
J. Membrane Biol. 71,131-140 (1983) 
The Journal of 

Membrane Biology 

Inhibition of Electrogenic Transport Associated with the Action Potential in Chara 

J.R. Smith and Mary J. Beilby* 
Biophysics Laboratory, School of Biological Sciences, University of Sydney AI2, New South Wales 2006, Australia 

Summary. The membrane conductance and potential difference 
(PD) of C h a r a  were measured as a function of the time elapsed 
since initiation of an action potential. The usual large conduc- 
tance increase associated with the action potential was ob- 
served. The conductance measured several seconds later, how- 
ever, was found to be significantly decreased relative to its value 
prior to initiation of the action potential. This decrease in con- 
ductance was only temporary, and after several minutes the 
conductance eventually regained its original value. The magni- 
tude of this conductance decrease was enhanced by increased 
hyperpolarization of the resting membrane PD prior to the 
action potential, and diminished by depolarization. This was 
checked by varying the external pH and illumination, and by 
the addition of sodium azide. A plausible explanation is that 
the decrease in conductance is a consequence of inhibition of 
the electrogenic proton pump. If this inhibition is complete, 
then the pump conductance for illuminated cells at pH 5.5 is 
0.37 + 0.04 S/m 2, or about 20% of the resting membrane con- 
ductance. 

Key words action potential �9 C h a r a  " conductance �9 electro- 
genie proton pump 

Introduction 

Under some conditions the membrane potential 
difference (PD) in charophyte cells can be consid- 
erably more hyperpolarized than is explicable by 
the known concentration gradients of any ionic 
species. This is usually referred to as the"  hyperpo- 
larized state." Kitasato (1968), followed by others 
(e.g., Spanswick, 1972, 1974a, b; Saito & Senda, 
1973a, b, 1974; Richards & Hope, 1974) have 
shown that this hyperpolarized state appears to 
be a consequence of an electrogenic proton pump. 
These, and other studies (e.g., Pickard, 1973), gen- 
erally agree that the hyperpolarized state is 

(a) enhanced with increasing illumination 
(b) usually not evident for external pH < 6 and 

is enhanced considerably at pH 7.5 

* P r e s e n t  A d d r e s s :  Botany School, University of Cambridge, 
Downing Street, Cambridge CB2 3EA, England 

c) removed by the presence of metabolic inhibi- 
tors. 
The pump can, however, still be operating even 
when the hyperpolarized state is not evident. 

Studies with perfused cells indicate that the 
presence of internal ATP is necessary for both the 
hyperpolarized state (Shimmen & Tazawa, 1977; 
Kawamura, Shimmen & Tazawa, 1980; Smith & 
Walker, 1981) and for proton extrusion (Shimmen 
& Tazawa, 1980). Thus the process involved in 
the production of the hyperpolarized state might 
be described as primary active transport, whereby 
ATP provides the energy for proton translocation 
against an electrochemical gradient. 

There is, however, disagreement in the litera- 
ture about the contribution that this electrogenic 
proton pump makes towards the total measured 
membrane conductance. Some experiments suggest 
that most of the measured conductance is that of 
the electrogenic proton pump (e.g., Keifer & 
Spanswick, 1978). Other experiments have sug- 
gested that the electrogenic proton pump makes 
only a small contribution (e.g., Richards & Hope, 
1974). 

Two main techniques have been used to esti- 
mate the pump conductance. In the first technique 
metabolic inhibitors are applied to the cell and the 
measured decrease in conductance is equated to 
the pump conductance. The second technique as- 
cribes the pump conductance to the difference be- 
tween the total measured electrical conductance 
and that interpreted from the measured fluxes of 
radioactive tracers (except hydrogen). Both tech- 
niques, however, ignore the presence of passive 
proton fluxes and the possibility of secondary 
active transport involving proton movement. In 
the steady state, inward proton fluxes must balance 
the efflux of protons produced by the pump. The 
neglect of such factors may be in part responsible 
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Fig. 1. Schematic diagram of the experimental 
set-up. A 5-Hz sinusoidal current was passed 
through the cell membrane via a large series 
resistor R s (10 Mf~). Comparison of the PD 
developed across the membrane with that 
developed across a known impedance permit 
calculation of the membrane conductance. R o 
and Co in parallel constituted the known 
impedance (individual values measured on a 
Wayne-Kerr B224 bridge), and were chosen to 
match the equivalent parallel conductance and 
capacitance of the cell membrane under study. 
The depolarizing current pulse that initiated the 
action potential was applied via a relay and a 
series resistor R R (I Mf~) 

for the widely varying estimates of the pump con- 
ductance in the literature. 

Once the membrane PD is sufficiently depolar- 
ized, an action potential is triggered. This is an 
all-or-none excitatory response associated with a 
large transient increase in membrane permeability 
to chloride ions. Recent experiments (Beilby & 
Coster, 1979a) have revealed that in Chara an ad- 
ditional transient increase in plasmalemma perme- 
ability occurs to a different ionic species, possibly 
calcium. These transient permeability changes can 
manifest themselves as large increases in the mem- 
brane conductance (e.g., Cole & Curtis, 1938; 
Findlay & Hope, 1964; Findlay, 1970; Kishimoto, 
1972). 

It has been reported previously that production 
of the hyperpolarized state can be temporarily in- 
hibited after an action potential (Hope, 1965; 
Spanswick, 1972; Bisson & Walker, 1981). This 
suggests that the conductance associated with the 
electrogenic proton pump might temporarily de- 
crease after an action potential. If this indeed 
occurs, a comparison of the membrane conduc- 
tance measured immediately prior to the initiation 
of an action potential with that measured several 
seconds later should reveal a decrease in conduc- 
tance with magnitude corresponding to the degree 
of inhibition of the electrogenic proton pump. 
Such a technique would allow rapid precise mea- 
surements that could be repeated severally, and 
may possess additional advantages over techniques 
used previously. 

We present here the results of experiments 
which investigate the behavior of the membrane 
conductance after an action potential and how it 
is affected by illumination, external pH and the 
presence of sodium azide. From these measure- 
ments we estimate the conductance attributable to 
the electrogenic proton pump. 

Materials and Methods 

Plants of Chara australis (R. Br.) were originally collected from 
the Nepean River (Camden-Sydney) and grown in the laborato- 
ry. Young whorl cells of length 2-6ram and diameter 
0.7 1.5 ram were used, Their surface area was estimated via 
a microscope and calibrated graticule (approximate error 
10-20%). During experiments cells were bathed in a flowing 
solution of artificial pond water (APW 0.1 mM KC1, 1 mM 
NaC1, 0.5 mM CaCI2) at 20-22 ~ For most experiments this 
APW was unbuffered with a pH of 5.5. For experiments at 
pH 4.5 and 7.5 the APW was buffered with 5 mM MES 1 and 
HEPES, respectively. Bright illumination (approx. 
50 gEm -2 sec- t  was provided by a microscope light source. 
In dim illumination cells were exposed to approx. 
0.5 I~Em -2 sec -~. 

A schematic diagram of the electrical apparatus and elec- 
trode arrangement used is shown in Fig. 1. Cells were mechani- 
cally restrained by a grid of silver wire (coated with AgC1) 
which also served as the external current electrode. Current 
was passed through the cell membranes via a stainless steel 
wire (diameter= 12 gm) inserted longitudinally via a glass mi- 
cropipette manipulated into the cell. This wire extended at least 
90% of the length of the cell, thus ensuring space-clamping 
(a spatially uniform PD across the membranes) and obviating 
any need to correct for cable properties. The PD developed 
across the membrane (i.e., plasmalemma+ tonoplast in series) 
was measured between two glass micropipettes filled with 2 M 
KCI. One micropipette was located immediately adjacent to 
the cell exterior, the other (tip diameter < 1 gin) was placed 
into the vacuole. A chart recorder was used to record the shape 
of each action potential and also monitor the resting PD. 

The four-terminal digital impedance-measuring technique 
used has been described in detail previously (Bell, Coster & 
Smith, 1975; Coster & Smith, 1977). In this technique a com- 
puter generates a sinusoidally varying current which is passed 
through the cell membrane and a known impedance connected 
in series. Comparison of the PD measured across the known 
impedance with that developed across the membrane yields the 
equivalent parallel capacitance and conductance of the mem- 
brane. The precision of these conductance measurements at 
5 Hz is better than 0.3% (see Ashcroft, Coster & Smith, 198l). 

The conductance measurements reported here were all 
made with a 5-Hz sinusoidal current. This frequency was chosen 

t Abbreviations: MES, 2(N-morpholino)ethanesulphonic 
acid; HEPES, N-2-hydroxyethylpiperazine-N-2-ethanesul- 
phonic acid. 
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Fig. 2. Suitable equivalent circuits for the plasmalemma of Chara when both acid and basic regions are present, a) Suitable 
both during and after an action potential, b): A simplified version only suitable after an action potential 

as a compromise between being sufficiently low for the mea- 
sured AC conductance to accurately reflect that of the mem- 
brane at very low frequencies (e.g., the conductances at 5 and 
0.05 Hz differ by only 5-10% - Smith & Coster, 1980), yet 
being sufficiently high to permit rapid measurement of the sin- 
gle cycles of voltage and current required to calculate the mem- 
brane conductance. At 5 Hz each conductance measurement 
took 200 msec. For high precision measurements it is essential 
to minimize the contribution of any voltage response additional 
to that caused by the injected 5-Hz sinusoidal current. For 
this reason measurements were only commenced approximately 
2 sec after initiation of the action potential, the rate of change 
of the membrane potential then being sufficiently small to 
ensure high precision measurements. The amplitude of the sinu- 
soidal oscillations in membrane potential was kept below 
5 mV rms. 

Measurements were commenced approximately 30 rain 
after electrode insertion. For each set of measurements the fol- 
lowing procedure was adopted. The computer first measured 
the membrane conductance. An action potential, which oc- 
curred simultaneously over the entire cell surface, was then 
initiated by application of a depolarizing current pulse of 
100-200 msec duration. This pulse was derived from a digital- 
to-analogue converter which was temporarily connected to the 
internal current electrode via a magnetic reed relay. A single 
cycle of voltage and current was then sampled and stored at 
15 equally spaced time intervals after initiation of the action 
potential. The conductance at these 15 equally spaced intervals 
was then calculated. 

A Suitable Equivalent Circuit 
for the Plasmalemma 

To provide a basis for the interpretation of the conductance 
measurements it is necessary to consider a suitable equivalent 
circuit for the plasmalemma. In this paper we will not explicitly 
consider the distinct electrical properties of the tonoplast, but 
will assume that the electrical properties measured via vacuolar 
electrodes reflect primarily those of the plasmalemma. Simulta- 
neous measurements with cytoplasmic and vacuolar electrodes 
(e.g., Coster & Smith, 1977) indicate that this is a reasonable 
first approximation (see also Discussion). To construct a suit- 
able equivalent circuit the major paths for current flow through 
the plasmalemma must be considered. When a particular 
current pathway is dominant the membrane can be considered 
to be in a distinct electrochemical "state".  In characean cells 
the plasmalemma is capable of displaying four main types of 

distinct electrochemical behavior (e.g., Walker, 1980; Bisson 
& Walker, 1982). These can be summarized as follows: 

Depolarized or D State. This appears to be the "defaul t"  state 
for the plasmalemma. Current flow through the plasmalemma 
is then dominated by passive potassium fluxes. The high mem- 
brane permeability to potassium is indicated by both the sensi- 
tivity of the resting PD to changes in the external potassium 
concentration (e.g., Hope & Walker, 1961) and by the measured 
radioactive tracer fluxes (e.g., Walker & Hope, 1969). The pas- 
sive fluxes of sodium, chloride, and calcium ions for the unex- 
cited plasmalemma are included in this element, as are any 
secondary active transport processes (e.g., the H +, C1 symport 
- Beilby & Walker, 1981). Measurements in the dark with the 
pump inhibited indicate that Go=0.2 0.5 S/m 2 and that the 
equilibrium PD in this state, E~, is approx - 1 0 0  to --120 mV 
for the APW used in these experiments. This PD is depolarized 
from that which would be expected for potassium alone, pre- 
sumably because of the other pathways involved. 

Hyperpolarized or P state. As discussed in the introduction, 
the hyperpolarized state appears to be a consequence of the 
operation of an ATP-driven electrogenic proton pump. The 
equivalent conductance of the pump, Gp, is still controversial. 
The equilibrium PD, Ep, appears to be approx. - 2 3 0  mV (e.g., 
Smith & Walker, 1981). This is approx, the most hyperpolarized 
membrane PD evident for the cells used in this laboratory. 

Basic (Alkaline) or H State. When the external pH is raised 
above pH 9-J0 (Bisson & Walker, 1980, 198/) the plasmalem- 
ma of Chara can become highly permeable to protons (or alter- 
natively hydroxyl ions). The conductance, Gn, associated with 
this passive proton flux, can be as large as 5-10 S/m 2 at pH 11. 

Excited State. During an action potential the plasmalemma 
becomes transiently (for a few seconds) highly permeable to both 
chloride ions (G~ = 4 S/m 2) and to another species that appears 
to be calcium (G*, = 13 S/m 2) (Beilby & Coster, 1979a, b). 

An equivalent circuit for the plasmalemma of Chara incor- 
porating the four possible states of electrochemical behavior, 
i.e., the four main equivalent circuit elements, and thus suitable 
both during and after the action potential, is shown in Fig. 2a. 
Illuminated characean cells are known to develop alternating 
acid and basic regions in the external medium adjacent to the 
cell surface (e.g., Spear, Barr & Barr, 1969; Lucas & Smith, 
1973). The membrane PD of the basic regions can be depolar- 
ized by approx. 5 10 mV with respect to the acid regions, and 
consequently large electric currents can circulate between these 



134 J.R. Smith and M.J. Beilby: Action Potential Inhibits Proton Pump 

regions (Walker & Smith, 1977). For this reason an additional 
conductance element GExx is shown connecting the acid and 
basic regions in the external bathing solution. Additionally the 
membrane conductance of Chara is not uniform over the cell 
surface, the area-specific conductance of the basic regions being 
much greater than that of the acid regions (Chilcott, Coster, 
Ogata & Smith, 1983; Smith & Walker, 1983). The internal 
longitudinal electrode used for the measurements reported here 
ensures space-clamping, and thus the spatially-averaged proper- 
ties of the whole cell are studied. The simplified circuit of 
Fig. 2b should then be an adequate approximation once the 
conductance increase associated with an action potential has 
decayed away. The total plasmalemma conductance, G,,, is then 
given by 

G~ = Gv + GH + GD (1) 

The plasmalemma PD V~ without external current is 

V.. = (Gr~ E D + Gn E H + Gp Ep)/G,. (2) 

where 

E.=E~+ V~ (3) 

and VA~ is the PD between the acid and basic regions in the 
external solution. 

Because VAn is typically less than 5 mV, En~  V~ where V~ 
is the resting membrane PD in the acid regions. Substituting 
back into Eq. (2) then gives 

v~ = (a~ E~ + ~v ~v)/(G,, + Gv) (4) 

If a linear relationship holds between Ge and Gn, i.e., Gn(V~)= 
7Gp(V,,), Eq. (1) can be rearranged into 

Gp = (G,,~- 60)/( 7 + i) (5) 

where G D has been assumed independent of V~. 

Resul t s  

The experiments revealed slow variations in the 
membrane conductance over a period of several 
hours. These appeared to be a consequence of vari- 
ations in the fraction of the plasmalemma in the 
basic state. In order that such conductance varia- 
tions might not obscure any small conductance dif- 
ferences under investigation, the data is often pre- 
sented as the relative conductance, being normal- 
ized with respect to that measured immediately 
prior to the action potential. 

Figure 3 shows representative results of the 
variation of the membrane PD and relative con- 
ductance during and immediately after an action 
potential. Figure 3(a) shows the response of the 
membrane PD to both a subthreshold pulse and 
to a pulse of amplitude just sufficient to generate 
an action potential. Figure 3 (b) shows the relative 
membrane conductance measured simultaneously 
with the membrane PD. The decay of the the very 
large conductance increase associated with produc- 
tion of an action potential is still evident several 
seconds after its initiation. When this conductance 
increase has completely decayed away, however, 
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Fig. 3. The variation of membrane PD (a) and relative conduc- 
tance b) during and immediately after an action potential (full 
curves). For comparison, the responses to a subthreshold (90% 
of threshold) depolarizing current pulse are also shown (dashed 
lines). (c): The same data for a subthreshold pulse as b, but 
replotted on a scale magnified 50 x, The membrane PD re- 
sponses are taken from the chart recorder. In this and subse- 
quent plots of the action potential, the small 5-Hz sinusoidal 
oscillation has been removed for clarity. The conductance data 
have been normalized with respect to their values measured 
immediately prior to application of the depolarizing current 
pulse 

the conductance has decreased from its value im- 
mediately prior to the action potential. Subthres- 
hold pulses produced no variation in conductance 
visible on the scale of Fig. 3 (b). Figure 3 (c) shows 
the conductance of a subthreshold pulse on a scale 
enlarged 50 x.  Only a very slight (<  1%) conduc- 
tance change is apparent as a consequence of the 
subthreshold pulse. The decrease in conductance 
is thus apparently a consequence of the action po- 
tential. 
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Fig. 5. The effect of 
varying illumination. The 
relative membrane 
conductance is shown as a 
function of time elapsed 
after in~176 of an action 
potential in bright 
illumination (continuous 
line) and dim illumination 
(dashed line) on the same 
cell. Note that the time 
axis is logarithmic 

Figure 4 presents the results of  conductance 
measurements continued for longer periods on sev- 
eral successive action potentials. They indicate that 
the decrease in conductance is only temporary and 
that the conductance eventually returns to its value 
prior to initiation of the action potential. This tem- 
porary decrease in conductance was apparent after 
every action potential initiated in cells bathed in 
normal APW at pH 5.5 and at room temperature 

a total of  181 action potentials on 24 cells. 

Effect of Varying Illumination 

Figure 5 shows the relative conductance as a func- 
tion of time after initiation of an action potential 
in bright and dim illumination. It is apparent that 
the temporary decrease in conductance is enhanced 
by increased illumination, and occurs more rapid- 
ly. A slight hyperpolarization (approx. 8 mV) was 
noticed when the illumination was increased from 
dim to bright. Table 1 summarizes the effects of  
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Table 1. The effect of varying illumination npon membrane parameters 

Illumination Gmi,jG, T~i,, T~ 77. G,. GDIFF V~ 
(IxE m- 2 sec- 1 (sec) (sec) (sec) (S/m 2) (S/m 2) (mY) 

Bright (50 )  0.80_+0.02(39) 97--13(40) 12_+2(24) 500_+50(13) 1.60_+0.08(133) 0.37_+0.04(70) -150_+3(133) 
Dim(0.5) 0.87_+0.01(52) 150+10(54) 26_+3(29) 520___50(17) 1.42_+0.08(112) 0.23+0.02(51) -142_3(112) 

U 
D 
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O 

U Gr  - - - - ~  $ GDIFF 
Groin ' 

TX T'rnln T~ 

T I M E  

Fig. 6. An idealized plot of the time dependence of the conduc- 
tance as a function of time indicating the following parameters 
used to summarize the experimental data. G, = membrane con- 
ductance immediately prior to the initiation of an action poten- 
tial; G,,i, = minimum value of the membrane conductance after 
an action potential; GD~FF = difference between the conductance 
measured immediately before and after an action potential, i.e. 
GDI~v=G~--G~i~; T~=time taken for the conductance to 
reach its minimum value (i.e. Gins,); Tx=time taken for the 
conductance increase associated with the action potential to 
decay to G, ; ~= time taken for the conductance to regain the 
value G~ after undergoing the minimum in conductance 

i l lumination in terms o f  the parameters  defined in 
Fig. 6 and expressed as m e a n + s t a n d a r d  error 
(number  o f  samples). 

Effect of  Sodiurn Azide 

Sodium azide at 0.5 mM concent ra t ion  was added 
to the bathing A P W  (pH 5.5) o f  four  cells. In each 
case the total membrane  conductance  was found  
to decrease, with a time cons tant  o f  abou t  15 min, 
towards  a final value that  was 20 30% of  its initial 
value. Concurrent ly  the membrane  potential  was 
depolar ized by 20-30 mV (sometimes after a brief 
transient  hyperpolar izat ion) .  The shape o f  the 
act ion potential  remained substantially unaffected,  
however  (see Fig. 7 (a)). The addi t ion of  azide was 
found to essentially remove the t empora ry  decrease 
in conductance  after the act ion potential.  The inhi- 
bition o f  this decrease appeared to be more  rapid 
in bright  illumination. Remova l  o f  the sodium 
azide f rom the bathing A P W  substantially reversed 
all o f  the above effects (for example, see Fig. 7 (b)). 
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Fig. 7. The effect of the addition of 0.5 mM sodium azide, a: 
The action potential in APW (continous line) and another ini- 
tiated 30 rain after the addition of 0.5 m• sodium azide (dashed 
line) to the bathing solution are shown, b: The relative mem- 
brane conductance is shown as a function of the time elapsed 
since the initiation of the two action potentials shown in a. 
The conductance data for another action potential initiated 
after removal of the sodium azide from the bathing soIntion 
is shown in b to demonstrate that the effect of azide was revers- 
ible. Note that the time axis of b is logarithmic 

Variation of External p H  

On five cells the pH of  the external bathing A P W  
was increased f rom 5.5 to 7.5 (see Fig. 8). This 
produced  a marked hyperpolar iza t ion o f  the mere- 
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Fig. 8. The effects of varying external pH. a: The action 
potentials elicited from a single cell for different values of the 
external pH are shown, b: The recovery of the membrane P D  
towards its initial value (indicated by an arrow) is shown, c:  
The relative membrane conductance is shown as a function 
of the time elapsed after initation of these action potentials�9 
Note that the time axes of band c are logarithmic 

Table 2. The effect of varying external pH upon the membrane parameters of cells with dim illumination 

pH Gmin/G r rmi n ~ GDIFF G r g m 
(sec) (sec) (S/m 2) (S/m z) (mV) 

4.5 0.98• (6)  - 0 . 0 3 _ + 0 . 0 2  (6) 1.03-I-0.05 (6) - 1 1 5 + 5  (6)  
5.5 0.87_+0.01(52) 150+10(54) 520___50(17) 0.23___0.02(51) 1.42+0.08(112) -142-+3(112) 
7.5 0.69_+0.03(15) 210+30(15) 385+40 (4) 0.32+0.03(15) 1.03+0.1 (15)  -220+6 (15) 

brane potential to an average value of  - 2 2 0  mV. 
The magnitude of  the temporary decrease in con- 
ductance after the action potential was also greatly 
increased (by up to 270%). When the pH of  the 
bathing APW was reduced from 5.5 to 4.5 the 
membrane PD was depolarized by approx. 35 mV. 
The decrease in conductance after the action po- 
tential was also effectively removed at pH 4.5. The 
effects of  varying the external pH were found to 
be reversible. The pH results are summarized in 
Table 2. 

The Conductance at Different Resting PD 

Figure 9 and 10, respectively, show how the mea- 
sured values of  GDIFF and G r varied when measured 
at different resting membrane PD for pH 4.5-5.5. 
The variations reflect those present both in individ- 
ual cells and between different cells. The mem- 
brane PD was depolarized by either reducing the 
illumination, the addition of  sodium azide, or by 
lowering the pH from 5.5 to 4.5. Figure 11 shows 
the relationship between GOIFF and G r. 
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Discussion 

The results clearly show that a temporary decrease 
in the membrane conductance occurs as a conse- 
quence of  the action potential. It now remains to 
discuss which conductance element in the equiva- 
lent circuit is temporarily inhibited. 
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Fig. 11. The difference in conductance G D I F F  plotted against 
the total measured conductance G r. The data is replotted from 
Figs. 9 and 10. The dotted line of best fit had a slope=0.28 
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A striking feature was that the magnitude of 
the decrease in conductance (GDIFF) was always 
well correlated with the degree of hyperpolariza- 
tion of  the resting plasmalemma PD prior to an 
action potential (see Fig. 9). Thus the effects of  
reduced illumination, decreased pH, and sodium 
azide which depolarized the plasmalemma PD de- 
creased the magnitude of GDIFF. Figure 9 shows 
the theoretical dependence of  V, upon G D I F F  calcu- 
lated using Eq. (4) and assuming that GDIFF = ~ Gp. 
The agreement is best for GD~vF= Gp, (i.e., 0~= 1). 
Also V ~ E  v when GDIFF=0. These two features 
strongly suggest that inhibition of  the electrogenic 
proton pump is relatively complete and that GD~vF 
approximates the total conductance of  that pump. 

Once an action potential occurs, the membrane 
PD V~ is perturbed from its resting value V~, and 
should be described approximately by Eq. (2). The 
dependence of  Vm upon Gp can then be significant- 
ly less than the dependence of V~ upon Gp. This 
is because the relatively large conductance element 
G ,  becomes significant once V,, differs from Eu. 
Thus the value of  V~ at Tmin need not be particularly 
depolarized, even if Gp were totally inhibited. This 
is consistent with the experimental data (e.g., see 
Fig. 8 b). 

The membrane PD after the action potential 
was also found to be depolarized from the resting 
potential, usually to an extent that increased with 
increasing hyperpolarization of V~ (e.g., Figs. 7a 
and 8 a). This depolarization was due primarily to 
the large conductances G~ and G'a, but the slower 
action potential across the tonoplast (e.g., Findlay 
& Hope, 1964) was also partially responsible. 

Experiments with cytoplasmic electrodes (M.J. 
Beilby & J.R. Smith, unpublished) still revealed the 
conductance decrease, although it was faster and 
reduced somewhat in magnitude. Thus the conclu- 
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sions reached in this paper reflect predominantly 
on the plasmalemma. 

The possibility that the reduction in magnitude 
of any other conductance elements is responsible 
for the results presented here is now considered. 
Inhibition of Go would hyperpolarize the mem- 
brane PD, whereas inhibition of Gu should leave 
V~ relatively unaffected. The V - I  curves at short 
times of these two elements appear to be linear 
over the range of PD considered here (e.g., Bisson 
& Walker, 1980; Smith & Walker, 1981). However, 
the total membrane conductance has been usually 
found to increase slightly upon depolarization 
(e.g., Beilby & Coster, 1979b). Such an increase 
would produce a conductance increase after an 
action potential. In any case, the depolarization 
of V~ is slight at Tmi,, and any voltage dependence 
would need to be very strong (and in an opposite 
direction to that normally reported) to significantly 
upset the conclusions reported herein. 

Figure 10 demonstrates how the total measured 
conductance (Gr) was found to vary with the 
resting membrane PD. The dependence was found 
to be similar to that of Gojvv (see Fig. 9). Figure 
11 indicates that an approximately linear relation- 
ship existed between the potential dependence of 
GDIFV and Gr. If as a first approximation GD is 
assumed independent of the resting PD and the 
proton influx is entirely via passive uniport, then 
the intercept from Fig. 11 at Golvv = (Gp)= 0 gives 
Go = G~ = 0.45 S/m 2. Using Eq. (5) the slope of the 
line of best fit in Fig. 11 suggests that Gu(Vm)= 
2.5 Gp(V~) in a bathing solution of pH 4.5 5.5. 
That G~ > Gp is not surprising because the proton 
flux back into the cytoplasm must, in the steady 
state, equal the efflux due to the proton pump. 
The basic zones, however, usually occupy only a 
small fraction of the membrane area, and their 
equilibrium PD for protons is close to the mem- 
brane PD (Bisson & Walker, 1980). Indeed, recent 
experiments (Smith & Walker, 1983; Chilcott 
et al., 1983) indicate that the area-specific mem- 
brane conductance of the basic zones can be 6-7 
times greater than that of the acid zones. 

The reason that this conductance decrease after 
an action potential has not been reported pre- 
viously appears to be that previous measurements 
have been deficient in both their precision and du- 
ration after the action potential. However, the 
results of Findlay and Hope (1964) show such a 
conductance decrease for the tonoplast. 

It is of interest to speculate on the mechanism 
responsible for the inhibition of the pump, particu- 
larly as the time course of pump inhibition is very 
similar to that of cytoplasmic streaming (e.g., 

Kishimoto & Akabori, 1959). A likely initiator 
appears to be the increase in cytoplasmic Ca con- 
centration produced by the action potential. Al- 
though this increase is in itself both too small and 
too rapid (e.g., Williamson & Ashley, 1982) to di- 
rectly inhibit the streaming and electrogenic trans- 
port, it can presumably act as a trigger for the 
inhibitory reaction which is responsible. 

In conclusion our experimental data supports 
the concept that a large fraction of the conduc- 
tance of the electrogenic proton pump is temporar- 
ily inhibited as a consequence of the generation 
of an action potential. This could prove to be a 
useful technique for investigating the electrical 
characteristics of this pump, as results are pro- 
duced within a few minutes and a large number 
of sequential measurements are possible on the one 
cell. Conventional techniques involving various in- 
hibitors can, however, take several hours. Inci- 
dently, these results also show that measurements 
taken within 10 min of an action potential need 
not necessarily reflect the steady-state membrane 
properties. 

The experiments were performed with the assistance of Asso- 
ciate Professor H.G.L. Coster, School of Physics, University 
of New South Wales. At stages in this research both authors 
were supported by the Australian Research Grants Committee 
via grants to Associate Professor N.A. Walker, School of Bio- 
logical Sciences, University of Sydney. We are indebted to the 
above-mentioned for their assistance. 
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