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Lysophosphatidic acid (LPA) is a simple phospholipid derived
from cellmembranes that has extracellular signaling properties
mediated by at least five G protein-coupled receptors
referred to as LPA1–LPA5. In the nervous system, receptor-
mediated LPA signaling has been demonstrated to influence a
range of cellular processes; however, an unaddressed aspect
of LPA signaling is its potential to produce specific secondary
effects, whereby LPA receptor-expressing cells exposed to, or
“primed,” by LPA may then act on other cells via distinct, yet
LPA-initiated, mechanisms.
In the present study, we examined cerebral cortical astrocytes

as possible indirect mediators of the effects of LPA on develop-
ing cortical neurons. Cultured astrocytes express at least four
LPA receptor subtypes, known as LPA1–LPA4. Cerebral cortical
astrocytes primed by LPA exposure were found to increase neu-
ronal differentiation of cortical progenitor cells. Treatment of
unprimed astrocyte-progenitor cocultures with conditioned
medium derived from LPA-primed astrocytes yielded similar
results, suggesting the involvement of an astrocyte-derived
soluble factor induced by LPA. At least two LPA receptor
subtypes are involved in LPA priming, since the priming
effect was lost in astrocytes derived from LPA receptor dou-
ble-nullmice (LPA1

(�/�)/LPA2
(�/�)).Moreover, the lossofLPA-

dependent differentiation in receptor double-null astrocytes
could be rescued by retrovirally transduced expression of a
single deleted receptor. These data demonstrate that recep-
tor-mediated LPA signaling in astrocytes can induce LPA-de-
pendent, indirect effects on neuronal differentiation.

Lysophospholipids, such as lysophosphatidic acid (LPA)4
and sphingosine 1-phosphate, aremembrane-derived bioactive
lipidmediators. LPs affect many biological processes, including
neurogenesis, angiogenesis, would healing, immunity, and car-
cinogenesis through activation of specific G protein-coupled
receptors (1–4).
LPA receptors are expressed bymost neural cell types and are

involved in several developmental processes within the nervous
system, including normal brain development and function (2, 5,
6), growth and folding of the cerebral cortex (7), growth cone
and process retraction (8–10), cell survival (7, 11), cell migra-
tion (12), cell adhesion (13), and proliferation (2, 7). These
observations underscore the importance of lipid signaling in
normal and pathological nervous system development.
Neuron-glia interactions play an important role in many

neurodevelopmental processes, including neurogenesis (14–
16), neuronal migration (17), axonal guidance (18–22), myeli-
nation (23), synapse formation (24), and glial maturation (25–
31). Astrocytes, themost abundant glial cell type, producemost
of the extracellular matrix components and neurotrophic fac-
tors in the central nervous system that are involved in axonal
growth (18, 19, 22, 32), neuronal proliferation, survival, and
stem cell fate determination (14, 19, 20, 26, 33–37).
Astrocytes have been shown to express several LPA receptor

subtypes in vitro and display a broad spectrum of LPA-induced
responses in culture (38–40). This study addressed the possi-
bility that in addition to its direct effects, LPA signaling pro-
duces indirect effects on cells from neuronal lineages, particu-
larly through an astrocyte intermediate. We used an in vitro
systemof astrocyte-neuron coculture to identify indirect effects
of LPA signaling on cerebral cortical neuronal differentiation
that might be mediated by astrocytes. Here we report that
astrocytes primed by LPA increase neuronal differentiation,
likely through a soluble factor, and that this activity is
dependent on activation of defined LPA receptors expressed
on astrocytes.
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MATERIALS AND METHODS

Astrocyte Primary Cultures—All animal protocols were
approved by the Animal Research Committees of the Federal
University of Rio de Janeiro and of The Scripps Research Insti-
tute and conform to National Institutes of Health guidelines
and public law. Astrocyte primary cultures were prepared from
cerebral cortices of C57Bl/6 and Swiss newborn mice, as previ-
ously described (26, 30). Anesthetized mice were decapitated,
brain structures were removed, and the meninges were care-
fully stripped. Dissociated cells were plated onto glass cover-
slips in 24-well plates (Corning Glass), coated with polyorni-
thine (1.5 �g/ml, Mr 41,000; Sigma) in DMEM/F-12 medium
supplemented with 10% fetal calf serum (Invitrogen). The cul-
tures were incubated at 37 °C for 10 days until reaching conflu-
ence. For experiments with LPA receptor-null mice (lpa1/lpa2-
null mice), cultures were produced from single mice, which
were genotyped by PCR (2, 41).
LPA Treatment and Conditioned Medium Preparation—Af-

ter reaching confluence, glial monolayers were washed three
times with serum-free DMEM/F-12medium and incubated for
an additional day in serum-free medium. After this period, cul-
tures were primed by 1 �M LPA (Oleoyl-LPA; Avanti Polar
Lipids, Alabaster, AL) in DMEM/F-12 supplemented with 0.1%
fatty acid-free bovine serum albumin (FAFBSA; Sigma) for 4 h.
Control astrocyte carpets were treated with DMEM/F-12 sup-
plemented with 0.1% FAFBSA. Medium was replaced by
DMEM/F-12 without serum and used as a substrate in neuron-
astrocyte assays. For astrocyte-conditioned medium (ACM)
preparation, astrocyte monolayers were first treated with LPA-
FAFBSA or FAFBSA. The medium was replaced by DMEM/F-
12, and cultures were then maintained for an additional day.
ACM recovered from either LPA-primed astrocytes (LPA-
ACM) or control cultures was centrifuged at 1500 � g for 10
min and used immediately or stored in aliquots at �70 °C for
future use. In both cases, astrocyte monolayers were washed
three times with serum-free medium to remove any residual
LPA from the culture and then were used for the experiments.
Astrocyte-Neuron Coculture Assays—For neuronal cultures,

timed pregnant BALB/c, C57B1/6, or Swiss females (JAX or
Simonsen Laboratories) were anesthetized by halothane, fol-
lowed by cervical dislocation, and embryos were removed at
embryonic day 14 (E14). Cortical progenitors were prepared
from cerebral cortices at E14, as previously described (19, 30).
Cells were freshly dissociated from cerebral cortices and plated
onto glial monolayer carpets that received no treatment, LPA,
or LPA-ACM for 4 h. In the case of LPA-ACM assays, the
medium remained until the end of coculture. Cocultures were
kept for 24 h at 37 °C. For experiments with LPA receptor-null
mice (lpa1/lpa2 double knock-out mice), cortical progenitors
were prepared from each embryo, which were genotyped by
PCR.
Immunocytochemistry—Immunocytochemistry was per-

formed as previously described (19). Cultured cells were fixed
with 4% paraformaldehyde for 30 min and permeabilized with
0.2% Triton X-100 for 5 min at room temperature. For peroxi-
dase assays, endogenous peroxidase activity was abolished by
incubation with 3% H2O2 for 15 min, followed by extensive

washing with phosphate-buffered saline. After permeabiliza-
tion, cells were blocked with 10% normal goat serum (Vector
Laboratories, Inc., Burlingame, CA) in phosphate-buffered
saline (blocking solution) for 1 h and incubated overnight at
room temperature with the specified primary antibodies
diluted in blocking solution. Primary antibodies were mouse
anti-�-tubulin III antibody (1:1000; Promega Corp., Madison,
WI), rabbit anti-cleaved caspase-3 (1:50; Cell Signaling, Bev-
erly, MA), and rabbit anti-GFAP (glial fibrillary acidic protein;
1:200; Dako Corp., Glostrup, Denmark). After primary anti-
body incubation, cells were extensively washed with 10% nor-
mal goat serum/phosphate-buffered saline and incubated with
secondary antibodies for 1 h at room temperature. Secondary
antibodies were goat anti-mouse IgG conjugated with Alexa
Fluor 488 (1:500; Molecular Probes, Inc., Eugene, OR), goat
anti-rabbit IgG conjugated with Alexa Fluor 546 (1:500;Molec-
ular Probes), and anti-mouse horseradish-conjugated IgG
(1:200; Amersham Biosciences). Peroxidase activity was
revealed with the Dako Cytomation kit (Liquid DAB and Chro-
mogem System). Actin filaments were labeled by fluorescein
isothiocyanate-conjugated phalloidin (0.1mg; 1:100; Sigma). In
all cases, no reactivity was observed when the primary antibody
was absent. Cell preparations weremounted directly onN-pro-
pyl gallate. For peroxidase reactions, cell preparations were
dehydrated in a graded ethanol series and mounted in entellan
(Merck).
Quantitative Analysis—To determine cell density, neuron

number, and cell death in different assay conditions, neuron-
astrocyte cocultures were stainedwith 4�-6-diamidino-2-phen-
ylindole (DAPI; Sigma) and immunolabeled. The total cell
number of NPCs in the coculture system was quantified by
counting DAPI-stained cells. Only the embryonic nuclei were
quantified, as judged by size and fluorescence. In this case, the
nuclei from the astrocyte monolayer were not quantified. At
least five fields and at least 100 neurons, randomly chosen, were
observed per well. The experiments were done in triplicate, and
each result represents the mean of three independent experi-
ments. Statistical analysis was done by analysis of variance.
Reverse Transcription-PCR Assays—Total RNA was isolated

from cells using TRIzol (Invitrogen) according to the manufac-
turer’s protocol. After DNase treatment (RQ1 RNase-free
DNase; Promega), RNA samples (up to 1.5 �g) were reverse-
transcribed into cDNA using oligo(dT)12–18 and Super-
ScriptTM II reverse transcriptase (Invitrogen). cDNA was
amplified by TaqDNA polymerase in 10� PCR buffer using the
manufacturer’s protocol. The resultant cDNAs were amplified
by PCR using primers for LPA receptors designed to cross
intron-exonboundarieswhere possible (supplemental Table 1).
Amplification was performed under the following conditions:
60 s at 94 °C; 30 cycles of 20 s at 94 °C; 40 s at 55 °C (for lpa2 and
lpa4) or 56 °C (for lpa3 and lpa5) or 58 °C (for lpa1 and gfap);
and 40 s at 72 °C; followed by 7min at 72 °C at the end of cycling
to complete extension. PCRproductswere fractionated by elec-
trophoresis using a 2% agarose gel. Negative controls for con-
tamination from extraneous and genomic DNA detected no
band. For quantification by real time reverse transcription-
PCR, targets were amplified with iQ Sybr Green supermix (Bio-
Rad catalog number 170-8880) on a Bio-Rad iCycler. Copy
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number was determined by comparison with standard curves
using plasmid templates containing reference sequences at
known concentrations.
Determination of LPA-like Activity in ACM—LPA-like activ-

ity was assayed by measuring morphological changes in TR
mouse cerebral cortical immortalized neuroblast cells, as pre-
viously described (12, 42–44). Cells weremaintained inDMEM
(Invitrogen) containing 10% fetal calf serum and penicillin/
streptomycin. For experiments, cells were grown on (poly)-L-
lysine-coated coverslips for 24 h in Opti-MEM I (Invitrogen)
supplemented with 55 �M �-mercaptoethanol, 20 mM glucose,
and penicillin/streptomycin. Before the assay, TR cells were
serum-starved overnight and treated with ACM for 15–30min.
After this period, cells were fixed with 4% paraformaldehyde,
and rounded cells were counted under phase-contrast optics.
The concentration of LPA in ACM was estimated by compari-
son with a standard LPA dose-response curve (9).
Retroviral Infection—The retroviral vectors expressing LPA1

or LPA2 were reported previously (44). Infection was accom-

plished by delivering each viral supernatant, supplemented
with 4 �g/ml of Polybrene, to the medium of primary, subcon-
fluent, proliferating astrocytes plated as a monolayer in multi-
well plates. Plates were then centrifuged (700 � g) at 28 °C for
2 h. After centrifugation, astrocytes were cultured in fresh
medium for 48 h, serum-starved for another day, and then used
in assays. Expression of appropriate receptorswas confirmedby
epitope tag immunolabeling of green fluorescent protein-posi-
tive cells. The infection efficacywas determined by the percent-
age of green fluorescent protein-positive astrocytes versus
DAPI-stained cells. At least 50% of astrocytes were GFP-posi-
tive cells.

RESULTS

Characterization of LPA Receptor (LPAR) Gene Expression in
Cerebral Cortical Astrocytes in Vitro—To investigate LPAR sig-
naling effects on astrocytes, we examined actin stress fiber for-
mation in cortical astrocytes, a well described phenomenon
elicited by lysophospholipids (45, 46). Unprimed astrocytes
(Fig. 1A) exhibit prominent actin filaments, revealed by fluores-
cently labeled phalloidin, outlining each cell. Treatment of cor-
tical astrocytes with LPA for 20 min induced a dramatic reor-

FIGURE 1. LPA receptor signaling in astrocytes in vitro. A and B, LPA
induced stress fiber formation in cultured astrocytes. After reaching conflu-
ence, astrocyte monolayers were kept in serum-free medium (A; control) or
treated with 1 �M LPA (B; LPA) for 20 min. Subsequently, the actin cytoskele-
ton was visualized by fluorescein isothiocyanate-conjugated phalloidin. LPA
induces stress fiber formation in cortical astrocytes. Scale bar, to 10 �m. C and
D, identification of LPAR mRNA in cerebral cortical astrocyte cultures. C, total
RNA was extracted from cerebral cortical astrocyte cultures, reverse-tran-
scribed, and amplified by PCR using specific primers for different LPAR sub-
types (LPA1–LPA5) as compared with GFAP. Amplified products were size-
fractionated by electrophoresis through a 2% agarose gel and visualized by
ethidium bromide staining. D, real time quantitative reverse transcription-
PCR analysis shows the quantification of LPAR mRNA relative to the �-actin
reference gene. Data represent the mean of three independent experi-
ments � S.E. LPA1 and LPA4 are expressed at significantly higher levels than
LPA2 and LPA3, and there is little detectable LPA5 expression in cortical
astrocytes.

FIGURE 2. LPA-primed astrocytes increase neuronal differentiation. Cor-
tical progenitors obtained from E14 mice were cultivated for 24 h on control
(A) and LPA-primed (B) astrocyte monolayers. Cells were fixed and immuno-
stained for the neuronal marker �-tubulin III (� tub III). Cell labeling was
expressed as a percentage of total cell number, revealed by DAPI staining.
The cell death marker, activated caspase-3, was also assessed (data not
shown). Total cell number (C) and caspase-3-immunolabeled cell number (E)
did not change, contrasting with the increase of �-tubulin III-positive cells (D).
C and E, p � 0.05; D, p � 0.05. Scale bar, 30 �m.
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ganization of the actin cytoskeleton and stress fiber formation
(Fig. 1B). This result demonstrates that cerebral cortical astro-
cytes are responsive to LPA under our culture conditions and is
consistent with the known effects of LPA receptor activation
(47).
The effects of LPA in astrocytes can be triggered by multiple

receptor subtypes (39, 40, 48, 49). Recently, two new LPAR
subtypes, LPA4, and LPA5, were reported (50, 51). To deter-
mine the LPAR gene expression profile in cultured cerebral
cortical astrocytes, we performed reverse transcription-PCR
analysis. Cortical astrocytes express LPA1, LPA2, and LPA3,
consistent with previouswork, and high levels of LPA4 (Fig. 1,C
and D). Quantitative analysis revealed abundant expression of
LPA1 and LPA4, less expression of LPA2 and LPA3, and unde-
tectable or very low levels of LPA5 (Fig. 1D).
Astrocytes Primed by LPA Enhance Neuronal Differentiation—

To investigate the role of LPA priming in the ability of astro-
cytes to influence neuronal differentiation, we examined the
ability of neural progenitor cells to differentiate into neurons
when cultivated for 24 h on astrocytes that had been previously
primed by LPA (Fig. 2). By counting the number of neuronal
cells (which express �-tubulin III) and the number of neurites
per cell, differentiationwas assessed. Cortical neuronal progen-
itors derived from E14mice were plated onto cortical astrocyte

FIGURE 3. LPA-primed astrocytes induce neuronal arborization. Cerebral
cortical neurons obtained from E14 mice were cultivated for 24 h on control
(A) and LPA-primed (B) astrocyte monolayers. After 24 h of coculture, neurons

were morphologically characterized by �-tubulin III immunolabeling, and the
neurites were counted (C). In all cases, at least 100 neurons, randomly chosen,
were observed. LPA-primed astrocytes promoted neuronal arborization, and
a complex neuritic network was frequently observed. Statistical significance
was observed for all groups (p � 0.05). Scale bar, 20 �m.

FIGURE 4. Measurement of LPA-like activity in astrocyte-conditioned
medium. TR mouse cerebral cortical immortalized neuroblast cells were cul-
tivated for 15–30 min in the presence of ACM. After this period, cells were
fixed and counted under phase-contrast optics (A–G). Cell number is
expressed as a percentage of the protoplasmic, non-round population. The
concentration of LPA-activity in ACM was estimated by comparison with a
standard LPA dose-response curve (H). ACM derived from unprimed or LPA-
primed astrocytes did not induce neurite retraction in TR cells, indicating that
astrocytes do not secrete detectable concentrations of LPA under this condi-
tion. p � 0.05. Scale bar, 50 �m.
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monolayers that were untreated or treated with LPA for 4 h
followed by extensive washing to remove exogenous LPA. After
24 h, cells were fixed and processed for �-tubulin III immuno-
labeling. A 41% increase in the number of�-tubulin III-positive
cells plated onto LPA-primed astrocyte monolayers (Fig. 2D)
was observed. In contrast, the total cell number was unchanged
(Fig. 2C), suggesting that LPA-induced astrocyte effects on
neuronal number are due to induction of neuronal differentia-
tion. Consistent with this view, the level of caspase-3-positive

progenitor/neuronal cells was
unchanged compared with controls
(Fig. 2E).
Analysis of neuronal morphology

revealed a marked increase in the
number of processes per neuron
when progenitors were plated onto
LPA-primed astrocytes. Cells were
classified based on the number of
processes that extended from a sin-
gle soma. The increased total num-
ber of differentiating neurons plated
on LPA-primed astrocytes was con-
comitant with an overall increase in
the number of those possessing two
or more neurites (Fig. 3). Further-
more, LPA priming of astrocytes
resulted in a 64% decrease in the
number of aneuritic neurons rela-
tive to control cultures.
ACM Is Devoid of LPA Activity—

Schwann cells (52) and postmitotic
neurons (9) can release LPA extra-
cellularly, and it is likely that other
in vivo sources of extracellular LPA
exist in the nervous system. To
address this issue for astrocytes, we
used a previously established bioas-
say based on TR cells, a mouse cer-
ebral cortical neuroblast cell line
that endogenously expresses LPA
receptors (12, 42–44). TR cells
respond to LPA with rapid retrac-
tion of their processes, resulting in
cell rounding (43, 44). The addition
of concentrations ranging from 1 to
100 nM LPA induced rounding of
TR cells (Fig. 4). However, ACM
derived from neither unprimed nor
LPA-primed astrocytes had an
effect on TR cell morphology, sug-
gesting that LPA concentrations are
absent or below levels of detection
in ACM (Fig. 4).
LPA-primed Astrocytes Release a

Soluble Differentiation Factor—As-
trocyte-neuronal interactions could
be mediated by soluble or cell con-
tact molecules (53). To evaluate the

involvement of LPA-primed, astrocyte-derived soluble factors
in neuronal differentiation, conditioned medium derived from
LPA-primed astrocytes was added to naı̈ve astrocytes that were
then cocultured with cortical neuroprogenitor cells. In these
experiments, neither astrocytes nor neurons were exposed
directly to exogenous LPA (Fig. 5, LPA-ACM).

Quantitative analyses revealed that exposure to LPA-ACM
was sufficient to produce both increased neuronal differentia-
tion (Fig. 5D) and a significant increase in the number of neu-

FIGURE 5. Conditioned medium derived from LPA-primed astrocytes increases neuronal differentiation.
Cortical progenitors obtained from E14 mice were cultivated for 24 h on astrocyte monolayers in the presence
of control conditioned medium (Control-ACM) (A) or conditioned medium derived from LPA-primed astrocytes
(LPA-ACM) (B). Subsequently, cells were fixed and immunostained for the neuronal marker �-tubulin III (� tub
III; A and B) and for the cell death marker, activated caspase-3 (data not shown). Neurons were morphologically
characterized, and the number of neurites was evaluated (F). Cell labeling was expressed as a percentage of
total cell number, revealed by DAPI staining. In all cases, at least 100 randomly chosen neurons were observed.
Conditioned medium derived from LPA-primed astrocytes mimicked the effects of LPA on neuronal specifica-
tion (D) and arborization (F). Total cell number (C) and cell death (E) were not affected by LPA-ACM treatment.
For C and E, p � 0.05; for D and F, p � 0.05. Scale bar, 20 �m.
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rites (Fig. 5F); however, the overall extent of increases for both
�-tubulin III and neurites was less than that produced by direct
priming of astrocytes by LPA.Thenumber of activated caspase-
3-positive cells was not significantly altered (Fig. 5E). Together,
these data suggest that soluble factors secreted by astrocytes
in response to LPA treatment contribute to neuronal
differentiation.
LPA Effects on Neurons Are Specifically Mediated by LPA1

and LPA2 Receptors on Astrocytes—To determine whether
LPA-induced effects in our coculture system were mediated by
specific LPA receptors, we prepared astrocyte monolayers
derived frommice with null mutations for both LPA1 and LPA2
receptors. Morphological and GFAP immunocytochemical
analyses did not reveal any obvious difference between astro-
cytes derived fromwild-type and LPA1/LPA2 double-null mice,
and moreover, treatment of wild-type cultures with 1 �M LPA
did not affect astrocyte morphology (Fig. 6A), although it did
induce stress fiber formation (shown in Fig. 1B), which was
absent from double-null mutant cells.
Toward assessing LPA receptor involvement in LPA priming

of astrocytes, cortical neuronal progenitors derived from E14
wild-type mice were plated onto cortical astrocyte monolayers

derived from LPA1/LPA2 double-null mice that had been pre-
viously primed by LPA. Astrocytes from LPA1/LPA2 double-
null mice were examined for each of the previously assayed
parameters in this study, namely cell number, �-tubulin III-
labeled cells, caspase-labeled cells, and the number of neu-
rites per neuron (Fig. 6, B–G). Double-null mutant astro-
cytes primed by LPA showed no statistically significant
difference (p� 0.08) compared with unprimed astrocytes for
these parameters. These data suggest a requirement for LPA
receptors in mediating the differentiation responses. How-
ever, the possibility remained that the mutant astrocytes
were somehow not competent to promote differentiation
because of a developmental defect distinct from LPA recep-
tor signaling. To address this possibility, rescue of LPA1/
LPA2 double-null astrocytes by reintroduction of functional
LPA receptors was pursued.
Previously validated retroviral constructs that contained

epitope-tagged LPA1 or LPA2 or an empty vector control (Fig.
7A) were incubated with LPA1/LPA2 double-null astrocytes.
The effect of LPAprimingwas determined as in previous exper-
iments, using control astrocytes (heterozygotes) in coculture
with wild-type cortical progenitor cells. Priming of LPA1/LPA2

FIGURE 6. LPA effects on neurons are mediated by LPA1 and LPA2 receptors on astrocytes. A, morphology and GFAP immunostaining of astrocytes derived
from LPA1

(�/�)/LPA2
(�/�) newborn mice were assessed. Astrocyte monolayers were primed by 1 �M LPA for 4 h and then cultured an additional 20 h in the absence of

LPA. Subsequently, cells were fixed and immunostained for the astrocyte maturation marker, GFAP. LPA double-null mice did not present altered morphology or GFAP
immunolabeling. These patterns were not affected by LPA treatment either in wild-type or null mice. B–G, cortical progenitors obtained from E14 mice were cultivated
for 24 h on unprimed double-null (B) and LPA-primed double-null (C) astrocyte monolayers. Subsequently, cells were fixed, and total cell number under control or
LPA-exposed conditions (D) indicated no change. By comparison, the number of �-tubulin III (� tub III) (E) and activated caspase-3 (F) cells were also quantified.
Neurons were morphologically characterized, and the number of neurites was evaluated (G). Cell labeling was expressed as a percentage of the total cell number,
revealed by DAPI staining. In all cases, at least 100 neurons, randomly chosen, were observed. p � 0.05 for all situations. LPA-primed astrocyte-mediated effects are
absent in astrocytes derived from lpa1/lpa2 double-null mice. Scale bar, 50 �m.
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double-null astrocytes infected with
an empty vector control virus did
not result in increased neuronal dif-
ferentiation (Fig. 7B, S003, empty
vector control). In marked contrast,
double-null astrocytes infected with
either the LPA1 or LPA2 retrovirus
demonstrated increased �-tubulin
III cells or increased prevalence of
greater than two neurites/neuron,
restoring WT LPA response pat-
terns to levels that approximated
those seen in WT controls (Fig. 7,
B–G). These data demonstrate at
least partial rescue of LPA respon-
siveness in mutant astrocytes by
reexpression of a single LPA recep-
tor subtype.
LPA Is Not a Secondary Mediator

for Neuronal Differentiation in This
Assay—Although it was revealed
that LPA activity was below the
detection limit in the conditioned
medium derived from LPA-primed
astrocytes, we could not exclude the
possibility that LPA acted as a solu-
ble factor for neuronal differentia-
tion through its receptor in cortical
neuroprogenitor cells. To make
this point clear, cortical neuropro-
genitor cells derived from LPA1/
LPA2 double-null mice were
cocultured with LPA-primed
astrocytes derived from wild type.
Cortical neuroprogenitor cells
showed the same response in dif-
ferentiation and neuritogenesis
compared with control cells (het-
erozygotes) (Fig. 8). These data indi-
cate that LPA does not act as a
secondary mediator for astrocyte-
derived LPA signaling-mediated
neuronal differentiation.

DISCUSSION

The major finding of the present
study is that receptor-mediated
LPA signaling through astrocytes
can act indirectly (probably via a
soluble factor) to promote neuronal
differentiation. The lack of LPA
responses in astrocytes derived
from LPA1/LPA2 double-null mice
and subsequent rescue by retroviral
transduction of either receptor sub-
type demonstrate that the LPA
effects are due to LPA1 and/or LPA2
activation on astrocytes. Our work

FIGURE 7. Rescue of LPA1- and LPA2-mediated effects in LPA1/LPA2-deficient astrocytes. A, retroviruses
containing null vector (SOO3) (a), lpa1 (b), or lpa2 (c) were constructed. B–G, astrocytes from lpa1/lpa2 null mice
were infected with the indicated retroviral vectors. Infected astrocytes were primed by LPA (1 �M), and 4 h later,
cortical progenitors were plated on astrocytes. Neurons were identified using an antibody against the neuro-
nal marker �-tubulin III (B) (scale bar, 20 �m). The numbers of neurons (C) and neurites (D–G) were evaluated
using randomly chosen cells (over 100 neurons/group). p � 0.05. Data are mean � S.E. (n � 4). (�/�) and (�/�)
represent heterozygous and lpa1/lpa2-deficient mice, respectively.
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provides, for the first time, evidence that receptor-mediated
LPA actions can produce secondary effects that influence neu-
ronal differentiation. This work suggests a new type of lyso-
phospholipid influence whereby effects of LPA signaling act
through an intermediary cell type. This mechanism may be
especially prevalent in the nervous system, where numerous
interactions between and among cells are a key characteristic.
LPA receptors are normally expressed in the developing and

mature central nervous system and can be found in most cell
types of the nervous system (4, 54). Emerging evidence points to
an active role for astrocytes in several processes of brain devel-
opment, including neuritogenesis (14–16, 36), synaptogenesis
(24, 35), axonal growth (19), and blood-brain barrier formation
(55). Our results implicate receptor-mediated LPA signaling on
astrocytes as a new component in activating or modulating
some of the cellular interactions that occur between astrocytes
and neurons during these processes.
Previous work reported expression of LPA1–LPA3 in astro-

cytes in vitro (39, 40, 49, 56). Results from the present investi-
gation confirm and extend these findings to include the detec-
tion of LPA4 in astrocytes, but not the newest subtype, LPA5.
We cannot rule out expression of LPA5 in astrocytes in vivo or
under different growth conditions in culture (57). However, the
fact that LPA1/LPA2 double-null astrocytes are unable tomedi-
ate the LPA priming effects, together with the observation that
LPA1/LPA2 transfection rescued mutant astrocyte responsive-
ness to LPA, indicates that the events observed in this work do
not require LPA3–LPA5 under the employed experimental
conditions.
LPA signaling has well defined antiapoptotic properties

through direct receptor activation (7, 11, 52). However, astro-
cytes primed by LPA did not modulate neuroprogenitor cell
death, supporting the views that 1) the effects on neuroprogeni-
tor differentiation are not due to exogenous LPA inadvertently
carried over during astrocyte priming, and 2) the soluble factor
in the conditioned medium is not likely to be LPA. These data,

together with prior reports supporting LPA as a direct inducer
of the neuronal phenotype (58, 59), demonstrate that receptor-
mediated LPA signaling can produce both indirect and direct
influences.
Mechanisms that regulate cell fate specification in the nerv-

ous system are only partially understood. Different mecha-
nisms have been proposed to operate in astrocyte neurogenic
niches either by instructing neuronal fate commitment, pro-
moting precursor proliferation, or modulating neuronal sur-
vival (14–16, 20, 34, 35). The finding that conditionedmedium
of astrocytes primed by LPA mimics the effect of LPA on neu-
ronal specification and neuritic arborization suggests that these
events involve soluble factors secreted by astrocytes in response
to LPA. However, LPA seems not to be included in the category
of soluble, secondary factors, judging from the fact that LPA1/
LPA2-deficient cortical progenitor cells identically respond to
LPA-primed astrocytes. Moreover, heat inactivation of condi-
tioned medium derived from LPA-primed astrocytes com-
pletely prevented neuronal differentiation.5 These findings
support the idea that certain growth factors, not LPA, are sec-
ondary mediators for astrocyte-derived LPA signaling-medi-
ated neuronal differentiation. A few glia-derived neurogenic
signals have been identified, including glial cell line-derived
neurotrophic factor, neurogenesin-1, Wnt-3, and retinoic acid
(14, 36, 37). Previous work demonstrated that LPA stimulates
the expression of various cytokine genes in astrocytes, such as
nerve growth factor, interleukin-1�, interleukin-3, and inter-
leukin-6 (49). The identity of the LPA-inducible differentiation
factor remains to be established.
Several previous reports demonstrated that LPA induces

neurite retraction, growth cone collapse, and soma retraction
in neuroblast primary culture and cerebral cortical neuroblast

5 T. C. Spohr, J. W. Choi, S. E. Gardell, D. R. Herr, S. K. Rehen, F. C. A. Gomes, and
J. Chun, unpublished data.

FIGURE 8. LPA is not a secondary mediator of astrocyte-derived LPA
effect on neuronal differentiation. A, cortical progenitors were obtained
from lpa1/lpa2 null mice and then cultivated for 24 h on unprimed (a and c) or
LPA-primed (b and d) wild type astrocyte monolayers. Neurons were identi-
fied using an antibody against the neuronal marker �-tubulin III (scale bar, 20
�m). B and C, the numbers of neurons (B) and neurites (C) were evaluated
using randomly chosen cells (over 100 neurons/group). p � 0.05. Data are
mean � S.E.; (�/�) (n � 4) and (�/�) (n � 5) represent heterozygous and
lpa1/lpa2-deficient mice, respectively.

FIGURE 9. Schematic model of indirect effects on neural progenitors
mediated by LPA-primed astrocytes. Extracellular LPA (circles) produced by
postmitotic neurons and/or other sources directly interacts with high affinity
LPA receptors present on astrocytes. Astrocytes secrete a putative soluble,
heat-labile factor (triangles) in response to LPA receptor activation, leading to
increased neuronal differentiation. In addition to indirect effects, receptor-
mediated LPA signaling also has known direct effects (not shown) on neural
progenitor cells, which include antiapoptotic activities, premature cell cycle
exit, and morphological and electrophysiological changes (7). Thus, LPA can
induce differentiation by indirect mechanisms.
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cell lines (9, 12, 42, 60–62). These activities demonstrate direct
effects of LPA signaling and contrast with our data on the effect
of LPA-primed astrocytes on neurite outgrowth. The diametri-
cally opposite response of LPA secondary signaling identified
here distinguishes it from the direct LPA signaling phenomena.
Our data, together with previous observations that postmi-

totic neurons in culture release 10-fold more LPA than neural
progenitors, suggest the operation of a feedback mechanism
influencing neuroblast generation and differentiation (9).
Directly, LPA could serve as an extracellular signal from post-
mitotic neurons to proliferating neuroprogenitors and glia,
including astrocytic lineages. By acting through LPA receptors
on astrocytes, LPA could further induce secretion of a soluble,
as yet unidentified, molecule that induces neuronal differenti-
ation and enhances neuronal maturation (Fig. 9). These data
identify secondary effects that require LPA receptor activation
as important components of LPA signaling.
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TABLE 1
Estrogenic activities of odorants
The compound concentrations (EC50) evoking half-maximal estrogenic activity in
transcription activation, the dissociation inhibition constants (Ki) calculated from
the IC50 values of the ES2 displacement curves (Fig. 1), and the corresponding Ki
values calculated using the 6D-QSAR model are compared. For Polysantol and
Javanol, only the Ki values for the energetically most favorable conformation are
reported. The IC50 values for the remaining stereoisomers are as follows: 140 � 173
�MPolysantol (S,S), 216� 122�MPolysantol (S,R), 2.86� 4.45mMPolysantol (R,R),
2.41 � 2.64 mM Javanol (R,S), 176.7 � 567 �M Javanol (S,S), and 40.73 � 23.33 �M
Javanol (S,R). The Ki values for the remaining stereoisomeric forms are as follows:
299 �M Polysantol (S,S), 83 �M Polysantol (S,R), 1 mM Polysantol (R,R), 931 �M
Javanol (R,S), 68 �M Javanol (S,S), and 15 �M Javanol (S,R).

Compound EC50 of ER
activation

Ki of ER
competitive binding

Ki of ER
predicted

Estradiol 0.16 � 0.01 nM 1.6 � 1 nM 2 nM
MC 86 � 8 �M 76 � 6 �M 21 �M
Polysantol (R,S)a 98 � 23 �M 56 � 5 �M 26 �M
Javanol (R,R)a 50 � 4 �M ca. 50 �M 5 �M
Androstenol 52 � 3 �M ca. 25 �M 10 �M

a The indicated stereoisomers were used for predicting Ki values, whereas experi-
ments were performed using mixtures of stereoisomers.
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