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Summary

A study of the electrical properties of the two membranes bounding the
cytoplasm in Chare cells was made. Three electrodes were employed: a metal
probe to pass current, inserted longitudinally into the vacuole, and two glass
microelectrodes, to measure poteniial differences, inserted into the wvacuocle and
cytoplasm, '

Across the plasmalemma {outer membrane) the resting potential was —140
to —170 mV relative to solutions containing ¢-1 mN potassiurn. An action potential
was accompanied by a fall in the resistance of the plasmalemma to aboub 300 Q em?,
Increase of external caleium ion concentration eaused the peak of the action potential
to change in a positive direction. Increase of external chloride concentration by
addition of sodium or c¢holine chleride caused the peaks to become more negative.
Substitution of chloride by bromide or nitrate had little effect on the peaks.

The tonoplagt (inner membrane) had a mean resistance of approximately
1000 Q em?. The vacuole was at a potential of about {10 mV with respect to the
cytoplasm. Tonie activities of potassium and sodium in the cytoplasm probably
exceeded those in the vacuole by a factor of 1-5. A stimulus large enough to cause
an action potential in the plasmalemma always caused a slow action potential
across the tonoplast as well. The tonoplast potential difference usually changed
from +10 to +40 or 450 mV, and returned to the resting level in about 20 sec
while its resistance fell to a minimum of about 300 Q em?

These aspects are discussed in terms of a model involving a linear potential
gradient and passive permeabilities to the ions of potassium, sodium, calcium, and
chloride. With this model, the transient behaviour of both membranes is more
eagily described by o trensient increase in permeability to chloride ions rather than
to ealecium ions.

I. INTRODUCTION

Previous papers in this series have described the electrical characteristics of
single cells of Chara australis in terms of the permeability of the “membrane® to
various ions. Equations were developed which related permeabilities and ionic
activities to the “membrane potential” and “membrane resistance” (Hope and
Walker 19681). These were measured between the vacuole and external medium.
Earlier evidence had suggested that most of the potential difference (p.d.) and
resistance was attributable to the plasmalemma (Walker 1955, 1960). The action
potential was also recorded between the vacuole and medium, and on two lines of
evidence was ascribed to a transient increase in permeability of the “membrane” to
caleium (Hope 1961; Findlay 1962).
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Refinements of technique described in this paper have enabled simultaneous
measurements to be made of both the plasmalemma and toneplast transmembrane
p-d.’s and resistances, and of their separate behaviour following stimulation producing
an action potential. This paper deals also with the possible role of ealcium and other
bivalent cations, and of chloride, in the action potential. A theoretical analysis is
made of the electrical behaviour of both membranes. in terms of Goldman’s (1943)
model. This model assumes a linear potential gradient across the membrane.

II. MATERIAL AND METHODS

The material used was Chara australis B.Br. var. nobilis A.Br.; it was collected
from a field pond and stored in its native pond water in the laboratory for several
days. Cells for experiment were separated from a filament of cells and mounted
on a Perspex slide, and irrigated with a flowing solution of one of several artificial
pond waters (the composition of these is given where necessary in the text),

Cells used were generally 1-1-1-3 mm in diameter and 1-1-1-8 em in length.
Up to three electrodes were inserted into the cell. One, a metallic electrode (50 u
in diameter and 0-6-1-0 em long) was inserted through the end wall of the cell
along the longitudinal axis. A second electrode (a glass microelectrode with a tip
diameter of ¢. 10 p and filled with 1x KCl} was inserted for the duration of the
experiment through the longitudinal wall into the vacuole to a depth of 100-200 .
One or two criteria enabled its location to be known with certainty as the vacuole.
A rush of cell contents usually occurred into the glass electrode for a fraction of a
second, being stopped by an aceretion of crystals and other particles from the
vacuole (calcium oxalate?, of. Walker 1955). This indicated that the tonoplast had
been ruptured. Furthermore, with very transparent cells the contact angle of the
cytoplasm with the probe could be seen to be about 90° when such a gush had
occurred. A temporary stoppage of cytoplasmic streaming accompanied the gush and
at the same time an action potential could be recorded between the probe and medium.

Shallow insertions into the flowing cytoplasm were made from time to time
with a finer glass microcapillary filled with 3x KCI, the tip diameter being probably
less than 2 u. A favourable insertion was one in which no gush occurred and in
which streaming did not temporarily cease. Preliminary experiments were carried
out with very young and transparent cells in which, in addition, the end of this
probe could be seen to be in the flowing eytoplasm.

Surrounding the cell was a coil of Ag/AgCl wire having a coil diameter of
3 mm; it extended the full length of the cell, but was divided into two sections.
The longitudinal metal electrode and the surrounding Ag/AgCl coil constituted the
current elestrodes, and ensured & uniform radial current flow across cell membranes
for a length of about 7 mm. The potential of the vacuole or the eytoplasm was
measured with respect to an externally placed probe filled with 35 KCl in 3% agar
and of tip diameter 20-30 . This probe was situated about 50 u from the cell
surface, adjacent to the inserted microelectrodes.

The Metal Elecirode: An alloy wire of composition 759, Pt-25% Ir and of
initial diameter 50 1 was electropolished in a saturated solution of NaCN and
NaOH (Worbarsht, MacNichol, and Wagner 1960) to a tip diameter of about 5 p.
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The electrode was then insulated with glass, leaving the final 7 mm exposed, in the
following way. (lass tubing was drawn out as for ordinary glass microslectrodes.
The metal probe was then placed inside the glass tubing, of which the external
diameter was about 100 y, and the glass further drawn out to the diameter of the
metal, The softened glass fused to the metal for a length of 2—4 mm. The end of
the glass insulation was then fused smoothly to the Pt/Ir electrode with the aid of
the microforge filament. Finally the probe was coated with platinum black to
prevent electrical polarization.

TABLE 1
POTENTIAL DIFFERENCES ACROSS THE PLASMALEMMA (K ) AND TONOPLAST (H,,) IN THE MEDIA
SHOWN
Concentration of Medium {(mn):
Expt. ., .
No. {(mV) {mV) i
KCl NaCl CaCl, SrCl,
C81-C87 — 4.441-8 0-1 1-0 0-5
C107 —-177 +12 -1 1 0-5
—135 +10 1:0 -1 0-5
€109 —131 +14 0-1 1-0 G-5
' —112 +10 1-0 0-1 0-5
Cl10 —148 +16 -1 1- 05
—121 +19 1-0 0-1 05
C111 —148 +7 -1 1-0 0
—101 0 1- 0-1 1]
—136 +2 0-1 1-0 0
C113 —152 +17 0-1 1-0 10 0
—155 +15 0-1 1-0 0 1-0
—156 +20 G-1 1:0 0 3-0

Druring insertion of the electrodes the cell was held in stocks to prevent its
movement, If the metal electrode were well aligned with the long axis of the cell,
the cytoplasm continued to stream during the insertion. Occasional small losses of
sap were not sufficient to cause lasting damage to the cell since, after a good insertion,
the vacuole potential reached its normal value after 20-30 min.

ITI. REesuLTs

(@) Resting Poteniial

Simultaneous measurements were made of the potential between the cytoplasm
and the external medinm, &, and between the vacuole and cytoplasm, E,,, with
the cells in a variety of solutions. Some results are given in Table 1. The mean
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p-d. across the tonoplast in a series of experiments with small transparent cells
was J4-4+1:3 {7) mV. (The standard error of the mean is given throughout,
with the number of values in parentheses.) In a second series, using cells of the
average dimensions given in Section II, &, was 411417 (8) mV; that is, the
vacuole was positive with respect to the cytoplasm. This p.d. did not change in
any obvious way with changes in the external medium, If it did change, the change
was undetectable because of variation in #,, due to other causes (see Section IV).
Changes in K, the external potassium concentration, led to changes in &, both
in the presence or absence of caleinm.
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Fig. 1.—Tracings of action potentials across the plasmalemma (4) and the
tonoplest (B), occurring in the same cell following & current pulse between
the vacuols and external medium applied at time zero. Part of the initial rise
in potential in 4 during the application of the current pulse has been omitted.

(b) Resting Resistance

The resting resistance of the plasmalemma was 12-14-2-5 kQ em? in five
cells, which is similar to the overall resistance found by Hope and Walker (1961).
The mean resistance of the tonoplast in the small transparent cells mentioned
in Section I1I{a) was 960--260 (6) Q2 em? and in four older cells was 11004100 O em?.

{¢) Membrane Time Constant

The response of the plasmalemma p.d. to a pulse of constant current about
100 msec long was recorded by photographing the trace of a cathode ray tube
eonnected to the electrometer output. The time constant, or time for the p.d. to
reach 639 of its final value was, in two cells, 15 and 23 msec. The capacitance of the
plasmalemma was caleulated from this as described in Section IV.

The response of the tonoplast was much guicker than that of the plasmalemma
and the time constant has not been estimated.
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(d) The Action Poteniial
(i) With Caleium Present

When a cell was stimulated by a pulse of current tending to drive positive
ions out of the cell and when a threshold was reached, an action potential oceurred
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Fig. 2.—Tracings of action potentials across the plasmalemma (4)

and the plasmalemms and tonoplast together (B). The latter
mesasarement was made with an electrode in the vacuole,
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. Fig. 3.—Resting potentials across the plasmalemma (@) and tonoplast () |

and pesks reached during action potentials across the plasmalemma (O)
and tonoplast { A), all as a function of external caleium chloride concentration. ‘
In addition the media contained 0:1 mx KCl and 1-0 mx NaCL :

across both the plasmalemma and tonoplast. Simultaneous traces of the time
course of E,, and E,, during this process are shown in Figure 1. The external
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medium contained: KCl, 0-1 my¥; NaCl, 1:0 mx; and CaCl,, 1-0 mn. The relation
between the two action potentials recorded respectively in the vacuole (as in most
previous work} and in the cytoplasm, both relative to the outside of the cell, is
illustrated in Figure 2. The vacuolar action potential was similar in shape to earlier
published records from cells of C. australis (cf. Fig. 1 in Hope 1961). It may be
seen that the two separate membrane action potentials correspond to the “fast”
and “slow” components mentioned by Findlay (1959).

Changes were made in the concentration of caleinm ions in the external solution,
and the two action potentials recorded. The use of added MgCl, to keep the total
ionie strength constant (Hope 1961) was dispensed with in the experiment illustrated
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Fig. 4.~—Peaks of the action potentials aeross the plasmalemma as functions of external chloride

ion concentration. @ Chloride concentration varied by changing the concentration of tetraethyl

ammonium chloride, (O Chloride concentration changed by altering the proportion of sodium

chloride to sodium bromide in a mixture containing a constant concentration of sodium. A4,

B, C, and D are theoretical curves with the parameter 8 = 0-3, 1-0, 3-0, and 10-0, as explained
in Section IV. The bars indicate the direction of increasing or decreasing concentration,

in Figure 3, since it was found with the present batch of cells that magnesium
tended to make the membrane refractory when the calcium present was as low as
0-1 or 0-3 my. In the absence of magnesium, cells were excitable in 0-1 my caleium.

Changes in external chloride concentration in the presence of a fixed concen-
tration of calcivmn—usually 1-0 or 3-0 mN-—were made in either of two ways.
BEither choline chloride, sodium chloride, or tetraethyl ammonium chloride was
added, or chloride was substituted by bromide or nitrate. Figure 4 shows the effect
on the peak potential reached across the plasmalemma in two such experiments.
The full lines are theoretical curves explained in Section 1V,
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(ii) Solutions without Calcium

In a medium containing up to 3 my MgCl, (41 mx NaCl, 0-1 mx KCD) it
was impossible to initiate an action potential by means of current pulses causing
depolarization of up to 130 mV, That is, the cell is refractory in solutions containing
magnesium ions, and in the absence of caleium ions. This has been observed
previously with these cells (Hope 1961). With Nitelle (Findlay, unpublished data)
action potentials with prolonged periods of depolarization (plateaux) oceurred
when 1 mx Mg?* replaced external Ca?+,
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Fig, 5—Tracings of action potentials across the plasmalemma
when strontium chloride (4} and caleium chloride (B), each at a
concentration of 1 my, was in the external medium,

It was possible to initiate action potentials in Chare when strontium chloride
replaced calcium chloride. Figure 5, 4 shows such an aetion potential, which
may he compared with one observed in the same cell in the presence of calcium
(Fig. 5, B). The concentration of strontium or caleium was 1 mN. The action
potentials across the tonoplast were similar to that shown in Figure 1, B when either
strontium or caleitm was present.
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In these experiments, to ensure that the effective concentration of calsium
in the neighbourhood of the plasmalemma was low, the cells were bathed in a
flowing solution eontaining 3 m~x MgCl,, in which the membrane was known fo be
inactive, before treatment with the experimental solution.

The action potential with 3-0 mw NaCl as external sclution was similar to

that with SrCl,. In some early experiments 1 mx BaCl, apparently allowed action
potentials of the same shape as those in SrCl, but these did not occur when care
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Fig. 6.—Resting potentials across the plasmalemma (@) and tonoplast (A)

and peaks reached during action potentials across the plasmalemma () and

tonoplast { A), all as a function of external strontium chloride concentration.

The arrows indicate corresponding values of the potentials when calcium
replaced strontium at 1 mN concentration.

was taken to exchange away cell wall caleium with magnesium. Cells were refractory
in solutions of 1 mx Ni%+, Cd?+, and Mn** ions. Figure 6 shows the peaks of the
action potentials as a function of external strontium concentration.

(e) Changes in Resistance during the Action Potential

A multivibrator generating square waves of frequency 4-20 pulses/sec was
used to pass current through both membranes during the action potential. The
changes in potential during this process were estimated from photographs of ‘a
cathode ray screen and hence the resistance or conductance caleulated. The time
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constant of the membranes in the excited state was so short that the response of
the potentials to the current was completed during the time of the pulse. In the
resting state, however, the plasmalemma capacitance did not charge or discharge
completely during a pulse. The resting resistance was therefore measured using
long current pulses, manually switched.
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Fig. 7.—Potential difference () and conductance (@) plotted against time after stimulation.
(¢} Plasmelemma; () tonoplast, same cell as (a); (¢) tonoplast in a second cell, over a longer time,
The resting levels are indicated by the bars before time zero.

Figure 7 shows the results of two such experiments where the conduetance
change at each membrane is plotted against time after stimulation, and compared
with the corresponding changes in p.d.

IV. Discussioxw

The separation of overall “cell” potential difference and- resistance into
components due to the plasmalemma and tonoplast raises questions of interpretation
of past results. The new results lead to a clarification of the relation between the
phases. The measurements will be considered in order,
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(@) Resting Potential

A small resting p.d. across the tonoplast, in series with that across the
plasmalemma but of opposite sign, leads to an underestimate of the magnitude of
the plasmalemma p.d. when measurements are made between vacuole and outside.
Hope and Walker (1981) used such measurements to estimate two parameters: a
(a permeability ratio Py,/Px), and C; = K;4-«.Na,.

The effect of an increased E is a negligible alteration in a, but C; (which should
now refer to eytoplasmic ion activities and be termed C,,,) is increased. For example,
if the true plasmalemma p.d. is —160 mV, not —150 mV, and o = 0-1 then €y,
is raised from 74-5 to 110 mx. The value of 74-5 mw should refer to vacuolar ion
activity. In fact ; calculated from overall p.d. measurements was generally found
to agree with the measured vacuolar concentrations. Thus the cytoplasmic chemical
activities of sodium and potassium exceed those in the vacuole. MacRobbie (1962)
observed that the concentration ratio was equal for sodium and potassium in
Nitella translucens and was about 1-5.

Fromthe p.d. of 410 mV, vacuole positive, observed in the present experiments,
an activity ratio can also be estimated from the equation:

) E"w(mv) = 585 loglOchvaac = 58-5 logluNa‘cwf‘Navacs

giving a value for the activity ratio of 1-5. MacRobbie (1962) had in fact predicted
this p.d. from the observed activity ratios in N. translucens.

In the present experiments the presence of caleium had the effect of increasing
o from about 0-1 to 0-2-0-4 in the simple model of passive membrane permeability
to sodium and potassium {chloride and calcium permeabilities are neglected), for
which, In the resting state:

Eco(mv) = 58-5 loglo(Kn‘l‘“Na'o)/(ch ’|“1Na'cvt) (1)*

The value of the potential difference measured with one probe in the cytoplasm
and one outside is more indefinite than the p.d. measured between vacucle and
medium. This is due to the nature of the cytoplasmic phase, which is not a simple
electrolyte. In the vacuole, diffusion potentials between the sap and & glass probe
of 5 p diameter filled with 1x KCl can be assumed negligible. The criteria for
satisfactory measurements were a small p.d. between the cytoplasm probe and the
reference probe when both were outside the cell, and concordant results with
repeated insertions of the probe into the cytoplasm.

(b) Resting Reststance

The observed resting resistance between the vacuole and cytoplasm of about
1000 Q em? in series with about 10,000 Q em? does not lead to great error in inter-
preting an overall resistance as the plasmalemma resistance.

The ratio of these membrane conductances is roughly equal to the ratio of
caleulated potassium fluxes (Hope 1963).

* Bquation (1) involves no arbitrary assumptions, but to develop later equations
a linear potential gradient is assumed, as usual, in the membrane. :
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(¢} Membrane Time Constants

The time constant of a circuit containing a parallel resistance R and capaci-
tance ' is defined as R.C' and refers to the time needed to charge the capacitance
to 639, of its final potential with a constant current, or to discharge the capacitor
through the parallel resistance to 379, of its initial charge. In the present experi-
ments the mean time constant of the plasmalemma was about 20 msee. That of
the tonoplast was much-less and could not be measured accurately. Knowing R.C,
and R from the resting resistance, € ig estimated to be 1-2 uFoem—? in this
membrane. Thisis close to often-quoted values of the capacitance of the “membrane”
{Cole and Curtis 1938), and recent measurements by Oda (1962) in Chara braunii
of 2-3 uFom~2 The effect of the tonoplast on overall measurements of time
constants is small, since its time constant is much shorter.

(d) Action Potentinl across the Plasmalemme

The action potential recorded between the vacuole and the external medium
is now shown fo consist of two components with quite different time courses.
Findlay (1959) stated that the shape of the action potential in Nitella was the same
whether the measuring probe was in the vacuole or eytoplasm. These measurements
were made by letting the cytoplasm flow over probes initially inserted into the
vacuole. On the cytoplasm covering the probe the tonoplast may have become
locally depolarized by KCl from the probe, so that the probe followed the change
in potential of the vacuole. In the present experiments electrodes were inserted
directly and a short distance into the eytoplasm. With this technique it is consis-
tently found that the action potential across the tonoplast is of simple shape, like
that of a nerve cell, and sometimes with the “undershoot’ observed in nerve.

With the bivalent ions tested, apart from caleium, action potentials occurred
only in solutions of strontium. Sodivm ions, in higher concentration than calcium,
also initiated an action potential, the threshold being at a higher potential.

The effect of the tonoplast slow component in series with the action potential
across the plasmalemma is usually to make the peak of the action potential recorded
in the vacuole more positive than the peak of the fast component alone (Fig. 2).
This must be taken into account in interpreting the change in peak potential as
a function of external ion concentration.

As regards the mechanism of the action potential, Mullins (1962) has advanced
further evidence that a transient increase in membrane permeability to chloride
causes the action potential, by showing that there is an extra efflux of chloride ions
associated with the action potential in Nitelle clavate, which is an ecorticate species.
Mullins (1962) has questioned the suggestion that the transient change in permeahility
is to calcium ions (Hope 1961; TFindlay 1962) and interprets the effect of calcium
ions () in leading to a large trangient current during a voltage elamp, and (b) in
changing the peak potential, as “activation” of the chloride permeability system
by calcium ions.

It is now proposed to examine the way in which the peak of the action potential
would be expected to change with external ion activities, under the two different
assumptions.
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(i) Transient Permeability fo Calciuwm
Following a stimulus the permeability of the plasmalemma to calcium is
supposed to rise from a low value, compared with Py and Pp,, to a peak value
P, = B.Py, the other permeabilities remaining constant. Then it can be shown
that, at 21°C,
[(Clyr—Co)2+4(C5+28Ca, )M Coy+28Ca0y) ! —(Coye—Ch)
2(C o +-28Cay)

Equation (2) reduces to equation (1) if 8is made zero. Of the quantities in equation 2),
C.ye and O, may be estimated from the resting potential. It will be shown elsewhere
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Fig. 8.—Theoretical relationships between the peaks of the action potential

across the plasmalemms and external caleium conecentration, calculated as

described in the text. In A4, B, ¢, and D the parameter B (= Pg,/Pg} was

made 3, 10, 30, and 100, respectively. The points are observed peaks in

caleium solutions from the experiment of Figure 3 (Q) and in strontinm
from Figure 6 (@).

that Ca,y,, caleiwm activity in the cytoplasm, does not exceed about 1 mw, on the
assumption that calcium carries the transient current observed during a voltage
clamp (Findlay and Hope 1964). Here it will be taken as 1 m¥, a = 0-3, and
C,,; = 70 mx, for the cell of Figure 3. Then, with 8 given the values 3, 10, 30,
and 100, Bpey varies with Ca, as shown by the full lines in Figure 8. The symbols
are the values of peaks taken from Figures 3 and 6 in this paper. It is seen that
there is some agreement between predicted and observed peaks in their general
level if B is 10-30 but that the increase in peak potential with increase in Ca, is less
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than expected. The peaks are not very dependent on Caigy, except when g is 30-100.
Two aspects of the graphs are worth emphasizing:

Firstly, the slope of By v. log,,Ca, approaches +29 mV per tenfold increase
in Ca, at higher values of B and Ca,, but may, however, be 40-50 mV in dilute solutions
of caleium or when 8 is small. This is observed if the vacuole potential is recorded
(Hope 1961; TFindlay 1962), but not if the cytoplasm potential is recorded. Across
the plasmalemma alone the response to a tenfold increase in Ca, is 20-30 mV,

Secondly, the peak potential does not reach the electrochemical equilibrium
potential for caleium. The membrane potential would change until the inward
current of calelum was exactly balanced by an outward current of sodium and
potassium. Consequently Ca,,, would not be the value of Ca, at which the peak
potential is zero, as suggested by Hope (1961).

Similar remarks apply to action potentials in strontium where a permeability
ratio y, equal to Py, /Py of about 3, is appropriate as seen from Figure 8. Strontium
inside the eell is assumed to be very low in activity.

The resting potential is not varied greatly by varying the external calcium
{Fig. 3), consistent with the assumption of negligible resting permeability to caleium.

(ii} Transient Permeability to Chlovide

The equation connecting peak potentials and external chloride activity is:
Bpear(0V) = 585 logyq[ (Cp+8. Cly) [{Clye+3. CL,)], (3)

where 6 = P/ Pg in the excited state of the membrane, Py, is assumed negligible
in the resting state. Putting § = 0-3, 1, 3, and 10, in turn, and Cly; =10 my
(for reasons which will appear later), the peaks should now reach the values shown
in Figure 4 at the external chloride activities shown. The change in potential is
now in an opposite direction to that in the theory involving calcium. Only as the
term §.Cl, becomes comparable with and greater than C,,, does the peak change
greatly with Cl,. Consequently, as Mullins (1962) has pointed out, experiments
such as the one reported by Hope (1961, Fig. 5) are not conclusive, since finding
little change in the peaks over a range of Cl, of 1-6-11-6 m~ is not incompatible
with the chloride hypothesis. '

In the present experiments (Fig. 4) Cl, was varied up to about 40 mx both
by additions of sodium chloride, choline chloride, or tetraethylammmonium chloride,
and by substitution of bromide or nitrate for chloride, keeping total anion and
cation constant in concentration. In all experiments calcium was present at a
constant 1-3 mN. When Cl, is changed by substitution of chloride rather than by
addition or subtraction, the peak potential does not change significantly. In the
“addition experiment” the peaks changed with Cl,, following equation (3), with
8 between 3 and 10. An alternative explanation is that addition of extra cation
reduces Pg, and induces a more negative peak (cf. Fig. 8).

It is clear that these considerations do not allow a choice to be made between
the alternative hypotheses. However, caleium is necessary outside the cell to
initiate an action potential, strontium being a possible substitute, or sodium at
higher concentration. '
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An interesting aspect of the action potential is the associated sudden stoppage
of eytoplasmic streaming whieh occurs at the time of the peak. It could be supposed
that an influx of caleium ions in exchange for potassium leads to the formation
of sufficient cross-links between the streaming and stationary components in the
eytoplasm to gel it. Subsequently chelation or an active caleinm efflux pump
could reduce the cytoplasmic activity of caleium {or strontium), and streaming
recommence. An explanation in terms of the chloride meehanism is not obvious.

(iil) Change in Resistance.

The observed minimum resistance or maximum conductance reached during
the action potential [Section III(e)] can be compared with that expected from the
peak permeabilities by means of the following analysis. Using the usual model of
a membrane with linear potential gradient it may be shown that the membrane
conductance due to ions of species j has the following relation to the potential:

G — 2F2P, a,[1 —(1 —2EF/RT) exp zEF|RT |+ t,y[exp 2EF|RT —(1 -2EF|RT)]
iT RT" (1—exp zEF/RT)? ’

4)
where ;tt,, ;G are the ionic activities outside and in the cytoplasm, respectively,
and z the algebraic valency. Using values of P; and E appropriate to the peak of
the action potential,

Grotal = Gk +Na+Gcar OF Giotal = Gr+vat+Ga

may be calculated. Py may be caleulated from the observed resting resistance
(Hope and Walker 1961):

. _RT[(I/OO)—(UGM)]_

o = FT| T In(Copu/Co) 5)

No further new parameters are involved since Pg, = f.Pg (P =68.Pg) and
C,, Cuy have already been estimated. For example, in one experiment (C149),
r, = 15 kQ em?, B, = —145 mV, Epeax = —8 mV, and the following estimates
were obtained using equation (4): Gg4x, = 1510 pmho.em=2, G, = 8350 (8 = 150,
Cagy = 1 mn), and Gg = 1790 (3 =10, Clyy, =10 mu). Hence, assuming an
inerease in Pg,

Pmin. = /(R 452 +Gos) = 100 Q cm?,

and for an increase in Py,
rmin, = 1/(Fgsva+Gar) = 300 Q em?

The observed minimum resistance was about 300 (2 em?, but it has not been possible
to obtain much accuracy in these experiments.

The effect of the tonoplast resistance, which has usually not fallen to its
minimum at the time of the minimum plasmalemma resistance, is to yield a much
higher overall minimum resistance if the measurement is made between the vacuole
and medium. Thus the value obtained by Fujita (1962) for Nitello sp. is probably
an overestimate.
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(e) dAction Potential across the Tonoplast

A transient change in potential difference, which by analogy with the plasma.-
lemma may be termed an action potential, oceurs across the tonoplast. The condition
necessary for this appears to be that an action potential must be initiated across
the plasmalemma. The tonoplast action potential is slower and the p.d. change of
smaller magnitude than with the plasmalemma (Fig. 1). The resistance of the
tonoplast decreases and reaches a minimum near the peak (Fig. 7). This suggests,
by analogy with the plasmalemma, that the action potential is due to a transient
change in tonoplast permeability to some ion which is not in electrochemical
equilibrium in the resting state. Sodium and potassium apparently are in equilibrium
(MacRobbie 1962; this paper). On the other hand, caleium in the vacuole is at a
much lower electrochemical potential than in the medium, while c¢hloride is much
higher (Hope and Walker 1960). The cytoplasmic activities are unknown, but by
using the values already employed in Section IV(d) it is possible to see whether
analogous permeability changes to caleium or chloride could possibly account for
the observed peak potentials and conductances.

(i) Calcium

There are difficulties in attempting to describe in terms of the caleium
hypothesis what happens at the tonoplast. Tf the cytoplasm contains an activity
of about 1 mN caleium then, for the vacuole to go further positive with respect to
the cytoplasm following an increase in Py, the calcium activity in the vacuole must
be very much lower. For example if Ca,,, was 0-01 m~ the peak of the tonoplast
action potential would be about 22 mV (taking 8 as 150), at which the resistance
would have fallen to 680 Q cm? from 1000, Peaks of 4-50 mV and minimum
resistance of 300 Q cm? are often observed, which could be attained only if 8 were
extremely large. In any case the measured concentration of calcium in centrifuged
{erystal-free) vacuolar sap was 0-3-0-4 mn in these cells.

(ii) Chlovide

Using an equation analogous to (3) and values for §, Copes Cloye, Cge, and Cl,,,
of 6, 123, 10, 82, and 150, respectively, we have for the tonoplast potential:

Epeak = 58-5 Ing (Ocyt +‘S Clvac)/(owac+8 Olcyt)
= 50-0mV.

This is close to some of the observed values, which is satisfactory considering we
have introduced no new parameters. Using again the same parameters together
with potassium permeability, which for a tonoplast resting resistance of 1000 {2 cm?
is about 2 x10% ¢m.sec! [from equation (5)}, it follows that the resistance should
fall from 1000 to 330 Q em2 Once again, this is a plausible value.

{f) Conclusions

The revised picture obtained by the present separation of “cell membrane”
electrical properties into those attributable to the plasmalemma and the tonoplast
Is similar to that proposed by Hope and Walker (1961) for the resting plasmalemma.
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That is, under the conditions stated the plasmalemma behaves as if passively perme-
able to sodium and potassium.

The possibility of active chloride or sodium fluxes or of passive chloride fluxes
affecting the resting potential and resistance is being re-examined following the
remarks by Briggs (1962). While there are conditions in which the plasmalemma
p.d. is insensitive to potassium concentration, in the present experiments it was
gensitive (Table 1). It was possible to estimate that Py ~ 1075, and Py, =~ 1-2
x 10-% cm.sec~l. The cytoplasm activities (mN) were probably K 120, Na 30; and
those in the vacuole X 80, Na 20, on the average.

An analysis of the electrical changes in each membrane during excitation
(the action potential), together with Mullins’ (1962) new evidence has thrown doubt
on the role of caleium. A transient increase in chloride permeability to about 10—t
em.sec™! appears to account for most of the facts, together with an average activity
of chloride in the cytoplasm equal to 10 mx. A transient calcium permeability of
about 10-3 em.sec— would equally account for some of the phenomena, These doubts
will not disappear until there are data on cytoplasmic activities and measurements
of chloride and calcium fluxes during activity in these cells.
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