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1 Lysosphingolipids such as sphingosine-1-phosphate (SPP) and sphingosylphosphorylcholine
(SPPC) can act on specific G-protein-coupled receptors. Since SPP and SPPC cause renal
vasoconstriction, we have investigated their effects on urine and electrolyte excretion in anaesthetized
rats.

2 Infusion of SPP (1-30 ug kg=' min~") for up to 120 min dose-dependently but transiently (peak
after 15 min, disappearance after 60 min) reduced renal blood flow without altering endogenous
creatinine clearance. Nevertheless, infusion of SPP increased diuresis, natriuresis and calciuresis and,
to a lesser extent, kaliuresis. These tubular lysosphingolipid effects developed more slowly (maximum
after 60—90 min) and also abated more slowly upon lysosphingolipid washout than the renovascular
effects.

—1 1

3 Infusion of SPPC, sphingosine and glucopsychosine (3—30 ug kg=' min~' each) caused little if
any alterations in renal blood flow but also increased diuresis, natriuresis and calciuresis and, to a
lesser extent, kaliuresis.

4 Pretreatment with pertussis toxin (10 ug kg=' 3 days before the acute experiment) abolished the
renovascular and tubular effects of 30 ug kg~' min—' SPP.

5 These findings suggest that lysosphingolipids are a hitherto unrecognized class of endogenous
modulators of renal function. SPP affects renovascular tone and tubular function via receptors
coupled to Gj-type G-proteins. SPPC, sphingosine and glucopsychosine mimic only the tubular

effects of SPP, and hence may act on distinct sites.
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Introduction

Lysosphingolipids such as sphingosine-1-phosphate (SPP)
and sphingosylphosphorylcholine (SPPC) have long been
known as intracellular bioactive molecules, but recently they
have also emerged as representatives of a novel class of
intercellular messengers (Goetzl & An, 1998; Meyer zu
Heringdorf er al., 1997; Spiegel & Milstien, 2000). In that
function lysosphingolipids may act mainly in an auto- or
paracrine manner, but considerable SPP concentrations have
also been detected in human serum and plasma, i.e. 484 +82
and 191479 nmol 17!, respectively (Yatomi er al., 1997a).
Serum and plasma SPP may result at least partly from
platelets which can release it upon activation (Yatomi et al.,
1995). As intercellular messengers lysosphingolipids act on
specific receptors, some of which couple to pertussis toxin
(PTX) sensitive G-proteins (Goetzl & An, 1998; Meyer zu
Heringdorf et al., 1997). While some members of the Edg
receptor family are preferentially activated by lysopho-
sphatidic acid, Edgl, Edg3, EdgS, Edg6 and Edg 8 are
preferentially activated by SPP (Im et al., 2000; Lynch & Im,
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1999; Pyne & Pyne, 2000; van Brocklyn et al., 2000;
Yamazaki et al., 2000), and the previously cloned orphan
receptor OGRI1 has recently been identified as an SPPC-
preferring receptor (Xu et al., 2000).

The kidney is the organ with the greatest impact on long-
term blood pressure control and hence plays an important
role in the regulation of the cardiovascular system (Guyton,
1991). Therefore, renal function is tightly regulated by a
network of neuro-humoral control mechanisms. The kidney
contains SPP (Yatomi et al., 1997b), which may be derived
from the SPP content in platelets or plasma (Yatomi et al.,
1995; 1997a) or synthesized locally from sphingosine (SPH)
by a renal sphingosine kinase (Gijsbers et al., 1999; Olivera et
al., 1998). At least some of the cloned Edg receptors are
expressed in the kidney (An et al., 1999; Lado et al., 1994),
and cellular lysosphingolipid effects have also been observed
in kidney-derived cell lines such as HK-2 human proximal
tubular cells (Iwata et al., 1995). Moreover, lysosphingolipids
may affect renal function indirectly due to renal vasoconstric-
tion, which we have recently described for SPP, SPPC, SPH
and glucopsychosine (GLU) in vitro and, at least for SPP, in
vivo (Bischoff et al., 2000a, b). Based on these findings, we
have now investigated whether lysosphingolipids can regulate
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renal function. In the present study we report that
systemically infused SPP can alter renovascular and tubular
function in anaesthetized rats in a PTX-sensitive manner,
whereas SPPC, SPH and GLU alter tubular functions in the
absence of detectable renovascular effects.

Methods

Animal surgery and experimental protocols for
anaesthetized rat experiments

All studies were performed following approval by the state
animal welfare board at the Regierungsprasident Diisseldorf.
Male Wistar rats (strain: Hsd/Cpb:WU; study 1:270-416 g;
study 2:292-463 g) were obtained from Harlan (Borchem,
Germany, study 1) or from the breeding facility at the
University of Essen (study 2).

For the acute experiment, animals were prepared as
previously described (Bischoff et al., 1996) with minor
modifications. Briefly, the rats were anaesthetized with a
single dose of thiobutabarbitone (100 mg kg=' i.p.) and
placed on a heating pad to maintain the body temperature
at 37°C. Following tracheotomy to facilitate ventilation, the
left femoral artery was cannulated for monitoring mean
arterial pressure (MAP) via a Statham pressure transducer.
The femoral vein was catheterized for volume substitution
and lysosphingolipid infusion. Following an abdominal
midline incision, both ureters were cannulated for urine
sampling. The connective tissue was carefully dissected from
the right renal artery and an electromagnetic blood flow
sensor (Skalar MDL 1401, Fohr Medical Instruments
GmbH, Secheim/Oberbeerbach, Germany) was placed on
the vessel for monitoring renal blood flow (RBF). The signals
from the flow sensor and the pressure transducer were
continuously recorded online using the HDAS haemody-
namic data acquisition system (Dept. of Bioengineering,
Rijksuniversiteit Limburg, Maastricht, The Netherlands).
Thereafter, fluid substitution was started at a rate of
60 ul min~' to allow equilibration.

In study 1, vehicle (bovine serum albumin, 1 mg ml~"), 1,
3, 10 or 30 pg kg="' min~' SPP or 3, 10 or 30 ug kg~' min—'
SPPC, SPH or GLU was infused via the femoral vein after an
equilibration period of 180 min with total infusion rate
maintained at 60 ul min~' for a period of 120 min; this was
followed by a 60 min washout period with vehicle infusion.
Each rat received only one dose of lysosphingolipid (n=5 for
30 ug kg~ ' min~' SPH, n=6 for 3 ug kg' min~' SPH, n=7
each for 1, 3 and 30 ug kg=! min—! SPP, 10 ug kg~! min~!
SPH and 3, 10 and 30 ug kg~' min~—! GLU, n=38 each for 3
and 10 ug kg=' min~' SPPC and n=9 each for vehicle,
10 pg kg=! min—' SPP and 30 ug kg=! min~' SPPC).

For study 2, the rats were pre-treated with PTX or vehicle
(phosphate buffer) 3 days before the acute experiment. PTX
(10 ug kg—') was injected into the jugular vein under a light
ketamine anaesthesia (100 mg kg=' i.p.). PTX treatment had
no major effects on body weight or animal behaviour. On the
day of the experiment, the rats were allowed a 60 min
recovery period after completion of surgery. Thereafter, the
effectiveness of PTX-treatment was assessed by bolus
injections of three neuropeptide Y doses (1, 3 or 10 ug kg=")
in 5 min intervals which caused peak RBF reductions of

0.740.1, 1.14+0.3 and 2.14+0.4 ml min~"' in vehicle but only
0.24+0.1, 0.6+0.2 and 0.54+0.1 ml min—"' in PTX-treated rats
(n=14). This was followed by another 60 min of equilibra-
tion. Four groups of rats (n=7 each), which had been treated
with PTX or vehicle, were infused with SPP (30 ug kg!
min~') or vehicle for 60 min.

In both studies, MAP and RBF were measured every
5 min during the whole experimental period; during the first
10 min of lysosphingolipid infusion they were quantitated
every minute. Urine was collected in pre-weighed tubes at
15 min intervals. At the end of the experiment a blood
sample was taken from the abdominal aorta, and subse-
quently the rats were killed with an overdose of anaesthetic.
Urine formation was quantitated gravimetrically assuming a
specific gravity of 1.0 kg 17!, and samples were stored at 4°C
until analysis. Serum was prepared from the aortic blood
sample by centrifugation (10 min at 5000 x g) and stored at
—20°C until analysis. Urinary electrolyte concentrations were
determined with an Eppendorf flame photometer. Urinary
and serum creatinine was determined with a photometrical
test kit.

Chemicals

SPP and SPPC were obtained from Biomol (Hamburg,
Germany) and SPH and GLU from Matreya (Bad Homburg,
Germany); they were dissolved in methanol, dried in a
SpeedVac concentrator, redissolved in 1 ml bovine serum
albumin solution and further diluted with 0.9% saline.
Thiobutabarbitone (Inactin®) was obtained from RBI
(Natick, MA, U.S.A.). PTX was obtained from ICN
(Eschwege, Germany) and dissolved in a phosphate buffer
(0.05 mol 17! NaCl, 0.01 mol I=' NaH,PO,4 and 0.01 mol 17!
Na,HPO,) that served as vehicle.

Data analysis

Data are shown as mean+s.e.mean of n experiments. The
averages of the haemodynamic parameters during the last
3 min before the start of the infusion were taken as baseline
values. The averages of the urinary parameters were taken
from the last three urine collection periods before lyso-
sphingolipid infusion. All other data are shown relative to
these baseline values of the individual animal. Statistical
significance of the lysosphingolipid effects over time relative
to vehicle was determined by a two-way analysis of variance
(ANOVA) for the overall time course. Statistical significance
of PTX effects on baseline values was determined by an
unpaired two-tailed r-test. All statistical calculations were
performed with the Prism program (GraphPAD Software,
San Diego, CA, U.S.A)) and P<0.05 was considered
significant.

Results
Study 1
At the end of the recovery period, MAP and RBF had
stabilized at 108 +1 mm Hg and 6.440.1 ml min~' (n=103

for all rats of study 1), respectively. In agreement with our
previous data on lysosphingolipid bolus injections (Bischoff et
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al., 2000b), infusion of SPP (1-30 pug kg™' min~') or the
other lysosphingolipids (3—30 ug kg=' min~!) caused only
minor if any (<5 mmHg) alterations of MAP relative to
vehicle (Figure 1). Nevertheless, infusion of SPP lowered
RBF with maximal reductions of 1.1+0.1 ml min—', i.e. ~
17%, occurring 15 min after start of the infusion (Figure 2).
SPP-induced RBF alterations were transient, and RBF
returned towards baseline despite continued SPP infusion
within the next 45 min. A two-way ANOVA of the pooled
data of all SPP doses with time and administered dose as
explanatory variables demonstrated significant dose-depen-
dency of the SPP-induced RBF reductions (P=0.0026). After
termination of the infusion, a rebound RBF increase was
observed with the higher SPP doses (Figure 2). In contrast,
infusion of up to 30 ug kg~' min~' SPPC, SPH or GLU did
not markedly alter RBF (Figure 2). Basal endogenous
creatinine clearance at the end of the recovery period was
1.340.1 ml min~"' (»=103), and this was not significantly
altered by any of the lysosphingolipids in any of the tested
doses (Figure 3).

At the end of the recovery period, urine flow rate and Na*,
Ca?* and K" excretions were 15649 ul 15 min~' and
2142 ymol 15 min~", 0.25+0.03 umol 15 min~' and
48 +2 umol 15 min~' (n=103), respectively, and remained
stable throughout the experimental period upon vehicle
infusion (Figures 4-7). Infusion of SPP increased urine,
Na™ and Ca®" excretion up to approximately 2 fold (Figures
4—6). In contrast, SPP infusion caused only small if any
increases of K* excretion (Figure 7), and accordingly urinary

mean arterial pressure
A mm Hg

K" concentration declined during SPP infusion (data not
shown). The increases of urine and electrolyte excretion
developed slowly and peaked 60 min after start of the
infusion; only slow abatement was seen during washout.
Within the investigated dosage range, little dose-dependency
of SPP-induced urine and electrolyte excretion was observed
with 1 ug kg=' min~' being without detectable effect, and 3,
10 and 30 ugkg™' min~' all being similarly effective.
Although SPPC, SPH and GLU largely lacked renovascular
effects (Figure 2), they enhanced urine, Na® and Ca’*
excretion in a qualitatively similar way as SPP but caused
only little if any alterations of K™ excretion (Figures 4—7).
Maximal enhancements of urine and electrolyte excretion by
30 ug kg~! min—' SPPC, SPH and GLU were about twice as
large as those of SPP.

Study 2

In PTX-treated rats basal values of MAP (85+2 wvs
11342 mmHg) and urine flow rate (98+21 vs 180+27 pl
15 min~') were significantly lower than in vehicle-treated rats
(n=14 each, P<0.05), while alterations of RBF (7.14+0.6 vs
8.04+0.4 ml min—') and Na™ excretion (10+4 vs 17+ 5 umol
15 min—') did not reach statistical significance. As in study 1
(Figure 1), infusion of SPP (30 ug kg=' min~") for 60 min did
not markedly alter MAP relative to vehicle in control or
PTX-treated rats (Figure 8). SPP-induced reductions of RBF
(Figure 8) and enhancements of urine and Na® excretion
were abolished in PTX-treated rats (Figure 9).
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Figure 1

Effects of systemic lysosphingolipid infusion on mean arterial pressure in anaesthetized rats. Data are mean +s.e.mean of

5-9 animals per group expressed as alteration relative to basal values (108+1 mmHg). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0—120 min (indicated by

the horizontal bar) at 1, 3, 10 or 30 ug kg~' min~'. Relative to vehicle the effects of 30 ug kg

~! min~! SPP were statistically

significant (P <0.05) in a two-way ANOVA testing for overall treatment effect during infusion.
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Figure 2 Effects of systemic lysosphingolipid infusion on renal blood flow in anaesthetized rats. Data are mean +s.e.mean of 5-9
animals per group expressed as alteration relative to basal values (6.4+0.1 ml min~'). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0— 120 min (indicated by
the horizontal bar) at 1, 3, 10 or 30 ug kg~' min~'. Relative to vehicle the effects of 3 and 30 ug kg ' min—' SPP were statistically
significant (P<0.05) in a two-way ANOVA testing for overall treatment effect during infusion.
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Figure 3 Effects of systemic lysosphingolipid infusion on endogenous creatinine clearance in anaesthetized rats. Data are
mean+s.e.mean of 5—9 animals per group expressed as alteration relative to basal values (1.3+0.1 ml min—'). Sphingosine-1-
phosphate (SPP), sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0-—
120 min (indicated by the horizontal bar) at 1, 3, 10 or 30 ug kg~' min~
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Figure 4 Effects of systemic lysosphingolipid infusion on urine flow rate in anaesthetized rats. Data are mean+s.e.mean of 5-9
animals per group expressed as alteration relative to basal values (15649 ul 15 min~'). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0— 120 min (indicated by
the horizontal bar) at 1, 3, 10 or 30 ug kg~ ' min~'. Relative to vehicle the effects of 3—30 ug kg~' min~' of SPP, SPPC, SPH
(except for 3 ug kg~' min~") and GLU were statistically significant (P <0.05) in a two-way ANOVA testing for overall treatment

effect during infusion.
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Figure 5 Effects of systemic lysosphingolipid infusion on Na* excretion in anaesthetized rats. Data are mean+s.e.mean of 5—9
animals per group expressed as alteration relative to basal values (2142 umol 15 min~!). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0—120 min (indicated by
the horizontal bar) at 1, 3, 10 or 30 ug kg~' min~'. Relative to vehicle the effects of 3—30 ug kg~' min~' of SPP, SPPC, SPH and
GLU were statistically significant (P<0.05) in a two-way ANOVA testing for overall treatment effect during infusion.
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Figure 6 Effects of systemic lysosphingolipid infusion on Ca®* excretion in anaesthetized rats. Data are mean+s.e.mean of 5—9
animals per group expressed as alteration relative to basal values (0.2540.03 umol 15 min~"'). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0— 120 min (indicated by
the horizontal bar) at 1, 3, 10 or 30 ug kg~ min~'. Relative to vehicle the effects of 3—30 ug kg~' min~' of SPP and SPPC, of
10 ug kg="' min~"' SPH and of 30 ug kg~' min~' GLU were statistically significant (P<0.05) in a two-way ANOVA testing for
overall treatment effect during infusion.
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Figure 7 Effects of systemic lysosphingolipid infusion on K* excretion in anaesthetized rats. Data are mean+s.e.mean of 5—9
animals per group expressed as alteration relative to basal values (48+2 umol 15 min~'). Sphingosine-1-phosphate (SPP),
sphingosylphosphorylcholine (SPPC), sphingosine (SPH) and glucopsychosine (GLU) were infused from 0—120 min (indicated by
the horizontal bar) at 1, 3, 10 or 30 ug kg~' min~'. Relative to vehicle the effects of 3 ug kg~' min~' SPPC, of 3 and 10 ug kg~
min~' SPH and of 10 ug kg=' min~' GLU were statistically significant (P<0.05) in a two-way ANOVA testing for overall
treatment effect during infusion.

British Journal of Pharmacology vol 132 (8)



A. Bischoff et al Lysosphingolipid receptor-mediated diuresis 1931

o 10 mean arterial pressure 300+ urine flow rate

g ] .

82 o 3 E

5 E = 2 400

gk 2 s

= < £

§ 10 o-

£

0 20 40 60 -30 0 30 60
0.5- 40- Na* excretion

z § S350
é - 0.0‘ § “-E)
B £ g =20
L = .0.51 2
f E E 210

T <«

c

S -1.04 o

S : : : -30 0 30 60
0 20 40 60 time, min
time, min

—o—Veh/Veh —— PTX/Veh—o— Veh/SPP —=— PTX/SPP

Figure 8 Effects of systemic vehicle (Veh) or sphingosine-1-
phosphate (SPP) infusion on mean arterial pressure and renal blood
flow in pertussis toxin (PTX)- and vehicle-treated anaesthetized rats.
Data are mean+s.e.mean of seven animals per group expressed as
alteration relative to basal values (85+2 and 113+2 mmHg and
7.140.6 and 8.0+0.4 ml min~—"'). Veh and SPP (30 ug kg~' min~")
was infused from 0—60 min in Veh and PTX-treated rats. Relative to
vehicle, the effect of SPP on renal blood flow was statistically
significant (P<0.05) in a two-way ANOVA testing for overall
treatment effect during infusion in the vehicle-treated but not in the
PTX-treated group.

Discussion

Previous reports have demonstrated the presence of sphingo-
sine kinase (Gijsbers et al., 1999; Olivera et al., 1998), SPP
(Yatomi et al., 1997b) and SPP receptors in the kidney (An et
al., 1999; Lado et al., 1994). They have also demonstrated
receptor-mediated renovascular effects of SPP and other
lysosphingolipids in vitro and in vivo (Bischoff et al., 2000a,
b). Therefore, the present study was designed to determine
the functional effects of SPP and the related lysosphingolipids
SPPC, SPH and GLU in the kidney.

We have previously shown that the lysosphingolipids SPP,
SPPC, SPH and GLU can constrict intrarenal blood vessels,
i.e. interlobar arteries, in vitro (Bischoff et al., 2000a).
Accordingly, intravenous bolus injections of SPP dose-
dependently reduced RBF, and this effect was enhanced
upon intrarenal injection (Bischoff e al., 2000b). In contrast,
SPPC, SPH and GLU did not affect RBF upon intravenous
bolus injection over a similar dose range, and caused only
very weak if any RBF reduction upon intrarenal injection
(Bischoff et al., 2000b). Similar findings were obtained in the
present study for extended intravenous lysosphingolipid
infusions using comparable dosages. Thus, RBF reduction

—o—Veh/Veh —e— PTX/Veh-—— Veh/SPP —s— PTX/SPP

Figure 9 Effects of systemic vehicle (Veh) or sphingosine-1-
phosphate (SPP) infusion in pertussis toxin (PTX)- and vehicle-
treated anaesthetized rats on urine flow rate and Na ™ excretion. Data
are meant+s.e.mean of seven animals per group expressed as
alteration relative to basal values (98+21 and 180427 ul 15 min~'
and 10+4 and 1745 umol 15 min~'). Veh and SPP (30 ug kg~'
min~—") was infused from 0—60 min in Veh and PTX-treated rats.
Relative to vehicle, the effects of SPP on urine flow or Na™ excretion
were statistically significant (P <0.05) in a two-way ANOVA testing
for overall treatment effect during infusion in the vehicle-treated but
not in the PTX-treated group.

in vivo appears to be a specific effect for SPP relative to other
lysosphingolipids.

While not all receptor-mediated lysosphingolipid effects are
PTX-sensitive, PTX sensitivity indicates receptor-mediated
rather than intracellular effects (Pyne & Pyne, 2000). In the
present study SPP infusion-induced reductions of RBF were
abolished by PTX treatment. This confirms our previous
conclusion based on bolus injections (Bischoff ez al., 2000b)
that SPP-induced renal vasoconstriction appears to be a
receptor-mediated event.

Interestingly, the SPP-induced RBF reductions developed a
rapid tachyphylaxis despite continued infusion, and a
considerable rebound effect was seen upon washout. These
data indicate the development of renovascular SPP receptor
desensitization and/or the compensatory formation and/or
release of renovascular vasodilator substances which maintain
RBF in the presence of SPP-induced renal vasoconstriction.

Most renal vasoconstrictor neurotransmitters and hor-
mones, e.g. endothelin-1, angiotensin II and noradrenaline,
cause antidiuresis and antinatriuresis. Surprisingly, SPP
enhanced urine and electrolyte excretion despite the reduction
in RBF. The inhibition of SPP-induced diuresis and
natriuresis by PTX indicates a receptor-mediated effect. Since
SPP injections (Bischoff et al., 2000b; Sugiyama et al., 2000)

British Journal of Pharmacology vol 132 (8)
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or infusion (present study) did not increase MAP or
glomerular filtration rate, the observed alterations in urine
and electrolyte excretion appear to occur via tubular SPP
receptors. The present finding that SPPC, SPH and GLU
cause marked diuresis, natriuresis and calciuresis without
altering RBF supports the idea that SPP causes diuresis,
natriuresis and calciuresis via a tubular site of action, i.e.
independent of its effects on RBF. Moreover, mRNA for
Edg-1 and Edg-3 SPP receptors is present in rat and human
kidney (An et al., 1999; Lado et al., 1994; Okazaki et al.,
1993).

On the other hand, it should be noted that the hitherto
cloned receptors with high affinity for SPP all have low
affinity for SPPC (Lynch & Im, 1999), and the opposite holds
true for the only cloned receptor with high affinity for SPPC
(Xu et al., 2000). Moreover, the affinity of SPH and GLU for
either group of receptors is either low or has not been
determined, and thus it remains unclear whether they can
cause receptor-mediated effects. Therefore, our data indicate
that SPPC, SPH and GLU affect tubular function by one or
multiple mechanisms distinct from those used by SPP.
However, it remains possible that additional as yet uni-
dentified receptors with similar affinity for SPP, SPPC, SPH
and GLU exist in rat kidney tubules. Resolution of these
possibilities will depend on further progress in the molecular
identification of lysosphingolipid receptors.

The present data also allow a number of conclusions
regarding physiological aspects of renal SPP effects. Thus, the
unchanged endogenous creatinine clearance despite marked
RBF reduction indicates that SPP-induced vasoconstriction
occurs predominantly at the level of the vas efferens. While
lysosphingolipid infusion markedly enhanced Na™ excretion,
only minor if any enhancements of K* excretion were seen,
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