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Alterations in platelet secretion differentially affect thrombosis and hemostasis
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METHODS:
Reagents - Apyrase, human fibrinogen, hirudin, and proteinase K were from Sigma (St. Louis,
MO). Thrombin, ADP, and CHRONO-LUME reagents were from Chronolog (Havertown, PA).
Prostaglandin I2 (PGI2) was from Cayman (Ann Arbor, MI). Paraformaldehyde was from SigmaAldrich and 70% glutaraldehyde was from Electron Microscopy Sciences (Hatfield, PA). FITCconjugated lactadherin was from Haematologic Technologies Inc. (Essex Junction, VT). Other
reagents used were of laboratory grade.
Antibodies - Mouse monoclonal antibodies FITC-anti-CD62P and PE-anti-LAMP1 were from
BD Biosciences (San Jose, CA). FITC-anti-CD41/CD61 antibody and PE-Jon/A antibody were
from Emfret Analytics (Eibelstadt, Germany). Rabbit anti-fibrinogen antibody was from Dako
(Glostrup, Denmark). Rabbit anti-Rab-GDI polyclonal antibody and polyclonal anti-VAMP8
antibody was generated by our laboratory 1. Monoclonal anti-VAMP2 (SP10; NBP1-19332),
polyclonal anti-VAMP7 (NBP2-41183), polyclonal anti-VAMP3 (NBP 300-510) antibodies were
from Novusbio (Littleton, CO). Anti-SNAP23 2,3, anti-syntaxin-11 4, were as described.
Lumi-Aggregometry - Mouse platelets (250 μL of 4 x 108/mL) were placed in siliconized glass
cuvette (Chrono-log) with a metal stirring bar (Chrono-log), spinning at 800 rpm for 2-3 min at
37°C. Agonists were added to initiate platelet activation as indicated. The aggregation traces
were monitored using Model 810 Aggro/Link computer interface and Aggro/Link software
(Chrono-log). Agonist-stimulated ATP release from platelet dense granules was monitored by
the
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aggregometer.
Flow Cytometry Analysis - Washed mouse platelets (20 μL of 5 x 107/mL) were either in
resting state (no agonist) or were stimulated with thrombin (0.1 U/mL) for 2 min. The reactions
were stopped with the addition of a 2-fold excess of hirudin and platelets were incubated with
2.5 μL FITC-conjugated or PE-conjugated antibodies for 20 min. The platelets were 10-fold
diluted by adding HEPES-Tyrode’s buffer (pH 6.5) and transferred to a polystyrene FalconTM
tube (BD Biosciences, San Jose, CA). Fluorescent intensity was measured using FACScanTM
flow cytometer (BD Biosciences). Platelet fluorescent intensities were monitored using an
acquisition and analysis application, CellQuestTM (BD Biosciences). A total of 10,000 platelets
were analyzed and fluorescent intensities were plotted as a histogram with statistical values.
Quantitative Western Blotting - Mouse platelets were prepared from the blood collected from
an individual animal from the indicated strains and 5 x 107 platelet equivalents were loaded per
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well. The proteins were separated by SDS-PAGE and transferred to Immobilon-P polyvinylidene
fluoride (PVDF) membranes (Millipore Corp., Bedford, MA). The PVDF membrane was blocked
and incubated with indicated primary antibodies. The immuno-decorated proteins were detected
with alkaline phosphatase-conjugated secondary antibodies using Vista-ECF substrate
(Amersham Biosciences). The proteins were visualized with the Typhoon 9400 scanner and
quantified using ImageQuantTL software (v 7.0, GE Healthcare).
Measurement of Secretion - Mouse blood was collected by cardiac puncture, using sodium
citrate (0.38%) as anticoagulant. Platelet secretion was measured as described 5. Washed
platelets were labeled with 0.4 µCi/mL [3H]-5-HT (Perkin-Elmer Cetus Life Sciences, Boston,
MA) for 30 min at 37°C. After washing with HEPES/Tyrode buffer (10 mM HEPES/NaOH, pH
6.5; 5.56 mM glucose; 137 mM NaCl; 12 mM NaHCO3; 2.7 mM KCl; 0.36 mM KH2PO4; 1 mM
MgCl2) supplemented with 0.2 U/mL apyrase and 10 ng/mL PGI2, platelet concentrations were
adjusted to 2.5x 108/mL and supplemented with 0.7 mM CaCl2. Platelets were stimulated with
either increasing thrombin concentrations (0.005, 0.01, 0.05, 0.1, 0.5 U/mL) for 2 min or 0.05
U/mL thrombin for increasing times (15, 30, 45, 60, 120, 300 sec). Hirudin (2x the concentration
of thrombin) was used to stop the reaction. Supernatants were recovered, and the pellets were
lysed in lysis buffer (PBS, pH 7.4, 1% Triton X-100) for 45 min on ice. Equal volumes of
supernatant and the solubilized pellet were assayed for the three markers: [3H]-5–HT for dense
granules, PF4 for alpha granules, and β-hexosaminidase for lysosomes 5. Release was
measured as percent release= [(amount in supernatant)/ (amount in supernatant + amount in
pellet)] x 100. Total levels of cargo in supernatant and pellets were added to analyze serotonin
uptake, PF4, and β-hexosaminidase.
Spreading Assay - Human fibrinogen-coated (50 μg/mL, Enzyme Research Laboratory)
surfaces were prepared using Nunc Lab-Tek II 16-well chamber slide (Thermo Scientific). The
slides were blocked with denatured 2% FBS for 1 hr. Washed mouse platelets (2x 107/mL) were
prepared and supplemented with 1 mM CaCl2. Platelet-poor plasma (1:100) was added before
seeding platelets onto the coated slide chambers. At each time point (30, 60, 90, 120 min),
unbound platelets were removed and spread platelets were fixed using 4% paraformaldehyde at
4°C for overnight. VectaShield preservative (Vector Laboratories, Burlingame, CA) was used as
mounting media. The platelets were imaged using Nikon Eclipse E600 microscope (Nikon,
Melville, NY) with a 100 X /1.40 Numeric aperture DIC H oil objective lens (Nikon). ImageJ
(v1.48, NIH) software was used to measure the area of spread platelets.
Electron Microscopy - High-Pressure Freezing (HPF) - Following fixation platelet
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suspensions were washed 3 x 5 min with PBS and resuspended in PBS containing 2% ultra-low
gel agarose (Sigma, St. Louis, MO). Platelets were then frozen using a Leica EMPACT2 highpressure freezer with rapid transfer system at high pressure (2100 bar) and further processed
by freeze substitution (FS). 6
EM - Freeze Substitution (FS) Dehydration - Samples were transferred under liquid nitrogen
to cryovials containing 2% osmium tetroxide/0.1% glutaraldehyde/1% H2O in acetone. Samples
were freeze substituted in a Leica AFS2 freeze substitution and low temperature embedding
system under the following schedule: -90°C for 22 hr., warm 3°C/hr. to -60°C, -60°C for 8 hr.,
warm 3°C/h to -30°C, -30°C for 8 hr., warm 3°C/hr. to 0°C. Following freeze substitution,
samples washed 3 x 10 min in acetone followed by tannic acid at 4°C (1% tannic acid with 1%
H2O in acetone) for 1 hr. Samples were washed 3 x 10 min in acetone followed by 1 hr. osmium
wash (1% osmium tetroxide/1% H2O solution in acetone) at 4°C. Samples were washed 3 x 10
min in acetone and dehydrated over a series of ethanol gradations (25%, 50%, 75%, 100%)
using an automatic resin infiltration protocol for the PELCO Bio-Wave Pro laboratory microwave
system (Ted Pella, Redding, CA). Resin polymerization was done at 60°C for 48 hrs. 6
Thin section (50 nm) transmission electron microscopy - Thin sections were cut at a
thickness of 50 nm and post-stained with uranyl acetate and lead citrate (EMS, Hatfield, PA).
Samples were imaged using a FEI Tecnai TF20 intermediate-voltage electron microscope
operated at 80 keV (FEI). Images were acquired with a FEI Eagle 4k digital camera controlled
with FEI software (Hillsboro, OR).
Semi-thick section (300 nm) transmission electron tomography - Samples were sectioned
at 300 nm and post-stained with uranyl acetate and lead citrate, followed by carbon coating. 15
nm gold (EMS) was applied to each side of the grids. Samples were imaged using a FEI Tecnai
TF20, 200 keV field-emission gun, using SerialEM software,
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CO. Dual-axis tilt series were collected ±60° with a tilt increment of 1°. Images were taken at
7800x, XY pixel size 1.42 nm.
Tomogram reconstructions - Reconstructions were computed using weighted back projection
(IMOD software, University of Colorado). STEM tomograms were binned by 2 and postprocessed with an anisotropic diffusion filter. 8
Tail Bleeding Time Assay - Briefly, 6-8-week-old sex and age-matched mice were
anesthetized using ketamine 75 mg/kg i.p. A transverse incision was made ~3 mm from the tail
tip, the tail was immersed in 37°C normal saline and the time to bleeding cessation was
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recorded. After initial bleeding cessation, mice were observed for an additional minute to
exclude re-bleeding. Bleeding in animals with bleeding times >10 min was stopped manually.
FeCl3-Induced Arterial Injury Model - Briefly, 8-12-week-old sex and age-matched mice were
anesthetized with Avertin (0.2 g/kg, i.p.). The left carotid artery was exposed and a miniature
Doppler flow probe (0.5VB, Transonic System Inc., Ithaca, NY) was placed to monitor arterial
blood flow. Thrombus formation was induced by placing a filter paper saturated with 5% FeCl3
solution on the top of the vessel for 3 min. Time from the application of FeCl3 to the cessation of
blood flow was recorded. The recording was stopped after 30 min.
Coagulation Assays - Prothrombin time (catalog # 5248) and activated Partial Thromboplastin
time (catalog # 5389) were measured as per manufacturer’s instructions (Helena Laboratories,
Beaumont, TX).
Statistical Analysis - All statistical analysis was performed using Student’s t-test (SigmaPlot
v13.0) unless otherwise stated. The data from bleeding time and occlusion assays were
analyzed using the Log-rank test and Holm-Sidak method. The data from FACS-based
experiments were analyzed by one-way ANOVA. A one-tailed Student’s t-test was used to
analyze platelet properties. In all cases, * denotes a p value of < 0.05, ** denotes a p value of
<0.01, and *** denotes a p value of <0.001. ND denotes values not determined.
Study Approval - All animal work was approved by the Institutional Animal Care and Use
Committee at the University of Kentucky, protocol #00884M2005.

5

REFERENCES:
1. Ren Q, Barber HK, Crawford GL, et al. Endobrevin/VAMP-8 is the primary v-SNARE for the
platelet release reaction. Mol Biol Cell. 2007;18(1):24-33.
2. Chen D, Bernstein AM, Lemons PP, Whiteheart SW. Molecular mechanisms of platelet
exocytosis: role of SNAP-23 and syntaxin 2 in dense core granule release. Blood.
2000;95(3):921-929.
3. Chen D, Lemons PP, Schraw T, Whiteheart SW. Molecular mechanisms of platelet
exocytosis: role of SNAP-23 and syntaxin 2 and 4 in lysosome release. Blood.
2000;96(5):1782-1788.
4. Ye S. The Role of Syntaxin and Tomosyn in Platelet Secretion. Department of Molecular and
Cellular Biochemistry. Vol. Ph.D. Lexington, KY, USA: University of Kentucky; 2012:142.
5. Schraw TD, Rutledge TW, Crawford GL, et al. Granule stores from cellubrevin/VAMP-3 null
mouse platelets exhibit normal stimulus-induced release. Blood. 2003;102(5):1716-1722.
6. Pokrovskaya ID, Aronova MA, Kamykowski JA, et al. STEM tomography reveals that the
canalicular system and alpha-granules remain separate compartments during early
secretion stages in blood platelets. J Thromb Haemost. 2016;14(3):572-584.
7. Mastronarde DN. Automated electron microscope tomography using robust prediction of
specimen movements. J Struct Biol. 2005;152(1):36-51.
8. Mastronarde DN. Dual-axis tomography: an approach with alignment methods that preserve
resolution. J Struct Biol. 1997;120(3):343-352.

6

Supplementary Figure 1. VAMP7 and VAMP8 levels in platelets from VAMP-deficient
mouse strains. Comparisons of relative protein levels among V2Δ3Δ, V2Δ3Δ8+/- and V2Δ3Δ8-/platelets. Washed-platelet extracts (5 × 107 platelets/lane) were prepared from WT, V2Δ3Δ,
V2Δ3Δ8+/- and V2Δ3Δ8-/- mice and blotted for VAMP7 (A) and VAMP8 (B). Rab GDI was used as
a loading control. Each set represents a single preparation with platelets from an individual
animal from each strain. Note that platelet extracts from Set 1 and 2 are blotted for both VAMP7
and 8. The data from Set 1 are presented in Figure 1A. ImageQuantTL software (v 7.0) was
used for the quantification analysis of these blots and that is shown in Figure 1B.
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Supplementary Figure 2. Hematologic parameters of the VAMP-deficient animals. Whole
blood was collected from WT (n=11), V2Δ3Δ (n=6), V2Δ3Δ8+/- (n=6), and V2Δ3Δ8-/- (n=8) animals
and Red blood cells (RBCs) (A), White blood cells (WBCs) (B), platelet concentration (C), and
mean platelet volume (D) were measured. Statistical analysis using paired Student’s t-test
analysis showed no statistically significant differences amongst the groups tested.
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Supplementary Figure 3. Granule secretion is unaffected in V2Δ3Δ8+/- platelets. [3H]-5-HT
(serotonin) labeled platelets from WT and V2Δ3Δ8+/- mice were prepared as described in
Supplemental Methods. The release was measured by monitoring [3H]-serotonin from dense
granules (A and D), PF4 from alpha granules (B and E), and β-hexosaminidase from lysosomes
(C and F), and percent secretion was calculated as described in Methods. Thrombin doseresponse experiment; platelets were stimulated for 2 min (A, B, and C). Secretion time-course
experiment; platelets were stimulated with 0.05 U/mL thrombin (D, E, and F). Data are
representative of at least two independent experiments.
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Supplementary Figure 4. V2Δ3Δ8-/- platelets have a spreading defect. Platelets from the
indicated strains were allowed to adhere and spread on fibrinogen-coated coverslips. At the
indicated times, the samples were fixed and imaged for analysis. (A) Quantification of the area
of spread platelets from WT, V2Δ3Δ, and V2Δ3Δ8-/- mice. (B) Quantification of the area of spread
platelets from WT and V8-/- strains. For each time point, >100 platelets were counted for the
quantification. Data are representative of two independent experiments.
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Supplementary Figure 5. Tail bleeding and occlusion times are comparable among
various WT strains that had normal VAMP levels.
Tail bleeding (A) and FeCl3 -induced carotid artery occlusion assays (B) were performed on all
control strains that had normal levels of platelet VAMPs (see Methods for description). The
average tail bleeding times for each strain were: RC::PFtox+/PF4Cre- (248.46 ± 96.53 sec,
n=13), RC::PFtox-/PF4Cre+ (275.86 ± 84.97 sec, n=7), and RC::PFtox-/PF4Cre- (230.13 ± 76.08
sec, n=8) and they were not statistically different when analyzed by log-rank test. Data for
occlusion times (B) showed no statistically significant differences when analyzed by log-rank
test.
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Supplementary Figure 6. Hemostatic deficiencies are not sexually dimorphic in VAMPdeficient strains. (A) Tail bleeding times were measured after tail transection of WT (n=28, 13
females, 15 males), V3-/- (n=38,18 females, 20 males), V2Δ3Δ (n= 20, 9 females, 11 males), V8+/(n=26, 12 females, 14 males), V8-/- (n=31, 15 females, 16 males), V2Δ3Δ8+/- (n=41, 22 females,
19 males), and V2Δ3Δ8-/- (n=34, 19 females, 15 males) mice (B) Thrombus formation in the
carotid artery was induced by topical application of 5% FeCl3, and blood flow was monitored in
WT (n=6, 2 females, 4 males), V8+/- (n=6, 3 males, 3 females), V2Δ3Δ8-/- (n=7, 3 females, 4
males), V2Δ3Δ8+/- (n=9, 5 females, 4 males), V8-/- (n=7, 4 females, 3 males), and V2Δ3Δ8-/- (n=7,
4 females, 3 males) mice. Mean ± SEM and p values (log-rank test) were non-significant
(p>0.05).
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