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Sphingosine 1-phosphate (Sph-1-P) is considered to play a dual role in cellular signaling,
acting intercellularly as well as intracellularly. In this study, we examined the role of
Sph-1-P as a signaling molecule in human platelets, using pDL-threo-dihydrosphingosine
(DHS) and N,N -dimethylsphingosine (DMS), inhibitors of Sph kinase and protein kinase C.
Both DMS and DL-threo-DHS were confirmed to be competitive inhibitors of Sph kinase
obtained from platelet cytoplasmic fractions. In intact platelets labeled with [*H]Sph,
stimulation with 12-0-tetradecanoylphorbol 13-acetate or thrombin did not affect [°*H]-
Sph-1-P formation. While both DMS and DL-threo-DHS inhibited not only [*H])Sph-1-P
formation but also protein kinase C-dependent platelet aggregation, staurosporine, a potent
protein kinase inhibitor, only inhibited the protein kinase C-dependent reaction. Hence, it
is unlikely that Sph kinase activation and the resultant Sph-1-P formation are mediated by
protein kinase C in platelets. Furthermore, Ca’* mobilization induced by platelet agonists
that act on G protein-coupled receptor was not affected by DMS or DL-threo-DHS. Our
results suggest that Sph-1-P does not mediate intracellular signaling, including Ca**
mobilization, in platelets.
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Sphingosine 1-phosphate (Sph-1-P), formed from sphingo-
sine (Sph) by Sph kinase, has recently been added to the list
of bioactive sphingolipids that modulate membrane signal
transduction systems and are involved in diverse cellular
processes (1-3). Originally, Sph-1-P was proposed to act as
a second (intracellular) messenger. PDGF and FCS were
the first extracellular stimuli reported to increase Sph-1-P
formation and to act as second messengers in cell prolifera-
tion (4). Afterwards, regulation of Sph-1-P production and
intracellular Sph-1-P targets have been clarified (5-12).
Recently, Sph-1-P formation was reported to be involved in
Ca®* mobilization by high-affinity IgE receptors (FceRI)
(5) and by various heterotrimeric G protein-coupled
receptors (10, 11). Sph-1-P has been shown to induce the
release of Ca?* from intracellular stores, and Sph kinase,
which catalyzes Sph-1-P production, has been reported to
play a similar role to phospholipase C; this lipase elicits
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inositol 1,4,5-trisphosphate formation (from phosphatidyl-
inositol 4,5-bisphosphate) and the resultant Ca?* release
from internal stores in the endoplasmic reticulum (13).

On the other hand, many of the biological effects of T
Sph-1-P, including the regulation of heart rate, oxidative €.
burst, neurite retraction, cell motility regulation, and %
platelet activation, have been reported to be due to binding g
to cell surface receptors (14-21). Very recently, high- g
affinity plasma membrane receptors for Sph-1-P have been §
identified; Sph-1-P has been shown to act on subfamilies of ~
G-protein-coupled receptors, i.e., the endothelial differ- &
entiation genes (Edgs) (22-24). Hence, Sph-1-P is now ©
recognized as playing a dual role in cellular signaling, acting
intercellularly as well as intracellularly (14).

To examine the signaling role of Sph-1-P, especially the
intracellular role, two Sph kinase inhibitors, DL- threo-dihy-
drosphingosine (DHS) (25) and N, N-dimethylsphingosine
(DMS) (26), have been applied. However, these agents are
not specific Sph kinase inhibitors; they also inhibit protein
kinase C (27, 28). To make the matter more complicated,
it has been reported that Sph kinase activation and the
resultant Sph-1-P formation depend on protein kinase C
(6-8). Accordingly, it is important to determine whether or
not the inhibitory effects of DL- threo-DHS and DMS are
attributable specifically to Sph kinase inhibition. In this
study, we compare the effects of the Sph kinase inhibitors
on Sph-1-P formation and protein kinase C-dependent
processes. We also examined the effects of these com-
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pounds on Ca?* signaling via G protein-coupled receptors.

MATERIALS AND METHODS

Materials—The following materials were obtained from
the indicated suppliers: DMS, DL- threo-DHS, and Sph-1-P
(Biomol, Plymouth Meeting, PA); Sph, 12- O-tetradecano-
ylphorbol 13-acetate (TPA), and ceramide (Cer) (type III)
(Sigma, St. Louis, MO); thrombin (Mochida Pharmaceuti-
cal, Tokyo); staurosporine (Kyowa Medex, Tokyo);
U46619 (Cayman Chemical, Ann Arbor, MI); PAF (Avanti
polar lipids, AL, USA); fura2-AM (Dojin Chemicals,
Kumamoto); [3-*H]Sph (22.0 Ci/mmol) (Du Pont-New
England Nuclear, Boston, MA).

Preparation of Platelets—Platelets were isolated from
the blood of healthy adult volunteers. The blood was
anticoagulated with 3.8% sodium citrate (9 volumes of
blood to 1 volume of sodium citrate), then centrifuged at
120X g for 10 min to obtain platelet-rich plasma. The
washed platelets were then prepared and handled as
described previously (20). The final platelet suspensions
were adjusted to 3 X 10®/ml, and supplemented with EGTA
or CaCl, plus fibrinogen when indicated. All experiments
using intact platelet suspensions were performed at 37°C.

Sph Kinase Activity Assay—Sph kinase was obtained
from the soluble fraction of washed platelets (2.5x10'¢
cells) as described previously (26).

The reaction mixture (200 xl) for the Sph kinase assay
contained 16.7 4M [*H]Sph (0.1 £Ci), 80 mM Tris-HC],
20 mM MgCl;, 1 mM ATP, and enzyme preparation (200
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Fig. 1. Failure of TPA or thrombin to affect [*H)Sph conver-
gion into [*H]Sph-1-P in platelets. (A) Human platelets were
pretreated without (b) or with 100 nM TPA for 30 s (c¢) and then
incubated with [*H]Sph for 3 min. Lipids were extracted, and (*H]-
Sph-1-P formation from [’H)Sph was analyzed by TLC autoradi-
ography. O, origin. Added (*H]Sph without interaction with intact
platelets is in lane a. A representative autoradiogram from one of
three experiments is shown. (B) Platelets were treated without (open
circles) or with 100 nM TPA (closed circles) or 0.1 U/ml of thrombin
(closed squares) for 30 8 and then incubated with [(*H]}Sph for various
times. Percent Sph-1-P formation was calculated as 100> [*H]Sph-
1-P formed/[*H]Sph added. The results are presented as the mean+
SD (n=3).
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g protein). After 1 h at 37°C, the reaction was terminated
by the addition of 1.875 ml of ice-cold chloroform/meth-
anol/concentrated HC] (100:200:1), the lipids were ex-
tracted, and the phases were separated by the method of
Bligh and Dyer (29). The resultant lower chloroform phase
samples were subjected to TLC developed in butanol/acetic
acid/water (3:1:1), followed by autoradiography. Silica gel
areas containing [*H]Sph-1-P (formed from [*H]Sph)
were scraped off and counted by liquid scintillation count-

ing.

Metabolism of [*H])Sph in Platelets—Platelet suspen-
sions (0.5 ml) were incubated with 1 xM (0.2 £Ci) [°H]-
Sph, and the reaction was terminated by the addition of
1.875ml of ice-cold chloroform/methanol/concentrated
HCI1 (100:200:1), and the lipids were extracted and ana-
lyzed for [*H])Sph metabolism as described previously
(20). When indicated, silica gel areas containing radiolabel-
ed sphingolipids were scraped off and counted by liquid
scintillation counting.

Platelet Aggregation—Platelet aggregation was deter-
mined turbidometrically (30) in an AA-100 platelet aggre-
gation analyzer (Sysmex, Kobe). Human fibrinogen (500
ug/ml) and 1 mM CaCl, were added to platelet suspensions
1 min prior to TPA addition.

Platelet [Ca**], Measurement—[Ca**], was measured
using a Ca®*-sensitive fluorophore, fura2, as described
previously (31), except that fluorescence measurements
were made using an FS100 (Kowa, Tokyo). The [Ca?*],
values were determined from the ratio of fura2 fluores-
cence intensity at 340 and 380 nm excitation (32). The data
shown are those obtained using platelets supplemented
with 100 M EGTA to abolish the influx of extracellular
Ca**. In separate experiments, increases in [Ca**], induced
by 0.1 U/ml thrombin were found to be 351+61 nM
(mean+SD, n=6).

RESULTS

Competitive Inhibition of Platelet Sph Kinase by DMS
and DL-threo-DHS—We previously reported that DMS
inhibits Sph kinase obtained from platelet cytoplasmic
fractions much more strongly than DL-threo-DHS (26), a
widely-used, competitive inhibitor of Sph kinase (4, 25).
Considering the structural resemblance between DMS and
Sph (Sph kinase substrate), it is likely that DMS also acts
as a competitive inhibitor of Sph kinase. We first confirmed
this using platelet Sph kinase. As expected, both DMS and
DL-threo-DHS were found to be potent competitive in-
hibitors of Sph kinase, as confirmed by their Lineweaver-
Burk plots (data not shown). The K; values for DMS and
DL-threo-DHS were calculated to be 2.5 and 12 uM, respec-
tively.

Sph Kinase- Mediated Sph-1-P Formation Occurs In-
dependently of Protein Kinase C in Platelets—Although it
is now clear that both DMS and DL- threo-DHS are potent
competitive inhibitors of Sph kinase, it should be remem-
bered that they are also protein kinase C inhibitors (27, 28,
33). Furthermore, it has been reported that Sph kinase
activation depends on protein kinase C in some nucleate
cells (6-8), making it important to determine whether the
inhibitory effects of DMS and DL-threo-DHS on Sph-1.P
formation in intact cells are attributable specifically to Sph
kinase inhibition. Accordingly, we examined the correla-
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tion between Sph kinase and protein kinase C in platelets.

When [*H]Sph was added exogenously to platelet sus-
pensions, the label was efficiently removed from the
medium, and the [*H]Sph incorporated into platelets was
rapidly converted to [*H]Sph-1-P (Fig. 1A). This conver-
sion, which reflects Sph kinase activation in intact platelets,

strongly inhibited protein kinase C-dependent, TPA-in-
duced aggregation, but had no effect at all on Sph kinase
(Fig. 2C). This suggests that the inhibitory effects of DMS
and DL- threo-DHS on Sph kinase are not due to the inhibi-
tion of protein kinase C, although they inhibit both.

5 1or A 100 g 1oor Fig. 2. Effects of DMS, pL-threo-DHS, and stauro-
z Cc sporine on platelet [*"H]Sph-1-P formation (from {*H]-
2 Sph) and TPA-induced aggregation. Platelets were
g = sof sor incubated with various concentrations of DMS (A), DL-
§ threo-DHS (B), or staurosporine (C) for 5 min, and then
Fo i ek sl (*H]Sph-1-P formation from [*H]Sph (circles) and platelet
gg & aggregation elicited by 100 nM TPA (squares) were ex-
c g amined as described in “MATERIALS AND METHODS.”
2% o s ol The results are expressed as percentage of control (without
§§' r pretreatment). The results are from a single experiment
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was not enhanced by treatment with TPA or thrombin (Fig.
1, A and B). Sph kinase activity was rather inhibited by
these agents, although the inhibitory effects were not
statistically significant (Fig. 1B). Under our conditions, a
marked increase in the phosphorylation of pleckstrin, an
established protein kinase C substrate in platelets (34),
was induced by TPA or thrombin (data not shown). TPA is
a direct protein kinase C activator, while thrombin acti-
vates protein kinase C by inducing phosphoinositide turn-
over with resultant diacylglycerol formation (35).

We next compared platelet [*H)Sph-1-P formation
(from [*H]Sph) with TPA-induced platelet aggregation,
which is dependent on protein kinase C activation (31).
Both DMS and DL-threo-DHS caused a dose-dependent
inhibition of Sph-1-P formation and TPA-induced aggrega-
tion in a similar fashion (Fig. 2, A and B). In contrast,
staurosporine, a potent protein kinase inhibitor (36),

Failure of DMS and DL-threo-DHS to Affect Ca®*
Signaling by G Protein- Coupled Receptors in Platelets—
The involvement of Sph kinase activation, leading to Sph-
1-P production, in Ca?* signaling was proposed for Fc
receptors (5, 9). Very recently, this idea has been extended
to Ca®* signaling mediated by G protein-coupled receptors
(10, 11), based on the fact that Ca?* signaling by various G
protein-coupled receptors in different cell types is at-
tenuated by the Sph kinase inhibitors DMS and DL- threo-
DHS (10, 11). We examined whether this is the case for
platelets, since most platelet agonists act on G protein-
coupled receptors and one of the major early events trigger-
ed by these receptors is the increase in [Ca?*], (35).

Thrombin, the stable thromboxane A, analogue U46619,
and PAF are well-established platelet agonists that act on
their own G protein-coupled receptors (35). When plate-
lets were stimulated with various concentrations of throm-
bin, the stimulated intracellular Ca** mobilization was not
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affected by pretreatment with DMS or DL- threo-DHS (Figs.
3, 4, and 5). Similar results were obtained using platelets
challenged with U46619 or PAF (Fig. 5). In contrast, Ca**
mobilization was abolished by TPA pretreatment (Figs. 3
and 5), because the activation of protein kinase C attenu-
ates the phospholipase C signaling pathway (37).

DISCUSSION

As expected from the structural resemblance between
DMS and the Sph kinase substrate Sph, we found that
DMS, as well as DL-threo-DHS, acts as a competitive
inhibitor of Sph kinase. Qur observation is consistent with
a recent report on the purification and characterization of
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Fig. 4. Effects of DMS and pL-threo-DHS on platelet intracel-
lular Ca** mobilization induced by various concentrations of
thrombin. Fura2-loaded platelets were incubated without (open
circles) or with 20 4M DMS (closed circles) or DL- threo-DHS (closed
squares) for 5 min. The cells were then stimulated with the indicated
concentrations of thrombin, and the increases in [Ca?*], (the ratio of
fura2 fluorescence) were measured. The results are presented as the
mean +SD (n=3).
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rat kidney Sph kinase, which is competitively inhibited by
both DMS and DL- threo-DHS (38). However, whether this
kinase is the same as the platelet enzyme remains to be
determined. Although DMS and DL- threo-DHS act not only
as Sph kinase inhibitors but also as protein kinase C
inhibitors (27, 28, 33), the Sph kinase inhibition most
likely occurs independently of the effect on protein kinase
C. Sph kinase is present as an active enzyme in resting
platelets, whereas protein kinase C is inactive (35, 39).
Activation of protein kinase C by TPA or thrombin does not
affect Sph-1-P formation in platelets. Furthermore, stauro-
sporine does not inhibit Sph kinase at all, whereas it
inhibits protein kinase C-dependent platelet aggregation.

The importance of stimulation-dependent Sph kinase
activation (with the resultant Sph-1-P formation) and its
dependence on protein kinase C activation have been
reported in various cellular responses, including stimula-
tion of the proliferation and inhibition of apoptosis (6-8).
However, neither stimulation-dependent Sph-1-P forma-
tion nor protein kinase C-dependent Sph kinase activation
was observed in platelets. Presumably, the functional
role(s) and hence metabolism of sphingolipids in anucleate
and highly-differentiated platelets are unique, compared
with nucleate cells.

Although DL-threo-DHS is a useful tool, it is not a
physiological compound; the D-erythro form (sphinganine)
is the natural form. On the other hand, (D-erythro-)DMS
can be detected biologically at least in some systems. N-
Methylation of Sph has been observed in brain homog-
enates (40, 41), and labeling corresponding to DMS has
been observed in A431 (human epidermoid carcinoma)
(42) and CTLL (mouse T cell line) cells (43) metabolically
labeled with [*H]serine. However, [*H]DMS was not
detected in [*H]Sph-labeled platelets under any conditions
(data not shown), as we reported (26) previously. It is very
important to clarify the presence of and quantitative
changes in DMS in various cells or tissues under physiologi-
cal conditions.

Although Sph kinase activation and the resultant Sph-1-
P formation reportedly mediate Ca®* signaling (5, 9-11),
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£ Fig. 5. Effects of DMS, DL-threo-DHS, and TPA
L 1k s on platelet intracellular Ca’* mobilization in-
duced by thrombin, U46619, and PAF. Fura2-
+ TPA loaded platelets were incubated without or with
various concentrations of DMS (circles), DL-threo-
o 0~ 0~ DHS (squares), or TPA (triangles) for 5 min. The cells
0 10 20 40 0 10 20 40 o 0 20 40 were then stimulated with 0.1 U/ml of thrombin (A),
[DMS or DHS) (xM) [DMS or DHS] (uM) [DMS or DHS] (1M) 1 #M U46619 (B), or 1 uM PAF (C), and peak [Ca?*],
increases were measured. The results are from a
0 10 100 1000 10 100 1000 10 100 1000 single experiment representative of at least three
[TPA] (nM) [TPA] (nM) [TPA] (nM) separate determinations.
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including that originating from G protein-coupled recep-
tors (10, 11), this does not seem to be true for platelet
agonists. In platelets, no stimulation-dependent Sph kinase
activation was observed; thrombin, which induces strong
intracellular Ca’* mobilization through its G protein-cou-
pled receptor, failed to enhance Sph-1-P formation. Consis-
tently, Ca’* mobilization induced by three major agonists
(which act on G protein-coupled receptor) was not affected
by the Sph kinase inhibitors DMS and DL- threo-DHS.

In summary, in platelets, both DMS and DL- threo-DHS
inhibit Sph kinase competitively, independently of protein
kinase C inhibition. However, the findings obtained using
these inhibitors are different in platelets from those in
nucleate cells where Sph-1-P acts as an intracellular
messgenger. It is unlikely that Sph-1-P mediates intracel-
lular signaling, including Ca** mobilization, in highly-
differentiated, anucleate platelets.
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