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The Ca** entry pathway activated by sphingosine-1-phosphate (S1P) was examined in primary
cultured vascular endothelial cells dispersed from human umbilical vein (HUVECs) by
measuring intracellular Ca’* concentration ([Ca**]), whole-cell membrane currents and single
channel activity.

Application of S1P to HUVECs induced a slowly developing, sustained increase in [Ca*'].
When Ca* was absent from the bathing solution, no S1P-induced changes in [Ca™ ] were
observed. Tert-butylhydroquinone (BHQ), an inhibitor of Ca** pumps in endoplasmic
reticulum, and histamine induced a transient elevation of [Ca**], in HUVECs.

Pretreatment of HUVECs with 100 ng ml™" pertussis toxin (PTX) for 15 h almost abolished the
S1P effect on [Ca**], and reduced the histamine effect to 40 % of the control. The BHQ-induced
elevation of [Ca*'], was insensitive to PTX.

When whole-cell membrane currents were recorded using the amphotericin B-perforated-patch
clamp technique while monitoring [Ca’],, application of S1P induced a tiny inward current
(Ls;p) which was followed by the elevation of [Ca™ . Iyp reversed at +20.0 + 2.7 mV under
these experimental conditions.

When S1P was included in the pipette solution in the excised inside-out patch clamp
configuration, single channel activity with a conductance of 17 pS was activated. This channel
activity depended on the presence of intracellular GTP.

In summary, these results show that S1P has a novel effect in mammalian cardiovascular
endothelium to activate a non-selective cation (NSC) channel in a GTP-dependent manner via
a PTX-sensitive G-protein. This S1P-sensitive NSC channel acts as a Ca’* entry pathway in
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endothelium.

Treatment of human umbilical vein endothelial cells
(HUVECs) with phorbol 12-myristate 13-acetate induces
a novel gene, edg-1 (endothelial differentiation gene-1),
which encodes a GTP-binding protein (G-protein)-coupled
receptor (GPCR) (Hla & Maciag, 1990). Several other
GPCRs that have similar sequences to edg-1, such as edg-2
to edg-8 (edgs), have been isolated (Okazaki et al. 1993;
Hecht et al. 1996; Yamaguchi et al. 1996; An et al. 1998;
Pyne & Pyne, 2000). Edg-1, -3, -5, -6 and -8 are high
affinity receptors for sphingosine-1-phosphate (S1P), a
platelet-derived bioactive lipid (Yatomi et al. 1997; Lee et
al. 1998; Wang et al. 1999; Pyne & Pyne, 2000). In many
types of cell including vascular endothelial cells,
stimulation of edg-1 with S1P is transduced by G-
proteins, which are sensitive to pertussis toxin (PTX), and
results in an elevation of intracellular Ca** concentration
([Ca*]), and/or activation of mitogen-activated protein
(MAP) and Rho kinases (Lee et al. 1999; Ancellin & Hla,
1999). Recently, S1P has been shown to regulate

angiogenesis and to stimulate wound healing. In
endothelial cells, these effects require the activation of
edg-1 and edg-3 (Lee et al. 1999; Wang et al. 1999; Lee et
al. 2000). Recent studies have demonstrated that the
development of the vasculature is stunted significantly in
edg-1-deficient mice (Liu et al. 2000). Stimulation of edgs
by S1P has also been shown to activate the endothelial
isoform of nitric oxide synthase (Igarashi et al. 2001). S1P
is also one of the key factors responsible for lipid-derived
biological activities such as stress fibre and focal adhesion
plaque formation, and cell migration (Hla et al. 1999).
Thus the cellular and molecular mechanisms involved in
the actions of S1P have been a focus of multidisciplinary
investigations.

Although it has been reported that S1P elevates [Ca™"],
the underlying mechanism is not understood fully. In
particular, stimulation of edg-1, which couples to PTX-
sensitive G-proteins and is independent of phospho-
inositide turn-over, elevates [Ca*']; via an unknown
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mechanism (Lee et al. 1999; Ancellin & Hla, 1999).
Furthermore, it has been proposed that S1P directly
releases Ca”" from intracellular Ca*" stores, i.e. SIP can

act as an intracellular second messenger (Mattie et al
1994; Van Brocklyn et al. 1998).

The main goal of the present study was to identify and
characterize mechanisms involved in the elevation of
[Ca®™ T by S1P in human vascular endothelial cells. Our
results identif'y a novel function of S1P as an activator of
non-selective cation (NSC) channels in human endothelial
cells. Preliminary results from this study have been
reported in abstract form (Muraki & Imaizumi, 2001).

METHODS

Cell culture

Human umbilical vein endothelial cells (HUVECs) from umbilical
cords obtained from full-term normal pregnancies (with ethical
committee approval) were isolated by collagenase (0.2 mg ml™")
digestion as previously described (Muraki et al. 1997). Cells were
grown and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with growth factors (Nisui, Tokyo, Japan),
10% fetal calf serum (FCS), penicillin G (100 units ml™") and
streptomyecin sulfate (100 mg ml™"), at 37°C under an atmosphere of
5% CO, and 95% room air. HUVECs were not used after the sixth
passage. For electrophysiological experiments where single non-
colonial cells were required, the cells were replated in DMEM
(without growth factors and FCS) in 3.5 cm dishes coated with 0.2 %
gelatin (Wako, Tokyo, Japan). For measuring [Ca’"], growth factors
and FCS were removed 48 h after replating. The purity of
endothelial cell preparations was tested by indirect immuno-
fluorescence staining using anti-von Willebrand factor (primary
antibody, Dako, Denmark). All experiments were carried out at room
temperature (25 £ 1°C).

Measurement of [Ca’'];

HUVECs were loaded with 2.5 M fura-2 acetoxymethyl ester
(fura-2 AM) in standard Hepes solution for 45 min at 37°C.
Measurement of fura-2 fluorescence signals was performed using the
Argus 50/CA and Argus/HisCa imaging systems (Hamamatsu
Photonics, Hamamatsu, Japan). The frequency of image acquisition
was selected to be one image every ~1 and 10 s for simultaneous
measurement of [Ca’}; and membrane currents, and for only [Ca™;
measurement, respectively. In some experiments, the ratios of
fluorescence intensity were transformed into [Ca’™] using the
following equation:

[Ca2+]i = 224B((R - Rmin)/(Rmax - R))7

where R is the fluorescence ratio 340 nm/380 nm, R,;, and R, are
the fluorescence ratio determined by addition of 1 mM EGTA and
2muM Ca™, respectively, after the permeabilization of cells with
10 gM ionomycin, and B is the intensity of the fluorescence
proportionality coefficients obtained at 380 nm under R, ;, and R,
conditions.

Electrophysiological recordings

Whole-cell membrane currents and membrane potentials were
recorded with the amphotericin B-perforated-patch clamyp technique
using a List EPCT7 amplifier (List, Germany). The resistance of
microelectrodes filled with pipette solution was in the range 3—5 M.
Membrane currents and voltage signals were stored and analysed as
described previously (Imaizumi et al. 1989; Taki et al. 1999). Briefly,
membrane currents and voltage signals were monitored on a storage
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oscilloscope (VC-6041, Hitachi, Tokyo, Japan) and stored on
videotape after being digitized by pulse code modulation (PCM)
recording system (modified to acquire a DC signal, PCM 501 ES; Sony,
Tokyo, Japan). Data on tape were later downloaded onto a computer
(IBM-AT compatible) using an analog—digital converter (Data
Translation, DT2801A). Data acquisition and analysis for whole-cell
and single channel currents were carried out using AQ/Cell-soft,
developed in the laboratory of Dr Wayne Giles (University of
Calgary), and single channel current analysis program V7.0C (PAT),
developed by Dr John Dempster (University of Strathclyde). In some
experiments, ramp waveforms were applied as a voltage clamp
command using a multi-pulse generator (FS-1915; NF Electronics,
Tokyo, Japan). All current records were filtered at 1 kHz (4-pole
Bessel filter, NF Electronics). In some experiments, current signals
were filtered at 300 Hz.

The relative open-state probability of channels (NP,) was calculated
using the following equation:

N

NP, = ) (it)/ T,

i=0

where i is the number of channels open, ¢ is the time spent with i
channels open, N is the maximum number of open channels observed
in the patch, P, is the channel open probability and 7'is the sampling
time. Since we did not define the total number of channels present in
each patch membrane, we assumed the maximum number of unitary
current levels observed in a patch to be equal to the number of active
channels in the patch. The single channel data were sampled on the
computer using the PAT software. Single channel events were
detected using a half-amplitude criterion and the all-point amplitude
histogram was fitted with the Gaussian distribution function. The
permeability for K* (Px), the only other permeable cation besides
Na*in the intra- and extracellular solution, was measured relative to
that of Na® (Py,) from the reversal potential in the absence of
extracellular Ca™" (nominal Ca’" free) using eqn (1):

PK/PNa =
(INa™], = [Na"Jexp( Vo, £/ RD)/(K Jexp( Ve F/RT) = [K*]), (1)

where V., is the reversal potential and ¥, R and 7 have their usual
meanings. The permeability of Ca* relative to Na™ was calculated
from the reversal potential measured with 2.2 myM Ca*™ in the
extracellular solution.

Peo/ Py = (1 + exp(V.. F/ RT)) x
((INa"}; + o[ K Rexp( V.. F/ RT) = [Na'], — o[ K*])/4[Ca*"],, (2)

where a is Px/Py, obtained from eqn (1) using Ca**-free solution
(Vennekens et al. 2000).

Solutions and drugs

The Ca*- and Mg™*-free phosphate-buffered solution used for cell
isolation contained (mMm): NaCl 137, KCI 2.7, Na,HPO, 8.1 and
KH,PO, 1.47. Standard Hepes (Dojindo, Kumamoto, Japan)-
buffered solution of the following composition was used (mm): NaCl
137, KC1 5.9, CaCl, 2.2, MgCl, 1.2, glucose 14 and Hepes 10. The pH
was adjusted to 7.4 with 10N NaOH. Ca™-free Hepes-buffered
solution was prepared by omitting Ca** from the standard Hepes
solution (no EGTA). The (external) bathing solution for the excised
inside-out patch clamp recording contained (my): KCI 120, TEA-CI
20, MgCl, 1 and Hepes 10. In some experiments, 120 mMm KCI was
replaced with equimolar CsCl. The pCa and pH of these solutions
were adjusted to 7 and 7.4 using Ca’*-EGTA buffer and 10 N KOH,
respectively. The pipette solution for whole-cell recording contained
(mM): potassium aspartate 110, KCI 30, MgCl, 4 and Hepes 10, with
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amphotericin B (100-300 ug ml™"). For the excised inside-out patch
clamp recording, K* was replaced with Cs™ and amphotericin B was
omitted from the internal solution. The pH was adjusted to 7.2 with
10 N KOH. The following drugs were used: histamine (Wako, Osaka,
Japan), sphingosine-1-phosphate (S1P, Cayman Chemical, Ann
Arbor, USA), ionomycin (Sigma), PD98059 (Biomol, Plymouth,
USA), tert-butylhydroquinone (BHQ, Wako), pertussis toxin (PTX,
Sigma), sphingosine (SPH, Sigma), C6-ceramide (Cayman Chemical),
SK&F96365 (Biomol) and wortmannin (Sigma). S1P was dissolved in
10 myM NaOH at 3 mM, divided into aliquots and stored at —80°C.
Before experiments, aliquots were diluted using the standard
external solution with or without fatty acid-free bovine serum
albumin (BSA). In most experiments, we did not use BSA to dissolve
S1P since BSA itself sometimes induced a slight elevation of [Ca’"], in
HUVECs. Both SPH and C6-ceramide were dissolved in
dimethylsulfoxide (DMSO), and then diluted directly into the
bathing solution to achieve the final concentration. Histamine was
dissolved in distilled water to make 10 mM stock solution. All drugs
except lipids and histamine were dissolved in DMSO (as 100 mM stock
solutions). These solvents (distilled water and DMSO) had no effect on
[Ca’™], or membrane currents, when the corresponding amount was
applied by superfusion. Drug concentrations are expressed as the
final concentration in the bathing solution. The pH of the solution
was readjusted after the addition of drugs. Since lipids with a long
carbon chain may have direct membrane effects, SPH, which has a
similar structure to S1P, was used as a negative control compound.

Statistics

Data are expressed as means + S.E.M. Statistical significance between
two groups was examined using Student’s ¢ test. Statistical
significance at P values of 0.05 and 0.01 is indicated in figures and
text by * and **, respectively.

RESULTS
Effects of S1P on [Ca®]; in HUVECs

The effects of S1P on [Ca**];in HUVECs are illustrated in
Fig. 1. Here, we used histamine as a control substance to
elevate [Ca’"] in HUVECS, because the characteristics of
the histamine-induced effects are well known: they are
mainly histamine H1 mediated and involve production of
inositol trisphosphate (InsP;) via activation of
phospholipase C (PLC) (Hill et al. 1997). Application of
0.3 uM S1P significantly increased [Ca’] (55.8 + 4.0 and
236.5 + 9.8 nM, n =10, P <0.01, Fig. 1 4) and subsequent
application of 3 uM histamine resulted in similar effects.
Since lipid compounds with a long carbon chain may have
direct membrane effects, HUVECs were exposed to SPH,
which has a similar structure to S1P. In this negative
control experiment, SPH (<1 uM) had little effect on
[Ca™"], although 3 uM SPH resulted in a slight elevation of
[Ca“]i (from 73.8+4.9 to 123.1 + 23.7 nM, n=10,
Fig. 1B and (). C6-ceramide at 0.3 uM, another lipid
which has a long carbon chain in the structure, also had no
effect on [Ca™*] in HUVECs (not shown, n=15). In
contrast, addition of 0.3 M S1P (a 10-fold lower
concentration than that of SPH) effectively increased
[Ca’] to 214.3 + 18.7 nM (n = 10). The rate of elevation
of [Ca*"], after S1P application was much slower than that
induced by histamine. After removal of S1P, [Ca™;
gradually decreased; nevertheless, washout for 10 min
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did not return [Ca®] to the control level (Fig. 14 and B).
In Fig. 1€, the Ca* responses of HUVECS to S1P and SPH
are summarized as concentration—response relationships.
The increases in [Ca™] induced by S1P and SPH were
normalized to that induced by 3 uM histamine and plotted
against each concentration. The concentration of S1P
required for a 50 % increase in [Ca**]; was estimated to be
63 nM. It is likely that S1P (<1 M) affects HUVECs
without having non-specific membrane effects.
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Figure 1. Elevation of [Ca**]; by S1P in HUVECs
A, serial application of 0.3 uM S1P and 3 gM histamine
to HUVECs that were loaded with fura-2. B, effect of
SPH on [Ca” ], in HUVECs and comparison with S1P-
induced responses. The line shows the change in
[Ca™] obtained from a representative cell, and the
averages (@) denote responses from 10 separate cells.
C, summarized data describing the concentration—
response relationship for the S1P and SPH effects.
The increase in [Ca*"]; induced by both compounds
was normalized to that induced by 3 uM histamine
and then plotted against concentration. Either S1P or
SPH was applied once. Numbers in parentheses
correspond to the number of cells studied.
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Source of Ca’" mobilized by S1P in HUVECs

To determine the source of the Ca** involved in the S1P-
induced response, [Ca*];in HUVECs was examined using
a bathing solution lacking Ca*", and the response to S1P
was compared with those to histamine and BHQ (Fig. 2).
Even in the absence of external Ca’, application of 3 um
histamine or 10 yuM BHQ induced a transient rise of
[Ca*"], implying that these compounds activated Ca™*
release from Ca™" stores (Fig. 24). Addition of 2.2 mum Ca™

in the presence of histamine and BHQ produced a large
elevation of [Ca™]. In contrast, approximately 90% of
HUVECs showed no response to 0.3 #M S1P in the absence
of external Ca** (Fig. 2B). Following addition of Ca™ to
the bathing solution, S1P consistently elevated [Ca™],
suggesting that S1P actions are dependent upon external
Ca™ entry into the cell. The S1P-induced elevation lasted
more than 5 min even after wash-out of S1P in most cells
using a bathing solution containing 0.2 % BSA. However,
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Figure 3. The effects of PTX on S1P-, histamine- and BHQ-induced Ca’" responses in HUVECs

HUVECs were pretreated with 100 ng mI™ PTX for 15 h. 4, the line and filled circles show the change in
[Ca™] obtained from a representative cell and the averages from 10 separate cells, respectively.
B, summary of the effects of PTX. Numbers in parentheses show the number of cells studied. ** P < 0.01.
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10 % of HUVECSs exhibited a transient elevation of [Ca™'];
following S1P addition in the absence of external Ca™",
although the elevation was much smaller than that by
3 uM histamine (13.3 + 5.1 %, n = 5).

Figure 2Cshows the effect of SK&F96365, an inhibitor of
non-selective cation (NSC) channels, on the S1P-induced
elevation of [Ca™]. SK&F96365 at 10 uM significantly
inhibited the S1P-induced elevation of [Ca™];
(370.6 + 22.0 and 203.6 + 27.8 nM in the absence and
presence of 10 uM SK&F96365, n = 10). This elevation of
[Ca™], was abolished by removal of external Ca*, and
restored by the application of Ca’*. These results indicate
that activation of NSC channels and consequent Ca’*
entry from the extracellular space have an obligatory role
in S1P-induced elevation of [Ca**};. In contrast, histamine
and BHQ act via Ca®" release from Ca*' stores.

Figure 4. Iyy activated by S1P in HUVECs

Aa, 0.3 uM SPH, a negative control lipid, had no effect on
membrane currents at a holding potential of —50 mV.
Ab, this cell was voltage clamped at —50 mV while [Ca™'];
was monitored. The ramp waveform (0.96 V s™') was
applied every 10 s. Ab, the change in the holding current
and the corresponding fura-2 signal (Fy,,/Fyg ratio) in the
whole cell are plotted against time. The Ca** images
indicated by 1-3 in the upper panel were taken at the
times shown in the lower panel. Sampling frequency of
Ca**-imaging apparatus was 1 Hz. The calibration of
fluorescence ratio is indicated by the colour scale on the
right. B, summary of the onset of the elevation of [Ca™"],
and activation of Iyp. The onset time of Iy p was
normalized to 0 s in four separate cells. The amplitude of
I;p at =50 mV was averaged in the upper panel and the
corresponding change of fluorescence ratio is plotted
against time in the lower panel. C, the current—voltage
(I=V) relationship of Iys. activated by S1P under the
physiological experimental conditions. This /-1
relationship was obtained by subtracting the net
membrane current in the presence of S1P (4 in Ab) from
that in its absence (x in Ab).
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Signal transduction involved in Ca’ response to S1P
in HUVECs

The possible involvement of G-proteins in the S1P-
induced Ca® response was examined using PTX. As
shown in Fig. 3, after HUVECs were treated for 15 h
with 100 ng mlI™" PTX, application of 3 uM histamine
elevated [Ca™] by 40.6% of the control (P<0.01 uvs.
control, Fig. 34 and B). In contrast, under the same
experimental conditions, the change in [Ca*"]; induced by
0.3 uM S1P was almost abolished (5.9 + 1.1 nM, n =67,
P<0.01 ws. control), while the BHQ-induced response
was not affected by this treatment (#> 0.05 vs. control,
Fig. 3B). The effects of wortmannin and PD98059, which
are inhibitors of phosphatidylinositol 3 (PI3) kinase and
MAP kinase, respectively, on the Ca** response to S1P
were also examined. Neither pretreatment with 100 nM
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wortmannin for 60 min nor that with 20 x4 PD98059 for
30 min altered the change in [Ca**], of HUVECs following
0.3 um S1P application (109.9 + 13.5nM, = =11,
83.7+ 7.6 nM, n=12, respectively). These findings
suggest that a PTX-sensitive G-protein mediates the
change in [Ca®"], induced by S1P, and that neither PI3
kinase nor MAP kinase is involved.

Activation of non-selective cation currents by S1P in
HUVECs

The preliminary data suggest that S1P can activate Ca**
entry channels in HUVECs (see Fig. 2). Accordingly, we
applied the amphotericin B-perforated-patch clamp
technique in an effort to record S1P-induced membrane
currents (Fig. 4). Cells were superfused with potassium
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Figure 5. S1P-induced Iygc in the absence and
presence of external Ca”

A, the same experimental protocol as that in Fig. 2B
was applied to a cell that was voltage clamped at

—50 mV. The ramp waveform (0.96 Vs~ ) was
applied every 10 s. The scattered noisy spots shown in
the original current trace were elicited by these ramp
pulses. The original current trace and the change in
the current amplitude at —80 and —35 mV, which
were close to theoretical reversal potentials of K™ and
CI” currents, respectively, are shown. B, the I-V
relationship of S1P-induced Iys with and without
external Ca®*. This difference was obtained by
subtracting the net membrane current in the absence
of Ca™ from that in its presence. Arrows indicate the
reversal potential of Iyg with and without Ca’™".
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aspartate-rich pipette solution. In some experiments,
changes in membrane currents and [Ca®], were
simultaneously measured. As shown in Fig. 44a, 0.3 uM
SPH (a negative control lipid) had no effect on membrane
currents at a holding potential of —50 mV (n=4). In
contrast, application of 0.6 udM S1P consistently elicited a
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Figure 6. Single NSC channel current activated
by S1P

NSC channels were activated by application of 0.3 um
S1P and 3 uM GTP in the inside-out patch
configuration. The holding potential was +40 mV.

A, changes in the relative open-state probability of
channels (NP,), which was calculated every 1024 ms,
were plotted against time after the establishment of
the excised inside-out (10) configuration. B, the trace
illustrated was obtained at the corresponding time
indicated by ‘1’ in 4 and the amplitude histogram was
constructed. The y-axis (% count) expresses the
relative time (%) at the corresponding amplitude in
each bin vs. the total recording. The dashed line
indicates the zero current level and ol the open
channel level for one channel. The single channel
current amplitude and NP, calculated from the
histogram were 0.62 pA and 0.32, respectively. The
bin width was 0.08 pA. The pipette and external
solution mainly contained 110 mM caesium aspartate
and 30 mM CsCl, and 120 mm KCl and 20 my TEA-CI,
respectively.
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small inward current (Igp). This was followed by an
elevation of [Ca®™"] after 1-4 s delay (purple arrow in
Fig. 445). Even after the removal of S1P, the elevation of
[Ca™], remained (as shown previously in Figs 1 and 2).
Note also that the tiny I was maintained during the
elevation of [Ca”"]. The amplitude of Iyp at =35 mV
where the contamination with C1” currents was negligible
was —19.4 + 2.9 pA (n=15). As indicated by the asterisk
in Fig. 445, a larger inward current was suddenly
activated about 200 s after the washout of S1P. This was
probably due to a direct membrane effect of S1P.
However, this inward current followed the elevation of
[Ca™], (blue arrow in Fig. 44b). In Fig. 4B, the time course
of the onset of the elevation of [Ca™"] is compared with
that of the activation of Ip, demonstrating that Iy is
activated prior to the elevation of [Ca’"].. The onset time
of' Iyp was normalized to zero in each cell (n=4). The
amplitude of Iyp at —50 mV is averaged in the upper
panel and the corresponding change of fluorescence ratio
is plotted against time in the lower panel. The
current—voltage relationship for Iy p was determined
using a ramp waveform applied immediately after the
activation of Iy p (8 in Fig. 445). As shown in Fig. 40, Iyp
reversed at 20.0+2.7mV (n=25) under these
experimental conditions, suggesting that a previously
identified type of NSC current (Iygc) is responsible for Iyp
(Kamouchi et al. 1999a).

In Fig. 5, the same experimental protocol as that in
Fig. 2B was utilized to record membrane currents at
—50 mV. Ramp waveforms were applied every 10 s. The
current amplitude at —80 and —35 mV where K* and CI~
currents, respectively, theoretically closely reversed
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under these experimental conditions was also measured
and plotted against time. Since the activation of K*
currents was quite small, the change of amplitude of Iy
at —80 and —35mV denotes the change in both CI™
currents and Iyy, or only Iys, respectively. The
application of 0.3 uM S1P in the absence of Ca’™ activated
Iyp at —35 and —80mV, as well as at the holding
potential of —50 mV. The addition of Ca®" increased I p
at —80 mV (after 60—70 s delay), while at —35 mV there
was no change in Iy p. These findings suggest that Iy is
activated independently of external Ca**. On the other
hand, CI” currents were activated only in the presence of
Ca™. Figure 5 Bshows that the reversal potential of Igpin
the absence of Ca™ was not significantly different from
that in its presence (27.6 +5.4 and 23.3 + 3.3 mV,
respectively, n=3). Since the pipette solution did not
include Na®, [Na*], was probably reduced to less than
0.3 mM after the establishment of the whole-cell
configuration. According to eqns (1) and (2), these reversal
potentials suggest that the permeability of K* relative to
that of Na*is 1.02 (regardless of the [Na*], change from 0
to 0.3 mM), whereas that of Ca’ is less than 0.06. In
summary, these findings strongly suggest that S1P
activates a Iygc which may contribute to the elevation of

[Ca’] in HUVECs.
NSC channels activated by S1P in HUVECs

Figure 6 shows a single channel current record obtained in
the excised inside-out patch configuration when the
pipette and external solution contained 0.3 uM S1P and
3 uM GTP, respectively. To inhibit K channel activity,
the pipette and external solution contained 140 mum Cs*
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Figure 7. Current—voltage relationships of the NSC channel under various experimental

conditions

A, original current traces obtained when the pipette solution contained mainly 140 mM CsCl (a) and 30 mM
CsCl with 110 mM caesium aspartate (b), respectively. The bathing solution contained 120 mM KCI and
20 mM TEA-CL The dotted line indicates the zero current level. B, current amplitudes plotted against
applied potentials. The channel activity was recorded in the inside-out patch configuration. The
conductance and the reversal potential were estimated by fitting the set of data under each experimental

condition to a regression line (see text).
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Figure 8. GTP-dependent activation of the NSC
channel

A, in the lower panel, NP,, which was calculated
every 1024 ms, is plotted against time. The traces
illustrated in the upper panel were obtained at the
corresponding times indicated by ‘1’ and ‘2’ in the
lower panel. S1P (0.3 gM) and GTP were present in
the pipette and the bathing solution, respectively.
B, summarized data describing the effect of
intracellular GTP on the activity of NSC channels.
The cumulative NP, in the presence and absence
(control) of 3 M GTP in the bathing solution was
pooled, and the mean values were plotted against

time after the establishment of the excised inside-out

patch configuration. The numbers in parentheses

indicate the number of cells examined. C, recovery of

the NSC channel activity from run-down by
application of 3 uM GTP-yS. The values in
parentheses show the elapsed time after exposure of

the patch to GTP and GTP-yS. ol and 02 indicate the

opening level of one and two channels, respectively.
Throughout these experiments, the patch membrane
was held at —30 mV. The pipette and external

solution mainly contained 110 mM caesium aspartate

and 30 mM CsCl, and 120 mM KCl and 20 mMm TEA-CI,

respectively.
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and 20 mM TEA™, respectively. To remove CI~ channel
currents, the 110 mM Cl™ in the pipette solution was
replaced with equimolar aspartate™, shifting the reversal
potential of C1~to +34 mV. The Ca** concentration in the
bathing solution was adjusted to pCa 7 with Ca**-EGTA
buffer. Under these experimental conditions, a single
channel current with a unitary current of 0.62 pA was
recorded at a holding potential of +40 mV (Fig. 64 and
B). The channel activity was detected in approximately
5% of membrane patches. When 0.3 um S1P in the
pipette solution was replaced with equimolar SPH, no
channel activity was detected under the same
experimental conditions (n > 15). The single channel
conductance measured in the excised inside-out patch
mode under superfusion with 120 mM K* in the bathing
solution was 16.6 £ 1.5 pS (n=4, Fig. TAb and B,
triangles). The reversal potential of this single channel
current was +2.3 + 3.0 mV (n=4), as predicted for a
NSC channel (Kamouchi et al. 1999q). Substituting
aspartate” in the pipette solution for CI™ did not affect
either the reversal potential (+5.3 mV, n=2, Fig. 7TAa
and B, squares), or the single channel conductance
(16.9 pS, n=2), excluding the possibility of CI~
permeability. When K* in the bathing solution was
replaced with Cs*, the single channel conductance and the
reversal potential were 16.5 + 1.5 pSand +4.0 4.0 mV
(n=3, Fig. 7B, circles), respectively. These results
suggest that the 17 pS NSC is approximately equally
permeable to K™ and Cs™.

The dependence on GTP of the activation of NSC
channels was examined. Figure 8 shows inside-out patch
recordings at —30 mV. When the pipette solution
contained 110 mM caesium aspartate and 30 mMm CsCl, the
non-selective cation channels carried an inward Cs*
current. This was the case in the presence of 3 uM GTP in
the bathing solution as shown in Fig. 84. The NSC
channels were seldom active in the absence of GTP, and
they showed significantly faster run-down in the absence
of GTP (Fig. 8B). The activity of NSC channels
disappeared within 120 s after the establishment of the
inside-out patch configuration in the presence of GTP.
The GTP dependence was therefore studied in detail. The
relative open-state probability (NVP,) over 25 s after the
establishment of the excised inside-out patch
configuration in the presence of 3 uMm GTP was
significantly higher than that in its absence
(0.034 + 0.0094, n=>5, wvs. 0.0021 + 0.0011, n=6,
P <0.05). The channel activity in the absence of GTP
never recovered from run-down even with application of
3—10 M GTP (n=2>5). In contrast, after run-down,
exposure of the patch membrane to 3 gM GTP-yS restored
the channel activity (Fig. 8Cb, n = 5); on average it took
37.5+11.8s (n=>5) to reactivate the channel after
treatment with GTP-yS. In the presence of GTP-yS,
channel opening was noisy. The NP, (which appeared to
be more than 1.0), could not be therefore determined
(right panel in Fig. 8Cb).
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DISCUSSION

These results demonstrate that S1P increases [Ca’"] in
HUVECSs via Ca™ entry and that this effect involves the
activation of a PTX-sensitive G-protein. Moreover, here
we show for the first time a function of S1P to activate
NSC channels with a conductance of 17 pS in a GTP-
dependent manner. The NSC channels may play an
obligatory role in S1P-mediated Ca*" entry in human
endothelial cells.

Ca™ response of HUVECs to S1P and SPH

Our findings that the ECs, of S1P for elevation of [Ca*"};
in HUVECs was 63 nM and that concentrations of SPH
less than 1 #M had no effect on [Ca™], suggest that S1P
elevates [Ca”™ ], via stimulation of edgs without direct
membrane effects. Consistently, S1P was found to bind
effectively to edg-1, whereas SPH did not (Lee et al.
1998). It has been shown that S1P is present in human
plasma and serum at a concentration of 200 and 500 nM,
respectively, and thus human endothelial cells are
constantly exposed to S1P (Yatomi et al. 1997). However,
it has not been clear whether under these physiological
conditions, edgs are activated, and consequently
transduce biological signals without desensitization. S1P
and sphingosylphosphocholine, which is also present in
mammalian plasma/serum and stimulates edgs, affected
membrane currents in freshly isolated cardiac myocytes,
whereas it is not clear whether S1P affects [Ca™"]; in
endothelial cells in situ (Bunemann et al. 1995; Guo et al.
1999; Himmel et al. 2000; Liliom et al. 2001). In our
preliminary experiments, application of 0.3 uM S1P to
rabbit aorta with intact endothelium caused an
endothelium-dependent relaxation (K. Muraki &
Y. Imaizumi, unpublished observations). Thus, it is
possible that edgs in endothelium are not desensitized
even by exposure to plasma and serum.

Signal transduction mechanisms involved in the
elevation of [Ca’]; by S1P and histamine

The major finding presented here is that in HUVECs, S1P
predominantly utilizes Ca** from the extracellular space.
Despite extensive studies, the mechanism involved in the
mobilization of Ca’ via stimulation of edg-1 has not been
determined (Pyne & Pyne, 2000). Since the S1P-induced
Ca™ response occurred without the production of InsP;
and was resistant to removal of external Ca’" (Mattie el
al. 1994), it was proposed that S1P directly releases Ca™*
from Ca** stores as an intracellular second messenger. In
our experiments, 90% of HUVECs exhibited no S1P-
induced change in [Ca**]; in the absence of external Ca**,
and SK&F96365 significantly inhibited the S1P-induced
elevation of [Ca*"}; (Fig. 2). Moreover, Iy, which allows
Ca™ to enter cells, was activated before the elevation of
[Ca™; occurred (Fig. 4). An obligatory event in the
pathway involved in S1P-induced elevation of [Ca’™]; in
HUVECs is the activation of Iyy. (see below).
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In approximately 10% of HUVECs, S1P slightly but
significantly increased [Ca™]; even in the absence of
external Ca**. Since we did not use any Ca’* chelators to
remove Ca”" (nominally Ca*" free), these HUVECs might
have responses to S1P using the residual Ca™ in the
bathing solution. Alternatively, and more likely, other
edgs may be expressed in HUVECSs; if so, they could
mediate Ca’™" responses via release of Ca®* from Ca™
stores. Northern blot analysis has revealed that HUVECs
have edg-3 as well as edg-1, and that the expression level
of edg-3 is much lower than that of edg-1 (Lee et al. 1999).
Edg-3 couples to Gq-protein, resulting in the production
of Ins P;, which releases Ca*" from intracellular Ca*" stores
(Yamaguchi et al. 1996; Ancellin & Hla, 1999). However,
we cannot completely rule out the possibility that S1P is
an intracellular second messenger. It has been suggested
that the edg-1-mediated Ca’ response is cell-type specific
(Zondag et al. 1998). Moreover, the present results
provide the evidence that neither MAP nor PI3 kinase is
involved in the S1P-induced elevation of [Ca®"]; in

HUVECs.

The elevation of [Ca*]. by histamine in HUVECs was
much less sensitive to PTX, but, nevertheless,
significantly inhibited by PTX. The histamine receptor
subtype expressed in HUVECs is mainly histamine H1
receptor: it is widely distributed in peripheral tissues and
the central nervous system, and is primarily coupled to
the activation of PLC via a PTX-insensitive G-protein
(Hill et al. 1997). Tt is, however, possible that in HUVECs
histamine receptors are in part coupled to a PTX-
sensitive G-protein. Consistently, half of the response of
rabbit aortic endothelial cells to acetylcholine (ACh)
(which is mediated by the same type of G-proteins to
histamine) is inhibited by the PTX treatment (Taki et al.
1999). Nevertheless, we cannot rule out the possibility
that PTX inhibits cellular responses non-specifically.

Activation of NSC channels by S1P in HUVECs

In the present study, we have provided novel, direct
evidence that S1P can activate Iyg., and that in HUVECs
the underlying unitary conductance is a 17 pS channel.
Although the delayed activation of Cl™ current by S1P in
the presence of Ca** complicates the interpretation of our
results (Fig. 54), this Iy is permeable to Na*, Cs*and K*
(Px/ Py, = 1.02) but not to Cl™. The reversal potential for
Iyse 18 close to the theoretical equilibrium potential of
cations (+10 to +20 mV) and the substitution of
aspartate” for Cl™ did not change the reversal potential of
the 17 pS NSC channel. Moreover, the Iyy represents a
significant entry pathway for Ca** in HUVECSs in the
presence of S1P. If intracellular Na* was assumed to be
0.1-0.3 mM, under the present experimental conditions,
the permeability of Ca’" was estimated to be 1.8-6.4 % of
that of Na®. Thus, although the Iy has a low
permeability to Ca®*, nevertheless, Ca®* does enter the
cell. In immortalized human endothelial cells (Ea.hy 926
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cells), ATP activates a Iyg generated by a channel with a
conductance of 24 pS (Kamouchi et al. 1999q). The
permeability of the Iys in Ea.hy 926 cells to Ca™ is quite
low compared to that of Na* (~7%). Despite this
similarity in characteristics between ATP-induced
Iyse/24 pS NSC channels in Ea.hy926 cells and S1P-
induced Iys/17 pS NSC channels, these entities are
clearly distinct. For example: (i) elevation of [Ca’];
follows S1P-induced Iyg (Fig. 44 and B); (i) a PTX-
sensitive G-protein is predominantly involved in the
signal transduction leading to the elevation of [Ca™"}; by
S1P (Fig. 3); (iii) the amplitude of Iyg. in the absence of
external Ca*" is similar to that in its presence (Fig. 5).
None of these were observed in Ea.hy 926 cells.

In vascular endothelial cells, several types of transient
receptor potential (Trp channel), which resemble certain
types of cation channel, are expressed (Chang et al. 1997,
Nilius et al. 1997; Groschner et al. 1998; Kamouchi et al.
19998). It is not clear whether the 17 pS NSC channel in
the present study is a member of the Trp channel family
because characteristics of all Trp channels have not been
fully investigated (Harteneck et al. 2000). However, since
S1P-induced elevation of [Ca*']; in HUVECS was inhibited
by SK&F96365, a Trp channel is a possible candidate for the
S1P-induced NSC channel. Both Trp6 and Trp7 channels
are inhibited by SK&F96365 (Okada et al. 1999; Inoue et al.
2001). Quite recently, an elegant new method for peptide-
specific binding of the antibody to TrpCl (a store-
operated Ca** channel activity in native smooth muscle
cells) has been introduced (Xu & Beech, 2001). In
principal, this approach will be useful to identify the Trp
channel that is responsible for Iyy.in HUVECs.

Using inside-out patch recording, we have directly
demonstrated that the presence of GTP in the bathing
solution allowed S1P-induced NSC channels to maintain
their activity. Moreover, after run-down, the activity of
NSC channels was recovered by application of GTP-yS,
indicating that the channel activity is regulated by a
GTP-dependent process, e.g. interaction with G-proteins.
When cardiac myocytes were exposed to S1P, ACh-
activated K* channels (GIRK channels) were activated
(Bunemann et al. 1995; Guo et al. 1999; Himmel et al.
2000). The activity of GIRK channels, which are one of
the effectors for S1P in cardiac myocytes, is also
regulated by intracellular GTP and GTP-yS (Kurachi et
al. 1986; Kurachi, 1995). In ilial smooth muscles, ACh-
induced NSC channels are sensitive to PTX treatment
and activated by GTP-yS infusion (Inoue & Isenberg,
1990). However, since it has been reported that many
factors such as Ca’*, lipids and kinases as well as G-
proteins regulate the activity of NSC channels in various
types of cell (Barritt, 1999), we cannot rule out the
possibility that such mechanisms are affected by GTP-
dependent processes and involved in the regulation of
S1P-induced NSC channels in HUVECs.
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