iﬁi@zﬁ‘]@%ﬁt As THC‘%’EE

KEE(=U77F)  ERLE

FERR L B UE ———

Ny | ,?ﬂa:bfﬁ%nﬁ@%%@tf&% - |
Y3 EORLRVIERIEE (ﬂmmﬁ\%ﬁa&%) 30~60
WV | %@&6&m%%mﬁ%&ﬁLf%@ | 40~80
NyTY (FHFR) KA | | 10.0~15.0*
NS TN KIEBEOENRA ETS) VLI 20.0~600

*: REREIIE DB TR

% BE S UL 1%FEED A%THC (2~ 3 mg/
body) DERICAA LZEZZOLNTWA. #3
mg TR, #6 mg THIE BEOER,
12~ 18 mg TEHLKERY, BENK W
EiEEERk, R - EEAENS. KRICET 5
By & RV - BT O KERGIIFRRIC L o T
FRINITEEERLAEROBEEICED
bOTHY, FFE, HEEL L TOBRRSHED
AR A BT HRAD R SINTV 5.

AKETIE, T TIROEERSOESR - R
WAL, ERCBTIREET VY FE A
F&%@%@%@“ﬁ%%ﬁ?% IhbxH
B2, AEEIR & OBb ) O TR
ﬁ%¢®~ﬁﬁmﬂki0%%®%ﬂ&mﬁt
B ORERT 5.

RIRICE TNy CRRHDR il
W) ¥ FE4F)

KRR CTEERSNB T T, FTHICE/
FIRCERGEF )N =& KINE TV
N7 ) = VEG IS LEER D, B
R EF R WKREE LB FE A
(cannabinoid: CB) & Xignz3dDTH5. &
DH ¥FE A NiZZE TR 70 BAHEEES
N, BERESZENTWD, ZPTET T
v Fah v+ ¥/ —) (tetrahydrocannabinol:

i, OMEFRALTWEZ

EHZL, N THCERERIN LY T o LEw,

THC), # >+ ¥ Y% —)V (cannabidiol: CBD)
BXUW v+ ¥ —) (cannabinol: CBN) i
ZOXEFFTHE ([K2).
THCOF N Y 72z 280H Y, X~
VYT URP OB FE (ATHC L)
EEITIVRYRDPOIED B FEE (AXTHC
LER) BB, ASTHC DEMETH B AL
THC 12, A%THC IZHA~BLARE %2 8
W E LTRRICHT PR EENTNA,
THC £ CBD &, 7HOFTIEFIserusy
FE)-NVEBEBIUA Y FEDF—VEBRE LTHE
EL, FReMEBMEIZ X o THEEES 2T
TE#NZFN THC & CBD ICE#Eh b, —F
CBNIZF b Fuyvr+¥ ) —VEh bk
RETBLRENENTER IS, RS
7o KRR ASED IO THC OEFE IR
BL, 1FEAEDCBN IZELT 5.
TRIZEENLINEDA Y FE £ RO
T, NIRVERAZEHT AR IRBEY &
Fh4 g, ASTHC (B2), THCA (R2),
tetrahydrocannabivarin, 8 & U tetrahydro-
cannabivarinic acid Db 3§ 04 BETH 5.
FDEHABEE, THC % 100% & F 5 &,
THCA 12001%, THCVA IZ005% & 2o
TEH. —7, CBN EENEFICITEEE #
7o\, REEY O 11-0H-CBN & 15%D1E
AgEzRT. TASTHCHE, SJ#EZo
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HFEIF— (CBD: R=H)
HFEVF VB (CBDA: R=COOH)

7 FEIIRY (R=H)
HFEPTUAVER (R=COOH)

H4¥ J— (CBN: R=H)
Ay FE/— VB (CBNA : R=COOH)

C em. . , .
1
HO
ArFEsu—v (R=H)
HFEHFO—VE (R=COOH)

HFEYIO—V R=H)
By FEyra-vE (R=COOH)

CHs

O
HO
AYFEDNs R=H)
HFEIY B (R=COOH)

B2 XRELESENZEYBRD > TE/ 1 FORKRES
THC : fRE, EEWMIRYWE. CBN: JREl, BeM&& CBD: RENk Deaks.

TRBEEDE & 2 b MEREIE % FEE T H1EH
Bru—X7T v TEN REREE L LTH
FINTWzDs, 201k Gy ERHREZHNE
(G-protein coupled receptors) #/LTDH7
TENVERY 7 T —YREEREROZ LD
Pz dI Nz

BRICHFES 2 KR EL. (PIIRITE:
HyFEIAF) LZOZER

L. mEED>FE ) 1 REZOREN
Sk

BRANCERSINIARES »F ¥ 1 R,
TR b EE S NIRRT H A N
~TI9FXFFIANVTY )= VT3V (THVF
IF) THY, FUAZYy FET[HWRS

EfE| 2EW%T 5 “ananda” IZESWTEHD
Joniz. ) 1O0FELZARES ¥ FE
JAFTHB2-TIFFIA NI ku—N
(2-arachidonoylglycerol: 2-AG) 1%, 4 X ¥
LERLT v M THKRWTER &N 2:AG
ORMEER, 7HYFI NI LFELS
w2k (F10065) hhroTwa D, HH
WAhFEI A4 i, wihd Ca IREMR
BRI 2B CTEERINS. T/ #
OREE, T/TYNT ) LT — L1 st
+ (monoacylglycerol lipase (MGL); B 3
2 2-AG O E) BLUT I FIDkSEES
(fatty acid amide hydrolase (FAAH) ; B3
T VY I FOSE) 1T & BIKG RS
&, YrutFxT i —+E 2 (cyclooxygenase
2: COX2) 1Tk BBMLEIDDRE 5 2O
IZ& fThbis 29,
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WEES Y FE A4 FPRENICEET S
1Y FEJ A F (CB) ZBKOFERIE, WA
EB T A FOBERICERITITZENT
»%. Matsuda 51 1990 4Ei2, B ¥ FE /A
SKEEL, TTEVERY 7 T — Y ERHT
5 Guo BENRBEZAMEEEEL 7 0—=V 7
FAZEICHDTHRI LY. Zhd 7 HEE
BRI A3 DT I VBN L2 5 CBRZAAEE
ENALOTHDY, CarmATEFIL, K
Fe AVEFREESELZ MO N TS,
B ZF/MEKICIE, CBiBLUCB, %5 Hh0 27
DETEDSEAL TSN, BUEIEE b IS HPRERE
ADTREMIILIIZ, BEIXBDITKBEORER
B (BcixZ ) 7HEE) ICRIELTWwa. &
BaBENI DWW TR E L TR 2 ER%
S, CBi SAKITHEMILNS 657 T
Big (TAPEYAF) ICDHEHFLTWEIL
FEHLPICENTWS, CB ZBEORA G
I, v b, PABLIUL FTEETOEND
5%, ‘EEhERE T 1 ) BEZR/NRICR D E <,
RATEREREL R L2 AMEE (& < ICHEERT
F) 2%\, 7, RECEEICELAIEESR
FMEIZ D A LT 5728, R oy
RHOFEFES BRERERICIZIZ L A LD LT
29, BLIEE, CBIBIUCB Ot
CHESLRVWHRCBERARELT 77/ —
TV v FEY 4 —)V (abnormal-cannabidiol:
bn-CBD), CB; 3 X UF GPR55 %A E A H K
ANTERINTWAS.

D, WHEHEEMEICS T BREES
B/ 4 KOEEl

MM OBRIEEL Y F T RZBNTT
OB, VFTARS 22— OBWERFE,S
PRGEWESBUH SN, FABYFTAR
—a— 0y ORI IREEGENEENEZE

BITHEEL, BEPMexonsd (ETHEDT F
TAEE)., ARMED v FE A4 FiE, oY
FTTAMBEIBWTHTEEEYE CF TR
oI S = N oY) (i k- (I R AN
B 5WE) & L@ E 0wk % fIf
TEREZEL TS,

WEKED ¥ ) 4 FiE, S F T A 2
0> DFESRRIC & o THE U BHEN Cazt J2E
DEF F 7213 Gon BEEIERZZEOERAL
2o T, BEICS UTEAE ST AU
2nd (B3). mHESn-AREY »F/
A4 N, VS FAREERIBICEYAF N, CB;
ZRMAEREET 5. COSEEINERILI N
BE Car F ¥ ANBHH SN, ¥ F T AR
KEIIEEVEMAERE L7280 Ca?t BE LR
DRIGT B L EZONTNWE, FORE, T
ZEWEOMBENMET L, BETHEOYF7X
FEE;EFIE NS (B3). 2AG/ 7F V¥ 3
FOWFWORRERES >+ ¥ 4 FREZOHFELT
Wy F T 2MEEFH TR EO0E, WE P

- bR TRZEW. LaL, #TEY ST A5E

X, 2-AG DARMEEIC L Y EERL, 72 2-AG
DHREEIC LI YERENE, ZOZErb
2AGHBHITHEY 7 F VT Th L EEEIIR
BENTwS (F3)39,

CB ZBMHEIC & D) BEREDSHIM S N5 Mg
EEWE L LTI, V% 3 VB (glutamic
acid: Glu), GABA (y-aminobutyric acid),
VY, TRFNIY Y, JNVT FLFY
o b= rBIPIVT XL
% = ¥ (cholecystokinin: CCK) #&H T 5 L
5. CBEZAMBIEEIFEIC L 5 Glu BREFIHI/E
HiZ, BEEEREEREEVAERHAICLD
MO THLMZENI, I FEJ 4 FCB
ZEMBEIEEE WINGS 2122 13 EEHE Y F 7
A % Bt (excitatory postsynaptic currents:
EPSCs) %551, Gu Bz B 3¢5, &

v, FN3 v,
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MGL &,
(mASBBUs)
—-———} TI% F‘\/ﬁ ‘ "“.c 2%

o
aaaaa
aaaaaaa
aaaaaaaa
""""
'o.
.......
ggggg
ssssss

aaaaaaaaaaaaaaaaaa

TORFFFYIYTV BN

F S A 2—TO Y

E3 AEMEHDFE/ A FICK3ETHS F T XREKS
HEES Y FEIAT (2-AG) OEE - Bl - REWEL, CBIZREOEELEA LY T 7 RARHEEKEP S
DA EY O,
COX2 (¥7ut* v+ —¥2), DG (V7Y NZUtn—N), DGL (Y T7INTYeu—ysi—+E), IP; ([
JYP=VEUCYEE), MGL (B 7YAMFUea—n)—8), Pl (kA77F VWA b—), PLCB (kX
KYI—ECR). ‘

(Hashimotodani Y, et al, 20079, Di Marzo V, 20082 #¢%)

- D WIN55,2122 12 & 5 EPSCs DFHEME 1E, —F, BV FE A FITX S GABA i
CB: % % fk # HL % rimonabant (SR141716A) MR L, BEAEB L UBEERBROME
X OERENBEZ L0 CBZEEEZNML THDTHL ISz, WING52122 13,
RIS TH B Z LD bh5b. GABA H#HIHIHE Y 7 A B3 (inhibitory
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postsynaptic currents: IPSCs) % # #l L,
GABA OEBEZHIHIST A Z LILN TV 5.

RIRDRAE

Olds & Milner (33N B CRIBATE) % F5 58
12, BNERBRZ R L7z BRAERERITE
B EE 2 e L, WEIRIRNERE % & TR
AL R RTERT R B & 5T 5 B B A%
% F7%3 ¥ (dopamine: DA) fEE» S 7
5. REEEYIHHE LT B omES
B2 (subjective effect) #F L, & - K&
O “BIREBH (natural reward)” (XL, &
BRASRERS E L COEY P LB EHH &
LT "B L XiEhTwb, KEEE
WO E (rewarding effect) & 5\ Z5&
b3 & (reinforcing effect) &, = ® DA #f
BROBEHEAEZNLTERTLLEEZLONT
Wa, KRB & U2 0EMRS ASTHC i34
DRFEEYFRIC, HEIRL LTEERK

PEEEREZL NTHRETLILFHMONT Y

b, ZOWBHR B CRL - BIET HE
BAEE LTiE, 1) EYHIRRE (drug
discrimination procedure), (2) &7 %FT
RESFERBRE: (conditioned place pyeference:
CPP) 50N (3) B TS5 ERRE (drug
self-administration procedure) 7 EHITH
N5, RETIE, LFE3DO0EBRELZHLIIK
ROZREMEIR (RAEME) 2T 5.

1. SERRIEERICED < KRROME
£
a. EMFRARBE

t MET NI - VEDENRSEYDOREDE
VEBIEEOBRE 2 EIHITL, ik ORED

IREEDDDZEAML T D, REFEEDD
BRI L o TRELRESEZFEL, €T
ZEMRIC L o TZ0OEY DBIEE 2 <5
CEWTED. EREORYIHH B BRER
i, EYRFIFABRETEBRE SN TS,
EhplsERE, —RRIZIZ 200D L —28
BAMFONIF T Y MEBY AN TERS
na. TTEW, IEEYOHSEIZ 2D
DI Bb—FDVLIN—%, T3 RS
FDUN—HT LRI (L) PMESNS
EHTIC, LA-FLIIEEITY. Zofik
IR EBEE AR TEALIICR D
THRYELAT). AR TR, BREY%
BE5 LT, JIEEREOLN-2T0d,

VBRI LS — AT OREEAL &

2 & o THREY OFEBERNEE (BRERED
) DSEAL IR D (B bERER (generalization
test)). T X ICARERIEL, FEREKGFEE
YOELUELZHELPICTAENTHEEINS
7, P OROREENETOTT T 4 —
WVEBHOLPIZTA720D “tool” & LTHILH
SNTW3E 7,

b. KEFFRIEHE

ASTHCIE, 7 v PRV MIIBWTEYR
FISEERFHTL. ZOATHCIZEBT5 Y
b ORBTBEIEIE, FIREROFIRA T €
J 4 FT% 3 ASTHC, THC ORBEEAET
&% 11-OH-THC IZ & o T T 5. —
¥, BURRAVFE 4 FEOFTHLLIER
EORMIER %R E %W CBD iE, THC %
FURIERI R L O bR §, 72, A%
THCIZ X 5 FFURIBIER IR L TRIUER b
HEERA O RS2\, Ty b OKRFREFEELE
I & BFHBRRATE S I L, ASTHC BL Y
ASTHC 28 #hZEhfgib+ 5. LA L, CBN
% CBD T b Lz, Tz Eens, KK
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A&ﬁ,f@z4v
FeTy ' _
| WINS5,212-2
CP55,940

1 RREIIRELEIC L B A BRI RICIIRILL 2\,

BHRICIZS L OFRGHEEINTVBIS, ZOE
B EMEROFEIZIZCBN L CBD 3B 5
LTWRWZ &% 95

—7%, A%THC 2 X BF5HERIRE, CB
SRARFEPIEE Td 5 rimonabant (SR141716A)
Z& o TELITERENL DS, KEEEY LM

295 DARAEF A FEEROKEIETIE

B SN, T/, A CB ZAEIEEI%E
CP55940 3 & UF WIN55212-2 12 & - THREIC
WAL 505, IRFV Al ¥y, MENRER
EEVLR, NIV TEEVRIIREED T
YA, BEERREBE 7 7)) VIR
L2, ThoomRiR, Y>FE/ 4 FD
FHFERFERE DO TRHRENTH LI L 2R
LT3 9 (F2).

I 4, Solinas & Goldberg 5 i A>-THC @
FARIERRSANT A VIC ko CTHESh, £
D¥EEFHIRD u —F EF 1 FEREEHETDH
B naltrexon IZE D FEHENLZ L2 EHmEL
720 EHIT, HMTRANSESED LN
ZWAEDAN-THC #5Th, BEAEET O
AREAEF AL Fp-2 v Fvo 1 v (MENE
p—F EF A FEZEEEHE) FEACI) A%
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: f/—\mﬁ‘/ﬂf/{ B
/'}‘E"/)l‘—)l/}'?"}bl—T)lf 7

7’7*/~?)v7‘1/ﬂ-1: k-
TFA raFr b7 1~—)I/ ‘

L NvEVYY
7%#%&79vv39
CFEERYRAS VY s
RYFVET =
13 75:* -
ANORY P

By =18

(Balster RL, et al, 19929 % —£RE4 %)
THC FRIRIBATE SR T 5 2 & |RE S
TwWa, L2L, 6-F ¥+ 1 FZERES
ESNC-80 BL UV —F ¥F 1 FEZBEMEIEEE
U50488 Ti, TD X H 2RIEHIZED LT,
p—FEF 4 FER/RICERENRIERTH L
Lbhhrb
CDEHZ, HVFEI A FORBIRIEEEE
RENZDDTH DS, ZOFRBIISEL
Edu—F A FEREIMEERNICE DS T
WA RBEATRBE NS, —F, u—-F¥+4
FEBRMEIEEE (NOAf YBIUELLR) O
FRFIEEIR D, FERICASTHC 12X o Tl
ENAZLEPHELNIZENTWBE W, Znb
DRI, KERELEIC BT 3 SRR %R
HIBHE 52 2 b DLELLND.

2. REOIHBRETERBRERALTO
N S
a. SREFOVBIIEIFIHRERS

SO GATEE (CPP) #BREIL/ Y71
TEREOSFRISA L2 0T, BT RER 2



DOEEFE (T 8—=F 2V M) BEVLNA,
78— Ay MIFRIMICERE S N0
FYFTIE/TEbN, FT7E4TIEIC
LoTEWEa /- b2V MNEEZ BERICESE
THIENRTESL., — BRI, EMICHBREE
YWaEE USR03 25— N A v Mo—EEE

A, BHESE GELER PR5L (BE

R L), BlOoI v =AY MCFEBOE
MAND AT Y 2— Vi REIFETS. 2ok
I RIRWTCIE, BEdH 2BOFEYIC L K
HRIR L I 78— b X v N OBHERE RER,
fRER, BIUBRENRIEZE) &2ZEIC
BESITZ L)%Y, ERITEZESFTT
DY ERRI RO T 28— F A v MIRE)
T5L912%% (GO TIBITRETIETE).
BE - IEDREET 5 —EOKRFEEY
&, 0L REROITEIREFETE RS
FTEPHON TG, BT, FIeE
Y% 52 X o TRE-D I IEFFEIFE TEIOSHAL
T, T OWEREEYIHE - IR E B L

TV EHEHITE 5. HIC, JIFREDRGREL

ZRR2D I 28— X MIBEILAHAITIE
EBEATED & HEHI S, ZDWMEREEY IHFTHEE
% (conditioned place aversion: CPA) &L
T3 EHEREIND.

b. AS-THC &SUIDH>FE S A KD
IBFESTIE (CPP) LISFHERIE (CPA)

ASTHC %, 10 mg/kg DHEIZBWTHE
7 CPPASRRIL L, #1220 mg/kg % 6 U
40 mg/kg TiZ CPA 23832 5. ASTHC @
CPP 72 5 TN CPA IE, Wi b rimonabant
WL D EEICER SIS, CP55940 b CPP »*
BRI L, rimonabant IZ& NHEHINE. D
CP55,940 I X 2B L u —+ X A FE
PFEREIETH AT XY VLo THREL
Biiahs., u-+¥44 FERERET T

TiE, ATHC @D CPPRREMLZEWI &, F

2 u—BIU-ZFBRMEOERE< T AT
(TRETS B EDPHREIN TS, ZD LI I,
A“THC &t h v F ¥ 4 FIZ X AEFET
BRI u ~F EF 1 FERAED—EBES L
TWABZ Ebirs,

8. EMECREEHEERTOXRK
DEEHE ki

Y H O S ERER, EREAERNIC
)% BT A A TY M TOERYIETTREICE
P25z e, BWREHFROFEL LTE
AashTwa, EYHCHERSERII, (1)EY
HERSITEI DR - HEFnaTE, 2 BEWrAi
HERRICERL TITH)HEEBRRE, 25002
) EYERTE ("BE") ORFDIONE
Zrbib R (K4).

—fRENCIEA NG  MNEE R VW N T
OFEYBTHSEFHERAS &, 2 M THH (5
ib) $IREEBFEUEKEEZET2EYIC LT
EYEHCHSTEIRIT 2. T2, EYEC
578D (FYEEUTEY) 2S5 L7/ ez
Fvs, Sl h & B AR A D B 2
L UAN—HLATENERGET 5. ZOEHERET
i3, HBEOISIIC X o TEYERITE (%
HEEREAT) PFRINLILPFMLNT
W5,

B ERIIBIT 2 RYBRETEHOFER T
X, (1) Iy ¥ 72 BB IR O DB S
(priming), (2) SEMHEREEIC 5 2 TV 722 B
FIE (F -t cue) 3R, BLU Q) APV
2ER (BBYav i) SbiFons. &
NOHOFRFFBIC L T, EBEEEBEATT
HHIZE Db OTLN—HLUITE) CEYER
1T8) BRI s (B4). & P COEYE
FITE R SEDL I EDE, NEIZBITAS
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 EwEREn
emETEsTe)

N
//,"v

S )

- (BEORE - B

co AEEEWADEA -

REROLSERS

EBEEAISIRTR (cue)

ANVAE

H4 S5y FORYMESHEET®EE HOTOEMERTIE 5 U EWERTE (S852°) 0RR

O UN—HLUITENIEYRRITEHOEEL &
naTwa 12)

a. KRMER{TEIDRIL

1970 ERAEIZIE F - 72 ATHC HEHES
ITENCEET AHFRIC L o C, BV FE/ A FE
DOECHKSGTENIF A — T REMTIIRBO O N
F, THA VR T Tr) V ik EDIEEE
EMOHCKSBREZFOEY AT, &F
75 ASTHC HC#%RGIHETo/2L 2120
AFIATHEREEN TV, b0 Ed
5, KEROKEEIZIZEA LWL D LERD
TN T&7. LaL, Long Evans 2B LU
Lister %5 v NTldh v+ ¥ 4 FEHCHRSAT
AL L, Sprague-Dawley 27 v b CldEk
VL TWARWD 2E, 5y hORKEICL o
THYFES 4 FOBBIROFERIZENRD 5
LYORERH B, T, k-FETA FEREE
RIE~ Y A TiZ WIN 552122 HCXS51T8D
FEIMEESINS. Mendizabal 5 W 122D
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(LARREZ, 20072 &D)
WEBL, HrFE/ 4 FECESTEIORK
PRETHEDIE, HFEIAFICLkB -
F YA A FEREOEMEAIED RRERO
7202, HEIEIEI YA 7 F73REE SN T
HREICHDEIFEL TN 5.

—7, 2000 ERAIFED S D Goldberg & 1510
RHLETEREICL ST, Sy MIBITAY
YY) 4 FEHCERSATEFRILT 52 &8
oSN, BRI FE £ FCB
ZRRMEEIEE WIN 552122, HU-210 B L U
CP55940 12k o TH YT AR T v MIBWT
HORSATEIN AL L T\ 5.

FNVERHGTERIIBWTY, a4 VET
BEITHOBEZ RO A THC OB CHE
SR H7- im0 b &, ASTHC HEHREAT
BT 5. ZORREPS, ASTHC 2%
A VEUPOBIIREERTHZ 025,
EHIT, BUBEOLRNVE AN COERT
b, BOaH A VBEOYIVOEROBEED 2
EHEOZEHTIZBWT THC BT SATE»



BALTHZEIHLRIZENRTWES, ZDA
THC B C#% 5178 rimonabant (2 & 1) ¥
ENsZ Ers, ATHC X CB ZBMEDIE
LA AL CORfbRIREBR L T s 2 &%
f)x

Justinova 5 %,
pg/kg/inj.) ODBCERSITEPRILT S L
ALPIZLTA ® (B5). EYPHOEKS
TEOREHICBNT, EARREELZERTS
5. ASTHC HOHESATEICTO L S—H LG
®iE, 1EH7220IC
BT LEEETS. —FH, ARSI FE/ A
RCHBETFVFI FRZOEREEDER 5
TFYvF I FOHTCHSATEID TV THILT 5
ZEPBELPIZENTWSE M, /2, CBERE
EFEENEE WIN 552122 & B O SATEIHSEAL
5. COECESTHORHERTIE, AL
shell BT DA BT R L, TOERE
BN EHEETE I LATRENT
Wh IDXHITH Y FES L FOBIFIRIE
BI464% shell HT O DA DEBEICE DS THEE
THIEDITRBENRT NS,

—7, Solinas 51 A-THC %3 55 LK
BRE5EN-BWER, ~uf ECRS
THOEEZFARIT N3 .:@ﬁ%?@,%
4 —TREMWNC AT, ASTHC BILER T
1T H) DAL Y HERSEVER
CHIIT B Z EASREN TS 9, hERRHE
£ (progressive ratio) W TOHEEETIL
fEren~tf YEOCESEIZBWT, Wihd
break point DEALIZFEED LN TWirnwie, =
NoD#ERP S, Solinas H1F, @ A-THC
HLEIZ X B~ A v HERSGEDOEMER
&, ~NOA VEERIRE OB E BN T 5 O TIX
<, A%THC &~uA ¥k DHWIZIZEMm
BPRELIRERTHA ) ERRIOTTVS. W
FTRIZLTD, FEDQH »FEY I A4 FOFHRD

J AL T ASTHC (40

FEASNBASTHC E%

|| %3 1 140ug/ke/inj
’§ THC 5 "‘FHC
iy O ‘‘‘‘‘‘‘‘ e
1234 5 6 7 8 9 101112131415
twialy oo
k vehicle -
4,0;zg/kg/inj g: 8.0ug/ kg/ inj
/ Rl
4 F
£ s
& &
&
ig v
3 {
®
= ——

5

200 160ug/kg/inj o
LMJ
(r"‘——rf

S

0

v

1047

K5 UZXHYITOHOA-THCHECHRETEIDHER
a: ASTHC (4.0 pg/kg/inj) HCHR G TEHORH,
HERLTICHESARE TOEYEA R
sk p<0.01 vs MEFRBRRRRSH.
b: BLRBEABEEZHVWTOALTHC HEHS1TE
INF—,
M SUSEE T, MEIRETEL WA, KA
EDNTHC (4.0 ug/kg/inj) Tidtwarz&L
TRELIZINN—FLRIEPRDONE. —F, BH
ENOTHC (80,160 ug/kg/inj) Tidtkvyrav#P
BN N—HF LSR5,

(Justinova Z, et al, 20031© X9 )

bEZXDE, Kk (BVFEIAN) 1RGNS
BRWETHDIEFRRY THY, B al
A VZHARTHWY “REOERMEZHE™ L
ELRBRETHA.
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EYH O SITEORHAA N =X L% h VT
Y4 FERMEEFEF A FEFEOHERE
SEOWE»HEFE LT ITONLTVS. <
7 A QB ECHRSRERE L AR T
WIN 55212-2 & 5 \» i HU-210 O 54 B B.3%
54780, FuFv iz hnFndimish
5. =%, ¥k B E RS HER T,
A°-THC BEC#5178)1Z, FHRIZ naltrexon @
B SICE VIEEN B Z EHE ST
%, EYHOHSRBRE LAV 0MR
1%, CPP LE#IZ, &V F ¥ 4 FOHBML
BREBC u—F EF A FEFEIRER 21578
FELTVE I ERREL TV,

—7, EVEAHCRSTENL, U FE
/A FCBRFAREYIATERILL %
v E7z, BENZEDECRSFEERTIE, A
OAf Y, ENVEABIUERE k- LA

ZHANEEIE D salvinorin B S 54TEN
rimonabant DSBEHESIZ L VFHEETTH 9. &
LICHRBERIIET AT A Y BORSITE
%, [E#EIC rimonabant 1 & o THEKAFHIC
BLTHIEPRESNTWE, ~"1uAfVH
CHREATENE, BTG EHE M L TR
shell IZBIFBHT7FV ¥ FiEBELEMI LS.
L LZ2BbZnk i, #iZ ZAG{%Lii)ﬁi&\ L
TW5b N, E4 Justinova b 1%, FAAHMH
EHETHH URBSOT H 51 LT, BWHTF
V¥ FOEIMIEN 2ACESBATHZ &
ZHOPIZLTWAE D, Lo T, EREOA
04 v ECESIE) 22AG OBSIERIE, 7
FUFI FEEEMCLVELLF Y VL
L= avoBREEZLND, TDEHI,
FEF A FEOBBRIRRERICIEA v FE A
RYAT DHMRERNZFEIZE L TV A I &S
B :

aAHAY, D-TY7z83IvBIT=aF

Y ETHRETENE, CB BAMKES YA

WCEAERIwY A LRRICER TS, T/,
A v HOESITE TRD b2 HI22H shell
TOWRES > FE /A4 Fogftis, arfv
HORERTIEHRD LN TWZEWD, Tk
I, CB ZAMEIE, R ESr=aF
Y OFRFIRFEBRIIZES L Thn E%
IRV

b, BYESRTE ("BE) OFERICEID
REZOSUVICREEDFE/ 4 FOR

&=

[ B
i

. /A NERTE

AN EFCIREICB T, AYTHCH
CHE5%0EEREIZ, A“THC priming &5
F /2 %Eﬂﬂ@w%%LWMG&FL
D ASTHC BRRITEIFRE I NS Z L RE
Shtws (R6). HE (80 ug/kg) T
X, EHLZ ATHCHERITENIZO SN TW
ZWv, BHETORRITEIOREIL, 2%
RL LTo “satiation (B2F1)” & L < I38E#
Sy VTY— (BEE) % EDTEEES
ELTWRIRESEZLONE 2 (H6).
77, A’THC priming %512 LV FEEND
THC 32478013 rimonabant 12 & - T4 &
L5 7%, naltrexon TIZHIEI S a2, F77,
E)VE A priming HEIC X W FERENS THC
BERITENI, naltrexon |2 & D FHI S 5 28,
rimonabant TIXHHIERA RO LN Tniz
VA, INOFERDP D, Y priming 512
LD FEHESND A-THC BRITEI O FEIBR
\&, priming EY OIEFEIERIMEFT 5 Z LA
HEINSD.

@@ﬁ/%k/%%%@%ﬁf%%?%/&
IR, AFTFUVETIFBLITTFUFIFE
HRHESE AM404 b, ATHC BERfTEIZ H5H
THZEFREINTWS, &5, HvF¥
74 PP oEYTIE, ELE R b ASTHC
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LNy vay

0 10 20 40 80
- ASTHC (pug/kg)

FAME (cue3®RizL)
ue &R ‘

LN—RLER ey v ay

B rimonabant

X6 UzﬁwvoAWWMpmmgtewE%%@EﬂﬁGwa%ﬁu;éArmcﬁiﬁﬁwﬁﬁ
a ' ASTHC (iv.) ®priming#5-. *x: p<0.01 vs BER5-
b cue’RICL B ATHCERRTE O RIIIK T5 CB1 R EFHEFiE rimonabant (0.3 mg/kg, im.) 12X 55

HLPER. 1 p<0.05 vs 7Z MRTH .

BREPFERT DS, I v TREDEI 12
EREFBEO LN TWARWD, ZnX)lZ, A%
THC BLOEEA Y F ¥/ 1 FEOEYHEER
TEORBEICIL, CBIZREL LB u—FE
T A PEREOEECTEEREZEZE LT
AT EDORA.

— %, WIN552122 HE#H 5 #% DB E
B 12, WIN 552122 @ priming #% 5 12 X
D WIN 552122 RRATEI A HEHET S, 2D
WIN 552122 {RATENE, I H 4 ¥ FiEA
U A »®priming S TLHFERHINS. WIN
552122 B L U~ A » I X B WIN 552122
BFITENIV TN D rimonabant 12 X o THIH]
KR, EREOT LI OF YV ICEoTh
HElEns, DL, rimonabant & F 1
F  OETHERAOMER S, IR~z A
THC 8T8 L WIN 552122 EEITEIDZ
i3, BRAN= X2 RIILTWAZ LS
ENB.

FAAH FHE % URB5Y7 XBAW 7 >~ ¥ 3
FEZEEICEMEE S, ASTHCIERTT
BBIUTT Y FI FEEABHEVTRLH

(Justinova Z, et al, 200822 k1)

FL%Wv. %72, ASTHC, 7+ 3 FB
LUan 4 v o CHSTEIRT L8
12, URB5Y7 BEC&REGIHFEZMA TS, HO
BEATENIRAL L2\, ZDXHIZ, TFHVF
I NEEU L ARRRES I S s URBS97
ThHHD, EYECKRGTEI 2 O ITEYHRE
ERBORBICBT2EHIRKECER D,
Justinova 5%, AT F > ¥ I FEZENI
58D URB597 i, FFHC 2-AG XL S
TV Fa -3 rEREI L 2AG ORNNE
BEEE LS EED L OERBENER D HE
L T\w5. URBLI7 DEYEIUTEN PR
TEERBEL2VOIE, ZOURBS7IZE S
B 2-AG BAMERICERT 5 2 LS R &N
%2 Z0fh, URB597 Ti&, THC TR S
NHAE VIS —, FRRETREBEERLHR
Lz e, URBS7 ZoNETOH > FE )
A FEIELRAERABERZRT I EOHALNI
INTW5B,
i. X&VT7TAIVERONDA VERITH
AF 72y I VORBER (HFEE) ITA
¥ v 7x% 3 priming &5 F 723 EYHE
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R 50- - &5 Kogp.

3 8 e

5804 D304 2% o
10— 10+ e : 10__ : i
0 0 gk —
Geen A0 10 medade 032 032 mgkelp 10 3zugkesc

. ASTHC SR  ASTHC ASTHC . HUZI0
ol MAP ,

(01 mg/kg.ip)

B7 A4>71x432 (MAP) BRFTEORRICRIFT AS-THC, CBiZERFIEH ZErimonabant (SR) &5

CICCB 2R AFEIFEHU210 DIER

a: BYREERIE (cue) I_RICEZMAPERITEIOFEH. *+: p<0.01, #*xx: p<0.0001 vs cueI27REE.
b B TIIMAPERFTE*ZR L 2VHETOASTHC 25 I MAP DRI S IZL A MAPERITE DS

. xkkk p<0.0001 vs BEEXSEE.

¢ CBiXBMBMEEIEHU210IC A MAPERITEIOFEH. *+xx! p<0.001 vs BEHZK5E.
(Anggadiredja K, et al, 200423 ; Hiranita T, et al, 200829 £V )

FEERRT AL, AF¥ V72 I VERT
EsHET A (B7). LaLl, ASTHCOR
B TH S A-THC BMHE S TIEAY Y 7 =
¥ I VERTHIZHEA L 2w, CBZHE
YEEhEE HU210 TR T A, AF 7243
~ priming %5 %72 B ERIBUC & 5 A
5 Y72y I VRETEHE, ASTHCI L -
THBEN, BICCB BEABRETHS
rimonabant IZ & o THENE (R7) 82,
EBIC, BHTIIRAY v 7% I VIERITEE
FHL2WASTHC (032 mg/kg) 725N A
772437 (01 mgke) DEEHAHFESIZL

0, FRRRAY V725 I VERTEIDERES
nas.

HIZ, ¥ YT x5 Iy OEERNC ATHC
25T AHE, AF 72y I VEETENZ
HBISNE D, 304 Y OREERTER L,
BERTD 2-AGEIZFSTAHZ EVHLPIC
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HEEMBIREE” 2R L TV AWREHAVRIZE 1,
BYRFRITEOFBRICIIN CB, 8460 HE
DB ZEZ ONA. COENLEZLE,
rimonabant ¥ X ¥ ¥ 7 = ¥ I VKEEIREE
ELTOTRBEFBBWICHRFINS.

—h, BMEBEREB LWV FEIAF
F|LLTHONE D Y FEDE— VL, EYRE
BERIBEFRRICE VBRI NEAT A VERTE
ZBINAIZIIHIT 5 2 L RE SN2 D, Ren
LIZZOREIZERL, #vFEYF—nAT
A VIRTEEREE L LTOTREEZ L v
5.

RIROBRIERO T
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Py v, HEIRE (fore-paw tremor), B
MWERY 178 (headtwitch) B L THEVT
B) (wet-dog shaking) 7z & DIEHAZEIEIR
PEHATAIZLFLLASNTWSE. ASTHC
A EFA PR L, DB
BETIITo &) & L7BERIERA D 5Nk
Vv ZiUE, ASTHC 2SEEHETH Y, F0d
B HENRWE EICERT 5 EE25NT
w5, L2L, ATHC 2 RE#HS L-HET
&, AYFE A FCBREMAERETH S
rimonabant D512 & ) IRESEIRD T8 72
LD A-THC OBEERDFEERT 5.

RIRDZ DDA

b1, A°THC IckB 5w Tl

v FPOHEEEEEL, 5 mg/kg (ip) B
ToOBHEETIEEML, 725 mgke (p) LA
roBETRIMIShE. Zokx, ERNZ
BLUWRERE ) {TE) (sniffing) <, FROH
BUI L TELVWIREF 25T 5 % EORBRIE
HOWRKIERINS, T2, %38 ) (walking
back) R°HEBZEIZEEES 5178 (pivot) 7%
EORFATENHIT 5. IO DRFHTEN,
LSD R AAN ) ¥ 7 EOLJEHNHEBL TH
LNAITEIERTHA. LirL, IREFITHE
LTED O NAHEIRYITENT A THC 5Tl
BooNT, URFOERE 074 —VEDE
%%, ASTHC DEETENIRIERSIZLo T
WS SPE S S NS, THESHIRICE
D § BRI RET B
10 me/kg (p) M EOBEFBET DL,
BrhBRETCHELLBR I LTV —
(BIEAE) RROARENREIFRDOONDG. ZDA®
THCIZ X557 L7y —RATEIE, HNER)
F—ERERLTHHMERFEEREEIZLoT

BEINIDILT I — (]

BIE) #{EH

ROLNBEZNEEEL TWB S, Flskhls
Lo TEBITHET 2 AR RE-HBEE2R0
EEPMEVETELZ> TS, WFhIZLT
bZDNY VTV —FRTENE, KNKELEE T
RO LN DL RRIBEOFR - BREEOHE, F
7oHER - BLOBEE BT BB NELEREE
(amotivational syndrome) & {TEIREIAUEM
THEZEDLFDOEETNEE L ZTWAET

FELL (H8).

. AS-THCIZ&B Ty bOBERMEDF
]

v POREFEESEMHETIC, ATHC 6
mg/kg, ip) Z 1H#& 5 3 % &, mouse-
killing THEE & L 5 FE0 7 UM L BITEY
(offensive aggression) 2SHET 5. T/, #&
R LT O MEARE IE L OB BEREE 2 RE
1T 5 LD % v 7T B % EORRIEMEOBE R
RObNE. INLOWEITEN, RHEMT%
BITHMY 100 HLLEBEE NG, Ll C
noORBITENL, Tv POREATEER
EFFABTEGHETICEZ S L TAHARPICHEET
B, ZOZ ik, A-THC MBITEIOREN
BEERICL o TEAINA Z L RIMEITRT
bDTHD., TNHLOIHRIZ, KREH DR
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ND—DTH5H “set (KREHERFDOSFED) and
setting (KRERBZERFOBRIE)” 12X o T, BH
THEEERNRZ B L OBFMRE 2 S&
BEBIER L U TEBREN,

. AS-THCIZ&B Ty hORFEIER
DfEE

LoN— 2T L IEEEibE LTCOEL Y b
BRONLEHEIE GOMH) &2tk L
IN—Z AR LT HEFSR LR & e WEEBHER (5
) 26 7% 5 EEkiEE LERE L IR T 5 &,
Sy MEETEVHEREREZINET A2 LS
TEAHL912%5. T%bb, EHHETILV
N LUTENIERI SN, CORTHED 45
0H70 o LN—# LITEID BLE & 1Lk
BHER & T < .

EELIITOERREA, T v b ORI
B RI2T ASTHC OFEL#~<72. ASTHC
5T HESTOEFHBTOLN—FL
TEIOREREIREL ), LN—HLEED/S
¥ —UHENG. FEEIO L N— L OEEZ
D DL A-THC #5112 X 28TV,
HENE 2 BRI & b x ST (L E LN
VI ARREFOND. Thbb EHEET
DLN—BLORUSHRITCENCRE L,
HMBEORBEEPRDOONAL LR A. TV
h RV OEBRERIE, b N TRRBEIC
Lo THHEEPERL VW - DEEET S &
HIZREL, RMFEROEEIFEZ 5 & ORRA
REEZ DY D LHERRE.

BB

EWEA OB RIERE A BT, ~U
AVRABAVHBED N=FFI 97" 128
THEELRHEERZERTAHEN, KRIZ Y
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TRNRT 97" DA XA—V%FZ D, -
BRI A b B RRICEI T BRI, 5
BB S 5.

SEE DT, SEYEL R L B2 T
FELTVADRDEELTTHL. LiL,
SEEQEBALOEIC DTN, HHET bR,
FOWKIEEESNTNG, FETERZLD
I, KIROREBRA 3D OIRAE IR
HRB LG5S, BEDIZHFET A, KRR
MRE LTS, Blmle RRERE LRI,
RRTHIET 2 BHISR VA, BHIER

LTV B — A TIABMBREEIIER S N5

EEZHNTWwA. ASTHC i KBROBEMIE
FIZEb 2 FELREERT TH 57, KRIZE
TN EOEHRILTLO—F TR, B
HRPHERFEAIZ L o TEZH Z L FIH6 T
B. RROEFBRSCHEMNGEELZEZ L) 2
IZBWT, ZOEEFREESE L TEEY
HZEORHETHS.

SHEOEBMEE LTk, )BEERZM
ZTCHOA-THC OREHRS (L IAHE) 12
LB BEITT AULEPD L. TIRFEDE
WELRIE, L 0D REEER RO THHE
ROMEICH B, RREMER, MFOREESE
Y DRI R R EICEE L RIZ L TWBT
BELHL. oD Ehb, (2) AYTHC
EROBELHEDG ORI X AEREENER %
ARDZLPEETHD. 512, KFRICET
L EBHEDL L, KRS DOFD “A°-
THC® 72\ 0OEBEHDERET S > T "X
LLTwa, Zhbo “ASTHC 7213
e 5 — % % %12, ASTHC % EH+HEOE
RS R EGRROE MBI 2 BFRSRY F
H$2ZEI3ERTHY, RLMEIIRITLES
bn. LihoT, 3) EWE RV ERIC
BWTH, “RREE BETOERPRAADL
VBN HDH. EbIT, HEFFES Alzheimer
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The nucleus accumbens (NAc) serves as a key neural substrate that
controls acute and adaptive behavioral responses to cocaine
administration. In this circuit, inputs from the NAc are transmitted
through two parallel pathways, named the direct and indirect
pathways, and converge at the substantia nigra pars reticulata
(SNr). Our previous study using reversible neurotransmission
blocking (RNB) of each pathway revealed that the dual stimulation
of the SNr by both pathways is necessary for the acute response,
but that the direct pathway predominantly controls the adaptive
response to repeated cocaine administration. This study aimed at
exploring the pathway-specific mechanism of cocaine actions at
the convergent SNr. We examined a genome-wide expression
profile of the SNr of three types of experimental mice: the direct

pathway-blocked D-RNB mice, the indirect pathway-blocked I-RNB

mice, and wild-type mice. We identified the up-regulation of
ephrinA5, EphA4, and EphA5 specific to D-RNB mice during both
acute and adaptive responses to cocaine administration. The
activation by EphA4 and EphAS5 in the SNr of wild-type mice by
use of the immunoadhesin technique suppressed the adaptive
response to repeated cocaine administration. Furthermore, cocaine
exposure stimulated the phosphorylation of Erk1/2 in ephrinA5-
expressing SNr cells in a direct pathway-dependent manner. The
results have demonstrated that the ephrinA5-EphA4/EphAS system
plays an important role in the diréct pathway-dependent regula-
tion of the SNr in both acute and adaptive cocaine responses and
would provide valuable therapeutic targets of cocaine addiction.

basal ganglia | drug addiction | Eph-ephrin signaling | gene regulation |
transmission blocking

he basal ganglia are the key neural substrates that control

motor balance and reward-based and aversive learning (1, 2).
Dysfunction of the basal ganglia leads to devastating neurologi-
cal disorders, such as Parkinson disease and drug addiction (3-
5).. The projection neurons in the striatum and the nucleus
accumbens (NAc), the ventral part of the striatum, are GABA-
containing medium-sized spiny neurons, which are divided into
two subpopulations: striatonigral neurons in the direct pathway
and striatopallidal neurons in the indirect pathway (1, 3, 6). The
inputs of these two pathways converge at the substantia nigra
pars reticulata (SNr) and control the dynamic balance of the
basal ganglia-thalamocortical circuitry (1, 7). Cocaine and other
psychostimulants massively increase dopamine levels in the NAc
and the striatum and induce abnormal behavioral responses both
acutely and chronically (8). We previously developed a gene-
manipulating technique that allows separate and reversible
neurotransmission blocking (RNB) of the direct pathway (D-
RNB mice) and the indirect pathway (I-RNB mice) in vivo (9).
The use of this technique revealed the distinct regulatory func-
tion of the two pathways in acute and chronic responses to co-
caine exposure (9). Blockade of the direct pathway abrogates the
acute response and then markedly attenuates the chronic re-

www.pnas.org/cgi/doi/10.1073/pnas. 1107592108

sponse to cocaine administration. In contrast, blockade of the
indirect pathway abolishes the acute response as well; but the
ability to induce normal levels of the chronic response after re-
peated cocaine administration is retained. The two pathways are
thus necessary for the acute cocaine response but the direct
pathway plays a predominant role in the adaptive response to
repeated cocaine administration (9). However, the molecular
and signaling mechanisms that underlie these different adaptive
reactions by the two pathways remain to be clarified.

The SNr is composed mostly of GABAergic projection neu-
rons and serves as a main target nucleus that receives
GABAergic inputs from the direct pathway and both GABAergic
and glutamatergic inputs from the indirect pathway (1, 7). In this
study, we investigated what signaling molecules are involved in
the pathway-dependent regulation of the SNr after cocaine ad-
ministration. To address this question, we examined a genome-
wide expression profile of the SNr of the D-RNB, I-RNB, and
WT mice by using microarray and quantitative RT-PCR techni-
ques. We identified the specific up-regulation of ephrinAS,
EphA4, and EphAS in the D-RNB mice after cocaine adminis-
tration. We also revealed the inhibitory role and downstream
signaling of the ephrinAS5-EphA4/EphAS5 system in cocaine-
induced behaviors. This study has thus disclosed an important
mechanism of the pathway-specific regulation of cocaine actions
in the basal ganglia circuitry and would provide valuable thera-
peutic targets of drug addiction.

Results

Profiling of Gene Expression of the SNr in the D-RNB Mice After
Cocaine Administration. In this study, we used previously de-
veloped RNB transgenic mice, in which the tetanus toxin light
chain (TN) is restrictedly expressed in cells of either the direct or
the indirect pathway (9). TN is a bacterial toxin that cleaves the
synaptic vesicle-associated membrane protein-2 and thus blocks
transmitter release from the synaptic vesicles. In RNB mice, the
expression of TN is controlled by the tetracycline-responsive
element (TRE) and thus driven by its interaction with the
tetracycline-repressive transcription factor (tTA) in a tetracy-
cline-derivative doxycycline-regulated manner. The restricted
expression of tTA in either pathway is achieved by using the
adeno-associated virus (AAV)-mediated gene-expression system,
in which the expression of tTA is directed by the substance P
promoter or the enkephalin promoter. Recombinant AAVs were
bilaterally injected into the NAc, and 2 wk after the viral in-
jection, locomotor activity was measured for 10 min immediately
after cocaine (10 mg/kg) or saline administration. Both D-RNB
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and I-RNB mice failed to show acute hyperlocomotion after
cocaine administration (9).

The SNr, which is a main target nucleus of the direct and in-
direct pathways, is rich in glutamic acid decarboxylase67 (GAD67)-
immunoreactive cells and is located adjacent to the substantia
nigra pars compacta (SNc), which is characterized by a high density
of tyrosine hydroxylase (TH) immunoreactivity (Fig. 14) (10, 11).
The SNr and the SNc could thus be easily separated and dissected
by the characteristic architecture and cell shapes of these nuclei.
We performed quantitative RT-PCR of dissected SNrs and con-
firmed that the SNrs used exhibited a high level of the GAD67
mRNA and a minimal contamination of the TH mRNA from the
SNc (Fig. 1B). Furthermore, there was no difference in expression
levels of the GAD67 mRINA among the D-RNB, I-RNB, and WT
mice, regardless of whether the animals were treated or not with
cocaine (Fig. 1B).

After confirmation of the lack of cocaine-induced hyper-
locomotion in individual D-RNB and I-RNB mice, SNrs were
mechanically isolated from D-RNB, I-RNB, and WT mice 1 h after
cocaine or saline administration. Total RNA was extracted from
microdissected SNrs and subjected to microarray analysis. As
criteria for the selection of candidate genes, we used hybridization
signals of >150 at least in one of the three types of the experimental
animals and more than 1.4-fold changes between cocaine and sa-
line treatments in either D-RNB or I-RNB mice, but not in the WT
mice. Candidate genes thus selected were further confirmed by
quantitative RT-PCR analysis. Among a few candidate genes, we
focused on and apalyzed in detail the ephrinAS, EphA4, and
EphAS mRNAs, all of which were up-regulated in the SNr of only
the D-RNB mice (Fig. 1C) (one-way ANOVA analysis for eph-
rinAS, P < 0.001-0.01; for EphA4, P < 0.01-0.05; for EphAS, P <
0.01-0.05). The up-regulation of these mRNAs was not only spe-
cific to D-RNB mice after cocaine administration but in addition,
the expression of these mRNAs was not altered in saline-treated
RNB or WT mice (Fig. 1 Cand D), indicating that the up-regulation

Fig. 1. Direct pathway-specific regulation A
of expression of ephrinA5, EphA4, and
EphA5 mRNAs in the SNr by cocaine ad-
ministration. (A) Double immunostaining
of coronal sections of the SNr and SN¢ of
WT mice with the GAD67 antibody and the
TH antibody. A merged view showed that
the GAD67-immunoreactive SNr (red) is lo-
cated adjacent to the TH-immunoreactive
SNc (green). (Scale bar, 100 pm.) (B) D-RNB,
-RNB, and WT mice were prepared by bi-
lateral injection of the AAVs into the NAc.
Two weeks after the viral injection, the
animals received a single intraperitoneal
injection of either cocaine (10 mg/kg) or
saline and were killed 1 h later. The SNr
was then isolated, and the levels of the
GAD67 and TH mRNAs were quantified by
RT-PCR. mRNA levels were normalized by
referring to that level of the p-actin mRNA
as 1 (n = 6 for D-RNB and I-RNB; n = 12 for
WT). (C) The SNr was isolated as in B, and
mRNA levels were quantified by PCR(n =6
for D-RNB and I-RNB; n = 12 for WT). (D)
Experiments were performed as in B, ex-
cept that the animals daily received a single
intraperitoneal injection of cocaine (10 mg/
kg) or saline for 5 d and the SNr was then
isolated 1 h after the last intraperitoneal
injection (n = 6 each). In C and D, levels of
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of these mRNAs depended on both blockade of the direct pathway
and cocaine administration.

Because the previous blockade study indicated a key role of
the direct pathway in the adaptive response to repeated cocaine
administration (9), we next addressed whether the ephrinAS,
EphA4, and EphAS mRNAs remained up-regulated in the SNr
of D-RNB mice after repeated administration of cocaine. The
SNr was isolated and microdissected after repeated cocaine ad-
ministration for 5 d. Quantitative RT-PCR showed that the
ephrinAS5 and EphAS mRNAs remained up-regulated in the SNr
of only the D-RNB mice (Fig. 1D) (one-way ANOVA analysis
for ephrinAS, P < 0.05; for EphAS5, P < 0.05). The EphA4
mRNA, although not being statistically significant, tended to be
up-regulated in the D-RNB mice (Fig. 1D). These results in-
dicate that ephrin-Eph receptor signaling molecules are specifi-
cally up-regulated in the D-RNB mice not only at the acute
phase but also at the adaptive phase of cocaine administration.

Localization of EphrinAS, EphA4, and EphAS5 in the SNr. GABAergic
neurons represent a major cell population, amounting to more
than 90% of the neurons in the SNr (12). We investigated the
cellular expression patterns of ephrinAS, EphA4, and EphAS in
the SNr by double immunostaining for each of these molecules and
either gephyrin, a postsynaptic marker of GABAergic neurons
(13), or glial fibrillary acidic protein (GFAP), a marker of astro-
cytes (14). This analysis showed that gephyrin-immunoreactive
GABAergic neurons expressed both the ephrinAS ligand and the
EphA4 and EphAS receptors (Fig. 2.4, C, and E). In contrast, the
GFAP-positive astrocytes expressed the EphA4 and EphAS
receptors, but not the ephrinAS ligand (Fig. 2 B, D, and F). In
gephyrin-immunoreactive neurons, EphA4 and EphAS were
mostly localized in the soma and proximal dendrites, whereas the
ephrinA5 localization extended from the soma to the distal den-
drites. Furthermore, double immunostaining among ephrinAS,
EphA4, and EphAS indicated that all three molecules were ubig-
uitously colocalized in more than 80% of the SNr neurons (Fig. 3).
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each mRNA were expressed by referring to those of the corresponding mRNA in saline-injected WT mice. Columns and bars represent the mean + SEM; *P < 0.05,

**P < 0.01, ***P < 0.001.
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Effects of EphrinA5, EphA4, and EphA5 on Cocaine Sensitization.
Because the above results indicate that the deficit of the direct-
pathway transmission selectively up-regulated the ephrin-Eph
signaling molecules in the SNr of the cocaine-treated mice, we next
addressed whether the activation of this signaling could suppress
the adaptive response induced by repeated cocaine administra-
tion. To address this question, we used specific immunoadhesin
chimeras, which were the fusion proteins consisting of the Fc
domain of human IgG and the respective extracellular binding
domain of the ephrin or the Eph receptors (15, 16). These
immunoadhesins were the dimerized forms, which activate the

A

ephrinAS EphA4 Merge

B ~eph’finA5 T

Fig. 3. Coexistence of ephrinAS5, EphA4, and EphAS in the SNr neurons.
Coronal sections of the SNr were double-immunostained with the following
antibodies and visualized by light microscopic analysis: (4) ephrinAS (green)
and EphA4 (red); (B) ephrinA5 (green) and EphAS (red); (C) EphA4 (green)
and EphAS (red). (Scale bar, 50 pm.)

Kimura et al.

Fig. 2. Immunohistological analysis of
ephrinA5, EphA4, and EphA5 in the SNr
cells. Coronal sections of the SNr of WT
mice were double-immunostained with the
following antitodies and visualized by
confocal microscopic analysis: (A and B)
green, ephrinAS; (C and D) green, EphA4;
(E and F) green, EphAS; (A, C, and E) red,
gephyrin; (B, D, and F) red, GFAP. (Scale
bar, 10 pm.)

corresponding receptors or ligands (17, 18). The immunoadhesin
or the control Fc was attached to fluorescent microspheres to
prevent diffusion into other brain regions (19).

The immunoadhesin- or the control Fc-attached microspheres
were bilaterally injected into the SNr of WT mice, and restricted
injection into the SNr was confirmed by visualization of the mi-
crosphere fluorescence in brain slices of individual mice killed
after behavioral analysis. Four days after injection of the immu-
noadhesins, cocaine (10 mg/kg) was daily administered for 4 d
and locomotor activity was measured immediately after each
cocaine administration. Repeated cocaine administration induced
a progressive increase in locomotor activity, called locomotor
sensitization (9). Both EphA4-Fc and EphAS5-Fc significantly
suppressed cocaine-induced locomotor sensitization compared
with that of the control Fc-injected mice (Fig. 4 B and C) (ana-
lyzed by repeated-measure ANOVA: between EphA4-Fc (n =
10) and control Fc¢ (n = 6), for immunoadhesin, P < 0.005; for
day, P < 0.005; for interaction immunoadhesin x day, P < 0.01;
between EphAS5-Fc (n = 8) and control Fc(n = 6), for immu-
noadhesin, P < 0.005; for day, P < 0.005; for interaction immu-
noadhesin X day, P < 0.05). EphrinAS-Fc showed no statistically
significant suppression of cocaine-induced hyperlocomotion, as
analyzed by repeated-measure ANOVA but tended to reduce
locomotor sensitization on days 3 and 4 (Fig. 44). These results
indicate that the EphA4 and EphAS5 receptors in the SNr play an
important role in controlling adaptive responses to repeated ad-
ministration of cocaine.

Erk Phosphorylation in EphrinA5-Positive Cells Specific to the Cocaine-
Treated D-RNB Mice. Both EphA4 and EphAS5 bind to ephrinAS,
and this binding reversely stimulates the phosphorylation of the
MAP kinases, Erkl and Erk2, in ephrinAS5-bearing cells (20).
Therefore, we addressed whether cocaine could enhance phos-
phorylation of Erk1/2 in ephrinAS-bearing neurons specific to the
SNr of D-RNB mice. The SNr of D-RNB, I-RNB, or WT mice
was analyzed by double immunostaining with antibodies against
ephrinA5 and phospho-Erk1/2 (pErk1/2) after acute or chronic
cocaine administration (Fig. 5 A-I). The numbers of cells posi-
tive for ephrinAS or pErk1l/2 were counted, and the ratio of
pErk1/2-ephrinAS5 double-positive cells to ephrinAS-positive
cells was calculated. This ratio markedly increased in D-RNB
mice in the acute phase of cocaine administration (D-RNB, 69.0
+ 3.8%; I-RNB, 37.0 + 1.4%; WT, 33.2 + 2.3%; P < 0.001, D-
RNB vs. I-RNB or WT) (Fig. 5J). Similarly, this ratio signifi-
cantly increased in D-RNB mice at the chronic phase of cocaine
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Fig. 4. Suppression of cocaine-induced hyperlocomotion by EphA4 and EphAS5 in the SNr. Fluorescent microspheres with attached ephrinA5-Fc (A), EphA4-Fc
(B), EphA5-Fc (C), or control Fc {(A-C) were bilaterally injected into the SNr of WT mice. One day after immunoadhesin injection,.animals received in-
traperitoneal saline once a day and were habituated for 3 d. Cocaine (10 mg/kg) was then intraperitoneally injected once a day from day 1 to day 4; and
immediately after each cocaine injection, locomotor activity was counted for a 10-min period. Symbols and bars represent the mean + SEM (ephrinAS-F¢, n =
14; EphA4-Fc, n = 10; EphAS-Fc, n = 8; control F, n = 6). Statistical significance was analyzed by repeated-measure ANOVA; **P < 0.01, ***P < 0.001 (EphA4-Fc
or EphA5-Fc vs. control Fc).

administration (D-RNB, 70.4 + 7.8%; I-RNB, 37.8 + 2.9%; WT, and K). Upon double immunostaining for NeuN, a marker of
31.8 + 7.8%; P < 0.001-0.01, D-RNB vs. I-RNB or WT) (Fig. mature neurons (21), ephrinA5-immunoreactive cells amounted
5K). Importantly, there was no difference in the relative ratio of  to 94% to 98% of the NeuN-positive cells in all three groups of
two types of cells in three groups of saline-treated mice (Fig. 5/  mice, regardless of treatment or not with cocaine. Thus, there
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Fig.5. Activation of Erk1/2 in ephrinA5-expressing SNr neurons specific to D-RNB mice. For Cocaine Acute (A, D, and G) and Saline (C, F, and /), D-RNB, I-RNB,
and WT mice received a single intraperitoneal injection of cocaine (10 mg/kg) and saline, respectively, and the SNr was isolated 6 h after cocaine or saline
injection. For Cocaine Chronic (B, E, and H), three groups of mice daily received a single intraperitoneal injection of cocaine (10 mg/kg) for 5 d and the SNr was
isolated 1 h after cocaine injection. Coronal sections were double-immunostained with antibodies against ephrinAS (green) and pErk1/2 (red) and visualized
by light microscopic analysis. Arrows and arrowheads indicate the pErk1/2-positive and pErk1/2-negative cells, respectively, that were also immunopositive for
ephrinAS5. (Scale bar, 50 pm.) (J and K) The numbers of Erk1/2-immunopositive and Erk1/2-immunonegative cells among the ephrinA5-immunoreactive cells
were counted, and the ratios of pErk1/2-ephrinA5 double-immunopositive cells to ephrinAS-immunoreactive cells are indicated in-J and K. Columns and error
bars represent the mean + SEM (n = 4 each). The statistical significance was analyzed by one-way ANOVA. **P < 0.01, ***P < 0.001.
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