+— ;
computation

Article

Intraplatelet Calcium Signaling Regulates Thrombus Growth
under Flow: Insights from a Multiscale Model

Anass Bouchnita * and Vitaly Volpert 23

check for
updates

Citation: Bouchnita, A.; Volpert, V.
Intraplatelet Calcium Signaling
Regulates Thrombus Growth under
Flow: Insights from a Multiscale
Model. Computation 2024, 12, 99.
https:/ /doi.org/10.3390/
computation12050099

Academic Editors: Rainer Breitling,
Fabrizio Mafessoni and Gennady

Bocharov

Received: 16 March 2024
Revised: 30 April 2024
Accepted: 7 May 2024
Published: 12 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Mathematical Sciences, The University of Texas at El Paso, El Paso, TX 79968, USA

2 [Institut Camille Jordan, UMR 5208 CNRS, University Lyon 1, 69622 Villeurbanne, France;
volpert@math.univ-lyonl.fr

3 SM. Nikolsky Mathematical Institute, Peoples Friendship University of Russia (RUDN University),

6 Miklukho-Maklaya St., Moscow 117198, Russia

Correspondence: abouchnita@utep.edu

Abstract: In injured arteries, platelets adhere to the subendothelium and initiate the coagulation
process. They recruit other platelets and form a plug that stops blood leakage. The formation of
the platelet plug depends on platelet activation, a process that is regulated by intracellular calcium
signaling. Using an improved version of a previous multiscale model, we study the effects of changes
in calcium signaling on thrombus growth. This model utilizes the immersed boundary method
to capture the interplay between platelets and the flow. Each platelet can attach to other platelets,
become activated, express proteins on its surface, detach, and/or become non-adhesive. Platelet
activation is captured through a specific calcium signaling model that is solved at the intracellular
level, which considers calcium activation by agonists and contacts. Simulations reveal a contact-
dependent activation threshold necessary for the formation of the thrombus core. Next, we evaluate
the effect of knocking out the P2Y and PAR receptor families. Further, we show that blocking P2Y
receptors reduces platelet numbers in the shell while slightly increasing the core size. An analysis
of the contribution of P2Y and PAR activation to intraplatelet calcium signaling reveals that each
of the ADP and thrombin agonists promotes the activation of platelets in different regions of the
thrombus. Finally, the model predicts that the heterogeneity in platelet size reduces the overall
number of platelets recruited by the thrombus. The presented framework can be readily used to
study the effect of antiplatelet therapy under different physiological and pathological blood flow,
platelet count, and activation conditions.
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1. Introduction

Platelets play vital roles in arterial thrombosis. They aggregate and form blood plugs
to prevent blood loss. Calcium signaling triggers platelet activation when stimulated by
contact with other platelets, von Willebrand factor (vWEF), collagen, thrombin, or Adenine
nucleotide translocator (ADP). Activated platelets become more adhesive, producing
agonists that recruit more platelets. Platelet adhesion and activation are crucial initial
steps in arterial and microvascular hemostasis, particularly under conditions of high shear
stress. This process can be triggered by the binding of platelets to collagen, by damaged or
inflamed endothelial cells, or through the action of soluble biochemical agonists [1-3]. The
roles of red blood cells (RBCs) in thrombosis and hemostasis are becoming increasingly
established. Recent studies highlight their contribution not only through mechanical
and rheological effects but also via biochemical responses, aggregation, and participation
in cellular signaling [4-6]. Excessive activation may cause the formation of larger clots
that obstruct blood flow, while reduced activation results in unstable clots that do not
stop bleeding.
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At the intracellular level of platelets, calcium (Ca?*) is activated through various
signaling pathways when agonists bind to their receptors in a dose-dependent manner [7].
Elevated Ca?* concentrations trigger shape changes, degranulation, and aITbB3 integrin ac-
tivation [8,9], the expression of which increases the adhesiveness of platelets and promotes
their aggregation. One of the key mechanisms that contribute to the first steps of platelet
recruitment and activation is the GPIb receptors. Upon initial contact, the mechanical
stimulation of GPIb receptors in the presence of vVWF can lead to the intermediate activation
of GPIIb/IIla integrin receptors [10]. This allows platelets to form weak adhesive bonds,
which initiates the aggregation process. If platelets remain in contact for a longer period of
time, they become activated and form stronger bonds as they express allbB3 integrins upon
activation. As a result, they constitute a stronger aggregate that resists removal by blood
flow and stops blood leakage. ADP and thrombin are key agonists that play significant roles
in platelet activation by inducing intracellular calcium (Ca?*) mobilization and the subse-
quent activation of platelets. ADP works through G protein-coupled receptors, P2Y1 and
P2Y12, on platelets to trigger intracellular calcium [11], while thrombin activates platelets
via protease-activated receptors (PARs) [12]. The combined effects of ADP and thrombin
are complex, even though both proteins are expressed by activated platelets. Indeed, ADP
has a much larger diffusion rate than thrombin [13], while thrombin generation is amplified
within the clot due to the biochemical reactions of the coagulation cascade [14].

The process of platelet aggregation is reinforced by the production of agonists, such
as ADP, by activated platelets. Active platelets express negatively charged phospholipids
(PSs), thrombin, and other procoagulant factors on their surface, which contribute to the
generation of the fibrin polymer. The production of the fibrin mesh is critical for the
stabilization of the thrombus as it traps platelets and holds them tightly together. In the
later stages of this process, parts of the aggregate are detached from the clot as they get
pulled out by blood flow. The fibrin mesh forms a cap that covers platelets and prevents
them from making new connections [15]. It also solidifies interplatelet connections, which
makes the clot more resistant. Ultimately, the process of platelet aggregation stops when all
platelets forming the clot become non-adhesive and no longer secrete agonists.

Various modeling techniques describe blood coagulation in flow, and they fall into
three categories: continuous, discrete, and hybrid multiscale models [16,17]. Continuous
models use partial differential equations (PDEs) for blood factor concentrations and simu-
late blood flow with Navier-Stokes equations [18-20]. An important technical challenge
encountered in this approach is addressing the interaction between the flow and the clot.
This can be achieved by considering blood as a viscoelastic non-Newtonian fluid [21],
whose viscosity depends on the concentration of fibrin. Another technique entails consider-
ing the thrombus as a porous medium whose hydraulic resistance is given according to
the concentration of fibrin polymer [22]. This method can also be used for the simulation
of arterial thrombus formation by using PDEs to describe the concentration of platelet
subtypes and assuming that the clot resistance depends on the concentration of aggregated
platelets [13,23,24]. Another class of continuous models uses mixture theory to capture the
interactions between platelets, plasma, red blood cells (RBCs), and the clot [25-27]. Discrete
models track individual cell actions using methods like dissipative particle dynamics (DPD)
or Smoothed-Particle Hydrodynamics (SPH) [28,29], while multiscale modeling combines
continuous and discrete descriptions of the underlying mechanisms [30-35]. The DPD
method was particularly successful in capturing platelet adhesion dynamics [36] and the
interplay between red blood cells and macrophages during sickle cell disease [37]. In multi-
scale models, blood flow can be introduced using DPD or Navier-Stokes equations, while
platelets can be represented as discrete objects. The kinetics of the coagulation cascade are
usually captured using PDEs. This approach enables the integration of various clot growth
mechanisms at both the cellular and plasma scales. The immersed boundary method has
also been used to describe platelet aggregation under flow [38,39]. Initially, this method was
developed to describe the interaction between blood flow and heart valves [40]. Recently, it
was successfully applied to study sub-clinical leaflet thrombosis [24]. The advantage of this
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method is that it can describe the interplay between moving boundaries (shells or solids)
and the flow without having to recompute the domain mesh after each step. Alternatively,
dynamic adaptive mesh can be used to introduce the effects of wall deformations due to
flow pulsations [41]. Overall, there is a lack of multiscale models that integrate calcium
signaling dynamics at the platelet level while capturing other effects contributing to throm-
bus growth, such as hemodynamics and their interplay with the platelet aggregate and the
thrombus, as well as thrombin generation and fibrin polymerization. Our previously devel-
oped model integrates all of these features into a single framework [39], which makes it
suitable for the investigation of the effect of both intraplatelet and extraplatelet mechanisms
contributing to thrombus formation. In this work, we improve this framework by validat-
ing the intraplatelet dynamics and applying them to study the effects of perturbations in
the calcium signaling pathway on the development of the thrombus.

Mathematical modeling was also applied to gain insights into the kinetics of calcium
signaling in platelets under various stimulation conditions. Ordinary differential equation
(ODE) systems were used to reproduce experiments for Ca?* activation following the
stimulation of the PAR receptors [42]. Another ODE-based model studied the interaction
between the different pathways leading to Ca?" activation, including the nitric oxide
(NO)/cGMP/cAMP cascade [43], while a recent work used neural networks trained using
experimental data to predict the activation of platelets in response to combinatorial ago-
nists [44,45]. These trained neural networks were subsequently introduced in a multiscale
model of platelet aggregation under flow in 3D to describe the response of platelets to
various agonist stimuli [46].

In this paper, we will use an improved version of a previously developed multiscale
model of platelet—fibrin thrombus growth to study the effects of alterations in intracellular
calcium signaling on the dynamics of platelet aggregation and thrombus formation [39].
The model uses the immersed boundary method to capture the interplay between blood
flow and platelets, described as elastic spheres. It describes the regulatory dynamics of the
coagulation cascade and thrombin generation similarly to our previous studies on venous
clot formation [18,47]. The kinetics of platelet aggregation were taken from previous works
by Tosenberger et al. [33]. The framework also considers the intracellular kinetics of calcium
signaling through a specific model that describes Ca?* activation due to contacts with
other platelets, as well as through the stimulation of the PAR and P2Y receptors. The model
successfully reproduces the kinetics of thrombus formation reported in in vivo experiments
of platelet aggregation under flow [48]. Using computer simulations, we elucidate the
roles of contact stimulation, ADP, and thrombin on the formation of the platelet plug and
investigate the effect of platelet size heterogeneity. The computational framework presented
in this paper can be readily used to improve our understanding of antiplatelet action and
gain insights into the mechanisms regulating thrombus growth at both the intraplatelet
and plasma scales.

2. Multiscale Modeling of Platelet-Fibrin Thrombus Formation

We improve our previously developed platelet-fibrin model to explore the effects of in-
traplatelet calcium signaling on thrombus formation [39]. This model utilizes Navier-Stokes
equations to represent blood flow and includes partial differential equations to describe
coagulation cascade kinetics, encompassing the main biochemical processes leading to
thrombin generation and fibrin mesh formation [18,47]. Platelets are treated as discrete
spheres, exhibiting mobility, aggregation, activation, and agonist secretion. Interactions
between platelets and blood flow are captured through the immersed boundary method,
while platelet aggregation kinetics are taken from a previously developed model [33].
Platelet activation is governed by intracellular calcium (Ca?*) phosphorylation, triggered
by interactions with other platelets as well as exposure to agonists such as ADP or thrombin.
We fine-tune rate constants for these pathways to approximate experimentally observed
kinetics. Figure 1A provides a schematic of the captured mechanisms, while Figure 1B
presents a snapshot of a typical numerical simulation conducted using the model.
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Figure 1. (A) Schematic representation of the mechanisms regulating thrombus formation captured
by the model. The model describes the interactions between platelets in the flow through integrins
and their receptors, as well as exposure to ADP and thrombin. The biochemical reactions of the
coagulation cascade in the flow are initiated through exposure to injured tissues. They culminate
in the generation of thrombin, which forms the fibrin mesh that traps a part of the clot. Thrombin
self-amplification is arrested by activated protein C, blood flow, and antithrombin. (B) A snapshot of
a numerical simulation showing the formation of a platelet plug under flow. Yellow spheres depict
platelets attached to the subendothelium, purple ones correspond to mobile platelets in the flow,
cyan spheres represent platelets connected by weak bonds, orange spheres illustrate active platelets,
and dark-red spheres indicate platelets covered by fibrin. Interplatelet bonds are represented by
white lines.

2.1. The Coagulation Cascade

We use a previously developed model to describe the kinetics of thrombin genera-
tion [47]. The advantage of this model is that its parameters can be fitted to reproduce
any patient-specific thrombin generation curve. It consists of three equations for the con-
centrations of prothrombin, thrombin, and factor Xa, obtained by using quasi-stationary
approximations of a more complete model [49]. After incorporating the effects of diffusion
and advection by the flow, we describe the spatial distributions of factor Xa (U), thrombin
(T), and prothrombin (P) as follows:

ou

- T V-(ul - DVU) = (Ko T + K3T?)(U° — U) — Ky, (1)
oT K¢T + K;T? 4 KgT®
5 HV-(uT = DiVT) = (KsU + e +01)P — KoT, 2)
oP _ KeT + K7T% + KgT?
5 +V.(uP=DiVP) = —(KsU + e +07)P. @)



Computation 2024, 12, 99

50f19

Here, the second terms on the left-hand side of the three equations describe the diffusion of
these three proteins and their transport by blood plasma, and o7 represents the activation
of prothrombin by activated platelets as they express negatively charged phospholipids
on their surfaces. It takes a constant value on the computational mesh points occupied by
activated platelets and is zero elsewhere. The values of the parameters Ky, K, K3, ..., Ko,
as well as the initial concentrations of prothrombin (Py) and factor X (U°), are taken from
previous studies [47]. C represents the concentration of activated protein C, which stops
the lateral expansion of thrombin self-amplification. We prescribe a zero-flux condition at
all boundaries for the three chemical species except for prothrombin, which is subject to
the boundary condition P = Py at the inlet. We consider zero-flux boundary conditions
for thrombin and factor Xa everywhere except for the injury site, where we consider the
following condition describing the activation of factor X by the complex TF-FVIla during
the initiation stage [19]:

au KU’ -u
on ~ D(L+ (W0 —U))

(4)

Here, U° represents the concentration of factor X in the bloodstream, taken from a previous
study [47], and B is a positive constant equal to 100 nM~!. Next, we add the equations for
fibrin production:

? + V.(qu — DfVFg) = _KllTFgl (5)
oF
57+ V-(uF = DfVF) = KnTF — KyoF, (6)

where, F; and F describe the concentrations of fibrinogen and fibrin, respectively. We
prescribe the inlet and initial condition of Fg = Fyq for fibrinogen. The zero-flux condition
is prescribed at the rest of the boundaries. The same condition is applied everywhere
for fibrin. We also simulate the concentration of ADP in the flow. ADP is produced by
activated platelets and has the ability to activate other platelets through the activation of
the P2Y receptors. We describe its concentration as follows:

0A

g + V(UA - DQVA) =0y — K13A, (7)
where 07 is the rate of ADP production by activated platelets. It takes a constant value in
nodes occupied by activated platelets and zero elsewhere. To these equations, we added
one equation for activated protein C (APC). It is one of the mechanisms that stop the lateral
expansion of the thrombin self-amplifying generation loop:

)

aff + V.(uC — D;VC) = —Ky4C. (8)
Note that APC is activated by the thrombin-thrombomodulin complex. It results from the
interaction of thrombin with thrombomodulin, which is expressed in healthy tissues. We
describe the production of this component on intact tissues using the following boundary
condition: L TT

_ T4 4im
[T—Tm] = 1T k1T,

Then, we prescribe the following boundary condition for APC in healthy tissues:
oC _ B1[T —Tm](C’—-C)

an  D(1+p2(CO-Q)) " ®)

The inlet and initial concentrations of the zymogens prothrombin and fibrinogen are set to
their physiological values, and the zero-flux boundary condition is used at the remaining
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boundaries. As for the other coagulation factors, we apply the zero-flux boundary condition
at all boundaries.

2.2. Blood Flow and Clot Permeability

Since the study is restricted to high-shear hemodynamics, we describe blood flow as
an incompressible Newtonian fluid as follows:

Ju
p= +p(uV)u=—-Vp+ puAu— L ﬁg(x) +f Vau=0, (10)

ot K f K,
where u is the flow velocity, p is the pressure, p is the density of the blood, y is the dynamic
viscosity, considered to be a constant since we are dealing with a Newtonian fluid, and
f is obtained from the elastic interplatelet connections described in the next section. The
influence of the clot is captured through the third term on the right-hand side of the
equation, where Ky is the hydraulic permeability of the clot [50]:

1 16

E;——-&Ef%(l—%56f8). (11)

Here, F = min (%, ﬁ) is the normalized concentration of fibrin in the clot, considered

to be bounded by a value corresponding to the normal permeability of the clot, and « is the
radius of the fibers.

The term K% g(x) describes the impermeability of platelets within the clot to flow. Here,
K, assumes a suitably large value to impede flow through platelets residing in the clot.
Meanwhile, the function g(x) takes the value 1 in nodes hosting attached platelets and
0 elsewhere, with the exception of weakly connected platelets, where g(x) is assigned a
value of 0 because these platelets are not sufficiently attached to resist removal by the flow.

We use the immersed boundary method to introduce the effects of platelet movement
on local hemodynamics [40]. In this method, the forces exerted on the flow, considered
in Equation (10), are computed by spreading the forces exerted on all platelets to the
computational mesh:

N
f:n);l/o(F +F)o(|[x — Xal]), (12)

where F? and F* are the sum of aggregation and repulsive forces applied on the n-th platelet,
and ¢ is a radial-basis function [39].

We assume that blood plasma is driven by the pressure difference, and we prescribe
the pressure p;, at the inlet I';;, and the pressure p,,; at the outlet I',;. We consider no-slip
boundary conditions u = 0 at the other boundaries 0Q \ (I';;; UTou). To set the inlet
pressure dependent on shear rate y, we use the formula p;, = 4Lyu/D, where L is the
length of the vessel, and D is the diameter of the vessel. The outflow pressure is set to zero
Pout = 0.

2.3. Platelet Transport and Aggregation

We describe each platelet as a soft sphere characterized by its center and radius. We
track its motion by applying Newton's second law of dynamics to their centers. We consider
that each platelet can be subject to three types of forces: drag force by the flow, repulsive
forces due to contact with other platelets, and aggregation forces due to the integrins
expressed by other platelets [39]:

ma; = F{ + F} + F2.

Here, m is the platelet mass, assumed to be the same for all platelets, and a; represents
its acceleration, while F;i, F;, and F{ denote the drag, repulsive, and aggregation forces
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exerted on the platelet. The drag force is exerted by the flow and causes the transport of
the platelet. It is given by

1
F{ = 5 CapAil[ Vil [V, (13)

where C; is the drag coefficient, taken to be equal to 0.5 for a sphere, A; is the surface area
exposed to the flow, and V; is the relative velocity of the particle to the fluid. Next, we
introduce the repulsive force between platelets. It prevents the aggregated platelets from
overlapping. It is given as the sum of repulsive forces exerted by neighboring platelets:

H:Z%, (14)
]

where ]
FL — —K(di]‘ — ri]')eij if dz] < ri + 1’]‘
1 0 if d,‘j > 1+ 1.

Here, K is a positive constant, di]- is the interplatelet distance, 7; is the radius of the i—th
platelet, and ej; is the normalized vector d;;/[|d;j||. Finally, we describe the aggregation
force using Hooke’s law. The aggregation force applied on platelets is given as follows:

F2 = ZF;‘, (15)
]

where
pa _ { Fidij—rij)eyy ifdy <d.
K 0 if dl] > dc-

Here, F, represents the force strength coefficient, which depends on the strength of the
connection between the two platelets, and d. is the distance of force relaxation, calculated
as 1.2 times the sum of two platelet radii. When the distance between two platelet centers
falls below d. (connection criterion), they connect and remain so until the distance exceeds
dp (disconnection criterion), set as 1.3 times the sum of the radii of the two platelets. The
strength of the existing connection between two platelets (F?) becomes stronger if one of
them becomes activated or if both get covered by fibrin:

Ff if F(X;) or F(

F"= (¢ F if F(Xj)or F(
Ffif F(X;) and F(X;)

F* and both platelets are inactive
F* and at least one platelet is active
> F*.

X;) <
X;) <

Here, F}, Fj, and F§ denote the three strength coefficients for interplatelet connections,
chosen such that F} < Fj < Fj. These represent the magnitudes of weak bonds due to
GP1b receptors, medium bonds due to platelet activation, and strong bonds reinforced by
fibrin. F(X;) represents the fibrin concentration value at coordinates X;, and F* represents
the threshold value of fibrin concentration that covers the clot. New aggregation forces are
only applied on platelets that are not covered by fibrin. Fibrin-covered platelets remain
subject to the previously applied aggregation force, in addition to repulsive and drag forces.
For a platelet to become trapped by the fibrin mesh, the concentration of fibrin at its center
has to exceed a certain threshold (F(X;) > F*).

2.4. Intraplatelet Calcium Signaling

We describe the activation of platelets through calcium signaling due to stimulation
by contact with other platelets as well as the activation of the P2Y and PAR receptors. The
concentration of calcium inside of each inactivated platelet is captured as follows:

d[Ca2+]i 24
T = kcontactGi(t) + kPZYA(Xi) + kPART(Xi) - kd [Ca ]i/ (16)
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where G;(t) represents a time-dependent function, which takes the value of the number of
connections with the neighboring platelets, and A(X;) and T(X;) describe the concentra-
tions of ADP and thrombin at the center of the i-th platelet, respectively. Platelets become
active when the intracellular concentration reaches a certain threshold ([Ca%*] > [Ca%*]*).
The baseline values of the parameters were derived from experimental studies, as indicated
in Table 1.

Table 1. The baseline values of the parameters of the calcium signaling model used in the simulations.

Parameter Value Description
kcontact 25571 Platelet activation within 3 s of bonding [33]
kpoy 8§nM~1s1 Ca’" activation by ADP [51]
kpar 0.011nM~ 151 Ca®* activation by PAR-4 with half-life time of 145 s [52]
kg 0.00962 s~ 1 Ca%t degradation with half-life time of 0.6-1.8 min [52]
[Ca®t]* 100 nM Concentration of Ca?™ in active platelets [53]

2.5. Numerical Implementation

The finite difference method was used to implement the continuous part of the model.
The computational domain was discretized into a grid with 100 x 25 points. A mesh
consistency analysis is provided in Appendix A. We opted for a rather coarse mesh, given
the computationally expensive nature of the model. The projection method was used to
implement the Navier—Stokes equations [54], while the successive over-relaxation (SOR)
method was used for pressure correction. To overcome the convection-dominated nature
of the simulation of advection—diffusion-reaction equations, upwinding schemes were
adopted for the convection terms. The code was written in an object-oriented structure
using the C++ programming language. The Brinkman term was treated implicitly. Further
details of the implementation of the model, as well as the values of the parameters describ-
ing platelet aggregation and blood flow, were provided in our previous study [39]. Note
that the current model was implemented solely in 2D, given its high computational cost.
Its extension to 3D requires more validation and code parallelization. The code is available
upon request to the corresponding author.

3. Results
3.1. Simulation of Thrombus Growth under Normal Physiological Conditions

We begin by studying the dynamics of thrombus formation in a 2D rectangular domain
corresponding to an arteriole of 200 um length and 50 pm diameter. In all the considered
simulations, the steady-state number of platelets in the domain was set to 98, which
corresponds approximately to the physiological platelet count of 250 x 10° L~!. The
enforced pressure difference was adjusted to obtain an arterial wall shear rate value of
1440 s~1, and the length of the injured vessel area was set to 10 um in all simulations.
Initially, we supposed that six collagen-bound platelets initiate the formation of the plug.
We conducted simulations for 60 s of physical time. To eliminate the stochasticity resulting
from the random distribution of platelets at the beginning, we considered the results of
15 simulations and calculated the median and confidence intervals. We calibrated the
interplatelet adhesive force parameters to reproduce the dynamics of in vitro thrombus
growth observed in experimental studies [48], as shown in Appendix B.

The process of thrombus formation begins with platelets getting recruited and forming
weak bonds with their collagen-bound counterparts. Due to the relatively low velocity
of blood flow in the vicinity of the vessel wall, some platelets remain connected for a
long time until they get activated. These active platelets contribute to the generation
of thrombin by two means. First, they express procoagulant factors on their surfaces,
increasing the conversion of prothrombin into thrombin. Second, they form a permeable
medium that allows for the biochemical reactions of the coagulation cascade to take place.
The production of fibrin leads to the development of the thrombus core, which consists of
strongly connected platelets. A screenshot of a numerical simulation showing the core—shell
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structure of the thrombus is shown in Figure 2A. In our simulations, it took approximately
five seconds of physical time to observe the appearance of the first platelets covered by
fibrin and belonging to the thrombus core.

Velocity (mm/s)
ADP (M)

-~ aggregated platelets
150 active platelets
-~ platelets in core

Thrombin (nM)
Platelets number

Time (s)

Figure 2. (A) Numerical simulations showing the formation of a platelet plug in the normal physio-
logical scenario, showing the typical structure of a thrombus, which consists of a shell and a core.
Yellow spheres represent platelets attached to the subendothelium, purple ones correspond to mobile
platelets in the flow, cyan spheres describe platelets connected by weak bonds, orange spheres repre-
sent active platelets, and dark-red spheres indicate platelets covered by fibrin. (B) The concentration
of ADP during the same period of thrombus growth. (C) The concentration of thrombin inside the
clot. (D) The evolution of the number of aggregated, activated, and fibrin-covered platelets during
the simulations. Ribbons indicate 95% confidence intervals.

The recruitment of platelets does not stop after the emergence of the core. Indeed,
activated platelets continue to recruit other platelets to the aggregate by producing agonists
such as ADP and thrombin. Due to its higher diffusion coefficient, ADP can reach the
platelets in the vicinity of the thrombus, which increases their activation and recruitment
(Figure 2B). The generation of the fibrin polymer is concentrated at the center of the clot
due to the high concentration of thrombin in this area (Figure 2C). The expansion of the
thrombus leads to the detachment of parts of the platelet plug due to the drag force exerted
by the flow. The aggregation of platelets is attenuated following the exposure of the platelet
core to the flow. That is because of the non-adhesive nature of the fibrin-covered platelets.
The activation of platelets continues in some simulations, but the size of the clot remains
stable, as these platelets do not attach to the clot (Figure 2D).

3.2. Threshold Response of Platelet Core Formation to the Interplatelet Contact-Dependent
Activation Rate

We study the effect of the calcium activation rate during contact with other platelets
(kcontact) on the dynamics of platelet recruitment and thrombus formation. We consider three
values of the rate of calcium activation, corresponding to faster activation (kcontact = 5 nM~s’1),
slower activation (kcontact = 1 nM-s~1), and very reduced activation (kcontact = 0.5 nM-s~1).
Figure 3 shows snapshots of numerical simulations as well as the changes in the populations
of platelet subtypes over time. In the case of faster contact-dependent activation, the
formation of the platelet plug takes place quickly and reaches its maximum extent within
the first five seconds of the simulations. At this moment, the first platelets covered by
the fibrin polymer are observed. The process of thrombus growth continues with the
expansion of the platelet core for approximately ten seconds. After this phase, the platelet
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plug stops expanding, and the shell of the clot is detached, which leads to the arrest of
thrombus formation.

(A) Keontace = 5 NM.s™* (B)
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Figure 3. (A) Snapshots of numerical simulations showing the formation of a platelet plug for three
values of the rate of calcium activation by interplatelet contact (kcontact). Yellow spheres illustrate
platelets attached to the subendothelium, purple ones represent mobile platelets in the flow, cyan
spheres describe platelets connected by weak bonds, orange spheres correspond to active platelets,
and dark-red spheres indicate platelets covered by fibrin. (B) The evolution of the population of
active platelets over time for three values of the contact-dependent calcium activation rate. (C) The
number of fibrin-covered platelets over time for three values of the rate of calcium activation through
contacts. Ribbons correspond to 95% confidence intervals.

In the case of slower contact-dependent activation (kcontact = 1 nM-s’l), the develop-
ment of the thrombus follows the same mechanism as the one observed for faster activation.
However, the growth rate is significantly reduced. In this case, the process of platelet
aggregation does not reach its maximum extent until twenty seconds. The core of the
thrombus appears at this moment and starts expanding at a slower rate. It does not reach
its maximum extent by the end of the simulation. When considering much slower contact-
dependent activation (kcontact = 0.5 nM-s~1), the thrombus core does not emerge at all. In
this case, the thrombus remains unstable, as most platelets aggregate and get removed by
the flow before they get activated and form stronger bonds.

3.3. P2Y Blockade Reduces Platelet Recruitment in the Thrombus Shell but Does Not Decrease the
Number of Cells in the Thrombus Core

We continue our investigation by looking at the effect of blocking the P2Y and PAR
receptors, which are responsible for calcium activation by ADP and thrombin, respectively.
We studied these questions by running simulations where we set kppy = 0 nM-s~! or
kppy = kpar =0s ! and compared the results to the baseline. In the case where P2Y
receptors are blocked, the recruitment of platelets at the shell of the clot is reduced because,
in this case, all platelets are desensitized to ADP, which is the only agonist that reaches
them due to its higher diffusion coefficient. As a result, the clot size is significantly reduced.
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By the end of the simulation, the number of active platelets in the clot decreases
by 34.61% when the P2Y receptors are knocked out. Interestingly, the number of fibrin-
covered platelets slightly increases, possibly due to the stochastic nature of simulations.
This suggests that ADP does not restrict the formation of the thrombus core. Indeed, the
concentration of other agonists, such as thrombin, tends to be higher in the core region,
which makes the role of ADP in this region marginal. Knocking out the PAR receptors in
addition to the P2Y ones reduces the number of active platelets by 29.41% while decreasing
the number in the core by 50%. Figure 4A shows a snapshot of a numerical simulation in
the case where P2Y or/and PAR receptors are blocked, while Figure 4B shows the number
of platelets by the end of the simulation under the considered scenarios.
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Figure 4. (A) Screenshots of numerical simulations showing the formation of a platelet plug for
three situations where P2Y receptors, PAR receptors, or both are blocked. Yellow spheres represent
platelets attached to the subendothelium, purple ones correspond to mobile platelets in the flow,
cyan spheres describe platelets connected by weak bonds, orange spheres represent active platelets,
and dark-red spheres indicate platelets covered by fibrin. The number of activated platelets (B) and
fibrin-covered platelets (C) by the end of the simulation time in each scenario. Error bars correspond
to 95% confidence intervals.

To gain further insights into these results, we estimated the contributions of both
ADP and thrombin to calcium signaling in each platelet. To achieve this, we calculated the
activation of calcium Ca?* by ADP and thrombin independently as follows:

d[Ca2t]ADP dlCca?t)T
[ dt]l - =kpoy A(X;) — kd[Ca2+]ZADP, % = kparT(X;) — k4[Ca2T]T. (17)

1

Figure 5 illustrates the contributions of both thrombin and ADP to calcium signaling during
anumerical simulation. Figure 5A shows that thrombin increases the signaling of calcium in
platelets in the core region, while Figure 5 suggests that ADP stimulates calcium signaling
in cells in the vicinity of the thrombus. The platelets that face the inflow are activated by
neither thrombin nor ADP due to the convection of these two molecular species by the
flow. Hence, they are activated by mechanical contact. Indeed, in this region, these platelets
enjoy higher stability and remain connected for a longer duration because they are trapped
between the thrombus and the flow.
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Figure 5. (A) The concentration of calcium activated through the P2Y receptor ([Caz"']ZAD Py due to
ADP stimulation in each platelet. (B) The concentration of calcium activated through the thrombin
PAR receptor ([Ca2+]iT) in each platelet.

3.4. Platelet Size Heterogeneity Reduces the Size of the Clot

The effect of platelet heterogeneity is another question that we have studied with our
framework. Changes in the size of platelets are observed in several conditions, including
thrombocytopenia [55] and SARS-CoV-2 infection [56]. Considering that the size of platelets
can be variable depending on health conditions [57], it is not clear what effect this would
have on the dynamics of thrombus growth. To address this question, we ran four sets of
simulations, where the following scenarios were considered: homogeneous platelets with a
normal radius of 1 pm or an increased radius of 1.5 um, and heterogeneous platelets with
a radius sampled from a normal distribution with a mean equal to 1 um and a standard
deviation of 0.1 um, or with larger radii sampled from a normal distribution with a 1.5 pm
mean and a 0.15 um standard deviation. Note that in all the considered simulations, we
considered platelets to have the same mass and express the same number of receptors on
their surfaces.

In the case where the size of platelets is homogeneous, platelet centers form hexagonal
structures similar to a beehive. This enables the formation of strong platelet plugs due to
the high number of connections between platelets. Indeed, each platelet inside the plug can
have up to six connections with other platelets. Further, the high number of connections
accelerates platelet activation. When we consider platelets with a randomly sampled size,
the irregularities in platelet size prevent the formation of the beehive structure. As a result,
there are fewer bonds between platelets at the center of the plug. As a result, the formed
plug is less solid and more easily detached by the flow (Figure 6A). The same observation
is also made when considering larger platelets. However, in this case, the formed thrombi
consist of fewer platelets because a reduced number of platelets are required to form plugs
that get detached. Overall, considering the irregularities in platelet size decreased the
number of active platelets in the clot by roughly 12.5% and 16.6% when the considered
platelet radius was r =1 um and r = 1.5 um, respectively (Figure 6B).
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Figure 6. Cont.
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Figure 6. (A) The structure of the platelet plug when different platelet sizes and distributions of
platelet radii are considered. Yellow spheres depict platelets attached to the subendothelium, purple
ones correspond to mobile platelets in the flow, cyan spheres represent platelets connected by weak
bonds, orange spheres illustrate active platelets, and dark-red spheres indicate platelets covered by
fibrin. (B) The distribution of the number of active platelets in the clot by the end of 15 simulations
under four different scenarios of platelet size distribution.

4. Discussion

This paper studies the effects of intraplatelet calcium signaling on the dynamics of
thrombus formation under flow. To make our previously developed model of platelet—fibrin
clot formation more suitable for this study [39], we calibrated the submodel of intracellular
calcium signaling using available estimates for the kinetic constants. We also enhanced the
thrombin generation part of our model by considering more recently developed models that
are validated against thrombin generation assays [47]. Our multiscale framework encom-
passes the main mechanisms contributing to platelet aggregation and thrombus formation,
such as the coagulation cascade, blood flow and clot mechanobiology, thrombin aggrega-
tion and activation, and intraplatelet calcium signaling. It qualitatively reproduces the in
vivo dynamics of thrombus formation in arteries [48]. Further, the submodels constituting
the framework were validated against other experiments for thrombin generation [47],
venous thrombosis [18,58], and calcium signaling [51-53]. Given the stochastic sources in
the model related to the random initial position of platelets in the computational domain,
we conducted 15 simulations for each studied scenario and considered the average values
of these simulations. We took advantage of the multiscale architecture of the model to
investigate the impact of intraplatelet calcium signaling on the dynamics and outcome of
thrombus formation under flow.

We started our study by investigating the effects of contact-dependent activation on the
initiation and progression of platelet—fibrin thrombus formation. We considered different
values for the rate of contact-dependent activation following stimulation by other platelets.
The considered values correspond to cases of excessive and restricted activation. Our
results have shown that the formation of the platelet core requires a certain threshold for
the rate of calcium activation by contact with other platelets. In this context, it was shown
that the thrombus core acts as a selective molecular prison that retains soluble procoagulant
agonists and increases their effective concentration [59]. Thus, the initial formation of the
platelet aggregate provides an appropriate environment that enables the generation of
fibrin, which holds the platelet plug together and stabilizes the thrombus, allowing further
recruitment of platelets. It was experimentally demonstrated that the formation of the
thrombus core depends on thrombin generation. Indeed, the absence of a platelet core was
obtained experimentally when the anticoagulant hirudin was administered [60].
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Next, we studied the role of ADP and thrombin on platelet recruitment and aggrega-
tion by conducting simulations where we knocked out their respective receptor families,
P2Y and PAR. In the case where the P2Y receptors were knocked out, we observed a
significant reduction in the number of platelets in the thrombus shell, but the number of
platelets in the core remained approximately the same. In this case, the thrombus consisted
mainly of platelets adhering to the thrombus core. The same result was observed in in vivo
experiments when the P2Y antagonist cangrelor was administered to the bloodstream [61].
This confirms the consistency of the model with experimental findings. Indeed, in the
experiments by Stalker et al., the administration of P2Y antagonists significantly reduced
the area occupied by the shell and slightly increased the core area, which agrees with the
results obtained by our model. Other experiments also indicated that blocking contact-
dependent signaling and thrombin reduced the size of the core and made the thrombus
less stable, which also agrees with our model’s predictions [62,63].

The differences between the roles of thrombin and ADP in the recruitment of platelets
can be analyzed by studying their respective spatial distributions within the thrombus.
First, ADP diffuses more broadly than thrombin, which allows it to reach platelets in the
shell. Second, the amplification of thrombin generation requires a threshold concentration
that can only be reached near the injured wall. This is because of (i) the expression of tissue
factor in the injured area, (ii) the higher density of active platelets, which increases thrombin
production and reduces flow velocity, and (iii) the lower flow velocity in the vicinity of the
artery. Hence, the higher thrombin concentration generated due to the triggering of the
amplification phase can only be reached near the wall area, which explains the production
of fibrin polymer exclusively in the core.

Another key question that we have studied with our model is the effects of irregular-
ities in platelet size on the formation of the thrombus. To elucidate these effects, we ran
simulations where the platelet size was either homogeneous or sampled from a random
distribution. It is important to note that, in these simulations, we only changed the radius
of platelets and did not consider changes in ligand expression, agonist secretion, or platelet
mass, which can correlate with the platelet size. Experimentally, studies have shown that
larger platelets tend to be more adhesive and procoagulant [64]. In the absence of this
effect, our simulations suggest that homogeneous platelets tend to build more compact and
dense thrombi than heterogeneous platelets. This is because homogeneous platelets can
form beehive structures, which maximizes the number of connections that each platelet
can make. This results in a faster activation of platelets and a more resistant thrombus.
The simulation results suggest that the effect of platelet size heterogeneity on thrombus
compactness is an important question that needs to be further investigated. The effect of
the compactness of the platelet plug was investigated experimentally and was shown to
play an important role in intra-thrombus transport [65].

This study has a few limitations that need to be discussed. First, the obtained results
were from simulations conducted under specific conditions in terms of shear rate and
platelet count. To generalize these findings, it is important to test whether they hold
under a wide range of physiological conditions. This requires running several simulations,
which would demand access to high-performance computing. Second, although the model
includes the main components contributing to platelet aggregation and thrombus formation,
it does not incorporate the effect of some components, such as thromboxane A2 (TxA2),
which is another agonist secreted by platelets, and von Willebrand (vWF) factor. The
effect of TxA2 was shown to be similar to that of ADP, as it enhances the recruitment of
platelets to the shell due to its higher diffusion [61], while vVWF allows the recruitment
of platelets under high-shear flow conditions [34], a question that is not studied in the
present work. Third, we considered that platelets keep secreting agonists until the end
of the simulation, which results in the activation of a few platelets that come close to the
thrombus, while experimental studies have shown that activated platelets have a limited
number of agonists [66]. The effect of agonist depletion and clot growth arrest was not
studied because our simulations were limited to 60 s. Fourth, the effect of changes in the
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shape of the platelet, as well as their interplay with the fibrin polymer, was not incorporated.
This assumption was made to reduce the computational cost, as our main focus is the effect
of perturbations in the calcium signaling pathway on the thrombus formation process. Fine-
grained models were developed to investigate the role of platelet shape in the coagulation
process [67-69]. However, these models are computationally expensive, which limits their
applicability for quantitative investigations of thrombus growth.

5. Conclusions

Overall, our framework provides a computational platform that can be further im-
proved and used to study the effect of antiplatelet and anticoagulant therapy under a wide
range of physiological and pathological conditions. One advantage of the model is that it
incorporates the main therapeutic targets for several antiplatelet and anticoagulant treat-
ments. It also links the mechanisms regulating platelet activation at the intracellular level to
their function and interactions with their microenvironment. The consistency of the model
with experimental observations makes it suitable for systems biology studies that investi-
gate the mechanisms regulating arterial thrombosis at the intracellular and bloodstream
scales. After further validation, our framework can be deployed as a decision-making tool
using techniques such as machine learning [70,71].
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Appendix A. The Consistency of the Numerical Mesh

To evaluate the consistency of the considered mesh, we compared the results of
simulations to the case where a finer mesh of 200 x 50 grid points was used. Enhancing
the resolution of the mesh requires reducing the time step to ensure the stability of the
numerical scheme. As a result, the simulations become computationally expensive and
require tens of hours to complete, depending on the number of platelets recruited by the
clot. For this reason, we compared only the changes in the number of platelets during the
first 12 s. Figure A1l indicates that the two dynamics of platelet adhesion are pretty close in
the two cases.
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Figure A1. Mesh consistency analysis showing the number of platelets over time when two meshes
are considered: normal and fine meshes with 100 x 25 and 200 x 50 grid points, respectively.
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Appendix B. Model Validation

The model was validated using experimental data from in vitro experiments [48].
These experiments describe the growth of the thrombus in flow conditions that mimic
arterial flow. To validate our model, we adjusted the shear rate to the specific value
of 1500 s~!. Then, we fine-tuned several model parameters to replicate the clot growth
behavior observed in the experiments. Specifically, we modified the interplatelet strength
coefficients to achieve the desired outcomes. The model still reproduces the experimental
dynamics despite the calibration of intracellular Ca*? regulation in the model. Figure A2
provides a comparison between the model results and the experimental data.

150 4,000

100
2,000

50

Thrombus fluorescence

Number of platelets in the clot

0 20 40 60

Figure A2. A comparison between the number of platelets over time in a numerical simulation
(represented as a dark pink line) and changes in thrombus fluorescence in in vitro experiments [48],
shown in blue stars.
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