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HEHLERIE, OBRLTWAEEENLERE2E T 2B OMH, OFEDEERR, Z
SUNOA P LARBEOIEEEEZONTWS, T, BYBERTHFERRBRELLT, 30
DFHENH L. € P TOBEFERERE LM LAZKEL LT, betweensession D dH 5.
COHEE, BEWHOKRSER, HEERL S NCEYRFTHOFERBROMIIEhENE
AR DDOTHS, LALENFS, AERBIIRBOBELICI Y RBIZLAS-HL
RIS s 2R d Y, BETHFRAGE L TR ELEHASHELRCEICERYPS 5.
IO HELON, withinsessionETH A, ZOHETIE, EYWHCKSTHLERSE
721810, A2~ 3EOEATEYHOHKSER, HEERIHEY CRYRETHOFRER
BF1ETY). COFETREYVBELOFBRMNTEEL %555, RRIZEWSERAE LLIRET
EYHERITEORERZ 1T ) A CHE L OMBEEIE S hy. SOIGEERVLRAE L)%
7277175 between-within-session i T 5. EWHCRGITHOEBHEO, KEDOBERICH
FEBR L EYERTHOFHRBEZRN ) FETH . ZOHER, HEERICHEETE
B WED O BRELM L EYERTHRBOBREARLGETHFALFEL LTRVWLNRT
Wb,

O EYRFTHOHERTF

BT SAILITHRE  BRL WY LU LR A T2 EWOMAICL-T, &b
TRAESICBELERT S, BPERCBVTCE, A—F2R3BULERzROEROLE
B EWT T4 IV IRE) LKoo TEPRENTE UA—WLITE) PFEEINDG. Y
7543 v RS XAEYRERTHORBRE, ThF TEYAIRBEIR L EDHMR
ALTRIAEZEZONTER, LrLEDYS, 2h 4 YRHFRUE 33 ¥ DiIZEHEHE
AL B, ah A YRETENE RS VDI REMMEBERIC I o TR IR WY, T,
ENEFOBARBEHAMEIREACLY, ~Of YRETESFFRINLSY, Bl
A VRIRABICRBIE LBV, Z0X) I, EYRIEESRLTY, EMRFETHZ LT
LIFRTIRTIIRL, FL2OBBRBTHLENTH 5. T2, and4 v 754377
BECEBand VEFRITEIEN VT E ) 4 FCBERAFREREC LTRSS h B, a7
A VHCHRSFHRMH I ZWY, Z0X), BWT T4 IV IREC L HRWRRTH
DOFBHEE L, EPBERTHORBRELLTLIFA-—TR2VWEIRKRI NS,

HARDERE (cue) ; EHBMERI & L CTid, discrete cue, discriminative cue’z 5 UM
contextual cue D3FHEAHV LN T W5, EYECOHRSTHESERICBVWTEYEALR
BB ENE / ROBEHMME S 25, BYFHE LN WHEAR TR, HEMHLERIN
v, ZORETCHUCEYEENHE LCH i 5225 L EPFERTEIFTEI ALY,
ZOEBRTH BB E discrete cue & IR, —77, BYRERITEII S E O METE
CORMIET 2E% X YT 5 DA discriminative cue TH 5. FEWHCRKSTEOESE
BBV T U= LS AR ES RS BRI (SY) 2oL - LRSI E
BAEBIEAICEYN S BENH (S°) E0200lEie 525, ZOL) REHFTTIE, EY
FHRAHIIS HBERCIYVRERAL, STHEERTEIERLLWY, EPEFBELO0LO%
cue ¥ A DA, contextual cue TH S, Y H OS5 ITEHIHERBER T discrete cue & FIFD
AH Y2 — VTERT D, HZARIIEYENRE L2 RRIERFEZAVTTY. £0
%, EYEIRELFE—OEE EWEENE) AN TEDRERTHOFEARAREITHI L, F
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—HBEAOREI L ) EYWRETHIFLSNDL Y. COERP L, BYWRFTHORERIIE
HY BTSSR ELRRT L2 FNGH9 5.

ZARLZR;APLARL L TARPHERTEANT H2FRE LT, RESLEYIAICFZH]
Fhr—2AWhbH. T, BEREEOFEHENRA N LAKRIE, Tra—n - EYEHZED
BHEROTHR  BRIZEDLIELHONTVA, ZOX) RIRRIEIEShLE, AL
ZEBIZER S, A NLARTFHSNAEES T CTLERREE - BYBIUTHNFREINS X
312 s, BiEAVERACKRSEREIIBVTD, A MLAL Lo CTEYRRTHIFH
BENLZEFMONTWS, A LV AOF TR D —HRIIHE S TWwbHDidfoot shock A b L
2 TH 5. foot shock A ML AZBEEICE 2 2B CEHLEYRETHIFTHEING.
Shalev 5 1%, EWEHORE5EBREBN Tloot shock 2 M VAR RE L HETOAEYREST
BAERSNLIBELZREL, AN ARREETIRENEETH L LHERTTITWEY. &6
12, A NLVABEREOANTAL CERTEIE, BEEZT CREANY, BEMICHRINI1ZEHRI
Y2 128 2B HLPICENTWS, —F, Gery¥r@E/ 7 FLFUy (NA) s
PREL, REBEREZRITESXMONTVAS, oIy EVEEYEA Ly - L
THWHN, ~"O4 vyBIUah{ VERTE2FRTIEIFhoTEY, —F, avsF
aRFU Y ANF V= VO E R 5 EIE RNV E Y BRIBETF (corticotropin
releasing factor; CRF) &, #KT#8~ TEMA-BIE%R (hypothalamic-pituitary-adrenal system;
HPAR) OBELBRERTH L. HE, BAECOCRFBPERVHIX Y 725 I ¥
(methamphetamine; MAP) #RITEIZFHH T 2H PO MIC Lz, ZOCRFFRMEMAPHR
FENE, aNFIRAT OV ARBEHEEAF IR Lo THRENLWEDP L, HPARE
AEWCRFEESOERATH A MEEEITREENS. :

—%, A PMLVAZEPWERTHOAL ST, EPEHCERSTEHICORERZS5 25, REKIR
ZMLR®, Bt A VAP, foot shock A b LAY, HEARMEREA P LAY, KREH
A LA™ 7 50N tail pinch A b LA X, BYHCKRETBOERELRESE, TLEYO
BINEARMSE2EFMONTVS, #Z, IVFIRATUYOFUOET F 35 WARE
CLoT, ah4 VECHERSTEIIHENE?, 512, T NFIAT T Y FUBRTES
WEEWZERTE, A4 A PR PREAERIC X AMAKN 83 VBRSBTS
HAHESNTVED, ThHOMAPOEZLE, aVFaART R YFMETIZLETNA
VBT ETEOMEIERNE, RASKA F 83 VEEIEHIC O < MR ROWISICERT 5
Db LGy,

@ EYRFRITEBORMAREHE

£2TH, MAPEETHORBOMAERERLICHT 254 ORBRERER L. ZOKR
Tk, MAP7 54 3 v 7#5% 6 NCEYMENYIC X o THR S 2 MAPRFATHICN Y
B FHA YOREEAMBIEA X AHEERATVS Y. BIBHANE, WML 6 TE
B0 Fh4 YEACLY, MAPRRTHORRET IR IM s h, BARERLTS
LEMNSND. AL, EYEEREC X 5 MAPERTBORBICER2REAZELI T
2%, WS 543 v 7 H5IC L5 MAPERTHORRICEMAS LTy, —7, BAO
NAMHER I, BN TH2EIN & 0 MR ERRL, kA, PRLLTICFRF LR
BANERELTEY, AMARBICEST2ERMONTVS, A b L ABREORMRE
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#2 W FAA YIERRBIHEAEI L 5 MAPIRBEITEIRB O

Prefrontal Nucleus

Initiating Factor Amygdala Hippocampus
g Cortex Accumbens Ve bp P
MAP priming + + - +

MAP associated cue + + . + +

+ : inhibition
— :no effect

TEIE, 2 ONA MRS BMICHER T Y TEORMANBREBLOBRELN 2 IN TS, foot
shock i & WSS S p~u A VERITENE, BEWER, BbEz o TR ERBE~D6-
OHDA 7137 Fu N b2V VEACL VIR SN D ?. HRAOEATIE, #HilAm L 5§
BEFHFRENDED. T, W4 VHRRETHICBT SAHEAREKOEERbEH I T
626).

b

ARTIE, BWEHCHKSERELHCCOEMERTHORRIENEET, 3°0FR%E
BUCESE L7, SEETIE, BETRETIBIREY: (Positron Emission Tomography; PET) %
HERERUREAR LB (functional magnetic resonance imaging; fMRD) # w7z b TOEY
~OBLEERICE D BRI OFE S R SN, [TEHRHZET 70— F T L NPT
RITHORBOBMARLHM L OME FHENSRORETH 5.
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EEROREEEMEER TH D tyrosine-hydroxylase (TH) 72 5 TN orexin 1 S BAED E RAVHUA S BV

THRBRBEIToT-, TOMER, FG BIERIGEH TS TH BN EIZ orexin 1
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PA b, REFFEOFRERE LY orexin X RIREEIC

IZFWT dopamine £ & D HE T E] A3 FE

ZRKRORBNE

. TEIBE 544 4% dopamine XY orexin-A 12 & W IEMEL SN A NE NIRRT
HAY T, IEMBERFIC orexin-A ZTREIEA L, I4EIC
DR LT, EOREER, BEAIERIC orexin-A ZMETEA L L Z ARI4LICEH
T dopamine 72 5 NZF DORE TH S DOPAC, HVA HEBEE DO H E /R BN

FiF % dopamine HEREE DL %E in vivo

Wb, &bi

BT % dopamine WEHEEDE(LIZ OV TREIRICKRH 1T -

2 LT,

BT dopamine #H#% LICTFET 5 orexin ZHEE
I U CHEMI B 87|44 8% dopamine 4% % &ML X2 A
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F—=T 77 E—DORRMY o FEL
TRIE &7 orexin 1%, RIBEESZ LRI ETH
% prepro-orexin 2>HAERK X, 7 BIEEES G
F Ry HRRZFRRICRHE L, FRSRER Y
DEFBEREZ R THBESTF R LTHLNT

Wb, FE7o, leptin (XEE U TR L v ER
MEFI WS 516kDa DX LRI ETHY,

BREEMH - KEEIIEIERIC XV ko3
b X — R RN S WA ST 5 =
EPHSN TS, Leptin (X F TV AR—F—%
LTS BATL, FICHRE FTRIZB VT
leptin receptor (Ob-R) IZFEET A LItk ZED
TERZRET2LEE2Z R TWS, —F,

dopamine |3 77 i%% X E)ﬁ*qaﬁ??‘?ﬁ/ﬁk@ﬁ
2 b TIHEERGROFR AN, WZIERRED£L
D AR R %%ﬂ@‘i’éi%iﬁ?‘?fx{ﬁ EWE
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B DWW T AR 72 B ONTHERR AR 521
RET AT > T,

B. WF3E 5k
FEERIZIE SD REMT v M b T

CS57BL/6] M~ 7 A oblob =7 A, db/db ~
%7 2 Z{# A L7, Invivo microdialysis {£1%, ~X
b oL E X — VR BV & B T B E 2
BICEEL, AT VARATA RERWTHA B
Z—a— LA B E T BMMERALIHE ZAS, FEE L
i, 3 —h—oa—LEHALL, I=alb—
i g 3-5 Hf.. orexin (Inmol/0.3uL) 721
leptin (2ug/0.3uL) % R {RIHE 2 B B EA
L. HPLC-ECD A5 A% IV THIA R fEIR I
BT % dopamine B L OE O REWOHBEEE
4T o 1=, SREIEH 1L, conditioned place preference
(CPP) HEIZHEWVRIE L, BZEFNEIT tilting cage
EICHE - TERfli L7z, F£7-. orexin Z&MKZE LW
I leptin ZAEMKDOFE AL, RT-PCR {EB LT
G AR Y IRV FER Lo, S bIT, fdprit
B OMFIL. A Y TNVTF > 3%, WAN) FEET
WWBWTHRHEBRREME TH 5 fluoro-gold
(FG) ZIMZICEATHZ EITLViToT, 72
B, AFEEZITTHICHZY, EERRKFEEHY
FEERFEEHIIEV REOBNMY EFRZE B & THER
B9 2T, BT A mBEE oI ERE L,
RS EB/RIC L TTRTOERET-
770

C. IR IOEE
FTHOIT. EAEER 28 T R MBI BT

% orexin ZAME BN leptin ZHEE DI
fii% RT-PCR EIZHEWVRE LTz, T ORAE, I8l
WEFHET L S0P IMEEIZI W T orexin 1
receptor, orexin 2 receptor 72 5 (XIZ Ob-Ra, Ob-Rb
OFEBANBD BN, £, BEAEERFICET D
orexin 1 receptor DA % #ERT 2 BT, FG &
AL EZ REIC BT E A L. dopamine A& K D
HEEREFE T D tyrosine hydroxylase (TH) 72 &
TN orexin 1 receptor DOFFEMPUIAZ HV, fujk
Yo B To7-, TORER, BABRESTEEICE
THRIAAAZ R 2> & HATHEICIE S LT & 2 FG
D B FEFNZ 5N TH., orexin 1 receptor B
ARz EnE b, b, FG BHERIG
A7 5 TH BMEMAE LT orexin 1 receptor
RENRBO LN, UEORBREI Y, ERYES
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orexin 1 receptor BRI L TWHZ EBHLMNE
Iotz, & TRIC, MEHIBEE ) O AT
5 LT\ % dopamine %75 orexin A {Z XV {E
M L SN D EM % in vivo microdialysis JEIZHE
WIRRF L7z, FOREE, IERIBEEIC orexinA %
WEEALEEZA, HIEZIZBWT dopamine
72 B ONCF ORHY O BEREE OF B 2N
DhhT, S5, BERIETIC leptin ZTHETE
ALRBRICHREI L7z E 2 A, IZIZE N T
dopamine 72 B ONZ Z O O WEHEE O BN 23
RO H, UEOREREY | EREE 5
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Miyatake, D. Tkegami, K. Kurahashi and T. Suzuki,
Eur. J. Neurosci., 25, 1537-1545 (2007).
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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

Ié‘fﬂ:ﬁ:ﬁ; 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

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.
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Aripiprazole is a novel dopamine D, receptor partial agonist that
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 221 °C with a 12 h light-dark cycle.
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Food and water were available ad libitum. Each animal was used only
once.

2.2. 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 tiit 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 mi/kg, s.c.) or morphine (10 mg/kg, s.c.). Aripiprazole (3, 10,
20 mgfkg) or prochlorperazine (0.1, 0.3,1 mg/kg) was co-administered
with morphine s.c. 30 min prior to morphine treatment.

2.3. Place conditioning

Place-conditioning studies were conducted using a shuttle box
(15x30x15 cm: wx[xh) 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 mg/kg, 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.

2.4. 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. Catalepsy 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 vivo 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-

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
widex30 cm longx30 cm high). The probe was perfused con-
tinuously at a flow rate of 2 ml/min with aCSF containing 0.9 mM
MgCl,, 147.0 mM NaCl, 4.0 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 mlfkg, s.c.). Aripiprazole (20 mgfkg, s.c.) or vehicle (saline; 1 mi/kg,
s.c.) was injected 30 min before treatment with morphine or saline.
For this experiment, dialysis samples were collected for 180 min
after treatment 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 gf1),
sodium 1-decane sulfonate (170 mg/l), EDTA (2Na; 5 mg/!), and
22% methanol. The mobile phase was delivered at a flow rate of
300 mi/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 physiological saline.

2.7. Statistical analysis

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

3. Results

3.1. Suppression of morphine-induced hyperlocomotion 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 mgfkg, 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<0.001 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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Fig. 1. Effects of aripiprazole or prochlorperazine on s.c. morphine-induced hyperlocomotion and conditioned place preference. (A) Groups of mice were pretreated with either
aripiprazole (3-20 mgfkg, s.c.) or saline 30 min before morphine (10 mg/kg) injection. (B) Groups of mice were pretreated with prochlorperazine (0.1-1 mg/kg, s.c.) or vehicle (5%
DMSO0) 30 min before morphine (10 mgfkg) injection. Each column represents the mean total activity for 180 min with S.E.M. ***P<0.001 vs. saline- or vehicle-saline, #P<0.05,
##P<0.01 or ###P<0.001 vs. saline- or vehicle-morphine. (C) Groups of mice were pretreated with either aripiprazole ( 10-20 mg/kg, s.c.) or saline 30 min before morphine (5 mg/kg)
injection. (D) Groups of mice were pretreated with prochlorperazine (0.1-0.3 mg/kg, s.c.) or vehicle (5% DMSO) 30 min before morphine (5 mg/kg) injection, Immediately after s.c.
injection of morphine, mice were placed and conditioned in either compartment for 1 h, Ordinate: mean differences between time spent in post-conditioning test and pre-
conditioning test. Each colurnn represents the mean with S.EM. *P<0.05, **P<0.01 vs. saline- or vehicle-saline, #P<0.05, ##P<0.01 vs. saline- or vehicle-morphine. Numbers in

parentheses indicate the number of mice tested.

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 mg/kg) (*P<0.05,
**P<0.01 or ¥**P<(.001 vs. saline) (Fig. 2A, B).

3.4. Change in the increased dialysate dopamine level induced by
morphine upon pretreatment 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 (F;; 6=
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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Fig. 2. Time-course of the catalepsy caused by aripiprazole (A) or prochlorperazine (B) in mice. Catalepsy values were obtained at 15, 30, 45 and 60 min after s.c. administration of
saline, aripiprazole (3-40 mgjkg, s.c.), vehicle or prochlorperazine (0.1-1 mg/kg, s.c.), respectively. The horizontal bar test was performed by placing the forepaws of the mouse ona
5 cm-high bar. The time until the forepaw touched the floor or when the mouse climbed upon the bar was measured up to 60 s. 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). Each column represents the mean with S.EM. of 6-7 mice.
#P<(,05, **P<0.01 or ***P<0.001 vs. vehicle. (C) Effects of aripiprazole on the influence of s.c. morphine on the dialysate dopamine level in the nucleus accumbens. After baseline
fractions were collected, mice were pretreated with either aripiprazole (20 mgfkg, s.c.) or saline 30 min before morphine (10 mg/kg) injection at time 0 to evoke the release of
dopamine. Data are expressed as percentages of the corresponding baseline levels with S.E.M. for 4 mice. Saline-saline vs. saline~-morphine 10 mg/kg, F; 66y=15.47. P<0.01; saline-
morphine 10 mg/kg vs. aripiprazole 20 mg/kg-morphine 10 mg/kg, F, 66=9.836, p<0.05.

was significantly decreased by pretreatment with aripiprazole at 4. Discussion

20 mg/kg (Faee)=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-arminobutyric 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 et 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, 4 receptors and antagonist activity at 5-HT,4 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 accepted 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)]enkephalin ([>*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 ({3°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
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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 pretreatment 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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Comparative Pharmacological Profiles of Morphine and
Oxycodone under a Neuropathic Pain-Like State in Mice:
Evidence for Less Sensitivity to Morphine
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Tsutomu Suzuki*"'

'Department of Toxicology, Hoshi University School of Pharmacy and Pharmaceutical Sciences, Shinagawa-ku, Tokyo, Japan

The present study was underiaken to investigate pharmacological actions induced by morphine and oxycodone under a neuropathic
pain-like state. In the p-opioid receptor (MOR) binding study and G-protein activation, we confimed that both morphine and
oxycodone showed MOR agonistic activities. Mice with sciatic nerve ligation exhibited the marked neuropathic pain-like behavior. Under
these conditions, antinociception induced by subcutaneously (s.c.) injected morphine was significantly decreased by sciatic nerve ligation,
whereas s.c. injection of oxycodone produced a profound antinociception in sciatic nerve-ligated mice. There were no significant
differences in spinal or supraspinal antinociception of morphine and oxycodone between sham operation and nerve ligation. Moreover,
either morphine- or oxycodone-induced increase in guanosine-5'-0-(3-thio) triphosphate ((°S]IGTPyS) binding in the spinal cord,
periaqueductal gray matter and thalamus in sciatic nerve-ligated mice was similar to that in sham-operated mice. Antinociception induced
by s.c., intrathecal, or intracerebroventricular injection of the morphine metabolite morphine-6-glucuronide (M-6-G) was significantly
decreased by sciatic nerve ligation. Furthermore, the increase in the G-protein activation induced by M-6-G was eliminated in sciatic
nerve ligation. In addition, either morphine- or oxycodone-induced rewarding effect was dramatically suppressed under a neuropathic
pain-like state. The increased [**S]GTPyS binding by morphine or oxycodone was significantly lower in the lower midbrain of mice with
sciatic nerve ligation compared with that in control mice. These findings provide further evidence that oxycodone shows a profound
antinociceptive effect under a neuropathic pain-like state with less of a rewarding effect. Furthermore, the reduction in G-protein
activation induced by M-6-G may, at least in part, contribute to the suppression of the antinociceptive effect produced by morphine

under a neuropathic pain-like state.

INTRODUCTION

Most of the opioids used clinically have been classified as
p-opioid receptor (MOR) agonists, including morphine and
fentanyl. However, recent studies have shown that these
MOR agonists and metabolites have interesting pharmaco-
logical differences (Peckham and Tratnor, 2006; Lemberg
et al, 2006a,b). Oxycodone has been in clinical use since
1917. Oxycodone, which is a semisynthetic opioid analgesic
derived from the naturally occurring alkaloid, thebain,
has good oral bioavailability and seems to provide analgesic
action that is as potent as that of morphine. It has been
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demonstrated that both oxycodone and its active metabolite
showed MOR agonistic activities (Lemberg et al, 2006a).
Several clinical studies have suggested that oxycodone
may be useful for the treatment of neuropathic pain
(Watson and Babul, 1998; Satthl et al, 2006). Although
oxycodone has been clinically used for many vyears,
its pharmacological properties are still very poorly char-
acterized.

A growing body of clinical evidence suggests that when
opioid analgesics including morphine are used to control
pain in patients, psychological dependence is not a major
concern. We previously reported that morphine failed to
induce rewarding effects in rats that had been injected with
formalin or carrageenan into the hind paw (Suzuki et al,
1996, 1999, 2001; Narita et al, 2005a). Furthermore, it has
been documented that chronic pain attenuates the devel-
opment of tolerance to the antinociceptive effect of
morphine in rats (Vaccarino et al, 1993). These findings
suggest the possibility that pain could lead to physiological
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changes at supraspinal levels associated with the suppres-
sion of opioid dependence.

Neuropathic pain can elicit abnormal pain characterized
in part by hyperalgesia, so that noxious stimuli are
perceived as more painful and allodynia. Neuropathic pain
is particularly difficult to treat clinically, as it is only
partially relieved by high doses of morphine. Many studies
have focused on the long-term changes in the functions of
the spinal cord dorsal horn neurons, which include some
receptors, protein kinases, and peptides, following nerve
injury (Nichols et al, 1995; Mayer et al, 1999; Narita et al,
2000). However, the mechanism of the reduced sensitivity to
morphine-induced antinociceptive effect under a neuro-
pathic pain is not fully understood.

The aim of the present study was to further compare
pharmacological profiles of morphine and oxycodone
following sciatic nerve ligation and investigate the mechan-
isms underlying less sensitivity to morphine under a
neuropathic pain-like state.

MATERIALS AND METHODS

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. Every effort was
made to minimize the numbers and any suffering of animals
used in the following experiments.

Animals

Male ICR mice (20-25g) and male guinea pig (250-300g)
(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 12h light-dark cycle.
Food and water were available ad libitum. Each animal was
used only once.

Receptor Binding Assay

For membrane preparation, the mouse brain without
cerebellum and the guinea pig cerebellum were quickly
removed after decapitation, and rapidly transferred to a
tube filled with an ice-cold buffer. The homogenate was
centrifuged at 4°C for 10 min at 1000g and the surpernatant
was centrifuged at 4°C for 20 min at 48 000g. The pellet was
resuspended at 4°C for 20min at 48 000g. The resulting
pellet was resuspended and retained as membrane fraction.
The p-, -, or x-opioid receptor (KOR) binding assays
were performed in duplicate with [tylosil-3,5-(3)H(N)]-
[p-Ala(2),N-MePhe(4),Gly-0l(5)]enkephalin ([’H]DAMGO)
(specific activity, 59.0 Ci/mmol; Amersham Biosciences,
Arlington Heights, IL) at 1nM, (2-p-penicillamine, 5-p-
penicillamine)-enkephalin ([°’H]DPDPE) (specific activity,
45.0 Ci/mmol; PerkinElmer Life science, Arlington Heights,
IL) at 2nM, or [phenyl-3,4-(3)H]-(5,7,8/3)-3,4-N-methyl-
N-[7-(1-pyrrolidinyl)-1-oxaspiro[4,5]dec-8-yl}-benzeneace-
tamide ([*H]U69,593) (specific activity, 41.7 Ci/mmol;
PerkinElmer Life science, Arlington Heights, IL) at 2nM
in a final volume of 1.0 ml that contained 50 mM Tris-HCl
buffer, pH 7.4, and 0.1 ml of the membrane fraction. The
amount of membrane proteins used in each assay was
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in the range of 90-140pg, as determined by the method
of Narita ef al (2001a). The test tubes were incubated for 1 h
at 25°C. Specific binding was defined as the difference in
bindings observed in the absence and presence of 1uM
unlabeled DAMGO, DPDPE, or U50,488. Incubation was
terminated by collecting membranes on Whatman GF/B
filters using a Brandel cell harvester. The filters were
then washed three times with 5ml Tris-HCl buffer, pH 7.4,
at 4°C and transferred to scintillation vials. Then, 4ml of
clear-sol 2 (Nacalaitesque Inc. Kyoto, Japan) was added
to the vials. After a 12h equilibration period, radioactivity
in the samples was determined in a liquid scintillation
analyzer.

Guanosine-5'-0-(3-thio) Triphosphate Binding Assay

For membrane preparation, the mouse spinal cord,
thalamus, periaqueductal gray matter (PAG), a section of
the lower midbrain that included the ventral tegmental area
(VTA), which described previously (Ozaki ef al, 2004), and
the guinea pig cerebellum were quickly removed after
decapitation, and rapidly transferred to a tube filled with
ice-cold buffer. The membrane homogenate (3-8 ug pro-
tein/assay) was prepared as described previously (Narita
et al, 2001b) and incubated at 25°C for 2h in 1 ml of assay
buffer with various concentrations of each agonist, 30 uM
guanosine-5'-diphosphate (GDP) and 50pM guanosine-
5'-0-(3-thio) triphosphate ([*°S]1GTPyS) (specific activity,
1000 Ci/mmol; Amersham, Arlington Heights, IL, USA). The
reaction was terminated by filtration using Whatman GF/B
glass filters (Brandel, Gaithersburg, MD, USA) that had
been presoaked in 50 pM Tris-HCI, pH 7.4, and 5 uM MgCl,
at 4°C for 2 h. The filters were washed three times with 5 ml
of ice-cold Tris-HCI buffer, pH 7.4, and then transferred to
scintillation-counting vials containing 0.5 ml of Soluene-350
(Packard Instrument Co., Meriden, CT, USA) and 4ml of
Hionic Fluor (Packard Instrument Co.) and equilibrated for
12 h. The radioactivity in the samples was determined with a
liquid scintillation analyzer. Nonspecific binding was
measured in the presence of 10 uM unlabeled GTPyS. In
the present study, sample preparation was performed 7 days
after partial sciatic nerve-ligation.

Neuropathic Pain Model

The mice were anesthetized with sodium pentobarbital
(70 mg/kg, i.p.) or 3% isoflurene. We produced a partial
sciatic nerve injury by tying a tight ligature with a 8-0 silk
suture around approximately one-third to one-half the
diameter of the sciatic nerve on the right side (ipsilateral
side) under a light microscope (SD30, Olympus, Tokyo,
Japan) as described previously (Seltzer et al, 1990;
Malmberg and Basbaum, 1998). In sham-operated mice,
the nerve was exposed without ligation. We previously
reported that the sciatic nerve-ligated mice exhibit the
thermal hyperalgesia and the mechanical hyperalgesia on
the ipsilateral side, indicating the state of neuropathic pain
hypersensitivity. These persistent painful states caused by
sciatic nerve ligation lasted for more than 15 days (Narita
et al, 2005b).



Inflammatory Pain Model

A persistent inflammatory pain model was produced by
unilateral intraplantar injection of complete Freund’s
adjuvant (CFA; Mpycobacterium tuberculosis; Sigma, St
Louis, MO, USA) in 20ul into the plantar surface of
the right hind paw (ipsilateral side) of mice under the
anesthesia with sodium pentobarbital (70 mg/kg, i.p.) or 3%
isoflurene (Ohsawa et al, 2000). The control mice were given
saline into the plantar surface of the right hind paw.

Intrathecal Injection

Intrathecal (i.t.) administration was performed following
the method described previously (Hylden and Wilcox, 1980)
using a 25-pl Hamilton syringe with a 30-gauge needle. The
injection volume was 4 pl for each mouse. Each solution was
injected without injection cannulae.

Intracerebroventricular Injection

Intracerebroventricular (i.c.v.) administration was per-
formed following the method described previously with
modifications (Haley and McCormick, 1957; Narita et al,
2003). To make a hole in the skull for injection, 1 day
before the administration of each drug, mice were briefly
anesthetized with ether and a 2-mm double-needle (tip:
27 G x 2mm and base: 22 G x 10 mm, Natsume Seisakusyo
Co. Ltd, Tokyo, Japan) attached to a 25-pul Hamilton
microsyringe was inserted into a unilateral injection site
using a V-shaped holder to hold the head of the mouse. The
unilateral injection site was approximately 2mm from
either side of the midline between the anterior roots of the
ears. On the day of the tail-flick assay, the head of the mouse
was held against a V-shaped holder and the drugs were
injected into the hole. The injection volume was 4 ul for
each mouse. Each solution was injected without injection
cannulae.

Measurement of Thermal Hyperalgesia

To assess the sensitivity to thermal stimulation, each of the
hind paws of mice was tested individually using a thermal
stimulus apparatus (UGO-BASILE, Biological research
apparatus, VA, Italy). The intensity of the thermal stimulus
was adjusted to achieve an average baseline paw withdrawal
latency of approximately 8-10s 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 response. Paw movements associated with
locomotion or weight shifting were not counted as a
response. The paws were measured alternating between
the left and right with an interval of more than 3 min
between measurements. The latency of paw withdrawal after
the thermal stimulus was determined as the average of three
measurements per paw.

Assessment of Antinociception

Antinociception induced by oxycodone or morphine was
determined by the tail-flick test (Tail Flick Analgesia Meter
Model MK 330B, Muromachi Kikai Co. Ltd, Tokyo, Japan).

Morphine and oxycodone for chronic pain control
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The intensity of the heat stimulus was adjusted, so that the
animal flicked its tail after 3-5s. When the intensity of
stimulation was enough to produce a basal movement
within 3-5s in mice, it was defined that pharmacological
observation results from the spinal reflex and supraspinal
modulations (Le Bars et al, 2001). The inhibition of this
tail-flick response was expressed as a percentage of the
maximum possible effect (%MPE), which was calculated as
({T=Ty) x 100/(T,-Ty)), where Ty and T, were the tail-flick
latencies before and after the administration of each MOR
agonist and T, was the cut-off time (set at 10s) in the tests
to avoid injury to the tail. In the present study, the
antinociceptive assay was performed 7 days after partial
sciatic nerve-ligation. Each group consisted of 8-11 mice.

Place Conditioning

Place conditioning studies were conducted using a shuttle
box (15 x 30 x 15c¢m, w x | x h) that was made of an acrylic
resin board and divided into two equal-sized compart-
ments. 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,
conditioning, and post-conditioning test). The pre-condi-
tioning test was performed as follows: the partition
separating the two compartments 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). Immediately after subcutaneously (s.c.)
injection of morphine (3-10mg/kg) or oxycodone (0.3-
3 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 1h., On alternate days, these
animals received vehicle and were placed in the other
compartment 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.

Drugs

The drugs used in the present study were morphine
hydrochloride (Daiichi~Sankyo Co., Tokyo, Japan), oxyco-
done hydrochloride (a kind gift from Shionogi Pharma-
ceatical Co. Inc., Osaka, Japan), morphine-6-glucuronide
(M-6-G) (Sigma-Aldrich Co., St Louis, MO, USA), [p-Ala?,
N-Me-Phe®, Gly’-ol] enkephalin (DAMGO; Sigma-Aldrich
Co., St Louis, MO, USA), (+)-4-[(«R)-2-((2S,5R)-4-allyl-
2,5-dimethyl-1-piperazinyl)-3-metyoxybenzyl]-N,N-diethyl-
benzamide] (SNC80; Tocris Cookson Ltd, Ballwin, MO,
USA), (—)trans-(15,25)-U-50,488 (U50,488; Sigma-Aldrich
Co., St Louis, MO, USA), ICI 199,441 hydrochloride (Tocris
Cookson Ltd, Ballwin, MO, USA), S-funaltrexamine hydro-
chloride (f-FNA), naltrindol hydrochloride (NTI; Tocris
Cookson Ltd, Ballwin, MO, USA) and nor-binaltrophimine
dihydrochloride (nor-BNI; Tocris Cookson Ltd, Ballwin,
MO, USA). All drugs were dissolved in 0.9% physiological
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saline (Otsuka Pharmaceutical Co. Inc., Tokyo, Japan) for  performed the competitive displacement-binding assay. At
in vivo experiments or assay buffer for in vitro experiments.  first, we determined the competitive displacement binding
of the MOR ligand [3H]3DAMGO (Figure 1la), the -opioid

. . receptor (DOR) ligand ["H]DPDPE (Figure 1b) or the KOR
Statistical Analysis ligarll)d [3H]U69,59g3 (Figure 1c) with glided concentrations
The data for antinociceptive response were shown as the  (107''-107" M) of unlabeled opioid agonists in membranes
mean+ SEM of % MPE. The data for [**S]GTPyS binding of the mouse brain without cerebellum (Figure la and b)
assay were expressed as the mean+SEM of % Stimulation.  and the guinea pig cerebellum, which is relatively rich in
Receptor binding curves were fitted using the GraphPad  KOR sites (Figure 1c). As shown in Table 1, ICs5, values
Prism 4.0 program. The statistical significance of differences ~ were determined by the displacement of [*H]DAMGO,
between the groups was assessed with a two-way ANOVA [*H]DPDPE, or [*H]U69,593 (Table 1). The [’H]DAMGO

followed by Bonferroni/Dunn multiple comparison test or ~ binding was clearly displaced by morphine or oxycodone in
Student’s ¢-test. a concentration-dependent manner. The affinity of oxyco-

done to the MOR binding was about 10 times lower than

that of morphine. In contrast, the binding of either
RESULTS [*H]DPDPE or [*H]U69,593 was not affected by morphine
or oxycodone, whereas [*H|DPDPE or [*H]U69,593 binding
was displaced by increasing concentrations of either a
To evaluate the specific involvement of the opioid receptor  selective DOR agonist SNC80 or a specific KOR agonist
types in oxycodone-induced pharmacological actions, we  U50,488, respectively.

Binding Properties of Oxycodone with Opioid Receptor

a Mouse brain (without cerebellum)
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Figure | Displacement of the MOR ligand PHIDAMGO (a), DOR ligand [*H]DPDPE (b), or the KOR ligand [*HIU69,593 (c) binding in membranes of
the mouse brain without cerebellum (a or b) and the guinea pig cerebellum (c) by morphine, oxycodone, SNCB80, or U50,488. Experiments were performed
in the presence of either PHIDAMGO (I nM), PHIDPDPE (2 nM), or [*H]U69,593 (2 nM) and increasing concentrations of morphine, oxycodone, SNC80,
or U50,488. The data represent the mean +SEM of three to four samples.
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Table | Binding Property of Oxycodone for the y-, d-, or k-Opioid Receptor Determined by Displacement of [*H]DAMGO, [PH]DPDPE,
3
or ["HJU69,593

Morphine Oxycodone Fentanyl SNC80 U50,488
HIDAMGO (nM) 229 (197-2.67) 2026 (15.02-27.32) 0.64 (058-0.71) ND ND
[PH]DPDPE (nM) <500 <500 <500 5.17 (3.90-6.84) ND
PHIU69,593 (nM) 161.3 (69.62-373.7) <500 <500 ND .16 (0.96-14.12)

|Csq values were determined using the analysis of variance and linear regression techniques. Groups were treated with morphine, oxycodone, fentanyl, SNC80, or
U50,488. To calculate 1Csg values, at least seven drug doses were used and three to four samples were used for each dose. Values in parenthesis indicate the 95%
confidence range.
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Figure 2 Concentration-response curve of [**SIGTPyS binding to membranes induced by morphine (a) or oxycodone (c) in the mouse thalamus. Either
morphine- (b) or oxycodone (d)-induced increase in [*>S]GTPyS binding to membranes of the mouse thalamus was blocked by the selective MOR
antagonist f-FNA, but not the DOR antagonist NTI or the KOR antagonist nor-BNI. Membranes were incubated with [**$)1GTPyS and GDP with morphine
or oxycodone in the presence or absence of B-FNA, NTI or nor-BNI. The data are shown as the percentage of basal [**S]GTPyS binding measured in the
presence of GDP and absence of morphine or oxycodone, Each colurmn represents the mean +SEM of three to six samples. #*#p <000} p-FNA-morphine
vs morphine alone. *#*#p <0001 B-FNA-oxycodone vs oxycodone alone.

We next investigated the ability of oxycodone to activate
G-proteins in the mouse thalamus, spinal cord and the
guinea pig cerebellum membranes. Either morphine (1072
107> M) or oxycodone (1078-10">M) showed a concentra-
tion-dependent increase in the binding of [**S]GTPyS to
membranes of the mouse thalamus (Figure 2a and c) and
spinal cord (Figure 3a and c). Co-incubation with a MOR
antagonist f-FNA (1077 M) significantly attenuated either
morphine- or oxycodone-induced G-protein activation,
whereas either a DOR antagonist NTI (1077 M) or a KOR

antagonist nor-BNI (107’M) failed to affect those of
morphine and oxycodone (***p<0.001 S-FNA-morphine
vs morphine alone, **p<0.001 B-FNA-oxycodone vs
oxycodone alone, Figures 2b and d, 3b and d). Conventional
KOR agonists, U50,488 and I1CI-199,441 (1078-10"°M)
produced a concentration-dependent increase in
[**S]GTPyS binding to membranes of the guinea pig
cerebellum region (Figure 4). In contrast, morphine
(1078-107°M) showed relatively smaller increase in the
binding of [*>S]GTPyS than that of KOR agonists. Further-
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Figure 3 Concentration-response curve of [°SJGTPyS binding to membranes induced by morphine (a) or oxycodone (c) in the mouse spinal cord.
Either morphine- (b) or oxycodone (d)-induced increase in [3*SIGTPyS binding to membranes of the mouse spinal cord was blocked by the selective MOR
antagonist B-FNA, but not the DOR antagonist NT| or the KOR antagonist nor-BNI. Membranes were incubated with [**SIGTPyS and GDP with morphine
or oxycodone in the presence or absence of f-FNA, NTI, or nor-BNI. The data are shown as the percentage of basal [SIGTPyS binding measured in the
presence of GDP and absence of morphine or oxycodone, Each column represents the mean £ SEM of four to six samples. **¥p <0.001 B-FNA-morphine
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Figure 4 Concentration—response curve of [*>S]GTPyS binding to
membranes obtained from the guinea pig cerebelium by U50,488, ICl-
199,441, oxycodone, or morphine. The columns are expressed as the
percentage of basal [*°S]GTPyS binding The data represent the
mean £ SEM of four samples.

more, a little change in the binding of [*>S]GTPyS to
membranes of the guinea pig cerebellum region was noted by
oxycodone (1078-107°>M) (Figure 4).
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We next investigated the role of MOR in oxycodone
(3 mg/kg, s.c.)-induced antinociception using the tail-flick
assay. Pretreatment with f-FNA (40 mg/kg, s.c.) signifi-
cantly attenuated the oxycodone-induced antinociception
(Figure 5a, *p<0.05, ***p<0.001 wvs saline-pretreated
group), whereas either nor-BNI (5mg/kg, s.c.) or NTI
(3mg/kg, s.c.) had no effect on the antinociception of
oxycodone (Figure 5b and c).

Effect of s.c. Injection of Morphine or Oxycodone on
Thermal Hyperalgesia Induced by Sciatic Nerve Ligation
or Intraplantar Injection of CFA in Mice

Sciatic nerve-ligated mice produce the state of neuropathic
pain-like hypersensitivity. The persistent painful state
caused by sciatic nerve ligation lasted for more than 21
days (data not shown). In the present study, mice with
partial sciatic nerve ligation exhibited marked neuropathic
pain-like behavior only ipsilateral side at 7 days after the
nerve ligation (**p<0.01, ***p<0.001 vs sham-saline
group) (Figure 6a and b). Unilateral intraplantar injection
of CFA into the mouse hind paw produces the state of
inflammatory pain-like hypersensitivity, which caused a



