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Expression of Chicken Troponin T Isoforms in
Cultured Muscle Cells

Jun Mashima, Kazuto Nakada, Yao Yao, Jun-Ichi Miyazaki,
Tamio Hirabayashi*

Institute of Biological Sciences, University of Tsukuba, Ibaraki 305, Japan

ABSTRACT—Cells prepared from chicken skeletal muscles of different developmental stages were cultured
to study their troponin T isoform expression, using antisera specific to the fast- and slow-muscle-type isoforms.
We found that the cultured myogenic cells from chickens and chick embryos were classified into two types,
fast type and fast/slow type in which fast- and slow-muscle-type isoforms were coexpressed. Cells expressing
only slow-muscle-type troponin T isoforms could not be found. Most cells prepared from pectoralis major
(fast muscle) and gastrocnemius {mixed muscle) of 11-day old embryos belonged to the latter, with only a
small fraction belonging to the former. The percentage of fast type cells in those cells prepared from pecforalis
major increased along development to over 90% by the 17th day of incubation, while, in the cells prepared
from gastrocnemius, it reached a plateau of 30-40% by the 13th day of incubation. All the cells from anterior
latissimus dorsi (slow muscle) belonged to the fast/slow type. Ratios of these two types of muscle cells
varied depending on their origins and stages. The in vitro expression of troponin T isoforms was different
from the in vivo expression, and each muscle seems to be determined differently in the composition of cell

types during the developmental course.

INTRODUCTION

In skeletal muscles, proteins specific to myofibril and
sarcoplasmic reticulum and enzymes essential for metabolism
are uniquely expressed. Among them, contractile proteins have
families consisting of very similar isoforms, and different sets
of those families are often coordinately regulated within
functionally distinct muscle fiber types with respect to the speed
of contraction (Bandman, 1992). In some cases, the
heterogeneity of muscle fibers is caused by nerve control and
hormonal signals. The sequential generations of muscle fibers
and the expression of unique proteins depend on the
developmental programs of myogenic cells and are diversified
by extracellular cues (Cossu and Molinaro, 1987; Miller, 1992;
Stockdale, 1992).

In many studies, myosin heavy chain was frequently used
as a marker of muscle fiber types. Since different isoforms of
myosin heavy chain are expressed in different muscle fibers
and at different stages of development, myosin heavy chain
is considered useful for studying myogenic cell lineage (Cho
et al., 1993; DiMario et al., 1993; Hartley et al., 1992; Schafer
et al.,, 1987). On the other hand, using troponin T (TnT) as a
marker, we showed by tissue transplantation experiments that
expression patterns of fast-muscle-type (F-type) and slow-
muscle-type (S-type) TnT isoforms were seemed to be fixed
in cell lineage (Yao et al,, 1992, 1994).
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TnT is one of the three subunits of troponin complex. It
has been shown that there are three classes of TnT isoforms
specific to different fiber types of striated muscle: F-type TnT,
S-type TnT, and cardiac-muscle-type (C-type) TnT (Perry,
1985; Tsukui and Ebashi, 1973). The three classes of isoforms
are encoded by three different genes (Cooper and Ordahl,
1984; Gahlmann et al., 1987; Smille et al., 1988).

In this study, the expression of TnT isoforms has been
investigated by immunohistochemical techniques in cultured
cells prepared from chicken skeletal muscles at various
developmental stages in order to investigate the stability of
TnT expression pattern in vitro. We have shown that the in
vitro expression of TnT isoforms was apparently different from
the in vivo expression.

MATERIALS AND METHODS

Animals
White leghorn chickens (Gallus domesticus (L)) and their fertilized
eggs were obtained from commercial sources.

Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out essentially according to the method of Laemmli (1970)
with 12% acrylamide gels.

Preparation of antisera and immunoblotting

To prepare an antiserum against F-type TnT, the immunogen
was prepared by the method of Ebashi et al. (1971), further purified
by SDS-PAGE, and cut out from the gels. The gels were dialyzed at
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4°C against phosphate buffered saline (PBS) for cne day, mixed with
Freund’s complete adjuvant, and injected into the back of a guinea
pig. The anti-F-type TnT (guinea pig serum) reacted with F-type
isoforms of TnT (Fig. 1). The anti-S-type TnT (rabbit serum) has been
described by Yao et al. (1992). The anti-C-type TnT (rabbit serum) is
a personal gift from Dr. M. Oishi, Kitasato University.

After electrophoresis, proteins in gels were transferred to a
nitrocellulose membrane by a combination of the methods of Towbin
et al. (1979) and Franke et al. (1981) at 300 mA for 3 hr at 0°C.

Immunoblotting was performed using anti-F-type TnT, anti-S-type
TnT, and anti-C-type TnT as the first antibodies. The second antibodies
were rhodamine-conjugated anti-rabbit IgG goat serum (Jackson
Immunoresearch Laboratories) and rhodamine-conjugated anti-guinea
pig IgG goat serum (Cappel).

Cell isolation

Cells were prepared from pectoralis major, gastrocnemius, and
anterior latissimus dorsi (ALD) of 11-, 13- and 17-day old embryos
and 1- and 60-day old chickens. Muscle tissue (2-5 g) was minced
with sharp scissors into 1-2 mm fragments. The fragments were
washed twice with Ca*- and Mg*-free Tyrode’s solution (CMF) and
treated with trypsin at a final concentration of 0.1% in CMF for 30 min
at 37°C with constant shaking. The ratio of the trypsin solution to
muscle tissue was kept at 4-5 ml solution/g tissue. After the treatment,
the suspension was centrifuged at approximately 100xg for 5 min to
collect liberated single cells. The pellet was resuspended in 2 mi of a
growth medium (37.5% Dulbecco’s modified Eagle’s minimum
essential medium (DMEM), 37.5% Ham’s F12, 20% fetal bovine
serum, 5% chick embryo extract, Gentamicin at 4.0 mg/I of medium).
Cells were then counted with a hemocytometer. The chick embryo
extract was prepared essentially according to the method of Hauschka
and Konigsberg (1966).

Differential trypsinization

To obtain purer populations of myoblasts, we used the method
by Kaighn et al. (1966) with some modifications as follows.

Two mi suspension of the cells (10%-10° cells) was incubated in a
60 mm collagen-coated plastic dish for 3 days. Before the myoblasts
fused, the medium was removed and the plate washed twice with
CMF to remove unattached cells and debris. After 2 ml of 0.01% trypsin
in CMF was added, the plate was incubated at 37°C in 5% CO,. After
about 3-5 min bipolar processes of myoblasts retracted and the cells
rounded up, while flattened fibroblasts remained unaffected. Then,
the plate was swirled to suspend cells and the suspension was
transferred to a centrifuge tube. The cells in the solution were collected
by centrifugation at approximately 100xg for 5 min and resuspended
in 3 ml of the growth medium.

Differential cell adhesion
We performed this preparation procedure essentially according
to the method of Yaffe (1968) to obtain purer populations of myoblasts.
The cell suspension was plated on non-collagen-coated plastic
dishes and incubated at 37°C in 5% CO,. After 30 min of incubation,
the medium was collected. The plating was repeated once more, and
the floating cells were collected.

Cell culture

The collected cells were counted and plated at a concentration
of 1 x 108 cells/well with 0.3 ml of the growth medium on a collagen-
coated Celltight C-1 Celldesk (Sumilon) in one well of a 24-well plate
to culture at 37°C in 5% CO,. When myoblasts began to fuse in culture,
after about 2 days, the growth medium was exchanged with a
differentiation medium (47.5% DMEM, 47.5% Ham’s F12, 4% fetal
bovine serum, 1% chick embryo extract, Gentamicin at 4.0 mg/| of
medium). Thereafter, the differentiation medium was changed every
other day. The cells adhering to Celldesks were examined on the 6th
day after plating.
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Indirect immunofluorescence microscopy

Immunohistochemistry was carried out with the anti-F-type TnT,
anti-S-type TnT, and anti-C-type TnT according to the method used
by Yao et al. (1994).

Immunocytochemistry was carried out by the method of Hirai and
Hirabayashi (1986) with some modifications as follows. The cultured
cells adhering to Celldesk were fixed with 3% paraformaldehyde in
PBS for 20 min at 0°C, permeabilized with 0.1% Triton X-100 in PBS
for 3 min at 0°C, and treated with 0.1 M glycine in PBS for 20 min at
room temperature. The cells were firstly incubated with the anti-S-
type TnT for 1 hr at room temperature, and washed 5 times with PBS
for 2 min and secondly incubated with the fluorescein-conjugate anti-
rabbit IgG goat serum for 1 hr. The same process as this was repeated
with the anti-F-type TnT and the rhodamine-conjugated anti-guinea
pig 1gG goat serum.

Pictures were taken with a combination of a Nikon Optiphot
microscope and a Nikon FX-35WA camera.

RESULTS

Specificity of antisera

SDS-PAGE and immunoblotting patterns of tissue extracts
prepared from adult muscles of chicken were presented in
Fig. 1. The immunoblotting patterns were obtained with three
kinds of antisera: anti-F-type TnT, anti-S-type TnT, and anti-
C-type TnT.

Reacting with the anti-F-type TnT, extracts of pectoralis
major, triceps brachii, and gastrocnemius gave 2 bands (Fig.
1b, lane 1), 7 bands (Fig. 1b, lane 2), and 4 bands (Fig. 1b,
lane 3), respectively. Triceps brachii was used here only to
monitor the variety of F-type TnT isoforms. These bands
corresponded to the F-type isoform compositions of TnT as
described in our previous papers (Imai et al., 1986; Yao et al.,
1992).

In the reaction with the anti-S-type TnT, extracts of
gastrocnemius and ALD gave one band (Fig. 1c, lanes 3 and
4) corresponding to the S-type isoform composition as reported
previously (Yao et al., 1992).

Reacting with the anti-C-type TnT only the extract of
ventricle gave a single band (Fig. 1d, lane 5).

Expression of TnT isoforms in developing skeletal muscles
Immunohistochemical studies of serial sections of
pectoralis major, gastrocnemius, and ALD of different stages
were performed (Table 1). In some reports, tissue specific
expression pattern of TnT isoforms has been established in
chicken and other vertebrate species (Dhoot and Perry, 1979;
Obinata, 1985; Reiser et al., 1992; Swynghedauw, 1986). But
so far, no information was reported about the distribution of F-
type and S-type TnT isoforms in the developing muscles of
chicken. Longitudinal serial sections of pectoralis major,
gastrocnemius, ALD , and ventricle muscles from chickens
were stained with the three kinds of antisera. All fibers in the
adult pectoralis major were stained with anti-F-type TnT. Fibers
in adult gastrocnemius were of three types; many fibers were
stained only with anti-F-type TnT, some stained with both the
antisera and occasional fibers stained only with anti-S-type
TnT. All fibers in adult ALD were stained only with anti-S-type
TnT and all fibers in ventricle were stained with only anti-C-
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Specificity of antisera. The specificity of anti-fast-muscle-type troponin T (b), anti-slow-muscle-type troponin T (c), and anti-cardiac-

muscle-type troponin T (d) was investigated by immunoblotting of the extracts from pectoralis major (lane 1), triceps brachii (lane 2),
gastrocnemius (lane 3), anterior latissimus dorsi (lane 4), and ventricle (lane 5). a, SDS-PAGE pattern stained with Coomassie brilliant blue

R.

Table 1. Reactivity of muscle tissues with antisera

Stage Pectoralis Gastrocnemius Anterior
major latissimus dorsi

Et1 F/S/C F/S F/S/IC
E13 F/S/C F/S F/S
E15 F F,F/8, S F/S
E17 F F,F/S, S S
E19 F F,F/S, S S
H1 F F,F/S, S S
H60 F F,F/S, S S
Adult F F,F/S, S S

The results from immunofluorescence analysis of serial sections
of pectoralis major, gastrocnemius, and anterior latissimus dorsi
muscles at various stages were summarized. The serial sections
were stained separately with anti-fast-muscle-type troponin T, anti-
slow-muscle-type troponin T or anti-cardiac-muscle-type troponin
T. F, anti-fast-muscle-type troponin T positive; S, anti-slow-muscle-
type troponin T positive; C, anti-cardiac-muscle-type troponin T
positive; Slashes mean that single fibers are positive with 2 or 3
antisera; E11~19, 11~19-day old embryos; H1 and H60, 1- and
60-day old chickens.

type TnT. These immunohistochemical observations were
compatible with the results of immunoblotting of these aduit
muscle extracts (Fig. 1). All fibers of pectoralis major from 15-
day old embryos (E15) and older ones were stained only with
anti-F-type TnT, but those from 11- and 13-day old embryos
(E11 and E13) were stained with all of the three kinds of
antisera. In contrast to these, all fibers of ALD from 17-day
old embryos and older ones were stained only with anti-S-
type TnT, but those from 13- and 15-day old embryos were
stained with both anti-F-type TnT and anti-S-type TnT, and all
fibers of ALD from 11-day old embryos were stained with the
three kinds of antisera. While, in gastrocnemius from 15-day
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old embryos and older ones, fibers were stained with either
anti-F-type TnT or anti-S-type TnT, or with both the antisera,
and all fibers from 11- and 13-day old embryos were stained
with both anti-F-type TnT and anti-S-type TnT.

Expression of TnT isoforms in cultured muscle cells

The expression pattern of TnT isoforms in chicken skeletal
muscles seemed to be changed on around the 15th day of
incubation (Table 1). In addition, the previous studies (Yao et
al., 1992, 1994) suggested that the expression pattern of TnT
isoforms was fixed in cell lineage. Therefore, we thought that
characteristics of TnT isoform expression in myogenic cells
might have been fixed on around the 13th day of incubation,
and changes in the isoform expression might be detected in
cultured cells prepared from the embryos of around the 13th
day of incubation.

Myogenic cells were isolated from pectoralis major,
gastrocnemius, and ALD of chickens of different stages, using
differential trypsinization and cell adhesion techniques,
cultured for 9 days, and double-immunostained with the anti-
F-type TnT and anti-S-type TnT to examine which type of TnT
isoforms was expressed in each cell.

Representative results were presented in Fig. 2. Cells
from pectoralis major of 11-day old embryos (Fig. 2a-d),
gastrocnemius of 13-day old embryos (Fig. 2e-h), and ALD of
1-day old chicks (Fig. 2i and j) were stained. Cells stained
with both anti-F-type TnT and anti-S-type TnT were in the
majority at these stages (Fig. 2c-f, i, and j) There were,
however, some cells stained only with the anti-F-type TnT
among those from pectoralis major and gastrocnemius (Fig.
2a, b, g, and hj.

The results of double staining of cultured muscle with the
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anti-F-type TnT and S-type TnT were summarized in Table 2.
Most cells from pectoralis major and gastrocnemius from the
youngest embryos (E11) were stained with both anti-F-type
TnT and anti-S-type TnT (“Fast/Slow” in Table 2), leaving only
small fractions (7.2% and 1.0%, respectively) stained only with
the anti-F-type TnT (“Fast” in Table 2). Differences in the
percentages of stained celis along development were found
between pectoralis major and gastrocnemius: In the former
the percentages of cells stained only with anti-F-type TnT
increased to over 90% by the 17th day of incubation, while
those in the latter reached a plateau of 30-40% by the 13th
day of incubation.

ALD presented a clearcut result: All cells from ALD were
stained with both anti-F-type TnT and anti-S-type TnT
irrespective of the stage of source materials. Preparation of
the muscle cells from the embryos was so difficult that we
could not determine the types of the cells from ALD of 17-day
old embryos or younger one (Table 2).
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Fig. 2. Double immunofluorescence analysis of
troponin T in cultured muscle cells. Myoblasts were
prepared from pectoralis major of 11-day old
embryos (a-d), gastrocnemius of 13-day old
embryos (e-h) and anterior latissimus dorsi of 1-
day old chicks (i and j) and cultured for 9 days.
Cells were fixed and processed for double
immunofluorescence as described in Materials and
Methods. Rhodamine (a, c, e, g, and i) and
fluorescein (b, d, f, h, and j) fluorescence represents
expression of fast-muscle-type troponin T and
slow-muscle-type troponin T, respectively, in the
same myotubes. x400. Bar=10 um.

Another clearcut result in Table 2 was that no cell was
stained only with the anti-S-type TnT as far as this-experiment
was concerned (“Slow” in Table 2).

DISCUSSION

In vivo expression of TnT isoforms

Muscle fiber types could be distinguished on the basis of
the expression of TnT isoforms (Dhoot and Perry, 1979; Perry,
1985). In the chicken, it was functionally defined by
Swynghedauw (1986) that pectoralis major was a fast muscle,
ALD a slow one, and gastrocnemius a mixed one, and these
were in good agreement with results of this study. Therefore,
TnT isoforms are reasonably considered to be good markers
of chicken muscle fiber types.

All fibers of pectoralis major from 15-day old embryos
(E15) and older ones were stained only with the anti-F-type
TnT, but those from 11- and 13-day old embryos (E11 and
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Table 2. Reactivity of cultured muscle cells with antisera

Percentage (numbers)

Source of cells
of cells reacted

Muscle Stage Fast Fast/Slow  Slow Nurrlnbers
of fields
Pectoralis E11 7.2(15) 92.8(194) 0(0) 3
major E13 34.0(223) 66.0 (432) 0 (0) 2
E17 93.8(436) 6.2(29) 0 (0) 3
H1 93.4 (99) 6.6 (7) 0(0) 3
H60 95.0(165) 5.0(9) 0(0) 3
Gastrocnemius
E11 1.0 (4) 99.0 (380) 0 (0) 2
E13 33.0(148) 67.0(301) 0 (0) 3
E17 43.1(260) 56.9(343) 0(0) 3
H1 37.4(43) 62.6(72) 0(0) 3
H60 37.6(74) 62.4(123) 0(0) 3
Anterior H1 0(0) 100 (82) 0(0) 3
latissimus ~ H60 0(0) 100 (75) 0(0) 2
dorsi

The results from double immunofluorescence analysis of cultured
cells prepared from pectoralis major, gastrocnemius and anterior
latissimus dorsi were summarized. The cells stained with the
antisera were counted, changing the microscope field several times
(numbers of fields). Fast, only anti-fast-muscle-type troponin T
positive; Fast/Slow, both anti-fast- and anti-slow-muscle-type
troponin T positive; Slow, only anti-slow-muscle-type troponin T
positive; E11~17, 11~17-day old embryos; H1 and H60, 1- and
60-day old chickens.

E13) were stained with all the three kinds of antisera.
Therefore, differential expression of TnT isoforms occurred
during myogenesis, supporting Obinata’s results that showed
transition of TnT isoforms from cardiac-muscle-type to fast-
muscle-type in myogenesis of chicken breast muscle (Obinata,
1985). However no information was so far reported about the
expression of S-type TnT isoforms. In gastrocnemius and ALD
from 17-day old embryos and older ones, fibers expressed
the same TnT isoforms as adult fibers do, while, fibers of 13-
or 15-day old embryos and younger ones did not (Table 1).

To make sure of the results of the tissue immunostaining
of pectoralis major from 11- and 13-day old embryos, we
performed immunoblotting and confirmed that the fibers of
these muscles expressed all three kinds of TnT (data not
shown).

Our results also showed changes in expression of TnT
isoforms in gastrocnemius and ALD. Taking these results
together, it can be concluded that the expression pattern of
TnT isoforms in chicken skeletal muscles transits in the
embryonic muscle tissues, and that muscle fiber type is
probably determined on around the 15th day of incubation.

In vitro expression of TnT isoforms

On the basis of the expression of TnT isoforms, cultured
muscle cells were classified into two types: One is fast type
cells stained only with anti-F-type TnT and the other is fast/
slow type cells stained with both anti-F-type TnT and anti-S-
type TnT. No cells could be found which were stained only
with anti-S-type TnT even in the muscle cells prepared from
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gastrocnemius and ALD (Table 2 and Fig. 2). However, the
fibers stained only with anti-S-type TnT were present in the
tissues of these muscles (Table 1). Why were slow type cells
(the cells expressing only S-type TnT) absent in culture?

We can not remove completely the possibility that the
discrepancy in S-type TnT isoform expression between
cultured cells and muscle tissues was caused by cell selection
during cell preparation. We do not think, however, that cell
selection was a major reason for this discrepancy, because
we could not find slow type cells among the cells prepared by
a method in which processes of differential trypsinization and
differential cell adhesion were omitted (data not shown). Then,
how do the cells in muscle tissue express only S-type TnT
isoform? We think there are two possibilities: One is that the
intrinsic potential of slow type cells to express F-type TnT
isoforms is suppressed in vivo. This possibility was supported
by similar experiments with S-type myosin heavy chain
isoforms in cultured cells from human fast muscle (Cho et al.,
1993) and with C-type TnT isoforms in cultured cells from
chicken fast muscle (Toyota and Shimada, 1983). The other
possibility is that muscle cell differentiation was delayed in
cultured cells. Cells cultured in the differentiation medium for
6 days might have been still immature to express specific
isoforms, and expressed both F-type and S-type isoforms like
in vivo muscle cells at earlier developmental stages. In the
previous study, Yao et al. (1994) transplanted ALD into
pectoralis major, and detected the fibers expressing only S-
type TnT on the 58th day after the operation. Therefore, a
long-time culture as in their experiments might have made it
possible for the cells to express only S-type TnT.

Since we think the two cases are equally possible and
have no further experimental bases to remove either one, we
cannot determine which is more likely, or rather we would like
to say that both are the cases.

Ratios of fast/slow type to fast type cells varied depending
on the stage and origin of the muscle examined. In the cultured
cells from 11-day old embryos, most cells belonged to the
fast/slow type, while, in the cells from 13-day old embryos,
the ratio of fast/slow type to fast type was 3:1. The ratios in
the cultured cells prepared from embryos older than the 17th
day of incubation were seemed to be fixed depending on the
cell sources. The developmental change in the ratio seemed
to reflect the appearance of satellite cells (Feldman and
Stockdale, 1992; Hartley ef al., 1992) rather than the phase of
myogenesis, such as primary or secondary myogenesis (Miller
and Stockdale, 1986).

Myosin heavy chain isoforms have been used as good
markers of muscle fiber types, and their expressions have
been described in detail (Feldman and Stockdale, 1991; Miller
et al., 1985; Schafer et al., 1987; Stockdale and Miller, 1987).
However, the results reported here are not in good agreement
with those works based on the expression of myosin heavy
chain isoform. With respect to myosin heavy chain, most
cultured cells prepared from pectoralis major of 11-day old
embryos were fast type (Miller et al., 1985), all cultured cells
from adult pectoralis major were fast type, and those from
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adult ALD were a mixture of fast type and fast/slow type
(Feldman and Stockdale, 1991).

The reason for the discrepancy between the results with
TnT and myosin heavy chain is not clear, but probably it would
be due to the fiber type markers used in the two experiments.
On the basis of TnT expression, there were only slow type
fibers in adult ALD , but on the basis of myosin heavy chain
expression, there were fast type and slow type fibers (Feldman
and Stockdale, 1991). It is conceivable that regulatory
mechanisms of expressions are different between TnT and
myosin heavy chain.

As far as we know, this is the first report in which the
preparation of muscle cells from ALD of 1-day old chicks was
succeeded. In fact, preparation of muscle cells from the young
ALD was very difficult, so that no one uses these young tissues
to prepare cells for culture.

In conclusion, the expression of TnT in the cells from
chicken muscles of these stages reflects their origins and
stages, although it apparently deviates in vitro from that in
vivo. The expression of TnT isoforms is stable and
reproducible, so that this protein can be a good marker of
myogenic cell lineage, together with myosin heavy chain.

In the next study, we will perform clonal analysis to
investigate further the stability or otherwise of TnT isoform
expression in muscle cells prepared from various stages.

REFERENCES

Bandman E (1992) Contractile protein isoforms in muscle
development. Dev Biol 154: 273-283

Cho M, Webster SG, Blau HM (1993) Evidence for myoblast-extrinsic
regulation of slow myosin heavy chain expression during muscle
fiber formation in embryanic development. J Cell Biol 121: 795~
810

Cooper TA, Ordahl CP (1984) A single cardiac troponin T gene
regulated by different programs in cardiac and skeletal muscle
development. Science 226: 979-982

Cossu G, Molinaro M (1987) Cell heterogeneity in the myogenic
lineage. Cur Top Dev Biol 23: 185-208

Dhoot GK, Perry SV (1979) Distribution of polymorphic forms of
troponin components and tropomyosin in skeletal muscle. Nature
278: 714-718

DiMario JX, Fernyak SE, Stockdale FE (1993) Myoblasts transferred
to the limbs of embryos are committed to specific fibre fates.
Nature 362: 165-167

Ebashi S, Wakabayashi T, Ebashi F (1971) Troponin and its
components. J Biochem 69: 441-445

Feldman JL, Stockdale FE (1991) Skeletal muscle satellite cell
diversity: Satellite cells form fibers of different types in cell culture.
Dev Biol 143: 320-334

Feldman JL, Stockdale FE {1992) Temporal appearance of satellite
cells during myogenesis. Dev Biol 153: 217-226

Franke WW, Heid HW, Grund C, Winter S, Freudenstein C, Schmid
E, Jarasch E-D, Keenan TW (1981) Antibodies to the major
insoluble milk fat globule membrane-associated protein: Specific
location in apical regions of lactating epithelial cells. J Cell Biol
89: 485494

Gahlmann R, Troutt AB, Wade RP, Gunning P, Kedes L (1987)
Alternative splicing generates variants in important functional
domains of human slow skeletal troponin T. J Biol Chem 262:
16122-16126

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 28 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Hartley RS, Bandman E, Yablonka-Reuveni Z (1992) Skeletal muscle
satellite cells appear during late chicken embryogenesis. Dev
Biol 153: 206-216

Hauschka SD, Konigsberg IR (1966) The influence of collagen on the
development of muscle clones. Proc Natl Acad Sci USA 55: 119~
126

Hirai S, Hirabayashi T (1986) Development of myofibrils in the gizzard
of chicken embryos; intracellular distribution of structural proteins
and development of contractility. Cell Tissue Res 243: 487-493

Imai H, Hirai S, Hirono M, Hirabayashi T (1986) Many isoforms of fast
muscle troponin T from chicken legs. J Biochem 99: 923-930

Kaighn ME, Ebert JD, Stott PM (1966) The susceptibility of
differentiating muscle clones to Rous Sarcoma virus. Proc Natl
Acad Sci USA 56: 133-140

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680
685

Miller JB (1992) Myoblast diversity in skeletal myogenesis: How much
and to what end? Cell 69: 1-3

Miller JB, Crow MT, Stockdale FE (1985) Slow and fast myosin heavy
chain content defines three types of myotubes in early muscle
cell cultures. J Cell Biol 101: 1643—-1650

Miller JB, Stockdale FE (1986) Developmental regulation of the
multiple myogenic cell lineages of the avian embryo. J Cell Biol
103: 2197-2208

Obinata T (1985) Changes in myofibriliar protein isoform expression
during chicken skeletal muscle development. Zool Sci 2; 833—
847

Perry SV (1985) Properties of the muscle proteins - a comparative
approach. J Exp Biol 115: 3142

Reiser PJ, Greaser ML, Moss RL (1992) Developmental changes in
troponin T isoform expression and tension production in chicken
single skeletal muscle fibres. J Physiol 449: 573-588

Schafer DA, Milier JB, Stockdale FE (1987) Cell diversification within
the myogenic lineage: In vitro generation of two types of myoblasts
from single myogenic progenitor cell. Cell 48: 659-670

Smille LB, Golosinska K, Reinach FC (1988) Sequences of complete
c¢DNAs encoding four variants of chicken skeletal muscle troponin
T. J Biol Chem 263: 18816-18820

Stockdale FE (1992) Myogenic cell lineages. Dev Biol 154: 284-298

Stockdale FE, Miller JB (1987) The cellular basis of myosin heavy
chain isoform expression during development of avian skeletal
muscles. Dev Biol 123: 1-9

Swynghedauw B (1986) Developmental and functional adaptation of
contractile proteins in cardiac and skeletal muscles. Physiol Rev
66: 710-771

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets:
Procedure and some applications. Proc Natl Acad Sci USA 76:
4350-4354

Toyota N, Shimada Y (1983) Isoform variants of troponin in skeletal
and cardiac muscle cells cultured with and without nerves. Cell
33: 297-304

Tsukui R, Ebashi S (1973) Cardiac troponin. J Biochem 73: 1119~
1121

Yaffe D (1968) Retention of differentiation potentialities during
prolonged cultivation of myogenic cells. Proc Natl Acad Sci USA
61: 477-483

Yao Y, Nakamura M, Miyazaki J-I, Kirinoki M, Hirabayashi T (1992)
Expression pattern of skeletal muscle troponin T isoforms is fixed
in cell lineage. Dev Biol 151: 531-540

Yao Y, Mivazaki J-l, Hirabayashi T (1994) Coexistence of fast-muscle-
type and slow-muscle-type troponin T isoforms in single chimeric
muscle fibers induced by muscle transplantation. Exp Cell Res
214: 400-407

(Received March 13, 1996 / Accepted April 19, 1996)



