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Lysophosphatidic Acid (LPA) and Its
Receptor, LPA1, Influence Embryonic

Schwann Cell Migration, Myelination, and
Cell-to-Axon Segregation

Brigitte Anliker,1 Ji Woong Choi,2 Mu-En Lin,1 Shannon E. Gardell,1 Richard R. Rivera,1

Grace Kennedy,1 and Jerold Chun1

Schwann cell (SC) migration is an important step preceding myelination and remyelination in the peripheral nervous system, and
can be promoted by peptide factors like neuregulins. Here we present evidence that a lipid factor, lysophosphatidic acid (LPA),
influences both SC migration and peripheral myelination through its cognate G protein-coupled receptor (GPCR) known as LPA1.
Ultrastructural analyses of peripheral nerves in mouse null-mutants for LPA1 showed delayed SC-to-axon segregation, polyaxonal
myelination by single SCs, and thinner myelin sheaths. In primary cultures, LPA promoted SC migration through LPA1, while analysis
of conditioned media from purified dorsal root ganglia neurons using HPLC/MS supported the production of LPA by these neurons.
The heterotrimeric G-alpha protein, Gai, and the small GTPase, Rac1, were identified as important downstream signaling compo-
nents of LPA1. These results identify receptor mediated LPA signaling between neurons and SCs that promote SC migration and
contribute to the normal development of peripheral nerves through effects on SC-axon segregation and myelination.
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Introduction

In order to establish a 1:1 relationship between ensheathing

Schwann cells (SCs), the myelinating glia of the peripheral

nervous system (PNS), and axons during myelination, SCs

must go through necessary developmental and differentiation

steps (Jessen and Mirsky, 2005). Several peptidergic signals

have been reported to control SC proliferation, migration,

and differentiation as well as the myelination process itself.

These signaling molecules include neuregulin-1 (NRG) and

brain-derived neurotrophic factor (BDNF) that signal through

ErbB2/ErbB3 receptor tyrosine kinases (Garratt et al., 2000;

Lemke, 2006; Michailov et al., 2004; Nave and Salzer, 2006)

and the p75NTR receptor (Chan et al., 2001; Cosgaya et al.,

2002; Yamauchi et al., 2004), respectively.

In addition to these peptide signals, the expression of

LPA1 in myelinating cells has also suggested a role for the

bioactive phospholipid, lysophosphatidic acid (LPA), in mye-

lination (Allard et al., 1998; Cervera et al., 2002; Contos

et al., 2000; Weiner et al., 1998). LPA signaling in SCs has

been demonstrated to alter the actin cytoskeleton and regulate

cell adhesion (Weiner et al., 2001), as well as reduce SC apo-

ptosis in the sciatic nerve (Contos et al., 2000; Weiner and

Chun, 1999). LPA1 was shown to influence myelination

through over-activation of the Rho/ROCK pathway during

the induction of neuropathic pain, a process that includes

demyelination in the PNS (Inoue et al., 2004). Demyelin-

ation is associated with dedifferentiation of SCs, whereupon

myelinating SCs downregulate expression of myelin-specific
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proteins, re-express cell adhesion molecules and growth fac-

tors, and then proliferate (Jessen and Mirsky, 2008). Removal

of LPA1 in neuropathic pain models not only prevents the

induction of neuropathic pain and demyelination, but also

the down-regulation of myelin-associated proteins (Inoue

et al., 2004; Lin et al., 2012; Nagai et al., 2010). These

observations suggest that LPA/LPA1 signaling mechanisms

might impact normal myelination processes through induc-

tion of receptor subtype-mediated Schwann cell effects. By

utilizing LPA1-null mice, here we report that LPA/LPA1 sig-

naling promotes SC migration and contributes to normal SC-

axon segregation and myelination.

Materials and Methods

G-Ratio Determination
Sciatic nerves were isolated from 13- to 26-week-old wild-type

(WT) (Lpar11/1) and LPA1 null mice (Lpar12/2). Generation of

LPA1 null mice by targeted disruption of exon 3 has been described

previously (Contos et al., 2000). Sciatic nerves were fixed overnight

in situ in freshly made 3% glutaraldehyde and 1% paraformaldehyde

in 0.1 M sodium cacodylate buffer pH 7.4 containing 50 mM

CaCl2, and processed as described below. Semi-thin cross sections

(1–2 mm) were stained with 0.1% toluidine blue for light micros-

copy. Image capture from the sections and measurement of the g-

ratio was processed based on blinded determinations. Two image

fields were taken from each nerve using a bright-field microscope

equipped with a 1003 oil objective lens and an AxioCam digital

camera (Zeiss). For measuring the g-ratio, myelin thickness was

determined using MetaMorph image analysis software (v6.3, Molec-

ular Devices). Value of the g-ratio was obtained by dividing axonal

diameter by total diameter (axon plus myelin, Fig. 1C) as described

(Little and Heath, 1994).

Electron Microscopy
Sciatic nerves were removed after fixation from WT (Lpar11/1) and

LPA1 null mutant mice (Lpar12/2), contrasted with 1% osmium

tetroxide in 0.12 M sodium cacodylate with 3.5% sucrose for 4 h at

4�C, washed, dehydrated through graded ethanol and acetone, and

embedded in Epon/Araldite epoxy resin. Sections were made on a

Leica Ultracut ultramicrotome for light and electron microscopy. The

grids were contrasted with uranyl acetate and Reynold’s lead citrate.

Primary Schwann Cell (SC) Culture
Murine SCs were isolated from dorsal root ganglia (DRG) at embry-

onic day (E) 13.5 as previously described (Kim, 1997). Isolated SCs

were immunopositive for p75NTR (Chemicon), GFAP (Sigma), and

S100 (Dako). The purity of the SCs was approximately >96% as

assessed by cell size and morphology. After the first passage, SCs

were cryoprotected in fetal bovine serum (FBS) with 10% DMSO

and stored in liquid N2. After thawing, cells were passaged on poly-

L-lysine (PLL)-coated dishes for up to four passages. DMEM (Invi-

trogen) was supplemented with 10% FBS, 20 mg/mL pituitary

extract (BD Biosciences), 2 mM forskolin (Sigma), and penicillin-

streptomycin. Before migration and pull-down assays, SCs were

serum-starved overnight in a modified “Sato” medium (Milner et al.,

1997) consisting of DMEM (Invitrogen) complemented with 13

N2 supplement (Invitrogen), 20 mg/mL pituitary extract, 0.1 mg/mL

fatty-acid free bovine serum albumin (FAFBSA, Sigma), 400 ng/mL

of each T3 and T4 (Sigma), 4 mM forskolin, and penicillin-

streptomycin. Receptor-deficient SCs and WT control cells from lit-

termates were isolated from embryos at E13.5.

In Vitro Myelination
In vitro myelination was performed using E13.5 embryonic DRG

neurons and SCs. In brief, DRGs were isolated from E13.5 WT

embryos, digested with 0.25% trypsin for 40 min, triturated with a

fire-polished Pasteur pipette into single cell suspension, and seeded

onto PLL-Laminin coated cover slips in growth medium (DMEM

with 10% FBS and 50 ng/mL NGF (Harlan)). Beginning the next

day, the cells were treated with three cycles of antimitotic treatment,

with 3 days in antimitotic medium containing 10 lM of both

fluoro-deoxyuridine (FdU) and uridine (Sigma-Aldrich), and 2 days

in conditioned growth medium. Two days after the antimitotic treat-

ment, the medium was changed to serum-free conditions using

DMEM/F12 medium (Invitrogen) containing 13 N2-supplement,

50 ng/mL NGF, and 2.5 mg/mL gentamycin (Invitrogen). The puri-

fied neurons were cultivated for 5 days to remove any residual FdU

and uridine, before purified WT or LPA1 null Schwann cells were

added to the neuronal cultures. Myelination was induced 9 days later

by adding 50 lg/mL ascorbic acid to the medium. The cultures

were fixed with 4% PFA 2 weeks later and immunostained with an

anti-MBP rat primary antibody (Serotec, 1:500) and a goat anti-rat

AF568 secondary antibody (Molecular Probes, 1:500).

mRNA Expression Analysis Using Quantitative PCR
RNA was extracted from purified E13.5 DRG neurons and SCs

using a TRIzol reagent (Life Technologies). To avoid genomic DNA

contamination, extracted RNA was treated with DNase I. Reverse

transcription was then performed using 1.5 lg RNA, oligo dT and

GoScript reverse transcriptase (Promega). Quantitative PCR was per-

formed on a Rotor-gene 3000 (Corbett Research) with GoTaq qPCR

mix (Promega) with the following primer set: LPA1 For:

ATGGCAGCTGCCTCTACTTCC Rev: CCACCATGACCAGGA

GATTGG, LPA2 For: TCAGCCTAGTCAAGACGGTTG Rev:

CATCTCGGCAGGAAT ATACCAC, LPA3 For: ACACCAGTGG

CTCCATCAG Rev: GTTCATGACGGAGTTG AGCAG, LPA4

For: AGGCATGAGCACATTCTCTC Rev: CAACCTGGGTCTGA

GAC TTG, LPA5 For: AGGAAGAGCAACCGATCACAG Rev: ACC

ACCATATGCAAACGA TGTG, LPA6 For: GACAGCCCATCTCA

CAATAC Rev: CGATAGGCAGTCGTTTAA GG, NRG1 Type III

For: GCAAGTGCCCAAATGAGTTTAC Rev: GCTCCTCCGCTTC

CATAAAT, ErbB2 For: CTCCATGATGGTGCTTACTC Rev: GTG

TTGCGGTGAATG AGA, b-Actin For: TCGAATCCTGTGGCAT

CCATGAAAC Rev: TAAAACGCAGCTC AGTAACAGTCCG.

Transwell Migration Assay
Cell migration was measured using transwells in a 24-well format

(BD Bioscience) as previously described with minor modifications

(Yamauchi et al., 2003). Briefly, 1.5 to 2.5 3 105 SCs in 300 mL
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FIGURE 1: Deletion of LPA1 in mice produces myelination and axonal segregation defects. A–G, Semi-thin cross sections (2 mm) of sciatic
nerves from adult WT (Lpar1(1/1), n 5 5) and LPA1 null mice (Lpar1(2/2), n 5 7) stained for myelin. Representative pictures of a sciatic
nerve from adult LPA1 null (A) and WT (B) mice are shown. C, Schematic diagram of g-ratio. D, G-ratio of individual fibers from two mice
per group shown in a scatter plot. E, The mean g-ratio value was calculated from all nerves processed (mean 6 SEM. * P < 0.05 vs. WT, t-
test). F, Mean g-ratio values from all WT and LPA1 null mice were calculated and grouped according to axonal diameter (means 6 SEM *
P <0.05 vs. WT, t-test). G, The percentage of axons in sciatic nerves, as determined by axonal diameter, is equivalent in WT and LPA1

null mice. H–L, Sciatic nerves from WT (H, J) and LPA1 null (I, K, L) littermate mice were isolated at different ages and processed for
electron microscopy. Representative pictures from sciatic nerves at postnatal day 5 (P5) (H, I), postnatal day 24 (P24) (J, K), and at 15
weeks of age (P15 weeks) are shown (L). Arrowheads indicate naked axon bundles (I); *polyaxonal myelination of small caliber axons (K,
L); **axon bundles that are not ensheathed by SCs (K). (1/1) and (2/2) represent WT and LPA1 null mice, respectively. Scale bars, 10
mm (A, B), 2 mm (H–L).
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Sato medium was loaded onto collagen-coated polyethylene tereph-

thalate transwell filters (8 mm pore size) and placed in wells contain-

ing 500 mL Sato medium. If cell-permeable inhibitors (50 mM

LY294002, 100 nM Wortmannin, and 100 mM NSC23766) were

used, cells were pretreated for 30 to 45 min before migration was

induced. PTX was added to the cells overnight during serum-

starvation at a concentration of 150 ng/mL. To induce directed SC

migration across the membranes, LPA was added to the medium in

the lower compartment at a final concentration of 500 nM unless

otherwise indicated. After incubation at 37�C in 7.5% CO2, the

cells in the upper compartment were removed and migrated cells at

the bottom side of the filters were stained with crystal violet and

counted at six fields per filter. All experiments were done in triplicate

and repeated two to four times.

For conditioned medium, murine DRGs at E13.5 were dissoci-

ated and plated at high densities in DMEM with 10% FBS and 50 ng/

mL NGF (Harlan Bioproducts) onto PLL/laminin-coated glass cover-

slips. The next day, the medium was changed to serum-free conditions

using DMEM/F12 medium (Invitrogen) containing 13 N2-

supplement, 50 ng/mL NGF, and 2.5 mg/mL gentamycin (Invitrogen).

To purify DRG neurons, three cycles of anti-mitotic treatment using

10 mM FdU (Sigma) and 10 mM uridine (Sigma) were performed.

Conditioned medium was collected 5 days after the last medium

change. Alternatively, anti-mitotic treatment was omitted to collect

conditioned medium from SC/neuron co-cultures. Conditioned

medium was subsequently used as a chemoattractant in the lower com-

partments of transwells for SCs plated in DMEM/F12 medium sup-

plemented with N2, NGF, and gentamycin onto the filters.

Migration Assay Along Axon Bundles
Induction of SC migration along axon bundles of cultured DRG neu-

rons was performed as described (Yamauchi et al., 2004). Briefly,

murine WT DRGs were isolated and neurons were grown in parallel

lanes along collagen stripes on glass coverslips. During anti-mitotic

treatments DRG neurites became fasciculated. GFP-expressing trans-

genic mice (Okabe et al., 1997) were crossed into the LPA1 null and

wildtype background, from which GFP-expressing SCs were isolated.

GFP-expressing WT and LPA1 null SCs were reaggregated overnight

on a non-permissive substrate with constant agitation. The next day,

SC aggregates were plated onto the bundled WT DRG neurites, and

migration of SCs away from the aggregates and along the neurites was

examined either in the presence or absence of 1 mM LPA. After 6 to

7 h, the cultures were fixed and immunostained for neurofilaments

(aNF-200, Serotec). Nuclei were stained with DAPI and images were

acquired using a fluorescence microscope fitted with an AxioCam

camera (Carl Zeiss, Thornwood, NY). Migration of all SCs detached

from individual aggregates was determined by measuring the distance

from the single SC nuclei to the periphery of the aggregates.

LPA Measurement in the Conditioned Medium
All extraction processes were done using 1.5 mL low adhesion tubes

(Fisher Scientific) and low adhesion pipette tips (Axygen) on ice to

prevent LPA loss. In all samples, 1 mM of C17 LPA (Avanti Polar

Lipids) was added immediately before extraction as an internal

standard. Conditioned medium (1 mL/sample) was collected. The

same volume of MeOH-HCl 10:1 mix and a half volume of chloro-

form were added sequentially and vortexed. The mixture was then

incubated on ice for 40 min. Saturated NaCl in water (280 mL) was

added and mixed gently by inverting the tube. After 10 min, the

bottom phase (organic phase) was collected after centrifugation at

14,000 rpm at 4�C. Samples were dried down using a Vacufuge

(Eppendorf ) and reconstituted with 50 mL of methanol.

Mass spectrometry (MS) analysis was done in TSRI’s Mass Spec-

trometry Core using an Agilent 6410 triple quad mass spectrometer

coupled to an Agilent 1200lc stack for high performance liquid chro-

matography (HPLC). An extended C18 column with a 21 3 150 mm

dimension, 3.5 mm particle size, and 150 mL/min flow rate was used

for reverse phase separation of the extracted sample. The reverse phase

separation was performed with the following solvent conditions: Sol-

vent A 5 95:5 H2O:MeOH 0.1% NH4OH, B 5 60:35:5 IPA:-

MeOH:H2O 0.1% NH4OH. Mobile phase starting with 50:50 5 A:B

for 3 min and ramped up to 100% B in 10 min. Eluent was analyzed

with the following parameters for 18:1 LPA: (m/z: 435 !153 and

435!79) and 17:0 LPA (m/z: 423!153 and 423!79). Negative ion

mode was used as follows: Fragmentor voltage 5 160 V, collision ener-

gy 5 20 V, drying gas flow rate 5 10 L/min, temp 5 35�C, nebulizer

pressure 5 30 psi, and capillary voltage 5 4,500 V.

Rac Pulldown Assay
The PBD pulldown assay for measuring Rac GTPase activation,

including the expression and purification of the GST-PAK1 PBD

fusion protein, has been described in detail elsewhere (Benard and

Bokoch, 2002). Briefly, SC cultures were serum-starved overnight in

Sato medium. Cells were stimulated with 1 mM LPA for the indi-

cated times. Cells were washed twice with ice-cold PBS and lysed in

800 mL ice-cold lysis buffer (25 mM Tris buffer, pH 7.5, 40 mM

NaCl, 30 mM MgCl2, 1 mM DTT, 0.5% NP-40, 1 mM PMSF, 10

mg/mL leupeptin, 10 mg/mL aprotinin). Cell lysates were cleared by

centrifugation at 14,000 rpm for 10 min at 4�C. Cleared lysates (10

mL) were used for total protein control. The remaining lysates were

incubated with 20 to 30 mg GST-PAK1 PBD beads for 1 h at 4�C.

Subsequently, the beads were washed 43 with 0.5 mL lysis buffer

before bound Rac was eluted from the beads and analyzed by stand-

ard SDS-PAGE and Western blotting techniques using a monoclonal

anti-Rac1 antibody (Upstate Biotechnology). Film images were

scanned for densitometric analysis.

Results

LPA1 Deficiency Increases the G-Ratio in Sciatic
Nerves
To identify whether LPA1-mediated signaling alters myelina-

tion, sciatic nerves were isolated from LPA1 null mice

(Lpar12/2) and wild-type littermate controls (WT, Lpar11/1)

and processed for ultrastructural analyses. The g-ratio (axon

diameter divided by fiber diameter), which reports thickness of

the myelin sheath in relation to the axon diameter, was deter-

mined and compared between adult LPA1 null mice (n 5 7) and

WT controls (n 5 5). Decreased myelin thickness was observed

in sciatic nerves from LPA1 null mice when compared with sciatic
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nerves from WT mice (Fig. 1A–F), resulting in a statistically sig-

nificant increase in the mean g-ratio from 0.677 6 0.010 in WT

controls to 0.713 6 0.009 in LPA1 null mice (Fig. 1D). This dif-

ference was not accompanied by changes in axonal size, since the

percentages of axons with a given axonal diameter were similar

between LPA1 null mice and WT controls (Fig. 1G).

Reduced Axonal Segregation and Polyaxonal
Myelination in LPA1 Null Mice
Transmission electron microscopic analysis of sciatic nerves

from LPA1 null mice of different ages (postnatal day 5 to 15

weeks old) revealed signs of defective axonal segregation (Fig.

1H–L). In nerves from 5-day-old (P5) LPA1 null mice, axonal

FIGURE 2: Myelination capability and expression levels of other LPA receptors are not affected in LPA1 null Schwann cells. A-C, In vitro myelina-
tion analysis using purified E13.5 Schwann cells and DRG neurons. WT (A) and LPA1 null (B) SCs were added to purified WT DRG neurons and mye-
lination was induced by addition of ascorbic acid for 2 weeks. Myelin sheaths were visualized by immunostaining using an antibody against myelin
basic protein (MBP). Scale bar, 100 lm (A, B). MBP positive segments were quantified at five fields per coverslip. (Mean6 SD, n 5 4). (C). D, E,
mRNA expression levels of LPA1–6, NRG1 Type III, and ErbB2 in purified E13.5 SC (D) and DRG neurons (E) were examined using qPCR (normalized
to b-Actin, n 5 3, mean6 SD, * P < 0.05, t-test). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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segregation of small caliber axons appeared to be delayed com-

pared with WT controls. In the absence of LPA1, SCs were still

able to establish a 1:1 relationship with large caliber axons, how-

ever, many of the small caliber axon bundles lacked interacting

SCs (Fig. 1I, arrowhead). In contrast, nerves from WT mice,

showed ensheathment of the small caliber axons and the forma-

tion of Remak bundles (Fig. 1H). By postnatal day 24 (P24),

formation of Remak bundles in WT mice was complete (Fig.

1J), whereas in LPA1-deficient mice, naked small caliber axons

were still frequently observed (Fig. 1K, double asterisk). Naked

axons were not observed in adult mice indicating that the

ensheathment of small caliber axons and the formation of Remak

bundles is delayed in LPA1 null mice but not abolished (data not

shown). Notably, by P24, an increased incidence of polyaxonal

myelination identified by bundles of small caliber axons envel-

oped by a single thin myelin sheath was evident in LPA1-null

mice (Fig. 1K, asterisk). It has been reported that polyaxonal

myelination can occasionally occur in young WT mice during

active myelination but is corrected with further development

(Rasi et al., 2010). However, in adult LPA1-null mice, bundles

of small caliber axons wrapped by a single myelin sheath were

still present (Fig. 1L, asterisks) through 57 weeks of age (data not

shown). No polyaxonal myelination was observed in adult WT

littermates. Overall, these analyses of sciatic nerves from LPA1-

null mice identify requisite roles for LPA1 in regulating the nor-

mal segregation of small-caliber axons and in establishing the

appropriate thickness of the myelin sheath.

Myelination Capability In Vitro is Not Affected in
LPA1 Null Schwann Cells
In order to determine whether the myelination capability of

SCs is affected by the removal of LPA1, we utilized an in
vitro myelination system using purified DRG neurons and

SCs. WT or LPA1 null SCs were allowed to myelinate puri-

fied WT DRG neurons in vitro (Fig. 2A, B). No significant

differences in the number and length of myelin segments

were observed (Fig. 2C, data not shown). This demonstrates

that the basic myelination machinery is not affected by the

removal of LPA1 in SCs.

In order to rule out the possibility of compensatory upreg-

ulation of other LPA receptors or NRG, we examined mRNA

expression levels using qPCR in both purified SCs and DRG

neurons. No significant alteration of LPA2–6, NRG, or ErbB2

mRNA expression levels were observed (Fig. 2D, E) suggesting

that the consequences of LPA1 deficiency are not masked by

upregulation of other known LPA receptors or altered expres-

sion levels of NRG and ErbB2 in LPA1-null mice.

LPA Enhances SC Migration in a Dose-Dependent
Manner Through LPA1

The delay in axonal segregation observed in LPA1 null mice

could involve defects in SC migration. In order to determine

if LPA could influence SC migration, LPA-dependent migra-

tory responses of primary mouse SCs derived from WT mice

were assessed with a transwell chamber assay. LPA strongly

induced SC migration in a dose-dependent manner (Fig. 3A,

B). LPA at a concentration as low as 10 nM induced SC

migration indicating that this response was receptor-mediated.

Indeed, primary SCs isolated from newborn mice and rats are

known to express a variety of LPA receptors (Li et al., 2003;

Weiner and Chun, 1999; Weiner et al., 2001), and data from

RT-PCR analysis demonstrated that cultured embryonic

mouse SCs express LPA1,4,6, and to a lesser extent, the LPA2,3

receptors (Fig. 2D). In order to identify which LPA receptor

subtypes mediated the LPA dependent SC migratory

responses, we isolated SCs from LPA1 (Lpar12/2), LPA2

(Lpar22/2), and LPA3 (Lpar32/2) null mice and compared

their migratory responses towards LPA. SCs deficient for

LPA2 or LPA3 showed LPA-dependent migratory responses

similar to WT SCs (Fig. 3C). However, a virtually complete

loss of LPA-induced migration was observed in LPA1 null

SCs (Fig. 3C). To assure the basic migration capability was

not generally impaired in LPA1-deficient SCs, the migratory

response to sphingosine 1-phosphate (S1P) (500 nM),

another lysophospholipid that acts upon related GPCRs, was

examined. Similar to WT SCs, LPA1 null SCs revealed a 2–3

fold increase in migration upon stimulation with S1P (data

not shown). The capability of S1P to induce migration of

LPA1-deficient SCs indicates that G protein-mediated migra-

tory pathways are intact, supporting an LPA1 specific migra-

tion defect in LPA1 null SCs.

LPA Released by DRG Neurons Mediates SC
Migration
LPA1-dependent SC migration would require an endogenous

source of LPA to be physiologically relevant. In view of their

proximity to developing SCs, and prior data from the cerebral

cortex indicating the developmental production of LPA by

postmitotic neurons (Fukushima et al., 2000), DRG neurons

are one potential source of LPA. In support of this LPA

source, conditioned media from purified and unpurified

mouse DRG neurons in culture were analyzed by HPLC-MS

and found to have LPA present at concentrations of

3.322 6 0.158 and 2.345 6 0.237 nM, respectively (Fig. 3D),

values that approximate the EC50 of LPA1 (Hecht et al.,

1996).

To examine whether LPA produced by DRG neurons

can promote SC migration, we used conditioned media from

DRG neurons in culture as a migration stimulus in the trans-

well assay. Conditioned media from either murine DRG neu-

rons/SC co-cultures (unpurified) or purified DRG neurons

markedly enhanced WT SC migration (Fig. 3E, F). We sub-

sequently compared the capability of WT and LPA1 null SCs

2014 Volume 61, No. 12



FIGURE 3: LPA produced by neuronal cells mediates SC migration through LPA1. A, B, Increasing concentrations of LPA added to the
lower compartments of transwell chambers induced SC migration across a membrane with an 8 lm pore size. SCs that migrated to
the bottom side of the membrane after 5 to 6 h were stained with crystal violet (A) and quantified (B). Shown are mean 6 SEM. (n 5 5,
*P < 0.05 vs. control (0.1% BSA), t-test) (B). C, Comparison of migration of WT and LPA1/2/3 null SCs toward LPA. Mean 6 SEM of one
representative example of four independent experiments (n 5 3, *P < 0.05 vs. basal migration under control conditions, t-test). D, LPA
concentration in the conditioned medium from purified DRG neurons (CM: DRG) or DRG neuron/SC co-cultures (CM: SCs/DRG) as
measured by HPLC/MS. mean 6 SEM (n 5 6). E, F, Transwell migration of WT and LPA1 null SCs in response to control or conditioned
media from purified DRG neurons (CM: DRG) or DRG neuron/SC co-cultures (CM: SCs/DRG). Representative photographs are shown
after 5 to 6 h of migration (E), the number of SCs that migrated to the bottom side of the transwells was quantified (F). Mean 6 SEM
of a representative example of four independent experiments (n 5 3, *P < 0.05 vs. same treatment in WT group, t-test). Scale bar, 100
lm (A, E).
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with migrate in response to the endogenous LPA present in

the conditioned media. Media from neurons/SC co-cultures

or from purified neurons enhanced migration of WT SCs 5-

to 6.5-fold over controls (Fig. 3E, F). However, in the

absence of LPA1, SC migratory responses to conditioned

media from DRG neuron cultures were greatly reduced:

LPA1-deficient SCs showed a 65 to 70% reduction in migra-

tion compared with WT SCs (Fig. 3E, F). These observations

demonstrated that extracellular LPA is produced by DRG

neurons and this source of LPA is a potent inducer of SC

migration through LPA1.

SC Migration Along DRG Neurites
To further assess the physiological relevance of LPA-induced

SC migration beyond the transwell assay, we assayed SC

migration along purified WT mouse DRG axons in culture

(Fig. 4). GFP-labeled WT or LPA1-null SC aggregates were

seeded onto DRG axons, and allowed to migrate out from

the aggregates for 6 to 7 h either in the presence or absence

of exogenous LPA. Consistent with the DRG production of

LPA, WT SCs exposed to control medium still migrated

away from the SC aggregates while LPA1-null SCs showed

less migration. The addition of 1 mM LPA to the control

media significantly increased the average migration distance

of WT SCs by approximately 20% (Fig. 4D, E, F, M), but

did not enhance migration of LPA1-null SCs, demonstrating

LPA1-dependent SC migration on intact axons (Fig. 4J, K, L,

M). In the absence of exogenous LPA, the average migration

distance of LPA1-null SCs (Fig. 4G, H, I, M) was reduced by

about 27% as compared with migration distance observed

with WT SCs (Fig. 4A, B, C, M). These results identify

LPA1-dependent SC migration along DRG axons. In addi-

tion, they also identify endogenous LPA effects, manifested

by WT SC migration in control medium, which is reduced

upon LPA1 removal, while also implicating LPA independent

migration mechanisms, as expected, by virtue of basal SC

migration that is independent of LPA1 genotype (Fig. 4M).

LPA1 Enhances SC Migration Through Gi Proteins
and the Small GTPase Rac
LPA1 is known to couple to three heterotrimeric G protein

complexes, as defined primarily by their alpha subunits Gi,

Gq, and G12/13, thereby linking the receptor to multiple

downstream signaling pathways (Choi et al., 2010). To deter-

mine which signaling pathways were involved in mediating

the LPA-induced migration response, downstream pathway

inhibitors were used in the SC transwell migration assay.

Treatment of WT SCs with either pertussis toxin (PTX, Fig.

5A), a specific inhibitor for Gi proteins, or NSC23766 (Fig.

5B), an inhibitor of the small GTPase Rac1, completely abol-

ished LPA-induced SC migration. Blocking of phospho-

inositol 3 kinase (PI3K), that mediates signaling between Gi

and Rac1, by administration of the PI3K inhibitor

LY294002, only marginally reduced LPA-induced SC migra-

tion (Fig. 5C). The average fold induction of LPA-induced

SC migration over four independent experiments was reduced

from 3.16-fold to 2.51-fold in the presence of 50mM

LY294002 (P 5 0.0157), while basal cell migration was mark-

edly reduced (data not shown). The less selective compound

wortmannin also reduced basal SC migration, while the small

effects on the induction of LPA-mediated SC migration

observed with LY294002 were not detected with wortmannin

exposure. To verify activation of Rac1 through LPA1, we

measured the activation state of endogenous Rac1 using a

GST-PBD pull-down assay. In WT SCs, LPA enhanced Rac1

activation in a time-dependent manner (Fig. 5D). Maximum

levels of activated Rac1 were obtained at 30 min following

stimulation with LPA and the elevated levels of activated

Rac1 persisted for at least 90 min after stimulation (not

shown). We typically observed a two to threefold increase in

GTP-bound Rac1 compared with non-stimulated cells. In

contrast to WT SCs, no Rac1 activation was observed in

LPA1-deficient SCs after stimulation with LPA (Fig. 5D).

These results indicate that LPA-induced Rac1 activation

through LPA1 is a major component of SC migration.

Inhibitors of additional key migratory molecules, includ-

ing the mitogen-activated protein kinases (MAPKs), Erk1/2,

p38, and JNK, (Fig. 5E, F), or the small GTPase Rho, and its

associated kinase ROCK (Fig. 5F), only partially reduced over-

all SC migration without specifically blocking LPA-induced

migration. This was demonstrated by the use of inhibitors

PD98059 (Erk inhibitor), SB203580 (p38 inhibitor),

SP600125 (JNK inhibitor), and Y27632 (ROCK inhibitor).

Overall, these observations identified Gi and Rac1, as the pri-

mary mediators of LPA-induced SC migration through LPA1.

Discussion

This study identifies a novel role for the bioactive lipid LPA

and one of its six receptors, LPA1, in SC migration and

peripheral nerve development. It identifies LPA1/Gi/Rac1 as

the major signaling pathway responsible for inducing chemo-

tactic SC migration towards LPA that can be secreted by

DRG neurons (Fig. 6). Disruption of LPA1 signaling is asso-

ciated with adult sequelae within peripheral nerves, consisting

of polyaxonal ensheathment and reduced thickness of myelin

sheaths in vivo.

Migration of SC precursors along outgrowing axons pre-

cedes other important cellular processes, such as axonal segre-

gation of small caliber axons and radial sorting of large

diameter axons, which are required for SC differentiation to either

nonmyelinating or myelinating cells (Jessen and Mirsky, 2005;

Voyvodic, 1989). Thus, impaired or delayed SC migration could
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FIGURE 4: LPA induces SC migration along purified DRG neurons through LPA1. A–L, Aggregated WT (A–F) or LPA1-null SCs (G–L)
expressing a GFP transgene were added to purified DRG neuronal cultures and incubated in the presence of vehicle (0.1% BSA, A, B, C,
G, H, I) or 1 mM LPA (D, E, F, J, K, L) for 6 to 7 h. DAPI staining shows the nuclei of SCs and neurons (A, D, G, J). In addition, SCs were
detected via GFP fluorescence (B, E, H, K), and DRG neurons were stained for neurofilaments to visualize axons (red in C, F, I, L).
Merged images are also shown (C, F, I, L). Some of the neuronal cell soma are indicated with asterisks (I). Scale bar, 100 lm. M, LPA-
induced migration from the aggregates along the fasciculated DRG axons was quantified by measuring the average distance of migrated
SCs from the periphery of the aggregates. (Arrowhead, D, E, F) Mean 6 SEM of a representative example of three independent experi-
ments (n 5 8, **P 5 0.0028, ***P 5 0.0003, vs. migration of WT cells under control conditions, t-test).
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contribute to the large amount of naked or insufficiently envel-

oped small caliber axon bundles detected in the sciatic nerves of

LPA1 null mice at P5. During further development, the naked

bundles of small caliber axons became ensheathed by SCs, indicat-

ing that the reduced axonal segregation observed at P5 is due to

delayed, rather than defective, axonal segregation.

Additional alterations observed in peripheral nerves of

adult LPA1 null mice included a reduced thickness in myelin

FIGURE 5: Gi proteins and the small GTPase Rac1 are involved in LPA/LPA1 signaling-mediated SC migration. A–C, WT SCs were pre-
treated overnight with 150 ng/mL pertussis toxin to inhibit Gi proteins (A), or treated for 30 to 45 min with either 100 mM NSC23766 to
block Rac1 (B) or 50 mM LY294002 and 100 nM wortmannin to inhibit PI3K (C) before SC migration was induced by adding 500 nM LPA
to the lower transwell compartment. After 5 to 6 h, LPA-induced migration was quantified and compared with the vehicle (0.1% BSA)-
induced migration of SCs treated with the respective inhibitors and to the responses of untreated SCs (A–C). Fold-increased over vehicle
treated cells are presented as mean 6 SD of representative examples of two to four independent experiments (n 5 3, *P < 0.05, t-test).
D, Activation of endogenous Rac1 upon treatment with 1 mM LPA in WT or LPA1 null SCs. GTP-bound Rac1 was pulled down from cell
lysates at the indicated time points after addition of 1 lM LPA using a GST-tagged PAK-binding domain. Active GTP-bound and total
Rac1 levels were subsequently analyzed by Western blotting. The fold increase of activated Rac1 at the different time points was meas-
ured and normalized against the total Rac1 levels. Shown are representative examples of two to three independent experiments. The
involvement of MAPKs including ERK1/2, p38, JNKs, and the Rho kinase ROCK was determined using specific inhibitors for each pro-
tein. WT SCs were pretreated for 30 min with 50 lM PD98059 (E), 20 lM SB203580 (E), 10 lM SP600129 (F), or 10 lM Y27632 (F) to
inhibit the activation of ERK1/2, p38, JNKs, or ROCK before migration was induced by adding 500 nM LPA to the lower transwell com-
partments. Values represent mean 6 SD of representative examples of two independent experiments (E, F).
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sheaths and an increased incidence of polyaxonal myelination

of small caliber axon bundles suggesting a mild but distinct

effect of LPA1 in axonal segregation and myelination. Type

III b1a neuregulin (NRGb1a type III) is the key myelination

trigger, which determines whether axons are ensheathed or

myelinated, and also governs myelin sheath thickness

(Michailov et al., 2004; Taveggia et al., 2005). Low axonal

NRG type III expression results in an ensheathing phenotype,

while high axonal expression induces the formation of a mye-

lin sheath. In addition, NRGb1a type III is also required for

proper segregation and ensheathment of small caliber axons

by SCs (Taveggia et al., 2005). Interestingly, overexpression of

the second known NRG type III isoform, NRGb3 type III,

also revealed profound effects on Remak bundles, as the small

caliber axons of the bundles were closely packed and no lon-

ger segregated from one another by SC cytoplasm (Gomez-

Sanchez et al., 2009), with a significant number of these bun-

dles myelinated as a single unit, as was observed in the LPA1

null mice. The similarities between the consequences of

deregulated NRG type III and LPA/LPA1 signaling suggest

overlapping activities in myelination, a result that is consistent

with LPA/LPA1 and NRG signaling previously reported for

SC survival (Weiner and Chun, 1999). Although LPA and

NRG bind to different receptor classes (NRG type III iso-

forms binding to ErbB receptor tyrosine kinases and LPA to

GPCRs), they are nonetheless able to activate similar down-

stream signaling pathways, as shown for SC survival. Both

NRG and LPA prevented SC apoptosis through activation of

PI3K and Akt (Li et al., 2001; Weiner and Chun, 1999).

Moreover, NRG is able to activate RAS-MAPK pathways in

SCs (Taveggia et al., 2005), which can also be activated

through LPA1 (Anliker and Chun, 2004). We hypothesize

that LPA/LPA1 signaling might to some extent modulate the

activation state of the downstream effectors of the dominant

NRG/ErbB signaling pathways in SCs during phases of axo-

nal segregation and myelination, thus representing a lipid

modulator of NRG activities. While expression levels of

NRG1 TYPE III and ErbB2 are not affected by the loss of

LPA1 in either DRG neurons or SCs as shown by qPCR

analysis, it remains to be determined whether LPA1 and

NRG signaling converge in regulating myelination.

While these considerations imply an important role of

LPA1 in SCs, we cannot exclude a role of neuronal LPA1 in

reducing myelin thickness and increasing incidence of polyaxo-

nal myelination of small caliber axon bundles. Conditional

LPA1 null mice are needed to reliably identify the neuronal or

SC LPA1 contribution to the observed phenotype. Also, the

role of LPA1-induced Rac1 activation in myelinating SCs

remains to be elucidated. Rac1 has been reported to be essen-

tial for the myelination process, since SC process extension

and stabilization, as well as radial sorting of axon bundles,

requires activation of Rac1 by b1 integrins (Benninger et al.,

2007; Nodari et al., 2007). The in vitro myelination assay,

however, revealed that LPA1 null SCs were still capable of

extending processes, enwrapping the axons and forming myelin

sheaths. Nevertheless, we cannot exclude the possibility that

differentiating LPA1 null SCs have lower levels of active Rac1

through the loss of LPA1, which might contribute to some of

the defects observed in the sciatic nerves of LPA1 null mice.

Several ligands including NRG, NT3, and nerve growth

factor (NGF) that were shown to induce SC chemotaxis in
vitro, could potentially be involved in the regulation of devel-

opmental processes associated with SC movements (Anton

et al., 1994; Jessen and Mirsky, 2005; Mahanthappa et al.,

1996; Meintanis et al., 2001; Yamauchi et al., 2003). The

present study identifies LPA as another strong candidate for

regulating SC movements in vivo, since LPA appears to be a

dominant pro-migratory factor released from DRG neurons

in vitro. Using conditioned medium from DRG neurons, we

observed a 65 to 75% reduction in the migratory response of

LPA1-deficient SCs compared with WT cells. The remaining

induction of SC migration in LPA1-deficient cells was mar-

ginally due to S1P, as observed by comparison with SCs

FIGURE 6: Schematic model of LPA/LPA1 signaling in SCs and its
effects on SC developmental processes. LPA secreted by DRG
neurons increases SC migration through binding to LPA1 and
subsequent activation of Gi proteins and the small GTPase Rac1.
Removal of LPA1 in vivo results in delayed axonal segregation
and aberrant myelination suggesting that LPA/LPA1 signaling
either directly or indirectly modulates axonal segregation and
myelination. Since binding of LPA and NRG to their receptors
LPA1 and ErbB2/ErbB3 can activate similar downstream signaling
pathways, as shown for the previously described anti-apoptotic
effect in SCs, it is possible that LPA1 modulates activation of
downstream effectors of the NRG/ErbB2/ErbB signaling path-
ways regulating axonal segregation and myelination. Whether
other LPA receptors (LPA2,3,4,6) expressed in SC are involved in
SC differentiation processes has not been clarified. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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deficient for both LPA1 and S1P3, the receptor mediating

S1P-induced SC migration (unpublished data) (Mutoh et al.,

2012). Thus, only 20–25% of the increase in SC migration

by conditioned media was independent of lysophospholipid

signaling mechanisms in vitro.

This observation is particularly striking in view of the lack

of SCs along peripheral nerves in NRG type III-, ErbB2-, and

ErbB3-deficient mice or zebrafish (Garratt et al., 2000; Lyons

et al., 2005). In zebrafish, NRG signaling through ErbB2/ErbB3

receptor tyrosine kinases exhibited an essential role for directed

SC migration along axon bundles (Lyons et al., 2005). In mice,

NRG did not reveal a pro-migratory effect when E12.5 WT

DRGs were used for studying SC migration out of the ganglia

(Morris et al., 1999), with modest NRG-induced migration

observed when DRGs from newborn mice or rats were used

(Mahanthappa et al., 1996; Morris et al., 1999; Woldeyesus

et al., 1999). This latter observation suggests that NRG is capable

of inducing SC migration of neonatal mouse SCs, but not of

embryonic SC precursors isolated at E12.5, while documented

species differences in lysophospholipid receptor roles between

Zebrafish and mice (Ishii et al., 2002; Kupperman et al., 2000)

may contribute to the different SC outcomes. Species differences

and developmental stages may also account for dominant LPA1

SC effects observed here: prior studies identifying NRG as the

key inducer of SC migration present in conditioned medium

from DRG neurons (Yamauchi et al., 2008) used SCs isolated

from rat neonates rather than the embryonic SCs from E13.5

mouse DRGs utilized here. A change in the responsiveness to

pro-migratory stimuli of differentiating SCs could provide an

explanation for the minor phenotype observed in LPA1 null

mice, wherein NRG or other signaling molecules might induce

SC migration at later embryonic or perinatal developmental

stages to ultimately compensate for the loss of LPA1.

While the underlying signaling mechanisms for SC survival

are comparable for LPA and NRG, the migratory response seems

to be differentially regulated (Li et al., 2001; Meintanis et al.,

2001; Weiner and Chun, 1999). Migration in response to NRG

was partially mediated by MAPKs and PI3Ks (Meintanis et al.,

2001). In contrast, LPA-induced migration was at best only mar-

ginally blocked by MAPK or PI3K inhibitors. The latter result

was unexpected since it is well known that the bc-subunits of Gi

proteins activate PI3Ks, whose phosphoinositide products subse-

quently activate Rac-GEFs, such as Tiam1 or P-Rex-2b (Li et al.,

2005; Van Leeuwen et al., 2003). Furthermore, in glioma cells,

LPA was found to induce migration partially through the LPA1/

Gi/PI3K/Rac/JNK signaling pathway (Malchinkhuu et al., 2005).

It is possible that the pathway mediating cell migration in SCs is

different than the one observed in glioma cells. On the other

hand, we cannot exclude the possibility that a PI3K, with a

reduced sensitivity to LY294002 and wortmannin, is involved in

LPA-induced SC migration, in view of PI3K-C2a, a class II

PI3K that was shown to be at least 10-times less sensitive to

both PI3K inhibitors compared with class I PI3Ks (Domin et al.,

1997). In addition, another class II PI3K, PI3K-C2b, has been

reported to be crucial in LPA-dependent migration of human

cell lines (Maffucci et al., 2005). These class II PI3Ks might also

be involved in LPA-induced SC migration resulting in incom-

plete inhibition when LY294002 and wortmannin were used.

Lack of inhibition of LPA-induced SC migration when

SP600125, a specific JNK inhibitor, was used reveals a divergence

in the signaling pathway downstream of Rac for LPA-induced

SC migration as compared with NT-3- or NRG-induced migra-

tion (Yamauchi et al., 2008).

These results add to the previously reported functions for

LPA signaling in SC survival, adhesion, and actin rearrangement

(Weiner and Chun, 1999; Weiner et al., 2001) to include roles

in embryonic SC migration, axonal segregation, and myelina-

tion in the PNS. These results also provide additional support

for the phospholipid metabolism of LPA and biochemically

related phosphatidic acid in the establishment, as well as the dis-

ruption, of peripheral myelination (Nadra et al., 2008). The

prominent presence of LPA in hemorrhagic fluids may link pre-

natal bleeding events to disruption of normal peripheral nerve

development, in view of LPA receptor-dependent CNS disrup-

tion associated with hypoxia (Herr et al., 2011) and fetal hydro-

cephalus (Yung et al., 2011), raising the possibility of similar

mechanisms occurring in adult repair settings. In addition, the

efficacy of fingolimod for the treatment of multiple sclerosis -

fingolimod is metabolized into an analog of S1P - raises the

prospect of potential therapeutics targeting peripheral nerves

through lysophospholipid signaling (Choi et al., 2011; Cohen

and Chun, 2011; Mutoh et al., 2012).
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