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ABSTRACT The complex intrinsic and extrinsic pathways contributing to platelet
activation profoundly impact hemostasis and thrombosis. Detailed cellular mecha-
nisms that regulate calcium mobilization, Akt activation, and integrin signaling in
platelets remain incompletely understood. Dematin is a broadly expressed actin
binding and bundling cytoskeletal adaptor protein regulated by phosphorylation via
cAMP-dependent protein kinase. Here, we report the development of a conditional
mouse model specifically lacking dematin in platelets. Using the new mouse model
termed PDKO, we provide direct evidence that dematin is a major regulator of cal-
cium mobilization, and its genetic deletion inhibits the early phase of Akt activation
in response to collagen and thrombin agonists in platelets. The aberrant platelet
shape change, clot retraction, and in vivo thrombosis observed in PDKO mice will
enable future characterization of dematin-mediated integrin activation mechanisms
in thrombogenic as well as nonvascular pathologies.
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INTRODUCTION

Dematin is an F-actin-binding cytoskeletal adaptor protein essential for maintaining
erythrocyte (RBC) shape and membrane stability.1,2 Its modular structure of

�50 kDa consists of a C-terminal headpiece domain shared with the villin family of
cytoskeletal proteins.3–5 The large N-terminal core domain of dematin is somewhat
unique, showing sequence similarity to its closest homolog abLIM (Fig. 1A)4,6 but not
with other members of the villin family. Dematin’s broad expression in most tissues
along with its regulation by phosphorylation by multiple protein kinases merits its
functional evaluation in nonerythroid cells.7–9,10 Furthermore, the location of the
dematin gene (DMTN or EBP49) on human chromosome 8p21.3,11 a region frequently
mutated in tumors including B-cell lymphomas,12 is notable and increases the putative
translational applications of further investigation of dematin function.

Using immune-electron microscopy, our previous studies visualized dematin as well
as adducin at the spectrin-actin junctions, which are critical for the regulation of RBC
membrane mechanical properties.13 A similar spectrin-based network attaches and
supports the plasma membrane in anucleate platelets.14 Unlike mature RBCs, platelets
serve as a relatively tractable cell system to evaluate cell shape as well as multiple sig-
naling pathways elicited by a variety of agonists.15–19 Since dematin is abundant both
in human and mouse platelets,19,20 we have utilized mouse gene deletion approaches
to interrogate dematin’s function in platelets. Originally, we developed a mouse model
with the systemic deletion of the headpiece domain of dematin.19 The headpiece
knockout (HPKO) mice expressing the core domain of dematin showed a mild
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phenotype of RBC shape change and hemolysis.19 The relatively mild anemia in HPKO
mice1 enabled us to evaluate the functional role of dematin’s headpiece domain in pla-
telets. Our previous studies demonstrated that dematin lacking its headpiece domain
is unable to regulate calcium mobilization in platelets.19 While these studies were
informative, a valid issue was raised about the functional role of the core domain of
dematin that was stably expressed in the HPKO platelets.19 To address this concern, we
generated a conditional mouse knockout (KO) of the full length of dematin (FLKO).2

Remarkably, the systemic deletion of full-length dematin resulted in nearly complete
fragmentation of RBCs, acute hemolysis, and unsustainable anemia in the long-term.2

While these studies demonstrated an essential role of the core domain in maintaining
dematin function in RBCs, the FLKO model was not suitable to study platelet functions
due to massive hemolysis in vivo.2

Here, we report the generation and characterization of the first tissue-specific dele-
tion of the dematin gene in platelets. Using a multi-stage Cre-LoxP gene deletion strat-
egy, we generated a platelet-specific dematin knockout model termed PDKO by
employing a megakaryocyte-specific platelet factor 4 (Pf4) promoter-driven genetic
recombination of the DMTN gene. This genetic approach enabled us to perform plate-
let function analysis without the deletion of dematin in other cell types, including
RBCs. Our results demonstrate a functional role of dematin in platelet shape change,
calcium mobilization, integrin signaling, and in vivo thrombosis. Importantly, dematin
emerges as a positive regulator of early Akt activation in platelets with implications in
signaling and actin cytoskeletal reorganization in other cell types.

RESULTS

Generation and validation of platelet dematin null mouse model (PDKO).
Previously, our laboratory generated the FLKO mouse model using a targeted gene
insert in the DMTN (EBP49) gene to induce a null allele.2 This mouse model contained
FRT and LoxP sites for flippase and Cre recombination. Breeding of this mouse line
with a flippase-expressing line generated an allele with integrated loxP sites flanking
exons 5 and 8 (Fig. 1B, top). The allele was transcriptionally intact thus retaining normal

FIG 1 Generation of the PDKO mouse model. (A) Dematin is homologous to the villin-family of proteins. Dematin shares its headpiece domain with villin
and supervillin, but its core domain is characteristically distinct. Unique gelsolin repeats are labeled as “G” in villin and supervillin. Dematin shares its core
domain with abLIM and UNC115 but lacks the LIM domains labeled as “L.” (B) Mice homozygous for the DMTN (dematin) floxed allele containing loxP sites
are crossed with Pf4-Cre expressing mice to recombine exons 5 through 8 of the DMTN gene. This yields a frame shift creating a premature stop codon in
exon 10 generating an unstable dematin transcript that degrades and is not translated. (C) Genotyping strategy for PDKO mice. Pf4-Cre genotyping was
performed using the Pf4-Cre forward primer: CCA AGT CCT ACT GTT TCT CAC TC and the Pf4-Cre reverse primer TGC ACA GTC AGC AGG TT resulting in an
expected 400 bp amplicon. DMTN floxed/floxed genotyping was tested using DMTN floxed/floxed forward primer: GCC GGC TGA CTT AAG TGG GAT CC and
DMTN floxed/floxed reverse primer: GTT TTC CAG GGT GAC AGC TGT TCA resulting in an expected 351bp amplicon. Lane 1: DNA marker, Lane 2: PDKO
mouse Pf4-Cre genotyping, Lane 3: WT mouse Pf4-Cre genotyping, Lane 4: DMTN floxed/floxed genotyping. (D) Dematin protein expression in WT and
PDKO RBCs and platelets. The expected 48 kDa size band is marked by a red asterisk in platelet samples. (E) Wright stain of WT and PDKO blood smears.
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expression of dematin protein. A series of crosses with platelet factor 4-Cre mice
(Pf4-Cre) resulted in the generation of mice with the following genotypes: Pf4-Cre þ/–;
DMTN f/f mice and Pf4-Cre –/–; DMTN f/f (Fig. 1B). The Cre recombination of exons 5–8
yielded a frame shift and a premature stop codon in exon 10, preventing translation of
dematin protein (Fig. 1B, bottom). The use of the Pf4 promoter restricted Cre expres-
sion to the megakaryocyte lineage. Mice lacking dematin in platelets were designated
as “platelet dematin knockout” (PDKO) and mice not expressing Pf4-Cre were desig-
nated “WT.” Mice were genotyped for Pf4-Cre (400 base pair expected size; Fig. 1C,
lanes 2 and 3) and DMTN f/f alleles (351 base pair expected band size; Fig. 1C, lane 4).
PDKO mice genotyped positive for Pf4-Cre (Fig. 1C, lane 2), while WT mice genotyped
negative for Pf4-Cre (Fig. 1C, lane 3). Dematin protein expression was detected in WT
and PDKO RBCs, however, dematin expression was not observed in purified, washed
PDKO platelets, validating that dematin expression in platelets was lost (Fig. 1D, the
asterisk indicates the expected protein size of 48 kDa). As expected, RBC morphology
was unaltered in the PDKO mice (Fig. 1E). Together, these data provide experimental
evidence for the generation of the platelet-specific dematin null mouse model used in
this study.

Hematological analysis of PDKO model. PDKO mice were bred on a C57B/6J gen-
etic background. PDKO mice were born at the expected Mendelian ratio of 1:1, and
adult mice appeared healthy with no discernible anomalies. Routine necropsy did not
show any discernible changes in the anatomy of major organs of mutant mice (data
not shown). Complete blood count (CBC; IDEXX BioAnalytics) of adult PDKO mice
under steady-state conditions revealed normal blood cell parameters, including the
platelet count and volume (Fig. 2A). For subsequent platelet characterization, it was
necessary to evaluate the status of RBCs due to the emerging evidence for physio-
logical interactions between platelets and RBCs.21 Wright–Giemsa staining and SDS-
PAGE analysis showed no distinct changes in the RBC shape and membrane proteins
of PDKO mice (data not shown). No nucleated RBCs and Heinz bodies were detected in
the peripheral blood of PDKO mice. Finally, the PDKO mice were examined for any
bleeding diathesis. No statistical difference in the tail bleeding time was observed
between wild-type (WT) and PDKO mice (Fig. 2B). Unlike our previous dematin head-
piece and full-length whole-body knockout mouse models,1,2 the PDKO mice do not
show any hemolysis concerns and therefore serve as a suitable model system for plate-
let function studies as outlined below.

PDKO mice exhibit broad platelet aggregation defects. Given that the core
domain of dematin is critical for maintaining the cell shape and membrane stability,2,22

FIG 2 Hematological analysis of PDKO mice. (A) Complete blood count (CBC) of WT and PDKO blood samples. RBC (red blood cells), MCV (mean
corpuscular volume), HCT (hematocrit), HGB (hemoglobin), MCHC (mean corpuscular hemoglobin concentration), MCH (mean corpuscular hemoglobin),
WBC (white blood cells), MPV (mean platelet volume), PDW (platelet distribution width). (B) Tail bleeding time assay with statistical median: WT 80 s, PDKO
82 s. 25–30 mice of each genotype were used for the tail bleeding measurements. WT: 124.50 ± 102.1; PDKO: 93.76 ± 52.66, P value 0.1346.
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we hypothesized that the deletion of full-length dematin may lead to functional
defects in platelets. To investigate this possibility, we measured the platelet aggrega-
tion response of multiple agonists by transmission light aggregometry (Fig. 3). PDKO
platelets showed attenuated aggregation response to thrombin (Fig. 3A and B), TRAP4
(thrombin receptor activating peptide 4, a PAR4 specific agonist (Fig. 3C), collagen (Fig.
3D), CRP (collagen related peptide) (Fig. 3E), U46619 (a synthetic agonist of thromb-
oxane A2) (Fig. 3F), and ADP (Supplemental Fig. 1A). PDKO platelet aggregation trac-
ings by multiple agonists indicated two potential nodes of functional defects. PDKO
platelets showed reduced shape change in response to thrombin (Fig. 3A) and colla-
gen (Fig. 3D) as indicated by a brief decrease in light transmission immediately after
agonist stimulation. This finding is consistent with the essentiality of dematin’s core
domain in the regulation of cellular shape in RBCs and fibroblasts.2,22 Furthermore, the
deletion of dematin predominantly impaired the progression of secondary platelet
aggregation response by agonists (Fig. 3C; arrow depicts phase 2). These findings sug-
gest that dematin may play a functional role in the regulation of downstream signaling

FIG 3 Platelet aggregation responses to agonists in WT and PDKO. Platelet aggregation response to (A) Thrombin (0.1 U/mL), (B) Thrombin (0.05U/mL), (C)
TRAP4 (60lM), (D) collagen (1.2lg/mL), (E) CRP (5 lg/mL), and (F) U46619 (0.5 lM). TRAP4-induced activation of WT platelets shows two distinct
aggregation phases marked by arrows 1 and 2. TRAP4 (thrombin receptor activating peptide 4, a PAR4 specific agonist). CRP (collagen-related peptide).
U46619 (a synthetic agonist of thromboxane A2). Quantification of thrombin-stimulated aggregation is shown in Supplemental Fig. 4B.
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pathways common to multiple platelet agonist receptors, which may be impacted by
the secretion of platelet granules.

Dematin regulates platelet granule secretion. Platelets utilize positive feedback
mechanisms for their activation in an autocrine and paracrine fashion by regulating
the secretion of dense granules and a-granules.23–25 To determine how the deletion of
full-length dematin impacts granule secretion, the ATP secretion response of PDKO
platelets to multiple agonists was measured. The results revealed broad inhibition of
dense granule release in response to thrombin (Fig. 4A; dose-response curves are
shown in Supplemental Fig. 1B and C), TRAP4 (Fig. 4B), collagen (Fig. 4C), and U46619
(Fig. 4D). As expected, the U46619 mediated stimulation of WT platelets resulted in a
characteristic “two-phase” dense granule secretion process (Fig. 4D). Interestingly, the
dense granule secretion response of PDKO platelets by U46619 showed a reduced but
essentially intact first phase of the secretion process (Fig. 4D). In contrast, the second
phase of the dense granulation was completely ablated in PDKO platelets (Fig. 4D,
arrow). These results illustrate a generalized inhibition of dense granule release in
PDKO platelets. Next, we evaluated the status of a-granule secretion response in PDKO
platelets. The surface expression of P-selectin was measured by flow cytometry. In
response to thrombin stimulation, P-selectin expression, a common marker of a-gran-
ule release, was significantly reduced in the PDKO platelets (Fig. 4E). The reduced
secretion of both dense and a-granules is consistent with broad inhibition of platelet
aggregation by multiple agonists observed in PDKO platelets (Fig. 3). Impaired platelet
granule secretion defects in PDKO mice suggest that dematin may regulate self-posi-
tive feedback loops, thus impacting integrin signaling and downstream clotting
cascades.

Dematin loss attenuates platelet integrin signaling and clot retraction. Our find-
ings from PDKO mice indicating the involvement of dematin in shape change suggest
a potential functional impact of “inside-out” signaling on platelet integrin (GPIIb/IIIa or
aIIb/b3) activation and subsequent downstream “outside-in” signaling pathways result-
ing in clot retraction and platelet spreading phenotypes. Using the fluorescent-tagged
JON/A monoclonal antibody (GPIIb/IIIa, CD41/CD61)-PE), which binds to the high-affin-
ity conformation of integrin, we measured integrin activation upon thrombin

FIG 4 Platelet secretion responses to agonists in WT and PDKO platelets. Platelet dense-granule release responses to agonists: (A) thrombin (0.1 U/mL), (B)
TRAP4 (60mM), (C) collagen (0.6 mg/mL), and (D) U46619 (0.5 mM). The black arrow indicates the peak dense-granule release during the second phase of
secretion. Dense-granule release was assessed using the Chrono-Lume reagent. (E) WT (top) and PDKO (bottom) platelet a-granule release in response to
thrombin (0.25 U/mL). Unstimulated conditions are represented by the black tracing; stimulated conditions are represented by the red tracing. Stimulation
and increased a-degranulation is represented by a rightward shift on the x-axis. The measured fold increase of the geometric mean fluorescence intensity
from unstimulated to stimulated samples: WT ¼ 8.7, PDKO ¼ 3.17. The a-granule secretion was measured by flow cytometry of P-selectin surface
expression.
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stimulation of platelets by flow cytometry. The results revealed that integrin activation
in PDKO platelets was attenuated at a lower concentration of thrombin (0.0125U/mL)
as reflected by the reduced rightward shift of the antibody mean fluorescence intensity
compared to WT (Fig. 5A). A minimal difference in integrin activation was observed at
a higher concentration of thrombin (0.25 U/mL) (Fig. 5B). These findings suggest that
dematin is required for proper integrin activation as a part of inside-out signaling. To
evaluate the integrity of outside-in signaling, the clot retraction phenotype was eval-
uated in PDKO mice. Upon stimulation by thrombin, clot retraction was impaired in
PDKO platelets within 3 h but recovered fully after 20 h (Fig. 5C). Consistent with
reduced integrin activation in PDKO platelets, these findings demonstrate that the loss
of dematin disrupts inside-out signaling and integrin activation as well as outside-in
signaling and clot retraction pathways.

Dematin regulates platelet spreading and lamellipodia formation. To further
investigate the impact of outside-in signaling on cell shape regulation, we assessed
the capacity of platelet spreading in PDKO platelets. Dematin is an actin-binding and
bundling cytoskeletal protein essential for maintaining RBC shape and membrane sta-
bility.3,7,10,13 Notwithstanding its abundant expression in mature erythrocytes and pla-
telets, the precise role of full-length dematin in platelet shape changes and spreading
remains incompletely understood. We evaluated the morphological features of plate-
lets from PDKO mice using fluorescence and scanning electron microscopy (SEM).
Washed platelets were spread over fibrinogen-coated coverslips and platelet spreading
was monitored over 30min by Phalloidin-staining of actin filaments (Fig. 6A).
Significant differences in the spreading of PDKO platelets were observed after incuba-
tion on fibrinogen-coated coverslips (Fig. 6A and B). In contrast to WT platelets, the
PDKO platelets remained relatively smaller and rounded at both 15- and 30-min time

FIG 5 Integrin activation and clot retraction responses in WT and PDKO platelets. (A and B) WT (top) and PDKO (bottom) integrin activation in response to
thrombin (A) (0.0125U/mL) and (B) (0.25U/mL). Unstimulated conditions are represented by the black tracing; stimulated conditions are represented by the
red tracing. Increased integrin activation is represented by a rightward shift on the x-axis. The measured fold increases of the geometric mean fluorescence
intensity from unstimulated to stimulated samples: (A), WT ¼ 2.20, PDKO ¼ 1.44; (B), WT ¼ 4.65, PDKO ¼ 4.11. Platelets supplemented with 1.0mM
calcium were incubated with thrombin and PE-conjugated antibody against integrin alphaIIbbeta3 (GPIIb/IIIa, CD41/CD61)-PE) for 15min. Reaction was
quenched with PBS, and samples were analyzed by flow cytometry using the established protocols from Emfret Analytics (https://www.emfret.com/index.
php?id=6). (C) Clot retraction response over time in WT and PDKO platelet-rich plasma (PRP) stimulated with thrombin (1 U/mL). Quantification of clot
retraction is shown in Supplemental Fig. 4A.

CalciumMobilization, Thrombosis and Early Akt Activation Molecular and Cellular Biology

Volume 43 Issue 6 288

https://www.emfret.com/index.php?id=6
https://www.emfret.com/index.php?id=6
https://doi.org/10.1080/10985549.2023.2210033


points with limited attachment and spreading (Fig. 6A). Time-dependent quantification
of spreading indicated no significant differences between WT and PDKO platelets at
the 1.5-min time point; however, a significant reduction in the average PDKO cell area
was observed at both 15- and 30-min compared to WT platelets (Fig. 6B).

To further investigate morphological differences between WT and PDKO platelets,
washed platelets were spread over immobilized fibrinogen and visualized by SEM after
15- and 30-min of incubation (Fig. 6C). After incubation for 15min, the PDKO platelets
appeared more rounded showing reduced spreading on fibrinogen substrate relative
to WT platelets (Fig. 6C; a higher magnification of this image is shown in Supplemental
Fig. 2A). After 30min of incubation, the PDKO platelets remained rounded and dis-
played limited attachment, more cellular rounding, and limited filopodial extensions.
Notably, PDKO platelets displayed a striking lack of lamellipodia formation compared
to WT platelets (Fig. 6C, arrow; higher magnification of this image is shown in
Supplemental Fig. 2B). However, this imaging technique does not allow us to rule out
the possibility that dematin loss indirectly impacts the spreading and actin filament
organization of filopodia in platelets.

Integrin outside-in signaling in platelets is regulated by a complex interplay
between tyrosine kinases, including Src, multiple adaptor proteins, RhoA, and the actin
cytoskeleton.15,26 RhoA activation is a key readout of cytoskeleton-mediated signaling
in platelets.15,27,28 We evaluated the status of RhoA in resting and thrombin-stimulated
PDKO platelets. RhoA activation was measured in platelets activated for 1min in the
presence of thrombin at 0.3 U/mL and 0.5 U/mL using a commercial ELISA kit
(Cytoskeleton Inc.). The observed RhoA activation in WT and PDKO platelets suggested

FIG 6 Platelet spreading response and RhoA activation. (A) WT (top) and PDKO (bottom) platelet spreading on fibrinogen-coated surfaces for 15 (left) or 30
(right) min. Fluorescence staining of actin using AF594 phalloidin. Magnification 100�. (B) Average platelet spreading area (mm2). Mean values: 1.5min –
WT 6.07 mm2, PDKO 4.68 mm2; 15min – WT 7.14 mm2, PDKO 4.51 mm2; 30min – WT 7.6 mm2, PDKO 5.6 mm2. n-number: 1.5min – WT 12, PDKO 15; 15min –
WT 104, PDKO 53; 30min – WT 189, PDKO 143. ns¼ not significant, �P value < 0.0001. (C) Scanning electron microscopy of WT (top) and PDKO (bottom)
platelet spreading on fibrinogen for 15 (left) and 30 (right) min. The arrow indicates lamellipodia structure in WT platelets. Magnification 9000�. Note:
Larger images of Fig. 6A and C are shown in Supplemental Fig. 2A and B. (D) RhoA activation in WT and PDKO platelets in response to thrombin. RhoA
activity was measured at 490 nm absorbance. Average absorbance values at 490 nm: Unstimulated – WT (0.2480), PDKO (0.1406), not significant; thrombin
0.3 U/mL: WT (0.4077), PDKO (0.3223), not significant; thrombin 0.5 U/mL: WT (0.3658), PDKO (0.3181), not significant. Statistical analyses were performed by
Student’s t-test.
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that the PDKO platelets exhibit elevated RhoA activation in a differential manner
(unstimulated to thrombin 0.3 U/mL: WT ¼ 1.64� increase, PDKO ¼ 2.29� increase)
(Fig. 6D). However, data from multiple experiments showed batch-to-batch variability
in the resting platelets that could contribute to the observed variability in RhoA activa-
tion. Therefore, we conclude that the fold increase in RhoA activation is not statistically
significant between WT and PDKO platelets under these conditions.

Dematin regulates intraplatelet calcium mobilization. Previously, we have shown
a functional role of the headpiece domain of dematin in calcium mobilization using
our systemic HPKO mouse model.19 To evaluate the functional role of the core domain
of dematin, we tested calcium mobilization in PDKO platelets. Washed WT and PDKO
platelets were supplemented with 2.0mM calcium and stimulated by thrombin
(0.5 U/mL). Calcium mobilization was measured using the fluorescence dye-based
microplate flux assay. PDKO platelets showed substantial inhibition of calcium mobil-
ization in the presence of a physiological concentration of calcium (Fig. 7A). Moreover,
calcium mobilization was also impaired when PDKO platelets were incubated under
similar conditions without any supplemented calcium (Fig. 7B). Although we cannot
eliminate the possibility that dematin regulates calcium homeostasis in platelets via
modulation of plasma membrane-embedded calcium pumps, our data suggest that
dematin is a key regulator of internal stores of calcium in platelets.

Activated platelets rely heavily on the release of calcium into the cytosol to regulate
critical signaling cascades and overall platelet functions. Upon platelet activation,
internal stores of calcium in the dense tubular network (DTS) are released into the
cytosol, thus triggering external calcium influx via the Orai1 membrane calcium chan-
nel.18,29,30 The store-operated calcium entry process and internal calcium release trig-
gered by the generation of IP3 from PLCc2 enzymatic activity are key regulatory

FIG 7 Mechanistic analysis of dematin’s regulation of platelet activation pathways. (A) Calcium mobilization of WT and PDKO platelets after thrombin
(0.5 U/mL) stimulation with supplemented calcium (2mM). (B) Calcium mobilization of WT and PDKO platelets after thrombin (0.5 U/mL) stimulation without
calcium. (C) Phosphorylation of WT and PDKO PLCc2 (Y759) and p38 (T180/Y182) in resting conditions and after collagen (5lg/mL) stimulation (1 and 3min).
(D) Collagen (1.2 mg/mL) stimulated aggregation of WT and PDKO platelets treated with or without indomethacin (10 mM). (E) Thromboxane A2 measurements
of WT and PDKO platelets resting, collagen stimulated (2mg/mL), and collagen stimulated (2mg/mL) with indomethacin (10mM). WT: 8.49 ± 1.06; WTþ collagen:
66.52 ± 10.50; WTþ collagenþ indomethacin: 5.18 ± 0.69; PDKO: 9.51 ± 0.94; PDKOþ collagen: 69.96 ± 3.05; PDKOþ collagenþ indomethacin: 3.27 ± 0.10; PDKO
versus WT P value 0.4155; PDKOþ collagen versus WTþ collagen P value 0.6997; PDKOþ collagenþ indomethacin versus WTþ collagenþ indomethacin P
value 0.0595; all nonsignificant. (F) Phosphorylation of WT and PDKO ERK1/2 (T202/Y204) in resting conditions and after collagen (5 lg/mL) stimulation (1, 3,
and 5min). (G to I) Phosphorylation of WT and PDKO Akt (S473) using collagen (5 lg/mL) (G), and thrombin (0.025 U/mL) (H), and thrombin (0.1 U/mL) (I).
Phosphorylation of platelets was measured under resting conditions and upon stimulation at 1-, 3-, and 5-min time points as indicated.
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steps.18,29 To investigate the role of dematin in this pathway, we measured the activa-
tion of PLCc2 via phosphorylation at residue Y759 in response to platelet activation by
collagen (5 mg/mL). During the initial phase of platelet activation, no statistically signifi-
cant difference in the phosphorylation of PLCc2 was observed between WT and PDKO
platelets (Fig. 7C). This result suggests that PLCc2 activity is unlikely to contribute to
the striking calcium mobilization defect observed in PDKO platelets.

Platelet thromboxane A2 generation is independent of dematin. Another key
regulator of platelet autocrine and paracrine signaling cascade is the release of
thromboxane A2 (TXA2) modulating thromboxane receptors.31–34 The generation of
thromboxane is coordinated by the eicosanoid pathway wherein arachidonic acid
processed by COX-1/2 into prostaglandin is subsequently converted into TXA2.

35 To
investigate a functional role of dematin in TXA2 signaling, we measured platelet aggre-
gation in response to collagen (1.2mg/mL) in the presence and absence of indometh-
acin (10 mM), a reversible COX inhibitor. As expected, WT platelet aggregation was
slower and incomplete within 10min of collagen activation (Fig. 7D). In contrast, PDKO
platelets, which are already deficient in platelet aggregation (Fig. 3), did not show any
additional inhibitory effect upon indomethacin treatment (Fig. 7D). One possible cause
for the lack of further aggregation defect could be that the complete loss of dematin
in platelets limits TXA2 production and therefore makes the indomethacin treatment
insensitive to PDKO platelet aggregation. To test this possibility, we measured overall
thromboxane B2 (TXB2) generation in WT and PDKO platelets. Due to the rapid nonen-
zymatic conversion of TXA2, TXB2 measurement is a more reliable readout of the over-
all thromboxane generation.36 Platelets at the resting state and activated by collagen
in the presence and absence of indomethacin (10mM) pretreatment were evaluated for
TXB2 generation using a commercial ELISA kit (Cayman Chemical Company). Our data
indicate that PDKO platelets showed similar TXB2 levels under these conditions com-
pared to WT platelets (Fig. 7E), indicating that the loss of dematin does not affect
thromboxane levels in platelets.

Finally, to rule out the possibility that upstream enzymes in the thromboxane path-
way may be affected in the PDKO platelets, we measured phosphorylation of p38
(T180/Y182) (Fig. 7C) and ERK1/2 (T202/Y204) (Fig. 7F) in response to collagen activa-
tion for up to 5min. No effect of dematin deficiency was observed in p38 or ERK1/2
phosphorylation under these conditions (Fig. 7C and F). These results show that TXA2

production is intact in PDKO platelets in response to collagen activation, and other
mechanisms may regulate the dematin-mediated signaling in platelets.

Dematin is a novel mediator of early activation of Akt in platelets. Akt, also known
as protein kinase B, is a potent signal transducer of multiple signaling functions in pla-
telets. Upon stimulation by a variety of agonists, Akt activation occurs rapidly and
mediates several downstream signaling cascades, including degranulation and PLCc2
signaling, contributing to platelet activation.37–39 Active Akt promotes outside-in sig-
naling mediated by integrin AIIb/b3 upon post-ligand binding.37 To investigate the sta-
tus of Akt activation in PDKO platelets, we measured Akt phosphorylation (S473) at the
early stage of platelet activation by multiple agonists. In response to collagen
(5 mg/mL), PDKO platelets showed a near absence of Akt phosphorylation at basal lev-
els and this inhibition persisted during the early phase of platelet activation (Fig. 7G).
This Akt inhibition contrasts with WT platelets that undergo rapid phosphorylation of
Akt after 1min of agonist stimulation (Fig. 7G). At 3min poststimulation of platelets by
collagen, the PDKO platelets eventually restored Akt phosphorylation to WT levels
(Fig. 7G).

To further confirm impaired Akt activation with other agonists, we measured plate-
let Akt phosphorylation (p-Akt) in response to thrombin. Upon stimulation by low
concentrations of thrombin (0.025U/mL), p-Akt was inhibited in PDKO platelets both
at 1- and 3-min time points post-agonist stimulation (Fig. 7H). However, the p-Akt
phosphorylation defect in PDKO platelets was rescued to WT levels at a higher concen-
tration of thrombin (0.1 U/mL) (Fig. 7I). These results indicate that dematin is required
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for the early activation of Akt in platelets. To our knowledge, this finding is the first
demonstration that dematin regulates Akt signaling in platelets with broad implica-
tions in the regulation of cell shape change, aggregation, degranulation, and clot
retraction pathways in platelets.

Dematin in platelets attenuates in vivo thrombosis. To determine the role of plate-
let dematin in thrombus formation in vivo, we employed a well-established laser-
induced thrombosis model.40,41 The mice lacking platelet dematin generated smaller
thrombi as measured by both platelet accumulation (WT: 122� 1015 RFU: KO: 3.72�
1015 RFU; P< 0.001) and fibrin deposition (WT: 12.7� 1015; 1.32� 1015 RFU; P< 0.001)
than their litter-mate controls (Fig. 8). Thrombus formation in vivo was analyzed over
220 s, and representative pictures of the first 120 s are shown (Fig. 8A). In summary,
these data suggest that mice lacking dematin in their platelets have a deficiency in clot
formation.

DISCUSSION

Anucleate RBCs and platelets rely on their flexible spectrin-actin cytoskeletal net-
work regulated by multiple adaptor proteins to withstand extreme shear stress during
circulation. Actin is a major cytoskeletal component constituting �15–20% of the total
protein in platelets.42 Therefore, there is considerable interest in understanding the
regulation of actin reorganization in platelets, with functional implications in both
shape change and downstream signaling pathways essential for hemostasis and
thrombosis. Adducin and dematin are two major actin-binding proteins sharing struc-
tural and functional similarities between RBCs and platelets.2,43 Here we report the first
characterization of a mouse model with targeted deletion of full-length dematin in
platelets.

Our first attempt to investigate dematin function in platelets started with the gener-
ation of a mouse model systemically lacking the headpiece domain of dematin
(HPKO).19 Initial hematological evaluation of the HPKO phenotype demonstrated mild
anemia resulting from impaired RBC shape and membrane stability.19 While not an
ideal model system to study platelet physiology due to mild anemia, the characteriza-
tion of HPKO platelets retaining the core domain of dematin revealed a functional role
of dematin in calcium mobilization.19 Subsequently, we generated a double knockout

FIG 8 Thrombus formation is decreased in mice with platelets lacking dematin. Platelet accumulation and fibrin deposition following laser ablation of
cremasteric arterioles were monitored in mice with a platelet/megakaryocyte-specific deficiency in dematin (PDKO) and in Cre-negative littermate control
mice. (A) Representative images of thrombus formation taken at 30 second intervals. Platelets are represented in red and fibrin in green. Median curves of
(B) platelet accumulation and (C) fibrin deposition in PDKO (blue squares) and WT controls (black circles) were plotted following laser ablation at time 0.
(D) Areas under the curve from 0 to 200 s were calculated and plotted for all curves (PDKO: n¼ 32 thrombi; WT: n¼ 48 thrombi). (E) Injury size following
laser ablation was measured to assess whether differences in platelet accumulation and fibrin deposition were due to differences in injury size.
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mouse model (DAKO) systemically lacking both the headpiece domain of dematin and
b-adducin.13 Unlike the HPKO model, the DAKO mice showed severe erythrocyte mem-
brane fragmentation and hemolysis.13 While these studies were informative in reveal-
ing a redundant role of the dematin headpiece and b-adducin in erythrocytes, the
DAKO mice were not suitable to study the physiological function of platelets in vivo
due to severe hemolysis in vivo. Subsequent in vitro studies suggested an important
role of the core domain of dematin in cell shape and cytoskeletal reorganization.1,10,22

Therefore, we generated the FLKO mouse model with a systemic deletion of full-length
dematin.2 Consistent with the importance of the core domain of dematin, FLKO mice
showed a precipitous loss of erythrocyte membrane stability and massive hemolytic
anemia.2 Again, the FLKO model was not suitable for functional studies on platelets. To
circumvent these limitations, we have now developed a new mouse model carrying
the platelet-specific deletion of full-length dematin (PDKO). The PDKO mice are viable
with no evidence of anemia or impaired hemostasis (Fig. 1 and Fig. 2).

The localization of dematin to internal membranous structures in platelets sug-
gested a potential mechanism of dematin function in the regulation of calcium.19 It
was proposed that dematin regulates the function of inositol 1,4,5-trisphosphate 3-kin-
ase isoform B (IP3KB), which phosphorylates IP3 to IP4 thus regulating the release of
internal calcium stores and calcium mobilization in platelets.19 In addition, the
upstream PLCc2 cleaves PIP2 into IP3 and diacylglycerol (DAG) thus regulating signal-
ing and calcium mobilization in platelets.18,29,44 The development of the PDKO mouse
model enabled us to evaluate the function of platelet dematin in various signaling
pathways. Our results show that phosphorylation of PLCc2, p38, and ERK1/2 appears
to be normal in activated PDKO platelets (Fig. 7C and F). This observation suggests
that the calcium mobilization defect observed in PDKO platelets is likely to be regu-
lated by IP3KB located at the DTS, as indicated by our previous studies on HPKO
model.19 Since the calcium mobilization defect in PDKO platelets is observed both in
the presence and absence of extracellular calcium (Fig. 7A and B), we cannot rule out
the possibility that dematin may also regulate surface calcium channels and store-
operated calcium entry regulators via biochemical interactions at the platelet plasma
membrane.

Akt activation is a crucial early time point signaling nexus that mediates agonist-
induced signaling cascades in platelets and potentially in other cells. Akt plays an
important role in GPIb-IX-mediated early signals that lead to inside-out integrin activa-
tion in platelets.38,39 Akt activation also promotes thromboxane synthesis and
degranulation.33 Degranulation occurs as a second wave of stimuli which is utilized to
propagate platelet activation signals.24,33,45 During platelet activation by U46619, a
thromboxane analog, dense-granule release occurs in a distinct two-phase pattern33

(Fig. 4D). In PDKO platelets, the first phase of U46619-induced activation is significantly
diminished yet remains intact. Importantly, the second phase of ATP secretion is com-
pletely ablated in PDKO platelets (Fig. 4D). This second phase of dense-granule release
in platelets is a PI3K/Akt-dependent process.33 Given our observation that integrin acti-
vation is also inhibited in PDKO platelets (Fig. 5A and B), these data suggest that dema-
tin may regulate the Akt-PI3K-Integrin signaling axis in platelets. This hypothesis is
consistent with the inhibition of agonist-induced early Akt phosphorylation that recov-
ered 3min after stimulation of PDKO platelets (Fig. 7G to I).

Published Akt loss of function studies indicate that Akt is not required for platelet
spreading on fibrinogen, which is governed by the outside-in signaling.39 Our results
show that PDKO platelets exhibit impaired spreading on fibrinogen-coated surfaces
(Fig. 6A and B) as well as reduced clot retraction (Fig. 5C). These findings suggest that
dematin may also play a functional role in outside-in integrin signaling in an Akt-inde-
pendent manner. Our previous findings in HPKO platelets that retain the core domain
of dematin did not show any measurable spreading defect on fibrinogen-coated sur-
face.19 Significant inhibition of PDKO platelet spreading on fibrinogen substrate
(Fig. 6A and B) indicates that both core and headpiece domains of dematin are
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required for regulating cell spreading in platelets. It is not known whether the head-
piece domain of dematin or related family members is required for Akt activation, or
whether the core domain alone is sufficient for early Akt activation in response to ago-
nists. Furthermore, actin-rich lamellipodia are important cellular structures required for
increasing platelet surface area during platelet activation and spreading.46,47 SEM ana-
lysis showed a lack of lamellipodia in PDKO platelets (Fig. 6C), thus suggesting a
unique role of dematin in establishing lamellipodia formation in platelets. The charac-
terization of the PDKO model, as reported here, revealed dematin as a novel cytoskel-
etal regulator of cell shape, lamellipodia formation, and spreading, all outcomes of
outside-in signaling in platelets. Together, our data suggest that dematin regulates
outside-in signaling in an Akt-independent manner, concomitant with its essential role
in platelet inside-out signaling.

An unexpected linkage between dematin, kindlin-3, and integrin has been previ-
ously identified vis-�a-vis platelet activation and hemolytic anemia.48,49 Kindlin-3 is
expressed in erythrocytes, and kindlin-3 mutant mice show a dramatic reduction of
dematin in the erythrocyte membranes.48 Since both dematin and kindlin-3 are abun-
dantly expressed in platelets, we decided to examine the impact of dematin deletion
on kindlin-3 and integrin activation in PDKO mice (Fig. 5A and B). Western blot analysis
showed no effect of dematin deletion on kindlin-3 expression in the resting and throm-
bin-activated platelets (Supplemental Fig. 3). Given that beta-adducin is also substan-
tially reduced in kindlin-3 mutant erythrocytes,48 there is a possibility that kindlin-3
deficient platelets may also show a reduction in beta-adducin.50 Therefore, we cannot
rule out the possibility that the generation of double knockouts mice lacking both
dematin and adducin might produce synergistic effects on platelet integrin activation,
aggregation, degranulation, shape change, clot retraction, and spreading as observed
in the PDKO mice.

When dematin expression is lost in platelets, both the accumulation of platelets
and the deposition of fibrin are attenuated at the site of a laser-induced injury in KO
mice when compared to their littermate controls. Both the median accumulation
curves (Fig. 8B and C) and areas under all curves (Fig. 8D) for both platelet and fibrin
support this conclusion (Fig. 8A to D). The injury sizes, determined by assessing the
longitudinal length of vessel wall damage caused by laser ablation, are similar in both
the experimental and control conditions (Fig. 8E). These in vivo data are consistent
with the platelet function studies demonstrating impaired platelet aggregation in pla-
telets lacking dematin.

In summary, the selective and complete deletion of dematin in the PDKO model
demonstrates a functional role of dematin in calcium mobilization and early phosphor-
ylation of Akt post-agonist activation in platelets. Mechanistically, our findings support
the integration of dematin into the model of platelet activation cascade regulated by
calcium mobilization (Fig. 9). The absence of a bleeding phenotype in PDKO mice is
relevant for the therapeutic targeting of dematin in future pharmacological and trans-
lational applications.

MATERIALS ANDMETHODS
Materials, antibodies, and reagents. The dematin monoclonal antibody used in this study was ori-

ginally developed by the Chishti Lab in collaboration with BD Biosciences/Transduction Laboratories
(#D77620). Multiple antibodies purchased from Cell Signaling Technologies (Danvers, MA, USA) are as
follows: PLCc2 (#3872); p-PLCc2 (Y759) (#3874); Akt (#4691); p-Akt (S473) (#4058); p38 MAPK (#8690); p-
p38 (T180/Y182) (#4511); p44/42 MAPK (ERK1/2) (#4695); p-p44/42 MAPK (ERK1/2) (T202/Y204) (#4377).
Rat monoclonal GPIIb/IIIa antibody (also called AIIb/b3; JON/A active form) (Integrin alphaIIbbeta3
(GPIIb/IIIa, CD41/CD61)-PE) (#M023-2) was purchased from Emfret Analytics (Eibelstadt, Germany).
Mouse CD62P (P-selectin) antibody (#553744) was purchased from BD Biosciences. AF594 Phalloidin
peptide (#A12381) was purchased from Invitrogen. Thrombin (#60-519) was purchased from EMD
Millipore. U46619 (#16450) was purchased from Cayman Chemical Company. Collagen (#NC9533954)
was purchased from Chrono-Log. ADP (#A2754) was purchased from Sigma. Platelet agonist TRAP4 was
generously provided by Dr. Lidija Covic (Tufts Medical Center, Boston, MA). Collagen-related peptide
(CRP) was generously provided by Dr. Peter Newman (Milwaukee, WI). PGE1 (#BML-PG006) was pur-
chased from Enzo Life Sciences. Indomethacin (#458030050) was purchased from Acros Organics.
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FlexStation (Molecular Devices) was used for calcium measurements, and light transmission optical
aggregometry was performed using the Chrono-Log Model 700 aggregometer.

Mice and genotyping. PDKO mice were derived from the FLKO model as previously described.2 Mice
homozygous for the mutated DMTN allele were crossed with FRT-expressing lines to generate DMTN
floxed/floxed (DMTN f/f) alleles. PDKO mice were generated by crossing DMTN f/f mice with DMTN f/f
mice heterozygous for Cre driven by the megakaryocyte-specific Pf4 promoter (Pf4-Cre). PDKO (DMTN
f/f; Cre þ/–) mice were produced from this cross at a Mendelian ratio of 1:1. Mice were genotyped using
DNA digested from tail tip tissue and tested with two primer pairs. Cre expression was tested with Pf4-
Cre forward primer: CCA AGT CCT ACT GTT TCT CAC TC and Pf4-Cre reverse primer: TGC ACA GTC AGC
AGG TT resulting in a 400-base pair (bp) amplicon. DMTN f/f genotyping was performed using DMTN f/f
forward primer: GCC GGC TGA CTT AAG TGG GAT CC and DMTN f/f reverse primer: GTT TTC CAG GGT GAC
AGC TGT TCA resulting in a 351 bp amplicon. DMTN f/f; Pf4-Cre þ/– mice were designated as “PDKO,”
while DMTN f/f; Pf4-Cre –/– mice were designated as “WT”. Primers were designed and generated using
Integrated DNA Technologies. Both WT and PDKO mice were apparently healthy upon visual inspection,
with no weight or behavior disparities. No pathological mortality was observed. Differential dematin
expression was further confirmed by Western blotting of purified washed platelets lysates and red blood
cell membrane lysates and compared with a loading control antibody using standard techniques.

Platelet isolation. Blood was collected through venipuncture of the inferior vena cava using a 22-
gauge needle and collected into 150 lL of acid citrate dextrose solution (trisodium citrate 2.5%, glucose
1.5%, citric acid 0.4%) supplemented with PGE1 (0.1 lg/mL). Blood samples were then mixed with an
equivalent volume of modified Tyrode’s buffer (137mM NaCl, 10mM HEPES, 12mM NaHCO3, 5mM glu-
cose, 2.5mM KCl, 1.0mM MgCl2), incubated at 37 �C for 10min, centrifuged at 200 g for 15min in a
swinging bucket centrifuge with no centrifuge braking to separate the platelet-rich plasma (PRP). PRP
was harvested and incubated with 1.0mM EDTA, rested at room temperature for 10min, and spun at
600 g for 10min to pellet the platelets. The platelet pellet was washed and resuspended with fresh
Tyrode’s buffer and then rested at 37 �C prior to quantification. Platelet samples were quantified based
on OD600 measurements using the formula:

6:23= 2:016 � OD600ð Þ � 3:09ð Þ � Dilution Factor � 108 ¼ platelets=mL

Samples were subsequently diluted and prepared for specific experiments.
CBC (complete blood count). Five hundred microliters of blood was harvested in EDTA tubes and

submitted for comprehensive complete blood count analysis using IDEXX commercial service (product
#61330). Results shown are representative of three separate samples submitted for CBC analysis.

Platelet aggregation and dense granule release. Freshly harvested platelets were diluted to a con-
centration of 3E8 platelets/mL. Using a Chrono-Log model 700 aggregometer set to 37 �C and stirrer
spinning at 1200 rpm, platelet samples were supplemented with calcium (1.0mM) immediately prior to
agonist stimulation. Platelet aggregation was tested using various agonists indicated in the Results sec-
tion. Platelets were pretreated with indomethacin (10lM) 3min prior to the agonist stimulation for the

FIG 9 Primary platelet activation schematic incorporating the functional role of dematin. Dematin functions at a signaling nexus that (1) regulates Akt
activation and subsequent signal transduction, (2) promotes calcium mobilization, and (3) mediates outside-in signaling. As a consequence, PDKO platelets
display significantly impaired platelet activation phenotypes thus disrupting normal platelet functions.
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designated experiments. Dense granule release was assessed using the Chrono-Lume reagent (Product
#395) added and preincubated for 3min before the agonist addition according to the manufacturer’s
specifications. Results shown are representative of at least three separate experiments.

Calcium mobilization. Washed platelets were diluted to a concentration of 7.5E8 platelets/mL and
incubated with FURA 2AM/LR (15 lM, Millipore product #344911) for 45min at room temperature in the
dark. Platelets were then washed and resuspended at a minimum concentration of 1E8 platelets/mL.
Calcium measurements were made with a FlexStation plate reader (Molecular Devices) at 340 nm and
380 nm excitation and 510 nm emission. Wavelength ratios (340/380) were plotted after baseline nor-
malization. Results shown are representative of three separate experiments.

Clot retraction. PRP was isolated from whole mouse blood and platelet volume was equilibrated
using Tyrode’s buffer in a tube with an end-sealed glass pipette. Three hundred and fifty microliters of
platelet suspension was supplemented with a small volume of packed RBCs to enhance the contrast of
the clot. Platelets were treated with calcium (2.0mM) and then stimulated with thrombin (1.0 U/mL and
0.5 U/mL). Photographs were taken at the indicated time intervals over 24 h. Results shown are represen-
tative of three separate experiments.

Thromboxane measurements. Mouse platelet samples were diluted to 1E8 platelets/mL and trans-
ferred to a Chrono-Log model 700 aggregometer at 37 �C and stirred at 1000 rpm. Indomethacin (10 mM)
treated samples were incubated for 10min prior to activation. Agonists were added to samples and
incubated for 10min. Samples were transferred to microcentrifuge tubes and platelets were pelleted by
centrifugation at 600 g for 10min. Supernatants were extracted and diluted for preparation of the
thromboxane B2 ELISA (Cayman Chemical Company, #501020) according to the manufacturer’s instruc-
tions. Results shown are representative of three separate experiments.

Platelet protein lysates and western blotting. Washed platelets were adjusted to 4E8 platelets/mL,
and platelet suspension was incubated in a Chrono-Log model 700 aggregometer at 37 �C and spinning
at 1200 rpm. Platelets were supplemented with 1.0mM calcium and stimulated by the indicated agonists
or left resting. At corresponding time points, platelet stimulation was halted by cell lysis through the
addition of 5X reducing sample buffer (0.5M sucrose, 15% SDS, 312.5mM Tris-HCl, pH 6.9, 10mM EDTA).
SDS-PAGE and Western blotting were performed using standard techniques. Anti-kindlin-3 (D817V) rab-
bit mAb (Cell Signaling Technology) and anti-kindlin-3 (2F3) mouse mAb (Dr. Edward Plow, Cleveland
Clinic) were used to detect kindlin-3 in PDKO platelets. Results shown are representative of at least three
separate experiments.

Tail bleeding hemostasis assay. Mouse tail bleeding assays were performed as described before51

by cutting approximately 2mm of mouse tail tip tissue using surgical scissors. The tail wound was sub-
merged in 37 �C saline and bleeding time was recorded. Statistical medians were determined using
GraphPad Prism software.

Platelet spreading assay. Coverslips (12mm diameter, #1.5) were coated with human fibrinogen
(100mg/mL) (Sigma-Aldrich #F3879) in 0.1M NaHCO3 at 4 �C overnight. Coverslips were then washed
with NaHCO3 and blocked with 5% BSA in NaHCO3 for 90min. Mouse platelets at 3.5E7 platelets/mL
were incubated on the coverslips for times indicated in the experiments at 37 �C. The supernatant was
removed, and the coverslips were washed with PBS and fixed in 4% paraformaldehyde for 15min at
room temperature. After two PBS washes, the samples were incubated with permeabilization buffer
(100mM, Tris-HCl pH 7.4, 10mM EGTA, 154mM NaCl, 5mM MgCl2, 0.1% Triton X-100), with protease
inhibitor cocktail tablets (Roche #1183617000) for 10min at 4 �C. After washing with PBS, samples were
blocked with 5% BSA in PBS for 15min. Phalloidin AF594 (1.65mM, Thermo Fisher A12381) in 5% BSA
buffer was incubated with the samples for 30min at 4 �C in the dark followed by PBS washing and dry-
ing of the coverslips. Coverslips were mounted using ProLong Antifade mountant (Thermo Fisher
#P36962) and rested overnight at 4 �C in the dark before imaging. Imaging was performed using a
Nikon TE2000-E microscope and Nikon pco.edge camera. Nikon Elements imaging software was used for
the measurement of cell area. Statistical analysis was performed using GraphPad Prism software using
either Student’s t-tests or two-way ANOVA. The results shown are representative of at least five separate
experiments.

Scanning electron microscopy of platelet spreading. Coverslips (12mm diameter, #1.5) were coated
with human fibrinogen (100mg/mL) (Sigma-Aldrich #F3879) in 0.1M NaHCO3 and incubated at 4 �C over-
night. The coverslips were then washed with NaHCO3 and incubated with 5% BSA in NaHCO3 for 90min.
Mouse platelets at a concentration of 3E7 platelets/mL were incubated on the coverslips for times indi-
cated in the experiments. Samples were incubated in 2% paraformaldehyde/2% glutaraldehyde fixative
in sodium cacodylate buffer (100mM) at ambient temperature. After fixation, samples were incubated in
1% Osmium tetroxide in 0.1M sodium cacodylate buffer, pH 7.4, for 1–2 h. Samples were dehydrated by
stepwise immersion in an ethanol gradient and dried in a critical point dryer. Samples were then sput-
ter-coated in Palladium and viewed in a Hitachi S-4700 FESEM at the Harvard Medical School Electron
Microscopy facility (Boston, MA, USA). Results shown are representative of three separate experiments.

Flow cytometry analysis of a-granule release and integrin activation. Freshly isolated platelets
were diluted to 4E7 platelets/mL and supplemented with 1.0mM calcium. Platelet samples (25 mL) were
incubated with agonists (5 mL, 7X relative dilution) and fluorescent antibodies (5 mL, 7X relative dilution)
for 15min. PBS (400mL) was added to dilute the sample and terminate the reaction, and samples were
analyzed in an LSRII flow cytometer (BD Biosciences) within 30min. FACSDiva software (BD Biosciences)
was used for the quantitation of mean fluorescence values. FlowJo software was used for graphical rep-
resentations of data. Flow cytometry was performed based on established protocols from Emfret
Analytics (Eibelstadt, Germany; emfret.com). The results shown are representative of at least five separ-
ate experiments.
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Measurement of rho-GTPase activity in mouse platelets. Washed platelets were adjusted to 3E8
platelets/mL and activated for 1min with thrombin either with 0.3 U/mL or 0.5 U/mL. Platelet samples
were lysed and prepared according to the manufacturer’s protocol for the RhoA ELISA (Cytoskeleton
Inc., #BK124-S). The activated RhoA readout was measured by the colorimetric emission at 490 nm in a
plate reader. The results shown are representative of three separate experiments with three replicates
per condition.

Induction of in vivo thrombosis. Laser-induced thrombosis in mice was performed as previously
described.40 Briefly, mouse platelets were labeled using a platelet specific b3 integrin antibody conju-
gated to DyLight 649 (Emfret Analytics, Eibelstadt Germany). The progression of fibrin formation was
detected using a fibrin-specific antibody (clone 59D8, labeled with DyLight 488). Laser-induced injuries
triggered platelet accumulation and fibrin deposition at the site of injury, and fluorescent intensities
over time were recorded. Three mice were analyzed for each condition with 10–15 observations per
mouse.

Statistics. Statistical significance for all methods with the exception of laser-induced thrombosis,
was determined using a Student’s unpaired t-test where P< 0.05 and P< 0.01. Laser-induced thrombosis
significance was determined using the Mann–Whitney test on area under the curve median fluorescent
intensity values of either platelet accumulation or fibrin deposition over time.

SUPPLEMENTAL MATERIAL

Supplemental data for this article can be accessed online at https://doi.org/10.1080/
10985549.2023.2210033.
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