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. RESUMO

Nos peixes, o conhecimento dos fatores que controlam o crescimento muscular e
a analise das proteinas miofibrilares, € importante para entender a dindmica do
crescimento, a plasticidade e as adaptacbes musculares, principalmente, em espécies
com grande valor comercial como a tilapia do Nilo (Oreochromis niloticus). No presente
estudo, utilizou-se a tilapia do Nilo em quatro estagios: alevinos de 35 dias (0.65g *
0.08); juvenis de 60 dias (13.67g = 1.35); adultos de 90 dias (73.18g + 4.70) e adultos
de 190 dias (349.76g + 34.62). Em cada estagio, fragmentos musculares foram
coletados e submetidos as seguintes analises: morfométrica, para caracterizar o
crescimento  muscular  hiperplasico e hipertréfico no  musculo  branco;
imunohistoquimica, para analisar a expressdo dos fatores de regulacdo miogénica
MyoD e miogenina e a expressao da proteina PCNA no musculo branco; histoquimica
da ATPase miofibrilar (mMATPase) e a eletroforese em gel de poliacrilamida — duodecil
sulfato de sodio (SDS-PAGE) para observar as caracteristicas da mATPase e da cadeia
pesada da miosina nos musculos branco e vermelho, respectivamente. Os resultados
indicaram que a expressao de MyoD e miogenina foi similar em alevinos, juvenis e
adultos de 90 dias, porém, em adultos de 190 dias a expressao de miogenina foi maior
do que a de MyoD. A expressao do PCNA, em cada estagio, foi mais acentuada do que
MyoD e miogenina com picos no estagio de alevinos e adultos de 90 dias. A expressao
de MyoD e miogenina nos estagios de alevinos, juvenis e adultos de 90 dias, mostrou
que a hiperplasia e a hipertrofia ocorreram como resultado da proliferacdo e da
diferenciagdo dos mioblastos. O aumento da expressdo de miogenina em adultos de
190 dias, indicou que a diferenciacéo celular e a hipertrofia foi mais significativa nesse
estagio. A analise da mATPase indicou, além da presenga de fibras musculares
vermelhas e brancas, fibras hibridas tanto no musculo vermelho como no musculo
branco, ao longo do crescimento muscular da tilapia. A partir de alevinos, o musculo
vermelho da regido superficial mostrou a presencga de cadeia pesada da miosina slow e
0 musculo branco, que forma a maior parte da massa muscular, cadeia pesada da

miosina fast. Essas isoformas apresentaram massa molecular semelhante a cadeia



pesada da miosina do tipo | do musculo séleo de rato. No musculo branco, a partir dos
alevinos, foi observada outra isoforma de miosina de massa molecular superior a cadeia
pesada da miosina do tipo | do musculo séleo de rato. No musculo vermelho a partir dos
adultos, observou-se outra isoforma de miosina de massa molecular semelhante a
cadeia pesada da miosina do tipo Il do musculo sdleo de rato. A expressao das
isoformas de cadeias pesadas da miosina no musculo estriado esquelético da tilapia do
Nilo durante o crescimento, pode estar relacionada com a plasticidade fenotipica que
ocorre durante o crescimento muscular e reflete na capacidade desses peixes de se

adaptar as variacbes ambientais, importantes para a sobrevivéncia.



Il. ABSTRACT

In fish, the knowledge of factors that control the muscle growth and the
myofibrillar proteins analyze is important to understand the dynamic of growth, the
plasticity and the muscle adaptations, mainly, in species with high commercial valuable,
as the Nile tilapia (Oreochromis niloticus). In the present study, Nile tilapia into four age
stages were used: 35 day alevins (0.65g + 0.08); 60 day juveniles (13.67g + 1.35); 90
day adults (73.18g + 4.70) and 190 day adults (349.76g * 34.62). In each stage, muscle
fragments were collected and submitted to the following analyzes: morphometric, to
characterize the hyperplastic and hypertrophyc growth in the white muscle;
immunohistochemical, to analize the myogenic regulatory factors MyoD and myogenin
expression, and the PCNA protein expression in white muscle; histochemical of the
myofibrillar ATPase (mATPase) and electrophoresis by sodium duodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in the red and white muscle to
observed mATPase and myosin heavy chain characteristics, respectively. The results
indicate that MyoD and myogenin expression was similar in alevins, juveniles and 90
day adults, however, in 190 day adults the myogenin was higher than the MyoD
expression. The PCNA expression, in each stage, was higher than MyoD and myogenin
with peaks in alevins and 90 day adults. The MyoD expression in alevins, juveniles and
90 day adults, showed that the hyperplasia and hypertrophy occurred due to the results
of myoblasts proliferation and differentiation. The increased of myogenin expression in
190 day adults indicated that cellular differentiation and the hypertrophy was more
expressive in this stage. The mATPase showed, beyond red and white muscle fibers,
hybrid fibers in both red and white muscle during growth. From alevins, the red muscle
showed slow myosin heavy chain (MHCs) and the white muscle, fast myosin heavy
chain (MHCf). These isoforms had a molecular mass similar to the type | myosin heavy
chain (MHCI) of soleus rat muscle. In the white muscle, from alevins was observed other
myosin isoform with molecular mass superior to the MHCI of soleus rat muscle. In the
red muscle, in adults, was observed other myosin isoform with molecular mass similar to

the type Il myosin heavy chain (MHC II) of soleus rat muscle. The expression of myosin
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isoforms in the skeletal muscle of Nile tilapia during growth, can be related to the
phenotypic plasticity that occur during muscle growth and reflects this fish capacity to

adapt to changes in environmental conditions which are important for its survival.
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lll. INTRODUGAO

II.1. Tilapia do Nilo (Oreochromis niloticus)

Nos ultimos anos, as tilapias tiveram sua distribuicdo expandida para todos os
continentes. Isto ocorreu em fungao de seu potencial para a aquicultura intensiva e para
a piscicultura de subsisténcia em paises em desenvolvimento, por apresentar carne de
excelente sabor, com boas caracteristicas organolépticas e com boa aceitagcdo no
mercado consumidor (Hilsdorf, 1995; Lovshin, 1997). A demanda tem aumentado com o
crescimento paralelo da pecuaria e da avicultura, onde esse peixe € utilizado como
fonte de proteinas, além de contribuir como alimento em potencial e alternativo para a

populagao (Tacon, 1993; 1997).

111.2. Musculo estriado esquelético em peixes

O tecido muscular estriado esquelético dos peixes é dividido em midémeros
constituidos de fibras musculares arranjadas em trajetérias helicoidais que se inserem,
via tenddes, em camadas de fibras colagenas chamadas miosseptos (Alexander, 1969).

Esse tecido esta distribuido em camadas referidas como, vermelha,
intermediaria e branca. A camada muscular vermelha ou superficial esta localizada
abaixo da derme, como uma camada uniforme ao longo de todo o corpo do animal ou
distribuida mais localmente, na regido da linha lateral. Essa camada aumenta em
proporgdao na regido da nadadeira caudal e raramente excede em 10% da area de
seccgao transversal total do musculo (Johnston, 1981; 1999). A camada muscular branca

ou profunda representa a maior parte da massa muscular (Alexander, 1969; Dal Pai-
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Silva et al.,, 1995a e b). Entre as camadas de musculo vermelho e branco, esta a
camada intermediaria, em menor propor¢ao, apresentando caracteristicas
intermediarias (Rowlerson et al., 1985; Kilarski, 1990; Johnston, 1999). As fibras do
musculo vermelho sao utilizadas na realizagcdo de movimentos lentos e continuos como
na natagdo constante enquanto as fibras do musculo branco sao utilizadas na
realizacao de atividades bruscas de locomogao, como na fuga de predadores e captura
de presas (Bond, 1979; Akster et al, 1995; Johnston, 1999). As fibras da camada
intermediaria de musculo apresentam caracteristicas intermediarias em relacdo as
fiboras do musculo vermelho e branco, podendo ser recrutadas para atividades de
sustentagdo e em movimentos rapidos (Akster et al, 1995, Johnston et al., 1997,

Johnston, 1999).

111.3. Hiperplasia e hipertrofia das fibras musculares estriadas em peixes

O crescimento pds-embrionario do musculo estriado esquelético em peixes,
que corresponde a fase tardia da miogénese, se inicia antes da absorgdo do saco
vitelinico e continua até a maturagao sexual. Esse crescimento depende da proliferacéo
e da diferenciagdo de uma populacdo de células progenitoras miogénicas ou
mioblastos, fonte de nucleos para o recrutamento de novas fibras musculares
(hiperplasia) e para o aumento em espessura das fibras musculares (hipertrofia)
(Koumans et al,, 1991; Koumans & Akster, 1995; Johnston, 1999). Esses mioblastos
estao localizados entre a lamina basal e a membrana plasmatica da fibra muscular
(Veggetti et al.,, 1990), sendo equivalentes as células satélites descritas nos mamiferos

(Mauro, 1961).
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Uma caracteristica importante dos peixes é que tanto a hiperplasia quanto a
hipertrofia contribuem para o crescimento muscular pés-larval, enquanto que na maioria
dos outros vertebrados, o crescimento muscular ocorre predominantemente pela
hipertrofia (Weatherley et al., 1979; Carpene & Veggetti, 1981; Egginton & Johnston,
1982; Rowlerson et al., 1985).

A hiperplasia pode ocorrer de forma estratificada ou de mosaico. A hiperplasia
estratificada ocorre em todas as espécies de peixes a partir de zonas germinais de
proliferacdo de mioblastos localizadas nas regides dorsal e ventral dos miétomos e
entre os compartimentos vermelho e branco. Esse tipo de hiperplasia é responsavel
pelo espessamento das camadas musculares nas fases iniciais do desenvolvimento. A
hiperplasia em mosaico resulta em um grande aumento no numero de fibras
musculares, principalmente na fase juvenil, sendo observada na musculatura das
espécies que atingem um tamanho maior e de grande valor comercial (Rowlerson &
Veggetti, 2001). Quando a hiperplasia em mosaico esta ocorrendo, observam-se fibras
pequenas (didmetro menor que 25um) entre fibras maiores, formando um mosaico de
fiboras de diferentes tamanhos e estagios de diferenciacdo, melhor observado na
musculatura branca (Johnston, 1999; Rowlerson & Veggetti, 2001).

Nas espécies que atingem tamanho de poucos centimetros, o crescimento
muscular, envolve principalmente a hipertrofia de fibras formadas nas fases iniciais da
embriogénese e o periodo de crescimento hiperplasico € mais curto. Nas espécies que
atingem um tamanho maior, novas fibras musculares s&o continuamente recrutadas em

todas as fases do crescimento (Weatherley et al., 1988; Alami-Durante et al., 1997;
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Rowlerson & Veggetti, 2001). Ha evidéncias de que a hiperplasia diminui com o
aumento da idade dos peixes (Alfei et al., 1994), e sua contribuicdo nunca excede 50%
do crescimento muscular (Mommsen, 2001).

Considerando as adaptacdes as mudangas funcionais, os mioblastos podem
ser influenciadas por varios fatores intrinsecos e extrinsecos durante o desenvolvimento
muscular, crescimento, e em respostas a doengas ou traumas e regenerag¢ao (Johnston
et al., 2000; Parry, 2001; Camargo et al., 2004).

A temperatura é um dos fatores ambientais que podem influenciar
consideravelmente o crescimento muscular devido a reducio nas taxas de proliferacao
celular, ou seja, na ativagao dos mioblastos (Mommsen, 2001).

Estudos de Brodeur et al., 2003 indicaram que a duragdo do ciclo celular em
mioblastos aumenta com a diminuicdo da temperatura, reduzindo o crescimento
muscular. Por outro lado, a taxa de proliferacdo celular também pode ser influenciada
pela dieta como descrito por Aguiar et al, 2005, que observaram um aumento da
proliferacdo celular no musculo estriado em peixes tratados com suplementagcdo do

aminoacido lisina.

111.4. Fatores de requlacdo miogénica

Durante o crescimento embrionario e pds-embrionario, a proliferagcdo e a
diferenciacdo dos mioblastos, é regulada pelos fatores de regulagdo miogénica
conhecidos como MyoD, miogenina, myf-5 e MRF-4 (Watabe, 2001; Rescan, 2001).
Esses fatores transcricionais musculo-especificos regulam a ativagao, proliferagao e a

diferenciagcdo dos mioblastos durante o desenvolvimento e crescimento muscular. A
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MyoD e Myf5 sdo conhecidos como fatores primarios, sendo expressos em mioblastos
na fase de proliferagao, que antecede a diferenciacéo, enquanto que, a miogenina e o
MRF4 sao expressos em células na fase de fusdo e diferenciagao em fibras musculares
imaturas (Megeney & Rudnicki, 1995; Grobet et al., 1997). Esses fatores ligam-se a
sequéncias de DNA (5-CANNTG-3"), conhecidas como Ebox, presentes na regido
promotora de varios genes musculo-especificos, levando a expressao dos mesmos.
Além disso, podem iniciar a transcricao de seus préprios genes durante o crescimento
(Murre et al., 1989; Sassoon, 1993).

Embora os niveis de MyoD e miogenina aparecam aumentados durante os
primeiros meses apos o nascimento, ambos sdo detectados no musculo de mamiferos
adultos com o aumento da idade (Duclert et al.,, 1991; Alway et al,, 2001) e, estao
relacionados com a plasticidade e adaptagdo muscular (Sabourin & Rudnicki, 2000).
Além disso, a expressao dos fatores de regulacdo miogéncia em musculo esquelético
de animais adultos pode auxiliar a sintese e a degradagao de proteinas, responsaveis
pela manutencao do fendtipo do musculo (Mozdziak et al., 1998).

A MyoD e a miogenina sao proteinas altamente conservadas entre os
vertebrados, com sequéncia de aminoacidos muito similar entre as espécies animais,
incluindo os peixes (Kobiyama et al, 1998). Nestes ultimos, a expressdo dessas
proteinas ocorre tanto no musculo estriado esquelético embrionario quanto no adulto
(Rescan et al., 1994; Rescan & Gauvry, 1996).

A proliferacdo dos mioblastos e a hiperplasia celular nos peixes, podem ser
inferidos pela maior expressao dos MRFs, MyoD e Myf5, nas fases iniciais de

crescimento. J4, a expressao de Miogenina e MRF4 esta relacionada com os processos
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de diferenciacdo dos mioblastos e hipertrofia das fibras musculares, mais intensos na
fase adulta (Johansen & Overturf, 2005).

A expressao dos fatores de regulagdo miogénica pelos mioblastos esta
diretamente relacionada com a modulagao do crescimento muscular, e pode influenciar
o tamanho dos peixes no estagio adulto. Fatores extrinsecos, tais como, alimentacéo,
temperatura, pH e 6xigénio também podem influenciar a expressdo dos fatores de
regulagcdo miogénica durante o crescimento, podendo alterar o fenétipo das fibras de

acordo com as necessidades do animal (Heap et al., 1985).

/11.5. Cadeia pesada da miosina

A molécula de miosina € um hexamero constituido de 6 polipeptideos: duas
cadeias pesadas e quatro cadeias leves. A regidao N terminal de cada cadeia pesada
consiste de uma porgao globular onde a forgca € gerada por “pontes cruzadas” que
promovem o deslizamento dos filamentos durante a contragcdo. Além disso, a porgao
globular contém o dominio no qual se liga a actina e um sitio de atividade da ATPase
miofibrilar, que promove a hidrolise do ATP (Weeds & Lowey, 1971; Johnston, 2001).

As fibras musculares podem ser classificadas em lentas e rapidas, conforme a
velocidade de hidrdlise do ATP que esta relacionada com o tipo de isoforma de cadeia
pesada da miosina (Schiaffino & Reggiani, 1994). Em mamiferos, as fibras musculares
lentas expressam a isoforma de cadeia pesada da miosina do tipo |, enquanto as fibras
musculares rapidas expressam as isoformas do tipo lla, Iild e llb, ditas. No entanto,
podem existir fibras que expressam duas ou mais isoformas de cadeia pesada da

miosina, sendo denominadas de fibras hibridas (Staron et al., 1999, Pette & Staron,
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2000). Estas diferentes isoformas permitem a adaptacdo do musculo estriado
esquelético conforme a demanda funcional (Pette & Staron, 2000).

Nos peixes, o musculo estriado esquelético € o tecido mais abundante,
constituindo a maior parte da massa muscular e dentre as proteinas musculares, a
miosina da classe Il € a mais abundante. As miosinas dessa classe nao sao apenas
proteinas estruturais, estando diretamente relacionadas com o processo de contragao
muscular. A locomogédo e a manutencdo dos processos vitais dos organismos, como
alimentagdo e respiragcdo, sao dependentes da constituicdo morfofisiolégica dos
musculos e dos tipos de fibras musculares envolvidas, incluindo o tipo de miosina
existente nas fibras (Goldspink et al., 2001).

O tecido muscular dos peixes é dividido em regides discretas, compostas de
diferentes tipos de fibras: o musculo vermelho, constituido de fibras oxidativas lentas, o
musculo branco, constituido de fibras glicoliticas rapidas e o musculo intermediario,
constituido de fibras glicoliticas oxidativas rapidas (Bond, 1979). A especializagao
muscular nestes animais envolve a adaptagdo associada com fatores fisicos do
ambiente e as mudancgas do comportamento dos mesmos (Johnston, 1999). Estudos de
Johnston et al. (1977) mostraram que o treinamento de natagdo sustentada leva a um
aumento na propor¢ao das fibras musculares do musculo vermelho € a um aumento
sutil na proporgdo das fibras musculares do musculo branco, embora estas sejam
passivas nesse tipo de movimento muscular.

Em comparacao com outros vertebrados, o conhecimento sobre os tipos de
cadeias pesadas da miosina no musculo estriado esquelético em peixes € limitado

(Gauthier et al., 2000). Nesses animais, ocorre uma variagdo na expressdo das



18

isoformas da cadeia pesada da miosina durante o desenvolvimento e crescimento das
fibras musculares (Narusawa et al, 1987), que podem expressar as isoformas
embrionaria, larval e outras, na dependéncia da espécie estudada (Scapolo et al., 1988;
Johnston, 2001). Sabe-se que, o musculo vermelho e o musculo branco dos peixes
expressam, respectivamente, cadeia pesada da miosina slow e cadeia pesada da
miosina fast. Porém, diferentes espécies exibem variagbes no tipo de atividade da
mATPase e nos mecanismos de crescimento muscular e, por isso, as fibras musculares
podem co-expressar diferentes cadeias pesadas da miosina, sendo denominadas fibras
hibridas, similares as descritas em musculos de mamiferos (Karasinski & Kilarski, 1989;
Radice, 1995; Martinez et al., 1991).

Ha diferencas estruturais nas cadeias pesadas da miosina do musculo branco e
vermelho dos peixes (Karasinski, 1993). Por outro lado, de acordo com Weaver et al.
(2001) as cadeias pesadas da miosina do musculo dos peixes sdo quase idénticas
aquelas encontradas em aves e anfibios. Os tipos de fibras musculares dos peixes nao
sdo permanentes, ou seja, sdo capazes de mudar o seu fendtipo e, consequentemente,
diferentes isoformas de cadeias pesadas da miosina sdo expressas sequencialmente
durante o desenvolvimento (Martinez et al., 1993).

As fibras musculares também sdao muito dindmicas, isto €, as mudancgas nas
isoformas da miosina ocorrem como resultado do desenvolvimento e da demanda
ambiental (Coughlin et al., 2001). Por exemplo, estudos em goldfish aclimatados a
temperaturas baixas exibem maior atividade da mATPase do que em peixes da mesma
espécie aclimatados a altas temperaturas (Johnston et al, 1975). Além disso, estudos

em carpa demonstraram que a flutuagcao da temperatura pode aterar a expressao das
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isoformas de cadeias pesadas da miosina no musculo estriado (Hirayama & Watabe,
1997; Watabe et al., 1998).

Desta forma, a analise das caracteristicas das proteinas miofibrilares, como a
cadeia pesada da miosina, € o conhecimento sobre a expressao dos fatores que
controlam os mecanismos de crescimento muscular hiperplasico e hipertrofico possuem
uma importancia pratica para as pesquisas em aquicultura, e podem ser utilizados para
a discussao das possiveis oscilagbes que ocorrem nas respostas bioldgicas,
principalmente, em espécies cultivadas em grande escala, como, a tilapia do Nilo

(Oreochromis niloticus).
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IV. OBJETIVOS

O presente trabalho estudou o tecido muscular estriado esquelético da tilapia do Nilo

(Oreochromis niloticus) durante o crescimento e teve como objetivos:

- Caracterizar os mecanismos de crescimento hipertréfico e hiperplasico;
- Analisar a expressdo protéica dos fatores de regulagcdo miogénica MyoD e
miogenina e a proliferagcéo celular através do PCNA,;

- Analisar as caracteristicas da mATPase e da cadeia pesada da miosina.
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Abstract

Muscle growth characterization to have proven to be more challenging in teleost
fishes compared with their others vertebrates. The study of muscle growth regulation in
fish is very important, mainly in the commercial species, like as Nile tilapia (Oreochromis
niloticus). In the present study, immunohistochemical and morphometric analysis was
used to show myogenic regulatory factor expression during fiber recruitment and
hypertrophy of muscle growth in Nile tilapia. Fish were classified into four age stages: 35
day alevins (0.65g £ 0.08); 60 day juveniles (13.67g = 1.35); 90 day adults (73.18g +
4.70); and 190 day adults (349.76g * 34.62). Frozen sections (5-7um thick) of white
muscle were cut in a cryostat (-20°C) and mounted on glass slides coated with poly-L-
lysine. Sections were air-dried and submitted to the following immunohistochemical
reactions: MyoD and myogenin to evaluate the degree of myogenic progenitor cell
proliferation and differentiation, respectively, and PCNA to evaluate the degree of cell
proliferation. The number of nuclei expressing MyoD and myogenin were similar in
alevins, juveniles, and 90 day adults, however more nuclei expressed myogenin than
MyoD in 190 day adults. The number of PCNA stained nuclei in each stage was higher
than MyoD and myogenin staining with peaks in alevins and 90 day adults. These data
suggest that growth per se stimulated cellular proliferation and differentiation, nuclei
accretion and hyperplasia of Nile tilapia muscle fibers in alevins, juveniles, and 90 day
adults. Muscle fiber differentiation and hypertrophy was more pronounced in 190 day

adults.
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Introduction

White myotomal muscle makes up at least 60% of body mass in most teleost
species and is important in determining overall energy budget. Skeletal muscle growth in
fish is both hypertrophic and hyperplasic from undifferentiated myogenic progenitor cells
or myoblasts (Johnston 1999; Johnston 2006). In hyperplasia, myoblasts aggregate to
the surface of existing fibers forming myotubes which then separate giving rise to new
muscle fibers. Therefore in hyperplasia, a mosaic of different diameter fibers (large and
small associated fibers) is often seen in white muscle (Johnston 1999, 2001). During
hypertrophy, fibers expand and absorb myoblast nuclei with increasing fiber size in order
to maintain a relative constant nuclear to cytoplasmatic ratio (Koumans et al., 1994;
Johnston 2001). Hypertrophic growth rate varies with somatic growth rate and in
different stages of life (Rowlerson, Mascarello, Radaelli & Veggetti 1995). Hypertrophic
growth in many fish species continues through life up to adult stages, even after
hyperplasic growth has ceased (Weatherley, Gill & Rogers 1980; Stickland, 1983; Alfei,
Maggi, Parvopassu, Bertoncello & de Vita 1989; Kiessling, Storebakken & Asgard 1991).

Myoblast proliferation and differentiation are characterized and regulated by the
sequential expression of muscle-specific myogenic regulatory factors (MRFs) (Watabe
1999). Primary MRFs (MyoD and myf5) direct proliferating myogenic progenitors
towards a myogenic lineage, and secondary MRFs (myogenin and MRF4) control
myoblast differentiation and fusion, forming myofibers (Megeney & Rudnicki, 1995;
Rudnicki & Jaenisch, 1995). Other markers, such as the PCNA are used to study cell

proliferation, and this protein in association with MyoD in myogenic cells is a marker of
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myogenic progenitor cell activation (Yablonka—Reuveni & Rivera, 1994; Bravo et al.,
1987; Baserga, 1991).

The aim of this paper is to show myogenic regulatory factor expression during
fiber recruitment and hypertrophy during muscle growth in Nile tilapia. This should
provide information for development biologists and those seeking to refine tilapia

musculature for aquaculture.
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Materials and Methods
Fish

Newly hatched, 48h old, Nile tilapia larvae (Oreochromis niloticus) were
purchased from Aquabel Fisheries, Rolandia, PR and transported to the Research
Center and Fishery Resource Management Continental, CEPTA - IBAMA,
Pirassununga, SP. Larvae were initially distributed into three 250L aquaria, each with a
re-circulating freshwater system (25-27°C, 14/10h light/dark). Two larvae/L were placed
in each aquarium and kept for five days adaptation before being fed. Then, when yolk
sacs had been reabsorbed, food was administered with hormone a-methyl-testosterone
for sexual reversion.

Fish were fed to satiation six times a day (8:00; 10:00; 12:00; 14:00; 16:00, and
18:00) for 30 days. Initial body mass and standard length, Ls were 0.010+0.001g and
0.93+0.031cm (mean+SD, N=50), respectively.

After sex reversal, fish were transferred to 4.0m long, 1.80m wide, 1.0m high
outside tanks (n=10) under natural conditions. Alevins (n=100) were put in each tank for
160 days until they reached a commercially interesting weight (350 and 400g). As fish
grew, they were checked every 15 days to accompany growth and manage their food
needs in each stage. During the experimental period, fish were fed with commercial food
pellets four times a day (9:00, 12:00, 14:00, 17:00) until satiation. Water quality was
monitored daily. Mean (09:00 am) and (17:00 pm) water temperatures were 26.5°C and

27.5°C, respectively; oxygen content was 6.20% and pH around 5.75.
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Sacrifice and muscle sample extraction

Fish were classified, as per fishery classification, into four age stages: 35 day
alevins (0.65g + 0.08); 60 day juveniles (13.67g + 1.35); 90 day adults (73.18g £ 4.70)
and 190 day adults (349.769g + 34.62).

In each study period, 50 fish from each stage were anaesthetised with MS-222
(Tricaine Methanensulfonate) - SIGMA, placed in water and sacrificed. Weight gain (g)
and length (cm) were determined. White muscle samples from the epaxial region, at
dorsal fin level were withdrawn, immersed in n-Hexane cooled in liquid nitrogen (-
159°C), and then stored in a freezer at —80°C until sectioning. Samples from other
specimens were fixed in 4% paraformaldehyde as per Bancroft & Stevens (1990) for

later analysis.

Morphometric and immunohistochemical analysis

White muscle cross-sections (5 to 7um thick) were obtained by —20°C cryostat,
and then stained with haematoxylin-eosin (Bancroft & Stevens 1990). These were used
to calculate the smaller diameter muscle fibers (Dubowitz & Brooke 1973). The smallest
diameters were measured from 100 white muscle fibers from five animals per stage
using a Leica Qwin Software 3.1 (Leica-England), image analysis system. Muscle fibers
were later distributed into diameter classes based on Veggetti, Rowlerson, Radaelli,
Arrighi & Domeneghini (1999), and Rowlerson et al. (1995).

Frozen sections (5-7um thick) from ten animals per stage were cut in a cryostat
(—20°C) and mounted on glass slides coated with poly-L-lysine. Sections were air-dried

and submitted to the following immunohistochemical reactions: MyoD and myogenin to
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evaluate the degree of myogenic progenitor cell proliferation and differentiation,
respectively.

First sections were fixed in acetone for 10 min and then washed 3 times for 5
min in PBS. The primary antibody used against MyoD and myogenin (Santa Cruz
Biotechnology) was diluted 1:20 in a solution containing 1% (m/v) bovine serum albumin
(BSA) in phosphate buffered saline (PBS). Sections were incubated overnight at 4°C.
After three washes in PBS, sections were incubated for one hour with biotinylated goat
anti-rat secondary antibody (IgG; Vector) diluted 1:20 in a solution containing 1% (m/v)
BSA in PBS. Sections were again washed 3 times for 5 min in PBS and incubated for 45
min in a 1:20 dilution with Avidin-Biotin-Peroxidase (ABC — VECTOR). Peroxidase was
located with diamino benzidine (DAB; Sigma). Sections were washed 3 times for 2 min,
the last with 1% triton, and were mounted in permount (Hsu, Raine & Fanger 1981).

Specimens fixed in 4% paraformaldehyde were embedded in Paraplast and 5-
7um thick sections from ten animals per stage were submitted to proliferating cell
nuclear antigen (PCNA) immunohistochemical reaction, to evaluate the degree of cell
proliferation. After deparafinization, primary PCNA antibody (NCL-PCNA -
NOVOCASTRA) was diluted 1:100 in a solution containing 1% (m/v) BSA in PBS.
Sections were incubated overnight at 4°C. Later, sections were incubated with
secondary antibody (Anti-rat IgG — VECTOR), diluted 1:100 in a solution containing 1%
BSA in PBS, and finally with ABC (VECTOR), diluted 1:20 in PBS. At each solution
change sections were washed 3 times for 5min each in PBS. Peroxidase was located

with DAB (SIGMA). Sections were then mounted in permount (Hsu et al. 1981)
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The number of nuclei stained for MyoD, myogenin, and PCNA were identified
and quantified using a Leica Qwin Software 3.1 (Leica-England), image analysis system.
Immunoreactive cell counts were made from three different 1.30mm? areas at 400X for
each fish stage. Only two areas were counted in alevin because of the small myotomal

area available in fish at this stage.

Statistical analysis

The following statistical tests were used to compare experimental stages:
ANOVA for Lt and mass; Goodman-test for association between stages and diameter
distributions (Goodman 1964, 1965); Non-parametric Kruskal-Wallis test for nuclei
frequency (Zar, 1999; Norman & Streiner, 1994). Differences were considered significant

at P<0.05.
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Results

Morphology and morphometry

At the end of the experiment fish from all stages showed increased muscle
mass and length. HE stain showed white skeletal muscle making up most of the muscle
mass in all stages; this muscle was composed of round or polygonal muscle fiber
separated by a fine septa of connective tissue, the endomysium. Thicker septa of
connective tissue separated the muscle fibers into fascicles and made the perimysium.
Muscle fibers were distributed in a mosaic pattern, characterized by fibers of different
diameter (Figure 1).

Muscle fiber frequency distribution showed the highest percentage of below
8.0um diameter fibers in alevins, followed by juveniles; in 90 and 190 day adults, their
frequency was lower and similar. The frequency of 8.0 to 16um fibers was higher in
alevins and decreased from alevins to 190 day adults. Frequency of 16 to 24um fibers
was higher in alevins and juveniles, and lower in 90 and 190 day adults. Juveniles had a
higher frequency of 24 to 32um fibers than the other stages. All stages had different
frequencies for fibers over 32um; alevins the smallest and 190 day adults the highest

(Figure 2).

Immunohistochemistry

The number of nuclei expressing MyoD and myogenin was similar in alevins,
juveniles, and 90 day adults; however in 190 day adults, the number of nuclei

expressing myogenin was higher than those expressing MyoD. The number of PCNA
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stained nuclei in each stage was higher than MyoD and myogenin stained with peaks in
alevins and 90 day adults (Figure 3). MyoD, myogenin and PCNA positive nuclei in white

muscle are illustrated in Figure 4.



Figure 1. Nile tilapia (O. niloticus) skeletal muscle. Transverse section of the white muscle
displaying the association between small (white asterisks) and large (black asterisks) fibers.
Endomysium (double arrows) and perimysium (single arrows). a. alevin. b. juvenile. c. 90
day adults. d. 190 day adults.
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Figure 2. Relative frequency distribution of white muscle fibers smaller diameters in Nile
tilapia (O. niloticus) during growth. (letters in the column show size classes with significant
variation, p<0.05).
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Figure 3. Frequency of MyoD+, Myogenin+ and PCNA+ myonuclei in the white
muscle fibers of Nile tilapia (O. niloticus). Comparison of the proteins expression
among the stages values with the same lower case letter were not significantly
different. ep<0,001; #p<0,005



Figure 4. Nile tilapia (O. niloticus) skeletal muscle. Transverse section of white
muscle. a, b and c: MyoD, myogenin and PCNA positive nuclei (arrow),
respectively.
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Discussion

In Nile tilapia, most musculature consists of white muscle fibers, the most
commercially important (Zhang, Swank & Rome, 1996). We were able to characterize
post-larval muscle growth in Nile tilapia making reference to the hypertrophy,
hyperplasia and protein expression involved in muscle growth mechanisms during the
commercially essential stages.

Comparing stages, we observed a general increase in higher diameter muscle
fiber frequency in 90 and 190 day adults associated to a gradual decrease in small
diameter fiber frequency during growth. This indicated that muscle fiber recruitment was
more evident in early growth (alevins and juveniles), which agrees with Valente, Rocha
& Gomes (1999), and Rowlerson & Veggetti (2001) where the presence of small

diameter muscle fibers, 20-25um, indicated hyperplasia.

Hyperplasia began in the germinal zones of cell proliferation near the
intermediate layer, mainly consisting of new fibers which are responsible for thickening
muscle mass in the early development stages (Rowlerson & Veggetti, 2001; Johnston,
Fernandez, Calvo, Vieira, North, Abercromby & Garland, 2003). This growth event is
known as stratified hyperplasia and occurs in most fish species (Johnston, 1999).
Stratified hyperplasia is followed by mosaic hyperplasia, showing large and small
associated muscle fibers (Johnston, 2006).

The proportion of small diameter fibers depends on final fish size and is a
relevant factor in comparing hyperplasic growth in large economically beneficient

species (Kiessling et al., 1991; Fauconneau, André, Chmaitilly, Lé Bail, Krieg & Kaushik,
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1997). Our study showed that alevins and juveniles muscle growth was predominantly
stratified and mosaic hyperplasia. In 90 and 190 day adults there was a higher
frequency of >32um diameter fibers than in alevins and juveniles, showing that
hypertrophy was more intense in 90 and 190 day adults muscle growth.

According to Zimmerman & Lowery (1999), new fiber recruitment during muscle
growth stops when fish reach about 56% of their full grown size; after this muscle growth
is mainly due to hypertrophy. Although the 190 day adults are not indicative of their final
size, our study showed that muscle fiber recruitment in this stage was less than in the
others (alevins, juveniles, and 90 day adults).

Skeletal muscle growth in fish is dependent on the proliferation and
differentiation of myogenic progenitor cells, processes regulated by the differential
expression of myogenic regulatory factors (MRFs), MyoD, Myf5, myogenin, and MRF4.
These transcriptional factors control the expression of muscle specific genes and
contribute to hyperplasia and hypertrophy (Watabe, 1999).

Nuclei expressing MyoD and myogenin were observed in Nile tilapia throughout
growth. The number of nuclei expressing both MyoD and myogenin was similar in
alevins, juveniles, and 90 day adults, but in 190 day adults the number of myogenin
expressing nuclei was higher than the number expressing MyoD.

During early fish development and growth, intense new muscle fiber recruitment
is due to the proliferation of undifferentiated myogenic progenitor cells that express
MRFs, MyoD, and Myf5 (Rescan, Gauvry, Paboeuf & Fauconneau, 1994; Watabe, 1999;

Megeney & Rudnicki, 1995; Grobet, Royo Martin & Poncelet, 1997). In Nile tilapia
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alevins, juveniles, and 90 day adults a great number of MyoD expressing nuclei are
related to the intense cell proliferation occurring in these growth periods. These nuclei
contributed to both hyperplasia and hypertrophy as observed by morphometric analysis
(Brooks & Johnston, 1993).

The presence of equal numbers of MRF myogenin expressing nuclei in alevins,
juveniles, and 90 day adults shows that both cell proliferation and differentiation are
occurring. During the differentiation process nuclei fuse to each other forming new
muscle fibers; this was confirmed by analyzing muscle fibers diameters in these stages.
Our findings confirm that during the initial phases of tilapia growth, myogenic progenitor
cell proliferation and differentiation is occurring.

The presence of MyoD positive cells in 190 day adults indicates that myoblast
proliferation is occurring and this is involved in muscle fiber hypertrophy, the
predominant muscle growth mechanism as seen by morphometric analysis. MRF
expression in adult skeletal muscle may help protein synthesis and degradation,
responsible for maintaining muscle phenotype (Mozdziak, Greaser & Schultz, 1998).
Also, myoblast proliferation may be involved in nuclear turnover, as 2% of nuclei are
recycled weekly in adult skeletal muscle (Schmalbruch & Lewis, 2000).

Myogenin expression increased in this stage indicating that differentiation was
predominant during hypertrophy at the same time as a decreasing in muscle fiber
recruitment. As gene targeting experiments suggest that MRF myogenin is involved with
myotube fusion and growth (Hasty, Bradley, Morris, Edmondson, Venuti, Olson & Klein,
1993; Black & Olson, 1998), hypertrophy can be inferred by analyzing the expression of

these MRFs (Johansen & Overturf, 2005).
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According to Fauconneau & Paboeuf (2000) and Brodeur, Peck & Johnston
(2002), increased MyoD and myogenin expression during muscle growth should
theoretically also be in response to a stimulus, such as forced swimming or feeding
status. However, in Nile tilapia with no external interference, muscle growth displayed
uniformity with myoblast proliferation and differentiation until the 190" day.

In all studied stages, PCNA expression was higher than both MyoD and
myogenin expression. PCNA expression higher than MyoD and myogenin in each stage
implies that it regulates myogenic progenitor cell activation and proliferation (Martin &
Johnston, 2005; Yablonka-Reuveni & Rivera, 1994).

In conclusion, our results suggest that growth per se stimulated cellular
proliferation and differentiation, nuclei accretion and hyperplasia of Nile tilapia muscle
fibers in alevins, juveniles, and 90 day adults. Muscle fiber differentiation and

hypertrophy was more pronounced in 190 day adults.
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Abstract

The swimming muscle of fishes is divided into discrete regions, which are
composed of functionally different fiber types: the red muscle, made up of slow twitch
oxidative fibers, are used in steady swimming; the white muscle, made up of fast twitch
glycolytic fibers, produce short-term bursts and intermediate muscles with fast oxidative
glycolytic fibers with intermediate characteristics. In the present work, we studied the
skeletal muscle characteristic in Nile tilapia during growth. Fish were classified into five
age stages: 2 day larvae (0.010g £ 0.001), 35 day alevins (0.65g £ 0.08); 60 day
juveniles (13.67g £ 1.35); 90 day adults (73.18g + 4.70) and 190 day adults (349.769g +
34.62). Samples of red and white skeletal muscle were submitted to myofibrillar ATPase
activity (mATPase) and electrophoresis by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) to analyze the mATPase and the Myosin Heavy Chain
(MHC) characteristics and to comparing results with a standard of known molecular
mass. The standard used was rat soleus muscle with predominant MHC | and Il. In all
stages red muscle of the superficial compartment showed fibers with strong mATPase
reaction and most of the muscle mass showed white fibers which weak reaction. Small
fibers were identified between the red and white muscle fibers with moderate mATPase

enzyme activity. These were named hybrid fibers. In all stages, red and white muscle
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expressed slow and fast MHC isoforms, respectively, which together approximate the
molecular mass of rat soleus muscle MHC |. In the white muscle, from alevins was
observed other myosin isoform with molecular mass superior to the rat soleus muscle
MHCI. In contrast, in the red muscle from adults was observed other myosin isoform of
molecular mass similar to rat soleus muscle MHC Il. We concluded that the expression
of different MHC isoforms in Nile tilapia during growth, can be related to the phenotypic
plasticity that occur during muscular growth and reflects this fish capacity to adapt to

changes in the environmental conditions which are important for its survival.

Key Words: Fish; Skeletal Muscle growth; Myosin Heavy Chain; Oreochromis niloticus
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Introduction

The swimming muscle of fishes is divided into discrete regions, which are
composed of functionally different fiber types: the red muscle, made up of slow twitch
oxidative fiber types, are used in steady swimming, and the white muscles, made up of
fast twitch glycolytic fibers, are used to produce short-term bursts swimming (Bond,
1979; Akster et al., 1995; Johnston et al., 1997). There is an intermediate layer between
the red and white muscle with intermediate characteristics (Sanger & Stoiber, 2001).

The myosin is the most abundant protein in muscle tissue and produce the force
for muscular contraction. The myosin contain a portion of the myosin heavy chain (MHC)
that consists in the region where the actin binding and contain the ATPase sites
(Johnston, 1999). During the contraction the main determinant is the type of MHC that is
predominantly expressed in the muscle fibers types (Buckingham, 1985).

Althought the types of MHC of red and white muscles fish are, respectively,
MHCs (slow myosin heavy chain) and MHCf (fast myosin heavy chain), there are
structural differences dependent on developmental stage and species (Karasinski,
1993; Karasinski & Kilarski, 1989). Moreover, the MHC are capable of changing their
phenotype that occur as a changes in protein isoforms (Martinez et al., 1993; Weaver et
al., 2001).

In fish, few studies have looked at characterizing MHC isoforms expressed in
muscles during the embryonic and post embryonic periods, and a complex transition and
change in myosin isoform phenotypes occur during embryonic development and growth

(Focant et al., 1992; Johnston et al., 1997; Weaver et al., 2001).
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The different contractile properties on the swimming muscles show in fish a wide
diversity in modes of life and habitats and the adaptation of the myosins is particularly
interesting (Johnston, 1999). Then, the study and the characterization of the myosin
heavy chain in important species, like as Nile tilapia, may provide some very useful
pointers in elucidating the contractile mechanism and for understanding fish adaptation

to environment.

Material and Methods

Fish

Newly hatched, 48h old, Nile tilapia larvae (Oreochromis niloticus) were
purchased from Aquabel Fisheries, Rolandia, PR and carried to the Center of Research
and Training in Aquaculture, CEPTA — IBAMA, Pirassununga, SP. Larvae were initially
distributed into three Bernauer aquariums utilized to sexual reversion with capacity of
250L each and re-circulating freshwater system (25-27°C, 14/10h light/dark). Fish were
placed at 2 larvae/L in each aquarium and kept for five days adaptation before being fed.
After this period, when yolk sacs had been reabsorbed, food was administered with
hormone o-methyl-testosterone for sexual reversion. In this period were sacrificed ten
larvae (2 day larvae stage) and immersed in liquid nitrogen, then stored in a freezer at —
80°C until sectioning after of determined to weight and length.

Fish were fed to satiation six times a day (8:00; 10:00; 12:00; 14:00; 16:00 e

18:00) for 30 days. Initial body mass and standard length, L+ were 0.010g + 0.001 and

0.93 cm £ 0.031 (mean+SD, N=50), respectively.
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After sexual reversion, fish were transferred to 4.0m long, 1.80m wide, 1.0m
high outside tanks (N=10) under natural conditions. Alevins (n=100) were puts in each
tank for 160 days until they reached a commercially interesting weight between 350 and
400g. As they grew, the fish were managed every 15 days to accompany growth and
suitable food levels for their need at each stage. During the experimental period, fish
were fed with commercial food pellets four times a day (9:00, 12:00, 14:00, 17:00) until
satiation. Water quality was monitored daily. Mean am (09:00) and pm (17:00) water
temperatures were 26.5°C and 27.5°C, respectively; oxygen content was 6.20% and pH

around 5.75.

Sacrifice and extract of muscle samples

Fish were classified into five age stages: 2 day larvae (0,01g + 0,001), 35 day
alevins (0.65g + 0.08); 60 day juveniles (13.67g + 1.35); 90 day adults (73.18g £ 4.70)
and 190 day adults (349.769g + 34.62).

In each study period, ten fish from each stage were anaesthetised with MS-222
(Tricaine Methanensulfonate) - SIGMA, placed in water and sacrificed. Weight gain (g)
and length (cm) were determined. Red and white Muscle samples from the epaxial
region, at dorsal fin level were withdrawn, immersed in n-Hexane cooled in liquid

nitrogen (-159°C), and then stored in a freezer at —80°C until sectioning.
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Histochemical analysis (mATPase activity)

Histological sections (7uym) from a cryostat at —20°C were submitted to
myofibrillar ATPase reaction (mATPase) in pH 9.4 after preincubation in acid pH (4.6)
based on Dubowitz & Brooke (1973) to study muscle fiber types during muscle growth.

Slides were initially immersed in a solution containing sodium acetate (54.3mM),
sodium barbiturate (32.6mM) at pH4.6 for 7 minutes. Then slides were immersed at
ambient temperature in the following sequence of solutions: sodium chloride 0.18M at
pH7.8 for 1 minute; sodium barbiturate 0.1M; calcium chloride 0.18M; 15mg ATP
(adenosine triphosphate) at pH 9.4 for 45 minutes; calcium chloride 1% in deionized
water for 9 minutes (3X3’); calcium chloride 2% in deionized water for 3 minutes
(2X1°307); sodium barbiturate 0.1M for 2 minutes (6X20”) and ammonium sulphate 2%

for 45 seconds. Cover slides were then mounted with Permount for analysis.

Electrophoresis by SDS-PAGE

Electrophoresis was performed using complete larvae specimens, white muscle
fragments of alevins, and red and white muscle fragments from juveniles, and 90 and
190 day adults.

Muscle fragments were frozen in liquid nitrogen and 12um thick histological
slices, obtained in a microtome cryostat, were placed in 450ul of a solution containing
glycerol 10% (w/vol), 2-mercaptoethanol 5 % (vol/vol), SDS 2.3% (w/vol), and Tris HCI

0.9% (w/vol) for 10 minutes at 60°C. Sample methods were standardized so that tissue
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sizes and quantities were the same for each method whether taking muscle samples or
sections by cryostat.

Electrophoresis was then performed using 7ul of each sample, with a gradient
gel (6 and 10%) for protein separation and a binding gel at 4%. This was run for 24
hours at 70V. The gels were then placed in fixing solution (50% methanol, 7% acetic
acid) for 10 minutes, stained with Coomassie Blue for 30 minutes, and immersed in
discolouring solution (80% methanol, 7% acetic acid).

The band proteins of SDS-PAGE, were photographed and then were analyzed
comparing results with a standard of known molecular mass. The standard was rat

soleus muscle with predominant myosin heavy chain isoforms (MHC) | and Il.
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Results

Histochemical analysis (mATPase activity)

In alevins, red muscle fibers formed a red muscle layer at the superficial region,
mostly in the lateral line nerve. This red muscle was distributed in a triangular shape
making it thinner towards the dorsal and ventral regions; some fibers were distributed in
the transverse septum region. The red fibers reaction was strong. Most of the muscle
mass, showed fiber which weak reaction, forming white muscle (Figure 1A). Small
fibers were identified around the white muscle fibers which showed moderate enzyme

activity. These were named hybrid fibers (Figure 1B).

In juveniles, red muscle was more developed and from this stage a moderate
number of small fibers, the hybrid fibers with weak reaction were seen between the red
fibers which strongly reacted. An intermediate layer was seen between the red and
white muscle whose fibers had different reaction intensities. In the white muscle, fibers
reacted weakly and between these were small hybrid fibers with moderate enzyme
activity (Figure 2A).

In 90 day adults, red muscle showed fibers with high enzymatic activity and small
hybrid fibers with moderate intensity. In intermediate muscle between the red and white,
fibers presented different reaction intensities. White fibers reacted in a weakly and small

hybrid fibers were identified between the white fibers with moderate activity (Figure 2B).

In 190 day adults, the distribution pattern was similar to that in 90 day adults

(Figure 3).
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Electrophoresis by SDS-PAGE analysis

Under our electrophoresis conditions, larvae showed a lightly band protein
stained. This protein was located at the same level as rat soleus muscle MHC | (figure
4).

In alevins, in the white muscle, there was a very evident band protein at the same
level as the larva, in the region corresponding to soleus muscle MHC |. Immediately
below this strongly stained band protein, a other band protein with weaker stained was
observed in the following stages (figure 4).

In juveniles, in the white muscle, was observed the same bands proteins as in
alevins. However, in the red muscle, only a band protein strongly stained was observed.

In 90 and 190 day adults, considering white muscle, there was a very evident
strong band protein at the same level as in larva, alevins and juveniles muscle
corresponding to soleus muscle MHC |. There was also a thin slightly stained band
protein below this main band. In relation to red muscle, as well as the evident band
protein at the corresponding level to soleus muscle MHC |, there was also a thin band at
the same level as a soleus muscle MHC Il. This was more evident in 190 day adults
(figure 4).

The most evident band protein, in all stages, was at the same level as soleus
muscle MHC |. White muscle bands proteins were more strongly stained in all stages

studied (figure 4).



Fig. 1. Transverse section of myotomal muscle in 35 day alevins. A. Red muscle with red muscle
fibers ( white asterisk). White muscle with white muscle fibers (black asterisks). B. Detail of white muscle.
Small fibers (hybrid) with moderate enzyme activity in deep white muscle (arrows). mATPase, pH 4,6.
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Fig. 2. A: Tranverse section of myotomal muscle in 60 day juveniles. Red muscle fibers (white
asterisks) with several enzimatic activity and hybrid fibers (white arrows); muscle fibers of the enzimatic
activit between red and white fibers that to form the intermediate muscle (black arrows); white fibers in
white muscle (arrows-heads); hybrid fibers in white muscle (black asterisks). B: Transverse section of
myotomal muscle in 90 day adults. Red muscle fibers (white arrows) around hybrid fibers (white
asterisks); fibers of the intermediate muscle (black arrows); White fibers (black asterisks) and hybrid fibers
(circles). mATPase, pH 4,6.
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Fig. 3. Transverse section of myotomal muscle in 190 day adults. A: Red muscle fibers (thick
arrows) and hybrid fibers (thin arrows). B. White muscle fibers (white asterisks) and hybrid fibers (black
asterisks). mATPase, pH 4,6.
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Fig. 4. Electrophoretic separating of the myosin heavy chain (MHC) in the Nile tilapia. L, 2 day
larvae; AL, 35 day alevins; J, 60 day juveniles; AD1, 90 day adults; AD2, 190 day adults; R, red muscle;
W, white muscle; MHC fast (white arrows); MHC slow (red arrows); MHC of hybrid red muscle fibers
(yellow arrows); MHC of hybrid white muscle fibers (blue arrows); S, standard: rat soleus muscle with
MHC | and MHC II. SDS-PAGE, gradient of 6 - 10%.
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Discussion

In Nile tilapia, in all stages studied, mATPase reaction showed skeletal muscle
divided into superficial compartment with red fibers, and the deep layer with white fibers
making up the majority of muscle mass as observed for Stickland (1983).

Red fibers are normally small in diameter, relatively homogeneous in size,
present oxidative metabolism and slow contraction activity (Johnston et al., 1972, 1974,
1975; Carpene et al., 1982). The white fibers are heterogeneous in size and larger than
the red fibers with glycolytic metabolism and fast contraction activity (Carpene et al.,
1982; Johnston, 1982).

The mATPase staining intensities showed variability in muscle fiber type in Nile
tilapia, and several histochemical studies have demonstrated that this variation can be
related to the change or transition in the myosin heavy chain (MHC) isoform composition
that occur during skeletal muscle growth (Staron & Pette, 1986; Scapolo et al., 1988).

Fish red and white muscle fibers express MHCs (slow myosin heavy chain) and
MHCf (fast myosin heavy chain) respectively. However different species display
variations in activity type and muscle growth mechanisms, in this way, slow and fast
muscle fibers can co-express different MHC isoforms (Karasinski & Kilarski, 1989;
Radice, 1995; Martinez et al., 1991); these can be named hybrid fibers, similar to that
described in mammalian (Karasinski & Kilarski, 1989).

In this study, tilapia larvae skeletal muscle showed that MHC proteins in this
growth phase had a similar molecular mass to MHC | in rat soleus muscle. As in Nile

tilapia larvae white muscle predominates (Dal Pai Silva et al., 2003) and in this and in
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embryonic/neonatal phases the fibers are expressing fast MHC (Martinez et al., 1991;
1993), it shows that larval phase MHC proteins of Nile tilapia has a similar molecular

mass to rat MHC |.

Muscle analysis in alevins of Nile tilapia clearly shows red and white muscles in
layers. Fiber hypertrophy occurs in this period and stratified hyperplasia is responsible
for muscle thickening; the presence of small fibers between large fibers in white muscle,
showing that mosaic hyperplasia is also occurring. The mATPase reaction shows that
these small fibers have different activity to the large fibers suggesting the expression of
a different myosin isoforms, as demonstrated by Rowlerson et al., (1985), in skeletal
muscle of carp. As these small fibers are young immature fibers, they are probably
expressing an embryonic or neonatal myosin (Martinez et al., 1991; 1993), and can be
called hybrid fibers.

In Nile tilapia, the two populations of fibers, white and hybrid, seen in white
muscle using mATPase reaction, could be related to a very strong fast MHC isoform at
the same level as the larvae, and immediately below, a weakly colored MHC could

correspond to a MHC of hybrid fibers.

In juveniles, 90 and 190-day adult Nile tilapia, histochemical ATPase reaction
demonstrated the presence of both pure and hybrid fiber populations in red,
intermediate, and white muscle. In this growth stage, electrophoresis in white muscle
demonstrates fast MHC isoforms corresponding to the soleus muscle MHC | and below
this MHC, a more weakly coloured MHC isoform suggesting the presence of other MHC

isoform only in the white muscle. In red muscle, two bans proteins were seen: a very



68

strong slow MHC isoform at same level of soleus muscle MHC |, and a weakly colored
MHC above, corresponding to soleus muscle MHC II. This MHC isoform was not
present in the white muscle of the others stages studied and was more evident at 90
and 190 days, as well as, the number of hybrid fibers was higher in these two growth
stages, as confirmed by mATPase reaction.

The amount of protein in white muscle was higher in all analyzed periods, this
could be related to the structural differences in extracellular matrix morphology. In red
muscle, fibers are smaller and the extracellular matrix is more developed with a higher
proportion of collagen (Michelin et al., 2007). In white muscle, fibers are larger and the
quantity of collagen in the extracellular matrix is lower. This supports our results.

Results from this study show that the molecular mass of fast and slow MHC
isoforms, in Nile tilapia, is similar to those of rat soleus muscle MHC | isoforms. Hybrid
red fibers in red muscle showed MHC with similar molecular mass to rat soleus muscle
MHC Il and hybrid fibers in white muscle showed MHC that do not correspond to the
isoforms described in rat soleus muscle.

The expression of the MHC isoforms in Nile tilapia during growth can be related
to the phenotypic plasticity in muscle during growth and can reflects this fish capacity to

adapt to changes in environmental conditions which are important for its survival.
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VIIl. CONCLUSOES

- A expressao de MyoD e migenina nos estagios de alevinos, juvenis e adultos de 90
dias, mostrou que a hiperplasia e a hipertrofia ocorreram como resultado da proliferacéo
e diferenciacdo dos mioblastos; em contraste, o aumento da expressdo de miogenina
no estagio de adultos de 190 dias, indicou que a diferenciagéo celular e a hipertrofia foi
mais significativa nesse estagio;

- O musculo vermelho e branco da tilapia do Nilo apresentam fibras puras e hibridas;

- A cadeia pesada da miosina das fibras puras do musculo branco na larva e branco e
vermelho nos estagios de juvenis, adultos de 90 dias e adultos de 190 dias,
apresentaram massa molecular semelhante a da cadeia pesada da miosina do tipo | do
musculo séleo de rato;

- As fibras hibridas do musculo vermelho, nos estagios de adultos de 90 dias e adultos
de 190 dias, mostraram uma isoforma de cadeia pesada da miosina com massa
molecular proxima a cadeia pesada da miosina do tipo Il do musculo séleo de rato;

- As fibras hibridas do musculo branco, nos estagios de juvenis, adultos de 90 e adultos
de 190 dias mostraram uma isoforma de cadeia pesada da miosina com massa

molecular superior a cadeia pesada da miosina do tipo | do musculo sbleo de rato;

- A expressdo das diferentes isoformas de cadeias pesadas da miosina no musculo
estriado da tilapia durante o crescimento pode estar relacionada com a plasticidade
fenotipica que ocorre durante o crescimento muscular e reflete na capacidade desses

peixes de se adaptar as variacbes ambientais, importantes para a sobrevivéncia.
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