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Myosatellite cells are small spindle shaped myogenic cells situated between the sarcolemma 
and the basal lamina that surrounds every muscle fibre. Based on information from mammals 
and birds, myosatellite cells are considered to play an important role in postlarval muscle 
growth in fish. Myosatellite cells are not only thought to provide the extra nuclei needed in 
the outgrowth of already existing muscle fibres (hypertrophy) but are also thought to provide 
new additional fibres (hyperplasia). The investigations described in this thesis showed that 
although the percentage of muscle nuclei that are myosatellite nuclei decreased with 
increasing length of the fish, the total number of myosatellite cells present in white axial 
muscle of carp remained about the same. However, the total number of myosatellite cells was 
so low, that it is very improbable that these cells are the only source of the additional muscle 
nuclei in hypertrophy. We developed a method to isolate and culture myosatellite cells from 
axial muscle of carp. Our in vitro studies showed that isolated carp myosatellite cells can 
differentiate into myotubes. These studies also showed that the population of myosatellite 
cells contains subpopulations that differ in their differentiational stage. The relative size of 
these experimentally defined subpopulations changed with increasing length of the fish. In 
young carp of about 5 cm standard length, muscle growth probably depends mainly on 
postmitotic myogenic cells that are formed in an earlier stage of growth. The correlation of 
the changes in the relative size of the subpopulations of myosatellite cells with the decrease 
in the occurrence of hyperplasia indicates that hyperplasia and hypertrophy are dependent on 
separate populations of myogenic cells. To prove this theory, markers that enable the 
identification of these cells will have to be found. We used isolated carp myosatellite cellsi 
as an antigen to produce monoclonal antibodies against markers specific for (subpopulations 
of) these cells. Such antibodies would also enable the (immuno-histochemical) 
lightmicroscopical identification of myosatellite cells in situ. The criteria for the in situ 
identification of these cells now still necessitates the use of transmission electron-microscopy. 
However, non of the antibodies we produced reacted with myosatellite cells only. In future 
investigations, the use of molecular biological techniques (eg. probes against genes of the 
MyoD family) probably will be of great use to increase our knowledge of the regulation of 
muscle growth in fish. This knowledge is not only important in comparative biology, but can 
also be of advantage in the field offish-farming as justified optimisation of processes requires 
its thorough knowledge. 

PhD Thesis. Department of Experimental Animal Morphology and Cell Biology, Agricultural 
University, P.O. box 338, 6700 AH Wageningen, The Netherlands. 

y/AGLMNGEN 



'Ayci\ 1*0 f s 

STELLAGEN 

1 Het is onwaarschijnlijk dat myosatellietcellen de enige bron zijn van extra spierkernen 

bij de groei van wit axiaal spierweefsel van de karper. 

(Dit proefschrift). 

2 Het aantal myosatellietcellen in wit axiaal spierweefsel van de karper neemt niet in 

belangrijke mate af tijdens de groei. De daling van het percentage spierkernen dat 

bestaat uit myosatellietcelkernen wordt veroorzaakt door de verdunning van de 

aanwezige myosatellietcellen over een toenemend aantal spierkernen. 

(Dit proefschrift). 

3 De populatie van myosatellietcellen in het spierweefsel van karpers bestaat uit 

subpopulaties die verschillen in hun mate van differentiatie. De verhouding tussen de 

omvang van deze subpopulaties verandert tijdens de groei. 

(Dit proefschrift). 

4 Aangezien hyperplasie bij de spiergroei van vissen tot ver in het adulte stadium een 

onderdeel kan zijn van het normale groeiproces, terwijl dit bij de spiergroei van 

vogels en zoogdieren slechts optreedt tot rond de geboorte, zijn vissen uitermate 

belangrijk voor vergelijkend onderzoek naar de regulatie van spiergroei. 

5 There is "more to muscle than MyoD". M. Robertson (1990) Nature 344,378-379. 

6 De steeds verdere integratie van vakgebieden vereist dat bij het introduceren van 

afkortingen onderzocht wordt of deze niet reeds in gebruik zijn. Een voorbeeld: MHC 

wordt binnen de immunologie gebruikt als afkorting voor Major Histocompatibilty 

Complex, maar binnen het spieronderzoek als afkorting voor Myosin Heavy Chain. 

7 Het verantwoordelijkheidsbesef van onderzoekers dient gelijke tred te houden met hun 

toenemende kennis, daar in het geval van toepassing van deze kennis de wetgeving 

noodgedwongen achter de feiten aanloopt. 



8 Het verdient aanbeveling om de identiteit van de auteur(s) van een wetenschappelijk 

artikel onbekend te houden voor de referee's van het tijdschrift waarin beoogd wordt 

te publiceren. 

9 Wetenschap is intrigerend, maar heeft slechts zelden baat bij intriges. 

10 Het verkrijgen van een doctors-titel hoort niet het voornaamste doel van een AIO 

(OIO) onderzoek zijn. 

11 "Puur natuur", is niet synoniem met "gezond". 

12 De problematiek van bodemverontreinigingen laat zien dat een verantwoorde afvoer 

van afval te vaak werd afgedaan met een opmerking als "zand erover". 

13 Een spreekwoord als: "Beter een vogel in de hand dan tien in de lucht", laat zien dat 

koopmanschap en milieubeleid al van oudsher slechts moeizaam tot elkaar te brengen 

zijn. 

14 De schaalvergroting in de varkensmesterij maakt duidelijk dat men er helemaal niet 

van uitging dat vele varkens de spoeling dun maken. 

15 Het niet lamineren van de omslag bevordert het "stuklezen" van een proefschrift. 

J.T.M. Koumans 

Myosatellite cells in muscle of growing carp (Cyprinus carpio L.). 

Wageningen, 21 december 1992 
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CHAPTER I 

GENERAL INTRODUCTION 

Muscle growth 

Skeletal muscle fibres 

Skeletal muscle consists of many muscle fibres. A muscle fibre, or muscle cell, is a 

syncytium formed by the fusion of many separate cells. It contains many nuclei, situated at 

the periphery of the fibre, and great numbers of contractile filaments called myofibrils. These 

myofibrils are formed by serially-repeated units called sarcomeres, which give the muscle 

cell its striated appearance. Skeletal muscle fibres can be divided into a number of categories 

or fibre types, each of which is characterized by a unique set of contractile, 

(imuno)histochemical, and morphological properties. For fish the main fibre types are white, 

pink, and red (van Raamsdonk et al., 1982; Rowlerson et al., 1985; Scapolo et al., 1988; 

Akster and Osse, 1978; Akster, 1985) 

Teleost muscle differs from that of terrestrial vertebrates in a number of aspects. For 

example: Most teleost muscle fibres are multiple (Hudson, 1969; Akster, 1983; Moss, 1988) 

and poly-neurally (Hudson, 1969; Westerfield etal., 1986; Moss, 1988) innervated, (more 

than one end-plate originating from more than one axon) whereas the usual type of 

innervation in adult terrestrial vertebrates is with a single end-plate derived from a single 

axon (Bennet, 1983). In teleosts, the organisation of the axial muscle is in myotomes and the 

mature fibre types (white, red, and pink) are segregated or zoned to a much greater degree 

than they are in terrestrial vertebrates (Bone, 1978). Neuromuscular spindles appear to be 

absent in teleost muscle, where they occur in all terrestrial vertebrates (Bone, 1978). 

Development of skeletal muscle fibres 

In vertebrate muscle growth, the precursors of muscle fibres are the mono-nucleated 

embryonic mesenchymal cells (or presumptive myoblasts) which do not themselves fuse or 

synthesize muscle specific proteins (Dienstman et al., 1975; Turner, 1978; Allen et al., 

1979). These cells proliferate and differentiate into mono-nucleated myoblasts which start to 



accumulate muscle specific proteins. The myoblasts "align" and fuse end to end to form long, 

cylindrical, multi-nucleated cells called myotubes (for fish see: Nag and Nursall, 1972; 

Schattenberg, 1973). In these (primary) myotubes the production of muscle specific proteins 

continues and gradually definite sarcomeres emerge giving the cell a cross-striated 

appearance. 

In mammals and birds the primary myotubes provide a framework along which a 

population of still persisting myoblasts become longitudinally oriented (Kelly and Zacks, 

1969; Ontell and Dunn, 1978) and fuse to form multi-nucleated secondary myotubes. The 

biphasic nature of muscle fibre development leads to a rosette arrangement of muscle fibres 

whereby the centrally located larger fibres are the primary myotubes and the surrounding 

smaller fibres the secondary myotubes. In the adult, the two generations become 

indistinguishable in size. 

During, myogenesis, prior to the expression of the adult isoforms, myotubes express 

developmental myosin heavy chain (MHC) isoforms called 'embryonic' and 'neonatal' MHC 

(Stockdale and Boone Miller, 1987; Sanes, 1987). New observations suggest that this 

nomenclature of developmental isoforms of MHC is faulty because in adult animals some 

muscles can still contain fibres that express "embryonic" or "neonatal" MHC isoforms 

(d'Albis et al., 1986; Stockdale and Boone Miller, 1987; Bredman et al., 1991). The neural 

dependence of primary and secondary myogenesis and its relation to fibre-type differentiation J 

still is an unsolved puzzle (Fredette and Landmesser, 1991). However, it is clear that 

different types of myoblasts exist that form myotubes which contain different isotypes of 

MHC (Stockdale and Boone Miller, 1987; Fredette and Landmesser, 1991). Innervation, 

hormones, and activity can subsequently modulate the isoform expression pattern of the 

"adult" fibre. 

In fish, a biphasic development of primary and secondary myotubes is not observed, 

but newly formed small fibres also show (immuno)histochemical differences with mature 

(large) muscle fibres (van Raamsdonk et al., 1982; Akster, 1983; Rowlerson et al., 1985; 

Scapoloef a/., 1988) 



Growth of muscle 

Muscle growth not only occurs during embryogenesis and in the foetal/larval stage, but 

there is also a tremendous postnatal/juvenile gain in muscle mass. Muscle growth can occur 

by increase in the number of muscle fibres (= hyperplasia) and by outgrowth of already 

existing fibres (= hypertrophy). In most mammalian and avian muscles the number of fibres 

does not, or only for a short time, increase after birth (Goldspink, 1972; 1974; Campion, 

1984). Postnatal growth in these animals therefore results mainly from hypertrophic growth 

of existing muscle fibres. The muscle fibres increase in length by the addition of new 

sarcomeres at the ends of the existing myofibrils and they increase in width by an increase 

in the number and diameter of myofibrils (Goldspink, 1970; 1980). 

In mammals and birds, the number of fibres of a muscle is quite an important factor 

influencing growth-rate and maximum size of that muscle. Under equal circumstances, the 

larger the number of fibres in a muscle, the higher the growth-rate and the larger the muscle 

will become (Penney et al., 1983; Stickland and Handel, 1986). This relationship even led 

to the question if, in animals for meat production, the number of fibres in an "indicator-

muscle" (a small muscle that is relatively insignificant in terms of the total mass of the body) 

could be used to predict the growth of the total muscle mass (Timson et al., 1989). The 

effect of fibre number on the growth-rate of the muscle may well be caused by the 

concomitant higher surface/volume ratio of the muscle fibres during growth. A high 

surface/volume ratio, causing a slower diffusion of nutrients and elements into the fibres, will 

slow down, and ultimately even stop muscle growth (Weatherley et al., 1988). 

In adult muscle, fibre width is much affected by use. It increases with exercise, due 

to hypertrophy (Walker, 1966; Greer Walker, 1971; Johnston and Moon, 1980; Sänger, 

1992), and decreases with disuse (Darr and Schultz, 1989). 

Fish muscle growth 

In fish, muscular tissue forms a large part of the body mass: some 40-60% of the total 

body mass in most fish is locomotor muscle (Bone, 1978). Growth of fish muscle is different 

from that of mammals and birds. In growing fish, in addition to hypertrophy, hyperplasia can 

play an important role in muscle growth even after the juvenile stage (Greer-Walker, 1970; 

Stickland, 1983; Weatherley and GUI, 1984; Weatherley et al, 1988; Weatherley, 1990). 

However, the relative importance of hyperplasia is maximal in small (young) fish and 



decreases with increasing growth. Comparable to the number of muscle fibres present in 

mammalian and avian muscle, the ratio between hyperplasia and hypertrophy appears to be 

an important factor in defining individual growth-rate and maximum size of fish (Stickland, 

1983; Weatherley and Gill, 1984; Weatherly et al, 1988). In ten investigated freshwater 

species, Weatherley et al, (1988) found a strong relationship between the length of the fish 

at which hyperplasia stops to occur and the maximum reported length for that species (also 

see Battram and Johnston, 1991). 

Another special aspect of fish (muscle)growth is the large variation of growth-rate that 

can occur depending on circumstances as the availability of food and differences in 

temperature. Therefore, age is not a good parameter in the study of fish muscle growth. 

Growth related events as the cessation of hyperplasia and fibre diameter distribution show 

a much better relationship with fish length. Even under extreme artificial circumstances as 

an injection with bovine growth hormone and the subsequent large differences in growth-rate, 

fibre diameter distribution remains largely correlated to fish length (Weatherley, 1990). 

Some studies employing heavy exercise training (Gonyea et al., 1986; Appell et al., 

1988; McCormick and Schultz, 1992), indicate that, under such training circumstances, also 

in adult mammals and birds hyperplasia can occur. However, it might well be that under 

such conditions the increase in fibre number is caused by a form of regeneration (McCormick 

and Schultz, 1992; Winchester and Gonyea, 1992). 

Regeneration 

Regeneration is a special form of muscle growth after injury or transplantation. The 

extent and success of regeneration varies with the nature of the injury, but in all situations 

the process involves: revascularisation, cellular infiltration, phagocytosis of necrotic damaged 

muscle, proliferation of muscle precursor cells fusing either into multi-nucleated myotubes 

or with the ends of damaged muscle fibres (Hinterberger and Barald, 1990), and finally, re-

innervation; see Carlson (1986) and Grounds (1991) for reviews. Like in embryonic muscle 

growth, the newly formed myotubes will differentiate into mature muscle fibres which will 

increase in volume. The muscle precursor cells used in regeneration probably persist 

throughout life (Schmalbruch and Hellhammer, 1976). They are thought to descent from 

embryonic myoblasts (Armand et al., 1983; Armand and Kieny, 1984), and were called 

myosatellite cells (Mauro, 1961). Subsequent investigations showed that myosatellite cells 
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are not only involved in regeneration of muscle, but are involved in all types of postnatal 

muscle growth. 

Mvosatellite cells 

Myosatellite cells 

Myosatellite cells are small, more or less spindle shaped cells. As a rule, they contain 

a heterochromatic nucleus and except for free ribosomes and polysomes their small amount 

of cytoplasm contains only a small number of other organelles. They are situated between 

the sarcolemma and the basal lamina of fully differentiated skeletal muscle fibres (Mauro, 

1961) and are present in all investigated vertebrate species, but never have been found in 

cardiac striated muscle or in smooth muscle (Allbrook, 1981)(for a review see Campion, 

1984). Because of their intimate apposition with the myofibre surface and the lack of known 

specific markers, myosatellite cells can in situ only be identified with electronmicroscopy. 

Myosatellite cells and muscle growth 

Myosatellite cells are considered important in (regeneration of muscle. 

An important aspect of muscle growth is the increase in the number of myonuclei 

accompanying the increase in muscle mass (Allen et al., 1979; Cardasis and Cooper, 1975; 

Enesco & Puddy, 1964). Developing fibres have, compared to mature fibres, a high nuclear 

density (Harris et al., 1989). During initial growth of the fibres the nuclear density decreases 

but, after a critical nucleus/sarcoplasm ratio has been reached, outgrowth of the fibres can 

only occur if additional myonuclei are added to the myofibres (Cardasis and Cooper, 1975; 

Enesco and Puddy, 1964; Winchester and Gonyea, 1992). However, as the myonuclei in the 

myofibres are considered incapable of undergoing mitosis, and embryonic myoblasts do not 

longer exist, another source of myonuclei must be present (Cardasis and Cooper, 1975; 

Enesco and Puddy, 1964). Myosatellite cells are considered to be that source of additional 

myonuclei. Indications that the myosatellite cells are important in normal muscle growth 

come from the labelling experiments of Moss and Leblond (1970; 1971). They demonstrated 

that, immediately after labelling nuclei with 3H-thymidine, the label did, as expected, not 

appear in the myonuclei but did appear in myosatellite nuclei. Later, as the percentage of 

labelled myosatellite cells started to decrease, the label also appeared in the myonuclei. 
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Winchester et al, (1991) found a rapid and large increase in proliferation of myosatellite 

cells in stretch-enlarged quail muscle. Further indications come from the strong correlation 

between the number of existing myonuclei and the rate of muscle growth (Penney et al., 

1983; Campion et al., 1982) and between the proliferation rate of myosatellite cells and the 

rate of muscle growth (Campion et al, 1982; Darr and Schultz, 1989; Mulvanney et al., 

1987; Joubert and Tobin, 1989). 

In vitro both myosatellite cells and embryonic myoblasts proliferate and eventually 

(under permissive circumstances) fuse to form multi-nucleated myotubes in a way that 

resembles embryonic myogenesis (Königsberg, 1963; Wakelam, 1985). Although, in vitro, 

it is possible to form myoblast-myosatellite hybrid cells (Cossu et al., 1980), it is clear that 

myosatellite cells and embryonic myoblasts are not the same (Cossu et al., 1983; Cossu et 

al, 1985: Chevallier et al, 1987; Hartley et al, 1991). 

Investigations 

Almost all of the cited investigations, were on myosatellite cells of mammals and birds. 

Most earlier investigations on the role of myosatellite cells in muscle growth were about 

morphology, number, and location of myosatellite cells in different muscles of many species, 

including amphibia and fish. An important aspect of these investigations was the identification 

of myosatellite cells in vivo and in vitro (Ontell, 1974; Lipton, 1977); which still remains an 

important topic (Grounds et al, 1992; this thesis). Within a muscle, red oxidative muscle 

fibres, contain more myosatellite cells than white glycolytic fibres (Kelly, 1978; Gibson and 

Schultz, 1982; Düsterhöft et al., 1990). A slightly higher percentage of myosatellite cells can 

be found in the region of neuro-muscular junctions (Kelly, 1978). 

Certainly after the generation of myogenic cell lines like the L6 and L8 lines of rat 

(Yaffe, 1968), DZ cells (Linkhart et al, 1980) and C2 cells (Yaffe and Saxel, 1977) of 

mouse, and QM cells of quail (Antin and Ordahl, 1991), muscle cell culture became an 

important tool in animal growth research (Allen, 1987). Isolated myogenic cells are used as 

an in vitro differentiating model (Wakelam, 1985) in more fundamental research in the field 

of cell, developmental and molecular biology. Investigations include: 

-The process of (in vitro) differentiation as can be observed with 

(monoclonal)antibodies raised against developmentally regulated antigens (Lee and 

12 



Kaufman, 1981; Hurko and Walsh, 1983; Walsh et al, 1984; Kaufman and Foster, 

1985). 

-The effect of the type of culture media (Linkhart et al., 1981), and more recently, 

hormones and growth factors (Allen et al., 1983; Florini et al., 1984; 1991; Dodson 

et al., 1985) on proliferation and differentiation. The best understood purified growth 

factors are fibroblast growth factor (FGF), the insulin-like growth factors (IGF-I and -

H), and transforming growth factor-ß (TGF-ß). It is currently held that FGF and IGFs 

have mitogenic properties for myogenic cells, whereas TGF-ß either has no effect or 

suppresses cell proliferation. Furthermore FGF and TGF-ß are potent inhibitors in the 

early stages of myogenic differentiation (White and Esser, 1989; Florini and Magri, 

1989). Also a soluble factor from injured muscle is known to exert a strong mitogenic 

activity on myogenic cells (Bischoff, 1990). 

-The in vitro role of the substratum (Foster et al., 1987; Öcalan et al., 1988; 

Goodman et al., 1989; Hartley and Yablonka Reuveni 1990), the in vivo role of the 

basal lamina, (Hughes and Blau, 1990; Caldwell etal., 1990; Grounds, 1990) and, for 

instance, the role of the extracelluar matrix receptor, integrin, (Menko and Boettiger, 

1987) on proliferation and differentiation of myosatellite cells. 

-Physical factors that promote the in vitro formation and growth of muscle cells, like 

mechanical stimulation (passive stretch, Vandenburgh et al., 1989; Vandenburgh & 

Karlish, 1989) and electric fields (Dover and McCaig, 1989). 

-The existence of subpopulations of myogenic cells (Cossu and Molinaro, 1987; 

Stockdale & Boone Miller, 1987; Schafer et al., 1987; Sanes, 1987; Feldman and 

Stockdale, 1991), and the presence of myosatellite cells in several stages of 

differentiation (Grounds and McGeachie, 1989). 

-The role of recently discovered genes like MyoDl and myogenin in muscle 

determination and differentiation (Braun et al., 1989a; 1989b; Montarras et al., 1989; 

Eftimie et al, 1991; Ott et al., 1991; Florini et al., 1991). Probes against these genes 

are also used to identify myogenic cells in vivo. (Grounds et al., 1992). 

A large number of investigations on the importance of myogenic cells in muscle growth 

and regeneration was, and is, medically orientated. Investigations included the existence of 

differences between myosatellite cells of normal and dystrophic individuals (Ishimoto et al., 

1983; Ontell et al., 1984; Wright, 1985; Terasawa, 1986; Cossu et al, 1986; Grounds, 

13 



1990) and the role of myosatellite cells in regeneration (Snow, 1977; Allbrook, 1981 ; Schultz 

et al., 1986). They even include the possible use of myosatellite cells in gen therapy; the 

curing of inherited diseases by injection of genetically altered myosatellite cells (Hoffman, 

1991; Barr and Leiden, 1991; Dhawan et al, 1991). 

Myosatellite cells in fish 

In investigations concerning fish muscle growth, (a.o. Kryvi, 1975; Stickland, 1983; 

Akster, 1983; Romanello et al., 1987; Veggetti et al, 1990; Battram and Johnston, 1991) 

myosatellite cells are also considered important. However, in these studies mainly the 

presence of the myosatellite cells, their morphology, or the percentage of myonuclei that are 

myosatellite cells is investigated. Therefore, the importance of myosatellite cells in fish 

muscle growth is largely based upon analogy with the mammalian and avian system of 

muscle growth. 

Myosatellite cells and hyperplasia 

Myosatellite cells are not only thought to play a role in hypertrophy of muscle tissue, 

but also in hyperplasia; both in exercise induced hyperplasia (McCormick and Shultz, 1992) 

in mammals and birds, and in hyperplasia in fish, (ao. Veggetti et al., 1990). 

In mammals and birds the myosin isotype of of young fibres developing in vivo is 

different form that of adult fibres and similar to that of myotubes formed by fused isolated 

myosatellite cells (Whalen et al, 1978; Matsuda et al., 1983; Yamada et ah, 1989; 

Düsterhöft et al., 1990). In fish, newly formed small fibres also show (immuno)histochemical 

differences with mature (large) muscle fibres (van Raamsdonk et al., 1982; Akster, 1983; 

Rowlerson et al., 1985; Scapolo et al., 1988). Myotubes formed by myosatellite cells that 

we isolated from carp of 5 cm standard length also contain an isotype of myosin different 

from that found in larval and adult muscle tissue (B. Fauconneau, INRA, Rennes, France, 

personal communication). This suggests that, in fish (carp), new fibres are de novo formed 

from myosatellite cells. The presence of so called myosatellite-fibres (myosatellite cells that 
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already contain a small myofibril, Koumans et al, 1990) gives an other indication that 

myosatellite cells play a role hyperplasia. 

However, the process of formation of new fibres can be species depending, as in some fish 

species fibre-splitting (Scapolo et al., 1984; Willemse & Liewma Noordanus, 1984; 

Romanello et al., 1987) seems a more obvious way of formation of additional muscle fibres 

than de novo formation from myosatellite cells. 

Design of the present study 

Although extensive studies have been carried out on the role of myosatellite cells in 

muscle growth of mammals and birds, only very few studies on the role of myosatellite cells 

in fish muscle growth are known (Kryvi and Eide, 1977 (shark); Powell et al., 1989 

(rainbow trout)). The importance of myosatellite cells in fish muscle growth is therefore 

largely based upon analogy with the mammalian and avian system of muscle growth. The 

investigations described in this thesis were designed to elucidate the role of myosatellite cells 

in post hatching muscle growth of carp (Cyprinus carpio L.), as an example of teleost fishes. 

The following questions were addressed: 

- Can myosatellite cells of carp be isolated, and do they differentiate in vitro, forming 

multi-nucleatedmyotubes, in a way comparable to isolated myosatellite cells of mammals and 

birds? (Chapter H). 

As no method for the isolation of myosatellite cells from fish muscle existed we had 

to develop our own method (by modifying available techniques described for mammalian and 

avian muscle). Identification of isolated myosatellite cells was based on 

(ultrastructural)morphology, immunohistochemical demonstration of desmin (a muscle 

specific intermediate filament protein), and fusion of the isolated cells into myotubes 

(formation of myofibrils). 
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- Are carp myosatellite cells, like those of mammals and birds, responsible for 

hypertrophy offish muscle? 

To answer parts of this question we studied, in white axial muscle of carp with a 

standard length between 3 cm and 56 cm, the relation between the numbers of myosatellite 

cells and the (increase in) numbers of myonuclei per fish (Chapters EI and VI). The number 

of myosatellite cells was electronmicroscopically (TEM) determined as a percentage of the 

myonuclei. The number of myonuclei per gram of tissue was calculated by combining TEM 

data on the percentage of total nuclei in muscle that were myonuclei with biochemical data 

on the amount of DNA per gram of tissue and per nucleus. The total number of myonuclei 

was calculated by multiplying the number of nuclei per gram of tissue with the estimated 

amount of white axial muscle per fish. 

Two lightmicroscopical methods promising a relatively quick way to estimate the 

number of myosatellite cells present in a tissue sample were also developed and tested. We 

investigated whether the yield of the isolation procedure was proportional to the calculated 

number of myosatellite cells in the tissue, as this would present a relatively fast, more 

qualitative, method for determination of differences in myosatellite content of muscle 

samples. We also determined the percentage of total and of heterochromatic nuclei inside the 

muscle fibres' basal lamina (myosatellite nuclei) in tissue sections which were stained using 

an antibody against laminin, to estimated the percentage of myonuclei being myosatellite 

nuclei. The percentages of myosatellite nuclei obtained with this method were compared with 

those obtained by the TEM method (Chapter HI). 

As there appeared to be a relatively low number of myosatellite cells in white axial 

muscle of carp, we investigated the plausibility of the generation of all of the additional 

myonuclei from those few cells. To do this, we calculated the maximal allowable duration 

of the cell-cycle time of carp myosatellite cells to account for the observed growth. We 

compared this calculated cell-cycle time to known myosatellite cell-cycle times of other 

animals. 

- Another important question addressed in the present study is: Do subpopulations of 

myosatellite cells exist and are they involved in different mechanisms of muscle growth? 

An unexpected large part of the population of myosatellite cells isolated from young 

carp of 5 cm standard length appeared to be postmitotic (desmin positive)(Chapter H). In carp 
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smaller than about 15 cm standard length the DNA content of the white axial muscle tissue 

decreases, but in larger carp the DNA content slowly starts to increase again (Chapters HI 

and V). Therefore, a large percentage of postmitotic myosatellite cells in larger carp seems 

highly unlikely. We investigated whether the percentage of in vitro proliferating (5-bromo-2'-

deoxyuridine (BrdU), a thymidine analog, positive) myosatellite cells and postmitotic (desmin 

positive) myosatellite cells was correlated with the length of the 'donor' fish and with the 

changes in the DNA content of its tissue. An in vitro change in the percentage of the 

experimentally defined subpopulations of desmin positive and BrdU positive myosatellite cells 

strongly suggests an actual in vivo change in the population of myosatellite cells (Chapter 

IV). 

If different subpopulations of myosatellite cells are involved in hyperplastic and in 

hypertrophic muscle growth the relative size of these subpopulations has to change during 

growth as the occurrence of hyperplasia is known to be related with fish length. Therefore, 

we investigated the relation between the in vitro change in the percentage of differentiated 

and proliferating myosatellite cells, and the relative importance of hyperplasia and 

hypertrophy during growth (Chapter V). To investigate the occurrence of hyperplasia we 

determined the diameter distribution of white axial muscle fibres of carp ranging from 3.4 

cm - 56 cm standard length. 

- Is it possible to develop a lightmicroscopical method that can be used for the 

unambiguous in situ identification of myosatellite cells. ? 

An obvious way to achieve such a goal is the production of antibodies against markers 

specific for (undifferentiated) myosatellite cells. To obtain such antibodies we employed the 

monoclonal antibody technique (Chapter VU), in which myosatellite cells, isolated from carp 

of about 5 cm standard length, were used as an antigen. 

References 

Akster, H.A. (1983). A comparative study of fibre type characteristics and terminal innervation in head and 

axial muscle of the carp (Cyprinus carpio L.): A histochemical and electron-microscopical study. Neth. 

J. Zool. 33,164-188. 

Akster, H.A. (1985). Morphometry of muscle fibre types in the carp (Cyprinus carpio L.): Relationship 

between structural and contractile characteristics. Cell Tiss. Res. 241,193-201. 

17 



Akster, H.A., Osse, J.W.M. (1978). Muscle fibre types in head muscles of the perch Perca fluviatilis (L), 

Teleostei. Neth. J. Zool. 28,94-110. 

d'Albis, A., Janmot, C , Bechet, J.J. (1986). Comparison of myosins from the masseter muscle of adult rat, 

mouse and guinea- pig. Eur. J. Biochem. 156,291-296. 

Allbrook, D. (1981). Skeletal muscle regeneration. Muscle Nerve 4,234-245. 

Allen, R.E. (1987). Muscle cell culture as a tool in animal growth research. Fed. proc. (Fed. Am. Soc. Exp. 

Biol.) 46,290-294. 

Allen, R.E., Masak, K.C., McAllister, P.K., Merkel, R.A. (1983). Effect of growth hormone, testosterone 

and serum concentration on actin synthesis in cultured satellite cells. J. Anim. Sei. 56,833-837. 

Allen, R.E., Merkel R.A., Young R.B. (1979). Cellular aspects of muscle growth. 7. Anim. Sei. 49,115-127. 

Antin, P.B., Ordahl, C.P. (1991). Isolation and characterization of an avian myogenic cell line. Dev. Biol. 

143:111-121(1991). 

Appell, H.J., Forsberg, S., Hollmann, W. (1988). Satellite cell activation in human skeletal muscle after 

training: evidence for muscle-fiber neoformation. Int. J. Sports Med. 9,297-299. 

Armand, O., Boutineau, A.M., Mauger, A., Patou, M.P., Kieny, M. (1983). Origin of satellite cells in avian 

skeletal muscles. Arch. Anat. Microsc. 72:163-181. 

Armand, O., Kieny, M. (1984). Ontogeny of the myosatellite cell. Arch. Anat. Microsc. 73,75-90. 

Barr, E., Leiden, J.M. (1991). Systematic delivery of recombinant proteins by genetically modified 

myoblasts. Science 254,1507-1508. 

Battram, J.C., Johnston, I.A. (1991) Muscle growth in the ant-arctic teleost, Notothenia neglecta (Nybelin). 

Antarct. Sei. 3,29-33. 

Bennet, M.R. (1983). Development of neuromuscular synapses. Physiol. Rev. 63,915-1048. 

Bischoff, R. (1990). Cell cycle commitment of rat muscle satellite cells. J. Cell Biol. 111,201-207. 

Bone, Q. (1978). Locomotor muscle. In Fish Physiology (Hoar, W.S. and Randall D.J. eds) 7,361-424. 

Academic Press, New York. 

Braun, T., Bober, E., Buschhausen-Denker, G., Kotz, S., Grzeschik, K.-H., ArnoldH.H. (1989a). Differential 

expression of myogenic determination genes in muscle cells: possible autoactivation by the myf gene 

products. EMBOJ. 8,3617-3725 

Braun, T., Buschhauser-Denker, G., Bober, E., Tannich, E., Arnold, H.H. (1989b). A novel human muscle 

factor related to but distinct from myoDl induces myogenic conversion in 10T1/2 fibroblasts. EMBO 

J. 8,701-709. 

Bredman, J.J., Weijs, W. A., Korfage, H. A.M., Brugman, P. and Moorman, A.F.M. (1991) Myosin expression 

in rabbit masseter muscle during development. In: Bredman, J.J. Functional heterogeneity of the 

masseter muscle: a histochemical study (Thesis University of Amsterdam) Febo B.V. Enschede, pp 87-

102. 

Caldwell, C.J., Mattey, D.L., Weller, R.O. (1990). Role of the basement membrane in the regeneration of 

skeletal muscle. Neuropath. Appl. Neurobiol. 16,225-238. 

18 



Campion, D.R. (1984). The muscle satellite cell; a review. Int. Rev. Cytol. 87,225-251. 

Campion, D.R., Marks, H.L., Richardson, L.R. (1982). An analysis of Satellite cell content in the 

semimembranosus muscle of Japanese quail (Coturnix coturnixjaponica) selected for rapid growth. Acta 

anat. 112:9-13. 

Cardasis, CE. & Cooper, G.W. (1975). An analysis of nuclear numbers in individual muscle fibers during 

differentiation and growth: A satellite Cell-Muscle fiber growth unit. J. Exp. Zool. 191,347-358. 

Carlson, B.M. (1986). Regeneration of entire skeletal muscles. Fed. Proc. 45,1456-1461. 

Chevallier, A., Pautou, M.P., Harris, A.J., Kieny, M. (1987). On the nonequivalence of skeletal muscle 

satellite cells and embryonic myoblasts. Arch. Anat. Microsc. 75 3,161-166. 

Cossu, G., Cicinelli, P., Fieri, C , Coletta, M., Molinaro, M. (1985). Emergence of TPA-resistant "satellite" 

cells during muscle histogenesis of human limb. Exp. Cell Res. 160,403-411. 

Cossu, G., Molinaro, M. (1987). Cell heterogeneity in the myogenic lineage. Curr. Top. Dev. Biol. 23,185-

208. 

Cossu, G., Molinaro, M., Pacifici, M. (1983). Differential response of satellite cells and embryonic myoblasts 

to a tumor promotor. Dev. Biol. 98,520-524. 

Cossu, G., Senni, M.I., Eusebi, F., Giacomoni, D., Molinaro, M. (1986). Effect of phorbol esters and 

liposome-deli vered phospholipids on the differentiation program of normal and dystrophic satellite cells. 

Dev. Biol. 118,182-190. 

Cossu G, Zani b, Coletta M, Bouché M, Pacifici M, Molinaro M (1980). In vitro differentiation of satellite 

cells isolated from normal and dystrophic mammalian muscles. A comparison with embryonic muscle 

cells. Cell Diff. 9,357-368. 

Darr, K.C., Schultz, E. (1989). Hindlimb suspension suppresses muscle growth and satellite cell proliferation. 

J. Appl. Physiol. 67,1827-1834. 

Dhawan, J., Pau, L.C., Pavlath, G.K., Travis, M.A., Lanctot, A.M., Blau, H.M. (1991). Systemic delivery 

of human growth hormone by injection of genetically engineered myoblasts. Science 254,1509-1512. 

Dienstman, S.R., Holtzer, H. (1975) Myogenesis: a cell lineage interpretation. In: The cell cycle and cell 

differentiation. (Holtzer, H., Reinert J.). Berlin-Heidelberg-New York: Springer. 

Dover, P.J., McCaig, CD. (1989). Enhanced development of striated myofibrils in Xenopus myoblasts cultured 

in an applied electric field. Quart. J. Exp. Physiol. 74,545-548. 

Dodson, M.V., Allen, R.E., Hossner, K.L. (1985). Ovine somatomedin, multiplication-stimulating activity, 

and insulin promote skeletal muscle satellite cell proliferation in vitro. Endocrin. 117,2357-2363. 

Düsterhöft, S., Yablonka-Reuveni, Z. & Pette, D. (1990). Characterization of myosin isoforms in satellite 

cultures from adult rat diaphragm, soleus and tibialis anterior muscles. Diff. 45,185-191. 

Eftimie, R., Brenner, H.R., Buonanno, A. (1991). Myogenin and MyoD join a family of skeletal muscle genes 

regulated by electrical activity. Proc. Natl. Acad. Sei. USA 88,1349-1353. 

Enesco, M. & Puddy, D. (1964). Increase in the number of nuclei and weight in skeletal muscle of rats of 

various ages. Am. J. Anat. 114,235-244. 

19 



Feldman, J.L., Stockdale, F.E. (1991). Skeletal muscle satellite cell diversity: Satellite cells form fibers of 

different types in cell culture. Dev. Biol. 143,320-334. 

Florini, J.R., Ewton, D.Z., Evinger-Hodges, M.J., Falen, S.L., Lau, R.L. (1984). Stimulation and inhibition 

of myoblasts differentiation by hormones. In Vitro 20,942-958. 

Florini, J.R., Ewton, D.Z., Magri, K.A. (1991). Hormones, growth factors, and myogenic differentiation. 

Annu. Rev. Physiol. 53,201-216. 

Florini, J.R., Magri, K.A. (1989). Effects of growth factors on myogenic differentiation. Am. J. Physiol. 

256,c701-c711. 

Foster, R.F., Thompson, J.M., Kaufman, S.J. (1987). A laminin substrate promotes myogenesis in rat skeletal 

muscle cultures: analysis of replication and development using antidesmin and anti-Brdurd monoclonal 

antibodies. Dev. Biol. 122:11-20. 

Fredette, B.J., Landmesser, L.T. (1991). A réévaluation of the role of innervation in primary and secondary 

myogenesis in developing Chick muscle. Dev. Biol. 143,19-35. 

Gibson, M.C. & Schultz, E. (1982). The distribution of satellite cells and their relationship to specific fibef 

types in soleus and extensor digitorum longus muscles. Anat. Rec. 202,329-337. 

Goldspink, G. (1972). Postembryonic growth and differentiation of striated muscle. In: The structure and 

function of muscle, vol. 1, 2nd edn. Bourne G.H. ed, New York, Academic Press pl79. 

Goldspink, G. (19.74). Development of muscle. In: Differentiation and growth of cells in vertebrate tissues. 

Goldspink G. ed, London, Chapman and Hall. 

Goldspink, G. (1970). The proliferation of myofibrils during muscle fibre growth. J. Cell Sei. 6,593-604. 

Goldspink, G. (1980). Growth of muscle. In: Development and specialization of skeletal muscle (ed. D.F. 

Goldspink) pp. 19-35. London: Cambridge University Press. 

Gonyea, W.J., Sale, D.G., Gonyea, F.B., Mikesky, A. (1986). Exercise induced increase in muscle fiber 

number. Eur. J. Appl. Physiol. 55,137-141. 

Goodman, S.L., Risse, G., von der Mark, K. (1989). The E8 subfragment of laminin promotes locomotion of 

myoblasts over extracellular matrix. J. Cell Biol. 109,799-809. 

Greer-Walker, M. (1970). Growth and development of the skeletal muscle fibers of the cod (Gadus morhua L.). 

J. Cons. Int. Explor. Mer 33,228-244. 

Greer Walker, M. (1971) Effect of starvation and exercise on the skeletal muscle fibres of the cod (Gadus 

morhua L.) and the coalfish (Gadus virens L.) respectively. J. Cons. int. Explor. Mer 33,421-426. 

Grounds, M.D. (1990). Factors controlling skeletal muscle regeneration in vivo. In: Pathogenesis and Therapy 

of Duchenne and Becker muscular dystrophy (Kakulas BA and Mastaglia FL Eds.). Raven Press Ltd New 

York. ppl71-185. 

Grounds, M.D. (1991). Towards understanding skeletal muscle regeneration. Path. Res. Pract. 187,1-22. 

Grounds, M.D., Garett, K.L., Lai, M.C, Wright, W.E. & Beilharz, M.W. (1992). Identification of skeletal 

muscle precursor cells in vivo by use of MyoDl and Myogenin probes. Cell Tiss. Res. 267,99-104. 

20 



Grounds, M.D., McGeachie, J.K. (1989). Myogenic cells of regenerating adult chicken muscle can fuse into 

myotubes after a Single cell division in vivo. Exp. Cell Res. 180,429-439. 

Harris, A.J.,Duxson, M.J., Fitzsimons, R.B.,Rieger, F. (1989). Myonuclear birthdates distinguish the origins 

of primary and secondary myotubes in embryonic mammalian skeletal muscles. Development 107,771-

784. 

Hartley, R.S., Bandman, E., Yablonka-Reuveni, Z. (1991). Myoblasts from fetal and adult skeletal muscle 

regulate myosin expression differently. Dev. Biol. 148,249-260. 

Hartley, R.S., Yablonka Reuveni, Z. (1990). Long-term maintenance of primary myogenic cultures on a 

reconstituted basement membrane. Vitro. Cell. Dev. Biol. 26,955-961. 

Hinterberger, T.J., Barald, K.F. (1990). Fusion between myoblasts and adult muscle fibers promotes 

remodelling of fibers into myotubes in vitro. Development 109,139-148. 

Hoffman, M. (1991). Putting new muscle into gene therapy. Science 254,1455-1456. 

Hudson, R.C.L. (1969). Polyneural innervation of the fast muscles of the marine teleost Cottus scorpius L. J. 

Exp. Biol. 50, 47-67. 

Hughes, S.M., Blau, H.M. (1990). Migration of myoblasts across basal lamina during skeletal muscle 

development. Nature 345,350-353. 

Hurko, O., Walsh, F.S. (1983). Human fetal muscle-specific antigen is restricted to regenerating myofibers in 

diseased adult muscle. Neurology, Minneap. 33,737-743. 

Ishimoto, S., Goto, I., Ohta, M., Kuroiwa, Y. (1983). A quantitative study of the muscle satellite cells in 

various neuromuscular disorders. J. Neurol. Sei. 82,303-314. 

Johnston, I.A., Moon, T.W. (1980) Exercise training in skeletal muscle of brook trout {Salvelinus fontinalis). 

J. exp. Biol 87,177-194. 

Joubert, Y. & Tobin, C. (1989). Satellite cell proliferation and increase in the number of myonuclei induced 

by testosterone in the levator ani muscle of the adult female rat. Dev. Biol. 131,550-557. 

Kaufman, S.J., Foster, R.F. (1985). Remodelling of the myoblast membrane accompanies development. Dev. 

Biol. 110,1-14. 

Kelly, A.M. (1978). Satellite cells and myofiber growth in the rat soleus and extensor digitorum longus 

muscles. Dev. Biol. 65:1-10. 

Kelly, A.M., Zacks S.I. (1969) The histogenesis of rat intercostal muscle. J. Cell Biol. 42,135-153. 

Königsberg, LR. (1963). Clonal analysis of myogenesis. Science 140,1273-1284. 

Koumans, J.T.M., Akster, H.A., Dulos, G.J. & Osse, J.W.M. (1990). Myosatellite cells of Cyprinus carpio 

(Teleostei) in vitro: isolation, recognition and differentiation. Cell Tiss. Res. 261,173-181. 

Kryvi, H., Eide, A. (1977). Morphometric and autoradiographic studies on the growth of red and white axial 

muscle fibres in the shark Etmopterus spinax. Anat. Embryol. 151,17-28. 

Lee, H.U., Kaufman, S.J. (1981). Use of monoclonal antibodies in the analysis of myoblast development. Dev. 

Biol. 81,81-95. 

21 



Linkhart, T.A., Clegg, C.H., Haushka, S.D. (1980). Control of mouse myoblast commitment to terminal 

differentiation by mitogens. J. Supramol. Struct. 13,483-498. 

Linkhart, T.A., Clegg, C.H., Haushka, S.D. (1981). Myogenic differentiation in permanent clonal mouse 

myoblast cell lines: regulation by macromolecular growth factors in the culture medium. Dev. Biol. 

86,19-30. 

Lipton, B.H., (1977). A fine-structural analysis of normal and modulated cells in myogenic cultures. Dev. Biol. 

60,26-47. 

Matsuda, R., Spector, D.H. & Strohman, R.C. (1983). Regenerating adult chicken skeletal muscle and satellite 

cell cultures express embryonic patterns of myosin and tropomyosin isoforms. Dev. Biol. 100,478-488. 

Mauro, A. (1961). Satellite cells of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 9,493-495. 

McCormick, K.M., Schultz, E. (1992). Mechanisms of Nascent fiber formation during avian skeletal muscle 

hypertrophy. Dev. Biol. 150,319-334 

Menko, A.S., Boettiger, D. (1987). Occupation of the extracellular matrix receptor, Integrin, is a control point 

for myogenic differentiation. Cell 51,51-57. 

Montarras, D., Pinset, C., Chelly, J., Kahn A., Gros, F. (1989). Expression of MyoDl coincides with terminal 

differentiation in determined but inducible muscle cells. EMBO J. 8,2203-2207. 

Moss, W., Maslam, S., Armée-Horvath, E. (1988). Changes in the distribution of synapses during growth: a 

quantitative morphological study of the neuromuscular system of fishes. In: W., Moss. A matter of 

motorpools and myotomes: aspects of growth and function of the fish locomotory system. (Thesis 

University of Amsterdam, The Netherlands). Krips Repro, Meppel pp 48-56. 

Moss, F.P. & Leblond, C.P. (1970). Nature of dividing nuclei in skeletal muscle of growing rats. J. Cell Biol. 

44,459-462. 

Moss, F.P. & Leblond, C.P. (1971). Satellite cells as the sour-ce of nuclei in muscles of growing rat. Anat. 

Rec. 170,421-436. 

Mulvaney, D.R., Marple, D.N. & Merkel, R.A. (1988). Proliferation of skeletal muscle satellite cells after 

castration and administration of testosterone propionate. Proc. Soc. Exp. Biol. Med. 188,40-45. 

Nag, A.C. & Nursall, J.R. (1972). Histogenesis of white and red muscle fibres of trunk muscles of a fish Salmo 

gairdneri. Cytobios 6,227-246. 

Öcalan, M., Goodman, S.L., Kühl, U., Haushka, S.J., von der Mark, K. (1988). Laminin alters cell shape and 

stimulates motility and proliferation of murine skeletal myoblasts. Dev. Biol. 125:158-167. 

On tell, M. (1974). Muscle satellite cells; a validated technique for light microscopic identification and a 

quantitative study of changes in their population following denervation. Anat. Rec. 178, 211-228 

Ontell, M., Dunn, R.F. (1978). Neonatal muscle growth; a qualitative study. Am. J. Anat. 152,539-556. 

Ontell, M., Feng, K.C., Klueber, K., Dunn, R.F., Taylor, F. (1984). Myosatellite cells; growth and 

regeneration in murine dystrophic muscle: A quantitative study. Anat. Rec. 208:159-174 

22 



Ott, M.-O., Bobef, E., Lyons, G., Arnold, H., Buckingham, M. (1991). Early expression of the myogenic 

regulatory gene, myf-5, in precursor cells of skeletal muscle in the mouse embryo. Development 

111:1097-1107. 

Penney, R.K., Prentis, P.F., Marshall, P.A. & Goldspink, G. (1983). Differentiation of muscle and the 

determination of ultimate tissue size. Cell Tiss. Res. 228,375-388. 

Powell, R.L., Dodson, M.V., Cloud., J.G. (1989). Cultivation and differentiation of satellite cells from skeletal 

muscle of the rainbow trout Salmo gairdneri. J. Exp. Zool. 250,333-338. 

Raamsdonk, W. van, van 't Veer, L., Veeken, K., Heyting, C , Pool, C.W. (1982). Differentiation of muscle 

fibre types in the teleost Brachidanio rerio, the zebrafish: posthatching development. Anat. Embryol. 

164,51-62. 

Romanello, M.G., Scapolo, P.A., Luprano, S. &Mascarello, F. (1987). Post-larval growth in the lateral white 

muscle of the eel, Anguilla anguilla. J. Fish Biol. 30,161-172. 

Rowlerson, A., Scapolo, P.A., Mascarello, F., Carpenè, E. & Veggetti A. (1985). Comparative study of 

myosin present in the lateral muscle of some fish: species variations in myosin isoforms and their 

distribution in red, pink and white muscle. J. Muscle Res. Cell Motill. 6,601-640. 

Sanes, J.R. (1987). Cell lineage and the origin of muscle fiber types. Trends Neurosci. 10,219-221. 

Sänger, A.M. (1992). Effects of training on axial muscle of two cyprinid species: Chondrostoma nasus (L.) 

and Leuciscus cephalus(L.). J. Fish Biol. 40,637-646. 

Scapolo, P.A., Veggetti, A., Rowlerson, A., Mascarello, F., & Carpenè, E. (1984). Do the small new fibres 

of grey mullet white muscle arise by fibre splitting? J.Muscle Res. Cell Motill. 5,214. 

Scapolo, P.A., Veggetti, A., Mascarello, F., Romanello, M.G. (1988). Developmental transitions of myosin 

isoforms and organisation of the lateral muscle in the teleost Dicentrarchus labrax (L.). Anat. Embryol. 

178,287-295. 

Schäfer DA, Boone Miller J, Stockdale FE (1987) Cell diversification within the myogenic lineage: In vitro 

generation of two types of myoblasts from a single myogenic progenitor cell. Cell 48,659-670. 

Schattenberg, P.J. (1973). Licht und electronenmikroskopische Untersuchungen über die entstehung der 

skeletmuskulatur von Fischen. Z. Zellforsch. 143, 569-586. 

Schmalbruch, H., Hellhammer, U (1976) The number of myosatellite cells in normal human muscle. Anat. Rec. 

185,279-288. 

Schultz, E., Jaryszak, D.L., Gibson, M.C., Albright, D.J. (1986). Absence of exogenous satellite cell 

contribution to regeneration of frozen skeletal muscle. J. Muscle Res. Cell Motill. 7,361-367. 

Snow, M.H. (1977). Myogenic cell formation in regenerating rat skeletal muscle injured by mincing. Anat. Rec. 

188,181-218. 

Stickland, N.C. (1983). Growth and development of muscle fibers in the rainbow trout (Salmo gairdneri). J. 

Anat. 137,323-333. 

Stickland, N.C., Handel, S.E. (1986). The number and types of muscle fibres in large and small breeds of pigs. 

J. Anat. 147,181-189. 

23 



Stockdale, F.E., Boone Miller, J. (1987) The cellular basis of myosin heavy chain isoform expression during 

development of avian skeletal muscle (Review). Dev. Biol. 123,1-9. 

Terasawa, K. (1986). Muscle regeneration and satellite cells in fukuyama type congenital muscular dystrophy. 

Muscle Nerve 9,465-470. 

Timson, B.F., Dudenhoeffer, G.A., Jankowski, R.B. (1989). Relationship of fibre number among muscles in 

the laboratory rat. J. Anat. 165,101-105 

Turner, D.C. (1978). Differentiation in cultures derived from embryonic chicken muscle: The postmitotic, 

fusion capable myoblast as a distinct cell type. Differentiation 10,81-93. 

Vandenburgh, H.H., Hatfaludy, S., Karlisch, P., Shansky, J. (1989). Skeletal muscle growth is stimulated by 

intermittent stretch-relaxation in tissue culture. Vitro Cell. Dev. Biol. 25,607-616. 

Vandenburgh, H.H., Karlisch, P. (1989). Longitudinal growth of skeletal myotubes in vitro in a new horizontal 

mechanical cell stimulator. Vitro Cell. Dev. Biol. 25,607-616. 

Veggetti, A., Mascarello, F., Scapolo, P.A. & Rowlerson A. (1990). Hyperplastic and hypertrophic growth 

of lateral muscle in Dicentrarchus labrax (L.). Anat. Embryol. 182,1-10. 

Wakelam, M.J.O. (1985). The fusion of myoblasts. BiochemJ. 228:1-12. 

Walker, M.G. (1966). The effect of exercise on skeletal muscle fibres. Comp. Biochem. Physiol. 19, 791-197. 

Walsh, F.S., Moore, S.E., Woodroofe M.N., Hurko, O., Nayak, R., Brown, S.M., Dickson J.G. (1984). 

Characterisation of human muscle differentiation antigens. Exp. Biol. Med. 9:50-56. 

Weatherley, A.H., Gill, H.S. & Lobo A.F. (1988). Recruitment and maximal diameter of axial muscle fibres 

in teleosts and their relationship to somatic growth and ultimate size. J. Fish Biol. 33,851-859. 

Weatherley, A.H. (1990). Approaches to understanding fish growth. Trans. Am. Fish. Soc. 119,662-672. 

Weatherley, A.H., Gill, H.S. (1984). Growth dynamics of white myotomal muscle fibers in the bluntnose 

minnow Pimephales notatus Rafinesque and comparison with rainbow trout Salmo gairdneri Richardson. 

J. Fish. Biol. 25:13-24. 

Westerfield, M., McMurray, J.V., Eisen, J.S. (1986). Identified motoneurons and their innervation of axial 

muscles in the zebrafish. J. Neurosci. 6,2267-2277. 

Whalen, R.G., Butler-Browne, G.S., Gros, F. (1978). Identification of a novel form of myosin light chain 

present in embryonic muscle tissue and cultured muscle cells. J. Molec. Biol. 126,415-431. 

White, T.P., Esser, K.A. (1989). Satellite cell and growth factor involvement in skeletal muscle growth. Med. 

Sei. Sports Exerc. 21,sl58-sl63. 

Willemse, J.J. & Lieuwma-Noordanus, C. (1984). The generation of new "white" muscle fibers by budding 

in the lateral musculature of elvers Anguilla anguilla L. during normal development. Experientia 40,990-

992. 

Winchester, P.K., Gonyea, W.J. (1992). A quantitative study of satellite cells and myonuclei in stretched avian 

slow tonic muscle. Anat. Rec. 232,369-377. 

Winchester, P.K., Davis, M.E., Alway, S.E., Gonyea, W.J. (1991). Satellite cell activation in the stretch-

enlarged anterior latissimus dorsi muscle of the adult quail. Am. J. Physiol 260,c206-c212. 

24 



Wright, W. (1985). Myoblasts senescence in muscular dystrophy. Exp. Cell Res. 157,343-354. 

Yaffe, D. (1968). Retention of differentiation potentialities during prolonged cultivation of myogenic cells, troc. 

Nat. Acad. Sei. USA 61,477-483 

Yaffe, D., Saxel, O. (1977). Serial passaging and differentiation of myogenic cells isolated from dystrophic 

mouse muscles. Nature 270,725-27 

Yamada, S., Buffinger, N., Dimario, J. & Strohman, R.C. (1989). Fibroblast growth factor is stored in fiber 

extracelluar matrix and plays a role in regulating muscle hypertrophy. Med. Sei. Sports Exerc. 21.S173-

S180. 

25 



CHAPTER H 

MYOSATELLITE CELLS OF Cyprinus carpio (Teleostei) IN VITRO: ISOLATION, 

RECOGNITION AND DIFFERENTIATION 

J.T.M. Koumans*, H.A. Akster*, G.J. Dulos* and J.W.M. Osse* 

Key words: Myosatellite cells, In-vitro, Desmin, 5'bromo-2'deoxyuridine, Cyprinus carpio L. (Teleostei) 

Published in: Cell Tissue Res. (1990) 261,173-181. 

Summary 

We have developed a method for the dissociation and purification of myosatellite cells 

from white epaxial muscle of carp. The dissociated myosatellite cells were identified by their 

morphology, their ultrastructure, the formation of multinucleated myotubes containing 

myofibrils and the immunocytochemical demonstration of desmin. Desmin and 5'bromo-

2'deoxyuridine (BrdU) were used to identify terminally differentiated and proliferating 

myosatellite cells respectively. The in vitro behavior of myosatellite cells dissociated from 

carp of 5 cm standard length differed from that described for myosatellite cells of mammals 

and birds. No substantial proliferation of the myosatellite cells could be observed. Most cells 

were differentiated (desmin positive, BrdU negative) 17 hours after plating, regardless of the 

medium used. This indicates that the investigated white epaxial muscle of carp of 5 cm 

standard length contains subpopulations of myosatellite cells, arrested at various stages of 

differentiation. 

* Department of Experimental Animal Morphology and Cell Biology, Agricultural 
University, Marijkeweg 40, NL-6709 PG Wageningen, The Netherlands 
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Introduction 

Myosatellite cells, first described by Mauro (1961), are small spindle-shaped cells 

having a heterochromatic nucleus. They are situated between the sarcolemma and the basal 

lamina of fully differentiated skeletal muscle fibers. During growth and regeneration of 

muscle fibers, these cells are the source of additional myonuclei. Myosatellite cells are 

present in the striated muscle of all investigated vertebrate species (for review, see Campion, 

1984). Although the presence of myosatellite cells has been demonstrated in the skeletal 

muscle of some species of fish (shark, Kryvi, 1975; Kryvi and Eide, 1977; eel, Willemse 

and van den Berg, 1978; carp, Akster, 1983; trout, Powel et al., 1989) our knowledge of 

the role of myosatellite cells in the growth of fish muscle is still limited. 

The growth of fish muscle differs from that of mammals and birds. In fast growing fish 

species, hyperplasia (addition of new fibers) plays an important role in muscle growth even 

after the juvenile stage (Greer-Walker, 1970; Stickland, 1983; Weatherly and Gill, 1984). 

In mammals and birds, as a rule, the increase in the number of muscle fibers stops shortly 

after birth (Goldspink, 1972, 1974; Campion, 1984). Further muscle growth is mainly the 

result of hypertrophy (outgrowth of existing fibers). This difference in muscle growth may 

be reflected by differences in the myosatellite cell populations of these animals. 

Myosatellite cells in situ have been studied by light microscopic methods (Ontell, 1974; 

Bischoff, 1986; Mulvaney et al., 1988). But definitive proof wether a cell is a myosatellite 

cell can often only be provided by electron microscopy. This method, however, is time-

consuming and presents difficulties when immunocytochemical techniques are used. The 

study of myosatellite cells in vitro has the important advantage that light microscopy can be 

used to recognize the myosatellite cells in culture on the basis of their morphology (Lipton, 

1977), thus making combined morphological and immunocytochemical studies possible 

(Kaufman and Foster, 1985; Allen, 1987). 

As a first step in studying the role of myosatellite cells in the growth of fish muscle, 

we developed a method for the dissociation of these cells from fish (carp) skeletal muscle and 

their subsequent culture in vitro. We used immunocytochemical techniques to localize a) 

desmin, a muscle-specific intermediate filament protein and marker of differentiated 

myosatellite cells and b) BrdU (5'bromo-2'deoxyuridine), a marker of proliferating cells 

(Kaufman and Foster, 1988). 
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Materials and methods 

Animals 

We used carp of 5 cm standard length that were reared at our institute at a temperature 

of 23°C. Preliminary transmission electron microscopic studies (J.T.M. Koumans and H.A. 

Akster, unpublished results) revealed that, in animals of this length, the percentage of 

myosatellite nuclei with respect to total muscle nuclei is high (± 10% in white epaxial 

muscle). The fish were anesthetized with MS-222 (Sandoz). If used for the isolation of 

myosatellite cells, the fish were immersed in 70% alcohol for 30 s to sterilize the external 

surfaces. 

Isolation of myosatellite cells 

White epaxial muscle was excised under sterile conditions and collected in complete medium 

(15 % horse serum (HS; Flow) in 90% Dulbecco's modified Eagle medium (DMEM) (Gibco) 

plus PS (penicillin 50 U/ml, streptomycin 100 /*g/ml) on ice. Subsequently, the tissue was 

minced, the fragments were centrifuged (300 g, 5 min ) and washed twice in 90% DMEM 

to remove serum components. 

The tissue fragments were treated with collagenase Type la (Sigma) in 90% DMEM 

at a final concentration of 0.2%, for 45 min at room temperature with gentle agitation; 5 ml 

collagenase solution was used per gram of tissue. The fragments were collected by 

centrifugation (300 g, 5 min ), washed once with 90% DMEM, triturated through a 10 ml 

pipette five times and centrifuged again (300 g, 5 min ). 

The pellet was resuspended in a 0.1 % trypsin (Dyfco; 1:250) solution in 90% DMEM 

(5 ml per gram original tissue), incubated for 15 min at room temperature with gentle 

agitation and centrifuged for 1 min at 300 g. The supernatant was aspirated and diluted with 

twice the volume of cold complete medium to block further trypsin activity. The collected 

tissue fragments (pellet) were given a second trypsin digestion step, similar to the first. After 

this second digestion, the suspension was diluted with twice the volume of cold complete 

medium. This diluted suspension and the diluted supernatant from the first digestion were 

centrifuged for 15 min at 300 g, and the resulting pellets were triturated in 5 ml complete 

medium, 5 times using a 10 ml pipette and 5 times using a 5 ml pipette. The resulting 
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suspensions were filtered twice through a 100 /tm filter gauze, and the cells in the filtrate 

were washed once again in complete medium and plated at 106 cells/ml. 

In experiments in which BrdU was used, this was added to the 90% DMEM, complete 

medium and the enzyme solutions at a final concentration of 10 pM. In one experiment, a 

solution of 10 mg/ml of BrdU in PBS was injected intraperitoneally, to give 10 g BrdU/kg 

body weight, 4 h before dissociation, this to ensure that every cell in S-phase just before and 

during the dissociation procedure would be labeled. 

Purification of the isolated myosatellite cells 

To purify the myosatellite cells from the major part of the "contaminating cells", two 

methods were used. In the first method, the "crude" cell suspension, produced by the 

dissociation, was preplated (Yaffe, 1968) for 15 min on a non-coated substratum with 

subsequent plating of the non-attached cells (depleted of fibroblast-like cells) on a gelatin-

coated substratum. In the second method, the crude cell suspension was plated on a laminin-

coated (Foster et al., 1987, slightly modified) substratum and incubated for 15 min with no 

disturbance. The medium with the non-attached cells was aspirated and new complete 

medium was added to the attached cells (enriched in myosatellite cells). To apply the laminin 

coating, the substratum was precoated with a 100 /xg/ml solution of poly-L-lysin (PLL) 

(Sigma, Mw > 300000) in distilled water at an amount of 16 jug/cm2 for 2 h at 25 °C. After 

this precoating, the PLL—solution was aspirated, the substratum was washed once with 

distilled water, air dried, covered with a solution of 20 fig/ml laminin (Sigma) in 90% 

DMEM at 2 /*g/cm2 and incubated for 24 h at 25°C. Immediately prior to the plating of the 

cell suspension, the laminin solution was removed by aspiration. 

Culturing of the cells 

Cells were cultured in complete medium at 25 CC in a water-saturated atmosphere 

containing 5 % C02 in air. Culture medium was changed every day. Besides the complete 

medium mentioned earlier (15% horse serum in 90% DMEM plus PS), the following media 

were also tested: 15% HS + 2% chicken embryo extract (CEE), 15% HS + 2% CEE + 

5% pooled carp serum, 15% HS + 2% CEE + 10% fetal calf serum (FCS), or 15% FCS 

+ 10% HS, all in 90% DMEM plus PS. In some experiments the complete medium was 
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replaced by medium with less serum (1 % HS in 90% DMEM plus PS), after 7 days or after 

prolonged (3 weeks) culturing of the cells in complete medium. 

Depending on the planned use of the cells, they were cultured in a 25 cm2 culture flask, 

in a culture disk on glass coverslips, or in a 24-well culture plate on nucleopore filters. The 

first observations were routinely made 17 h after plating and subsequently every 24 h. The 

total amount of cells present in the culture flasks (surface area of the culture substratum was 

2500 mm2) was estimated by counting the number of cells present in 10 randomly chosen 

fields, each with an area of 0.744 mm2. 

Transmission electron microscopy (TEM) of cultured cells 

Cells in culture flasks were used for TEM. The flasks were rinsed three times with 

90% DMEM to remove serum components. The cells were fixed in situ with Karnovsky's 

(1965) fixative diluted 1:2 with 0.1 M Na cacodylate buffer (pH 7.3), postfixed with 1% 

Os04 on ice, dehydrated in graded alcohols, incubated in a 1:1 absolute alcohol:Epon mixture 

and embedded in Epon. The optical quality of the polymerized Epon permitted the 

recognition and marking of the cells using phase-contrast microscopy. Those parts of the 

flasks containing the marked cells were cut out. The application of pressure parallel to the 

plane of the flask caused separation of the part of the flask and the Epon containing the cell. 

Ultrathin sections were cut parallel or transverse to the plane of the flask on a Reichert-Jung 

Ultracut E; they were contrasted with uranyl acetate and lead citrate and examined in a 

Philips EM 201C electron microscope. 

Scanning electron microscopy (SEM) of cultured cells 

Cells cultured on glass coverslips or on nucleopore filters were used for SEM. 

Coverslips and filters were rinsed three times with 90% DMEM, fixed as described for 

TEM, rinsed with distilled water, dehydrated with graded alcohols, critical point dried 

(Anderson 1951), coated with gold in a vacuum evaporator and examined in a Philips 535 

scanning electron microscope at 20 kV. 

Electron microscopy of myosatellite cells in situ 

Karnovsky's (1965) fixative was injected into the muscle. After 30 min fixation in situ, 

the muscle was excised, cut in small pieces and fixed for a further hour in Karnovsky's 
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fixative. Subsequently, the tissue was postfixed in 1 % Os04, dehydrated in graded alcohols 

and propylene oxide and embedded in Epon. Ultrathin sections were contrasted with uranyl 

acetate and lead citrate. 

Immunocytochemistry of cultured cells 

Cells on glass coverslips were rinsed three times with 90% DMEM and fixed in cold 

(-20°C) acetone for 5 min. 

Immunocytochemical demonstration of desmin As a first antiserum, we used a 

polyclonal rabbit antiserum against chicken gizzard desmin (Ramaekers et al., 1983), kindly 

provided by Dr. F.C.S. Ramaekers of the University of Nijmegen, the Netherlands. The 

antiserum was diluted in phosphate buffered saline (PBS) with 1 % bovine serum albumin 

(BS A). Immunohistochemical reactions with this antiserum on cryostat sections of carp tissue, 

showed that it only reacted specifically with desmin in the muscle tissue. Further controls 

were carried out by omission of steps of the immunohistochemical reaction and preabsorption 

of the primary antiserum with chicken gizzard desmin. 

As a second antiserum, we used goat or swine anti rabbit-Ig conjugated to TRITC 

(Tetramethyl-rhodamine-iso-thiocyanate) or to HRP (horse radish peroxidase) (Dakopatts), 

diluted in PBS. After each incubation step the sections were rinsed twice for 5 min each in 

TRIS/NaCl/T-20 (0.05% TRIS, 1% NaCl and 0.05% Tween-20, pH 7.6) and 3 times for 5 

min each in 0.05 M TRIS, pH 7.6 (TBS, TRIS buffered saline). 

Immunocytochemical demonstration of incorporated BrdU After fixation, the cells were 

incubated in 2 N HCl for 20 min at room temperature to denaturate the DNA, neutralized 

by a wash in 0.1 M Na-tetraborate, pH 8.5 and washed twice in TBS. This procedure does 

not interfere with the immunocytochemical demonstration of desmin; this is very convenient 

in desmin/ BrdU double staining. As a first antiserum, we used a monoclonal anti-Brdl|T 

antibody (Eurodiagnostics) and as a second antiserum, rabbit or goat anti mouse-Ig 

conjugated to TRITC, FITC or HRP (Dakopatts). The sections were rinsed as described for 

the desmin staining. 
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Results 

Morphology and ultrastructure of myosatellite cells 

Myosatellite cells in situ Myosatellite cells of the carp are mononucleated cells. They 

have little cytoplasm which contains free ribosomes and polysomes, and a paucity of other 

organelles (Fig. 1A), with some variation in the amounts of perinuclear cytoplasm and 

polyribosomes. The myosatellite cells lie closely apposed to a myofiber. They are covered 

by the basal lamina (Fig. 1A) of the myofiber. As a rule, myosatellite cells have a 

heterochromatic nucleus, in contrast to the larger euchromatic nuclei of the myofibers. 

We also found cells that resembled myosatellite cells in their position under the basal 

lamina of muscle fibers, but they contained small myofibrils. These so called myosatellite 

fibers have also been reported for other vertebrates (Takahama et al., 1984) and have 

previously been described in carp (Akster, 1983). The myofibrils of these satellite fibers are 

often found close to a small indentation of their nucleus. Generaly basal lamina material 

occupies part of the space between the myosatellite fibers and the muscle fibers (Fig. IB), 

suggesting an ingrowth of the basal lamina. This could mean that myosatellite fibers are a 

differentiation stage in the formation of new fibers from myosatellite cells. 

Myosatellite cells in vitro Myosatellite cells of the carp in vitro are small (length 73.2 

± 15.4 /im, width 3.5 + 0.7 jum, mean ± sd) spindle-shaped cells (Figs. 1C and ID). They 

have little cytoplasm and often a small part of the membrane at one or both ends of the cell 

is a bit ruffled (Fig. ID). The ultrastructure of these cells (Fig. IE), resembles that of 

myosatellite cells in situ. They differ considerably from fibroblast-like cells, which have a 

more stellate appearance and more cytoplasm and are rich in rough endoplasmatic reticulum, 

as has also been described by Königsberg (1963) and Lipton (1977). 

Other cell types A few large multinucleated syncytia could be recognized, 17 h after 

isolation in addition to myosatellite cells and fibroblastlike cells. These cells exhibited cross 

striatums that were visible light microscopically. Their nuclei were centrally arranged and 

not at the periphery of the cells as in "adult" myofibers. These myotube-like-structures must 

already have been present in the intact muscle, because, in view of the time course of 
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