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Fig. 9. (A) Effects of MEK inhibitors PD98059 (left) and U0126 (right) (3 or 10 nmol/mouse, i.c.v.) on the place conditioning
produced by morphine (5 mg/kg, s.c.) in normal mice. Ordinate: mean difference (s) between time spent during the post-
conditioning test and pre-conditioning test. Groups of mice were given i.c.v. with vehicle, PD98059 or U0126 at 30 min before
s.c. injection of morphine or saline. Each value represents themean = S.E.M. of 8—16 mice. *p < 0.05, **p < 0.01: vs. vehicle-
morphine group. (B) Atlas of the VTA at approximately bregma — 3.08 (according to the book by Paxinos and Frandlin, 2001).
The box indicates the positions of the VTA imaged in the present study. The immunoreactivity of tyrosine hydroxylase (TH) is
detected in the VTA. (C) Representative photomicrograph of phosphorylated-ERX (p-ERK) labeling in the VTA at 4 days after
sciatic nerve ligation. The white-colored dot or circle represents p-ERK-positive cells. Scale bars, 100 pm.

by nerve denervation and intraplantar infiltration of carragennan (Morgan and Franklin, 1990; Saade et
al., 1997). These findings indicate that the VTA may directly or indirectly receive nociceptive input with
pain-related inhibitory action. If that is the case, neuropathic pain-like stimulation may activate the
ascending inhibitory pathway from the spinal cord projecting indirectly to the VTA, resulting in the
intracellular changes including the decrease in ERK activity within VTA DAergic neurons (Fig. 10).
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Attenuation of the morphine-induced rewarding effect under chronic inflammation

Several animal models of continuous inflammatory nociception resembling human clinical conditions
have been developed and extensively studied in recent years. One such model involves the adminis-
tration of complete Freund’s adjuvant (CFA), carrageenan or formalin to the paw, joint or the tail to
produce chronic inflammation. Under inflammatory nociception, the suppression of the development of
tolerance to and physical dependence on morphine, changes in the endogenous opioid system, central
sensitization of dorsal horn neurons and enhancement of extracellular excitatory amino acids have been
observed (Iadarola et al., 1988; Skilling et al., 1988; Vaccarino and Couet, 1993; Vaccarino et al., 1993).
We found that morphine-induced place preferences was significantly attenuated in formalin-or
carrageenan-treated groups (Suzuki et al., 1996).

Many researchers have reported that k-opioid systems negatively affect various functions of p-opioid
systems. For instance, the development of tolerance to morphine-induced antinociception is completely
blocked by the co-administration of the k-opioid receptor (KOR) agonist, U-50,488H (trans-(18S,25)-
3,4-dichloro-N-methyl-N-(2-[ 1 -pyrollidinyl]cyclohexyl)bezeneacetamide) (Yamamoto et al., 1988). In
addition, intravenous (i.v.) injection with the endogenous KOR agonists dynorphin A(l1-13) and
dynorphinA. (2-17) suppresses the expression of tolerance to antinociception of morphine and
naloxone-precipitated withdrawal signs in morphine-dependent mice (Hooke et al., 1995). Our previous
study showed that U-50,488H markedly inhibited the rewarding effect of MOR agonists (Suzuki et al.,
1992). Therefore, to elucidate the mechanism underlying the suppression of -rewarding effects of
morphine under inflammatory nociception, the effects of pretreatment with k-and 6-opioid receptor
antagonists, nor-binaltorphimine (nor-BNI) and naltrindole (NTI), on the development of the morphine-
induced place preference under inflammation were examined. It is of interest to note that a significant
attenuation of the morphine-induced place preference in the formalin-treated animals was completely
reversed by pretreatment with nor-BNI, but not NTI. Furthermore, the morphine-induced increase in DA
release in the limbic forebrain was suppressed by inflammation, and this suppression was abolished by
the pretreatment with nor-BNIL. These results suggest that endogenous k-opioid systems may be
activated by chronic inflammatory nociception. The activation of k-opioid system may, then, inhibit
DA release in the N. Acc., resulting in the suppression of the development of rewarding effects
produced by morphine.

Conclusion

Our recent research suggests that activated spinal PKC plays a substantial role in the expression of a
neuropathic pain-like state. Activated spinal PKC causes the phosphorylation of spinal MOR,
indicating that this phenomenon is the one of key factor to suppress morphine analgesia by nerve
injury. This activation of spinal PKC leads to the stimulation of the ascending nociceptive pathway,
resulting in the changes in neurotransmission at supraspinal levels. In the behavioral study, we
comfirmed that animals with chronic pain failed to exhibit the morphine-induced rewarding effect. This
phenomenon strongly supports the clinical situation that psychological dependence on morphine is not
a major concern of patients with chronic pain. It should be pointed out that sciatic nerve injury causes
specific uncoupling between MOR and G-proteins in the VTA and produces a sustained and reduction
in ERX. activities of DAergic neurons in this area. In contrast, the enhanced k-opioidergic system is
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directly involved in the suppression of the morphine-induced rewarding effect under inflammation.

These findings strongly indicate that treatment of morphine could be highly recommended for the relief
of severe chronic pain.
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Direct Evidence for the Involvement of the Mesolimbic
x-Opioid System in the Morphine-Induced Rewarding
Effect Under an Inflammatory Pain-Like State
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Recent clinical studies have demonstrated that when morphine is used to control pain in cancer patients, psychological dependence is not
a major concem. The present study was undertaken to ascertain the modulation of psychological dependence on morphine under a
chronic pain-like state in rats. The prototypical p-opicid receptor agonist morphine (8 mgikg, ip.) induced a dose-dependent place
preference. In the present study, we found that an inflammatory pain-fike state following formalin injection significantly suppressed the
morphine-induced rewarding effect. This effect was almost reversed by s.¢. pretreatment with the xc-opioid receptor antagonist nor-
binaltorphimine (nor-BNI, 5 mg/kg). Furthermore, the maorphine-induced increase in doparnine {DA) turnover in the limbic forebrzin was
significantly inhibited by treatment with formalin. This inhibition was also suppressed by pretreatrment with nor-BN. In addition, in vivo
microdialysis studies clearly showed that the morphine-induced increase in the extracellular levels of DA and its metabalites, 3,4-
dihydroxyphenylazetic acid and homovanillic acid, in the nucleus accumbens {N.Acc)) was significantly decreased in rats that had been
pretreated with fermalin. This effect was in tum reversed by the microinjection of a specific dynorphin A antibody into the N.Acc. These
findings suggest that the inflammatory pain-like state induced by formalin injection may have caused a sustained activation of the -
opioidergic system within the N.Acc., resulting in suppressicn of the morphine-induced rewarding effect in rats. The present study

INTRODUCTION

The World Health Organization publication Cancer Pain
Relief (WHO, 1996) proposed a method for the relief of
cancer pain based on a small number of relatively
inexpensive drugs, including morphine. This approach is
now used worldwide.

Recent clinical experience has shown that when morphine
is used to control pain in cancer patients, psychological
dependence is not a major concern (WHO, 1996). However,
undue anxiety about psychological dependence on mor-
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provides further evidence of the clinical usefulness of morphine in patients suffering from severe pain.
Neuropsychopharmacclogy (2005) 30, 111-118, advance online publication, 14 July 2004; doi:10.1038/s.npp. 1300527

Keywords: opiocid; inflammatory pain-like state; morphine dependence; nucleus accumbens; rat

phine in cancer patients has caused physicians and patients
to use inadequate doses of opioids. Nociceptive stimuli
produced physiological changes in the levels of some
proteins and neuropeptides in dorsal horn neurons (Dubner
and Ruda, 1992; Narita et al, 2000). We reported previously
that morphine failed to induce rewarding effects under a
neuropathic pain-like state induced by sciatic nerve ligation
in the rat and mouse (Qzaki et al, 2002, 2003). Furthermore,
this pain-like state leads to a reduction in p-receptor
function in the ventral tegmental area (VTA; Ozaki et ai,
2002, 2003), which is the origin of the mesolimbic
dopaminergic system and the major neural substrate of
the rewarding effect produced by opioids (Koob, 1992;
Nestler, 1996; Narita et al, 2001). These findings suggest that
a state of pain could lead to physiological changes in
neurotransmission at supraspinal levels, which could be
responsible for the decrease in psychological dependence on
opioids.

We also reported that morphine failed to induce
rewarding effects under an inflammatory pain-like state
produced by formalin or carrageenan (Suzuki et al, 1996,
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1999, 2001). However, there is, if any, direct evidence
regarding possible changes at the supraspinal level after
inflammation. Therefore, the aim of the present study was
to investigate the modification of the rewarding effect
induced by morphine under an inflammatory pain-like state
produced by formalin injection.

EXPERIMENTAL PROCEDURES

The present study was conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory
Animals, Hoshi University, as adopted by the Committee on
Animal Research of Hoshi University, which is accredited
by the Ministry of Education, Culture, Sports, Science, and
Technology of Japan. Every effort was made to minimize the
numbers and suffering of animals used in the following
experiments.

Animals

Male Sprague-Dawley rats (200-300g) were obtained
from Tokyo Laboratory Animals Science, Co., Ltd (Tokyo,
Japan). The rats were housed at a room temperature of
23+41°C with a 12 h light-dark cycle (light on 0830-2030h),
and were allowed to adapt to this environment for 1 week
before the experiments. Food and water were available
ad libitum,

Induction of Inflammation

Formalin (2.5%, 50pd) or vehicle (saline, 100pl) was
injected into the plantar surface of the right hind paw. Rats
treated with formalin were housed individually.

Place Conditioning

Place-conditioning studies were conducted using an appa-
ratus consisting of a shuttle box (width 30cm x length
60cm X height 30cm) that was made of an acrylic resin
board and divided into two colored compartments of equal
size. One compartment was white with a textured floor and
the other was black with a smooth floor. Conditioning
sessions (two for morphine :two for saline) were started on
the first day after formalin and vehicle injection into the rat
paw, and conditioning was conducted once daily for 4 days
(Suzuki et al, 1996, 1999, 2001). Immediately after ip.
injection of morphine (2-8 mg/kg), rats were placed in one
compartment for 50min. On alternate days, rats were
treated with saline and placed in the other compartment for
50 min. The order of injection {morphine or saline} and
compartment was counter-balanced (unbiased) across the
subjects. The x-opioid receptor antagonist nor-binaltorphi-
mine (nor-BNI, 5mg/kg) was administered s.c. 6h before
i.p. treatment with morphine. On day 5, tests of condition-
ing were performed as follows: the partition separating the
two compartments was raised to 12cm above the floor, a
neutral platform was inserted along the seam separating the
compartments, and rats that had not been treated with
morphine or saline were placed on the platform. The time
spent in each compartment during a 900 s session was then
recorded automatically with an infrared beam sensor (KN-
80, Natsume Seisakusyo Co., Ltd, Tokyo, Japan). CPP scores
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represent the time spent in the drug (morphine)-paired
place minus the time spent in the saline-paired place. All
sessions were conducted under conditions of dim illumina-
tion (28lux lamp) and white masking noise. Each group
consisted of 8-10 rats.

Quantification of Dopamine Turnover

Using high-performance liquid chromatography with electro-
chemical detection (HPLC-ECD), the dopamine (DA), 3,4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA) levels were determined as previously described
(Narita ef al, 1993). Rats that had been pretreated with s.c.
injection of nor-BNI {5 mg/kg) or saline were killed 30 min
after s.c. injection of saline (1 ml/kg) or morphine (5mg/
kg). The brain was removed quickly, and the limbic
forebrain (containing nucleus accumbens (N.Acc.) and
olfactory tubercles) and the striatum were dissected on an
ice-cold metal plate. The tissues were homogenized in 500 pl
of 0.2M perchloric acid containing 100 uM EDTA (2 Na)
and 100ng isoproterenol as an internal standard. The
homogenates were then centrifuged at 20 000g for 30 min at
4°C, and the supernatants were maintained at pH 3.0 using
1 M sodium acetate, Samples were analyzed by HPLC-ECD.
The HPLC system consisted of a delivery system (EP-10,
Eicom Co., Kyoto, Japan), an analytical column {Eicompac,
MA-50DS, Eicom Co.), and a guard column (Eicom Co.).
DA and its metabolites were separated by a column with a
mobile phase containing sodium acetate (0.1 M), citric acid
monohydrate (0.1 M), sodium 1-octane sulfonate (170 mg/l),
EDTA (2Na) (10mg/l), and 15% methanol. The mobile
phase was delivered at a flow rate of 1.0 ml/min. DA and its
metabolites were identified according to the retention times
of these standards, and the amounts were quantified by
calculating the peak areas. The DA turnover, ‘DA ratio’, was
calculated as (DOPAC + HVA)/DA.

Surgery

Stereotaxic surgery was performed under sodium pento-
barbital (50 mgfkg, s.c.) anesthesia. Rats were placed in a
stereotaxic apparatus and the skull was exposed. A small
hole was then made using a dental drill. A guide cannula
(AG-8, Eicom Co.) was implanted into the N.Acc. (AP:
+ 1.5mm and L: —L5mm from the bregma; V: —7.0 mm
from the surface of the skull) according to the atlas of
Paxinos and Watson (1998). The guide cannula was fixed to
the skull with cranioplastic cement.

Microinjection and In Vivo Microdialysis

At 2-3 days after surgery, the animals were anesthetized
with diethyl ether and injected with dynorphin A antibody
(1:100) diluted in saline or saline alone in a volume of
2.0ul/rat into the N.Acc, via a guide cannula using a
Hamilton syringe at an infusion rate of 1.0pl/min. These
infusions were delivered over 2min and the rats were
returned to their home cages after microinjection. At 1h
after microinjection, microdialysis probes (AI-8-2; 2mm
membrane length, Eicom Co.) were slowly inserted into the
N.Acc, through the guide cannulas under anesthesia with
diethyl ether, and rats were awakened and placed in the



experimental cages (width 30cm x depth 30cm x height
30cm). The probes were perfused continuously at a flow
rate of 2.0 W/min with artificial cerebrospinal fluid {aCSF)
containing 147.0 mM NaCl, 4.0 mM KCl, and 2.3 mM CaCl,
(pH 5.4). Outflow fractions were taken every 20 min. After
three baseline fractions were collected, rats were treated
with i.p. injection of morphine (8 mg/kg) or saline (1 ml/kg).
For these experiments, dialysis samples were collected for
200 min after treatment with morphine or saline. Dialysis
fractions were then analyzed using HPLC (Eicom Co.) with
an ECD (Eicom Co.) system. The animals were killed by
decapitation under sodium pentobarbital anesthesia at the
end of the experiments. The brains were removed and the

localization of the probes was confirmed by staining with
" Cresyl Violet.

Quantification of Dopamine and Its Major Metabolites

DA was separated by a column with a mobile phase
containing sodium acetate (3.95g/1}, citric acid mono-
hydrate (7.18g/l), sodium l-octane sulfonate (140 mg/l),
EDTA (2Na; 5mg/l), and 17% methanol. The mobile phase
was delivered at a flow rate of 0.21 ml/min. DA, DOPAC,
and HV A were identified according to the retention times of
the standard, and amounts were quantified by calculating
peak heights.

Drugs

The drugs used in the present study were formaldehyde
solution (Wako Pure Chemical Ind., Ltd, Osaka, Japan)},
morphine hydrochloride (Sankyo Co., Tokyo, Japan), and
dynorphin A antibody (1-17) {Phoenix Pharmaceuticals,
Inc., Mountain View, CA, USA). The specificity of this
antisera has been determined by radioimmunoassay or
ELISA. Briefly, this antibody did not show any cross-
reactivities  with  endomorphin-1,  endomorphin-2,
Met-enkephalin, Leu-enkephalin-Lys, f-endorphin or f-
neoendorphin (Tseng et al, 2000). Nor-BNI was synthesized
by Dr Nagase (Toray Ind,, Ltd, Kanagawa, Japan). All drugs
were dissolved in sterile saline.

Statistical Analysis

Baseline microdialysis data were calculated as concentra-
* tions in the dialysates. Other microdialysis data were
expressed as percentages of the corresponding baseline
level. The data are expressed as the mean with SEM. The
statistical analyses were performed using one-way and two-
way analyses of variance with the Bonferroni/Dunn test.

RESULTS

The formalin-treated paws remained significantly swollen
for 11 days (F(1,10) =511.54, p<0.001, Figure 1a). Further-
more, mechanical hyperalgesia in the formalin-treated paw
persisted for 9 days after formalin injection (F(1,16) = 14.594,
p<0.01, Figure 1b). The time course of swelling paralleled
that of the paw withdrawal threshold.

Under these conditions, we investigated whether the
inflammatory pain-like state following formalin injection
could affect the rewarding effect produced by merphine.
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Figure | Time-course change in paw thickness (a) and withdrawal

threshold (b) after the injection of formalin. Formalin-treated paws
remained significantly swollen for 11 days. Furthermore, the pressure
threshald in formalin-treated paws was markedly attenuated for 9 days.
Each point represents the mean with SEM for 6 to 12 rats. **p<Q0I,
w005 < 0,001 vs vehicle-treated group.

The ip. injection of morphine produced a dose-related
place preference in rats that had been treated with vehicle
into the hind paw (F(3,30) =5.89, p <0.01, Figure 2a). This

effect was significantly suppressed under the inflammatory

pain-like state following formalin injection {F(1,15)=5.11,
p<0.05, Figure 2a). In contrast, s.c. pretreatment with nor-
BNI (5 mg/kg) dramatically reversed the suppression of the
morphine (8 mg/kg)-induced place preference in rats that
had been treated with formalin (F(1,14) =4.89, p<0.05,
Figure 2b).

Since it is generally accepted that activation of the
mesolimbic DAergic system is critically linked to the
expression of the rewarding effect of morphine, we next
investigated whether the suppression of the rewarding effect
induced by morphine in rats treated with formalin could
result from the changes in DA turnover in the limbic
forebrain region including the N.Acc. The contents of DA
and its metabolites in the rat limbic forebrain and striatum
are shown in Table 1. None of the vehicle- or formalin-
treated rat brain tissues exhibited a significant difference in
the contents of DA and its metabolites. The DA turnover in
the limbic forebrain and striatumm was significantly in-
creased by i.p. injection of morphine (Jimbic forebrain;
F(1,10)=132.77, p<0.001, striatum; F{1,10)=158.45,
p<0.001, Figure 3a,b). The morphine-induced increase in
DA turnover in the limbic forebrain region, but not the
striatum, was significantly suppressed in formalin-treated
rats (limbic forebrdin; F(1,10)=5.50, p<0.05, striatum;
F(1,10)=0.09, NS, Figure 3a,b). Interestingly, this
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Figure 2 Effect of pretreatment with nor-8Ni on the suppression of the
place preference induced by morphine (2-8mghkg ip) under ‘an
inflammatory pain-like state. (a) The morphine-induced rewarding effect
was suppressed in rats treated with formalin. (5) The suppression of the
morphine-induced rewarding effect by formalin injection was reversed by
s.C. pretreatment with nor-BNI {5 mg/kg). The ordinate represents the
preference for the drug-paired place. Each column represents the mezn
with SEM for 8 to 10 rats. **p<0.0] vs Vehicle/Saline/Saline group,
*p <005 vs Vehicle/Saline/Morphing group, *p<0.05 vs Formalin/Saline/
Morphine group.

suppression of morphine-induced DA turnover in formalin-
treated rats was significantly reversed by pretreatment with
5 mg/kg of nor-BNI (F(1,10) = 14.98, p<0.01, Figure 3a).
We next demonstrated using in vive microdialysis studies
whether the w-opioidergic system was responsible for
suppression of the morphine-induced activation of meso-
limbic DA neurons under an inflammatory pain-like state.
Figure 4 shows the placement of microdialysis probes
within the N.Acc. Regions that contained probes were
localized in the N.Acc. Only data from rats in which probes
had been accurately inserted in the N.Acc. were used for
subsequent statistical analysis. There were no differences in
levels of DA, DOPAC, and HVA among the groups (Table 2).
The extracellular level of DA in the N.Acc, was markedly
increased by i.p. injection of morphine (8 mg/kg) in the
vehicle-treated control group {Vehicle/Saline/Saline group
vs  Vehicle/Saline/Morphine  group, F(1,84)=15.61,
p<0.001, Figure 5), whereas it was significantly decreased
by pretreatment with formalin in the hind paw (Vehicle/
Saline/Morphine group vs Formalin/Saline/Morphine
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Table | Levels of Dopamine {DA) and its Major Metabolites
(DOPAC and HVA) in the Limbic Forebrain and Striatum of Rats
Treated with Morphine or nor-BNI (5 mgfkg) Following the
Injection of Vehicle or Formalin

Contents {ng/g of wet tissue)

DA DOPAC HVA
Limbicfore brain
Saline (ip.)
Vehicle+Saline ?1925+7716  1030.3+734 6940+99.3
Vehicle+nor-BNI 6561344129 846,94 50.1 53334439
Formalin+Saline 868374521 998.2+29.2 67874313
Formalin+nor-BNI - 5763943679 63594530 44554272
Morphine {8 mg/kg ip.)
Vehicle+Saline 96499 £4198 2011041570 148674823
Vehicle+nor-8NI 107917 £3700 20681 £994 156694771
Formalin+Saline 8635.1 £6846  13588+546 1030313846
Formalin+nor-BNIl (0591242832  2037.3+8%3  14849+482
Striaturn
Saline (ip.)
Vehicle+Saline 25694749620 21584+ 1175 155394845
Vehicle+nor-BNI 190705+328%  1657.5+225  1395.0+789
Formalin+Saline 265961 £9980 2158841021 I57C6+6%.4
Formalin+nor-BNI - 195141 £1501.6 15372+ 163.1 1371941396
Morphine (8 mgfkg ip.}
Vehicle+Saline 288270411623 3537911761 3174941023
Vehicle+nor-BNI 29385346860 35323+ 1390 308984736
Formalin+Saline 285376412435 3496512080 34089 +£3003
Formalin+nor-BNI - 29499.64 15275 3628641821 3238311387

Each value represents the mean with SEM of 6 to 8 rats.

group, F(1,96) = 25.53, p<0.001, Figure 5). Microinjection
of the specific antibody to dynorphin A into the N.Acc. did
not affect the morphine-induced increase in the extra-
cellular level of DA in the vehicle-treated control group.
Under these conditions, the suppression of the morphine-
induced increase in the extracellular level of DA in the
N.Acc. produced by intraplantar injection of formalin was
almost reversed by the microinjection of dynorphin A
antibody into the N.Acc. (Formalin/Saline/Morphine group
vs Formalin/Dynorphin A antibody/Morphine group,
F(1,96) = 19.61, p<0.01, Figure 5).

The i.p. injection of morphine also produced a significant
increase in the major DA metabolites DOPAC (Vehicle/
Saline/Saline group vs Vehicle/Saline/Morphine group,
F(1,84) =41.69, p<0.001, Figure 6a) and HVA (Vehicle/
Saline/Saline group vs Vehicle/Saline/Morphine group,
F(1,94) =93.79, p <0.001, Figure 6b} in the vehicle-treated
group. In contrast, these effects were significantly attenu-
ated in rats that had been treated with formalin (DOPAC;
Vehicle/Saline/Morphine  group vs  Formalin/Saline/
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Figure 3 Effect of pretreatment with nor-BNI (5mg/kg, s.c) on the
suppression of DA tumover induced by morphine (8 mg/kg, ip.) under an
inflammatory pain-like state. The morphine-induced increase in DA
tumnover in the limbic forebrain (a), but not the striatum (b), was
suppressed in rats that had been treated with formalin. The suppression of
morphine-induced DA tumaover by formalin injection was reversed by s.c.
pretreatment with nor-BN, Each column represents the mean with SEM of
68 rats, The DA turnover (DA ratio) was calculated as (DOPAC + HVA)/
DA, **#p<0.00( vs Vehicle/Saline or nor-BN!/Saline group, *##p <0001
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group.

Morphine group, F(1,84) =41.69, p <0.001, Figure 6a; HVA;
Vehicle/Saline/Morphine group vs Formalin/Saline/Mor-
phine group, F(1,96) = 54.20, p <0.001, Figure 6b). Further-
more, the suppression of the morphine-induced increase in
the extracellular Jevel of DA metabolites in the N.Acc. in rats
that had been treated with formalin was almost reversed by
the intra-N.Acc. injection of dynorphin A antibody
(DOPAC; Formalin/Saline/Morphine group vs Formalin/
Dynorphin A antibody/Morphine group, F(1,84)=8.69,
p<0.05, Figure 6a; HVA; Formalin/Saline/Morphine group
vs Formalin/Dynorphin A antibody/Morphine group,
E(1,108) = 25.53, p<0.001, Figure 6b).
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Figure 4 Localization of microdialysis probes in the N.Acc in rats.
Stippled lines represent regions in the rat brain that contained probes. The
schematic brain sections are from the atias of Paxinos and Watson (1998).

Table 2 Basal Dialysate Levels of Dopamine {DA) and its Major
Metabolites (DCPAC and HVA) in the N.Ace. of Vehicle- or
Formalin-Treated Rats

Group DA (rM) DOPAC (nM) HVA (nM)

Vehicle/Saline/Saline 1144022 2583345196 23009+3473
Vehicle/Saline/Morphine LI3E03 2892243977 21004+25.16
Formalin/Saline/Saline [42+03% 23608+7058 1919745156
Formalin/Saline/Morphine 1224028 2977445786 1965043062
Vehicle/Anti-Dyn A/Morphine  1.0740.15 2788444956 24803+3342
Formalinf/Anti-Dyn A/Morphine 1.144+0.34 3100747168 23795 147.85

Each value represents the mean with SEM of 6 to 8 rats.

DISCUSSION

Many studies have pointed to the mesolimbic DAergic
system, projecting from the VTA of the midbrain to the
N.Acc., as the critical substrate of the rewarding effect of
morphine (Koob, 1992; Nestler, 1996; Narita et al, 2001).
t-Opioid receptor agonists have been shown to increase
DAergic signals in the N.Acc. via the activation of DA cells
in the VTA, an area that possesses high densities of y-opioid
receptors {Garzon and Pickel, 2001). We reported pre-
viously that the enhancement of DA turnover in the
mesolimbic forebrain area containing the N.Acc. induced
by morphine was associated with the expression of a
rewarding effect by morphine (Funada et al, 1993; Narita
et al, 2001). In the present study, we found that the injection
of formalin into the plantar surface of the hind paw
suppressed both the rewarding effect and activation of the
mesolimbic DA system induced by morphine in rats. These
results suggest that the mesolimbic DA system may not be
facilitated by p-opioid receptor agonists under an inflam-
matory pain-like state.
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Figure 5 Effect of pretreatment with an antibody specific to dynorphin
A (Anti-Dyn A) into the N.Acc. on the extracellular level of dopamine in
the NLAcc. induced by momphine (8 mg/kg, i.p.} under an inflamrnatory pain-
like state. The morphine-induced increase in dopamine release in the
N.Ace. was suppressed in rats that had been treated with formalin, The
suppression of the morphine-induced dopamine release by formalin
injection was reversed by the intra-N.Acc. injection of Anti-Dyn A. Data
are expressed as a percentage of the corresponding baseline levels with
SEM of 4 to 5 rats. #p < 0.05, **p <001, ***p <0.00] Vehicle/Saline/Saline
group vs Vehicle/Saline/Morphine group. “p<C.05, #h <001 Vehicle/
Saline/™Morphine group vs Formalin/Saline/Morphine  group. $p <0.08,
5«00l Formalin/Saline/Morphine group vs Formalin/Anti-Dyn A/
Morphine group.

In a previous study, we observed that intra-VTA
microinjection of the selective p-opioid receptor agonist
[D-Ala®,NMPhe*,Gly(ol)*]enkephalin (DAMGO) produced a
significant decrease in the extracellular y-amino butyric
acid (GABA) level in the VTA, indicating that disinhibition
may be the key role of y-opioid receptor-mediated function
in the VTA, This contention can be supported by the
finding that morphine and DAMGO each inhibits the firing
frequency of non-DA cells in the VTA (Johnson and Nerth,
1992; Bonci and Williams, 1997). These findings strongly
suggest that the activation of y-opioid receptor in the VTA
may facilitate the mesolimbic DA system through the
inhibition of GABAergic neurotransmission in the VTA,
resulting in the induction of a rewarding effect induced by
p-opioid receptor agonists. Considering this background,
we first hypothesized that either GABAergic or u-opioider-
gic systems in the VTA could be altered by formalin
injection. However, this is not a major effect, since the
baseline levels of DA and its metabolites in the N.Acc. were
not affected at all under an inflammatory pain-like state.
These findings support the idea that other modulatory
systems linked to the mesolimbic DA system might be
altered under an inflammatory pain-like state.

Several lines of evidence indicate that the x-opicidergic
system negatively modulates the DA-related actions
mediated by p-opioid receptors (Funada et al, 1993; Narita
et al, 1993, 2001). We found previously that pretreatment
with the x-opioid receptor agonist U50,488H at a dose that
alone did not produce place aversion suppressed both the
place preference and the elevation of DA metabolites in the
rat limbic forebrain produced by morphine (Funada et al,
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Figure 6 Effect of pretreatment with an antibody specific 1o dynorphin
A (Anti-Dyn A) into the NLAce. on the extraceflular levels of COPAC (a)
and HVA (b) in the N.Acc. induced by morphine (8 mg/kg, i.p) under an
inflammatory pain-like state. The morphine-induced increase in DOPAC
and HVA in the N.Acc. was suppressed in rats that had been treated with
formalin, The suppression of the morphine-induced increase in the
extracellular levels of DOPAC and HVA was reversed by the intra-
N.Acc. injection of Anti-Dyn A in rats that had been treated with formalin,
Data are expressed as a percentage of the corresponding baseline levels
with SEM of 4 to 5 rats. *p <005, *#p <001, ***p <0.00] Vehicle/Saline/
Saline group vs Vehicle/Saline/Morphine group. *p <005, **p<001,
*H < 0.001, Vehicle/Saline/Morphine group vs Formalin/Saline/Morphine
group. ¥p <0.05, ¥p <001, ¥% <0001, Formalin/Saline/Morphine group
vs Farmalin/Anti-Dyn A/Morphine group.

1993; Narita et al, 2001). In addition, the increase in the
extracellular level of DA produced by morphine was
attenuated by the microinjection of x-opioid receptor
agonist into the N.Acc., but not into the VTA (Spanagel
et al, 1992), implying that the x-opioidergic system within
the N.Acc. may play an important role in the negative
modulation of the mesolimbic DA-dependent motivational
effect produced by p-opioid receptor agonists.

Previous studies have demonstrated that the levels of
dynorphin and pre-prodynorphin mRNA in some brain
regions are increased under inflammatory pain-like states
induced by the injection of carrageenan and complete
Freund’s adjuvant (Millan et al, 1987; Dubner and Ruda,
1992). These findings suggest that a state of chronic pain
could lead to physiological changes in k-opioidergic
neurotransmission in the brain. In the present study, we
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found that the elevation of DA turnover in the limbic
forebrain induced by morphine was significantly sup-
pressed by formalin injection and this effect was reversed
by the selective x-opioid receptor antagonist not-BNI. In
addition, the suppression of the morphine-induced increase
in the extracellular levels of DA, DOPAC, and HVA in the
N.Acc. following formalin injection was also reversed by the
microinjection of an antibody specific to dynorphin A into
the N.Acc. of rats that had been treated with formalin.
Dynorphin A antibody failed to affect the basal level of DA
in the N.Acc. following formalin injection, implying that
this antibody has a specific effect on the morphine-induced
increase in the extracellular levels of DA in the N.Acc. The
injection of formalin did not directly affect the basal levels
of DA, DOPAC, and HVA. These results support the
fascinating possibility that the mild or moderate increase
in the release of dynorphin A from x-opioidergic terminals
within the N.Acc. under an inflammatory pain-like state
may not affect the basal state of the mesolimbic DA system.
However, it may inhibit the overshooting of the mesolimbic
DA system facilitated by morphine, resulting in suppression
of the morphine-induced rewarding effect (Figure 7).

Normal state
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Endogenous u- and k-opioidergic systems can be
physiologically balanced under a normal state. After
morphine treatment, u- oplolderglc systems are super-
fluously excited, which may in turn upset the balance of
the endogenous y- and x-opioidergic systems. This disrup-
tion may lead to the development of psychological
dependence on morphine under a normal state. On the
other hand, inflammatory pain may facilitate the endogen-
ous k-opioidergic system within the N.Acc., leading to
negative modulation of the mesolimbic DA system. Under
this condition, the biased balance of endogenous y- and k-
opioidergic systems due to inflammation may actually be
improved by morphine treatment. Therefore, psychological
dependence on morphine may not be developed under an
inflammatory pain-like state (Figure 8).

In conclusion, we demonstrated here that both the
rewarding effect and facilitation of the mesolimbic DA
system produced by morphine were significantly sup-
pressed in rats that had been treated with formalin, These
effects were reversed by blockade of the endogenous «-
opioidergic system in the N.Acc. These findings raise the
possibility that an inflammatory pain-like state may cause a
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Figure 7 A schematic drawing of the suppression of the rewarding effect produced by morphine under an inflammatory pain-like state. In a rormal state,
morphine produces an increase in dopamine release in the N.Acc. through disinhibition of the GABAergic system in the VTA, resulting in the expression of a
rewarding effect. In contrast, the morphine-induced rewarding effect is suppressed under an inflammatory pain-like state, due to the inhibition of dopamine
release at doparinergic terminals through facilitation of the endogenous r-opicicergic system within the N.Acc.
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c
Inflammatory pain-like state

Inflammatory pain-like state
with morphine

Normal state with morphine

Figure 8 A schematic drawing of the presumed physiclogical balance
between the endogemous p- and k-opicidergic systems within the
mesolimbic depaminergic system under normal and inflammatory pain-
ke states. {a} Endogenous g- and k-opioidergic systems may be balanced
under a normal state. (b) Since p-opioidergic systems are superflucusly
facilitated by morphine, psychological dependence on morphine develops.
{c) ©On the other hand, inflammatory pain may cause a marked activation of
the endogencus k-opicidergic system. {d) Several lines of evidence have
demonstrated that activation of the x-opioidergic system suppresses the
morphine-induced rewarding effect in rodents. Thus, we propose that
psychological dependence on morphine may not develop under a state of
inflammatory pain due to the activation of endogenous x-opicidergic
systems. Therefore, adequate treatment of patients with morphine is highly
recommended for the relief of severe chronic pain.

sustained facilitation of the x-opioidergic system within the
N.Acc., resulting in suppression of the morphine-induced
rewarding effect in rats.
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