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Phosphatidylserine (PtdSer) exposure on the surface of activated
platelets requires the action of a phospholipid scramblase(s), and
serves as a scaffold for the assembly of the tenase and prothrombi-
nase complexes involved in blood coagulation. Here, we found that
the activation of mouse platelets with thrombin/collagen or Ca2+

ionophore at 20 °C induces PtdSer exposure without compromising
plasma membrane integrity. Among five transmembrane protein 16
(TMEM16) members that support Ca2+-dependent phospholipid
scrambling, TMEM16F was the only one that showed high expres-
sion in mouse platelets. Platelets from platelet-specific TMEM16F-
deficient mice exhibited defects in activation-induced PtdSer expo-
sure and microparticle shedding, although α-granule and dense
granule release remained intact. The rate of tissue factor-induced
thrombin generation by TMEM16F-deficient platelets was severely
reduced, whereas thrombin-induced clot retraction was unaffected.
The imaging of laser-induced thrombus formation in whole an-
imals showed that PtdSer exposure on aggregated platelets
was TMEM16F-dependent in vivo. The phenotypes of the plate-
let-specific TMEM16F-null mice resemble those of patients with
Scott syndrome, a mild bleeding disorder, indicating that these
mice may provide a useful model for human Scott syndrome.
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Phospholipids are asymmetrically distributed between the in-
ner and outer leaflets of plasma membranes as a result of the

activity of flippase(s), which specifically translocates phosphati-
dylserine (PtdSer) and phosphatidylethanolamine from the outer
to the inner leaflet of plasma membranes (1). PtdSer is prefer-
entially exposed on the cell surface during certain physiological
processes. During apoptosis, cell-surface PtdSer functions as an
“eat me” signal to induce engulfment by phagocytic cells, and,
during platelet activation, it serves as a scaffold for the activation
of clotting factors. Exposed PtdSer is also implicated in patho-
logical processes and may promote the retention of Ca2+ oxalate
in kidneys, leading to kidney stone formation (2).
PtdSer exposure is accomplished by the inactivation of flippase(s),

along with the activation of scramblases (3). We recently identi-
fied two protein families (TMEM16 and Xkr) that support
phospholipid scrambling (4–6). The TMEM16 family consists
of 10 members with 10 transmembrane regions, and TMEM16C,
16D, 16F, 16G, and 16J support the Ca2+-dependent scrambling
of phospholipids. Scott syndrome is a mild bleeding disorder
caused by a defect in platelet procoagulant activity (7, 8). Platelets,
red blood cells, and EBV-transformed B cells from patients with
Scott syndrome exhibit defective PtdSer exposure following platelet
activation or treatment with Ca2+ ionophore (9–11). We and others
reported that patients with Scott syndrome carry null mutations in
the TMEM16F gene (6, 12).
The fetal thymocyte cell lines established from TMEM16F−/−

mouse embryos exhibit defective PtdSer exposure upon treatment
with Ca2+ ionophore (5), reminiscent of the EBV-transformed
B-cell lines from patients with Scott syndrome. In contrast, Yang
et al. (13) reported that TMEM16F-deficient mouse platelets exhibit

only a mild defect in Ca2+ionophore–induced PtdSer exposure and
tissue factor-induced thrombin generation. Furthermore, in contrast
to a human patient with Scott syndrome (14) and dogs with a similar
hereditary syndrome (15), neither of which exhibits apparent
bleeding-time defects, TMEM16F−/− mice exhibit a prolonged
bleeding time—twice that of WT mice (13).
To address the apparent discrepancies between TMEM16F−/−

mouse phenotypes and the clinical presentation of patients with
Scott syndrome, and to examine the role of platelet-expressed
TMEM16F in blood clotting, we generated a platelet-specific
TMEM16F deletion in mice. Our in vitro and in vivo analyses of
thrombus formation induced by TMEM16F-null platelets sug-
gested a role for TMEM16F in activation-induced PtdSer ex-
posure, and supported the model in which Ca2+-induced PtdSer
exposure is involved in the generation of thrombin and fibrin, but
not clot retraction (16, 17). Mice with the platelet-specific de-
letion of TMEM16F exhibited a phenotype similar to that of
human patients with Scott syndrome, and may provide a useful
model for this human disease.

Results
PtdSer Exposure on Activated Mouse Platelets. The activation of
platelets with thrombin, collagen, or Ca2+ ionophore induces
PtdSer exposure (18). However, platelet activation often causes
rupture (19), which complicates the determination of whether
the PtdSer exposure is caused by phospholipid scrambling at the
plasma membrane or the rupture of plasma membranes. Apoptotic
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stimuli cause apoptotic cell death and PtdSer exposure, but can
also cause necrosis, particularly when the stimuli are strong and
cells are exposed to them for long periods (20). To distinguish
apoptosis-induced PtdSer exposure from that caused by necrosis,
cells are usually stained with membrane-impermeable DNA-
staining dyes together with PtdSer-staining reagents (21). How-
ever, such dyes cannot be used for staining platelets because they
lack nuclei. Because phalloidin, which is also a membrane-
impermeable reagent, binds to F-actin in the cytoplasm (22),
we reasoned that phalloidin staining could be useful in identi-
fying and excluding necrotic cells from the analysis of PtdSer-
exposing platelets.
W3 cells, which are mouse T-cell leukemia WR19L cells

expressing Fas (23), were treated with FasL (24) and stained with
SYTOX Blue or phalloidin, together with Annexin V. Resting
W3 cells were negative for Annexin V and SYTOX Blue staining
(Fig. S1). At 2 h after the addition of FasL, 85% of the cells were
Annexin V-positive but SYTOX Blue-negative, indicating that
most of the cells underwent apoptosis. As the incubation con-
tinued, SYTOX Blue-positive cells were detected, and, at 4 h
after the FasL addition, more than 90% of the cells were positive
for Annexin V and SYTOX Blue, indicating that they were un-
dergoing necrosis. Staining with Annexin V and phalloidin
resulted in similar cell profiles; W3 cells treated with FasL for 2 h
were Annexin V-positive and phalloidin-negative, whereas the
4-h treated cells were positive for Annexin V and phalloidin,
indicating that phalloidin staining can be used to exclude plasma
membrane-compromised cells.
Human and mouse platelets were stimulated for 5 min at 37 °C

with 0.5 U/mL thrombin and 10 μg/mL collagen, or with 1.0 μM
A23187 in the presence of 1.0 mM CaCl2, and stained with
Annexin V and phalloidin. As shown in Fig. 1, the stimulated
human platelets exposed PtdSer and were Annexin V-positive,
but they remained phalloidin-negative. In contrast, the stimu-
lated mouse platelets were Annexin V- and phalloidin-positive,

indicating that they had undergone necrosis. However, when the
mouse platelets were treated with thrombin and collagen, or
A23187 at 20 °C instead of 37 °C, Annexin V- but not phalloidin-
positive cells were detected at 5 min after treatment. When the 20
°C-activated cells were permeabilized with 0.3% saponin, phal-
loidin-positive cells were detected, consistent with the premise
that membrane rupture of the activated platelets was prevented by
lowering the incubation temperature. These results suggested that
the activated mouse platelets exposing PtdSer were fragile and
susceptible to membrane rupture at 37 °C. Therefore, the in vitro
effect of TMEM16F on PtdSer exposure in mouse platelets was
examined at 20 °C throughout the rest of the study.

PtdSer Exposure in Activated Mouse Platelets Requires TMEM16F.
Among 10 TMEM16 members, TMEM16C, 16D, 16F, 16G,
and 16J support phospholipid scramblase activity (5). Human
platelets expressed a high level of TMEM16F, but not other
members (Fig. S2). Accordingly, real-time RT-PCR analysis
showed that mouse platelets expressed a high level of TMEM16F
and low levels of TMEM16B, 16H, and 16K mRNAs (Fig. 2A),
suggesting that TMEM16F could play a role in phospholipid
scrambling in mouse platelets. Mice carrying TMEM16F-floxed
alleles (TMEM16Ffl/fl) (5) were crossed with Platelet factor 4
(Pf4)-CRE mice, which express CRE recombinase under the
control of the megakaryocyte/platelet-specific Pf4 promoter (25).
AWestern blot analysis with anti-TMEM16F antibody showed the
presence of a broad band of ∼120 kDa in platelets from
TMEM16Ffl/fl mice (Fig. 2B), which was absent in the platelets
from TMEM16Ffl/fl;Pf4-CRE mice. Mouse TMEM16F contains
three N-glycosylation sites (6), which could explain the heteroge-
neity of the TMEM16F protein on Western blots.
Platelets from TMEM16Ffl/fl and TMEM16Ffl/fl;Pf4-CRE mice

were then stimulated for 5 min at 20 °C with thrombin and collagen
in the presence of 1.0 mM CaCl2. As shown in Fig. 2C, PtdSer
exposure was detected in ∼20% of the stimulated TMEM16F-
expressing platelets, whereas the stimulated TMEM16F-deficient
platelets showed minimal PtdSer exposure. In contrast, these stimuli
increased the intracellular Ca2+ concentrations of the control
and TMEM16F-deficient platelets (Fig. S3A), indicating that
TMEM16F plays an essential role in PtdSer exposure in activated
mouse platelets. Activated platelets also release various granules,
such as α-granules containing P-selectin and dense granules
containing ATP (26, 27). When platelets from TMEM16Ffl/fl and
TMEM16Ffl/fl;Pf4-CRE mice were activated with thrombin and
collagen, more than 90% of the platelets with both genotypes
expressed P-selectin (Fig. S3B). In addition, both TMEM16F-
expressing and -deficient platelets released similar amounts of
ATP in response to thrombin/collagen or A23187 (Fig. S3C).
These results indicated that TMEM16F was not involved in the
release of α- and dense granules.

Involvement of TMEM16F in the Release of Microparticles. Activated
platelets also release microparticles (28), and this process de-
pends on calpain and/or phospholipid scramblase(s) (9, 10). To
examine the contribution of TMEM16F to this process, platelets
from TMEM16Ffl/fl or TMEM16Ffl/fl;Pf4-CRE mice were treated
with thrombin and collagen in the presence of 1.0 mM CaCl2 and
analyzed by flow cytometry. As shown in Fig. 3A, the activation
of TMEM16F-expressing platelets for 5 min resulted in genera-
tion of a population of particles characterized by reduced for-
ward scatter (FSC). In contrast, stimulated TMEM16F-deficient
platelets showed little change in FSC, supporting the idea that
TMEM16F-mediated phospholipid scrambling plays an important
role in microparticle shedding from activated platelets.
Platelets undergo dramatic changes in morphology upon

binding to immobilized adhesive proteins (29). As shown in Fig.
3B, when purified TMEM16F-expressing or -deficient platelets
were allowed to adhere to fibrinogen-coated plates and observed

Fig. 1. PtdSer exposure on activated mouse platelets. Human and murine
platelets were treated for 5 min at 20 °C or 37 °C with 0.5 U/mL thrombin
plus 10 μg/mL collagen or 1 μM A23187 in Tyrode-H buffer containing 1 mM
CaCl2. The cells were stained with Cy5-Annexin V and Alexa Fluor 488-
phalloidin and analyzed by flow cytometry. The experiments were per-
formed three times, and the average values are shown with SD.
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by scanning EM, within 2 h they exhibited a marked central
mounding. There was no difference in the morphologies of
resting TMEM16F-expressing and -deficient platelets. When the
platelets on fibrinogen-coated dishes were stimulated with
1.0 μM A23187 in the presence of 1.0 mM CaCl2, both types of
platelets generated many rod-like extensions arranged in a
concentric pattern within 1 min (Fig. 3B). However, 3–5 min
later, whereas most of the rod-like extensions and central
moundings of the TMEM16F-expressing platelets had been
replaced by flattened structures, the rod-like extensions contin-
ued to develop in the TMEM16F-deficient platelets, and the
central moundings remained in most of them. These results in-
dicated that the microparticle shedding and breakdown of the
rod-like membrane extensions in platelets were similarly regu-
lated by TMEM16F.

TMEM16F-Dependent Thrombin Generation. PtdSer exposed on the
platelets serves as the membrane scaffold for tenase (Factors
VIII and IX) and prothrombinase (Factors V and X), resulting in

the generation of thrombin for blood clotting (17). To investigate
the possible involvement of TMEM16F in thrombin genera-
tion, the tissue factor-induced thrombin generation was assayed
at 20 °C with platelet-free plasma (PFP) and washed TMEM16F-
expressing or -deficient platelets. As shown in Fig. 4A, the
thrombin activity generated with TMEM16F-expressing platelets
began to increase at 8 min and peaked ∼15–18 min after the
addition of tissue factor. TMEM16F-deficient platelets also
supported the thrombin generation to some extent. This is
probably because of the necrosis that occurred in the activated
platelets after the longer incubation. Notably, the initial rate of
thrombin production mediated by the TMEM16F-deficient
platelets was 5–10 fold lower than that associated with the
TMEM16F-expressing platelets. Furthermore, addition of the D89E
mutant of MFG-E8, which masks PtdSer (21), to the thrombin
generation assay dose-dependently inhibited thrombin generation
by the TMEM16F-expressing and -deficient platelets (Fig. 4B),
confirming that PtdSer exposed on platelets played an essential role
in activating tenase and prothrombinase. The prothrombin and

Fig. 2. Requirement of TMEM16F for PtdSer exposure on activated mouse
platelets. (A) TMEM16 family expression in mouse platelets. RNA from
mouse platelets was subjected to real-time RT-PCR for the 10 TMEM16 family
members. Each mRNA level is expressed relative to β-actin mRNA. The ex-
periments were performed three times, and the average values are shown
with SD (bars). (B) TMEM16FWestern blotting of mouse platelets. Cell lysates
(5 μg protein) from platelets of TMEM16Ffl/fl and TMEM16Ffl/fl;Pf4-CRE mice
were analyzed by Western blotting with anti-TMEM16F. The TMEM16F band
is indicated. (C) Platelets from TMEM16Ffl/fl and TMEM16Ffl/fl;Pf4-CRE mice
were treated at 20 °C for 5 min with 0.5 U/mL thrombin plus 10 μg/mL col-
lagen (Thr + Col) in Tyrode-H buffer with 1 mM CaCl2. The activated platelets
were stained with phycoerythrin/cyanin 7 (PE/Cy7)–anti-CD41 mAb, Cy5-
Annexin V, and Alexa Fluor 488-phalloidin (C) and analyzed by flow
cytometry. FACS profiles for phalloidin and Annexin V staining in the CD41-
positive population are shown. The experiments were performed three
times, and the percentages of Annexin V-positive and phalloidin-negative
populations are plotted (Right) with SD (bars).

Fig. 3. TMEM16F-dependent microparticle release from activated platelets.
(A) TMEM16F-dependent microparticle formation. TMEM16Ffl/fl and
TMEM16Ffl/fl;Pf4-CRE platelets (4 × 105) were left untreated or treated with
1 μM A23187 in 0.2 mL of Tyrode-H buffer with 1 mM CaCl2 at 20 °C for 3 or
5 min and stained with CD41-PE/Cy7. The FSC/side scatter (SSC) profiles of
CD41-positive populations are shown. (Center) Merged FSC profiles in
unstimulated or 5-min stimulated platelets. (Right) Microparticles were col-
lected by centrifugation from the stimulated WT platelets and stained with
Cy5-Annexin V. (B) Scanning EM images of activated platelets. TMEM16Ffl/fl

and TMEM16Ffl/fl;Pf4-CRE platelets (3 × 105) were left unstimulated or
stimulated as in A with 1 μM A23187 for 1, 3, or 5 min in the presence of
1 mM CaCl2. The adherent platelets were observed by scanning EM. (Scale
bar: 2 μm.) The 3-min or 5-min activated platelets (approximately 300 platelets
in three fields for each) were classified into flattened or rod-like extension and
central mounting categories, and their percentages are plotted (Right). The
Student t test was used for statistical analysis, and P values are shown.
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activated partial thromboplastin times were comparable when
PFP from the TMEM16F-expressing or -deficient mice was used
(Table S1), confirming that the TMEM16F required for thrombin
generation was intrinsic to platelets.
Microparticles released from activated platelets can also ac-

tivate the tenase and prothrombinase complexes to promote
coagulation (30). Microparticles collected from A23187-treated
TMEM16F-expressing platelets constitutively exposed PtdSer on
their surface (Fig. 3A) and generated thrombin in the presence
of PFP with no or minimal delay (Fig. 4C). Consistent with
the finding that few microparticles were released from the
TMEM16F-deficient platelets (Fig. 3A), the ability of microparti-
cles collected from A23187-treated TMEM16F-deficient platelets
to support thrombin generation was low. Another role of platelets
in thrombus formation involves their aggregation and subsequent
contribution to fibrin clot retraction. When TMEM16F-expressing
and -deficient platelets were stimulated with thrombin, the clot
retraction occurred in less than 90 min, and there was no clear

difference in their rates or levels (Fig. S4A). Accordingly, the
tail bleeding times were similar in the TMEM16F-expressing
and -deficient mice (Fig. S4B).

TMEM16F-Dependent Thrombus Formation in Vivo. The numbers of
platelets, erythrocytes, and white blood cells, as well as the he-
matological parameters, were comparable between TMEM16F-
expressing and -deficient mice (Table S1). The contribution of
TMEM16F to in vivo thrombus formation and PtdSer exposure
in vivo was examined by using intravital visualization technique
(31). Platelet aggregations in testicular veins were induced by
reactive oxygen species (ROS) produced by photochemical re-
actions with laser irradiations, and the developed thrombus area
within vessel lumens was quantified. In TMEM16F-deficient mice,
near-normal platelet aggregation responses were observed in the
early phase (40 s after laser irradiation; Fig. 5 A and B and Movies
S1A and S1B and S2A and S2B), and thrombus development in
TMEM16F-deficient mice was similar to that in control mice.

Fig. 4. Contribution of TMEM16F to PtdSer-mediated thrombin formation by platelets and microparticles. (A and B) Thrombin generation assay with
TMEM16F-expressing or -deficient platelets. Washed platelets (1.2 × 107, three independent preparations each) from TMEM16Ffl/fl or TMEM16Ffl/fl;Pf4-CRE
mice were mixed with 6 μL of PFP in 120 μL Tyrode-H buffer containing 8 mM CaCl2 in the absence (A) or presence of 0.1, 0.3, or 1.0 μg/mL D89E (B) and
incubated at 20 °C with 8.3 pM human tissue factor. Thrombin activity was assayed with Z-GGR-AMC. (C) Thrombin generation by microparticles. Platelets
(1.2 × 107) from TMEM16Ffl/fl or TMEM16Ffl/fl;Pf4-CRE platelets (three independent preparations each) were stimulated at 20 °C for 5 min with 1 μMA23187 or
left unstimulated in Tyrode-H buffer containing 1 mM CaCl2. The microparticles were collected and used for thrombin generation.

Fig. 5. Analysis of PtdSer exposure on platelets aggregated at a thrombus in a laser/ROS injury model. TMEM16Ffl/+;Pf4-CRE and TMEM16Ffl/fl;Pf4-CRE mice
were injected with DyLight 649-anti-GP1bβmAb, FITC-Annexin V, Hoechst 33342, and hematoporphyrin. After anesthesia, the testicular vein was exposed and
visualized by using a high-speed resonance scanning confocal microscope with highly sensitive GaAs detectors. Platelet aggregations were induced by
photochemically induced ROS from hematoporphyrin within vessel lumens by laser irradiations. (A) Representative snap-shot raw images of developed
thrombus. Note that the early responses of platelet aggressions were comparable in TMEM16F-deficient mice and control mice (40 s). However, the developed
thrombus in TMEM16F-deficient mice was fragile, frequently collapsed by blood flow (80 s), and smaller in later phase (150 s) compared with the WT mice.
Arrows indicate blood flow direction. (Scale bars: 20 μm.) (B) Quantification of thrombus area at 150 s using automatic software analysis (n = 20 vessels from
n = 5 animals). (C and D) Ratiometric views and quantification analysis. Ratios are displayed in pseudocolor. Note that the FITC/DyLight 649 ratio increased
within thrombus area in the WT mice, which was attenuated in TMEM16F-deficient mice. The FITC/DyLight 649 ratios were determined in 100 regions from
20 vessels from five animals, and the average values were plotted (D). We used ratiometric analysis to minimize the photobleaching effect by laser irradiation.
The original videos are supplied as Movies S1A and S1B and S2A and S2B.
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However, developed thrombus became fragile in a later phase,
and was frequently collapsed by blood flow. Reflecting this in-
stability, the thrombus area of TMEM16F-deficient mice was
smaller when examined at 150 s after laser irradiation. In addi-
tion, we directly evaluated PtdSer exposure by injecting FITC-
labeled Annexin V. In the WT mice, FITC signal within the
thrombus area was gradually increased, indicating PtdSer exposure
after platelet aggregations in vivo. However, this FITC signal in-
crease was attenuated in TMEM16F-deficient mice (Fig. 5 C and D
and Movies S1A and S1B and S2A and S2B). These results in-
dicated that TMEM16F was indispensable for PtdSer exposure
on activated platelets in vivo.

Discussion
Here, we report on the generation of mice with a platelet-specific
deletion in TMEM16F and the effect of this deletion on the
various functions of activated platelets. We demonstrated that
TMEM16F was required for activation-induced PtdSer exposure,
thrombin production, and microparticle release, but not for acti-
vation-induced α- and dense-granule release or thrombin-induced
clot retraction. It did not affect tail vein bleeding time. These
phenotypes are very similar to the phenotypes associated with
human patients with Scott syndrome (7) and dogs with a similar
hereditary syndrome (15), but significantly differ from the phe-
notypes previously associated with TMEM16F-null mice (13).
By using a convenient method to distinguish between ruptured

platelets and intact activated platelets, we found that 37 °C-
activated mouse platelets were fragile and their plasma membranes
ruptured easily, in comparison with human platelets, which
remained intact under those conditions. Notably, Yang et al. (13)
activated mouse platelet at 37 °C for 30 min and did not see clear
TMEM16F dependency on PtdSer exposure. PtdSer exposure
in activated mouse platelets is also mediated by cyclophilin
D-dependent Ca2+-induced openings of the mitochondrial per-
meability transition pore (MPTP) (17, 32). These changes in MPTP
lead to cell death, and mouse platelets may undergo MPTP more
easily than human platelets. As PtdSer exposed on the compro-
mised platelet membranes could contribute to thrombin generation,
this may also account for the different thrombin phenotypes of
TMEM16-deficient platelets reported here and by Yang et al. (13).
Platelet activation leads to dramatic changes in platelet mor-

phology and the release of α- and dense granules. These granules
are present in the cytoplasm, and are released as multivesicular
bodies with exosome-like properties (33). Exosomes are trans-
ported from the cytoplasm to the plasma membrane by the ac-
tions of both RabGTPase and SNARE, and are released after
fusion with the plasma membrane (34). On the contrary, mi-
croparticles express platelet membrane receptors, expose PtdSer
on their surfaces, and play an important role in hemostasis and
thrombosis (35). Microparticles are generated from platelet
plasma membranes by shedding (36) in response to intracellular
Ca2+ (37). We found that, when microparticle release was
assessed by using activation conditions in which PtdSer exposure
was strictly dependent on TMEM16F (20 °C and low Ca2+ con-
centrations), it was severely reduced in the absence of TMEM16F,
although the release of α- and dense granules remained intact.
Sims et al. (28) previously reported that the platelets from a pa-
tient with Scott syndrome exhibit defective microvesicle release,
whereas another report suggested the involvement of calpain in
the release of microparticles (38). We found that, when mouse
platelets were treated with A23187 in the presence of 1 mM Ca2+,
microparticles were released from platelets in a TMEM16F-
dependent manner. However, when the platelets were treated with
A23187 in the presence of higher concentrations of Ca2+ (3 mM),
the microparticles were released in a TMEM16F-independent, but
calpain-dependent, manner. These results suggest that, under
physiological conditions, TMEM16F plays an important role in
microparticle shedding.

TMEM16F dependency has been similarly observed during
bone tissue mineralization (39), during which PtdSer-rich matrix
vesicles containing concentrated phosphate and Ca2+ ions bud
off from the plasma membranes (40). Our EM images revealed
that the rod-like extensions that formed on the surface of the
activated platelets were released in a TMEM16F-dependent
manner, consistent with the possibility that microparticle release
from the activated platelets is associated with morphological
changes. Given that the PtdSer-exposing plasma membranes of
mouse platelets appear to be fragile, microparticle release may
be a secondary event that follows PtdSer exposure.
As described earlier, the deletion of TMEM16F in mouse

platelets had little effect on clot retraction or tail bleeding times.
The apparently normal bleeding time observed in mice con-
taining a platelet-specific TMEM16F deletion differs from the
results of Yang et al. (13). This difference may result from the
role of TMEM16F-mediated PtdSer scrambling in endothelial or
vascular cells. However, this is unlikely because a patient with
Scott syndrome who carries a defective TMEM16F gene in all
tissues has a normal bleeding time (14). Munnix et al. (41)
reported that there are two populations in activated platelets.
One population of platelets that controls the generation of
thrombin and fibrin exposes PtdSer, but does not express the
activated αIIbβ3 integrin. On the contrary, the other population
of platelets that controls clot retraction expresses the activated
αIIbβ3 integrin, but does not expose PtdSer (41). Our results,
showing that TMEM16F-null platelets were associated with re-
duced thrombin generation but normal clot retraction times, are
consistent with this finding.
Our in vivo analysis showing reduced exposure of PtdSer on

TMEM16F-null platelets also showed that damaged white blood
cells present in the TMEM16Ffl/fl;Pf4-CRE mice exposed PtdSer.
Thus, the PtdSer exposed on these cells may contribute to the
generation of thrombin and fibrin in vivo, which could explain
the mild coagulation defect in these mice and in patients with
Scott syndrome. Taken together, the similarity in the phenotypes
of the TMEM16Ffl/fl;Pf4-CRE mice and those of patients with
Scott syndrome suggests that these mice may provide an ideal
animal model for this disease.

Materials and Methods
Cell lines, reagents, genotyping of mouse mutants, EM, real-time PCR, flow
cytometry, Western blotting, and ATP assay are described in SI Materials
and Methods.

Mice. C57BL/6J mice were from Japan SLC. TMEM16Ffl/fl mice were as de-
scribed previously (5). Mice carrying TMEM16F-null platelets were generated
by crossing TMEM16Fflox/+ mice with Pf4-CRE mice (25). The mice were
housed in a specific pathogen-free facility at Kyoto University, and all animal
experiments were performed in accordance with protocols approved by the
animal care and use committees of Kyoto University and Osaka University.

Preparation of Washed Platelets and PFP. Platelets were prepared as described
previously (42). In brief, for human platelets, blood was drawn into a
one-sixth volume of acid-citrate-dextrose (ACD) buffer (41.6 mM citric acid,
85.3 mM trisodium-citrate buffer, pH 5.0, and 136 mM D-glucose). For mouse
platelets, blood was collected by cardiac puncture from 8–12-wk-old mice
that had been euthanized by CO2 asphyxiation, and one-sixth volume of
ACD buffer was added. Platelet-rich plasma (PRP) was obtained by centri-
fugation at 150 × g for 15 min. To obtain washed platelets, an equal volume
of modified Tyrode buffer (Tyrode-H, 10 mM Hepes·NaOH buffer, pH 7.4,
12 mM NaHCO3, 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl, and 1 mM
MgCl2), supplemented with 0.3 μM prostaglandin E1 (PGE1) and 15% (vol/vol)
ACD, was added to PRP and centrifuged at 1,000 × g for 5 min. The pre-
cipitated platelets were washed with Tyrode-H buffer containing 0.15 μM
PGE1 and 1 mM EDTA, suspended in Tyrode-H buffer, and used as washed
platelets. To obtain PFP, the ACD-treated mouse blood was successively
centrifuged at 22 °C twice at 1,000 × g for 5 min and once at 20,000 × g for
30 min. The supernatant was recovered as PFP.
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Assay for Thrombin. The thrombin generation was assayed according to
Wielders et al. (8). In brief, 1.2 × 107 washed platelets in 54 μL of Tyrode-H
buffer were mixed with 6 μL of mouse PFP in a 96-well plate and incubated
at 20 °C for 15 min. Tyrode-H buffer (60 μL) supplemented with 0.2 mM
Z-Gly-Gly-Arg-7-Amino-4-methylcoumarin (Z-GGR-AMC), 16.6 pmoles human
tissue factor, and 16 mM CaCl2 was added to each well and incubated at
20 °C, and the resulting fluorescence was detected at an excitation wave-
length of 390 nm and emission wavelength of 460 nm by using a microplate
reader (Infinite M200; TECAN). For microparticles, 1.2 × 107 washed platelets in
200 μL of Tyrode-H buffer containing 0.05% BSA and 1 mM CaCl2 were treated
at 20 °C for 5 min with 1 μM A23187. After stopping the reaction with 600 μL
of Tyrode-H buffer containing 0.05% BSA and 2.7 mM EDTA, the platelets
were removed by centrifuging twice at 1,000 × g at 4 °C for 5 min. Micro-
particles were collected from the supernatants by centrifugation at 20,000 × g
for 30 min, and the thrombin activity was assayed as described earlier.

Intravital Microscopy and Thrombus Formation. Imaging analysis of thrombus
formation and PtdSer exposure was performed as described previously (31)
with some modifications. In brief, a mixture of Hoechst 33342 (10 mg/kg;
Invitrogen), DyLight 649-anti-GP1bβmAb (0.2 mg/kg), and FITC-Annexin V

(20 μL per mouse; BioLegend) was administered into anesthetized mice.
Hematoporphyrin (1.8 mg/kg) was administrated to produce ROS upon laser
irradiation. The mice were secured to the heated piezo-drive heating stage
(Nikon and Tokai Hit) of an inverted microscope (Eclipse Ti; Nikon). Veins on
the testicular epidermis were monitored during laser excitation at 405, 488,
and 640 nm (1.5 mW power at objective lens). XYT sequential images were
obtained with a resonance confocal microscope (A1; Nikon) using a 100× oil-
immersion objective lens (NA 1.15; Nikon). Data were analyzed and visual-
ized using an automatic algorithm in NIS-Elements (Nikon) and custom-
designed software (IMAGICA Imageworks). Snap-shot XY and ratiometric
images are provided in the figures and videos. Also calculated by the soft-
ware were the developed thrombus area and time-dependent changes of
ratiometric signals. Quantifications were performed automatically by soft-
ware without parameter adjustment by observers.
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