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Abstract

We examined the distribution of glycoprotein Ub-Ila
(GPIIb-IIIa) and its ligands fibrinogen and von Willebrand
factor (vWf) on platelets which had adhered under flow
conditions. Immunoelectron microscopy was performed on

whole mounts and frozen thin sections of adhering platelets.
GPIIb-Il~a was homogeneously distributed on dendritic
platelets and on interplatelet membranes of formed
thrombi. Fibrinogen and vWf were predominantly associ-
ated with interplatelet membranes and membranes facing
the substrate. On whole mounts, vWf appeared in clumps
and linear arrays, representing the tangled or extended
forms of the multimeric molecule. From semiquantitative
analysis, it appeared that fibrinogen and vWf were, respec-

tively, nine- and fourfold higher on interplatelet membranes
than on surface membranes facing the blood stream, while
GPIlb-Ia was evenly distributed over all platelet plasma
membranes. Ligand-induced binding sites (LIBS) of GPIIb-
MIIa, as measured with conformation specific monoclonal
antibodies RUU2.41 and LIBS-1, were present on the sur-

face of adhered platelets and thrombi. A redistribution of
LIBS-positive forms of GPIMh-Ma towards interplatelet
membranes was not observed. Our data support the hypoth-
esis that, under flow conditions, ligands have first bound to
activated GPIIb-IIIa but this binding is reversed on the
upper surface of adhering platelets. This relative absence of
ligands on the exposed surface of thrombi may play a role
in limiting their size. (J. Clin. Invest. 1994. 94:1098-1112.)
Key words: platelet adhesion * electron microscopy - GPIlb-
lIla * fibrinogen * von Willebrand factor

Introduction

At sites of vascular injury, platelets undergo a complex series
of biochemical and morphological events, essential for normal
hemostasis. Adhesion of platelets to the damaged vessel wall
is the first step in this series of events ( 1-3 ). Platelet activation
and aggregation occur after adhesion to the exposed subendo-
thelium (4). All these processes are mediated by specific mem-
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brane glycoproteins on the platelet surface and their ligands.
Glycoprotein Ib and vWf are particularly involved in the initial
attachment of platelets to the vessel wall (2, 5, 6), and it has
become evident that GPIIb-IIIa also participates in platelet ad-
hesion (7). Plasma vWf does not bind to nonactivated circulat-
ing platelets, but adhesion of platelets to subendothelium
strongly depends on vWf bound to it (5). Besides playing a role
in platelet adhesion, vWf is also involved in platelet-platelet
interaction, particularly at high shear rate through interaction
with GPIIb-Ia (8, 9). Platelet membrane GPIIb-IIIa is the
major receptor for fibrinogen, vWf, fibronectin, and vitronectin
and is essential for platelet aggregation ( 10, 11 ). In response
to physiological agonists such as ADP or thrombin, platelets
bind circulating fibrinogen via exposed GPIIb-llIa on the mem-
brane of activated platelets ( 12-15 ). The distribution of platelet
membrane GPHb-IIIa on resting and stimulated platelets as well
as on platelets spread on a surface has been the subject of
several studies using a variety of approaches ( 16-22). Wencel-
Drake (16) reported cycling of GPIIb-IIIa between a-granules
and the plasma membrane, when platelets were incubated with
specific monoclonal antibodies. Local redistribution events in
terms of GPIIb-IIIa clustering were described after agonist stim-
ulation of platelets in suspension (17). Agonist stimulation in
suspension resulted in accumulation of fibrinogen-gold in chan-
nels of the open canalicular system (OCS)' ( 19). Translocation
of GPIIb-IIIa towards platelet centers and accumulation in chan-
nels of the OCS was observed when surface-spread platelets
were incubated with fibrinogen-gold (20-23). Such a redistri-
bution of GPIIb-IIIa, however, was not found when platelets
were fixed before immunolabeling (24). These studies on re-
ceptor distribution using activation by surfaces or agonists, fol-
lowed by ligand binding, were all performed under static condi-
tions. Moreover, several of these studies were performed on
platelets that were fully spread on nonphysiological surfaces.
Perfusion experiments in our laboratory have shown that the
ability of platelets to form either a monolayer or aggregates
strongly depends on the surface and shear rate (25). Redistribu-
tion of GPIIb-IIa after adhesion may be an important condition
for formation of platelet aggregates. In addition, exposure of
internal receptor pools and/or microenvironmental changes of
GPIIb-Illa upon platelet activation may result in secondary
platelet responses (26-28).

Here we study the receptor distribution and the association
of ligands under flow conditions. Immunoelectron microscopy
was performed on whole mounts and frozen thin sections of
platelets that had adhered to type I collagen and matrices of
human endothelial cells and fibroblasts after perfusion with
whole blood. The surface expression as well as interplatelet

1. Abbreviations used in this paper: LIBS, ligand-induced binding site;
OCS, open canalicular system; PAG5, PAGIO, and PAG15, protein A

conjugated to 5, 10, and 15 nm gold particles, respectively.
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Table I. Specificity and Immunocytochemical Properties
of Anti-GPIIb-IIIa Antibodies Used in This Study

Surface
Antibody* Specificity labeling

mAbLIBS-1 GPIIIa: ligand-induced binding +

site on activated platelets
mAbRUUSP 2.41 GPIIb-HIla: ligand-induced binding +

site on activated platelets
Rabbit polyclonal GPIIb-IIIa: resting and stimulated +

platelets anti-GPIIb-HlIa
Rabbit polyclonal GPIIb: resting and stimulated +

platelets anti-GPIIb
mAbC17 GPIIIa: resting and stimulated +

The immunolabeling was performed on frozen thin sections and after
preembedding staining. * For references see Methods.

localization and polarity were studied after preembedding and
postembedding labeling and ultra-thin cryosectioning of adher-
ing platelets. GPIIb-IIIa was distributed homogeneously on
membranes of adhering dendritic platelets and on platelets in
thrombi formed during perfusion. In contrast, ligands associated
with GPIIb-IIIa were concentrated between platelets at the sites
of interplatelet contact, with a conspicuous absence on the ex-
posed upper surface of the platelets. Using monoclonal antibod-
ies that recognize ligand-occupied forms of GPIIb-Illa (LIBS-
1 and RUUSP 2.41), we found no preferential distribution of
ligand-induced binding site (LIBS) positive forms of GPIIb-
II1a at interplatelet membranes.

Methods

Materials. Low molecular weight heparin (FragminR) was obtained
from KabiGen AB (Stockholm, Sweden). Melamine (1% wt/vol solu-
tion of hexamethylol-melamine-ether and 0.3% para-toluene sulphonic
acid) was obtained from Agar Scientific (Stansted, UK). Desulphatohi-
rudin was a gift of Dr. R. B. Wallis (Ciba-Geigy Pharmaceuticals,
Horsham, UK).

Antibodies. A list of the used anti-GPIIb-IHa antibodies with their
properties is given in Table I. Rabbit polyclonal anti-GPIIb was from
our own department. It stained only the GPIIb band in Western blots
of SDS-PAGEof whole platelets and it showed no staining with platelets
of a patient with Glanzmann thrombasthenia. Rabbit polyclonal anti-
GPIIb-llIa and polyclonal anti-P-selectin (GMP140) were a gift from
Dr. M. C. Berndt (Baker Medical Research Institute, Prahran, Victoria,
Australia) and were described previously (29). Monoclonal antibody
C17, directed to GPIIIa was a kind gift from Dr. A. von dem Borne
(CLB Biotechnology, Amsterdam, The Netherlands) (30). To detect
conformational changes in the GPIIb-IIIa complex that occur during
platelet adhesion and aggregation under flow two activation-dependent
monoclonal antibodies were used. mAbRUUSP 2.41 was developed
in our own department according to standard procedures as described
previously (31 ). Briefly, mice were immunized with paraformaldehyde-
fixed thrombin-activated platelets. The IgG-containing fraction was ob-
tained by affinity chromatography on a protein A-agarose column. The
antibody (IgG I) does not react with resting platelets and binds to ADP
or thrombin-activated platelets in the presence of fibrinogen or fibronec-
tin as studied with FACS®analysis. mAb2.41 binds to 21,000 sites on
thrombin-stimulated platelets. The antibody does not react with activated
Glanzmann platelets, suggesting that 2.41 reacts with an epitope on
GPIIb-IIIa, an epitope which is exposed on the surface of the platelet
after a conformational change in the complex has occurred through the
binding of fibrinogen (Metzelaar, M., H. K. Nieuwenhuis, and J. J.

Sixma, unpublished data). LIBS-1 monoclonal antibody (IgGI) was a

generous gift from Dr. M. Ginsberg (Scripps Research Institute, La
Jolla, CA) and is also a conformation-specific antibody. It recognizes
an epitope in GPHIa after interaction of the complex with a ligand
(ligand-induced binding site), and the binding of the antibody is upregu-
lated by fibrinogen and other RGD-containing ligands to 15,000-21,000
sites (32, 33). Polyclonal anti-human vWf antiserum was raised in
rabbits as described previously (34). The IgG fraction was adsorbed
on a protein A-Sepharose column and was affinity purified. Rabbit
polyclonal anti-human fibrinogen and mouse antithrombospondin asci-
tes were purchased from Dakopatts (Glostrup, Denmark). Polyclonal
antifibronectin antibody was purchased from Cappel Organon Teknika
Corporation (West Chester, PA). Polyclonal antivitronectin antibody
was a gift from Dr. K. Preissner (Max-Planck Gesellschaft, Bad
Nauheim, Giessen, Germany). Secondary antibodies, swine anti-rabbit
IgG and rabbit anti-mouse IgG, were purchased from Sigma Immuno-
chemicals (St. Louis, MO).

Cell culture and matrices. Melamine-coated coverslips were used
for cell culture and were prepared as described by Westphal et al. (35).
Briefly, glass coverslips (18 x 18 mm; Menzelgliser, Braunschweig,
Germany) were coated with melamine by dipping in a 1% melamine
solution, containing 0.3% para-toluene sulphonic acid, dissolved in ana-

lytical grade ethanol. The coverslips were then withdrawn by hand and
directly flamed for polymerization and sterilization. Sterile melamine
coverslips were precoated with a 1% gelatin solution in 0.1 MPBS, pH
7.40. Human umbilical vein endothelial cells were cultured on gelatin-
coated melamine coverslips as described for untreated coverslips (5).
Fibroblasts derived from human fetal lung tissue or human skin were
cultured in essentially the same way, except that 20% pooled human
serum was replaced by 10% fetal calf serum. After the cells had grown
to confluence, endothelial cell matrices and fibroblast matrices were
harvested by incubating the cells for 10 min with 0.1 MNH40H at
room temperature. After extensive washing with 10 mMHepes in 0.15
MNaCl, the matrices were stored at 4°C until used for perfusion studies.
As a rule, the matrices were used within 48 h after harvesting. Type
I collagen, obtained from calf skin (Sigma Immunochemicals), was
dissolved in 50 mMacetic acid. A final concentration of 30 /ig/cm2 was
sprayed on the melamine-coated coverslips using a retouching airbrush
connected to a nitrogen cylinder operating at a pressure of one atmo-
sphere (36).

Blood. Blood from healthy donors was anticoagulated with 1/10
volume of 200 U/ml low molecular weight heparin (Fragmin®; KabiGen
AB) or 50 U/ml unfractionated heparin in PBS (Organon, Oss, The
Netherlands). When indicated, 20 U/ml desulphatohirudin was added
to the perfusate just before perfusion. Platelet counts and hematocrit
were determined with a Sysmex NE 8000 (Charles Goffin, Ijsselstein,
The Netherlands). Control platelets were obtained from platelet-rich
plasma by 10 min of centrifugation at 200 g at 20°C. The platelets were
directly fixed in 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1
Msodium phosphate buffer, pH 7.40.

Perfusion. Perfusions were carried out with whole blood at 37°C
using the parallel plate perfusion chamber described previously (37).
Blood flow was laminar at the region of the coverslips. Wall shear rates
were calculated from the formula used by Muggli et al. (38). Whole
blood perfusions were carried out for 5 min at a shear rate of 300/s or
1600/s. Directly after perfusion, the chamber containing the perfused
coverslips was thoroughly rinsed with 10 mMHepes in 0.15 MNaCl
(pH 7.35). The coverslips were fixed in a mixture of 2%paraformalde-
hyde and 0.2% glutaraldehyde in 0.1 Mphosphate buffer (pH 7.4). For
en face analysis of total platelet coverage, samples of the whole mount
preparations were mounted on glass slides, stained with May-Grunwald
Giemsa (Merck, Darmstadt, Germany), and evaluated using light mi-
croscopy and image analyzing (AMS 40-10 Image-Analyser; Analytical
Measuring Systems, Shirehill, Essex, UK) (5).

Electron microscopy. Fixed coverslips were rinsed three times with
PBS containing 0.15 Mglycine, pH 7.40, followed by incubation with
PBS containing 0.1% BSA. Samples were either prepared for whole
mount evaluation or for ultra-thin cryosectioning. In some instances,
coverslips were first incubated with antibodies and protein A-gold and
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then prepared for ultra-thin cryosectioning followed by postimmuno-
staining. Immunolabeling on whole mounts was performed on 50-1il
drops on parafilm. The coverslips with adhered platelets facing down-
wards were transferred to the antibody drops, incubated for 60 min, and
rinsed with PBS plus 0.1% BSA. The antibodies were visualized using
protein A-gold markers prepared according to the method of Slot et
al. (39). Control incubations were carried out on nonperfused matrices
using polyclonal antifibrinogen and anti-vWf antibody in combination
with protein A-gold or alternatively with protein A-gold alone to check
for the presence of ligand or IgG in the matrices before perfusion. For
whole mount evaluation, the coverslips were fixed in 1%glutaraldehyde
in 0.1 Mphosphate buffer, and were rinsed and postfixed in 1% OS04
for 30 min. Samples were dehydrated through a graded series of ethanol
to absolute ethanol and finally dried in a critical point device (CPD
010; Balzers Aktiengesellschaft, Liechtenstein). The dried samples were
stabilized with carbon evaporation and carefully cut into small squares
with a razor blade. Coverslips were placed cell-side-up on a drop of
0.4% hydrofluoric acid in a small Petri dish (30 mm), and within 2-5
min the melamine foil separated from the glass coverslip. The hydroflu-
oric acid solution was replaced by distilled water, and the foils were
mounted on electron microscopy grids. The whole mount preparations
were examined in a JEOL 1200EX electron microscope, at 120 kV. A
12° tilting angle was used to produce stereo-paired electron micrographs.

Ultra-thin cryosectioning. For ultra-thin cryosectioning, fixed cov-
erslips were rinsed three times with PBS, followed by a 10-min incuba-
tion in PBS containing 5% gelatin at 370C. The backside of the cov-
erslips was dried, and enough gelatin was removed from the upper
surface to leave a thin layer. The coverslips were then placed on ice to
solidify the gelatin layer. Removal of the melamine foil with adhered
platelets from the glass coverslips was now carried out with the aid of
0.8% hydrofluoric acid, at 40C. Because of the gelatin layer, a higher
hydrofluoric acid concentration and a longer separation time were
needed. The separation of the foil from the glass coverslip took generally
15-20 min. The hydrofluoric acid solution was replaced by distilled
water, and the foil was picked up with a pair of tweezers and transferred
to a 10% gelatin in PBS at 37°C. The reason for this was to maintain
the foils with adhering platelets in a gelatin environment. The foils
with adhering platelets were centrifuged carefully, and the gelatin was
solidified at 4°C. Small gelatin blocks were then cut from the pellet,
immersed in 2.3 Msucrose at 4°C, and frozen in liquid nitrogen. Ultra-
thin cryosectioning was performed on a Reichert FC 4E and Ultracut S
microtome (Leica Aktiengesellschaft, Reichert Division, Vienna, Aus-
tria) and immunogold labeling was performed according to the method
of Tokuyasu as adapted by Slot et al. (40). Specificity of the immuno-
labeling was verified using a control antibody directed against amylase
and protein A-gold or protein A-gold alone. In the case of monoclonal
antibody RUUSP 2.41 and LIBS-1, we used rabbit anti-mouse IgG as
an intermediate step. Immunolabeling was also performed on ultra-thin
cryosections of freshly fixed platelets, obtained from platelet-rich plasma
samples before perfusion, or from platelets, obtained from blood directly
collected into fixative. The relative distribution of GPIb-IIIa, vWf, and
fibrinogen on platelets that adhered to type I collagen was analyzed in
comparative single and double labeling experiments using different gold
markers. Semiquantitative analysis of immunogold labeling was per-
formed on electron micrographs that were randomly selected at low
magnification. Platelet membranes were divided into upper thrombus
membranes, interplatelet membranes, and platelet surface interfaces.
Gold particles were attributed to the upper surface when no adjacent
membranes were present. A lattice was used on the same electron micro-
graphs to estimate the membrane surface area. Label densities were
obtained by dividing the relative number of gold particles by the relative
number of membrane intersections. The label was expressed as a per-
centage of the total label.

Results

The use of melamine-coated substrates gave us the unique possi-
bility to evaluate platelet coverage at the light microscopy level

Table II. Percentage of Surface Coverage after Whole Blood
Perfusion over Endothelial Cell Matrix (ECM), Fibroblast Matrix
(FM), and Type I Collagen

Surface Glass Melamine-coated

FM 79.0±2.6 78.1±+6.2
ECM 11.8±0.3 13.3±3.9
Collagen type I 14.7±+1.1 14.6±1.2
Melamine alone 1.0±0.8

Comparison of uncoated coverslips versus melamine-coated coverslips.
Surface coverage was evaluated as mentioned in Methods.

and at the same time to study the surface distribution of mem-
brane glycoproteins and ligands on whole mount preparations
at the electron microscopy level. Moreover, the melamine foils
were very suitable to study interplatelet and platelet substrate
interactions on frozen thin sections.

Whole mount evaluation
General observations. No platelet adhesion was observed when
melamine foils, blocked with 1% human serum albumin, were
exposed to flowing blood. Platelet adhesion to melamine foils
coated with collagen type I or with the matrix of endothelial
cells or fibroblasts was similar to adhesion to the same substrate
directly coated to glass (Table II). Platelet adhesion after 5 min
of perfusion over endothelial cell matrix is illustrated in Fig. 1
a. Dendritic and more extensively spread platelets had attached
to the endothelial cell matrix. Fig. 1 b shows an example at
higher magnification after immunolabeling of GPIIb. Mem-
brane-bound gold particles are only visualized on the electron
lucent margins of spread platelets and occasionally on pseudo-
podes. Analysis of gold particles, however, was not possible
over whole cell bodies and platelet aggregates. On cross-sec-
tions, however, the label distribution could easily be analyzed
over dendritic platelets. Therefore, semiquantitative analysis of
receptor distribution was solely carried out on cross-sections.

Immunolabeling offibrinogen and vWf. After perfusion with
low molecular weight heparin anticoagulated whole blood and
immunolabeling with a polyclonal antifibrinogen antibody fol-
lowed by protein A-gold, local high labeling densities were
observed on the whole mounts, apparently representing the ini-
tial formation of fibrin fibers. Addition of 20 U/ml of hirudin
to the perfusate diminished this fibrin formation, and when per-
fusions were performed with 5 U/ml heparin as anticoagulant
the fibrin fibers disappeared, leaving only association of fibrin-
ogen with platelets. Further experiments were therefore carried
out with 5 U/ml heparin as anticoagulant. On electron lucent
parts of fully spread platelets that had adhered to matrices of
endothelial cells and fibroblasts, fibrinogen often appeared lo-
calized at the central region of the platelets (not shown). Bind-
ing of fibrinogen on cell bodies of dendritic platelets and the
association within larger aggregates could not be analyzed on
whole mounts. Occasionally, fibrinogen could be detected on
pseudopodes that connect adjacent platelets.

Immunolabeling of vWf resulted in the accumulation of
gold particles in small clusters and sometimes in linear arrays
on the endothelial cell matrices. These clusters and linear arrays
could also be detected on the surface of spread platelets. From
three-dimensional analysis it became apparent that many of
these linear arrays of gold particles connect adjacent platelet

1100 Heynen et al.
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membranes. In Fig. 1 c, the gold particles are attached as a

cluster in the endothelial cell matrix (arrow) and extend up-

wards to a pseudopod of a neighboring platelet and subsequently
downwards to the margin of a spread platelet (double arrow-

head). Similar findings were obtained when perfusions were

performed over fibroblast matrices where no vWf was found in
the matrix. Only at or close to sites where platelets adhered to
the matrix was vWf immunostaining abundant. After perfusion
over type I collagen, large amounts of vWf had bound to the
collagen surface (not shown). Incubation of perfused matrices
with control antibody and/or protein A-gold alone resulted in
very low background staining (0.7 gold particles/ttm2 and 0.3
gold particles/uim2, respectively). Immunolabeling of fibroblast
and endothelial cell matrices with anti-vWf antibody before
perfusion with whole blood revealed only labeling of the endo-

Figure 1. Series of whole mount views of
platelet coverage. (a) Low magnification
electronmicrograph after 5 min of perfusion
over endothelial cell matrix showing den-
dritic and spread forms of adhered platelets.
Aggregate formation occurred only to a low
extent. Bar, 5 Jsm. (b) High magnification
electronmicrograph after immunogold label-

ing with rabbit polyclonal anti-GPIIb anti-
body and PAGIO. Perfusion for 5 min over

endothelial cell matrix. On electron-dense
cell bodies and small aggregates surface la-

*.:-* beling is not resolved. Immunogold labeling
is only visualized at the upper surface of
spread extensions and is randomly scattered.
Pseudopodal extensions are also labeled. Bar,
500 nm. (c) High magnification stereo-paired
electron micrograph. 5 min of perfusion over

endothelial cell matrix. Immunolabeling for
vWf followed by PAGlO. Note the presence

of clustered gold particles in the matrix
(star). The contours of a spread platelet are

indicated by small arrowheads. A pseudopod
is shown in close apposition with the margin
of the adjacent spread platelet. Gold particles
associated to the matrix (arrow) extend up-

wards to the pseudopod and subsequently
down to the spread platelet (double arrow-

head). Bar, 200 nm. p, pseudopod; s, spread
platelet.

thelial cell matrices (>30 gold particles/um2), indicating that
vWf is already present in this matrix before perfusion; no label-
ing was found in fibroblast matrices.

Ultra-thin cryosectioning
General observations. More extensive information about the
surface distribution of GPIIb-HIa and the ligands vWf and fi-
brinogen was obtained from frozen thin sections of adhered
platelets. Immunolabeling was performed on thin frozen sec-

tions of platelets adhering to collagen (postembedding) and
directly on adhering platelets before embedding and cryosec-

tioning (preembedding labeling). Postembedding labeling on

frozen thin sections provided a unique way to study polar events
during platelet adhesion and aggregation. A low magnification
electronmicrograph of a platelet thrombus formed after perfu-
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sion over type I collagen is shown in Fig. 2 after immunogold
double labeling of vWf (PAG5) and fibrinogen (PAGlO). The
high magnification inset shows both ligands present at inter-
platelet contacts. The ultrastructure of adhered platelets was not
affected by the low hydrofluoric acid concentration used for
detaching the melamine foils. Adhered platelets and platelets
in aggregates generally showed characteristics of platelet activa-
tion, i.e., shape change, pseudopod formation, and centralization
of a-granules. Pseudopodal extensions interdigitated within the
platelet thrombi, thus forming many interplatelet contacts.

Immunolocalization of fibrinogen and vWf. Fig. 2 also
shows immunogold staining after postembedding double immu-
nolabeling of fibrinogen and vWf (10 and 5 nm gold, respec-
tively). Label is present at interplatelet membranes, although
many platelet contact sites showed no labeling. Fibrinogen and
vWf were also abundantly present in large intracellular vacuoles
and in a-granules. The upper surface membranes of aggregates
facing the blood stream had a much lower labeling intensity
than the interplatelet membranes (Figs. 2 and 3). Contact and
dendritic platelets showed a similar intracellular labeling of both
ligands in a-granules and in vacuoles of the OCS. Binding of
vWf and fibrinogen was also restricted mainly to the lateral
membranes of adjacent contact platelets and not to the upper
surface (Figs. 3 d and 4). The typical linear distribution that
we observed in whole mounts after immunolabeling for vWf
was occasionally observed in thin sections also (Fig. 3 b). To
extend our findings concerning the association of both ligands at
interplatelet membranes, we performed double immunolabeling.
vWf and fibrinogen colocalized at the same interplatelet areas
and sometimes in large intracellular vacuoles (Fig. 3 d). How-
ever, some interplatelet contact sites contained only fibrinogen
(Fig. 3 c), while also interplatelet contact sites were observed
that lacked both ligands. To exclude the possibility that GPIIb-
Ila is occupied by fibronectin or vitronectin, we performed
control experiments using antifibronectin and antivitronectin an-
tibodies. Fibronectin and to a lower extent vitronectin were
both strongly associated with the type I collagen surface after
perfusion. Platelet-associated and intracellular labeling was ob-
served at low densities at interplatelet membranes and in a-
granules, fibronectin being slightly more abundant than
vitronectin (results not shown).

Immunolabeling of matrices. Our findings on whole mounts
of fibroblast matrices were confirmed in frozen thin sections.
Matrices of endothelial cells and type I collagen substrates re-
vealed vWf labeling. Perfusion over fibroblast matrix and subse-
quent immunolabeling of vWf and fibrinogen revealed no label-
ing at sites in the matrix where no platelets adhered. At the
interface between adhered platelets and fibroblast matrix, how-
ever, both ligands were found localized in a similar intensity
as at interplatelet sites. An example of two contact platelets
adhering to a fibroblast matrix is given in Fig. 4 after double
immunolabeling of vWf and fibrinogen. Lateral contacts and
basal contacts show labeling of both ligands.

Immunolocalization of GPIIb-IIIa. Immunolocalization of
GPIIb-IIIa using a polyclonal anti-GPIIb-IIIa antibody and pro-
tein A-gold is shown in Fig. 5. Gold particles were distributed
evenly on the upper surface membranes of small aggregates
and at interplatelet membranes (Fig. 5 a). Membranes of a-
granules and of the OCSalso exhibited specific GPIlb-IIla la-
beling. Membranes of contact and dendritic platelets exhibited
a similar extensive GPIIb-IIIa labeling (Fig. 5 b). A similar
distribution was obtained when an anti-GPIIIa mAb (C17) or
a polyclonal anti-GPilb antibody was used (not shown).

Activation-dependent and ligand-occupied GPIIb-IIIa. In
an attempt to follow the conformational state of the receptor,
we used mAbs LIBS-1 and RUUSP 2.41, which selectively
recognize ligand-occupied forms of GPIlb-HIa. Immunolabe-
ling performed on frozen thin sections using LIBS-1 and RUU
SP2.41 mAbs resulted in a specific surface expression on adher-
ing platelets and platelet aggregates. Interplatelet membranes
were also frequently labeled (Fig. 6). The amount of surface
labeling was low for RUUSP 2.41 and moderate for the LIBS-
1 antibody. The gold particles were also associated with platelet
pseudopodes (Fig. 6, inset).

Semiquantitative data. A semiquantitative comparison of
gold particle distribution on upper thrombus surface versus in-
terplatelet membranes is shown in Table Ill. A significantly
higher fibrinogen and vWf concentration is apparent at inter-
platelet membranes (P < 0.05). Of interest, the quantitative
data of the GPIlb-HIa distribution indicated a somewhat higher
expression on the upper surface than on interplatelet mem-
branes. The data for the receptor distribution were obtained both
after immunolabeling with a polyclonal anti-GPilb antibody
and an anti-GPIIb-iIIa antibody. Quantitative analysis of the
LIBS-positive forms of GPIlb-Ia also showed a higher expres-
sion on the upper surface than on interplatelet contact sites.
To obtain an optimal surface labeling of both GPIlb-HIa and
fibrinogen/vWf, we also performed preembedding labeling fol-
lowed by cryosectioning. Double immunolabeling was per-
formed using mAbLIBS-1 as the first antibody (PAG10) and
rabbit antifibrinogen as the second antibody (PAG15). Then,
after embedding and subsequent cryosectioning, a third immu-
nolabeling step was performed using either antifibrinogen or
anti-vWf (PAG5). Fig. 7 shows an example of such a triple
labeling. Again surface expression of LIBS-positive receptors
was apparent on the upper surface of adhering platelets and
platelet aggregates. Occasionally some fibrinogen labeling was
observed on the upper surface (Fig. 7, double arrowhead), but
the association with these upper membranes was not increased
in these preparations compared with the postembedding stain-
ing. The close apposition of platelet contacts excluded antibod-
ies and immunogold probes from most interplatelet sites, but
occasionally labeling after preembedding staining was observed
associated with interplatelet membranes in these preparations
(Fig. 7, arrowhead). The subsequent postembedding labeling
revealed again labeling at the interplatelet sites (Fig. 7, arrows).

Control immunolocalization experiments. In control experi-
ments, using directly fixed washed platelets, immunogold local-
ization of vWf and fibrinogen was restricted to a-granules. None
of the ligands were found associated with the plasma membrane.
Surface expression was negligible when platelets obtained from
blood directly collected into fixative were immunolabeled with
LIBS-1 or RUUSP 2.41. The adhesion of platelets under flow
conditions was accompanied by surface expression of P-selectin
(GMP140), indicating that membranes of a-granules had fused
with the platelet plasma membrane and with membranes of the
OCS. Expression of P-selectin was observed on the upper sur-
face of thrombi and on single adhering platelets (Fig. 8). Addi-
tional evidence for platelet secretion was obtained after immu-
nolabeling for thrombospondin. Intracellular vacuoles of the
OCS, and to a lower extent interplatelet contact sites, were
labeled with thrombospondin. No surface labeling was observed
(Fig. 9). Parallel immunolabeling experiments were also per-
formed for immunolocalization of GPIb. The surface distribu-
tion of GPIb was random over all membranes, and no clustering
was observed (not shown).
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Figure 3. Series of electron micrographs showing examples of interplatelet association of fibrinogen and vWf. (a) Thin frozen section of a small
thrombus after immunogold labeling of fibrinogen using a polyclonal antifibrinogen antibody and PAG1O. 5 min of perfusion over fibroblast matrix.
Many interplatelet contacts show intense labeling. Gold label is associated with the platelet membranes (arrow). The upper surface facing the
blood stream (s) is devoid of label. m, melamine substrate; g, a-granules. Bar, 500 nm. (b) A linear array of gold particles connects two adjacent
platelet membranes after immunolabeling of vWf, indicating that vWf multimers act as a long distance molecular bridge. Polyclonal anti-vWf
antibody and PAG5. (c and d) Double immunogold labeling of vWf and fibrinogen, showing that both ligands are sometimes separately associated
at interplatelet membranes and sometimes may colocalize. In c, fibrinogen is associated at close platelet contact sites, apparently excluding vWf
from these sites (arrowheads). Both ligands are present at the basal interface (arrow). Fibrinogen detected with PAGIO and vWf with PAG15.
In d, colocalization of both ligands is observed at the lateral membranes of two adhering platelets (I and II). Fibrinogen detected with PAG5 and
vWf with PAGlO. b, c, and d, Bar, 200 nm.

Discussion

In this study, immunoelectron microscopy was used to investi-
gate the surface distribution of GPIIb-IIIa, and fibrinogen and
vWf under flow conditions. Whole mount incubation was fol-
lowed either by en face evaluation or cross-sectioning. Alterna-
tively, ultra-thin cryosectioning and subsequent immunogold
labeling were performed on adhered platelets and small aggre-
gates to study platelet contact events.

En face evaluation of immunolabeled whole mounts was
only possible at matrices and electron-lucent margins of adhered
platelets and provided additional evidence for a three-dimen-
sional vWf distribution. In thin frozen sections, GPIIb-IIIa ap-
peared evenly distributed on interplatelet membranes and at
the upper surfaces of small aggregates. Contact and dendritic
platelets showed a similar random GPIlb-IIIa distribution. Our
morphological observations suggest that the GPILb-IIIa complex
is not clustered on the platelet surface during initial platelet
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Figure 4. High magnification of two adjacent contact platelets after 5 min of perfusion over fibroblast matrix. vWf detected with PAGlO, fibrinogen
with PAG15. Both ligands are present at lateral platelet contact sites (arrowheads) and at the basal interface (stars), but not at the platelet surface
facing the blood stream (s). m, melamine; fin, fibroblast matrix; g, a-granule. Bar, 200 nm.

adhesion in flow, but apparently remains evenly distributed over
the platelet surface. Moreover, when aggregates were formed
in flow, no polarity was observed in the GPIIb-Ila distribution.
Surface activation and stimulation by agonists in general results
in centralization of platelet a-granules. Simultaneously, released
a-granule contents may be expressed on the platelet surface.
The observed central localization of vWf and fibrinogen that
was observed on whole mounts of fully spread platelets may
therefore be the result of release of these ligands from a-gran-
ules during adhesion to the surface. Reorganization of GPIIb-
II1a in terms of receptor clustering as described by Isenberg
(12) was not observed in our whole mounts. Local redistribu-
tion events at sites that are not visualized in whole mounts (i.e.,
cell bodies of dendritic platelets and interplatelet membranes)
are not resolved in thin frozen sections and therefore may still
occur.

In agreement with previous studies, we showed that vWf
also participates in platelet-platelet interaction under flow con-
ditions. The linear arrays of gold particles that were observed

after immunolabeling of vWf probably represent large vWf
multimers that connect adjacent platelets and platelets with ma-
trix. Electron microscopic visualization of vWf substructure
with rotary shadowing has shown tangled and extended confor-
mations (41, 42). In extended form, the vWf multimers may
reach lengths that exceed the diameter of platelets. Since a
polyclonal antibody was used in our studies, presumably re-
acting with several repetitive epitopes, the observed linear gold
pattern most likely reflects the extended conformations of vWf.
Such extended conformations may form multiple interplatelet
contacts via GPIIb-IIla, thereby reinforcing the platelet-platelet
interaction. We also demonstrate colocalization of fibrinogen
and vWf at interplatelet contact sites, indicating that both may
act as bridging molecules between adjacent platelets. Our ultra-
structural results show that large vWf multimers are capable of
connecting long interplatelet distances, while in some instances
fibrinogen is observed at closer platelet contacts. Whether fi-
brinogen acts as the short distance molecular bridge and vWf
as the long distance molecular bridge, or whether they bind
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Figure 5. Immunolabelmng of GPIIb-HIIa using a polyclonal anti GPLIb IIla antibody followed by PAGlO. Perfusion over type I collagen. (a) Part
of a thrombus with surface membranes facing the blood stream. Gold particles are associated with lateral mnterplatelet membranes and upper surface
membranes. Membranes of a-granules are also labeled. Bar, 500 nm. (b) Immunolocalization of GPIIb-IIa on dendnitic platelet adhening to the
collagen surface. Gold particles are evenly distributed over the platelet surface. Note the labeling of pseudopodal extensions. s, upper surface; m,
melamine; c, collagen; g, a-granule. Bar, 250 nm.
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observed, although the amount of label was much less with this antibody. s, upper surface; c, collagen; g, a-granules. a and b, Bar, 500 nm; inset,
Bar, 250 nm.



Table III. Comparison of Label Distribution on Surface Membranes and Interplatelet Membranes after Immunolabeling of Fibrinogen,
vWf and GPIIb-IIIa

Fibrinogen vWf GPIIb* GPIIb-IHa* LIBS- 1* RUU2.41*

Surface membrane 2.6 1.7 40.3 56.5 54.9 44.7
Interplatelet membrane 23.1 6.9t 33.6 24.9 29.9 31.5
Platelet/collagen interface 74.3 91.5 26.1 18.7 15.2 33.7

Surface expression and interplatelet distribution of total GPIIb-HIa and LIBS-positive forms of the receptor are given. Label density is the ratio of
gold label and number of membrane intersections and is expressed as a percentage of the total density. * Statistically significant. * The large
differences in receptor distribution are discussed in the text.

cooperatively, remains unclear. Parker et al. (9) showed that
GPIIb-Illa is an important receptor for platelet vWf, and compe-
tition of vWf with fibrinogen for binding to GPI~h-IIIa was
shown by Pietu et al. (8). Fibrinogen bridging was visualized
by Moon et al. (43), who labeled fibrinogen with heme-octa-

peptide. Transmission electron microscopy of their platelet ag-
gregates showed relative small bridging distances. A relative
low concentration or even absence of vWf and fibrinogen may
be an explanation for the absence of label at many interplatelet
membranes. The sensitivity of the immunogold technique is

i Figure 7. Electron micrograph showing an
example of preembedding double labeling,
followed by postembedding labeling. After

w ~~~perfusion, the melamnine coverslips with ad-
hering platelets were directly immuno-dou-
ble-labeled with LIBS-I (PAGIO) and fi-
bninogen (PAG15). LIBS-positive forms of
GPIIb-HIa are again expressed on the sur-
face. This preembedding approach did not

~e substantially improve the surface association
and resulted sometimes in the labeling at in-
terplatelet membranes (arrowhead). After
cryosectioning, the thin frozen sections were

4 subsequently immunolabeled with either
antifibrinogen (PAG5) or anti-vWf antibody
(not shown). Interplatelet membranes are
again labeled after postembedding labeling
(arrows). Occasionally, fibrinogen labeling
was observed close to an LIBS epitope (dou-
ble arrowhead). s, upper surface. Bar, 200
nm.
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Figure 8. Immunolocalization of P-selectin using a rabbit polyclonal antibody followed by PAGlO. 5 min of perfusion over type I collagen. Surface
expression of P-selectin is apparent on adhering platelets. Membranes of a-granule (g) and the OCS(stars) are also labeled. m, melamine; c,
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Figure 9. Immunolocalization of thrombospondin on platelets adhering
to collagen using a mouse monoclonal antibody and mouse anti-rabbit
IgG as intermediate step followed by PAG5. Label is present in large
vacuoles of the OCS(stars) and to a lower extent at interplatelet area.
Note the apparent release of thrombospondin to the extracellular inter-
platelet space (inset). c, collagen; s, upper surface. Bar, 200 nm.

probably not sufficient to detect low concentrations of ligand
at many contact sites. Moreover, low concentrations of other
ligands may also substitute for vWf and fibrinogen at these
sites.

Quantification of the membrane-associated labeling on thin
frozen sections of formed thrombi revealed, respectively, a four-
and ninefold higher association of vWf and fibrinogen at inter-
platelet surfaces, relative to the upper thrombus surface. GPIIb-
IlIa, however, remained distributed evenly over all platelet
membranes, with a somewhat higher expression at the upper
surfaces. From stereo images of immunogold-labeled cryosec-
tions, we know that immunolabel can penetrate to a variable
extent into the depth of cryosections. The higher surface label-
ing of the GPIIb-lIa receptor compared with interplatelet mem-
branes, therefore, is the result of differential access of antibody

and/or gold probe to these respective membranes. In addition,
we observed surface expression of LIBS-positive forms of the
receptor at upper surface and interplatelet membranes. Although
we observed some ligand binding on upper surfaces, many of
the LIBS-positive receptors were not occupied by fibrinogen
and/or vWf. The limited association of ligands at the upper
thrombus membrane facing the bloodstream may be of great
importance in the arrest of aggregate formation. Since GPIIb-
Ma is distributed evenly on interplatelet and upper thrombus
membranes, it is not likely that the limited ligand association
on upper thrombus membranes is a result of diminished surface
expression of the receptor. A limited association of fibrinogen
and vWf with GPIIb-Ila at the upper surface of a thrombus
may be caused by (a) absence of activation of GPIIb-lIa; (b)
specific occupation by other ligands; (c) redistribution of acti-
vated GPIb-Illa towards platelet-substrate or platelet-platelet
contact sites; (d) rapid "closure" of activated GPIIb-Ila; and
(e) reversible ligand binding to activated GPIIb-HIa. Absence
of activated GPIb-Ila (a) could occur if platelet activation
after adhesion would start at the site of adhesion and from
there spread along the platelet membrane. Released ADPand
synthesized thromboxane A2, involved as mediators in colla-
gen-induced aggregation, however, will activate other parts of
the platelet. In our perfusion model we show surface expression
of LIBS-positive GPHb-la on the upper surfaces of thrombi
facing the blood stream, making such an explanation less likely.
Binding of fibronectin and vitronectin at the upper surface of
adhering platelets (b) was not observed in control experiments.
Both ligands appeared associated with the type I collagen sur-
face and were only to a low extent present at interplatelet mem-
branes. Although low concentrations of ligands cannot be de-
tected with this technique, a specific occupation of the LIBS-
positive forms of GPIIb-Ia by fibronectin and/or vitronectin
does not seem likely under our flow conditions. Redistribution
of ligand associated GPIIb-lIa (c) may also play a role. Our
semiquantitative data suggest that there is no preferential redis-
tribution of LLBS-positive forms at interplatelet membranes,
which is not in agreement with this idea. Recent studies have
indicated that GPIIb-Hla activation is a dynamic and reversible
process, and closure of activated receptors (d) will occur partic-
ularly with weak agonists when no ligand is presented (refer-
ence 44 and van Willigen, G., and J. W. N. Akkerman, manu-
script submitted for publication). The functional state of the
receptor on adhering platelets may be different to the conforma-
tion after stimulation with such agonists. Collagen is not a weak
agonist, and surface expression of P-selectin and the presence of
thrombospondin in OCSindicates that secretion had occurred.
Moreover, activation of GPIIb-Ila occurred in the presence of
fibrinogen and vWf. Taken together, these data rule out hypothe-
sis d, rapid closure of activated unoccupied GPIIb-IIa. The
absence of fibrinogen and vWf and the presence of LIBS-posi-
tive GPIIb-lIa (e) support a hypothesis suggesting that ligands
first bound to GPIIb-IHa, but that this binding has been reversed.
GPIb-Ila is then no longer able to bind ligands, but it is still
in the ligand-induced conformation. In a recent review article,
Luscher et al. (45) postulated that tight packing of bound fi-
brinogen may form an adequate adhesive surface for nonacti-
vated circulating platelets. In this context it is of importance to
mention recent studies on the adhesion of nonactivated platelets
to solid phase fibrinogen (46, 47) and the fibrinogen mediated
interaction of cells exposing nonactivated GPIIb-Ila with al-
ready existing aggregates (48). In our perfusion model, a mini-
mal number of bound ligand molecules may be required to
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generate such an "adhesive" surface for newly arriving circu-
lating platelets. The relative absence of ligands on the upper
surface of adhering platelets or thrombi may thus have im-
portant consequences for aggregate formation. The absence of
ligands which we observe here has been postulated in literature
as a cause for the formation of a single monolayer of platelets
when subendothelium was exposed to flowing blood in experi-
mental animals (49). Our observations are in agreement with
this.

Lewis et al. (50) also found a discrepancy between localiza-
tion of GPIlb-IIla and fibrinogen-gold binding to surface-spread
platelets. Similar data were reported by Kieffer et al. (51) who
used surface-spread platelets, incubated at 40C with antibodies
to GPIIb-HIa, fibrinogen, and vWf. Heilmann et al. (52) de-
scribed ubiquitous presence of GPIlb-IIIa and local absence
of fibrinogen under aggregating conditions. The experimental
design of our present studies, however, is basically different.
Our perfusion experiments were designed to study the GPIIb-
Ila distribution under flow conditions, whereas the published
studies were carried out under static conditions. Secondly, in
our perfusion experiments, adhered platelets were fixed before
incubation with specific antibodies.

The interaction of vWf with fibrillar type I collagen has
been described previously (53). Interaction of fibrinogen with
type I collagen, which was observed here, was not expected
and may play a role in the platelet-substrate interaction. The
origin of fibrinogen and vWf at the interface of adhered platelets
and fibroblast matrix remains unclear. In a perfusion experiment
using platelets reconstituted in human albumin solution, we
observed vWf and fibrinogen in large vacuoles at close proxim-
ity to the basal platelet membrane, suggesting release towards
the basal interface (not shown). This local polar release of
endogenous fibrinogen and vWf may then contribute to the
spreading of the platelet.

In this study we have shown the preferential localization of
fibrinogen and vWf between and below platelets, whereas
GPHb-Ia itself and LIBS-positive forms of the receptor are
distributed evenly over all membranes. Therefore we hypothe-
size that the binding of vWf and fibrinogen to GPIIb-iIa is
reversible on the upper surface of adhering platelets under flow.
We believe that the decreased association of fibrinogen and
vWf with the upper surface of thrombi may limit thrombus
growth under flow conditions. The cause of this phenomenon
is still unknown and deserves further investigation.
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