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1.  ABSTRACT

            Adhesion of platelets to the damaged subendothelium is
a prerequisite reaction for the initiation of hemostasis in vivo.
 Platelet membranes contain high concentrations of integrins and
other glycoproteins (GPs) that are involved in the platelet
adhesion to the extracellular matrix.  In the present review, we
focus on two platelet integrins, integrin alphaIIb beta3
(GPIIb/IIIa) and integrin alpha2 beta1 (GPIa/IIa) because these
integrins are major components of  the platelet membrane
proteins and are known to contribute to platelet adhesion to
fibrin(ogen) and collagen surfaces, respectively.  These integrins
bind soluble ligands (fibrinogen or collagen) after platelets are
activated but only have low affinity towards these ligands when
platelets are in the resting state.  We describe the binding
properties of these integrins and discuss the mechanism for the
activation of these integrins.  Platelets can adhere to fibrin(ogen)
or collagen immobilized on a surface. When platelets adhere to
a collagen- or fibrin-coated surface, they become activated and
form aggregates; this is especially prominent under flow
conditions.  We discuss the contribution of these integrins and
non-integrin proteins, GPIb and GPVI, to the platelet adhesion
on to the collagen surface, especially under flow conditions, a
system that most closely approximates platelet adhesion in vivo.

2. INTRODUCTION

In the hemostatic system in vivo, the first event after
vessel wall damage that occurs is the reaction where platelets
adhere to the exposed subendothelium.  After these cells adhere,
they  accumulate at  the damaged area, forming a hemostatic
plug that stops the leakage of  blood from the vessels.  This
crucial reaction in hemostasis involves a complex series of steps.
  Basically, adhesion is the reaction of cells sticking to an 
insoluble surface, but this does not mean that adhesion is a
simple contact of cells and the surface.  In the adhesion process,
cells  also spread over the surface, enabling them to  form tighter
interactions with the surface.  In platelets, many reactions are
induced in these cells while they adhere to insoluble surfaces,
which sometimes, depending on the type of   insoluble surface,
induce the activation of platelets and subsequent platelet

aggregation.  The adhesion process includes at least three
reactions:   1) the first interaction (contact, binding), 2) signal
transducing and activating reactions inside the cells (e.g.,
phosphorylation and cytoskeletal reorganization), and 3)
spreading or shape change (pseudopod formation, firm
adhesion).  Subsequently, other reactions, the release reaction,
in which the granule contents are released, and aggregation
occur.  The quick succession or simultaneous occurrence of
these events makes it difficult to analyze the molecular
mechanism of adhesion, because such investigations  would
require a separation of these processes so that steps can be
analyzed individually.  In this chapter, we discuss 1) the
interaction of integrins with their ligands, 2) the effects of
integrin  binding  on the signal transduction system in platelets
and 3) the contribution of integrins in platelet adhesion,
especially under flow conditions.

          Platelets contain several integrins including alphaIIb beta3
(GPIIb/IIIa), alpha2 beta1 (GPIa/IIa), alphaV beta3 and alpha5
beta1.  The former two integrins were identified as platelet-
specific glycoproteins and later found to be members of the
integrin family.   These two integrins are major components of
platelet membrane proteins and their contributions to platelet
adhesion have been  studied extensively.  Thus, we will first 
describe the properties of these two integrins and the mechanism
of interaction of these proteins with ligands individually, and later
discuss the contribution of platelet integrins to the adhesion of
platelets onto the ligand surface.

3.  THE MAJOR INTEGRINS INVOLVED IN ADHESION

3.1  Integrin alphaIIb beta3 (GPIIb/IIIa)
Integrin alphaIIb beta3 was first identified as major

membrane glycoproteins of platelets under the name of
GPIIb/IIIa , and soon after, its essential  physiological roles in
platelet aggregation were  suggested from the observation that
 patients with an inherited bleeding disorder, Glanzman’s
thrombasthenia, had platelets  markedly deficient in this
glycoprotein (1).  Later, integrin alphaIIb beta3 was shown  to
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Figure 1.  Schematic structure of integrin alphaIIb (GPIIb) and
 integrin beta3 (GPIIIa).  Integrin alphaIIb is composed of two
polypeptide chains (alpha and beta).   Signal peptide region
(checkered rectangles),  transmembrane domains (black
rectangle)  and cytoplasmic tails (horizontally striped rectangles)
are shown for both alpha and beta.  Integrin alphaIIb contains 4
divalent cation sites (narrow, gray-shaded rectangles), and
integrin beta3 contains a cysteine-rich domain (as indicated in the
figure, diagonally shaded rectangles).

be a receptor for soluble fibrinogen on activated platelets, and its
binding to fibrinogen was necessary for platelet aggregation
(2,3).  Integrin alphaIIb beta3  is now one of the most
extensively studied proteins in the integrin family, and its
chemical structure and its function have been  reviewed by many
authors (4-9).

Integrin alphaIIb beta3 (GPIIb/IIIa) is a heterodimeric
complex and is always present as a 1-to-1 complex in platelets.
Integrin alphaIIb (GPIIb) is composed of two polypeptide chains
(alpha and beta), and  integrin beta3 (GPIIIa) is a single chain
polypeptide, which is also present in platelets as a complex with
integrin alphaV.  Their structures and biosynthesis have already
been  analyzed in detail (10-14).  As its characteristic chemical
structure, GPIIb has 4 stretches of 12 amino acids homologous
to the Ca2+-binding EF hand structure, to which four Ca2+

molecules are suggested to bind.   Glycoprotein IIIa has a total
of 56 cysteine residues, all engaged in disulfide bonds (15), and
four cysteine-rich repeats that are a distinguishing feature of the
 beta-integrin subunit.  The  structures of integrin alphaIIb and
beta3 are summarized in figure 1.

The binding of integrin alphaIIb beta3 to fibrinogen
was extensively studied because of its importance in platelet
aggregation (16,17).  Fibrinogen binds to activated platelets with
 a dissociation constant of 5-40 x 10-8 M, and there are about
40,000 binding sites per platelet.   The binding requires the
presence of 1-2 mM Ca2+ or Mg2+.  Integrin alphaIIb beta3 was
indicated to recognize a stretch of amino acids  at the  C-terminal
end of the fibrinogen gamma-chain.  Integrin alphaIIb beta3 also
binds to Arg-Gly-Asp (RGD) peptide, and fibrinogen has two
RGD sequences, although these RGD sequences have been
reported to be hindered from being able to react with integrin
alphaIIb beta3.  Thus,  fibrinogen is thought to react with
integrin alphaIIb beta3 through  the  C-terminal portion of its
gamma-chains.  This supports the hypothesis that fibrinogen
cross-links platelets to form aggregates, since fibrinogen has two
identical C terminals.  From data obtained from cross-linking
fibrinogen-derived peptides to platelets and observing what
peptide sequences of  alphaIIb beta3 can inhibit fibrinogen
binding to platelets, the fibrinogen binding sites were determined
to lie within the following peptide sequences of alphaIIb beta3:
 amino acid residues 292-314 of GPIIb (18),  109-171 of GPIIIa
(19), and   204-231 of GPIIIa (20).   Further support for the
involvement of  amino acids at or near these regions was
obtained by analyzing  the structure of integrin alphaIIb beta3

from a patient with thrombasthenia (21); the patient’s platelets
had a defective GPIIIa due to a Arg214 to Trp mutation.

Integrin alphaIIb beta3 has been indicated to have
several conformations that  expose different epitopes for
monoclonal antibodies and bind ligands with different affinities.
 The resting form of alphaIIb beta3 accounts for most of the
integrin on  resting platelets, and this form only has very  low
affinity to bind  fibrinogen.  When platelets are activated with
agonists, integrin alphaIIb beta3 molecules are transformed to
the activated form that can bind  ligands with high affinity. 
Furthermore, following the binding of the ligand to the activated
integrin, the conformation of alphaIIb beta3 changes to expose
a  ligand-induced binding site (LIBS) (8,22-24).  The dynamic
change of the state of integrin alphaIIb beta3 in the process of
platelet activation and aggregate formation is an integral part of
platelet function.

             The activation mechanism of integrin alphaIIb beta3
has been examined by  many investigators but is still yet not fully
explained.  Although agonists would activate platelets through a
signaling pathway that includes  various classes of signal
response elements, the final activation of alphaIIb beta3 results
from the interactions of its short cytoplasmic domains with other
components at the intracellular side of the plasma membrane.
 The interaction of the cytoplasmic domain of alphaIIb beta3
would induce a  conformational change  in  the extracellular
domain to bind with higher affinity to fibrinogen.   Studies
performed with recombinant proteins having various mutational
changes in the cytoplasmic domains of alphaIIb and/or beta3 

indicated the contribution of  these cytoplasmic tails to the
activation and function of integrin alphaIIb beta3 (25-28). 
Numerous  proteins have been indicated to interact with the
cytoplasmic tails of integrin beta, including  cytoskeletal proteins
(alpha-actinin, paxillin, talin and filamin) (29-32), protein kinases
(focal adhesion kinase and integrin-linked kinase-1) (30,33) and
potential regulatory proteins (beta3-endonexin, cytohesin-1,
integrin cytoplasmic domain-associated protein-1 and
calreticulin) (34-37).  Beta3-endonexin was identified as a
protein that  interacts specifically with the cytoplasmic domain
of integrin beta3 (38).  Beta3-endonexin might be a direct
inducer of the activation of integrin alphaIIb beta3 , but its
physiological activity in platelet function remains to be analyzed.

The ligand specificity of integrin alphaIIb beta3 is
broad.   It can bind many adhesive proteins containing the  RGD
sequence in their structures, including fibrinogen, fibronectin,
von Willebrand factor (vWf), collagen and vitronectin. 
Considering its  concentration in plasma, fibrinogen would be a
major ligand for alphaIIb beta3 when platelets aggregate
physiologically. However, alphaIIb beta3 can also interact with
other ligands, as determined by in vitro platelet adhesion to
surface-immobilized adhesive proteins.

Platelets adhere to a surface of immobilized fibrinogen under
both the static condition and the flow condition with low shear
rate.  This adhesion occurs via integrin alphaIIb beta3 and does
not need  prior activation.  The interaction appears to involve the
carboxy terminus of the fibrinogen gamma-chain (39,40).  The
mechanism of platelet adhesion to fibrinogen will be described
later in this review.   Integrin alphaIIb beta3 is also involved in
platelet adhesion to other matrices.  In the adhesion to a vWf-



Integrin-mediated platelet adhesion

721

Figure 2.  Schematic structure of integrin alpha2 (GPIa) and
beta1 (GPIIa). Integrin alpha2 contains an I domain (rectangle
with grid pattern) and three divalent cation ion sites (narrow,
gray-shaded rectangles).  The signal peptide region (checkered
rectangles), transmembrane domains (black rectangles), and
cytoplasmic tails (horizontally striped rectangles) are shown for
both the alpha2 and beta1 chains.

coated  surface, alphaIIb beta3 is suggested to bind to vWf after
the initial fast interaction of vWf with GPIb and support the firm
adhesion of platelets (41-43).  In the adhesion to a collagen-
coated surface under static and flow conditions, platelets are
activated and form aggregates after the initial adhesion, which is
dependent on collagen receptors or GPIb of the platelet surface.
 The inhibition of the function of alphaIIb beta3 by a monoclonal
antibody or disintegrin antagonist prevents the formation of these
aggregates and severely decreases the extent of adhesion
(44,45).  The contribution of alphaIIb beta3 to the platelet
adhesion to a fibronectin-coated  surface under both  static and
 flow conditions was also indicated (46).

3.2 Integrin alpha2 beta1 (GPIa/IIa)
In 1985, Nieuwenhuis et al. described a patient whose

platelets showed no reactivity to collagen, and the GPIa in her
platelets was found to be decreased to 15-20% of the normal
level (47).  This was the first indication that GPIa is a
physiologically active collagen receptor of platelets.  Later, GPIa
was indicated to be present as a complex with GPIIa, and the
GPIa/IIa complex was found to be identical to the very late
activation antigen-2 (VLA-2) on activated T-cells and the class
II extracellular matrix receptor (ECMR-II) on fibroblasts (48).
 The complex has  now been identified as a member of the
integrin family and designated  as integrin alpha2 beta1.  Integrin
alpha2 beta1 is widely distributed on various cell types,
functioning as a collagen receptor (49).  However, it appears to
function as both a collagen receptor and a laminin receptor on
endothelial cells, melanoma cells and epithelial cells.  Several
reviews have been written emphasizing different aspects of this
subject (50-53).

The structures of integrin beta1 and alpha2 were
deduced from the corresponding cDNA sequences (54,55).  The
integrin alpha2-subunit is a single polypeptide chain that contains
an I domain insert (residues 140-359) next to its three metal
binding domains, a characteristic common to integrin proteins.
 This I domain is homologous to the collagen binding domain of
vWf, and the critical involvement of the I domain for the binding
to collagen was indicated (56,57).  Recently a three-dimensional
structure of the recombinant I domain was determined and a
model of the binding of collagen to this protein was presented
(58).  Integrin beta1 has a similar structure to other integrin beta
proteins and contains four cysteine-rich repeats, as shown in
figure 2.
 

The interaction of integrin alpha2 beta1 with collagen
 requires the presence of  Mg2+ , whereas the presence of Ca2+

ion is inhibitory (59).  Although this  metal ion dependency of

alpha2 beta1 is frequently used to indicate the presence or
involvement  of this protein, such a metal ion dependency is also
exhibited by beta2 integrins and integrin alphavbeta1.  Another
characteristic of integrin proteins is the process by which their
function is activated, which was described for integrin alphaIIb
beta3 in the previous section.  Several antibodies are known to
activate alpha2 beta1, and the epitopes for these antibodies were
identified to be small regions of the beta1-subunit, within the
sequence composed of residues 207-218 (60).  Some antibodies
inhibiting alpha2 beta1 also recognize this region.  These data
suggest that this essential region of integrin beta1 regulates the
activity of alpha2 beta1 since the putative binding site for
collagen is close to this region (residues 120-182 and 220-231)
(60).  Other epitope regions of the beta1-subunit were also
proposed for other activating antibodies (61,62).  These regions
are near the transmembrane domain or inside a cysteine-rich
domain, and all of these epitopes are located apart from the
ligand binding site, so the binding of the latter activating
antibodies to these regions would regulate the ligand binding
characteristics at a region sterically apart from the ligand binding
site by inducing a conformational change of the protein.  These
data suggest that the activation of alpha2 beta1 would be induced
when platelets are activated with agonists.  Recently we were
able to detect such an activation of alpha2 beta1 in platelets by
monitoring the binding of soluble collagen (63).  Although there
was no binding  of soluble collagen to resting platelets, 
significant binding of soluble collagen was observed after
platelets were reacted with the activating antibody TS2/16 or
platelet agonists,  thrombin, ADP or CRP (collagen-related
peptide).  The binding was Mg ion dependent and inhibited by
an anti-alpha2-beta1 antibody.   PGI2 , an inhibitor of platelet
function, potently inhibited the activation of platelets to bind
soluble collagen induced by each of the tested agonists, with the
exception of that induced by TS2/16.   These results suggest that
integrin alpha2 beta1 is activated when platelets are activated
with the agonists and then becomes able to bind  soluble collagen
with high affinity.  Thus it appears that  both integrins alphaIIb
beta3 and alpha2 beta1 have similar activation mechanisms.  
Our kinetic analysis of soluble collagen binding indicated that the
dissociation constant is 3.5-9x10-8 M and there are  1500-3500
binding sites per platelet, for  thrombin- or TS2/16-activated
platelets.

At present, 18 types of collagen have been identified.
 Platelet adhesion to collagen types I to VIII was determined;
collagen types I, II, III and IV were shown to react strongly with
platelets, but  types VI, VII and VIII reacted only weakly
(64,65).  Antibody to alpha2 beta1 inhibited platelet adhesion to
all the collagen types , so integrin alpha2 beta1 would be able to
bind with any of these types of collagen (64).  Because types  I
and III collagens are typical fibrous collagens found in bone,
tendons, and other connective tissues and easily available, most
studies have been done with these types.   A specific amino acid
sequence in collagen that  reacts with alpha2 beta1 was studied
, and a short DGEA sequence in the alpha1(I)-CB3 fragment
appeared to be a recognition sequence of collagen (66).  In
contrast to these results, other groups identified the alpha2 beta1
recognition sites in residues 520-528 of the alpha1 (III) collagen
triple-helical chain (67,68).  Since denatured collagen, gelatin,
does not react with platelets at all and does not bind to alpha2
beta1, integrin alpha2 beta1 would interact with the collagen
molecule by recognizing its steric structure.
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4.  MODES OF PLATELET ADHESION TO VARIOUS
SURFACES AND  THE INVOLVEMENT OF INTEGRINS
IN THESE PROCESSES

 4.1 Platelet adhesion to the fibrinogen/fibrin surface
Although  resting platelets do not bind to soluble

fibrinogen, washed platelets can adhere to an immobilized
fibrinogen surface under the static condition.  The initial
attachment, independent of platelet activation, is followed by
spreading and irreversible adhesion even in the presence of an
activation inhibitor (39).  The adhesion is dependent on the
interaction of platelet integrin alphaIIb beta3 with the  C-terminal
portion of fibrinogen immobilized on the surface.  Compared to
the resting platelets, many more activated platelets adhered to
the surface of immobilized fibrinogen  (40,69).  These results
suggested that the activation of platelets, which induces the
expression of the high affinity fibrinogen binding sites on the
platelet surface, is not  necessary for the adhesion on the
fibrinogen surface, but rather, activation stimulates the adhesion.
 

The platelet adhesion to a fibrinogen surface under
flow conditions was also independent of platelet activation. 
Adhesion was observed  at lower shear rates, but  at a shear rate
of 1500/sec or higher, almost no platelets adhered on the
fibrinogen surface (41,70-72).  Platelets can also adhere to a
surface of immobilized fibrin,  and the extent of platelet adhesion
to the fibrin surface is higher than that to the fibrinogen surface,
but still lower than that to the surface of immobilized collagen.
 Platelets adhere to the fibrinogen surface as a single cells,  but
the platelets form aggregates on the fibrin surface.  The
formation of platelet aggregates indicates that platelet activation
has occurred during the adhesion of platelets to the immobilized
fibrin surface.   In fact, the platelet-activating inhibitor PGI2 
inhibited  platelet adhesion to the fibrin surface under flow
conditions (41).  As yet, no mechanism has been proposed to
explain how platelets become activated when they adhere to
immobilized fibrin.   The adhesion to the fibrin or fibrinogen
surface was inhibited by an antibody to integrin alphaIIb beta3,
but not by an anti-GPIb antibody (41,72), indicating that platelet
adhesion to fibrin or fibrinogen  depends on integrin alphaIIb
beta3, with no contribution from GPIb.  In addition,  the
interaction of platelets with fibrinogen was indicated to be
mediated by the  C-terminal sequence of the fibrinogen gamma-
chain and not by the RGD sequence of the alpha-chain (71). 
These results show that the platelet adhesion to the fibrinogen or
fibrin surface is mediated through the interaction of integrin
alphaIIb beta3 and the C-terminus of fibrin(ogen) under the flow
condition with low shear rates.

Platelets adhere to fibrinogen even under flow
conditions, although we can not observe any binding of soluble
fibrinogen to resting platelets.  How can we explain this
discrepancy?  A reasonable explanation can be proposed:  This
adhesion would be due to the binding reaction between two
membrane surfaces that  have a high density of ligand and
receptor.  Although a single binding interaction is weak, many
binding interactions between alphaIIb beta3 molecules on the
platelet membrane and fibrinogen immobilized on the surface
would fix the platelets onto the surface.  The theoretical and
experimental evidence to support this hypothesis must be
obtained in future investigations. 

4.2 Platelet adhesion to the collagen surface
The interaction of platelets with collagen is a very

complex  reaction, whose mechanism has been difficult to
elucidate on the molecular level.  This is mainly due to the
physicochemical properties of the collagen molecule itself. 
Under physiological conditions, collagen is present in an
insoluble form, collagen fibers.  Because the multivalent collagen
fibers can bind to many proteins, many platelet proteins have
been proposed to be collagen receptors. However,  at present,
only two glycoproteins have met the criteria to make them
plausible  physiological platelet collagen receptors, integrin
alpha2 beta1 (GPIa/IIa) and GPVI (47,73).
 

Platelet adhesion to collagen-coated wells under static
conditions was reported to depend on alpha2 beta1 (59), CD36
(GPIV) (74) and GPVI (44).  The physiological contribution of
CD36 to platelet adhesion to collagen was brought into question
by the finding that individuals lacking this protein showed normal
adhesion, with no bleeding abnormalities (75,76).  In adhesion
assays,  platelet adhesion to collagen-coated wells is quantitated
by the radioactivity of labeled platelets or by colorimetry. 
Platelet adhesion was biphasic and not only the adhesion of
platelets but also the release reaction of platelets was observed,
which means that aggregation was also induced, especially in the
second phase of adhesion.  Monoclonal antibody against integrin
alphaIIb beta3 and disintegrin inhibited the second phase of
adhesion.  In contrast, monoclonal antibody against integrin
alpha2 beta1 and the Fab fragment of  an antibody against GPVI
inhibited the first phase adhesion.  Patient platelets lacking GPVI
had an adhesion pattern similar to that for the antibody-inhibited
adhesion (44).   These findings indicate that alpha2 beta1 and
GPVI are involved in the early phase of platelet adhesion on the
collagen surface, and platelet activation and aggregation occur
subsequently to this initial interaction with collagen.

Since platelets only react with insoluble collagen, a far
from ideal ligand for binding studies, it has been difficult to
perform experiments to directly measure the interaction between
platelets and collagen. However, we have been able to measure
the direct binding of  soluble collagen to platelets, as was
described in the previous section.   This Mg2+ dependent binding
occurs through the interaction of integrin alpha2 beta1 with the
soluble collagen molecules.   This is in contrast to the binding of
microparticles of labeled collagen fibrils to platelets, in which the
main portion of the binding was independent of both metal ion
and alpha2 beta1 (63).  Since the binding of collagen to GP VI
is metal ion-independent (73), the binding of insoluble collagen
fibrils to platelets would be mainly mediated through GPVI. 
CRP is a collagen mimetic peptide that can  interact with GPVI
and induce platelet aggregation.  CRP also induced the activation
of alpha2beta1.  These results suggest that the interaction of
insoluble collagen with GP VI induces the activation of alpha2
beta1, and the activated alpha2 beta1 would also be involved in
the binding of insoluble collagen.  This would be the case in
platelet adhesion under static conditions.  A few platelets would
adhere to the collagen coated-wells in the presence of EDTA.
 Thus, the adhesion is dependent on the tight binding through the
activated alpha2 beta1, which would be activated by the
interaction of GPVI with insoluble collagen.

Under physiological conditions, platelets in flowing
blood adhere and form aggregates on the exposed
subendothelium of blood vessels.  As a model that closely
approximates this in vivo adhesion, platelet adhesion to an
immobilized-collagen surface under flow conditions using a flat
flow perfusion chamber has been employed.  Platelet adhesion
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Figure 3.  Model of platelet adhesion onto the collagen surface under flow conditions.

was monitored by fluorescent microscopy when platelets were
labeled by mepacrine (45,77,78) or by staining after fixing the
adhered platelets (79,80).  In these experiments, platelets were
observed to adhere to the collagen-coated surface and then form
aggregates under different shear rates.  The platelet adhesion to
the collagen-coated surface was dependent on the vWf-GPIb
interaction under flow conditions, especially at high shear rate
(80-82).  vWf binds to collagen with high affinity (83), and
antibodies against vWf and GPIb severely inhibited the platelet
adhesion to the collagen-coated surface (78,82).  Platelet
adhesion to the collagen surface was inhibited by a monoclonal
antibody against alpha2 beta1 (64).  The antibody especially
inhibited  the firm adhesion of platelets under flow conditions
(unpublished observation), and the adhesion of GPIa-deficient
platelets to subendothelium was also severely decreased (84).
 On the other hand, platelet adhesion of GPVI-deficient platelets
to the collagen surface was not decreased when it was assayed
by Sakariassen’s non-fluorescent microscopy method, although
measurements by the fluorescent microscopy method indicated
that adhesion was decreased.  Both methods indicate that the
aggregate formation after adhesion was completely absent (45).
 The absence of platelet aggregates on subendothelium was also
observed using GPVI-deficient blood (unpublished result).
 

From these results, the mechanism of platelet
adhesion onto the collagen surface under flow conditions, which
would be also applicable to in vivo adhesion to  subendothelium,
can be proposed to occur as follows (figure 3):  1) The first
reaction is a binding of circulating vWf molecules to the collagen
surface.  2) Platelets  in the circulating blood flow interact with
the immobilized vWf molecules through GPIb on the platelet
surface.  This interaction would be very fast but of fairly low
avidity,  so that platelets would still be moving on the collagen
surface but with much reduced speed.  3) While the platelets are
moving on the collagen surface with slow velocity, these platelets
can  react with collagen through integrin alpha2 beta1 and/or
GPVI,  and thereby, integrin alpha2 beta1 would become
activated.  The activated alpha2 beta1 molecules bind to collagen
with high affinity,  and this would stop the platelets from moving
on the collagen surface, so they become “arrested”.   4) The
interaction of platelets with immobilized collagen also would
activate platelets through GPVI.  5) The platelet activation
induced by GP VI includes the activation of integrin alphaIIb

beta3, which stimulates the formation of platelet aggregates
under flow conditions.  In this model, we currently do not have
enough evidence to show that there is a  relationship between
integrin alpha2 beta1 and GPVI.  Although it is possible for
GPVI to activate integrin alpha2 beta1, both proteins would
contribute to the platelet adhesion rather independently, since
GPVI-deficient platelets adhere normally to the collagen surface
under flow conditions (45).  Thus, steps 3 and 4 would seem to
occur quite simultaneously.   The ligands of activated alphaIIb
beta3 under flow conditions are yet not fully understood.  vWf
 has been proposed to contribute to adhesion by being a  ligand
 for  activated integrin alphaIIb beta3 (72,85).  The details of the
mechanism in each reaction remain to be analyzed in future
investigations.

4.3 Platelet adhesion to other surfaces
As described above, vWf is indicated to be involved

in platelet adhesion to the collagen surface , especially at high
shear stress.  The platelet adhesion to a vWf-immobilized
surface under flow conditions is characterized by mainly a
transient adhesion of platelets on the vWf surface, indicating a
binding interaction with a high on-rate and a high off-rate
(72,82).  The adhesion of platelets to the vWf surface is
predominantly dependent  on the interaction with GPIb on the
platelet surface.  We will not describe the mechanism of the
interaction of vWf and GPIb because GPIb is not an integrin
protein, but the involvement of activated integrin alphaIIb beta3
in the binding with vWf was suggested.  The binding to activated
integrin alphaIIb beta3 is  suggested to induce the firm adhesion
of platelets on the vWf surface under shear stress (72,85).
 

Platelets contain two integrins that  can bind to
fibronectin, integrin alpha5 beta1 (GPIc/IIa) and integrin
alphaIIb beta3 (GPIIb/IIIa).  Under static conditions, platelet
adhesion to a surface of immobilized fibronectin was observed
to depend on GPIc/IIa and not on integrin alphaIIb beta3 (86).
 Contrary to those results, another group reported that alphaIIb
beta3 contributes to the adhesion (87).  Under  flow conditions,
platelet adhesion to the fibronectin surface was maximum at a
shear rate of 300/sec; and at shear rates more than 1300/sec, 
surface coverage by adhering platelets was reduced to less than
4 %.  An anti-integrin alphaIIb beta3 antibody and RGD peptide
strongly inhibited  the platelet adhesion to the fibronectin surface
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under both static and flow conditions, but anti-integrin alpha5
beta1 antibody inhibited only 50% of the adhesion under both
conditions (46).  These results indicated that both integrins
contribute  to platelet adhesion to the fibronectin surface.  Also,
the contribution of GPIb and vWf was suggested in  the platelet
adhesion on fibronectin under flow conditions (88).  Thus, the
mechanism of platelet adhesion to fibronectin seems to be
complex, and the physiological role of this adhesion is also
unclear at present.

5.  PERSPECTIVES ON THE FUTURE DIRECTION OF
RESEARCH ON ADHESION

Platelets have several glycoproteins that  react with
components of the extracellular matrix and contribute to their 
adhesion.  The structures and functions of these glycoproteins,
with the exception of GPVI,  have already been analyzed in
detail.  However, the mechanism of platelet adhesion remains
incompletely elucidated.  One of the reasons for this is the
complexity of adhesion.  Adhesion is the interaction of  ligands
immobilized on a surface and the cell membrane, which
expresses many receptors on its  surface; and the binding of
these two surfaces would induce complex reactions on the cell
surfaces themselves as well as inside the cells.  Future
investigations must concentrate on answering many questions
that directly relate to the observed characteristics of the adhesion
mechanism.  For example,  why do resting platelets adhere  to
a surface of immobilized  fibrinogen or vWf , but can not bind
 to the soluble form of these proteins without first being
activated ?  We might propose that  these ligand  proteins might
undergo a conformational change as a result of being
immobilized to a surface and then become able to bind to the
platelet receptors.   However, a more plausible explanation
would be that  the interaction of two surfaces with many binding
sites would give  tighter binding than the binding of single
molecules.  After the initial binding of the two surfaces, which
might be weak at first, especially at the beginning of contact,
many reactions may subsequently occur inside the area where
the membrane contacts the extracellular matrix surface; such
reactions might include  activation of integrin receptors,
clustering, or signal transduction.  Since platelets spread over the
surface and also form pseudopods after adhesion, it is obvious
that the adhesion induces many signals to transform platelet
shape, although a discussion about these signal transduction
systems could not be made in the limited space of this chapter.
 Briefly stated, the stress induced by the interaction of the
platelet membrane and extracellular surface would be spread
throughout the entire  platelet via signal transduction
mechanisms, and thus platelets would be activated to the next
level, the aggregation reaction.  Therefore, analyzing the
adhesion of reconstituted platelet membranes to an immobilized
surface under controlled conditions may be a promising
technique to analyze adhesion decoupled from accompanying
aggregation.

Analyses of platelet adhesion under flow conditions is
also very complex, although this method probably approximates
the situation in vivo most closely.   Among the recent results
identifying  the contribution of platelet membrane proteins and
plasma protein in  flow adhesion,  the interaction of GPIb and
vWf was found to be especially important for the adhesion under
higher shear stress.  Since platelets flow at fast speed, an 
“apparatus”  that can  first catch the flowing platelets and tether

them to the surface  is needed for the adhesion of platelets under
flow conditions,  in addition to the mechanism of firm adhesion.
 After platelets are tethered on the surface, integrins work as
strong binders that can hold on to platelets even when there is
 strong shear stress.  In this process, integrins need to be
activated.  Only after the activation do integrins show the strong
affinity to ligands.  And, here again, the mechanism of integrin
activation has yet to be described in detail for any member of the
integrin family.   So far,  extensive studies have been done on
 integrin alphaIIbbeta3, and although the importance of the
cytoplasmic domains of this integrin has been suggested, the
mechanism for their participation  in adhesion remain unclear.
  The activation of integrins is one of the mechanisms that
restricts  thrombus formation to the damaged area in human
body and therefore should be analyzed in the future.

The mechanism of platelet adhesion to the collagen-
coated surface is similar to the adhesion of neutrophils to
endothelial cells.  Selectins on neutrophils and on endothelial
cells bind to sialylated sugar ligands on other cells and tether cells
on the endothelial cell layer.  At this stage, neutrophils “roll” on
the layer.  Then beta2 integrins on the neutrophils are activated
and bind firmly to ICAM-1 on the endothelial cells.  After the
firm adhesion, neutrophils undergo shape changes that allow 
them to diapedese through interendothelial junctions of the
vessel wall (89,90).  The rolling of neutrophils in shear flow was
simulated, considering many physical and chemical
characteristics of these cells (91,92).   Simulation of platelet
adhesion on vWf with such models would be helpful for
understanding  the factors affecting the adhesion under flow
conditions.
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