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Platelet secretion is critical to hemostasis. Release of granular cargo is mediated by soluble NSF attachment protein
receptors (SNARESs), but despite consensus on t-SNAREs usage, it is unclear which Vesicle Associated Membrane Protein
(VAMPs: synaptobrevin/VAMP-2, cellubrevin/VAMP-3, TI-VAMP/VAMP-7, and endobrevin/VAMP-8) is required. We
demonstrate that VAMP-8 is required for release from dense core granules, alpha granules, and lysosomes. Platelets from
VAMP-8~/~ mice have a significant defect in agonist-induced secretion, though signaling, morphology, and cargo levels
appear normal. In contrast, VAMP-2*/~, VAMP-37/~, and VAMP-2*/~/VAMP-3~/~ platelets showed no defect. Consis-
tently, tetanus toxin had no effect on secretion from permeabilized mouse VAMP-3—/~ platelets or human platelets,
despite cleavage of VAMP-2 and/or -3. Tetanus toxin does block the residual release from permeabilized VAMP-8~/~
platelets, suggesting a secondary role for VAMP-2 and/or -3. These data imply a ranked redundancy of v-SNARE usage
in platelets and suggest that VAMP-8=/~ mice will be a useful in vivo model to study platelet exocytosis in hemostasis

and vascular inflammation.

INTRODUCTION

The primary function of platelets is to maintain vascular
homeostasis. On vascular damage, platelets carry out a se-
ries of processes critical for proper hemostasis, one of which
is the release of granule contents to promote clot formation
(reviewed in Reed et al., 2000; Furie ef al., 2001; Reed, 2002,
2004; Flaumenhaft, 2003). Platelets have three types of gran-
ules: dense core, alpha, and lysosomes. The dense core gran-
ules contain small molecules (e.g.,, ADP, ATP, serotonin
[5-HT], calcium, and pyrophosphate) that are important for
activation of other circulating platelets. Alpha granules con-
tain polypeptides (e.g., P-selectin, fibrinogen, and von Wil-
lebrand factor) that are key to platelet adhesion, aggrega-
tion, and clot formation. Alpha granules are also the source
for many of the cytokines (e.g., platelet factor IV [PF4])
released by activated platelets (Coppinger et al., 2004). Like
other hematopoetic cells, platelets can release lysosomal en-
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zymes (e.g., B-hexosaminidase and cathepsin D) that could
be important for clot remodeling (Greenberg-Sepersky and
Simons, 1985; Ciferri et al., 2000). Platelets also have an
elaborate, invaginated membrane system called the open
canalicular system (OCS), which serves as a conduit be-
tween the granules and the extra-platelet environment and
is thought to be a reservoir of plasma membrane for platelet
spreading (White and Escolar, 1991).

Platelet exocytosis involves both direct fusion between the
granule membrane and the OCS/plasma membrane and com-
pound fusion between granules (discussed in Flaumenhaft,
2003). This regulated exocytosis is mediated by a family of
integral membrane proteins called soluble NSF attachment
protein receptors (SNARES) present on the vesicles or granules
(v-SNARES) or on the target membrane (t--SNAREs; reviewed
in Ungar and Hughson, 2003). The v-SNAREs and the
t-SNAREs form a heteromeric complex that spans the two
bilayers and mediates membrane fusion and thus granule
cargo release (Weber et al.,, 1998). Human platelets have the
t-SNARESs syntaxin-2, -4, -7, and, -11 (Lemons ef al., 1997; Chen
et al., 2000a, 2000b; McRedmond et al., 2004) as well as SNAP-23
(Flaumenhaft et al., 1999), SNAP-25, and SNAP-29 (Polgar et al.,
2003a). Flaumenhaft et al. (1999) demonstrated that syntaxin-4
and SNAP-23 are important for a-granule release. Subsequent
studies showed that SNAP-23 is involved in all three release
events, as is syntaxin-2 (Lemons et al., 1997; Chen ef al., 2000a,
2000b). Syntaxin-4 is also involved in lysosome release (Chen et
al., 2000b). The assignments for SNAP-23 were based on the
use of inhibitory antibodies (and Fab fragments) and peptides
in permeabilized cells. The role of syntaxin 4 was assigned
using an inhibitory, isoform-specific mAb. Syntaxin-2’s role
was assessed using an inhibitory, isoform-specific polyclonal
antibody.
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Platelets contain several v-SNAREs: synaptobrevin/
VAMP-2, cellubrevin/VAMP-3, endobrevin/VAMP-8
(Bernstein and Whiteheart, 1999; Flaumenhaft et al., 1999;
Polgar et al., 2002; Schraw et al., 2003), and TI-VAMP/VAMP-7
reported here; however, their roles have been controversial.
VAMP-3, first identified in human platelets by Bernstein and
Whiteheart (1999), is highly homologous to VAMP-1 and -2
and is thus a member of the “brevin” family of v-SNAREs.
Flaumenhaft et al. (1999) first reported a role for VAMP-3 in
alpha granule secretion by showing that the tetanus toxin
endopeptidase inhibited P-selectin exposure. This toxin cleaves
VAMP-1, -2, and -3 (Schiavo et al., 2000), and because neither
VAMP-1 nor -2 had been detected in platelets at that time, it
was concluded that VAMP-3 was required for alpha granule
release. Subsequent studies using an anti-VAMP-3 peptide an-
tibody were consistent with a role for VAMP-3 (Feng et al.,
2002). Using the cytoplasmic domains of VAMP-2, -3, and -8 as
inhibitors, Polgar ef al. (2002) reported that VAMP-3 was im-
portant for both alpha granule and dense core granule secre-
tion. Though consistent as a whole, these experiments individ-
ually were not without caveats due to the specificity of tetanus
toxin for VAMP-1, -2, and -3, the potential for steric hindrance
by the antibodies, and the promiscuity of the v-SNARE cyto-
plasmic domains (Fasshauer et al., 1999; Yang et al., 1999;
Brandhorst et al., 2006). Studies with transgenic mice showed
that secretion from mouse platelets lacking VAMP-3 was nor-
mal (Schraw et al., 2003), if not enhanced (Polgar et al., 2003),
suggesting that VAMP-3 is not absolutely required. During the
analysis of VAMP-37/~ platelets, VAMP-2 was detected in
both human and mouse platelets, further confusing the inter-
pretation of previous data. VAMP-2 is the central v-SNARE for
neurotransmitter release and insulin secretion from pancreatic
beta cells (Randhawa ef al., 2000; Schoch et al., 2001); therefore,
it could be the v-SNARE required for platelet secretion. Alter-
natively, the other two v-SNAREs, VAMP-7 and/or -8 could be
important for platelet granule release. The goal of the work
presented here is to address these questions.

Tetanus toxin insensitive VAMP(TI-VAMP)/VAMP-7’s
involvement in the exocytosis was first identified in apical
transport in epithelial cells and neurite growth (Galli et al.,
1998; Martinez-Arca et al., 2000). It is also proposed that
VAMP-7 is involved in late endosome-to-lysosome transport
and heterotypic fusion (Advani et al., 1999). The N-terminal
extension of VAMP-7, called the Longin domain, is not
present in VAMP-1, -2, -3, or -8 (Rossi ef al., 2004). This
Longin domain has been implicated in membrane trafficking
and in the regulation of SNARE complex formation
(Martinez-Arca et al., 2003).

Endobrevin/VAMP-8 was originally identified as an en-
dosomal v-SNARE involved in fusion between early and
late endosomes (Wong ef al., 1998; Antonin ef al., 2000a). It
can interact with syntaxin-7, syntaxin-8, and Vtilb to form
an endosomal fusion complex (Antonin ef al., 2000Db).
VAMP-8’s role in mast cell degranulation is implied by its
binding to syntaxin-4 and SNAP-23 (Paumet et al., 2000).
VAMP-8 also couples with syntaxin-2 and is involved in the
terminal step of cytokinesis in mammalian cells (Low et al.,
2003). A major physiological role of VAMP-8 was revealed
by the analysis of VAMP-8~/~ mice (Wang et al., 2004).
Secretion of zymogen granules from VAMP-8~/~ pancreatic
acinar cells was reduced when compared with wild type
(WT). A role for VAMP-8 in platelet dense core granule
secretion was suggested because inclusion of its cytoplasmic
domain inhibited release from permeabilized platelets
(Polgar et al., 2002). However, because of the potential for
interactions with syntaxins and SNAP-23, this could be more
an indicator of which t-SNAREs are required.
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In an attempt to resolve the ambiguities surrounding the role
of VAMPs in platelet exocytosis, we used four transgenic
knockout mouse strains combined with tetanus toxin light
chain (TeNT LC) treatment to determine which VAMPs are
required for exocytosis of platelet granules. Here we analyze
platelets from VAMP-37/~, VAMP-2*/~, and VAMP-2+/~/
VAMP-3"/~ mice and demonstrate that VAMP-2 and -3 are
not essential for platelet secretion. Analysis of platelets from
VAMP-8~/~ mice indicates that this v-SNARE is the primary
SNARE involved in platelet dense core granule, alpha granule,
and lysosome secretion. Further experiments show that a TeNT
LC-sensitive VAMP(s) can play a secondary, less-efficient role
in the absence of VAMP-8. This ranked redundancy appears to
be a general theme because it is also seen in chromaffin granule
release (Borisovska ef al., 2005). Based on our studies, the
VAMP-8~/~ mouse strain will provide a useful model to study
the role of secretion in platelet functions in vivo.

MATERIALS AND METHODS

Antibodies and Reagents

The anti-synaptobrevin/VAMP-2 mAb (clone Cl69.1) and the anti-endobre-
vin/VAMP-8 polyclonal antibody were from Synaptic Systems (Gottingen,
Germany). The anti-cellubrevin/VAMP-3 polyclonal antibody was described
(Schraw et al., 2003). The anti-TI-VAMP/VAMP-7 mAb (clone TG158.2) was
from Dr. Thierry Galli (INSERM, Paris, France). Polyclonal anti-syntaxin-2,
-syntaxin-4, and -SNAP-23 antibodies were generated as described (Schraw et
al., 2003). A monoclonal anti-mouse fibrinogen antibody was from Innovative
Research (Southfield, MI). A polyclonal anti-B-actin was from Sigma (St.
Louis, MO). The monoclonal anti-phospho-tyrosine antibody (clone 4G10)
was from Upstate (Lake Placid, NY). FITC-conjugated anti-human P-selectin
(CD62P, AK-4), and anti-mouse P-selectin antibodies were from BD PharM-
ingen (San Jose, CA). Appropriate anti-immunoglobulin secondary antibodies
coupled to alkaline phosphatase were from Sigma.

The pQE3-TeNT LC expression plasmid (from Dr. Phyllis Hanson, Wash-
ington University, St. Louis, MO, and originally generated by Dr. Heiner
Niemann) was used to express Hisg-tagged TeNT LC in Escherichia coli. The
recombinant protein was purified, dialyzed against phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, pH 7.4, PBS) with 1 mM
DTT, 5% glycerol, and assayed using GST-VAMP-2 as substrate.

The synaptobrevin/VAMP-2*/~ mice, on a C57Bl/6] background (Schoch
et al., 2001), were from Dr. Thomas Stidhof (University of Texas Southwestern,
TX). The cellubrevin/VAMP-3~/~ mice, on a mixed C57Bl/6J-129Sv back-
ground (Yang ef al., 2001), were from Dr. Jeffery Pessin (State University of
New York, Stonybrook, NY). VAMP-2+/~/VAMP-3~/~ mice were generated
by a cross of VAMP-2*/~ and VAMP-3~/~ mice. The endobrevin/VAMP-
87/~ mice, on a mixed C57Bl/6]J-129Sv background, were as described (Wang
et al., 2004). All animal work was approved by the University of Kentucky
TACUC. To lessen the effects of the mixed genetic backgrounds, littermate and
age-matched controls were used for all experiments. Platelets were pooled
from a number of individuals (4-10) with the same VAMP genotype to
further dilute the effects of differences in genetic background.

Genotyping

The genotype of each mouse was determined by PCR using DNA from the tail
tip. PCR analysis was carried out as outlined in Schoch et al. (2001) for
VAMP-2 and in Wang et al. (2004) for VAMP-8. PCR analysis for VAMP-3 was
carried out with the forward primers 3F (5'-cacaggcactctgttgcatt-3'), or Neo-
NTR (5'-gagcagccgattgtctgttg-3'), and the reverse primer 6R (5'-ccacacaggctc-
ctgatctt-3").

Blood Collection

Mice were euthanatized by CO, inhalation. Blood was collected from the right
ventricle and was mixed with sodium citrate to a final concentration 0.38%.
The citrated blood was mixed with an equal volume of PBS, pH 7.4. Platelet-
rich plasma (PRP) was prepared by centrifugation at 250 X g for 10 min. After
adding 10 ng/ml prostaglandin I, (Sigma) for 5 min, the PRP was centrifuged
at 500 X g for 15 min, and the platelet pellet was gently resuspended in
HEPES/Tyrode’s buffer (10 mM HEPES/NaOH, pH 7.4, 5.56 mM glucose, 137
mM NaCl, 12 mM NaHCO;, 2.7 mM KCl, 0.36 mM NaH,PO,, 1 mM MgCl,)
in the presence of 3 pug/ml apyrase (Sigma) and 1 mM EGTA.

Measurement of Secretion from Intact Platelet

Washed platelets were labeled with 0.4 pCi/ml [*H]5-HT (Perkin-Elmer
Cetus Life Sciences, Boston, MA) for 1 h at 37°C. After washing with HEPES/
Tyrode’s buffer (pH 7.4) in the presence of 3 ug/ml apyrase, the platelets were
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resuspended with HEPES/Tyrode’s buffer (pH 7.4). Platelet concentrations
were determined by hemocytometer and adjusted to 2.5 X 108/ml. A final
concentration of 0.7 mM CaCl, was added to the platelet suspension before
stimulation.

For titration experiments, the indicated concentrations of thrombin
(Chrono-Log, Havertown, PA) were added to stimulate platelets. The reac-
tions were stopped by adding a twofold excess of hirudin (Sigma) and put on
ice. For the time-course experiments, 0.05 U/ml thrombin was added for the
indicated time periods, and 0.1 U/ml hirudin was added. When all reactions
were finished, the samples were centrifuged at 13,800 X g for 1 min. The
supernatants were recovered, and the pellets were lysed with an equal
volume of lysis buffer (PBS, pH 7.4, 1% Triton X-100) for 1 h on ice. Equal
volumes of the supernatant and the pellet were assayed for the three granule
cargo markers: [*H]5-HT for dense core granules (DC), platelet factor IV (PF4)
for alpha granules, and B-hexosaminidase for lysosomes as described previ-
ously (Schraw et al., 2003).

Streptolysin-O—permeablized Platelet Secretion Assay

The streptolysin-O (SLO)-permeabilized platelet secretion assay was de-
scribed previously (Rutledge and Whiteheart, 2004). Banked human platelets
(PRP) were obtained from Central Kentucky Blood Center (Lexington, KY).
Mouse platelets were prepared as PRP. Twenty milliliters of PRP was labeled
with 0.4 uCi/ml [*H]5-HT at 37°C for 45 min. After washing twice with
CaZ?*-free Tyrode’s buffer (154 mM NaCl, 2.7 mM KCl, 1 mM MgCl,, 5.6 mM
p-glucose, 7 mM NaHCO;, 0.6 mM NaH,PO,, 5 mM sodium PIPES, pH 6.5,
5 mM EGTA, 0.35% BSA) in the presence of 3 ug/ml apyrase, the platelets
were resuspended in buffer A (120 mM sodium glutamate, 5 mM potassium
glutamate, 20 mM HEPES, pH 7.4, 2.5 mM EDTA, 2.5 mM EGTA, 3.15 mM
MgCl,, 1 mM DTT). After adjusting the platelet concentration to 5 X 108/ml,
50 ul was mixed with 50 ml of buffer A containing 8 mM ATP, 1.6 U/ml SLO
(Corgenix, Peterborough, United Kingdom) and the purified recombinant
TeNT LC or equal volumes of PBS with boiled TeNT LC at RT for 10 min. The
reaction was further incubated on ice for 30 min. The samples were then
warmed to 25°C for 5 min and stimulated with calcium for 5 min. The
reactions were stopped by centrifugation at 13,800 X g for 1 min to separate
the supernatant from the pellet. The pellet samples were lysed with 100 ul
lysis buffer for 1 h on ice. Assays for granule cargo are described above. For
each data point, parallel samples were stopped with SDS sample buffer and
subjected to Western blotting for the indicated proteins.

Platelet Aggregation and ATP Release

Platelet aggregation was measured using a model 460Vs Lumi-Dual aggre-
gometer. Aggregation and ATP release traces were acquired using a model
810 Aggro/Link computer interface and Aggro/Link software (Chrono-Log).
Mouse platelets were prepared as above and recalcified with 0.7 mM CaCl,.
WT or VAMP-8~/~ platelet suspensions (250 ul; 2.5 X 10%/ml) were put into
siliconized cuvettes and stirred for 5 min at 37°C at 800 rpm. Luciferase
substrate/luciferase mixture (12.5 ul, Chrono-Log) was added, followed by
the addition of the indicated agonists: thrombin, collagen (Chrono-Log), and
A23187 (Calbiochem, La Jolla, CA).

Flow Cytometry

SLO permeablization of human platelet was described above. Permeablized
human platelet suspension, 200 ul, was stimulated with calcium for 5 min and
then fixed with 2% formaldehyde/PBS for 30 min at RT. Platelets were
washed with PBS and stained with FITC-conjugated, anti-human P-selectin
antibody for 30 min followed by further washing with PBS. Flow cytometry
was carried out with a Becton and Dickinson FACScalibur (BD Biosciences,
San Jose, CA), and data were analyzed using CellQuest/Prosoftware (BD
Biosciences). Intact mouse platelets were prepared and stimulated as de-
scribed above. P-selectin exposure was measured by flow cytometry using an
anti-mouse P-selectin antibody.

Intracellular Calcium Measurement in Platelets

Intraplatelet calcium was measured using Fura-2/AM as described in
Ohlmann et al. (2004). Mouse platelets (4.0 X 10%/ml) were labeled with 12.5
uM Fura-2/AM/0.2% Pluronic F-127 (Invitrogen, Carlsbad, CA) for 45 min at
37°C. After washing, the platelets were resuspended in HEPES/Tyrode’s
buffer (pH 7.4) without apyrase. After adjusting platelet concentrations to
5.0 X 107/ml and adding 0.7 mM CaCl,, 1-ml samples were added to
siliconized cuvettes and stimulated with 0.05 U/ml thrombin with constant
stirring. Fluorescence was analyzed by excitation at 340 nm and 380 nm, and
emission was measured at 509 nm using a model LS55 Luminescence Spec-
trometer (Perkin-Elmer Cetus). The ratio of emissions was calculated simul-
taneously using FL WinLab4.0 software (Perkin-Elmer Cetus) and used to
calculate free calcium levels.

Electron Microscopy

Platelets (2.5 X 108/ml) were either held as resting with 10 ng/ml prosta-
glandin I, or stimulated with 0.1 U/ml thrombin for 2 min in the presence of
0.7 mM CaCl,. The reaction was stopped with 6% glutaradehyde (Electron
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Figure 1. The secretory machinery in platelets from the VAMP
knockout mouse strains. Platelet equivalents (5.0 X 107 per lane) were
loaded and analyzed by Western blotting with antibodies to the indi-
cated proteins. (A) The v-SNARE levels in platelets from the different
transgenic mouse strains (wild type: WT; VAMP-2+/~: V2*/~; VAMP-
37/7: V37/7; VAMP-2*/~/VAMP-37/~: V2*/~/V3=/~; VAMP-
87/7:V8*/~; VAMP-8~/~: V8~ /7). (B) Western blots for the indicated
t-SNARE proteins and cargo proteins in WT, V8*/~, V8~/~ platelets.

Microscopy Sciences, Ft. Washington, PA) in 0.2 M Sorenson’s buffer (16.2
mg/ml KH,PO,, 3.76 mg/ml Na,HPO,, pH 8.0). The samples were fixed for
1 h, washed twice, and osmicated with 1% OsO, for 30 min at RT. After
washes in H,O, the platelets were dehydrated in a series of ethyl alcohol
solutions. The platelets were incubated with three changes of propylene oxide
and infiltrated overnight in a 1:1 mixture of propylene oxide and Epon 12
resin. Samples were embedded in Epon 12 resin at 50°C. Polymerized blocks
were sectioned, mounted on copper grids, and stained with lead citrate and
uranyl acetate. Samples were examined using a Philips Tecnai 12 transmission
electron microscope (FEI, Hillsboro, OR), and images were recovered using
Gatan Digitalmicrograph software (Pleasanton, CA).

Western Blotting Analysis

Washed platelets (1.0 X 10'9/ml) were solublized with 2X SDS-PAGE sample
buffer. The proteins were separated by SDS-PAGE and transferred to PVDF
membranes (Millipore, Billerica, MA). Immunodecorated proteins were visu-
alized with enhanced chemifluorescent substrate (Amersham Biosciences,
Piscataway, NJ). Images were obtained with a Typhoon 9400 phosphoimager
and quantified with ImageQuant 5.2 software (Amersham Biosciences).

RESULTS

v-SNARESs Present in Mouse Platelets and Confirmation
of Knockout Mouse Strains

Before this report, three v-SNAREs (VAMP-2, -3, and -8) had
been detected in both human and mouse platelets (Bernstein
and Whiteheart, 1999; Polgar et al., 2002; Schraw et al., 2003). To
dissect the roles of these VAMPs, we gathered or generated
transgenic knockout mouse lines lacking one or two of the
v-SNAREs: VAMP-2+/~ (V2*/7), VAMP-3~/~ (V3~/7),
VAMP-2+/~/VAMP-3~/~ (V2*/~ /V3~/7),and VAMP-8/~
(V8=/~; VAMP-27/~ is perinatal lethal; Schoch et al., 2001).
Initial Western blotting experiments confirmed the v-SNARE
deletion and determined if any compensatory expression oc-
curred. Actin was used as a loading control for this compari-
son. In Figure 1A, VAMP-2 levels decreased by ~60% in
V2*/~ and in V2*/7/V3~/~ platelets compared with WT.
Similarly, VAMP-3 was undetectable in V3=/~ and V2*/~/
V377~ platelets but slightly increased in V2*/~ platelets
(~15%). VAMP-8 was increased by ~30% in V2+/~, V3=/~
and in V2*/7/V37/~ mouse strains compared with WT.
VAMP-2 was increased by ~20% in V8 /~ platelets, but
VAMP-3 was not obviously changed. These results are consis-
tent with previous data (Borisovska et al., 2005) and suggest
that there is some reciprocal regulation of v-SNARE expression
between VAMP-2, -3, and -8 in the platelet-producing
megakaryocytes.

In the course of this analysis, we identified a fourth v-
SNARE, TI-VAMP/VAMP-7, which was present in both
mouse (Figure 1A) and human platelets (data not shown).
Contrary to the apparent compensatory expression of
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VAMP-2, -3, and -8, VAMP-7 levels were not altered in the
platelets from the other strains.

Previous studies examined the levels of secretory machin-
ery components in platelets from VAMP-3"/~ mice and
showed that there were no significant alterations when com-
pared with WT (Schraw et al., 2003). A similar characteriza-
tion of VAMP-8~/~ platelets is shown in Figure 1B. There
were no significant differences in syntaxin-2, -4, or SNAP-23
levels when WT platelets were compared with VAMP-8+/~
or VAMP-8~/~ platelets. These data indicate that the dele-
tion of this v-SNARE does not affect the expression of those
t-SNAREs. Cargo levels were normal in the null platelets.
Platelets from the VAMP-8~/~ mice had normal levels of
fibrinogen (Figure 1B), PF4, and p-hexosaminidase (data
not shown). [*H]5-HT-labeling experiments showed that
VAMP-8~/~ platelets incorporated normal levels of seroto-
nin (data not shown). These data show that deletion of
VAMP-8 does not adversely affect the levels of the core
SNARE proteins nor does it affect the biogenesis of the three
platelet granules (see Figure 6 for morphology analysis).

VAMP-2 and -3 Are Not Required for Platelet Secretion

Previous studies supported a role for VAMP-3 and poten-
tially VAMP-8 in platelet exocytosis, specifically alpha and
dense core granule release (Flaumenhaft et al., 1999; Feng et
al., 2002; Polgar et al., 2002). These results were not consistent
with the data, which showed no secretion defect in platelets
from VAMP-3~/~ mice (Schraw et al., 2003). In fact, there
was a slight increase in the rate of release from VAMP-3~/~
platelets (Supplementary Figure 1 and Polgar et al., 2003).
Given that tetanus toxin can cleave both VAMP-2 and -3, it
seemed possible that VAMP-2 could mediate platelet exocy-
tosis, thus potentially explaining the effect of tetanus toxin
on alpha granule release (Flaumenhaft et al., 1999). Initial
experiments were performed to examine thrombin-induced
secretion from VAMP-27/~ and VAMP-2"/~/VAMP-3~/~
platelets (Supplementary Figures 2 and 3). In Supplemen-
tary Figure 2, there was no apparent difference in secretion
from WT and VAMP-2*/~ platelets. Neither the extent of
release in response to thrombin nor the time course of re-
lease (0.05 U/ml thrombin) differed between the two platelet
preparations. This result suggests that the deletion of one
VAMP-2 allele (~60% reduction in protein) is insufficient to
affect secretion from dense core granules, alpha granules, or
lysosomes. VAMP-3 has been reported to play a redundant
role for VAMP-2 in large dense core granule secretion from
chromaffin cells (Borisovska et al., 2005); therefore, we com-
pared the secretion from VAMP-27/~ and VAMP-2*/~/
VAMP-3~/~ platelets. In Supplementary Figure 3, there
were no significant differences between the thrombin re-
sponse curves or kinetics of release. Taken together, these
data suggest that either the genetic manipulations are not
sufficient to cause a defect or that VAMP-2 and -3 are not
strictly required for secretion from mouse platelets.
Previous studies showed that the VAMP-1, -2, and -3—
specific tetanus toxin endopeptidase inhibits P-selectin ex-
posure on permeabilized human platelets (Flaumenhaft et
al., 1999). We took a similar tact using a recombinant version
of the catalytic TeNT LC in a permeabilized platelet secre-
tion assay. In Figure 2, increasing concentrations of TeNT LC
(0.1-50 uM) led to a significant decrease in VAMP-3 (Figure
2B) but failed to significantly affect calcium (10 uM)-stimu-
lated release (Figure 2A) of soluble cargo from dense core
granules (M), alpha granule ([), or lysosomes (E). A similar
analysis of permeabilized, TeNT LC-treated (25 uM) human
platelets failed to show an effect on P-selectin exposure, as
measured by flow cytometry using FITC-conjugated anti-
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Figure 2. Tetanus toxin light chain does not affect secretion from
permeabilized human platelets. SLO-permeablized human platelets
and secretion assays were performed as described. Aliquots of
permeabilized human platelets (50 ul; 5 X 108/ml) were incubated
with increasing concentrations of tetanus toxin light chain. Platelet
secretion was stimulated with 10 uM CaCl,. Release of [°PH]5-HT
from dense core granules (M), of PF4 from alpha granules (), and
of B-hexosaminidase from lysosomes (E) was measured and percent
secretion was calculated. Data points represent the average of trip-
licate measurements and the SD is indicated (A). A separate set of
samples was probed by Western blotting for VAMP-3 (B).

human P-selectin antibody (Supplementary Figure 4). It
should be noted that our experiments used higher levels of
TeNT LC (>25-fold more) than the intact tetanus toxin used
previously (Flaumenbhaft et al., 1999). The increased concen-
trations required for cleavage of VAMP-3 in our studies may
suggest differences in platelet permeabilization or toxin spe-
cific activity. Regardless of this difference, we did not detect
any significant effects of the TeNT LC on platelet secretion.
Given the fact that VAMP-3 is more abundant in human
platelets than is VAMP-2, we assume that the cleavage of
VAMP-3 is indicative of the effect of the toxin on VAMP-2
(the recombinant toxin does cleave VAMP-2; see Materials
and Methods). Unfortunately, this could not be addressed
directly because the anti-VAMP-2 antibody does not yield a
robust signal when used to detect VAMP-2 in human plate-
lets. These data suggest that though TeNT LC cleaves
VAMP-3 (and presumably VAMP-2) in the permeabilized
platelets, secretion is unaffected.

In a perhaps more definitive experiment, permeabilized
platelets from VAMP-3~/~ mice were treated with TeNT LC
(Figure 3 and also see Figure 8). VAMP-2 was completely
cleaved in the presence of TeNT LC, whereas VAMP-8, a
toxin-insensitive v-SNARE (Wong et al., 1998) was unaf-
fected (Figure 3B). Secretion of PF4 and B-hexosaminidase
from the permeabilized mouse platelets was clearly calcium-
dependent but was not affected by toxin treatment (Figure
3A). These data demonstrate that TeNT LC does cleave
VAMP-2 in situ. Because VAMP-3"/~ platelets were used
and VAMP-2 was cleaved by TeNT LC, calcium-stimulated
release in the permeabilized platelet assay system does not
appear to require VAMP-2 or -3.

In summary, the above experiments using human plate-
lets and platelets from different mouse strains fail to show a
strict requirement for VAMP-2 or -3. Secretion is normal in
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Figure 3. Tetanus toxin light chain does not affect secretion from
permeabilized mouse platelets lacking cellubrevin/VAMP-3. Mouse
platelets were prepared from VAMP-3"/~ animals, permeabilized,
and treated with tetanus toxin light chain. Measurement of secretion
(A) from alpha granules (M) and lysosomes (E) was as in Figure 2. A
separated set of samples was fractionated by SDS-PAGE and trans-
ferred to PVDF membrane. The membrane was stained with Ponceau
S red for actin and probed by Western blotting for VAMP-2 and -8 (B).

intact platelets when VAMP-2 is genetically reduced and
VAMP-3 is genetically ablated. Secretion from permeabil-
ized cells is unaffected when VAMP-2 is cleaved in platelets
lacking VAMP-3. These data strongly argue that these two
v-SNARESs are not essential for the platelet release reaction.
These data do not however exclude a role for these two
v-SNAREs and could be consistent with them playing a
supporting role in the platelet release reaction.

Platelet Aggregation and ATP Release are Defective in
VAMP-8~'~ Platelets

The above data suggest that, contrary to some reports
(Flaumenbhaft et al., 1999; Feng et al., 2002; Polgar et al., 2002),
but in agreement with others (Schraw ef al., 2003), VAMP-2
and -3 are not required for platelet secretion. The question
remains as to which of the remaining v-SNAREs is required
for platelet exocytosis. To address this question we analyzed
VAMP-8~/~ platelets. Figure 4, A-C, show the aggregation
traces for washed mouse platelets (WT, black traces; VAMP-
8~ /-, gray traces) stimulated with thrombin. At 0.05 and 0.1
U/ml thrombin, there was a significant defect in aggregation
seen in the VAMP-8~/~ platelets. Consistently, in Figure 4,
D and E, there were significant defects in ATP release from
dense core granules as measured with luciferin/luciferase.
This defect in release was also seen when P-selectin expo-
sure was measured (data not shown), suggesting that both
dense core and alpha granule release are defective in VAMP-
87/~ platelets. The aggregation and secretion defects were
almost overcome when thrombin levels were increased to
0.5 U/ml (Figure 4, C and F). A similar defect in aggregation
and ATP release was observed when collagen was used as
agonist (Figure 4, G, H, ], and K). As with thrombin, the
defect is lessened by increasing agonist concentrations but
not completely overcome. The secretion defect was less ob-
vious when A23187 was used as agonist (Figure 4, I and L),
which is consistent with the robust stimulatory effect of the
ionophore. With all three stimulators, higher levels of acti-
vation can at least partially overcome the VAMP-8/~ de-
fect in secretion, suggesting that the loss of VAMP-8 can be
compensated, albeit inefficiently.
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Figure 4. Aggregation and secretion of ATP is defective in endo-
brevin/VAMP-8~/~ platelets. Wild-type (WT, black traces) and
VAMP-8 null (V8~/~, gray traces) mouse platelets were prepared
and after adding 0.7 mM CaCl,, and aliquots (2.5 X 10%/ml) were
stimulated with indicated concentrations of thrombin (A-F), colla-
gen (G, H, ], and K) or A23187 (I and L). Platelet aggregation (A-C
and G-I) and ATP release (D-F and J-L) were measured with
constant stirring.

An explanation for the observed secretion defect is that
the signaling cascades in the VAMP-8~/~ platelets cannot
fully initiate secretion. One signaling event, key to platelet
secretion, is the agonist-induced increase in intraplatelet
calcium. To examine whether this was defective in VAMP-
8/~ platelets, WT and null cells were labeled with the
calcium probe, Fura-2/AM. Figure 5A shows that the throm-
bin (0.05 U/ml)-induced increases in intraplatelet calcium in
WT and VAMP-8~/~ platelets are nearly identical. We ad-
ditionally examined the degree of total platelet protein ty-
rosine phosphorylation in response to thrombin, collagen,
and A23187 stimulation. As shown in Figure 5B, there were
no significant differences in the array or intensities of the
phospho-tyrosine—containing proteins present in activated
WT versus VAMP-8~/~ platelets. These data suggest that
the signaling cascades initiated in activated VAMP-8~/~
platelets do not grossly differ from that in the WT platelets.

Electron Microscopy of Thrombin-stimulated WT and
VAMP-8~'~ Platelets

It is possible that the defect is due to a failure of the cytoskeletal
rearrangements that occur during platelet activation and are
important for secretion (Flaumenhaft et al., 2005). If actin cy-
toskeletal changes do occur normally, one would predict that

Molecular Biology of the Cell



VAMP-8’s Role in Platelet Exocytosis

A B WT va.l' . . 1 . .
WT Figure 5. Calcium mobilization and tyrosine
-vg*" 200kD— kinase signaling are unaffected in endobre-
800 i : vin/VAMP-8~/" platelets. (A) Wild-type
el “ — /=
97kD— (WT, black traces) and VAMP-8~/~ platelets
600 66kD— -

Thr 45kD—

N
=]
=1
(2]
s
-

31kD—

Free Calcium (nM)
H»
=3
o

o

e & (V8~/, gray traces) were prepared, and in-
. . . - - ' tracellular free calcium levels were measured

with Fura-2. The arrows indicate the times at
which extracellular calcium and thrombin
were added. Each trace represents the average
of three. (B) WT or VAMP-8~/~ platelets were

0 100 200 300 400 500
Time (sec)

Time(min) 0 2 2
0.1U/mL Thrombin = + -
5ug/mL Collagen - - +
1uMA23187 - - .

VAMP-8 /" platelets would form filopodia and centralize
their granules. However, they would not fuse their granules
with the plasma membrane, and thus granules would still be
visible. The expected morphological phenotype would be sim-
ilar to what Lemons et al. (2000) observed when they inhibited
platelet secretion with an anti-SNAP-23 antibody. Resting and
thrombin-stimulated platelets from WT and VAMP-8~ /" ani-
mals were examined by transmission electron microscopy. As
shown in Figure 6, A and B, resting WT and VAMP-8~/~
platelets have normal discoid shapes with similar arrays of
granules, mitochondria, microtubular networks, and OCS.
Resting WT and VAMP-8~/~ platelets contained similar num-
bers of granules (WT: 6.8 * 2.9 granules/platelet, n = 52;
VAMP-8~/7: 6.9 *+ 2.4 granules/platelet, n = 62). When stim-
ulated with thrombin (0.1 U/ml; 2 min), WT platelets showed
a more irregular appearance with protruding filopodia and a
generalized lack of granules (Figure 6, C, E, and F). This ap-
pearance is consistent with thrombin-induced cytoskeletal re-

D
s
3

incubated with the indicated agonist for 2 min
at RT. The reactions were stopped and the
samples were analyzed by Western blotting
using an anti-phosphotyrosine antibody.

arrangements and secretion of granular contents. Thrombin-
stimulated VAMP-8~/~ platelets showed a distinctively
different morphology. Most of the VAMP-8~/~ platelets (Fig-
ure 6, D, G, and H) had filopodia, suggesting agonist-induced
cytoskeletal rearrangements. Under these conditions, 29% (48/
166) of the WT platelets and 74% (198/266) of the VAMP-8~/~
platelets contained identifiable granules. The granules were
pushed to the middle of the cells, but they were still present
suggesting that their fusion with the plasma membrane was
defective. This is consistent with a lack of secretion seen pre-
viously (Lemons et al., 2000) and also indicates that the throm-
bin-initiated signaling required for cytoskeletal rearrange-
ments is still intact in the VAMP-8~/~ platelets.

Thrombin-induced Platelet Secretion Is Defective in

VAMP-8~'~ Platelets

To confirm the secretion defect in VAMP-8~/~ platelets, we
examined release from all three granules in agonist-titration

Figure 6. Ultrastructural analysis of VAMP-8/~ platelets. Platelets were prepared and adjusted to 2.5 X 10%/ml. After adding 0.7 mM
CaCl,, the samples were either maintained in resting state (A and B) or activated with 0.1 U/ml thrombin for 2 min (C-H). The samples were
fixed and analyzed by transmission electron microscopy. (A, C, E, and G) Wild-type platelets; (B, D, F, and H) VAMP-8~/~ platelets. Scale

bars, 1 um for C and D, 200 nm for others.
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Figure 7. Thrombin-induced secretion is defective in endobrevin/
VAMP-8~/" platelets. Platelets from wild-type (WT, ® ) and VAMP-
87/7(V8~/~, O) mice were prepared as described. After adding 0.7
mM CaCl,, aliquots (50 ul; 2.5 X 108/ml) were incubated with the
indicated concentration of thrombin at RT for 1 min (A) or 0.05
U/ml thrombin for the indicated time points (B). Reactions were
stopped with hirudin. Release of [°H]5-HT from dense core granules
(DC), PF4 from alpha granules (Alpha), and B-hexosaminidase from
lysosomes (Lysosome) were measured, and percent secretion was
calculated. Each data point represents the mean values of triplicate
samples, and the SD is indicated.

Time (sec)

and time-course experiments. Thrombin was chosen as the
agonist because hirudin, a potent inhibitor, can be used to
stop the reactions rapidly, thus improving the resolution of
time-course studies. In Figure 7B, the time course of seroto-
nin secretion from dense core granules was clearly impaired
in the VAMP-8~/~ platelets when 0.05 U/ml thrombin was
used. In WT platelets, dense core granule secretion was
relatively fast, arriving at its plateau by 15 s. The final
percent release was ~80%. However, dense core granule
secretion from VAMP-8~/~ platelets was much slower and
did not reach its plateau until 45 s. The final percent release
was also less (~60%). The alpha granule and lysosome re-
lease were more affected in the VAMP-8~/~ platelets. Alpha
granule secretion from WT platelets arrived at its plateau in
1-2 min (60% of total PF4 released from alpha granule),
whereas alpha granule secretion from VAMP-8~/~ platelets
started slowly and gradually increased to only 20% by 2
min. This result suggests that platelet alpha granule secre-
tion is inhibited by more than 70% in VAMP-8~/~ platelets.
Similar results were observed for lysosome secretion.
Thrombin-induced lysosome secretion in VAMP-8~/~ plate-
lets was inhibited by ~70% compared with the WT platelet
(40% for WT vs. 10% for VAMP-8 /~ platelet at 2-min
secretion). These data show that VAMP-8~/~ platelets have
a profound defect in the kinetics of release from all three
granule stores. In Figure 7A, a thrombin titration experiment
was performed using 1 min as the incubation time. Secretion
from each of the three granules showed the expected dose-
dependence. Interestingly, the defect in secretion from
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Figure 8. A tetanus toxin-sensitive v-SNARE(s) is responsible for
the residual secretion in the absence of endobrevin/VAMP-8. Wild-
type (WT), VAMP-37/~ (V37/7), and VAMP-8~/~ (V8~/") plate-
lets were prepared and permeabilized. Aliquots (50 ul; 5 X 108/ml)
were incubated with 25 uM tetanus toxin light chain (+TeNT LC, £)
or PBS (—TeNT LC, W). The samples were then either maintained in
resting state (R) or stimulated with 10 uM CaCl, (S). Release of
[*H]5-HT from dense core granules (DC), PF4 from alpha granules
(Alpha), and B-hexosaminidase from lysosomes (Lysosome) were
measured, and percent secretion was calculated as described. Data
represent the mean values of triplicate measurements, and the SD is
indicated.

VAMP-8~/~ platelets was less obvious as the concentration
of thrombin increased. This was especially true for release
from dense core granules, which reached almost WT levels
at the highest stimulation levels. This shows that although
VAMP-8~/~ platelets are defective in secretion at moderate
levels of agonist, the defect can be overridden by increasing
stimulation. This result is consistent with the data in Figure
4 and suggests that stimulatory signal strength may affect
the core mechanisms of the membrane fusion process lead-
ing to exocytosis.

Despite using littermate controls and platelets pooled
from different animals of the same VAMP genotype (gener-
ally 4-10), the knockout transgenic mouse strains used are
on a mixed background of C57Bl/6] and 129Sv; therefore, it
is possible that variations in genetic background could ac-
count for the secretion defects in VAMP-8~/~ platelets. To
establish the statistical significance of the secretion defect,
data from four different VAMP-8*/* strains (i.e., VAMP-
3777, VAMP-2*/~, VAMP-2*/~/VAMP-3"/~, and WT;
21-26 measurements) were pooled, averaged, and compared
with that from the VAMP-8~/~ strain (3-6 measurements).
Analysis of the secretion time course is shown in Supple-
mentary Figure 5. Two features are apparent from the data:
First, the VAMP-8*/* strains show a remarkable consis-
tency and reproducibility in their response with a small SEM
for each time point. Second, the statistical significance be-
tween VAMP-87/* and VAMP-8~/~ was generally p <
0.0001 for each time point as determined by Student’s t test.
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These data show that any variation in strain background due
to the C57Bl1/6J-129Sv mixture is less significant that the
deletion of the VAMP-8 gene.

In summary, VAMP-8 appears to be required for secretion
from all three granular stores. Such a requirement is not
apparent for VAMP-2 and/or -3 when VAMP-8 is present.
However, because the secretion defect in VAMP-8~/~ plate-
lets is not complete under all conditions, one might con-
cluded that in the absence of VAMP-8, another VAMP(s) can
promote cargo release in a less efficient manner, i.e., slower
and requiring more stimulation.

Hierarchy of VAMP Usage in Platelet Exocytosis

Given that the defect in platelet exocytosis was significant
but not complete, we conclude that VAMP-8 is the primary
v-SNARE for rapid secretion and that another VAMP(s)
(e.g., VAMP-2 and/or -3) could fill the void, albeit with
lower efficacy. Attempts to address this point with knockout
transgenic mice proved difficult because the VAMP-37/~/
VAMP-8~/~ genotype appears to be embryonic lethal (Bar-
ber and Whiteheart, unpublished results). Given this, we
used permeabilized VAMP-8 /- mouse platelets and
treated them with TeNT LC. In Figure 8, release from per-
meabilized WT mouse platelets was unaffected by TeNT LC
treatment. Consistent with previous data, there was no sig-
nificant difference in secretion from any of the three granular
stores when VAMP-2 and -3 were cleaved by the toxin.
There was also no significant, TeNT LC-induced decrease in
release from permeabilized VAMP-37/~ platelets, again,
consistent with previous experiments. Calcium-induced se-
cretion from permeabilized VAMP-8~/~ platelets was sig-
nificantly lower than secretion from WT or VAMP-3~/~
cells. This result demonstrates that VAMP-8 is required for
secretion from all three granules and that the secretion de-
fect seen in intact cells (Figures 4 and 7) is not caused by an
insufficient release of ADP (dense core granule cargo), which
is an important secondary agonist. Interestingly, the residual
release seen from permeabilized VAMP-8~/~ platelets was
significantly reduced by TeNT LC treatment. These data
strongly suggest that VAMP-8 is the dominant v-SNARE
required for platelet secretion and further indicate that a
tetanus toxin-sensitive VAMP (either VAMP-2 or -3) can
inefficiently promote fusion in its absence. This ranked re-
dundancy of v-SNARE usage is similar to the relationship
between VAMP-2 and VAMP-3 in chromaffin granule re-
lease (Borisovska et al., 2005).

DISCUSSION

In this article, we attempt to clarify the identity of the
v-SNARE molecules required for platelet exocytosis. By ex-
amining platelets lacking certain VAMPs and through the
use of a VAMP-specific endopeptidase, we show that
VAMP-2 and VAMP-3 are not required for platelet exocyto-
sis under normal circumstances. VAMP-7 also does not ap-
pear to play a role because inclusion of its inhibitory Longin
domain (Prombona et al, 1995; Filippini et al., 2001;
Martinez-Arca et al., 2003) or antibodies to the Longin do-
main do not affect secretion from permeabilized platelets
(up to 70 uM of Longin domain and 1 mg/ml antibody; Ren
and Whiteheart, unpublished results). The phenotype of the
VAMP-8~/~ platelets, however, suggests that this v-SNARE
is required for platelet exocytosis from dense core, alpha
granules, and lysosomes. However, this does not identify
the specific fusion step(s) mediated by VAMP-8, because it
could be involved in either granule-plasma membrane fu-
sion, granule-granule (compound) fusion, or some traffick-
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ing step(s) during platelet biogenesis. It should be noted that
of the four VAMP-deletion strains tested only VAMP-8~/~
mice had a statistically significant platelet secretion defect.
Based on the analysis of calcium and tyrosine kinase signal-
ing, it does not appear that the defect in VAMP-8~/~ plate-
lets is due to aberrant activation. Morphological analysis
supports this contention because stimulated VAMP-8~/~
platelets showed activation-dependent cytoskeleton rear-
rangements but reduced membrane fusion. Though signifi-
cant, the defect in secretion from VAMP-8~/~ platelets is not
absolute and some residual release is seen; especially when
more robust activation conditions are used. This residual
secretion is sensitive to tetanus toxin treatment, suggesting a
supplementary role for VAMP-2 and/or -3. This ranked
redundancy of v-SNARE usage has been seen in other sys-
tems. In summary, the data in this article do support the
conclusion that VAMP-8 is the primary v-SNARE required
for all three release events in an activated platelet.

Previous Analysis of Platelet v-SNAREs

Past analysis of the platelet v-SNAREs has been equivocal
for several reasons. Initial experiments by Flaumenhaft et al.
(1999) showed that alpha granule release was sensitive to a
commercial preparation of whole tetanus toxin (both heavy
and light chain). It is unclear why our results differ from
these experiments; perhaps it is due to a difference in toxin
preparations. However, taken at face value, the data from
Flaumenhaft et al. (1999) would be consistent with a role for
either VAMP-2 or -3. Feng et al. (2002) showed that an
anti-peptide antibody directed to the N-terminus of
VAMP-3 could inhibit a-granule release. Unfortunately,
these studies were not done with Fab fragments to eliminate
nonspecific steric effects; therefore, interpretation of the in-
hibitory effect is limited. At best, these data show that
VAMP-3 is “close” to the required secretory machinery. In
separate studies, Polgar et al. (2002) showed that the cyto-
plasmic domains of VAMP-3 and -8 could inhibit release
from dense core and alpha granules. Because the cytoplas-
mic domains of several SNAREs are promiscuous in their
associations in vitro (Fasshauer et al., 1999; Yang et al., 1999;
Brandhorst ef al., 2006), it is difficult to determine if these
inhibitory effects are illustrative of a v-SNARE’s role or of
the t-SNAREs heterodimer’s binding preferences. Therefore,
the data of Polgar et al. (2002) could be more indicative of the
t-SNAREs involved. However, based on all these data, it was
generally thought that VAMP-3 was important for platelet
secretion. The data of Schraw et al. (2003) (also Supplemen-
tary Figure 1 and Polgar et al., 2003b) upset that conclusion
by demonstrating that platelets lacking VAMP-3 had no
defect in exocytosis. On the basis of the data presented in
this article, we contend that the previous studies are equiv-
ocal because alternative interpretations of their meaning
(presented above) were more accurate. The commercial
preparation of whole tetanus toxin was perhaps not specific
in its effects; the anti-peptide antibody sterically blocked
release; and the cytoplasmic v-SNARE domains were pro-
miscuously interacting. Our data clearly show that only
VAMP-8, and not VAMP-2 or -3, is required for rapid and
optimal platelet exocytosis.

Ranked Redundancy of v-SNARE Usage as a Common
Theme

Our data show that VAMP-8 is the primary v-SNARE re-
quired for platelet exocytosis, and of the mouse strains
tested, only VAMP-8~/~ mice have a platelet secretion de-
fect. This use of a primary v-SNARE is similar to what was
shown in chromaffin cells (Borisovska et al., 2005). In that
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case, knockout of the primary v-SNARE (VAMP-2) had a
profound effect but did not reduce secretion to zero. Inter-
estingly, the residual release could be accounted for by the
action of a secondary v-SNARE (VAMP-3). VAMP-3-medi-
ated release was not as efficient as WT nor was it as exten-
sive, but it did occur. Also interesting was the fact that the
deletion of VAMP-3 did not affect the release event when
VAMP-2 was present. Therefore, VAMP-3 does not take a
primary role but instead can function at reduced efficiencies
in the absence of the primary v-SNARE. Combining the
chromaffin cell and platelet data, it would seem that
VAMP-3 could play the role of “jack-of-all-trades” through
its localization to the granules and its ability to pair with a
wide range of t-SNAREs heterodimers. This type of redun-
dancy in the secretory machinery may be a common aspect
of regulated exocytosis though its true functional implica-
tions are not yet clear. We cannot, however, definitively
assign VAMP-3 as the secondary v-SNARE for platelet exo-
cytosis; experiments are underway to address this point.

This concept of ranked redundancy is consistent with
previous reports that certain SNARE complexes are more
fusogenic than others. Rothman and colleagues have shown
that only certain combinations of SNARE mediate proteoli-
posome fusion in vitro (Parlati et al., 2002; Varlamov et al.,
2004). This would suggest that some combinations are opti-
mal for mediating secretion and thus are primarily used.
Other combinations may be possible in the absence of the
primary SNAREs, but these are expected to be less efficient
in mediating secretion. Whether our findings in platelets
and those in chromaffin cells are a true biological redun-
dancy or just an oddity of experiments using knockout mice
remains to be determined.

Utility of the VAMP-8~'~ Mice
The importance of platelet secretion has long been recog-
nized. The bleeding diathesis of Hermansky-Pudlak syn-
drome patients (who lack dense core granules) and Gray
platelet syndrome patients (who lack alpha granules) is
quite clear (Reed, 2002). It is also increasingly apparent that
activated platelets secrete a number of cytokines and growth
factors that play a role in inflammatory responses and tissue
damage repair processes (Coppinger et al., 2004). The fact
that VAMP-8~/~ platelets have a secretion defect will make
these animals a useful model system to examine the in vivo
roles of platelet exocytosis. As a model, they are unique
because the defect is in the secretion machinery and mem-
brane fusion, not granule biogenesis or platelet signaling.
One potential implication of the work presented here is
that v-SNARE usage may be tied to the degree of platelet
activation. Under low to medial levels of stimulation,
VAMP-8~/~ platelets have a clear secretion defect. How-
ever, with increasing stimulation, a secondary v-SNARE
(VAMP-2 and/or -3) can mediate release. This finding might
prove useful in designing anti-platelet therapeutics for the
treatment of hyper-thrombotic states. One might predict that
VAMP-8-directed inhibitors would have significant effects
on platelet secretion and subsequent thrombus formation
under basal conditions where vessel damage is limited but
would not grossly affect platelet function upon a larger
injury of a blood vessel when higher concentrations of ago-
nist are present. With the VAMP-8/~ mice, this scenario
can be directly tested in vivo.
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