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Abstract. Platelet procoagulant activity is mainly deter-
mined by the extent of surface-exposed phosphatidyl-
serine (PS), controlled by the activity of aminophospho-
lipid translocase and phospholipid scramblase. Here, we
studied both transport activities in single platelets upon
stimulation with various agonists. Besides the formation
of procoagulant microparticles, the results show that a
distinct fraction of the platelets exposes PS when stimu-
lated. The extent of PS exposure in these platelet fractions
was similar to that in platelets challenged with Ca?*-

ionophore, where all cells exhibit maximal attainable PS
exposure. The size of the PS-exposing fraction depends
on the agonist and is proportional to the platelet procoag-
ulant activity. Scramblase activity was observed only in the
PS-exposing platelet fraction, whereas translocase activity
was exclusively detectable in the fraction that did not
expose PS. We conclude that, irrespective of the agonist,
procoagulant platelets exhibit maximal surface exposure
of PS by switching on scramblase and inhibiting translo-
case activity.

Key words. Procoagulant activity; scramblase; aminophospholipid translocase; thrombin; collagen; platelet; phos-

phatidylserine; microparticle.

Studies over the past two decades have revealed that dif-
ferent lipid transporters function in the maintenance and
rearrangement of the transversal distribution of membrane
phospholipids [1, 2]. In quiescent cells, aminophospho-
lipid translocase is responsible for a rapid inward directed
transport, which is specific for the aminophospholipids,
phosphatidylserine (PS) and phosphatidylethanolamine
(PE). The activity of this transporter causes an asymmetric
distribution of the lipids in the plasma membrane
in which the aminophospholipids, in particular PS, are
primarily located in the inner leaflet, whereas the outer
leaflet is dominated by the choline-containing lipids,
phosphatidylcholine and sphingomyelin. Membrane lipid
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asymmetry dissipates upon activation of a protein termed
‘scramblase’, which facilitates bidirectional movement of
phospholipids, irrespective of the chemical nature of the
polar head group. A major consequence of activating the
scramblase in cells is the appearance of PS in the mem-
brane outer leaflet. When this occurs in blood cells, partic-
ularly in activated platelets, surface-exposed PS acceler-
ates thrombus formation by offering a catalytic surface
for several enzyme complexes of the coagulation process
[1-3]. Lipid scrambling is accompanied by membrane
blebbing and production of PS-exposing, procoagulant
microparticles, shed from the plasma membrane [4-6].
Another major function of surface-exposed PS is to signal
the scavenging of apoptotic cells by qualified macrophages
[7, 8].
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The potency of different physiological platelet agonists to
evoke a procoagulant response varies from collagen plus
thrombin > collagen > thrombin; maximal activity is ob-
tained with the non-physiological agonist Ca?*-ionophore
[9, 10]. The extent of procoagulant activity has been related
to the amount of PS exposed at the cell surface. Since
high cytoplasmic Ca?" concentrations activate lipid scram-
blase and block aminophospholipid translocase, interme-
diate Ca?" levels have been proposed to lead to a circum-
stance in which both transporters are active but oppose
each other [2, 11]. Conceivably, these situations can ac-
commodate a wide variety of PS mole fractions exposed
at the cell surface.

Although some authors have proposed the involvement of
specific protein receptors [12, 13], surface-exposed PS is
widely appreciated to form an essential part of the proco-
agulant platelet surface. This is clearly illustrated by the
fact that annexin A5 (previously known as annexin V), a
protein with high affinity for PS, strongly inhibits the
procoagulant activity of platelets or platelet-derived micro-
particles [14—16]. Lactadherin (MFG-ES), a glycopro-
tein of the milk fat globule membrane that binds to PS-
containing lipid surfaces, has also been demonstrated to
inhibit platelet prothrombinase and factor-X-activating
activity [17, 18]. Platelet procoagulant activity increases
two- to ten-fold after thrombin stimulation [9, 19, 20],
suggesting an increased exposure of PS caused by this
agonist. However, an increased outward movement of
fluorescent-labelled PS could not be found in thrombin-
stimulated platelets using a continuous assay to monitor
transbilayer migration of lipids [21]. On the contrary,
stimulation of platelets with thrombin caused a four-fold
increased rate of inward transport of PS [22]. This in-
creased aminophospholipid translocase activity has been
used as an argument that components other than PS in the
outer surface of thrombin-activated platelets are respon-
sible for the increased procoagulant activity [13].

A possible explanation for these apparently paradoxical
findings could be that platelet stimulation causes activa-
tion of scramblase in a minor fraction of the platelets,
whereas in the majority of the platelets, aminophospho-
lipid translocase is still active. We therefore analysed, by
flow cytometry, both activities in single platelets using
fluorescent lipid probes to monitor scramblase and trans-
locase activity and fluorescent-labelled PS-binding pro-
teins to detect surface-exposed endogenous PS.

Materials and methods

Reagents

The calcium ionophore ionomycin, N-ethylmaleimide
(NEM) and bovine serum albumin, essentially fatty acid
free (BSA) were obtained from Sigma (St Louis, Mo.). 1-
Oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]
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hexanoyl]-sn-glycero-3-phospho-L-serine NBD-PS) was
from Avanti Polar Lipids (Alabaster, Ala.). Thrombin was
purified from bovine blood as previously described [23]
and horse tendon collagen was from Horm, Nycomed
(Munich, Germany). The coagulation proteins prothrom-
bin, factor Xa and factor Va were purified from bovine
blood as described before [23]. Thrombin-specific chro-
mogenic substrate S2238 was obtained from Chromogenix
(Molndal, Sweden). FITC-conjugated anti-CD61 and
control IgG were from BD Biosciences PharMingen (San
Diego, Calif.). Alexa Fluor 647-conjugated annexin A5
and fluorescein isothiocyanate (FITC) were from Mole-
cular Probes (Leiden, The Netherlands). Lactadherin
(MGF-ES8) was purified as described by Hvarregaard et
al. [24] and labelled with FITC using the manufacturer’s
procedure.

Platelet isolation

Platelet isolation was performed as described elsewhere
[25]. Briefly, 10 ml blood was collected in 2 ml anticoag-
ulant ACD (80 mmol/l trisodium citrate, 52 mmol/l citric
acid and 180 mmol/l glucose). Platelet-rich plasma was
obtained by centrifuging whole blood for 15 min at 200 g.
Platelets were spun down at 11,500 g for 1 min using a
microfuge. The platelet pellet was resuspended and washed
twice in HEPES buffer (10 mmol/l HEPES, 137 mmol/I
NaCl, 2.7 mmol/l KCI, 2 mmol/l MgCl,, 5 mmol/l glucose
and 0.5 mg/ml BSA, adjusted to pH 6.6); before each
centrifugation step, 100 ul ACD was added to each mil-
lilitre of resuspended platelets. Platelets were finally
resuspended in the same HEPES buffer at pH 7.4, with-
out BSA. The platelet count was adjusted to 2x108
platelets/ml.

Platelet activation

Platelet activation was performed at 37°C at a concen-
tration of 5x107 platelets/ml in a volume of 0.5 ml under
continuous stirring (Teflon-coated stirring bar, 200 rpm)
in the presence of 3 mmol/l CaCl,. Platelet agonists used
were thrombin (5 nmol/l), collagen (10 pg/ml), the com-
bination of thrombin and collagen (5 nmol/l and 10 pg/ml,
respectively) or ionomycin (1 pmol/l).

Platelet prothrombinase activity

Platelet procoagulant activity was assayed as described in
more detail elsewhere [23]. Specifically, the following con-
ditions were used: after activation at 5x107 platelets/ml,
samples were diluted to 3x10° platelets/ml in HEPES
buffer containing 3 mmol/l CaCl, and 0.5 mg/ml BSA and
were incubated with 0.1 nmol/l factor Xa and 2 nmol/l
factor Va for 1 min at 37°C. Thrombin formation was
initiated by addition of 1 pmol/l prothrombin and
arrested after 2 min by addition of 5 mmol/l EDTA.
Thrombin was measured using the chromogenic substrate
S2238.
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Separation of microparticles from remnant platelets
after activation

Platelet activation has been demonstrated to be accompa-
nied by the production of microparticles shed from the
plasma membrane [4, 6]. To evaluate the contribution of
microparticles in the present study, we used a previously
described method to separate microparticles from remnant
cells [5]. Briefly, after activation, platelet suspensions
were centrifuged at 11,500 g for various time periods.
Both the prothrombinase activity remaining in the super-
natant and the lipid content of the supernatant appeared to
approach constant values after 3 min centrifugation. This
prothrombinase activity is operationally defined as derived
from microparticles. The absence of platelets or remnant
cells in the supernatant was confirmed by flow cytometry
(see Results).

Measurement of scramblase and aminophospholipid
translocase activity

The distribution of fluorescent lipid probes over the two
leaflets of the plasma membrane was measured using a
BSA back exchange protocol which rapidly extracts lipid
probe from the external leaflet as described by Connor et
al. [26]. To measure scramblase activity, platelets (2x108
platelets/ml) were preloaded at 37°C for 30 min with
1 umol/I NBD-PS, added from a 0.5 mmol/I stock solution
of this probe in dimethylsulphoxide. This concentration
of added NBD-PS amounts to approximately 1% of the
endogenous phospholipid concentration. Subsequently,
5x107 platelets/ml were stimulated at 37°C with the
various agonists as described above. Five minutes after
addition of the agonist, a sample of 50 pl was transferred
to 50 ul HEPES buffer containing 2% (w/v) BSA, and
another sample of 50 pl was added to 50 pul HEPES
without BSA to monitor the amount of NBD-PS present
in the inner leaflet and the total amount present in both
leaflets, respectively. After an additional 5 min, 10 pl
from both mixtures was diluted in 240 ul HEPES buffer
containing 3 mmol/l CaCl,; the platelet concentration in
the diluted samples was 10¢ platelets/ml. Detection of
surface-exposed endogenous PS was achieved by addition
of 1 pl Alexa Fluor 647-conjugated annexin A5 and
incubation for 5 min. Samples were analysed by flow
cytometry.

To measure aminophospholipid translocase activity, the
following protocol was used. Prior to addition of
NBD-PS, platelets (5x107 platelets/mL) were activated
for 5 min at 37°C as described above. Subsequently,
0.5 pmol/l NBD-PS was added and 50 pl samples were
taken at different times, mixed with 50 ul HEPES with or
without BSA and further processed as described for the
scramblase assay.

For flow cytometry, all buffers were passed through a
0.2-um Millipore filter before use.

Control of platelet procoagulant activity
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Figure 1. Platelet microparticle detection by flow cytometry.
Platelets (5x107 platelets/ml) were activated with ionomycin (1
umol/1) in the presence of 3 mmol/l CaCl, for 15 min. Samples from
this incubation were centrifuged at 11,500 g for various time peri-
ods and prothrombinase activity of the supernatant was measured as
described in materials and methods and expressed as percentage of
the prothrombinase activity of the total platelet suspension (4) (data
are mean values + SD from three separate experiments). Samples
from the total incubation (B, D) and the supernatant obtained after
3 min centrifugation (C, E) were stained with FITC-conjugated
anti-CD61 and analysed in a Becton Dickinson FACScan flow cy-
tometer using either the setting EO1 (B, C) or E00 (D, E) for FSC.
Represented are dot plots of FSC versus SSC exclusively for CD61-
positive events. The region R2 is set to mark the area in which the
microparticles appear using EO1 for FSC. Note that events are no
longer observed in this region when FSC is set at E00.
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Flow cytometry

Samples were analysed with a FACScan flow cytometer
(Beckton Dickinson, San Jose, Calif.) with light scatter
and fluorescence channels set at logarithmic gain.
Forward-angle light scatter (FSC) was detected at EOO
and side scatter (SSC) was detected at 520 with no
thresholds. The NBD and the Alexa Fluor 647 probes
were excited with the 488-nm argon laser and the 633-nm
HeNe laser, respectively, and their emission signals were
measured simultaneously in FL 1 (530+£30 nm bandpass
filter) and FL 4 (661+16 nm bandpass filter). Scatter para-
meters and fluorescence intensities were collected from
10,000 platelets and were analysed using WinMDI version
2.8 software (http://facs.scripps.edu/software.html). For
detection of microparticles, the setting for FSC was
changed to EOl and 100,000 events were collected.
FITC-conjugated anti-CD61, specific for the integrin 3
subunit of o, f;, and FITC-conjugated non-specific 1gG
were used to discriminate platelet material from back-
ground and electronic noise. Only CD61-positive events
above the control IgG background were collected and
analysed.

Results

Scramblase and aminophospholipid translocase
activity in platelet microparticles

Activation of platelets is usually accompanied by produc-
tion of microparticles shed from the plasma membrane
[4, 6]. We have previously defined microparticles based
on procoagulant activity which remained in the super-
natant of activated platelets after centrifugation at 17,000
g/min [5]. As shown in figure 1A, the residual pro-
thrombinase activity of a suspension of ionomycin-stim-
ulated platelets approached constant values after 90 s
centrifugation at 11,500 g. We found that this fraction of
non-sedimentable procoagulant activity varied between
20-30% of the total and was independent of the agonist
used, in agreement with observations of Sims et al. [4].
When microparticles isolated from NBD-PS-loaded
platelets were incubated with BSA, the NBD-PS appeared
completely extractable by BSA, indicative of an activated
scramblase. On the other hand, microparticles were unable
to accumulate non-exchangeable NBD-PS when added
exogenously, indicating that aminophospholipid translo-
case activity is inhibited or unable to oppose the scram-
blase activity (data not shown).

Because of their small size, the fluorescence signal of mi-
croparticles labelled with Alexa 647-conjugated annexin
A5 or NBD-PS will generate events in a flow cytometer
with a low fluorescence signal relative to that of activated
platelets. To avoid interference of microparticles in the
flow cytometric approach to detect scramblase and amino-
phospholipid translocase activity in activated platelet
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Figure 2. Histograms of annexin A5 binding to platelets stimulated
with various agonists. Platelets (5x107 platelets/ml) in suspension
were activated with thrombin (5 nmol/l), collagen (10 pg/ml), col-
lagen plus thrombin (10 pg/ml and 5 nmol/l, respectively) or iono-
mycin (1 umol/l) in the presence of 3 mmol/l CaCl, for 5 min under
continuous stirring. Samples were 50-fold diluted and analysed
with Alexa 647-conjugated annexin AS5. A scale of maximal 32
events was chosen to better visualise the fraction annexin A5-posi-
tive events induced in the control and thrombin-stimulated platelets.
Shown are the histograms of a representative experiment out of five
performed.

suspensions, flow cytometer settings were chosen to ex-
clude these events. To establish the position of micropar-
ticles in the dot plots of forward versus side scatter, we
used a fluorescence-gated detection based on anti-CD61
as a marker for platelets and platelet-derived micropar-
ticles. Figure 1B shows a dot plot of forward versus side
scatter of a suspension of ionomycin-activated platelets in
which the microparticles form a population of events
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Figure 3. Correlation between platelet prothrombinase activity and
binding of Alexa 647-conjugated annexin AS5. Platelets (5x107
platelets/ml) were stimulated for 5 min with various agonists after
which prothrombinase activity and annexin A5 binding were mea-
sured as described in Materials and methods. Prothrombinase activ-
ity is expressed as a percentage of the maximal activity observed for
ionomycin-activated platelets, which was 224433 nmol/l thrombin
per minute. Note that prothrombinase activity includes that of the
microparticles. When corrected for the contribution of the micropar-
ticles to the prothrombinase activity, the actual correlation between
prothrombinase activity and number of PS-exposing remnant cells
is represented by the dashed line. Data are mean values = SD from
five independent experiments.

distinct from that of the remnant platelets (region R2 in
fig. 1B). The position of the microparticles in the dot
plots of FSC versus SSC was further confirmed by
analysis of a supernatant of ionomycin-treated platelets
obtained after 3 min centrifugation at 11,500 g (region R2
in fig. 1C). Changing the setting for FSC to E00 caused
the microparticles to become undetectable in the flow
cytometer as illustrated in figure 1D, E. All subsequent
experiments to measure scramblase and translocase
activity were performed using these settings for flow
cytometry.

PS exposure occurs in a distinct platelet fraction

PS exposure as a result of platelet activation was measured
in single platelets using fluorescent marker proteins,
which selectively recognize PS. Figure 2 shows histograms
of Alexa 647-conjugated annexin A5 staining of platelets
in suspension, activated with thrombin, collagen or col-
lagen plus thrombin. Only a fraction of the platelets be-
came annexin A5 positive, the amount depending on the
agonist used. Remarkably, the mean fluorescence intensity
of the annexin AS5-positive platelet fraction is comparable
for the different agonists and coincides with the mean
fluorescence intensity of annexin A5 binding found upon

Control of platelet procoagulant activity

stimulation with Ca?*-ionophore, in which case virtually
all cells become annexin A5 positive. Figure 3 shows that
there is a good correlation (r=0.99) between the percent-
age of annexin A5-positive cells and the corresponding
procoagulant activity, measured as prothrombinase activ-
ity. Thus, the differences in procoagulant activity observed
for various platelet stimuli do not seem to be determined
by a gradual increase in the extent of surface-exposed PS
of each platelet, but rather by a fraction of the platelets
that exhibits maximal PS exposure such as elicited by
Ca?"-ionophore. It should be noted in figure 3 that the
prothrombinase activity is related to the whole platelet
suspension, including the microparticles, whereas, due to
the settings of the flow cytometer, the annexin A5-positive
events represent exclusively platelets or remnant cells. The
contribution of the microparticles to the prothrombinase
activity (approximately 20-30%) appeared to be indepen-
dent of the agonist used. The dashed line in figure 3
shows the relationship between prothrombinase activity
and annexin A5 binding corrected for the microparticle
contribution to the prothrombinase activity.

Under the conditions used in the present study, the thres-
hold for binding of annexin A5 is about 4 mol% PS [17,
27], from which one may argue that the abrupt increase in
the fluorescence signal to the level of ionomycin-activated
platelets might be an artefact of the detection limit of PS
by annexin AS. Therefore, we used FITC-conjugated lac-
tadherin to analyse the number of positive platelets ob-
tained with the different stimuli. This protein was recently
described as an alternative PS-binding protein, which, in
contrast to annexin A5, binds proportionally to mem-
branes with a PS content varying from 0 to 2% [17]. The
results, summarized in table 1 demonstrate that the per-
centage positive cells, detected with either annexin A5 or
lactadherin, are very similar for all agonists used, suggest-
ing that both probes label the same platelets. This was con-
firmed by a double-label experiment in which low, non-
saturating concentrations of both Alexa-conjugated an-
nexin A5 and FITC-conjugated lactadherin were added to
avoid mutual interference of the binding (table 1, fig. 4).

Table 1. Binding of annexin AS and lactadherin to stimulated platelets

Agonist Percent positive platelets

annexin A5 lactadherin anx+lact
None 14+04 23+0.1 2.1+0.1
Thrombin 3.8+0.9 44+0.2 4.7+0.2
Collagen 17.5+£29 24.7+3.1 20.3+4.2
Collagen+thrombin  29.7 +5.2 304+22 273+1.6
Ionomycin 99.2+£0.2 98.5+2.9 94.4+£2.6

Platelets were stimulated with the indicated agonists for 5 min and
subsequently incubated with Alexa 647-conjugated annexin AS,
FITC-conjugated lactadherin or both labelled proteins and analysed
by flow cytometry. For further details refer to the legend of figure 4.
Data represent mean values + SD (n = 3).
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Figure 4. Dot plots of lactadherin and annexin A5 binding to
collagen-stimulated platelets. Platelets (5x107 platelets/ml) were
stimulated for 5 min with collagen (10 pg/ml) + thrombin (5 nmol/l)
under continuous stirring. From the same incubation, three samples
were 50-fold diluted and analysed in the flow cytometer for binding
of Alexa 647-conjugated annexin A5, FITC-conjugated lactadherin
or the combination of both labels. Concentrations of both annexin
A5 and lactadherin were chosen to avoid appreciable mutual interfer-
ence of the binding of each of these proteins: Alexa 647-conjugated
annexin A5 was added at a dilution of 1 in 250 of the commercial
preparation; FITC-conjugated lactadherin was added at a final
concentration of 2 nmol/l. Shown are the dot plots of a typical
experiment out of three performed. (4) Binding of annexin A5
versus Forward scatter. (B) Binding of lactadherin versus Forward
scatter. (C) Binding of both annexin A5 and lactadherin.

Research Article 1519
without BSA with BSA
s control
1o 105 10t
=
I ]
of thrombin
0 100 10° 10"
< . .
£ e 2
x
[
c
c
g
©
X
2
< collagen
Coll + thr
é * é S
R ) N ionomycin
100 10" 102 10° 10* 109 10' 102 10° 10*

NBD-PS ——>

Figure 5. Scramblase activity in platelets stimulated with various
agonists. Platelets, preloaded with NBD-PS, were stimulated at
5x%107 platelets/mL with thrombin (5 nmol/l), collagen (10 pg/ml),
collagen plus thrombin (10 pg/ml and 5 nmol/l, respectively) or
ionomycin (1 umol/l) under continuous stirring. After 5 min, sam-
ples were 50-fold diluted in buffer with and without BSA, and
Alexa 647-conjugated annexin AS was added. After an additional 5
min, samples were analysed by flow cytometry. Represented are dot
plots of NBD-PS fluorescence versus Alexa 647-annexin AS; left
panels represent samples in the absence of BSA, right panels show
samples taken in the presence of BSA. Based on control platelets in
the absence of BSA, quadrants are set to demarcate platelets that
retain NBD-PS (upper- and lower-right quadrants) or do not become
annexin A5 positive (lower-left and lower-right quadrants). Shown
are the dot plots of a representative experiment out of three per-
formed.
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Figure 6. Translocase activity in platelets stimulated with various agonists. Platelets were stimulated at 5x107 ml with thrombin (5 nmol/l),
collagen (10 pg/ml), collagen plus thrombin (10 pg/ml and 5 nmol/l, respectively) or ionomycin (1 pmol/l) under continuous stirring. After
5 min, NBD-PS was added and translocase was allowed to proceed for another 5 min. Subsequently, samples were taken and diluted 50-fold
in buffer with and without BSA, followed by addition of Alexa 647-conjugated annexin A5. Represented are dot plots of NBD-PS fluorescence
versus Alexa 647-annexin AS, upper panels represent samples in the absence of BSA, lower panels represent samples taken on BSA. The
vertical line demarcates platelets with the total amount of NBD-PS that was added, irrespective of the localisation of this probe in the
inner or outer leaflet of the plasma membrane. Events left of this demarcation line represent platelets that have lost NBD-PS upon extraction
with BSA, indicating incomplete translocation to the inner leaflet. Note that, also in the upper panel, annexin AS-positive platelets have
lost NBD-PS signal, caused by carry over of BSA from the annexin A5 preparation (see text). Shown are the dot plots of a representative

experiment out of three.

Next to the population of platelets that binds neither an-
nexin A5 nor lactadherin, there is only one population of
cells that becomes positive for both labels. No platelets
were found to be labelled exclusively with lactadherin
(fig. 4C), indicating that the labelled platelet fraction ex-
poses at least 4 mol% PS. As expected and in agreement
with other studies [14, 15, 17, 18], both annexin A5 and
lactadherin can fully inhibit platelet prothrombinase activ-
ity, irrespective of the agonist used (data not shown).

Scramblase is active in the platelet fraction which
exposes PS and inactive in the fraction that does

not expose PS

To relate PS exposure to activation of phospholipid
scramblase, we measured this activity in annexin A5-posi-
tive and annexin A5-negative cells as depicted in figure 5.
Scramblase was measured in platelets incubated with
NBD-PS for a sufficient time to allow accumulation in
the inner leaflet. After stimulation with the various agonists
for 5 min, the NBD fluorescence signal decreases due to
extraction by BSA of NBD-PS that appears in the outer
leaflet by means of an activated scramblase. From the dot
plots of NBD fluorescence versus Alexa 647 staining, the
annexin A5-negative cells (lower quadrants of the right
panels in fig. 5) clearly did not lose NBD-PS upon addition
of BSA, whereas in the annexin A5-positive cells, virtually

all NBD-PS could be extracted by BSA (upper-left quad-
rant of the right panels in fig. 5). This appears true for all
agonists tested. Note that also in the absence of BSA (left
panels in fig. 5), the NBD fluorescence signal in the an-
nexin A5-positive cells was slightly shifted to the left
when compared to that of the annexin A5-negative cells.
We could demonstrate that this is caused by the presence
of BSA in the Alexa 647-annexin A5 conjugate, which is
added by the manufacturer (Molecular Probes) to stabilise
the protein preparation (data not shown).

Aminophospholipid translocase can only be observed
in the platelet fraction that does not expose PS

Next, we focused on the aminophospholipid translocase
activity. Platelets were activated with various agonists for
5 min before adding NBD-PS to monitor inward transport
by the translocase. The residual NBD fluorescence after
extraction with BSA can be taken as a measure for NBD-
PS that has been transported to the inner leaflet of the
plasma membrane by the aminophospholipid translocase.
An example of such an experiment is presented in fig. 6,
showing typical dot plots of the NBD-PS fluorescence
versus Alexa 647-annexin A5 binding after 5 min inward
transport of NBD-PS in the various stimulated platelet
suspensions. The upper panels show the fluorescence
signal of NBD-PS in the absence of BSA, i.e. the total
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Figure 7. Aminophospholipid translocase activity in annexin AS-
positive and annexin AS-negative platelets. NBD-PS was added to
platelet suspensions that were activated with thrombin (5 nmol/l),
collagen (10 pg/ml) or collagen plus thrombin (10 pg/ml and 5
nmol/l, respectively) or for 5 min. Timed samples were 50-fold di-
luted in buffer with and without BSA, and Alexa 647-annexin A5
was added. Translocase activities of the annexin A5-positive and
annexin AS-negative platelet fraction were analysed by flow cytom-
etry as described in the legend to figure 5 and in Materials and
methods. Translocase activity is expressed as the percentage of
NBD-PS that is not extractable with BSA (NBD-PS inside). Sym-
bols: @ O, control; M [, thrombin; ¥ V, collagen; 4 <>, collagen
plus thrombin. Open symbols, annexin AS5-positive platelets; closed
symbols, annexin AS-negative platelets.

amount of probe that was added. Note that the probe dis-
tributes equally over the annexin AS-positive and -negative
platelets. The lower panels depict the residual NBD-PS
fluorescence after extraction with BSA, i.e. the non-
exchangeable NBD-PS present in the inner leaflet.
Clearly, aminophospholipid translocase appeared active
exclusively in the annexin A5-negative platelet population.
In the annexin AS-positive fraction, NBD-PS remained
completely extractable by BSA. Time courses of the
inward transport of NBD-PS in the annexin AS5-negative
and annexin AS5-positive platelet fractions obtained with
the various agonists are depicted in figure 7. The results
show that for all agonists used, aminophospholipid
translocase was virtually absent in the annexin AS5-positive
fraction of the platelets and active in the annexin AS5-
negative platelets. Note that the rate of NBD-PS transport
was significantly increased in platelets stimulated with
thrombin or collagen plus thrombin in comparison to
unstimulated platelets or platelets stimulated with collagen
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alone. A similar increase in rate of aminophospholipid
transport was found when platelets were stimulated via the
protease-activated receptors PAR 1 and 4 by the peptide
agonists SFLLRN and AYPGKE, respectively (data not
shown).

Effect of inactivation of aminophospholipid
translocase on PS exposure in platelets

The virtual absence of aminophospholipid translocase
activity in the annexin AS5-positive platelets raises the
question as to whether mere inhibition of this transporter
suffices to dissipate lipid asymmetry and cause surface
exposure of PS as a result of a spontaneous transbilayer
movement of this lipid. Being dependent on reduced
sulthydryl groups [5, 28, 29], aminophospholipid
translocase activity can be inhibited by sulthydryl
reactive agents such as NEM. Since NEM treatment of
platelets affects the permeability barrier of the plasma
membrane for Ca?" (unpublished observations), annexin
A5 could not be used to monitor the appearance of PS in
the external membrane leaflet. We therefore used lactad-
herin, since this protein does not require Ca?* for binding
to PS-containing lipid surfaces [17]. Treatment of platelets
for 5 min with 1 mmol/l NEM in the presence of 1 mmol/l
EGTA completely abrogated the inward transport of
NBD-PS (data not shown). It should be emphasized that
under these conditions, scramblase can still be activated
with Ca’-ionomycin. Analysis of platelets with FITC-
lactadherin showed no appreciable PS exposure for at
least 5 min after addition of NEM, when compared with
untreated platelets (fig. 8A). Thus, the exposure of PS
evoked within 5 min by thrombin, collagen, collagen plus
thrombin or ionomycin, is not merely caused by inhibition
of aminophospholipid translocase, but indeed requires
the activity of a phospholipid scramblase. Prolongation of
the time of NEM treatment to 60 min caused a gradual
increase in lactadherin binding of the entire platelet
population, in contrast to the observations with platelets
stimulated with thrombin, collagen or ionomycin, where
the increased binding of annexin A5 relates to an in-
creased fraction of ‘high-binding’ platelets (compare
fig. 2). Figure 8B shows a time course of ionomycin
treatment of platelets as analysed by lactadherin. Scram-
bling of lipids was arrested by addition of EDTA [21] and
PS-exposing platelets were monitored by lactadherin. In
contrast to the gradual surface accumulation of PS induced
by NEM, which occurs in the entire platelet population,
Ca?"-ionophore induced maximal PS exposure in only a
fraction of the platelets, which increased in time to be-
come maximal (100%) in less than 3 min. No platelets
with an intermediate extent of PS exposure could be
observed during these 3 min.
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Figure 8. Binding of lactadherin to platelets treated with NEM and
ionomycin. (4) Platelets at 5x107 ml were treated with 1 mmol/l
NEM in the presence of 1 mmol/l EGTA. At the times indicated,
samples were 50-fold diluted and after addition of FITC-lactadherin
analysed by flow cytometry. (B) Platelets at 5x107 ml were treated
with 1 umol/l ionomycin in the presence of 3 mmol/l CaCl,. At the
times indicated, samples were 50-fold diluted in buffer with 1 mmol/l
EGTA to arrest the process of lipid scrambling. After addition of
FITC-lactadherin, samples were analysed by flow cytometry. Shown
are the histograms of a representative experiment out of two.

Discussion

Procoagulant activity is caused by a fraction of
maximal PS-exposing platelets

The platelet procoagulant response involves the exposure
of PS, required for the acceleration of the lipid-dependent
coagulation reactions that lead to the formation of factor
Xa and thrombin. Both the lipid concentration, i.e. the
number of platelets, and the phospholipid composition of
the outer leaflet of the plasma membrane, in particular the
mole fraction PS, determine the extent of procoagulant
activity of a platelet suspension. It is well appreciated that
the platelet procoagulant response is dependent on the
agonist used; maximal procoagulant activity is evoked
when the membrane is selectively permeabilized for Ca?*
by means of a Ca?*-ionophore, e.g. ionomycin. This corre-
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sponds to maximal surface exposure of PS since, as was
shown previously, PS in ionomycin-treated platelets is
completely randomized over both membrane leaflets [5,
30]. The most powerful physiological trigger to induce PS
exposure in platelets is the combined action of collagen
and thrombin, while each of these agonists alone appears
less potent. Because a linear relationship was found
between the percentage PS-exposing platelets and the
prothrombinase activity (fig. 3), we conclude that the
increased procoagulant activity of a platelet suspension
as induced by the different agonists is related to an increase
in the fraction of platelets exhibiting maximal PS exposure
(i.e. as induced by Ca?*"-ionophore), rather than to the
entire platelet suspension in which each platelet gradually
accumulates PS in the outer leaflet of the plasma mem-
brane (fig. 2, 3). The pivotal role of surface exposed PS
to the procoagulant activity is supported by the obser-
vation that, in concordance with the literature [14—16],
annexin A5 completely blocked this activity (data not
shown).

A heterogeneous response of platelets has also been
observed previously by Dachary-Prigent et al. [10] and
recently by London et al. [31]. The formation of two
platelet populations, i.e. one with and one without surface-
exposed PS, has been ignored in most equilibrium binding
studies in the past, which has led to erroneous estimations
of the number of binding sites per platelet for PS-binding
proteins. Recently, the number of binding sites for factor
IXa on thrombin- or SFLLRN-stimulated platelets has
been refined in view of these findings [31]. A hetero-
geneous response of platelets to various agonists, e.g.
thrombin, may also compromise interpretations on the
comparison of procoagulant activity between platelets
and synthetic phospholipid vesicles [12, 13].

The cause of this differential response of platelets to vari-
ous stimuli is unknown. Studies from Dale and coworkers
have demonstrated the existence of a population of
platelets with high levels of surface-bound alpha granule
factor V on stimulation with dual agonists such as collagen
plus thrombin, which they termed ‘coat platelets’ [32, 33].
Although coinciding with the expression of ‘coat-factor
V’, surface exposure of PS is not sufficient to generate coat
platelets, as illustrated by the observation that stimulation
with Ca-ionophore did not cause high levels of factor V
binding. We emphasize that under our experimental con-
ditions, the procoagulant activity was measured under
saturating conditions of (exogenously added) factor Va,
showing a linear correlation with the fraction of PS-
exposing platelets (fig. 3) independent of the agonist.
Since PS exposure appears to relate to levels of intracel-
lular Ca?" [21, 34, 35], the heterogeneity may reflect dif-
ferences in Ca?" homeostasis of the platelets. Alterna-
tively, differences in agonist receptor density, possibly
related to age, may explain the heterogeneous procoagu-
lant response.
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Scramblase switched on and translocase switched

off in PS-exposing platelets

In principle, a concomitant partial activation of the
scramblase and partial inhibition of aminophospholipid
translocase, oppositely regulated by intracellular Ca?',
would suffice to accommodate a wide variety of PS mole
fractions to become exposed in the exofacial leaflet of the
platelet plasma membrane [2, 11]. In the present study,
we clearly demonstrate that upon stimulation, scramblase
is fully activated in the PS-exposing platelet fraction.
Whether or not aminophospholipid translocase is com-
pletely inhibited in this fraction cannot be decided from
these experiments. Some residual translocase activity
may go unnoticed in platelets in which the scramblase is
fully switched on, because all NBD-PS that appears in
the outer leaflet will be extracted by BSA. Platelets that
become scramblase positive abruptly reach a level of
maximal PS exposure, as obtained when platelets are
challenged with ionomycin. Experiments with ionomycin-
activated platelets from a patient with Scott syndrome,
deficient in phospholipid scramblase, have demonstrated
that aminophospholipid translocase activity is completely
abrogated upon a rise in intracellular Ca?* [36]. Therefore,
in the fraction of PS-exposing platelets, aminophospho-
lipid translocase is very likely fully blocked. In contrast,
in the annexin A5-negative platelets, scramblase activity
is absent, whereas translocase activity appears to be even
higher than observed for unstimulated control platelets.
This fully ‘on-oft” phenomenon of the scramblase and the
oppositely regulated apparent ‘on-off’ mechanism of the
aminophospholipid translocase are compatible with the
jump in PS exposure shown in the histograms of figure 2
and figure 8B. There is apparently no partial activation of
scramblase combined with a partial inactivation of
translocase that can give rise to platelets with intermediate
degrees of PS exposure. This is supported by the binding
of lactadherin and annexin A5 in the stimulated platelet
suspensions. Although binding of annexin A5 has a
threshold of approx 4 mol% PS and lactadherin binding
was demonstrated to be proportional in the range from
0-2%, both lactadherin and annexin A5 label the same
platelet fraction. This means that the platelet procoagulant
response involves an abrupt exposure of at least 4 mol%
PS. It should be emphasized that the sudden exposure of
PS in a fraction of the platelets is not caused by cell lysis
(data not shown).

Inhibition of aminophospholipid translocase

is insufficient to cause PS exposure during platelet
activation

Mere inhibition of aminophospholipid translocase does
not readily result in loss of lipid asymmetry. Platelets,
treated with NEM to completely block aminophospholipid
translocase activity, do not expose PS within 5 min
(fig. 8), the time in which thrombin and/or collagen induce
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a procoagulant response. Thus, the mechanism of PS ex-
posure upon stimulation with these agonists is not related
to a spontaneous outward migration and concomitant
inhibition of the translocase to prevent PS from being
pumped back to the inner leaflet. Also, prolonged incu-
bation with NEM shows a gradual increase in PS exposure
in the entire platelet population, contrary to the abrupt
increase in a fraction of the platelets seen with the various
agonists. The different time scale of PS exposure in
NEM-treated platelets is reminiscent of PS exposure
observed in cells undergoing apoptosis. A recent paper by
Augereau et al. [37] showed that local anaesthetics induce
apoptotic-like mitochondrial events associated with PS
exposure in blood platelets. However, using tetracaine
to induce these apoptotic-like effects, we observed an
increasing fraction of high PS-exposing cells rather than
a situation where all platelets gradually accumulate PS in
their outer leaflets (results not shown). This may suggest
that PS exposure in this apoptotic-like process is also an
‘all or none’ event in activating scramblase and inactivating
translocase, similar to that observed with the various
platelet agonists. Nevertheless, the mechanism of PS
exposure during cell activation is distinct from that dur-
ing apoptosis, as demonstrated in Scott syndrome, where
PS exposure induced by Ca’*-ionophore is deficient and
that induced by apoptosis is not [38]. The mechanism
through which PS accumulates at the outer surface of the
platelet after treatment with NEM may reflect sponta-
neous dissipation of membrane lipid asymmetry.

Translocase activity is enhanced in the platelet
fraction that does not expose PS

The separate analysis of aminophospholipid translocase
activity and scramblase activity in the annexin A5-positive
and annexin AS5-negative fraction in a suspension of
platelets offers an explanation for the previous observation
that stimulation with thrombin leads both to an increased
prothrombinase activity and an increased aminophospho-
lipid translocase activity [22]. Only a small, scramblase-
positive, PS-exposing fraction of the platelets contributes
to the procoagulant response, whereas the majority of the
platelets do not expose PS due to an active aminophos-
pholipid translocase activity. This may also put a previous
study by Larson et al. [13] into a different perspective.
These authors claimed that the increased aminophospho-
lipid translocase activity indicated that thrombin activated
platelets do not expose PS, and therefore components
other than PS must be responsible for the procoagulant
activity of thrombin-activated platelets. Our results clearly
show that surface-exposed PS is required for the proco-
agulant activity of thrombin activated platelets.
Remarkably, the rate of inward transport of PS in the
annexin AS5-negative fraction of a platelet suspension
stimulated with thrombin or collagen plus thrombin is at
least four-fold increased compared to the rate in unstim-
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ulated platelets. This increased rate is not observed when
platelets are stimulated with collagen alone. One may
speculate that the enhanced aminophospholipid translo-
case activity could be caused by additional copies of
translocase originating from intracellular granula mem-
branes that become part of the plasma membrane as a
result of the release reaction. This is supported by the
different extent of serotonin release observed between
collagen- and thrombin-stimulated platelets [39], although
this parameter relates to dense granule membranes only.
Considering, however, that less than half of the total
amount of membrane in the platelet is intracellular [40],
even a complete release of all intracellular granules
would not account for a four-fold increased rate of
translocase activity. Apparently, other changes in the
platelet plasma membrane induced by the action of
thrombin must cause alterations in the properties of the
aminophospholipid transporter. It cannot be excluded
either that the increased rate of translocase results from a
looser packing of phospholipids in the membrane of
thrombin-activated platelets.

In summary, we have demonstrated that PS exposure
upon platelet stimulation does not involve the entire
platelet population but rather a fraction of the platelets,
the size of the fraction depending on the agonist used.
The fraction of PS-exposing platelets always shows the
same extent of PS exposure, irrespective of the agonist.
Apparently, platelets with an intermediate PS exposure
are not detectable. From this we infer that in the PS-
exposing platelet fraction, aminophospholipid translocase
might be switched off before scramblase becomes fully
activated. Thus, once platelets reach the threshold for
a procoagulant response, they suddenly change into
maximal PS-exposing cells.
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