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Satellite cells, liberated from the breast muscle of young adult chickens by sequential treatment with collagenase
and trypsin, were fractionated by Percoll density centrifugation to remove myofibril fragments and cell debris which
otherwise heavily contaminate the preparation. This procedure allowed direct measurements of cell yields (1.5—4 X iO
cells/g tissue), plating efficiencies (27—40%)and identification of single cells in culture. In mass cultures, satellite cells
gave rise to myotubes on the fifth day, and the progeny of these cells were sequentially passaged several times without
losing myogenic traits. In clonal studies, over 90% of the satellite cells gave rise to large clones of which more than
99% were myogenic as demonstrated by the appearance of myotubes. The results obtained with satellite cells differ
from observations made using embryonic muscle cell preparation from chicks. In the embryonic system massive formation
of myotubes was observed following the third day of culture; sequential subculturing led to overgrowth of fibroblast
like cells following the first passage; and cells gave rise to both small myogenic clones (up to 16 terminally differentiated
cells per clone) and non-myogenic clones in addition to large myogenic clones. We conclude that the isolated satellite
cells represent a homogeneous cell population and reside in a stem cell compartment. © 1957 Academic Press, Inc.
INTRODUCTION

Adult skeletal muscles of higher Vertebrates are ca
pable of regeneration following injury. A large body of
literature has indicated that satellite cells are the myo
genic precursor cells in mature muscle (Bischoff, 1975,
1986; Konigsberg et at, 1975; Allbrook, 1981; Campion,
1984). These mononucleated cells are identified in terms
of their position between the basement membrane and
the plasma membrane of the differentiated muscle fiber
(Mauro, 1961, 1979). At some stage of development, de
pending on the species, satellite cells become mitotically
quiescent, but can reinitiate proliferative activity fol
lowing muscle injury. Their progeny can fuse into mul
tinucleated fibers which express muscle specific proteins
(Matsuda et at, 1983; Campion, 1984). In vitro studies
by Cossu and co-workers suggest that satellite cells are
not identical to embryonic myoblasts (Cossu et at, 1983,
1985). However, this issue is not yet clearly resolved.
Cultures of satellite cells from various species have
been described; e.g., mouse (Kagawa et at, 1977), rat
(Jones, 1977; Allen et at, 1984), human (Blau and Web
ster, 1981), chicken (Matsuda et at, 1983), and hamster
(Yasin et at, 1976). However, direct quantitation of the
number of satellite cells isolated was not possible in
many of these studies because of the large amounts of
myofibril fragments and cell debris in the final cell sus
pensions from both adult muscle (Young et at, 1978; Blau
and Webster, 1981; Matsuda et at, 1983) and from mus
cles of older embryos (Hauschka, 1974). In such studies,
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the number of cells in the initial suspension was esti
mated following the early culturing phase which per
mitted cell attachment and removal of most of the debris
from the culture (Blau and Webster, 1981; Matsuda et
at, 1983). The inability to assess accurately the number
of satellite cells derived from a given tissue sample or
in a culture innoculum has been a major obstacle to de
termining the effects of physical or pharmacological
agents on satellite cell yield or activation. Furthermore,
contamination with debris has not permitted studies in
which the isolated cells are to be directly analyzed bio
chemically without culturing.
In this article we describe a method for the isolation
of muscle precursor cells from the pectoralis muscle of
young adult chickens employing Percoll density cen
trifugation. Using this approach, which completely re
moves myofibril fragments and other debris from the
isolated cells, we have begun to characterize the adult
myogenic precursor cells both in mass and clonal cul
tures. Currently, we have no way of clearly identifying
the myogenic precursor cells isolated from the adult
muscle as those satellite cells which have been identified
in terms of their position beneath the basal lamina of
the intact muscle fiber. However, as commonly accepted
by other investigators, we refer to the myogenic pre
cursor cells isolated in this study as satellite cells. We
conclude that with respect to their proliferative poten
tial, the satellite cells represent a homogeneous cell
population. The vast majority of the cells can generate
many progeny before fusion occurs. This finding is in
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striking contrast to the behavior of myogenic cells from
the embryo where the precursors vary greatly in their
proliferative potential and reside in different compart
ments of the myogenic lineage (Quinn et aL, 1984). In
accord with the lineage model proposed for myogenesis
in the chicken embryo (Quinn et aL, 1985), we suggest
that most satellite cells (>90%) reside in the stem cell
compartment.
MATERIALS AND METHODS
Source of cells. Cells were prepared from the pectoralis
muscle of 10- to 11-week-old chickens (White Leghorn;
Biological Supply, Bothell, Wash.). Chickens were sac
rificed, the skin at the chest area was removed, and the
breast muscle processed immediately for cell isolation.
Cell isolation. About 5—10 g of muscle tissue were
minced with sharp scissors into fragments about 0.1—0.2
. The fragments were washed twice with Eagle’s
3
cm
minimal medium (MEM) and were treated with colla
genase at a final concentration of 0.2% (Sigma, type 1A,
482 unit/mg) in MEM for 45 mm at 37° C. The ratio of
collagenase solution to muscle tissue was kept at 4—5 ml
enzyme/g tissue and the preparation was constantly
stirred. The treated muscle tissue was then forced five
times through a 10-ml pipet, collected by centrifugation
(300g for 5 mm), washed once with MEM, and the frag
mented tissue was redigested with 5 vol of trypsin
(GIBCO, final concentration 0.1% in MEM) for 45 mm
at 37°C with constant stirring. At the end of the diges
tion, the suspension was diluted with 4 vol of standard
medium (85 parts MEM, 10 parts horse serum, 5 parts
embryo extract, penicillin and streptomycin at io units/
liter of medium each, Fungizone and Gentamicin at 2.5
and 5.0 mg/liter of medium, respectively). This was fol
lowed by a centrifugation at approximately 300g for 10
mm to collect liberated single cells and fragments. The
dilution of the trypsin suspension prior to the centrif
ugation allowed the recovery of additional cells which
otherwise were trapped in the viscous trypsin super
natant. The final pellet was resuspended in 5-10 ml of
standard medium, and tissue fragments were mechan
ically dissociated by a series of five repeated passages
through a 10-ml pipet, followed by a 5-ml pipet, and
finally a Pasteur pipet. The resulting suspension was
filtered through a double layer of lens tissue. Cells were
then collected by centrifugation (300g, 10 mm), resus
pended in 2.5 ml of standard medium and triturated by
five passages through an 18-gauge needle to dissociate
cell aggregates. The suspension was then fractionated
on 20% Percoll in a 15 ml Corex tube as described for
embryonic muscle (Yablonka-Reuveni and Nameroff,
in press). Briefly, 11.5 ml of 20% Percoll in MEM was
layered over 1.5 ml of 60% Percoll in a Corex tube that

Chicken Satellite ‘ells

253

was first treated for about 2 hr with horse serum to
minimize adherence of cells to the glass walls. The cell
suspension (about 2 ml) was layered over the 20% Percoll
and was centrifuged for 5 mm at l5,000g at 8°C with
brakes off in a fixed angle rotor (Sorvall SS-34). Follow
ing centrifugation, the cells at the 20/60% Percoll in
terface were collected and diluted with 5 vol of standard
medium and recovered by centrifugation (300g, 10 mm,
room temperature). The cell pellet was resuspended in
2 ml of standard medium by repeated passage through
a Pasteur pipet and additional passages through an 18gauge needle. Cells were then counted in a hemocytom
eter and used for cultures.
Vital staining of isolated cells. Fluorescein diacetate
(Sigma) was used as described by Persidsky and Baillie
(1977) at a final concentration of 5 g/ml. Cells were
exposed to the stain for 1—3 mm, collected by centrifu
gation, resuspended in MEM, and analyzed with a Zeiss
photomicroscope equipped for epifiuorescence.
Cell culture. Cells were plated into tissue culture dishes
which were coated with 2% gelatin and were preincu
bated for 3 hr with 25% horse serum in MEM to promote
cellular adherence (Quinn and Nameroff, 1983). Cultures
were maintained at 37.5°C in a water saturated atmo
sphere containing 5% CO
2 in air. For mass cultures, cells
were plated at 2 X 10 cells per 35-mm dish. For se
quential passage of the cells, the culture medium was
removed and the cells were treated with 0.05% trypsin
(GIBCO) in MEM at 37°C for 5 mm. Cells were then
collected, centrifuged, and the cell pellet was resus
pended in standard medium. After repeated passages
through a Pasteur pipet and an 18-gauge needle, the cell
suspension was filtered through a double layer of lens
tissue to eliminate myotubes, and cells were plated at a
concentration of 2 1< 10 per 35-mm dish. Photographs
of the live cells were obtained with a Zeiss inverted mi
croscope and Kodak Tri-X film. Clonal cultures were
prepared, fed, and the individual clones were identified
and marked as previously described (Quinn and Na
meroff, 1983; Quinn et aL, 1984). Briefly, short-term
clones (initiated with 500 cells per 60-mm dish) were
kept in culture for 4-5 days then fixed for immunofluo
rescence assays as described below. Long-term clones
(initiated with 100 cells per 60-mm dish) were kept in
culture for 10 days, then fixed with absolute methanol
for 1—2 mm and stained for 5 mm with 1% toluidine blue
in 30% methanol. The presence of myotubes in individual
clones was then determined. In some instances long-term
clones were fixed for immunofluorescence as described
below.
Antibody staining. Immunolabeling of cells in culture
was performed with the indirect immunofluorescence
technique as previously described (Robinson et aL, 1984;
Yablonka-Reuveni and Nameroff, 1986; Yablonka-Reu

254

VOLUME 119, 1987

DEVELOPMENTAL BIOLOGY

veni and Nameroff, in press). A guinea pig antiserum
against chicken muscle myosin heavy chain and a rabbit
antiserum against the muscle isozyme of creatine phos
phokinase (M-CPK) were those described elsewhere
(Quinn and Nameroff, 1983; Robinson et al., 1984). Flu
orescein-labeled secondary antibodies were obtained
from Cappel. Cultures were rinsed (3X) with MEM
warmed to 37° C, fixed for 30 sec with ice-cold AFA (70%
ethanol:Formalin:acetic acid, 20:2:1) and rinsed (3X) with
ice-cold MEM. Following fixation, cultures were kept at
4°C in sterile Tris-buffered saline containing normal
goat serum (TBS-NGS; 0.05 M Tris, 1% NaCl, 1% normal
goat serum, pH 7.6). Prior to adding the antibodies, cells
were rinsed with Tris-buffered saline containing Tween
20 (TBS-T20; 0.05 MTris, 1% NaC1, 0.05% Tween 20, pH
7.6). Cultures were then exposed to the primary antibody
(1:60) for 30 mm at room temperature, rinsed (3X) with
TBS-T20, and exposed to the secondary fluorescent an
tibody (1:60) for an additional 30 mm at room temper
ature. This was followed by another rinsing cycle with
TBS-T20 and a final rinse with Tris buffer (TB; 0.05 M
Tris, pH 7.6). Cultures were mounted in 90% glycerol
containing p-phenylenediamine as an antifading agent
(Johnson and Nogueira Araujo, 1981). Observations were
made with a Zeiss photomicroscope equipped for epiflu
orescence, and Kodak EL 135 film (400 ASA) was used
for photography.
Autoradiography. Cultures were exposed for 2 hr to
H]thymidine (1 MCi/ml final concentration; sp act 6.7
3
[
Ci/mmole; Amersham). Cultures were then fixed for im
munofluorescence and reacted with the desired antibody
as described above, coated with NTB2 emulsion in 1%
glycerol, stored in the dark for about a week at 4°C, and
developed with Microdol-X.

TABLE 1
YIELn5 AND PLATING EFFICIENCIES OF MONONUCLEATED CELLS
FROM SKELETAL MUSCLE OF ADULT CHICKEN

a

Expta

Cells/g
muscle x iO

Plating efficiency

1
2
3
4
5

3.1
2.9
1.9
1.5
4.0

40.5
33.0
28.5
27.0
33.5

( %)

Cells were plated at 1—2 X i0 cells per 35-mm dish.

RESULTS

Density Gradient Separation of Cells
The enzymatic digestion procedure and Percoll cen
trifugation yielded mononucleated cells that were free
from myofibril fragments and debris (Fig. 1). Over 95%
of the isolated cells incorporated fiuorescein diacetate,
indicating that, after Percoll isolation, most of the cells
were viable. Based on the number of cells isolated from
the 20/60% interface, we recovered 1.5—4 X 10 cells/g
of muscle tissue (Table 1). Prior to the Percoll centrif
ugation, the crude cell preparation was reacted with flu
orescein diacetate to distinguish between cells and de
bris. About 85% of cells in the crude preparation could
be recovered from the 20/60% Percoll interface following
density centrifugation. After the centrifugation, the
myofibril fragments and debris were detected primarily
in the top third of the separating medium. Some cells
could be recovered from the Percoll regions above the
20/60% interface. These cells amounted to about 1—3%
of the recovered cells. In mass and clonal cultures about
40% of these lower-density cells resembled the non
myogenic, fibroblast-like cells that were purified from
chicken embryos (Yablonka-Reuveni and Nameroff,
in press) while the rest were myogenic and fused into
myotubes. Erythrocytes, which contaminate most sat
ellite cell preparations, were pelleted at the bottom of
the 60% Percoll and thus eliminated from the myogenic
cell preparation.
Cultures of Percoll Isolated Cells

FIG. 1. Phase micrographs of satellite cell preparations obtained
from the pectoralis muscle of young adult chicken. (a) Cell suspension
following collagenase and trypsin digestion only; (b) cell suspension
following enzyme digestion and Percoll density centrifugation. Bar
= 48 pm.

The cells from the 20/60% Percoll interface were cul
tured onto gelatin-coated culture dishes. When plated
at high cell densities, 27—40% of the cells attached to the
dish after about 15 hr in culture. Prolonging the incu
bation time (up to 48 hr) prior to the first medium change
did not result in higher plating efficiency. The results
from several experiments are summarized in Table 1.
The morphology of the cells at different stages of culture
is shown in Fig. 2. On the second day of culture the iso-
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FIG. 2. The development of muscle cultures derived from satellite cells isolated from the pectoralis muscle of 10-week-old chicken. Cell were
plated at 2 x iO cells per 35-mm dish and unattached cells were removed from the dish 15 hr after initial plating. (a) Day 1 (17 hr); (b) Day
2 (40 hr); (c) Day 3 (64 hr); (d) Day 4 (85 hr); (e) Day 5 (110 hr); (f) Day 6 (132 hr). Bar = 48 m.

lated mononucleated cells were relatively homogeneous
in their appearance. Cells with flattened, fibroblast-like
morphology were rarely detected. On the third day of
culture many of the cells were aligned as strings. On the
fourth day, in about 50% of the fields examined, cells
were closely associated or clustered in a formation that
sometimes resembled multistrings or sheets. In the rest
of the fields cells were more widely spaced. Myotube for
mation was minimal on Day 4 but some differentiated
muscle cells could be detected with the aid of indirect
immunofluorescence with antibodies to M-CPK or skel

etal myosin (data not shown). Myotube formation was
very prominent by the fifth day of culture and further
enlargement of myotubes took place on the sixth day.
Mononucleated cells and myotubes were very dense on
the sixth day and it became increasingly difficult to dis
tinguish between mononucleated cells and myotubes.
Therefore, to determine the percentage of nuclei within
myotubes, immunofluorescence with antiskeletal myosin
or anti-M-CPK was employed to clearly demarcate myo
tubes. By this procedure we estimated that over 85% of
nuclei were in multinucleated fibers by the sixth day.
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Fused cultures could be maintained for an additional 23 days without myotube detachment.
Sequential Passaging of Myogenic Cultures
Sequential passaging of mass cultures derived from
satellite cells was performed in order to determine the
overall myogenic potential of the isolated cells (i.e., how
long myogenic properties could be maintained through
divisions in culture). Primary cultures were allowed to
reach a stage of massive cell fusion (7 days from initial
culturing). The cells were then subcultured and consec
utive subculturings were performed every third day.
Parallel cultures were allowed to develop for 2—3 addi
tional days to determine the percentage of nuclei within
myofibers. The degree of myotube formation remained
high and similar to the original primary cultures during
four consecutive passages. When a similar protocol was
applied to muscle cultures from 10-day-old chicken em
bryos, a sharp reduction in myotube formation was ob
served in first passage cultures. We also noted that in
sequentially passaged cultures of cells from young adult,
formation of myotubes was observed as early as the sec
ond day. This is earlier than in the adult primary cul
tures.
Clonal Analysis of Percoll Isolated Cells
Clonal analysis was performed in order to assess the
myogenic potential of individual cells isolated from adult
muscle (i.e., whether all cells could give rise to differ
entiated myoblasts, or whether some of the cells were
non-myogenic). In addition, we hoped to gain further
understanding regarding the proliferative potential and!
or differentiative stage of these cells in relation to the
myogenic cell lineage (Quinn et al., 1985).
In the first set of clonal analyses, Percoll-isolated cells
from young adult chicken muscles were plated at a den
sity of 100 cells per 60-mm culture dish, and fixed and
stained with toluidine blue after 10 days. The number
of large colonies (those with more than 16 cells) which
arose was counted and the percentage of those colonies
which contained myotubes was also noted. Taking into
consideration plating efficiencies calculated from par
allel mass cultures, we estimated that 90—92% of cells
that attached following the initial 15 hr in culture gen
erated large myogenic clones. E.g., starting with 20 cul
tures in a typical experiment, an average of 25 ± 6 large
clones were detected per dish, of which 99% contained
myotubes. Plating efficiency from parallel mass cultures
was 27%;thus, 91% of attached cells gave rise to large
myogenic clones. This is in contrast to results obtained
with embryonic myoblasts, in which only 5—25% cells
(depending on embryonic age) give rise to such large
clones (Quinn et aL, 1984; Bonner and Hauschka, 1974).
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To test the above conclusions, a second type of clonal
analysis was performed in which individual cells were
marked after attachment and followed for a shorter pe
riod of time in culture. These experiments were per
formed to rule out the possibility that small, possibly
short-lived, myogenic or non-myogenic clones might
have been missed in the long-term clonal analysis. Single
cells were individually marked, and following 4—5 days
in culture the clones descended from these cells were
reacted with antibody against muscle type creatine
phosphokinase (M-CPK) to identify terminally differ
entiated cells. Only 8.6% of the recovered clones con
tained less than 16 cells, and all cells in these clones
were positive for M-CPK. Clones that contained less than
16 cells and were negative for M-CPK comprised 20% of
the clones. These latter clones were either non-myogenic
or were capable of more cell divisions which would even
tually lead to large myogenic clones. The remaining
71.4% clones had more than 16 cells, were negative for
M-CPK and displayed no fusion. Adding the large and
small clones which were negative for M-CPK we obtained
a value of 91.4% ,which is identical to the estimated per
centage of cells which gave rise to large myogenic col
onies in the long-term clonal analysis described above.
This supports the idea that most if not all M-CPK-neg
ative clones would eventually give rise to large myogenic
clones. Moreover, this study suggests that the majority
of the isolated cells can undergo more than four cell
divisions prior to giving rise to terminally differentiated
muscle cells, and in this respect resemble the proposed
myogenic stem cells (Quinn et at., 1984, 1985).
Morphology of Large Clones
Cells in mass culture prior to fusion were sometimes
clustered together even though they were still at low
density elsewhere in the dish. We also observed that
many of the clones exhibited such clustering behavior.
About 50—60% of the clones contained areas with cells
in a tightly opposed, sheet-like formation. In many in
stances, these cells were closely associated with small
or large myotubes whose detection was aided by im
munofluorescence staining using muscle specific anti
bodies (e.g., anti-M-CPK, Fig. 3). Many of these cells
were actively dividing as demonstrated by the incor
poration of [
H]thymidine (Fig. 3). Dividing cells in other
3
regions of these clones displayed a morphology similar
to that seen in embryonic clones; e.g., M-CPK negative
cells well-spaced and separated from one another (Quinn
et at., 1985). Other areas in the clones exhibited well
defined myotubes with minimal numbers of dividing cells
(Figs. 3e—f). The clustering of mononucleated prolifer
ating cells has not been observed by us in cultures ini
tiated from embryonic chicken muscle. At the present,
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FIG. 3. Representative fields of large myogenic clones evolved from satellite cells. Cells were plated at 100 cells per 60-mm dish and clonal
[H]thymidine and were immediately fixed and
cultures were maintained for 10 days. During the last 2 hr in culture cells received a pulse of 3
processed for M-CPK detection using indirect immunofluorescence. (a, c, e) phase micrographs, H]thymidine incorporation is demonstrated
by silver grains, arrows indicate cells with grains that did not reproduce well in the final photograph; (b, d, f) fluorescence micrographs
demonstrating myotubes with or without clusters of undifferentiated, sometimes dividing cells. Bar = 20 pm.

we can only speculate on the nature of the clusters, but
they may indicate different surface properties of cells
from adult chicken compared to embryonic cells. Johnson
et cii. (1983) noted similar morphology in their cultures
from adult chickens. Also, Yasin et cii. (1983) observed
such cell clustering in myogenic cultures from human
muscles with various neuromuscular disorders.
DISCUSSION

In this study we have described a method for the direct
isolation of myogenic precursor cells from the pectoralis

muscle of young adult chickens. The use of Percoll den
sity centrifugation resulted in the recovery of a cell pop
ulation free of muscle fiber debris and containing less
than 1% fibroblast-like cells as determined by clonal
analysis. Although, in several studies on the isolation
of satellite cells from normal muscle, neither difficulty
in quantitation of these cells nor the presence of signif
icant debris were described (Yasin et at, 1976; Kagawa
et at, 1977; Jones, 1977; Cossu et at, 1983, 1985), other
studies have commented on this problem (Hauschka,
1974; Young et at, 1978; Blau and Webster, 1981; Matsuda
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et at., 1983). Debris is also apparent in photographs of
satellite cell preparations taken by Johnson et at. (1983)
and Allen et at. (1983, 1984) have reported attempts to
reduce contamination by fiber fragments with a differ
ential centrifugation method. Because of the elimination
of cell debris by the method described here, we were
able to obtain direct measurements of cell yields and
plating efficiencies. An important outcome of this pro
cedure was our ability to identify single cells during the
initial culturing phase, which in turn made it possible
to study the descendent clones of these single cells.
We determined that more than 90% of the clonable
cells gave rise to large myogenic clones. A smaller pop
ulation of myogenic cells (8—9%) produced small clones
in which every cell was a terminally differentiated myo
blast. These latter cells could account for those found
to fuse after only a few divisions in the study of Moss
and Leblond (1971). Clonal studies by Schultz and Jar
yszak (1985) using 3-month-old rats have also suggested
the existence of satellite cells that produce fusion capable
cells after a minimal number of cell divisions. However,
the criteria in the latter study for the identification of
the clones as myogenic are not clear. Clonal studies per
formed on cells isolated from muscles of adult mice
demonstrated the existence of large myogenic clones but
the possible presence of small clones was not determined
(Young et at., 1978; Kagawa et at., 1983). Our finding that
over 90% of the clonable satellite cells gave rise to large
myogenic clones is in striking contrast to the results
obtained with myogenic precursor cells from embryonic
chickens. In the embryonic cells, a majority of myogenic
precursor cells undergo only one to four cell divisions
and give rise to small myogenic clones with 1—16 differ
entiated cells (Kligman and Nameroff, 1980; Quinn and
Nameroff, 1983; Quinn et at., 1984). However, Quinn et
at. (1984, 1985) described another group of embryonic
myogenic cells which gave rise to large myogenic clones
and had properties expected of myogenic stem cells. The
latter increased in their proportion when animals of in
creasing embryonic ages were compared (i.e., 5 and 25%
from younger and more advanced embryos, respectively).
When compared to embryonic cells in mass culture,
adult myogenic cells also displayed striking differences
in behavior. First, massive formation of myotubes in
cultures of adult cells occurred during the fifth day in
culture. This is a delay of about 36—48 hr compared to
cultures of cells taken from 10- to 18-day embryos. The
delay in the initiation of cell fusion could be related to
the time needed for the cells to reenter the cell cycle
after their quiescent period in the intact muscle or to a
longer cell cycle in satellite cells. Alternatively and/or
additionally, the satellite cells must produce more prog
eny than the embryonic cells prior to generating ter
minally differentiated, fusion capable cells. A second dif
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ference between satellite and embryonic mass cultures
was the number of times they could be subcultured be
fore significant reductions in myotube formation were
observed. Confluent, 7-day-old primary cultures of sat
ellite cells, which contained over 80% of the nuclei in
myotubes, could be passaged four times before myotube
formation was reduced. In contrast, embryonic muscle
cultures displayed a marked reduction in myotube for
mation after the first passage.
Based on the above findings, we suggest that most of
the myogenic precursor cells recovered from the adult
muscle have a large proliferative potential and may be
similar to the embryonic myogenic stem cells previously
described (Quinn et at., 1985). However, because only 30—
40% of the total cells initially obtained from the adult
muscle were able to grow in culture, this result may not
accurately reflect the composition of the entire myogenic
cell population in vivo. At present, we have no way of
clearly identifying the myogenic precursor cells isolated
from the adult muscle as the “classical” satellite cells
which lie between the basement membrane and the
plasma membrane of the differentiated muscle fiber
(Mauro, 1961, 1979). However, in general agreement with
other investigators, we have referred to the myogenic
precursor cells isolated from adult muscle as satellite
cells.
Several observations have led us to suggest that the
contribution of fibroblasts to the satellite cell prepara
tion is minimal. Following the initial attachment, the
cultured cells appeared mostly bipolar and quite ho
mogeneous morphologically. Overgrowth of fibroblast
like cells was observed only after five sequential sub
culturings. Moreover, the clonable cells that gave rise
to fibroblast-like clones comprised less than 1% of the
total clonable cells. This differs from the results obtained
with embryonic muscle cell preparations where, even
after the Percoll centrifugation step, 30% of the clonable
cells gave rise to non-myogenic colonies (Yablonka-Reu
veni and Nameroff, in press). Hence, in the present study,
except for the Percoll centrifugation, we did not attempt
further procedures for removal of possible contaminat
ing fibroblasts. Our failure to detect clones of fibroblast
like cells is in agreement with Wright (1985). The pos
sibility that our culture conditions do not support fibro
blast attachment or growth is ruled out because we found
such cells in the 20% Percoll fraction after centrifugation
and were able to grow them in both mass and clonal
cultures. In contrast to our study, however, various re
searchers have emphasized the possible contribution of
fibroblasts to their satellite cell preparations and at
tempted to remove these cells by differential attachment
for various lengths of time (Jones, 1977; Blau and Web
ster, 1981; Fisher et at., 1983; Allen et at., 1984). In ex
treme cases differential attachment was carried out for
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16 hr (Johnson et aL, 1983). The procedure described here
obviates the necessity for these types of procedures.
In conclusion, the data presented in this report clearly
demonstrate that the method used for the isolation of
chicken satellite cells gives rise to viable myogenic cells
which can be maintained in mass and clonal cultures.
Using this approach we demonstrated that these cells
are similar in terms of proliferation and differentiation
potential to myogenic stem cells from embryonic
chicken. It is possible that the satellite cells from adult
muscle and the embryonic myogenic stem cells are iden
tical and originate from the same lineage. In this case
the differences reported here between myogenic cells
from adult and embryonic muscles in respect to higher
proliferative potential of the adult cells might be ex
plained by much higher proportions of myogenic stem
cells in adult animals.

We thank Mr. S. C. Braddy for excellent technical assistance. This
investigation was supported by grants from the American Heart As
sociation, Washington Affiliate to Z.Y.-R. and from the National In
stitutes of Health (AM-28154) to MN. L.S.Q was supported as a post
doctoral trainee by a grant from the National Institutes of Health
(AG-00057) to Dr. G. M. Martin.

REFERENCES
ALLaROOK, D. (1981). Skeletal muscle regeneration. Muscle Neree 4,
234—245.
ALLEN, R. E., MASAK, K. C., MCALLISTER, P. K., and MERKEL, R. A.
(1983). Effect of growth hormone, testosterone and serum concen
tration on actin synthesis in cultured satellite cells. J. Anirn. Sci.
56, 833—837.
ALLEN, R. E., DonsoN, M. V., and LUITEN, L. 5. (1984). Regulation of
skeletal muscle satellite cell proliferation by bovine pituitary fibro
blast growth factor. Eup. Cell Res. 152, 154—160.
BI5CHOFF, R. (1975). Regeneration of single skeletal muscle fibers in
vitro. Anat. Rec. 182, 215—236.
BI5cHOFF, R. (1986). Proliferation of muscle satellite cells on intact
myofibers in culture. Dee. Riot 115, 129—139.
BLAU, H. M., and WEBSTER, C. (1981). Isolation and characterization
of human muscle cells. Proc. Nott Aced. Sci. USA 78, 5623-5627.
B0NNER, P. H., and HAUScHKA, S. D. (1974). Clonal analysis of verte
brate myogenesis. I. Early developmental events in the chick limb.
Dee. Riot 37, 317—328.
CAMPION, 0. R. (1984). The muscle satellite cell: A review. list Rev.
Cytol. 87, 225—251.
Cossu, G., MOLINARO, M., and PACIFICI, M. (1983). Differential response
of satellite cells and embryonic myoblasts to a tumor promoter. Dev.
Riot 98, 520—524.
Cossu, 0., CICINELLI, P., FIERI, C., COLETTA, M., and MOLINARO, M.
(1985). Emergence of TPA-resistent ‘satellite’ cells during muscle
histogenesis of human limb. Eup. Cell Res. 160, 403—411.
FISHER, P. B., MIRANDA, A. F., BABI55, L. E., PE5TIL4, S., and WEINSTEIN,
I. B. (1983). Opposing effects of interferon produced in bacteria and
of tumor promoters on myogenesis in human myoblast cultures.

Proc. Natt Aced. Sci. USA 80, 2961—2965.
HAUScHKA, S. D. (1974). Clonal analysis of vertebrate myogenesis. III.
Developmental changes in the muscle-colony-forming cells of the
human fetal limb. Dev. Riot 37, 345—368.

Chicken Satellite Cells

259

JOHNSON, G. D., and DE C. NOGUEIRA ARAUJO, D. M. (1981). A simple

method of reducing the fading of immunofluorescence during mi
croscopy. J Iminunot Methods 43, 349—350.
JOHNSON, D. D., WILCoX, R., and WENGER, B. (1983). Precocious in vitro
development of satellite cells from dystrophic chicken muscle. In
Vitro 19, 723-729.
JONES, P. H. (1977). Isolation and culture of myogenic cells from re

generating rat skeletal muscle. Eccp. Cell Res. 107, 111—117.
KAGAWA, T., CHIKATA, E., and TANI, J. (1977). In vitro Myogenesis of
the mononucleate cells derived from regenerating muscles of adult

mice. Dev. Riot 55, 402-407.
KAGAWA, T., CHIKATA, E., and HAMANO, R. (1983). In vitro studies of
muscle differentiative potency and mitotic activity of mononucleate
myogenic cells from normal (+/±) and dystrophic (dy/dy) adult
mice. In “Muscular Dystrophy: Biomedical Aspects” (S. Ebashi and
E. Ozawa, eds.), pp. 19—27. Japan Sci. Soc. Press, Tokyo/SpringerVerlag, Berlin.
KLIGMAN, D., and NAMEROFF, M. (1980). Analysis of the myogenic lin
eage in chick embryos. II. Evidence for a deterministic lineage in
the final stages. Exp. Cell Res. 127, 237—247.
K0NIGSBERG, U. R., LIPTON, B. H., and K0NIGSBERG, I. R. (1975). The
regenerative response of single mature muscle fibers isolated in vitro.

Dee. Riot 45, 260—275,
MACRO, A. (1961). Satellite cells of skeletal muscle fibers. J. Riophys.
Riochenz. Cgtot 9, 493—495.
MAURO, A. (1979). “Muscle Regeneration.” Raven Press, New York.
MATSUIJA, R., SPECTOR, D. H., and STROHMAN, R. C. (1983). Regenerating
adult chicken skeletal muscle and satellite cell cultures express em
bryonic patterns of myosin and tropomyosin isoforms. Dev. Rio,
100, 478—488.
Moss, F. P., and LEBLOND, C. P. (1971). Satellite cells as a source at
nuclei in muscles of growing rats. Aunt. Rec. 170, 421—436.
PERSIDSKY, M. D., and BAILLIE, G. 5. (1977). Fluorometric test of eel
membrane integrity. Cryobiology 14, 322-331.
QUINN, L. S., and NAMEROFF, M. (1983). Analysis of the myogenic lineage
in chick embryos. III. Quantitative evidence for discrete compart
ments of precursor cells. Differentiation 24, 111—123.
QUINN, L. S., NAMEROFF, M., and HOLTZER, H. (1984). Age-dependent
changes in myogenic precursor cell compartment sizes. Evidence for
the existence of a stem cell. Exp. Celt Res. 154, 65—82.
QUINN, L. S., HOLTZER, H., and NAMEROFF, M. (1985). Generation oi
chick skeletal muscle cells in groups of 16 from stem cells. Nature
(London) 313, 692—694.

M. M., QUINN, L. S., and NAMEROFF, M. (1984). BB creatin
kinase and myogenic differentiation. Immunocytochemical identi
fication of a distinct precursor compartment in the chicken skeleta,
myogenic lineage. Differentiation 26, 112—120.

ROBINSON,

SCHULTZ, E., and JARYSZAK, D. L. (1985). Effects of skeletal muscle
regeneration on the proliferation potential of satellite cells. .li’Iech.
Age. Dev. 30, 63-72.
WRIGHT, W. E. (1985). Myoblast senescence in muscular dystrophy.

Exp. Cell Res. 157, 343—354.
Z., and NAMEROFF, M. (1986). Immunocytochem
ical studies on the expression of desmin by dividing cells from skeletal
muscle. In “Molecular Biology of Muscle Development” (C. Emerson,
D. Fischman, B. Nadal-Ginard, and M. A. Q. Siddiqui, eds.), pp. 4760. UCLA Symposia on Molecular and Cellular Biology, New Series,
Vol. 29. Alan R. Liss, Inc., New York.
YA5IN, R., VAN BEERS, 0., BULIEN, D., and THOMPSON, E. J. (1976). A
quantitative procedure for the dissociation of adult mammalian
muscle into mononucleated cells. Exp. Cell Res. 102, 405—408.
YASIN, R., WALSH, F. S., LANDON, D. N., and THOMPSON, E. J. (1983).
New approaches to the study of human dystrophic muscle cells in
culture. J Neurot Sci. 58, 315—334.
YOUNG, R. B., MILLER, T. R., and MERKEL, R. A. (1978). Clonal analysis
of satellite cells in growing mice. J. Anim. Sci. 46, 1241—1249.
YABLONKA-REUvENI,

