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Downregulation of the Platelet Surface Glycoprotein Ib-IX Complex in Whole 
Blood Stimulated by Thrombin, Adenosine Diphosphate, or an In Vivo Wound 

By Alan D. Michelson, Patricia A. Ellis, Marc R. Barnard, Goran B. Matic, Andrew F. Viles, and Anita S. Kestin 

In washed platelet systems, thrombin has been demon- 
strated to  downregulate the platelet surface expression of 
glycoprotein (GP) Ib and GPIX. In the present study, we 
addressed the question as to  whether, in the more physio- 
logic milieu of whole blood, downregulation of platelet 
surface GPlb and GPlX can be induced by thrombin, adeno- 
sine diphosphate (ADP), and/or by an in vivo wound. Throm- 
bin-induced downregulation of GPlb and GPlX on the surface 
of individual platelets in whole blood was demonstrated by 
the use of flow cytometry, a panel of monoclonal antibodies 
(MoAbs) and, to  inhibit fibrin polymerization, the peptide 
glycyl-L-prolyl-L-arginyl-L-proline. Platelets were identified 
in whole blood by a GPIV-specific MoAb and exclusion of 
monocytes by light scattering properties. Flow cytometric 
analysis of whole blood emerging from a standardized bleed- 
ing-time wound established that downregulation of platelet 
surface GPlb and GPlX can occur in vivo. A GPlb-IX complex- 

HE PLATELET MEMBRANE glycoprotein (GP) T Ib-IX complex plays an important role in the von 
Willebrand factor (vWF)-dependent adhesion of platelets 
to exposed subendothelium.’.*After plasmin-mediated cleav- 
age of the glycocalicin fragment of platelet surface GPIb,’? 
platelets can replenish their surface GPIb pool by recruit- 
ment of GPIb molecules from an intraplatelet pool (or from 
a sequestered surface site).‘ During in vitro storage of 
platelets there is a similar redistribution of GPIb molecules 
in the direction of intraplatelet to platelet surface to plasma 
(glycocalicin) ~ 0 0 1 s . ~  

Thrombin also induces a decrease in the platelet surface 
expression of the GPIb-IX resulting in de- 
creased binding of vWF to platelet surface GPIb and 
decreased ristocetin-induced platelet agglutination.” How- 
ever, unlike the plasmin-induced decrease in platelet sur- 
face GPIb,3-6 the thrombin-induced decrease in platelet 
surface GPIb is not due to loss of GPIb from platelets, 
because the total platelet GPIb content remains unchanged 
after thrombin treatment’.’’ and glycocalicin is not released 
from the platelets.’ Multiple monoclonal antibodies (Mo- 
Abs) directed against different epitopes on GPIb-IX detect 
the same thrombin-induced downregulation of GPIb-IX,’ 
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specific antibody indicated that the GPlb and GPlX remaining 
on the surface of platelets activated in vivo or in vitro were 
fully complexed. Simultaneous analysis of individual plate- 
lets by two fluorophores demonstrated that thrombin- 
induced platelet surface exposure of GMP-140 (degranula- 
tion) was nearly complete at the time that downregulation of 
platelet surface GPlb-IX was initiated. However, degranula- 
tion was not a prerequisite because ADP downregulated 
platelet surface GPlb-IX without exposing GMP-140 on the 
platelet surface. Inhibitory effects of cytochalasins demon- 
strated that the activation-induced downregulation of both 
GPlX and GPlb are dependent on actin polymerization. In 
summary, downregulation of the platelet surface GPlb-IX 
complex occurs in whole blood stimulated by thrombin, ADP, 
or an in vivo wound, and is independent of a granule 
secretion. 
o 1991 by The American Society of Hematology. 

thereby demonstrating that this effect is not the result of 
occupation of the antibody-binding site by thrombin bound 
to GPIb.”.’* As demonstrated by immunoelectron micros- 
copy, thrombin results in a redistribution of GPIb-IX 
complexes to the membrane of the open surface canalicular 
system.I3 

The physiologic significance of the thrombin-induced 
downregulation of the GPIb-IX complex remains uncer- 
tain, because all studiesx-“’.” have been performed with 
washed platelets. In the present study, we addressed the 
question as to whether, in the more physiologic milieu of 
whole blood, downregulation of platelet surface GPIb-IX 
can be induced by thrombin, other physiologic agonists (eg, 
adenosine diphosphate [ADP]), and/or by an in vivo stimu- 
lus to platelet activation: a standardized bleeding-time 
wound. In addition, the kinetics of the thrombin-induced 
changes in GPIb and GMP-140I4 were simultaneously 
analyzed on individual platelets in whole blood by use of a 
double-labeling technique. 

MATERIALS AND METHODS 

MoAbs. The murine MoAbs used in this study are listed in 
Table 1.6D1 (provided by Dr Barry S. Coller, SUNY, Stony Brook) 
is directed against the vWF receptor on the glycocalicin portion of 
the a-chain of platelet membrane GPIb.”.16 AK3 (provided by Dr 
Michael C. Berndt, University of Sydney, Australia) is directed 
against the macroglycopeptide portion of the a-chain of platelet 
membrane GPIb.” FMC25 and AKl (both provided by Dr Berndt) 
are directed against platelet membrane GPIX’’.” and the platelet 
membrane GPIb-IX complex,’” respectively. AK1 only binds to the 
intact GPIb-IX complex, not to uncomplexed GPIb or GPIX.*” 
PACl (provided by Dr Sanford J. Shattil, University of Pennsylva- 
nia, Philadelphia) is directed against the fibrinogen receptor 
exposed on the GPIIb-IIIa complex of activated platelets.*’ PACl 
does not bind to resting platelets.” OKM5 (Ortho Diagnostic 
Systems, Raritan, NJ) is directed against platelet membrane 
GPIV.” S12 (provided by Dr Rodger P. McEver, University of 
Oklahoma) is directed against GMP-140.14 GMP-140, also referred 
to as platelet activation-dependent granule-external membrane 
(PADGEM) protein,*’ is a component of the a-granule membrane 
of resting platelets that is only expressed on the platelet plasma 
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Table 1. Monoclonal Anti-Platelet Antibodies Used in This Study 

Antibody Antigen Reference 

6D1 GPlb (vWF receptor) 15 
AK3 GPlb (macroglycopeptide portion of 01 chain) 17 
FMC25 GPlX 18 
AK1 GPlb-IX complex 20 
PAC1 GPllb-llla complex (fibrinogen receptor) 21 
OKM5 GPlV 22 
s12 GMP-140 14 

membrane after platelet ~ecretion.’~ All these MoAbs are of the 
IgG class except PAC1, which is an IgM. Each antibody was either 
biotinylated or conjugated with fluorescein isothiocyanate (FITC) 
as previously des~ribed,’~.’~ except that FITC-conjugated OKM5 
(Ortho) was purchased. The biotinylated and FITC-conjugated 
antibodies appeared to function normally in that their binding to 
platelets was saturable at antibody concentrations similar to 
unlabeled antibodies. 

Preparation of peripheral whole blood samples for flow cytometric 
analysis. A modified version of the method of Shattil et aIz4 was 
used. To analyze individual platelets, experimental conditions were 
designed to avoid platelet activation and the formation of platelet 
aggregates. Thus, in the preparation of whole blood for flow 
cytometric analysis, there was no washing, centrifugation, gel 
filtration, vortexing, or stirring steps. Blood was drawn byvenipunc- 
ture from healthy adult volunteers who had not ingested aspirin 
within the previous 10 days. The blood was drawn directly into a 
polypropylene syringe containing % vol of acid-citrate-dextrose (85 
mmol/L trisodium citrate, 71 mmol/L citric acid, 111 mmol/L 
dextrose, pH 4.5), resulting in a final pH of 6.5. To minimize 
platelet activation during blood drawing, only a light tourniquet 
and a 19-gauge needle were used, and the first 2 mL of blood were 
discarded. Within 15 minutes of drawing, whole blood was diluted 
1:6 with modified Tyrode’s buffer (137 mmollL NaC1, 2.8 mmol/L 
KCI, 1 mmol/L MgCI,, 12 mmoVL NaHCO,, 0.4 mmol/L Na,HPO,, 
0.35% bovine serum albumin, 10 mmol/L HEPES, 5.5 mmol/L 
glucose, pH 7.4) resulting in a final pH of 7.3. Diluted whole blood 
(15 pL) was aliquoted into polypropylene tubes containing 2.5 pL 
of a saturating concentration of biotinylated test antibody (either 
6D1, FMC25, AK1, PAC1, or S12) and, to inhibit fibrin polymeriza- 
tion,” 2 pL of 2.5 mmol/L (final concentration) of the peptide 
glycyl-L-prolyl-L-arginyl-L-proline (GPRP) (Calbiochem, San Di- 
ego, CA). Purified human a-thrombin (provided by Dr John W. 
Fenton 11, New York Department of Health, Albany) was added at 
final concentrations between 0.001 and 10 UlmL. In control 
samples run in parallel, buffer only (no thrombin) was added. In 
other assays, either (1) ADP (Sigma, St Louis, MO) 0.01 to 10 
pmol/L, (2) collagen type I (Hormon-Chemie, Munich, Germany) 
0.25 to 100 pg/mL, or (3) epinephrine (Sigma) 0.5 to 10 pmol/L, 
was substituted for thrombin, and GPRP was omitted. The samples 
were incubated undisturbed (to prevent platelet aggregation) for 
15 minutes at 22°C. A saturating concentration of FITC- 
conjugated OKM5 was then added. After incubation (15 minutes, 
22°C) with phycoerythrin-streptavidin (Jackson ImmunoResearch, 
West Grove, PA), the samples were incubated (30 minutes, 22°C) 
with an equal volume of 2% formaldehyde in modified Tyrode’s 
buffer. The samples were further diluted approximately threefold 
in modified Tyrode’s buffer and stored at 4°C before flow cytomet- 
ric analysis. As previously described? this method of fixation (ie, 
fixation after antibody incubations) resulted in no significant 
differences in fluorescence intensity between samples analyzed 
immediately and samples analyzed within 24 hours. 

Preparation of whole blood samples from bleeding-time wounds for 
pow cytometric analysis. A modified version of the method of 

Abrams et a127 was used. The study was approved by the Human 
Subjects Committee of The Medical Center of Central Massachu- 
setts. A standardized bleeding-time test was performed on normal 
adult volunteers who had not ingested aspirin within the previous 
10 days. The incision and blood collection were performed by the 
same operator throughout the study. With the subject seated, a 
sphygmomanometer cuff was applied to the upper arm at a 
pressure of 40 mmol/L Hg and a vertical incision was made on the 
volar aspect of the forearm using a Simplate-I (Organon Teknika 
Corp, Jessup, MD). The blood emerging from the bleeding-time 
wound was collected with a micropipet at 1-minute intervals until 
the bleeding stopped. After each pipetting, any residual blood at 
the bleeding-time wound site was removed with filter paper. The 
wound was not touched by the pipet tip or the filter paper. The 
pipetted blood (2 pL per antibody tested) was added to a 
microfuge tube containing acid-citrate-dextrose, immediately k e d  
by incubation (30 minutes, 22°C) with an equal volume of 2% 
formaldehyde, and diluted 1:6 by volume in modified Tyrode’s 
buffer. The samples were then incubated (15 minutes, 22°C) with 
saturating concentrations of FITC-conjugated MoAb OKM5 and a 
biotinylated MoAb (AK1, FMC25, 6D1, AK3, or S12). In control 
samples, biotinylated mouse IgG was used. The samples were then 
incubated (15 minutes, 22°C) with phycoerythrin-streptavidin, 
further diluted approximately sixfold in modified Tyrode’s buffer, 
and stored at 4°C before flow cytometric analysis. As previously 
de~cribed,’~ there was a time-dependent decrease in the concentra- 
tion of the platelets emerging from the wound, presumably as a 
result of recruitment of platelets into the hemostatic plug. Immedi- 
ately before the bleeding time, control samples were prepared with 
peripheral blood drawn from the antecubital vein of the opposite 
arm of the same subject through a 21-gauge butterfly needle and 
tubing, as previously described?’ After discarding the first 2 mL, 
one drop of nonanticoagulated blood from the butterfly tubing was 
placed on a piece of parafilm and aliquots were processed for flow 
cytometry exactly as described for the bleeding-time samples. That 
the platelets in these control samples were in a resting state was 
demonstrated by lack of S12 binding. The binding of S12 to these 
control samples was less than 5% of parallel samples activated with 
thrombin 10 UlmL. 

Samples 
prepared as described above were analyzed in an EPICS Profile 
flow cytometer (Coulter Cytometry, Hialeah, FL). The instrument 
was equipped with a 100-mW argon laser and operated at 15 mW 
power at a wavelength of 488 nm. The fluorescence of FITC and 
phycoerythrin were detected using 525-nm and 575-nm band pass 
filters, respectively. Platelets were identified in the diluted whole 
blood samples by (1) FITC-positivity and (2) characteristic forward 
and orthogonal light scatter (Fig 1, far left panels). FITC- 
conjugated OKM5 was used as the “platelet-specific’’ MoAb. 
Although OKM5 binds to monocytes in addition to the 
large size of monocytes resulted in their complete exclusion on the 
basis of light scatter (see Results and Fig 1, far left panels). After 
identification of platelets by FITC-positivity and light scatter gates, 
binding of biotinylated antibody was determined by analyzing 
10,000 individual platelets for phycoerythrin fluorescence. To 
compare results in linear form, data obtained from fluorescence 
channels in a logarithmic mode were converted to their linear 
equivalents.’ Background binding, obtained from parallel samples 
with purified biotinylated mouse IgM (for PAC1 assays) or IgG (for 
all other antibody assays) (Calbiochem), was subtracted from each 
test sample. Using MoAbs double-labeled with 12’1 and biotin, 
Shattil et aIz4 and Johnston et aIz8 have previously demonstrated the 
direct linear relationship between the number of antibody binding 

Flow cytometric analysis of platelets in whole blood. 
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Fig 1. Flow cytometric analysis of platelets In whole blood. Diluted whole blood in the presence of 2.5 mmol/L GPRP, a saturating 
concentration of a FITC-conjugated GPIV-specific MoAb (OKM5). and a saturating concentratlon of a biotinylated MoAb (GMP-140-specific [S12], 
GPllb-lllbspecific [PACl], GPlb-specific [6D1], GPIX-specific [FMC25], or GPlb-IX complex-specific [AKl]) was incubated at 22°C with or without 
10 U/mL purified human a-thrombin (15 minutes), then phycoerythrin-streptavidin (15 minutes), and then an equal volume of 2% formaldehyde 
(30 minutes). The far left panels display the light scattering properties of all OKM5-FITCpositive cells. Platelets were identified by their 
OKM5-positivity (green fluorescence) and their characteristic light scatter (box 1). Box 2 (far left panels) contains monocytes and any 
platelet-to-platelet or platelet-to-monocyte aggregates. The platelet binding of the biotinylated antibodies (remaining panels) was determined 
from the phycoerythrin (red) fluorescence of the OKM5-positive particles in box 1 of the far left panels. Each panel depicts data obtained from 
10,000 individual platelets. The experiment is representative of three so performed. 

sites per platelet as determined by ‘zI-labeled and fluorescent- 
labeled antibody. 

Kinetics of thrombin-induced modulation of platelet surface recep- 
tor expression in whole blood. These experiments were performed 
by the whole blood flow cytometric described above, with the 
following modifications: (1) After incubation of whole blood at 
37°C with thrombin 5 U/mL and 2.5 mmol/L GPRP, the reaction 
was stopped at various time points by the addition of 1% formalde- 
hyde (final concentration). (2) After fixation (30 minutes, 22”C), 
the samples were diluted 1:6 in modified Tyrode’s buffer. (3) After 
the fixation and dilution steps, a saturating concentration of both 
FITC-conjugated 6D1 and biotinylated S12 was added (20 minutes, 
22”C), followed by phycoerythrin streptavidin (20 minutes, 22°C). 
(4) Platelets were identified in whole blood by their light scattering 
properties only, as previously described in detail.” (5)  The platelets 
were then simultaneously analyzed for FITC and phycoerythrin 
fluorescence. 

In some experi- 
ments, washed platelets were activated with purified human 
a-thrombin and analyzed by flow cytometry, as previously de- 
scribed? To determine the effect of GPRP and fibrin monomer on 
thrombin-induced modulation of platelet surface receptor expres- 
sion, experiments were performed (1) with or without 2.5 mmol/L 
GPRP, or (2) with 2.5 mmol/L GPRP in the presence or absence of 
100 @mL fibrinogen (KabiVitrum, Stockholm, Sweden). In other 
experiments, either (1) various concentrations of cytochalasin B or 
cytochalasin D (Sigma) in 0.4% dimethyl sulfoxide (DMSO), or (2) 
0.4% DMSO only, or (3) buffer only, were added to washed 
platelet samples before thrombin activation. Cytochalasins B and 
D disrupt microfilaments by inhibition of actin polymeri~ation?~ 
Cytochalasin B binds to sites involved with both hexose transport 
and cytoskeletal disruption, whereas cytochalasin D binds only to 
the latter.-4 

Flow cyromerric analysis of washed plarelers. 

RESULTS 

Validation of method of determination of thrombin-induced 
Addition of purified changes per platelet in whole blood. 

human a-thrombin to diluted whole blood samples in the 
presence of 2.5 mmol/L GPRP (an inhibitor of fibrin 
polymerization)26 did not result in a fibrin clot, thus en- 
abling us to study thrombin-induced platelet activation in a 
whole blood flow cytometric assay. The principle of the 
assay was identification of platelets by gating on both 
OKMS-FITC (green) positivity and light scatter, followed 
by quantitation of the phycoerythrin (red) fluorescence of 
biotinylated activation-dependent MoAbs. The gating strat- 
egy is illustrated in Fig 1 (far left panels). The data in these 
panels were generated exclusively by OKMS-FITC-positive 
cells. The only circulating blood cells that bind OKM5 are 
platelets and monocytes.’* Box 1 demonstrates the charac- 
teristic platelet light scatter gate used in all experiments to 
analyze platelet phycoerythrin fluorescence. Box 2 illus- 
trates the light scatter region containing monocytes and any 
platelet-to-platelet or platelet-to-monocyte aggregates, all 
of which were therefore excluded from analysis. Similarly, 
platelet microparticles,M shown to the left of box 1, were 
excluded from analysis. 

Flow cytometry is able to measure the fluorescence 
intensity of individual particles.”’ To quantitate activation- 
dependent changes per platelet, experimental conditions 
were therefore deliberately designed to avoid the formation 
of platelet aggregates. To detect any activation-induced 
platelet-to-platelet or platelet-to-monocyte aggregation, the 
particles in boxes 1 and 2 (Fig 1, far left panels) were 
compared in whole blood samples incubated with or with- 
out thrombin 10 U/mL, a concentration deliberately in 
excess of the approximately 1 U/mL required for maximal 
platelet activation (see below). The thrombin-induced shift 
of particles from box 1 to box 2 was only 0.8% f 1.3% 
(mean f SEM, n = 6) of the total number of particles in 
the two boxes. Rather than an increase, thrombin activation 
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resulted in a decrease of 7.0% ? 5.0% (mean ? SEM, 
n = 6) in the mean channel number of forward light scatter 
of particles in box 1. To confirm that the platelets were 
being activated, the particles in box 1 were simultaneously 
analyzed for S12 or PACl red fluorescence and the ex- 
pected marked thrombin activation-dependent increase 
was seen (Fig 1). Taken together, these data demonstrate 
that, using the presently described experimental conditions, 
thrombin activation-dependent surface changes can be 
studied in single platelets present in whole blood, without 
inducing the formation of platelet-to-platelet or platelet-to- 
monocyte aggregates. 

Thrombin-induced modulation of platelet surface receptor 
erpression in whole blood. To examine the effects of 
a-thrombin on platelet surface receptor expression in 
whole blood, a panel of MoAbs was used (Fig 1). There 
were thrombin concentration-dependent changes in the 
platelet surface binding of all antibodies tested (Figs 1 and 
2). Thrombin resulted in marked reductions in the platelet 
surface binding of MoAbs 6D1 (directed against the vWF 
receptor on GPIb), FMC25 (directed against GPIX), and 
AKl (directed against the GPIb-IX complex) (Fig 1 and Fig 
2A). The maximal thrombin-induced decreases in binding 
were 79.2% c 2.1% (6D1), 75.1% t 4.2% (FMC25), and 
60.0% ? 4.2% (AK1) (mean c SEM, n = 3). Despite these 
thrombin-induced changes, there was maintenance of the 
approximately 1:l ratio of the binding of the GPIb-specific 
antibody (6D1) and the GPIX-specific antibody (FMC25) 
at all thrombin concentrations (Fig 2A). Furthermore, 
given that AK1 only binds to the intact GPIb-IX complex, 
not to uncomplexed GPIb or GPIX,2” these results suggest 
that the GPIb and GPIX remaining on the plasma mem- 
brane of thrombin-activated platelets were fully complexed. 

In contrast to the findings with the GPIb-IX complex, 
thrombin resulted in marked increases in the platelet 
surface binding of MoAbs S12 (GMP-140-specific) and 
PACl (GPIIb-IIIa complex-specific) (Figs 1 and 2B). The 
maximal thrombin-induced changes in binding were fold 
increases over resting platelets of 28.8 ? 7.1 (mean ? SEM, 
n = 3) for S12 and 218.4 ? 78.2 for PAC1. These increases 
in fluorescence intensity were not the result of platelet 
aggregate formation (see above). 

The lack of binding of antibodies S12 and PACl to 
samples with no added thrombin (Fig 2B) confirmed that 
these platelets were in the resting Thus, inhibitors 
of platelet activation were not required to maintain plate- 
lets in a resting state. Although antibody OKM5 has been 
reported to activate platelets in platelet-rich plasma,32 
OKM5 did not result in platelet activation in our whole 
blood system, as demonstrated by the lack of binding of S12 
and PACl to OKM5-positive cells in assays performed 
without thrombin (Fig 2B). 

The presently described thrombin-induced changes in 
the GPIb-IX complex, the GPIIb-IIIa complex, and GMP- 
140 in whole blood correlate closely with the previously 
described thrombin-induced changes in these GP in a 
washed platelet system,’ suggesting that neither GPRP nor 
any component of whole blood, eg, fibrin monomer, was 
interfering with the whole blood assay. Furthermore, GPRP 

-I I I I I 1 
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Fig 2. Effect of a-thrombin on the binding of MoAbs to the platelet 
surface, as determined by flow cytometry of whole blood. The assay 
was performed as described in Fig 1. (A) Antibodies 6D1, FMC25, and 
AK1 are directed against GPlb, GPIX, and the GPlb-IX complex, 
respectively. For each antibody in (A) the fluorescence intensity of 
resting platelets was assigned 100 units. (6) Antibodies S12 and PACl 
are directed against GMP-140 and the GPllb-llla complex, respec- 
tively. For each antibody in (6) the fluorescence intensity of maximally 
activated platelets was assigned 100 units. Data from (A) and (6) were 
obtained from the same three experiments (mean k SEM). 

inhibits the binding of fibrin monomer to ~latelets.3~ Never- 
theless, two sets of experiments were performed to detect 
possible confounding effects of GPRP and fibrin monomer. 
First, GPRP did not interfere with the platelet binding of 
any of the MoAbs tested, as determined by whole blood 
assays performed on resting platelets in the presence or 
absence of 2.5 mmol/L GPRP (n = 3, data not shown). 
Second, in the washed platelet system,’ neither GPRP nor 
fibrin monomer augmented the thrombin-dependent de- 
creases in the binding of antibodies 6D1, FMC25, and AK1 
or the thrombin-dependent increases in the binding of 
antibodies S12 and PAC1, as determined by (1) assays 
performed with and without 2.5 mmol/L GPRP, and (2) 
assays performed with 2.5 m m o w  GPRP in the presence or 
absence of 100 pg/mL fibrinogen (conditions that resulted 
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GPlb GMP-140 

LOG FLUORESCENCE - 
Fig 3. Effect of a-thrombin on platelet surface GPlb and GMP-140, 

as determined by flow cytometry of whole blood. The assay was 
performed as described in Fig 1. GPlb (left panel) and GMP-140 (right 
panel) were detected by MoAbs 6D1 and SlZ, respectively. For each 
histogram, the final concentration of thrombin (U/mL) is indicated by 
the arrows. Each histogram depicts data obtained from 10,000 individ- 
ual platelets. The experiment is representative of three so performed. 

in the same GPRPifibrinogen ratio as in the whole blood 
assay) (n = 2, data not shown). 

Because each platelet is analyzed individually, the flow 
cytometric method of analyzing platelet surface GP is able 
to detect distinct subpopulations of  platelet^.'.^' In the 
physiologic setting of whole blood, we therefore addressed 
the question: When a population of platelets is partially 
thrombin-activated, is a subpopulation of platelets acti- 
vated or are all platelets partially activated? As illustrated 
in Fig 3, for antibodies 6D1 and S12, thrombin resulted in a 
concentration-dependent shift of a single peak (to the left 
for 601; to the right for S12). Similar results were obtained 
(data not shown) with antibodies FMC25 and AK1 (shifts 
to the left) and PACl (shift to the right). Thus, evidence of 
thrombin activation was not restricted to a distinct subpop- 
ulation of platelets, irrespective of whether there was 
partial or complete activation of platelets. 

Kinetics of thrombin-induced modulation ofplatelet surface 
receptor expression in whole blood. To examine the tempo- 
ral relationship between the thrombin-induced changes in 
the GPIb-IX complex and GMP-140 on the surface of 
individual platelets in whole blood, double-labeling experi- 
ments were performed in which the binding of two MoAbs 
(6D1 and S12) was simultaneously analyzed on each plate- 
let by the use of two fluorophores (FITC and phycoeryth- 
rin) (Fig 4). In this set of experiments, platelets were 
identified in whole blood by their light scattering properties 
only, as previously de~cribed.'~ (In all other whole blood 
experiments described in this paper, platelets were identi- 
fied by both FITC-positivity and light scattering proper- 
ties.) These double-labeling experiments demonstrated 
that, on each individual platelet, thrombin-induced degran- 
ulation (as monitored by platelet surface expression of 
GMP-140) was nearly complete at the time that downregu- 
lation of surface GPIb was initiated (Fig 4). Degranulation 
began within 10 seconds of exposure to thrombin and was 
nearly complete within 20 seconds (Fig 4). In contrast, the 
downregulation of the platelet surface expression of the 
GPIb-IX complex did not begin until about 30 seconds after 
exposure to thrombin and was complete by about 4.5 
minutes (Fig 4). The kinetics of the thrombin-induced 
decreases in binding of antibodies FMC25 (GPIX-specific) 

and AK1 (GPIb-IX complex-specific) paralleled the de- 
crease in binding of antibody 6D1 (GPIb-specific) (data not 
shown). 

Effect of ADP on platelet surface receptor expression in 
whole blood. The method was as described above for 
thrombin except that ADP was substituted for thrombin 
and GPRP was omitted. As detailed above for thrombin, 
ADP-dependent surface changes could be studied in single 
platelets present in whole blood, without inducing the 
formation of platelet aggregates. Thus, even at the maximal 
ADP concentration used in this study (10 kmol/L), there 
was only a slight increase (6.3 ? 5.9%, mean f SEM, 
n = 3) in the forward light scatter of platelets (as defined by 
box 1 in Fig 1). 

There were ADP concentration-dependent parallel reduc- 
tions in the platelet surface binding of three GPIb-IX- 
specific MoAbs (6D1, FMC25, and AK1) (Fig 5A). The 
maximal ADP-induced decreases in binding were 60.3 2 
5.4 (6D1), 43.0 ? 7.8 (FMC25), and 46.0 f 13.0 (AK1) 
(mean ? SEM, n = 3). As expected,24334 ADP resulted in a 
marked increase in PACl binding but a minimal increase in 
S12 binding (Fig 5B). Analogous to the data obtained with 
thrombin (Fig 3), ADP resulted in a concentration- 
dependent shift of a single peak (to the left for 6D1, 
FMC25, and AK1; to the right for PAC1) (data not shown). 
Thus, the ADP-induced changes were not restricted to a 
distinct subpopulation of platelets. 

Effect of collagen and epinephrine on the platelet surface 
expression of GPIb in whole blood. Collagen and epineph- 
rine had only modest effects on the platelet surface binding 
of the GPIb-specific MoAb 6D1. A maximal decrease in 
6D1 binding of 32.0% 2 2.5% (mean ? SEM, n = 3) 
occurred with 100 kg/mL collagen. A maximal decrease in 
6D1 binding of 14.0% f 5.7% (mean f SEM, n = 3) 
occurred with 10 kmol/L epinephrine. 

Effect of a bleeding-time wound on platelet surface GPIb-IX 
in whole blood. To determine whether modulation of 
platelet surface GPIb-IX can occur in vivo, whole blood 
emerging from a standardized bleeding-time wound was 
analyzed by flow cytometry. There was a time-dependent 
decrease in the platelet surface expression of the GPIb-IX 
complex, as determined by the binding of antibodies AK1 
(GPIb-IX complex-specific) and FMC25 (GPIX-specific) 
(Fig 6A). Similar results were obtained with GPIb-specific 
MoAbs (6D1 and AK3) directed against different 
epitope~'~.' ' (data not shown). As previously reported? the 
bleeding-time wound also resulted in a time-dependent 
increase in the platelet surface expression of GMP-140 (Fig 
6B). The change in GPIb-IX induced by the bleeding-time 
wound was not restricted to a distinct subpopulation of 
platelets, as evidenced by the shift of a single peak to the 
left for 6D1, AK1, AK3, and FMC25 (Fig 7). 

Role of actin polymerization in the activation-dependent 
decrease in the platelet surface expression of GPIb and GPIX. 
In experiments performed in a washed platelet system,' 
cytochalasin B specifically inhibited, in a concentration- 
dependent manner, the thrombin-induced downregulation 
of both GPIX and GPIb without inhibiting degranulation 
(as determined by platelet surface expression of GMP-140) 
(Fig 8). Cytochalasin D 0.75 pmol/L resulted in equivalent 
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effects to cytochalasin B 6 kmol/L. Controls of no cytocha- 
lasin (either 0.4% DMSO or buffer only) had no effects on 
GPIb-IX or GMP-140. 

DISCUSSION 

In this study, we investigated the activation-induced 
downregulation of the platelet surface expression of the 
GPIb-IX complex. The following novel conclusions can be 
drawn from the study. 

ADP induces downregulation of the platelet surface expres- 
sion of the GPIb-IXcomplex. Although inhibition of risto- 
cetin-induced platelet agglutination by ADP has been 
r e p ~ r t e d ? ~ . ~ ~  a direct effect of ADP on the GPIb-IX 
complex has not previously been demonstrated. 

Thrombin induces downregulation of the platelet surface 
GPIb-IX complex in the physiologic milieu of whole blood. 
The ability of thrombin to downregulate platelet surface 
GPIb and GPIX, as well as to upregulate the platelet 
surface GPIIb-IIIa complex and GMP-140, has been previ- 
ously d o ~ u m e n t e d * - ' ~ ~ ' ~ ~ ~ ~  but these studies were all per- 
formed in the less physiologic setting of washed or gel- 
filtered platelets. Although thrombin is considered one of 
the most physiologically important platelet activators,3' 
direct evidence that thrombin can modulate platelet sur- 
face GP expression in whole blood has been lacking. In the 
present study, to enable the detection of activation- 
dependent changes in the GPIb-IX complex on the surface 
of single platelets in whole blood, a previously describedz4 
flow cytometric method was modified. Rather than a 
GPIb-specific  MOA^,'^ a GPIV-specific MoAb (OKMS) 
was used to identify platelets in whole blood. Monocytes, 
the only other circulating hematopoietic cells that bind 
OKM5,zz were excluded from analysis by gating on light 
scatter. To prevent thrombin-induced fibrin clot formation, 
the peptide GPRP was included in the assay to inhibit fibrin 
polymerization.z6238339 GPRP is stable, resistant to proteolytic 
agents (including thrombin), and does not suppress throm- 
bin activity.z6 A recent study by Ault et a140 demonstrated 
that addition of bovine thrombin to whole blood results in 
increased GMP-140 expression on GPIb-positive particles. 
However, because these investigators4" were studying plate- 
let aggregate formation, analysis of GMP-140 expression 
per platelet was precluded. The presently described meth- 
odology should be broadly applicable to studies of the 
pathophysiologic effects of thrombin on individual platelets 
in their native milieu of whole blood. 

Fig 4. Kinetics of thrombin-induced modulation of platelet surface GPlb and 
GMP-140, as demonstrated by double labeling of individual platelets in whole blood. As 
described in Materials and Methods, whole blood was incubated at 37°C with 
a-thrombin 5 U/mL in the presence of 2.5 mmol/L GPRP and the reaction was stopped 
at various time points by addition of 1% formaldehyde. The samples were diluted and 
incubated with a saturating concentration of both FITC-conjugated 6D1 (GPlb-specific) 
and biotinylated S12 (GMP-140-specific), then incubated with phycoerythrin- 
streptavidin. Individual platelets were identified by their light scattering properties 
only, and their FlTC and phycoerythrin fluorescence were simultaneously analyzed by 
flow cytometry. The density of the dots is directly proportional to  the number of 
platelets. Note that in the uppermost panel (0 seconds) the dots are clustered in the top 
left quadrant against the ordinate, whereas in the lower three panels (1.5, 4.5, and 10 
minutes) the dots are clustered in the bottom right quadrant against the abscissa. The 
experiment is representative of three so performed. 
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Fig 5. Effect of ADP on the binding of MoAbs t o  the platelet 
surface, as determined by flow cytometry of whole blood. The 
method was as described in Fig 1, except that ADP was substituted 
for thrombin and GPRP was omitted. (A) Antibodies 6D1, FMC25, and 
AK1 are directed against GPlb, GPIX, and the GPlb-IX complex, 
respectively. For each antibody in (A) the fluorescence intensity of 
resting platelets was assigned 100 units. (B) Antibodies PACl and S12 
are directed against the GPllb-llla complex and GMP-140, respec- 
tively. For each antibody in (B) the fluorescence intensity of maximally 
thrombin-activated platelets was assigned 100 units. Data from (A) 
and (6) were obtained from the same five experiments (mean 2 SEM). 

Downregulation of the platelet surface GPIb-IX complex 
occurs in vivo in response to a wound. The blood emerging 
from a standardized bleeding-time wound has been previ- 
ously used to assess both soluble and cellular components 
of the hemostatic sy~ tem.~ ' ,~ ' .~~  This method has been used 
to study platelet activation by indirect means, ie, plasma 
concentrations of P-thromboglobulin, platelet factor 4, and 
thromboxane B2.4z343 In a recent study, Abrams et alz7 
directly detected the presence of activated platelets in 
whole blood emerging from a bleeding-time wound. After 
identifying platelets in whole blood with a GPIb-specific 
MoAb, these investigatorsz7 detected activated platelets by 
increased binding of MoAbs PACl (directed at the fibrin- 
ogen receptor on the GPIIb-IIIa complex), 9F9 (specific for 
fibrinogen bound to the surface of activated platelets), and 
S12 (GMP-140-specific). In the present study, as described 

above for assays with thrombin, a modification of the 
method of Abrams et alZ7 enabled us to study the effect of 
the standardized bleeding time on the GPIb-IX complex. 
Use of a whole blood assay made it very unlikely that the 
downregulation of the platelet surface GPIb-IX complex 
observed during the bleeding time was a r t e f a c t ~ a l . ~ ~ ~ ~ '  

GPIb and GPIX remaining on the surface of platelets 
activated in vivo or in vitro are fully complexed. As previ- 
ously demonstrated with thrombin and washed platelets in 
vitro: this study demonstrates in whole blood that the in 
vivo and in vitro activation-dependent reduction in the 
platelet surface expression of the GPIb-IX complex is not 
confined to the vWF binding site (recognized by antibody 
6D1),l53l6 but that there is an approximately parallel reduc- 
tion in the binding of a panel of MoAbs directed against 
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Fig 6. Time-dependent changes in platelet surface GPIb-IX com- 
plex (A) and GMP-140 (6)  in whole blood emerging from a standard- 
ized in vivo bleeding-time wound. Whole blood flow cytometry was 
performed as described in Materials and Methods. The GPlb-IX 
complex, GPIX, and GMP-140 were detected by antibodies AK1, 
FMC25, and S12, respectively. The experiment is representative of 15 
so performed. 



DOWNREGULATION OF PLATELET GPIE-IX COMPLEX 777 

GPlX 
I 

--+ LOG 
FLUORESCENCE 

- 
Fig 7. Time-dependent change in platelet surface GPlX in whole 

blood emerging from a standardized in vivo bleeding-time wound. 
GPlX was detected by antibody FMC25. The background sample had 
mouse IgG rather than FMC25 added. Each histogram depicts data 
obtained from 10,000 individual platelets. The experiment is represen- 
tative of 15 so performed. 

different epitopes on GPIb and GPIX. In addition, whereas 
a previous study with the complex-specific MoAb AK1 
demonstrated that GPIb and GPIX are fully complexed on 
the resting platelet surface," the present study used this 
antibody to provide evidence that the GPIb and GPIX 
remaining on the surface of platelets activated in vivo or in 
vitro are also fully complexed. 

Neither the in vivo nor the in vitro activation-induced 
downregulation of the platelet surface GPIb-IX complex in 
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(CtW 

Fig 8. Effect of cytochalasin B on thrombin-induced downregula- 
tion of GPlX and GPlb on washed platelets. Various concentrations of 
cytochalasin B in 0.4% DMSO were added to washed platelets in 
modified Tyrode's buffer, pH 7.3 with 5 mmol/L EDTA before activa- 
tion by 1 U/mL a-thrombin. For antibodies FMC25 (GPIX-specific) and 
6D1 (GPlb-specific), the fluorescence intensity of resting platelets in 
the absence of cytochalasin was assigned 100 units. For antibody S12 
(GMP-140-specific). the fluorescence intensity of maximally activated 
platelets in the absence of cytochalasin was assigned 100 units. Data 
are mean 2 SEM, n = 3. 

whole blood is restricted to a subpopulation ofplatelets. The 
basis of this conclusion is the ability of the presently 
described flow cytometric method to analyze individual 
platelets in whole blood. 
On each individual platelet in whole blood, the thrombin- 

induced surface exposure of GMP-140 (degranulation) is 
nearly complete at the time that downregulation of surface 
GPIb is initiated. A similar temporal relationship between 
GPIb and GMP-140 was observed by George and Torres," 
but these authors used a radioligand binding assay of 
washed platelets that provided an averaged result for all 
platelets. In the present study, a double-labeling flow 
cytometric method was used to simultaneously analyze 
GPIb and GMP-140 on individual platelets in whole blood. 
This method should also be widely applicable to other 
studies of platelet pathophysiology. 

Platelet degranulation and the activation-dependent down- 
regulation of the platelet surface GPIb-IXcomplex are indepen- 
dentprocesses. The fact that thrombin-induced degranula- 
tion was nearly complete at the time that downregulation of 
the platelet surface GPIb-IX complex was initiated raised 
the question as to whether platelet surface exposure of 
GMP-140, or release of another OL granule component(s), is 
a prerequisite for the activation-dependent GPIb-IX down- 
regulation. However, three lines of evidence demonstrated 
that downregulation of platelet surface GPIb-IX complex 
and degranulation could be uncoupled: (1) ADP induced 
downregulation of the GPIb-IX complex without significant 
exposure of GMP-140 on the surface of the same platelets 
(Fig 5). ( 2 )  Cytochalasins inhibited the downregulation of 
platelet surface GPIb-IX but not the upregulation of 
platelet surface GMP-140 (Fig 8). (3) In the in vivo 
bleeding-time experiments, upregulation of platelet surface 
GMP-140 was not complete at the time that downregula- 
tion of platelet surface GPIb-IX was initiated (Fig 6). 

The thrombin-induced downregulation of platelet surface 
GPIX is mediated via the platelet cytoskeleton. George and 
Torres'' demonstrated that the platelet cytoskeleton partic- 
ipated in the thrombin-induced downregulation of GPIb. 
However, the mechanism of the thrombin-induced downreg- 
ulation of platelet surface GPIX remains unknown. Down- 
regulation of GPIX is not abolished by complete removal of 
the glycocalicin portion of the a chain of GPIb44 that 
contains a thrombin receptor."." Nevertheless, the present 
experiments with cytochalasins demonstrate that the throm- 
bin-induced downregulation of platelet surface GPIX, like 
GPIb (ref. 10 and present study), is mediated via the 
cytoskeleton. This is presumably a result of the fact that the 
nonglycocalicin portion of the a chain of GPIb is both 
bound to actin-binding p r ~ t e i n ~ " ~  and remains fully com- 
plexed with GPIX during platelet activation (this study). 
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