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Abstract

Reactive gliosis is an aspect of neural plasticity and growth factor (GF) stimulation of astrocytes in vitro is widely regarded as a
model system to study astrocyte plasticity. Astrocytes express receptors for several ligands including lysophosphatidic acid (LPA) and
sphingosine-1-phosphate (S1P), agonists for the G-protein-coupled lysophospholipid receptors (lpRs). Activation of lpRs by LPA or S1P
leads to multiple pharmacological effects including the influx of calcium, phosphoinositide (PI) hydrolysis, phosphorylation of extracellular
receptor regulated kinase (ERK), release of arachidonic acid, and induces mitogenesis. Treatment of astrocytes in vitro with a growth factor
cocktail (containing epidermal growth factor [EGF], basic fibroblast growth factor [bFGF] and insulin) led to a marked attenuation of
lpR-induced PI hydrolysis. In contrast, under identical conditions, GF treatment led to marked potentiation of PI hydrolysis downstream
of activation of another abundantly expressed G-protein coupled receptor, mGluR5. Quantitative gene expression analysis of GF-treated
or control astrocytes by TaqMan RT-PCR indicated that GF treatment did not change gene expression of lpa1 and s1p1, but increased
gene expression ofs1p5which is expressed at very low levels in basal conditions. These results suggest that GF differentially affected
PLC activation downstream of mGluR5 versus lpR activation and that the changes in mRNA levels of lpRs do not account for marked
attenuation of agonist-induced phosphoinositide turnover.
© 2004 Published by Elsevier Ltd. on behalf of ISDN.
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1. Introduction

Lysophosphatidic acid (1-acyl-2-lyso-sn-glycero-3-pho-
sphate; LPA) and sphingosine-1-phosphate (S1P) are ago-
nists for the G-protein-coupled lysophospholipid receptors
(lpRs;Goetzl and An, 1998; Kluk and Hla, 2002; Moolenar,
1999). This receptor family is comprised oflpA receptors
(LPA1, LPA2 and LPA3) ands1p receptors (S1P1, S1P2,
S1P3, S1P4 and S1P5), respectively (Contos et al., 2000;
Chun et al., 1999). Rat cerebrocortical astrocytes express
mRNA for lpRs with the following relative abundance:
s1p3 > s1p1 > lpa1 = s1p2 = lpa3 � s1p5 (Rao et al.,
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2003). Activation of lpRs either by LPA and S1P results
diverse signaling events (Goetzl and An, 1998) such as
phoshphoinositide hydrolysis, arachidonic acid release, in-
crease in intracellular calcium levels, phosphorylation of
extracellular signal regulated kinase 2 (ERK 2;Spiegel
and Milstein, 2000; Siehler and Manning, 2002; Rao et al.,
2003), release growth factors and proliferation of astro-
cytes (Tabuchi et al., 2000; Yamagita et al., 2003; Olivera
and Spiegel, 1993; Sato et al., 1999). Changes in recep-
tor expression and function are hallmarks of plasticity and
reflect cellular responses to injury or signaling. Growth
factors (GF), neurotrophins and cytokines released by glia
or neurons can act on neighboring cells and affect cellular
plasticity. GF treatment of astrocytes induces mitogen-
esis and alters signaling of G-protein coupled receptors
(GPCRs) such as the metabotropic glutamate receptor 5
(mGluR5;Miller et al., 1995). It is also known that GF act-
ing via receptor tyrosine kinases (RTK) can affect signaling
via GPCRs through “transactivation” (Zwick et al., 1999).
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Since astrocytes are routinely exposed to GF and cytokines
during differentiation or injury, GF treatment of astrocytes
has been used a model of astrocyte plasticity (Miller et al.,
1995). In the present study, we compared the influence of
GF treatment on lpR and mGluR5 signaling in astrocytes
with a special emphasis on activation of the phospholipase
C pathway.

2. Materials and methods

2.1. Materials

Stock solutions of LPA (10 mM), SIP (500 uM; both from
Avanti Polar Lipids Inc, Alabaster, AL) were prepared using
1 mg/mL solution of fatty acid free bovine serum albumin
(FAFBSA; Sigma Chemical Co, St. Louis, MO) in distilled
water as the vehicle, stored at−70◦C until use and diluted
into tissue culture medium (DMEM; GIBCO, Gaithersburg,
MD) with glutamine, 2 mM) containing 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. All stock solutions
were diluted into TCM prior to application to astrocyte cul-
tures. Appropriate vehicle controls were included in each
experiment.

2.2. Secondary astrocyte cultures: growth factor treatment

Growth factor treatment of astrocytes was conducted
as described byPeavy and Conn (1998)and Miller et al.
(1995). Astrocyte-enriched cultures (>97% GFAP positive
cells) were prepared as described previously (Rao et al.,

Fig. 1. Quantitative analysis of mRNA transcripts for lpR in rat cortical astrocytes by TaqMan PCR technique. Data represent expression of individual
lpR mRNA relative to�-actin whose expression was normalized to 100. Values represent means± S.E.M., n = 3. ∗P < 0.05 vs. control (t-test).

2003) and were used in all biochemical experiments within
3–5 days after re-plating. Twenty four to thirty six hours
after re-plating, growth medium was replaced with DMEM
containing growth factor supplement (G-5; Gibco, Gaithers-
burg, MD) containing epidermal growth factor (10 ng/mL),
basic fibroblast growth factor (5 ng/mL), insulin (5�g/mL),
biotin (1�g/mL), human transferrin (50�g/mL) and hy-
drocortisone (360 ng/mL) and grown for 4–6 days. G-5
supplement is a chemically defined, 100× concentrate of
Bottenstein supplement widely used in neural cultures.
Twenty four hours before the experiments, cells were washed
twice and incubated overnight in a serum-free medium
(DMEM with 2 mM Gln) containing [3H]-myo-inositol
(1�Ci/well). Radioactive tracers for biochemical experi-
ments were added at the time of changing the medium. For
mRNA analysis, cells were collected after an overnight in-
cubation in serum-free medium ((DMEM with 2 mM Gln).
Control cells underwent all of the media changes except for
the inclusion of G-5 supplement.

2.3. Distribution of lpR mRNA in secondary astrocytes:
TaqMan PCR analysis

The influence of growth factor treatment on lpR mRNA
expression was evaluated by TaqMan PCR analysis of to-
tal RNA isolated from rat astrocytes was isolated using
RNeasy® Protect Mini kit (QIAGEN). One�g of total RNA
was reverse transcribed using RETROscriptTM kit (Ambion).
In each reverse transcription reaction, a reaction omitting
reverse transcriptase was included for the assessment of
genomic DNA contamination. Cloning, Construction and
DNA Sequencing of mini genes for lpR and�-actin, PCR
quantitation were conducted as per previously described
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procedure (Rao et al., 2003; Tham et al., 2003; Yu et al.,
2004). All measured PCR products were normalized to the
amount of�-Actin cDNA, and all data were normalized to
�-Actin and expressed as percent�-Actin using software
Prism 3.0.

2.4. PI hydrolysis

LPA or S1P induced PI hydrolysis in cultured astrocytes
was measured using ion exchange separation protocols by
the methods described previously (Rao et al., 2003).

2.5. Statistics

All values are expressed as mean±standard error of mean
(S.E.M.,n = 3–4 individual experiments each with two to
three replicates). Data were analyzed by analysis of variance
(ANOVA) followed by post-hoc analysis (Neuman–Keuls
test; Prizm 3.0; GraphPad, San Diego, CA) ort-test as
appropriate and statistical significance determined at a
P < 0.05.
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Fig. 2. Concentration-dependent increases in phosphoinositide hydrolysis in cortical astrocytes following activation of lpR with LPA or S1P. Astrocytes
were incubated overnight with [3H]-myoinositol to label lipid pools, washed, pre-incubated in lithium containing buffer prior to exposure to agonists
in lithium-containing buffer for 1 h. Values represent PI hydrolysis expressed as a percentage of basal IP1 accumulation seen under control conditions
(mean± S.E.M.; n = 3–4 experiments each with two to three replicates). Values in parenthesis refer to concentrations in�M.

3. Results

3.1. Distribution of lpR mRNA in astrocytes: influence of
growth factor treatment

Quantitative analysis by TaqMan PCR techniques indi-
cated s1p3 mRNA to be the most abundantlpR species in
näıve rat astrocytes, followed bys1p1 > lpa1 = s1p2 =
lpa3 (Fig. 1). Following growth factor treatment, there was
a trend for an increase in the gene expression oflpa1, s1p1
and s1p5, and a trend for a decrease in lpa3 mRNA. How-
ever, only the changes ins1p5only reached statistical sig-
nificance.

3.2. Activation of PLC pathway: PI hydrolysis

Both LPA and S1P increased PI hydrolysis in a
concentration-dependent manner demonstrating that lpR
activation triggers stimulation of the PLC pathway. Inter-
estingly, in growth factor treated astrocyte cultures, the
lpR-induced PLC signaling was substantially blunted with
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Fig. 3. LPA (10�M)-, S1P (1�M)- and DHPG (200�M)-induced PI
hydrolysis in astrocytes in control and growth factor treated astrocytes.
Data represent fractional IP1 accumulation observed with LPA, SIP or
DHPG expressed as a percentage of IP1 accumulation seen with respective
control response (mean± S.E.M., n = 3–4 experiments each with three
replicates),∗P < 0.05 vs. control (t-test). Under identical conditions, PI
hydrolysis response to saturating concentration of carbachol (CCh; 1 mM)
was not affected. Basal conditions: values in (mean± S.E.M., n = 3),
control, 100± 10 and CCH(1mM) = 300± 25; GF control, 100± 12,
GF + CCh (1 mM) = 290± 20.

a dramatic decrements in maximal responses (Fig. 2; Panels
A and B).

In order to determine whether GF treatment globally
affected PLC signaling down stream of G-protein coupled
receptor activation, we compared downstream consequences
of lpR signaling to those mediated via mGluR5 recep-
tors, another GPCR widely expressed in astrocytes (Miller
et al., 1995; Peavy and Conn, 1998). In näıve astrocytes,
3,5-Dihydroxyphenylglycine (DHPG), a group I mGluR
agonist (Peavy and Conn, 1998), increased PI hydrolysis
in a concentration-dependent manner with an approximate
EC50 value of 30�M and saturating responses were seen
at 200�M, both in näıve and GF-treated astrocyte cultures
(data not shown). However, GF-treatment markedly po-
tentiated the magnitude of DHPG-induced PI response as
compared to its response in naı̈ve astrocytes. In the same
experiment, PI response to both LPA and S1P was greatly
attenuated in GF treated cultures (Fig. 3). GF treatment
did not affect magnitude of the PI hydrolysis response to
a saturating concentration of carbachol (1 mM), an agonist
of muscarinic acetylcholine receptors widely expressed in
astrocytes (data not shown).

4. Discussion

Generation of growth factors by glia is one of the key re-
sponses of the central nervous system to Injury. Astrocytes,
the primary glia, are a key player in this response and un-
dergo phenotypic changes leading to scar formation (Ridet
et al., 1997). Interestingly, astrocytic lpR activation results
in growth factor gene expression and release of growth

factors (Tabuchi et al., 2000; Yamagita et al., 2003; Olivera
and Spiegel, 1993; Sato et al., 1999). Exposure of astrocytes
to growth factors is a widely used as a model system to
study the plasticity of glia. Within this framework, the goal
of this investigation is to examine influence of growth factor
treatment on signaling down stream of lpR activation.

Previous studies indicate that rat cortical astrocytes grown
in culture express lpR in the following order of relative ex-
pression:s1P3 > s1p1 > lpa1 > s1p2 = lpa3 � s1p5
(Rao et al., 2003). This contrasts with the expression pat-
tern of S1p1 > s1p2 = lpa1 � s1p3 = s1p5 in mi-
croglia (Tham et al., 2003) or lpa1 > s1p5 > s1p1 =
s1p2 = lpa3 > s1p3 in oligodendrocytes (Yu et al., 2004).
A very low expression ofs1p5was seen in cultured astro-
cytes, an observation that is consistent with an exclusive
distribution of s1p5 in oligodendrocytes (Yu et al., 2004).
Since the TaqMan PCR technique can detect very low level
gene expression, detection ofs1p5in astrocytes may reflect
trace contamination of glial cells of oligodendroglial origin.
Treatment with growth factors lead to a small, but statisti-
cally significant increase ins1p5mRNA without changes in
mRNA levels for other lpRs. We have considered the pos-
sibility that trace contamination of oligodendrocytes could
contribute to lpR-evoked PI hydrolysis response in astrocyte
culture. However, in highly enriched oligodendrocyte cul-
tures as described byYu et al. (2004), lpR activation was
minimally effective at increasing PI hydrolysis as compared
to the level of stimulation of this pathway in astrocytes.
These results taken together suggest that GF treatment does
not alter expression of lpRs in a global manner.

Interestingly, GF treatment of astrocytes led to marked
down regulation of PLC signaling downstream of lpR acti-
vation. However, GF-treatment lead to significant increase
in magnitude of PLC signaling downstream of activation
of mGluR5, another GPCR widely distributed in astro-
cytes. These results argue GF treatment does not result
in non-specific down regulation of the PLC pathway. The
potentiation of mGluR5 mediated PLC pathway following
growth factor treatment is consistent with literature reports
(Miller et al., 1995; Peavy and Conn, 1998). The decrements
in lpR-induced PI hydrolysis in the face of modest changes
in lpR expression suggest that receptor gene expression
changes alone are unlikely to explain marked reduction in
lpR-induced PLC activation. While the GF treatment induces
proliferation of astrocytes and increases mGluR5 expres-
sion, these are unlikely to explain changes in PI hydrolysis
following agonist stimulation, as the IP1 accumulation data
were normalized to total incorporation of the radiolabel and
expressed as stimulation over basal levels. Stimulation of
phosphoinositide-hydrolyzing phospholipase C (PLC) is a
cellular biochemical response downstream of a stimulation
of a large number of GPCRs by ligands such as LPA, S1P
and DHPG as well as stimulation of RTKs by ligands such
as EGF and PDGF. GPCRs and RTKs activate distinct PLC
isozymes; GPCRs via PLC� isozyme and RTKs via PLC�
isozyme. Short term treatment with GPCR agonists such as
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LPA is known to markedly potentiate PI hydrolysis response
to a subsequent RTK stimulation (Schmidt et al., 2000)
suggesting a cross talk between GPCR- and RTK-mediated
PLC activation pathways. Conversely, emerging evidence
suggests “transactivation” of RTK by GPCR signaling to be
a common cellular mechanism (Zwick et al., 1999; Peavy
et al., 2001). In astrocytes, mGluR5-induced phosphoryla-
tion of extracellular signal-regulated kinase in astrocytes
depends on transactivation of the epidermal growth factor
receptor (Peavy et al., 2001). While this transactivation
process takes place on a short time scale (<15 min), pro-
longed treatment with GF may have longer-lasting conse-
quences on GPCR signaling in receptor-specific manner.
The present findings suggest that prior RTK stimulation
markedly down regulate lpR responses in a highly selective
manner while up-regulating mGluR5-mediated responses.
The GF cocktail contained containing epidermal growth
factor (10 ng/mL), basic fibroblast growth factor (5 ng/mL),
insulin (5�g/mL), biotin (1�g/mL), human transferrin
(50�g/mL) and hydrocortisone (360 ng/mL). Although it
is unclear which of these factors alone are responsible,
preliminary studies indicated that a combined overnight
treatment with epidermal growth factor and epidermal
growth factor led to significant blunting of lpR-induced PI
hydrolysis (data not shown). Further studies are needed to
clearly delineate mechanisms underlying changes in lpR
signaling in astrocytes in response to growth factors. In
addition, further studies are also needed to explore whether
growth factor treatments globally affect lpR signaling
or specifically target PLC pathway down stream of lpR
activation.

The precise roles of astrocytic lpRs in vivo physiology are
unclear. Astrocytes not only provide nutrient support to neu-
rons, but emerging evidence points to an active role of astro-
cytes in CNS repair following injury (Ridet et al., 1997). In
addition, astrocytes, in concert with endothelial cells, form
the blood brain barrier. CNS injury results in expression and
release of growth factors which in turn influence neural plas-
ticity. The results described here suggest that growth factors
differentially affect GPCR signaling in astrocytes. Blunting
of S1P signaling pathway as a response to GF may reflect
a transition of astrocytes from an acute response to injury
characterized by active damage, blood brain barrier breach,
release of S1P from platelets to a secondary phase represent-
ing down regulation of S1P signaling to support or modify
tissue repair and remodeling.
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