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cord dorsal horn neurons.

of LPA; null mice.
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(Background: LPA-LPA, signaling was shown to be required in nerve injury-induced neuropathic pain development.
Results: LPA;-deficient mice are protected from injury-induced neuropathic pain with decreased pCREB expression in spinal

Conclusion: LPA; contributes to neuropathic pain development through central pCREB signaling.
Significance: A novel contribution of LPA to neuropathic pain, distinct from LPA;, is revealed through the generation and use
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Lysophosphatidic acid (LPA) is a bioactive lipid that serves as
an extracellular signaling molecule acting through cognate G
protein-coupled receptors designated LPA,_, that mediate a
wide range of both normal and pathological effects. Previously,
LPA,, a G,;-coupled receptor (which also couples to other G,
proteins) to reduce cAMP, was shown to be essential for the
initiation of neuropathic pain in the partial sciatic nerve ligation
(PSNL) mouse model. Subsequent gene expression studies iden-
tified LPA;, a G,2/13- and Gg-coupled receptor that increases
cAMP, in a subset of dorsal root ganglion neurons and also
within neurons of the spinal cord dorsal horn in a pattern com-
plementing, yet distinct from LPA,, suggesting its possible
involvement in neuropathic pain. We therefore generated an
Lpar5 null mutant by targeted deletion followed by PSNL chal-
lenge. Homozygous null mutants did not show obvious base-line
phenotypic defects. However, following PSNL, LPA;-deficient
mice were protected from developing neuropathic pain. They
also showed reduced phosphorylated cAMP response element-
binding protein expression within neurons of the dorsal horn
despite continued up-regulation of the characteristic pain-re-
lated markers Caa, 8, and glial fibrillary acidic protein, results
that were distinct from those previously observed for LPA, dele-
tion. These data expand the influences of LPA signaling in neu-
ropathic pain through a second LPA receptor subtype, LPA,,
involving a mechanistically distinct downstream signaling path-
way compared with LPA,.

Neuropathic pain is a chronic pain state initiated by injury or
perturbation of the peripheral nervous system or the central
nervous system. In developed countries, ~7—8% of the popula-
tion is affected by neuropathic pain, and the limited treatment
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options are often ineffectual (1, 2). One of the animal models
developed to study neuropathic pain is partial sciatic nerve liga-
tion (PSNL),> which mimics at least some of the major end
points observed in human neuropathic pain (3). These models
led to the identification of a range of different neuropathic pain
associated stimuli (4—6), one of which is an extracellular sig-
naling lipid known as lysophosphatidic acid (LPA), a lysophos-
pholipid that normally participates in the regulation of diverse
cellular activities (7).

LPA is involved in various pathological conditions including
cardiovascular diseases (8), fibrosis (9), cancer (10), infertility
(11), and central nervous system disorders such as hydroceph-
alus (12) and neuropathic pain (7). These effects are produced
through one or more of the six confirmed G protein-coupled
receptors, LPA, . (gene names Lparl-Lpar6), that couple to
different combinations of heterotrimeric G proteins (13, 14).
Insights into the biological roles for LPA signaling have come
from studies of LPA receptor null mutant mice (15-17); how-
ever, mice deficient for Lpar5 have not been reported (18).

Using Lparl null mutants, prior studies identified LPA; as an
essential receptor for the initiation of neuropathic pain induced
by both intrathecal injection of LPA and by PSNL (7). Surrogate
markers of neuropathic pain including demyelination of the
dorsal root, PKCvy expression, and calcium channel Caa,5,;
expression were all significantly reduced in LparI null mice
challenged with PSNL (7). Related studies supported the
involvement of LPA; in neuropathic pain (7, 19, 20). These
reports also raised the possibility that other LPA receptors
might contribute to aspects of neuropathic pain.

LPA,, previously known as orphan receptor GPR92, was
identified as a fifth LPA receptor in 2006 (21). LPA, activates
Gai2/13and G4 signaling responses and can also increase intra-
cellular cAMP levels; however, this response is not altered in
the presence of a G, minigene, suggesting alternative G pro-
tein involvement (21). Lpar5 is expressed in spleen, heart, plate-

2The abbreviations used are: PSNL, partial sciatic nerve ligation; LPA, lyso-
phosphatidic acid; DRG, dorsal root ganglion; GFAP, glial fibrillary acidic
protein; pCREB, phosphorylated cAMP response element-binding protein.
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lets, gastrointestinal lymphocytes, dorsal root ganglia (DRG),
and the developing brain (21-24). The high expression level in
DRG suggested the possible involvement of LPA. in pain sig-
naling. Here we report the generation of an Lpar5-deficient
mouse and its evaluation in the PSNL model toward determin-
ing its contribution to neuropathic pain.

EXPERIMENTAL PROCEDURES

Lpar5 Gene Targeting—Portions of the Lpar5 genomic locus
were amplified from a BAC clone obtained from Children’s
Hospital Oakland Research Institute using a high fidelity Pfx50
DNA polymerase (Invitrogen). Most of the coding exon (from
the ATG to the BamHI site) was replaced in frame with
enhanced GFP using overlap PCR. A neomycin cassette flanked
by loxP sites and an introduced HindIII restriction enzyme site
was inserted into the BamHI site of the coding exon. All of the
amplified genomic fragments and modified fragments were
assembled in pBluescript, and the entire targeting construct
was sequenced at the Scripps Research Institute Center for Pro-
tein and Nucleic Acid Research.

The targeting construct was linearized and electroporated
into R1 ES cells (purchased from the lab of Andras Nagy).
Genomic DNA was extracted from neomycin-resistant clones,
digested with HindIlII, and screened for homologous recombi-
nation by Southern blotting with the indicated probe using
standard techniques. Positive clones were rescreened and
tested for pathogens, and two clones were injected into blas-
tocysts at the Scripps Research Institute Mouse Genetics
Core. The resultant chimeras were crossed to C57BL/6]
female mice to assay for germ line transmission. Heterozy-
gous mice were then bred together to generate null mutant
animals. Genotypes of all heterozygous cross offspring were
confirmed by Southern blotting and PCR genotyping with the
following primers: GFP Int Rev, 5-GTGGTGCAGAT-
GAACTTCAGG-3'; 92GTFor, 5'-CAGAGTCTGTATTGC-
CACCAG-3'; and 92GT Rev, 5'-GTCCACGTTGATGAG-
CATCAG-3'. Wild type and mutant PCR product sizes are
~450 and 220 base pairs, respectively.

Reverse Transcription-PCR—To confirm loss of Lpar5 gene
transcripts, bone marrow, spleen, and thymus were dissected
from wild type and null mutant mice. Single cell suspensions
were made from all tissues, and cells were pelleted at 1400 rpm
in a centrifuge. The cell pellets were resuspended in TRIzol
reagent (Invitrogen), and total RNA was isolated following the
manufacturer’s protocol. RNA was DNase-treated, and cDNA
was synthesized using the SuperScript II first strand cDNA syn-
thesis system (Invitrogen). Reverse transcription PCR was used
to amplify B-actin and Lpar5 transcripts from the cDNA with
the following primer pairs: B-actin For, 5'-TGGAATCCTGT-
GGCATCCATGAAC-3'; B-actin Rev, 5'-TAAAACGCAGC-
TCAGTAACAGTCCG-3'; 92RTFor, 5'-ACTCCACGCTGG-
CTGTATATG-3'; and 92RTRev, 5'-GTAGCCAAAGGC-
CTGGTATTC-3".

In Situ Hybridization—For in situ hybridization analysis, a
probe corresponding to the Lpar5 deleted region was cloned
into pBluescript and linearized with restriction enzymes on
either side of the insert, and sense and antisense runoff probes
were labeled with digoxigenin labeling mix (Roche Applied Sci-
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ence) using T7 and T3 RNA polymerases (Roche Applied Sci-
ence), respectively. In situ hybridization was performed accord-
ing to Braissant et al. (25) with modifications (26). Briefly,
freshly frozen blocks were cut at 16 —20 wm, and the sections
were fixed with 4% paraformaldehyde, permeablized, dehy-
drated, and stored at —80 °C until use. Prehybridization was
performed at 70 °C for 3 h, and the probes were incubated at
68 °C overnight. Signal was detected with anti-digoxigenin/AP
Fab fragments (Roche Applied Science) at a 1:1,000 dilution
overnight and visualized in nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate solution (Millipore). Double stain-
ing was then performed on the same slide using anti-NeuN
(Millipore) and anti-pCREB (Cell Signaling) antibodies at dilu-
tions of 1:200 and 1:500, respectively. The cells were double
stained for both pCREB and LPA and quantified from at least
eight sections from three different animals, presented as the
means = S.D.

Partial Sciatic Nerve Ligation—The partial sciatic nerve liga-
tion procedure was modified from Seltzer et al. (3). Briefly,
2—4-month-old Lpar5 null mutant and wild type mice in a C57
background were deeply anesthetized using an isoflurane
vaporizer with a nose cone throughout PSNL surgery. The right
side of the mouse was opened, the sciatic nerve was exposed,
and approximately one-half to one-third of the sciatic nerve
was tightly ligated using 10-0 fine sutures. The wound was then
closed, and the skin was stitched for recovery. Paw withdrawal
threshold responses were monitored before and after surgery.

Behavioral Testing—Paw withdrawal threshold was per-
formed with an automated von Frey apparatus (Ugo Basile,
Italy). The mice were acclimated in plastic cages with metal
mesh bottoms for an hour prior to testing in a temperature- and
humidity-controlled testing room. Paw withdrawal threshold
(gram) against gradually increasing mechanical stimuli (0-50 g
in 20 s) was tested four separate times with at least a 1-min
interval between tests. The average response was normalized to
presurgery controls and presented as the means * S.D.

Detection of Demyelination—Dorsal root was collected and
fixed in 1% paraformaldehyde, 3% glutaraldehyde in 0.1 M caco-
dylate buffer (pH 7.4) with 5 mm CaCl, overnight at 4 °C. The
fixed dorsal root fiber was then osmicated in 1% OsO,, 0.12 M
cacodylate buffer, 3.5% sucrose on ice for 2 h. The samples were
then dehydrated in a graded alcohol series followed by acetone
treatment and embedded in epoxy resin. Sections of 1 um were
cut and stained with 1% toluidine blue O and examined under a
light microscope.

Immunohistochemistry—Spinal cord and DRG from L4 -L6
regions were collected and freshly frozen in OCT compound
(Sakura Finetek). Using a cryostat, 16-um sections were cut and
fixed with 4% paraformaldehyde, blocked with 3% normal goat
serum and 0.1% Triton X-100 in PBS. Primary antibodies
against Caa,0, (1:200; Sigma), PKCvy (1:500; Santa Cruz Bio-
technologies), and glial fibrillary acidic protein (GFAP; 1:500;
Sigma) were diluted in blocking buffer and incubated overnight
at 4 °C. After washing three times in PBS, the corresponding
secondary antibodies were diluted 1:1,000 in the same buffer
and incubated for 1 h at room temperature. pCREB staining was
performed using a rabbit anti-pCREB antibody (1:500; Cell Sig-
naling) under the same conditions and visualized using ABC
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FIGURE 1. Targeted disruption of the Lpar5 genomiclocus and generation of LPA ;-deficient mice by homologous recombination. A, schematic diagram
of the Lpar5 gene targeting strategy. To generate the Lpar5 targeting vector, a portion of the Lpar5 coding region was removed and replaced in frame by
enhanced GFP (middle panel). ES cell clones positive for homologous recombination were identified by digestion of genomic DNA with Hindlll and Southern
blotting with the external probe shown in the top panel. ES cell clones with nonhomologous recombination events showed a 7-kb band, whereas clones with
homologously recombined DNA produced a 4.9-kb band. B, Southern blot showing the properly recombined product for a wild type (7 kb), heterozygous, and
homozygous animal (4.9 kb). C, PCR genotyping showing the Lpar5 wild type (450 bp) and mutant (220 bp) products, primers are indicated in A. D, RT-PCR of
cDNA from thymus, spleen, and bone marrow from wild type and Lpar5 homozygous mutant mice shows an absence of Lpar5 mRNA in tissues from

LPAs-deficient animals. B-Actin control for all tissues is shown.

and DAB kits (Vector Labs) following standard protocols. At
least four animals were used for each treatment, and six sec-
tions from each animal were analyzed. pCREB staining was
quantified using Image] software, and the number of pCREB
positive nuclei within Laminae I and II were counted, and sta-
tistical analysis was done using analysis of variance and post-
hoc Tukey tests.

RESULTS

Generation of LPA-deficient Mice—Initial gene expression
studies (21) identified LPA in DRG, suggesting functional con-
sequences of this receptor that might be assessed through an
Lpar§ null mutant mouse that was not yet available. Gene tar-
geting was therefore used to eliminate and replace most of the
Lpar5 coding region in frame with enhanced GFP allowing for
the production of LparS-deficient mice (Fig. 1A). Mice
heterozygous for the Lpar5 knock-in allele were crossed to each
other and wild type (+/+), heterozygous (+/—), and null
mutant offspring (—/—) were produced, at near Mendelian
ratios (data not shown), indicating that Lpar5 is dispensable for
embryonic viability. Genotypes of mice generated from crosses
of heterozygous mice were determined by PCR and confirmed
by Southern blotting (Fig. 1, B and C).

Lpars is expressed in lymphoid tissues including the thymus
and spleen (21). To confirm deletion of Lpar3, total RNA was
isolated from wild type and null mutant thymus, spleen, and
bone marrow and the loss of Lpar5 mRNA was assessed by
RT-PCR. An absence of an Lpar5-specific RT-PCR product in
null mutant tissues confirmed proper targeting of the Lpar5
genomic locus (Fig. 1D). Expression of Lpar5 in these lymphoid
organs suggests that Lpar5 plays a functional role in these tis-
sues; however, thymus and spleen lymphocyte proportions and
numbers were similar in both wild type and LPA;-deficient
mice (data not shown). The actual function of LPA; in the
immune system remains to be determined.

Using in situ hybridization, Lpar5 mRNA was detected in a
subset of DRG neurons, and this expression pattern was com-
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pletely absent from LPA.-deficient animal tissues (Fig. 2, A and
B). Lpar§ was also expressed in the dorsal horn area of the
lumbar spinal cord, and as expected, the specific signal is absent
in tissues from Lpar5-deficient mice (Fig. 2, C and D). Immu-
nolabeling with an antibody against the neuronal specific
marker, NeuN, combined with Lpar5 in situ hybridization
showed that the LPA_-expressing cells are neurons, including
dorsal horn sensory neurons and central nervous system motor
neurons of the spinal cord ventral horn (Fig. 2, E-I). The
expression of LPA, in both DRG and spinal dorsal horn neu-
rons is consistent with a role for LPA in pain processing.
Lpar5 Null Mice Are Protected from Injury-induced Neuro-
pathic Pain—It has been shown that LPA; is required for the
initiation of injury-induced neuropathic pain (7). However,
other LPA receptors have not been evaluated in this context. To
examine the role of LPA, in the development of neuropathic
pain, we utilized PSNL, as described by Seltzer et al. (3) to
induce neuropathic pain in Lpar5 null mice. Neuropathic pain
status was assessed with an automated Von Frey apparatus to
record paw withdrawal threshold against mechanical stimulus.
After PSNL, wild type mice developed neuropathic pain that
was evident by a decreased paw withdrawal threshold; however,
the threshold of LparS null mice remained at base-line levels
(Fig. 3A). This phenotype was similar to that observed in Lparl
null mice and raised the question of whether the pain response
occurs via common or distinct LPA-dependent pathway(s).
Following PSNL injury, affected neurons are often demyeli-
nated, which can lead to cross-talk between axons that can then
contribute to the development of neuropathic pain (27, 28). In
wild type animals subjected to PSNL, both the sciatic nerve
(data not shown) and dorsal root from L4-L6 showed an
increased percentage of myelin sheath aberrations resembling
demyelination (7). However, in Lparl null mice, these myelin
sheath aberrations in the dorsal root were decreased compared
with control mice, which correlated with reduced pain
responses (7). Because Lpar5 null mutant mice showed a simi-
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FIGURE 2. In situ hybridization and immunolabeling of tissues from wild type and null mutant mice with Lpar5 digoxigenin-labeled antisense probes
and NeuN antibody. A and B, sections of DRG from wild type (A) and Lpar5 null mice (B). Cand D, sections of spinal cord dorsal horn from wild type (C) and Lpar5
null mice (D) show Lpar5 expression in the dorsal horn area. Scale bar, 100 um. M, medial; V, ventral. E and F, low magnification images of whole spinal cord
sections from wild type (E) and Lpar5 null mice (F). Note that both dorsal horn and ventral horn neurons are labeled. Scale bar, 400 wm. G-/, anti-NeuN antibody
immunostaining (G) and in situ hybridization against Lpar5 (H) confirmed Lpar5 expression in double labeled neurons (/). The arrowheads indicate the same cells

from G-I. Scale bar, 50 pm.

lar attenuated neuropathic pain response, this led us to examine
the myelination status in the dorsal root area of Lpar5 null mice
after PSNL. Similar myelin sheath splitting was observed and
was significantly increased in the PSNL animals (Fig. 3, B-D,
asterisk). Surprisingly, at post-surgery day 6, there was no sig-
nificant difference observed between heterozygous control and
null mutant mice (Fig. 3E). In addition, classic characteristics of

pCEEY S
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demyelination, including naked axons and macrophage infiltra-
tion, were not seen in any dorsal root sections regardless of
genotype or treatment. This result indicates that in contrast to
LPA,, LPA; is not significantly involved in the demyelination
process induced by nerve injury.

Two markers of neuropathic pain have been shown in LPA ;-
involved neuropathic pain development, the «,8, subunit of
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FIGURE 3. Loss of PSNL-induced neuropathic pain in Lpar5 null mice. A, paw withdrawal threshold against mechanical stimuli after PSNL or sham operation.
p value compares homozygous null mutants with wild type mice with PSNL. *, p < 0.01; **, p < 0.001. B-D, representative semi-thin sections of L5 dorsal roots,
6 days after PSNL, from naive wild type (B), PSNL wild type (C), and PSNL Lpar5 null mice (D). Scale bar, 20 um. E, percentage of axons with aberrant myelin sheath
(asterisks in C, D) in PSNL or naive wild type versus null mutant mice. N.S., no significant difference.

voltage-gated calcium channels (Caa,9;), and the y-isoform of
PKCY. Caa,8; has been shown to be elevated in the DRG fol-
lowing nerve injury and correlates with allodynia status; PKCy
elevation in the spinal cord dorsal horn has also been shown to
participate in neuropathic pain development (29-31). Both

17612 JOURNAL OF BIOLOGICAL CHEMISTRY

markers were significantly elevated in control mice subjected to
PSNL, but not in mice deficient for LPA; (7). We compared the
expression of Caa,8; in DRG of control versus Lpar5-deficient
mice that had been subjected to PSNL. Surprisingly, Caa,5,
(Fig. 4, A-C) expression levels were not reduced in Lpar5 null
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FIGURE 4. Immunohistochemistry showing Caa, 8, immunoreactivity in DRG as well as GFAP immunoreactivity in the L5 spinal cord region 6 days
after PSNL. A-C, Caa, 9, is significantly up-regulated in DRG after PSNL; however, no significant difference was observed between heterozygous control and
null mutant mice. Scale bar, 100 um. D-F, GFAP was significantly increased in PSNL mice, indicating astrocyte activation; however, Lpar5 null mutant mice
showed similar, if not increased, GFAP immunostaining compared with the heterozygous control. Scale bar, 200 um. M, medial; V, ventral.

mutants, whereas PKCy levels were not changed regardless of
genotypes or treatments (data not shown).

It has also been reported that astrogliosis increases after
PSNL and correlates with the development of neuropathic pain
(32). To assess the extent of astrogliosis, expression of GFAP, an
astrocyte marker, was examined in the spinal dorsal horn prior
to and after injury. Consistent with Caa,9, levels, GFAP is up-
regulated following PSNL, and expression is not altered by the
loss of LPA, (Fig. 4, D—F), as quantified by pixel intensities and
counts (data not shown).

PCREB Expression through LPA; Is Associated with Neuro-
pathic Pain—In the spinal cord dorsal horn, pCREBs are up-
regulated during pain induced by two different models of neu-
ropathic pain: chronic constriction injury and PSNL (33, 34).
Furthermore, down-regulation of pCREB is associated with
anti-hyperalgesic effects (35, 36). Interestingly, in contrast to
LPA,, exposure of LPA; mutants to LPA stimulation results in
increased cellular cAMP levels (21, 22). This result led us to
determine whether or not the loss of LPA, can affect pCREB
expression in the spinal cord dorsal horn after nerve injury. Six
days after PSNL, the ipsilateral to contralateral ratio of pCREB
expression in the spinal cord dorsal horn Laminae I-II was
markedly reduced in Lpar5 null mice as compared with wild
type controls as determined by analysis of variance and post-
hoc Tukey tests (Fig. 5, A—H and L). Furthermore, double-la-
beling of neurons for Lpar5 mRNA and pCREB protein dem-
onstrated co-localization of both molecules in the same cell,
suggesting that LPA, directly affects pCREB activation (Fig. 5,
I-K). Among LPA positive cells, 95.4 = 3.6% were also pCREB
positive, whereas 83.4 = 6.0% of pCREB positive cells were

MAY 18,2012+VOLUME 287 +NUMBER 21

LPA, positive. This strongly suggests that in the absence of
LPA, up-regulation of pCREB in response to PSNL is abro-
gated, leading to protection from neuropathic pain (Fig. 5M).
Additionally, this effect was not seen in Lparl null mice, dem-
onstrating that a different mechanism was involved.

DISCUSSION

Prior studies showed the importance of LPA signaling
through LPA; in the initiation of neuropathic pain. Here,
through the use of the first reported Lpar5-deficient mouse, a
distinct LPA receptor, LPA., was identified as a new influence
on neuropathic pain as assessed by PSNL. The mechanism
through which LPA, produces protection appears to be distinct
from LPA, (7), demonstrating that different receptors for the
same endogenous ligand can affect pain development through
nonidentical molecular and cellular pathways.

LPA gene expression in DRG and spinal cord dorsal horn
neurons, as revealed by in situ hybridization, suggests a possible
role in pain. Interestingly, normal pain sensation is not altered
in LPA-deficient mice, whereas the development of nerve inju-
ry-induced neuropathic pain is abolished. This protective effect
is not seen in heterozygous mice that show wild type PSNL
susceptibility, indicating that a single allele of Lpar5 is sufficient
for the development of neuropathic pain. These results also
suggest that LPA is activated during injury, but not under basal
conditions, which is consistent with the increased levels of LPA
detected in spinal cord dorsal horn and dorsal roots following
nerve injury (37).

In the initial report describing the involvement of LPA; in
neuropathic pain development, a significant reduction of
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FIGURE 5. pCREB expression in the spinal dorsal horn L4 -L6, 6 days after PSNL. Immunolabeling of pCREB is markedly increased in control mice after PSNL
(Cand D) compared with naive mice (A and B). Attenuated expression of pCREB was observed in Lpar5 null mice that were subjected to the same nerve injury
(Eand F). This reduction was not observed in Lpar1 null mice (G and H). Scale bar, 100 um. M, medial; V, ventral. /-K, co-localization of Lpar5 and pCREB is shown
by Lpar5 in situ hybridization in conjunction with pCREB immunostaining. The arrows indicate the same cells from /-K. L, quantification of pCREB immuno-
staining, represented by ratios of labeled cells between ipsilateral and contralateral sides of the same section in Laminae I-ll (dashed line in D). Statistical
significance was established using analysis of variance and post-hoc Tukey tests. *, p < 0.05. M, schematic diagram of proposed LPA; involvement in
neuropathic pain development.

demyelination in the dorsal root area of Lparl-deficient mice dorsal root demyelination (38). In contrast, no difference in
was proposed to be the protective mechanism (7). Subsequent nerve injury-induced demyelination between wild type and
studies suggested that LPA-LPA; signaling was responsible for  Lpar5-deficient mice was detected here, despite maintained
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LPA, expression, indicating that LPA, loss does not prevent
demyelination, despite protecting against the development of
neuropathic pain. This observation provides the first evidence
that, despite sharing the same endogenous ligand and partially
overlapping expression patterns, LPA; and LPA participate in
neuropathic pain development through distinct pathways.

In DRG, Caa,0, expression increases with nerve injury-in-
duced neuropathic pain and is thought to increase the excitabil-
ity of DRG neurons (29, 30). In LparI null mice, the activation
of Caa, 9, is greatly reduced (7). Combined with the reduction
of demyelination, these phenomena suggest that the loss of
LPA, signaling prevents abnormal pain signaling transmission
from the periphery into the central nervous system. By contrast,
Caa, 6, still shows increased expression in LparS null mice
when challenged with nerve injury, indicating relatively normal
pain transmission through the DRG to the spinal cord dorsal
horn and implicating a distinct locus of action.

Astrocytes are known to be activated during neuropathic
pain as manifested by astrogliosis and are thought to contribute
to the development of neuropathic pain (39). Upon activation,
astrocytes can release cytokines/chemokines including IL-1p,
TNFq, IL-6, and monocyte chemotactic protein 1, which can
promote the neuropathic pain phenotype (40). These mole-
cules are also important for maintaining the synaptic connec-
tivities required for proper neuronal signaling by interacting
with neurons through the release of neurotransmitters such as
glutamate (41). Astrogliosis in the L4-L6 spinal dorsal horn
was identified by GFAP immunostaining, which demonstrated
that astrocytes are indeed activated in all injured animals. Nev-
ertheless, the severity of astrogliosis was equivalent between
Lpar5 null versus wild type animals subject to PSNL. These data
indicate that the spinal cord dorsal horn continues to receive
normal pain signals despite the loss of LPA; and the accompa-
nying abrogation of the pain phenotype.

In wild type animals exposed to PSNL, LPA; could contrib-
ute to increased pCREB expression through at least two differ-
ent pathways. Increased levels of LPA following nerve injury
provide a high concentration of ligand, which activates LPA. in
dorsal horn neurons and causes increased production of cAMP
and pCREB; up-regulation of these molecules then leads to
increased sensitivity of dorsal horn neurons to pain stimuli. In
addition, the increased LPA concentration may also activate a
subgroup of LPA, expressing DRG neurons that could stimu-
late neurons in the dorsal horn, thus leading to increased
pCREB expression within the spinal cord. Additional experi-
ments are required to elucidate the detailed mechanism; how-
ever, the abrogated increase in pCREB and the observed failure
to develop neuropathic pain in LparS null mice was behavior-
ally unambiguous and also distinct from cellular end points
observed with the loss of LPA ;. We speculate that the loss of
LPA, activity reduces central neuronal signaling required to
induce neuropathic pain, which has both mechanistic implica-
tions and therapeutic implications for pharmaceutical proper-
ties of desirable agents.

Cellular cAMP levels have been shown to increase in
response to LPA signaling through LPA_. This response is the
opposite of that observed with LPA-G,; activation that
reduces cAMP (21, 22), representing a possible basis for the
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differences observed between Lpar5 and Lparl null mutants.
Increased cCAMP can lead to increased CREB phosphorylation
and hyperalgesia via central sensitization (42, 43). Decreased
pPCREB expression is also associated with decreased pain in
model systems (35, 36). In the dorsal horn of naive mice, a low
level of pCREB expression was observed; however, this was
strongly increased in animals challenged with nerve injury (33,
44), in concert with previous reports. Importantly and consist-
ent with a loss of cAMP production, PSNL-induced pCREB
expression was markedly reduced in Lpar5 null mice. Reduced
pCREB expression may in part account for the protective
effects of LPA, loss, because increased pCREB expression has
been strongly associated with neuropathic pain after nerve
injury (35, 36). Furthermore, this specific reduction in pCREB
expression was not observed in LPA,-deficient mice (Fig. 5, G
and H), thus demonstrating that each receptor subtype has dis-
tinct effects that separately contribute to neuropathic pain.

The mechanistic differences observed between LPA;- and
LPA,-deficient animals also raise the question of whether LPA
controls neuropathic pain development through one or more
than one pathway. LPA-deficient mice challenged with PSNL
are protected from neuropathic pain, showing reduced demy-
elination and calcium channel up-regulation yet continue to
show pCREB up-regulation. By comparison, LPA;-deficient
mice were also protected from neuropathic pain yet contin-
ued to show demyelination and calcium channel up-regula-
tion, responses, while instead exhibiting central reductions
in pCREB. Taken together, the observed protection against
pain produced by receptor loss, despite key molecular differ-
ences, indicates that LPA; and LPA, act through mechanis-
tically distinct parallel pathways to regulate neuropathic pain
development.

Differential activation of LPA receptors by alternative LPA
species such as 1-acyl and 1-alkyl LPA may also provide addi-
tional insights into how these pathways function. Consistent
with this view, LPA;_; have been reported to respond to acyl-
LPA with at least 10-fold improvement over 1-alkyl LPA,
whereas LPA seem to have a preference of 1-alkyl LPA (45, 46).
This mechanism could provide a way to differentially activate
LPA receptor subtypes and the identified parallel pathways that
influence neuropathic pain development. Moreover, it would
not be surprising if additional LPA receptor subtypes contrib-
ute to neuropathic pain, based on analyses of LPA,-deficient
animals in distinct pain models (47).

In conclusion, LPA; appears to contribute to neuropathic
pain through central pCREB activation. The protective effects
observed in Lpar5-deficient animals following PSNL are mech-
anistically distinct from those mediated through LPA;, in part
reflecting the opposing actions of these different LPA receptors
on cAMP levels and the production of pCREB. These data sup-
port LPA signaling in the development of neuropathic pain and
suggest that inhibition of LPA |, LPA, and perhaps other recep-
tor subtypes via pharmacological antagonism could provide a
basis for novel pain therapeutics.
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