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Lysophosphatidic acid (LPA) is a bioactive lipid mediator
that exerts diverse physiological and pathophysiological
functions through its cognate LPA receptors (LPA1-5 and
P2Y5) (Noguchi et al. 2009). Recently, we demonstrated that
LPA1 receptor signaling initiates neuropathic pain following
peripheral nerve injury, using mice lacking the lpa1 gene
(Lpar1)/)) (Inoue et al. 2004; Ueda 2008). Regarding the
molecular bases, LPA up-regulates pain-related gene expres-
sion, such as Ca2+ channel a2d-1 subunit and ephrinB1 in the
dorsal root ganglion (DRG) and protein kinase C c-isoform
in the spinal cord (Inoue et al. 2004; Uchida et al. 2009).
Moreover, LPA causes demyelination of the dorsal root (DR)
through down-regulation of myelin-related proteins, such as
myelin basic protein (MBP), peripheral myelin protein 22
(PMP22) and myelin protein zero (MPZ) in in vivo injury
models and ex vivo culture models (Inoue et al. 2004; Fujita
et al. 2007). As the temporal profile of down-regulation of
myelin protein levels is similar to the gene expression levels
(Inoue et al. 2004; Fujita et al. 2007), we hypothesized that
protein-degradation and transcriptional suppression might be

involved in LPA-induced demyelination. However, the
details remain unclear.

Myelin-associated glycoprotein (MAG), a minor compo-
nent of myelin, is predominantly located in the periaxonal
membranes of Schwann cells, where it mediates glia-axon
interactions (Quarles 2007). As MAG expression starts during
the early stages of myelination, it has been postulated that
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Abstract

Lysophosphatidic acid receptor (LPA1) signaling initiates

neuropathic pain through demyelination of the dorsal root

(DR). Although LPA is found to cause down-regulation of

myelin proteins underlying demyelination, the detailed mech-

anism remains to be determined. In the present study, we

found that a single intrathecal injection of LPA evoked a dose-

and time-dependent down-regulation of myelin-associated

glycoprotein (MAG) in the DR through LPA1 receptor. A sim-

ilar event was also observed in ex vivo DR cultures. Inter-

estingly, LPA-induced down-regulation of MAG was

significantly inhibited by calpain inhibitors (calpain inhibitor X,

E-64 and E-64d) and LPA markedly induced calpain activation

in the DR. The pre-treatment with calpain inhibitors attenuated

LPA-induced neuropathic pain behaviors such as hyperalge-

sia and allodynia. Moreover, we found that sciatic nerve injury

activates calpain activity in the DR in a LPA1 receptor-

dependent manner. The E-64d treatments significantly

blocked nerve injury-induced MAG down-regulation and neu-

ropathic pain. However, there was no significant calpain

activation in the DR by complete Freund’s adjuvant treatment,

and E-64d failed to show anti-hyperalgesic effects in this

inflammation model. The present study provides strong evi-

dence that LPA-induced calpain activation plays a crucial role

in the manifestation of neuropathic pain through MAG down-

regulation in the DR.

Keywords: calpain, demyelination, dorsal root, lysophos-

phatidic acid, myelin-associated glycoprotein, neuropathic

pain.
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MAG is crucial for initiation of the myelination process
(Owens and Bunge 1989; Paivalainen and Heape 2007;
Quarles 2009).Moreover, the sustained expression ofMAG, at
relatively high levels, in adulthood is also assumed to play a
key role in the maintenance of myelin integrity (Garbay et al.
2000; Schachner andBartsch 2000;Quarles 2009). In addition,
MAG-mediated signaling from glia to axons is known to
maintain the structural integrity of myelinated axons by
modulating the axonal cytoskeleton and inhibiting the out-
growth of neuronal processes (sprouting) through interactions
with Nogo receptors, gangliosides (such as GD1a and GT1b)
and paired immunoglobulin-like receptor B (Atwal et al.
2008; Filbin 2008; Quarles 2009; Schnaar and Lopez 2009).
Given the involvement of MAG in myelination and sprouting,
we hypothesize that MAG down-regulation may play a key
role in LPA-induced neuropathic pain conditions. Therefore,
we attempted to examine whether LPA affects MAG expres-
sion levels in the DR. Here, we report that LPA activates
calpain to down-regulate MAG expression through the LPA1

receptor in the DR, thereby causing neuropathic pain.

Materials and methods

Animals and surgery
Male mice lacking the lpa1 gene (Lpar1

)/)) (Contos et al. 2000) and
wild type C57BL/6J mice weighing 20–24 g were used. They were

kept in a room with a temperature of 21 ± 2�C with free access to

standard laboratory diet and tap water. All procedures were

approved by the Nagasaki University Animal Care Committee and

complied with the recommendations of the International Association

for the Study of Pain (Zimmermann 1983). Partial ligation of the

sciatic nerve was performed under pentobarbital (50 mg/kg)

anesthesia, following the methods of Malmberg and Basbaum

(Malmberg and Basbaum 1998).

Drugs
Lysophosphatidic acid (1-oleoyl-2-hydroxy-sn-3-glycerol-3-phos-

phate) and 1,10-phenanthroline were purchased from Sigma-Aldrich

(St. Louis, MO, USA). Calpain inhibitor X (CalX; Z-Leu-Abu-

CONH-ethyl) and epoxomicin were from Calbiochem (San Diego,

CA, USA). z-valine-alanine-aspartate (zVAD)-fmk (carbobenzoxy-

L-valyl-L-alanyl-b-methyl-L-aspart-1-yl-fluoromethane) was from

Peptide Institute, Inc. (Osaka, Japan). p-APMSF [(p-amidinophenyl)

methanesulfonyl fluoride hydrochloride] and complete Freund’s

adjuvant (CFA) were from Wako Pure Chemical Industries, Ltd.

(Osaka, Japan). E-64 ([(2S,3S)-3-Carboxyoxirane-2-carbonyl]-L-
leucine (4-guanidinobutyl) amide hemihydrate) and E-64d

[(2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbutane ethyl

ester] were kindly provided by the Taisho Pharmaceutical Co.,

Ltd. (Saitama, Japan).

Drug injection
Lysophosphatidic acid and CalX were dissolved in artificial CSF

(aCSF; 125 mM NaCl, 3.8 mM KCl, 1.2 mM KH2PO4, 26 mM

NaHCO3, 10 mM glucose, pH 7.4). E-64d was dissolved in 100%

dimethylsulfoxide as a stock solution, and diluted in saline prior to

administration. The intrathecal (i.t.) injection was administered into

the space between the spinal L5 and L6 segments according to the

method of Hylden and Wilcox (Hylden and Wilcox 1980). The

intrathecal injection of CalX or intravenous (i.v.) injection of E-64d

into the tail vein was performed 30 min prior to LPA treatment. The

intraplantar (i.pl.) injections were given using a Hamilton micro-

syringe connected to polyethylene tubing with a 30-gauge hypo-

dermic needle. Peripheral inflammation was induced by CFA (20 lL
i.pl.) injection. In nerve injury and peripheral inflammation models,

E-64d (i.v.) was injected twice a day (12-h interval) for 3 days,

starting from 30 min prior to nerve injury and CFA injection.

Nociception test
In the thermal paw withdrawal test, the nociception threshold was

evaluated as the latency to withdraw a paw upon a thermal stimulus

(Hargreaves et al. 1988; Ma et al. 2009). Unanesthetized animals

were placed in Plexiglas cages on top of a glass sheet and an

adaptation period of 1 h was allowed. A thermal stimulator (IITC

Inc., Woodland Hills, CA, USA) was positioned under the glass

sheet and the focus of the projection bulb was aimed exactly at the

middle of the plantar surface of the animal. A mirror attached to

the stimulator permitted visualization of the plantar surface. A

cut-off time of 20 s was set to prevent tissue damage. The

mechanical paw pressure test was performed as described previ-

ously (Inoue et al. 2004; Matsumoto et al. 2006). Briefly, mice

were placed in a plexiglas chamber on a 6 · 6 mm wire mesh grid

floor and allowed to acclimatize for a period of 1 h. A mechanical

stimulus was then delivered to the middle of the plantar surface of

the right-hind paw using a Transducer Indicator (Model 1601; IITC

Inc.). The amount of pressure that induced a flexor response was

defined as the pain threshold. A cut-off pressure of 20 g was set to

avoid tissue damage. In these experiments using mechanical and

thermal tests, the thresholds were determined from three repeated

challenges at 10-min intervals, and the averages of responses were

evaluated.

Western blot
According to manufacturer’s instructions, non-reduced protein was

used for the detection of MAG, and reduced protein was used for b-
tubulin. Total protein (20 lg) extracted from L4–5 DRs was

separated on SDS-polyacrylamide gels (12%). Primary antibodies

were used at the following dilutions: mouse anti-MAG antibody

(1 : 5000; Chemicon, Temecula, CA, USA) and rabbit anti-b-
tubulin polyclonal antibody (1 : 500; Santa Cruz Biotechnology,

Santa Cruz, CA, USA). Horseradish peroxidase-labeled anti-mouse

IgG and horseradish peroxidase-labeled anti-rabbit IgG were used as

secondary antibodies at dilutions of 1 : 1000. Immunoreactive

bands were detected using an enhanced chemiluminescent substrate

(SuperSignal West Pico Chemiluminescent Substrate; Pierce

Chemical, Rockford, IL, USA).

Ex vivo DR cultures
Ex vivo DR cultures were performed as described previously (Fujita

et al. 2007). Briefly, the L4–5 DRs with DRG were isolated by

carefully removing the spinal vertebra without tearing. The tissue

was washed with ice-cold phosphate buffered saline (pH 7.4, PBS)

containing penicillin and streptomycin, and placed in Dulbecco’s

modified Eagle’s medium without serum. The culture was carried
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out at 37�C in the presence of 5% CO2. Protease inhibitors were

added 30 min prior to LPA treatment (1 lM).

Determination of calpain activity
Calpain activities in protein lysates from L4–5 DR, DRG and

spinal dorsal horn were analyzed using a commercially available

calpain activity assay kit (BioVision, Mountain View, CA, USA)

according to the manufacturer’s instructions. This method is based

on the detection of the fluorometric cleavage of the calpain

substrate Ac-leucine-leucine-tyrosine-7-amino-trifluoromethyl cou-

marin, which emits blue light (400 nm). Upon cleavage of the

substrate by calpain, free 7-amino-trifluoromethyl coumarin

(AFC), which emits yellow-green fluorescence (505 nm), was

quantified using a 1420 ARVOMX/Light fluorescent plate reader

(PerkinElmer Japan Co., Ltd, Yokohama, Japan).

Immunostaining for MAG
Mice were deeply anesthetized with sodium pentobarbital (50 mg/

kg i.p.), and perfused with potassium-free PBS (K+-free PBS, pH

7.4), followed by 4% paraformaldehyde solution. The L4–5 DRs

were isolated, post-fixed for 3 h, and cryoprotected overnight in

25% sucrose solution. The DRs were fast-frozen in cryo-

embedding compound on a mixture of ethanol and dry ice and

stored at )80�C until ready for use. The DRs were sectioned at a

thickness of 10 lm, thaw-mounted on silane-coated glass slides,

and air-dried overnight at 25�C. The DR sections were incubated

with blocking buffer containing anti-mouse IgG (1 : 50; Zymed,

South San Francisco, CA, USA) and 4% bovine serum albumin in

0.1% Triton X-100 in K+-free PBS, and then incubated with anti-

MAG antibody (1 : 300) overnight at 4�C. After washing, sections
were incubated with Alexa Fluor 488-conjugated anti-mouse IgG

(1 : 1000; Molecular Probes, Carlsbad, CA, USA) secondary

antibody for 2 h at 25�C. The MAG-immunoreactivity was

detected by automatic fluorescence microscopy using BZ Image

Measurement software (Bio-Zero, Keyence, Tokyo, Japan).

Statistical analysis
In Figs 3(b), 4(a), 5, 6, 7 and 8(b), the differences between multiple

groups were analyzed by one-way ANOVA with Tukey-Kramer

multiple comparison post-hoc analysis. In Fig. 1, 3(a) and 8(a), data

were analyzed using the Student’s t-test. The criterion of significance
was set at p < 0.05. Results are expressed as the mean ± SEM.

Results

Down-regulation of MAG protein expression by LPA
Previously, we have reported that LPA (1 nmol i.t.) induces
demyelination of the DR 24 h post-injection (Inoue et al.
2004). Using western blot analysis, we found that intrathecal
injection of LPA dose-dependently down-regulates MAG
protein expression in the DR from 0.1 to 10 nmol at 24 h
post-injection (Fig. 1a). The most prominent reduction was
observed at a dose of 10 nmol (Fig. 1a), which exerts no
abnormal behavior. The MAG expression levels were slightly
but not significantly reduced at 3 h after LPA injection
(10 nmol i.t.), however, a significant decrease in MAG levels
occurred at 12 h post-injection (Fig. 1b). Maximal reduction
was observed at 24 h post-injection (Fig. 1b). While the
significant reduction was still observed at day 3 post-
injection, it was moderate but not significant at day 7 post-
injection (Fig. 1b). These results suggest that LPA induces
rapid down-regulation of MAG protein expression in the DR.

Lack of MAG down-regulation in Lpar1)/) mice
In the peripheral nervous system, MAG expression has been
found abundantly in paranodal regions and to a lesser extent
in periaxonal Schwann cell membranes (Georgiou et al.
2004). Consistent with this previous study, immunohisto-
chemical analysis revealed that strong MAG signals are
located in paranodal regions and weaker ones along the
axons in the DR of vehicle-treated wild type mice (Fig. 2a).
LPA (10 nmol i.t.) caused a marked reduction of MAG
signals at 24 h post-injection (Fig. 2b). On the other hand,
the MAG signals seen in vehicle-treated Lpar1)/) mice were
comparable to that of vehicle-treated wild type mice
(Fig. 2c). In contrast, the LPA-induced down-regulation of

(a) (b)

Fig. 1 LPA-induced down-regulation of

MAG protein expression in the DR. The

expression levels of MAG protein in the DR

were assessed by western blot analysis. (a)

Dose-dependent down-regulation of MAG

by intrathecal injection of LPA at 24 h post-

injection. (b) Time-course of LPA-induced

(10 nmol i.t.) down-regulation of MAG.

Photograph shows representative data.

Results are normalized to b-tubulin protein

expression levels, and expressed as per-

centage of the levels in the vehicle (Veh)-

treated group. *p < 0.05, vs. Veh-treated

group. Data represent the means ± SEM

from at least three mice.
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MAG was absent in Lpar1)/) mice (Fig. 2d), suggesting that
the LPA1 receptor is crucial for MAG down-regulation in the
DR by LPA.

Protease-mediated MAG down-regulation
Using ex vivo cultures of DR, we have demonstrated that
LPA causes demyelination of DR via the down-regulation of
MBP and MPZ at 24 h post-treatment (Fujita et al. 2007).
Thus, we assessed whether LPA down-regulates MAG
expression in cultures of DR. Western blot analysis revealed
that treatment with LPA (1 lM) for 24 h causes a significant
reduction of MAG protein expression (Fig. 3a). As z-valine-
alanine-aspartate (zVAD)-fmk (1 lM), a broad spectrum
caspase inhibitor, had no effect on LPA-induced down-
regulation of MAG (Fig. 3b), it is unlikely that LPA causes
apoptotic cell death of Schwann cells in the DR. To test the
involvement of protease-mediated protein degradation in
LPA-induced down-regulation of MAG, we used various
protease inhibitors such as E-64 (100 lM) for calpains and
other cysteine proteases (Ray et al. 2003), CalX (10 lM) for
calpains (James et al. 1998), epoxomicin (5 lM) for protea-
somes, (p-amidinophenyl) methanesulfonyl fluoride hydro-
chloride (1 lM) for serine proteases and 1,10-phenanthroline
(100 lM) for matrix metalloproteinases (MMP). For all
inhibition studies, cultures were treated with inhibitors
30 min prior to LPA exposure. The inhibitors alone had no
effect on the MAG expression levels in the vehicle-treated
DR cultures (data not shown). Among these inhibitors, only
the calpain inhibitors (CalX and E-64) significantly blocked
LPA-induced down-regulation of MAG (Fig. 3b), suggesting
that calpain is a plausible mediator of MAG degradation by
LPA in the DR.

Blockade of LPA-induced down-regulation of MAG by
calpain inhibitors
We examined whether calpain is involved in LPA-induced
down-regulation of MAG in the DR in vivo. For in vivo
studies, we used E-64d, an esterified and more cell-perme-
able analog of E-64 (Ray et al. 2003). Western blot analysis
revealed that pre-treatment with CalX (10 nmol i.t.) or E-64d
(1.5 mg/kg i.v.) 30 min prior to LPA injection (10 nmol i.t.)
completely blocked LPA-induced down-regulation of MAG
(Fig. 4a). Similar results were obtained with immunohisto-
chemical analysis (Fig. 4b–e). These results suggest that
calpain plays a key role in LPA-induced down-regulation of
MAG.

LPA-induced calpain activation
To obtain direct evidence for the activation of calpain by
LPA, we assessed calpain activity in the DR in vivo. We
isolated L4–5 DRs 24 h after LPA injection (10 nmol i.t.),
and measured calpain activity in extracted protein from DRs
using a fluorometric assay. We found that LPA significantly
up-regulated calpain activity, and that pre-treatment with
CalX (10 nmol i.t.) or E-64d (1.5 mg/kg i.v.) completely
blocked the activation (Fig. 5). In contrast, CalX or E-64d
alone had no effect on calpain activity in the vehicle-treated
DRs (data not shown).

Attenuation of LPA-induced neuropathic pain behaviors by
calpain inhibitors
Next, we assessed whether calpain inhibitors could block
LPA-induced neuropathic pain-like behaviors, such as ther-
mal hyperalgesia and mechanical allodynia. Consistent with
previous data (Inoue et al. 2004), LPA (10 nmol i.t.)

(a) (b)

(c) (d)

Fig. 2 LPA1 receptor-dependent down-

regulation of MAG in the DR. MAG protein

expression at 24 h after injection of Veh

(a and c) or LPA (10 nmol i.t.) (b and d)

was assessed by immunohistochemical

analysis. Wild type (WT; a and b) and

Lpar1)/) (c and d) mice were used.

Photographs show representative data.

Scale bar = 20 lm.
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significantly reduced the thermal and mechanical pain
thresholds during day 1–7 post-injection (Fig. 6a–d). Pre-
treatment with CalX (10 nmol i.t.) showed a partial but
significant inhibition of LPA-induced thermal hyperalgesia
and mechanical allodynia (Fig. 6a and b). In contrast, CalX

alone had no effects on pain thresholds in vehicle-treated
mice (Fig. 6a and b). Similar results were obtained with E-
64d (Fig. 6c and d). These results suggest that the calpain-
mediated protein degradation system plays a key role in
LPA-induced neuropathic pain behaviors.

(a) (b)

Fig. 3 LPA-induced down-regulation of MAG in ex vivo DR cultures.

MAG expression in ex vivo cultures of DR at 24 h after LPA treatment

(1 lM) was assessed by western blot analysis. (a) LPA-induced down-

regulation of MAG. (b) Effects of various protease inhibitors on LPA-

induced down-regulation of MAG. The concentration of each inhibitor

was as follows: CalX (10 lM), E-64 (100 lM), epoxomicin (Epo,

5 lM), p-APMSF (AP, 1 lM), 1,10-phenanthroline (Phe, 100 lM),

zVAD-fmk (zVAD, 1 lM). Photograph shows representative data.

Results are normalized to b-tubulin protein expression levels, and

expressed as a percentage of the levels in non-treated control groups

(Cont) (a) or Veh-Veh-treated group (b). *p < 0.05 vs. Veh-treated

group (a) or Veh-Veh-treated group (b) and #p < 0.05 vs. Veh-LPA-

treated group. Data represent the means ± SEM from at least five

mice.

(a)
(b) (c)

(e)(d)

Fig. 4 Inhibition of LPA-induced down-regulation of MAG by calpain

inhibitors. Blockade of LPA-induced (10 nmol i.t.) down-regulation of

MAG by CalX (10 nmol i.t.) or E-64d (1.5 mg/kg i.v.) at 24 h post-

injection in vivo, assessed by western blot (a) and immunohisto-

chemical analysis (b–e). (a) Results are normalized to b-tubulin protein

expression levels, and expressed as a percentage of the levels in the

Veh-aCSF-treated group. *p < 0.05 vs. Veh-aCSF-treated group and

#p < 0.05 vs. Veh-LPA-treated group. Data represent the mean-

s ± SEM from at least four mice. Photograph shows representative

data. Scale bar = 20 lm.
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Critical role of calpain activation in sciatic nerve injury-
induced neuropathic pain, but not in CFA-induced
inflammatory pain
The intrathecal injection of LPA has been found to mimic the
peripheral nerve injury-induced neuropathic pain and its
underlying mechanisms (Inoue et al. 2004; Ueda 2006,
2008). Therefore, we next examined whether nerve injury
activates calpain in the DR, thereby causing MAG down-
regulation and neuropathic pain behaviors. As shown in
Fig. 7(a), nerve injury markedly up-regulated calpain activity
in the DR during 1–3 days post-injury. We found that nerve
injury-induced calpain activation is absent in LPA1-deficient
mice (Fig. 7b), suggesting the critical contribution of LPA1

receptor signaling. Moreover, when mice were treated E-64d
for 3 days starting from 30 min prior to injury, nerve injury-
induced calpain activation at day 1 post-injury (Fig. 7a) and
MAG-down-regulation at day 7 post-injury were signifi-
cantly blocked (Fig. 7c and d). In addition, these treatments
also partially, but significantly, prevented the development of
thermal hyperalgesia after nerve injury (Fig. 7e).

On the other hand, peripheral inflammation is reported to
cause calpain activation in the DRG and spinal cord (Pareek
et al. 2006). When CFAwas given intraplantarly, the calpain
activity was significantly increased in the spinal dorsal horn,
partially increased in the DRG, but not in the DR (Fig. 8a).
We found that the treatments with E-64d have no effect on
the manifestation of CFA-induced thermal hyperalgesia
(Fig. 8b).

Discussion

We have reported that LPA1 signaling is crucial for the
initiation of nerve injury-induced neuropathic pain, which is
in part mediated through demyelination of the DR (Inoue
et al. 2004; Fujita et al. 2007). Transcriptional suppression
of myelin-related genes, such as MBP and PMP22, has been
assumed to contribute to LPA-induced demyelination (Ueda
2006, 2008). In the present study, we provide the first
evidence that LPA down-regulates MAG expression in the
DR through the calpain-mediated protein degradation
system.

In addition to MBP, PMP22 and MPZ (Inoue et al. 2004;
Fujita et al. 2007), the present study clarified that MAG is a
novel target for LPA1 receptor signaling. The dose-range
required for LPA-induced down-regulation of MAG in both
in vivo and ex vivo experiments was comparable to that for
the down-regulation of other myelin proteins (Inoue et al.
2004; Fujita et al. 2007). Moreover, LPA-induced down-
regulation of MAG was found to commence at 3 h post-
injection, and reached a maximal level at 24 h post-injection.
This time-course was comparatively similar to LPA-induced
down-regulation of MBP in ex vivo experiments (Fujita et al.
2007). We have reported that LPA mimics nerve-injury-
induced neuropathic pain, and that nerve injury-induced
down-regulation of MBP and PMP22 are LPA1 receptor-
dependent (Inoue et al. 2004; Ueda 2008). Consistent with
these findings, the present study showed that nerve injury
activates calpain in the DR through LPA1 receptor, thereby
causing MAG down-regulation.

Calpain is a cytoplasmic cysteine protease that plays a key
role in physiological and pathophysiological conditions in
the nervous system (Camins et al. 2006; Vosler et al. 2008).
A large number of proteins are known as calpain substrates,
including myelin proteins such as MAG and MBP (Vosler
et al. 2008). Calpain-mediated down-regulation of MAG and
MBP has been found in demyelinating diseases such as
multiple sclerosis (Inuzuka et al. 1987; Shields and Banik
1999; Vosler et al. 2008). The present study provides the first
evidence that LPA down-regulates MAG protein expression
in the DR in a calpain-dependent manner, using in vivo and
ex vivo experiments. While MMP is reported to degrade
MAG as well as MBP (Gijbels et al. 1993; Proost et al.
1993; D’Souza and Moscarello 2006; Milward et al. 2008),
LPA-induced down-regulation of MAG was insensitive to
the MMP inhibitor. Moreover, we found that LPA markedly
induces calpain activity in the DR, using a fluorometric
assay. It is well known that calpain is activated by calcium
(Goll et al. 2003; Vosler et al. 2008), however, further
studies are required for the elucidation of the mechanisms
underlying LPA-induced calpain activation in the DR.

Using behavioral studies, we found that calpain-mediated
protein degradation is involved in LPA- and nerve injury-
induced neuropathic pain behaviors. The fact that LPA- and

Fig. 5 Increase in calpain activity by LPA in the DR. Calpain activity in

the DR was assessed at 24 h after LPA injection (10 nmol i.t.). Veh,

CalX (10 nmol i.t.) or E-64d (1.5 mg/kg i.v.) were injected 30 min prior

to aCSF or LPA. Results are expressed as a percentage of the

Veh-aCSF-treated group. *p < 0.05 vs. Veh-aCSF-treated group

and #p < 0.05 vs. Veh-LPA-treated group. Data represent the

means ± SEM from at least three mice.

� 2010 The Authors
Journal Compilation � 2010 International Society for Neurochemistry, J. Neurochem. (2010) 113, 1002–1011

Crucial role of calpain in neuropathic pain | 1007



nerve injury-induced abnormal pain were partially blocked
by calpain inhibitors indicates the presence of other mech-
anisms induced by LPA. In this context, we have recently
identified genes, that are immediately induced by LPA1

receptor signaling in the DRG (Uchida et al. 2009). One of
these, ephrinB1, has been found to play a crucial role in LPA-
induced neuropathic pain through activation of the N-methyl-
D-aspartate receptor in the spinal cord (Uchida et al. 2009).
In addition, calpain is reported to mediate early cytokine
expression in the DRG, including tumor necrosis factor-a
and interleukin-1b after nerve injury (Uceyler et al. 2007).
Therefore, it is possible that LPA might induce calpain
activation in the DRG, thereby causing neuropathic pain.
However, the details remain to be determined.

On the other hand, calpain is found to be activated in the
DRG and spinal cord after peripheral inflammation, and
implicated in the sensitization of nociceptive neurons
through the cleavage of neurofilament light chain and p35,
an activator of cyclin-dependent kinase 5 (Kunz et al. 2004;
Pareek et al. 2006). The present study showed that CFA
induces calpain activation in the spinal dorsal horn and
partially in the DRG. In contrast, CFA-induced calpain

activation was absent in the DR, indicating the clear
difference in the underlying mechanisms between neuro-
pathic pain and inflammatory pain. Similarly, E-64d, a
calpain inhibitor, markedly attenuated the neuropathic pain,
but not CFA-induced chronic inflammatory pain, though
there is a report that different type of calpain inhibitor shows
a weak attenuation of acute inflammatory pain induced by
zymosan (Kunz et al. 2004). Further study to examine the
role of calpain activation in the manifestation of acute and
chronic inflammatory pain would be the next subject.

The pathological consequences of LPA-induced down-
regulation of MAG in the DR remain elusive. In addition to
MBP, PMP22 and MPZ, MAG is crucial for the maintenance
of myelination (Garbay et al. 2000). While MBP, PMP22
and MPZ are localized in compact myelin, MAG is localized
in the non-compacted myelin (such as paranodal regions) and
periaxonal Schwann cell membranes, where it regulates glia-
axon interactions (Quarles 2007). Thus, it is likely that LPA
reduces the structural and functional integrity of myelin
through down-regulation of myelin proteins, thereby causing
long-lasting demyelination in the DR. On the other hand,
MAG is known to act as an inhibitor of neurite outgrowth

Fig. 6 Partial blockade of LPA-induced neuropathic pain by calpain

inhibitors. Blockade of LPA-induced (10 nmol i.t.) thermal hyperalge-

sia and allodynia by CalX (a and b) and E-64d (c and d). After LPA

injection, (a and c) thermal paw withdrawal latencies (PWL) in seconds

were measured using the thermal paw withdrawal test, and (b and d)

mechanical paw withdrawal thresholds (PWT) in grams were mea-

sured using the paw pressure test. *p < 0.05 vs. Veh-aCSF-treated

group and #p < 0.05 vs. Veh-LPA-treated group. Data represent the

means ± SEM from five mice.
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through interactions with Nogo receptors, gangliosides and
paired immunoglobulin-like receptor B expressed in axons
(Atwal et al. 2008; Filbin 2008; Quarles 2009; Schnaar and
Lopez 2009). Therefore, LPA-induced down-regulation of
MAG may cause sprouting of axons, which leads to physical
cross-talk underlying neuropathic pain, as suggested previ-
ously (Ueda 2008). While these peripheral mechanisms are
involved in the development of neuropathic pain, it is well
established that central mechanisms, including cortical
plasticity and reorganization, play a key role in the mainte-
nance of neuropathic pain (Zhuo 2008; Descalzi et al. 2009).
Considering that the feed-forward amplification within the
pain pathways underlies the mechanisms for neuropathic
pain (Zhuo 2007; Costigan et al. 2009), it would be an
interesting subject to examine whether LPA-induced plastic
changes between primary afferents and spinal neurons
promote the cortical plasticity underlying neuropathic pain.

Fig. 8 Absence of calpain activation in the DR and E-64d-induced

anti-hyperalgesic effects in peripheral inflammation model. Peripheral

inflammation was induced by CFA (20 lL i.pl.) injection. (a) Time-

course of calpain activity in the DR, DRG and spinal dorsal horn (DH)

after CFA treatment. *p < 0.05 vs. day 0 group. (b) Normal manifes-

tation of CFA-induced thermal hyperalgesia in the E-64d-treated mice.

Veh or E-64d (1.5 mg/kg i.v.) was injected twice a day for 3 days,

starting from 30 min prior to CFA injection. Thermal paw withdrawal

latencies (PWL) in seconds were measured in the ipsilateral (Ipsi) and

contralateral (Contra) paw of CFA-treated mice, using the thermal paw

withdrawal test. *p < 0.05 vs. Contra paw of Veh-treated and CFA-

treated group. Data represent the means ± SEM from at least three

mice.

(a) (b)

(c) (d)

(e)

Fig. 7 Nerve injury-induced MAG down-regulation in the DR and

neuropathic pain through LPA1 receptor-dependent calpain activation

in the DR. Neuropathic pain was induced by partial ligation of the

sciatic nerve. (a) Calpain activation in the DR after nerve injury and its

blockade by E-64d in wild type (WT) mice. Veh or E-64d (1.5 mg/kg

i.v.) was injected twice a day for 3 days, starting from 30 min prior to

injury. (b) Lack of nerve injury-induced calpain activation in the DR at

day 1 post-injury in Lpar1)/) mice. (c and d) Blockade of nerve injury-

induced MAG down-regulation in the DR by E-64d, assessed by

western blot analysis. Photograph shows representative data (c).

Results are normalized to b-tubulin protein expression levels, and

expressed as a percentage of the levels in Veh-treated and sham-

operated group. (e) Partial blockade of nerve injury-induced thermal

hyperalgesia by E-64d. Thermal paw withdrawal latencies (PWL) in

seconds were measured using the thermal paw withdrawal test.

*p < 0.05 vs. Veh-treated and sham-operated group and #p < 0.05 vs.

Veh-treated and nerve-injured group. Data represent the means ±

SEM from at least six mice.

� 2010 The Authors
Journal Compilation � 2010 International Society for Neurochemistry, J. Neurochem. (2010) 113, 1002–1011

Crucial role of calpain in neuropathic pain | 1009



In conclusion, the present study clarifies that LPA down-
regulates MAG protein expression in the DR through calpain
activation, thereby causing neuropathic pain. Thus, calpain
inhibitors may be a novel type of analgesic drug useful for
the prevention of progressive neuropathic pain.
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