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SUMMARY

1. The isotopic water permeability coefficient, P, of the plasma membrane
of frog body cavity eggs has been determined as a function of the incubation
time in media of different tonicity.
2. It was found that the permeability decreases with the incubation time
in hypotonic solutions. The observed changes may be correlated with an
increase of the tension in the vitelline membrane.
3. In the evaluation of the experimental results the diffusion of water in the
external medium ('unstirred layers') is taken into account.
INTRODUCTION

In most animal cells the net flow of water occurring in a hyperosmotic medium is
more rapid than the one taking place under hyposmotic conditions (Heilbrunn, 1952).
This observation, which obviously limits the applicability of osmometric methods
in permeability studies, may be correlated with the isotope exchange experiments by
Berntsson, Haglund & Lovtrup (1964), showing that the permeability coefficient of
water is significantly lower in hypotonic, than in isotonic, solutions.
In the quoted note it was not established whether it is the concentration of the
bathing medium proper or the tension of the cell membrane (which must differ in
shrinking and swelling cells) that is responsible for the observed changes in the
permeability coefficient. This question is the subject of the present study.
MATERIAL AND METHODS

The experiments were carried out with body cavity eggs of Rana temporaria. The
frogs were purchased from commercial dealers in Western Germany and were kept
under moist conditions at 5 °C until used. The ovulation was induced by the method
described by Rugh (1962). The eggs were surgically removed from the frog, and
were kept in amphibian Ringer solution at pH = 7-8 at the experimental temperature,
which was either 18 or 25 °C.
Prior to each experiment the radius of the eggs was measured with an optical screw
micrometer, a method which has a standard deviation of 1 %.
The exchange of water was followed by determination of the changes in the reduced
weight (RW) of an egg placed in Ringer solution containing 20 % D8O (Levtrup &
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Fig. 1. The curves show the changes in normalized reduced weight,
M,/M m = (RWt - RWg/CRWoo - RW0)
as a function of the dimensionless time variable T = D^ x tIF?, obtained under three different
experimental conditions. Curve A is recorded under isotonic conditions, curve B and C are
from experiments performed in 25 % R and 7-5 % R, respectively. The radius of the eggs at
the time of the experiment, the incubation time and the computed value of the permeability
coefficient are given in the Table inserted in the figure.

Pigon, 1951; Bergfors, Hansson Mild & Lovtrup, 1970; Hansson Mild & Lovtrup,
1974). The tonicity of the isotopic medium was the same as that of the incubation
medium.
The water exchange parameters are calculated from the recorded changes in RW
(Hansson Mild, 1972) on a CDC 3300 computer at the data processing central of
Umea University (UMDAC). A discussion of the isotope exchange method and the
curve-fitting program has been published recently by Hansson Mild & Levtrup
(1974)RESULTS

The experiments carried out in isotonic (100% R) solution at 18 °C were first
evaluated with a computer program designed for the simultaneous determination of
both the cytoplasmic diffusion coefficient for water, Dlt and the permeability coefficient, P. The mean value of D1 from 12 experiments was found to be (5-0 + 0-8)
x io" 6 cm2/sec. The difference between the mean value of P when Dx is kept constant
and when it is evaluated from the individual experiment is less than 5 %. The recorded
value of Dx has been used throughout our experiments for the calculation of P, an
expedient that is justified by the fact that we have been unable to register any effect
of the medium upon D3.
The isotope exchange was also followed in eggs which had been incubated f< ~"
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Fig. 2. The permeability coefficient as a function of incubation time in ioo % (#) and 25 %
Ringer (O) solutions. The same Dl value, 5-0 x io~* cm'/sec, is used for the evaluation of P
of all points.

various times in different hypotonic media. In Fig. 1 are shown examples of curves
obtained under three different experimental conditions. In order to make the comparison between the curves easier they are plotted as the normalized changes in
reduced weight versus the dimensionless time variable T = Dx x t/R2, where t is the
time in seconds and R the radius of the egg (see further Hansson Mild, 1972). Since
Dx is constant, the difference between the curves are due solely to changes in the
membrane permeability coefficient, P. The corresponding computer-fitted theoretical
curves are not shown in the plot since the deviations from the experimental curves
occur in the third or fourth digit - an effect too small to be seen in our diagram. For
reasons outlined earlier (Hansson Mild & Lovtrup, 1974), the first minute of the
exchange curve cannot be used in the curve fitting procedure and this part of the
curves is therefore indicated with a broken line in Fig. 1.
Initially, we presumed that the permeability depends on the external osmolarity,
Ce. However, when the P values were plotted against Ce, a considerable scatter was
observed, much greater than warranted by the accuracy of the method. This variation
was found to be the outcome of incubating the eggs in hypotonic solutions, as can be
seen from Figs. 2 and 3, in which P is plotted as a function of the incubation time.
From Fig. 2 it appears that, in an isotonic solution, P remains constant at a mean
value of 1-5 ± o-1 x io~* cm/sec. When the eggs are kept in hypotonic solutions there
is a marked decrease in P with time. Fig. 2 shows that after 3 h in 25 % Ringer P is
reduced by 30 % and after 6 h it is only half of the initial value. In Fig. 3 the corresponding results for 50% Ringer and 7-5 % Ringer are shown.
In parallel experiments the internal pressure in the eggs was determined as a function of temperature and incubation time in different media (Hansson Mild, Levtrup &
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Fig. 3. The permeability coefficient as a function of incubation time in 50% (•) a n d 7 "5%
Ringer (O) solutions. The same Dt value, 5-0 x io~* cm'/sec, is used for the evaluation of P
of all points. The numbera on the points are explained in the text.

Bergfors, 1974a). When the pressure is known, the stress resultant (i.e. the tension)
in the vitelUne membrane (which is the structure responsible for the tension) can be
calculated from
N-&,

(1)

where p is the pressure and R the radius of the egg. In Fig. 4 the permeability is
shown as a function of N for each of the experiments in Figs. 2 and 3, showing an
evident correlation between permeability and tension, whereas the tonicity per se
appears to be without influence.
In some cases P was measured a second time on the same egg and the results of
these experiments have been marked in Figs. 3 and 4. The same number on two
points indicate that they refer to the same egg.
Some experiments were also carried out at 25 °C. It was found that at this temperature the P value of body cavity eggs of R. temporaria is infinitely large. When the
eggs are incubated in hypotonic solution the permeability becomes finite. There is a
considerable scatter in the results, but when the exchange of heavy water is repeated
several times in the same egg P is seen to decrease similarly to that observed in the
experiments at 18 °C. The special importance of these experiments is the finding
that the effect of high temperatures on P can be counteracted by an increase in the
membrane tension.
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Fig. 4. The permeability coefficient aa a function of the stress resultant (i.e. the tension) of
the vitaUine membrane. The numbers on the points are explained in the text.

DISCUSSION

In the boundary condition used for the solution of the diffusion equation it is
assumed that no volume flow occurs. This is an approximation when hypotonic
solutions are employed. The pertinent equations in this case have been given by
Kedem & Katchalsky (1958). In the presence of a non-zero volume flow, Jv, the
solute flow is
(2)
% = e j * + P*Ca,
where Ga is to be regarded as the average concentration of DgO in the membrane,
ACa is the concentration difference across the membrane and P = coRT in the notation
of Kedem & Katchalsky (1958).
From this equation it can be seen that the flow of D2O will be different depending
on whether the bulk flow enters or leaves the cell. Prescott & Zeuthen (1953) have
interpreted their observations on frog eggs to show this effect.
That this 'solvent drag' does not measurably affect the RWcan be seen from the
following reasoning. Working with the diver balance technique it is the outflow of
water from the object that is actually measured (Lovtrup & Pigon, 1951; Ltrvtrup,
1963) and since we work only with hypotonic solutions, it follows that the volume
flow and the measurable isotope flux occur in opposite directions. The bulk flow is
greatest at the beginning of the swelling process when the osmotic concentration
difference across the membrane is largest. This is exemplified by Fig. 5, showing
the changes of the radius as a function of time for an egg incubated in 7-5 % Ringer
solution at 19 °C (for details of the experimental arrangement, see Hansson Mild,
Carlson & Lcrvtrup (19746)). After 7 h of incubation the volume flow is reduced,
compared to the initial stage, by a factor of 5. If the solvent drag hypothesis is valid
for our experimental conditions, the retardation of the isotope flux should be greatest
initially, diminishing with the incubation time. Consequently we should observe a
gradual rise in the value of P, whereas the actual observations show the opposite
45
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Fig. 5. The change of the radius as a function of time for an egg incubated
>n 7'5% Ringer solution at 19 °C.

trend, i.e. very little change during the first hour of incubation and a substantial
decrease subsequently.
With this source of error eliminated we are thus entitled to conclude that the
permeability of the plasma membrane of the frog egg varies with the tension in the
vitelline membrane surrounding it. Since the tension in the latter is much higher
than in the surface of the naked egg (Berntsson et al. 1964), the results in Fig. 4 can
be interpreted in two different ways. Either the tension measured in the vitelline
membrane is transmitted to the subjacent plasma membrane, in which case the
figure is valid as it stands, or else the swelling causes proportionate changes in the
two membranes, and if this is true the measured tension values are only indices of
substantially lower values in the plasma membrane proper.
Our results show that data obtained in osmometric experiments must be interpreted
with great discretion. Evaluation of the permeability coefficient is usually made by
fitting the experimental curve to a theoretical curve derived on the assumption that
diffusion occurs between two well-stirred compartments and that P is constant during
the experiment. It has been found (Lucke", 1940; Rich et al. 1968) that it is not
possible to account for the whole experimental curve on these premises, and our
results suggest that this may be due to the erroneous assumption of a constant
permeability coefficient.
We wish to thank Professor Arne Claesson for many stimulating discussions during
the course of this work. We also gratefully acknowledge the assistance of Mr Andre"
Berglund and Mr Ronald Gronlund in various aspects of the present work.
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