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Abstract

To study the development of muscle-specific features during myogenesis, we analysed the ultrastructure and
voltage-dependent currents of frog embryonic skeletal myocytes maintained in culture for 10 days. The cells were
maintained under culture conditions that prevented cell division, fusion and cell contacts with neuroblasts. The cell
surface was estimated morphometrically and from cell capacity and the values obtained were used to calculate ion
current densities. It was shown that the expression of all main types of voltage dependent ionic currents occurs
during the first 3-5 days. Na* maximum specific conductance at days 1-2 was low but by day 7 it showed a 20-fold
increase. The magnitude of Na*t current densities increased 16-fold from day 1 (3.6 pA/cm) to the day 7 (58.1 pA/
cm). The maximum specific K™ conductance increased almost 3-fold during the first 5 days. In contrast to the other
types of currents, /g undergoes qualitative changes. Sodium action potentials, whose amplitude and time course
depend on gn./gk ratio, appeared from day 4 in culture, when myofibrils and the T-system also developed. The
amplitude of DHP-sensitive slow /¢, increased in parallel with the development of the T-membrane. /¢, s density
per unit of T-membrane area reached an equilibrium of ca., 17 pA/ecm? on the day 4 and then remained stable until
the end of the period of observation. These studies demonstrate that muscle-specific characteristics including
morphology and excitatory properties begin to develop on the third day and resemble those of adult muscle cells by
the sixth day in culture.

Introduction

It is known that single cultured skeletal myocytes are
able to express a number of muscle-specific properties
and maintain differentiated morphology. The cells
express contractile proteins and develop sarcomeres
(Okazaki and Holster, 1966; Stainberg et al., 1971;
DeCino and Kidokoro, 1985; Kidokoro and Saito,
1988), and the contacts between T-tubules and SR,
which are responsible for excitation-contraction cou-
pling (ECC) (Constantin et al., 1995), are established.
Cultured myo- cytes also develop voltage-dependent ion
channels, which provide electrical excitability of the cells
(Frelin et al., 1981; DeCino and Kidokoro, 1985;
Gilbert and Moody-Corbett, 1989; Zemkova et al.,
1989; Lukyanenko et al., 1993). In most of these studies
the data were obtained in culture systems selected at
specific developmental stages and from different animal
species, and their interpretation was complicated by the
fact that the cells underwent fusion. So far, the
coordination of changes in the contractile and tubular
structures, and in the membrane excitability during

* To whom correspondence should be addressed: Fax: 7(812) 552-
3012; E-mail: nasledov(@nasl.ief.spb.su

development, has not been studied continuously stage
by stage.

The present study was undertaken to determine the
sequence of events in the development of muscle-specific
morphological structures and electrophysiological pro-
cesses in cultured embryonic frog skeletal muscle cells.
The culture conditions selected prevented both the
division and fusion of myocytes into myotubes.
We have specifically investigated: (1) the progressive
changes in voltage-dependent ion currents required in
cell excitability, (2) the development of contractile
filaments and T- and sarcotubular systems, responsible
for ECC, and (3) the relationship between this morpho-
logical development and the changes in ion currents and
cell excitability.

Materials and methods
Cell culturing

Myocyte cultures were prepared from early neurula
embryos of Rana temporaria, as previously described
(Lukyanenko et al., 1993). The dorsal portions of the
embryos were dissected in 60% Medium 199 M (Insti-
tute of Polyomyelitis, Academy of Medical Sciences of
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Russia) with 2% foetal calf serum (Sigma), and 50 U/ml
penicillin and 50 pg/ml streptomycin (Russia), then
washed for 10 min in calcium and magnesium-free
solution containing 50.4 mmol/l NaCl, 0.67 mmol/l
KCl, 0.86 mmol/l KH,PO,4 16 mmol/l Na,HPO,,
2.4 mmol/l NaHCOj; and 1.9 mmol/l EDTA. During
the dissociation into single cells the ectoderm was
stripped and removed, and mesodermal and neural cells
were transferred onto cover slips in 40 mm Petri dishes.
The growth medium contained 55% Medium 199 M,
10% foetal calf serum, 50 U/ml penicillin and 50 pg/ml
streptomycin.

In order to arrest cell fusion, some authors (Easton
and Reich, 1972; Paterson and Strohman, 1972) used a
low Ca®>" concentration. However, we used culture
medium with a normal Ca®" concentration, which is
known to be important in cell homeostasis. We pre-
vented the fusion of myocytes by plating the cells under
the sparse conditions, about 200 myocytes per 40 mm
Petri dish, and by increasing the serum concentration. In
addition, we used Medium 199 M containing a low
concentration of folic acid which is required for the
synthesis of thymidylic acid preventing cell divisions
(Teylor-Papadimitrou and Rozengurt, 1979). The cells
were studied after 1 to 10 days in culture. The selected
myocytes did not show any contacts with neuroblasts or
with each other.

Patch-clamp recording and data analysis

The conventional whole-cell patch-clamp was used to
record voltage-clamp membrane currents and current-
clamp membrane potential. The circuit was similar to
that described by Hamill et al. (1981), with a 0.5-10 GQ
head-stage feedback resistor. The amplifier List (EPC-7,
Medical systems) was used. The resistance of patch
electrodes filled with standard solution ranged between 3
and 5 MQ. The seal resistance was 5-30 GQ and the
input resistance of cells was 1-5 GQ. Experiments were
started 10—15 min after the whole-cell configuration was
established. The membrane potential was held at —80 or
—90 mV. Data acquisition and analysis were performed
by IBM-compatible 486 computer with original soft-
ware.

Experiments were performed at room temperature
(18-20°C). Mean =+ standard errors of mean (SEM) are
given.

Solutions and chemicals

The basic external solution (Ringer) contained
120 mmol/l NaCl, 1.5 mmol/l KCI, 2 mmol/l CaCl,
and 8 mmol/l HEPES-NaOH (Sigma), pH 7.4. The
pipettes were filled with a solution containing
110 mmol/l KCl, 1 mmol/l CaCl,, 1 mmol/l MgCl,,
10 mmol/l K,EGTA (Sigma), 8 mmol/l HEPES-KOH
(Sigma), pH 7.2. To study inward ion currents, KCI
in the solution was replaced by 60 mmol/l CsCl
and 50 mmol/l TEA-CI. When necessary, tetrodotoxin

(Sankyo), 4-aminopyridine (Sigma) and nifedipine (Sig-
ma) were added into the Ringer solution.

Microscopy

For ultrastructural analysis, attached cells were fixed for
1 h in 2.5% glutaraldehyde buffered with 100 mmol/I
Na-cacodylate buffer at pH 7.2. These operations were
performed at room temperature. The samples were
washed in 100 mmol/l solution of Na-cacodylate buffer
with 0.034 g/ml sucrose and post-fixed in 1% osmium
tetroxide with the same buffer at 4°C for 1 h. To mark
the surface membrane and the internal membranes
connected with the external environment, Ruthenium
Red (RR)-[Ru;zO0»(NH3);4]®" (Serva)-in combination
with aldehyde and osmium fixatives was used (Frank
et al., 1977; Luft, 1966). The final RR concentration in
fixture solutions was 0.05%. The samples were embed-
ded in Araldite after dehydration through increasing
concentrations of ethanol and acetone. After Araldite
polymerization, the cover slips were separated from the
block by immersion in liquid nitrogen for a short time.
Ultrathin sections (up to 0.1 um) were cut by LKB
Ultratome V, mounted on carbon films and stained with
lead citrate, or mounted on grids and stained with lead
citrate and uranyl acetate.

The ultrathin sections were examined in a JEM-100B
electron microscope at 80 kV. The surface area of the
myocytes was determined by means of diffraction lattice
replica. The surface of structures labelled with RR was
determined using high magnification and then calculated
with respect to the volume unit, considering differences
in magnification. The square grid with 4.1 mm step was
used in morphometrical experiments. The test system
was put on photoplates under Sitte angles of —19° or 71°
to the myocyte long axis which are optimal for aniso-
tropic structures (Eisenberg et al., 1974). The cover slips
(24 mm x 24 mm) with fixed cells (in 96% ethanol) were
examined by means of a light microscope. The number
of spindle-shaped cells was counted, and length and
width were measured.

Results
Cell morphology

After plating the mononuclear myocytes became spin-
dle-shaped and, under the sparse conditions used in
these experiments, did not contact each other (Figure 1).
During the whole period of culturing, the cell width
remained steady ranging between 12 and 14 pm, while
the cell length increased from ca. 80 um in the first 24 h
to 250 pum by day 10 (Table 1).

During the 1-2 days of plating the cells had round
nuclei, which occupy the central part of the cell. At this
developmental stage short filament bundles, apparently
myosin filaments, 10-15 nm in diameter and ca. 1 pm
long, were also observed. They were localized primarily



Fig. 1. The frog skeletal myocyte at the third day after plating. The
single nucleus is indicated by an arrowhead. Bar = 70 um.

to the peripheral cytoplasm just beneath the cell
membrane (Figure 2a). RR formed a thin electron-
dense layer on the cell surface. The membranes of
vesicles or short tubes, near the cell surface, were also
stained by RR. The groups of such vesicles and tubes
could also form small chains just beneath the cell
surface, which were oriented longitudinally to the
cell axis (Figure 2b). In several cases the contact of
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these tubular structures with extracellular space was
observed.

Muscle-specific structures began to develop on the
third day in culture and extensive development of the
contractile apparatus and of the internal tubular system
was observed. At this time numerous myofilaments
began to appear, predominantly near the cell surface.
Many of them were already organized into sarcomeres
and directed along the cell axis (Figure 3a). Large
liposomes and numerous small round lizosomes contin-
ued to occupy the central part of the cell, as well as the
nucleus (Figure 3a). A thin layer of RR was visible on
the internal surface of T-tubules. The tubules were
partially filled with electron-dense material (Figure 3b).

Intensive development of myofibrils and sarcomeres
continued until 6-7 days in culture. At this time the
myofibrils with well differentiated sarcomeres and reg-
ularly arranged triads occupied a considerable area of
the cytoplasm, with sarcomere details, including Z-lines,
H-zones and M-bands, clearly visible. The length of the
sarcomere was about 1 um. The triads were regularly
arranged near Z-lines in all sarcomeres. T-tubules in

Table 1. Age-dependent changes in myocyte size, capacitance and specific area of T-system
Age, day
1 2 3 4 5 6 7 8 9 10
R, pm 6.23 + 0.08 6.15 + 0.09 5.71 £+ 0.08 6.42 + 0.07 6.50 + 0.07 6.78 + 0.07 6.80 + 0.07 6.80 £+ 0.08 7.05 + 0.09 7.00 + 0.09
(n > 40)
I/, pm 79 £ 5 124 £ 5 148 £ 5 170 = 7 185 £ 7 202 + 8 215 £ 7 224 + 6 231 + 6 235 +£ 8
(n > 40)
S 13.6 214 24.5 29.5 32.1 34.7 37.3 39.03 39.9 40.8
(1076 cm?)
Cn 138 £ 1.6 21.6 £ 1.5 262 + 1.6 345+ 09 379 £ 08 434 2.6 50.1 £39 528 £ 3.6 53.7 £ 55 56.0 £49
(pF) n==6 n=3_8 n=238 n=717 n=>5 n==6 n=23 n=12 n=>5 n==6
AS 0.2 0.2 1.7 5.0 5.8 8.7 12.8 13.8 13.7 15.25
(1076 cm?)
AS/S 0.015 0.01 0.07 0.17 0.18 0.25 0.34 0.35 0.34 0.37
Sin /Sexe  0.07 £ 0.06 0.13 + 0.08 0.25 £+ 0.02 0.28 + 0.06 0.28 + 0.11 0.41 £+ 0.13 0.45 + 0.16

Radius (R), length (/) of cells and ratio of internal membranes area to surface area (Sj,/Sex) are the results of morphological studies. S, surface
area calculated with Eq. 2; Cp,, cell capacitance determined from capacitative transients; AS, difference between S and expected membrane area
calculated from Cj, (S,,) assuming a specific capacitance of 1 uF/cm? AS/S;, expected specific area of T-system. Values are mean + SEM.

Fig. 2. Fragments of the myocyte at the first day of culturing. a. Rough-grained cytoplasm, and peripherally localized small bundles of
myofilaments (arrowhead); the electron-dense layer of ruthenium red (RR) on the outer cell membrane (arrow). Bar = 500 nm. b. Vesicles and
longitudinally directed membrane structures with the internal surface marked with RR (arrowheads), localized in the vicinity of the cell surface.
Bar = 650 nm.



Fig. 3. Fragments of the myocyte at day 3 of culturing. a. The middle part of the cell with nucleus (N), large liposomes (L) and small dense
lizosomes (Lz); peripherally localized myofilaments are constructing into myofibrils (arrows). Both edges of the cell are shown by arrowheads.
Bar = 2 pm. b. Extended tubular structure with the internal surface of the membrane marked by RR (arrow), which is partially filled by the

electron-dense content (arrowhead). Bar = 650 nm.

triads were labelled with RR (Figure 4a). These T-
tubules were found to run transversely to the cell axis
along the Z-lines (Figure 4b). In general, the structure of
the contractile apparatus and triads at this stage of
development looked very similar to that of adult frog
muscle fibres.

From the 6-8 days in culture, myocytes exhibited the
internal structure resembling that of differential muscle
fibres. During the following period of culturing, dramatic
changes in contractile filaments arrangement were ob-
served: the cell cytoplasm became filled with disorganized
bundles of myofilaments lacking longitudinal orienta-
tion and regular sarcomere organization. Triads were
no longer visible in the normal positions (Figure 4c).

Morphometrical estimations of surface and
T-tubule membranes

The cell surface (Ss) of the myocytes was estimated as
the surface area represented by two circular cones.
Taking into account the 4/3 flatting of the cross section
(its elliptic shape), and that the length of the cell much
exceeds its width, Sg can be estimated with the formula:

Ss = nl(R +3/4R)/2 (1)

where R is the radius of the cross section through the
middle part of the cell, and / the cell length.

The values of myocytes Ss, estimated with equation [1]
for different days in culture, are presented in Table 1.
These values were used to calculate the membrane current
densities and specific ionic conductances. In terms of
these parameters it is possible to compare our data with
those obtained elsewhere for adult frog skeletal fibres.

In order to estimate the extent of development of the
T-system on different stages of culturing, morphometry
of all membranes labelled by RR was performed on the
electron micrographs. Intracellular membranes, labelled

by RR and having contact with the external medium,
were identified as T-tubule membranes. Consequently,
the ratio of the volume density of intracellular labelled
membranes to the external ones (Sj,/Sex;) reflects the
extent of T-system development (Table 1).

Age-dependent changes in the cell capacitance

The whole membrane area of the cell (S,,) can also be
calculated from cell capacitance (C,) assuming the
specific capacitance as 1 pF/cm® (Marty and Neher,
1983). It is known that C,,, determined by capacitative
current transients, reflects the capacitance of both exter-
nal cell and the T-system membranes (Ribera and Spitzer,
1991). The differences between S, and Sg for different
days of culturing are presented in Table 1 (AS). AS/Ss in
this Table reflects the expected specific area of T-system.

The values of cell surface area measured by the
morphometrical and electrophysiological methods for
1-3-day old myocytes were similar and, consequently,
very small values of AS/Ss were observed (0.015-0.07).
After the 3rd day in culture, the membrane area values
obtained by these two methods, begin to be different.
This difference can be explained by the T-system
appearance and development. AS/Ss rose from 0.17
(day 4) to 0.34 (day 7).

Evaluation of the specific T-system area, obtained by
morphometric and electrophysiological methods (Sj,/
Sext and AS/Ss), showed a significant rise of T-mem-
brane during culturing. Both methods gave similar
results for myocytes on the final stages. However, the
electrophysiological method, in contrast to the morpho-
metric one, reveals the rise only after day 4 (Table 1).

Membrane currents and excitability

All main types of voltage-dependent ionic currents
are expressed in myocytes developing in culture. The
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Fig. 4. Logitudinal sections of 3 parts from different myocytes at the late stages of culturing. a. Six days in culture: well-differentiated
sarcomeres with their details: Z, Z-lines; A, anisotropic band; I, isotropic band; M, M-line; and the triads on the Z-line level (arrowheads). The
length of sarcomeres is about 1.2 pm. b. Six days in culture: transverse T-system tubule stained by RR (arrowhead), running along the Z-line. c.
Ten days in culture: sarcomere disorganization is obvious; longitudinally (arrow) and transversely (arrowhead) directed myofibrils are visible. All

bars represent 500 nm.

dynamics and features of expression of each type are
different. By day 5-6, all of them achieve magnitudes
measurable in whole cell voltage-clamp experiments.
The representative superimposed records of integral ion
current in a 7-day old myocyte, elicited by depolarizing
pulses to —20, —10, and 0 mV, are shown in Figure 5a.
Fast inward sodium current (/v,), delayed outward
potassium current (/) and slow inward current through
calcium channels (Ic,) are obvious. Figures 5b and 5c
illustrate the possibility of pharmacological separation
of these components.

Na™t and K currents on early stages of culturing

During the first 2 days in culture, myocytes exhibit
mainly the potassium component of integral ionic
current (Figure 6, day 2). The time course of Ik at this
stage is characterized by a relatively fast activation (time
to peak 20-30 ms) and a slow inactivation rate. The
non-inactivated part of Ix comprised 35-50% of the
peak amplitude. During that period less than 15% of
cells exhibited detectable fast inward current which can
be identified as a TTX-sensitive voltage-dependent Iy,.

The average maximal magnitude of Iy, was relatively
small and did not exceed 200 pA.

Na' and K" currents after 3-7 days of culturing

At this stage of myogenesis, the integral ionic current
included a component of inward Iy, with maximal
amplitude, comparable with or exceeding the values of
Ix (Figure 6, day 5). From day 1 to day 7 of culturing,
the quantitative changes of Iy, are more markedly
expressed (from 50 to 2200 pA) than those of Ik (from
500 to 1800 pA). The number of cells exhibiting
tetrodotoxin-sensitive Iy, increased up to 80% by the
day 7 in culture. The main characteristics of Iy, and Ix
for different stages of culturing are shown on Figure 7
and Figure 8, respectively. The current densities were
determined using morphometrical Sg (Figures 7¢ and
8d). The highest integral Ik density was observed on day
4 of culturing while the highest density for Iy, was
observed much later (day 7 of culturing). During that
period Iy, density rose 16-fold (from 3.6 to 58.1 pA/
cm?), and Ik density increased only 2-fold (from 26.7 to
51.9 pA/cm?).
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500 ms

Fig. 5. Tlon currents in myocyte on day 7 of culturing. Superimposed
integral ion currents elicited by depolarizing pulses to —20, —10 and
0 mV from the holding potential —80 mV. a. Integral ion currents in
standard extracellular solution. All types of ion currents are visually
detectable in succession: fast inward Iy,, outward Ik, and slow inward
Ic,. b. Integral ion currents after addition of 1 pmol/l TTX. The fast
inward Iy, component is abolished. Mention the non-linear scale of
the time axes in a and b. c. Integral currents in the presence of TTX
and 10 mmol/l 4-AP. Only the relatively slow component of inward
current is seen, which is the sum of the fast and the slow Ca>" currents.

During the entire period of culturing the main kinetic
and pharmacological (TTX sensitivity) properties of Ina
remained unchanged and were similar to those of adult
muscle fibre (Figure 7). Consequently, the dynamics in
magnitude of Iy, amplitude and density reflect the

increase in total number of Na channels per cell and its
density during maturation. Kinetic properties of /Iy, for
all stages could be described in terms of the Hodgkin-
Huxley model using the same set of equations and
taking into account the differences in maximum specific
sodium conductance (gn.), which rose from 0.2 to
4.26 mS/cm? during 1-7 days of culturing.

Developmental changes in kinetics of K* currents

In contrast to In,, the kinetic properties of Iy changed
considerably during myogenesis. The integral /x became
much more rapidly inactivated, although the activation
rate did not change significantly within the same period
(Figure 8). In addition, the non-inactivating part of Iy
decreased from 35-50% on day 2 to 10-15% on day 7 of
culturing. The time course of /x decay was commonly
complex and it was impossible to fit it with the
monoexponential curve. To evaluate the inactivation
rate, we used the time of decay to 50% of the peak
amplitude (7 s). Developmental changes of 7,5 are
shown in Figure 8c. For the early stages ¢, s at the test
potential of 0 mV was more than 1 s, and until days 7-8
it decreased to 70-100 ms. Figure 8d shows that the
peak potassium current density reached its maximum by
day 4. However, the approximate values of maximum
specific potassium conductance in terms of the Hodgkin-
Huxley model (gx), which were evaluated taking into
account changes in the inactivation rate, exhibited the
ten;iency to increase up to day 7 of culturing (1.2 mS/
cm”).

Developmental changes in Ca®" currents

Inward I, could be observed in most cells from day 4 of
culturing, in the case of blocking Ik by using an
intracellular solution containing Cs ™ and TEA™ and/or
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Fig. 6. Developmental changes of electrophysiological properties of cultured myocytes. Representative integral current and voltage records of
the cells at 2, 5 and 8 days of development. Upper layer: superimposed current traces elicited in voltage-clamp mode by depolarizing pulses
ranging between —30 and +10 mV in 10 mV increments. Holding potential —80 mV. Lower layer: changes of membrane potential elicited in
current clamp mode by direct current stimulation. MP was shifted by injection of hyperpolarizing current to the level =90 mV. Day 2 myocyte:
cell capacitance 25 pF, resting MP —32 mV, stimulating current densities 4, 6 and 8 pA/pF. Day 5 myocyte: capacitance 37 pF, resting MP
—56 mV, stimulating current densities 2, 2.7, 4 and 5.4 pA/pF. Day 8 myocyte: capacitance 45 pF, resting MP —72 mV, stimulating current

densities 2.2, 3.3 and 4.4 pA/pF.
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Fig. 8. Age-dependent changes in outward integral K™ currents. a.
Representative outward Ix recorded from myocytes of days 2, 4 and 8
of culturing, illustrating the difference in the rate of inactivation
process. The membrane potential was changed from a HP of —80 mV
to =30, =20, —10 and 0 mV. External solution contained 1 pmol/l TTX
and 30 pumol/l nifedipine to abolish Iy, and L-type Ic,. b. The same
sets of superimposed traces for day 2 and day 4 in an extended time
axis, showing the qualitative difference in inactivation process. c.
Changes in the kinetics of inactivation of Ik in the course of culturing.
Ordinate: time decay to the level of 0.5 (#y5) from the peak amplitude
of Ik registered by potentials £5 mV; abscissa: days in culture. d. I
density against the time in culture. Data represent mean = SEM; n for
each data point >10.

the extracellular application of potassium channel
blockers (Figure 5c). As a rule, the cells simultaneously
exhibited two types of Ic,, which can be distinguished by
differences in kinetics, permeability and pharmacologi-
cal properties (Figure 9). The first type was a well-

known slow DHP-sensitive L-type I, with high perme-
ability to Ba>" ions. The second type was a low-voltage
activated DHP-insensitive fast Ic,. Figure 9b shows
current-voltage relations for I, and Ic,s. The maxi-
mum amplitude of both types of I, increased during
culturing and reached 300 pA by day 9-10.

During day 1 after plating the myocyte occurrence
frequency with I, of any type measurable in standard
conditions was less than 15%, but with DHP agonist
CGP-I0OS (10-50 pmol/l) and/or a high concentration of
Ba?™" (8-80 mmol/l), the presence of the slow Ic, was
detected in more than 50% of cells. The fast Ic, was
found in ca. 25% of the 2-3-day old myocytes. To reveal
it, we used extracellular solution with a high concentra-
tion of permeable ions (Ca® " or Ba®") in the presence of
nifedipine to abolish L-type current. Also the fast I,
could be revealed by the typical slow-tail currents during
repolarization. The approximate values of I, amplitude
for this stage of culturing were recalculated with coef-
ficients derived for CGP-IOS and high concentrations of
Ba’" or Ca®" from the experiments performed on more
advanced stages (Lukyanenko et al., 1993, 1994).

The fast and slow types of Ca®* channels differed also
in dynamics of expression. The maximum amplitude of
the fast I, increased especially from the day 1 to day 6
culture (6-7-fold) (Figure 9d). In contrast, the maximal
amplitude of the slow Ic, increased with some delay
after day 3 in a more marked way (ca. 20-fold),
continuing uniformly from the very beginning to the
end of cell culturing.

Ion currents on days 8—10 of culturing

During the last stages the electrophysiological quanti-
tative indices demonstrated almost unchanged tenden-
cies. We did not reveal significant differences in kinetic
characteristics of In,, slow and fast /-, between day 7
and day 10 in culture, only the maximal amplitude of
slow I, continued to increase. The distinction is the
recurring slowing of Ik inactivation (Figure 8c), with
the contribution of non-inactivating component remain-
ing negligible.
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Fig. 9. Slow and fast types of Ca®>" currents. a. Integral ion currents elicited by depolarizing pulse to —20 mV from holding potential of —80 mV
recorded before (curve 1) and after (curve 2) administration of 30 pumol/l of nifedipine. Internal solution contained 60 mmol/l Cs™ and 60 mmol/
1 TEA™ to abolish outward I, the external standard solution contained 1 pmol/l TTX to abolish In,. Curve 3 is the mathematical difference
between curves 1 and 2, representing the DHP-sensitive Ic,. b. Current-voltage relations for currents before (1, open circles) and after (2, filled
circles) administration of nifedipine, and the difference between them (3, triangles). Data obtained from the same experiment as a. Bars indicate
SEM of 24 recordings performed in the different moments after the beginning of experiment. The existence of deviations reflects rundown for
Ic,. c. Inactivation of slow and fast /,. Steady-state inactivation curves (f.., circles) and time constants of inactivation (tj,, triangles) of slow I,
(filled symbols) and fast I, (open symbols). Steady-state inactivation was achieved by 30 s voltage prepulses; HP —80 mV. The data points were
fitted by a Boltzmann function with half-maximum inactivation voltage V;, = —49.7 mV, and a slope factor k, = 8.9 mV for fast I, and
Vh = =439 mV and k, = 8.7 mV for slow Ic,. d. Slow (filled circles) and fast (open circles) I, densities against the time of culturing. Data
represent mean + SEM; n for each data point >10.

Membrane potential old myocytes; Table 2). This type of response can be
abolished by TTX application and could not be changed

Resulting membrane potential (RMP) was evaluated by DHP blockers or activators of Ic,.
using the current-clamp mode of the whole-cell patch
clamp. The mean values of RMP were very low for 1-3-
day old myocytes (ca.—22 mV), and gradually increased Discussion
from day 3 to day 8 of culturing (up to —57 to —60 mV)
(Table 2). Repolarizing currents

Figure 6 shows typical changes of membrane poten-
tial (MP) in response to depolarizing pulses under the Potassium channels are the most ubiquitous and diverse
current clamp conditions. Only passive electrotonic superfamily of membrane ion channels (Breitweiser,
responses or relatively slow changes of MP with the 1996; Rudy, 1988). We have determined that the
peak values less than —30 mV were recorded for the 1-3- outward Ik is the only component of the integral ion
day old myocytes. Starting from day 4 in culture, about current present in the cells examined throughout the
30% of cells generated responses, which can be identi- whole period of culture studied. Previously, in frog
fied as a typical sodium action potential (AP). Thresh- myocytes we have described 9 components of Ik that
old, amplitude and time course of the AP depended were based on differences in kinetics of activation
preferentially on gn./gk ratio (Figure 6, 5- and 8-day (Lukyanenko et al., 1993). In accordance with our data,

Table 2. Developmental changes of resting membrane potential, presence of action potentials and sodium/potassium maximum specific
conductances ratio

Age, day

1 2 3 4 5 6 7 8 9 10
RMP  -21.2 £ 0.7 =223 £ 1.1 -28.6 + 3.5 =34.2 + 3.6 —40.0 + 3.5 —-45.0 + 4.3 =523 + 58 =57.0 £ 4.0 =56.5 £ 9.0 =59.2 £+ 3.5
(mV) n =11 n=9 n=12 n =14 n =11 n =14 n =10 n =14 n="7 n =10
AP - - - + + + + + + +
gna/gk < .45 1.14 1.71 2.93 3.15 3.28 3.80 3.88 4.10 4.57

RMP, resting membrane potential, Values are mean + SEM, gn./gk, ratio between sodium and potassium maximum specific conductances.



the greatest variety of components of Ix occurred on
day 3-4 when the most dramatic increase in the Ik
density was due mainly to the fast group of Ix.
However, its maximum value (51.9 pA/cm?) is 35-fold
less than Ik density for adult frog fibres in sartorius
muscle (Adrian et al., 1970) and 3-fold less than that in
lumbricalis muscle (Lynch, 1985).

The Ik in frog skeletal myocytes undergo qualitative
changes, preferentially concerning the kinetics of inac-
tivation of the fast phase. Components of this phase of
Ik have identical pharmacological properties and qual-
itatively similar characteristics of activation (Lukyanen-
ko et al., 1993, 1995). Most probably they are subtypes
of one family. The observed period (10 days) seems to be
too short for the withdrawal of potassium channels’
molecular complexes from plasma membranes, and the
qualitative changes probably result from post-transla-
tional modification of the channels belonging to one
family (Emsberger and Spitzer, 1995; Breitwieser, 1996;
Xu et al., 1996).

Excitatory currents

It was shown by DeCino and Kidokoro (1985), in
Xenopus myocytes, that single Na* channel conductance
and kinetics do not change substantially during the
development of frog myocytes under culture conditions,
and that the recorded increase in AP was due to an
increase in Na™* channel density. In our experiments,
too, kinetic properties of tetrodotoxin-sensitive Iy, did
not change during culturing and were similar to those
described in adult frog muscle fibres (Adrian et al., 1970,
Adrian and Peachey, 1973). Thus, it appears that /v, in
embryonic skeletal myocytes is provided by a homoge-
neous population of Na™ channels identical to the
channels of mature skeletal muscle fibres. In this case
differences in current density and specific maximum
conductance directly reflect differences in the membrane
density of Na™ channels between mature muscle fibres
and developing myocytes. However, even on day 7, when
the maximum Iy, density was reached, it was 30-fold less
than that previously observed in adult frog fibres from
sartorius muscle (Adrian et al., 1970; Adrian and Peac-
hey, 1973) and 8-fold less than from lumbricalis muscle
(Lynch, 1985). This difference could be partly explained
by a lack of neuronal influence, which increases AP and
Na ™ channel density (DeCino and Kidokoro, 1985) and
by arrested myocytes fusion. The results obtained in
chicken embryonic skeletal muscle cells by Frelin et al.
(1981) demonstrated that the increase in Na™ channel
density occurred mostly after the cell fusion and corre-
lated with the increase in RMP. In our experiments on
non-fusing myocytes RMP and Na™ channel density
also changed in parallel during culturing.

The activity of calcium-selective channels in myocytes
under normal culture conditions became detectable on
day 3. At this time, two types of Ic, were observed:
the well known slow L-type DHP-sensitive Ic,, and the
low-threshold, more rapidly activating DHP-insensitive
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Ic,. The differences between the slow and the fast I, in
myocytes (Figure 9) resemble the well known differences
between L- and T-type Ca®" currents (Tsien et al.,
1987). However, the kinetic parameters of the fast type
of Ic, differed substantially from a typical T-type
described in other systems, including developing Xen-
opus myocytes (Moody-Corbett et al., 1989), and in
adult frog Rana temporaria skeletal fibres (Hencek et al.,
1988). The density of fast I-, in the present study
increased until day 5 and then maintained at a steady
level of about 4 pAjecm?. The density of slow Ic,
continued to rise (Figure 8d) and, during the final stages
of culturing, was close to that in adult frog muscle fibres
(Almers and Palade, 1981; Huerta and Stefani, 1986;
Hencek et al., 1988). Therefore, the expression of slow
Ca®" channels occurred with some delay, and then it
ran in parallel with the increase in the T-tubule
membrane area.

Kano (1975) showed that calcium action potentials in
developing chicken skeletal muscle cells appear carlier
than the mechanism for generation of sodium APs.
However, despite the high density of I-, in frog
myocytes, we did not observed calcium APs and did
not reveal a detectable contribution of both types of I,
in sodium AP.

Structural differentiation

The main developmental features observed in this
investigation on frog skeletal myocytes were similar to
those described earlier on other kinds of cultured
myocytes undergoing myogenesis (Franzini-Armstrong,
1986; Kidokoro and Saito, 1988; Flucher, 1992). Some
differences between the developmental features observed
in the present study and those previously mentioned
may be due to the differences in species or the conditions
we used to prevent cell fusion.

The myofilaments, in the form of short and very thin
bundles, were seen already on the first day of culturing,
but only near the cell surface. The width of the filaments
corresponds to the myosin filament width. It should be
noted that even when these cells exhibited disorganized
contractile filaments, they were able to contract in
response to membrane depolarization (Nasledov et al.,
1992).

The sarcomere zones were first distinguished on day 4,
but Z-lines were still obscure. The differentiated myo-
fibrils were observed on day 6, and the Z-lines and H-
zones with the M-bands were clearly seen. It is known
that the formation of the contractile filaments in
myotubes during myogenesis in vivo begins from the
peripheral part of the cell to further spread to the centre
(Franzini-Armstrong, 1986). The same sequence was
observed in our case. The first myofilament bundles
appeared on the periphery, and only on the 6th day
myofibrils with well-differentiated sarcomeres were seen
in the center of the cell, mainly in the paranuclear area.
The myofibrils in the 6-day old myocytes looked very
similar to those of the mature fibres, they occupied a
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large part of the cell, but were separated from each other
by wide strips of cytoplasm. After 8-10 days, dramatic
sarcomere disorganization was observed. The myofibrils
were dispersed into filament bundles, which were no
longer uniformly oriented.

We used RR to mark the membranes, which had
contact with the extracellular environment (Frank et al.,
1977). During the first days of culturing the membrane
structures were represented by the vesicles located under
the cell outer membrane. Some of the vesicles were fused
with each other, forming twisted tubes of different shape
and length. The length of the tubes gradually increased.
The ratio of the surface area of these membranes to the
area of the external cell membrane is increasing with the
ageing of culture. It appeared that on day 3, some parts
of RR marked tubules were filled with electron-dense
material. Later on such phenomenon was observed no
longer.

Our data suggest that there are two critical periods in
frog myocytes structural development in culture. One
occurs on day 3 in culture and is characterized by
aggregation of myofilaments into myofibril-like struc-
tures resembling the first stages of sarcomere organiza-
tion. At this time restricted tubular structures also
appear. This may be the point when the cell makes a
cell-lineage decision to switch from an unspecialized
multipotential cell to a specialized muscle cell. It may be
suggested that the third day in culture represents the
stage when myocytes fuse under normal conditions. The
second critical point in this in vitro system appears on
the sixth day, when significant muscle cell differentiation
was observed. These data suggest that myocyte fusion is
not required for differentiation of the internal mem-
brane system providing ECC. However, it is possible
that the differentiation process is altered in the absence
of fusion.

The myofibril and sarcotubular system disorganiza-
tion may indicate the gradual death of myocytes.

Interrelations between the development of excitability
and structural differentiation

Recent experimental progress has led to a better
understanding of the mechanisms that control myogen-
esis in the embryo. Along with the identification of
regulatory genes that are involved in controlling specific
transcriptional events (Ludolph and Konietzny, 1995),
many of the advances are the result of determining the
role and expression of ionic currents, fusion and
neuronal contacts (Moody-Corbett and Vigro, 1991;
Constantin et al., 1995; Linsdell and Moody, 1995).
During the first 3 days in culture, the T-membrane
area values measured by morphometric method were
different from those estimated on the basis of cell
capacitance measurement (Table 1). The ultrastructure
analysis demonstrated that the tubules detected by RR
were partially filled with electron-dense material as well
as vesicles under the cell surface membrane, which can
be referred to the developing T-tubules. After the third

day in culture, the T-tubules became empty and the
contribution of T-system to cell capacitance became
detectable suggesting that the electron-dense substance
had insulating properties, and the T-tubules containing
it were inaccessible for electrical signal transmission.
From the third day the slow /-, became measurable in
normal conditions and thereafter correlates with the
increase in T-tubule membrane area. The data presented
on Figure 9d for the slow I, recalculated per unit of T-
membrane area demonstrate that the value of density
reaches the level of 15-18 pA/cm? to the fourth day and
its following changes are negligible. We suggest that the
increase in the total number of slow Ca’" channels/
DHP receptors directly depends on the T-membrane
area growth and that the channel density on the T-
membranes remains constant from the very appearance
of these membranes and during the whole period of
myocytes development.

The third and fourth days in culture are a period of
fast development of the contractile apparatus and triads,
of a sharp rise in densities of all current types and the
first time when sodium AP can be recorded. Possibly,
this period corresponds to the time of cell fusion under
suitable conditions. Analysing our data we conclude
that excitability and structural development occur in a
coordinated manner.

After day 8, when the disorganization of myofibril
structure occurred, all main tendencies in dynamics
of expression of voltage-dependent ionic currents of
myocytes remained unchanged. The maximum ampli-
tude of the slow I, continued to increase along with the
growth of T-membranes area. The only obvious distinc-
tion was the recurring slowing of [k inactivation
(Figure. 8). However, the contribution of non-inactivat-
ing component remains insignificant. It can be conclud-
ed that myocytes during the last stages in culture
maintain high level of synthetic activity, but the coor-
dination of parallel development of excitability and
morphological structures of ECC is disturbed.
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