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CHANGES IN MEMBRANE PHOSPHOLIPID DISTRIBUTION DURING PLATELET ACTIVATION
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(1) Exposure of phospholipids at the outer surface of activated and control platelets was studied by
incubation with a mixture of phospholipase A , from Naja naja and bee venom, solely or in combination with
sphingomyelinase from Staphylococcus aureus, using conditions under which cell lysis remained below 10%.
(2) Incubation with phospholipase A, alone revealed a markedly increased susceptibility of the phospholipids
in platelets activated by a mixture of collagen plus thrombin, by the SH-oxydizing compound diamide, or by
calcium ionophore A23187, as compared to control platelets or platelets activated separately by collagen or
thrombin. (3) Collagen plus thrombin, diamide, and ionophore treated platelets revealed an increased
exposure of phosphatidylserine at the outer surface accompanied by a decreased exposure of sphingomyelin,
as could be concluded from incubations with a combination of phospholipase A, and sphingomyelinase.
These alterations were much less apparent in platelets activated either by thrombin or by collagen alone. (4)
The increased exposure of phosphatidylserine in activated platelets is accompanied by an increased ability of
the platelets to enhance the conversion of prothrombin to thrombin by coagulation factor Xa, in the presence
of factor Va and calcium. (5) It is concluded that the altered orientation of the phospholipids in the plasma
membrane of platelets activated by collagen plus thrombin, by diamide, or by calcium ionophore, is the result
of a transbilayer movement. Moreover, the increased exposure of phosphatidylserine in platelets stimulated
by the combined action of collagen and thrombin might be of considerable importance for the hemostatic
process.

Introduction

Phospholipids in the plasma membrane of hu-
man platelets are not homogeneously distributed
between both halves of the membrane bilayer [1-3].
In a resting, non-activated platelet, the outer
surface of the membrane is characterized by the
presence of neutral phospholipids, particularly
phosphatidylcholine and sphingomyelin. The
negatively-charged platelet phospholipids, phos-
phatidylserine and phosphatidylinositol, are al-

Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid.
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most exclusively present in the inner leaflet of the
bilayer. We have previously shown that activation
of platelets by simultaneous action of thrombin
and collagen changes the distribution of the lipids
in the plasma membrane in such a way that a
substantial amount of the negatively-charged
phosphatidylserine becomes exposed at the mem-
brane outer surface [4]. This property of activated
platelets is of significant importance for their role
in the hemostatic process, since negatively-charged
phospholipids markedly enhance the conversion of
factor X to factor Xa by a complex of factor IXa,
factor VIIIa and Ca?* as well as the conversion of
prothrombin to thrombin by a complex of factor
Xa, factor Va and Ca?* [5-12]. Non-activated
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platelets have a low capacity to stimulate the for-
mation of factor Xa or thrombin, because of the
nearly absolute absence of negatively-charged
phospholipids at the outer surface of the mem-
brane. Simultaneous activation of platelets by col-
lagen and thrombin results in a large enhancement
of the rate of factor Xa or thrombin formation
{4,13]. This increased activity has been ascribed to
the increased exposure of negatively-charged phos-
phatidylserine, which makes the platelet surface
more suitable for the formation of prothrombinase
and factor X activating complexes.

In our previous experiments, exposure of phos-
phatidylserine at the outer surface of activated
platelets was demonstrated using phospholipase
A, from Ngja naja or bee venom [4]. However,
only the phospholipids of platelets activated by
the combination of collagen and thrombin can be
hydrolyzed by these lipolytic enzymes; the phos-
pholipids of unactivated platelets or platelets
activated either by collagen or by thrombin alone
are hardly susceptible towards phospholipase A ,.
Thus, from incubations with phospholipase A,
alone it cannot always be concluded whether
activated platelets have an increased exposure of
negatively-charged phospholipids. However, phos-
pholipids of unactivated platelets become available
for hydrolysis by phospholipase A, when sphin-
gomyelinase (Staphylococcus aureus) is also pre-
sent [1]. Therefore, the accessibility of phospholi-
pids of activated platelets to a combination of
phospholipase A, and sphingomyelinase was
investigated to establish whether a correlation ex-
ists between exposure of phosphatidylserine and
platelet prothrombin converting activity after
activation of platelets by collagen, thrombin or a
combination of these agents. Since platelets treated
with calcium ionophore A23187 also show a
dramatic increase in prothrombin- and factor X-
activating capacity [14], it was of interest to in-
vestigate whether these platelets also show altera-
tions in the phospholipid distribution across the
membrane. Moreover, Haest et al. [15,16] have
found that treatment of erythrocytes with the SH-
oxidizing agent diamide results in an increased
accessibility of the aminophospholipids. Therefore,
it was investigated whether this agent is also able
to alter the phospholipid arrangement in the
platelet membrane and if this accompanied by an

increase of the prothrombin converting activity of
platelets.

Materials and Methods

Fatty-acid-free human serum albumin, nico-
tinamide-adenine dinucleotide, reduced form
(NADH), indomethacin and diamide were ob-
tained from Sigma Chemicals Co. (St. Louis). Di-
thiothreitol and o-phenanthroline were from Baker.
Collagen (Type I) was from Hormon Chemie
(Munich) and calcium ionophore A23187 from
Caibiochem. Ngja naja venom and bee venom
( Apis mellifica) were purchased from Koch Light.
Chromogenic substrate H-p-phenylalanyl-L-pipe-
colylarginine-p-nitroanilide (§2238) was from Kabi
Diagnostica (Stockholm, Sweden). Methylphos-
phatidic acid was prepared according to the
method of Comfurius and Zwaal [17]. Coagulation
factors Xa, Va, prothrombin and thrombin were
isolated and purified as described elsewhere [4].
Phospholipase A, (phosphatide-2-acylhydrolase:
EC 3.1.1.4) from N. ngja and bee venom and
sphingomyelinase (sphingomyelin-cholinephos-
phohydrolase; EC 3.1.4.12) from Staphylococcus
aureus were purified according to Zwaal et al. [18].
One international unit (IU) is defined as the
amount of enzyme which hydrolyzes one pmol of
phospholipid per min under optimal conditions.

Isolation of platelets

Because relatively large amounts of platelets
were required, a method was developed to isolate
platelets from buffy coats obtained from the local
hospital. The buffy coats were prepared from blood
of healthy donors which was collected into the
anticoagulant acid citrate dextrose: 0.052 M citric
acid, 0.08 M trisodium citrate, 0.18 M glucose.
One volume of buffy coat was diluted with five
volumes of Hepes buffer pH 6.6, containing 137
mM NacCl, 2.68 mM KCl, 10 mM Hepes, 1.7 mM
MgCl,, 25 mM glucose and 0.05% fatty acid free
human serum albumin. After centrifugation for 15
min at 200 X g, the platelet-rich upper phase was
recentrifuged for 10 min at 1400 X g to obtain a
platelet pellet. This pellet was resuspended in
Hepes-buffer pH 6.6, and one volume of acid
citrate dextrose was added to fourteen volumes of
the platelet suspension. The platelets were washed



twice and finally resuspended in the same Hepes
buffer pH 7.5, without addition of acid citrate
dextrose. Platelet concentration was determined
with a Coulter Counter. The washed platelet pre-
parations contained less than one percent leuko-
cytes or erythrocytes. All platelet handling was
carried out at room temperature.

Phospholipase treatment of platelets

Stirred platelet suspensions (10 ml), at a con-
centration of 3 - 108 /ml, were activated with vari-
ous stimulators in the presence of 3 mM CaCl, at
37°C. After 15 min, an additional amount of
CaCl, (final concentration 10 mM) as well as
o-phenanthroline (final concentration 2 mM) and
indomethacin (final concentration 1 pg/ml) were
added, followed by a mixture of phospholipase A,
from N. naja (36 1U) and bee venom (26 IU). In
some experiments sphingomyelinase (3.5 IU) was
added 5 min after the addition of phospholipase
A ,. At various time intervals, phospholipase activ-
ity was inhibited by addition of 1 ml 02 M
EDTA. Prior to the addition of EDTA, a sample
of 1 ml was taken to measure the amount of
platelet lysis. It should be noted that for every
time period of phospholipase treatment, a separate
incubation was required, since platelet aggregation
as a result of the activation procedure makes
homogeneous subsampling unreliable.

Platelet lipids were extracted according to the
procedure of Bligh and Dyer [19]. Methylphos-
phatidic acid (250 pg) was added as an external
standard prior to the extraction procedure. Phos-
pholipid analysis was carried out by two dimen-
sional thin layer chromatography followed by
phosphorous determination of the isolated spots as
described earlier [20}. To evaluate phospholipid
degradation in intact platelets only, corrections
were made for phospholipid breakdown in the
population of lysed cells assuming that the phos-
pholipids of the lysed cells are completely de-
graded. Only those experiments where lysis did
not exceed 10% were taken into consideration.

Measurement of platelet lysis

Lactate dehydrogenase activity in the super-
natant was used as a parameter for platelet lysis
and was measured according to the method of
Wrobleski and La Due [21]. In the samples con-
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taining diamide, the measurements were carried
out in the presence of excess dithiothreitol (twice
the concentration of diamide). The amount of
platelet lysis was determined from a calibration
curve made with different dilutions of a platelet
preparation which was lysed completely by sonica-
tion for 3 min.

Measurement of platelet prothrombin converting ac-
tivity

Prothrombin-converting activity was measured
as described before [4]. Final concentrations in the
reaction mixture were: 5 - 106 platelets/ml, 15 nM
factor Xa, 30 nM factor Va, 4 uM prothrombin
and 6 mM CaCl,. Samples (25 ul) for measuring
the amount of thrombin formed were taken 30 s
and 60 s after addition of prothrombin and as-
sayed in a cuvette containing 1 ml buffer (50 mM
Tris, 120 mM NaCl, 2 mM EDTA, pH 7.5) and
0.25 mM $2238. From the rate of change in ab-
sorbance at 405 nm, the amount of thrombin
formed was calculated using a calibration curve
with known amounts of active site-titrated
thrombin.

Results

Exposure of phospholipids at the platelet outer
surface was studied using a mixture of two phos-
pholipases A, (the enzymes from N. ngja and bee
venom) solely or in combination with
sphingomyelinase from S. aureus. An essential
requirement for such a study is that all phos-
pholipids are suitable substrates for the enzymes
used and that the amount of enzyme and time of
incubation are sufficient to guarantee complete
degradation in lysed cells. Therefore, lysed plate-
lets obtained by sonication for 3 min were
incubated with a mixture of phospholipase A, (N.
naja and bee venom) and sphingomyelinase, and
phospholipid hydrolysis was measured. As shown
in Fig. 1, all phospholipid classes with the excep-
tion of phosphatidylinositol are almost completely
degraded within 5 min under the given experimen-
tal conditions. Since hydrolysis of phosphati-
dylinositol is incomplete, this phospholipid was
not considered in further experiments. The results
in Fig. 1 can be obtained by incubation of lysed
platelets with phospholipase A, and sphingomye-
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Fig. 1. Phospholipid hydrolysis in platelet lysate by phospholi-
pase A, and sphingomyelinase. Platelets (3-10%/ml) were inter-
mittantly sonicated at 15 sec intervals for 6 min at 0°C using a
Branson Sonifier. At the end of this period, platelets were
completely lysed. Phospholipase A , and sphingomyelinase were
added and at different time intervals the incubation was stopped
with EDTA and analyzed for phospholipid hydrolysis. Phos-
phatidylcholine, ®; phosphatidylethanolamine, A; phosphati-
dylserine, ®; phosphatidylinositol, O; sphingomyelin, Ol.

TABLE 1

NON-LYTIC DEGRADATION OF PHOSPHOLIPIDS IN
ACTIVATED PLATELETS BY EXOGENOUS PHOS-
PHOLIPASE A, (N. NAJ4 PLUS BEE VENOM)

Platelets (3-10%/ml) were activated with various agents for 15
min. At that time phospholipase A, was added, and the in-
cubation was continued for another 45 min. Values have been
corrected for platelet lysis, which was lower than 8%. Data are
the average (mean £ S.D.) of six experiments. For experimental
details see Materials and Methods.

Total phospholipid hydrolysis
(% of total lipid phosphorous)

Platelet activator

None 22+14
Thrombin (2 nM) 58+21
Collagen (10 pg/ml) 49+3.0
Thrombin + collagen 204+2.1
Diamide (S mM) 19.242.7
A23187 (1 uM) 46.8+3.1

linase separately or in combination. In contrast.
very little phospholipid hydrolysis occurs when
intact, non-activated platelets are treated with
phospholipase A, alone (Table I). This is also the
case when platelets are activated either by throm-
bin or by collagen; less than 6% of the total
phospholipids is hydrolyzed by phospholipase A ,.
However, when platelets are activated by a mix-
ture of collagen and thrombin, by the SH-oxydiz-
ing compound diamide, or by the calcium iono-
phore A23187, increased amounts of phospholipid
become susceptible towards exogenously added
phospholipase A, without significant lysis of the
cells. The increased accessibility of platelet phos-
pholipids towards phospholipase A , indicates that
changes in the membrane structure have occurred
as a result of these activation procedures. Activa-
tion of platelets for 15 min with the agents listed
in Table I, does not cause detectable changes in
over-all phospholipid composition of the platelets,
and platelet release and aggregation occur to a
similar extent with all activators except for di-
amide with which neither release nor aggregation
is observed (data not shown). It should be noted
that sphingomyelinase treatment of non-activated
as well as activated platelets results in all cases in
significant degradation of sphingomyelin, without
cell lysis. The amount of sphingomyelin degrada-
tion is the same whether sphingomyelinase is added
alone or in combination with phospholipase A,
(see below).

In order to obtain more detailed information on
the exposure of phospholipids at the outer surface
of platelets and to compare the effect of various
activating agents on this exposure, a mixture of
phospholipase A, and sphingomyelinase was used.
However, the use of this combination of enzymes
increases the risk of platelet lysis, particularly if
the platelets are activated prior to addition of the
phospholipases. Therefore, careful examination of
platelet lysis during treatment with the combina-
tion of phospholipase A, and sphingomyelinase
was essential. With non-activated platelets and
platelets activated either by thrombin, collagen or
diamide, breakdown of phospholipid levels off at a
moment where platelet lysis is still less than 10%,
and neither phospholipid breakdown nor cell-lysis
increase upon a further 30 min incubation. A
different picture was obtained using platelets tri-
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Fig. 2. Total phospholipid hydrolysis and cell lysis during
phospholipase A , and sphingomyelinase treatment of platelets
activated by collagen and thrombin. Platelets (10 ml at a
concentration of 3-108/ml) were activated for 15 min with
collagen (10 pg/ml) and thrombin (2 nM). After the activation
period, phospholipase A, and sphingomyelinase were added.
The incubation was stopped by addition of EDTA. Total
phospholipid degradation (@) and platelet lysis (O) were mea-
sured. Further details are given in Materials and Methods.

ggered with collagen plus thrombin, or with
A23187. Fig. 2 shows the hydrolysis of total phos-
pholipid as a function of time together with the
lysis pattern during phospholipase treatment of

TABLE 11
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platelets that have been activated with collagen
plus thrombin. Phospholipid hydrolysis does not
reach a plateau in this incubation. During the first
30 min of phospholipase treatment, there is a
small increase in cell lysis. At this time, phos-
pholipid hydrolysis approximates 50%. Prolonged
incubation gives rise to a sudden increase in cell
lysis as well as phospholipid degradation, suggest-
ing that extensive destruction of cell structure oc-
curs. A similar course of hydrolysis and lysis was
found for phospholipase treatment of platelets
activated by A23187.

Besides total phospholipid hydrolysis, we also
determined the hydrolysis of each phospholipid
class upon platelet incubation with a combination
of sphingomyelinase and phospholipase A,. The
data are summarized in Table II. For control
platelets and platelets activated by collagen,
thrombin, or diamide, the hydrolysis of each phos-
pholipid class leveled off after 30 min; values at
t = 45 min are presented in this table. The data for
platelets activated by collagen plus thrombin or by
A23187 were taken at a time of phospholipase
treatment just before the sudden rise in platelet
lysis (e.g. in Fig. 2 at 35 min). The percentages of
lipid degradation are corrected for cell lysis assum-
ing complete hydrolysis of the phospholipids in
the lysed cell population. Treatment of control
cells with a combination of phospholipase A, and

NON-LYTIC DEGRADATION OF PHOSPHOLIPIDS BY PHOSPHOLIPASE A2 (N. NAJA AND BEE VENOM) AND
SPHINGOMYELINASE (S. AUREUS) IN ACTIVATED HUMAN PLATELETS

The values are expressed as percentage of total lipid phosphorus (mean+S.D.). The numbers in parenthesis refer to the percent
degradation of the corresponding phospholipid class. n = number of experiments. PS, phosphatidylserine; PC, phosphatidyicholine;
PE, phosphatidylethanolamine; SM, sphingomyelin; total PL, total phospholipid.

Phospholipid ~ Hydrolysis
°°“_‘Pl°zs“‘°“ Control Thrombin Collagen Thrombin + Diamide A23187
(n=12) (n="7) (n=9) (n=9) collagen (n="7) (n="7)
(n=12)
PS 10.9+0.7 0.540.5 (4) 1641.0(15) 2142019 5.0+ 0.3(46) 5.3+ 0.4(49) 8.2+0.7(75)
PC 383+14 65+1.5(17) 12944.6(34) 1441+43(37) 151+1.6(3%) 155+05(41)  19.241.5(50)
PE 26.8+0.8 20409 (7) 5143119  5943.9(22) 160+0.9(60) 10.3+0.1(38)  23.3+0.8(87)
SM 190+ 1.4 120+15(63) 13243.8(69) 12.4+0.6(65  8.3+1.543) 8.6+0.2(45)  14.31+0.6(75)
Total
PL 950° 21.0+2.4 328168 348462 445423 39.7+0.7 65.0+1.9

# Phosphatidylinositol (PI) is omitted for reasons explained in Resuits.
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sphingomyelinase leads to hydrolysis of 21% of
total phospholipid which is in agreement with the
findings of Perret et al. {3). The hydrolyzed phos-
pholipid fraction is mainly composed of the choline
containing phospholipids, sphingomyelin and
phosphatidylcholine. Activation of platelets by
collagen or by thrombin prior to addition of phos-
pholipases results in an increased phospholipid
hydrolysis. The amount of sphingomyelin hydro-
lyzed in these platelets is not different from that in
control platelets, but an increased degradation of
the glycerophospholipids is observed. However,
the small quantities of phosphatidylserine and
phosphatidylethanolamine that are hydrolyzed to-
gether with the large standard deviations make it
difficult to discern whether there is an increased
susceptibility of these phospholipids towards phos-
pholipase A,. Remarkably deviating patterns of
phospholipid hydrolysis are found for platelets
activated by collagen plus thrombin, diamide, or
A23187. Apart from a further increase in the
extent of total phospholipid hydrolysis (even to a
maximum of 65% for platelets activated by
A23187) the most striking feature is the significant
increase in the breakdown of phosphatidylserine
and phosphatidylethanolamine in these platelets.
A clear picture of the effects of the different
platelet stimulators on the exposure of phospholi-
pids at the membrane outer surface is obtained
when the compositions of the hydrolyzed phos-
pholipid fractions are compared. These composi-
tions, which are calculated from the data in Table
11, are presented in Table 11I. Compared to control
platelets, there is an increase in phosphatidylserine
and phosphatidylethanolamine accompanied by a
decrease in sphingomyelin in the hydrolyzed phos-

TABLE HI

TABLE IV

COMPARISON BETWEEN PROTHROMBIN CONVERT-
ING ACTIVITY OF ACTIVATED HUMAN PLATELETS
AND EXPOSURE OF PHOSPHATIDYLSERINE

Rate of thrombin formation was measured after a 15 min
activation period in a system containing 5.8-10° platelets /ml,
factor Xa (15 nM), factor Va (30 nM) and prothrombin (4 pM)
in the presence of 6 mM CaCl,.

Rate of Percentage
thrombin of PS
formation exposed *
(nM Ila/min)
No stimulator 34 4
Thrombin (2-20 nM) 41 15(p =0.05)
Collagen (10 pg/ml) 157° 19 (p =0.10)
Thrombin + collagen 352 46 ( p < 0.001)
Diamide (5 mM) 356 49 ( p < 0.001)
A23187 (1 pM) 793 75 (p < 0.001)
Lysed platelets 1170 96 ( p < 0.001)

* Differences with respect to non-stimulated platelets were
tested by two-sided Student’s -test. p values are given in
parenthesis. Consult Table II for corresponding standard
deviations.

® The increased rate of thrombin formation of collagen-
activated platelets could be the result of a combined action of
the added collagen and the thrombin that is formed during
the assay (cf. Ref. 4).

pholipid fraction, when platelets are activated by a
mixture of collagen plus thrombin, by diamide or
by A23187. It is not clear why the standard devia-
tions for the phospholipid hydrolysis of thrombin
or collagen treated platelets are relatively high.
Therefore, it remains uncertain whether gross
alterations in phospholipid orientation also occur
in these platelets.

The effect of the various platelet activators on
the ability of platelets to enhance the conversion

COMPOSITION OF PHOSPHOLIPID FRACTIONS HYDROLYZED BY PHOSPHOLIPASE A, AND SPHINGOMYELINASE

TREATMENT OF ACTIVATED HUMAN PLATELETS

Values are expressed as percentage of the hydrolyzed fraction of total phospholipid (mean + S.D.). Data are calculated from Table Il
by setting the hydrolyzed total phospholipid fraction at 100%. Pl is not taken into account for reasons explained in the results section.

Controtl Thrombin Collagen Thrombin + Diamide A23187
collagen
PS 24+24 49+ 32 6.0+ 5.8 11.2+0.9 134+1.0 126+1.1
PC 31.0+8.0 39.34+16.2 41.4+144 33.9+34 390+14 295425
PE 9.5+44 155+ 9.9 17.0+11.6 36.0+2.0 258405 358+1.6
SM 57.1+9.7 4024143 356+ 6.6 18.7+3.4 21.7+0.6 220+1.1




of prothrombin into thrombin by factor Xa was
investigated using a chromogenic substrate assay
to measure the rate of thrombin formation. The
results are presented in Table IV. It has previously
been demonstrated that the rate of thrombin for-
mation is strongly enhanced in the presence of a
negatively-charged phospholipid surface, in partic-
ular, one containing phosphatidylserine [5-9].
Therefore, the corresponding values for phos-
phatidylserine hydrolysis by exogenous phos-
pholipases are also presented in this table, since
this may represent a measure of phosphati-
dylserine exposure at the outer surface. It is obvi-
ous from this comparison that an increased ex-
posure of phosphatidylserine corresponds to an
increased rate of thrombin formation.

Discussion

Platelet activation leads to morphological and
metabolic changes. In particular, the enhanced
turnover of phosphatidylinositol is one of the
primary metabolic events that take place in the
membrane during platelet activation [22-27].
However, little evidence is available indicating that
the plasma membrane is subjected to structural
alterations. Using fluorescent probes, Nathan et
al. [28] have found indications for changes in
microviscosity of phospholipids in the membrane
of human platelets after activation by thrombin.
Changes in the distribution of membrane phos-
pholipids have been reported by Schick et al. [29],
who found increased labeling of phosphatidyl-
ethanolamine by trinitrobenzenesulfonic acid
(TNBS) after triggering of platelets with thrombin.
We have previously shown [4], that activation of
platelets simultaneously by collagen and thrombin
results in an increased susceptibility of phos-
pholipids towards exogenously added phospholi-
pase A,. This was not observed for platelets
activated by either one of these activators sep-
arately. The increased susceptibility of phospholi-
pids is also apparent following treatment of plate-
lets with diamide or A23187. Differences in availa-
bility of phospholipids for phospholipase A, in
platelets activated by various means may reflect
differences in structural organization of the mem-
brane. In this respect, the difference between
platelets activated by a combination of collagen
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and thrombin compared to platelets activated by
either of the two is striking, since no differences
are observed in the extent of platelet aggregation
and release.

The activity of phospholipase A, towards
platelet membranes is significantly facilitated if
sphingomyelin is degraded at the same time by the
action of sphingomyelinase [1,3]. When platelet
lysis is carefully controlled, this allows the study of
the exposure of all individual phospholipid classes
at the outer surface of activated platelets in a
similar manner as was described for unstimulated
platelets by Perret et al. [3]. The amount of phos-
pholipids that can be degraded under non-lytic
conditions can be directly influenced by the extent
of platelet aggregation and release resulting from
the activation procedure. Intact unstimulated
platelets contain several types of intracellular
membranes such as granule membranes,
mitochondrial membranes and membranes of the
dense tubular system. As was elegantly dem-
onstrated by Perret et al. [3}, 57% of the total
platelet phospholipids are present in the plasma
membranes of unactivated human platelets. Con-
sequently, degradation of the complete outer leaf-
let of the plasma membrane would be reflected in
28% hydrolysis of the total phospholipid content
of the cell. During the platelet release reaction as a
result of platelet activation, granule membranes
are thought to fuse with the plasma membrane.
This would result in an increased amount of phos-
pholipids that can be hydrolyzed. Assuming that
as a result of the release reaction, 60% of the
intracellular membranes have fused with the
plasma membrane, approx. 80% of the platelet
phospholipids would be present in the plasma
membrane. Thus, complete hydrolysis of the outer
leaflet of the plasma membrane of activated plate-
lets would result in 40% hydrolysis of total phos-
pholipids. On the other hand, platelet aggregation
forms a complicating factor since it may prevent
efficient action of phospholipases, restricting the
total amount of phospholipid hydrolysis.

The following remarks can be made concerning
the data for total phospholipid hydrolysis from
Table II. Total phospholipid hydrolysis of intact
unstimulated platelets amounts to 21% which is in
close agreement to the 25% reported by Perret et
al. [3]. In the absence of aggregation or release this
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implies a very substantial hydrolysis of the outer
leaflet phospholipids. Activation of platelets by
thrombin or collagen induces release as well as
aggregation. The observed hydrolysis of 32.8% and
34.8%, respectively, are higher than observed with
control platelets as a result of the release reaction,
but lower than the expected 40%, presumably due
to platelet aggregation. Activation of platelets with
collagen plus thrombin results in release and ag-
gregation to a similar extent as is induced by the
activators separately, but the phospholipid hydrol-
ysis is higher (44.5%). In the case of diamide
treatment of platelets, there is neither aggregation
nor release which would predict a phospholipid
hydrolysis of maximally 28%. The observation that
almost 40% of the phospholipids are hydrolyzed in
these cells under non-lytic conditions indicates
that more than half of the plasma membrane
phospholipids have been degraded. The greatest
amount of hydrolysis is observed with platelets
activated by the calcium ionophore A23187; 65%
of the total phospholipids are hydrolyzed by phos-
pholipase A, and sphingomyelinase under non-
lytic conditions. Activation by A23187 leads to
substantial release and aggregation, although the
size of the aggregates produced by A23187 is much
smaller than induced by collagen or thrombin.
Since phospholipid degradation in ionophore-
treated platelets exceeds the expected 40%, hydrol-
ysis is apparently not restricted to half of the
membrane phospholipids. Considering that the
data have been corrected for phospholipid de-
gradation in the population of lysed cells and that
the plasma membrane is impermeable to phos-
pholipases, the extent of phospholipid degradation
observed with platelets that are activated by col-
lagen plus thrombin, diamide or A23187, can be
explained if one assumed a transbilayer movement
of phospholipids (flip-flop). From the present data,
it is difficult to ascertain whether the exposure of
phospholipids is significantly changed upon plate-
let activation by either collagen or thrombin, due
to the relatively large standard deviations. Trans-
bilayer movement of phospholipids does ap-
parently not occur in control platelets, which indi-
cates that the action of phospholipases as such,
does not necessarily induce flip-flop of phos-
pholipids in these membranes. On the other hand
it cannot be excluded that phospholipase treat-

ment induces flip-flop in platelets that have been
activated by collagen plus thrombin, by diamide
or by ionophore. However, if exposure of phos-
phatidylserine at the platelet outer surface would
be a result of the phospholipase treatment as such,
one would expect a delay in the onset of hydroly-
sis of this phospholipid directly after addition of
phospholipase. Since neither phosphatidylserine
nor the other phospholipids show any such lag
period in hydrolysis, phospholipase induced flip-
flop seems unlikely. On the other hand it is very
well possible that transbilayer movement of the
phospholipids continues during incubation with
phospholipase. Therefore it cannot be dis-
tinguished whether the hydrolyzed phospholipids
are continuously or transiently exposed at the
outer surface during the time course of the phos-
pholipase incubation.

As we have shown previously [4], the increased
hydrolysis with platelets activated by collagen and
thrombin cannot be explained by the action of
endogenous phospholipases. Also platelet treat-
ment by A23187 or diamide does not produce
significant phospholipid breakdown on a per-
centage basis.

Transbilayer movement of phospholipids due to
the activation of platelets could explain the in-
creased exposure of phosphatidylserine and phos-
phatidylethanolamine. To balance this process,
sphingomyelin seems to move from the outer leaf-
let to the inner leaflet of the plasma membrane.
There is no large change in the orientation of
phosphatidylcholine. Particularly after treatment
with diamide, the phospholipid composition of the
hydrolyzed fraction is very similar to the total
phospholipid composition, suggesting a total
randomization of the phospholipids over both
membrane halves. Transbilayer movement of
phospholipids has been reported [15,16] to occur
in erythrocytes treated with diamide or tetra-
thionate. Approx. 50% of the phosphatidy-
lethanolamine and 30% of the phosphatidylserine
became accessible to exogenous phospholipase A ,
without hemolysis. The effect was correlated with
a significant cross-linking of spectrin which was
proposed to play a role in maintaining the asym-
metric phospholipid orientation in the erythrocyte
membrane. Although treatment of platelets with
diamide also results in a significant cross-linking



of membrane proteins as was observed by poly-
acrylamide gel electrophoresis (data not shown), it
1s not clear whether in all cases exposure of phos-
phatidylserine at the platelet outer surface is de-
pendent on a similar mechanism, since cross-link-
ing of membrane proteins was not observed fol-
lowing treatment with collagen plus thrombin or
A23187.

The increased exposure of phosphatidylserine at
the outer surface of activated platelets may be of
considerable importance for the hemostatic pro-
cess. Unstimulated platelets have little phosphati-
dylserine exposed at their outer surface. This lack
of negatively-charged phospholipids is reflected in
a relatively poor capacity of resting platelets to
stimulate the formation of thrombin from pro-
thrombin by factor Xa, factor Va and calcium.
The rate of thrombin formation is critically depen-
dent on the presence of a negatively-charged phos-
pholipid surface to which factors Xa, Va and the
substrate prothrombin can bind [4-13]. Those
platelet activators that induce increased exposure
of phosphatidylserine at the outer surface of the
membrane as measured by exogenously added
phospholipases, also induce the platelets to be-
come more active in enhancing the rate of throm-
bin formation. Remarkable in this respect is the
relationship between the amount of phosphati-
dylserine exposed and the rate of thrombin forma-
tion.

The mechanism by which transbilayer move-
ment of phospholipids in the platelet membrane
can take place is not well understood. Although
phospholipid flip-flop was demonstrated to be an
extremely slow process in vesicles of pure phos-
phatidylcholine [30], rapid flip-flop in artificial
and natural membranes has been reported (for a
review, see Ref. 31). One possible mechanism for
transbilayer movement of phospholipids is the ex-
istence or introduction of intrabilayer inverted
micelles as described by Cullis and De Kruijff
[32,33]. These structures can be formed with those
lipids having a conical shape such as di-
acylglycerols and phosphatidic acid that do not
adopt bilayer structures. The formation of these
lipids has been suggested to play a triggering role
for various cellular responses to exogenous stimuli
by altering membrane physical states [32,34). In
this respect, it is tempting to speculate that inter-
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mediates of the phosphatidylinositol-cycle, which
is activated during platelet stimulation [22-27],
produce local bilayer disturbances that enable
transbilayer movements of phospholipids. Pre-
liminary experiments have demonstrated that the
introduction of diglycerides in the platelet mem-
brane by the action of phospholipase C from
Clostridium welchii causes an increased exposure of
phosphatidylserine at the outer surface of the
plasma membrane. Whether or not differences in
the activation of the phosphatidylinositol-cycle ex-
ist as a result of different platelet activation proce-
dures is under current investigation.

Acknowledgement
We thank Marleen Habets for technical assis-

tance and Mariet Molenaar for typing the
manuscript.

References

—

Chap, H.J., Zwaal, R.F.A. and Van Deenen, L.L.M. (1977)

Biochim. Biophys. Acta 467, 146-164

Zwaal, R.F.A. (1978) Biochim. Biophys. Acta 515, 163-205

Perret, B., Chap, H.J. and Douste-Blazy, L. (1979) Biochim.

Biophys. Acta 556, 434—-446

4 Bevers, EM., Comfurius, P., Van Rijn, J.L.M.L., Hemker,

H.C. and Zwaal, R.F.A. (1982) Eur. J. Biochem. 122,

429-436

Papahadjopoulos, J. and Hanahan, D.J. (1964) Biochim.

Biophys. Acta 90, 436-439

6 Bull, RK,, Jevons, S. and Barton, P.G. (1972) J. Biol.

Chem. 247, 2747-2754

Hemker, H.C. and Kahn, M.J.P. (1967) Nature 215,

1201-1202

Gitel, S.N., Owen, W.G., Esmon, C.T. and Jackson, C.M.

(1973) Proc. Natl. Acad. Sci. U.S.A. 70, 1344-1348

Marcus, A.J. (1966) Advan. Lipid. Res. 4, 1-37

10 Van Dieijen, G., Tans, G., Rosing, J. and Hemker, H.C.
(1981) J. Biol. Chem. 256, 3433-3442

11 Rosing, J.,, Tans, G., Govers-Riemslag, J.W.P., Zwaal,
R.F.A. and Hemker, H.C. (1981) J. Biol. Chem. 255,
274-283

12 Nesheim, M.E., Taswell, J.B. and Mann, K.G. (1979) J.
Biol. Chem. 254, 10952-10962

13 Zwaal, R.F.A. and Hemker, H.C. (1982) Haemostasis 11,
12-39

14 Van Rijn, J.L.M.L,, Rosing, J. and Van Dieijen, G. (1983)
Eur. J. Biochemistry 183, 1-10

15 Haest, C.W.M. and Deuticke, B. (1976) Biochim. Biophys.
Acta 436, 353-365

16 Haest, CW.M., Plasa, G., Kamp, D. and Deuticke, B.

(1978) Biochim. Biophys. Acta 509, 21-32

woN

w

~1

oo

O



66

17

18

19

20

21

22

23

24

25

Comfurius, P. and Zwaal, R.F.A. (1977) Biochim. Biophys.
Acta 488, 36-42

Zwaal, R.F.A., Roelofsen, B., Comfurius, P. and Van
Deenen, L.L.M. (1975) Biochim. Biophys. Acta 406, 83-96
Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Physiol.
37,911-917

Verkleij, A.J., Zwaal, R.F.A., Roelofsen, B., Comfurius, P.,
Kastelijn, D. and Van Deenen, L.L.M. (1973) Biochim.
Biophys. Acta 233, 178-193

Wroblewski, R. and La Due, J.S. (1955) Proc. Soc. Exp.
Biol. Med. 90, 210-215

Lloyd, J.V. and Mustard, J.F. (1974) Br. J. Haematol. 26,
243-253

Mauco, G., Chap, H. and Douste-Blazy, L. (1979) FEBS
Lett. 100, 367-370

Lapetina, E.G. and Cuatrecasas, P. (1979) J. Clin. Invest.
63, 580~587

Rittenhouse-Simmons, S. (1979) J. Clin. Invest. 63, 580587

26

27

28

29

30

31

32

33

34

Bell, R.L., Kennerly, D.A_, Stanford, N. and Majerus, P.W.
(1979) Proc. Natl. Acad. Sci. U.S.A. 76, 3238-3241
Broekman, M.J., Ward, J.W. and Marcus, A.J. (1980) J.
Clin. Invest. 66, 275-283

Nathan, I., Fleischer, G., Livne, A., Dvilansky. A. and
Parola, A.H. (1979) J. Biol. Chem. 254, 9822--9828

Schick, P.K., Kurica, K.B. and Chacko, G.K. (1976) J. Clin.
Invest. 57, 1221-1226

Kornberg, R.D. and McConnell, H.M. (1971) Proc. Natl.
Acad. Sci. U.S.A. 68, 2564-2568

Op den Kamp, JLAF. (1979) Annu. Rev. Biochem. 48,
47-71

Cullis, P.R. and De Kruijff, B. (1979) Biochim. Biophys.
Acta 559, 399-420

Cullis, P.R. and De Kruijff, B. (1978) Biochim. Biophys.
Acta 507, 207-218

Ohki, K., Sekiya, T., Yamauchi, T. and Nozawa, Y. (1982)
Biochim. Biophys. Acta 693, 341-350



