
One of the most striking features of the differentiated adult
skeletal muscle is its high degree of plasticity. In an adaptive
response to altered physiological demands, a switch from
the fast-glycolytic to the slow-oxidative phenotype, and
vice versa, occurs. A fast-to-slow transition induces
morphological and biochemical alterations resulting in an
increased resistance to fatigue. The expression of isoforms
of proteins of the contractile apparatus and enzymes of
energy metabolism is influenced by the pattern of
innervation (Buller et al. 1960), by electrical stimulation
(Pette & Vbrov�a, 1985; Pette, 1998), by the level of physical
activity (Salmons & Henriksson, 1981; Pette, 1998), and by
passive stretch (Goldspink et al. 1992; Russell & Dix, 1992).
Changes at the level of mRNA and protein expression
during low frequency stimulation-induced fast-to-slow
transition of skeletal muscle are well documented (Pette &
Vrbov�a, 1992; Pette, 1998). Genes encoding slow isoforms
of myosin heavy (MyHC) and light chains (MLC), as well as
genes encoding proteins involved in oxidative metabolism,
are upregulated, fast myosin isoform genes and those
encoding glycolytic enzymes are downregulated.

The time course of low frequency stimulation-induced
changes was studied in detail, pointing to a sequential

transition of MyHC isoforms (Pette & Vrbov�a, 1992; Peuker
et al. 1998). Changes in MyHC mRNA levels occur early
after the start of electrostimulation of rabbit and rat fast-
twitch muscle (Brownson et al. 1988; Kirschbaum et al.
1990). The reversibility of low frequency stimulation-induced
changes has been demonstrated (Brownson et al. 1992a,b;
Pette & Vrbov�a, 1992). The reversal of the changes in
proteins after cessation of stimulation is relatively slow, but
the reappearance of fast MyHC mRNA is detected after a
few days. In contrast to this thorough description of events,
little is known about the primary signals that mediate the
transformations. Alterations in intracellular Ca¥
concentration, phosphorylation and energy potential have
been proposed as possible primary trigger events (Shoubridge
et al. 1985; Sreter et al. 1987; Henriksson et al. 1988; Pette,
1998). Growing evidence points to the importance of changes
in intracellular Ca¥ concentration ([Ca¥]é) for phenotypic
adaptations in skeletal muscle (Kubis et al. 1997; Chin et al.
1998; Freyssenet et al. 1999).

The expression of developmental MyHC isoforms is a well
known feature of muscle in vivo during ontogenesis
(Buckingham, 1985). In myogenic cell lines, a mixture of
non-adult and adult MyHC isoforms was found (Weydert et
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1. The adult fast character and a Ca¥-inducible reversible transition from a fast to a slow type
of rabbit myotube in a primary culture were demonstrated at the mRNA level by Northern
blot analysis with probes specific for different myosin heavy chain (MyHC) isoforms and
enzymes of energy metabolism.

2. No non-adult MyHC isoform mRNA was detected after 22 days of culture. After 4 weeks of
culture the fast MyHCIId mRNA was strongly expressed while MyHCI mRNA was
virtually absent, indicating the fast adult character of the myotubes in the primary skeletal
muscle culture.

3. The data show that a fast-to-slow transition occurred in the myotubes at the level of MyHC
isoform gene expression after treatment with the Ca¥ ionophore A23187. The effects of
ionophore treatment were decreased levels of fast MyHCII mRNA and an augmented
expression of the slow MyHCI gene. Changes in gene expression started very rapidly 1 day
after the onset of ionophore treatment.

4. Levels of citrate synthase mRNA increased and levels of glyceraldehyde 3-phosphate
dehydrogenase mRNA decreased during ionophore treatment. This points to a shift from
anaerobic to oxidative energy metabolism in the primary skeletal muscle culture cells at the
level of gene expression.

5. Withdrawal of the Ca¥ ionophore led to a return to increased levels of MyHCII mRNA and
decreased levels of MyHCI mRNA, indicating a slow-to-fast transition in the myotubes and
the reversibility of the effect of ionophore on MyHC isoform gene expression.
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al. 1987). Recently, a primary skeletal muscle cell culture
derived from newborn rabbit hindlimb muscle has been
established (Kubis et al. 1997). Growing on gelatin bead
microcarriers in suspension, the myotubes developed the
adult expression pattern of fast MyHC after having been
cultured for several weeks. When Ca¥ ionophore A23187
was added to the medium, [Ca¥]é increased about 10-fold
and a fast-to-slow transformation occurred.

To characterize the adult fast type of myotube in the rabbit
primary culture at the level of gene expression and to
establish changes in gene expression during a Ca¥-induced
fast-to-slow transition in this culture, we performed
Northern blot analysis with probes specific for perinatal, slow
and fast isoforms of MyHC (MyHCneo, MyHCI, MyHCII,
respectively) and with probes for citrate synthase (CS) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). CS
and GAPDH are enzymes of the aerobic oxidative and the
anaerobic glycolytic pathways of energy supply, respectively.
For detection of MyHC isoforms, probes derived from
3' terminal regions of MyHC genes were used. The hyper-
variable 3' untranslated regions of MyHC genes exhibit
much greater divergence than the coding regions and are
therefore specific for each isoform (Saez & Leinwand, 1986;
Schiaffino & Salviati, 1998). The 3' untranslated region of a
given MyHC isoform from one species is very similar to this
region in other mammalian species, but very different from
the 3' untranslated region of another MyHC isoform from the
same species. Thus mammalian MyHC isoforms from
different species, with comparable developmental expression,
are more similar to each other than they are to other isoforms
in the same genome (Moore et al. 1993).

The data presented in this study clearly demonstrate the
adult fast character of the myotubes in culture at the level of
gene expression. A fast-to-slow transition occurs in terms of
MyHC isoform gene expression after treatment with a Ca¥
ionophore. The observed upregulation of CS mRNA and
downregulation of GAPDH mRNA point to changes in
energy metabolism that are also characteristic of a fast-to-
slow transition. Furthermore, the effect of the ionophore on
MyHC gene expression proved to be reversible.

METHODS

Materials and chemicals

Cell culture materials were obtained from Nunc (Roskilde,
Denmark). Cell culture media, antibiotics and restriction enzymes
were obtained from Gibco Life Technologies. Chemicals were
obtained from Merck and from Sigma. [ÅÂP]dCTP was from
Hartmann Analytics (Braunschweig, Germany) or New England
Nuclear (Boston, MA, USA).

Culture and harvesting of skeletal muscle cells

Newborn New Zealand White rabbits were killed by decapitation.
Hindlimb muscles were removed, cut into small pieces and
incubated in BSS (composition: 4·56 mÒ KCl, 0·44 mÒ KHµPOÚ,
0·42 mÒ NaµHPOÚ, 25 mÒ NaHCO×, 119·8 mÒ NaCl, 50 mg l¢
penicillin, and 100 mg l¢ streptomycin, pH 7·0) with 0·125%
trypsin at 37°C for 1 h. The suspension was centrifuged at 800 g

for 5 min, the pellet resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% neonatal calf serum
(NCS), and the entire procedure repeated once. The final pellet was
suspended in DMEM—10% NCS and then filtered through a sieve
with 0·4 mm pores. The filtrate was transferred into culture bottles
where the fibroblasts were allowed to settle and attach themselves
to the bottom for 30 min. The supernatant suspension was
decanted and diluted to a final density of 8 ² 10Ç cells ml¢ in
DMEM—10% NCS. A total of 15 ml of this suspension was poured
into a 260 ml culture flask and 0·04 g cross-linked gelatin beads
with a diameter of 100—300 ìm (CultiSpher-GL; Percell Biolytica,
Astorp, Sweden) were added per flask. The flasks were kept at
37°C in air with 8% COµ and 95% humidity while being shaken
gently to ensure adequate Oµ supply to the cells and to prevent cells
and beads from settling down. Twenty-four hours later the cell
suspension was diluted to a cell concentration of 4 ² 10Ç cells ml¢.
Myoblasts attached themselves to the gelatin beads and began to
fuse after 3 days in culture. After 2 weeks, fusion appeared to be
complete and only myotubes were detectable microscopically. To
collect the myotubes for protein analysis or for isolation of total
RNA after 1—5 weeks of culture, cell-covered beads were allowed
to sediment, washed twice in BSS (pH 7·0) with 0·02% EDTA, and
resuspended in prewarmed (37°C) BBS (pH 7·9) containing 0·35%
trypsin, 1·8 mÒ CaClµ and 0·8 mÒ MgSOÚ. After incubation for
30 min at 37°C on a rotary shaker in an incubator, the isolated cells
were spun down at 800 g for 5 min, washed twice in BSS (pH 7·0)
with 0·02% EDTA, and then suspended in BSS (pH 7·0). For the
isolation of total RNA, the last two washing steps were omitted.

Animal experiments were carried out according to the guidelines of
the local Animal Care Committee (Bezirksregierung Hannover).

Northern blot analysis

Total cellular RNA was isolated from cells according to the method
of Chirgwin et al. (1979) including ultracentrifugation of the
guanidinium thiocyanate homogenate through a dense cushion of
caesium chloride. Alternatively, total RNA was isolated in a single-
step procedure by acid guanidinium thiocyanate—phenol—chloroform
extraction according to Chomczynski & Sacchi (1987), using the
Ultraspec RNA isolation system (Biotecx Laboratories, Inc.,
Houston, TX, USA). The RNA was size fractionated on 1·2%
agarose—formaldehyde gels and transferred to a nitrocellulose filter.
After restriction enzyme cleavage of cDNA clones (see below),
cDNA probes were purified from agarose gels using the Geneclean
Kit (BIO 101, Inc., Vista, CA, USA). The cDNA probes were
labelled with [

32

P]dCTP using random hexamers as primers
(Feinberg & Vogelstein, 1983) with the Prime-a-Gene labelling
system (Promega Corporation, Madison, WI, USA). Filters were
prehybridized at 42°C overnight in a solution containing 50%
formamide, 4 ² saline—sodium phosphate—EDTA buffer (SSPE)
(1 ² SSPE = 0·3 Ò NaCl, 0·02 Ò NaHµPOÚ, 0·002 Ò EDTA,
pH 7·4), 0·1% Ficoll, 0·1% polyvinylpyrrolidone, 0·1% bovine
serum albumin, 0·1% SDS, and 100 ìl salmon testes DNA.
Hybridization was performed for 18 h at 42°C in the same solution
containing 1 ² 10É to 5 ² 10É c.p.m. ml¢ of labelled DNA probes.
To minimize cross-reactivity, blots were washed under high
stringency conditions (65°C, 0·2 ² saline—sodium citrate buffer
(SSC), 0·5% SDS; 1 ² SSC = 0·15 Ò NaCl, 0·015 Ò sodium citrate,
pH 7) twice for 30 min. Autoradiography was performed with
intensifying screens at −80°C with exposure times from 1 to
5 days.

cDNA probes

To establish muscle type-specific gene expression, we performed
Northern blot analysis with probes specific for MyHC isoforms. All
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probes used are fragments from cDNA clones containing only small
parts of the 3' translated and the full sections of the hypervariable
3' untranslated regions which exhibit much greater divergence than
the coding regions (Saez & Leinwand, 1986). For detecting mRNA
of neonatal MyHC, the 3' terminal 250 bp PstI fragment of mouse
perinatal MyHC cDNA (Weydert et al. 1985) was used. The probe
for detecting slow MyHCI mRNA was the 3' terminal 450 bp
HinfI fragment from rabbit MyHCI cDNA (Brownson et al. 1992a).
The probes for detecting fast MyHCII mRNAs were the 3' terminal
PstI fragments from rabbit cDNAs (Maeda et al. 1987), specific for
fast MyHC isoforms IIb and IId (Uber & Pette, 1993).

For investigating changes in enzymes of energy metabolism, gene
expression of CS was probed with the 800 bp ClaI—EcoRV
fragment of the rabbit cDNA (Annex et al. 1991) and that of
GAPDH with a 1·3 kb PstI fragment encompassing the complete
rat cDNA (Fort et al. 1985). 18S rRNA was detected with the
5·8 kb HindIII fragment of 18S rDNA (Katz et al. 1983).

MyHC electrophoresis

Collected myotubes were homogenized by sonication (6 ² 5 s with
60 W at 0°C) and centrifuged at 100000 g for 1 h. Pellets were
extracted with 0·6 Ò KCl, 1 mÒ EGTA, 0·5 mÒ DTT, and 10 mÒ
potassium phosphate, pH 6·8. Extracts were centrifuged at 20000 g
for 20 min and supernatants were diluted 1:10 with ice-cold water
to precipitate the actomyosin. After precipitation at 0°C for 12 h,
the suspension was centrifuged at 20000 g for 30 min and the
actomyosin pellets were solubilized with the extraction buffer. SDS
electrophoresis was performed by the method of Kubis & Gros (1997).

RESULTS

Adult fast character of the primary skeletal muscle

culture cells

To investigate the level of MyHC gene expression in cells
from a recently established primary skeletal muscle culture
from rabbit hindlimb (Kubis et al. 1997) we performed
Northern blot analysis with probes specific for different

MyHC isoforms. For detecting mRNAs of neonatal, adult
fast and adult slow MyHC isoforms, we used specific probes
as described above. To minimize cross-reactivity, high
stringency conditions were used in RNA analysis. The
specificity of the probe from MyHCI cDNA for slow muscle
fibres and the specificity of probes from MyHCIIb and IId
cDNA, respectively, for fast muscle fibres was verified by
hybridization with total RNA derived from slow soleus and
fast extensor digitorum longus muscle of adult rabbits (data
not shown).

The myotubes were cultured for up to 30 days and total
mRNA was isolated at different times. On day 11 of culture,
significant amounts of mRNA from the neonatal MyHC
isoform were detected (Fig. 1, lane 1), but no signal was
found on day 22 (Fig. 1, lane 2). On day 8 of the primary
muscle cell culture, mRNA from fast MyHCII was detected
with the probe from MyHCIId cDNA (Fig. 2, lane 1). The
level of mRNA expression of fast MyHCII was increased by
day 16 (Fig. 2, lane 2) and strong expression was still
observed on days 23 and 29 of culture (Fig. 2, lanes 3 and 5,
respectively). Hybridization on day 29 with the fast
MyHCII probe derived from MyHCIIb cDNA showed a
significantly weaker signal (Fig. 2, lane 7). The mRNA for
slow MyHCI was also detected at low levels on days 8 and
16 of culture (Fig. 3, lanes 1 and 2, respectively), and was
still low on days 23 and 24 (Fig. 3, lanes 3 and 5,
respectively), and very low on day 29 (Fig. 3, lane 7). The
strong expression of MyHCIId mRNA together with the
very weak expression of MyHCI mRNA indicates the
almost exclusive presence of adult muscle cells of the fast
type in the primary culture, with no non-adult MyHC
mRNA being present from day 22 onwards.
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Figure 1. Northern blot analysis of MyHCneo mRNA

The rabbit primary skeletal muscle culture cells were grown for 11 (lane 1) and
22 days (lane 2). Total RNA (20 ìg) was isolated at the time points indicated,
fractionated on a 1·2% agarose—formaldehyde gel, and transferred to nitrocellulose.
The blots were hybridized with the

32

P-labelled 3' terminal PstI fragment of
perinatal MyHC cDNA (1 ² 10É c.p.m. ml¢) or an rDNA probe from 18S rRNA
(1 ² 10É c.p.m. ml¢). The positions of 18S rRNA (1·9 kb) and 28S rRNA (4·8 kb) on
the ethidium bromide-stained gel are indicated.



Early addition of Ca¥ ionophore

To study the effects of a long-term rise in [Ca¥]é on
expression of MyHC genes, the Ca¥ ionophore A23187
(4 ² 10¦Ê Ò) was added from day 11 of the culture onwards,
increasing [Ca¥]é about 10-fold (Kubis et al. 1997). On day 11,
the myotubes in the culture had not yet reached a
completely adult state in terms of MyHC isoform expression
(see Fig. 1, lane 1). Figure 4 shows, that after 13 days of
ionophore treatment on day 24 significant changes of MyHC
gene expression occurred. The level of MyHCII mRNA
decreased (Fig. 4, lane 4, compare with lane 3) and the level
of MyHCI mRNA increased strongly (Fig. 4, lane 2,
compare with lane 1), indicating a fast-to-slow transition in
the cultured myotubes at the level of MyHC gene expression.

Late addition of Ca¥ ionophore

To study the ability of fully adult fast type muscle cells in
the primary culture to become transformed into slow type
by raising [Ca¥]é, Ca¥ ionophore A23187 was added at a
later stage of culture to the growth medium at 4 ² 10¦Ê Ò.
After ionophore treatment from day 22 of culture onwards,
the fast MyHCII mRNA level decreased after only 1 day
(Fig. 2, lane 4) compared with controls on day 23 (Fig. 2,
lane 3) and was barely detected after 7 days of ionophore

treatment on day 29 (Fig. 2, lane 6, compare with lane 5), as
shown with the probe from MyHCIId cDNA. Furthermore,
no signal was detected with the probe from MyHCIIb cDNA
after 7 days of ionophore treatment (Fig. 2, lane 8, compare
with lane 7). Analogously the level of slow MyHCI mRNA
increased only 1 day after addition of ionophore (Fig. 3,
lane 4, compare with lane 3), and increased strongly only
2 days after the start of ionophore treatment (Fig. 3, lane 6,
compare with lane 5). After 7 days of ionophore treatment,
MyHCI mRNA was also strongly expressed compared with
the controls (Fig. 3, lane 8, compare with lane 7). These
results clearly demonstrate a switch from fast to slow MyHC
isoforms at the mRNA level in cells of the primary skeletal
muscle cultures that have reached the adult state after
treatment with Ca¥ ionophore.

Figure 5 shows how these observations at the MyHC mRNA
level correlate with MyHC protein levels. The electrophoretic
pattern from SDS-PAGE of MyHC isoforms after 2 and
7 days of Ca¥ ionophore treatment from day 22 onwards
showed a mixture of MyHCI, IIa, and IId protein (Fig. 5,
lanes 3 and 4, respectively). The amount of fast MyHCIId in
ionophore treated cultures had decreased compared with the
pattern of MyHC isoforms from day 24 and from day 29 of
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Figure 2. Effect of late addition of Ca¥ ionophore on the expression of fast MyHCII mRNA

Cell cultures were grown for 8 (lane 1), 16 (lane 2), 23 (lane 3) and 29 days (lanes 5 and 7) in the absence or
presence of Ca¥ ionophore A23187 (4 ² 10¦Ê Ò) from day 22 of the culture for a further 1 day (lane 4) or
7 days (lanes 6 and 8). Total RNA (20 ìg) was isolated from control and ionophore treated cultures on the
days indicated, fractionated on a 1·2% agarose—formaldehyde gel, and transferred to nitrocellulose. Lanes
1—6 were probed with the

32

P-labelled 3' terminal PstI fragment of MyHCIId cDNA (1 ² 10É c.p.m. ml¢)
or an 18S rDNA probe (1 ² 10É c.p.m. ml¢). Lanes 7 and 8 were probed with the 3' terminal

32

P-labelled
PstI fragment of MyHCIIb cDNA (1 ² 10É c.p.m. ml¢) or an rDNA probe from 18S rRNA
(1 ² 10É c.p.m. ml¢). The positions of 18S rRNA (1·9 kb) and 28S rRNA (4·8 kb) on the ethidium bromide-
stained gel are indicated.
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Figure 4. Effect of early addition of Ca¥ ionophore on the expression

of slow MyHCI mRNA and fast MyHCII mRNA

Cultures were grown for 24 days without ionophore (lanes 1 and 3) or from
day 11 for a further 13 days with Ca¥ ionophore A23187 (4 ² 10¦Ê Ò) (lanes 2
and 4). Total RNA (20 ìg) was isolated from control and ionophore treated
cultures at the time points indicated, fractionated on a 1·2% agarose—
formaldehyde gel, and transferred to nitrocellulose. Lanes 1 and 2 were
probed with the

32

P-labelled 3' terminal HinfI fragment of MyHCI cDNA
(1 ² 10É c.p.m. ml¢) or an 18S rDNA probe (1 ² 10É c.p.m. ml¢). Lanes 3
and 4 were probed with the

32

P-labelled 3' terminal PstI fragment of
MyHCIId cDNA (1 ² 10É c.p.m. ml¢) or an rDNA probe from 18S rRNA
(1 ² 10É c.p.m. ml¢). The positions of 18S rRNA (1·9 kb) and 28S rRNA
(4·8 kb) on the ethidium bromide-stained gel are indicated.

Figure 3. Effect of late addition of Ca¥ ionophore on the expression of slow MyHCI mRNA

Cultures were grown for 8 (lane 1), 16 (lane 2), 23 (lane 3), 24 (lane 5) and 29 days (lane 7) in the absence of
ionophore. The other lanes represent cultures grown for 22 days without ionophore and thereafter in the
presence of Ca¥ ionophore A23187 (4 ² 10¦Ê Ò) for 1 day (lane 4), 2 days (lane 6) or 7 days (lane 8). Total
RNA (20 ìg) was isolated from control and ionophore treated cultures at the time points indicated,
fractionated on a 1·2% agarose—formaldehyde gel, and transferred to nitrocellulose. The blots were
hybridized with the 3' terminal

32

P-labelled HinfI fragment of MyHCI cDNA (1 ² 10É c.p.m. ml¢) or an
rDNA probe from 18S rRNA (1 ² 10É c.p.m. ml¢). The positions of 18S rRNA (1·9 kb) and 28S rRNA
(4·8 kb) on the ethidium bromide-stained gel are indicated.
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Figure 6. Reversibility of the effect of Ca¥ ionophore

on the expression of slow MyHCI mRNA

Cells were cultured for 22 (lane 1) or 30 days (lane 3) without
ionophore or from day 8 for a further 14 days with Ca¥
ionophore A23187 (4 ² 10¦Ê Ò) (lane 2). Other cells were
cultured from day 8 to 22 with ionophore and then after
withdrawal of ionophore for a further 8 days (lane 4). Total
RNA (20 ìg) was isolated from control and ionophore treated
cultures on the days indicated, fractionated on a 1·2%
agarose—formaldehyde gel, and transferred to nitrocellulose.
The blots were hybridized with the 3' terminal
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P-labelled
HinfI fragment of MyHCI cDNA (1 ² 10É c.p.m. ml¢) or an
rDNA probe from 18S rRNA (1 ² 10É c.p.m. ml¢). The
positions of 18S rRNA (1·9 kb) and 28S rRNA (4·8 kb) on
the ethidium bromide-stained gel are indicated.

Figure 7. Reversibility of the effect of Ca¥ ionophore

on the expression of fast MyHCII mRNA

Cells were cultured for 22 (lane 1) or 30 days (lane 3) without
ionophore or from day 8 for a further 14 days with Ca¥
ionophore A23187 (4 ² 10¦Ê Ò) (lane 2). Other cells were
cultured from day 8 to 22 with ionophore and then after
withdrawal of ionophore for a further 8 days (lane 4). Total
RNA (20 ìg) was isolated from control and ionophore treated
cultures at the time points indicated, fractionated on a 1·2%
agarose—formaldehyde gel, and transferred to nitrocellulose.
The blots were probed with the

32

P-labelled 3' terminal PstI
fragment of MyHCIId cDNA (1 ² 10É c.p.m. ml¢) or an
rDNA probe from 18S rRNA (1 ² 10É c.p.m. ml¢). The
positions of 18S rRNA (1·9 kb) and 28S rRNA (4·8 kb) on the
ethidium bromide-stained gel are indicated.

Figure 5. Electrophoresis of MyHC isoforms

Electrophoresis of myosin extracts from myotubes growing on microcarriers. MyHC of the control on day 24
(lane 1) and day 29 (lane 2) and isoform pattern of the Ca¥ ionophore A23187 (4 ² 10¦Ê Ò) treated cells
after 2 (lane 3) and 7 days (lane 4) of incubation.



control cultures (Fig. 5, lanes 1 and 2, respectively).
MyHCIId was the main MyHC isoform on days 24 and 29 in
untreated cultures. Minor amounts of slow MyHCI were still
present on day 24, but had nearly disappeared on day 29.
In contrast, no decrease in MyHCI was observed and its
band was much stronger on day 29 with ionophore (Fig. 5,
lane 4, compare with lane 2). In addition, significant amounts
of MyHCIIa were present, when ionophore was added to
the medium. The appearance of MyHCIIa in the ionophore
treated cultures is in agreement with the fast-to-slow
transition sequence MyHCIId > IIa > I in rabbit muscles
(Peuker et al. 1998).

Reversibility of Ca¥ ionophore effect

The reversibility of low frequency stimulation-induced fast-
to-slow transition has been demonstrated in vivo at the level
of gene expression (Brownson et al. 1992a,b; Pette & Vrbov�a,
1992). To study the reversibility of the Ca¥ ionophore effect
on MyHC isoform gene expression in the present culture,
cells were treated with ionophore starting on day 8. On day

22 of culture, after 14 days of ionophore treatment, MyHCI
mRNA was strongly expressed and the level of MyHCII
mRNA was low (Figs 6 and 7, respectively, lanes 2). In
controls on day 22, the reverse was true (Figs 6 and 7,
respectively, lanes 1). When, subsequently, the ionophore
treated cells were kept after day 22 for 8 days without
ionophore, the level of mRNA expression of fast MyHCII
increased and the mRNA for slow MyHCI was no longer
detectable (Figs 7 and 6, respectively, lanes 4). Similarly, the
controls on day 30 showed no MyHCI but only MyHCII
mRNA expression (Figs 6 and 7, respectively, lanes 3).
These results clearly demonstrate the reversibility of the
ionophore effect on the expression of MyHC isoform mRNAs
in the myotubes of the primary culture.

Effects of Ca¥ ionophore treatment on metabolic

marker enzymes

It is well documented that a fast-to-slow transition leads to
significant changes in the enzyme activities of energy
metabolism (Pette & Vrbov�a, 1992; Mayne et al. 1996). To
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Figure 8. Northern blot analysis of the citrate

synthase (CS) mRNA

Muscle cell cultures were grown for 24 days in the absence
(lane 1) of ionophore. Ca¥ ionophore A23187 (4 ² 10¦Ê Ò)
was added for a further 2 days on day 22 (lane 2) or for a
further 13 days on day 11 (lane 3) to the cell cultures. Total
RNA (20 ìg) was isolated from control and ionophore treated
cultures, fractionated on a 1·2% agarose—formaldehyde gel,
and transferred to nitrocellulose. The blots were hybridized
with the

32

P-labelled 800 bp ClaI—EcoRV fragment of CS
cDNA (1 ² 10É c.p.m. ml¢) or an rDNA probe from 18S
rRNA (1 ² 10É c.p.m. ml¢). The positions of 18S rRNA
(1·9 kb) and 28S rRNA (4·8 kb) on the ethidium bromide-
stained gel are indicated.

Figure 9. Northern blot analysis of the glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA

Muscle cell cultures were grown for 29 days in the absence
(lane 1) or for 22 days without and then for further 7 days in
the presence of Ca¥ ionophore A23187 (4 ² 10¦Ê Ò) (lane 2).
Total RNA (20 ìg) was isolated from control and ionophore
treated cultures, fractionated on a 1·2% agarose—
formaldehyde gel, and transferred to nitrocellulose. The blots
were hybridized with a

32

P-labelled 1·3 kb PstI fragment
encompassing the complete GAPDH cDNA
(1 ² 10É c.p.m. ml¢) or an rDNA probe from 18S rRNA
(1 ² 10É c.p.m. ml¢). The positions of 18S rRNA (1·9 kb) and
28S rRNA (4·8 kb) on the ethidium bromide-stained gel are
indicated.



study the effects of Ca¥ ionophore treatment on enzymes of
energy metabolism at the transcriptional level, we
investigated the expression of the CS and GAPDH genes. The
level of CS mRNA was already slightly increased 2 days
after starting the late ionophore treatment on day 22 (Fig. 8,
lane 2, compare with lane 1). The long-term rise in [Ca¥]é
led to a significant increase in the amount of CS mRNA on
day 24 after 13 days of ionophore treatment (Fig. 8, lane 3,
compare with lane 1). The level of GAPDH mRNA
decreased as shown in Fig. 9 for a culture after 7 days of
ionophore treatment from day 22 onwards (lane 2, compare
with lane 1). These data indicate a shift from glycolytic to
oxidative energy metabolism at the level of gene expression
during a Ca¥-induced fast-to-slow muscle cell transition.

DISCUSSION

The present study demonstrates the adult fast character and
a Ca¥-induced reversible fast-to-slow transition of the
myotubes in a rabbit primary skeletal muscle culture at the
level of gene expression. Non-adult MyHC isoform mRNAs
were absent after 22 days of culture. After 4 weeks of
culture, only trace amounts of MyHCI mRNA were found,
while fast MyHCIId mRNA was strongly expressed.
MyHCIId is the dominating MyHC of many fast adult rabbit
muscles (Aigner et al. 1993). The absence of non-adult
MyHC isoforms in the cultured myotubes grown on
microcarriers is in contrast to cultures from the same source
growing on tissue culture dishes (data not shown). Also, a
mixed pattern of non-adult and adult MyHC isoforms has
been reported previously for satellite or neonatal myoblast
cultures and myogenic cell lines (Silverstein et al. 1986;
Weydert et al. 1987; D�usterh�oft & Pette, 1993; Naumann &
Pette, 1994). Furthermore, the data presented demonstrate
clearly that during the Ca¥-induced fast-to-slow transition
changes at the MyHC mRNA level occur. The levels of fast
MyHCII isoform mRNAs decrease, while slow MyHCI
mRNA levels increase. The results of late Ca¥ ionophore
treatment beginning on day 22 and lasting until day 24 or
29, show that changes at the mRNA level correspond
qualitatively to the changes at the protein level, but mRNAs
and proteins change at different rates. The changes are more
advanced at the transcriptional level. Upregulation of the
MyHCI gene is detectable just 1 day after the start of the
ionophore treatment, while only a small increase in the level
of MyHCI protein is found after 2 days. In addition to a
fast upregulation of the MyHCI gene, significant amounts of
MyHCIIa protein were found here during the transition. It
is well known that during fast-to-slow transition of rabbit
muscle in vivo the expression of MyHC isoforms occurs in
the order IId > IIa > I (Peuker et al. 1998). The occurrence
of MyHCIIa and MyHCI protein after short periods of
ionophore treatment and the exclusive occurrence of MyHCI
protein after long periods (Kubis et al. 1997) are in
accordance with this transition sequence.

In response to the Ca¥ stimulus, genes encoding enzymes
involved in oxidative metabolism, like CS, are induced while

those encoding glycolytic enzymes, like GAPDH, are
downregulated. These data are in accordance with the data
of Kubis et al. (1997) who found a rise in CS enzyme activity
and a drop in lactate dehydrogenase (LDH) enzyme activity
in the myotubes after Ca¥ ionophore treatment. Thus, the
Ca¥-induced fast-to-slow transition of the primary skeletal
muscle culture cells is comparable to the effect of low
frequency stimulation on fast skeletal muscle in vivo with
respect to changes in the proteins of the contractile
apparatus and the enzymes of energy metabolism. The
plasticity of the cultured myotubes was further
demonstrated after withdrawal of ionophore. Increasing
levels of fast MyHCII mRNA and decreasing levels of slow
MyHCI mRNA after lowering [Ca¥]é to normal levels
indicate a slow-to-fast transition at the level of gene
expression, demonstrating the reversibility of the ionophore
effect. Reversibility of the transition is also a marked
feature of low frequency stimulation-induced changes of
gene expression in vivo (Brownson et al. 1992a,b; Pette &
Vrbov�a, 1992). A slightly more rapid onset of resulting
alterations in MyHC mRNA expression was observed in the
primary skeletal muscle culture than in vivo. The first
changes at the mRNA level were demonstrated in the
culture 1 day after the start of Ca¥ ionophore treatment.
The earliest changes in MyHC mRNA levels were reported
after 2 days of electrostimulation of rat fast-twitch muscle
(Kirschbaum et al. 1990). It may be noted that we do not
know at present whether the two experimental situations
impose different regimens of induction of the transition or
whether they both enter into the same pathway of signals
leading to altered gene expression.

Low frequency stimulation-induced alterations in muscle
phenotype are well documented (Pette & Vrbov�a, 1992), but
little is known about the signals that mediate the
transformation. It has been proposed previously that an
altered intracellular phosphorylation potential results in
fibre type-specific alterations in gene expression of enzymes
and proteins of the contractile apparatus (Shoubridge et al.
1985). A close relationship between MyHC isoform expression
and the [ATP]Ï[ADP]free ratio has been described in
transforming fibres. Therefore, it has been suggested that
changes in the energy potential may act as a signal
initiating a fast-to-slow transformation (Conjard et al. 1998;
Pette, 1998). Sreter et al. (1987) have demonstrated a long-
lasting elevation of intracellular Ca¥ during electrically
induced fast-to-slow transition of rabbit extensor digitorum
longus and tibialis anterior muscles in vivo. Ca¥-dependent
phosphorylation steps as well as activation of proteolytic
enzymes were hypothesized to be involved in the
transformation process. The importance of changes in
[Ca¥]é is demonstrated by the fact reported here that a fast-
to-slow transition in the primary muscle culture cells is
triggered by addition of Ca¥ ionophore to the medium,
which leads to a 3- to 10-fold increase in intracellular free
Ca¥ in the myotubes that lasts for at least 16 days (Kubis et
al. 1997). In the present experiments, ionophore treatment
had no impact on the ability of the myotubes to contract
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vigorously and spontaneously, indicating integrity of the
cell membrane. In addition, an intact morphology of the
myotubes could be demonstrated by scanning and
transmission electron microscopy (B. Decker, H.-P. Kubis &
G. Gros, unpublished observation). Therefore, we conclude
that the fast-to-slow transition of the myotubes as observed
here was induced by changes in [Ca¥]é rather than by
muscle damage, which has been linked to stretch-induced
fibre growth and transformation (McKoy et al. 1999).

Recently, Chin et al. (1998) demonstrated the involvement of
a calcineurin (Ca¥-regulated serineÏthreonine phosphatase)-
dependent signalling pathway in controlling fibre type-
specific gene expression. Activation of calcineurin selectively
upregulates slow fibre-specific genes and slow fibre-specific
transcriptional activation appears to be mediated by
members of the NF-AT (nuclear factor of activated
thymocytes) and MEF2 (myocyte enhancer factor 2)
transcription factor families. The importance of Ca¥ for
phenotypic adaptations of skeletal muscle was further
shown by the finding of a Ca¥-sensitive protein kinase C-
dependent pathway involved in cytochrome c expression
(Freyssenet et al. 1999).

The induction of immediate-early genes c-fos, c-jun and
egr_1 is one of the earliest responses of rabbit tibialis anterior
subjected to low frequency stimulation (Michel et al. 1994).
The same regimen, or passive stretch, or a combination of
both, led also to induction of c-jun and c-fos in rabbit
latissimus dorsi and extensor digitorum longus (Osbaldeston
et al. 1993, 1995; Dawes et al. 1996). Interestingly, passive
stretch, leading to significant growth of muscle, as well as
fibre type transformation, was accompanied by increases in
insulin-like growth factor I (IGF-I) protein and mRNA. In
contrast, continuous electrical stimulation-induced fibre
transition did not induce muscle growth and did not lead to
an increase in IGF-I mRNA (Goldspink et al. 1995; Yang et
al. 1997).

A consistent hypothesis for a signalling pathway underlying
fibre type transition has not yet emerged from the available
data. There might be differences between the different
transition-inducing regimens. For investigation of the
complete signalling pathways underlying mechanisms of
muscle plasticity, electrical stimulation and passive stretch
so far have been of restricted value due to the limitations
imposed by the in vivo situation. The primary skeletal
muscle culture offers the possibility to study signalling
pathways in vitro in detail and may help to gain more
insight into the mechanisms, extracellular factors, and intra-
cellular signal cascades that lead to fast-to-slow transition.
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