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Summary. The three-compartment model (paper I) described tur-
gor pressure relaxations as a sum of two exponential functions.
The predicted shape of the curves could be confirmed in Chara
corallina by improving the recording and processing of data. An
evaluation on the basis of the three-compartment model pro-
vided values for the hydraulic conductivity of the plasmalemma
of Lp, =2 X 1075 to4 x 107 cm sec™! bar~! and of Lp, = 3 X
103 to 1 x 107* cm sec™! bar~! for the tonoplast (assuming the
area to be 90% of the plasmalemma area). The mean proportion
of the total volume occupied by the cytoplasm was calculated to
be 9%. This value is consistent with the concept of a highly
vacuolated cell. Other explanations for the biphasic relaxation
curves are discussed.
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Introduction

In the preceding paper, we have demonstrated that,
in principle, the hydraulic conductivities of both the
plasmalemma and the tonoplast can be measured
simultaneously without destroying the integrity of
the plant cell. If the compartmentation of the cell
into cytoplasm and vacuole is taken into account in
the theoretical calculation of a pressure relaxation,
the time course of turgor-pressure relaxation is de-
scribed by the superposition of two exponential
functions (paper I). The amplitudes and exponents
of the relaxation curve are determined by a combi-
nation of the cell parameters such as the hydraulic
conductivities of the membranes, the elasticity of
the cell wall, the turgor pressure and the osmotic
pressure due to solutes.

In this communication, we will show that the
fresh-water alga Chara corallina exhibits turgor
pressure relaxations consisting of two components
which can be interpreted in terms of the three-com-
partment model introduced in paper 1. Although

this algal cell has been extensively studied in mea-
surements using the pressure probe [21, 22], turgor
pressure relaxations have not been recognized until
now as being composed of two phases. The reason
for this has been the conventional method of re-
cording and processing the data. In the case of algal
cells and especially in the case of Chara corallina,
only a small number of points along a relaxation
curve was previously included in curve fittings, so
that the significance of small deviations from the
simple exponential course was not recognized. In
the experiments presented here, the recording of
data was significantly improved either by process-
ing the pressure probe signal directly with a com-
puter or by digitizing the relaxation curves electron-
ically from the chart paper.

The results of some other workers indicate that
the hydraulic conductivity of the tonoplast of Chara
corallina is so large that its influence on the relaxa-
tion may be neglected [11]. We will show here that
this is not the case, but it should be noted that our
results hold only if the interpretation of pressure
relaxations in terms of the three-compartment
model can be justified. Therefore, we will examine
whether effects due to unstirred layers, solvent drag
phenomena, or the pressure dependence of cell wall
parameters could be responsible for one of the two
components of a turgor pressure relaxation.

Materials and Methods

MATERIALS

Pond water algal cells of Chara corallina were maintained at a
temperature of 17°C in artificial pond water (APW) of the follow-
ing composition (in mM): 1 NaCl, 0.1 KCl, 0.1 CaCl,, 0.1 MgCl,.
The cells which originated from the laboratory of H.G.L. Coster
in Sydney, Australia, were continuously illuminated by Osram
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Fig. 1. High resolution data recording during turgor pressure
relaxations. The voltage signal of the pressure probe (U) was
amplified using an electrometer and a second pre-amplifier in
series. The amplified signal was converted from analog to digital
at regular times and the values were stored on a mass storage
volume of the computer (floppy disk). Conversion was initiated
each time the counter of a programmable clock met an overflow
condition at which the clock sent a trigger pulse to the A/D-
converter. Thus, turgor pressure relaxations were digitized and
stored for evaluation at a later time. In parallel to the computer-
controlled data recording, the output of the electrometer was
monitored on a chart recorder in the conventional way

Fluora lamps. For most of the experiments, single internodal
cells with volumes between 5 and 32 ul were used; in some cases
lateral cells were also taken for measurements. The cell volume
corresponded approximately to the volume of a cylinder whose
dimensions were given by the length and mean diameter of the
cells. While the length of the cells varied considerably, the cell
diameter was usually 0.9 to 1.0 mm. For the purpose of compar-
ison, some measurements were also carried out on Chara coral-
lina cells originating from the laboratory of M. Tazawa in Tokyo,
Japan.

METHODS

Data Recording and Evaluation

The use of the pressure probe to measure turgor pressure, pres-
sure relaxations, and the volumetric elastic modulus of the cell
has been described previously [17-20, 23]. During the measure-
ment of pressure relaxations, the voltage signal of the pressure
probe was sent directly to a computer (MINC 11/03, Digital
Equipment Corporation, Cologne) by way of an electrometer, a
pre-amplifier and a programmable analogue-to-digital converter
(Fig. 1). By including the pre-amplifier with a variable amplifica-
tion factor of I to 100X and an offset-compensation, it was possi-
ble to amplify the output of the pressure probe up to 10,000-fold.
The maximum data recording rate was 50 values per second. By
choosing multiples of 20 msec as the length of the sampling inter-
val, it was possible to eliminate unwanted coupling of the power
line fundamental, as the measured values were always recorded
at comparable positions of the 50-Hz waveform. For most relax-
ation studies of C. corallina, a data recording rate of 10 values
per second was sufficient. Thus, up to 500 values were available
for the analysis of a relaxation curve. A similar density of data
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points was achieved when the curves on the chart were digitized
using a Bitpad One digitizer (Kontron, Diisseldorf. W. Ger-
many).

The relaxation curves were analyzed with the aid of com-
puter programs which initially gave a semilogarithmic plot of
the values |P — P/ on the display terminal (¢f. Fig. 4). With
the aid of these graphics, it was possible to distinguish between
simple exponential relaxations and relaxations consisting of two
components. The measured values of single-phase relaxations
were fitted to a single exponential function by the method of least
squares, while relaxations with two phases were best described
by a function consisting of two superimposed exponentials. For
this purpose, the linear part of the semilogarithmic plot at the end
of the relaxation was first fitted to an exponential function. When
this curve had been subtracted from the set of data. the best-fit
exponential function for the remaining values was then deter-
mined by the same procedure. All fits could be carried out with
or without weighting. For most measurements, a weighted fit
seemed more sensible, since those points with a low relative
error, i.e. at the onset of a relaxation, were given more consider-
ation than the values with a large relative error, i.e. towards the
end of a relaxation. From the half-times and initial amplitudes of
the relaxations, the hydraulic conductivities of the plasmalemma
and the tonoplast, and the cytoplasmic volume were evaluated
using Eqgs. (1) to (3). These equations have been derived in paper
I and are repeated here for reference. Solutes were assumed to
be impermeable for those membranes.
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where V, = cell volume, V, = volume of the cytoplasm, V; =
volume of the vacoule (V3 = V, — V1), A,.A, = exchange area of
the plasmalemma/tonoplast, & = volumetric elastic modulus of
the cell wall, Lp,,Lp, = hydraulic conductivity of the plasma-
lemma/tonoplast, 7, = osmotic pressure of the solutes in the
cytoplasm and vacuole at steady state before relaxation, P, =
turgor pressure at steady state before relaxation, P; = turgor
pressure at ¢ = 0, i.e. the peak value of the relaxation, P, =
turgor pressure in the steady state after relaxation, &, = am-
plitude of the fast/slow component of the relaxation and k .k, =
exponent of the fast/slow component of the relaxation.

Preparation of Isolated Cell Wall Envelopes
from Chara corallina

Isolated cell walls of C. corallina were obtained as follows [8,
22]: End pieces with a length of 7 to 12 mm were cut off from
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Fig. 2. Volumetric elastic modulus ¢ of Chara corallina, mea-
sured for various cells at different turgor pressures

internodal cells and flushed several times, first with distilled wa-
ter, then with ethanol with the aid of a fine glass capillary. The
cell wall tubes were then filled with a solution containing about
20 mMm of polyethylene glycol (PEG 1000 or PEG 6000), and
connected to a pressure probe. The capillary of the probe was
inserted deeply into the open end of the cell wall tube which then
adhered tightly to the glass. The site of contact between the
capillary and the cell wall was dried by dabbing with a tissue
soaked in acetone, and a pressure-tight seal was made using a
mixture of bees wax and colophony. By immersing the envelope
in distilled water, an osmotic gradient was set up across the cell
wall which drove an inwardly directed water flow. Thus a small
hydrostatic pressure (0.1 to 0.8 bar) could be established in the
cell-wall tube which corresponded to a low turgor pressure in
living cells. The gradual diffusion of PEG out of the tube made
the pressure decline gradually. However, the rate of pressure
loss was so small (<5 x 107 bar sec~!) that the steady-state
turgor pressure could be regarded as constant for the duration of
a pressure relaxation (T}, = 0.4 to 1.8 sec).

In order to investigate the viscoelastic properties of cell
walls, cell wall tubes with a length of 15 to 28 mm were com-
pletely filled with mercury and connected to the pressure probe
as described above. In this case, however, the capillary of the
pressure probe also contained mercury. Using this technique it
was possible to build up and to vary turgor pressure without
causing water or solute flow through the cell wall.

Results

DoOUBLE-EXPONENTIAL PRESSURE RELAXATIONS
IN CHARA CORALLINA

Cells of C. corallina showed a steady-state turgor
pressure between 5 and 6.5 bar. As the osmotic
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Fig. 3. Hydrostatically induced turgor-pressure relaxations in
Chara corallina with exosmotic (A) and endosmotic (B) water
flow. A cell turgor of P, = 0.21 bar was achieved by addition of
sorbitol to the external medium (artificial pond water). Cell data:
V, =24 pl, A, = 121 mm?, ¢ = 145 bar, w, = 4.19 bar

pressure of the APW was close to zero (0.025 to
0.05 bar 2 1 to 2 mosmol/kg), the osmotic pressure
of the cell sap was equal to the turgor pressure. For
the volumetric elastic modulus of the cell &, values
between 300 and 450 bar were measured in APW.
When the turgor pressure was lowered by adding
sorbitol to the APW, ¢ decreased significantly. The
pressure dependence of ¢ is demonstrated in Fig. 2
which summarizes the measurements for various
Chara cells. Our results are in good agreement with
earlier results for Chara intermedia and Chara fra-
gilis obtained using the pressure probe technique
[22]. However, it should be mentioned that the &
values reported by Dainty et al. [5] are about twice
as high as those reported here.

Generally, turgor pressure relaxations in C.
corallina could not be described by a single expo-
nential function. The curves were best character-
ized by the sum of two exponential functions re-
gardless of the direction of the induced water flow.
This splitting of the relaxation into a fast and a slow
component became more pronounced at lower cell
turgors. Figure 3 shows two hydrostatically induced
turgor pressure relaxations in a cell of C. corallina.
The first curve represents an exosmotic experiment
with outwardly directed water flow, and the second
is an endosmotic experiment with inwardly directed
water flow. The turgor pressure of the cell had pre-
viously been lowered to 0.21 bar by the addition of
sorbitol to the APW. From the cell dimensions the
volume of the cell was calculated to be 24 ul, and its
surface area 121 mm? (c¢f. Table, cell 15). The os-
motic pressure of the cell sap was 4.19 bar, calcu-
lated from the osmotic pressure of the external solu-
tion and the turgor pressure of the cell. At the given
turgor pressure, the cell had an £ value of 145 bar.

Figures 4A and 4B show semilogarithmic plots
of the relaxation curves of Fig. 3. Two phases can
be clearly distinguished. On subtracting the slow
component from the whole data set, the remaining
values were fitted to a second exponential function.
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For the exosmotic experiment, the slow component
had an amplitude of 35 mbar and a half-time of 16
sec, whereas the fast component had an amplitude
of 85 mbar and a half-time of 1.8 sec. The corre-
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sponding data for the endosmotic experiment were
27 mbar and 18.6 sec for the amplitude and half-time
of the slow component, respectively, and 102 mbar
and 1.3 sec for the amplitude and half-time of the
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Fig. 4. Semilogarithmic plots of the turgor pressure relaxations shown in Fig. 3. Two phases are clearly distinguishable for both the
exosmotic (4) and endosmotic (B) experiment. After subtraction of the slow component, a second exponential function could be fitted
to the remaining values (insets). Resuits for A: amplitudes of 35 and 85 mbar, and haif-times of 16 and 1.6 sec for the slow and fast
component, respectively. Results for B: amplitudes of 27 and 102 mbar, and half-times of 18.6 and 1.3 sec for the slow and fast
component, respectively. An evaluation on the basis of the three-compartment model gave 3.8 X 10 ° cm sec 'bar ! for the hydraulic
conductivity of the plasmalemma and 2.3 X 10~% cm sec™! bar~! for that of the tonoplast in A, and 5.7 X 1073 cm sec~! bar~! for the
hydraulic conductivity of the plasmalemma and 2.4 X 10~° ¢cm sec™! bar~! for that of the tonoplast in B. The cytoplasm was found to
occupy 8.0% of the total volume in A and 10.5% in B. Assumptions: o, = o, = 1.0 A, = 109 mm? = 0.9 - 4,

Table. Calculated water relation parameters of the individual membranes®

Cell v, A, Pressure Lp, - 10° Lp, - 10° ViV, (%) Number of
no. (ul) (mm?) range (bar) (cm sec™! bar™!) (cm sec ! bar ) experiments
6 17 73 P,>04 2.1 = 0.6 34 0.7 9.1 6.3 13
< 0.2 5819 45+22 9.0 + 5.6 7
7 23 93 P,>0.4 1.7 %203 46 *+19 8.4 + 3.1 12
= (.0 6.6 £ 0.5 13.5 £ 2.0 14.8 = 4.7 5
8 6 27 P, > 0.1 2.0 £ 0.8 33+1.3 5.5+x23 13
11 33 121 P,>1.0 2.4 *0.2 9.2 £ 3.1 6.1 = 4.3 7
12 22 85 P, > 0.1 43 24 54 £33 82+ 44 21
14 20 77 P,> 0.1 3.7+ 13 3926 109 = 49 10
130 24 121 P,>25 2.7*+0.2 10.4 = 0.9 7.1 £0.5 4
< 0.25 4.2 + 0.8 2.6 = 0.5 95 + 2.7 7
16¢ 5 45 P,=0.6 3.9+ 0.6 53 =07 20.2 = 6.8 4
17¢ 4 31 P,=0.16 2.3 3.3 13.9 1

a Hydraulic conductivity of the plasmalemma (Lp,) and tonoplast (Lp,) as well as relative cytoplasmic volume (V-/V,), calculated
from hydrostatically induced turgor pressure relaxations in Chara corallina. Values + standard deviation. V, = cell volume, A, =
surface area of plasmalemma, P, = turgor pressure before relaxation. It is assumed that the surface area of the tonoplast is equal to 90%
of A, and that the plasmalemma and tonoplast are perfectly semipermeable.

b Cell tied off at both ends.

¢ Cell from the laboratory of M. Tazawa, Tokyo, Japan; cell tied off at both ends.
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fast component, respectively. When these experi-
mental findings were interpreted in terms of the
three-compartment model presented in paper I, the
hydraulic conductivities of the plasmalemma (Lp,)
and the tonoplast (Lp,), and the cytoplasmic volume
relative to the total cell volume (V»/V,) could be
obtained. Using Egs. (1) to (3), the curves of Figs.
4A and 4B yield the following results: Lp, = 3.8 X
10-% ¢m sec™! bar™!, Lp, = 2.3 x 107 ¢m sec™!
bar™!, and V,/V, = 8.0% for the exosmotic experi-
ment (Fig. 44), and Lp, = 5.7 x 10 cm sec™!
bar™!, Lp, = 2.4 X 107> cm sec™! bar~!, and Vo/V, =
10.5% for the endosmotic experiment (Fig. 4B).

In paper 1, it was pointed out that Lp, could
only be estimated if assumptions regarding the re-
flection coefficient (o) and the surface area of the
tonoplast (A,) were made, because these parameters
cannot be measured independently of each other.
For the calculations above o, was assumed to be 1,
and A, was made equal to 90% of the surface area of
the plasmalemma, according to the large volume
of the vacuole. Furthermore, the plasmalemma
was assumed to be practically impermeable to
solutes.

The Table summarizes the results of pressure
probe measurements on 9 cells. The pressure relax-
ations were induced hydrostatically, i.e. by a sud-
den change in cell turgor pressure, and evaluated
according to Eqgs. (1) to (3) with the above-men-
tioned assumptions for o, and A,. For turgor pres-
sures higher than 0.4 bar, the values for the hydrau-
lic conductivity of the plasmalemma were found to
be in the range between 2 X 107> and 4 x 105 cm
sec”! bar™!, whereas those for the tonoplast varied
between 3 x 107> and 1 X 10~* cm sec™! bar~!. The
mean contribution of the cytoplasmic compartment
to the cell volume was calculated to be 9%, which is
in agreement with the general assumption that the
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cytoplasm occupies only a thin layer between the
plasmalemma and the tonoplast.

Figure 5 is a graphic representation of the Lp,
values and Lp, values from the individual cell mea-
surements, whose mean values are given in the Ta-
ble. It is apparent from Fig. 5A that in some cells
the hydraulic conductivity of the plasmalemma in-
creases by a factor of 2 to 3 when the plasmolytic
point is approached (P, < 0.4 bar) as reported else-
where for measurements of Lp values of the total
membrane barrier [21]. For turgor pressure values
less than 0.4 bar, most of the Lp, values of the tono-
plast cluster around 2.5 x 107% cm sec™! bar~! (Fig.
5B). However, the accurate dependence of Lp, on P
cannot be determined from Fig. 5B because of the
wide scatter of the individual Lp, values.

MEASUREMENTS ON CELL WALLS
OF CHARA CORALLINA

When interpreting the results of measurements pre-
sented here in terms of the three-compartment
model, the values of the hydraulic conductivity of
the plasmalemma (Lp,) 2 x 1075 to 4 x 10~ cm
sec”! bar ') are found to be close to the hydraulic
conductivity of the cell wall of Nitella (5 X 10510 9
x 107 cm sec™! bar™! [8, 16, 22]). Since the authors
cited used the method of transcellular osmosis [8]
and stationary flow measurements [16, 22], an at-
tempt was made here to determine the water perme-
ability of the cell wall from pressure relaxations.
When isolated cell wall tubes had been filled with
PEG solution and connected to the capillary of the
pressure probe by a pressure-tight seal, pressure
relaxations were induced at internal pressures of 0. 1
to 0.5 bar. The pressure relaxations showed only a
single component with half-times of 0.4 to 1.8 sec.

e B
T ©
8 | ©
Ty ] o
e 15:0 °
= ]
v e, g °
- 10 o) ° ° ° ° °
a o 9
T 18e @ o
Q
1528 @ 2 I
1 T $# % 8
1 ]
o), , . . : .
0 1 2 3 4 5
P, (bar)

Fig. 5. Hydraulic conductivity of the plasmalemma Lp, (A) and the tonoplast Lp, (B) as a function of cell turgor P,, determined in
Chara corallina. The pressure increments at the beginning of relaxation were about 0.5 bar in the upper turgor range and about 0.2 bar
in the lower range. Lp, is clearly pressure-dependent (A), whereas the general scatter of Lp, (B) does not allow one to make a similar
statement for the hydraulic conductivity of the tonoplast. However, in the lower pressure range the Lp, values (B) of some cells cluster

around 2.5 X 10=° ¢m sec™! bar™!
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Fig. 6. Relaxation processes of mercury-filled cell walls of
Chara corallina after pressure increments of various sizes

An evaluation according to the two-compartment
model [17, 23] for the calculation of the hydraulic
conductivity of the cell wall yielded Lp values be-
tween 6 X 107° cm sec™! bar ! and 3 X 1074 cm
sec! bar~!. These values are higher than Tyree’s
values for Nitella (=9 x 1075 ¢cm sec™! bar™!, [16])
but are in the same range as those given by Spyro-
poulos [13]. Although we found that the Lp, values
are generally lower than the hydraulic conductivity
of the cell wall, one cannot exclude the possibility
that the Lp, values for living cells represent the
effective hydraulic conductivity of the plasma-
lemma/cell wall complex rather than that of the
plasmalemma alone, particularly near the plasmo-
lytic point. Furthermore, little is known about the
pressure profile between the cell wall and the mem-
brane, so that a separate consideration of the two
components is not feasible.

Pressure measurements in cell wall tubes filled
with mercury were performed to determine whether
the viscoelastic properties of the cell wall as exam-
ined by Tazawa and Kamiya [15] could contribute
to the creation of two relaxation phases. For this
purpose the pressure in the cell-wall tube was in-
creased and decreased stepwise by 0.2 to 1.8 bar as
shown in Fig. 6. Immediately following a pressure
step, slight relaxations were recorded in the pres-
sure-probe/cell-wall system. These relaxations
could only be of a viscoelastic nature, since the
mercury filling precluded a pressure drop by vol-
ume loss. These viscoelastic wall relaxations,
which often occurred in two stages and thus did not
exhibit an exponential time-course, reduced the ini-
tial pressure increment AP by 18 = 7% (53 measure-
ments on 3 cell walls). After a time interval of 9 =5
sec, wall relaxations had declined to half of their
initial amplitude (= 5 to 13% of the pressure incre-
ment). This “‘half-time>’ was thus considerably
longer than the half-time of the rapid phase of the
biphasic relaxations in living cells (1 to 3 sec). A
similar test with the tip of the pressure probe capil-
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lary sealed showed that the relaxation behavior ob-
served on cell wall tubes was caused mainly by a
deformation of the cell wall and to a lesser extent,
by a deformation of the seals in the measuring appa-
ratus.

Discussion

The results presented here show that turgor pres-
sure relaxations measured on the fresh water alga
C. corallina could be separated into a fast and a
slow exponential component. An improvement in
the experimental design resulted in a high resolution
of the relaxation curves, and enabled us to detect
and separate the two components. Due to the poor
resolution of former pressure probe measurements,
turgor pressure relaxations were not recognized as
composite functions until now. We have interpreted
our results in the light of the three-compartment
model presented in paper 1. This model attributes
the two relaxation components to the presence of
the tonoplast which divides the cell interior into cy-
toplasm and vacuole. The following discussion jus-
tifies this interpretation by excluding other effects
that might explain the two components of pressure
relaxations.

If the hydraulic conductivity of the tonoplast in
addition to that of the plasmalemma were not the
reason for the two components in a turgor pressure
relaxation, biphasic relaxation curves could be at-
tributed only to processes which directly or indi-
rectly influence water flow across the plasmalemma
and the cell wall. The effects of unstirred layers or
solvent drag must be considered in this context. In
addition, nonlinear properties of the plasmalemma
itself could also be responsible for the phenomena.
Since changes of turgor pressure depend on cell
wall parameters, the pressure dependence of ¢, or
even the viscoelastic properties of the cell wall must
be taken into consideration as well.

The influence of unstirred layers on the deter-
mination of the hydraulic conductivity has been
studied by a number of authors [1, 6, 12]. Generally,
unstirred layers lead to an underestimation of Lp.
According to Dainty [2], the apparent polarity of
water flow seen in the transcellular osmosis experi-
ments of Dainty and Hope [4] can also be attributed
to unstirred layers. However, as will be shown by
both qualitative and quantitative arguments, the oc-
currence of two phases during pressure relaxation
cannot be explained by the presence of unstirred
layers. First, the magnitude of the unstirred layer
during a pressure relaxation will be estimated. The
amount of water (AV) traversing the plasma-
lemma during relaxation is given by:
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AV = —A,,KJU-dt (6)

(with J, = volume flow, A = exchange area of the
plasmalemma). As turgor pressure and volume
change are coupled by the elastic properties of the
cell wall, Eq. (6) can be transformed into:

* Vo dP o Vu Pe
AVI_A”ﬁbs:'A,,.ZdI_ gJ'fzdP

Vo
AV = —8- (P — P, 0

(with V, = cell volume, ¢ = volumetric elastic mod-
ulus, P; = peak value of the relaxation, P, = turgor
after relaxation). Here it was assumed that ¢ is not a
function of P. The more realistic case of a pressure
dependent ¢ is dealt with later. The magnitude of
AV is estimated with the sufficient accuracy using a
constant ¢ value in Eq. (7).

In a representative experiment with C. coral-
lina at low cell turgor, AV is of the order of 0.1 wl.
The estimation was performed using typical cell pa-
rameters (V,, = 20 ul, A, = 80 mm?, £ = 100 bar, P; —
P, = 0.5 bar). If one imagines this amount of water
evenly distributed in a thin layer on one side of the
membrane, a value of 1.25 um is obtained for the
thickness. We will regard this as the upper limit for
the thickness of an unstirred layer that might de-
velop during pressure relaxation. The relative
change in concentration at the membrane surface
can be calculated from the water flow J,, the thick-
ness of the unstirred layer 8, and the diffusion coeffi-
cient D due to J, - 8/D [7]. For J,, the volume flow at
the onset of relaxation is chosen; this was rarely
larger than 1 X 107* ¢cm sec™! in our experiments. D
is assumed to have a value of 5 X 1076 cm? sec™!
(sucrose). With these figures, a value of 0.0025 is
obtained for the relative change in concentration at
the membrane surface. The maximum change in the
driving force caused by the formation of unstirred
layers on both sides of the membrane should thus be
less than 0.5%. This is too small to explain relaxa-
tion components with amplitudes of 40 to 60% of
the initiating pressure step.

In addition, the effect of unstirred layers would
be greatest at the beginning of a relaxation when
water flow has its maximum value. This would
result in a diminution of the theoretically calculated
driving force (P — Aw). To create a rapid initial
phase, however, (P ~ Am) must be larger than the
theoretical value. This qualitative argument also ex-
plains why unstirred layers cannot be responsible
for the observed shape of curve.

Solvent drag effects were examined theoreti-
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cally by using the computer program described in
Appendix B of paper I. The coupled equations for
volume flow and solute flow across the plasma-
lemma (Eqs. (B1) and (B2) of the cited paper) were
solved numerically in the case where the solvent-
drag term did not vanish. In a number of calcula-
tions, the membrane permeability P, was set to zero
in order to separate the solvent-drag effect from
diffusional-flow effects. Pressure relaxations were
calculated this way for various reflection coeffi-
cients. A semilogarithmic plot of these relaxation
curves showed straight lines in all cases. The simple
exponential character was retained even when the
reflection coefficient was small (o, = 0.1), i.e. when
flow coupling was high. These findings exclude sol-
vent drag as a cause of the observed shape of exper-
imental relaxation curves. Additional calculations
considered solvent drag and diffusional flow across
the plasmalemma simultaneously (o, < | and P, # 0).
In reality, a nonvanishing permeability of the
plasma membrane would lead to a gradual decline in
turgor pressure unless it is compensated by an ac-
tive solute uptake or by a continuous regeneration
of osmotic pressure inside the cell. Therefore, a
constant solute influx was assumed in the calcula-
tions which compensated the diffusional flow out of
the cell at steady-state turgor pressure. Various
combinations of o,, P, and J, produced deviations
from the simple exponential character of a turgor
relaxation. However, no combination matched the
experimental result. Therefore, we concluded that
our experimental observations cannot be explained
in terms of solute-flow effects at the plasmalemma.

Kedem and Katchalsky [10] proposed a model
which describes a single membrane as a double-
membrane system with the space between the par-
tial membranes filled with solute. Suppose that the
plasma membrane of C. corallina had the character-
istics of such a double-layer system, but that the
two layers had different reflection coefficients. De-
viations from the exponential character of a relaxa-
tion would be possible, because the relationship be-
tween J, and the driving force would no longer be
linear [10]. However, in this case, one would expect
a marked polarity of the water flows [7], so that the
rapid component either for endosmotic or for exos-
motic water flow should vanish. This is in contrast
to our observation and to the experimental results
of Steudle and Tyerman [14].

Since we have seen that transport processes at
the plasmalemma are unlikely to be the cause of
two-component relaxations, the cell wall properties
will now be considered. The elasticity of cell walls
is pressure dependent in many cells ([17, 21, 23]:
see also Fig. 2). The question is, can the pressure
dependence of the volumetric elastic modulus cause
two components in a turgor pressure relaxation?
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Fig. 7. Numerically calculated turgor pressure relaxations in the
pressure range between 0.2 and 0.5 bar for exosmotic (A) and
endosmotic water flow (B). The calculations were carried out on
the basis of the two-compartment model with pressure-depen-
dent . The cell data used are typical of Chara corallina: V, = 25
ul, A, =100 mm?, Lp =1 X 10-%cm sec” 'bar !, m, =6bar,A: P,
= 0.2 bar, P; = 0.5 bar; B: P, = 0.5 bar, P, = 0.2 bar. In the turgor
pressure range studied, the pressure dependence of £ was ap-
proximately linear with ¢ = 80 - P + 80 bar {(cf. Fig. 2). The first
part of both relaxation curves lies above or below the linearly
extrapolated final part (dashed lines), the deviations being of the
order of +17% (A) and —13% (B), respectively, of the initial
amplitude [P; — P,

Numerically calculated pressure relaxations
give an answer to this question. Again, the com-
puter program mentioned in paper I was used to
solve the differential equation for water flow assum-
ing for simplicity that the volumetric elastic modu-
lus was linearly dependent on turgor pressure in the
pressure range of the considered relaxations. Figure
7 shows the result for an exosmotic (Fig. 74) and an
endosmotic pressure relaxation (Fig. 7B), i.e. for
water flow after a positive and a negative pressure
increment. The cell parameters that were used in
the calculations are those of a typical Chara cell and
are given in the figure legend. In Fig. 7, the linear
part of each relaxation was extrapolated to the start
of the hypothetical experiment at ¢+ = 0 (dashed
lines). Note that the endosmotic curve initially runs
below the linear extrapolation of its final part (Fig.
7B). This is contradictory to the experimental find-
ing (Fig. 4B).

The two components of a relaxation curve
could in principle arise if the rapid one was caused
not by water flow but by the viscoelastic deforma-
tion of the cell wall and the associated volume
change. In this case, the positive pressure step
which initiates a pressure relaxation would bring
about an increase in cell volume by displacements
in the fibrillar network of the cell wall resulting in a
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Fig. 8. Cell wall relaxation due to viscoelastic deformation, in
comparison to a pressure relaxation and its fast component in
Chara corallina. The fast component of a pressure relaxation
cannot be explained by the viscoelastic properties of the cell
wall. Note the difference in the amplitudes and half-times of the
two phenomena

rapid component at the beginning of the turgor pres-
sure relaxation. When the pressure increment was
negative, the cell wall would have to contract a little
in order to induce a rapid initial phase under these
conditions. This behavior of the cell wall was in fact
observed qualitatively in experiments on cell wall
tubes filled with mercury (see the preceding chap-
ter). Similar viscoelastic properties are also known
from cell walls of Nitella flexilis [9]. However, in
the case of a wall relaxation occurring after a pres-
sure increment AP, the mean amplitude of 18% was
too small, and the mean half-time of 9 sec too large
to explain the existence of the rapid component (50
to 70%, 1 to 3 sec). In Fig. 8, a typical pressure
relaxation and its fast component are compared to
the viscoelastic relaxation of a cell wall tube to illus-
trate the dissimilarity of the two phenomena. The
slow component cannot be attributed to cell wall
deformation, because the water flow then repre-
sented by the fast component would lead to com-
plete relaxation of the pressure increment within a
few seconds. Thus, the driving force for cell wall
deformation would also vanish. Actually this effect
must be borne in mind because the pressure incre-
ment is in any case rapidly reduced by water flow.
Therefore, the results of the wall experiments with
mercury represent the worst case, in which the
driving force for the wall deformation is maintained
longer than during a pressure relaxation.

It has been shown that influences of unstirred
layers, solvent drag phenomena, and nonlinear
properties of the plasmalemma are unlikely expla-
nations for the experimental findings. Cell wall ef-
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fects are also too small to be responsible for the fast
component of a pressure relaxation. Since none of
the preceding considerations have provided a satis-
factory explanation for the occurrence of two relax-
ation components, it seems sensible to evaluate the
curves on the basis of the three-compartment
model. In our opinion this gives a reasonable expla-
nation of the observed pressure curves.

If one follows the hypothesis that the ‘fine
structure’ of the relaxation curves is the result of an
interaction between the water resistances of the
tonoplast and plasmalemma, we obtain the follow-
ing information. The hydraulic conductivity of the
plasmalemma (Lp,) was 2 X 107 to 4 X 107° cm
sec™! bar™! for turgor pressure values larger than
0.4 bar. This is almost twice as large as the Lp val-
ues published earlier [3-5, 15, 22]. Note that this
discrepancy is at least partially a direct conse-
quence of the different interpretation of the relaxa-
tion curves (two-compartment model versus three-
compartment model). In the lower pressure range
with turgor pressure less than 0.4 bar, an increase of
Lp, by afactor of 2 to 3 was observed in most of the
cells. This is in agreement with earlier measure-
ments with the pressure probe, when Lp was attrib-
uted to the whole membrane barrier system [17-19,
23]. The hydraulic conductivity of the tonoplast
(Lp,) was 3 X 103 to 1 X 107* cm sec™! bar~!. For
turgor pressures greater than 0.4 bar, Lp, was larger
than Lp,. The reverse seems to be true near the
plasmolytic point for turgor pressures less than 0.4
bar. In this pressure range, Lp, values cluster
around 2.5 X 107 cm sec™! bar~!, whereas Lp, val-
ues are larger by a factor of two or three. Actually,
a complementary pressure dependence of Lp, and
Lp, would explain why the two phases of turgor
relaxations were more pronounced at low turgor
pressures. This is illustrated in Fig. 9, which shows
two pressure relaxations calculated using the same
set of cell parameters except for the Lp values of
the tonoplast and the plasmalemma. Curve 1 repre-
sents a pressure relaxation which could have been
measured at high cell turgor when Lp, = 2 x 1073
cmsec™! bar~land Lp, = 1 X 10~* cm sec™! bar™',
Although the two phases can be distinguished in the
theoretical curve, a separation would hardly be pos-
sible in the case of a noisy experimental relaxation.
The half-times of the two components (2 and 5.1
sec) are too similar. Curve 2 could have been mea-
sured at low turgor pressure. Here, Lp, = 6 X 10~°
cm sec™! bar~!and Lp, = 2 x 1075 cm sec™! bar~!
were assumed. It is obvious that the two phases can
easily be distinguished as the half-times of 0.8 and
21 sec are sufficiently different. Therefore, we con-
clude that the pressure dependence of Lp for both
membranes is in favor of the pronounced splitting of
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Fig. 9. Numerically calculated pressure relaxations in the con-
text of the three-compartment model. Curve 1: Lp, = 2 x 1077
cmsec~'bar'and Lp, = 1 x 10~*cm sec™! bar~!. Curve 2: Lp, =
6 x 103 cm sec™! bar~!and Lp, = 2 x 1075 cm sec™! bar~!. The
two exponential components can be more easily separated in
curve 2 than in curve 1. In general, the separation is more dis-
tinct when Lp, is high and Lp, is low

turgor pressure relaxations in two components at
low cell turgors.

The cytoplasmic volume of C. corallina was
also calculated on the basis of the three-compart-
ment model using Eq. (3). The mean value of 9% of
the total cell volume is consistent with the large
vacuoles known to exist in Chara cells.
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