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Summary. An inward current which increases in magnitude over 
a period of seconds is activated when the membrane of Chara 
ir~flata (a green alga) in a K+-conductive state is hyperpolarized 
by a voltage clamp. The peak current and the half-time of activa- 
tion are exponentially dependent on membrane potential differ- 
ence. It was found by using an external CI electrode that the 
component exponentially dependent on potential was due to an 
efflux of C1-. The measured current-voltage curves and the ki- 
netics of deactivation of the current showed that other time- 
dependent components contributed to the net inward current. 
The "punchthrough" theory of Coster (Biophys. J. 5:669-686, 
1965) does not adequately explain the inward current since a 
"punchthrough potential" could not be obtained, and the inward 
current was distinctly time dependent. The voltage and time de- 
pendence of the inward current strongly suggests that the C1- 
efflux activated by hyperpolarization is through voltage-gated 
channels which open more frequently as the membrane is hyper- 
polarized. 
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Introduction 

In many types of green algal cells the membrane can 
be hyperpolarized to values between -200 and 
-250 mV in neutral pH (Smith & Walker, 1976; 
Findlay, 1982) and in Chara corallina the mem- 
brane potential difference (PD) during transients 
can go to -372 mV (Lucas, 1982). These very nega- 
tive PD's are due to the operation of an electrogenic 
pump, probably the extrusion of protons from the 
cell (Kitasato, 1968; Spanswick, 1972) and cells 
showing these negative PD's have been referred to 
as being in the P-mode (Bisson & Walker, 1982). 
Recently, evidence has been presented indicating 
that the stoichiometry of the pump may be one pro- 
ton per ATP hydrolyzed (Lucas, 1982; Beilby, 
1984). This would put the reversal PD of the pump 
calculated from known values of cytoplasmic pH 
and ATP concentration at about -500 mV (Walker 

& Smith, 1975). For the membrane PD to be less 
negative by some 300 mV from the pump reversal 
PD passive ion leaks must be shunting the pump. 

To date, the C1- efflux has not been considered 
to be of any great significance in the leak pathway 
since the tracer flux has been found generally to be 
small, about 1 to 10 nmol m --~ sec -~ (Hope et al., 
1966; Smith & Walker, 1976) compared with the C1- 
influx in the light and compared with the overall 
membrane conductance, a major part of which may 
be due to the pump itself (Spanswick, 1972). On the 
other hand Coster (1965) has reported a sudden ava- 
lanche of inward current due to the efflux of C1- 
when the membrane was hyperpolarized to between 
-350 and -400 mV, PD's which are considerably 
less negative than the reversal PD of a one-proton 
ATPase and similar to the transient PD's observed 
by Lucas (1982). Furthermore, data from Coster 
and Hope (1968) show that the C1- efftux increases 
by a factor of 10 when the PD is changed from - 100 
to -200 mV. Other possible "leak" fluxes have not 
been shown to increase to the extent that the C1 
efflux does when the membrane is hyperpolarized. 
For example the CI- influx increases by only 1.8 
times for a 100-mV hyperpolarization (Beilby & 
Walker, 1981). Also the CI- efflux has been inferred 
to be strongly dependent on external pH (Coster, 
1969) which is on a par with the pH dependence 
exhibited by the hyperpolarized membrane (Smith 
& Walker, 1976). 

The possibility that the passive C1- efflux may 
increase with decreasing pH was considered and 
rejected, by Kitasato (1968), as an explanation for 
the pH sensitivity of the hyperpolarized membrane 
and his results have been quoted as evidence that 
the C1- efflux is unimportant (Spanswick, 1972). 
However, Kitasato examined the voltage sensitivity 
of the C1 efflux by varying the external pH, a pro- 
cedure which gives misleading results when the C1- 
efflux is sensitive to both pH and PD. Indeed, the 
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Fig. 1. Vacuolar potential (tOo) recorded under voltage clamp as a 
function of time during a rapid staircase-like change in PD, a 
scan, which is superimposed on the main pulse. (a) Bipolar scan. 
(b) Unipolar positive-going scan 

C1- efflux is virtually constant in different pH when 
the membrane PD is free-running (Kitasato, 1968; 
Smith & Walker, t976), an interesting result when 
one considers the large individual effects of pH and 
PD on the flux. These reported aspects of the C1- 
efflux led us to investigate further a possible con- 
nection between the C1- efflux and the hyperpolar- 
ized state. 

We examined the inward current which flows 
when a membrane in a depolarized state is repolar- 
ized, using a voltage clamp, up to and beyond the 
levels observed in the hyperpolarized state. In this 
paper we report the voltage and time dependence of 
the inward current and attempt to identify its major 
ionic components. In the next paper in the series 
(Tyerman et al., 1985) we examine the pH depen- 
dence of the inward current and its possible connec- 
tion with the hyperpolarized state. For the two 
studies we have chosen the whorl cells of Chara 
inflata, a close relative of Chara corallina, for the 
following reasons: (i) the cells are spherical which 
more easily enables isopotential voltage clamping; 
(ii) the membranes are easily provoked into the 
depolarized state. A preliminary account of this 
work has been given by Findlay and Tyerman 
(1983). 

S.D. Tyerman et al.: CI- Channels in Chara inflata 

Materials and Methods 

MATERIAL 

Chara inflata, collected from a freshwater lake in Fairview Con- 
servation Park, South Australia, was grown in pond water (for 
composition, see Coleman & Findlay, 1985) with a sandy loam 
sediment. The temperature was 25~ and light was provided for 
12 hr per day by fluorescent tubes. The whorl cells of the plant 
were used for experiments. For calculating area, cells were ap- 
proximated to spheres by taking the average of two orthogonal 
diameters (usually differing by less than 10%). 

The artificial pond water (APW) bathing the experimental 
ceils contained the following salts (concentration given in mta): 
KC1 1.0, NaHCO3 0.4, CaC12 0.1, NaOH (between 0.6 and 3.4 
depending on pH), zwitterionic buffer 4.0, (MES, I pH 5.0 to 6.5; 
HEPES, 2 pH 7.0 to 7.5; TAPS, 3 pH 8.5). Occasionally 10 mM 
tetraethylammonium chloride (TEAC1) was added to increase 
the chloride concentration and to block K* channels (Arm- 
strong, 1975). 

METHODS 

Current and Voltage Measurements 

Cells were mounted in a Perspex| holder, immobilized by being 
pushed into a notch by a flat-ended glass rod, illuminated by the 
microscope lamp and bathed in flowing solution ( -  1 mm/sec past 
cell). See Coleman and Findlay (1985) for further details. 

The membrane potential difference (to) was measured be- 
tween a glass micropipette, filled with 3 M KCI and inserted 
either in the cytoplasm (to~) or in the vacuole (to~), depending on 
the experiment, and a reference agar-KCl salt bridge placed 
close to the cell in the external solution. Electrical connection 
from the electrodes to a unity gain differential amplifier was 
made through a balanced pair of calomel half-cells. The bath was 
held at virtual earth by a current-to-voltage amplifier. Current 
was injected by a Pt-Ir alloy wire, electropolished to a fine point 
and insulated to about 50/xm of the tip with glass (Findlay & 
Hope, 1964). The sign convention is such that a movement of 
positive charge from outside to inside (inward current) will occur 
in response to tO being clamped more negative. 

When cytoplasmic recordings were attempted an electrode 
was first placed well into the vacuole before a second electrode 
was inserted. Whether the second electrode was in the cyto- 
plasm or vacuole could be judged by the PD between the vacuo- 
lar and cytoplasmic electrodes and by the kinetics of a time- and 
PD-dependent K § current (Findlay & Tyerman, 1983). The time 
course of this current depended on whether the voltage clamp 
was applied to the vacuolar PD (plasmalemma and tonoplast 
PD's in series) or to the cytoplasmic PD (Findlay, Tyerman & 
Paterson, unpublished data). 

J MES: (2-[N-morpholino]ethane-sulfonic acid). 
2 HEPES: (N-2-hydroxyethylpiperazine-N '-2-ethanesul- 

fonic acid). 
3 TAPS: (tris[hydroxymethyl]methyl-aminopropanesul- 

fonic acid). 
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The voltage-clamp circuit was the same as that described by 
Findlay and Coleman (1983) except that the command voltages 
were given by a computer through a Cromemco D+7A 8 bit D/A 
converter. Two voltage-channel outputs from the D/A were 
summed by a differential amplifier and low pass-filtered in order 
to cancel mainsline noise and reduce digital noise. A precision 
voltage divider resulted in the smallest increment of 2 mV over a 
range of 500 mV being provided to the voltage-clamp amplifier. 
The holding PD settled to a constant level within 20 msec of a 
command being made and "instantaneous" current measure- 
ments were taken routinely at 30 msec. 

Voltage and current signals, amplified by 10 through buffer 
amplifiers were recorded by the computer every I0 msec during a 
pulse sequence through either a Cromemco D+7A A/D (prelimi- 
nary experiments) or in most cases a Cromemco 12 bit A/D. In 
addition to the standard square pulses which were usually set at 
12-sec duration, fast scans could be added and consisted of up to 
20 sequential pulses, 50 msec long with variable amplitudes de- 
termined by software commands. Figure 1 shows the protocol of 
the two types of scans used; a bipolar staircase consisting of 
equal excursions in PD on either side of the main pulse (Fig. la) 
and a unipolar staircase consisting of only positive going steps 
from the main pulse (Fig. lb). The data for each major pulse 
(including added scans) was stored on floppy disc and could be 
analyzed at a later date with the aid of a calibration data-file 
recorded after a run of several pulses. 

Measurements 
of ExtraceUular Chloride Concentration 

In order to identify positively C1- efflux as a component of the 
inward current during a hyperpolarizing step in membrane PD a 
CI- electrode and a reference electrode were placed close to the 
cell wall, and the PD between these electrodes recorded during 
voltage-clamp experiments. The CI electrode consisted of a 0.3- 
ram-diameter silver wire rolled to a tip diameter of about 50 ~m. 
The wire was encased in a glass micropipette and insulated to the 
tip with shellac (dissolved in methanol). The shellac coating over 
the end of the wire was abraided leaving a flat circular area at the 
tip which was ehlorided using electrolysis in 0.1 M HCI. The 
extracellular chloride concentration was determined from the 
recorded PD and from a calibration curve of PD versus known 
concentration. 

Concentrations of Ions in the Vacuole 

For measurements of the vacuolar concentrations of Na +, K + 
and CI-, a sample of cells was taken from the batch used for the 
majority of electrical experiments. Cells were rinsed for about 30 
sec in distilled water, blotted, cut open on a wax block and 10 #1 
of vacuolar sap withdrawn. Na + and K + concentrations were 
measured with an EEL flame photometer and CI- was measured 
by potentiometric titration against AgNO3. 

Data Analysis 

Throughout the paper, the data is presented as the median with 
the range and number of observations in brackets. Some kinetic 
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Table. Vacuolar concentrations and equilibrium potentials of 
the major ions in Chara inflata 

Ion (mV) Concentration (mM) Nernst potential 

Na + 92 (82, 181, n = 10) -85 to -129 ~ 
K + 83 (67, 100, n = 10) -113 
C1- 137 (130, 174, n = 5) 121 

a The range of values because of variations in [Na+]o for pH 
adjustment with NaOH. 

data were fitted by a computer procedure using a grid search 
method (Bevington, 1969). 

Results 

(A) VACUOLAR ION CONCENTRATIONS 

The vacuolar Na +, K + and C1 concentrations mea- 
sured in a group of cells are listed in the Table, 
together with the equilibrium PD for each ion calcu- 
lated using the Nernst equation with external ion 
concentrations as in APW. 

(B) MEMBRANES IN THE K+-CONDUCTIVE STATE 

Cells for which a large portion of the membrane 
conductance was accounted for by a time- and PD- 
dependent K + conductance (Coleman & Findlay, 
1985) had tk~ approximately equal to the Nernst po- 
tential for K +, Es: (Table). Cells would always enter 
this state by being placed in the dark. At the onset 

�9 of darkness there was a transient hyperpolarization 
followed by a slower depolarization to EK. The re- 
moval of external C1- also resulted in essentially the 
same change in membrane PD, but slower (Tyer- 
man et at., 1985). Occasionally a cell membrane 
would be in the K-state initially in the light. Unless 
stated otherwise the remainder of the results deals 
with the inward current which flows when the PD 
across the membrane in the K+-conductive state 
was stepped to more negative values by the voltage 
clamp. 

(C) TIME AND POTENTIAL-DEPENDENCE 

OF THE INWARD CURRENT 

When the PD across the plasmalemma 0c, initially 
clamped at the resting level (near EK), was taken to 
a more negative level in a 12-sec pulse, the inward 
current was as shown in Fig. 2. In this example 
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Fig. 2. Cytoplasmic potential (G) (top) and inward current (bot- 
tom) as a function of time during a voltage-clamp experiment on 
a cell in the dark in APW pHo 6. (a) The arrow on the current 
trace shows the point of inflection in the activation curve which 
was common to all responses. Also note the inward current tail 
when the potential was returned to the initial level. Various parts 
of the inward current have been labeled and are defined in the 
text. (b) Expanded scale showing the first 200 msec of the re- 
sponse where the decaying phase of inward current (inward-1 
phase) can be seen 

there is initially a very rapid decay of inward cur- 
rent (see first 200 msec in Fig. 2b). This current 
(denoted by inward-I) decayed more slowly at less 
negative tO and has been attributed to the closing of 
K + channels (Findlay & Tyerman, 1983; Coleman 
& Findlay, 1985). More information on this phase of 
the inward current will be presented elsewhere. 

After the initial decay of inward-1 current a sec- 
ond component appeared which increased over a 
period of a few seconds to a peak and then slowly 
declined until the end of the pulse. The increase in 
this inward current occurred in two phases, delim- 
ited by an inflexion in the curve (see arrow in Fig. 
2a). The appearance of inward-2 current did not 
require the initial decay of inward-1 (K + channels 
shutting) since in high concentrations of KC1 where 
the decay of inward-1 was slower, the inward-2 cur- 
rent would appear before the K + channels shut. 
Normally, the inward-1 phase had decayed before 
the inward-2 phase became prominent. When % 
was clamped and pulsed to hyperpolarized levels 
similar components of inward current were ob- 
served (compare Fig. 3a and 3b) but with the slow 
decline in the inward-2 current after the peak being 
less pronounced or absent. 

We define various parts of the measured inward 
current (Fig. 2) as follows: (i) 11, the initial current 
30 msec after the start of the step in to: (ii) 12, the 
steady-state current, usually at 12 sec from the start 

of the pulse; (iii) IL, the minimum inward current 
after the inward-1 has decayed and before the in- 
ward-2 has activated; (iv) Ie, the peak value of the 
inward current; (iv) IT, the inward current at the 
peak of the current tail. 

When toc was returned to the initial value at the 
end of the pulse, a transient current (current tail) 
was observed (Fig. 2), which for cells in the dark 
always consisted of two phases, a fast initial nega- 
tive-going current, sometimes beginning with out- 
ward current (see Fig. 4), followed by a slow decay 
back to the holding level. Cells in the light would 
quite often show outward current tails (for example, 
Fig. 13a). In cells in APW I~ was smaller than 12. 
However, in high concentrations of CI-, Ir was 
sometimes larger than h and sometimes also larger 
than Ip. This is illustrated in Fig. 4 for a cell in 10 
mM TEAC1, pHo 6. 

The inward-2 current showed considerable vari- 
ation between successive clamp pulses to the same 
to. Normally the current would decrease slightly 
with successive equally spaced pulses in time. The 
larger the period between pulses the smaller was 
the reduction of the inward-2 current. Consistent 
results could be obtained if pulses were separated 
by a constant interval of at least 10 min and before 
experiments, 4 or 5 test pulses to a fixed tO were 
usually needed before the inward-2 current was re- 
producible. 

Steady oscillations in the inward-2 current were 
observed in one cell after the addition of 1 mM 
nonyltriethyl ammonium bromide (C9), a K + chan- 
nel blocker (Armstrong, 1975). In 0.1 mM KCI, pHo 
6 the oscillations at -230 mV had an amplitude of 
111 m A m  -2 and a period of 1.82 sec. Efforts to 
stimulate oscillations in other cells with C9 were not 
successful. 

For voltage clamps of %, IL was small com- 
pared with the inward-2 current and we take it as an 
approximation to a general " leak" or nontime-de- 
pendent component of inward current. As shown in 
Fig. 5a, the current I = Ie - IL could be described 
by an equation of the form: 

I = -Aj  exp(-kl0c). (~) 

With APW pHo 6 and % = -300 mV, the median 
value of I from Eq. (1) was -648 mA m -2 (-60, 
-27,830, n = 10) where A1 and k] were 4.66 • 10 -2 
m A m  -z and 3.8 x 10 -2 m V  - l ,  respectively. The 
total ranges of A1 and kl were 2.54 x 10 -4 to 8.57 
m A m  -2 and 1.6 x 10 -2 to 6.2 x I0  -2 m V  -1, respec- 
tively. The large value of the upper limit of the 
range of Eq. (1) was obtained by extrapolating the 
equation for a cell which had very large inward-2 
currents at PD's less negative than -300 inV. 
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Fig. 3. Comparison of inward 
current responses as a function 
of time during voltage clamps of 
(a) cytoplasmic PD and (b) 
vacuolar PD for a cell in APW 
pHo 6. The superimposed cur- 
rent traces were obtained from 
consecutive pulses in PD incre- 
mented by 20 mV from a holding 
level of -108 to -228 mV in (a) 
and from -91 to -291 mV in (b) 

The kinetics of activation of inward-2 current 
were also PD dependent with the time for half 
change to the peak (Tv2) decreasing as the PD was 
taken more negative (Fig. 5b). For voltage clamps 
of 0~ (pHo 6) Tm could be described by the following 
equation: 

TI/2 = A2 exp(k2qJc). (2) 

In APW pHo 6, T1/2 for t0c = -300 mV had a median 
value of 0.46 sec (0.07, 0.99, n = 5) where A2 and k2 

were 40.05 sec and 0.015 mV -1, respectively. The 
total ranges of Az and k2 were 6.7 to 103.8 sec and 
5.4 x 10 -3 to 24.5 x 10 -3 mV -J, respectively. For 
any one cell, the half-time for the decay of IT was 
independent of the voltage-clamp step size. This de- 
activation half-time was about 0.1 to 0.6 of the ex- 
trapolated value from the activation curve (Fig. 5b). 

(D)  I v s .  to CURVES 

From voltage-clamp records such as those shown in 
Fig. 3, I vs. tO curves can be constructed for differ- 
ent times during a 12-sec pulse. Figure 6 shows the 
effect on the shape of the I vs. 0 curves of the time 
at which I was sampled. The curve at 30 msec is 
dominated by the K + current which had not de- 
cayed, except at more negative levels of PD where a 
"negative resistance" region is observed. At sam- 
ple times of 0.5 and 3 sec the curves are virtually 
linear up to about -300 mV where they start to roll 
over. At 12 sec, where the inward-2 current had 
ceased changing as a function of time, a smooth 
curve, exponentially dependent on to, is obtained. 

Figure 7a shows Il vs. 0r and h vs. qJc from 
voltage-clamp data obtained on a cell with the cyto- 
plasmic PD clamped initially at its resting level in 
APW pHo 6. The I1 vs. toc curve intersects the toc 
axis at zero current (reversal PD) probably close to 
EK for the cytoplasm. For small hyperpolarizations 
the steady-state 12 vs. toc curve lies above the I~ vs. 
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Fig. 4. Inward current response as a function of time when the 
vacuolar potential (not shown) was pulsed from -103 to -280 
mV for a cell in APW pHo 6 plus 10 mM TEACI 

toc curve illustrating the voltage- and time-depen- 
dent decrease of the K § conductance. For progres- 
sively more negative values the slope of the h vs. toc 
curve increases as the inward-2 current is activated. 
The third curve shown in Fig. 7a is from a scan (Fig. 
1) consisting of only positive-going steps in 0c su- 
perimposed on a negative step where the inward-2 
current was large. This "instantaneous" I vs. +c 
curve has a reversal PD at about -50 mV, less neg- 
ative than EK. 

In cells in APW the I vs. tO curves from scans 
were generally linear or slightly concave towards 
the 0 axis. For increasing values of the external 
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concentration of CI-, [Cl-]o, the curves became 
more concave towards the 0 axis suggesting at first 
sight that the Goldman equation may have been ap- 
plicable (Jack et al., 1975). For [Cl-]o above about 
10 mM the slope of the curves actually changed sign 
at PD's more negative than about -200 mV. This 
probably indicates that because of the voltage- and 
time-dependent nature of the current a sample at 30 
msec within each pulse of the scan was not always 
early enough to exclude changes in the current from 
the true instantaneous value; see similar results for 
the K § current, shown in Fig. 6. 

Figure 7b shows I vs. 0 curves for a voltage 
clamp of % on the same cell as shown in Fig. 7a. 
The resting potential of the vacuole was 30 mV 
more positive than that of the cytoplasm indicating 
a PD across the tonoplast of +30 mV (vacuole posi- 
tive with respect to the cytoplasm). The I vs. th~ 
curves are similar to the I vs. Oc curves except for 
the smaller slopes of the instantaneous curves due 
to the addition of the tonoplast resistance and shifts 
in the reversal PD's to less negative values. The 12 
vs. 0 curves for cytoplasm and vacuole were often 
almost identical for inward currents. This probably 
occurred because the greater driving force on the 
ions, responsible for the inward current in the 
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vacuole compared with that in the cytoplasm, can- 
celled the effect of  a slightly smaller over-all con- 
ductance between the vacuole and the outside. The 
tonoplast conductances of  this particular cell were 
2.8 S m -z with the K + conductance on and 6.45 S 
m -2 with the inward-2 current flowing. 

In an attempt to separate the components  of 
inward-2 current we did experiments with vacuolar 
clamps where we applied two positive-going scans, 

one before and one after the inward-2 current had 
turned on during the one time course. Difference I 
vs .  qJv curves were then constructed and compared 
at different C1- concentrations. The results were 
variable from cell to cell with only one out of  three 
experiments showing results expected if CI- carried 
the majority of  inward-2 current. The difficulty of 
obtaining in the first scan an estimate oflL undoubt- 
edly contributed to the variability, since in the time 
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Fig. 9. I vs. @ from scans performed on diminishing inward-2 
current responses for consecutive pulses in ~v to -300 inV. The 
extrapolated lines intersect at about Ec~ for the vacuole 

period of one second required for the scan the cur- 
rent was changing significantly. In the experiment 
where it appeared that C1- carried most of the in- 
ward-2 current, the reversal PD of the difference 
curve in 1.2 mg C1- (pHo 5.5 and 6.0) was 125 inV. 
In 10.2 mM C1- the reversal PD shifted to 31 mV 
and did not change significantly when K + was re- 
placed by TEA + . When the cell was illuminated the 
reversal PD of the difference curves was displaced 
to values between -20 and -50 inV. A shift of the 
reversal PD to more negative values (-50 to -180) 
was obtained on illumination in the other two cells. 
In these cells the reversal PD in the dark was also 
positive (0 to 50 mV) but did not change consist- 
ently with changes in C1- concentration. These 
results indicate that other ions besides CI-, which 
may include a light-stimulated component, account 
for a variable portion of the inward-2 current. 

Figure 8a shows the results from a cytoplasmic 
clamp where Ir and the corresponding 12 are plotted 
as a function of qJ. For the first three clamp pulses in 
which inward-2 activation occurred, a common in- 
tersection point at about 0 mV was obtained by ex- 
trapolating the lines drawn through 12 and It. For 
the fourth pulse the line did not pass through this 
point but was almost parallel with the line obtained 
from the third pulse. A vacuolar clamp on the same 
cell (Fig. 8b) showed that the first four pulses had a 
common intersection point at about Ec~ for the va- 
cuole. The last pulse gave a line parallel to those 
from the previous pulses. At very negative poten- 
tials the reversal potential for the I2, Ir vs. @~ ex- 
trapolation was more positive than Ec~. From the 
example shown in Fig. 4 it can be seen that the 
trend can continue until Ir is greater in magnitude 
than I2. 

flowing 
"~uti~ ~ reference electrode 

\ ~  Ct- etecfrode 
~ i n s u l a t i o n  

ceLL / 

Zt-- [ 
EF- 
el-- 

Fig. 10. Geometry of the C1 electrode placement showing how 
small changes in local concentration were detected adjacent to 
the cell wall 

In cells where the inward-2 current became pro- 
gressively smaller during consecutive 12-sec clamp 
pulses to the same @v, instantaneous I vs. @ curves 
were obtained from scans on the inward-2 current, 
about 10 sec into the pulses, to shed some light on 
the cause of the decline of inward-2 current. An 
example is shown in Fig. 9. The curves show a re- 
duction in slope and a change in the reversal PD's to 
more negative values corresponding to the decline 
of inward-2 current in successive pulses. However, 
the extrapolated curves all intersect at about the 
same PD, close to Ec~ for the vacuole. 

(E) EXTRACELLULAR C1- CONCENTRATIONS 
DURING THE FLOW OF INWARD-2 CURRENT 

A chloride efflux was positively identified as a com- 
ponent of the inward-2 current in experiments using 
a chloride electrode and reference placed near to 
the cell wall. It is important to understand the ge- 
ometry of the electrode placement since it is by 
virtue of this geometry that any C1- could be de- 
tected at all. Figure 10 shows how the electrode 
itself forms the end-wall of a cylindrical segment of 
solution normal to the cell wall and cell membrane. 
Even for a small efflux of CI- during a typical pulse, 
the very small volume of cylindrical segment cou- 
pled with the expected slow diffusion out through 
the perimeter, should allow a change in [CI-]o to be 
detected. 

Results differed from cell to cell mainly in the 
delay in the onset of the change in [C1-]o after a 
change in inward-2 current flow. The length of the 
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corresponding extracellular CI concentration (b) as functions of 
time for a vacuolar clamp on a cell in APW pH,, 6. The PD was 
stepped in 50-mV increments from a holding level of -85 up to 
-385 mV 

delay varied from cell to cell and was probably a 
function of the distance of the electrode from the 
cell wall, diffusional resistances in the wall and the 
magnitude of the inward-2 current. Figure 11 shows 
a particular example of superimposed traces of 
[C1-]o as a function of time, during a sequence of 
negative-going voltage-clamp pulses which caused 
inward-2 current to flow. In this case very little de- 
lay was observed in the onset of a change in [Cl-]o 
and more significantly at the end of the pulse [C1-]o 
had come to a steady level. From this type of re- 
sponse it is possible to obtain a relative measure of 
the C1- efflux since the net C1- flux across the cell 
membrane into the measured segment of solution 
must equal the net diffusional flux out of the seg- 
ment into the bulk flowing solution when the con- 
centration in the segment remains at a steady level. 
A flux specific to the membrane area cannot be ob- 
tained because it was not possible to obtain accu- 
rate estimates of the volume of solution being mea- 
sured by the electrode. Nonetheless, relative 

p H ~  

I I I I I 

- 6 o o  - ~ o o  ~ -2oo 
l ima  m-L 

1.0 

0-8 

0.6 

if) 

0.z~ 

0 
I 
0 

0.2 

F i g .  12. Plot of the relative CI- efflux (S/S~aO against the corre- 
sponding inward-2 current for a cell in pHo 5 (0) and pHo 6 (�9 S 
is the initial slope of the decaying phase of extracellular CI- 
concentration after the inward-2 current was turned off and S~a~ 
is the largest slope observed within the series of responses. Error 
bars are estimates of the measurement errors within which S 
could be determined. The steps in t)~ were the same in each pHo 
and were (in mV): -185, -235, -285, -335. Note that for a 
particular PD a larger inward-2 current was obtained in pHo 5 
than in PHo 6 

measures of C1- flux can be obtained since the elec- 
trode position was constant within one experiment. 
During a clamp pulse, the Cl- efflux relative to a 
maximum observed within a sequence, was esti- 
mated from the initial rate of change in [C1-]o when 
the PD was returned to the holding level, and the 
inward-2 current was virtually switched off. The 
relative flux could then be compared with the re- 
corded inward-2 current. Figure 12 shows that for 
pHo 5 and 6 the ratio of C1- efflux to the inward-2 
current was a constant. In pHo 5 a larger inward-2 
current was observed than in pHo 6 at the same @u. 
This is reflected in a larger relative C1- efftux. The 
effects of pHo on the inward-2 current are consid- 
ered in more detail in Tyerman et al. (1986). 

The ratio of CI- efflux to inward-2 current 
sometimes changed with changes in external condi- 
tions at a constant @v. The example in Fig. 13 shows 
that with the cell in the light inward-2 current was 
larger than that with the cell in the dark, while for 
the C1- efflux the reverse was true. It is this differ- 
ence in CI- efflux, between light and dark which 
most likely produces the difference in direction of 
the current tails shown in the Figure. In the dark, 
with C1- carrying the majority of the inward-2 cur- 
rent, the reversal PD is less negative than the hold- 
ing PD o f -  100 mV and the tail current is negative. 
In the light less of the current is carried by C1- and 
more appears to be carried by components with re- 
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versal PD's more negative than the holding PD. 
Thus the tail current is outwards. In cells in high 
pHo less C1- efflux was associated with the inward-2 
current than in low pHo. An example is shown in 
Fig. 14. Initially, the cell was in pHo 5.5 with only a 
moderate amount of inward-2 current and C1- efflux 
being observed. When pHo was changed to 8.5, no 
C1- efflux was associated with the inward-2 current 
(curves A), and when pHo was changed back to 5.5, 
the CI- efflux increased in magnitude in two succes- 
sive pulses (curves B and C). Atypically, the magni- 
tude of the inward-2 current did not increase in the 
lower pHo, the only indication that more C1- was 
carrying the current was the increase in magnitude 
of the inward current tail. Generally, in the dark the 
magnitudes of Iz and 1T were good indicators of the 
magnitude of the CI efflux during the pulse. 

Discussion 

IS THE I N W A R D - 2  C U R R E N T  P U N C H T H R O U G H ?  

Coster (1965) observed a sudden avalanche of in- 
ward current in Chara corallina at PD's of about 

-300 mV. He described this phenomenon theoreti- 
cally in terms of a membrane which consisted of a 
fixed negatively charged region on one side and a 
fixed positively charged region on the other. He 
proposed that the width of the negatively charged 
region (WN-) decreases more rapidly with decreas- 
ing potential than the width of the positively 
charged region (Wu+). When Wu- goes to zero the 
anion permeability becomes very large and punch- 
through occurs. In a later paper Coster (1969) 
showed that the phenomenon is dependent on pHo. 

For Chara inflata in pHo 6 for any PD we never 
observed a sudden cascade of inward current that 
could be ascribed to the punchthrough phenomenon 
evident at about -340 mV for Chara corallina in 
pHo 6 (Coster, 1969). Rather, the inward current 
was a smooth exponential function of PD (see Fig. 
5a). We also found that the inward-2 current did not 
arise instantaneously but activated slowly over a 
period of seconds with complex kinetics. The time 
for half-change of this activation was exponentially 
dependent on the membrane PD (Fig. 5b). Beilby 
and Coster (1976) have also shown a time depen- 
dence but did not indicate that the kinetics were 
voltage dependent. They considered that the time 
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dependence did not have a significant effect on de- 
termining their punchthrough potential. However, 
the more sudden increase of inward current ob- 
served by Coster enabling him to obtain a pun- 
chthrough potential may only be apparent if the 
possible voltage dependence of the kinetics in 
Chara corallina were not taken fully into account. 
The effect of the time of measurement of the in- 
ward-2 current on the shape of the I vs. qJc curve is 
illustrated in Fig. 6. For currents measured between 
0.5 and 3 sec into the pulse at each PD, the I vs. Oc 
curve begins to look like those presented by Coster 
where the curves appear almost linear up to about 
-300 mV and then take a sudden dive. The unex- 
pected temperature dependence of the punch- 
through potential (Beiiby & Coster, 1976) could 
be explained if decreasing temperature slowed the 
activation of inward-2 current, similar to the effect 
of temperature on the action potential (Beilby & 
Coster, 1979b). 

"Punchthrough" has normally been regarded 
as a rapid avalanche of inward current accounted 
for by a C1- efflux at potentials outside the normal 
physiological range, even though data from Coster 
and Hope (1968) show over a 10-fold increase in C1- 
efflux between - 100 and -200 inV. We have found 
for Chara inflata that the inward-2 current begins to 
activate at potentials much less negative than the 
levels observed in the hyperpolarized state (Tyer- 
man et al., 1986). 
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Fig. 14. Sequence of inward-2 current responses (a) and corre- 
sponding extracellular CI- responses (b) when pHo was changed 
from 8.5 to 5.5. In each case q, owas pulsed to -300 inV. See text 
for further details 

TRANSPORT N U M B E R  EFFECTS 

The passage of inward current under conditions 
which favor large concentration changes adjacent to 
the ceil membrane will result in the electrochemical 
equilibrium potential of the transported ions shifting 
in the negative direction. Thus the observed change 
in the reversal PD towards positive values associ- 
ated with the flow of inward-2 current, most of 
which is C1-, must be due to an increase in CI- 
conductance. On the other hand, the negative shift 
in reversal PD associated with the reduction of in- 
ward-2 current in consecutive pulses may be due to 
depletion of intracellular CI-, an intracellular deple- 
tion rather than accumulation adjacent to the exter- 
nal membrane surface because there was sufficient 
time between pulses for equilibration in the external 
solution. For the CI- electrode experiments some 
extracellular accumulation of C1- during a pulse 
necessarily occurred adjacent to the cell where the 
electrode was placed. In most cases the concentra- 
tion increased by only 0.2 to 0.4 mM which was 
unlikely to have had a large effect on the current. 

Integration of a typical 12-sec inward-2 re- 
sponse at -300 mV shows that a total of 5 x 10 -10 
moles of negative charge leaves the cell. If the ma- 
jority of the charge were C1- and in the worst case 

there was no replenishment from the vacuole, there 
would be a considerable reduction in cytoplasmic 
C1- during a voltage clamp of 0c. For example, us- 
ing a cytoplasmic volume of 5% of the whole cell 
volume then the C1- concentration would be re- 
duced by about 1 raM. This is comparable to the 
lowest reported Cl- concentration in Chara coral- 
lina of 1.8 mM (Jones & Walker, 1980). The fact that 
longer times between pulses resulted in a smaller 
reduction of inward-2 current may suggest that lost 
C1- could be reaccumulated from the external me- 
dium. Over a period of 10 rain (the normal interval 
between pulses) a C1- influx of about 35 nmol m -2 
sec -1 would replenish the amount lost during a typi- 
cal inward response. This influx is large for Chara 
cells in the dark (Reid & Walker, 1984) but not im- 
possible when compared with rates for C1--depleted 
cells (Beilby & Walker, 1981). 

For voltage clamps of q~v, the instantaneous I 
vs. Oo curves from consecutive pulses intersected, 
by extrapolation, at the vacuolar Eel (Fig. 9), the 
reduction in inward-2 current being due to a reduc- 
tion in conductance (as measured by the average 
slope of the lines). Thus there was no strong indica- 
tion that the C1- concentration in the vacuole was 
decreasing with consecutive pulses; nor would we 
expect it for a compartment of large volume and 
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high [C1-]. Unfortunately, it was not possible to do 
the equivalent experiment with a cytoplasmic 
clamp. The intersection of the curves, shown in 
Figs. 8 and 9, at the vacuolar Ea also shows that the 
plasmalemma and tonoplast together behave as a 
chloride electrode plus a leak. This implies that the 
tonoplast, when the inward-2 current is activated, 
has a high C1- conductance. If this were not the 
case for a vacuolar clamp, then the intersection PD 
would differ from the cytoplasmic Ecl by the PD 
across the tonoplast. For cytoplasmic CI- concen- 
trations above about 10 mM it may become experi- 
mentally difficult to discern whether an intersection 
PD was indicative of the vacuolar Ecl or the tono- 
plast PD (about 30 mV) plus cytoplasmic Ecl. From 
our cytoplasmic data (e.g., Fig. 8) we obtained a 
range in cytoplasmic C1- concentration of between 
1 and 7 mM but this may have been after some de- 
pletion. We have no immediate explanation for the 
more obvious reduction of inward-2 current after 
the peak observed in cytoplasmic clamps compared 
with vacuolar clamps (see Fig. 3), although it is pos- 
sible that an increase in tonoplast conductance, 
most probably to C1- (see (D) of Results), may af- 
fect the distribution of PD across plasmalemma and 
tonoplast during a vacuolar clamp. 

COMPONENTS OF THE INWARD-2 CURRENT 

NOT ACCOUNTED FOR BY A CI-  EFFLUX 

The inward-2 current was not fully accounted for by 
a CI- efflux since the reversal PD's determined 
from instantaneous I vs. q~ curves for inward-2 cur- 
rent, were more negative than Ec~. The curves inter- 
sected at Ea  under conditions where the C1- com- 
ponent was changing at an outward current greater 
than about 100 m A m  -2. This indicated that the 
component(s) accounting for the outward current at 
Ecl had a negative reversal PD which under some 
conditions was more negative than EK. Further- 
more the following observations suggest that the 
other currents were time dependent and activated 
by hyperpolarizing the membrane: (i) A rapidly de- 
creasing outward current was observed in current 
tails (after the capacitive spike) when t~ was re- 
turned to EK (Fig. 4); (ii) 12, Ir vs. qJ curves diverged 
from a common intersection at Ecj when the mem- 
brane was progressively hyperpolarized (Fig. 8); 
(iii) In high [C1-]o peak tail currents were larger than 
final currents in the pulse (Fig. 4). One possible 
explanation of these results, in particular (iii), is 
that an outward current which is activated by hy- 
perpolarization, deactivates much faster than the 
C1- inward current when the membrane potential is 
returned from hyperpolarized levels. An equation 

consisting of a constant plus the sum of two expo- 
nentials fitted tolerably well to the tail portion of the 
data in Fig. 4. However, the initial inward and out- 
ward currents obtained from the fit (-489 and 518 
m A m  -z) were  very large and assuming a linear I vs. 
qJ curve for CI-, the final current in the pulse 12 
could not be reconstructed from the outward and 
inward components. Another possibility is that the 
large tail currents are a result of activating those C1- 
channels associated with the action potential by the 
sudden positive-going step in PD. This possibility 
is also unlikely because the action potentials 
sometimes observed after a step back to the 
holding PD had quite different kinetics to the tail 
currents. 

There are clearly other time-dependent inward 
currents besides that resulting from a CI- efflux 
since occasionally we observed an inward-2 re- 
sponse without an associated CI- flux, usually in 
high pHo. Normally this inward response was much 
smaller than those in lower pHo (Tyerman et al., 
1986) where a CI efflux was measured. The atypi- 
cal example in Fig. 14, however, shows that the 
non-Cl- efflux component of inward current can be 
large. 

The initial effect of light was to stimulate the 
inward current but to inhibit that due to C1- efflux. 
Perhaps the stimulation of inward current is indica- 
tive of the stimulating effect of light on the C1-/2H + 
symporter (Sanders, 1980; Beilby & Walker, 1981). 
The negative shift in the reversal potential of instan- 
taneous I. vs. qJ curves could be due either to a 
stimulation of the outward current component (e.g. 
the proton pump) or inhibition of the C1- efflux 
which we observed using the C1- electrode (Fig. 13) 
and which has been reported from tracer experi- 
ments (Hope et al., 1966; Sanders, 1980). 

CHLORIDE CHANNELS 

Most voltage- and time-dependent macroscopic 
currents have now been shown to result from ion 
flow through discrete channels. Many are associ- 
ated with membrane excitability and a common fea- 
ture is that the conductance and time constant of 
activation are a sigmoidal and bell-shaped function 
of potential, respectively (Ehrenstein & Lacar, 
1977). The C1- conductance which activates by de- 
polarization and is associated with the action-poten- 
tial in Chara  corallina shows these features (Beilby 
& Coster, 1979a). 

In Chara inflata the C1- efflux activated by hy- 
perpolarization accounted for that part of the in- 
ward-2 current which was exponentially dependent 
on Oc and which was stimulated by lowering pHo 
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since the CI efflux was usually a constant propor- 
tion of the inward-2 current. Exceptions to this oc- 
curred soon after changes in conditions while the 
cell was adjusting to these changes, e.g. after the 
cell had been illuminated or where pHo had been 
changed (Fig. 14). Coster and Hope (1968) also 
found that the C1- efflux calculated from radioac- 
tive tracer experiments was exponentially depen- 
dent on to. For Chara inflata, the exponential nature 
of the Ia  vs. to curves means that the CI- conduc- 
tance, defined as: 

g c l =  lcl/(to - Ec0, 

continues to rise as to becomes more negative, 
rather than saturating to a constant value as would 
be observed in the two-state (open and closed) 
model (Jack et al., 1975; Ehrenstein & Lacar, 1977). 
A similar observation was made for alamethicin 
channels in lipid bilayers (Eisenberg et al., 1973). 
However, the conductance as a function of tO, g(to), 
for the two-state (open and closed) model of a chan- 
nel can be approximated by a single exponential 
function when the conductance is a small fraction of 
its maximum value. In this range of potentials the 
time constant as a function of potential is also ap- 
proximated by a single exponential. 

The kinetics of the macroscopic current should 
be first order if the two-state model of a channel 
were to apply. Such a model adequately describes a 
C1- current in Aplys ia  neurones, a current similar to 
the Chara inward-2 current in that it is activated by 
hyperpolarization and is increased in magnitude as 
pHo is lowered (Chesnoy-Marchais, 1983). For 
Chara inflata, we could not determine whether the 
kinetics were first-order for the C1- component due 
to the complication of at least one other time-depen- 
dent ionic current. The observed oscillations in the 
inward-2 current and the inductive nature of the 
current places it into the Model B group of ion 
transport systems derived by Hansen et al. (1983) 
which these authors state can be indicative of ion 
channels. Meanwhile, Coleman and Walker (1984) 
have used the patch-clamp technique to observe C1- 
channels in Chara corallina which open more fre- 
quently as the membrane is hyperpolarized. These 
C1- channels show more than one conductance 
level which may lead to an explanation for the 
complexity of the activation of the macroscopic 
current. 
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