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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 myosateliite 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 thq
identification of these cells will have to be found. We used isolated carp myosatellite cells
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 ¢lectron-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 of fish-farming as justified optimisation of processes requires
its thorough knowledge.

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

Het is onwaarschijnlijk dat myosatellietcellen de enige bron zijn van extra spierkernen
bij de groei van wit axiaal spierweefsel van de karper.
(Dit proefschrift).

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).

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).

Aangezien hyperplasie bij de spiergroei van vissen tot ver in het adulte stadium een
onderdee] 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.

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

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 Myesin Heavy Chain.

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.
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Het verdient aanbeveling om de identiteit van de auteur(s) van een wetenschappelijk
artikel onbelkend te houden voor de referee’s van het tijdschrift waarin beoogd wordt
te publiceren.

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

Het verkrijgen van een doctors-titel hoort niet het voornaamste doel van een ATIO
(OI0O) onderzoek zijn.

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

De problematiek van bodemverontreinigingen laat zien dat een verantwoorde afvoer
van afval te vaak werd afgedaan met een opmerking als "zand erover".

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.

De sclmalvergfoﬁng in de varkensmesterij maakt duidelijk dat men er helemaal niet
van uitging dat vele varkens de spoeling dun maken.

Het niet lammeren van de omslag bevordert het "stuklezen” van een proefschrift.

1.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 ¢t 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 et al., 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; Tumer, 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 céntra]ly 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 neurali
dependence of primary and secondary myogenesis and its relation to fibre-type differentiation
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 (immunchistochemical differences with mature
(large) muscle fibres (van Raamsdonk e al., 1982; Akster, 1983; Rowlerson et al., 1985;
Scapolo er al., 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 muscie
will become (Penney ef 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 er 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; Singer,
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 Gill, 1984; Weatherley ez af., 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 muscie 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 er 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, 1550).

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 mamre 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 er al., 1983; Armmand 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 afl types of postnatal

muscle growth.

Myosatellite cells

Myosatellite cells

Mpyosatellite 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 & review see Campion,
1584). 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.

Mpyosatellite cells and muscle growth
Myosatellite cells are considered important in (re)generation of muscle.

An important aspect of muscle growth is the increase in the number of myonuclei
accompanying the increase in muscle mass {Allen er al., 1979; Cardasis and Cooper, 1975;
Enesco & Puddy, 1964). Developing fibres have, compared to mature fibres, a high nuclear
density (Harris et af., 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 mycnuclei 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
myocnuclei. 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 *H-thymidine, the label did, as expected, not
appear in the myonuclei but did appear in myosatellite nuclei. Later, as the percentage of
Iabelled 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 myonuciei and the rate of muscle growth (Penney ef af., %
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 ez ai.,
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 (Konigsberg, 1963; Wakelam, 1985). Although, in virro,
it is possible to form myoblast-myosatellite hybrid cells (Cossu et af., 1980), it is clear that |
myosatellite cells and embryonic myoblasts are not the same (Cossu er al., 1983; Cossu ez|
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 vive and in vitro (Ontell, 1974; Lipton, 1977); which still remains an
important topic {Grounds er af., 1992; this thesis). Within a muscle, red oxidative muscle
fibres, contain more myosatellite cells than white glycolytic fibres (Kelly, 1978; Gibson and
Schuliz, 1982; Diisterhoft ez al., 1990). A slightly higher percentage of myosatellite cells can
be found in the region of neuro-muscular junctions (Kelly, 1978).

Centainly 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 celis 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 biclogy. Investigations include:

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

(monoclonal)antibodies raised against developmentally regulated antigens (Lee and
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Kaufman, 1981; Hurko and Walsh, 1983; Walsh ef al., 1984; Kaunfman and Foster,
1985).

-The effect of the type of culture media (Linkhart er al., 1981), and more recently,
hormones and growth factors (Allen ez af., 1983; Florini er 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-T and -
II), and transforming growth factor-f (TGF-8). It is currently held that FGF and IGFs
have mitogenic propertics for myogenic cells, whereas TGF-§ either has no effect or
suppresses cell proliferation, Furthermore FGF and TGF-8 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; Ocalan 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 ez al., 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 af., 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 er 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 er al., 1989a; 1989b; Montarras e al., 1989,
Eftimie e al., 1991; Ott et al., 1991; Florini er 4l., 1991). Probes against these genes
are also used to identify myogénic cells in vivo. (Grounds et al., 1992).

A large number of investigations on the impartance 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; Oniell et al., 1984; Wright, 1985; Terasawa, 1986; Cossu ef al., 1986; Grounds,
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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,
1691; Barr and Leiden, 1991; Dhawan er al., 1991).

Myosatellite cells in fish

In investigations concerning fish muscle growth, (a.o. Kryvi, 1975; Stickland, 1983;
Akster, 1983; Romanello ef al., 1987; Veggetti ef 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 Shuitz, 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 er al., 1978; Matsuda er al., 1983; Yamada er al., 1989;
Diisterhoft ez al., 1990). In fish, newly formed small fibres also show (immuno)histochemical
differences with mature (large) muscle fibres (van Raamsdonk e? al., 1982; Akster, 1983;
Rowlerson er 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 myosatelite-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 er al., 1984; Willemse & Liewma Noordanus, 1984;
Romanello et ai., 1987) seems a mere obvious way of formation of additional muscle fibres
than de nove formation from myosatellite cells.

ign of nt

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 Bide, 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
rmulti-nucleated myotubes, in a way comparable to isolated myosatellite cells of mammals and
birds? (Chapter II).

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 wmyosatellite cells was based on
(ultrastructurafymorphology, immunohistochemical demonstration of desmin (a2 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 of fish muscle?

To answer parts of this question we studied, in white axial muscle of carp with
standard length between 3 cm and 56 cm, the relation between the numbers of myosatc]lit]
cells and the (increase in) numbers of myonuclei per fish (Chapters III 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 theJ
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 my;)sate]lite 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 ITI).

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 II). 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 III
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 virro 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 growih 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 vifro 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 celis. ?

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 VII), in which myosatellite cells, isolated from carp
of about 5 cm standard length, were used as an antigen.
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CHAPTER II

MYOSATELLITE CELLS OF Cyprinus carpio (Teleoste) IN VITRO: ISOLATION,
RECOGNITION AND DIFFERENTIATION

J.T.M. Koumans®, H.A. Akster’, G.J. Dulos" and J.W.M. Osse’
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Summary

‘We have developed a method for the dissociation and purification of myosateilite 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
medinm 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 ef 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 stedying 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 ceils 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 pg/ml) on ice. Subsequently, the tissue was
minced, the fragments were centrifuged (300 g, 5 min ) and washed twice in 90% DMEM
t0 remove serum components.

The tissue fragments were treated with collagenase Type Ta (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 am filter gauze, and the cells in the filtrate
were washed once again in complete medium and plated at 10° 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 M. 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 pug/ml solution of poly-L-lysin (PLL)
{Sigma, Mw > 300000) in distilled water at an amount of 16 pg/cm? 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 pg/ml laminin (Sigma} in 90%
DMEM at 2 ug/cm® 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°C in a water-saturated atmosphere
containing 5% CQO, in air. Culture medium was changed every day. Besides the complete
medivm 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 medivm.

Depending on the planned use of the cells, they were cultured in a 25 cm? 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 mm®) was estimated by counting the number of cells present in 10 randomly chosen

fields, each with an area of 0.744 mm>.

Transmission electron microscopy (TEM) of cultured cells

Cells in culture flasks were nsed 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%
0s0, on ice, dehydrated in graded alcohols, incubated in a 1:1 absolute alcohol: Bpon 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
flagks 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 B; 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 50% 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 Kamovsky’s
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fixative. Subsequently, the tissue was postfixed in 1% 0sQ,, 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 antiseram, we used a
polyclonal rabbit antiserum against chicken gizzard desmin (Ramaekers et al., 1983), kindiy
provided by Dr. F.C.S. Ramackers of the University of Nijmegen, the Netherlands. The
antiserum was diluted in phosphate buffered saline (PBS) with 1% bovine serum albumin
(BSA). 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 werg
incubated in 2 N HCI 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—Brd‘{il
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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