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Abstract. In attached patches on the plasma membrane
of nonexcitedChara corallina cells, randomly activat-
ing, transient Cl− currents with variable amplitudes were
recorded. The peak amplitudes of these currents could
be grouped into distinct populations with approximately
equidistant mean peak currents. Generally, the mean
current of the smallest population measured about half of
the distance between the means of subsequent popula-
tions. Currents of the smallest population occurred most
frequently at all voltages; the frequency of observations
decreased with increasing amplitudes of the currents.
At all voltages transient currents from different popula-
tions were similar in duration with the exception of the
smallest currents, which lasted only 0.6 times as long as
larger currents. Furthermore, transient currents were
most frequent at positive voltages, but once initiated at a
positive conditioning pulse they were also observed dur-
ing subsequent pulses to negative voltages. The results
are consistent with the idea thatChara contains Ca2+

stores in the vicinity of the plasma membrane, which are
indirectly filled from the external medium. Upon quan-
tal Ca2+ discharge from adjacent stores, a process inde-
pendent of membrane voltage, the concentration of Ca2+

in the cytoplasm increases transiently. Depending on the
number of discharging stores, distinct numbers of Ca2+-
stimulated Cl− channels activate, giving rise to the mac-
roscopic excitatory Cl− current in these cells.

Key words: Action potential —Chara — Patch clamp
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gating

Introduction

In the giant algaChara corallinadepolarization beyond
a critical threshold triggers an action potential (AP) (see
Beilby & Coster, 1979). Underlying this short lasting
depolarization is a transient rise in the permeability of
the plasma membrane to Cl− (Thiel, 1995; Beilby &
Coster, 1979). The repolarization, a consequence of the
return of the Cl− permeability back to the low resting
level, is further aided by an additional transient but de-
layed rise in K+ permeability (Homann & Thiel, 1994;
Thiel, 1995).

In patch clamp recordings in the cell-attached con-
figuration on the plasma membrane of electrically ex-
citedC. corallina cells, one type of K+ channel and two
types of Cl− channels are found to be transiently acti-
vated during the course of excitation (Thiel, Homann &
Gradmann, 1993; Homann & Thiel, 1994). Activation
and inactivation of these channels during an AP pro-
gresses with kinetics similar to the respective changes in
ion permeability during excitation (Homann & Thiel,
1994; Thiel, 1995). So, changes in ion permeability dur-
ing an AP can largely be explained on the basis of a
transient rise of Cl− and K+ channel activity. In terms of
gating, the K+ channel active during an AP was found to
rectify outwardly (Thiel, Homann & Plieth, 1997) which
suggests that its transient activity during the AP is solely
due to AP-associated voltage changes. The gating prop-
erties of the Cl− channels turned out to be more complex.
Activation of these channels required Ca2+ in the pipette
medium and was favored by depolarizing voltages.
However, voltage alone was not sufficient to trigger
channel activity (Thiel et al., 1993). Hence, Cl− channel
activity could not be explained by an immanent voltage
sensitivity of the channels. For the same reason, an ear-
lier proposed direct coupling of voltage-dependent Ca2+Correspondence to:G. Thiel
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influx and with a subsequent activation of Ca2+-sensitive
Cl− channels (Lunevsky et al., 1983) cannot account for
the gating of Cl− channels observed in patch-clamp re-
cordings (Thiel et al., 1997). As an alternative model it
was therefore proposed (Thiel et al., 1993), that Ca2+

stores in the vicinity of the membrane are supplied with
Ca2+ via plasma membrane resident channels and that
these stores randomly discharge Ca2+, a process rein-
forced by positive voltage. The resulting local rise in
cytoplasmic Ca2+ (Ca2+

cyt) may then activate Ca2+ sen-
sitive Cl− channels in the vicinity of the release site until
Ca2+

cyt is buffered back to the resting level. This hy-
pothesis has further been fostered by recent measure-
ments of Ca2+

cyt with the fluorescent dye fura-2. In this
study, the quenching of fura-2 fluorescence during an AP
by Mn2+ suggested Ca2+ release together with Mn2+ from
internal stores (Plieth et al., 1997).

In the present study the transient Cl− currents in
cell-attached patches were further analyzed. A fre-
quency distribution of peak Cl− currents exhibited dis-
tinct, roughly equally spaced populations, suggesting a
quantal composition of the current. This could reflect an
activation of Cl− channels due to a quantal release of
Ca2+ from stores.

Materials and Methods

PLANT MATERIAL AND SOLUTIONS

Chara corallina Klein ex Wild was grown as described previously
(Thiel et al., 1993). Internodal cells were stored one day before ex-
periments in standard artificial pond water (in mM: 0.5 CaCl2, 0.1 KCl,
1 NaCl, 5 (N-[2-Hydroxyethyl]- piperazine- N8-[2-ethanesulfonic
acid]) (HEPES)/NaOH, pH 7.5). Ionic currents across the plasma
membrane were measured as reported previously (Thiel et al., 1993).
Chara internodal cells were plasmolyzed in a solution containing 3 or
10 mM KCl, 1 mM CaCl2, 5 mM N-[2-Hydroxyethyl]-piperazine-N8-
[2-ethanesulfonic acid (HEPES)/KOH, pH 7.5 and 320 mM sorbitol.
In regions where the protoplast had withdrawn from the cell wall, a
small window was cut into the wall allowing access to the plasma
membrane (Thiel et al., 1993). For current recordings in the cell-
attached configuration, patch pipettes contained 50 mM CaCl2. The
stated membrane voltage is the sum of the empirically determined
liquid junction voltage of −30 mV and the free running membrane
voltage of −45 mV measured in cells kept under the same conditions
(Thiel et al., 1993). In some experiments (e.g., Fig. 1) the membrane
voltage was measured simultaneously with patch currents as described
in Homann and Thiel (1994). Currents were replayed from videotape
filtered with 100 Hz (8-pole Bessel filter, npi, Tamm, Germany) and
sampled at 500 Hz. For high temporal resolution (Fig. 1 inset) data
were filtered with 1 kHz and sampled at 4 kHz. Peak currents were
measured as the difference between the baseline and the maximum
current reached during periods of transient channel activity. Occasion-
ally, large current transients exhibited multiple distinct peaks. In these
cases we considered only the first current maximum reached within 600
msec of current rise from the baseline and/or the last maximum ob-
tained within 1100 msec of decay back to the baseline. These time
frames were based on the conserved kinetics of current transients with

a distinct singular peak (Fig. 4, Thiel, 1995). An analysis of quantal
size and a statistical test of significance of quantal distribution were
performed as described in detail previously (Dityatev et al., 1994;
Bolshakov et al., 1997).

ABBREVIATIONS

VM, membrane voltage; AP, action potential; mpc, mean peak current;
InsP3, myo-Inositol 1,4,5-trisphosphate

Results

TRANSIENT Cl− CURRENTS HAVE A

QUANTAL COMPOSITION

Transient Cl− currents were evoked in cell-attached
patches upon clamping the patch to depolarizing volt-
ages. An example for a continuous recording with a train
of transient Cl− currents at a constant patch voltage of
−19 mV (pipette voltage +55 mV; cell membrane voltage
−74 mV) is shown in Fig. 1. The blow ups illustrate that
transient channel activity lasted about 1 sec; during these
periods the currents typically rose to a discrete maximum
in about 300 to 500 msec and then decayed more slowly
to the basal current. As in previous studies the small
transient currents can be resolved at higher magnification
as discrete fluctuations of two types of Cl− channels
(Thiel et al., 1993).

At first glance, these discrete transients seem to be
similar in duration but variable in amplitude. To further
analyze the composition of these transient Cl− currents,
the amplitudes (i.e., peaks) of the discrete transient cur-
rents (in the present examplen 4 122) were measured
and plotted as a frequency distribution (Fig. 2A). The
histogram exhibits distinct maxima with roughly equally
spaced intervals between the mean amplitudes of in-
creasing orders of populations. The distribution could be
fitted by a sum of Gaussian curves, with mean peak
currents (mpc) and variances (in brackets) at 6.2 (3.5),
18.9 (4.3), 33.5 (5.9), 49.3 (6.1), 67.4 (7) and 87 (8.1) pA.

A comparable pattern of peak current distribution
with distinct maxima was found in all 10 patches in
which more than 30 discrete current peaks in each patch
were measured at a constantVM between −20 and +20
mV. To allow comparison of peak current distributions
obtained from different patches and at different voltages
the mean and amplitude of the first peak were scaled to
unity. The respective mean peak current distributions
obtained from these patches are summarized in Fig. 2B.

One prominent feature of the frequency distributions
is that mpcs appear to be approximately equidistant.
Only the interval between 0 current and the mean of the
first order population is about half that of the following
intervals. In the example given in Fig. 2, the intervals
between zero current and the first order mpc and between
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subsequent mpcs, respectively, are 6.2, 13.7, 14.6, 15.8,
18 and 20 pA. The same pattern of peak distributions
between subsequent mpcs were found in all other patches
analyzed (Fig. 2B; 9). On average, the intervals between
higher order populations were 2.1 ± 0.2 (n 4 10) times
larger than the mean current of the first order population.

Small numbers of observations generally bear the
hazard that sampling or binning artifacts introduce false
peaklike distributions. Therefore, to test first the real
quantal size and second the statistical significance of
quantal components in the frequency distributions, the
latter were analyzed by a method based on spectral
analysis (Dityatev et al., 1994). Figure 3 illustrates treat-
ment of one data set in which 129 discrete peak currents
from one patch (measured at −20 mV) are expressed as
cumulative probability density function. The cumulative
function could be fitted by an 8th order polynomial. The
derivative of the polynomial was used as an envelope of
experimental probability density function (PDF) of peak
currents. The latter was computed by Parsen’s method

as a sum of Gaussian functions each having peak current
amplitude as its mean and standard deviations of 0.5 pA.
A subtraction of the envelope from experimental PDF
provided a periodic function that was analyzed by means
of spectral analysis (Fig. 3C). From the reciprocal of the
frequency corresponding to the maximum of the spectra
density, a quantal size, Q, representing the interval be-
tween peaks, was estimated to be 7.35 pA for the present
data set. To determine the significance of the peaks, 150
new data sets were generated using the polynomial fit to
the experimental data set given in Fig. 3A. These data
sets evidently were derived from distributions resem-
bling the distribution of the measured peak currents, but
had no peaks. For each of the simulated data sets, the
maximum of the spectral density was computed and
compared with the maximum, Smax, calculated for the
experimental data set. The fraction of data sets in which
the maximum of the spectral density exceeds Smax is
taken as significant level,P, of the hypothesis that the
experimental data set is from a continuous unimodal dis-

Fig. 1. Continuous recording of transient Cl− currents across the plasma membrane ofChara corallinaat constant membrane voltage. Patch current
record (lower trace) obtained in a cell-attached patch at aVM of −19 mV (c. −74 mV cell voltage plus 55 mV pipette voltage) with 50 mM CaCl2
as pipette electrolyte. Trajectory of simultaneously recorded cell voltage is shown in upper trace. Cell bathed in 3 mM KCl, 1 mM CaCl2, 5
HEPES/KOH, pH 7.5 and 320 mM sorbitol. (Inserts) Blow ups of current trace marked by solid bar (right panel) or by star (left panel). Arrows mark
examples for fluctuation of 17 (d) and 38 (s) pS Cl− channel generally associated with excitation (Homann & Thiel, 1994). c marks baseline with
channels closed.
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tribution. In the present case a significance of 0.093 was
obtained suggesting that the distribution is not unimodal
but of quantal nature (Dityatev et al., 1994).

When analyzed in this way in three out of five data
sets having more than 100 measurements,P was smaller
than 0.1, the meanP for all five sets was 0.18 ± 0.06.
For comparison, 50 data sets were simulated without
peaks (10 sets of simulated data per set of experimental
data) but with the same standard deviation and the same
shape as the distribution of the experimental data. As
was expected from the definition of the level of signifi-
cance, only 5 out of 50 simulated data sets hadP smaller
than 0.1. The meanP of the simulated data was 0.5 ±
0.04 and thus higher than that of the experimental data.
This underlines, that the quantal distribution of the ex-
perimental data is real and not an artifact of sampling.

Transient currents are due to the activity of two
types of Cl− channels (Thiel et al., 1993). This means
that the quantal current of 7.35 pA obtained in Fig. 3
from a patch at −20 mV is in the extreme case composed
of either 8 channels of the 17 pS type of 4 of the 38 pS
type channels. To further compare the channel compo-
sition of quantal events from different patches the quan-
tal current at 0 mV was obtained. The latter was deter-
mined by extra- or intrapolating between the Cl− reversal
voltage (−78 mV, Homann & Thiel, 1994) and the quan-
tal current obtained at the respective membrane voltages.
On average, such a unitary quantal current measures 9.9
± 2.5 pA (n 4 8 patches).

Identification of individual populations of transient
Cl− currents allows comparison between transients from
different populations with respect to their activation and
inactivation kinetics. To address this question, discrete
consecutive events were recorded at +10 mV, scaled to
the peak and grouped according to their size. Figure 4
illustrates the average of 10 transients belonging to the

Fig. 2. Frequency distribution of peak amplitudes of transient Cl− cur-
rents (A) Histogram of discrete peak currents from Fig. 1. Gaussian
curves (solid line) fitted to peak current distribution (B) Mean peak
current distribution. Transient currents were measured in ten patches at
voltages between −20 and +30 mV. Histograms of the respective peak
current distribution as inA were fitted by Gaussian curves. Mean (solid
line) ± SD (dotted lines) of Gaussian curves obtained by scaling mean
and amplitude of the first peak to unity.

Fig. 3. Spectral analysis of peak currents measured in one patch at −20
mV as in Fig. 1. (A) Cumulative probability density function of ex-
perimental data (steps) and polynomial fit (smooth line). (B) Experi-
mental probability density function and derivative of polynomial from
A. The lower curve represents the difference between the probability
density function and the derivative of the polynomial. (C) Spectral
density of the difference curve inB. The maximum of the spectral
density function (Smax) corresponds to the quantal size, Q, of 7.35 pA.
(D) Distribution of maxima of spectral densities for 150 simulated
samples with distribution described by 8th order polinomial given inA.
The ratio of data samples having maxima bigger than Smax to the total
number provides the level of significance,P 4 0.093.
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first, second and third order population of peak currents
respectively. Notably, the mean first order transient has
a similar asymmetric shape as the higher order transients:
the rising time (time between 10% and 90% of peak) is
in average 2.5 ± 1.1 (n 4 10) times faster than the
decline time. However, the duration of the singular tran-
sient, i.e., the time spent above half of the peak ampli-
tude, is 1.6 times shorter than that of the higher order
transients. The duration of current transients belonging
to the next order population is only marginally longer.
On average, the half width of the first, second and third
order population was 292 ± 100, 458 ± 65 and 508 ± 84
msec (n 4 10) respectively (Fig. 4).

EFFECT OFVM ON TRANSIENT Cl− CURRENTS

The distribution of peak currents in Fig. 2A shows that
58% of the discrete transient Cl− currents are, under the
given conditions, of unitary size. To test whether this
distribution is affected byVM, the probability for a tran-
sient current to be of unitary size was determined in
patches at different voltages. In Figure 5, the respective
probability is plottedvs. the VM. Apparently,VM does
not affect the probability for a transient current to be of
unitary size either in different patches or within one
patch. This observation is confounded by the fact that a
minority of the transient currents exhibited multiple
peaks (Fig. 1). These transient currents with multiple
peaks were however not considered in the frequency dis-
tribution which gives an underestimate of the real num-
bers of events. Nonetheless, an estimation for the prob-
ability for multiple peaks did not exhibit an appreciable
divergence between different voltages (data not shown).
Hence, the distribution of singular peak currents suffi-

ciently represents the real distribution of transient Cl−

currents.
To further the analysis of the effect of voltage on the

kinetics of individual transient Cl− currents, a series of
discrete transients was recorded at +20 mV and −50 mV.
Ten subsequent current transients of unitary size at each
VM were scaled to the current peak and averaged (Fig. 6).
The graph of averaged unitary transients at bothVM did
not show any effect of voltage on the shape of these
transients. At bothVM, the transients were asymmetric
displaying a rapid rise time but a slower decay rate (com-
pare Thiel et al., 1993).

The present data suggest that quantal release of a
gating factor determines Cl− channel activation. Since
activation of Cl− transients is promoted by positiveVM

(Thiel et al., 1993) it had to be examined, therefore,
whether voltage will trigger the final release of the gating
factor or whether voltage only plays a secondary role in
a reaction step preceding the final release of this factor.
To elucidate the role of voltage, a patch was subjected to
a pulse protocol with 10 sec long testVM alternating
between −100 and +10 mV in a cycle. The example
current responses in Fig. 7 show the pattern of transient
Cl− currents observed at the two testVM. As expected
from previous work (Thiel et al., 1993), Cl− transients
are frequently activated at the positive testVM (trace b)
but are absent at negative voltages. However, using the
alternating puls protocol transient currents could also be
detected at the negativeVM (tracec), but only under the
condition that the prepulse to the positive voltage had
already elicited transient Cl− currents. For control, the
same patch was clamped for several min at −100 mV
without observing a transient current (not shown). If the
activation of transient Cl− currents upon pulses to −100
mV (0.037 sec−1) had been independent from the pre-
pulse, this operation should have elicited 14 or 7 tran-

Fig. 4. Temporal analysis of transient Cl− currents belonging to dif-
ferent order populations. Transient Cl− currents were recorded at +10
mV. From the distribution of peak currents, transients were separated
into distinct populations as in Fig. 2. The mean ±SE was obtained over
10 consecutive transient Cl− currents belonging to the first (s), second
(d) and third (h) order population respectively. The peak of each
transient current was scaled to unity and used to align the average.

Fig. 5. Relative probability,P1, of a transient current to belong to the
first order population. Frequency distributions of discrete transient Cl−

current amplitudes were obtained at different voltages. The total num-
ber of observations was set to unity and the relative contribution of
observations belonging to the first population was estimated. Different
symbols represent data from different patches.
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sient currents while holding the patch for 6.5 and 3.5 min
at −100 mV respectively.

The apparent prerequisite for the activation of tran-
sient Cl− currents at negativeVM on transient Cl− channel
activity at a preceding positive prepulse is further shown
in Fig. 7B. In this plot, the frequency of the occurrence
of transient Cl− currents at negativeVM is plotted against
the frequency for the occurrence of transient Cl− currents
at the preceding positiveVM. The results show, that ac-
tivation of transient Cl− currents at positiveVM favored
activity also at negative voltages. However, activity at
positive VM did not per se cause activity at negative
voltages. Hence, voltage alone is neither at positive nor
at negative voltages, the final trigger for quantal release
of the relevant gating factor.

Discussion

Transient activity of two types of Cl− channels is the
elementary event underlying the electrically stimulated
AP in Characells (Homann & Thiel, 1994; Thiel, 1995).
Previous work has shown that transient activity of these
Cl− channels in a membrane patch is stimulated by posi-
tive VM and requires Ca2+ but not Mg2+ in the external
medium (Thiel et al., 1993). The present experiments
now describe that the amplitudes of transient Cl− currents
are distributed into distinctly spaced populations. With
support from a statistical analysis of the peak current
distributions, the data suggest that the channel activity
underlying membrane excitation is evoked by quantal
release of a gating factor. This is the first evidence for a

control of ion channel activity in plants by a quantal
stimulus.

There is substantial evidence inChara for Ca2+ re-
lease from internal stores (Beilby, 1984; Thiel et al.,
1990; Kikuyama & Tazawa, 1983; Kikuyama, Shimada
& Hiramoto, 1993; Tazawa et al., 1994; Thiel et al.,
1993, 1997; Plieth et al., 1997) and furthermore for a

Fig. 6. Temporal analysis of transient Cl− currents as a function ofVM.
Transient Cl− currents were recorded at −30 mV (s) and +20 mV (d).
From the distribution of peak currents at each voltage, transients were
separated into distinct populations as in Fig. 2. From 10 consecutive
transients belonging to the first order population the mean and standard
error was obtained. The peak of each transient current was scaled to
unity and used to align the average.

Fig. 7. Activation of transient Cl− currents at positive prepulse voltage
facilitates transient Cl− channel activity also at negative voltage. (A)
current recording from a cell-attached patch illustrate examples of the
spectrum of current responses evoked by alternating clamp voltages
between +10 and −100 mV; (trace a) No transient Cl− currents at both
voltages; (trace b) transient Cl− currents only at positive voltage, (trace
c) transient Cl− currents at both voltages. (B) Summary of data from 27
pulses. The points represent the numbers of transient Cl− currents ob-
served at −100 mV as a function of the number of transient Cl− currents
at the respective prepulse to +10 mV. Each point represents data from
one pair of pulses.
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Ca2+
cyt-stimulated activation of Cl− channels (Shiina &

Tazawa, 1987, 1988; Okihara et al., 1991). On this back-
ground, the present data are consistent with the idea that
Characells contain — adjacent to the internal surface of
the membrane — Ca2+ stores. These stores are filled
with Ca2+ from the external medium. Upon local and
random discharge of Ca2+ from the stores, a process that
is independent fromVM, Ca2+

cyt increases transiently
giving rise to a voltage-independent activation of Ca2+-
stimulated Cl− channels. The quantal composition ap-
parent in the peak current distributions now underlines
that Ca2+ is discharged not spatially uniform but in in-
teger quantals.

This interpretation can further be justified on the
following grounds. PositiveVM favors the activation of
transient Cl− currents inChara (seealso Thiel et al.,
1993). But from the present data it becomes evident, that
VM has no perceivable effect on the shape of the indi-
vidual transients. Voltage also has no obvious impact on
the quantal composition of the transients. In other
words, the number of quanta of released Ca2+ is not
determined by theVM, neither are activation and inacti-
vation of the Cl− channels affected by voltage. Further-
more, while the activation of transient Cl− currents is
most improbable at negativeVM (Thiel et al., 1993),
transient Cl− currents can nevertheless be observed even
at negativeVM under conditions in which transient Cl−

currents had been activated at a preceding positiveVM.
So, it can be concluded that positiveVM has no impact on
the final step of Ca2+ release from the stores and also not
on the parameters governing activation and inactivation
of the Cl− channels. The stimulating role for positiveVM

must hence be associated with an earlier step in a serial
sequence promoting Ca2+ release. In this respect, it
would be consequent to suggest that positiveVM pro-
motes the filling of the internal stores, because positive
VM shortens the time between individual transient Cl−

currents (Thiel et al., 1993). This view is consistent with
the finding that the postulated internal stores involved in
excitation can be refilled via Ca2+ influx from the exter-
nal medium in a time dependent manner (Plieth et al,
1997; Kikuyama & Tazawa, 1983).

The population of the smallest mpc should reflect
activation of one ‘‘quantum’’ of Cl− channels. Previ-
ously, it was shown that small transient Cl− currents are
composed of a mixture of 17 pS and 38 pS Cl− channels
(Thiel et al., 1993; Homann & Thiel, 1994). Considering
that the unitary population of mpc at 0 mV is about 10
pA, it can be estimated, that a singular Ca2+ discharge
activates in the extreme case either 7 channels of the 17
pS type or 3 of the 38 pS type. Considering a mean patch
area of 10mm2 (Thiel et al., 1993) a uniform discharge
of 1 quantum of Ca2+ would cause a peak Cl− current of
1 Am−2. For comparison, conventional space clamp re-
cordings of the Cl− excitation current have estimated a

mean Cl− peak current of approximately 5 A m−2 (Hom-
ann & Thiel, 1994). Since both the cell attached- and the
whole cell measurements were carried out with 50 mM

CaCl2 in the external medium, it must be assumed that a
uniform single quantum discharge of Ca2+ is not suffi-
cient to activate an adequate number of Cl− channels to
explain the large transient currents during excitation.

According to the view of a quantal release of a gat-
ing factor as a trigger for Cl− channels, it should be
expected that larger current transients are composed of
the sum of unitary size transients. However, in all dis-
tribution histograms, the mean currents of the second
order transient and the intervals between subsequent
transients were larger than the sum of two mean currents
of the first order transient. This phenomenon could be
explained by a model in which one Ca2+ release site
functions as a nucleation point for stimulating release
from adjacent sites. This would lead to the summation of
Ca2+

cyt when discharges in sufficiently short intervals
from adjacent sites. An exemplary one-dimensional so-
lution to this synergistic action is given in Fig. 8. As-
suming a Gaussian Ca2+

cyt concentration profile around a
virtual single Ca2+ release site (unitary amplitude; 1.5
mm variance; i.e., Nelson et al., 1995), the effect of Ca2+

discharge from multiple sites (here 5 sites) can be con-
ceived to overlap if the release sites are in sufficient
proximity (here 1.5mm gap between sites). The result-
ing summation in Ca2+

cyt concentration is illustrated in
Fig. 8B. Considering now further that Cl− channels re-
quire a minimum concentration of Ca2+

cyt for activation
(Shiina & Tazawa, 1988; Okihara et al., 1991) the num-
ber of equally distributed Ca2+ sensitive Cl− channels
activated upon release from either a single or from mul-
tiple sites will be proportional to the area in excess of the
threshold concentration under the Gaussian curve or un-
der the sums of Gaussian curves respectively. By choos-
ing in the present example a Ca2+

cyt threshold for Cl−

channel activation at 39% of the peak amplitude for a
unitary Ca2+ release, the effective areas under the Gaus-
sian curves are 3, 5, 7 and 9 times that of the area due to
singular release. This ratio is similar to that obtained
between the unitary peak current and higher order mpcs
(Fig. 8C). It could hence offer an explanation for the
unusual distribution. Notably, the same ratios of areas
can be obtained with other combinations of threshold
values and gaps between release sites. The hyperbolic
relation between both parameters given two asymptotic
values: (i) single sites can not be more than 4mm apart
and (ii) the threshold level can not be smaller than 35.5%
of the maximum Ca2+ release achieved by a single re-
lease. As yet, this one-dimensional model is simplistic
but it becomes more plausible in the context of the find-
ing that single Ca2+ release sites inXenopusoocytes are
in comparable proximity and that release from one site
triggers a quasi-immediate release from adjacent sites if
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the distance is smaller than 6–7mm (Yao, Choi &
Parker, 1995).

The activity of Ca2+-stimulated ion channels is gen-
erally tightly correlated with the concentration of cyto-
plasmic Ca2+ (Hille, 1992). Hence, in the present case

the amplitudes of transient Cl− currents should provide
an indirect measure for the mechanism of local Ca2+-
release. In this context it can be concluded from the
present data that the activation of transient Cl− currents is
not due to an activation of a Ca2+ channel. The stochas-
tic open life time of channels (Hille, 1992) should cause
an exponential distribution of the amount of released
Ca2+ and hence an exponential distribution of the ampli-
tudes of transient Cl− currents. The finding of a Gauss-
ian distribution requires an explanation for Ca2+-release
other than through a stochastically operating Ca2+ chan-
nel. A similar conclusion was drawn from the amplitude
distribution of single Ca2+ puffs in Xenopusoocytes, a
phenomenon which was also not consistent with Ca2+

release through stochastically operating Ca2+ channels
(Yao et al., 1995).

Transient membrane currents as a consequence of
spatially restricted sparklike Ca2+-release events similar
to those assumed here, have recently been described in a
number of animal cell types (e.g., Benham & Bolton,
1986; Jafri et al., 1992; Nelson et al., 1995; Lipp &
Niggli, 1996; Thorn, Moreton & Berridge, 1996). They
appear to comprise a general feature of InsP3 signaling in
different types of cells (Yao et al., 1995). In this context,
it can be expected that relevant stimuli, such as positive
voltage initiate global Cl− channel activation inChara
cells during an AP by stimulating the frequency of lo-
calized sparklike Ca2+ release from internal stores. In
neurones, a voltage-sensitive Ca2+ channel at the plasma
membrane acts as an indirect voltage sensor for Ca2+

release from internal stores (Chavis et al., 1996). In
analogy, also inChara a small voltage-induced Ca2+

influx may be functionally coupled to the release of Ca2+

from internal stores. The presence of InsP3-sensitive
Ca2+ stores inChara(Thiel et al., 1990), the known Ca2+

sensitivity of InsP3-triggered Ca2+ release (rev. Ber-
ridge, 1993), and the quantal nature of InsP3-induced
Ca2+ release (Muallem, Pandol & Becker, 1989; Parker
& Ivorra, 1990) offer a plausible link between Ca2+ in-
flux across the plasma membrane and Ca2+ release from
internal stores during the AP inChara.
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