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Abstract. The charge-pulse relaxation spectrum of non-
perfused and perfused (turgescent) cells of the giant ma-
rine algaVentricaria ventricosashowed two main expo-
nential decays with time constants of approximately 0.1
msec and 10 msec, respectively, when the cells were
bathed in artificial sea water (pH 8). Variation of the
external pH did not change the relaxation pattern (in
contrast to other giant marine algae). Addition of ny-
statin (a membrane-impermeable and pore-forming anti-
biotic) to the vacuolar perfusion solution resulted in the
disappearance of the slow exponential, whereas external
nystatin decreased dramatically the time constant of the
fast one. This indicated (by analogy to corresponding
experiments withValonia utricularis,J. Wang, I. Spieß,
C. Ryser, U. Zimmermann,J. Membrane Biol.157:311–
321, 1997) that the fast relaxation must be assigned to the
RC-properties of the plasmalemma and the slow one to
those of the tonoplast. Consistent with this, external
variation of [K+]o or of [Cl−]o as well as external addition
of K+- or Cl−-channel/carrier inhibitors (TEA, Ba2+,
DIDS) affected only the fast relaxation, but not the slow
one. In contrast, addition of these inhibitors to the vacu-
olar perfusion solution had no measurable effect on the
charge-pulse relaxation spectrum. The analysis of the
data in terms of the “two membrane model” showed that
K+- and (to a smaller extent) Cl−-conducting elements
dominated the plasmalemma conductance. The analysis
of the charge-pulse relaxation spectra also yielded the

following area-specific data for the capacitance and
the conductance for the plasmalemma and tonoplast
(by assuming that both membranes have a planar sur-
face): (plasmalemma)Cp 4 0.82* 10−2 F m−2, Rp 4
1.69* 10−2 V m2, Gp 4 5.9* 104 mS m−2, (tonoplast)
Ct 4 7.1* 10−2 F m−2, Rt 4 14.9* 10−2 V m2 andGt 4
0.67* 104 mS m−2. The electrical data for the tonoplast
show that (in contrast to the literature) the area-specific
membrane resistance of the tonoplast of these marine
giant algal cells is apparently very high as reported al-
ready forV. utricularis. The exceptionally high value of
the area-specific capacitance could be explained —
among other interpretations — by assuming a 9-fold en-
largement of the tonoplast surface. The hypothesis of a
multifolded tonoplast was supported by transmission
electronmicroscopy of cells fixed under maintenance of
turgor pressure and of the electrical parameters of the
membranes. This finding indicates that the tonoplast of
this species exhibited a sponge-like appearance. Taking
this result into account, it can be easily shown that the
tonoplast exhibits a high-resistance (1.1V m2).

Vacuolar membrane potential measurements (per-
formed in parallel with charge-pulse relaxation studies)
showed that the potential difference across the plasma-
lemma was mainly controlled by the external K+-
concentration which suggested that the resting mem-
brane potential of the plasmalemma is largely a K+-
diffusion potential. After permeabilization of the
tonoplast with nystatin the potential of the intact mem-
brane barrier dropped from about slightly negative or
positive (−5.1 to +18 mV,n 4 13) to negative values
(−15 up to −68 mV;n 4 8). This indicated that the
cytoplasm ofV. ventricosawas apparently negatively
charged relative to the external medium. Permeabiliza-
tion of the plasmalemma by addition of external nystatin
resulted generally in an increase in the potential to
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slightly more positive values (−0.8 to +4.3 mV;n 4 5),
indicating that the vacuole is positively charged relative
to the cytoplasm.

These findings apparently end the long-term debate
about the electrical properties ofV. ventricosa.The re-
sults presented here support the findings of Davis (Plant
Physiol.67: 825–831, 1981), but are contrary to the re-
sults of Lainson and Field (J. Membrane Biol.29: 81–94,
1976).

Key words: Membrane capacitance — Membrane resis-
tance — Membrane folding — Nystatin — Tonoplast —
Plasmalemma — Vacuolar perfusion

Introduction

Marine and pond water giant-celled algae have been used
extensively to study the electrical (and transport) prop-
erties of the membrane barrier (Hope & Walker, 1975;
Walker, 1976; Lainson & Field, 1976; Findlay & Hope,
1976; Zimmermann, 1978; Zimmermann & Steudle,
1974; Davis, 1981; Tazawa & Shimmen, 1982; Wendler,
Zimmermann & Bentrup, 1980; Beilby, 1989). How-
ever, a major problem which is encountered with micro-
electrode measurements in giant algal cells is the inter-
pretation of the data because of the presence of two
membranes in series, i.e., the tonoplast and the plasma-
lemma. The vacuole of giant algal cells occupies usually
more than 95% of the total cell volume. In contrast to
the impalement of the microelectrodes into the thin cy-
toplasmic layer, vacuolar placement of microelectrodes
is easy. Furthermore, vacuolar electrodes block — if
any — only occasionally whereas cytoplasmic micro-
electrodes can be covered rapidly with a thick seal (Find-
lay & Hope, 1976). The disadvantage of vacuolar mi-
croelectrodes is that they do not allow to measure sepa-
rately the electrical properties of the tonoplast and the
plasmalemma (for exceptions,seeDavis, 1981). To cir-
cumvent this problem, it is, therefore, assumed in the
analysis of the electrophysiological data (Beilby, 1989)
that the tonoplast of giant algal cells is substantially more
conductive than the plasmalemma (Beilby, 1990; Blatt,
1987).

Very recently, we have demonstrated for the giant
cells of the marine algaValonia utricularis(Wang et al.,
1997) that vacuolar microelectrodes can be used to de-
termine the electrical properties of the tonoplast and the
plasmalemma separately. This progress in the electro-
physiology of giant-celled algae was achieved by mea-
surements of the charge-pulse relaxation spectrum of
nonperfused and perfused turgescent cells in the pres-
ence or absence of vacuolar and external nystatin (or
amphotericin B), respectively.

Nystatin (or amphotericin B) is a pore-forming an-
tibiotic which permeabilizes membranes, but does not

penetrate them (see alsoMarty & Finkelstein, 1975;
Kleinberg & Finkelstein, 1984; Bolard, 1986; Horn &
Marty, 1988; Shvinka & Caffier, 1994; Marty & Neher,
1995). Nystatin can, therefore, be used to increase sepa-
rately the conductance of the tonoplast and the plasma-
lemma depending on the site of addition. Vacuolar ny-
statin resulted in the disappearance of the slow relaxation
of the charge-pulse relaxation spectrum ofV. utricularis,
whereas external nystatin decreased dramatically the
time constant of the fast relaxation. This finding dem-
onstrated that the fast relaxation must be assigned exclu-
sively to the RC-properties of the plasmalemma and the
slow one exclusively to the RC-properties of the tono-
plast.

The analysis of the charge-pulse relaxation spectrum
of V. utricularis in terms of the “two membrane model”
led to the following conclusions: (i) that the tonoplast
resistance is very high (comparable to that of the plas-
malemma), (ii) that the area of the tonoplast is consid-
erably larger than the geometric area and/or contains
“mobile charges” associated with electrogenic transport
systems and (iii) that the plasmalemma conductance is
mainly determined by Cl−-channels/carriers.

In this communication we applied this novel method
to the giant-celled algaVentricaria ventricosa.This
species (likeV. utricularis) belongs to related genera
of the class ofBryopsidophyceae(together withChaeto-
morpha and Valoniopsis) which seems to differ from
the mainstream plant model (Steudle & Zimmermann,
1971). These species can be characterized by a large
tonoplast resistance and a positive potential difference
across the tonoplast (Findlay et al., 1971; Findlay et al.,
1978) respectively. This large potential difference is ex-
pected to arise from a unusual K+ ATPase (Gutknecht,
1967).

V. ventricosaalso shows the phenomenon of turgor
regulation (like V. utricularis and Chaetomorpha;
Steudle & Zimmermann, 1971; Zimmermann & Steudle,
1974; Zimmermann, Steudle & Lelkes, 1976; Zimmer-
mann, 1978), i.e., the cells have the ability to maintain
constant turgor pressure over a large range of salinity
(Gutknecht, 1968; Hastings & Gutknecht, 1974).

Experiments with vacuolar and external pore-
forming antibiotics gave strong support to the view that
the two relaxations of the charge-pulse relaxation spec-
trum of this species also arise from the RC-properties of
the two membranes. Evidence for this interpretation
came additionally from the demonstration that the varia-
tion of the concentration of the major external ions, in
particular of K+, only affected the fast relaxation (arising
from the plasmalemma) and the membrane potential.
External addition of transport inhibitors revealed that
DIDS-sensitive Cl−-channels/carriers and particularly
TEA/Ba2+-sensitive K+-channels contributed to about
93% of the conductance of the plasmalemma. In con-
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trast, the tonoplast conductance remained unaltered upon
vacuolar addition of these inhibitors.

The analysis of the data in terms of the “two mem-
brane model” also showed that the area of the tonoplast
of V. ventricosamust be much larger than the geometric
one. This could be supported by transmission electron-
microscopy which suggested that the tonoplast ofV. ven-
tricosa(as well as ofV. utricularis) exhibits a spongelike
appearance.

Materials and Methods

HARVEST AND CULTURE CONDITIONS

Giant, spherical cells ofVentricaria ventricosa(Siphonocladales, Chlo-
rophyceae; formerly namedValonia ventricosa, seeOlsen & West,
1988) were collected from the coast of the island of Oahu, HI. The size
of the cells varied considerably. For the experiments, freshly collected
cells of extremely large size (1.2 to 7.3* 103 mm3) and of smaller size
(60 to 500 mm3) were used. Before use, the cells were kept for 3 to 11
weeks in 5-liter glass containers filled with natural sea water (NSW,
1024 mosmol kg−1, pH 8.1) under a 12 hr light/dark regime (2 × 36 W
Fluora lamps, Osram, Mu¨nchen, Germany) at a temperature of 20°C
(293 K).

Cells of V. ventricosagrow very slowly. Part of the freshly col-
lected cells formed aplanospores. Cells originated from these aplano-
spores were cultured. The cultured cells were also used for charge-
pulse relaxation experiments when they had grown to about 2 to 6 mm
in diameter corresponding to volumes of about 4.2 to 113 mm3.

EXPERIMENTAL CONDITIONS

For the experiments the cells were bathed in artificial sea water (ASW;
1024 mosmol kg−1) containing 510 mM NaCl, 11 mM KCl, 10 mM

CaCl2 and 9 mM MgCl2. The pH of ASW was adjusted to 8.1 by
addition of 10 mM HEPES/NaOH (N-(2-hydroxyethyl)piperazine-N8-
(2-ethanesulfonic acid)/NaOH).

For the study of the effect of external K+, Cl− and Na+ on the
charge-pulse relaxation spectrum, media were used in which the con-
centration of the ions was varied accordingly by replacing Na+ by
cholin, K+ by Na+ and Cl− by MES− (2-(N-morpholino)ethanesulfo-
nate) in the ASW. The osmolality of the various ASW-solutions was
adjusted to 1024 mosmol kg−1 (measured by freezing point depression
using an Osmomat (model 030-M, Gonotec GmbH, Berlin, Germany)).

For evaluation of the contribution of K+-channels and of Cl−-
transport systems to the charge-pulse relaxation spectrum, ASW was
used which contained additionally TEA (tetraethylammonium), BaCl2

and/or DIDS (4,48-diisothiocyanatostilbene-2,28-disulfonic acid; for
experimental details,seeSpieß et al., 1993).

For charge-pulse experiments at pH 7 and 6, the ASW was buff-
ered with 10 mM PIPES/NaOH (piperazine-N,N8-bis(ethanesulfonic
acid)) and MES-/NaOH (2-(N-morpholino)ethanesulfonic acid), re-
spectively. Lower pH-values were adjusted by addition of 10 mM ma-
lic acid and appropriate amounts of NaOH.

For vacuolar perfusion, artificial vacuolar sap (AVS; pH 6.1;
1340 mosmol kg−1) was used containing 22 mM Na2SO4, 625 mM KCl,
3 mM CaCl2, 3 mM MgCl2 and 3 mM phosphate buffer. The concen-
trations of the major ions of AVS corresponded to those of the normal
vacuolar sap ofV. ventricosa(Gutknecht, 1966).

Separate permeabilization of the tonoplast and the plasmalemma

was achieved by addition of nystatin (or amphotericin B) to the external
or vacuolar solution. The antibiotics were pre-dissolved in dimethyl
sulfoxide (DMSO). A portion of the 5 mM-stock solution was added to
artificial cytoplasm sap (ACS; pH 7.3; osmolality 1024 mosmol kg−1;
containing 40 mM NaCl, 80 mM KCl, 408 mM K2SO4, 5 mM CaCl2, 10
mM MgCl2, 10 mM EGTA and 10 mM HEPES buffer). The final con-
centration of DMSO in the artificial cytoplasm sap was 1%. Control
experiments showed that this concentration of DMSO did not signifi-
cantly affect the charge-pulse relaxation spectra of the membranes ofV.
ventricosa.

All salts were obtained from Merck (Darmstadt, Germany). The
buffers, nystatin, amphotericin B, TEA and DMSO were purchased
from Sigma (Deisenhofen, Germany). DIDS was obtained from Fluka
(Neu-Ulm, Germany).

A fiber-optic light source (model KL 150B, Schott, Mainz, Ger-
many) equipped with a halogen lamp (150 W, Osram, Mu¨nchen, Ger-
many), a heat protecting filter KG 1 and a fiber-optic bundle (Schott,
Mainz, Germany) was used to illuminate the cells during the experi-
ments with white light (40 W m−2). The experiments were performed
at 20°C (293 K) if not otherwise stated.

ELECTRICAL MEASUREMENTS

The experimental conditions for charge-pulse relaxation studies on
nonperfused giant algal cells have been described in detail elsewhere
(Benz & Zimmermann, 1983; Wang, Zimmermann & Benz, 1994).
Briefly, two pressure-tight pipettes (outer tip diameter < 30mm) were
inserted deeply into the vacuole of the cell. The shank of the pipette
containing the current microelectrode was sealed by a rubber ‘O’-ring
to an oil-filled perspex chamber in which a pressure transducer was
mounted for recording of the turgor pressure (Zimmermann & Steudle,
1974). The current microelectrode consisting of a 10mm thick plati-
num wire was moved through the pipette deeply into the vacuole.
The wire was connected to a fast, commercial pulse generator (model
214B, Hewlett Packard, Palo Alto, CA) through a diode with a reverse
resistance larger than 1010 V. The reference current electrode in the
bathing solution consisted of a rectangular steel plate of 28 × 8 mm.
The membrane barrier was charged with a short, rectangular pulse of
1-msec duration. The injected charge,Q, was calculated from the volt-
age drop (monitored by a digital oscilloscope, model 2440, Tektronix,
Beaverton, OR) across a 10V resistor connected in series with the
current microelectrode.

For recording of the resting and generated potential across the
membrane barrier a second pipette-microelectrode was used which was
filled with 3 M KCl and contained an Ag/AgCl wire. The external
potential-recording reference electrode consisted of Ag/AgCl and a 3M

KCl agar bridge. This electrode was placed in the bulk medium close
to the surface of the alga. The voltage relaxation spectrum after a
charge-pulse was recorded by a fast, differential amplifier of high input
impedance (connected to the potential-measuring electrodes) and
stored on a Nicolet 2090 or 490 digital oscilloscope (Frankfurt, Ger-
many) in 4096 data points with 12-bit amplitude resolution. These
were then transferred to a PC/AT computer for further analysis. The
bandwidth of the whole electrical system was 0–50 kHz (Wang et al.,
1993). The complete setup was shielded against electromagnetic
waves by a Faraday cage.

For charge-pulse experiments on perfused cells the electrophysi-
ological setup was combined with a vacuolar perfusion assembly as
described in detail recently (Wang et al., 1997). Briefly, the potential-
recording microelectrode was integrated into an inflow glass pipette
which was completely filled with perfusion solution prior to insertion
into the vacuole. The inflow pipette was connected to a syringe con-
taining the perfusion solution. The perfusion solution in the syringe
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was forced into the vacuole by a perfusion pump (PERFUSOR™
SECURA FT, B. Braun Melsungen AG, Melsungen, Germany). The
outflow pipette contained the current microelectrode and was con-
nected to a pressure chamber in which a pressure regulator was
mounted to adjust the pressure in the cell and in the other part of the
hydraulic system as required.

The perfusion setup allowed to change the perfusion flow rate and
the turgor pressure independently of each other (while maintaining the
internal and external ion concentration) and to exchange perfusion
solutions without exposure of the cell to a pressure shock.

ANALYSIS OF THE VOLTAGE RELAXATION

The semilogarithmic plot of the voltage relaxation,Vm, vs. time, t,
recorded on cells ofV. ventricosaafter the administration of a charge-
pulse could be fitted by the sum of two exponential decays to a first
approximation (seeFig. 1), using a multiple-exponential-fitting pro-
gram (Benz & Zimmermann, 1983) and/or the Levenberg-Marquardt
algorithm of nonlinear regression:

Vm~t! = V1exp~−t/t1! + V2exp~−t/t2!

= V0~a1exp~−t/t1!! + ~a2exp~−t/t2!! (1)

with

V0 4 V1 + V2

and

a1 4 V1/V0; a2 4 V2/V0

wheret1,2 are the relaxation time constants,V1,2 the initial absolute
amplitudes of the rapidly and slowly decaying voltages anda1,2 the
initial relative amplitudes of the rapidly and slowly decaying voltages,
respectively. The fit to the experimental data was very significant un-
der all circumstances (P < 0.001, checked by using Student’st-test).
Furthermore, in 10 successive experimental runs (taken on the same
algal cell at time intervals of 30 sec) the relaxation parameters did not
vary by more than 3%. This demonstrates the high reproducibility of
the measurements.

It has to be noted that a significantly better fit of the charge-pulse
relaxation spectrum could frequently (but not always;seebelow) be
achieved by assuming that a third exponential relaxation of very small
initial amplitude occurred (seee.g., Fig. 1). The time constant of this
relaxation was betweent1 andt2. The occasional occurrence of a third
relaxation was also reported forV. utricularis (Zimmermann, Bu¨chner
& Benz, 1982). Because of this variability in the occurrence of the
third, intermediate relaxation, the voltage relaxation spectrum was ana-
lysed in terms of two exponentials if not stated otherwise.

The experiments presented below suggest very strongly (see also
Wang et al., 1997) that the fast relaxation arises from the electrical
properties of the plasmalemma, whereas the slow one must be attrib-
uted to those of the tonoplast. In terms of this “two membrane model”
the area-specific resistances and capacitances of the tonoplast and the
plasmalemma, respectively, are given by the following equations (pro-
vided that the surface area of the plasmalemma and the tonoplast are
equal to the geometric surface area,Acell, of the algae):

Cp 4 Q/(Acell V1); Rp 4 1/Gp 4 t1/Cp (2)

and

Ct 4 Q/(Acell V2); Rt 4 1/Gt 4 t2/Ct (3)

whereQ is the injected charge,Ct,p, Gt,p andRt,p are the area-specific
capacitances, conductances and resistances of the tonoplast and plas-
malemma, respectively. It should be pointed out that the actual surface
area of the two membranes may not necessarily be equal to the geo-
metric one (Acell; seebelow).

Results

EFFECTS OFEXTERNAL AND VACUOLAR NYSTATIN ON

THE CHARGE-PULSE RELAXATION SPECTRUM:
ASSIGNMENT OF THERELAXATIONS TO THE TONOPLAST

AND PLASMALEMMA PROPERTIES

The charge-pulse experiments on the algal cells ofV.
ventricosawere started 1–2 hr after the insertion of the
two microelectrodes (or of the in-/outflow pipettes) into
the vacuole. This time was sufficient to heal the punc-
tured areas as shown by the constancy of the cell turgor
pressure (in average 0.2 MPa) over time and the repro-
ducibility of the charge-pulse relaxation spectra in re-
peated experimental runs.

A typical voltage relaxation spectrum of a charge-
pulse experiment performed on a cultivated nonperfused
cell of V. ventricosais shown in Fig. 1. The vacuolar
resting potential of the cell wasVvo 4 +8.2 mV. The
membrane barrier was charged by a short current pulse
of 1-msec duration to an initial voltage of aboutVo 4

Fig. 1. Typical charge-pulse relaxation spectrum of a cultivated, non-
perfused cell of the giant marine algaVentricaria ventricosabathed in
ASW (1024 mosmol kg−1, pH 8.1). The spectrum was recorded by
injection of a charge-pulse of 1-msec duration via a microelectrode into
the vacuole. The injected charge wasQ 4 7.32 nAsec. The vacuolar
resting potential wasVvo 4 +8.2 mV. The spherical cell had a surface
area ofAcell 4 80 mm2, a volume ofVcell 4 66 mm3 and a turgor
pressure ofP 4 0.16 MPa. The semilogarithmic plot of the biphasic
voltage relaxation spectrum versus time is shown in the inset. The
relaxations in the inset were fitted to the sum of three exponentials by
using the expanded Eq. 1.:Vm(t) 4 Vo(a1exp(−t/t1)) + (a2exp(−t/t2)) +
(a3exp(−t/t3)). For further details,seetext.
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+14 mV (in reference to the resting potential). By anal-
ogy toV. utricularisandH. parvula(Zimmermann et al.,
1982; Benz, Bu¨chner & Zimmermann, 1988) the semi-
logarithmic plot of the voltage relaxation spectrum sug-
gested (data not shown) that the voltage relaxation could
be fitted by the sum of two exponential curves according
to Eq. 1 (correlation coefficientr 4 0.99865). The fol-
lowing parameters (±SD) were obtained from the least
square fitting of the relaxation spectrum: for the fast
relaxation,V1 4 11.2 ± 0.3 mV andt1 4 256 ± 4msec;
for the slow relaxation,V2 4 1.52 ± 0.01 mV andt2 4
3.75 ± 0.02 msec. Similar results were obtained for ap-
prox. 90 other (nonperfused) cells ofV. ventricosa.
Some of these data are listed in Table 1.

The fit of the voltage relaxation spectrum in Fig. 1
could be slightly, but significantly improved by assum-
ing three exponential decays (Fig. 1, insetA; correlation
coefficient r 4 0.99986). In this case, the following
parameters (±SD) could be derived for the fast relaxation:
V1 4 12.3 ± 0.3 mV andt1 4 219 ± 6msec; for the slow
relaxation:V2 4 1.21 ± 0.06 mV andt2 4 4.11 ± 0.07
msec; for the third intermediate exponential:V3 4 0.82
± 0.06 mV andt3 4 1.37 ± 0.17 msec. The third, in-
termediate relaxation could not always be resolved (only
in about 50% of the experimental runs performed on
different nonperfused cells).

Charge-pulse experiments on cells perfused with ar-
tificial vacuolar sap (AVS) yielded similar results for the
relaxation parameters (n 4 36, data not shown;see also
Wang et al., 1997).

In the following set of experiments the effects of
external and vacuolar nystatin on the charge-pulse relax-
ation spectrum of perfused and nonperfused cells ofV.
ventricosawere investigated in order to identify the
membrane from which the fast, the slow and the third
decay curves originated. The turgor pressure of the
vacuolar perfused cells was adjusted to 0.2 MPa as mea-
sured in the nonperfused cells. For the nystatin-induced
permeabilization of the plasmalemma and the tonoplast,
respectively, the ASW or the AVS, respectively, were
replaced by the artificial cytoplasmic sap (ACS,seeMa-
terials and Methods). In contrast to AVS and ASW
which contained about 600 mM Cl−, the Cl−-concentra-
tion in ACS was only 140 mM in order to match the
cytoplasmic Cl−-concentration. This procedure avoids
lethal effects due to diffusion of high concentrations of
Cl− through the permeabilized membranes into the cyto-
plasm (Wyn Jones, Brady & Speirs, 1978; Wang et al.,
1997).

Lowering of the Cl−-concentration in the bulk me-
dium or in the perfusion solution resulted in an increase
of the time constants of the relaxations of freshly col-
lected cells (curve 1 in Fig. 2A; see alsobelow). Upon
external addition of nystatin the time constant of the fast
exponential,t1, decreased dramatically (curve 2 in Fig.
2A and Fig. 3A). After 40 min the time constant of the
fast relaxation process was too short to be resolved (Fig.
3A). Interestingly, the time constant of the slow expo-
nential,t2, did not change significantly over a period of
more than 1 hr (Fig. 3A). Fitting of the charge-pulse

Table 1. Results of charge-pulse experiments on cells ofVentricaria ventricosa

Cell parameter Relaxation parameter Plasmalemma Tonoplast

Cell
Vcell

mm3
Acell

mm2
P
MPa

Vvo

mV
Q
nAs

t1

msec
V1

mV
t2

msec
V2

mV
Cp

10−2Fm−2
Gp

mScm−2
Ct

10−2Fm−2
Gt

mScm−2
At*
mm2

Gt*
mScm−2

1 14 28 0.19 −6 4.22 172 16.7 4.57 2.39 0.902 5.25 6.31 1.38 196 0.197
2 27 44 0.21 3 4.78 190 13.4 5.56 1.77 0.811 4.27 6.14 1.10 333 0.146
3 51 69 0.22 5 8.07 151 14.4 4.38 2.51 0.812 5.38 4.66 1.06 396 0.185
4 62 61 0.21 2 6.56 146 14.2 3.39 1.99 0.757 5.19 5.40 1.59 435 0.223
5 160 141 0.32 −6 21.9 434 20.9 15.4 2.34 0.743 1.71 6.64 0.431 1260 0.048
6 290 220 0.27 −3 15.8 144 8.94 48.9 0.84 0.803 5.58 8.55 0.175 2340 0.016
7 840 430 0.14 22 33.4 71 10.3 14.0 0.98 0.754 10.6 7.93 0.566 4520 0.054
8 1700 680 0.19 2 24.2 118 4.84 63.9 0.52 0.735 6.23 6.84 0.107 6330 0.012
9 2540 900 0.21 17 57.4 144 8.20 71.8 0.74 0.778 5.40 8.62 0.120 9970 0.011

10 3870 1160 0.10 4 53.4 112 4.23 54.3 0.47 1.09 9.70 9.78 0.180 10500 0.020

Mean 373 0.21 4 0.818 5.93 7.09 0.672 3628 0.0913
±SD ±407 ±0.06 ±9 ±0.106 ±2.55 ±1.60 ±0.565 ±4029 ±0.0865

Charge-pulse experiments were performed on over 90 cells bathed in ASW. Only a part of data was shown. For a first approximation, the voltage
relaxation spectra after the injection of the charge-pulse was fitted to a function of the sum of two exponentials (Eq. 1). The time constants and the
initial amplitudes of the fast (t1 andV1) and the slow exponential relaxation (t2 andV2) were obtained from least-square-fits.Q is the injected charge,
Acell is the surface area of the alga,Vvo is the resting vacuolar potential andP is the turgor pressure. The area-specific membrane capacitances and
conductances of the plasmalemma (Cp andGp) and that of the tonoplast (Ct andGt) respectively were calculated by assuming that the surface area
of the plasmalemma (Ap) and the tonoplast (At) is equal to that of the cell (Ap 4 At 4 Acell). The real surface area and the real area-specific
conductance of the tonoplast (At* andGt*) were calculated by usingAt* 4 Acell(Ct/Ct*) and Gt* 4 Gt(Acell/At*) under the assumption that the real
area-specific capacitance of the tonoplast is equal to that of the plasmalemma (Ct* 4 Cp). For further details,seetext.
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spectrum by three exponentials showed (curve 2 in Fig.
2A) that in the presence of external nystatin the third
intermediate relaxation (amplitude of about 0.5 mV and
a time constant of about 1 msec) occurred regularly.

The opposite results were found when nystatin was
added to the vacuolar perfusion solution (Fig. 2B). Un-
der these conditions, the time constant of the slow ex-

ponential relaxation,t2, decreased rapidly and the slow
relaxation disappeared after about 30 min, whereast1

remained nearly constant for more than 1 hr (curve 2 in
Figs. 2B and 3B). In the presence of vacuolar nystatin,
an intermediate exponential could not be resolved.

Equivalent concentrations of amphotericin B yielded
similar, membrane-depending effects, but this compound
was less efficient and acted more slowly than nystatin
(data not shown). Furthermore, when the above experi-
ments with nystatin or amphotericin B were repeated
with cultured cells, similar results were obtained as with
freshly collected cells.

Therefore, the specific, side-dependent effect of
pore-forming antibiotics on the charge-pulse relaxation
spectrum ofV. ventricosasuggested strongly that the fast
voltage relaxation originates from the plasmalemma,
whereas the slow and intermediate ones arise from the
electrical properties of the tonoplast.

Fig. 2. Typical effect of nystatin on the charge-pulse relaxation spectra
of freshly collected cells ofV. ventricosaafter external (A) and vacu-
olar (B) addition. (A) Charge-pulse relaxation spectra measured on a
nonperfused cell (Acell 4 80 mm2, Vcell 4 66 mm3, P 4 0.23 MPa, and
Vvo 4 +6.8 mV); curve 1: control measurements in ASW, injected
chargeQ 4 7.1 nAsec; curve 2: relaxation spectrum 48 min after
replacing the bath solution by ACS containing 50mM nystatin (injected
chargeQ 4 8.14 nAsec). (B) Charge-pulse experiments performed on
a vacuolar perfused cell bathed in ASW (Acell 4 132.7 mm2, Vcell 4

143.8 mm3 and Vvo 4 −0.4 mV). The flow rate of the perfusion
solution (AVS) was adjusted to 20 mm3 min−1 and the turgor pressure
to 0.12 MPa. Recordings were performed before (curve 1,Q 4 19.8
nAs) and 100 min after changing the perfusion solution from AVS to
ACS plus 50mM nystastin (curve 2,Q 4 9.48 nAsec). Note that for the
evaluation of the nystatin effect on the voltage spectrum the voltage
relaxations were normalized to the injected charge,Q. Furthermore, it
should be noted that similar results were obtained from eight indepen-
dent measurements by using different freshly collected or cultivated
cells.

Fig. 3. Time course of the effect of nystatin on the time constants of
the fast (t1) and the slow relaxation (t2) after external (A) and vacuolar
(B) addition. For calculation of the time constants data were taken from
the corresponding charge-pulse relaxation studies presented in Fig. 2A
andB. The arrows marked the changes of ASW (Fig. 3A) and of AVS
(Fig. 3B) to ACS plus 50mM nystatin, respectively. Note that only a
part of the data are shown because of clarity (even though the charge-
pulse relaxation spectra were recorded approximately every one
minute,seeFig. 2). For further details, in particular for the effect of
lowered Cl−-concentration in the ACS medium on the voltage relax-
ations, see text.
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EFFECTS OF THE PH AND THE MAJOR IONS OF THE

EXTERNAL MEDIUM ON THE CONDUCTANCE AND

POTENTIAL OF THE PLASMALEMMA

Figure 4A represents a typical charge-pulse experiment
on a cultivated cell ofV. ventricosain which the pH of
the ASW was lowered to a value of 4. As indicated, the
charge-pulse relaxation spectrum was not influenced sig-
nificantly by this low pH value. A similar finding was
found for freshly collected (small and large) cells.

In contrast, lowering of [K+]o, [Cl−]o or [Na+]o in the
ASW affected the charge-pulse relaxation spectrum ofV.
ventricosa.As can be seen from typical recordings on
cultured cells in Fig. 4B–D the (fast) exponential which
arises from the passive electrical properties of the plas-
malemma (see above) was influenced significantly. The
(slow) relaxation of the tonoplast remained nearly unal-
tered. It is evident that the effect of [K+]o on the plas-
malemma relaxation was much more pronounced than
that of [Cl−]o or [Na+]o. The replacement of external
chloride by MES− only resulted in an increase of the time
constant of the fast exponential by a factor of about 2.

Analysis of curves as shown in Fig. 4 in terms of the
“two membrane model” by using Eqs. 1–3 showed that

the capacitance of the plasmalemma (and that of the
tonoplast) was independent of the external ion concen-
trations (data not shown). Plots of the dependence of the
area-specific plasmalemma conductance (normalized to
the respective values in ASW) on [K+]o, [Cl−]o and
[Na+]o, respectively, are depicted in Fig. 5. Data are
given for cultured as well as for freshly collected, small
and large sized cells.

It is evident from the regression analysis in these
figures that [K+]o affected significantly the area-specific
conductance of the plasmalemma ofV. ventricosa(Fig.
5A; 7% increase in conductance per 1 mM [K+]o; P <
0.0001). The conductance changes induced by [Cl−]o

were much smaller (Fig. 5B; 0.1% per 1 mM; P < 0.01),
but significant. As shown in Figs. 5A andB, the effects
of external K+ and Cl− were size-independent and similar
for cultured and freshly collected algae. In contrast,
[Na+]o did not influence the conductance of the plasma-
lemma of small and large sized, freshly collected cells
(Fig. 5C; P > 0.3 andP > 0.5, respectively). However,
external Na+ had (like [Cl−]o) a small, but significant
effect on the area-specific plasmalemma conductance of
cultivated cells (Fig. 5C; 0.08% per 1 mM; P < 0.03).

[K+]o, [Cl−]o and [Na+]o had no effect on the con-

Fig. 4. Influence of an external pH of 4 (A) as well as of the external K+ (B), Cl− (C) and Na+ (D) concentration on the charge-pulse relaxation
spectra ofV. ventricosa.Charge-pulse experiments were performed on cultured cells bathed in ASW (curves 1) and 15 min later after replacing ASW
by the pH- or ion-manipulated solutions (curves 2). Cell parameters: (A) Acell 4 1680 mm2, Vcell 4 6440 mm3, P 4 0.12 MPa, andVvo 4 +12
mV; (B) Acell 4 680 mm2, Vcell 4 1800 mm3, P 4 0.15 MPa, andVvo 4 +8.5 mV; (C) Acell 4 900 mm2, Vcell 4 2540 mm3, P 4 0.22 MPa,
andVvo 4 +17 mV; and (D): Acell 4 400 mm2, Vcell 4 780 mm3, P 4 0.20 MPa, andVvo 4 +11 mV. Insets: magnified plots of the corresponding
charge-pulse relaxations in the time range of 0–4 msec.
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ductance of the tonoplast of cultured and freshly col-
lected cells — at least within the limits of accuracy (data
not shown).

EFFECTS OFNYSTATIN AND EXTERNAL IONS ON THE

VACUOLAR RESTING MEMBRANE POTENTIAL

The addition of nystatin was accompanied with changes
in the vacuolar resting membrane potential,Vvo. This

potential is the algebraic sum of the potential across the
tonoplast,Vvc, and of the potential across the plasmalem-
ma,Vco (Davis, 1981).Vvo varied between −5.1 and +18
mV (n 4 13). The response of the membrane potential
upon vacuolar or external nystatin addition was also sub-
ject to a large variability. Despite this, it is clear from
Fig. 6A that the membrane potential dropped to more
negative values when nystatin was added to the perfused
cells from the vacuolar side (−15 to −68 mV,n 4 8).
Addition of nystatin to nonperfused cells from the out-
side (Fig. 6B) resulted generally in an increase of the
potential to slightly more positive values of −0.8 to +4.3
mV (n 4 5). The potentials recorded under these con-
ditions, apparently reflected the potential difference
across the plasmalemma, i.e.,Vco in Fig. 6A, and across
the tonoplast, i.e.,Vvo in Fig. 6B. Under both conditions
the potentials relaxed back to zero or to values around
zero, presumably because of ionic changes in the cyto-
plasm due to the high permeability of the plasmalemma
and the tonoplast, respectively. Independent of this, it
seems to be clear that the cytoplasm is negatively
charged relatively to the external medium and the vacu-
ole.

Recordings of the resting vacuolar membrane poten-
tial, Vvo, of nonperfused cells in dependence on [K+]o,
[Cl−]o and [Na+]o, respectively are represented in Fig. 7.
The measurements were conducted during the course of
the charge-pulse experiments shown in Fig. 5. The re-
gression analysis of the data obtained on cultivated and
freshly collected cells showed thatVvo did not depend
significantly on [Na+]o (Fig. 7C, P > 0.05). A weak re-
sponse in the potential was observed when [Cl−]o was
changed (Fig. 7B, P < 0.03). In contrast, a pronounced
hyperpolarisation response ofVvo of both cultivated and
freshly collected cells was recorded upon a decrease in
[K+]o (Fig. 7A; P < 0.0005).

Since the passive electrical properties of the tono-
plast were not affected by [K+]o (see above), the [K+]o-
effects onVvo apparently reflected the changes in the
plasmalemma potential difference.

In contrast to [Cl−]o and [Na+]o, the changes in the
plasmalemma potential difference with [K+]o (about 40
mV per decade,seeFig. 7A) agreed quite well with the
Nernst equilibrium potential difference for [K+]o (dashed
lines in Fig. 7). This suggested that the plasmalemma
potential difference was mainly due to a K+-diffusion
potential.

The conclusions in this section agree quite well with
data reported for this species in the literature (Gutknecht,
1966; 1967; Davis, 1981).

TEMPERATURE-DEPENDENCE OF THEELECTRICAL

PROPERTIES OF THEPLASMALEMMA AND TONOPLAST

Measurements of the plasmalemma and tonoplast con-
ductance as a function of temperature suggested that ion

Fig. 5. Dependence of the electrical area-specific conductance of the
plasmalemma,Gp, of V. ventricosaon [K+]o (A), [Cl−]o (B) and [Na+]o

(C) calculated from charge-pulse relaxation spectra (as shown in Fig. 4)
by using Eqs. 1 and 2. The plasmalemma conductance,Gp, was nor-
malized to the control value,G*p, measured in ASW. Symbols: open
circles: cultivated cells; open squares: freshly collected large cells and
open triangles: freshly collected small cells. Each data point represents
the mean ±SD of 3 to 9 independent experiments. The straight lines
were obtained by linear regression analysis of the data. For further
explanations,seetext.
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channels play a major role in ion transport across the two
membranes. Charge-pulse experiments were performed
on cultured cells ofV. ventricosaat different tempera-
tures in the following way. The temperature was in-
creased first from 20°C to 33°C (293 K to 306 K) and
then lowered to 6°C (279 K). Hysteresis phenomena
were only observed (data not shown) when the tempera-
ture was increased again from 6°C to 20°C (279 K to 293
K; similarly to V. utricularis; Büchner, Rosenheck &
Zimmermann, 1985). An Arrhenius plot of the area-
specific conductances of the plasmalemma and the tono-
plast is shown in Fig. 8. From the slopes of the semi-
logarithmic plots the activation energy for the plasma-
lemma and tonoplast conductances were calculated to be
6.9 kcal mol−1 and 11.5 kcal mol−1, respectively. These
values are expected if ion diffusion occurs through open
channels in cell membranes (Hille, 1984).

It should be noted that the vacuolar membrane po-
tential,Vvo, varied only slightly with temperature (about
+20 mV at 35°C (308 K) and about +5 mV at 5°C
(278 K)).

EVIDENCE FOR K+- AND Cl−-CHANNELS/CARRIERS IN

THE PLASMALEMMA

Addition of K+-channel-blockers (TEA and Ba2+) and of
Cl−-channel/carrier-blockers (DIDS) to the vacuolar per-
fusion solution did not reveal any effect on the charge-
pulse relaxation spectrum (data not shown). In contrast,
these inhibitors changed the spectra significantly when
added to the external medium.

Upon addition of increasing concentrations of TEA
to the ASW the time constant of the fast relaxation (aris-
ing from the plasmalemma) decreased accordingly,
whereas the slow one (arising from the tonoplast) re-
mained nearly unaltered. Figure 9 shows plots of the
average area-specific conductanceGp (normalized to the
correspondingG*p-value in ASW) in dependence on
[TEA]o for cultivated and freshly collected cells. It is
evident that the plasmalemma conductance decreased
markedly with increasing concentrations of [TEA]o.
This is expected if K+-channels were present in the plas-
malemma. The inhibitory effect of TEA on the K+-

Fig. 6. Changes of the vacuolar resting membrane
potentialVvo of V. ventricosaafter vacuolar (A) and
external (B) addition of 50mM nystatin dissolved in
ACS (seearrows). Measurements are represented for
five to eight different cells (as indicated by the
different symbols). For further details,seetext.
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channels was completely reversible within 30 min after
removal of TEA. However, above a concentration of
100 mM [TEA]o was lethal to the cells.

Nonlinear regression analysis (by using Fig P, Bio-
soft, Cambridge, UK) of the data given in Fig. 9 showed
that the curves could be fitted satisfactorily by assuming
a Langmuir or Michaelis-Menten kinetics, respectively:

Gp/G*p 4 Imaxc/(IC50 + c) (4)

whereImax is the maximal inhibition at saturation,c the
concentration of the inhibitor and IC50 the concentration
of the blocker at which a 50%-inhibition is observed.

Since the concentration-dependent, inhibitory effect
of TEA on freshly collected and cultivated cells was very
similar (seeFig. 9), they were pooled and analyzed by
using Eq. 4. This yielded an average IC50-value of 11.5
± 2.5 mM and an averageImax-value of 45 ± 8.2% (n 4
9). As indicated by the standard deviations, both values
were subject to some variations (IC50: 6.9 to 13.9 mM;
and Imax: 35 to about 55%).

External [Ba2+]o yielded similar results as [TEA]o

although much lower concentrations of Ba2+ were re-
quired to achieve a corresponding decrease in the area-
specific plasmalemma conductance (see alsoWalter,
Büchner & Zimmermann, 1988). The inhibitory effect
of [Ba2+]o on the plasmalemma conductance was also
completely reversible — at least 1 hr after removal of
Ba2+ from the ASW. Concentrations > 5 mM were lethal
to the cells.

Typical plots of the average normalized area-
specific plasmalemma conductanceGp/G*p for cultivated
and freshly collected cells are shown in Fig. 10. In con-
trast to TEA, cultivated and freshly collected cells ex-
hibited some differences in the response of the plasma-
lemma conductance upon addition of increasing [Ba2+]o.
However, as indicated in Fig. 10 the effects were size-
independent for freshly collected cells. Analysis of the

Fig. 7. Logarithmic plot of the concentration-dependence of the resting
vacuolar potential,Vvo, of V. ventricosaon [K+]o (A), [Cl−]o (B) and
[Na+]o (C) measured simultaneously during the course of the charge-
pulse experiments evaluated in Fig. 6. The straight lines represent the
Nernst equilibrium potentials for the corresponding ions.

Fig. 8. Arrhenius plot of the area-specific plasmalemma (A) and tono-
plast (B) conductance and the resting vacuolar potential of a cultivated
cell of V. ventricosa(Acell 4 940 mm2, Vcell 4 2600 mm3, P 4 0.12
MPa, andVvo 4 +4.8 mV) bathed in ASW. Data were deduced from
charge-pulse experiments as shown in Figs. 1 and 5 and analyzed by
using Eqs. 1–3. From the slope of the regression lines the activation
energy is calculated to be 6.9 kcal mol−1 for the plasmalemma con-
ductance and 11.5 kcal mol−1 for the tonoplast conductance.
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data in Fig. 10 in terms of Eq. 4 yielded the following
values for the IC50 andImax-parameters: 0.17 ± 0.11 mM;
33 ± 21.6% (n 4 3) for cultivated cells and 0.2 ± 0.06
mM; 51 + 11.4% (n 4 7) for freshly collected algae.

It is evident that the parameters for Ba2+-inhibition were
also subjected to large variations.

The variable response of the plasmalemma conduc-
tance to [TEA]o and [Ba2+]o was obviously due to varia-
tions in the physiological state of the cells. This could be
demonstrated in experiments in which the effects of TEA
and Ba2+ on the fast relaxation of the charge-pulse re-
laxation spectrum were studied successively on the same
(cultivated) cell. Under these conditions it was found
that theImax-values for [TEA]o and [Ba2+]o agreed quite
well (data not shown; n4 3).

Similarly to [TEA]o and [Ba2+]o, [DIDS]o did only
affect the fast relaxation, but not the slow one. The ef-
fect of DIDS on the fast relaxation was, however, only
partially reversible as shown by experiments performed
1 hr after removal of DIDS from the ASW (data not
shown). Concentrations > 0.5 mM were lethal to the
cells.

The concentration-dependent effect of the Cl−-
channel/carrier inhibitor DIDS on the normalized area-
specific plasmalemma conductanceGp/G*p of cultivated
and freshly collected cells ofV. ventricosais given in
Fig. 11. As indicated in the figure, the normalized
Gp/G*p-value decreased with increasing [DIDS]o. The
nonlinear regression analysis showed that the data given
in the figure could also be fitted satisfactorily by Eq. 4.
Comparable with [Ba2+]o, the averageImax-values of the
cultivated and the freshly collected algae showed signifi-
cant differences (13 ± 6.7% for the cultivated cells (n 4
3) and 35 ± 11.6% for the freshly collected ones (n 4
6)). In contrast, the average IC50-values for both types of
cells were quite similar (0.02 ± 0.01 mM for the culti-
vated cells (n 4 3) and 0.06 ± 0.03 mM for the freshly

Fig. 9. Plots of the area-specific plasmalemma conductance,Gp, (nor-
malized to the valueGp* measured in ASW) as a function of the TEA-
concentration in the external medium. Measurements were performed
with cultivated (open circles) as well as with freshly collected large
(open squares) and small (open triangles) cells ofV. ventricosa.TEA
was added 1 hr after insertion of the microelectrodes into the vacuole.
After performance of 5–7 charge-pulse relaxation experiments within a
time interval of 2–5 min the ASW was replaced successively by ASW
containing increasing concentrations of TEA. The corresponding bi-
phasic relaxations were fitted to Eq. 1, and the plasmalemma conduc-
tance,Gp, was calculated by using Eq. 2. The data points represent the
average (±SD) of three independent measurements at each TEA-
concentration and were fitted to the Langmuir kinetics (Eq. 4; corre-
lation coefficientr 4 0.3).

Fig. 10. Plots of the area-specific plasmalemma conductance,Gp (nor-
malized to the valueG*p measured in ASW) as a function of the Ba2+-
concentration in the external medium. Measurements were performed
with cultivated (circles) as well as with freshly collected large (squares)
and small (triangles) cells ofV. ventricosa.Experimental conditions
and analysis were performed as described in the legend to Fig. 9.
(correlation coefficientr 4 0.3).

Fig. 11. Plots of the area-specific plasmalemma conductance,Gp, (nor-
malized to the valueGp* measured in ASW) as a function of the DIDS-
concentration in the external medium. Measurements were performed
with cultivated (circles) as well as with freshly collected large (squares)
and small (triangles) cells ofV. ventricosa.Experimental conditions
and analysis were performed as described in the legend to Fig. 9.
(correlation coefficientr 4 0.5).
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collected cells (n 4 6)). The large standard deviations
show that the effect of [DIDS]o on the plasmalemma
conductance was also subjected to large variations.

A possible explanation of the large cell-to-cell varia-
tions of theImax-values for the TEA/Ba2+- and the DIDS-
inhibition is that the contribution of the K+- and Cl−-
channels to the total plasmalemma conductance varied
from cell to cell, but that the algebraic sum of the con-
tribution of the K+- and Cl−-channels to the total con-
ductance is the same for all cells. The verification of this
assumption provides that the values yielded for the inhi-
bition, I, in the presence of 100 mM [TEA]o and 0.5 mM

[DIDS]o are determined for the same cell in successive
experimental runs. The data forI(TEA) andI(DIDS) for 15
cultivated and freshly collected large and small cells
(calculated from TEA/DIDS experiments successively
performed on a given cell) are represented in Table 2.
As expected,I(TEA) andI(DIDS) were quite variable for the
15 cells (57 ± 11% and 37 ± 15%, respectively), but the
algebraic sum of them (SI 4 I(TEA) + I(DIDS)) was nearly
the same (93 ± 15%). This finding supports the above

conclusion that the plasmalemma conductance is deter-
mined nearly exclusively by K+- and Cl−-channels (or
carriers), whereby the K+-channel seemed to be in gen-
eral the major conducting element.

Discussion

The charge-pulse relaxation spectrum measured on cells
of V. ventricosaresembled those reported previously for
V. utricularis (Zimmermann et al., 1982; Benz & Zim-
mermann, 1983; Wang et al. 1991) andH. parvula(Benz
et al., 1988). It consisted of a fast (t1 4 168 ± 99msec;
a1 4 0.89 ± 0.02) and a slow exponential (t2 4 29 ± 28
msec anda2 4 0.11 ± 0.01). Frequently, a third inter-
mediate relaxation (t3 4 1 msec anda3 4 0.05) was
observed.

The experiments in which the effect of nystatin (and
amphotericin B) on the charge-pulse relaxation spectrum
were investigated confirmed the “two membrane model”
which predicts that the antibiotics should affect exclu-
sively either the slow or the fast voltage decays depend-
ing on the side of addition (vacuolarly or externally, for
a detailed discussion,seeWang et al., 1997). Thus, it is
justified to assign the fast exponential relaxation ofV.
ventricosato the RC-properties of the plasmalemma, and
the slow voltage decay to the RC-properties of the tono-
plast. The finding that the third intermediate relaxation
was never observed upon vacuolar, but upon external
addition of antibiotics suggest that this relaxation also
arose from the tonoplast. It is conceivable that this re-
laxation arose from (hitherto unidentified) conducting
elements (such as mobile charges of an electrogenic
transport system) or from cable properties of the tono-
plast which seems to be folded (see below).

Consistent with the interpretation of the charge-
pulse relaxation spectrum in terms of the “two mem-
brane model” was the finding that external changes of
[K+]o and [Cl−]o or external addition of K+- and Cl−-
channel/carrier inhibitors, respectively, did only affect
the fast relaxation, but not the slow (and intermediate)
one. In contrast toV. utricularisandH. parvula(Graves
& Gutknecht, 1997a,b; Wang et al., 1991; Spieß et al.,
1993) K+ seemed to be the dominating element of the
plasmalemma conductance ofV. ventricosa.This was
evident from the pronounced decrease of the plasmalem-
ma conductance (up to 80%) when [K+]o was decreased
or when TEA or Ba2+ were added externally.

[Cl−]o contributed to the plasmalemma conductance
of V. ventricosa,but significantly less than found for
cells ofV. utricularisandH. parvula. As seen elsewhere
(Wang et al., 1991;unpublished data) replacement of
external Cl− by MES− increased the time constant of the
plasmalemma exponential of these species by a factor of
> 10 (in contrast to a factor of 2 as found forV. ventri-
cosa). Furthermore, external addition of DIDS resulted

Table 2. Calculation of the experimentally yielded inhibition,I, of the
blocking agents TEA and DIDS upon the area-specific plasmalemma
conductance determined on 15 different cells ofV. ventricosa

Cell

I [%]

TEA DIDS S

1 26 60 86
2 52 24 76
3 47 19 66
4 30 73 103
5 51 37 88
6 44 52 96
7 62 27 89
8 62 26 88
9 68 33 101

10 80 27 107
11 71 42 113
12 77 29 106
13 54 22 76
14 72 35 107
15 55 44 99

Mean ± SD 57 ± 11 37 ± 15 93 ± 15

Calculation of theI-values, i.e., the percentage of the inhibition of the
plasmalemma conductance ofV. ventricosa(cultivated and freshly col-
lected cells) in the presence of 100 mM [TEA]o and 0.5 mM [DIDS]o,
respectively. Experimental conditions: After control experiments
(yielding Gp,max) the ASW was replaced by ASW containing 100 mM

TEA. Charge-pulse experiments in the presence of this medium yielded
Gp,min(TEA). After 30 min washing with ASW, charge-pulse experi-
ments were performed in ASW containing 0.5 mM DIDS in order to
determineGp,min (DIDS). I(TEA) andI(DIDS) were calculated from these
values byI 4 (Gp,max− Gp,min)/Gp,max. The total inhibition,SI, of the
electrical plasmalemma conductance is given by the algebraic sum of
I(TEA) + I(DIDS). For further details,seetext.
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only in a decrease of the plasmalemma conductance of
up to 16% for cultivated and 47% for freshly collected
cells. The percentage of both ions to the plasmalemma
conductance was apparently subject to some (partly
large) physiological variations; however, a clear-cut re-
lationship with volume, turgor pressure and/or age of the
cells (as found for other membrane and wall parameters
of giant algae; Zimmermann & Steudle, 1974; 1978;
Steudle, Zimmermann & Lelkes, 1977; Zimmermann,
1978) could not be revealed.

In this context, it is also interesting to note that
external pH had no significant effect on the charge-pulse
relaxation spectrum ofV. ventricosain contrast toV.
utricularis andH. parvula. In the case of the latter two
species, lowering of the external pH from 8.2 to 4 re-
sulted in a dramatic increase oft1 andt2 (by a factor of
5–10; Zimmermann et al., 1982; Benz et al., 1988;
Wang, Benz & Zimmermann, 1992).

The apparent differences in the electrical conducting
elements of the plasmalemma ofV. ventricosaand V.
utricularis are interesting for two reasons. First, they
justified retrospectively the recent re-naming of this spe-
cies (formerlyValonia ventricosa;Olsen & West, 1988).
Second, they also strengthen considerably the view that
the two voltage decays of the charge-pulse relaxation
spectra arise rather from the RC-properties of the tono-
plast and the plasmalemma than from specific ion trans-
port systems as discussed previously (Zimmermann et
al., 1982; Wang et al., 1991).

By using Eqs. 2 and 3 the values of the area-specific
capacitances, resistances and conductances of the indi-
vidual membranes of a given cell could be calculated
from the charge-pulse relaxation spectra (seeTable 1
and Figs. 5, 8–11). By assuming that the surface area
is equal to the geometric one, the calculations yield
the following average values for the corresponding av-
erage area-specific parameters: (plasmalemma)Cp 4
0.82* 10−2 F m−2, Rp 4 1.69* 10−2 Vm2, Gp 4
5.9* 104 mS m−2 (tonoplast)Ct 4 7.1* 10−2 F m−2, Rt

4 14.9* 10−2 Vm2 andGt 4 0.67* 104 mS m−2. It is
obvious that theCp-, but not theCt-value agrees with the
area-specific capacitance of about 10−2 F m−2 reported
for cell membranes with smooth surface (Hille, 1984;
Fuhr, Zimmermann & Shirley, 1996). In contrast, the
value ofCt is apparently by a factor of about 9 too high.

Following the line of previous arguments for the
interpretation of the high area-specific value of the to-
noplast capacitance ofV. utricularis (Wang et al., 1997)
we must assume either the presence of mobile charges of
an (unknown) electrogenic transport system and/or an
area enlargement. If we assume that the apparent in-
crease in the area-specific capacitance of the tonoplast is
exclusively due to an area enlargement (i.e., that the real
area-specific capacitance value,Ct*, corresponds to that
of the plasmalemma,Ct* 4 Cp), the real surface area of

the tonoplast must be about 9 times larger than the geo-
metric surface (seecalculations in Table 1). Taking this
value into account, the real average area-specific resis-
tance,Rt*, and conductance,Gt*, of the tonoplast are
estimated to beRt* 4 110* 10−2 Vm2 and Gt* 4
0.091* 104 mS m−2, respectively.

Preliminary electronmicroscopy studies of cells of
V. ventricosaandV. utricularis suggested that the tono-
plast of these two species exhibits a spongelike appear-
ance. The cell shown in Fig. 12 was fixed under main-
tenance of turgor pressure; thus artificial dissolution of
the plasmalemma from the cell wall and/or folding of the
tonoplast is avoided. It is obvious from the figure that
the tonoplast envelopes the chloroplasts and the nuclei
resulting in a dramatic area enlargement. At the present
stage of information we cannot decide whether this area
enlargement seen in the electronmicroscopy is large
enough to account for the area-specific capacitance value
of the tonoplast (Ct) or if additionally the presence of
mobile charges of electrogenic transport systems must be
taken into consideration.

However, independent of this open question, the
data show clearly that the area-specific resistance of the
tonoplast ofV. ventricosa(like that of V. utricularis,
Wang et al., 1997) is high. The values calculated here
for the real area-specific resistance (Rt*) are close to
those reported for isolated vacuoles of higher plants (ap-
proximately 1Vm2 (Weiser & Bentrup, 1994)). Taking
the results obtained onV. utricularis and V. ventricosa
together it seems to be clear that the tonoplast of marine
giant algae is apparently not highly conductant as is gen-
erally assumed in data analysis of former vacuolar mi-
croelectrode measurements (Beilby, 1989).

Another interesting result obtained here is the find-
ing that the cytoplasm ofV. ventricosais negatively
charged relative to the external medium and the vacuole.
The potential changes recorded after addition of nystatin
from the vacuolar or external side were quite variable,
presumably due to ion exchange between the different
compartments through the permeabilized tonoplast and
plasmalemma, respectively. However, the trend in the
potential changes observed immediately after the addi-
tion of nystatin support very strongly the data of Davis
(1981) and Gutknecht (1966). Davis measured directly
Vvc andVco in mature cells by placing in a very elegant
way a microelectrode into the cytoplasm ofV. ventri-
cosa. Gutknecht measuredVco in aplanospores that con-
sist almost entirely of cytoplasm and subtracted this
value fromVvo measured in mature cells. Both authors
found that the cytoplasmic region represents a highly
negative potential region. This finding contrasted results
obtained by Lainson and Field (1976) who claimed that
the cytoplasm is not charged.

Evidence was also presented in this communication
that the potential across the plasmalemma must be a K+
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diffusion potential, because [K+]o changed the potential
as expected in the light of the Nernst equation.

A question which could not be answered here is the
finding that vacuolar TEA, Ba2+ and DIDS had no effect

on the conductance of the tonoplast. This can have two
reasons: (i) these inhibitors react only from the cytoplas-
mic side and/or (ii) the K+- and Cl−-channels are insen-
sitive to these inhibitors.
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Andersen for many stimulating discussions, to Dr. Celia M. Smith,
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algae and to Jens Wagner for his help during the very early stages of
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