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Abstract

The accurate definition of surface glycoprotein abnormalities in
circulating platelets may provide better understanding of bleeding
and thrombotic disorders. Platelet surface glycoproteins were
measured on intact platelets in whole blood and platelet mem-
brane microparticles were assayed in cell-free plasma using 125I-
monoclonal antibodies. The glycoproteins (GP) studied were:
GPlb and GPIlb-Illa, two of the major intrinsic plasma mem-
brane glycoproteins; GMP-140, an a-granule membrane gly-
coprotein that becomes exposed on the platelet surface following
secretion; and thrombospondin (TSP), an a-granule secreted
glycoprotein that rebinds to the platelet surface. Thrombin-in-
duced secretion in normal platelets caused the appearance of
GMP-140 and TSPon the platelet surface, increased exposure
of GPIlb-Illa, and decreased antibody binding to GPlb. Patients
with adult respiratory distress syndrome had an increased con-
centration of GMP-140 and TSPon the surface of their platelets,
demonstrating in vivo platelet secretion, but had no increase of
platelet microparticles in their plasma. In contrast, patients after
cardiac surgery with cardiopulmonary bypass demonstrated
changes consistent with membrane fragmentation without se-
cretion: a decreased platelet surface concentration of GPlb and
GP1Ib with no increase of GMP-140 and TSP, and an increased
plasma concentration of platelet membrane microparticles. These
methods will help to define acquired abnormalities of platelet
surface glycoproteins.

Introduction

Membrane surface glycoproteins are critical for normal platelet
adhesion to the vessel wall and subsequent platelet aggregation,
and their abnormalities associated with congenital bleeding dis-
orders have been well described (1). In contrast, the definition
of acquired disorders of platelet membrane glycoproteins has
been less clear (2-7). Changes of surface glycoproteins may occur
in circulating platelets that could increase the risk for bleeding
or thrombosis: plasma membrane microparticles can be lost,
causing a decreased concentration of intrinsic plasma membrane
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glycoproteins (8-12); the microparticles themselves may accu-
mulate in the plasma; a-granule membrane proteins can become
exposed on the platelet surface following secretion (13-15); and
large, contact-promoting a-granule secreted proteins can rebind
to the cell surface (16-21). In contrast to the more severe and
uniform membrane abnormalities seen in congenital platelet
defects, the membrane changes in acquired disorders may be
transient and less severe. A major problem in detecting acquired
disorders may be the susceptibility of platelets to membrane
alterations during isolation procedures used for previous methods
of analysis (22) that could obscure minor glycoprotein abnor-
malities or cause the loss of an abnormal platelet subpopulation.
The measurement of platelet surface glycoproteins directly in
immediately fixed whole blood samples with '251-labeled mono-
clonal antibodies (23) overcomes the risks from these in vitro
artefacts. Wehave adapted this method to define the pattern of
platelet membrane changes caused by in vitro thrombin-induced
secretion, and the microparticle changes caused by whole blood
coagulation. These changes were then compared to the patterns
of platelet surface glycoprotein abnormalities in patient groups
in which the occurrence of platelet abnormalities was suspected:
adult respiratory distress syndrome (ARDS) and cardiopulmo-
nary bypass surgery.

Methods

Antibodies. The following monoclonal antibodies were used for these
studies: AP-I, that reacts with the glycocalicin moiety of glycoprotein
(GP) Ib' (23-25); three antibodies that react with GPIlb-IIla: T10, that
recognizes the intact GP1Ib-IIIa complex (26), Tab, that reacts with GP
IIb (26, 27), and AP-3, that reacts with GP IIla (28); S12, that reacts
with the a-granule membrane glycoprotein GMP-140 (13, 15); and 5G1 1,
that reacts with thrombospondin (29). These antibodies were purified
from ascites fluid by ammonium sulfate precipitation and DEAE-cellulose
chromatography (27), then frozen in aliquots at -70°C.

Antibodies were radiolabeled after centrifugation at 150,000 g for
10 min in a Beckman airfuge (Beckman Instruments, Inc., Fullerton,
CA) with ('25IJNaI and Enzymobeads (Bio-Rad Laboratories, Richmond,
CA) and the radiolabeled protein was separated from free ['25I]NaI by
gel filtration on a Pharmacia PD-10 column containing Sephadex G-
25M (Pharmacia, Piscataway, NJ). The specific activity of the protein
was 1,000-2,000 cpm/ng and >99%of the radioactivity was precipitated
by 8%trichloroacetic acid. After the protein concentration of the labeled
antibody was determined, bovine serum albumin (BSA) (0.35%) and
sodium azide (0.02%) were added and the solution stored at 4°C. Aliquots
of antibody were centrifuged at 150,000 gfor 10 min immediately before
their use in binding experiments.

1. Abbreviations used in this paper: ARDS, adult respiratory distress
syndrome; GP, glycoprotein; GMP, granule membrane protein; PGE,,
prostaglandin E,; TSP, thrombospondin.
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Measurement ofplatelet surface glycoproteins in whole blood samples.
Blood samples were obtained with informed consent from normal vol-
unteers and patients by our published methods (22), except where in-
dicated. All assays were performed on the same day the sample was
obtained unless otherwise noted. For analyses of GP Ib, GP lIb, and
GMP-140, 1.5 ml of blood was drawn into an equal volume of 10 mM
EDTA, 0.2% glutaraldehyde (grade II, Sigma Chemical Co., St. Louis,
MO), and 0.02% sodium azide in phosphate-buffered saline (PBS) on
ice. Fixed samples were diluted to 107 platelets/ml in Tyrode's buffer
(138 mMNaCl, 29 mMKCl, 12 mMNaHCO3, 0.4 mMNaHPO4, 0.1%
glucose, and 0.35% BSA), pH 7.4, with 5 mMEDTA. For assay of
thrombospondin (TSP), 50 mMMgCI2 was substituted for the EDTA
in the anticoagulant-fixative solution and the Tyrode's diluting buffer
contained 2 mMCaC12 instead of EDTA. The use of MgCI2 as an an-
ticoagulant was originally described by Crawford.2 To 250 AL of the diluted
whole blood sample, containing 2.5 X 106 platelets, was added 200 4l
of 0.05 MTris, 0.10 Mglycine (to neutralize excess glutaraldehyde), pH
7.4, and 50 Ml of the Tyrode's diluting buffer containing 0.5 ug of radio-
iodinated monoclonal antibody. After a 30-min incubation at room
temperature, samples were centrifuged at 12,000 g for 5 min and the
platelets were washed twice with 1 ml of Tyrode's diluting buffer at
12,000 g for 5 min without attempting to resuspend the pellet. The ra-
dioactivity of the pellet was measured and the data were expressed as
molecules of glycoprotein antigen per platelet. It was assumed that only
one molecule of antibody bound to each molecule of antigen; however,
because TSP is a trimeric glycoprotein (30, 31), antibody binding may
have overestimated the number of molecules of TSP exposed on the
platelet surface. All samples were performed in triplicate. In initial ex-
periments, the separation of platelets from unbound 1251I-antibody by
this washing method was compared with separation performed by layering
the 0.5-ml reaction mixture on 1.0 ml of 20% sucrose in PBS (28, 32)
and centrifuging the samples at 12,000 g at room temperature for 5 min.
The supernatant fluid above the cell pellet was aspirated and the counts
per minute bound to the pellet were measured after cutting off the
tube tip.

Measurement of surface glycoproteins on red blood cells and white
blood cells. Red cells were isolated from blood defibrinated with glass
beads at 37°C to diminish platelet contamination. To obtain white cells,
defibrinated blood was mixed with 10 vol of 150 mMNH4Cl at room
temperature for 10 min and the resulting hemolysate centrifuged at 150
g for 6 min (33). After two washes at 150 g for 6 min, no platelets were
seen on a stained smear and the white cell differential count was equal
to a count of the original whole blood. Antibody binding studies were
performed as described for platelets, using 2.5 X 106 cells in the presence
of either 5 mMEDTAor 2 mMCaCI2.

Measurement of surface glycoproteins on human endothelial cells.
Endothelial cells were isolated from umbilical cords by the method of
Jaffe et al. (34) using 0.05% collagenase (139 U/mg, Cooper Biomedical,
Malvern, PA). The endothelial cells were washed once in Tyrode's buffer,
then 2.5 X 106 cells were assayed together with 2.5 X 106 platelets in
whole blood anticoagulated with either EDTAor MgCl2.

Measurement ofplatelet surface proteins on washed platelets to study
the effect of thrombin. Blood was collected into one-fifth volume of acid
citrate dextrose (ACD) containing 300 ng/ml prostaglandin El (PGE,)
(22), the platelets were washed twice in Tyrode's buffer, pH 6.5, containing
50 ng/ml PGE, (22, 35) but with no CaCl2 or EDTA, and then resus-
pended to 108/ml in Tyrode's-PGE,, pH 7.4, containing either 2 mM
CaCl2 or 5 mMEDTA. Human a-thrombin (2,600 U/mg, a gift from
Dr. John W. Fenton, New York State Department of Health, Albany,
NY) was added to a final concentration of 1.0 U/ml (in control samples,
thrombin was omitted) and the samples were mixed once by inversion
and incubated undisturbed at 37°C for 10 min, to prevent aggregation
in the Ca2+-containing samples. After the incubation, hirudin (Sigma)

2. Crawford, N., personal communication. The use of MgCI2 as an an-
ticoagulant is the subject of International Patent Application No. 83/
03830.

was added to a final concentration of 2 U/ml and the samples kept at
room temperature for 5 min, then an equal volume of 2% paraformal-
dehyde was added and the samples kept at room temperature for another
5 min. Fixation of washed platelets in 0.1% glutaraldehyde caused de-
creased antibody binding. Samples were mixed by inversion after each
addition. Antibody binding studies were performed as described above.
Inactive thrombin was prepared by reaction with diisopropylphospho-
fluoridate (DFP) (36).

Platelet membrane microparticles. Plasma for microparticle assays,
using all antibodies except for TSP, was obtained by the method of Levine
and Krentz (37) for the assay of platelet factor 4: anticoagulation with
EDTA (5 mM), PGEI (1 ,ug/ml), and dibutyryl-cyclic AMP(1.0 mM)
and centrifugation at 12,000 g for 10 min at 40C. To assay for TSP in
microparticles, MgCI2 (25 mM)was substituted for EDTA. Serum was
obtained by allowing blood to clot in a glass tube at 370C for 2 h followed
by centrifugation at 12,000 g for 10 min. To measure platelet micro-
particles, 1 ml of plasma or serum was incubated at room temperature
for 30 min with 1 jig of '25I-antibody, an amount that exceeded the
saturating concentration. Duplicate samples as well as duplicate blanks
of I fig of 251-antibody in Tyrode's buffer were assayed. Following in-
cubation, the samples were diluted to 7.2 ml with buffer and centrifuged
at 67,000 g for 60 min. The buffer was aspirated and the invisible pellet
was washed once with 7.2 ml of buffer at 67,000 g for 20 min. There
was no greater recovery if the forces were increased to 200,000 g and
the times extended. Then the counts per minute remaining in the pellet
were measured and expressed as molecules of antigen per milliliter of
plasma or serum.

Patients. The patients in these studies were hospitalized at Medical
Center Hospital or at Audie Murphy Veterans Administration Hospital,
San Antonio. Patients with ARDSwere enrolled in our institutional
study of this disease (38). Cardiac surgery patients were studied during
cardiopulmonary bypass with a bubble oxygenator for coronary artery
bypass grafting (six patients), repair of ventricular septal defect (one),
mitral valve replacement (one), and aortic valve replacement (one). To
study blood collection methods, simultaneous samples were drawn by
venipuncture and through acutely placed peripheral arterial catheters
(five patients being prepared for elective surgery) and pulmonary artery
catheters (nine patients undergoing cardiac catheterization) as well as
chronic central venous and arterial catheters that had been in place for
4-6 wk (two patients).

Statistical analyses were performed using Student's t test (39).

Results

Normal platelets
PLATELET SURFACEGLYCOPROTEINS.The antibody bind-
ing assay. The recovery of "'I-antibody bound to platelets in
whole blood or to washed, thrombin-treated platelets was the
same when platelets were separated from unbound antibody ei-
ther by three washes or by centrifugation through 20% sucrose.
This demonstrated that the wash procedure did not trap unbound
antibody or remove bound antibody or surface-bound TSP. The
slow dissociation rate of the four antibodies used (AP- 1, Tab,
S 12, and 5G I 1) was demonstrated by the addition of 50-fold
excess cold antibody at the end of the 30-min binding incubation
followed by an additional 10-min incubation before the washing
steps. Less than 5% of the bound 1251I-labeled antibodies was
displaced. Similar irreversibility of a monoclonal antibody (AP-
2) binding to GP lIb-IIIa has been reported previously (32).
Analyses of AP- 1 and Tab-binding in whole blood and for S12-
binding to thrombin-treated washed platelets indicated that an
antibody concentration of 1 jtg/ml bound to 85-90% of the total
calculated surface glycoprotein molecules. Analysis of 5G11
binding to thrombin-treated platelet suspensions not separated
from soluble, secreted TSP, demonstrated that less than half of
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the total calculated surface molecules were detected with 1 jtg/
ml of antibody and 80% with 10 tig/ml. In spite of the under-
estimate of platelet surface TSP molecules by 1 yg/ml of anti-
body, this method allowed a clear distinction between thrombin-
treated and control platelets (washed thrombin treated:
19,323±9,028 [SD] molecules TSP per platelet, n = 1 1; washed
control incubated: 1,955±369 molecules TSPper platelet, n = 6,
P< 0.001). In subsequent studies of patient samples, high platelet
surface concentrations of TSPmeasured in whole blood samples,
that may also have contained high plasma concentrations of
TSP, correlated well with high concentrations of GMP-140 on
the platelet surface (see Fig. 3).

The platelet membrane glycoprotein values obtained in nor-
mal whole blood samples using this method were: GP Ib
= 26,052±5,367 (SD, n = 47), GPIlb = 52,926±8,485 (n = 49),
GMP-140 = 1,187±636 (n = 30), and TSP = 681±360 (n = 8).

Platelet specificity of antibody binding: studies on red blood
cells, white blood cells, and umbilical vein endothelial cells.
Membrane proteins similar to GP Ilb-Ila are found in white
blood cells (40) and endothelial cells (41, 42); TSPis synthesized
and secreted by monocytes (43) and endothelial cells (44); and
GMP-140 is present in endothelial cells (45). Therefore in whole
blood, these antigens may not be only derived from platelets.
Previous studies in whole blood from patients with Bernard-
Soulier syndrome (23) and Glanzmann's thrombasthenia (un-
published observation) have demonstrated no binding of AP-l
and Tab, respectively, suggesting platelet specificity. Peripheral
blood white blood cells isolated under conditions of maximal
thrombin activation bound negligible amounts of AP-1, S12,
and 5GI1, and <10%as much Tab as an equal number of plate-
lets. Red cells demonstrated no antibody binding. Endothelial
cells did not bind AP-1, Tab, and 5GI1, but they did bind sig-
nificant amounts of S12 per cell. However, since circulating en-
dothelial cells, even in a concentration equal to 1% of platelets,
is an unlikely event (46, 47), their contribution to S12 binding
in a whole blood assay should be negligible. Also in our studies
with thrombin activation and patient samples, increased binding
of S12 and 5G1 1 was parallel (Figs. 1 and 3), which is another
distinction from endothelial cells. The production of micropar-
ticles by sonication of isolated white blood cells and endothelial
cells (106/ml) did not contribute significantly to the concentration
of platelet microparticles measured by Tab binding.

Fixation and storage of whole blood samples. There was no
difference in binding of the monoclonal antibodies to platelets
in whole blood that were unfixed or fixed with glutaraldehyde,
if the assays were performed immediately after collection. How-
ever, if there was a delay of 4 h at room temperature before
fixation, there was decreased antibody binding to GP Ib (42%)
and increased binding to GPIlb (1 1%) and GMP-140 (3.6-fold).
These changes suggest that a low concentration of thrombin is
formed, sufficient to stimulate platelet secretion but not enough
to cause coagulation (48). Standing at 4°C prevented the changes
with GPlb and GMP-140, but not the change in GPIIb. Adding
PGEI (1 ug/ml) and dibutyryl-cAMP (1 mM) (37) to the anti-
coagulant did not prevent these changes at room temperature
or 4°C. Therefore prompt fixation of the whole blood samples
was essential for accurate measurement of the platelet surface
glycoproteins and glutaraldehyde was included in the antico-
agulant solution of EDTAor MgCl2. Once fixed and stored at
4°C, the surface glycoproteins were stable for 24 h.

Effect of blood collection technique. Because blood samples
for clinical studies frequently cannot be satisfactorily obtained

by a venipuncture, the effect of collecting blood through in-
dwelling catheters was studied. Blood collection through arterial
or venous catheters that had been placed acutely or had been in
place for up to 6 wk caused no change of the membrane gly-
coprotein measurements on intact platelets in whole blood or
in platelet membrane microparticles. The difference from si-
multaneous samples obtained by our routine venipuncture
technique was always <10%. This is different from the significant
artefactual elevation of plasma concentrations of platelet factor
4 in samples collected through indwelling needles (49). Only 1%
platelet secretion, however, not noticeable in our assay, would
cause a 30-fold increase of the plasma level of platelet factor
4 (37).

Selection of the anticoagulant. EDTAanticoagulant was used
to provide maximal inhibition of platelet activation (37) as well
as inhibition of the endogenous platelet calcium-dependent pro-
tease that can hydrolyze GPlb (50, 51). However, a large fraction
of TSPthat rebinds to the platelet surface following secretion is
dependent on the presence of Ca2? (17, 20). Table I demonstrates
that almost all of the platelet surface-bound TSP is lost from
the platelet during calcium chelation even when formaldehyde
is simultaneously present. To detect circulating platelets that
may have TSP bound to their surface membrane, therefore, a
different anticoagulant was required and 25 mMMgCl2 was
selected because it caused no loss of platelet surface bound TSP.
While assays for GP Ib, GP Ilb, and GMP-140 were the same
in normal whole blood samples anticoagulated with either MgC12
or EDTA, EDTAwas used for these assays because of its fa-
miliarity and known mechanism of anticoagulant action. Al-
though the mechanism of anticoagulation by 25 mMMgCl2 is
unknown, it is clear from several observations that higher con-
centrations of Ca2` or Mg2e are able to inhibit reactions that
require lower concentrations of these ions. An early study of
clotting times after recalcification of blood anticoagulated with
10 or 20 mMsodium citrate demonstrated the shortest times
with calcium concentrations of 45-74 mM(52). Either lower or

Table L Platelet Surface TSPFollowing
Thrombin-induced Secretion: The Effect of EDTA,
Citrate, and MgCl2 Anticoagulation

Platelet preparation Platelet surface TSP

molecules/platelet

Control platelets 1,763
Thrombin-treated platelets (5 mMEDTA) 3,914
Thrombin-treated platelets (2 mMCa2")

+ formaldehyde + buffer 27,484
+ formaldehyde + 5 mMEDTA 2,212
+ formaldehyde + 130 mMcitrate 3,948
+ formaldehyde + 25 mMMgCl2 27,101

The data are the mean values of 1-5 experiments. Washed platelets
were resuspended with either 5 mMEDTAor 2 mMCa2' for throm-
bin treatment. Control platelets were resuspended with EDTA. After
incubation for 10 min at 370C with or without thrombin (1 U/ml) fol-
lowed by hirudin neutralization, all samples were fixed with formalde-
hyde before assays for platelet surface TSP were performed. Some
Ca2? samples were fixed with formaldehyde containing EDTA, so-
dium citrate, or magnesium chloride, to achieve the final concentra-
tions shown above.
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higher concentrations resulted in longer clotting times. Also
ADP-induced fibrinogen binding to the platelet surface (53) and
ADP-induced platelet aggregation (54) require low concentra-
tions of Ca2l or Mg2e but are inhibited by higher concentrations.

Effect of thrombin treatment on platelet surface glycoprotein.
Measurements of GP lb are presented only for incubations in
EDTA-containing buffer, because fewer GP lb sites were mea-
sured following control incubations in the presence of Ca2+-
containing buffer (13,868 molecules per platelet, n = 3, versus
19,541±5,140 [SD], n = 10, for Ca2+ and EDTA, respectively),
possibly due to loss of glycocalicin by activity of the calcium-
dependent protease (50, 51). Even with EDTA the values for
GP lb on washed control incubated platelets were less than for
the immediately fixed whole blood samples (P < 0.001). Mea-
surements of GPIlb with 1251I-Tab are presented only for incu-
bations in Ca2+-containing buffer, because in the presence of
EDTA fewer GP Ilb sites were measured following control in-
cubations (48,094±4,694, n = 5, vs. 36,943±7,703, n = 14, P
< 0.01, for Ca2' and EDTA, respectively), possibly due to GP
Ilb aggregates formed by incubation at 37°C in the presence of
EDTA(55, 56). In Ca2+-buffer, the values for GPIlb were the
same on washed control incubated platelets as on platelets in
immediately fixed whole blood samples (P > 0.8). Measurements
of the GPIlb-Illa complex using '251I-labeled T1O were also per-
formed in Ca2`-buffer. The values for GMP-140 in washed con-
trol incubated platelets in either Ca2+- or EDTA-buffers
(1,126±647, n = 15) were the same as for whole blood samples
(1,187±636, n = 30). Only Ca2+ containing buffer was used for
TSP studies and the values for TSP sites on the washed control
incubated platelets (1,955±369, n = 6) were greater than for
whole blood samples (681±360, n = 8, P < 0.001).

Fig. 1 demonstrates the effect of thrombin treatment on
platelet surface glycoproteins. There was a marked decrease in
antibody binding to GPlb after thrombin treatment, with a loss
of 60% of antigen sites on the platelet surface. This effect de-
pended on active thrombin, as incubation with DFP-thrombin
had no effect in two experiments (24,174 vs. 23,41 1 molecules/
platelet for control and DFP-thrombin-treated platelets, respec-

GP Ib GP ]lb GMP

,n 50- 100- 15

x 40 80- i2-

ID
0 30 60- 9-

20- 40 6-

U)

0 10- 20- 3-

0~~~~~
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CON THR

Figure 1. Effect of thrombin on platelet surface glycoproteins. Washed
platelets were resuspended for thrombin treatment in buffer contain-
ing either 5 mMEDTA, for assay of GPIb, or 2 mMCaCl2, for assay
of GPIlb and TSP. Data for GMP-140 were obtained from samples
containing either EDTAor CaCI2. The shaded areas represent the nor-
mal values (mean±2 SD) obtained in whole blood samples. For GP
HIb, two different monoclonal antibodies were used: the solid circles
and lines represent experiments with Tab; the open circles and broken
lines represent experiments with TIO. Thrombin treatment caused de-
creased antibody binding to GP lb and increased antibody binding to
GPUIb (Tab), GPIIb-IIla (T10), GMP-140, and TSP (all P values
< 0.001).

tively). The dissociation constant (Kd) of AP- 1 binding to GP
lb on thrombin-treated platelets (0.37 nM, n = 2) was similar
to untreated control platelets (0.47 nM, n = 4). This decrease
of AP- 1 binding did not represent an actual loss of GP lb mol-
ecules from platelets, since measurement of the total content of
GP lb in Triton X-100-solubilized platelets by electroimmu-
noassay using AP- 1 (57) was equal in thrombin-treated and con-
trol platelets (unpublished observation). The decreased antibody
binding to GP lb after thrombin treatment was not reversible:
if thrombin was neutralized by hirudin and the 370C incubation
continued for an additional 50 min at 370C, antibody binding
to GP lb remained low and unchanged. In contrast to the de-
creased antibody binding to GPlb, antibody binding to GPIlb-
II1a increased after thrombin treatment. Antibody binding to
both GMP-140 and TSP was markedly increased. Exposure of
GMP-140 was the same in the presence of Ca2" (8,114+2,964
molecules per platelet, n = 12) or EDTA(8,870±3,169 molecules
per platelet, n = 18, P > 0.5). If thrombin was neutralized by
hirudin and the 370C incubation continued for an additional
50 min, a time that allows internalization of most of the exposed
secretory granule membrane protein in adrenal medulla chro-
maffin cells (58), there was no selective internalization of GMP-
140 from the cell surface (Table II). Some loss of GMP-140 and
GPIIb (7-14%) occurred equally in both control and thrombin-
treated samples, presumably due to membrane fragment loss
during the buffer incubation.

PLATELET MEMBRANEMICROPARTICLES. Glycoprotein
characterization of microparticles from plasma and serum. The
GPIlb-Illa complex was intact on the plasma microparticles as
judged by the equal results using monoclonal antibodies that
react with isolated GP Ilb, isolated GP Ila, or the GP IIb-IIIa
complex (Table III). The microparticle GPIlb-IIIa complex was
stable in EDTAwhen the plasma was kept at room temperature.
Plasma microparticles (measured as GPIlb-Illa) were equivalent
to about 4 X I05 platelets/ml, or about 0.1% of the platelet GP
lb-Illa contained in whole blood. No microparticles were re-
covered from plasma treated with 1% Triton X- 100, demon-
strating their lipoprotein nature. The amount of GP lb on the
microparticles in plasma was relatively less than on intact plate-
lets. GMP-140 and TSP were not detectable in plasma micro-

Table II. Platelet Surface Concentration of GMP-140
and GPfIb after Thrombin Treatment followed by Inactivation
with Hirudin and Subsequent Incubation

GP Incubation Thrombin Control

min GPmolecules/platelet GPmolecules/platelet

GMP-140 10 5,192 2,142
60 4,832 (93%) 1,846 (86%)

GPIIb 10 73,010 45,584
60 64,580 (88%) 40,116 (88%)

The data are the mean values from three experiments. Washed plate-
lets were incubated with thrombin (1.0 U/ml) for 10 min in the pres-
ence of 2 mMCaC12, as described in Methods. In control samples,
thrombin was omitted. After 10 min, thrombin was inactivated by the
addition of 2 U/ml hirudin and an aliquot was assayed. Incubation
was continued for an additional 50 min after which another assay was
performed. The figures in parentheses are the percentages of surface
antigen present at 60 min that were originally present after 10 min of
incubation.
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Table III. Glycoproteins on Platelet Membrane
Microparticles Isolatedfrom Normal Plasma and Serum

GP Plasma Serum

molecules/ml X 1O"' molecules/ml X 10"'

lb 0.57±0.57 (9) 0.61±0.49 (7)
Ilb 1.95±1.37 (21) 62.44±28.77 (5)
Illa 1.38±0.56 (5) 57.08±41.76 (5)
Ilb-Illa 1.79±1.46 (13) 61.82±26.70 (5)
GMP-140 0.02±0.02 (8) 4.00±1.84 (8)
TSP 0.05±0.11 (8) 0.39±0.62 (8)

The data are the mean values± 1 SD for the number of experiments
shown in parentheses. Glycoproteins Ilb and Ifla were measured indi-
vidually by the monoclonal antibodies Tab and AP-3, respectively,
and the glycoprotein Ilb-IIIa complex was measured by the mono-
clonal antibody T10. In plasma microparticles, there was no difference
between GP Ilb and GPIlla concentrations (P > 0.30).

particles. Assay of serum after whole blood coagulation dem-
onstrated an increased concentration of GP Ilb-Illa by 30- to
40-fold. The concentration of GP lb in serum microparticles
was the same as in plasma. In contrast to microparticles in
plasma, GMP-140 and TSP were detectable on microparticles
in serum.

Clinical studies
ARDS. Samples were obtained from 13 patients diagnosed by
published criteria (38), via an intraarterial catheter at median
times of 3 d after diagnosis and 5 d before death (12 patients)
or 3 d before recovery in 1 patient. Underlying diseases were
bacterial pneumonia with sepsis (10 patients) and postoperative
complications including aspiration pneumonia (2 patients) and
delerium tremens with pancreatitis (1 patient). Nine patients
were thrombocytopenic; five had platelet counts of 10,000-
35,000/Ml (Fig. 2). The surface glycoprotein changes indicated
that in some subjects the platelets had undergone a-granule se-
cretion and remained in the circulation with GMP-140 and TSP
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Figure 2. Platelet surface glycoproteins in patients with ARDS. 13 pa-
tients were studied with samples obtained from indwelling arterial
catheters. The shaded areas represent normal values (mean±2 SD).
Platelet surface glycoproteins were measured promptly on immedi-
ately fixed whole blood samples. Antibody binding to GPlb was the
same as with normal platelets (P > 0.40); antibody binding to GPlIb
was decreased (P < 0.001); and antibody binding to GMP-140 and
TSP was increased (P < 0.005, P < 0.05, respectively). Platelet mem-
brane microparticles were measured with III-Tab, a monoclonal anti-
body to GP Ilb, in 9 of the 13 patients and the values for the group
were not different from normal (P > 0.05).

exposed on their surface. For the entire group of patients both
GMP-140 and TSP were increased compared with normal con-
trol values (P < 0.005 and P < 0.05, respectively). Fig. 3 dem-
onstrates the correlation between the concentrations of GMP-
140 and TSP on circulating platelets (r = 0.9, P < 0.001). There
was a slight correlation between the extent of platelet surface
exposure of GMP-140 and TSP with the severity of thrombo-
cytopenia (r = -0.57, P < 0.05 and r = -0.56, P < 0.05, re-
spectively). The GPIlb was slightly but significantly decreased
(P < 0.001), while GPlb values were normal (P > 0.4). Platelet
membrane microparticles in plasma were measured in nine sub-
jects. Only two were elevated and the value for the group was
not different from normal (P > 0.05). There was no apparent
correlation between the patients' clinical status and the platelet
abnormalities. No patient had clinically significant disseminated
intravascular coagulation or any major hemorrhagic or throm-
botic complications. Three patients had received platelet trans-
fusions in the two days before our sample, and these patients
had the highest values for platelet surface GMP-140 and TSP.
This may only indicate a greater severity of platelet-vessel in-
teraction, since the platelet surface GMP-140 concentration of
blood bank stored platelets is normal (unpublished observations).

Cardiopulmonary bypass surgery. Blood samples were ob-
tained from 10 patients in the operating room from their arterial
catheter before cardiopulmonary bypass was initiated and again
just before bypass was discontinued (Fig. 4). Cardiopulmonary
bypass time averaged 74 min (range, 57-1 10 min) and all patients
had uncomplicated operations without excessive hemorrhage or
other postoperative problems. No blood or platelet transfusions
were given to any patients before or during the bypass procedure.
The platelet counts decreased during the bypass procedure in
all but one subject, and the plasma microparticle concentration
increased in all subjects. The patient with the greatest increase
in platelet membrane microparticles is the same patient whose
platelet count increased. This patient had the average time of
bypass (80 min) and nothing unusual about his course. Even
though all values for GPlb and GPIlb were within or close to
the normal range, the platelet concentration of both of these
intrinsic plasma membrane glycoproteins decreased significantly
during bypass (P < 0.02 and P < 0.01, respectively). There was
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Figure 3. Correlation of exposure of GMP-140 and TSP on the plate-
let surface in 13 patients with ARDS(-) and 9 patients following car-
diac surgery with cardiopulmonary bypass (o). The data are taken
from Figs. 2 and 4. Data on ARDSpatients was r = 0.90, P < 0.001;
and for the cardiac surgery patients, r = 0.93, P < 0.001.
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Platelet Membrane Micropartices Figure 4. Platelet surface glycoproteins in pa-
GP lb GP ]lb GMVIP TSP Count GP S~b tients undergoing cardiopulmonary bypass sur-
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bypass procedure, values for GP lb and GP Ib decreased (P < 0.02 and P < 0.01, respectively), while values for GMP-140 and TSP did not
change. Membrane microparticles were measured in seven of the nine patients, and increased significantly during the procedure (P < 0.01).

a significant correlation between the losses of GPlb and GPIlb
(r = 0.87, P < 0.01). In contrast to patients with ARDS, there
was minimal evidence for platelet secretion, as neither GMP-
140 nor TSPchanged significantly when analyzed for the group.
One subject had abnormally high values for both GMP-140 and
TSP after surgery (Figs. 3 and 4): she had less than the average
cardiopulmonary bypass times (57 min) for a mitral valve re-
placement without any clinical complications. Her platelet count
(389,000 to 280,000/4d) was the highest of the group and her
postbypass microparticle concentration (6.38 X 10'0 molecules
GPIIb/ml) was the lowest of the group.

Discussion

Detection of acquired abnormalities of platelet surface proteins,
that may be transient and affect only a minor fraction of cir-
culating platelets, will require more accurate methods than have
been used to define congenital abnormalities, where the platelet
membrane glycoprotein deficiencies are typically uniform and
severe (1). This study presents the experiments to establish sen-
sitive assay techniques and also preliminary studies on groups
of patients in whomacquired platelet abnormalities may be ex-
pected. The use of monoclonal antibodies in a whole blood assay
(23) overcomes the problem of platelet selection and membrane
changes caused by the usual isolation and washing procedures
(22), but the specificity of reactions for platelets cannot be as-
sumed. Our experiments with red blood cells, white blood cells,
and endothelial cells, however, support the platelet specificity
of these observations.

Definition of platelet surface glycoprotein changes
accompanying thrombin-induced secretion
An anticipated in vivo platelet abnormality was the presence of
circulating platelets that had undergone secretion. Wetherefore
first defined the platelet membrane changes that accompany in
vitro secretion stimulated by thrombin and demonstrated in-
creased antibody binding to GMP-140, TSP, and GPTIb, and
decreased binding to GPlb. GMP-140 is an a-granule membrane
glycoprotein that becomes incorporated diffusely throughout the
surface plasma membrane during secretion (15). The absence
of internalization of exposed GMP-140 establishes its validity
as a marker for in vivo secretion. The increase of TSP on the
platelet surface was comparable to the GMP-140 exposure, both
in vitro and in patient samples (Fig. 3). Ultrastructural studies
have demonstrated that GP Ilb-I11a is distributed throughout
the plasma membrane including the surface-connected canalic-
ular system (D. F. Bainton, personal communication). The in-
creased concentration of GP Ib seen after platelet stimulation

with thrombin may reflect exposure of plasma membrane GP
lIb that had been within the surface-connected canalicular system
and inaccessible to the intact antibody molecules. Morphologic
studies have demonstrated that this canalicular system is con-
nected to the surface of resting platelets by narrow necks, which
widen during platelet secretion (59). Similar increased binding
of another monoclonal antibody to GPlIb-I11a, IOES, following
platelet stimulation by thrombin has been reported previously
(60). Thrombin-induced secretion caused a marked decrease of
antibody binding to GP Tb, to 40% of the resting value. The
actual platelet content of GPTb, however, as measured in sol-
ubilized platelets by electroimmunoassay with the same mono-
clonal antibody, was not changed. This is consistent with our
earlier studies in which we found no decrease of GP Tb after
thrombin-induced secretion as measured by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with periodic acid
Schliff staining and with radiolabeling by '25I-diazotized diio-
dosulfanilic acid (16, 61). The mechanism of this change in GP
lb is being investigated.

Measurement of platelet membrane microparticles
in plasma and serum
Whole blood clotting increased the microparticle concentration
30- to 40-fold, as measured by antibody binding to GPIb -Illa
in serum. In contrast to GPIb-Illa, GP Tb on microparticles
was not increased in serum. Possibly the antibody epitope on
glycocalicin is solubilized by proteolysis during coagulation; or
it may become inaccessible to the antibody, as in thrombin-
treated platelets; or microparticle formation during coagulation
may preferentially involve membrane domains that exclude GP
Tb. Examples of membrane protein segregation during red cell
membrane fragmentation (62) and platelet pseudopod formation
(63) have been reported. Serum microparticles also include the
membrane glycoproteins that are present on the surface of intact
platelets after secretion: GMP-140 and TSP. These differences
in the membrane composition of microparticles isolated from
plasma and serum suggest that the formation of microparticles
in normal plasma occurs by surface membrane fragmentation
that does not involve coagulation and platelet secretion.

Studies on patients with adult respiratory distress
syndrome and patients during cardiopulmonary
bypass surgery
Abnormalities of platelet surface glycoproteins and platelet
membrane microparticles in these conditions demonstrate the
sensitivity of these measurements. Two patterns of abnormalities
can be distinguished (Table IV).

Platelet changes resultingfrom secretion, with the appearance
of the a-granule membrane protein, GMP-140, and the secreted
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Table IV. Patterns of Acquired Platelet Membrane Abnormalities

Platelet activation and Platelet membrane
secretion fragmentation

Intrinsic plasma N or I I
membrane GP

Surface expression of T N
GMP-140

Surface binding of TSP T N
Plasma concentration of N T

platelet membrane
microparticles

E~xample of a clinical Adult respiratory Cardiopulmonary
syndrome distress syndrome bypass surgery

These are interpretations of the data presented in Figs. 2 and 4.

a-granule protein, thrombospondin, on the cell surface. Other
secreted proteins may also be present on the surface of circulating
platelets in these conditions but only thrombospondin was as-
sayed. These changes could be associated with endothelial dam-
age and result from platelet activation by thrombin. The en-
dothelial damage and coagulation may accelerate the clearance
of platelet membrane microparticles and prevent their accu-
mulation in plasma. This pattern of platelet abnormalities was
seen in patients with ARDS.

Platelet membranefragmentation with loss of intrinsic plasma
membrane glycoproteins and increased plasma concentration of
membrane microparticles. In these patients there was less evi-
dence for platelet secretion as judged by platelet surface expres-
sion of GMP-140 and TSP. This 'pattern was seen in patients
undergoing cardiopulmonary bypass surgery that may damage
platelets by increased turbulence and shear stress. A previous
study of cardiopulmonary bypass surgery demonstrated platelet
changes indicating a-granule secretion that became more pro-
nounced during the period of bypass circulation (64). Therefore
the absence of evidence for a-granule secretion in our study may
be related to the shorter time on bypass of our patients (average,
74 min) compared to the patients in the previous study (average,
183 min). The measurements of platelet surface antigens may
not reflect abnormalities of their receptor function that may also
be acquired during conditions such as extracorporeal circula-
tion (65).

Clearly these interpretations do not fit each individual pa-
tient, and the interpretation of increased or decreased values
may depend on relative changes, as during cardiopulmonary
bypass surgery, rather than on absolute differences from normal
subjects. However, the distinction between these groups seems
sufficient to suggest different mechanisms of acquired platelet
membrane abnormalities.

The clinical significance of these platelet membrane abnor-
malities is unknown. These two groups of patients were selected
because it was suspected that platelet abnormalities may occur
and provide a means of evaluating'new assays. It may be sus-
pected that platelets circulating with secreted a-granule contact-
promoting proteins, such as TSP, bound to their surface may
indicate an increased risk for thrombosis (1). A decreased surface
concentration of GP lb and GP lIb-IIIa may be associated with
an increased risk for hemorrhage, though observations that sub-
jects heterozygous for Bernard-Soulier syndrome and Glanz-

mann's thrombasthenia, with only half normal concentrations
of GP lb and GP JIb-Ila, respectively, have normal platelet
function and no excessive bleeding (1) indicates that a severe
deficiency must exist before bleeding complications could occur.
But in contrast to these congenital disorders, acquired membrane
glycoprotein deficiencies may be selectively severe in a small
subpopulation of platelets. Perhaps damaged platelets could
impede the construction of a normal platelet aggregate similar
to the defective clot formation caused by fibrin degradation
products in fibrinolytic states (66). A suggestion that this may
occur is the observation that dogs infused with a monoclonal
antibody to GP lb-Illa demonstrated abnormal platelet function
when only a minority of GP lIb-lIla sites were blocked (67).
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