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Development in Embryonic Xenopus Skeletal Muscle
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The development
of electrical excitability
involves complex
coordinated
changes
in ion channel
activity. Part of this
coordination
abpears to be due to the fact that the expression of some channels
is dependent
on electrical
activity
mediated
by other channel
types. For example,
we have
previously
shown that normal potassium
current development in embryonic
skeletal muscle cells of the frog Xenopus laevis is dependent
on sodium channel activity. To examine the interrelationships
between
the development
of
different ionic currents, we have made a detailed study of
electrical
development
in cultured
Xenopus
myocytes
using whole-cell
patch-clamp
recording.
The initial expression of potassium,
sodium,
and calcium
currents
is followed by a brief period during which the densities
of potassium currents decrease, while at the same time sodium
and calcium current densities
continue
to increase, which
may increase
electrical
excitability
during this time. The
normal developmental
increase in both potassium
and sodium currents
is inhibited
by the sodium channel blocker
tetrodotoxin,
suggesting
that electrical
activity normally
stimulates
the expression
of both these currents. These effects of electrical
activity appear to be mediated
via activation of voltage-gated
calcium channels.
We suggest that
the developmental
acquisition
of sodium
and calcium
channels
by these cells, possibly coupled
with a transient
decrease in potassium
current density, lead to an increase
in electrical excitability
and calcium entry, and that this calcium entry provides a critical developmental
cue controlling the subsequent
development
of mature electrical
properties.
[Key words: Xenopus
embryo, ion channels,
muscle development,
electrical
activity, activity-dependent
expression, second messengers]
The development of electrical excitability
in muscle cells and
neurons is characterized
by temporally stereotyped changes in
the types, densities, and properties of voltage-gated ion channels
present (Moody et al., 1991; Spitzer, 1991; Rihera and Spitzer,
1992; Spruce and Moody, 1992; Broadie and Bate, 1993). These
characteristic patterns of channel development suggest that they
underlie developmentally
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6 subunits (Klarsfeld
and Changeux,
1985; Goldman et al.,
l988), sodium channels (Sherman and Catterall. 1084). chloride
channels (Heathcote, l989), calcium channels (Freud-Silverherg
and Shainherg, 1993), myosin (Brevet et al., 1976), acetylcholinesterase (Rubin,
1985), and the cell adhesion molecules
N-cadherin (Hahn and Covault, 1992) and NCAM (Lyles et al.,
1993), as well as several members of the basic-helix-loop-helix
family of muscle-specific
transcription
factors (Eftimie et al.,
1991; Buonanno et al., 1992; Neville et al., 1992; Chahine et
al., 1993; Huang et al., 1993). The link between electrical activity and muscle properties has been suggested to involve changes
in protein kinase C activity (Fontaine et al., 1987; Klarsfeld et
al., 1989; Huang et al., 1992, 1993), intracellular
cyclic AMP
(CAMP; Sherman et al., 1985; Offord and Catterall. 1989; Chahine et al., 1993), and intracellular
calcium (Sherman and Catterall, 1984; Rubin, 198.5; Klarsfeld et al., 1989; Offord & Catterall, 1989; Hahn and Covault, 1992).
Since electrical activity plays such a key role in controlling
muscle properties, we have examined in detail the developmental profiles of different voltage-gated ionic currents that control
electrical excitability
during muscle development
in the frog,
Xenq~u.s luevis. We have also studied the effects of electrical
activity on the development of these different currents by pharmacologically
blocking activity in myocytes developing in culture.
We previously described the earliest developmental
appearance of voltage-gated potassium and sodium currents in cultured
embryonic Xcmo,~u,s skeletal muscle cells (Spruce and Moody,
1992; Linsdell and Moody, 1994). These studies have emphasized the functional importance of the fact that these cells always
acquire potassium currents earlier in development than sodium
currents;
sion of

reversing

the

developmental

sequence

by

misexpres-

cloned sodium channels caused a compensatory upregulation of potassium current density. Here, we describe the later
development of voltage-gated currents in these cells. Although
the overall trend is an increase in current density during development, we have identified a brief period (approximately
4 hr)
during which the densities of both sustained outward and inwardly rectifying potassium currents decrease, while sodium and
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calcium current densities continue to increase. We find that subsequent increases in potassium and sodium current densities are
inhibited by the sodium channel blocker tetrodotoxin
(TTX),
suggesting that the later development of multiple channel types
are stimulated by electrical activity. These effects of electrical
activity appear to be mediated via calcium influx through voltage-gated calcium channels, since the effects of TTX are mimicked by the calcium channel blocker nifedipine. We suggest that
the acquisition of functional sodium and calcium channels by
these cells, possibly coupled with a transient decrease in potassium current density, leads to an increase in electrical activity
and calcium entry, which is an important signal in subsequent
ion channel development.

Materials and Methods
Pre[jclrcrtio/r
of‘ crnh,-vo.s U/U/ nlu.sc/r crlls. Fertilization
and culture of
Xerml~s
/ae\~r.s embryos.
and aneural culture of dissociated
myocytes
were carried out as described
previously
(Linsdell
and Moody.
1994).
Briefly,
mature eggs were fertilized
irl ,airro and embryos
cultured
in
IO% Modified
Barth’s Solution
(8.8 mM N&I,
0.1 mM KCI, 0.24 mM
NaHCO,,
0.0X2 mM MgSO,,
0.033 mM Ca(NO&
0.041 mM CaQ,
I
mM HEPES,
pH 7.4). Embryos
were staged according
to Nieuwkoop
and Faber (I 967) and dissected at the early neural fold stage (stage IS;
approximately
I8 hr after fertilization),
the earliest stage at which skeletal muscle cells can be uniquely
identified.
Dissociated
myocytes
were
plated onto tissue culture plastic dishes (Falcon
3001; Becton Dickinson, Oxnard,
CA) containing
Danilchik’s
medium
(Keller
et al., 1985;
53 mM NaCI.
27 mM Na,isothionate.
IS mM NaHCO,.
4.5 mM
K.gluconate,
I mM MgSO,,
I mM CaCI,, pH 8.3).
Cult~rv
of’ i?iu.sc~/e calls. Muscle cells were cultured
in Danilchik’s
medium (see above) at room temperature
(20-23°C).
Where the effects
of other factors on muscle cell development
were examined.
these factors were added to the culture medium immediately
prior to cell plating.
Apart from TTX, which was usually
still present during electrophysiological
recordings,
these factors were removed
30-90
min before recording
in an attempt
to preclude
any direct effects on ion channel
activity.
This was achieved
by washing
the cultures
thoroughly
with
Danilchik’s
medium.
Because some of the factors used to treat cultures
are light sensitive,
all muscle cultures were kept in the dark until just
before recording.
C7~r~nictrl.r. Those factors added to the normal culture medium
were
TTX (I FM), nifedipine
(IO PM), and dantrolene
(sodium
salt; SO FM).
All were obtained
from Sigma (St. Louis, MO)
and stored frozen
:IS
stock solutions
until required.
Stock solutions
were IO pM TTX (in
Danilchik’s
medium),
IO IllM nifedipine
(in dimethyl
sulfoxide;
DMSO,
Sigma),
and SO mM dantrolene
(in methanol;
Sigma).
The maximum
concentration
of DMSO
or methanol
in the final culture
medium
was
0. I %J; at this concentration,
neither vehicle alone had any effect on the
expression
of voltage-gated
currents.
None of the treatments
appeared
to affect cell survival
or morphology,
nor did they have any significant
effect on mean cell capacitance.
The concentrations
of TTX and nifedipine used have been shown to block sodium and calcium
currents
in
adult frog muscle; we have independently
found that these concentrations effectively
abolish voltage-dependent
sodium and calcium currents
in our cultured
muscle cells. Although
we were unable to directly
test
the effect of dantrolene
on calcium
release from internal
stores, the
concentration
used (SO FM) would be expected
to produce a maximum
effect in adult frog muscle (e.g., Morgan
and Bryant,
1977).
Elect~o~/l~.sio/o,~i~.~~/
recording.s.
All recordings
were made using the
patch-clamp
technique
in the whole-cell
configuration
(Hamill
et al..
1981). Pipettes
were fabricated
from glass capillaries
(VWR,
West
Chester, PA) using a two-stage
puller (harishige,
Tokyo,
Japan). and
had resistances
of l-3 Mb2 when filled with recording
solutions
(see
below). Currents
were recorded
using an EPC-7 amplifikr
(List, Darnstadt, Germany),
liltered at I kHz using an eight-pole
Bessel filter, and
digitized
at 2-33 kHz using PCLAMP
software (Axon Instruments,
Foster
City, CA). Voltage
errors due to series resistance
were compensated
electronically;
typically
60-90s
compensation
was possible.
During recordings,
the external
solution
was Danilchik’s
medium (see above) and
the pipette solution
contained
80 mM K.aspartate,
IO 111~ KCI, 10 mM
NaCI, 2 IllM MgCl?,
2 mM EGTA.
3 mM glucose,
2 mM theophylline,
2 mM Mg.ATI?
0.1 IllM CAMP, IO IllM HEPES,
pH 7.4.

Muscle
To record currents through calcium channels. the extracellular solution was replaced with one containing
120 mM NaCI. S IIIM KCI, IO
mM BaCI?, 2 mM MgCl?,
IO mM HEPES,
1 pM TTX. pH 7.4 just before
recording.
Potassium
in the pipette solution
W;LS replaced w‘ith cesium
to block potassium
currents.
Since under these conditions.
current
through
calcium channels (actually
carried by barium)
could be rccorded in isolation,
a P/4 leak subtraction
protocol
could be used to allow
more accurate measurement
of very small barium currents.
All recordings
were made at room temperature
(20-23°C).
Dutrr unu/ysi.s. Identification
and measurement
of the different
voltage-gated
currents
expressed
in these cells, following
subtraction
of
linear leak currents,
were as described
previously
(Spruce and Moody
1992; Linsdell
and Moody,
1994), except where described
above. Data
in Figures 2 and 6 have been corrected
for a junction
potential
of -8
mV that exists between
the pipette solution
and Danilchik’s
medium
(Spruce
and Moody,
1992). Where mean values are given, they are
expressed
as mean ? SEM. All ages of muscle cells quoted are relative
to stage 15.

Results
Our previous studies concentrated on the development of voltage-gated potassium and sodium currents in embryonic Xr~rq>~,lrs
myocytes during the first IO hr after stage IS (Spruce and
Moody, 1992; Linsdell and Moody, 1994). Here. we describe
the later developmental
time courses of these currents. up to 30
hr after stage 15. We have also examined the time course of
calcium current development for the first time.
At stage 1.5, the earliest time examined, these cells usually exhibit no voltage-gated currents in response to either depolarization
or hyperpolarization.
A sustained outward potassium current (I,)
appears in most cells 2&4 hr after stage IS. and its density increases steadily until I4 hr (Figs. I, 2A). Between 14 and I8 hr.
however, I, density decreases significantly (11 < O.OI : one-tailed
t test), before again increasing between IX and 30 hr. At early
times, the activation kinetics of I, change, slowing dramatically
between 4 and 6 hr (Fig. I; Linsdell and Moody, 1994). We do
not know if this represents a change in the properties of a single
type of channel (e.g., Ribera and Spitzer, 1991) or the addition of
a more slowly activating type of channel. At later times, the activation kinetics of I, are difficult to observe, due to the addition
of a rapidly activating, transient outward current (Fig. I; see below). The voltage dependence of activation of I, does change
during development, with the threshold of activation being about
20 mV more negative at 30 hr than at 4 hr (Fig. 3A). A negative
shift in the activation threshold of the delayed rectifier potassium
current has also been observed during the development of cleavage-arrested
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sistent with the inactivating nature of the delayed rectifier current
in mature muscle (Stanfield, 1970).
The inwardly rectifying potassium current (I,,,) appears about
the same time as I,, and its development shows a similar time
course to that of I, (Figs. I, 2). I,, density increases steadily up
to I4 hr, decreases slightly between I4 and 22 hr. and then
begins to increase again. I,,, shows no change in kinetics or voltage dependence during its development (Figs. I, 3B).
Two
additional
depolarization-activated
currents
appear
around 8 hr-a fast inward sodium current (I,,,) and a transient,
A-type potassium current (IA; Fig. I). The expression of these
two transient currents appears to be very well correlated temporally. Between 8 and IO hr, I,., was identified in 41% of cells
examined (23 of 56) and I, in 37% (2 1 of 56); during this period
of time, Z, was observed in 74% (I7 of 23) of cells expressing

The Journal of Neuroscience, June 1995. 136) 4509

Time (hr.)

O%izr?
20ms

I

lOOpA I
200ms

r

lOOpA I

6

8

24

I
30

kG=r-

I,,,, compared with 12% (4 of 33) of cells with no I,,. Z, is not
a sodium-activated
potassium current, however, since it is unaffected by blocking IN,, with TTX (not shown). In contrast with
the development of I, and I,,, I,;, increases steadily from the
time at which it is first observed until 26 hr. Thus, between 14
and I8 hr, the densities of both I, and I,, are decreasing, while
I,,, density continues to increase, raising the possibility that electrical excitability may be increasing over this period.
Embryonic
Xenoplcs myocytes also express a dihydropyridine-sensitive voltage-gated calcium current with properties similar to those seen in adult muscle (Moody-Corbett
et al., 1989);
however, the early developmental
profile of this current has not
been investigated. The development of barium currents through
calcium channels (I,,,) is shown in Figure 4. I,., is acquired by
most cells around I O-l 2 hr, and was identified in almost all cells
(40 of 41) from 16 hr onwards. As with INi,, Z,,, density appears
to increase steadily during development.

The expression of I, at late times in these cells is partly dependent on electrical activity, as it can be reduced by culturing

1nA I

14---

Figure 1. Development of voltagegated potassium and sodium currents in
embryonic Xr~p~ts myocytes. Currents- were activated by depolarizing
(kfr) or hyperpolarizing (r-i&) voltage
steps, in cells 0, 4, 6, 8. 24, and 30 hr
aft& stage I5 (,fi~~ /<j?). Note the different current scales used at different
stages; the time scales for depolarizing
and hyperpolarizing
pulses are the
same at all stages. Depolarizing voltage
pulses were from a holding potential of
~100 mV to between -SO and +40
mV: hvoeroolarizing oulses were from
a h&diig potential% -60 mV to between -60 and ~ IS0 mV.

myocytes in the presence of TTX (Linsdell and Moody, 1994).
To determine the effects of electrical activity on the different
phases of I, development
identified in Figure 2A, we made
whole-cell
recordings between 0 and 30 hr from myocytes cultured in the continuous presence of TTX (see Materials and
Methods). TTX had no effect on I, until 12 hr (Fig. 5A), shortly
after the time of acquisition of Z,, in most cells (Fig. 2C), strongly suggesting that the effects of TTX are due to block of ZNil.I,
density was significantly
less in TTX-cultured
myocytes than
controls at 12-14 hr and 20-26 hr (~7 < 0.05, one-tailed r test;
Fig. 5A). Removal of TTX from older cultures had no effect on
I, density (not shown), indicating that this current is insensitive
to either sodium entry or to TTX itself. Although TTX culture
greatly reduces the density of I,, it does not seem to affect the
normal developmental
change seen in I, voltage dependence
(Fig. 6). This suggests that TTX reduces the overall level of
expression of functional potassium channels, rather than specifically preventing the appearance of a more mature type of channel.
Following
complete TTX removal, it was also observed that
Z,,, density was significantly
less than in myocytes cultured in
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TTX had no effect on the development of I,, (Fig. SB; Linsdell and Moody, 1994). The density of fc,, in older myocytes
was also unaffected by culturing
in the presence
of I PM TTX;
between 22 and 28 hr, mean Ic,, density was I. 16 ? 0. I5 pA/
pF (n = 22) in control cells and 1.I 3 + 0.15 pA/pF (II = 25)
in TTX-cultured
cells. Thus, I,,,-mediated electrical activity
appears not to regulate either I,, or I,, development.
Because many of the reported effects of electrical activity on
muscle properties appear to involve calcium entry through voltage-gated channels (Smilowitz
et al., 1988; Brodie et al., 1989;
Klarsfeld et al., 1989; Huang et al., 1994), we also tested the
effects of the calcium channel blocker nifedipine on potassium
and sodium current development.
Culturing
myocytes in the
presence of nifedipine reduced the development not only of I,
and IN,t, but also to a lesser extent I,, (Fig. 8). The similar effects
of TTX and nifedipine on the development of I, and I,, suggest
that the effects of electrical activity on these two currents are
mediated via activation of voltage-gated calcium channels. The
fact that I,R expression is reduced by nifedipine but not by TTX
suggests that, even when electrical activity is blocked, sufficient
calcium entry occurs to fully stimulate development of this current.
Culturing
myocytes in the presence of dantrolene,
which
blocks calcium efflux from internal stores, did not mimic the
effects of nifedipine on the expression of either I, or I,,, (data
not shown), suggesting that the effects of calcium entry through
voltage-gated channels are not mediated by calcium-dependent
calcium release from internal stores. This contrasts with the calcium-dependent
differentiation
of X~rzopus spinal neurons,
which is disrupted by depletion of internal calcium stores (Holiday et al., 1991). Acetylcholine
receptor gene expression in the
mouse muscle cell line C2Cl2 is regulated by calcium entry
through voltage-gated
channels, but not by calcium released
from internal stores (Huang et al., 1994).

Discussion
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the absence of TTX (Fig. 7). To ensure all TTX was effectively
removed from the external solution following thorough washing,
control Danilchik’s
medium was also applied directly to cells
from a nearby perfusion pipette during recording. INr amplitude
following perfusion of TTX-free Danilchik’s medium was 101. I
t 8.8% of that before perfusion (but after washing; n = 8),
indicating that all TTX had already been effectively removed by
washing. Thus, it appears that culturing these muscle cells in the
presence of TTX reduces the functional expression of I,,, suggesting that electrical activity during early myogenesis increases
the expression of I,. as well as I,.

Development of the Xerzopus embryo is very rapid. with spontaneous movements beginning around 30 hr after fertilization.
This rate of development
is reflected in the rapidly changing
electrophysiological
properties of cultured embryonic myocytes.
Under our culture conditions, these cells acquire I,, I,,, I,, I,;,.
and I,, over a period of about I2 hr, thereby developing from a
state of having no voltage-gated
currents to one of having a
similar complement of currents to those seen in adult muscle.
These cultured cells also first begin to show contractions in response to application
of high concentrations
of potassium or
depolarizing
pulses applied through the patch pipette around I2
hr after stage 1.5, or 30 hr after fertilization
(l? Linsdell, unpublished observations),
suggesting that electrical development in
culture approximates that in viva.
Although the electrical development of these cells is characterized by dramatic increases in potassium and sodium current
densities (Fig. 3), perhaps more intriguing
is the decrease in
potassium current densities that occur between I4 and 18 hr for
I,, and between I4 and 22 hr for I,K. Over the same period of
time, I,, density continues to increase; for example, between I4
and 18 hr, mean IN, density increases by 62%. while mean I,
density decreases by 39% and mean I,K density decreases by
16%. Although
the relative densities of these currents are not
the sole determinants of the state of electrical excitability, it is
possible that these changes in current densities allow for a brief
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Fi~lr~ .?. Voltage dependence of I, (A), and I,, (R) at different developmental times. A. Mean conductance-voltage relationship for I, at 4, 8, 24,
and 30 hr. constructed using data from 7-13 cells at each stage. Current amplitudes were measured as described in Materials and Methods and
used to calculate relative conductances using a calculated potassium equilibrium potential of -75 mV. B, mean steady-state current-voltage
relationship for I,, at 8 and 24 hr after stage 15, constructed using data from 5-16 cells at each stage. In both A and B, error bars represent t
SEM, where this is larger than the size of the symbol.
period in the development of these myocytes during which electrical activity is increased.
The developmental
time course of I, in the presence of TTX
(Fig. 5A) does, indeed, suggest a key role for electrical activity
around this time. The largest effect of TTX on I, occurs between
20 and 26 hr (Fig. 5A), shortly following
the suggested period
of increased activity outlined above. At later times, I, densities
in control and TTX-cultured
myocytes are more similar, suggesting that at these times electrical activity plays no role in
controlling
I, expression. However, this “catching
up” of I,
density at late times does not occur in cells cultured in the presence of nifedipine (Fig. 8A). In fact, nifedipine appears to prevent the secondary increases in both I, and I,, density (Fig.
8A,B). This apparent anomaly between the effects of TTX and
nifedipine suggests that at later developmental
times, I,,, density

8 Hours

lOOpA

24 Hours

is large enough to allow sufficient calcium entry to stimulate I,
and I,, expression even in the absence of I,,%-induced electrical
activity. The effects of electrical activity at earlier times seem
certain to be mediated via activation of voltage-gated calcium
channels; TTX and nifedipine have similar effects on the expression of I,, I,,, and f,,, and the onset of TTX-sensitivity
of
IK expression occurs around the time of acquisition of I,,, (Figs.
4, 5A).
Cultured Xenopus muscle cells do not exhibit spontaneous
contractions, suggesting that aneurally cultured myocytes are not
spontaneously
active. It is unclear therefore how sodium and
calcium channel activities are linked. It is possible that at early
developmental
stages such as those examined here, these cells
could exhibit spontaneous activity that is subthreshold for action
potential generation, or that single action potentials may be in-
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Fi~11e 4. Development of barium currents. A, Currents activated by depolarizing steps from a holding potential of - IO0 mV to between ~30
and + IO mV in cells 8 (1cfi) and 24 (vighr) hr after stage 15. Barium currents (carried through calcium channels; I,-,,) were isolated as described
in Materials and Methods. B. developmental time course of Ir,,. Each point represents mean ? SEM (n = 4-l I). Current densities were calculated
as described previously (see Materials and Methods).
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6. Culturing in TTX does not alter the voltage dependence of
I,. Mean conductance-voltage relationships were constructed as described in the legend to Figure 2, for control cells (,fil/rtl cir-cks;
11 =
13) and TTX-cultured cells (oprn circles;
II = 8). both measured 24 hl
after stage 15. Culturing in TTX also had no effect on the voltage
dependence of I, measured at other times (not shown).
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Figure
5. Effect of culturing in TTX on the development of I, (A)
and I,, (B). In both A and B, ,$/led circles represent control cells and
~/WI circlrs cells cultured in the presence of 1 pM TTX. Data is shown
as mean ? SEM (where this is larger than the size of the symbol) from
13-36 control cells and S-16 TTX-cultured
cells. *Represents those
time points at which mean current density is significantly less in TTXcultured than in control cells (p < 0.05, one-tailed r test).

sufficient to initiate contraction. Alternatively,
since we find that
both I,, (Fig. 2C) and Ic,, (Fig. 4B) are present before the cells
become contractile (around 12 hr after stage 15; see above), it
may be that spontaneous activity occurs before the development
of excitation-contraction
coupling.
The development of I, and I,, in the presence of nifedipine
(Fig. 8A,B) suggest that the two apparent phases of potassium
current expression (see Fig. 2A,B) are functionally
separable
components, since the secondary increase in each current (beginning around 20 hr for I, and 24 hr for I,,) is effectively
abolished in the presence of nifedipine. We suggest that the de
velopment of voltage-gated
potassium currents by these myocytes is controlled by two separate, sequential programs of functional channel expression, the first (O-14 hr) being intrinsic to
the muscle cells, and the second being stimulated by calcium
influx. However, even the “intrinsic”
program is sensitive to
electrical activity, since the earliest expression of IK and I,, (OS hr) can be stimulated by increased electrical activity following
sodium channel misexpression (Linsdell and Moody, 1994). The
mechanism linking electrical activity with this early phase of
potassium current expression is unknown, since we have no evidence for the presence of functional calcium currents in these
cells before 8 hr.
The electrical activity-dependent
expression of I, in these
cells has previously been suggested to provide a compensatory
feedback mechanism to control membrane excitability
(Linsdell
and Moody, 1994). However, electrical activity also appears to

Control

1nA

L
2ms

TTX Cultured

Figure
7. Culturing in TTX reduces the expression of I,,,. Sodium
currents recorded 24 hr after stage I5 from a control cell (W/I) and from
a cell cultured in the presence of I FM TTX (hotto777),
with the TTX
removed just prior to recording (see text). Direct application of TTXfree solution to this cell did not lead to any further increase in I,,,.
indicating that all TTX had been effectively removed and that the level
of sodium channel expression had been reduced by TTX culture. Holding potential ~ 100 mV; voltage steps to between ~60 and +20 mV.
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gated sodium and calcium channels, possibly coupled with a
decrease in potassium current density, lead to an increase in
electrical activity and thus an increase in voltage-gated calcium
influx. The earliest appearance of these two channel types would
therefore seem to signal the beginning of a critical period in the
electrical development of these cells.
In viva, innervation of embryonic Xenopus mesoderm begins
around 5-6 hr after stage 15 (approximately
stage 2 l-22). causing an almost immediate increase in both electrical activity (Evers et al., 1989) and intracellular calcium concentration (Zhu and
Peng, 1988) in the postsynaptic cell, which, according to our
findings, should profoundly
influence muscle ion channel development. However, our results on aneurally cultured muscle
cells indicate that muscle cells also have their own intrinsic patterns of electrical development, and are not merely the passive
recipients of nerve-induced
electrical activity.
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Bar-Sagi
D, Prives J (1985)
Negative
modulation
of sodium channels
in cultured chick muscle cells by the channel activator
batrachotoxin.
J Biol Chem 260:4740-4744.
Bixby JL, Spitzer NC (1984)
Early differentiation
of vertebrate
spinal
neurons
in the absence of voltage-dependent
CaL’ and Na’ influx.
Dev Biol 106:8Y-96.
Brevet A, Pinto E, Peacock J, Stockdale
FE (1976)
Myosin
synthesis
increased
by electrical
stimulation
of skeletal muscle cell cultures.
Science
193:1152-I
154.
Broadie
KS, Bate M (1993)
Development
of larval muscle properties
in the embryonic
myotubes
of Drosophil~r
,~~r/trr?o,~tr.srr~.
J Neurosci
13:167-180.
Brodie
C, Brody
M, Sampson
SR (1989)
Characterization
of the relation between sodium channels and electrical
activity
in cultured rat
skeletal myotubes:
regulatory
aspects. Brain Res 488: 186-194.
Buonanno
A, Apone L, Morass0
MI, Beers R, Brenner
HR. Eftimie
R
(I 992) The MyoD
family of myogenic
factors is regulated
by electrical
activity:
isolation
and characterization
of a mouse Myf-S
cDNA.
Nucleic
Acids Res 20:539-544.
Chahine
KG, Baracchini
E, Goldman
D (1993)
Coupling
muscle electrical activity
to gene expression
via a CAMP-dependent
second messenger system. J Biol Chem 268:2893-2898.
Dargent
B, Couraud
F (1990)
Down-regulation
of voltage-dependent
sodium channels
initiated
by sodium influx in developing
neurons.
Proc Natl Acad Sci USA 87:5907-591
I.
Eftimie
R, Brenner HR. Buonanno
A (1991)
Myogenin
and MyoD join
a family of skeletal muscle genes regulated
by electrical
activity.
Proc
Natl Acad Sci USA 88: 1349-1353.
Evers J, Laser M, Sun Y-A, Xie Z-P, Poo M-M
(1989)
Studies of
nerve-muscle
interactions
in Xenoj1us cell culture:
analysis of early
synaptic
currents.
J Neurosci
9: 1523-l 539.
Fontaine
B, Klarsfeld
A, Changeux
J-P (19X7) Calcitonin
gene-related
peptide and muscle activity
regulate acetylcholine
receptor a-subunit
mRNA
levels by distinct
intracellular
pathways.
J Cell Biol 105:
1337-1342.
Freud-Silverberg
M, Shainberg
A (1993)
Electric
stimulation
regulates
the level of Ca-channels
in chick muscle culture. Neurosci
Lett IS I :
104-106.
Goldman
D, Brenner
HR. Heinemann
S (1988)
Acetylcholine
receptor
(Y-, p-, y, and &subunit
mRNA
levels are regulated
by muscle activity. Neuron
I :329-333.
Hahn C-G, Couvault
J (1992)
Neural regulation
of N-cadherin
gene
expression
in developing
and adult skeletal
muscle. J Neurosci
12:
46774687.
Hamill
OP, Marty
A, Neher E, Sakmann
F, Sigworth
FJ (I981 ) Improved
patch-clamp
techniques
for high-resolution
current recording
from cells and cell-free
membrane
patches. Pfluegers
Arch 39 I :8S100.
Heathcote
RD (1989)
Acetylcholine-gated
and chloride
conductance
channel expression
in rat muscle membrane.
J Physiol (Lond)
414:
473497.
Holliday
J, Spitzer NC (1990) Spontaneous
calcium
influx and its roles
in differentiation
of spinal neurons in culture.
Dev Biol 141: 13-23.

4514

Linsdell

and Moody

* Control

of Ion Channel

Development

in Xenopus

Holliday
J. Adams
RJ, Sejnowski
TJ, Spitzer
NC (1991)
Calciuminduced release of calcium regulates differentiation
of cultured spinal
neurons. Neuron 7:7X7-796.
Huang C-E Tong J, Schmidt J (1992)
Protein kinase C couples menbrane excitation
to acetylcholine
receptor
gene inactivation
in chick
skeletal muscle. Neuron
9:67 l-678.
Huang C-E Neville CM, Schmidt J ( 1993) Control
of myogenic
factor
genes by the membrane
depolarization/protein
kinase C cascade in
chick skeletal muscle. FEBS Lett 319:21-25.
Huang C-E Flucher
BE. Schmidt
MM,
Stroud SK, Schmidt
J (1994)
Depolarization-transcription
signals in skeletal
muscle
use calcium
flux through L channels. but bypass the sarcoplasmic
reticulum.
Neuron 13:167-177
Jones SM. Ribera AB (1994)
Overexpression
of a potassium
channel
gene perturbs
neural differentiation.
J Neurosci
14:2789-2799.
Keller RE, Danilchik
M, Gimlich
R, Shih J (1985)
The function
and
mechanism
of convergent
extension
during gastrulation
of X~~nop~r.s
Itrrvis. J Embryo1
Exp Morphol
[SuppI] 89:185-209.
Klarsfeld
A. Changeux
J-P (1985)
Activity
regulates the levels of acetylcholine
receptor
a-subunit
mRNA
in cultured
chicken
myotubes.
Proc Nat1 Acad Sci USA 82:45.58-4562.
Klarsfeld
A, Laufer
R, Fontaine
B, Devillers-Thiery
A, Dubreuil
C.
Changeux
J-P (1989)
Regulation
of muscle AChR o( subunit gene
expression
by electrical
activity:
involvement
of protein kinase C and
Ca’+. Neuron
2:1229-1236.
Linsdell
P. Moody
WJ (1994)
Na’ channel misexpression
accelerates
K+ channel development
in embryonic
Xerq~lrs
I~le\~i.s skeletal muscle. J Physiol (Land)
4X0:405-410.
Lyles JM, Amin W. Bock E, Weill CL (1993)
Regulation
of NCAM
by growth
factors in serum-free
myotube
cultures.
J Neurosci
Res
34:273-286.
Moody
WJ. Sunoncini
L, Coombs
JL, Spruce AE, Villar
M (1991)
Development
of ion channels in early embryos.
J Neurobiol
22:674684.
Moody-Corbett
F, Gilbert R, Akbarali
H, Hall J (1989)
Calcium current
in embryonic
Xn?q>u.v muscle cells in culture.
Can J Physiol PharlllaCOl
67: 1259-l 264.
Morgan
KG, Bryant SH (1977)
The mechanism
of action of dantrolene
sodium. J Pharmacol
Exp Ther 201: 138-147
Neville
CM, Schmidt
M. Schmidt
J (1992)
Response
of myogenic
determination
factors to cessation
and resumption
of electrical
activ-

Muscle
ity in skeletal
muscle: a possible
role for myogenin
in denervation
supersensitivity.
Cell Mol Neurobiol
12:5 I l-527.
Nieuwkoop
PD. i‘aber J (1967)
Normal
table of Xerroq~~c.\ /trc,\,i.s (Daudin). Amsterdam:
North-Holland.
Offord
J, Catterall
WA (1989)
Electrical
activity,
cAMP. and cytosolic
calcium regulate
mRNA
encoding
sodium channel u subunits
in rat
muscle cells. Neuron
2: 1447-1452.
Ribera AB, Spitzer NC (1991)
Differentiation
of delayed rectifier
potassium
current
in embryonic
amphibian
myocytes.
Dev Biol 144:
119-128.
Ribera AB, Spitzer NC ( 1992) Developmental
regulation
of potassium
channels and the impact on neuronal
differentiation.
In: Ion channels,
Vol 3 (Narahashi
T, ed). pp l-38. New York: Plenum.
Rubin LL (1985)
Increases in muscle Ca’* mediate chances in acetvlcholinesterase
and acetylcholine
receptors caused by muscle contraction. Proc Natl Acad Sci USA X2:7 12 l-7 125.
Sherman
SJ, Catterall
WA (1984)
Electrical
activity
and cytosolic
calcium regulate levels of tetrodotoxin-sensitive
sodium channels in cultured rat muscle cells. Proc Natl Acad Sci USA 81:262-266.
Sherman
SJ, Chrivia
J, Catterall
WA (1985)
Cyclic
adenosine
3’:s’.
monophosphate
and cytosolic
calcium exert opposing
effects on biosynthesis
of tetrodotoxin-sensitive
sodium
channels
in
rat muscle
cells. J Neurosci
5: 1.570-l 576.
Shidara M, Okamura
Y (1991)
Developmental
changes in delayed rectifier K’ currents
in the muscularand neural-type
blnstomere
of ascidian embryos.
J Physiol (Lond)
443:277-305.
Smilowitz
H, Smart E, Bowik
C, Chan_g R-J (1988)
Regulation
of the
number
of oc-bungarotoxin
binding
sites in cultured
chick myotubes
by a I,4 dihydropyridine
calcium
channel antagonist.
J Neurosci
Res
19:321-325.
Spitzer
NC ( 1991) A developmental
handshake:
neuronal
control of
ionic currents
and their control of neuronal
differentiation.
J Neurobiol 221659-673.
Spruce AE, Moody
WJ (I 992) Developmental
sequence of expression
of voltage-dependent
currents
in embrvonic
Xc~mmr.s /tw~i.v mvocytes. D& Bib1 154: I l-22.
Stanfield
PR (1970)
The effect of the tetraethvlammonium
ml
on the
delayed
currents of frog skeletal muscle. J thysiol
(Land)
209:209%
229.
Zhu D-L. Peng HB (1988)
Increase in intracellular
calcium
induced
by the polycation-coated
latex bead, a stimulus
that causes postsynaptic-type
differentiation
in cultured Xrr~ops
muscle cells. Dev Biol
126:63-70.

