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SUMMARY

1. A modification of the osmotic lysis method, taking into account differences
in osmaotic resistance, is introduced. This method allows a more fundamental physico-
chemical interpretation of the permeability process and the calculation of permea-
bility ceefficients.

2. Evidence is presented that the reflection coefficient for glycerol is near
to one for human red blood cells as well as for pig red blood cells.

3. The permeability coefficient proved to be independent of differences in
lysis behaviour of erythrocytes, which were treated with isotonic solutions of dit-
ferent non-permeants.

4. The osmotic resistance in NaCl solutions is strongly time dependent, whereas
in sucrose solutions this parameter is time independent and gives the best approxima-
tion of the original osmotic resistance of the red blood cell.

INTRODUCTION

The osmotic lysis method described by Jacobs ef al.! is used frequently in
comparative studies of the permeability of ervthrocytes’~* and other cell types?¢
for rapidly penetrating substances. Though the time of lysis depends in some way
on the permeability, it is clear that the rate of hemolysis may also be affected by
the following factors: (a) the surface/volume ratio, which varies with the shape
of red blood cells of various mammalian specic .8, (b) differences in membrane
elasticity, though not observed wich human eryihrocytes®. (c) the loss of osmotic
matevial from the cells duriag the permeation experiments®~!4. (d) variations in
initial intracellular tonicity!®. (e) changes in membrane properties induced by the
penetrating substances.

Jacobs et al.l, being aware of these factors stated that comparison of hemolysis
times obtained with red blood cells from different animals may lead to unreliable
permeability data. The importance of these factors has been discussed in a thcoretical
study of Canham'® concerning the osmotic fragility of individual humar e:ythro-
cytes. The aim of our study and the method introduced is to rule out these factors
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as far as possible in order to obtain a better estimation of the permeability as such.
It proved possible to eliminate the influence of differences in surface/volume ratio
on permeability determinations by combining estimations of the osmotic resistance
in sucrose solutions used and of the hemolysis rates in solutions of different con-
centrations of glycerol. Equations are given which describe the lysis process and
which can be used to calculate the permeability coefficient. Simplification of the
equations by neglecting the reflection coefficient appears to be justified on the
basis of the experimental results. it will be shown that the pretreatment of the
erythrocytes does not influcnce markedly the glycerol permeability coefficient,
determined by the modified osmotic lysis method, though considerable differences
in lysis pattern are observed.

MATERIALS AND METHODS

Erythrocytes were isolated by centrifugation (1o min, 1000 X g) from fresh
heparinized or defibrinated blcod. The buffy coat was removed and the erythrocytes
either resuspended in serum, or treated four times with a 5- to 10-fold excess of 300 mM
sucrose or 150 mM NaCl solution, toth solutions being buffered with 1 mM sodinm
phosphate to pH 7.5. “‘Reagent grade’’ chemicals, obtained from Merck, were used.
The osmolarity of the test solutions in mosmoles/l was calculated from the specific
gravity and the osmolality estimated from freezing-point depression with an Ad-
vanced Instruments osmometer.

Lysis experiments

With a microsyringe 0.05 ml of the erythrocyte suspension, hematocrit 0.4-0.5,
was added in duplicate to 10~ral samples of buffered solutions of isatonic or hypotonic
NaCl, sucrose or the permeating substance glycerol. Buffer conposition and pH
were as described above. All solutions were kept at 37 °C. After addition of the ery-
throcyte suspension the test tubes were shaken immediately and placed again into
a bath of 37 °C. After various time intervals hemolysis was stopped by adding 1 ml
1.5 M NaCl, whereafter the non-hemolysed cells were removed by centrifugation
(10 min, 1000 X g). The absorbance of the supernatant was measured at 540 nm and
found to be proportional to the amount of hemoglobin liberated. When in the follow-
ing the term 50 % hemolysis’ is uszd, this means that the absorbance of the super-
natant relative to that of a fully hemolysed preparation (4/4 max) is 0.5.

Determination of the mean critical cell volume (V)

Per ml erythrocytes resuspended in serura (hematocrit 0.4-0.5) was added
0.05 uCi [carboxy-1"Clinulin obtained from Radiochemical Center, Amersham,
and dissolved in 0.05 ml 300 mM unbuffered sucrose. Thereafter 1 ml unbuffered
sucrose of different osmolarity was added to 1-ml samples. After mixing, the samples
were centrifuged at once {10 min, 1000 x g). The radioactivity was determined in
0.2 ml of the supernatant added to 10 ml Instagel (Packard Instrument Co.), with
a Packard Tri-Carb liquid scintillation spectrometer Type 3380, equipped with an
Absclute Activity Analyzer Model 544. The activities were compared with the acti-
vity of a standard dilution of {MC]inulin. The total cellular volume was calculated
from these data. The average erythrocyte volume was calculated from the cell count
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made with a Coulter Counter Model B, equipped with a 50-xm aperture tube, and
from the total cellular volume. The average erythrocyte volumes were plotted
against the corresponding osmolarities determined in a parallel experiment without
added [¥Clinulin. An approximate value for the average critical cell volume (7y)
was found by extrapolation to the sucrosc concentration causing 50 % hemolysis.

THEORY

Vur studies are based on the assumption that erythrocytes normally behave
like perfect osmometers, though this is still questionable’™1? and on the fact that
the exchange of water takes place rapidly!®-22. Therefore the osmotic equilibrium
of erythrocytes with its environment will be established almost instantaneously.
Taking account of this, it appeared to be possible to estimate erythrocyte permea-
bility more exactly by combining osmotic resistance and permeability measurements.
Outside the erythrocytes the osmolar concentration (further called concentration)
of permeant or non-permeant can be regarded as remaining constant due to the
low ratio of erythrocyte volume/medium volume, used in our studies. Confining
ourselves to the case of one penetrating non-electrolyte, e.g. glycerol, being present
outside the cell, the concentration of this substance will be denoted by m,. The total
extracellular concentration of non-permeating substance will be assumed to be
equivalent to my. The sum of concentrations outside the cell is thus:

m, + m, = m_{osmoles/l) (1)

The quantities mp, m, and e do not depend on time, nor on the co.dition of the cells.
Intracellularly the situation is different. As a result of previous ‘reatments with
an isotonic solution of non-permeating substance, all permeating substances have
been removed, so that at the start of the experiment only non-permeating components
will be present. After a while, however, due to diffusion through the cell membrare,
some penetrating substance will have entered, the intracellular concentration of
which is denoted as X. Since the erythrocvte membrane is readily permeable to
water!®22, water equilibriem is established within milliseconds. This means that the
total osmotic activity on both sides of the membrane can always be taken as equal.
Since the strength of the erythrocyte memorane is negligibly smali?® no pressure
differences will be built up. So the variable volume of the erythrocyte adapts itself
rapidly to each new situation, in such a way that the osmotic activities inside and
outside the cell remain equal to each other. In consequence we may write for the
concentration inside the cell:

m,=X + ]—:— (2)
with X the concentration of permeating substance in the cell, depending on time;
V' the volume of the cell depending on time, and .V the concentration of non-per-
meating components in the cell, which can be considered to be constant. N, V and X
may be somewhat different for individual erythrocytes of the population due to
variations in age and consequently in properties?%25. Thus Eqn 2 is only valid for
each fractior f of the cell population:

me = X(f) + :-,%)) (2f)
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For the sake of simplicity we shall omit the subscript f in the following derivations.
Assurning that diffusion through the cell membrane obeys the first law of Fick,
which states that the amount of transported material is proportional to the difference
in concentration, one obtains:

d(é{:m = P-S(m, — X) ()
in which ¥V and S are the volume and the surface area of the erythrocyte respectively,
and P the permeability coefficient.

This equation is, however, overly simplified. On the basis of irreversible thermo-
dynamics, Staverman?® stated that interactions must take place between solute
and solvent permeating through the same channels. These interactions are represented
by the reflection coefficient o, which is defined as the ratio of the actual osmotic
pressure to the theoretical van 't Hoff osmotic pressure. Eqn 3 must therefore be
replaced by a more general expression, ¢.g. that given by Stein®’. Using our symbols,
this expression reads:

dxv) _ m,+ X 1 dV _
n —S{(I—G) "2 5 g + PO, X)} @

Values for the reflection coefficient of glycerol are only published for human
erythrocytes which have a relatively high permeability to glycerol. Goldstein and
Solomon?® found experimentally a o value of 0.88 hy the “zero time method’’. Stein?’
calculated a o value of 0.995-0.997 from permeability data which were obtained,
however, in the presence of volume flow. When the water permeability of the erythro-
cyte is high compared to that of the permeant, the permeability coefficient will
certainly not differ by a.1 order of magnitude in the presence or absence of water
flow®. Sha’afi ¢f al.?® obtained experimental evidence that the permeability coefficient
of urea 1 human erythrocyte decreases with increasing solvent flow. Sha’afi ef al.3°
concluded that there was a surprisingly good agreement between the permeability
coefficients computed from hemolysis times®® and those obtained using rapid reaction
techniques. But they argued that it is not possible to combine these data, which
differ by an order of magnitude, into a single ratio as was done by Stein?’. Pheno-
menologically the permeability coefficient and the reflection coefficient are entirely
independent parameters32. The frictional treatment® cannot be applied to the red
blood cell membrane, because the diffusion coefficient in water does not bear a
predictable relationship to the sclute- water friction in the membrane?®. The following
points make the assumption acceptable that the reflection coefficient may be neglected
in our permeability studies:

(1) As will be shown in the results (Table Ij the determined permeability
coefficient for glycerol is noz, or only to a very srnall degree, dependent on the extra-
cellular glycerol cuncentration. On theoretical grounds, the reflection coefficien:
raust depend to some extent on the concentration?”2®. Since the determined per-
meability coefficient is virtually independent of the concentration, one may take
the reflection coefficient to be almost one. Sha’afi ef al.?® and Savitz and Solomon34
also suggested that the effect of solute concentration on the permeability coefficient
Is relatively unimportant3°,

(2) Since the reflection coefficient is equal to the ratio of the observed osmotic
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pressure and the theoretical osmotic pressure, a given concentration of permeant
moleculcs never exerts its full osmotic effect, even at £ = o when no molecules have
penetrated the membr:ne®. Extrapolation of our permeation data at various
moments to ¢ = o, leads to a concentration of permeant causing a distinct degree
of lysis which cannot be distinguished from the concentration of non-permeant
causing the same degree of lysis.

(3) Recent investigations of Macey and Farmer?® suggest that in human erythro-
cytes water and glycero! do not sharc the same pathway through the membrane.

We may, therefore, conclude that in our comparative studies of erythrocyte
membrane permeability to glycerol ¢ is about one and Eqn 3 holds.

Hemolysis of fraction f of the erythrocyte population occurs, whenever V' (f)
exceeds a critical value Vy (f), which value may depend on the composition of the
solutions on both sides of che membrane. Our experi-nents indicate that the resistance
towards non-permeating sucrose is quite different from that towards non-permeating
MaCl. Thus in genera: the values for mb {f) and V4 (f) — the concentration of non-
permeant leading to ly.is of fraction f — obtained with NaCl or sucrose, cannot
simply be applied to permeation experiments.

We will consider three cases: (a) mn # 0, mp = 0; (b) my = 0, my # 0 and
(t) mp # 0, mp # 0. In our experiments only the first two cases have been studied.

(a) Presence of only non-permeating substances
In this case, as a result of my = 0, also X = o for all cells, there is no time
dependence, a fraction f is either lysed or not. Eqn 2f reads, if fraction f is lysed,

m()sph s)

(b) Presence of only permeating substance
Substituting Eqns 2 and 3 and eluninating X we find, with omission of subscript f:

vay = £5° N 4,

m
P
Integration between the limits ¢ == 0 and ¢ = f», where £y, is the time of hemolysis
of the fractions considered, gives:

2PSN

V “"Vo—-" h (6)

P

provided that S does not depend on V" or on ¢.
Considering further that at ¢ = 0, X’ = o, with Eqn 2V, = N/m¢ = Nf/mp and Eqn 5
N = mB-Vy we find:
b
P _
My _Ma_ 6. (@)
mh M Rh
where we have written S/Vy = 3/Rp.
Eqn (7) gives a relation between the hemolysis time fy, and my and md, all for onz

particular fraction f.
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(c) Presence of permeating and non-permeating substances
In the same way, by elimination of X from Eqns 2 and 3 and integration,
we find for a particulate fraction f:

b b b
Mo =My _ My M, mJ(m_— m,) P

m, m? my(m® —m,) 3 Ry

Iy 8

We decided to determine the liberation of hemoglobin instead of following
tuibidity changes, since the last method is criticized frequently®-3, The absorbance
of the supernatant was determined 2fter removing the intact cells by centrifugation.
It should be mentioned here that the individual erythrocytes in the population may
differ in their hemoglobin content®-0. The consequence may be that the relative
absorbance (4/4 max) may not be considered as a measure of the percentage of lysed
cells. Since we studied the lysic rate of small fractions of the total erythrocyte popula-
tion, this fact has no important consequences.

Considering Eqn 5 it will be clear that by plotting the relative extinction of
the hemoglobin in the supernatant (4/4Amax) as a function of my,, we should obtain
a curve which shows the total fraction of cells with values of N/V >m, as a function
of myp. All cells can be arranged according to the value of N/Vy, so that for a given
value of A/Amax the same fraction of cells (those with N/Vy values just a little bit
larger than the given values) hemolyse. Thus the experimental plot of 4/4 max versus
mb is at the same time a plot of percentage of hemoglobin contained in cells with
N/V>mh. Eqns 7 and 8 show that from measurements of 4/Amax as a function
of time, for systems with and without permeating substances, the constant P/Ry
of substances through erythrocyte membranes can be calculated quantitatively.
Since Ry can be determined from the critical cell volume, the permeability coefficient
can be estimated.

RESULTS AND DISCUSSION

The results of the iysis experiments are presented in the form of graphs in
which the relative absorbance (4/Amax) of the solutions, obtained after removal
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Fig. 1. Thg lysi_s of untreated pig red blood cells in sucrose and in glycerol. Curve o represents
the osmotic resistance in sicrose after 300 s, Curves 1-6 the lysis in glycerol after 20, 40, 60, 9o,
120 and 150 s, respectively.

Fig. 2. Osmotic resistance of pig erythrocytes. Curve o: sucrose-treated cells in hypotonic sucrose
solutions after 5 and 300 s. Curves 1—;. NaCl-treated cells in hypotonic NaCl solutions after
5. 10, 15 and 300 s, respectively.
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of the unhemolysed cells, is plotted against the concentration of the test solution
in mosmoles/l. All lysis curves appeared to be S-shaped which means that the ery-
throcytes were not all identical. It seems reasonable to assume that at each level of
absorbanee a distinct fraction of the erythrocyte population is lysed?425.3. Fig. 1
shows the lysis curves of erythrocytes, resuspended in serum, when these were
added to solutions of sucrose or glycerol. The lysis Curve o represents the osmotic
resistance of the erythrocyte population in hypotonic sucrose solutions, whereas
the Curves 1-6 represent the degree of lysis in glycerol solutions of varying tonicity
at various moments. On account of the theoretical considerations it may bLe assumed
that the lysis curves in hypotonic sucrose solutions near £ = ¢ and at ¢ = 300 s
were the same, since water equiliorium is established almost momentarily?®-22.
Sucrose wvas chosen as the non-permexnt because the permeability experiments were
also performed with a non-electrolyte. Moreover the osmotic resistance of pig ery-
throcytes determined in NaCl solutions appeared to be strongly tinie-dependent
(Fig. 2). This observation agrees witt. the results of Bowdler and Chan*!, obtained
with human red blood cells.

The most striking fact cbserved in the experiments of Fig. 1 was, that hardly
any increase was seen in a rather long period of time after £ = o. The osmotic resis-
tance curve in sucrose solutions and the lysis curves in glycerol solutions after zo
and 40 s nearly coincided. The 509% hemolysis values, plotted. against time, once
more illustrate this observation (Fig. 3). Since it may be assumed that the lysis in
hypotonic sucrose would be complete almost instantaneously, the 50 % hemolysis
value in mosmoles’l for sucrose is plotted at ¢ = 0. According to the theoretical
considerations an ever-increasing number of erythrocytes should lyse due to a gradual
increase of the intracellular glycerol concentration. It was observed that in sublytic
glycerol concentrations the erythrocyte population was almost instantaneousiy
lysed to a certain degree. Though it was expected that lysis woulC continue due to
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Fig. 3. 50 % heraclysis values in mosmoles/l of untreated pig red blood cells in glycevol (@) and
in sucrose (Q) solutions as a function of time.

Fig. 4. The lysis of NaCl-treated pig erythrocytes in sucrose and glycerol solutions. Curve o re-
presents the osmotic resistance in sucrose at £ = 300 s, Curves 1-6 the lysis in glycevol after 20,
40, 60, 9o, 120 and 150 s, respectively.
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a gradual increase of the intracellular glycerol concentration, lysis appeared to be
retarded considerably, for which phenomenon the term “delayed lysis’’ is proposed.
A possible explanation for the delayed lysis could be the gradual loss of osmotically
active substances from the erythrocytes in the beginning of the experiment, com-
pensating for the increase of the intracellular glycerol concentration. This would
result in a temporary constancy or decrease of the osmotic activity in the erythrocyte.
As soon as the loss of permeating substances from the cells would be complete,
the lysis would proceed due to the penetration of glycerol molecules. To check this
hypothesis erythrocytes were ¢ -eated with 150 mM NaCl prior to the lysis experiments
in order to remove permeating substances from the cell contents. The results are
shown in Fig. 4. Lysis Curve o represents the esmotic resistance in sucrose solutions.
Curves 1-6 represent lysis in glycerol solutions at various time intervals. The delay
of lysis is equal to, or even larger than in the experiment with untreated red blood
cells. The 509% hemolysis values as a function of time once more confirm these
conclusions.

Since the delay of lysis in glycerol solutions was not only detected with un-
treated erythrocytes but alss, and even more pronounced, with erythrocytes treated
with 150 mM NaCl, this phenomenon cannot simply be explained from a gradual
loss of osmotically active substances from the red blood cell. It seemed likely that
intracellular osmotically active electrolytes originating from serum or NaCl solution,
acting in or at the cell membrane, contribute to the d:lay of lysis. In order to test
this assumption the osmotic resistance in sucrose and the lysis rate in glycerol
solutions were determined for erythrocytes previously treated with 300 mM sucrose
(Fig. 5). The delay of lysis was absent under these conditions, indicating that an
ever increasing number of red blood cells lysed due to the gradual increase of the
intracellular glycerol concentration. The 3509 hemolysis values plotted against
time, confirm the foregoing starem=nt (Fig. 6). The values in glycerol showed a

250}
~
&
’ o 23 4 5 6 o
10- 3
| \ & 200}
\ £
X
3
< ' 150"
Sosf \
y’
100}
00 ! . ~ : L . , )
) 00 200 230 0 £0 700 150
mosmoles /t time {(sec)

Fig. 5. The lysis of pig erythrocytes treate: with 300 mM. sucrose in sucrose and glycerol solutions,
respectively. Curve o: osmotic resistance in sucrose at ¢ = 300 3. Curves 1~6: lysis in glycerol
after 20, 40, 60, 90, 120 und 130 s, respect vely.

Fig. 6. 50% hemolysis values in mosmoles/l of pig erythrocytes treated with 300 mM sucrose in
glycerol (@) and in sucrose ( O) solutions as a fun~#:2n of time.
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straight line relationship. Extrapolation to ¢ = o gives an ), valae (the concentration
of permeating glycerol causing, due to water flow only, 509% hemolysis at about
¢t = o) fitting very well with the experimental m! value (the concentration of non-
permeating sucrose causing 50 % hemolysis instantaneously due to water flow only).
This justifies the conclusion that the reflection coefficient for glycerol, penetrating
into pig erythrocytes is very near to one and may be neglected in the mathematical
considerations.

Pig erythrocytes, however, are rather poorly permeable to glycerol in contrast
to those of man, rat and rabbit. Under comparable circumstances the lysis behaviour
of human red blood cells is in agreement with theoretical predictions and the reflec-
tion coefficient does not deviate very much from one. Human erythrocytes were
treated with an excess of buffered sucrose. The pretreatment was not repeated,
since it was observed that human red blood cells loose cations aid anions in non-
electrolyte solutions®12.42,43, The lysis behaviour of these pretreated erythrocytes
was studied in buffered sucrose and glycerol solutions (Fig. 7). Lysis Curve o represents
the osraotic resistance of the erythrocyte population in sucrose solutions, whereas
Curves 1—7 represent the degree of lysis in glycerol solutions. Obviously no lysis
delay takes place, as was also observed for pig red blood cells (Fig. 5). The 509
hemolysis values plotted versus time confirm this statement (Fig. 8). In this case
all essential conditions for a mathematical analysis of the lysis data appeared to

be fullfilled.
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Fig. 7. Lysis of sucrose-treated hun an red blood cells in sucrose and in glycerol solutions. Human
erythrocytes were pretreated once vith a 10-fold volume of 300 mM sucrose, buffered with § mM
sodiam phosphate to pH 7.5. Curve o represents the osmotic resistance in sucrose after 300 s,
Curves 1-7 the lysis in glycerol after 4, 9, 14, 19, 24, 20 and 34 s, respectively.

Fig. 8. 50 % hemolysis values in mosmoles/l of human erythrocytes treated with 300 mM sucrose
in glycerol (O) and in cucrose (@) solutions as a function of time.

COMPARISON OF THEORY AND RESULTS

If the assumption is true that at each absorbance level a distinct fraction
of the erythrocyte ;-opulation is lysed, the theoretical Eqn 7;

m, md P
— = =0 —- th
m, m, Ry
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must be valid for each absorbance level representing a uniform fraction of red blood
cells. Therefore the Curves 1-6 of Fig. 5, referring to lysis in glycerol solutions of
pig erythrocytes treated with 300 mM sucrose, may be described by this equation,
since glycerol is the only solute present extracellularly. The osmotic contribution
of 1 mM sodium phosphate buffer may be neglected. Another consequence of the
above assumption is that the difference in glycerol concentration between the interior
of the cells and the surrounding solution must be equal to m! at the moment of
lysis. This concentration difference must be the same for all time curves at a distinct
absorbance level, provided that the same red blood cell suspension is used.

In order to compare theory and experimental data, pairs of points of different
time curves representing the same relative absorbance, were selected from Fig. 5.
The following equation can be derived for such pairs from Eqn 7 when ¢, = n-¢,:

h h\’ 3
m m m m nm, —m
l‘l( :1 _ n) =( 1:‘2 _ n) and thus; m: = [ ey "'p2 ©)
my My, m, my, n _ 1
mPl mpz

Pairing the data of all six curves permits the calculation of a mean value for mg
(actually the value of mp at ¢ = o) for each fraction corresponding to a given relative
absorbance. The results of such a calculation are given in Table I. The fact that the

TABLE I

COMPARISON OF THE OSMOTIC RESISTANCE IN SUCRGSE AND THE CALCULATED #ip VALUES IN
GLYCEROL AT ZERO TIME

The my (4 S.D.) values in glycerol solutions at £ = o were calculated by means of Eqn 9 at
three absorbance levels. These values and the experimentally found critical sucrose tonicities

(mz) are given in mosmoles/!.

AlApaz my, at t(x) s mean mp att = o m:
20 40 6o 90 (calc.) (exp.)
0.25 138 161 184 222 119.8 £ 1.9 119
0.50 128 147 170 204 110.8 + 1.9 110
0.75 116 136 155 187 100.7 + 2.9 100

calculated my values at ¢ = o and the experimental values for m&, obtained from
resistance measurements in sucrose fit the same curve, renders additional support
to the theory. Extrapolation of the 50¢% hemolysis values in glycerol at various
times to ¢ = o (Fig. 6), also confirms this statement.

The values of P/Ry, calculated from Curves 06 in Fig. 5 with Eqn 7 are plotted
in Fig. 9 as a function of the relative absorbance. The P/Ry ratios did not appear
to differ considerably for the different fractions of the red blood cell population.
An average value for Rp can be calculated from the determincd average value of
Vn. The value for Rp amounted to 2.85-10~% cm. The average glycerol permeability
coefficient at pH 7.5 and 37 °C of pig erythrocytes amounts to 6.60-107 cm-s!
(8.D. £ 0.66-1077 cm-s7, n = 8) at the 50 % lysis level.

The lysis behaviour of untreaied red blood cells or red blood cells, treated
with 150 mM NaCl, was more complex. During the first 4060 s the lysis in hypotonic
glycerol solutions proceeded very siowly (Figs 1 and 4). Thereafter, however, lysis
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proceeded at nearly the sarae rate as that observed with 300 mM sucrose-treated
erythrocytes (Fig. 10). Since after 60 s lysis in glycerol solutions proceeded almost
independently of the pretreatment, these observations suggest that erythrocyte
membrane permeability to glycerol in our circumstances hardly depends on the
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Fig. 9. Ratio of permeability coefficient and critical radius of sucrose-treated pig erythrocytes,
versus the relative absorbance.

Fig. 10. 509, hemolysis values in mosmoles/l of untreated and 300 mM sucrose-treated pig red
blood cells in sucrose (A and O, respectively) and glycerol solutions (A and @, respectively)
as a function of time.

pretreatment. This statement is, as will be shown, supported by the permeabilits
coefficients calculated from experimental data.

From the m, values, obtained at ¢ >>60 s, the m, value at { = o can be cal-
culated with Eqn g, or estimated by :».trapolation to £ = o. In the ideal case th:
myp value should be almost equal to : .1, as found for sucrose-treated red blood cells.
This does not always hold true, as shown by Fig. 10. One cause of the differenc:
between the experimentally found m! value and the mp value at ¢ = o might be,
that a marked substitution of chloride by phosphate has taken place in erythrocytc .
which were treated with buffered 300 mM sucrose whereas, in glycerol permeaticn
experiments at time ‘‘zero’’, chloride has oniy exchanged from erythrocytes against
hydroxyl. In the next paper™ the lysis delay will be explained from the exchange
of intracellular chloride with extracellular hydroxyl ions coupled with the buffering
action of hemoglobin. This phenomenon results in a decrease of the intracellular
osmotic activity and hence in mean cell volume and increase of osmotic resistance.
Upon extensive and prolonged treatment of erythrocytes with 300 mM sucrose
buffered with 10 mM sodiam phosphate (pH 7.5), intracellular chloride ions are
principally replaced by phosphate and only to some extent by hydroxyl icns. Intra-
cellular osmozic activity, therefore, will be decreased, though less than in the case
of complete chloride-hydroxyl ion exchange. Experimental evidence was obtained
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by measuring the osmotic resistance of erythrocytes which were treated with citrate-
Luffered 300 mM sucrose. In this case only chloride-hydroxyl ion exchange takes
place due to the impermeability of the red cell membrane to citrate. The osmotic
resistance of these erythrocytes was markedly higher than that of erythrocytes
treated with phosphate-buffered sucrose but was still net qaite equal to the value
of mp found by extrapolation to { = o.

The difference between ml and mp at ¢ = o did not appear to affect signifi-
cantly the permeability data. The glycerol permeability coefficient was determined
in comparative studies to check the validity of the mathematical description.in the
case of untreated, 300 mM sucrose and 150 mM NaCl-treated pig blood cells. From
the lysis curves-after 60 s and longer, the my value in mosmoles/l at ¢ = ¢ was cal-
culated with Eqn ¢. With this m, value at £ = o and the mp values after different
periods of time, the permeability coefficient to critical radius ratio can be calculated
with Eqn 7. The critical radius amounted to 2.85-10~4 cm. Obviously only smal!
variations in glycerol permeability coefficients were found after the dificrent pre-
treatments (Table “I). These results show that it is justified to simplify the permea-
bility determinations, since after a certain moment lysis proceeds independently
of the pretreatment. Therefore, the determinations of the glycerol permeability
coefficient for red blood cells fromn different mammalian species were performed
with untreated red blood cells®s.

TABLE II

COMPARISON OF GLYCEROL PERIMEABILITY COEFFICIENTS OBTAINED WITH DIFFERENTLY TREATED
PIG RED BLOOD CELLS

Pig red blood cells untreated or treated with 300 mM sucrose or 150 mM NaCl were addzd to
glycerol solutons. All solutions were buffered with 1 mM sodium phosphate to pH 7.5. The
permeability was determined at 37 “C. The glycerol permeability coefficient is given in cm-s-1- 108,

Expt Treaviment

No. Untreated 300 mM sucvose 150 mM NaCl
1 — 0.63 0.67

2 0.63 0.65 0.68

3 0.72 0.68 0.70

4 0.55 0.55 0.51

5 0.72 — 0.70
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