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Different response patterns of several ligands at the
sphingosine-1-phosphate receptor subtype 3 (S1P3)
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Background and purpose: Recently, some ligands targeting the sphingosine-1-phosphate receptor subtype 3 (S1P3) have
become available. The characterization of these compounds was mainly based on one functional read-out system, although
S1P3 receptors are known to activate different signal transduction pathways. Therefore, this study pharmacologically charac-
terizes these compounds using different assays.
Experimental approach: Using CHO-FlpIn cells expressing the human S1P3 receptor the potencies and maximal effects of S1P,
FTY720-P, VPC23019, VPC23153 and VPC24191 were determined in three different assays [inhibition of cAMP accumulation,
elevation of intracellular calcium concentrations ([Ca2+]i) and S1P3 receptor internalization].
Key results: All compounds tested inhibited forskolin-induced cAMP accumulation, increased [Ca2+]i and induced S1P3

receptor internalization but with different potencies and maximal effects. S1P was the most potent compound in all assays
followed by FTY720-P. The VPC compounds were generally less potent than S1P and FTY720-P. Regarding the maximal effects,
all compounds except VPC23153, behaved as full agonists in the cAMP accumulation assay. In the calcium assay, FTY720-P,
VPC23019 and VPC24191 displayed partial and VPC23153 weak partial agonist activity, relative to S1P. Interestingly, treatment
with the Gi inactivator Pertussis toxin, did not affect S1P-induced [Ca2+]i elevations but inhibited those in response to the other
compounds, by about 50%.
Conclusions and implications: This study demonstrated differential response patterns at the S1P3 receptor for a range of
ligands. These differences could indicate the presence of functional selectivity at this receptor as FTY720-P and the VPC
compounds seemed to signal predominantly via Gi – whereas S1P activated Gi and Gq-coupled pathways.
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Introduction

The sphingosine-1-phosphate (S1P) receptors, which bind the
bioactive lipid S1P, comprise a group of five proteins (S1P1 to
S1P5; nomenclature follows Alexander et al., 2008) which
belongs to the family of G-protein-coupled receptors (Chun
et al., 2002). One of the S1P receptor subtypes, the S1P3 recep-
tor, plays a critical role in the control of cardiac rhythm
(Forrest et al., 2004; Sanna et al., 2004) and lung epithelial
barrier function (Gon et al., 2005). Although the precise role
of the S1P3 receptor in the cardiac (Alewijnse et al., 2004) and
pulmonary system still needs further elucidation, S1P3 recep-

tors may represent potential new targets in cardiac diseases
(Alewijnse and Peters, 2008) and disease states associated with
a dys-regulated epithelial barrier function as in the adult
respiratory distress syndrome (ARDS).

In recent years, several new S1P receptor ligands with some
selectivity for the S1P3 receptor have become commercially
available and these ligands could be useful tools to further
elucidate the physiological role of S1P3 receptors in the car-
diovascular and pulmonary system (Davis et al., 2005).
Although S1P3 receptors are known to activate Gi as well as Gq

and G12/13-mediated signal transduction pathways (Young and
Van Brocklyn, 2006), the pharmacological characterization of
these compounds was based mainly on a single functional
read-out system (35S-GTPgS binding) (Clemens et al., 2003;
2004; Davis et al., 2005; Foss et al., 2007). The S1P ligands
include VPC23019 [S1P1/S1P3 receptor antagonist, full agonist
at S1P4 and partial agonist at S1P5 receptor (Davis et al., 2005;
Foss et al., 2007)], VPC23153 [agonistic activity at S1P1, S1P3,
S1P4 and S1P5 receptor (Clemens et al., 2004)], VPC24191
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[agonistic activity at S1P1, S1P3, S1P4 and S1P5 receptor
(Clemens et al., 2003)] and FTY720-P [full agonist S1P1, S1P4,
S1P5 receptor, partial agonist S1P3 receptor (Albert et al.,
2005)]. Importantly, it is known that the choice of the func-
tional assay system can have implications for, for example,
the observed efficacy and/or potency of a ligand and this has
been demonstrated for the S1P5 receptor (Niedernberg et al.,
2003). Assay-dependent variations in ligand behaviour can,
for example, be the result of differences in the efficiency of the
receptor to couple to and activate distinct subtypes of
G-proteins (Kenakin, 2007). These variations in no instance
change the actual rank order of activity of ligands and can
therefore readily be explained by classic receptor theory
which assumes that a single active state of the receptor con-
trols all activation properties of this receptor (Kenakin, 2007).
However, over the past 10 years, it has been observed in
numerous cases that the actual rank order of activity of dif-
ferent ligands can change when studying different signal
transduction pathways. These observations are incompatible
with the classic receptor theory and can only be explained
assuming that different ligands can induce different receptor
activation states (Kenakin, 2007). This receptor active-state-
based selectivity has alternatively been referred to as ligand-
directed signalling, stimulus trafficking, biased agonism,
conformational selectivity and functional selectivity (Hill,
2006; Kenakin, 2007; 2008; Urban et al., 2007).

Because of the existence of assay-based and/or active-state-
based functional selectivity, it becomes of importance to char-
acterize ligands pharmacologically, using different read-out
systems. In the present study therefore, we, compared the
pharmacological properties of the above mentioned ligands
and the active metabolite of FTY720 on three human S1P3-
receptor-mediated functional responses in transfected CHO
cells expressing the human S1P3 receptor.

Methods

Molecular cloning, transfection and cell culture
An N-terminal HisG-tag was added to the S1P3 receptor via
cloning into pcDNA3.1/HisA using BamHI&XhoI. A second
cloning step was performed using HindIII&XhoI to clone the
HisG-tagged S1P receptor into the expression vector pcDNA5/
FRT/TO. CHO-FlpIn cells stably expressing HisG-tagged S1P3

receptors were constructed and cultured as described before
(Jongsma et al., 2006). The HisG-tag had no influence on
signal transduction induced via this receptor (data not
shown). The cDNA of the S1P3 receptor obtained from the
UMR cDNA Resource Center contained a point mutation
(G962A which results in R321Q). This point mutation was
removed by polymerase chain reaction (PCR) using the fol-
lowing primers (forward: TGCCTGGTCAGGGGGCGGGGG
GCCCG, reverse: CGGGCCCCCCGCCCCCTGACCAGGCA).
The S1P3 receptor coding DNA in the resulting plasmid as well
as the stable cell line constructed with this plasmid have been
confirmed by sequencing.

cAMP assay
The LANCE™ cAMP 384 kit was used to determine cAMP
concentrations according to the manufacturer’s protocol.

CHO-FlpIn cells, after overnight serum-starvation, were
detached from the surface using dissociation buffer. Cells were
washed once with Hank’s balanced salt solution (HBSS) and
subsequently resuspended in stimulation buffer, containing
HBSS with 0.05% bovine serum albumin (BSA) (fatty-acid
free) and 5 mmol·L-1 4–(2–hydroxyethyl)piperazine–1–ethane
sulfonic acid (HEPES). Stimulation mixtures consisted of
stimulation buffer with 1 mmol·L-1 (final concentration
0.5 mmol·L-1) 3-isobutyl-1-methylxanthine, 6 mmol·L-1 (final
concentration 3 mmol·L-1) forskolin and the indicated con-
centrations of the S1P receptor agonists. Cells were added to
the stimulation mixtures 1:1 in a 384-well optiplate at 2500
cells·well-1 and stimulated for 5 min at room temperature in a
total volume of 20 mL·well-1. The cAMP formed during
stimulation was measured, according to the manufacturer’s
protocol, on a multiplate reader (Victor 2, Wallac, Perkin
Elmer) 16–24 h after adding detection buffer and antibody
mixture.

Intracellular calcium measurement
Intracellular calcium measurements were performed as previ-
ously described (Jongsma et al., 2006) with minor changes.
CHO-FlpIn cells were plated in a black, clear bottom 96-well
plate at 40 000 cells·well-1. After 1 day growth, cells were
serum-starved overnight. Cells were then loaded for 1 h
with basic buffer (HBSS containing 20 mmol·L-1 HEPES,
2.5 mmol·L-1 probenecid) containing 4 mmol·L-1 Fluo-4 AM
ester and 0.42% v/v pluronic acid and incubated at 37°C. After
loading, cells were washed twice with basic buffer and incu-
bated at 37°C with basic buffer for 60 min. The fluorescence
signal was measured at basal level, followed by ligand stimu-
lation, Triton (5 v/v %) addition (resulting in Fmax) and
250 mmol·L-1 ethylene glycol tretraacetic acid addition (result-
ing in Fmin). The intracellular calcium concentration ([Ca2+]i)
was calculated via the equation: [Ca2+]i = Kd*[(F - Fmin)/(Fmax -
F)], Kd being the dissociation constant of the binding of Fluo-4
to calcium (345 nmol·L-1). The increase in [Ca2+]i upon ligand
stimulation was calculated as the difference between the [Ca2+]i

for the basal level and after adding a ligand.

Immunocytochemistry
Immunocytochemistry was performed as described previously
(Jongsma et al., 2007). Briefly, after overnight serum starva-
tion, cells were stimulated with the indicated ligand in serum-
free medium for 30 min at 37 °C. The N-terminal HisG-tag
added to the S1P3 receptor was detected using, first, an anti-
HisG antibody followed by a goat-anti-mouse Alexa488 fluo-
rescent antibody. The fluorescent signal measured on a
microplate reader indicates the amount of receptors on the
membrane.

Data analysis
Concentration response curves were analysed by fitting sig-
moidal functions to the experimental data using Prism 4
(Graphpad Software, Inc., San Diego, CA, USA). Data are
expressed as means � SEM. One-way ANOVA with a Dunnett’s

Response patterns at the S1P3 receptor
1306 M Jongsma et al

British Journal of Pharmacology (2009) 156 1305–1311



correction or Student’s t-test was applied where appropriate.
P < 0.05 was considered significant.

Materials
pcDNA3.1 containing the entire coding region of the human
S1P3 receptor was purchased from UMR cDNA Resource Center
(Rolla, MO, USA). Cell culture media, hygromycine B, Lipo-
fectamine™ 2000, Optimem, HBSS, pOG44, pcDNA3.1/HisA,
pcDNA5/FRT/TO and CHO-FlpIn cells, were obtained from
Invitrogen (Breda, the Netherlands). Restriction enzymes
(BamHI, XhoI and HindIII) were obtained from Fermentas Life
Sciences (St. Leon-Rot, Germany). Pluronic acid and Fluo-4 AM
were obtained from Molecular Probes (via Invitrogen). Foetal
calf serum, enzyme-free cell dissociation buffer and penicillin/
streptomycin were obtained from Gibco (via Invitrogen).
LANCE™ cAMP 384 kit and white 384-well optiplates were
obtained from Perkin Elmer (Zaventem, Belgium). S1P, (R)-
phosphoric acid mono-[2-amino-2-(6-octyl-1H-benzoimiazol-
2-yl) ethyl] ester (VPC23153), (R)-phosphoric acid
mono-[2-amino-2-(3-octyl-phenylcarbamoyl)-ethyl] ester
(VPC23019) and (S)-phosphoric acid mono-[2-amino-3-(4-
octyl-phenylamino)-propyl] ester (VPC24191) were obtained
from Avanti-Polar Lipids (via Instruchemie, Delfzijl, the Neth-
erlands). Probenecid, EGTA, Triton X-100, 3-isobutyl-1-
methylxanthine, Pertussis toxin (PTX), BSA (fatty-acid free)
and activated charcoal were obtained from Sigma Aldrich
(Zwijndrecht, the Netherlands). Black, clear bottom 96-well
plates were obtained from Greiner Bio One (Alphen aan
den Rijn, the Netherlands). 2-Amino-2-[2-(4-octylphenyl)
ethyl]-1,3-propanediol mono(dihydrogen phosphate) ester
(FTY720-P) was synthesized according to previously described
methods (Albert et al., 2005).

Results

Ligand-induced inhibition of forskolin-induced cAMP
accumulation
In mock-transfected CHO-FlpIn cells, S1P did not affect the
forskolin-induced cAMP production (data not shown). In
CHO-FlpIn cells expressing the S1P3 receptor, S1P at low
concentrations concentration-dependently inhibited the
forskolin-induced cAMP accumulation (pEC50 10.0 � 0.2,
n = 3) whereas at concentrations above 1 ¥ 10-8 mol·L-1 this
inhibitory effect was counteracted by a stimulatory effect
(Figure 1A, Table 1). FTY720-P, VPC23019, VPC23153 and
VPC24191 also inhibited the forskolin-induced cAMP accu-
mulation in these cells but with a significantly lower potency
than S1P (Figure 1A, Table 1). The maximal response induced
by FTY720-P, VPC23019 and VPC24191 was similar to that
of S1P. VPC23153 showed a significantly lower maximal
response compared with S1P, that is, behaved as a partial
agonist (Figure 1A, Table 1). Of note and in contrast to S1P,
neither FTY720-P nor any of the VPC compounds exhibited a
bell-shaped concentration-response curve.

To further investigate the bell-shaped S1P concentration-
response curve, cells were incubated with PTX to block Gi

activation. Overnight incubation with PTX (100 ng·mL-1)
abolished the inhibitory effect of S1P on the forskolin-

induced cAMP formation and, therefore, only a
concentration-dependent stimulation in cAMP accumulation
by S1P was observed in these cells (Figure 1B). PTX treatment
also abolished the inhibitory effect of FTY720-P (Figure 1B)
but did not disclose any FTY720-P-induced stimulation of
cAMP accumulation (Figure 1B).

Ligand-induced elevation of [Ca2+]i

In mock-transfected CHO-FlpIn cells, S1P only slightly
increased [Ca2+]i (pEC50 6.9 � 0.2, Emax = 198 � 32 nmol·L-1,
n = 4) whereas FTY720-P had no effect (data not shown). All
compounds concentration-dependently increased [Ca2+]i in
CHO-FlpIn S1P3 cells (Figure 2A,B). The potency of FTY720-P
to increase [Ca2+]i was significantly lower than that of S1P and
the maximal effect of FTY720-P was only 51 � 4% of that
of S1P (Figure 2B, Table 1). VPC23019, VPC23153 and
VPC24191 also all raised [Ca2+]i but with significantly lower
potencies and lower maximal effects compared with S1P
(Figure 2B, Table 1).

Because both Gq- and Gi-activated pathways can mediate
elevations in [Ca2+]i, the involvement of Gi was investigated
by studying the effect of PTX treatment (100 ng·mL-1 over-

A

B

Figure 1 Effect of the S1P receptor ligands shown on the forskolin
(3 mmol·L-1)-induced cAMP accumulation in CHO-FlpIn S1P3 cells in
the absence (A) or presence of PTX (B). Cells were stimulated with
increasing concentrations of the ligands for 5 min at room tempera-
ture. The effect of PTX was measured after overnight incubation
with 100 ng·mL-1. The cAMP accumulation induced by forskolin
(3 mmol·L-1) in the presence of vehicle is set at 100% in each experi-
ment and data are expressed as % of this value. Values are means �
SEM (n = 3–4). PTX, Pertussis toxin; S1P, sphingosine-1-phosphate.
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Table 1 Potency and efficacy [maximal response (Emax) expressed as % of S1P response] for various ligands at the human S1P3 receptor
determined in various assays (inhibition of forskolin-induced cAMP accumulation, elevations of [Ca2+]i, receptor internalization)

Ligand cAMP inhibition [Ca2+]i Internalization

pEC50 Emax (% of S1P) n pEC50 Emax (% of S1P) n pEC50 Emax (% of SIP) n

S1P 10.0 � 0.2 100 3 8.4 � 0.1 100 9 7.5 � 0.1 100 8
FTY720-P 8.8 � 0.1* 101 � 4 3 6.8 � 0.1* 51 � 4* 13 6.8 � 0.1* 109 � 6 7
VPC23019 7.2 � 0.1* 103 � 7 4 6.1 � 0.1* 48 � 4* 5 5.7 � 0.2* 72 � 10* 4
VPC23153 6.3 � 0.1* 76 � 7* 4 5.9 � 0.1* 25 � 2* 6 5.6 � 0.4* 52 � 18* 4
VPC24191 7.2 � 0.0* 100 � 15 4 5.9 � 0.1* 56 � 10* 6 6.0 � 0.3* 88 � 5 4

The Emax of S1P in each assay was arbitrarily set to 100% (cAMP assay 100% = 90% inhibition of cAMP accumulation; calcium assay 100% = 1947 nmol·L-1 increase
in [Ca2+]i; internalization assay 100% = 60% decrease in fluorescent signal).
*P < 0.05, significantly different from corresponding values for S1P.
[Ca2+]i, intracellular calcium concentration; S1P, sphingosine-1-phosphate.

A B

DC

E

Figure 2 Effect of the S1P receptor ligands shown on the elevation of [Ca2+]i. Values are means � SEM. (A) Representative tracings of vehicle
(veh) or the ligands (1 mmol·L-1) in calcium experiments. The time of ligand addition, addition of 5% Triton and addition of 250 mmol·L-1 EGTA
is indicated. (B) S1P, FTY720-P, VPC23019, VPC23153 and VPC24191-induced increases in [Ca2+]i in CHO-FlpIn S1P3 cells (n = 5–9). (C) Effect
of overnight PTX (100 ng·mL-1) incubation on S1P-induced increases in [Ca2+]i (n = 4). (D) Effect of overnight PTX incubation on FTY720-P-
induced increases in [Ca2+]i (n = 3). (E) Effect of overnight PTX incubation on 10 mmol·L-1 VPC23019, VPC23153 and VPC24191-induced
increases in [Ca2+]i (n = 3). [Ca2+]i, intracellular calcium concentration; PTX, Pertussis toxin; S1P, sphingosine-1-phosphate.
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night) on the calcium responses. The S1P-induced increase
in [Ca2+]i in mock-transfected CHO-FlpIn cells was almost
completely PTX-sensitive (data not shown). Interestingly,
overnight incubation with PTX did not significantly affect the
S1P-induced calcium responses in CHO-FlpIn S1P3 cells [pEC50

vehicle vs. PTX treated cells: 7.7 � 0.2 vs. 7.5 � 0.1, Emax

(nmol·L-1) vehicle vs. PTX treated cells: 2475 � 342 vs. 2537
� 334, n = 4] although the concentration response curve
seemed to be somewhat shifted to the right (Figure 2C).
However, the FTY720-P-induced maximal responses but not
the potency in these cells were significantly reduced [pEC50

vehicle vs. PTX treated cells: 6.8 � 0.2 vs. 6.6 � 0.2, Emax

(nmol·L-1) vehicle vs. PTX treated cells: 1125 � 124 vs. 661 �

82, n = 3] (Figure 2D). The increase in [Ca2+]i induced by
10 mmol·L-1 of VPC23019, VPC23153 or VPC24191 was also
significantly reduced upon PTX treatment (Figure 2E).

Ligand-induced receptor internalization
All tested compounds induced a concentration-dependent
internalization of the HisG-tagged S1P3 receptor after 30 min
stimulation represented by a decrease in membrane fluores-
cence (Figure 3, Table 1). The potency of FTY720-P as well as
all three VPC compounds to induce internalization was sig-
nificantly lower than that of S1P (Table 1). The maximal inter-
nalization induced was only significantly decreased for
VPC23019 and VPC23153 compared with S1P, whereas the
maximal effect of VPC24191 and FTY720-P was comparable to
that of S1P (Figure 3,Table 1).

Discussion

Recently, several new S1P ligands with some specificity for the
S1P3 receptor have become commercially available but these
compounds have not been intensively characterized yet.
Because it is known that ligands can show assay-based selec-
tivity and, as it has become evident during the last 10 years,
even active state-based functional selectivity, it is important
to characterize ligands pharmacologically using a range of
assays. In this study we have, investigated the pharmacologi-

cal properties of some S1P3 ligands using different signal
transduction assays. Specifically, we determined the potency
and efficacy [maximal response (Emax) expressed as % of S1P
response] of all ligands with regard to their ability to inhibit
forskolin-induced cAMP accumulation, to increase [Ca2+]i and
to internalize the S1P3 receptor in CHO-FlpIn cells expressing
the human S1P3 receptor.

In our experiments, all the tested ligands, to some extent,
inhibited forskolin-induced cAMP accumulation, increased
[Ca2+]i and induced S1P3 receptor internalization (Table 1).
Depending on the assay used, in our studies, VPC23019 either
behaved as a partial (calcium assay) or full S1P3 agonist (cAMP
assay), rather than an antagonist of the human S1P3 receptor,
as described by Davis et al. (2005). This difference in efficacy
between our study and that by Davis et al. is most likely
explained by differences in the cellular responses measured
and/or the cellular system used. Such differences have been
described before for the S1P5 receptor (Niedernberg et al.,
2003) and could, for instance, reflect differences in receptor
expression levels (Sato et al., 2007).

Comparing the potency of the different compounds tested
in the cAMP accumulation versus the calcium assay, revealed
that the potency in the cAMP assay is generally higher than
that determined in the calcium assay except for VPC23153
which shows comparable potencies in both assays (Table 1).
However, the rank order of potencies did not show remark-
able differences between both assays.

In addition, the effect of all compounds on internalization
of the S1P3 receptor has been investigated in this study.
Although receptor occupancy is known to be an important
factor in the induction of receptor regulatory processes, the
potency and efficacy of internalization of the tested ligands
were similar to the values observed in the calcium assay. The
potencies determined in the calcium assay can thus be con-
cluded to most closely resemble the affinity of the tested
ligand and thus its receptor occupancy. Consequently, we
may conclude that there was a receptor reserve for the inhibi-
tory effect on cAMP accumulation.

When considering the S1P-mediated inhibition of the
forskolin-induced cAMP production in more detail, it is
worthwhile to mention that the decrease in forskolin-induced
cAMP accumulation observed at low S1P concentrations was
followed by an increase in cAMP accumulation at higher
concentrations of S1P (>10 nmol·L-1). In contrast to S1P,
FTY720-P did not increase cAMP accumulation at higher con-
centrations. Because, CHO cells have been reported to endog-
enously express S1P receptors (Holdsworth et al., 2005), the
observed S1P effect could be due to stimulation of endog-
enous S1P receptors. However, as S1P did not induce an effect
in mock transfected cells, a role for endogenously expressed
receptors in the stimulatory cAMP effect of this compound is
unlikely. The S1P-induced increase in cAMP accumulation
was even more pronounced after PTX treatment indicating
that, in this system, S1P activated not only Gi-coupled path-
ways but also led to an increase in cAMP accumulation prob-
ably, although we have no direct evidence for this, via the
activation of Gs-proteins. Alternatively, the S1P-induced
increases in cAMP accumulation may be explained by a
Gq-mediated activation of calcium-dependent adenylyl cycla-
ses. However, S1P3 receptor-mediated increases in cAMP accu-

Figure 3 Concentration-dependent effect of indicated compounds
on internalization of HisG-S1P3 receptors in CHO-FlpIn cells. Stimu-
lations were carried out at 37°C for 30 min. Values are expressed as
percentage of fluorescent signal measured for unstimulated cells
which was set at 100% and are presented as means � SEM (n = 7–8).
S1P, sphingosine-1-phosphate.
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mulation in CHO cells stably expressing this receptor, have
been described before and, in that study, were shown to be
independent of calcium signalling (Kon et al., 1999). Similar
to our observations the Gi-coupled muscarinic M2 cholinocep-
tor was also shown to increase cAMP accumulation at high
ligand concentrations and high receptor density (Michal
et al., 2001). These authors proposed that in systems with
high receptor expression, Gi-protein activation becomes satu-
rated at a certain point and that beyond this limit, any addi-
tionally activated receptors start coupling to Gs-proteins.
Although, because of technical problems, we are not able to
directly quantify the receptor density in our system, immu-
nocytochemical measurements indicate that the S1P receptor
expression in the CHO-FlpIn cells is rather high (Jongsma
et al., 2007). The mechanism proposed by Michal et al. (2001)
may thus also explain the effects observed in our study. In
addition, similar observations have been described for the
adenosine A1 receptor, for which the activation of Gs-proteins
was both dependent on the receptor density (Cordeaux et al.,
2000) and on the agonist used (Cordeaux et al., 2004).
Because the S1P-induced increases in cAMP accumulation
observed in our study are most likely to be observed only at a
high receptor density, the physiological relevance of this
finding is open to argument.

The observation in our study that only S1P and not
FTY720-P induced an increase in cAMP accumulation may be
a first indication for active state-based functional selectivity.
Only the receptor conformation induced by S1P and not that
induced by FTY720-P is able to activate Gs-proteins. An
alternative explanation could be that the increases in cAMP
accumulation are only observed for S1P because of the
involvement of calcium dependent adenylyl cyclases. As
became evident from our experiments, the potency and effi-
cacy of S1P to induce increases in [Ca2+]i was significantly
higher than that of FTY720-P which fits with the observation
that S1P induced increases in cAMP accumulation, whereas at
the concentrations tested no stimulatory effects were
observed for FTY720-P. The differential effects of S1P and
FTY720-P may thus be a first indication of active state-based
functional selectivity but any definitive conclusions cannot
be drawn based upon our data and we will thus address this
point in future studies.

Besides the indication for functional selectivity in the
experiments on cAMP accumulation, further evidence sup-
porting this indication came from experiments studying the
effects of the compounds on [Ca2+]i. In contrast to the S1P-
induced increases in [Ca2+]i, the FTY720-P induced effects on
calcium were, to an important extent, PTX-sensitive and
thus mediated via the activation of Gi-proteins. The differ-
ence in PTX-sensitivity of the S1P versus the FTY720-P
induced calcium response cannot be explained by effects on
endogenous S1P receptors. Only S1P induces minor
increases in [Ca2+]i in mock–transfected cells and these
effects are almost completely Gi-mediated. We thus conclude
that the active state induced by S1P probably activates both,
Gq and Gi-mediated signalling pathways, whereas the state
induced by FTY720-P probably prefers the activation of
Gi-coupled pathways. Interestingly, similar conclusions can
be drawn for the VPC compounds, which are structurally
closely related to FTY720-P. However, it should be kept in

mind that the S1P3-receptor expression in our study is rela-
tively high and that the observed differences in the effects
can probably also be the result of a high receptor reserve for
the S1P-induced effect.

Shortly after completion of our study, a study by Sensken
et al. (Sensken et al., 2008) also reported on functional selec-
tivity at the S1P3 receptor. In line with our observations,
Sensken and coworkers showed in their study that FTY720-P
selectively activated Gi-coupled pathways via the S1P3 recep-
tor whereas S1P activated both Gi and Gq-mediated pathways.

Interestingly, the existence of functional selectivity has also
been described for the S1P1 receptor. S1P1 receptors, internal-
ized upon stimulation by S1P or SEW2871, were recycled to
the plasma membrane, while FTY720-P-induced S1P1 receptor
internalization resulted in irreversible lysosomal degradation
of these receptors (Oo et al., 2007). This difference in receptor
fate has been related to polyubiquitinylation of the S1P1

receptor induced by FTY720-P, but not by S1P (Oo et al.,
2007).

Overall, our study provides some evidence, in line with
findings by Sensken et al. (Sensken et al., 2008), which may
indicate the presence of functional selectivity at the S1P3

receptor. This conclusion is most importantly based upon
the finding that the ligands tested in this study show differ-
ential response patterns at the S1P3 receptor. In addition, the
signalling induced by FTY720-P and the VPC compounds
seems to be predominantly Gi-mediated whereas for S1P
both Gi- and Gq-coupled signalling was observed. Besides
these important findings, this study for the first time exten-
sively investigated and described the pharmacological prop-
erties of VPC23019, VPC23153 and VPC24191 at the human
S1P3 receptor expressed in CHO-FlpIn cells. The above men-
tioned findings may be of major importance as FTY720,
which is presently in clinical trials for the treatment of mul-
tiple sclerosis, has some cardiac side effects which are medi-
ated by S1P3 receptors. At the moment it is not known
whether these cardiac side effects are related to the fact that
FTY720-P may preferentially activate Gi-mediated signalling
and this issue awaits further investigation.
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