Mdx 298 + 70 45+ 1,5% 55,1+ 1,0
. Controle 1728 + 168 1,0+0,3 99,0 +0,2
Tibial anterior
Mdx 1825 +93 51,5+1,5% 48,5+1,2
Controle 1094 + 46 0,2+ 0,1 99,8 +0,2
STN
Mdx 1211 +97 62+ 1,5%* 38+ 1,0
) Controle 2353 + 408 0,1+ 0,1 99,9+ 0,1
Diafragma
Mdx 1678 +223 60+ 1,0%* 40+ 1,5
. Controle 1562 + 65 0,7+ 0,3 99,3 +0,2
Gastrocnémio
Mdx 2158 + 491 51,5+ 1,0* 48,5+2,0
Controle 600 + 19 0,8+0,2 99,2 +0,1
Soéleo
Mdx 558 + 60 65 +2,5% 35+1,5

Tabela 2. Analise da area das fibras musculares em animais controle e mdx. Nao houve
diferenca significativa (P > 0.05).

MUSCULO CONTROLE AREA (um?) MDX AREA (pm?)
Retos/Obliquos 527 + 310 504 + 232
Retrator do bulbo 652 + 261 730 + 304
Tibial anterior 1.836 + 597 2.135+ 794
Diafragma 1.106 + 601 1.156 + 679
Esternomastoide 1.698 +422 1.704 + 530
Gastrocnémio 1.870 + 491 1.885 + 524
Soéleo 1.560 + 431 1.574+ 640
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5.2 Imunofluorescéncia das proteinas ligadas ao calcio: calsequestrina e SERCAL.

A imunomarcagdo para a calsequestrina ¢ SERCAI1 caracterizou-se por
fluorescéncia em todo sarcoplasma da fibra. Em relagdo a SERCAL, expressa em musculos
de contragdo rapida, houve diferenga na intensidade do sinal de fluorescéncia entre as fibras
de contragdo rapida e lenta, observado no musculo séleo (contragdo lenta) (Figuras 7 G, H).
Porém, ndo foi observada diferenga no padrao de localizagdo entre controle e mdx, tanto

para calsequestrina quanto para SERCA1 (Figuras 4, 5, 6 ¢ 7).

Figura 4. Localizacdo da calsequestrina nos musculos extra-oculares controle (A ¢ C) e
mdx (B e D). As marcagdes imunohistoquimicas dos musculos mdx reto (B) e retrator do
bulbo (RB) ndo apresentaram diferenca em relagcao aos musculos controle (A e C). Escala:
25pm.
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Figura 5. Localizac¢do da calsequestrina nos musculos esternomastoide (STN), tibial (TA),
soleo (SOL), gastrocnémio (GAS) e diafragma (DIA) controle e mdx. Nao foram
observadas diferencas na distribui¢do da calsequestrina entre os musculos mdx (B, D, F, H
e J) e controle (A, C, E, G e I). Escala: A, B: 20um; C, D, E, F, G, H, I, J: 25um.
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Figura 6. Localizagdo da SERCA1 nos musculos extra-oculares controle (A e C) e mdx (B
e D). As marcagdes imunohistoquimicas dos musculos mdx reto (B) e retrator do bulbo
(RB) nao apresentaram diferenga em relacdo aos musculos controle (A e C). Escala A, B:
20pm, C: 25pum, D: 50pm.
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Figura 7. Localizagdo da SERCA1 nos musculos diafragma (DIA), tibial (TA),
esternomastoide (STN), séleo (SOL), gastrocnémio (GAS) e controle e mdx. Nao foram
observadas diferengas na distribuicdo da SERCA1 entre os musculos mdx (B, D,F, He J) e
controle (A, C, E, Ge ). Escala A, B, C, E, F, G, H, I: 20um, J: 25um, D: 50um.
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5.3 Imunofluorescéncia das proteinas do sarcolema: distrofina, utrofina e [3-
distroglicana

A distrofina foi observada no sarcolema dos miusculos controles. Nenhuma
marcagdo foi vista nos musculos distroficos (Figura 8) (artigo publicado: Figuras 1 D-F).

A utrofina foi observada nos EOM controles co-localizada com os receptores de
acetilcolina da junc¢do neuromuscular (Figura 9 B). Nos EOM madx, a expressdo da utrofina
apresentou o mesmo padrdo de distribui¢do dos EOM controles (Figura 9 D, F). Uma
aparente marca¢do da utrofina também foi vista no sarcolema extra-juncional dos EOM
distréficos (Figura 9 D), ndo sendo observada nos EOM controles (Figura 9 B). No
musculo tibial anterior distréfico, a expressdo da utrofina também foi vista co-localizada
com os receptores de acetilcolina e no sarcolema extra-juncional (Figura 9 E, F).

A proteina B—distroglicana (B-DG) foi observada em todo sarcolema da fibra dos
EOM e sua expressao foi preservada nos EOM distroficos (Figura 10 B e D). Embora a
marcagdo fluorescente permita uma andlise semi-quantitativa, observamos um aumento
aparente da fluorescéncia nos EOM mdx (Figura 10 B) em relagdo aos controles EOM
(Figura 10 A) e musculos da pata controle e mdx (Figuras 10 C e D). O aumento da -DG
nos EOM foi confirmado pelo immunoblotting, havendo diminui¢do significativa da B-DG

nos musculos da pata, DIA e STN, em compara¢ao com os musculos normais (Figura 13).
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RE (controle)

Figura 8. Localizacdo da distrofina no sarcolema dos musculos extra-oculares e tibial
anterior controles e mdx. Sec¢des transversais de musculos controle (A, C, E, G) e mdx (B,
D, F, H). Os musculos retos (RE), retrator do bulbo (RB), obliquo (OB) e tibial anterior
(TA) distroficos ndo apresentam nenhuma marcagdo, diferentemente dos miusculos
controles. Escala: 20um.
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Figura 9. Localizagao da utrofina (UTR) em EOM reto controle (RE CTRL) (A e B), reto
distrofico (RE MDX) (C e D) e musculo tibial anterior mdx (TA MDX) (Ee F). Em A, Ce
E observa-se os receptores de acetilcolina (AChRs, indicados pelas setas). Em B, D e F a
utrofina esta co-localizada com os AChRs da jun¢do neuromuscular (seta). Nota-se em D e
F aparente marcagdo no sarcolema extra-juncional. Escala: 20pum.
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Figura 10. Localizagdo da B-Distroglicana no sarcolema dos musculos extra-oculares retos
(RE) controle e mdx e tibial anterior controle (TA CTRL) e mdx (TA MDX). O musculo TA
mdx ndo apresentou marcagdo diferente dos musculos controle. Observa-se aumento da
fluorescéncia nos EOM mdx (B) em relacdo ao controle (A). Escala A, B: 20um, C, D:
25pm.

5.4 Immunoblotting

A andlise do immunoblotting para a proteina calsequestrina mostrou aumento
significativo nos niveis desta proteina no grupo dos musculos mdx extra-oculares
protegidos e no grupo dos musculos extra-oculares total, e diminui¢do significativa nos
demais musculos mdx comparados ao controle.

Os musculos tibial anterior mdx, gastrocnémio mdx e séleo mdx apresentaram
diminui¢ao de 13,6%, 22,3%, 49,2%, respectivamente em relagdo aos controles. Os
musculos diafragma e esternomastoide mdx apresentaram diminui¢dao de 20,3% e 31,7%,
respectivamente. J4 nos musculos extra-oculares protegidos observamos aumento de 38,3%

e nos musculos extra-oculares totais mdx, 41,8% maior que no controle.
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Figura 11. Analise do conteiido de calsequestrina através do immunoblotting. Em A:
immunoblotting mostrando as dos musculos extra-oculares total (EOM"), extra-oculares
protegidos (EOM"), tibial anterior (TA), esternomastéide (STN), séleo (SOL),
gastrocnémio (GAS) e diafragma (DIA), comparando controle (CTRL) e mdx. Em B:
representacao grafica dos conteudos de calsequestrina expressos em pixels. Houve aumento
significativo entre controle e mdx nos musculos EOM+ e EOM-, e diminuigdo significativa
nos musculos TA mdx, STN mdx, SOL mdx, GAS mdx e DIA mdx em comparagdo com 0s
controles (* P <0.05; Student’s t teste).



Resultados 44

Dentre os musculos controles, o tibial anterior apresentou maior expressao de
. + ~ , . , -
calsequestrina e 0 EOM™ , a menor expressdo. Nos musculos distréficos, o EOM teve a

maior expressao, sendo que a menor expressao foi observada no musculo soleo.

Em relagdo a SERCAL, os resultados mostraram aumento significativo no contetudo
desta proteina nos EOM+ e EOM-, em relagdo aos controles, de 13,5% e 16,9%,
respectivamente. J& os musculos distroficos TA, STN, GAS mostraram diminui¢ao
significativa de 19,4%, 20,9% e 21,9%, respectivamente, em relagao aos seus controles.

Nao foi identificada SERCA1 nos musculos soleo e diafragma, os quais apresentam
o predominio de fibras de contragcdo lenta. Desta forma, como esta proteina ¢ expressa em
musculos de contragdo rapida, as poucas fibras de contragdo rapidas existentes nos
musculos séleo e diafragma foram insuficientes para exibirem o conteudo em pixels

evidenciado no immunoblotting.



Resultados 45
A EOM+ EOM- TA
CTRL mdx CTRL mdx CTRL mdx
30000 - 30000 -
B .
25000 - ‘|' 25000 .
20000 1 T 20000 | T
0 o
2 15000 | 'S 15000 |
X &
&
10000 4 10000 4
5000 - 5000 |
04 o
STN GAS
A CTRL mdx CTRL mdx
30000 - 30000
B
25000 | 25000 - *
20000 - T 20000 T
§ 15000 - I 15000 -
o
10000 4 10000 +
5000 5000 -
0 0 -
Figura 12. Andlise do contetdo de SERCAI1 através do immunoblotting. Em A:

immunoblotting mostrando os musculos extra-oculares total (EOM'), extra-oculares
protegidos (EOM), tibial anterior (TA), esternomastéide (STN) e gastrocnémio (GAS)
comparando controle e mdx. Em B: representacdo grafica dos conteidos da SERCAI,
expressos em pixels. Houve aumento significativo entre controle (CTRL) e mdx nos musculos
EOM-+ e EOM-, e diminuicao significativa nos muasculos TA mdx, STN mdx, GAS mdx e DIA
mdx em comparagao com os controles(* P <0.05; Student’s t teste).
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A andlise do immunoblotting para proteina a [B-distroglicana (f—DG), mostrou
aumento significativo nos niveis desta proteina nos musculos mdx extra-oculares protegidos
(EOM") em relacdo ao controle e diminui¢do ndo significativa dos musculos mdx extra-
oculares totais (EOM+) mdx, comparado ao controle. Os demais musculos mdx
apresentaram diminui¢do significativa comparados ao controle.

Os musculos tibial anterior mdx, esternomastoide mdx, diafragma mdx e soleo mdx
apresentaram diminui¢do de 91%, 32%, 28% e 68%, respectivamente em relagdo aos
controles. J& nos musculos EOM- mdx observamos aumento significativo de 77,2 % em
relagdo ao controle e nos EOM+ mdx diminui¢ao de 3% em relacdo ao controle.

Dentre os musculos controle, o musculo séleo apresentou maior expressao de [3-
distroglicana e o esternomastoide, a menor expressdo. Nos musculos distréficos, o EOM"
manteve a maior expressdo, sendo que a menor expressio foi observada no

esternomastoide.
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immunoblotting mostrando os musculos extra-oculares total (EOM'), extra-oculares
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Anélise do contetdo de B-DG através do immunoblotting.

Em A:

protegidos (EOM"), tibial anterior (TA), esternomastoide (STN), soleo (SOL) e diafragma
(DIA), comparando controle (CTRL) e mdx. Em B: representacdo grafica dos conteudos da

B—-DG expressos em pixels . Houve aumento significativo entre controle e mdx nos musculos
EOM+ e EOM-, e diminuigao significativa nos musculos TA mdx, STN mdx, SOL mdx e DIA
mdx em comparagdo com os controles (* P <0.05; Student’s t teste).
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6.1 Intensidade da miopatia nos diferentes misculos esqueléticos

Neste trabalho demonstramos que a auséncia da distrofina, caracteristica dos
animais distréficos, tal como humanos portadores de distrofia muscular progressiva, parece
ndo ser essencial para que ocorra a mionecrose. Nossos resultados mostram que o0s
musculos mdx extra-oculares retos (superior, medial, lateral e inferior) e obliquos (superior
e inferior) ndo apresentaram nenhum sinal de degeneracdo-regeneracdo muscular, como
necrose de fibras musculares, presenca de ntcleos centrais, processo inflamatério e
aumento da fibrose intersticial. Assim, conclui-se que mesmo com a auséncia da distrofina,
os EOM sdo protegidos da mionecrose. Esses resultados sdo concordantes com aqueles
obtidos nos estudos realizados por KHURANA et al., 1995; PORTER e BEKER, 1996;
ANDRADE et al., 2000, referentes a protecdo dos misculos extra-oculares a distrofia
muscular.

Os resultados histolégicos dos demais musculos estudados (tibial anterior,
gastrocnémio, soleo, esternomastdide e diafragma) revelaram a posi¢cdo do nicleo
periférico para o animal controle, porém estes mesmos musculos analisados nos animais
distréficos apresentaram sinais de regeneracdo muscular, caracterizado pela presenca dos
nucleos centrais. Observamos diferentes intensidades de regeneracao-degeneracdo muscular
nos musculos da pata, DIA e STN. Este fato é possivelmente explicado pela existéncia de
diferencas na evolucdo e intensidade das lesdes musculares, de acordo com a fungdo
desempenhada pelos musculos, tais como locomo¢ao, manutencdo postural e respiragao
(PASTORETI e SIBILLE, 1995). Existe ainda a hip6tese de que os tipos de fibras
musculares existentes em cada musculo possam ser responsdveis pelas diferentes

resisténcias as lesdes decorrentes das distrofinopatias (HASLETT et al., 2005). Fibras
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musculares de contracdo rdpida sao mais suscetiveis a distrofia (LYNCH et al., 2001),
porém nossos resultados mostraram que o musculo séleo, com predominio de fibras de
contracdo lenta, apresentou diferenca significativa, com maior quantidade de nicleos
centrais, caracteristicos de regeneracdo muscular, do que os miusculos tibial anterior e

gastrocnémio, que apresentam predominio de fibras de contragado ripida.

6.2 Proteinas reguladoras do Ca™

6.2.1 SERCA 1 e Calsequestrina nos EOM e demais misculos

A importincia de determinar as caracteristicas dos musculos extra-oculares e os
mecanismos que os fazem protegidos da distrofia poderia levar ao desenvolvimento de
novas terapias farmacologicas, celulares e genéticas. Além do mais, a relativa
inacessibilidade e quantidade disponivel dos EOMs comparado com outros musculos
tornou nosso trabalho o pioneiro em conseguir separar os musculos extra-oculares
protegidos (reto superior, reto inferior, reto medial, reto lateral, obliquos superior e inferior)
dos musculos acometidos, como o levantador da palpebra e retrator do bulbo.

Uma das possibilidades para explicar a protecdo contra a mionecrose dos EOMs
protegidos (retos e obliquos) distroficos seria a habilidade intrinseca desses musculos em
manter a homeostase do Ca** (KHURANA et al., 1995). Contudo, os mecanismos pelos
quais os musculos extra-oculares conseguem manter essa homeostase ainda ndo sdo
esclarecidos.

Em relacdo aos EOM+ e EOM’ distroficos, nossos resultados mostraram aumento

nos niveis de calsequestrina € SERCA1 comparado com seus controles (Figuras 11, 12).
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Considerando que os EOM sdo parcialmente afetados pela auséncia da distrofina, o
presente estudo confirma a hipdtese de que alteragdes dos niveis de cdlcio estdo envolvidas
na distrofia muscular. Estudos demonstraram que os EOM sdo mais resistentes a necrose
causada por uma elevacdo farmacoldgica dos niveis de cdlcio, sugerindo que esses
musculos apresentam uma melhor habilidade na manuten¢do da homeostase do célcio do
que outros grupos musculares (KHURANA et al, 1995). Sugerimos que esta melhor
habilidade possa estar relacionada com o aumento e/ou a expressdo normal das proteinas
ligadas ao cdlcio citosdlico ou sarcoplasmdtico. Adicionalmente, a protecio do EOM
distréfico pode ser explicada pela melhor capacidade da regulacio do cdlcio intracelular.

Em relacdo aos demais musculos estudados, observamos que os niveis de CSQ
foram significativamente reduzidos, incluindo o musculo diafragma, que € o mais afetado.
Os resultados estdo de acordo com o fato de que o tamponamento do Ca** pelo reticulo
sarcoplasmdtico € diminuido nas fibras distréficas. Possivelmente relacionado com a
diminuicdo dos niveis de calsequestrina. Entretanto, esta diminuicdo ndo parece
correlacionar com a intensidade da patologia, visto que o musculo diafragma, que é o mais
afetado, mostrou pequena reducdo da calsequestrina (20,3%) em comparacdo com
esternomastdide e séleo (31,7% e 49,2%, respectivamente).

A imunomarcacao para a proteina calsequestrina ndo revelou diferenca no padrao de
localizagdo desta proteina ou intensidade nos sinais de fluorescéncia entre animais controle
e mdx, como ja descrito na literatura (CULLIGAN et al, 2002). J4 a utilizacdo desta
mesma técnica para a Ca™-ATPase do reticulo sarcoplasmético, SERCA1, confirmou a
maior expressdo da proteina em musculos de contracdo rdpida (DIVET et al., 2005). No

musculo séleo, o qual apresenta predominio de fibras de contragdo lenta, foi observado



Consideracoes Finais 52

poucas fibras musculares com brilho no sarcoplasma, sugerimos desta forma que sejam
fibras de contragdo rapida. Porém, com a utilizacdo da técnica de immunoblotting, nossos
resultados quanto aos niveis da calsequestrina e SERCAT1 revelaram que os musculos tibial
anterior, gastrocnémio, soOleo, esternomastéide e diafragma distréficos apresentaram
diminui¢do significante destas proteinas em relagdo aos musculos controles. Interessante
salientar que nos musculos séleo e diafragma, com predominio de fibras de contracdo lenta,
ndo foram detectados SERCA1 pelo immunoblotting. Uma vez que a calsequestrina parece
ser a reguladora central dos ciclos de Ca®* através do reticulo sarcoplasmitico e representa
um mediador essencial no acoplamento excitacdo-contracdo e relaxamento muscular, é
provdvel que sua diminuicao resulta em um maior dano ao tecido (DOWLING et al., 2003).

Nossos resultados estdo de acordo com a literatura, que mostra diminuicao dos
niveis de CSQ e SERCA1 nos musculos estriados do mdx (DORAN et al., 2004) e esta
também de acordo com a hipdtese que a regulacdo do célcio pelo reticulo sarcoplasmatico
esta diminuida nos musculos distroficos. De acordo com este achado, também foi
observada na literatura a reduc@o da proteina sarcalumenina, outra proteina relacionada ao
célcio dentro do limem do reticulo sarcoplasmdtico, que apresenta interacio com a
SERCA1, (DOWLING et al.,, 2004; DORAN et al, 2006). Animais deficientes em
sarcalumenina apresentaram reducdo na expressdo de SERCA1 (YOSHIDA et al., 2005).
Esses resultados confirmam a hipétese de que alteracdes no tamponamento do célcio

citosdlico estdo envolvidas na degeneragao muscular do mdx.
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6.3 Complexo Distrofina-Glicoproteinas: analise da utrofina e quantificacio [3-
distroglicana

Analisamos a proteina utrofina, componente do DGC que poderia compensar a
deficiéncia da distrofina (LOVE et al., 1989; GRADY et al., 1997). A utrofina esta
localizada no sarcolema de musculos em regeneracdo, apresenta-se diminuida ao
nascimento e restrita a jun¢do neuromuscular e miotendinosa em musculos adultos normais.
Como a utrofina e a distrofina apresentam as mesmas proteinas associadas (distroglicanas,
sarcoglicanas e sintrofinas), sugeriu-se que a utrofina poderia compensar a deficiéncia da
distrofina (LOVE er al., 1989; GRADY et al., 1997). Através das técnicas de
imunohistoquimica observamos a utrofina na jun¢do neuromuscular. Nos EOMs distréficos
a expressdo da utrofina foi preservada na juncdo neuromuscular, concomitante com o
aumento da fluorescéncia no sarcolema extra-juncional (Figura 9 D), resultado similar
também encontrado no musculo tibial anterior distréfico, fato constatado também na
literatura (KHURANA et al., 1995). Essas observacdes sugerem que a expressdo da
utrofina ndo € responsavel pela protecio do EOM distréfico no camundongo mdx, como
relatado por PORTER et al., 2003 que verificaram aumento somente em trés dos seis tipos
de fibras encontradas no EOM, nio sendo portanto significativo, sugerindo assim um
mecanismo adicional ser o responsével pela protecao. Diferentemente, KHURANA et al,
1991; MATSUMURA et al., 1992, observaram aumento na expressdo da utrofina no EOM
distréfico, sugerindo que seu aumento pode contribuir para a protecdo dos miusculos
extraoculares distroficos (PORTER et al., 1998). O aumento da utrofina pode promover

mudangas na -dystroglicana, a qual também estd associada com a prote¢do dos miisculos
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distroficos dos dedos da pata e EOM (DOWLING et al., 2003). Estudos futuros de
immunoblotting serdo interessantes para quantificar o conteido da utrofina e sua relagao
com a prote¢do dos EOM distroficos.

Observamos que a concentracdo da [(-DG, proteina trans-sarcolemal ligada a
distrofina, fazendo parte do CDG, estava significativamente diminuida nos musculos tibial
anterior, soleo, diafragma e esternomatdéide. A mudanca na expressdo das proteinas do
complexo distrofina-glicoproteinas (CDG) é conseqiiéncia da auséncia da distrofina no
musculo distréfico (DOWLING et al., 2003).

Os EOM- mdx apresentaram aumento significativo na concentracio da [3-
distroglicana (B—DG), diferentemente, os EOM+ mdx mostraram uma diminuicdo de
apenas 3%, ndo sendo significativa em relagdo ao controle. Esse resultado observado nos
EOM+ € devido possivelmente a esse grupo também apresentar musculos ndo protegidos
da mionecrose. De acordo com os resultados da literatura (DOWLING et al., 2003), a
B-DG estava preservada nos extra-oculares. Embora a razdo desse aumento nos EOMs ndo
esteja clara, sugere-se que a B-DG possa estar envolvida na protecdo das fibras musculares
do EOM a necrose. Sabe-se que a auséncia da distrofina ocasiona drastica redu¢do em
vérias glicoproteinas sarcolemais (OHLENDIECK ez al., 1991), como as distroglicanas,
sarcoglicanas, distrobrevinas, sintrofinas e sarcospan (CULLIGAN et al., 1998). Nos
musculos dos dedos da pata de camundongos mdx, que parecem ser protegidos do processo
de degeneracdo muscular, estas proteinas nao sdo severamente afetadas como nos musculos
mdx nao protegidos (DOWLING et al., 2002). Acredita-se que a presenca da distroglicana

no sarcolema e sua interacdo com a laminina possam proteger a integridade do sarcolema
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(ERVASTI et al., 1991) sendo assim importante para a manutencdo da fibra muscular
(BROWN et al., 1999). Segundo Vandebrouck et al., 2007, na auséncia da distrofina a [3-
DG pode interagir com a utrofina, o-sintrofina ou outras proteinas subsarcolemais
envolvidas na sinaliza¢do do cdlcio, conferindo melhor tamponamento da concentracao de

célcio intracelular e conseqiiente prote¢ao a mionecrose.
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Devido ao fato dos EOM, que sdo protegidos, apresentarem aumento da
concentracdo das proteinas reguladoras de cdlcio (calsequestrina e SERCAT), enquanto
que, nos demais musculos distréficos atingidos pela degeneracdo muscular, os niveis das
mesmas proteinas estarem diminuidos significativamente, concluimos que essas proteinas
tém papel fundamental na diminui¢do ou prevencdo da degeneracdo da fibra muscular
distréfica. Entretanto, os musculos distréficos ndo protegidos ndo apresentam correlagdao
entre a diminui¢cdo da calsequestrina e intensidade da miopatia. Adicionalmente, sugerimos
que a B-DG parece estar mais diretamente relacionada com a prote¢ao a mionecrose do que
a utrofina.

Em conclusdo, os resultados obtidos sugerem que a reposicio da [-DG,
calsequestrina e SERCAI, através de terapias genéticas ou farmacoldgicas, possa ser util
para atenuar as conseqiiéncias da auséncia da distrofina, em musculos esqueléticos que

apresentam mionecrose.
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ABSTRACT

Spared extraocular muscles of dystrophic mice are not subjected to
regeneration process and can be used to verify whether the lack of dystro-
phin per se could cause changes in acetylcholine receptor (AChR) distri-
bution. In the present study, rectus and oblique (spared) and retractor
bulbi (nonspared) muscles were dissected from adult control (C57Bl/10)
and mdx mice. AChRs and nerve terminals were labeled with rhoda-
mine—a-bungarotoxin and anti-NF200-IgG-FITC, respectively, and visual-
ized by confocal microscopy. Rectus and oblique muscles presented 0.5%
central nucleation, while retractor bulbi had central nucleation in 45% of
muscle fibers. In mdx rectus, AChRs were distributed in branches in
99% of the junctions examined (n = 200), similar to that observed for
controls. Nerve terminals covered the AChR branches in 100% of the
junctions examined. In control retractor bulbi, AChRs were distributed
in regular branches. In mdx retractor bulbi, multiple fragmented islands
of receptors were seen in 56% of the endplates examined (n = 200).
These results suggest that the lack of dystrophin per se does not influ-
ence the distribution of acetylcholine receptors at the neuromuscular
junction of spared extraocular muscles. Anat Rec, 290:846-854, 2007.
@ 2007 Wiley-Liss, Ine.

Key words: acetylcholine receptors; extraocular muscles; mdx

mice; muscle regeneration; neuromuscular junc-

tion

Duchenne muscular dystrophy (DMD) is a progressive
degenerative disease that affects cardiac, skeletal, and
smooth muscle (Engel et al., 1994). It is caused by a
mutation in the dystrophin gene, which encodes a large
structural protein, dystrophin (Hoffman et al, 1987).
There is a general concept that the lack of dystrophin
causes membrane destabilization and increased calcium
entry into the muscle fiber, leading to myonecrosis (Ber-
torini et al., 1982), In the mdx mouse model of DMD
(Bulfield et al., 1984) which also completely lacks dystro-
phin, myonecrosis is followed by muscle regeneration
(Torres and Duchen, 1987; Lyons and Slater, 1991).

Dystrophin and the dystroglycan complex play a key
role in the anchoring of several molecules such as acetyl-
choline receptors (AChRs; Xu and Salpeter, 1997).
Changes in AChR distribution are also observed in the
mdx muscle (Torres and Duchen, 1987; Lyons and Slater,

© 2007 WILEY-LISS, INC.

1991; Personius and Sawyer, 2005) and parallel those
seen in normal regenerated muscle fibers (Minatel et al.,
2001), suggesting that these changes are a secondary
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consequence of muscle fiber necrosis and regeneration
rather than a direct consequence of dystrophin defi-
ciency (Lyons and Slater, 1991; Minatel et al., 2003).

Dystrophin is also deficient in the spared extraocular
muscles (EOMs) of mdx mice, rectus and oblique (Porter
et al, 1998). However, in contrast to other muscle
groups, these muscles do not show muscle fiber degener-
ation (Krurana et al, 1995; Porter and Baker, 1996;
Andrade et al., 2000). Therefore, spared EOMs are not
subjected to the regeneration process and can be used to
find out if the lack of dystrophin per se could cause a
change in acetylcholine receptor distribution.

In the present study, we used fluorescence confocal mi-
croscopy to investigate the pattern of AChR and nerve
terminal distribution in spared (rectus and oblique) and
nonspared (retractor bulbi) extraocular muscles of mdx
mice, and we found that the lack of dystrophin does not
have any influence on the distribution of acetylcholine
receptors in spared extraocular muscles of mdx mice.

MATERIALS AND METHODS
Animals

Adult mdx mice (5—-6 months old) and control C57BY
10 ScSn mice were obtained from the mouse breeding
colony of the State University of Campinas and were
housed on a 12-hr light/dark cycle with free access to
water and standard rodent chow until the time of use.
All experiments were done in accordance with the guide-
lines for the use of animals set forth by our Institution.

Muscle Preparation

The mice were anesthetized by an intraperitoneal
injection of chloral hydrate (600 pgkg) and perfused
intracardiacally with phosphate-buffered saline (PBS),
followed by freshly prepared cold fixative (4% parafor-
maldehyde in PBS). Globes with intact extraocular
muscles and associated connective tissue were obtained
by orbital dissection. Individual rectus, oblique, and re-
tractor bulbi muscles were carefully dissected from their
origin to insertion. Next, the muscles (from 5 mdx and 5
C57Bl/10 mice) were placed in a Sylgard dish and
washed with PBS for confocal microscopy observation of
neuromuscular junction organization. Enucleated speci-
mens from five mdx and five C57Bl/10 mice were dis-
sected out and snap frozen with isopentane cooled in lig-
uid nitrogen and stored at —80°C for hematoxylin and
eosin and dystrophin labeling.

Light Microscopy

Frozen globes were cross-sectioned (8-um-thick cryo-
stat sections) transverse to the globe axis. Sections from
globes were collected and mounted on coated microscope
slides. Some sections were stained with hematoxylin and
eosin and examined with a light microscope. The num-
bers of normal and regenerated muscle fibers (indicated
by the presence of central cell nuclei) were counted with
a hand counter.

Immunofluorescence

Other sections were air-dried, hydrated for 30 min
with PBS, incubated with 0.3% Triton X-100 for 10 min,
and then blocked with blocking solution (1% glycine, 3%

a

trol and mdx mice

n ¢on

TABLE 1. Total number of fibers, percentage of fibers with central nuclei, and muscle fiber area for each extraoccular and limb muscles,

Mdx

Control

Tibialis
anterioris

1,825 + 93

Retractor

Rectus/
Obligue
581 = 87

Retractor Tibialis

Rectus/

Oblique

Soleus

bulbi
298 + 70

anterioris Soleus
600 = 19

1,728 + 168

bulbi

558 + 60

Total no. of fibers

65 + 2.5%
1,574 + 640

51.5 = 1.5%
2,135 = 794

0.5 =02 45 + 1.5%
504 + 232 730 + 304

0.8 = 0.2
1,560 + 431

1.0 = 0.3
1,836 = 597

Fibers with central nuclei (%)

Muscle fiber area (|.|m2)

*P < 0.05, significantly different from control (Student’s ¢-test).

“Values are reported as means * SD.
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bovine serum albumin [BSA], and 0.6% Triton X-100 in
PBS; Sigma) for 3 hr. The sections were incubated with
dystrophin antibody (NCL-DYS1, mouse monoclonal
antibody, Novocastra, 1:500) overnight at 4°C, The sec-
tions were washed with PBS and incubated with fluores-
cein-conjugated anti-mouse IgG (Sigma; 1:500) for 1 hr
at room temperature. Sections were washed with PBS
and cover-slipped with DABCO (Sigma) mounting me-
dium for fluorescence microscopy and observed under a
confoeal microscope.

Control mounts for the primary antibody were incu-
bated with fluorescein-conjugated anti-mouse IgG
(Sigma; 1:500) in blocking solution instead of the pri-
mary antibody. No stained structures were seen in these
controls. Approximately 200 neuromuscular junctions
were examined for each group (normal and mdx).

For the study of the molecular organization of the
neuromuscular junction, adult mdx mice were anesthe-
tized with an intraperitoneal injection of chloral hydrate
(0.6 g/kg) and perfused intracardiacally with PBS fol-
lowed by freshly prepared cold fixative (2% formalde-
hyde in PBS). Right and left extraocular muscles were
removed, placed in a Sylgard dish and washed with
PBS. The muscles were initially incubated with rhoda-
mine—alpha-bungarotoxin (Rh-BTX; Molecular Probes,
1 pg/ml) and then with 0.1 M glycine (Sigma) followed
by a blocking solution (1% glycine, 3% BSA, and 0.6%

Fig. 1. A-l: Muscle regenera-
tion (A-C) and dystrophin expres-
sion (D-I} in spared and nonspared
extraocular muscles. A: Central
nucleated fibers were not seen in
dystrophic rectus muscles. B,C:
Dystrophic retractor bulbi (B} and
tibialis anterioris (C) showed cen-
tral nucleated fibers (arrows). D-F:
Dystrophin-negative fibers were
typically seen in madx rectus (D},
retractor (E), and tibialis anterioris
(F. G-I: Control rectus (G}, retrac-
tor (H), and tibialis anterioris (I}
showed positive labeling for dys-
trophin. Orbital layer (OL) and
global layer (GL) of rectus muscle.
A-C, hematoxylin and eosin stain-
ing. D~1, immunoflucrescence. Scale
bar = 20 pm in A,B,D,E,G,H, 50 pm
in G.FL

Triton X-100 in PBS; Sigma). The primary antibody
used was a mouse monoclonal anti-NF200 (Sigma,
1:500). After washing with PBS, the muscles were incu-
bated with fluorescein-conjugated anti-mouse IgG
(Sigma, 1:500) and again washed with PES. The muscles
were mounted in DABCO (mounting medium for fluores-
cence microscopy, Sigma) for observation as a whole-
mount preparation by confocal microscopy.

The tibialis anterioris and soleus muscles of each mice
had their acetylcholine receptors labeled the same way
as described above for comparison with EOMs, because
limb muscles show differences in terms of fiber typing,
are mainly monoinnervated, and are severely affected by
the lack of dystrophin.

Confocal Microscopy

A dual-channel Bio-Rad laser confocal system (MRC
1024UV) mounted on a Zeiss Axiovert 100 inverted
microscope equipped with an Ar-Kr laser was used to
observe labeled muscle fiber endplates. The 488-nm line
was used to excite the fluorescein-labeled nerve terminal
in muscle whole-mounts or dystrophin-labeled sections
and the 568-nm line was used to excite the rhodamine-
labeled receptors. Manufacturer-supplied software (Bio-
Rad Acquisition and Processing) was used to control
image acquisition and processing. The settings for con-
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Fig. 2. Acetylcholine receptor (AChR) distribution
in spared extraoccular muscles. A and B show recep-
tor topography at the endplate band. A-D: Continu-
ous branches of AChRs are typically seen in controls
(A} and dystrophic muscles (B-D). In D, muscle fiber
(asterisk) with two distinct endplates zones and
small discrete AChR regions (arrow). Scale bar =
100 pm in AB, 60 pm in C,D.

trast, brightness, and iris diameter were adjusted and
kept unchanged during all observations of control and
mdx muscles. Two Zeiss microscope objectives were used
for confocal imaging: a x40 1.4 NA water immersion
objective and a x63 1.4 NA oil immersion objective. For
each endplate studied, 1- to 2-pm-thick optical sections
were obtained from the bottom to the top of the end-
plate. Each optical section was added to a stack of
images using the Bio-Rad data processing software and
a single image was then built to allow observation of the
whole endplate with all its branches within the same
focal plane.

Based on previous observations of AChRs labeled with
alpha-bungarotoxin and light microscopy (Lyons and
Slater, 1991; Balice-Gordon and Lichtman, 1993; Mar-
ques and Santo Neto, 1998; Marques et al., 2000, 2005;
Minatel et al., 2001, 2003), junctions were qualitatively
assigned according to the pattern of AChR distribution
as “branched” and “iglands.” The length and width of
each of the AChRs clusters in an endplate were calcu-
lated. Briefly, lines following individual AChRs clusters
were made with the mouse cursor (see Fig. 4, inset) and
the values were automatically obtained using the Bio-
Rad processing software for digital measurement. We
determined that AChREs clusters with a length/width ra-
tio equal to or less than 1.5 are classified as islands
(Marques et al., 2005; Marques et al., 2007). The neuro-
muscular junction length and width were calculated as
the maximum length of the junction in the long axis of
the muscle fiber and the maximum width of the junction
in the orthogonal axis, using the Bio-Rad processing
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software for digital measurement. Comparisons hetweer&
groups were made using the Student’s ¢-test or the y~
test.

RESULTS
Histological Characteristics and
Dystrophin Labeling

Mdx extraocular rectus and oblique muscles did not
show any signs of muscle fiber degeneration, connective
tissue accumulation, or central nuclei, characteristic of
regenerated muscles (0.5% of regenerated fibers; Table
1; Fig. 1A). The mdx retractor bulbi exhibited central
nucleated muscle fibers (45% of regenerated fibers; Table
1; Fig. 1B). There were no differences in the total num-
ber of fibers and fiber area between mdx and control
mice for rectus, oblique, or retractor bulbi muscles
(Table 1).

Dystrophin distribution was characterized by a bright
outline in the sarcolemma of control muscles (Fig. 1G-I).
No dystrophin labeling was observed in any dystrophic
muscle studied (Fig. 1D-F). The orbital and global
layers did not show any differential expression of dystro-
phin, with the two layers being negative in the mdx
(Fig. 1D).

Neuromuscular Junction Organization

Mdx and control rectus and oblique muscles displayed
a distinct innervation band in the muscle midbelly. The
junctions located in this endplate zone were mainly
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Fig. 3. A-D: Acetylcholine receptor (red) and
nerve terminal (green) distribution in branched
{A,C,D) and en grappe (B) neuromuscular junctions.
A: Branches of receptors covered by continuous
processes of nerve terminal, seen in mdx rectus
muscle {arow). B: En grappe junctions, character-
ized by small plagues of receptors without much
resolvable substructure and no-branched nerve ter-
minals, scattered along the muscle fiber from madx
rectus muscle (arrows). G: Neuromuscular junction
from control retractor bulbi showing continuous
processes of nerve terminal covering receptor
branches (arrow). D: The mdx retractor bulbi. Nerve
terminal with bulbous enlargements filling the center
of receptors islands (arows). Preterminal axon (short
arrows in A-D). Scale bar = 30 pm in A,C, 45 um in
B, 15 umin D.

monoinnervated (Fig. 2AB). A few fibers (2%) showed
two distinet AChR-rich areas in the same fiber, suggest-
ing their multiple innervation (Fig. 2D). In mdx muscles,
AChRs displayed the typical organization pattern
described elsewhere as en plague junctions (Khanna
et al., 2003) or pretzel-like (Marques et al., 2000). The
pretzel or branched pattern is classically described for
the adult normal junction (Balice-Gordon and Lichtman,
1993; Marques et al, 2000) and consists of elongated,
smoothly fluorescent branches forming continuous chan-
nels that run in several orientations along the muscle
fiber. Branches were longer than wider (Table 2). Some
junctions (3-4%) showed small discrete AChR regions
(Fig. 2D). The same pattern of AChR distribution was
seen in control junctions (Fig. 2A; Table 2). Most of the
endplates were large and oval, with a variable width of
15 pm (obliques) to 18 pm (rectus superior) and length
of 30 um (obliques) to 44 pm (rectus superior; Table 3).
Nerve terminals covered the branches of the receptors

with fine and continuous processes (Fig. 3A).

Controls and mdx rectus and oblique muscles also
exhibited small endplates scattered along the length of
the fibers proximal and distal to the central endplate
zone (Fig. 3B). These junctions were classified elsewhere
as en grappe (Khanna et al., 2003) and were character-
ized by small plaques of receptors, approximately 5.4 pm
wide and 17 pm long, without much resolvable substruc-
ture and no-branched nerve terminals. No differences
were seen between mdx and control muscles regarding
the pattern of AChR and nerve terminal distribution at

these smaller endplates.

AChRs in the mdx retractor bulbi muscles were dis-
tributed in islands (Table 2). The island pattern was
characterized by round fluorescent areas with a brighter
outline and a dark center (Fig. 4B-D), resembling the
pattern of AChR distribution seen in limb mdx muscles
(Fig. 5B,C). The islands showed approximately the same
dimensions in the two axes (Table 2), and have been
described before for the mdx junctions (Lyons and Slater,
1991), for regenerated fibers after a crush lesion (Rich
and Lichtman, 1989) and after lidocaine injection (Min-
atel et al., 2001; Marques et al., 2005). No quantitative
differences were seen in AChR pattern of distribution
between mdx retractor bulbi and limb muscles (P >
0.05; Student’s ¢-test and 12 test; Table 2). In controls,
receptors were distributed in regular and continuous
branches in retractor (Fig. 4A) and tibialis anterioris
(Fig. 5A). In mdx muscles, nerve terminals showed fine
arborizations with bulbous enlargements that filled the
center of the AChR spots (Fig. 3D). In control retractor
bulbi, nerve terminals presented continuous processes
that covered the AChR branches (Fig. 3C).

DISCUSSION

The histopathological analysis of EOMs showed that,
despite dystrophin deficiency, mdx rectus and oblique
muscles did not show central nucleated fibers, indicative
of muscle fiber regeneration. Muscle regeneration was
readily visible in retractor bulbi muscles of the same
animal, in agreement with the literature (Pastoret and
Sebille, 1995; Porter and Baker, 1996). Therefore, the
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Fig. 4. Acetylchcline receptor (AChR) distribution
in nonspared retractor bulbi. A: In controls, AChRs
are distributed in continuous branches (arrow). B-D:
Islands of receptors with a bright outline and a dark
center are seen in dystrophic retractor bulbi junc-
tions (arrows). D: Scattered patches of receptors
along the length of the muscle fiber, away from the
endplate region could be seen (short arrows) and
may represent distinct and less crganized junctional
zones. The inset shows how the length (longer dark
line on the left} and width (shorter dark line on the
right) of each branch of AChRs were cbtained. Scale
bar = 50 pm in A-C, 100 um in D.

Fig. 5. Acetylcholine receptor (AChR) distribution in limb muscles. A: In control tibialis anterioris,
AChRs are distributed in branches (arrow). B,C: Islands of receptors with a bright outline and a dark cen-
ter are seen in dystrophic tibialis (B, arrows) and soleus (C, arrow) junctions. Scale bar = 35 pym.

study of mdx rectus and obliqgue muscles allowed us to
verify whether the absence of dystrophin per se would
affect acetylcholine receptor distribution at the neuro-
muscular junction.

The pattern of acetylcholine receptor distribution in
control rectus and obliqgue muscles was closely similar to
observations made by confocal (Khanna et al., 2003) and
scanning electron microscopy (Desaki, 1990), demon-
strating the presence of branched and en grappe junc-
tions. The branched junctions are typically seen in sin-
gly innervated muscle fibers and show a twitch contrac-
tion response (Spencer and Porter, 1988; Khanna et al.,
2003), whereas en grappe junctions are seen in multiply
innervated muscle fibers with a tonic response (Khanna
et al., 2003). At the present, no branched junctions were
innervated by more than one nerve terminal, but a few
fibers showed two distinet endplate regions.

In the dystrophic rectus and oblique muscles, the pat-
tern of AChR organization was indistinguishable from
the control muscles. No qualitative differences were seen
in the pattern of receptor distribution in the branched
and en grappe junctions, and no islands of receptors,
usually seen in other adult dystrophic muscles, were
noted (Lyons and Slater, 1991; Minatel et al., 2003).
Hence, these results show that the lack of dystrophin or
a normal dystrophin-glycoprotein complex does not
interfere with the pattern of AChR distribution at the
neuromuscular junetion, which is in agreement with a
previous report on dystrophic neuromuscular junction
development (Minatel et al., 2003).

The pattern of AChR distribution in the control retrac-
tor bulbi was similar to that described in the literature
(Khanna et al, 2003). In the mdx retractor bulbi, recep-
tors were distributed in islands and nerve terminals
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showed thin profiles that may represent intraterminal
sprouts, which dictate the organization of AChRs into
islands (Santo Neto et al., 2003). Thus, the pattern of
AChR distribution in the dystrophin-deficient fiber of
nonspared extraocular muscles is altered in the presence
of muscle fiber regeneration, which is in agreement with
previous observations in other muscles (Lyons and Sla-
ter, 1991; Minatel et al, 2001). It would be interesting
to verify whether limb muscles share biochemical and
structural properties with EOMs, such as contraction
times and myosin heavy chain components that might
explain why some muscles are affected while others are
not.

Extraocular muscles present a laminar organization,
with an outer orbital layer and an inner global layer,
which show differences of gene expression, mainly those
genes related to metabolic pathways and structural ele-
ments of muscle and nerve (Budak et al, 2004). We
observed that both layers were negative for dystrophin,
suggesting a common mechanism of protection. Neuro-
nal nitric oxide synthase, which is able to correct defects
in neuromuscular junction in dystrophic muscles (Shiao
et al, 2004) is decreased in the extraocular muscle of
mdx mice (Wehling et al., 1998). Utrophin, which can be
up-regulated in the dystrophic fiber, seems to not be
altered in dystrophic extraccular muscles (Porter et al.,
1998, 2003). It would be interesting to see whether mole-
cules of the dystrophin—glycoprotein complex related to
calcium, such as calmodulin (Anderson et al.,, 1996;
Rando, 2001) can be up-regulated in dystrophic rectus
and obligue muscles and could explain their protection
against the lack of dystrophin.

Although the importance of dystrophin and the DGC
cannot be excluded (Kong and Anderson, 1999; Banks
et al., 2003, 2005), the present results show that the
lack of dystrophin or a normal dystrophin glycoprotein
complex do not have any influence on the distribution of
acetylcholine receptors in spared extraocular muscles of
mdx mice, which is in agreement with other studies
showing a normal pattern of AChR distribution during
development of dystrophic junctions (Minatel et al.,
2003).
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Expression of calcium-binding proteins in dystrophin-deficient muscles of the mdx mice:

potential role in the pathogenesis of Duchenne muscular dystrophy.

Duchenne muscular dystrophy is one of the most common hereditary diseases. Abnormal
ion handling renders dystrophic muscle fibers more susceptible to necrosis and a rise in
intracellular calcium is an important initiating event in dystrophic muscle pathogenesis. In
the mdx mice, muscles are affected with different intensities and some muscles are spared.
We investigated the levels of the calcium-binding proteins calsequestrin, calmodulin and a
Ca”*/calmodulin dependent kinase, the myosin light chain kinase, in the non-spared axial
(sternomastoid and diaphragm) and limb (tibialis anterior and soleus) muscles and in the
spared extraocular muscles of control and mdx mice. Immunobloting analysis showed a
significant increase of all proteins in the spared mdx extraocular muscles. In the non-spared
dystrophic muscles, calmodulin and myosin light chain kinase levels were comparable to
control, except in the tibialis anterior, where it was decreased. Calsequestrin was
significantly decreased in the non-spared dystrophic muscles. These results suggest that
differential levels of the calcium-handling proteins may be involved in the pathogenesis of
the dystrophic mdx muscles. Signaling mechanisms involving Ca**-calmodulin activation
and calsequestrin expression may be a valuable way to develop new therapeutic approaches

to the dystrophinopaties.

Key words: calmodulin; calsequestrin; Duchenne muscular dystrophy; extraocular muscles;

mdx mice; myosin light chain kinase.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused by a mutation in the X
chromosome which results in the absence of dystrophin in cardiac, skeletal and smooth
muscles (Hoffman et al. 1987; Engel et al. 1994). An established animal model of X-linked
muscular dystrophy is the mdx mouse (Bulfield et al. 1984; Grounds et al. 2008), which is
unable to express dystrophin due to a point mutation (Sicinski et al. 1989). Mdx mice
exhibit elevated serum creatine kinase levels (Bulfield et al. 1984), and muscle necrosis
(Torres and Duchen 1987) followed by muscle regeneration (Lyons and Slater 1991;
Minatel et al. 2003).

Several studies have suggested that a rise in intracellular calcium is an important
initiating event in dystrophic muscle pathogenesis (Tidball and Spencer 2000; Whitehead et
al. 2006). There is a general concept that the lack of dystrophin renders the sarcolemma
more susceptible to rupture (Petrof et al. 1993) or affects the normal functioning of calcium
channels (Alderton and Steinhardt 2000; Vandebrouck et al. 2007) that ultimately leads to
an increased calcium entry into the muscle fiber. These elevated calcium levels activate
proteases, such as calpain, resulting in myonecrosis (Tidball and Spencer 2000). In addition
to disturbed cytosolic calcium levels, the calcium-buffering capacity of dystrophic muscles
also seems to be impaired (Culligan et al. 2002; Doran et al. 2006).

Despite the common etiology of dystrophin deficiency, differential response of
various skeletal muscles to dystrophin deficiency supports the hypothesis that secondary

mechanisms have a substantial effect on phenotypic severity. In the mdx, limb and neck
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muscles exhibit extensive necrosis and regeneration between two and six weeks of age,
followed by stabilization, hypertrophy and degeneration in older mice (McArdle et al.
1994). In contrast, mdx diaphragm suffers intensive degeneration similar to the phenotype
of DMD patients (Stedman et al. 1991), while dystrophic extraocular and laryngeal muscles
are spared (Andrade et al. 2000; Marques et al. 2007a). We hypothesized that differences in
the expression of calcium-binding proteins amongst dystrophic muscles may be important
in determining their phenotypic severity. We studied the expression of the key calcium-
regulatory muscle proteins calmodulin (CaM), Ca**-calmodulin-dependent protein kinase
(myosin light chain kinase; MLCK) and calsequestrin (CSQ) in five different skeletal
muscles (tibialis anterior, soleus, sternomastoid, diaphragm and extraocular) from wild-type

and mdx mice.
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MATERIAL AND METHODS
Animals

Male mdx and C57B1/10 mice (2 months old) obtained from the mouse breeding
colony of the State University of Campinas were housed under controlled conditions of
temperature under a 12/12-h light/dark cycle, with free access to food and water. The
animal experiments described here were done in accordance with the guidelines of the
Brazilian College for Animal Experimentation (COBEA) and the guidelines set forth by our
Institution.

The calcium-binding proteins calmodulin (CaM; 17 kDa), myosin light chain kinase

(MLCK, 79 kDa) and calsequestrin (CSQ; 68 kDa) were studied.

Immunofluorescence

Adult (2 months old) mdx (n = 5) and C57BI1/10 (control; n = 5) mice were used to
study the pattern of distribution of CaM, MLCK and CSQ.

The animals were anesthetized by intraperitoneal injection of chloral hydrate (600
ng/kg). The tibialis anterior, soleus, sternomastoid, diaphragm and the globes with intact
extraocular muscles and associated connective tissue were dissected out, snap frozen with
isopentane cooled in liquid nitrogen and stored at -80°C for hematoxylin-eosin and
immunofluorescence staining. The frozen globes were cross-sectioned (8-um thick cryostat

sections) transverse to the globe axis. Sections from the globes and other muscles were
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collected and mounted on coated microscope slides. Some sections were stained with
hematoxylin-eosin and examined under a light microscope.

The other sections were air dried, hydrated for 30 min in PBS, incubated with 0.3%
Triton X-100 for 10 min, and then blocked with blocking solution (1% glycine, 3% BSA
and 0.6% Triton X-100 in PBS; Sigma) for 3 h. The sections were incubated with one of
the calcium-binding proteins antibodies described below overnight at 4°C. The sections
were washed with PBS and incubated with fluorescein-conjugated anti-mouse IgG or anti-
rabbit IgG (Sigma; 1:500) for 1 h at room temperature. Sections were washed with PBS and
coverslipped with DABCO (Sigma) mounting medium for fluorescence microscopy and
observed under a Nikon fluorescence microscope equipped with a Hamamatsu video
camera.

Control slides for the primary antibody were incubated with fluorescein-conjugated
anti-mouse IgG (Sigma; 1:500) in blocking solution instead of the primary antibody. No
stained structures were seen in these controls.

Immunoblotting

Adult (2 months old) mdx (n =9) and C57BI1/10 (control; n = 9) mice were used for
the quantification of calcium-binding proteins. Western blots were run in triplicate and for
each repetition muscles were pooled from 3 mice per strain

An established feature of the extraocular muscles (EOM) is that they contain spared
(rectus and oblique) and non-spared (retractor bulbi and levator palpebrae) muscles (Porter
and Baker 1996; Marques et al. 2007b). Immunoblotting was performed with samples

containing only the spared muscles, with the retractor bulbi and levator palpebrae muscles



Artigo Submetido — Journal Histochemistry & Cytochemistry 88

being removed. Samples obtained from the tibialis anterior (TA), soleus (SOL),
sternomastoid (STN) and diaphragm (DIA) muscles were also studied.

Muscles were lysed in assay lysis buffer containing freshly added protease and
phosphatase inhibitors (1% Triton, 10 mM sodium pyrophosphate, 100 mM NaF, 10 pg/ml
aprotinin, 1| mM PMSF, and 0.25 mM Na3;VOQ,). The samples were centrifuged for 20 min
at 11,000 rpm and the soluble fraction was resuspended in 50 pl Laemmli loading buffer
(2% SDS, 20% glycerol, 0.04 mg/ml bromphenol blue, 0.12 M Tris-HCI, pH 6.8, and 0.28
M B-mercaptoethanol) before separation on 12%-15% SDS-polyacrylamide gels. 30 ug of
total protein homogenate from C57BL/10 and mdx EOM, TA, SOL, STN and DIA was
loaded on a 12%-15% SDS-polyacrylamide gels. Proteins were transferred from the gels to
a nitrocellulose membrane using a submersion electrotransfer apparatus (Bio-Rad
Laboratories). Membranes were blocked for 2 h at room temperature with 5% skim milk-
Tris/HCI Buffer Saline-Tween buffer (TBST; 10 mM Tris-HCIL, pH 8, 150 mM NacCl, and
0.05% Tween 20). The membranes were incubated with the primary antibodies overnight at
4°C, washed in TBST, incubated with the peroxidase-conjugated secondary antibodies for 2
h at room temperature, and developed using the SuperSignal West Pico Chemiluminescent
Substrate kit (Pierce Biotechnology). To control for protein loading, western blot transfer,
and non-specific changes in protein levels, the blots were stripped and re-probed for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Band intensities were quantified

using ImageJ 1.38X (National Institute of Health, USA) software.



Artigo Submetido — Journal Histochemistry & Cytochemistry 89

Antibodies used for immunofluorescence and/or immunoblotting

The following primary antibodies were used for immunofluorescence and
immunoblotting: 1) dystrophin (monoclonal NCL-DYSI1, Novocastra), 2) calsequestrin
(monoclonal VIIID12, Affinity BioReagents), 3) calmodulin (polyclonal CaM I-FL 149;
Santa Cruz Biotechnology), 4) skeletal muscle myosin light chain kinase (goat polyclonal
MLCK; Santa Cruz Biotechnology) and 5) glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; rabbit polyclonal; Santa Cruz Biotechnology).

Anti-mouse IgG-FITC (Sigma) was used as the corresponding secondary antibody
for immunofluorescence. The corresponding secondary antibodies used for immunoblotting
were peroxidase-labeled affinity purified antibody to mouse, rabbit or goat IgG (H+L)
(KPL).

Statistical analysis
Control and mdx groups were compared using a Student #-test. For all comparisons,

P < 0.05 was considered to be significant.



Artigo Submetido — Journal Histochemistry & Cytochemistry 90

RESULTS

The histological appearance of muscles from mdx and control mice is shown in
Figure 1. In control mice, muscle fibers were round or roughly polygonal with rounded
angles. In cross sections, their nuclei were randomly placed, always found in a peripheral
location directly under the sarcolemma. Muscle fibers had a relatively uniform diameter,
and no degenerating myofibers or extensive areas of inflammatory reaction were observed
(Fig. 1A). Dystrophic sternomastoid, limb and diaphragm muscles displayed evidence of
myopathy, represented by an increased percentage of central nucleated fibers when
compared to their respective control at the same age (Table 1). Areas of inflammatory
reaction were mostly seen in the DIA (Fig. 1C). Dystrophic extraocular muscles showed no
histological signs of myopathy (Fig. 1D) and levels of central nucleation similar to their
respective control (Table 1).

Control muscles exhibited a normal pattern of dystrophin distribution, with
dystrophin labeling associated with the sarcolemma (Fig. 2A). In mdx mice, all muscles
were negative for dystrophin (Fig. 2B).

The pattern of distribution of the key calcium-binding proteins is shown in Figure
2C-F (calmodulin) and Figure 3 (calsequestrin). Calmodulin and calsequestrin distribution
was similar in normal and dystrophic STN, limb and EOM, with an apparent decrease in
the intensity of both proteins fluorescence in some dystrophic muscles.

The comparison of proteins levels among muscles showed that, in control muscles,

the highest level of CaM was seen in SOL (6066 £ 1576 pixels). STN and EOM showed the
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lowest expression of CaM (STN: 1546 + 111 pixels; EOM: 717 + 218 pixels). CSQ
expression was highest in TA and lowest in EOM (TA: 8305 + 2595 pixels; EOM: 4618 +
592 pixels). In dystrophic muscles, the highest level of CaM was seen in SOL (4935 + 1625
pixels) and the lowest level was observed in the STN (1396 + 248 pixels). CSQ expression
was highest in EOM (6678 + 2247 pixels) and TA (7222 *+ 2774 pixels) dystrophic
muscles. The lowest level of CSQ was seen in SOL (2963 + 1554 pixels).

Comparative immunobloting data of the calcium-binding proteins are shown in
Figures 4-6. Dystrophic EOM showed a significant increase in CaM expression compared
to its control (Fig. 4). In the mdx limb and DIA muscles, there was a trend for a decrease in
CaM expression when compared to their respective control, but this was different (p>0.05)
only in TA. MLCK levels (Fig. 5) followed the same pattern obtained for CaM, i.e.,
significantly increased in dystrophic EOM and significantly decreased in TA. When
compared to its respective control, dystrophic EOM showed increased expression of CSQ
(Fig. 6; p<0.05, compared to control). Dystrophic STN, DIA and SOL showed a significant

decrease in CSQ (p<0.05, compared to their controls).
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DISCUSSION

Free intracellular calcium concentration is higher in muscle fibers from mdx mice
compared to wild-type fibers (Gailly 2002; Whitehead et al. 2006). It is postulated that in
the absence of dystrophin contraction leads to membrane tears or that a lack of dystrophin
may cause abnormal calcium channel function (Franco and Lansman 1990; Vandebrouck et
al. 2007), with a consequent rise in intracellular calcium followed by the loss of calcium
homeostasis and the activation of degradative pathways that lead to muscle fiber necrosis
(Turner et al. 1993). In mdx mice, abnormal calcium handling has been suggested to play a
major role in the secondary steps leading to the chronic fiber necrosis (Khurana et al. 1995;
Culligan et al. 2002; Dowling et al. 2004).

Calmodulin is one of the major cytosolic calcium buffers in muscle, and calcium-
calmodulin interactions serves as regulators of calcineurin and calmodulin kinases (Olson
and Williams 2000). We observed that the pattern of distribution and the levels of CaM and
MLCK were not altered in dystrophic STN, SOL and DIA muscles. Since calmodulin is
anchored to the dystrophin-glycoprotein complex through dystrophin (Anderson et al.
1996; Rando 2001), apparently the lack of dystrophin did not interfere with the location and
expression of CaM, as it does with other proteins of the DGC (Ervasti 2007). Ca**/CaM-
regulated factors, such as calcineurin/NFAT and PGC-1a are known to be able to regulate
the expression of utrophin in skeletal muscle (Angus et al. 2005). The normal levels of

calmodulin observed in mdx STN, SOL and DIA fibers might be related to the presence of
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utrophin in the extrajunctional sarcolemma, where it may replace dystrophin (Matsumura et
al. 1992).

Myosin light chain phosphorylation by skeletal muscle MLCK is a biochemical
mechanism for the physiological potentiation of twitch contractions by repetitive stimuli in
fast-twitch skeletal muscles (Ryder et al. 2007). Ablation of the MLCK expression results
in inhibition of myosin regulatory light chain phosphorylation in response to electrical
stimulation (Zhi et al. 2005) and contractile alterations have been reported to occur in other
dystrophic muscles (Kumar et al. 2004; Lowe et al. 2006). In the present, the mdx TA
muscle showed a significant decrease of both CaM and MLCK. This suggests that TA
muscle may have contractile dysfunctions in response to repetitive stimuli and that fiber-
type composition, in addition to functional activity, may explain the different responses of
dystrophic muscles regarding the calcium-binding proteins.

Histopathological data suggest that DIA, with an apparent increase in the
inflammatory response, is the mostly affected muscle compared to STN, SOL and TA at
this age. Although there was a trend for a decrease of CaM and MLCK in the dystrophic
DIA, this was not significant and the levels of CaM and MLCK were comparable between
DIA control and mdx. This suggests that CaM is not related to the worst phenotype of DIA
and that other cytosolic calcium handling proteins, such as regucalcin (Doran et al. 2006),
may be involved. Calcineurin is essential for muscle regeneration in mdx mice (Stupka et
al. 2008). Differently from DMD, the mdx mice are able to regenerate and compensate for
muscle degeneration. It could be possible that normal levels of CaM lead to normal

calcineurin activity, which in turn contributes to muscle regeneration in the mdx. DMD
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patients show decreased calcineurin activity in serum (Sundaram et al. 2007) and it would
be interesting to verify the levels of CaM in these patients to further develop new
therapeutic approaches more focused to this signaling pathway to promote muscle
regeneration in DMD.

Calsequestrin is the most important calcium binding protein inside the sarcoplasmic
reticulum. Previous report using total muscles extract demonstrated decreased CSQ
expression in mdx skeletal muscles (Doran et al. 2004), although the 63-kDa fast CSQ
isoform was comparable between normal and mdx gastrocnemius (Dowling et al. 2003),
and a drastic reduction of calsequestrin-like proteins of 150 to 220 kDa had been reported
in mdx leg muscle (Culligan et al. 2002). In the present, by studying extracts of individual
muscles, we observed that CSQ levels were significantly reduced at most of the mdx
muscles, including the most affected DIA. This is in agreement with the general concept
that dystrophic fibers have an impairment of calcium-handling ability by the SR, possibly
related to a decrease in CSQ expression. However, this impairment does not seem to
correlate with intensity of pathology, since DIA, which is the most affected muscle, showed
lower levels of CSQ reduction (about 20% of CSQ reduction) in comparison to the STN
and SOL (about 30%-50% of CSQ reduction).

In the EOM muscles, CSQ, CaM and MLCK were significantly increased in the
mdx mice, suggesting that these muscles may have a better cytosolic and SR calcium
handling capacity, which is in agreement with previous report showing that EOM are more
resistant to necrosis caused by pharmacologically elevated calcium levels (Khurana et al.

1995). Previously, no changes were observed in the 63-kDa CSQ expression in dystrophic
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EOM and toe muscles, both spared, compared to normal muscles (Dowling et al. 2003). In
the present, by using muscles extracts only from the spared dystrophic EOM, removing the
retractor bulbi and elevator palpebrae, which are affected by the lack of dystrophy, we
observed a significant increase in the levels of CSQ suggesting that EOM muscles also
have a better sarcoplasmic reticulum ability to handle calcium.

The target inhibition of Ca**/CaM signaling lead to a significant reduction in A-
utrophin and exacerbated the dystrophic phenotype in mdx soleus muscle (Chakkalakal et
al. 2006). Immunoblotting studies have demonstrated increased utrophin expression in
EOM (Khurana et al. 1991;Matsumura et al. 1992), being suggested that upregulation of
utrophin protects the dystrophic EOM (Porter et al. 1998). Thus, in addition to promote a
better cytosolic calcium homeostasis, the increased levels of CaM in the dystrophic EOM
may guarantee an up-regulation of utrophin expression in these muscles, which in turn
protects them against myonecrosis, as previously suggested. The up-regulation of utrophin
can also promote changes in B-dystroglican, which is also associated to the protection of
dystrophic EOM and toe muscles (Dowling et al. 2003). Increased utrophin levels in
dystrophic mdx muscle by L-arginine lead to relocalization of B-dystroglican with utrophin
to the membrane, with consequent improvement in muscle morphology and decreased
serum CK levels in mdx mice (Voisin et al. 2005). Thus, the up-regulation of utrophin and
B-dystroglican in these muscles may be related to their CaM-calcineurin signaling activity,

which could explain their protection.
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In conclusion, the present study further supports the concept that abnormal Ca**-
handling is involved in dystrophinopaties. Dystrophic extraocular muscles may be
protected due to a better cytosolic and sarcoplasmic reticulum ability to handle changes in
calcium concentration, through increased levels of calcium-binding proteins. Among non-
spared dystrophic muscles, no correlation seems to exist between changes in calmodulin,
calmodulin-kinase and calsequestrin and intensity of myopathy. Further studies of the
signaling mechanisms involving Ca**-calmodulin activation in the mdx, possibly leading to
restoration of the DGC in spared muscles or to muscle regeneration through calcineurin
activity in the non-spared muscles, may be of importance to further develop new

therapeutic strategies to dystrophinopaties.
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Figure legends

Figure 1. Histological appearance of tibialis anterior (TA), diaphragm (DIA) and
extraocular rectus (EOM) muscles. In A, control TA shows fibers with uniform diameter
and peripheral nuclei. In dystrophic TA (B), central nucleated fibers (arrows), indicative of
muscle degeneration-regeneration, are seen. The dystrophic DIA (C) shows areas of
inflammatory reaction and fibers with central nuclei (asterisks). In D, EOM from mdx mice

with no signs of muscle degeneration-regeneration.

Figure 2. Dystrophin (A-B) and calmodulin (C-F) immunofluorescence in control (CTRL;
A, C, E) and dystrophic (MDX; B, D, F) muscles. While normal sarcolemmal labeling
using dystrophin antibody is visible in control EOM rectus muscle (A), there is no
detectable labeling in mdx rectus (B). Calmodulin showed a cytoplasmic pattern of

distribution in EOM rectus (C, D) and tibialis anterior (E, F).

Figure 3. Immunofluorescence localization of calsequestrin in controls (CTRL; A, C, E)
and dystrophic (MDX; B, D, F) EOM rectus (A, B), tibialis anterior (C, D) and soleus (E,
F) muscles. Calsequestrin showed a cytoplasmatic pattern of distribution in controls and

dystrophic muscles.
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Figure 4. Immunoblot analysis of calmodulin (CaM) expression in crude extracts of spared
extraocular muscles (EOM), sternomastoid (STN), diaphragm (DIA), tibialis anterior (TA)
and soleus (SOL) muscles from control (Ctrl) and dystrophic (mdx) mice. A. Western blot
of CaM. B. Same blot as A reprobed for GAPDH as a loading control. C. Levels of CaM
expressed in percentage relative to CaM control value (100%). The asterisk (*) means

significantly different from control at p<0.05. Error bars, SD.

Figure 5. Immunoblot analysis of myosin light chain kinase (MLCK) expression in crude
extracts of spared extraocular muscles (EOM), sternomastoid (STN), diaphragm (DIA),
tibialis anterior (TA) and soleus (SOL) muscles from control (Ctrl) and dystrophic (mdx)
mice. A. Western blot of MLCK. B. Same blot as A reprobed for GAPDH as a loading
control. C. Levels of MLCK expressed in percentage relative to MLCK control value
(100%). The asterisk (*) means significantly different from control at p<0.05. Error bars,

SD.

Figure 6. Immunoblot analysis of calsequestrin (CSQ) expression in crude extracts of
spared extraocular muscles (EOM), sternomastoid (STN), diaphragm (DIA), tibialis
anterior (TA) and soleus (SOL) muscles from control (Ctrl) and dystrophic (mdx) mice. A.

Western blot of CSQ. B. Same blot as A reprobed for GAPDH as a loading control. C.



Artigo Submetido — Journal Histochemistry & Cytochemistry

108

Levels of CSQ expressed in percentage relative to CSQ control value (100%). The asterisk

(*) means significantly different from control at p<0.05. Error bars, SD.

Table 1. Central nucleated fibers in C57B1/10 (control) and mdx mice in spared EOM

rectus (EOM rectus), sternomastoid (STN), tibialis anterior (TA), soleus (SOL) and

diaphragm (DIA) muscles.

EOM STN TA SOL DIA
rectus
Control 0,5+0,1 0,8+0,1 1,0+£0,2 04+£0,2 0,6 +0,1
mdx 0,5+£0,1 62,0 £1,5° 51,0+ 1,03"b 64,0 £ 1,5° 60,0 £ 1,5°

Values are expressed as the percentage (mean + SD; n = 5 mice) of the total number of

fibers of each muscle.

* Significantly different from control mice within the same muscle group (P < 0.05,

Student #-test).

® Significantly different from the other muscles studied (P < 0.05, Student #-test).
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Figure 4 - Calmodulin
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Figure 5 - MLCK
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Figure 6 — Calsequestrin
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