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We previously reported that 1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine (platelet-activating factor,
PAF), released from activated platelets stimulated
with thrombin plus collagen, is associated with plate-
let microparticles. In the present study, we found that
PAF is concentrated and associated with micropar-
ticles released from high shear stress-induced acti-
vated platelets. The total amount of PAF released from
3x108 platelets under high shear stress (108 dyne/cm?)
was 3.2+0.6x10 **mol (n=5, mean= S.D.). Eighty per-
cent of the PAF released from the platelets was recov-
ered in the microparticle fraction after ultracentrifu-
gation in the presence of albumin. Under high shear
stress, PAF was not released from platelets within 3
minutes, although microparticles were released. In
conclusion, microparticles released from activated
platelets in the rheological condition of high shear

stress are major carriers of PAF. © 1997 Academic Press

Shear-induced platelet aggregation (SIPA) is an im-
portant mechanism in thrombogenesis(1). The mecha-
nism of SIPA has been studied by several investiga-
tors(2-5). Under low shear stress (12 dyne/cm?), platelet
aggregation can be induced by the binding of fibrinogen
and glycoprotein (GP) l1b/ll11a complex. In contrast, ag-
gregation induced under high shear stress (108 dyne/
cm?) is mediated by von Willebrand factor (VWF), by
interacting with its platelet-binding sites of GP Ib fol-
lowed by the exposure of fibrinogen binding site of GP
I1b/111a(2-5). The latter mechanism is particularly im-
portant because it may occur in the stenosed coronary
artery. Several agonists such as calcium ionophore
(A23187) or thrombin plus collagen induce platelet ag-
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gregations and increase the synthesis of platelet-acti-
vating factor (PAF)(6,7), which is a potent phospholipid
mediator possessing numerous biological activities(8).
We recently reported the mechanism of the release of
PAF from platelets and clarified that PAF is released
from activated platelets associated with micropar-
ticles(MPs)(9), which also possess clot-promoting activ-
ity(2). In the present study, we investigated the mecha-
nism of the release of PAF following the shear stress-
dependent activation of platelets. The results may be
clinically relevant because PAF associated with MPs
released from platelets may play an important role in
the pathogenesis of thrombosis in the rheological condi-
tion of high shear stress, which may occur in partially
occluded arteries or arterioles.

METHODS

Materials were obtained from the following suppliers: Prostaglan-
din I, was a gift from Ono Pharmaceutical Co., Osaka, Japan. Fluo-
rescen 5-isothiocyanate (FITC)-labeled goat anti-mouse 1gG was ob-
tained from Organon Teknika Co., Durham, NC. Murine monoclonal
antibody NNKY1-32, specific for the glycoprotein Ilb/Illa complex
on both resting and activated platelets, was kindly provided by Dr.
Shousaku Nomura of Kansai Medical University, Osaka, Japan.

Von Willebrand factor (vWF), fibrinogen and bovine serum albu-
min(BSA) were purchased from Sigma Chemical Co. (St. Louis, MO).

Isolation of platelets. Fresh human blood was collected into a
plastic syringe containing a one-tenth volume of 3.8% trisodium ci-
trate. Platelet-rich plasma (PRP) was prepared by centrifugation of
the citrated blood at 130xg for 15 min. All the preparations were
done at room temperature. Prostaglandin I, was added to the PRP
at the final concentration of 5ng/ml for the purpose of cytoprotection,
and PRP was centrifuged at 650xg for 13min. The platelet pellet
was resuspended in a HEPES buffer (142mM NacCl, 6.2mM KClI,
2.4mM MgSO,, 6.5mM HEPES, 5mM glucose, pH7.4). The same
washing procedure was repeated once more and resuspended in the
HEPES buffer without prostaglandin I,. The final platelet count was
adjusted to be 3x10%ml. The suspension thus obtained was found
to be free of any contaminants by a microscopic examination.

Measurement of shear stress-induced platelet aggregation. The
method used to measure SIPA with a cone-plate viscometer was
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described previously(10). Briefly, the cone is rotated with a rotor
motor with a diameter of 4 centimeters regulated by a computer.
With this instrument, the cone could be rotated at a maximum rota-
tion speed of 2,000 rpm to generate a constant shear stress without
turbulent flow. Helium-neon laser light at 633nm was passed
through the streaming samples, and the transmitted light intensity
was continuously recorded. The percent platelet aggregation was
calculated according to Lambert-Beer’s equation. To measure the
SIPA, 400 ul of washed human platelets was applied to the plate
with fibrinogen (final concentration (fc), 100 pg/ml), VWF(fc. 1 pug/
ml) and CaCl, (fc. 1ImM) and exposed to shear stress at 25°C. The
rotation rate of the cone can be set at low (200rpm=12dyne/cm?),
middle (1000rpm= 60 dyne/cm2) and high speeds (1800rpm=108
dyne/cm?).

Preparation of MPs. The samples were exposed to shear stress
for 3 or 6 minutes. The reaction was terminated by the addition of
EGTA(fc. 5mM) and cooling on an ice bath. The preparation of MPs
was done according to the modified method previously reported by
us(9). Briefly, the mixture was centrifuged at 14,000xg for 1 min
in order to precipitate platelets, and the supernatant was further
centrifuged at 100,000xg for 150 min to sediment the MPs. At second
centrifugation, the samples were washed with 0.1% BSA to remove
any nonspecific binding of PAF to MPs.

Flow cytometry. In order to distinguish the MPs and platelets
from the background noise, the MPs and platelets were immunocyto-
chemically stained according to the method reported recently(9,11).
Aliquots of platelets and/or MPs(100 ul) were fixed with NNKY-32
(anti-glycoprotein I1b/I11a complex antibody) for 30 min at room tem-
perature and then with a saturated concentration of FITC-labeled
goat anti-mouse antibody for 30 min at room temperature. They were
then diluted with 1ml of phosphate-buffered saline (pH7.5), and the
fluorescence levels of 10,000 platelets were measured with a
FACScan flow cytometer (Becton Dickinson, Mountain View, CA,
USA). The FACScan flow cytometer was used with its standard band
pass filter for FITC fluorescence at 530/30 nm. Data were obtained
with FACScan Research software. The samples were treated with
FITC fluorescence signals to exclude background scatter. The popula-
tion solely positive for glycoprotein Ilb/lI11a complex was then gated
to distinguish the MPs and platelets from electric noise. Before being
analyzed by the FACScan, a known amount of fluorescent beads were
added to the diluted samples. The absolute amount of MPs were
determined by comparing with known amount of fluorescent-control
beads. The accuracy of this assay method was assessed by Yano et
al(11). Each of the MP/platelet fractions was gated for flowcytometric
analysis and the relative volume ratio of MPs/ platelets was recalcul-
ated from the mean size obtained from a forward side scatter(FSC)
analysis.

Lipid extraction and bioassay. Phospholipids were extracted ac-
cording to the method of Bligh and Dyer’s, and the samples were
kept at —20°C until use. The preparation of washed rabbit platelets
collected from a New Zealand white rabbit was performed by the
same procedure used for the preparation of washed human platelets.
The final platelet count was adjusted to 3x10%ul in HEPES-buffered
saline. The platelet aggregating activity was detected by its ability
to aggregate washed rabbit platelets in an aggregometer. Fibrinogen
and epinephrine were added to the washed rabbit platelet suspension
in order to potentiate the platelet aggregation by PAF(12). The dried
residue of the sample was reconstituted in a 0.1% bovine serum
albumin-saline solution. The measurement of PAF was determined
by comparing the activity of each sample to that of known amounts of
standard synthetic 1-O-hexadecyl-2-acetyl-sn-3-phosphocholine. The
following criteria were used for the identification of the platelet ag-
gregation activity as PAF: the ability to induce platelet aggregation
in the presence of aspirin (ImM)(an inhibitor of cyclooxygenase),
and the inhibition of the aggregation by a selective concentration of
E5880(50nM), a specific PAF receptor antagonist donated from Eisai
Pharmaceutical CO., Tokyo, Japan.
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FIG. 1. Measurement of platelet aggregation. Tracing of platelet
aggregation patterns obtained at various shear stresses. (a) high
shear stress [=108 dyne/cm?, maximum percentage of aggregation
of 87+/—5.3 (mean+/—S.D, n=5)]. (b) Middle shear stress [=60 dyne/
cm?, maximum percentage of aggregation of 47+/—8.3 (mean-+/—S.D,
n=5)]. (c) Low shear stress [=12 dyne/cm? maximum percentage of
aggregation of 9+/—2.3 (mean+/—S.D, n=5)]. (d) High shear stress
in the absence of fibrinogen and VWF (=108 dyne/cm?, n=5).

RESULTS

Platelet aggregation induced by shear-force. The
trace of shear-induced platelet aggregation is shown in
Fig. 1. In the presence of VWF and fibrinogen, washed
platelets were aggregated within 1 minute at the desig-
nated shear stress in a shear force-dependent manner.
However, no significant platelet aggregation was ob-
served even at a high shear value without VWF and
fibrinogen. A small aggregation was observed under
low shear stress and was disaggregated within 3 min-
utes.

Characterization of MPs. Figure 2 shows the scat-
tering patterns of platelets and MPs detected with the
FITC-labeled anti-glycoprotein Ilb/Illa complex anti-
body (NNKY 1-32) and a known concentration of FITC-
labeled control beads. Only the populations that were
positive for glycoprotein I1b/I11a complex were gated to
distinguish the beads and MPs from electric noise. Only
a small percentage of MPs was detected in the washed
human platelets at rest (Fig. 2-a). MPs were released
from platelets in a time- and shear force-dependent
manner. After platelets were exposed to shear stress
for either 3 or 6 minutes and centrifuged at 14,000xg
for 1 minute, the supernatant was analyzed in a
FACScan(Fig. 2-b-e). The pellet obtained by centrifuga-
tion of the reaction mixture at 100,000xg for 150 min-
utes, yielded an almost identical distribution of MPs
as that obtained in the flowcytometric analysis, and
the supernatant was found to not contain any MPs
(data not shown).
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FIG. 2. Characterization and quantitative determination of platelet MPs. Scattering pattern of platelets and MPs detected by flow
cytometry with FITC-labeled anti-glycoprotein Ilb/llla complex antibody (NNKY1-32) and FITC-labeled control beads. “MPs” indicates a
gate for MPs and “C” indicates a gate for control beads. (a) Washed human platelet at rest. (b) MP fraction obtained from platelets exposed
to high shear stress (108 dyne/cm?). (c) MP fraction obtained from platelets exposed to middle shear stress (60 dyne/cm?). (d) MP fraction
obtained from platelets exposed to low shear stress (12 dyne/cm?). () MP fraction obtained from platelets exposed to high shear stress in

the absence of fibrinogen and vWF.

Identification and distribution of PAF. In order to
ascertain the chemical identity of the platelet aggregat-
ing activity of the lipid extracted from platelets and
MPs, the activity was compared with a synthetic PAF
of 1-O-hexadecyl-2-acetyl-3-phosphocholine. The lipid
extracted from platelets and MPs aggregated rabbit
platelets in the presence of 1mM aspirin (an inhibitor
of cyclooxygenase), and did not aggregate platelets in
the presence of 50nM E5880 (a specific PAF receptor
antagonist). As shown in Table 1(A), the total amount
of PAF produced by 3.0x10° platelets in 6 minutes of
high shear stress was 3.7+0.5x10 **mol. (n=5, mean+
S.D.) About 0.5 x10 **mol of PAF was released into
the medium, and 0.4+ 0.3 x10 **mol of PAF was co-
precipitated with MPs after ultracentrifugation. Only
0.1+0.05 x10 **mol of PAF was identified in the sus-
pension medium. Most of the PAF activity associated
with the MPs was not recovered in the suspension after
ultracentrifugation in the presence of 0.1% BSA-saline
solution. In 3 minutes with high shear stress, PAF was
identified only in the platelet fraction(Table 1(B)). The

six-minutes exposure at low shear stress, and high
shear stress without fibrinogen and vWF failed to syn-
thesize PAF in any platelet fraction. With 6 minutes
of middle shear stress, 1.8+/—0.3 mol of PAF was de-
tected in the platelet fraction, and PAF was not identi-
fied in the MP fraction.

Quantitative identification of MPs and PAF released
from platelets. The absolute levels of MPs and PAF
released from platelets are shown in Fig. 3. The platelet
MP levels are expressed by the MP/ control beads ratio.
The MPs produced under high shear stress increased
in a time- dependent manner and displayed linear-
ity(0.85+ 0.28 MPs/control beads in 3 minutes,
1.68+0.15 MPs/control beads in 6 minutes). Six min-
utes of high shear stress without fibrinogen and vVWF
showed no increase of MPs (0.06+ 0.02 MPs/control
beads in 3 minutes, 0.08+0.03 MPs/control beads in 6
minutes). An exposure to low shear stress resulted in
no increase of MPs (0.04+0.02 MPs/control beads in 3
minutes, 0.05+0.01 MPs/control beads in 6 minutes),
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TABLE 1
Identification and Distribution of PAF

Fractions 108 dyne/cm? 60 dyne/cm? 12 dyne/cm?
(A) 3-minute exposure to shear stress

Platelets 2.4 + 0.3 x 107%%2 ND ND

MPs ND ND ND

Medium ND ND ND

Total 24 +03x 107 ND ND
(B) 6-minute exposure to shear stress

Platelets 3.2 = 0.6 x 10°%2 1.8 = 0.3 x 10712 ND

MPs 0.4 = 0.3 x 107°2 ND ND

Medium 0.1 + 0.05 x 102 ND ND

Total 3.7+05x 107" 1.8+03x10* ND

Note. Release of PAF (mol) from human platelets (3 x 10%/ml) after
3 and 6 minutes exposure to shear stress. PAF was produced under
a 6-minute exposure to high shear stress, and eighty-percent was
retained in the platelets. ND, not detected.

®n =5, mean + S.D.

and a small amount of MPs is released under middle
shear stress (0.34=+ 0.1 MPs/control beads in 3 minutes,
0.55+0.18 MPs/control beads in 6 minutes). Although
MPs were released after the 3-minute exposure to high
shear stress, PAF was not detected in MPs from plate-
lets or in the medium fraction, but was detected in
platelets.

Relative volume ratio of MP/platelet. To investi-
gate the relative volume ratio of MP and platelet, each
fraction of MPs and platelets was gated and the aver-
age sizes of the MPs and platelets were calculated us-
ing FACScan Research software (Fig. 4). The FSC anal-
ysis, revealed the mean sizes of MPs/platelets were
5.03/119.96(=0.0419). The relative platelet/MP volume
ratio is thus calculated to be 116.47.

DISCUSSION

PAF is a lipid mediator released from activated cells
including platelets when stimulated by various kinds
of agonists(13-15), and about 80% of produced PAF is
known to be retained in cells(16,17). We previously re-
ported that PAF is released from activated platelets by
thrombin plus collagen in the firmly bound form to
MPs, and that was susceptible to plasma acetylhy-
drolase(9). Compared to the agonists such as thrombin
or collagen, shear stress is relatively slow and more
physiological stimuli. The system described in the pres-
ent study will be a better model to investigate the re-
lease mechanism of PAF from platelets. In the present
experiment, the six-minute exposure to high shear
stress resulted in the release of PAF in the binding
form to MPs from which PAF could not be removed by
the washing procedure in the presence of albumin. The
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FIG. 3. Quantitative identification of MPs and PAF released
from platelets. The amount of platelet MPs is expressed by the micro-
particles (MPs)/control beads ratio. ((J) MPs released after exposure
to high shear stress (108 dyne/cm?). (O) MPs released after exposure
to middle shear stress (60 dyne/cm?). (A) MPs released after exposure
to low shear stress (12 dyne/cm?). Results are expressed as
means=S.D.(n=>5) M indicates PAF associated with MPs after expo-
sure to high shear stress. The 6-minutes exposure of platelets to high
shear stress resulted in the release of PAF from platelets on the
surface of MPs. However, PAF was not released within 3 minutes
under the high shear stress, although about half of the volume of
MPs was released and intercellular PAF was synthesized.

high shear stress used may be attained in stenosed or
partially occluded arterial vessels.

Bratton et al.(18) reported that the release of PAF
from the cell in which it is synthesized would depend
first on the localization to the plasma membrane fol-
lowed by the transbilayer movement accompanying the
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FIG. 4. Calculation of average size of MP/platelet fraction. Each
fraction of MP/platelet was gated, and the mean sizes of MPs and
platelets were calculated using FACScan Research software. In the
FSC analysis, the mean size of MPs/platelets was 5.03/119.96
(=0.042). Bold line (—) indicates the average sizes of MPs/platelets.
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loss of membrane asymmetry. They suggested the exis-
tence of “acceptor molecules” which remove PAF from
the plasma membrane. We demonstrated that the net
release of PAF from activated platelets mainly bound
to MPs which acted as if they were an "“acceptor mole-
cules”. In our data, the production of MPs from plate-
lets after the 6-minute exposure to high shear stress
was 0.4+0.1 MP/platelet(data not shown). The volume
ratio of a MP to a platelet was approximately 1/116.47,
calculated from the FSC analysis. Since the volume
ratio of MPs and platelets was too small considering
the PAF distribution produced between the platelets
and MPs (9:1), PAF may be 30-fold concentrated on
MPs upon activation.

Interestingly, PAF was not released under the 3-mi-
nute exposure to high shear stress, although about half
of the volume of MPs was released and intercellular
PAF was produced. We hypothesize that the intracellu-
lar PAF was produced in the 3-minute period of high
shear stress, but did not reach the membrane releasing
as PAF, and in the subsequent 3 minutes, the intracel-
lular PAF was released associated with MPs. To corrob-
orate the validity of this mechanism, the three-fold
amount of MPs which was released in the 3-minute of
high shear stress was provided to the PAF bioassay,
only to fail to detect PAF. Furthermore, an additional
6-minute exposure to high shear stress of the separated
microparticles released within a 3-minute exposure of
platelets to high shear stress did not produce PAF(data
not shown). This indicates that PAF is not produced in
the released MPs.

Platelet MPs, composed of plasma membrane, are
known to be rich in membrane glycoproteins Ib, Ilb
and 111a(19,20) and to have procoagulant activity on
their surface(21). An increased number of circulating
microparticles has been found in various pathological
conditions such as cardio-pulmonary bypass, acute res-
piratory distress syndrome and idiopathic thrombocy-
topenic purpura(22-24).

In conclusion, we observed the release of PAF under
high shear stress, and suggest that the mechanism un-
derlying this release contributes to the delivery system
of PAF in the rheological condition of high shear stress
comparable to occluded arteries or arterioles.
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