546 Ma et al.
PLA,, to determine the subtype would be the next important
issue.

On the other hand, it currently remains unknown which
cell types are involved in nerve injury-induced LPA produc-
tion, although there are some reports that LPA can be syn-
thesized and secreted by primary neurons and Schwann cells
in vitro (Fukushima et al., 2000; Weiner et al., 2001). It is
particularly difficult to clarify whether the de novo LPA
synthesis occurs in specific neurons or highly differentiated
cell types. Alternatively, LPA synthesis may occur through
neuron—glia interactions or in an autocrine manner. In fu-
ture research, an important aim will be the evaluation of
LPA production in individual or cocultured specific cell types.
Another issue to be investigated in the future is the clarifi-
cation of which species of LPA molecules are involved in the
injury-induced de novo synthesis, because there are several
subspecies of LPA (Acki, 2004; Acki et al., 2008). The devel-
opment of an advanced method using mass spectrometry
with highly efficient purification and condensation would be
required for such studies.

The present study also provides information regarding the
mechanisms underlying nerve injury-induced neuropathic
pain. In a series of previous studies, we have demonstrated
that LPA, receptor signaling initiates nerve injury-induced
neuropathic pain and its underlying mechanisms (Inoue et
al., 2004; Ueda, 2006, 2008). Recently, a pharmacological
study demonstrated that LPA, signaling can initiate neuro-
pathic pain within a timeframe of 2 to 4 h (Ma et al., 2009a).
Therefore, our present study provides the first demonstra-
tion that the de novo biosynthesis of LPA at 2 to 3 h after
nerve injury is essential for the development of neuropathic
pain. Targeted inhibition of PLA,- and ATX-mediated LPA
synthesis may be a potential strategy for the prevention of
nerve injury-induced neuropathic pain.

Acknowledgments

We thank Nobuyuki Fukushima for providing the B103 cells ex-
pressing the LPA, receptor.

References

Ackermann EJ, Conde-Frieboes K, and Dennis EA (1995) Inhibition of macrophage
Ca-independent phospholipase A by bromoenol lactone and triflucromethyl ke-
tones. J Biol Chem 270:445-450.

Aocki J (2004) Mechanisms of lysophosphatidic acid production. Semin Cell Dev Biol
15:477-489.

Aoki J, Inoue A, and Okudaira S (2008) Two pathways for lysophosphatidic acid
production. Biochim Biophys Acta 1781:513-518.

Aoki J, Taira A, Takanezawa Y, Kishi Y, Hama K, Kishimoto T, Mizuno K, Saku K,
Taguchi R, and Arai H (2002) Serum lysophosphatidic acid is produced through
diverse phospholipase pathways. J Biol Chem 277:48737-48744.

Balazs L, Okolicany J, Ferrebee M, Tolley B, and Tigyi G (2001) Topical application
of the phospholipid growth factor lysophosphatidic acid promotes wound healing
in vivo. Am J Physiol Regul Integr Comp Physiol 280:R466-R472.

Eichholtz T, Jalink K, Fahrenfort I, and Moolenaar WH (1993) The bioactive phos-
pholipid lysophosphatidic acid is released from activated platelets. Biochem J
291:677--680.

Fukushima N, Weiner JA, and Chun J (2000) Lysophosphatidic acid (LPA) is a novel
extracellular regulator of cortical neuroblast morphology. Dev Biol 228:6-18.

Hama X, Bandoh K, Kakehi ¥, Aoki J, and Arai H (2002) Lysophosphatidic acid
(LPA) receptors are activated differentially by biological fluids: possible role of
LPA-binding proteins in activation of LPA receptors. FEBS Leit 528:187-192.

Hargreaves K, Dubner R, Brown F, Flores C, and Joris J (1988) A new and sensitive
method for measuring thermal nociception in cutaneous hyperalgesia. Pain 32:
77-88.

Hylden JL and Wilcox GL (1980) Intrathecal morphine in mice: a new technique. Eur
J Pharmacol 67:313-316.

Inoue M, Ma L, Aoki J, Chun J, and Ueda H (2008a) Autotaxin, a synthetic enzyme
of lysophosphatidic acid (LPA), mediates the induction of nerve-injured neurc-
pathie pain. Mol Pain 4:6.

Inoue M, Ma L, Aoki J, and Ueda H (2008b) Simultaneous stimulation of spinal NK1

and NMDA receptors produces LPC which undergoes ATX-mediated conversion to
LPA, an initiator of neuropathic pain. f Neurochem 107:1556—1565.

Inoue M, Rashid MH, Fyjita R, Contos JJ, Chun J, and Ueda H (2004) Initiation of
neuropathic pain requires lysophosphatidic acid receptor signaling. Nat Med 10:
712-718.

Ishii I, Contos JJ, Fukushima N, and Chun J (2000) Functional comparisons of the
lysophosphatidic acid receptors, LP(A1)/VZG-1/EDG-2, LP(A2)/EDG-4, and
LP(A3YEDG-7 in neuronal cell lines using a retrovirus expression system. Mol
Pharmacol 58:895-902.

Jenkins CM, Han X, Mancuso DJ, and Gross RW (2002) Identification of calcium-
independent phospholipase A2 (IPLA2) B, and not iPLA2vy, as the mediator of
arginine vasopressin-induced arachidonic acid release in A-10 smooth muscle cells.
J Biol Chem 277:32807-32814.

Karin Killermann L, Camilla IS, Xiao-Ying H, Tony LY, and Edward AD (2005)
Spinal phospholipase A2 in inflammatory hyperalgesia: role of group IVA c¢PLA2.
Br J Pharmacol 144:940-952.

Kishimoto T, Matsuoka T, Imamura S, and Mizuno K (2003) A novel colorimetric
assay for the determination of lysophosphatidic acid in plasma using an enzymatic
cycling method. Clin Chim Acta 338:59—67.

Ma L, Matsumoto M, Xie W, Inoue M, and Ueda H (20092) Evidence for lysophos-
phatidic acid 1 receptor signaling in the early phase of neuropathie pain mecha-
nisms in experiments using Ki-16425, a lysophosphatidic acid 1 receptor antago-
nist. J Neurochem 109:603-610.

Ma L, Uchida H, Nagai J, Inoue M, Chun J, Acki J, and Ueda H (2009b) Lysophos- -
phatidic acid-3 receptor-mediated feed-forward production of lysophosphatidic
acid: an initiator of nerve injury-induced neuropathic pain. Mol Pain 5:64.

Mills GB and Moolenaar WH (2003) The emerging role of lysophosphatidic acid in
cancer. Nat Rev Cancer 3:582-591. .

Nai-Rui L, Yi Ping Z, William Lee T, Xiaoyan J, Shu H, Pei-Hua L, Christopher BS,
and Xiao-Ming X (2006) A novel role of phospholipase A2 in mediating spinal cord
secondary injury. Ann Neurol 59:606—619.

Pasternack SM, von Kugelgen I, Aboud KA, Lee Y-A, Ruschendorf F, Voss K, Hillmer
AM, Molderings GJ, Franz T, Ramirez A, et al. (2008) G protein-coupled receptor
P2Y5 and its ligand LPA are involved in maintenance of human hair growth. Nat
Genet 40:329-334.

Rashid MH, Inoue M, Kondo S, Kawashima T, Bakoshi S, and Ueda H (2003) Novel
expression of vanilloid receptor 1 on capsaicin-insensitive fibers accounts for the
analgesie effect of capsaicin cream in neuropathic pain. J Pharmacol Exp Ther
304:940-948.

Sato K, Malchinkhuu E, Muraki T, Ishikawa K, Hayashi K, Tosaka M, Mochiduki A,
Inoue K, Tomura H, Mogi C, et al. (2005) Identification of autotaxin as a neurite
retraction-inducing factor of PCI12 cells in cerebrospinal fluid and its possible
sources. J Neurochem 92:904-914.

Smani T, Zakharov SI, Leno E, Csutora P, Trepakova ES, and Bolotina VM (2003)
Ca®*-independent phospholipase A2 is a novel determinant of store-operated Ca®*
entry. J Biol Chem 278:11909-11915.

Street IP, Lin HK, Laliberte F, Ghomashchi F, Wang Z, Perrier H, Tremblay NM,
Huang Z, Weech PK, and Gelb MH (1993) Slow- and tight-binding inhibitors of the
85-kDa human phospholipase A2. Biochemistry 32:5935-5940.

Sugiura T, Nakane S, Kishimoto S, Waku K, Yoshioka Y, and Tokumura A (2002)
Lysophosphatidic acid, a growth factor-like lipid, in the saliva. J. Lipid Res
43:2049-2055.

Tager AM, LaCamera P, Shea BS, Campanella GS, Selman M, Zhao Z, Polosukhin V,
Wain J, Karimi-Shah BA, Kim ND, et al. {2008) The lysophosphatidic acid receptor
LPA1 links pulmonary fibrosis to lung injury by mediating fibroblast recruitment
and vascular leak. Not Med 14:45-54.

Tanaka M, Okudaira S, Kishi Y, Ohkawa R, Iseki S, Ota M, Noji S, Yatomi Y, Aoki
J, and Arai H (2006) Autotaxin stabilizes blood vessels and is required for embry-
onic vasculature by producing lysophosphatidic acid. J Biol Chem 281:25822-
25830.

Tigyi G, Hong L, Yakubu M, Parfenova H, Shibata M, and Leffler CW (1995)
Lysophosphatidic acid alters cerebrovascular reactivity in piglets. Am J Physiol
Heart Circ Physiol 268:H2048-H2055.

Tokumura A, Miyake M, Nishioka Y, Yamano S, Aono T, and Fukuzawa K (1399)
Production of lysophosphatidic acids by lysophospholipase D in human follicular
fluids of in vitro fertilization patients. Biol Reprod 61:195-199.

Ueda H (2008) Molecular mechanisms of neuropathic pain-phenotypic switch and
initiation mechanisms. Pharmacol Ther 109:57-77.

Ueda H (2008) Peripheral mechanisms of neuropathic pain- involvement of lysophos-
phatidic acid receptor-mediated demyelination. Mol Pain 4:11.

van Meeteren LA, Ruurs P, Christodoulou E, Goding JW, Takakusa H, Kikuchi K,
Perrakis A, Nagano T, and Moolenaar WH (2005) Inhibition of autotaxin by lysophos-
phatidic acid and sphingosine 1-phosphate. J Biol Chem 280:21155-21161.

Weiner JA, Fukushima N, Contos JJA, Scherer SS, and Chun J (2001) Regulation of
Schwann cell morphology and adhesion by receptor-mediated lysophosphatidic
acid signaling. J Neurosci 21:7069-7078.

Xu 'Y, Gaudette DC, Boynton JD, Frankel A, Fang X.J, Sharma A, Hurteau J, Casey G,
Goodbody A, Mellors A, et al. {1995) Characterization of an ovarian cancer activating
factor in ascites from ovarian cancer patients. Clin Cancer Res 1:1223-1232.

Ye X, Hama K, Contos JJA, Anliker B, Inoue A, Skinner MK, Suzuki H, Amano T,
Kennedy G, Arai H, et al. (2005) LPA3-mediated lysophosphatidic acid signaling in
embryo implantation and spacing. Nature 435:104-108.

Address correspondence to: Dr. Hiroshi Ueda, Division of Molecular Phar-
macology and Neuroscience, Nagasaki University Graduate School of Biomed-
ical Sciences, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan. E-mail:
ueda@nagasaki-u.acjp




Neuroscience Letters 472 (2010) 184-187

Absence of morphine analgesia and its underlying descending serotonergic
activation in an experimental mouse model of fibromyalgia

Michiko Nishiyori?, Jun Nagai?, Takahiro NakazawaP, Hiroshi Ueda®*

2 Division of Molecular Pharmacology and Neuroscience, Nagasaki University Graduate School of Biomedical Sciences, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan

b Tohoku Pharmaceutical University, Komatsushima, Aoba-ku, Sendai 981-8558, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 28 October 2009

Received in revised form 29 January 2010
Accepted 31 January 2010

Keywords:
Fibromyalgia
Hyperalgesia
Intermittent cold stress
Morphine

Serotonin

Mice exposed to intermittent cold stress (ICS), but not constant cold stress (CCS) showed sustained ther-
mal hyperalgesia for up to 12 days. Systemic or intracerebroventricular (i.c.v.) injection of morphine
caused no significant analgesia in ICS mice, but induced dose-dependent analgesia in control mice. How-
ever, significant analgesic effects were achieved by intrathecal or intraplantar injection of morphine.
The i.c.v. injection of morphine significantly increased the turnover ratio (5-HIAA/5-HT) in the dor-
sal haif of the spinal cord of control mice, but not in ICS mice. Collectively, these results indicate that
the loss of descending serotonergic activation seems to be a key mechanism underlying the absence of
morphine-induced analgesia.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Fibromyalgia (FM) is a common condition with generalized or
widespread allodynia that affects at least 2% of the US, European
and Japanese populations. It is most common in women, but also
prevalent in men and children [5,10,35,37]. Although the etiology
of this disease remains to be fully understood, it has been reported
that genetic and environmental factors are likely to be involved in
the development of FM [3,4,33,36,38]. Regarding analgesic medi-
cations for FM, opioids and NSAIDs are not effective [5,20,28,34},
but only a few existing drugs are permitted for the treatment of
FM in some countries [1,13,21]. To develop new treatments for FM,
experimental animal models for FM are needed. So far; several FM-
like experimental animal models have been proposed and involve
injecting acidic saline into the gastrocnemius muscle [32], vago-
~ tomy [18] and sound stress [17], which are believed to mimic the
peripheral mechanisms underlying FM-like pain. More recently, we
have reported another mouse model using intermittent cold stress
(ICS model), which show a generalized, female-predominant, long-
lasting pain, as often observed in FM patients [25]. The present
study demonstrates that mice exposed to ICS show an absence of
morphine analgesia, a common feature in FM patients, and this is
accompanied by an absence of morphine-induced activation of the
descending serotonergic system.
Male C57BL/6] mice weighing 18-22 g were used (total num-
ber=249). They were keptin a room with a temperature of 22 + 2 °C
with free access to standard laboratory diet and tap water. All pro-

* Corresponding author. Tel.: +81 95 819 2421; fax: +81 95 819 2420.
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cedures were approved by the Nagasaki University Animal Care
Committee and complied with the recommendations of the Inter-
national Association for the Study of Pain [44]. ICS and CCS (constant
cold stress) were induced as previously reported [25]. Briefly, for
the ICS model, mice were placed in a cold room at 4°C overnight
(from 4:30 pm to 10:00 am), followed by ICS with alternating envi-
ronmental temperatures between 24 and 4°C every 30 min from
10:00am to 4:30 pm. These procedures were repeated twice. On
the day 3, the mice were returned to and adapted to the room at
24-°C for 1 h before the behavior tests. For the CCS model, mice were
placed in the cold room from 4:30 pm on the day 1 to 10:00 am on
day 3, followed by adaptation at 24°C for 1 h. Mice in the control
group were kept at 24°C for all 3 days (from 4:30 pm on day 1 to
10:00 am on day 3). During the stress period, two mice were kept
in each cage (120 x 150 x 105 cm), with free access to food and agar
in pldce of fluid. There was no significant change in the amounts of
food or water/agar intake during the stress period or body weight
at P5 (post-stress day 5) among the three groups.

For the thermal paw withdrawal test, the nociception threshold
was determined as the latency to paw withdrawal upon a thermal
stimulus [11,16]. Unanesthetized animals were placed in plexi-
glass cages on top of a glass sheet, and allowed to adapt for 1h.
The 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 paw. A mirror attached to the stimulator permitted visual-
ization of the plantar surface. A cut-off time of 20s was used to
prevent tissue damage. The intrathecal injection was performed
between the spinal L5 and L6 segments according to the method of
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Hylden and Wilcox [15]. Morphine hydrochloride (Takeda Chemi-
cal Industries, Osaka, Japan) was dissolved in physiological saline
or artificial cerebrospinal fluid (aCSF; 125 mM NaCl, 3.8 mM K,
2.0mM CaCl;, 1.0mM MgCl,, 1.2mM KH,PO4, 26 mM NaHCOg3,
10mM glucose, pH 7.4); these vehicles were injected in the con-
trol group. The doses of drug were chosen according to results
of previous studies [30] and our pilot studies; the dose that pro-
duced the maximum analgesic effect without causing toxicity or
motor impairment was used. For the time-course experiment, we
measured the paw withdrawal latencies at every 10min interval
until 60 min after morphine injection. In the AUC (area under the
curve) score for morphine analgesia was calculated by deducting
the basal AUC score (Time O threshold x 50 min) from the score with
morphine from Time 10 to 60 min.

For the determination of serotonergic turnover ratio, the spinal
cord (4 mm, L4-L6 region) was isolated from each mouse at 20 min
after the i.c.v. morphine (or vehicle) treatment at noon on P1 (post-
stress day 1) or P5. The dorsal half of the spinal cord was then
placed in 500 pL of isoproterenol and stored at —80 °C before use.
The quantification of 5-HT and 5-HIAA was performed use HPLC
with electrochemical détection, as previously reported [24].

All results are expressed as means + S.E. Differences between
multiple groups were analyzed by one-way ANOVA with Scheffe’s
F multiple comparison post hoc analysis. Changes in the thresh-
olds were analyzed using unpaired Student’s t-test. The criterion of
significance was.set at p <0.05.

Mice exposed to ICS showed hyperalgesia that lasted for up
to 12 days for the thermal paw withdrawal test, which is consis-
tent with our recent results with the mechanical nociception tést
[25]. The level of hyperalgesia was comparable with that of the
neuropathic pain model using partial sciatic nerve injury [16,31}].
This sustained hyperalgesia is specific to intermittent cold expo-
sure because hyperalgesia in mice exposed to constant cold stress
was transient, lasting for only 5 days after the stress (Fig. 1B). In
the present study, to assess the pharmacological effect of mor-
phine in the ICS model, we administered morphine (3 mg/kg, s.c.)
to mice with or without ICS. Morphine treatment quickly and sig-
nificantly increased the threshold of control mice, with a peak at
20 min post-treatment (Fig. 1C). However, there was no change in
the threshold for the 60 min period in mice at day 5 (P5) after ICS
(Fig. 1D). The absence of analgesia dt doses of morphine ranging
from 0.3 to 3mg/kg (s.c.) was also observed based on AUC scores
for analgesia at P1 or P5 after ICS exposure (Fig. 1E).

To clarify the mechanisms underlying the absence of mor-
phine analgesia, we treated mice with morphine via three different
rodtes, intracerebroventricular (i.c.v.), intrathecal (i.t.) and intra-
plantar (i.pl). As shown in Fig. 2A, icv. injection of morphine
between 0.03 and 0.3 nmol dose-dependently increased the anal-
gesic AUC score in control mice, but not in ICS mice. Of note,
0.3 nmol morphine via i.c.v. showed equipotent analgesia in CCS
mice to that in control mice. When 1 nmol morphine was admin-
istered via the i.t. route, the analgesia was comparable to that of
0.3 nmbol morphine via i.c.v. in control and ICS mice at P5 (Fig. 2B).
The ipl. injection of 30 nmol morphine showed equivalent anal-
gesia in control mice, but only 50% of the maximal analgesia in
ICS mice (Fig. 2C). Collectively, these results suggest that supra-
spinal analgesia is the dominant form of analgesia after systemic
administration of morphine, and the activation of the cerebrospinal
descending pain-inhibitory pathway is lost, thus underlying the
morphine analgesia in ICS mice.

Central serotonergic neurons are an important origin of the
descending modulatory systems, which inhibit or facilitate pain at
the level of the spinal cord [7]. Morphine activates the seroton-
ergic neurons to accelerate 5-hydroxytryptamine (5-HT) turnéver
ratio in the spinal cord [8,23,39,40,43]. To determine whether the
serotonergic neurons are activated, the levels of 5-HT and its major
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Fig. 1. Absence of morphine analgesia in a murine ICS model of fibromyalgia. (A)
ICS-induced thermal hyperalgesia before stress (day 0)and atP1, 3, 5,8 and 12 (days
3,5,7,10 and 14) after stress. {B) CCS-induced thermal hyperalgesia before stress
{day 0) and at P1, 5 and 12 (days 3, 7 and 14) after stress. Results are presented
as paw withdrawal latency (PWL) in secends. *p<0.05 versus the control group.
Results are meaps =+ S.E. for 4 mice. {C, D) Effects of systemic morphine analgesia on
ICS-induced hyperalgesia at P5. Time-course of morphine (3 mg/kg, s.c.) analgesia
in the ICS model (D). (E) Dose-response for morphine analgesia for 60 min after
injection in the control and ICS model. The data are presented as AUC analgesia,
*p<0.05 versus the vehicle group. Results are means = S.E. for 6 individual mice per

group.

metabolite 5-hydroxyindolacetic acid (5-HIAA) were measured at
P1 and P5 after ICS exposure. For this experiment, the dorsal horn
of the spinal cotd was isplated 20 min after the administration of
morphine (30 nmol, i.c.v.). There was no significant difference in the
5-HT level (ng/mg tissue) between control, P1 and P5 after ICS with
or without morphine (Fig. 3A), while the 5-HIAA level increased
slightly, although not significantly, after morphine treatment in
control mice (Fig. 3B). However, morphine treatment significantly
increased the turnover ratio, defined as 5-HIAA/5-HT, in control
mice, but not in ICS mice at P1 or P5 (Fig. 3C).

We demonstrated that there is substantially no analgesia by
morphine in a dose up to 3 mg/kg s.c. in the ICS, an FM-like ani-
mal model. In the present study we adopted the thermal paw
withdrawal test, as a less stressful nociception test without require-
ment of animal holding in order to avoid the influence of handling
stress. As the hyperlocomotion of mice given with 10 mg/kg (s.c.)
of morphine makes it difficult to measure the reliable nociceptive
threshold, we gave up using such higher doses. Therefore we were
not able to conclude that morphine analgesia is completely absent
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Fig.2. Selective absence of analgesia after supra-spinal administration of morphine.
(A) Analgesia induced by i.c.v. administration of different doses of morphine. Experi-
ments were performed in control, ICS (P1 and P5) or CCS model mice. (B, C) Analgesia
induced by i.t. (B) or i.pl. (C) administration of morphine. Experiments were per-
formed in control and ICS (P5) mice. All results are represented as the AUC score.
Results are means =+ S.E. for 4 mice with vehicle in control group and for 9 individual
mice with other treatments. *p < 0.05 versus the vehicle group.

in the ICS model. This absence of morphine analgesia occurs as early
as P1 and lasts at least for 5 days after the stress. These findings sug-
gest that the analgesic absence is more like related to the ICS-type
stress, but not to the secondary stress caused by chronic pain.

Similar absence of morphine analgesia was also observed when
it was given supra-spinally (i.c.v.), but not spinally (i.t.). Accord-
ing to a number of studies [9,14,26,27], major sites of actions
for morphine analgesia are located at the lower brain stem, such
as periaqueductal grey matter (PAG) and rostral ventromedial
medulla (RVM). Specifically, descending serotonergic and nora-
drenergic systems from lower brain stem to spinal cord are
representative pathways [9,22,23,39]. Thus, it is speculated that
the failure of activation of descending pain-inhibitory system
may underlie the absence of morphine analgesia. This speculation
was supported by the present study, in which morphine-induced
increase in serotonergic turnover ratio, a key indicator for the neu-
ronal activity, was also absent at least for 5 days after the ICS-type
stress.

It is also an interesting question whether the alteration of
descending serotonergic activity is related to the cause of chronic
pain, since serotonergic or noradrenergic reuptake inhibitors are
widely used for FMin clinic{1,6,28,37]. However, we failed to detect
any change in the serotonergic turnover ratic in ICS model mice in
the absence of exogenous pain stimuli, as seen in Fig. 3C. Further
studies using exogenous pain stimuli would be the next subject.

Although the mechanisms underlying absence of morphine
analgesia in the ICS model remains to be determined, several
investigators have attempted to explain the absence of morphine
analgesia in FM patients based on the following findings: (1)
enkephalin levels in the cerebrospinal fluid (CSF) are elevated, and
(2) mu opioid receptor (MOP) binding in neuroimaging study is
decreased in the nucleus accumbens, amygdala and dorsal ante-
rior cingulated [6,12,29,34]. These studies suggest that high levels
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Fig. 3. Loss of morphine-stimulated serotonin turnover ratio in ICS mice. Levels
(ng/mg wet weight of tissue) of 5-HT (A) and 5-HIAA (B), and turnover ratio of 5-
HIAA/5-HT (C) in the dorsal half of the spinal cord from control and ICS (PT and P5)
mice treated with or without morphine (30 nmol, i.c.v.), Results are means -+ S.E. for
6-10 individual mice per group. *p<0.05 versus the vehicle group.

of endogenous opioids may down-regulate MOP, which may lower
the potency of morphine. However, these studies did not describe
the significant changes in midbrain periaqueductal grey or rostral
ventromedial medulla, representative loci for morphine analge-
sia {9]. More detailed analyses might be necessary in terms of the
absence of morphine analgesia in FM patients. Alternative mecha-
nisms might be explained by the anti-opioid hypothesis, in which
the analgesia is reduced by counter-adaptation through enhanced
activations of glutamate-NMDA receptor system or neuropeptide
systems following chronic morphine treatments [42]. Although
closely related clinical evidence is not available, there are reports
that painin FM patients is alleviated by ketamine, possessing NMDA
receptor antagonist activity [34].

On the other hand, in the mouse model with partial sciatic
nerve injury, morphine analgesia was 10-fold less potent [30], as is
often seen in patients with neuropathic pain [2,19]. In that periph-
eral neuropathic pain model, there was no analgesia by peripheral
(i.pl.) morphine, while i.t. morphine was 10-fold less potent. These
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decreased potencies may be attributed to a decrease in MOP expres-
sion in the DRG [30,41]. However, i.c.v. morphine showed no
significant change in the potency of morphine analgesia after nerve
injury. These results demonstrate that the mechanisms underly-
ing chronic pain by ICS are quite different from those underlying
peripheral neuropathic pain, in terms of supra-spinal morphine
analgesia.

Lastly, we have reported that there was a female predomi-
nance of chronic pain in the ICS model mice, when they had been
gonadectomized [25). However, no significant change in the pain
threshold was observed between male and female mice without
gonadectomy. As female mice have a short estruss cycle in 4-6 days,
we decided to use male mice in the present study. Studies using
gonadectomized female mice would be also needed for the further
discussion of the lack of morphine analgesia,

Taking into consideration the previous findings that the chronic
pain by ICS is long-lasting, generalized and female-predominant,
the present study suggest that the ICS model showing absence

of morphine analgesia seems to mimic a variety of clinical evi- -

dence with FM in patients [6,12,29,34]. Furthermore, the loss of
descending serotonergic activation seems to be a key mechanism
underlying the absence of morphine analgesia.

Acknowledgments

We thank H Uchida, M Tabuchi and Weijao Xie for their techni-~
cal advice and assistance. The research described in this article was
supported in part by MEXT KAKENHI (17109015 to Hiroshi Ueda)
and Health Labor Sciences Research Grants from the Ministry of
Health, Labor and Welfare of Japan (to Hiroshi Ueda); “Research
on Allergic disease and Immunology” and “Third Term Compre-
hensive Control Research for Cancer (398-49)” also supported this
work.

References

[1] M. Abeles, B.M. Solitar, M.H. Pillinger, A.M. Abeles, Update on fibromyalgia
therapy, Am. J. Med. 121 (2008) 555~-561.

[2] S. Arner, B.A. Meyerson, Lack of analgesic effect of opioids on neuropathic and
idiopathic forms of pain, Pain 33 (1988) 11-23.

[3] L.M. Arnold, J.I. Hudson, E.V. Hess, A.E. Ware, D.A. Fritz, M.B. Auchenbach, L.O.
Starck, P.E. Keck Jr,, Family study of fibromyalgia, Arthritis Rheum. 50 {2004)
944-952.

[4] D.Buskila, P. Sarzi-Puttini, Biology and therapy of fibromyalgia. Genetic aspects
of fibromyalgia syndrome, Arthritis Res. Ther. 8 (2006) 218,

[5] G. Cassisi, P. Sarzi-Puttini, A. Alciati, R. Casale, L. Bazzichi, R. Carignola, R.H.
Gracely, F. Salaffi, F. Marinangeli, R. Torta, M.A. Giamberardino, D. Buskila, M.
Spath, M. Cazzola, M. Di Franco, G. Biasi, S. Stisi, L. Altoimonte, G. Arioli, G.
Leardini, R. Gorla, A. Marsico, F. Ceccherelli, F. Atzeni, Symptoms and signs in
fibromyalgia syndrome, Reumatismo 60 (Suppl. 1) (2008) 15-24. )

[6] DJ. Clauw, Pharmacotherapy for patients with fibromyalgia, J. Clin. PsycHiatry
69 (Suppl. 2) (2008) 25-29,

[7] A. Dogrul, M.H. Ossipov, F. Porreca, Differential mediation of descending pain
facilitation and inhibition by spinal 5HT-3 and 5HT-7 receptors, Brain Res. 1280
(2009) 52-59.

{8] P. Fadda, M. Scherma, A. Fresu, M. Collu, W. Fratta, Dopamine and serotonin
release in dorsal striaturh and nucleus accumbens is differentially modulated
by morphine in DBA/2j and C57BL/6] mice, Synapse 56 (2005) 29-38.

[9] H:L. Fields, AJ. Basbaum, M.M. Heinricher, Central nervous system mecha-
nisms of pain modulation, in; S.B. McMahon, M. Koltzenburg (Eds.), Wall and
Melzack’s Textbook of Pain, 5th ed., Churchill Livingstone (Elsevier), Philadel-
phia, 2006, pp. 125-142.

[10] M. Gore, A.B. Sadosky, G. Zlateva, D.J. Clauw, Clinical characteristics, phar-
macotherapy and healthcare resource use among patients with fibromyalgia
newly prescribed gabapentin or pregabalin, Pain Pract. (2009).

[11] K. Hargreaves, R. Dubner, F. Brown, C. Flores, ]. Joris, A new and sensitive method
for measuring thermal nociception in cutaneous hyperalgesia, Pain 32 (1988)
77-88.

[12] RE. Harris, DJ. Clauw, DJ. Scott, S.A. McLean, RH. Gracely, J.K. Zubieta,
Decreased central mu-opioid receptor availability in fibromyalgia, J. Neurosci.
27(2007) 10000-10006.

[13] W. Hauser, K. Bernardy, N. Uceyler, C. Sommer, Treatment of fibromyalgia
syndrome with gabapentin and pregabalin—a meta-analysis of randomized
controlled trials, Pain (2009). ‘

[14] M.M. Heinricher, S. McGaraughty, D.A. Farr, The role of excitatory amino acid
transmission within the rostral ventromedial medulla in the antinociceptive
actibns of systemically administered morphine, Pain 81 (1999) 57-65. -

[15] J.L. Hylden, G.L Wilcox, Intrathecdl morphine in mice: a new technique, Eur,J.
Pharmacol. 67 (1980) 313~316.

[16] M. Inoue, M.H. Rashid, R. Fujita, J.J. Contos, J. Chun, H. Ueda, Initiation of neu-
ropathic pain requires lysophosphatidic acid receptor signaling, Nat. Med. 10
(2004) 712-718.

[17] S.G. Khasar, O.A. Dina, P.G. Green, J.D. Levine, Sound stress-induced long-term
enhancement of mecHanical hyperalgesia in rats is maintained by sympathoa-
drenal catecholamines, J. Pain (2009).

[18] S.G. Khasar, J.P. Miao, W. Janig, ].D. Levine, Modulation of bradykinin-induced
mechanical hyperalgesia inthe rat by activity in abdominal vagal afferents, Eur.
J. Neurosci. 10 (1998) 435-444.

[19] R.C. Kupers, H. Konings, H. Adriaensen, .M. Gybels, Morphine differentially
affects the sensory and affective pain ratings in neurogenic and idiopathic forms
of pain, Pain 47 (1991) 5-12.

[20] J. Lautenschlager, Presént state of medication therapy in fibromyalgia syn-
drome, Scand. J. Rheumatol. Suppl. 113 (2000) 32-36.

[21] M. Maizels, B. McCarberg, Antidepressants and antiepileptic drugs for chronic
non-cancer pain, Am. Fam. Physician 71 (2005) 483-490.

[22] P.Mason, Physiological identification of pontomedullary serotonergic neurons
in the rat, J. Neurophysiol. 77 (1997) 1087-1098;

[23] M. Millan, Descending control of pain, Prog. Neurobiol. 66 (2002) 355-474.

[24] T. Nakazawa, T. Yasuda, J. Ueda, K. Ohsawa, Antidepressant-like effects of api-
genin and 2,4,5-trimethoxycinnamic acid from Perilla frutescens in the forced
swimmiing test, Biol. Pharm. Bull. 26 (2003) 474-480.

[25] M. Nishiyori, H. Ueda, Prolonged gabapentin analgesia in an experimental
mouse model of fibromyalgia, Mol. Pain 4 (2008) 52.

[26] ZZ. Pan, H.L Fields, Endogenous opioid-mediated inhibition of putative pain-
modulating neurons in rat rostral ventromedial medulla, Neuroscience 74
(1996) 855-862.

[27] E. Porreca, M.H. Ossipov, G.F. Gebhart, Chronic pain and medullary descending
facilitation, Trends Neurosci. 25 (2002) 319-325.

[28] S.G. Rao, R.M. Bennett, Pharmacological therapies in fibromyalgia, Best Pract.
Res. Clin. Rheumatol. 17 (2003) 611-627.

[29] S.G. Rao, DJ. Clauw, The management of fibromyalgia, Drugs Today (Barc) 40
(2004) 539-554.

[30] M.H. Rashid, M. Inoue, K: Toda, H. Ueda, Loss of peripheral morphine analgesia
contributes to the reduced effectiveness of systemic morphine in neuropathic
pain, J. Pharmacol. Exp. Ther. 309 (2004) 380--387.

[31] Z.Seltzer, R. Dubner, Y. Shir, A novel behavioral model of neuropathic pain dis-
orders produced in rats by partial sciatic nerve injury, Pain 43 (1990) 205-218.

[32] K.A. Sluka, A. Kalra, S.A. Moore, Unilateral intramuscular injections of acidic
saline produce a bilateral, long-lasting hyperalgesia, Muscle Nerve 24 (2001)
37-46.

[33] C. Sommer, W. Hauser, K. Gerhold, P. Joraschky, F. Petzke, T. Tolle, N. Uceyler,
A. Winkelmann, K. Thieme, Etiology and pathophysiology of fibromyalgia syn-
drome and chronic widespread pain, Schmerz 22 (2008) 267-282.

[34] J.Sorensen, A, Bengtsson, E. Backman, K.G. Henriksson, M. Bengtsson, Pain anal—
ysis in patients with fibromyalgia. Effects of intravenous morphine, lidocaine,
and ketamine, Scand. J. Rheumatol, 24 (1995) 360-365.

[35] R. Staud, Biology and therapy of fibromyalgia: pain ir fibromyalgia syndrome,
Arthritis Res. Ther. 8 (2006) 208.

[36] $.Y.Su,].J. Chen,C.C. Lai, C.M. Chen, FJ. Tsai, The association between fibromyal-
gia and polymorphism of monoamine oxidase A and interleukin-4, Clin.
Rheumatol. 26 (2007) 12-16.

[37] J.E. Sumpton, D.E. Moulin, Fibromyalgia: presentation and management with a
focus on pharmacological treatment, Pain Res. Manag. 13 (2008) 477-483.

[38] B. Tander, S. Gunes, O. Boke, G. Alayli, N, Kara, H. Bagci, F. Canturk, Polymor-
phisms of the serotonin-2A receptor and catechol-O-methyltransferase genes:
a study on fibromyalgia susceptibility, Rheumatol, Int. 28 (2008) 685-691.

[39] R. Tao, S.B. Auerbach, Increased extracellular serotonin in rat brain after sys-
temic or intraraphe administration of morphine, J. Neurochem. 63 (1994)
517-524.

[40] B.K. Taylor, A.l Basbaum, Systemic morphine-induced release of serotonin in
the rostroventral medulla is not mimicked by morphine microinjection into
the periaqueductal gray, J. Neurochem. 86 (2003) 1129-1141.

[41] H. Ueda, Peripheral mechanisms of neuropathic pain—involvement of
lysophosphatidic acid receptor-mediated demyelination, Mol. Pain 4 (2008)
11.

[42] H. Ueda, M. Ueda, Mechanisms underlying morphine analgesic tolerance and
dependence, Front. Biosci. 14 (2009) 5260-5272.

[43] A.Z. Weitemier, N.P. Murphy, Accumbal dopamine and serotonin activity
throughout acquisition and expression of place conditioning: correlative
relationships with preference and aversion, Eur. ). Neurosci. 29 (2009)
1015-1026.

[44] M. Zimmermann, Ethical guidelines for investigations of experimental pain in
conscious animals, Pain 16 (1983) 109-110.



Neuroscience 166 (2010) 1—4

NEURON-RESTRICTIVE SILENCER FACTOR CAUSES EPIGENETIC
SILENCING OF K\4.3 GENE AFTER PERIPHERAL NERVE INJURY
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versity Graduate Scheol of Biomedical Sciences, 1-14 Bunkyo-machi,
Nagasaki 852-8521, Japan

Abstract—Peripheral nerve injury causes a variety of alter-
ations in pain-related gene expression in primary afferent,
which underlie the neuronal plasticity in neuropathic pain.
One of the characteristic alterations is a long-lasting down-
regulation of voltage-gated potassium (K,) channel, includ-
ing K 4.3, in the dorsal root ganglion (DRG). The present
study showed that nerve injury reduces the messenger RNA
(mRNA) expression level of K, 4.3 gene, which contains a
conserved neuron-restrictive silencer element (NRSE), a
binding site for neuron-restrictive silencer factor (NRSF).
Moreover, we found that injury causes an increase in direct
NRSF binding to K,4.3-NRSE in the DRG, using chromatin
immunoprecipitation {ChlP) assay. ChIP assay further re-
vealed that acetylation of histone H4, but not H3, at K 4.3-
NRSE is markedly reduced at day 7 post-injury. Finally, the
injury-induced K 4.3 downregulation was significantly
blocked by antisense-knockdown of NRSF. Taken together,
these data suggest that nerve injury causes an epigenetic
silencing of K 4.3 gene mediated through transcriptional
suppressor NRSF ‘in the DRG. © 2010 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: neuropathic pain, dorsal root ganglion, transcrip-
tion, epigenetic, voltage-gated potassium channel, neuron-
restrictive silencer factor.

in the primary afferent, transient outward potassium cur-
rent (/) is crucial in controlling electrical excitability (Vy-
dyanathan et al., 2005). Voltage-gated potassium (K,)
channel K4 subunits (K,4.1, K, 4.2, and K 4.3) and K 1.4
mediate the /. (Vydyanathan et al., 2005; Phuket and
Covarrubias, 2009). On the other hand, peripheral nerve
injury is known to reduce the I, (Everill and Kogcsis, 1999)
and the expression of dominant isoform K, 4.3 located at
nonpeptidergic C-fibers over a long period, thereby caus-
ing neuronal hyperexcitability underlying neuropathic pain
(Kim et al., 2002; Chien et al., 2007). However, the under-
Iymg transcnptlonal mechanisms remain unknOWn

1 These authors have contributed equally to this manuscnpt
*Cormresponding author. Tel: +81-95-819-2421; fax: +81-95-819-2420.
E-mail address: ueda@nagasaki-u.ac.jp (H. Ueda).

Abbreviations: aCSF, artificial cerebrospmal fluid; AS-ODN, antisense
oligodeoxynucleotide; ChiP, chromatin immunoprecipitation; DRG,
dorsal root ganglion; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; HDAC, histone deacetylase; /,, transient outward potassium
current; K, voltage-gated potassium; mRNA, messenger RNA; MS-
ODN, mismatch scrambled oligodeoxynuclectide; NRSE, neuron-restric-
tive silencer element; NRSF, neuron-restrictive silencer factor; PCR, poly-
merase chain reaction.

Transcription factor-mediated epigenetic mechanisms,
such as DNA methylation and histone modifications, reg-
ulate the long-lasting transcription, thereby contributing to
neuronal functions (Borrelli et al., 2008). Neuron-restrictive
silericer factor (NRSF, also known as REST) functions as
a repressor of genes, which contain neuron-restrictive si-
lencer element (NRSE, also called RE1). Upon binding to
NRSE, NRSF recruits histone deacetylase (HDAC) for
generating a repressive chromatin environment (Ballas
and Mandel, 2005). Since the presence of NRSE in K 4.3
gene is reported (Otto et al., 2007), we hypothesized that
injury causes NRSF-directed epigenetic silencing of K 4.3
gene in the dorsal root ganglion (DRG).

EXPERIMENTAL PROCEDURES
Animals and surgery

Male C57BL/6J mice weighing 20-25 g were used. They were
kept in a roam with a temperature of 21+2 °C with free access to
standard laboratory diet and tap water. The experiments were
designed to minimize the number of animals used and their suf-
fering. All procedures were approved by the Nagasaki University
Animal Care Committee and were carried out in accordance with
the  National Institute of Health ‘Guide for the Care and Use of
Laboratory Animals. Partial sciatic nerve ligation was performed
as described previously (Inoue et al,, 2004).

Oligonucleotide treatments

The antisense oligodeoxynucleotide (AS-ODN) against NRSF (5~
CGGAAGGGCTTBGCC-3) and its mismatch scrambled oligode-
oxynucleotide (MS-ODN; 5'-GTCGTCGGCGGAGCA-3') were
synthesized. AS-ODN and MS-ODN were freshly dissolved in
artificial cerebrospinal fluid (aCSF; 125mM NaCl; 3.8 mM KCI, 2.0
mM CaCl,, 1.0 mM MgCl,, 1.2 mM KH,PO,, 26 mM NaHCO;, 10
mM glucose, pH 7.4). AS-ODN or MS-ODN was intrathecally
injected in a dose of 10 ug/5 ul of aCSF on the first, third, and fifth
days, then injury was done with subsequent injections of AS-ODN
on days 1, 3 5, and 6 after injury. The intrathecal injection was
administered into the space between the spinal L5 and L6 seg-
ments according to the method of Hylden and Wilcox (Hylden and
Wilcox, 1980). The messenger RNA (mRNA) expression was
assessed at day 7 post-inijury.

Quantitative real-time polymerase chain
reaction (PCR)

The extraction of total RNA from the ipsilateral L4-6 DRGs and
quantitative real-time PCR were performed as described previously
(Uchida et al., 2009). The PCR primers used were as follows: for
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH), 5'-TAT-
GACTCCACTCACGGCAAAT-3' (forward) and 5-GGGTCTCGC-
TCCTGGAAGAT-3' (reverse); for K 4.3, 5-TGCATCTTTCTGGTA-
CACCATAGT-3' (forward) and 5'-GCTAAAGTTGGAGACTATCA-
CAGG-3’ (reverse). GAPDH was used as an internal control for

0306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Downregulation of neuron-restrictive silencer element (NRSE}-containing K 4.3 gene. (A) Time course of K 4.3 messenger RNA (mRNA)
expressions after injury. Data are calculated as percentages of day 0, and expressed as the means=SEM from at least four mice. * P<0.05, vs. day
0. (B) Schematic diagram of locations of K 4.3-NRSE. The black arrow indicates translation initiation site. The coding exon is shown as black box, the
non-coding exon as open box and NRSE sequence as gray box. (C) Deviations of K 4.3-NRSEs from the consensus NRSE. The capital letters are
conserved among functional NRSE sequences, and the bold capital letters are important for neuron-restrictive silencer factor (NRSF) binding. The

scores are the threshold scores from the TFSEARCH program.

normalization. In all cases, the validity of amplification was con-
firmed by the presence of a single peak in the melting temperature
analysis and linear amplification with increasing number of PCR
cycles. Detailed information of PCR primers was shown in Sup-
plemental Table S1.

Western blot

The ipsilateral L4-6 DRGs were homogenized in ice cold cell-lysis
buffer (10 mM Tris—HCI, pH 8.0, 10 mM NaCl, 0.2% NP-40, 1 uM
p-APMSF) twice, and then the homogenates were centrifuged to
remove contaminating cytosol. Crude nuclear fraction (30 ug) was
separated by on 7.5% (NRSF) or 15% (histone H3) SDS-polyacryl-
amide gels. The primary antibodies were used in the following dilu-
tions: NRSF (1:500; Upstate, CA, USA) and histone H3 (1:500;
Upstate, NY, USA). Immunoreactive bands were detected using
enhanced chemiluminescent substrate (SuperSignal West Pico
chemiluminescent Substrate; Pierce Chemical, Rockford, IL, USA).

Chromatin immunoprecipitation (ChiP) assay

ChiP assays were performed by using protocols from Upstate
Biotechnology and a prev:ous report (Kubat et al., 2004) with
some modifications. Briefly, chromatin extracted from L4-6 DRGs
were cross-linked by 1% formaldehyde, and then sheared by
sonication to 200-500 bp fragments. Ten pércent of each lysate
was used as the input control for normalization. Chromatin was
immunoprecipitated with anti-NRSF (5 ug), anti-acetyl-H3 (5 ung;
Upstate, Lake Placid, NY, USA) or anti-acetyl+H4 (5 ul antiserum;
Upstate, Lake Placid, NY, USA) antibodies, or normal rabbit IgG
(5 pg; Santa Cruz, CA, USA). Purified DNA was used for PCR
analysis with primers for K ,4.3-NRSE (forward, 5-ACAACT-
TAGTTTTGCGCACCAT-3'; reverse, 5-GCGTGGAACACCT-
CAAATGT-3') to amplify the region (35002-35145) of K 4.3 gene
(NC_D00069.5). After 38 cycles of amplification (94 °C for 15 s,
59 °C for 30 s, 72 °C for 30 s), 144 bp of PCR products were
analyzed on a 2% agarose gel. Quantitative real-time PCR was
performed as described above.

Statistical analysis

In Fig. 3, the differences between multiple groups were analyzed
using a one-way ANOVA with Tukey—Kramer multiple comparison
post-hoc analysis. In Figs. 1A and 2D, mRNA and ChlP data were

analyzed using the Student’s t-test. The criterion of significance
was set at P<<0.05. All results are expressed as means*=SEM.

RESULTS

To examine whether K 4.3 is downregulated at the tran-
scriptional level after injury, we quantified its mRNA ex-
pressions in the DRG by real-time PCR. There was a
significant reduction in K, 4.3 expression starting from day
7 post-injury, which persisted at least 14 days {Fig. 1A).
Using TFSEARCH program (version 1.3, available at:
http:/imww.cbre.jp/research/db/TFSEARCHJ.htmt), we found
that mouse K 4.3 gene contains a putative NRSE sequence
within intron 2, which is completely conserved in rat (Fig. 1B,

'C). In addition, another putative conserved NRSE was found

in intron 2 of rat and human K 4.3 genes (Fig. 1B, C). Within
all NRSE sequences of these genes, the GG nucleotides
known to be important for NRSF binding (Mori et al., 1992),
were completely conserved (Fig. 1C).

Using ChIP analysis (Fig. 2A), we found that injury
causes adrastic increase in NRSF binding to K 4.3-NRSE
at day 7 post-injury (Fig. 2B), suggesting that this putative
NRSE is capable of serving as NRSF-binding site. In the
quantitative real-time PCR analysis, the fold-change was
not calculated in the NRSF binding to K 4.3-NRSE, since
no significant signal was detected in sham-operated prep-
arations (Fig. 2C). In contrast, negligible binding was ob-
served when precipitated by normal IgG, confirming the
specificity of the immunoprecipitation (Fig. 2B, C). Next,
we assessed the acetylation of histone H3 and H4, which
is correlated with transcriptional activation. Injury caused
significant reduction in acetylation of histone H4, but not
H3, at K,4.3-NRSE at day 7 post-injury (Fig. 2D). These
data suggest that injury induces repressive chromatin
states around K 4.3-NRSE possmly through NRSF-HDAC-
mediated mechanisms.

For selective knockdown of NRSF expression, AS-
ODN designed to target the mouse NRSF sequence,
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Fig. 2. Histone hypoacetylation at K ,4.3-NRSE with an increase in NRSF binding. Chromatin immunoprecipitation (ChiP) assay was performed at day
7 post-injury. (A) Schematic protocol for ChiP analysis with anti-NRSF antibody. (B} Gel image showing the increase in NRSF binding to K 4.3-NRSE.
(C) Representative amplification plots for quantitative analysis of NRSF binding to K 4.3-NRSE. The graph shows the change of normalized reporter
signal (delta Rn} plotted versus cycle numbers. (D) Quantification of acetylation of histone H3 (AcH3) and H4 (AcH4) at K ,4.3-NRSE. Data are
calculated as percentages of sham-operated mice, and expressed as the means+=SEM from at least five mice. * P<0.05, vs. sham-operated mice.

which corresponds to rat sequence previously targeted for
antisense-knockdown (Calderone et al., 2003), was used.
When mice were intrathecally pretreated with AS-ODN or
MS-ODN, NRSF protein expression in the DRG was re-
duced by AS-ODN, but not by MS-ODN (Fig. 3). Moreover,
the AS-ODN treatments completely blocked injury-induced
K. 4.3 downregulation (Fig. 3). In contrast, AS-ODN had no
effects on the basal expression level of K 4.3 in the sham-
operated mice (Fig. 3). These findings strongly suggest
that NRSF-mediated mechanisms are responsible for the
transcriptional suppression of K 4.3 gene after injury.

Normalized mRNA (% of sham)

Fig. 3. Blockade of injury-induced K 4.3 downregulation by NRSF-
knockdown. Antisense oligodeoxynucleotide (AS-ODN) (AS)-induced
inhibition of K 4.3 downregulation after injury. Data are calculated as
percentages of sham-operated mice, and expressed as the
means=SEM from at least five mice. * P<0.05, vs. sham-operated
mice and * P<0.05, vs. mismatch scrambled oligodeoxynucleotide
(MS-ODN) (MS)-treated and nerve-injured mice. Inset shows the re-
duction of NRSF protein expression by AS-ODN, but not by MS-ODN
in the dorsal root ganglion, using western blot analysis. NRSF, 200
kDa; histone H3 (H3), 17 kDa.

DISCUSSION

Given that the long-term changes in pain-related gene
expression underlie the most important mechanisms re-
sponsible for injury-induced neuropathic pain (Hokfelt et
al., 2006; Ueda, 2006), we focused on the critical contri-
bution of epigenetic mechanisms (Borrelli et al., 2008).
Here, we demonstrated that injury-induced K 4.3 down-
regulation, which is implicated in neuronal hyperexcitability
underlying neuropathic pain (Kim et al., 2002; Chien et al.,
2007), is closely related to the hypoacetylation of histone
H4 at K, 4.3-NRSE, As histone acetylation is known to
affect other epigenetic modifications including DNA meth-
ylation, which in turn establish stable gene regulation (Abel
and Zukin, 2008), such epigenetic mechanisms may un-
derlie chronic neuropathic pain.

Upon binding to NRSE, NRSF acts as transcriptional
repressor for numerous genes encoding essential for neu-
ronal functions, such as ion channels, neurotransmitter
receptors, and synaptic. vesicle proteins (Bruce et al,,
2004). The present study provided the evidence that injury
promotes both NRSF binding and histone hypoacetylation
at K,4.3-NRSE, and that NRSF-knockdown blocks injury-
induced K 4.3 downregulation. These resuits strongly sug-
gest that this site mediates the long-term silencing of K 4.3
gene expression after injury.

The fact that antisense-knockdown of K 4.3 located at
nonpeptidergic C-fibers causes mechanical hypersensiti-
zation, implies the critical role of injury-induced K,4.3
downregulation in neuropathic pain (Chien et al., 2007).
However, we failed to detect any change in the injury-
induced thermal hyperalgesia and mechanical allodynia by
NRSF AS-ODN treatments (unpublished data), being con-
sistent to the report that the ablation of the majority of
C-fibers has no effects on the manifestation of neuropathic
pain (Abrahamsen et al., 2008). As C-fibers could be di-
vided at least into peptidergic and nonpeptidergic and the
threshold through each fiber is differentially affected by
nerve injury (Ueda, 2006), the further detailed pain study is
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required to address the etiological role of K 4.3 in neuro-
pathic pain.

CONCLUSION

In conclusion, the present study demonstrated that NRSF
plays a key role in injury-induced K, 4.3 downregulation in
the DRG through epigenetic mechanisms. A study con-
cerning the regulatory mechanisms for NRSE-NRSF sys-
tem after injury is the next subject for research.
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Lysophosphatidic acid (LPA) is a bioactive lipid mediator
that exerts diverse physiological and pathophysiological
functions through its cognate LPA receptors {LPA; s and
P2Y5) (Noguchi et al. 2009). Recently, we demonstrated that
LPA, receptor signaling initiates neuropathic pain following
peripheral nerve injury, using mice lacking the Ipa; gene
(LparI™™) (Inoue et al. 2004; Ueda 2008). Regarding the
molecular bases, LPA up-regulates pain-related gene expres-
sion, such as Ca** channel 0231 subunit and ephrinB1 in the
dorsal root ganglion (DRG) and protein kinase C y-isoform
in the spinal cord (Inoue ef al. 2004; Uchida ef 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 ef al. 2007), we hypothesized that
protein-degradation and transcriptional suppression might be

© 2010 The Aauthors

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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MAG is crucial for initiation of the myelination process
(Owens and Bunge 1989; Paivalainen and Heape 2007;
Quarles 2009). Moreover, the sustained expression of MAG, at
relatively high levels, in adulthood is also assumed to play a
key role in the maintenance of myelin integrity (Garbay ef al.
2000; Schachner and Bartsch 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 ef 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 LPA,
receptor in the DR, thereby causing neuropathic pain.

Materials and methods

Animals and surgery

Male mice lacking the Ipa; gene (Lparl ="} (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 Malinberg 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)-fink (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,38)-3-Carboxyoxirane-2-carbonyl]-L-
leucine (4-guanidinobutyl) amide hemihydrate) and E-64d
[(28,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbutane  ethyl
ester] were kindly provided by the Taisho Pharmaceutical Co.,
Ltd. (Saitama, Japan).

Brug injection

Lysophosphatidic acid and CalX were dissolved in artificial CSF
(aCSF; 125 mM NaCl, 3.8 mM KCl, 1.2 mM KH,PO,, 26 mM
NaHCO;, 10 mM glucose, pH 7.4). E-64d was dissolved in 100%
dimethylsulfoxide as a stock solution, and diluted in saline prior to
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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 (3.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 pL
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; M4 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 therrhal 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 fime of 20 s was set to prevent tissue damage. The
mechanical paw pressure test was performed as described previ-
ously (Inoue ef al. 2004; Matsumoto et al. 2006). Briefly, mice
were placed in a plexiglas chamber on a 6 x 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 biot

According to mamifacturer’s instructions, non-reduced protein was
used for the detection of MAG, and reduced protein was used for -
tubulin. Total protein (20 pg) 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,
Sarita 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 vive DR cultures

Ex vivo DR cultures were performed as described previously (Fujita
et al. 2007). Briefly, the 14-5 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 Fagle’s medium without serum. The culture was carried
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out at 37°C in the presence of 5% CO,. Protease inhibitors were
added 30 min prior to LPA treatment (1 pM).

Determination of calpain activity

Calpain activities in protein lysates from L4-5 DR, DRG and
spinal dorsal homn were analyzed using a commercially available
calpain activity assay kit (BioVision, Mountain View, CA, USA)
according tp 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-trifiuoromethyl 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 pm, 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 2h 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 #-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 b 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 it) 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 Lpar] =/~ mice were
comparable to that of vehicle-treated wild type mice
(Fig. 2¢). In contrast, the LPA-induced down-regulation of

@ LPA (nmol) (b) LPA
eh 0.1 1 3 10 Veh 3h 6h 12h24h D3 D7
MAG 2 MAG ¥ 8% &ia = = & el Fig. 1 LPA-induced down-regulation of
B-tubulin I S S > MAG protein expression in the DR. The
120 - expression levels of MAG protein in the DR~
c were assessed by western blot analysis. (a)
B q 00| + 100 _i_ Dose-dependent down-regulation of MAG
<] = by intrathecal injection of LPA at 24 h post-
.g‘ 2 % * injection. (b) Time-course of LPA-induced
2% 80+ 80+ (10 nmo! i.t) down-regulation of MAG.
.T.; R * Photograph shows representative data.
g 60+ 60 Results are normalized to B-tubulin protein
Z expression levels, and expressed as per-
40- = 40 centage of the levels in the vehicle (Veh)-
\‘é‘ o N PP b;o\ PAPAEATN Y i 6\ treated group. *p < 0.05, vs. Veh-treated
—_— & N group. Data represent the means = SEM
LPA (nmol) & LPA from at least three mice.
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WT

Fig. 2 LPA; receptor-dependent down-
regulation of MAG in the DR. MAG protein
expression at 24 h after injection of Veh
(a and ¢) or LPA (10 nmol it} (b and d)
was asseéssed by immunohistochemical
analysis. Wild type (WT; a and b) and
LparT™ (¢ and d) mice were used.
Photographs show representative data.
Scale bar = 20 um.

Lpar1~-

MAG was absent in Lparl™'" mice (Fig. 2d), suggesting that
the LPA, receptor is crucial for MAG down-regulation in the
DR by LPA.

Protease-mediated MAG down-reguiation

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-reguldtes MAG
expression in cultures of DR. Western blot analysis revealed
that treatment with LPA (1 pM) for 24 h causes a significant
reduction of MAG protein expression (Fig. 3a). As z-valine-
alanine-aspartate (zVAD)-fimk (1 pM), a broad speotrum
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 pM) for ¢alpains and
other cysteine proteases (Ray et al. 2003), CalX (10 pM) for
calpains (James et al. 1998), epoxomicin (5 pM) for protea-
somes, (p-amidinophenyl) methanesulfonyl fluoride hydro-
chloride (1 pM) for serine proteases and 1,10-phenanthroline
(100 pM) 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 plausi‘ble mediator of MAG degradation by
LPA in the DR.

© 2010 The Authors
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LPA

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.

L PA-induced calpain activation

To obtain direct evidence for the activation of calpain by
LPA, we assessed calpain activity in the DR in viyo. 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-treatmeént with
CalX (10 nmol it) or E-64d (1.5 mg/kg iv.) 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 efal 2004), LPA (10 nmol it.)

Joumal Compilation © 2010 Intemational Society for Neurochemistry, J. Neurochem. (2010) 113, 1002-1011
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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 uM) was assessed by western bjot analysis. (a) LPA-induced down-
regulation of MAG. (b) Effects of various protease inhibitors on LPA-
ihduced down-regulation of MAG. The concentration of each inhibitor
was as follows: CalX (10 uM), E-84 (100 uM), epoxomicin (Epo,
5 uM), p-APMSF (AP, 1 uM), 1,10-phenanthroliné (Phe, 100 uM),

@ aCSF LPA
Veh Veh CalX E-84d

Normalized protein
(% of Veh-aCSF)

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 Lv.) at 24 h post-
injection in vivo, assessed by western blot (a) and immunohisto-
chemical analysis (b—¢). (a) Results are normalized to B-tubulin protein

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

© 2010 The Authors

 Veh-aCSF

ZVAD-fmk (zVAD, 1 uM). 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 représent the means + SEM from at least five
mice.

Veh-LPA

@  CalX-LPA

expression levels, and expréssed as a percentage of the Jevels 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 pm.

alone had no effects on pain thresholds in vehicle-treated
mice (Fig. 6a and b). Similar result$ were obtained with E-
64d (Fig. 6¢c and d). These results suggest that the calpain-
mediated protein degradation system plays a key role in
LPA-induced rienropathic pain behaviors.
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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 it.). Veh,
CalX (10 nmol i.t.) or E-64d (1.5 mg/kg i.v.) were injected 30 min prior
to aCSF or LPA. Resulls are expressed as a percentage of the
Veh-aCSF-ireated group. *p < 0.05 vs. Veh-aCSF-treated group
and #p<0.05 vs. Veh-LPA-reated group. Data represent the
means + SEM from at least three mice.

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
undetlying mechanisms (Inoue ef gl. 2004; Ueda 2006,
2008). Therefore, we next examined whethet 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 LPA -deficient
mice (Fig. 7b), suggesting the critical contribution of LPA,
receptor signaling. Moreover, when mice were treated E-64d
for 3 days starting from 30 min prior to injury, nerve injury-
indueed calpain activation at day 1 post-injury (Fig. 7a) and
MAG—down—regulation at day 7 postsinjury 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 CFA was 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).

© 2010 The Authors
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Discussion

We have reported that LPA,; 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
systemn. ‘

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 LPA; 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 ef 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 LPA,; receptor-
dependent (Inoue er al. 2004; Ueda 2008). Consistent with
these findings, the present study showed that nerve injury
activates calpain in the DR through LPA, 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 2 calpain-dependent manner, using in vivo and
ex vivo experiments. While MMP is reported to degrade
MAG as well as MBP (Gijbels ez 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 caleium
(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
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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)

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 LPA;
receptor signaling in the DRG (Uchida et al. 2009). One of
these, ephirinB1, has been found to play a crucial role in LPA-
induced neuropathic pain through activation of the N-methyl-
p-aspartate receptor in the spinal cord (Uchida ef al. 2009).
In addition, calpain is reported to mediate early cytokine
expression in the DRG, including tumor necrosis factor-o
and interleukin-1f 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
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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.

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 inhibjtor 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
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Fig. 7 Nerve injury-induced MAG down-regulation in the DR and
neurbpathic pain through LPA, 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 mgrkg
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 Lpar?™" 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.
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Fig. 8 Absence of calpain activation in the DR and E-64d-induced
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course of calpain activity in the DR, DRGand 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 lgast three
mice.

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 upderlying 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.
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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 neurdpathic pain.
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Epigenetic Gene Silencing Underlies C-Fiber Dysfunctions

in Neuropathic Pain

Hitoshi Uchida, Lin Ma, and Hiroshi Ueda

Division of Molecular Pharmacology and Neuroscience, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki 852-8521, Japan

Peripheral nerve injury causes neuropathic pain, which is characterized by the paradoxical sensations of positive and negative symptoms.
Clinically, negative signs are frequently observed; however, their underlying molecular mechanisms are largely unknown. Dysfunction of
C-fibers is assumed to underlie negative symptoms and is accompanied by long-lasting downregulation of Na 1.8 sodium channel and
p-opioid receptor (MOP) in the dorsal root ganglion (DRG). In the present study, we found that nerve injury upregulates neuron-
restrictive silencer factor (NRSF) expression in the DRG neurons mediated through epigenetic mechanisms. In addition, chromatin
immunoprecipitation analysis revealed that nerve injury promotes NRSF binding to the neuron-restrictive silencer element within MOP
and Na_ 1.8 genes, thereby causing epigenetic silencing. Furthermore, NRSF knockdown significantly blocked nerve injury-induced
downregulations of MOP and Na,1.8 gene expressions, C-fiber hypoesthesia, and the losses of peripheral morphine analgesia and
Na,1.8-selective blocker-induced hypoesthesia. Together, these data suggest that NRSF causes pathological and pharmacological dys-
function of C-fibers, which underlies the negative symptoms in neuropathic pain.

Introduction

Neuropathic pain is characterized by the paradoxical sensations
of positive (hyperalgesia, allodynia, and paresthesia) and negative
(hypoesthesia, hypoalgesia) symptoms (Baron, 2006), and nega-
tive signs are frequently observed during clinical sensory exami-
nations (Devigili et al., 2008; Leffler and Hansson, 2008). The
molecular mechanisms underlying positive symptoms have been
extensively investigated (Devor, 2006; Costigan et al., 2009);
however, those underlying negative symptoms are much less well
understood. A possible mechanism for negative symptoms is a
dysfunction of small-diameter (C)-fibers (Taylor, 2001; Devigili
etal., 2008; Costigan et al., 2009), such as a loss of C-fiber termi-
nals, an impairment of C-fiber-mediated axon-reflex flare re-
sponses, or an increase in the threshold against C-fiber-specific
stimuli (Fields et al.,, 1998; Ueda, 2008). Such C-fiber dysfunc-
tions have been implicated in the manifestation of positive symp-
toms as well as of negative ones, possibly through a synaptic
reorganization in the spinal dorsal horn (Taylor, 2001; Ueda,
2008; Costigan et al., 2009). Representative examples for negative
symptoms were observed with long-lasting downregulations of
Na,1.8 sodium channel and p-opioid receptor (MOP) in
C-fibers (Waxman et al., 1999; Rashid et al., 2004; Kohno et al,,
2005), which are essential for C-fiber functions in terms of deter-
mining pain thresholds (Akopian et al., 1999) and for the phar-
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macological actions of p-opioids (Dickenson and Kieffer, 2006),
respectively.

In terms of long-lasting transcriptional regulation, the tran-
scription factor-mediated epigenetic mechanisms have been
demonstrated to play a key role (Borrelli et al., 2008). Neuron-
restrictive silencer factor (NRSF, also known as REST) functions
as a transciiptional repressor of genes that contain neuron-
restrictive silencer element (NRSE, also called RE1) (Chongetal.,,
1995; Schoenherr and Anderson, 1995). NRSFE, when it binds to
NRSE, recruits histone deacetylase (HDAC) through its core-
pressors, mSin3 and CoREST, for generating a repressive chro-
matin environment (Ballas and Mandel, 2005). It has been
reported that NRSF represses transcription of MOP gene through
HDAC-mediated mechanisms (Kim et al., 2004). Here, we show
that nerve injury induces a long-lasting NRSF expression in the
dorsal root ganglion (DRG), thereby causing epigenetic silencing
of MOP gene and loss of pharmacological target for peripheral
morphine analgesia. Furthermore, we also investigated the pos-
sible epigenetic silencing of Na,1.8 gene, which has unique for-
ward and reverse NRSE sequences.

Materials and Methods

Animals and surgery. Male C57BL/6] mice weighing 20-25 g were used.
They were kept in a room with a temperature of 21 # 2°C with ad libitum
access to a standard laboratory diet and tap water. All procedures were
approved by the Nagasaki University Animal Care Committee (Na-
gasaki, Japan) and complied with the recommendations of the Interna-
tional 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
(1998).

Oligonucleotide treatments. The antisense oligodeoxynucleotide
(AS-ODN) was designed to target the mouse NRSF sequence and
corresponds to the rat sequence targeted for antisense knockdown
previously (Calderone et al., 2003). AS-ODN (5'-CGGAAGGGCTT-



