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SUMMARY 

1. Liposomes prepared by vigorous shaking undergo hypotonic lysis in water. 
The extent of osmotic fragility was followed by the release of the trapped markers 
dinitrodithiobenzoic acid and 22Na+. 

2. Phosphatidylcholine liposomes were stabilized against hypotonic lysis by 
incorporated cholesterol. The maximal stabilization was obtained at a phosphatidyl- 
choline: cholesterol molar ratio of 1:l as already observed for erythrocytes. 

3. Stearic, linolenic, linoleic and oleic acids reduced the osmotic fragility of 
liposomes in an increasing order and in accordance with their antihemolytic effects. 

4. The antihemolytic hashish components, cannabidiol and A l-tetrahydro - 
cannabinol, stabilized liposomes against osmotic lysis. While phosphatidylcholine 
and phosphatidylcholine:cholesterol (1:1) were only slightly affected, liposomes made 
of erythrocyte lipids and particularly of brain lipids were markedly stabilized by the 
cannabinoides, possibly indicating some specific interactions. 

5. The phenothiazines promethazine, chlorpromazine and fluphenazine pro- 
moted the hypotonic lysis of liposomes with a relative effectiveness correlated with 
the clinical and antihemolytic potency of the tranquilizers. 

6. It is concluded that lipid-lipid interactions are involved in the antihemolytic 
effects of the fatty acids and the cannabinoids, while membrane proteins are apparently 
required for the stabilization effect of the phenothiazine tranquilizers. 

INTRODUCTION 

Stabilization of erythrocytes against hypotonic hemolysis by various com- 
pounds has been extensively investigated, particularly as a model system for the study 
of the mode of action of drugs [1, 2]. The use of red blood cell as a model system 
attracts interest in view of the correlation between the antihemolytic activity of 
various anesthetics and tranquilizers and their clinical potencies [3, 4]. The site and 

Abbreviations used: DTNB, 2,2"-dinitro-5,5'-dithiobenzoic acid, PC, phosphatidylcholine. 
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mode of action of the antihemolytic compounds are not known, but several possibili- 
ties have been advanced [5]. 

The fluid mosaic model of the structure of cell membrane assumes a lipid 
matrix in which integral proteins are embedded [6]. The capacity of the erythrocyte 
to withstand an expansion in hypotonic medium may thus be an intrinsic property 
of the lipid matrix and the antihemolytic compounds are expected to interact with 
the bilayer network. The liposome system could aid in testing this supposition, 
provided they undergo osmotic lysis. Erythrocyte membranes and liposomes indeed 
show similar properties in terms of thickness [7] and permeability to water [8], ions 
[8, 9] and other molecules [10, 11 ]. Both systems respond to pharmacological agents 
[12] and, furthermore, both behave as osmometers [11, 13]. In the present study we 
have attempted to quantitate the osmotic fragility of liposomes and to evaluate the 
effect of various antihemolytic compounds on the liposome system. 

MATERIALS AND METHODS 

Lipids 
Phosphatidylcholine was extracted and purified from egg yolks according to 

Panghorn [14]. It appeared as a single peak following thinlayer chromatography, 
using the solvent mixture of chloroform-methanol-water (65:25:4, v/v/v). 

Lipid extraction of red blood cells was performed as described by Kuiper et al. 
[15]. Lamb brain, obtained within 30 rain after slaughter, was homogenized in 4 °C 
in a Waring blender and the lipids were extracted as described for the erythrocyte 
lipids [15]. All the lipid extracts were stored in chloroform under N2 at --18 °C and 
were used within 6 weeks after the extraction. Cholesterol was thrice crystallized from 
warm ethanol solutions, dried and stored at room temperature (22 °C). 

Other materials 
The following materials were obtained as indicated: Fatty acids, GSH and 

dicetylphosphate from Sigma Chemical Co., St. Louis; 2,2'-dinitro-5,5'-ditkiobenzoic 
acid (DTNB) and cholesterol, from Merck, Darmstadt; Sephadex G-25, from Phar- 
macia Fine Chemicals, Uppsala; Triton X-100, from Agan, Tel Aviv; 2ZNaC1 from 
the Radiochemical Centre, Amersham; phenothiazines were donated by Taro Ltd., 
Haifa; cannabidiol and A 1-tetrahydrocannabinol were kindly supplied by Professor 
R. Mechoulam from the School of Pharmacy, the Hebrew University, Jesusalem. 

Preparation of liposomes 
Liposomes were prepared according to the methods described by Bangham 

et al. [8] and Kleinschmidt et al. [16]. To prepare phosphatidylcholine or phosphatid- 
ylcholine:cholesterol liposomes, chloroform solutions containing 0.6 pmole dicetyl- 
phosphate, 10 pmoles phosphatidylcholine and, as specified, 0-20/~moles cholesterol, 
were transferred to a 15-ml round-bottom flask. Chloroform solutions containing 
10 mg of either erythrocyte lipids or brain lipids were used for the preparation of the 
respective liposomes. The solvent was removed under reduced pressure in a rotatory 
evaporator, leaving a thin lipid layer. A stream of N2 was passed into the flask for 
about 20 s to assure the removal of chloroform. A volume of 0.5 ml of a suspension 
containing 50/~moles DTNB in 0.1 M Tris-HC1 buffer, pH 8.0, was added. Where 
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indicated, 20 pl 22NaCI (1.3/tg 22Na/ml, 0.24 Ci/ml in aqueous solution) was also 
added. The flask was stoppered while containing N z atmosphere and was gently 
agitated for about 5 rain at 37 °C until the entire lipid layer was suspended. The dis- 
persion was vigorously shaken with a Vortex mixer for 1 min and then immersed at 
37 °C for 1 min. This procedure was repeated 5 times and then the suspension was 
kept for 20 min at room temperature (22 °C). In order to remove the untrapped 
marker, the liposome suspension was passed through a 0.8 cm × 15 cm column of 
Sephadex G-25 (medium) previously equilibrated with a solution of 75 mM KCI, 
75 mM NaCI in 0.1 M Tris-HC1 buffer, pH 8.0. The liposomes, eluted with this solu- 
tion ("elution medium"), were recovered just past the void volume. Phosphatidyl- 
choline:cholesterol molar ratio of the eluted liposomes differed insignificantly from 
the molar ratio employed for their preparation. 

Sonicated liposomes were similarly prepared except that the shaking lasted 
for I rain only, followed by sonic-irradiation with an MSE, 100-W ultrasonic disinte- 
grator at maximal output (8 pM amplitude) at 25 °C for a total of 5 min at 1-min 
intervals for thermal equilibration. 

Determination of osmotic fragility 
All steps were conducted at 22 °C. An aliquot of 40pl  of the stock (gel- 

filtered) liposome suspension was rapidly mixed with 2.5 ml of either distilled water 
or the elution medium and the absorbance at 420 nm was measured after 10 min 
incubation at 22 °C. Then, 25 pl of 0.1 M GSH in 0.1 M Tris-HC1, pH 8.0, were added 
and the absorbance recorded again. The difference in absorbance measures the net 
release of DTNB, expressed as percentage of total DTNB trapped. The total amount 
of the trapped marker was determined following liposome disruption by the addition 
of 20 pl of 10~  Triton X-100 in 0.1 M Tris-HCl buffer, pH 8.0. 

For kinetic measurements of osmotic lysis, a hypertonic solution (0.5 ml 
of 0.45 M KC1, 0.45 M NaCI in 0.6 M Tris-HCl, pH 8) was added at various time 
intervals after mixing the liposomes with water, to obtain final salt concentration as 
in the elution medium. When 22Na+ was used as an additional marker, the liposome 
stock suspension was centrifuged at 17 000 × g for 15 min, the pellet suspended in the 
elution medium and aliquots were taken for the kinetic measurements. After the 
addition of the hypertonic solution, the mixtures were centrifuged at 27 000 ×g for 
30 rain and DTNB and 22Na+ were determined in both the pellet and the supernatant. 
22Na+ was measured with a Packard Tri-Carb ~ well counter. 

The tested antihemolytic compounds, dissolved in ethanol or water, were 
mixed with. 2.5 ml water just prior to the addition of liposome suspension. Up to 
20 pl ethanol were added, which did not affect the osmotic fragility of the control 
liposomes. 

Electron microscopy 
Phosphatidylcholine liposomes, diluted as described above in either water or 

the elution medium, were negatively stained with 2 ~ phosphotungstic acid and ob- 
served in a Phillips electron microscope, model EM 300. 
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RESULTS AND DISCUSSION 

Osmotic fragility of liposomes 
Liposomes behave as art almost perfect osmometer [11, 13]. It was therefore 

expected that swelling of the liposomes in an increasingly diluted solution would 
eventually cause a rupture of the lipid membranes. The release of a trapped marker 
due to such rupture should aid in quantitation of osmotic lysis. DTNB was chosen 
as a marker for osmotic fragility measurements in view of its low permeability across 
the liposomal bilayer membrane [16, 17]. The procedure of Kleinschmidt et al. [16] 
was adopted to follow the rupture in water of liposomes loaded with buffer and DTNB. 
Fig. 1 shows that liposomes prepared from various lipid sources released in water 
41 -64~  of their trapped marker. The release could be due to either a diffusion of 
DTNB from intact liposomes or to an osmotic rupture of the membrane. Several lines 
of evidence indicate that an osmotic rupture is indeed the major cause for the marker 
release. 

~, 60 

~ 4o 

2 0 -  

! 

PC 

'/// 

i i i  

PC:CHOL RBC 
(l: l) 

[ ~  elution medctm 

Fig. 1. Release of DTNB from various liposomes in either water or the elution medium. PC, phos- 
phatidylcholine; CHOL, cholesterol; RBC, erythrocyte. 

(a) The release of DTNB from liposomes following an incubation for 30 min 
in a solution containing 75 mM KC1 and 75 mM NaCI in 0.I M Tris-HC1, pH 8.0, 
amounted to less than 7 ~ of the trapped marker. This release may be accounted 
for by a non-osmotic rupture of a minor portion of the liposomes, as suggested for 
the release of S6Rb+ from phosphatidylcholine liposomes [18]. 

(b) If considerable diffusion of DTNB across the memblane takes place, it 
is expected to appear linearly with time [8, 19]. Fig. 2 shows that actually the release 
of DTNB in water is non linear and is vely fast. t¢, the time required for the release cf  
5 0 ~  of the marker tbat is being discbarged within 5 min, is 1.2 s. After 5 rain no more 
DTNB is released. 

(c) The permeability of PC liposomes to cations is known to be very low [8, 9]. 
Yet, the kinetics of release of trapped 2ZNa+ and DTNB is essentially the same (Fig. 
3). The relatively high level of marker release recorded initially is apparently due to 
the particular treatment in this experiment (note Materials and Methods). 

(d) Observation by electron microscopy verified that the liposome population, 
typified by a vesicular shape, markedly diminished after suspension in water. 

(e) Sonicated phosphatidylcholine liposomes, unlike the mechanically pre- 
pared liposomes, released altogether only 6-8 ~ of the trapped DTNB even after sus- 
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Fig. 2. Time course of DTNB release from phosphatidylcholine liposomes suspended in water. 
The time required for the release of 50 % of the marker that is being discharged within 5 min (t½) 
is 1.2 s. 
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Fig. 3. Time course of simultaneous release of 22Na+ and DTNB from phosphatidylcholine lipo- 
somes suspended in water. 

pension in water for 16 h. This osmotic resistance agrees well with the recent report 
that upon sonication liposomes lose their osmotic properties [20]. 

It is concluded that release in water of trapped DTNB from mechanically 
prepared liposomes represents primarily an osmotic rupture of the liposome mem- 
brane. 

Cholesterol and osmotic fragi l i ty  o f  liposomes 
Removal of cholesterol from eryth.rocytes increases their osmotic fragility [21 ]. 

Cholesterol is known as a membrane stabilizing compound in complexes with phos- 
pholipids [22]. Cholesterol incorporated into phosphatidylcholine bilayer membrane 
also causes a decrease in water permeability [23, 24]. Therefore, the effect of cholester- 
ol was tested with respect to both the kinetics and extent of liposome lysis. Fig. 4 
shows that incorporated cholesterol lowers the rate of liposome lysis in water. The t~. 
value changes from 1.2 to 3.8 s for saturating level of cholesterol. Cholesterol in up 
to 1:1 molar ratio (phosphatidylcholine:cholesterol) also reduces the osmotic fragility 
of the liposomes (Fig. 5). 

A 1 : 1 molar ratio of phosphatidylcholine to cholesterol is found in erythrocyte 
and myelin membranes [22, 25]. A mole per mole steric interaction of phospholipid 
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Fig. 4. Time course of DTNB release from liposomes made of phosphatidylcholine and cholesterol 
at varying molar ratio (t~: as defined in Fig. 2). 
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Fig. 5. Effect of phosphatidylcholine: cholesterol molar ratio ofliposomes on the release of trapped 
DTNB in either water or the elution medium. 

hydrocarbon chain with. cholesterol was inferred [26] from studies of nuclear magnetic 
resonance [27], electron spin resonance [28], calorimetry and X-ray diffraction [29] 
of  model systems. Rothman and Engelman [30] proposed that "the effect of cholesterol 
on neighboring hydrocarbon chains makes it act as a universal equalizer by stabilizing 
the membrane in an intermediate fluid condition", between sol and gel. The data shown 
in Figs 4 and 5 may be an illustration of this stoichiometric stabilizing effect of choles- 
terol. 

Effect of fany acids 
Fatty acids are known to protect erythrocytes against osmotic hemolysis [31 ], 

with varying effectiveness according to number of double bonds [32, 33]. I f  the inter- 
action of the fatty acids with the erythrocyte membrane is a lipid-lipid one, it should 
be possible to demonstrate a similar protection with respect to liposomes. The effect 
of stearic, oleic, linoleic and linolenic acids on the osmotic fragility of  erythrocyte 
lipid liposomes is shown in Fig. 6. The protection potency is in an order already found 
for red blood cells [32, 33]. Liposomes made of phosphatidylcholine or phosphatidyl- 
choline :cholesterol (1:1) were similarly affected by the added fatty acids. It is conclud- 
ed that the protection of erythrocytes against osmotic fragility follows a lipid-lipid 
interaction with the fatty acids. 
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Fig. 6. Effect o f  stearic (18/0), linolenic (18/3) linoleic (18/2) and oleic (18/1) acids on the release 
in water o f  DTNB from liposomes made of  erythrocyte lipids. 

Fig. 7. Effect o f  A l te t rahydrocannabinol  and cannabidiol  on the release o f  DTNB from liposomes 
made o f  either phosphatidylcholine,  phosphatidylcholine : cholesterol (1 : 1), red blood cell (RBC) 
lipids or  brain lipids. 

Effect of cannabinoids 
A Ltetrahydrocannabinol is the major psychoactive hashish compound, while 

cannabidiol is not psychoactive [34]. The mode of action of the hashish components 
is not known, but common to both A l-tetrahydrocannabinol and cannabidiol are 
interactions with various cellular membranes: erythrocytes [35], mitochondria [36] 
and liver lysosomes [37]. While A 1-tetrahydrocannabinol was found more effective 
than cannabidiol in stabilizing erythrocytes against osmotic hemolysis [35], the two 
compounds exerted similar effects on lysosome integrity [37]. It was therefore deemed 
of interest to utilize the liposomes, a much simpler membrane system, to compare 
the effect of the cannabinoids on membrane integrity. Liposomes of different 
lipid composition were examined and the protecting effects were compared on 
relative basis, when the release of DTNB in water from untreated liposomes is 
taken as 100%. Fig. 7 shows that the osmotic fragility of phosphatidylcholine lipo- 
somes is only slightly reduced by the cannabinoids while a greater response is presented 
by liposomes made of phosphatidylcholine:cholesterol (1:1). In both cases the effect 
is biphasic. A progressively greater effect is exhibited by liposomes derived from red 
blood cell lipids and particularly by liposomes from brain lipids. 

The restricted protection afforded to the phosphatidylcholine liposomes may 
possibly be explained by a rate of hypotonic lysis which surpasses the rate of inter- 
action with the cannabinoids. However, such a possibility is excluded, since the prein- 
cubation of the stock suspension of phosphatidylcholine liposomes with A Ltetrahy- 
drocannabinol (5 min, 22 °C) did not modify the eventual hypotonic DTNB release. 
The effective interaction of the cannabinoids with erythrocyte and brain lipids, as 
presented in Fig. 7, may indicate an affinity to particular lipids. Cardiolipin has al- 
ready been pointed out as specifically required for the interaction of A Ltetrahydro- 
cannabinol with phospholipid micelles [38]. Cardiolipin, however, is apparently not 
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present in the erythrocyte membrane but exclusively associated with mitochondria 
[22]. Van Deeaen and Demel [39] have demonstrated that psychoactive drugs pene- 
trate ganglioside monolayer films but not films of other lipids (cholesterol, cerebrosides, 
phosphatidylethanolamine, sphingomyelin and lecithin). Thus, since gangliosides are 
lipid constituents of both brain and erytkrocytes, their specific interaction with the 
cannabinoids should be further explored. 

Effect of tranquilizers 
Phenothiazines, clinically used as tranquilizers [40], inhibit lysosomal enzyme 

release, arrest hypotonic swelling of mitochondria and protect erythrocytes against 
osmotic hemolysis at a certain concentration range. At higher concentrations the 
phenothiazines lyse these membranes, exhibiting a typical biphasic effect [1]. To 
examine a possible lipid site of action of these tranquilizers, we tested the effect of 
phenothiazines on liposome fragility. 

Fig. 8 shows that all three phenothiazines failed to confer stability to the phos- 
phatidylcholine: cholesterol liposomes, but rather promoted the lysis of the liposomes. 
The lytic effect correlated with the clinical and the erythrocyte stabilization potency 
[3]. Liposomes made of phosphatidylcholine and of erythrocyte and brain lipid ex- 
tracts showed similar response to the added phenothiazines. Since liposomes, in 
contrast to erythrocytes, are not protected against osmotic lysis by phenothiazines, 
it appears that the protecting site for these tranquilizers is comprised of a protein or a 
lipoprotein. Kriegstein et al. [41] concluded that the interaction of phenothiazines 
with albumin is mainly hydrophobic, determined by the paraffinic chain of the pheno- 
thiazine. We propose that the biphasic effect of the tranquilizers results from two 
types of interactions: (a) an interaction with a protein or a lipoprotein, leading to a 
decreased hypotonic hemolysis in erythrocytes, and (b) a lipidic interaction which, at 
higher concentration of phenothiazines, promotes lysis in liposomes and erythrocytes. 

The supplement of a "protection site" in liposomes by added membrane pro- 
teins might aid not only in the elucidation of the site of action of the tranquilizers 
but could also serve as a sensitive tool for ieconstitution of the membrane. 

In conclusion, a method was adopted in this study for the quantitative evalua- 
tion of liposome osmotic fragility. The usefulness of the model system is demonstrated 
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with respect to the effect o f  known ant ihemolyt ic  components .  Based on the analo- 

gous effects o f  fatty acids and cannabinoids  on osmotic  fragility o f  erythrocytes and 

l iposomes,  it may be concluded that  l ipid-l ipid interactions underlie the stabilizing 

effects in both  systems. The  lytic, but not  the stabilizing, effect of  phenothiazines can 
be reproduced  with l iposomes,  indicating that  membrane  proteins or l ipoproteins 

are apparent ly  required for the stabilizing effect o f  phenothiazines.  This requi rement  

may, in turn, form the basis for an approach  to reconsti tute the biological  membrane.  

ACKNOWLEDGEMENTS 

We are grateful to Miss Hagi t  Beeri and Mrs Rachel  Levy for devoted assis- 

tance. We wish to thank Professor  I. Ohad of  the Hebrew Universi ty,  Jerusa lem for his 

coopera t ion  in preparing the electron micrographs.  

REFERENCES 

1 Seeman, P. (1972) Pharmacol. Rev. 24, 583-655 
2 Roth, S. and Seeman, P. (1971) Nat. New Biol. 231-285 
3 Seeman, P. and Weinstein, J. (1966) Biochem. Pharmacol. 15, 1737-1752 
4 Seeman, P. and Roth, S. (1972) Biochim. Biophys. Acta 255, 171-177 
5 Seeman, P., Kwant, W. O., Sauks, T. and Argent, W. (1969) Biochim. Biophys. Acta 183,490-498 
6 Singer, S. J. and Nicolson, G. L. (1972) Science 175, 720-731 
7 Papahadjopoulos, D. and Miller, N. (1967) Biochim. Biophys. Acta 135, 624--638 
8 Bangham, A. D., Standish, M. M. and Watkins, J. C. (1965) J. Mol. Biol. 13,238-252 
9 Papahadjopoulos, D. and Watkins, J. C. (1967) Biochim. Biophys. Acta 135, 639-652 

10 Klein, R. A., Moore, M. J. and Smith, N. W. (1971) Biochim. Biophys. Acta 233, 420-433 
11 Rendi, R. (1967)Biochim. Biophys. Acta 135, 333-346 
12 Johnson, S. M., Miller, K. W. and Bangham, A. D. (1973) Biochim. Biophys. Acta 307, 42-47 
13 Bangham, A. D., de Gier, J. and Greville, G. D. (1967) Chem. Phys. Lipids 1,225-246 
14 Pangborn, M. C. (1951) J. Biol. Chem. 188, 471476 
15 Kuiper, P. J. C., Livne, A. and Meyerstein, N. (1971) Biochim. Biophys. Acta 248, 300-305 
16 Kleinschmidt, M. G., Chough, K. S. and Mudd, J. B. (1972) Plant Physiol. 49, 852-856 
17 Huang, H., Charlton, J. P., Shyr, C. I. and Thompson, T. E. (1970) Biochemistry 9, 3422-3426 
18 De Gier, J., Haest, C. W. M., Mandersloot, J. G. and van Deenen, L. L. M. (1970) Biochim. 

Biophys. Acta 211,373-375 
19 Sweet, C. and Zull, J. E. (1970) Biochem. Biophys. Res. Commun. 41, 135-141 
20 Johnson, S. M. and Buttress, N. (1973) Biochim. Biophys. Acta 307, 20-26 
21 Bruckdorfer, K. R., Demel, R. A., de Gier, J. and van Deenen, L. L. M. (1969) Biochim. Biophys. 

Acta 183, 334-340 
22 Van Deenen, L. L. M. and de Gier, J. (1964) in The Red Blood Cell (Bishop, C. and Surgenor, 

D. M., eds), pp. 243-307, Academic Press, New York 
23 Finkelstein, A. and Cass, A. (1967) Nature 216, 717-718 
24 Graziani, Y. and Livne, A. (1972) J. Membrane Biol. 7, 275-284 
25 O'Brien, J. S. (1965) Science 147, 1099-1107 
26 Oldfield, E. and Chapman, D. (1972) FEBS Lett. 23,285-295 
27 Chapman, D. and Penkett, S. A. (1966) Nature 211, 1304-1305 
28 Hemminga, M. A. and Berendsen, H. J. C. (1972) J. Magn. Resonance 8, 1-11 
29 Ladbrooke, B. D., Williams, R. M. and Chapman, D. (1968) Biochim. Biophys. Acta 150, 333-340 
30 Rothman, J. E. and Engelman, D. M. (1972) Nat. New Biol. 237, 42-44 
31 Roth, S., Seeman, P. (1971) Nat. New Biol. 231, 284-285 
32 Von Ehrly, A. H., Gramlich, F. and Muller, H. E. (1964) Acta Haematol. 32, 348-354 
33 Raz, A. and Livne, A. (1973) Biochim. Biophys. Acta 311,222-229 
34 Mechoulam, R. and Gaoni, Y. (1967) Prog. Chem. Org. Nat. Prod. 25, 175-213 
35 Raz, A., Schurr, A. and Livne, A. (1972) Biochim. Biophys. Acta 274, 269-271 



155 

36 Bino, T., Chari-Bitron, A. and Shahar, A. (1972) Biochim. Biophys. Acta 288, 195-202 
37 Raz, A., Schurr, A., Livne, A. and Goldman, R. (1973) Biochem. Pharmacol. 22, 3129-3131 
38 Mahoney, J. M. and Harris, R. A. (1972) Biochem. Pharmacol. 21, 1217-1226 
39 Van Deenen, L. L. M. and Demel, R. A. (1965) Biochim. Biophys. Acta 94, 314-316 
40 Jarvik, M. E. (1969) in The Pharmacological Basis of Therapeutics (Goodman, L. S. and Gill- 

man, A.,eds), pp. 162-178, Collier-Macmillan Canada Ltd., Toronto 
41 Krieglstein, J., Meiler, W. and Staab, J. (1972) Biochem. Pharmacol. 21,985-999 


