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Summary. Changes in the chord conductance G and the mem-
brane electromotive force E,, in the so-called breakdown region
of large negative potential of the Chara plasmalemma were ana-
lyzed in more detail. In addition to the increase in G, the voltage
sensitivity of the change in G increased, which was the cause of
marked inductive current in the breakdown region. The break-
down potential, defined as a critical potential at which both low
and high slope conductances of the I-V,, relationship cross, al-
most coincided with the potential at which an inductive current
began to appear. This breakdown potential level changed with
pH, in a range between 5 and 9. The Chara plasmalemma was
electrically most tolerant around pH, 7.

In some cells E,, shifted to a positive level as large as +50 ~
+70 mV during the breakdown phenomenon. Such a large posi-
tive shift of E,, is caused mainly by the increase in conductance
of Cl- and partly Ca?* and K*.

Key Words Chara - DC conductance - electrical tolerance -
electromotive force (E,) - inductive property - kinetics of Ci-
channel

Introduction

A large inward current flows when the membrane
potential V,, of the Chara plasmalemma is largely
negative beyond a critical potential. Thus, the cur-
rent-voltage (I-V,,) relationship shows a marked in-
ward-going rectification in the V,, range more nega-
tive than the critical potential. This phenomenon in
the Chara plasmalemma is generally called the
breakdown phenomenon or sometimes called the
punch-through (Coster, 1965) and the above critical
potential is simply defined as the breakdown poten-
tial, BP (Ohkawa & Tsutsui, 19884).

The large inward current during the breakdown
phenomenon was supposed to be carried mainly by
Cl~ (Coster & Hope, 1968). This increase in the Cl-
conductance, G, was suggested to be the cause of
a large positive E, shift (Ohkawa & Kishimoto,

1977). BP depends on external Ca’>* and also Ca’*/
Mg?* ratio (Ohkawa & Tsutsui, 1988a,5). On the
other hand, the activation of the C1~ channel during
excitation is mediated by the activation of the Ca**-
binding protein calmodulin (Tsutsui, 1989).

The ionic process in living cell membranes has
been classified sometimes in term of ‘capacitative’
and sometimes ‘inductive’. The typical capacitative
ionic process is the activation of the Na* channel in
the squid giant axon membrane which causes a
large Na' inward current, while the activation of
the K* channel and the inactivation of the Na*t
channel are inductive which cause a large outward
K* current and a decrease of Na* current (Hodgkin
& Huxley, 1952; Cole, 1968). Mullins (1959) nicely
discussed the mechanisms of the voltage depen-
dence of the K* channel in the squid giant axon
membrane and the inactivation of the Na* channel,
by assuming that the membrane potential which
yields a high electric field in the ion channels acts on
the impermeable ions on the membrane capacitor.
This exerts a mechanical force on the surfaces of
both inner and outer membranes resulting in the
mechano-electrical distortion of the structure of the
ionic channels. A similar action of the electric field
on the Chara plasmalemma might be effective, be-
cause the membrane impedance becomes markedly
capacitative during excitation (Kishimoto et al.,
1982). It can be inductive during the breakdown
phenomenon (Coster & Smith, 1977; Beilby &
Beilby, 1983). According to Ferrier, Dainty and
Ross (1985), there are three possible mechanisms
for the inductive property observed in the Chara
plasmalemma: (i) voltage-dependent channel ki-
netics; (ii) electro-osmosis; and (iii) extracellular
negative capacitance (i.e., inductance). However,
we suppose that both the capacitative and inductive
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Fig. 1. Equivalent circuit of the membrane. (A) R,,; membrane
resistance, i.e., reciprocal of membrane conductance G,,; E,:
membrane electromotive force; and R;: resistance in series with
the membrane. (B) Equivalent circuit in the case that the change
in G,, during impedance measurement is very small. (C) Equiva-
lent circuit which is electrically equal to circuit B. As for r;, ¢,
and r,, see the text. (D) A simplified Thévenin model. G: instan-
taneous DC conductance; and V,,: membrane potential

properties of the Chara plasmalemma should origi-
nate from the voltage- and time-dependent kinetics
of the Cl~ channel controlled by Ca’*.

The present experiments were carried out in-
tending, first to determine the DC conductance of
the membrane having an inductive property, and
second to determine the effects of pH, and external
monovalent cations such as K* and Na* on the
breakdown phenomenon. The experiments on the
effect of pH, were carried out expecting competi-
tion between H* and Ca?* at the same Ca2* binding
site, i.e., expecting to get a result similar to the
increase in Mg?* at a constant Ca’?* concentration
(Ohkawa & Tsutsui, 1988a,b). In other words, a
decrease in pH, would cause a decrease in the elec-
trical tolerance. Efforts were also made to deter-
mine to what extent Na* and K" participate in the
large inward current as ion carriers during the
breakdown phenomenon.
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Equivalent Circuits

Figure 1A shows a simplified equivalent circuit of the Chara
membrane. Since there are various voltage-dependent ion chan-
nels such as the K* channel (Kitasato, 1973; Beilby, 1986; Fi-
sahn, Hansen & Gradmann, 1986a; Ohkawa, Tsutsui & Kishi-
moto, 1986; Sokolik & Yurin, 1986) and electrogenic H* pump
(Beilby, 1984; Kishimoto et al., 1984; Takeuchi et al., 1985;
Fisahn, Mikschl & Hansen, 1986b; Kami-ike et al., 1986), the
membrane conductance G,, (= 1/R,,) should also be voltage de-
pendent. Each voltage-dependent channel would reach respec-
tive new steady state according to receptive relaxation times,
depending on both the amplitude and the sign of the step change
in V,,.. Accordingly, the change in G, is generally time- as well as
voltage-dependent. Since E,, is a function of G, (see Appendix),
the change in E,, is also time and voltage dependent.

On the other hand, if a voltage or a current perturbation for
the membrane impedance measurement is moderate and its ef-
fects on the voltage-dependent conductances are so small that
we can neglect the change in the membrane impedance, then we
can also neglect the change in £, caused by the electrical pertur-
bation. In such a case, i.c., during restricted duration of the
impedance measurement, equivalent circuit A can be approxi-
mated by circuit B. Equivalent circuit C is electrically entirely
equal to circuit B. The relations between the parameters of both
circuits B and C are as follows;

rm=R; + R, (1)
re = R, - (R, + Ru)lR, 2
Cn = Cn ~ [RW/(Rs + R 3

When we use a moderate amplitude of square shape voltage
pulse (v,) to determine the membrane impedance under voltage
clamp conditions, the current on-response (i,,) should be as fol-
lows;

fon = o - [Ury + (U/r) - exp(—tl7.)] 4)

where

Te = Fm " Cn (5
= Rm ' an - [R\/(R\ + Rm)]' (6)

At the steady state the amount of on-response (i} is as follows:

iy = U,/ (7)
DC conductance G [= t/r,, = I/(R, + R,)] is determined as:
G =ifv, = lr,. (6]

Note that the pulse duration necessary for observing i, de-
pends on the time constant 7.. When v, is turned off at r = ¢, after
i has become i, the off-response (i) in this case is as follows:

foit = —(U,/rc) - expl—(t = fo)/7c]. ©
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[f we can use v, of a short duration due to a small 7.!, G can
be measured almost instantaneously. Consequently, the thus de-
termined DC conductance G may be called an instantaneous
chord conductance. In other words, the instantaneous chord
conductance G is a DC conductance which should be determined
in a restricted short duration by using a moderate amplitude of
voltage pulse at any given V,, level. Under such restricted condi-
tions at a given V,, level, equivalent circuit A can be replaced

with the simple Thévenin model D and the relationship between 7

and V,, in equivalent circuit D is as follows:
I=G-(V,— Ep. (10)
E,, can be calculated as

E,=V, - IlG. (11)

Material and Methods

Internodal cells of Chara corallina, 2 ~ 6 cm in length and 500 ~
1000 wm in diameter, were used throughout the experiments.
The internodal cells were kept in APW? for over 15 hr before the
experiments. The ionic composition of standard APW (s-APW)
was (in mMm): 0.5 KCl, 0.2 NaCl, 0.1 CaCl,, and 0.1 MgCl,. The
pH of s-APW (pH,) was adjusted to 7 with 5 mm TES and
NaOH. APWs of pH, = 5 and 9, having the same ionic composi-
tions and concentrations as s-APW, were also prepared by using
5 mm MES and S mM Tricine, respectively. APWs of different
pH, between 5 and 9 were prepared by mixing s-APW with either
the APW of pH, = 5 or 9. Other solutions will be described
wherever needed.

The potential and current measuring methods, voltage-
clamp methods?, and other measuring systems were almost the
same as described previously (Kishimoto et al., 1982; Ohkawa &
Tsutsui, 1988a). Briefly, the membrane potential V,, was
changed from the resting potential to a more negative potential
either stepwisely or linearly and slowly (—100 mV/60 sec: this
rate yields almost a steady-state I-V,, relationship; Ohkawa &
Tsutsui, 19884} with a programmable waveform generator (NF
Electronic Instrument, Intelligent/Arbitrary Synthesizer 1731).
A series of 32 voltage pulses (test pulses) of square shape and of
a few tens of msec in duration was superimposed on a stepwise
or a slow ramp potential change to know G and E,,. The initial
two test pulses were used to determine G values at rest and the

! Since the range of 7, is between 0.6 and 5 msec, the range
of #, is roughly between 10 and 50 msec.

2 Abbreviations: APW, artificial pond water; BP, break-
down potential; MES, 2-(N-morpholino)ethanesulfonic acid;
TES, N-Tristhydroxymethyl)methyl-2-aminoethanesulfonic
acid; TMA-C], tetramethylammonium chloride; TMA-OH, tetra-
methylammonium hydroxide; and Tricine, Tris(hydroxymethyl)
methylglycine.

3 In the present series of voltage clamp experiments we did
not compensate R; value. R, value which was determined by
using a step current under current clamp conditions was actually
in the range between 0.5 and 1.2 k() - cm?. Thus, a current of /
causes a voltage shift by 7 - R,. However, the effect of such
uncompensated R, on the accuracy of a clamped potential is not
important for a qualitative analysis of the present paper.
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third test pulse was used to start either the stepwise potential or
the ramp potential change.

The current response i, test pulse v,, and trigger pulse were
A/D converted with a data acquisition system (MDAS 8A, Datel)
having eight input channels and were recorded with a digital
cassette tape recorder (MT-2, TEAC) and also with a floppy disk
drive (YE DATA). In the present experiments, 128 data points in
each current response against each test pulse were sampled at
about 1-msec interval. v,, i and their ratio were computed by
using a program (BASIC) developed by Dr. N. Kami-ike. They
were also plotted on a plotter (Iwatsu Electric, SR-6602). The G
was usually determined as the ratio of the value of steady-state
current (i) of each on-response to the amplitude of test voltage
pulse (v,). However, if the inductive current response was appar-
ently recorded, the ratio of the minimum value (i,,) of the on-
response to v, was used for the determination of G (see Determi-
nation of G and Estimation of E,, in Results).

Results

CURRENT PATTERN AND CURRENT RESPONSES
DURING A LARGE NEGATIVE SHIFT OF V,,

Figure 2A (right panel) shows the current pattern 1,
which was obtained when V,, shifted slowly and
linearly from the resting level (=219 mV) to a large
negative level (—405 mV) (left panel). The I-V,, rela-
tionship replotted from Fig. 24 is shown in Fig. 4
(uppermost). When V,, moves to the negative side
beyond a critical level (—387 mV), a marked inward
current flows. This critical potential is simply de-
fined as breakdown potential (BP; Ohkawa & Tsu-
tsui, 19884). When voltage clamp conditions are sud-
denly released from V,, = —405 mV (under this
condition 7 is zero), V, jumps almost instanta-
neously from the large negative potential (—405
mV) to a large positive level, the peak of which is
+71 mV*, and comparatively rapidly returns to a
slightly negative level (—20 mV) (left panel of Fig.
2A. The latter V,, level almost coincided with the
peak of action potential of this cell. Then, the mem-
brane repolarizes slowly to the resting level, which
usually took about 10-30 min.

Actually, to determine both G and E,, during
such a large negative shift of V,,, a square test pulse
(v,) of —13.5-mV amplitude and 38.5-msec duration
was repeatedly superimposed on the slow V,, shift.
Current responses (i) to v, at eight different V,, lev-
els are exhibited in Fig. 2B. In the whole V,, range i

4 This peak seemed to be more positive than +71 mV in
some cells, but, in most cases less negative than the peak of
action potential.
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Fig. 2. (A) Left panel: A slow negative V,, shift under voltage clamp conditions and change in E,,. Right panel: Current pattern / and
DC conductance G. G and E,, were determined as described in text. (B) Current responses i to v, at different V,, levels. At respective
dotted (@) V,, levels shown in A a square shape test voltage pulse v, (—13.5 mV in amplitude and 38.5 msec in duration) was
superimposed. Left panel: Current responses at four different V,, levels ((O) in A) in the region less negative than the breakdown
potential (BP). Right panel: Current responses at four different V,, levels ((©) in A) in the region around and more negative than BP
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shows a large negative on-spike’ and a large posi-
tive off-spike.’ In the V,, range less negative than
—365 mV the on-spike decays to a steady state,
while the off-spike to zero. Such on- and off-
responses of i can be qualitatively expected from
Egs. (4) and (9). Nevertheless, in the V,, range more
negative than —385 mV (i.e., about BP) the on-re-
sponse shows an increase in the inward current ei-
ther from a steady state or during the decay to a
steady state. Concomitantly, the off-response
shows a negative tail current. Such a current re-
sponse to a square voltage pulse can be called in-
ductive in the sense that the current response lags
behind the test voltage signal, while the decay of i
can be capacitive in the reverse sense.

DETERMINATION OF G AND ESTIMATION OF E,,

In Fig. 2B the inductive current is more marked
when V,, is more negative than BP. To determine
the G value of the membrane having such a marked
inductive property, the possibility of the existence
of a simple ohmic linear relationship between v, and
i was explored by examining on-responses to differ-
ent v, at the steady state of V,, = —375 mV (Fig. 3,
inset). The current responses are shown in Fig. 34
(left and right panels).

In Fig. 3A, when v, is smaller than —18.2 mV,
the inductive current response is not appreciable.
However, v, of —25.6 mV causes a slight inductive
current, while a larger v, causes a marked one.
Thus, we can easily suppose that both the steady-
state current and the time constant of the inductive
process are voltage dependent.

The time constant of the capacitive current
(r. = 0.6 ~ 5.0 msec) is usually much smaller than
that of the inductive current (r; > a few tens of
msec: see Discussion). Therefore, it is possible to
select a suitable period of time during which both
capacitive and inductive currents are small. In such
a moderate time i should be usually minimal. Thus,
the minimum amount of on-responses (i,,) is plotted
against different v, (Fig. 3B). Since the i,-v, rela-
tionship yields a straight line in Fig. 3B, the follow-

3 R, of this series of experiments determined by using a step
current under current clamp conditions was 1.11 k€) - cm?. Ac-
cording to Egs. (4) or (9), theoretically this amount of R, should
cause the on- and off-spikes of 12.27 uA/cm? (since v | is 13.5
mV, v l/R, is 12.27 wA/cm?). Thus, both on- and off-spikes are
usually too large. Besides, their responses are too fast. Accord-
ingly, both spikes cannot be recorded simultaneously together
with much slower process and also they cannot be analyzed with
the same accuracy as the steady state value of iy,.
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ing equation for this line was obtained by using the
least square method (broken line in Fig. 3B):

im = 28.20 - (v, — 1.90)/1000, (12)

where 28.20 is in uS/cm?, v, in mV, and i, in wA/
cm?. 1.90 mV in Eq. (12) corresponds to a small
positive E,, shift.

Similarly, another straight line which might
cross the 0-0 point could also be supposed. The
equation for this straight line (solid line in Fig. 3B)
is as follows:

im = 30.00 - v,/1000. (13)

Equation (13) implies the assumption that dur-
ing the impedance measurement the change in G is
so small that the change in E,, could be neglected.
On the other hand, Eq. (12) implies that the change
in G during the impedance measurement affects the
estimation of E,,. The value of G in this paper is
fundamentally based on the former assumption
(i.e., Eq. (13)). That is, we adopted the ratio of i, to
v, as the value of G without showing detailed time
analysis of current response.

G (Fig. 24, right panel) is replotted against V,,
in Fig. 4 (bottom). In Fig. 4, G decreases slightly
between the resting level and a fairly negative level
{about —370 mV), but it increases in the V,, region
more negative than —380 mV, where the inward
current is marked (i.e., breakdown region). How-
ever, note that G in the breakdown region is not as
large as expected from the slope conductance of the
I-V,, relationship (uppermost).

E,, calculated from Eq. (11} is plotted in Fig. 2A
(left), which is replotted against V,, in Fig. 4 (mid-
dle). E,, shifts slightly toward negative in the V,,
region less negative than —300 mV, while it shifts
markedly toward positive direction in the V,, region
more negative than about —380 ~ —390 mV. The
V. level at which E,, began to shift toward positive
direction was usually less negative than that at
which the increase in G started. In Fig. 24 it is
worth mentioning that the calculated E,, (+51.7
mYV) just before the release of voltage clamp con-
ditions at V,, = —400.2 mV continues up to V,, (=
E, = +71.0 mV) just after the release. The slight
discrepancy between the calculated E,, just before
and V,, just after the release from voltage clamp
conditions is mainly due to the neglect of change in
G during the impedance measurement®,

6 In the case of Fig. 3, I is about —10 pA/cm? at V,, = —375
mV. The E, estimated by using a G value of 28.20 uS/cm? (Eq.
(12)) is —20.4 mV. However, the E, is —41.7 mV if we adopt
30.00 uS/cm? as a G value (Eq. (13)).
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Fig. 3. Current responses i to v, of different amplitudes and durations. Inset: The I-V,, relationship under a slow ramp potentiai control.
Almost at the steady state at V,, = —375 mV (vertical line at V,, = —375 mV), a series of v, of different amplitudes was superimposed.
(A) Left panel: Pulse duration is 38.5 msec. Right panel: Pulse duration is 140 msec. (B) i,.-v, relationship. i,,: The minimum value of i,
shown in A. Solid line: i,, = 30.00 - v,/1000 wA/cm?. Broken line: i, = 28.20 - (v, — 1.90)/1000 nA/cm?, 30.00 and 28.20 are in uS/cm?
and v, in mV. The sample was different from that shown in Fig. 2

Dokes THE INDUCTIVE CURRENT FLOW even if v, is small. However, the prolongation of v,
WITH A DEAD TIME? in such a time range as shown in Fig. 34 did not

always cause an apparent inductive current. Thus,
If the inductive current begins to flow with a volt- whether some properties of the dead time of the

age-dependent dead time (i.e., delay), the inductive inductive current can be found or not was tested by
current in Fig. 3A might start to flow much later, examining how the negative tail current of the off-
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Fig. 4. Voltage dependences of I, E,,, and G. These curves are
replotted from Fig. 2A. Uppermost: I-V,, relationship. BP is the
breakdown potential. Middle: E,, (emf)-V,, relationship. Bottom:
G-V, relationship

response depends on the duration (#y) of v,. For this
purpose, an amplitude of v, was chosen which was
large enough so that the inductive property could be
easily observed’. The result of one of such off-re-
sponse experiments is shown in Fig. 54, the data of
which were obtained at the same V,, level (i.e.,
—375 mV) of the cell shown in Fig. 3, inset. Here, v,
was fixed to —42.9 mV and six different durations of
1o were applied (50.7, 59.3, 70.1, 80.9, 100.3 and 140
msec). The interval between two test pulses was
about 700 msec. Five different off-responses having
different durations are superimposed in Fig. SA.
The peak of the negative tail current (i,) is plotted
against the duration ¢, (Fig. 5B). When ¢, decreases,
i, decreases apparently exponentially. As shown in
the figure, the i,-, curve can be extrapolated to 7, of

7 The amplitude of v, chosen for this experiment was much
larger than that usually used for impedance measurement.
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Fig. 5. Off-current responses. The experiment was carried out at
the same V,, level (i.e., —375 mV) in the same sample as shown
in Fig. 3. (A) Current response i. i to six different durations ¢, of
v, are superimposed. The amplitude of every v, was kept con-
stant at —42.9 mV. (B) i—t, relationship. i,: peak of the tail
current of the off-response. (@): Data points from the five peaks.
(W): The time at which i, is minimum. Three curves were drawn
by eye

either between 9 (-----) and 22 msec (----) or to 0
msec (+--rreee ) showing a sigmoid shape. The latter
suggests that the inductive current may begin to
flow without a dead time, while the former suggests
that a dead time of 9 ~ 22 msec may be necessary
for the initiation of the inductive current. In the
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Table 1. Breakdown potentials (BPs) and BP/BP/7 ratios at different pH,*

BP {mV}
Cell no. pH, Ca™/Mg™*
(mm ratio)
5.0 6.0 6.5 7.0 7.5 8.0 9.0
—443.0!
87BRpHO1 ~372.5% —438.0% —416.44 0.1/0.1
—460.4°
av: —447.2
87BRpH02 —346.9° —415.0! ~363.12 0.1/0.1
—428.0!
87BRpHO03 —367.3° —443.22 —423.84 —360.4° 0.1/0.1
av: —425.9
—395.2!
87BRpH04 —391.24 —375.92 —356.93 0.1/0.1
av: —393.2
—431.1
87BRpHOS —363.82 —415.54 —426.8° 0.1/0.1
—432.1°
. av: —430.0
87BRpHO06 —396.6° —463.8! —429.3% —346.07 0.1/0.1
87BRpHO7 —393.2% —434.5? —435.41 0.1/0.1
—448.3! -399.0°
87BRpHO8 —443.23 —441.4¢ —400.0° 0.1/0.1
av: —445.8 av: —420.2
—450.0!
87BRpH(S —344.¢? —449.23 —398.34 -322.4° 0.1/0.1
—419.08
av: —439.4
—412.01
87BRpH10 —385.0¢ —408.0° —390.02 0.1/0.1
av: —410.0
87BRpHI11 —368.0 -370.0 0.1/0.1
87BRpHI11 —348.0 —318.5 0.03/0.1
87BRpH11 —395.0 —387.0 0.3/0.1
87BRpHI1 —-413.5 -379.0 1.0/0.1
87BRpHI12 -3.82.5 —381.7 0.1/0.1
87BRpH12 —351.7 -373.0 0.03/0.1
87BRpH12 —430.8 —433.3 0.3/0.1
87BRpH12 —445.8 —443.3 1.0/0.1
—350.02 ~375.0°
87BRpH13 —333.34 —415.58° - 0.1/0.1
—370.0¢ —397.2
av: —351.1 av: —395.9
. -351.72 —378.2!
87BRpH13 ~316.74 —378.8 0.03/0.1
—377.8¢ —383.0°
av: —348.2 av: —380.0
87BRpH 13 —427.5 —428.3 0.3/0:1

a The number of each superscript means the order of the experiment in each series. Ca?*/Mg?* ratio is varied for three samples
(87BRpH11-13). av: average.

latter case, the capacity current of the off-response with a dead time or not. At present, however, we
might actually mask the inductive current when fgis  suppose that it is not necessary to take a dead time
small. for the initiation of inductive current into account,

The above simple experiment could not make it~ because the simulation for the inductive current is
clear whether the inductive current begins to flow well fitted without a dead time (see Fig. 10).
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Fig. 6. I-V,, relationships at different pH,. These curves are
from cell number 87BRpH06 in Table 1

pH, DEPENDENCE OF BP

As described in Fig. 2B, BP almost coincided with
the V,, level at which the inductive current began to
appear. On the other hand, the level of BP mainly
depends on both Ca’", which is necessary for the
maintenance of membrane electrical tolerance
(Ohkawa & Tsutsui, 19884,b), and the ratio of Ca?*
to Mg?*. From the viewpoint of competition be-
tween H* and Ca’* at the Ca’* binding site, we
expected that the increase in pH, would cause an
increase in the electrical tolerance. Several I-V,, re-
lationship curves which were obtained by varying
pH, in the range between 5 and 9 are shown in Fig.
6. The pattern of each I-V,, relationship is essen-
tially the same, but the breakdown region shifts de-
pending on pH,, and at pH, = 7 the breakdown
region is situated on the most negative side.

BPs at different pH,, are listed in Table 1, which
were compared to BP at pH, = 7 (BP?7). The BP/
BP#7 ratios are listed in Table 2 and also plotted
against pH, in Fig. 7. The BP/BP7 ratio has a peak
around pH, = 7.

EFFECTS OF EXCHANGE OF Na* AND K*
FOR IMPERMEABLE JONS ON THE
BREAKDOWN PHENOMENON

To know whether Na* affects the breakdown phe-
nomenon or not, Na*-free APW was prepared by
exchanging NaCl for either choline chloride or
tetramethylammonium chloride (TMA-Cl) and
NaOH for choline- or TMA-hydroxide. The ex-
change of Na™ for these cations had very little effect
on both resting potential and -V, relationship (Fig.
8).

On the other hand, replacing K* in APW with
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Fig. 7. BP/BP?"-pH, curve. BP: breakdown potential. BP?":BP
at pH, = 7. The average of the BP/BP*7 ratio in Table 2 was
plotted against pH,. The solid line was drawn by eye
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Fig. 8. Effect of Na* on the breakdown phenomenon. This ex-
periment was carried out by exchanging NaCl for choline chlo-
ride and NaOH for TMA-OH. The I-V,, relationship in Na-free
APW is compared to the control one

Cs*, a,typical K* channel blocker, made the resting
potential more negative by about 20 ~ 50 mV and
decreased the inward current in the whole V,, range
without a marked change in BP level (Fig. 9). The
I-V,, relationship in the K-free (Cs) APW (-A--A--)
shows a more marked inward-going rectification.
Since the decrease of this inward current is mainly
due to a decrease of the inward K* current (Ix), the
differential I-V,, relationship, which is obtained by
subtracting the I-V,, relationship in K*-free (Cs)
APW from the control one (in the standard APW),
corresponds to the Ix-V,, relationship. In Fig. 9
such an Ix-V,, relationship (--ll----W--) is shown to-
gether with both the I-V,, relationship in K*-free
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Table 2. BP/BP# ratios at different pH,?
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BP/BP#7
Cell no. pH, Ca?+/Mg?*
(mM ratio)
5.1 6.1 6.5 7.0 7.5 8.0 9.0
87BRpHO1 0.832 1 0.931 0.1/0.1
87BRpHO2 0.836 1 0.875 0.1/0.1
87BRpHO3 0.862 1.041 I 0.846 0.1/0.1
87BRpH04 1 0.956 0.908 0.1/0.1
87BRpHOS 0.846 0.966 1 0.1/0.1
87BRpH06 0.855 1 0.926 0.746 0.1/0.1
87BRpHO07 0.903 0.998 1 0.1/0.1
87BRpHO8 1 0.942 0.897 0.1/0.1
87BRpH09 0.783 1 0.906 0.734 0.1/0.1
87BRpH10 0.939 1 0.951 0.1/0.1
87BRpHI11 1 1.005 0.1/0.1
87BRpH11 1 0.915 0.03/0.1
87BRpHI11 1 0.978 0.3/0.1
87BRpH11 1 0.917 1.0/0.1
87BRpH12 1 0.998 0.1/0.1
87BRpH12 1 1.061 0.03/0.1
87BRpH12 1 1.006 0.3/0.1
87BRpHI12 1 0.994 1.0/0.1
87BRpH13 0.987 1 0.1/0.1
87BRpH13 0.916 1 0.03/0.1
87BRpH13 0.998 1 1.0/0.1
Average 0.845 1.002 0.960 1 0.984 0.935 0.834
SD 0.035 0.031 0.034 0.045 0.017 0.070
2 BP#7: Breakdown potential at pH, = 7.
Membrane Potential, Vm /mV (Cs) APW and the control one. The Ix-V,, relation-
ship crosses at —128 mV with the V,-axis. This V,,
-400 -300 '200’-;—;}""’ -100 value is in the range of K* equilibrium potential
% g g 0 (Ex = —100 ~ —140 mV)) of the Characeae plasma-
lemma. The Ix-V,, relationship shows a slight rectifi-
(}‘E cation in the V,, range between —128 and —250 mV.
, S In the more negative V,, region it shows a slight
! < inward-going rectification. In the same V,, region
. T-10 N the inward-going current of the I-V,, relationship in
< the K-free (Cs) APW is so marked that both IV,
: ° relationships cross at —410 mV.
H 5
: O
" + Control T-20 Discussion3
-+ -a--: K-free (Cs) APW
T In this communication we have described a large
positive E,, shift during the large inward current

Fig. 9. Effect of K* on the breakdown phenomenon. K* in the
standard APW (s-APW) was exchanged for Cs*. Three {-V,, rela-
tionships, i.e., the control (in s-APW), the one in K-free (Cs)
APW, and I-V,, relationship, are shown. The last relationship 1s
obtained by subtracting the I-V,, relationship in K-free (Cs) APW
from the control one

& In this paper the intracellular ionic composition of Chara
internode, necessary for the estimation of equilibrium potentials,
were taken from the following sources: MacRobbie (1962),
Spanswick and Williams (1964), Kishimoto and Tazawa (1965),
Coster and Hope (1968), Kitasato (1973), and Tazawa, Kishi-
moto and Kikuyama (1974).
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flow in the breakdown region. Although such a large
positive E,, value beyond +50 mV (Figs. 2 or 4) was
not always observed, a positive E,, shift in the
breakdown region was always observed when the
membrane was released from voltage clamp condi-
tions during a negative shift of V,,.

The cause of a large E,, shift to a positive level
is the increase of either G¢; or G, or both, because
the ion species the equilibrium potential of whichis
beyond +50 mV is restricted to CI™ (E¢ = +55 ~
+95 mV) and Ca?" (Ec, = +65 ~ +85 mV). Upon
excitation on the positive side in the Characeae in-
ternode, a sudden cessation of cytoplasmic stream-
ing is usually observed. Although this cessation is
intimately related to an increase in the cytoplasmic
Ca?* (Williamson & Ashley, 1982), the measured
Ca?" inflow as ion carrier during excitation is as
small as 0.1 to 0.4 uA/cm? (Hayama, Shimmen &
Tazawa, 1979, Kikuyama & Tazawa, 1983). On the
other hand, in the V,, range more negative than BP
the cytoplasmic streaming generally loses its rate of
speed and finally stops, but sudden cessation of the
cytoplasmic streaming never occurs (visibly) during
the large inward current flow (10 to 30 wA/cm?).
This observation suggests that the amount of Ca?*
inflow during the breakdown phenomenon should
be usually less than that observed during action po-
tential.

In contrast with the small Ca?* influx, the re-
ported Cl~ efflux during action potential (about 150
to 10000 pmol/cm?/impulse; Gaffey & Muilins,
1958; Mailman & Mullins, 1966; Oda, 1976) almost
coincides with the peak of a transient inward cur-
rent under voltage clamp (10 to 100 wA/cm?; Kishi-
moto, 1964; Tsutsui, 1989). Similar to the case of
excitation upon depolarization, a large Cl~ efflux
(about 1000 pmol/cm?/sec) occurs in the breakdown
region which corresponds to about 100 wA/cm? of
the inward current (Coster & Hope, 1968). Thus,
the main ion carrier which causes a large positive
E,, shift is Cl-, not Ca?".

Judging from a pioneering work by Shimmen
and Tazawa (1980) on the tonoplast-free cell inter-
nally perfused with EGTA (Shimmen, Kikuyama &
Tazawa, 1976; Shimmen & Tazawa, 1977), the se-
lectivity of tonoplast-free cell membrane to various
anions seems to be very complicated, though they
simply assumed that the tonoplast-free cell mem-
brane behaves as a Cl~ electrode at the depolarized
state. According to our unpublished data, in the
tonoplast-free cell internally perfused with Cl--free
and SOZ~ solution, the level of E,, shift during the
breakdown phenomenon appeared at about —100
mV. This could be, to some extent, understood by
assuming that the membrane was less permeable to
SO3™ than to Cl-, since Eq was largely negative,
while Egq, largely positive under the above condi-
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tion. Nevertheless, to our regret, we have been still
unable to find a stable internal environment for the
study of the electrical tolerance in the tonoplast-
free cell.

It should be kept in mind that monovalent cat-
ions such as K*.and Na* have almost no effect on
the BP level (Figs. 8 and 9), while divalent cations
such as Ca?* and Mg?* have great effect (Ohkawa &
Tsutsui, 1988a,b; see also Table 1 in the present
paper). However, as ion carrier, K* contributes
partly to the large inward current (Fig. 9), while
Na* current is very small (Fig. 8). The I-V,, rela-
tionship which is obtained by subtracting the I-V,,
curve in K-free (Cs) APW from the control I-V,,
relationship crosses with the V-axis at —128 mV
{Fig. 9). This V,, level is in the most reliable range of
Ex in the Characeae plasmalemma. This indicates
that Cs* blocks K* channel specifically (Sokolik &
Yurin, 1986; Tester, 1988a,b). Accordingly, we can
consider the differential I-V,, relationship as the Ix-
V.. relationship. In Fig. 9, the K* inflow increases
gradually in the V,, region more negative than —340
mV (which is still less negative than BP), 1.e., Gk
increases. This increase in Gk can cause a positive
E,, shift up to Ex (—100 ~ —140 mV), but cannot be
the cause of a large positive E,, shift beyond 0 mV.

Since Cs* blocks the K* channel specifically, it
is most reasonable to suppose that the negative shift
of the resting potential caused by the exchange of
K* for Cs* (Fig. 9) is mainly due to the relative
increase of the ratio of pump conductance (G,) to
Gx. The reason is that the electromotive force of
the electrogenic H* pump, £,, is more negative than
the resting potential (about —200 to —300 mV:
Kishimoto et al., 1984; more negative than —400
mV: Beily, 1984). On the other hand, since G, itself
decreases voltage dependently in the V,, range more
negative than the resting potential (Kishimoto et al.,
1984; Takeuchi et al., 1985), the rectification pattern
(i.e., decrease of the rate of increase of the inward
current) between —230 and —350 mV shown in the
I-V,, relationship in K-free (Cs) APW is caused by
the voltage-dependent decrease in G,. Actually, the
I-V,, relationship in K-free (Cs) APW resembles a
part of the I,-V,, relationship of H* pump current in
the V,, range between —150 and —350 mV (Kishi-
moto et al., 1984).

It is interesting in the Chara plasmalemma that
the inductive property is pronounced during the
breakdown phenomenon (Fig. 2B), while the capac-
itative property is marked during excitation on the
positive side (Kishimoto et al., 1982). In Egs. (4)
and (9), if a change in the membrane capacitance
occurs during the breakdown phenomenon, it
causes a change in the time constant which affects
the time process of initial capacity current, but
thereby the tail current of ir never changes its sign
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against that of the off-spike. Besides, the change in
time course of the capacity current is actually slight
in Fig. 3, though more detailed experiments and
analyses are needed to be done in the future.

Coster and Smith (1977} reported that in the
Chara plasmalemma the membrane impedance be-
comes occasionally inductive at very low frequency
(Iess than 1 Hz) in the breakdown region. According
to them, an electro-osmotic water flow might cause
depletion of ions in the neighborhood of the surface
of membrane, which builds up a diffusion potential
different from that expected between the cytoplasm
and the bulk solution. This newly established diffu-
sion component might induce an inductive property
by causing a phase lag of the current response
against an applied voltage (Coster & Smith, 1977).
We tried to determine to what extent an electro-
osmosis is related to the breakdown phenomenon
by varying external osmotic concentration. Varying
the external osmotic concentration by mixing s-
APW with 200 mM sorbitol-APW had no effect on
neither resting potential nor on the I-V,, relationship
(four samples; data not shown). Thus, our conclu-
sion is that the effect of electro-osmosis on the
breakdown phenomenon may be very little, if any.

Our data regarding the effect of pH, on the BP
level (Fig. 7) resemble those obtained by Ross, Fer-
rier and Dainty (1985, Fig. 5 of their paper) who
demonstrated the inductive property by showing
the relation between pH, and frequency at which
the phase shift between voltage and current pertur-
bation becomes zero. They introduced theoretically
a possible mechanism of inductive property of the
membrane by assuming that in the bulk medium
ions (mainly H* or OH™) will be carried by diffu-
sion, while in the extracellular stagnant layer they
will be driven by electrical potential difference.
Though the current driven by electrical potential
difference follows it without a time lag, the current
carried by diffusion will lag the former current (Fer-
rier, et al., 1985). Although such a theoretical con-
sideration is attractive, we suppose, on the basis of
the data on both Ca?* and Ca?*/Mg?* ratio depen-
dence of the BP level (Ohkawa & Tsutsui, 19884,5),
that the binding constant of Ca?* with the Ca’*
binding site should be affected by pH,. It is ex-
pected that Ca’?* binds with the Ca?* binding site
most strongly around pH, = 7 and the membrane is
electrically most tolerant, although our expectation
of pH, on the BP/BP*7 ratio was that the ratio
would be larger than 1 when pH, was higher
than 7.0.

The experiments shown in Figs. 3 and 5 give us
some information on the inductive property of the
membrane, though the amplitude of v, in this case is
considerably large. As shown in Fig. 104, the cur-
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rent on-response having inductive property was
generally well fitted by the following equation (see
also Appendix):

ion =i+ G-u, + m - [1 — exp(—¢t/T)]" - v,
(14)

where, i, is the initial capacitive current, G the in-
stantaneous chord (DC) conductance at V,,, and
g(v), not the change in G itself, is the apparent
steady-state value of the change in G. 7 is the time
constant of the inductive current, which essentially
originates from the changing process from G to G +
g’ (where, g = 2 g7; see Eq. (A10)). Note that the
time course of e, i.e., the change in E,,, is generally
more complicated than that of i,, (Eqgs. (AS), (A8)
and (A10)).

When V,, of the Chara plasmalemma was held
at around BP level, the ranges of 7; and n in Eq. (14)
were between about 30 and 70 msec and between 2
and 3, respectively (Fig. 104), though n was not
always an integer (the average n for eight experi-
mental results of three samples was 2.4). The time
constant of the inductive off-response was almost
the same as that of the on-response (Fig. 10B). Al-
though at present we cannot explain why # is not
always an integer?, if n is an integer (i.e., 2 or 3), the
time domain analysis by using Eq. (14) can be easily
transformed to the frequency domain by using
Fourier transformation. In that case we must be
very careful in interpreting the data of impedance
measurement obtained by applying an AC current
or voltage perturbation; because of voltage depen-
dence of G the behavior of G will differ according to
the sign of v,, even if its amplitude is the same.

- By the analogy with the voltage-dependent K*
channel in the squid giant axon membrane which is
well known as one of the typical inductive proper-
ties of the membrane (Hodgkin & Huxley, 1952;
Cole, 1968}, the inductive property observed during
the breakdown phenomenon in the Chara plasma-
lemma should be intimately related to opening or
breakdown kinetics of the Cl- channel. Because,
the fact that the inductive current was simulated by
Eq. (A12) may strongly suggest that the measured
change in G in the breakdown region is not due to
changes of various conductances, but due only to
change of one specific ion channel conductance,
most likely Gq. If s0, in Egs. (14) and (A12) we can
suppose g(v) as ga(v) (see Appendix and Fig. 10).
The g(v) values used for the simulation in Fig. 10
were 4.91, 25.39 and 22.86 uS/cm? to —32.0, —37.1

° One of the reasons might be due to the neglect of K+
currents which are slightly inductive (c¢f. Fig. 9).
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Fig. 10. Simulated inductive current responses. (A) Simulation for on-responses (i,,) to three different v, in Figs. 3 and 5. The equation
used for the simulation is: i, = i, + G - v, + g(V) « [1— exp(—1t/7))]*7 - v,, where i. is the initial capacity current, G - v, the DC current,
and g@) - [1 — exp(—t/7)]** - v, the inductive current. Since the DC current component is constant, it is shown as a straigEt__IiHe parallel
to the time axis. Since i, is superimposed on the DC current, i, decays to the level of the DC current, not to zero. G and g(v) are: 26.27
and 4.91 puS/cm? for v, = —32.0 mV, 29.62 and 25.39 uS/cm? for v, = —37.1 mV, and 29.45 and 22.86 uS/cm? for v, = —42.9 mV,
respectively. 7 is: 47.6 msec for v, = —32.0 and —37.1 mV and 36.2 msec for v, = —42.9 mV. (®): data points; (---+-- ): simulation for i,
to v, = —32.0 mV; (-—-): simulation for iy, to v, = —37.1 mV; and (—): simulation for i, to v, = —42.9 mV. (B) The continuity of
inductive components of off-responses to the ends of on-responses. To avoid complexity, i. and DC components of the on-response are
not shown and only the inductive component of the on-response simulated to v, = —42.9 mV in A is shown (solid line). A set of five
solid lines of off responses in data shown in Fig. 5. Dotted points () show decay of the inductive components, which were drawn by

eye. Capacitive current (------+ ) was drawn by subtracting each inductive component from each off-response

—42.9 mV of v,, respectively. By assuming that E¢
is +70 mV, at V,, = —375 mV the change in Gg
(g¢&) is estimated to be 0.3294, 1.9539 and 2.0100
uS/em? to —32.0, —37.1 —42.9 mV of v,, respec-
tively, since ga(v) = g - [1 + (Va-Ec)/v,] (Eq.
(Al1)). Thus, the change in G, i.e., g&, is actually
small. However, this slight change in G¢ can be
apparently amplified by the factor of [1 + (VarEc)/
v,] during impedance measurement. Thus, gci(v) is
apparent change in G¢. Such a change in G¢; should
be attributed to the rearrangement of the membrane
molecular structure in response to an applied high
voltage as discussed by Mullins (1959). Since K*
currents also appear to be slightly inductive (Fig. 9),
more detailed experiments are needed to explain
the above aspect of the ionic process in the Chara
plasmalemma.

The following difference in the current amount
in Fig, 3 is noteworthy: At V,, = —375mV, [ is about
—10 wA/cm? and i; (steady-state value of i) at v, of
—42.9mV is about —2.3 uA/cm?. Nevertheless, I at
Vo = —412.9 (= —375-42.9) mV is about —20 uA/
cm?, not —12.3 (= —10-2.3) wA/cm?. Since the I-
V. relationship under a slow ramp potential control
almost corresponds to the steady-state I-V,, rela-
tionship (Ohkawa & Tsutsui, 1988a), we suppose
that another much slower process is involved in the

increase of G, the time constant of which will be
perhaps a few seconds. This process is comparable
to the frequency range where the inductive property
is usually observed (Coster & Smith, 1977; Beilby &
Beilby, 1983; Ross et al., 1985).
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Appendix

Inductance Due to Voltage-Dependent
Change in G

When R, value is much smaller than R, (= 1/G,) value, we can
approximate G as G,,. Then, in Egs. (10) and (11) G and E,, are as
follows:

G =2G; (Al)
E, = 2G: - E/ZG; (A2)

where G; and E; are the conductance and the equilibrium poten-
tial of / species ion, respectively.

For simplicity, let us consider that a small stepwise poten-
tial change v is superimposed at the steady state of the membrane
at V,. Thereby, each channel will change from the existing
steady state to a new steady state. Respective channels have
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different voltage and time dependence. Thus, let g; be a small
change in G, caused by v. Similarly, let { and e be deviations of
the current I and E,, caused by v, respectively.

I+i=2G+ g) [(Vp+v) = (E, + &) (A3)
where,

E, + e = 2(G; + g) - E/2(G; + g). (A4)
Accordingly,

e=2g (B — E)/IZG + g) (A5)
i=2G v+ 28 (Vu+tv—E)—2G +g) e (A6)
From Egs. (A1), (AS) and (A6),

i=[G+gw v (A7)
where,

g(v, ) = Zg; - [l + (V, — E)v] = Zgiv, 1) (A8)
g, 1) =g - [1 + (V,, — Elvl. (A9)

It should be noticed that g,(v, 1) in Eq. (A9) and g (v, ¢) in Eq.
(A8) differ from g; and Eg,-, respectively. In Egs. (A8) and (A9),
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V. and v can be kept constant under voltage clamp conditions
and E; is equilibrium potential of i species of ion. If no change in
G; is caused by v, Eq. (A7) expresses a simple ohmic relation-
ship,i.e.,i = G- v, when iy, = i, + G - v{cf. Eq. (4)). However,
the change in G during an impedance measurement in the break-
down region is actually marked. If we can split g; (i.e., term of
the change in G}) into functions of voltage, é_;’, and time, y{r),
then g; = g—f - y{(#). By comparing this relation to Eq. (A9), we can
get the following relation:

g, ty =3¢ [1 + (V,, — E)lv] - y{0) = g(v) - y{t) (A10)
where
2y = g% [1 + (V,, — E)lv]. (A1)

Taking these relations into account, we tried a simulation
for such inductive component (i;) as shown in Figs. 3 and 5 using
a much simplified form, that is,

iy =g, 1) v

=g@) - [1 — exp(—t/m))" - v.
(Al12)

Thus, the current on-response is: i, = i. + g - v + i;. The

result of simulations is shown in Fig. 10.



