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YSOPHOSPHATIDYLCHOLINE INDUCES NEUROPATHIC PAIN
HROUGH AN ACTION OF AUTOTAXIN TO GENERATE

YSOPHOSPHATIDIC ACID
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bstract—Lysophosphatidic acid receptor (LPA1) signaling
nitiates neuropathic pain and several pathological events in

partial sciatic nerve injury model. Recently, we reported
hat lysophosphatidic acid (LPA) induces neuropathic pain
s well as demyelination and pain-related protein expression
hanges via LPA1 receptor signaling. Lysophosphatidylcho-

ine (LPC), also known as lysolecithin, which is hydrolyzed by
utotaxin/ATX into LPA, induces similar plastic changes.
ere, we attempted to clarify whether ATX and LPA1 receptor
ignaling is involved in the LPC-induced neuropathic pain. In
ild-type mice, a single intrathecal (i.t.) injection of LPC in-
uced mechanical allodynia and thermal hyperalgesia 2 days
fter injection; this persisted for 7 days at least. On the other
and, LPC-induced mechanical allodynia and thermal hyper-
lgesia were completely abolished in mice lacking an LPA1

eceptor gene. Furthermore, the LPC-induced response was
lso significantly, but partially reduced in heterozygous mu-
ant mice for the ATX gene. These findings suggest that
ntrathecally-injected LPC is converted to LPA by ATX, and
his LPA activates the LPA1 receptor to initiate neuropathic
ain. © 2008 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: LPC, LPA, LPA1 receptor, autotaxin, neuropathic
ain, biosynthesis.

ysophosphatidylcholine (LPC, lysolecithin) is an impor-
ant cell signaling molecule among lysophospholipids
Meyer zu Heringdorf and Jakobs, 2007). It is a major
lasma lipid component that transports fatty acids and
holine to tissues, and is produced under physiological and
athological conditions (Yokota and Hansson, 1995; Mu-
ugesan and Fox, 1996). Recent reports suggest that LPC

Corresponding author. Tel: �81-95-819-2421; fax: �81-95-819-2420.
-mail address: ueda@nagasaki-u.ac.jp (H. Ueda).
bbreviation: ATX, autotaxin; atx�/�, heterozygote mutant mice for
utotaxin gene; DRG, dorsal root ganglion; i.t., intrathecal; LPA, lyso-
2
hosphatidic acid; lpa1�/�, mutant mice for lpa1 gene; LPC, lysophos-
hatidylcholine; lyso-PLD, lysophospholipase D.

306-4522/08$32.00�0.00 © 2008 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.12.041
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odulates pain signaling. LPC treatment of the saphenous
r sciatic nerve–induced neuropathic pain, such as me-
hanical allodynia and thermal hyperalgesia, as well as
emyelination and up-regulation of pain-related proteins in
he dorsal root ganglion (DRG) (Wallace et al., 2003).
owever, the molecular mechanisms underlying LPC-in-
uced neuropathic pain-like behaviors remain to be deter-
ined. More recently, we reported that intrathecal (i.t.)

njection of lysophosphatidic acid (LPA) induces mechan-
cal allodynia and thermal hyperalgesia as well as demy-
lination of dorsal root and upregulation of pain-related
roteins in the DRG and spinal cord via the LPA1 receptor
Inoue et al., 2004). Because autotaxin (ATX), which is
esponsible for the conversion of LPC to LPA (Shen et al.,
998; Eder et al., 2000; Aoki, 2004; van Meeteren and
oolenaar, 2007), is abundantly expressed in central and
eripheral nerve tissues, especially in cerebrospinal fluids
Tanaka et al., 2004; Sato et al., 2005; Tanaka et al.,
006), we hypothesized that ATX and LPA1 receptor sig-
aling are involved in LPC-induced neuropathic pain-like
ehaviors.

EXPERIMENTAL PROCEDURES

nimals

ale mutant mice for the lpa1 gene (lpa1�/�) (Contos et al.,
000), heterozygous mutant mice for autotaxin gene (atx�/�)
Tanaka et al., 2006) and their sibling wild-type mice from the
ame genetic background, weighing 20–24 g, were used. They
ere kept in a room maintained at 21�2 °C with free access to
tandard laboratory diet and tap water. The experiments were
esigned to minimize the number of animals used and their suf-
ering. Procedures were approved by Nagasaki University Animal
are Committee and were carried out in accordance with the
ational Institutes of Health Guide for the Care and Use of Lab-
ratory Animal.

rug injection

PC containing primary palmitic, stearic and oleic acids was pur-
hased from Sigma-Aldrich (St. Louis, MO, USA) . The i.t. injection
as performed according to the method of Hylden and Wilcox

1980).

ociceptive tests

n thermal paw withdrawal tests, nociception was measured as the
atency to paw withdrawal evoked by exposure to a thermal stim-
lus, as described previously (Rashid et al., 2003; Inoue et al.,

004). Unanesthetized animals were placed in Plexiglas cages on

ved.

mailto: ueda@nagasaki-u.ac.jp
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op of a glass sheet, and an adaptation period of 1 h was allowed.
thermal stimulator (IITC Inc., Woodland Hills, CA, USA) was

ositioned under the glass sheet and the focus of the projection
ulb was aimed exactly at the middle of the plantar surface of the
nimal. A mirror attached to the stimulator permitted visualization
f the plantar surface. A cutoff time of 20 s was set in order to
revent tissue damage. The paw pressure test was performed as
escribed previously. Briefly, mice were placed into a Plexiglas
hamber on a 6�6 mm wire mesh grid floor, and were allowed to
cclimatize for a period of 1 h. A mechanical stimulus was then
elivered to the middle of the plantar surface of the right hind-paw
sing a Transducer Indicator (Model 1601, IITC Inc., Woodland
ills, CA, USA). The pressure needed to induce a flexor response
as defined as the pain threshold. All behavioral experiments
ere carried out by investigators blinded to the drug-treatment.

tatistical analyses

tatistical analyses were performed using Student’s t-test. Signif-
cance was set to P�0.05, # 0.05. All results are expressed as

eans�S.E.M.

RESULTS

.t. injection of LPA at 0.5 �g reduced the mechanical
ociceptive threshold on day 4 after treatment in wild-type
lpa1

�/�) mice (Fig. 1A), consistent with previous data
Inoue et al., 2004). As shown in Fig. 1A, LPA-induced
echanical allodynia was completely abolished in knock-
ut mice (lpa1�/�), which showed the equivalent basal
hreshold to lpa1

�/� mice. Similarly, wild-type mice that
ere given a single i.t. injection of LPC at 15 �g also

ig. 1. LPC-induced mechanical allodynia and thermal hyperalgesia
15 �g) or LPA (0.5 �g) -induced mechanical allodynia responses (A)

15 �g) -induced mechanical allodynia (C) and thermal hyperalgesia (D) in atx
xperiments. * �0.05 Compared with vehicle treatment, # �0.05 compared wi
howed significant, but slightly weaker mechanical allo-
ynia on days 2–7 (Fig. 1A). However, a higher dose of
PC (50 �g i.t.) caused abnormal behaviors or death (data
ot shown). On the other hand, LPC-induced mechanical
llodynia was completely abolished in lpa1�/� mice (Fig.
A). Similarly, a single i.t. injection of LPC also produced
hermal hyperalgesia (Fig. 1B), and this was completely
bolished in lpa1�/� mice, which showed equivalent basal

hreshold to lpa1
�/� mice in thermal nociceptive tests.

Next, we examined the involvement of ATX in LPC-
nduced neuropathic pain. We used atx�/� heterozygous

utant mice, since it has been reported that homozygous
utant mice die during the early stage of embryogenesis

Tanaka et al., 2006). Similar to the case with lpa1�/�
ice, there were no differences in mechanical and thermal
ociceptive thresholds between wild-type (atx�/�) and het-
rozygous mutant (atx�/�) mice with vehicle-treatment.
PC-induced mechanical allodynia and thermal hyperalge-
ia on day 4 were significantly, but not completely attenu-
ted in atx�/� mice (Fig. 1C, 1D).

DISCUSSION

n the present study we found that LPC (i.t.)-induced neu-
opathic pain-like behaviors are mediated by LPA1 recep-
or signaling, since they were completely abolished in
pa1�/� mice. Furthermore, we also found that atx�/�

eterozygous mutant mice, which express 50% of the ATX
evels and lysophospholipase D (lyso-PLD) activity of wild-

d by the LPA1 receptor and ATX. (A, B) Complete blockade of LPC
mal hyperalgesia (B) in lpa1

�/� mice. (C, D) Partial blockade of LPC
/�
mediate
and ther

�
 mice. All data represent the mean�S.E.M. from five to six separate
th wild-type mice.
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ype mice (Tanaka et al., 2006), show a partial attenuation
f LPC-induced actions, as seen by an assessment of
echanical allodynia and thermal hyperalgesia. LPC de-

ivered to these animals is converted to LPA by the lyso-
LD activity of ATX in the cerebrospinal fluid (Sato et al.,
005), but at a reduced rate and level. The synthesized
PA can activate the LPA1 receptor to initiate the neuro-
athic pain phenotype. However, as shown in Fig. 1A, LPA
t 0.5 �g induced more intense allodynia and hyperalgesia
han LPC at 15 �g, suggesting that only a small percent-
ge of the injected LPC was converted to LPA by ATX.

Here a question is raised where LPC comes from in
athological conditions. The LPC level in plasma ranges

rom 150 to 500 �M depending on the mammalian species.
y contrast, the LPC level in cerebrospinal fluid is much

ower. The LPC concentration in mouse cerebrospinal fluid
s 5 �M (Sakagami et al., unpublished observations). Hem-
rrhage is often associated with nerve injury. Thus, it is
easonable to assume that LPC is derived from plasma
pon nerve injury. It is also well accepted that upon injury
r in inflammation sites, LPC-generating enzymes such as
hospholipase A2 are induced and activated (Farooqui et
l., 2006). Such phospholipase A2 may also be responsi-
le for the production of LPC.

LPC is widely used as a demyelinating agent (Jeffery
nd Blakemore, 1995; Ousman and David, 2001; Kotter et
l., 2005); it also induces mechanical allodynia and ther-
al hyperalgesia (Wallace et al., 2003). On the other hand,
bnormal sensory phenomena, including hyperalgesia and
llodynia, are associated with human peripheral demyeli-
ating neuropathies such as Charcot-Marie-Tooth disease
nd Guillain-Barré syndrome (Carter et al., 1998; Boerkoel
t al., 2001). The present report provides an important
nding that at least some of LPC’s effects might be related
o its conversion to LPA, which could cause neuropathic
ain-like phenotypes. However, it remains to be deter-
ined whether LPC also causes demyelination or altered
xpression of key molecules underlying neuropathic pain
echanisms mediated by the LPA1 receptor.
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