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There has been recent controversy as to
whether platelet �-granules represent a
single granule population or are com-
posed of different subpopulations that
serve discrete functions. To address this
question, we evaluated the localization of
vesicle-associated membrane proteins
(VAMPs) in spread platelets to determine
whether platelets actively sort a specific
subpopulation of �-granules to the periph-
ery during spreading. Immunofluores-
cence microscopy demonstrated that
granules expressing VAMP-3 and VAMP-8

localized to the central granulomere of
spread platelets along with the granule
cargos von Willebrand factor and sero-
tonin. In contrast, �-granules expressing
VAMP-7 translocated to the periphery of
spread platelets along with the granule
cargos TIMP2 and VEFG. Time-lapse mi-
croscopy demonstrated that �-granules
expressing VAMP-7 actively moved from
the granulomere to the periphery during
spreading. Platelets from a patient with
gray platelet syndrome lacked �-granules
and demonstrated only minimal spread-

ing. Similarly, spreading was impaired in
platelets obtained from Unc13dJinx mice,
which are deficient in Munc13-4 and have
an exocytosis defect. These studies iden-
tify a new �-granule subtype expressing
VAMP-7 that moves to the periphery dur-
ing spreading, supporting the premise
that �-granules are heterogeneous and
demonstrating that granule exocytosis is
required for platelet spreading. (Blood.
2012;120(1):199-206)

Introduction

Platelets are replete with granules containing cargo that is required
for platelet function in hemostasis, thrombosis, inflammation,
angiogenesis, and malignancy.1-4 Platelet granule types include
�-granules, dense granules, and lysosomes. Of these granule types,
the �-granule is by far the most abundant with 50 to 80 granules/
platelet, compared with 3 to 6 dense granules/platelet and 0 to
3 lysosomes/platelet. Recent studies indicate that �-granules may
not constitute a homogenous population. There is evidence that
�-granule subpopulations can be distinguished on the basis of
morphology,5 cargo type,6-8 and response to agonists.7-10 However,
experiments using high resolution immunofluorescence micros-
copy have raised the possibility that the distribution of cargo
among �-granules is largely stochastic and that the apparent
segregation observed by standard immunofluorescence microscopy
could result from segregation within granules.11,12

Although the study of �-granule heterogeneity has focused
primarily on the localization and release of granule cargo, granules
also serve an essential role in membrane remodeling. In nucleated
cells, granules provide an internal reservoir of membrane to expand
and reshape the plasma membrane during cell movement,13 mem-
brane resealing,14,15 neurite outgrowth,16-18 and development of the
phagocytotic cup in macrophages.19,20 Different subpopulations of
granules demonstrate different behaviors during membrane remod-
eling. Recent studies demonstrate that these different granule types
can be distinguished by the vesicle-associated membrane proteins
(VAMPs) that they express.21-24 VAMPs reside on the cytosolic face
of granules and localize to granule subpopulations that differ in
their location and function.25-30 Although we and others have

demonstrated a role for VAMPs in platelet exocytosis,2,31-33 their
relative distribution and function in platelet spreading has not been
previously explored.

Transmission electron microscopy has demonstrated that when
a platelet contacts a substrate, its granules coalesce in a central
granulomere that is surrounded by a microtubule ring.34 However,
alternative methods of imaging, such as differential interference
contrast (DIC) microscopy, atomic force microscopy, and scanning
electron microscopy demonstrate organelles in the periphery of the
spread platelet.35,36 We postulated that a subpopulation of �-granules
were among the peripheral organelles in spread platelets and that
platelets actively sort this subpopulation of �-granules to the periphery
during spreading.

To determine whether a distinct subpopulation of platelet
�-granules sorts to the platelet periphery during platelet spreading,
we monitored granule dynamics and evaluated the localization of
VAMPs during platelet spreading. Our results demonstrate that a
subpopulation of �-granules expressing VAMP-7 segregate from
granules expressing VAMP-3 or VAMP-8 in spread platelets.
Although granules expressing VAMP-3 and VAMP-8 localize to
the central granulomere of the spreading platelet, granules express-
ing VAMP-7 translocate to the periphery. We also show that
platelets either lacking �-granules or defective in their ability to
secrete granules fail to spread normally. These results demonstrate
that �-granule exocytosis is required for platelet spreading and
identify a new �-granule subtype that expresses VAMP-7 and
moves to the periphery during spreading. Our observations support
the premise that �-granules are heterogeneous and demonstrate that
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different VAMP isoforms associate with functionally discrete
�-granule subpopulations.

Methods
Platelet preparation

Blood was obtained from healthy donors who had not ingested aspirin or
NSAIDs in the 2 weeks before donation using a protocol approved by the
institutional review board of Beth Israel Deaconess Medical Center
(BIDMC). Platelets were isolated by centrifugation followed by gel
filtration of platelet-rich plasma as previously described.37

Patients

The patient with gray platelet syndrome (GPS) is a 5-year-old female from
Abu Dhabi with a history of mild thrombocytopenia. Her blood smear
demonstrated no �-granules. The diagnosis of GPS was confirmed by
electron microscopy. Immunofluorescence microscopy demonstrated expres-
sion of VAMP-3, VAMP-7, and VAMP-8 (supplemental Figure 1, available
on the Blood Web site; see the Supplemental Materials link at the top of the
online article). The patient with Hermansky-Pudlak syndrome (HPS) is a
46-year-old female of Puerto Rican heritage with subtype 1 HPS. Use of
platelets from control subjects and patients with HPS and GPS was
approved by the institutional review boards of BIDMC and Children’s
Hospital, Boston.

Mice

The Unc13dJinx mice (MMRRC: 016137) on a C57Bl/6J background were
purchased from Mutant Mouse Regional Resource Center at the University
of California, Davis. Age- and sex-matched wild-type C57Bl/6J mice were
purchased from The Jackson Laboratory. All animal use was approved by
the BIDMC Institutional Animal Care and Use Committee.

Antibodies

All antibodies were purchased from commercial resources and used at a
concentration that was saturating. Isotype-matched controls were used to
confirm antibody specificity and evaluate nonspecific binding. In addition,
as background controls, platelets were incubated with secondary antibody
alone. Polyclonal antibodies to cellubrevin (VAMP-3), SYBL1 (VAMP-7),
and monoclonal antibodies to von Willebrand factor (VWF) and vascular
endothelial growth factor (VEGF) were purchased from Abcam. Mouse
monoclonal antibodies directed at endobrevin (VAMP-8) were purchased
from Novus Biologicals, and mouse monoclonal antibodies directed at
platelet factor 4 (PF4) and tissue inhibitor of metalloproteinase 2 (TIMP2)
were from R&D Systems. Rabbit polyclonal antibody to serotonin and
mouse monoclonal antibody to thrombospondin were purchased from
Thermo Fisher. Rabbit polyclonal antibody to platelet-derived growth
factor (PDGF)–� was purchased from Santa Cruz. All samples were
exposed to a secondary goat anti-rabbit or mouse antibody conjugated to
Alexa Fluor 488 or 568 (Life Technologies).

Platelet spreading assay

Washed platelets were pelleted by centrifugation at 1200g for 10 minutes.
The platelet pellet was resuspended in 5 mL of HEPES (N-2-
hydroxyethylpiperazine-N�-2-ethanesulfonic acid)–Tyrode buffer (10mM
HEPES, 140mM NaCl, 3mM KCl, 0.5mM MgCl2, 5mM NaHCO3, 10mM
glucose, pH 7.4) and allowed to rest for a minimum of 20 minutes at 37°C.
The platelet count was adjusted before seeding at 4 � 106/400 �L. Platelet
suspension (400 �L) was applied to 12-mm glass coverslips that were
precoated with poly-L-lysine (1 mg/mL), collagen (10 �g/cm2), and fi-
bronectin (5 �g/cm2; Sigma-Aldrich) in 24-well cell culture plates. Plate-
lets were allowed to adhere and spread for designated time periods (ranging
from 0 to 30 minutes) at room temperature without shaking. The unbound
platelets were removed by aspiration, followed by fixation using 4%
paraformaldehyde in phosphate-buffered saline (PBS). Platelets were fixed
for 15 minutes, washed with PBS and stored in immunofluorescence (IF)
buffer (0.5 g bovine serum albumin, 0.25 mL 10% sodium azide, 5 mL goat
serum, in 1� PBS) at 4°C until staining.

For visualization of actin structures, the high-affinity F-actin probe
Alexa Fluor 568 phalloidin (Life Technologies) was used. Staining was
performed using 7.5 �L of methanol stock solution prepared according to
the manufacturer’s suggested stock solution in 300 �L IF buffer. Coverslips
were stained for 20 minutes at room temperature, washed twice, mounted
onto glass slides with Aqua-Poly/Mount (Polysciences), and evaluated by
fluorescence microscopy.

Live-cell microscopy

Platelet-rich plasma was collected as described previously. Secretory
granules were labeled by incubating the platelets with Qtracker 565 nontargeted
nanocrystals (Life Technologies) overnight, rotating at room temperature.
Platelets were then washed by centrifugation (1200g for 10 minutes, resuspended
in HEPES-Tyrode buffer) twice for removal of unincorporated nanocrystals and
allowed to rest between washes for 20 minutes. For visualization of granule
movement, real-time fluorescent microscopy was performed using an Olympus
BX62 microscope (Olympus America) equipped with a 60� (NA � 1.42)
Plan-Apo oil immersion objective and captured with an Orca-ER cooled CCD
camera (Hamamatsu) at room temperature. Image acquisitions were controlled
by iVision-Mac (Biovision Technologies) with a sampling time of 15 seconds.
All images were exported as TIFF files and processed using ImageJ 1.44p Java
1.6.0_20 (32-bit) software.

Confocal microscopy

For colocalization experiments, 4.0 � 106 washed platelets were spun onto
poly-L-lysine coated coverslips in 4% paraformaldehyde dissolved in PBS.
Coverslips were washed twice with PBS and the platelets were permeabil-
ized using 0.5% Triton-X-100. Samples were briefly washed and blocked
overnight in IF buffer. After washing with PBS, platelets were incubated
with the corresponding antibodies (1:100 dilutions) for 1 hour at room
temperature. Primary antibodies were removed and Alexa Fluor conjugated
anti–mouse/anti–rabbit antibodies (1:250 dilutions) were applied for 1 hour
at room temperature. Confocal scanning laser microscopy was performed
with a Zeiss LSM 510 Meta system confocal microscope (Carl Zeiss).
Fluorescence images of 2 colors were captured sequentially using laser
lines at 488 nm and 561 nm to prevent spectral overlap. Series of x-y
images were collected along the z-axis at 0.25-�m intervals using a
Plan-Apo 63� (NA � 1.4) oil immersion objective and an optical zoom of
2. Confocal micrographs were captured using Zeiss LSM 5 Version 4.0
software with service pack 1 and exported as TIFF files for further analysis.

Colocalization. Images for colocalization analysis were quantified
using ImageJ 1.44p Java 1.6.0_20 (32-bit) software. JACoP (http://
imagejdocu.tudor.lu/doku.php?id�plugin:analysis:jacop_2.0:just_another_
colocalization_plugin:start) was used to process image stacks and allow an
automated colocalization analysis. Statistical analysis of the correlation of
the intensity values of 2-channels were plotted as scatter plots and the
relationship between intensities of the 2 images was reported as the Pearson
coefficient. To discriminate differences between partial colocalization,
Manders coefficient analysis was completed using the JACoP plugin and
reported as the proportion of signal one overlapping signal 2. The threshold
was estimated as the value of background.

Surface area and perimeter analysis. For analysis of platelet spread-
ing, ImageJ 1.44p Java 1.6.0_20 (32-bit) software was used to determine
the surface areas and perimeters of platelets. Exported TIFF files were
converted to 8-bit images and the distance of each pixel was defined as
1 pixel is equivalent to 0.107991 microns. This scale was defined as a global
setting as individual images were processed into a binary image. Binary
images were analyzed as particles with measurements recorded as perim-
eter and surface area. Recorded measurements were analyzed with Prism
5 for Windows Version 5.04 software (November 6, 2010).

Results

Localization of VAMP isoforms during platelet spreading

Distinct VAMP isoforms associated with specific vesicle subpopu-
lations mediate the recruitment of membrane to growing actin-
based structures during neurite outgrowth and phagocytotic cup
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formation.22-24 The previous observation that a subset of platelet
granules move to the periphery of the platelet during spreading
whereas the remaining granules are sequestered in the granulom-
ere35,36 raised the question of whether these 2 populations express
different VAMP isoforms. We evaluated the subcellular localization
of VAMP-3 and VAMP-8 because these isoforms function in
granule exocytosis.2,31-33 We also evaluated the localization of
VAMP-7, which contains an N-terminal longin domain with
structural homology to profilin. Evaluation of resting platelets did
not reveal any obvious differences in the distribution of these
VAMP isoforms (supplemental Figure 2). To evaluate the localiza-
tion of granules after spreading, platelets were plated on poly-L-
lysine to minimize activation and counterstained with Alexa
568–conjugated phalloidin to facilitate visualization and identify
actin structures. These studies demonstrated that VAMP-3 and

VAMP-8 appeared in the center of the spread platelet consistent
with localization to the central granulomere (Figure 1A-B). In
contrast, VAMP-7 localized to the periphery of the spread platelet.
In particular, VAMP-7 was observed at the edge of lamellipodia
and tips of pseudopodia (Figure 1C). Pseudopodia and lamellipodia
were nearly devoid of VAMP-3 and VAMP-8. These studies
demonstrate differential localization of granule populations in
spread platelets, with granules expressing VAMP-7 localized to the
periphery of the spread platelet and granules expressing VAMP-3
and VAMP-8 localized to the central granulomere.

Further studies were performed to quantify the localization of
VAMP isoforms in spread platelets and assess the localization of
platelet cargos. The �-granule cargo, VWF, and the dense granule
cargo, serotonin, were analyzed along with VAMP-8 and VAMP-7.
For these analyses, the percentage of each label associated with the
central granulomere versus the peripheral lamellipodia and pseudo-
podia was determined. Identification of the granulomere was
performed using thresholding of F-actin staining and confirmed by
brightfield images (supplemental Figure 2). A mask was drawn
around the central granulomere and the percentage of fluorescence
within and outside the mask was quantified using ImageJ. In these
studies, 92 � 6% of VAMP-8 (Figure 2A,G), 89 � 4% of serotonin
(Figure 2B,G), and 84 � 6% of VWF (Figure 2C,G) remained in
the central granulomere during spreading. In contrast, 78 � 5% of
VAMP-7 was observed in the periphery (Figure 2D,G). These
experiments demonstrate that during spreading structures express-
ing VAMP-7 segregate from granules expressing VAMP-8, which
localize to the granulomere.

Additional studies were performed to identify �-granule cargos
that localize to the periphery with spreading. PDGF, PF4, and
thrombospondin all localized to the central granulomere on spread-
ing (supplemental Figure 3). In contrast, TIMP2 was found
primarily in the periphery of spread platelets (Figure 2E,G). VEGF
localized both to the periphery and granulomere (Figure 2F-G).
TIMP2 and VEGF both colocalized with VAMP-7 in the periphery
of spread platelets (Figure 3). In particular, TIMP2 localized to
peripheral granules expressing VAMP-7 (Manders coefficient
[M2] � 0.93 � 0.1; Figure 3A). VEGF also localized with periph-
eral granules expressing VAMP-7 (M2 � 0.68 � 0.09; Figure 3B).
The supposition that granules expressing VAMP-7 are �-granules
was supported by studies demonstrating the colocalization of
VAMP-7 with P-selectin (Rr � 0.63 � 0.9; Figure 3C). These

Figure 1. Localization of VAMP isoforms in spread platelets. Localization of
VAMP isoforms was determined in spread platelets using double staining immunoflu-
orescence microscopy. Spread platelets were labeled with antibodies to (A) VAMP-3,
(B) VAMP-8, and (C) VAMP-7 followed by staining with secondary antibodies labeled
with Alexa 488 (row 1). Platelets were costained with Alexa 546–phalloidin to
visualize actin structures (row 2). Merged images were evaluated to determine the
localization of VAMP isoforms relative to actin structures in spreading platelets (row
3). VAMP-3 and VAMP-8 localize to the center of the spread platelet, whereas
VAMP-7 localizes to peripheral lamellipodia and pseudopodia. Scale bars, 5 �m.

Figure 2. Quantitative analysis of VAMP isoforms and cargo in spread platelets. Double immunofluorescence microscopy of actin and (A) VAMP-8, (B) serotonin,
(C) VWF, (D) VAMP-7, (E) TIMP2, or (F) VEGF. Scale bars, 5 �m. (G) Images were evaluated as described in supplemental Figure 3 to demarcate the granulomere of the
spread platelets and subsequently analyzed to quantify the amount of VAMP-8, serotonin, VWF, VAMP-7, TIMP2, and VEGF associated with the granulomere (black) versus
the periphery (red). Error bars represent the standard deviation (SD) of measurements from 250 to 350 platelets per condition.
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results indicate that a VAMP-7–expressing �-granule subpopula-
tion translocates to the periphery during platelet spreading.

Movement of granules during platelet spreading

Active translocation of vesicles to growing structures is observed
in neurite outgrowth and development of the phagocytic cup in
macrophages.16-20 We used time-lapse microscopy to assess whether
platelet granules move during spreading. Platelets were incubated
with quantum dot 565 nanocrystals to load �-granules and enable
visualization by fluorescent microscopy. After spreading on poly-L-
lysine, the majority of granules remained in the central granulo-
mere (Figure 4A). However, also observed was a population of
granules in the periphery of spreading platelets. Time-lapse micros-
copy demonstrated that these peripheral granules moved in a
somewhat erratic manner, but generally appeared to translocate
from the central granulomere to the platelet periphery (Figure
4A-B). The rapid loss of granule signal between 60 to 90 seconds
probably represents the exocytosis of the granule with loss of its
contents. Alternatively, it could represent the movement of the
granule in the z-axis, exiting the focal plane. Overall, these results
demonstrate the active translocation of granules in spreading
platelets and indicate that these granules move toward the periph-
ery of the expanding platelet.

We used immunofluorescence confocal microscopy to character-
ize the population of granules that moved to the periphery over
time. Platelets were loaded with quantum dot 565 nanocrystals and
the colocalization of VAMP-7 with nanocrystals in the platelet
periphery was evaluated (Figure 4C). These studies demonstrated
substantial colocalization of VAMP-7 with quantum dot 565 nanocrys-
tals in the periphery (Rr � 0.89 � 0.07). In particular, 92 � 5.6% of
quantum dot fluorescence colocalized with VAMP-7 fluorescence
(n � 61 platelets). To determine whether granules that moved to the
periphery were �-granules, quantum dot 565 nanocrystal-loaded plate-
lets were costained with antibodies directed at P-selectin (Figure 4D).
This evaluation demonstrated substantial colocalization of P-selectin

and quantum dot nanocrystals in peripheral granules (Rr � 0.92 � 0.04).
In particular, 94 � 2% of quantum dot fluorescence colocalized with
P-selectin (n � 37 platelets). These results indicate that �-granules
expressing VAMP-7 move to the platelet periphery during spreading.

Role of granule secretion in platelet spreading

The supposition that granule exocytosis contributes to platelet
spreading has not previously been assessed directly, and whether

Figure 4. Time-lapse microscopy of platelet �-granule movement during
spreading. (A) Platelets were loaded with quantum dot 565 nanocrystals overnight and
visualized during spreading on poly-L-lysine. Images were obtained every 30 seconds
during spreading. Scale bar, 2.5 �m. (B) Images were taken immediately after adhesion
(0 seconds) and at the indicated times thereafter. An overlay of a representative series of
images demonstrates that the majority of the fluorescence remains localized to the central
granulomere. However, movement of peripheral granules could be visualized. Peripheral
granules imaged at different time points were pseudocolored to indicate position:
0 seconds (red), 30 seconds (yellow), 60 seconds (blue), and 90 seconds (purple).
(C) Double fluorescence confocal microscopy of granules in spread platelets using
anti–VAMP-7 antibody and endocytosed quantum dot 565 nanocrystals demonstrates
peripheral colocalization of VAMP-7 with nanocrystals. (D) Double immunofluorescence
staining of spread platelets demonstrates colocalization of P-selectin with quantum dot
565 nanocrystals in the platelet periphery. Scale bars, 5 �m.

Figure 3. Colocalization studies demonstrate association of TIMP2, VEGF, and
P-selectin with VAMP-7–expressing �-granules. Double fluorescence confocal
microscopy of granules in spread platelets stained using antibodies to (A) anti-
TIMP2, (B) anti-VEGF, or (C) P-selectin and counterstaining with anti–VAMP-7
antibody demonstrates peripheral colocalization of VAMP-7 with these �-granule
markers. Scale bars, 5 �m.
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this process is required for normal platelet spreading is unknown.
To determine whether platelet granules contribute to spreading, we
evaluated platelet spreading in a patient with HPS and in a patient
with GPS. HPS platelets are deficient in platelet dense granules, but
have normal size �-granules. There was no difference in spreading
between HPS platelets and platelets from healthy controls (supple-
mental Figure 4). Patients with GPS have macrothrombocytopenia
and platelets that lack normal �-granules, but have normal dense
granules. GPS platelets demonstrated increased surface area and
perimeter on initial seeding on poly-L-lysine, collagen, or fibronec-
tin because of their large size (Figure 5B; time 0). However, GPS
platelets failed to spread significantly over time, whereas platelets
from a healthy control demonstrated a � 3- to 4-fold increase in
surface area and perimeter (Figure 5B). This result raises the
possibility that �-granules function in spreading.

The ability of platelets from Unc13dJinx mice to spread was next
assessed to determine whether granule exocytosis is required for
normal spreading. Unc13dJinx platelets have normal VAMP isoform
expression (supplemental Figure 5), but demonstrate markedly
impaired granule membrane fusion because of a deficiency in
Munc13-4,38 a Rab27a effector protein that is mutated in familial
hemophagocytotic lymphohistiocytosis 3.39-41 They demonstrate a
defect in both dense granule and �-granule exocytosis, but are
otherwise normal. After plating on poly-L-lysine, collagen, or
fibronectin-coated coverslips, wild-type platelets spread during a
15 minute time period, with initial pseudopodia extension followed
by lamellipodia formation (Figure 6A). In contrast, Unc13dJinx

platelets demonstrated delayed and reduced spreading during the
same time period. By 10 minutes, significant lamellipodia forma-
tion had occurred in wild-type platelets, whereas the large majority
of Unc13dJinx platelets remained rounded in shape. Quantification
of these results using ImageJ 1.44p Java 1.6.0_20 (32 bit) software

demonstrate delayed and decreased spreading of Unc13dJinx plate-
lets compared with wild-type platelets (Figure 6B). These studies
confirm a role for granule exocytosis in platelet spreading.

Discussion

Several recent studies indicate that platelets contain different
subsets of �-granules. The majority of evidence suggesting the
existence of multiple �-granule subtypes is derived from immuno-
fluorescence of �-granule cargos demonstrating distinct
localization.6-8 The interpretation of these results has been ques-
tioned, however, in light of studies using high resolution immuno-
fluorescence microscopy demonstrating that cargos are stochasti-
cally distributed among �-granules and that segregation within
�-granules could be mistaken for segregation among �-granules.11,12

One approach to address this concern is to physically separate
�-granule subtypes. However, experimental strategies for separat-
ing �-granules based on cargo have not been described. Our studies
show that the platelet itself physically sorts and separates �-granule
subtypes during spreading.

Rather than identify �-granule subtypes based on cargo pro-
teins, we initially addressed the question of �-granule heterogene-
ity by evaluating the localization of VAMPs, which are expressed
on the cytosolic face of �-granules. An important function of
VAMPs is to sort different granule types during granulogenesis,
making them useful markers in identifying platelet �-granule
subtypes. These results demonstrate that a subset of �-granules
expressing VAMP-7 move to the periphery of the spreading
platelet. In contrast, granules that express VAMP-3 and VAMP-8
localize to the central granulomere. Of note, the 2 VAMP isoforms
that have been shown to mediate granule secretion, VAMP-3 and

Figure 5. GPS platelets demonstrate a spreading
defect. (A) Fluorescence microscopy of control and GPS
platelets spread for the indicated amounts of time on
poly-L-lysine and stained with Alexa 546–phalloidin.
(B) Quantification of surface area and perimeter of
spread platelets from control (solid circles, solid lines)
and GPS (open circles, dashed lines) subjects spread on
either poly-L-lysine, collagen, or fibronectin as indicated.
Error bars represent the standard error of the mean
(SEM) of measurements from 150 to 250 platelets per
time point.
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VAMP-8, are sequestered in the granulomere along with the
granule cargos, VWF and serotonin. VAMP-7 translocates to the
periphery of the platelet along with cargos, TIMP2 and VEGF. The
physical separation of TIMP2 from VWF that we observed during
spreading was consistent with the segregation of TIMP2 and VWF
previously observed by Villeneuve et al.42 The TIMP2-containing
vesicular or granular structures identified in these studies were
present in GPS platelets as well as platelets from normal individu-
als. Granules expressing VAMP-7 appear to deliver membrane to
cover growing actin structures in the platelet periphery. However,
the precise nature and function of the granular structures that
express VAMP-7 and contain TIMP2 remains to be defined.

During spreading, the platelet undergoes a 2- to 4-fold increase
in plasma membrane surface area as it transforms from a discoid
cell to a flattened, irregular form with pseudopodia and lamellipo-
dia.43 The role of platelet granule exocytosis in the extensive
membrane remodeling that occurs during spreading is largely
unstudied. Our results show that platelet �-granules, but not dense
granules, contribute to spreading. GPS platelets have defective
�-granules and demonstrate markedly impaired spreading (Figure
5). In contrast, platelets from a patient with HPS whose platelets
lack dense granules demonstrated normal spreading (supplemental
Figure 4). The premise that granule exocytosis contributes to the
growing plasma membrane at the periphery of the spreading
platelet is further supported by the observation that membrane
spreading is delayed and reduced in Unc13dJinx platelets (Figure 6),
which have impaired granule secretion. Unc13dJinx mouse platelets
lack the SNARE-associated protein Munc13-4. Munc13-4 is an

essential component of the distal secretory machinery. Studies by
Ren et al demonstrated that these platelets exhibit normal granule
morphology and proximal signaling, but have a marked defect in
the exocytosis of all 3 granule types.38 Other than a deficiency in
Munc13-4, these platelets possess a normal secretory machinery
and granule content. Therefore, it is unlikely that the defect in
spreading in Unc13dJinx platelets is secondary to granule deficiency
or impaired proximal signaling mechanisms.

Although the mechanisms that link granule exocytosis with
platelet spreading remain uncertain, our results implicate VAMP-7
in this process. VAMP-7 is widely expressed in cells and is present
in platelets at 3766 	 696 molecules/platelet.2 VAMP-7 is unique
among platelet VAMPs in that it is the only VAMP that possesses an
N-terminal, profilin-like longin domain.44,45 Profilin binds G-actin
and Arp2/3, promoting actin polymerization. In nucleated cells,
VAMP-7 functions in membrane remodeling in the context of
dynamic actin polymerization. VAMP-7 has been implicated in
delivering granules to provide auxiliary membrane to the leading
edge of the plasma membrane during cell migration.22-24 VAMP-7
mediates membrane fusion required for tubulovesicular structures
at the leading edge of elongating dendrites and axons that support
neurite outgrowth.16-18 VAMP-7 also functions in the delivery of
granules to the phagocytotic cup in macrophages.19,20 A signaling
pathway has been described in which integrin-dependent activa-
tion leads to the coordinated activity of Arp2/3 complex-
mediated actin polymerization and VAMP-7–mediated exocyto-
sis in neurite outgrowth.18,46 In platelets, granules expressing
VAMP-7 may preferentially translocate to the periphery via an

Figure 6. Platelets from Unc13dJinx mice demonstrate
a spreading defect. (A) Fluorescence microscopy of
platelets from wild-type and Unc13dJinx mice spread for
the indicated amounts of time on poly-L-lysine and
stained with Alexa 546–phalloidin. Scale bars, 5 �m.
(B) Quantification of surface area and perimeter in
platelets from wild-type (solid circles, solid lines) and
Unc13dJinx (open circles, dashed lines) mice spread on
either poly-L-lysine, collagen, or fibronectin as indicated.
Error bars represent the SEM of measurements from
150 to 250 platelets per time point.
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actin-dependent process in which VAMP-7 participates in actin
nucleation that propels the granule. Alternatively, VAMP-7 may
simply be a marker for granules that translocate by an unrelated
mechanism. Further studies will be required to distinguish
between these possibilities.

Our results suggest a model for the role of granule exocytosis in
platelet spreading. We propose that in resting platelets, �-granules
expressing different VAMPs are dispersed throughout the platelet.
During spreading, a subpopulation of granules that express VAMP-7
are preferentially recruited to the platelet periphery. We speculate
that these granules fuse at the periphery and add membrane to
developing pseudopodia and lamellipodia (Figure 7). In contrast,
granules expressing VAMP-3 and VAMP-8, which colocalize with
granule cargos, are sequestered in the central granulomere (Figure
7). Thus, distinct granule populations distinguished by expression
of different VAMP isoforms serve different functions during
platelet spreading.

In summary, we have shown that granule exocytosis is required
for platelet spreading and identified a new �-granule subtype that
expresses VAMP-7 and moves to the periphery during spreading.
This observation is consistent with the proposal that �-granules are
heterogeneous and demonstrates that different VAMP isoforms
localize to functionally discrete �-granule subtypes.
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