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Summary.  The C1 component of the voltage- and time-depen- 
dent inward current activated by hyperpolarizing the membrane 
of Chara inflata increases exponentially as the external pH, pH,,, 
is lowered from 7 with the membrane potential difference (PD) 
kept constant. Lanthanum and anthracene-9-carboxylic acid (A- 
9-C, a C1- channel blocker) both blocked the CI- component and 
removed the pHo sensitivity of the inward current. Lanthanum, 
however, also decreased the K + conductance. The hyperpolar- 
ized membrane is depolarized by A-9-C in a manner similar to 
that caused by the removal of external C1-. Low external con- 
centrations of NH~- stimulated the CI- component of the inward 
current probably as a result of a change in cytoplasmic pH rather 
than as a result of a change in cytoplasmic [C1-], since the effect 
was observed in Cl--free solutions. The results show that the 
membrane PD, at hyperpolarized levels, is most likely deter- 
mined by two factors: the proton extrusion pump, provided it has 
a reversal PD more negative than about -300 mV, and a voltage- 
dependent C1- leak. 

Key Words Cl- channels �9 Chara inflata �9 pH . channel 
blockers - NH2 

Introduction 

When the plasma membrane of Chara inflata (a 
green alga) is hyperpolarized by a voltage clamp 
from a K+-conductive state, a voltage- and time- 
dependent C1- efflux is activated which is probably 
via voltage-gated channels (Coleman & Walker, 
1984; Tyerman et al., 1986). The membrane poten- 
tial difference (PD) at which the C1- efflux begins to 
become significant in the dark is often less negative 
than the PD's reported for other charophytes in the 
light or in the hyperpolarized state (P-mode defined 
by Bisson and Walker, 1982). The possibility that a 
CI- efflux may be an important factor in determin- 
ing the membrane PD in the hyperpolarized state 
has been discussed by Tyerman et al. (1986), since 
evidence which had been used to argue against the 
possibility (Kitasato, 1968) did not account for the 
large and perhaps independent effects of membrane 
PD and pHo on the C1- efflux (Coster, 1969). 

In its hyperpolarized state the membrane de- 
polarizes by about 50 mV per unit decrease in pHo 
from about 7 (Richards & Hope, 1974; Smith & 
Walker, 1976). From measured values of cytoplas- 
mic pH and known concentrations of adenosine 
phosphates it has been argued that the pHo sensitiv- 
ity of the membrane PD is due to a proton pump 
operating near thermodynamic equilibrium and with 
a stoichiometry of 2H + per ATP hydrotyzed 
(Walker & Smith, 1975). However, recent evidence 
indicates that the pump may not be operating near 
equilibrium (Smith, 1984) and that the stoichiome- 
try may be 1H+/ATP (Lucas, 1982; Beilby, 1984) in 
which case the reversal PD of the pump would be 
some 300 mV more negative than the observed 
membrane PDs. In this case the pHo sensitivity of 
the PD would be less likely to be due to the pump 
since passive ion fluxes must play a large role in 
determining the PD. The possibility that the pHo 
dependence of the membrane PD is due to the CI- 
efflux is indicated from Coster (1969) who showed 
that the PD at which the inward current due to C1- 
became prominent (defined by Coster as the punch- 
through potential) depolarized by about 50 mV 
per unit decrease in pHo. 

In this paper we have looked again at the role of 
the CI- efflux in Chara inflata by investigating the 
electrophysiological effects on the plasma mem- 
brane of factors which change the CI- fluxes. These 
factors include agents which have been reported to 
block C1- channels and low concentrations of NH2, 
which have been reported to stimulate the CI- influx 
(Smith & Walker, 1980). 

Materials and Methods 

MATERIALS 

The artificial pond water (APW) used to bathe cells in experi- 
ments had the same composition as that used by Tyerman et al. 
(1986). The whorl cells of Chara inflata used for experiments 
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Fig. 1. (a) Vacuolar PD (tOw) as a function ofpHo for cells in the hyperpolarized state in the light (0). For one cell too was obtained over 
a range of pHo (O). (b) Plotted as a function of pHi, are the potentials at which an inward-2 current of -50 mAm -2 was obtained when 
the membrane was hyperpolarized by voltage clamp from the K+-conductive state (EM). The open symbols are for the same cell as in 
(a) 

were taken from the same cultures used for experiments de- 
scribed in the previous paper. 

A stock of Anthracene-9-carboxylic acid (A-9-C) (Aldrich) 
solution (10 mg/ml) was made up immediately before an experi- 
ment by dissolving 100 mg in 1 ml of I g NaOH and then diluting 
to 10 ml with distilled water. A concentration between 0.05 and 
0.5 mM A-9-C was used in experiments. An increase in pHo of 
0.2 units in the final solution of 0.5 mM A-9-C was accounted for 
and a blank was tested before addition of A-9-C to the cell. Other 
channel blocking agents used were: tetraethylammonium chlo- 
ride (TEAC1), ethacrynic acid, 4,4'-diisothiocyano-2,2'-disul- 
fonic acid stilbene (DIDS) and La 3+, 

Methods 
A full account of the methods is given in the first paper of this 
series (Tyerman et al., 1986). Current versus PD (I vs. tO) curves 
were constructed from a rapid staircase of voltage pulses, a scan, 
superimposed on the main pulse. We used this I vs. qJ curve as an 
estimate of the instantaneous I vs. tO curve. The conductance (g) 
was obtained from the average slope of the instantaneous I vs. tO 
curve. This curve was usually linear in cells in APW. Data is 
presented as either the median and, within brackets, the range 
and number of observations, or the median and 95% confidence 
limits. In the Figures the median and range are plotted with the 
number of observations (n) shown adjacent to the point. For n 
greater than 8 the 95% confidence limits are shown. 

Results 
HYPERPOLARIZED CELLS 

C h a r a  i n f l a t a  cells exis ted  in ei ther  a K+-conduc  - 
t ive state or a hyperpo la r i zed  state,  as obse rved  in 

other  cha rophy tes  (Bisson & Walker ,  1982). The 
two states are  charac te r ized  by proper t ies  of the 
c o n d u c t a n c e  and  the magn i tude  of the m e m b r a n e  
PD. In  the hyperpo la r i zed  state the PD b e t w e e n  the 
vacuo le  and  the outs ide  (~v) was usual ly  more  nega- 
t ive than  the N e r n s t  potent ia l  for ei ther  Na  or K 
ions and was  d e p e n d e n t  on  pHo such that  qJv 
changed  f rom abou t  - 2 5 0  to - 1 6 0  mV as pHo was 
lowered  f rom 8.5 to 5.5 (Fig. la) .  

The  r e m a i n d e r  of  the resul ts  deals with aspects  
of a t ime- and  vo l t a ge - de pe nde n t  inward  cur ren t  
which  was  ac t iva ted  by  vol tage-c lamping  cells to 
hyperpo la r i zed  levels  f rom the depolar ized  K +- 
state.  This  cu r r en t  will be  referred to as the inward-  
2 cur ren t ,  as in the p rev ious  paper  in this series 
( T y e r m a n  et al. ,  1986), to d is t inguish  it f rom a K + 
cu r r en t  which  deac t iva ted  upon  hyperpolar iza t ion .  
Unless  stated o therwise  the cells were p rovoked  
into the K§ by darkness .  

EFFECT OF pHo ON THE INWARD-2 CURRENT 

The  inward-2  cu r r en t  was d e p e n d e n t  on  pHo such 
that  it was  grea ter  in magn i tude  in lower  pHo at a 
par t i cu la r  0. F igure  2 shows the logari thm of the 
s teady-s ta te  inward  cu r r en t  plot ted against  pHo 
f rom vol tage  c lamps  at tO~ = - 3 0 0  inV. Be t ween  
pHo 7.5 and  5 the logar i thm of the inward-2  cur ren t  
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Fig. 2. Logar i thm (base 10) of  the inward-2 current  (1" - - I / m A  
m -2) as a funct ion of  pHo for cells c lamped at - 3 0 0  mV in APW 
(0) .  The median inward current  remaining after A-9-C t reatment  
is also shown from a number  of  cells at pH,, 6 (~ )  as well as the 
effect of  A-9-C ( I )  and La 3+ (A) for two different cells over  a 
range of pH,, 

increased linearly with decreasing pHo and in this 
range I as a function of pHo is given by: 

I = -B1 exp(-Kl  pHo), (1) 

where B1 = 12,270 mA m -2 and K1 = 0.675 pH -1. 
There was also an effect of previous changes in 

pHo on the magnitude of the inward-2 current. In 
general a larger inward-2 current would be observed 
in low pHo if it was preceded by a treatment in pHo 
greater than 7.5. To avoid the effects of previous 
pHo treatments on the measurements, sequences of 
pHo changes were varied in each experiment so that 
bias caused by using only one particular sequence 
of changes would be avoided. 

From scans performed on the steady-state in- 
ward-2 current at the same tO~ (-300 mV) in differ- 
ent pHo, we obtained g and the reversal PD, the PD 
at which I = 0, as a function of pHo (Fig. 3). For a 
change in pHo from above 7 to below 6 (actual pHo 
changes in time were done in various sequences) 
the reversal PD (Fig. 3a) always changed in the pos- 
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Fig. 3. (a) Effect of  pHo on the reversal  potential (toter) (0)  of  
ins tan taneous  1 vs. to~ curves  obtained from scans  on the steady- 
state inward-2 current  at - 3 0 0  mV. Also shown is the effect of  
A-9-C ( I )  and La  3+ (A) for the same two cells shown in Fig. 2. 
(b) Effect  o fpHo  on the conduc tance  (g) obtained from the slope 
of the same 1 vs. tOo curves ,  at tO .. . .  described above 

itive direction (10 out of 10 cells) from negative val- 
ues of between -140 to -200 mV to values between 
-80 and 200 inV. The conductance as a function of 
pHo (Fig. 3b) was variable between cells. Out of ten 
cells six showed an increase in g which correlated 
with the shift in reversal PD, three cells had con- 
stant g and one cell showed a decline as pHo de- 
creased. 

We also determined as a function of pHo, @0 for 
which the inward-2 current was 50 m A m  -z. This 
was done by bulking experiments on different cells 
in particular pH's and also by examining one cell in 
a range of pHo values. A value of 50 mA m 2 was 
selected to obtain tOo (denoted by tOy(50)) because 
this current gave values of toy similar to those ob- 
tained in the hyperpolarized state. The results of 
these experiments are shown in Fig. l b where 
too(50) is plotted against pHo. It can be seen that the 
relationship of tOo (50) u s .  pHo parallels that of the tOy 
of the hyperpolarized membrane shown in Fig. la. 
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Fig. 4. Inward-2 current traces for @v = -300 mV before (curves 
1 and 2) and after (3 and 4) the addition of 0.5 mM A-9-C to the 
bathing solution (APW pHo 6), Each trace was obtained at 10- 
rain intervals. Also shown are the current responses to scans 
performed on the inward-2 current 

EFFECT OF CHANNEL BLOCKING AGENTS 

To attempt to further  identify the major ions carry- 
ing the inward-2 current we treated Chara inflata 
cells with various chemicals known to block C1- 
channels in animal cells. These included DIDS, A- 
9-C, ethacrynic acid and cadmium. Ethacrynic acid 
has been reported to block the C1- component  of 
the action potential in some charophytes  (Lunevsky 
et al., 1983). However ,  only A-9-C at concentra- 
tions between 0.1 and 0.5 mM reduced the inward-2 
current  in Chara inflata. It also considerably re- 
duced the peak of  the action potential in Chara cor- 
allina, and in Chara inflata when action potentials 
could be evoked initially (Tyerman & Findlay, un- 
published results). The action of A-9-C was slow at 
concentrat ions less than 0.1 mM taking an hour or 
more for an effect to be observed.  With concentra- 
tions of  A-9-C between 0.2 and 0.5 raM, significant 
inhibition occurred within 10 to 20 min. Results of 
an experiment  on a cell in pHo 6.0 are shown in Fig. 
4 where the current  traces obtained at 10-min inter- 
vals are shown before and after the addition of 0.5 
mM A-9-C. After 20 min the inward current  reached 
a steady lower level and the inward current tails 
were reduced.  After removal of the A-9-C the in- 
ward-2 current  recovered  over  a period of about 30 
rain to close to its initial level. 

In pHo 6 at - 300  mV the inward current was 
reduced by the addition of A-9-C from a median 
value of - 1 7 0  mA m -2 ( -102 ,  -271,  n = 8) to - 6 4  
mA m -2 ( - 28 ,  - 87 ,  n = 8) (Fig. 2). Scans were 
performed on the inward-2 current  before and after 

the application of A-9-C and the resulting instanta- 
neous I vs. @v curves showed that g had decreased 
from 0.69 S m -2 (0.48, 1.09, n = 8) to 0.41 S m -2 
(0.17, 0.63, n = 8), and that the reversal PD had 
shifted in the negative direction from - 4 4  mV (55, 
-136,  n = 8) to -157  mV ( -185 ,  -123,  n = 8) (Fig. 
3). The instantaneous curves before and after inhibi- 
tion intersected on average at about the electro- 
chemical equilibrium potential for CI-, Ea .  Note 
that because the holding PD was some 420 mV more 
negative than Ec~ a reduction in conductance of only 
40% resulted in the inward current being reduced by 
about 60%. 

In pHo 6, A-9-C caused the reversal PD to shift 
to values similar to those obtained in high pHo with- 
out A-9-C present  (Fig. 3). In fact inhibition of the 
inward-2 current  could only be observed at pHo less 
than about 7. In the presence of A-9-C at - 3 0 0  mV 
the reversal PD of  instantaneous I vs. tO~ curves on 
the remaining inward current was independent of 
pHo or decreased slightly as pHo decreased. An ex- 
ample of  this result is shown in Fig. 3. 

Addition of  A-9-C to cells which were hyperpo- 
larized in the light at pHo 6 caused a slow depolar- 
ization to EK with time courses similar to those ob- 
served when cells were put in the dark or when 
external CI- was removed (Fig. 5). Generally dark- 
ness resulted in a more rapid depolarization than 
observed with A-9-C or C1--free solutions. It was 
difficult to compare the rates of depolarization since 
there were large differences between cells and it 
was not possible to apply all three treatments on 
one cell. The examples in Fig. 5 were obtained at 
different values of pHo. Although this affected the 
original PD in the hyperpolarized state it did not 
affect the characteristics of the time course. It is 
interesting to note that for the three treatments an 
initial hyperpolarizat ion was often observed before 
the cells depolarized. 

The lanthanum ion, which has been reported to 
act similarly to an elevated external calcium con- 
centration (Takata et al., 1966), has been shown to 
decrease cation permeability in Chara corallina 
(Keifer & Spanswick, 1978), and from the results of 
Beilby (1984) it appeared to reduce the inward-2 
current.  In Chara inflata, La  3+ at a concentrat ion of 
0.1 mM caused a slow and irreversible inhibition of 
the inward-2 current.  Figure 6a shows the steady- 
state I us. tk~ curves obtained before and after La  3+ 
treatment.  Note  that although the inward-2 current 
was considerably reduced with La  3+ there was still 
a tendency for the curve to increase in slope as the 
PD was taken more negative. Such a result was also 
obtained with A-9-C (Fig. 6b). With La  3+, however,  
the outward current  was also inhibited indicating 
that the K + conductance was reduced. The level of 
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inhibition caused by La  3+ was usually greater than 
thai observed with A-9-C and the reversal PD of the 
instantaneous I vs. Or curves on the remaining in- 
ward current  at - 300  mV ranged between - 180 and 
-2 00  mV in pHo 6 (Fig. 3). As for A-9-C the rever- 
sal PD in the presence of La  3+ was independent of 
pHo (Fig. 3). Unlike A-9-C, however ,  La  3+ had little 
effect on the hyperpolar ized PD in the light. Other 
reputed K+-channel blockers such as TEA + and 
Cs § had no effect on the inward-2 current. Nitrate, 
which accompanied the La  3+ in our  experiments,  
did not affect the inward-2 current in Chara inflata 
as it has been reported to do in Aplysia neurones 
(Chesnoy-Marchais,  1983). 

In some treatments it was necessary for an in- 
hibitor or channel blocker  to be dissolved in ethanol 
so that the solute could be carried into the aqueous 
phase. However ,  it was found that 0.1% ethanol 

inhibited the inward-2 current at -300  mV to about 
the same extent  as A-9-C. Alcohols also inhibit an- 
ion transport  in red blood cells (Fortes,  1977). 

E F F E C T  

OF L O W  CONCENTRATIONS OF A M M O N I U M  

An ammonium concentrat ion of either 50 or 100/XM 
stimulated the inward-2 current at - 3 0 0  mV (pHo 
6.0) in four out of  five cells by factors of  between 
t.36 and 1.94 after 10 to 20 rain. The cell for which 
no change was observed had an exceptionally large 
inward-2 current  to begin with. Larger  inward cur- 
rent tails were associated with inward-2 current 
stimulated by NH~ but the overall shape of the acti- 
vation curves was usually unaltered. The inward-2 
current was also increased by NH2 in Cl--free solu- 
tions but not in the presence of  0.5 mM A-9-C. After 
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Table.  Effect of  NH~ on the inward-2 currenP 

Cell Control plus NH4 ~ Conditions h 

g rev g rev 
( S i n 2 )  PD ( S i n  2) PD 

(mV) (mV) 

6784 0.44 -173  0.24 54 1 
0.41 -133  
0.42 -173  0.29 46 

11784 0.33 - 7 3  0.28 81 1 
0.25 116 

0.31 - 8 8  0.33 87 1,3 
0.34 57 4 

0.42 - 6 7  
0.45 - 9 7  0.35 7 2 

12784 0.55 - 9 0  0.43 46 2,3 
0.52 - 1 1 0  0.46 - 6 9  2 

13784 0.59 - 6 9  0.55 55 1,3 

a The conduc tance  (g) and reversal  PD (rev PD) were obtained 
from scans  on the inward-2 current  at 0v = - 3 0 0  mV. The con- 
trol was obtained immediate ly  before the addition of NH2 or 10 
rain after it was removed.  All cells were in darkness  in APW pHo 
6 and unless  indicated otherwise the plus NH~- values were ob- 
tained 10 rain after the addition of  NH2.  
b Condit ions:  1 = 100/zM NH4 ~; 2 = 50/zM NH~ ; 3 = C1--free; 4 
= 20 min later. 

the removal of the NH~ the inward-2 current de- 
clined towards the previous levels within 10 to 20 
min. 

From scans taken on the inward-2 current be- 
fore and after the application of NH~- we obtained 
the change in reversal PD and conductance associ- 
ated with the stimulation. The Table presents these 
data for four cells under different conditions. The 
NH2 stimulation was associated with either no 
change in the conductance or more commonly with 
a decrease while the null potential shifted by a large 
amount in a positive direction. It was found that the 
inward-2 current stimulated by NH~ was associated 
with an increase in C1- efflux (Fig. 7) measured by a 
Ci electrode (Tyerman et al., 1986). Note that in 
Fig. 7 an action potential occurred when the poten- 
tial was returned to the resting level. This was re- 
flected by a slight rise during the decay of [C1-]o. 
An action potential often occurred where a current 
tail would normally be seen when the inward-2 cur- 
rent was stimulated, whether by NH4 +, lowering 
pHo or the removal of A-9-C. 

Discussion 

INHIBITORS 

A N D  S T I M U L A T O R S  OF THE I N W A R D  C U R R E N T  
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Fig. 7. (a) Inward-2 current  responses  and (b) corresponding 
extracellular C1- responses  before and after the addition of 100 
~M NH2 to the bathing solution (APW pHo 6) 

Anthracene-9-COOH, which has been reported to 
block the C1- conductance in muscle (Bryant & Mo- 
rales-Aguilera, 1971), reduced the inward-2 current 
in Chara inflata by an amount depending on the 
pHo. The auxin analog, 2,4-dichlorphenoxyacetic 
acid, which has a structure similar to A-9-C, also 
blocks the CI- conductance in mammalian skeletal 
muscle (R~del & Senges, 1972). There is good evi- 
dence that in Chara inflata only the C1- component 
was blocked by A-9-C, since the I vs. qJ curves be- 
fore and after A-9-C addition intersected at Ecl and 
with A-9-C the reversal PD in low pHo shifted to 
levels observed in high pHo where C1- was a small 
component of the inward current. The inward-2 cur- 
rent was blocked by A-9-C in C1--free solutions in- 
dicating that the effect was not an indirect result of 
reducing cytoplasmic [CI-] by blocking the C1 in- 
flux. The possibility that A-9-C may have directly 
changed cytoplasmic pH was also discounted be- 
cause its pKa of 3.65 was well below the normal 
range of pHo used in our experiments. 

Anthracene-9-COOH also caused cells to de- 
polarize to EK from the hyperpolarized state, simi- 
lar to the depolarization caused by the removal of 
external C1 . The removal of external C1 which 
would stop the C1-/H + symport, has been argued to 
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reduce the activity of the H + efflux pump due to an 
increase in cytoplasmic pH (Spanswick, 1980). The 
removal of external C1- and the addition of A-9-C 
may have the same effect on the hyperpolarized 
membrane if A-9-C directly blocked the C1- efflux 
thereby slowing the C1 /H + symporter due to a rise 
in cytoplasmic [C1 ] (Sanders & Hansen, 1981). It is 
also possible that the C1 efflux is a reversal of the 
C1- influx mechanism in which case A-9-C may 
block C1- influx and efflux simultaneously. 

Lanthanum blocked the inward-2 current but 
did not cause a depolarization to EK from the hyper- 
polarized state. Unlike A-9-C, La 3+ also blocked 
the K + conductance which may have prevented a 
depolarization to EK. It is interesting that La 3+, con- 
sidered as a general blocker of cation conductances, 
should also block an anion efflux. However, Ca 2+ 
has also been found to inhibit the inward-2 current 
in Chara inflata (Findlay, Tyerman & Paterson, un- 
published data) so La 3+ may be acting as a "super 
Ca 2+'' in Chara inflata consistent with its proposed 
mode of action (Takata et al., 1966). 

The shift in reversal PD of instantaneous I vs. 
curves from about -120 up to -200 mV when the 
membrane was hyperpolarized in the presence of 
La 3+ or A-9-C may indicate an apparent shift in 
electrochemical equilibrium potential of the trans- 
ported ion due to accumulation/depletion adjacent 
to the membrane. The inward currents and conduc- 
tances were small under these conditions and it ap- 
peared that the shift in reversal PD went more nega- 
tive with smaller conductances (comparing A-9-C 
and La 3+ results). If the shift in reversal PD was 
caused by accumulation/depletion of an ion its con- 
centration in the vacuole must be low. This may 
suggest that H + is involved except that the reversal 
PD was not dependent on pHo in the manner ex- 
pected (Fig. 3). The shift in reversal PD to more 
negative potentials as the membrane was hyperpo- 
larized is consistent with the notion that an outward 
current with a reversal PD more negative than -300 
mV may be activated by hyperpolarizing the mem- 
brane. This component of the net inward current 
which is also discussed in Tyerman et al. (1986) 
warrants further investigation. 

The effect of NH~ was to increase the C1- con- 
ductance as indicated by the increase in inward cur- 
rent and C1- efflux at constant ~0v. The stimulation 
of the inward current by NH] in C1 -free solutions 
suggests a direct effect on C1 efflux rather than an 
indirect stimulation caused by a stimulated CI- in- 
flux. The instantaneous I vs. t~o curves showed a 
shift in reversal PD towards Ec~ but interestingly 
the conductance measured from these curves de- 
creased (Table). Thus the conductance of the non- 

C1- components of the inward current was de- 
creased by NHg. If the long-term effect of NHg is 
via a change in cytoplasmic pH then the direction of 
the change appears to not only stimulate C1- influx 
(Smith & Walker, 1980) but also to stimulate C1- 
efflux and inhibit another as yet unidentified ion 
flux. 

THE C1- CURRENT AS A FUNCTION OF pHo AND 

It was shown by Tyerman et al. (1986) that the in- 
ward-2 current which was exponentially dependent 
on q~ was due to the efflux of CI-. An increase in 
efflux was also shown in that paper to account for 
the increase in inward-2 current when pHo was low- 
ered at constant +. In this paper it was shown that 
for pHo less than 7 the inward-2 current was an 
exponential function of pHo at constant q~v. That 
this was due to an increasing C1- efflux was sup- 
ported by the increase in reversal PD as pHo was 
lowered and from A-9-C treatment which removed 
the component of inward-2 current dependent on 
pHo. 

Tyerman et al. (1986) have shown that the in- 
ward-2 current, which will be taken as a first ap- 
proximation to the C1- current (/cO, was a function 
of qJ given by the following equation: 

Icl = - B 2  e x p ( - K 2  ~c) (2) 

where the median values of B2 and K2 were 4.66 x 
l0 -z mAm -2 and 3.18 x 10 .2 mV -1, respectively. It 
was found that for decreasing pHo, K2 was constant 
while B2 increased. In terms of a C1 channel expla- 
nation, this means that decreasing pHo had the ef- 
fect of increasing the number of operative channels 
rather than affecting the voltage dependence of a 
channel. One could surmise that the channel gate 
has to be protonated on the outer surface of the 
membrane before it can operate since the power 
relationship between Ic~ and the concentration of 
H + at constant PD suggests an acid/base reaction. 
Other explanations as to the mode of action of pH 
include: i) negative surface charge in the vicinity of 
the voltage sensitive part of the channel is neutral- 
ized by protonation (Hille, 1968), ii) pH has an ef- 
fect on the internal free energy of opening, a volt- 
age-independent part of opening (Labarca et al., 
1980). 

Although it has been shown that the C1- efflux 
is exponentially dependent on q~ and pHo, it is diffi- 
cult to arrive at quantitative information due to 
problems in defining the non-C1- components and in 
compatibility between cytoplasmic and vacuolar 
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Fig. 8. Estimation of the chloride inward current from Eq. (4) as 
a function of t0c at five pHo (values indicated against correspond- 
ing curve) 

and thus that the rate constant of lcl(pH,,) was also 
constant with to,, we can offset lcl(to,) to match 
Icl(pHo) by changing A2 (Eq. 2). We have offset 
Icl(toc) since it may have generally larger values as a 
result of not accounting for all of the non-C1- leak. 
The modified function is also still within the large 
range of observed values for Icl(to,) (Tyerman et al., 
1985). 

With the assumptions and arguments listed 
above, the steady-state inward current due to CI- 
can be approximated by the following equation. 

Icl = - B  exp(-K3 pHo - K2 tot), (4) 

where B = 12.3 mA m -z, and K2 and K3 have the 
same values as in Eqs. (2) and (3). Using Eq. (4), Icl 
as a function of toc at five different pHo has been 
plotted in Fig. 8. 

data. The latter difficulty arises because I as a func- 
tion of tO (/(to)) was determined from cytoplasmic 
data while I as a function of pHo (I(pHo)) was deter- 
mined from vacuolar data. However, for an initial 
semiquantitative approximation to Icl as a function 
of pHo and to these problems can be resolved as 
follows: (i) It will be assumed that the CI- compo- 
nent is completely blocked by A-9-C, giving a gen- 
eral leak of -64 mA m -2 at -300 inV. This leak can 
be taken as being constant with pHo in our initial 
approximation (see Fig. 2). Thus by subtracting 64 
mA m -2 from the median value of inward-2 current 
at each pHo an estimate of Icl can be obtained as a 
function of pHo which was fitted by the following 
equation (correlation coefficient = 0.97): 

Icl  = - B 3  e x p ( - K 3  pHo) (3) 

w h e r e  93 = 171,174 mA m -2 and/s = 1.22 prig 1. 
(ii) Our estimate of Icl(pHo) (Eq. 3) determined 
from vacuolar clamps will be assumed to be a close 
approximation to Icl for the plasmalemma. This is 
justified from the data of Tyerman et al. (1986) who 
found that the steady-state inward-2 current from 
the vacuole and cytoplasm were nearly identical 
functions of PD and that differences in I(to) between 
cells were much larger than possible differences be- 
tween vacuolar and cytoplasmic clamps. (iii) The 
two empirical equations (Eqs. 2 and 3) for the 
steady-state C1- current do not match, that is, Ia(to) 
gives a current of -648 mA m -2 at -300 mV and 
pHo 6, while Icl(pHo) at pHo 6 and -300 mV gives 
-113 mA m -2. It would be fortuitous if they did 
exactly match since the range of values for I(to,.) 
was very large (Tyerman et al., 1986). Using the 
experimental finding of Tyerman et al. (1986) that 
the rate constant of Icl(toc) was constant with pHo 

RELEVANCE TO THE HYPERPOLARIZED STATE 

The estimates of the C1- current as a function of PD 
given in Fig. 8 have been derived from data on cells 
in the dark and indicate that a C1- efflux of about 55 
nmol m -2 sec -~ would be obtained at PD's of the hy- 
perpolarized membrane. This flux is about 10-fold 
larger than C1- effluxes in the light but similar to 
maximum rates observed in the dark (Sanders, 
1980). The overestimation oflcl by Eq. (4) could be 
accounted for by the pre-exponent constant B being 
smaller in the light than in the dark, while it is likely 
that the rate constants are the same. Data from 
Hope et al. (1966) show that this is indeed the case 
since they show that plots of the logarithm of CI- 
efflux as a function of potential in the light and dark 
are parallel. This is similar to the effect of pHo. 
Therefore Eq. (4) would be relevant to the hyperpo- 
larized membrane only in that it approximates the 
PD and pHo dependence of the CI- efflux but not 
the actual magnitude of the efflux. 

There is some evidence that the stoichiometry 
of the proton efflux pump in Chara is one proton per 
ATP hydrolyzed (Beilby, 1984) in which case in the 
to range of -150 to -250 mV the pump may be 
acting as a constant current source as in Neuros- 
pora (Slayman & Gradmann, 1975). If it were, our 
data provide a reason why the membrane depolar- 
izes as pHo is lowered and why the C1- efflux has 
been observed to be constant in different pHo (Kita- 
sato, 1968; Smith & Walker, 1976). Equation (4) 
predicts that for a one-unit decrease in pHo the C1- 
efflux would rise by a factor of 3.4 if the potential 
was clamped, whereas the C1- influx may well re- 
main about the same (Smith & Walker, 1976; Beilby 
& Walker, 1981). To obtain a net current of zero the 
membrane would depolarize by 38 mV irrespective 
of the actual value of the pump current, provided 
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the pump current remained the same. This is close 
to the observed depolarization for hyperpolarized 
cells in the light. That the C1- efflux determines the 
PD of the hyperpolarized membrane as a function of 
pHo is further supported by the close correlation 
observed between 0v for the hyperpolarized mem- 
brane and the voltage-clamped 00(50) as a function 
of pHo (Fig. 1). The function of the proposed influ- 
ence of the CI- efflux over the pHo sensitivity of the 
hyperpolarized membrane is unclear except that the 
changes in PD as a function of pHo result in the 
electrochemical equilibrium potential for protons 
remaining approximately constant, as noted by pre- 
vious authors (Walker & Smith, 1975). 

Finally we would like to point out the similarity 
between the voltage dependence of the C1- efflux in 
Chara inflata and that observed and predicted in 
Acetabularia where the C1- efflux appears to be a 
reversal of the C1- electrogenic pump (Mummert et 
al., 1981). It was also suggested by Hope et al. 
(1966) that the C1- efflux may occur via a reversal of 
the C1- influx mechanism. 

This project was financially supported by the Australian Re- 
search Grants Scheme. We would also like to thank Bruce White 
for expert technical assistance and Joseph Kourie for helpful 
comments. 

References 

Beilby, M.J. 1984. Current-voltage characteristics of the proton 
pump at Chara plasmalemma: I. pH dependence. J. Mem- 
brane Biol. 81:113-125 

Beilby, M.J., Walker, N.A. 1981. Chloride transport in Chara. I. 
Kinetics and current-voltage curves for a probable proton 
symport. J. Exp. Bot. 32:43-54 

Bisson, M.A., Walker, N.A. 1982. Transitions between modes of 
behavior (states) of the charophyte plasmalemma. In: Plas- 
malemma and Tonoplast: Their Functions in the Plant Cell. 
D. Marm6, E. Marre and R. Hertel, editors, pp. 35-40. Else- 
vier Biomedical, Amsterdam 

Bryant, S.H., Morales-Aguilera, A. 1971. Chloride conductance 
in normal and myotonic muscle fibres and the action of mono- 
carboxylic aromatic acids. J. Physiol. (London) 219:367-383 

Chesnoy-Marchais, D. 1983. Characterization of a chloride con- 
ductance activated by hyperpolarization in Aplysia neurones. 
J. Physiol. (London) 342:277-308 

Coleman, H.A., Walker, N.A. 1984. Patch-clamp recording from 
a plant cell. Proceedings of The Australian Physiological and 
Pharmacological Society 15:196 

Coster, H.G.L. 1969. The role ofpH in the punch-through effect 
in the electrical characteristics of Chara australis. Aust. J. 
Biol. Sci. 22:365-374 

Fortes, P.A.G. 1977. Anion movements in red blood cells. In: 
Membrane Transport in Red Blood Ceils. J.C. Ellory and 
V.L. Lew, editors, pp. 175-195. Academic, London, New 
York, San Francisco 

Hille, B. 1968. Charges and potentials at the nerve surface. Diva- 
lent ions and pH. J. Gen. Physiol. 51:221-236 

Hope, A.B., Simpson, A., Walker, N.A. 1966. The efflux of 
chloride from cells of Nitella and Chara. Aust. J. Biol. Sci. 
19:355-362 

Keifer, D.W., Spanswick, R.M. 1978. Activity of the electro- 
genic pump in Chara corallina as inferred from measure- 
ments of the membrane potential, conductance, and potas- 
sium permeability. Plant Physiol. 62:653-661 

Kitasato, H. 1968. The influence of H + on the membrane poten- 
tial and ion fluxes of Nitella. J. Gen. Physiol. 52:60-87 

Labarca, P., Coronado, R., Miller, C. 1980. Thermodynamic and 
kinetic studies of the gating behaviour of a K+-selective chan- 
nel from the sarcoplasmic reticulum membrane. J. Gen. Phy- 
siol. 76:397-424 

Lucas, W.J. 1982. Mechanism of aquisition of exogenous bicar- 
bonate by internodal cells of Chara corallina. Planta 
156:181-192 

Lunevsky, V.Z., Zherelova, O.M., Vostrikov, I.Y., Beres- 
tovsky, G.N. 1983. Excitation of Characeae cell membranes 
as a result of activation of calcium and chloride channels. J. 
Membrane Biol. 72:43-58 

Mummert, H., Hansen, U.-P., Gradmann, D. 1981. Current- 
voltage curve of electrogenic C1 pump predicts voltage-de- 
pendent C1 efflux in Acetabularia. J. Membrane Biol. 
62:139-148 

Richards, J.L., Hope, A.B. 1974. The role of protons in deter- 
mining membrane electrical characteristics in Chara coral- 
lina. J. Membrane Biol. 16:121-144 

Rfidel, R., Senges, J. 1972. Experimental myotonia in mamma- 
lian skeletal muscle: Changes in membrane properties. 
Pfluegers Arch. 331:324-334 

Sanders, D. 1980. Control of plasma membrane Cl fluxes in 
Chara corallina by external Cl- and light. J. Exp. Bot. 
31:105-118 

Sanders, D., Hansen, U.-P. 1981. Mechanism of C1- transport at 
the plasma membrane of Chara corallina: II. Transinhibition 
and the determination of H+/C1 binding order from a reac- 
tion kinetic model. J. Membrane Biol. 58:139-153 

Slayman, C.L., Gradmann, D. 1975. Electrogenic proton trans- 
port in the plasma membrane of Neurospora. Biophys. J. 
15:968-971 

Smith, F.A. 1984. Regulation of the cytoplasmic pH of Chara 
corallina in the absence of external Ca 2§ Its significance in 
relation to the activity and control of the H § pump. J. Exp. 
Bot. 35:1525-1536 

Smith, F.A., Walker, N.A. 1976. Chloride transport in Chara 
corallina and the electrochemical potential difference for hy- 
drogen ions. J. Exp. Bot. 27:451-459 

Smith, F.A., Walker, N.A. 1980. Effects of ammonia and methy- 
lamine on C1- transport and on the pH changes and circulat- 
ing electric currents associated with HCO3 assimilation in 
Chara corallina. J. Exp. Bot. 31:119-133 

Spanswick, R.M. 1980. Biophysical control of electrogenicity in 
the Characeae. In: Plant Membrane Transport: Current Con- 
ceptual Issues. R.M. Spanswick, W.J. Lucas and J. Dainty, 
editors, pp. 305-313. Elsevier/North Holland Biomedical, 
Amsterdam 

Takata, M., Pickard, W.F., Lettvin, J.Y., Moore, J.W. 1966. 
Ionic conductance changes in lobster axon membrane when 
lanthanum is substituted for calcium. J. Gen. Physiol. 
50:461-471 

Tyerman, S.D., Findlay, G.P., Paterson, G.J. 1985. Inward 
membrane current in Chara inflata. I. A voltage- and time- 
dependent component. J. Membrane Biol. 89:139-152 

Walker, N.A., Smith, F.A. 1975. Intracellular pH in Chara cor- 
allina measured by DMO distribution. Plant Sci. Lett. 4:125- 
132 

Received 5 June 1985; revised 20 September 1985 


