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Summary. The high pH state of Chara plasmalemma (Bisson, 
M.A., Walker, N .A. 1980. J. Membrane Biol. 56:1-7) was investi- 
gated to obtain detailed current-voltage (I/V) and conductance- 
voltage (G/V) characteristics in the pH range 7.5 to 12. The 
resting conductance started to increase at a pH as low as 8.5, 
doubling at pH 9.5, but the most notable increases occurred 
between pH 10.5 and 11.5, as observed previously (Bisson, M.A., 
Walker, N.A. 1980. J. Membrane Biol. 56:1-7; Bisson, M.A., 
Walker, N.A. 1981. J. Exp. Bot. 32:951-971). The slopes (and 
shapes) of the 1/V curves varied even over minutes, suggesting a 
shifting population of open channels. Possible contributions of 
the permeabilities to H + and OH-, PH and Poll, respectively, to 
the increase in membrane conductance were calculated in the 
pH range 8.5 to 12. If PH is the main cause for the increase in 
conductance, it would have to rise by three orders of magnitude 
between pH 8.5 and 11.5, implying an enormous increase in the 
open-channel population as pH rises. On the other hand, a com- 
paratively constant Poll over that pH range would result in an 
increase in conductance due to the rise of OH- concentration. 
This indicates unchanging open-channel population. 

The transient excitation conductances at pH 7.5 and 11.5 
were compared at a range of membrane PD (potential difference) 
levels. At more positive PD levels (near 0) the transient conduc- 
tances showed little change as pH was increased. However, near 
the excitation threshold the conductance at high pH was slower 
to reach peak and its amplitude was diminished compared to that 
at neutral pH. This effect was found to be partially due to the pH 
change'itself and partially due to less negative membrane PD at 
high pH. The changes in excitation transients developed gradually 
as pH of the medium was increased. These findings are discussed 
with a recent model of excitation in mind (Shiina, T., Tazawa, 
M. 1988. J. Membrane Biol. 106:135-139). 
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Introduction 

The  high p H  s ta te  h ighl ights  the  e n o r m o u s  ve r sa t i l i ty  
of  the  p lan t  p l a s m a l e m m a :  not  on ly  can  the  cell  sur-  
v ive  the  hos t i l e  e n v i r o n m e n t  o f  p H  up to 12, it uti-  
l izes  this  s ta te  in the  band ing  s y s t e m  to a s s imi la t e  
c a r b o n  and  to con t ro l  c y t o p l a s m i c  p H  (Walke r ,  

Smi th  & Ca the r s ,  1980; L u c a s  1982, 1985; Pr ice  & 
Badger ,  1985). The  high p H  s ta te  has  been  wel l  docu -  
m e n t e d  on ly  in the  C h a r a c e a e  (Bisson  & W a l k e r ,  
1980, 1981, 1982), bu t  is p r e s u m e d  to exis t  in o the r  
s y s t e m s ,  such  as  aqua t ic  a n g i o s p e r m s  (Prins et  al , ,  
1980). In  a r e c e n t  a r t ic le  R a v e n  (1991) s u r v e y e d  rhi- 
z o p h y t e s  f rom m a n y  hab i t a t s ,  wh ich  exhib i t  H +- 
b o r n e  c i rcu la t ing  cu r r en t s  (and c o n s e q u e n t l y  ac id  
and  a lka l ine  zones) .  The  high p H  channe l s  might  
t he r e fo re  be  more  w ide ly  sp read  th rough  the p lan t  
k i n g d o m  than  p r e v i o u s l y  suspec t ed .  

The  high p H  s ta te  mani fes t s  i t se l f  by  high con-  
d u c t a n c e  (up to  20 S �9 m -2) and  p H  e l ec t rode - l i ke  
b e h a v i o r  o f  the  res t ing  PD (Bisson  & W a l k e r ,  1980, 
1982). H o w e v e r ,  the  la t te r  does  not  a lways  a c c o m -  
p a n y  the  f o r m e r  (Bisson  & W a l k e r ,  1981). B i s son  
and W a l k e r  (1980) a t t e m p t e d  to d i f fe ren t ia te  
w h e t h e r  the  p e r m e a n t  ion is H + or  O H - .  In  this  
p a p e r  we  ex t end  the i r  c o n s i d e r a t i o n s  by  r eco rd ing  
I / V  c ha ra c t e r i s t i c s  for  the  p l a s m a l e m m a  at res t  o v e r  
p H  range  7.5 to 12. W h a t  in fo rma t ion  can  we  ob ta in  
f rom such da ta?  Vol t age  d e p e n d e n c e  is of ten  a dis-  
t inc t  cha rac t e r i s t i c  for  a pa r t i cu l a r  t y p e  of  channe l .  
F u r t h e r ,  we  r e c o r d  the  I / V  profi le  in a min ima l ly  
p e r t u r b e d  cel l .  The  p a t c h - c l a m p  t echn ique ,  on the  
o the r  hand ,  o f ten  invo lves  e x t e n s i v e  d i s t u r b a n c e  to 
the  s y s t e m  u n d e r  s tudy  ( G r a d m a n n ,  1989). The  
g ian t -ce l l ed  a lgae  are  no excep t ion .  C o l e m a n  (1986) 
used  sha rp  sc i s so r s  to  cut  the  cell  wal l  of  a pa r t i a l ly  
p l a s m o l y z e d  C h a r a  cell  to acce s s  an e x p o s e d  plas-  
m a l e m m a .  This  l ine o f  enqu i ry  was  then  neg lec t ed  
(pe rhaps  due  to the  g rea t  ease  of  w ork ing  on cy to -  
p l a smic  d r o p s  b o u n d  b y  tonop la s t )  unti l  L a v e r  (1991) 
i m p r o v e d  the  C o l e m a n  t echn ique  by  e m p l o y i n g  a 
spec ia l  tool  to  cu t  a w i n d o w  in the  cell  wall .  The  high 
p H  channe l s  a re  m o r e  sensi t ive ,  to ma n ipu l a t i ons  
( c o m p a r e d  to the  p r o t o n  p u m p  or  the  K + channe l s ) ,  
as the i r  c o n d u c t a n c e  is a b o l i s h e d  by  c y t o p l a s m i c  
pe r fus ion  (Lucas  & S h i m m e n ,  1981). The  fu ture  
p a t c h - c l a m p  e x p e r i m e n t s  thus  might  not  show the  
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normal in vivo characteristics, and our data will pro- 
vide a useful comparison. 

The I /V characteristics can also yield the con- 
ductance (and permeability), which enables us to 
predict the behavior of channel populations if the 
permeant ion is H § or OH-.  

The other aim of this paper is to describe the 
action potential at high pH. Excitation transients 
were known to occur when the cell was in high pH 
medium (Beilby, 1989a), but the detailed behavior 
was not investigated. We fill this gap in our knowl- 
edge of the high pH state. The results are analyzed 
with the new picture of excitation in mind (Shiina & 
Tazawa, 1987a,b, 1988). 

Materials and Methods 

Chara corallina was used for the experiments, either as intact 
cells or as cytoplasm-enriched fragments. The experiments were 
performed in Buffalo, New York, and Sydney, NSW, Australia. 
In 1981 MAB observed unusually shaped action potentials, which 
inspired further investigation using voltage clamp. The experi- 
ments were performed in July 1988 by MAB and MJB in Sydney. 
Some of the data were published by Beilby and Shepherd (1989), 
comparing behavior of fragments and intact cells at high pH. 
More experiments were done between November 1988 and Janu- 
ary 1989 by MJB. 

In Buffalo the Chara cells were obtained from R.M. Spans- 
wick and grown in Broyer and Barr medium, as detailed in Bisson 
and Bartholomew (1988). During experimental procedures the 
cells were bathed in APW (0.2 or 2.0 mM K2SO4, 1.0 mM NaC1, 
0.1 m s  CaCI 2, 5 mM HEPES, pH 7, 5 mM CAPS, pH 11). The 
electrophysiological apparatus consisted of WPI F-23A electrom- 
eter, Grass stimulator and Gould recorder. The current was point 
injected through a glass micropipette, and the PD measuring 
electrode was placed in the vacuole (see for instance Bisson & 
Walker, 1980). Low amplitude current pulses were injected at the 
time of the action potential (AP) to estimate the cell conductance. 

In Sydney the cells came from laboratory tanks, glasshouse 
tanks or outdoor tanks (for more details on origins of these cul- 
tures see Beilby, 1990a). The growth media were not controlled. 
The experimental APW consisted of 0.1 mM KCI, 1.0 mM NaCI, 
0.5 mM CaCI2, 1 mM appropriate Good buffer and NaOH. In the 
pH range 7.5 to 11.0, less than 5 mM NaOH was necessary to 
bring the APW to desired pH value. Above pH 11.0, no biological 
buffer was available with sufficiently high pK. The amounts of 
NaOH ranged from about 7 mM at pH 11.5 to up to 30 mM at pH 
12.0. The effect of Na + on the I / V  characteristics was tested by 
adding 2.5-15 mM NazSO4 at pH 10.5. All the solutions were 
made fresh before each experiment and passed over the cell with 
fast flow rates. Initially in the joint MAB and MJB experiments, 
the rate was 10 ml/1.5 rain, but later this was increased to 10 
ml/12 sec. The reasons for this are discussed in Results. The 
volume of the experimental chamber was 2 ml. The cells were 
illuminated by a fiberoptics light source at all times. 

While there are definite seasonal variations (Shepherd & 
Goodwin, 1991), all intact cells showed pump states (that is nega- 
tive PD below - 200 mV near neutral pH, see Beilby & Shepherd, 
1989; and Fig. 1A). The fragments tended to be less hyperpolar- 

ized, but that was generally found to be the case (Beilby & 
Shepherd, 1989). 

The apparatus has been described in detail previously 
(Beilby & Beilby, 1983; Beilby, 1990a). Briefly, the cells and 
fragments were space clamped by passing a wire along their 
axes. They were voltage clamped to computer-generated com- 
mands: bipolar staircase for I / V  curves and longer (seconds) 
step changes in potential with superimposed sine wave for the 
excitation studies. The clamp current and the cell PD were data 
logged by the computer at a rate of I point/msec. The I / V  curves 
were obtained by plotting the average of the last 10 data points 
from each current and potential pulse, respectively. The G / V  
curves were calculated by fitting a polynomial to the 1/V curves, 
three points at a time, and differentiating. The time dependence 
of the response of the cell current at high pH to the bipolar 
staircase command was investigated previously (Beilby, 1990a). 
The procedure for the calculation of the conductance (impedance) 
from the sine wave and the step change in potential clamp com- 
mand is described in detail in Beilby and Beilby (1983). 

To determine whether the changes in excitation are due to 
depolarization of the resting PD or directly due to changes of the 
pH o (and probably pHcyt) , w e  tried to clamp the ceils in the high 
pH state to a hyperpolarized PD. However this resulted in large 
currents across the conductive membrane, which in turn proved 
to be deleterious to the cell. Consequently, we adopted the proce- 
dure of depolarizing the cells at neutral pH to PDs usually ob- 
served at pH 11.0 (typically -150 mV in the first 30 min). This 
"preclamp" was maintained for up to 30 rain. Every 5 min the 
membrane PD was clamped to some excitatory level with super- 
imposed sine wave. 

To obtain a free running action potential (AP), the membrane 
PD was clamped to a level sufficiently depolarized to elicit excita- 
tion. The clamp was manually switched off allowing the mem- 
brane PD to drift freely. The depolarizing stage of the AP was 
often lost, as it was difficult to judge if the threshold had been 
reached. 

Results 

TRANSITION INTO HIGH pH STATE 

In previous experiments Bisson and Walker (1980, 
1981) generally found fast transition into high pH 
state (occurring within a few seconds), regardless of 
whether the cells started from the pump state or K + 
state. Beilby (1986b) observed a different type of 
behavior while working on ceils in Cambridge, En- 
gland. The plasmalemma conductance dropped con- 
siderably at first, then increased to the values gener- 
ally encountered in the high pH state. The process 
took up to 1 hr. In the experiments reported here we 
encountered the latter type of transition, when a low 
rate of flow of external solutions was employed. 
Figure 1A and B show the/ /V and G/V curves in the 
pump state, low G state as the high pH APW was 
slowly introduced into the cell chamber and finally 
the high pH state. The shading shows the difference 
curve for the pump state and low G state. When high 
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Fig. 1. (A) Transition of the plasmalemmaI/Vprofile (intact cell) 
into the high pH state, as the cell is irrigated slowly with APW 
adjusted to pH 11.5. Curve I was recorded after the cell stabilized 
in the pump state, 2 after 30 rain of slow flow APW, pH 11.5; at 
5 min after recording of curve 2, curve 3 showed a fully developed 
high pH state. The shaded area shows the shape of the DI/V 
curve. DI is the difference between curve i and curve 2. The lines 
are polynomials fitted to the data. (B) the G/V curves calculated 
from A. The conductance for 1/V profile 2 is shown as a broken 
line. The shaded area again shows DG/V for the transition state. 
DG is the difference in conductance calculated from the 
I/V curves 1 and 2. 

flow rate was used, the fast transition into the high 
pH state was always observed. 

I /V  AND G/V PROFILES IN THE 
BASIC pH WINDOW 

Data comparing the I /V  and G~ V profiles in the pump 
state and the high pH state for intact cells and cyto- 

plasm-enriched fragments have been published al- 
ready (Beilby & Shepherd, 1989, Figs. 6 and 7, re- 
spectively) and are not repeated here. These data 
showed minor differences between fragments and 
intact cells particularly at high pH. Thus in this pres- 
ent study the data from intact cells and fragments 
were pooled. 

Figure 2A shows the I /V  curves for the pH range 
7.5 to 11.5. The extremes of pH 12 and 4.5 (for 
completeness) are shown separately in Fig. 2C for 
clarity. The appropriate G/V profiles (for computa- 
tion see Materials and Methods) are shown in Fig. 
2B and D, respectively. Note the simple profiles of 
the I /V  curves at and above pH 10.5, almost a 
straight line, with only a slight downward concavity.  
At pH 10.5 and 11.5 the conductance trend indicated 
some decrease at PDs more positive than - 100 mV 
(see Figs. 2 and 3 - -bu t  in Fig. 2 the large oscillation 
at PDs more positive than - 100 mV, in the 10.5 pH 
G/V curve probably reflects the variability of the 
data rather than real conductance trend). At PDs 
more positive than - 5 0  mV the rise of  rectifier cur- 
rent dominated the I /V  characteristics. Note also 
the doubling of the resting conductance at pH 9.5. 
The error bars were large at the extremes of  the PD 
window. This effect was due to large variability of 
the rectifier currents and the I /V  profiles at the high 
pH. Note  also that at pH 11.5 the experiments de- 
scribed by Beilby and Shepherd (1989) yielded a 
resting PD of about - 150 mV in both intact cells 
and fragments. The cell and fragment data shown in 
Fig. 2 averaged resting PDs of - 1 7 0  (_+ 12) mV at 
pH 10.5 and - 1 8 2  (---12) mV at pH 11.5. Some 
fragments, such as the one shown in Fig. 3, hyperpo- 
larized to PDs more negative than - 2 0 0  mV at pH 
11.5 and remained steady for at least 20 min. The 
profiles in Fig. 3 illustrate some of the diversity of 
behavior contained within the averaged data of Fig. 
2: the conductance rose more steadily between pH 
9.5 and 11.5. Some insight can also be gained into 
the behavior of  the inward and outward rectifiers, 
as pH increased: both tend to be shifted to the more 
depolarized PDs. The inward-rectifier current is car- 
ried by CI- (Tyerman, Findlay & Paterson, 1986a). 
However ,  Tyerman et al. (1986b) found that an in- 
crease in pH shifts the onset of this current to more 
hyperpolarized P D s - - t h e  opposite to our observa- 
tions. The outward rectifier is probably carried by 
an outflow of K +, but the detailed dynamics have 
yet to be investigated. 

The I /V  profiles of the fragment in Fig. 3 were 
comparatively steady. In Fig. 4 I /V  curves at pH 
11.5 from another fragment (from the same batch) 
demonstrate how variable the conductance can be. 
The response also depended on the order  of  pH 
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Fig. 2. Statistical treatment of  the experimental data. (A) I/V curves for pH values 7.5 (O, three intact cells and two fragments), 8.5 
(A, four cells and two fragments), 9.5 (Q, two fragments and two cells), 10.5 ( i ,  two cells and two fragments) and 11.5 ([2, two 
fragments and two cells). The data were sorted into 25-mV bins indicated by horizontal bars; the vertical bars show the standard error. 
(B) the G/V profiles calculated from A as described in Materials and Methods: pH 7.5 ( ), 8.5 ( . . . . . .  ), 9.5 ( . . . .  ), 10.5 
( . . . . . . . . .  ), and 11.5 ( . . . . . .  ). The resting PD is indicated on each curve as a dot, and these dots are linked in order  of  increasing pH. 
(C) The data for pH 12 (O, two cells, two fragments, five I/V runs) are shown separately for reasons of clarity, and data from the other  
pH extreme of  4.5 (O) are included for completeness (five cells). Data are processed as in A. (D) The G/V profiles calculated from C: 
pH 12 ( . . . .  ) and 4.5 ( ). 

values presented to the cell: the I/V at pH 9.5 was 
steeper following pH 11.5 than before. Note that this 
behavior was seen in the fragments, where it is not 
likely to be due to changes of cytoplasmic pH (the 
fragments have the same surface area as intact cells, 
but much greater mass of cytoplasm). 

An addition of 10-30 mM Na + to the APW at pH 
10.5 resulted in an unexpectedly complex response. 
The resting PD depolarized by I0 to 20 inV. At 
PD levels more negative than -300  mV all cells 

developed large negative currents. If the cells were 
depolarized to PD levels more positive than -100  
mV, large positive currents resulted and the cell 
became depolarized for long times. Such behavior 
was observed before (Beilby, 1985). In the vicinity 
of the resting potential, some cells (three out of nine 
cells and fragments tested) became more conductive 
(see Fig. 5A and B), and others less conductive (see 
Fig. 5C and D). Either effect appeared immediately 
upon exposure to Na + , but persisted to some extent 
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Fig. 4. The variability of the high pH I / V  profile. In this experi- 
ment a different fragment to that in Fig. 3 was challenged with a 

L range ofpH values. (A) At pH 11.5 the profile was very variable, 
with both slope and resting PD changing over about 25 rain. The 
curves are numbered in order of measurement. The I / V  profiles 
were more stable at pH 9.5, but somewhat different depending 
on whether they were recorded before (black shading) or after \ 

P.d/ (diagonal line) the fragment was exposed to pH 11.5. (B) The 

Fig. 3. Data from a cytoplasm-enriched fragment. (A) Two I / V  

profiles were data logged for each pH (except pH 12.0) within 
about 5 min. The two curves at the same pH are joined by shading 
those patterns that indicate the pH. Note the high resting PD at 
pH 11.5. (B) G / V  curves calculated from A; same shading as in 
A. Note that the regions where conductance rises (due to inward 
and outward-rectifier currents) shift to more positive PDs as the 
pH rises. Resting PDs are indicated as in Fig. 2B, but in this case 
by rectangles. 

after  the NazSO 4 was washed  out.  In  Fig. 5A and B 
a f ragment  showed a stable profile in p H  10.5. The  
I / V  curve  b e c a m e  s teeper  and  the inward  rectifier 
more  p r o n o u n c e d  as 10 mM Na  + was  added,  bu t  

c o n d u c t a n c e  fell when  pH 12.0 was in t roduced  into 
the c ha mbe r  (the A P W  of  pH 12.0 required  an  addi- 
t ion of 20 mM N a O H  to achieve that  pH value).  The  
f ragment  su rv ived  overn ight  and the expe r imen t  was 
repeated ,  this t ime raising the N a  + concen t r a t i on  to 
20 raM. The  c o n d u c t a n c e  fell again at pH 12, but  to 
a smal ler  extent .  F igure  5C demons t r a t e s  that  an 
addi t ion  of 5 mM N a  + resul ted  in a shift too small  to 
be  significant  wi thin  the var iabi l i ty  of the high pH 
state. A n  exposure  to 20 mM N a  + d imin ished  con- 
duc t ance  in this celt (Fig. 5D). At  the beg inn ing  of 
the expe r imen t  the cell was exposed  to pH 11.5 
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(3), pH 10.5 + 10 mM Na2SO 4, pH 10.5 (in this case jus t  a single I /V profile is shown as a dashed line), and pH 12 (4). All solutions 
at pH 10.5 were based on s tandard AP W  (see Materials and Methods).  At pH 12, no buffer was used,  and 20 mM N a O H  was necessa ry  
to obtain this pH. (B) The G/V curves  calculated from A; same shading applies. (C) This exper iment  was performed on an intact 
cell. The sequence  of  events  was as follows: pH 11.5 ( . . . . . . . . . . . . .  ), pH 10.5 - two I /V runs in fast success ion  shown by shading,  
pH 10.5 + 2.5 mM NaeSO 4 ( . . . . .  ), back to pH 10.5 ( ), pH 10.5 + 10 mM Na2SO 4 ( . . . . . . .  ), and finally back to 
pH 10.5 ( ). (D) The G/V profiles calculated from C. 

(which required addition of 7 mM Na+), and this 
I/V profile showed higher conductance than that at 
pH 10.5. 

E X C I T A T I O N  T R A N S I E N T S  

The cells in high pH state remained excitable, al- 
though in some Sydney experiments the excitability 
declined with time spent at high pH. Figure 6 shows 
action potentials from a Chara cell in 0.2 mM K § 

APW (Fig. 6.4 and B) and 2.0 mM K + APW (Fig. 6C 
and D). The experiment was performed in Buffalo. 
The increase in K + concentration changed the shape 
of the AP at the near neutral pH, and these changes 
were essentially preserved at pH 11.0. Note, how- 
ever, that the shoulder (Fig. 6C) became a secondary 
peak (Fig. 6D). 

In Fig. 7 action potentials are compared at pH 
7.5 and 11.5. As explained in Materials and Methods, 
the Sydney experimental apparatus is not well suited 
to this function and the depolarizing phase is lost. 
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Fig. 6, Action potentials. (A) pH 7; 0.2 mM 
K+; resting PD was - 177 mV; resting 
conductance was 0.24 S �9 m-2; conductance 
near the peak was 0.43 S �9 m -2. (B) pH 11.0; 
0.2 mM K--; resting PD was - 170 mV; resting 
conductance was 0.21 S �9 m 2; conductance 
near the peak was 0.38 S - m -2. (C) pH 7.0; 
2.0 mM K+; resting PD was - 184 mV; resting 
conductance was 0.3 S .  m-2; conductance 
near the peak was 0.44 S �9 m-2; conductance 
along the shoulder varied between 0.25 to 0.3 
S �9 m -2. (D) pH 11.0; 2.0 mM K+; resting PD 
was - 157 mV; resting conductance was 0.22 
S �9 m-:;  conductance at the first peak was 
0.42 S �9 m -2 and at the secondary peak was 
0.25 S �9 m -2. The experiment was performed 
in Buffalo, see Materials and Methods for 
apparatus details. 

T h e  in i t ia l  r a p i d  pa r t  o f  t h e  r e p o l a r i z i n g  p h a s e  l o o k s  
v e r y  s imi l a r  at  b o t h  v a l u e s  o f  p H  (see also Fig.  4A,  
B e i l b y ,  1989a).  

In  F ig .  8 e x c i t a t i o n  c o n d u c t a n c e  t r a n s i e n t s  at  
s e v e r a l  c l a m p  l e v e l s  h a v e  b e e n  r e c o r d e d  at  p H  7.5,  
11.5 a n d  f ina l ly  b a c k  at  7.5.  N o t e  tha t  t h e r e  is a 
s u b s t a n t i a l  d e c r e a s e  in a m p l i t u d e  at  m o r e  n e g a t i v e  

P D s  ( - 1 0 0  to  - 4 0  m V ) ,  w i t h  t h e  m o r e  p o s i t i v e  
l e v e l  t r a n s i e n t s  r e m a i n i n g  u n c h a n g e d  o r  e v e n  ge t t i ng  
l a r g e r  (Fig .  8B), b u t  s o m e t i m e  d e c r e a s i n g  u p o n  re-  

t u r n  to  p H  7.5.  In  g e n e r a l ,  at  p H  11 .0 -11 .5  t he  t i m e s  
to  r e a c h  the  p e a k  c o n d u c t a n c e  w e r e  l o n g e r  and  so  
w e r e  t he  t i m e s  to  se t t l e  in to  s t e a d y  s t a t e  (see T a b l e  
1 f o r  s ta t i s t i cs ) .  A t  P D s  m o r e  n e g a t i v e  t h a n  - 60 m V  
s e c o n d a r y  p e a k s  a p p e a r e d  m o r e  o f t e n  t h a n  at  n e u -  
t ra l  p H .  

As  m e n t i o n e d  in t h e  p r e v i o u s  s e c t i o n ,  t h e  a v e r -  
age  r e s t i n g  P D s  w e r e  m o r e  n e g a t i v e  t h a n  t h o s e  de-  
s c r i b e d  b y  B e i l b y  and  S h e p h e r d  (1989). H o w e v e r ,  
t h e s e  r e s t i n g  P D  l e v e l s  w e r e  o n l y  o b s e r v e d  w h i l e  

t h e  ce l l s  w e r e  a n a l y z e d  w i t h  t h e  b i p o l a r  s t a i r c a s e  
v o l t a g e - c l a m p  c o m m a n d .  T h e  m o r e  p r o l o n g e d  d e p o -  
l a r i z a t i o n  (up  to  8 sec)  to  m e a s u r e  e x c i t a t i o n  t ran-  
s i en t s  b r o u g h t  t h e  P D  c l o s e r  to  - 150 m V .  W e  w e r e  
i n t e r e s t e d  w h e t h e r  d e p o l a r i z a t i o n  a l so  a f f e c t e d  t h e  
c o n d u c t a n c e  t r a n s i e n t s .  T h e  ce l l s  w e r e  d e p o l a r i z e d  
by  v o l t a g e  c l a m p i n g  f o r  p e r i o d s  o f  5 to  15 m i n  a n d  

- 5 0  V . ~ ' -  . 4 s e__c_c 
mV 

pH 7.5 

Fig. 7. Comparison of action potentials at pH 7.5 and 11.5. The 
apparatus is not well suited to measurement of free-running AP 
(see Materials and Methods for details), and the depolarizing 
phase is lost in this record. The PD was initially clamped to resting 
level, and then, at the upward arrow, the clamp level was changed 
to - 50 mV (pH 7.5) and 0 PD (pH 11.5) and switched off mannu- 
ally (downward arrows) to allow the membrane PD to drift. The 
electrode was placed in the cytoplasm prior to the recording, but 
had to be adjusted. It is possible that it moved into the vacuole, 
hence, the change of rate of repolarization after about 3 see. The 
electrode was not moved between the recording of the two APs. 
The resting PD at pH 7.5 was - 234 mV and at pH 11.5 was - 148 
mV. The experiment was performed in Sydney. 
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Fig, 8. The conduc tance  t ransients  at the time of  excitation. The 
p l a sma lemma was voltage c lamped to resting PD for 1 sec, then 
depolarized (upward arrow) to - 100 mV ( ), - 80 mV 
(- ), - 4 0 m V (  . . . . . . . . . . . . .  ), - 2 0 m V  (- ) a n d 0 P D  
( . . . . . .  ) for 5 sec, and finally back to resting level (upward 
arrow) for 1 sec. A sine wave o f  10 mV and 5 Hz  was superim- 
posed on the clamp command ,  obtaining a record such as shown 
in the inset (for middle PD level of  - 4 0  mV). The conductance  
(or more  correctly impedance)  was calculated as described in 
Beilby and Beilby (1983). The area of  the cell was 0.174 cm 2. 
The  horizontal  line at the bo t tom of  each record indicates zero 
conductance .  (A) pH 7.5; resting PD between - 2 3 8  and - 2 4 1  
inV. (B) pH 11.5; resting PDs and t imes of  each c lamp level were: 
- 100 mV ( -  168 mV and 36 rain), - 8 0  mV ( -  183 mV, 6 rain at 
the first run, - 167 mV and 31 min at the second time), - 4 0  mV 
( -  170 mV and 19 min), - 2 0  mV ( -  169 mV and 26 rain), and 0 
PD ( -  176 mV and 13 min). (C) Cell re turned to pH 7.5; resting 
PD between - 236 and - 242 inV. The 0 PD clamp was first to be 
performed.  
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Fig. 9. Sketch of two conductance  data  sets,  similar to those  in 
Fig. 8. We define the m a x i m u m  conductance ,  (3,,; the time to 
reach the max imum,  ATj, and the time to arrive to a s teady-state  
conductance  Gss, ATz. In case of multiple peaks,  the highest  is 
taken as Gin, with ATI and z~T2 as before. 

then put through the usual clamping protocol (Fig. 
10). The experiments were performed in pump state, 
where the membrane is not very permeable and the 
long-term flow of current across the membrane did 
not seem to do any damage. Even so these were 
difficult experiments to perform, as the cytoplasmic 
electrodes tend to block in long-term clamping with 
fatal consequences to the cell (see Beilby, 1990a). 
In Fig. 10 it is apparent that the preclamp to - 150 
mV had similar effects to exposure to high pH: at 
negative levels such as - 8 0  mV the transient con- 
ductance peak decreased in magnitude, but recov- 
ered after the preclamp was released; at more posi- 
tive levels the effect was smaller, but the decrease 
remained after preclamp release. The secondary 
peaks also appeared. The results are summarized in 
Table 2 in a similar fashion as for the data in 
Table 1. 

Finally we investigated whether the effect was a 
graded response to pH, or whether a sudden change 
could be observed at and above pH 10.5. Figure 
11 shows that the excitation conductance transients 
gradually flattened out as pH increased. Interest- 
ingly, at pH 4.5 the more negative level transients 
were also more affected. 

In the experiments involving transient currents 
the changes of Na § concentration were less im- 
portant, as no measurements were performed at pH 
12.0 and small increases in Na + concentration were 
found to have no effect on transient currents at pH 
5.6 (Beilby & Coster, 1979a). Further, Bisson found 
that an addition of 10 mM Na § to APW at pH 10.5 
had no effect on the shape of the action potentials 
(M.A. Bisson, unpublished results). 
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Table 1. Conduc tance  at the time of excitation as function of pH a 
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PD G m Gss ATI ~T~ 
(mV) (S - m 2) (S �9 m -2) (sec) (sec) 

1 l - 1 1 . 5  7.5 I 1 -11 .5  7.5 11-11.5  7.5 1 l - 1 1 . 5  7.5 

20 32, 20 19 16, 12 12 0.7, 0.4 0.4 6, 4 5.4 
0 28 • 14(6) 28 • 5 (7) 10 • 5 10 •  0 . 7 - + 0 . 3  0.3 •  5.0-+ 1.1 4.5 • 1.0 

- 2 0  46, 44 28, 29 6, 11 6, 4 0.3, 0.4 0.2, 0.4 5.6, 3.6 4.6, 5.4 
- 4 0  14 • 10 (8) 29 • 11 (5) 4 • 2 5 +- 2 1.3 • 0.8 0.3 _+ 0.1 5.5 • 0.5 4.5 • 1.2 
- 8 0  14_+4  (4) 30:~ 9 (7) 4 •  4-+ 2 0.9 • 0.1 0.4_+ 0.1 5.5-+ 0.3 4.9 +- 0.8 

- 110 9 18 4 1 1.3 0.6 6.0 4.0 

a For definitions of Gin, Gss, ATI and A T  2 refer to Fig. 9. For more than two measurements  the results are given as the mean  value • 
SE. The number  of  measu remen t s  is given in brackets for Gm and is the same for the other  parameters .  

Table 2. Conduc tance  at the time of  excitation as a function of  t ime the p lasmalemma PD was preclamped to - 150 mV a 

PD Gm Gss AT1 2xT 2 
(mY) (S �9 m -2) (S - m -2) (sec) (sec) 

0 

No preclamp 34 • 6 (4) 9 • 2 0.2 +- 0.05 3,6 -+ 1.0 
5 min 37 7 0.2 5.4 

15 min 31, 26 3, 10 0.2, 0.3 3.7, 4.0 
- 20 

No preclamp 34 • 10 (4) 5 • 1 0.2 +- 0.1 4.4 • 1.0 
5 min 32 6 0.2 5.0 

10 rain 25 5 0.3 4.5 
- 4 0  

No preclamp 43 • 12 (4) 3 • 1 0.2 • 0.1 3.1 • 0.8 
5 rain 34, 33 3, 6 0.2, 0.6 4.3, 5.6 

10 min 28 5 0.5 5.0 
15 min 30 4 0.5 4.0 

- 8 0  
No preclamp 35 • 4 (4) 2 • 1 0.3 • 0.04 3.8 • 1.2 

5 m i n  1 9 •  (3) 1 •  0 . 6 + - 0 . 3  5 . 2 •  
10 rain 11, 14 1, 1 0.4, 0.4 3.6, 5.8 
20-35 min 28 • 10 (3) 2 • 1 0.5 +- 0.03 4.9 • 1.4 

a Gm' AT1, Gs s and AT 2 are defined as in Table 1. For more  than two measurements ,  the results  are given as the mean  value • SE. The 
number  of  measu remen t s  is given in brackets  for G m and is the same for the other  parameters .  See also Fig. 10. 

Discussion 

T R A N S I T I O N  INTO H I G H  pH S T A T E  

While it was satisfying for us to identify the cause 
for the previously reported difference in time course 
of response when cells were challenged with high 
pH (i.e., the different rates of flow), the underlying 
changes in the plasmalemma transport remain ob- 
scure. Clearly, slowly incoming solution resulted 
in larger unstirred layers and possibly patches of 
different pH along the cell due to bad mixing. At 
first we assumed that we saw the shutting down of 

some system with a higher sensitivity to increased 
pH than that of the high pH channels. The K + trans- 
port was found to diminish markedly at high pH 
(Smith, Walker & Smith, 1987), and thus, seemed a 
likely candidate. However, the difference between 
the pump I /V curve and the transition state I /V (Fig. 
1A) is very reminiscent of the pump inhibition, e.g., 
by cyanide (Blatt, Beilby & Tester, 1990). The G/V 
profiles confirm this opinion, as the conductance 
maximum believed to be generated by the proton 
pump (e.g., Hansen et al., 1981; Beilby, 1984) flat- 
tens out. Thus it seems that the pump is inhibited, 
as was originally assumed by Bisson and Walker 
(1980). This inhibition, however, is transient. Once 
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Fig, 10. The effect of depolarization on excitation conductance. 
The membrane was preclamped to - 1 5 0  mV for 5 rain 
( . . . . . . .  ), 10 rain ( . . . . . . . . . . . . .  ) or 15 rain ( ) ,  and then 
a protocol similar to that in Fig. 8 was imposed with excitatory 
PD levels at upward arrow (A) 0 PD, (B) - 20 mV and (C) - 80 
mV (repolarization to resting PD not shown). In A only 15-rain 
preclamp curve was recorded. The before (1) and after (2) tran- 
sients are shown as continuous lines, or shaded areas (where the 
run was repeated to ensure reproducibility). The resting PD be- 
fore preclamp was - - 2 1 3  mV and returned to a value close to 

- 240 mV within minutes of releasing the clamp. The cell area 
was 0.173 cm 2. 

high pH state develops, the conductance maximum 
is often discernible again. This behavior was particu- 
larly apparent in Cambridge cells, which displayed 
strong pump currents (Beilby, 1984, 1986b) and to a 
smaller degree in the cell shown in Fig. 1B (a kink 
in curve (3) in the PD range - 150 to -200 mV). If 
this PD range seems somewhat depolarized, it may 
be worth noting at this point that the models fitted 
to the pump I/V profile (Beilby, 1984; Blatt et al., 

(E) 
t~\ pH 4.5 
I \ 
I \ 
I ", 
I.... " 
d "  ' /- ....... ,,,, 

"'""~..."7...'- . . . . . . . . . .  
,: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t t  

Fig. 11. The pH effect on excitation develops gradually as pH 
increases. The voltage-clamp protocol was as in Fig. 8 with excit- 
atory PD levels at: 0 PD ( . . . . . .  ), - 4 0  mV ( .. . . . . . . . . . . .  ) and - 80 
mV ( ). (A) pH 7.5; resting PD -223  to -230  inV. (B) pH 
8.5: since the resting PD shifted with time, we present here resting 
PD/excitatory PD (time): - 1 5 8 / - 8 0  mV (19 rain), - 1 6 8 / - 4 0  
mV (30 rain), and - 155 mV/0 PD (14 rain). (C) pH 9.5; as in B: 
- 1 6 7 / - 8 0 m V ( 1 2  rain). - 163/ - 40 mV (17 min), and - 166mV/ 
0 PD (7 rain). (D) pH 10.5; - 167 / -80  mV (12 rain), - 163/-40 
mV (17 rain), and - 166 mV/0 PD (7 rain). (E) pH 4.5; - 121/-  80 
mV (14 rain), - 120/ -40  mV (16 rain), and - 119 mV/0 PD (12 
rain). In C the thin continuous line shows transient at - 80 mV, 
recorded at pH 7.5, which was introduced into the chamber be- 
tween pH 9.5 and 10.5 for 10 rain. In all cases the high pH was 
in the chamber for 30 rain at most and cell was returned to pH 
7.5 in between. 
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Table 3. Resting conduc tances  and permeabilit ies due to H - / O H  channels  as function of  pH 
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pH Rest ing PD E G<7.5 AG EH/oa PH Poll 
(mY) (S �9 m -2) (S �9 m -2) (mV) (m �9 sec -1) (10 -4 m �9 sec I) 

4.5 - 132 0.9 . . . .  
7.5 - 2 2 5  0.8 . . . .  
8.5 - 175 0.5 0.4 - 4 0  0.03 1.5 
9.5 - 150 0.4 0.5 - 9 8  0.2 1.3 

10.5 - 170 0.5 3.0 - 155 5.8 2.9 
11.5 - 182 0.5 2.8 - 2 1 3  10.1 0.5 
12.0 - 200 0.6 1.2 - 241 8.0 0.1 

The resting PDs were obtained from Fig. 2A and C .  G<7.s gives the resting conductances  at pH 7.5 and 4.5 (Fig. 2B and D). For  o ther  
pH data,  G<7.5 provides the value on the G / V  profile (pH 7.5) at resting PD for that  pH. Thus  total resting conduc tance  at pH values  
above 7.5 is given by G<7.5 + AG. For  further details s e e  text. To calculate the equilibrium potential  for H + / O H  - , the cytoplasmic  pH 
was taken as 7.8, based on measu remen t s  by Reid and Smith (1988). The permeabilit ies PH and Pon were calculated from following 
equation: 

A G .  [ e x p ( z F E / R T )  - 1] 2 
PH 

( ~  [ H + ] o [ [ e x p ( z F ( E  - E H ) / R T )  - 1 ] [ e x p ( z F / R T )  - 1] + ( z F E / R T ) e x p ( z F ( E  - E H ) / R T ) [ e x p ( z F E H / R T  ) - 1]] 
= F 2  

where  z, F,  R and T have  their usual  meanings.  Pox was calculated by substi tut ing [OH-]  o for [H+]o. The  express ion  was derived by 
Smith (1987). 

1990) may exhibit conductance maxima at PDs far 
removed from the pump reversal potential. The con- 
tinuing activity of the proton pump in the high pH 
state seems rather pointless from a practical point 
of view. However, the process is not likely to be 
detrimental to the cell as long as ATP supply is 
not low. 

In a recent article Fisahn and Lucas (1990) de- 
scribe a collapse and subsequent inversion of extra- 
cellular current pattern as Chara cells are exposed 
to high pH. It might be interesting to correlate this 
phenomenon to the I/V profiles. It is possible that 
the low G state corresponds to the collapse of the 
banding pattern. The inversion of the pattern sug- 
gests a pump reactivation (in a different band on the 
cell) and reappearance of the conductance maximum 
in the 1/V profile. 

What Ion Carries the Current in High pH state? 

While we were not able to provide an answer here, 
we suggest a possible method involving the patch- 
clamp technique. Using Fig. 2, the resting PDs and 
conductances have been tabulated at a range of pH 
values (see Table 3). To estimate the conductance 
due to the high pH channels, we have to make some 
assumptions about the other transport systems in 
the membrane and their behavior in the pH range 
7.5 to 12. Bisson (1986) found that the high pH chan- 
nels are inhibited by darkness. The resting potential 
and conductance then remain relatively constant in 

the pH range 7.5-12.0 at levels slightly lower than 
those at pH 7.5 in the light. Beilby (1984, 1986b) 
found that the conductance maximum due to the 
pump remains relatively stationary with respect to 
the membrane PD, as the pH rises. The other major 
conductance due to K + is likely to decline at high 
pH (Smith et al., 1987). Thus subtracting the conduc- 
tance profile at pH 7.5 from the higher pH conduc- 
tances should primarily give us the conductance due 
to the high pH channels (see Table 3). The perme- 
ability due to H + ions, Pa, or to OH- ions, Pon, can 
now be calculated employing an equation derived by 
Smith (1987), using constant field approximation, 
and assuming all the conductance increase is due to 
one or the other. The resultant PH and Port can be 
seen in Table 3; the former increasing by several 
orders of magnitude, and the latter remaining fairly 
steady. Pa is rather large compared to other perme- 
abilities, such as PK (e.g., Hope & Walker, 1975; 
Smith et al., 1987; Beilby, 1990b) or PNa (Hoffmann, 
Tufariello & Bisson, 1989). This situation arises due 
to low concentration of H § Bisson and Walker 
(1980) commented on this fact, when they calculated 
the ratio of PK/Pn. They also speculated whether 
there are sufficient H § to carry the observed cur- 
rents and invoked water splitting due to high electric 
fields (Simons, 1979). Thus these considerations 
alone are not sufficient to eliminate one of the two 
types of carriers. 

Fortunately, the patch-clamp technique might 
provide further information. What do the PH and 
Poll trends mean in terms of channel populations? 
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As H + ions become scarce, the unitary-channel cur- 
rents will become smaller and so the H + channel 
population or the open probability of the existing 
channels must increase sharply to account for the 
great increase of the conductance at pH 10-11.5. On 
the other hand, an increase in OH- will give larger 
single-channel currents and the channel population 
and its open probability may remain relatively con- 
stant and still generate an increase in conductance. 
Thus patch-clamp experiments should decisively 
distinguish the ion responsible for the pH state. 

Further, while the picture of constant Po~ is 
appealing in its simplicity, a variable PH may provide 
a more powerful model for the banding phenome- 
non. If the high pH state is taken to be a good model 
for the membrane underlying the alkaline band, 
which can have a pH of 10.5 or higher (Fisahn & 
Lucas, 1990), a constant POH can explain the mainte- 
nance of the alkaline band but not its formation. 
Consider, for instance, a cell that has been illumi- 
nated after a period in the dark. The cytoplasmic pH 
rises (it had decreased in the dark--Smith, 1984), 
but probably not high enough to cause substantial 
rise in Gon, especially since the cytoplasm was 
found to have a large buffering capacity at high pH 
(Takeshige & Tazawa, 1989). It is therefore more 
likely that the H § channels open, perhaps in re- 
sponse to rise in cytoplasmic pH (Bisson, 1986). H § 
channels have been isolated from plants previously, 
and they are incorporated in the ATP synthases in 
the membranes of chloroplasts (Wagner, Apley & 
Hanke, 1989). 

Another interesting feature of Table 3 is the de- 
crease in conductance at pH 12, although this was 
not always observed (Bisson & Walker, 1981; Bis- 
son, 1986). If H + is the permeant ion, this effect 
might be explained by its extremely low concentra- 
tion. Another possibility to consider was the increas- 
ing concentration of Na § In case of a maxi-K § 
channel this ion acts as a blocker (e.g., Beilby, 
1986a; Smith et al., 1987; Tester, 1988; Kourie & 
Findlay, 1990). 

Figure 5 shows some of the rather perplexing 
effects of high Na § concentration at pH 10.5. In 
Fig. 5A and B the conductance of a fragment was 
increased by 10 mM Na § but APW ofpH 12 (made 
up with 20 mM NaOH) decreased the conductance 
substantially. When the experiment was repeated 
adding 20 mM Na § to pH 10.5, subsequent pH 12 
resulted in a smaller decrease in conductance. The 
higher conductance of the second I/V profile (curve 
4) can be explained by the persistence of the Na § 
effect, even when the Na § was removed (possibly 
we did not succeed in washing it out completely from 
the wall). However, the conductance decreased at 
pH 12 even when the Na + concentration was kept 

constant. Figure 5C and D shows that at 5 mM Na + 
the effects on the I/V curve at pH 10.5 are lost in 
the scatter of the high pH state. In this intact cell 
the exposure to 20 mM Na § caused a considerable 
decrease in conductance. However, the conduc- 
tance increased when the cell was bathed in APW 
ofpH 11.5 (made up with 7 mM NaOH). At present 
we do not know why in some cells the exposure to 
high Na § at pH 10.5 makes the membrane more 
conductive and in others less conductive. However, 
in either case the effect of Na + seems diminished 
at very high pH (11.5 and 12) and the decrease of 
conductance at pH 12 (or the increase of conduc- 
tance at pH 11.5) is not caused by high Na § 

The inward rectifier (C1- channels) is activated 
by high Na + as observed by Kourie and Findlay 
(1990). Again, this effect is also diminished by very 
high pH, but could explain why Tyerman et ah 
(1986b) observed activation of the inward rectifier at 
more hyperpolarized potentials with increasing pH, 
while we recorded the opposite trend. The effect of 
Na + certainly requires more experiments. 

EXCITATION 

Figures 6 and 7 show that the shape of the AP is 
essentially conserved regardless of the pH. How- 
ever, some differences become obvious when we 
look at the transient currents under voltage-clamp 
conditions (see Fig. 8 and Table 1). It is immediately 
apparent that the large transient currents at more 
hyperpolarized PD levels near the threshold of exci- 
tation are strongly inhibited by pH 11-11.5, but re- 
cover quickly once the neutral pH returns. The cur- 
rents at more positive PD levels are not as greatly 
affected, but the recovery is slower. Very similar 
behavior is observed when the cell PD is held more 
depolarized with the voltage clamp (Fig. 10 and Ta- 
ble 2). At high pH the cells are damaged by voltage 
clamping the cell PD for longer periods (minutes) 
at levels other than the resting potential. Thus to 
untangle the effect of depolarization and pH is diffi- 
cult. It may be possible to do so, if we can elicit 
excitation in a cell, which shows a strong hyperpo- 
larization at pH 11.5 (such as the inexcitable frag- 
ment in Fig. 3), but we did not find such a cell in the 
course of our experiments. Also, as mentioned in 
Results, clamping to excitable PD levels seems to 
depolarize the cell's resting PD. However, Fig. 10 
indicates that increasing pH does seem to compound 
the effect of depolarization, as the widening and 
flattening of the transients is progressively greater 
at high pH (Fig. I 1D), although the resting PD passes 
through a minimum at pH 9.5. Interestingly, low 
pH combined with low resting PD (Fig. 11E) also 
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diminished the magnitude of the transient conduc- 
tance. 

While the excitation currents are complicated 
functions of time and PD, the AP shape was ob- 
served to reflect their behavior (consider, for in- 
stance the effect of temperature and compare Figs. 
1 and 5 of Beilby & Coster, 1976). However, there 
is one important difference between the effect of 
temperature and pH: the temperature influences the 
excitation currents at all PD levels (see Fig. 1 of 
Beilby & Coster, 1979b), whereas pH mainly pro- 
longs the rise time and decreases magnitude of the 
currents near the excitation threshold. The decay 
time is very similar regardless of pH or PD (see 
Table 1). It is thus necessary to depolarize the cells 
further to elicit an AP at high pH (see Fig. 7). Subse- 
quently the time dependence of the current at more 
positive PD levels and at long times is not strongly 
pH dependent and the AP shapes are similar. 

The unusual shape of the AP in Fig. 6C and D 
is due to transient opening of the K + channels (e.g., 
Bisson, 1984; Beilby, 1985) upon depolarization. At 
2 mM KC1 in the medium the K § conductance is 
similar to the pump conductance and the long 
"shoulder" arises from the pump slowly pulling the 
membrane potential to more hyperpolarized levels 
and thus closing the K-  channels. If the KC1 concen- 
tration was increased, the K § conductance would 
become greater and the cell would then remain in 
the K § state. At high pH the shoulder becomes a 
secondary peak, as at high pH the K § channels 
turn on much more slowly (see Fig. 7 from Beilby, 
1986b). Beilby (1986b) found that K § channels can 
be activated by depolarization (via voltage clamp) if 
the high pH APW has also high K § concentration. 
However, either the K § or the H § (OH-) channels 
dominate the membrane conductance. It is under- 
standable that the K § channels shut when the mem- 
brane is hyperpolarized to EH, but it is not clear why 
H + channels close in K + state as they are only mildly 
inhibited by depolarization. The interaction of the 
high pH state and the K § state at the time of excita- 
tion would be interesting to examine under voltage- 
clamp conditions. The cell cultures in Sydney, how- 
ever, display unstable K § state (Beilby, 1989b), 
which would make the results too difficult to in- 
terpret. 

The effect of pH on the transient currents of 
Chara excitation is difficult to analyze in detail, as 
the picture of excitation has changed considerably 
in the past few years. The activation and inactivation 
of the C1- current are now assumed to be generated 
by the rise and fall of Ca 2§ concentration in the 
cytoplasm (Lunevsky et al., 1983; Kataev, Zhere- 
lova & Berestovsky, 1984; Tsutsui et al., 1986; Shi- 
ina & Tazawa, 1987b, 1988). In Nitellopsis the CI- 

current is indeed preceded by a sharp transient in 
both free-running AP (Findlay, 1970) and under volt- 
age clamp (Kataev et al., 1984). This transient re- 
sponds to C a  2+ channel blockers. In Chara there are 
often two (or more) current maxima if the plas- 
malemma is clamped near the threshold PD. The 
first transient is often of large magnitude (Beilby & 
Coster, 1979a), but as the PD level is made more 
depolarized ( -80  mV), the transient usually shows 
only one peak and no discernible C a  2+ spike can be 
seen to precede it. (e.g., Fig. 8A and C). Thus if 
there is a Ca 2+ inflow, it is not easily detectable by 
electrical means. One possibility is a steady C a  2+ 

current rising upon depolarization and remaining at 
the same level until the PD is returned to the resting 
level. Experiments with Ba 2+ (which blocks excita- 
tion in Chara) suggest that such a current exists 
(M.J. Beilby, in preparation). The level of C a  2+ in 
the cytoplasm would then steadily rise until activa- 
tion of sequestering mechanisms, which are known 
to exist (Hayama & Tazawa, 1980). The second peak 
often observed in the transient current could be due 
to activation of C1- and/or Ca 2+ channels at the 
tonoplast (Lunevsky et al., 1983) as the elevated 
C a  2+ reaches it. 

It is interesting that at high pH or depolarized 
(preclamped) PDs multiple current (and conduc- 
tance) peaks develop at PD levels, where they are 
not observed in pump state (Figs. 8B, 10C and 
11B-D). Perhaps high pH and long-time depolariza- 
tion affect the dynamics of the Ca 2+ channels and 
it takes longer for the Ca 2+ concentration in the 
cytoplasm to elevate to the level sufficient to open 
the C1- channels and to reach the tonoplast. Clearly, 
the excitation in Chara needs to be re-examined. 

CONCLUSION 

The I/V curves measured over the high pH window 
enabled us to calculate PH and Poll over this pH 
range. Translated into the channel population behav- 
ior, these should be sufficiently different to allow 
the patch-clamp technique to distinguish the perme- 
ant ion. 

The cells remain excitable at high pH, and the 
shape of the AP is similar to that in the pump state, 
but the transient currents, while the cell is clamped 
to excitable PD levels near the excitation threshold, 
show marked flattening and increase in rise time. 
Such an effect can be invoked by both pH increase 
and prolonged depolarization. 

The present study suggests a number of future 
experiments. The patch clamp of the plasmalemma 
at high pH is the most obvious one. I/V and G/V 
profiles of the membrane at high pH in the dark will 
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provide the behavior of the pump at high pH, which 
will be valuable for the pump modeling. The effect 
of high Na + concentration needs to be further exam- 
ined. The excitation-clamp currents should be re- 
examined with a perturbation sine wave of greater 
frequency than 5 Hz (Beilby & Beilby, 1983) to dis- 
tinguish whether there may be a fast Ca 2+ transient. 
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