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Background: Inactivation of integrin �IIb�3 reverses platelet aggregate formation upon coagulation.
Results and conclusion: Platelets from patient (Scott) and mouse (Capn1�/� and Ppif�/�) blood reveal a dual mechanism of
�IIb�3 inactivation: by calpain-2 cleavage of integrin-associated proteins and by cyclophilin D/TMEM16F-dependent phospho-
lipid scrambling.
Significance: These data provide novel insight into the switch mechanisms from aggregating to procoagulant platelets.

Aggregation of platelets via activated integrin �IIb�3 is a pre-
requisite for thrombus formation. Phosphatidylserine-exposing
platelets with a key role in the coagulation process disconnect
froma thrombus by integrin inactivation via an unknownmech-
anism. Here we show that �IIb�3 inactivation in procoagulant
platelets relies on a sustained high intracellular Ca2�, stimulat-
ing intracellular cleavage of the �3 chain, talin, and Src kinase.
Inhibition of calpain activity abolished protein cleavage, but
only partly suppressed �IIb�3 inactivation. Integrin �IIb�3 inac-
tivation was unchanged in platelets from Capn1�/� mice, sug-
gesting a role of the calpain-2 isoform. Scott syndrome platelets,
lacking the transmembrane protein TMEM16F and having low
phosphatidylserine exposure, displayed reduced �IIb�3 inacti-
vationwith the remaining activity fully dependent on calpain. In
platelets fromPpif�/�mice, lackingmitochondrial permeability
transition pore (mPTP) formation, agonist-induced phosphati-
dylserine exposure and�IIb�3 inactivationwere reduced. Treat-
ment of human platelets with cyclosporin A gave a similar phe-
notype. Together, these data point to a dual mechanism of
�IIb�3 inactivation via calpain(-2) cleavage of integrin-associ-
ated proteins and via TMEM16F-dependent phospholipid
scrambling with an assistant role of mPTP formation.

Integrin �IIb�3 plays a crucial role in platelet aggregation in
response to physiological agonists. Once in its activated confor-
mation, �IIb�3 accomplishes platelet-platelet interactions via
bridges of fibrinogen and vonWillebrand factor. Under throm-

botic conditions in flowing blood, �IIb�3-dependent platelet
aggregation mediates thrombus formation and, finally, occlu-
sion of a damaged cardiac or carotid artery (1). Microscopic
observations have shown that both in vivo and in parallel-plate
flow chambers, the aggregated platelets in a thrombus are sur-
rounded by patches of procoagulant platelets with quite dis-
tinct properties (2). The latter platelets characteristically are
elevated in cytosolic Ca2�, have a rounded morphology with
attached microparticles, and expose the negatively charged
lipid, phosphatidylserine (PS).3 This contrasts to the classical
pseudopod-containing structure of aggregated platelets in a
thrombus, which do not expose PS (3). Time-lapse videos show
that the roundedmorphology arises duringplatelet disconnection
from the thrombus core, suggesting a well controlled mechanism
of platelet detachment (4). This population of PS-exposing plate-
lets is known tobindmultiple coagulation factors, greatly promot-
ing the process of thrombin generation (3, 5). It has been argued
that the platelet detachment ismediated by inactivationor closure
of previously activated �IIb�3 integrins (6). However, the regula-
tion of such a process is not well understood.
Activation of �IIb�3 leads to the appearance of high affinity

binding sites for fibrinogen and von Willebrand factor at the
platelet surface. The signaling mechanism to �IIb�3 activation,
unraveled in considerable detail, involves several pathways, i.e.
via a phospholipase C and protein kinase C route, resulting in
transient Ca2� fluctuations, and via phosphoinositide 3-kinase
route. The consequence is activation of a chain of regulatory
proteins CalDAG-GEFI, Rap1b, and Rap1-GTP-interacting
adapter molecule (RIAM) (7, 8); and these establish interaction
of the cytoskeleton proteins, kindlin-3 and talin-1, with the �3
chain of the �IIb�3 complex, with, as a result, unclasping of the
�IIb and �3 chains (9, 10). Another proposed mechanism of
�IIb�3 activation is that talin-1 modulates the integrin confor-
mation by a tilting effect on the �3 chain (11).
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In response to ADP and ADP-releasing platelet agonists, the
conformational change of �IIb�3 is considered to be an intrin-
sically reversible process (6). The active integrin itself can evoke
multiple signaling events in platelets (12). A key role in this
so-called outside-in signaling pathway is provided by the pro-
tein tyrosine kinase Src, which is constitutively associated with
the�3 cytoplasmic tail (13). Src, for instance, activates other tyro-
sine kinases such as Syk (8). In addition, a functional role of the
Ca2�-dependent thiol protease, calpain, has been suggested in
integrin�IIb�3 activationandsignaling, but thishas remainedcon-
troversial. Calpainmay either activate�IIb�3 by cleaving talin (14)
or counteract the high affinity conformational state of �IIb�3 by
cleaving the cytoplasmic tail of the �3 chain (15).
Although essentially all platelet agonists cause �IIb�3 activa-

tion, only strong agonists are capable of inducing the formation
of procoagulant, PS-exposing platelets. Effective inducers of the
latter response are the combination of the glycoprotein VI ago-
nist convulxin (Cvx) with thrombin (Thr), or otherwise Ca2�

ionophores such as A23187 and ionomycin (16, 17). Common
to these agonists is that they induce a high and sustained rise in
cytosolic Ca2�, which is considered to trigger the Ca2�-oper-
ated membrane protein, TMEM16F, which regulates the
scrambling of phospholipids and exposure of PS (18, 19). In
platelets from Scott syndrome patients, who lack a functional
TMEM16F, agonist-induced PS exposure is greatly diminished
(20, 21). In addition, contributing to TMEM16F-mediated
phospholipid scrambling is the Ca2�-dependent depolarization
of the inner mitochondrial membrane and formation of a mito-
chondrial permeability transition pore (mPTP) (19). This is con-
sistentwith the observation thatmouse platelets lacking cyclophi-
lin D (Ppif gene), an mPTP component, are defective in PS
exposure (22).
Another platelet population often described in the literature

is that of coated platelets (23, 24). These are formed by dual
stimulation with collagen and thrombin (but not Ca2� iono-
phore) and can be characterized by high and stable surface
retention of labeled fibrinogen. Fibrinogen as well as other
platelet secretion products (e.g. factor V, thrombospondin,
fibronectin, vonWillebrand factor) bind to these platelets in an
�IIb�3-independent way via transglutaminase activity. Proco-
agulant and coated platelets represent twonot completely over-
lapping populations, as not all PS-exposing platelets display
high fibrinogen binding (2). In the present study, we investi-
gated the mechanism of integrin �IIb�3 inactivation in proco-
agulant platelets by determining the functional roles of calpain,
Src-dependent signaling, TMEM16F, and mPTP formation.

EXPERIMENTAL PROCEDURES

Materials—Horm type-I collagen was purchased from
Nycomed. Cvx was purified to homogeneity from the venom of
Crotalus durissus terrificus (Latoxan). Annexin A5 labeled with
Alexa Fluor 647 (AF647) and Fura-2 acetoxymethyl ester were
from Invitrogen. Annexin A5 labeled with fluorescein isothio-
cyanate (FITC) was from Pharmatarget. FITC-labeled PAC1
monoclonal antibody (mAb) against activated human integrin
�IIb�3 was from BD Bioscience. phycoerythrin (PE)-labeled
JON/A mAb against activated mouse �IIb�3 was from Emfret
Analytics. Mouse anti-talin mAb and anti-v-Src were from

Sigma. mAb anti-Tyr773 �3 chain (Ab38460) was from Abcam.
Rabbit antibodies Ab762, Ab754, and Ab759, directed against
(calpain-dependent) cleavage sites of human/mouse integrin
�3, were kindly provided by Dr. X. Du (University of Illinois,
Chicago) (25). Tirofiban came from MSD, human �-thrombin
from Kordia, and MDL-28170 from Tocris. Prestained SDS-
PAGE standards and Laemmli sample buffer were from Bio-
Rad. Other reagents were purchased from Calbiochem.
Blood Collection and Platelet Preparation—Blood from

healthy volunteers and a Scott syndrome patient was collected
in acid-citrate-dextrose anticoagulant after full informed con-
sent (Helsinki declaration). Experiments were approved by the
local Medical Ethics Committees. Platelet-rich plasma and
washed platelets were prepared as described (26). Washed
platelets were suspended into Hepes buffer, pH 7.45 (10 mM

Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 5 mg/ml glu-
cose, and 1 mg/ml bovine serum albumin). The final concen-
tration of platelets in plasma or buffer mediumwas 1� 108/ml,
unless indicated otherwise.
Animal studies were approved by the local Animal Experi-

mental Committees. Mice homozygous for a targeted deletion
of the cyclophilin D (Ppif gene) were generated as described
(22). The mice were bred on an Sv129 background and com-
pared with Ppif�/� animals of the same breeding. Calpain-1-
deficient mice (Capn1�/�) were generated as reported previ-
ously (27, 28). Thesemice were bred on a C57BL/6 background
and were compared with Capn1�/� mice of the same genetic
background. Mouse platelets were isolated as described before
(29) and suspended in modified Hepes buffer, pH 7.45 (5 mM

Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.42 mM

NaH2PO4, 5 mg/ml glucose, and 1 mg/ml bovine serum albu-
min). The final concentration was 1 � 108/ml, unless indicated
otherwise.
Western Blot Analysis—Washed platelets in (modified)

Hepes buffer, pH 7.45, were incubated with the calpain inhibi-
tors, calpeptin (200 �M) or MDL28170 (200 �M), or vehicle for
15 min, as desired. Platelets were stimulated with Cvx (100
ng/ml), Thr (8 nM), or ionomycin (20 �M). Samples (5 � 107
platelets) were taken at the indicated time points and lysed in
ice-cold 4� lysis buffer (600 mM , 10 mM Tris, 4 mM EGTA, 4
mMEDTA, 4%Nonidet P-40). Lysed sampleswere separated on
8% SDS-polyacrylamide gels, and proteins were transferred to
PVDF blotting membranes by semidry transfer. Immuno-
staining was with antibodies against talin (1:500), integrin �3
(Ab762, 1:10000; Ab754, 1:1000), Tyr(P)774 �3 chain (1:500), or
Src (2.5 �g/ml) for 1 h, followed by overnight incubation with
horseradish peroxidase-coupled secondary antibody at 4 °C.
Stained blots were visualized with an ECL system. Blot quanti-
fication was by densitometric analysis, as before (30).
Platelet Aggregation and Activation—Light transmission

traces, reflecting platelet aggregation, were measured using a
Chronolog aggregometer under constant stirring (37 °C). Plate-
lets (1 � 108/ml) in Hepes buffer containing 2 mM CaCl2 were
stimulated with 4 nM Thr and/or 100 ng/ml Cvx, or with 10 �M

ionomycin; experiments were performed in the presence or
absence of 5 �g/ml tirofiban. Aggregation of platelets was also
assessed by single cell count analysis using a Coulter counter
(Coulter Electronics).
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For flow cytometry, washed human or mouse platelets (1 �
108/ml) were preincubated with the indicated inhibitors or
dimethyl sulfoxide vehicle for 10 min and stimulated in the
presence of 2 mM CaCl2 with 4 nM thrombin and/or 100 ng/ml
convulxin, or with 10 �M ionomycin. In samples taken after
5–30 min, surface expression of PS was detected with AF647-
labeled annexin A5. In addition, activated integrin �IIb�3 was
detected using FITC-labeled PAC1mAb for human platelets or
PE-labeled JON/AmAb formouse platelets. Samples were ana-
lyzed with a FACScan flow cytometer (BDAccuri Cytometers).
Platelet samples were fixed and stained for transmission elec-

tronmicroscopy, asdescribedbefore (30).Calpainactivity inplate-
lets was assessed using a calpain activity assay kit according to the
manufacturer’s instructions (Abcam). Results are expressed as rel-
ative fluorescence units per mg of lysate protein.
Thrombus Formation on Collagen under Flow—Collagen-in-

duced thrombus formationwas assayed as described before (20,
31). In brief, PPACK/fragmin-anticoagulated mouse blood was
flowed over a coverslip coated with collagen type I in a trans-
parent parallel-plate perfusion chamber, at shear rate of 1000
s�1 for 4 min. Thrombi formed on the collagen surface were
poststained with AF647-annexin A5 and PE-JON/A mAb in
modified Hepes buffer, pH 7.45, containing 2 mM CaCl2 and 1
unit/ml heparin. Phase-contrast and fluorescence images were
captured for analysis of surface area coverage of adherent plate-
lets and of platelets with active integrins or exposed PS (32).
Image analysis was performed with Metamorph software Ver-
sion 7.5.0.0 (MDS Analytical Technologies).
Platelet Ca2� Responses—Cytosolic Ca2� was measured in

human platelets, preloaded with fluorescent 2.5�M Fura-2 ace-
toxymethyl ester for 45min at ambient temperature under gen-
tle rotation (33). Washed platelets were stimulated while
recording changes in fluorescence by calibrated ratio fluorom-
etry. Calcium responses were expressed as time integrals over
base line [Ca2�]i.
Statistics—Significance of differences between control and

experimental groups as well as changes between groups over
time were determined by one-way or two-way analysis of vari-
ance followed by a Bonferroni post hoc test. Student’s t test was
performed to compare paired samples. Data are expressed as
means � S.D. p values �0.05 were considered significant.

RESULTS

Closure of Activated Integrin �IIb�3 in PS-exposing Platelets—
Earlier work demonstrated the appearance of two distinct pop-
ulations of platelets during thrombus formation, i.e. co-aggre-
gated platelets with activated �IIb�3 integrins (binding PAC1
mAb) and loosely attached platelets showing PS exposure
(binding coagulation factors Va andXa and annexinA5) (3, 20).
The impaired adhesion of PS-exposing platelets seemingly con-
trasts to the observation that, in platelet suspensions, the Ca2�-
ionophore ionomycin (causing full PS exposure) produces
changes in light transmission that are suggestive of platelet
aggregation (34, 35).
We reinvestigated this by first stimulating washed human

platelets with 4 nM Thr or 100 ng/ml Cvx. As shown in Fig. 1A,
this resulted in a rapid increase of light transmission, whichwas
almost fully suppressed by the �IIb�3 antagonist tirofiban (inhi-

bition at 25 min 87 � 3% and 72 � 4%, respectively; mean �
S.D., n � 4). Integrin-dependent platelet aggregation with Thr
or Cvx was confirmed by a major reduction in single platelet
count (Fig. 1B).
On the other hand, the combined application of Cvx/Thr or

addition of 10 �M ionomycin provoked similar rapid increases
in light transmission (Fig. 1A). However, the Cvx/Thr-induced
light transmission increase was only partly suppressed with
tirofiban (inhibition 60 � 7% at 25 min). In comparison, tiro-
fiban did not affect the light transmission increase induced by
ionomycin (�9 � 8%). Platelet lysis could be excluded because
single cell count analysis indicated that ionomycin treatment
resulted in a platelet count that remained at 90% of the original
count (Fig. 1B). Electron microscopic analysis indicated that,
unlike the pseudopod-containing platelets formed by throm-
bin, ionomycin treatment resulted in single, rounded platelets
with a translucent appearance (Fig. 2). Together, these data
indicate that the pseudo-aggregation observed afterCvx/Thr or
ionomycin stimulation is a consequence of the morphological
change with a rounded and translucent platelet structure,
reducing light transmission, rather than a consequence of
integrin-dependent platelet aggregate formation.
The absence of integrin activation with these agonists was

further demonstrated by dual color flow cytometry, using
FITC-PAC1 mAb and AF647-annexin A5, probing activated
�IIb�3 and PS exposure, respectively. Upon stimulation with
Cvx/Thr, initially a population of platelets only binding PAC1
mAbwas formed, whichwas gradually replaced by a population
of PAC1-negative platelets which only bound annexin A5 (Fig.
1, C and D). Within the time interval of 5–30 min, 40 � 12%
(n � 4) of platelets lost the capability to bind PAC1 mAb. Sim-
ilar results were found when fluorescent lactadherin was used
instead of annexin A5 (data not shown). Integrin closure could
not be explained by a decrease in expression levels of�IIb and�3
chains because these levels were even increased after stimula-
tion with Thr, Cvx, or Cvx/Thr. This increase in expression
levels is explained by an increase membrane surface due to
granule secretion, as detected by CD62P expression (supple-
mental Table S1).
In response to 10 �M ionomycin, the majority of platelets

bound annexin A5 but not PAC1 mAb (Fig. 1, E and F). How-
ever, at low ionomycin doses (�5 �M), transient PAC1 mAb
binding was detected, accompanied by a corresponding reduc-
tion in single platelet count (data not shown). Expression levels
of �IIb and �3 remained unchanged after high ionomycin stim-
ulation (supplemental Table S1), thus indicating that this treat-
ment precludes or antagonizes integrin activation. Increased
expression levels of �IIb and �3 were not observed, which was
explained by a diminished secretion after ionomycin stimula-
tion compared with Cvx/Thr stimulation. Taken together,
these results suggest that PS exposure induced by these strong
agents is accompanied by either closure of activated integrin or
by lack of integrin activation, which prevents the formation of
large platelet aggregates.
Interestingly, Fig. 1, C and D, points to a small population of

Cvx/Thr-stimulatedplatelets, capable of binding bothPAC1mAb
and annexin A5. Flow cytometric studies were performed to
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characterize this dual-labeled platelet population. It remained
unchanged in size upon stimulationwithCvx/SFLLRN (thrombin
receptor-activating peptide) or in the presence of transglutami-
nase inhibitor, cadaverine (data not shown). This population for
the major part (�4%) did not exhibit high fibrinogen binding.
Hence, these platelets could not be identified as “coated,” i.e. con-
taining a transglutaminase-dependent fibrin coat. Other experi-
ments showed that the population of dual-labeled platelets
reduced in size, when incubations were performed at lower plate-
let count (�1 � 108/ml), or contained a Rho kinase inhibitor,
which antagonizes platelet contraction (supplemental Fig. S1). It
was thusconcluded that it consistedofmicroaggregatesofperhaps
contracted platelets with either active integrins or exposed PS.
Role of Calpain-mediated Protein Cleavage in Integrin �IIb�3

Closure—Considering the described role of calpain in �IIb�3-
dependent cleavage of cytoskeletal-associated proteins (25), we

FIGURE 1. Increase in light transmission but loss of aggregating potential and inactivation of �IIb�3 after platelet stimulation with Cvx/Thr or
ionomycin. Washed human platelets were stimulated with Thr (4 nM), Cvx (100 ng/ml), Cvx/Thr or ionomycin (10 �M) � tirofiban (5 �g/ml) in the presence of
2 mM CaCl2, as indicated. A, representative light transmission traces from five independent experiments. B, single platelet count after 30 min of stimulation.
Means � S.D. (error bars; n � 5) are shown. *, p � 0.05 versus Thr (paired t test C and D, two-color flow cytometry after stimulation at the indicated times with
Cvx/Thr. Labeling was with FITC-PAC1 mAb plus AF647-annexin A5. C, representative dot plots of FL1 (FITC-PAC1 mAb) versus FL4 (AF647-annexin A5) after 5
or 25 min of activation. D, percentages of platelet populations: no staining (white bars), staining with PAC1 mAb (light gray bars), double staining (dark gray
bars), and annexin A5-positive (black bars). E and F, two-color flow cytometry after stimulation with ionomycin, as for C and D.

FIGURE 2. Transmission electron microscopic images of unstimulated
and various types of stimulated platelets. Washed human platelets were
left unstimulated or were stimulated with thrombin (4 nM) or ionomycin (10
�M) in the presence of 2 mM CaCl2 for 30 min (no stirring to prevent aggrega-
tion). Platelets were then fixed, pelleted, and prepared for transmission elec-
tron microscopic observation, as described before (30). Shown are represent-
ative images. Scale bars, 2 �m.
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examined whether relevant targets of this protease were
cleaved under conditions of PS exposure.Western blot analysis
was performed of gel-separated platelet lysates, using antibod-
ies against the full-length intracellular �3 chain (Ab762) and
against a calpain cleavage site in the �3 chain at residue 754
(Ab754) (15). Blots were also analyzed for the degradation of
talin-1 and Src kinase, using suitable antibodies. After 5 min of
stimulation with ionomycin, we noted major cleavage of the �3
chain, talin, and Src into smaller protein fragments (Fig. 3,
A–D). After stimulationwithCvx/Thr, cleavage of the�3 chain,
talin, and Src required �20 min to complete. Flow cytometry
experiments, performed in parallel samples, confirmed the pres-
ence of PS exposure and absence of integrin activation with iono-
mycin and a gradual PS exposure and integrin closure with Cvx/
Thr (compare Fig. 1). Together, these results suggested that
phospholipid scrambling isoneof themechanismscontributing to
intracellular integrin cleavage and inability to activation.

Considering that calpain may regulate tyrosine phosphory-
lation of the �3 chain (27), we checked how platelet stimulation
with Cvx/Thr or ionomycin influenced the �3 phosphorylation
at Tyr733, i.e. a phosphorylation site indicative for �IIb�3 out-
side-in signaling (36). Whereas platelet stimulation with Thr
alone resulted in persistent Tyr773 phosphorylation, stimulation
with Cvx/Thr resulted in a loss of phosphorylation at 30 min,
whereas ionomycin did not give any phosphorylation at all
(supplementalFig.S2).Hence, thisphosphorylationsiteappears to
be lost in platelets stimulated with the PS-exposing agonists.
To investigate a functional role of calpain activity in this pro-

tein degradation, two structurally different pharmacological
inhibitors were used, i.e. calpeptin and MDL-28170, both of
which are established inhibitors of Ca2�-dependent proteases
(28). Either compound fully inhibited the degradation of �3
chain, talin, and Src in platelets that were stimulated with Cvx/
Thr or ionomycin (Fig. 4, A–D).

FIGURE 3. Intracellular cleavage of �3 chain, talin, and Src after platelet stimulation with Cvx/Thr or ionomycin. Platelets were left unstimulated or
stimulated with Cvx/Thr or ionomycin, as described for Fig. 1. Samples (5 � 107 platelets) were lysed after 5 or 30 min and subjected to electrophoresis and
Western blotting. Blots were stained for full-length �3 chain with Ab762 (A), calpain-cleaved �3 chain with Ab754 (B), anti-talin mAb (C), or anti-Src mAb (D).
Shown are representative blots and bar graphs of densitometric analysis of stained bands, corrected for loading control (anti-tubulin mAb). Graphs indicate
means � S.D. (error bars; n � 3– 4). *, p � 0.05 (one-way analysis of variance, Bonferroni correction).
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Wethendeterminedeffects of these inhibitors on theprocessof
integrin inactivation. In the time frame of 5–30 min, calpeptin as
well as MDL-28170 significantly but incompletely affected the
integrin closure in response toCvx/Thr (Fig. 5,A andB).Measure-
ment of calpain activity indicated that both calpeptin and MDL-
28170 nearly completely blocked this proteolytic activity in the
stimulated platelets (Fig. 5C). Neither of the inhibitors affected
initial PS exposure (78 � 13% and 107 � 12% of control, respec-
tively). In Fura-2-loaded platelets, neither inhibitor changed the
Cvx/Thr-induced intracellular Ca2� rises (Fig. 5D).

Subsequent experiments were performed with mice lacking
the major Ca2�-dependent cysteine protease, calpain-1 (�-cal-
pain, Capn1�/� gene), that accounts for �80% of the calpain
activity in mouse and human platelets (37). Assessment of col-
lagen-dependent thrombus formation indicated that the
Capn1�/� blood formed enlarged thrombi, which displayed
increased integrin �IIb�3 activation (JON/A mAb binding) but
decreased PS exposure (AF647-annexin A5 binding) compared
with wild type Capn1�/� blood (Fig. 6A). This suggests a neg-
ative role of calpain-1 in murine �IIb�3 activation under these

FIGURE 4. Role of calpain in cleavage of �3 chain, talin, and Src induced by Cvx/Thr or ionomycin. Platelets were stimulated as described for Fig. 2 but
preincubated for 10 min with either vehicle or calpain inhibitors, calpeptin (200 �M) or MDL-28170 (200 �M). Western blots from protein-separated lysates were
stained for full-length �3 chain with Ab762 (A), calpain-cleaved �3 chain with Ab754 (B), anti-talin mAb (C), or anti-Src mAb (D). Shown are representative blots
and bar graphs of densitometric analysis of stained protein bands, corrected for loading control (anti-tubulin mAb). Graphs indicate means � S.D. (error bars;
n � 4). *, p � 0.05 (one-way analysis of variance, Bonferroni correction).
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conditions. In platelet suspensions stimulated with Cvx/Thr,
Capn1�/� andCapn1�/�platelets displayed similar�IIb�3 activa-
tion and closure, while PS exposure was comparable (Fig. 6,B and
C). Treatment of Capn1�/� and Capn1�/� platelets with MDL-
28170 partly suppressed integrin closure but did not result in a
significant decrease in PS exposure (Fig. 6,D and E).

After stimulationwithCvx/Thr or ionomycin, the knock-out
and wild type platelets gave similar cleavage patterns of the
integrin �3 chain (supplemental Fig. S3). Furthermore, total
calpain inhibition with MDL-28170 fully blocked the cleavage
of�3 chain inCapn1�/� andCapn1�/�platelets (supplemental
Fig. S4). In conclusion, whereas the pharmacological data sug-
gest a partial role for calpain activity in the process of integrin
�IIb�3 closure of PS-exposing mouse and human platelets, cal-
pain-1 (at least in mice) does not appear to be the main �3 chain/
talin-degrading protease or target of the calpain inhibitors.
Role of Phospholipid Scrambling in Integrin �IIb�3 Closure—

Inactivation of integrin �IIb�3 under conditions of PS exposure
may point to a causal link between �IIb�3 closure and scrambling
of membrane phospholipids. This possibility was investigated
using platelets from a Scott syndrome patient lacking the trans-
membrane protein TMEM16F, whose platelets are impaired in
phospholipid scrambling in response to Cvx/Thr or ionomycin
(38).DefectivePSexposure in response toCvx/Thr in thepatient’s
platelets was accompanied by a more persistent integrin �IIb�3

activation (Fig. 7, A and B). In the patient, ionomycin caused par-
tial and transient�IIb�3 activation, indicating that amechanismof
integrin closure was still operating. Interestingly, treatment of the
Scott plateletswithMDL-28170 fully blocked the time-dependent
closure of integrin �IIb�3, in contrast to the partial blockage
observed in control platelets (Fig. 7C).Western blotting indicated
that the cleavage pattern of the �3 chain was not affected in Scott
platelets after stimulation with ionomycin (Fig. 8) or Cvx/Thr
(data not shown). Furthermore, the cleavagewas fully inhibited by
MDL-21870. Together, these results suggest a dual mechanism of
integrin �IIb�3 closure in procoagulant platelets partly via
TMEM16F-dependent scrambling of the plasma membrane
phospholipids and partly via calpain-dependent cleavage of intra-
cellular proteins including the integrin �3 chain.
Involvement of Mitochondrial Transition Pore Formation in

�IIb�3 Closure—Considering that mPTP formation plays an
important role in Cvx/Thr-stimulated PS exposure in platelets
(22), we investigated whether this mitochondrial process is also
involved in integrin �IIb�3 closure. Experiments were per-
formed with platelets harvested from mice deficient in cyclo-
philin D (Ppif gene), which forms part of the mPTP. Hence,
Ppif�/� mouse platelets allow evaluating integrin closure in a
second model, next to Scott platelets, in which PS exposure is
blunted. Perfusion of Ppif�/� blood over collagen resulted in
decreased platelet deposition and PS exposure (AF647-annexin

FIGURE 5. Partial role of calpain in agonist-induced �IIb�3 closure. Platelets (1 � 108/ml) were pretreated with vehicle, calpeptin (200 �M), or MDL-28170
(200 �M) for 10 min and then stimulated with Cvx/Thr for 5–30 min. A and B, samples were analyzed by flow cytometry in the presence of FITC-PAC1 mAb.
Shown are percentages of PAC1-binding platelets (A) and extent of integrin closure between 5 and 30 min (B). C, calpain activity was assessed after 30 min of
stimulation. Data are expressed as relative fluorescence units (RFU). D, calcium responses to Cvx/Thr in Fura-2-loaded platelets were assessed. Shown are
changes in [Ca2�]i time integrals (nM � 10 min) relative to vehicle control. Graphs indicate means � S.D. (error bars; n � 4). *, p � 0.05 (one-way analysis of
variance, Bonferroni correction).
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A5 binding) compared with wild type Ppif�/� blood (Fig. 9A).
Also, in suspensions of Ppif�/� platelets stimulated with Cvx/
Thr, PS exposure was markedly reduced, whereas �IIb�3 acti-
vation and closure were suppressed in a similar way (Fig. 9B).
Treatment of wild type Ppif�/� platelets with cyclosporin A, a
compound known to block mPTP formation (39), suppressed PS
exposure and integrin closure to the level observed in the knock-
out platelets,whereas cyclosporinA treatment ofPpif�/�platelets

waswithoutanyeffect. IntracellularCa2� riseswerenotaffected in
Ppif�/� platelets compared with controls.4

Similar experiments were performed with human platelets
treated with cyclosporin A. Again, cyclosporin A suppressed PS
exposure as well as integrin closure in response to Cvx/Thr (Fig.

4 S. M. Jobe, unpublished observation.

FIGURE 6. Unchanged agonist-induced PS exposure and �IIb�3 closure in calpain-1-deficient platelets. A, blood from Capn1�/� or Capn1�/� mice was
perfused over collagen for 4 min at 1000 s�1. Thrombi were labeled with PE-JON/A mAb and AF647-annexin A5. Shown are representative brightfield and
fluorescence images (scale bars, 20 �m), as well as quantitative analyses of (fluorescent) platelet deposition. B–E, washed mouse platelets were stimulated with
Cvx/Thr for 5–30 mi, and analyzed by flow cytometry. Shown are percentages of platelets binding PE-JON/A (B) or AF647-annexin A5 (C). Platelets were
pretreated with vehicle or MDL-28170 (200 �M), as indicated. Treatment effects are shown of time-dependent changes in �IIb�3 closure (D) or PS exposure (E).
Graphs indicate means � S.D. (error bars; n � 3– 4). *, p � 0.05 versus vehicle (two-way analysis of variance, Bonferroni correction).
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9C). In Fura-2-loaded platelets, cyclosporin A did not affect Cvx/
Thr-induced intracellularCa2� rises (datanot shown). Inaddition,
Src cleavage observed after prolonged Cvx/Thr stimulation was
preventedbycyclosporinAtreatment (datanot shown).Together,
these observations point to a central role ofmPTP formation inPS
exposure and integrin closure.

DISCUSSION

In this work, we demonstrate a dual mechanism responsible
for integrin �IIb�3 closure (inactivation) in PS-exposing plate-
lets being dependent on Ca2� and calpain activity (but not cal-
pain-1) and relying on Ca2�-dependent phospholipid scram-

FIGURE 7. Partial role of TMEM16F in agonist-induced PS exposure and �IIb�3 closure. Platelets from control subjects or a Scott patient (deficient in
TMEM16F) were stimulated with Cvx/Thr (100 ng/ml, 4 nM) or ionomycin (19 �M) for 5–30 min, as in Fig. 1. Samples were analyzed by flow cytometry for PS
exposure (AF647-annexin A5 binding) or �IIb�3 activation (FITC-PAC1 binding), as indicated. A, percentages of PS-exposing platelets and increase in PS
exposure between 5 and 30 min. B, percentages of PAC1-binding platelets and percentages of �IIb�3 closure between 5 and 30 min. C, effect of platelet
treatment with MDL-28170 (200 �M) on PAC1 binding and �IIb�3 closure. Graphs indicate means � S.D. (error bars; n � 4). *, p � 0.05 versus vehicle (two-way
analysis of variance, Bonferroni correction).

FIGURE 8. Unchanged agonist-induced cleavage of �3 chain in the
absence of TMEM16F. Platelets from the Scott patient (deficient in
TMEM16F) were stimulated with ionomycin for 5–30 min, as in Fig. 1. Western
blots from samples were stained for full-length �3 chain (Ab762) or calpain-
cleaved �3 chain (Ab754). Blots were reprobed with anti-tubulin mAb as load-
ing control. Shown are representative blots.
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FIGURE 9. Partial role of mPTP formation in agonist-induced PS exposure and �IIb�3 closure. A, blood from Ppif�/� or Ppif�/� mice was perfused over
collagen for 4 min at 1000 s�1. Thrombi were labeled with PE-JON/A mAb and AF647-annexin A5. Shown are representative brightfield and fluorescence
images (scale bars, 20 �m), as well as quantitative analyses of (fluorescent) platelet deposition. B and C, washed mouse platelets were pretreated with vehicle
(0.2% dimethyl sulfoxide) or cyclosporin A (4 �M), stimulated for 5–30 min with Cvx/Thr, and analyzed by flow cytometry. Bars indicate percentages of platelets
binding PE-JON/A (B) or AF647-annexin A5 (C). Graphs indicate means � S.D. (error bars; n � 3– 4). *, p � 0.05 (two-way analysis of variance, Bonferroni
correction). D and E, human platelets, preincubated with vehicle (0.2% dimethyl sulfoxide) or cyclosporin A (4 �M), were stimulated for 5–30 min with Cvx/Thr.
Shown are time-dependent changes in percentages of platelets binding FITC-PAC1 (D) or AF647-annexin A5 (E). Graphs indicate means � S.D. (error bars; n �
4). *, p � 0.05 (one-way analysis of variance, Bonferroni correction).
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blingmediated by the transmembrane protein TMEM16F. The
calpain-dependent proteolysis under conditions of PS exposure
involves intracellular cleavage of the integrin �3 chain, talin,
and Src kinase. These findings implicate that PS-exposing, pro-
coagulant platelets lose not only their capability of integrin-de-
pendent adhesion and aggregate formation, but also the com-
petence for integrin-dependent outside-in signaling and
downstream responses including formation of tight platelet-
platelet contacts. This model provides an explanation for the
loose association of PS-exposing platelets in a thrombus and
begins to outline a basis for bound coagulation factors and
thrombin generation. The recognized mechanisms of integrin
closure or inability to activation thus explain the earlier recog-
nized heterogeneity of platelets in thrombus formation (5, 20).
High and sustained elevation in cytosolic Ca2�, a require-

ment for PS exposure (40), appears to be required for achieving
optimal integrin closure, most likely because of the Ca2�

dependence of calpain activity and TMEM16F.Mouse platelets
deficient in calpain-1 showed a moderate increase in integrin
activation and reduced PS exposure upon collagen-dependent
thrombus formation, which is consistent with a moderate
reduction in �IIb�3 closure under these mild activation condi-
tions. This result seemingly contrasts with earlier findings that
Capn1�/� platelets show reduced aggregation at low thrombin
concentrations (27), but stipulates that a direct role of calpain-1
in integrin activation remains subtle. In contrast, we found that
the Capn1�/� platelets show nearly normal integrin closure as
well as cleavage of �3, talin, and Src, when stimulated with
strong agonists such as Cvx/Thr. Given the complete abolish-
ment of protein cleavage with two calpain inhibitors (calpeptin
andMDL-28170), we concluded that another cysteine protease
is involved under conditions of high Ca2� concentration. It is
likely that this protease is calpain-2, which accounts for �20%
of the platelet calpain activity and is known to require millimo-
lar Ca2� concentrations for activation (41). Given the hetero-
geneity in intracellular Ca2� concentrations these high levels
can be reached locally in procoagulant platelets. Unfortunately,
a role for calpain-2 could not be tested directly in platelets
because calpain-2 deficiency in mice is lethal (42). The mecha-
nistic reason for this lethality is still unknown, but a general role
for this calpain isoform in cell proliferation and cell cycle pro-
gression has been suggested.
Regarding the integrin closure of Cvx/Thr-stimulated plate-

lets, inhibitor studies demonstrated clear, but partial, inhibitory
effects ofMDL-28170 and calpeptin. In suspensions of platelets
where microaggregate formation was prevented, both com-
pounds suppressed integrin closure of control platelets by
�50% (under conditions where the cleavage of �3 chain, talin,
and Src was blocked), whereas it fully abrogated the partly
impaired and delayed integrin closure in Scott syndrome plate-
lets, which do not show PS exposure. This clearly supports a
model of dual mechanism of integrin closure that is in part
calpain-dependent (likely through the degradation of proteins
implicated in �IIb�3 activation) and in part mediated by
TMEM16F (via Ca2�-mediated phospholipid scrambling). The
latter pathway is absent in the Scott syndrome platelets. It is
conceivable that the profound intramembrane changes caused
by phospholipid scrambling affect interactions of the integrin

�IIb and �3 chains or of integrin-associated proteins even in the
absence of calpain cleavage. However, the precise mechanism
remains to be investigated.
Although the calpain-mediated cleavage of specific proteins

in PS-exposing platelets has been reported before (4), we now
show that the protease responsible is not calpain-1, but likely
calpain-2. Moreover, this cleavage occurs at a much faster and
extensive scale than anticipated, including complete degrada-
tion of several proteins that are known to play a key role in
integrin activation and signaling, i.e. the �3 chain, talin, and Src
kinase. The eventual result will be that these PS-exposing plate-
lets (with a prominent role in coagulation) are no longer capa-
ble of carrying out the Src/Syk- and talin-dependent responses
of aggregated platelets using active integrins, including clot
retraction and tight platelet-platelet contact formation.
Earlier studies have shown a critical role of the mPTP and

cyclophilin D in Cvx/Thr-induced but not ionomycin-induced
PS externalization (22). Using platelets from Ppif�/� mice, this
was confirmed in the present study. In whole blood flow assay
over collagen, the cyclophilin D-deficient platelets showed a
consistent reduction in thrombus formation and PS exposure.
Moreover, the reduced PS exposurewas accompanied by a sim-
ilar reduction in integrin closure, thus suggesting a common,
mitochondrial-dependent denominator for the impairment of
PS exposure and �IIb�3 inactivation. Taken together, our find-
ings reveal a novel, dual mechanism of �IIb�3 inactivation via
calpain (not calpain-1) dependent cleavage of integrin-associ-
ated proteins and via TMEM16F-dependent phospholipid
scrambling, with an assistant role of mPTP formation.
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