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Comparison of lonic Currents Expressed in Immature and Mature

Muscle Cells of an Ascidian Larva

Anna K. Davis, Adrienne A. Greaves, Julia E. Dallman, and William J. Moody
Department of Zoology, University of Washington, Seattle, WA 98195

We have compared the voltage-gated ion channels present
in larval ascidian muscle at two developmental stages:
muscle precursor cells just after the terminal cell division
and mature contractile muscle, 7-11 hr later. All precursor
cells express a high-threshold transient Ca current and a
slowly activating delayed K current, and about half the
cells express a low-threshold transient Ca current. An in-
wardly rectifying K current, which had been present from
fertilization until just before the terminal cell division, is
absent. Mature muscle retains two of the tailbud currents:
the low-threshold transient Ca current and the slow de-
layed K current, although at larger densities, and also ex-
presses a high-threshold Ca current that is similar in most
respects to the precursor cell current but that lacks inac-
tivation. In addition, mature muscle expresses two rapidly
activating outward K currents, one voltage and one Ca de-
pendent, that generate a composite outward K current that
is eight times larger and activates eight times faster than
the tailbud K current. Mature muscle also reexpresses the
inward rectifier. We propose that the transient absence of
the inward rectifier and the slow activation of the delayed
K current early in development create a window of devel-
opmental time when spontaneous electrical activity is like-
ly.

[Key words: ion channel, muscle, ascidian larva, Ca
channel, K channel, delayed rectifier, development]

In many cells, expression of voltage-gated ion channels is tightly
regulated during differentiation. This regulation is manifest in a
given cell as a stereotypical sequence in which functional ion
channels are expressed. For example, in amphibian neurons, de-
layed K currents mature late in development relative to calcium
and sodium currents (Barish, 1986; O’Dowd et al., 1988; re-
viewed in Spitzer, 1991), whereas in amphibian muscle K cur-
rents appear in development before either Ca or Na currents
(Ribera and Spitzer, 1991; Spruce and Moody, 1992). In many
cells, the low-threshold transient Ca current is much more prom-
inent at early stages of development (McCobb et al., 1989; Beam
and Knudson, 1988; Gonoi and Hasegawa, 1988; but see Cog-
nard et al., 1993). In amphibian neurons, the late maturation of
the delated K currents appears to regulate spontaneous activity
which, in turn, drives a portion of the program of later differ-
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entiation (Holliday and Spitzer, 1990; Desarmenien and Spitzer,
1991; Jones and Ribera, 1994). In most cells, however, the sig-
nificance of the exact developmental sequence in which voltage-
gated channels are expressed remains poorly understood.

We have studied modulation of ion channel expression during
development in the larval muscle of the ascidian Boltenia vil-
losa, a marine invertebrate of the phylum Chordata. Boltenia
muscle develops rapidly and contains an orange pigment that is
present in oocytes and segregates into the muscle lineage by the
eight-cell stage embryo (see Simoncini et al., 1988, for photo-
graphs). This pigmentation allows muscle precursor cells to be
identified at all stages of development, eliminating a common
problem that the program of electrical differentiation begins be-
fore cells can be uniquely identified.

Previously, we characterized ion channel development in mus-
cle-lineage blastomeres from fertilization to just after neurulation
(Block and Moody, 1987; Simoncini et al., 1988). During early
development, a process of sequential channel elimination yields
a gastrula in which the muscle precursor cells express only an
inwardly rectifying K current. After neurulation, the precursor
cells lose the inward rectifier and begin to express inward Ca
and outward K currents.

Here, we continue these studies by comparing the Ca and K
currents in tailbud stage muscle precursor cells, which have just
completed their terminal division (“‘tailbud precursor cells’), to
those in mature contractile larval muscle. Tailbud precursor cells
express low- and high-threshold transient Ca currents and a
slowly activating delayed K current. Mature muscle cells retain
two of these currents, although at higher density (the low-thresh-
old transient Ca current and the slow delayed K current), express
three new currents (a low-threshold voltage-dependent outward
K current, a Ca-dependent outward K current, and the inward
rectifier), and appear to retain one current in modified form (the
high-threshold Ca current, which loses its inactivation). As a
result of these changes in ion channel expression, composite
inward and outward currents in mature muscle are larger, faster,
and activate at more negative potentials than in precursor cells.
The slow activation, high threshold, and relatively small ampli-
tude of the delayed K current in the precursor cells results in an
action potential of similar amplitude, but threefold longer du-
ration than that recorded in mature muscle. The absence of the
inward rectifier would be expected to destabilize the resting po-
tential of the precursor cells and favor the spontaneous occur-
rence of such long-duration action potentials. In current-clamp
recordings, more than half the precursor cells, but no mature
muscle cells, showed spontaneous action potentials.

Materials and Methods

Animals. Boltenia villosa were collected from the Puget Sound and
maintained in seawater at 10-12°C with constant light to discourage
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spawning. Procedures for harvesting gametes, fertilizing eggs, and rear-
ing embryos were described previously (Block and Moody, 1987). We
define tailbud as the larval stage just after neural tube closure, 6-10 hr
after the start of gastrulation (12°C), a stage at which the tail has ex-
tended sufficiently to curl inside-the chorion (about 2 hr after early
tailbud formation and 19.5-24 hr after fertilization, 12°C). The tadpole
stage is defined as the stage just after the larvae hatch from within the
chorion (31 *+ 4 hr after fertilization, 12°C).

Solutions. Bath solutions (extracellular)—Aurtificial seawater (ASW)
contained (mMm) 400 NaCl, 10 KCl, 10 CaCl,, 50 MgCl,, 10 HEPES,
pH 8 with NaOH. Divalent-free ASW (DF ASW) contained (mm) 460
NaCl, 10 KCl, 10 HEPES, 5 EGTA, pH 8 with NaOH. The composition
of 0 Ca ASW is the same as ASW except that 10 mm CaCl, was
replaced by 10 mm MgCl, to generate a final concentration of 60 MgCl,.
The composition of 10 Ba/0 Ca ASW is the same as for 0Ca ASW
except for the substitution of 10 mm BaCl, for 10 mm MgCl,. 10 Ba
ASW/10 Ca ASW contained the same constituents as ASW except 10
mM BaCl, replaced 10 mm MgCl,. Pronase ASW contained 1 mg/mi
Pronase E (TYPE XIV, Sigma) in ASW.

Pipette (internal) solutions—Normal internal solution contained (mm)
10 NaCl, 200 KCl, 1 MgCl,, 1 EGTA, 20 HEPES, 2 MgATP, 0.1 cAMP,
400 d-sorbitol, pH 7.3 with 16 mm KOH. This solution was preserved
from an initial series of experiments using non-nystatin whole-cell
clamp even though nystatin probably eliminated the necessity of using
MgATP and cAMP. To block outward potassium currents, KCl was
replaced with equimolar CsCl and the solution pH adjusted with CsOH.
Sorbitol was added to all intracellular solutions to balance osmolarity.
Nystatin (Sigma) containing internal solution for perforated patch re-
cordings was made by diluting a stock solution of nystatin (30 mg/ml
in DMSO, stored at —20°C) into internal solution (final concentration
of 300 wg/ml) just prior to experimentation. The pipette tip was filled
with non-nystatin internal solution and then backfilled with nystatin-
containing internal solution.

Preparation of cells for recording. To isolate tailbud stage muscle
precursor cells, the chorion was removed manually with tungsten nee-
dles in DF ASW. The embryos were transferred to Pronase ASW for
10 min, then returned to DF ASW and gently triturated to isolate single
cells, which were transferred to normal ASW for recording. Tadpoles
hatch from within the chorion 27-35 hr (12°C) after fertilization. These
motile tadpoles were transferred from ASW to Pronase ASW for 30
min to 1 hr (12°C). After pronase treatment, tadpoles were transferred
to DF ASW for 3045 min and then were gently triturated to isolate
single cells. Following isolation, cells were transferred gradually from
DF ASW to normal ASW for recording. Cells isolated using this pro-
cedure were viable and mature cells twitched in response to depolar-
ization.

Electrophysiological methods. The perforated patch configuration of
the whole-cell technique (Horn and Marty, 1988) was used for all volt-
age- and current-clamp recordings. This configuration minimized wash-
out of calcium and calcium-dependent currents, and resulted in more
stable series resistance than conventional whole-cell recordings, prob-
ably because it eliminated clogging of the pipette tip by yolk granules.
Pipettes for whole-cell clamp were pulled from 50 pl hematocrit glass
(VWR Scientific) to resistances of 1-4 M{) (measured in ASW) using
a two-stage puller. Currents were measured using a DAGAN 8900 am-
plifier, filtered at 0.5 kHz (eight-pole Bessel filter), and acquired at 2
kHz using pcLAMP software. Series resistance was compensated elec-
tronically and was never greater than 10 M() Leakage currents were
very small and were not subtracted from recordings. Current-clamp re-
cordings were only accepted for analysis if the input resistance mea-
sured at —60 mV was greater than 4 GQ). Current density was calculated
by dividing total current amplitude by cell capacitance (Simoncini and
Moody, 1991). For Ca currents and the inward rectifier, densities were
calculated at voltages where peak currents occurred (usually +20 mV
and —140 mV, respectively). [The inward rectifier amplitude declines
at more negative voltages due to block by external cations (see Fig. 65B;
Ohmori, 1978).] Outward K current densities were calculated at +60
mV, where conductances were maximal. All data is reported as mean
+ standard deviation except where noted. All recordings were made at
10-12°C.

Results
Summary of tailbud and tadpole currents

Whole-cell voltage-clamp recordings from tailbud precursor
cells showed a very different pattern of voltage-activated cur-
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Figure 1. Composite outward and inward currents in tailbud muscle

precursor cells (left) and mature tadpole muscle (right). A, Outward K
currents activated by 10 mV steps from —50 mV to +60 mV (V, 4 =
—60 mV) in a muscle precursor cell from a tailbud-stage embryo (left)
and in a mature tadpole muscle cell (right). Bath, ASW; pipette, 200
mM K internal solution. B, Inward currents activated by 10 mV steps
from —30 mV to +20 mV (V,,, = —80 mV) in tailbud and tadpole
cells. Bath, ASW, pipette, 200 mm Cs internal solution. C, Inwardly
rectifying K currents activated by —10 mV steps from —70 mV to —140
mV (V. = —60 mV). Mature muscle expressed an inwardly rectifying
K current (right) but no currents were seen in the tailbud muscle pre-
cursor (left). Bath, ASW; pipette, 200 mM K internal solution. Calibra-
tion: A, 900 pA; B, 90pA; C, 40 pA; 100 msec time for all.

rents than those from mature muscle cells (Fig. 1). With K in
the pipette solution, composite records of voltage-activated cur-
rents at both stages were dominated by outward currents (Fig.
1A). Tailbud precursor cells responded to depolarizing voltage
pulses with a relatively slowly activating, sustained outward cur-
rent (Fig. 14, left). In contrast, mature tadpole muscle showed
a much larger and more rapidly activating outward current with
a complex waveform consisting of transient and sustained com-
ponents (Fig. 14, right). With Cs in the pipette solution to block
outward K currents, the tailbud cells showed a transient inward
current in response to depolarization (Fig. 1B, left). In about
50% of the tailbud cells a second, very small amplitude lower
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Figure 2. Two Ca currents in imma-
ture tailbud-stage muscle precursor
cells. A, Ca currents recorded at volt-
ages of (left to righty —40 mV, —30
mV, =20 mV, 0 mV, +20 mV, and +40
mV from a holding potential of either
—80 mV (top records) or —30 mV
(bottom records). A small transient
low-threshold (—30 mV) Ca current
was detected in about 50% of the tail-
bud-stage cells; it was usually smaller
than in the cell shown here. A larger,
high-threshold Ca current that had both
transient and noninactivating compo-
nents was seen in all cells. The low-
threshold current was completely in-
activated at V,,, = —30 mV. In the cell
shown, the high-threshold component
was reduced by about 20% at V,,, =
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—30 mV; in other cells it was reduced
as much as 40%. Bath, ASW; pipette,
200 mM Cs internal solution. B, Plot of
peak current versus voltage for the re-
cords shown in A. C, Substitution of Ba
for Ca as the permeant ion in the ex-
ternal solution eliminated inactivation
of the high-threshold current but did
not affect the low-threshold current
(Vioa = —80 mV, test pulses to —20
mV and +20 mV). D, Two-pulse ex-
periment to demonstrate Ca-dependent
inactivation of the high-threshold cur-
rent. Prepulses to potentials that gen-
erated maximal Ca influx (trace 2 to
+20 mV) reduced the amplitude of Ca
current stimulated by the test pulse to
+10 mV. Prepulses that generated little
Ca influx (trace 1 to —80 mV, trace 3
to +80 mV) had little effect on the am-
plitude of the Ca current stimulated by
the test pulse to +10 mV (V,,, = —60
mV). E, Data in D plotted as normal-
ized peak Ca current during the test
pulse vs prepulse voltage. The inacti-
vation versus voltage relation is U
shaped, with the minimum centered at
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threshold inward current was stimulated by depolarization (not
shown). In mature muscle, depolarization generated a much larg-
er inward current with at least two components, one transient
and the other sustained (Fig. 1B, right). Large slowly inactivat-
ing inward tail currents were also seen in these mature cells with
depolarization to potentials greater than —10 mV. As discussed
below, these appeared to reflect Na and K influx through Ca-
dependent K channels. Hyperpolarizing voltage pulses did not
stimulate any time- or voltage-dependent currents in tailbud cells
(Fig. 1C, left). In contrast, mature muscle cells responded to
hyperpolarization with an inwardly rectifying current (Fig. 1C,
right). The mean cell membrane capacitance changed slightly,
but significantly with development (tailbud: 16.9 + 2.1 pE n =
21; tadpole: 19.7 + 2.8 pE n = 25; p < 0.001, two-tailed ¢
test). In the following sections, we separate and characterize the
voltage-gated currents expressed at these two developmental
stages.

the potential where the calcium current
was maximal (20 mV), indicating a de-
pendence of inactivation on Ca entry.

0 40 80 120

Calcium currents in tailbud precursor cells

Tailbud precursor cells showed two distinct inward currents ac-
tivated by depolarization (Fig. 2): a very small amplitude, low-
threshold, fast activating current detected in about 50% of the
cells, and a more slowly activating, high-threshold current with
both transient and sustained components, seen in all cells. Both
currents were eliminated by removal of external Ca and unaf-
fected by Na removal.

Figure 2A shows Ca currents stimulated by depolarizing volt-
age steps (to —40 mV, —30 mV, —20 mV, 0 mV, +20 mV, and
+40 mV) from holding potentials of —80 mV (top records) or
—30 mV (bottom records) in a tailbud precursor cell. A plot of
the current—voltage relations for the cell in A is shown in Figure
2B. From V,,, = —80 mV, a very small (0.1-0.3 pA/pF at —20
mV), fast-activating, transient Ca current was stimulated by volt-
age steps to potentials more positive than —30 mV. This low-
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Figure 3. Two Ca currents in mature
tadpole muscle cells. A, Ca currents ac-
tivated by 20 mV steps from —40 mV
to +60 mV with V,,, = —80 mV (rop A
records) or V,,, = —30 mV (bottom )
records). Most tadpole-stage cells re-
sponded to depolarization with both a
low-threshold (activated at —30 mV),
transient current and a high-threshold
(activated at —10 mV), sustained cur-
rent. The transient current was inacti-
vated and the high-threshold current
was relatively unaffected by shifting [ 1

holding potential to —30 mV. Bath, T
ASW; pipette, 200 mm Cs internal so-

lution. B, Peak current versus voltage

plot for records shown in A (filled sym-

bols) and a current versus voltage re-

lation for the low-threshold transient

Ca current (open symbols) obtained by B.
subtraction of the —30 mV (filled tri-

angles) I-V from that taken from —80 50
mV (filled circles). C, Substitution of .60 .20
Ba for Ca as the permeant ion in the
external solution did not affect the
waveform of either current but did re-
duce the amplitude and duration of the
prominent slow tail currents (see Re-
sults) that followed depolarizations to
potentials greater than —10 to 0 mV
Ve =. —80 mV, test pulses to —20
mV and +20 mV). The current carried
by Ba (10 mM) is only slightly smaller

® Vy=-80mV
A yg=-30mv

superimposed on current washout, as is
also observed for the precursor cell
high-threshold current (see Results).

threshold Ca current was completely inactivated by shifting to
Viow = —30 mV. A second Ca current was activated with voltage
steps to more positive potentials (—15 mV to —10 mV with V, ,
= —80 mV). This high-threshold Ca current also inactivated,
had slower activation and inactivation kinetics than the low-
threshold current, and showed a significant sustained component.
The time to peak for the high-threshold current was 21.8 + 4.4
msec (n = 16) and the time constant for inactivation was 89 *
22 msec (n = 11) at +20 mV, the potential where maximal
current was activated. The average peak density of the high-
threshold current was 4.7 * 2.2 pA/pF (n = 17). There was a
20-40% reduction in the amplitude of both the transient and
sustained components of the high-threshold current when hold-
ing potential was shifted to —30 mV, most likely due to the
sensitivity of the current to Ca-dependent rather than voltage-
dependent inactivation, as discussed below.

Two other divalent ions, barium and strontium, can act as
charge carriers for the low-threshold and high-threshold inward
currents of tailbud muscle. These ions also permeate calcium
channels expressed in the fertilized egg and late neurula stage
embryo (Simoncini and Moody, 1991). In previous work, we
demonstrated that inactivation of the high-threshold Ca currents
expressed at both of these early stages was dependent on Ca
entry. Figure 2C shows that in the tailbud precursor cells, too,
inactivation of the high-threshold Ca current was eliminated
when Ba was substituted for Ca in the extracellular solution,
implying that at this stage also, rapid inactivation during the
voltage pulse is dependent on Ca entry. Inactivation of the low-
threshold transient current was unaffected by Ba, implying a
voltage-dependent inactivation mechanism, as is typical for low-
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20 60
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[ g—
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threshold, or T-type, Ca currents in other cells (Hess, 1990). The
high-threshold current carried by Ba (10 mm) is slightly smaller
than that carried by Ca (10 mm) (Fig. 2C; see also Fig. 3C for
mature muscle). This differs from the situation in 50 mm Ca or
Ba where the current carried by Ba is larger than that carried by

“Ca (Simonicini and Moody, 1990). This may be explained by a

difference in conductance saturation for Ca and Ba (see Cota
and Stefani, 1984; Fox et al., 1987). Figure 2, D and E, shows
that the inactivation versus voltage relation for the high-thresh-
old calcium current determined by brief prepulses is U shaped,
another indication of Ca-dependent inactivation. The calcium
current stimulated by a test pulse to +20 mV (Fig. 2D) showed
maximal inactivation when the prepulse potential generated
maximal Ca current (+20 mV) (Fig. 3D, trace 2) and almost no
inactivation at prepulse potentials where Ca entry was expected
to be minimal (—80 mV, trace 1, or +80 mV, trace 3). An in-
activation versus voltage relation derived from this prepulse ex-
periment is shown in Figure 3E.

High concentrations of the dihydropyridine nifedipine (100
pM) decreased the high-threshold current by 51 = 17% (n =
9), but had no effect on the low-threshold current.

Ca currents in contractile mature muscle cells

All mature tadpole muscle cells (7-11 hr after the tailbud stage)
showed two inward currents that could be distinguished by their
voltage dependence, kinetics of activation and inactivation, and
sensitivity to dihydropyridines. Both currents were abolished by
removal of calcium from the external solution and unaffected by
removal of sodium.

Figure 3A shows currents activated by 20 mV steps from —40



mV to +60 mV (holding potentials of —80 mV and —30 mV)
using a pipette solution in which Cs was substituted for K to
eliminate outward K currents. The resulting current—voltage re-
lations are plotted in Figure 3B. From V, , of —80 mV, a low-
threshold, transient inward current was activated at potentials
positive to —30 mV. The peak of this current occurred at —10
mV to 0 mV. At —20 mV, a potential where the current was
easily isolated, the current activated to peak in 9.46 *+ 2.5 msec
(n = 19,) and had an inactivation time constant of about 30
msec. A second inward current was activated at potentials pos-
itive to —10 mV (Fig. 3A). The peak of this high-threshold cur-
rent occurred at +20 mV. The low-threshold Ca current could
be selectively inactivated by a holding potential of —30 mV
(Fig. 3A,B), isolating the high-threshold component. This high-
threshold current was more slowly activating and had a sustained
amplitude throughout the duration of the 500 msec pulse. The
high-threshold current was little affected by shifting holding po-
tential to —30 mV or prepulses (200 msec) to potentials as pos-
itive as —10 mV. The mean density of the high-threshold current
was 23.4 = 10 pA/pF (n = 25) compared to 4.7 = 2.2 pA/pF
(n = 17) for precursor cells. Activation and inactivation of the
low-threshold Ca current occur at somewhat more positive volt-
ages than in many mammalian cells (see, e.g., Narahashi et al.,
1987) perhaps due to charge screening by the high concentra-
tions of divalent cations normally present in seawater.

Substitution of Ba for Ca in the external solution did not affect
the kinetics of either Ca current (Fig. 3C). This is not surprising,
because the high-threshold Ca current in mature muscle does not
inactivate even when Ca is the charge carrier. The low-threshold
transient current of the mature cells thus appears to be voltage
inactivated and seems to be identical to the low-threshold current
of the tailbud precursor cells, only much larger. Its larger size
allowed us to measure more accurately its voltage dependence
of inactivation. For the cell shown in Figure 3, A and B, an
inactivation plot was well fit by a Boltzmann relation with V,,
= —45 mV and k = 5.3.

As in immature cells, nifedipine (100 wMm) decreased the am-
plitude of the high-threshold sustained Ca current (by 70 = 9%;
n = 7), but did not affect the low-threshold current.

In summary, the low-threshold transient current of mature
muscle resembles the low-threshold Ca current detected in about
50% of tailbud precursor cells in voltage dependence, rate of
activation, and sensitivity to voltage-dependent inactivation. The
low-threshold current is seen in most mature cells and shows at
least a fivefold larger density than in the precursor cells. The
high-threshold Ca current of mature muscle shares voltage de-
pendence of activation and sensitivity to dihydropyridines with
the immature muscle high-threshold current, but these currents
differ in inactivation properties: the mature cell Ca current has
a sustained amplitude throughout a 600 msec voltage step,
whereas the tailbud-stage current shows a substantial component
of Ca-dependent inactivation. The high-threshold current in ma-
ture cells is also about five times larger than the high-threshold
current in immature cells, although this might be a slight over-
estimate if inactivation of the tailbud Ca current truncates the
peak amplitude significantly. Since the two currents share many
properties, it is possible that the two represent different isoforms
or posttranslationally modified versions of the same channel
type. It is also possible that the channels underlying the two Ca
currents are identical, and that the lack of inactivation of the
current in mature muscle reflects an increase in internal calcium
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buffering ability in mature muscle related, for example, to the
maturation of the excitation-contraction apparatus.

Another notable feature of the records from mature muscle
using Cs as the major internal cation was the presence of large,
long-lasting tail currents following pulses that activated the high-
threshold Ca current (Fig. 3A,C). These tails were not seen in
the precursor cells. These tail currents were virtually eliminated
when Ba was substituted for Ca in the external solution (Fig.
3(C) and were much reduced when the preceding voltage pulse
was shortened, even though the pulse was still long enough to
allow the Ca current to reach peak amplitude. Furthermore, the
current—voltage relation for the tail currents was U-shaped; max-
imum tail current occurred at +20 mV, where Ca entry was
greatest, and was reduced at potentials where Ca entry was less
(i.e., at %40 mV and 0 mV). These properties and the fact that
large Ca-dependent K currents appear at about the same devel-
opmental stage as the tail currents (unpublished observations)
suggest that the tail currents arise from K influx through Ca-
dependent K channels. Removal of external K reduces the tail
current amplitude by approximately 50%; this is what might be
expected even for a K-selective channel, given the large excess
of Na in the external solution. We cannot, however, rule out the
possibility that the tail currents arise from Ca-dependent non-
selective cation or CI channels (see, e.g., Hussy, 1991), although
we have no independent evidence for such currents in these
cells. Since the tail currents are not present when KCl is used
in the internal solution even though internal and external CI
concentrations are the same as when CsCl is used internally, we
consider it unlikely that the tails arise from current through Ca-
dependent nonselective cation or Cl channels.

K currents in tailbud precursor cells and in mature muscle

Outward currents in cells at both tailbud and tadpole stages were
blocked when Cs was substituted for K in the internal solution,
indicating that the outward currents are carried by potassium. In
addition, tail currents for these outward currents reversed near
the predicted reversal potential for potassium (E., = —75 mV,
10°C) and far from the predicted reversal potentials for other
likely charge carriers (Cl, —23 mV; H, —41 mV).

The composite outward K currents in mature muscle are much
larger, faster activating, and more complex in waveform than
those of the tailbud precursor cells (Figs. 14, 44). The mean
density for the total outward current measured at +40 mV in
mature muscle was 168 = 46 pA/pF (n = 12) as compared to
20 + 13 pA/pF (n = 22) in the tailbud precursor cells. The
activation time for the composite outward current in mature
muscle (calculated as time to 63% maximum since the outward
K current had a complex waveform in ASW) was 8.4 *= 1.9
msec (n = 16) as compared to 67 = 16 msec (n = 9) in the
muscle precursor cells (calculated as 7 from single exponential
fits). Almost all mature muscle cells showed at least three kinetic
components to the outward current: a fast transient current, a
low-threshold, fast activating, sustained current, and a higher
threshold more slowly activating current. Tailbud precursor cells,
on the other hand, showed only a higher threshold, slowly ac-
tivating component, which could be fit by a single exponential
in all cells (Figs. 14, 5A). Below we show that (1) a large and
rapidly activating Ca-dependent K current appears in the mature
muscle cells; (2) the voltage-dependent K current present in the
tailbud precursor cells increases in density in the mature muscle
cells, but retains its kinetics and voltage dependence; and (3) a
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Figure 4. Rapidly activating Ca-dependent K currents in mature tad-
pole muscle but not in tailbud muscle precursor cells. A, Composite
outward K currents stimulated by 10 mV steps from —50 mV to +60
mV in a tailbud-stage muscle precursor cell (leff) and a mature tadpole
muscle cell (right) (V,,, = —60 mV). Bath, ASW; pipette, 200 mm K
internal solution. B, Removal of Ca from the bath solution isolates volt-
age-dependent outward K currents. The rate of activation and the am-
plitude of the tadpole stage K currents (right) stimulated by 10 mV
steps from —50 mV to +60 mV (V,,, = —60 mV) were decreased in
0 Ca, whereas the tailbud-stage K currents (lefr) were unchanged. Bath,
0 Ca ASW, pipette, 200 mm K internal solution. C, Outward Ca-de-
pendent K currents in tadpole-stage muscle obtained by subtraction of
records in 0 Ca ASW from those in ASW, showing their rapid activation
and both transient and sustained components (right). No Ca-dependent
K currents were detected in immature muscle precursor cells (by sub-
traction of 0 Ca ASW records from ASW records) (left). D, Current
versus voltage relations for currents shown in A—C from both devel-
opmental stages.

low-threshold voltage-dependent K current appears in the mature
muscle cells.

The contribution of Ca-dependent K currents to the total out-
ward current was assessed by exposing cells at each develop-
mental stage to an external solution in which all Ca was replaced
by Mg (0 Ca ASW). Figure 4B shows that this had little, if any,
effect on the outward currents in the tailbud precursor cells,
Jeading us to conclude that the outward currents in these cells
are carried through purely voltage-dependent K channels. The
outward current activated by depolarization appears to be of a
single type, because in all of these cells, K current activation
was well fit by a single exponential. In contrast, in mature mus-

Tailbud Tadpole
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B. 10Ba/0Ca ASW
100 pA 1000 pA I
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=_
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Figure 5. Similarity of voltage-dependence, kinetics, and Ba block of
the single outward K current in tailbud precursor cells and the high-
threshold voltage-dependent K current in mature muscle. A, Voltage-
dependent outward K currents in tailbud (lefr; ASW external solution)
and tadpole stage (right; 0 Ca ASW external solution) muscle. Cells
were depolarized in 10 mV steps from —50 mV to +60 mV (V,,,, =
—60 mV). Pipettes contained 200 mm K internal solution. B, External
Ba blocked the slowly activating outward K current at both stages (same
stimulus protocol as in A). Bath, 10 mm Ba/0 CA ASW. Relaxation of
the current in Ba may reflect some time-dependent block of the low-
threshold component as well. C, Plot of 7 versus voltage for voltage-
dependent K currents recorded as in A for tailbud (n = 9) and tadpole
(n = 9; mean * SEM). Activation of the single precursor cell K current
was well fit at all voltages by a single exponential that reached an
asymptotic value of 67 msec at +40 mV (filled triangles). In mature
muscle, activation of voltage-dependent K currents (in 0 Ca ASW) was
well fit by two exponentials at voltages positive to O mV. The higher
threshold, slower component (filled circles) showed a T versus voltage
relation almost identical to that of the precursor cell K current, with an
asymptotic value of 67 msec at +40 mV. The appearance of the higher-
threshold slower component only at voltages positive to 0 mV is con-
sistent with this current being the same as the precursor cell K current,
which activates only positive to 0 mV (see Fig. 4D). At voltages neg-
ative to 0 mV, currents in mature muscle are fit by a single, fast ex-
ponential, consistent with the presence of only the low-threshold com-
ponent at these voltages (in 0 Ca ASW).

cle the outward currents activated in Ca-free external solution
were smaller and more slowly activating than those detected in
Ca-containing solution (Fig. 4B). Isolation of the Ca-dependent
component by subtraction (Fig. 4C, ASW minus 0 Ca ASW)
shows that it has both transient and steady-state components,
and represents the fastest activating component of the total out-
ward current. The Ca-dependent component comprised 54 =+



13% (n = 7) of the total outward current in mature muscle.
Figure 4D shows a plot of the current—voltage relation for the
composite outward K currents, the outward currents remaining
in 0 Ca ASW, and the Ca-dependent currents (obtained by sub-
traction of these records) for both developmental stages. The
results of these 0 Ca experiments were confirmed in experiments
where either 1 mMm cadmium or 1 mM nickel was added to the
external solution to block Ca entry (data not shown). Note that
our observation that the Ca-dependent K currents appear to ac-
tivate at potentials well positive to the threshold for Ca current
activation probably results from the inclusion of Ca currents in
our subtraction procedure, which would tend to obscure small
outward currents at negative potentials. A similar artifact could
explain why the Ca-dependent K currents do not decline in am-
plitude at very positive potentials, although this could also be
due to an intrinsic voltage dependence of these channels (see
Barrett et al., 1982).

The presence of Ca-dependent K currents in mature muscle
could reflect the appearance of these channels in the plasma
membrane during development. Alternatively, as the amount of
calcium entry increases during development, due to the in-
creased amplitude and decreased inactivation of the Ca current,
the amount of Ca-dependent K current activated during voltage
pulses could increase correspondingly even if the population of
functional Ca-dependent K channels did not change. Finally the
amplitude and time course of Ca-dependent K currents could be
influenced by developmental changes in intracellular buffering,
including the appearance of Ca-releasable Ca stores associated
with the development of excitation-contraction coupling.

The voltage-dependent K current in the tailbud precursor cells
appears to be retained in the mature muscle, although it is pres-
ent at higher density. In addition, the mature muscle cells ex-
press a second, lower threshold voltage-dependent K current.
Figure 5A shows a comparison of the voltage-dependent K cur-
rents at the two stages. Records for the mature cell were obtained
in 0 Ca, since this was necessary for isolation of mature muscle
voltage-dependent currents. In the precursor cells, the outward
current activates at about +10 mV and has an average activation
7 of 67 = 16 msec at +40 mV (n = 9) in 0 Ca (Fig. 5C). In
mature tadpole muscle, there are two components to the voltage-
dependent K current (Fig. 5A): a low-threshold rapidly activating
current, activated at potentials positive to —20 mV, and a slower
component activated positive to +10 mV. Analysis of activation
kinetics in Ca-free solutions confirms the existence of two com-
ponents of the voltage-dependent currents and also indicates that
the high-threshold current has kinetics and voltage dependence
very similar to the single K current in the tailbud precursor cells
(Fig. 5C). At potentials negative to +10 mV, currents are well
fit by a single exponential with 1 = 46 = 17 msec (n = 6) at
=20 mV and 71 = 17 £ 10 msec (n = 9) at 0 mV. At more
positive potentials, two exponentials are required: the faster T
fits on the 7 versus voltage relation of the low-threshold com-
ponent and saturates at values around 13 msec; the slower time
constant saturates positive to +40 mV at values around 67 msec.
The voltages at which the slower activating current appears are
similar to those that activate the single K current in the tailbud
precursor cells, and values of T and the T versus voltage relation
are virtually identical for the two currents (Fig. 5C, solid sym-
bols). Both the single delayed K current in tailbud cells and the
high-threshold component of the voltage-dependent K current in
mature were blocked by 10 mM external Ba (Fig. 5B). It appears
therefore that the high-threshold slow K current in the mature
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muscle cells is the same as the single K current in the tailbud
precursor cells, although it is present at about fivefold higher
density in the mature muscle cells. The speeding of activation
of the composite outward current during development is there-
fore caused, not by the acceleration of activation of the immature
K current, but by the addition of more rapidly activating Ca-
and voltage-dependent K currents.

We cannot rule out the possibility that the low-threshold K
current recorded in 0 Ca ASW in mature muscle is residual Ca-
dependent K current activated, not by Ca influx, but by depo-
larization in the presence of ambient intracellular Ca levels.

Reexpression of the inwardly rectifying potassium current in
muscle

An inwardly rectifying K current is present in all cells of the
early Boltenia embryo from before fertilization until gastrulation
(densities ranging from 3.5-5.9 pA/pF; Block and Moody, 1987;
Simoncini et al., 1988). This current disappears from all cells at
late neurula/early tailbud stage, and is absent in the tailbud mus-
cle precursor cells that we have studied (Fig. 6A, left). The in-
ward rectifier is thus absent when the voltage-dependent inward
Ca and outward K currents are first expressed in tailbud precur-
sors. An inwardly rectifying current is present, however, in the
mature muscle cells (Fig. 64, right) and shows similar voltage
dependence (Fig. 6B) and Ba sensitivity (Fig. 6C) to the earlier
expressed current. The mean density of the current in mature
tadpole cells at —140 mV is 7 = 3 pA/pF (n = 19), similar to
the density before its disappearance at the neurula stage. The
inward rectifier is thus absent in the muscle lineage for only a
window of developmental time between tailbud and the mature
tadpole stages. We do not know if the inward rectifier also reap-
pears in any nonmuscle cells in the tadpole.

Action potentials in precursor cells and mature muscle

We compared action potentials in tailbud precursor cells and
mature muscle triggered during relatively long depolarizing cur-
rent pulses (250-500 msec) using perforated patch current-
clamp recording. Although such measurements are more accu-
rately made on spikes triggered after the termination of brief,
high-amplitude pulses, we often found it difficult to trigger all
or none spikes in this way from mature muscle cells, although
not in precursor cells. This probably reflects the rapid activation
of K currents in mature muscle.

As shown in Figure 7, cells at both stages were capable of
generating overshooting action potentials. The peak amplitude
of the spikes were not significantly different at the two stages.
Action potentials in mature muscle, however, differed from those
in tailbud precursor cells showing a faster rate of rise (tadpole,
10.2 + 4.06 mV/msec, n = 6, vs tailbud, 2.5 *+ 1.6 mV/msec,
n = 11), a faster rate of fall (tadpole, 8.8 = 3.1 mV/msec, n =
6, vs tailbud, 3.0 = 1.6 mV/msec, n = 11), and a shorter du-
ration (tadpole 10.1 * 10.8 msec, n = 6, vs tailbud, 31.6 *
6.8 msec, n = 11). These differences are consistent with the
developmental changes of Ca and K currents seen under voltage
clamp.

Although we found no differences in voltage or current
threshold for spike generation between precursor cells and ma-
ture muscle, possibly because of large variability in these param-
eters among cells, we find that precursor cells were much more
likely than mature cells to have depolarized resting potentials
and to generate spontaneous action potentials. During a 10 sec
sample time near the beginning of current clamp recordings, all
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Figure 6. Inwardly rectifying K cur- B. c. Ba
rents in mature muscle but not in tail- 1(pA) _
bud precursor cells. A, Inwardly recti- V mv) 50 ;
fying K current activated by —10 mV 200 -160  -120 i
steps from —70 mV to —160 mV (V,, - - - L o —_— L__
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lations for currents shown in A and C. tadpole -100
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ly rectifying K current by 10 mMm bar- tadpole + barium| -, —_—%—_

ium (bath, 10 mm Ba/10 mm Ca ASW).

precursor cells (n 14) showed resting potentials positive to
—30 mV, 13 out of 14 showed at least one spontaneous action
potential and 9 out of 13 generated multiple spontaneous action
potentials. In similar recordings from mature muscle, four out
of five showed resting potentials negative to —55 mV and none
generated even a single spontaneous action potential.

Discussion

We have demonstrated that both the amplitude and complexity
of voltage-gated ionic currents increases with muscle differen-
tiation in Boltenia larvae. These developmental changes are re-
flected in the current-clamp behavior of the cells. We have com-
pared currents expressed in larval muscle from the tailbud stage

Tailbud Tadpole

.

Figure 7. Longer duration action potentials triggered in immature tail-
bud precursor cells compared to mature muscle. A, Action potential
stimulated by current injection (250 msec duration, sub- and supra-
threshold) in tailbud precursor muscle (E, = —64 mV, with holding
current). Bath, ASW; pipette, 200 mm K internal solution. B, Action
potential stimulated by current injection (500 msec duration, sub- and
suprathreshold) in tadpole muscle (E,, = —65 mV, no holding current).
Bath, ASW; pipette, 200 mMm K internal solution. Calibration: 21 mV,
230 msec.

tailbud

(20-24 hr after fertilization) and the tadpole stage (7-11 hr
later). Just before the tailbud stage the first lineage specific volt-
age-gated currents are expressed (Simoncini et al., 1988). In this
study, we have observed that all immature muscle cells from
tailbud-stage larvae express a transient, high-threshold Ca cur-
rent. and a slowly activating outward potassium current and
many also express a very small, transient, low-threshold Ca cur-
rent. At this stage, the inwardly rectifying K current, which had
been present from the unfertilized egg until the late gastrula, is
absent. Muscle cells from motile tadpole-stage larvae express
two Ca currents (a transient, low-threshold and a sustained, high-
threshold) and three outward potassium currents (a fast activat-
ing and a slowly activating voltage dependent and one Ca de-
pendent) and reexpress an inwardly rectifying K current. The
currents common to both developmental stages (the low-thresh-
old transient Ca current and the high-threshold voltage-depen-
dent K current) are present at higher densities in mature cells.
A notable finding in our study is that although Boltenia mus-
cle follows the pattern of increasing density and activation rate
of outward K currents during development seen in other cell
types (see, e.g., Barish, 1986 and O’Dowd et al., 1988), it
achieves the increased activation rate by a somewhat different
mechanism. In Xenopus neurons, for example, the delayed K
current present just after the neurula stage shows about a twofold
increase in activation rate over the next 1-3 d. Although a rap-
idly activating A-current and a transient Ca-dependent K current
also appear during this time, modeling studies indicate that the
increase in density of the delayed K current is the main deter-
minant of acceleration of the composite K currents and the short-
ening of the action potential (Lockery and Spitzer, 1992). In
Boltenia muscle, the delayed K current present in the immature
precursor cells just after neurulation does not speed its rate of
activation. However, the two other outward currents that appear
during development, the Ca-dependent K current and the low-
threshold voltage-dependent K current activate much faster than
the mature form of the delayed K current (average time constant
measured at +40 mV; Ca dependent, 9 msec; low-threshold K,
13.5 msec; mature delayed K, 69 msec). Since these two currents



contribute nearly 75% of the total outward current at +40 mV,
it is their appearance, rather than the developmental modification
of the precursor cell delayed K- current that most likely deter-
mines action potential waveform in mature cells.

A second important finding is that the inwardly rectifying K
current is absent for only a relatively short window of time dur-
ing muscle development. Our previous experiments on early
Boltenia embryos showed that the inwardly rectifying K current
is present in the unfertilized oocyte and is maintained at constant
density (which requires continuous upregulation because of in-
creasing surface area) in all cells of the embryo until the neurula
stage (Block and Moody, 1987; Simoncini et al., 1988). Near
the time of neurulation, the inward rectifier is eliminated in all
cells of the embryo. The present experiments show that this
current reappears in the mature muscle cells, demonstrating that
its absence in the muscle lineage is restricted to a period of
developmental time beginning at the neurula stage and ending
at most 7 hr later. During at least the first part of this window
of time, a Ca current is present in the precursor cells, but the
only K current expressed is the high-threshold delayed K cur-
rent, which, at this stage, is small and activates slowly. This
combination of voltage-gated currents sets up an electrophysi-
ological situation favoring spontaneous activity and calcium en-
try: low resting membrane conductance caused by the transient
absence of the inward rectifier, which represents most, if not all,
of the resting conductance in these cells, and slow activation
kinetics of the outward K currents. In addition, if Ca current
density increases and inactivation decreases before the inward
rectifier reappears, action potential generation will be even more
likely in the later stages of this window. Indeed, in current-clamp
recordings, spontaneous action potentials were seen in a majority
of precursor cells, but in none of the mature muscle cells. How-
ever, such data must be interpreted with caution because the
absence of the inward rectifier, which we propose to be partially
responsible for spontaneous activity, would also make the pre-
cursor cells more sensitive to depolarization caused by current
leak across the recording electrode seal resistance.

The sequence of expression of Ca currents in differentiating
Boltenia muscle partially agree with those obtained in differ-
entiating mammalian skeletal myotubes (newborn), where T-ty-
pe currents are more prominent early and L-type currents are
more prominent 3 weeks later (Beam and Knudson, 1988; Gonoi
and Hasegawa, 1988). We record very small T-type currents
soon after the first lineage-specific currents are expressed,
though a transient, high-threshold, dihydropyridine sensitive cur-
rent is more prominent at early times. This high-threshold, di-
hydropyridine sensitive current differs from the high-threshold
current expressed in mature tadpole-stage muscle in inactivation
properties: the immature current shows Ca-dependent inactiva-
tion while the mature muscle current is more like a typical L-ty-
pe Ca current showing little inactivation. Therefore, in Boltenia
muscle, like mammalian muscle, L-type Ca currents are ex-
pressed at later developmental stages than T-type Ca currents.
In mammals, the study of calcium current expression during
muscle development begins after muscle is morphologically
identifiable. Our observation that immature muscle expresses an
inactivating, high-threshold Ca current before expressing a T-ty-
pe current may be the result of our ability to examine muscle
precursors at very early stages of differentiation. A similar pat-
tern of Ca current expression in developing mammalian muscle
has not yet been detected, but there are indications that study of
muscle at earlier developmental stages might reveal transient

The Journal of Neuroscience, July 1995, 15(7) 4883

expression of different voltage-gated Ca currents. For example,
developing mouse muscle expresses mRNA for the cardiac is-
oform of the dihydropyridine calcium channel prior to expres-
sion of the skeletal muscle isoform (Chaudhari and Beam, 1993)
though functional expression of a corresponding cardiac-like Ca
current in immature muscle has not been reported.

Between the two stages we have compared, the muscle cells
become contractile in response to direct depolarizing stimuli.
The relative contributions of Ca entry and internal Ca release to
contraction of the larval ascidian muscle are not clear, although
ultrastructural evidence suggests that ascidian muscle may re-
semble vertebrate cardiac, rather than skeletal muscle (Cavey
and Cloney, 1972). This would be consistent with an action po-
tential dependent exclusively on Ca, rather that Na, entry. It is
likely therefore that the developmental changes in Ca current
amplitude and waveform we have observed have effects on con-
tractility. It will be interesting to compare the exact time course
of these changes to the development of innervation and excita-
tion—contraction coupling.

Our results show some similarities to and some differences
from results obtained in cleavage-arrested muscle-lineage blas-
tomeres from another ascidian, Halocynthia roretzi (Takahashi
and Yoshi, 1981; Hirano et al., 1984; Okado and Takahashi,
1990; Shidara and Okamura, 1991). Mature Halocynthia muscle
showed only a single, high-threshold, transient Ca current, which
resembles the Ca current we record from immature tailbud pre-
cursor cells in both voltage-dependence and inactivation mech-
anism. In developing Halocynthia muscle, two types of voltage-
dependent outward K currents were expressed that had similar
activation kinetics but were distinguishable by their different
sensitivities to TEA. The TEA-sensitive current activated at
more positive voltages than the TEA-insensitive current, and in-
creased in its rate of activation about twofold during develop-
ment. Although we did not test TEA sensitivity, these results
are similar to ours in that mature muscle cells show two voltage-
dependent outward K currents, but our results differ in that our
high-threshold K current does not increase its activation rate
during development and it is much slower in activation than the
low-threshold current. In both species, a Ca-dependent outward
K current and an inwardly rectifying K current developed in
mature muscle. The developmental time course of the inwardly
rectifying K current in Halocynthia appeared to depend some-
what on the experimental conditions. In cleavage-arrested 16-
cell embryos, the inward rectifier increased throughout devel-
opment and showed no minimum or period of absence as we
have seen (Takahashi and Yoshi, 1981). These results, however,
might be affected by differences between individual blastomeres
and by patterns of electrical coupling, because intact embryos,
rather than individual cells were voltage clamped in these ex-
periments. In cleavage-arrested one-cell embryos, however, the
inward rectifier showed a minimum, although not a complete
absence, at stages similar to those when it is absent in our ex-
periments (Hirano and Takahashi, 1987). We do not know
whether the differences between our results and those in Halo-
cynthia are due to species differences or to the use of early
blastomeres that develop in the absence of cell divisions in the
Halocynthia experiments.

Our results support the hypothesis that functional channel
properties in excitable cells do not necessarily develop mono-
tonically, but rather proceed through discrete stages during
which the properties of the cells are qualitatively different from
those found in the mature state. The coordinated developmental
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modulation of several voltage- and Ca-dependent channel types
defines one such period in Boltenia muscle just after neurulation.
The period begins with the elimination of the inward rectifier,
the major resting conductance of these cells, and ends at some
time less than 7 hr later with its reappearance and the develop-
ment of rapidly activating Ca- and voltage-dependent K currents.
The exact timing of the end of this window of development, the
contribution of the various channel types to initiating and ter-
minating possible spontaneous activity during this time, and the
developmental significance of such activity are currently under
study.
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