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Abstract

Lysophosphatidic acid (1-acyl-2-lyso-sn-glycero-3-phosphate; LPA) and sphingosine-1-phosphate (S1P) are bioactive phospholipids

which respectively act as agonists for the G-protein-coupled lpA receptors (LPA1, LPA2, and LPA3) and s1p receptors (S1P1, S1P2, S1P3,

S1P4, and S1P5), collectively referred to as lysophospholipid receptors (lpR). Since astrocytes are responsive to LPA and S1P, we examined

mechanisms of lpR signaling in rat cortical secondary astrocytes. Rat cortical astrocyte mRNA expression by quantitative TaqMan

polymerase chain reaction (PCR) analysis revealed the following order of relative expression of lpR mRNAs: s1p3>s1p1>lpa1>s1p2 = l-

lpa3Hs1p5. Activation of lpRs by LPA or S1P led to multiple pharmacological effects, including the influx of calcium, phosphoinositide

(PI) hydrolysis, phosphorylation of extracellular receptor regulated kinase (ERK) and release of [3H]-arachidonic acid (AA). These signalling

events downstream of lpR activation were inhibited to varying degrees by pertussis toxin (PTX) pretreatment or by the inhibition of

sphingosine kinase (SK), a rate-limiting enzyme in the biosynthesis of S1P from sphingosine. These results suggest that astrocyte lpR

signalling mechanisms likely involve both Gi- and Gq-coupled GPCRs and that receptor-mediated activation of SK leads to intracellular

generation of S1P, which in turn amplifies the lpR signalling in a paracrine/autocrine manner.
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1. Introduction

Lysophosphatidic acid (1-acyl-2-lyso-sn-glycero-3-phos-

phate; LPA) and sphingosine-1-phosphate (S1P) are bioac-

tive lysophospholipids (LPs) that are present in the serum in

micromolar concentrations, mostly derived from activated

platelets, bound to and stabilized by the serum albumin.

LPA is produced from deacylation of phosphatidic acid (PA)

or reduction of lysophosphatidylcholine and can undergo

conversion to PA [27]. S1P is produced by phosphorylation

of sphingosine by either membrane-bound or cytosolic
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sphingosine kinase (SK). S1P undergoes dephosphorylation

to sphingosine [32–34]. Both LPA and S1P act by activat-

ing their cognate G-protein-coupled lysophospholipid recep-

tors (lpR) to stimulate phospholipase C (PLC), inhibit or

activate cAMP in cell-type specific manner, and phosphor-

ylate extracellular signal regulated kinase 2 (ERK 2), Rho

kinase, phosphoinositide-3-kinases (PI3K) and glycogen

synthase kinase (GSK [9,12,13,16,29,32–34]). These sig-

naling events, mediated via coupling to multiple classes of

heterotrimeric G proteins (Gi/o, Gq/11/14, Gs, and G12/13),

underlie the pleotropic biological effects of LPR activation,

such as chemotaxis, cellular differentiation, survival and

growth, and regulation of actin-based cytoskeletal reorgani-

zation leading to cell adherence and cell shape changes

[3,4,8–10,12,22,28].

The precise roles of lpR in the central nervous system are

beginning to emerge. For example, LPAR activation leads to

(a) norepinephrine release [24], (b) tyrosine phosphorylation
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of focal adhesion kinase in the hippocampus [5], (c)

increases in intracellular calcium ([Ca]i
+ 2), reduction of

cAMP and release of arachidonic acid (AA) in striatal

astrocytes [25], (d) induction of neurotrophic factor gene

expression and mitogenesis in astrocytes [35], (e) decreased

glutamate and glucose uptake in astrocytes [15], (f) regula-

tion of neuroblast morphology [8], and (g) sustained eleva-

tion of [Ca]i
+ 2 and induction of hippocampal neuronal death

[15]. Similarly, SIP is known to be involved in the nerve

growth factor-mediated neuronal survival and differentiation

[6], release of glial cell line-derived neurotrophic factor

(GDNF) from astrocytes [38], apoptosis of cultured hippo-

campal neurons [23], induction of Rho-dependent neurite

retraction [28], proliferation of astrocytes [26,38], and

expression of early growth response-1 and fibroblast growth

factor-2 in astrocytes [31].

The lysophospholipid receptors are widely distributed

throughout the central nervous system, both in neurons and

glia (astrocytes, microglia, and oligodendrocytes [2–5,8–

11,19,23,25,26,28,35,39,40,42]. The distribution of lpRs in

glial cells and neurons provides an unique opportunity for

neuron–glia cross-talk. Diverse external stimuli including

growth factors and neurotransmitters, second messengers

such as cAMP and ATP, and rise in intracellular calcium

levels can affect lysophospholipid biosynthesis, release and

lpR activation [33,34], therefore setting a stage for neuro-

nal–glia interactions. It is believed that such autocrine/

paracrine regulation of lpR signaling may have important

functional consequences in CNS function (see Discussion).

Our laboratory has investigated the lpR distribution and

function in glial cells. These results on oligodendrocytes

[42] and microglia [17,36] are published elsewhere. The

present investigation focuses on the distribution and func-

tion of lpRs in astrocytes. The range of pharmacological

effects of both LPA and S1P on astrocytes suggests the

presence of functional receptors and that these glial cells

represent a useful model system to study lpR pharmacology.

As a comparative pharmacological characterization of

LPAR and S1PR in astrocytes has not been conducted, we

examined (1) distribution of lpR mRNA and (2) lpR signal

transduction events: (a) ERK2 phosphorylation (b) AA

release, (c) PI hydrolysis, and (3) activation of SK in lpR

signaling. These results demonstrate a differential distribu-

tion of lpR transcripts, marked similarities in signal trans-

duction pathways following activation of lpRs by cognate

ligands, and a unique cross-talk between LPAR and S1PR

receptor signaling involving downstream activation of SK.
2. Materials and methods

Stock solutions of LPA (10 mM), SIP (500 AM; both from

Avanti Polar Lipids, Alabaster, AL) and DL-threo-dihydros-

phingosine (DHS; 10 mM; BioMol, Plymouth Meeting, PA),

a cell-permeable, competitive inhibitor of sphingosine kinase

[20,21,41] were prepared using 1 mg/ml solution of fatty
acid-free bovine serum albumin (FAFBSA; Sigma, St.

Louis, MO) in distilled water as the vehicle, stored at

� 70 jC until use, and diluted into tissue culture medium

(DMEM; Gibco, Gaithersburg, MD) with glutamine [2 mM]

and 1 mg/ml FAFBSA, herein after referred to as TCM). At

these concentrations, the LPA stock solution was clear,

while the stock solutions of both S1P and DHS remained

cloudy. Stock solutions of the MEK1 and MEK2 inhibitor,

U-0126 ([1,4-diamino-2,3-dicyano-1,4-bis(2-aminophe-

nylthio)butadiene]; 10 mM), a phosphotidylinositol-3-ki-

nase (PI3K) inhibitor, wortmanin (10 mM) and MAPK

inhibitor, PD-98059 (2V-amino-3V-methoxyflavone; 10

mM; all from Calbiochem, San Diego, CA) were prepared

in dimethylsulfoxide (DMSO) and stored at � 70 jC until

use. Stock solutions of the phospholipase C inhibitor, U-

73122 ({1-[6-((17-b-methoxyestra-1,3,5-(10)-trien-17-yl)-

amino)hexyl]-1H-pyrrole-2,5-dione); 10 mM; Calbiochem

or Alexis, San Diego, CA) were prepared freshly in DMSO.

All stock solutions were diluted into TCM prior to applica-

tion to astrocyte cultures. Appropriate vehicle controls were

included in each experiment. Stock solutions of pertussis

toxin (PTX; List Biologicals, Campbell, CA) solutions were

prepared in distilled water (1 mg/ml) and stored at 4 jC. In
pharmacological experiments, PTX was routinely applied to

astrocytes for 18–24 h in a serum-free medium (DMEM

with 2 mM Gln) at a final concentration of 200 ng/ml.

2.1. Secondary astrocyte cultures

Primary cerebrocortical mixed glial (astrocytes, microglia,

and oligodendrocytes) cultures were prepared from neonatal

Sprague–Dawley rat brains (1–2 days old). Whole brains,

minus cerebellum, were mechanically dissociated by serial

trituration with a fire-polished narrow bore Pasteur pipette.

The cells were sedimented by centrifugation (1000� g for 5

min), resuspended in a medium containing DMEM (Gibco)

with 25mM glucose and 2mM L-glutamine supplemented

with 10% heat-inactivated FBS (Omega Scientific, CA),

seeded at a density of 750,000 cells/well in 75-cm2 flasks

(Falcon) (precoated with poly-L-lysine) and incubated at 37

jC in an atmosphere with 5% CO2 at 95% humidity. The

culture medium was changed 6 days later (DIV7) and twice a

week thereafter. In these cultures, immature oligodendrocytes

(O-2A progenitors) appear as phase-dark process-bearing

cells overlying a confluent bed of phase-light astrocytes.

After 10–14 days in cultures, astrocytes were separated from

O-2A progenitors and microglia by shaking the cultures as

per McCarthy and DeVellis [18] (350 rpm, 37 jC, overnight)
and replated to assay plates pre-coated with poly-L-lysine.

These ‘purified’ or ‘secondary’ astrocyte cultures were used

in all biochemical experiments 3–5 days after replating

(>97% astrocytes). Twenty four hours before the experi-

ments, cells washed twice and changed to a serum-free

medium (DMEMwith 2mMGln) overnight in a tissue culture

incubator. Radioactive tracers for biochemical experiments

were added at the time of changing the medium.
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2.2. Distribution of lpR mRNA in secondary astrocytes:

TaqMan PCR analysis

2.2.1. Isolation of total RNA and reverse transcription

Total RNA from adult rat whole brain was isolated using

ToTally RNAk kit (Ambion). For further removal of

genomic DNA contamination, total RNA was treated with

RNase-free DNase I on RNeasyR midi columns and puri-

fied according to RNeasyR Protect Midi kit (Qiagen). Total

RNA from rat astrocytes was isolated using RNeasyR
Protect Mini kit (Qiagen). One microgram of total RNA

was reverse transcribed using RETROscriptk kit (Ambion).

In each reverse transcription reaction, a reaction omitting

reverse transcriptase was included for the assessment of

genomic DNA contamination.

2.2.2. Cloning, construction, and DNA sequencing of mini

genes for lpR and b-actin
The cDNA encoding lpA1, lpA3, s1p1, s1p2, s1p3,

s1p4, s1p5, and h-actin were amplified from rat brain with

polymerase chain reaction (PCR) techniques. Primers used

T.S. Rao et al. / Brain R184
Table 1

Sequences of primers and probes, PCR products, and constructs of mini genes

Gene Accession number Forward primer (F)/TaqMan pro

(R) and Forward primer (F)/Re

lpa1 AF090347 F: 5VGACACCATGATGAGCC
TM: 5VAAAGGCACCCAGCA
R: 5VCCCGGAGTCCAGCAGA
F: 5VAGCTGCCTCTACTTCCA
R: 5VCGCAGACAGTGATGCC

lpa3 AF097733 F: 5VCACACGAGTGGCTCCA
TM: 5VCTCCTAAGACAGTCA
R: 5VGGTCCAGCACACCAC
F: 5VGGCCTTCTTCATCATGG
R: 5VCATGACGGAGTTGAGC

s1p1 U10303 F: 5VCTGACCTTCCGCAAGA
TM: 5VCAAGGCCAGCCGCA
R: 5VCTTCAGCAAGGCCAGA
F: 5VGAAGTTCCACCGGCCC
R: 5VGGAGATGTTCTTGCGG

s1p2 AF022138 F: 5VGCCTTGTACGTCCGAA
TM: 5VTAGTCCGCTCAAGCC
R: 5VAGCGTCTGAGGACCAG
F: 5VGTCTGGACCATCTGGA
R: 5VGTCTGAGGACCAGCAA

s1p3 AF184914 F: 5VACGCGCGCATCTACTTC
TM: 5VCCACCCTGCGGCTGC
R: 5VTGGATCTCTCGGAGTT
F: 5VGACGCCAACAAGAAGC
R: 5VGCTGATGAGAAAGGCA

s1p5 AF233649 F: 5VCTCTAGAGCGCCACCT
TM: 5VCAGGCGGCCACCGC
R: 5VCCCAGCAGCAGCGACA
F: 5VGCCTATGTGCTCTTCTG
R: 5VCAACGACCGTGGCGTG

hactin V01217 F: 5VATGCCCCGAGGCTCTC
TM: 5VCCTTCCTTCCTGGGT
R: 5VCTTCATGATGGAATTGA
F: 5VGCTATGAGCTGCCTGA
R: 5VGTACTTGCGCTCAGGA
for these genes were designed from sequences in the

Genebank database (Table 1). For cloning of lpR mini

genes, 2 Al of cDNA was amplified using 10 pmol of each

primer and 25 Al of TaqManR Universal PCR Master

Mix, in a total volume of 50 Al. PCR was performed

using a GeneAmpR 9700 thermocycler (ABI) with incu-

bation at 50 jC for 2 min, 95 jC for 10 min, followed

by 40 cycles of 15 s at 95 jC and 1 min at 60 jC. The h-
actin mini gene was amplified with 2.5 U of PfuTurboR
DNA polymerase (Stratagene), 200 nM dNTP, and 10

pmol of each primer, in a total volume of 50 Al for 30

cycles in GeneAmpR 9700 thermocycler (ABI). Each

cycle consisted of 30 s at 95 jC, 30 s at 55 jC and 45 s at

75 jC.
The PCR-amplified fragments were subcloned into

PCR cloning vectors, pCRR-BluntII-TOPOR or pCRRII-
TOPOR (Invitrogen) using PCR Cloning Kit (Invitrogen)

(Table 1). The integrity of these genes was confirmed by

sequencing using an ABI 3100 automated fluorescence

sequencer. The sequence was analyzed using software

Sequencher.
be(TM)/Reverse primer

verse primer (R)

Mini genes and fragment size

TTCTGA pCR-Blunt II-rLPA1

CAATGACCACA

CA

GCC 176 bp

CAGT

TCAG pCRII-TOPO-rLPA3

TCACCGTCTTCATTAGCTTC

GAA

TGG

AGCG 274 bp

ACATCT pCR2.1-TOPO-rLPB1

GTTCCG

GACTTC

ATGT

AAGG 505 bp

TCTACTTC pCR2.1-TOPO-rLPB2

ATGCGGAC

CAA

GGCT

CGTC 169 bp

CT pCR-Blunt II-rLPB3

TGGACT

GTGGTT

ACCG 168 bp

ATGTA

TACCAT pCRII-TOPO-rLPB4

CATC

A

CGT

TG 171 bp

TT

ATGGAATCCTGTG

ATGTAGTTTC

CGGT pCR-Blunt II-rhActin
GGAG 296 bp



Fig. 1. Inset: RT-PCR detection of mRNA of lpR in rat astrocytes. Lane 1. PCR reaction involving astrocyte cDNAwith the omission of reverse transcriptase

reaction for the assessment of genomic DNA contamination, Lane 2. PCR reaction with cDNAwith the inclusion of reverse transcriptase reaction. Quantitative

analysis of mRNA transcripts for lpR in rat cortical astrocytes by TaqMan PCR technique. Primers used specific to each gene and amplified product sizes were

listed in Table 1. Data represent expression of individual lpR mRNA relative to h-actin whose expression was normalized to 100. Values represent

meansF S.E.M., n= 3.
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2.2.3. PCR

PCR was performed using 3.0 Al of cDNA samples with

2.5 U of PfuTurboR DNA polymerase (Stratagene), 200 nM

dNTP, and 10 pmol of each primer, in a total volume of 50

Al for 30 cycles in GeneAmpR 9700 thermocycler (ABI).

Each cycle consisted of 30 s at 95 jC, 30 s at 55 jC and 45 s

at 75 jC. Aliquots of amplified samples (15 Al) were

assessed by agarose gel electrophoresis.
Fig. 2. Western blot analysis of ERK phosphorylation in rat cortical astrocytes upo

min. LPA and S1P increase ERK phosphorylation. Data represent results from a ty

data combined from individual experiments.
2.2.4. TaqMan PCR

TaqMan PCR was carried out using an ABI Prism 7900

sequence detector on 1 Al of cDNA samples using 900 nM

each primer, 250 nM TaqMan probe, and 25 Al of TaqManR
Universal PCR Master Mix, in a total volume of 50 Al. PCR
was executed with incubation at 50 jC of 2 min, 95 jC for

10 min, followed by 40 cycles of 15 s at 95 jC and 1 min at

60 jC. Additional reactions were performed on each 96-well
n exposure to S1P (0.1, 1, and 10 AM) and LPA (0.1, 1, and 10 AM) for 10

pical experiment and replicated in two additional experiments. Inset shows



Fig. 3. Regulation of calcium signaling in astrocytes by lpR activation. Both LPA and S1P increase intracellular calcium in cultured astrocytes. Changes in

intracellular calcium were measured by fluorimetric analysis of cells loaded with Fluo-4 AM. LPA (10 AM; Panel A and B) and S1P (1 AM; Panel A) increase

intracellular calcium. Pretreatment of astrocytes with pertussis toxin (PTX; 200 ng/ml, 18–24 h) significantly attenuated LPA-evoked influx of calcium (Panel

B; p< 0.05; two-way ANOVA) with no attenuation seen in S1P-induced response (Panel C). Pretreatment with dihydrosphingosine (DHS; 60 AM; 20 min)

attenuated increases in intracellular calcium in response to LPA (Panel D) and S1P (Panel E) application ( p< 0.05; two-way ANOVA). Values represent

meanF S.E.M. (n= 3 experiments each with three replicates).

T.S. Rao et al. / Brain Research 990 (2003) 182–194186
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plate using a known dilution of DNA from mini genes as

PCR template for constructing a standard curve relating

threshold cycle to cDNA concentration. Data were analyzed

using software SDS2.0. All measured PCR products were

normalized to the amount of h-actin cDNA, and all data

were normalized to h-actin and expressed as % h-actin
using software Prism 3.0.

2.2.5. Measurement of [Cai2+] by Fluo-4AM using

fluorescence plate reader

Intracellular calcium measurements by Fluo-4AM (Mo-

lecular Probes, Eugene, OR) were performed, as per Man-

ning and Sontheimer [17] with minor modifications.

Astrocytes grown in 48-well plates were washed with assay

buffer (20 mM HEPES-buffered EBSS (Gibco) + 10 AM
glycine + 40 AM probenecid) and incubated with Fluo-4-

AM (10 AM in assay buffer; 100 Al/well) for 2 h at 32 jC.
After the dye was removed, cells were washed gently with

500 Al of assay buffer to remove any dye nonspecifically

associated with the cell surface and incubated with 100 Al of
assay buffer containing 0.1% fatty acid-free BSA in the

FLUOstark Galaxy (BMG Lab Technologies, Cary, NC)

plate carrier at room temperature for 15 min for de-esteri-

fication of intracellular AM ester. Test reagents (100 Al, 2�
concentration) were delivered to cultured astrocytes in assay

buffer containing 0.1% fatty acid-free BSA and fluores-

cence intensities were measured for 40 s after which, Fmax

and Fmin calibrations for quantitative Ca2 + measurements

were performed. Data were expressed as peak/basal ratio by

plotting changes in Ca2 + (peak) as a function of time

(cycles [0.2 s/cycle]) calibrated relative to the basal Ca2 +

levels.

2.2.6. Western blot analysis of ERK phosphorylation

Astrocytes were washed with TCM (2–3� 0.5 ml),

exposed for 10 min to LPA or S1P with or without co-

treatments, the medium was aspirated off, rinsed once with 4

ml Earle’s balanced salt solution and lysed with 300 Al of
Fig. 4. LPA and S1P increase [3H]-arachidonic acid (AA) release from rat cortica

washed and exposed to LPA or S1P for 20 min. Values represent AA release ex

(meanF S.E.M., n= 3–4 experiments each with 2–3 replicates).
NP-40 lysis buffer a containing protease inhibitor cocktail

(Sigma; NaF, 10 mM; Na3VO4, 1 mM and PMSF, 1 mM).

Protein levels were determined using bicinchoninic acid

(Pierce, Rockford, IL) with bovine serum albumin as the

standard. Samples of cell lysates containing equal amounts

of protein were subjected to electrophoresis on a 4–20%

Tris–HCl Criterion Precast Gel (Bio-Rad, Hercules, CA)

and transferred to Hybond ECL nitrocellulose membrane

(Amersham Pharmacia Biotech, Piscataway, NJ) by electro-

blotting. Blots were washed in Tris-buffered saline contain-

ing Tween-20 (TBST) containing nonfat dairy milk powder,

incubated in p44/42 MAP kinases (Erk1/2) or phosphospe-

cific (Thr202/Tyr204) p44/p42 MAP kinases (pErk1/pErk2)

antibodies (1:1000; Cell Signaling, Beverly, MA) at room

temperature for 2 h or 4 jC overnight. Blots were washed

and incubated with a horseradish peroxidase (HRP)-conju-

gated goat anti-rabbit IgG as the secondary antibody

(1:10,000, Amersham Pharmacia Biotech; 2 h at room

temperature), washed again, and processed for immunore-

activity by signal amplification using SuperSignalR West

Femto Maximum Sensitivity Substrate (Pierce) and by

exposing the blots to Kodak BIOMAX ML film for visu-

alization. Densitometry of immunoblots was used to quan-

tify changes in ERK phosphorylation.

2.2.7. [3H]-arachidonic acid release

Astrocytes in 24-well culture plates were labeled with

[3H]-AA ([5,6,8,9,11,12,14,15] [3H]-arachidonic acid;

Amersham; 0.166 ACi/ml; 0.5 ml/well; 18–24 h at 37

jC), extensively washed first with warm (37 jC) DMEM

(3� 0.5 ml) and later with TCM (3� 0.5 ml). After the final

wash, pharmacological treatments were applied in TCM.

The experiments were terminated by the collection of super-

natants following a 20-min incubation at 37 jC in a tissue

culture incubator, lysing the cells in Triton-X-100 (0.1%)

containing TCM. Radioactivity in supernatants and lysates

was determined by liquid scintillation counting, and the data

were expressed as fractional efflux.
l astrocytes. Following overnight labeling with AA, cells were extensively

pressed as a percentage of fractional efflux seen under control conditions



Fig. 5. LPA (10 AM) and S1P (3 AM)-induced AA release in astrocytes is

sensitive to inhibition by pretreatment with PTX (200 ng/ml; 18–24 h).

Data represent fractional efflux observed with LPA or S1P expressed as a

percentage of fractional efflux seen with respective control response

(meanF S.E.M., n= 3–4 experiments each with 2–3 replicates). *p< 0.05

vs. control, #p< 0.05 vs. no PTX condition (ANOVA followed by

Neuman–Keuls test).
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2.2.8. PI hydrolysis

Astrocytes grown in 24-well plates were labeled with

[3H]-myo-inositol (1 ACi/well) in DMEM with glutamine

(0.5 ml/well; 18–24 h at 37 jC), washed with TCM (3� 0.5

ml), exposed for 30 min to TCM containing LiCl (10 mM)

and finally exposed for 60 min to various pharmacological

treatments in TCM containing Li in a tissue culture incu-

bator. Following the removal of supernatants, cellular lipids

were extracted with cold solvent mixture (HCl [4N]: chlo-

roform–methanol [2:100:200; v:v:v; 0.95 ml/well]), and the

extracts were transferred to glass tubes to which equal

volumes (0.3 ml) of water-saturated chloroform and chlo-

roform were added. After vortex-mixing and centrifugation,

aliquots of the aqueous phase (0.5 ml) were added to

exchange resin columns (AG 1-X8; 100–200 mesh formate

form) for separation of [3H]-inositol-containing compounds.

[3H]-Inositol monophosphate was eluted into scintillation

vials and measured by liquid scintillation counting. Aliquots

of organic phase (0.5 ml) were dried and counted to

determine total [3H]-myoinositol incorporated into cellular
Fig. 6. LPA- and S1P-induced AA release in astrocytes is sensitive to inhibition

represent fractional efflux observed with LPA or S1P expressed as a percentage

n= 3–4 experiments each with 2–3 replicates), *p< 0.05 vs. no U-73122 condit
lipids and to normalize fractional conversion to inositol

monophosphate (IP1).

2.2.9. Statistics

All values are expressed as meanF standard error of

mean (S.E.M., n = 3–6 individual experiments each with

two to three replicates). Data were analyzed by analysis of

variance (ANOVA) followed by post hoc analysis (Neu-

man–Keuls test; Prizm 3.0; GraphPad, San Diego, CA) and

statistical significance determined at a p < 0.05.
3. Results

3.1. Distribution of lpR mRNA in astrocytes

RT-PCR revealed expression of mRNAs for lpa1, lpa3,

s1p1, s1p2 and s1p3 in rat astrocytes (Fig. 1; inset).

Quantitative analysis by TaqMan PCR techniques indicated

s1p3 mRNA to be the most abundant lpR species in rat

astrocytes, followed by s1p1>lpa1>s1p2 = lpa3 (Fig. 1). In

contrast, the rat astrocytes contained relatively undetectable

levels of mRNA for s1p5, and this pattern is consistent with

an exclusive distribution of s1p5 in oligodendrocytes [13].

Similarly, the pattern of distribution of s1p mRNAs in the

present study is consistent with the detection mRNAs for

s1p1 and s1p3 in cultured mouse striatal astrocytes using

RT-PCR analysis [26].

3.2. ERK phosphorylation

Initial studies in glial cultures indicated that both LPA

(10 AM) and S1P (10 AM) increased ERK activation as

measured by increased phosphorylation of p42/p44 MAPK

with a peak effect at 10 min (data not shown). LPA and SIP

(both at 0.1, 1, and 10 AM) increased phosphorylation of

p42/p44 MAPK (Fig. 2). LPA- and SIP-induced ERK

phosphorylation was sensitive to pretreatment with a MEK

inhibitor, PD-98059 (data not shown). In addition, S1P- and
by pretreatment with the PLC inhibitor, U-73122 (30 AM; 20 min). Data

of fractional efflux seen with respective control response (meanF S.E.M.,

ion.



Fig. 7. LPA- and S1P-induced AA release in astrocytes is sensitive to

inhibition by pretreatment with the competitive SK inhibitor, DHS (60 AM;

20 min). Data represent fractional efflux observed with LPA or S1P

expressed as a percentage of fractional efflux seen with respective control

response (meanF S.E.M., n= 3–4 experiments each with 3 replicates),

*p< 0.05 vs. no DHS condition (ANOVA followed by Neuman–Keuls test

or t-test).
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LPA-induced ERK phosphorylation was greatly attenuated

by pretreatment with PTX (data not shown).

3.3. Calcium signaling in astrocytes

Both LPA (10 AM) and S1P (1 AM) increased [Ca]i
+ 2 in

rat cortical astrocytes (Fig. 3A) with a rapid increase

followed by a period of sustained elevation lasting for up

to 40 s after agonist application. Since these [Ca]i
+ 2 meas-

urements reflected population responses, kinetic differences

among the individual cells, if any, could not be differenti-

ated. Agonist-induced rapid increases, but not the sustained

elevation in [Ca]i
+ 2, persisted in the absence of external

calcium and inclusion of 2 mM ethylene glycol-bis-(h-
aminoethyl ether)-N,N,NV,NU-tetraacetic acid ethylene glycol
Fig. 8. Concentration-dependent increases in phosphoinositide hydrolysis in cortic

incubated overnight with [3H]-myoinositol to label lipid pools, washed, preincub

containing buffer for 1 h. Values represent PI hydrolysis expressed as a percentag

n= 3–4 experiments each with 2–3 replicates).
(EGTA; data not shown). This suggests that internal calcium

stores contributed to the rapid increase, whereas the influx

of external calcium contributed to the sustained elevation of

in [Ca]i
+ 2. Pretreatment of astrocytes with PTX (200 ng/ml;

overnight) selectively blunted LPA (10 AM)-induced

increases in [Ca]i
+ 2 without affecting the response to S1P

(1 AM; Fig. 3B and C). In addition, pretreatment of

astrocytes with DHS (60 AM; 20 min), a cell-permeable

sphingosine kinase (SK) inhibitor, also blunted both LPA

(10 AM) and S1P (1 AM)-induced increases in [Ca]i
+ 2,

implicating a role for SK in calcium signaling (Fig. 3D

and E).

3.4. AA release

Activation of lpR by both SIP and LPA increased AA

release in a concentration-dependent manner. While S1P

and LPA were equally efficacious (maximal release; mean

F S.E.M., 195F 15 and 170F 10, p>0.05), SIP was nearly

fivefold more potent than LPA in increasing AA release

from astrocytes (EC50 [nM], meanF S.E.M. [3–4]; 57F 12

and 333F 60, p < 0.05; Fig. 4). These potency differences

are in agreement with those reported in mouse striatal

astrocytes [23,24].

Pretreatment of astrocytes with PTX (200 ng/ml) sig-

nificantly attenuated both LPA and SIP-evoked arachi-

donic acid release to near control levels ( p < 0.05; Fig.

5). This concentration of PTX is known to completely

attenuate agonist-induced adenylate cyclase activation/in-

hibition in cultured systems (data not shown). In cultured

mouse striatal astrocytes, LPA-evoked AA release

was reported to be relatively resistant to inhibition by

PTX pretreatment [23], suggesting involvement of Gq,

but not Gi-coupled G-proteins. It is unclear if species

differences, i.e., rat vs. mouse, account for the differential

PTX-sensitivity.

With a view to further exploring the pharmacology of

LPA and S1P-evoked AA release, inhibitors of signal
al astrocytes following activation of lpR with LPA or S1P. Astrocytes were

ated in lithium-containing buffer prior to exposure to agonists in lithium-

e of basal IP1 accumulation seen under control conditions (meanF S.E.M.,



Fig. 10. LPA (10 AM) and S1P (1 AM)-induced PI hydrolysis in astrocytes

is sensitive to inhibition by pretreatment with the PKC inhibitor,

chelerythrine (Che, 10 AM; 20 min pretreatment). Data represent fractional

IP1 accumulation observed with LPA or S1P expressed as a percentage of

IP1 accumulation seen with respective control response (meanF S.E.M.,

n= 3–4 experiments each with 3 replicates), *p< 0.05 vs. control, #p< 0.05

vs. no Che condition (ANOVA followed by Neuman–Keuls test).
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transduction pathways that are known to be downstream to

lpR activation were employed. The PLC inhibitor, U-

73122 (30 AM), completely abrogated both LPA- and

S1P-evoked AA release from astrocytes (Fig. 6). The

inhibition of MAPK pathway by PD-98059 (10 AM),

Akt pathway by wortmanin (1 AM) or MEK pathway by

U-0126 (0.3 AM) did not affect LPA-evoked AA release

(data not shown) arguing for a minimal role for these

pathways in AA release. Interestingly, pretreatment of

astrocytes with DHS, a cell-permeable SK inhibitor, mark-

edly attenuated both LPA- and S1P-evoked AA release

(Fig. 7).

3.5. Activation of PLC pathway: PI hydrolysis

Both LPA and S1P increased PI hydrolysis in a con-

centration-dependent manner demonstrating that lpR acti-

vation triggers stimulation of the PLC pathway. S1P

was nearly fivefold more efficacious than LPA (maximum

responses, meanF S.E.M. [n = 4], 944F 166% and

237F24%, respectively, p < 0.05) and threefold more

potent than LPA (EC50 values, meanF S.E.M. [n = 3–

4], 375F 85 and 1350F 200 nM, respectively; p < 0.05;

Fig. 8).

PTX pretreatment significantly attenuated both LPA- and

S1P-induced PI hydrolysis (f 50% in both cases, p < 0.05;

Fig. 9). To investigate the role of PKC in lpR-induced PLC

activation, the effect of chelerythrine, a PKC inhibitor, was

examined. Pretreatment of astrocytes with chelerythrine (10

AM) completely abrogated both SIP- and LPA-induced PLC

activation leading to PI hydrolysis (Fig. 10).

Since inhibition of SK by DHS (60 AM) attenuated both

LPA- and SIP-induced calcium signaling and AA release,

and since AA release was sensitive to PLC inhibition, we

hypothesized that SK activation may also influence the PLC
Fig. 9. LPA (10 AM) and S1P (1 AM)-induced PI hydrolysis in astrocytes is

sensitive to inhibition by pretreatment with PTX (200 ng/ml; 18–24 h).

Data represent fractional IP1 accumulation observed with LPA or S1P

expressed as a percentage of IP1 accumulation seen with respective control

response (meanF S.E.M., n= 3–4 experiments each with 3 replicates),

*p< 0.05 vs. control, +p< 0.05 vs. no PTX condition (ANOVA followed by

Neuman–Keuls test).
pathway. To test this hypothesis, we examined effects of

DHS on lpR-mediated PI hydrolysis. DHS pretreatment

attenuated both LPA- and S1P-evoked PI hydrolysis

responses by 50% and 40%, respectively ( p < 0.05), sug-

gesting that lpR-induced PLC activation is also subject to

modulation by SK (Fig. 11).
Fig. 11. LPA (10 AM) and S1P (1 AM)-induced PI hydrolysis in astrocytes

is sensitive to inhibition by pretreatment with the competitive SK inhibitor,

DHS (60 AM; 20 min pretreatment). Data represent fractional IP1

accumulation observed with LPA or S1P expressed as a percentage of

IP1 accumulation seen with respective control response (meanF S.E.M.,

n= 3–4 experiments each with 3 replicates), *p< 0.05 vs. control, #p< 0.05

vs. no DHS condition (ANOVA followed by Neuman–Keuls test).
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4. Discussion

The main goals for this investigation were to determine

the expression pattern of genes encoding lpRs and to

investigate the signal transduction mechanisms of lpR in

rat cerebrocortical astrocytes. Expression patterns of mRNA

for lpa1, lpa3, s1p1, s1p2, s1p3, and s1p5 were docu-

mented, along with investigation of the role of Gi- and

Gq-coupled GPCRs in lpR-induced calcium signaling, AA

release, and PI hydrolysis. Most interestingly, the present

investigation provides evidence for the activation of sphin-

gosine kinase (SK) as a key common effector mechanism

downstream of lpR activation.

4.1. Distribution of lpR mRNA in astrocytes

Two families of related genes lpa1, lpa2, and lpa3 and

s1p1, s1p2, s1p3, s1p4, and s1p5 encode for LPAR and

S1PR, respectively [9,10,22,29,32,33]. It is also known that

both families show 40–50% intra-family sequence identity

and 30–35% inter-family identity, and both families in turn

are related to the cannabinoid receptors [9,11,12]. In the

present investigation, we examined gene expression profile

of lpa and s1p mRNA. TaqMan PCR technique was used to

examine the relative quantitative patterns of lpR mRNA

expression. The mRNA for lpa1 is the most abundant of the

two LPA species examined (lpa1 and lpa3), while s1p3 was

the most abundant of all lpR species followed by s1p1. Rat

sequences for lpa2 and s1p4 are unknown, and therefore,

the expression of these mRNAs was not investigated. We

confirmed that mRNA for s1p5, reported to be exclusively

expressed in oligodendrocytes [13,42], was not detected in

astrocytes. Recently Tabuchi et al. [35], using Northern

analysis, reported abundant expression of lpa1 mRNA in

cultured rat astrocytes with a lower level of expression in

cultured rat neurons. Results from the present investigation,

in addition to confirming the above findings, extend these

by the detection of low abundance of lpa3. The presence of

small but detectable levels of lpa3 mRNA in astrocytes is

consistent with a presence of this transcript in perinatal

rodent brain [4]. The detection of lpa1 mRNA in cultured

astrocytes contrasts with detection of lpa1 mRNA by in situ

hybridization in adult rat brain oligodendrocytes, but not in

astrocytes [11], and with immunohistochemical detection of

lpa1 in oligodendrocytes, but not in astrocytes either in situ

or in culture [2]. These discrepancies may be related to

increased sensitivity of the quantitative TaqMan PCR tech-

nique over the others and/or to induction of lpa1 in cultured

astrocytes, or may reflect the induction of these transcripts

following isolation in culture.

4.2. ERK phosphorylation

Consistent with literature reports which established ERK

phosphorylation as a key signaling event downstream of lpR

activation in several cellular systems [9,14,16,22,25,29],
LPA and S1P increased ERK phosphorylation in cultured

astrocytes. The sensitivity of lpR-mediated responses to

PD98059, a well-known MEK inhibitor, implies that ERK

phosphorylation is downstream of lpR-induced MAPK

activation. In addition, the sensitivity of this response to

PTX implies involvement of Gi-coupled GPCRs. MAPK

activation and subsequent ERK phosphorylation are inti-

mately linked to proliferative responses in target cells.

Indeed, lpR activation is known to induce proliferative

response in cultured astrocytes [25,26,35,38].

4.3. Calcium signaling in astrocytes

Both LPA and S1P increased intracellular calcium. In-

terestingly, LPA-induced but not S1P-induced response was

sensitive to pretreatment with PTX. These results implicate

distinct coupling to heterotrimeric G protein subunits. LpR-

induced elevations in [Ca]i
+ 2 were sensitive pretreatment

with DHS, a cell-permeable SK inhibitor. Since SK is the

rate-limiting enzyme in the conversion of sphingosine to

SIP, these results suggest lpR-activated SIP generation in

astrocytes. The role of SK in lpR signaling was further

explored and substantiated both in AA release and PLC

activation.

4.4. Arachidonic acid release and activation of PLC

pathway

Both LPA and S1P increased PI hydrolysis and AA

release in a concentration-dependent manner, and these

two signaling responses were PTX sensitive, implying that

lpR activation leads to stimulation of the PLC and PLA2

pathways via Gi-coupled GPCRs. In a number of cellular

systems, increases in intracellular calcium via PLC-IP3

pathway activate PLA2 enzyme leading to AA release.

Therefore, the inhibition of lpR-evoked AA release by

PLC inhibitor U-73122 supports a proximal PLC activation

step in the events leading to AA release. In contrast,

inhibition of MAPK pathway by PD-98059 (10 AM), Akt

pathway by wortmanin (1 AM) or MEK pathway by U-0126

(0.3 AM) did not affect LPA-evoked AA release arguing for

a minimal role for these pathways in AA release. The lack of

effect of PD-98059 on LPA-evoked AA release was in

contrast with the sensitivity of LPA-induced ERK phos-

phorylation and suggests divergent mechanisms. Several

lines of evidence suggest a cross-talk between GPCR-

induced activation of phospholipase C and protein kinase

C (PKC) pathways: (a) activation of PKC by diacylglycerol,

a by-product of PLC activation, and (b) downregulation of

the PLC pathway via feedback inhibition by prior activation

of protein kinase C by phorbol esters or by inhibition of

PKC pathway by agents such as staurosporine or cheler-

ythrine [7]. The inhibitory effects of chelerythrine on PI

hydrolysis are consistent with the notion that PKC activa-

tion precedes PLC activation. These results are also in

agreement with the attenuation of lpR-stimulated PI hydro-
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lysis in cultured mouse striatal astrocytes by phorbol ester-

induced PKC activation [25,26]. In addition, these results

indicate that lpR activation leads to stimulation of PKC,

PLA2, and PLC pathways. The inhibition of SK by DHS

attenuated both LPA- and SIP-induced AA release and PI

hydrolysis. These observations suggest that lpR-mediated

SK activation also influences PLA2 and PLC pathways.

4.5. Multiple lpRs in astrocytes and signaling redundancy

The overall pharmacological profiles of LPA and S1P in

astrocytes should reflect that a mixture of individual recep-

tors encoded by these genes. The consequences of lpR

activation by cognate ligands were very similar in that

activation of LPARs by LPA or S1PRs by S1P resulted in

(a) elevation of intracellular calcium, (b) ERK-phosphory-

lation, and (c) arachidonic acid release and PI hydrolysis. It

is unclear if these pharmacological responses are subtype

specific or represent a collective activation of lpR. Activa-

tion of individual members of lpRs in recombinant systems

led to overlapping downstream transduction events, perhaps

reflective of shared G protein-coupling [9,16]. Of the

heterotrimeric GPCRs, only Gi-coupled GPCR responses

show PTX sensitivity. In recombinant systems, S1P1R

couple only to Gi, whereas both S1PR2 and S1PR3 couple

to Gi, Gq, and G13. Therefore, activation of these receptors

by S1P results in inhibition or, in some cases, activation of

adenylate cyclase, ERK phosphorylation, and PLC activa-

tion. Predictably, these diverse responses show varying

degrees of PTX sensitivity. The profile of S1P-mediated

responses in astrocytes is consistent with the involvement of

multiple members of S1PR family. Similarly, activation by

LPA of LPA1, LPA2, and LPA3 receptors stably expressed

in a neuronal cell line (B-103), results in increases in AA

release, ERK phosphorylation in a PTX sensitive manner,

and activation of PLC pathway in a PTX-insensitive man-

ner, implicating involvement of Gi and Gq, respectively, in

these pathways [14]. These results show both similarities

and differences with those seen in cultured astrocytes. These

differences may arise due in part to the well-known cell-type

specific GPCR coupling for lpRs [16,32,33]; for example,

LPA activates MAPK pathway in oligodendrocytes in a

relatively PTX-insensitive manner [42], which contrasts

with complete PTX sensitivity in cultured astrocytes [25].

The presence of multiple lpR in astrocytes with shared or

similar signaling properties raises interesting issues of

signaling selectivity and consequences of ligand activation.

Since the endogenous ligands LPA and S1P do not exhibit

marked subtype selectivity, activation of lpR by LPA or S1P

may result in a downstream signaling redundancy. However,

this redundancy may allow for signal summation for fine-

tuning biological responses. In addition, emerging evidence

supports homo- and heterodimerization of lpRs in recombi-

nant systems [37], and if this were to occur in vivo, such a

phenomenon may further modify cellular responses to

ligand activation.
4.6. Role of sphingosine kinase in lpR signaling

A major source of calcium signaling via GPCRs involves

PLC-IP3 dependent calcium release from intracellular

stores. However, in a number of experimental systems,

PLC-IP3-independent calcium mobilization by GPCRs has

been documented [20,21]. Some of the examples include (1)

calcium mobilization via M2 muscarinic cholinergic recep-

tors in HEK-293 cells [20,21] and (2) LPA-induced calcium

signaling in SHSY-5Y neuroblastoma cells in the complete

absence of IP3 production [41]. Such a process is now

known to involve activation of SK, leading to an enhanced

production of S1P. S1P, in turn, can further amplify calcium

signaling through its effects on endoplasmic reticulum. DL-

threo-dihydrosphingosine (DHS) is a competitive, cell-per-

meable SK inhibitor, and sensitivity of pharmacological

responses to DHS is taken as an evidence in favor of in

situ SK activation [6,20,21,41]. LPA-induced calcium sig-

naling in SHSY-5Y cells was found to be DHS sensitive,

implying SK activation, and this was confirmed by LPA-

induced generation of [3H]-S1P from [3H]-sphingosine [41].

In addition, in cell lines stably expressing recombinant

S1P1, S1P3, or S1P5 receptors, activation by S1P resulted

in the generation of intracellular S1P in a PTX-sensitive

manner, implicating receptor-mediated generation [21].

Since astrocytes contained both functional LPRs and

S1PRs, we hypothesized that lpR activation may trigger

SK activation. Consistent with the hypothesis, our studies

revealed that agonist-induced AA release, PLC activation,

and calcium signaling all are sensitive to varying degrees to

DHS, suggesting that activation of SK is a consequence of

lpR activation.

Activation of SK as an event subsequent to lpR activa-

tion has several implications. First, intracellular generation

of S1P can further amplify signaling via the endoplasmic

reticulum. Second, since SK is also membrane bound [1],

the potential exists for local signal amplification via extra-

cellular S1P generation. More importantly, influx of calcium

via multiple mechanisms, such as the activation of GPCRs,

depolarization, and ionophore application is known to

activate SK [20,21,41]. These observations suggest that

SK activation is an important cellular response to calcium

signaling and posit that physiologic neurotransmission via

GPCR and ion channels has the potential to generate S1P

locally as novel autocrine/paracrine tertiary messenger. The

magnitude of S1PR activation following such diverse stim-

uli is likely to be tightly controlled by regulated degradation

of S1P to sphingosine by S1P-phosphatase.

4.7. Roles of lpR in physiology and pathology

The precise roles of astrocytic lpRs in in vivo physiology

are unclear. Astrocytes not only provide nutrient support to

neurons, but emerging evidence points to an active role of

astrocytes in CNS repair following injury [30]. In addition,

astrocytes, in concert with endothelial cells, form the

ch 990 (2003) 182–194
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blood–brain barrier. Therefore, the presence of cognate

receptors for lpR on neurons, endothelial cells, and glia,

including astrocytes, invoke pleotropic actions of LPA and

S1P on these cells. The presence of micromolar concen-

trations of LPA and S1P in serum and the presence of

calcium-activated SK as a common downstream event all

suggest a role in central nervous system development,

remodeling, injury and repair, and blood–brain barrier

function. The frontal hematomas observed in lpa1 (� /� )

and lpa1 (� /� )/lpa2(� /� ) embryos suggest that lpRs are

critical regulators of blood–brain barrier permeability and/

or vascular reactivity under both physiological and patho-

physiological conditions [39,40]. Similarly, expression anal-

yses suggest potential roles for lpRs in neurogenesis,

angiogeneis, survival/apoptosis, and neural signaling

[19,34,39,40].
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