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RESUMO

O pirarucu (Arapaima gigas) caracteriza-se como uma espécie promissora para a
Aqiiicultura, devido principalmente as suas caracteristicas de rdpido crescimento e
rusticidade. Sua criacdo em regime intensivo tem obtido enorme sucesso, podendo alcancar
até 10 quilos de peso corporal em apenas um ano de criagdo. O pirarucu € considerado hoje
uma das mais importantes espécies de peixes da bacia Amazdnica e, por esta razdo, é
primordial que se investigue os mecanismos celulares e moleculares que controlam o rapido
crescimento muscular, contribuindo com novas estratégias de criacdo e com a manuten¢ao
da espécie. O crescimento do musculo estriado esquelético nos peixes pode ocorrer por dois
mecanismos: hipertrofia e/ou hiperplasia das fibras, a partir de células satélites ou
mioblastos. Esse processo € controlado por Fatores Reguladores Miogénicos (MRFs) e pelo
fator de crescimento Miostatina. O objetivo do presente estudo foi avaliar as caracteristicas
morfolégicas e o crescimento muscular hipertréfico e hiperpldsico, bem como analisar a
expressdo gé€nica e protéica da MyoD, da Miogenina e da Miostatina na musculatura
esquelética do pirarucu (A. gigas), em diferentes fases de crescimento. Os animais
utilizados no presente estudo foram provenientes de duas pisciculturas: na primeira, foram
obtidos os “alevinos” (pds-larvas; 48 g); na segunda, os animais em diferentes estagios de
crescimento, divididos em quatro grupos de acordo com o peso corporal. Grupo A (50
gramas, n=7), grupo B (420 gramas, n=7), grupo C (5,5 quilogramas, n=7) e grupo D (9,1
quilogramas, n=7). As amostras musculares foram coletadas, congeladas e submetidas a
coloragao HE, para avaliacdo do padrao morfolégico das fibras, e a reacdo para a enzima
NADH-TR, para avaliar o metabolismo oxidativo das fibras. Para avaliar o padrdo de
crescimento hiperplasico e hipertréfico da musculatura branca, foi calculado o menor
diametro de uma populacao de fibras por animal, e estas foram distribuidas em classes, na
dependéncia do seu didmetro. A andlise da expressdo gé€nica de MyoD, miogenina e
miostatina foi feita por Reagdo em Cadeia da Polimerase ap6s Transcricdo Reversa (RT-
gPCR); para andlise da expressdo protéica, foi utilizado o Western Blot. A distribui¢do das
fibras em classes de didmetro exibiu o seguinte padrdo: o grupo A mostrou a maior parte
das fibras na classe 20, o grupo B, na classe 50, o grupo C, nas classes 50 e 80, e o grupo D,

na classe 80. Isso indica uma alta taxa de hiperplasia das fibras nos grupos menores (A e B)
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e alta hipertrofia das fibras nos grupos maiores (C e D). Para a andlise da expressao génica
de MyoD e miogenina no musculo vermelho e branco dos “alevinos”, ndo houve diferenca
estatistica; para a miostatina, houve expressdo diferencial, com os maiores niveis
encontrados no musculo branco em comparacdo com o musculo vermelho. Na avaliacio da
expressdo de MyoD e miogenina, tanto a expressdo génica como a expressao protéica nao
mostraram diferenca significativa. Por outro lado, a expressdo génica da miostatina foi
menor no grupo A e maior nos demais, e a expressdo da proteina miostatina foi maior no
grupo A, diminuindo nos demais grupos. Estes resultados refletem as caracteristicas de
crescimento muscular da espécie e sugerem que a expressao dos MRFs e da miostatina sdo
responsaveis pelo balanco entre a hiperplasia e a hipertrofia das fibras, contribuindo para o

rapido crescimento da espécie e a manutencao das caracteristicas do filé.
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ABSTRACT

Pirarucu (Arapaima gigas) is a promising fish species for Aquaculture programs
mainly by the fast growing feature and rusticity. Their rearing under intensive conditions
generated much successful results, as they reach up to 10 kilograms in just one year.
Considered one of the most important fish species from Amazon basin, it is of primary
interest to investigate the cellular and molecular mechanisms that control the fast muscle
growth in pirarucu, providing information for new rearing strategies and species
conservation. In most fish, skeletal muscle growth occurs by two mechanisms: hypertrophy
and hyperplasia, from satellite cells or myoblasts. These process are under control by
Myogenic Regulatory Factors (MRFs) and by the growth factor Myostatin. The animals
were obtained from two pisciculture, where we got the alevin pirarucu (n=7; 48 grams
weight), and the specimens at different growth stages, divided into groups according body
weight. Group A (50 grams, n=7), group B (420 grams, n=7), group C (5,5 kilograms, n=7)
and group D (9,1 kilograms, n=7). Muscle samples were collected, frozen and stained with
HE for morphological analysis, and submitted to NADH-TR enzyme reaction for oxidative
methabolism analysis. To evaluate hyperplasic and hypertrophic muscle growth, it was
measured the smallest diameter from a set of fibers, which were grouped into diameter
classes. Gene expression analysis of MyoD, Myogenin and Myostatin were performed by
Quantitative Polimerase Chain Reaction after Reverse Transcription (RT-qPCR); protein
content analysis was by Western Blot technique. Muscle fibers distribution in classes
showed the following pattern: group A showed most fibers in class 20, group B, in class 50,
group C, in classes 50 and 80, and group D, in class 80. This is an indicative of high fiber
hiperplasia rate in groups A and B, and high hypertrophy in groups C and D. There was no
statistical difference in MyoD and Myogenin genes expression in red and white muscles of
pirarucu; however, Myostatin expression showed high levels in white muscle compared to
red muscle. Evaluating MyoD and Myogenin expression in white muscle of pirarucu at
different growth stages, both gene and protein levels were similar. Myostatin gene
expression was low in group A and high in the other groups; on the other hand, Myostatin
protein was high in group A and low in the other groups. These results reflect the muscle

growth characteristics in pirarucu and suggest that the MRFs and Myostatin expression are

16



Fernanda Regina Carani

controlling the balance between hyperplasic and hypertrophic mechanisms, promoting the

fast rate feature of pirarucu and their fillet quality.

1. CONSIDERA COES INICIAIS

Estudos revelam que entre os anos de 2003 e 2009 houve um aumento no consumo
de pescado no Brasil de 6,46 kg para 9,03 kg por habitante/ano, o que representou um
aumento de 39,78% nos ultimos sete anos (fonte: www.mpa.gov.br). Cada vez mais o
brasileiro tem inserido a carne de peixe em sua dieta e isso implica em uma alimentacao
mais saudavel, rica em proteinas e minerais, como o célcio, fésforo e cobalto, além das
vitaminas A, D e B. Em geral, a carne de peixe apresenta menor teor de gordura e contém
os acidos graxos Omega-3 e Omega-6, que ajudam a diminuir o risco de doencas
cardiovasculares, além de ajudar a reduzir a pressdo arterial, o nivel de colesterol ruim,
colesterol total e triglicérides, e melhorar a imunidade (Revista FiB, volume 8, 2009).
Nessa linha de raciocinio, temos na piscicultura uma 6tima oportunidade para promover o
desenvolvimento sustentdvel da pesca, estimulando a produgdo, a inclusdo social e a
melhora na qualidade alimentar da populagdo brasileira.

O pirarucu, Arapaima gigas, peixe exclusivo da bacia Amazodnica, ¢ uma espécie de
elevado interesse econdmico, apresentando uma das melhores perspectivas para a criagao
em regime intensivo, podendo atingir até 10 kg em 1 ano. E um dos mais importantes
recursos pesqueiros da regido, considerado um dos elos entre 0 mundo primitivo e a idade
moderna. Devido a sua rusticidade, alto valor de mercado, excelente sabor da carne, seu
grande porte e extraordindrio desenvolvimento ponderal, o pirarucu constitui uma espécie
com grande potencialidade para a piscicultura.

Aliando-se a importancia ecoldgica de espécies de peixes nativas ao fato de que,
para o bom funcionamento da piscicultura é necessdrio o conhecimento adequado da
biologia da espécie utilizada, torna-se fundamental o entendimento da fisiologia desses
peixes e como eles interagem e respondem aos mais diversos estimulos, sejam eles
origindrios do ambiente natural ou do ambiente de cultivo.

Neste sentido, para que haja um melhor aproveitamento do pirarucu na piscicultura,

bem como sua exploracdo de forma racional, é importante a realizacdo de estudos que
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investiguem as caracteristicas morfoldgicas € do crescimento do musculo estriado
esquelético, principal constituinte do filé de peixe.

O musculo esquelético € um tecido complexo, dindmico e possui caracteristicas
peculiares de adaptacdo morfoldgica, metabdlica e funcional frente aos mais variados
estimulos. Nos peixes, o musculo esquelético pode ocupar de 40 a 75% da massa corporal
total e essa abundante massa muscular ndo representa somente um mecanismo especifico
para a adaptacdo desses animais a0 meio aqudtico, mas serve também como importante
fonte de proteinas utilizada na alimentacao.

O crescimento pds-natal do tecido muscular nos peixes envolve os mecanismos de
hipertrofia e hiperplasia das fibras, a partir da proliferacdo dos mioblastos indiferenciados
ou células satélites. Na hipertrofia, as células satélites se fundem a fibras musculares
existentes, aumentando o nimero de niucleos para maior sintese de miofibrilas, enquanto
que, na hiperplasia, ocorre a formacdo de novas fibras musculares. Quando a hiperplasia
estd ocorrendo, observa-se um mosaico de fibras com diferentes diametros (fibras grandes e
pequenas associadas), e predominam fibras com didmetro menor que 25 um. Esse padrao
de organizagao das fibras é melhor observado na musculatura branca.

A contribui¢do da hipertrofia e da hiperplasia no crescimento do tecido muscular
pode variar de acordo com a espécie e a fase de crescimento estudadas. Nos mamiferos, a
hiperplasia cessa em um curto periodo de tempo apds o nascimento. Nos peixes que
atingem um tamanho pequeno, o crescimento muscular pds-natal ocorre principalmente por
hipertrofia das fibras e a hiperplasia ocorre somente nas fases iniciais do desenvolvimento.
Por outro lado, nas espécies de peixe com rdapido crescimento e que atingem um tamanho
grande a hiperplasia das fibras estende-se por um periodo de tempo mais prolongado. Esses
processos de crescimento muscular sdo regulados por diversos fatores, entre eles fatores
transcricionais musculo-especificos, como a MyoD e a Miogenina, e fatores de crescimento
responsaveis pelo controle negativo, como a Miostatina.

Considerando a extraordinaria dindmica de crescimento do pirarucu e a importancia
do tecido muscular para a espécie e para a populagdo, vemos no seu estudo uma rica fonte
de informagdes que poderdo contribuir com a elaboracdo de novas estratégias de criagao

que beneficiem o aumento da produgdo, garantindo, assim, a conservagdo da espécie.
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2. INTRODUCAO

2.1. Caracteristicas Gerais do Musculo Estriado Esquelético

O tecido muscular estriado esquelético é um tecido complexo, dindmico e possui
caracteristicas peculiares de adaptacdo morfoldgica, metabdlica e funcional frente aos mais
variados estimulos (Pette & Staron, 2000). Esse tecido é formado por células modificadas e
altamente especializadas, as fibras musculares, que sdo alongadas e multinucleadas, com
ntcleos periféricos, localizados abaixo da membrana plasmética (Figura 1). O didmetro das
fibras musculares pode variar de 10 a 100 um e o comprimento pode atingir 10 cm,
dependendo da arquitetura do musculo (Dal Pai-Silva et al., 2005). O citoplasma das fibras,
conhecido como sarcoplasma, € constituido em sua totalidade por miofibrilas, que
apresentam estriagdes transversais, decorrentes da organizagcdo das proteinas e filamentos

contréteis em unidades de contracdo, denominadas sarcomeros (Huxley, 1969).

Figura 1: Corte transversal de musculo estriado esquelético, corado com Hematoxilina-Eosina. (A)
Miisculo Semitendinosus de bovino (Bos indicus X Bos taurus). (B) Miusculo branco de peixe
(Arapaima gigas). Fibras musculares (F) e mionticleos com localizagdo periférica (setas). (adaptados de

Carani et al., 2006 e 2008, respectivamente)
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Nos peixes, o musculo estriado esquelético pode ocupar de 40 a 75% da massa
corporal total. Essa abundante massa muscular ndo representa somente um mecanisSmo
especifico para a adaptacdo desses animais a0 meio aqudtico, mas serve como importante
fonte de proteinas utilizada na alimentacdo humana (Weatherley & Gill, 1985).

Na maioria das espécies de peixes, o musculo esquelético € constituido por unidades
morfofuncionais, os midmeros, que possuem formato em “W” e se repetem ao longo de
todo o comprimento do corpo, estando inseridos por curtos tenddes em bainhas de tecido
conjuntivo, os chamados miosseptos (Alexander, 1969) (Figura 2). Essa disposi¢do em
unidades verticais repetidas confere a esses animais uma maior mobilidade e destreza

durante a realizacdo dos movimentos ondulatérios da natagdo (Van Leeuwen, 1999).

Figura 2: (A) Esquema representando a organizacio anatdmica da musculatura esquelética nos peixes. (/):
Localizagdo dos midmeros e miosseptos. (2): Detalhe do midmero da regido anterior. (3): Detalhe do
midmero da regido posterior (adaptado de Van Leeuwen, 1999). (B) Imagem de um corte da musculatura
esquelética de peixe, conhecido popularmente como filé. Notar em destaque os midmeros (MM) e miosseptos

(MS).

Na regido onde se encontra o nervo da linha lateral, um septo de tecido conjuntivo,
0 septo transverso, separa a massa muscular em regides epiaxial e hipoaxial (Alexander,
1969; Greer Walker & Pull, 1975).

Nos mamiferos, as fibras musculares estdo envoltas por uma matriz extracelular rica
em carboidratos e proteinas, constituindo o tecido conjuntivo do musculo, que estd

organizado em trés bainhas: epimisio, que circunda todo o musculo, perimisio, que divide o
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miusculo em fasciculos de fibras, e endomisio, que circunda cada fibra muscular

individualmente (Sanes, 2003; Kjaer, 2004) (Figura 3).

Figura 3: Estrutura da matriz extracelular do musculo esquelético de mamiferos. Musculo Semitendinosus de
bovino apds remog¢do das proteinas das fibras musculares. A: Epimisio (EP); B: Perimisio (P) e Endomisio
(E); C: Detalhe do endomisio circundando uma fibra muscular esquelética. Microscopia eletrdnica de

varredura. (adaptado de Kjaer, 2004)

Por outro lado, nos peixes, a distribuicdo do tecido conjuntivo no musculo
esquelético € especifica para cada espécie e a concentragdo de colidgeno também varia na
dependéncia do comportamento do animal, da atividade realizada durante os movimentos
natatdrios e da fase de crescimento estudada (Sato et al., 1986; Ando et al., 1992; Ofstad et
al., 1996; Michelin et al., 2009). Nas espécies de peixes, o tecido conjuntivo ao redor de
cada fibra muscular recebe o nome de endomisio, e o tecido conjuntivo mais espesso que
separa as fibras musculares em grupos € classificado como perimisio, semelhante aos

mamiferos (Michelin et al., 2009; Almeida et al., 2008; Carani et al., 2008) (Figura 4).
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Figura 4: Corte transversal das fibras musculares de juvenil de pacu (Piaractus
mesopotamicus). Endomisio (sefa). Perimisio (cabeca de seta). Reticulina. (adaptado de

Michelin et al., 2009)

Os primeiros estudos envolvendo o tecido muscular de mamiferos classificavam os
musculos em “vermelhos” ou “brancos” (Ranvier, 1873). A cor vermelha esta relacionada
com a presenca da mioglobina e com o grau de vascularizagdo do miusculo. Com a
utilizacdo de técnicas histoquimicas, observou-se que a maioria dos musculos dos
mamiferos é constituida por uma populacdo heterogénea de fibras, distribuidas em mosaico,
que apresentam caracteristicas morfoldgicas, bioquimicas e fisioldgicas distintas (Dubowitz
& Pearse, 1960). As fibras musculares foram classificadas em vermelhas, intermedidrias e
brancas (Ogata, 1958) e, posteriormente, trés tipos principais de fibras musculares foram
descritas em mamiferos, sendo denominadas de fibras dos tipos I, IIA e IIB, de acordo com
o padrao de reacdo para a atividade da ATPase da porcdo globular da cadeia pesada da
miosina (ATPase miofibrilar ou m-ATPase) (Brooke & Kaiser, 1970).

Ashmore & Doerr (1971), utilizando a combinacio das reacdes histoquimicas para
deteccdo da atividade das enzimas m-ATPase e succinato desidrogenase (SDH),
classificaram as fibras musculares dos mamiferos como PRed, aRed e aWhite.
Posteriormente, Peter et al. (1972), classificaram as fibras musculares em SO (slow

oxidative), FOG (Fast oxidative glycolytic) e FG (Fast glycolytic), baseando-se na
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combinacdo das reacdes histoquimicas e na deteccao da atividade das enzimas m-ATPase e
Nicotinamida Adenina Dinucleotideo Tetrazélio Redutase (NADH-TR).

Estudos mais recentes, envolvendo a microdisseccao de fibras e, associando a
reacdo histoquimica para m-ATPase com a técnica da eletroforese, possibilitaram a
separacdo de quatro isoformas de cadeia pesada da miosina (MHC), presentes nas fibras
musculares dos mamiferos: MHC I, presente nas fibras do tipo I, MHC IIA, presente nas
fibras do tipo IIA, MHC IIB, presente nas fibras do tipo I1IB, e MHC IID, presente nas
fibras do tipo IID (Termin et al., 1989). A MHC IID estd presente nos musculos de
pequenos mamiferos e possui velocidade de contracdo intermedidria entre as MHC 1IA e
MHC IIB (Hilber et al., 1999).

As fibras do tipo I, IIA, IID e IIB sao classificadas como fibras puras (Pette &
Staron, 1997; Staron et al., 1999). Porém, além das fibras puras, que expressam apenas um
tipo de RNA mensageiro para a MHC, ha fibras que co-expressam diferentes genes para a
MHC (Biral et al., 1988; Aigner et al., 1993; Schiaffino & Reggiani, 1994; Caiozzo et al.,
2003). Essas fibras sdao denominadas de fibras hibridas ou polimérficas e sdo classificadas
de acordo com o tipo de MHC predominante: fibras IC (MHC I > MHC IIA), fibras IIC
(MHC A > MHC 1), fibras [IAD (MHC IIA > MHC IID), fibras IIBD (MHC IIB > MHC
IID) (Staron & Pette, 1993; Di Maso et al., 2000).

A velocidade de contracdo de uma fibra muscular esta diretamente relacionada com
o tipo de MHC (para revisao ver Talmadge et al., 1993). A MHC capaz de rapida hidrélise
do ATP ¢€ caracteristica das fibras do tipo II, que s@o fibras de contracio rapida. Ja a MHC
de baixa atividade ATPasica é encontrada nas fibras do tipo I, de contragdo lenta (Kelly &
Rubinstein, 1994).

Em peixes, ocorre uma variacdo na expressdo das MHCs na musculatura estriada
durante o desenvolvimento e crescimento das fibras musculares (Narusawa et al., 1987),
onde podem ser expressas as isoformas embriondria, larval, e ainda outras, na dependéncia
da espécie estudada (Scapolo et al., 1988; Johnston, 2001). No entanto, existem muitas
controvérsias sobre os tipos de MHCs expressas nos peixes, considerando-se a fase de
crescimento estudada, o tipo de musculo analisado e a espécie considerada (Karasinski,
1993; Scott et al., 2001). De acordo com Weaver et al. (2001) as MHCs do misculo dos

peixes sdo quase idénticas aquelas encontradas em aves e anfibios.
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Os tipos de fibras musculares dos peixes nao sdo permanentes, ou seja, S0 capazes
de mudar o seu fendtipo como resultado do desenvolvimento e da demanda ambiental,
passando a expressar diferentes isoformas de MHCs (Martinez et al., 1993). Estudos em
peixes envolvendo variacdes na temperatura mostraram alteracdo no padrdo de expressao
das isoformas de MHC (Hirayama & Watabe, 1997; Watabe et al., 1998).

De acordo com as interpretacdes baseadas em evidéncias eletroforéticas e
imunohistoquimicas, diferentes tipos de fibras expressam diferentes tipos de MHC nos
peixes (Karasinski & Kilarski, 1989; Rescan et al., 2001b). Em comparacdo com outros
vertebrados, o conhecimento das MHC's em teledsteos ainda permanece limitado.

Nos peixes, as fibras musculares estdo distribuidas em areas ou compartimentos,
diferentemente do padrdo de fibras em mosaico observado no miusculo esquelético dos
mamiferos. Na maioria das espécies de peixes, as fibras distribuem-se entre os
compartimentos vermelho, intermedidrio e branco, e essa organizacdo varia de acordo com
a espécie e a fase de crescimento estudada (Alexander, 1969; Weatherley & Gill, 1987).

As fibras musculares vermelhas normalmente sao menores (25 a 45 um de
diametro), apresentam velocidade lenta de contracdo e metabolismo oxidativo, alta
concentracdo de mioglobina, muitas mitocOndrias, lipidios e excelente suprimento
sangiiineo, sendo utilizadas pelo peixe na realizacio de movimentos lentos e de
sustentacdo, como durante a migracdo (Johnston, 1999). O muisculo vermelho
(compartimento vermelho) pode aparecer na regido subdermal como uma camada fina e
uniforme ao longo de todo o corpo do animal (Dal Pai-Silva et al., 1995) ou pode
apresentar distribui¢do mais localizada, concentrando-se somente na regido do nervo da
linha lateral, onde assume aspecto triangular (Hoyle et al., 1986; Singer & Stoiber, 2001)
(Figura 5).

A maior parte da massa muscular dos peixes € formada pelo compartimento branco
(musculatura branca), localizado em uma regidao mais profunda do musculo e formado por
fibras musculares maiores (50 a 100 um de diametro), que apresentam velocidade de
contragdo rdpida e metabolismo glicolitico, baixa concentracdo de mioglobina, poucas
mitocOndrias e lipidios. As fibras musculares brancas dos peixes sao utilizadas durante os
movimentos bruscos de natacdo, como na captura de alimento e fuga de predadores

(Driedzic & Hochachka, 1976; Johnston, 1980). Entre os compartimentos branco e
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vermelho encontra-se o compartimento intermedidrio (musculatura intermedidria), reduzido
a uma ou duas camadas de células, formado por fibras de contracdo rdpida e de
metabolismo oxidativo/glicolitico (Johnston, 1981; Weatherley & Gill, 1987; Zhang et al.,
1996) (Figura 5).

';8. 3

Figura 5: Corte transversal da musculatura estriada esquelética do pirarucu (Arapaima gigas). V:
Compartimento vermelho superficial. /: Compartimento intermedidrio. B: Compartimento branco profundo.

NADH-TR. (Carani et al., 2008)

2.2. Formacao das Fibras Musculares: Miogénese

Nos peixes, a formagdo das fibras musculares ocorre nas fases iniciais da
embriogénese. O mesoderma paraxial, localizado adjacente a notocorda e ao tubo neural em
formacao, segmenta-se na direcao rostro-caudal do embrido formando os somitos (Kimmel
et al., 1990). Cada somito € formado por uma por¢cdo ventral (esclerétomo), que dard
origem ao esqueleto e a cartilagem do embrido, e uma dorsal (dermomi6tomo), que formara
a derme e as musculaturas do tronco e da cauda (Currie & Ingham, 2001).

Nos somitos, uma populagao de células cubdides mesodérmicas dispde-se em uma

unica camada ao redor da notocorda (Figura 6). Essas células sdo conhecidas como células
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adaxiais, células musculares nao-pioneiras ou mioblastos ‘“slow” (Thisse et al., 1993;
Currie & Ingham, 2001; Johnston & Hall, 2004; Ochi & Westerfield, 2007). Sob o estimulo
de glicoproteinas secretadas pela notocorda e pelo tubo neural (Blagden et al., 1997;
Chargé & Rudnicki, 2004), essas células migram em direcdo a superficie do miétomo e
formam uma tunica camada abaixo da epiderme. Elas se fundem umas as outras, dando
origem aos miotubos multinucleados, que se diferenciam em fibras musculares vermelhas
para formar a musculatura vermelha do embridao (Blagden et al., 1997; Currie & Ingham,
2001; Johnston & Hall, 2004; Ochi & Westerfield, 2007) (Figura 6).

Um subgrupo das células adaxiais ndo migra para a regido superficial; ao invés
disso, elas se alongam, atravessando toda a extensdo do midtomo, e formam as fibras
mononucleadas, conhecidas como fibras musculares pioneiras. Essas fibras permanecem
conectadas a notocorda através de processos citoplasméticos, o que possibilita orientar a
migracdo das demais células adaxiais em direcdo a superficie do midtomo. As fibras
pioneiras concentram-se na regido de formacgdo do septo horizontal e sdo as primeiras a
apresentarem atividade contrdtil. No final da fase embriondria e depois da eclosdo, as
demais células do mi6tomo (mioblastos “fast” ou células pré-somiticas) fundem-se para
formar os miotubos, que se diferenciam em fibras musculares brancas, dando origem a
musculatura branca do embrido (Devoto et al., 1996; Currie & Ingham, 2001; Johnston &
Hall, 2004; Ochi & Westerfield, 2007) (Figura 6).

A miogénese nos peixes ¢é significativamente diferente da miogénese dos
mamiferos. Nos mamiferos, as fibras musculares sdo originadas a partir de miotubos
primdrios e secunddrios, (Ashby et al., 1993; Ontell & Kozeka 1984). Inicialmente, alguns
mioblastos fundem-se para formar miotubos primdrios, num processo independente de
inervacdo. Esses miotubos primdrios constituem um suporte para a fusdo de outros
mioblastos, os quais formam miotubos secundérios, num processo dependente de inervagao.
O padrao de inervacdo das fibras musculares em um musculo influencia o tipo de fibra
muscular a ser formada (Harris, 1988). Ao contrdrio, nos peixes, os diferentes tipos de
fibras desenvolvem-se a partir de distintas zonas de proliferacdo de mioblastos e a formagao
de cada tipo de fibra € espacial e temporalmente separada (Koumans & Akster, 1995;

Rowlerson et al., 1995).
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Figura 6: Esquema da formacdo dos tipos de fibras musculares em zebrafish (Danio rerio). A: Corte
transversal do embrido na fase final de gastrulacdo, mostrando as Células Adaxiais (vermelho) adjacentes a
notocorda (N). As setas vermelhas indicam que as Células Adaxiais migram em direcdo a superficie do
miétomo, onde formardo as fibras musculares “slow”. As Células Pré-somiticas Laterais (branco) ocupam
toda a extensdo do midtomo e formardo as fibras musculares “fast”. B: Corte transversal do embrido no
estdgio de 24 horas pds-fertilizagdo. As Células “slow” formam uma camada abaixo da epiderme,
constituindo a musculatura vermelha superficial do embrido. As Células “fast” organizam-se por todo o
restante do miétomo, formando a musculatura branca profunda. 7N: Tubo Neural; N: Notocorda; ME: Medula

Espinhal. (adaptado de Du et al., 1997)

2.3. Crescimento Muscular Pés-natal

O desenvolvimento e o crescimento do tecido muscular estriado esquelético nos
peixes envolve uma populacio de células precursoras miogénicas ou mioblastos
indiferenciados (Alfei et al., 1994; Koumans et al., 1994; Johnston er al., 1998; Rowlerson
& Veggetti, 2001), andlogos as células miossatélites descritas em mamiferos (Mauro,
1961). Essas células sdo ativadas durante o crescimento pds-natal e na regeneracdo da
musculatura esquelética (Seale et al., 2004) e estdo localizadas entre a 1amina basal e a
membrana plasmdtica das fibras musculares, estando distribuidas ao longo da fibra

muscular (Johnston et al., 1998) (Figura 7).
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Figura 7: Cortes transversais do musculo esquelético de rato. (A) Fotomicrografia mostrando a localizagio da
célula miossatélite (seta) na periferia da fibra muscular. (B) Eletromicrografia mostrando o niicleo de uma
célula satélite (S), associada a uma fibra muscular esquelética. HE e Microscopia Eletronica de Transmissdo.

(Sinha-Hikim et al., 2003)

Nos peixes, o crescimento muscular ocorre mediante a proliferacio e a
diferenciacdo dos mioblastos (Alfei et al., 1994; Johnston et al., 2000). Quando ativados
por sinais celulares, os mioblastos proliferam, diferenciam-se e os nucleos sio
internalizados as fibras musculares pré-existentes, aumentando o nimero de nicleos para
maior sintese de miofibrilas, ocasionando, dessa forma, o aumento no didmetro ou area das
fibras. Esse processo € conhecido como hipertrofia (Koumans & Akster, 1995; Johnston,
1999; Rowlerson & Veggetti, 2001) (Figura 8). Por outro lado, os mioblastos em
proliferacdo podem agregar-se a superficie de fibras musculares pré-existentes e formar
novos miotubos multinucleados. Os miotubos se separam das fibras, originando novas
fibras musculares, processo conhecido como hiperplasia (Veggetti et al., 1990; Koumans et

al., 1994; Johnston, 1999; Johnston et al., 2000; Dal Pai Silva et al., 2003a, b) (Figura 8).
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Figura 8: Esquema demonstrativo dos principais mecanismos de crescimento muscular pés-natal nos peixes:
hipertrofia e hiperplasia. A popula¢do de mioblastos indiferenciados contribui para o crescimento hipertréfico e
hiperplasico do miisculo esquelético, sob influéncia dos Fatores de Regulagdo Miogénica (MRFs) e dos Fatores de

Crescimento. (adaptado de Johnston, 1999)

A hiperplasia das fibras musculares nos peixes pode ocorrer de duas formas: 1)
hiperplasia estratificada, a partir de zonas germinais de proliferacdo celular, localizadas nas
regides dorsal e ventral dos midmeros, sendo responsdvel pelo espessamento das camadas
musculares nas fases iniciais do desenvolvimento; e 2) hiperplasia em mosaico, que resulta
em grande aumento no nimero de fibras musculares, sendo observada principalmente na
musculatura branca de juvenis das espécies de peixe que atingem tamanho grande
(Rowlerson & Veggetti, 2001). Quando a hiperplasia em mosaico estd ocorrendo,

observam-se fibras pequenas (didmetro menor que 25 wm) entre fibras maiores, formando

29



Fernanda Regina Carani

um mosaico de fibras de diferentes tamanhos e estdgios de diferenciacao (Johnston, 1999;

Rowlerson & Veggetti, 2001; Xu et al., 2003) (Figura 9).

Figura 9: Esquema representativo dos tipos de crescimento muscular hiperpldsico em peixes. Hiperplasia
estratificada (A) e hiperplasia em mosaico (B). TN = tubo neural, N = notocorda, BE = fibras musculares
brancas embrionarias, ZPM = Zona de Proliferacdo de Mioblastos, V = fibras musculares vermelhas, LL =
linha lateral, CV = coluna vertebral, B = fibras musculares brancas, I = fibras musculares intermediarias.

(adaptado de Rowlerson & Veggetti, 2001)

Nos mamiferos a hiperplasia cessa em um curto periodo apds o desenvolvimento
embriondrio (Goldspink et al., 1972; Johnston et al., 2000). Nos peixes, a relativa
contribuicao da hiperplasia e da hipertrofia no crescimento muscular tem sido estudada em
muitas espécies e foi verificado que nas espécies de crescimento rapido e que atingem um
tamanho grande, a hiperplasia das fibras persiste por um periodo de tempo maior (Kiessling
et al., 1991; Valente et al., 1999; Rowlerson & Veggetti, 2001; Carani et al., 2008). Por
outro lado, nas espécies de menor tamanho, a hiperplasia das fibras cessa nos estigios
iniciais de desenvolvimento e a hipertrofia torna-se o0 mecanismo de crescimento muscular
predominante nessa fase de desenvolvimento (Veggetti et al.,, 1993; Koumans & Akster,

1995).
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2.4. Controle Molecular da Miogénese e do Crescimento Muscular

O crescimento muscular € controlado pela acdo coordenada de diferentes
substancias, entre as quais, hormonios, fatores de crescimento e citocinas (Funkenstein et
al., 2006). Embora existam diferencas entre as espécies, a participacdo desses fatores e seus
mecanismos de acdo sdo, geralmente, bem conservados entre os vertebrados (Nicoll et al.,
1999).

Durante o crescimento hiperplasico e hipertréfico da musculatura, é observada a
retomada dos eventos ocorridos durante a miogénese. O crescimento muscular € controlado
positiva e negativamente por uma série de fatores transcricionais e de crescimento, que
controlam a proliferacdo e diferenciacdo das células satélites. Dentre esses fatores estdo os

MRFs, a Miostatina e o IGF-1 (Insulin-like Growth Factor-I).

2.4.1. Fatores Reguladores Miogénicos (MRFs)

Nos peixes, assim como nos mamiferos, tanto a miogénese como o crescimento
muscular pds-natal envolvem a proliferacio e a diferenciacdo das células miossatélites ou
mioblastos. Esses processos sdo regulados por diversos fatores, entre eles os fatores
transcricionais musculo-especificos, coletivamente chamados de Fatores de Regulacdo
Miogénica (MRFs), dos quais fazem parte a MyoD, Miogenina, Myf5 e MRF4 (Watabe,
2001; Rescan, 2001; Johansen & Overturf, 2005).

Esses fatores sdo fosfoproteinas nucleares que contém um dominio altamente
conservado, evolutivamente, de aproximadamente 60 aminodcidos, conhecido como “basic
Helix-Loop-Helix” (bHLH) (Figura 10). Esses fatores ligam-se a seqiiéncias de DNA (5°-
CANNTG-3"), conhecidas como Ebox, presentes na regido promotora de muitos genes
musculo—especificos, levando a expressdo dos mesmos. Além disso, podem iniciar a
transcricdo de seus proprios genes durante o crescimento (Murre et al., 1989; Sassoon,
1993). A regido “Helix-Loop-Helix” do MRF constitui o dominio de ligagdo dessa
molécula com outra idéntica a ela, formando um homodimero, e também constitui a regido
de ligacdo do MRF com as proteinas E, que atuam como cofatores dos MRFs, formando um

heterodimero. A ligagdo do homodimero MRF-MRF ou do heterodimero MRF-Proteina E a
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seqiiencia Ebox € que promove a ativacdo da transcricdo dos genes musculo-especificos

(Rudnick & Jaenisch, 1995; Watabe, 1999; Sabourin & Rudnicki, 2000; Rescan, 2001).

Figura 10: Estrutura cristalografica do complexo formado pelo homodimero do MRF MyoD e o

DNA. (adaptado de Ma et al., 1994)

Na formacao do musculo esquelético, o comprometimento das células somiticas do
mesoderma com a linhagem miogénica € marcado pela expressdao dos MRFs MyoD e Myf5.
Esses fatores sdo conhecidos como fatores primdrios, sendo expressos pelos mioblastos na
fase de proliferacdo, que antecede a fase de diferenciacdo (Goulding et al., 1994; Williams
& Ordahl, 1994).

Embora a MyoD e o Myf5 definam a identidade dos mioblastos, as células
precursoras somiticas devem ser “pré-comprometidas” com a linhagem miogénica antes da
expressao dos MRFs. No embrido, esse “pré-comprometimento” € realizado pelo fator
transcricional Pax3, da familia Pax (do inglés, Paired-box), o qual é expresso em células do
mesoderma pré-somitico e dos primeiros somitos epiteliais (Goulding et al., 1994;

Williams & Ordahl, 1994) (Figura 11).
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Os mioblastos que saem do ciclo celular, positivos para Myf5 e MyoD, tornam-se
midcitos mononucleados diferenciados e iniciam a expressdo dos MRFs Miogenina e
MRF4, os quais regulam a fusdo dessas células entre si, formando os miotubos
multinucleados, e a diferenciacdo dos miotubos em fibras musculares (Megeney &
Rudnicki, 1995; Grobet et al., 1997) (Figura 11). Finalmente, terminado o processo da
miogénese, o musculo esquelético torna-se um tecido estdvel, caracterizado por fibras

musculares adultas multinucleadas (Decary et al., 1997; Schmalbruch & Lewis, 2000).

-—»iﬁt—f: —

Célula Célula
somitica precursora Mioblastos Midcitos Miotubo Miofibra adulta
mesodermal

Pax3 MyoD/Myf5 Miogenina/MRF4

Figura 11: Células somiticas mesodermais tornam-se células comprometidas com a linhagem miogé€nica
(células precursoras) e passam a expressar Pax3, que contribui para a expansdo das células miogénicas. Sob
controle dos MRFs MyoD e Myf5, as células precursoras tornam-se células da linhagem miogénica, os
mioblastos, que iniciam a proliferacdo. A expressio de Miogenina e MRF4 controla a diferenciacdo dos
mioblastos em miotubos, que posteriormente se diferenciam para formar as miofibras maduras. (adaptado de

Zammit et al., 2006)

Os MRFs Miogenina e MyoD também podem estar envolvidos com a manuten¢do
do fenétipo da fibra muscular adulta, rapida ou lenta. A Miogenina € expressa em niveis
superiores aos da MyoD em misculos lentos, enquanto que o oposto é verdadeiro para

musculos rapidos (Hughes et al., 1993; Voytik et al., 1993).
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2.4.2. Fatores de Crescimento: IGF-I e Miostatina

O crescimento do musculo esquelético nos peixes € um processo altamente
organizado, que envolve a ativacao da proliferacdo e diferencia¢do das células miossatélites
(Johnston, 1999). A ativacdo das células miossatélites requer um aumento controlado da
expressao dos genes musculo-especificos, relacionados ao crescimento. Esse processo pode
ser regulado por fatores extracelulares, como os FGFs (Fibroblast Growth Factors), TGFs
(Transforming Growth Factors), IGFs (Insulin-like Growth Factors), HGFs (Hepatocyte
Growth Factors), TNFs (Tumor Necrosis Factors) e IL-6 (Interleukin-6), que estdao
envolvidos no controle da proliferacdo e diferenciacdo das células miossatélites (para
revisao ver Hawke & Garry, 2001; Stamler & Meissner, 2001).

O IGF-1 (Insulin-like Growth Factor - I) € essencial para o crescimento e
desenvolvimento normais do individuo. E o mediador das funcdes de crescimento pés-natal
exercidas pelo GH (hormonio do crescimento) e a principal fonte de IGF-I é o figado, o
qual supre aproximadamente 75% do IGF-I total circulante no corpo (Schwander et al.,
1983).

Virios estudos demonstraram que o IGF-1 € mediador da hipertrofia do musculo
esquelético (Adams & McCue, 1998; Musaro et al., 2001). Segundo Florini et al. (1993), o
IGF-I aumenta a massa e a for¢ca musculares através de dois mecanismos principais: 1) atua
diretamente sobre as fibras musculares, aumentando a sintese de proteinas e a massa
muscular, 2) estimula a fusdo das células miossatélites as fibras musculares pré-existentes,
auxiliando no reparo de regides danificadas das fibras e promovendo o crescimento
muscular. Este processo € similar ao que acontece durante a formacao do tecido muscular
esquelético, onde tanto a fusdo como a diferenciacdo dos mioblastos é regulada pelo IGF-I,
mediante a ativacdo da via de sinalizacdo PI3K/Akt (Phosphatidylinositol 3-kinaselserine-
threonine kinase), responsdvel pelo aumento na sintese protéica (Noguchi, 2005) (Figura
12).
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Figura 12: Esquema ilustrando a via de sinaliza¢@o das proteinas PI3K/Akt, desencadeada pela

ligag¢do do IGF-I ao receptor de membrana na fibra muscular. (adaptado de Glass, 2003)

Além do IGF-I, outro importante regulador do crescimento muscular sao os fatores
pertencentes a superfamilia dos fatores de crescimento TGF-B (Transforming Growth
Factor - p). Esses fatores sao importantes citocinas que regulam o crescimento muscular,

controlando a ativacdo da transcricio de genes musculo-especificos e inibindo tanto a
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proliferacdo como a diferenciacdo dos mioblastos (Allen & Boxhorn, 1989; Greene &
Allen, 1991; Lefaucheur et al., 1996; Charge & Rudnicki, 2004). Mais recentemente, a
Miostatina ou GDF-8 (Growth and Differentiation Factor - 8) foi identificada como um
novo membro da familia TGF-B (McPherron et al., 1997). A Miostatina ¢ um fator de
crescimento considerado essencial, pois promove a regulacdo do desenvolvimento e do
crescimento do miusculo estriado esquelético nos vertebrados (McPherron et al., 1997).
Durante a formagdo das fibras musculares, a expressio da Miostatina € restrita aos
miétomos em desenvolvimento, porém, continua associada as células da linhagem
miogénica durante o crescimento pds-natal e na fase adulta (McPherron et al., 1997).

A principal funcio da Miostatina é regular negativamente o crescimento muscular,
conforme demonstrado em numerosos estudos usando linhagens de células musculares
esqueléticas, camundongos knockout para Miostatina, bovinos e humanos (Grobet et al.,
1997; Kambadur et al., 1997; McPherron et al., 1997; McPherron & Lee, 1997; Lee &
McPherron, 1999; Schuelke et al., 2004).

Nos animais knockout para Miostatina ocorre um aumento significativo da massa
muscular, decorrente de maior hiperplasia e hipertrofia das fibras musculares durante as
fases embriondria e fetal (McPherron et al., 1997; Oldham et al., 2001). A Miostatina pode
controlar o nimero de fibras musculares a serem formadas, regulando a proliferacdo e a
diferenciacao dos mioblastos (Thomas et al., 2000; Langley et al., 2002).

Alguns trabalhos sugerem que a Miostatina inibe a proliferacdo e diferenciagao dos
mioblastos, através da diminui¢do da expressao dos MRFs (Langley et al., 2002; Rios et
al., 2002; Joulia et al., 2003). A super-expressdo da Miostatina inibe a expressao dos MRFs
MyoD, Myf-5 e Miogenina. Por outro lado, a inativacdo da Miostatina em camundongos e
bovinos pode aumentar a expressao da MyoD e da Miogenina, levando a um aumento na
proliferacao e diferenciacdo dos mioblastos e a um intenso crescimento muscular devido a
hiperplasia e hipertrofia das fibras (Langley et al., 2002; Joulia et al., 2003). O mecanismo
de acdo da Miostatina sobre o musculo esquelético dos peixes ainda ndo é bem
compreendido; entretanto, a expressao de MyoD e Miogenina mostrou-se aumentada apds
inativacdo da Miostatina, indicando, assim, a sua possivel influéncia sobre as vias da

miogénese controladas pelos MRFs (Amali et al., 2004).
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Nos animais adultos, a Miostatina parece atuar sobre as células miossatélites,
mantendo-as em um estado quiescente, suprimindo a proliferacdo e/ou a diferenciacdo.
Quando necessario, a atividade da Miostatina € inibida e as células miossatélites sdo
ativadas (Lee, 2004).

O gene da Miostatina foi identificado em muitas espécies, incluindo alguns peixes
(Maccatrozzo et al., 2001a,b; Rescan et al., 2001a; Roberts & Goetz, 2001; Rodgers et al.,
2001; Radaelli et al., 2003; Amali et al., 2004), onde o mRNA da Miostatina foi encontrado
no musculo, olhos, branquias, intestino, gonadas, cérebro e rim. Nos mamiferos, ao
contrario dos peixes, a expressio da Miostatina ocorre principalmente no musculo
esquelético, embora o RNAm tenha sido identificado em menor quantidade nas fibras de
Purkinje e cardiomidcitos (Sharma et al., 1999; Shyu et al., 2005; Morissette et al., 2006), e
também nas glandulas mamarias (Ji et al., 1998). Apesar de estudos recentes indicarem que
a Miostatina pode influenciar o crescimento do musculo cardiaco (Shyu et al., 2005;
Morissette et al., 2006) e, possivelmente, a diferenciacido dos adipdcitos (Kim et al., 2001;
Zimmers et al, 2002; Rebbapragada er al, 2003), sua funcdo primordial € regular
negativamente o crescimento do musculo estriado esquelético (Helterline et al., 2007).

No musculo estriado do zebrafish (Danio rerio), peixe que atinge um tamanho final
de poucos centimetros, a expressdo da Miostatina € baixa na fase larval, onde o crescimento
muscular por hiperplasia € mais acentuado. J4 nas fases juvenil e adulta, onde o
crescimento muscular hiperpldsico € baixo, a expressdo da Miostatina apresenta-se
aumentada, demonstrando que a mesma exerce uma funcao inibitdria sobre o crescimento
muscular hiperplasico nesta espécie (Xu et al., 2003). Além disso, o bloqueio da atividade
da Miostatina em peixes produziu animais com um aumento expressivo no peso corporal
devido a hipertrofia e hiperplasia das fibras musculares (Acosta et al., 2005; Rebhan &
Funkenstein, 2008; Medeiros et al., 2009; Lee et al., 2009).

De forma semelhante a outros membros da familia dos TGF-B, a Miostatina ¢
sintetizada como uma proteina precursora (prepropeptideo), contendo trés regides distintas:
(1) uma sequéncia sinal na regiao N-terminal; (2) um propeptideo ou peptideo associado a
laténcia (LAP: latency associated peptide) e (3) um fragmento contendo a regido C-
terminal que corresponde a por¢cao madura e biologicamente ativa da proteina (McPherron

et al., 1997). A proteina precursora passa por duas etapas de clivagem proteolitica para
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gerar a proteina ativa (McPherron et al., 1997). A primeira clivagem remove o peptideo
sinal e, a segunda, ocorre numa regido da proteina contendo a sequéncia de aminoécidos
RXXR (arginina-XX-arginina), separando o LAP da por¢ao madura C-terminal (Lee, 2004;
Lee & McPherron, 2001). Essa por¢ao madura sofre dimerizacdo com outra por¢ao madura
idéntica, formando um homodimero que corresponde a proteina biologicamente ativa, a
qual se liga aos receptores de membrana especificos nas células-alvo (Thomas et al., 2000).
O LAP tem a capacidade de se ligar a esse dimero, inibindo sua atividade bioldégica por
impedir a sua ligagdo aos receptores de membrana (Lee & McPherron, 2001). A clivagem
proteolitica do LAP ¢ realizada por uma familia de proteases denominada
metaloproteinases, promovendo a ativacdo do dimero C-terminal latente (Wolfman et al.,

2003) (Figura 13).
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Figura 13: Processamento da proteina miostatina. (a) A miostatina é sintetizada como uma proteina
precursora contendo a sequéncia-sinal (em azul), a porcdo N-terminal ou propertideo (em cinza) e o
fragmento C-terminal (em amarelo). A proteina precursora sofre dois eventos de clivagem proteolitica (setas);
um remove a sequéncia-sinal e o segundo gera o fragmento C-terminal, que corresponde a porcdo ativa da
proteina. (b) Apds as clivagens proteoliticas, dois fragmentos C-terminais formam um dimero, através de
pontes dissulfeto entre residuos de aminodcidos cisteinas, mas permancem ligados ndo-covalentemente ao
propeptideo formando um complexo latente e inativo. (c) e (d) A ativacdo do complexo latente pode ocorrer
por clivagem proteolitica do propeptideo que causa a dissociagdo do complexo latente. (adaptado de Lee,

2004).
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A cascata de sinalizacdo promovida pela ligacdo da Miostatina ao seu receptor na
célula-alvo é bem estabelecida nos mamiferos. A Miostatina ativa liga-se a receptores
especificos na membrana da célula-alvo, denominados receptores Ativina do tipo II. O
receptor tipo I, ligado a Miostatina, fosforila e ativa um receptor do tipo I correspondente.
O complexo tetramétrico de receptores ativado fosforila proteinas Smads ligadas ao
receptor (R-Smads), promovendo a interacdo dessas R-Smads com outras Smads, como a
Smad4. O complexo de proteinas Smad € translocado para o nucleo da célula, onde
interagem com protefnas da maquinaria de transcri¢do, regulando esse processo em genes-
especificos (Kollias & McDermott, 2008), como os genes relacionados a proliferacio e
diferenciacdo dos mioblastos e células satélites e a atrofia muscular (Otto & Patel, 2010)
(Figura 14). Poucos trabalhos descrevem a via de sinalizacdo e o modo de agdo da

Miostatina nos peixes.

Receptor Receptor
tipo IT tipo T

Figura 14. Representacdo esquematica simplificada da via de sinalizacdo da miostatina (MSTN). O complexo
formado inicialmente pela MSTN e seu receptor ativina do tipo II fosforila e ativa o receptor do tipo I
correspondente. O complexo tetramétrico de receptores ativado fosforila proteinas Smads ligadas ao receptor
(R-Smads) que interagem com outras Smads, por exemplo, a Smad4. O complexo de proteinas Smad é
translocado para o nicleo, onde interagem com proteinas da maquinaria de trancri¢io e cofatores, regulando a

transcricdo de genes-especificos (adaptado de Kollias & McDermott, 2008).
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Nos mamiferos, a miostatina apresenta duas funcdes regulatdrias distintas e bem
estabelecidas. A primeira funcdo € regular o nimero final de fibras a serem formadas
durante a miogé€nese, através do controle da proliferacdo e/ou diferenciacdo dos mioblastos.
O controle da proliferacdo dos mioblastos ocorre pela capacidade da miostatina em
aumentar os niveis da proteina p21, diminuindo os niveis do complexo ciclina-Cdk2 e a
fosforilagdo da proteina retinoblastoma, impedindo que os mioblastos iniciem o ciclo
celular e sua proliferacio (Joulia et al., 2003; Thomas et al., 2000). O controle da
miostatina sobre a diferenciacdo dos mioblastos se dd pela down-regulacdo da expressao
dos MRFs MyoD, miogenina e Myf-5 (Joulia et al., 2003; Langley et al., 2002; Rios et al.,
2002). A segunda funcdo da miostatina € regular o crescimento pds-natal das fibras
musculares através da inibicdo da proliferacdo e/ou diferenciagdo das células satélites
durante a hipertrofia (Lee, 2004). Em condi¢des normais, a miostatina é responsavel por
manter as células satélites no estado quiescente, até que, em circunstancias nas quais o

crescimento ou a regeneracao sao requeridos, a miostatina possa ser inibida, permitindo que

as células satélites retornem ao ciclo celular (Lee, 2004) (Figura 15).

Celulas Mioblastos
precursoras Células satélites

MyoD / e Proliferacio / Diferenciagao
Myt-5 @ T

Miotubos

Rb
|
Miostatina » p21 —] Cdk2
MyoD
Smad —————

Miogenina

Figura 15. Representacdo esquemadtica simplificada dos mecanismos de acdo da miostatina em
mamiferos. O controle da miostatina sobre a proliferacdo de mioblastos, durante a miogénese, ou de
células satélites, durante o crescimento pds-natal ou regeneragdo, ocorre pela capacidade da miostatina em
aumentar os niveis da proteina p21, diminuir os niveis do complexo ciclina-Cdk2 e diminuir a fosforilagdo
da proteina retinoblastoma (Rb), impedindo que essas células iniciem o ciclo celular e sua proliferagdo. O
controle da miostatina sobre a diferenciagdo dos mioblastos ou células satélites se dd pela down-regulagdo

da expressdo dos MRFs, como MyoD e miogenina, via proteinas Smad (baseado em Langley et al., 2002).
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Em contraste com os mamiferos, cuja expressdo de um tnico gene para a miostatina
€ quase que totalmente especifica do tecido muscular, a expressdo da miostatina nos peixes
estd relacionada a pelo menos dois genes, presentes em tecidos musculares e nao-
musculares (Maccatrozzo et al., 2001a,b; Rodgers et al., 2001; @stbye et al., 2001; Rescan
et al., 2001a; Kocabas et al., 2002), reforcando a idéia de que a fun¢do da miostatina nos
peixes ndo estd restrita ao tecido muscular. A Miostatina I é amplamente expressa no
musculo esquelético, cérebro, olhos, rins, testiculos, ovaries, trato digestive e cora¢ao; por
outro lado, a Miostatina II esta restrita ao cérebro (Amali et al., 2004; Kerr et al., 2005;

Rodgers and Garikipati, 2008).

2.5. O Arapaima gigas

O pirarucu, Arapaima gigas (Figura 16), peixe da Bacia Amazonica que pertence a
familia Arapaimatidae, ¢ uma espécie de elevado interesse econdmico, apresentando uma
das melhores perspectivas para a criagcdo em regime intensivo. Possui rdpido crescimento,
podendo alcancar 10 kg no primeiro ano de criacdo (Imbiriba, 2001), rusticidade no
manuseio, respiracdo aérea (Fontenele, 1948), suporta altas densidades de estocagem
(Cavero et al., 2002) e é facilmente treinado para aceitar ragdo extrusada (Crescéncio,
2001). A respiracdo aérea do pirarucu é uma caracteristica fisioldgica que facilita sua
criacdo em sistemas intensivos, principalmente pela baixa demanda de oxigénio na dgua, o
que nao é comum em peixes com respira¢ao branquial (Ono et al., 2004).

Além do fator de protecdo da espécie, a criagdo do pirarucu caracteriza-s€ como
uma atividade promissora no ramo da aqiiicultura intensiva, uma vez que a espécie possui
um rendimento de filé de cerca de 60%, sendo sua carne muito saborosa, praticamente
desprovida de espinhos e com baixo teor em gordura (Imbiriba, 2001).

As informagdes a respeito da criagdo do pirarucu em regime intensivo ainda sdo
escassas na literatura, embora alguns trabalhos tenham destaque por abordarem aspectos
importantes de qualidade da dgua (Cavero et al., 2004), biomassa sustentdvel em tanques-
rede (Cavero et al., 2002), exigéncia nutricional (Ituassi et al., 2005), treinamento
alimentar inicial (Crescéncio, 2001), desempenho (Crescéncio et al., 2005) e potencial de

criacdo do pirarucu em cativeiro (Imbiriba, 2001; Scorvo-Filho et al., 2004). No entanto, a
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maior parte desses estudos compdem notas cientificas e ndo fazem uma andlise mais
minuciosa dos efeitos e conseqii€éncias desse tipo de criagdo sobre o crescimento muscular

da espécie.

Figura 16: Exemplar de pirarucu (A. gigas) macho proveniente da Reserva de Desenvolvimento

Sustentdvel Mamiraud, Amazonas. (Fonte: Arantes, 2009)

O entendimento sobre as caracteristicas morfolégicas da musculatura esquelética e
0os mecanismos moleculares que controlam o crescimento muscular no pirarucu poderd
contribuir de forma significativa com a elaboracdo de novas estratégias de criagdo que
beneficiem o desenvolvimento e o crescimento muscular em espécies de peixes cultivadas,
bem como auxiliar na manutencdo e sobrevivéncia desta espécie. Por outro lado, o
esclarecimento sobre a real contribuicdo dos mecanismos de crescimento hiperplésico e
hipertréfico em espécies de elevado interesse econdmico, como o pirarucu, € de
importancia particular para a aqiiicultura intensiva, uma vez que estes mecanismos refletem
diretamente a celularidade muscular, que estd relacionada com o aumento da massa e a

qualidade do filé.
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3. HIPOTESES

Considerando as informagdes descritas, a primeira hipétese do presente trabalho é
que existe uma organizagao especifica diferencial da musculatura esquelética do pirarucu, a
qual permite sua adaptacdo ao grande tamanho atingido e a rdpida taxa de crescimento. A
segunda hipétese pressupde que existe uma expressdo gé€nica e protéica diferencial de
MyoD, Miogenina e Miostatina na musculatura branca do pirarucu em diferentes estagios

de crescimento.

4. OBJETIVOS

Avaliar as caracteristicas morfoldgicas, o crescimento muscular hipertréfico e
hiperplédsico, e analisar a expressdo génica e protéica da MyoD, da Miogenina e da
Miostatina na musculatura esquelética do pirarucu (A. gigas), em diferentes fases de

crescimento.

5. MATERIAL E METODOS

5.1. Modelo Experimental e Coleta das Amostras

Este Projeto foi desenvolvido no Laboratério de Biologia do Musculo Estriado
(LBME) do Departamento de Morfologia, IBB, UNESP, Botucatu, SP. Os exemplares de
pirarucu (Arapaima gigas) utilizados no Artigo 1 foram obtidos da Piscicultura Aguas
Claras, localizada no municipio de Mococa, SP. Os animais foram trazidos para o LBME,
anestesiados com MS-222 (Tricaine Methanensulfonate - SIGMA®) e, em seguida,
eutanasiados para a coleta das amostras musculares. Os exemplares de pirarucu utilizados
no Artigo 2 foram obtidos da piscicultura Fazenda Liberdade, localizada no municipio de
Uirapuru, GO, de acordo com a disponibilidade de tamanho e nimero. A coleta das
amostras de tecido muscular foi realizada na prépria piscicultura, sob condigoes

apropriadas. A eutandsia dos animais foi feita por meio de contato direto com gelo, o que
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proporcionou sua morte imediata. As amostras musculares coletadas foram imediatamente

congeladas em nitrogénio liquido e armazenadas em freezer a -80°C.

5.2. Analise Morfolégica

Para avaliagdo do padrdo morfoldgico das fibras musculares, cortes histologicos
com 10 um de espessura foram obtidos em criostato a -20°C e submetidos a coloracio HE
(Hematoxilina-Eosina). Para avaliacdo do metabolismo oxidativo das fibras foi utilizada a
reacdo histoquimica para a enzima NADH-TR (Nicotinamida Adenina Dinucleotideo —

Tetrazoélio Redutase).

5.3. Analise Morfométrica

Para avaliar o padrdao de crescimento hiperplasico e hipertréfico da musculatura
branca do pirarucu foi calculado o menor didmetro de uma populacdo de 150 fibras
musculares por animal, utilizando-se o Digital Image Analysis System QWin v.3 for
Windows (Leica, Wetzlar, Alemanha). As fibras musculares foram distribuidas em classes,
na dependéncia do seu diametro: classe 10 (<10 pum), classe 20 (=10 pm, <20 wm), classe
30 (>20 um, <30 um), classe 50 (>30 um, <50 um), classe 80 (=50 um, <80 wm) e classe
>80 (>80 wm), conforme metodologia adaptada de Veggetti et al. (1990) e Valente et al.
(1999).

5.4. Expressao Génica de MyoD, Miogenina e Miostatina

A avaliagdo quantitativa da expressdao génica dos MRFs MyoD e Miogenina, e da

Miostatina na musculatura esquelética do pirarucu foi realizada por Reacdo em Cadeia da

Polimerase em Tempo Real apds Transcricao Reversa (RT-qPCR).
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5.4.1. Extracao e Quantificacdo do RNA, Analise da Qualidade e Transcricao Reversa

O RNA total das amostras foi extraido com reagente TRIzol® (Invitrogen Life
Technologies, Carlsbad, CA, USA), conforme instrucdes do fabricante. As amostras
congeladas foram homogeneizadas com o homogeneizador de tecidos (IKA UltraTurrax/T-
25) em 1 mL de TRIzol/50-100 mg de tecido. A solugdo resultante foi cuidadosamente
transferida para um tubo de 1,5 mL e incubada durante 5 minutos a temperatura ambiente,
para permitir a completa dissociacdo dos complexos nicleo-protéicos. Apds esse periodo,
foram acrescentados 0,2 mL de cloroférmio e homogeneizado vigorosamente, incubando,
agora, por 3 minutos a temperatura ambiente. Em seguida, o material foi centrifugado a
12.000 x g por 15 minutos a 4°C. A fase aquosa formada apds a centrifugacao do material
foi separada e o RNA precipitado por intermédio da incubagdo com 0,5 mL de dlcool
isopropilico durante 10 minutos a temperatura ambiente. Em seguida, o material foi
novamente centrifugado a 12.000 x g por 10 minutos a 4°C e o sedimento de RNA formado
foi lavado com 1 mL de etanol 75%. O material foi centrifugado a 7500 x g por 5 minutos a
4°C e o sobrenadante foi removido cuidadosamente. Apds a remocao do excesso de liquido
do fundo do tubo, o pellet de RNA foi dissolvido em dgua-DEPC (4gua deionizada tratada
com Dietilpirocarbonato - DEPC 0,01% - SIGMA®), incubado por 10 minutos a 60°C (para
a inativacdo de qualquer possivel residuo de RNase) e, finalmente, armazenado a -80°C.

O RNA total extraido foi analisado em espectrofotometro do tipo NanoVue™ Plus
(GE Healthcare, Piscataway, NJ, USA), a 260 e 280 nm de absorbancia (A). O cdlculo da
razdo entre Aygp € Azgo forneceu uma estimativa da qualidade da extracdo e pureza do RNA
(foram utilizadas somente amostras com razao igual ou superior a 1.8).

A integridade do RNA total extraido foi analisada por eletroforese em gel de
agarose 1,5%. A agarose foi dissolvida em tampao TBE 1X (89 mM Tris base, 89 mM
acido bérico, 2 nM EDTA) e acrescida do corante GelRed® (Biotium, Hayward, CA, USA).
Uma aliquota do RNA total (1 uL), misturada com 5 pL. do tampao de aplicacdo Orange-G,
foi aplicada no gel e submetida a corrida eletroforética a 120 V por cerca de 1 hora. O gel
de agarose do Artigo 1 foi corado apés a corrida, utilizando-se o SYBR® Safe DNA Gel
Stain (Invitrogen Life Technologies, Carlsbad, CA, USA). Os géis foram fotografados sob
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luz ultravioleta e a integridade do RNA total extraido foi confirmada pela presenca das
bandas referentes aos RN As ribossomais 28S e 18S.

Durante os procedimentos de extracado do RNA, pode ser que ocorra contaminagao
das amostras por DNA genomico. Esse DNA contaminante pode, eventualmente, servir de
molde durante a amplificagdo pela PCR, gerando um produto que nio corresponde ao RNA
mensageiro do gene de interesse. Por isso, foi necessario que as amostras de RNA fossem
submetidas a tratamento com DNase, uma enzima que € capaz de degradar todo o DNA
gendmico contaminante.

Conforme as instru¢des do protocolo DNase I - Amplification Grade (Invitrogen
Life Technologies, Carlsbad, CA, EUA), 2 ug do RNA total de cada amostra destinado a
reacdo de transcri¢do reversa foi transferido para um microtubo estéril, onde foram
adicionados 2 uL. de 10X DNase I Reaction Buffer, 2 uL. de DNase I Amp Grade (1 U/uL)
e agua-DEPC (tratada com Dietilpirocarbonato-DEPC 0,01% - SIGMA®) na quantidade
suficiente para completar 20 uL de solucdo. Essa solu¢do permaneceu a temperatura
ambiente durante 15 minutos e, em seguida, foi acrescida de 2 uL. de EDTA (25 mM) e
incubada a 65°C por 10 minutos, para a total inativacdo da enzima DNase 1. O tratamento
de 2 pg de RNA total com DNase I gerou 22 uL de solucdo final usada para Transcri¢do
Reversa.

O RNA foi imediatamente transformado em molécula de DNA complementar
(cDNA), que possui maior estabilidade e ndo estd sujeito a acdo de RNases. A reacdo de
Transcricdo Reversa foi realizada utilizando-se o High Capacity ¢cDNA Archive Kit
(Applied Biosystems Life Technologies, Carlsbad, CA, EUA), onde 2 pg do RNA total
tratado com DNase I (22 pL de solu¢do) foram acrescidos de 10 uL de tampao de
transcriptase reversa (10X RT Buffer), 4 uL. de dNTPs (25X), 10 uLL de Randon Primers
(10X), 5 uLL de enzima transcriptase reversa MultiScribe RT (50 unidades/uL), 2,5 uL. de
inibidor de ribonuclease recombinante RNaseOUT (40 unidades/uL) e o volume final da
reacdo ajustado para 100 pL. com dgua ultrapura livre de DNase/RNase. Cada amostra foi
incubada a 25°C por 10 minutos, e entdo a 42°C por 2 horas. Os produtos da rea¢do de RT

foram armazenados a -20°C e utilizados nas reacdes de PCR.
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5.4.2. Padronizacao da PCR Tradicional

Os produtos da reacdo de RT foram submetidos a reacdo de PCR, conforme segue o
protocolo. Um microlitro de cada cDNA foi adicionado a 0,5 uLL de cada primer, forward e
reverse (10 uM), 0,5 puL de dgua ultrapura e 22,5 uL de Platinum® PCR Supermix (22
U/mL de Platinum® Taq DNA Polymerase, 22 mM Tris-HCI pH 8,4, 55 mM KCl, 1,65 mM
MgCl,, 220 uM dNTPs - Invitrogen Life Technologies, Carlsbad, CA, USA) em um
volume final de 25 pL de solugio.

Os primers para MyoD, Miogenina e Miostatina foram desenhados a partir das
seqliéncias parciais desses genes em Ictalurus furcatus (Ostariophysi, Siluriformes,
Teleostei) (Numeros de Acesso AY562555, AY540993 e AY540992, respectivamente),
publicadas no GenBank (www.ncbi.nlm.nih.gov/pubmed/nucleotide). Para amplificar um
segmento do gene RNA ribossomal 18S (rRNA 18S) na musculatura do pirarucu, foram
utilizados primers desenhados a partir de seqii€ncias consenso desse gene em outros
teledsteos (Tom et al., 2004).

Todos os produtos da reacdo de PCR foram verificados por seqiienciamento
nucleotidico no ABI 377 Automated DNA Sequencer (Applied Biosystems, USA),
utilizando-se os procedimentos do BigDye® Terminator v.3.1 Cycle Sequencing kit
(Applied Biosystems, Foster City, CA, EUA). As seqii€éncias nucleotidicas parciais obtidas
foram analisadas através da ferramenta BLASTn (Altschul et al., 1990), disponivel no site
do National Center for Biotechnology Information - NCBI
(http://www.ncbi.nlm.nih.gov/blast), para comparar os fragmentos amplificados com
aqueles de outros peixes teledsteos publicados.

As seqii€ncias parciais obtidas para os genes da MyoD, Miogenina e Miostatina no
musculo esquelético do pirarucu foram utilizadas para desenhar os respectivos primers da
PCR quantitativa (qPCR), utilizando-se o software Primer Express® (Applied Biosystems,
Foster City, CA, EUA) (Tabela 1).
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Tabela 1: Seqiiéncias dos primers utilizados na qPCR.

Gene Primer Seqiiéncia (5’-3’)
MvoD forward CCAGCCCCAGGTCCAACT
yo
reverse ACACGTTGGGCCATTGAAA
forward AGGCTACCCAAGGTGGAGATC
Miogenina
reverse TGCAGCCGCTCGATGTACT
forward CGAAGTACATGCACCTGCAGAA
Miostatina
reverse CGTGGGTTGGCCTTGTTTAC
forward TACCACATCCAAAGAAGGCAG
rRNA 18S
reverse TCGATCCCGAGATCCAACTAC

5.4.3. PCR Quantitativa e Expressao Génica Relativa

Para normalizacdo dos dados de expressdo génica quantitativa foi utilizado como
referéncia passiva o gene do RNA ribossomal 18S (rRNA 18S), apds anélises estatisticas
comparativas que demonstraram este ser um gene estdvel entre os grupos (dados nao
apresentados).

A andlise das eficiéncias de amplificagdo dos primers foi feita mediante andlise da
Curva-Padrao (CP), composta por uma série de 7 dilui¢des, a partir de uma solucdo inicial
que continha cDNA das amostras musculares de todos os animais. Para os Artigos 1 e 2,
foram construidas CPs a partir de dilui¢des 1:2 e 1:10, respectivamente. O grafico da CP
apresentou 7 pontos € o grau de sua inclinacdo forneceu uma estimativa da eficiéncia de
amplificacio dos primers.

Para que o método de quantificagdo relativa do Ct Comparativo (AACt) pudesse ser
usado, foi necessdrio fazer sua validacdo, determinando se a efici€éncia de amplificacdo dos
genes alvo € similar a eficiéncia de amplificagcdo do gene enddgeno (User Bulletin #2,
Applied Biosystems, 2001). Os valores de Ct, obtidos a partir das CPs para cada um desses

genes, foram utilizados para construir grificos representando, no eixo y, o valor de ACt
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(onde ACt = Ctgene alvo — Clgene de referencia) €, N0 €ix0 X, o valor do log das concentragdes de
cDNA utilizado nas dilui¢gdes. Como o valor da inclinag¢do da reta estava entre os valores de
-0.1 e 0.1 para todos os genes, o método do AACt pdde ser utilizado.

Validado o método para os Artigos 1 e 2, foi possivel realizar a PCR quantitativa
para os genes da MyoD, Miogenina e Miostatina. Para isso, foi utilizado o Power SYBR®
Green PCR Master Mix (Applied Biosystems, Foster City, CA, EUA), conforme instrucdes
do fabricante, utilizando-se 2 pL do produto da RT (equivalente a 40 ng de RNA total),
12,5 uL de Power SYBR® Green Mix (2,5X), primers forward e reverse (400 nM) e dgua-
DEPC suficiente para um volume final de 25 uL de solucdo. As reacdes foram realizadas
em duplicata, no sistema Real Time PCR 7300 (Applied Biosystems, Foster City, CA,
EUA), utilizando-se as seguintes condicdes: 95°C por 10 minutos, seguido por 40 ciclos de
95°C por 15 segundos e 60°C por 1 minuto. Para cada amostra, foi gerado um grafico de
amplificacdo, que mostra o aumento da fluorescéncia do SYBR® Green (ARn) ao longo de
cada ciclo da PCR.

Ao término de cada PCR, foi feita a andlise da Curva de Dissociacdo dos
fragmentos amplificados, o que permitiu avaliar a especificidade de amplificacdo de cada
conjunto de primers, confirmada pela presen¢a de um tnico pico de fluorescéncia. Ao final
da reacdo de amplificacdo é adicionado um passo de 20 minutos onde a temperatura da
reacdo aumenta gradualmente de 60 para 95°C. A medida que isso acontece, os produtos
gerados pela PCR denaturam e o sinal fluorescente do SYBR® Green aumenta
drasticamente, pois ele € liberado da molécula de DNA, diminuindo o sinal fluorescente em
seguida. O gréafico resultante permite detectar a presenca de um ou mais produtos
amplificados, pois produtos com diferentes tamanhos denaturam em diferentes
temperaturas, gerando 2 picos de fluorescéncia.

De acordo com o User Bulletin #2 (Applied Biosystems, 2001), ao término de uma
corrida € necessario fazer alguns ajustes sobre os graficos de amplificacdo, a fim de garantir
uma anélise completa e exata dos dados. Para isso, foram ajustados manualmente os valores
dos seguintes parametros, Baseline e Threshold. Baseline corresponde ao nivel basal de
fluorescéncia medido nos primeiros ciclos da PCR, antes do aparecimento das curvas de

amplificacdo. Deve-se determinar sua faixa correta (em numero de ciclos), pois, no
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momento da quantifica¢io, o valor basal de emissdo fluorescente do Baseline serd subtraido
do sinal das curvas de amplificacdo. Threshold é o limiar de deteccao de fluorescéncia, que
serve como ponto de referéncia onde todas as amostras possuem a mesma intensidade
fluorescente, correspondendo, teoricamente, 2 mesma quantidade de produto de PCR. Deve
ser posicionado na regido exponencial da curva de amplificagcdo, onde a eficiéncia da PCR €
maior.

Cada placa de reagdo foi construida de modo a permitir a amplificacdo de um gene-
alvo e do gene de referéncia, além de conter um controle negativo para a reacdo de PCR.
Ajustados os parametros acima, para cada animal foi obtido o valor de Ct para o gene-alvo
e o valor de Ct para o gene de referéncia a partir da média dos Cts de cada reacdo em
duplicata. Para cada animal, foi calculado o valor de ACt (Ct gene-alvo — Ct gene de referéncia)-
Todos os valores foram normalizados pelo valor de ACt do calibrador para obter o valor de
AACt (ACt gbiido para cada animal = ACt catibrador). O calibrador € definido como uma amostra
utilizada como base de comparacdo dos resultados, podendo representar um animal nao
tratado ou um estagio particular de desenvolvimento. Para o Artigo 1, o calibrador definido
foi a amostra de musculo vermelho que obteve menor valor de expressao; para o Artigo 2,
foi a amostra com menor valor de expressdao do grupo A. Finalmente, a quantificagao

-AACT
2

relativa da expressdo génica € dada pela formula , expressa em unidades arbitrarias e

normalizada pelo gene de referéncia rRNA 18S (Livak & Schmittgen, 2001).

5.5. Expressao Protéica de MyoD, Miogenina e Miostatina

A avaliacdo da expressdo protéica de MyoD, Miogenina e Miostatina na

musculatura esquelética do pirarucu foi feita utilizando-se a técnica do Western Blot.
5.5.1. Extracao, Quantificacio e Eletroforese de Proteinas
As amostras musculares congeladas foram homogeneizadas em homogeneizador de

tecidos (IKA UltraTurrax/T-25) com 0,5 mL de tampao de lise (1% Triton X-100,
pirofosfato de s6dio 10 mM, fluoreto de s6dio 100 mM, aprotinina 10 pg/mL, PMSF 1
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mM, ortovanadato de sédio - NazVO4 0,25 mM, NaCl 150 mM e Tris-HCI 50 mM pH 7.5).
As amostras foram centrifugadas a 11.000 rpm por 20 min e o sobrenadante coletado. Uma
aliquota de 50 uLL do homogenato foi tratada com 25 pL. do tampao de amostra de Laemmli
(SDS 2%, glycerol 20%, azul de bromofenol 0,04 mg/mL, Tris-HCI 0,12M pH 6,8 e j3-
mercaptoetanol 0,28 M). As amostras foram incubadas a 97°C por 5 minutos e
armazenadas em freezer -20°C até sua utilizagdo.

Uma aliquota do extrato puro de cada amostra (ndo tratado com Laemmli) foi usada
para quantificacio das proteinas totais pelo método de Bradford (Bradford, 1976).
Quantidades exatas de proteinas totais de cada amostra (70 pg) foram submetidas a
eletroforese em gel de poliacrilamida 12% (SDS-PAGE), corados com Coomassie blue,

para confirmar o padrao eletroforético similar das proteinas de cada animal.

5.5.2. Padronizacao do Western Blot

Confirmado o padrio eletroforético similar, as amostras foram novamente separadas
por SDS-PAGE e as proteinas separadas foram transferidas para membranas de
nitrocelulose (Bio-Rad Laboratories, Hercules, California), em sistema timido.

As membranas foram tratadas com leite desnatado 5% diluido em tampao TBS-T
(Tris-HCI 10 mM pH 8,0, NaCl 150 mM e Tween-20 0,05%), por 1 hora, para bloqueio de
sitios inespecificos. Em seguida, as membranas foram incubadas overnight a 4°C com os
respectivos anticorpos primarios (Tabela 2), diluidos em leite desnatado 3%, e nas
concentracdes previamente testadas.

Apés viérias etapas de lavagem das membranas com tampao TBS-T, foram
incubadas com o0s respectivos anticorpos secunddrios, conjugados com a enzima
horseradich peroxidase (HRP), por 90 minutos em temperatura ambiente. Novamente, as
membranas foram lavadas e foi utilizado o sistema de detec¢do quimioluminescente
SuperSignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher Scientific,
Rockford, IL, USA), de acordo com as recomendag¢des do fabricante, para gerar um sinal na

posicao referente a cada proteina detectada.
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Tabela 2: Relagdo dos anticorpos primdrios e secunddrios utilizados no Western Blot.

Anti Anti
Proteina n.tw(’)rpo nt1c01:p'0 Fabricante
primario secundario
goat anti-rabbit
MyoD M-318 (se-760) | 1o HRP/sc-2004
) ) goat anti-rabbit
M M-22 -57
iogenina 5 (sc-576) 19G-HRP/sc-2004 Santa Cruz
donkey anti-goat Biotechnology
Miostatina C-20 (sc-6884) Ig G—Hl}{]P /sc-g 020 California, USA
. goat anti-rabbit
-act R-22 (sc-130657
p-actina (sc )| 19G-HRP/sc-2004

5.5.3. Analise Densitométrica e Normalizacao dos Resultados

O sinal gerado pelas bandas foi captado em filme fotografico e a quantificacdo das
bandas foi feita por densitometria, utilizando-se o software Image J software for Windows
(versdo 1.71, 2006, Austria). Os valores de expressio protéica da MyoD, Miogenina e
Miostatina foram normalizados pelos valores obtidos para a proteina B-actina, usada como
referéncia. Os valores de expressdo relativa gerados sdo apresentados como unidades

arbitrarias.

5.6. Analise Estatistica dos Resultados

Para andlise estatistica dos resultados de freqiiéncia das fibras foi utilizado o teste de
Goodman para contrastes entre e dentro de propor¢des multinomiais (Goodman, 1964;
Goodman, 1965).

Para andlise dos dados de expressdo génica da MyoD, Miogenina a Miostatina nos
musculos vermelho e branco, foi utilizado o teste T para amostras independentes. Para
andlise dos dados de expressdo protéica da MyoD, Miogenina e Miostatina no musculo

branco de pirarucus em diferentes estadgios de crescimento, foi utilizado o teste de Kruskal-
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Wallis, seguido pelo teste de comparacdes multiplas de Dunn, quando detectado
significancia estatistica.
Para as andlises, um nivel de significincia de 5% foi adotado e foi utilizado o

software GraphPad InStat v. 3.01 software for Windows (1998, GraphPad Software, San
Diego, California, USA).
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1. ABSTRACT

The characterization of skeletal muscle growth mechanisms in pirarucu (Arapaima
gigas) is of great interest to aquaculturists because it provides many information so useful
to optimize rearing conditions. Pirarucu has some tipical muscle growth magnitude, which
highlights the significance and the commercial value of this species. The aim of this work
was to evaluate the morphology and the growth-related gene expression in red and white
skeletal muscle of pirarucu. Muscle samples were collected from the lateral anterior region,
and frozen in liquid nitrogen. Histological sections were cut and HE stained for
morphological analysis. Red and white muscle samples were used to determine MyoD,
myogenin, and myostatin genes expression by Real-time Polymerase Chain Reaction.
MyoD and myogenin expression were not statistically different in both muscles; however,
myostatin expression was significantly higher in white than red muscle. These results
reflect the muscle growth characteristics of this species and could be helpful for improving

aquaculture programs.
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2. INTRODUCTION

Muscle fiber types in most fish are organized into discrete layers within the
myotome. There is a superficial layer of aerobic slow-twitch muscle that powers sustained
activity (Johnston et al., 1977; Rome et al., 1984; Rescan, 2005; Jonhston, 2006). The bulk
of the myotome is made up of fast muscle fibers, which develop three to five times higher
power outputs than superficial slow muscle fibers at higher tail-beat frequencies
(Altringham and Johnston, 1990; Rescan, 2005; Jonhston, 2006), reflecting their role in
providing the power required for escape responses and predation behaviour. The pattern of
muscle fiber type distribution greatly facilitates molecular and physiological studies and
their interpretation.

Muscle growth in fish is dependent on proliferation and differentiation of myogenic
precursor cells (satellite cells or myoblasts) (Johnston et al., 2000; Rowlerson and Veggetti,
2001). When activated, they proliferate, differentiate, and their nuclei are internalized by
existing fibers, which characterize hypertrophic muscle growth (Johnston, 1999; Rowlerson
and Veggetti, 2001). Also proliferative myoblasts aggregate to the fiber surface, generate
new myotubes, which then separate giving rise to new muscle fibers, a process called
hyperplasia (Veggetti et al., 1990; Johnston et al., 2000; Dal Pai-Silva et al., 2003a,
2003b).

Hypertrophy and hyperplasia are both regulated by the sequential expression of
Myogenic Regulatory Factors (MRFs), myoD, myf-5, myogenin, and mrf4. They are
transcriptional factors that bind to a specific DNA sequence, termed E-box (5’-CANNTG-
3’), found in the promoter region of many muscle-specific genes (Sabourin and Rudnicki,
2000; Rescan, 2001; Watabe, 2001; Johansen and Overturf, 2005). MyoD and myf-5 control
the determination of myogenic lineage and regulate myoblast activation and proliferation
(Goulding et al., 1994; Williams and Ordahl, 1994). Myogenin and mrf4 act in the myoblast
differentiation stage, where myotubes fuse to form new myofibers (Megeney and Rudnicki
1995; Grobet et al., 1997).

Mpyostatin (mstn) is a member of the Transforming Growth Factor beta (TGF-f)
superfamily of growth and differentiation factors and is known mostly for its potent

abilities to negatively regulate mammalian skeletal muscle growth (Lee, 2004). Myostatin
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expression in mammals is mainly restricted to skeletal muscle (McPherron et al., 1997),
adipose tissue (Gonzalez-Cadavid et al., 1998), mammary gland (Ji et al., 1998), and
cardiac muscle (Sharma et al., 1999). In fish, however, its function may be more diverse
and may influence many other tissues as it is widely expressed (Maccatrozzo et al., 2001a,
2001b; Ostbye et al., 2001; Rescan et al., 2001a; Roberts and Goetz, 2001; Rodgers et al.,
2001; Kocabas et al., 2002; Xu et al., 2003; Amali et al., 2004; Ko et al., 2006; Xue et al.,
2006; Helterline et al., 2007; Delgado et al., 2008). Mutations in the myostatin gene result
in a ‘‘double-muscling” phenotype in many cattle breeds and mice (Kambadur et al., 1997,
McPherron et al., 1997). Furthermore, a similar myostatin expression pattern has also been
observed in pigs (Ji et al., 1998), chickens (Kocamis et al., 1999), and fish (Acosta et al.,
2005; Lee et al., 2009).

In contrast to mammals and chickens, fish possess two distinct myostatin genes with
differential expression (Rodgers et al., 2007). Myostatin I is widely expressed in skeletal
muscles, the brain, eyes, kidneys, testes, ovaries, digestive tract, and heart; on the other
hand, myostatin Il has a more limited expression profile, being confined to the brain
(Maccatrozzo et al., 2001b; Amali et al., 2004; Kerr et al., 2005; Rodgers and Garikipati,
2008).

As a fish is made up predominantly of white muscle (never less than 70% of
myotomal muscle), and it represents one of the major protein sources in human food, it is
interesting to know about the mechanisms involved in controlling fish muscle growth
(Weatherley and Gill, 1985). These studies could greatly contribute to aquaculture
programs, as improved production rates is directly related to the muscle growth dynamics
of fish species, in particular aquaculture species.

Pirarucu, Arapaima gigas, is an Amazonian and economically important large-size
fish for aquaculture programs (Nelson, 1994; Li and Wilson, 1996) and grows quickly,
reaching up to 3 m long and 250 Kg in weight when adult (Souza and Val, 1991). It has
been bred under intensive conditions, with satisfactory production results, reaching 10 Kg
in just 1 year (Alcantara and Guerra, 1992; Moura Carvalho and Nascimento, 1992; Cavero

et al.,2002).
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In order to understand the molecular mechanisms involved in regulating fish muscle
growth, we analyzed the muscle morphology and myoD, myogenin, and myostatin genes

expression in red and white muscle of pirarucu.
3. MATERIAL AND METHODS

3.1. Fish

This experiment was approved by the Bioscience Institute Ethics Committee,
UNESP, Botucatu, SP, Brazil (Protocol N° 72/07-CEEA). The specimens of pirarucu
(Arapaima gigas) (n=7; 4794 + 3.64 g) were euthanized with MS-222 (Tricaine
Methanensulfonate-SIGMA®). White and red muscles were isolated from deep and
superficial layers, respectively, close to the head near the lateral line (Figure 1). Muscle

samples were immediately frozen in liquid nitrogen and stored at -80°C.
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Figure 1: Pirarucu specimen (Arapaima gigas C.). Muscle sample area is highlighted.

3.2 Morphological analysis
Histological transversal sections of red and white muscle fiber (10 um thick) were

obtained in a -20°C cryostat and submitted to Haematoxilin-Eosin staining (Bancroft and

Steven, 1990).
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3.3. RNA extraction and Reverse Transcription

Total RNA was extracted from muscle samples using TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions; purity and yield
were determined by measuring absorbance of aliquots at 260 and 280 nm. RNA integrity
was confirmed by inspecting the electrophoretic pattern of 28S and 18S ribosomal RNA in
SYBR® Safe DNA Gel Stain (Invitrogen Life Technologies, Carlsbad, CA, USA) 1,5%
agarose gels visualized under ultraviolet light (not shown). Total RNA was incubated with
DNase I - Amplification Grade (Invitrogen Life Technologies, Carlsbad, CA, USA) to
remove any DNA present in the samples.

Two micrograms of RNA were reverse transcribed using the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA, EUA), with 10 pL of reverse
transcriptase buffer (10X RT buffer), 4 uL. of dANTP (25X), 10 uL. of Randon Primers
(10X), 2.5 uL. of MultiScribe™ Reverse Transcriptase (50 U/uL), 2.5 uL. of Recombinant
Ribonuclease Inhibitor RNaseOUT (40 U/uL), and the final volume adjusted to 100 puL
with RNase-free water.

These samples were then PCR amplified with specific primers pairs to myoD,
myogenin and myostatin genes, designed from Ictalurus furcatus sequences (Acession N°
AY562555, AY540993 and AY540992, respectively), available in GenBank database
(http://www.ncbi.nlm.nih.gov), in order to amplify a segment of these genes. A set of
primers designed from the 18S ribosomal RNA consensus fish sequences was used to
amplify a segment of 18S rRNA gene in pirarucu muscle samples (Tom et al., 2004), used
as reference gene to normalize the relative quantification results.

All PCR products were sequenced using BigDye® Terminator v.3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA, EUA) procedures. The partial
nucleic acid sequences obtained (unpublished data) were analyzed in BLASTn search tool
(Altschul et al., 1990) at the National Center for Biotechnology Information (NCBI) web
site (http://www.ncbi.nlm.nih.gov/blast) and used to design primer pairs for the qPCR
analysis with Primer Express® software (Applied Biosystems, Foster City, CA, EUA):
myoD (forward) 5> CCA GCC CCA GGT CCA ACT, (reverse) 5 ACA CGT TGG GCC
ATT GAA A; myogenin (forward) 5> AGG CTA CCC AAG GTG GAG ATC, (reverse) 5’
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TGC AGC CGC TCG ATG TAC T; myostatin (forward) 5° CGA AGT ACA TGC ACC
TGC AGA A, (reverse) 5° CGT GGG TTG GCC TTG TTT AC; 18S rRNA (forward) 5’
TAC CAC ATC CAA AGA AGG CAG, (reverse) 5° TCG ATC CCG AGA TCC AAC
TAC.

3.4. Quantitative RT-PCR

MyoD, myogenin, and myostatin genes expression analysis were performed with an
ABI 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, EUA). A sample
without cDNA template was used to verify whether the master mix was free from
contamination. Real-time conditions were: 10 min at 95°C, 40 cycles of denaturation at
95°C for 15 s and annealing/extension at 60°C for 1 min. Wells contained 25 puL. of PCR
mixture including 2 uLL cDNA at a 1:2 dilution for both red and white muscle samples. Two
replicates of each sample and the reference gene were amplified. Data from Power SYBR®
Green PCR amplicons were collected with ABI 7300 System SDS software v. 1.4 (Applied
Biosystems, Foster City, CA, EUA). Fluorescence signal baseline and threshold were set
manually for each detector (myoD, myogenin, myostatin, and 18S rRNA), generating a
threshold cycle (Ct) for each sample.

Standard curves for all targets and the reference gene, created on the basis of a
linear relationship between the Ct value and the log of the starting cDNA quantity, showed
acceptable slope values, between -3.8 and -3.3 (according to Patruno et al., 2008). Standard
curves were obtained by using seven serial dilutions of sample cDNAs (1:2, 1:4, 1:8, 1:16,
1:32, 1:64, and 1:128).

Relative quantification was obtained by the Comparative Ct method (AACt method),
which requires an amplification validation, showing that efficiencies of target and reference
genes are similar. All PCR efficiencies in this study were measured and found adequate
(slope <0.1). The difference between Ct values were calculated for each mRNA by taking
the mean Ct of duplicate reactions and subtracting the mean Ct of duplicate reactions for
the reference gene mRNA (ACt = Ctirger gene — Clreference gene). All samples were then

normalized to the ACt value of a calibrator sample to obtain a AACt value (ACturger —
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AClteyiibrator). According to User Bulletin #2 (Applied Biosystems, 2001), the calibrator
sample served as reference for comparison with other samples in a gene expression
analysis. It could represent an untreated control or a particular stage of development (see
Chemistry Guide, Applied Biosystems, 2003).

Red muscle (which had the lowest relative expression, i.e., highest Ct value, for all
genes) was chosen as the calibrator sample in order to evaluate putative target gene
differential mRNA expression between the two muscle types.

The Comparative Ct method (AACt) calculates relative quantifications in relation to
calibrator sample concentrations (2784, expressed in arbitrary units and normalized to the

2A4Ct hethod, data were

endogenous reference gene (18S rRNA). Therefore, by using the
recorded as the fold-change in gene expression normalized with the reference gene and
relative to the calibrator sample (Livak and Schmittgen, 2001).  Dissociation melting
curves confirmed the specific amplification of the cDNA target and the absence of

nonspecific amplification products.

3.5. Statistical Analysis

The unpaired t-Test was performed to compare differences in myoD and myogenin
mRNA levels between calibrator sample (red muscle) and white muscle samples. The
Welch corrected unpaired t-Test was used to compare differences in myostatin mRNA
expression levels for both groups. The level of statistical significance was set at 5%
(p<0.05) for all analysis. We used GraphPad InStat v. 3.01 software for Windows for both
tests (1998, GraphPad Software, San Diego, California, USA).

4. RESULTS

4.1. Muscle morphology

Skeletal muscle fibers in pirarucu are organized into distinct compartments: the
superficial red layer, immediately under the skin, composed of slow-twitch oxidative fibers,
and the deep white layer, which predominates into the myotome, is formed by fast-twitch
glycolytic fibers. Morphological analysis of skeletal muscle in pirarucu showed a similar

muscle fibers pattern within the compartments; fibers were polygonal or round in shape,
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multinucleated, and with peripheral nuclei. Both muscles had fibers of different sizes
separated by connective tissue, usually called endomysium, and arranged in fascicules by a

thick connective septum (Figure 2).

Figure 2: Transverse sections of red (A) and white (B) muscle from juvenile pirarucu (Arapaima

gigas); Polygonal fibers (F); Endomysium (arrowheads); Connective septum (*); Scale: 20 um.

(HE)

4.2. MyoD, myogenin and myostatin mRNA expression

Muscle samples collected from pirarucu were processed for real time PCR analysis
to show any differences in myoD, myogenin, and myostatin gene expression levels between
red and white muscle. Real time PCR data were recorded as expression relative to red
muscle as the calibrator sample (see Material and Methods), normalized to 18S rRNA
expression values.

Quantitative analysis showed that estimated myoD mRNA levels were not
statistically different (p >0.05) between red and white muscle in pirarucu (Figure 3).
Similarly, estimated myogenin mRNA levels were not different (p > 0.05) between the two
muscle types (Figure 4). In contrast, estimated myostatin mRNA levels showed a striking
difference (p <0.01) between muscle types (Figure 5). Data are expressed as mean + SEM,

represented as arbitrary units.

63



Fernanda Regina Carani

MyoD mMRNA levels in red and white muscle
(A. gigas)

8 -
g 7
27 6-
<z 2-
g 11
- 0 -

WM

Figure 3: Relative MyoD mRNA expression in red (RM) and white (WM) muscle of pirarucu (Arapaima
gigas) by Real-time PCR. No significant difference between groups by Unpaired t-Test (p>0.05).
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Figure 4: Relative myogenin mRNA expression in red (RM) and white (WM) muscle of pirarucu (Arapaima

gigas). No significant difference between groups by Unpaired t-Test (p>0.05).
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Figure 5: Relative myostatin mRNA expression in red (RM) and white (WM) muscle of pirarucu (Arapaima
gigas) by Real-time PCR. The Welch corrected Unpaired t-Test shows significant difference between groups
(*p<0.01).

5. DISCUSSION

Morphological analysis of pirarucu (Arapaima gigas) skeletal muscle showed
different muscle fiber types organized into discrete layers: a superficial red layer,
comprising less than 10% of muscle bulk, mainly consisting of small diameter fibers - the
slow-twitch muscle fibers; and a deep white layer, thicker than the other, formed by larger
diameter fibers, comprising around 70% of muscle bulk - the fast-twitch muscle fibers. This
compartmental muscle fiber organization in pirarucu is well-described and has also been
well documented in many other fish species (Johnston, 1981; Weatherley and Gill, 1987;
Veggetti et al., 1993; Johnston, 1999).

Morphological analysis of red and white muscle showed a typical muscle fiber
pattern - polygonal or round, multinucleated, and with peripheral nuclei. Both muscles had
fibers of different sizes separated by connective tissue, usually called endomysium, and
arranged in fascicules by a thick connective septum (Figure 2). This fiber arrangement is

similar to many other teleost fish (Alexander, 1969; Hoyle et al., 1986; Dal Pai-Silva et al.,
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1995; Dal Pai et al., 2000; Fernandez et al., 2000; Aguiar et al., 2005) and depends on fish
environment requirements (Zhang et al., 1996). Fiber arrangement in fish skeletal muscle
depends on fish species, developmental growth stage, and swimming behaviour movement
(Veggetti et al., 1990; Dal Pai-Silva et al., 1995; Johnston, 1999; Dal Pai-Silva et al.,
2003a, 2003b).

White muscle is the most widely studied compartment in fish because of its
importance as food for man. It is the main edible part of a fish and usually makes up 70%
of myotomal muscle bulk (Zhang et al., 1996). Red muscle is less important in terms of
aquaculture production, but this is not the case for pirarucu breathing behaviour. In this
species, there is a thick layer of red muscle fibers along the body lateral line supporting
slow continuous swimming movements during aerial respiratory behaviour (Carani et al.,
2008).

It is well documented that the intensity and temporal activation of muscle growth
mechanisms (hypertrophic and hyperplastic) in teleosts are directly related to growth rate
and final fish size (Steinbacher et al., 2006). In slow-growing fish, which reach small sizes,
muscle fiber hyperplasia stops early and hypertrophy becomes the predominant growth
mechanism (Veggetti et al., 1993; Koumans and Akster, 1995). In fast-growing fish that
reach large sizes, fiber hyperplasia and hypertrophy both remain active for a long time
(Rowlerson and Veggetti, 2001; Steinbacher er al., 2006). In previous studies we showed
that pirarucu has a large proportion of new fibers formed in slow and fast muscles during
the initial growth phase, which evidently shows that hyperplasia predominates in this stage,
independent of muscle fiber type (Carani et al., 2008). This is consistent with many studies
(Alami-Durante et al., 1997; Valente et al., 1999; Johnston et al., 2000; Rowlerson and
Veggetti, 2001), and is probably due to the fact that pirarucu needs a lot of fibers for muscle
compartments as they reach large sizes in a very short time (Souza and Val, 1991).

As part of a program to understand how fiber type-specific gene expression is
controlled, we have focused on transcription factors in postnatal muscle growth that may
differentially regulate gene expression between fast and slow muscles. From such factors,
we have singled out myoD, myogenin, and myostatin.

During postnatal muscle growth in fish, hyperplasia is mainly regulated by

Myogenic Regulatory Factor myoD, which is responsible for stimulating myoblast
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proliferation and posterior myotube formation (Goulding et al., 1994; Williams and Ordahl,
1994; Rescan, 2001). In this study we found no difference in myoD gene expression
between red and white muscle.

These results are similar to myoD gene expression studies in other fish such as
rainbow trout Oncorhynchus mykiss (Johansen and Overturf, 2005); however, there are
many other studies that compare myoD expression in fish muscles which have no similarity
between their results (Weinberg et al., 1996; Delalande and Rescan, 1999; Tan and Du,
2002; Zhang et al., 2006). These incoherent results, along with ours, presume that
differential myoD gene expression in fast and slow muscles reflects a difference in
regulating the growth mechanisms of these two types of muscle fiber in different fish
species. Also, during initial pirarucu growth phases, red and white muscles are being
formed at an intense rate, fact also demonstrated by morphological analysis (Carani et al.,
2008).

We know that myogenin is characterized by regulating the late stages of muscle
fiber formation and growth, which culminate in myoblast fusion, myotube formation, and
finally, adult muscle fiber differentiation (Megeney and Rudnicki, 1995; Decary et al.,
1997; Grobet et al., 1997; Schmalbruch and Lewis, 2000).

In our work, myogenin gene expression had a similar pattern to myoD expression:
there was no difference between red and white muscles. This could be related to the intense
process of muscle fiber differentiation occurring during this growth stage in pirarucu. These
fibers, primarily like undifferentiated myoblasts which are first stimulated by myoD
expression to proliferate, now have to fuse and form multinucleated myotubes that
differentiate into muscle fibers; these late processes are mainly regulated by myogenin. We
can therefore attribute the similar myogenin expression levels in red and white muscle to
the intense muscle fiber formation rate and differentiation that occur in a highly activated
state in both muscles in pirarucu initial stage.

There are different regulators for muscle growth processes, one of the most
important being myostatin. Although there are few studies on the functions of myostatin in
fish, it is known to negatively regulate myoblast proliferation and differentiation (Thomas

et al., 2000; Langley et al., 2002). It therefore appears that the biological action of fish
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myostatin is not limited to muscle growth suppression, and that it acts in multiple tissues
(Roberts and Goetz, 2001).

There are few studies analyzing myostatin expression in slow and fast muscles
separately. According to Roberts and Goetz (2001), myostatin mRNA is higher in red
muscle from adult brook trout, king mackerel, and yellow perch; it is also predominantly
expressed in white muscle from little tunny; and equally expressed in both muscle types in
mahi-mahi (Roberts and Goetz, 2001). Ostbye et al. (2001) have demonstrated that in
salmon, myostatin mRNA 1is detectable in red muscle only. Furthermore, Patruno et al.
(2008) have shown high levels of myostatin in red and low levels in white muscle of adult
sea bass; however no significant difference was found in juvenile.

In our study, we showed a dramatic difference in myostatin expression between
slow and fast muscles of pirarucu. Red muscle exhibited low levels of myostatin mRNA
content whereas myostatin expression was extremely high in white muscle. This myostatin
expression pattern is analogous to that observed in adult mammals, where myostatin mRNA
levels are higher in fast-glycolytic fibers than in slow fibers (Carlson et al., 1999; Matsakas
et al., 20006).

Numerous studies have investigated the effect of myostatin signalling on muscle
cells. In vitro studies on cultured myogenic cell lines or primary myoblasts have shown that
myostatin inhibits myoblast proliferation and activates Cyclin-dependent kinase inhibitor
p21, which forces withdrawal from the cell cycle (Thomas et al. 2000; Taylor et al., 2001;
Rios et al., 2002; Joulia et al., 2003). In parallel, activation of myostatin signalling is
associated with strong inhibition of myogenic differentiation (Langley et al. 2002; Rios et
al. 2002; Joulia et al. 2003). Based on these results and the observation that satellite cells
express myostatin and are quiescent (McCroskery et al., 2003), it has been suggested that
the normal function of myostatin in postnatal muscle is to maintain satellite cells in a
quiescent, undifferentiated state (Manceau et al., 2008).

Our results showed that pirarucu red muscle has low myostatin mRNA levels, which
indicates intense satellite cell proliferation and hyperplasia. In contrast, white muscle has
high myostatin mRNA levels, which could indicate that it is acting on the white muscle
fiber inhibiting satellite cell proliferation. This is in disagreement with the high myoblast

proliferation rate and fiber hyperplasia that are occurring at this development stage,
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independent of the slow/fast phenotype. However, we need to consider that, although
satellite cells are highly activated, a large population of myotubes has already been formed
and their next step is to differentiate into new myofibers. The differentiation process is well
characterized and is controlled by the Myogenic Regulatory Factor myogenin (Megeney
and Rudnicki, 1995; Grobet et al., 1997). The idea that myostatin is regulating the
differentiation process by controlling myogenin action is well supported by studies that
show myogenin as a probable major target of endogenous myostatin (Joulia et al., 2003).
Actually, the effects of myostatin on muscle growth are not as well understood in fish as in
mammals.

Altogether, our data suggest that myoD, myogenin, and myostatin act to modulate
the balance between proliferation and differentiation of myogenic progenitor cells (or
satellite cells) during postnatal muscle growth in the initial growth phase of pirarucu.

Pirarucu is a useful model in aquaculture programs because of its astoundingly fast
muscle growth ratio, which makes it unique among teleosts when studying muscle growth
patterns. Moreover, fillet yield is high, and the meat possesses a spectacular flavour and
texture. Improving this fish production is an ongoing process in aquaculture, and a better
understanding of molecular control in muscle development for this economically important

species could provide benefits for more intense farming and production quality.
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ABSTRACT

Pirarucu (Arapaima gigas) is one of the most important fish species of the Amazon
basin because of its large adult body size and fast growth rate. Skeletal muscle in this
species constitutes the major edible part of fish, being an important protein source for
human consumption. Post-natal muscle growth is regulated by expression of myogenic
regulatory factors (MRFs) MyoD and Myogenin, and also by Myostatin. We hypothesize
that, as pirarucu is a fish that reaches a large adult size, muscle growth control by MRFs
and Myostatin occurs differentially, in accordance on growth stage considered. Then, in the
present study, we evaluated the morphological aspects and the expression of growth-related
factors in skeletal muscle of pirarucu. Specimens were grouped according to their average
body weight: group A (50 g, n=7), group B (420 g, n=7), group C (5.5 kg, n=7) and group
D (9.1 kg, n=7). Transverse sections of red and white muscles were obtained to evaluate
muscle fibers morphology and morphometry. Hypertrophy and hyperplasia rates were
described by classifying the small diameters of white muscle fibers into classes: class 10,
class 20, class 30, class 50, class 80 and class >80. MyoD, myogenin and myostatin genes
and protein expression were determined by quantitative real-time polymerase chain reaction
after reverse transcription (RT-qPCR) and by Western Blot, respectively. Pirarucu skeletal
muscle had similar morphology at all growth stages. Morphometric analysis showed that
group A had the majority of fibers in class 20; group B exhibit most fibers in class 50;
group C showed fibers predominating in classes 50 and 80, and group D had most fibers in
class 80, demonstrating that hyperplasia and hypertrophy are the main muscle growth
mechanisms acting at initial and later stages, respectively. Both mRNA and protein levels
for myoD and myogenin were similar in all groups. However, myostatin mRNA levels were
low in group A, increasing in groups B, C and D. Myostatin protein levels were high in
group A, decreasing in groups B, C and D. The MRFs and myostatin levels could be
involved with the modulation of a balance between proliferation and differentiation of
satellite cells, controlling the hyperplasia and hypertrophy that occur during postnatal
muscle growth. As pirarucu represents an interesting model for aquaculture programs, there
is currently interest in the development of suitable strategies that could in order improve

fish and fillet production.
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INTRODUCTION

Pirarucu (Arapaima gigas), a member of the largest freshwater fish group in the
world, is considered one of the most important species of Amazonian ichthyofauna.
Reaching up to three meters in length and 250 kilograms in weight (Salvo-Souza and Val,
1990; Graham, 1997), this species carries some intrinsic characteristics, such precocity and
rusticity, which enable them to be included in intensive rearing programs and produce great
performance results. For this reason, to investigate some aspects of skeletal muscle growth
mechanisms in this species is of great interest, since skeletal muscle comprises the whole
fillet totality and meat is tasty, devoid of spines and widely accepted by population
(Carvalho and Nascimento, 1992; Imbiriba, 2001).

Fish skeletal muscle covers between 40 to 75% of total body mass and is constituted
by different muscle fibers type, organized in distinct areas. Myotomes of adult fish contain
a superficial lateral zone with slow-red aerobic fibers and the bulk of musculature consists
of fast-white anaerobic fibers. Between them, there is an intermediate layer of fibers with
intermediate characteristics related to metabolic and contractile activities (Hoyle et al.,
1986; Weatherley and Gill, 1987; Sdnger and Stoiber, 2001; Rescan, 2005). During slow
swimming speeds, as fish migrates, the red muscle layer is the major active portion of
muscle mass, whereas white muscle is mostly recruited for bursts of rapid vigorous activity.
Intermediate fibers usually are associated with many movements, using energy from both
metabolic processes (Johnston et al. 1977, 1999; Weatherley and Gill, 1987; Zhang et al.,
1996).

Postnatal muscle growth in fish involves activation and proliferation of a set of
quiescent myogenic precursor cells, termed satellite cells, located at fiber periphery (Alfei
et al., 1994; Johnston et al., 2000). Their nuclei are absorbed by existing fibers as they
expand in size (hypertrophy) or they fuse each other to form multinucleated myotubes and
new fibers (hyperplasia). In fish, muscle growth continues by both hyperplasic and
hypertrophic mechanisms throughout animal life (Valente et al., 1999; Rowlerson and
Veggetti, 2001). These muscle growth mechanisms are regulated by several muscle-specific

transcriptional factors, as the Myogenic Regulatory Factors (MRFs), and by growth factors
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produced locally by muscle cells or neighboring tissues (Hawke and Garry, 2001; Rescan,
2001; Stamler and Meissner, 2001; Watabe, 2001).

There are four MRFs described in literature, termed MyoD, Myf5, Myogenin and
MRF4. During post-natal muscle growth, MyoD and Myf5 are the first MRFs to be
expressed in active satellite cells, regulating its proliferation and therefore controlling
hyperplasia. Otherwise, Myogenin and MRF4 are involved with cell differentiation, and
they can be involved with the hypertrophy process, leading to fiber maturation (Goulding et
al., 1994; Williams and Ordahl, 1994; Megeney and Rudnicki, 1995; Watabe, 2001;
Johansen and Overturf, 2005).

Another important regulator of skeletal muscle growth is the Growth and
Differentiation Factor 8 (GDF-8), widely known as Myostatin. Myostatin is a member of
TGF-B superfamily proteins that negatively regulates muscle growth, inhibiting both
myoblast proliferation and differentiation (McPherron et al., 1997; Lee and McPherron,
1999; Thomas et al., 2000; Langley et al., 2002). Mice and cattle carrying myostatin
mutations have shown a significant increase of skeletal muscle mass (Grobet et al., 1997;
McPherron et al., 1997). Moreover, myostatin blockade in zebrafish (Danio rerio) and
rainbow trout (Oncorhynchus mykiss) produced larger fish, with increased average body
weight and a giant phenotype, due to high muscle hypertrophy and hyperplasia processes
(Acosta et al., 2005; Rebhan and Funkenstein, 2008; Medeiros et al., 2009; Lee et al.,
2009).

Myostatin has been isolated and characterized in several fish species (Maccatrozzo
et al., 2001a,b; Ostbye et al., 2001; Rescan et al., 2001a; Roberts and Goetz, 2001; Rodgers
et al., 2001; Langley et al., 2002; Radaelli et al., 2003). In contrast with mammals, whose a
single myostatin gene is specific to skeletal muscle, myostatin expression in fish is related
to at least two genes, presents in muscle and non-muscle tissues (Maccatrozzo et al.,
2001a,b; Rodgers et al., 2001; Bstbye et al., 2001; Rescan et al., 2001a; Kocabas et al.,
2002); this fact reinforces the idea that Myostatin function in fish is not limited to skeletal
muscle.

Considering the dynamics of fast growing in pirarucu development, it is very
important to elucidate the morphological aspects, and the cellular and molecular

mechanisms that control skeletal muscle growth in this species. These results will be of

82



Fernanda Regina Carani

great interest to aquaculturists contributing with improvements in intensive rearing
programs, which leads to increase fish fillet production. Then, the aim of the present study
was to investigate the morphological aspects of red and white muscles, the white muscle
growth mechanisms and the expression of growth-related factors in skeletal muscle of

pirarucu during growth.

MATERIAL AND METHODS

Fish and Sample Collection

This study was approved by Biosciences Institute Ethics Committee, UNESP,
Botucatu, SP, Brazil (Protocol N° 72/07-CEEA). The specimens of pirarucu (Arapaima
gigas) were obtained from Liberdade fish-farming, located in Uirapuru, GO, Brazil.
Specimens were grouped according to their average body weight, as follows: group A (50
grams, n=7), group B (420 grams, n=7), group C (5.5 kilograms, n=7) and group D (9.1
kilograms, n=7).

The animals were euthanized in a tank containing ice. Red and white muscle
samples were obtained from superficial and deep lateral line region, respectively; white
muscle was also collected from dorsal region. Both sample areas were located close to the
cranial region. Muscle samples collected were immediately frozen in liquid nitrogen and

stored at -80°C.

Morphological and Morphometric Analysis

To evaluate morphological aspects, histological transverse sections of red and white
muscle samples (10 um thick) were obtained in a -20°C cryostat microtome and stained
with Haematoxilin-Eosin (Bancroft and Steven, 1990). For muscle fiber oxidative
metabolism activity analysis, histological sections were submitted to Nicotinamide Adenine
Dinucleotide — Tetrazolium Redutase (NADH-TR) reaction.

Hyperplasic and hypertrophic white muscle growth rates were analyzed by measure

of the smallest diameter of 150 white muscle fibers per animal using a computerized image
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analyzer (Digital Image Analysis System QWin v.3 for Windows/Leica, Wetzlar, Germany).
We analyzed white muscle because it is the most important tissue required during
movements and comprises the whole fillet totality. Muscle fibers were grouped into classes,
according to their diameter: class 10 (<10 um), class 20 (>10 um, <20 pm), class 30 (=20
pum, <30 um), class 50 (>30 um, <50 um), class 80 (=50 um, <80 wm) and class >80 (>80
um), adapted from Veggetti et al. (1990) and Valente et al. (1999).

Gene Expression Analysis

Total RNA Isolation and Reverse Transcription

Total RNA was extracted from white muscle tissue of pirarucu, using Trizol®
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and following the
manufacturer’s protocol. RNA samples were eluted in nuclease-free water and quantified
by measuring the optical density (OD) at 260 and 280 nm, using a NanoVue™ Plus
Spectrophotometer (GE Healthcare, Piscataway, NJ, USA). RNA purity was ensured by
obtaining a 260/280 nm OD ratio > 1.8, and its integrity confirmed by electrophoresis on
agarosis gels. Total RNA was incubated with DNase I - Amplification Grade (Invitrogen
Life Technologies, Carlsbad, CA, USA) to remove any residual genomic DNA present in
the samples. Two micrograms of RNA were reverse transcribed using the High Capacity
cDNA archive kit (Applied Biosystems, Foster City, CA, EUA), as per manufacturer's

recommendations, and the final volume adjusted to 100 uLL with RNase-free water.

Reverse Transcription - Polimerase Chain Reaction (RT-PCR), Sequencing and Sequence

Analysis

Complementary DNA (cDNA) was amplified using primers pairs designed from
Ictalurus furcatus myoD (Acession N° AY562555), myogenin (Acession N° AY540993)
and myostatin (Acession N° AY540992) genes sequences available in GenBank databases

(http://www.ncbi.nlm.nih.gov), in order to amplify a segment of these genes. A set of

84



Fernanda Regina Carani

primers designed from the 18S ribosomal RNA consensus fish sequences was used to
amplify a segment of 18S rRNA gene in pirarucu muscle samples (Tom et al., 2004).

Each PCR consisted of 0.2 ug of cDNA, 0.2 mM of each primer, 22,5 uL of
Platinum® PCR Supermix (22 U/mL Platinum® Tag DNA Polymerase, 22 mM Tris-HCI pH
8.4, 55 mM KCI, 1.65 mM MgCl,, 220 uM dNTPs - Life Technologies, Carlsbad, CA,
USA), in a final volume of 25 pL. PCR amplifications were carried out with an initial
denature step at 94°C for 2 minutes, followed by 35 cycles at 94°C for 1 minute, 55°C for
30 seconds, and 72°C for 1,5 minute, with an additional extension step at 72°C for 5
minutes. PCR products were fractioned on 1.5% agarosis gel, stained with GelRed”
(Biotium, Hayward, CA, USA), and visualized under UV light using an image
documentation system.

RT-PCR products were submitted to automated sequencing on ABI 377 Automated
DNA Sequencer (Applied Biosystems, USA) using BigDye® Terminator v.3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA, EUA), according manufacturer’s
instructions. Nucleic acid sequence database searches were performed using BLASTn tool
(Altschul et al., 1990) at the National Center for Biotechnology Information (NCBI)
website (http://www.ncbi.nlm.nih.gov/blast).

MyoD, myogenin, myostatin and 18S rRNA partial sequences obtained in skeletal

muscle of pirarucu were used to design primers pairs to the quantitative PCR analysis.

Quantitative PCR

MyoD, myogenin and myostatin genes expression analysis were performed using
ABI 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, EUA). Primers
were designed using Primer Express® software (Applied Biosystems, Foster City, CA,
EUA) from pirarucu sequences obtained in RT-PCR procedures. Primers sequences are
listed: MyoD (forward) 5> CCA GCC CCA GGT CCA ACT, (reverse) 5° ACA CGT TGG
GCC ATT GAA A; Myogenin (forward) 5° AGG CTA CCC AAG GTG GAG ATC,
(reverse) 5 TGC AGC CGC TCG ATG TAC T; Myostatin (forward) 5 CGA AGT ACA
TGC ACC TGC AGA A, (reverse) 5 CGT GGG TTG GCC TTG TTT AC; 18S rRNA
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(forward) 5> TAC CAC ATC CAA AGA AGG CAG, (reverse) 5° TCG ATC CCG AGA
TCC AAC TAC. Ribossomal RNA 18S gene was used as the reference gene in this study.

PCR efficiencies for target and reference genes were evaluated from a seven serial
dilutions (1:10) of sample cDNAs and showed an acceptable slope value of -3.32
(Medhurst et al., 2000).

Each qPCR reaction mixture contained 12.5 uL of 2.5X Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, EUA), 40 ng of cDNA (20 ng/uL), 500
nM of each primer and RNase-free water in a final volume of 25 pL. Amplification was
performed in duplicate (Applied Biosystems, Foster City, CA, EUA) with the following
thermal cycling conditions: initial activation 95°C for 10 minutes, followed by 40 cycles of
15s at 95°C and 1 minute at 60°C. Control reactions included a no template control (NTC)
and no reverse transcription control (-RT). Dissociation analysis of the PCR products was
performed by running a gradient from 60°C to 95°C to confirm the presence of a single
PCR product. Products were also sequenced to confirm identity. Fluorescent signal baseline
and threshold were set manually for each detector (MyoD, myogenin, myostatin, and 18S
rRNA), generating a threshold cycle (Ct) for each sample.

Sample quantification was determined by the Comparative Ct method (AACt
method) and data were recorded as the fold-change in gene expression normalized with the

reference gene and relative to the calibrator sample (Livak and Schmittgen, 2001).

Protein Expression Analysis

Protein levels of MyoD, Myogenin and Myostatin from white muscle of pirarucu
were determined by Western Blot technique, using B-actin protein as normaliser.

Muscle samples were homogenized in lysis buffer (1% Triton X-100, 10 mM
sodium  pyrophosphate, 1000 mM NaF, 10 pug/mL aprotinin, 1 mM
phenylmethylsulfonylfluoride - PMSF, 0.25 mM Na3;VOy, NaCl 150 mM, and Tris-HCI 50
mM pH 7.5). The samples were centrifuged at 11,000 rpm for 20 min, and 50 uL of
homogenate fraction was re-suspended in 25 pL of Laemmli loading buffer (2% SDS, 20%
glycerol, 0.04 mg/mL bromophenol blue, 0.12 M Tris-HCI, pH 6.8, and 0.28 M b-
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mercaptoethanol). An amount of 70 pg of total protein was fractioned by one-dimensional
SDS-PAGE gel (12%), stained with Coomassie blue, to confirm equal loading of each
sample. Proteins were transferred from gel to a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, California).

Nonspecific binding sites were blocked using skim milk/Tris-HCI buffered saline-
Tween buffer (TBS-T: 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 0.05% Tween-20),
followed by specific primary antibody incubation overnight at 4°C (Table 1). After three
washing steps of 10 minutes using TBS-T buffer, membranes were incubated with specifics
horseradish peroxidase-conjugated secondary antibodies, according to the primary
antibodies used (Table 1). Procedures ranged according to each specific protein analyzed,
varying among blocking solution concentration, blocking time period, primary and
secondary antibody dilution.

Immunoreactive protein signals were detected using SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo Fisher Scientific, Rockford, IL, USA), according
manufacturer’s recommendations. Signals were captured in a immunoblotting film paper
and the bands intensities were quantified using a densitometry analysis software (Image J

software for windows, version 1.71, 2006, Austria).

Table 1: Primary and secondary antibodies used in Western Blot analysis.

Primary Secondary
Protein Manufacturer
Antibody Antibody
goat anti-rabbit [gG-HRP/
MyoD M-318 (sc-760)
sc-2004
‘ goat anti-rabbit [gG-HRP/
Myogenin M-225 (sc-576) Santa Cruz
sc-2004
Biotechnology
. donkey anti-goat [gG-HRP/ ) )
Myostatin C-20 (sc-6884) California, USA
sc-2020
‘ goat anti-rabbit [gG-HRP/
B-actin R-22 (sc-130657)
sc-2004
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Statistical Analysis

Goodman statistical test for multinomial proportions was used for muscle fiber’s
class distribution analysis (Goodman, 1964; Goodman, 1965). For gene and protein
expression analysis, the statistical test applied was Kruskal-Wallis, followed by Dunn
multiple comparisons post-test, when detected any statistical significance. For all analysis,
statistical significance level adopted was 5% (p<0.05) and the GraphPad InStat v. 3.01
software for Windows (1998, GraphPad Software, San Diego, California, USA) was used.

RESULTS

Morphological Analysis

In all studied groups, red and white muscles exhibited a similar morphological
pattern. Muscle fibers presented a normal aspect, polygonal or round in shape,
multinucleated, with nuclei located in fiber periphery. There were fibers with different size,
separated by a thin connective tissue, also called endomysium. Groups of fibers were

distributed in fascicles, separated by a connective tissue, named perimysium (Figure 1).
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Figure 1: Histological sections of pirarucu (A. gigas) skeletal muscle from group A (A and B) and group C (C
and D). In A and C red muscle and in B and D, white muscle. Polygonal or round muscle fibers (F)
surrounded by a thin connective tissue, the endomysium (*). Note the perimysium (arrowhead) grouping

muscle fibers into fascicles. Nuclei (arrow) are in the peripheral location. HE stain (40X)

In white muscle of dorsal region, the connective tissue of the perimysium was

thicker and arranged in concentric layers, surrounding groups of muscle fibers (Figure 2).
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Figure 2: Transversal section of white muscle from dorsal region of pirarucu (A. gigas) of group A. Note a
thick connective tissue of perimysium (*) which organizes sets of fibers into concentric layers (F). HE stain

(20X)

The NADH-TR reaction allowed us to differentiate muscle fibers according to their
oxidative metabolism activity. In white muscle from both dorsal and deep lateral regions,
there were white fibers with weak stain to the enzyme; on the other hand, red muscle from
superficial lateral region exhibited fibers with intense NADH-TR reaction (Figure 3). In
lateral line region, between red and white fibers, there were fibers with moderate reaction,

forming a layer of intermediate muscle fibers (not shown).

Figure 3: Transversal sections of superficial red (A) and deep white (B) muscle of pirarucu (A. gigas) from
groups C and D, respectively. Red muscle fibers (RF) strongly stained. White muscle fibers (WF) weakly
stained. NADH-TR reaction (40X)
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Morphometric Analysis

Transverse sections of white muscle fibers in different groups of pirarucu showed
small-diameter fibers between larger fibers, resulting in a mosaic appearance of fiber
diameter (Figures 1B and 1D). This pattern was observed in both dorsal and lateral white
musculature.

Morphometry involved the small fiber diameter measurement, and Figure 4 shows
the frequency distribution of muscle fibers according to their diameter. The following
muscle fibers distribution pattern was observed among the fish groups: group A had the
majority of fibers in class 20; group B exhibited most fibers in class 50; group C showed

fibers predominating in classes 50 and 80, and group D had most fibers in class 80.

60 - Groups
mA EB OC OD

a0 >80

g

Frequency of Flbers (%)

Diameter Class

Figure 4: Frequency distribution of lateral white muscle fibers in pirarucu (A. gigas), according to
their diameter classes. Group A: 50 g weight, Group B: 420 g weight, Group C: 5,5 Kg weight,
Group D: 9,1 Kg weight.
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Expression of muscle growth-related genes

Statistical analysis showed no variation of 18S rRNA gene expression among
groups, indicating that it was a stable reference gene used in the present experiment (data
not shown).

MyoD, myogenin and myostatin transcripts levels were evaluated by quantitative
PCR (RT-qPCR) procedures. Data were normalized by the 18S rRNA transcript levels and
the sample with the highest Ct value (i.e., the one with the lowest gene expression) was
chosen as the calibrator sample. Since dorsal and deep lateral white muscles had similar
gene expression results, we referred to them as white muscle. Figure 5 illustrates the
relative quantification of myoD, myogenin and myostatin transcripts in white muscle of
pirarucu.

Amplification of myoD and myogenin mRNA showed no statistical difference
among groups (p values 0.5319 and 0.4686, respectively). In contrast, myostatin estimated
levels exhibited significant variation. Group A showed the lowest myostatin mRNA
expression compared to groups B, C and D (p value 0.0047); moreover, groups B, C and D

had the highest myostatin mRNA levels which were statistically similar among them.
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Figure 5: Expression of MyoD, myogenin and myostatin genes in white skeletal muscle of pirarucu (A. gigas)

Myostatin/18S mRNA level
(arbltrary units)

g
)

in the growth stages analyzed. Data are expressed as Mean + SEM. For the myostatin graph: same letters, no

statistical difference; different letters, statistical difference. Significance level 5%.

Protein Expression Analysis

MyoD, myogenin and myostatin protein expression levels were evaluated by
Western Blot technique. Data were normalized by B-actin expression results. Figure 6
illustrates the muscle growth-related proteins content in white muscle of pirarucu.

Similarly with gene expression results, both MyoD and Myogenin expression did
not vary among groups (p values 0.999 and 0.392, respectively). In contrast, Myostatin
protein content exhibited significant variation. Group A showed the highest levels
compared to groups B, C and D (p value 0.038); moreover, groups B, C and D had the

lowest Myostatin protein levels which were statistically similar among them.
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Figure 6: Western blot analysis in white skeletal muscle of pirarucu (A. gigas) in the growth stages analyzed.

Levels of MyoD, Myogenin and Myostatin protein are expressed as arbitrary units, normalized to the B-actin

levels used as loading control. In graphs: same letters, no statistical difference; different letters, statistical

difference (p<0.05). Figure shows protein bands identified by chemiluminescent detection.
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DISCUSSION

This study is the first that describes the mechanisms that regulate skeletal muscle
growth in pirarucu, one of the largest freshwater fish in the world and with important role in
fishing economy of the Amazon region. As part of a program to better understand how the
muscle growth control occurs in this species, we evaluated hyperplasic and hypertrophic
muscle growth mechanisms and how the main factors involved in muscle growth control

are expressed in different growth stages.

Morphological Analysis

In all groups studied, red and white muscle fibers showed a similar morphological
pattern being polygonal or round, with several nuclei located in periphery; connective tissue
of the extracellular matrix was distributed in the endomysium, surrounding each muscle
fiber, and in the perimysium, that grouped muscle fibers in fascicles. These characteristics
were quite similar to that found in other fish species (Alexander, 1969; Grizzle and Rogers,
1979, Hoyle et al., 1986; Dal Pai-Silva et al., 1995; Dal Pai et al., 2000; Fernandez et al.,
2000; Aguiar et al., 2005; Almeida et al., 2008). However, in white muscle of dorsal
region, the connective tissue of perimysium was thicker and distributed in concentric layers
involving muscle fibers. The connective tissue of skeletal muscle has a dynamic role during
muscle differentiation and growth, serving as a supportive structure to skeletal muscle and
tendon (Mayne and Sanderson, 1985). In most fish, the connective tissue distribution
among muscle fibers is characteristic to each species and depends mainly on its swimming
behavior (Sato et al., 1986; Ando et al., 1992; Ofstad et al., 1996). In A. gigas, the thicker
and concentric organization of the connective tissue found in white dorsal muscle could
provide a support structure for whole body maintenance, allowing transmission of
contraction force from muscle fibers to axial skeleton and caudal fin. These integrated and
simultaneous events generate the body wave motion and a propulsion movement, extremely
important during swimming behavior of large-size fishes (Chiquet ef al., 1996; Sianger and

Stoiber, 2001), as pirarucu.

95



Fernanda Regina Carani

Based on histochemical NADH-TR reaction, three main muscle fiber types were
identified in skeletal muscle of pirarucu, according to stain intensities pattern. Dorsal and
deep lateral muscles were composed of white fibers, weakly stained to NADH-TR reaction,
which highlights their glycolytic metabolism; on the other hand, superficial muscle
exhibited red fibers, with intense reaction to NADH-TR enzyme, suggesting their high
oxidative metabolic activity. Somewhat less abundant fibers were identified with moderate
staining intensity, constituting the intermediate layer (not shown).

In most fish, red, intermediate and white muscle fibers occupy distinct regions.
White muscle fibers have a glycolytic and fast-twitch characteristic and develop 3-5 times
higher power outputs than superficial red muscle fibers at higher tail-beat frequencies
(Altringham and Johnston, 1990; Rescan, 2005; Johnston, 2006), reflecting their role in
providing the strength required for escape responses and predation behaviour. Pirarucu is a
carnivorous fish that has a well-developed white muscle; this feature could be responsible
for improve the sudden swimming movement performed during prey capture action as an
explosive motion. In contrast, superficial red muscle, constituted by aerobic slow-twitch
fibers with intense reaction to NADH-TR, are much recruited during movements that need
sustained and prolonged activities (Rome et al., 1984; Rescan, 2005; Jonhston, 2006). In
pirarucu, a thick red muscle layer located in the lateral line region which could be co-
related to the sustained activity required during their swimming movements as well as
during their air-breathing behavior, typical of this species; during this activity, the fish often
rises to water surface to take in oxygen and keeps his body in support through the slow and
continuous movements of fins and whole body (Sawaya, 1946; Fontenele, 1948).
Intermediate fibers showed an oxidative and glycolytic metabolism, as by moderate stain to
NADH-TR reaction, showing their intermediate characteristics between red and white

muscle fibres.

Morphometric Analysis

In all groups studied white muscle fibers morphometry analysis showed many
small-diameter fibers surrounding larger fibers. This is commonly observed in most fish

species during muscle growth and characterizes the occurrence of hypertrophy and

96



Fernanda Regina Carani

hyperplasia (Veggetti et al., 1993; Johnston, 1999; Rowlerson and Veggetti, 2001; Almeida
et al., 2008). In most fish species, these mechanisms occurs throughout all the fish’s
lifetime and they had been well documented in a variety of species, mainly in those with
high potential for intense aquaculture programs (Johnston et al., 2000; Rowlerson and
Veggetti, 2001; Almeida et al., 2008).

In our work, we observed that pirarucu from group A had the majority of fibers in
classes 20 and 30; this indicates the presence of many immature fibers, and demonstrates
that hyperplasia is the main muscle growth mechanism acting at this stage. In this process,
satellite cells proliferate and aggregate themselves to fiber surface, generating new
myotubes, which separate from supportive fiber giving rise to new muscle fibers (Johnston
et al., 2000; Dal Pai-Silva et al., 2003a).

Group B exhibited most fibers in classes 30 and 50, which indicates the presence of
few small fibers together with many larger fibers, i.e., mature fibers that underwent the
hypertrophy process. During this process, satellite cells fuse themselves to pre-existing
fibers increasing protein synthesis and the whole fiber size (Valente et al., 1999; Rowlerson
and Veggetti, 2001). Groups C and D showed fibers predominating in classes 50 and 80.
This pattern allows us to conclude that hypertrophy is the main mechanism of muscle
growth which predominates in both pirarucu growth stages, although hyperplasia is still
occurring.

It is well-documented that in large-size fishes hyperplasia predominates in early
developmental stages and persists for a prolonged period during growth (Weatherley et al.,
1988; Kiessling et al., 1991; Valente et al., 1999; Dal Pai et al., 2000; Rowlerson and
Veggetti, 2001). This mechanism seems to have a significant contribution in pirarucu
muscle growth during the early growth stages analyzed (groups A and B). In addition,
hypertrophy is shown to be the main post-natal muscle growth mechanism during juvenile
and adult phases (Rowlerson et al., 1995; Zimmerman and Lowery, 1999), and this process
can be responsible for the marked increase in muscle mass observed in pirarucu from
groups C and D and could explain the fast growth rate that occurs in this species that
reaches up to 10 kilograms in one year (Bard and Imbiriba, 1986; Souza and Val, 1991;
Imbiriba et al. 1996).
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Gene and Protein Expression Analysis

In all groups studied, gene and protein expression of myoD and myogenin mRNA in
white skeletal muscle did not show significant difference.

In our work, and also in a previously study (Carani et al., 2008), we showed that
pirarucu has a large proportion of immature fibers, recently formed in white muscle during
the initial growth phases (see Morphometric Analysis in Results section); this fact shows
that muscle fiber hyperplasia predominates in this stage. This is consistent with many
studies (Alami-Durante et al., 1997; Valente et al., 1999; Johnston et al., 2000; Rowlerson
and Veggetti, 2001; Assis et al., 2004), and is probably due to the high requirement of
fibers for muscle compartment thickening, a process that occurs in a fast way, since
pirarucu is shown to reach large sizes in a short time (Bard and Imbiriba, 1986; Souza and
Val, 1991; Imbiriba et al. 1996).

It is well known that hyperplasia is mainly regulated by the Myogenic Regulatory
Factor MyoD, which is responsible for stimulating myoblast proliferation and posterior
myotube formation (Goulding et al., 1994; Williams and Ordahl, 1994; Rescan, 2001). In
this study we found no difference in myoD gene and protein expression among distinct
growth stages. There are many studies that compare myoD gene expression in fish muscle;
however these works have no similarity among their results, depending on fish muscle
growth dynamics, on fish physiology and also on fish lifestyle (Weinberg et al., 1996;
Delalande and Rescan, 1999; Tan and Du, 2002; Zhang et al., 2006). In this work, all
groups were composed by specimens with intense growth rate, since a lot of fibers appeared
as new-formed fibers; this state allows us to deduce that muscle growth rate in pirarucu is
very different from that in other fish species. Moreover, we suppose that pirarucu
specimens used in this work could be compared in the same way to the initial stages of the
most fish species, because of their muscle growth rate characteristics that contribute to the
large size reached in short periods (Imbiriba et al. 1996; Carvalho and Nascimento, 1992;
Imbiriba, 2001). No difference among these stages was found in both myoD gene and
protein expression, especially because pirarucu muscle growth control performed by this

MREF is still occurring in a similar way in these stages. Since pirarucu can achieve a large
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size in adult stage, it is of primary interest to form lots of fibers during early developmental
stages.

Myogenin is characterized by regulating the late stages of muscle fiber formation
and growth, which culminates to myoblast fusion, myotube formation, and finally, adult
muscle fiber differentiation (Megeney and Rudnicki, 1995; Decary et al., 1997; Grobet et
al., 1997; Schmalbruch and Lewis, 2000).

In our study, both myogenin gene and protein expression pattern showed no
difference among studied groups. This could be related to the intense process of muscle
fiber differentiation occurring during all growth stages studied. These fibers, primarily like
undifferentiated myoblasts which are first stimulated to proliferate by MyoD expression,
have to fuse and form multinucleated myotubes that differentiate themselves into muscle
fibers; these posterior processes are mainly regulated by myogenin (Megeney and
Rudnicki, 1995; Watabe, 2001; Johansen and Overturf, 2005). Therefore, we can attribute
the similar myogenin expression levels found in pirarucu skeletal muscle to the intense
muscle fiber formation and differentiation rates that occur at a highly activated state,
regardless of growth stage, as demonstrated by quantification of myogenin transcript and
protein, corroborating the morphometric results.

Johansen and Overturf (2005) showed differential myoD and myogenin expression
in rainbow trout skeletal muscle at different growth phases, including adults. Thus,
considering that pirarucu specimens used in this work share similar characteristics of
growth control by MRFs, it is possible that older animals probably could exhibit some
difference in this expression pattern. We emphasize that all groups studied have an intense
muscle growth rate, typically found during the earlier stages of other fish species (Xu et al.
2003; Assis et al., 2004; Almeida et al., 2008).

Among factors that also control skeletal muscle growth, one of the most important is
myostatin. In our work, we showed that myostatin estimated levels exhibited a wide
variation comparing group A with the others. For the mRNA estimated levels, myostatin
expression was low in group A and high in groups B, C and D. However, Myostatin protein
expression was high in group A and had low values in groups B, C and D.

Although there are few studies on the functions of Myostatin in fish, it is known to

negatively regulate myoblast proliferation and differentiation (Thomas et al., 2000; Langley
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et al., 2002). Numerous studies have investigated the effect of myostatin signalling on
muscle cells. In vitro studies on cultured myogenic cell lines or primary myoblasts have
shown that myostatin inhibits myoblast proliferation and activates cyclin-dependent kinase
inhibitor p21, which forces withdrawal from the cell cycle. In parallel, activation of
myostatin signalling is associated with intense inhibition of myogenic differentiation
(Thomas et al. 2000; Taylor et al., 2001; Langley et al. 2002; Rios et al., 2002; Joulia et al.,
2003). Based on these results and the observation that satellite cells express myostatin and
actually are quiescent myoblasts (McCroskery et al., 2003), it has been suggested that the
normal function of myostatin in postnatal muscle is to keep satellite cells in a quiescent and
undifferentiated state (Manceau et al., 2008).

In this work, groups B, C and D had the higher myostatin mRNA levels, indicating
an intense rate of gene transcription. This state could have been stimulated by the low
content of myostatin protein found in these three groups, demonstrated by the protein
analysis. We could infer that myostatin transcription was stimulated in B, C and D stages,
but the most mRNA content was immediately translated into Myostatin protein. The
balance between transcript and protein ratio control was probably due to a negative
feedback cell mechanism or due a post-transcriptional regulation that prevents Myostatin
protein formation.

The low levels of Myostatin protein found in groups B, C and D is an indicative that
satellite cells of pirarucu are activated in these stages. This could be related to the intense
muscle fiber formation that is occurring at these stages (see Figure 4). As Myostatin stops
muscle growth, when it appears in a low level, muscle fiber formation and differentiation
are totally activated. During the posterior growth stages of pirarucu, myostatin exhibited
low levels, indicating that muscle growth rate has increased. Similarly to Myostatin results,
MyoD and Myogenin expression in pirarucu were coherent with high proliferation and
differentiation rates in groups B, C and D, confirming the intense muscle growth dynamic
in these groups.

During the initial growth stage (group A), pirarucu had the lowest level of myostatin
mRNA, which means that the most myostatin transcripts produced were translated into
protein, as demonstrated by Western Blot analysis. In this early growth stage, the high

levels of Myostatin protein found could be related to many processes control; Myostatin is
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not restricted to skeletal muscle in fish and also is expressed in other tissues (Maccatrozzo
et al., 2001a,b; @stbye et al., 2001; Rescan et al., 2001a; Roberts and Goetz, 2001; Kocabas
et al., 2002; Radaelli et al., 2003). Based on our results, the increased values for Myostatin
protein in group A lead us to infer that, at this stage, muscle growth control by Myostatin
has not yet started and is still in activation process, since satellite cells were not yet
blocked, as demonstrated by morphometric and expression analysis.

In fish, the most researches attempt to describe the myostatin gene structure and/or
simply determine its differential expression among distinct tissues (Maccatrozzo et al.,
2001a,b; Rescan et al., 2001a; Rodgers et al., 2001; Radaelli ef al., 2003; Amali et al.,
2004). There are few studies that show the myostatin levels during fish growth phases. Xu
et al. (2003) showed in larval stage of zebrafish (Danio rerio), where hyperplasia is
accentuated, a low level of myostatin; in juvenile and adult phases, where muscle
hyperplasic growth is less intense, myostatin expression was higher. These results are in
discordance with ours, since we have demonstrated intense muscle fiber recruitment during
all stages studied, although hypertrophy is also occurring. Actually, the effects of myostatin
on muscle growth in fish are not well understood as in mammals. These inconsistent data
lead us to think about the biological function of myostatin in fish skeletal muscle growth
dynamics. Also, it is possible that myostatin action in fish is not limited to muscle growth
suppression, actuating also in multiple tissues, a process not yet described (Roberts and

Goetz, 2001).

CONCLUSIONS

Altogether, our data suggest that MyoD, Myogenin, and Myostatin act to modulate
the balance between proliferation and differentiation of satellite cell during hyperplasic and
hypertrophic muscle growth in pirarucu. Moreover, muscle morphology and metabolism
might be evolved to ensure that some features, like body maintenance and locomotion, be a
mechanism that could best adapt them to their ecological environment.

Some variations observed in this work were not predictable, primarily due to its
unprecedented nature. It is important to attempt that the present results can be used as

reference to other studies involving muscle growth in this species.
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7. CONCLUSOES

A andlise morfolégica da musculatura esquelética do pirarucu mostrou uma
organizacdo caracteristica, com fibras envoltas por tecido conjuntivo espesso e organizado
em camadas concéntricas, o que favorece a sustentacdo do corpo e a transmissdo da forga
de contragdo para o eixo axial. Nas fases iniciais de desenvolvimento, o pirarucu possui
crescimento muscular hiperpldsico predominante; nas fases posteriores, a hipertrofia
predomina, embora ainda ocorra formacao de novas fibras. A expressao génica da MyoD e
da Miogenina foi semelhante nos diferentes tipos de musculo estudados, indicando a
importancia desses fatores regulando os processos de crescimento muscular, independente
do tipo de fibra.

Para MyoD e Miogenina, a expressao do gene e da proteina foram similares nos
diferentes estdgios de crescimento do pirarucu, o que reforca o papel desses fatores no
controle do crescimento muscular nessa espécie, processo que ocorre de forma intensa
durante todas as fases estudadas. Para a Miostatina, a expressdo do gene e da proteina
mostrou diferencas quando comparamos o grupo inicial (A) com os demais. O gene da
Miostatina € menos expresso nos animais menores, porém o contrdrio € valido para a
proteina. Nos animais maiores temos alta expressao gé€nica e baixa expressao da proteina.
Isso mostra que, nos animais muito jovens, embora a proteina esteja presente, o controle da
Miostatina ndo € expressivo, uma vez que a taxa de crescimento muscular € alta neste
periodo. Além disso, podemos concluir que a atuagdo da Miostatina controlando
negativamente o crescimento muscular ocorre somente em fases posteriores as analisadas
no presente trabalho, uma vez que altas taxas de formacgao de fibras e baixissimos niveis da
proteina Miostatina foram encontrados nos animais maiores.

Finalmente, esses resultados poderdo servir como base para outros trabalhos que
envolvam o estudo do crescimento muscular nesta espécie e poderdo auxiliar no
desenvolvimento de novas estratégias de criagdo que beneficiem o aumento da producdo e a

manutencao da espécie.
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