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Fr i

N—F% 2 9 (Parkinson’s disease: PD) X THEMRRAVER BROONE DT, TIL
YV ONA IR TS K DRBEDFEL, 50 MURIZRIET D Z ENnEL, BN
EZHBWTH 10 5 AIZ 100 ADOFEIE THRIEDHE STV D [86], PD I3 H K VB #

¥ (substantia nigra pars compacta: SNpe) @ K/¥2 » (dopamine: DA) #HFEH3
s

)

ZEVEL, ERBEHETHLMEAERD DA EEOIKT, WNCTBF L2V ORI
INZ X o THREGCHESE), [FEfE, RIS &\ o TS AIMRAE IR & T 2 Bk &
I EZEZITEETHD [64, 70], £/, RRFCRLZOMEIREE, BHEMRO R
RIS Lo o IEEENVER 2 IR L, 72T H RS E & o R AR E
1%, PD FE DK 40%I2 6 KO, Fig O U A 7 13 F & i UK 6 512 b K52 [15, 20,
32], FHUTHE D BT, PD ICRAEENHFRT DA =X LT LN TIERS,
BUTE PD OFBEIEEF )T 5 A7 1603 - 1BFEIIHEN STy,

E h® PD IZBW TR EIXESEENBND L bAINOLRDOLND Z L%
v [15,20], PD 231 238F1RERF OFERIZIL, ZITRREC T il (EERE R
HroiEe EofiEREE [19, 36, 79] RHEEENOKT, £, ®|Ah [41, 72] 7= &
DT HND, Fz, PD TIEIER ERBAVEDOMICH =V, REEED 5> H 1 DOREE
(FOIE - RE - Bl O - FAT72E) IZEENETTVDR, B EAETFICEIZ VR
BEERINIBERIEEORIEDG L\ [2,38], LnLanb, BERMESTTH
S THFERAICERAIEICR R T 2 vREMED & <, BHBTROMFIE Cldfds & & e L, 38
FEIZ7RD U AT P 4~6 fHIZ b ST ERHmESh TS [2], BifEDE Z A, MRI %
S UTZBRRAFZE 72 &5 PD CIEIBREE OMERRI T LB RILR T2 T W S DIt L, HilsH
XKD T L TWD Z ERRB I TWD [27,58], LirL, PDIZFs

ﬁﬂéntu/ﬁ:‘u 035’%{“7‘77 XA@%E ii/)fl/\fcﬁb\



PD 7 WVEWZ HWEEICB W T b ERkA REBMEF A HRE S TWD [76], B
BRRSAED DA #hf% % 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) <°
6-hydroxydopamine (6-OHDA) &\ - =ik FMEO Y Tl S 7= PD &5 /L@
WCiE, ik 2 b [13] OGS T A - [84], Y T X b [47], E
U 2K [21] CTOZEMGLIBEI DR TARBDO LTS, £z, ITF PD OFK X
PR ELTERENTWS a v X7 LAV OBBHFYLV 27 B THD

leucine-rich repeat kinase 2 (LRRK2) <° parkin i&fs /A 2 BB TE, #

W]

BIRTETRT A R Y FRIR T A M ECRUBEREESRE SN TWD (8,29, 57],
512, BEREZRIRHTIZ B W T OIS RS O RIS RIIME L WoTe v 7 A 0]
MO FRFHERRBO LN TS [85], LLANDL, ZALEEIIFEERLEEOME
EV o R B RERNY THNTEBY, sEORKEZ ORETH HiEOH
[EERCHZE & W o 7o BERRIC A2 Y TR RITIZ & A EFE LRV,

RO L Y, FEERCEGINRZEIL, o EE), HEE), EE)

LVWo TR AEMES T ERBESN TS (48,49, 51, 82). FH AR TEBFEN

X

72130 OFEEIIALZERIRETH Y, FLIBDOREIE &\ 9 e 2% T2 E LI2IRRETA
PICHTE S D (44, 82], BESNIZRBEOMEIND 2 & THUORLZERRE L 22
D, BEE VIR THITE I, X0 mETREMIAREEICRD [49, 51],
—hHT, BELLRETHO THREOHEEL WO WMELKDS Z & TRUEITRTET 5
[48], W OBRIZE T b OB % 22 88IIC B W TR FRBLOHRLZ /3y
BOARRNPMEL INTEY, ITFEZHERICE D D M 7T Vo0 F 03 E S
nTWo [18, 43, 46, 52, 76], FLEODEE « FEE - HEICET 20RO L I, fif
Hr&1T 5 1B 7z > TRUGSRMAHTRER 2 VT b, ZOiRERIE, 3OS —Yo
BB BAE S 720 IVER 2R T do 2 SR (conditioned stimulus: CS) FC, 4

MR T DS RNY (unconditioned stimulus: US) #5252 12k b CSIZxt



LCEMiZ 2B S/ 5L 0 bDOTH D, BUGSEMEAT#%, FOEMWIC CS 25775
ERMRLEA B S, —EARLERIREEE 2D [77], CS ORRERHH 5V
BHETH L5, REOHBEENHEIND —FHT, FHTHTORRERFFM® 20
L@ BELT O EFMBEOEENFE I D (43, 76], CSIZHEEFEOZEMIIEFHRZ WL
B TSCRAR ST T 38R &R, ISR FRIREE < 5 (18, 43, 76], — 7,
CSIZEREEAWDLSGEE, TR0 BMREIHTITRER LT, RIREER 72
Bchd [52],

B RO PD TR L DA ZMAT2HMNTLR RASRDA T T=2 hOEIEBT
PNTEY, EIEROBEICL T 2AMENRBD LTS [16], LNLARRDG,
EEARRERC LA K30 DA 7 2 =2 b CHEERDSE SN HE BV T, JEES)
FER DUFTRRD SN T 3% [16,24], —F57, PD OFBMREEFEIIxH 5 G K
LT, TN —RDOIRHERE LTHbn b2l A7 7 —BHEFERE R ENR
H oI, TOEMERELHREIN TS, LLERD, ZOMRICITELSENH
D, FEBERZEESELAERA RO N2 L, BARWRIBEIEE L TERML
ITEN TV [62,80], £7o, ¥4, iPS MRz AW HAERNMERZED TN D
b OO, ERMGITIIRIEHEEITZ <, BAEEICHT 2680280 THD (11,
PD &7 V8 & - TSR B0 T bk % b BT K 5 PD OR8RIIEE B RN
WEESN TS, LiL, TO% TR DA MRIGELZRE S5 PHNT 7 n—F
M%< [18,84], PD #3JE L= ET LVEMICKIT 2B MEEREDRLIME LIZb D
TIFEA LR,

P bomAzSEx, AIFZEE, PDET /L~ ADORBIEEEIC OV CRLBEDFEE -
FEE - WEHIEO TS & 2 IOV TEBINCEHE L, HRERF 25D bz BA1iX
ZOJRKNZFERIZHH~5 Z & T, PDICHIT HMEEDORIEME LT 8, &

ORI L 2 DAL EMERKR T L Z L2 AL LTz,



%1 E T MPTP AW 57512 L 5 PD 5 4~ % (PD ~ 7 %) OfEH - iz
1T o720 5 2 B CILSONRAGN G411 3Bk 2 T PD ~ 7 A ORLIR O [EE - FFE E -
W EBREDIMT 21T~ 77, 5 3 T TIZ PD ~ 7 2 2H 1 BB O B THED A =
K AT KON PD ORI IR 2 FBIBHREGA & LT, RAR YT 7 —F IV

PRES 0 U 7T A OA M2 3 L7z,
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MPTP #FHFRMEN—F 2 YV VIR
FTF )< 7 ADOFESLIZBET AR




2
i

=%V 95 (parkinson’s disease: PD) (ZBIT DAF%EIEE < v BITHONTEDY,
THFETICH A7 PD ETAEHAH LN TS, PD 7 VB OERIT
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine ( MPTP ) < 6-hydroxydopamine
(6-OHDA) LW o - mIEEYOHKGIZL DD E o v X7 LA X parkin,
leucine-rich repeat kinase 2 (LRRK2) &\ -7z PD B (s 2L D H DD 2
KRBl g [21, 25, 75], D72 TH MPTP 135 & 15 < 225 PD OWFFEIZH W
LNTEY, ETAMEHNIEFICHEE TH S E, FREST - IO TR
HATENFANICH B hO PD LIRFIC LS PTRELZFERT L L TE D [35, 75],
HAX K733 (dopamine: DA) #fERIZKD 4 DI KplEns [656], ORE
(substantia nigra pars compacta: SNpc) -fRZKE, @FAKM (JEMIPZZEE: Ventral
Tegmental Area: VTA) - KRIMEZEREE, @K (VTA) - KIMiZ#xRE, @K TE -
THEK TH D, Z0 5 HOITHEARINE RIETEROPFEH 2> TV, PD OIIEIT
O DA #REFICERT 5 [64], —J7, @X@ITXOMMELIE & Vo 7o BB EE
LIS O 2 IS REOFABIIC K & 725 B 2y, [60] @I TEIKRO T 1T 7 F 2 Kl
7R LT ->TnD, 207D, OO E R RINIINE S E-ET VAR T 5 2
& PD OFFZEICEBWTEETH S,
~ U A2 MPTP Z#JEENHEEGST 2 L, KM TIIR# ST, TREEREWIZDRS
R MBAM A @is s 5, &0k, MPTP I3ESEEO 7 ) THIRNICEE Y, £/ 7
2 UER{EEE#E B (Monoamine oxidase B: MAO-B) (Z k- T 1-Methyl-4-phenyl
pyridinium (MPP*) 2@ &5, MPPHE DA kT v AR —4 —|ZX > T DA #ifE
IZHLY AE N, DA RN O I 2y R TICERMT 5, MPPHEI har RU T

DEFCERESER T OE ZHEL, ATP EAZHET S Z LIk 0 st %



gl& k=9 [35],

MPTP [ ZEEMRGAR DA #fR IR RN E <, BVERRGIR DA MR A SR IS BLT%
EgHZ LN TED [35], £/, MPTP %Mk PD 7 VEMIL, —F V=X A
OIEB AN, FEERFERE N OIRT & W o SRS BIER Z R L, TR OERIZLA R
NIZE->THETLRE, & FoPD EIEFICISPUImEELET 2 [35], £7z, PD
CRRRICIREBER 2" 2 L b2 Mt STV [13,21,75,84], L LR b,
MPTP O# 53R —BEICB T hikx el &, #5450 (Bt 18k, RS
55) MRIBENTEY, ZOFMHIC K o> TEEMREAE DA MR OEFEORES PD RE
WoOREIIHEA TH D [9, 351,

% ZCH 1 T, MPTP oatEf b1k (20 mgkg, 2 Bl &2 4 B 5) 78 PD

~ U ZAOIEFUTIEE) Td % 72 E 9 7% AR A M OT B 2 A0SR 21T o 72,



MEtE KOk

B

B TERASHE GER) oA LR 7 #limeo C57BL/6J HitE~ ¥ X 25812
R LTz, ~v 237 7 VAV — DN TREBEE (A2 LT, B LKEZBHRIZ
BNTEDEMTT 23 LT OME L, SHEENIL 22+2°C, L 35+5%ITHER L,
PRI T RRICIMI A E BN 12 FFRE I CE B L 72, BAR% 1 A FEFREOSIE

WL L, 2ToORBRIE 8 M) 5Bk LT,

MPTP #&-

MPTP 1% SIGMA £ (St. Louis, USA) oA L H D% HW -, MPTP 13
AP IEK T U RIRE 2 mg/ml IZFR#E L7, PD £7 /L~ 7 ZADO/EH X MPTP
% 8D~ 7 A1Z 20 mg/kg D A& T 2B T 4BIEERNHR G35 2 & TlTo 7,
control ~ 7 AITITIME LB BRI K Z FEKR G Lic, TEIEZIZL® LT 52 TOfE
Frix MPTP %57 HE N SBMA LT-, £72, MPTP B G L= v X F a—7,
EHZR KL OE G~ T ZOEE IO TR E F134 T b%IRHERRRIC TLE L, K

4% MPTP % ki% S ¥z,

v v KRI{LEER (Tyrosine hydroxylase: TH) Hufdz M el 2R O}
TH GRS D7 A

MPTP #¢5-7, 9, 16 HE DO~ U ADfj%E V= F /Lo —T )VFEE N T 4%/37 /L A
TNAT b REERZ WV THEREE L, Ht#E 4%/ 7 B8V L7 V7 b PR CREE L
T BEEHR, ~A7BATA Y — (RS —z LS, 5D T40 pm OEE O

U AER LU, ERLZ01E, £9 0.5%TritonX-100 &4 phosphate-buffered



saline (TPBS) T 1 FF=EIRIZ TALE L7z, &IT PBS T 100 f5A7 R L 7z bk F
Z 40 7r[ELE L, TPBS THEH#%, TPBS T 100 5N L7277 my 7 =—2 (FH],

HOR) AR T 1 RRALE L7, TPBS T, TPBS T 5,000 {577 R L7241 TH <
7 ZAE /7 m—F ik (EMD Millipore, Inc, MA, USA) % 4 COSM T T, 24 FFfH]
WLfE Uiz, % Df, TPBS THi L, TPBS T 500 @R L7z 2 kbilk (4T 1k
anti-mouse IgG; Vector, CA, USA) % 4 COSMF T 2 BRALE Uiz, A& L=t R %
TPBS T4 L, avidine-biotin-horseradish peroxide (VECTASTAIN ABCKkit; Vector,
CA, USA) % ACOSMT T 2 Kf#ALiE L, PBS TP L7-1% 3,3-diaminobenzidine
etrhydrochloride (FIYEifisk T3S, KBR) ZHWTRE L, 0%, YUh%
PBS THfrL, 274 RATRICKL, 50%7 Ut w—/1L PBS T A%, JeFmMss
T CBIER LU SNpe (23681) & TH M O 21T - 72, 7 L 7 <177 3.52 mm

B 3K DUIRICR S 5 TH BEMilaz il L, To&aEEmRs L,

VIRZ T uyT 4 7RI LDEAE TH 8 BOHE

> 7V DEREUT MPTP & 2 WISABRHKRE 7T AT 72, ~ U ADM%E
g, 2P OMERERDORZGBEL, =y XU Fa—TNICANT#%, RIKEFRICTT
SRS LT, o 7O E &2 P &%, 2 mM phenylmethyl-sulfonyl
fluoride Z ¥/ L 7= cell lysis buffer (50 mM Tris-HCIL: pH 7.4, 1% Triton-X, 150 mM
NaCl, 5 mM EGTA, 2 mM phenylmethylsulfonyl fluoride) % fHifkE £ 4 &N X,
REVFARXT 2L TAEEL, EO#IC LY 12,000 [HE:T 3 /L L7z, ik
%, EBiEAEMBEINL, %80 SDS sample buffer (2% SDS, 10% glycerol, 50 mM
dithiothreitol, 0.1% bromophenol blue, 62.5 mM Tris-HCl: pH 6.8) #/l%, 95CT5
ST R, B ALE & B L 72,

GsEoniY o 7 UTkE A Ny 7 7 — (0.1%SDS, 0.025M Tris-HC1) H ¢



SDS-PAGE (12% polyacrylamide) [ZJ&EBA#, 7 1 > 7 1 773> 7 7—(0.025% SDS,
0.025 M Tris-HCI, 20% methanol) 1 C= h et/ o —XE (Trans-Blot, transfer
medium; Bio-Rad, CA, USA) (Z#25 L7z, ZDO% = hat/r—X[EEZ TBS-T T 100
EHR L7y 72— (FH, HR) T/ryFx 7L, TBSTIZL-T5000
AR L7t TH ~ v A€/ 7 v —F A4k (EMD Millipore, Inc, MA, USA) 25\
X 30005 AR L7Pin T =7 U v~ AE /7 a—F LK (Sigma-Aldrich, St. Louis,
MO, USA) % 4 COZRMF T 24 BFHUE &7z, TBS-T T4, TBS-T T 5,000
EA R L7 goat Anti-Mouse IgG, HRP (Promega, Fitchburg) % 1 KFfEISS S H 72,
TBS Tleif#%, ImmunoStarLD (FGHIRE LM, K 2 Mz I v
SRy RBIZE DR ST RS NI N RGNV A A= T T AP —
(LAS-3000 mini ; &7 ¢ /LA, HE) ICXOMRHT LIz, 7z, ol v Rid

Imaged ¥ 7 b =7 (NIH) 12X Y EdfElb L7z,

EEN R ERE L U SR AR R O R

R FREOFHNIC T — % —r vy T A MWz [47], m—% —n v NE
(MK-610-A ; SERTHBER S, #0) IXFEEClElfizd 2EEZ 3em 7y K& 5 L
— AL, vUARE Y RBE T LB PR —ICTBML, v v Rl
TERE Z BENET 2 2 &N TE D, FTHDICY T A ZKE (5rpm), 60 B =~
RO LIZREEDL L Tolz, T0 24 Kifilfg, ~ UV AZHO Ry RO LIZRE 30 #
M oEER, %H 20 rpm (mode A) |2 TH Y FEZEHESE R v R HLE FT5ETO
P25l Lo, ZOBg, vy RORKRMTERH % 600 iR E L, 20 /2L EoMHRE

o 2 RBREITY, TOVHEEZT —X L LT,

WBTRI O

10



HEATENEICIIAR— VAR — R 7 2 b & Az, IRICERFRIZER 3 cm O3BV
72 50X 50X 50 cm DIRKEAT 7 U AL D BEAR — /LR — FaBEE (model ST-1 5 ==H]
PR A, B IS~ U AZ AL, b, 1EIOREICIT 2 ATENERE, b
LR VATEIOREEL - B, ~y F7 4 v B 79TE) (Ra2 02 <ATE) O - K -
BIEREE OPE 21T o 72, ¥ T ADN S ER D ITEO~Y RT ¢ > B Z T8N TR &
FAZA Z AT DT/ o —12 & o T, ATENERBEITEEE 5 ) (T Sz
CCD W ATZIZX > THH L=, FRAMREEB L CCD I A 7 OEHRITEHOA 2 —7

A ABIORY T hu =TI X o TER, i, RTFEL.

WAL

2 FER OIS HEEORED T2 DIC F REEITY, H5HO%4A Student’s
ttest 24T o7, BEEEEEO TH BRI O TlX, Bartlett’s test TH 3%
e Lo, —IlRl@E ot 21T o7, AEEDRONTZEAITIE, Tukey’s test 1T
LB EIMEZIT o7, 728, pfEN 0.05 KiFOHEEFHitFHICHEE TH 5 &k

L72, & COMEIZIZSPSS V7 b =7 #Hui-,

B EBRZROAKR

ARWFFEITH LB EERF OB FEBREBRITB W TEMEROFF T 2HF TV 5,

11



R

MPTP # 5.2 & 2 BEMRSEA DA #RZE M O A

MPTP # 51T & 2 BE#SRMA DA MR ZEMEDOF AN 1T DA PEADBROHEEIFR TH D
TH #5521 T7> 72, MPTP % 5-7, 9, 16 H#21Z81F % SNpe @ DA #hifk#lfa 2 Ht TH
PRy L, Bt ARG L7 & 2 A, MPTP 85813 control #f & kg L 42T
D AEIZFBWT TH B OA B R 2RO e (Fig.lA, B), £72, &5 7
H#IZH W T, MPTP &5~ U XA THREEOH TH HLik TOYREHEDIR TR H il
7= (Fig. 1A), &KIZ, MEEROTH EBEZ VAKX T uay T 4 U 7IETHE LI EZ
%, MPTP #5- 7 B#% OMREMIZEB T control B & ik L, TH &EOFE 2D M
B bz (Fig. 2), ZAULORERNL, MPTP 512X > TR TOERZHGT 5

BE5 T RGN EHMICD Y BEBRIKRD DAMREMENFE SN D Z &R nnoT,

YA EE IR DO FHAT

HEMRSNIER ORI IZ e — % —r v FT A b2 HWe, 207 X F Tl a9z =
Wi o0y RO LRI RZFE, oy N O%ETTHETCORMEZIET S Z &IC X
D~ ZDEB HFMCEB FE RN ENET D ENTE [47], v~V ADEHFEE
OFHIIZHWLND, v~ T RE Ry RO _EICHEE, FE 20 rpm O S Ta v R &[Al#5
IHTo & Z A, MPTP #58E13 control # & LG LA EIZH v RBIEDH 5 F TORFH
NEHME L7 (Fig. 3), ZORES, MPTP #5112 X 0 $ERANBIERO O E S TH D

IR IRTEDIR T AFERE S NI Z ENahoTz,

—RATEY I DN BB TE) O T

< AD—ATENE XL OMEI{TENI A — LR — R 2 N WTCEHME L7, 2 DT &

12



N TIE, 4 DORDBPEAWVTEFHERE TICB W TRITEIEEECYL D B 0 1TE), EDZ
<~y T 4 o FITEEHET 5 2 & T, v U ADO—BATEICIHE TEIN 2 FHl 3 2 F2
T&E 5, TORERE, WBEIER, 26 BNV EE - R, REDOZE~y RT 1 v 71T
ThO[EH - W] - ETER O TR ORI H 1238V T % control #f & MPTP $# 5.+ 7 X
iR 6T (Fig. 4), MPTP 513~ U 2O —fBATEICEEITENC B % b

RIRNZ E BTz,

13



BE

MPTP 24512 X - T SNpc (2815 TH BBrEMkoR), MRk 50
H ik ToRartnk T (Fig. 1A, B), TH @ &0IK TR bh/- (Fig. 2), £7-,
SNpc (2317 5 TH Mo T REMIC 72 v o b (Fig. 1A,B), Zh
D OFERIL, BERSEED DAMREENR A HICHEI NI LE2RLTEY, K

78 & AR DB G-tk 2 T A OAFFERE R & & —8c3 2 [81], MPTP (T VE MK
DA it ATP pEA ZFHE L, MMtz ol i 292 &0 n [35], AWF%ET

B 5 TH BvEAIIaE O 1%, SNpe (2351) %5 DA MHiasE 2 ki LT\ 5 =
MRS NS, — 5T, MPTP I3BV/E L BB L, DA #ifR%& % &EIZETe VTA @ DA
PRRRAIAICITIE & A ER B E KT S 72\ [85], 2, #RAMEKRICITMANGEIR L V&%
12% < MAO-B NF(EL, MEETIFEE A ED MPTP 28 MPPHIRH S 41, DA #ifkic
WMViAEND Z &0, MPPrOBFMHITME A T = % % < &1 DA MRICRRMEN R <,
MREA T =0 %2 G RERSIAR DA MR ZBIRMICEET L2 L EnEZ
Shn [17], LaL7esds, MPTP (X VTA @ DA #higfilaofF sz o 2 L7 FLJ
U (noradrenalin: NA) #M#EHifElZ & T CTlIHd b 00, HELZKITTELEOREL H
% [385] 728, MPTP #HWAERIZIL, ZHOMMEROEE LEBEBICAND LEDN D
Do

BEMSAR DA v A7 S EE e O F I BE & H 2 - Tk Y [6], PD T
VEE AP O T 2 FEEE T 2 HEARANIEIR DR O B D [64, 701, AWFFEICI
TH, MPTP Z#& 5 L~ U ATlIe—4%—uy NRRIZEWTr Yy RO EB L E
TOWRFENFENE L, #EIABRIEROOE S TH DEE HFEOK T 23580 67z (Fig.

3)o HEMRSMEE FRIEEN AR 1T ML AL - KM BB B BRI K » TR ST 5, RN
JERZ TR B B BB B & R - e & 2 fE O TO D M DGR D Z & T, #i5k

14



7R, WAERINE - SN, BUR TA%, SVEBEE - Mol s g [5], 22 ThHiR
ZMRIL GABA MR A L EICE A, KIMEEZ ORI LR &kE 2o Tns,
Z:{K1% SNpc 75 D DA #E OMHIED A 2520 5 —F5 T, SI{Emfk & L CHEBMEY
I ARG LTEY, $REAEO GABA ##%1X, DA ML TEF L=y
VARRIC K D iR Bl &2 52 1 T [5], PD A PD 7 AEMW Gl

HUET DA PRI & D RREE DA & 72 F L3 ) L ORI RN X o T, #
SARIT K 2 R JERZ O BN PESIE 2SBGE L, FIR D> B K B B B B~ oD BLEE 4 HY )
BT 5 2 & THEMRANRIER 2~ 3 [63], ZHOHHIAND, ARFEICK T Hr—%
—By R7 A RMTOR Yy FHHERH O b BEMSEIE DA AREIEIC & 2 KM
- KM E B OFHE FEE KRS 200 THD EHBREIND, BEORETY,

MPTP #%M PD ~ U A idn—4 —n v FRBRICK T 5 E&) 7 E e ) O T, ZH# %
G B AR — T A N TOZETRRD DWW, B H VT —%FHIiT % /3—7F A R TOHI
JBGEENRE ) DR TR I CTER Y [22, 47], ARUFSETHRD b AV BB EE | o ES)

T 2ATEIIE ISR TH RERICRO D Z BRI D,

MPTP $5~ 0 ATIEA—/VAR— RT7TA NS REEZROT, — T8 - [FET
BIER Cho7 (Fig. 4), 2D LiE, AMFETHWEET L~ 7 ADIFHELRL
FERFICRFITRO LMW LE2ERT 5, — 5T, & D PD TIIARLERS S
RIE U A7 OTLEDRRE SN TWnb [41, 72], £7=, MPTP 2G5 PD €7 /L&)
Mo X7 LA CEFEBL PD BT VEIMIZE WD T b AREHFITEIO LN E ST
W5 [57,81], NEARITEN O DHRIER D FIEIZIT VTA D DA #hfLHBER O NA
B, WDt F = (serotonin, 5-hydroxytryptamine: 5-HT) ##A3 848512 R8 5-
LTCW5 [30], 9 okKiERE 2325 PD & 1X DA 7215 T/ < NA X 5-HT O RF
B b [15, 20], £/, 920« REFIEREZET 2 PD E7AVEHTHZEN
DAFRRREY E R OB ENRE SN TS [81], AL THW- PD €7 /v~

15



U ATIE, BEMREME DA ¥ A7 LS OMRAREWE T 28 D MR~ D58
RIS TH D720, REMIERFED RO NIRRT LB DBND,
AREDFRERND, MPTP ORMRGE, BEMREKMAE DA il & EiEE Lo
ZPD LB LIREZ G SR IS B D oTe, =T, ¥V ADO—BATECIEE)
TENCIT OO EZ G 2 2o T2,

MPTP O @t 513~ 7 22 PD O EIRHE TH 5 DA% & EBREE 2 5 &
Liciew, PDET /L LTHEEITHD LHWr L, LEOERTIIARICTRLNIZE

FI~w T A PD~VT AL LT,

16



o 2 F
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2
i

/N—F% Y )i (parkinson’s disease: PD) TIXRLIEMIE DI FoBEREE Lo Tz
PRI E 2 BRI T D 2 EnHE STV D [15, 20, 32], 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) #%&M: PD £ 7 /L EIZ W THE U A KK T
A MR EFRFET A N, B ERZEHET A b & WV o TATERBRIZ B W CRRABERE VIR T
MWL SN TND [18,21,84], LM LABRND, ZiLbHEITFLIROEGFEEET
Db DITHT DT LT Tuheny,

REEFEEZRTESG SN, MRNICEESND Z LTRSS [82], 4, FEE
SRR 2 & —EARLERIRIE L 20 [77], HEE SV B2 TR
A CIRE 2RI 22 2 Z R ME STV D [49, 51], — 4T, HELW I BREER
L2 L TRHEESNIZREITHSET L2 LbMESNTWND [48], Ll b, PD
ETNS T ACBT LREOEE - BEE - WEBEIZIZEASTHTH D,

R SR RBRIE~ U A DOBUSIZ — U D5 8% RAX S Fe W 2 i ©H 5 5
fEHIEL (conditioned stimulus: CS) FC, MM CTdH 2 BRI (unconditioned
stimulus: US) #5222 L2k, CSICR L TRMiZZEIELEVWHITARTH
%o SCARHYZAMSAAT 1T 3R 1T CS I 3E ~ D 2 GBI 5 22/E®HR), USI2~
v ha v 70D ZET, MEOEREHRIET L TEMEZZESELZIENTED

[18, 43, 76], F7=, SCIRAORMMG SIS T ARBIIRUG LB OEER, CS ~HRET D
L THRBOBEESCHELZHET L LN TEX 5720, SBEOFEESCTE EHEEDE
HricZ < NG TW S, FRIBOFBEE RS T th~ ¥ 2 & O CS IR %
4o THEBESN [43,76], FLEOFHBEENE Z D & CS (TR 2 2L i B I TMER
Ihbd, —HT, iLBOWHEITZY U A% CSICERHH D WVITHEIZRET L Z L THE

S5, iBDOHENEZD L, CSITHLTLERETHDL LW IRELIEHIND Z LT,
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CS (T3 2 2R RL IR 385 3% [43, 761,

T ZTARETIE, SUIRAGRZYG AT T 3B 2 VT PD ~ U ADREEDEE - F [
TE - RO 21T > 72, 72, BRI TRV S US OFREIC K- TRLE
DFEELCHE KT TRIRDRRD EOWERH D [3,7] 720, AWFZETIIFHIK

(1 mA/2%, 1[E) LEfE (2 mA2F, 2[E) o 2%EHO US ZH\WTPD~v R

DFLEOMEE « FHHEE - HEMEIEZ T L7,
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bg & TTik

B & O MPTP # 5-

%1 FEORLHICHE U THRE L7,

ITEIE &

ITEVEREIL 17.0X17.0X14.5cm O T 7 U VRO (GbAHT#EE) & BRREER
TSNS (ST10; A7 =X b, B, 77 VAVROFEINGT2RE07T 7 v
WCTH->THY, RIIIAT VLV ARF— Lo v K28 1em B CTIEA TS, A
T VAAF =V Oy RITEKSREEEE & SRN->TEY, =7 AR I BRI
HHZDHZENTED, £z, B EHIC CCD WA TEFKBEL, ~ U AOITEHBIE,

HE, T VT,

ITEHIE
ETOITEREIZOZM AT T, OFEE - HE M —=7, OFEE - HET

A N THERL S D,

FUS (1mA2%, 1EFERK) &AW =HIE

O~ U A % FAFAHT 2SI A 148 FO1412 1 mA/2 PO BRI E 18152 7=, D
30 BRI~ U A B SMNTERENP OBV L, A=A — YRR LT,

@O 24 K%, ~ U A& OSKMHTIEREICAN, BEEHLWIEHEN L —=
YT EATo L, BEE ML —=2 7 ORAE 3 0H, HEML—=0 T D8E13 30
ISR AHTSEBICIE S ® 72, 20 M L—=u 7, BXEIRIE 85 2 o7,

Fo, ZOBRBEESNIREE LTT7 Y =Y ZITEIOREZ1T 72,
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@@ 24 ¥R, ~ U A ZHORMHMIITEREICAN, HEEDHDWVITHET A &
Tolee M7 A b EBIT T A RMANTIEENIC 3 pESE, 7V =Y 7178

DRE ZIT > T,

R US (2mA2F, 2[EHE) ZHAVWHlE

O~ U AZFMATIEBIZAN T4 0% & 148 BDAIZ 2 mA2 P OELXAM A 5 2 72,
ZD 30 BBRIZY U AT ERNOIRV L, A—Ar—YRNIZE LT,

@O 24 K, ~ U 2 ZBOFMAHTIEEICAN, BEEHLWITHE N L —=
VI EATol, BEE N —=r 7 ORAIT 3 oM, HENL—=2 T O%A1L 3045
ST IEENICHES S, 20 F—=2 27, BXHMIE—95 2 o1z,
72, COBEESNEREE LT U =Y ZT80OREEZIT- 72, HEICBHNTO
HFEERD ML —= 7% B H bITo T,

@@ 24 Fifil#%, ~ v A ZBHOERMHFFITIEEICAN, FEEHLWVIFHET X M
1Tolz, W7 A b EBITY T AEFMMHTEBNIC 3 pMESE, 7V -V 7178
DOREEIT T2,

REETITRBORKFT A FbiTo72, QL RO TR, 9 RMICHEZY 24
Rif] & &2~ U A Z R EEEIZ 3 AN, 7V =Y ZATE R HE L, RRES L

NETREF SN D A tbig, Mg L7z,

P E EFHE O R

D35 US H 5\ 5k US & AV TR ST 21772 o 7,

@OD 24 KfitR, ~U A& FOSRMTEREIC 3 oBAN, BEEN —=27%
1o, ZOB, HEEEZMEETSIEN T2 7 RLFT ) vZREEBETHE 7 n=

T (3 mglkg) (FOGMEETIEMGASH, B 2R/ T EENS T X2 0 H
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LIZERICIEIENER S U, BRI CTH 2 R E AR Bk 2 A ER G LT,
Q@D 24 Kf[flfg, ~ U Az HUSRMTTEREIC AN, FBEESZREORE 21T
ST, ZOB, 7 n=Y b 5 HEEMEEMERD L, £ ORIz

BRI HBEEOFEIZE L TWAHLDOTH D &Ik L,

7 V=T 7TEORIE

~ U ADFEIIT T ADOBRMATEITH S 7 ) =V VT8HERETH 2 LIC LT
272, CCD 71 A ZITTREek « IRAFLTCEImZ VY, MEFICT7 V=20 778 AR L
TR OFG (7 U =2 FigfH | BRERH X 100) 27 —% & L7, §EFL—=
YIZBNTIIEEIZAN TR OO D 30 EREDIFHICB T L7 ) =V 71T

FaflEL, 7—2& L,

W T ALER

W9 2D B CIR M E T D54, 2 JTELE S T 8 D 0T 3 e E Y Y
Hr CIRF MDA BEAE 2T Uiz, RIS AERDBFLE L 722V E121d Tukey's
test Z HWCTE DB DOMREZITV, ZZANEHPHFIET 5 54121% Wilcoxon signed-rank
test Z WVCEZDOHRDOMREEIT o7, 723, p fEA 0.05 K DOGHE & HEHFHICHE

ThdEHW LT, 2 TOMNERIZIZSPSS V7 by =7 #Hui-,
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R

SR A PV T STURAY M St A+ 1 7Bk

IR (1 mA2 Fp, 1B Z WS T O 24 BifE#g, ~ 0 A Z2 B ORI
FEEEICANEE SRR E ARl L7 & 2 A, control, PD ~ 7 AREIICE W T U —
CorEEERL, MBEMICAERZEZTRO bR o7 (Fig.5A, B), KRIZ, S
FEEEICE R AR (B ) L, RBOFETEEZFHE L 24 K%, v U AEHY
KA T LB ICANEHBEE SNCREBZM L 24, WL bEET X ML R
FED7 V=2 7EGZmR L, MEERICARERZETRD 5o 7 (Fig. 5A), 72,
R EEE ICRIFH 2 (30 /2fH]) L, SLIEOHEEZFLE L 24 B, ~ v 2%
BORMTTEBIC A ANBEESNZRELME L7 L 254, EET X ML iR L, W
L BITAER T V= 7RIEORD RO b, F-mBERICAEREZTRO LN
7o 7- (Fig. 5B),

LIEDFRERD B, 55l a2 T2 ST 3 BR D 556, PD ~ U ADFEEOEE

FEE - HEFTEFICEZ 2 Z 00T,

SRIITHE 2 F VN T2 STUREZE St A 1 3R

SRAIIN (2 mA/ 2%, 2[0) Z AW T O 24 BfETR, ~ U 22 HORM
AT EEEIC ANEE ST -FRE A2 FHME L7- & 2 A, control, PD ~ 7 ARESLIZE W7 Y
—V 7RG ERL, MERICAERERETRD IR oTz (Fig. 6A,B), £/, &fiF
e EIC R 2R (3 ) L, RIEOHEEZFHE L 24 K%, ~v A& i
OGRMAHTEEBIC AV EE SN BATME L7z & 24, MfEL bEET R ML [H
BEOCT )=V 7EGER L, MEEMCHEERZTRD b7 (Fig. 6A), —

75, R IEEICREH &R (30 0H) L, LIBOWHELFE L 24 FHEZEB LT
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48 WifltR, ~ U A ZHOGFMFTEBEICANEESNZREELHO L2 L 25, filE
DEET A MELY bHERT ) — 2 7EIG DR PD v 7 2Tl control ¥ 7 A
L, Lo REhSEO LN (Fig. 6B), £7o, BWSMEAHTH 24 B &
FARERE (8 fH]) DRI IERE~OFHREEZ 9 AHICDIZ VATV, RIEORFKGE
Al L7 & 2 A, HET A MREEAIFEIC PD ~ 7 A Tl control v 7 A L ik LA E 2
7V =Y TREORD N LY BB LGRO 6T (Fig. 7).

LU EDRERN G, 58T 2 T8 i A T B D 556, PD ~ U A DORLIEDEE -

BEEITEFICEZ 200, HENITTE LELBORFERENER T T2 2 &3 0hroT,

I B 5 5 D R
FLEOHEEIIEREEREIC L 2 EE SNICREBEOARLEDO T 0 AN LETH
D, SRV A DTSRI T 21T o 1235602 M L ADZWERRSM T T,
CS ~D AR, FHV CS ~D AR TILREE SNIZREOARZEE Z D I2< <,
FERE L CGEROFEENSFEIN RN ERAHRE SR TWD [11], 22T, A%
W EBREMEN RO R ZERCHEELFETE TWD L 5 0 FEEME
P GAT L0 iR Uiz, S9HI & 2 VXTI 2 O T RIS o0 24 RefifR, Se
PR ASE R 28R (3 0[M) L, ~ U AZLEENGEY H L7 ERICRLZE L
TCRLEATHEE SN DR LA HET HEHANRE SN TnD 7 n =0 [23] ZIEREN
B’h LT, £D 24 Ffft:, ~ U A& FBOSRMAHT 2EE I ATV EE S U7 i e 2 7
Liz& 25, 5afilifiae 7o 328t 0%4, control, PD v AL HIZ7 m =V
BRETSIHBE ERE L i LA B R 7 ) — 2 v ZATEI ORI 23380 bz (Fig. 8A), =
DFERIT, FIRRE O FEERGAT TILEEEOARERE, TIEOARLE(L - FFEE O\ ITIES
IR Z->TRY, ZOBRIIZ a =V Il THESNZZ L ZRB LTINS, —F,

SR & W T2 EBRERIFE DY E, 7 0 =0 U GIC K 5B EEREERIZRD b 7205
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7z (Fig.8B), T DORIRMNG, MR A AV 72 FEERSAF TITERFR O CS M2 RF IR

BORNZEN « FEEDOHEN/EZ RN LR ghol,
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BE

MPTP #%1%: PD ~ 7 ARG S EAHTRRC 52 5 US OIREEIZH)h b BT, Gl
[E 7 L O EE LR TH - 72(Fig. 5A, 6A), FElEOBEIE & FEEIIRZ ERRRED
B A ZERREL U TMAICITER T 2R CTH Y, [A—DOBIBFRBELSBH Y vy
BRELELTHRE, ZTOSFEMITEEL TS ZERmEnTng [51], #l
2, RS T R B O M R AR 1R CAL SEIRSC R Ak RS MI B EERZ 12 &
PN EEREER RS L LREOEE & HFEEILE BIZHEFIND [18, 44, 51,
52], F7z, WHEFEE HICFEERICBT 5 7 NVH I VB RIEC VY T MRS
— VY DiEMAL, 55K cAMP response element-binding protein (CREB) D & % %
L9 7% [43,44,51,52], LLEDOZ D, MPTP #%%E PD ~ 7 ACEB W TARELE
R A EAL T DR CEE NI OB EE X EH ThH 5 Z LRI N5,

FLEOERITC OGN EH SN DIT Tidke, CSIZHLTEETHDL &V IHHT
LWEMESER SN D Z LT, e L CRMRBORIINE Z 288 ThHh D [48],
F7o, FRIEOWHE & FEEITFRIEORES L iR s W ) IECHOBIR A2/ T D0,
MFE & HICEE S NREOMBEKMFEICEZ 570, R—o7 et 220 ET5
[43, 76], FIEOMEEEL, FELIHEED D VITHEE D LR 7= £ 500, &
Wi AHT B US BREECRUG LM DR E To A, Mok S (CSH
BBORI) \TEA I, Z06FHKENICRIBIIFBRENBHE~Y 7 M52 L
DITFEOEN G RS TW% [383, 40], F72, HEFEIZ X HFLEOHE & frE
EPLEIC L BREEOMEE & TIEMb > TO A MEESCEG T, # 2 3 7 BICHERD 5
ZENRBZHNTWD [48, 49], AMFZETIEX, MPTP #%%ME PD ~ 7 R ILFEIE O 3 [H]
EIXER THD 00, HENTLET 5 Z L B3 5 & 725 7-(Fig. 5A, 6A, B), Z DOff

RD, PD ~ 7 A TIIHEEEICED 2 MEECEAAF L b LATHEICED L HE
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WO, XN BEERICEAEDE T TV D ATREMEDN R S, £70, 2MhGLE
OFEER, PD ~ U XA TITRLEOHIRE b ZFHE T 2BE~O 7 FRTLEL T
WD AREME D B 2 D, EhuE CS ~ FEIFHEIEE 5% C O e iE O (RS AEISES OO it 5

(Fig. 7) &b —#7 %,

ABIFFE TIEARG ST T RIS - 2. % US OSBRI LB A55 i (1 mA/2 £, 1 [8])
EIROVERE (2 mA/2 B, 2[E) ERWTEREITo72, ZORRE, 39T
EOHEEITHEEH TEMITRD T, Bl E W2 5E TOHR PD ~ U ZDIEETT
2R b7z (Fig.5B, 6B), AL & [FAIERIC, $ied US OIREENZDO#% OIS
B DBy RFT I EER LRI P HE S TS, Baldi 513 US @
DFRVE ERWIRLIR O EECI L IR S D Z L &2 [7] LTHY, Wiltgen H
(TR ORSREICEE 22 ) -~ 7 21359\ US F it B oBEENHEE NS b
DO, FRWNUS TIHRYRREOBEENEFIEZ 52 L2 /LTS [83], 2Dk
T, RREOBEESCHEE - HEZ KT 512H7 > T US REOIBIIIIFF ICHET
bV, AREFFETHWIZIER US IR FLIE O TH ECREHERE 2 T T 2BCA A CTH D
Z Do,

FEEFHEEZICHEEHZFER RES AT/ n =0 2R L2 2 A, 55
WUS &M FCIiXEEENES N OO, 580 US &4 F CIEHEEENPLE S
mofz (Fig. 8A,B), 7 v =V 3R, NLE( L-RENFEE S 2Rz
EY 5z [23], AREFETHNZ US S TIHREBORZEN - BEED Y & 2
DIEFIZEE TWDDIZXF L, 5 US £ TIFEEOARLEN R E T, FEENTFHE
SNBRNZ ERghoTz, BN US 2 HWcSE, SREOEENMBEICEZ D, FLED
HEFHCALZEDNR I VIZ K eolald, BEENELRNWI ENEZLND, it
BORLZENIL CS ~OFRBERFNALET D [11] 7280, K US FfHTBWTRED

FEEZFET H720I2E, L0 RO CSHERELITIMLERNH DL, L LRBD,
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FEENIERICE Z 2590 US K TFICB W T PD ~ 7 AOFHFEEIXIER Tho72 2 &
Mo, PD U AOBREFEREIIL control ¥V A LFRIFETHDH EEZZBND,

REDFEE 5, MPTP #H%E PD &7 /L~ 7 Z (TR EL1E 0 B @1 DN FEE E 1L IE
HTHLHLLOD, BMFLEOHEENTTE L, KBRS L TWD I LR nhol,
IO END, FEEBOMHETLE. & ONR AL T 23 PD 2R3 238 mEEICR 5
LTV D AMREMED R ST, AFED PD v U A T b=t fE O E LTt % MPTP
FHFRME PD ~ 7 RSB HRMEE L ERK L, KFET PD ~ 7 ADORRIE O R IEHE
Z AT L7z,
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FE3E
IN—F V) VIRET IV T AT
BT BHEETLED A 1 = X LFFEYT
)40}
1Y 7T AKX DWERORT
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G
Il

R LI O B IX SRS TR BB EKREEICE 20, &MAFRE (conditioned
stimulus: CS) (x4 28 LWEIBEDOEIZ K- T, RUHFENMIS T 28R Th 5
(48], 7=, SCIRMIRUM ST RBRIZB W CRUGFRIE OV RIS, ks, /i
SHATAZE (medial prefrontal cortex: mPFC) 23VE#EZE S LT\ % [43, 46, 48], =
DR THUEEIL, LIEOEE, Hr LW RREOI AR & HICHERENTH Y (10, 48,
68, 73], MR OBEREZA(SMEE & MM EIEL & D FH ELAEH OB IZRMR LB O E I
Bk RIET [56, 78] ZEMNMBNT WD, £72, WHIZIX CAL, CAS, #iklEl (dentate
gyrus: DG) &\ o 7 BEFEIRMETE L, RUARLIEIC T L TR R - el x 23 5, #2103,
CAl 1% CS OXUREMAZRBRL, RUMEEHEERNT D2 LT CS & MmEMHIM

(unconditioned stimulus: US) & OIFHAFE RO 25 EI A D 70 &, RUFLIEOE
T EERICEE /K Ch 5D [43, 50], T4, DG 23RUHFEIE O AR O K ICH
IREEN D 2 ERME SN TR Y, RkE L O ARSI O Z LA TR O
O EICHETHD Z EAREREN TS [56,61,73], %72, 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) 5538/ —3 . / L (parkinson’s disease: PD)
ETVEMW) & A TE AR 35V THRES OB RE S 22 I FLIR % OV IS IR A ME T IB o0 PR 75 8
WEINTWD [21, 47, 84, 85], Ko T, AT HiL/z PD v U 2 DORUGFLIE
THETTHEIZ YRR OB LA B G- L TV D FTREMED & 5,

cAMP (TN E D > RA v Uy — L LTI L GFDO—D2ThHY, X237
BV UWk{el%#% A (protein kinase A: PKA) ®iEM:{k% /- L T cAMP response
element-binding protein (CREB) @ VU » (bl Nz CREB M4 2% % v 87 B H
AT 5 (Fig. 9) [12, 63], Z @ cAMP-PKA-CREB #5135 O IR 35

F %R (long-term potentiation: LTP) <O KAFIERCIE, ORI RLIE D48

30



BT BEER - BRSO ERHEICEE LT A Z Ll ahT\nb [438, 50, 63], 7,
CREB (I 3CRAZFLIBOE E - FEE « HEICHBERIEGR T THY, CREB DIF
Mg FE& LTy T 7 A @5 E - Ll 29 % activity-regulated
cytoskeleton-associated protein (Arc) CHFEHFE[K T brain-derived neurotrophic
factor (BDNF) 25T % [12], cAMP-PKA-CREB ¥ 7' /Lix 2 bHiEfs 1
OFBUHIE, & X7 EER A L CRUGE O EE - FEE - HEOHIEIZEE b - T
WbHEBZHNTND,

HANIZEBIT 5 cAMP OFfiIZIZA A% Y = 27 7 —F (phosphodiesterase: PDE)
WEBER%EZH-TEY, FTH PDEIV IZHHARRE RIS TRIMEESOHES & 0
ST FEA R DI E EICAE L, REEESICERICES LD [63], £z,
n Y77 Nuha L35 PDEIV FEANIIES cAMP-PKA-CREB 7 /LA 5 L,
WG~ 7 2O R W5 (long-term potentiation: LTP) ¥ K F LI 2 8509 %
TR, URMRBMGLIEZ R T 2 2 L P bl ST\ D [45,54,66], &5
(e U 77 MIINECIMRE L, 7 A = IR O RS 2 UeET 5 (6, 26, 42]
78 ERRFPEETRRIE L L THZOMRBHERE SN TN D,

Z ZTCAETIE, PD~UADHEETLHED A B = X L EfRNT3 5 7=, RMiGeiERE
JHBEIR OFRIEMESS CREB OG- 28T 5 L L big, vl 7T AOMEEIER)

RO AT T2,
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bg & TTik

B & O MPTP # 5-

%1 FEORLHICHE U THRE L7,

Pl c-Fos Hifk % AW T2 B R L F & O c-Fos G M RS DRl

BRI 2 O T R SR A FEBR R 0 2 [B1 B OTHEE %, 30, 60 nkic~ o A%
VEFI)ILE—T W CHBEE L, phosphate-buffered saline (PBS) & 4%/XT7HK/L AT
T e RICCHERBEED, WEdl, BV BRWCaME 4% /N7 RV LT VT b FEIK
THEE L, BE%, vA17rAT74%— (ERKA—x=2A, 5H) T40 pm OE
OUIR ZER L7z, (ER U8, £7° 0.5%TritonX-100 %A PBS (TPBS) T 1
IRFFH] =R IS TARLE L 72, IRIZ PBS T 100 £ AR L 72 il bk 32 2 40 77 [FALE L, TPBS
TYeigt:, TPBS T 100 AR L7 ny 7 m—2 (BH, H) 2=IET 1 R0
&t L7z, TPBS T¥EH#%, TPBS T 5,000 {4 L7=Ht c-Fos 7 H ¥R Y 7 m—F L4
& (EMD Millipore, MA, USA) % 4 COZM: T T 24 BfLE L7-, =D, TPBS
THeg L, TPBS T 500 5K L7z 2 Ikl (B4 F 1t anti-rabbit IgG; Vector, CA,
USA) % 4ACOSGMHET T 2 KeLE L7z, LEL7ZY % TPBS T L,
avidine-biotin-horseradish peroxide % 4°C DA F T 2 HALE L, PBS Tt L7
%, 3,3-diaminobenzidine etrhydrochloride (FnYGHli3E T3, KFk) & FHWTHA LT,
Z D%, Ul% PBS T5 7, 3ENEHRL, X741 RHTZRIIBL, 50%7 Y Er—
)L PBS TH A, JFBEMEE FOBSB LW, WE (F L/ ~1%J7 1.82-2.06 mm) -
mPFC (7' V7 ~§iJ7 1.34 - 1.94 mm) * @ikik (7 L7 ~#%75 1.58 - 1.94 mm) (25
7 % c-Fos MM OF A 21T - 72, Z DOFS, W51 CAL, #iK[a] (dentate gyrus: DG)

2, RPRIARIZAMERSS (lateral amygdala: LA), ZMAIFSEES (basolateral amygdala: BLA),
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il (central amygdala: CeA) (2, mPFC (Za7id#% %2 (prelimbic cortex: PL),
Tl 28 (infralimbic cortex: IL) (24317 TRl L7, & TOUINIZEIT DAL

IR D c-Fos B 230 L, £ OEFHEZMRE L,

55 cAMP B EHIE

HERSHAREY o 7, SR A O T2 S AT 0 328 S o0 2 [BI B O B ER, &
DWVE—EIDORIATF 21T b T~ U A& Vo F L —T VBT CTHREA L, £RE - 3R
fi L7z, MR E RO 10 58D 5% MU 7 e aFigziimL, KU be o RRED
T A P TRk A FVE L LT, £ 0% 70 Z DA BERRC Ciatl (1,500 ref, 10

sy U, BiE&EERER, BIZ3MEED 6% MY 7 mufFiga -, wiZ, o7
Db EFEOEKT—T VA2 10 EORENRME, #EL, REo=—7 AV EEZIRY
PRV, ZOEEZ 3IE#R VIR LT2D B, 3T 5K —7 LA B Br< 728 70°C,

S MNE L 72, cAMP Il 121 cAMP EIA kit (Cayman Chemical Company, MI, USA)
ZH\>, enzyme-linked immunosorbent assay (ELISA) JEIZT{T-72, WIEHEEIL 415 nm
DR THIEZIT - 7=, HIERFZIX 750 pmol - 0.3 pmol T8 SO 7 1 v M ENTF
T DAL L= RY T ERAN, AZ U H—RI—T%E L, cAMP JE O
CHWz, 72, BTOV U TAROBAL o — B 703 2 [ O#k Y & LRIE 217
WV, EOVEfEET—% L LTz, cAMP 2T pmolifEfE % X7 E & (mg) THEUE
b Uiz, RS D 2 /X7 '8 8 8213 protein assay kit (Bio-Rad Laboratories, CA, USA)

Z T,

CEQIrgakid ik R [
SRRV 22 TN 7= B ST 1 BRGS0 2 [BI A DO 2 30 S ZIC~ T A H Y F LT

— T IVFREE T T 4% /X T RV AT VT b RICCHEREE O%, W L, B RV 7-20M
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A% NT ARV LT VT e R CHEE Lz, BE®R, ~1 7 A7 43— (EHRA
—x L, ) T40 pm OEIOUFZFR Uz, FRLUZZOF1E, £ TPBS T1
RFM RIS CTALE L7z, RIZ, TPBS T 100 547K L 72 v X Iis 4 =i C 1 Wil LE
L7z, TPBS T¥EH D%, TPBS T 500 5 MR L7zHt Y . CREB (phosphorylated
CREB: p-CREB) 7 # ¥ 7K U 7 v —7 /LK (Cell Signaling Technology Inc, MA, USA)
Z ACOZEKM T T 48 FFHLE L=, £ D%, TPBS TheifrL, TPBS T 5,000 fF4HR
L7z Alexa Fluor® 568 goat anti-rabbit IgG (Thermo Fisher Scientific, MA, USA)

Z ACOZM T T 2 KFMALE Lz, AE L7281 % TPBS Tk L, TPBS T 5,000 %
AR L7291 NeuN v~ 7 A€ / 7 v —F/LfiiK (EMD Millipore, MA, USA), &» 5%
Pl GFAP ~ 7 2%/ 7 u—F/LHi{k (Cell Signaling Technology Inc, MA, USA),

doublecortin (DCX) v 7 A& / 7 u—F Lk (Santa Cruz Biotechnology, TX, USA)
Z ACOZEM T T 24 FrfLE L=, £ D%, TPBS ThifrL, TPBS T 5,000 fFA4HR
L 7= Alexa Fluor® 488 goat anti-mouse IgG (Thermo Fisher Scientific, MA, USA)

Z ACOSM T T 2 FFfALE L7, PBS T 5 B L 7-1%, Vectashield (Vector Laboratories
Inc, CA, USA) 1T TE AL, 3B L — W — A (C2+, Nikon, HU50) T TBIZE LU,

W (7 V27 ~<%#%7 1.82 - 2.06 mm) (2317 % p-CREB BGEMILOEH 21T > 72, &
TOUIRICEIT 2 ELSMEED p-CREB EMia a2 d i L, EOEFH AR L

L7,

WER—=V TRCEITEr) 75 2HBE

2l A AL TE, ) 1 1%DMSO THINLZ, v U 7 I AFHEE N
—= 7?2 BEIENC 1, 2, 3 mg/kg, 200 pl/20 g O & T~ v AIEHENESL Lz, %
FREEICIX, 1%DMSO % [FA&EHE Lz, ZOMOITkITE 2 FoOMENKE IR 5iE%E

M —= T OIIEICHEL TT o 72,
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IEF#&#1% (median raphe nucleus: MRN) ~®Oifi [\t AR5 K OFELH
WA ME A SR I AR BRI K TAiT R L 7= 2%fluorogold (Setarch Biotech LLC, OR,
USA) /K¥EHR & FiVN Tz, ~ 7 A % 2,2, 2-tribromoethanol (0.32 mg/kg, i.p. ; Sigma Aldrich, MO,
USA) THEEL, BEMEELRE (SR-5; Uk, ) ICHEE LT, T V7 ~inbikl)i
(2 4.5 mm 2> D EFIZEEH FU L2 HOWTEHEFTI/NMA ST, 47mm ORI ETh
== — L %A L7z, Fluorogold D5 (X 10yl ~+( 7 a3V > (ITO, &1, HA)
ZHV, 50 nl #%5- L7z, 2%Fluorogold 5226 2 A%, ~ U A& Y =F /)L —T /LK
BT T 4%/37 RV AT VT e BICTREREE D%, Wrgdl, Y ROC2MEZ 4%/
FHRNVLTNT b PR CHREE Lz, BEER, ~M7r2XT74%— (BRA—T L,
FAER) T40 pm OEIDOYIR ZAF U7z, /FRL728R 134 TPBS T 1 Refl==iRIZ
THALE L7z, WIZ TPBS T 100 {5AR L7727 ry 7 =—A (FH, HR) #=RAT1
RFfETALE L7z, & D%, SNpe U112 TPBS T 5,000 {54 L7 HiF v o v KR biEHR
(tyrosine hydroxylase: TH) ~ 7 2%€ / 7 v—JF Lk (EMD Millipore, Inc, MA,
USA) & %\ 34t glutamate decarboxylase (GAD) 67 ~ 7 AE / 7 u—F L4k %,
MRN Y] 512 5,000 (54 R L7=HL ~ U 7 k7 7 > /KER{LEESE (tryptophan hydroxylase:
TPH) ~ v A%/ 7 vn—7F/Lhiik (EMD Millipore, Inc, MA, USA) % 4 COSMETFT
24 FFEALE L 7=, TPBS Ty, TPBS T 5,000 /%47 L 7= Alexa Fluor® 568 goat
anti-mouse IgG (Thermo Fisher Scientific, MA, USA) % 4 COSM: R T 2 RefHALE
L7-, PBS T¥ei¥ L7-%, Vectashield (Vector Laboratories Inc, CA, USA) THEf AL, 1t
RV —V =88 (C2+, Nikon, H5(0) T T 405 nm, KO 561 nm OFEKEEZHNT
BE2%1T o7, MRN O & X TPH MR A4, SNpe O &L TH Bl 2 fe i

s L7,
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W ETALER

2 BRI ORI E S HMEDREDT-DIZ F REZITY, E0WMO%H Student’s
ttest #1T o7z, ZHEHHLTIX, Bartlett’s test TEoriA sl L7-%, 1 ookl /oy
W &a1To7-, AEENSONIZHEAITIE, Tukey's test |2 L DL ELLE ATV, AEAE
DG BN WIGEEIZIE Kruskal-Wallis fE &Y, £ D% OEIZ Mann-Whitney
U-tests Z W TEHILE 21T o7, T 2FEH CRF P EBFAET 256, 2 oid
BT 8 2\ M 3 JCRLE S T TR - D A2 BARE R 2 ff b L 7c, (RIS AZ BAR
FDMELE L72 WA 12T Tukey’s test 2 W TE DB OKE ATV, B HAEHDEAET
5855 121% Wilcoxon signed-rank test Z H\NTZ DR DOMREEIT-T2, 72k, pfEN
0.05 Afii DY & Zitat FHNCHZ CTH L LT L7o, ETOMFHLEIZIX SPSS V7

=7 ZHW=,
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ER

R IBIHEE D c-Fos BBHERIKE D R4

R ELIEIH RE %, 30 47, 60 /3R ISR RLIRIC B D 2 IMGEIR T b 2185 - Wbk -
RITSERT R E 23 D #hi&IE 1 % c-Fos PRI 2 FRIEIZETAM U7, £ 72, G 1X CAL,
DG (Fig. 10A-C) IZ, F#EMIE LA, BLA, CeA (Fig. 11A-D), mPFC iZ PL, IL (Fig. 12A-C)
&V T AIREZ IS G CRENT L T2, 2 OFER, 2 COMMEIKIZ 1 DMz Ic BT
control 2 TF PD ~ 7 ARSI TR RLIEIE B E L & Ll L, 30 20X 60 431 T c-Fos Bl
HIEL DHIMAZEO BTz b OO, MEMICHEREZEITRD bR ol DFED, ¥
FRITBO TR OMRIEEICA B 2221372 <, PD ~ U A DR B E R A 2 0

HOITEFITHRE L TWD Z & mnol,

W23 5 BMFLIEIE B/ TD cAMP IREDOHIE
HENL—=V T OEGS LWV, YIRS T EEITDRV~ T ZAOWE %
& L, ELISA {5IZ2T cAMP OREZHE L1z, ZORER, BiGMAHT 217> T
PRUNGRA UMY LBV R EL% DRI 123 T PD = 7 2D ¢cAMP (T control 7
AL LA RIS LT (Fig. 13A,B), 2% 0, {HERZHE L TPD ~ 7 ADHE

J5ClE cAMP DR LTWD Z 3 yhoiz,

WBRIZ BT 2 M IEIH % D p-CREB OFRBfFHT
RURREIE DIEZE 30 0k, WEIZI1T D p-CREB OFEBLAMENT L=, T OREE, HE
CAl, CA3 8 TliX control, PD v 7 X & 412 p-CREB FGEMIILOFEEL LT \ZFE 0

LINORRE Th o7z (Fig. 14A, B), — S DG SHIBIZ IV T, Wt E ©ICmE
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7% p-CREB FGMEMIAREL ORBNTE O b, FORBIEEZFME LI-E Z A, PD v~ U A#t
I% control = 7 ARE L il L CHEIZ p-CREB B E 2 B L Tz (Fig. 15A, B),
F£ 72, p-CREB [HMEAIAIZTHE & & IZ AL D~ — 1 —Td % NeuN & 30%|Z il
TR ORRE OB AR (Fig. 16A, B), — ), 7Aha¥h A hO~v——Thd
GFAP & X & A EIRBIET (Fig. 17A), RAMBEAMEO~——Th 5H DCX &%
%< DILFEHNRD SNT- (Fig. 17B), ZOFEEND, BLEONE%, PD~ U A
I X DG fEI D p-CREB 38 B3N8/ L Tk 0, Z D p-CREBFELD £ < I[LARBHIfIZ,

R L TR ZRR D b D T &3 inoTz,

2 U 77 A0 PD v U AEETLER X O p-CREB FEHIR 12 k32 BEFE O

IRARY T AT 7 —8 PDEIV @RPAERK T V7T AR GIC X 5 PD ~ U AD{HE
TLHEDSEDRERFT LT, TORE, PD ~ 7 AR TH D 1%DMSO &5 L7
FETIZZNE TORR L [FERIC control = 7 A L0 BHIINSE D7 ) — 2 0 7 EIG DD,
SFEVHEEOTLENEO BN, —FH T, PD v A In ) 7T AE&kE5 L= TILH
BRI 7 ) =Y 7RG O RN SGE Lz, £, ®HEF (2, 3 mgkg) 2
FUTIL, control ¥ 7 ARE L~UZF TIHEMREZ U S ¥ 7 (Fig. 18B), —77, control
AR R ) 7T ARG LIESA T, 1%DMSO & 5 L2t & ORICHERZE
IR B e - 7= (Fig. 18A),

Wi, vl 77 LFE5I2L5 PD v U A HELEOLGER, WS DG 8H5k? p-CREB
BT LTz, £ DOREE, PD v 7 XA Tl biiz p-CREB OB T v U 7 F A
FEHIZL D control ¥V AL~YLIZETHIE L2 (Fig. 19A, B), 72, v U 7T A%
p-CREB [GMERIAE & NeuN & O BLEIGITITE LY LT X 72> 7= (Fig. 20A, B),

ULEDOFERNS, v )77 LI PD ~ 7 ADHETTEITK L TITEIFRIC b o4

W b BEEI R E AT D 2 ENgo T
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SNpc 2> 5 MRN ~DREEE & OfEHT

PD TITEVEMSAL R 33 > (dopamine: DA) #REEDZEME 71 Tld/2 <, MRN O+& 1
I = (serotonin, 5-hydroxytryptamine: 5-HT) > 27 ADEEEER T b A STV % [15,
20, 25], L2>L7eAy s, HVE DA %A% MRN @ 5-HT #f% & O BRI W Cidd &
DR STV, £ 2T, BB O DA MR MRN BT LTV 5 72008 9 2% MRN
Wi E b L—H— (2%fluorogold) #5925 Z LT K VT L7- (Fig. 21A), £
FE R, fluorogold IXHE HIZERO HNTZH DD TH MMM & 1ZHBH LT\ o iz

(Fig. 21B), —J7C, GAD67 [Giflfa & 133 B350 4 (Fig. 21B), HH D GABA

FEEDS MRN ICHESHT L TWAD Z &y o T,
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BE

PD ~ U A IR O E, RMRLIEBLEMAE Cd 215 « Rk - Aiign
B TOFBIZB N T, MfIEED~ —5 —Td 5 c-Fos FEBLEIT control i & DT
L3RS By - 7= (Fig. 10,11, 12), ZOFEFRIE, PD ~ 7 2ADORUWGLIEHEICHE D
S TV DAFFREEIZIER ITBEE L TV D Z L AR LT 5, RUAFLIEOTEE N IER I
fL Z 5 7o DITITAR R OIEEL 721 Tldie <, B TRESHHLY RV BOEREIT
Licy 7 AR OR e E 2 B &+ % [43, 49, 50, 761, c-Fos IZTEMEAL L 7=k
AR BRBFE SN HAIHEE - TH LD, MRREEOREE LTHY LD

[39] 7%, ¥ F T RAEVED AL ZAUCE D 2 -InFF8 8L, & /™7 AR DZAL
ZIBRL TWD DI TIEARW, ©2F 0, PD ~ U ADOHETLHEIIRAMRLERIEEZ O H O

DEFITERT 200 TER <, BEEMERIZB T 2 BIn RIS X7 BE R,
T T ARIEO IR LTV D EE R BD,

ARFFECTIEHER cAMP-PKA-CREB #%# 0 PD ~ 7 ARUGTH ETLHE~ DR 5 2 k54 L
720 WIS T REIBICR VT, CS OSUIREH & RPkARIZE Y US & BEEfH T
D EBRCFIBARE R O SRR O EFE 4 H - TH Y [68, 69, 73], RMALIEOMHERS -
Ak - [HE - FEE - HEOWTNO Tt AW T HMLERAIRREKTH S,
FGIZIE CAL, CA3, DG & W o o HlifHIAFET 24, ZOHF THIES, DG AR
BOHELCH BB W TEHEEREZFH Z2H o T Z EBRREIh TS, flxiE, DG
TR L= BRIC B W C O ARSI O BE N TN 2 M5 CTH 0, Asiiia o B A%<
BAE U 7o AR AR 23 e R B B~ B S 1 2 FIE D2k & RUMhFRiEE £ & o B R
XN TWD [56], £7-, DG IZ$51F 5 CREB F&BLO BN R FR i DO AR 2 HE i 5
% [73] 2 &R, DGIZHIT D LTP RA/NRA ORI FLIEOIEERIC CS O # % K

PEARIZE DBRITHERE L TV D Z &M STV D [61, 68], At oiHEITRLED
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HEREAITE Z 2729, DG ORMFLIEARE B4 2 &HI T2 LB ol ERIZ B W
THRRICEETH D Z R sind, £7o, MHIZHIT S cAMP-PKA-CREB (32
WRLIEOEE « FEE - HEICBWTEER S T TADATr—ROOEDTH D, #HE

BUF 5 cAMP O EFEBLIFRYRCIR O MG 4 HY il L AU RO £ 28I S §[45], PKA
ERHILIE N7 AV 2=y 7w U A TR O EMEET 5 [34], = HIZ,
R FCRVH B RFIZ I3RS T CREB O 2 [14] 72 &, BiCEHEICKTT 2
cAMP-PKA-CREB ¥ 7 /L DEENTHZ < s STV b, ABFETIE, PD~Y U AD
THERHIZBWT, 5 TO cAMP L~/L DA K ONERS DG TO p-CREB DR 8ijdb 73
o biL (Fig13, 15), v U 77 NI X VR cAMP-CREB #R# 2 #4425 Z & T PD
~ U ADEETLHEITSE L. (Fig. 18, 19), ZOfERND, PD v U A F#EE DG O
cAMP-PKA-CREB #8512 > T, ZUfFLIE O ETLERS L LTV D 2 L VR S
iz,

AW TR HALT- p-CREB FELIIAHAIEC 7Y 7 flifa Tld 7z < REVlE C% <
WO L (Fig. 16, 17, 20), S DG TR L 72 EIRIZ I T H RS O B A 23T
DIWDTERTH Y, FHREHT AR LU D FRE R I AR ORI, SRR IC K &
R 52 5 [4], T, MBS DG T DR AT AR O BN IR RLIE OE E &
JLHEEL [56], & BITRAMNIE Db OPMEEKAM B EL KT T Lo o
WD (28], LL72n s, REGMIN & BWMELIEIEZE & ORI DWW TIERTEARH
IRRINZ\N, Ak, RS DG RAHINICIS 1T 2 p-CREB D FHL & ZfiFtEiH £ & DB
PEIZOWTERDFEN NI TH D,

PDE (3#E1EMIF K OMEREMIRF D 11 07 7 2 U — 2 SN, 21 OEETIT
Ta— RENTED, cAMP X cGMP DEIR Y gy = 27 V& NK53#ET % (Fig. 9)

[63], =D H T PDEIV IF AR Tld7e < FRARERICH 2 < ORILNRD 5
N, FRCBECRE, ROME, BREER7e & OB IERE & 7 5 SEIRIC B O R BLS TR
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HHNTWD [63], £72, = U 7T A% L35 PDEIV FLEIKIT LTP US4
FLlE, RUGREHERODEEZ AT L2 ERNMESNTEBY, M7 Y S ~—,
JRARE I3 (2 L (KT 2 BRENBE B A~ D UEN R E b ST\ b [6,26,42], ABFFRICE
WThH, 7Y 7T AEPD v U ADHETLHEN NS DG O U >Rl CREB 8L O
DEU#E LT (Fig. 18B), —HC, v U 77 Al control ¥ 7 ADIH EHEREIZILM & ¥
B 5.z 7o 7= (Fig. 18A), Monti 5131 V) 75 A DE #5132 ELIE D1 4 1
UHEZBIESES 00, v 7T AOERR G IXE EEEEICEZ MIE S vz
EERELTCND [45], ZNH0HENL, BWHLEOHEENEFICEZ 57-0I12iEd
LEMELL ED cAMP DIZT72 b ENMETHY, vl 7T LIS DG #HlIZBW\W T, 1E
HRAHEEZR 3200 B & e D BMEREL EIZ cAMP 2 IS ¥ 52 & T, PD~
TADEETLEZLEL TWD I ERRBR IS,

D X T DIREIED L 1%, RHERELE LTRE LT DAMREZH 726 DT, &
ENERECELN R O T PD B2 @ Quality of Life (2 K& < HEBRL T\ 5 [16], LovL7g
W, VAR RAZIILD LT 5 DA MiFeIFRRAEE ISR W IEE %<, PDIZHf
P 2 RABEEIKRT T DIREIIIRIEFTE L TRV [16,24], F7z, DA #RGEHEL
TR L, FREIBERELE 2 R Lol bAAHET 208, FEAMIZIZE > Ty [13, 841,
AWFIEIE, BEO DAMRZDO LD TIE/e <, BE DA MROEGEFIC LY MEnIEE
SNTMBEOHREZ R ) 77 LML > THELTWD, A% ) 77 LD PDITHFET

2 AR E ISR 2 R OPR 2 FIZRD 5 Z & T, PD I X 28MBEE O BRI
ELTREREMMPHIGTE 5,

DA |3 EOEERE, — v Y — NRLlE, VS MRClE, LTP R SIZRB W THER
BeF o T D [55,67,74], Blz1E, DUDS Z&RITHES LTP ZH#L, =&/ —

FUIBICRIS T 5 [31], F£72, DI XFEEXIB~ U AXEMLERE I OREERRD b

% [71] 72&, DA CMERKFHRLEIXEEZICEE LT d, MPTP &% PD €7 /L
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~ U AZRWT b RIRRICERER R 22 M2 E /e, VSR MRS IR O 2 i S T
W5 [13,21, 84], AMFIEIZIUN T b SUIRAIZLG IR O 1 25 O TUHE S IR FFHERE O I
\Z, R DG T? cAMP-CREB ¥ 7 1 /L DIEE5 13589 H L7 (Fig. 6B, 7, 13, 15) , cAMP
VI F L DA ICE > THRFISND Z £ D, SNpe & DA B I3HER O DA ~
AT LT SERHMEELGISE I L TWD I ENRBIND, L LARMRL, PD
DRBABEFIZ LA KR RARI T =R e 8D DA MiFfBIEND TR NGENRE
WZ & [15, 24] 225, DA DSORGB & 7o TS OEER 22 Z LT
LAREMENRZ X OND, ZDOWHEEE L TEXONDFRKRDO—DIMMDE /7 I RkA
BAREWE OG- N3 F b5, AD PD TiX, SNpe @ DA #fR721 T, Mk
BZ 5-HT MR RCHFBEEZ 2 V7 KLU 2 (noradrenalin: NA) AR OGS A HE S 41
TWb, 72, PD ETAEIZEBNTS DA LSOE ) 7 IV ROBRFE LA ST
W2 [15, 20], 5-HT X° NA [3AEHEERE ORISR X 2% EH 2 H - TR v, RAEE
DR LA SN TWD [30], ABFIETIE, S-HT Mk % 2 < &4, MO ILHFPHIZ S-HT
R A BG L T D082 Td D5 MRN (Zfiffk b L—H—Z2 5 L, BH?D MRN ~
DEHZfRENT Uiz, 2 OFER, B O GABA #8723 MRN ~&4f LT 5 Z & AR T
X7-H DD, DA MROLFIMR TEeh o7z (Fig. 21). Z OFERIL, T RIEREL
(dorsal raphe nucleus: DRN) (Z#fi AP b L —H—% 5 L 7= Kirouac ©OHFSE [37] &
MLLLTERY, BVEIL DA MR OMIZ GABA Mk E %< Gieic ), AL TRD LI
72 MRN ~E419 2 BEOMRIT GABA Mk CThHLH Z L Ex BN 5, —JT, DRN
I ONZ MRN @ 5-HT AR A Mok Ak EGFP 2 588l S ¥ 7-4F48 Cix, BE D DA
PRGSO M B ESRZ ARSI S DRN ° MRN IZHE5 LTV B Z EAVRENTN S [59],
Difii ROAHIEIL, DRN M O MRN [ ZIEMHECEHIES TR e 272 0, fifafE - 1 —
Y% O 72 FEBR CUIRERREE S-HT ARk o PRI i [t e R & AR T A L7 K
Br i 5 &, Wi ARIEADEREE O —H 3 ICRR Sz EFOBBENRE X b

43



Do TNUHDZ EMD, SNpe @D DA #HREMNLHEIE, #ERELZ S-HT AR HFEEEZ NA % IC
RBE RIT L, MRS OWREIC O EL T LEWREREZ 6D, Ll
7235, 5-HT R°NA & PD v U A{HETLE L ORI A TH Y, 5% E e 20780
VETH D,
KEDOFERS, PD ~ U ZAOIHETTHEILIESE DG #H0> cAMP-CREB ### D552
FA U, ¥ DG 8> cAMP-CREB R K D53 % 1 ) 7' MM Lo THRT 5 2 & T,

HEDTUENLE S ND Z LR S L,
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o i

/N—% 2 i (parkinson’s disease: PD) (23U CRBHIEE L EHITHIET HITH
NhLT, ZOAT=ANIFLNTIERL, ARRIBREIIAIEL RV, KRIF5EIX
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine phosphodiesterase (MPTP) & 3%
PDE7/L~U A (PD~¥VR) ZHWNT, iEOEE - HEE - HEZITEFHI LD
AT Lz, £, HHBREL L TARARY AT T —F

(phosphodiesterase: PDE) IV [HEH 1 U 7°F ADOKE 21T - 72,

%1 ETIXIMPTP ORI 5IZ XKV PD v U R Z/EH L, HEREM R O TBY AR
izAT o7z, ORGSR, MPTP 2R G I3V EMSEED K XX - (dopamine: DA) #H#%
ik & EEEEZ G| S 32 & AR L, 55 2 B CIISUIRIIRME S -4 1 78R 2
T PD vV ADFIBDOEE - FEE « WERNDAMNT LTz, TOfRRE, PD ~ U AL
BOREE - BEEIXEF THLHOD, HENTTEL, REEINEE L WL Z L%
R L7255 3 B TlI PD = 7 A DIEERICI T 5 UEE cAMP-cAMP response element-
binding protein (CREB) #&EOfEHNTH L O PDEIV [HEAIw U 7T AOUED %2 K
L7z, ZTOfER, PD = U A TIIRMRRLIE O ERHIIES cAMP & 7 F LME T LT
BV, I HITHERSERE] (dentate gyrus: DG) FEIKIZIUWNT Y B2 b CREB FEELHN 55
LTWbZ xR LT, £72, IHED TN NZ cAMP-CREB ¥ 7 /L DOJEF51E = 1
TIRIEoTHEL, v T T AEDIEFRE R LT,

Ubzi s s, BEMRSAE DA R EF IS DG 8251 5 cAMP-CREB #%
FEOWMGIZFHE L, T ORER, SilEOMETEZ SR 52 LRIz, 2%V,
PD (2383 2 iR ENBEE IR DG OMEREIR T2 X 2 W ETUEN RS- L T 5 argEE»3
Hb, £, v Y 7T ALEE LIRS DG O cAMP-CREB ¥ 7 F V&4 9 Z & T,

FILEDUEZN RPN HF T E, PD SO DR8MBEE (4 DB L 2 v 155,
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P

AR OZATICHT-V, BELIY ZTERD TS, ZHE2H0 £ LIZBERKFR
FREEAERE IR, # RS ER T AR P P R O A R 2%, =HE R
HERR, KB WER AT IEE O I [ 35 SO, I B R BR R KB AT 28 28 OV P AR 5L 0%
WCIRERDHEZRLET,

o, MCEERT 212720, TG Y £ LTl B R FBEE A R E TR,
HERFOTFHEHERES, HRETRZEOTHEZRICLE 0 LA L EF £,

RFFEATEZ LA TV & F L B RF RFGE G B E PR 08 e A7 &
NZFBIE DS < 1< BILH L BT £,

F 7o, WA PERFIEREER R PP O e, BE DL ORMNT CIHEFICRKE
LIe RFBAEENPBSNE LT, AEIZHVNRLEH TINE L,

BB, EBROLDIEHEICR ) L ot EROEZFE L ET,
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Fig. 1 Effect of MPTP on DAergic neurons in the SNpc and the striatum.

(A) Photomicrograph images of tyrosine hydroxylase (TH) immunostaining in the SNpc
and striatum of control and 7, 9 and 16 days after MPTP-treated mouse. Scale bar: 500 pum.
(B) Total number of TH-positive cells in the SNpc of control (2="7) and 7 (2=9), 9 (n=16)
and 16 (n=5) days after MPTP-treated mice (**p < 0.01 vs. control). Results represent

mean = SD.
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Fig.2 Westernblot analysis for the TH expression levels in CPu of the control and PD mice.

(A) The images show the representative results (upper: TH, lower: y-tubulin). (B) Bar
graph shows the TH expression levels normalized by y-tubulin (* p < 0.05 vs. control, n=17

per group). Results represent mean =+ SD.
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Fig.3 Effect of MPTP on motor coordination in the rotarod test.

The latency of each mouse fell from the rod rotating at 20 rpm was recorded over two
trials per a mouse at 20 min intervals and a maximum trial time length of 600 s per trial.
Data are presented as mean of latency to fall from the rod over two test trials. The latency
time to fall from the rod in PD mice significantly decreased as compared with control mice

(* p<0.05 vs. control, n=5 per group). Results represents mean = SEM.
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Fig.4 Effect of MPTP on general behavioral activities in the automated hole-board test.

There were no significances on (a) locomotion, (B) rearing counts, (C) rearing duration, (D)
head-dip counts, (E) head-dip duration, and (F) head-dip latency between control (2= 10)

and PD mice (2= 11). Results represent mean = SD.
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Fig.5 Effect of MPTP on the contextual fear conditioning test under a weak unconditioned

stimulus (US).

(A) Reconsolidation test: mice were trained with a single footshock (US: Day 0,

stimulation: 1 mA/ 2 s duration, once) and, 24 h later, reexposed to the training context
(conditioned stimulus: CS) for 3 min without US (Day 1). Reconsolidation memory was
assessed by placing mice once again in the CS for 3 min 24 h after consolidation (Day 2).
There were no significant differences between control and PD mice (control: n =12, MPTP:
n=11). (B) Extinction test: mice were trained with a single footshock (US: Day 0,
stimulation: 1 mA/ 2 s duration, once) and, 24 h later, reexposed to the CS for 30 min (Day
1). Memory extinction was determined by assessment of freezing by placing mice once again
in the CS 24 h after consolidation (Day 2). All tests were assessed as percentage of time
spent freezing during the initial 3 min of the entire duration of CS. Freezing levels in both
control and PD mice significantly decreased after re-exposure. But there were no
differences between the groups (*p < 0.05 vs. control-Day1, #p < 0.05 vs. MPTP-Dayl, n=

10 per group). Results represent mean £ SD.
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Fig.6 Effect of MPTP on the contextual fear conditioning test under an intense US.

(A) Reconsolidation test: Mice were trained with an intense US (Day 0) and, 24 h later,
reexposed to the training context (CS) for 3 min (for consolidation) without US (Day 1).
Reconsolidation memory was assessed by placing mice once again in the CS for 3 min 24 h
after consolidation (Day 2) (n= 7 per group). There were no differences between control and
PD mice. (B) Extinction test: Mice were trained with intense US (Day 0) and reexposed to
the CS for 30 min every day over 3 days after training with the intense US (Day 1 - 3). All
tests were assessed as percentage of time spent freezing during the initial 3 min of the
entire duration of CS. Freezing (extinction memory) 3 days after training with the intense
US significantly decreased in the PD mice but not the control mice (*p < 0.05 vs. control-

Day1, #p < 0.05 vs. MPTP-Day1, n = 4 per group). Results represent mean = SD.

63



Day 0 Day 1 Day2 Day3 Day4 Day5 Day6 Day7 Day 8 Day 9
CSsUS —» CS —m» CS—>» CS —» CS —» CS —» CS—» CS —» CS —» CS
(2mA/2s)x2 (3min)  (3min) (3min) (3min) (3min) (3min) (3min) (3 min) (3 min)

100
—(QO— control
80 —@— MPTP
<
£
o 60
D
£
N
(V)
()
S 40
(@]
2
20
0

Days after fear conditioning

Fig.7 Effect of MPTP on the memory retention under an intense US.

Mice were trained with an intense US (Day 0) and then reexposed to the CS for 3 min
every day over 9 days after training with the intense US (Day 1 - 9). A significant decrease
in freezing was observed at 8 and 9 days after training with the intense US (Day 8 - 9) in
control mice. PD mice showed a significant decrease in freezing between 5 - 9 days after
training with the intense US (Day 5 - 9) (* p < 0.05 vs. control-Day 1, # p < 0.05 vs. MPTP-

Day 1, n= 7 per group). Result represents mean = SD.
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Fig. 8 Administration of clonidine (CLO) immediately after reactivation of fear memory.
(A) Mice were trained with a weak US, and 24 h later, mice were re-exposed to CS for 3

min without US (Day 1). Mice were then removed from CS and clonidine hydrochloride
(0.3mg/kg) or its vehicle was administered immediately. Mice were again placed in CS for 3
min 24 h after the first retrieval (Day 2). Clonidine significantly decreased in freezing levels
at Day 2 in both control (2= 12: control-CLO) and PD mice (n=10: MPTP-CLO) compared
to the freezing levels during the first memory retrieval (Day 1) but vehicle did not (n=12:
control-VEH, n=10:MPTP-VEH) (?p < 0.05 vs. control-CLO-Day 1; p < 0.05 vs. MPTP-
CLO-Day 1; ¢p < 0.05 vs. control-VEH-Day 2; 4p < 0.05 vs. MPTP-VEH-Day 2).

(B) Mice were trained with an intense US, and 24 h later, mice were re-exposed to CS for 3
min without US (Day 1). Mice were then removed from CS and clonidine hydrochloride (0.3
mg/kg) or its vehicle was administered intraperitoneally immediately. Mice were again
placed in the CS for 3 min 24 h after the first retrieval (Day 2). Clonidine did not affect
freezing levels at Day 2 in both control and PD mice compared to the levels during the first
memory retrieval (Day 1) (n=11: control-CLO, n=11: MPTP-CLO, n = 11: control-VEH, n
=11: MPTP-VEH).
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Fig. 9 Schematic illustration of the CREB phosphorylation signaling pathway.

Activation of the G protein-coupled receptors or receptors induced Ca?* influx such as the
NMDA receptor leads to the production a second messenger such as cAMP or Ca2*, which in
term activates a protein kinase A (PKA). PKA translocated to the nucleus and
phosphorylates the ser133 of CREB. PDEs degrade the cAMP to the 5-AMP and rolipram,
a PDE IV inhibitor, inhibits the degradation of cAMP and enhances the cAMP-CREB
pathway.

66



A 0 min 30 min 60 min

_8 ---
<
3
)
a
[a
£
=
; ---
1<
]
<
(@)
o
K
=
. C
31200 ] control x %250 1 control 4 4
0 B vPTP % # o B vPTP
=1000 >
= %200 -
g 800 r S
% o 150 |
|_.<S 600 L
& 100 ¢
Hé 400 r %
© 5 :
£ 200 | é 50 i
Z 0 3 0
0 30 60 0 30 60
Mins after extinction training Mins after extinction training

Fig. 10 Number of c-Fos positive cells in hippocampus after contextual fear extinction.

(A) Photomicrograph images of c-Fos immunostaining in the hippocampal DG and CA1
immediately, 30 and 60 mins after fear extinction. (B, C)Number of c-Fos positive-cells in
DG (B) and CA1 (C). n= 3 per group. Data are mean = SD. *p < 0.05 vs. control-0 min, #p <
0.05 vs. MPTP-0 min by student’s ¢ test. Scale bar = 100 pm.
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Fig. 11 Number of ¢-Fos positive cells in

amygdala after contextual fear extinction.

(A) Photomicrograph images of c-Fos
immunostaining in the amygdala
immediately, 30 and 60 mins after extinction.
(B, C, D) Number of c-Fos positive-cells in LA
(B), BLA (C) and CeA (D). n = 3 per group.
Data are mean = SD. *p < 0.05 vs. control-0
min, #p < 0.05 vs. MPTP-0 min by student’s ¢
test. Scale bar = 100 pm.
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Fig. 12 Number of ¢-Fos positive cells in mPFC after contextual fear extinction.

(A) Photomicrograph images of ¢c-Fos immunostaining in the mPFC immediately, 30 and
60 mins after extinction. (B, C) Number of ¢-Fos positive-cells in PL (B) and IL (C). n=3
per group. Data are mean = SD. *p < 0.05 vs. control-0 min, #p < 0.05 vs. MPTP-0 min by
student’s ¢ test. Scale bar = 100 pm.
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Fig. 13 Analysis of cAMP levels in hippocampus (A) before or (B) immediately after

MPTP

Hippocampal cAMP levels
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control

extinction training.
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The hippocampal cAMP levels were detected without fear extinction (A) and immediately

after extinction (B). The cAMP levels were represented as relative ratio of control. Data are

mean = SEM; n =7 for each group. *p < 0.05 by student’s ¢test.
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Fig. 14 Analysis of p-CREB expression in hippocampal CA1l and CA3 after fear extinction.

Immunohistochemistry for NeuN (green) and p-CREB (red) in the hippocampal CA1 (A)

and CA3 (B) 30 mins after extinction. Arrows indicate p-CREB positive-cells. Scale bar =
100 pm.
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Fig. 15 Analysis of p-CREB expression in hippocampal DG after extinction training.

(A) Immunohistochemistry for NeuN (green) and p-CREB (red) in hippocampal DG 30
mins after fear extinction. Scale bar = 100 um. (B) The counts of p-CREB positive cells in

hippocampal DG. Data are mean = SD; n = 6 for each group. *p < 0.05 by student’s ¢ test.
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Fig. 16 Analysis of the percentage of p-CREB positive-cells positive for NeuN in

hippocampal DG after extinction training.

(A) Immunohistochemistry for NeuN (green) and p-CREB (red) in hippocampal DG 30
mins after fear extinction. (B) Rate of p-CREB positive-cells positive for NeuN. Data are
represented as (p-CREB positive-cells positive for NeuN/total of p-CREB positive-
cells) X 100. There were no significance between control and MPTP mice (control: 28.01 %
4.41%, MPTP: 26.88 = 1.69%). Data are mean = SD; n = 5 for each group. Scale bar = 100
pm. Arrows indicate p-CREB positive-cells merged with NeuNN.
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Fig. 17 Analysis of p-CREB expression in the astrocytes or immature cells.
Immunohistochemistry for GFAP (green) makar of astrocyte and p-CREB (red) (A), or

DCX (green) marker of immature cell and p-CREB (red) (B) in the hippocampal DG 30 mins

after extinction. Scale bar = 100 pm. Arrows indicate p-CREB positive-cells merged with

GFAP (A) or DCX (B).
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Fig. 18 Effect of rolipram on the contextual fear extinction in mice.

Rolipram was administrated 2 h before extinction training at dose of 1, 2 or 3 mg/kg.
(A) Effect of rolipram on fear extinction in the control mice. Data are mean = SD; n=6- 7.
(B) Effect of rolipram on fear extinction in the PD mice. Data are mean = SD;n=5-7. *p<
0.05 vs. MPTP-DMSO-Day1, # p < 0.05 vs. MPTP-1 mg/kg rolipram-Day1 by two-way
ANOVA with repeated measures followed by Tukey’s post hoc tests.
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Fig. 19 Effect of rolipram on p-CREB expression in hippocampal DG after fear extinction.

(A) Immunohistochemistry for p-CREB (red) and NeuN (green) in hippocampal DG after
fear extinction. Scale bar = 100 pm. (B) Counts of p-CREB positive cells in hippocampal DG.
Data are mean = SD; n=7 — 9. *p < 0.05 vs. control-DMSO, # p < 0.05 vs. MPTP-DMSO by

Kruskal-Wallis analysis of variance followed by Mann-Whitney U-tests.
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Fig. 20 Analysis of the percentage of p-CREB positive-cells positive for NeuN in

hippocampal DG after extinction training.
(A) Immunohistochemistry for p-CREB (red) and NeuN (green) in hippocampal DG after

fear extinction. Scale bar = 100 um. Arrows indicate p-CREB positive-cells merged with
NeuN. (B) Rate of p-CREB positive-cells meiged with NeuN. Data are represented as (p-
CREB positive-cells positive for NeuN/total of p-CREB positive-cells) X 100. There were no

significance among. Data are mean = SD;n =5 - 6.
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Fig. 21 Analysis of the neuronal inputs to MRN from SNpc.

Immunohistochemistry for fluorogold (blue) and TPH (red) in MRN where is injection site
of 2%fluorogold. (B) Immunohistochemistry for fluorogold (blue) and TH (red) (upper), and
for fluorogold (blue) and GAD67 (red) (lower) in SNpc. Arrow heads indicate GAD67-
positive cells. Arrows indicate fluorogold merged with GAD67-positive cells. Scale bar = 100

pm.
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AR R F

=% %5 (parkinson’s disease: PD) (TR DM MR AT, BEMEA
? R332 (dopamine: DA) #REENEMET 2 Z LI XY, SRR & FRIEAL 5 8
BEELZSEITRETHD, £, EHEEFSMNCORIMEFZLHHET L L1%
VW3, PD SRRSO T 2 I S TR 67, BUfE PD ICORRE ¥ 2 3R
FIT D2 HRBRIEIFAE LRV, 22T, AT PDETFTL~T A (PD~ Y
) ZRWTRAERLZ T+ 52 12XV, PDICOFRET 2R IEE ORIEFENE & i
L, 10 oFERER D G, BTHEREL BT 270D FRN 2 AT 2 &% A
AN EBRZIT > T,

# 1 ETIEPD ~ 7 2AD/EH R ORI 21T o 72, PD ~ v R RE O DA i & Fr it
A4 % 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) ®&ME# 5 (20
mg/kg, 2R3 X1C 4 [AIIERENTEE) IC X DR L, MR R O T8N R FRAN 2
1Tole, £DfER, PD ~ U 2AOREEETIZHK T, DA MEMRO~—T—E705
tyrosine hydroxylase (TH) BGEffAEAN LRI AKZ 5 L7 control v 7 A & Lhig
LAEICEAD LT\, PD ~ U ADMEERIZE N T HHL TH HiiA COYRGHEDIR TR
TH & &8O FARD b, WIS, E@patEa il B Ttr—2—my F7 X
FNaATol2b 2 A, PD w7 AT control ¥V AL HEZL By RIBEE N5 F TORF
MR ARICEM LTz, —J7, —RATEBREMTE 23 2 R — AR — 7 X F T,
ETOEE B IZB W THEMICABERZ(ITRD bR oz, UL EORRNS,
MPTP SE# 512 & 0 fEH L7z PD ~ 7 A1X PD B4 & Ak, BB O DA Mg
B UEEBN RO TR0 -,

55 2 B CIISUIRAIRG S0 587 2 I\ C PD ~ 7 A ORLIB O [EE « FRE G « 145

HEREZMRNT L 7=, Z OBRITEEE I~ 7 A& AfL (conditioned stimulus: CS), i)
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WL 72 5 ESH (unconditioned stimulus: US) #4525 Z &2k CSoxf L TR
Wiz HEE2b 0 TH D, BEEKEE SN EIT CS BIRIC L » T—EARLER

RA&EL 725, CS OFHRPERH OB, FLEOFEENTHE S it BT RAF S

N5, CS ZREMIERT 2 LHENHE S BRI T2, ABFFETIT US
(ZEE s I (1 mA/2 F, 1[ED) EoRWERE (2 mA/2 B, 2[E) #HWC, PD
~ U ADMREE - BEE - WEOMIT 21T o 72, ZORE, R ClIE2ToRRICE

WCHIBER CHE R ZBITRD e rotz, —J7, MM TIX, PD ~ v 2D
DEE - FEE T control v 7 A LRFETH-72b DD, AIBDIHET A MIHBWTPD
~ 7 AL control ¥V A XY BN G 7 U — U ZATEIOMD FRO Hi, FRIEOHE
NTTHE L TV D Z &R Mo 7=, [AREIC PD ~ 7 2 DRB OISR 231l L7- & = 5,
control ¥ 7 A XV b FEHINE 7V — T L JATE DR FO Hi, PD ~ U X DOFEED

REFEREIZIR T L TV 2 2 L3 h o iz, LLEORER ), MPTP #5%M: PD ~ v A 1%
FEOEE - HFEEILER CTHL2 00, BOWENTEL, FLBORFHEEIKT

LTWbLZEBHLMMERST,

53 ETIZIPD ~ U RAICEIT DFREDOEETTHE A I = X A DNT 21T o 1o, HEHICE
i7% cAMP-CREB 7 /U3 SRR FEIEICE S 2 & H A Ho T D 2 b, &
WiselE SR OWERB ICH1 5 cAMP, CREB ORBfENT 21T o7, TOREE, HEH
EOFIZIZEBWT PD v 7 A1 control v 7 A & g U, #EE cAMP J&BL&E A B I
b LTz, E£72, PD~v 2D U Ufig{t CREB (phosphorylated CREB: p-CREB) i
ITVEEFHE D 30 0% OHEE kAl (dentate gyrus: DG) (238U T, control ¥ 7 A &
L#E LA B 22 3580 iz, & DEE, p-CREB H#BLD % [T M7 ) 7
MR Tl < RBEMIIIZZ < RO Bz, ZOEREZ, RARVZATI7—E IV
[HEETHLr Y 77 L2 EENES L, PD ~ 7 2AOEE cAMP 2S840

FLIE DI ETCHEIT R 2 BB R A Miat U, HEFE D 2 RFRIFTC v Y 77 Lz gl
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NG LIHEBREZFHME L 7= & 2 A, PD ~ U ADOIEETTH#IZR U 77 A0 H R
(1,2, 3 mglkg) \[ZtE L7z, £72, HEFERICBWTEHEDO2 Y 77 A (3 mglkg)
X PD ~ 7 A0 DG @ p-CREB /) % control = 7 A L~y & ClalfE S H7-,
VI EDORERN S, BVERRSAE DA # 5 E 13V R[> cAMP-CREB #2388 0855
AHHEL, TOMR, REOHETLELSIERIFTZ R sni, £, n) 77
LIEEE L7z cAMP-CREB ## A4 5 2 & T, PD v U AT HiBOHETLES

WHETDLZERALMNE ST,
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Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the loss of
dopaminergic (DAergic) neurons in the substantia nigra pars compacta (SNpc) and DA content in the
striatum. Although PD exhibits movement-related behavioral deficits such as tremor, rigidity and
akinesia as the most obvious symptom, thinking and retrieval deficits often arise from cognitive
impairment. However the mechanism of cognitive deficits in PD remains largely unknown, and there
are no effective therapies and drugs for cognitive deficits in PD. In the present study, I investigated
the mechanism of cognitive deficits in PD mice resulting from loss of the nigrostriatal DAergic
neurons and explored the novel drug for cognitive impairment for PD.

In the first chapter, I produced PD model mice (PD mice) by administration of
I-methyl-4-phenyl-1,2,3,6,tetrahydropyridine (MPTP) (four intraperitoneal injections of a single
dose of 20 mg/kg every 2 hours), which results in loss of nigrostriatal DAergic neurons and causes
PD like symptoms in the primates and rodents, and evaluated the loss of nigrostriatal DAergic
neurons and movement-related behavioral deficits. Immunohistochemical analysis showed that
tyrosine hydroxylase (TH)-positive cells in the SNpc of PD mice, which is the marker of DA
neuronal cell, were significantly decreased than control mice. Moreover, the low intensity of
positively staining with anti-TH antibody and a decrease in TH-positive cells were observed in the
striatum of PD mice. Next, I evaluated the motor coordination in PD mice by the rotarod test. PD
mice showed a significant reduction of latency fall from the rod compared with control mice. On the
other hands, in the hole board test that assess the general behavior and emotional behavior, there
were no significant differences in locomotion, rearing behavior and head-dipping behavior between
control and PD mice. These results suggested that MPTP administration using my methods causes

both PD-like symptom such as deficit of the motor coordination and pathology such as loss of
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nigrostriatal DAergic neurons in mice.
In the second chapter, I evaluated the cognitive function, including memory consolidation,
reconsolidation and extinction, by the contextual fear conditioning test in the PD mice. In this test,
mice were placed in the conditioning box (context) as a conditioned stimulus (CS) and applied an
un-signaled foot shock as an unconditioned stimulus (US). As the results, mice learn the fear to the
CS.The consolidated memory after fear conditioning becomes an unstable state by re-exposure to CS
and/or memory retrieval. If mice are re-exposed to CS for a short term, unstable memory become
stable state again via the reconsolidation process. On the other hands, in the case of prolonged
re-exposure to CS, consolidated memory is attenuated via an extinction process. In this study, I
conducted the test using weak US (1 mA/2 s, single) or intense US (2 mA/2 s, twice) and evaluated
memory consolidation, reconsolidation and extinction using short re-exposure to CS (3 min:
reconsolidation training) or long re-exposure (30 min: extinction training) without US 24 h after fear
conditioning. These memories were assessed by evaluation of freezing behavior that is fear behavior
of mice. When I conducted the test using a weak US, there were no significant differences between
control and PD mice in all memory tests. Similarly, memory consolidation and reconsolidation in PD
mice normally occurred under an intense US. When I conducted the extinction test using an intense
US, however, PD mice showed a significant reduction in freezing rate earlier than control mice.
Furthermore, fear memory in PD mice was also attenuated earlier than control mice in the memory
retention test conducted by repeated short re-exposures to CS (3 min) every 24h. These results
suggests that MPTP-induced PD mice facilitate the memory extinction and attenuate the memory
retention, whereas consolidation and reconsolidation are normally occurred.

In the third chapter, I analyzed the molecular mechanism of facilitation of extinction in PD mice. In
the hippocampal neurons, the intracellular cascade involving cAMP/CREB signaling pathway plays

a critical role in memory extinction and memory retrieval. I examined whether the cAMP-CREB
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cascade in the hippocampus is involved in facilitation of fear extinction in PD mice. The
enzyme-linked immunosorbent assay showed that the hippocampal cAMP levels in PD mice were
significantly decreased before and after extinction training compared to control mice. Moreover,
p-CREB-positive cells were significantly decreased in the hippocampal DG in PD mice compared to
control mice 30 min after the second extinction training. The p-CREB-positive cells partly expressed
in the mature cells and mostly expressed in the immature cells but not the astrocyte. Therefore, I
examined whether rolipram, the phosphodiesterase IV inhibitor, can improve facilitation of fear
extinction in PD mice via increasing in hippocampal cAMP levels. Intraperitoneal administration of
rolipram (a single injection at 1, 2, or 3 mg/kg) 2 h before both extinction training prevented
facilitation of the contextual fear extinction in PD mice in a dose-dependent manner, whereas there
were no effect on the fear extinction in control mice. Moreover, administration of higher dosage of
rolipram (3 mg/kg) to PD mice significantly restored the number of p-CREB-positive cells in the
hippocampal DG to the level in control mice. These results suggest that facilitation of memory
extinction in PD mice may be due to the attenuation of cAMP-CREB signaling in hippocampal DG,
and rolipram improve the facilitation of extinction in PD mice by restoring the cAMP-CREB
signaling pathway.

The present study revealed that loss of the nigrostriatal DA neurons causes attenuation of the
cAMP-CREB signaling pathway in the hippocampal DG, resulting in the facilitation of memory
extinction. Moreover, | strongly suggest that rolipram may be potentially useful as a therapeutic drug
to treat cognitive deficits in PD by improving the cAMP-CREB signaling pathway in the

hippocampal DG.
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