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ROLE OF INTERLEUKIN-18 AND TUMOR NECROSIS FACTOR-a-
DEPENDENT EXPRESSION OF CYCLOOXYGENASE-2 mRNA IN
THERMAL HYPERALGESIA INDUCED BY CHRONIC INFLAMMATION

IN MICE

M. NARITA," M. SHIMAMURA,* S. IMAL® C. KUBOTA,*
Y. YAJIMA," T. TAKAGL," M. SHIOKAWA,** T, INOUE,"
M. SUZUKI* AND T. SUZUKI™

*Department of Toxicology, Hoshi University School of Pharmacy and
Pharmaceutical Sciences, 2-4-41 Ebara, Shinagawa-ku, Tokyo 142-
8501, Japan

®Department of Pharmacy, St. Luke's International Hospital, 9-1 Akashi-
cho, Chuo-ku, Tokyo 104-8560, Japan

Abstract—The present study investigated whether the en-
dogenous pro-inflammatory cytokines [interleukin (IL)}-1p8
and tumor necrosis factor-a (TNF-a)]-dependent expres-
sion of cyclooxygenase-2 (COX-2) mRNA within the spinal
cord could be involved in the development of chronic in-
flammatory pain-like behaviors in mice. We demonstrated
that the expression of COX-2 mRNA con the ipsilateral side
of the spinal cord was significantly increased 6 h and 3
days after intraplantar injection of complete Freund's ad-
Juvant (CFA), compared with the expression in sali

treated mice. In addition, the chronic pain-like behaviors
following CFA injection were markedly suppressed by re-
peated intrathecal (i.t.) pre-treatment with the COX-2 inhib-
itor etodolac, but not with the COX-1 inhibitor mofezolac.
The cytosolic level of the activated form of nuclear factor-
kappa B (NF-xB), which is a major contributor to the induc-
tion of COX-2, on the ipsilateral side of the mouse spinal
cord was also Increased compared with that in the saline-
treated mice. The key finding in the present study was that
a single |.t. injection with either IL-18 or TNF-a induced a
marked increase In spinal COX-2 mRNA and persistent
thermal hyperalgesia in mice. Furthermore, CFA-induced
hypersensitivity to inflammatory pain was significantly re-
duced by repeated |.t. pre-injection of the recombinant Fc
chimera of IL-1 receptor | or soluble TNF receptor |, which
sequesters endogenous IL-18 or TNF-a, respectively. In
contrast, the expression of spinal COX-2Z mRNA in CFA-
treated mice was similar to that in saline-treated mice at 7
days after CFA injection. The present findings strongly

*Corresponding author. Tel: +81-3-5488-5628; fax: +81-3-5498-5628
(M. Narita), Tal: +81-3-5488-5831; fax: +81-3-5498-5831 (T. Suzuki).
E-mail address: narita@hoshi.ac.jp (M. Narita), suzuki@hoshi.ac.jp
(T. Suzuki).

Abbreviations: CFA, complete Freund's adjuvant, COX, cyciooxygen-
ase; EDTA, ethylenediaminetetraacetate; EGTA, ethyleneglycol-bis-g-
aminocethylether-N NN’ N'-tetraacetic acid; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; ICR, Institute of Cancer Research; IL,
interleukin; IL-1RUFc, recombinant human Interleukin-1p receptor |
chimera protein; i.L, intrathecal;, NF-«xB, nuclear factor-kappa B; PES,
phosphate-buffered saline; PDTC, pyrrolidinedithiocarbamate; PGs,
prostaglandins; p-NF-xB, phosphorylated-nuclear factor-kappa B; RT-
PCR, reverse transcription-polymerase chain reaction, SDS, sodium
dodecyl sulfate; sTNFRI/Fc, recombinant human sTNF receptor | chi-
mera protein, TBS, Tris-buffered saline; TNF-a, tumor necrosis fac-
tor-a;, TTBS, Tris-buffered saline containing 0.1% Tween 20.

indicate the early intrathecal use of the COX-2 inhibitor for
the relief of chronic infl tory pain. Furthermore, to-
gether with the result in a previous study that pro-inflam-
matory cytokines lead to stimulation of a NF-xB-dependent
transcriptional pathway, these findings suggest that a spi-
nal cytokine/NF-xB/COX-2 pathway may play an important
role in the development, but not maintenance, of chronic
pain following peripheral tissue Inflammation. @ 2008
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: complete Freund's adjuvant, inflammatory pain
hypersensitivity, IL-18, TNF-a, cyclooxygenase, spinal cord.

Chronic peripheral tissue inflammation often produces a
state of long-lasting pain characterized by hyperalgesia
(exaggerated pain in response to painful stimuli) and allo-
dynia (pain evoked by normally innocuous stimuli). The
development of chronic pain following peripheral tissue
inflammation depends both on an increase in the sensitiv-
ity of these first synapses al the site of inlammation and
on an increase in the excitability of neurons in the CNS
(Goppelt-Struebe and Beiche, 1997; Beiche et al., 1998).
Several animal models of chronic pain following peripheral
tissue inflammation have been created for to investigate
the mechanisms that underlie the induction of inflamma-
tory pain (Goppelt-Struebe and Beiche, 1997; Beiche et
al, 1998). Complete Freund's adjuvant (CFA), carra-
geenan and formalin have been well documented to pro-
duce a state of hypersensitivity to inflammatory pain in
rodents after intraplantar injection.

Early pharmacological studies on these models have
demonstrated that prostaglandins (PGs) at the dorsal
spinal cord as well as a peripheral site of inflammation
play substantial roles in the development of hyperalge-
sia and allodynia (lto et al., 2001; Zeilhofer, 2007).
Prostancids are the metabolic products of arachidonic
acid by cyclooxygenase (COX). Two different isoforms
of COX have been identified to date: COX-1 and COX-2
(Feng et al., 1993). Previous studies have demonstrated
that COX-1 is constitutively expressed in many cell
types, and COX-2 is induced at the site of inflammation,
although it is also constitutively expressed in the kidney,
brain and spinal cord (Vane et al., 1998; Samad el al.,
2001). In response to inflammatory stimuli, once arachi-
donic acid is converted to PGH, by COX, several down-
stream enzymes synthesize a variety of PGs such as
PGD,, PGE,, PGF,, and PGI; (Herschman et al., 1995;
Vanegas and Schaible, 2001).

0306-4522/08$32.00+0.00 © 2008 IBRO. Published by Elsevier Lid. All rights reserved.
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Cytokine neurobiology is a relatively recent and rapidly
expanding area. Most of the information about the func-
tional roles of cytokines has been derived from studies on
tissue injury and inflammation (Sweitzer et al., 1999, Hilde-
brand et al., 2005). A growing body of evidence suggests
that the expression of pro-inflammatory cytokines, such as
interleukin (IL)-18 and tumor necrosis factor-a (TNF-a), is
markedly increased in the spinal cord of rodents with
chronic pain (Inoue et al., 1999; Pahl, 1999; Sweitzer et al.,
1999; Samad et al., 2001). Furthermore, it has been re-
ported that these pro-inflammatory cytokines modulate the
expression of COX-2 through nuclear factor-kappa B (NF-
«B), which is implicated in gene expression, in human
neuroblastoma cell and tracheal smooth muscle (Fiebich
et al,, 2000; Lin et al., 2004). Considering these findings,
we can speculate that a spinal cytokine/NF-«B/COX-2
pathway may play an important role in the development of
chronic pain following peripheral tissue inflammation.

The present study was designed to ascertain whether
endogenous pro-inflammatory cytokines within the spinal
cord, such as IL-18 and TNF-«, are involved in the expres-
sion of COX-2 mRNA and chronic inflammatory pain-like
behaviors in mice under an inflammatory pain-like state.
Additionally, we investigated the involvement of these sig-
naling pathways within the spinal cord in the initiation or
maintenance of chronic inflammatory pain following pe-
ripheral tissue inflammation.

EXPERIMENTAL PROCEDURES

The present study was conducted in accordance with the Guiding
Principles for the Care and Use of Laboratory Animals, as adopted
by the Committee on Animal Research of Hoshi University, which
is accredited by the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan. Every effort was made to mini-
mize the numbers and any suffering of animals used in the fol-
lowing experiments. Animals were used only once in the present
study. All behavioral experiments were conducted in & single-blind
fashion to avoid the effect of subjectivity.

Animals

Male Institute of Cancer Research mice (ICR; Tokyo Laboratory
Animals Science, Co., Ltd., Tokyo, Japan), weighing 22-30 g at
the beginning of the experiments, were used In the present study.
Animals were housed at a room temperature of 22+1 “C with a
12-h light/dark cycle (light on 8:00 am to 8:00 pm). Food and water
were avallable ad fibitum.

Chronic inflammatory pain model

A model of persistent inflammatory pain was produced by unilat-
eral intraplantar injection of CFA (Mycobacterium tubercuiosis;
Sigma-Aldrich Co., MO, USA) in a volume of 50 ul into the plantar
surface of the right hind paw (ipsilateral side) of mice under
anesthesia with sodium pentobarbital (70 mg per kg, i.p.) (Ohsawa
et al., 2000). Control mice were given saline in a volume of 50 pl
into the plantar surface of the right hind paw.

Intrathecal (i.t.) injection

I.L. injection was performed as described by Hylden and Wilcox
(1880) using a 25-ul Hamilton syringe with a 30 1/2-gauge needle.
The needle was inserted into the intervertebral space between
lumbar 5 and lumbar & of the spinal cord of unanesthetized mice.

A reflexive flick of the tail was considered lo ndicate the accuracy
of each injection. The injection voluma for Lt injection was 4 pl.

Measurement of thermal hyperalgesia

To assess the sensitivity to thermal stimulation, each of the hind
paws of mice was tested individually using s thermal stimulus
apparatus (model 33 Analgesia Meter; IITC Inc./Life Science In-
struments, Woodland Hills, CA, USA). The intensity of the thermal
stimulus was adjusted to achieve an average baseline paw with-
drawal latency of approximately 8~10 s in naive mice. Only quick
hind paw movements (with or without licking of the hind paws)
away from the stimulus were considered to be a withdrawal re-
sponse. Paw movements associated with locomotion or weight-
shifting were not counted as a response. The paws were mea-
sured alternating between the left and right with an interval of
more than 3 min betwean measurements. The latency of paw
withdrawal after the thermal stimulus was determined as the av-
erage of three measurements per paw.

RNA preparation and semi-quantitative analysis by
reverse transcription—polymerase chain reaction
(RT-PCR)

Total RNA cbtained from the spinal cord of ICR mice was ex-
tracted using the SV Total RNA |solation system (Promega Co,,
Madison, W1, USA). The lumbar spinal cord was quickly removed
after mice were decapitated, and homogenized in ice-cold lysis
buffer containing g-mercaptoethanol following the manufacturer's
instructions. First-strand cDNA was prepared as described (Narita
et al., 2001a) and the COX gene was amplified in 50 ul of a PCR
solution containing MgCl,, dNTP mix, and DNA polymerase with
either synthesized primers (COX-1: 5'-AGG AGA TGG CTG CTG
AGT TGG-3' (sense) and 5'-AAT CTG ACT TTC TGA GTT
GCC-3' (antisense), COX-2: 5'-CTG TAT CCC GCC CTG CTG
GTG-3' (sense) and 5-ACT TGC GTT GAT GGT GGC TGT
CTT-3' (antisense), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): 5'-CCC ACG GCA AGT TCA ACG G-3' (sense) and
5-CTT TCC AGA GGG GCC ATC CA-3' (antisense)). Samples
were heated to 94 °C for 2 min, 55 °C for 2 min, and 72 °C for 3
min and cycled 34 times through 94 °C for 1 min, 55 °C for 2 min,
and 72 °C for 3 min. The final incubation was at 72 *C for 7 min.
The mixture was subjected to 1% agarose gel for electrophoresis
with the indicated markers and primers for the internal standard
(GAPDH). Each sample was applied to more than two lanes in the
same gel. The agarose gel was stained with ethidium bromide and
photographed with UV transillumination. The intensity of the
bands was analyzed and quantified by computer-assisted densi-
tometry using NIH Image (free download software developed by
National Institutes of Health, USA). For the control, the different
Iintensities of each band cobtained from the sample from ICR mice
treated with saline were analyzed, and the average intensity was
calculated. Each control intensity was then compared again with
the average Iintensity to calculate the standard emror. Under these
conditions, the intensities of bands for samples obtained from
CFA-, IL-16- or TNF-a-treated mice were analyzed and comparad
with the average intensity for ICR mice treated with saline or
phosphate-buffered saline (PBS). Finally, the % of control with
standard amor for the each sample was quantified.

Western blotting assay

The cytosol fraction was prepared according the method de-
scribed previously (Narita et al., 2001b). Briefly, the lumbar spinal
cord was quickly removed after mice were decapitated, and ho-
mogenized in ice-cold buffer A containing 20 mM Tris—HCI (pH
7.5), 2 mM EDTA, 0.5 mM EGTA, 1 mM phenylmethyisulfonyl
fluoride, 25 ug of leupeptin per mi. 0.1 mg of aprotinin per m! and
0.32 M sucrose. The homogenate was centrifuged at 1000:xg for
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10 min and the supernatant was ultracentrifuged at 100,000g for
30 min at 4 °C. The resulting supernatant was retained as the
cytosolic fraction. An aliquot of tissue sample was diluted with
an equal volume of electrophoresis sample buffer (Protein Gel
Loading Dye-2x; AMRESCO, Solon, OH, USA) containing 2%
sodium dodecyl sulfate (SDS) and 10% glycerol with 0.2 M dithio-
threitol. Proteins (16 ug per lane) were applied to two lanes in
duplicate, separated by size on 5-20% SDS-polyacrylamide gra-
dient gel, and then transferred to a nitrocellulose membrane in a
buffer containing 25 mM Tris and 192 mM glycine. For immunobiot
detection of phosphorylated-nuclear factor-kappa B pB5 (p-NF-
«B), membranes were blocked in Tris-buffered saline (TBS) con-
taining 0.3% nonfat dried milk (Nacalai Tesque, Inc., Kyoto, Ja-
pan) for 1 h at room temperature with agitation. The membrane
was incubated with primary antibody diluted in TBS containing
0.3% nonfat dried milk [1:1000 p-NF-xB (Cell Signaling Technol-
ogy, Inc., MA, USA)] ovemight at 4 °C. The membranes were
washed in TBS containing 0.1% Tween 20 (TTBS) and then
incubated for 2 h at room temperature with horseradish peroxi-
dase—conjugated goat anti-rabbit IgG (Southern Biotechnology
Associates, Inc., Birmingham, AL, USA), which was diluted
1:10,000 in TBS containing 5% nonfat dried milk. After incubation,
the membranes were washed in TTBS. The antigen—antibody—
peroxidase complex was then finally detected by enhanced
chemiluminescence (Pierce, Rockford, IL, USA) and visualized by
exposure to Amersham Hyperfilm (Amersham Life Sciences, Ar-
lington Heights, IL, USA). The membranes were washed again in
TTBS and re-probed for GAPDH with primary antibody diluted in
TBS containing 0.3% nonfat dried milk [1:400,000 GAPDH
(Chemicon International Inc., Temecula, CA, USA)] overnight at
4 °C. Membranes wera incubated with second antibody and image
development was performed. Film autoradiograms were analyzed
and quantified by computer-assisted densitometry using NIH im-
age. Each value for p-NFxB in CFA-treated mice was normalized
by the respective value for GAPDH, For the conlrol, the intensities
of each band provided from the sample of saline-treated mice
were analyzed, and the average intensity was calculated. Each
control intensity was then again compared with the average inten-
sity to calculate the standard error. Under these conditions, the
intensity of each band for samples obtained from CFA-treated
mice was analyzed and compared with the average intensity of
bands from saline-treated mice. Finally, % from control with stan-
dard error for the sample of CFA-treated mice was quantified.

Drugs

The drugs used in the present study were the COX-1 inhibitor
mofezolac (Mitsubishi Pharma Co., Osaka, Japan), COX-2 inhib-
Itor etodolac (Nippon Shinyaku Co., Kyoto, Japan), the NF-xB
inhibitor pyrrolidinedithiocarbamate (PDTC, Sigma-Aldrich Co.,
St. Louis, MO, USA), recombinant murine IL-18 (IL-18, Pepro
Tech, Inc., NJ, USA), recombinant murine TNFa/TNFSF1A
(TNF-a, R&D Systems, Inc., NC, USA), recombinant human IL-18
receptor | chimera protein (IL-1RIFc, R&D Systems, Inc,, Weav-
erville, NC, USA) and recombinant human sTNF receptor | chi-
mera protein (sTNFRI/Fc, R&D Systems, Inc.). IL-13 antibody
(Santa Cruz Biotechnology, CA, USA) was dissolved in 0.9%
sterile physiological saline. IL-18, TNF-a, PDTC, IL-1RI/Fc and
STNFRI/Fc were dissolved in sterile PBS. Mofezolac was dis-
solved in 0.9% sterile physiological saline containing 1 N Na,CO,.
Etodolac was dissolved in 0.9% sterile physiological saline con-
taining 0.5% carboxymethyl cellulose salt and 9% Tween 80.

Statistical analysis

All data are presented as the mean=S.E.M. The statistical signif-
icance of differences between groups was assessed with one-way

analysis of variance (ANOVA) followed by the Bonferronl/Dunn
multiple comparison test. The statistical significance of differences
between two groups was assessed with Student's f-test.

RESULTS

Increase in the expression of spinal COX-2 mRNA,
but not COX-1 mRNA, in the development of chronic
inflammatory pain following intraplantar injection of
CFA in mice

In the RT-PCR assay, the expression of COX-2 mRNA
on the Ipsilateral side of the spinal cord obtained from
CFA-trealed mice was significantly increased at both 6 h
(P<0.001) and 3 days (P<0.01) after CFA injection
compared with that from the saline-treated mice (Fig.
1A, B). In contrast, intraplantar injection of CFA into the
mouse hind paw failed to affect mMRNA levels of COX-1
on the ipsilateral spinal cord at 6 h after CFA injection
compared with those on the ipsilateral side of the saline-
treated mice (Fig. 1A, B). In the contralateral spinal cord
obtained from CFA-treated mice, there were no changes
in the expression of either COX-1 or COX-2 mRNA
compared to those on the contralateral side of saline-
treated mice (data not shown).

The thermal hyperalgesia observed on the ipsilateral
side on day 7 after CFA injection in mice was markedly
reversed by repeated i.t. injection of the preferential COX-2
inhibitor etodolac (3 and 30 nmol per mouse) 30 min before
CFA treatment and once a day for seven consecutive days
after CFA treatment in a dose-dependent manner (Fig.
1D). In contrast, the same treatment with the preferential
COX-1 inhibitor mofezolac (10 and 30 nmol per mouse)
failed to affect the decrease in the thermal threshold ob-
served on the ipsilateral side in CFA-treated mice (Fig.
1C). Repeated i.l. injection of either mofezolac or etodolac
at doses used in the present study did not affect the
thermal threshold on the ipsilateral side in the saline-
treated mice (Fig. 1C, D).

Changes in the latency of paw withdrawal in
response to a thermal stimulus and expression of
spinal COX-2 mRNA induced by a single i.t. injection
of pro-inflammatory cytokines in mice

We established whether the spinal application of exog-
enous pro-inflammatory cytokines produces a persistent
painful state in normal mice. The thermal threshold was
measured at 30 min, 1, 3and 6 hand 1, 3, 5, and 7 days
after a single i.t. injection of pro-inflammatory cytokines.
A single i.t. injection of either IL-18 or TNF-a caused
marked thermal hyperalgesia in normal mice (Fig. 2A).
The persistent painful state caused by Ii.t. injection of
IL-1p8 lasted for 5 days following injection, whereas the
decrease in the thermal threshold observed in TNF-a-
treated mice had disappeared one day after i.t. injection
of TNF-a (Fig. 2A).

Under these conditions, we next investigated the
changes in the expression of COX-2 mRNA in the spinal
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Fig. 1. (A) Representative RT-PCR for COX-1 and COX-2 mRNAs on the ipsilateral side of spinal cords obtained from the saline- or CFA-injected
mice. Spinal cord samples were preparaed at 6 h and 3 days after saline or CFA injection. (B) The intensity of the bands was determined
semiquantitatively using NIH Image. The values for COX-1 and COX-2 mRNAs were normalized by the value for GAPDH mRNA. The value in
CFA-injected mice is expressed as a percentage of the increase in saline-injected mice. Each column represents the mean=5.E.M. of three samples.
* P<0,01, ™ P<0.001 vs. the saline group. {C, D) Effects of repeated it pre-treatment with (C) the preferential COX-1 inhibitor mofezolac (MFZ;
10 and 30 nmol per mouse) and (D) the preferential COX-2 Inhibitor etodolac (ETD; 3 and 20 nmol per mouse) on thermal hyperalgesia induced by
CFA injection. The data represeni paw-withdrawal latencies from a thermal stimulus on the ipsilateral side of saline- or CFA-injecied mice at 7 days
after injection. The i.L injection of vehicla (Veh) or each drug was performed 30 min before CFA injection and once a day for seven consecutive days
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cord of mice treated i.t. with pro-inflammatory cytokines. At level of spinal COX-2 was significantly increased com-
3 h after i.t. injection of either IL-15 or TNF-a, the mRNA pared with that in PBS-treated mice (Fig. 2B, C).
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Effect of repeated i.t. injection of specific antibodies
to IL-18, IL-1RIFe, and sTNFRI/Fc on thermal
hyperaigesia induced by intraplantar injection of
CFA in mice

To investigate whether the release of endogenous IL-18
within the spinal cord directly contributes to the develop-
ment of inflammatory pain-related hypersensitivity induced
by the intraplantar injection of CFA, mice were treated i.t.
with IL-18 antibody (8.0 pg per mouse) or IL-1RI/Fc (10 ng
per mouse) 1 h before and once a day for seven consec-
utive days after CFA injection. The thermal threshold was
measured 1 h after the last i.t. injection of neutralizing
antibodies or recombinant receptor chimera proteins on
each test day. Repeated i.t. treatment with either IL-18
antibody or IL-1RI/Fc significantly reversed the decreased
thermal threshold on the ipsilateral side in CFA-treated
mice (Fig. 3A and B). Treatment with IL-1g antibody had
no effect on the latency of paw withdrawal after the appli-
cation of a thermal stimulus on the contralateral side in
the CFA-treated mice. The inhibition of persistent painful
state observed in IL-18 antibody-treated mice lasted for
more than 14 days following CFA treatment, even
though repeated i.t. injection of IL-1p8 antibody was dis-
continued days 8-14 after CFA injection.

Similarly, repeated i.t. injection of sTNFRI/Fc (10 and
30 ng per mouse) 1 h before and once a day for seven
consecutive days aftar CFA injection significantly inhibited
thermal hyperalgesia induced by CFA treatment (Fig. 3C).
The same treatment had no effect on the latency of paw
withdrawal after the application of a thermal stimulus on
the contralateral side in the CFA-treated mice (data not
shown).

Implication of spinal NF-xB in the development of
chronic inflammatory pain in mice treated with CFA

For immunoblot detection, we used polyclonal antibody
that detected phosphorylated NF-«xB p85 al serine 536. In
the present study, the cytosolic level of p-NF-«xB p65 on
the ipsilateral side of the spinal cord obtained from
CFA-injected mice was significantly increased (P<0.001)
compared to that in saline-treated mice at 3 h after CFA
injection (Fig. 4A, B).

We next investigated the effect of repeated i.t. injection
of the NF-«B inhibitor PDTC on the persistent painful state
caused by the injection of CFA. Repeated i.t. injection of
vehicle or PDTC (10, 30 and 100 pmol per mouse) was
performed 30 min before and once a day for seven con-
secutive days after saline or CFA injection. The thermal
threshold was measured 30 min after the last i.t. injection
of vehicle or PDTC at 7 days after saline or CFA injection.
Under these conditions, the thermal hyperalgesia observed
on the ipsilateral side on day 7 after CFA injection in mice
was reversed by repeated I.t. injection of PDTC in a
dose-dependent manner (Fig. 4C). Repeated i.l. injec-
tion of PDTC (100 pmol per mouse) did not affect the
thermal threshold on the ipsilateral side in saline-treated
mice (Fig. 4C).

Implication of spinal COX-2 mRNA in maintenance
of the chronic inflammatory pain following the
intraplantar injection of CFA in mice

Next, we investigated whether the expression of COX-2
mRNA is implicated in the maintenance of the chronic
inflammatory pain induced by intraplantar injection of CFA.
The expression of COX-2 mRNA on the ipsilateral side of
the spinal cord obtained from CFA-treated mice was sim-
ilar to that found in the saline-treated mice at 7 days after
CFA injection (Fig. 5A, B), whereas the thermal hyperal-
gesia induced by CFA was observed on the ipsilateral side
(Fig. 1). Similarly, there were differences in the expression
of spinal COX-1 mRNA between CFA- and saline-treated
mice (data not shown).

We next evaluated the effect of repeated it post-
treatment with etodolac (30 nmol/mouse) on the thermal
hyperalgesia induced by CFA injection. Repeated i.t. treat-
ment with etodolac from day 7 to day 15 after CFA injection
failed to reverse the decreased thermal threshold on the
ipsilateral side in CFA-treated mice (Fig. 5C).

DISCUSSION

In the present study, the expression of COX-2 mRNA on
the ipsilateral side of the spinal cord obtained from CFA-
treated mice was significantly increased during the devel-
opmental phase (6 h and 3 days after CFA injection) of
inflammatory pain-related compared with
that on the ipsilateral side in saline-treated mice. In addi-
tion, the chronic pain-like behaviors following CFA injection
were markedly suppressed by repeated i.t. pre-treatment
with the preferential COX-2 inhibitor etodolac (30 min be-
fore CFA treatment and once a day for seven consecutive
days after CFA treatment), but not the preferential COX-1
Inhibitor mofezolac. Furthermore, mice that had been
treated i.t. with etodolac exhibited a significant inhibition of
thermal hyperalgesia induced by CFA treatment, even
though the injection was interrupted on days 8-14 after
CFA injection. These data can be partly supported by a
previous report by Samad et al. (2001), who stated that the
inflammatory pain-related hypersensitivity induced by CFA
was significantly suppressed by a single i.t. injection of the
COX-2 inhibitor NS398 48 h after CFA injection. Further-
more, previous studies have demonstrated that a substan-
tial upregulation of COX-2 protein can be detected in the
superficial dorsal horn of the spinal cord after the intraplan-
tar injection of CFA (Samad et al., 2001; Yamada et al,,
20086). The present findings provide further evidence that
COX-2, but not COX-1, within the spinal cord plays a role
in the development of chronic pain following peripheral
tissue inflammation.

A growing body of evidence suggests that pro-inflam-
matory cytokines serve as neuromodulators and neuroc-
transmitters in the CNS (Samad et al., 2001, Davies et al.,
2006). They can be broadly classified into four major
groups: IL growth factors, interferons, chemokines and
TNF. Among these, cylokines, IL-18 and TNF-a are
strongly implicated in chronic pain as well as immune
responses al peripheral sites and the CNS (Samad et al,,
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2001; Davies et al., 2006). It has been reported that either
IL-18 or TNF-a is rapidly and transiently expressed in
microglia and astrocytes in the injured mouse spinal cord,
indicating that microglia and astrocytes are the major
sources of pro-inflammatory cytokines in the spinal cord
(Pineau and Lacroix, 2007). Several lines of evidence have
suggested that these pro-inflammatory cytokines, which
are released in the spinal cord in response to inflammatory
stimuli, lead to the stimulation of a NF-xB-dependent tran-
scriptional pathway (Lee et al., 2004). It is well known that
NF-kB is involved in various pathological processes, par-
ticularly chronic inflammation, neurodegeneration, athero-
sclerosis and cancer (Pahl, 1999). In response to various
inflammatory or other stress stimuli, NF-xB is activated
and translocated into the nucleus from the cytosol. After
binding to DNA sites of NF-xB-responsive genes, NF-«B
positively regulates the transcription of numerous genes
including cyltokines, chemokines, adhesion factors and
pro-inflammatory enzymes (nitric oxide synthase and
COX-2) (DiDonato et al., 1997; Lukiw and Bazan, 1998;
Ledeboer et al., 2005).

In the present study, we demonstrated that a single i.t.
injection of either IL-18 or TNF-« induced a marked in-
crease in spinal COX-2 mRNA and persistent thermal

hyperalgesia in mice. In addition, CFA-induced inflamma-
tory pain-related hypersensitivity was significantly reduced
by repeated i.t. pre-injection of the IL-18 antibody, IL-
1RI/Fc and sTNFRI/Fc. IL-1RI/Fc and sTNFRI/Fc are biva-
lent homodimers that contain the extracellular ligand-bind-
ing domain of a given IL-1 or TNF receptor, respectively,
followed by the hinge and Fcy region of human IgG1 (Sims
et al., 1988; Lewis et al., 1991; Kumar et al., 1995). These
antibody and receptor chimera proteins act as IL-1 or TNF
receptor bodies to sequester endogenous IL-1p or TNF-a,
and are highly potent and specific inhibitors for endoge-
nous IL-18 or TNF-a, respectively. Considering these find-
ings. the present data suggest that the IL-18 and TNF-«
released within the spinal cord play a critical role in the
development of chronic inflammatory pain induced by the
intraplantar injection of CFA. The cytosolic level of p-NF-
«B, which is an activated form of NF-xB, on the ipsilateral
side of the spinal cord was markedly increased compared
with that in the saline-treated mice at 3 h after CFA injec-
tion. Furthermore, the thermal hyperalgesia on day 7 after
CFA injection was markedly reversed by repeated it. in-
jection of the NF-xB inhibitor PDTC in mice. Taken to-
gether, these findings indicate that the IL-1B or TNF-a
released within the spinal cord after the intraplantar injec-
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tion of CFA may lead to the activation of NF-xB and a
subsequent increase in COX-2 mRNA expression through
a NF-xB-dependent transcriptional pathway. Thus, it
seems likely that these signaling pathways in the spinal
cord are responsible for the development of the chronic
inflammatory pain-like state in CFA-treated mice.

We further evaluated the specific involvement of
COX-2 within the spinal cord in the maintenance of the
chronic inflammatory pain-like state in CFA-treated mice.
Interestingly, there were no differences in the expression
of spinal COX-2 mRNA between CFA- and saline-treated
mice at 7 days after CFA injection. These findings provide
evidence that the expression of COX-2 mRNA within the
spinal cord is not necessarily associated with the mainte-
nance of an inflammatory pain-like state. This notion can
be further supported by the present behavioral study that
repeated i.1, treatment with etodolac during days 7-15 after
CFA injection failed to affect the decreased thermal thresh-
old on the ipsilateral side of CFA-treated mice, whereas
chronic pain-like behaviors following CFA injection were
markedly suppressed by repeated it. pre-treatment with
etodolac just before and seven consecutive days after CFA
treatment. Thus, it seems likely that distinct mechanisms

are associated with the development and maintenance of
the inflammatory pain-like state following CFA treatment.
Furthermore, the present findings strongly indicate the
early use of the COX-2 inhibitor to relieve chronic inflam-
matory pain.

CONCLUSION

In conclusion, we have demonstrated that the release of
pro-inflammatory cytokines, IL-18 and TNF-a, within the
spinal cord after the intraplantar injection of CFA may lead
to the activation of NF-xB and of COX-2 mRNA expression
through a NF-xB-dependent transcriptional pathway. We
propose here that these signaling pathways in the spinal
cord may be responsible for the development, but not the
maintenance, of a chronic inflammatory pain-fike state in
CFA-treated mice.
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Dopamine receptor antagonists are commonly used to counter the adverse effects of opioids such as
hallucinations, delusions and emesis. However, most of these agents themselves have side effects, including
extrapyramidal symptoms. Here, we investigated the effect of the dopamine system stabilizer aripiprazole on
morphine-induced dopamine-related actions in mice. Morphine-induced hyperlocomotion and reward were
significantly suppressed by either the dopamine receptor antagonist prochlorperazine or aripiprazole.
Catalepsy was observed with a high dose of prochlorperazine, but not with an even higher dose of

Qomr::fg aripiprazole. The increased level of dialysate dopamine in the nucleus accumbens stimulated by morphine
Aripiprazole was significantly decreased by pretreatment with aripiprazole. These results suggest that the co-
Morphine administration of aripiprazole may be useful for reducing the severity of morphine-induced dopamine-
Opioid related side effects,

Dependence © 2008 Published by Elsevier B.V.
1. Introduction Aripiprazole is a novel dopamine D, receptor partial agonist that

According to the World Health Organization (WHO) guidelines,
morphine is considered the “gold standard” for the treatment of
patients with moderate to severe pain due to cancer. However, the use
of morphine for the treatment of cancer pain is sometimes
accompanied by side effects, such as emesis, constipation, drowsiness
and delirium (Aparasu et al,, 1999; McNicol et al., 2003).

In the management of cancer pain, dopamine receptor antagonists
such as haloperidol are used to protect against opioid-induced
delirium (Ross and Alexander, 2001). In addition to delirium,
dopamine receptor antagonists such as prochlorperazine have been
considered by most clinicians to be the drug of choice to combat
opioid-induced nausea and vomiting (Aparasu et al., 1999; McNicol
et al., 2003).

These dopamine receptor antagonists are frequently associated
with adverse effects, including extrapyramidal symptoms (Casey,
1995; Tonini et al, 2004). Therefore, new strategies for the prevention
of opioid-induced delirium and emesis are required, along with a
working knowledge of the proposed mechanism of drug action.

* Corresponding authors. Tel: +81 3 5498 5628; fax: +81 3 5498 5831
E-mail addresses: narita@hoshi.ac jp {M. Narita), suzuki®hoshiac jp (T. Suzukil

0014-2999/5 - see front maiter © 2008 Published by Elsevier BV,
doi: 10.1016/j.ejphar.2008.10.030

has a different pharmacological profile than currently marketed
typical and atypical antipsychotics (Winans, 2003; Naber and
Lambert, 2004). As a result, aripiprazole seems to provide a way to
fine-tune the treatment of psychiatric disorders by maximizing the
treatment effect while minimizing undesirable adverse events
(Ohisen and Pilowsky, 2005). Against this background, the present
study was undertaken to evaluate whether aripiprazole could affect
the severity of morphine-induced dopamine-related actions with
fewer side effects.

2. Materials and methods

The present study was conducted in accordance with the Guiding
Principles for the Care and Use of Laboratory Animals at Hoshi
University, as adopted by the Committee on Animal Research of Hoshi
University, Every effort was made to minimize the numbers and any
suffering of animals used in the following experiments.

2.1, Animals
Male ICR mice (20-25 g) (Tokyo Laboratory Animals Science Co.

Ltd, Tokyo, Japan) were used in the present study. Animals were
housed in a room maintained at 22+1 *C with a 12 h light-dark cycle.
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Food and water were available ad libitum. Each animal was used only
ance.

22. Locomotor activity

The locomotor activity of mice was measured by an ambulometer
as described previously (Narita et al., 1993). Briefly, a mouse was
placed in a tilting-type round activity cage 20 cm in diameter and
19 cm high. Any slight tilt of the activity cage, which was caused by
horizontal movement of the mouse, was detected by three micro-
switches. Total activity counts in each 10-min segment were
automatically recorded for 180 min following the administration of
saline (10 ml/kg, s.c.) or morphine (10 mg/kg. s.c.). Aripiprazole (3,10,
20 mg/kg) or prochlorperazine (0.1, 0.3.1 mg/kg) was co-administered
with morphine s.c. 30 min prior to merphine treatment.

2.3. Place conditioning

Place-conditioning studies were conducted using a shuttle box
(15=30=15 cm: wxIx=h) that was made of an acrylic resin board and
divided into two equal-sized compartments. One compartment was
white with a textured floor and the other was black with a smooth
floor to create equally inviting compartments. The place-conditioning
schedule consisted of three phases (pre-conditioning test, condition-
ing, and post-conditioning test), The pre-conditioning test was
performed as follows: the partition separating the two compart-
ments was raised to 7 cm above the floor, a neutral platform was
inserted along the seam separating the compartments, and mice that
had not been treated with either drugs or saline were then placed on
the platform. The time spent in each compartment during a 900-s
session was then recorded automatically using an infrared beam
sensor (KN-80, Natsume Seisakusyo Co. Ltd, Tokyo. Japan). Con-
ditioning sessions (three for morphine: three for saline) were started
the day after the pre-conditioning test and conducted once daily for
6 days. Groups of mice were pretreated with aripiprazole (10 or
20 mgfkg, s.c.), prochlorperazine (0.lor 0.3 mg/kg. s.c.) or their
vehicle (saline or 5% dimethyl sulfoxide (DMSO), respectively) at
30 min before morphine or saline injection. Immediately after s.c.-
injection of morphine at 5 mg/kg, these animals were placed in the
compartment opposite that in which they had spent the most time in
the pre-conditioning test for 1 h. On alternate days, these animals
were treated with saline after the pretreatment with aripiprazole,
prochlorperazine or their vehicle and placed in the other compart-
ment for 1 h. On the day after the final conditioning session, a post-
conditioning test that was identical to the pre-conditioning test was
performed.

24. Horizontal bar test

To minimize the effects of arousal and stress. mice were handled
gently and exposed to the testing site several times before measure-
ments. Catalepsy was evaluated by placing the animal with both
forelegs over a horizontal bar elevated 5 cm from the floor. The time (s)
for which the mouse maintained this position was recorded for up to
60 s. Caralepsy was considered to be finished when the forepaw
touched the floor or when the mouse climbed on the bar. A score was
assigned to each test based on the duration of the cataleptic posture
(score 1, between 15 and 29 s; score 2, between 30 and 59 s; score 3,
60 s or more).

2.5. In vive microdialysis study and quantification of dopamine release

Stereotaxic surgery was performed under sodium pentobarbital
(70 mg/kg. intraperitoneal injection) anesthesia. Mice were placed
in a stereotaxic apparatus and the skull was exposed. A small hole
was then made using a dental drill. A microdialysis probe (D-1-6-
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01; 1 mm membrane length; Eicom) was implanted into the
nucleus accumbens (from bregma: anterior, +1.5 mm; lateral,
-0.9 mm; ventral, -4.9 mm) according to the atlas of Paxinos and
Franklin (Paxinos and Franklin, 1997). The microdialysis probe was
fixed to the skull with cranioplastic cement At 24 h after
implantation, mice were placed in experimental cages (30 cm
wide=30 cm long=30 cm high). The probe was perfused con-
tinuously at a flow rate of 2 mi/min with aCSF containing 0.9 mM
MgCl,, 147.0 mM NaCl, 40 mM KCL and 1.2 mM CaCl,. Outflow
fractions were taken every 20 min. After three baseline fractions
were collected, mice were given morphine (10 mg/kg. s.c.) or saline
(1 ml/kg. s.c.). Aripiprazole (20 mg/kg, 5.c.) or vehicle (saline; 1 ml/kg.
5.c.) was injected 30 min before treatment with morphine or saline.
For this experiment, dialysis samples were collected for 180 min
after trearment with morphine or saline. Dialysis fractions were
then analyzed using HPLC (Eicom) with ECD (HTEC-500; Eicom).
Dopamine was separated by a column with a mobile phase con-
taining sodium acetate (3.76 gfl), citric acid monohydrate (6.74 g/l),
sodium 1-decane sulfonate (170 mg/l). EDTA (2Na: 5 mg/l). and
22% methanol. The mobile phase was delivered at a flow rate of
300 ml/min. Dopamine was identified according to the retention
times of a dopamine standard, and the amounts of dopamine were
quantified based on calculations using the peak areas.

2.6. Drugs

The drugs used in the present study were morphine hydrochloride
(Daiichi-Sankyo Co.. Tokyo, Japan), aripiprazole (Toronto Research
Chemicals Inc., Ontario, Canada) and prochlorperazine (Sigma-Aldrich
Co., St. Louis, MO, USA). Prochlorperazine was dissolved in 5% DMSO
containing physiological saline, and morphine hydrochloride and
aripiprazole was dissolved in physiclogical saline.

2.7. Statistical analysis

All data are presented as the mean+S.EM. The statistical
significance of differences between groups was assessed with
Student's t-test or two-way ANOVA, followed by the Bonferroni/
Dunnett test.

3. Results

3.1. Suppression of morphine-induced hyperlocomaotion by pretreatment
with either aripiprazole or prochlorperazine

Treatment with morphine (10 mg/kg, s.c.) produced a locomotor-
enhancing effect. Groups of mice were pretreated with aripiprazole
(3-20 mg/kg, s.c) or prochlorperazine (0.1-1 mg/kg s.c.) 30 min
before morphine (10 mg/kg) injection. Pretreatment with either
aripiprazole or prochlorperazine caused a dose-dependent suppres-
sion of morphine-induced hyperlocomotion (***P<0.001 vs. saline- or
vehicle-saline, #P<0.05, ##P<0.01 or ###P<0001 vs. saline- or
vehicle-morphine) (Fig. 1A, B). At the dose of aripiprazole which
dramatically reduced the increase in locomotion caused by morphine,
no hyper- or hypo-locomotion was observed compared to the saline
group.

3.2. Suppression of morphine-induced place preference by pretreatment
with aripiprazole or prochlorperazine

We next investigated whether pretreatment with aripiprazole (10
or 20 mg/kg) or prochlorperazine (0.1 or 0.3 mg/kg) could affect the
rewarding effect of morphine. Pretreatment with aripiprazole or
prochlorperazine inhibited the morphine-induced place preference
(*P<0.05 or **P<0.01 vs. saline- or vehicle-saline, #P<0.05 or
##P<0,01 vs. saline- or vehicle-morphine) (Fig. 1C, D).
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3.3. Effects of aripiprazole or prochlorperazine on catalepsy

Catalepsy values were obtained at 15, 30, 45 and 60 min after s.c.
administration of saline, aripiprazole (3-40 mg/kg) or prochlorper-
azine (0.1-1 mg/kg). The catalepsy scores were not changed by a single
s.C.-injection of aripiprazole (20 or 40 mg/kg), whereas a significantly
high score was noted with prochlorperazine (1 mgfkg) (*P<0.05,
**P<0.01 or ***P<0.001 vs. saline) (Fig. 2A, B).

represents the mean with SEM. 'P<u.us."'P-:O.m ve. saline- or vehicle-saline, #P<0.05, ##P<0.01 vs. saline- or vehicle-morphine. Numbers in

34. Change in the increased dialysate dopamine level induced by
morphine upon pretreatrment with aripiprazole

In the microdialysis study, the dialysate dopamine levels in the
mouse nucleus accumbens were markedly increased by s.c. injection of
morphine at 10 mg/kg compared with that induced by saline (Fiy g5~
15.47, P<0.01) (Fig. 2C). Under these conditions, the increased level of
dialysate dopamine in the nucleus accumbens stimulated by morphine
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was significantly decreased by pretreatment with aripiprazole at 4. Discussion

20 mglkg (F156=9.836, P<0.05, saline-pretreated vs. aripiprazole-

pretreated) (Fig. 2C). By itself, aripiprazole did not affect dopamine Several clinical studies have suggested that undue anxiety about
levels, psychological dependence on opioids in cancer patients has caused
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physicians and patients to use inadequate doses of opioids (WHO,
1996). It is widely accepted that the enhanced dopamine neuronal
activity is a key factor in the development of psychological
dependence on opioids (Narita et al,, 2001).

Delirium is an organic psychiatric syndrome characterized by
fluctuating consciousness and impaired perception, cognition, and
behavior (Sipahimalani and Masand, 1998; Trzepacz, 2000). Exposure
to opioids is associated with an increased risk of delirium in
hospitalized cancer patients (Gaudreau et al., 2007). An excess of
dopamine, glutamate, and norepinephrine, diminution of cholinergic
function, and disturbances in gamma-aminobutyric acid (GABA) and
serotonergic (5-hydroxytryptamine, 5-HT) activity have been impli-
cated in its pathogenesis (Trzepacz, 2000).

In the management of cancer pain, nausea and vomiting are some
of the most distressing adverse effects induced by opioids. Opioids
induce emesis through various mechanisms: i.e., via stimulation of the
chemoreceptor trigger zone in the brainstem and through enhanced
vestibular sensitivity (Costello and Borison, 1977; Rubin and Winston,
1950). Although several agents that act on receptors in the
chemoreceptor trigger zone are available, it has been determined
that dopamine transmission is mainly responsible for opioid-induced
nausea and vomiting.

Conventional antipsychotics that mainly act as dopamine D,
receptor antagonists have been considered by most clinicians to be
drugs of first choice for protecting against opioid-induced dopamine-
related symptoms (Aparasu et al., 1999; Ross and Alexander, 2001;
McNicol er al., 2003). However, most of these dopamine receptor
antagonists are frequently associated with extrapyramidal symptoms
(Tonini et al., 2004).

Aripiprazole is the first dopamine system stabilizer to mainly act as
a dopamine D. receptor partial agonist, which Is active against both
positive and negative symptoms of schizophrenia. Uniquely, aripipra-
zole has a low propensity for extrapyramidal side effects, causes
minimal weight gain or sedation, and produces no elevation in serum
prolactin levels or prolongation of the QTc interval on electrocardio-
gram (Naber and Lambert, 2004). It has been clearly shown that
aripiprazole has potent partial agonist activity at dopamine D and 5-
HT;a receptors and antagonist activity at 5-HT,, receptors (Li et al,
2004). In the present study, we first evaluated whether aripiprazole
could affect the severity of morphine-induced dopamine-related
actions.

It has been widely accepred that central dopaminergic systems
contribute to hyperlocomotion induced by morphine in mice (Narita
et al., 1993). As with the standard central dopamine D, receptor
antagonist prochlorperazine, which has been widely administered as
an anti-emetic drug for use with opioids, pretreatment with
aripiprazole caused a dose-dependent suppression of morphine-
induced hyperlocomotion. Similarly, we found that aripiprazole
inhibited the morphine-induced place preference. Various studies
have pointed out that the mesolimbic dopamine system is a critical
pathway for the initiation of opioid-induced reinforcement (Funada
and Shippenberg, 1996; Koob et al., 1998; Narita et al., 2001). In our
biochemical experiments, aripiprazole failed to displace [tylosil-3,5-
(3)H(N)]-|D-Ala(2), N-MePhe(4)Gly-ol(5)jenkephalin (|°H]DAMGO)
binding, which is a selective p-opioid receptor ligand, in the mouse
brain membrane, whereas it partially inhibited the guanosine 5'-0-(3-
thio) triphosphate ([**S]GTPyS) binding by dopamine but not
morphine in the membrane of the mouse limbic forebrain including
the nucleus accumbens, which is a terminus for the mesolimbic
dopaminergic pathway (Narita et al., personal communication). In the
present study, we found that pretreatment with aripiprazole caused a
significant suppression of morphine-induced dopamine release in the
nucleus accumbens. These findings suggest that a partial agonistic
effect of aripiprazole on central dopamine D, receptors may suppress

hyperlocomotion and the rewarding effects of morphine through both
blockade of the firing of mesolimbic dopaminergic neurons in the
ventral tegmental area and the competitive blockade of dopamine D
receptors in the nucleus accumbens.

In the present study, catalepsy was not observed after a single s.c.
injection of aripiprazole at high doses, whereas it was produced by high
doses of prochlorperazine. In a previous study, we demonstrated that
aripiprazole at doses lower than those used here significantly
suppressed morphine-induced retching or vomiting in ferrets (Shiokawa
et al,, 2007). Furthermore, aripiprazole did not appear to have any effect
on morphine-induced antinociception in mice (Narita et al,, personal
communication). Taken together, these findings suggest that aripipra-
zole may have a low propensity for extrapyramidal side effects and may
inhibit some of the distressing adverse effects of opioids.

In conclusion, we demonstrated here that morphine-induced
hyperlocomotion, reward and dopamine release were significantly
suppressed by pretreatrment with the novel dopamine system
stabilizer aripiprazole, whereas catalepsy was not produced by
aripiprazole itself. Although more biochemical and clinical studies
are required, we propose that the combination of aripiprazole with
opioids may pave the way for a new strategy for controlling pain and
suppressing the dopamine-related adverse effects of opioids.
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