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Summary

The process of interaction of dilauroylglycerophosphocholine with erythro-
cytes that eventually results in hemolysis was examined.

1. The rate of uptake of dilauroylglycerophosphocholine by human erythro-
cytes was rather slow, but increased with increasing temperature.

2. The first observable change of human erythrocytes induced by dilauroyl-
glycerophosphocholine was a morphological change from discocytes to sphero-
echinocytes. This change preceded K" leakage.

3. Adsorption of dilauroylglycerophosphocholine to human erythrocytes
caused K* leakage. The rate of K* leakage was also temperature-dependent. The
temperature-dependence was due to the temperature-dependence of lipid up-
take, because in order to cause K leakage a given amount of dilauroylglycero-
phosphocholine must be bound to the erythrocytes, irrespective of the temper-
ature.

4. The temperature-dependence of hemolysis of human erythrocytes was dif-
ferent from that of pre-hemolytic events (morphological change, adsorption of
lipids and K" leakage). Hemolysis was rapid below 10 and above 37°C, but slow
at about 25°C. The hemolysis observed below 10°C seemed to be a ‘colloid
osmotic lysis’, since it occurred immediately after K" leakage, but the hemoly-
sis above 37°C may not be a colloid osmotic lysis. Above 37°C, additional
binding of dilauroylglycerophosphocholine to the erythrocyte membrane may
cause hemoly51s by a different mechanism from that working below 10°C.

5. Above 25°C, most human erythrocytes are resistant to colloid osmotic

Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesu1fonic acid; Mes, 2-(N-morpholine)-
ethanesulfonic acid.
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lysis induced by dilauroylglycerophosphocholine. It can be concluded that
human erythrocytes are composed of two types of population, one resistant,
and one sensitive to colloid osmotic lysis. The mechanism of the resistance was
sensitive to temperature, pH and various sulfhydryl agents.

6. Pig erythrocytes were hemolysed immediately after K* leakage even above
25°C, indicating that they were sensitive to a colloid osmotic mechanism over
the whole temperature range tested. Pig erythrocytes may lack the ‘mechanism’
giving resistance to colloid osmotic lysis.

The process of hemolysis of erythrocytes by dilauroylglycerophosphocholine
is shown schematically.

Introduction

Interactions of liposomes with various animal cells have recently attracted
widespread interest because these interactions may provide models of various
physiological processes, such as fusion, adhesion, cytosis and exchange of mem-
brane components [1]. Weltzien and coworkers studied the mechanism of lysis
of erythrocytes by benzylated lysophosphatidylcholine derivatives, which are
known to form liposomes and cause characteristic slow lysis [2,3].

Previously, we reported [4,5] two characteristics of lysis of human erythro-
cytes by dilauroylglycerophosphocholine. (1) The lag time of hemolysis was
rather longer than that of hemolysis by lysolecithin, hemolysis taking 30 min
under our experimental conditions. (2) The rate of hemolysis showed biphasic
temperature-dependence: hemolysis was rapid at 5—10°C and above 37°C, but
slow at about 25°C.

These two characteristics seem useful because the long lag time enables us to
study the interaction of the liposomes with erythrocytes before hemolysis
more easily, and the biphasic temperature-dependence should provide clues to
the nature of the erythrocyte membrane.

In this work, we examined the process of interaction of dilauroylglycero-
phosphocholine with erythrocytes that leads eventually to hemolysis of the
cells.

Materials and Methods

Buffer. Tris-buffered saline (150 mM NaCl and 5 mM Tris-HCI, pH 7.4) was
used throughout, except when otherwise noted. In experiments on the pH-
dependence of hemolysis, 150 mM NaCl buffered with 5 mM Mes or with
5 mM Hepes was used. When K" leakage from erythrocytes and hemolysis were
measured simultaneously, 150 mM choline chloride buffered with 5 mM Tris-
HCI (pH 7.4) was used. The kinetics of hemolysis were not appreciably affected
by the monovalent cation species.

Erythrocytes. The human erythrocytes used were from freshly drawn, hepa-
rinized blood of healthy donors. The blood was centrifuged at 300 X g for
5 min and the plasma and buffy coat were discarded. The precipitated cells
were then washed three times with the medium used in the experiment and
used with 48 h.
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Pig erythrocytes were obtained in a similar way.

Lipid. Dilauroylglycerophosphocholine was prepared by using the method of
Robles and van den Berg [6]. Vesicles of dilauroylglycerophosphocholine were
prepared by suspending the dried sample of lipid in the medium used in the
experiments and sonicating the suspension in a sonicator equipped with a
microprobe (Branson Sonifier Model W185, operating at 18 W) for 10 min at
room temperature. [N-C*H;]Dilauroylglycerophosphocholine (5.1 Ci/mol) was
prepared by introducing the *H-labeled methyl group into the choline moiety
with [*H]methyl iodide (Radiochemical Centre, Amersham) by using the
method of Stoffer et al. [7].

Uptake of [*H]dilauroylglycerophosphocholine by erythrocytes. A series of
plastic tubes (Eppendorf 3810) containing 500 ul of aqueous [*H]dilauroyl-
glycerophosphocholine suspension were placed in a water bath at an appropri-
ate temperature. Then 100-ul of erythrocyte suspension (6 - 107 cells/ml) were
added, and after incubation for appropriate times, the mixtures were centri-
fuged (10000 X g, 20 min) and the radioactivities in the top 300 ul of the
supernatant and in the sediment plus the lower 300 ul of the supernatant were
measured. For this, both samples were transferred to scintillation vials and
oxidized with H,O, and the resulting colorless solutions were mixed with 10-ml
of scintillation cocktail, and their radioactivities were determined in a liquid
scintillation counter (Packard 3320). The number of moles of dilauroylglycero-
phosphocholine adsorbed to the erythrocytes was calculated from the total
radioactivity in the sediment fraction minus the radioactivity in the buffer,
measured as that in the top 300 ul of buffer [2].

Scanning electron microscopic observations. Erythrocyte suspensions were
fixed by adding 4 vols. of 0.9% glutaraldehyde solution in 0.1 M phosphate
buffer, pH 7.4. The mixture was allowed to stand for 1 h at room temperature
and then centrifuged and the precipitated cells were washed three times with
distilled water and resuspended in water. A small amount of this suspension
was placed on an aluminum brick and dried at room temperature. The speci-
men was coated with gold in a vacuum chamber and examined in a scanning
electron microscope (Shimadzu, type ASM) with an accelerating voltage of 15
kV.

Measurement of hemolysis. In some experiments, hemolysis was measured
using cells labeled with radioactive chromate by the method of Inoue et al. [8].
An appropriate amount of aqueous dilauroylglycerophosphocholine suspension
(500 ul) was preincubated for 10 min at the required temperature and the reac-
tion was started by adding 100-ul of *!Cr-labeled erythrocyte suspension (6 -
107 cells/ml). The mixture was occasionally gently shaken during the reaction.
After incubation, the mixture was centrifuged at 300 X g for 5 min, then
300-ul of the supernatnat were carefully removed for counting in an auto-well
gamma counter (Aloka, JDC 751). The percentage hemolysis was calculated as
follows:

counts in 300 ul of the supernatant X 2 % 100

counts in 6 - 108 erythrocytes

Hemolysis was also assayed by measuring turbidity change. An aliquot (0.5
ml) of washed erythrocyte suspension (6 - 107 cells/ml) was transferred to a
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cuvette containing 2.5 ml of isotonic medium identical to the washing medium.
The cuvette was placed in a double-beam spectrophotometer (Shimadzu, UV
140) and equilibrated at the desired temperature. The erythrocyte suspension
was agitated continuously with a small magnetic stirrer and the change in tur-
bidity at 675 nm with time was recorded. Then dilauroylglycerophospho-
choline suspension (5—20 ul) was added and the mixture was incubated for var-
ious periods. The percentage hemolysis was calculated from the change in tur-
bidity. A control experiment showed that there was no difference between the
percentage hemolysis calculated from the change of turbidity and that cal-
culated using °'Cr-labeled erythrocytes.

Measurement of K* leakage from the erythrocytes. The release of K* from
erythrocytes was monitored with a miniature K* electrode and reference elec-
trode (Microelectrodes Inc., NH, U.S.A., MI-440 and MI-409) which were
immersed in the cuvette. The K" electrode and reference electrode were con-
nected to a pH meter (Hitachi-Horiba, F-7ss) and a recorder. The amount of K*
in the erythrocytes was determined by lysing them with Triton X-100. The
electrode was calibrated at each temperature by measurements of standard KCl
solutions. The leakage of K* was expressed as the percentage of K released.
Hemolysis was measured simultaneously by measuring turbidity change.

Results

Uptake of dilauroylglycerophosphocholine liposomes by human erythro-
cytes. Uptake of [*H]dilauroylglycerophosphocholine by human erythrocytes
was examined by incubating erythrocytes with excess dilauroylglycerophospho-
choline at various temperatures for various periods. After incubation, the radio-
activity bound to erythrocytes was calculated as described in Materials and
Methods. The liposomes seemed to be taken up by erythrocytes irreversibly,
since the radioactivity in the erythrocytes did not change when the cells were
washed. The uptake was temperature-dependent; it proceeded faster at higher
incubation temperatures (Fig. 1A). At 10°C, only a small amount of dilauroyl-
glycerophosphocholine was bound to erythrocytes even after incubation for 90
min. Fig. 1B shows the dose-dependence of the uptake of dilauroylglycerophos-
phocholine by erythrocytes. These results also again indicate the temperature-
dependence because uptake at 37°C was more efficient than that at 10°C.

Morphological change of human erythrocytes induced by dilauroylglycero-
phosphocholine. Fig. 2 shows the time course of the dilauroylglycerophospho-
choline-induced hemolysis at 10°C. Erythrocytes gave a higher noise level in
the turbidity curve before they were treated with dilauroylglycerophospho-
choline. When they were treated with dilauroylglycerophosphocholine, noise in
turbidity gradually decreased and disappeared within 4 min. During incubation
for a further 15 min there was no appreciable change of turbidity. Then, an
abrupt decrease of turbidity was observed, indicating that hemolysis occurred
suddenly after a lag of about 20 min. The process of hemolysis determined by
measuring turbidity was very similar to that determined by measuring chromate
release [4].

Under a scanning electron microscope, untreated erythrocytes had a normal
biconcave shape, as shown in Fig. 3B. The biconcave shape of erythrocytes



—t
w
[=)

- ]
2 e
[
r\u 'é B (@]
Q ~
310 2o
§ A c
5 * 34
g 3
‘{a . 8 3-
14
¢ o
g sl 87 /
Q
’8. ./ § 3 /‘
g / st SLa—
ol a /o
g /l A g
£ oletm—an 4 &5 20 x 5
§‘ Incubotuonhme (rmin) § Dilauroylglycerophosphochotine added
3 3 (nmol/107 cells)
= a8

Fig. 1. Uptake of [3Hldilauroylglycerophosphocholine by human erythrocytes at various temperatures.
(A) Time course of uptake of [3H]dilauroylglycerophosphocholine by erythrocytes at 10 (4), 25 (®) and
40°C (®). Human erythrocytes (107 cells/ml) were incubated with 20 uM of dilauroylglycerophosphocho-
line at various temperatures. Uptake of dilauroylglycerophosphocholine by erythrocytes was determined
as described in Materials and Methods. (B) Uptake of [3H]dilauroylglycerophosphocholine by erythro-
cytes as a function of the amount of dilauroylglycerophosphocholine added. Erythrocytes (107 cells/ml)
were incubated with various amounts of dilauroylglycerophosphocholine for 90 min at 10 (4) and 37°C
(©).

might be responsible for the high noise level in the turbidity curve, since the
cells tend to become aligned along the turbulent flow created by the stirrer.
Most erythrocytes appeared as spheroechinocytes after 5-min treatment with
dilauroylgly cerophosphocholine (Fig. 3A). The time-dependent change in shape
from discocytes to spheroechinocytes, which was observed under a scanning
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Fig. 2. Turbidity change of human erythrocytes induced by dilauroylglycerophosphocholine at 10°C. An
aliquot (0.5 ml) of washed erythrocyte suspension (6 - 107 cells/ml) was transferred to a cuvette contain-
ing 2.5 ml of 5 mM of Tris-buffered saline equilibrated at 10°C in a spectrophotometer. Then 15-ul of
dilauroylglycerophosphocholine suspension (b mM) were added and the change in turbidity at 675 nm
with time was recorded as described in Materials and Methods.
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Fig. 3. Scanning electron micrographs of human erythrocytes. (A) Erythrocytes were incubated with 25
uM dilauroylglycerophosphocholine in 5 mM Tris-buffered saline (pH 7.4) for 10 min at 10°C. Samples
were then fixed, dried and coated with gold as described in Materials and Methods. (B) Erythrocytes were
incubated in Tris-buffered saline without dilauroylglycerophosphocholine for 10 min at 10°C, then
treated as described above.

electron microscope, corresponds well to the decrease in noise observed on tur-
bidity assay, indicating that the decrease in noise might be due to shape change.

The temperature-dependence of the change in shape induced by dilauroyl-
glycerophosphocholine was next examined. The time required for morphologi-
cal change (change in shape) was plotted against the incubation temperature.
As described above, incubation of erythrocytes with dilauroylglycerophospho-
choline at 10°C for 4 min was required for complete disappearance of the noise
in turbidity. With increasing incubation temperature, the rate of transformation
seemed to increase (Fig. 4); change in shape was complete within 1 min when
erythrocytes were incubated with dilauroylglycerophosphocholine above 25°C.
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Fig. 4, Temperature-dependence of change in shape of human erythrocytes induced by dilauroylglycero-
phosphocholine. Erythrocytes (107 cells/ml) were incubated with 25 uM dilauroylglycerophosphocholine
at various temperatures and the turbidity changes were recorded as described for Fig. 2. The time required
for complete disappearance of the noise in turbidity (time required for the morphological change) is
plotted against the incubation temperature.
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Fig. 5. Time course of K* leakage and hemolysis of human erythrocytes induced by dilauroylglycerophos-
phocholine at various temperatures. Erythrocytes (107 cells/ml) were incubated with 25 UM dilauroyl-
glycerophosphocholine. The percentage of K' leakage from erythrocytes (---- - - ) and the percentage of
hemolysis ( ) were monitored simultaneously as described in Materials and Methods.

No appreciable amount of dilauroylglycerophosphocholine was adsorbed on
the erythrocytes when the change occurred (Fig. 1A).

Temperature-dependence of K' leakage and hemolysis of human erythro-
cytes induced by dilauroylglycerophosphocholine. The Kkinetics of K* leakage
from human erythrocytes and of hemolysis induced by dilauroylglycerophos-
phocholine were measured simultaneously as described in Materials and Meth-
ods (Fig. 5).

When erythrocytes were incubated with 20 uM of dilauroylglycerophospho-
choline at 5°C, K’ leakage started after 35 min. Almost immediately after K"
leakage, the turbidity of the erythrocyte suspension began to decrease, indicat-
ing that hemolysis occurred almost immediately. Incubation at 10° C shortened
both the lag phase of K* leakage and that of hemolysis; about 27 and 30 min
were required for 50% of the K* leakage and hemolysis, respectively. At 25°C,
K" leakage occurred rather faster than at 10°C; 13 min was required for 50% of
the K" leakage. At this temperature, however, very little hemolysis (less than
20%) was observed even after 60-min incubation. Electron microscopic exam-
ination showed that erythrocytes changed in morphology from normal disco-
cytes to spherocytes via spheroechinocytes. Spherocytes, which were exten-
sively observed after incubation at 25°C for 30 min, might be formed by some
osmotic mechanism due to enhanced flux of ions. When erythrocytes were
incubated with dilauroylglycerophosphocholine at 37°C, apparent hemolysis
was again observed. This observation is consistent with results reported in pre-
vious papers [4,5]. In the reaction at 37°C, unlike that at 5 or 10°C, the interval
between K* leakage and hemolysis was rather long; i.e., 35 min were required
for 50% hemolysis, while only 5 min were required for 50% K' leakage. At
17°C, K* leakage and hemolysis showed kinetics intermediate to those at 10
and 25°C.

Dose-response of K' leakage and hemolysis of human erythrocytes by
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Fig. 6. Dose-response of K* leakage from human erythrocytes and hemolysis induced by dilauroylglycero-
phosphocholine at 10 and 37°C. Erythrocytes (107 cells/ml) were incubated with various amounts of
dilauroylglycerophosphocholine for 90 min. The percentages of K* leakage and hemolysis were measured
as described in the legend for Fig. 5.

dilauroylglycerophosphocholine. The amounts of dilauroylglycerophosphocho-
line required for K' leakage and hemolysis were affected by temperature
(Fig. 6).

Human erythrocytes were incubated with various concentrations of dilau-
roylglycerophosphocholine at 10 or 37°C for 90 min and then K* leakage and
hemolysis were measured. At 10°C, 1.3 uM dilauroylglycerophosphocholine
was required for 50% K" leakage and 1.4 uM for 50% hemolysis. In contrast, at
37°C, 0.9 uM dilauroylglcyerophosphocholine was required for 50% K" leakage
and 5.0 uM for 50% hemolysis. Thus, at 10°C, the amount of dilauroylglycero-
phosphocholine required for hemolysis was very similar to that required for K*
leakage, whereas at 37°C, a larger amount was required for hemolysis than for
K" leakage.

Temperature-dependence of hemolysis of human erythrocytes induced by
dilauroylglycerophosphocholine. As reported previously [4], hemolysis of
human erythrocytes induced by dilauroylgly cerophosphocholine increased with
decrease in the incubation temperature from 25 to 10°C. When human erythro-
cytes were incubated with excess dilauroylglycerophosphocholine, they all
lysed at 10°C, but only a few lysed at 25°C. In this work we examined the
hemolysis at various temperatures between 10 and 25°C in more detail. As
shown in Fig. 7A, biphasic kinetics of hemolysis were observed at all tempera-
tures examined. For example, at 20°C, 45% of the chromate was released
rapidly within 40 min, and then release continued very slowly for another 50
min.

The dose-dependence of hemolysis at temperatures between 10°C and 25°C
was next examined (Fig. 7B). With excess dilauroylglycerophosphocholine,
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Fig. 7. (A) Time course of hemolysis of human erythrocytes induced by dilauroylglycerophosphocholine
at various temperatures. Erythrocytes (107 cells/ml) were incubated with 20 uM of dilauroylglycerophos-
phocholine at 10 (®), 15 (v), 17.5 (2), 20 (&) and 25°C (0). The percentage of hemolysis was determined
at various times using 5 1 Cr-labeled erythrocytes as described in Materials and Methods. (B) Dose-response
of hemolysis of human erythrocytes induced by dilauroylglycerophosphocholine at various temperatures.
Erythrocytes (107 cells/ml) were incubated with various amounts of dilauroylglycerophosphocholine for
60 min at 10 (®), 15 (), 20 (2) and 25°C (©).

55% of the chromate was released at 20°C, whereas only 25% was released at
25°C. Counting of cell numbers after hemolysis indicates that about 50 and
75% of the erythrocytes remained unhemolysed at 20 and 25°C, respectively.
Thus, partial hemolysis observed here is due to a certain number of cells failing
to lyse, rather than to partial release of hemoglobin from all the cells.

Next, erythrocytes were incubated with excess dilauroylglycerophospho-
choline at 25°C, and then the temperature was decreased to various lower val-
ues. Fig. 8 shows that the change of turbidity was greatly enhanced only during
a short period, just after decreasing the temperature.

The possibility that hemolysates, once formed, prevent further hemolysis
was excluded by the finding that addition of a certain amount of hemolysate
did not have any effect in preventing hemolysis.

100

Hemolysis (%)
o
o)

Incubation time (min}

Fig. 8. Time course of hemolysis of human erythrocytes induced by dilauroylglycerophosphocholine at
various temperatures. Arrows indicate the time of shift-down to the indicated temperature. Erythrocytes
(107 cells/ml) were incubated with 20 uM of dilauroylglycerophosphocholine in a cuvette. Hemolysis was
monitored by measuring turbidity change as described in Materials and Methods.
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Fig. 9. Time course of hemolysis of human erythrocytes induced by dilauroylglycerophosphocholine at
various pH values. Human erythrocytes (107 cells/ml) were incubated with 20 uM dilauroylglycerophos-
phocholine at 25°C and pH 5.5 (v), 6.0 (&), 6.5 (¥), 7.0 (P), 7.5 (©) and 8.0 (4). Solutions of 150 mM
NaCl buffered with 5 mM Mes were used as media for experiments at pH 5.5, 6.0 and 6.5 and solutions of
150 mM NaCl buffered with 5 mM Hepes were used for experiments at pH 7.0, 7.5 and 8.0. Percentage
hemolysis was determined at various times using 5 1 Cr-labeled erythrocytes.

Effect of pH on hemolysis of human erythrocytes induced by dilauroyl-
glycerophosphocholine. As described above, hemolysis by dilauroylglycero-
phosphocholine in a medium of pH 7.4 at 25°C showed biphasic kinetics. In
the first phase only 25% of the erythrocytes was hemolysed. The effect of pH
on hemolysis of human erythrocytes induced by dilauroylglycerophosphocho-
line at 25°C is shown in Fig. 9. Decrease in the pH from 7.5 to 5.5 increased
hemolysis in the first phase and at pH 5.5, 80% hemolysis was observed within
15 min even at 25°C. Without dilauroylglycerophosphocholine, no hemolysis
was observed under these conditions. It is also noteworthy that the first phase
of hemolysis was completed within the same period, irrespective of the pH.
Under these experimental conditions, no change of pH was observed during or
after hemolysis.

Effects of Cu®*, Hg** and sulfhydryl agents on hemolysis of human erythro-
cytes induced by dilauroylglycerophosphocholine. The kinetic study on hemol-
ysis of erythrocytes induced by dilauroylglycerophosphocholine at 25°C in the
presence of CuSO,; was performed. With increase in the concentration of
CuSQy, hemolysis in the first phase increased; with 10 uM CuSO,, 70% hemol-
ysis was observed within 15 min (data not shown). CuCl, had the same effect as
CuS0O,.

Sulfhydryl agents such as HgCl,, p-chloromercuriphenylsulfonic acid and
N-ethylmaleimide had similar effects. HgCl, was more potent than CuSQO,, since
2 uM HgCl, had a similar effect to 10 uM CuSQ,, but p-chloromercuriphenyl-
sulfonic acid and N-ethylmaleimide had rather weaker effects. In the absence of
dilauroylglycerophosphocholine these agents, including CuSO,, did not cause
any hemolysis, even at the highest concentrations tested.

Temperature-dependence of K® leakage and hemolysis of pig erythrocytes
induced by dilauroylglycerophosphocholine. In the previous work [5] we
examined the sensitivities of erythrocytes of various animals to dilauroyl-
glycerophosphocholine at temperatures between 0 and 40°C, and classified the



136

100 >
10| 2sc| / 40°C

50p

1 I

60 30 60 30 60

— = — k*leakage (%)
Hemolysis (%)

Incubation time (min)

Fig. 10. Time course of K* leakage and hemolysis of pig ervthrocytes induced by dilauroylglycerophos-
chocholine at various temperatures. Erythrocytes (107 cells/ml) were incubated with 13.5 uM dilauroyl-
glycerophosphocholine. The percentages of K* leakage from erythrocytes (------ ) and hemolysis
( ) were monitored simultaneously as described in the legend for Fig. 5.

erythrocytes into two types on the basis of the results obtained. The rate of
hemolysis of monkey, rabbit, rat and human erythrocytes (human-type) was
rapid at 10 and 40°C but slow at 25°C. In contrast, the rate of hemolysis of
cow, calf, sheep, pig, dog and cat erythrocytes (cow-type) increased with
increasing incubation temperature. Next, we examined the temperature-depen-
dence of dilauroylglycerophosphocholine-induced K* leakage of cow-type
erythrocytes. Pig erythrocytes were used for these studies because their intra-
cellular K* concentration is high. When pig erythrocytes were incubated with
excess dilauroylglycerophosphocholine at 10°C, K* leakage started after 15 min
and was followed 'immediately by hemolysis. With increase in the incubation
temperature, both K* leakage and hemolysis occurred faster and always simul-
taneously (Fig. 10). These results are in contrast to those obtained with human
erythrocytes (Fig. 5).

Discussion

The process of interaction of erythrocytes with dilauroylglycerophospho-
choline, which leads eventually to-hemolysis, was studied and is summarized
schematically in Fig. 11.

Human erythrocytes
at 10°C

Pig erythrocytes

> {3 Ho
(l)
v H20 Q ) (T) A griveoes

Fig. 11. Process of hemolysis of erythrocytes induced by dilauroylglycerophosphocholine. From the pres-
ent experiments, steps 1, 2 and 3 proceed in both human erythrocytes at 10°C and pig erythrocytes at all
temperatures, while steps 1, 2, 4 and 5 proceed in human erythrocytes at 37°C. (1) Morphological trans-
formation. (2) K* leakage. (3) Hemolysis by colloid osmotic mechanism. (4) Resistance to hemolysis
(swelling?). (5) Further uptake of dilauroylglycerophosphocholine, resulting in hemolysis, by a mecha-
nism which may be different from that of colloid osmotic lysis in step 3.
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When human erythrocytes were treated with dilauroylglycerophosphocho-
line, morphological change from discocytes to spheroechinocytes was observed
first. The rate of this morphological change was temperature-dependent; with
increase in the incubation temperature, the rate of change increased. The rate
of uptake of dilauroylglycerophosphocholine by erythrocytes also increased
with increasing incubation temperature. Therefore, it may be concluded that
the interaction of erythrocytes with an amount of dilauroylglycerophospho-
choline so small that it could not be detected under our experimental condi-
tions is probably the cause of the morphological change. The discocyte-echino-
cyte transformation of human erythrocytes is produced both by intrinsic fac-
tors, such as ATP and Ca®*, and by extrinsic factors, such as lysolecithin and
methochlorpromazine [9—11]. Weltzien proposed in his review [12] that lyso-
phosphatidylcholine may induce a change in shape as a result of increased ion
permeability in the pre-hemolytic phase. The change in shape observed in the
present experiment, however, is probably not simply a result of increased ion
permeability, since it occurred without appreciable K* leakage from the eryth-
rocytes.

Upon further incubation, a certain amount of dilauroylglycerophosphocho-
line was adsorbed to erythrocytes, causing K* leakage. The time required for K*
leakage was also dependent on the incubation temperature. The amount of
bound dilauroylglycerophosphocholine required for 50% K* leakage was calcu-
lated to be 7.3 - 107'7 mol/cell at 10°C and 6.9 - 107!7 mol/cell at 37°C, indi-
cating that the interaction of about 7 - 107!7 mol/cell of dilauroylglycerophos-
phocholine had the same effect on the erythrocytes irrespective of the incuba-
tion temperature.

The temperature-dependence of the kinetics of hemolysis of human erythro-
cytes was different from that of pre-hemolytic events (morphological change
and K" leakage). Hemolysis was rapid at 5—10 and above 40°C, but slow at
about 25°C. Hemolysis below 10°C seems to be a typical colloid osmotic lysis
[13,14], since it occurred immediately after K* leakage. Permeation of Na* and
K® towards equilibrium, together with the excess osmotic pressure due to the
presence of intracellular hemoglobin, probably lead to swelling and eventual
hemolysis of the erythrocytes. On the other hand, hemolysis above 37°C may
not be a colloid osmotic lysis, since it was observed only after incubation for a
further 30 min. It is probably due to a different mechanism from that operat-
ing below 10°C and may involve additional adsorption of dilauroylglycerophos-
phocholine to the erythrocytes. This possibility is supported by the fact that
hemolysis was suppressed by washing the erythrocytes immediately after K*
leakage was complete. The amount of bound dilauroylglycerophosphocholine
required for 50% hemolysis at 37°C was 31 - 107!7 mol/cell, which was much
more than that required for K* leakage or for hemolysis at 10°C (about 7 -
107'7 mol/cell). At 25°C, the hemolysis due to the mechanism operating at
37°C can be observed during a very long incubation time. This long delay of
hemolysis may be due to the slow uptake of dilauroyiglycerophosphocholine at
this temperature. About 80% of the erythrocytes remained unhemolysed for 50
min after K leakage was complete. Thus, 20% of the erythrocytes seemed to
be sensitive to colloid osmotic lysis at 25°C. The percentage of erythrocytes
that was sensitive to colloid osmotic lysis increased with decreasing tempera-
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ture. A preliminary experiment showed that no appreciable percentage of the
erythrocytes was sensitive to colloid osmotic lysis above 37°C. At present, it is
unknown why most human erythrocytes are resistant to colloid osmotic lysis
above 25°C. Some protein(s) in the membrane might be responsible for the
resistance, since the pH of the medium and sulfhydryl agents had marked
effects on the resistance of erythrocytes to colloid osmotic lysis. There could
be an alternative explanation for the apparent resistance of erythrocytes to
lysis at above 25°C. The lack of hemolysis after K* leakage may be attributed
to the resealing of the damage caused by dilauroylglycerophosphocholine after
the initial flux of ions. In fact, consistent with resealing, the K’ release curves
in the middle temperature range indicate that all of the K* is not released in the
early phase. Hemolysis observed at the lower temperature may be related to a
slow resealing process.

It is noteworthy that human erythrocytes treated with a benzylated lyso-
phosphatidylcholine derivative showed similar kinetics of K’ leakage and
hemolysis [12]. Whereas at 37°C, intracellular K* can be released without any
loss of hemoglobin, the difference between the release of the two markers is
considerably smaller at low temperature. Weltzien postulated that temperature-
dependence may be accounted for by change in the ‘rigidity’ of the membrane
with temperature. It could be expected that above 25°C, the membrane would
become more elastic and more resistant to colloid osmotic pressure. Some pro-
tein component(s) may be responsible for this increase in ‘elasticity’.

Unlike human erythrocytes, pig erythrocytes were hemolysed immediately
after K* leakage even above 25°C. Thus, it seems likely that pig erythrocytes
lack this pH- and sulfhydryl agent-sensitive ‘mechanism’ of resistance to colloid
osmotic lysis. Possibly, sulfhydryl agents modify some membrane protein(s) in
human erythrocytes thus converting them to ‘pig-type’ erythrocytes. In a pre-
vious paper [5], we showed that the erythrocytes of various mammalian species
could be divided into two groups on the basis of their sensitivity to dilauroyl-
glycerophosphocholine. This classification may be based on whether or not this
mechanism of resistance operates in the erythrocytes. Erythrocytes can also be
classified into two groups on the basis of the temperature-dependence of pene-
tration of glycerol into the cells [15]. It is noteworthy that the latter classifica-
tion corresponds to that for sensitivity toward dilauroylglycerophosphocholine.
Moreover, glycerol penetration showed sensitivities to Cu®* [16] and pH varia-
tion [15] similar to the mechanism for resistance observed here. Conceivably,
the same protein(s) is responsible for both glycerol permeation and the mecha-
nism of resistance to colloid osmotic lysis.

The heterogeneity in sensitivity of human erythrocytes observed here may
reflect their considerable heterogeneity in age. In fact, preliminary studies
showed that the sensitivity of rat reticulocytes to dilauroylglycerophosphocho-
line was different from that of normal rat erythrocytes.
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