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Abstract. In the giant-celled marine alga¥alonia Depending on the site of addition, the pore-forming
utricularis the turgor-sensing mechanism of the plasma-antibiotics nystatin and amphotericin B affected either
lemma and the role of the tonoplast in turgor regulationthe time constant of the fast or of the slow relaxation
is unknown because of the lack of solid data about the€provided that the composition of the perfusion solution
individual electrical properties of the plasmalemma andand the artificial sea water were replaced by a cyto-
the vacuolar membrane. For this reason, a vacuolar peplasma-analogous medium). When 5@ of the antibi-
fusion technique was developed that allowed controlledbtics were added externally, the fast relaxation process
manipulation of the vacuolar sap under turgescent condisappeared. Contrastingly, the slow relaxation process
ditions (up to about 0.3 MPa). Charge-pulse relaxationdisappeared upon vacuolar addition. The antibiotics can-
studies on vacuolarly perfused cells at different turgomot penetrate biomembranes rapidly, and therefore, the
pressure values showed that the area-specific resistanfiadings suggested that the fast and slow relaxations
of the total membrane barrier (tonoplast and plasmalemeriginated exclusively from the electrical properties of
ma) exhibited a similar dependence on turgor pressure abe plasmalemma and the tonoplast respectively. This
reported in the literature for nonperfused cells: the resisinterpretation implies that the area-specific resistance of
tance assumed a minimum value at the physiologicathe tonoplast is significantly larger than that of the plas-
turgor pressure of about 0.1 MPa. The agreement of thenalemma (consistent with the FCCP data) and that the
data suggested that the perfusion process did not alter tregea-specific capacitance of the tonoplast is unusually
transport properties of the membrane barrier. high (6.21 x 10% Fm 2 compared to 0.77 x T8 Fm 2 of
Addition of 16 um of the H'-carrier FCCP (carbon- the plasmalemma). Thus, we have to assume that the
ylcyanide p-trifluoromethoxyphenyhydrazone) to the vacuolar membrane &f. utricularisis highly folded (by
perfusion solution resulted in a drop of the total mem-a factor of about 9 in relation to the geometric area)
brane potential from +4 mV to -22 mV and in an in- and/or contains a fairly high concentration of mobile
crease of the area-specific membrane resistance from 6¢harges of an unknown electrogenic ion carrier system.
x 1072 to 40.6 x 10° Om? The time constants of the
two exponentials of the charge pulse relaxation spectrurif€y words: Electrical measurements — Marine alga —
increased significantly. These results are inconsistenMembrane barrier — Turgor pressure — Vacuolar per-
with the assumption of a high-conductance state of thdusion — Nystatin
tonoplast (R. Lainson and C.P. Field, Membrane Biol.
29:81-94, 1976). Introduction

One of the most remarkable characteristics of certain

marine algae is their ability to maintain turgor pressure

Kspondence ‘. Zimmermann over a large range of salinity (Qutknecht, 1968; Zimmer-

' mann & Steudle, 1974; Hastings & Gutknecht, 1974,

Abbreviations:ASW, artificial sea water; AVS, artificial vacuolar sap; 1976; Zimmermann, 1978, 1989; Kirst, 1990)' This phe—

ACS, artificial cytoplasma sap; FCCP, carbonylcyanige Nomenon is termed turgorregulation. In the giant celled
trifluoromethoxyphenyhydrazone marine algavalonia utricularisconstant turgor pressure
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is achieved by regulation of the*K and Cr-transport Hodgkin & Shaw, 1961), on the very large cellshéli-
systems in response to external osmotic stress. Receaystis parvulaand Ventricaria ventricosa(Blount &
electrophysiological studies on cells ®. utricularis  Levedahl, 1960; Gutknecht, 1967, 1968; Hastings &
(with a microelectrode inserted into the large centralGutknecht, 1974) as well as on the internodal cells of
vacuole) under various external medium conditions have&CharaceagTazawa, 1964; Kishimoto, 1965; Kikuyama
greatly improved our knowledge about several steps pre& Tazawa, 1976; Shimmen, Kikuyama & Tazawa,
sumably involved in sensing turgor pressure and in trans1976).

ducing of hydrostatic pressure signals into membrane ion  The perfusion experiments on algae cells reported in
transport (Zimmermann, ‘Bhner & Benz, 1982; Wang the literature are usually performed under turgorless con-
et al., 1991). However, interpretation of electrophysi-ditions or in the presence of very small hydrostatic pres-
ological data is not always straightforward because of thesure gradients. However, elucidation of the turgor pres-
presence of two membranes (the tonoplast and the plasure-dependent electrical properties of the membrane
malemma) arranged in serieege.g., Lainson & Field, barrier of V. utricularis requires a more sophisticated
1976; Davis, 1981; Benz & Zimmermann, 1983). De- perfusion approach because the manipulations of the
spite many efforts (e.g., Davis, 1981) the electrical prop-vacuolar sap must be performed under highly turgescent
erties of the plasmalemma (or the tonoplast) of matureconditions. The work of our group and others (Zimmer-
cells of V. utricularis were not amenable to separate mann & Steudle, 1974; Zimmermann, Steudle & Lelkes,
measurements using microelectrodes in the cytoplasm,976; Zimmermann, 1978; Zimmerman et al., 1982; Na-
because the wall was too tough and the cytoplasmic layewata, Kikuyama & Shihira-Ishikawa, 1993; Reid, Tester
too thin. & Smith, 1993; McCulloch & Beilby, 1995) has clearly

Thus, it is still an open question whether the two shown that both the turgor pressure and the elastic prop-
exponentials of the charge pulse relaxation spectrunerties of the cell wall influence ion in- and effluxes as
measured orV. utricularis after the injection of very well as the electrophysiological properties\of utricu-
short charge pulses into the vacuole arise from the RClaris and other giant algal cells.
properties of the two membranes or from mobile charges  In this communication we report the successful de-
in the plasmalemma which are linked with a Chrrier  velopment of a vacuolar perfusion device which allows
system (Zimmermann et al., 1982; Benz & Zimmer- charge pulse relaxation studies on mature cellsvof
mann, 1983; Wang et al., 1991). Interpretation of theutricularis under turgescent conditions. The technique is
charge pulse relaxation spectrum in terms of two mem-<¢apable of monitoring the charge pulse relaxation spectra
branes requires the hypothesis that the tonoplast surfa@nd, thus, the electrical parameters of the membrane bar-
is 5-10-fold folded, whereas the analysis of the spectra imier with very high time resolution (<1@.sec). Turgor
terms of the “mobile charge concept” is based on thepressure can be adjusted without changes of the interna
hypothesis that the tonoplast is highly electrically con-ionic concentration up to about 0.3 MPa. Thus, prob-
ductive, but salt impermeable. Both hypothesis contrastems arising from changes in the ion gradients required
with findings on isolated vacuoles of higher plants (Hed-for adjustment of turgor pressure in nonperfused cells
rich & Schroeder, 1989; Martinoia, 1992; Weiser & Ben- (Zimmermann & Steudle, 1974) are avoided.
trup, 1994). However, a high conductance state of the  We used the perfusion device to study the effects of
tonoplast (in relation to the plasmalemma) is assumedhe H'-carrier FCCP as well as of the polyene antibiotics
commonly in the analysis of electrophysiological datanystatin and amphotericin B on the inner side of the
performed on giant algal cells (Spanswick & Costerton,tonoplast ofV. utricularis. These agents were selected to
1967; Spanswick, 1972; Lainson & Field, 1976; Findlay answer the question about the conductance state of the
& Hope, 1976; Coster & Smith, 1977; Smith, 1983; tonoplast and its contribution to the charge pulse relax-
Beilby, 1989; Wang et al., 1991). ation spectrum.

Progress can be expected in electrophysiological Vacuolarly added FCCP could have a dramatic ef-
studies on cells o¥. utricularisif the permeability of the fect on the membrane potential and resistance of the
tonoplast could be manipulated from the vacuolar sidetonoplast as well as on the charge pulse relaxation spec-
Such manipulations (in combination with independenttrum of the cell. This would happen if the vacuolar
changes of the composition of the external artificial seamembrane is not highly electrically conductive (Benz &
water) should facilitate the separation of the effects ofMcLaughlin, 1983), but more comparable to vacuoles of
the tonoplast and the plasmalemma on electrophysiologirigher plants (Hedrich & Schroeder, 1989; Martinoia,
cal spectra. In principle, the vacuolar environment canl992; Weiser & Bentrup, 1994).
be modified by intracellular perfusion with media con- Nystatin and amphotericin B permeabilize sterol-
taining permeabilizing agents, inhibitors, channel block-containing lipid bilayer membranes and cell membranes
ers etc. Intracellular perfusion was used in electrophysiby forming ion selective channels. Incorporation of
ological measurements on the giant squid axon (Bakerthese antibiotics into the membrane leads, therefore, to
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an increase in the electrical conductance of several orics were predissolved in dimethyl sulfoxide (DMSO). A portion of this
ders of magnitude (Marty & Finkelstein, 1975; Kleinberg 5 mm stock solution was _a_ddeq to artificial cytoplasm sap (ACS; pH
& Finkelstein. 1984 Bolard. 1986: Horn & Marty 1988: 7.3, 1116 mosmol) containing (innm: 40 NaCl, 80 KCI, 408 KSO,,

. . . 5 CacCl, 10 MgCl, 10 EGTA and 10 HEPES buffer. The final con-
Shvinka & Caffier, 1994; Marty & Neher, 1995)‘ The centration of DMSO in the artificial cytoplasm sap was 1%. Control

antibiotics do not penetrate (at least rapidly) the MEM-ayperiments showed that this concentration of DMSO did not signifi-
brane and thus allow manipulation of the conductanceantly affect the electrical properties of the membrane¥ ofitricu-
states of the two membranes independently of each othelgris.

provided that the membranes contain sterol. In the All salts were obtained from Merck (Darmstadt, Germany). The
course of the experiments it turned out that the abov@uffers, nystatin, amphotericin B, FCCP, acetone and DMSO were
polyene antibiotics were effective W utricularis. They ~ Purchased from Sigma (Deisenhofen, Germany).

h f . Is f dvi h | ical A fiber-optic light source (model KL 150B, Schott, Mainz, Ger-
are, therefore, promising tools for studying the electrica many) containing a halogen lamp (150 W, Osran;righen, Ger-

properties of the tonoplast and plasmalemma separatelyany), a heat protecting filter KG 1 and a fiber-optic bundle (Schott,
and elucidating their contributions to the charge pulsemainz, Germany) was used to illuminate the cells during the experi-
relaxation spectrum. ments with white light (40 W 17f). The experiments were performed
The results of these and the FCCP studies givedt 20°C if not otherwise stated.
strong and consistent evidence that the two exponentials
of the charge pulse relaxation spectrum originate fromM
the two membranes. This has two consequences: (i) Th
area-specific tonoplast resistance is high and, presum-

ably, higher F_han the area'SpeC'f'C resistance of the plasl’he perfusion assembly and the integrated charge pulse relaxation
malemma. (ii) The vacuolar membrane must be multiplysetup is shown in Fig. 1. A giant cell (C) was fixed in a plexiglass™
folded or contain an equivalent amount of mobile chamber (MC) containing slowly flowing seawater (S, inflow; O, out-
charges of an unknown ion carrier system. flow). Two sharp borosilicate glass pipettes (P1, outflow; P2, inflow)
of about 30um outer tip diameter were inserted through the wall and
protoplast into the center of the vacuole using micromanipulators.
Materials and Methods Both pipettes were completely filled with perfusion solution prior to
insertion. The shanks of the pipettes were sealed pressure-tight by
rubber ‘O’-rings to two small plexiglass™ chambers (PC1, PC2) filled
CULTURE CONDITIONS with perfusion solution. These chambers contained transducers (PT1
and PT2) for recording the turgor pressusedpressure probe prin-
Cells of Valonia utricularis (Siphonocladales, Chlorophyceasere  ciple, Zimmermann & Steudle, 1974). The inflow chamber PC2 was
collected from the rocky coast at Ischia (Gulf of Naples, ltaly) and connected with teflon™ tubing (1.8 mm o.d. and 0.5 mm i.d.; Phar-
cultivated in 40-liter tanks of natural sea water (NSW, 1124 mosmol/macia, Uppsala, Sweden) through a valve (V2) to a plexiglass™ pres-
kg, pH 8.1). The sea water was aerated continuously and illuminategure chamber (PC3) equipped with a pressure transducer (PT3). The
for 12 hr per day (2 x 36 W Fluora lamps, Osram;Mhen, Germany). ~ pressure transducer registered the pressure exerted by the syringe res
The temperature was maintained at 19 + 1°C. ervoir (SY) connected to the pressure chamber (PC3). The perfusion
solution in the syringe was forced into the vacuole of the cell by a
perfusion pump (PP, PERFUSOR™ SECURA FT, B. Braun Melsun-
ExXPERIMENTAL CONDITIONS gen AG, Melsungen, Germany). Perfusion flow rates of gbénin™*
were used throughout the experiments. The outflow chamber (PC1)
For the experiments, mature cells were selected according to regularitwas connected with teflon™ tubings through a valve (V1) to the pres-
of shape and size (about 1 mm in diameter). After removal of encrussure chamber (PC) in which a pressure regulator (PR) was mounted to
tations, the cells were bathed in artificial sea water (ASW, 1124 mos-adjust the pressure in the cell and in the other part of the hydraulic
mol/kg) containing (in m1): 545 NaCl, 12 KCI, 11 CaGland 10 system as required. In the absence of tip cloggiseepelow) the
MgCl,. The pH of ASW was adjusted to 8.1 by the addition of 1@ m difference between the hydrostatic pressure values measured at the
N-(2-hydroxyethyl)piperazine-N(2-ethanesulfonic acid)/NaOH various locations by means of PT1, PT2, PT3 and PR was smaller than

ICROELECTRODEMEASUREMENTS UNDERVACUOLAR
RFUSIONCONDITIONS

(HEPES/NaOH). 0.005 MPa. Thus, the turgor pressure of the cell equalled the pressure
For vacuolar perfusion, artificial vacuolar sap (AVS, pH 6.3, in PC for practical purposes.
1340 mosmol/kg) was used containing (imjn220 NacCl, 440 KClI, 3 For injection of charge pulses, a 3@dm-thick platinum wire

CaCl,, 3 MgCl, and 3 phosphate buffer. The concentrations of the (PW, tip diameter 1Qum) was moved through the outflow pipette (P1)

major ions of AVS corresponded closely (but not completely) to thosedeeply into the vacuole. The reference current-electrode (RE1) in the

of the normal vacuolar sap ®f. utricularis (in mm): (222 N&, 450 K, bathing sea water consisted of a rectangular steel plat8 af@mm.

610 CI, 6 C&*, 6 Mg?*, pH 6.3). For recording the resting and generated potential across the membrane
For the experiments in which the effect of FCCP (carbonyl cya- a pipette-microelectrode (PE) was used which was filled with3Cl

nide p-trifluoromethoxyphenyhydrazone) on the charge pulse relax-and contained a silver/silver chloride wire. The potential-measuring

ation spectrum was studied, stock solutions were used which containedlectrode was integrated into the inflow pipette. The external potential-

10 mm FCCP dissolved in acetone. Control experiments showed thatecording reference electrode (RE2) consisted of Ag/AgCI andva 3

0.2% acetone had no significant effects on the electrical properties oKCl agar bridge.

the membranes. For charge pulse experiments in perfused cells, the membranes
Separate permeabilization of the tonoplast and the plasmalemmwere charged with a rectangular pulse qfdec duration (generated by

was achieved by addition of nystatin or amphotericin B. The antibiot- a fast, commercial pulse generator, PG, model 214B, Hewlett Packard,
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Palo Alto, CA) through a diode (D, reverse resistance larger thah 10 C, = Q/(AV,) = Q/(AV)); R, = 1/G, = 7,/C, (4)
)). The injected charge Q was calculated from the voltage drop (ob-
served on a digital oscilloscope, DO2, model 2440, Tektronix, Beaver-
ton, OR) across a 10} resistor (R, connected in series within the and
charging circuit). The voltage relaxation across the membranes after a
charge-pulse was recorded by a fast, differential amplifier (A) of high
input impedance connected to the potential-measuring electrodes (P& Q(AV2) = QIAVL); R = 1/G; = /G, ®)
and RE2) and stored on a digital oscilloscope (DO1, Nicolet 490,
I'Z rt?c:]r:(fu'lttr']eizrvn\j:rr;y)t r:2n4?rz(rims(:::?eg(zlc:n§ ;Vg;A]_i_zé%':nim‘::t?:refur?;%}whereGp and G, are the area-specific membrane conductances of the
. . - flasmalemma and the tonoplast, respectively.
analysis. The bandwidth of the whole electrical system was 0-50 kH o . ;
. . The area-specific capacitandg,( and resistanceR,,) of the total
(Wgng etal., 1994). The whole setup was shielded against eleCtromagﬁembrane barrier are given by
netic waves by a Faraday cage.

Cm = CCJ(C, + C) = QI(AVy) (6)
ANALYSIS OF THE VOLTAGE RELAXATION DATA

and
The semilogarithmic plot of the voltage relaxatiesitime recorded on
cells of V. utricularis after the administration of a charge-pulse could
be fitted by the sum of two exponential decays as a first approximatioan = UGL=Ry + R = (may + ma)/Cy, @)
(Benz & Zimmermann, 1983; Wang et al., 1991, 1995; Spiel et al.,
1993, but see also below), using a multiple-exponential-fitting pro-

gram: For the case o€, = C, (see beloy the area-specific membrane

resistanceR) and the surface area of the tonoplast)(are given by:
V(t) = V,exp(—t/ty) + Voexp—tit,)

= Vy(a,exp(—t/t,) + aexp(—t/t,)) 1) Re = 1,JC, = /Cp Af = ANV, = AV,V, 8)
with
Results
Vo=V, +V,
and PERFUSION PROCEDURE

a, = Vi/Vg a, = VLV, . . .
o ° Screening experiments showed that the use of pipettes
with tip diameters of larger than 10@m irreversibly

wherer, , are the relaxation time constants avg, the initial absolute : . . . g
amplitudes of the rapidly and slowly decaying voltages, respectivelyd.amaged the cells &f. utricularis, particularly if perfu

(for details, see Zimmermann et al., 1982; Wang et al., 1991). The fiS10N was performed above turgor pressures of 0.2 MPa.
to the experimental data was very significant under all circumstances! herefore, tip diameters of 30m were used throughout
(P < 0.001, checked by using Studenttest). the experiments. However, perfusion of the vacuole of
In the case of the “mobile charge” concept (Zimmermann et al., Valonia with pipettes of this diameter was difficult to
1982_;_Benz & Zimmerma_mn, 1983; Wang et al., 1_9_91), the area-perform because of frequent cIogging of the tip of the
specific membrane capacitandg, and the area-specific membrane o, ,+fj0\y pipette with gelatinous material present in the
resistanceR,) of the total membrane barrier are given by: .
vacuoles of most of the cells. This may be one of the
reasons why other authors (e.g., Gutknecht, 1967) have

Crn = QIAYY) (@) used pipettes with tip diameters of about 2060. With
the present setup (Fig. 1), clogging could be easily elimi-
and nated due to the inserted platinum wire (PW). The wire
was moved gently by appropriate turning of the microm-
R, = 1G,, = (n,a, + 1,2,)/C,, @) eter screw to remove clogging material in the tip.

At the beginning of an experiment, the valves (V1,

whereQ is the injected chargé the geometric surface area of the alga
andG,, the area-specific membrane conductance.

In the case of the “two membrane” model, the area-specific
membrane capacitanceS,j and C,) and the area-specific membrane 1 Note thatC,,,andR,, in Egs. 6 and 7 have a different meaning than in
resistancesR;) and R) of the plasmalemma and the tonoplast respec- Egs. 2 and 3 despite the identical form of the equations. In Egs. 2 and
tively, are given by the following equations (provided that the surface3 it is assumed that the tonoplast is highly conductive. Thus, the pa-
areas of the plasmalemma and the tonoplast are equal to the geometriameters reflect predominantly the properties of the plasmalemma,
surface area of the alga; Benz & Zimmermann, 1983): whereas in Egs. 6 and 7 both membranes contributg,.fand R,
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Fig. 1. Schematic diagram of the setup for
perfusion of the vacuole 0. utricularis. A:
differential amplifier;C: alga cell;D: diode,D1,
D2 andD3: pressure displaypO1 and DO2:
digital storage oscilloscop@/C: plexiglass™
chamber;O: outflow of the bath solutionP1, P2:
outflow, inflow perfusion pipettesPC, PC1, PC2,
PC3: pressure chamberBE: potential-measuring
electrode;PG: pulse generatoP: perfusion
pump; PR: pressure regulatoPT1, PT2, PT3:
pressure transducerBW: platinum wire (internal
current electrode)R: 10 () resistanceREL:
current reference electrodBRE2:
potential-measuring reference electro8ejnflow
»'_=—m of the bath solutionSY:syringe;V1, V2:valves.

| — For further explanationseetext.

PC2

V2) were shut. Then, the in- and outflow pipettes were 1 A
inserted into the vacuole. Successful puncture of the 44 .
vacuole (without significant loss of water) was indicated

by a pressure of >0.1 MPa (recorded by the pressur.,
transducers PT1 and PT2). This pressure value correE
sponded to the normal turgor pressure measured in cel\E 1.0 4
of V. utricularis (Zimmermann & Steudle, 1974). Next, = ]
the pressure in the chamber PC was adjusted to the turg: ] 1 2
pressure of the cell with the regulator PR. After adjust- 1
ment, the valve V1 was opened. The flow rate was se 0.1

lected and the perfusion pump (PP) was started. Th Y 2 4 6 8§ 10
hydrostatic pressure in the chamber PC3 increased col time / ms

tinuously as recorded by the transducer PT3. When thi:

pressure reached the turgor pressure of the impaled ce 1 B

the valve V2 was opened for perfusion. During perfu- 101
sion, the flow rate and the pressure could be indepen
dently changed by the perfusion pump (PP) and the presg

sure regulator (PR). Build up of a pressure difference ot

more than 0.01 MPa between the two transducers PT_s 1-03 3

and PT2 was a clear-cut indication of clogging in the tip ] 1

of the outflow pipette. Clogging occurred usually within >

the first 20 min after onset of perfusion and was elimi-

nated by movement of the platinum wire as describec 0.1 0 3 6 9 12

above. To change the perfusion solution, the valve VZ
was first shut. After replacing the syringe with another
containing vacuolar sap of different composition, perfu-rig. 2. semilogarithmic plots of charge pulse relaxation spectra re-
sion was started again in the manner described aboveorded on AvS-perfused cells of. utricularis (bathed in ASW) at

In this way, exchange of the perfusion solutions could bevarious turgor pressuresi)Control experiment at a turgor pressure of
performed without exposure of the cell to a pressured-15MPa; cell parameters: surface afea 71 mnt and volumeV =
shock. 51 mnT. Curve 1: no perfusion, measurement 1.5 hr after insertion of

] . the two pipette$1 andP2 into the vacuole; curve 2: perfusion rate of
In th.e fIrS.t set of eXpe”men.tS’ the vacuole of a cell 20 pl min™%, measurement 2 hr after the onset of perfusion with AVS.
of V. umCUIa”S was perfu_sled with AVS. The flow rate (B) Recordings at 0.16 MPa (curve 1), 0.02 MPa (curve 2), and 0.32
was adjusted to 2@l min™" and the turgor pressure t0 Mpa (curve 3); cell parameters = 77 mn? andV = 48 mnf?.

0.15 MPa. Charge-pulse experiments were performedieasurements were performed about 2 hr after the onset of perfusion.

time / ms
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Table 1. Electrical properties of the plasmalemma and the tonoplast of ceNaloihia utricularis

Cell A Q Vao Po Vi vV, G, R, o R Rf A
mm? nAs mV MPa psec mV  msec mV  10%F/m?  1020m?  10%F/m?  10%0m?  107%20m?*  mn?
1 62 4.9 -1 0.39 125 10.2 1.95 0.90 0.77 1.61 8.75 2.23 25.3 705
2 63 6.5 2 0.15 100 9.0 1.47 200 1.16 0.86 5.17 2.84 12.7 281
3 99 7.3 -1 0.15 149 116 2.13 212 0.64 2.34 3.48 6.11 33.2 538
4 76 8.4 3 0.16 138 156 1.28 203 071 1.95 5.42 2.36 18.0 580
5 79 7.2 2 0.22 116 11.3 2.8 1.81 0.80 1.45 5.01 4.35 27.2 495
6 41 3.1 -5 0.30 131 128 1.69 0.81 0.59 2.21 9.38 1.80 28.5 644
7 42 3.8 0 0.14 116 10.8 1.58 1.63 0.85 1.37 5.64 2.79 18.6 277
8 36 2.6 -1 0.28 126 9.7 149 0.74 0.73 1.71 9.65 1.55 20.3 479
9 60 5.6 2 0.30 158 11.0 1.62 231 0.86 1.85 4.06 3.99 19.0 286
10 74 6.1 -3 0.35 227 13.1 4.00 1.49 0.63 3.59 5.53 7.23 63.3 648
Mean 57 5.6 0 0.24 139 115 194 158 0.77 1.89 6.21 3.53 26.6 493
+ SE 26 1.9 3 0.09 35 19 0.78 0.58 0.16 0.73 2.22 1.89 14.2 162

Charge pulse experiments were performed on cells bathed in ASW under nonperfusion (cell 1-5) and perfusion (cell 6-10, |AW3n)20
conditions. Only a part of data was shown. For a first approximation, the voltage relaxation spectra after the injection of the charge-pulse was
to a function of the sum of two exponential decays (Eq. 1). The time constants and the initial amplitudes of thediadt) and the slow
exponential relaxationr§ andV,) were obtained from least-squares-fifsis the injected chargd is the surface area of the alg4,qis the vacuolar
resting membrane potential aRds the turgor pressure. The area-specific membrane capacitances and resistances of the plasi@glanaiRg) (

and that of the tonoplas€{ andR,)) respectively, were calculated by using Egs. 4 and 5 for the boundary condithyroh, = A. The area-specific
membrane resistancBy) and the surface area of the tonoplait)(were calculated by using Eq. 8 under the assumptioBiof= C,,. For further
details, see text.

before (curve 1) and during (curve 2) perfusion (Fig).2 zero and 0.32 MPa revealed that both parameters de-
The voltage relaxation spectrum could be fitted to thecreased up to the physiological turgor pressure of about
sum of two exponential relaxations according to Eg. 1.0.15 MPa. Beyond this pressure, a significant increase
The following parameters were obtained from the leastvas observed (Fig. 3). The relationship between turgor
square fitting of the curve V; = 11.6 mV,t, = 208  pressure and, or R,, did not depend on the direction of
psec,V, = 1.8 mV, andr, = 2.9 msec; of the curve 2: the pressure change. Upward and downward pressure
V; =124 mV,r; = 225psec, \b, = 1.9 mV, andr, = changes led to the same results. In contrast, the time
3.5 msec. The corresponding results obtained for fiveconstant of the fast relaxatiom,j showed strong hyster-
other perfused (and unperfused) cells are given in Tablesis effects (Fig. B). T, generally increased when pres-
1. It is obvious that the data agree quite well indicatingsure was raised from zero to 0.3 MPa. This was particu-
that the perfusion of the vacuole with AVS did not sig- larly noticeable at high pressures. Howewgmemained
nificantly change the electrical parameters of the mem+high when the pressure was lowered again (Fig). 3
brane barrier. Long-term perfusion resulted in a rela-The membrane capacitandg,(), the relative amplitudes
tively small increase of the time constants of the twoof the fast and slow voltage relaxatiores @nda,) and
exponential voltage decays. The average time constanhe resting vacuole potentid,, remained nearly con-

of the fast relaxation process,, changed by <15% and stant over the pressure range of 0 to 0.3 MPa.

that of the slow process,, by <30% after 6 hr perfusion
of the alga with AVS at physiological turgor pressure.
The area-specific conductance of the membrane barri%FFECT OFVACUOLAR FCCPON THE CHARGE PULSE
decreased by <25%. ELAXATION SPECTRUM

The experiments were carried out at the physiological
TURGOR PRESSUREEFFECTS ON THECHARGE PULSE turgor pressure. Addition of 16m of FCCP to the per-
RELAXATION SPECTRUM fusion solution had very strong effects on vacuolar po-

tential V.o, the membrane resistand®. ) and the two
When the vacuole was perfused under turgorless condtime constants of the charge pulse relaxation spectrum
tions (or when the turgor pressure was lost by inappro{Table 2). Compared to the contrdls,, dropped from
priate puncture of the alga with the pipettes) the timeslightly positive values of 4 to fairly high negative values
constant of the slow relaxationj) and the membrane of about -22 mV, whereaR,, increased from 6.8 x 16
resistanceR,,) increased significantly (Fig.Rand Fig.  to 40.6 x 10% Qm?, 1, increased from 14@.sec to 425
3). Stepwise adjustment of the turgor pressure betweepsec andr, from 2.5 msec to 18.3 msec. Lower con-
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109 A spectrum were investigated. The turgor pressure was ad-
justed to the physiological value.
Screening experiments in which different concentra-
81 tions of nystatin (5-5@uv) were added to the ASW or to
the AVS showed strong effects on both relaxations. The
N / two relaxations disappeared nearly simultaneously
within a very short time data not showp Apparently,
\ the diffusion of high concentrations of Cions into the
cytoplasm after permeabilization of one of the mem-
0.0 0.1 0.2 03 branes leads to lethal effects (Wyn Jones, Brady &
P / MPa Speirs, 1978). Indeed, when the sea water or the vacu-
olar perfusion solution were replaced by an artificial so-
lution, which corresponded, presumably, more closely to
170 1 the ionic composition of the cytoplasm (ACSeeMa-
terials and Methods) than AVS and ASW, the cells sur-
140 / vived the treatment with nystatin. ACS contains only
140 nm CI” much less than AVS and ASW. Lowering
of the CI' concentration resulted (in agreement with pre-
110 - . vious results, Wang et al., 1991) in an increase of the
time constants of the two relaxations (the transient in-
crease ofr; and 1,, seeFig. 5A and B). Under these
conditions, the effects of nystatin clearly depended on
the site of addition. This was particularly the case if a
concentration of 5qum was used. Upon external addi-
tion of nystatin (to both perfused or nonperfused cells)
decreased dramatically (compare curve 1 with curve 2 in
Fig. 4A). After 1 hr the fast relaxation process could no
longer be resolved (Fig.A). Interestingly,t, did not
change significantly over a period of 10 hr (part of the
/ data are given in Fig./A, see also curve 2 in Fig.A}.
\ . The opposite results were found when nystatin was
added to the perfusion solution. Under these conditions,
15 : : the time constant of the slow voltage relaxatiog) de-
0.0 0.1 0.2 0.3 creased rapidly and the relaxation disappeared after
P / MPa about 0.5 hr (compare curve 1 with curve 2 in Fi@ 4
and see also Fig.B, while T, remained nearly constant
Fig. 3. The dependence of 'the area-specific resistance of the tota}gr more than 5 hrgeecurve 2 in Fig. 8 and Fig. 53)_2
membrane barrier (R A) the time constants of the fast,( B) and the Replacement of nystatin by equivalent concentrations of

slow (r,, C) relaxations on turgor pressure. Data were obtained from .
charge pulse relaxation spectra recorded on the cell shown in Big. 2 amphoterlcm B led to the same resum(a not ShOW)]

Measurements were started at the physiological turgor pressure value

of about 0.15 MPa 1.5 hr after the onset of perfusion with AVS. Then

the turgor pressure was lowered stepwise down to 0.02 MPa followeddiscussion
by a stepwise increase to 0.32 MRaéarrows). The time constantsg

andT, were obtained from the least-squares-fits of the voltage decay : .
(seeFig. 2) by using Eq. 1. The resistanBe, was calculated by using *The results presented here demonstrate that perfusion o

either Eq. 3 or Eq. 7 (both equations yielded the same results, forthe vacuole of algae cells under turgescent conditions is

explanationseetext). Note that hysteresis effects occurred. a very promising way 1:0 get insights into the electrical
(and transport) properties of the tonoplast and the plas-

Ry / 1072Qm?

Ty [ ps

80 T T T
0.0 0.1 0.2 0.3

P / MPa

45

O

3.5 1

T2 / ms

2.5

centrations of 4um FCCP were still effective. However,
the changes in the parameters mentioned above were
slightly smaller §eeTable 2).

2 Note that in the presence of external or vacuolar nystatin an interme-

diate relaxation with a very small amplitude of about 0.6 mV and a time
EFFECTS OFNYSTATIN AND AMPHOTERICIN B ON THE constant of 50Qusec occurred regularly. Such an intermediate relax-

CHARGE PULSE RELAXATION SPECTRUM ation could also sporadically be resolved under control conditises (

. . also Zimmermann et al., 1982). The origin of this relaxation process is
In the following set of experiments the effects of vacu- unknown, but there are some indications that it is linked with the

olar and external nystatin on the charge pulse relaxatiostructure and/or with transport processes within the tonoplast.
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Table 2. Effect of FCCP on the vacuolar resting membrane potentigl)( on the
area-specific membrane resistance of the total membrane b&erafd on the two time
constants1, and,) of the relaxation spectrum.

[FCCP] um Vo MV R, 1020Qm? T, WSEC T, msec

0* 4+1 4,58 £0.22 134 £ 15 1.61+0.18
0** 51 6.77 £0.32 146 = 10 5.50+0.22
4 -7+2 25.42 £ 3.47 306 £ 20 10.97 £ 1.65
16 —22+2 40.64 +0.89 425 + 60 18.29 £0.70

The cell ofV. utricularis was bathed in ASW and perfused with AVS (surface &ea

140 mn?, volumeV = 113 mn?). The vacuolar perfusion was started 1.5 hr after
inserting the two pipettes at the physiological turgor presBy(e= 0.15 Mpa) with a flow

of 20 pl/min. The data represent the meanst,_, of four charge-pulse experiments
performed at intervals of 10 min *: control measurements 1 hr after the insertion of the
two pipettes and before the perfusion; **: control experiments 30 min after the start of
vacuolar perfusion of AVS without FCCP; Measurements were performed 30 min after
addition of 4um (0.04% acetone) and 36w FCCP (0.16% acetone) in AVS, respectively.
The similar results were also obtained from the experiments carried out on other two
different cells. For further details, see the legend of Table 1 and text.

malemma. The possibility of changing flow rate and tur- originate from the electrical properties of the tonoplast
gor pressure independently of each other (while mainand the plasmalemma. The “two membrane” hypoth-
taining the internal and external ion concentration) andesis predicts that the antibiotics should affect exclusively
of adding agents to the perfusion solution allows con-either the slow or the fast relaxation depending on the
trolled manipulation of the cell system from the vacuolarsite of addition (vacuolarly or externally). This predic-
side. Artificial changes introduced by impalement of thetion is in agreement with the experimental results. By
cell with two relatively large pipettes could be ruled out contrast, the “mobile charge concept” postulates that an
for two reasons. Firstly, comparison of the charge pulsesffect of these agents on the charge pulse spectrum
relaxation spectra obtained under perfusion and nonpeshould only occur in response to external addition, not to
fusion conditions at the same turgor pressure did novacuolar (Zimmermann et al., 1982; Benz & Zimmer-
reveal any significant changes in the time constants ofmann, 1983; Wang et al., 1991, Spiel et al., 1993). This
the two exponentials. Secondly, the change in the aregsrediction could not be verified. In the light of this clear-
specific resistance of the total membrane barrier withcut experiment, it is therefore justified to analyze the data
turgor pressure recorded here (Fig) & consistent with  of the charge pulse relaxation spectrum in terms of the
results that were obtained on cells\ofutricularisunder  “two membrane” model.
nonperfusion conditions by Zimmermann & Steudle To this end, we assume that the surface area of the
(1974). These authors have shown that the area-specifijasmalemma is equal to the geometric surface area of
membrane resistance assumed a minimum value of abotite alga. The assumption seems to be reasonable be
5 x 102 Om? in the pressure range between 0.05 MPacause the hydrostatic pressure gradient must drop acros:
and 0.2 MPa. These data correlate nicely with the findthis membrane due to the stabilization of the wall (Hast-
ings reported here. Under nonperfusion conditions howings & Gutknecht, 1974; Wendler & Zimmermann,
ever, the area-specific membrane resistance reachel®78). The area-specific membrane capacitance and re
maximum (about 20 x I8 Om?) at somewhat higher sistance of the plasmalemma is then calcufatextord-
turgor pressures (0.15 to 0.35 MPa, depending on celing to Eq. 4 on the basis of the data in Table 1 to he C
size). Beyond this value, the resistance decreased agair: 0.77 x 10%+0.16 x 10° Fm ?andR, = 1.89 x 10
Under perfusion conditions a maximum in the area-+ 0.73 x 102 Qm?. For the tonoplast the corresponding
specific membrane resistance could not be resolved up tealues are C= 6.21 x 102 + 2.22 x 10% Fm 2 andR,
0.3 MPa. A possible cause for this may be that under= 3.53 x 102 + 1.89 x 102 Om?, assuming a planar
nonperfusion conditions the turgor pressure is adjustegdacuolar membrane (Eq. 5). We are faced with the prob-
by changing the osmolality of the external sea waterlem, as in the past (Zimmermann et al., 1982; Benz &
whereas in perfused cells the internal and external osZimmermann, 1983; Wang et al., 1991), that the area-
motic pressures were kept constant as already mentioned.

The experiments in which the effect of nystatin (and
amphotericin B) on the charge pulse relaxation spectrum
were investigated tend to confirm the conclusion that the | the analysis of the data, the intermediate relaxation is neglected for
two exponentials of the charge pulse relaxation spectruma first approximation because of its small amplitudegFootnote 2).
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Fig. 4. Effects of 50m nystatin on the charge pulse relaxation spec-
trum of V. utricularis after external ) and vacuolarB) addition. The

turgor pressure was adjusted to 0.15 MPa prior to the addition of

nystatin. Cell parametersA) surface are@ = 100 mnf and volume

V = 57 mn?; (B) A = 74 mn? andV = 48 mn?. Curves marked 1
represent the control experiments) (bathed in flowing ASW, no
perfusion; B) perfused with AVS. Curves marked 2 represent charge
pulse experiments performed 1 hr after exchange of A8)\aad 0.5

hr after exchange of AVSB) against nystatin-containing ACS. Note
the disappearance of the fast relaxation in Fiiy.asd of the slow one

in Fig. 4B.

specific capacitance value of one of the membranes i

unusually high compared to the literature data for a bio-o

logical membrane with smooth surface (0.5 46 1.3
x 102 Fm 2 Pauly, 1962; Cole, 1968; Walker, 1976;
Pethig, 1979; Arnold & Zimmermann, 1988; Fuhr et al.,
1996).

Following the line of previous arguments for the

analysis of the spectra in terms of mobile charges em
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utricularis is multiply folded or exhibits a spongelike
structure. FoC, = C,, it can be easily showrs¢eTable

1) by using Eqg. 8 that the surface area of the tonoplast
must be by a factor of about 8.7 larger than that of the
plasmalemma to explain the data. Such area enlarge-
ment which leads to an apparent increase of the area-
specific capacitance is reported for the plasmalemma in
the literature (Kanno & Loewenstein, 1963; Kottra &
Fromter, 1984; Clausen & Dixon, 1986; Arnold & Zim-
mermann, 1988; Fuhr et al., 1996). Therefore, an en-
largement of the tonoplast is natpriori unreasonable
because it would facilitate solute exchange between the
vacuole and the cytoplasma. Hints for a spongelike
structure of the vacuole . utricularis were presented
recently by Shihira-Ishikawa and Nawata (1992). The
electronmicroscopy studies of these authors suggest the
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bedded in the plasmalemma (Zimmermann et al.,
Benz & Zimmermann, 1983; Wang et al., 1991, 1994)
we can postulate the presence of high area-specific co

1982,

Fig. 5. Time course of the effect of nystatin on the time constants of
the fast §,) and the slow relaxatiorr§) after external &) and vacuolar

r(B) addition. Data were taken from charge pulse relaxation studies

assumption would explain straightforwardly the apparen
increase of the area-specific membrane capacitance

farrow in Fig. 3\ marked the change of external medium from ASW to
of/statin-containing ACS. The arrow 1 in FigB5ndicates the start of

the tonoplast and would also be consistent with the bulieerfusion with AVS, arrow 2 the replacement of AVS by ACS and the

of evidence obtained from measurements on lipid bilaye
membranes and biomembranes doted with artificial mo
bile charges (Lager et al., 1981; Wang et al., 1994,
Sukhorukov & Zimmermann, 1996). Alternatively, we
would have to assume that the tonoplast surfac¥.in

prrow 3 the exchange of ACS with nystatin-containing ACS. Note that
(1) charge pulse relaxation spectra were recorded approximately every
two minutes. For clarity, only part of the data are shown. (2) External
as well as vacuolar perfusion of ACS increased the two time constants
of the relaxation process significantly because of the relatively low CI

concentration geetext).
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presence of such structures VA ventricaria although  Baker, P.F., Hodgkin, A.L., Shaw, T.I. 1961. Replacement of the pro-
artifacts cannot be excluded with Certainty because of the gonYIasm of a giant nerve with artificial solutiondature 190:885—
Iarge _VaCUO|e which prevents rapld fIXIng of the cell Barkla, B.J., Pantoja, O. 1996. Physiology of ion transport across the
material. However, confocal laser scan microscopy has tonoplast of higher plantsAnnu. Rev. Plant Physiol. Plant Mol.
also not revealed any clear boundary between the cyto- gjq|. 47:150-184
plasma and the vacuole f&f. utricularis in contrast to  Beilby, M.J. 1989. Electrophysiology of giant algal celMethods
Characeenwhere the tonoplast was clearly visible  Enzymol.174:403-443
(Wang & Zimmermannunpublished data Taking this Benz, R., McLaughlin, S. 1983. The molecular mechanism of action of
together, we can conclude that membrane folding is an the proton ionophorg FCCP (carbonylcyanide p-trifluoromethoxy-
important .a.ltemative explanation for the unusually highBenihegyl-zr;édr;zzr;n:rﬁIOShXZé‘;%éﬁg;izior the presence of mobile
area-specific capacnan_ce value Of the tonoplast. cr;arg’es in the cell ’membrane Whlonia utricularis. Biophys. J.
The above calculations show independently that the 43.13_26
area-specific resistance of the tonoplast must be highegiount, R.w., Levedahl, B.H. 1960. Active sodium and chloride trans-
than that of the plasmalemma. This contradicts the gen- port in the single-celled marine alg#alicystis ovalis. Acta. Phys-
eral belief that the tonoplast of giant algal cells is sub-  iol. Scand.49:1-9
stantially more conductive than the plasmalemma (SpanBoIard, J. 1986. How do the polyene macrglide antibiotics .affect the
swick & Costerton, 1967; Spanswick, 1972; Lainson & ggimar membrane propertiesfiochim. Biophys. Act#64:257-
Field, 1976; Findlay & Hope, 1976; Coster & Smith, Clausen, C., Dixon, T.E. 1986. Membrane electrical parameters in
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sideration of much of the electrophysiological data ob-Cole, K.S. 1968. Membranes, ions and impulses. pp. 12-59. University
tained with vacuole-placed microelectrodes, because for ©f California Press, Berkeley, CA _
data analysis it was assumed that the two membranies P20 L T o paemalem
series were thotht to _reflect_primaril_y the prOpertieS of ma and tbnoplast capacitance and conductmg. PIan?Phys—
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the FCCP experiment. The strong effect of FCCP on théavis, R.F. 1981. Electrical properties of the plasmalemma and tono-
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di dH di leadi d larizati f th , G., Zimmermann, U., Shirley, S.G. 1996. Cell motion in time-
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