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ABSTRACT
Lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) have
been proposed to play a key role in oligodendrocyte maturation and myelinogenesis. In
this study, we examined lysophospholipid receptor gene expression in differentiated rat
oligodendrocyte cultures and signaling downstream of lysophospholipid receptor activation by LPA and S1P. Differentiated oligodendrocytes express mRNAs encoding lysophospholipid receptors with the relative abundance of lpa1 ⬎ s1p5 ⬎ s1p1 ⫽ s1p2 ⫽
lpa3 ⬎ s1p3. LPA and S1P transiently increased phosphorylation of extracellular signalregulated kinase (ERK) with EC50 values of 956 and 168 nM, respectively. LPA- and
S1P-induced ERK phosphorylation was dependent on the activation of mitogen-activated protein kinase (MAPK), phospholipase C (PLC), and protein kinase C (PKC), but
was insensitive to pertussis toxin (PTX). LPA increased intracellular calcium levels in
oligodendrocytes and these increases were partially blocked by a PLC inhibitor but not
by PTX. In contrast, S1P was not found to induce measurable changes of intracellular
calcium. These results taken together suggest that lysophospholipid receptor activation
involves receptor coupling to heterotrimeric Gq subunits with consequent activation of
PLC, PKC, and MAPK pathways leading to ERK phosphorylation. © 2003 Wiley-Liss, Inc.

INTRODUCTION
Lysophosphatidic acid (LPA) and sphingosine-1phosphate (S1P) are endogenous bioactive phospholipid agonists of a family of G-protein-coupled lysophospholipid receptors (lpR), previously described as
endothelial differentiation gene (Edg) receptors. So far,
eight members of the family have been discovered in
mammalian cells: lpa1, lpa2, and lpa3 receptors for
LPA (formerly known as Edg-2, Edg-4, and Edg-7, respectively), and s1p1, s1p2, s1p3, s1p4, and s1p5 receptors for S1P [formerly known as Edg-1, Edg-5, Edg-3,
Edg-6, and Edg-8, respectively; for reviews of nomenclature, see Chun et al. (2002)].
LPA induces a variety of biological actions, including
proliferation, differentiation, survival, and chemotaxis
(Moolenaar, 1995; Tokumura, 1995). LPA receptors
©

2003 Wiley-Liss, Inc.

couple to three out of four primary classes of heteromeric G-proteins, Gi/o, Gq, and G12/13, but not to Gs.
Activation of LPA receptors results in wide spectrum of
intracellular events, such as increases in inositol phosphates and intracellular calcium (An et al., 1998), inhibition of adenylyl cyclase (Hecht et al., 1996; Tigyi et
al., 1996; Arimura et al., 1998), activation of kinases
such as protein kinase C (PKC) (Seewald et al., 1999;
Kim et al., 2000; Paolucci et al., 2000; Rui et al., 2000),
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mitogen-activated protein kinase (MAPK) (Hordijk et
al., 1994; Takeda et al., 1998, 1999), and Rho kinase
(Buhl et al., 1995; Ramakers and Moolenaar, 1998).
Ample biological evidence shows involvement of distinct G-protein coupling mechanisms in speciﬁc signal
transduction pathway(s). For example, the mitogenic
action of LPA is almost completely inhibited by pertussis toxin (PTX), implicating the critical involvement of
Gi/o (Grey et al., 2001), whereas the LPA-induced
stress-ﬁber formation and cell rounding responses
through Rho activation appear to involve G12/13 (Buhl
et al., 1995).
Mechanistic studies of S1P receptor signal transduction are facilitated by the availability of transfected cell
lines expressing single subtypes of S1P receptors. S1p1
couples to Gi/o and its activation stimulates MAPK
(Zondag et al., 1998; Gonda et al., 1999; Lee et al.,
1999), inhibits adenylyl cyclase (Lee et al., 1998; Okamoto et al., 1998; Zondag et al., 1998), and activates
phospholipase C (PLC), leading to calcium mobilization
(Okamoto et al., 1998). S1p2 couples to Gq/11 (Kon et
al., 1999; Windh et al., 1999) and receptor activation
leads to PLC activation with resulting increases in
inositol phosphates and intracellular calcium (Gonda
et al., 1999). S1P-induced cell proliferation, survival,
and related signaling events are mediated by s1p3 and
s1p2 (An et al., 2000), whereas S1P inhibits proliferation and extracellular signal-regulated kinase (ERK)
1/2 activities in Chinese hamster ovary cells expressing
s1p5 (Malek et al., 2001).
Lpa1 is the ﬁrst G-protein-coupled receptor (GPCR)
found to be selectively expressed in myelin-forming
cells in the nervous system and its temporal expression
pattern is consistent with its role in neurogenesis during embryonic development and in myelination during
postnatal life (Allard et al., 1998). In situ hybridization
studies have shown that lpa1 is concentrated in and
around developing white matter tracts of postnatal
mouse brain and is coexpressed with proteolipid protein (PLP), a marker for mature oligodendrocytes
(Weiner et al., 1998). Immunohistochemical studies
also show that lpa1 proteins are prominently expressed
in the white matter track region of adult rat brain
(Cervera et al., 2002) and cultured oligodendrocytes
(Handford et al., 2001) and is colocalized with myelin
basic protein (MBP) (Cervera et al., 2002). Interestingly, mRNA for s1p5 is also found predominantly in
white matter tracts of rat brain such as corpus callosum, optic nerve, and olfactory tract and the white
matter of cerebellum (Im et al., 2000). These unique
distribution patterns of lpa1 and s1p5 suggest that
lpRs might play an important role in fundamental
functions of oligodendrocytes, such as myelination, and
that modulation of the receptors could be a therapeutic
strategy for demyelinating diseases such as multiple
sclerosis (MS).
Although there is a wealth of literature on receptor
distribution and mechanistic studies of signal transduction of LPA and S1P receptors in non-CNS tissues,
our knowledge about the effects of these bioactive ly-

sophospholipids on myelinating cells in the brain or in
the periphery is still limited. LPA has been shown to be
a potent survival factor for cultured Schwann cells
(Weiner and Chun, 1999) and modulator of calcium
signals (Möller et al., 1999) and ERK1/ERK2 activation
(Stankoff et al., 2002) in cultured oligodendrocytes.
S1P also induces ERK2 activation in rat oligodendrocytes (Hida et al., 1999). However, there are few comparative studies of the signal transduction pathways of
LPA and S1P in oligodendrocytes. Therefore, we investigated the comparative mRNA distribution of LPA and
S1P receptors and signaling events downstream of receptor activation, such as increases in intracellular
calcium and in phosphorylated ERK (pERK), as well as
on excitatory amino acid-evoked cell injury in wellcharacterized cultures of rat oligodendrocytes.

MATERIALS AND METHODS
Cell Culture
All the culture and assay reagents were purchased
from Sigma (St. Louis, MO) unless stated otherwise.
Primary mixed glial cultures were prepared from
Sprague-Dawley rats (0 –2 days old) and grown in Dulbecco’s modiﬁed Eagle medium (DMEM; Life Technologies, Rockville, MD) supplemented with 25 mM glucose, 2 mM L-glutamine, and 10% heat-inactivated
fetal bovine serum (FCS; Omega Scientiﬁc, Tarzana,
CA) at 37°C in incubator with 5% CO2 for 10 –14 days.
After initiation, the culture media were changed 6 days
later and twice a week thereafter. The oligodendrocyte/
type-2 astrocyte (O-2A) progenitors and microglia were
separated from type 1 astrocytes by shaking the cultures at 350 rpm at 37°C overnight (15–17 h) as originally described (McCarthy and Vellis, 1980). The puriﬁcation,
proliferation,
and
differentiation
of
oligodendrocytes were performed by published methods (Bögler et al., 1990; Canoll et al., 1996) with minor
modiﬁcations. Brieﬂy, the detached O-2A progenitors
and microglia were replated onto nontissue culturetreated ﬂasks and allowed to adhere in the incubator
for 2–3 h. During this process, microglia attach ﬁrmly
to the surface while the O-2A progenitors attach loosely
and were detached by gentle ﬂushing and replating
onto poly-L-lysine-coated 6-well or 48-well tissue culture plates. The isolated cells were incubated for 2–3 h
and media were replaced by DM⫹ (DMEM supplemented with 40 ng/ml selenium, 0.3 g/ml tri-iodothyronine, 5 g/ml bovine insulin, 100 g/ml human transferrin, 60 ng/ml progesterone, 16 g/ml putrescine, 0.4
g/ml thyroxine, 2 mM glutamine, and 0.5% heat-inactivated FCS) freshly supplemented with 10 ng/ml
platelet-derived growth factor (PDGF; Roche Diagnostics, Indianapolis, IN) and 10 ng/ml basic ﬁbroblast
growth factor (bFGF; Roche Diagnostics). The cultures
were grown at 37°C in 8% CO2 for 7–10 days. The
culture media were replaced by fresh DM⫹ for 2 days
and then DMEM for 1 day to allow differentiation
before the cells were used for assays.
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TABLE 1. Sequences of Primers and Probes and Constructs of Minigenes
Gene

Accession #

Forward primer (F)/TaqMan probe (TM)/reverse primer (R)

lpa1

AF090347

lpa3

AF097733

slp1

U10303

slp2

AF022138

slp3

AF184914

slp5

AF233649

␤-actin

V01217

␤-actin

V01217

F:
TM:
R:
F:
TM:
R:
F:
TM:
R:
F:
TM:
R:
F:
TM:
R:
F:
TM:
R:
F:
TM:
R:
F:
R:

5⬘-GACACCATGATGAGCCTTCTGA
5⬘-AAAGGCACCCAGCACAATGACCACA
5⬘-CCCGGAGTCCAGCAGACA
5⬘-CACACGAGTGGCTCCATCAG
5⬘-CTCCTAAGACAGTCATCACCGTCTTCATTAGCTTC
5⬘-GGTCCAGCACACCACGAA
5⬘-CTGACCTTCCGCAAGAACATCT
5⬘-CAAGGCCAGCCGCAGTTCCG
5⬘-CTTCAGCAAGGCCAGAGACTTC
5⬘-GCCTTGTACGTCCGAATCTACTTC
5⬘-TAGTCCGCTCAAGCCATGCGGAC
5⬘-AGCGTCTGAGGACCAGCAA
5⬘-ACGCGCGCATCTACTTCCT
5⬘-CCACCCTGCGGCTGCTGGACT
5⬘-TGGATCTCTCGGAGTTGTGGTT
5⬘-CTCTAGAGCGCCACCTTACCAT
5⬘-CAGGCGGCCACCGCCATC
5⬘-CCCAGCAGCAGCGACAA
5⬘-ATGCCCCGAGGCTCTCTT
5⬘-CCTTCCTTCCTGGGTATGGAATCCTGTG
5⬘-CTTCATGATGGAATTGAATGTAGTTTC
5⬘-GCTATGAGCTGCCTGACGGT
5⬘-GTACTTGCGCTCAGGAGGAG

Immunostaining and Cell Counting
Purity of oligodendrocyte cultures was established by
immunoﬂuorescence analysis by using antibody
against galactocerebroside (GalC), a marker for mature
oligodendrocytes. Cells were brieﬂy washed with phosphate-buffered saline (PBS) before ﬁxation in 4% paraformaldehyde for 20 min at room temperature. Fixed
cells were blocked by 10% FCS in PBS. Primary antiGalC antibody of rabbit serum was used at 1:50 and
goat-antirabbit antibody conjugated with Alexa 488
(Molecular Probes, Eugene, OR) was used at a dilution
of 1:50. To determine the percentage of GalC-positive
cells, immunostained oligodendrocytes were counterstained by 4⬘,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Molecular Probes) at a concentration of 5
g/ml. The cells were viewed with an Olympus BX60
epiﬂuorescence microscope and the images were collected by a digital camera.

RNA Analysis
Isolation of total RNA and reverse transcription
Total RNA from adult rat whole brain was isolated
using a ToTally RNA kit (Ambion, Austin, TX). For
further removal of genomic DNA contamination, total
RNA was treated with RNase-free DNase I on RNeasy
midi columns and puriﬁed using an RNeasy Protect
Midi kit (Qiagen, Valencia, CA). Total RNA from differentiated oligodendrocytes was isolated using an
RNeasy Protect Midi kit. One g of total RNA was
reverse-transcribed using RETROscript kit (Ambion).
In each reverse transcription reaction, a reaction of
omitting reverse transcriptase was included for the
assessment of genomic DNA contamination.

Minigenes
pCR-Blunt II-rLPA1
pCRII-TOPO-rLPA3
pCR2.1-TOPO-rLPB1
pCR2.1-TOPO-rLPB2
pCR-Blunt II-rLPB3
pCRII-TOPO-rLPB4

pCR-Blunt II-r␤-actin

Cloning, construction, and DNA sequencing of
minigenes for lpRs and ␤-actin
The cDNAs encoding lpa1, lpa3, s1p1, s1p2, s1p3,
s1p5, and ␤-actin were ampliﬁed from rat brain with
polymerase chain reaction (PCR) techniques. Primers
used for these genes were designed from sequences in
the Genebank database (Table 1). For cloning of lpR
minigenes, cDNA (2 l) was ampliﬁed using 10 pmol of
each primer and TaqMan Universal PCR Master Mix
(25 l) in a total volume of 50 l. PCR was performed
using a GeneAmp 9700 thermocycler (ABI, Foster City,
CA) with incubation at 50°C for 2 min, 95°C for 10 min,
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
␤-actin minigene was ampliﬁed with 2.5 U of PfuTurbo
DNA polymerase (Stratagene, La Jolla, CA), 200 nM
dNTP, and 10 pmol of each primer, in a total volume of
50 l for 30 cycles in GeneAmp 9700 thermocycler
(ABI). Each cycle consisted of 30 s at 95°C, 30 s at 55°C,
and 45 s at 75°C. The PCR-ampliﬁed fragments were
subcloned into PCR cloning vectors, pCR-Blunt IITOPO or pCR II-TOPO (Invitrogen, Carlsbad, CA) using PCR Cloning Kit (Invitrogen; Table 1). The integrity of these genes was conﬁrmed by sequencing using
an ABI 3100 automated ﬂuorescence sequencer (ABI).
The sequence was analyzed using software Sequencer.

TaqMan PCR
TaqMan PCR was carried out using an ABI Prism
7900 sequence detector on 1 l of cDNA samples using
900 nM of each primer, 250 nM TaqMan probe, and 25
l of TaqMan Universal PCR Master Mix, in a total
volume of 50 l. PCR was executed with incubation at
50°C for 2 min, 95°C for 10 min, followed by 40 cycles at
95°C for 15 s and at 60°C for 1 min. Additional reac-
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tions were performed in 96-well plate using known
dilutions of DNA from minigenes 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 corrected based on the amount of ␤-actin cDNA, and all
data were normalized to ␤-actin and expressed as %
␤-actin.
Western Blotting Analysis
After the removal of the medium, cells were washed
in warm DMEM and exposed to pharmacological treatments in warm (37°C) DMEM containing 1% fatty acidfree BSA for preselected time points. At the end of the
exposure, media were aspirated and the cultures were
rinsed once with 4 ml Earle’s Balanced Salt Solution
(EBSS). Cells were lysed in 300 l NP-40 lysis buffer
containing protease inhibitor cocktail containing 10
mM NaF, 1 mM Na3VO4, and 1 mM PMSF. Cell lysates
with 5 g protein were separated on a 4 –20% Tris HCl
Criterion Precast Gel (Bio-Rad, Hercules, CA) and
transferred onto Hybond ECL nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, NJ). After
transfer, membranes were blocked with PBS with 0.1%
Tween-20 and 5% (W/V) milk powder overnight at 4°C,
incubated with the primary antibodies (p44/42 MAP
kinase or phospho-p44/42 MAP kinase, 1:1,000; Cell
Signaling, Beverly, MA) overnight at 4°C, followed by
an incubation with HRP-conjugated secondary antibody (1:10,000; Amersham Pharmacia Biotech) for 2 h
at room temperature. Bands were visualized by treatment with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL) followed by exposure to Kodak BIOMAX ML ﬁlm (Eastman Kodak,
Rochester, NY)
Measurement of [Ca2ⴙ]i by Fluo-4AM Using
Fluorescence Plate Reader
Intracellular calcium measurements by Fluo-4AM
(Molecular Probes) were performed as previously described (Manning and Sontheimer, 1999) with minor
modiﬁcations. Oligodendrocytes grown in 96-well
plates were washed with assay buffer (EBSS supplemented with 20 mM HEPES, 10 M glycine, and 40
M probenecid) and incubated with Fluo-4-AM (10 M
in assay buffer; 100 l/well) at 32°C for 2 h. After the
dye was removed, cells were washed gently with 200 l
of assay buffer to remove any dye nonspeciﬁcally associated with the cell surface and incubated with 100 l
of assay buffer containing 0.1% fatty acid-free BSA in
the FLUOstar Galaxy (BMG LabTechnologies,
Durham, NC) plate carrier at room temperature for 15
min to allow deesteriﬁcation of the intracellular AM
ester. Test reagents (100 l, 2⫻ concentration) were
delivered to oligodendrocytes in assay buffer containing 0.1% fatty acid-free BSA and ﬂuorescence intensi-

ties 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
calibrated relative to the basal Ca2⫹ levels.

Toxicity Assay
Oligodendrocytes were exposed to insult [␣-amino-3hydroxy-5-methy-4-isoxazolepropionic acid (AMPA)
and cyclothiazide (CTZ)] or in conjunction with LPA for
2 h in EBSS at 37°C. At the end of the insult, supernatants were collected and the cells were lysed by
EBSS containing 0.1% Triton X-100. Aliquots of supernatants and lysates (25 l) were used to measure lactate dehydrogenase (LDH) by Cytotoxicity Detection
Kit (Boehringer Mannheim, Indianapolis, IN). The results were expressed as percentage of LDH efﬂux.

Data Analysis
All values are expressed as mean ⫾ standard error of
mean (SEM). For statistical evaluation, analysis was
done with analysis of variance (ANOVA) followed by
Neuman-Keuls test as a posthoc test using software
GraphPad Prism 3.0 (San Diego, CA) to compare possible difference among various treatment groups.

RESULTS
Establishment of Cultures of Differentiated
Oligodendrocytes
As a prerequisite to investigate the effects of LPA
and S1P on oligodendrocytes, we ﬁrst established and
characterized differentiated oligodendrocyte cultures
as described previously (Bögler et al., 1990; Canoll et
al., 1996). Progenitor cells expanding in DM⫹ supplemented with PDFG and bFGF initially have a bipolar
morphology (not shown) and become multipolar after
withdrawal of PDGF and bFGF. Differentiated oligodendrocytes were characterized by an increased number of highly ramifying processes (Fig. 1A), accompanied by the expression of GalC, a marker for mature
oligodendrocytes. The GalC immunoreactivity was concentrated in the cell bodies and to a lesser extent in the
processes (Fig. 1B). Microscopic analysis of nearly 600
cells in seven random ﬁelds from two independent experiments indicated that 97.5% (580 out of 595) of
DAPI-labeled cells were GalC-positive (Fig. 1C).

Expression of Lpa and S1p Receptors in
Differentiated Oligodendrocytes
We have employed a highly sensitive and quantitative TaqMan PCR method to examine the distribution
of mRNA. We exploited the six existing rat sequences
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Fig. 1. Characterization of mature rat cortical oligodendrocytes.
Phase contrast micrograph (A) and immunoﬂuorescence staining of
GalC (B) and immunoﬂuorescence staining of GalC counterstained
with DAPI (C) are shown. Cells were cultured in DM⫹ supplemented
with PDGF and bFGF for 7 days and changed to DM⫹ for 2 days
before phase contrast microscopy (magniﬁcation in A, 100⫻). Cells
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were processed for immunoﬂuorescence staining with primary antiGalC antibody and secondary antibody conjugated with Alexa 488. All
the cells in the ﬁeld were GalC-positive (magniﬁcation in B, 200⫻);
97.5% of; DAPI-labeled cells (595) are GalC-positive cells (580). Data
from seven random ﬁelds (magniﬁcation in C, 100⫻) of two independent cultures.

al., 2000) were expressed in postnatal murine and rat
brain white matter, respectively.

Transient and Concentration-Dependent
Activation of pERK by LPA and S1P

Fig. 2. LpR mRNA expression proﬁle in differentiated rat cortical
oligodendrocytes. Data represent expression of individual lpR mRNA
relative to ␤-actin whose expression was normalized to 100. The rank
order of the expression was lpa1 ⬎ s1p5 ⬎ s1p1 ⫽ s1p2 ⫽ lpa3 ⬎ s1p3.
Lpa1 level was respectively 6-, 49-, 57-, and 58-fold higher than s1p5,
s1p1, s1p2, and lpa3 mRNA expression, while s1p3 mRNA was expressed at a very low level. Among four s1ps tested, s1p5 has the
highest level of expression while lpa2 and s1p4 were not investigated
since the rat sequences were not currently available.

for lpRs to quantify the levels of expression of those
receptors in cultured oligodendrocytes with ␤-actin as
the reference gene for normalization purposes. As
shown in Figure 2, in three independent oligodendrocyte preparations, six lpRs were found with the following rank order of gene expression: lpa1 ⬎ s1p5 ⬎
s1p1 ⫽ s1p2 ⫽ lpa3 ⬎ s1p3. The mRNA for lpa1 was
the most abundant and was 6-, 49-, 57-, and 58-fold
higher than those of s1p5, s1p1, s1p2, and lpa3, respectively. The mRNA for s1p3 was the least abundant of
all. Among four s1ps tested, s1p5 showed the highest
level of expression. The expression proﬁles of lpa1 and
s1p5 in mature oligodendrocyte cultures were complemented by in situ hybridization analysis, which
showed that lpa1 (Weiner et al., 1998) and s1p5 (Im et

LPA has been shown to phosphorylate pERK1/pERK2
in a murine hepatocyte cell line AML12 (Sautin et al.,
2001) and in rat oligodendrocytes (Stankoff et al., 2002).
To test the abilities of LPA and S1P to activate MAPK
pathways, we used antibodies, which selectively recognize nonphosphorylated or phosphorylated forms of ERK
to differentiate between inactive and activated ERK. A
ﬁxed concentration of LPA or S1P (2 M) was applied to
differentiated oligodendrocytes for various lengths of
time (1– 60 min). Both LPA and S1P increased ERK phosphorylation with detectable changes seen as early as 1
min, peaking at 10 min, which gradually decreased to
near basal levels by 60 min (Fig. 3). LPA, at the tested
concentration (2 M), resulted in greater ERK phosphorylation than S1P (40 –50% of maximal effects by LPA).
The pharmacology of LPA- and S1P-induced ERK phosphorylation was examined with a 10-min agonist treatment. LPA and S1P produced concentration-dependent
increases in pERK with EC50 values of 956 and 168 nM,
respectively. LPA was consistently more efﬁcacious than
S1P in this response (Fig. 4).

LPA- and S1P-Mediated pERK Activation Is Not
PTX-Sensitive
In order to clarify which G-proteins are involved in
LPA- or S1P-induced pERK activation, oligodendrocytes
were treated with PTX (200 ng/ml, 18 –24 h) before application of LPA or S1P. As shown in Figure 5, PTX
treatment did not signiﬁcantly change the basal levels of
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Fig. 3. Time course of LPA or S1P on activation of pERK. After the
application of agonists for various periods of time, cells were lysed and
both ERK and pERK were measured by Western blotting. Representative Western blots of ERK and pERK are shown in lower and upper
panels in A, respectively. Lane 1, CTR; lane 2, LPA 1 min; lane 3, LPA
5 min; lane 4, LPA 10 min; lane 5, LPA 30 min; lane 6, LPA 60 min;
lane 7, CTR; lane 8, S1P 1 min; lane 9, S1P 5 min; lane 10, S1P 10 min;
lane 11, S1P 30 min; lane 12, S1P 60 min. B: Intensities of individual
bands were determined by densitometric scanning (Personal Densitometer SI, Molecular Dynamics) and analyzed by ImageQuant software (Molecular Dynamics). Ratios of digitized pERK and ERK signals were calculated and used to normalize pERK activities. The
response value of LPA at 10 min was used as 100%. Values represent
mean ⫾ SEM from three independent experiments.

pERK, nor did it modify the responses to LPA or S1P. The
magnitude of the LPA response by PTX-pretreated oligodendrocytes was very similar to that observed in cells
without PTX pretreatment. Although the magnitude of
S1P responses in PTX-pretreated oligodendrocytes appeared to be slightly higher than those without PTX,
these differences did not reach statistical signiﬁcance.

LPA- and S1P-Mediated ERK Phosphorylation
Is Completely Abolished by PLC, PKC,
or MAPK Inhibitors
We investigated the roles of PLC and MAPK in lysophospholipid-induced pERK activation. Most widely
used PLC inhibitor (U73122, 30 M) and MAPK inhibitor (PD98059, 10 M) were added to oligodendrocytes
10 min prior to LPA or S1P application. Both inhibitors
signiﬁcantly reduced pERK basal levels (Fig. 6). More
importantly, both U73122 and PD98059 completely
blocked LPA- or S1P-induced pERK activation while
ERK levels were not affected (Fig. 6). Similarly, chelerythrine chloride (10 M), an inhibitor of the substrate binding to the catalytic domain of PKC, completely abolished LPA- or S1P-induced pERK
activation, suggesting that activation of PKC is upstream of the ERK phosphorylation pathway (Fig. 7).
Chelerythrine chloride also signiﬁcantly reduced
pERK basal levels but not ERK levels (Fig. 7).

Fig. 4. Concentration response curves of LPA or S1P on pERK
activation. After application of agonists at various concentrations for
10 min, cells were lysed and both ERK and pERK were measured by
Western blotting. Representative Western blots of ERK and pERK are
shown in lower and upper panels in A, respectively. Lane 1, CTR; lane
2, S1P 0.3 M; lane 3, S1P 1 M; lane 4, S1P 3 M; lane 5, S1P 10 M;
lane 6, S1P 30 M; lane 7, LPA 0.1 M; lane 8, LPA 0.3 M; lane 9,
LPA 1 M; lane 10, LPA 3 M; lane 11, LPA 10 M; lane 12, LPA 30
M. B: Intensities of individual bands were determined by scanning
densitometry (Personal Densitometer SI, Molecular Dynamics) and
analyzed by ImageQuant software (Molecular Dynamics). Ratios of
digitized pERK and ERK signals were calculated and used to normalize pERK activities. Response values of LPA at 30 M were used as
100%. Values represent mean ⫾ SEM from ﬁve independent experiments. EC50s were 956 and 168 nM for LPA and S1P, respectively.

Sensitivity of LPA-Induced [Ca2ⴙ]i Responses to
PLC Inhibitor
To investigate the involvement of PLC in lysophospholipid signaling in oligodendrocytes, we utilized a Fluo-4based assay to measure intracellular calcium. LPA (1
M) increased [Ca2⫹]i up to 20% over basal levels, which
reached maximal levels over a period of 40 s. In contrast,
we were unable to see consistent and measurable increases in intracellular calcium following the application
of 1 M S1P (not shown). With a view to understanding
the pharmacology of LPA-induced increases in intracellular calcium, we examined its sensitivity to PTX and
U73122. PTX pretreatment (200 ng/ml, 18 –24 h) did not
attenuate LPA-induced [Ca2⫹]i elevation (Fig. 8), suggesting a lack of involvement of Gi/o-coupled mechanisms
in this response. However, U73122 (10 M) attenuated
LPA-induced [Ca2⫹]i by ⬃ 50% (Fig. 8), implicating activation of the PLC pathway by LPA, which in turn causes
internal calcium release.

Lack of Effects of LPA on AMPA/CTZ-Induced
Excitotoxicity
As oligodendrocytes have been shown to be vulnerable to AMPA/kainate receptor-mediated excitotoxicity in vivo (McDonald et al., 1998) and in vitro (Mat-
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Fig. 5. LPA- and S1P-induced pERK activation is PTX-insensitive.
Oligodendrocytes were subjected to PTX treatment (200 ng/ml, 18 –24
h) before agonists were applied (2 M, 10 min). The cells were lysed
and both ERK and pERK were measured by Western blotting. Representative Western blots of ERK and pERK are shown in lower and
upper panels in A, respectively. Lane 1, CTR; lane 2, LPA 2 M; lane
3, S1P 2 M; lane 4, PTX; lane 5, PTX ⫹ LPA; lane 6, PTX ⫹ S1P. B:
Intensities of individual bands were determined by scanning densitometry (Personal Densitometer SI, Molecular Dynamics) and analyzed by ImageQuant software (Molecular Dynamics). Ratios of digitized pERK and ERK signals were calculated and used to normalize
pERK activities. Response value of LPA at 2 M was used as 100%.
Values represent mean ⫾ SEM from ﬁve independent experiments.
Asterisk, P ⬍ 0.001 compared to CTR; double asterisk, P ⬎ 0.05
compared to LPA or S1P, respectively, by ANOVA followed by Neuman-Keuls test.

ute et al., 1997) and LPA has been shown to promote
Schwann cell survival (Weiner and Chun, 1999), we
tested if LPA protected oligodendrocytes against
AMPA/CTZ-induced excitotoxicity. First, we tested
various concentrations of AMPA in conjunction with
a ﬁxed concentration of CTZ (100 M) and found that
25 M AMPA produced submaximal excitotoxicity
(data not shown). We chose 25 M AMPA with 100
M CTZ as an insult paradigm to test the efﬁcacy of
LPA. As shown in Figure 9, coapplication LPA, ranging from 10 nM to 10 M, did not prevent AMPA/
CTZ-evoked excitotoxicity reﬂected by LDH efﬂux.

DISCUSSION
The expression patterns of lpR family members in
differentiated oligodendrocytes were investigated by a
sensitive TaqMan PCR technique. We were particularly interested in lpa1, since the expression of this
receptor has been reported to be high in oligodendro-
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Fig. 6. MAPK and PLC are involved in LPA- and S1P-induced
pERK activation. Inhibitors were added to oligodendrocytes 10 min
before agonists were applied (2 M, 10 min). The cells were lysed and
both ERK and pERK were measured by Western blotting. Representative Western blots of ERK and pERK are shown in lower and upper
panels in A, respectively. Lane 1, CTR; lane 2, LPA 2 M; lane 3, S1P
2 M; lane 4, PD98059 10 M; lane 5, U73122 30 M; lane 6,
PD98059 ⫹ LPA; lane 7, U73122 ⫹ LPA; lane 8, PD98059 ⫹ S1P; lane
9, U73122 ⫹ S1P. B: Intensities of individual bands were determined
by scanning densitometry (Personal Densitometer SI, Molecular Dynamics) and analyzed by ImageQuant software (Molecular Dynamics). Ratios of digitized pERK and ERK signals were calculated and
used to normalize pERK activities. Response values of LPA at 2 M
were used as 100%. Values represent mean ⫾ SEM from three independent experiments. Asterisk, P ⬍ 0.001 compared to CTR; double
asterisk, P ⬍ 0.001 compared to LPA; triple asterisk, P ⬍ 0.001
compared to S1P, respectively, by ANOVA followed by Neuman-Keuls
test.

cytes. Our results indeed conﬁrm that differentiated
oligodendrocytes express high levels of lpa1 mRNA.
Immunohistochemical studies (Handford et al., 2001;
Cervera et al., 2002) demonstrated the presence of lpa1
protein in oligodendrocytes and the present ﬁndings
complement this result at the mRNA levels. Furthermore, we believe that this is the ﬁrst report to detect
transcripts of lpa3 in differentiated oligodendrocytes.
S1p5 mRNA, although expressed sixfold lower than
that of lpa1, was the most abundant species of the s1p
family in oligodendrocytes. Our results conﬁrm other
studies in which s1p5 mRNA is found prominently in
white matter tracts of rat brain such as corpus callosum, optic nerve, olfactory tract, and white matter of
cerebellum (Im et al., 2000), regions where oligodendrocytes are abundant. The relative abundance of
mRNA of lpa1 and s1p5 in cultured oligodendrocytes is
in agreement with their distribution described in the
literature from in vivo studies. Transcripts for s1p1
and s1p2 were expressed at relatively lower levels
while s1p3 was just above the detection limits. This
pattern of distribution of transcripts of lpa and s1p
receptors in oligodendrocytes contrasts with that seen
in astrocytes (Rao et al., 2003), where the rank order of
abundance of mRNA was s1p3 ⬎ s1p ⱖ lpa1 ⬎ s1p2 ⫽
lpa3 with essentially undetectable levels for s1p5.
These differences may provide in some degree the mo-
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Fig. 7. PKC is involved in LPA- and S1P-induced pERK activation.
Chelerythrine Cl (10 M) was added to oligodendrocytes 10 min
before agonists were applied (2 M, 10 min). The cells were lysed and
both ERK and pERK were measured by Western blotting. Representative Western blots of ERK and pERK are shown in lower and upper
panels in A, respectively. Lane 1, CTR; lane 2, LPA; lane 3, S1P; lane
4, Chelerythrine Cl; lane 5, Chelerythrine Cl ⫹ LPA; lane 6, Chelerythrine Cl ⫹ S1P. B: Intensities of individual bands were determined by scanning densitometry (Personal Densitometer SI, Molecular Dynamics) and analyzed by ImageQuant software (Molecular
Dynamics). Ratios of digitized pERK and ERK signals were calculated
and used to normalize pERK activities. Response value of LPA at 2
M was used as 100%. Values represent mean ⫾ SEM from three
independent experiments. Asterisk, P ⬍ 0.001 compared to CTR;
double asterisk, P ⬍ 0.001 compared to LPA; triple asterisk, P ⬍ 0.001
compared to S1P, respectively, by ANOVA followed by Neuman-Keuls
test.

Fig. 8. Differential responses and pharmacology of LPA on intracellular calcium in oligodendrocytes. A: LPA induced elevation of
[Ca2⫹]i. Pretreatment of oligodendrocytes with pertussis toxin (PTX
200 ng/ml, 18 –24 h) did not signiﬁcantly change LPA-evoked inﬂux of
calcium. Values represent mean of three independent experiments. B:
Pretreatment of oligodendrocytes with U73122 (10 M, 10 min prior
to LPA application) partially blocked LPA-evoked calcium inﬂux. Values represent mean of three independent experiments.

lecular basis for the differential responses by LPA and
S1P between oligodendrocytes and astrocytes (Rao et
al., 2003) at receptor level.

Fig. 9. Lack of oligodendrocyte protection by LPA in AMPA-mediated injury. Various concentrations of LPA were added in conjunction
with the insult (25 M AMPA and 100 M CTZ). After 2 h of incubation, LDH was measured as described in text. Cell injury deﬁned by
LDH efﬂux caused by insult was expressed as 100%. Values represent
mean ⫾ SD from two independent experiments.

Although most cells contain small amounts of LPA
associated with the membrane biosynthesis, signiﬁcant
amounts of extracellular LPA are derived from activated platelets, which account for the LPA in serum.
LPA concentrations in brain are normally low but could
potentially become higher when the blood-brain barrier
is compromised in diseases such as MS. TNF␣, a proinﬂammatory cytokine believed to play an important role
in MS, has been shown to increase S1P as a result of
activation of phospholipase A2 and consequent activation of sphingomyelinase (Kim et al., 1991; Jayadev et
al., 1994).
In a number of cellular systems, LPA increases ERK
phosphorylation. For example, LPA phosphorylates
p90RSK at Ser381, a phosphorylation site for ERK1/2
in AML12 hepatocytes with maximal effects at 5 min,
declining after 45 min (Sautin et al., 2001). In this
study, we demonstrated that exogenous application of
LPA and S1P increased pERK activation in oligodendrocytes in a time- and concentration-dependent manner (Fig. 4). It is apparent that LPA is more efﬁcacious
than S1P. The maximal efﬁcacy of S1P was 28% of the
maximal response to LPA (Fig. 4). However, S1P is
more potent than LPA, with EC50 values of 168 and 956
nM, respectively. The EC50 value for the LPA-induced
ERK phosphorylation in oligodendrocytes was close to
the range of EC50 values of 378, 998, and 214 nM
reported for LPA in calcium assays in cell lines expressing lpa1, -2, and -3, respectively (Fischer et al.,
2001). Based on the fact that lpa1 expression levels are
six times higher than those of s1p5 (Fig. 3), it is plausible to speculate that these expression differences underlie the efﬁcacy differences.

LYSOPHOSPHOLIPID RECEPTOR SIGNALING

The lpRs couple to distinct GPCR subunits in a cell
type-speciﬁc manner. The coupling of GPCRs to Gi/o subunits is largely inferred from the sensitivity of ligandinduced signaling events to PTX. For example, LPA-induced pERK1/2 activation in mouse striatal astrocytes
(Pébay et al., 1999), activation of P21ras in Rat-1 cells (van
Corven et al., 1993), ras-dependent activation of MAP
kinase pathway (Crespo et al., 1994), and S1P-induced
activation of pERK in human aortic endothelial cells
(Kimura et al., 2000) striatal astrocytes (Pébay et al.,
2001) are all sensitive to PTX and therefore considered to
be mediated through Gi/o subunits. On the other hand,
S1P-induced activation of c-Jun N-terminal kinase or p38
is totally insensitive to PTX (Gonda et al., 1999) and this
is interpreted to reﬂect coupling to non-Gi/o subunits.
LPA- and S1P-induced ERK phosphorylation in oligodendrocytes was largely PTX-insensitive. Our results therefore favor the possibility that G-proteins other than Gi/o,
such as Gq, may play a major role in pERK activation.
The lack of effect of PTX sensitivity of LPA- and S1Pinduced pERK activation in oligodendrocytes contrasts
with the PTX sensitivity in astrocytes (Rao et al., 2003)
and further underscores cell type-speciﬁc lpR coupling to
G-protein subunits. GPCRs can activate MAP kinase signaling cascades by a wide variety of mechanisms such as
activation of classical second messengers, coupling of Gprotein subunits to novel effectors, and direct receptor
coupling to effectors independent of G-proteins. GPCRs
through transactivation of receptor kinases can also inﬂuence the MAP kinase pathway. Despite considerable
diversity of signaling events leading up to MAP kinase
activation culminating in ERK phosphorylation, activation of mitogenic pathways appears to be a common
downstream event leading to cell proliferation and differentiation. Activation of the MAPK pathway by lpRs suggests that these receptors may regulate oligodendrocyte
proliferation and differentiation.
It is generally agreed that Gq-dependent activation of
ERKs is most commonly mediated by PLC and/or PKC.
Gq directly activates PLC␤, which cleaves phosphatidyl
inositol 4,5-bisphosphate (PIP2), to produce diacylglycerol (DAG) and inositol triphosphate (IP3). DAG and intracellular calcium released as a result of IP3 production
activate PKCs. The role of PKC in oligodendrocyte proliferation, differentiation, and process extension was
largely inferred through the use of PKC activators such
as phorbol esters or PKC inhibitors such as H7, BIM, and
CPG 41251 or downregulation by long-term treatment
with phorbol ester or its analogue such as phorbol dibutyrate. Such studies implicate a complex role of PKC on
oligodendrocyte proliferation and differentiation (Stariha
and Kim, 2001). Our own results indicate that differentiated oligodendrocytes possess a basal level of PKC and
PLC activities. Pharmacological inhibition of these pathways appears to affect basal ERK phosphorylation (Figs.
6 and 7). These ﬁndings are supported by the results from
a previous study (Khorchid et al., 1999) that U73122
(30-min treatment) or phorbol 12-myristate 13-acetate
(PMA; overnight treatment) signiﬁcantly reduced the
basal levels of p42mapk in oligodendrocyte progenitors.
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Fig. 10. Schematic diagram of possible signaling pathways involved
in LPA receptor (predominantly LPA1) and S1P receptor (predominantly S1P5) activation by their respective ligands in rat oligodendrocytes. Straight line, pathways by LPA; dashed line, pathways by S1P.

Activation of PLC and PKC pathways by LPA or S1P has
been consistently demonstrated in many other cell types.
LPA-mediated PKC activation has been shown in vascular smooth muscle cells (Seewald et al., 1999) and osteoblast-like cells (Caverzasio et al., 2000) and LPA-mediated PLC activation has been shown in cultured lens
epithelial cells (Ohata et al., 1997). S1P has been shown
to activate PKC in rat-2 cells (Kim et al., 2000) and PLC
in rat hepatocytes (Im et al., 1997). To our knowledge,
this is the ﬁrst report to demonstrate that LPA- and
S1P-evoked ERK activation in rat cortical oligodendrocytes involves PLC as well as PKC pathways. Blocking
either of the two pathways is sufﬁcient to abolish LPAand S1P-induced pERK activation. Our results therefore
support the following signaling events in oligodendrocytes: lpR activation 3 Gq 3 PLC 3 DAG 3 PKC 3 3
Raf 3 MEK 3 MAPK 3 ERK (Fig. 10).
Studies in which LPA receptor subtypes were overexpressed in host cell lines, such as lpa1-null neuroblastoma B103, or hepatoma RH777 revealed the existence of signiﬁcant redundancy in signal transduction
(Contos et al., 2000). LPA caused adenylyl cyclase inhibition in lpa1 cell line (Hecht et al., 1996), lpa2 cell
line (An et al., 1998), and lpa3 cell line (Ishii et al.,
2000). Similarly, activation of lpa1, lpa2 (An et al.,
1998), and lpa3 (Ishii et al., 2000) stimulates IP production. MAP kinase activities are elevated through
activation of lpa1 (Erickson et al., 1998), lpa2 (Bandoh
et al., 1999), and lpa3 (Ishii et al., 2000), although the
effects of lpa1, -2, and -3 are not identical (Ishii et al.,
2000). As LPA and S1P are the natural ligands for LPA
receptors and S1P receptors and were tested here in a
native preparation, we are not able to pinpoint which
receptor subtype(s) are responsible for the observed
effects. However, those questions may be addressed
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when selective agonists and antagonists become available.
Mobilization of intracellular calcium is a critical cellular response to LPA in many cell types. LPA and S1P,
although exhibiting overlapping signaling responses,
appear to regulate intracellular calcium signaling in
oligodendrocytes differentially. Two types of LPA-induced calcium signal response have been observed in
rat mature oligodendrocytes by Fura-2-based singlecell imaging assay (Möller et al., 1999): one with an
initial peak and a following decaying plateau (17% out
of 71% of responsive cells), another with a persistent
plateau (54% out of 71% of responsive cells). As our
plate reader-based Fluo-4 assay measured the calcium
signals from the total cell population, the kinetics actually reﬂected the overall response to LPA and, to a
certain degree, recapitulated Fura-2-based results.
Furthermore, the partial block of LPA effects by PLC
inhibitor (U73122) directly demonstrates PLC activation by LPA and supports the notion that LPA-elicited
calcium signals in oligodendrocytes are derived from
two routes: calcium inﬂux across the plasma membrane and calcium release from internal stores (Möller
et al., 1999). These results are also consistent with
PLC-dependent LPA-induced calcium response in cell
lines stably expressing Edg2 (lpa1) and Edg4 (lpa2)
receptors (An et al., 1998). Similar to pERK activation,
LPA-induced [Ca2⫹]i increase in oligodendrocytes is
not affected by PTX treatment, implying that G-protein
subunits other than Gi/o, and more likely Gq, are involved in LPA-induced calcium signaling. In contrast to
two previous studies where S1P was found to increase
[Ca2⫹]i in rat oligodendrocytes (Hida et al., 1998) and
CG4/oligodendrocytes (Fatatis and Miller, 1997), we
were unable to demonstrate a measurable [Ca2⫹]i increase by S1P with Fluo-4 plate-based assay. The discrepancy could be due to the fact that in the Fura-2based assay, single cells were used and only 14% (7 out
of 50) were responsive to S1P (Hida et al., 1998). Based
on the fact the 82% of CG4/oligodendrocytes are responsive to S1P by the same Fura-2-based single-cell
imaging assay (Fatatis and Miller, 1997), substantial
difference likely exists between native preparation of
oligodendrocytes and their CG4 counterparts in terms
of S1P response. As our plate reader-based Fluo-4 assay measured the calcium signals from the total cell
population, the signals from such a low percentage (if
present) might not be detectable.
Oligodendrocytes are susceptible to glutamate-mediated excitatory toxicity in which AMPA receptors play
an important role. Our results demonstrated that LPA
was unable to prevent AMPA-evoked oligodendrocytes
toxicity; therefore, it is unlikely that activation of LPA
receptors by their natural ligands will play signiﬁcant
role in protecting AMPA receptor-mediated oligodendrocytes injury.
In conclusion, we demonstrate that LPA and S1P
activate the MAPK pathway in oligodendrocytes by
coupling to Gq subunits and activation of PLC and PKC
pathways. Since cell proliferation and differentiation

are the common events downstream of MAPK activation, lpR signaling in health and disease may regulate
oligodendrocyte development and differentiation.
Therefore, conceptually, lpR ligands have the potential
to regulate myelination in vivo and raise the possibility
that such ligands may have therapeutic beneﬁt in demyelinating diseases such as MS.
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