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ARTICLE

Flow cytometry identifies an early stage of platelet apoptosis produced 
by agonists of the P2X1 and P2X7 receptors
Joelyn Wong1, Ben J. Gu1, Harry Teoh2, Malgorzata Krupa2, Mastura Monif3,4, Mark Slee2, & James S. Wiley1,5

1Florey Institute of Neuroscience and Mental Health, University of Melbourne, Parkville, Victoria, Australia, 2College of Medicine and Public Health, 
Flinders University of South Australia, Bedford Park, Australia, 3Department of Neurology, Royal Melbourne Hospital, Parkville, Australia, 4Department 
of Neuroscience, Monash University, Clayton, Australia, and 5Haematology Department, Box Hill Hospital, Australia

Abstract
Platelets express P2X1 receptors and our data also show the expression of P2X7 receptors. We 
studied the role of both receptors in platelet apoptosis by incubation of PRP with P2X agonists, 
then centrifuged to remove viable platelets, and analyzed the supernatant by flow cytometry 
to identify a sparse platelet-derived population that stained with MitoTracker dyes and CD41. 
BzATP, a potent agonist of P2X receptors, and ABT737, an activator of intrinsic apoptosis, 
produced altered platelets that stained moderately for annexin V and corresponded to an early 
stage apoptotic platelet (ESAP). Over a range of BzATP concentrations, we observed a dose- 
dependent formation of ESAPs between 5 and 500 uM BzATP, together with a variable 
formation of ESAPs at nanomolar ATP or BzATP (50–200 nM). Production of ESAPs occurred 
with αβ-meATP, while responses with either BzATP or αβ-meATP showed desensitization at 
a higher agonist concentration. Formation of ESAPs by either 100 nM or 0.5 mM BzATP was 
inhibited by preincubation of platelets with latrunculin A, an inhibitor of the actin cytoskeleton 
that prevents apoptosis. ESAP production was totally inhibited by preincubation of platelets 
with methyl-beta-cyclodextrin, which removes cholesterol from lipid rafts. Our data show that 
both P2X1 and P2X7 receptors are localized in platelet lipid rafts where P2X-agonists act to 
produce early stage apoptotic platelets.
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Introduction

Extracellular vesicles (EV, also termed microparticles) circulate 
in human blood in large numbers with about half having a platelet 
origin. A variety of platelet agonists including thrombin and 
collagen have been shown to cause formation of EVs from the 
platelet surface [1,2]. Whether any of the EVs come from the 
apoptotic death of platelets at the end of their 10 day lifespan is 
uncertain although blebbing and production of microvesicles is 
one of the earliest events in apoptosis, which may precede the 
removal of these cells from the circulation by phagocytosis [3]. 
There is strong evidence that the platelet lifespan is dictated by an 
intrinsic platelet pathway regulated by the pro-survival protein 
Bcl-XL, the degradation of which primes aged platelets for cell 
death [4–6]. Whether extrinsic signals play an additive role in 
promoting the platelet apoptotic process remains unclear. 
However, ion channels are attractive candidates for this role 
since ionic movements and especially a large K+ efflux is neces-
sary for the apoptotic process [7]. In three nucleated cell types, 
Cidlowski and colleagues have identified two early stages of 
apoptosis based on the changes in intracellular cations and cell 

size and introduced the concept of an “early stage apoptotic” 
entity [7].

Human platelets are known to express a major channel- 
forming receptor, the P2X1 receptor that is activated by ATP 
[8,9], as well as the metabotropic P2Y1 and P2Y12 receptors, 
both of which are activated by ADP. Addition of ATP alone, the 
physiological agonist for platelet P2X receptors, does not produce 
platelet aggregation or activation as defined by P-selectin posi-
tivity or PAC-1 staining (Figure S1). Thus, defining the major 
role for P2X1 receptors in platelets has been elusive [9–12]. The 
P2X1 receptor channel is highly permeable to calcium ions, and 
overexpression of this receptor in platelets has been shown to 
amplify P2Y1 receptor mediated calcium responses and augment 
hemostatic responses to collagen and ADP [9,13]. However, 
studies of downstream effects mediated by P2X1 are complicated 
by the rapid desensitization of this receptor in the continued 
presence of agonist although some studies have successfully 
reversed or minimized desensitization by preincubation of cells 
with apyrase [14]. Human platelets also express the P2X7 recep-
tor [15], although a potential function of P2X7 in this cell type 
has been little studied. Activated platelets are thought to contri-
bute to inflammation by regulated IL-1beta synthesis although 
information is lacking on a role of P2X receptors in this process 
[16,17]. Activation of the P2X7 receptor is also associated with 
blebbing of the plasma membrane and release of microvesicles, 
which is independent of the opening of the P2X7 channel/pore 
[18–21]. Blebbing and production of microvesicles is a consistent 
effect of ATP when added to a wide range of hemopoietic and 
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non-hemopoietic cell types, and many studies show that this 
aspect of apoptosis requires a functional actin cytoskeleton that 
can be inhibited by cytochalasin B or latrunculin A [3,22–24].

We confirm the expression of P2X7 on human platelets and 
their EVs and show that ATP and BzATP, agonists for both P2X1 
and P2X7, stimulate platelets to produce EVs including a subset 
of larger size that contains a cargo of mitochondria. Similar EVs 
containing mitochondria are produced by incubating platelets 
with BH3-mimetic ABT737, a drug that activates the intrinsic 
pathway of apoptosis [4]. While activation of P2X7 is known to 
induce apoptosis [24,25], we make the surprising finding that 
nanomolar BzATP and αβ-meATP, the latter selective for the 
P2X1 receptor, also trigger formation of the larger mitochondria- 
containing EVs, which on the basis of size, CD41 expression, 
annexin V staining and sensitivity to inhibitors point to this 
particle as an early stage apoptotic platelet (ESAP).

Methods

Materials

2ʹ(3ʹ)-O-(4-benzoylbenzoyl)-ATP (BzATP), ATP, αβ-meATP, 
ADP, bovine thrombin, methyl-beta-cyclodextrin, ethidium bro-
mide, calcium chloride, bovine serum albumin, glucose, sodium 
chloride, potassium chloride, latrunculin A and apyrase were 
bought from Sigma Aldrich (St. Louis, USA). Latrunculin 
A was kept as a frozen stock solution at 500 μM in DMSO. 
Cyclodextrin was kept as a frozen stock solution at 200 mM in 
buffered saline. MRS2365 was from Tocris Bioscience and used 
at a final concentration of 1μM. MitoTracker Green (MTG) and 
MitoTracker DeepRed (MTdR) were obtained from Molecular 
Probes (Oregon, USA). Annexin V antibody was bought from 
eBioscience. Monoclonal antibody CD41 was from Becton 
Dickenson and CD61 was from Dako. Mouse anti-human P2X7 
receptor monoclonal antibody (clone L4) was conjugated with 
either FITC or Alexa-647 using protein labeling kits as per 
manufacturer’s instructions [26]. The isotype control was 
a monoclonal IgG2b (clone WMD7) conjugated with Alexa-647. 
Sheep anti-P2X7 polyclonal antibody against a nonhomologous 
epitope of human P2X7 has been previously described [27]. 
HEPES-buffered saline contained NaCl 140 mM, HEPES 10 mM, 
MgCl2 0.1 mM, and pH 7.1.

Study subjects and P2X7 genotyping

Subjects for this study gave written informed consent, and the 
protocol was approved by the Eastern Health Human Research 
Ethics Committee (E05/1011), the Melbourne Health Human 
Research Ethics Committee (2017.354), and the Southern 
Adelaide Clinical Human Research Ethics Committee (193.06). 
Subjects were healthy and were not taking regular medication. 
P2X7 genotyping was performed on purified DNA from subjects 
in which a total of 12 functional SNPs were genotyped in the 
P2X7 gene (GenBank accession number Y09561) including 
rs3751143 (A > C) (which codes for Glu496Ala) using the 
Sequenom MassARRAY system and iPlex Gold chemistry [28].

Preparation and incubation of platelet-rich plasma (PRP) and 
platelet poor plasma (PFP)

Blood was venesected from normal donors using light or no 
tourniquet with a 21 G scalp vein needle following the ISTH 
recommendations [29]. After discarding the initial 2 mL of 
blood, we gently withdrew 9 vol blood, which was added to 1 
vol 0.13 M sodium citrate (pH 7.0) in a plastic tube followed by 
gentle inversion (final pH 7.3–7.4). Blood was kept at room 
temperature with minimum delay before first centrifugation 

(typically <1 h). For a few studies, peripheral blood was collected 
via a vacutainer containing ACD-A anticoagulant. Blood was 
centrifuged at 160x g for 15 min, and the PRP was collected as 
soon as possible by aspiration of the upper half of the supernatant. 
Platelet free plasma (PFP) was prepared from PRP by centrifuga-
tion at 2500x g for 15 min at 20 °C followed by addition of Krebs 
substrates: 6 mM succinate, 0.35 mM malate, 6 mM alpha keto-
glutarate and 3.5 mM pyruvate. Complete absence of intact plate-
lets in PFP was confirmed by zero platelet counts in a Sysmex 
XN20 Platelet Counter. Both PRP and PFP were kept at room 
temperature until use. Incubation of platelets with agonists was at 
37 °C and was terminated by transfer of tubes to 18 °C water bath 
prior to centrifugation.

Separation of platelets by gel-filtration and platelet washing 
with tyrode’s medium

Platelets were separated from plasma by gel filtration on 
a Sepharose-2B column as described [30]. The gel-filtered plate-
lets were diluted in Mg-free Tyrode’s medium (1 vol GFP:2 vol 
Tyrode’s) to reduce magnesium before incubation with agonist. 
The suspension of gel-filtered platelets is referred to as GFP. All 
experiments examining the effect of Q-VD-Oph on the formation 
of ESAPs utilized prostacyclin-washed platelets, as described by 
Radomski and Moncada [31].

Western blotting of P2X7

PRP was pelleted at 1000x g for 30 min, followed by resuspen-
sion of the pellet in buffered medium (10 mM Tris, 150 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 
and 0.1% (w/v) SDS; pH 7.4). Platelet-free plasma was centri-
fuged at 100,000xg for 70 min at 4 °C and the sediment resus-
pended as above. Samples were resuspended in sample buffer 
(250 mM Tris, 40% (v/v) glycerol, 8% (w/v) SDS, 400 mM 
DTT, and 0.04% (w/v) bromophenol blue; pH 6.8), loaded at 20 
uμg per well, and run on gel electrophoresis for 30 min (running 
buffer made up of 250 mM Tris, 1.92 M glycine, 0.6% (w/v) 
SDS). Proteins were transferred to a PVDF membrane and incu-
bated with polyclonal sheep antihuman P2X7 antibody (1:1000 
dilution) overnight at 4 °C. Blots were then incubated with 
secondary antibody (1:3000 dilution) for 1 h at room temperature 
and imaged using chemiluminesence.

Flow cytometry and enumeration of early-stage 
apoptotic platelets in plasma diluted with tyrode’s 
medium

PRP or PFP was diluted (1 vol + 4 vol) in Na+ Tyrode’s medium 
and stained with MTdR 0.5 μM and/or MTG 0.5 μM for 
15 min in the dark at 37 °C. Following incubation of PRP with 
the agonist, tubes were centrifuged at 2,500g for 15 min and the 
upper half of the supernate was carefully aspirated and stained 
with CD41. Samples were further diluted 1:20 (v/v) in HEPES- 
buffered saline immediately before analysis on a CytoFLEX 
S flow cytometer (Becton Coulter Life Sciences) at a flow rate 
of 10 μl/min for 3 min. Both diluting media contained Krebs 
substrates. Acquisition settings for the instrument are listed in 
the supplementary table [32]. The data were analyzed using 
FlowJo software (Tree Star, Ashland, Oregon, USA) and cor-
rected for sample dilution. Enumeration of MitoTracker and 
CD41 positive events was improved by excluding the bulk of 
smaller EVs using a negative gate with the violet side scatter 
parameter.
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Statistics

Mean and standard deviation are shown, and analyses were car-
ried out using GraphPad Prism 8 (GraphPad Software, La Jolla). 
One-way ANOVA with Tukey’s multiple comparison post-hoc 
test was used to analyze data in Tables I and II. A paired t-test 
was used in addition to confirm significance in Table II.

Results

Expression of P2X7 on platelets and their EVs

The expression of the P2X7 receptor on circulating blood plate-
lets and plasma EVs was assessed by equilibrium binding of the 
P2X7 monoclonal antibody conjugated with Alexa-647 added to 
PRP or PFP. Flow cytometric assessment of antibody binding 
reached a plateau at 15 min at 25 °C for both platelets and their 
EVs in PFP. The binding of antibody to platelets or EVs was 
greater than either autofluorescence or fluorescence of an isotype 
monoclonal control (Figure 1a–d) although the mean fluorescence 
intensity of antibody binding was greater to platelets than to the 
EVs in plasma.

The expression of P2X7 on circulating platelets and plasma 
EVs of normal subjects was confirmed by western blot analysis of 
platelet lysates and PFP of the normal donors, which showed an 
immunoreactive band migrating at 68–70 kDa (Figure 1e,f). 
A minor immunoreactive band was consistently present at 
a slightly lower molecular weight, most likely representing the 
deglycosylated form of the receptor, and these data show that both 
platelets and platelet-derived EVs express P2X7 of the expected 
molecular size [33]. No comparison was made of the relative 
expression of P2X7 between intact cells and their derived 
vesicles.

Activation of P2X7 releases extracellular vesicles from 
platelets

Activation of P2X7 in nucleated cells has been reported to cause 
blebbing and microvesiculation of the surface of the cell mem-
brane within seconds to minutes [18–21], and we examined this 
function in fresh human platelet rich plasma (PRP). Since ATP is 
only a partial agonist for P2X7 [34], BzATP, a more potent and 
complete agonist for P2X7 was used at 0.5 mM in the following 
assays. BzATP produced a large number of EVs with a linear time 
course over 30 min from GFP suspended in Tyrode’s medium. We 
compared the ability of various platelet agonists to produce EVs 
from gel-filtered platelets suspended in Tyrode’s medium [1,2]. 
Thrombin and the P2Y1 agonists, ADP and MRS2365, produced 
more EVs than BzATP, and the mean number of EVs formed 
followed a rank order of thrombin > ADP = MRS2365 > BzATP 
(Figure 1g).

Early stage apoptotic platelets are produced by ABT737 and 
by BzATP but not by thrombin or ADP

Early apoptotic change involves blebbing, microvesiculation and 
shrinkage of the cell, although cell shrinkage is not necessary for 
apoptosis to occur [35]. We noted that short incubation of platelets 
with BzATP generated a subpopulation of platelets which failed to 
sediment when PRP was centrifuged at 2,500 g for 15 min (the 
standard procedure to remove viable platelets and obtain platelet- 
free plasma). To characterize this population using flow we incu-
bated PRP with mitotracker dyes MTdR (0.5 μM) either with or 
without MTG (0.5 μM) prior to BzATP treatment and then after 
centrifugation we stained the supernate plasma with CD41 mAb. 
This strategy identified a homogeneous 
MitoTrackerdeepRed+MitoTrackerGreen+ population which 

included all the MitoTracker positive events (Figure 2a) while this 
population was also strongly positive for platelet integrin marker 
CD41 which selectively stains this population (Figure 2a). In con-
trast the platelet marker CD61 stained both MitoTracker positive and 
MitoTracker negative EVs and CD61 was not studied further 
(Figure S1A). Backgating the MitoTracker+CD41+ events produced 
by BzATP showed that this population comprised larger events on 
the FCS/VSSC plot (Figure 2a). Numerically, the 
MitoTrackerRed+MitoTrackerGreen+ population did not differ sig-
nificantly from the MitoTracker+CD41+ population, and this count 
constituted less than 1% of the total EV count. We confirmed the 
absence of intact viable platelets from the 2,500g supernate by 
obtaining a zero impedance count with a Sysmex XN Platelet 
Analyzer. In occasional fasting donors with high agonist-induced 
MitoTracker+CD41+ numbers, a trail of cell fragments (apopto-
somes) from the major population was observed (Figure S1B). 
Apoptotic cells are often identified by their positive staining with 
annexin-V, and we examined this feature in platelets incubated with 
0.5 mM BzATP for 60 min as well as with 1 μM ABT737 for the 
same time. The MitoTracker positive EVs produced by both agonists 
showed weak to moderate positivity for this membrane marker of 
apoptosis, suggesting that the MitoTracker+CD41+ events identified 
an early stage of the apoptotic degradation of the platelet (Figure 2b).

In a recent report, platelets incubated with thrombin were shown 
to release mitochondria-containing EVs as well as a number of free 
mitochondria [36]. We examined the release of MitoTracker+CD41+ 

EVs from gel-filtered platelets incubated without stirring for 10 min 
with BzATP (0.5 mM) or with the pro-aggregatory agonists thrombin 
(1.0 U/ml) or ADP (10 uM). BzATP produced significant numbers 
of MitoTracker+CD41+ EVs, which were not observed with either 
thrombin or ADP (Figure 3a).

We compared this result to that from the addition of ABT737 
to PRP (Figure 3b) since the BH3 mimetic ABT737 inhibits the 
prosurvival molecule Bcl-xL and induces rapid apoptotic changes 
in a fraction of the platelet population [4,6] in addition to stimu-
lating the release of AnnexinV+ EVs into the medium [37]. Flow 
cytometric analysis of the PFP supernate after 30–90 min incuba-
tion of PRP with ABT737 showed a subpopulation of 
MitoTracker+CD41+ events similar in staining features, annexin 
V positivity and size on backgating to that seen following BzATP 
exposure (Figure 3a,b). We concluded that the P2X agonist, 
BzATP, induces a dose dependent formation of early stage apop-
totic changes in a small fraction of the platelet population, which 
is not seen after the treatment of PRP with either ADP or throm-
bin (Figure 3a).

The agonist BzATP Gives a dose-dependent formation of 
early-stage apoptotic platelets

Incubation of platelet-rich plasma with agonists for the P2X7 
receptor produces an accumulation of ESAPs in the ambient 
medium, and we chose an incubation time of 10 min to mini-
mize loss of these particles by continued degradation to apop-
tosomes. The formation of early stage apoptotic platelets 
showed a dose-dependent response to increasing BzATP con-
centration between 5.0 and 500 μM with half maximal effect at 
values around 50–70 uM (Figure 4). This value is similar to 
the half-maximal concentrations of agonist, which have been 
published for the P2X7 receptor of both native and recombi-
nant origin [38,39].

Nanomolar concentrations of BzATP also produces early 
stage apoptotic platelets

We examined the formation of apoptotic platelets in PRP incu-
bated for 10 min with nanomolar concentrations of BzATP. 
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Formation of early stage apoptotic platelets was seen at con-
centrations of 100, 200 and 500 nM BzATP, which exceeded 
the levels observed with either no agonist or 1 μM BzATP 
(Table I). The peak production of ESAPs for each normal 
donor varied between 100 and 500 nM agonist, and for each 
subject, we observed a lesser production of apoptotic platelets 
at 1 μM concentration of the agonist . This anomalous dose- 
response was confirmed in a total of 6 fasting donors, which 
showed that the peak nanomolar agonist production (at either 
100, 200 or 500 nM BzATP) was significantly greater than the 
values of apoptotic platelets with no agonist (p = .0086) or with 
1 μM BzATP (p = .0202) (Table I). The anomalous dose- 
response results in Table I are consistent with a biphasic 
response of two platelet receptors to BzATP; first, P2X1 over 
the 100 nM–1 μM BzATP range (including P2X1 receptor 
desensitization at 1 μM) and, second, a P2X7 response at the 
higher agonist concentrations. Table I also shows that BzATP 
acting via P2X7 (column D) added to PRP produced signifi-
cantly more apoptotic platelets than by nanomolar BzATP act-
ing via P2X1 although subject 4 was a notable exception with 
maximal apoptotic response to the nanomolar agonist.

The physiological agonist ATP is equipotent to bzatp in 
producing esaps

Incubation of platelets as PRP with ATP, the physiological agonist for 
P2X receptors, produced early-stage apoptotic platelets in maximal 
numbers at 50 nM (n = 2) or 100 nM (n = 2) agonist with values of 
16.6, 7.6, 39.0 and 14.2 × 106/mL in four separate fasting donors, 
respectively (Figure 5a). In each experiment, each maximum value 
was followed by lower ESAP numbers at higher agonist concentration 
consistent with desensitization, a hallmark of the P2X1 receptor. In 
parallel with ATP, platelets from each donor were incubated with 
BzATP as agonist, which yielded maximum values of ESAPs of 24.1, 
11.8, 16.8 and 9.3 × 106/mL at 100 or at 200 nM agonist.

The P2X1 receptor agonist αβ-meATP produces early-stage 
apoptotic platelets

αβ-meATP is an effective agonist of the P2X1 receptor although 
with less potency than BzATP [11]. Because αβ-meATP is non- 
hydrolysable, it is active as an agonist in the presence of apyrase 
and we preincubated PRP with apyrase to reverse any prexisting 
desensitization of P2X1. Following this preincubation of PRP 
with apyrase (0.2 U/mL for 60 min), we further incubated with 
no agonist or αβ-meATP (200 nM, 500 nM, 1 μM, and 2 μM) for 
10 min. A significant increase in ESAP values was observed at 
500 nM αβ-meATP compared to the no agonist condition (Table 
II, p < .02, n = 5). Desensitization of the P2X1 receptor occurs 
rapidly at 1 μM agonist [11], and our data shows that 1–2 μM 
agonist gave little or no increase in the production of apoptotic 
platelets. To ensure that the ESAP production following apyrase/ 
αβ-meATP was P2X1-related, we included control platelets pre-
incubated with apyrase plus latrunculin A to inhibit the apoptotic 
process. This increase in ESAP production observed with apyr-
ase/αβ-meATP was latrunculin-sensitive, consistent with 
a previous report that latrunculin blocks P2X1 receptors [40] 
(Figure 5b,c).

Genetic loss of P2X7 function does not impair 
P2X1-mediated platelet apoptosis

We studied platelets from a donor with homozygosity of 
a polymorphic variant of the P2X7 receptor (Glu496Ala), which 
results in near total loss of the P2X7 function [28]. As expected, 
higher concentrations of BzATP (0.5 mM) sufficient to activate 
wildtype P2X7 failed to generate ESAPs in this subject (Figure 
S2). Incubation of PRP with BzATP at 100 nM gave a modest 
production of ESAPs consistent with an intact platelet P2X1 
receptor, but this response was abolished at 500 nM BzATP 
concentration most likely due to receptor desensitization 
(Figure S2).

Table I. Biphasic production of early stage apoptotic platelets (ESAPs) by 
incubation of PRP with nanomolar (100–500 nM) and millimolar (0.2– 
0.5 mM) BzATP agonists.

No 
Agonist 

(A)

Nanomolar 
Agonist Peak 

value (B)

Agonist 
1μM Value 

(C)

Millimolar 
Agonist Max 

Value (D)

Subject 1 
(M81)

0.5 3.9 0.4 13.2

Subject2 
(M47)

4.8 12.3 0.9 18.4

Subject 3 
(M30)

0.3 9.3 2.7 16

Subject 4 
(F24)

4.8 10.9 3.9 9.0

Subject 5 
(F38)

0.5 6.2 4.8 19

Subject 6 
(F60)

0.7 1.3 0.1 16.5

Mean 1.9 7.3 2.1 15.4

PRP from six normal fasting donors was incubated with BzATP for 
10 min at 37 °C, and ESAP numbers (as 106/mL plasma) analyzed. 
Column (A) shows ESAP numbers at zero time. Column (B) shows 
maximum ESAP numbers produced by 100–500 nM BzATP (A) vs (B) 
p = 0.0086. In column (C), the P2X1 receptor is nonfunctional due to 
desensitization. [(A) vs (C)] Not significant. Column (D) shows max-
imum ESAP numbers produced by 0.2–0.5 mM BzATP. [(A) vs (D)] 
p = 0.0027. [(B) vs (C)] p = 0.0202 and [(B) vs (D)] p = 0.0445 (one 
way ANOVA with Tukey multiple comparison. 

Table II. Production of early stage apoptotic platelets (ESAPs) by the 
P2X1 selective agonist αβ-me ATP.

ESAPs count (x106/mL)

Subject
No 

addition

200 nM 
αβ-me 
ATP

500 nM 
αβ-me 
ATP

1 uM 
αβ-me 
ATP

2 uM 
αβ-me 
ATP

5 uM 
αβ-me 
ATP

Subject 
1 
(M81)

1.8 3.9 6.9 7.4 1.2 0.7

Subject 
2 
(M60)

0.1 - 2.4 0.5 0.3 1.1

Subject 
3 
(M26)

5.3 - 13.5 8 - -

Subject 
4 
(M48)

0.4 0.1 2.2 1.4 0.6 0.2

Subject 
5 
(F25)

1.4 7.8 8.9 1.5 3.5 -

Note: PRP was preincubated with apyrase (0.2 U/ml) for 60 min and then 
with αβ-meATP for 10 min at 37 °C . ESAP numbers are expressed as 
number x 106/mL plasma. Comparison of ESAP values with 500 nM 
agonist versus no addition shows a significant increase (P < 0.02). 

624 J. Wong et al.                                                                                                              Platelets, 2022; 33(4): 621–631



Inhibition of the actin cytoskeleton impairs BzATP-mediated 
platelet apoptosis

Disruption of the actin cytoskeleton by cytochalasin B or latrunculin 
A prevents the early stage of the apoptotic process [7,41,42] and also 
inhibits P2X1 receptor currents [40]. We studied the effect of pre-
incubation of platelets with latrunculin A on BzATP-mediated for-
mation of ESAPs and found variable patterns of responses (Table III). 
Of five donors, three (subjects 1, 2,3) showed predominant ESAP 
formation with 0.5 mM BzATP, which was largely inhibited by 
latrunculin A. Subject 4 who was homozygous for a genetic loss of 
the function variant in the P2X7 receptor [43] gave a major ESAP 
formation at 100 nM BzATP with few ESAPs from 0.5 mM BzATP. 
Platelets from subject 5 showed ESAP production at both 100 nM 
and 0.5 mM BzATP and latrunculin inhibited both ESAP responses 
to less than 10% of the uninhibited value (Table III). These data show 
that an intact actin cytoskeleton is necessary for the formation of early 
stage apoptotic platelets in fresh donor PRP, as previously reported 

for cultured cell lines [7,41,42]. Our data also highlighted the varia-
bility between donor platelets in their response to the potent P2X 
agonist, BzATP, with variable patterns of the apoptotic responses 
defined by the latrunculin-sensitive component in platelet ESAP 
numbers. Table III highlights these different patterns of ESAP pro-
duction to BzATP and shows that high numbers of ESAPs can be 
produced either from the nanomolar agonist (from P2X1) or from 
0.5 mM agonist (from P2X7) although the contribution of each 
receptor to ESAP production appears to vary independently of each 
other.

Disruption of platelet lipid rafts blocks BzATP-mediated 
platelet apoptosis

Depletion of plasma membrane cholesterol by preincubation of 
platelets with methyl-beta-cyclodextrin reduces P2X1-mediated cal-
cium responses by 80% [44], highlighting the major role of lipid 
rafts in P2X1 channel function. Preincubation of platelets from five 

Figure 1. P2X7 expression on human platelets 
and circulating EVs. (a and b) Fluorescent 
histograms of P2X7 expression on human pla-
telets and circulating EVs. GFP and platelet- 
derived EVs were incubated with 
AlexaFluor647-labeled P2X7 monoclonal anti-
body for 15 min at 25 °C and analyzed by flow 
cytometry. Histograms of isotype control anti-
body binding and autofluorescence are shown. 
(c and d) MFI of P2X7 mAb surface binding to 
platelets and EVs for five subjects; *p < .02 and 
**p < .005; and 23 subjects; ****p < .001. (e 
and f) Western analysis of P2X7 expression in 
platelet and EV lysates. The major P2X7 band 
migrates at 68–70 kDa with a lower molecular 
weight band thought to be deglycosylated 
receptor monomers. Additional lower MW 
bands present in PLT2, WBC2, and MP1 prob-
ably represent a splice isoform. Loading con-
trols are not shown as there are no comparisons 
of relative amounts between cells and EVs. In 
(f), lanes designated MP (microparticle) are 
synonomous with EV. (g) Both P2X and P2Y 
agonists release EVs from platelets with max-
imum release by thrombin. Gel filtered platelets 
were incubated in K+ Tyrodes for 15 min with 
thrombin (1 U/mL), ADP (10 μM), MRS2365 
(10 μM) and BzATP (0.5 mM). Released EVs 
were enumerated by flow cytometry. Mean and 
standard deviation shown for three experiments 
on separate donors, *p < .02, **p < .005, and 
****p < .001.
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donors with methyl-beta-cyclodextrin markedly reduced the major 
number of ESAPs produced by either 0.5 mM BzATP (subjects 1, 2, 
3 and 5) or the major ESAP response observed with 100 nM BzATP 
(subjects 4 and 5). (Table III). Comparison of the inhibition in ESAP 
numbers due to latrunculin with the reduction in ESAPs due to 
methyl-beta-cyclodextrin showed that both antagonists exerted an 
equal inhibition on the P2X mediated release of ESAPs, albeit by 
different mechanisms. The data of subject 5 is striking in that BzATP 
produces large numbers of ESAPs at both 100 nM and at 0.5 mM 
agonists and, at both concentrations, the ESAPs produced come 
from P2X receptors colocated within the lipid rafts of blood 
platelets.

Discussion

Early-stage apoptotic platelets are produced by ABT737 and 
by P2X7 receptor agonists

Our data has identified an early-stage apoptotic platelet with 
features similar to those described in a study of apoptosis induced 
in cultured cell lines by FasL and UV irradiation [7,35]. This 
early stage of platelet apoptosis constituted a homogeneous flow 
population of altered platelets containing mitochondria and 
expressing the platelet integrin CD41 but which fail to sediment 
when intact platelets were removed by centrifugation. These 
MitoTracker+ CD41+ EVs were less than 1% of the total EVs 

Figure 2. BzATP causes release of EVs containing functional mitochondria. (a) Early stage apoptotic platelets form a homogeneous population 
when identified with MitoTracker Deep Red and MitoTracker Green staining. Backgating the population within the polygon to the VSSC/FSC plot 
shows that early stage apoptotic platelets are among the larger of the EVs in size. The platelet integrin marker CD41 is expressed on MitoTracker 
positive apoptotic platelets but not on MitoTracker negative EVs. PRP was labeled with MitoTracker dyes, then incubated with BzATP (0.5 mM) for 
10 min, centrifuged at 2500g for 15 min, and then supernate-labeled with CD41-PE. (b) ESAPs released from platelets by incubation with 100 
nanomolar BzATP or by 1 μM ABT737 for 60 min are weakly positive for annexin V staining.
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present in the supernate but contained all of the mitochondria 
present in the cell-free plasma. Notably, the MitoTracker+ CD41 
+ EVs were absent from plasma after incubation of PRP with 
agonists thrombin or ADP. Incubation of PRP with the BH3 
mimetic ABT737, which activates the intrinsic pathway of plate-
let apoptosis, generated an EV particle in plasma that was similar 
to that produced by BzATP (Figure 3a,b). Both agonists BzATP 
and ABT737 produced a large EV, which was MitoTracker+ 
CD41+, and had modest positivity to Annexin V staining. 
However, as shown by Wei and Harper for the EV particle 

produced by ABT737, at least 60 min of apoptotic stimulus was 
required for moderate Annexin V positivity to develop [37] . Our 
data showing similar features of the MitoTracker+ CD41 
+ Annexin+ particles produced from incubation of platelets 
with either ABT737 or with BzATP provides strong evidence 
on P2X-receptor agonists triggering an extrinsic pathway leading 
to platelet apoptosis.

Further evidence that ESAPs are an early intermediate particle 
on a pathway of apoptosis is provided by the inhibitory effect of 
latrunculin A, which like cytochalasin B [7,41,42] blocks P2X1 

Figure 4. Release of early stage apoptotic platelets from PRP is BzATP dose-dependent . PRP was labeled with MitoTracker dyes and incubated for 
10 min with BzATP at concentrations between 1.0 and 500 µM. Viable platelets were removed by centrifugation and ESAPs in supernate plasma 
enumerated by flow cytometry. The graph shows the mean ± SD from 3 or 4 normal donors.

Figure 3. Early stage apoptotic platelets are produced by BzATP and by ABT737 but not by thrombin or by ADP. (a) Gel-filtered platelets were 
incubated with BzATP (0.5 mM) or with agonists thrombin (1.0 U/mL) or ADP (10 μM). Flow analysis of the cell-free supernate showed thatBzATP 
released MitoTracker+CD41+ ESAPs, which were not seen after ADP or thrombin incubations. Enumeration of ESAPs is shown above the polygon . 
(b) Incubation of platelets with ABT737 (1 μM) generates substantial production of MitoTracker + CD41+ ESAPs over 30–90 min incubation.
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receptor currents [40] and suggests a significant role of P2X1 in 
platelet apoptosis. Furthermore, our preliminary experiments on 
washed platelets from three subjects with robust production of 
ESAPs when incubated with 100 or 200 nM BzATP also showed 
a major reduction of ESAP numbers in paired samples preincu-
bated for 30 min with 10 uM Q-VD-Oph, a pan caspase inhibitor 
with antiapoptotic properties [45].

Nanomolar BzATP is a selective agonist for P2X1 receptors in 
producing ESAPs

We investigated the dose-dependence of ESAP formation over 
a range of BzATP concentrations as this agonist has high potency 
at both P2X1 and P2X7 receptors [34,46]. While BzATP gave 
a dose-dependent formation of ESAPs at concentrations consis-
tent with a P2X7 receptor effect, we unexpectedly noted 
a production of early stage apoptotic platelets in PRP incubated 
with nanomolar concentrations of BzATP (Tables I , III). This 
effect appeared to be mediated by the activation of the P2X1 
receptor, an ion channel that is known to be highly expressed on 
the human platelet and is known to respond to nanomolar agonist 
levels [9,11]. Several observations support the involvement of 

P2X1 in stimulating early stage platelet apoptosis at nanomolar 
agonist levels. First, ESAP production was observed when plate-
lets were incubated with αβ-meATP (200–500 nM), an agonist 
that activates P2X1 but not P2X7 receptors [11]. Second, the 
formation of ESAPs at 100–500 nM BzATP was significantly 
higher than ESAP production at 1 μM BzATP levels (Table I), 
consistent with agonist-induced desensitization, which is 
a hallmark of P2X1 [33]. Finally, in a patient with loss of P2X7 
function (homozygosity for Glu496Ala), we observed robust 
ESAP production with 100–200 nM BzATP but with far lower 
ESAP values at 0.5 mM BzATP (Figure S2). Previous studies 
have commented on the considerable variability in P2X1 
responses, which may in part be due to the varying extent of 
receptor desensitization [9,10]. Our data in Tables I and III also 
shows wide variation in the extent of ESAP formation when 
produced either from nanomolar (P2X1) or millimolar (P2X7) 
agonists. We explored the inhibitory effect of NF449 on the 
production of ESAPs by 100 nanomolar BzATP [47]. This inhi-
bitor at 100 nM blocked half of the ESAP production but also 
blocked more than half of the ESAPs produced by 0.5 mM 
BzATP, suggesting low selectivity for the P2X subtype located 
in a lipid raft environment (see below).

Figure 5. The physiological agonist ATP and the P2X1 selective agonist αβ-meATP both release early stage apoptotic platelets from PRP. (a) 
PRP was incubated with ATP for 10 min at 37 °C and centrifuged, followed by analysis of the supernate for ESAPs. Maximum values of ESAPs are 
seen at 50 nM ATP. (b and c) PRP was preincubated with apyrase 0.2 U/mL for 60 min and then with αβ-meATP for 10 min at 37 °C .Strong agonist 
responses are seen at 200 and 500 nM agonists, which almost disappear at 1uM agonist due to receptor desensitization. (c) Agonist responses are 
blocked by preincubation of PRP with latrunculin A, which blocks subsequent progression to apoptosis. ESAP numbers in the supernate are expressed 
as number x 106/mL plasma.
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Raft-associated P2X1 and P2X7 mediate ESAP release

Lipid rafts in the plasma membrane are rich in cholesterol and 
sphingolipids and are known for their role in facilitating 
downstream signaling following receptor activation. There is 
strong evidence that P2X1 receptors are localized to the lipid- 
rich rafts of the cell membrane and that the function of P2X1 
is affected by raft disruption [48]. In platelets, only some 20% 
of the total platelet P2X1 is co-associated with flotillin-2, 
a lipid raft marker, although removal of cholesterol by filipin 
or cyclodextrin reduces P2X1-mediated calcium fluxes by 
80% [48,49]. Our data shows that preincubation of platelets 
with cyclodextrin inhibited the subsequent formation of 
ESAPs by 64–98% of the maximum formation attained for 
either 100 nM or 0.5 mM BzATP. This data confirms the 
signaling role of both P2X1 and P2X7 in early apoptosis 
and shows that the major fraction of P2X7 and most of 
functional P2X1 are raft-localized in the platelet. Data from 
other groups has shown that P2X7 may be localized in lipid 
rafts in primary macrophages, lung alveolar epithelial cells 
and submandibular gland epithelial cells [50–52], and our 
data adds blood platelets to this list. Activation of P2X7 can 
stimulate phospholipase A2 activity whose enzymatic pro-
ducts arachidonic acid and lysophosphatidylcholine can accu-
mulate in lipid rafts and may increase the potency of P2X7 
agonists by 30–100 fold [53,54]. While P2X7 is recognized to 
induce apoptosis, our data showing the involvement of P2X1 
in platelet apoptosis is a new finding although P2X1 has been 
implicated in a previous study of dexamethasone-induced 
apoptosis of immature thymocytes [55]. Other work has 
linked P2X1 with thymic apoptosis by finding an orphan 
mRNA (termed RP-2) from apoptotic rat thymocytes, which 
exactly coded the rat P2X1 sequence [56] .

Potential for ESAPs to circulate and cause pathophysiology

Elegant experiments by Dubyak and colleagues using platelets 
with surface attached firefly luciferase have shown that cell sur-
face ATP may reach transient values over 10 μM following 
thrombin stimulation of platelets [57]. Thrombin, however, does 
not produce ESAPs, and it is not known whether extracellular 
ATP in circulating blood or following blood stasis can reach the 
nanomolar levels in vivo sufficient to produce ESAPs from 
platelets. Our data shows that early stage apoptotic platelets 
produced by the P2X receptor activity contain functional mito-
chondria with intact membrane potential and we have indirect 
evidence that the ESAP particle is unstable and fragments read-
ily, releasing free mitochondria. Boilard and colleagues have 
shown that extracellular mitochondria can interact with neutro-
phils in vivo, triggering neutrophil adhesion to the endothelial 
wall where this cell may amplify oxidative damage and increase 
vascular permeability [36]. Our preliminary data suggests that 
the magnitude of the P2X-responses in blood platelets may have 
relevance to multiple sclerosis in which circulating extracellular 
microparticles (EVs) are increased in number and size during the 
acute relapse, a clinical event that is associated with increased 
vascular permeability and inflammatory plaque formation in the 
brain [58,59].
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