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& @7l M = wild-type?®} dopamine D2 receptor knockout homozygote®, F 2ol
3l GABA A receptor agonit, antagonist9! muscimol, bicuculline =3 GABA B
receptor agonist, antagonist{! baclofen, saclofens & 9, 913 % open field test®
locomotor activityE =43t 247, D2 receptor knockout mice®l ¥ GABA A receptor
agoniste] o8} &+F71%5° F7} 2 seizure-like3t behavior® T2 & 4= glon, D2
receptor®] 297} basal ganglia circuit®} motor signaling®] Z 9L xgt:= AL
AEHOR HAFEQT 3 dopamine-GABA A interaction©] basal ganglia®] motor
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= 7Y, F493% % open field test® locomotor activity® &A% A3, D2
receptor knockout miceo] A= GABA A receptor agonistd] 23] %7159
37} R seizure-like¥ behaviorg ## & 4 U0, D2 receptord 247t
basal ganglia circuit®] motor signalinge] & Q&L =YsctE AL HTF
o2 HoAFRa F3 dopamine-GABA A interaction®] basal ganglia®)
motor circuitel F23 signalingS IdE AL BAFAGn & £ ok =
g+ AHAZ basal ganglia®l motor circuite] FAddE vE gwAds
enkephalin, substance P, dynorphin, tyrosine hydroxylase, GAD% & 23 =T
gt immediate early gene?l Nur/77, Zif 26859 @& o] o] GABA A receptor
drug ® £57152dd & a99 AAEE 7HAH 2dHE 2 BF39
o, o] motor circuit?] ZHo] oY dwAE] WAL xH}E FAT H
AxrE9 & tid] differential cloningl® IFE FPslgen a9 s

striatum®] STEPO] tfa] A3 d58ch &8 D2R-/- miceol A2} GABA
A receptor agonistel] 23] dojub= Seizure activityoﬂ e 1 £48 1
Bt o] d™e] AFE FF AAAY EEIE5FH FARE basal
ganglia®l ¢ motor circuitel] 3t ExAETZ Q) 1A FHo 2 4FL &

F glrtm Ay

V. ddEatel 3443

WT3 D2R-/- miceE A€3te]  dopamineD2 receptor-GABA A receptor’d 3 2H-& 3¢
™3 4% I H3 GABA A receptor® @43 A ozA 2E7% HAY =
D2R-/- mice®] &%71%& F7IA712 &9 excessivedt GABAA receptor?] 43}
23]2 seizure activity® F@8lE RoE FAHY 5 Q= F03 FAyEs A9
F-hFAA pool ¥ STEP striatumo] 4 ¢] D2receptorel 2]3F Eo]&el zAHE
TE 9] i3 2o FARE JL 4 Qo =3 H 2o basal gaglia®) &8 15
ol GABA §4 £29 GADE gene transfersts] #0&EF79 248 3AAIAY
(2002. Subthalamic GAD gene therapy in a Parkinson’s disease rat model. Science
298, 425-429) Z& Y|<E FFF FA ) muscimole FYTHY £57)%9 AL BE
%9 (2001. Lidocaine and muscimol microinjections in subthalamic nucleus reverse
Parkinsonian symptoms. Brain 124, 2105-2118) 2dtEe] AxE w3 3
FRHT glo] W mFHou o]AL  dopaminergic pathway’}t £4® $E7|5x2A
°]’4d &) GABAergic A type drug®.2 ¥=9] 3JBL 7|E% £ o= 54 A
AbetE 583 Ao}
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SUMMARY
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The absence of dopamine D2 receptors (D2R) in animals leads to akinetic and bradykinetic
behavior. The levels of GAD (glutamic acid decarboxylase), which is involved in GABA
synthesis, were strongly increased in the cortex and the striatum in these animals. In this
study, the effects of different GABAergic drugs on locomotor activity was analyzed in mice
lacking dopamine D2R (D2R -/-) to examine GABAergic regulation in movement control and
its interaction with dopaminergic neurotransmission. After adﬁlinistering muscimol (1mg/kg),
a GABAA receptor agonist, the D2R -/- mice showed increased locomotor activity up to 200
%. When the muscimol dose was increased (4-6mg/kg), the D2R -/- mice exhibited
seizure-like behavior when compared to the muscimol-treated wild-type (WT) mice, which
werecataleptic. The EEG recordings showed a high amplitude rhythmic epileptiform activity
during the seizure-like behavior period in the D2R-/- mice. There were no significant
differences in the locomotor activity profile between the D2R -/- miceand WT after
administering either a GABAA receptor antagonist, or a GABAB receptor agonist and
antagonist. In situ hybridization showed that after injecting muscimol in the D2R -/- mice, the
expression of enkephalin and immediate early gene, NGFI-A, wasclosely regulated with the
locomotor activity regulated by GABAergic stimulation. These results suggest that the
absence of D2R alters the GABAergic neurotransmission, specifically on GABAA-receptor
mediated signaling, and stimulating the GABAA receptor can reverse the dysfunction of
GABAergic inhibition in the motor circuits in the basal ganglia.
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o ZZ NAA s Bo] £t Y& catecholamined] FHUE o7}
2 Ao Ao BAH T Yt} 53] A& FF T (Parkinson’s disease)elt B4 4
% (schizophrenia), &< Huntington’s disease 59 A™W-& dopamine?] W@ A2l 2
&o] dr Roz U#Ad vtk Dopamined 2 substantia Nigra (SN)¢ Ventral
tegmental area(VTA)d]  &A3l= mesencephalic neuronol <3 A€t} o SN#
VTAREL YA £%57)%d @ basal gangliagte E3% networkd ©]F i )
E 24 F9 3u<ld, dopaminergic neurone& o] X S ZRH striatum, cortex, limbic
system, hypothalamusE <22 HdAtgt) ol#l A2 E %3 dopamine2 +%7]%° 1
ZH, BY 3289 By 2EF QA A visd #Ass Aot ol FRE

A A 7R E dE $ ged AW A= nigro-striatal pathway &, substantia nigraZ %

m

Bl striatumell AAtEE A2AY gAY =M} A 2hEF (sensorimotor)?] =5
walsty o] AR Foe & & F53FY F8% 240 o A& F5LY 5
AL Y3te FHVSL F, AR & ¢l akinesia (¥-5 %), bradykinesia(2% &A1)
9} resting tremor(A )59 FA4L Bole AR dex vt FHA dopamine®] A
974 2 mesolimbic-mesocortical pathway® Atael Ao} FA3, 2235 #ds
o MHA A ZE tuberoinfundibular pathway®, H3at+A 2829 A 2 Bu =4
of #od3cth o]# dopamine®] 7]1% 2 membrane receptor$! dopamine receptor®t A3,
g5t o] F XA HE=H o] dopamine receptorE<S seven transmembrane domaine
receptor7ol] &3 o]5& G-proteins(GTP-binding—proteins)# 4 32&3t4] second
messengers %"éi}/‘]ﬂﬂl} EAT A5 AGAAE 84, =& AN A ¢
3ol ol2E ALE g=A Ak

A 742 &2 A dopamine receptor®% 5749 subtypeol JEH, 05L& tA] 259
T A A JdA AA F a2FeE Uw £ dvh. WA Dl-like



receptor’ 1= & & =9 DIF D57F H719 &slal ol I1F 2 adenylate cyclaseE
gAzsted A X W] cAMP S FAAIIE Aoz dHA gl old v D2-like
receptor 2§ D2 receptor ¥ D3, D4 5& ¢ 3led|, D1dE ¥l cAMP 34 &
AAete Aoz gelA e, 2dd EdME g A3ZHG AAZE D2 receptoro
o3 =4 Fx ¥3AZ Ut} o] receptorE] HoA #HHE A BES AHR
9 D13 D2 receptorZt 7Hd $AM8HA SdE WA o2 HAEHE e ME FEFHE X
o] A &L B F At o}&A A z+zEe} dopamine receptor subtypeE o] AA A o2
ol EAF V1S MR A, 2 2E7|FIY FL receptors 7+ AE AHEo
A 2 deA dA g

old =Wt D2 receptor knockout mice?} ©]&€& uwj$ o7 X AHE /A1
=8, D2 receptor’t Aodd HAE9 714 Fugd EXolgln & & e AL OE59)
7169 ATk ol AEL W =i AHLAT vAALH Yo, 53] 57
boalbgtel]l AEE e FAE o, o] 542 F=g Ak ol¥ D2 receptor’t Aod
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basal ganglia|*1¢] &%&A circuitd] e FHo] AZOZdHA, o]AL BAFHE o
A g2 AL ofdrt ZiAE ¢ gtk AAH o2 dopamine® GABAS A5 g0
basal gangliadl M9 &7 xde] wl$ Fo3de Baie AF7HA Be] Hojgr}
I3, basal ganglia®l A1 €] motor circuitel] Wet A ¥, ExAAZeHQ uHe AF )
Ho| ¥x e REo|F = Aol ebetn & ¢

2 47EE A 194 HA% TG PR $B5V52A v A =
°]= dopamine D2 receptor knockout mice®] GABAergic drugo. 2 AFAIH 57)%
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NAVSFE Z93% ZA}oltl. E3  enkephalin, dynorphin, substance P, tyrosine
hydroxylase, GAD %9 2212 basal ganglia®l*] 9 striatonigral pathway,
striatopallidal pathway ZFS] balance 2 interaction®] D2 receptor?} GABA%S & &3},
AR ZAHEANE olzatdd F2F AnEE AFH FUHL T F v =
striatumel] ®o] W& immediate early gene$l NGFI-A (EGR-1, zif/268, Krox-24)
3} NGFI-B (nur77)5¢ 2Faz4d3 21938 #do] dos= AL #E Y tHmanuscript

.

in preparation). °©1A< basal gangliashxe] ¢E7]%5xHo] dopamine®] ©l3l, =3

o

dopamine receptor D2& E3] $A3HA o] FANTE A& FHIIL striatum®] of ©
NASo]l $571% 2AL Y& circuitZ ©]F9 D2 receptorst 1HI G5 AE&EE v
a1 B gk

Wl B FaAos A3 A#E o]% Dopamine receptor®t F83% 43 HES S
19%E GABA A receptor$he] A3 zgo] wE fAx L@RAAA FAE target2®
2o FAAE =9 basal gangliad) Sl 3 L@}, EFVTxES 43

3 D2 receptor knockout mice$} Bl EA3tAl 4t o3 AAAGEZA =77
3 32 54, 38 gld S 23 9 basal gangliadi A el %575 Folid @ A
BEGH H2o AFE B3l U2 dHE 2575 ZH Yol EARETH 7]
AEggo] & 4FS v Aon, o] & T3 HAFAZE AN 2 H &F
A 7% ool g #A Ho) g AY FH AN ¥ IHE ATE
e Bk

=

i

Sl

o A -AHH SH

AATH B o7 FFEo BHoT Be AWE Qo] FREHIL oy HAFE o}
AL 2 534 e Jdo] =4 Holgtxn & 5 v} gt ol EABEFH R
BN FAAFE AE ol &%, AR, EARESH dFE H Vv 7 $8F
gME AT ¢ oz Bk 53] Ho AR EITAME FV|exEd Fasitt
T &4H A %= “Basal ganglia” ¥%9] dopamine- GABAY A3FE A7 E Fdto o
2] A7 A3 Parkinson’s disease, Huntinton’s Corea” 5% 714 83 #8339 &%
15 0132d&] g wale o =g Aoid, X&F7x B&3s] A A &&
ol £A7%sY 71AE WIedx 7198 & RA2Z By Jolr} o] #A AR/AF W
& Zledd 7198 s Aolth

]

N
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Parkinson's diseaseZ2 A9 2% zwge L-Dopa®=doltt E& fetal cell

AN

transplantation] 2]&3tx vk T2 Fr1x 9 o 9AER E5 3 side effects
am, 53 F29 B9 materiale] FFAANE EA7} dov sEHozn oL
Aoz dA sl 9 2E2EYT /1A UE ATFE 7B Hrse oa=
U B okt ofd AW XNa e 2 2 yeolsl 98 HAT 71e9099 dn
E =& Folg 2o}
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2 dyge 2E7%5%d FHo] A3 £°E dopamine D2 receptor knockout mice

re
-
Y,
)
2
=)
il
g

el FAx LIAzxEL EHsige. & dyde] on F3T
Dopaminergic-GABAergic interaction®] motor circuitold 2.3 45 2L$ 3t Jo
m o] o] GABA A-receptor® 3] o]FotE Fa% AES ddew, A5 oA
2  dopaminergic pathway’} €489 2715323 o] 3o GABAergic A type drug
o2 AFY R JEFT & Yo A4 ANEE FY Aot =@
enkephalin, dynorphin, substance P, tyrosine hydroxylase, GAD %9 #4Z basal
ganglia®l A 9] striatonigral pathway, striatopallidal pathway 7t$] balance % interaction
o] D2 receptor® GABAS S E3lo, oJ¥A ZHYEAE olsist=dd F83% drle
2 AT FHI T 5 Jul £ stratumol) o) T E immediate early gene$)
NGFI-A (EGR-1, zifi268, Krox-24) & NGFI-B (nur77)% 2 Tdxd3 712§ =0
AtheE AL W WY H(manuscript submitted). ©]12 & basal gangliadl Al &&715=x
Ao} dopamineo] &3, €3] dopamine receptor D2 3] FHSA o] FoAYE AS
THE L striatum® o2 @Al EUIS ZHE AT creuit® °]FW D2
receptor} 14 452 EE dvn B 4 9t

gela B Ao E M3 A3}ES o] Dopamine receptors} I3 A58 st
31 GABA A receptor®t9] 2324 @2 Fdx THAEA N F2F targete s &
H3A FAAE A2 o] FAANE 9 basal gangliac] SHold oz 3} At &
5715 2dE& BA38l3 D2 receptor knockout mice®} H]mEA 3t} 3o} 12 d Tl A
ojn] WA geneEo] W TP A BAL FPoH, 23T E D2 receptor null
mice®] 2¥71%5E A 7€ muscimold] 93t differential cloningg 33l 48}
o, 1adxe AFsYY candidate geneEF  striatumo] 2@ F™  dopamine
receptorel 3] SolHo® ZHEHE STEPY digd d+E& © IPsv. 4,
muscimol®] ¥ FE°] 93] D2R-/- micel A seizure-like behavior?} 2% Ao
e 71 % Dopamine-GABA®] A3 a4o] 5750 MAE IFo2A £ dFA

EEG recordings &3 seizured] ¥Fo| &3t £z E4& & F Ad o

olr

dde AFAE BN HE o] A=A basal ganglia® motor circuit (Fig.1A)o|A]
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D2R-/- mice (Fig.1B)o]lA& D2 receptor’} doj g o2 A striatum®] 4] Globus pallidus
ol °l2% GABAergic interneuron® inhibition® 932 Qo7  subthalamic
nucleus(STN) €} overactivity S f&ste] £571%59 ojdo] 20z AT 4 gou
°lm GABA A receptor& #43 A|zo.2A o218 STNE overactivityE Zo|x
A EF 715E AL & UdA T excessivedt GABAA receptor®] A3t A$ ¢
seizure activityE Fdste Ro2 AT 4 ot (Fig9 B). £38) 2o STN =

ol GABA ¥4 &4 GADZ gene transferste] R} &=sze] =48 SAAINA

o
o ox

M o&

1} (2002. Subthalamic GAD gene therapy in a Parkinson’s disease rat model. Science
298, 425-429) £& W& F3L B o] muscimole Fldte £XI)5 FHL B
¢ (2001. Lidocaine and muscimol microinjections in subthalamic nucleus reverse
Parkinsonian symptoms. Brain 124, 2105-2118) 2 @7 ¢ A% Hurxsie R Eo]
FEAL glof )¢ uFH oY mx 3pAEAHE oled AHE #AOT GABA

A receptor agonist, antagonist® basal ganglia®l microinjectiondte] A A=

ML 2
oft & &
Lo

N

GABAergic neuron®] D2R-/- micedllA] &< wm FE57)%50° 34 d=x&
A AR 2ET)sd BAHE FAAE BA%nA Q. A= striatumel A
T#d FAAE B BHSHE transgenic miceS AR YF 2 E S 59
U, AF7Ae dFHHE E8] basal gaglia®l o2} 9o GABAergic drug
microinjectiondt= o] AF7tx AL Ao Q3 BRFAHL Y=y Az B 5
22 WE £ e B4 JuE Foe 4750 o)d 224 A basal gaglia®l
o] DZR¥ GABA Areceptor®] A&z gxols sty Stk HAAE basal gagliady
AN oleld NAADGEAN Euwa o TEA, #¥ 99dL EF 4o basal
ganglia| M o] £57)% Fojo] gt EAP2ey Hze drz ot Y2 A
e/l 8ol glojre BB sAdYd = FEFE v Aoy, o
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SNc Nc Dyn Nc

SNrIGpl @ = SNrIGpI @ SNrIGpl

v
| Thalamus | m m

Fig. 1. The normal (A), in the D2R~-/- mice (B) and the stimuation of GABAA receptor in

D2R-/- mice (C) are presented. The thickness of the arrows reflects the activity of pathways.
Inhibitory GABAergic projections are indicated by solid arrows, excitatory glutamatergic
projections by lined arrows and the dopamine projection by the dotted arrows. Dopamine is
thought to inhibit neuronat activity in_the indirect pathaway via D2 receptors and to excite
neurons in the direct pathway via D1 receptors. In D2R-/- mice, the absence of D2R lead to
increased inhibition of the GPe, resulting overactivity of STN neurons (B). Stimuation of
GABAA receptors may be able to relieve the overactivity of STN and could rebalance the
final output on the thalamus (C). However, an excessive stmulation of GABAA receptor could
reduce the inhibitory effect on the thalamus, which can increase its excitatory to the motor
cortex. GPi, Globus pallidus pars interna; GPe, globus pallidus pars externa; STN, subthalamic

nucleus; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata.
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I. Dopamine D2 receptor knockout miceo] 2] GABA receptor agonist, antagonist
o AF £E 5 U A5EA D fAx By 24 B4

.1) Dopamine D2 receptor knockout miceo)] ¢] GABA receptor  agonist, antagonist®] 2]g]%
£57159 g PERA:

wild-type (WT)Z} dopamine D2 recepfor knockout homozygoteF] (D2R--), & T )3
GABA A receptof agonit, antagonist¢! muscimol, bicuculline %3 GABA B receptor agonist,

antagonistQ] baclofen, saclofenS intraperitoneal injection©.2 9, T3 & open field test

FSit. D2R-/- miceol = EFrFAE GABA receptor A<

i

[o

= locomotor activityS =X
agonistd] muscimolol]l 98] 200% €% 750 =7} = T2 dHAE ¥ oh(Figure
2, A, C) GABA receptor A agonist?) mucimol (4mghkg)> =2 FXAE seizure-like
behaviorE X %197, GABA receptor A antagonist 91 bicuculline H] %3}o] (Figure 2, B,
C), GABA receptor B ©] agonist, antagonist= WTo] u]s}e], W v}z ztol & tHR T
(Figure 3).
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Figure 2. 4} ] (WT)$} D2 receptor knockout mice (D2R-/-)ell A1 9] GABA A receptor?] agonist

antagonist$l muscimol, bicuculline <% ¥ locomotor activity
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Saline bac1 bac4 Saline sact sacé4

Figure 3. A4 # (WT)9} D2 receptor knockout mice (D2R-/-)o]A4]¢] GABA B receptor®] agonist,

antagonist®] baclofen, saclofen 3¢ & locomotor activity

2) GABA receptor A agonist, [3H]muscimolo]] ] 3} in situ autoradiography :

w2tx] GABA receptor Aol )3k signlaing®] W37} o] & FHoA goded A}
GABA receptor Al & in situ binding assayZS 433ttt [3H]muscimold] €3 in situ
binding A3, WT#, D2R-/- mice®] striatum¥} cortexollA] 2% e A E9] binding signal
< BT (Fig4). A= GABA receptor A%l 7|59 wgs §13, D2 receptor 9}
GABA receptor A 7t AF52H8-9] Aol A AF 9} D2 receptor knockout miced] Al ol
7Fue Aoz AZE.
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= &0
= 40
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g ‘ »
corte x hippocampus striatum

Fig.4. [3H]}muscimole] 2]3 WT, D2R-/- miceo] 4] ¢] In situ binding autoradiography

3) GABA receptor A agonist, antagonist®] 3¢} ¥ basal gangliac] @& H= oz o
NAs9 dAxA:
3)-1. Enkephalin 3} Substance P

TE715Zde M3E ¥ GABA receptor A agonist muscimolS F¢]3+ 3 wild-typed}

_19_



D2 receptor knockout miceo] A} HE HHIH oJesix] BH FAAFES gg In sita
hybridization2 4 33t1th. 2 A3}, enkephaling D2R-/- miced| = WTd| H]3] 73 =
7be HolEu, muscimol 9] T zadst:= AL BTk (Fig.5). T3} striato nigral
pathwayoll 5| W ¥ == substance P9} 7= AAH ] Ho A= 223X 2k D2R-/- mice]
ANe anx & WE3E Bolx) ol olmtx o] zAo| 916JA] Substance P A4E

D2-GABAA 3te| J&ztge] & 988 817 & 3102 =AY} (Fig 6)

A con mus

DZR.-/-

awT
mD2R-~
140 & &8

120
100
80 £ 4
€0
40
20

Mean Density (%)

cCoOn mus

Fig.5. WT, D2R-/- mice] 4 €] muscimol®] ©] 3 Enkephalin®] ‘2@ 3}
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wWwT
D2R-/-
. t14ao owT
¥ 120D [: WMD2R-}-
£ 100 | 88 sa
% 80 = ET 33
= E0 |
= 40 -
o=
g 20 -
D 1

con mus

Fig.6. WT, D2R-/- miceol A ] muscimol] ©]&} Substance P9] Ta 3}

3)-2. Tyrosin Hydroxylase

WT2} D2R-/- mice] 4] muscimolo) °] 8] Dopamine 34 & A<l tyrosine hydroxylase %2
d WstE Bolx gslth(Fig. 7). A= °]& muscimolo] tyrosine hydroxylaseE %3

dopamine HH & FTIHAA &571%5¢ 22 N7 Aol sh g AL e X
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Fig.7. WT, D2R-/- mice®l A} 2] muscimolo] 93} Tyrosine Hydroxylase®} @ ®3}

3)-3 Immediate early gene NGFI-A(zif/268), NGFI-B (nur/77) ¢ 2+& w3}

o
e

¥ immediate early gene S¢} 3}i}ol, NGFI-A(zif/268), NGFI-B (nur/77)% 9] ¥dx3

=

g A BgEY, EUlEe AL % immediate early gene ®F D2R-/- miceo) ] 2 gt
A7t #HaHolgds AeR Hol o] E FHoA D2R/-o] Adge] we o]
immediate early geneE9] Z|EAQA AT ol gz AR S QA Y
t}h.(Fig. 8,9) ©] A2 D2R-/-7} neurotransmission®] tonic activityoll w}¢- Fa38tA4 Z&3c}
© AL B F 3Uth 53] NGFIL-A(zif268)¢] 79X muscimold] e 2 ddAEs} &

dHo 2-dEE Ao #AHYY (Figs). 3] frontal cortex”g‘f striatum o} A
olglgt ZHo] Bojxd o=z #HAHYrt 27} NGFI-B (mur/77)¢] 7 $-i= basal expression
< Solglout muscimole] s ErBdH BAFY oW AuBAE Holx o}
NGFL-A@zif268)} 24 zdg& 4 & AT} (Fig9). Wb NGFI-A(zif268)0] =t

4



D2R-GABA AR#}9] A5 z&o 1183 zddvy F43T 4 9. WI} D2R-/-mice ©j
Ao Tdxdol EEU% FA BYEHO olE FAAY wHol 2HHE Ao uF
HAck ol @FAH}Z nmlFo]Hol, D2 receptor’} basal ganglia®] motor circuitol] A

.
8% 9S 33, D2 receptors GABA receptor A typed B]E, enkephalin, substance P

of

59 neuropeptide®} 3t immediate early geneS 39 71U 43 LL £33 &E55S

2PSE 202 4 T 5 AT

A con mus
WT
D2R-/-
B
a owr b owr
140 W D2RS- 140 W D2RJ-
F 120 [ T 120
& 100 | 2 100 &
2 8ot 2 so
4 eo a 60
5 40 F § 40
s 20 } 2 20
a i [«
con mus con mus
c owT d OwT
— 140 B D2R. 140 B DZR-/-
s 120 } £ 420
& 100 } 2 100
£ 80 F 2 so
E so b § 60
K ¥
= ° N = o
con mus

Figure 8. WT9} D2 receptor null miceo] 4 2] muscimolo] €] immediate early gene NGFI-A(zif/268)
o dExAd
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Figure 9. WT9} D2 receptor null mices)] A} 2] muscimolol] ¢]&F immediate early gene NGFI-B(nur/77)

o wygzxd

3)-4. 718} 2@ & candidateS o] tjgt A

T HZ, striatal neuronal MAPK pathway7} D2 dopamine receptoroll 23} locomotor
activity £8o] w9 Fosithe Rurl dwmEz 9o, B ATddNE WIS D
receptor null miceolA19] muscimolo] ¢]§ ERK9] ¢14t3lZ 22 stodm 9trh (Figure 10).
WT mice®] 7~ D2 agonist3! quinpirole (Quinl)el] ¢]sjA % ERK 9] <1437 Z7)su
muscimole] 9Jsj A= ERK® 4zl zraste #A2e nAdvh wa, S0EA%, DR
-/- miceol A= quinpirolecl] ©]¥ ERK activation©] Ao =%, muscimol 1mg/kg (Musl)
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WT HO

Saline Quinl Musl Mus 4 Saline Quin 1 Mus 1 Mus 4

Figure 10. WT9} D2 receptor null miceo) 2] ] muscimole] 2] & ERKS] d4ks 24, Q; quinpirole,

Mus: muscimol

o]9Jell dopaminergic neuron® 720] striatum¢] 2= STEP (striatum-enriched
tyrosine phosphatase)2 Northern analysis® 2A3l¢lid, o5& cortex®} midbrain
A= D2R-/- micedlr] $& B}HAEE noon , MeCpGBP(Methyl CpG-binding
protein) 59 F4%= 3o}, o] S BHzHL AGE ol2 Holx o skeh
(Figure 11). |

cortex striatum midbrain

WT HO WwT HO wT HO

sal ml m4 sal m! m4 sal ml md sal mi md sal m! m4 sal ml m4

STEP | AR B

Mecp2

Beta actin

Figure 11. WT3 D2R-/- mice®l 4] 9] muscimol®] ©|g+ STEP 3 MeCpGBP2 @3 %
RSB S
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ol w2t E ATl D2R¥ STEPZHY 43%8S £ W3] 7372 t9n
2 A3+ og section 119 A& sttt

4) Dopamine receptor$} 923 432 8< 3319F GABA A receptor$}
o A3FZg B2 A FHAEA A F29 targetoz dEd FAAE
A

=97 #4A D27F A9 FHel A

AsE(1mgkg)2 Folstd AL £59 7|50 FAHE AS

#HEE 7 Jdoh. W ALAQ Aol 2L 29 muscimole FUHE PFToY &%
71l Wt YEgx ger 53] oldd] stratumel 2@ HE neuropeptideS

NGFI-A (Zif268), NGFI-B (Nur77)%5¢ 23do] m =4

EHHE AS E ATE2 BFY F JolM o2 d 5759 2Ho| basal gangliadl

A EAE FEAA 2dEG s F4890. o §HxSe] oyl B x| 1Y

2l muscimol ¥ % polymerase chain reaction-based differential display (DDRT-PCR

%= RNA Imaging kit (Gen-Hunter Corporation, Nashvile, TN) & A}g3}gc}.

muscimol FYF HAtE wAzx RNAS 2¥AT 2 =A3y) 98 A A

ol
rN

9E3<2 GABA( Y-aminobutyric acid)¢] 33

A2 muscimol &

enkephalin, substance P, &&

DNAE RIEF ol& FF8to 49 Wy} e 4345 28 ol 4 A9
=R FEA0 D27 Qg FHol e 4d59) muscimolg FAE F Az F oS
#ZE3tel RNAE 2¢ F ©)8 92X F PCRE $Z3te] 6% polyacrylamide gelol
WAF & Aolrt Qe FHAE 9o cloningdt® sequencingdtgth. oA dojA
A7ig e National Centre for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/web/genbank) o)A A& a}= BLASTn‘Ei:L%‘—% 5]%5}
 GenBankTMel gle T4 A7IHNELS 712 SAAE 2% o] 51 HAXSe
2R =
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- —— —
TH §A 2} (accessiGn number) DDRT-PCR Z 3} e- VALUE
(WS HS WM HM)

Mus musculus.Similar to capping 4e-12

protein (actin filament) (BC016232)

Mus CLIP associating protein 2 1e-15

(Clasp2) (XM_135174)

Rattus norvegicus kinase D-interacting 4e-3
substance of 220 kDa (Kidins220)

(NM_053795)

Mus musculus DEMM5e protein 4e-15
(D6Mm5e) and DOK protein (Dok)
genes, and LOR?2 protein (Lor2) gene,

(AF084363)

Table 1: Dopamine receptor®} 8% A3 28-S 313E GABA A receptore}e] A3 248 o

WAZHI #, B =97 847 29 7, S: AYAE$E F4L M muscimolg F4})

1) capping protein: & FFFoM APHo] YyehuE FARZ Gy A}t o $AR
o Aoz BYAE BE A G4 Bdd EAC AA O 3T AYd 2
FHOR axond] 2] EAZ Qs o o] Fojrt ANdn ARA webA o
A7 2ol 847 g AdAM AA REEY muscimole FAF SE o we A
7 S AL M9 $F& BFsE 2R wedes AP  AHBiochem
Biophys Res Commun 2002 291(1): 62-7, Biochem Biophys Res Commun 2002 293(2):
836-41 ).

2) CLIP associating protein 2 (Clasp2): CLIP& PlAl&aae] 4o #AF 3]

fir

g
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e
2
o
Lo
i)

B2 7de A3 FAE dodle dEd FFTY ddelnt LY F
FTe ¥ LD FAE HEHA sinte] vALse BEFRE LT (Cell 2001
104(6):923-35, Nat Genet 2002 32(2): 116-27)

3) kinase D-interacting substance of 220 kDa (Kidins220): ©]&= PKD(protein kinase
D)e} 71dols] Hojq 53] @We] ¥d=E Aoz d#A Aok PKDE PKC (Protein
Kinase C)oll 9J3] = &X4o] 2= ol o] ErkE @43 A2t} Erke 59
Holl 43S Evx 98 d8A glon o" onjoi o fFHAE F8% gnE
o}k (J. Biol. Chem. 2000 27 5 (51): 40048-40056)

4) D6MMBb5e protein (D6Mm5e)¢ DOK protein (Dok) genes, and LOR2 protein (Lor2)
gene?t §7 ALY mnd2 A Fl EAstE o] Ao Bt AL B TH) HI
E 74 £932 €34 A (Genome Res 1999 Jan;9(1):53-61)

rir

°f ¥R F4 BE 2375 28 9P FE 04 FTEEN DA Ak AL
2 RaFe] YUe ¥ AT 4FH Qo= FHHAY old §AAI oW Ao
==
5

= dopamine-GABA A3 280 o3 zd=E 712 84

-7

I. &% 7l =3 #9 basal ganglia-specific target gene 4 =
=471 4

]
MY

y

re

ATHIANE 1AAIAERE basal ganglia E0]F 02 $E7)5Fdd QgL

=
T AR de AT Adstn Yel, 139 FAAS 239 FAAE B A

o)
o

dopamine? ## o] basal ganglia®] $E715%H0) 293 AL & & = SAx
£ @43 oltt. 1% dopaminergic neuron®] X WA dopamined] o3 A TA Do Z
2% &S & STEP(striatum-enriched tyrosine phosphatase)s] Wia] ¢ HAe

3 Bkt
STEPZ 9] o2 %9 FolAX basal ganglia, striatumol EolH o2 wdsn wm
179 ABAEY §7A EA3TE STEPL alternative splicing®l &3] d2l7kx) o] g )=
EASA He W dEHA Aol STEP6I?} STEP462Z STEP61S  membrane
associated protein®]™ STEP46< cytosolic protein®] tf.

STEPe] EA3te #919 STEPo] E34014 AAAE g7 A= nuz 1
Fol =oila Ze ARAGEAo] 93 STEPe] 289 4 At 24T 4 g} @
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g =947 A5 A2 o) STEPY 22 £ PTP/L 2AHE/ME AHIYE £
FARAY NBALEDN 3 AZAGHAAE oFhEE o JoiM T ugo] I
Aotk g =49 A age] o3 FHRAAAY AZHEAAZE olsidtor JAeE F

T(parkinsons disease)® Zo] T3yl A2l o]go g WWF FFANFA L9

717 & olsiste d =fFol @ Aol B A

3;

1) AAZ S #H <2} D2R-/- micedl 4] STEPY 2dW3}

QAR AF 2} D2R-/- miced] striatum ¥ midbraing F£3t9 RNAE ¥, STEP
3k 28E Northern analysis® 24 3F ot

2 A3 AYHUA A D2 R-/-micedl e STEPY & loiAE HTE ApolE B
o|A] ¢rgith. (Fig.12)

St Mb

D2R D2R D2R D2R
+/+ -I- + [+ -

k STEP

e p-actin

120
100
80
60
40

The expression of STEP

20

D2ZR+/+ 51 D2R~-/- St D2R+/+ Mb D2R-/- Mb

Fig. 12 B33 ## (WD) D2R-/- miced)| A2l striatum(St)® midbrain(Mb)l A&l STEPS
7y

2) D2 receptorel] 23 STEP-ERK A3 24 ¥3}
H2o] STEPS s1a-49M a2 ERK1/27F ANEUY. 442 STEPY 72& n9

-2

ERKE Z2%Z 4 & KIM domain®] SAsE RAog I8A vt £33 D2 544
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¢t STEPS 2d3te AEd =x9E Ard2 A2 F STEPS £¥sto] STEPH
ERKete] Ag W3tE Z3Fox =99 D2 44 A5A@A A7 STEPY ERK9}9
A 71Ae dFE 2489 (Fig.13).

I 23} D2 receptor agoniste] &3] Eo]& o2 STEPH phospho-ERK7} Z&ste A
< BFE F JdRon, olzd AL D2 receptor antagonistq! haloperidoldll <3l

blocke] ¥+ A& 29, D2 receptor E0]Z 2 YL 2 5 It

Haloperidol . - - - + + + + -
(TeMm)
Quinpirole 4 + + + + + + + -
(10uM)

Time (min) 0 2.6 5 10 0 25 5 10 0

P-ERK

ERK

Fig.13 Dopamine D2receptor agonist quinpirole®] ¢}3 STEP¥ phospho-ERKS) %?
D2 receptor-expressing cell line CHO-D2 celld) STEP-FLAGS transfection 3F - quipiroleZ

#12]$- FLAG antibody 2 immunoprecipitation® 3 phospho-ERK® Western blot analysisZ 3}
A},

°]2]3 STEP# ERK® Ae forskoling HelstAY L DI receptor agonist,
antagonistol] A& 2HHA Fe= AE Ro] D2 receptoro] &3 Eo]Hel zAL
4 T AAL

o AZALY 9L WS g Aoz LA 9gow =3
;f—:loﬂE ’404'3}—‘5 ZiP_E d#4 k. wWEkAd Dopamine D2 recpetor?)
g4 3

__N;
Z.
ol
o
Ak
o]r‘
2
&,
8,
AT
il
ol
F
ﬁ
Mo
2
ol
p
Al
o
=i
Ho
of)
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II. D2 recpetor null mice°l #1¢] GABA receptor A agonistol] ¢]3F

seizure-like behavior9 %3d R A

=399 D2 =E&A7E 2’ FHo] AAALEAQ GABA( g-aminobutyric acid)e} &
ARl muscimol & IL¥FE(dmg/kg)Z F5H seizure-liked HEHEL Rol= Wb A
2 FHAo) muscimolg F Y8 catalepsyE WEFITE E37 D2 847 248 Ao

A Uetl Eseizure-like behavioro) W& scoringe ©& 3} o] BEAMsATt. (Fig.14)

1
>6 |
§s |
' 4
%3
@1
0

§ 15 30 45 60 75 90 105 120
tim e (min)

Fig. 14. D2R~/- micel X1 ] muscimol 4mg/kgol )3t seizure-like behaviore] severity

Stage 1: normal behavior; stage 2: immobility; stage 3: mouth and facial movements; stage 4:
repetitive movements, head nodding; stage 5' rearing and falling; stage 6: severe tonic-clonic
seizures; and stage 7, death.

old % seizure activityel di3 HAL = o ¥43322 encephalographic recording
(EEG)E & k)

EEG recording

Ketamine (100mg/kg) ¥ Xylazine (88mg/kg) 22 FAH o} =gwl D2 <847}
29" HAE vANNF screw electrode £ frontal cortex region (anterior 15mm |,
lateral + 1.5mm from the bregma), grounding electrod & cerebellum region (posterior
Imm from lambda) o A<Jstdtt. 4" screw: dental cement = ARZNAL &
F F1FATY HEAZS 5 Yaj Ao , bicuculline , muscimol & Z}Z =5y =
=75 AF8t3 Nihon Kohden Neuro Pack 8 & o] &3} H3 7184 39y 7129 A
252 CED 1401& %3t} filter 3t3 A3} Spike 2 T2 ados 249 o,
Seizureg 427712 Z 927 GABA A receptor antagonist bicuculline (3mg/kg) £
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W D2 FE&AZ dod HAA 25 A

AFAF % A9 2y A =
2 e zolg molx %ot (Fig.15)

33
A2l seizure spike & #EE $7) Y2

Bicuculline 3mg/kg Bicuculline 3mg/kg
wT D2R /-

30 Sec 30 Sec
B e e
v i L e ¥ ]“'WN"M""’ MMVMWW’WMMWWW

MM\WW
L L R T P R T B R TS T
WVWW“WMWWMWMW Yt L e

L S e VS VSRR SRS NN
) VORI /SRRy SV VUURSIN KPS0 O Yy

Fig. 15 WT$ D2R-/- miceo} M 2] bicuculline (3mg/kg) ¢ % EEG recording
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Muscimol 4mg/kg Muscimol 4mg/kg
WT D2R /-

' A'
MMTMWWWW ‘**“'”W‘"__ - l__J' 4OZLV

.....

WWMMWWWM

1 X WVWMMMNW’M“‘W
AP AN A PN P AP VR W AAR,
. ___ldﬂOpV —

PN A 7 b B s N S PN g A NAP A ™ st iV 2! WWWMNWW\N\WMWVWWW

3 WWVM\W/AVWWW
Fig. 16. WT¢ D2R-/~ micel A1 2] muscimol (4mg/kg) ¥ ¥ EEG recording

I Y muscimol (4mg/kg) & BFFAERE HH712 AHE 2y AAHY FHM=
A AsE FAY 2§ 8 muscimol & FAE 2Fo] AAHoR e AE
°f HAAXL olgk WOlZ D2R-/~ HoAE AT "Eo] IAA ="
synchronous¥ spikeg #2d 7} vt (Fig. 16).

°|2HE =9 D2 &7 912 W GABA A 447 3EHW seizure 7} el
e e 4eden ol A¥HQ  inhibitory neurotransmitterdd GABAS)
neurotransmission®| D2 receptor®] A& @oj¢to} 3] M Ho|gS S HARE o
T FFIER Aotk 53 =3Wl D2 5459 GABA A 89 A5ago] FAA
%l basal ganglia ¢ motor circuit & FHL §25t9 FFH P el =4 o}F
TasdE AL & 5 Uk

~ WT$} D2R-/- micel 419 basal ganglia Microinjection £ o muscimol 9] #&7]%
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o g &34

AP dFE £3] o] dopamine receptor & D2 receptor9 knock-out mice® wild
typeell HlE) EE1TRE Yol AAINA EAom ¥ FFEHE JTolde
GABAergic druge T3 ZHs 22L& 94 HAY. dopaminergic neruon¥
GABAnergic neuron®] interaction® GABA A receptor® %3] ¢l A" D2 knock-out
mice?] +F71F o]A4& GABA A receptor type drugl 2 ZAEEO 3EE £ Qv
7tsAE AAETE. GABA A receptor drug® agonist! bicucullineE Al
antagonist$l muscimol¥ D2R knock-out mice®t Wild type miceoll X &3 A3} agonist
%l bicuculline2 ¥ miced|A] WTE W3E Holx tor} antagonist?] muscimol
74-§- D2R knock-out miceoll A seizure-like behavior® X o]l ¥bH wild type micedl A
& locomoter activityZ7} €o1=% A I E 2417t 7FF cataleptic immobility 7} #] & S ]
ot olgigk A4S  Dopamine receptor® GABA receptor?] A3zgo=Z Qg &%57)
59 9oz ESF 3lov 53] D2R knock-out micedl X R AR seizurel A% EEG
recording$ F3 seizure T o &5 Aoz BA sy &

g differential 53t 4318 A3 2 7)) candidate genes QI35 TH

A QoA #AS g3t AAZ central Al CNSY basal gangliag 3 33 o)

3+ muscimolel] <]

Be A& dolRYIY8  medium spiny neuron©] ®o] B ¥3tE= substantia nigrast
Globus pallidus, 2] 3 dopaminergic neruom©] projection ¥ Subtahlamic neucleus %
subthalamic nucleus®]l muscimol® %2 9 2 microinjection 3t WT mice®} D2R

knock-out miced| X %75 Blwstg o).

WI<t D2R-/- miced] STNOIA9] muscimol microinjection.

WTs D2R~/~ miceE w3 4E 7:39] Hl& N:Op gas®t 4o w2 ¥ 2 mice
9] bregmaoll Al AP7} 1.8mm (caudal), Lo} +15mm (lateral), V7} 45mm (depth)e] <131
&}i= STN(subthalamic nucleus)e]l GABA A receptor®] agonist?! muscimolZ S5pmol
injection ¥ ¥ WT$} D2R-/- micedl A &% F2S #&399 )t (Table 2). WT mice?)
3% STN9) injection ¥ 2753 <¢toll catalepsy’7} Qojxron 3x7tol3E A stA 7oju}

BEAYL BF5FS BT v D2R—/- mice®] A% injection T 28 o] T EE 3A|7
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°|4} tonic clonic seizure®l HFF F2L BYrh o= muscimolE 4dmg/kglE ip
injection P& W} FUYZ AFANE o]x= D2 receptor knock-out miceolr] GABA A
receptor”} locomotor activity®} @EA o] UE signal WIHAIZ AS=Z BT (Fig.

17) . &,GABA A} D2 receptord] interactiong striato-pallidal GABA neuron°l A+ ¥

L

U ©]E neuron D2 receptor® %3] wi7l=E dopamine?] inhibitory E#E =&
st RS2 BAAY D2 knock-out mice]A] B F muscimold] 93 GABAergic
inhibition® °]2 I3} W E motor circuit& B¥3st7] A3 Aoz AyZdg I 3
&% GABAergic neuron9] inhibition® STN$] inhibition® 2 =3 v} seizureE
ob7lshe AL2 R9FY,
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WT 28 |Spmol, single STN
WT 28 |5pmol,bilateral STN
WT 27!5pmol,bilateral [STN
WT 29 |5pmol,bilateral STN

HO 23 |5Spmol,bilateral STN
HO 26.5|5pmol,bilateral STN
HO 24.5{5pmol,bilateral STN
HO 28{5pmol,bilateral STN

Table 2. WT9} D2R-/- mice®] SINOJA9 muscimol microinjection.
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6 I /—————0————0————0
5 s 1. Normal behavior

2. Immobility

3. mouth and facial
movements

3T 4. repetitive movements,

head nodding

2r 5. rearing and falling

6. severe tonic-clonic

seizures
5 min 10 min 30 min 1 hr 3 hr 7. Death

Seizure Stage

2 A X A J
1

Time

Fig. 17. Muscimol-induced seizure-like activity in D2R-/- mice by microinjection in STN

GABA A receptor and Dopamine 2 receptor?] 332§

)
o
o)
B
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