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SUMMARY

We describe a simple technique for maintaining highly contractile long-term chicken myogenic
cultures on Matrigel, a gel composed of basement membrane components extracted from the
Engelbreth-Holm-Swarm mouse tumor. Cultures grown on Matrigel consist of three-dimensional
multilayers of cylindrical, contracting myotubes which endure for at least 60 d without myotube
detachment. A Matrigel substrate increases the initial plating efficiency but does not effect cell
proliferation. Large-scale differentiation in cultures maintained on Matrigel is delayed by 1 to 2 d,
compared to cultures grown on gelatin-coated dishes. Long-term maintenance on Matrigel also results in
increased expression of the neonatal and adult fast myosin heavy chain isoforms. Culturing of cells on a
Matrigel substrate could thus facilitate the study of later events of in vitro myogenesis.
Key words: myogenesis; basement membrane; Matrigel; myosin isoforms; chicken embryo.

was undertaken to establish conditions to support
long-term primary myogenic cultures.
Myogenic cells have previously been cultured on
isolated extracellular matrix components such as fibro
nectin and laminin (11,16,19,26), as well as within native
type I collagen gels (24). In the latter study, myotubes
remained attached and contracting for up to 10 d.
Laminin selectively enhances mammalian myoblast
proliferation and differentiation in vitro (11,16,19,26), but
data on culture longevity were not reported. Inasmuch
as basement membrane components influence in vitro
myogenesis and are present during myogenesis in vivo,
eventually surrounding individual muscle fibers (17,23),
we examined the capacity of Matrigel, a basement
membranelike substrate, to support long-term myogenic
cultures. Matrigel, extracted from Engelbreth-Holm
Swarm tumors, is a basement membrane gel composed of
type IV collagen, laminin, heparan sulfate proteoglycan,
and entactin (14). Matrigel, or similar preparations,
supports differentiation and affects gene expression in a
variety of other systems (4,5,10,12,14,15,20).
We found that myogenic cultures can be maintained on
Matrigel for over 60 d. Highly contractile myotubes are
arranged in three-dimensional multilayers and remain
attached throughout the culture period. Bith the neonatal
and adult isoforms of myosin heavy chain are expressed.

INTRODUCTION

Primary myogenic cells are routinely cultured on a
substrate of gelatin (denatured type I collagen) (13). After
plating, cells attach, undergo several rounds of cell
division, and eventually withdraw from the cell cycle,
expressing muscle-specific proteins and fusing into
multinucleated myotubes. These events are similar to
what occurs in vivo. Although a gelatin substrate supports
in vitro myogenesis, it is not ideal for maintaining
long-term myogenic cultures. In myogenic cultures
derived from chicken muscle, myotubes begin to detach
after S to 6 d in culture, when the first spontaneous
contractions occur. Myotubes lift individually or as entire
sheets, leaving cultures composed primarily of nonmyo
genic cells, with some intact myotubes. Hence, develop
mental and biochemical studies of myogenesis are limited
to the first few days in culture, and events that may occur
during later development and maturation cannot be
examined. For example, during embryogenesis and
regeneration of both mammalian and avian fast twitch
skeletal muscle there is a transition in fast myosin
isoform expression from embryonic to neonatal and then
to adult myosin (1,3,7,22,27). In culture, this progression
is usually not completed (1,3,6,27) suggesting that
conditions or factors needed for maturation are missing
in tissue culture. It is also possible, however, that the
expression of developmentally advanced myosin isoforms
in vitro simply requires more time in culture. This study

MATERIALS AND METHODS

Cell culture. Primary cultures were prepared from the
pectoral muscles of 10-d embryonic chicks. The muscle
was excised, finely minced, and dissociated into single
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cells by trypsin digestion. The crude cell suspension was
enriched for myogenic cells by Percoll density centrifu
gation as previously described (28). Cells were plated at
10 per 35-mm dish, coated with either gelatin or
Matrigel. Standard medium consisted of 85% Eagle’s
minimum essential medium (MEM, GIBCO, Grand
Island, NY), 10% horse serum (Sigma, St. Louis, MO), 5%
chicken embryo extract, penicillin and streptomycin at
10 units per liter each, gentamicin at 5 mg per liter, and
Fungizone at 2.5 mg per liter. Medium was replaced the
first day after plating and every other day thereafter.
Tissue culture dishes (Corning, Corning, NY) were
coated with either 100 MI of 2% gelatin (Sigma) or 100 p1 of
Matrigel (Collaborative Research, Bedford, MA). All
procedures with Matrigel were carried out at 0° to 4° C to
prevent premature gelation. Matrigel was pipetted onto
precooled dishes, spread evenly with a precooled bent
Pasteur pipette, and incubated at 37° C for a minimum of
30 mm before culturing to allow formation of a stable
basal lamina gel. The 2% gelatin solution was warmed to
370
C, pipetted onto dishes at room temperature, and
spread and incubated as Matrigel-treated dishes.
Attachment and [
H]thymidine incorporation assays.
3
To assess attachment to the different substrates, cells
were plated onto either Matrigel or gelatin-coated, 35-mm
dishes and allowed to adhere for 8 h. Nonattached cells
were removed by washing 3 times with warm MEM; fresh
medium was added, and 10 fields in triplicate cultures
were counted by inverted phase microscopy to determine
the nun-iber of attached cells. Results are expressed as the
average number of cells attached per square millimeter.
To assay the effect of a Matrigel substrate on
proliferation, the incorporation of [
H]thymidine (New
3
England Nuclear, Boston, MA; specific activity 6.7
Cifmmol) was measured during the first 7 d of culture.
Triplicate cultures were pulsed for 4 h every 24 h in fresh
medium containing a final concentration of 1 pCi/ml
H]thymidine. After labeling, cultures were rinsed 3
3
[
times with ice-cold MEM and incubated in 1 ml of ice-cold
5% trichloroacetic acid (TCA) for at least 1 h. TCA
treatment caused partial detachment of the Matrigel from
the culture dish, so cells and substrate were routinely
collected with a cell scraper and transferred to an
Eppendorf tube. The cells and substrate were spun for 5
mm (12 000 rpm) in a microfuge. The pellets were rinsed
in fresh TCA, spun for 5 mm, and then rinsed with
phosphate buffered saline. After centrifugation, the
pellets were dissolved by incubating in 30 p1 NCSTM tissue
solubilizer (Amersham, Arlington Heights, IL) overnight at
37° C. Liquid scintillation counting was performed, using a
toluene based scintillant [0.5 g 1,4 bis-2-(4-methyl-5phenyloxazolyl)-benzene and 5 g 2,5-diphenyloxazole per liter
toluene]. Cells cultured on gelatin were processed identically.
Matrigel-treated dishes (without cells) were also pulsed and
processed to measure nonspecific binding of thymidine to
Matrigel.
Myosin isoform assays. The fast myosin heavy chain
isoforms expressed in 10-, 20-, and 30-d cultures were
determined by indirect immunofluorescent staining with
monoclonal antibodies against specific isoforms of

chicken fast myosin heavy chain. The antibodies, in the
ascites fluid form, were generously provided by Dr. E.
Bandman (Department of Food Science and Technology,
University of California, Davis, CAl, and their specificities
have been described (2,6,7). Monoclonal antibody EB16S
reacts with both embryonic and adult MHC, AB8 detects the
adult isoform only, and 2E9 is neonatal specific. Im
munostaining was as previously described (21,28). Cultures
were fixed for 30 s in a cold solution of 70% ethanol:for
malin:glacial acetic acid, 20:2:1, and incubated for 1 h at
room temperature in 0.05 M tris, 0.9% NaCI, and 1% normal
goat serum to block nonspecific binding. The cells were then
incubated with antibodies diluted in blocking solution )EB16S
1:1000, 2E9 1:500, and AB8 1:1000) for 1 h at room tem
perature, followed by incubation with fluorescein conjugated
goat anti-mouse IgG (Organon-Teknika Cappel, Downington,
PA) diluted 1:50. Myosin-positive cells were also detected with
a monoclonal antibody against all forms of sarcomeric myosin
[MF2O (1,30)] to assess differentiation and fusion. Staining
was as described above, using the hybridoma supernatant at a
1:5 dilution. MF2O was obtained from the Developmental
Studies Hybridoma Bank [maintained by a contract from
NICHD (N01-HD-6-2915)]. To facilitate estimation of
differentiation, the nuclei in MF2O reacted cultures were
counter-stained with ethidium bromide at a concentration of 2
mg/ml in tris-buffered saline for S mm at room temperature,
followed by three rinses with tris-buffered saline. Cultures
were viewed with a Zeiss photomicroscope equipped with
phase and epifluorescence optics. Ethidium bromide-stained
nuclei were visualized with rhodamine optics.
Photomicrographs were taken using fluorescein optics, under
which nuclear staining seems dimmer.
RESULTS

Morphology. Myoblasts plated on gelatin remain
dispersed during the first 24 h of culture (Fig. 1 a),
whereas cells plated onto Matrigel migrate into small
clusters at different focal levels during this time (Fig. 1 e).
These cell clusters are connected by cords of elongated, bi
polar cells which form a branched network. By Day 3 in
culture, myoblasts maintained on gelatin have fused into
flat, branched, multinucleated myotubes (Fig. 1 b). In 3-d
Matrigel cultures, cell cords seem similar to myotubes
(Fig. 1 f), but myotubes can be discriminated from
noudifferentiated cells by the presence of musclespecific proteins (e.g., myosin, see below). With
additional time in culture, numerous contracting myo
tubes extend between clusters within, above, and below
the Matrigel (Fig. 1 g). The cylindrical, prominently
cross-striated myotubes in a 2-wk-old culture on Matrigel
are arranged in a multilayered, three-dimensional,
contracting network (Fig. 1 h). Spontaneous contractions
of the myotubes are vigorous and widespread, as is
evidenced by undulations of the entire basal lamina gel.
The cell density is high, yet these contractile cultures can
be maintained for over 60 d without detachment. In
contrast, cultures maintained on gelatin for S d display
intermittent contractions of individual myotubes but not
of the entire cell sheet, and detach shortly thereafter (Fig.
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1 d), or are overgrown by mononucleated cells. Some
myotubes remained attached in gelatin cultures for the 30
d of the study, but consistently fewer than in 30-d
Matrigel cultures. Each microscopic field in Matrigel
cultures contains many myotubes of varying diameters,
whereas myotubes in gelatin cultures are restricted to a
few areas where detachment does not occur.
Using morphologic criteria, it is difficult to ascertain
when terminal differentiation and fusion first occur in
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myogenic cultures grown on Matrigel, in contrast to
gelatin cultures, in which fusion is obvious. To
distinguish between fused, terminally differentiated cells
and closely opposed cells in 3-d Matrigel cultures,
cultures were stained with MF2O, a monoclonal antibody
against all sarcomeric myosins. There are fewer terminal
ly differentiated and fused cells in 3-d Matrigel cultures
(Fig. 2 c,d), compared to gelatin cultures (Fig. 2 a,b)
(29% vs. 69%, respectively). After an additional 2 d in

Fio. 1. Morphology of myogenic cultures maintained on gelatin or Matrigel. a—d, Cultures maintained on gelatin,
and e—h cultures maintained on Matrigel. a,e, Day 1; hf, Day 3; c,g, Day 3; d, Day 11 and h, Day 13. a—c and e—g are live
cultures; bar = 48 pm. d,h are fixed cultures; bar = 30 pm. One of several focal levels is shown in Matrigel cultures.
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FIG. 2. Appearance of myosin-positive cells in 3-d gelatin and Matrigel cultures. Phase and corresponding
fluorescence micrographs of cells cultured on gelatin (a,h) and on Matrigel (c.d). Cultures were reacted with MF2O, a
monoclonal antibody specific for all sarcomeric myosins. Arrows indicate ethidium bromide stained nuclei. Bar = 30
Am.

culture, the number of myosin-positive cells
myotubes is similar for both substrates (data not shown).

and

Attachment and [
H]thymidine incorporation. Cell
3
attachment and proliferation in Matrigel- and gelatintreated cultures were compared. The results of the cell
attachment assay are shown in Table 1. More cells
attached on Matrigel-treated dishes than on gelatintreated dishes 8 h after plating. To determine if culturing
on Matrigel stimulates myoblast proliferation, incorpora
tion of [
11]thymidine was measured on both Matrigel
3
and gelatin during the first 7 d of culture. Figure 3 shows
that during this time the general pattern of [II1thymidine incorporation into cells grown on Matrigel
is similar to that of cells grown on geLatin, although on
Days 4 and 5 there is a significantly higher incorporation
in Matrigel cultures. By Day 7, incorporation dropped to
baseline levels on Matrigel, whereas cells cultured on
gelatin were still proLiferating. These proliferating cells
were probably nonmyogenic cells that continued dividing
in gelatin cultures, because no further increase in
myosin-positive cells was seen. Although more cells are
attached in Matrigel cultures after 8 h, the similar profile
of 3
H]thymidine incorporation in Matrigel and gelatin
cultures after 24 h suggests that by this time either cell
attachment or the number of cells synthesizing DNA is
‘comparable for both substrates.
Myosin isoform expression. During development of the
chicken pectoralis, fast myosin heavy chain progresses

from an embryonic to a neonatal and then to an adult
isoform (1,3). In primary chick myogenic cultures, the
predominant MHC isoform is the embryonic, but the
neonatal isoform has been detected in chick myogenic
cultures that were highly contractile (6). Inasmuch as
Matrigel cultures can be maintained in a contractile state
for extended periods, we investigated whether growth on
Matrigel supports the neonatal and adult MHC isoform
transition. Cultures maintained for 10, 20, and 30 d were
fixed and stained with monoclonal antibodies specific for
the embryonic and adult fast MHC (EBbS), neonatal fast
MHC (2E9), and adult fast MHC (AB8). Only EB16S reacts
with 10-d Matrigel cultures indicating that the embryonic
isoform alone is expressed at this stage; this isoform

TABLE I

ATTACHMENT OF MYOGENIC CELLS TO GELATIN OR
MATRIGEL SUBSTRATES AT II H POSTPLATING

Substrate

A ‘rage N umber 1
Cells Per mm 2

I’lating Efflilenes

Gelatin

118 ± 12

39%

Matrigel

143 ± 19

72%

“Medium was replaced B h after initiation of cultures to remove
nonadhered cells Attached cells were counted in 10 random fields of
duplicate cultures.
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isoform remains constant. In contrast to Matrigel
cultures, many of the myotubes present on a gelatin
substrate detach between 7 and 10 d of culture. The
remaining myotubes in 10-, 20-, and 30-d gelatin cultures
are concentrated in small, isolated areas of the culture
dish and express the embryonic isoform of MHC. In 20-d
gelatin cultures, 17% of the enduring myotubes express
the neonatal MHC isoform and none the adult isoform. In
30-d gelatin cultures, the percentage of neonatal-positive
myotubes remains constant as on Matrigel, whereas 5% of
the myotubes are adult-positive (data not shown).
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maintained on Matrigel- and gelatin-coated dishes. Cells were
exposed to [
H]thymidine for 4 h every 24 h and immediately
3
processed to determine incorporation. CPM represents average
values for triplicate plates. Incorporation is significantly higher
in Matrigel cultures on Days 4 and 5 (t test, P < 0.05 and P < 0.005,
respectively). Standard deviation is smaller than symbol size if
deviation bars cannot be seen.

continues to be expressed in all myotubes in 20- and 30-d
Matrigel cultures (data not shown). With additional time
in culture, myotubes expressing the neonatal and adult
isoforms of MHC appear. The neonatal isoform first
becomes detectable in 1 5-d Matrigel cultures and the
adult isoform in 20-d cultures. In 20-d Matrigel cultures,
about 25% of the myotubes express the neonatal isoform
(Fig. 4 b), and approximately 7% express the adult
isoform (Fig. 4 c). Alter 30 d in culture, myotubes
expressing the adult isoform are more frequent (11%),
whereas the number of myotubes expressing the neonatal

Culturing of chick myoblasts on Matrigel, a reconstitut
ed basement membrane, results in long-term cultures
containing vigorously contracting myotubes which ex
press all three developmental isoforms of fast myosin
heavy chain. Matrigel promotes initial cell attachment, but
H]thymidine
3
after 24 h in culture, the same level of [
incorporation is observed in Matrigel and gelatin
R]thymidine incorpor
3
cultures. The overall pattern of [
ation is similar for both gelatin and Matrigel substrates
during the first 7 d in culture, indicating that Matrigel
and gelatin support comparable levels of myoblast
proliferation. We also found that myoblasts grown on
Matrigel have a 1- to 2-d delay in differentiation and
fusion, as shown by the small number of myosin-positive
cells and myotubes in a 3-d Matrigel culture compared to
a corresponding gelatin culture, suggesting that the
basement membrane influences myoblast differentiation.
In addition, long-term Matrigel cultures contain myo
tubes expressing the neonatal and adult fast MHC
isoforms. Myotubes sustained on a 1:10 dilution of

FIG. 4. Expression of neonatal and adult fast MHC isoforms in 20-d myogenic cultures maintained nn Matrigel. a, A
representative phase micrograph of a live culture, bar = 48 rim. b, Fluorescence micrograph of a parallel fixed culture
stained with monoclonal antibody 2E9, which is specific for neonatal fast MHC. Note positive myotuhes out of the
focal plane. c, Fluorescence micrograph of culture stained with monoclonal AB8, which is specific for adult fast
MHC. Antibody staining shows myotube cross-striations. Bar = 3Opm.
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Matrigel or on a vitrogen gel (native type I collagen) are also
more stable and express the neonatal and adult fast MHC
isoforms to a greater extent than myotubes on gelatin, but
less than Matrigel myotubes (unpublished observations).
In comparison, laminin, a component of the basement
membrane, has been shown to increase myoblast
attachment and proliferation (11,16,19), but effects on
culture longevity and MHC isoform transition were not
reported.
Vandenburgh et al. (24) and Vandenburgh and Karlisch
(25) suggested that increasing mechanical tension during
development is important for myogenesis and is missing
from tissue culture. They provide mechanical tension
during in vitro myogenesis witb a three-dimensional
collagen gel (24) or with an electronic mechanical cell
stimulator (25). The collagen gel supports contracting
myotubes for up to 10 d in culture, and the mechanical
device stimulates cell fusion and proliferation via
stretching of the substrate, resulting in long, parallel
arrays of myotubes. Our results indicate that a Matrigel
substratum also provides structural support and the
necessary tension to maintain long-term cultures of
contracting, cylindrical myotubes with minimal branch
ing, compared to gelatin cultures.
A correlation between contractility and neonatal fast
MHC isoform expression in chick myogenic cultures was
described by Cerny and Bandman (6). Our study
demonstrates that Matrigel provides reproducible condi
tions for contraction and expression of the neonatal
isoform in avian myogenic cultures. Matrigel also
supports expression of the adult fast MHC isoform, which
has not been detected previously in chicken myogenic
cultures. Myotuhes expressing the adult isoform were
detected at a very low frequency in quail cultures (18, P.
Merrifield, personal communication) as well as in
cultures of regenerating adult mouse myofibers cocul
tured with embryonic mouse spinal cord (9). In the latter
study, adult isoform expression was independent of
nerve-induced contractions, and a trophic effect of the
spinal cord tissue on adult MHC expression was
suggested. Our studies indicate that adult fast MHC can
be expressed in chicken myogenic cultures in the absence
of nerve. Regardless, we cannot eliminate the possibility
that, in addition to providing structural support, Matrigel
contains trophic factors important for myoblast differen
tiation and maturation. Alternatively, Matrigel could
sequester such factors from the medium and store them
in a manner analogous to the storage of fibroblast growth
factor in the extracellular matrix of mouse skeletal
muscle (8,29).
We did not observe any myotube detachment in
long-term Matrigel cultures. Nor did we detect any
increase in the frequency of differentiated cells (i.e. cells
positive for MF2O) in long-term Matrigel cultures,
suggesting that no new myotubes are formed in the later
cultures. Also, we did not observe any foci of terminally
differentiated mononucleated myoblasts which could
potentially form new myotubes or fuse into preexisting
myotubes and specifically contribute to the expression of
the adult myosin isoform. We thus suggest that the

myotubes expressing adult myosin in Matrigel cultures
are aged myotubes rather than lately formed myotubes.
In summary, this study demonstrates that routine
culturing of myogenic cells on a basement membranelike
substrate provides a simple and effective means of
supporting long-term myogenic cultures. It therefore
offers a cell culture system in which later events of
myogenesis can be studied.
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NOTE ADDED IN PROOF

Strohman et al. 31) have recently reported on the expression of neonatal and adult isoforms of
fast myosin heavy chain in chicken myogenic cultures maintained on flexible membranes.

