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Abstract

In this article, observed mechanisms of platelet activation, adhesion and
aggregation at the molecular level are reviewed. The role of different blood
constituents, platelet integrins, tissue factors, and extracellular matrix ligands
in platelet adhesion and activation are also presented. In extreme flows, as
found in heart assist devices or severely stenosed vessels, pathologic platelet
deposition is very likely to occur. For this reason, experimental measurements
on effects of flow characteristics, particularly shear stress, on the rate of platelet
accumulation, embolism, and thrombus stability are also reviewed in this paper.

Keywords: Glycoprotein; Hemostasis; Integrin; Shear stress; Thrombosis,
von Willebrand factor

Abbreviations

ADP: Adenosine Diphosphate; CICR: Calcium Induced
Calcium Release; ECM: Extracellular Matrix; GP: Glycoprotein;
GPCR: G Protein-Coupled Receptor; PPACK: D-Phe-Pro-Arg
Chloromethylketone; TP: Thromboxane receptor on Platelet; TxA
Thromboxane A; VLA: Very Late Antigen; vWD: von Willebrand
Disease; vWT: von Willebrand factor

Introduction

Platelets whether suspended in the blood stream or attached
to the vessel wall are the main blood component involved in blood
clot formation [1-3]. They can bind together and have three forms
depending on the flow conditions: grouping of platelets in hemostasis
called plug, floating platelet thrombi (aka emboli) that can be carried
by blood flow, and deposited mural platelet aggregates on sub
endothelium known as plaque. Hemostasis is a natural mechanism,
which arrests hemorrhage [4]; however the other two forms occur
only under pathologic conditions. Several studies in various
vasculatures have been carried out to elucidate the role of potential
mechanical and biological elements at play. The role of platelet
activation in adhesion, platelet adhesion rate, and the function of
different molecules and cells are dictated by the biophysics of the
blood flow. Therefore, processes of flow and mass transfer strongly
affect the platelet accumulation rate, intraclot transport, and clot
stability and decomposition.

Platelet activation and its role in adhesion and aggregation

Once platelets adhere to the vessel wall, specifically to the
endothelium, they get activated, change dramatically in shape from
a discoid ball to a sphere [5] to first increase the adhesion area and
second, stimulate other platelets resting in plasma to become activated
through biological mechanisms. These mechanisms include signaling
pathways [6] in the platelet extracellular membrane and secretion of
soluble thrombogenic agonists into the plasma. Activated platelets
in turn release their stored granules, including oc granules and dense
granules to the plasma, which leads to sudden increase in the local
concentration of agonists necessary for atherosclerosis [7]. Unlike

the initiation of adhesion of platelets exposed to subendothelium, the
formation of platelet aggregates is based on the platelet-platelet and
platelet-agonists interactions.

Constituents involved in platelet activation

Collagen, Adenosine Diphosphate (ADP), Thromboxane A,
(TxA,), thrombin, and fluid shear stress can alter processes leading
to platelet activation. Therefore, platelet activation cannot be
determined solely by one of these factors. However, each factor has
its own contribution and could be defining for activation. Collagen
can activate platelets upon surface contact [8] and the activation is
mediated by Gly-Pro-Hyp sequence and requires the presence of
glycoprotein VI on the platelet membrane [9].

The role of ADP in platelet activation has been studied broadly
to identify its contribution to the process [10-14]. Platelet activation
propagation away from the wall is attributed to ADP proteins, which
are released by dense granules from activated platelets [15]. So, ADP
makes activation possible for platelets without their direct contact
with the vessel wall, but it has been shown that it has a major role
only at low concentrations (<1yM)[16]. Thrombin (aka coagulation
factor ITa or E.C.3.4.21.5) can form through proteolysis process
and transformation of factor II (prothrombin) to Ila during platelet
activation. The role of thrombin in activation has been quantified
[17,18] and compared to collagen-induced activation by [19]. Enough
concentration of collagen is required for thrombin generation from
prothrombin (referred to as the threshold effect of collagen). In the
presence of 4 u/ml collagen, 0.1 nmol/L thrombin is enough to evoke
maximal platelet activity in prothrombin and factor X activation [20].
In the absence of collagen, there is a slow increase in both activities for
increased amount of thrombin. For high thrombin concentrations,
the platelet activity is still lower that of platelets stimulated by the
combined action of thrombin and collagen. It was shown that
the collagen concentration of 0.5, 0.75 nmol/L and 1.2 nmol/L,
respectively have threshold, half-maximal, and maximal effects in
platelet activation and aggregation. For collagen concentrations
higher than 1.2 nmol/L, the generation of thrombin is not affected
by collagen (asymptotic effect of collagen). Platelet activation also

Thromb Haemost Res - Volume 1 Issue 2 - 2017
Submit your Manuscript | www.austinpublishinggroup.com
Tafti et al. © All rights are reserved

Citation: Hosseinzadegan H and Tafti DK. Mechanisms of Platelet Activation, Adhesion and Aggregation.
Thromb Haemost Res. 2017; 1(2): 1008.



Tafti DK

Austin Publishing Group

W von Willisbrand factor
GPYL o, e adbesive integein receplon
GPib, 0, [y colsive integrin receptors
ADP: adenosine diphasphate

Tiuhy: thromboxane A,
AT anti-thrambin

4

A A [
ADP| Tahy| Thrambin |

Ty A
ADP| Teh;| Theombin

Plasma
Prothrombin
AT

Collagen it

Subendothelium

Figure 1: Blood constituents and tissue factors involved in platelet activation
and adhesion. Images are reprinted from [26] and with permission from Wiley
Online Library.
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Figure 2: (A) Stages of platelet adhesion and activation [46]. A traveling
platelet is pushed toward the wall by shear-induced diffusion mechanism
and captured at the wall. Irreversible platelet adhesion occurs if platelet is
decelerated and activated; otherwise flow will detach the captured platelet.
(B) The associated kinetic scheme; P: free platelet transported by the flow
far from the wall; P, : the same platelet in the near-wall layer; R: the captured
platelet rolling along the wall; M: firmly adhered platelet.

stimulates formation of another aggregation agent that contributes to
thrombus formation, TxA, with platelet signaling via the arachidonic
pathway [18,21,22]. TxA, along with thrombin and ADPs bind
to their specific receptors on the platelet membrane and activate
those receptors [23]. The formation of microparticles is another
implication of platelet activation and is widely used as a detector of
platelet activation in experiments [24,25]. Figure 1 summarizes the
major components involved in platelet activation and adhesion [26].

Platelet adhesion to subendothelium

The role of integrins and receptors: In case of occurrence of
pathological changes, platelets tend to adhere to the subendothelium
to arrest the bleeding and maintain the vessel wall integrity. One of
the prerequisites is the presence of specific receptors on platelets and
vessel wall. Both vessel wall and platelets” surface have integrins and
receptors on them.

Subendothelium-specific integrins: Collagen is one of the
major thrombogenic proteins on the vessel walls, available in the

Table 1: Blood and subendothelial matrix constituents and their associated
platelet receptors. In the extracellular space, the soluble agonists bind their
cognate platelet receptors to initiate inside-out signaling. Binding of platelet
adhesion receptors to subendothelial matrix ligands (collagen, vWf, laminin,
fibronectin) or to immobilized fibrinogen deposited from the lumen area initiate
the signaling pathways.

Soluble agonists Platelet receptors

ADP P2X1, P2Y1, P2Y12

Thrombin GPlba, PAR1, PAR4
TxA2 TP
Epinephrine a2A

Subendothelial matrix ligands Platelet receptors

VWF GPIb-V-IX
Collagen a,B,
Fibronectin aB,
Collagen, Laminin GPVI
vWH, fibrinogen, fibronectin a,.B,

subendothelial matrix [27]. The integrin «,f, and the glycoprotein
GPVI are the adhesion receptors of collagen [28,29]. GPVI is the
common adhesion receptor between collagen and platelets. The
von Willebrand (vWf) protein, synthesized in the platelet’s internal
cytoskeleton core (megakaryocytes) [30] and in the endothelial cells
[31], is the other factor available in soluble state both on vessel walls
and in plasma. The role of vWf in mediating platelet adhesion was first
indicated by [32]; 10 times longer bleeding time caused by impaired
platelet adhesion to vessel wall surface was shown for patients with
von Willebrand disease (vWD). The relationship between the levels
of human vWTf and platelet adhesion to cultured endothelial cells
under ex-vivo and in-vivo conditions has been established in pig
lung, porcine pulmonary artery and aorta [33,34]. In addition to
these components, fibronectin, thrombospondin, and laminin from
the subendothelium could affect the rate of platelet adhesion to the
subendothelial matrix [5,35]. The role of Glycoprotein IV (GPIV)
is unclear as the other collagen receptor [8,15]; it can probably
mediate adhesion [36]. However, Tandon et al. [37] showed that this
glycoprotein can adversely affect platelet activation as 10 nM of GPIV
resulted in 50% inhibition of collagen-induced platelet activation.

Platelet-specific receptors

The integrins a2[3 , (referred to as GPIa-IIa), Talin-1, GPVI,
GPIb-IX-V and vWTf are the five adhesion receptors available on the
platelet membrane surface [30,38]. Talin-1 is the essential integrin
in the platelet adhesion process [23]. Also GPIa has been shown to
be necessary for human platelet-collagen adhesion [34]. Platelets
can have the vWf on their outer surface [39], being formed by
glycoprotein GPIb-IX-V [30]. The other adhesive integrin receptor,
a,,B, (known as GPIIb-IITa or fibrinogen receptor) available on the
platelet extracellular membrane [28], enables platelet-platelet binding
and comes into play when an activated platelet is exposed to adjacent
activated platelets and fibrinogen proteins floating in the plasma [11].
The role of &, 8, in initiation and early formation of platelet adhesion
to the subendothelial cells under in-vivo conditions is not clear yet;
however, studies suggest that GPIIb-IIIa along with a8, (VLA-5) is
one of the two necessary factors in mediating platelet adhesion to a
fibronectin-coated surface [15,40].
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Figure 3: VW1, platelets, and P-Selectin visualized in a small post located in the middle of flow within a microfluidic channel. Platelets are activated and adhere to
fibrous vWf which was generated from initial fiber capture using apixaban and PPACK-inhibited platelet-free plasma at shear rate of 10,000 sec*. Then, vWf was
labeled using polyclonal fluorescent anti-vWf antibody in HBS and then was washed with HBS to reduce background. The right and left images at each shear rate
are shown to highlight the activated platelets on the surface of vWf. (A) The shear rate was reduced to 1500 sec™ and 3000 sec* and apixaban and PPACK-inhibited
whole blood labeled with platelets and P-selectin was perfused on fibrous vWf. Platelets attach, roll and firmly bind to the fibrous vWf at both shear rates. (B) The
B, antagonist) to whole blood leads to inhibition of firm platelet adhesion to the vWf fibers. (C) Wall shear rate contours around the post
at the flow rate of 5 uL/min. Images are reprinted from [55] and with permission from Wiley Online Library.
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Platelets mainly adhere to collagen (types I, III, IV) or to vWf
molecules found in collagen [15,41]. Collagen fibers can augment
adhesion by connecting to platelet glycoprotein, GPIa-IIa. GPIa-IIa is
the most important receptor for collagen also known as a3, or VLA-
2 [40] and binds to the Extracellular Matrix (ECM) components [28]
and mediates adhesion of all types of collagen [40-42]. Platelets also
adhere to collagen via GPVI and to vWf via the membrane adhesion
receptor, glycoprotein Ib-IX-V (GPIb-X-V) [28]. vWTf in turn can
bind to fibronectin-containing fibers [41], collagen types IV and V
and purified collagen types I and IIT [31]. Studies suggest that the
specific component of the subendothelium to which vWf binds is
type VI collagen [43]. Platelets can also adhere to type I collagen
fibrils with bound vWf on the surface tissue with mediation of platelet
integrins ocZ/J’ , and zxmﬁj [44]. In addition to vWT{, laminin, fibronectin,
and thrombospondin on the vessel surface may play a role, although
minor [35], in mediating platelet adhesion [15,23,40,45]. Table 1 lists
different matrix and blood components and their associated platelet
receptors.

Floppy vs. firm adhesion

Platelet adhesion to the Extracellular Matrix (ECM) can be
floppy (at initial stage) or firm depending on the type of participating
receptors (Figure 2). For reversible platelet adhesion or tethering,
the interaction between vWTf from exposed subendothelium collagen
and the platelet receptor GPIab (GPIb-V-IX) [23] through signaling
pathways [6] or presence of enough platelet vWf integrin [39] is
required. This leads to unstable adhesion [44], whereas firm platelet
adhesion on Extracellular Cell Matrix (ECM) or collagen is mediated
by the platelet receptor GPVI together with other platelet receptor G
Protein-Coupled (GPCRs) stimulated by local secretion of agonists
[23]. Along with these stimulated receptors, the platelet integrin j3,
converts from low affinity resting state to high affinity state and binds
to fibronectin, laminin collagen, and «lIbf,. Among these receptors,
«,B, is the key element on platelet membrane required for firm
adhesion. Calcium Induced Calcium Release (CICR) mechanism
also sustains and amplifies integrin « 3, activation resulting in firm
adhesion [6].

Effect of blood flow and shear rate

The contribution of interactions between specific adhesive
receptors and soluble stimuli to thrombogenesis can be dependent
on the blood flow conditions [46]. Although the sequence of events
associated with platelet adhesion, aggregation and activation may
remain the same, their occurrence and intensity, as well as the
interaction of contributing components with each other can be highly
dependent on the local blood flow characteristics [47].

Platelet adhesion and aggregation take place under a wide range
flow conditions (shear rates of 20-1,800 sec!) as well as at shear rates
as high as 20,000 sec [48]. The effect of flow shear rate on rate of
platelet adhesion to subendothelium was first investigated extensively
in the literature by [49-51]. The initial rate of platelet adhesion was
shown to increase with increasing vessel wall shear rate up to shear
conditions as high as 2,600 sec. After 2,600 sec’', the rate of adhesion
decreased with increasing wall shear rate. It has also been indicated
that thrombi formation rate increases suddenly between shear rates
of 650 sec! and 1,300 sec” and continues increasing up to a shear rate
of 10,000 sec™ [52].

Several studies have been performed to reveal the potential
relationship between local shear stress in the blood flow and
unfavorable platelet aggregation and adhesion in various vascular
systems. Bark et al. [53] experimentally studied the platelet adhesion
in stenosed tubes and reported an increase in platelet adhesion with
increasing wall shear rate from 100 sec! to 6000 sec™. After 6000 sec™’,
they observed a negative correlation between platelet adhesion rate
and wall shear rate. Mehrabadi et al. [54] reported a similar trend of
platelet adhesion; however they reported maximum platelet adhesion
at a shear rate of 20,000 sec. They also attributed the rapid thrombus
growth at high shear rates (>4000 sec) to elongation of vWf which
mediates platelet capture. The contribution of interactions between
specific adhesive receptors and soluble stimuli to thrombogenesis can
be dependent on the blood flow conditions. Thus conclusions based
on experiments carried out under high shear conditions may not
necessarily generalized to low shear conditions [6].
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Platelet activation also requires a certain critical level of shear
rate to occur. In arterial flows, platelet activation is reported for shear
rate values of higher than 400~500 sec™ [24]. This activation increases
significantly in higher shear rates (>10,500 sec™).

Interactions between adhesive receptors on arterial extracellular
matrix and platelets, and their subsequent activation and response,
required for platelet adhesion, are also functions of blood flow
conditions.  Therefore, understanding the shear-dependent
phenomena associated with the response of these factors in different
stress conditions is necessary to explain the dependence of reaction
kinetics as well as platelet adhesion, activation, and aggregation on
shear stress. The strong dependence of vWTf on shear rate, as one of
the most important adhesive glycoproteins, was explained by [15];
in flow conditions with shear rates lower than a critical threshold,
adhesion of platelets takes place by mechanical pathways, such as
diffusion, rather than chemical reaction kinetics [15,52]. However, in
high shear rates platelet adhesion to subendothelium is mediated by
surface reactivity of platelets, which requires necessary amounts of
vWf{ molecules. Besides, the intensity of platelet adhesion to vWf-rich
subendothelium is directly correlated with local shear rate. Herbig
and Diamond [55] showed that platelets roll and adhere on vWf
fibers at both shear rates of 1500 sec’! and 3000 sec™’, but pathological
shear rate (3000 sec) results in the generation of P-Selectin (Figure
3). P-selectin functions as a cell adhesion molecule on the surfaces of
activated endothelial cells. This matches with previous observations
on endothelial-anchored vWf [56], immobilized plasma vWf [57,58],
and fibrous vWTf on collagen [59] and shows the important role of
fibrous vWf in shear-mediated platelet activation.

Activation of integrin, ocub/J’3, the most important integrin that
mediates platelet firm attachment, also depends on the acting shear
rate. At y< 200 sec’, a8, and «,, B, get activated by bonds between
GPVI receptors and collagen so fast that platelets firmly stick to the
surface of the vessel wall.

The shear-dependent role of thrombin was also studied by [60]. It
has been indicated that thrombin contributes to thrombus formation
only in low shear rate conditions (<650 sec) or shear rates higher
than 2600 sec” with perfusion times as long as 30 min.

Activation-independent platelet adhesion

Although binding of adjacent activated platelets lead to formation
of aggregates, platelet aggregation, as well as stable adhesion, does not
necessarily require their activation [57]. Under high shear conditions
platelets can aggregate without requiring platelet activation. Platelet
aggregates can form in the lumen area without needing to have
contact with the vascular surface when resting platelets are subject to
very high fluid shear rates (>5,000 sec™) [61].

Conclusion

Blood components, including platelets, and surface tissue
factors operate under a wide range of flow conditions, from stasis
to depressed flows, from venous to arterial flows, to extreme flows
of stenosis or other pathologies. Molecular and cellular mechanics,
as well as biochemical reaction kinetics, have been studied in the
context of the macroscopic flow hemodynamics. Numerous studies
exist for modeling and in vitro and in vivo investigation of blood
components function under relevant flow conditions [48,51,62-65].

Further research in this area will help identify patients with high risk
of thrombosis and designing improved diagnosis and assist devices
[66,67].
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