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Summary. Turgor pressure P, electrical membrane potential Vm 
and release of 36C1- have been measured on individual cells 
of the marine green alga Acetabularia mediterranea. In contrast 
to other marine and pond water algal cells a continuous turgot 
pressure increase is observed in many cells of A. mediterranea 
(0.8 to  5 X 10 - 4  bar see-l), even though the osmolarity of the 
external seawater is kept constant. Above a critical pressure 
value of 2.26_+0.22 bar (n=25, T - 1 8  and 23 ~ the turgor 
pressure exhibits continuous decreases and increases in a range 
of 0.22_+0.13 bar (n=23). At lower temperatures (6 to 10 ~ 
the threshold for pressure regulation is shifted towards higher 
values. Pressure regulations in the critical range are accompa- 
nied by bursts of 36Cl-efflux and in most cases by action poten- 
tials, but not every action potentiaI is associated with a decrease 
in turgor pressure. The frequency of spontaneous action poten- 
tials increases with rising cell turgor. The amount of 36Cl-re- 
leased, i.e. about 4% of the cellular CI- content (H. Mummert, 
Ph.D. Thesis, University of T/ibingen, Germany, 1979), com- 
pares well with the observed reduction in turgot pressure after 
the burst. The kinetics of turgor reduction, however, are not 
compatible with a release of chloride by vesicular transport 
as suggested by H. Mummert and D. Gradmann (In: Plant 
Membrane Transport: Current Conceptual Issues. Elsevier/ 
North-Holland, Amsterdam, 1980). It is concluded that the 
steady turgor increase is generated by a net influx consisting 
largely of KCI due to the electrogenic chloride import pump 
and the strong inward driving force for K + whereas the subse- 
quent occurring regulations of turgor pressure can be under- 
stood on the basis of a passive chloride channel in the plasma~ 
lemma which is controlled by turgor. 
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Introduction 

Giant algal cells are ideal objects for the study 
of cell-membrane properties and transport mecha- 
nisms involved in the regulation of internal ion 
composition and turgor pressure [21-23, 28, 29]. 
In the fresh-water alga Chara corallina, the action 
potential is reported to be accompanied by a 
change in turgor pressure [1, 2]. Furthermore, in 
this species, action potentials can be triggered by 
applied changes in turgor pressure [24]. 

In the study reported here, we applied the pres- 
sure-probe technique to another giant alga, the 
marine green alga Acetabularia mediterranea. This 
alga exhibits various temporary electrical and ionic 
events, namely metabolic action potentials and 
large electrically silent outbursts of chloride [9; the 
relevant literature is cited in this review]. Nuccitelli 
and Jaffe [17] and later Gradmann and Mummert 
[9] speculated that the chloride outbursts could be 
involved in adjustment of turgor pressure. In order 
to test this hypothesis and reveal possible causal 
relationskips between turgor pressure and the tem- 
porary ionic events in question, the turgot pressure 
P, the electrical membrane potential Vm and the 
release of 36Cl-were recorded continuously on indi- 
vidual cells of A. rnediterranea. In most experi- 
ments, two of these parameters were measured si- 
multaneously. In addition, sudden changes in 
turgor pressure were brought about by the pressure 
probe, and the corresponding changes in pressure 
and membrane potential recorded. 

Materials and Methods 

Acetabularia mediterranea were kept in a 12-h tight/dark regime 
(3000 lux, crypton 100 W lamp or Osram Fluora) at 20 ~ 
Sometimes, a suboptimal illumination was used to reduce cap 
formation, while elongation growth continued [19]. Erd- 
schreiber medium was used for cultivation. The total osmolality 
was 1050 mosmol/kg. The majority of cells used had not yet 
formed a cap (cell volume 0.4 to 4.3 gl and 12.3 #1). Measure- 
ments were performed in artificial seawater (ASW) (for compo- 
sition, see [13]). 

Changes in the external osmolarity were brought about 
by the addition of the appropriate amounts of distilled water, 
distilled water plus 10 raM/liter KCI and 10 raM/liter CaClz~ or 
ASW containing sucrose or NaC1. 

The turgor pressure was measured and manipulated by 
means of both the nonminiaturized and the miniaturized pres- 
sure probe [28, 29]. The volumetric elastic modulus of the cell 
walt e, and the hydraulic conductivity of the membrane Lp 
were determined with the aid of the pressure probe; the tech- 
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nique is described elsewhere [28]. The volumetric elastic modu- 
lus ~ for A. mediterranea is found to range from 14 to 45 bar 
for a turgor pressure of 2 bar. This value is comparable to 
the range of values measured for cells of Halicystis parvula 
[11, 25], the range recorded in other giant algal cells being 
in the order of several 100 bar [21, 22]. e exhibits a linear depen- 
dence on turgor pressure in A. mediterranea over the whole 
observable pressure range (e = a. P + b; a = 12.3 • 3.1 ; b = 7.4 _+ 
2.9 bar; independent measurements on 8 cells). A volume de- 
pendence of e was not found. 

The values for the hydraulic conductivity as determined 
from the half-times of turgor relaxations lie in a range of 0.1 
to 1.5 x 10 .6 cm bar - I  sec -1. Values for exosmotic measure- 
ments were found to be slightly higher than for endosmotic 
experiments. The membrane potential was recorded with differ- 
ent electrode systems, depending on temperature. At room tem- 
perature (18 and 23 ~ conventional symmetrical Ag/AgC1 
electrodes were used; they were made pressure-tight in order 
to prevent a large drop in cell turgor following the insertion 
of the electrode. For this purpose, a silver wire was introduced 
into a glass tube about 2 cm long (internal diameter 1 mm) 
and glued into the end of the tube. The tube was subsequently 
filled with 3 M KC1 solution containing agar, and the silver wire 
chloridized. A 2- to 3-cm long capillary tube (internal diameter 
about 0.5mm, external diameter 1 mm) was filled with 
3 M KC1, then introduced into the tube containing the silver 
wire and sealed in with a mixture of beeswax and colophony. 

At low temperatures (6 to 10 ~ the presence of a voltage 
electrode, used in addition to the pressure probe, caused leaks 
since either the resealing properties of the membrane were ap- 
parently diminished at low temperatures or, due to the fixed 
positions of the inserted pressure probe and voltage electrode, 
a small contraction of the cell during cooling caused leaks. 
Therefore, membrane potential measurements at low tempera- 
tures were carried out with a chloridized silver wire inserted 
into the capillary of the pressure probe itself. 

After the cells had been impaled by the pressure probe, 
a small amount of cell sap was sucked up with the aid of the 
metal rod in the apparatus, so that the tip of the chloridized 
silver wire was surrounded by cell sap, and the voltage of the 
silver wire was equal to the potential in the cell interior, i.e. 
to the vacuolar potential. The reference electrode was also a 
chloridized silver wire. 

In order to measure the changes in the chloride flux during 
turgor pressure regulation, Acetabularia cells were loaded with 
36C1-(100 pCi in 4 ml ASW, incubation time > 100 hr). After 
the adsorbed radioactive isotope had been washed from the 
cell walls, the loaded cells were fixed in a channel and washed 
with "co ld"  seawater. Seawater was pumped into the channel 
at a velocity of about 1.2 ml (30 drops) per min, and was then 
collected in scintillation vials which were changed every 30 sec 
(sometimes every 60 sec). The amount of 36Cl-washed out in 
this process was determined in a Tricarb liquid scintillation 
counter (Packard). At the same time, the cell turgot was re- 
corded with the pressure probe. The cell turgor could be raised 
as desired by diluting the ASW with distilled water. 

Results 

In contrast to other giant algal cells and cells of 
higher plant tissues, the cell turgor of A. mediter- 
ranea only rarely remained constant over any 
length of time. Instead, a continuous increase in 
pressure of the order of 0.8 to 5 • 10 .4 bar/sec 
(T=18 and 23 ~ was observed in many cells, 
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Fig. 1. Turgor pressure of Acetabularia mediterranea. At con- 
stant external osmolarity (seawater) the turgot pressure of this 
cell slowly increases intrinsically and is regulated between 2.2 
and 2.6 bar at intervals from 16 to 28 rain. The onsets of turgor 
regulation are denoted by arrows. The small disturbances also 
seen result from manual adjustment of the oil/sap boundary 
in the microcapillary and therefore are not part of a regulation 
step 

even though the external osmotic pressure (seawa- 
ter) remained constant. When the cell turgor 
reached a value between 2 and 2.8 bar, the cells 
began to regulate turgor pressure. The gradient of 
the pressure curve dP/dt changed spontaneously 
and took on a smaller, often even a negative value. 
Sometimes this type of pressure regulation was re- 
peated until the turgor pressure had stabilized 
below the threshold value or in the critical pressure 
range. The threshold value which triggers this regu- 
latory phenomenon was found to be 
2.26_+0.22 bar (independent measurements on 
25 cells). The average range of this apparent turgor 
regulation was 0.22 +_ 0.13 bar (23 cells). A typical 
example of such a series of pressure regulations 
in A. mediterranea is shown in Fig. 1. An intrinsic 
increase in pressure is observed for the first 50 min 
( t=  90 min) and prior to each turgor regulation. 
In this particular cell the interval between the sub- 
sequent decreases of the turgor pressure is from 
16 to 28 min, 

Similar turgor pressure responses were ob- 
served when the cell turgor was raised by adding 
distilled water to the external seawater (see, e.g., 
Figs. 5 and 6). 

In a second set of experiments turgor pressure 
and membrane potential were monitored simulta- 
neously. 

At room temperature, most cells had a resting 
potential of  - 179 • 15 mV (independent measure- 
ments on 33 cells). The resting potential did not 
appear to be pressure-dependent, but varied ran- 
domly by about • 5 mV in any given algal cell. 
The values for the resting potential quoted here 
were slightly more negative than the values re- 
ported in the literature ( - 1 6 9  +_ 13 mV) [6]. Spon- 
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Fig. 2. Number of action potentials per hour NAe in dependence 
on turgor pressure P plotted in 0.5-bar intervals (average values 
from independent measurements on five cells). Note that the 
values for P less than 1.5 bar might be underestimated, as the 
cells were subjected to this pressure range never longer than 
45 min 
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Fig. 3. Turgor pressure P and membrane potential V,, of a 
cell of Acetabularia mediterranea at constant osmolarity of the 
seawater. Turgor regulations and action potentials coincide, 
but not every action potential is accompanied by a turgor regu- 
lation. The onset of turgor regulation is denoted by an arrow 

taneous action potentials were observed over the 
entire pressure range; small depolarizations of the 
membrane potential were also common. The fre- 
quency of spontaneous action potentials increased 
with rising cell turgor. Figure 2 shows the number 
of action potentials per hour as a function of cell 
turgor [cf 13,16]. The values represent average 
values obtained from independent measurements 
on five cells. Note, that the frequency of action 
potentials for pressures below 1.5 bar might be un- 
derestimated, as the cells were not kept at these 
pressures for more than 45 min. Pressure regula- 
tions in the critical turgor range were in most cases 
accompanied by action potentials, but not every 
action potential was associated with a decrease in 
turgor pressure. Occasionally, pressure regulations 
were observed without a concomitant depolariza- 

tion of the membrane. There was thus no strict 
correlation between the two phenomena. Figure 3 
shows as a function of time the changes in pressure 
and the membrane potential in a cell in which each 
pressure change during the regulation phase was 
accompanied by an action potential. It is evident 
from Fig. 3 that further spontaneous action poten- 
tials occur between two pressure regulations which 
do not lead to any measurable changes in turgor 
pressure. 

To answer the question whether action poten- 
tials are elicited by changes in turgor pressure or 
by the absolute turgor pressure itself, pressure 
pulses of different amplitude, duration and sign 
were injected into the cells with the aid of the pres- 
sure probe. The absolute turgor pressure was first 
decreased to values between 0.5 and 2 bar by in- 
creasing the osmolarity of the external medium, 
in order to prevent the critical turgor range from 
being exceeded by large positive pressure pulses 
which would then activate the regulatory mecha- 
nism of the cell. In contrast with analogous experi- 
ments on Chara corallina [24], the amplitudes of 
the pressure pulses were therefore limited to 0.2 
to 1.0 bar. The duration of the pulses was varied 
between 8 and 180 sec, and at the same time, the 
pressure probe was used to maintain constant pres- 
sure. Neither negative (turgor pressure decrease) 
nor positive pressure pulses (turgor pressure in- 
crease) had a measurable influence on the mem- 
brane potential. Positive pressure pulses only eli- 
cited action potentials when their duration ex- 
ceeded about 30 sec and when the cell turgor ex- 
ceeded the critical threshold value during the pulse, 
i.e. when the amplitude of the pressure pulse was 
chosen to be sufficiently high. The action potential 
is thus not elicited by the pressure pulse as such 
but by the absolute value of the turgor. 

In order to ascertain whether the turgor-pres- 
sure regulation depends on the magnitude of the 
membrane potential, both turgor pressure and po- 
tential were simultaneously recorded at 6 to 10 ~ 
Initially, the potential maintained a value corre- 
sponding to the resting potential at room tempera- 
ture, but it could then usually be raised to a value 
between - 6 0  and - 4 0  mV by turning off the di- 
rect illumination of the cell [halogen-ellypsoid-re- 
flector lamp (Philips) with light tube, filtered for 
the infrared, at a distance of about 2 cm from the 
cell]. This observation has been interpreted in 
terms of the electrogenic C1- pump which at tem- 
peratures below 10 ~ ceases to pump C1- into 
the cell [6]. In Fig. 4 the external medium was 
cooled down to 7 ~ and the potential stayed in 
the range between - 7 5  and - 4 0  mV as long as 



78 S. Wendler et al. : Regulation Phenomena in Acetabularia mediterranea 

3.0 

2.0" 

1 .0  " 

~'~-ISO 

-lO0 

-SO 

20 

s'o 16o i~o 26o ~ ( . ,~ 

+L'--. 

s'o ~6o ~go 2io " 
t (m;n) 

sb 16o i~o zdo t <.,.~ 

~I000 

~ GO0 1. 
I I 

sb 16o ~o 26o " 
t (mln) 

Fig. 4. Simultaneous recording of turgor pressure P (A) and 
membrane potential V,, (B) of a cell of Acetabularia mediter- 
ranea as well as of the temperature of the bathing solution 
T (C) and its osmolality c (D). Note, that the turgor regulation 
at low temperature occurs at a higher turgor pressure. Turgor 
pressure regulations at constant system parameters (tempera- 
ture, osmolarity) are denoted by arrows. The pressure decrease 
(A), observed 50 rain after insertion of the capillary into the 
cell, results from the temperature decrease. The turgor pressure 
was increased by decreasing the external osmolarity to cause 
turgor pressure regulations. The pressure decrease at t =  
180 min is due to the relatively small increase of the external 
osmolarity brought about by the addition of ASW. At the same 
time, the temperature is raised to 17 ~ The membrane poten- 
tial shows spontaneons action potentials at room temperature 
and values between - 4 0  and - 7 0  mV at a temperature less 
than 10 ~ Switching off the direct illumination of the cell 
( - L )  stabilizes the less negative membrane potential, while illu- 
mination at t=  195 min (+L)  leads to a rapid recovery of the 
resting potential 

the temperature was lower than 10 ~ Avoiding 
direct illumination (Fig. 4B, -L) resulted in a stabi- 
lization of the membrane potential at less negative 
values. The cell turgor was then raised by adding 
distilled water to the external medium. Pressure 
regulation was initiated at a slightly higher turgor 
level than it would at room temperature, but it 
nevertheless proceeded in spite of the inactivated 
C1- pump and the low membrane potential. For 
the following reasons, there can be no doubt that 
a change of the internal osmolality must have oc- 
curred, when the external osmolality was reduced 
from about 1 osmol/kg to about 0.5 osmol/kg. The 

change in external osmolarity corresponds to a 
change in osmotic pressure of  A~z~ 12.5 bar. As- 
suming values of e = 25 bar and zoo = 27 bar for the 
volumetric elastic modulus and the internal 
osmotic pressure of the cell, the turgor pressure 
should have increased by e. Alr/(e + ZOo) -~ 6 bar. A 
final turgor of about 8 bar was therefore expected, 
but was found to be less than 3 bar. Therefore, 
the internal osmolarity must have changed dramat- 
ically. The recovery to normal behavior of the cell 
in Fig. 4 was tested by warming it to room temper- 
ature. The resting potential returned to its normal 
level of  - 1 8 0  mV, and the pressure regulations 
were also seen to be normal. The results of  Fig. 4 
were repeated in experiments on two more cells. 

Simultaneous measurements of chloride release 
and the turgor pressure in the critical pressure 
range (Fig. 5) revealed a clear correlation between 
the beginning of a turgot pressure regulation and 
an increased chloride efflux. The increase in the 
C1- efflux could be demonstrated over two mea- 
surement intervals, each lasting 30 sec. Measure- 
ments on 6 cells with a total of 22 pressure regula- 
tions showed that the C1- burst and pressure regu- 
lation always coincide. 

During the C1- burst, the C1- efflux was 2 
to 6 times higher than the steady-state efflux level. 
There is a large scattering of  the values for the 
steady-state C1- effiux given in the literature, span- 
ning a range from 2 to 20 gmol m -2 sec -~ [7, 9, 
10, 14, 19]. Assuming a steady-state efflux of 
10 gmol m -2 sec - t ,  the C1- efflux reached values 
of  up to 60 ~mol m - 2  sec-1 during the bursts, in 
agreement with Mummert  and Gradmann [14]. 
Assuming that the time required for C1- extrusion 
is less than the interval of  measurement (30 sec), 
the flux could be even higher. 

Figures 5 and 6 show analogous experiments 
on two cells where the turgor pressure was raised 
to the critical pressure range by adding distilled 
water to the seawater. Obviously, the regulatory 
mechanism underlying the periodic changes in 
turgor pressure is sufficient not only to stop the 
turgor from rising any further but also to reduce 
it. In Fig. 5 the 36C1- release and in Fig. 6 the 
membrane potential are recorded together with the 
cell turgor. It is evident that the pressure regula- 
tions of  the cells are accompanied by both action 
potentials and C1- bursts. The latter probably are 
the primary mechanism of turgor regulation in the 
critical pressure range. This is further supported 
by the finding that C1- bursts only occur for a 
period of about 30 to 60 sec and are then succeeded 
by a turgor relaxation lasting a total of 5 to 10 min 
(Fig. 5). 
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Fig. 5. Relationship between turgor pressure and Cl-  efflux 
bursts of a cell of Acetabularia mediterranea in response to 
a change in the external osmolarity. The turgot is increased 
by adding water to the bathing solution, The subsequent turgor 
regulations (arrows) are accompanied by C1- bursts, i.e. an 
increase of the CI- efflux by a factor of nearly 6 for a period 
of 60 sec. The first regulation results in a change of the rate 
of turgor pressure increase, the second regulation in a reduction 
of the tnrgor pressure (for further explanation, see text) 
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Fig. 6. Changes in turgor pressure P and membrane potential 
Vm of a cell of A cetabularia rnediterranea in response to a change 
in the external osmolarity. The turgor pressure is raised by 
adding water to the bathing solution. The first regulation results 
in a change of the rate of turgor pressure increase, the second 
regulation in a reduction of turgor pressure. Each of the subse- 
quent turgor regulations (arrows) is accompanied by an action 
potential 

Discussion 

Like other algal cells, Acetabularia has to create 
sufficient cell turgor for growth and at the same 
time must avoid bursting, i.e. it has to regulate 
the osmotic pressure difference between the cell 
interior and the outside medium, seawater. 
Another problem arises from the unusually tow 
membrane potential of  A. mediterranea, Vm= 
- 1 8 0  mV, which is about 90 mV more negative 
than the K + equilibrium potential E K. No other 
marine plant or animal cell is known to have a 
membrane potential which is significantly lower 
than E~. In A. mediterranea, V,, is presumably gen- 

erated by an electrogenic chloride import pump 
(ATPase). This would account for the intracellular 
accumulation of chloride and, by electrical cou- 
pling, of  K + [6, 8, 15]. This unique property of 
Acetabularia seems to involve a complex array of 
the following temporary events: 

The action potential occurs spontaneously and 
may be triggered electrically or by "light-off" 
signals. It is conventional insofar as the underlying 
ionic events are voltage-controlled temporary ef- 
fluxes of C1- and K + of  about 10 pmol m -2 sec - t  
each [9]. The phenomenon is linked to the energy 
metabolism of the cell, and as a rule, the spontane- 
ous frequency of the action potential is sufficient 
for the cell to periodically reset its intracellular 
K + concentration which would otherwise rise be- 
cause of the large K + driving force, V , , - E  K [13]. 
This regulation of the intracellular K + relies upon 
the fact that during the peak of the action poten- 
tial, Vm undershoots EK, and the K § conductance 
rises dramatically so that there is a large K § efflux 
during this short period of about 30 sec. 

Gradmann et al. [10] have shown that sponta- 
neous action potentials and C1- bursts may occur 
side by side. While the turgor pressure was not 
controlled in their experiments, the present study 
reveals that turgor pressure regulations are asso- 
ciated with the ionic and electrical events. In fact, 
the absolute value of the turgor pressure seems 
to be of primary importance for the regulation of 
transport across the membrane [171. 

Electrically neutral CI- bursts with. fluxes of 
up to 60 p m o l m - 2  sec -1 [12] are shown in the 
present study to occur mainly in the pressure range 
between 2 and 2.8 bar. They are strictly correlated 
with the changes in turgor and less strictly with 
the occurrence of action potentials. Occasionally 
pressure regulations without the occurrence of an 
action potential have been observed. Experiments 
carried out at temperatures of 6 to 10 ~ in which 
turgor regulation was maintained even though the 
membrane potential rose to - 4 0  to - 6 0  mV, have 
demonstrated that action potentials are not neces- 
sary for the initiation of turgor regulation nor in 
turn, for electrically neutral extrusion of C1- to- 
gether with its counter-ion. Hence we must be care- 
ful to distinguish between these two apparently in- 
dependent processes. 

Beside the turgor pressure regulations (see 
below), in many measurements of the cell turgor, 
a slow and steady turgor-prcssure increase has 
been observed corresponding to a rate of  change 
in turgor pressure of  0.8 to 5 x 10 -4 bar sec -1. A 
plausible reason for this would be an imbalance 
between the influx and efflux of solutes. If the 
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Table 1. Calculation of the solute flux J~ during intrinsic pres- 
sure increase (dP/dt = rate of change of turgor pressure) 

Cell no. Volume/area (dP/dt) x 104 J~ 
x 103 (cm) (bar sec- 1) (gmol m -  2 sec- 1) 

1 8.3 1.0 0.34 

2 8.5 2.2 0,77 
2.0 0.7O 

3 8.4 1.0 0.34 

4 7.7 1.0 0.32 

5 8.4 1.4 0.48 
0.8 0.28 

6 7.2 3.1 0.92 

7 7.1 1.1 0.32 
1.2 0.35 
1.2 0.35 

8 8.5 5.0 1.74 
4.7 1,64 
1.1 0,38 

9 8.9 0.8 0.29 
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Fig. 7. The hypothetical change of turgor due to an isosmotic 
vesicular transport (A) is compared to a typical turgor regula- 
tion observed experimentally (B). A C1- extrusion of 4% of 
the cellular contents is assumed during the time interval from 
t = 0  to t-=t I (30 sec, dashed lines). For further explanations, 
see text 

efflux of ions is smaller than the influx, a net 
inward flow is created which causes a steady in- 
crease in the internal osmolarity. This in turn 
induces a flow of water and a corresponding in- 
crease in cell turgor. If we assume that the cell 
is in water flow equilibrium at any given time dur- 
ing the intrinsic pressure increase, we can estimate 
the corresponding net ion flow Js from the pressure 
change dP/dt (see Eq. (A3) in Appendix A). These 
data are listed in Table 1. For a mean pressure 
change dP/dt=(l .8+l .4)x 10 -4 bar sec -1, Js is 
(0.6 +0.5)gmol m -2 sec -1. 

The unusually high membrane potential of 
Acetabularia seems to be the ultimate reason for 
the net ion uptake, essentially of K § and C1-, and 
hence necessitates a mechanism to prevent a con- 
tinuous increase in cell turgor. We suggest that 
the observed changes in turgor-pressure in the 
range between 2 and 2.8 bar, which are clearly cor- 
related with an increased CI- efflux lasting 30 to 
60 sec, reflect this regulatory mechanism. The hy- 
pothesis that turgor pressure triggers regulation is 
supported by the following observation. Turgot re- 
laxations with exosmotic water flow end at a lower 
pressure than expected, if the pressure step induc- 
ing the relaxation exceeds the critical pressure 
range. It is assumed that in these cases a C1- efflux 
burst occurs during the relaxation which increases 
the driving force for water flow. Therefore the final 
pressure is smaller than calculated from the exter- 
nally applied pressure step and the cell's water flow 
parameters. 

What is the transport mechanism responsible 
for the large CI- efflux bursts? Mummert  and 
Gradmann [14] have suggested that C1- could be 
extruded by way of vesicle transport which mainly 
sequesters NaC1 and KC1 from the vacuole to the 
outside by some direct route bypassing the cyto- 
plasmic compartment. However, as the following 
considerations will show, the concept of vesicular 
transport is incompatible with the turgor pressure 
regulation observed in this study. 

If  we assume that vesicular transport does exist, 
the vesicular contents must be isosmotic with the 
surrounding cytoplasm since a vesicle has no rigid 
structure which could sustain the hydrostatic pres- 
sure resulting from an osmotic pressure difference 
across the membrane. Since the amount of CI- 
released during a single burst constitutes up to 4% 
of the total C1- content of the vacuole [12], isos- 
molar vesicular extrusion of about 4% of vacuolar 
fluid would cause a cell volume reduction of 4%. 
With the aid of the Philip equation [18], e = V" (dP/ 
dV), and a typical value of e=25  bar measured 
on A. mediterranea it can be estimated that a 4% 
reduction in the volume (A V/V= 0.04) would cause 
the cell turgor to drop by 1.0 bar, i.e. about 40% 
of the turgor pressure, during the burst (30 sec). 
This is in contradiction with our results (see 
Fig. 7). Figure 7 compares the time course of the 
turgor pressure for hypothetical transport by isos- 
molar vesicles (A) and a representative turgor regu- 
lation curve observed experimentally here (B). The 
cell, the turgor regulation of which is shown in 
Fig. 7B, had an e value of 41 bar at a turgor pres- 
sure of 2.6 bar, a volume of 2.4 gl and a surface 
area of 34 mm 2. From these data Lp can be calcu- 
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lated from the half-time of the relaxation after the 
onset of the turgor regulation (T1/2 = 160 sec) [28]. 
This results in an Lp value of 0.47 x ]0 -6 cm bar-1 
sec-1, which fits well in the range of Lp values 
measured by induced turgor pressure relaxations 
(see Materials and Methods). The hypothetical 
curve in Fig. 7A was calculated for a relatively low 
e value of 25 bar to give the worst case of estima- 
tion. A higher e value would result in an even 
greater pressure drop during the burst. After the 
drop, turgor pressure has changed dramatically, 
but as the loss of cell volume was isosmolar, the 
internal osmolarity is unchanged. Therefore the 
pressure slowly increases, the dynamics of the re- 
laxation being controlled by the hydraulic conduc- 
tivity of the membrane and the volumetric elastic 
modulus of the cell wall ( L p = 0 . 4 7 x 1 0 - 6 c m  
bar - t  sec-i  and e = 25 bar were assumed). 

If we tentatively neglect the concept of isosmo- 
larity between vesicles and cytoplasm and vacuole, 
respectively, we can estimate how much chloride 
ion must be concentrated in the vesicles in order 
to bring about the observed C1-bursts without 
an appreciable drop in pressure and, therefore, to 
comply with the experimental curve of Fig. 7 B. 
Assuming an elastic modulus ofe = 25 bar, a change 
in turgor pressure of 25 mbar (which would not 
lead to a measurable pressure drop and which cor- 
responds to a relative volume change AV/V of 
0.1%) and furthermore assuming a burst lasting 
30 sec and an ionic flux of 60 ~tmol m -2 sec -1, a 
cell of normal size (V=2 gl, A=25  mm 2) would 
lose about 45 nmol of C1- ions. With a vesicle vol- 
ume of AV=2 nl (0.1% of the total cell volume) 
the required CI- concentration would thus be 
22.5 moles/liter which is an unrealistically high 
concentration. 

Thus, it is unlikely that vesicular transport is 
responsible for the observed turgor regulation in 
Acetabularia. Turgor regulation apparently is ac- 
complished by a change in the internal osmolarity 
due to salt extrusion (C1- and counter-ion) via 
a reversible change in the membrane permeability, 
the molecular mechanism being unknown. This is 
equivalent to saying that we have a reduced reflex- 
ion coefficient and/or an increased permeability (as 
defined in thermodynamics of irreversible pro- 
cesses). In line with the electro-mechanical model 
[3, 4, 21, 22, 23], it is conceivable that local changes 
in the intrinsic electric field in response to turgor 
pressure lead to local breakdown and, in turn, to 
the creation of some transient pathways (channels, 
pores) [26]. This interpretation would explain that 
a higher turgor pressure is required to induce C1- 
bursts at lower temperatures. In terms of the 
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Fig. 8. Turgot pressure of Acetabularia mediterranea 270 rain 
after insertion of the pressure probe. The first decrease of pres- 
sure (at t=270 rain, $) is a typical autonomous pressure regula- 
tion (decrease of internal osmolarity with subsequent water flow 
directed outwards). At t=287 rain the external solution was 
replaced by a solution with higher osmolarity (ASW + sucrose, 
v), which resulted in an imposed decrease of turgor pressure 

electro-mechanical model higher turgor pressures 
are required for compression of the membrane 
and, in consequence, for transformation of the 
pressure signal into electric field and ion transport 
changes at low temperatures due to the increase 
of the elastic compressive modulus perpendicular 
to the membrane plane. 

Phenomenologically, if an osmotic gradient is 
set up across the membrane of a cell as a result 
of the rapid loss of C1- ions, a water flow directed 
outwards and a concomitant decline in turgor pres- 
sure will occur (cf Figs. 5 and 6, second arrow). 
Alternatively, if an osmotic gradient already exists 
driving an inwardly directed water flow and thus 
causing a pressure increase in the cell, a C1- efftux 
burst will weaken the gradient and likewise cause 
a clearly detectable diminution in the rate of turgor 
pressure increase (cf. Figs. 5 and 6, first arrow). 

On the basis of these considerations the decline 
in pressure during turgor regulation is related to 
a transport of water which is elicited by an osmotic 
gradient between the cell and the external medium, 
created by C1- bursts. This idea is confirmed by 
the similarity of the regulation process to an exper- 
iment, in which an osmotic gradient is imposed 
by changing the external osmolarity. 

Figure 8 shows a turgor relaxation caused by 
a change of the internal osmolarity, due to C1- 
burst (arrow), followed by a relaxation caused by 
an osmolarity change of the external solution (tri- 
angle). Both turgor relaxations resemble each 
other, although they are caused by different events. 
The relaxation processes are both controlled by 
the hydraulic conductivity of the membrane and 
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Table 2. Calculation of the solute flux J~ during C1- 
period 
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bursts, assuming a constant flow for a 30-sec 

Cell no. Volume Area e Zo = Po + Ze AP A ~i Js 
(rtl) (ram 2) (bar) (bar) (bar) (bar) (~tmol m- z sec- l) 

6 0.6 8.3 24 25 0.38 0.76 76 
0.31 0.62 62 

7 2.4 34 41 24 0.24 0.38 37 
0.31 0.49 47 
0.13 0.21 20 

8 3.6 43 28 27 0.09 0.18 20 
0.24 0.47 54 
0.34 0.66 76 

10 3.4 41 14 27 0.07 0.20 23 
0.18 0.52 59 

21 0.34 0.83 94 

11 0.9 13 29 27 0.27 0.52 49 
0.37 0,71 67 
0.09 0.17 16 
0.34 0.65 61 
0.49 0.93 88 
0.31 0.59 56 

12 2.6 26 40 27 0.13 0.22 30 
0.16 0.27 37 
0.12 0.20 27 

= volumetric elastic modulus; ~o = internal osmotic pressure; Po = turgor pressure prior to C1 - bursts; 
~=external osmotic pressure; AP=pressure decrease after C1 burst; A~=calculated change of the 
internal osmotic pressure 

the volumetr ic  elastic modulus  of  the cell wall. 
Evaluat ing the hydraul ic  conduct ivi ty  f rom the 
half-times of  bo th  relaxations, Lp results to be 
1.2 x 10-6 cm ba r -1  sec -1 and 0.9 x 10-6  cm 
bar  - 1 sec - 1, respectively. 

Because of  the similarity of  the two processes, 
which is i l lustrated in Fig. 8, the mathemat ics  used 
to describe osmotic  experiments is equally well ap- 
plicable [5, 27]. In favorable cases (i.e., assuming 
water  equil ibrium prior  to the C1- burst) it is possi- 
ble to determine the change in the internal  osmo- 
larity with Eq. (B 6) (see Appendix  B). The results 
of  the calculations are shown in Table  2. The 
values for  the flow of  ions Js, corrected for surface 
area, during the burst  are obta ined on the assump- 
t ion that  the burst  consists of  a constant  flow over 
the per iod of  30sec.  The ion flows (16 to 
94 ~tmol m -  2 sec - 1) calculated in this way are in 
the same order  of  magni tude  as those derived f rom 
tracer  measurements  (60 ~tmol m -2 s e c - i )  [14]. 

Finally we would like to point  out  that  no other  
pressure changes than the pressure regulations de- 
scribed above were observed during spontaneous  
action potentials  generated in cells of  A. mediter- 
ranea. On the other  hand,  Barry [1, 2] has repor ted  
that  action potentials in Chara australis are asso- 

ciated with water  flow directed outwards  and a 
corresponding decrease in turgor  pressure. The ap- 
parent  discrepancy with the results repor ted  here 
might  be explicable in terms of  the different values 
for  the volumetr ic  elastic modulus  of  the cell wall 
and o f  the hydraulic conduct ivi ty  o f  the membrane  
as well as o f  different the rmodynamic  coupling co- 
efficients and different diffusion coefficients for  
KC1 in the cell wall o f  A. mediterranea. Fur the r  
investigations should make  clear, if phenomena  
like ion water  coupling and enhancement  of  salt 
concent ra t ion  in the cell wall contr ibute  to the 
pressure decrease during a C1- burst.  

Conclusion 

We relate the observed oscillatory (and apparent ly  
regulatory)  changes in the turgor  pressure of  Ace- 
tabularia mediterranea above a threshold value, 
which are unprecedented  in the literature, to the 
other  unique feature o f  this alga, the part icularly 
negative membrane  potential .  To  our  knowledge 
no other  marine alga or marine  organism sustains 
a membrane  potent ial  much  more  negative, i.e. by 
about  90 mV, than  the K § equil ibrium potential .  
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Obviously both active electrogenic chloride 
import which is responsible for this unusually neg- 
ative membrane potential of about - 1 7 0  to 
- 1 8 0  mV [6, 20] and passive net K + influx tend 
to steadily increase the cell turgot; the observed 
bursts of net passive chloride efflux, accompanied 
by a cation as yet unidentified will then periodi- 
cally reduce the turgot. 

The action potentials are not strictly associated 
with this hypothetical mode of turgor regulation. 
They seem to provide an independent mechanism 
of reducing the cellular K + concentration as has 
been suggested by Mummert  and Gradmann [13]. 

The dependence of the chloride efflux bursts 
upon the absolute turgor pressure strongly indi- 
cates that this event is essential to turgor regulation 
as assumed by Nuccitelli and Jaffe [17]. We con- 
clude, therefore, that the plasmalemma of A. medi- 
terranea is able to sense the turgor pressure and 
to link it to the transport of C1-. Indeed, the data 
are consistent with the idea that the chloride per- 
meability, i.e. the passive chloride pathway, is 
turgor-controlled. Export of chloride salts by vesi- 
cles as discussed by Mummert  and Gradmann [14] 
can be excluded to provide the turgot regulation 
observed in the present study. 
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Appendix A 

Calculation of the Net Ion Flux into the Cell 
during an Intrinsic Pressure Increase 

If we assume that the cell is in water equilibrium at any time 
during an intrinsic pressure increase and that the reflexion coef- 
ficients for the solutes are unity, the following equation holds: 

with P(t) = turgor pressure (bar), ~h(t) = internal osmotic pres- 
sure (bar) and ~r,=(constant) external osmotic pressure (bar). 
The assumption is justified because of the small rate of pressure 
increase observed in the experiments. 

Derivation of Eq. (A 1) yields: 

dP=d~,(t)~_RT dn (A2) 
dt dt V o dt 

where R and T have their usual meanings, V o (cm 3) is the cell 
volume and n the number of moles of intracellular solutes. 
It is assumed that the volume change can be neglected. 

From Eq. (A 2) the net ion flux into the cell, J~ = (l/R). (dn/ 
dt), can be calculated to be: 

j =  V o .dp (A3) 
RT.A dt 

with A = membrane area (cm2). 
All parameters on the right side of Eq. (A3) can be experi- 

mentally determined. 

Appendix B 

Estimation of the Internal Osmolarity Response 
due to Cl--Extrusion 

From the change of turgor pressure after a C1- burst the change 
of the cell's internal osmotic pressure can be estimated, if the 
cell was in water equilibrium prior to the burst. An impermeable 
membrane is assumed (a = 1). Suppose that the internal osmotic 
pressure ~o changes to ~o -  A~ at t = O, then the phenomenolog- 
ical equation for the volume flow J~ = Lp'(P(t)-(Th(t  )-lr~)) 
leads to a differential equation for P(t) with the following sub- 
stitutions : 

j :  _yo ~t'. 
Ae dt ' 

\ Vo/  vo 

,~ v( t )  = vo. ( P ( t ) -  Fo). 

The solution of the differential equation is given by: 

P(t)=Po+ e'A~i (e-'/~-- 1) (B1) 
e+~o--d~ i 

with P( t )=turgor  pressure (bar), Po=turgor prior to the burst 
(bar), gi(t)=internal osmotic pressure (bar), ~o=internal 
osmotic pressure prior to the burst (bar), A~=change  of inter- 
nal osmotic pressure by C1- extrusion (bar), ~ =  external 
osmotic pressure (bar), e =volumetric elastic modulus (bar), 
r = time constant (sec) of the relaxation given by Vo/(A.Lp. 
(~+~ro-Ag~)), A=membrane  area (cm2), Vo=cell volume 
(cm 3) and Lp=hydraulic conductivity of the membrane 
(cm bar-  1 sec- 1). 

For t~oe ,  the cell reaches a new water equilibrium with 
a turgor pressure P~o given by: 

Po~ =Po e'ATri (B2) 
~+rCo-A~ ~" 

Rearrangement of Eq. (B 2) yields : 

A~, - e + P ~  AP (B3) 
e+AP 

with AP = Po - P~ and Po + ~ = ~ .  

With the assumption that volume flow is negligible and 
therefore the cell volume is unchanged, Eq. (B4) gives the 
number of moles of C1-, An, that have been extruded during 
the burst: 

An~  V~ (B4) 
RT 

Assuming a constant effiux rate over a period of 30 sec, 
we can estimate an ion efflux during C1- extrusion by Eq. 
(Bs): 

An 
J '  = A. 30" (B 5) 

Using Eqs. (B3), (B4) and (B5), we get: 

j = l  Vo.(e+Po+~Z~) AP. (B6) 
30 A.R .T . (e+AP)  

Equation (B6) can be used to estimate the ion flux during 
a C1- burst, because all terms on the right side of the equation 
can be determined experimentally. 


