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A Boolean view separates platelet activatory and
inhibitory signalling as verified by phosphorylation
monitoring including threshold behaviour and integrin
modulation†
Marcel Mischnik,a Desislava Boyanova,zb Katharina Hubertus,zc Jörg Geiger,c
Nicole Philippi,d Marcus Dittrich,b Gaby Wangorsch,b Jens Timmer*aef and
Thomas Dandekar*bg
Platelets are critical for haemostasis and blood clotting. However, since under normal circumstances blood
should flow without clotting, its function is regulated via a complex interplay of activating and inhibiting
signal transduction pathways. Understanding this network is crucial for treatment of cardiovascular and
bleeding diseases. Detailed protein interaction and phosphorylation data are explored to establish a
simplified Boolean model of the central platelet cascades. We implemented the model by means of
CellNetAnalyzer and showed how diﬀerent signalling events coalesce into a fully activated system state.
Furthermore, we examined the networks’ inherent threshold behaviour using the semi-quantitative
modelling software SQUAD. Finally, predictions are verified monitoring phosphorylations which mark
diﬀerent activation phases as modelled. The model can also be applied to simulate diﬀerent
pharmacological conditions as they modify node activity (aspirin, clopidogrel, milrinon, iloprost,
combination) and is available for further studies. It agrees well with observations. Activatory pathways are
diversified to cope with complex environmental conditions. Platelet activation needs several activation
steps to integrate over diﬀerent network subsets, as they are formed by the interplay of activating
kinases, calcium mobilization, and the inhibiting cAMP–PKA system. System stability analysis shows two
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phases: a sub-threshold behaviour, characterized by integration over diﬀerent activatory and inhibitory
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regulatory pathways. The integrin network and Akt-protein are critical for stable eﬀector response.

www.rsc.org/molecularbiosystems

Dynamic threshold-analysis reveals a dependency of the relative activating input strength necessary to
irreversibly engage the system from the absolute inhibitory signal strength.

conditions, and a beyond threshold phase, represented by competition and shutting down of counter-

Introduction
Platelets represent the key players in mammalian wound healing.
Their ability to aggregate and attach to the surrounding tissue of

damaged blood vessels is thereby mediated by a complex signal
transduction network that comprises both activatory and inhibitory components. Due to its central position for the platelet
response to exogenous factors, haemostasis and the fine-tuned
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balance of equilibrated blood flow on one hand, and the lack of
profound understanding on the other, the pathway constitutes
a convenient target for modelling. Additionally, platelet signalling plays a tremendous role in medicine, as it is directly related
to thrombosis, atheriosclerosis and bleeding disorders like von
Willebrand disease.1–3 However, modelling approaches are
scarce. Currently, models include the thrombotic process in
general,4 keratinocyte signalling and cell migration,5 G-protein
and calcium responses in activated platelets6 and cAMP–cGMP
networks.7 The crucial signalling events leading to irreversible
aggregation and cytoskeleton based shape change nonetheless
remain unclear. A broad comprehension of the underlying
dynamical processes is of high medical importance, since
severe diseases like cardiovascular or bleeding disorders are
caused to a great extent by inappropriate platelet function.
Boolean models
Many currently available biological models are developed on
the basis of ordinary diﬀerential equations (ODEs). The power
of ODE-based approaches regarding dynamic simulations and
systems analysis is beyond question. Anyway, in the case of
larger networks, the use of ODE models is confined, due to the
limited amount of experimental measurements. Parameter
estimation methods for ODE models largely depend on the
disposability of time-resolved quantitative data, which is still a
bottleneck in systems biology.
In this study, we present a Boolean network of platelet signal
transduction. Boolean or logical networks are well suited to
reproduce the qualitative behaviour of extensive networks even
with a limited amount of experimental data. Boolean logic is the
algebra of two values, e.g. ‘‘1 and 0’’ or ‘‘true and false’’ or ‘‘on
and oﬀ’’, and was first shown to be applicable to electrical relay
circuits, but then used in diﬀerent areas of cellular signalling.8–13
Interactome overview and identification of key nodes
We focus here on platelet activation for thrombosis and
haemostasis and its interplay with inhibitory pathways.
Platelets possess a bulk of surface receptors for both activating and inhibiting ligands. The combination of activated
receptors at a given time point determines the system’s behaviour. Concerning the activatory fraction, receptors of the P2
type are of particular importance. Three P2 receptors can be
found on platelets: two (P2Y1 and P2Y12) are receptors for
adenosine diphosphate (ADP), and one (P2X1) is a receptor for
adenosine triphosphate (ATP).14 ADP acts as an autocrine and
paracrine ligand, which is produced and released upon platelet
binding to an exposed extracellular matrix of damaged blood
vessels. The P2Y1 receptor, which is coupled to Gq and phospholipase C-b, is responsible for mobilization of ionized
calcium from internal stores and mediates the ADP-induced
platelet shape change and initial wave of rapidly reversible
aggregation.15 The other ADP receptor, P2Y12, is negatively
coupled to adenylyl cyclase through Gi and mediates a progressive and sustained ADP-induced aggregation.15,16 In addition,
this receptor plays an important role in the potentiation
of platelet secretion induced by several platelet agonists.
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The combined action of P2Y1 and P2Y12 is necessary for the
full platelet aggregation response to ADP.17 The inhibitory
pathways involve adenylyl cyclase stimulated through adrenaline
and prostaglandin receptors (activated via prostaglandin E1, D2
and I2), guanylyl cyclase which is directly activated by nitric
oxide and ectonucleotidases.
Downstream of the receptor level, a complex network of
kinases, executing proteins and small molecules, can be
observed that includes both positive and negative feedback
loops as well as auto- and paracrine signalling (Fig. 1). Key
activating cascades and modulatory inhibitory cyclic nucleotide
pathways are shown. Fig. 1 shows that in addition there are a
number of further interactions. In fact, this can be iterated to
derive a rather complex ‘‘PlateletWeb’’ of all protein–protein
interactions within the platelet.18 For model establishment, it is
instead important to select here and focus on key signal
interactions in platelet activation and inhibition so that these
responses can be reliably predicted and semi-quantitatively
modelled. After activation of the P2 receptors (P2Y1 and P2Y12),
the signal is transduced to the G-proteins (the Gq- and the
inhibitory Gi protein, respectively), which then cause further
signalling. P2Y1 acts by activation of PLC-beta and subsequent
mobilization of intracellular calcium and P2Y12 by inhibition
of adenylyl cyclase through the Gi-alpha subunit and activation
of PI3-kinase through the beta-gamma subunit. Central kinases
involved in downstream signalling such as the activatory
kinases Src and PKC and the inhibitory kinase PKA can
be further analysed in a network context along with their
phosphorylated substrates. The downstream eﬀects of platelet
activation such as shape change, triggered by the activation of
integrins, are also included in the model. Phosphorylations are
extracted from the literature and additional linking proteins are
added to maintain the network integrity.
For each subpart of the network, a set of key-nodes was
considered that govern the overall-behaviour of the respective
subpart, and that are highly connected to other network
partitions. Concerning the activating nodule, this applies to
phospholipase C beta and the small GTPase Rap1. Phospholipase C beta gathers signals from all stimulating receptors
and produces a second messenger response represented by
inositol-trisphosphate (IP3) and diacylglycerol (DAG).19,20 Rap1
integrates the activating and inhibiting signals of the respective
kinases and initiates aggregation via the engagement of talin,
which transfers the signal to integrin a2bb3. Of high importance in this context is also the Akt kinase, which receives
signals from PI3-kinase and acts directly upon integrin a2bb3,
the final executor of the activating partition.21
In terms of the inhibiting pathway, protein kinase A (PKA)
and its activating second messenger cAMP have to be designated. Cyclic adenosine monophosphate (cAMP) is produced
upon stimulation of prostaglandin-receptors (IP1, DP2, EP2,
EP4) and exerts its main eﬀects by binding to the regulatory
subunits of type I and type II PKA. The catalytic subunits of the
kinases then dissociate and phosphorylate selected serine
and threonine residues on target proteins that prevent or
reverse platelet activation.22 These include other kinases (Src),
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Fig. 1 Key activating platelet cascades and modulatory inhibitory cyclic nucleotide pathways. The figure illustrates detailed data available for modelling of key-nodes
considered. Involved in the diﬀerent activatory and inhibitory platelet receptors are PGI signalling, P2Y12 receptor, P2X1 receptor as well as various interacting proteins.
Highly connected activating modules involve phospholipase C beta and the small GTPase Rap1. Rap1 integrates the activating and inhibiting signals of the respective
kinases and initiates aggregation via the engagement of talin which transfers this and the Akt kinase signal to integrin a2bb3. Cytoscape visualizes the complexity of
the involved pathways. All shown interactions (grey lines), site-specific phosphorylation events (red arrows with labeled sites) and dephosphorylation events (green
lines) are extracted from literature studies based on the PlateletWeb knowledge base. Kinase predictions (blue lines) were additionally added to the model. Kinases are
presented as triangles and proteins as circles. Phosphorylated proteins are depicted in red. Additional proteins were included for maintaining the network structure
and improving the visualization of the signal flow (for example G-proteins). Metabolites and small molecules (NO, ADP, Ca2+, IP3, DAG, cAMP, thromboxane,
arachidonic acid) are presented in light blue circles. A large size of the nodes denotes that the gene coding for the protein is associated with a genetic disease.

receptors (IP3R) and proteins linked to cytoskeletal organization
like the vasodilator protein VASP.23–25 cAMP levels are tightly
regulated by means of several negative and positive feedback loops,
comprising directly or indirectly activated phosphodiesterases and
the Gi-protein coupled ADP receptor P2Y12.26–28
Another important network node is the intracellular calcium
concentration, also acting as a second messenger. When raised
over a distinctive threshold, a cytoskeletal shape change is
induced, enabling the platelet to adhere to and migrate towards
damaged tissue. Calcium is stored in the dense tubular
system and dense granules and released upon activation of
the IP3-receptor. Elevated cytosolic calcium concentrations in
turn enable plasma-membrane located calcium release activating calcium-channels ORAI1 and TRPC6, which mediate the
store-operated-calcium-entry (SOCE).29 Another factor increasing
cytosolic calcium levels and hence platelet activation is the
binding of ATP to its plasma-membrane receptor P2X1, which
represents a ligand-gated ion channel for calcium.30
In summary, we present here the fast logic of platelet
receptor activation in a simplified model, and demonstrate
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how the receptor signals converge to process activation information. We show furthermore diﬀerent steps involved in full
platelet activation and examine potential thresholds. These
findings are validated by experimental results.

Materials and methods
Model implementation
On the basis of literature data, we constructed a comprehensive
network map of the involved signalling pathways. Table S1
(ESI†) gives justifications for the diﬀerent nodes and interactions modelled. The reference numbering of Table S1 (ESI†)
is exactly as cited in the manuscript reference list and a higher
reference number (ref. 69–87) refers exclusively to Table S1
(ESI†). As an abstraction based on Table S1 (ESI†) we derived a
Boolean model. CellNetAnalyzer served for implementation.31,32 Manual analysis and the identification of network
wide dependencies become error-prone for large logical networks. Therefore, construction and analysis of the logical
interaction hypergraph model is achieved more reliably in this

This journal is

c

The Royal Society of Chemistry 2013

View Article Online

Downloaded by Albert Ludwigs Universitaet Freiburg on 13/05/2013 22:45:32.
Published on 12 February 2013 on http://pubs.rsc.org | doi:10.1039/C3MB25597B

Paper

Molecular BioSystems

study using CNA.31 ESI† gives full detail: setting up the CNA
simulation, details about Boolean operators and applied logical
rules, literature-justifications for all interactions and experimental data including drug intervention points.
The logical steady state (LSS) of variables with a unique LSS
for a given input setting is determined. For the computation of
LSSs the software tool CellNetAnalyzer (CNA) is used, which is
available as a Matlab toolbox. The propagation of signals
through the network is thereby calculated by iterative derivation of partial LSSs for smaller subnets based on already
identified partial LSS until no further ones can be found.32
The initial condition assumed is equilibrium (all node states
equal 0) and no external activating or inhibiting signal. Then
specific activation or inhibition is modelled by activating or
inhibiting the specific input node. Nodes can assume infinite
discrete conditions in addition to the fundamental states 0 and 1.
For each of these conditions, an assignment rule can be set,
which has to be fulfilled in order to make the species reach the
respective level. Due to the nature of the applied steady-state
calculation, oscillations in system-states can be neglected.
Additionally, the definition of phases is possible, according
to which a certain edge (defined by a rule) only becomes active,
if the system is set to a previously defined phase. All edges
that are allocated to a higher phase are then excluded from the
LSS-calculation.
Detailed information about Boolean operators can be found
in the ESI.†
Dynamic simulations using SQUAD
SQUAD represents a qualitative modelling tool. It enables
dynamical modelling in a data-free three-step manner.33 First,
it uses Boolean algorithms to identify all stable steady states of
the network. Second, the program converts the network into a
continuous dynamical system, in the form of a set of ODEs, and
uses the steady states found in the discrete model as a guide to
localize the stable steady states in the continuous model. And
third, SQUAD allows the user to perform dynamic simulations,
which may include perturbations, to assess the behaviour of the
network and identify the roles of specific nodes within the
network. Regarding our platelet system, SQUAD was used to
gain information about the network’s inherent steady-states
and its threshold behaviour (Fig. 3).
Incorporation of experimental data
Experimental data measured for this study involved VASP and
cAMP time-courses after stimulation with diﬀerent ligands,
measurements of intracellular calcium levels and several protein phosphorylations and their intensity. Furthermore, we
considered experimental data from available literature such
as the non-existence of a platelet-owned NO-synthase. Such
information is central to delineate the correct model topology.
Platelet preparation
Blood was obtained after informed consent from healthy
volunteers who had not received any medical treatment during
the prior two weeks according to our institutional guidelines
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and the Declaration of Helsinki. Our studies with human
platelets were approved and reconfirmed (September 24,
2008) by the local ethics committee of the University of
Würzburg (studies 67/92 and 114/04). Platelets were used as
washed platelets (WP) resuspended in HEPES buﬀer (145 mM
NaCl; 5 mM KCl, 1 mM MgCl2; 10 mM HEPES; 10 mM
D-glucose, pH 7.4), depending on the assay applied, and prepared from whole human blood as described elsewhere27 with
modifications to avoid contamination by other cells. Whole
human blood was obtained from healthy volunteers who had
not taken any medication aﬀecting platelet function within
2 weeks prior to the experiment after informed consent according
to the declaration of Helsinki and our institutional guidelines
and as approved by the local ethics committee. The blood was
drawn by venipuncture and collected in 1/5 volume of citrate
buﬀer (120 mM NaCl, 20 mM sodium citrate, 4 mM KCl,
1.5 mM citric acid, 30 mM D-glucose, pH = 6.5) and centrifuged
at 300 g for 20 minutes at 20 1C to obtain platelet rich plasma
(PRP). For the preparation of washed platelets the PRP was
diluted 1 : 1 with HEPES/citrate buﬀer, apyrase (2 U ml1) was
added and centrifuged again at 200 g for 10 min at 20 1C. The
pellet was discarded and the supernatant was centrifuged at
380 g for 10 minutes. The resulting pellet was resuspended in
HEPES/citrate, left resting for 5 minutes and centrifuged again
at 380 g for 10 minutes. The platelet pellet was resuspended
in HEPES buﬀer to a cell density of 3  108 platelets per ml and
apyrase (0.1 U ml1) was added. Washed platelets were used in
200 ml portions. The samples were incubated with the reagents
in the water bath at 37 1C as indicated, stopped and treated
appropriately for the respective analyte. The reagents were
dissolved in HEPES buﬀer unless otherwise stated.
Calcium measurement
Intracellular calcium regulation was determined fluorometrically
with the fluorescent indicator Fura-2 as described previously.34
Briefly, platelet rich plasma was incubated with 4 mM Fura-2/AM
(di-methyl sulfoxide (DMSO) 1% v/v) for 45 minutes, centrifuged
at 350 g and the resulting platelet pellet resuspended in HEPES
buﬀer (150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM D-glucose,
10 mM HEPES, pH 7.4). The calcium transients were observed in
a Perkin-Elmer LS50 luminescence spectrophotometer at an
excitation wavelength of 340 nm and an emission wavelength
of 510 nm. Data were recorded as relative changes in the Fura-2
fluorescence signal.
cAMP detection
Cyclic adenosine 5 0 monophosphate (cAMP) determination was
carried out as described.27 In brief, platelets were lysed with the
original volume of 70% (v/v) ice cold ethanol and kept on ice for
30 minutes. The precipitate was removed by centrifugation for
10 minutes at 10 000 g and 4 1C and washed again with the
same volume of 70% (v/v) ethanol. The ethanol extracts were
combined and dried under vacuum. The dried samples were
dissolved in 200 ml of the assay buﬀer supplied with the assay
and acetylated to increase assay sensitivity as described.27 The
samples were measured in a Wallac Victor 1420 (Perkin-Elmer)
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plate reader at 405 nm. Sample readings below 30% or above
70% %B/B0 are oﬀ the dynamic range of the assay and were
repeated with an appropriate dilution of the sample.
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VASP assay
VASP phosphorylation is a highly sensitive indicator for platelet
cAMP regulation. We determined VASP phosphorylation in a
solid-phase assay by VASP binding on a zyxin matrix. The zyxin
matrix pVASP assay was carried out as described elsewhere.27
Platelet samples (200 ml each) were lysed by addition of an
equal volume of ice cold lysis buﬀer (20 mM Tris–HCl, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40,
10 mM b-glycerolphosphate, 10 mM NaF, pH = 7.4) and
thorough mixing on a vortex mixer. The samples were diluted
with PBS buﬀer by a 1 : 10 ratio. Each sample was measured in
triplicate for the VASP phospho-Ser157 antibody (5C6) and total
VASP antibody (IE273). As control for background and nonspecific binding 5% bovine serum albumin (BSA) dissolved in
lysis buﬀer was used. 100 ml sample per well of the zyxin coated
microtiter plate were incubated for 1 h at room temperature
under shaking and washed three times with 300 ml per well PBS-T
(0.1% Tween20 supplemented PBS), 1 h incubated with the
primary antibodies, washed 3 times with PBS-T, the secondary
antibody (horse radish peroxidase coupled goat anti-mouse IgG)
added, incubated and washed as mentioned above. The detection
reagent ABTS was added, incubated for 20 minutes at room
temperature under shaking and the absorbance of the samples
was measured in the microtiter plates using a Wallac Victor 1420
(Perkin-Elmer) plate reader at 405 nm each for 1 second. From
the absorbance of each sample the absorbance of the background
control sample for the respective antibody was subtracted, and
the resulting data multiplied with the dilution factor. From the
values obtained with the phosphospecific and the total VASP
antibodies the phospho-VASP/VASP ratio was calculated.

Results and discussion
A standard scenario of activation
In the following, we describe and analyse in detail one standard
course of model behaviour. However, the Boolean model allows
us to also analyse completely diﬀerent input combinations and
sequences (e.g. diﬀerent inhibitory signalling sequences).
Literature confirmations of all stated interactions as well as the
applied logical assignment rules can be found in the ESI.† We
used the platelet knowledgebase and the literature sources from
the Introduction, further key references incorporated into the
model are given in the following. The main task involved selection of the modelled signalling nodes and their type of interaction so that activation and inhibition of the platelet could be
reliably modelled. Several generations of model setup, performance monitoring and expert curation of the network structure
followed before the presented model could be established.
Furthermore, a large set of data available (see Validation and
experimental verification section) in particular regarding phosphorylation states of kinases and substrates was kept aside and
only used in the final step, validation of the established model.
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We start from a point in phase space, where the activation
levels of all pathway constituents are 0. Upon stimulation of the
platelet via the strong activator GPVI, a cascade of kinases,
including PKC, Akt and Src is engaged, which leads initially to a
rearrangement of the cytoskeleton (shape change) and formation of unstable aggregates (reversible aggregation)
(Fig. 2). In a first step, membrane-bound phospholipase C beta
is activated via a G-protein (not included), which triggers the
production of the second messengers IP3 and DAG. The latter
one remains at the plasma membrane acting as a potent
activator of protein kinase C (PKC).35 IP3 diﬀuses through the
cytoplasm, subsequently binding to IP3-receptors at platelet
organelle membranes, which entails the release of calcium
ions from intracellular storage pools.36 This results in a transition of the oblate discoid to a spherical shape of the platelet
followed by the formation of cell membrane protrusions
(pseudopodia). In addition, PKC-activity is further enhanced
and the guanine nucleotide exchange factor CalDAG-GEFI
activated.37 The latter directly activates Rap1, thereby passing
the signal via talin to integrin a2bb3 and switching integrin to
an active state with an exposed fibrinogen binding site.
Activated PKC phosphorylates Src kinase,38 which also represents a target for PKA phosphorylation.39 Depending on which
input dominates, Src either transmits the signal to the Akt
kinase40 or remains in an inactive state. Akt kinase finally is a
direct eﬀector of integrin a2bb3,41 boosting the platelet’s
activation state to a higher level. A fourth important eﬀect of
increased intracellular calcium concentration is the fusion of
platelet granules with the plasma membrane, thereby releasing
small molecules like ATP, ADP or serotonin and procoagulatory
proteins into the extracellular space.42 ADP subsequently binds
to its receptors P2Y1 and P2Y12, resulting in a further amplification of the kinase cascade, and an inhibition of cAMPproduction by means of P2Y12 on the other hand.43 Thus, the
inhibiting part of the signalling network is suppressed, which
additionally increases the platelet’s activation state. Finally
emptying of calcium stores elicits a secondary calcium entry
by means of ORAI1 and TRPC channels. The standard scenario
assumes the ATP-receptor and calcium-channel P2X1 to be
engaged along with the two ADP receptors. The activated
system is stabilised by means of a positive feedback loop from
the activated integrin back to the inner side of the plasma
membrane, by which PLA2 and COX1 are activated. As a result,
thromboxane A2 is synthesized and released, acting as a ligand
for platelet thromboxane receptors, thus increasing the pathway activity to the highest extent. Thus, the network behaviour
switches from reversible to irreversible aggregation.
System phases and integrin output
The standard activation scenario involves four phases. As the
activation signal travels in the model, the CellNetAnalyzer
based simulation (see Materials and methods) monitors how
more nodes and regions become activated (non-zero activation;
maximum activation level is 5) and four phases distinguish how
further regions become activated and signal strength increases
in regions already activated. The phases were introduced both
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Fig. 2 (A–D) Diﬀerent system states after logical steady state computation. Successively added network functions coalesce into a fully activated system. (A) t0.
Included are solely reactions evoked by pure GPVI signalling. (B) t1. Eﬀects from autocrine ADP signalling are added. (C) t2. Signalling complemented by storeoperated-calcium-entry (SOCE). (D) t3. Addition of the positive feedback loop established by integrin signalling results in a maximally engaged system. Activation levels
are colour-coded (0 to 5; CellNetAnalyzer simulation).

on the basis of literature, and according to emergent features of
the model, which require the coalescence of diﬀerent network
parts to fully activate single nodes. We thus came from two sides:
clear evidence from publications as well as system properties of
the model, e.g. if there are no diﬀerent activation strengths, there
is no full activation, no threshold behaviour and similar features,
all of which are also features of real platelets in vivo. ESI† shows
in detail, which edges operate in which phases.
The first activation phase (Fig. 2A) comprises the prostaglandin/cAMP pathway, the initial binding of a strong activator
to its receptor (GPVI) and the subsequent signal transduction
cascade that activates integrin a2bb3 to level 1 or 2 (if inhibitory
signals are absent). In the second step (Fig. 2B), ADP is released
as a result of a calcium transient and enhances the signalling
cascade. Thereby, the integrin a2bb3 activation state is raised
to level 2 or 3. The third step (Fig. 2C) involves SOCE, mediated
by the release of calcium from intracellular calcium storage
pools and a subsequent activation of the calcium channel ORAI1.
Integrin a2bb3 reaches level 4. In the last phase (Fig. 2D),
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a positive feedback loop from level 4 integrin activates the
network and intercalates the synthesis of thromboxane B2
from arachidonic acid, catalysed by cyclooxygenase. Thus,
integrin achieves activation level 5 and the platelets aggregate
irreversibly. Logical connections are not modified during the
simulation and to be active a signal has to be received at the
respective node. All logical rules and system phases in which
they become active are now specified in Table S2 in the ESI.†
The phases activate diﬀerent subparts of the network. In the
early phases 0, 1 and 2, the system changes occur within a few
seconds. Such rapid kinetics are challenging both in terms of
time-resolved measuring and dynamical modelling. Though
Boolean modelling delivers a highly simplified view of the
respective system, it has the advantage that no detailed kinetics
are necessary, and that fast changes can be monitored as
diﬀerent system states in the separate phases. Furthermore,
the respective time phases are directly verifiable by diﬀerent
phosphorylations and phosphorylation monitoring (see functional data below).
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behaviour for a combination of activatory and inhibitory inputs
has been noted for the platelet inhibitory cyclic nucleotide
pathway before.44 The relative activating strength (GPVIthre/PTGDR),
that transgresses the threshold, decreases with elevating
PTGDR inputs. Thus, the system adapts for higher prostaglandinconcentrations by increasing its sensitivity for activators like
vWF and collagen, and thereby commits thrombocyte-dependent
active processes such as wound healing even if subsequently
blood prostaglandin-levels are higher in later time points.
Diﬀerent eﬃciencies for various combinations of agonists
and antagonists can thus be compared in the model leading
to diﬀerent responses depending on over- or sub-threshold
behavior. As a concrete application example for such modelling, diﬀerent prostanoid receptor antagonists have been
experimentally compared for therapeutic strategies regarding
prostanoid receptor agonists45 and various studies compared
antithrombotic eﬀects such as the antithrombotic eﬀect of the
soluble GPVI dimer compared with anti-GPVI antibodies.46
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The fine-tuned balance between thrombosis and haemostasis is
critical to understand signalling in platelets. In general, we
found two steps of activation in the model: the first step is
characterized by a sub-threshold behaviour that allows rapid
comparison and integration between diﬀerent receptor signals
and stimuli, both activatory and inhibitory. In this context,
several distinct sequences between the respective stimuli are
possible. In a second step, after a specific signalling decision is
made (specific system thresholds were crossed), all other pathways are competitively closed down.
Steady state analysis
Steady state and threshold analysis were performed using the
software SQUAD. Two distinct steady states could be observed:
a general oﬀ-state where all components have an activation
level of 0, and an on-state, depicting the fully-excited system,
stabilized by the positive feedback loops. Here, all network
nodes exhibit an activation-level of 1 (arbitrary units), except for
those involved in the inhibitory cAMP-pathway (cAMP, PKA,
VASP and PDE3).
Threshold analysis
Threshold analysis was started from the general oﬀ-state. In the
first scenario, the system is excited via a GPVI-pulse with
strength 1. Activating the downstream components, the signal
is transduced to integrin, which leads to aggregation and shape
change. Akt kinase activity goes through an initial increase, but
diminishes as GPVI-input and thus Src signalling flattens. Due
to the positive feedback, its activity increases again, finally
leading to the fully activated enzyme (Fig. 3A). If the decaying
GPVI-input is replaced by a constant one, the system straightly
goes to the on-state. In the second scenario, the GPVI-pulse is
accompanied by a PTGDR input of strength 0.5. Akt and
calcium are slightly mobilized, but due to the inhibitory eﬀect
of PKA, the system returns to its deactivated state (Fig. 3B).
Constant inputs in place of pulsed ones render the system to be
oscillating (data not shown). If a PTGDR input of the same
strength is combined with a stronger GPVI-pulse (Fig. 3C), the
system transgresses the dynamical threshold, and ends up in
its fully activated state. The minimal GPVI-value that leads to
threshold-transgression, given a PTGDR-value of 0.5, equals
1.168 (Fig. 3D). Here, the system alternates between both
steady-states, as integration of the competing inputs proceeds,
but finally ends up in state 2. Akt kinase for instance receives
the activating signal from the GPVI analogue, Fig. 3A, but since
Src kinase also sustains inhibition from PKA, its activity shortly
tumbles until full mobilization is achieved. Calcium dynamics
occur as a result of coalescing IP3, ORAI1 and PKA eﬀects and
are reproduced by measurements (Fig. 5A). Table 1 shows
diﬀerent combinations of inhibitory input strength, and the
necessary activating input value to exceed the threshold
(arbitrary units in terms of full (Z1.0) or no (0.0) activation).
After transgressing the threshold, platelet activation is committed
and proceeds to full activation. In fact, such sub-threshold
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Feedback loops and overall system behaviour
Following a GPVI trigger, the model reacts with activating the
necessary signalling components for aggregation and shape
change. For an irreversible activation it is however required to
increase the input strength by autocrine messengers like ADP
and thromboxane. The impact of ADP comes into play after a
short time-delay (time-level 2), since migration of cytosolic
vesicles to the plasma membrane is realized by time-consuming
cytoskeletal transport. This feedback loop needs to be accompanied by at least one other positive loop in the absence of an
inhibitory prostaglandin input in order to make the platelet
aggregate irreversibly, namely either calcium SOCE or autocrine
thromboxane production. With an inhibitory cAMP signal, the
system has to be stabilized by outside-in signalling of activated
integrin a2bb3 and subsequent release of thromboxane for
threshold transgression. Several subnetworks increase system
stability as well as render the platelet susceptible to versatile
inputs. Consequently, platelet activation needs several activation steps to integrate over diﬀerent receptors. If an excitatory
signal is not suﬃcient to make a thrombocyte release its
autocrine messengers, a possible paracrine eﬀect evoked by
neighbouring cells can still elicit an irreversible activation.
Engagement of all three loops leads to platelet aggregation
regardless of cAMP levels. In a scenario where the only input
aﬀecting the system is a prostaglandin ligand, all components
except for PTGDR, cAMP, PKA and VASP are 0. This represents
the inhibited system state.
Modeling the eﬀects of component disruptions and
pharmacological modulation
Inherent to mathematical models is the opportunity to simulate easily the eﬀects of knock-out mutations or medical drugs.
The impact of the antithrombotic drug clopidogrel on thrombocyte signal transduction is of high medical relevance.47 Widely
applied in heart disease treatment, clopidogrel represents an
antagonist of the ADP receptor P2Y12, which exerts both a
crucial activating impact on the platelet kinase machinery and
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Fig. 3 (A–D) Threshold analysis by dynamical simulation. (A) GPVI input with strength 1. System is in on-state. (B) Combined GPVI input with strength 1 and PTGDR
input with strength 0.5: system is in oﬀ-state. (C) Combined GPVI input with strength 1.5 and PTGDR input with strength 0.5: system is in oﬀ-state. (D) Combined GPVI
input with strength 1.2 and PTGDR input with strength 0.5: system behavior in the vicinity of threshold.

Table 1

GPVI-values necessary to exceed the activation threshold

Inhibitory input
PTGDR (a.u.)

GPVIthre (a.u.)

Relative activating strength
(GPVIthre/PTGDR)

0.25
0.5
0.75
1.0

0.946
1.168
1.456
1.625

3.784
2.336
1.941
1.625

a profound closing down of cAMP production, thereby tempering the inhibitory subnetwork. In our model, P2Y12 is
positively connected to PI3-kinase, and negatively to cAMP.
Blocking of P2Y12 results in a seriously weaker activation of
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all prothrombotic kinases after a vWF input, and a higher PKA
activity, due to increased cAMP values, which is compatible
with current experimental data.48,49 PI3-, Src- and Akt kinase do
not exceed an activation-level of 1 even in the last phase.
However, since depletion of intracellular calcium-pools and
SOCE can still occur, cytoskeletal shape change is engaged
in this scenario and integrin a2bb3 reaches a level of 2.
A blocking of either Akt kinase or CalDAG on the other hand
leads to a mere integrin-level of 1. Combined blocking of
Akt kinase and CalDAG prohibits even the slightest integrin
activation. Experimental data support this direction of
signal processing (Table 2; Fig. 4A–D, further data available
in Table S3, ESI†).
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Kinase-activation according to system-phasesa

Kinase

Phase 0

Phase 1

Phase 2

Phase 3

PKA
PKC
Akt
Src
PI3
Graphical summary
of experimental data from
the literature

1
1
1
0
1
Fig. 4A (e.g. kinases shown
as triangles: Akt, PI3 and
phosphorylated PKA active)

0
2
2
1
2
Fig. 4B (e.g. Src kinase
also phosphorylated)

0
3
2
1
2
Fig. 4C (e.g. strong
activation of PKC)

0
3
3
1
2
Fig. 4D (e.g. PKC strongly
active, integrin network
active (red circles)
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Figures representing the graphical view of these phases are shown in the last row. The activation state of platelet kinases is shown in the table
above with the maximum activation state depicted with the number 3. PKA is active during phase 0, which is in agreement with experimental data
projected on the signalling network as shown in Fig. 4A. PKC is mainly active in phases 2 and 3 (Fig. 4C and D). Akt kinase becomes activated
during phase 1 (Fig. 4B) with strong activation in phase 3 (Fig. 4D), while Src kinase is moderately active during phases 1, 2 and 3 (Fig. 4B–D). The
activation state of PI3-kinase is maintained throughout all phases, but increases from phase 0 to phase 1 (Fig. 4B).

Fig. 4 (A–D) Validation: PlateletWeb. ADP signalling networks visualized and colored according to the Boolean model phases ((A) phase 0; (B) phase 1; (C) phase 2;
(D) phase 3). Key phosphorylation events according to experimental data are shown resolved next to each network (phase 0: subnetwork around PKAa, phase 1:
around Rap 1a/b; phase 2: around Akt1; phase 3: around TbxA2R). The Boolean model (Fig. 2) is validated here by data on phosphorylation, kinases and substrates not
used for setting up the Boolean model but according to experimental data available downloaded from the PlateletWeb knowledgebase (Boyanova et al., 2012). All
shown interactions (grey lines), site-specific phosphorylation events (red arrows with labelled sites) and dephosphorylation events (green lines) are extracted from
literature studies based on the PlateletWeb knowledge base. Kinase predictions (blue lines) were additionally considered. Kinases are presented as triangles and
proteins as circles. High resolution pictures of the phases including the complete network with protein names are given in ESI,† its part B gives experimental data
references for all interactions and protein nodes modelled. The rest of the proteins were added for maintaining the network structure and improving the visualization
of the signal flow (for example G-proteins). These were not part of the Boolean model. Metabolites and small molecules such as NO and Ca2+ are presented in light
blue circles. A large size of the nodes denotes that the gene coding for the protein is associated with a genetic disease. Two important inhibitors of platelet function
were additionally included: the P2RY12 receptor inhibitor ticagrelor and the ITGB3 inhibitor abciximab. Full detail in supplemental figures phase 0–1 and phase 2–3.

These examples show that direct applications of our model
are prediction and interpretation of genetic modifications and
therapeutic interventions, for instance in platelet hyper-reactivity.
For these functions, nodes such as PEAR1, VAV3 and ITPR150
have been shown to be implied and the subsequent nodes
Rap1, Talin and integrin from our model should be considered.
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Changing the Rap1/Talin input to activatory induces also hyper
reactivity in our model.
Validation and experimental verification
After establishing the model, we validated it by diﬀerent
experimental data: we show that phosphorylation sites actually
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measured using mass-spectrometry agree with the diﬀerent
activation steps investigated. This applies also for an inhibitory
scenario (e.g. Iloprost stimulation) and substrates (data not
shown).
Furthermore, verified kinase data were obtained from the
PlateletWeb knowledgebase according to published data and
agree well with key activation steps postulated by the model. To
complement these data, we furthermore investigate cAMP
levels after Iloprost stimulation and compare them with the
model as well as direct VASP phosphorylation and calcium
levels after platelet ADP stimulation.
Phosphorylation data. We have extensive data on platelet
protein interactions which we recently assembled to a systems
biological database, the platelet knowledgebase PlateletWeb.18
In particular, we have detailed information on site-specific
phosphorylation of platelet proteins. The simulation data can
hence be compared and validated by phosphorylation data
stored in the database. In particular, the diﬀerent phases
postulated can be verified by checking which known experimental data validate involved individual phosphorylations.
The dynamical modelling allows us to predict the path in
which the phosphorylations should occur. The diﬀerent system
states according to the platelet knowledgebase after mapping
the dynamical simulation to the knowledgebase are given in
Fig. 4 (high resolution pictures and references confirming
interactions modelled in ESI,† part B). Furthermore, the knowledgebase allows us to zoom in on key nodes for each activation
step and give all known experimental data for the surrounding
interactome of this key node. For each activation step, we
selected such key proteins and showed available phosphorylation information in the surrounding interactome. In phase 0
of the model, the platelet inhibited state is maintained by the
PKA kinase. It phosphorylates a number of substrates depicted
(Fig. 4A), which then ensure that the platelet will remain
inactive. The phosphorylated targets are TBXA2R at S32951
S330 and T33252 and Rap1 at S180.53 Phosphorylation of the
two phosphodiesterases PDE5A54 and PDE3A has also been
confirmed in literature studies.55 A well-established phosphorylation of the Src kinase at Y17 has been reported by a
number of studies56–59 and plays a role in Rap1 activation in
NGF and cAMP signalling in PC12 cells.60
In phase 1 of the Boolean model two phosphorylated proteins have a change in their activatory state: Rap1A and Rap1B.
The phosphorylation of Rap1B at S179 by PKA leads to cAMP
inhibition of Akt kinase.61 This phosphorylation site has also
been reported earlier as a target of PKG1 kinase in vitro.62 The
phosphorylation of Rap1A at S180 by PKA modulates its interaction with other proteins and was measured in vivo.63 The
initial activation of the platelet by ADP signalling and the
decrease of PKA mediated inhibition may also be contributed
to the eﬀect of decrease in phosphorylation of these sites on
Rap1A and Rap1B. These small GTP-ases are crucial for the
activation of integrins in platelets.64
The second phase of the model is associated with the
activation of Akt1 and PKC kinase and the phosphorylation of
Akt1 by PKC at S473 and T308 and PDE3A by PKC at S492, S428,
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S312, S438 and S465 which also has been shown previously.65,66
The phosphorylation of S312 causes increased enzymatic activity of PDE3A. The third phase is characterized by a slight
activation of the thromboxane receptor according to the model
and its desensitization through phosphorylation by the strongly
activated PKC kinase at T399 as reported.67
Activation of key-kinases. All types of prothrombotic outside-in
signalling established in our model can exert their eﬀect on
integrin by means of two distinct ways: by engagement of
CalDAG through mobilization of intracellular calcium pools,
and recruitment of a sophisticated protein kinase network,
which includes PKC, PI3-, Src- and Akt-kinase. Src thereby
receives inputs of PKC and the inhibiting protein kinase A.
In order to outweigh the taming eﬀect of PKA on Src, PKC needs
to be at least on level 2, otherwise Akt in turn will not exceed
level 1, regardless of its other activator PI3-kinase. Table 2 gives
an overview of the activation-states of the respective kinases
and compares it to PlateletWeb data.18
Intracellular calcium. In our standard model scenario the
system is excited by means of a combination of GPVI- and
prostaglandin receptor-stimuli. Prostaglandins provoke via
engagement of PKA the inhibition of IP3R. In the meantime,
GPVI activates its own signalling-cascade and elicits the secretion of ADP and ATP. Paracrine ADP and ATP reach the plasma
membrane with a short time-delay, bind to P2Y and P2X
receptors and boost the intracellular calcium concentration as
a result of calcium influx and PLC activation and subsequent
IP3 production. A second calcium increment is then mediated
by the positive feedback loop involving SOCE.
For step-wise and stage-wise further functional validations,
intracellular calcium concentration was detected after a combined stimulus of the prostanoid analogue iloprost and ADP
(Fig. 5A). Starting with an iloprost input of 2 nM, calcium-levels
first decrease as a result of PKA phosphorylation and thereby
inhibiting the intracellular calcium-channel IP3R. Thus
calcium-levels are abated slightly below the basal level of
500 arbitrary units. After 30 seconds ADP is added to the cells,
and the calcium concentration increases to a value of 548. Due
to retraction evoked by SERCA and PMCA as well as ionexchanger-pumps (not included in the model), calcium levels
drop to their basal levels. However, after 90 seconds storeoperated-calcium-entry (SOCE) has to be considered. Thus the
calcium concentration is increased again. The detected
dynamics fit those of the simulated time course calculated with
SQUAD (Fig. 3D).
The predicted behavior is thus supported by experimental
measurements of intracellular calcium (Fig. 5A). The simulated
‘‘peaking’’ of calcium is robust against small GPVI-pulse level
variations. However, it is only observed in a medium concentration range where the diﬀerences between slow and fast
calcium channelling are well visible (as in the experimental
data available, the eﬀect vanishes at lower/higher concentrations in simulations and experimental measurements). The
default scenario where the system is stimulated with an activating ligand alone was also tested experimentally, but could
not directly be reproduced by SQUAD modeling. The data
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Fig. 5 (A–C) Validation. Measured time courses of key pathway components. Experimental measurements (see Materials and methods) confirm qualitatively
predicted time courses. (A) Calcium measurement after iloprost stimulus (2 nM) at t = 0 combined with ADP stimulus (20 mM) at t = 30. (B) cAMP change after iloprost
stimulus (2 nM). (C) VASP phosphorylation changes after stimulation at diﬀerent concentrations of forskolin (solid = 5 mM, dotted = 20 mM, dash dotted = 100 mM).

showed a single peak followed by a continuing concentration
decrease. Since in our model the fully activated state is stabilised
by a positive feedback-loop, the system stays but active infinitely.
It is an inherent SQUAD property to simulate as long as a steadystate condition is reached, which in this case is the activated
state. Here, the semi-quantitative model is pushed to its limits.
Cyclic adenosine monophosphate (cAMP). cAMP is generated
as a result of prostaglandin-evoked adenylyl cyclase activation.
In a time-course-measurement, the abundance of intracellular
cAMP was detected after stimulating the cells with 2 nM of
iloprost (Fig. 5B). Following iloprost-stimulation, the concentration of cAMP forms a peak and is then steadily decreased,
which is consistent with our model, where cAMP gets switched
oﬀ in phase 1 due to the eﬀect of PDE3.
The vasodilator stimulated phosphoprotein (VASP). VASP
constitutes a target of protein kinase A and acts as an inhibitor
of cytoskeletal rearrangements. In our model, it becomes
phosphorylated at time point zero following an input through
the prostanoid receptor and stays active until cAMP production is
tempered through P2Y12 at time point 1. VASP phosphorylation
(S239) is verified by a time-course measurement after stimulation
with diﬀerent concentrations of the allosteric adenylyl cyclaseactivator forskolin (Fig. 5C). If cAMP production is not inhibited
by means of ADP binding to P2Y12, the relative amount of
phosphorylated VASP reaches a steady-state which stays constant
for a period of 10–20 minutes (Fig. 5C).
In summary, validation of the diﬀerent phases of activation
suggested by the Boolean model is possible by diﬀerent types of
experimental data. This includes activation of involved kinases
(Fig. 1), verification of phosphorylations for key nodes involved
in the signalling cascade (Fig. 4A and B) as well as direct
observations of cAMP levels under inhibitory regime as well
as VASP phosphorylation and phase dependent changes of
calcium levels under activatory conditions.
Applying the validated Boolean model, there are also predictions regarding pharmacological modulation or genetic mutations
as well as an integrated view on platelet signalling with implications for diﬀerent disease promoting system states possible.
Our model helps to understand system states of platelet
activation. We distinguish four diﬀerent phases, which are
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furthermore mirrored in diﬀerent levels of calcium, cAMP
and diﬀerent strong phosphorylations in VASP as well as a
detailed cascade of phosphorylation events in other proteins.
Additionally, diﬀerent inhibitory states are modelled. Subthreshold activation keeps the platelet below a committed reaction.
We think this captures well the observed platelet behaviour, in
particular that it integrates diﬀerent inputs before finally,
after threshold transgression, aggregation and secretion from
platelets occur. Furthermore, both for better physiological
description and for medical application our model shows that
the fine tuned balance in platelet activation and inhibition
relies on diﬀerent positive and negative feedback loops as
outlined above, which again could be validated by the available
experimental data, can be monitored and allow pharmacological modulation. The PlateletWeb knowledgebase18 gives
furthermore information on drugs available to modulate
involved key nodes (see ESI,† Table S3).
Clinical implications involve a better understanding of the
pathology of the platelet including hyperreactive platelets
or the inhibition by diﬀerent antiplatelet drugs such as
ticragrelor or abciximab (key interactions are marked in insets
of Fig. 4A–D). The activation under or over threshold is an
inherent feature of our model. It is again not only well compatible with all the experimental data collected here, but it may as
well shed light on chronic inflammatory processes platelets are
also involved in68 since the above-mentioned feedback loops
allow that in some platelets activation sustains the inflammatory process, while other keep inactivation. We think that
this switching of states partly also mirrors system states of
aging in the cardiovascular system: the population of the
phases 0–3 in the platelet population is suggested to change
with age of the patient, but maybe even more so with the age of
the platelet. However, available experimental data are sparse
and only future studies can validate this hypothesis.

Conclusion
We have successfully created a simplified Boolean model of the
major signal transduction pathways present in platelets. Our
model shows in a qualitative way the interaction of these
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pathways and points out the most important events leading
from first damaged tissue contact to irreversible aggregation
and thrombus formation. We integrate cellular incidents like
ADP secretion, liberation of calcium and complex phosphorylation patterns. These were previously analyzed in a disconnected
manner. We model how all these components synergistically
coalesce to accomplish the task of platelet activation, even
under inhibiting environmental circumstances. Though the
activation of the two output nodes, appointed as integrin
function and cellular shape change, is due to the same
processes, they still can be engaged independently to a
certain degree. That means, even if particular network components are disrupted, the system is still able to respond to
signals and to contribute to the objective of wound healing.
Disruption of the GTPase Rap1, for instance, leads to platelet
hyporeactivity: it prevents integrin from reaching its highest
activation-level, however, as long as Akt phosphorylation and
calcium mobilisation can occur, integrin is responsive to
stimuli, the cytoskeleton can be rearranged and the platelet
remains at least partially functional. Completed shape change
and integrin activation leading to threshold transgression and
irreversible aggregation are dependent on the full function of
all signalling components, including calcium mobilisation,
intact kinase network, positive feedback loop established by
integrin outside-in signalling and both ADP and thromboxane
secretion.
All in all our model can be used to demonstrate diﬀerent
states of platelet activation, examine inherent system properties like threshold behaviour and feedback loops, and
serves to simulate versatile kinds of pathway disruptions like
pharmacological interventions and genetically modified states.
In combination with other models it may help to understand
pathological processes in the cardiovascular and inflammatory
system.
Due to the nature of the applied Boolean logic, complex
reaction kinetics including collection of detailed and time
resolved experimental data were neither considered nor
required. Oscillating system behaviour can be observed for
the continuous stimulatory input (see results above) but is
neglected here in system state calculations (see Materials and
methods), so that some potential for oscillations is detected in
our simulations, but the model is here not fully realistic and
not comprehensive. However, despite the approach’s simplification, threshold analysis and pharmacological investigations
allow interesting insights into the platelet’s signal transduction
network validated by experimental data, putting experimental
observations and literature into their network and systems
biology context. It represents an intermediate step on the way
to an extensive ODE-based model of this medically highly
relevant system.
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49 D. Iyú, J. R. Glenn, A. E. White, S. C. Fox, N. Dovlatova and
S. Heptinstall, Platelets, 2011, 22(7), 504–515.

1338

Mol. BioSyst., 2013, 9, 1326--1339

Paper
50 R. L. Jones, D. F. Woodward, J. W. Wang and R. L. Clark,
Br. J. Pharmacol., 2011, 162(4), 863–879.
51 M. T. Walsh, J. F. Foley and B. T. Kinsella, J. Biol. Chem.,
2000, 275(27), 20412–20423.
52 P. V. Hornbeck, I. Chabra, J. M. Kornhauser, E. Skrzypek
and B. Zhang, Proteomics, 2004, 4(6), 1551–1561.
53 C. D. Hu and K. Kariya, J. Biol. Chem., 1999, 274(1),
48–51.
54 M. K. Thomas, S. H. Francis and J. D. Corbin, J. Biol. Chem.,
1990, 265(25), 14971–14978.
55 M. Pozuelo Rubi, D. G. Campbell, N. A. Morrice and
C. Mackintosh, Biochem. J., 2005, 392, 163–172.
56 L. M. Brill, W. Xiong, K. B. Lee, S. B. Ficarro, A. Crain, Y. Xu,
A. Terskikh, E. Y. Snyder and S. Ding, Cell Stem Cell, 2009,
5(2), 204–213.
57 G. Han and M. Ye, Electrophoresis, 2010, 31(6), 1080–1089.
58 C. Pan, J. V. Olsen, H. Daub and M. Mann, Mol. Cell.
Proteomics, 2009, 8(12), 2796–2808.
59 R. Zahedi, U. Lewandrowski, J. Wiesner, S. Wortelkamp,
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