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Abstract. Patch currents in the cell attached-mode and 
action potentials (AP) have been recorded simultane- 
ously in internodal cells of Chara corallina. The action 
potentials are closely correlated with transient patch 
currents. With pipettes containing either 50 mM CaC12 
or 100 mM KC1 plus 1 or 5 mM CaC12, these transients 
measured up to 100 to 200 pA per patch at zero inV. 
Transients had a mean duration (time during which the 
current was -> half maximum peak amplitude) of about 
1 sec, a maximum slope for current rising of about 400 
pA sec - l  and a maximum rate of about 100 pA sec -l  
for current decay, with no obvious effect of external 
Ca 2+ on either of these parameters. In well-resolved 
recordings of current transients triggered by an action 
potential (AP), activities of two types of Cl--conduct- 
ing channels (15 and 38 pS) have been identified. Since 
activity of these channels was only observed during ac- 
tion potentials but not upon positive voltage steps, these 
channels are not directly voltage gated but point to a cy- 
toplasmic gating factor which accumulates during ex- 
citation and propagates from excited areas to the patch. 
A K+-conducting channel (40 pS) could be identified as 
well during an AP, when 100 mM KC1 was in the pipette 
solution. The activity of this channel relaxed at the end 
of the APs with a time constant of about 3 sec. Stim- 
ulated activity of this channel is understood to cause the 
repolarization overshoot during the final phase of the ac- 
tion potential, whereas the transient activation of the 
C1- channels determines the fast voltage changes of the 
action potential. 
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Introduction 

Depolarization and repolarization during the AP of 
Characean alga are understood to be a consequence of 
transient activation of specific ion channels. Sequen- 
tial activation of two types of ion-selective channels, 
namely for CI- and Ca 2+, has been proposed from volt- 
age step/current relaxation analysis (Hope & Findlay, 
1964; Beilby & Coster, 1979a, b; Lunevsky et al., 1983; 
Berestovskii, Zherelova & Kataev, 1987; Beilby, Mimu- 
ra & Shimmen, 1993), ion flux analysis (Gaffey & 
Mullins, 1958; Kikuyama et al., 1984; Kikuyama, 1986; 
Reid & Tester, 1992) and optical methods (Williamson 
& Ashley, 1982; Kikuyama, Simada & Hiramoto, 
1993). A widely accepted hypothesis was that voltage- 
gated Ca 2§ channels are activated by membrane depo- 
larization to conduct an initial net Ca 2+ influx. The re- 
sulting rise in cytoplasmic Ca 2+ should then be re- 
sponsible for the activation of Ca2+-stimulated CI- 
channels for the depolarization of the AP (Lunevsky et 
al., 1983; Kataev, Zherelova & Berestovskii, 1984; 
Berestovskii et al., 1987; Shiina & Tazawa, 1987). 

The idea that K § channels are activated during the 
depolarization of the Chara AP to aid repolarization is 
controversial. Ion flux measurements have shown that 
the AP in Characean cells is indeed associated with a 
stimulation of K + efflux (Gaffey & Mullins, 1958; Oda, 
1976; Kikuyama et al., 1984; Kikuyama, 1986). Pro- 
longation of the AP by K § channel inhibitors in Nitel- 
la (Koppenh6fer, 1972; Shimmen & Tazawa, 1983) 
supported a role of K+-channel activation for repolar- 
ization (Armstrong & Binstock, 1965; Hille, 1967). 
But although the AP augments K + efflux in Chara 
(Oda, 1976; Kikuyama et al., 1984; Kikuyama, 1986) 
K § channel blockers had no effects (Beilby & Coster, 
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1979a) or small effects (Shimmen & Tazawa, 1983) on 
the duration of the AP. This questioned the proposed 
role of enhanced K + channel activity during repolar- 
ization at least in this species (Beilby & Coster, 1979a; 
Shimmen & Tazawa, 1983). 

K + fluxes are also considered to be responsible for 
the after-hyperpolarization in the final phase of the AP 
(Shimmen & Tazawa, 1983). In Nitella this voltage 
overshoot could be separated pharmacologically from 
the proposed K + current which supported the fast re- 
polarization. This indicates the operation of at least two 
distinct types of K + channels during repolarization. 

Meanwhile,  patch clamp experiments in the cell- 
free configuration have revealed two types of C1 chan- 
nels (Okihara et al., 1991; Okihara, Ohkawa & Kasai, 
1993). The dependency of one type of C1- channel 
(chord conductance 25 pS at - 100 mV in symmetrical 
100 mM C1-) on Ca 2+, voltage and calmodulin makes 
this channel a likely candidate for the transport of the 
C1- current during depolarization of the AP (Okihara et 
al., 1991, 1993). Furthermore, depolarization of mem- 
brane patches in intact Chara cells causes transient ac- 
tivation of two types of C1- channels (Thiel, Homann 
& Gradmann,  1993). The voltage dependency, the ac- 
t ivation/inactivation kinetics as well as the dependency 
on extracellular Ca 2+ prompted the hypothesis that these 
channels carry the C1- current during the depolarization 
of the AP. 

The assumption that these channels are elements of 
the electrical excitation is still uncertain since it is sole- 
ly based on the above-mentioned parallel features be- 
tween the cell AP and the single channel gating prop- 
erties. Here, we report results from simultaneous mea- 
surements of the free-running membrane voltage and the 
associated currents through a cell-attached membrane 
patch. A comparable approach in animal cells has al- 
ready allowed an unequivocal  detection of the activity 
of s ing le  channe l s  assoc ia ted  with the cel l  (e.g. ,  
Fischmeister, 1984; Mazzanti & DeFelice, 1990). In the 
present investigation, we were able to detect the pro- 
posed rise in activity of the two types of C1 channels 
early on in the AP, which confirmed the previous idea 
that a vol tage-dependent  activation of transient C1- 
channel activity is indeed a conductance which gener- 
ates the depolarizing phase of the AP (Thiel et al., 
1993). Furthermore, with 100 mM KC1 in the pipette, 
the transient activity of a K+-conduct ing channel was 
de tec ted  dur ing  the f ina l  r e p o l a r i z a t i o n  phase  of 
the AP. 

Materials and Methods 

PLANT MATERIAL 

Chara corallina Klein ex Wild was grown as reported previously 
(Thiel et al., 1993). 

VMcell J 

patch 
current 

Fig. 1. Schematic diagram of the experimental arrangement (not to 
scale), A Chara internodal cell is separated by a vaseline gap (hatch- 
ed bar) into two electrically isolated parts. The voltage difference be- 
tween the pools A and B is measured with extracellular Ag/AgC1 
electrodes providing the space-averaged membrane voltage (VMcell) 
across the membrane in pool B. To trigger APs, 100 to 500 msec long 
current, pulses of 0.3 to 0.5 ~tA were applied through Ag/AgC1 wires 
between pool A and B. A patch pipette was advanced through a small 
slit in the cell wall and sealed onto the plasma membrane to measure 
patch currents. The current was clamped at the bath voltage. 

ELECTRICAL 

Membrane  voltage 

For the combined measurement of membrane voltage (VMcell) and 
membrane current (Fig. 1), an internodal cell was electrically sepa- 
rated over a silicon gap leaving a length of approximately 1-2 cm ex- 
posed to modified artificial pond water as cell bath medium (CB) (in 
mM: 1 CaC12, 5 (N-[2-Hydroxyethyl]-piperazine-N'-[2-ethanesulfon- 
ic acid]) (HEPES)/NaOH, pH 7.5 and 1 (APW-1) or 3 (APW-3) KCI) 
in pool B. The other half in pool A was bathed in medium contain- 
ing high K + (in mM: 1 CaC12, 5 HEPES/NaOH/pH 7.5 and 100 KCI). 
Sorbitol (180 mM) in B achieved iso-osmotic conditions between the 
two pools. For the required final plasmolysis (Thiel et al., 1993), ad- 
ditional sorbitol was added to both pools to a final concentration of 
360 and 182 in pools B and A, respectively. Finally, a small slit was 
cut into the cell wall in regions in which the protoplast had withdrawn 
from the wall (Thiel et al., 1993). This was usually about 0.5 cm away 
from the vaseline insulation. 

The free-running membrane voltage of plasmolyzed internodal 
cells was measured with the "K + anesthesia method" (Shimmen, 
Kikuyama & Tazawa, 1976) by the voltage between pools A and B 
(Fig. 1). This voltage will be the sum of the space-averaged voltages 
across the plasma membrane and the tonoplast of the cell part in B 
(Shimmen et al., 1976). Control measurements of the resting voltage 
in nonplasmolyzed cells with the K + anesthesia method in parallel 
with an intracellular microelectrode (with tip presumably located in 
the cytoplasm) differed by 4 _+ 3 mV (4 cells) with the latter being 
more negative. This voltage difference, presumably the voltage 
across the tonoplast, was not considered in the analysis. A drawback 
of the K + anesthesia method is that the voltage record during an AP 
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reflects not only the desired voltage across the plasma membrane but 
a complex function of the plasma membrane and tonoplast action po- 
tential (Findlay & Hope, 1964). Furthermore, if the voltage in com- 
partment B is not uniform along the entire cell segment, e.g., during 
a propagated AP, there will be significant deviation between a spaced- 
averaged voltage and the local voltage at any particular membrane 
patch. Control recordings of action potentials again with K + anes- 
thesia and intracellular microelectrodes revealed small differences be- 
tween pairs of voltage records: APs measured with intracellular elec- 
trodes (tip presumably in cytoplasm) depolarized in average 1.3 _+ 4.6 
mV (4 cells, n = 35) more positive than those recorded with K + anes- 
thesia. The former APs were at an average of 0.4 +_ 0.3 sec shorter 
than the latter. These methodological artifacts which confound an ac- 
curate current/(plasma membrane)-voltage relation during APs were 
minimized as follows: AP-associated single channel data were col- 
lected not only during the core of APs, but-- to avoid significant 
contribution of the tonoplast action potential and spacial inho- 
mogenity--also at quasi steady-state after the voltage had returned to 
-> 90% of the resting voltage (see Figs. 6, 7 and 8). 

Because of the large surface of the Chara cells, capacitive patch 
currents during the depolarization of the cell (Fischmeister et al., 
1984; Mazzanti & DeFelice, 1988) were not relevant. 

In the present study, some APs occurred spontaneously. In 
general, they were electrically triggered by injecting a current pulse 
(0.3-0.5 gA, 100 to 500 msec) in pool B (Fig. 1). 

MACROSCOPIC MEMBRANE CURRENTS 

Voltage step/current relaxation analysis on 1 mm long sections of in- 
tact, turgid Chara cells was performed according to Lunevsky et al. 
(1983). Voltage and current recordings were obtained with a clamp 
amplifier (~tP, Wye Science, Wye, UK), using conventional intracel- 
lular electrodes for voltage recording. Voltage-pulse protocols, data 
acquisition and data analysis were controlled by a microcomputer via 
the pCLAMP hard- and software facilities (Axon Instruments, Fos- 
ter City, CA). The space-clamped section of the Chara internodal cell 
was exposed to the same solutions used as electrolytes in patch 
pipettes (see below). The remaining cell surface was kept in 
APW- 1. 

MEMBRANE PATCH CURRENTS 

Patch currents were measured, stored and analyzed as reported pre- 
viously (Thiel et al., 1993). If not stated otherwise, the pipette solu- 
tions (P) contained either (concentration/activity; in mM): 50/34 
CaC12 or 100/77 KCI and 1/0.57 CaCI 2. The activities were calculated 
with appropriate activity coefficients from Robinson and Stokes 
(1968). Estimates of the equilibrium voltages in cell-attached mea- 
surements were obtained from the range of cytoplasmic activities re- 
ported for Characean alga. Values reported as concentrations were 
corrected with appropriate activity coefficients [number in brackets 
(Robinson & Stokes, 1968)] (in mM): K+; 61 [0.8] to 117 (Beilby & 
Blatt, 1986); C1-; 2 (Coleman, 1986) to 9 [0.9] Okihara & Kiyosawa, 
1988; Ca2+; 2 • 10 4 (Miller & Sanders, 1987). 

Since all data on membrane currents are recorded in the cell-at- 
tached mode, the membrane voltages (VM) reflect the negative pipette 
voltage (Vpip) plus the simultaneously measured free-running mem- 
brane voltage (VMceH). 

ABBREVIATIONS 

AP: action potential; gMcell: flee-running membrane voltage; ~pip: 
inverse pipette voltage; VM: VMc~l I + !/pip; Ex, equilibrium of ion X. 

Results 

Figure 2 illustrates characteristic relations between 
membrane voltage (VM) and currents in a plasma mem- 
brane patch of an excitable Chara internodal cell. The 
upper trace (trace A) shows the free-running membrane 
voltage (VMcell) before and during electrically triggered 
APs. The trace below the membrane voltage (trace B) 
presents the simultaneously recorded currents across a 
cell-attached plasma membrane patch. High concen- 
trations of Ca 2+ in the pipette (-> 50 raM) in combina- 
tion with clamp voltages (Vpip) positive of VMcen in- 
creased the frequency of randomly occurring outward 
CI current transients (Thiel et al., 1993). In the pre- 
sent example with 50 mM CaC12 in the pipette, such a 
current transient was recorded while clamping the patch 
100 mV positive of the free-running membrane voltage 
(V M, + 12 mV) (Fig. 2, trace Bb). The combined mea- 
surement of current and voltage shows that these tran- 
sients remain restricted to the membrane patch with no 
perceivable effect on  VMcel 1 (Fig. 2, trace Ab). 

Similar large currents of transient duration and with 
an equally fast rising and trailing kinetics could gener- 
ally be activated by triggering a cell action potential. 
Figure 2 traces Aa/Bb and Ac/Bc (see also Figs. 4, 7, and 
8) show two typical patch current transients which ac- 
tivated while the cell fired action potentials. With some 
exceptions (see below, e.g., Fig. 4) the general features 
of AP-generated transient current activation were sim- 
ilar between different patches (see Table). However, 
even within any one patch, the amplitude of the currents 
which activated during comparable APs varied consid- 
erably (compare Fig. 2 trace Ba and Bc). For example, 
in one comparative experiment 4 APs with similar am- 
plitudes (AVMcell) 64 _+ 4 mV, n = 4) were activated in 
one cell. During these APs, a mean transient outward 
current of 121 _+ 72 pA was obtained. 

After repetitive stimulation, the membrane patch- 
es abruptly lost the ability to activate the characteristic 
large transient currents even though the cell was still ex- 
citable. This generally occurred, depending on the 
patch, after 2 to 10 consecutive APs. Figure 2 trace 
Ad/Bd shows one example for such an "inactivation" of 
the same, previously excitable patch. In this case, the 
membrane turned into an "inactive" state after nine pre- 
ceding APs, which all generated large transient cur- 
rents in the patch (not shown). The remaining current 
response in an "inactive" patch during an AP was only 
a small fraction of the large current transient generally 
recorded during an action potential (compare dotted 
line in Fig. 2, Ba/Bc). Considering the seal resistance 
of the patch (6.8 Gf~), the membrane depolarization 
(ZXVMcel 1, 50 mV) should result in a current artifact of 7.3 
pA. This predicted current is close to the peak current 
of 6.5 pA measured (Fig. 2, trace Bd), suggesting that 
it reflects a leak current artifact. Contribution of small 
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Fig. 2. Free-running membrane voltage and patch currents in cell-attached patch. Continuous trace of simultaneous measurement of gMcel I (up- 
per trace, A) and patch current (middle trace, B). Pipette solution (in mM), 50 CaC12, cell bath solution, APW-3K; seal resistance 6.8 GfL Dur- 
ing electrically stimulated APs, large transient outward patch currents of variable size were recorded while holding the membrane patch (Vpip) 
100 mV positive of the free-running membrane voltage (traces Aa, Ba and Ac, Bc). The first current response (marked section) is shown in a 
blow-up in trace C. Arrow indicates a leading inward current present in Ba but absent in Bc. Independent from cell APs (trace Ab), similar large 
transient currents occurred spontaneously under the given conditions (trace Bb). After nine consecutive APs, the cell was still excitable (trace 
Ad) but the membrane conducted only a small and smooth background current (traces Ad, Bd). For comparison, the remaining background cur- 
rent was drawn as dotted lines in traces Ba and Bc. Numbers at traces denote recorded VMcen. Arrowheads denote on (V) and off (&) switch- 
ing of current pulse for AP triggering. 

nonresolvable channel currents, however, cannot be ex- 
cluded. 

In 14 out of 56 patches there was no AP-related cur- 
rent activation which was significantly larger than that 
predictable for the leak current artifact. These patches 
may reflect nonexcitable membrane areas. 

INITIAL INWARD CURRENT 

A comparison of the two AP-associated outward cur- 
rents shows that only the first one is preceded by a 
transient inward current (Fig. 2, Ba arrow). Due to the 
variable appearance of this current, a nonconsistent cur- 
rent-voltage relation (data not shown) and the absence 
of single channel observations, it was not investigated 
further. 

IDENTIFICATION OF 

AP-AsSOCIATED CURRENTS/CHANNELS 

To obtain a current-voltage relation of the AP-associ- 
ated current transients, cells were consecutively excit- 
ed while clamping the membrane to a range of Vpi in 
addition to VMceH. The peak currents, obtained from tPour 
patches with 50 mM CaC12 as electrolyte, were plotted 
as a function of V M (Fig. 3A). The large scatter of the 
data gives only a rough estimate of the reversal voltage 
at about - 5 0  mV. The reversal voltage obtained is at 
the lower edge of the estimated range of C1- equilibri- 
um voltages [Ec I - :  - 9 0  to - 5 2  mV, see Materials and 
Methods] but different from the reversal voltages of 
other relevant ions [EK+:--~;  Eca2+: +158 mV; see 
Materials and Methods] (Fig. 3B). Comparable current- 
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Fig. 3. AP-generated peak current as a function of V M and pipette so- 
lution. Consecutive APs were triggered in different internodal cells 
(CB: APW-3K) while holding the membrane at a range of test volt- 
ages. At the same time, a cell-attached electrode measured the asso- 
ciated patch currents. Vvt across the patch estimated as the sum of Vpi p 
and VMc~U at the time of the transient current peak. Currents were cor- 
rected for leak artifacts during the AP considering the seal resistance 
of individual patches and the corresponding AEMcel r Pipette solution 
(in mM) in A was 50 CaC12 and in B, 100 KC1, 1 CaCI 2 (open sym- 
bols) or 95 choline-Cl, 5 CaCI e (filled symbols). Each symbol repre- 
sents a different patch. The lines in A and B were obtained by re- 
gression of the data points in A only. Shaded bar indicates the esti- 
mated range of equilibrium voltages for C1- (see Materials and 
Methods). 

voltage relations were obtained in other experiments 
with either 100 mM KC1 and 1 mM CaC12 or 95 mM 
choline-C1 and 5 mM CaC12 as pipette solution (Fig. 3B). 

The assumption that C1- ions constitute the bulk 
charge of the transmnt currents could be confirmed on 
the basis of single channel step analysis. The majority 
of transient currents (random and AP-associated) was 
only resolvable, to a limited extent, as single channel 
steps (Fig. 2, Ba/c; C) in the end phase. Only in selected 
examples could the underlying single channel activity 
be resolved: Fig. 4 shows examples of current records 
from two patches before, during and after an electrically 
stimulated AP. Before stimulation, the membrane 
patches showed no or very little channel activity (see al- 
so Fig. 5). During cell excitation, the current through 

the membrane patches increased and remained untypi- 
cally elevated even after the cell AP had returned to the 
resting VMceU (Fig. 4). In one extreme case, a shallow 
AP generated the switching of single channels with two 
distinct open channel amplitudes. In the other example, 
the currents conducted during the core of the AP still re- 
mained unresolvable but at a later state of the currents 
became distinguishable as switching of single channels 
(Fig. 4, traces Ba, Bb). To obtain a current-voltage re- 
lation of the AP-associated channels, the latter patch was 
clamped--with the induced channels still act ive--for  
about 5 sec to different V M (post AP) (Fig. 5). In this 
patch and three other comparable experiments, an I/V re- 
lation of two distinct open channel currents (slope 15 
and 38 pS) was obtained which reversed at - 7 8  inV. 
This voltage is in the range [ - 9 4  to - 5 5  mV] of the es- 
timated C1- reversal voltage. 

The I/V relation obtained for the two CI-  channels 
compares well with the two open channel amplitudes re- 
solved during the AP in Fig. 4, trace Bb. Furthermore, 
also resolvable current steps detected in AP-related 
transient currents (e.g., Fig. 2B) (Fig. 6) have a similar 
current-voltage relation. This stresses that the two types 
of C1- channels are the principal pathways for the tran- 
sient current flow during the AP. 

K + CHANNELS 

When the patch pipette contained KCl (P: 100 KCI, 1 
mM CaC12) some APs (7 out of 20) were clearly asso- 
c i a t e d - i n  addition to the activation of C1- currents--  
with a transient rise of K + channel activity. Figure 7 
illustrates a combined recording of an AP and the as- 
sociated current in one membrane patch. During the fi- 
nal phase of the repolarization, the switching of AP-gen- 
erated single channel activity was resolvable, fading 
out within 12 sec after onset of cell excitation. 

The linear I/V relation of the open channel (40 pS 
slope conductance) was obtained directly as a function 
of V M (Fig. 7). A channel with a comparable unitary 
conductance was found in six other patches during the 
late phase of the AP (data summarized in Fig. 7D). 
The channel amplitudes obtained from these measure- 
ments were well fitted by the same linear I/V relation ob- 
tained in the example above. 

The extrapolated reversal voltage is at the positive 
margin for the range of expected reversal voltages for 
K + [ - 1 1  to +6  mV] (Fig. 7C), while the equilibrium 
voltage for other relevant ions (Ca 2+, CI-)  is outside this 
range. Thus, these AP-associated channels must carry 
K + ions [Ecl_: - 9 4  to - 5 5  mV; Eca2+: + 100 mV; see 
Materials and Methods]. 

In all patches in which the AP-associated K + chan- 
nels were observed, they completely inactivated with- 
in 20 to 30 sec after activation of the CI-  currents. Fig- 
ure 8 shows the inactivation of K + channels from one 
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Fig. 4. AP-associated activation of channel activity. In two internodal cells (CB: APW-3K) APs (Aa-b) were electrically triggered and the patch 
currents (P: 100 KC1, ! CaC12) (Ba and Bb) measured at the same time with electrodes sealed to the plasma membrane. Numbers at the voltage 
trace denote VMcel I measured and numbers at current trace give ]/pip" Panels Ca and Cb show blow-ups of sections marked in Ba and Bc. Un- 
broken lines indicate baseline current (c) with all channels closed. Dotted and dashed lines mark discrete levels of unitary open channel cur- 
rents. Arrowheads denote on (V) and off (A) switching of current pulse for AP triggering. 

patch in the late phase of  one of  four spontaneous APs. 
An exponential equation ( I ( t )  = Io  e (-t/~) was fitted to 
the current relaxation starting 7 sec after onset of  the 
outward current. This operation provided a time con- 
stant of  2.1 + 1.2 sec for K + channel inactivation in the 
4 APs. The same analysis conducted in four other 
patches with the same inactivating K + channel revealed 
a similar mean time constant of  2.5 + 1 sec (n = 7). 

EFFECT OF C a  2+ IN PIPETTE ON AP-AsSOCIATED 

C1- TRANSIENTS 

AP-associated C1- current transients were triggered no 
matter whether the pipette contained 1, 5 or 50 mM 
Ca 2+ (Figs. 2, 4 and 8). This is in stark contrast to the 
Ca 2+ requirement for the random activation of  C1- tran- 
sients (Thiel et al., 1993). These were only activated 
with -->50 mM Ca 2+ in the pipette. To quantify the ef- 

fect of  extracellular Ca 2+ on C1 channel activation, 
AP-associated currents were recorded in five different 
patches with either 5 or 50 mM Ca 2+ in the pipette. To 
increase the quantitative comparability of  the AP-gen- 
erated currents between different patches, V �9 was held pip 
at 0 mV and only APs with similar amplitudes were con- 
sidered for analysis. The results, which are summarized 
in the Table, show that a tenfold increase in Ca 2+ in the 
pipette had no perceivable effect on the peak amplitudes 
of  AP-generated outward currents. Further inspection 
of  the AP-generated outward transients showed that ex- 
tracellular (pipette) Ca 2+ had also no obvious effect on 
the features of  current rising and trailing kinetics nor on 
the mean duration of  transient current activity (Ta- 
ble, A). 

The rising and trailing kinetics of  AP-generated 
transients were also analyzed in a greater number of  
patches without considering differences in AP ampli- 
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Fig.  5. Unitary open channel  currents from channels  act ivated as a consequence  of the AP shown in Fig. 4, trace Aa/Ba. Before t r iggering the 

AP, the patch showed no perceivable  channel  act ivi ty (pre-AP). Over  some minutes  after exci ta t ion (post-AP), two different  types of channels  

were recorded at different  V g (numbers on left of traces denote V M as a sum of Vpi p and VM~en ). Basel ine with channels  c losed (unbroken line) 

is indicated by c. Levels  of open channel  currents of the two types of channels  are indicated by dashed and dotted lines. 

tudes, V ip and pipette electrolyte (Table, B). The ki- 
netic values are similar to those obtained under re- 
stricted conditions in Table, A. 

TEMPORAL RELATION BETWEEN CELL A P  AND CI-  
TRANSIENT PATCH CURRENT 

In the present study, AP-associated C1 current tran- 
sients could significantly lag behind the onset of the cell 
AP. An example for a clear lag time (about 5 sec) be- 
tween onset of the AP and current activation is illus- 
trated in Fig. 8A. The reason for the latency could be 
propagation of the AP to the patch. Alternatively, the 
variable lag times could be due to kinetic constraints of 
channel activation reflecting a randomness in C1- chan- 
nel gating. To analyze further the temporal relation be- 
tween cell excitation and transient current activation, the 
AP peak was plotted against the corresponding C1 cur- 

rent peak (Fig. 9). The data show a correlation be- 
tween the occurrence of the AP peak and the current 
peak. 

W H O L E - C E L L  EXCITATION CURRENTS 

For a quantitative comparison between AP-generated 
current transients across membrane patches and macro- 
scopic currents conducted during an action potential 
voltage step/current relaxation, experiments on intact 
cells were performed. Figure 10 shows the current re- 
sponse of a space-clamped Chara membrane rinsed in 
50 mM CaC12. The membrane was depolarized in a 
step from the resting voltage ( -  104 mV) to 0 mV. The 
first step resulted in an activation of the typical transient 
excitation currents (compare Lunevsky et al., 1983). 
A following second step during the refractory period on- 
ly activated the nonexcitatory background currents. The 
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current difference between the peak current of the first 
step and the corresponding current during the second 
(refractory) step was collected from comparable exper- 
iments in four different cells (Fig. 10B). The mean 
current density of the peak outward current measured at 
0 mV in these cells was 3.9 _+ 1.3 (20 APs, four cells). 
There was no significant difference in the peak current 
density or activation/inactivation kinetics (on the 99% 
confidence level) after replacing in two cells the bath so- 
lution (50 mM CaC12) by a medium containing 95 mM 
choline-C1 and 5 mM CaC12 (not shown). 

Discussion 

Membrane excitation in Chara cells causes a transient 
enhanced effiux of KCI across the plasma membrane 
(Oda, 1976; Kikuyama et al., 1984; Kikuyama, 1986). 
In the present study, two distinct C1- channels and one 
K + channel, which transiently activate in the course of 
a cell AP, were identified. The short-lasting activation 
of these channels must therefore reflect the elementary 
mechanism responsible for the transient rise in KC1 ef- 
flux during excitation. 

The initial inward current leading the activation of 
some C1- outward current transients (e.g., Fig. 2) needs 
further investigation with respect to a postulated Ca 2+ 
current early on in the AP (Lunevsky et al., 1983). For 
a more precise investigation of this initial current volt- 
age step/current relaxation, experiments with space- 
clamped cells should be more promising. 

PROPERTIES OF C 1 -  CHANNELS/CURRENTS 

The properties of the two AP-associated C1- channels 
are similar to those found to activate randomly in pos- 
itive-clamped cell-attached patches (Thiel et al., 1993). 
The channels compare well with respect to the unitary 
channel  conduc tance ,  t rans ient  ac t iv i ty ,  current  
rise/trailing kinetics as well as with channel density. 
The present study therefore confirms the hypothesis 
that the previously described gating properties of these 
channels, which depend on voltage and extracellular 
Ca 2+, play a principal role in voltage-triggered mem- 
brane excitation (Thiel et al., 1993). 

Voltage step/current relaxation measurements on 
intact cells bathed in 50 mM CaC12 revealed at 0 mV 
clamp voltage a peak excitation current of 3.9 _+ 1.3 A 
m 2. This value can be directly compared to the peak CI- 
currents across the patches because both currents were 
recorded with the same extracellular/pipette solution. 
AP-induced patch currents measured on average about 
100 pA per patch at 0 mV (Fig. 3). Considering a patch 
area of approximately 10 gm 2 (Mazzanti & DeFelice, 
1988), this current density extrapolates to a whole-cell 
current density of 10 A m 2. This estimated value is in 
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Fig. 6. Current-voltage (l/V) relation of AP-generated CI channel ac- 
tivity. Open channel currents obtained by plotting discrete current steps 
from Fig. 4, trace Bb (~), Fig. 5 (�9 and three comparative experi- 
ments (remaining symbols). The lines are obtained by regression of 
the data points. Reversal voltage for both fits - 7 8  mV; slope con- 
ductance 15 and 38 pS. Equilibrium voltages (Ecl and EK+) which 
are relevant in the illustrated voltage range are indicated by shaded 
bars (see Materials and Methods). Current-voltage relation of resolv- 
able current steps from the trailing phase of different AP-generated 
current transients (nine patches) (B). The dotted lines were obtained 
from the regression in A. 

good agreement with the currents measured in intact 
cells. The small difference between the values can be 
explained when considering nonexcitable areas in the 
membrane (about 25%, see above) and/or an uncer- 
tainty in the patch area estimate. 

MODE OF C 1 -  CHANNEL ACTIVATION 

In line with previous findings (Thiel, MacRobbie & 
Hanke, 1990; Thiel et al., 1993) the present data sup- 
port the notion that a cytoplasmic gating factor activates 
C1 channels. Although patches unequivocally con- 
tained excitable C1- channels, they were not activated 
by clamping the membrane patch positive (e.g., Fig. 5). 
This renders an immediate voltage gating of the C1- 
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Fig. 7. Characterization of K + channel activity during the late phase of an AP. (A) Electrically triggered AP (V) and the associated patch cur- 
rents (/) (P: 100 KCI, 1 CaCI2; CB: APW-3K). The final phase of membrane repolarization is associated with a decrease in single channel ac- 
tivity. A blow-up of the section marked (filled bar) is illustrated in B. The current-voltage relation of the open channel is obtained by a direct 
correlation of V M (Vpi p, 0 mV) as indicated by dotted lines, Estimated open channel level indicated by dashed line, (C) The regression line through 
data points from A extrapolates through a reversal voltage of +7 mV; slope conductance 40 pS, Equilibrium voltages (Ecl- and EK+ ) which 
are relevant in the illustrated voltage range are indicated by shaded bars (see Materials and Methods). (D) Collected I/V data of AP-associated 
open channels from six other patches (each patch represented by different symbols); currents measured at quasi steady-state (--> 90% repolar- 
ization of cell resting voltage) VMcel I and different ~pip The dotted line is the regression line from C. Arrowheads denote on (V) and off (A) 
switching of current pulse for AP triggering, 

channels in the patch impossible. Thus, the underlying 
mechanism for activation of an action potential in Chara 
must require more components than voltage as a trigger. 
Also, for the above reasons, a simple voltage-dependent 
rise of  a net Ca 2+ influx through the membrane patch 
appears not to account for the CI-  channel activation in 
the patch. 

The gating of AP-generated CI-  channel activity is 
consistent with the interpretation that the activation in 
the membrane patch is due to a diffusion of a cytoplas- 
mic gating factor--possibly Ca 2+ (Thiel et al., 1 9 9 3 ) -  
from adjacent, excited membrane areas to the region of 
the patch. The close relationship between the time 
course of the cell AP and the activation of the C1- cur- 
rents (Fig. 9) support the view that the same constraints 
which determine the whole-cell action potential and its 
propagation are essential for the transient activation of 
C1 channels as well. Furthermore, while positive volt- 

ages across a membrane patch resulted in an activation 
of randomly occurring C1- transients (Thiel et al., 1993) 
the activation of AP-associated currents is more pre- 
dictable (Fig. 9). The latencies of C1- current transient 
activation after AP triggering clustered around a mean 
value within any one patch. This also fosters the idea 
that channel activation is indirectly caused by the in- 
fluence of adjacent excited membrane areas. 

This very difference between AP-generated and 
randomly activated C1- currents gives further insight in- 
to the gating mode of the channels: i.e., the activation 
step responsible for the randomness of activation is not 
imminent to the C1- channels. It must be the conse- 
quence of preceding steps in the voltage- and Ca2+-de - 
pendent activation scenario. 

While the channels in the membrane patch can ap- 
parently be activated from adjacent excited membrane 
regions, the reverse does not seem possible. Conse- 
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Fig. 8. Kinetics of K + channel inactivation in the 
end phase of cell AP. Simultaneous recording of a 
train of five spontaneous APs (V) with the 
corresponding patch currents (/) ( inse t ,  upper 
right) (P: 100 KC1, 5 CaC12; CB: APW-1K). (A) 
Blow-up of the AP (V) and current (/) marked by 
an asterisk in inset. The final phase of the AP- 
generated transient current is characterized by 
decreasing activity of the 40 pS K + channel. A 
further blow-up of the section marked (filled bar) 
in A is shown in B. Baseline current (c) with all 
channels closed is indicated by unbroken line. 
The dotted line gives the exponential fit (time 
constant 1.6 sec) of the form l ( t )  = I o  e ~ t/z) to 
the current measured ->7 sec after onset of the 
outward current. 

quently, the local rise of  an activating factor, sufficient 
to activate multiple C1- channels in the patch, is not suf- 
ficient to cause excitation of  neighboring membrane 
regions. Thus, electrical propagation of  the depolar- 
ization along the membrane surface, which is in the 
present situation inhibited by the seal resistance, is the 
prime mechanism for AP propagation. 

A comparison of  the current rising and trailing ki- 
netics of  randomly activated C1- transients and AP-as- 
sociated transients exhibits no obvious difference be- 
tween both activation modes. This result indicates that 
the current rising/trailing kinetics are not voltage de- 
pendent, i.e., the kinetics are similar whether the whole 
cell is excited or not. Similarly, the randomly activat- 
ing C1- currents also revealed no obvious voltage de- 
pendency (Table) (Thiel et al., 1993). In conclusion, the 

data show that, although the activation of  the transient 
currents is voltage dependent (Thiel et al., 1993), the ki- 
netics are not. The interpretation is that voltage affects 
an all-or-none mechanism leading to channel activa- 
tion while the final control of  the coordinated channel 
activation and inactivation is then under a voltage in- 
dependent, intrinsic control. Since the current rising and 
trailing features are comparable  between cells, the 
mechanism must be conservative. Notably, the mean 
activation time of  C1- current transients of  about 0.9 sec 
(Table) is very similar to the mean duration (about 1.2 
sec; for the time during which the current was - half  
maximal voltage amplitude) of  macroscopic APs ob- 
tained from a large number of  C h a r a  cells (Fig. 12, Beil- 
by & Coster, 1979b). Thus, it can be concluded that the 
conservative rising and trailing kinetics of  the C1- cur- 
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Table. Kinetic parameters of AP-triggered outward current transients. 
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Pipette Vpi p Resting- Peak AP- pc t rt tt 
medium (mV) VMcel I VMcen (pA) (sec) (pA sec -1) (pA sec 1) 
(raM) (mY) (mY) 

rt/tt n 

A 
95 choline CI 0 -108 +- 9 12 -+ 18 154 +- 35 0.86 -+ 0.2 829 -+ 255 191 +_ 50 4.3 _+ 1.7 6 

5 CaCI 2 
50CaC12 0 - 9 6  +_ 9 10 +- 9 102-+ 41 0.86-+ 0.2 410-+ 293 149_+ 40 2.4_+ 2.1 5 

[0.04] [0.04] [0.18] [0. l 1 ] 

B 

50 CaC12 
o r  

95 chol.C1 
5 CaCI 2 

0-<Vp~p-< 100 0.9 -+0.4 383 +-406 93-+75 3.6-+2.9 59 

(A) Effect of tenfold difference in Ca 2-- in the pipette on peak currents, rising and trailing kinetics and mean duration of transient current ac- 
tivity. The peak current (pc) measured as AP-generated positive current deflection from baseline current. Current rising (rt) and trailing (tt) es- 
timated as rate of AI between t0 and 90% of total current from the baseline to the peak (rising) and back (trailing). Mean duration (t) of tran- 
sient currents estimated as time during which the current was --> half of the maximum peak current. Numbers in brackets give confidence lim- 
it (from Student t-test) for the hypothesis that mean values of the respective columns are different. (B) Data for t, rt and tt as in A but pooled 
from 18 patches not considering differences in pipette solution, AP amplitudes a n d  Vpi p. 
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Fig. 9. Temporal relationship between cell AP 
and CI- current transient. Plot of the latencies for 
AP peaks vs. peak of the associated C1- current 
transient. Data from 10 patches with 4 to 7 APs 
within each experiment (not considering 
differences in V M and pipette electrolyte). Latency 
times obtained from the time difference between 
respective peaks and the turning off of the 
triggering stimulus or onset of spontaneous AP. 
Inset: mean values for data with respect to 
individual patches. Bars show SD if larger than 
symbol. 

r en t  t r a n s i e n t s  a l o n e  are su f f i c i en t  to e x p l a i n  the  m a c r o -  

s cop ic  f ea tu r e s  o f  the  fas t  v o l t a g e  c h a n g e s  d u r i n g  exc i -  

t a t ion .  T h i s  is c o n s i s t e n t  w i t h  the  a b s e n c e  o f  an  e f fec t  

o f  K + c h a n n e l  b l o c k e r s  on  the  t i m e  c o u r s e  o f  the  fas t  

p h a s e  o f  the  A P  in C h a r a  ( B e i l b y  & Cos te r ,  1 9 7 9 a ;  

S h i m m e n  & T a z a w a ,  1983) .  

A l o n g  w i t h  the  ye t  u n k n o w n  g a t i n g  f a c t o r  r e s p o n -  

s ib le  for  c h a n n e l  ac t iva t ion ,  the  C1-  c h a n n e l s  m u s t  h a v e  

at  l eas t  one  o t h e r  s u p e r o r d i n a t e d  c o n t r o l  s i te  r e f l e c t e d  

by  the  t r a n s i t i o n  o f  p a t c h e s  in to  an  i n a c t i v e  s ta te  a f te r  

a se r ies  o f  A P s  (Fig.  2). T h i s  is in  l ine  w i t h  r epo r t s  

w h i c h  h a v e  i n d i c a t e d  p r o t e i n  p h o s p h o r y l a t i o n / d e p h o s -  

p h o r y l a t i o n  a n d  C a 2 + - c a l m o d u l i n  d e p e n d e n t  c o n t r o l  o f  

m e m b r a n e  e x c i t a t i o n  (Tsu t su i  e t  al., 1987;  S h i i n a  et  al., 

1988;  O k i h a r a  et  al., 1991,  1993).  T h e  i n a c t i v a t i o n  o f  

p a t c h e s  w o u l d  no t  be  e x p e c t e d  f r o m  the  w h o l e - c e l l  l ev-  

el, as C h a r a c e a n  ce l l s  are  g e n e r a l l y  e x c i t a b l e  m a n y  

m o r e  t i m e s  o v e r  (e.g.,  K i s h i m o t o ,  1966) .  It m a y  be  

s p e c u l a t e d  tha t  a p leb  f o r m a t i o n  o f  the  m e m b r a n e  in  the  

p a t c h  ( M i l t o n  & C a d w e l l ,  1990)  r e su l t s  in  an  A P - d e -  

p e n d e n t  loca l  d e p l e t i o n  o f  an  e s sen t i a l  f ac to r  for  c h a n -  
ne l  ac t iva t ion .  
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Fig. 10. Macroscopic current responses of space-clamped Chara in- 
ternodal cells to depolarizing test voltages. (A) A voltage step from 
the resting voltage ( -  104 mV) to 0 mV resulted in a space-clamped 
cell segment (1 mm long) exposed to 50 mM CaC12 in an activation 
of a transient excitation current (unbroken line). The same clamp 
steps during a refractory period (about 1 sec after release of the ini- 
tial clamp) resulted in the activation of a constant background current 
(dotted line). (B) Summary of peak current responses (excitation cur- 
rent minus current during refractory period) obtained in four cells as 
a function of the clamp voltage. Different symbols represent differ- 
ent cells. 

PROPERTIES OF K + CHANNEL 

The present study confirms and further details an ear- 
lier hypothesis that the AP in Characean algae is asso- 
ciated with a rise in K + conductance (Shimmen & 
Tazawa, 1983). The contribution of K + channel activ- 
ity during the fast repolarization remains uncertain be- 
cause potential K + channel activity in the early phase 
of the AP was masked by the large C1- currents. How- 
ever, the temporal features of K + channel inactivation 
in the late phase of the AP support the view that K + 
fluxes contribute to the final phase of repolarization. 

Depending on the position of the free-running mem- 

brane voltage with respect to E~:+, inactivation of K + 
channel activity will result in a retarded repolarization 
(V M < E~+) or a transient voltage overshoot (after-hy- 
perpolarization) (V M > EK+ ). Based on measurements 
of the whole-cell membrane resistance and on pharma- 
cological data, Shimmen and Tazawa (1983) suggested 
that in Nitella the inactivation of a K + conductance is 
responsible for the course of the after-hyperpolarization. 
This voltage overshoot decays over some l0 sec with a 
time constant of about 15 to 20 sec back the pre-AP rest- 
ing voltage (compare Fig. 1 in Shimmen & Tazawa, 
1983). The lower time constant obtained in the present 
patch measurements suggests that the decay of K + chan- 
nel activity is not solely responsible for the time course 
of the membrane voltage overshoot. A slower inacti- 
vation of a fraction of the activated C1- channels (e.g., 
Fig. 4) may be a limiting factor in the time course of the 
after-hyperpolarization. Alternatively, the ionic com- 
position of the pipette medium may modulate K + chan- 
nel inactivation. This interpretation finds a parallel in 
the effect of extracellular K + and Ca 2+ on the voltage 
overshoot in Nitella (Shimmen & Tazawa, 1983). Fi- 
nally, voltage measurements in giant cells such as 
Characean alga provide, to some extent, a space-aver- 
aged membrane voltage, even with intracellular mi- 
cropipettes. Hence, the slower time constant from 
whole-cell measurements could be the consequence of 
nonsynchronized K + channel inactivation over a space 
considerably larger than a patch. 

The close association of the K + channel activity 
with the AP suggests that K + and C1- channels are ac- 
tivated by a common mechanism. The presence of a 
CaZ+-activated K + current in Chara points to a rise in 
cytoplasmic Ca 2+ as a common activating step for both 
currents (Thiel et al., 1990). 

Previously, it has been suggested that the voltage 
dependency of K + channels is responsible for channel 
activation during the AP (reviewed in Tester, 1990). For 
the plasma membrane of Nitellopsis, a K+-selective 
channel with a conductance of about 50 pS and an out- 
ward rectifying open probability has been reported (Azi- 
mov, Geletyuk & Berestovskii, 1987). With respect to 
the unitary conductance, this channel could be the same 
K + channel found to activate during the AP. The volt- 
age-dependent gating would support the view that mem- 
brane depolarization during the AP is responsible for 
channel activation. However, within a very heteroge- 
nous population of K + channels found in the plasma 
membrane of Chara (U. Homann, G. Thiel and D. 
Gradmann, in preparation) there was as yet no evi- 
dence for a dominant channel with a corresponding 
voltage-dependent open probability (Coleman, 1986; 
Katsuhara, Mimura & Tasawa, 1990; Laver, 1991; Thiel 
et al., 1993). Against this background, it is uncertain 
which mechanism is responsible for the activation of the 
40 pS channel during the AP. But now that the com- 
bined voltage and current measurements have unequiv- 
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oca l ly  i den t i f i ed  the uni tary  c o n d u c t a n c e  o f  the A P - a s -  

soc ia ted  K + channe l ,  the  ga t ing  o f  this  channe l  can  be  

i nves t i ga t ed  in m o r e  detai l .  
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