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Essentials
• The sequence and logic of events leading to procoagulant activity are poorly
understood.
• Confocal time-lapse microscopy was used to investigate activation of single adherent
platelets.
• Platelet transition to the procoagulant state followed cytosolic calcium oscillations.
• Mitochondria did not collapse simultaneously, and ΔΨ loss could be reversible.

Abstract
Background. Activated platelets form two subpopulations, one able to efficiently

aggregate, while another externalizes phosphatidylserine (PS) and thus accelerates
membrane-dependent reactions of blood coagulation. The latter, procoagulant subpopulation
is characterized by high cytosolic calcium and loss of inner mitochondrial membrane
potential, and there are conflicting opinions on their roles in its formation.
Methods. We used confocal microscopy to investigate dynamics of subpopulation

formation by imaging single, fibrinogen-bound platelets with individual mitochondria in
them upon loading with calcium-sensitive and mitochondrial potential-sensitive dyes.
Stimulation was with thrombin or protease-activated receptor 1 (PAR1) agonist SFLLRN.
Stochastic simulations using computational systems biology model of PAR1 calcium
signaling were employed for analysis.
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Results. Platelet activation resulted in a series of cytosolic calcium spikes and
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mitochondrial calcium uptake in all platelets. Frequency of spikes decreased with time for
SFLLRN stimulation, but remained high for a long period of time for thrombin. In some
platelets, uptake of calcium by mitochondria led to the mitochondrial permeability transition
pore opening and inner mitochondrial membrane potential loss that could be either reversible
or irreversible. The latter resulted in cytosolic calcium rise and PS exposure. These platelets
had higher cytosolic calcium before activation, and their mitochondria collapsed not
simultaneously but one after another.
Conclusions. These results support a model of procoagulant subpopulation

development following a series of stochastic cytosolic calcium spikes that are accumulated by
mitochondria leading to a collapse, and suggest important roles of individual platelet
reactivity and signal exchange between different mitochondria of a platelet.

Keywords: blood platelets, protease-activated receptors, calcium signaling,

mitochondria, platelet activation

Abbreviations: PS, phosphatidylserine; PAR, protease-activated receptor; mPTP,

mitochondria permeability transition pore; CypD, cyclophilin D; ADP, adenosine
diphosphate

Introduction
Platelets are discoid cells 2-3 µm in diameter that circulate in blood at 200-300×103

cells/µl. Their main function is to prevent blood loss via two main mechanisms: i) formation
of aggregates and ii) acceleration of the membrane-dependent reactions of blood coagulation
by externalization of phosphatidylserine (PS) in the outer membrane leaflet and thus
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providing binding sites for coagulation factors [1]; membrane-bound coagulation factors are
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additionally protected from blood flow [2]. In order to carry out these functions, platelets
have to be activated, which can be done by a variety of agonists such as thrombin, collagen,
ADP, etc. acting via numerous receptors (PAR1 and PAR4 for thrombin, glycoprotein VI for
collagen, P2Y1 and P2Y12 for ADP, and so on [3, 4]). Although platelets are small and lack
nuclei, their intrinsic organization is rather complex. They have dense tubular system,
mitochondria, glycogen, numerous secretable granules, a contractable actin-myosin system,
and an intricate signaling network to mediate and regulate their activation response [5].
Calcium signaling (Fig. 1A) is believed to be the central element of this network [4, 6].
One of the most interesting phenomena in platelet activation is that it results in the

formation of at least two distinct subpopulations [7, 8], and that the two main platelet
functions are unevenly distributed among them [9]. One subpopulation consists of living,
amoeboid, well-aggregating platelets with no PS on their surface, while another (called
"coated", "procoagulant", "necrotic" platelets [7-10]) includes balloon-shaped dead cells with
externalized PS, a cap of alpha-granule proteins [11], excellent binding of coagulation factors
[2, 12, 13], but no ability for independent aggregate formation [11, 14] and disrupted
cytoskeleton disattached from adhesive receptors and thus additionally downregulating their
adhesive properties [15].
Signal transduction mechanisms that define formation of these subpopulations are

presently unclear. It is established that the subpopulations are not pre-existing [13, 14, 16]:
the fraction of procoagulant platelets increases with the degree of activation, and can be
easily changed between 0 and 90%. Experiments with various inhibitors, agonists, and
patients with inherited platelet function defects allowed identification of the main receptors
and signaling pathways [16-18], but not to determine the critical decision-making trigger
mechanism that determines the future fate of a platelet. There is, however, evidence that this
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trigger is somewhere in the cytosolic and mitochondrial calcium signaling. The non-
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procoagulant activated platelets seem to have low cytosolic calcium concentration, while the
procoagulant subpopulation has high sustained cytosolic calcium [18, 19]. Single-cell
calcium signaling has not been carefully compared between the subpopulations, though it is
known that low-dose thrombin produces calcium spikes without significant PS
externalization, while collagen surface induces stable calcium rise with PS [20]. Importantly,
mPTP opening seems critically important to trigger the cell death processes leading to PS
externalization in the procoagulant subpopulation [21], and importance of mitochondrial
calcium sensor protein CypD suggests that this can occur as a result of mitochondrial calcium
overloading [22]. However, there are conflicting opinions here, with some reports supporting
importance of mitochondria but not cytosolic calcium as a decision-making unit [23], while
others suggest it is cytosolic calcium that is important, and not mitochondria [24].
We recently used computational systems biology approach to propose a

comprehensive picture of platelet subpopulation development; the model of calcium platelet
signaling predicted that platelet stimulation via PAR1 produced cytosolic calcium spikes to
become uptaken by mitochondria leading to their overload and mPTP opening in some
platelets [25-27]; however, this picture still remains to be tested. The relationship between
calcium dynamics, mitochondrial collapse and PS exposure in single platelets of different
subpopulations has not been carefully elucidated experimentally and thus was the purpose of

the present study.

Materials and methods
Reagents. The following materials were obtained from the sources shown in

parentheses:

human

thrombin

(Hematologic

Technologies,

Essex

Junction,

VT);

prostaglandin E1 (MP Biochemicals, Irvine, CA); Fura Red AM, fluo-3 AM, rhod-2 AM, and
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calcein-AM (Molecular Probes, Eugene, OR); Alexa Fluor 647-conjugated annexin V
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(Biolegend, San Diego, CA); PE-conjugated CD62P antibody (BD Biosciences, Franklin
Lakes, New Jersey), tetramethylrhodamine methyl ester (TMRM) and nonyl acridine orange
(NAO) (Life Technologies Grand Island, NY); cyclosporine A, calcium ionophore A23187
and CCCP (Tocris Biosciences, Bristol, UK). Integrin αIIbβ3 antagonist monafram [28] was a

kind gift of Prof. A.V. Mazurov. All other reagents were from Sigma-Aldrich (San Diego,
CA).

Blood collection and platelet isolation. Washed gel-filtered platelets were prepared

essentially as described [11, 13, 14, 16, 18]. Briefly, blood was collected into sodium citrate
and supplemented by apyrase (0.1 U/mL) and prostaglandin E1 (1 μmol/L). Investigations
were performed in accordance with the Declaration of Helsinki, and written informed consent
was obtained from donors. Platelet-rich plasma was obtained by centrifugation at 100 g for 8
minutes. Three parts of platelet-rich plasma were diluted with one part 3.8% sodium citrate
(pH 5.5) and centrifuged at 400 g for 5 minutes, then platelets were resuspended in buffer A
(150 mmol/L NaCl, 2.7 mmol/L KCl, 1 mmol/L MgCl2, 0.4 mmol/L NaH2PO4, 20 mmol/L
HEPES, 5 mmol/L glucose, 0.5% bovine serum albumin, pH 7.4) and gel-filtered on
Sepharose CL-2B.

Confocal microscopy experiments: general design. Glass coverslips (24×24 mm,

Heinz Herenz, Hamburg, Germany) were cleaned with potassium dichromate, rinsed with
distilled water and dried. Then clean coverslips were covered with 1 mg/ml fibrinogen in
distilled water for 45 min at room temperature, rinsed, and used as substrate for gel-filtered
platelets. Platelets were spread on the fibrinogen-coated surface for 15 minutes, rinsed with
buffer A with 2.5 mM CaCl2 and video-imaging was started. Confocal images were acquired
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using an Axio Observer Z1 microscope (Carl Zeiss, Jena, Germany) with a 1.3 NA 100x
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objective. Optical filters (Semrock Inc) for fluorophores were used: Alexa647-Annexin V,
Fura Red (long pass filter 647+ nm); FITC-Annexin V, NAO (520/35 nm); TMRM, PECD62P (587/35). Excitation wavelengths were 488 nm for Fura Red, FITC, NAO, PE; 561
nm for TMRM; 635 nm for Alexa-647. Analysis of obtained images was carried out with
ImageJ (http://imagej.nih.gov/ij/) software. Every single cell from field of view was traced
along the contour and fluorescence (integral or mean for pixel of cell) for each dye for every
time point was plotted as function of time.

Cytosolic calcium signaling. Before gel-filtration, resuspended platelets were

incubated with 10 μmol/L Fura Red/AM or 10 μmol/L fluo-3/AM for 45 minutes at room
temperature in the presence of apyrase (0.1 U/mL) and prostaglandin E1 (1 μmol/L). The
concentration of the calcium-sensitive dye solvent, dimethyl sulfoxide did not exceed 0.1%;
additional controls confirmed that the vehicle did not affect the results and the loading
procedure did not have any significant effect on the PS-positive platelet formation. Platelets
were activated under the conditions specified in the figures. Intracellular calcium levels were
determined by confocal microscopy. Calcein was loaded to detect membrane integrity as
described [29].

Detection of mitochondrial calcium entry and inner membrane potential. Rhod-

2/AM was used as mitochondrial calcium indicator, TMRM was used to detect mitochondrial
potential dynamics, and NAO was used to monitor integrity of mitochondria and control the
mitochondrial specificity of TMRM labeling. Gel-filtered platelets were spread on the
fibrinogen-coated coverslip for 15 minutes in presence of 5 μM Rhod-2 or 200 nM TMRM
and/or 10 nM NAO at room temperature. Then unattached cells were removed with buffer A
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with 2.5 mM CaCl2 and imaging started as described above.

Statistics. Data are presented as means ± SD. The statistical significance of the

differences between groups was determined by nonparametric Mann–Whitney U test.
Differences were considered significant when p<0.05.

Computational

modeling.

For

the

starting

predictions

(section

3.1)

a

multicompartmental stochastic computational model of platelet calcium signaling resulting
from stimulation of PAR1 receptor described in [25] was used. This Basic Model consisted of
27 ordinary differential equations and described reactions and species depicted in Fig. 1A. To
explain observed in the current study experimental phenomena the Basic Model was
elaborated into 2MitModel by addition of another distinct mitochondrion and including
equations describing dependence of ATP production and calcium pumps activity on
mitochondrial inner membrane potential. The 2MitModel consisted of 35 ordinary
differential equations the corresponding reactions are listed in Table S1. The set of ordinary
differential equation was solved using COPASI software (www.copasi.org), stochastic
Adaptive SSA/tau-leap method.

Results
The Basic Model theoretical predictions. Stochastic computer simulations using the

computational model of platelet’s calcium signaling ([25], Basic Model) predicted several
types of platelet response to PAR1 stimulation: i) calcium spiking with slowly decaying
frequency, without significant mitochondrial calcium uptake and mPTP opening (Fig. 1B), ii)
a more intense spiking with a reversible partial mPTP opening (Fig. 1C), and iii) intense
spiking followed by an irreversible mPTP opening (Fig. 1D). In other words, calcium spiking
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was the predominant mode of platelet response in the model, and procoagulant platelets were
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formed after a series of such spikes if they were sufficient to overload mitochondria with
calcium. The model also predicted that individual platelet differences can pre-dispose them to
becoming pro-coagulant [25], and that dependence of the spiking on the agonist
concentration would be poorly discernible (Fig. S1). Noteworthy, because of strong nonlinearity of the pore opening, slight differences in cytosolic calcium could determine whether
the pore would open or not.

Dynamics of intracellular calcium and phosphatidylserine exposure. Fura Red-

loaded platelets were used as a main tool to measure calcium dynamics in single cells, and
fluo-3 was used as a control. Labeled annexin V was used to detect phosphatidylserine (PS)
on the procoagulant “PS+” platelets (Fig. 2A, Supplement Video 1). Stimulation with an
activator launched calcium signaling: Fura Red fluorescence immediately dropped down (as
it is an inverse dye and its fluorescence decreases with calcium concentration increase), and
prolonged frequent calcium oscillations were triggered that led some platelets to PS
externalization (Fig. 2B-F). There were two distinct manners for a platelet to become “PS+”:
with prolonged oscillations (Fig. 2D) or rapidly, without clearly observed spiking (Fig. 2E).
Unstimulated platelets showed occasional spikes, and there were no “PS+” platelets among
them (Fig. S2C). Control experiments with a non-inverted fluo3 calcium dye confirmed
observation of oscillations upon activation (Fig. S2E,F). As another control that decrease in
Fura Red is not due to disrupted membrane integrity, we checked that platelets did not release
calcein for at least 10 min after PS exposure under conditions of our study (Fig. S3A,B).
Oscillations in the main body of the platelet and in the pseudopodia were the same (Fig.
S3C).
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The effect of the concentration and type of an activator on the platelet calcium
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response. We compared different concentrations of the activators and used two main
agonists, PAR1 agonist SFLLRN and thrombin (that activates platelets via PAR1, PAR4, and
probably via glycoprotein Ib-V-IX). Of these two, thrombin activation gave a more
pronounced increase in the intracellular calcium than SFLLRN activation. Both SFLLRN
(Fig. 3) and thrombin (Fig. 4) induced a rapid drop of Fura Red fluorescence upon activation.
Calcium dynamics for same donor activated with SFLLRN (5 µM) and thrombin (50 nM)
were different (Fig 4L, p<0.001). For SFLLRN, there usually were discernible spikes of
calcium with slowly decreasing frequency; this agrees well with the expectations based on
rapid PAR1 desensitization [25]. Thrombin always caused long-lasting oscillations.
Noteworthy, in some cases transition of a platelet to the procoagulant state occurred just as a
rapid calcum rise, without discernible spiking (Fig. 4G). The platelets that would not expose
PS in all cases responded with calcium spiking of a widely varying degree for the whole
duration of experiments. Proportion of PS+ platelet was linear across thrombin
concentrations (Fig. S2B) and not for SFLLRN concentrations. That could be because of less
percentage of “PS+” platelets in case of SFLLRN activation. “PS+” fraction was donor
dependent. Stimulation of platelets with 10 µM of ionophore A23187 launched immediate
loss of Fura Red intensity and exposure of PS in all platelets in field of view (Fig. S3D-G).

Correlation between Fura Red fluorescence in resting platelets before activation

and PS exposure in the same platelets afterwards. To find out if there are PS-exposurepredisposing factors in platelets, we measured calcium in platelets before activation and
compared obtained values for the platelets that had become “PS+” after experiment and for
the platelets that were remaining “PS-” during 30 minutes. We grouped all the platelets into
two subpopulations according to their PS exposure status at the end of the experiment (Fig.
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5A). Then all platelets which exposed PS were combined in the “PS+” subpopulation and
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their average Fura Red fluorescences for every time point were plotted (Fig. 5B). These
subpopulations had significant difference between Fura Red fluorescence for the period of
time before the activation (p<0.05). Then the distribution was plotted for normalized
fluorescence combining 11 experiments (181 “PS-” platelets and 55 “PS+”; different
activators were used) and “PS+” subpopulation on the left part of distribution with a peak in
0.86 was found. “PS-” platelets had a peak at 1.00 (Fig. 5C, p<0.001).
Labeling of resting platelets for P-selectin revealed no detectable pre-activation and

no correlation of the initial P-selectin value with PS exposure (Fig. S4A; compare with Fig. 2
where the same experiment is shown). This result was independent of the activator, both
thrombin and SFLLRN gave the same result: “PS+” platelets had lower Fura Red
fluorescence or higher intracellular calcium before activation (Fig. S4B,C).
To additionally check this observation and avoid artifacts of non-uniform labeling, we

conducted experiments employing ratiometric technique. Fura Red was excited by 405 and
488 nm lasers and ratio of 405/488 intensities was calculated. Monafram was incubated with
cover glasses prepared with plasma cleaner (Harrick Plasma) instead of fibrinogen.
Activation with 100 nM of thrombin on the monafram surface provided same results that
were obtained for fibrinogen surface. Platelets with higher initial calcium had more chances
to exposure PS after stimulation (Fig. S4D, p<0.01)

Inner mitochondrial membrane potential dynamics during “PS+” subpopulation

formation. We used potential-dependent fluorophore TMRM, which is accumulated in
mitochondria, to monitor mitochondrial potential changes (Fig. 6A). Each “PS+”
transformation was accompanied by a loss of mitochondrial potential and that process was
almost simultaneous with cytosolic calcium increase and PS exposure (12 experiments with

This article is protected by copyright. All rights reserved.

74 “PS+” platelets; Fig. 6B-D). Interestingly, prior to the ultimate Δψ loss, there were
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occasions of temporary increase of whole-cell TMRM fluorescence (green arrows in Fig. 6B
and D) that coincided with drops in TMRM fluorescence of single mitochondria (Fig. S5BE). This is likely due to a temporary opening of mPTP in one or more mitochondria leading
to TMRM exit and increase of its fluorescence; inside the mitochondria, the dye is less bright
as a result of quenching that occurs at the concentrations employed here [30]. In agreement
with that, addition of uncoupler CCCP caused a transient rise of TMRM fluorescence
followed by a decrease later on (Fig. S5F). Ionophore A23187 affected in the same manner to
TMRM fluorescence as CCCP addition (Fig. S3D-G). Furthermore, platelets that were preincubated with 5 μM cyclosporine A (CsA) had significantly lower “PS+” platelet fraction
(P<0.05) in comparison with non-incubated platelets (Fig. 6G). While not new in itself [21,
22], this confirms the role of mPTP opening as one of the controlling steps in the PS exposure
under conditions of this study.
Interestingly, mPTP opening was not simultaneous for different mitochondria of a

same platelet. The potentials of different mitochondria from the same cell dropped one after
another with delays of several seconds (Fig. 7A, Supplement Video 2). In some cells, mPTP
opening in individual mitochondria was reversible without any PS exposure (Fig. 7B); very
rarely, we observed irreversible loss of membrane potential in one mitochondria that did not
spread to others (Fig. 7C). We used nonyl acridine orange (NAO, retained only in
mitochondria, independent on membrane potential) loaded platelets to check if mitochondria
were damaged during PS exposure (Fig. S6A,B). Platelets after 20 min of thrombin
stimulation were imaged. All “PS+” platelets had significantly lower levels of NAO
fluorescence (Fig. S6A) suggesting a high degree of mitochondrial damage. CsA did not
essentially affect cytosolic calcium mobilization independently of mPTP opening (Fig. S6CE).
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Sequential mPTP opening in different mitochondria in computational model. To
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explain mechanics of the above described phenomena, namely cytosolic calcium rise after the
mPTP opening and sequential collapse of distinct mitochondria, we expanded and modified
the computational model. After the mitochondrial collapse, all calcium stored in the matrix
goes into the cytoplasm. There it would be rapidly removed by the calcium ATPases (PMCA
and SERCA). To prevent it we have included decrease in the ATPase activity due to the
decrease in ATP level after mitochondrial collapse (Table S1) by a mechanism described in
[31]. To describe sequential mitochondrial collapse phenomenon, we included another
mitochondria in the computational model. The sequential collapse of two identical
mitochondria in the in silico platelet is shown on Fig. 7D. The slight rise in cytosolic calcium
concentration after collapse of the first mitochondrion leads to the increase in matrix free
calcium concentration in the second mitochondria and followed by irreversible opening of
mPTP in the second mitochondria. For mitochondria with different sizes the situation is
similar: the collapse of the larger one leads to the collapse of the smaller one (Fig. S7A), and
the collapse of the smaller one does not always lead to the collapse of the larger one (Fig.
S7B). In line with the concepts discussed in this paper, addition of CCCP to activated
platelets rapidly induced PS exposure (Fig. 7E).

Mitochondrial calcium dynamics during platelet activation. Fluorescent dye

Rhod-2 was used to investigate calcium dynamics in mitochondria during platelet activation
(Fig. 8). Rhod-2 distribution was compared in different fields of view before and after
stimulation with 1 nM of thrombin to get rough estimates (Fig. 8A). Fluorescence of Rhod-2
became bright after stimulation, while non-activated cells had uniform emission. Overall lowtime-resolution dynamics was obtained using low frequency of imaging (1 frame per 30
seconds) to avoid bleaching of the fluorophore (Fig. 8B) that clearly demonstrated
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mitochondrial calcium increase after stimulation. Experiments with faster detection (1 frame
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per 2 seconds) and 5 μM SFFLLRN activation were able to show that alterations in Rhod-2
fluorescence in some spikes correlated with Fura Red signal: when Fura Red decreased,
Rhod-2 signal was increased (Fig. 8D-E). Individual mitochondria correlated well in their
calcium dynamics (Fig. 8D) and there was no discernible difference in mitochondrial
calcium, which is not surprising taking into account great non-linearity of the mPTP opening
(Fig. 1).

Discussion
The main result of the present paper is characterization of the signaling events

occurring in individual cells of different platelet subpopulations after their physiological
activation with thrombin or SFLLRN.
Although these subpopulations were known to differ in their cytosolic calcium

concentration at some point after the activation [18, 19], those results were mostly obtained
with flow cytometry and did not provide dynamics of cytosolic calcium changes in individual
platelets. Some of the existing microscopy studies [20, 23] suggested that there should be
spikes in the PS-negative platelets, but did not show it convincingly, and did not provide
conclusive responses for the PS-positive ones. The classic paper [20] reported very frequent
and blending spikes, but no PS exposure, upon thrombin stimulation; a more recent study
[23] did not mention any spikes in either subpopulation, probably because most of the
analysis used calcium signal integrated over many platelets. A previous computational study
predicted that PS-positive platelets should appear after a series of spikes [25, 27], but only
here we observed this experimentally (although there were some occasional platelets that
exposed PS following just rapid cytosolic calcium rise without discernible oscillations in the
present work). These results, together with the characterization of the activator-dependent
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patterns of calcium spiking, provide a framework for further investigation and decyphering of
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platelet signaling responses.
The specific event responsible for triggering platelet death and PS exposure in a

subpopulation of platelets has been for some time believed to be opening of mPTP [21, 22]
likely resulting from mitochondria overloading with calcium [23] entering via a uniporter
[25, 27]. The results on single-cell and single-mitochondria imaging obtained in the present
study, including the effects of mPTP inhibition and observation of mitochondrial calcum
increase (and leak once mPTP is opened), agree with such a mechanism. Yet they add some
new information and demonstrate quite a new level of complexity. In agreement with
theoretical predictions [25], mPTP opening is in many cases reversible. It also appears to be a
stochastic phenomenon that does not occur simultaneously in all mitochondria of a platelet.
Sometimes, mPTP can even open only in a single mitochondria while others retain their
integrity for a long time. However, in most cases other mitochondria collapse relatively soon
after the first one. The mechanisms responsible for this require additional reseach: it could be
simply because their collapse is determined by the same history of cytosolic calcium, or
because the first one releases calcium, or because the first mitochondrion stops to support
ATP production and begins to destroy ATP instead. It is also interesting that, in agreement
with model predictions, calcium levels in the mitochondria of procoagulant-platelets-to be do
not differ greatly from those in the mitochondria of platelets that would not become
procoagulant. This agrees well with previous hypothesis that non-linearity of pore opening is
crucial to triggering the PS exposure [25, 27].
It has long remained a mystery whether there is some difference in platelets that

predisposes some of them to becoming procoagulant. An early study of Alberio et al.
suggested that platelet age might be important for development of procoagulant activity [32].
Ramstrom et al. elegantly demonstrated importance of PAR receptor density on the platelet
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surface for platelet responses [33], but there was no PS exposure analysis in that study. In the
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present study, pre-activation cytosolic calcium concentration was different in future nonprocoagulant and procoagulant platelets. Additional research is required to elucidate
molecular mechanisms of this.
There are conflicting reports on the relative roles of cytosolic calcium and

mitochondrial depolarization in the platelet subpopulation formation [21-24]. In our
experiments, the causal and temporal consequence seems to be the following: i) formation of
cytosolic calcium spikes upon agonist addition; ii) uptake of cytosolic spikes and increase of
mitochondrial calcium with reversible ΔΨ loss and, likely, mPTP opening in many cases; iii)
irreversible mPTP opening in some of the cells; iv) high cytosolic calcium; v) PS exposure.
The last three events are tightly interwoven, and all three develop simultaneously to a degree.
Still, interestingly, mitochondrial collapse does not occur simultaneously in all mitochondria
but rather spreads across the cell, and only once all are off PS is exposed. In contrast to [24],
CsA did not essentially affect cytosolic calcium mobilization independently of mPTP
opening, probably because we used SFLLRN, and not thapsigargin. In summary, the data of
the present study support a unifying picture suggested in our theoretical study [25], where
cytosol and mitochondria are both involved and are both important: cytosolic calcium spikes
are accumulated by mitochondria and cause mPTP opening as a result of overloading. In
addition to this, several unexpected findings appeared: a) difference of the baseline calcium
concentration in the resting platelets as indicator of their tendency to become procoagulant, b)
non-simultaneous loss of mitochondrial membrane potential raising questions about
interactions between mitochondria, c) a wider range of the cytosolic calcium rise patterns
observed experimentally. These data suggest new lines of theoretical and experimental
research.
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Conclusions
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Stimulation of platelets using thrombin of PAR1 agonist SFLLRN initially produces a
series of stochastic cytosolic calcium spikes. Their frequency decays with time for SFLLRN,
and remains high for thrombin. Some platelets remain in this state. In others, there is a
transition from spikes to sustained high calcium, because uptake of cytosolic calcium spikes
by mitochondria leads to its overloading, mPTP opening, and PS externalization.
Procoagulant platelets have higher cytosolic calcium in the resting state than nonprocoagulant ones. ΔΨ loss can be reversible. When irreversible, mitochondrial collapse does
not occur simultaneously in all mitochondria but rather spreads across the cell.
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Figure Legends

Figure 1. Possible modes of platelet calcium signaling. (A) The calcium signaling

network in platelets. (B-D) Typical responses induced by 1-100 µM SFLLRN obtained as
stochastic solutions of the computational model in individual platelets. (B) Calcum spiking
with slowly decaying frequency, no calcium accumulation, no mPTP opening, 1 µM
SFLLRN. (C) A more intense spiking with reversible partial mPTP opening, 10 µM
SFLLRN. (D) Intense spiking followed by irreversible mPTP opening, 100 µM SFLLRN.

Figure 2. Experimental dynamics of intracellular calcium oscillations and PS

externalization for different platelet subpopulations. (A) Images of Fura Red (calcium) and
annexin V (PS) fluorescence. DIC images illustrated spreading platelets on the fibrinogencoated surface before and after activation. Notations: “t start” – time of the start of the
experiment; “t activation” – time of thrombin addition; ‘t 25 min” – 25 minutes after the start
of the experiment. Scale bar equals 10 µm. (B-E) Fura Red (note that low fluorescence means
high calcium concentration) fluorescence from single platelets on the fibrinogen-coated
surface during 100 nM thrombin activation. Panels B and C show “PS-negative" cells, D and
E are “PS-positive” cells. Panels A and B show “PS-negative" cells, C and D show “PSpositive” cells. Sustained high calcium level is indicated by red arrows. Plots are
representative of a total of 80 “PS+” and 260 “PS-” platelets observed in 21 experiments. (F)
Normalized Fura Red intensity for 20 “PS-negative” and 3 "PS-positive" platelets in a typical
experiment. Means ± SD are shown. The difference between calcium levels immediately after
activation was not very significant (170-270 seconds, p~0.17), while it was significant after
PS exposure (900-1000 seconds, p<0.001).
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Figure 3. Variability and concentration-dependence of platelet response to PAR1
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activator. The panels show dynamics of calcium response and PS externalization in platelets
that become either non-procoagulant (A-D) or procoagulant (E). Conditions are as in Fig. 2,
activation is indicated in the panels. SFLLRN caused frequent long-lasting calcium spikes or
oscillations decaying with time. (F) Normalized Fura Red intensity for 30 “PS-negative”
platelets activated with 5 μM SFLLRN and for 19 “PS-negative” platelets activated with 50
μM SFLLRN. Means ± SD are shown, the difference is significant (p<0.01).

Figure 4. Variability of platelet signaling upon activation by thrombin at different

concentrations. The panels show dynamics of calcium response and PS externalization in
platelets that become either non-procoagulant (A-D) or procoagulant (E-J). Conditions are as
in Fig. 2,3, apart that activation was with thrombin at 0.1 (A, E), 1 (B, F, G), 10 (C,H) or 50
(D, I, J) nM. (G, I, J) “PS+” platelets without long-lasting oscillations. (K) Normalized Fura
Red intensity from 14 “PS-” platelets activated with 0.1 nM of thrombin, 20 cells with 1 nM,
23 cells with 10 nM and 21 cells with 50 nM of thrombin. Means ± SD are shown, p~0.55 for
0.1 nM versus 1 nM; p< 0.05 for 1 nM versus 10 nM. (L) Normalized Fura Red intensity
from 19 “PS-” activated with 50 nM of thrombin and 10 cells activated with 5 μM of
SFLLRN. Means ± SD are shown, p<0.001. Significance was measured between mean
normalized Fura Red intensity of platelets in different experiments during 100 seconds after
50 seconds since the moment of activation.

Figure 5. Role of the pre-activation state. Platelets were activated in conditions

described in Fig. 2. (A) Field of view before and in the end of video-imaging. Colors: green
(Fura Red), red (annexin V). Activation was with 50 nM thrombin. Scale bar equals 10 μm.
(B) Dynamics of Fura Red in different subpopulations before activation. Each single
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spreaded platelet was allocated, specific fluorescences (integral intensity divided on square of
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the cell, with background substracted) of Fura Red were calculated, averaged for the same
subpopulation and plotted for each time point ± SD. In this experiment, there were 19 “PS-”
and 5 “PS+” cells. (C) Distribution of platelets with different Fura Red fluorescence prior to
activation between subpopulations. The subpopulation state “PS+” or “PS-” for each cell was
defined at the end of experiment (about 30 minutes after activation). There were 55 “PS+”
and 181 “PS-” platelets from 11 experiments. The normalized values are integral cell
fluorescences divided by cell area and then normalized on the average value for the PSplatelets in each experiment. Mean value for the normalized “PS+” subpopulation equaled
0.86 and 1 for “PS-” subpopulation (p<0.001). Lower fluorescence indicates higher calcium
level.

Figure 6. Mitochondrial membrane potential dynamics of thrombin activated platelets.
Platelets were loaded with Fura Red and TMRM. (A) Field of view before activation (first
line) and after 800 seconds (second line). Blue is TMRM; green is Fura Red; red is a annexin
V. Activation was with 50 nM thrombin. Scale bar equals 10 µm. (B-E) Dynamics of Fura
Red, TMRM, annexin V for “PS+” platelets (B-D) and for “PS-” platelet (E). Decrease of
mitochondrial membrane potential and Fura Red fluorescence are simultaneous with PS
exposure. In some platelets coupled fluorescence bounces of TMRM and Fura Red were
observed (green arrows). (F) Normalized Fura Red and TMRM intensities from 10 “PS-”
platelets in the experiment. Mean ± SD. (G) Platelets were incubated with 5 μM CsA during
spreading on the fibrinogen (15 minutes), washed with buffer plus 5 μM CsA and then
activated with 10 nM thrombin plus 5 μM CsA in presence of labeled annexin V. After 15
minutes of activation, different fields of view were registered and fraction of “PS+” platelets
were counted and compared between CsA treated and non-treated specimens. 4500 cells from
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3 donors were observed. Every time CsA significantly reduced fraction of “PS+” platelets.
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Percentages of “PS+” platelets from 3 donors were averaged and plotted ± SD, P<0.05.

Figure 7. Mitochondria depolarization is not simultaneous and can occur in the “PS-

” platelets. Platelets were loaded with TMRM (green) and activated with 5 μM SFLLRN in
presence of annexin V (red). See also Supplement Video 2. (A) Short period of time before
PS exposure demonstrated. White arrows indicate individual mitochondria that undergo
collapse one after another. (B-C) Reversible and irreversible loss of mitochondrial membrane
potential in “PS-” platelets respectively. Platelets (B-C) did not expose PS during all time of
experiment (20 and 30 minutes). Time points indicated are relative to the first shown frames.
Scale bar equals 1 µm. (D) Computational model “2MitModel”: sequential mitochondria
collapse. Two identical mitochondria with equal numbers of all components and volumes
were simulated instead of one. Collapse of one mitochondrion leads to the Δψ loss,
subsequent decrease in calcium pump activity and ATP concentration according to the
mechanism described in [31]. This increases possibility of the second mitochondrion
collapse. (E) Platelets were incubated with 10 μM CsA, and activated with 10 nM of
thrombin. Addition of the CCCP after 820 seconds dropped mitochondrial potential and the
percent of PS+ platelets was increased from 2% to 24% during 3 minutes after CCCP
addition. The scale is 10 microns, annexin V is red and Fura Red is green.

Figure 8. Mitochondrial calcium dynamics of activated platelets. Platelets were

loaded with 5 μM Rhod-2. (A) Rhod-2 distribution before and after 20 minutes of platelet
activation with 1 nM of thrombin. Fluorescence was distributed uniformly in every cell
before activation. At the end of experiment fluorescence in mitochondria were increased. (B)
Dynamics of Rhod-2 fluorescence in 5 different “PS-” platelets. Frames were obtained every
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30 seconds to prevent bleaching and determine overall dynamics. Fluorescence increased in
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every platelet after addition the activator that led to moderate growth of fluorescence. (C)
Normalized Fura Red and rhod-2 intensity from 10 “PS-” platelets in the experiment. Mean
+- SD. (D-E) Rhod-2 fluorescence dynamics in “PS-” and “PS+” platelets respectively.
Spikes of Rhod-2 fluorescence correlate with Fura Red fluorescence decrease. Integral
signals presented, noise substracted.
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