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The platelet aggregation is an important process, which is critical for the hemostatic plug formation and throm-
bosis. Recent studies have shown that the platelet aggregation is more complex and dynamic than it was previous-
ly thought. There are several mechanisms that can initiate the platelet aggregation and each of them operates un-
der specific conditions in vivo. At the same time, the influence of certain plasma proteins on this process should
be considered. This review intends to summarize the recent data concerning the adhesive molecules and their re-
ceptors, which provide the platelet aggregation under different conditions.
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Introduction. Platelets play an important role in hemo-
stasis, thrombosis, wound healing, atherosclerosis, in-
flammation, immunity and tumor metastasis [1-3]. How-
ever, their main physiological function is the forming of
hemostatic thrombi to prevent blood loss. The biochemi-
cal and cellular processes responsible for this function
can be divided into four steps: adhesion, activation, sec-
retion and aggregation. It is known that the platelets are
exposed to a broad range of hemodynamic conditions in
vivo, ranging from low-flow situations in venules and
large veins (< 500 s™') to stenosed arteries with extre-
mely high shear rates (till 40,000 s') [4]. Here we have
considered the peculiarities of above mentioned steps un-
der different hemodynamic conditions.

Platelet adhesion. The platelet adhesion is the pro-
cess, through which the platelets establish contacts with
the extracellular matrix. Under normal conditions the
endothelial cells form a surface resistant to the adhesion
of circulating platelets. The primary event, which leads
to the platelet adhesion, is the damage of vessel wall. As
the platelets are not able to distinguish between the trau-
matic vessel damage and the diseased arterial walls the
same life saving reaction can become potentially dange-
rous in case of atherosclerosis. When the endothelial
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cell layer of a vessel wall is damaged the components of
subendothelial matrix, primarily collagen and von Wil-
lebrand factor (vWF) will be exposed to the blood. The
initial tethering of the platelets to the extracellular mat-
rix (ECM) is mediated by the interaction between the
platelet receptor glycoprotein GP Ib-IX-V and vWF
bound to collagen [5]. It is noted that GP Ib can initiate
the adhesion by interacting with other ligands. The most
probable candidate for this role is thrombospondin-1 [6].

Using traditional aggregometry methods we have a
model with low, nonlaminar shear conditions. To study
the vVWF/GP Ib-IX-V interaction many investigators
traditionally use ristocetin, a bacterial-derived antibio-
tic from Nocardia lurida. The vWF deficiency is accom-
panied with the absence or low level of the ristocetin-
induced aggregation whereas the ADP- or collagen-in-
duced aggregation is normal. The absence of ristocetin-
induced aggregation can be also a result of the loss of
GP Ib from the platelet surface. In this case the platelets
of enormous size are determined in blood [7].

The binding site for GP Ib in the vWF structure is the
A1l domain. In the vVWF multimers, which circulate in
blood, this domain is not accessible for interacting with
the platelets. Binding to collagen under shear stress con-
ditions leads to the conformational changes in the vVWF
molecule [8] and provides the platelet interaction with en-
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dothelium collagen. This interaction is not strong enough
to mediate stable adhesion but maintains the platelets in
close contact with the surface. At this period the platelets
establish additional contacts with collagen through the
Ig-superfamily receptor, GP VI. This receptor is associa-
ted with the Fc-receptor, which bears the immunorecep-
tor tyrosine-based activation motifs (ITAM) for signal
transduction. While GP VI binds collagen with low affi-
nity, it triggers the shift of platelet integrins (o3, and
[Ibllla) to a high-affinity state. The main steps of this
process are shown in Fig. 1. The integrin collagen re-
ceptor a3, binds to collagen and facilitates the engage-
ment of GP VI [9].

Platelet activation. When GP VI is crosslinked and
clustered by collagen, this leads to the activation of the
Src tyrosine kinases (Fyn and Lyn) bound to the cyto-
plasmatic tail of GP VI. The ITAMs present on the FcR
y-chain are phosphorylated by Fyn and Lyn, next al-
lowing for the involvement of the tyrosine kinase Syk.
Syk in turn induces a signaling cascade resulting in the
activation of phospholipase Cy (PICy). This enzyme
hydrolyzes phosphatidylinositol 4,5 bisphosphate to
produce inositol trisphosphate (IP3) and diacylglycerol
(DAG), which activate calcium mobilization and pro-
tein kinase C, respectively. Increased calcium levels
lead to the activation of the Ca’ and DAG-regulated
guanine nucleotide exchange factor I (Cal DAG-GEFI),
which itself activates Rap 1b, a small GTP binding pro-
tein. The interaction of activated Rap 1b with the Rap
l-interacting adaptor molecule (RIAM) and talin re-
sults in the formation of an «activation complex». The
interaction of talin with Rap1b and RIAM leads to the
unmasking of the integrin-binding site on talin. Talin

IIbllla 1IblIla . .
a2pl [ GPVI active | |€— | | inactive Fig. 1. Mechfmlsr.ns of plate-
let aggregation induced by
I different agonists: Col — col-
[Talin, kindlin lagen; vWF — von Wille-

brand factor; PLC — phos-
pholipase; /P3 — inositol tris-
phosphate; DAG — diacylgly-
cerol; CalDAGGEFI — cal-
cium and DAG-regulated
GEF1; RAPI — Ras-related
protein 1; RIAM — Rap-GTP-
interacting adapter molecule

hence binds to the integrin f3, tail, which leads to the dis-
ruption of the clasp between a and 3 subunits of 1Ibllla
integrin. This separation of the integrin cytosolic re-
gion is transmitted to the extracellular domains which
change from a bent to an extended conformation. Re-
cently it has been shown that kindlin is also an important
mediator of the integrin activation [10]. However, the
interplay between talin and kindlin in the integrin acti-
vation still needs to be elucidated. After the activation
IIblIIa integrin acquires abilities to bind fibrinogen and
other adhesive ligands [11]. The numerous works provi-
de evidence that IIbllla the integrin activation occur-
ring in response to the external signals results in inter-
nal changes [ 12—14]. During the activation, the cytoskele-
tal reorganization takes place and this event is conside-
red to be one of the earliest hallmark of the platelet acti-
vation. In the activated platelets, the rapid F-actin polyme-
rization and formation of complex between the membra-
ne cortex cytoskeleton and the cytoplasmic filaments are
observed. Remodeling of the actin cytoskeleton is neces-
sary for the blood coagulation because the actin fila-
ments in the activated platelets mediate such crucial pro-
cesses as the adherence to extracellular matrix and to
other cells, extension of filopodia and lamellipodia, ma-
intenance of the platelet morphology, contraction of the
inner central cytoplasm facilitating the expulsion of gra-
nule content such as growth factors and vasoactive sub-
stances, ultimately contraction of the whole cell, which
is required for the clot retraction [15]. Thus, the integrins
provide a transmembrane linkage between the cytoskele-
ton and the extracellular matrix. It has been revealed that
the cytoskeleton plays a critical role in the two-way com-
munication across the integrins: binding of extracellular
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adhesive molecule to the integrin regulates the organiza-
tion of cytoskeleton, in turn the cytoskeleton regulates
the adhesive properties of the integrin [16,17]. It is well-
documented that cytochalasins, which disrupt the actin
fibers, cause the integrin to dissociate from its adhesive
ligand, and the cytochalasin-treated platelets fail to ag-
gregate even in the presence of agonists [18]. Besides,
the activated platelets, as well as several types of cancer
and normal cells, are able to expose actin on the surface
of their plasma membrane. It is suggested that the surface
actin may play a role of specific site for binding some
molecules regulating the platelet adhesion and aggrega-
tion [19].

Speaking about the platelet activation, we have to pay
attention to the most potent platelet activator, throm-
bin. Small amounts of thrombin are formed on the sur-
face of a tissue factor presenting cell (fibroblast or acti-
vated monocyte or activated endothelial cell, respecti-
vely). These amounts of thrombin are not able to pro-
duce a stable fibrin clot, but are enough to activate the
platelets. Thrombin binds the protease-activated recep-
tors (PAR-1 and PAR-4) on the platelet surface. The fol-
lowing signaling mechanism includes the activation of
phospholipase CB (see Fig. 1). Thrombin also binds
GP-Ib, which has been proposed to enhance the speci-
ficity of thrombin cleavage of PAR-1 [20].

Platelet secretion. The activated platelets release
several granule components, which modulate functions
of the interacting platelets. The dense bodies of the pla-
telets contain secondary agonists like ADP and seroto-
nin. There are two important ADP receptors on the pla-
telet surface. The P2Y 1-receptor modulates the calcium
mobilization and shape change [21]. The PY12-recep-
tor potentiates the platelet secretion and is involved in
the irreversible aggregation [22]. Serotonin binds to the
Gg-coupled receptor and together with ADP amplifies
the platelet response. Additionally, serotonin may play
a specific role in the retention of fibrinogen and throm-
bospondin on the platelet surface [23]. The platelet ac-
tivation also results in the releasing of a-granule pro-
teins: adhesive molecules (vVWF, thrombospondin, vit-
ronectin and fibronectin), mitogenic factors, coagula-
tion factors and protease inhibitors. P-selectin is exclu-
sively localized on the a.-granule membrane of the res-
ting platelets. However, during the secretion it migrates
on the platelet surface as a result of the fusion of a.-gra-
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nule membrane with the plasma membrane. This adhe-
sive protein mediates the platelet binding with
leukocytes [24].

Platelet aggregation. The main mechanism of the
platelet aggregation is thought to be realized through
the interaction of fibrinogen with integrin IIbIlla [25].
However, other adhesive molecules, such as thrombo-
spondin, vWF, vitronectin and fibronectin are necessa-
ry to provide effective aggregation (see Fig. 2). It was
shown that fibrinogen, vWF and fibronectin have si-
milar binding affinities to the activated form of IIbllla
[26]. Under low shear conditions, fibrinogen is the do-
minant ligand of the platelet aggregation thanks to its
high molar ratio in plasma compared with other ligands.
In vivo studies on mice with a targeted deletion of vWF
or fibrinogen demonstrated that vWF plays a main role
in initiating aggregation under high shear with fibrino-
gen (and fibrin) playing a secondary role in stabilizing
the formed aggregates. The thrombus formation still oc-
curs in mice lacking both vWF and fibrinogen [27],
which suggests that other proteins (fibronectin, throm-
bospondin and vitronectin) may be able to mediate the
platelet adhesion and aggregation. In vitro studies show-
ed that the second wave of the thrombin-induced aggre-
gation of gel-filtered the platelets was abolished at a low
concentration of thrombin in the vitronectin-deficient
platelets [28]. Contrary to the released platelet granule
vitronectin, which enhances the platelet aggregation, the
plasma vitronectin inhibits the platelet aggregation. The
role of vVWF in the platelet aggregation is also signifi-
cant. In high shear environments the platelets are the
first linked by vWF bridges via the GP 1b/V/IX comp-
lex. This interaction leads to the activation of the inte-
grin [Ibllla and in turn to the stabilization of the vVWF-
mediated platelet aggregates [29]. The recent studies on
mice, which express low levels of the plasma and pla-
telet fibronectin have confirmed the involvement of this
protein in the platelet aggregation [30]. Fibronectin is
able to bind fibrinogen and thrombospondin, thus in-
creasing the stability of the platelet-platelet interac-
tions [31]. Similar to vWF, fibronectin undergoes con-
formational changes in response to the mechanical stress
[32]. That can explain the role of fibronectin in promo-
ting of thrombus formation under high shear. Notably, a
combination of ligands (such as vWF/fibrinogen or fib-
ronectin/fibrin) is far more reactive to the platelets than
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Fig. 2. The scheme of platelet aggre-
gation: vIWWF —von Willebrand factor;

in isolation. It can be important because the elevated
plasma levels of vWF, fibrinogen, and possibly fibro-
nectin independently increase a risk of the atherothrom-
botic complications [33].

There are some interesting data about the influence
of some plasma proteins on the platelet aggregation.
Among them, plasminogen, a 92-kDa single-chain zy-
mogen, is essential for efficient fibrinolysis and facilita-
tes cell migration. Plasminogen can be considered as an
adhesive ligand for the integrins found on the surface of
the platelets and leucocytes [34]. It is known that plas-
minogen binds to the platelet surface, and the activated
platelets possess an increased affinity to plasminogen
[35]. Moreover, for the hemodialysis patients the corre-
lation between plasminogen level in plasma and the pla-
telet aggregation was observed [36]. Recently, we have
studied the effect of Lys- and Glu-plasminogen on the
human platelet aggregation [37, 38]. Under physiologi-
cal conditions, Lys-plasminogen and Lys-plasmin are
not present in circulating blood [39]. However, in the
patients undergoing thrombolytic therapy using the tis-
sue plasminogen activator, a low amount of Lys-plas-
minogen was detected [39]. We have shown that Lys-
plasminogen but not its Glu-form inhibits the thrombin-
and collagen-induced aggregation in the preparations
of washed human platelets. The level of aggregation in
both cases decreases at least by two times. It has been
found that e-aminocaproic acid (1 mM) abolishes the
inhibitory effect of Lys-plasminogen that is compatible

Fg — fibrinogen; Fc — fibronectin

with the participation of lysine-binding sites of 1-5 krin-
gles of the proenzyme in the inhibitory process. We ha-
ve shown that kringle 1-3, kringle 5 and kringle 4 act as
competitors of the proenzyme molecule when they we-
re incubated with the washed platelets and exogeneous
Lys-plasminogen. It is quite possible that Lys-plasmi-
nogen binds some proteins, which are released during
the o.-granule secretion and stay bound with the platelet
membrane (such as fibrinogen, thrombospondin, vitro-
nectin efc.). So, exogeneous Lys-plasminogen could
impede the formation of platelet aggregates.

The relationship between the adhesive ligands and
the platelet receptors can also be important considering
the side effects of some anticoagulants. It is well known,
that the heparin preparations influence the platelet ag-
gregation. It was shown, that heparin induces a slight
increase of the platelet aggregation in the platelet rich
plasma preparations meanwhile the significant inhibito-
ry activity is observed when heparin was added to the
washed platelets [40]. The most pronounced inhibitory
effect was in case of the ristocetin-induced aggregation
however with other agonists (thrombin, epinephrine and
ADP) it also took place. It was found that heparin is ab-
le to associate directly with the major platelet integrin
IIblIla triggering a signaling cascade that leads to the
activation of phosphatidyl-inositol-3-kinase [41]. On
the other hand, IIbllla is not the only side for heparin
because the latter can bind numerous platelet protein
compounds of the platelet a.-granule, including vWF,
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fibronectin, thrombospondin and vitronectin [42—45].
Taking into consideration all the above mentioned data,
we can make the following suggestion. In the plasma
preparations where fibrinogen is abundant, an influen-
ce of other adhesive ligands is not crucial, so heparin
shows its stimulating effect. In case of the washed pla-
telets the efficiency of platelet aggregation depends on
the binding of a.-granule proteins with the platelet re-
ceptors (IIbllla and GP I/IX/V). So, heparin can bind
the adhesive ligands and impede the platelet aggrega-
tion. Probably, the interaction GP Ib-vWF is the main
site of the heparin influence.

Perspectives. In the recent years, both in vitro and
in vivo studies on the structure and function of the pla-
telet adhesion molecules have provided new insights in-
to the platelets interaction with the injured vessel wall
and with each other under different conditions. The ob-
tained results can be important not only for a better un-
derstanding of the molecular mechanisms underlying
thrombosis, but also may reveal new therapeutic targets
for the treatment of disorders such as the inflammatory
diseases, atherosclerosis, and cancer.

Hogi acniextu arperanii TpoMOOIHUTIB
S1. M. Poka-Moiis, B. JI. binoyc, 1. J1. XKeprocekos, T. B. I'punerko

Pesrome

Bioomo, wo azpezayis mpomboyumie — ye sasiciusui npoyec, Akuil jie-
JHCUMB 8 OCHOBE YMBOPEHHS 2eMOCMAMUYHOT NPOOKU MaA POpMYSaHHs.
mpomba. Oonax ocmani 00CiOdNCenHs NOKA3aN, o mpomboyumap-
Ha azpez2ayis € 3HAYHO CKAAOHIMUM | OUHAMIYHIWUM NPOYECOM, HIXHC
esadxcanu pauiwe. IcHye Oexinoka mexamismis, AKI iHiyiloOmMs azpe-
2ayio mpomooyumie, i KOJceH i3 HUX peanizyemuvcs 3a NeGHUX YMO8 in
vivo. V moil srce uac HeoOXiOHO 8paxogyeamu 6naug Ha yeil npoyec
oxpemux 6inkie niasmu kpogi. Mema oanoeo oensidy — y3azanvHumu
cyuacui 0awi, NPUCBAYEHI A02e3UBHUM MOLEKYIAM Ma IXHIM peyenmo-
pam, AKi 3abe3neuyioms mpomooyumapHy azpe2ayiio 3a pisHux ymos.
Kurouosi crosa: azpezayis mpomooyumie, a02e3usHi MoieKyu.

HoBble acniekTsl arperaiiuy TpoMOOLUTOB
S1. M. Poka-Moiis, B. JI. bunoyc, /1. /1. )Kepraocekos, T. B. I'punenko

Pestome

Hssecmno, ymo azpezayus mpomoOyumos ;A6iaemcs 6a*CHLIM Npo-
Yeccom, 1excayum 8 0OCHO8e 00PA306aHUs 2eMOCHAMUYECKOU NPOOKU
u hopmuposanus mpomba. Oonako nedasHue uccied08aHus NOKA3d-
U, YUMo mpomboyumapHas azpe2ayus — 3mo oonee CAoACHbI U OUHA-
Muunblil npoyecc, yem cuumanu paree. Cyuecmeyem HecKOIbKO Me-
XAHU3MO8, UHUYUUPYIOWUX d2pe2ayurl0 mpoMOOYUmos, u Kaxcoulil u3
HUX peanu3yemcs npu onpedeerHbIX yCiosusax in vivo. B mo dce épe-
M5 HeOOX0OUMO YHUmMvleams GIUAHUE HA SMOM NPOYECC OMOEeTbHbIX
6enkoe niazmel kposu. Lens Hacmosuezo 0630pa — 0606wums cospe-
MeHHbie OaHHbIe, NOCEAUCHHbLE A02E3USHBIM MOLEKYIAM U UX peyen-
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mopam, obecneuusaiowum mpoMoOOYUMapHyio azpezayuio 8 pasiuy-
HbIX YCIOBUSAX.
Kniouesvle cnosa: azpezayus mpomboyumos, aozesueHble MOIeKybl.
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