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Summary. The presence of a Ca** channel in the plasmalemma of
tonoplast-free Nitellopsis obtusa cells was demonstrated and its
characteristics were studied using current- and voltage-clamp
techniques. A long-lasting inward membrane current (I,), re-
corded using a step voltage clamp, consisted of a single compo-
nent without time-dependent inactivation. Increasing either
[Ca2*], or [C]~], 1) enhanced the maximum amplitude of inward
I, ((I.),) and 2) shifted the peak voltage ((V,.),) at (I,)), to more
positive values under ramp-shaped voltage clamping and 3) de-
polarized the peak value of action potentials. This behavior is
consistent with predictions based on the Nernst equation for
Ca?* but not for Cl-. DIDS (4,4'-diisothiocyano-2,2’-disulfonic
acid stilbene) did not suppress (I,,), in tonoplast-free cells, in
contrast with its effect on normal cells. La’* and nifedipine
blocked (1,,), irreversibly. On the other hand, Ca** channel ago-
nist, BAY K 8644 irreversibly enhanced (/,),. Both Sr’* influx
and K* efflux increased upon excitation. The charge carried by
St influx was compensated for by Kt efflux. It is concluded
that only the Ca®* channel is activated during plasmalemma exci-
tation in tonoplast-free cells. In terms of the magnitude of (1,,),,.
Sr?* could replace Ca?*, but Mn?*, Mg?* and Ba?* could not.
External pH affected (I,,), and the membrane conductance (g,,)
at (I,), ((g»),). Increasing the external ionic strength caused in-
creases in both (I,,), and (g,,),, and shifted (V,,), to positive val-
ues. At the same time, Sr?* influx increased. Thus Ca?* channel
activation seems to be enhanced by increasing external ionic
strength. The possible involvement of surface potential is dis-
cussed.
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Introduction

Excitability has been demonstrated in plants rang-
ing from algae (Tazawa, 1972) to higher plants (Si-
baoka, 1969; Pickard, 1973). Intensive studies on
the mechanism of action potentials have been car-
ried out mainly using giant Characean algal cells.
The action potential in Characeae is assumed to be
due to transient increases in permeability to both
Cl™ (P-) and Ca?" (Pca+) (Beilby, 1984b), causing
the efflux and influx, respectively, of these ions

down their electrochemical gradients. This inward
current carried by Cl~ and Ca?* is assumed to be
compensated for by K7 efflux, caused by increased
membrane permeability to K* (Pg+). Large in-
creases in Cl™ and K* efflux were indeed demon-
strated to accompany membrane excitation in
Chara globularis (Gaffey & Mullins, 1958). Almost
equal amounts of ClI- and K™ were released upon
excitation in Chara corallina (Oda, 1976). In volt-
age-clamp studies, Kishimoto (1964) found using
Nitella that the amplitude of the transient inward
current decreased with increasing external Cl~ con-
centration. The presence of Ca?* in the external
medium is essential for maintaining the plasma-
lemma excitability (Findlay & Hope, 1964b). In-
creasing the external Ca?* concentration shifted the
peak of the action potential in the positive direction
by the amount predicted by the Nernst equation
(Hope, 19614,b) and increased the inward current
under voltage-clamp conditions (Findlay, 1961;
1962). Hayama et al. (1979) measured a large Ca?*
influx upon excitation in intact Chara cells. Wil-
liamson and Ashley (1982) injected the photo-pro-
tein aequorin into the cytoplasm of Chara and Ni-
tella and demonstrated transient light emission
upon membrane excitation. On the other hand,
Hope and Findlay (1964) could not detect a large
Ca?* influx accounting for the inward current with
radioactive tracer. Therefore some ambiguity re-
mains concerning which ions carry inward current
during membrane excitation in intact Characeae
cells. The occurrence of both Cl~ and Ca?* currents
in membrane excitation was suggested by Beilby
and Coster (1979) for Chara and by Lunevsky et al.
(1983) for Nitellopsis.

In Characeae cells, the tonoplast can be re-
moved by perfusing the vacuole with media con-
taining EGTA (Williamson, 1975; Tazawa et al.,
1976). Since tonoplast-free cells can generate action
potentials, the plasmalemma action potential can be
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Table 1. Compositions (mM) of various external solutions used

APW

1 2 3 4 5 6 7 8

KCl 0.1 0.1 0.1 0.1 0.1
NaCl 0.1 0.1 0.1 0.2 0.1 0.1
CaCl, 0.1 0.1 0.1 0.1
SrCl, 0.5

KNO; 0.1

NaNQ, 0.1 0.2

Ca(NO3)2 0.1 0.1

HEPES 20 20 20 20 2.0

MES 1.0
Tricine ) 2.0
pH 56 75 75 15 15 715 6.5 85

studied without interference from the tonoplast.
The peak of the action potential in tonoplast-free
Chara cells was not affected by internal C1~ concen-
tration (Shimmen & Tazawa, 1980). Kikuyama et
al. (1984) could not detect Cl~ efflux during action
potentials in tonoplast-free cells of Chara and Nitel-
lopsis, although significant K* efflux was observed.
The intracellular free Ca?* concentration in tono-
plast-free Chara cells increased transiently upon
membrane excitation (Kikuyama & Tazawa, 1983).
Thus it is reasonable to assume that only Ca?* car-
ries inward current during excitation in tonoplast-
free cells.

The present study aims to test this assumption.
We show that inward current under voltage-clamp
conditions is carried only by Ca’* in tonoplast-free
cells of Nitellopsis obtusa. The absence of Cl-
channel activation enabled us to characterize plas-
malemma Ca?* channel activation, without interfer-
ence from the Cl~ channel.

Materials and Methods

PLANT MATERIALS AND CULTURE

Internodal cells of Nitellopsis obtusa were mainly used. Algae
were cultured in large polyester buckets containing soil and tap
water in an air-conditioned room (25 = 2°C, 15-hr light/9-hr dark)
or outdoors. Internodal cells were isolated from neighboring
cells and kept in APW-1 containing 0.1 mM each of KCl, NaCl
and CaCl,. APW bathing solutions were modified in various
ways (Table 1). All experiments were carried out at room tem-
perature (20 to 25°C).

INTRACELLULAR PERFUSION

Intracellular perfusion was performed according to Tazawa et al.
(1976). Tonoplast-free cells were prepared by replacing the cell

T. Shiina and M. Tazawa: Ca?* Channel in Nitellopsis

stir{)g{ , >—o Em
[ \/h\ 'LI { J]‘r
}% [ —

/
cell yo)

= =]

i oy B
O

Fig. 1. Apparatus for measuring ion fluxes during single action
potentials in Nitellopsis. An internodal cell (cell) was partitioned
between two chambers, A and B. A current pulse was applied
through Ag/AgCl wires between chambers A and B. The mem-
brane potential (E,,) was measured between A and B. Chamber B
was filled with 55 mm KCI solution. Chamber A was filled with
the solution containing 0.5 mM SrCl, which was made isotonic to
55 mmM KCl with sorbitol

sap with a medium containing the Ca’*-chelating agent EGTA.
After ligation with polyester thread at both ends, perfused cells
were kept in APW-1 until the tonoplast disintegrated. The inter-
nal perfusion medium contained (in mm): 5 EGTA, 5 or 20
PIPES, 6 MgCl,, 1 ATP, 250 sorbitol and 5% (wt/vol) Ficoll-70
(pH 7.0). Ficoll-70 stabilizes the membrane potential of tono-
plast-free cells (Shimmen & Tazawa, 1982). The K* concentra-
tion of the perfusion medium was 21.3 mm (21 K solution) when 5§
mM PIPES was used and 45.4 mm (45 K solution) when 20 mM
PIPES was used. 21 K solution was used in most voltage-clamp
experiments. This solution was not appropriate for current-
clamp experiments however, since it caused the duration of
action potentials to be very long (several minutes or more). In-
stead 45 K solution was used for current-clamp measurements,
since higher internal K* concentration shortened the duration of
the action potential (Shimmen & Tazawa, 1980). The K* concen-
tration in tonoplast-free cells perfused with 45 K solution and 21
K solution is estimated at 51 and 28 mmM, respectively, assuming
that the cytoplasm accounts for about 5% of the total Nitellopsis
cell volume (Mimura & Kirino, 1984) and that the cytoplasmic
K~ concentration is 151 mm (Kikuyama et al., 1984).

ELECTRICAL MEASUREMENTS

The membrane potential (E,) was measured using the conven-
tional microelectrode method (Shimmen & Tazawa, 1980). The
cell was placed on a polyacrylate vessel with three chambers.
The chambers were filled with the bathing media listed in Table
1. APW-2 was used as the external medium unless otherwise
stated. E,, of the cell portion in the central chamber was mea-
sured by inserting a glass microelectrode into the cell. Electrical
current was applied through Ag/AgCl wires between the central
chamber and the lateral chambers. The electrical circuit for the
voltage clamp was designed after Asai and Kishimoto (1975).
The current (7)) and the potential difference (V,,) between the
intracellular microelectrode and the reference electrode in cen-
tral chamber were measured using current-measuring and volt-
age-measuring circuits, respectively, and recorded on a pen re-
corder (National VP6527A) and an oscilloscope (Nihon Koden
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Fig. 2. Typical rectangular action potential in tonoplast-free Ni-
tellopsis cells. The numbers on the right denote E,,. Depolarized
E,, was repolarized by application of inward current

VC-9). Under voltage-clamp experiments, the current-voltage (I-
V) relationship was obtained by slowly shifting V,, using a ramp-
shaped depolarization (rate approx. 400 mV/min) Ohkawa &
Kishimoto, 1977). Small rectangular constant-current or voltage
pulses were applied to the cell for stimulation and for the mea-
surement of membrane chord conductance (g,,).

MEASUREMENT OF IoN FLUXES

The Plexiglas vessel used for the simultaneous measurement of
Sr?* influx, K+ efflux and E,, during excitation is shown in Fig. 1.
E,, was measured by the ‘‘K*-anesthesia method’’ (Shimmen et
al., 1976). Chamber B was filled with 55 mm KCl solution and
chamber A with various media adjusted to be isotonic with 55
mM KCI using sorbitol. The solution in chamber A was stirred
with a magnetic stirrer throughout the experiment. E,, was mea-
sured as the potential difference between chambers A and B,
since E,, for the cell portion in chamber B is almost zero. For the
measurement of Sr?* influx and K* efflux the cell portion in
chamber A was bathed in APW-5 containing 0.5 mm SrCl, but no
K™ for 120 sec. Thereafter the cell was placed on a Plexiglas
bench. After loss of turgor pressure, both cell ends were ampu-
tated and liquid paraffin was introduced into the cell (Fujii et al.,
1979). The displaced internal solution was collected in a glass
capillary and diluted with distilled water. K* efflux was mea-
sured by analyzing the K* concentration in the bathing medium.
Sr?* and K* concentrations were analyzed using an atomic ab-
sorption spectrophotometer (Perkin-Elmer 370). Cl- efflux was
measured by analyzing the CI- concentration using an Ag-AgCl
wire in bathing solutions with Cl- substituted by NO; (APW-6).
All data are shown as mean + SEM.
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Fig. 3. (A) Membrane currents recorded under step voltage
clamping in a tonoplast-free cell of Nitellopsis. The numbers on
the left denote clamping potential. (B) Membrane current (b)
under ramp depolarization of clamping potential (a) in the same
cell used in (A). (I,), is the peak inward current measured by
linear extrapolation of the current-voltage (I-V) curve

ABBREVIATIONS

A-9-C, anthracene-9-carboxylic acid; APW, artificial pond wa-
ter; DIDS, 4,4’-diisothiocyano-2,2'-disulfonic acid stilbene;
EGTA, ethyleneglycol-bis-( 3-aminoethylether)N,N’-tetraacetic
acid; E,, membrane potential; g, megbrane conductance;
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid;
MES, 2-(N-morpholino)ethanesulfonic acid, monohydrate;
PIPES, piperazine-N,N’-bis(2-ethanesulfonic acid)

Results

MEMBRANE CURRENT UNDER VOLTAGE-CLAMP
CONDITION

Unlike normal cells, tonoplast-free cells generate
rectangular action potentials of long duration when
the intracellular K* concentration is low (Shimmen
& Tazawa, 1980) (Fig. 2). The membrane potential
remained at the depolarized level for a minute or
more during which the increased g,, changed only
slightly. Under voltage-clamp condition, when the
clamp potential was more negative than the excita-
tion threshold, a steady outward current, which
seems to be carried by K* (Hope & Walker, 1975)
and H* (Beilby, 1984a), was observed (Fig. 3(A),
clamp potentials —160.0 and —126.0 mV). At a po-
tential slightly more positive than the threshold, a
steady inward current appeared which continued
for the duration of the voltage clamp (Fig. 3(A),
—94.0 mV). This inward current seems to contain
only one component, unlike in normal cells where
two components occur (Beilby & Coster, 1979;
Lunevsky et al., 1983). The small initial inward cur-
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Fig. 4. E,, (open circles) and g, (filled circles) at the action po-
tential peak in relation to external CI- concentration ([Cl-1,). E,,
and g, were measured under current-clamp conditions. [Cl~],
was varied by adding choline-Cl to APW-3. All data are shown as
mean * SEM

rent peak seen is caused by small fluctuations in the
clamp voltage. At more positive potentials, a large,
steady outward current was seen (Fig. 3(4), —63.0
mV).

Slow linear depolarization of V,, from the rest-
ing level produced the so-called N-shaped I-V rela-

tion characteristic of excitable membranes (Ohkawa

& Kishimoto, 1977). The peak inward current in
this I-V relation was almost identical to the largest
steady inward current obtained under step voltage
clamping (Fig. 34 and B). The amplitude of the peak
inward current ((Z,,),) was measured as shown in
Fig. 3(B). The membrane conductance and potential
difference at (1,,), are termed (g,), and (V,,),, re-
spectively, and V,,, and g,, at I,, = 0 are termed (V,,);
((gm1)s (V)2 ((gm)2) and (V)3 ((gm)3), respectively.
(V)1 and (V,,); are regarded as E,, at rest and at the
action potential peak, respectively.

DEPENDENCE OF E,,, g, AND [, ON EXTERNAL
Cl- AND CA%" CONCENTRATION

To change [Cl7],, various concentrations of cho-
line-Cl were added to APW-3. E,, and g,, at the
action potential peak are shown in Fig. 4. There was
no change in E,, or g, for [Cl"], in the range 0 to 0.4
mmMm. However, E,, depolarized and g, increased
significantly at 4.0 mm CI-. This change in the peak
value of the action potential occurs in the opposite
direction to the change in the equilibrium potential
for Cl™, calculated from the Nernst equation. The
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Fig. 5. (g.), (open circles), (I,,), (filled circles) and (V,,), (filled
triangles) in relation to external Ca?* concentration ([Ca?*],) un-
der ramp voltage clamping. (4) [Ca’*], was varied by adding
CaCl, to APW-4. (B) [Ca?*], was varied by adding CaCl, to
APW-4, keeping [Cl~], constant by adding choline-Cl. All data
are shown as mean = SEM

same pattern was also observed in voltage-clamp
experiments. As shown in Table 4, (V,,), (control)
was shifted to more positive values by the addition
of 6 mM NaCl to APW-1, with a large increase in
(), and (gm)p -

When [Ca?*], was increased from 0 to 3.0 mm
by the addition of CaCl, to APW-4, (1,,), and (g,),
increased by about 50 and 80%, respectively, and
(V) shifted in the positive direction by 36.1 mV for
a tenfold increase in [Ca?*], (Fig. 5A4). However,
since these parameters were markedly affected by
[Cl7], as mentioned above, we investigated the ef-
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Fig. 6. E,, at the peak (open circles) and plateau (60 sec after
stimulation) (filled circles) of the action potential and in the rest-
ing state (filled triangles) in relation to external [Ca’*],. Open
squares and triangles represent E,, at the action potential peak
and in the resting state, respectively, in an external solution
containing 1 mM EGTA or 0.1 mm CaCl;. In the case of E,, at the
action potential peak, the value of open circle and open square at
0.1 mM [Ca?*], was the same. E,, was measured under current
clamping. [Ca?*], was varied by adding CaCl; to APW-4 keeping
[Cl~], constant. All data are shown as mean * SEM

fects of [Ca?*], under constant [Cl~], by adding cho-
line-Cl to APW-4. As in Fig. 5(4) the inward 1,
increased with increasing [Ca?*], although the in-
crease was smaller than before (Fig. 5B). The ten-
dency of (g,,), to increase disappeared when [Cl7],
was held constant. (V,,,), shifted in the positive di-
rection by 23.6 = 2.5 (n = 6) mV for a tenfold in-
crease in [Ca?t], between 0.1 and 3.0 mm. This
value is close to the change in E, calculated using
the Nernst equation.

The peak and plateau (60 sec after the genera-
tion of an action potential) levels of the rectangular
action potentials recorded under current-clamp
conditions (see Fig. 12) were depolarized by 22.8 =
3.6 (n = 5) mV and 22.1 = 4.6 (n = 5) mV, respec-
tively, for a tenfold increase in [Ca?*], between 0.1
and 3.0 mM at constant [C17], (Fig. 6). There was
scarcely any difference in the peak and plateau po-
tentials between 0 and 0.1 mm but the peak potential
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Fig. 7. (I,,), under ramp voltage clamping in tonoplast-free (open
circles) and normal (filled circles) cells of Nitellopsis in relation
to external DIDS concentration. DIDS was added to APW-2. All
data are shown as mean = SEm

was hyperpolarized 28.7 mV by the addition of 1
mM EGTA to the external medium. This may be
due to the lowering of [Ca®*], in the free space of
the cell wall due to Ca®* chelation by EGTA. E,, in
the resting state was also depolarized by increasing
[Ca?*],.

ErrecTS or DIDS

Only a small number of inhibitors have been found
which block the Cl~ channel in normal Characeae
cells. Ethacrynic acid was reported to partially
block the Cl- component of the action potential in
Nitellopsis (Lunevsky et al., 1983). A-9-C reduced
the Cl- current activated by membrane hyperpolar-
izations and the action potential peak in Chara in-
flata and Chara corallina (Tyerman et al., 1986). To
demonstrate the absence of functional CI~ channels
in tonoplast-free cells, we compared the effects of
DIDS, which is known to block Cl~ channels in
animal cells, in normal and tonoplast-free cells (Fig.
7). DIDS was added to APW-2. The (I,,), in normal
cells was about eight times larger than that in tono-
plast-free cells, suggesting the presence of more
functional voltage-dependent ion channels in the
former. 1.0 mm DIDS applied to normal cells re-
duced (I,,), by about 30%. This inhibition was re-
versible. In contrast, the inward I, of tonoplast-free
cells was not affected at all by DIDS. This result
supports the idea that there are no functional Cl~
channels in tonoplast-free cells.
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Fig. 8. Effects of external La’* on the I-V relation recorded
under ramp voltage clamping in a tonoplast-free cell of Nitellop-
sis. (A) control; (B) 20 uM La**, 15-min treatment; (C) 200 um
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Fig. 9. Effects of nifedipine on the I-V relation recorded under
ramp voltage clamping in a tonoplast-free cell of Nitellopsis. (A)
control; (B) 100 uM nifedipine, 20-min treatment; and (C) 30-min
after washing. Nifedipine was added to APW-2

ErrecTs OF Ca?* CHANNEL ANTAGONISTS AND
AGONISTS

If the Ca?* channel is the sole ionic channel acti-
vated during membrane excitation in tonoplast-free
cells, the inward current under voltage-clamp con-
ditions should be inhibited by Ca’?* channel antago-
nists and enhanced by Ca?" channel agonists. When
a tonoplast-free cell was treated with 20 um LaCl;
for 15 min, the inward current was partially blocked
(Fig. 8B). Treatment of a cell with 200 um LaCl; for
6 min almost completely blocked the inward current
(Fig. 8C). This blockage by La** was only partially
reversible (Fig. 8D). (g,,), decreased markedly upon
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APW-2. All data are shown as mean * SEM

La’* treatment. The outward current at the less
negative V,, also seemed to be reduced by La’*,
since the slope of the I-V curve in the less negative
region became smaller with increasing LaCl; con-
centration. La’* also displaced the (V,,), to more
positive values, indicating that the threshold value
became larger.

We also examined the effects of several organic
inhibitors of voltage-dependent Ca?* channels on
membrane excitation in tonoplast-free cells. The di-
hydropyridine derivative, nifedipine greatly re-
duced (Z,,), (Fig. 9B). (1,,), did not recover its initial
amplitude even after 30-min washing. Nifedipine
seems not to affect the slope of the large outward
current induced by shifting V,, to positive values. In
contrast to the effects of La3*, nifedipine shifted
(Vn), to more negative values. (I,,), and (g,), de-
creased with increasing nifedipine concentration
(Fig. 10). Sensitivity to nifedipine varied between
culture batches. For some cells, even a saturated
solution of nifedipine was without effect. Other
Ca’* channel antagonists such as verapamil and dil-
tiazem were without effect in tonoplast-free cells of
Nitellopsis.

As shown in Fig. 11, the Ca?" channel agonist
BAY K 8644 and Ca?" channel antagonist BAY K
5552 irreversibly enhanced the (/,,), of tonoplast-
free cells by 42 and 43%, respectively. (V,,), was
scarcely affected by these agents. On the other
hand, one of the Ca?* channel agonists, (+)202-791
(100 umMm, 15 to 20 min) inhibited (,,), by about 36%
(data not shown). This inhibition was completely
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T-200
(o1 30 30 30 30 30 Table 2. Effects of external divalent cations on (1,.),, (g.), and
Ca Ca Sr Mn Mg Ba (V.), under ramp voltage clamping in tonoplast-free cells of Ni-
‘WM M | tellopsis®

i ‘ (Im)p (gm)p (Vm)p

FW ‘ \ \ : (mA/m?) (S/m?) (mV)
o 0.1mMCa?  61.0+62 293014 -755=67
| ‘ 1.0 mm Ca?* 74.4 + 6.8 3.01 = 0.15 —-48.7 = 7.9
1.0 mm Sr2* 69.7 = 6.4 2.34 = 0.24 —46.0 = 6.8
| Ml 1LO0mMMn2 24827 125008 -518=70
4 i MM 1.0 mm Mg?* 252 1.6 1.43 = 0.12 -57.8+73
| 40 mV 1.0 mm Ba?* 24.3 = 3.5 1.21 £ 0.10 —-48.0 =74
2 Each divalent cation-Cl, was added to APW-2. All data are

\ \ shown as mean * SEM (n = 4).

‘‘‘‘‘ J,WL 3 mM SrCl,. The generation of action potentials was
G u PP s | 1, A blocked by replacing external CaCl, with MnCl,,
MgCl, or BaCl,. Similarly (Z,,), and (V,,), showed

Fig. 12. Effects of external divalent cations on the action poten-
tial in a tonoplast-free cell of Nitellopsis. E,,, was measured under
current clamping. Small current pulses were applied for the mea-
surement of g,,. Depolarized E, was repolarized by application
of inward current. The number on each action potential denotes
the concentration (in mm) of divalent cation added to APW-2

reversible and (7,,), was restored to the initial value
by a 15-min wash. (V,,), was scarcely affected by
(+)202-791.

SELECTIVITY TO DIVALENT CATIONS

We compared the effects of various divalent cations
added to APW-2 on membrane excitation in tono-
plast-free cells under current (Fig. 12) and voltage
clamping (Table 2). The peak of the action potential
was scarcely changed by replacing 3 mm CaCl, with

scarcely any change when CaCl, was replaced with
SrCl,, although (g,,), decreased slightly (Table 2).
Replacement of external CaCl, with MnCl,, MgCl,
or BaCl, caused large reductions in (Z,,), and (g,.), .
These results clearly show that Ca’* can be com-
pletely replaced with Sr?* but not with Mn?*, Mg?*
or Ba?*. (V,,), shifted in the positive direction by
about 25 mV when the Ca?* concentration was in-
creased from 0.1 to 1.0 mm. This tendency was the
same for all divalent cations tested (Table 2).

EXTERNAL pH EFFECTS

The effect of external pH on membrane excitation
in tonoplast-free cells is shown in Fig. 13. The ex-
ternal solution was APW-7, -2, and -8 for pH 6.5,
7.5 and 8.5, respectively. (1,,), and (g,,), increased
significantly as the external pH was increased from
6.5 to 8.5. Decreases in (g,), and (I,), were ob-
served when cells were transferred to nonbuffered
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Table 3. Effects of various external ions on (I.),, (g, (Vi) and g,, at rest under ramp voltage

clamping in tonoplast-free cells of Nitellopsis?

At rest
)y (gmp Vo 8m
(mA/m?) (S/m?) (mV) (S/m?)
Control 184.0 = 21.6 3.19 = 0.45 -101.8 & 6.6 0.62 = 0.04
6 mM Na(Cl 292.8 + 41.1 8.96 = 1.65 —67.8 £ 4.9 0.89 + 0.05
6 mM HEPES 275.0 = 39.0 5.99 = 0.78 —88.0 = 3.1 0.79 = 0.05
6 mM NaNO; 308.7 = 43.1 7.81 = 1.45 —-72.2 + 4.6 0.87 = 0.09
6 mM Na,SO, 4129 = 57.7 11.36 + 1.26 -72.6 £ 72 1.07 = 0.09

a 6 mM each of NaCl, HEPES-Na, NaNO; and Na,SO, were added to APW-2, All data are shown as

mean = SEM (n = 5).
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Fig. 13. (g.), (open circles), (,,), (filled circles) and (V,,), (filled
triangles) in relation to external pH under ramp voltage clamping
in tonoplast-free cells of Nizellopsis. External solutions were
APW-7, -2, and -8 for pH 6.5, 7.5 and 8.5, respectively. All data
are shown as mean + SEM

APW-1 (pH 3.6) (data not shown), indicating that
the observed changes in (I,,), and (g..), were not
caused by changes in buffer species or concentra-
tion. (V,,), was scarcely affected by pH,.

EFFECTS OF EXTERNAL IONIC STRENGTH

As shown in Fig. 4, high external concentrations of
choline-Cl caused depolarization of the action po-
tential peak and increased g,, at the action potential
peak, opposite to the Nernst potential for Cl-. We
compared the effects of various anions added to
APW-2 in the form of Na salts on the electrical
parameters obtained under voltage-clamp condi-
tions (Table 3). (I,,), was increased by about 50% by
the addition of 6 mMm NaCl, HEPES-Na or NaNOs,

Table 4. Effects of external NaCl and choline-Cl on E,, and g,, at
the action potential peak under current-clamp measurement, and
(In)y» (gm), and (V,,), under ramp voltage-clamp measurement in
tonoplast-free cells of Nitellopsis®

At action potential peak

E, Em

(mV) (S/m?»
Control ~88.9 = 1.0 (4) 4.75 = 0.29 (4)
6 mMm NaCl —-552+124) 11.48 = 1.66 (4)
6 mM choline-Ci —61.6 = 1.2 (4) 10.96 = 1.34 (4)

Under voltage-clamp measurement

Uy (gm)p Vip

(mA/m? (S/m?) (mV)
Control 184.0 £ 31.6 (5) 3.19 £0.45(5) —101.8 % 6.5(5)
6 mM
NaCl 292.8 + 41.1(5) 8.96 = 1.65(5) —67.8+%49(5)
6 mMm
choline-Cl 230.7 = 21.6 (5) 9.22 £ 1.28(5) —75.5%6.2(5

2 6 mM NaCl and choline-Cl were added to APW-2. All data are
shown as mean *+ SeM. Number of cells used is shown in paren-
theses.

and 120% by the addition of 6 mM Na,SO,. The
order of the effect on (/,), was Na,SO, > Na(Cl =
NaNO; = HEPES-Na. This order is consistent with
the order for total ionic strength of the external so-
lution. Increases in (g,,), and depolarization of (V,,),
were observed for all Na salts tested. 12 mM sorbi-
tol added to APW-2 had no effect, indicating that
these effects were not a consequence of increased
osmolarity of the external solution. The same ten-
dency in (g.,), was also seen at the resting E,,,.
The action potential peak under current clamp-
ing was depolarized 33.7 mV by the addition of 6
mm NaCl, with a large increase in g,, at the action
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Fig. 14. Effects of external NaNO; and NaCl on the I-V relation
recorded under ramp voltage clamping in a normal cell of Nitel-
lopsis. (A) control; (B) 6 mM NaCl; (C) 6 mm NaNO;. Na salts
were added to APW-2

potential peak (Table 4). Substitution of Na* by
choline* scarcely affected g,, at the action potential
peak, although the action potential peak shifted to a
more negative level. There was no significant differ-
ence in (V,),, (I,), and (g,,), when 6 mm NaCl or 6
mw choline-Cl was added to APW-2 (Table 4).

A marked increase in (I,,), upon increasing ex-
ternal ionic strength was also observed in normal
cells of Nitellopsis (Fig. 14) and Chara. (I,), in-
creased about five times and the (V,,), shifted in the
positive direction by about 10 mV when 6 mm NaCl
or NaNO; was added to APW-2.

EFFECTS OF HIGH INTERNAL Na®
CONCENTRATION AND EXTERNAL La** oN
INWARD CURRENT

Even when the internal Na®™ concentration was in-
creased by perfusing the cell with a medium con-
taining 7.5 mm NaCl, enhancement of (Z,,), was ob-
served in APW-2 + 6 mMm NaCl (Fig. 15). To
examine the possibility that Ca?* carries the en-
hanced inward current, we examined whether or
not the enhanced inward current was blocked by
La3* as shown in Fig. 8. Increases in (I,,), and (g,.),
caused by addition of 3.0 mM NaNO; to APW-2
were largely suppressed by the application of 0.2
mM LaCl; (38 and 73% of control experiment, re-
spectively) (Table 5).

IoN FLUXES DURING EXCITATION

Since Sr?* has almost the same effects as Ca?* on
the electric properties of the plasmalemma (Fig. 12
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Fig. 15. Effects of external NaCl on the I-V relation recorded
under ramp voltage clamping in a tonoplast-free Nitellopsis cell
perfused with medium containing 7.5 mMm NaCl. (A) control; (B) 6
mM NaCl. NaCl was added to APW-2

Table 5. Removal of enhancement of (1,,), and (g,), by La**
recorded under ramp voltage clamping in tonoplast-free cells of
Nitellopsis®

)y (&m)p

(mA/m?) (S/m?)
Control 206.1 = 29.5 4.83 £ 0.65
3 mM NaNQO, 341.8 = 57.1 6.85 = 1.77
3 mM NaNO; + 0.2 mm LaCl, 77.9 = 13.1 3.51 £0.88

a NaNO, and LaCl; were added to APW-2. All data are shown as
mean = SEM (n = 4).

and Table 2), we used Sr2+ as a tracer for Ca?* in the
measurement of Ca?* influx. Sr?* influx in the rest-
ing and excited states was measured by replacing
the external medium with the one containing 0.5
mM Sr2* but no Ca?* (APW-5). The incubation time
was 2 min. Although E,, and g, at the plateau of the
action potential changed slightly, we calculated the
ion fluxes under the assumption that ion fluxes were
constant throughout the action potential plateau.

As shown in Table 6, the Sr?* influx increased
about 13-fold during excitation. At the same time,
K+ efflux increased by about 19-fold. This clearly
indicates the participation of Ca?* as an ion carrying
inward current during membrane excitation in tono-
plast-free cells. Furthermore, the addition of 6 mM
NaNO; to the external solution caused a 30% in-
crease in both Sr2* influx and K+ efflux during
membrane excitation. Even in the resting state,
both Sr2* inflax and K* efflux increased signifi-
cantly upon addition of 6 mm NaNO; to the external
solution.
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Table 6. Effects of high external concentrations of NaNO; on Sr** influx and K+ efflux in the resting
and excited states of plasmalemma in tonoplast-free cells of Nitellopsis®

Resting state

Excited state

J. Sr JK

JSr JK

Control 0.13 £ 0.07 (3) 0.20 = 0.05 (3)
+6 mM NaNO; 0.32 £ 0.05 (3) 0.55 = 0.17 (3)

1.64 = 0.26 (5) 3.87 = 1.25(5)
2.48 = 0.12 (6) 6.62 = 1.06 (6)

2 NaNO; was added to APW-5. All data are shown as mean *= SEM. Number of cells used is shown in

parentheses. Fluxes are shown as umol/m?%sec.

Discussion

DEMONSTRATION OF Ca?"-SPIKE ACTION
POTENTIAL IN TONOPLAST-FREE CELLS

Two transient inward currents were reported under
step-voltage clamping in normal cells of Chara
(Beilby & Coster, 1979) and Nitellopsis (Lunevsky
et al., 1983). Beilby and Coster (1979) considered
the first transient current to be carried by CI~ and
the second one by Ca?". On the other hand,
Lunevsky et al. (1983) considered the former to be
Ca?* current and the latter C1- current. Superposi-
tion of Ca?* and Cl~-spikes during the action poten-
tial makes analysis of the ionic processes occurring
during membrane excitation complicated. The situ-
ation is simpler in tonoplast-free cells, since only
Ca’* channels seem to be activated during plasma-
lemma excitation (Kikuyama et al., 1984). This is
supported by the fact that inward membrane current
consisted of a single component lasting for more
than 20 sec without time-dependent inactivation
(Fig. 3A). This long-lasting inward membrane cur-
rent is consistent with the rectangular action poten-
tial recorded under current clamping (Shimmen et
al., 1976; Tazawa et al., 1976). The simple shape of
the inward membrane current may indicate the in-
volvement of a single ion species in plasmalemma
excitation.

The absence of Cl- channel activation in tono-
plast-free cells was supported by the following
results. 1) Increasing [Cl~], caused depolarization
of E,, and an increase in g,, at the action potential
peak under current clamping, and the displacement
of (V,,), to positive values and an increase in (/,,),
and (g.), under voltage clamping. These results
cannot be explained by a shift in the Nernst poten-
tial for Cl~. 2) Varying the intracellular Cl~ concen-
tration in tonoplast-free cells between 0.01 and 29.0
mM scarcely affected E,, at the action potential peak
(Shimmen & Tazawa, 1980). 3) (/,,), was insensitive
to DIDS, which reduces the (Z,,), in normal cells. 4)

We could not detect any Cl~ efflux during excitation
in tonoplast-free cells. The same results were also
reported by Kikuyama et al. (1984).

The presence of Ca?>* channels in the plasma-
lemma of tonoplast-free cells is demonstrated by
the following results. 1) When [Cl~], was kept con-
stant, (1)), increased with increase in [Ca?*],. This
was not due to the enhancement of (I,,), by in-
creased external ion strength (cf. later discussion),
since this decreased from 12.4 to 9.4 mM when
[Ca?*], was increased. 2) The dependencies of Vi)p
and the action potential peak on [Ca2*], were in
good agreement with Nernst equation calculations
for Ca?*. Thus, the plasmalemma behaves like a
Ca?* electrode. 3) Hyperpolarization of the action
potential peak by lowering free [Ca?*], in the cell
wall with EGTA is further evidence for the partici-
pation of Ca’?* in membrane excitation. The mem-
brane is also permeable to Ca?" during the action
potential plateau, since the plateau E,, is also de-
polarized by the theoretically expected amount for
a tenfold increase in [Ca2*],. The two stable states
of the membrane, the resting state and the depolar-
ized state, found by Shimmen et al. (1976) may
therefore be characterized as the closed and opened
states of the Ca?* channel, respectively. A similar
[Ca?*], dependence has been observed in normal
Characeae cells (Findlay, 1961; 1962; 1964; 1970;
Hope, 1961a,b; Findlay & Hope, 19644,b) and in
higher plants such as Aldrovanda (lijima & Si-
baoka, 1983) and Dionaea (Hodick & Sievers,
1986). The resting E,, was also depolarized by in-
creasing [Ca?*], (Fig. 6). This has been explained as
being due to depolarization of the passive diffusion
potential but not the active electrogenic potential
(Shimmen & Tazawa, 1983).

4) La’*, as a Ca?* channel blocker, reduced
(In)p. However, La3* is not a specific inhibitor in
Characeae cells. The cation permeability in Chara
corallina was reduced by La*" (Keifer &
Spanswick, 1978). The CI- current activated by
membrane hyperpolarization in Chara inflata was
inhibited by La*>" (Tyerman et al., 1986). La3* also
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Table 7. Effects of high external concentrations of NaNO; on I, and I at the action potential peak?®

Em gCa/gm gK/gm 8Ca gk ICa IK 2FJSr FJK

(mV) (S/m?) (S/m?) (mA/m2 (mA/m?2 (mA/m?2) (mA/m?)
Control —-35.6 0.43 0.57 1.71 2.26 280.7 277.9 315.6 = 49,7 373.3 + 120.4
+6 mM NaNO; —36.9 0.43 0.57 3.27 4.33 532.2 535.6 467.8 = 19.8 638.7 = 102.0

2 Membrane currents calculated from fluxes of Sr** (2FJs) and K* (FJy) are also shown.

inhibits the large inward current during membrane
excitation in normal cells of Chara corallina under
voltage clamping (Tsutsui et al., 1986). Cl~ current
inhibition may result from the blockage of Ca’" en-
try, since Ca?* is thought to activate the Cl~ chan-
nel. Both Ca?* and Cl~ currents were blocked by
La*" (Lunevsky et al., 1983).

5) (I,,), and (g..), were also reduced by the spe-
cific Ca?* channel blocker nifedipine. Nifedipine ef-
fectively inhibited turgor regulation in Lampro-
thamnium, which involves Ca?* channel activation
(Okazaki & Tazawa, 1986a,b). Bud formation in
Funaria, which seems to be induced via Ca?* chan-
nel activation, was inhibited by nifedipine and the
Ca?* antagonist (—)202-791 and accelerated by the
Ca?* agonist (+)202-791 (P.A. Conrad & P.K. He-
pler, personal communication). The positive shift in
(V.)p, by La*" may be explained using Eqs. (2) and
(3) (see below). If the inhibitory effect of La*" on gk
were larger than on gc., gx/g. would decrease.
Since E¢, and Ex are constant, E,, — Ec, would
decrease and E,, (V,,), , too) depolarize. In the case
of nifedipine, a decrease in gc, without a change in
gk would increase gx/g,,. Thus, E,, would hyperpo-
larize in contrast to the case of La’" treatment.

6) Enhancement of (/,,), by Ca** channel ago-
nist, BAY K 8644 strongly supports the presence of
Ca’" channel in plasmalemma of tonoplast-free
cells. However, inhibition and enhancement of (/,,),
by Ca?" channel agonist, 202-791 (+) and antagonist
BAY K 5552, respectively, is contrary to our expec-
tation. The Ca?* channel in Nirellopsis may be dif-
ferent in structure from those of animal origin.

7y Ca?* influx measured using Sr>* as a tracer
significantly increased during membrane excitation
(Table 6). The Sr?* influx during excitation is more
than one hundred times larger than the Ca?* influx
measured by aequorin light emission in tonoplast-
free Chara cells, when [Ca’t], was 1.0 mm (Kikuy-
ama & Tazawa, 1983). This discrepancy may be due
to the underestimation of Ca?* flux, since only free
Ca?* can be detected using aequorin. The same dis-
crepancy also exists in aequorin experiments using
normal Chara cells, where the Ca?* influx during
excitation was estimated at 0.4 nmol/m%sec (Wil-
liamson & Ashley, 1982). However, Hayama et al.

(1979) reported a large Ca’* influx amounting to 0.3
pmol/m?%sec during excitation using +Ca2*, This is
only a little smaller than the Sr** influx measured in
the present study. Our K* efflux is about six times
larger than that measured using “K* in tonoplast-
free Chara cells (Kikuyama et al., 1984). 8) The cur-
rents carried by Sr?* and K* during membrane exci-
tation were calculated to be —315.6 and 373.3
mA/m?sec, respectively (Table 7). There is no sig-
nificant difference between the net Sr2* and K+ cur-
rents, and the outward current carried by K* efflux
therefore balances the inward current carried by
Sr?* influx during excitation in tonoplast-free cells.

From these results, Ca?™ and K* are assumed
to be the only ions which carry electric charge
across the plasmalemma during excitation. Based
on this assumption, g,, at the action potential peak
should be the sum of the K* conductance (gx) and
the Ca?* conductance (gca).

8m =8k t+ gca- 0}

The contribution of the electrogenic H* pump con-
ductance (g,) seem negligible compared with the
large passive diffusion conductance during the
action potential (Kishimoto et al., 1985). Thus,

Em = g_K E‘KJr g ECa (2)

m m

where Ex and E¢, are the equilibrium potentials of
K* and Ca?*, respectively. The ratio (gx/g,) is
given as follows:

8K _ E, — Ec,
Em a EK - ECa. (3)

Although in the flux measurement experiment no
K* was included in the external medium, we took
[K*], to be 0.1 mM, the same concentration as in
normal APW. Taking the endogenous total Ca?*
concentration after disintegration of tonoplast to be
0.3 mM (Tazawa et al., 1976), [Ca?*]; was calculated
tobe 2.45 x 1078 M. [Ca2*], was taken to be 0.5 mM,
the same as the [Sr?*], used in flux measurement.
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From these values Ex and Ec, were calculated to be
—159.8 and +126.9 mV, respectively. We could not
measure the exact value of g, at the peak of action
potential, because we used the ‘‘K-anesthesia’
method (Shimmen et al., 1976). We used g,, at (V,,.);
in voltage-clamp experiments, which is regarded as
being identical to E,, at the action potential peak.
The K* and Ca?* currents (Ix and I¢,) are given by

Ix = gk(E, — Ex) 4)
Ica = gcalEm — Eca). )

8) The currents carried by K and Ca?* calculated
from the actual values of ion fluxes (Jx and Jcp)
were in good agreement with Ix and I¢, calculated
from Eqs. (4) and (5) (Table 7). Thus, K™ and Ca?*
currents are well accounted for by K* and Ca’*
fluxes.

The amplitude of the Ca?* current in normal
Nitellopsis cells at low external ionic strength was
about 200 mA/m? (Lunevsky et al., 1983), which is
comparable to the Ca?* current in tonoplast-free
cells. The reversal potential is the V,, at which the
current changes direction from inward to outward;
this is designated as (V,); on the I-V curve. The
reversal potential is —100 to —50 mV in APW-2.
This value is comparable to the reversal potential of
the presumptive Ca?* current in normal Chara (—50
mV) (Beilby & Coster 1979) and Nitellopsis (—60 to
—20 mV) (Lunevsky et al., 1983) cells. These facts
imply that the activity of the Ca?* channel is not
suppressed by disintegration of the tonoplast. The
possibility that chelation of Ca>" by EGTA may in-
hibit Ca?*-induced Cl~ channel activation in tono-
plast-free cells is rejected, since an increase in
[Ca?*]; depolarized E,, without causing Cl~ efflux in
Nitellopsis Mimura & Tazawa, 1983). However,
the enhancement of inward current by high external
ionic strength was much larger in normal cells than
in tonoplast-free cells, suggesting the activation of
some ion channel other than the Ca?* channel,
probably the CI~ channel, by Ca?*. Thus dilution of
some Ca’"-sensitizing cytoplasmic factor responsi-
ble for Ca?*-induced Cl~ channel activation may ex-
plain the disappearance of functional CI~ channels.
Recently, calcium-dependent anion channel was
demonstrated in water mold (Caldwell et al., 1986).

CHARACTERIZATION OF PLASMALEMMA Ca?*
CHANNEL IN TONOPLAST-FREE CELLS

We obtained the following order of selectivity for
divalent cations in relation to Ca?* channel activa-
tion in tonoplast-free Nitellopsis cells, Cal* = Sr2+
> Mn?* = Mg?* = Ba?*. Normal cells of Nitellopsis
became inexcitable when Ca?* was replaced by
Mg?*, but remained excitable when Ca2t was re-

T. Shiina and M. Tazawa: Ca?* Channel in Nitellopsis

placed with Sr?*, although the duration of action
potential was prolonged (Findlay, 1970). Action po-
tentials could not be generated (Findlay & Hope,
19644) and the transient inward current disappeared
(Findlay & Hope, 1964b) in normal cells of Chara
australis when the external divalent cation was
Ba?t, Cd?+, Ni2+, Mg?* or Mn?*. Sr2* could replace
Ca?* in tonoplast-free cells although (7,,), was less
with Sr?* than with Ca?*. Furthermore, tonoplast-
free cells of Chara could not produce action poten-
tials when Ca?* was replaced by Mg?* (Shimmen et
al., 1976). Thus Nitellopsis and Chara have the
same selectivity for divalent cations with respect to
Ca?" channel activation. Similarly the action poten-
tial of water mold, Blastocladiella, requires exter-
nal Ca?* or Sr2* (Caldwell et al., 1986). In Aldro-
vanda, Mg** could not replace Ca?* (Ilijima &
Sibaoka, 1983). In Dionaea, however, Mg?* could
replace Ca?' in generating action potentials al-
though the duration was prolonged (Hodick & Siev-
ers, 1986). In animal cells, not only Ca?* and Sr**
but also Ba** can carry inward current (Hagiwara &
Byerly, 1981).

The effects of pH, on Ca?* channel activation
are different from the effects of high external ionic
strength, since (V,,), was not affected by pH,,. Simi-
lar dependence of the Ca’?" channel on pH, has
been reported in animal cells and discussed in terms
of decreased external negative surface potential in-
duced by lowering pH, (lijima et al., 1986), even
though displacement of the I-V curve was observed
in this case.

ENHANCEMENT OF INWARD CURRENT BY
INCREASED EXTERNAL IONIC STRENGTH

The effects of increased external ionic strength on
the electrophysiological properties of the plasma-
lemma at rest and during excitation are not due to
osmotic effects since the addition of sorbitol to the
external solution had no effect. Because the en-
hancement of (I,), was scarcely affected by the
ionic species for both anions and cations, these ef-
fects may be attributed to an increase in the total
ionic strength rather than the increase in concentra-
tion of some particular ion species.

Since the external solution usually has very low
ionic strength, increased ionic strength would in-
crease the ionic conductance and may cause the
overestimation of (,,),. However, this cannot ex-
plain the positive shift of (V,,), and action potential
peak and enhancement of Sr2* influx.

There are three candidates for the ion carrying
the enhanced inward I,, caused by the increased
ionic strength in the external solution. The first is
Nat* influx. [Na*]; is estimated as 0.6 mM in tono-
plast-free Nitellopsis cells, since [Nat], = 12.0 mm
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(Katsuhara & Tazawa, 1986). Ex, is calculated to be
59.4 mV when [Na™], is 6.1 mM. Thus the net Na*
flux is electrochemically directed inward, when V,,
is more negative than Eyn,. However, Na* is not
likely to carry the enhanced inward current, due to
the following considerations. First, choline*, which
has a large ionic radius and cannot pass through the
Nat channel in squid giant axons (Hodgkin & Hux-
ley, 1952), was as effective as Na' in Nitellopsis
(Table 5). Second, enhancement of inward current
could be observed even in cells perfused with media
containing Na' at almost the same concentration as
the external solution (Fig. 15).

The second candidate is Cl- efflux. However,
there was no difference in the enhanced inward cur-
rent between NaCl and NaNOj; (Table 4). Further-
more, we could not detect enhanced Cl~ efflux dur-
ing action potentials even when 3 mM NaNOs; were
added to APW-6 (data not shown). Thus Cl~ is elim-
inated as a candidate for the ion carrying enhanced
inward 1,,,.

The last possibility is Ca?* influx. The enhanced
inward current was blocked by La’* as was the
Ca?* current at low ionic-strength (Fig. 7). Sr** in-
flux induced by membrane excitation was increased
significantly by the addition of 6 mm NaNO; with a
large accompanying increase in K+ efflux (Table 6).
Ic, and I calculated from Eqs. (1) to (4), can almost
be accounted for by currents calculated from Sr2*
influx and K* efflux, respectively (Table 7). Thus it
is concluded that the enhanced inward current un-
der high external ionic strength is mostly carried by
Ca?*,

Since g,, and both Sr** and K* fluxes in the
resting state were also increased, high ionic
strength not only stimulates Ca?* channel activation
but also increases gc, in the resting state.

The prolongation of the action potential by in-
creased concentrations of external monovalent cat-
ions in tonoplast-free cells of Chara has been ex-
plained by assuming the direct action of cations on
negative charges on the membrane (Shimmen et al.,
1976), based on the two stable state hypotheses (Ta-
saki, 1968). This prolongation may be a reflection of
enhanced Ca?* channel activation causing en-
hanced inward Ca?* current. Suppression of this
monovalent cation effect by external divalent cat-
ions such as Mg?* and Mn?" may also be explained
from the reduction in Ca’* current caused by these
ions. However, the prolongation of the action po-
tential was also decreased by Ca?* and Sr’t. In-
creasing [CI~], greatly increased the net inward cur-
rent in normal cells of Chara australis (Findlay &
Hope, 19645). The same effect was also seen with
NO;. The inward current remaining after inhibition
of the Cl1~ channel by ethacrinic acid in normal Ni-
tellopsis cells was about 1 A/m? (Lunevsky et al.,
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1983). This large value may be due to the high exter-
nal ionic strength they used. However, Kishimoto
(1964) observed a decrease in the amplitude of the
transient inward current by increasing [Cl7], in Ni-
tella. The reason for this discrepancy is not known.
The effect of the high external ionic strength is very
similar to the effect of increased [Ca?*], with re-
spect to the enhancement of (), and the displace-
ment of (V,,), to more positive values. Decrease in
the surface negative potential due to increased icnic
strength may be involved in the mechanism of I,
stimulation. The decrease in the surface negative
potential may be caused by increase in the external
ionic strength and also by decrease in pH,. How-
ever, the former treatment enhanced but the latter
inhibited (7,,),. More detailed experiments using
tonoplast-free cells under voltage-clamp conditions
are necessary to investigate the relationship be-
tween Ca?" channel activation and surface poten-
tial. Furthermore, the possibility that protein phos-
phorylation and dephosphorylation may regulate
Ca?* channel activation was recently suggested by
Shiina and Tazawa (1986) using tonoplast-free Ni-
tellopsis cells.
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