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RESUMO

A juncdo musculotendinea {(JMT) € a regio de transigdo entre o tendfo e o tecido
muscular. Este trabatho visa avaliar as caracteristicas morfologicas da JMT, stravés de
{écnicas de microscopia de luz, microscopia eletrénica de varredura (MEV) e microscopia
eletrénica de transmissdo (MET), assim como avaliar ¢ papel da vinculina nessa regido
por meio da técnica de imunofluorescéncia na JMT em coracbes de ratas hipertensas
(SHR - Spontaneous Hypertensive Rats) & normais. Os coragdes (16 SHR & 28 normais)
foram retirados e processados para serem estudados & microscopia de iuz, MET e MEV.
A microscopia de luz, observaram-se as cordas tendineas ramificando-se e os feixes de
colageno penetrando nas digitacdes da porcéo terminal do musculo papilar em ambos os
grupos. A densidade de colageno (embora né@o avaliada quantitativamente) mostrou-se
maior nos animais SHR. O estudo em MEV mostrou que o dpice do musculo papilar das
ratas SHR apresentaram-se morfologicamente mais alargade. Os midcitos SHR
apresentaram as caracteristicas gerais dos midcitos de animais normais, ou seja, tém
formato alongado, corpo cilindrico e dpices cdnicos. Suas extremidades, em alguns
casos, ramificam-se. A MET, pequena quantidade de substancia fundamental amorfa e
numerosas vesiculas sarcoplasmaticas foram observadas no apice da fibra muscular de
animais SHR. No estudo com Imunofluorescéncia {IF), observou-se que a fiucrescéncia
era mais evidente nos animais SHR, onde a marcagdc do sarcolema apresentava
distribuigdo regular da vinculina formando estriagdes transversais nas fibras do musculo
papilar. Estas estrias tinham conex&io com o sarcolema, aparentemente em nivel do disco
7 do sarcémero. Este resuitado sugere que esta proteina desenvoive papet importante na
transmissso de forga, jé que, nas JMT dos animais SHR, a marcagéo da vinculina é muito

mais evidente. Nos animais SHR, a perda da transmissdo de forga podefia ser
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compensada pela maior densidade e aumento de feixes coldgenos da conex@ musculo

papilar-colageno-valva.

INTRODUGCAO

Hipertensao arterial — Ratos SHR

A hipertensdo arterial &, inquestionavelmente, um dos maiores males que
afligem o homem moderno. A vida agitada, os habitos alimentares inadequados, o
estresse, o sedentarismo, associados a fatores genéticos, constituem a base para

o desenvolvimento dessa patologia.

Um individuo & considerado hipertenso quando a pressdo arlerial esta
acima de 140x90 mmHg em adultos, com mais de 18 anos, medida em repouso
de guinze minutos & confirmada em trés vezes consecutivas e em varias visitas
médicas. Elevaces ocasionais da press@o podem ocorrer com exercicios fisicos,

nervosismo, preocupacdes, drogas, alimentos, fumo, dlcool e café.

No Brasil 10 a 15% da populagdo & hipertensa. A maioria das pessoas
desconhece que sdo portadoras de hipertensdc e 95% delas tém hipertens&o
arterial chamada de essencial ou priméria (sem causa). Outros 5% tém
hipertensdo arterial secundaria a uma causa bem definida. O achado de
hipertensiio arterial é elevado nos cbesos (20 a 40%), diabéticos (30 a 60%),
negros (20 a 30%) e idosos (30 a 50%).

Modelos genéticos de hipertenséo experimental tém sido desenvolvidos
com o objetivo de mimetizar a patogénese da hipertensdo priméria humana. Os
mais comumente usados sdc as cepas de ratos espontaneamente hipertensos
SHR (spontaneously hypertensive rats) e Dahl, sensiveis ao sal. Os ratos do
modelo SHR desenvolvem hipertensdo sem necessidade de manobras adicionais

tais como sobrecarga de sal e apresentam complicagbes em 6rgdos alvos. A



Ltis gﬁeﬂo Pomingo Francia Fane 11

semelhanca da hipertensdo priméria humana, a patogénese da hipertens&o no
SHR parece ser heterogénea: anormalidades celulares no sistema nervoso
ceniral, neurchumorais e renais t&m sido observadas. A despeito do debate sobre
a aplicabilidade do SHR & hipertens&o humana, este modelo tem sido muite itil na
avaliacio dos efeitos anti-hipertensivos de muitas drogas.

Em gue pesem as opinibes contrarias, parece-nos, pelas descrigbes acima
referidas, que os ratos SHR constituem um bom modelo biolégico disponivel para
o estudo da hipertenséo arterial e de suas conseqiiéncias estruturais e funcionais.
Embasado nesta premissa, este estudo pretende estudar as eventuais alteragGes
morfolégicas da conexaoc enire o musculo papilar cardiaco e as cordas tendineas

nesses animais e compara-ias as conexdes de animais saudaveis.



Luis gﬁieﬂo Donringe Francia Fane i2

REVISAO DA LITERATURA

A Juncéo Musculotendinea (JTM) € a regifio de transig@o enire um tenddo
ou aponeurose e o tecido muscular. Os tendes s&o estruturas de tecido fibroso
denso modelade que possuem enorme forga de tens@o, bem come alto grau de
clasticidade. Sao compostos por fibrilas colagenas grossas e estriadas, as guais
estiio regularmente arranjadas em feixes. EVANS & BARBENEL {1975}
estudaram as propriedades estruturais e mecénicas dos tenddes em relacéo a sua
fun¢ao. Junto a cada fasciculo de fibras coldgenas que formam o tendao, fileiras
de fibrocitos alongados e achatados estdo espalhados ao longo de fibrilas grossas
de colageno. Usando microscopia eletrdnica de transmissio (MET) & microscopia
eletrénica de varredura (MEV), JOZSA et al.,(1991) descreveram o tenddo em
humanos, como uma malha feita por fibras colagenas e SQUIER & BAUSH (1984)
caracterizaram a organizagao tridimensional dos fibroblastos e das fibras
coldgenas no tend&o de ratos.

Como ja & sabido, as fibras musculares fransmitem a tensdo estimada em
mais ou menos 1,6 x 10* Newtons, através da JMT. Macroscopicamente ou &
microscopia de luz, as fibras musculares aparentemente terminam diretamente no
tenddo. Quando se observa em detalhes, nota-se que a extremidade da célula
muscular é denteada e que as suas projegtes citoplasmaéficas interdigitam-se com
os feixes de colageno do tenddo que provavelmente se tornam continuas com
fibras reticulares do endomisio. isto é observado com maior facilidade a MET
(GARTNER & HIATT, 1997). Existe uma continuidade estruturali entre as
miofibrilas que terminam na face interna do sarcolema da extremidade das fibras
musculares, e os componentes da matriz exiracelular {feixes de colageno ja
mencionados antes) na regio da JMT. Esta relagéo & assegurada através de uma
estrutura complexa composta de muitos componentes intra e extracelulares e a
intervengdo de uma proteina integral de membrana. O sarcolema mostra forma
caracteristica na JMT onde é completamente interdigitado (MACKAY et al., 1969;
NAKAO, 1975; NAKAO, 1976; TROTTER et al,1983; TIDBALL et al., 1986;
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TIDBALL & CHAN, 1989; TIDBALL & LAW, 1991; LAW, 1993; SENGA et al,,
1995). Acredita-se que esse arranjo sirva para diminuir a tens@o por unidade de
area de membrana e para aumeniar a superficie de contato reforgando a adeséo
entre as fibras musculares e feixes colagenos. Estas invaginacdes do sarcolema
dispSem-se na extremidade distal das fibras musculares sendo ¢ sarcolema
coberto externamertte por lamina basal de aproximadamente 300 A de espessura
{(MACKAY et al., 1969; TIDBALL, 1984). A {amina basal é formada por uma lamina
densa com 30 nm de espessura (mais exierna e eletrondensa) e por uma lamina
Kicida, ou lamina rara, com 20 nm de espessura {menos elétron-densa), situada
entre o sarcolema e a lamina densa (MAIR & TOME, 1972; KORNELIUSSEN,
1873; TROTTER et al,, 1981; TROTTER et ail,, 1983; TIDBALL & DANIEL, 1986;
TIDBALL & MARK CHAN, 1989; BURRIDGE et al., 1988; BURRIDGE et al., 1992).

AJIRI], et al.(1978) referem que a lamina basal na extremidade distal da
célula muscular, junto ac tenddo, tem 300-400 A de espessura e € mais grossa
nesta regidc do que em outras. Referem também que existe um espago entre o
sarcolema e lamina basal, a lamina rara (lamina licida mencionada pelos autores
citados anteriormente), a qual é menos densa e possui 200 - 300 A de espessura.
Cabe destacar que fazem mengao da lamina rara como uma esirutura que nao faz
parte da lamina basal. Mencionam também que contém fibrilas finas com aspecio
granular.

Filamentos finos de actina (6 a 9 nm de diametro) do sarcémero terminal
estendem-se das margens do disco Z terminal em diregéo ao sarcolema inserindo-
se numa camada de material subplasmalemal denso (MACKAY et al., 1969; MAIR
& TOME, 1972; KORNELIUSSEN, 1973; TIDBALL & DANIEL, 1986).

TROTTER, et al., (1983), no estudo sobre os dominios estruturais da JMT,
mencionam que os filamentos finos do Gltimo sarcémero deixam a altima banda A
e continuam em direcdo paralela aos miofilamentos do sarcomero, entrando
finalmente numa regidio subjacente 2 membrana plasmética, denominando-a de
“lamina interna”. Esta lamina é composta por filamentos finos de aproximadamente
5 nm de diametro.
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Por outro tado, enfre o sarcolema e a lamina densa da membrana basal,
observaram-se também filamentos finos que unem ambas as laminas (TIDBALL &
DANIEL, 1986). KORNELIUSSEN (1973}, no seu estudo da ultraestrutura das JMT
em ratos, menciona esses filamentos como especializacfes parecidas a espinhos
de 80 A de espessura. Segunde esta aufora, estas especializagdes formam
intersecgbes transversais em pithas ao longo das invaginacbes da membrana
plasmatica das JMT dos animais estudados. Ela chamou a atengdo a estas
estruturas como importantes para a transmisséo de for¢ca das fibras musculares ao
tendéo.

NAKAQC (1975) observando a ultraestrutura da JMT de caudas de girinos e
o acoplamento terminal nc masculo esquelético da lampréia, verificou que,
subjacente ao sarcolema, existem duas laminas: a camada de unigo e a lamina de
filamentos de conexfo (mais interna); e na face extracelular a t&mina externa
(contendo fibras colagenas) e a lamina intermediaria, esta Gltima disposta entre a
lamina externa e o sarcolema, Os filamentos de conexao vao desde o disco Z do
Gitimo sarcomero até a camada de unio. A camada intermediaria é observada
como a regido menos eléron-densa entre o sarcolema e a lamina externa.
Segundo este autor, todos os envoltrios do sarcolema, inciuindo a I&@mina
externa, estio completamente ausentes no segmento terminal das invaginagdes
sarcolemais. (para melhor compreenséo veja Figura 1).

NAKAQ (1975) notou que a camada de filamentos de conex&do é mais fina
que a vista no estudo da estrutura fina da JMT de caudas de girinos em 1875.
Menciona também que esta camada é mais grossa nas fibras parietais do que nas
fibras centrais do misculo esquelético. Segundo o autor, o sarcolema do
segmentoe terminal da invaginacio mostra freqiientemente acoplamentos
especificos com as cisternas do reticulo sarcoplasmatico. A lamina externa é
parcial ou completamente deficiente no segmento terminal das invaginaces
sarcolemais, formando-se acoplamentos terminais, de tal forma que as fibrilas
colagenas contidas na invaginacdio parecem estar em contato direto com o

sarcolema. SENGA et al(1995) mencionam a lamina externa como parte da
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membrana basal ¢ afirmam que as fibrilas colagenas se unem a esta na JMT do
misouio esquelético.

Segundo MACKAY, ef al,, (1969) as fibras colagenas existentes na JMT em
ratos aproximam-se do sarcolema e unem-se a face exierna da lamina basal,
sendo que muitas delas estendem-se profundamente entre as fendas e
invaginagdes. A medida que as miofibrilas se aproximam da JMT, estas ramificam-
se muito mais freqiientemente que em qualquer outro lugar ao longo do musculo.
Nos dois Ultimos sarcomeros, as miofibrilas dividem-se em diversos feixes de
miofilamentos o0s quais se inclinam para o5 lados das fendas e invaginactes
sarcolemais onde se inserem a face interna do sarcolema. O sarcOmero terminal
mosira-se freqlienternente completo, mas ndoc em todos 0s casos, devido ao plano
de corte feito no nivel do disco Z; ja que os filamentos quando séo obliguos
parecem incompletos, dando a aparéncia de gue néo chegam até o sarcolema.
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Figura - Diagrama resumindo 05 aspectos uirsestruturais da jungBo Misculolendineza do misculo esquelélico da

lampreia. A superficie exiracelular das invaginacOes digitiformes estd coberta, quase iotaimente, pela [Emina
externa (£). A superficie interna do sarcolema esté cobetta pela densa camada de uni&o amorfa (D), dentro da quai
filamentos de coneXBo se inserem formando a camada de flamentos de conex@o (F) profunds & camads uniBio. Na
area da juhgac musculotendinea a camada intermediaria {INT) esté localizada no espago entre ¢ sarcolema e a
lamina externa. Esta camada consiste numa série de estrufuras obliquas flamernitosas paralelas coneciando o
saycolema e a 1amina exdemna. Fibriles ou fibras colagenas {COL) peneiram nas invaginages digitiformes e seus
fados estdc em contato com a l&mina exerna, Existe muitos tipos de acoplamentos terminais (Segundoe Nakao,
1875).
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_ As ftriades, segundo ALBERTS ET AL.(1995), sdo formadas no musculo
esquelético pelas cisternas terminais do reticulo sarcoplasmético e pelos tGbulos
T. O reticulo sarcoplasmatico ¢ um conjunto de tUbulos achatados e
anastomosados que circundam, como uma rede, cada miofibrila; e os thbulos T,
ou tibulos fransversos, sdo uma série de dobras do sarcolema que envolvem
cada miofibrila e se encontram em estreito contato com as cisternas terminais do
reticulo sarcoplasmatico. Estas estruturas sfc muito importantes na transmisséo
do impulso nervoso que despolariza o sarcolema na interagéio molecular geradora
de forga, pois esta ocorre somente guande a fibra muscular esqueiética recebe um
sinal vindo do seu axdnio motor. Este sinal dispara um potencial de agdo na
membrana plasmatica da célula muscular e esta excitaglo elétrica se espalha
rapidamente pelos tibulos T. Este sinal atravessa um pequeno espago e alcanga
as cisternas terminais do reticulo sarcoplasmatico. Quande as proteinas de
membrana dos fubulos T, sensiveis a voltagem, sdo ativadas pelo potencial de
acdo que estd chegando, elas provocam a abertura de aiguns canais de calcio
(Ca?") do RS, provavelmente por acoplamento mecanico. Assim, os ions Ca”* séo
liberados passivamente do reticulo sarcoplasmdtico, onde estdo armazenados em
alta concentracdio, para a fenda sinaptica da jungio mioneural provocando a
abertura de mais canais, amplificando assim, a resposta. A entrada de grande
quantidade de Ca®" no sarcoplasma inicia a coniragdo das miofibrilas. Todas as
micfibrilas contraem ao mesmo tempo porque o sinal proveniente da membrana
plasmética da célula muscular é fransmitido, para cada sarcémero, num intervalo
de milissegundos (via tubulos T e reticulo sarcoplasmético). O aumento de
concentragédo de Ca®* & transitério, pois o fon é recaptado ativamente para o
reticulo sarcoplasmatico por uma Ca”* ATPase existente na membrana do reticulo.
Em 30 milissegundos a concentragio de Ca®" citoplasmatico alcanga niveis de
repouso e as miofibrilas relaxam.

Por outro lado, uma série de proteinas anéalogas aquelas encontradas em
placas de adesfo focal em células ndo musculares, mediam a conexao dos
filamentos finos (filamentos de actina) ao sarcolema (BURRIDGE et al.,, 1988;
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BURRIDGE et al,, 1992; BAILLY M., 2003). Os contatos focais sac regides onde a
célula se prende fortemente ac substrato, ou seja, a membrana plasmatica a
matriz extracelular. As principais proteinas transmembrana de ligagdo nos
contatos focais sio da familia das integrinas, cujo dominic externo se liga a um
componente da matriz extracelular e o doiminic Interno ou citoplasmatico esta
ligado aos filamentos finos (filamentos de actina) das fibras musculares. Esta
ligac&o é indireta, pois & mediada por proteinas de conex@o as quais se estendem
da miofibrila até a membrana e s&o seqgilencialmente a alfa-actinina, a vinculina e
a talina. O dominio citopltasmatico da integrina {(uma proteina de membrana) liga-
se & proteina talina, que por sua vez se liga 4 vinculina e esta aos filamentos de
actina por assoclagdc com a x- actinina. (Ver figura 2). E por isso que nestas

regifes se observam uma grande quantidade de talina.

Filamento
de actina

Figura 2. Modelo para explicar como as

a - actinina

Proteina

™ Vinculina

Paxilina
T Receptor ﬁra
: . {integrina)

integrinas da membrana piasmatica
conectam os filamentos de actina 3
matriz  exiracelutar afravés do
contato  focal, Qbserva.se as
proieinas de conexdc a alfa-
actinina, a vinculing & a talina, que
se estendern segllenciaimente da
miofibrilz aié 2 membrana . A talina
liga~se ao dominio citoplasmatico da
integrina.  Segundc  ALBERTS,
1985,

TIDBALL et al.(1986) fizeram um estudo no qual demonstraram que a taiina
é também encontrada na JMT. Segundo estes investigadores, a talina pode estar
envolvida nos processcs de transmissdc da forga dos filamentos de actina &

membrana plasmética. Esta proteina & encontrada nas interdigitagbes que as
células musculares formam ao se estenderem dentro dos tenddes.

frmenes

P p————
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Segundo OTTO (1990), a vinculina esta localizada no iado citoplasmatico
das jungdes intercelulares que contém actina e, em placas de ades&o enlre a
célula e a matriz extracelular. Visto que a vinculina une a alfe-aclinina, a talina, a
paxilina e pode oligomerizar-se consige mesma, sugere-se que ela participe
ligando filamentos de actina as infegrinas da membrana plasmatica. Qutros
autores t8m localizado a vinculina exclusivamente nas bandas Z dos sarcdmeros
(TERRACIO et al., 1990). Assim, MASSA et al,, {1994) estudando os musculos
esqueléticos imaturos de ratos de 18 dias de idade, descreveram a detecgao
imunofluorescente da vinculina numa rede tridimensional formada por costameros
(bandas sarcoméricas transversais, localizadas proximas ou nas bandas Z} e por
fios longitudinais finos ocasionais correndo entre as miofibrilas. Os costameros
s3o sitios de ancoragem que conectam a linha Z com o sarcolema lateral e que se
dispbem transversaimente dando aspecto de costelas e nos quais encontra-se
presente a vinculina (PARDO et al., 1983; ANASTAS! et al., 1998; ANASTASI et
al., 2003). MASSA et al. (1995) também descreveram a presenga da vinculina em
dominios juncionais localizados em costameros sarcolemais e juncbes
neuromusculares & musculotendineas, utifizando técnicas de microscopia de
imunofiuorescéncia.

BARSTEAD & WATERSON (1991) referem que a fungdo essencial da
vinculina em nematédeos é a manutencio da integridade muscular. Ela esta em
densidades subsarcolemais e pode estar envolvida na unidc da membrana
plasmatica ao aparetho contratil que corre paralelamente a ela. Desse modo, a
vinculina reforga a unido do aparetho contratil & periferia da célula, onde esta
proteina se insere em &angulos agudos na membrana. Esta fungdo da vinculina
est4 bem demonstrada pelo exame genético de nematddeos, nos quais um defeito
no gene da vinculina causa malformactes musculares. A fungao de ancoragem é
ilustrada mais claramente pelo disco intercalar do musculo cardiaco e pelas
densidades da JMT do musculo esquelético.

Além das ja mencionadas, existem outras proteinas importantes como, por

exempio, a desmina que, por sua vez, forma uma rede que provavelmente reforca
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o esqueleto citoplasmaético na JMT (TIDBALL, 1992). A distrofina € necessaria
para a associagio normal dos filamentos finos ao sarcolema na exiremidade da
fibra muscular, o que foi verificado nos trabalhos onde se comparavam fibras
normais e fibras com problemas relacionados & distrofia muscular de Duchene
(D.M.D.). Observou-se que, nesta regifo da fibra muscular, existem dois tipos de
associaches gue podem ser terminais ou laterais. Nos individuos com problemas
genéticos relacionados & distrofina (D.M.D), a presenga dessa proteina nas
associagbes da exiremidade da fibra néo foi observada, assim como também se
notou a diminuicao das pregas ou invaginactes do sarcolema (TIDBALL & LAW,
1981).

Afirma-se também que existe uma quantidade maior de distrofina na regiao
da JMT do que em qualquer outro lugar da fibra muscular e € este o motivo pelo
qual os defeitos patolbgicos s&o mais notorios nesta drea (TIDBALL & LAW,
1991). Acredita-se também que a redugao de distrofina esteja ligada a reducdo da
densidade de discos Z, 0s quais s3o associados a filamentos finos que se
estendem desde eles até um material denso subsarcolemal. A integrina, uma
protefna integral de membrana, também estd localizada na Jungdo
Musculotendinea e proporciona ligagdo direta entre o citoesqueleto e a matriz
extracelular (SWASDISON, MAYNER, 1988).

Em fibras musculares esqueléticas de vertebrados a JMT representa o lugar
onde novos sarcomeros s#o inseridos durante o crescimento longitudinal da fibra
(MACKAY & HARROP, 1969).

Outros estudos mostram que os lipidios da camada bilipidica da membrana
plasmética ndo representam um componente essencial no que se refere a
transmissdo de energia na JMT (TROTTER, et al, 1981} isso porque, ao
extrairem-se os lipidios da membrana, com o uso de detergentes néo-idnicos, a
estrutura da JMT permanece intacta. Os autores também observaram a presenca
de filamentos finos conectando a lAmina densa da lamina basal com a camada
eletrodensa intracelular, dentro da qual filamentos de acfina aparecem fazendo
enlaces . Estes filamentos devem passar através do compartimento hidrofébico da
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membrana plasmatica. Eles vém da iamina IlGcida e se enlagam com esfruturas
citoplasmaticas, seja por passagem direta ou através da membrana, ou ainda por
conexao direta com elementos fransmembrana.

Além da Distrofia Muscular de Duchene, a atrofia muscular decorrente de
outras patologias causa também mudancas na estrutura da JMT. Por exempilo,
nas células atrofiadas pelo excesso de “stress”, observa-se uma diminuicdo
consideravel do pregueamento do sarcolema. Nota-se fambém diminui¢cio dos
miofilamentos, especialmente miosina, o que resulta no encurtamento da banda A
dos sarcomeros e também na proliferacdo de mitocdndrias. (TIDBALL, 1984).

Os ribossomos sic numerosos no sarcoplasma na extremidade distal da
fibra muscuiar e formam em alguns casos, polirribossomos. Nos é&pices das
invaginagbes do sarcolema, grupos de vesiculas de 400 A de diametro e reticulo
endoplasmatico rugoso sd@o vistos freqlientemente. Além disso, existem muitas
mitocoéndrias no sarcoplasma terminal, onde elas sd@o mais compridas que em
qualquer outro lugar. Séo vistas também triades bem formadas no sarcoplasma
terminal dos musculos esqueléticos (MACKAY, et al., 1969).

ICARDO & COLVEE (1995) detalharam a organizacdo dos feixes coldgenos
nas valvas atrioventriculares de camundongos. O colagenc estd organizado num
sistema de feixes, os quais s&o sinuosos ou ondulados e orientados ao longo de
linhas de tens&o. Desse modo, o colageno é um componente essencial do tecido
valvar assim como da Juncio Musculotendinea. Com relagfo a estrutura do tecido
valvar, esses autores afirmam também que as valvas atrioventriculares s&o
formadas por folhetos e estes, por sua vez, formados poer duas camadas, uma
fibrosa no lado ventricular, e uma esponjosa situada no lado atrial. Esta camada
fibrosa esta formada por feixes ondulados de colageno orientados e organizados
de forma diferente, tanto no lado esquerdo quanto no direifo; € a camada
esponjosa, formada nos dois lados por uma rede de fibras coldgenas finas sem
nenhuma orientacéo aparente. As extremidades dos misculos papitares mostram
formas alongadas e cdnicas, no que se refere & valva tricispide. As fibras de
colageno unem-se a superficie dos mi6citos que formam esses miisculos. Por
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outro lado, componentes colagenosos dos folhetos das valvas mitrais unem-se
diretamente aos muiscuios papilares milrais através de fibras coldgenas que se
inserem tangencialmente, sem formacdo de corda tendinea inferposta (ICARDO &
COLVEE, 1995). Esses autores sustentam também que, em ambos os lados, os
midcitos sfo envolvidos numa capa de tecido colagenoseo o qual possui fibras gue
se dispdem circularmente e estio fortemente interconectadas.

O mausculo cardiacc possui propriedades estruturais e fisioldgicas que o©
distinguem dos musculos esquelético e liso. No homem é formado por tratos de
miofibrilas, cada uma com 80 micrometros de comprimento por cinco micrometros
de didmetro, contendo um ou dois nficieos, centralmente localizado. Cada célula
pode ser parcialmente dividida em dois ou mais ramos em suas extremidades que
terminam em contato com outras células. A célula cardiaca exibe estriagdes que
séo idénticas aquelas do misculo esquelético, com bandas A, |, H e a linha Z.
Enire uma célula e outra existem complexos juncionais muito elaborados que &
microscopia de luz aparecem como estriagbes conspicuas, os discos intercalares
(WILLIAMS & WARWICK, 1980). Estes discos s3o bandas transversais que
servem como juncdes de adesfio e comunicacdo entre as células do musculo
cardiaco. Estas juncdes sdo complexas e envolven além de jungSes de adesdo,
também jungbes do tipo “gap” pois permitem a passagem dos fons Ca* e os
distribuem de fal forma que possa ocorrer a contragdo simuitanea do mdsculo
cardiace {sincicio funcional). O sarcomerc da fibra muscular cardiaca possui
filamentos finos de actina e filamentos grossos de miosina; porém, diferente do
muasculo esquelético, ndo possui a nebulina que forma um filamento intermediario
cuja fungio é alinhar os filamentos finos. Por isso, os filamentos finos nas fibras
cardiacas nio séo alinhados uniformemente (ROSS et al., 1993).

As fibras musculares cardiacas possuem ainda grandes e numerosas
mitocéndrias e possuem também reticulo sarcoplasmético bem desenvolvido,
porém n&o bem organizado e formando trfades com os tibulos T {como visto no
musculo esquelético) e, sim diades, nos quais os tibulos T s&o maiores €

apresentam um revestimento similar 2 lamina basal que os acompanha para o
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interior da célula. Estes se encontram na altura da linha Z e cabe mencionar gue
no miocérdio do ventriculo esquerdo os Hibulos T sfc maiores gue no ventricule
direito (McNUTT, 1969; FAWCETT , 1969; ROSS et al., 1883).
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OBJETIVOS

O presente frabatho tem como objetive descrever e comparar, através de
méfodos histolégicos, de imunofluorescéncia e de microscopia eletrdnica de
transmisséo e de varredura, as caracteristicas morfolégicas das jungdes musculos
papilares-cordas tendineas em ratas normais e hipertensas (SHR — spontaneous
hypertensive rats).
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MATERIAL E METODOS

Foram utilizadas 44 ratas da mesma idade, sendo 28 normais, adulias,
pesando em média 300 g obtidas no Biotéric Central do Campus de Botucatu -
UNESP:; e 16 ratas SHR pesando em média 220 g, obtidas no Biotério de
Medicina Experimental da Faculdade de Medicina do Campus de Botucatu -
UNESP. Antes do sacrificio, as pressfes arteriais dos animais foram medidas
através de manguito caudal.

Os animais foram anestesiados, pesados e, apés incisdo toracica mediana,
as costelas foram seccionadas e o plastrio esternal levantado para exposicéio das
visceras foracicas.

Os animais foram perfundidos, via ventriculo esquerdo, com solug&o salina
{NaCl a 0,9%) seguida de solugdoc fixadora de paraformaideido 10%, para o
estudo histolégico; ou glutaraldeido 2,5% em tampéo fosfato de sédic (0,1 M; pH
7.,4) para o estudo ulfraestrutural. Cerca de 15 minutos antes da perfuséo injetou-
se, via intraperitoneal, uma dose de heparina de 130 Ui/Kg. de pesec corpéreo.

Microscopia de luz

Quatro animais normais e dois animais SHR foram submetidos aos
procedimentos iniciais. Apés perfuséo, os coragdes foram removidos, pesados e,
sob microscépio cirtirgico, foram abertos e os musculos papilares retirados com as
suas respectivas cordas tendineas. Os fragmentos foram fixados em solugdo
aguosa de formol a 10%, por um perfodo de 4 horas ap6és o que foram lavados,
desidratados, diafanizados e incluidos em Paraplast®.

Sec¢des histologicas com 7 pum foram obtidas em micrétomo LEICA
Spencer — 820%, foram coradas com Tricromico de Masson. A documentacéo

histolégica foi conduzida em fotomicroscépio Axiophot 2 (Zeiss)®.



Luis Afberto Dominge Francia Fan 6

ESTUDO ULTRAESTRUTURAL

a) Microscopia Eletrénica de Varredura.

Utilizaram-se trés animais normais e trés SHR. Depois da perfus8o
vascular com o fixador ghtaraldeido 2,5%, retiraram-se fragmentos contendo a
extremidade do musculo papilar os guais foram imersos em glutaraldeido 2,5%
durante duas horas e lavados em PBS. Os fragmentos foram entdo submetidos
digestédo do tecido conjuntivo com HCl 8 N, sob agitacaoc constante, a 60°C. Apés
40 minutos de digestdo, as pecas foram lavadas em sucessivas frocas de PBS e
pés-fixadas em tetrdxido de 6smic 1% em PBS, durante uma hora. Apds varias
javagens em PBS e desidratagiio em séries de concentragbes crescentes de
alcoo!, o material foi submetido & secagem em aparetho de ponto critico Balzers
CPD-20%. As pecas foram montadas em suporte metalico com cola de prata e
foram cobertas com ouro (10 nm ) em aparetho Balzers MED-010%. O material foi
analisado e fotografado em microscopio eletrdnico de varredura PHILIPS SEM
515%,

b} Microscopia Eletrénica de Transmissao:

Para este estudo foram usados cinco animais normais e cincoe SHR, fodos
submetidos & perfusfo vascular referida anteriormente para MEV. Os coragdes
foram dissecados e pequenas porgbes contendo os musculos papilares com
regibes de implantagdo das cordas tendineas foram removidas. Os fragmentos
foram imersos no mesmo fixador por trés horas e incluidos em resina (Araldite
506°). Na microtomia foram obtidas seccdes de 0.5 um de espessura, coradas
com azul de metileno e azur Il (1:1), analisadas em microscopio Optico e
selecionadas areas especificas para MET. Secgdes com 60 a 80 nm de espessura
foram confrastadas com acetato de uranila e citrato de chumbo.
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MICROSCOPIA DE IMUNOFLUORESCENCIA INDIRETA

Alguns testes foram conduzidos visando padronizar a técnica de
imunoflucrescéncia. Ulilizaram-se cortes de misculo esquelético e cortes com
vasos sanguineos para se obiler um controle positive da reagdo de
imunofiuorescéncia indireta. Além disso, testes com cortes de musculo esfriado,
foram conduzidos com dois tipos de confrole negativo: no primeiro, n&o se colocou
o anticorpo antivinculina nem o anti IgG FITC; e, no segundo tipo, 6 se omitiu o
anticorpo ar}tivinculina.

Para esta técnica utilizaram-se quatro animais normais e trés hipertensos.
Apés remocio dos blocos contendo misculos papilares com porgdes das cordas
tendineas, os fragmentos foram imersos em n-hexana e depois em nitrogénio
liquido. Os blocos foram montados sobre suporte com O.C.T. (OPTIMAL
CRITICAL TEMPERATURE - MILLES LABORATORIES USA®). Foram feitos
cortes longitudinais com 6 um de espessura em criostato Cryocut (REICHERT-

JUNG- Alemanha®) e montadas laminas com trés cortes cada uma.

Os cortes foram fixados em acetona por 10 minutos (a 4°C) e depois
cobertos com soro blogueador anti-Goat por 30 min. A seguir, adicionou-se o
conjugado anti-vinculina' durante duas horas, seguida de 3 lavagens de 10
minutos cada, com PBS. Na seqiiéncia, colocou-se o segundo conjugado (anti-
IgG) conjugado com FITC? durante uma hora, e fizeram-se 3 lavagens com PBS,
de 10 minutos cada. Ap6és montagem com laminulas, procedeu-se & analise e
fotografia dos materiais em microscépio Axiophot 2 - ZEISS® com luz
epifluorescente e filtro especifico para FITC. Utilizou-se filme Kodak® Gold ASA
400.

1 — Monoclonal antivinculin antibody produced in mouse. Clone hVIN-1 (V 9131)-
sigma.

2 — Mouse IgG FITC, titer in 1:64 IF(i) (F5897) — sigma.
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Abstract

Many works were made about myotendinous junction {MTJ} of striated muscle, but
there are few works about MT.J of the heart. The present work aims to evaluate the
morphoiogical characteristics of the MTJ through histological, ultrastructural (TEM)
and tri-dimensional (SEM) approaches, as well as to evaluate the expression of
vinculin, by immunofluorescence, in healthy and hypertensive rats (SHR). The
hearts (16 SHR and 28 healthy) were processed for histological,
electronmycroscopy (TEM) and scanning microscopy (SEM) studies. The light
microscopy shows, in both animal groups, the tendinous cords branching out and
the collagen bundles penetrating in the apex of papillary muscle digitations. The
SEM study revealed that the papillary muscle apex of SHR rats exhibits widened
shape while the healthy rats did not exhibit such feature. Probably the loss of force
fransmission would be supplied with a higher efficiency by the length of the
connection papillary muscle-collagen-valve. in SHR animals it was observed many
intercalary discs near to the fiber tip, discreet amount of amorphous interceilular
substance and numerous vesicles. In these animals, the expression of vinculin was
more evident outlining the sarcolemma with regular distribution forming transverse
striations. The presence of this protein in a transversal grooving suggests that the
vinculin circles around myofibrils in the Z band region. The vinculin marking in the
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MTJ. confirmed its important role in the force fransmission. These structural and
functional characteristics are confirmed in this paper, once there is more evident
marking in the tendinous cord-papiliary muscle jahcﬁons of SHR animals than in
healthy control ohes. |
Key words heart; hypertensive rats; myotendinous junction; tendinous cord; ulfra-
structure; vinculin,

INTRODUCTION

The Myotendinous Junction {MTJ) is the transition region between a tendon or an
aponeurosis and the muscle tissue. The tendons are dense modeled fibrous tissue
structures which have huge tension strength, as well as a high stretching rate.
They are composed by thick collagen fibrils, which are regularly arranged in
bundles. The collagen is a protein which make up the fibers which are organized
as bundles, and in the heart are oriented along the tension lines and represents an
essential component of the vaive tissue as well as of the MTJ. The papillary
muscles extremities are long and conic in shape concerning the tricuspid valve.
Collagen fibers tie to the myocytes tips which form these muscles. From the mitral
valve cusps collagen bundles join directly to the papillary muscles and insert
obliquely, without the formation of a typical interposed tendinous cord (lcardo &
Colvee, 1995). The muscle fiber terminal sarcolemma is completely invaginated,
having a “finger-like” aspect (Mackay et al.1969; Nakao, 1975; Nakao, 19786;
Trotter et al.1981; Tidball et al.1886; Tidball & Chan, 1989; Tidball & Law, 1991;
Law, 1993).
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It is believed that this disposition is useful to reduce the tension per membrane
surface unity. In this region, the basement membrane is formed by a more
external and electrondense layer; and by a less electrondense lucid layer that is
placed between the sarcolemma and the former (Mair & Tomé, 1972;
Korneliussen, 1873; Trotter et al.1881; Trotter, et al.1983; Tidbali & Daniel, 19886;
Tidball & Chan, 1989). Trotter ot al.(1983) mentioned that the thin filaments of the
terminal sarcomere leave the last A band of a given muscie fiber and continue in a
parallel direction to the sarcomere myofilament, finally entering in a subjacent
region to the sarcolemma, which was named “Internal layer”, composed of
filaments with 5 nm diameter. Thin filaments were also observed between the
sarcolemma and the dense layer (Tidball & Daniel, 1986). According to Burridge et
al., (1988); Burridge et al., (1992) and Bailly (2003) a series of analogous proteins
to those found in focal adhesion plates in non-muscular cells, does the connection
of the thin filament (actin filaments) fo the sarcolemma. The focal contacts are
regions where the cell ties strongly to the basement membrane, which means, the
sarcolemma to the exiracelular matrix. The main transmembrane proteins of
connection in the focal contacts are those from the integrins family, whose external
domain connects to a component from the extracelular matrix. The internal or
cytoplasmatic domain is connected to the thin filaments (actin filaments) of the
tensional fibers. This connection is indirect, because it is mediated by connection
proteins which are starting from the myofibril to the membrane: the alfa-actinin, the
vinculin and the talin. The cytoplasmatic domain of the integrin connects to the talin
that connects to the vinculin and this one connects fo the actin filaments by
association with the alfa-actinin. Other authors have placed the vinculin exclusively
in the sarcomere Z band of the myofibrii (Terracio et ai.1990). Barstead &
Waterston (1991) refer that the essential vinculin function is keeping the muscular
integrity; which is in subsarcolemal densities and can be involved in the plasmatic
membrane union to the contractile equipment, which runs in a parallel direction fo it
to reinforce the union between the contractile equipment and the cell outskirts. This
vinculin function is well demonstrated in the nematodes genetic exam, in which a



Luis Alberto Domingo Francia Farje 31

failure in the vinculin gene causes muscular maiformations. Massa et al., (1994)
and Anastasi et al, (2003), detected the vinculin, by means of
immunofluorescence (IF), in a tridimensional network formed by costameres, by
transversal sarcomeric bands placed on or near o the Z bands and by occasional
longitudinal thin threads running among the myofibrils.

The present work aims to evaluate the morphological characteristics of the
MTJs through histological, TEM and SEM microscopies, as well as to evaluate the
vinculin expression, through the immunofluorescence, in the MTJs from papiliary
muscles of healthy and hypertensive rats (SHR). These informations are relevant
for the comprehension of the MTJ structure in the cardiac muscle and allow to
compare with the skeletal muscie where the vinculin perform an important role in

the muscle integrity maintenance and in the force fransmission to the tendon.

MATERIALS AND METHODS

There were used 44 female Wistar rats (Raftus norvegicus) of the same age,
being 28 normal, adults {150 days old}, with average weight of 300 g. and 16 SHR
(Spontaneous Hypertensive Rats), with average weight of 220 g. Before the
sacrifices, the blood pressure of the animals was measured through the caudal
cuff. The animals were anesthetized and weighed. Through a median thoracic
incision the skin was displaced, the ribs were sectioned, the esternal plate was
lifted and the thoracic organs exposed. The animais were perfused through the left
ventricle with saline solution {(NaCl at 0.9%) foliowed by 10% paraformaldehyde in
PBS for the histological study; or 2.5% glutaraidehyde in PBS (0.1 M; pH 7,4) for
the ultrastructural study. Around 15 minutes before the perfusion, an i.p. heparin
dose at 130 Ul/Kg body weight was made.
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Weight and Blood Pressure

Statistic Procedure - Student’s test for independent samples was made to compare

both groups based on information about body weight, heart weight and blood
pressure.. All statistical evaluation was made with 5% of significance level (ZAR,
1899).

Light microscopy

Procedures were done in four healthy control and fwo hypertensive animals. After
the perfusion, the hearls were removed, weighed and opened. The papillary
muscles were removed with their respective tendinous cords. The fragments were
fixed in formaldehyde 10% solution in PBS, during 4 hours. After that, they were
washed, dehydrated, clarified and embedded in Paraplast®. Histological sections (7
um thick) were obtained in an AOTEC Spencer — 820%® microtome, and were
stained with Masson Trichrome method. The histological study and documentation
was carried out in an Axiophot 2 (Zeiss) ® photomicroscope.

Scanning electron microscopy

Three normal animals and three SHR animals were used. After the vascular
perfusion with 2.5% glutaraldehyde in PBS, fragments containing the papillary
muscles extremities were immersed in the same fixative for two hours and washed
overnight in PBS. The fragments were submitted to the connective tissue digestion
with 8N HC!, under constant shaking, at 60° C {Desaki & Uehara, 1983). After 40
min digestion, the fragments were washed many times in PBS and post-fixed in 1%
osmium tetroxide for one hour. After several washings with PBS and dehydration in
a series of increasing alcohol concentrations, the material was dried in Critical
Point Balzers equipment CPD-20%. The fragments were mounted on a metal stub
with silver glue and covered with gold (10 nm) in Balzers MED-010% sputter.
Specimens were analyzed and photographed with the Philips SEM 51 5%,
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Transmission electron microscopy

For this study, five heaithy and five SHR animals were used, which were perfused
as previously described. The hearts were opened and small portions containing the
papillary muscles and iendinous cords were excised. The fragments were
immersed in the fixative for three hours and embedded in Araldite 506 ®. 0.5 um
thick sections were stained with methyiene biue and azur il (1:1) and selecied by
ligth microscopy aimed to TEM examination. Sections (60 to 80 nm thick) were
contrasted with uranyl acetate and lead citrate.

Indirect immunofiuorescence Microscopy

Tests were carried out aiming to standardize the immunofluorescence technique.
Striated muscle and blood vessel histological sections were used in order to get a
positive control of the indirect immunofluorescence reaction. Besides, tests were
made with muscle sections, where it was not used the first conjugated in order to
select the negative controls of the IF reaction. Two types of negative controls were
made: in the first one, neither the first conjugate nor the second one were used,;
and in the second type, only the first conjugated was omitted. For this technique,
four healthy and three SHR animals were used. Fragments from MTJs were
immersed in N-hexane and then in liquid nitrogen at 180 °C. The blocks were
mounted over a stand with O.C.T. (Optimal Critical Temperature - Milles
Laboratories, USA®). Longitudinal 6 pm thick sections were made in Cryocut
- {Reichert - Jung-Germany ®). The sections were fixed in acetone for 10 minutes
(at 4° C) and covered with blocking serum anti-Goat for 30 min. Then, the anti-
vinculin was added for two hours, followed by three PBS washings of 10 min. each.
After anti-IgG was placed with FITC for one hour, and three PBS washings, 10 min.
each were made. The analyses and photographs were made in Axiophot 2 —
Zeiss® microscope with epifluorescent light and specific fitter for FITC. Kodak

Gold® ASA 400 fiim was used. The procedures described above were in
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accordance with the Ethical Principles in Animal Research adopted by Brazilian
College of Animal Experimentation (COBEA), protocol number 0172000 -CEEA.

RESULTS

Weight and Blood Pressure

At 150 days old, it was observed that normal rats weighed 472.25 +11.9 g (n=28)
while the hypertensive rats presented weight of 236.25 £ 20.1 g (n=16). The hearts
of the SHR animals showed, when the body weight is considered, proportionally
bigger than the hearts of the normal animals. The normal hearts weighted 1554 +
0.055 g, while the SHR ones weighted 1312 + 0.019 g. The mean weight of the
hearts of SHR animais correspond to 0.55% of their body weight, while the hearts
of healthy animals correspond to 0.32% of their body weight. The mean blood
pressures were of 130 £ 10 mmHg in healthy rats and of 170 + 10mmHg in SHR

rats. Table 1 shows the mean values and Student's test results concerning the
variables mentioned above.

Table 1. Means and SDs and Student’s test results of the variables.

Variable Healthy rats SHR rats Student's test
Body weight 47254+ 11.9 268.13 + 20.1 26.21 (P<0.0001)
Heart weight 1554 + 0.055 1312 £ 0.019 18.50 (P<0.0001)

Blood pressure 130.00 170.00 16.7 (P<0.0001)

The difference in the mean values of the two groups in greater than would be
expected by chance, there is a statistically significant difference between the input
groups (P=< 0.001).

Light microscopy

it was observed in the right ventricle of normal rats, the collagen bundies from the
tendinous cords branch out and penetrate in the myocytes finger-like prejections, in
the extremity of the papillary muscie (Fig. 1A). It is also observed, in detail, the
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endocardium and the extremities of the muscular fibers where the coliagen bundies
interconnect {Fig. 1A). The collagen bundles were inserted more deeply in the
papillary muscile; in its venfricular wail face. In the SMR animals, very similar
aspects were found in longitudinal sections of the papillary muscles in the right
ventricie. In both cases, some muscular fibers appeared between dense collagen
bundies, already in the core of the tendinous cords. In the left ventricle of SRH
animals, typical papillary muscles were not observed but large muscie trabecula
from which thin collagen bundles feave and run fo insert in the afrioventricular
vaives. Around the middle third of the muscle frabecula it could be seen a coliagen
condensation that corresponds to the mitral valve cuspids anchorage. The collagen
bundies in that region showed several orientations and penetrated among the
trabecula muscle fibers. This aspect could be observed in healthy rats where
collagen bundles leave the connective condensations along the trabecula in order
to form slender tendinous cords. The region where the most density of collagen
tissue was observed, correspond to the cuspid insertion (Fig. 1B). Other smalier
points corresponded to the origin of thin tendinous cords which were inserted in the
cusp ventricular face of the left atrioveniricular valve. In the cranial portion of these
trabeculae, the fibrous ring of the mitral valve could be observed (Fig. 1B).

in the hypertensive rats, the muscle trabeculae were much more bulky than
those observed in the normal animals. In the proximal region of the fibrous ring, a
rich collagen fibers network interconnected with the muscle fibers. Collagen
bridges among muscle fibers of the same trabecula or of different trabeculae could
be observed (Fig. 1C).



FIG. 1
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Fig. 1. A) MTJ longitudinal section in papillary muscie from right ventricle of a normal animal.
Collagen bundles (green) and cardiac muscle fibers (red). Cardiac muscle fiber
terminations (*) and interposed collagen bundles (arrows). Fibroblast nuclei {arrow heads)
and endocardium (smalfi arrows). Notice the collagen bundies advancing more deeply in
the face towards the ventricular wall. Masson Trichrome. Scale bar = 25 ym. B) Muscle
trabecula longitudinal section from the left ventricle in normal animal. Collagen bundles
condensation (star) in the location of an atrioventricular valve cuspid implantation (arrow
head). Thick endocardium above the cuspid iraplantation (arrow). Masson Trichrome.
Scale bar =50 pm. C) Muscle trabeculae (longitudinal section) from the left ventricle of
SHR animal. Collagen bundles in the intercellular spaces of the myocardium and along
the fibrous ring (arrows). Masson Trichrome. Scale bar = 50 pm. Insertion - Cuspid
connection to the myocardium crest detail (arrows). Masson Trichrome Scale bar = 25 ym.
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Scanning Electron Microscopy

In the right ventricle of SHR rats, the papillary muscle Is a cylinder in shape, similar
to the control animals. The apex of these muscles, however, does not have the
typical conic shape of the healthy animals, but a more widened shape. it was also
observed that the papillary muscie of SHR animals is not totally free, once besides
the muscular fibers of its base there are others which keep it united to the
ventricular wall, even in the muscle apex region. The myocardial cells seen in the
papillary muscle of the right ventricle are elongated, their bodies are cylindrical and
their apex shows a conic aspect. These cells group take a concentric direction to
the surface point which the collagen fibers originate the tendinous cords (Fig. 3A).
The sincicium fibers of the papillary muscle are connected to one another by
bridges (Fig. 3B). In the extremity of the papillary muscles, some muscle cells get
apart and project themselves towards the tendinous cord. Other muscle cells which
get apart are arranged more distally than the others (Fig. 3D). The coilagen fibers
are connected among the muscie fibers at different depths and sometimes cross
the muscles fibers network through holes (Fig. 3F). Small collagen fibers bundles
get apart laterally from the papillary muscle, and have different directions of the
main tendinous cord (Fig. 3A). The remaining conjunctive tissue form a kind of a
cape which covers the muscle cell apex. As demonstrated in the light microscope
study, in the SHR animal left ventricles, the muscle tfrabecula projects as a crest
from the heart apex and towards the mitral valve fibrous ring. The collagen bundles
insert obliquely on the wall of this trabecula (Fig. 2A). After the collagen digestion,
it was observed in this region a set of muscle fibers with large spaces among
themselves, from where the bundies of collagen fibers emerge. This bundie
merges with the collagen of the atrioventricular valves (Fig. 2B, 2C and 2D). The
myocardial trabeculae is much more complex (Fig. 3C) than the healthy animal.
The myocytes have a stretched shape, cylindrical body and conic tips which, in
some cases branch out. The myocyte {ips are covered with collagen as the right
ventricle cells (Fig. 3E).
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Fig. 2. A) SEM of the MTJ region from the left veniricle of a normal mouse. Trabecula (star) where a
cofiagen bundle is transversally inserted (wide arrow). Scale bar = 420 pm. B). Detail
marked out in A. Larger spaces (%) near the valve with conjunctive tissue sheets (arrows)
among the muscle fiber bundies. Scaie bar = 50 pym. C) Smailer spaces (arrows) among
the muscle fibers, near the heart apex. Scale bar =50 ym. D) Muscle cells (k) with
cylindrical body and conical apex. Scale bar = 25um.
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Fig. 3. A} SEM of the MT.J region from the right ventricle of a SHR rat, Muscle cells apexes (stars).
Collagen remains (*).Scale bar = 20pm. B) Muscle fibers united by bridges (arrows)
forming sinsicium. Scale bar =30 pym. C) SEM of the MTJ region from the left ventricle of a
SHR rat. General view of the complex myocardium trabeculae. Scale bar = 400 pm. D)
Muscle cells (large arrows) which highlight from the muscle keeping their morphological
characteristics. Collagen (smali arrow) covering the apex of the cell. Scale bar = 30 ym. E)
Muscie fibers detaching laterally from the ventricie wall and whose apexes are branched
(arrows;} and covered by collagen ().Scale bar = 60 ym. F) Holes (arrows) from where
the collagen bundles () cross the muscle cells sinsicium. Scale bar = 20 pm.
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Transmission electron microscopy

The TEM study of the myotendinous region in the papillary muscles of both
ventricles, in healthy animais, demonsirated that the myocytes do not finish at the
same level, as observed in striated skeleton muscies. This way, the invaginations
observed here are more heterogeneous, due fo the irregularity of myocardial cell
tips. However, some exiremities of muscle fibers resemble fingers of a glove (Fig.
4 A). In the interceliviar spaces, an amorphous substance is observed, in which
collagen bundles crossover with different orientations. The muscle fibers
extremities showed many closed intercalary discs, isolated or gathered vesicles,
and loose contractile filaments. In the intercelluiar spaces, it can also be observed
fibroblasts which send long projections among the collagen bundles and the
muscle fibers. These cytoplasmic projections present numerous caveclae (Fig.
4C). In the same way the muscle fiber extremity shows numerous vesicles and
caveolae (Fig. 4D and 4F) and at high magnifications, it is possible to identify three
layers: the sarcolemma, the dense layer and, beitween of both, a less
electrondense layer (lucid layer). In the internal face of the sarcolemma, it can be
seen an internal dense layer composed by dense granules and transversally cut
filaments (Fig. 4E and 4F).The coliagen fibers are anchored in the dense layer.
(Fig. 4E). In the cardiac muscle fiber it can be observed diads formed by a cistern
of sarcoplasmic reticulum and a T tubule (Fig. 4B). The ultrastructural observations
of the myotendinous region on SHR animals papillary muscles showed, on the first
examination, a fingerlike aspect in the region of the muscle fiber apex. (Fig. 5A).
Two important characteristics can be noted: an apparent increased density of
intercalary discs (not quantified) near to the muscle fiber tip (Fig. 5B) and the
discreet amount of amorphous intercellular substance. in the muscle fiber
extremity, numerous vesicles can be observed toc (Fig. 5C and 5D), as well as the
sarcolemma and the lucid and dense layers are very well differentiated. The
subsarcolemmal dense layer is noticed in this region too. Collagen fibrils connect

to the dense layer. These connections occur laterally or in the apex of the muscle
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fiber (Fig. 5C and 5Dj}. Thin microfilaments are arranged ortogonally between the
dense layer and the sarcolemma. These microfilaments can be seen as bridges
through the lucid layer (Fig. 5C and 5D). In SHR animals, the fibroblasts although
not guantified in this study, are more frequent and fuli of organelies.
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Fig. 4. A) TEM of the MTJ of a normal animal. Muiltidirectional collagen bundles. Terminal portion of
the muscle fiber with intercalated disc (arrows) and mitochondria (star).Scale bar = 1.0um.
B) Dense layer (curved arrow), lucid fayer (thin amrow) and diads formed by the
sarcoplasmic reficulum and T tubule {doubie arrow). Scale bar = 0.1 um. C) Cytoplasmic
fibroblast processes {F) between two muscular fibers (M). Many caveolae (arrows) in the
fibroblasts and also in the muscie fiber. Collagen bundles among the celis (asterisk).
Scale bar = 0.25 ym. D) Subsarcoiemal vesicle (wide arrow). Collagen fibers (k) in many
directions and transverse muscle fibers (M). Scale bar = 0,15 pm. E) Dense layer (stars),
lucid layer (thin arrow) and sarcolemma (thick arrow). Collagen fibers connected to the
dense layer (arrow heads). The internal lamina is seen immediately internal to the
sarcolemma (brackets) Scale bar = 0,2 pm. F) Longitudinal muscle fiber tip detail.
Subsarcolemal vesicles and caveolae (thin arrow), lucid layer {(asterisk) and collagen
fibers {thick arrow). Internal lamina {brackets). Scale bar = 0,2 uym
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Fig. 5. TEM of the MTJ region of a SHR mouse. A) Three muscle fibers, one fibroblast (F) an
collagen bundles. Scale bar = 0,75 ym. B) Muscle fiber tip with several intercalary discs
{arrows). Scale bar = 0,75 um.C). Muscle fiber tip detail. Microfilaments (arrow heads)
through the lucid layer. Collagen fibers (arrows) connecting on the dense layer (stars).
Intemmal famina (brackets). Scale bar = 0,50 ym. D) Sarcolemma close the muscle fiber
apex. Dense (stars) and fucid layers (thin arrow) details, microfilaments crossing the lucid
layer (arrowheads). Scale bar = 0,10 pm.
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Immunofiuorescence microscopy

The indirect immunofluorescence aliowed io observe the sarcolemma of the
skeleton muscle {control) and the intermyofibriliary spaces. The 6B figure shows a
strong fluorescence corresponding to the smooth muscle fibers layers of an controi
arteriole. in the skeleton muscle transversal sections, the immunofluorescence
which outlines the sarcolemma gives a hive aspect to the muscle tissue. in some
regions around each muscle fiber, this fluorescence is more intense. This way, in
jongitudinal sections of normal animal hearis, it can be observed a weak, but
evident fluorescence, near the MTJ (Fig. 6A and 6B). in SHR animais, the
fluorescence is more evident, outlining the sarcolemma of the muscle fibers, both
in the myocardium region as in the MTJ (Fig. 6D). it can be observed a reguiar
distribution of vinculin forming fransversal striations (costameres) in the papillary
muscle fibers (Fig. 8C and 6E). These sfriations have a connection to the
sarcolemma, apparently in the level of the £ line (Fig. 6C).
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Fig. 6. Vinculin immunofluorescence marking in MTJ and papillary muscles. A)
Longitudinal section of the MTJ from normal rat. Note a higher marking
near the cord (stars). Scale bar = 200 ym. B) Longitudinal section of
normal myocardium with vinculin outlining the sarcolemma (arrow heads).
Scale bar = 200 pm. Insertion: The vinculin on the artery walls (arrow)
resembling multilayers (control test). Scale bar = 60 um. C) Fluorescence
transverse marks for vinculin, connecting with the sarcolemma, at the
sarcomere Z line level (arrow heads). Scale bar =40 ym. D) Longitudinal
section of the MTJ from SHR heart. Notice a higher intensity on the
marking. Scale bar = 200 ym. E) Marking dotted aspect, outiining the
sarcolemma of the muscle fibers from the SHR animal (arrow heads).
Scale bar = 40 ym.
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DISCUSSION

Macroscopic observations and the weight evaluation showed that the healthy
animals are bigger than the SHR ones and are in accordance with the average
weights of the two animal groups. Although smaller, the SHR animals presented
hearts which are proportionally farger than those of the conirol animais. The early
macroscopic observations of SHR hearts are compliant to the morphological
aiterations which are observed in the hyperiensive pathology and structural
alterations in cardiac myofibers were not noticed on the optical microscopy. The
hypertensive cardiopathy does not present a proper histological status, which can
make a difference from it to other cardiopathies and, although there is an increase
in size of the cardiac fibers, they do not present, on the microscopic examination,
abnormally large {Cotran 1999).

The relations between the tendinous cords and the papillary muscles described in
this work, by SEM, are in accordance, at least partially to the descriptions of Icardo
& Colvee (1995) in the mouse whose described the collagen bundies connections
on the myocytes of papillary muscles in the right ventricle resemble a characteristic
MTJ; while in the left ventricle these connections resemble the structure of a
pennate muscle. This study showed that the mifral valve cusps insert directly in two
crest type muscle trabeculae. Thin tendinous cords, which rise from the trabeculae
at several levels, insert in the venfricular face of the cusps. However it cannot be
agreed with the suggestion of a pennate pattern muscle, in which, classically, it can
be observed a longitudinal intermediate tendon which receives uni or biiateral
obligue muscle fibers. In this SEM study the muscle fibers of the trabeculae in the
left ventricle have a parallel arrangement which are not present in a pennate
muscle.

Structurally, the collagen bundles which come from the tendinous cords on the
right ventricle, spread out and penetrate among the fingerlike spaces formed
among the myocyte groups in the exiremity of the papillary muscle. At the light
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microscopy, the muscle fibers seem to finish directly over the tendon and the
collagen bundies orientations are suggested by the fibroblasts nuclei. The
morphology of this junction resembles a classic MTJ seen in the skeletal muscle
{Ross, 1983). The collagen forms a continuous cover wrapping up the papillary
muscle and it is more condensed facing the ventricular wall. According fo Tidball
{1991) and Trotter {1983) this classic arrangement of MTJ optimizes the tension
load over the papillary muscle tip. This condensation would represent the point of
the highest tension over the connective tissue, resulting from the papillary muscle
contraction.

in the left ventricle, the collagen bundles are inserted obliquely on the trabeculae
myocytes. According to icardo & Colvee (1995) this arrangement would be less
efficient in the force fransmission once a remarkable part of this force would
dissipate along the longitudinal vector, in this case, the body of the trabecula. The
marginal insertion of the cusps to the myocardium trabeculae tip would
compensate such structural arrangement. Although evaluation were not made, the
macroscopic observations showed an apparently increased fibrous elements of the
cords and cusps of the SHR animals.

Many ultrastructural aspects observed in MTJ of skeletal muscles were described
atong this work on the cardiac muscle. it is very clear, on the small magnification
observations, increased collagen bundles in the interstitial spaces to the detriment
of the amorphous fundamental substance, in the hypertensive animals. In the right
ventricle of SHR rats, the papillary muscle has a cylindrical ‘aspect similar to the
heaithy animals, but, the muscle tip is widened suggesting a muscle hyperirophy.
The myocardial cells of the papillary muscle in the right ventricle showed a
stretched, cylindrical shape and conic tips, similar characteristics as the ones
observed by Icardo & Colvee (1995). These morphoiogical characteristics lighten
the tension in the terminal region of muscles (Trotter et al.1983; Tidball, 1991;

Trotter, 1893). This type of organization is less efficient in the force transmission,
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once part of this force dissipates along a iongitudinal vector. The connection
between the papillary muscle and the mitral valve is very extensive as it happens
through many cords which are connected o several poinis of the papillary muscle.
This way, Wililams & Warwick (1995), states that the length of this connections
makes up for the efficiency loss in the force transmission. These muscles can
develop a remarkabie contraction power. in SHR animals, a more complex wall
trabecula arrangement was observed, probably due to the physiological demand
produced by the hypertension. With a higher amount of trabeculae in the ventricle,
there wouid be more connections between the muscles and the valve. The loss of
force transmission would be supplied with a higher efficiency by the length of the
connection papillary muscle-collagen fibrils-valve. The muscie celis of the left
ventricle trabeculae have a stretched, cylindrical shape and conic or branched tips.
Some muscle cells show dislocated extremities from the general orientation of the
fibers bundie, possibly due to an adaptive way to improving the force transmission
in this junction.

The collagen fascicles are distributed in a multidirectional form among the final
fingerlike projections of the myofibrils and fibroblasts are observed amid these
fascicles. According to Mair & Tomé (1972) this cellular profile means, in the fetus,
an intense biological activity. In this work, the observations of these fibroblasts in
SHR animals, could mean an increased fibrogenic activity due to the functional
requirement of the hypertensive heart.

The fingerlike profile of the myofibrillary terminations in the right ventricle, is
explained by several authors, but there is a consensus in which this arrangement
would be associated to the increase of the contact surface between myocytes and
collagen fibers and consequently a reduction of the tension per membrane unit
{Nakao, 1976; Mackay et al.1969). In a critical and detailed study, Nakaoc (1976)
described the fine structure of the MTJ in tadpole tail muscies. This author
mentioned that the sarcolemma is internally covered by a connection filament layer
and an anchorage layer externaily, which is composed by the intermediate layer
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and by the external layer with associated collagen fibrils. This last one would be
absent in the deepest portion of the terminal invaginations.

The same structures were described by other authors but which a different naming.
{Korneliussen, 1873; Trotter et al.1981; Tidball, 1984, Tidball & Daniel, 1938
Trotter et al. 1983; Tidball & Law, 1991; Tidbail & Chan, 1989; Korneliussen,1973;
Mair & Tomé 1972; Ajiri et al.,1978). Concerning the different nomenclature used,
the showed structures in the illustrations of the articles are exactly the same,
except for little changes observed in situations with pathological or functional
alterations. in this work, the {erminology most common in the literature was used,
which means, dense layer and lucid layer. The subsarcolemmal densities
mentioned by Nakao (1976) as the connection filament layer were observed in this
work at large magnifications in both study groups. On the other hand, it could be
observed that the dense layer is continuous even in the depth of the invaginations,
opposing what was observed by Nakao (1975, 1976) in skeletal muscles. This
author had also described, a “terminal connection® between a cistern of the
sarcoplasmic reticulum and the sarcolemma, which was not present either in any
specimen analyzed in this work. It could not be observed either, in the terminal
sarcomeres, the myofibril branches which go towards the subsarcolemmal dense
layer as described by Mackay et al.(1968). The microfilaments transversally
arranged in the lucid layer, between the dense layer and the sarcolemma, were
observed clearly in the SHR animals. Ajiri et al.(1978), called them microfibrils,
which in the conventional preparations appear as granular formations, while
Korneliussen {1973} called them “spine-fike” and Trotter et al.(1985) and Tidball
(1984} named them fine filaments. According to Trotter et al(1983) these
microfilaments would, in reality, extending among the intra and extrasarcolemmal
dense layers, through three different subunits which are united by covalent
connections: a segment between the subsercolemmal dense layer and the
sarcolemma, a intersarcolemmal segment; and a segment which is present in the
layer, equivalent to the ones described by other authors. However, as these last
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authors have demonstrated, such structures are responsible to the anchorage
mechanism between muscle fibers and collagen fibrils.

Numerous caveolae in the muscle fiber tips and micropinocitosis vesidles in
fibroblasts were demonstrated in the two groups of study. According fo Eisemberg
& Mitton {1984} the caveolae are commonly observed in the fonic muscle fibers
and fasciae, near the MTJs and their function is still unknown. Some hypothesis
tried to explain the presence of such structures: they would function as a reservoir
of membrane to make up for the stretching of the sarcomere {(Duthunty & Franzini -
Armstrong (1975); as the proportion of caveolae and T tubule openings is about
the same, they could develop from the caveolae {(Franzini-Armstrong et al.1975).
in the mature muscle fibers they would have the pinocific function, although it is
questioned the reason of its elevated number and of the non-evidence of its
migration along the fiber (Engel & Franzini-Armstrong, 1994). The fibroblast
cytoplasmatic extensions alsc exhibited numerous caveoclae whose function
highlighted in the literature is that they would represent pinocitosis vesicles. These
vesicles are responsible by the aminoacid collection from the extraceliular medium
which serve as the base for the fibrillar and the connectlive tissue amorphous
substance synthesis (Fawcett, 1966). Based in purely morphological parameters
as the ones demonstrated in this work, it is difficult to infer the likely function of
these structures observed in the fibroblasts and in the muscle fibers. The data
obtained here, however, bring fundamental initial information for a deeper study of
the MTJ in normal and SHR animals.

Concerning the vinculin, its presence was confirmed in the plasmatic membrane
costameres {Porter et al.,1992; Shear & Bloch, 1985; Anastasi et al., 2003). In this
work, the vinculin was only demonstrated in transversal grooves of the myocardial
fibers from SHR animals. This more evident marking could be related to the higher
expression of this protein, probably due to the enhanced physiological requirement.
An increase tension in this region would force a higher production of this protein,
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which makes the connection between the cell and the extracellular matrix. The
increased protein would give more siability in the transmission force in this
junction.

Temracio et al.(1990) observed the intracellular location of the vinculin in
jongitudinal sections of normal skeleton muscie fibers, and suggested that the
vinculin is located inside of the Z disc. Massa et al.{1995) cbhserved the presence
of vinculin in a fine intracellular net with a regular reficular pattern in transversal
sections. The observations done here agree to the ones of Massa et al., {19985)
which described the vincuiin located in transversal grooves which are in connection
to the sarcolemma, in longitudinal sections. This way, the presence of this protein
in fransversal grooves suggests that the vinculin circles (doubie rings) around
myofibrils in the Z band region or near the | band region.

Shear & Bloch (1985) suggested that the vinculin has an important role in the force
transmission, which is confirmed by the vinculin marking in the transition region
between the muscle and the tendon. it can be agreed {o these authors, once there
is @ more evident marking in the tendinous cord-papillary muscile junctions of SHR
animals. Vinculin in those places represents a more efficient connection to support
increased tension.

In conclusion, the anatomical, structural and ultrastructural changes, as well as the
vinculin expression, presented in the SHR animals along this work, would
represent adaptative process of this micro-region facing the blood pressure system
present in these animals.
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CONCLUSAO GERAL

A literatura disponivel sobre a JMT permite conciuir que as modificagbes
anatOmicas, estruturais e ultra-estruturais, bem como a express@o da vinculing,
apreseniadas nos animais SHR ac longo deste trabalho, representam processos

adaptativos dessa micro-regido {(JMT), frente ac sistema de presséo presente no
coracdo desses animais.
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