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Abstract

Sphingosine-1-phosphate (S1P) is an intracellularly generated bioactive lipid essential for
development, vascular integrity, and immunity. These functions are mediated by S1P-selective
cell surface G-protein coupled receptors. S1P signaling therefore requires extracellular release of
this lipid. Several cell types release S1P and evidence for both plasma membrane transporter-
mediated and vesicle-dependent secretion has been presented. Platelets are an important source of
S1P and can release it in response to agonists generated at sites of vascular injury. S1P release
from agonist-stimulated platelets was measured in the presence of a carrier molecule (albumin)
using HPLCMS/MS. The kinetics and agonist-dependence of S1P release were similar to that of
other granule cargo e.g. platelet factor IV (PF4). Agonist-stimulated S1P release was defective in
platelets from Unc13d™ (Munc13-4 null) mice demonstrating a critical role for regulated
membrane fusion in this process. Consistent with this observation, platelets efficiently converted
fluorescent NBD-sphingosine to its phosphorylated derivative which accumulated in granules.
Fractionation of platelet organelles revealed the presence of S1P in both the plasma membrane and
in a-granules. Resting platelets contained a second pool of constitutively releasable S1P that was
more rapidly labeled by exogenously added sphingosine. Our studies indicate that platelets contain
two pools of S1P that are released extracellularly: a readily-exchangeable, metabolically active
pool of S1P, perhaps in the plasma membrane, and a granular pool that requires platelet activation
and regulated exocytosis for release.
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1. INTRODUCTION

Bioactive lipids contribute to many cellular signaling processes [1, 2]. In most cases, the
biological actions of these lipids are mediated by cell surface receptors. These lipids
therefore must be generated and/or released extracellularly. The focus of the present study is
to examine the route by which a bioactive lipid, sphingosine-1-phosphate (S1P), is released
from activated platelets. S1P regulates many physiological processes, e.g. cell migration,
maturation, differentiation, vascular integrity, and angiogenesis [3]. Its effects are facilitated
by a family of receptors called S1IPR1-5 (previously called Endothelial Differentiation Gene
receptors) [4]. A reciprocal axis of VEGF/S1P signaling is key to normal angiogenesis and
absence of S1P results in hypersprouting of blood vessels leading to vascular leakage [5].
Localized availability of S1P is necessary to maintain the junctional integrity of vascular
endothelial cells. S1P also regulates lymphocyte trafficking between the lymphatic system
and peripheral circulation [6]. Therefore, regulating the availability of extracellular S1P is
critical for several aspects of vascular function.

Blood contains both cellular and plasma associated pools of S1P. Plasma S1P is almost
exclusively associated with carriers: the apolipoprotein M component of HDL or albumin [7,
8], and is predominantly produced by erythrocytes [9], and vascular endothelial cells [11].
Indeed, erythrocyte transfusion reduces the vascular leakiness seen in genetically-modified
mice, deficient in plasma S1P [12] and human plasma S1P levels correlate with hematocrit
[25]. Release of S1P from erythrocytes is passive, requiring only the presence of a carrier
molecule to adsorb S1P [13]. Although not a primary determinant of circulating S1P levels,
platelets contain a regulated pool of S1P that is mobilized in response to extracellular signals
resulting in localized increases in extracellular S1P. The relevance of this pool is
demonstrated by the role that platelet-released S1P plays to maintain the integrity of high
endothelial venules (HEVs) [14]. Platelet production of S1P is robust given their high levels
of sphingosine kinase (SphK) and lack of S1P phosphatase and S1P lyase [10, 15, 16]. How
platelets release S1P has been the subject of several studies, yet the mechanisms are unclear
[17]. Platelets passively release S1P and also exhibit an activation-dependent release, which
requires stimulation with agonists such as thrombin [18]. Initial theories held that S1P, made
on the cytoplasmic leaflet of platelet plasma membranes, is translocated to the extracellular
space by a transporter, such as Spinster 2 (SPNS2), and/or an ABC transporter. Though
SPNS?2 is important for S1P efflux from endothelial cells, it is not required in platelets [19].
Studies with the ABC transporter inhibitor, glyburide (also known as glibenclamide),
suggest that an ABCA-like transporter could be involved; but, the inhibitor's effects on other
platelet processes were not tested [17]. Other ABC transporter inhibitors (i.e. verapamil,
cyclosporine and MK571) were without effect [17, 20].

In this study, we sought to clarify the mechanisms by which platelets release S1P to
determine if this bioactive lipid is stored in cargo-containing granules and is secreted upon
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stimulation. We used mass spectrometry to monitor both platelet-associated and released
S1P. We examined S1P release from platelets obtained from a mouse strain with a genetic
defect in the SNARE-based machinery that is required for platelet exocytosis [21]. Our
results suggest a scheme to explain how platelet-derived S1P could be used to acutely and
locally influence S1PR signaling in endothelial cells at vascular lesions.

2 MATERIALS AND METHODS

2.1 Platelet Preparation and Treatments

Human and mouse platelets were prepared as described [21-23]. The platelet preparations
had no overt erythrocyte or nucleated cell contamination as assessed microscopically.
Platelet concentrations were adjusted with Hepes Tyrode's (HT) buffer (10 mM HEPES/
KOH, pH 7.4, 137 mM NacCl, 12 mM NaHCOs3, 5.56 mM glucose, 2.7 mM KCI, 1 mM
MgCl,-6H,0, 0.36 mM NaH,PO4-H,0) containing 1% (w/v) Fraction V, fatty acid-free,
bovine serum albumin (BSA; Sigma Aldrich, St. Louis, MO), unless otherwise indicated.
When stimulated with thrombin (Chrono-Log, Haverton, PA), the secretion reactions were
stopped with a two-fold excess of hirudin (Sigma Aldrich). Other agonists: convulxin
(Centerchem, Norwalk, CT) and ADP (Chrono-Log), were used at the indicated
concentrations. Agonist concentrations were adjusted for optimal S1P release from the
platelets obtained from different donors. All solvents were of reagent grade.

2.2 Lipid Extraction

Lipids were extracted in acidified organic solvents as described [24]. Platelets (2.5 x 107 in
50 pL) were added to a mixture of 2 mL CH30H and 1 mL CHCl3 in 8 mL borosilicate
glass tubes. Fifty microliters of 1 uM C417-S1P (Avanti Polar Lipids, Alabaster, AL) was
added as an internal standard. The mixture was acidified with 0.45 mL of 0.1 M HCI, mixed
for 5 min, and placed at 4°C for 1 h. The extraction volume was increased with 1 mL CHCl3
and 1.3 mL 0.1 M HCI. After mixing for 5 min, the samples were centrifuged for 10 min at
3,500xg. The lower phase was transferred to a glass vial avoiding the protein interface.
Samples were dried under N, stream and resuspended in 100 uL. CH3OH for analysis.

2.3 Quantitation of S1P by High Performance Liquid Chromatography-Electron Spray
lonization-Mass Spectrometry/Mass Spectrometry (HPLC-ESI-MS/MS)

Extracted lipids were used for the detection of S1P as described in [25]. Analysis of S1P was
carried out using a Shimadzu Ultra-Fast Liquid Chromatograph coupled with an ABSciex
4000-Qtrap hybrid linear ion trap triple quadrapole mass spectrometer operated in multiple
reaction monitoring (MRM) mode. C17-S1P or hepta-deuterated S1P were used as internal
standards. Lipids were separated using an Agilent Zorbax Eclipse XDB C8 column (5 pm,
4.6x150 mm). The mobile phase consisted of 75/25 of CH30H/H,0 with formic acid (0.5%)
and 5 mM HCOONHy, (0.1%) as solvent A and 99/1 of CH30H/H,0 with formic acid
(0.5%) and 5 mM HCOONHj, (0.1%) as solvent B. For the analysis of S1P, the separation
was achieved using a gradient of 0% B for 1 min, 0% B to 100% B in the next minute,
maintained at 100% B for the next 10 min and equilibrated back to the initial conditions in 3
min. The flow rate was 0.5 mL/min with a column temperature of 30°C. The sample
injection volume was 10 pL. The mass spectrometer was operated in positive electro-spray
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ionization (ESI) mode with optimal ion source settings determined by synthetic standards of
S1P and C17-S1P with a declustering potential of 61 V, entrance potential of 10 V, collision
energy of 23 V, collision cell exit potential of 16 V, curtain gas of 20 psi, ion spray voltage
of 5,500 V, ion source gasl/gas2 of 40 psi and temperature of 550°C. MRM transitions
monitored were as follows: 366.141/250 for C17-S1P; and 380.124/264.1 for S1P.

2.4 Mouse Models

C57BL/6 (wild type), and Unc13d”™ mice were as described [21]. All experiments with
animals were approved by the University of Kentucky Institutional Animal Care and Use
Committee.

2.5 Fluorescence Microscopy

Washed platelets (5x108/mL) were incubated with 1 uM mepacrine dihydrochloride (Sigma
Aldrich) or 1 uM omega (7-nitro-2-1, 3-benzoxadiazol-4-yl)(2S,3R,4E)-2-amino octadec-4-
ene-1,3-diol (NBD-sphingosine; Avanti Polar Lipids) for 30 min at 37°C. The platelets were
pelleted at 550%g for 8 min and resuspended in fresh HT buffer. Approximately 10 pL of the
samples were placed onto a microscope slide and overlaid with a cover glass. The platelets
were then allowed to settle at RT for 30 min and were viewed using a Nikon Eclipse 600
epifluorescence microscope equipped with a 100x oil objective (Melville, NY). Digital
images were captured using Axiocam MRm (Carl Zeiss Microscopy, Thornwood, NY) and
were processed using Axiovision software.

2.6 Thin Layer Chromatography

2.7 Sucrose

After liquid-phase lipid extraction, samples were separated by thin layer chromatography
using Silica Gel 60 TLC plates (Merck KGaA, Darmstadt, Germany) with a mobile phase of
CHCI3/CH30H/H,0 (60/35/8). After development and drying, the separated, NBD-
sphingolipids were visualized using a Typhoon 9500 scanner (GE Healthcare Life Sciences,
Piscataway, NJ) at excitation wavelength 457 nm and emission wavelength 532 nm. A
NBD-S1P standard was a generous gift from Dr. Brian W. Wattenberg (University of
Louisville).

Gradient Sub-Cellular Fractionation

The procedure was modified from [26]. A unit of platelet rich plasma (PRP) was subjected
to centrifugation at 137xg for 15 min. Platelets, in the supernatant, were pelleted at 695xg
for 15 min at RT and washed twice with 50 mL Tris-citrate buffer (63 mM Tris/HCI, pH 6.5,
95 mM NaCl, 12 mM citric acid, 5 mM KCI). The platelet pellet was finally resuspended in
12 mL Tris-citrate buffer and was transferred to the cell-disruption bomb (Parr 4639, Parr
Instrument Co., Moling, IL). The Parr bomb was pressurized with N to 1,200 psi on ice for
15 min and the pressure was rapidly released. This cycle was repeated thrice and the platelet
homogenates were cleared by centrifugation at 610xg for 10 min, prior to loading the
supernatant onto sucrose gradients. Linear sucrose gradients were generated by layering 1.5
mL of the sucrose solutions (containing 5mM EDTA) of decreasing concentrations (from 60
to 30%, w/v) into an ultracentrifuge tube (Beckman Instruments, Inc., Fullerton, CA). The
tubes were incubated overnight at 4°C. Homogenate (1.5 mL) was layered onto the top of
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the gradient and subjected to centrifugation at 284,061xg at 4°C using a SW-40 rotor
(Beckman Instruments). After 90 min, the tubes were recovered and fractions were
collected. Aliquots of the fractions were utilized for lipid extraction and measurement of
S1P or subjected to trichloroacetic acid (TCA) precipitation to recover proteins. Proteins
from each fraction were analyzed by SDS-PAGE and western blotting.

2.8 Metrizamide Gradient Sub—Cellular Fractionation

The procedure for fractionation of dense granules was modified from [27]. PRP was labeled
with 50 pM mepacrine dihydrochloride for 30 min at RT and platelets were isolated.
Pelleted platelets were washed twice in buffer (10 MM HEPES/KOH, pH 7.4, 130 mM
NaCl, 24 mM NaHCOg3, 12.5 mM sucrose, 10 mM glucose, 5 mM KCI, 2 mM NayEDTA, 1
mM NaH,PO4-H,0, 0.35% (w/v) BSA) and finally resuspended in homogenization medium
(25 mM HEPES/KOH, pH 7.0, 100 mM KCI, 25 mM NaCl, 12 mM Nagcitrate, 10 mM
glucose, 5 mM ATP, 2 mM MgSQy, 0.35% (w/v) BSA). Platelets were sonicated twice at 5
W for 10 sec using a Sonic Dismembrator model 100 (Fisher Scientific, Pittsburg, PA).
Unbroken platelets were removed by centrifugation at 610xg for 10 min. Disrupted platelets
(0.7 mL) were over-laid onto a metrizamide (Sigma Aldrich) step gradient (1 mL, 35%; 0.5
mL, 38%) in 11x34 mm (2.2 mL) ultracentrifuge tubes and subjected to centrifugation at
76,974xg at 4°C for 1 hr in a TLS-55 rotor (Beckman Instruments). Fractions were
harvested and used for epifluorescence microscopy, lipid extraction, and western blotting.

3 RESULTS

3.1 Detection of released S1P from platelets is enhanced by the presence of a carrier
molecule in the media

S1P in plasma is predominantly associated with albumin or HDL [7, 8], thus we initially
tested whether such a carrier was needed to measure S1P release. No S1P was detected in
the preparations of fatty acid-free BSA used throughout our studies (data not shown). Both
human (Fig. 1A) and mouse (Fig. 1B) platelets were either kept resting or stimulated with
thrombin (0.05 U/mL) in the absence or presence of BSA. S1P release could be detected in
thrombin-stimulated, washed human or mouse platelets in the absence of BSA. This implies
the presence of an endogenous carrier protein in the washed platelet preparations, which is
plausible since albumin is known to be present in platelet granules. However, for both
species, BSA (1% w/v) increased the recovery of S1P in the supernatant of stimulated
platelets confirming that BSA is an effective acceptor of released S1P. When human
platelets were incubated with increasing concentrations of BSA (Fig. 1C), more S1P was
detected in the supernatants of resting and stimulated platelets. Despite the net increase,
thrombin stimulation always resulted in more S1P release, consistent with the previous
reports [17, 28]. Interestingly, increasing the concentration of BSA in the incubation mixture
increased the total S1P detected in both human (Fig. 1D) and mouse (Fig. 1E) platelets. This
suggests that albumin, by extracting S1P from resting platelets, may affect a homeostatic
mechanism that maintains platelet S1P levels. For all subsequent experiments, 1% (w/v)
fatty acid-free BSA was included.
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3.2 Release of S1P from platelets requires exocytosis

As with most platelet secretion processes, the presence of Ca?* increased the release of S1P
from platelets upon thrombin stimulation (Fig. 2A). Release of S1P depended on the
agonist-potency. A weaker agonist, ADP, which stimulates aggregation but only limited
secretion of granule cargo [29], induced lower level of S1P release. Stronger agonists, such
as thrombin or convulxin, stimulated greater release (Fig. 2B). The kinetics of S1P release
closely mirrored that of the a-granule marker, PF4 (Fig. 2C). Taken together, these data
indicate that S1P release exhibits many of the same characteristics as the release of well-
characterized platelet granule cargo.

Because these observations suggested that granule fusion might mediate S1P release, we
assayed platelets from a secretion-deficient mouse strain. Platelets from Munc 13-4-
deficient, Unc13d%™ mice were stimulated with thrombin and release of PF4 (Fig. 3A) and
S1P (Fig. 3B) was measured and compared to release from wild type (WT) platelets.
Secretion of S1P from Unc13d¥™ mouse platelets was reduced as was also seen for PF4
release. This effect was likely not due to differences in platelet-associated S1P, since platelet
S1P levels (in the presence of BSA) were 23 + 8, and 15 + 7 fmol/4x10° platelets were
comparable for wild type and Unc13d”™ mice, respectively. Similarly, plasma S1P levels in
wild type and Unc13d¥™ mice were 0.15 + 0.02 pmol/uL and 0.11 + 0.02 pmol/pL,
respectively.

3.3 Granular localization of S1P in platelets

Our observations indicate that a portion of platelet S1P is in a granule compartment. To
address this issue, platelets were incubated for at least one hour, with fluorescently labeled
sphingosine (NBD-sphingosine). As SphK is highly active in platelets, this derivative was
efficiently converted into NBD-S1P (data not shown and Figure 6B). To examine the
localization of S1P, wild type and Unc13d”i™ platelets were labeled with the fluorescent
dye, mepacrine (Fig. 4A and C), to identify dense granules [30], and with NBD-sphingosine
(NBD-Sph, Fig. 4B and D). The punctate appearance of the NBD staining and the relative
sizes of the punctae, compared to the dense granules stained with mepacrine, suggests that at
least some of the NBD-S1P was concentrated in the granule lumen or partitioned into
granule membranes. There were apparently more NBD-stained granules present than
mepacrine-positive granules, especially in the Unc13d9i™ platelets, where granule
exocytosis is blocked. The additional, non-granule-associated NBD-staining is consistent
with either a cytosolic or plasma membrane pool of the labeled lipid. Similar observations
were made when human platelets were incubated with NBD-sphingosine (data not shown).

3.4 Granular pools of platelet S1P

Given the staining patterns seen with NBD-S1P and the limitations of the available
fluorophores for further imaging of platelet-associated S1P, we assessed the distribution of
platelet S1P by sub-cellular fractionation. For the analysis of a-granules, platelets were
disrupted by nitrogen cavitation and sub-cellular fractions were separated by sucrose-
gradient ultracentrifugation (Fig. 5A). Marker proteins were examined by western blotting
of each fraction, (Fig. 5B) and S1P was measured by HPLC-MS/MS (Fig. 5C). A plasma
membrane marker, apB3 integrin peaked in fraction 9, but was spread across the gradient in
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fractions 3-10, perhaps reflecting pools of the integrin that may also be in granules and
endosomal compartments. The soluble cytosolic marker RabGDI (Rab GDP Dissociation
Inhibitor) was found mainly at the top of the gradient (fractions 10-11). The a-granule
marker PF4 peaked in fraction 5 where the v-SNARE, VAMP-8, was also found. S1P was
found in fractions containing the plasma membrane marker, a3 and in fraction 5, which
contained PF4. These data are consistent with at least a fraction of the total platelet S1P
being present in a-granules.

Due to their increased density, analysis of dense granules requires a different fractionation
scheme using a metrizamide gradient (Fig. 5D). To monitor dense granules, platelets were
labeled with mepacrine and then disrupted by sonication prior to ultracentrifugation (Fig.
5D). Fractions were observed by fluorescence microscopy to identify mepacrine-stained
dense granules (Fig. 5E). The positive staining assures that the granules are intact since
mepacrine is a vital stain that requires sealed granular membranes [31]. The dense granule
population, in the bottom fraction, contained only minimal quantities of S1P (<2% of total)
while the bulk of the bioactive lipid was found in the lighter fractions containing plasma
membranes and a-granules (Fig. 5F). These data indicate that S1P was not concentrated in
dense granules.

3.5 Time course for loading the releasable pool of S1P in platelets

Our data in Figure 1 suggest that platelets could contain at least two pools of S1P, a
passively extractable pool and a pool that is acutely mobilized by platelet activation. We
sought to determine the time required for newly synthesized S1P to become incorporated
into either pool. Platelets were incubated with either C17-sphingosine (Fig. 6A) or NBD-
sphingosine (Fig. 6B) over a 4 hr time course and were stimulated at the indicated time
points with thrombin. In both cases the sphingosine analogs were phosphorylated. While
newly phosphorylated C17- or NBD-sphingosine (Fig. 6A or B, respectively) were detected
in the thrombin-stimulated releasate following less than 30 min of incubation, robust
incorporation of the S1P analogues into the stimulation-dependent, releasable pool did not
occur until 4 hr, under our incubation conditions. Interestingly, the release of endogenous
S1P (containing C1g-sphingosine) decreased upon addition of exogenous Cq7-sphingosine
(20 uM). The cause of this effect is not clear but again suggests that homeostatic
mechanisms control the total level of platelet-associated S1P. This phenomenon was
reversible because normal S1P secretion occurred after 4 hr.

4 DISCUSSION

The major source of plasma S1P, at least in mice, is reported to be erythrocytes [13] with

potential contributions by platelets [32], and endothelial cells [11]. Based on our studies and
those of others [17, 28], platelets can constitutively release S1P to extracellular carriers such
as albumin. In addition, platelets release S1P upon stimulation and thus are distinct from

erythrocytes [13, 33]. In this manuscript, we show that a significant amount of released S1P
from platelets requires regulated exocytosis. Consistently, we observed that S1P is stored in
platelet granules and newly synthesized S1P required about an hour to enter the stimulation-
dependent, releasable pool. Activated platelets are known to release their granule contents at
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the site of vascular damage. Our studies identify S1P as an a-granule cargo. Such a granule
store would enable platelets to mediate localized release of S1P, which may contribute to the
maintenance of vascular integrity upon injury and during the post-thrombus sequelae
associated with wound healing.

Inclusion of BSA was important for efficient detection of released S1P (Fig. 1).
Interestingly, as the concentrations of BSA were increased there was a concomitant increase
in total S1P in both human and mouse platelets. This implies that platelets can synthesize
more S1P if there is an extracellular “trap” for the lipid. The S1P released from resting
platelets showed the greatest change when BSA concentrations were increased, implying
that resting platelets contain a pool of S1P that readily partitions into soluble carriers in the
plasma. This pool can be replenished rapidly via de novo synthesis of S1P and may be
similar to the pool of S1P in erythrocytes, which is constitutively released. Given the short
half-life of S1P (<15 min) in plasma [11], the constitutively released pool from erythrocytes,
and possibly from platelets, may serve a buffering function to control basal plasma S1P
levels. Our labeling studies with C17- and NBD-sphingosine (Fig. 6), as well as studies by
other groups [34], suggest that S1P in platelets can be generated by phosphorylation of
extra-platelet sources of sphingosine. We did not measure the flux of sphingosine into
ceramide or other higher order sphingolipids.

A second pool of S1P is released upon stimulation. This pool appears more insulated from
extraction by BSA and is loaded less efficiently by de novo synthesis, as indicated by our
metabolic labeling experiments (Fig. 6). Secretion of this pool requires the platelet secretory
machinery (i.e. Munc13-4) and occurs with kinetics similar to the release of other platelet
granule cargo molecules (Fig. 2, 3). The NBD-sphingosine labeling experiments (Fig. 4) are
qualitatively consistent with this conclusion as were the sub-cellular fractionation
experiments (Fig. 5). The sub-cellular distribution of S1P indicated that a fraction of the
total platelet S1P was present in a-granules, but not detected in dense granules. It should be
noted that imaging of NBD-staining yields information about localization but not
quantitative distribution of platelet-associated S1P. In particular, a greater total mass of
NBD-S1P could be present in the plasma membrane (as suggested by Fig. 6) but it would be
less evident because it is more diffuse than the material that is concentrated in granules.

Although S1P levels and S1P synthesis from extracellular sphingosine were comparable to
platelets from wild type animals, S1P release was attenuated in platelets from transgenic
mice with defective platelet secretory machinery. Unc13d”™ mice are deficient in
Munc13-4, a key regulatory molecule for the formation of the transbilayer SNARE
complexes needed for granule-plasma membrane fusion [21]. Munc13-4 is required for
efficient, regulated release of cargo in dense granule, a-granule, and lysosomes. Previously,
we showed that release of the various soluble components of the platelet releasate requires
SNARE-mediated membrane fusion [35]. The data presented here imply that activation-
dependent release of S1P also requires regulated membrane fusion. These data clarify
previous reports that S1P is released from activated platelets and perhaps explain the
inhibitory effects of staurosporine and the ATP requirement, previously noted [17].
Exocytosis of platelet granule cargo is dependent on both PKC [36, 37] and on ATP
hydrolysis [38]. Our data offer some of the first evidence that the release of a bioactive lipid
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requires the same exocytosis machinery needed for release of other small molecules and
polypeptides.

Our data suggest a framework for understanding the intra-platelet trafficking of sphingosine
and S1P (Fig. 7). Initially, sphingosine could partition into the outer leaflet of the platelets’
plasma membrane (step 1) and translocate to the cytoplasmic leaflet where it could be
converted to other sphingolipids or phosphorylated to make S1P (steps 2, 3). The resulting
S1P could be translocated back to the outer leaflet and contribute to the passive, carrier-
extractable pool of platelet S1P (step 4). Alternatively, the S1P could be transported to the
granule membrane and then translocated to the luminal leaflet (steps 5-6). Once on the
luminal side, the S1P could be “trapped” by a binding protein. Platelet activation (step 7)
initiates SNARE-dependent exocytosis (fusion of the granule and plasma membranes, Step
8-9) exteriorizing the luminal S1P for extraction by plasma carrier proteins (Step 10) or for
binding to proximal S1P receptors. S1P has numerous effects but it is clearly important for
maintaining vascular integrity. Many of the effects of S1P on endothelial cells (migration,
proliferation, and morphogenesis) can promote or mediate the wound-healing responses
initiated by platelets. The fact that platelets also release VEGF [39] suggests a mechanism
by which platelets can contribute to the SIP/VEGF, reciprocal axis that is important for
proper angiogenesis. Our data show that platelets contain a granule pool of S1P that is
responsive to stimulation and that can be released, like other platelet cargo, at the site of
vascular injury. This adds S1P to the myriad molecules that platelets employ to modulate
vascular microenvironments.
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Figure 1. Albumin facilitates S1P release from platelets
Both human (A) and mouse (B) platelets (2.5x108/mL) were prepared as described in

Materials and Methods. They were left unstimulated (R) or stimulated with thrombin (0.05
U/mL) for 45 sec (S) and the reactions were stopped with hirudin. Reactions were carried
out in the absence (open bars) or presence (shaded bars) of fatty acid-free BSA (1% (w/v))
as indicated. The samples were separated by centrifugation (13,000xg for 2 min) to generate
a supernatant and pellet fraction. Lipids from the two fractions were extracted as in
Materials and Methods and S1P was quantified by HPLCMS/MS. A percent release value
was calculated ([supernatant/{supernatant + pellet}] x 100) and the data are presented as the
average £ SD (n = 3). (C) Human platelets were stimulated (+) or held resting (=) in the
presence of increasing concentrations of fatty acid-free BSA. Release of S1P was then
measured as in A and B. Human (D) and mouse (E) platelets (2.5x108/mL) were incubated
in increasing concentrations of BSA and total S1P was measured. Statistical analysis was
done using the unpaired two-tailed student's t-test (*, p< 0.05; **, p<0.0005; ***, p<0.0005;
*Hkk p<0.0001).
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Figure 2. Kinetics of S1P release from resting and stimulated platelets
(A) Human platelets (2.5x108/mL) were resuspended in buffer with fatty acid-free BSA (1%

(w/v)), with (+) or without (=) Ca2* (1 mM). The platelets were incubated at RT for 30 min
and 50 pL of the suspension was stimulated with thrombin (0.05 U/mL) for 5 min and the
reactions were stopped with hirudin. Statistical analysis was done using the unpaired two-
tailed student's t-test (*, p<0.005; **, p<0.005; ***, p<0.0005; **** p<0.0001). (B) Human
platelets (5x108/mL) were stimulated with increasing concentrations of ADP, thrombin, or
convulxin, as indicated, for 5 min at RT and percent release of S1P was measured. (C)

Biochim Biophys Acta. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jonnalagadda et al.

Page 16

Human platelets (2.5x108/mL) in buffer with fatty acid-free BSA (1% (w/v)) were
stimulated with thrombin (0.2 U/mL) at 37°C for the indicated times and the reactions were
stopped with hirudin. All cargo release measurements were in triplicate. Lipids were
extracted and S1P (M) was measured by HPLC-MS/MS analysis; PF4 (A) was measured by
ELISA (C). Percent release of S1P was calculated and the data are represented as the
average £ SD, (n = 3).
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Figure 3. Release of S1P from secretion-defective mouse platelets _
Platelets (2.5x108/mL) were isolated from C57BL/6 (WT, W), or Unc13d”™ (A) mice and

resuspended in buffer with fatty acid-free BSA (1% (w/v)). They were stimulated with
thrombin (0.05 U/mL) for increasing times. The reactions were stopped with hirudin and the
platelets were separated from releasate by centrifugation at 13,000xg for 2 min. All the
assays for granule cargo were in triplicate. The percentage release of PF4 was determined by
ELISA (A) and of S1P by HPLC-MS/MS (B). The data are plotted as percent release vs.
time. In both plots, the background of unstimulated release has been subtracted (1.5-5% in A
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and 5-12% in B). Statistical analysis, at the indicated time points comparing WT to
Unc13ddi™ platelets, was done using the unpaired two-tailed student's t-test (*, p<0.05; **,
p<0.01; ***, p<0.005).
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Figure 4. NBD-Sphingosine-1-Phosphate is localized to platelet granules
Platelets from wild type (A, B) and Unc13d Y™ (C, D) mice (5x108/mL) were resuspended

in buffer containing fatty acid-free BSA (1% (w/v)) and incubated with mepacrine (1 uM) or
NBD-sphingosine (1 uM) for at least 60 min at 37°C. The platelets were imaged by
epifluorescence using a 100X oil objective on a Nikon Eclipse 600 microscope.
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Figure 5. Localization of S1P to platelet granules
(A) Human platelets were disrupted by nitrogen cavitation and the material was layered onto

a continuous, sucrose gradient (30-60% (w/v)) and organelles were separated by
ultracentrifugation (n=4). 1 mL fractions were collected as indicated. (B) TCA precipitated
proteins from each fraction were probed by western blotting for the indicated markers. (C)
Lipids were extracted from the corresponding fractions and S1P was measured by HPLC-
MS/MS. S1P in each fraction is expressed as percent of Total S1P in the starting platelets.
The data are representative of three independent experiments. (D) Platelets were incubated
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with mepacrine to label dense granules before disruption by sonication and fractionation of
the material obtained by layering onto a 35%, 38% metrizamide step gradient and
ultracentrifugation. The fractions were harvested as indicated: Fraction 1, 500 uL; 2, 200 pL;
3,1.2mL; 4,100 pL; 5 (pellet), 100 pL (n=4). (E) Mepacrine-labeled, whole platelets and
Fraction 5, containing platelet dense granules were imaged by epifluorescence microscopy.
(F) Lipids were extracted from the gradient fractions and their S1P content was measured by
HPLC-MS. The values are represented as percent of Total [S1P] in each fraction. The
corresponding fractions were TCA precipitated to detect PF4 by western blotting. The data
are representative of three different experiments.
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Figure 6. Release of newly synthesized S1P from platelets. (A)
Human platelets (5x108/mL) were incubated in buffer with or without C17-sphingosine (20

M) for the indicated times with Ca?* (1 mM) and fatty acid-free BSA (1% (w/v)). The
platelets were kept resting or stimulated with thrombin (0.1 U/mL), as indicated, for 5 min
and the reactions were stopped with hirudin. Platelets were separated from the releasate,
lipids were isolated, and S1P was quantified by HPLC-MS/MS. The data are plotted as
percent total platelet-associated S1P released. Statistical analysis, at the indicated time
points, was done using the unpaired two-tailed student's t-test (*, p<0.05; **, p<0.001. (B)
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Human platelets (4x10%/mL) were incubated with NBD-sphingosine (2 uM) for the
indicated times in the presence of Ca2* and fatty acid-free BSA. The platelets were kept
resting (=) or stimulated (+) with thrombin for 2 min and the reactions were stopped with
hirudin. After centrifugation, reactions were separated into supernatant (S) and pellet (P)
fractions. The lipids were extracted, analyzed by TLC and imaged using a Typhoon 9500
imager.
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Figure 7. Trafficking and release of S1P by platelets
Depicted is a trafficking scheme for sphingosine and S1P in platelets, based on the data

presented in this paper. The steps are: 1) Sphingosine insertion into the outer leaflet of the
plasma membrane (PM); 2) Translocation to the inner leaflet; 3) Phosphorylation by SphK
to make S1P; 4) Translocation of S1P to the outer leaflet (This pool can be readily extracted
by carrier proteins e.g. albumin and HDL); 5) Transport to the cytoplasmic leaflet of a
platelet granule; 6) Translocation to the granule's luminal leaflet; 7) Platelet activation; 8)
Granule docking; 9) Granule exocytosis; 10) Extraction of S1P by a plasma carrier protein,
e.g. albumin or the apolipoprotein M component of HDL.
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