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Introduction. 

Among the substances most often used in studies of cellular permeability 
water occupies a very special position. Although the monovalent alcohols 
and especially the methyl alcohol, considered as rnethylated water, form a 
connecting link between the water and organic anelectrolytes, only very few 
of the permeability series so far published comprise the water or the mono
valent alcohols along with the other anelectrolytes. 

On the other hand there is no Iack of special studies concemed with the 
water or alcohol permeability of many different cell types, but their results 
a re on the whole not very accurate and cannot be directly compared with 
those of the systematic permeability studies. 

This is due, mainly, to two causes. 
1. It is usually necessary to study the permeation of water as a mass

movement or filtration process, brought about by differences in osmotic or 
hydrostatic pressure, while the permeation of other substances is studied as 
a diffusion process. The results are therefore expressed in totally different 
units of measure 1 . It is true that the osmotic pressure can be described as a 
water concentration difference and thus the permeation rate for water expres
sed in the same way and by the same units as employed for other compounds; 
but even so it is possible to doubt whether the result would be the same if 
the permeation of water could take place as diffusion pure and simple, like 
that of other substances. 

2. The second cause which compromises the comparison of water and 
alcohol with the rest of the anelectrolytes is the extremely high permeation 
rate of the firstnamed substances which makes sufficiently accurate deter
minations extremely difficult to obtain. In plant cells we have as a further 
difficulty the effect of the cellulose wall which reduces the permeability to 
an extent which it is usually impossible to determine. 

The first difficulty can be overcome by means of heavy water, which opens 
up the possibility of working with a solution of water in water and allows a 
comparison with, say, alcohol in water as quite similar diffusion processes. 

1 Comp. BACHMAKN (1939) and the discussions by FREY-WYSSLIKG and 
v. RECHENBERG-ERNST (1943) which latter are not, however, quite to the point. 
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There is no doubt a definite difference between the rates of permeation 
of ordinary and heavy water (BROOKS 1935, PARPART 1935, BROOKS 1937), 
but the permeation mechanism should be practically the same for both. 

In an earlier study (WARTIOVAAR..-\. 1942) the writer was able largely to 
overcome the technical difficulties due to high permeation rates by measuring 
the rates at which the compound dealt with would come out froru !arge cells 
of Characere into small volumes of water. The quantity obtained in each expe
rimental period is thus directly determined by analysis. Using a somewhat 
altered set up the permeation of methyl alcohol and heavy water could be 
measured easily and with sufficient accuracy in periods down to 10 seconds. 

The experiments to be described were carried out on the intemodial 
ceils of Tolypetlopsis stelligera, an alga belanging to the Charace<e, partly 
because these cells are weil suited for the purpose, but also because they are 
nearly related to the Chara ceratophylla, on which CoLLA1'IDER and BÄRLUKD 
made their extensive permeability studies, and can be taken to show very 
similar permeabilities (WARTIOVAARA 1942 p. 75). 

Methods. 

The plants used were collected at the southem shores of Finland and sent 
to Copenhagen packed in moist paper. They were kept there for 7 weeks in ar
tificial brackish water of 1 ° j 00 salinity at 12° C and exposed only to a weakened 
daylight. The growth during this period was very slight. The plants which 
were collected about the end of their natural vegetation period were evidently 
in a state of rest, very favourable from the point of view of the uniformity 
of the material for physiological purposes. 

Single intemodial cells were prepared a few hours before each experiment. 
Their diameter varied from 0.6 to O.s mm with a length of about 70 mm. 
They were regular cylinders with a volume of about 30 ,ul. Each experiment 
was made on one single ce!l. 

The essential part of the apparatus shown in fig. 1 is a glass tube (d) about 
4 mm in diameter (fig. 2), expanded at the top and provided with a side tube, 
while the lower end is narrowed down to capillary dimensions. The cell to 
be studied is placed in this tube and pressed lightly against one side by means 
of two O.s mm glass rods sealed together at both ends (fig. 2, right). In con
sequence of this arrangement air bubbles can glide freely upwards and break 
without producing spray, and when the tube is emptied the water will flow 
off quickly and almost completely. 

The tube is first filled with a solution of the substance to be studied, which 
is kept in contact with the cell for several rninutes and weil rnixed by air 
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Fig. 2. The tube d with the cell (black) . ! u 
Right the glass rods holding the cell , fronta l ~ 

view. 

bubbles sucked througb from below. 
Tbereupon tbis solution is allowed to 
drain off, a water reservoir (b) is con
nected to tbe top of (d), a piece of rub-

k -- ···· 
---- ---c ber tubing (i) to the side tube and tbe 

wbole is arranged in a waterbath (c) . 
Tbis is filled witb water of tbe desired 

I·· -- · 
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Fig. 1. The apparatus. a 
rubber membrane, b water 
r eservo ir, c tempera ture 
ba th , d glass tube for ho l
ding the cell, e tube carry
ing dry, filtered a ir, f air 
pipe for mi:ring wa t er in 
temperature b ath, g com
pressed air tube, 1t suction 
tube, i clip, k capiUary 
tube, l connecting rubber 

temperature which is kept mixed by 
air. Tbe opening of tbe reservoir (b) is 
so narrow tbat tbe water cannot flow 
out except under pressure. Pressure 
can be applied tbrougb (g, k, 1) and 
causes an air bubble to enter (b). By 
tbe same pressure tbe solution is emp
tied out from (d) . Wben next suction 
is applied (b, k, I) a definite volume of water is let 
out from (b) and covers tbe cell and at tbe sametime 
airbegins to bubble tbrougb from (e). Tbe volume 
of water, let out every time suction replaces pres
sure, is regulated by tbe rubber membrane (a) 
wbich is adjusted by a screw 1 . 

tube. 
Tbe connection of tbe apparatus witb eitber tbe 

suction or tbe pressure was brougbt about instantaneously by a clip (i). 
Suction and pressure were regulated to about tbe same difference from tbe 
atmospbere of about 20-50 cm water. 'fbe capillary (k) regulates tbe flow 
of air and slows down tbe rise in pressure sufficiently to allow tbe solution 
to drain off from .tbe walls of the tube (rl) and tbe cell . Tbe dimensions 
of tbe separate parts were tried out until a volume of water of 100- 200 ~ 
could be exchanged in one second. 

Because tbe beavy water is bygroscopic tbe air used for mixing bad to 
be dry, and at tbe same time the lower end of (d) bad to be easily accessible 
in order to collect tbe solution samples . Tbe dry air was let in tbrougb (e) . 
Even if tbis was perbaps unnecessary on account of tbe low concentration 
of tbe solutions and tbe brief experimental periods, tbe tube was useful as 
a protection for tbe capillary. When tbe solution bad to be cbanged a micro 

1 This detail was not fully satisfactory as tbe volume variations were too 
!arge. Seme kind of pump would no doubt be better. 
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test tube was introduced so that the capillary reached weil into it and for 
one second pressure was applied instead of the normal suction. 

Before any determinations of the diffusion from the cell were made the 
water was changed several times during a period corresponding more or less 
to the elimination of one half of the available quantity of the substance to 
be determined, in order to have a regular concentration gradient. Then fo1-
lowed the changes in accurately measured periods of the same 1engtb, and 
the solutions emptied out were collected for analysis. The sampling tubes 
were closed with paraffin stoppers. 

The solution used for the experiments was distilled water with 30 mg/1 
CaC1 2 and neutralized to PH 7 with 13.7 mg/1 NaHC0 3 • This solution cor
responds fairly weil to the natural environment of the plants and at the pH 
of 7 is not too sensitive to the co2 of the atmosphere. All experiments were 
made at 20° C. 

The D 20 had a concentration between 30 and 50 %. The same quantity 
of 0.3 rnl could be used to saturate cells several times before becoming too 
dilute. 

From the point of view of the accuracy of the results the highest possible 
concentration is to be preferred. Even concentrations of about 100 % do 
not apparently darnage the cclls, but when brought from this into ordinary 
water the cells would often burst. This never happened with 50% D 20. The 
plasma rotation continued undisturbed throughout, and the cells would keep 
alive at least for several days afterwards. 

The methyl alcohol was used as 5 %, that is about 1.6 molar, solution. 
It had no visible effect on the cells during or after the experiments. The nar
cotic effects of methyl alcohol on plant cells is known to be slight and the 
osmotic effect small only. 

The volumes of the water samples were determined by weighing and no 
account was taken of the very s1ight differences in specific gravity. 

The concentration of DHO in the samples was at first determined in the 
usual way, after purification by repeated distillation, by determination of 
the specific gravity of the distillate according to the method of LrNDERSTR0M

LA1'<G (1938), in which drops of the unknown solution are placed in a verti
cal tube containing mixtures of bromo-benzol and gaso1ine, sbowing a regu
larly increasing specific gravity from top to bottom, and their position accu
rately compared with drops of known specific gravity; but it wa found that 
the concentrations of other constituents remairred so constant that a direct 
determination of the specific gravity of the samples by the same method could 
give results of sufficient accuracy 1 • 

1 The determinations were kindly carried out by dr. USSING and Mr . CHAU

FUSS . 
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The determinations of methyl alcohol were earried out as follows: 

A 0.01 molar solution of potassium biehromate in eone. sulphurie aeid was 
added to eaeh sample by a syringe pipette (KROGH 1935). After eooling the 
mixture was washed into a larger vessel with about 20 volumes of water aud 
the surplus bichromate titrated iodometrieally by means of thiosulphate. 

The permeation eonstant was ealeulated from the equation (CüLLANDER 

& BÄRLUND 1933 p . 26) 

(1) 
V C 

P= - ln 
t · q C-e 

in which P is the permeation eonstant, t the time, v the eell volume, q the 
eell surfaee, C the eoneentration of the diffusing substanee at the beginning 
of each period and e the deerease in eoneentration during the period t. 

In praetiee the following equation was employed 

(2) 
d 

P = 3.45- log k 
t 

in which d is the eell diameter in mm, t the time in minutes and k the relation 
between quantities of the substanee diffusing out in eonseeutive periods. 
In this equation P is obtained in em/hour, although t and d are measured in 
minutes and mm. The equation is obtained from (1) by changing into ordi-

nary logarithms, substituting ~ for ~ (relation between eylinder volume and 
! q 

surfaee) and eombining all eonstants into one. The substitution of k for 
c 
-- ean be made, beeause the rate of diffusion at any moment is direetly 
C-e 
proportional to the inside eoneentration at that moment. 

This latter relation is of special interest, beeause in my experiments the 
quantities diffusing out of the eell in eonseeutive periods are determined 
instead of the eoneentration in the eell sap. When the periods are of the same 
length we get a series of k-values (in prineiple identical) from which to eal
eulate the permeation eonstant aeeording to equation (2). 

The experimental arrangement adopted makes it possible to avoid one 
souree of error which is very eommon in experiments on rapid diffusion . When 
namely the diffusion resistanee of the plasma membrane is of the same order 
of magnitude as that of the other eonstituents of the eell ~ including the sap 
- it is neeessary to allow for the time which is required at first to establish 
a definite eoneentration gradient. With my arrangement it is unneeessary 
to begin measuring the rate of permeation just after changing from the satu
rating solution to water. One ean wait until the eoneentration gradient is 
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stabilized. Without this arrangement it would scarcely be possible to 
measure the rate of methyl alcohol permeation in freshly killed cells, which 
show a half-value period only 3 times Ionger than that of a corresponding 
cylinder of pure water. 

Sources of systematic error and corrections. 

The very rapid permeation of the substances dealt with will cause certain 
rather large errors in the results as directly obtained, for which quantitative 
allowance must be made. 

The analyses are mainly liable to positive errors . egative errors, due 
e.g. to evaporation, will, on account of the low concentrations, be insignifi
cant, but accidental, even if small, impurities will have a definite positive 
effect. Larger errors of this kind will show up as distinct aberrations from 
the curves representing the experiments. 

The fact that a certain fraction of the solution in the experimental vessel 
is not emptied out and takes up some of the substance diffusing out diminishes 
the concentration gradient and causes a negative error. This error is nearly 
constant and c.an be eliminated by c.alculation . When the water is changed 
at constant intervals a definite relation is established after a few changes 
between the surplus left over from one change and the deficit of the next . 
Since the quantities diffusing out decrease regularly the surplus is always 
!arger than the deficit and in the same proportion throughout. 

The external concentration which reduces the permeation has a minimum, 
just when the water has been changed, and a maximum just before the next 
change. When the external concentration is kept low compared with the 
internal it can be assumed that the error of the permeation constant, as cal
culated directly from the analyses, is proportional to the (relative) external 
concentration . Just after a change of water we have approximately: 

(3) 
External conc. v k- 1 
Interna! conc. = Pv 1-pk 

and just before the next change 

External conc. v k - 1 

Interna! conc. =V 1-pk 
(4) 

in which v is the cell volume, V the external water volume, of which p V is 
left over, and k the relation between two consecutive quantities diffused 
out 1. The volumes both of the cell and the extemal solution are easily deter-

1 If each analysis corresponds to two samples Vk is to be substituted for 
k in the equations (3) and (4). 
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mined by weighing. The residual water is determined by filling in a solution 
which does not penetrate the cell. When such a solution is let out and the 
apparatus then washed, an analysis of the washing fluid will give the residue. 

The highly colloidal pigment T 1824 which can easily be determined colori
metrically was employed for the purpose. 

External conc. 
The average 

1 
which opposes the diffusion is calculated 

Interna conc. 

from the figures v=30 ftl, V=150 ,ul p=0.2. For k=1.5 we find for (3) the 
value O.oa and for (4) O.u with the average O.oss or about 9 o/o. 

The result is highly dependent on the value of k and becomes 20 % for 

k=2 and 36 % for k=2.5. 

The equations (3) and (t.) are arrived at as follows: 

1 . d The quantity diffusing out from the cell is reduced by - for each peno 
k 

and, since it is proportional to the inside concentration, the quantity left inside 
1 

is also reduced by k during each period . 

Taking the inside quantity at the beginning of the fi rst period as unity we 
1 1 

have at the beginning of the second period - left, and tbe difference 1-- = 
k k 

k-1 
-k- has diffused out. At the beginning of the nth period we bave inside the 

1 1 k-1 
cell -- and at the end - while -- has diffused out. kD- 1 kD kD 

pv 
The quantities diffusing out are reduced at each change of water to V' 

and at the beginning of the nth period after n-1 changes of water we have left 
k - 1 k-1 

from the first portion -- only pn-1 -- and from the following increas~ 
k k 

ing fractions up to and including p k-
1

1 
or in all 

kn-

k - 1 k-1 k-1 k-1 
Pn-1 --+ pn- 2 __ + ... + p2 + p 

k k2 kn-2 kn-1 

and the relation 

External conc . v 
-----= _ (k-1) (pn-1 kn-2 + .... + p2k + p) = 
Interna! conc. V 

(3) 

~ (k-1) (1: p (pk)n-2 ] = p ~. k-l when we put n= oo. 
V 1 V 1-pk 

Similarly we find for the end of the n1h period 
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External conc. v 
(4) = _ (k-1) (pn-1 kn-1 +pn- 2 kn- 2 + . . + p2k2 

Interna! conc. V 

+ pk + 1) = - (k-1) E 1 (pk)n-1 = ~ ·-- . V [n ] V k-1 
~. V 1 V 1-pk 

The error introduced by taking n = oo is insignificant, because the series con
verges rapidly towards 0 when p is sufficiently small. 

The analytical results when corrected will therefore give a true picture 
of the diffusion, except for the irregular variations due to variations in the 
quantity of water left over from one period to the next. These are accidental 
and will check out in the mean. 

The time during which the cell is dry at each change of solution causes 
an apparent lowering of the permeation rate. This error is very difficult to 
estimate, but one cannot go far wrong by judging it to make up about Y2 
the total time for each change. In the experiments on dead cells, in which the 
water was changed every 10 seconds, the period should therefore be reduced 
by 5 %· In experiments on living cells the correction is smaller, because 
the periods were longer. 

Some methyl alcohol is evaporated into the air sucked through. In a 
control experiment with a known alcohol solution the error on this account 
amounted to a few %. In the actual experiments it is largely eliminated by 
the calculation of the permeation constant according to equation (2), because 
only the alcohol diffused out into the water is e.-.cposed to evaporation and the 
relative loss must be approximately constant. 

Because the vapour pressure is reduced more rapidly than the concen
tration the quantities analysed will be more slowly diminished than those 
actually diffusing out, but the error on the permeation constant is so small 
as to be completely overshadowed by the accidental variations. 

The sources of error now discussed cause the permeation constant to be 
reduced by 10 to 12 % and are easily allowed for. Two further factors viz. 
the diffusion resistance of the cell wall and the equilibrium concentration of 
the substance investigated are decidedly more important and have tobe taken 
quantititively into account before it is possible to obtain any information of 
value concerning the permeability of the protoplasma membranes. 

If we assume that the abolition of the semipermeability of the plasma 
membranes is the only change in permeability brought about by the death 
of the cell the diffusion resistance of the membranes can be calculated by 
subtracting the resistance of the freshly killed from that of the living cell . 
Since the diffusion resistance is inversely proportional to the permeability 
we have 
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(5) 

in wbicb P is tbe permeability of tbe plasma membranes. P1 that of the living 
and Pd tbat of the dead cell (WARTIOvAA.RA 1942). 

Tbe above assumption is probably not completely correct. The diffusion 
resistance of the plasma between tbe two membranes is probably altered by 
the death of tbe cell, but it seems probable tbat the influence of tbis thin and 
very watery layer is extremely small whetber dead or alive and probably 
not mucb higher tban that of a corresponding layer of water. 

Wben tbe cell dies the turgor is abolisbed and the volume shrinks about 
5 %, corresponding to a reduction in diameter of about 2.5 % wbich is taken 
into account in tbe permeability calculations. It is 
possible, howerer, tbat tbe permeability of tbe cell wall 
is somewhat reduced by tbe sbrinkage . 

Deterrninations of tbe permeability of dead cells were 
made on the same cells which bad served for experi
ments in the living state. The cell was left in tbe tube 
(d) and killed by placing this in bot water (60-70°). 
Tbereupon all substances able to diffuse out tbrougb 
tbe cellulose wall were removed by several hours treat
ment witb running water (fig. 3). Tbe determinations 
of permeability were made as witb living cells. 

Tbe >>non-solvent space>> of Tolypellopsis cells is 
evidently very small. Witb etbyleneglycol for instance 
osmotic equilibrium is reacbed only wben the concen
tration inside the cells is equal to tbat outside. DHO 
will no doubt behave in the same way, and it was deemed 
unnecessary to specially determine the equilibriurn con
centration. Methyl alcohol on the otber band belongs to 
tbat group of substances whicb are at equilibrium de-

Fig. 3. Washing out 
a ki11ed cell. 

finitely less concentrated in tbe cell sap than outside, at least in the case of 
Chara (CüLLANDER & BÄRLUND 1933). It appeared necessary, therefore, to 
find out whether tbe cells of T olypellopsis would show the same peculiarity, 
because tbat would mean that the cell would be more rapidly saturated (and 
again emptied) or, in otber words, tbat tbe permeation is more rapid than 
corresponding to tbe real permeability. It was to be expected, furtber, that 
no such anomaly exists in tbe cells wben killed, so that the P value, calculated 
according to (5) would be even more dependent on the equilibrium content 
of methyl alcohol than the P1 value. 

On account of tbe volatility of the methyl alcohol the cell sap could not 
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Fig. 4. Arrangement for determining the equilibrium 
concentration. Above the capillary tube, containing 
the cells, is shown an air bubble which, sliding back 
and forth, causes a flow of solution through the ca-

pillary tube. 

be analysed directly and 
the following procedure 

was adopted. Cells were 
weighed and enclosed in a 
thinwalled capillary with 
two openings (fig. 4) and 
rocked for about a quarter 

of an hour in a test tube containing a solution of methyl alcohol. The capil

lary was then rapidly emptied out, wiped off on the outside, transferred tQ 

a second, weighed test tube with a known amount of water and rocked until 

the alcohol was again eliminated. Analyses of the water then gave the total 

alcohol in the cells and adhering to them in the capillary. This latter amount 

could be determined from the weight of the second test tube after the in

troduction of the capillary, the weight of which + the cells alone was known. 

After subtraction of the adhering amount of alcohol the equilibrium con

centration in the cells could be made out. 

In similar determinations on killed cells the shrinkage bad to be specially 

determined by weighing without removing them from the capillary. As the 

cells could not be wiped dry the capillary was filled with a olution of dialysed 

starch, emptied out and weighed and the quantity of starch left over washed 

out and determined by analysis. The determination showed a volume dimi

nution by killing of 5 %. which agrees perfectly with the decrease in weight 

observed when living cells are allowed to transpire in air until the turgor is 

lost. The killed cells would collapse when brought into a 1 molar alcohol solu

tion. They were therefore first treated with a solution containing some NaCl 

and thereupon with several changes of pure alcohol solution. Shrinking at 

first they would thus regain their normal volume. 

In the killed cells a distribution coefficient of 0.9s-0.97 was obtained 

showing that no gross errors were involved in the procedure. The fact that 

the value is lower than unity can be ascribed mainly to the non solvent parts 

of the cell wall and protoplasm which are included in the weight. On the living 

cells the mean of 4 determinations was 0.86 (0.840, 0.855, 0.850, O.ss4). 

When the correction factor for dead cells is put at 'l.o, which we need not 

hesitate to do, the corresponding factor for living cells must be raised to 0.89. 

Results. 

The results obtained with heavy water are summarized in tables 1 and 

2 and in the curve fig. 5. In the tables both the analytica1 determinations 

and the permeation constants calculated from equation (2) without any cor-
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Table 1. 
Results of experiments with heayy water. Living cells. t time in minutes, d 

diameter of cells in mm ., a quantities eliminated in arbitrary units, k relation 
between successive quantities . 

I 
Cell 1 

I 
Cell 2 

I 
Cell 3 

I 
Cell 4. 

I 
Cell 5 

t 
d = 0.80 d = 0.70 d = 0.71 d = 0.66 d = 0.70 

a k a k a k a k a k 

0- 1 66.1 80.6 89 .3 69.1 101.0 
2 .32 2.99 2.94 2 .42 2.25 

1- 2 28.5 26.9 30.4 28 .5 ~5.o 

2.41 2.21 2.25 2.43 2.31 
2- 3 11.8 1 2 .2 13.5 11 .5 19 .5 

2 .95 2.54 L5s 2.49 2.41 
3-4. ~.0 4..8 3 .7 ~ .7 I 8 .1 

Mean I - 2.56 I - 2.5s I - 2.25 I - 2.45 I - 2.32 
p I 1.13 I 0.99 I 0 .89 I 0. 89 I 0.88 

Table 2. 
Results of experiments with heavy water. Killed cells. 

I 
Cell 1 

I 
Cell 2 

I 
Cell 3 

I 
Cell ~ 

t 
d = 0.80 d = 0.70 d = 0.71 d = 0.66 

a k I a k a k a k I 

ooo_ 020 29.3 1.1.5 81.2 69.3 
1.86 1.66 2.36 2.32 

020_ 040 15.7 25 .0 34. .5 29.9 
2.15 I 3.43 2.43 2.66 

040_ 1 00 7.3 /. 3 14.2 11.1 
1.16 2.08 2.68 1.98 

1 00_ 120 6.3 3 .5 5.3 5.6 

Mean I - 2.01 I - 2.39 I - 2.49 I - 2.32 

p I 2.56 I 2 .74 I 2.91 I 2.49 

rections are given . The mean of the latter is 0.93 cmfhour for living and 2.ss 
cmfhour for dead cells. It is evident from the curve that the elimination 
follows the exponentiallaw of diffusion processes. The single curves have been 
ornitted, because they would be too irregular, but the theoretical curves corre
sponding to the P values 0.9 and 2.o cmfh. have been drawn. To judge fro m 
the diagram the error on the mean should not exceed ± 5 %. 

The initial quantity of heavy water for each cell, put at 100 in the dia
gram, was calculated as the sum of the geometric series formed by the ana
lytical results. In order to make the results obtained on cells of different dia-
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Fig . 5. Elimination of heavy water from living (lower curYe) and dead cells. Abscissa , 
time in minnte~, calculated for a cell diameter of 0.7 mm. Ordina te, eliruinat ed quanti

ties in percent of t ot al quantity . 

meter directly comparable I have used different time units on the abscissa, 
since the time t and the diameter d are according to equation (2) in inverse 
proportion. That is why only the points corresponding to cells of 0.7 mm dia
meter are placed above the whole minute points, although the changes of 
solution in all cases took place at whole minute (or 20 sec.) intervals. 

In view of the difficulties due to the high permeation rate of the heavy 
water the values obtained on different cells show a satisfactory agreement, 
and it is possible to utilize them for a calculation of the plasma membrane 
permeability. 

Theoretically this should perhaps be calculated for each cell separately, 
but since the dispersion of the results is due evidently more to experimental 
and analytical errors than to real differences in permeability of the cells it 
seems better to utilize the mean in which the aceidentat errors have been to 
a certain extent smoothed out. 

The P value obtained on living cells is somewhat reduced by the incom
plete change of solution and by the brief dry periods at each such change. 
According to the discussion of the sources of error the first of these factors 
can be put at - 9 % and the second at - 1.7 % . 

100 
The P value should therefore be corrected by multiplication with 

100
_

9 
100 

X - - - = i.12 and we have P1 (corr.) = i.12 P1 = 1.o~ cmfh. 
100-1.7 
The P values for the dead cells in table 2 were calculated without regard 

to the diminution in volume at death. This causes a positive error of 2.s %. 
The negative errors due to the changes of solution can be put at 9 % and 5 % 
and we get the final correction 
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Pd (corr) = 1.13 Pd = 3.o3 cmfh. 

In both cases the corrections are relatively small and their possible errors 
cannot have any serious influence. 

From the corrected values the permeability of the living protoplasmic 
membrane for heavy water at 20° Cis calculated according to (5) as 1.o cmfh. 

This value belongs probably to the molecules DHO which are greatly in 
excess in dilute solutions. 

When cells filled with D 20 are apt to burst when put into ordinary water 
this is no doubt due to the slower permeation of heavy water (comp. BROOKS 

1937). The difference must be pretty small, however, since only concentra
tions above 50 % (or about 25 moles) D 20 begin to be dangerous in this 
respect. 

In the methyl alcohol experiments the dispersion, as seen from tables 
3 and 4, appears !arger than for the DHO, but this is due, partly at least, to 
the distribution of the quantity eliminated on a !arger number of analyses. 
This reduces the difference between consecutive analyses (k becomes smaller) 
and the accidental variations become more conspicuous, but the increase in 
dispersion is counteracted by the !arger number of analyses so that the cal
culated mean P values amounting to O. s5 cmfh for living and 1.59 cmfh for 
dead cells are of about the same reliability . The curves in fig. 6 show that the 
exosmosis as a whole is regular and the variations in single points accidental 
and due to errors, analytical and others. 

Table 3. 

Results of experiments with methyl alcohol. Living cells. 

t I Cell 6 d = 0 .66 I Cell 7 d = 0.61 I 
a k 

I 
a k a !? a !? 

o oo_ o 3o 1. 0 44 1 .609 3. 575 3. 640 

'1 .26 1. 3 5 1. 7 7 1.48 

o so_ 'l 00 0 .82 7 1 . 1 92 2 .01 5 2 .472 

1.32 1 0 73 1.66 1 .33 

1 00_ 1 30 0 . 6 26 0 . 688 1 . 2 22 1. 865 

'1. 8 2 1. 5 1 1.76 1.9 3 

130_200 0 . 344 0. 4 56 0 . 689 0. 96 7 

1.20 1. 7 6 1.57 1. 8 4 

2 00_ 2 30 0.2 86 0 . 2 59 0.439 0.52 5 

1. 7 6 1 .25 1. 5 3 1.64 

2 30_ 3 00 0 . 1 6 2 0. 2 0 7 0.28 7 0. 320 

1. 29 I. so 1.44 1 . 5 8 

300_3 30 0 . 1 2 6 0. 111 0 . 200 0. 2 02 

I ::\Iean I - 1 .44 I - •J .58 I - 1. 6 2 I - 1. 63 

I p I 0 . 72 I 0.90 I O.ss I 0.89 
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Table 4. 

Results of experiments with methyl alcohol. Killed cells. 

t I Cell 6 d = 0 . 66 I Cell 7 d = 0.61 

a k a k I a k a k 

000_015 3.018 0.921 2.920 2.963 

1.56 1.55 1.64 1.60 

015_030 1.950 0.590 1.781 1.857 

1.17 1.74 1.36 2.06 

030_ 045 1.660 0.339 1.313 0.900 

I 1.66 1.37 1.68 1.28 

I 045_1 00 1.002 0.248 0.780 0.705 

I 
1. 38 1.68 1.50 1.84 

100_115 0.725 0.158 0.510 0.383 

1.83 1.13 1.42 1.47 

115_130 0.396 0.140 0.360 0.260 

1.14 1.40 

I 
1.56 1.44 

130_145 0 .349 0.100 0.231 0.181 

Mean I - 1.46 I - 1.47 I - 1.54 I - 1.62 

p I 1.49 I 1.52 I 1.58 I 1.76 

The average curves (not drawn in fig. 6) cut the horizontal corresponding 
the elimination of 1 / 2, 3 I 4 and 7 I 8 at points corresponding to the same lengths 
of time (the half value period) which is for living cells about O.s min. and for 
those killed about ÜA min., which would give P values of O.s and 1.6 re
spectively. 

It is worthy of special notice that no difference in permeability between 

Fig. 6. Elimination of m ethyl alcohol from living (lower curve) and 
dead cells. Abscissa, time in minutes, calculated for a cell diameter of 
0 .6 mm. Ordinate, eliminated quantities in per cent of total quantity. 
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single cells can be observed and that the half value period remains unaltered 
between concentrations from O.s mol 1 down to O.o8 mol. 

The negative errors on the P values for the living cells are the same as 
in the heavy water experiments, but in addition there is a positive error of 
11 %, because the equilibrium concentration of methyl alcohol within the 
cells is lower than outside. The final correction is 

P1 (corr) = 0.89 X 1.12 · P1 = 0.85 cmfh. 

The dead cells require the same correction as with heavy water and there 
is at equilibrium the same concentration inside and outside. We have 

Pd (corr) = 1.w Pd = 1.7a cmfh. 

Using the corrected figures in equation (5) we find as permeability of the pro
toplasmic membranes for methyl alcohol at 20° C 1.7 cmfh. 

Discussion. 

The present paper is a prelimiuary attempt to obtain absolute values for 
the plasma membrane permeability of cells inclosed within a cell wall to sub
stances diffusing very rapidly. It shows that one is not limited to the use of 
naked protoplasts for experiments with such substances, even when fairly 
reliable results are aimed at. 

Weshallfirst try to make a comparison between the power of permeation 
of heavy water in >>stalk•> cells of Tolypellopsis with that of ordinary water 
as measured by PALVA (1939) on >>leaf» cells of the same species. It is to be 
noted that PALVA used an osmotic method and determined the changes in 
specific gravity brought about by loss of water. From his data he calculated 
a permeability for water of 1.o8 11 . Atm-1

. min- 1 at 20-21° C. This could, 
of course, be recalculated into cmjh, but it is safer to work up from the expe
riments themselves. 

According to the curves given by PALVA (p. 268) 50 % of the water lost 
in an experiment is eliminated on an average in 1.s minutes and 75 % in 3.2 
min. The loss of water can therefore be considered as an exponential function 
of the force acting, with a half value period of 1.7 min. 

The cell diameters are mentioned as being between 0.5 and O.s mm, and 
the average can be taken as 0.7 mm without committing any serious error. 
When these values (d = 0.7, t = 1.7, k = 2) are introduced into equation 
{3) we find the permeation constant 0.43 cmfhour. 

1 The original 1.6 molar concentration was reduced to O.s during the intro
ductory period of washing. 

2 
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The rate of water elimination was therefore in PALVAS experiments cer

tainly not more than 40 % of my value for heavy water. It rnight be assumed 

that the cells studied by PALVA were less permeable than mine, but it is much 

more probable that the difference is due to the necessary ornission of mixing 

the solutions used -in PALVAS experiments, a source of error which is mention

ed by the author, but not considered quantitatively or allowed for. 
It appears doubtful whether a valid comparison can be made between an 

osmotic flow of water and the diffusion of single water molecules, and this 

doubt applies to all determinations made by means of osmotic methods, even 

when technically perfect, and it should perhaps be pointed out that generally 

they are not technically perfect, especially when the object contains several 
layers of cells. 

In the present paper the permeation of DHO is studied as a diffusion pro
cesspure and simple, so that the permeation constants both for DHO and for 

methyl alcohol can be directly compared with those for more slowly permeat

ing substances. They can be included in the permeability series on T oly

pellopsis (WARTIOVAARA 1942) as shown in table 5. 

Table 5. 

The permeability series for T olypellopsis at 20 °, cmfh. (From WARTIOVAARA 
1942, except DHO and methyl alcohol). 

DHO ...... .. ... .. . ... . .... ......... .. .. .. .... . 
Methyl alcohol ...... .. . .. . ... ...... ... ..... . 
Urethylan ...... . .. .. ..... ... .. . .... ......... . 
Trimethyl citrate ....... ... .. ........... .. . . 
2, 3- Butyleneglycol .. . .... .. .............. . 
E thyleneglycol ......... .... ... .. ..... . ... .. . 
Urea . .. ... ..... . .................... . ... .. . .. . 
Hexamethylentetramine ........ . ... ..... . 
Tetraethyleneglycol .............. . .. ...... . 
Glycerol .... .. . .. .......... ... ............ ..... . 

Living cells 

1.o 
0.85 

o.~~ 

0.044 

0.016 

0.010 

0.0008~ 

0.00055 

0.00051 

O.oooo 1 

Protoplasmic 
membrane 

1.6 
1.7 
0.75 

0.050 

This series, based on direct determinations of permeating quanties of the 

single substances, covers P values over a range of 105, from that of glycerol 

to those of heavy water and methyl alcohol. Since such a series is not avail

able for any other plant 1 it seems justified to attempt a numerical evaluation 
of the results. 

1 HÖFLER published in 1934 a permeability series on M ajanthemum, also 
including water, but the errors inherent in the plasmolytic method, especially 
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As shown by COLLANDER and BÄRLUND (1933) in the case of Chara the 
permeation rates of most anelectrolytes is almost directly proportional to their 
solubility in lipoids. Only those compounds the molecular size of which is 
below a certain limit (MRD < 15) show a definitely higherrate than corres
ponding to their lipoid-solubility. That Tolypellopsis will show the same rela
tions is to be expected, if only because of the close relationship to Chara. 

Table 6. 
The permeability series for T olypellopsis, arranged according to increasing 
molecular volume of the substances included. P the permeability constant, 
k the distribution ra-tio for etherjwater (after COLLANDER and BÄRLUND 1 933 

and WARTIOVAARA 1942). MRn the molecular refraction. 

p k P /k MRn 

:OHO ... ...... .................. 1.G 0.01 8 89 3 .7 
Methyl alcohol ........... . 1.7 0.27 5. 1 8.3 
Urea ...... ... .... ...... ....... . 0.00084 0.0004.7 1.8 13.7 
Ethyleneglycol ..... . ...... 0.010 0.0048 2.1 14..4 
Urethylan . .............. ... 0.75 0.43 5.4 16.5 
Glycerol ········· ············ 0.000081 0.00074 O.u 20.6 
Buthyleneglycol ·········· ·· 0.016 0.029 0.55 23.7 
Hexameth y Jentetramine 0.00055 0.00026 2.1 38 .8 
Tetraethyleneglycol 0.00051 0.0024 0.21 4 7.1 
Trimethyl citrate ....... .... . 0.050 0.43 0.12 50.3 

For Tolypellopsis it is now possible, howerer, to estimate the diffusion 
resistance of the isolateQ protoplast even for substances which permeate very 
rapidly. This makes it possible to estimate the influence of molecular size 
more accurately than in the case of Chara. If the permeation rate of the sub
stances studied depended solely on their lipoid-solubility - or rather on their 
distribution ratio between ethylether and water, which has been selected as 

p 
a measure of lipoid solubility - we should in table 6 find the relation k 
constant, P being the permeation constant and k the distribution ratio ether/ 
water. (This ratio for DHO is given below). This relation is in fact of the 
same order of magnitude (viz. O.t to O.s) 1 for those compounds which have 
mole~ular refractions MRD ::::::,.. 21. 

p 
For the smaller molecules (MRD = 8-17) the relation k IS about ten 

times higher and for the smallest, heavy water (MRD about 3.7), a few hun-

as regards rapidly permeating substances, must be suspected to have seriously 
influenced the experimental results. 

1 Only hexamethylentetramine behaves abnormally in this as in other 
respects. 
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dred times higher. Closer relations between the permeation ability and the 
physical constants used (somewhat arbitrarily) for comparison could pro
bably only be expected for very nearly related compounds (within homolo
gous series) and at present we cannot do more than point out the relation in 
order of magnitude between what is called permeation through pores and the 
molecular volume as expressed by the molecular refraction. 

The distribution ratio for DHO as given in table 6 was not directly deter
mined, but arrived at in the following way. When sbaken together at 20° ether 
and ordinary water will separate into a water phase containing about 95 g and 
an ether phase containing 1.7 g water per 100 ml. A content (not too large) 
of DHO is assumed to become distributed in the same way, and the distribution 
ratio will thus be 1.7/ 95=0.018. This treatment of the problern is in formal 
agreemant with that adopted for other anelectrolytes when the molecules of 
DHO are considered as dissolved, but it is by no means clear that the result is 
of the same significance from a physiological point of view. Tbe distribution 
ratio for water depends directly on its absolute solubility in etber wbicb is not 
tbe case regarding otber distribution ratios. On the other band we have to 
remernher that tbe determination of distribution ratios represents only a model 
in which the ether pbase represents the lipoids of the plasma membrane. Also 
in the physiological conditions represented it seems natural to assume tbat the 
possibility for water to penetrate the membrane by tsolutiom in its lipoids is 
limited by the absolute solubility, while tbat of other anelectrolytes, present 
in dilute solutions, is governed by tbe distribution ratio lipoidfwater. Tbe distri
bution ratio as calculated for beavy water appears tberefore also pbysiologi
cally plausible. 

p 
As evident from table 6 there is a very large interval between the k 

value for heavy water and that for the next substance, methyl alcohol. It 
will probably be difficult to fill up this interval. Such compounds as CO, 
0 2, N 2 or perhaps even C02 and l\TH 8 are to be considered, but it will be dif
ficult to obtain accurate determinations of plasma permeability with any of 
them. It is, nevertheless, probable that the »pore permeability>> increases 
regularly with decreasing molecular volume and finally becomes much more 
important than the >>Solution permeability>>. The enormous permeation abi
lity of heavy water as compared with its slight solubility in Iipoids is there
fore probably no real exception from a general rule. The exceptional position 
of water is probably apparent only and due to the fact that we have so far 
no other substance, with similar small lipoid solubility and small molecular 
volume, for which the permeation rate has been determined with similar 
accuracy. 
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Summary. 

A method is described for direct determination of the permeation constant 
of very rapidly permeating substances into single !arge plant cells. This 
method is available also for heavy water and allows the determination of its 
permeation as a diffusion process. 

On intemodial cells of Tolypellopsis stelligera (Characeae), both in the 
Iiving state and freshly killed, the permeation constants of heavy water and 
methyl alcohol were determined, and from these determinations the diffusion 
resistance of the isolated Iiving protoplast calculated. 

Tbe following permeation constants were obtained: For DHO on living 
cells 1.o4, killed cells 3.os, isolated protoplasts 1.6, for metbyl alcobol on 
Iiving cells O.ss, killed cells 1.75, isolated protoplasts 1.7. (Tbe permeability 
for methyl alcobol remained tbe same be~'een alcohol concentrations of 
O.s to O.os molar). Tbe permeation rate of ordinary water is higber than tbat 
of DHO, but tbe difference is probably sligbt. 

Tbe permeability series for tbe protoplasts of Tolypellopsis as now supple
mented witb tbe ratio for DHO and metbyl alcohol are discussed. Tbe permea
tion rate for beavy wate:& is several hundred times bigber tban tbose for sub
stances of tbe same relative solubility in etber, but mucb !arger molecular 
volumes, while metbyl alcobol does not differ significantly from otber mole
cules of relatively small size (MRD < t 7) whicb on an average permeate 10 
times more rapidly tban tbe ]arger ones showing a similar solubility in ether. 

I wish to thank tbe cbief of tbe Zoophysiological Laboratory of Copeu
hagen University professor A. KROGH most heartily for tbe opportunity to 
do this piece of work and for bis help and support, freely given in many in
stances. I am very grateful for a grant from tbe RAsK-0RSTED FouNDATION 
whicb made this study financially possible. Sorue final experiments were 
carried out in the Botanical Institute of the University of Helsinki, towards 
wbicb I received a grant from tbe FrnmSH ACADEMY OF SCIENCE. I wisb 
to tbank also professor RUNAR COLLANDER for valuable help and counsel. 
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