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1 The lysophospholipids, lysophosphatidic acid and sphingosine 1-phosphate, have been reported
to activate platelets. Here we examined e�ects of the naturally occurring related sphingosylpho-
sphorylcholine (SPC) on human platelet function.

2 Platelet activation was determined as aggregation, elevation of intracellular Ca2+ concentrations,
surface expression of P-selectin, GP 53, and GP IIb/IIIa neoepitope PAC-1, and of ®brinogen
binding to the platelet surface.

3 Platelets were activated by ADP (5 and 20 mM), the thrombin receptor-activating peptide TRAP-
6 (5 and 20 mM), the thromboxane A2 mimetic U-46619 (1 mM) and collagen (20 and 50 mg ml71) but
not by SPC (up to 20 mM).

4 SPC concentration-dependently (IC50 approximately 1 ± 10 mM) inhibited activation of washed
human platelets in response to all of the above agonists, with almost complete inhibition occurring
at 20 mM SPC.

5 The SPC stereoisomers, D-erythro SPC and L-threo SPC, exhibited similar concentration ±
response curves in inhibiting 20 mM ADP-induced platelet aggregation, suggesting that SPC did not
act via speci®c lysophospholipid receptors.

6 Although SPC slightly activated platelet protein kinase A (as assessed by VASP phosphoryla-
tion), this e�ect could not explain the marked platelet inhibition. Possible protein kinase C inhibition
also did not explain the inhibition of platelet activation by SPC. On the other hand, SPC suppressed
agonist-induced Ca2+ mobilization and phospholipase C stimulation.

7 These results indicate that the lysophospholipid SPC is an e�ective inhibitor of human platelet
activation, apparently primarily by uncoupling agonist-activated receptors from their e�ectors.
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Introduction

The lysophospholipids, lysophosphatidic acid (LPA) and
sphingosine-1-phosphate (S1P), serve as potent lipid media-

tors for a large variety of cell types. Recently, several G
protein-coupled receptors have been identi®ed, which can
mediate cellular actions of LPA and S1P (Chun et al., 2002).

Additionally, S1P has been implicated as an intracellular
second messenger in the regulation of Ca2+ mobilization, cell
growth, and programmed cell death (Moolenaar, 1999; Pyne

& Pyne, 2000; Olivera & Spiegel, 2001; Spiegel & Milstien,
2000; Young & Nahorski, 2001). Similar to LPA and S1P,
the related sphingosylphosphorylcholine (SPC) is endogen-
ously found in blood plasma (Liliom et al., 2001). The

structure, metabolism, biological functions and potential
mechanisms of action of SPC have recently been reviewed

in detail (Meyer zu Heringdorf et al., 2002). SPC has been
reported to increase intracellular Ca2+ concentration

([Ca2+]i), to induce cytoskeletal re-arrangements, and to
modulate cell growth and migration in various cell types.
Speci®c G protein-coupled receptors for SPC have been

proposed (Xu et al., 2000; Zhu et al., 2001) and SPC can
additionally act as a low-a�nity agonist at the S1P receptors
(Pyne & Pyne, 2000; Spiegel & Milstien, 2000), but the exact

targets of the multiple cellular actions of SPC are largely
unknown (Meyer zu Heringdorf et al., 2002).
Platelets are a major source of endogenous LPA and S1P,

from which these lipids can be released upon agonist

activation (Eichholtz et al., 1993; Yatomi et al., 1995). In
addition, platelets are apparently also targets of LPA and
S1P. Exogenous LPA and S1P (520 mM) have been reported

to activate human platelets, as characterized by elevation of
[Ca2+]i, shape change and aggregation (Yatomi et al., 1995;
Yatomi et al., 1997; Gueguen et al., 1999). Platelet activation
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by LPA is apparently mediated by a speci®c surface receptor,
for which S1P may serve as a low-a�nity partial agonist.
Recently, mRNAs of the lysophospholipid receptors, LPA1,

LPA2, LPA3 and S1P4 (previously designated Edg-2, Edg-4,
Edg-7 and Edg-6, respectively) were identi®ed in human
platelets by RT±PCR (Motohashi et al., 2000). In addition
to S1P, the S1P precursor, sphingosine, has been reported to

enhance platelet activation at low concentrations through an
increase in phospholipase (PL) C activity, while high
concentrations (450 mM) were found to cause inhibition,

possibly via inhibiting protein kinase (PK) C activity
(Hannun et al., 1987; Hashizume et al., 1992). Whether
SPC a�ects platelet function and, if so, these e�ects resemble

those of S1P and LPA, is unknown. Therefore, we have
investigated the e�ects of SPC on human platelet function
and attempted to identify underlying molecular mechanisms.

Methods

Materials

SPC was obtained from Biomol (Hamburg, Germany),

dissolved in methanol, dried in a SpeedVac concentrator,
and redissolved in a solution of bovine serum albumin
(1 mg ml71). The L-threo and D-erythro SPC stereoisomers

were obtained from Matreya (Pleasant Gap, PA, U.S.A.),
ADP, apyrase, digitonin, inositol-1,4,5-trisphosphate (InsP3),
3-isobutyl-1-methylxanthine (IBMX), phorbol 12-myristate

13-acetate (PMA), prostaglandin E1 (PGE1), Triton X-100
and human ®brinogen from Sigma (Deisenhofen, Germany),
bisindolylmaleimide I, H-89 (N-[2-(p-bromocinnamylamino)
ethyl]-5-isoquinolinesufonamide), thapsigargin and the

thromboxane A2 mimetic, U-46619 (9, 11-dideoxy-9a, 11a-
methanoepoxyprostaglandin F2a), from Calbiochem (Bad
Soden, Germany). Fura-2-AM was from Molecular Probes

(Leiden, The Netherlands), calf skin collagen from NOBIS
(Endingen, Germany), the thrombin receptor activating
peptide, SFLLRN (TRAP-6), from Bachem (Heidelberg,

Germany), and [3H]-InsP3 (22.0 Ci ml71) from NEN Life
Science Products (Boston, U.S.A.). Fluorescence-conjugated
monoclonal antibodies to the human platelet receptors,
glycoprotein (GP) Ib (SZ2), P-selectin (CLB/Thromb6), GP

53 (CLB Gran/12) and the activated GP IIb/IIIa receptor
(PAC-1) were purchased from Beckman Coulter (Krefeld,
Germany) and Becton Dickinson (Heidelberg, Germany).

Fluorescent polyclonal antibody to human ®brinogen was
obtained from WAKChemie (Bad Soden, Germany) and
monoclonal antibody to phosphorylated vasodilator-stimu-

lated phosphoprotein (VASP, 5C6) from nanoTools (Tenin-
gen, Germany).

Preparation of human platelets

Washed platelets were used for all experiments. Platelet-rich
plasma was prepared from citrate-anticoagulated blood

samples obtained from healthy volunteers, by centrifugation
at 150 g for 15 min. Platelets were then pelleted at 800 g for
10 min and resuspended in an acid citrate bu�er, containing

(mM): NaCl 120, NaH2P04 4.26, sodium citrate 4.77 and
citric acid 2.35, pH 6.5. After a second washing in acid
citrate, the washed platelets were ®nally resuspended in a

modi®ed Tyrode's HEPES bu�er, containing (mM): NaCl
138, KCl 2.9, MgCl2 1, CaCl2 2, NaH2P04 3.3, glucose 5.5
and HEPES 20, pH 7.4. In order to prevent platelet

activation during preparation, PGE1 (1 mg ml71) and apyrase
(0.5 U ml71) were added prior to centrifugation.

Platelet aggregation

Platelet aggregation was quanti®ed at 378C by the turbidi-
metric method in a dual channel platelet ionized calcium

aggregometer (Chrono-Log, Haverton, U.S.A.), with stirring
at 900 r.p.m.. The instrument was calibrated with the platelet
suspension (2.06108 ml71) for zero transmission and with the

bu�er for 100% transmission. Fibrinogen (0.5 mg ml71) was
added just prior to experiments. Primary slope of increase in
light transmission, maximal aggregation and occurrence of

desaggregation were recorded for 6 ± 10 min after stimulation.
Measurements were performed in duplicate with the mean
taken for further analyses.

Analysis of platelet activation by flow cytometry

Flow cytometric analyses were performed with an EPICS XL

cytometer, using the System II software (Beckman Coulter).
The day-to-day reproducibility of ¯uorescence intensity was
controlled by beads of de®ned standard ¯uorescence

(ImmunoCheck, Beckman Coulter). Platelet surface receptor
expression was quanti®ed in washed platelets (0.46108 ml71).
Fibrinogen (0.1 mg ml71) was added immediately prior to

experiments. Following stimulation, ¯uorescence-conjugated
antibodies were added at saturating concentrations and
incubated for an additional 5 min in the dark at room
temperature. Stimulation was stopped by addition of

formaldehyde (1%) in phosphate-bu�ered saline (PBS).
Expression of the surface receptors, P-selectin (CD 62P),

GP 53 (CD 63), GP Ib (CD 42b), and the activation-

dependent GP IIb/IIIa receptor neoepitope (PAC-1), and
®brinogen binding were quanti®ed by ¯uoresceine isothio-
cyanate (FITC)-labelled antibodies directed against the

respective epitopes. IgG was used for isotype control.
Fluorescence histograms were obtained for 10,000 cells gated
per sample. Antibody binding to the cell surface was
expressed as mean ¯uorescence intensity (MFI) of bound

antibodies after subtraction of the respective isotype control.
Duplicate measurements were performed with the mean taken
for further analyses.

Intracellular VASP phosphorylation was determined as
previously described (Schwarz et al., 1999) with minor
modi®cations. In brief, platelets (0.46108 ml71) were in-

cubated with SPC or PGE1 for 5 min, and incubations were
stopped by addition of formaldehyde (3.7% in PBS). The
platelet suspension was diluted with PBS and permeabilized

with Triton X-100 (0.005%). Following a second dilution
with PBS, cells were incubated with the FITC-conjugated
antibody VASP ± 5C6, recognizing VASP when serine 157 is
phosphorylated. The extent of VASP phosphorylation was

quanti®ed by MFI of antibody binding.

Measurement of [Ca2+]i

[Ca2+]i was determined ¯uorometrically with the ¯uorescent
Ca2+ indicator Fura-2, using a F-2000 ¯uorescence spectro-
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meter (Hitachi, Tokyo, Japan) as previously described (Meyer
zu Heringdorf et al., 1998). Platelets in platelet-rich plasma
were loaded with Fura-2-AM (4 mM), washed twice and

resuspended in Tyrode's HEPES bu�er as described above.
Measurements were performed with a platelet concentration
of 2.06108 ml71 at room temperature. For determination of
[Ca2+]i in the absence of extracellular Ca2+, Fura-2-loaded

platelets were resuspended in Ca2+-free HEPES bu�er, and
EGTA (50 mM) was added immediately prior to experiments.

Determination of PLC activity

Phospholipase (PL) C activity was determined by InsP3 mass

measurements as previously described (Challiss et al., 1988;
Schmidt et al., 1996). Brie¯y, platelets (0.86109 cells ml71)
supplemented with ®brinogen (0.5 mg ml71) were preincu-

bated with SPC or vehicle, followed by stimulation with
TRAP-6 for the indicated time points. After stop of the
reaction with trichloroacetic acid, InsP3 mass was determined
in triplicates with a radioreceptor assay, using [3H]-InsP3 as

ligand and InsP3-binding protein from bovine adrenal cortex.

Data presentation and analysis

Results are presented as means+s.e.mean of 4 ± 6 experi-
ments. Comparisons between di�erent groups were made by

Student's t-test or ANOVA and Bonferroni post-hoc
adjustment as indicated. Apparent pIC50 values for inhibition
by SPC were calculated by ®tting sigmoidal curves to the

experimental data; due to the self-amplifying nature of
platelet aggregation, however, it must be emphasized that
these values only represent descriptive estimates.

Results

Inhibition of agonist-induced platelet aggregation by SPC

Activation of washed human platelets with ADP, the

thrombin receptor-activating peptide, TRAP-6, the throm-
boxane A2 mimetic, U-46619, or collagen caused marked
aggregation. Maximal light transmission by 5 and 20 mM
ADP amounted to 53.3+5.1% and 78.2+3.3%, respectively,

by 5 and 20 mM TRAP-6 to 76.9+1.9% and 88.3+1.6%,
respectively, by 1 mM U-46619 to 91.2+0.9%, and by 20 and
50 mg ml71 collagen to 73.2+2.5% and 84.4+2.4%, respec-

tively (n=4±6). In comparison, addition of SPC (up to
20 mM) did not induce aggregation (Figure 1A). On the
contrary, preincubation of platelets for 2 min with SPC

concentration-dependently inhibited platelet aggregation in
response to ADP (5 or 20 mM) [pIC50: 5.55+0.05,
5.20+0.03], TRAP-6 (5 or 20 mM) [pIC50: 5.56+0.04,

4.98+0.02], U-46619 (1 mM) [pIC50: 5.08+0.02], and collagen
(20 or 50 mg ml71) [pIC50: 5.77+0.05, 5.33+0.04] (Figure
1B ±D). At 20 mM SPC completely suppressed agonist-
induced aggregation. SPC also inhibited platelet aggregation

without preincubation, i.e. upon addition during an ongoing
aggregation response (data not shown). The potency of SPC
in inhibiting aggregation was a�ected by the strength of

receptor activation, i.e. shifted to the right at high agonist
concentrations, as examined for two concentrations of ADP,
TRAP-6 and collagen (Figure 1B ±D). In contrast to SPC,

addition of S1P (20 mM) to washed platelets had no or only a
very minor inhibitory e�ect on agonist-induced aggregation
(data not shown). The two SPC stereoisomers, D-erythro SPC

and L-threo SPC, exhibited similar concentration-response
curves in inhibiting 20 mM ADP-induced platelet aggregation
(Figure 1E). In comparison to agonist-induced aggregation,
platelet aggregation induced by the phorbol ester, PMA

(50 nM), which was fully prevented by the PKC inhibitor,
bisindolylmaleimide I (5 mM), was only slightly a�ected by
SPC (Figure 1F). SPC (20 mM) reduced maximal PMA-

induced aggregation, amounting to 92.8+1.4% increase in
light transmission, by 14.2+0.7% (n=5).

Inhibition of platelet surface receptor expression by SPC

Platelet activation by ADP, TRAP-6, and U-46619 induced

increased surface expression of the two platelet degranulation
markers, P-selectin and GP 53, of the activation-dependent
GP IIb/IIIa neoepitope PAC-1, and of ®brinogen binding to
the platelet surface (Figure 2A±D). Furthermore, ADP and

TRAP-6 caused internalization of GP Ib (Figure 2E). While
SPC alone (up to 20 mM) did not signi®cantly change
expression of these activation-dependent surface epitopes, it

concentration-dependently inhibited the e�ects of ADP
(20 mM), TRAP-6 (10 mM), and U-46619 (1 mM), with a
similar potency as observed for platelet aggregation (Figure

2A±E). At 20 mM SPC completely suppressed the agonist
responses. Taken together, these data demonstrate that SPC
strongly inhibits platelet activation by di�erent receptor

agonists, measured as aggregation and altered expression of
surface proteins.

Role of protein kinase A in the inhibition of platelet
function by SPC

As an increase in platelet cyclic AMP levels with subsequent

activation of protein kinase (PK) A is the major inhibitory
control of platelet activity (Schwarz et al., 2001), we
examined whether SPC activates PKA in human platelets

and whether inhibition of PKA can mitigate the inhibitory
e�ects of SPC. Phosphorylation of VASP is regarded as a
speci®c indicator of PKA activation in platelets (Schwarz et
al., 1999; Burkhardt et al., 2000). As expected, VASP

phosphorylation was strongly enhanced by treatment of
platelets with PGE1 (5 mM). SPC at 10 and 20 mM also
increased VASP phosphorylation, but considerably less than

PGE1 (Figure 3A). If SPC's inhibitory action involves cyclic
AMP, it should be potentiated by inhibition of cyclic AMP
degradation. As shown in Figure 3B, preincubation of

platelets with the phosphodiesterase (PDE) inhibitor, IBMX
(10 mM), signi®cantly enhanced the inhibitory e�ects of 1 and
5 mM SPC on 20 mM TRAP-6-induced aggregation, but less

markedly than the inhibitory e�ect of 0.5 mM PGE1.
Preincubation of platelets with 10 mM IBMX alone only
slightly reduced TRAP-6-induced aggregation (data not
shown).

Pretreatment of platelets with the PKA inhibitor, H-89
(20 mM) (Davies et al., 2000), markedly attenuated the
inhibitory e�ects of PGE1 (1 mM) on TRAP-6-induced

aggregation, surface expression of P-selectin, and ®brinogen
binding (Figure 4C ±E). In comparison, H-89 only slightly
attenuated the inhibitory e�ect of SPC (at 5 and 10 mM) on
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Figure 1 Inhibition of agonist-induced platelet aggregation by SPC. (A) Representative traces of aggregation responses upon
addition of SPC (20 mM) or TRAP-6 (20 mM) to washed human platelets (26108 ml71). (B ±D) Maximal platelet aggregation
induced by ADP (5 and 20 mM), TRAP-6 (5 and 20 mM), collagen (20 and 50 mg ml71), or U-46619 (1 mM) after 2 min preincubation
of platelets with SPC (0.1 ± 20 mM). (E) ADP (20 mM)-induced platelet aggregation after 2 min preincubation of platelets with L-
threo or D-erythro SPC (0.1 ± 20 mM). Data in B ±E are expressed as per cent of controls. Means+s.e.mean, n=4. (F)
Representative traces of PMA (50 nM)-induced aggregation after preincubation of platelets without and with SPC (10 and 20 mM) or
5 mM bisindolylmaleimide I (n=5).
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TRAP-6-induced platelet aggregation and was without e�ect
on SPC-induced inhibition of surface expression of P-selectin
and ®brinogen binding (Figure 4C ±E). These data suggested

that, although SPC can apparently induce PKA activation,
this activation contributes only to a minor extent to the
e�ective inhibition of platelet function by the lysosphingolipid.

Figure 2 Inhibition of agonist-induced changes of platelet surface protein expression by SPC. Flow cytometric analysis of agonist-
induced surface expression of (A) Pselectin, (B) GP 53, (C) the activated GP IIb/IIIa (PAC-1), (D) ®brinogen binding to the platelet
surface, and (E) expression of GP Ib. Platelets were stimulated with 20 mM ADP, 10 mM TRAP-6, or 1 mM U-46619. Prior to
stimulation, platelets were preincubated for 2 min with SPC (1 ± 20 mM) or vehicle. #MFI of antibodies bound to the respective cell
epitopes. Means+s.e.mean, n=4±5. *P50.05, **P50.01 (ANOVA with Bonferroni post-hoc adjustment).
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Figure 3 Role of PKA in the inhibitory e�ects of SPC on platelet function. (A) Flow cytometric analysis of intracellular VASP
phosphorylation after incubation of platelets for 5 min without and with SPC (1 ± 20 mM) or PGE1 (5 mM). #MFI of the antibody
bound to phosphorylated VASP. (B) E�ects of a preincubation of platelets with the PDE inhibitor, IBMX (10 mM), on the
inhibitory e�ects of SPC (1 and 5 mM) or PGE1 (0.5 mM) on TRAP-6 (20 mM)-induced platelet aggregation. Data are expressed as
per cent of controls corrected for inhibitory e�ects of IBMX alone on TRAP-6-induced aggregation. (C ±E) In¯uence of a
preincubation of platelets with the PKA inhibitor, H-89 (20 mM), on the inhibitory e�ects of SPC (5 ± 20 mM) and PGE1 (1 mM) on
(C) platelet aggregation, (D) P-selectin expression, and (E) ®brinogen binding induced by 10 mM TRAP-6. Data are expressed as per
cent of controls. Means+s.e.mean, n=4±6. *P50.05, **P50.01 (ANOVA with Bonferroni post-hoc adjustment for SPC; Student's
t-test for PGE1 vs. control).
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Figure 4 In¯uence of SPC on [Ca2+]i changes and PLC stimulation in human platelets. (A) Representative traces of [Ca2+]i
changes after addition of SPC (20 mM) or TRAP-6 (20 mM) to Fura-2-loaded platelets (26108 ml71). (B) Maximal increases of
[Ca2+]i induced by 20 mM ADP, 20 mM TRAP-6, or 1 mM U-46619 after 2 min preincubation of platelets with SPC (0.5 ± 20 mM) or
vehicle. (C) In¯uence of SPC (1 ± 20 mM) on the maximal [Ca2+]i increase induced by TRAP-6 (20 mM) measured in the presence
(2 mM) or absence (Ca2+-free bu�er supplemented with 50 mM EGTA) of extracellular Ca2+. (D) E�ects of SPC (5 ± 20 mM) on
thapsigargin-induced intracellular Ca2+ release, determined by maximal [Ca2+]i increase after stimulation of Fura-2- loaded platelets
with 0.5 mM thapsigargin in the absence of extracellular Ca2+ (Ca2+-free bu�er supplemented with 50 mM EGTA). Data are
expressed as percent of controls. ANOVA with Bonferroni post-hoc adjustment for (C) comparison between [Ca2+]i increase in the
presence or absence of extracellular Ca2+ and (D) SPC vs. control, respectively. (E) In¯uence of a preincubation of platelets with H-
89 (20 mM) on the inhibitory e�ects of SPC (5 ± 20 mM) and PGE1 (1 mM) on TRAP-6 (10 mM)- induced [Ca2+]i increase. (E) E�ect of
a preincubation of platelets with 20 mM SPC or vehicle on TRAP-6 (20 mM)-induced InsP3 formation measured for the indicated
periods of time. Means+s.e.mean, n=4±5. **P50.01 for comparison between TRAP-6- induced InsP3 formation with or without
SPC preincubation (ANOVA with Bonferroni post-hoc adjustment).
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Inhibition of agonist-induced Ca2+ mobilization and PLC
stimulation by SPC

The strong inhibitory e�ect of SPC on platelet activation by
di�erent receptor agonists suggested that this lysosphingoli-
pid interferes with an essential signalling process of platelet
activation. Therefore, we examined whether SPC inhibits

agonist-induced Ca2+ mobilization. Stimulation of washed
platelets with ADP (20 mM), U-46619 (1 mM), and TRAP-6
(20 mM) caused a rapid increase in [Ca2+]i, by maximally

239+27 nM, 423+37 nM, and 796+71 nM, respectively
(n=4). In contrast, SPC (up to 20 mM) by itself caused only
minor if any [Ca2+]i increase (Figure 4A). However,

pretreatment of platelets with SPC concentration-dependently
and nearly completely inhibited elevations of [Ca2+]i induced
by ADP (20 mM), U-46619 (1 mM) or TRAP-6 (20 mM) with

pIC50 values of 5.38+0.05, 5.03+0.03, and 5.11+0.03,
respectively (Figure 4B).
Maximal [Ca2+]i increase induced by the thrombin

receptor-activating peptide, TRAP-6 (20 mM), was not

signi®cantly a�ected by removal of extracellular Ca2+ (Figure
4C), indicating that the agonist-induced [Ca2+]i increase was
mainly due to mobilization of intracellular Ca2+. Accord-

ingly, the inhibitory e�ect of SPC on TRAP-6- induced
[Ca2+]i increase was not a�ected by the presence or absence
of extracellular Ca2+ (Figure 4C). The inhibitory e�ect of

SPC on agonist-induced Ca2+ mobilization, however, was
apparently not due to emptying of intracellular Ca2+ stores.
Treatment of platelets with SPC (up to 20 mM) only slightly

reduced Ca2+ release induced by the sarco-endoplasmic
reticulum Ca2+-ATPase (SERCA) inhibitor, thapsigargin
(0.5 mM) (Figure 4D). Furthermore, the SPC-induced inhibi-
tion of agonist-induced Ca2+ release was apparently not due

to PKA activation. Treatment of platelets with H-89 (20 mM)
had only a minor e�ect on SPC-induced inhibition of TRAP-
6-induced [Ca2+]i increase, whereas the inhibitory e�ect of

PGE1 (1 mM) was markedly attenuated by the PKA inhibitor
(Figure 4E). These data suggested that SPC interferes with
receptor signalling processes leading to Ca2+ mobilization.

Therefore, we studied the e�ect of SPC on TRAP-6-induced
PLC stimulation, by measuring InsP3 formation. Stimulation
of platelets with 20 mM TRAP-6 rapidly increased InsP3

levels, reaching a maximum after 30 s and then gradually

declining to basal unstimulated levels (Figure 4F). Preincuba-
tion of platelets with 20 mM SPC, which completely inhibited
the TRAP-6- induced [Ca2+]i increase, also completely

prevented the TRAP-6-induced InsP3 formation (Figure 4F).

Discussion

Human platelets positively respond to several lipid mediators,

including thromboxane A2, platelet-activating factor, LPA,
and the lysosphingolipid S1P. The latter is a very weak
agonist, activating platelets only at rather high concentrations
(520 mM) and apparently acting as low-a�nity partial

agonist at platelet LPA receptors (Gueguen et al., 1999;
Motohashi et al., 2000). Here we report that the related
lysosphingolipid SPC, which is endogenously found in human

blood plasma and serum in concentrations of 50 and 130 nM,
respectively (Liliom et al., 2001), e�ectively inhibits human
platelet activation in vitro. In concentrations up to 20 mM,

SPC did not show signs of platelet activation, but rather
concentration-dependently inhibited platelet activation by
diverse receptor agonists. At the highest concentration used

here (20 mM), inhibition of platelet activation was almost
complete. While it can be argued that this concentration is
markedly higher than that found in plasma (Liliom et al.,
2001), SPC is unlikely to act as a hormone but rather as a

paracrine mediator. The SPC concentrations in local micro-
environments, however, are unknown, and SPC action on
several other cell types also was reported in the range of up

to 30 mM (Bischo� et al., 2000; Meyer zu Heringdorf et al.,
2002; Shirao et al., 2002).

SPC e�ectively inhibited platelet aggregation and altered

expression of surface receptors induced by agonists at various
G protein-coupled receptors (for ADP, thrombin, and
thromboxane A2) as well as by an agonist at a non-G

protein-coupled receptor (for collagen). This broad inhibitory
action suggested that SPC does not inactivate a single speci®c
receptor or its signalling mechanisms, but somehow generally
interferes with platelet activation by these diverse agonists.

Therefore, we have investigated three potentially relevant
pathways of platelet inhibition, i.e., inhibition of PKC,
activation of PKA, and blockade of Ca2+ signalling.

Activation of PKC is a necessary and common event in
platelet activation, and inhibition of PKC has been suggested
to underlie platelet inhibition by sphingosine (Hannun et al.,

1987). Therefore, we examined whether SPC attenuates
platelet activation by the PKC-stimulating phorbol ester
PMA. While PMA-induced platelet aggregation was fully

suppressed by the PKC inhibitor, bisindolylmaleimide I, SPC
exerted only a slight inhibition. Most important, the
inhibitory e�ect of SPC on PMA-induced platelet aggrega-
tion was much smaller than that against the agonists acting

at platelet surface receptors. Thus, inhibition of PKC is
unlikely to explain the marked SPC-induced inhibition of
platelet activation by receptor agonists.

An increase in platelet cyclic AMP levels, e.g. by PGE1,
with subsequent activation of PKA is the most powerful
means to inhibit platelet activation (Schwarz et al., 2001).

Therefore, we have tested a potential role of cyclic AMP and
PKA activation in the inhibitory e�ects of SPC, in
comparison to PGE1 as a positive control. We demonstrate
that SPC increases VASP serine 157 phosphorylation, an

established indicator of platelet PKA activation (Schwarz et
al., 2001), but considerably less than PGE1. Furthermore,
treatment of platelets with the PDE inhibitor IBMX

enhanced the inhibitory e�ect of SPC on TRAP-6-induced
aggregation. These data suggested that cyclic AMP/PKA may
be involved in the platelet inhibitory action of SPC. To

address this problem directly, we examined whether inhibi-
tion of PKA by H-89 (Davies et al., 2000) mitigates the
inhibitory e�ects of SPC. Treatment of platelets with H-89

markedly attenuated the inhibitory e�ects of PGE1, but had
little e�ect on SPC-induced inhibition of aggregation and
[Ca2+]i increase by TRAP-6 and was without e�ect on SPC-
induced inhibition of P-selectin expression and ®brinogen

binding. These data demonstrated that, although SPC can
induce PKA activation, this e�ect is apparently not a major
contributor to the strong inhibitory e�ects of SPC on platelet

function.
Elevation of platelet [Ca2+]i is a central mechanism for

platelet activation by receptor agonists. We demonstrate that
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SPC inhibits this platelet response with a similar potency as
the ®nal steps of platelet activation, i.e. altered expression of
surface proteins and aggregation. As studied in detail with

TRAP-6, this thrombin receptor-activating peptide increased
platelet [Ca2+]i mainly by mobilization of Ca2+ from
intracellular stores, and SPC inhibited this Ca2+ mobilization
equally well as total [Ca2+]i increase. As intracellular Ca2+

release by the SERCA inhibitor, thapsigargin, was only
slightly impaired by SPC, the data suggested that the
lysosphingolipid interferes with the major signalling process

leading to agonist-induced Ca2+ release, i.e. PLC stimulation.
In fact, we demonstrate that SPC suppresses not only Ca2+

mobilization but also InsP3 formation stimulated by the

thrombin receptor-activating peptide. Overall, our ®ndings
suggest that SPC inhibits platelet activation by TRAP-6, and
probably also by the other receptor agonists, by uncoupling

the receptors from PLC, the major e�ector enzyme for
platelet activation. Such an uncoupling may also explain the
®nding that the inhibitory potency of SPC was dependent on
the strength of receptor activation, i.e. decreased at high

platelet agonist concentration, partially overcoming the
inhibitory e�ect of SPC.
The exact target and mechanism of inhibitory action of

SPC remain to be identi®ed. Several lines of evidence,
however, suggest that inhibition of platelet function by SPC
does not involve speci®c lysophospholipid receptors (Chun et

al., 2002). First, for activation of the proposed speci®c SPC
receptors lower concentrations of SPC are required than for
inhibition of platelet function by SPC (Xu et al., 2000; Zhu et

al., 2001). Second, high SPC concentrations can activate S1P
receptors (Pyne & Pyne, 2000; Spiegel & Milstien, 2000) but
in the present study the platelet inhibitory action of SPC was
not mimicked by S1P. Third, receptor-mediated e�ects of

SPC are stereospeci®c, with the naturally occurring stereo-
isomer, D-erythro SPC, acting as agonist (Meyer zu
Heringdorf et al., 1998; 2002). However, as demonstrated

for ADP-induced aggregation, the two SPC stereoisomers, D-
erythro and L-threo SPC, were similarly potent and e�ective
in inhibiting platelet activation. Thus, although a receptor-

mediated action of SPC cannot be ®rmly excluded, we rather

suggest that the lysosphingolipid interferes with protein ±
protein interactions in the platelet plasma membrane, ®nally
resulting in receptor-e�ector uncoupling.

Apart from these mechanistic considerations, the question
remains whether the present ®ndings are pathophysiologically
relevant and/or point towards a potential target in
antithrombotic therapy. At ®rst glance the relationship

between micromolar IC50 values in the present study and
SPC plasma and serum concentrations of 50 and 130 nM
(Liliom et al., 2001) does not support a pathophysiological

relevance. However, SPC is likely to act in a local paracrine
rather than a systemic manner (Meyer zu Heringdorf et al.,
2002), and hence active concentrations in local microenviron-

ments may considerably exceed plasma or serum concentra-
tions. Nevertheless, further experiments are needed to analyse
the potential antithrombotic action of SPC in vivo. With

regard to the development of antithrombotic SPC mimetics it
has to be kept in mind that the targets of platelet inhibition
by SPC have not yet been identi®ed at the molecular level.
Moreover, development of a useful antithrombotic SPC-

mimetic will require to dissociate this action from the SPC
induced vasoconstriction mediated by G protein-coupled SPC
receptors (Bischo� et al., 2000). Therefore, further studies,

preferably involving selective inhibitors, are necessary to
clarify a potential pathophysiological and/or therapeutic
relevance of the present ®ndings.

In summary, our data demonstrate that, in contrast to
other lipid mediators, the naturally occurring lysosphingoli-
pid SPC is not an activator but an e�ective inhibitor of

human platelet activation by diverse receptor agonists. While
activation of PKA apparently makes only a minor contribu-
tion to the inhibitory e�ect of SPC, the marked platelet
inhibition caused by the lysosphingolipid is most likely due to

uncoupling of platelet receptors from PLC stimulation and
subsequent Ca2+ mobilization.

This work was supported by the Deutsche Forschungsgemeinschaft
(DFG).
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