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要旨

The basal ganglia mediate a wide variety of psychomotorfunctions, including motor

control, motor planning,and behavioral leaming･ The nigrostriataldopamine (DA)-

producing neurons play a critical role in the basal gangliafunctions. Striatal

proJeCtion neurons are composed of two subpopulations of y-aminobutyric acid

(GABA)-producing medium spiny neurons that constitute the so-ca11ed directand

indirect pathways･ The striatonigral medium splny neurOnS in the direct pathway

provide monosynaptic inhibition to the output nuclei, whereas the striatopauidal

medium spiny neurons in the indirect pathway inhibitthe globus pallidum (GP).

The GP neurons send inhibitory efferents to the output nuclei or the subthalamic

nucleus (STN), and tbe STN provides an altemative route to tbe output nuclei. DA

acts to regulate oppositely the activity of the striamiigralmedium splny neurOnS

and striatopallidalmedium splny neurOnS, and the actions appear to be mediated by

the differentialexpression of DA receptor subtypes･ Striatalaspiny interneurons

producing acetylcholine (ACh) or GABA also express different subtypes of DA

receptors･ The neural mechamism by which DA controls the basalganglia circultry

through various populations of striatalneurons is not yetfu11y understood.

lmunotoxin-mediated cell targeting (IMCT) is a teclmique for conditionalcell

ablation in transgenic amimals･ IMCT has been utilized to eliminate specific

neuronal types from a complex neural circuitry･ h the strateg,y of MCT, transgemic

miceare generated th-at express human interleukin-2 receptor α-submit (m-2Rcc)

under the control of a cell type-speci丘c promoter, and也ese mice are then treated

with a recombinant immunotoxin (IT)･ In the present study, IMCT was applied to

ablate the neuronaltypes expressing ･dopamine D2 receptor (D2R) inthe dorsal

stria仙m･ To express m-2Rα under the control of the D2R gene, the m-2Rα gene
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cassette was introduced into the mouse D2R locus with gene targetlng･ The

expression patternof IL12Rα inmice heterozygous for the mutation was detected in

some brain reglOnS Where endogenous D2R expression was detected. Injection of IT

into the stdatum induced a selective ablation of the striatopallidal medium splny

neurons and the cholinerglC interneurons in the mutants･ However, IT inJeCtion did

not affect the anatomy of nigrostriatal DA neurons and the metabolism of DA in the

mutants･ In addition, the injection reduced the ligand binding sites in the st,iatum

for D2 class receptors but not for DI class receptors･

The ablation of the striatal D2R-expresslng neurOnS CauSed abnomalities in

motor behavior, which were characterized by a hyperactivity of spontaneous

movement and an attenuation of DA-induced hyperactivity･ The ablation of these

neurons caused upregulation of glutamic acid decarboxylase (GAD67) mRNA in

the GP and downregulation of cytochrome oxidase activity in the STN, whereas it

did not affect the expression of substance P mRNA in the striatomigralmedium

splny neurons･ The ablation reduced DA-induced expression of the i-ediate early

genes (IEGs) in the striatonigral medium spiny neurons but not in the GP and STN.

In addition, the mice treated with a selective cholinerglC neurOtOXin showed no

apparent change in spontaneous motor behavior and they exhibited a modest

increase in DA-induced behavior･ The lesion of cholinerglC intemeurons increased

DA-induced IEGs expression in the striatonigral medium splny neurOnS.

The results obtained from the behavioral study suggest that ablation of the

striatopallidal medium splny neurOnSare Predominantly responsible for the

increased spontaneous locomotion and the impaired DA-induced motor activation in

the mutants･ The results obtained丘･om the study of gene expression in the basal

ganglia circultry SuggeSt that the striatopallidal medium splny neurOnS nOrmally

SuppreSS SpOntaneOuS mOVement through inhibition of the GP neurons. But these

neurons increase motor activity in response to DA stimulation through not only

disinhibition of the GP neurons but also facilitation of the striatonlgral medium

Splny neurOnS.
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Introducti on

The basal ganglia mediate a wide variety of psychomotor functions, including motor control,

motor planning, and behaviora1 1earning (Graybiel, 1995;Kimura, 1995･, Schultz et al., 1997).

A nu血ber of bebavioral and pbysiological evidence indicate that the nlgrOStriatal

dopaminergic pathway plays a centralrole in the basalganglia functions (Wickens, 1990;

Graybiel et al･, 1994)･ The importance of dopamine (DA) in the basalganglia is also exhibited

by the symptoms ofParkinson'disease, which is caused by selective loss of a group of DA

neurons in the ventralmidbrain (Rinne, 1993; Young, 1999). Recent studies withmutantmice

deficient in DA biosynthesis provide genetic evidence foranessential role of DA in motor

control, emotional learning, and feeding behavior during postnatal development (Zhou etal.,

1995; Nishii etal･, 1998; Szczypka etal･, 1999a, b; Szczypka etal., 2001).

The dorsalstriatum, the most prominent portion of the basal ganglia, receives excitatory

lnPutS from many areas of the cerebralcortex Land proJeCtS tO the output nuclei of the basal

ganglia, the substantia nigra pars reticulata (SNr) and entopeduncularnucleus (EPN)

(Alexander and Crucher, 1990; DeLong, 1990; Parent and Hazrati, 1995; Gerfenand Wilson,

1996)･ St血tal prqjection meurons are composed of two s止bpopulations of γa血nobutydc acid

･ (GABA)-producing medium spiny neurons that constitute the so-cal1ed direct and indirect

pathways･ The striatonigral medium splny neurOnS in the direct patbway contain substance P

(SP) and provide monosynaptic inhibition to the output nuclei, whereas the striatopal1idal

medium spiny neurons in the indirect pathway contain enkephalin (EN耳)and inhibit the

globus pallidum (GP)･ Tbe GP neurons send inbibit叩e飴rents to the o叫put nuclei or the

subthalamic nucleus (STN), and the STN provides an alternative route to the output nuclei

(Gerfen, 1992a･ b)･ The standard model of the neuralcircuitry suggests that basal ganglia
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functions are dependent on the balance between opposlng lnPutS from the directand indirect

pathways, although the model is cha11enged by recent data, such as the presence of direct

corticosubthalamic pathway (Nambu et al･, 2002) and the rhythmic pattern of neuronal firing

a氏α DA depletion (Bergman et al., 1998; Bevan et al., 2002).

DA acts to regulate oppositely the activity of the striatonigral medium splny neurOnS and

the striatopallidal medium spiny neurons (Nicola et al･, 2000),and the actions appear to be

mediated by different DA receptor subtypes･ DA receptors are classified into two classes, the

DI class (DIR and D5R) and tbe D2 class (D2R, D3R, and D4R), based upon

phamacological and bioche血cal criteda (Civelli et al., 1993 ; Gingrich and Caron, 1993).

Neuropharmacological and neurophysiological data point to a facilitating effect of DIR on the

striatonigral medium splny neurOnS and suppresslng effect of D2R on the striatopal1idal

medium spiny neurons (Weick and Walters, 1987; Walters etal., 1987; Gerfen etal., 1995).

DIRand D2R appear to be localized in the striatomigral and striatopallidal medium splny

neurons, respectively,although colocalization of these two subtypes in some neurons has been

suggested (Lester etal･, 1993; Surmeier et al･, 1996; Aizmanetal., 2001). Striatal aspiny

interneurons producing acetylcholine (ACh) or GABA also express different subtypes of the

DI class or D2 class receptors (Kawaguchi etal･, 1995)･ The neuralmechanism by which DA

controls the basal ganglia circultry through various populations of striatalneurons is not yet

fully understood.

In the past few years a number of laboratories has tumed to gene targeting as a more

precise to determlnlng distinct functions of DA receptor subtypes･ For example, studies on D l

and D2knock-outmice revealed sigmificant differences with regard motor and motivated

behavior influenced by these receptors･ whereas D lknock-outmice exhibited locomotor
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hyperactivity and fail to mediate the locomotor stimtllant effects of cocaine andamphetamine

(Ⅹu et al･, 1994a, b)･ D2 knock-out血ce showed locomotor hypoactivity and postural

abnormalities, and they fail to experience the rewarding effects of opioid drugs (Baik etal.,

1995; Maldonado et al･, 1997)･ Moreover, studies on Dl and D2 receptor knock-out血ce

have provided direct evidence for Dl and D2 receptor-mediated control of expression of the

striatal peptides dynorphinand enkephahn, respectively (Drago et al., 1994; Xu et al., 1994a;

Baik et al., 1995)･ However the neural mechanisms by which DA controls the motor and

motivated behavior are not fu11y revealed･

Immumotoxin-mediated cell targeting (MCT) is a technique for conditional cell ablation

in transgenic animals (Kobayashi et al･, 1995a; Kobayashi etal., 1996). In the strategy of

IMCT (Kobayashi etal･, 1995a), transgenicmice are generated that express human

interleukin-2 receptor α-submit (IL12Rα) under the control of a cell type-specific promoter.

Thesemice are then treated with a recombinant immunotoxin (IT), which consists of the

variable reglOnS Of the anti-m-2Rα monoclonalantibody fused to a bacterialexotoxin,

resulting ln ablation of target ce11 types･ IMCT has been utilized to eliminate specific neuronal

types from a complex neural circuitry (Sawada et al., 1998; Watanabe et al., 1998; Kaneko et

al･, 2000; Yoshida et al., 2001; Hikida etal･, 2001; Hikida etal., 2003;Kitabatake etal., 2003).

In the present study, the neuronal types expressingtD2R subtypes in the dorsal striatum are

ablated by IMCT･ A selective localization of D2R is shown in the majority of the

striatopallidal medium splny neurOnS and cholinerglC intemeurons･ The behavioral in凸uences

of neuronal elimination on basalganglia function that depends on DA transmission are

examinedand the neural circuitry lnVOIved in the behavior are analyzed･ In addition, the

influences of chemical lesion of cholinerglC interneurons on basalganglia function are
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exa血ned･ T血ese results indicate tbat the striatopallidal medium splny neurOnS play an

essentialrole in dual control of motor behavior that includes the suppression of spontaneous

behavior and the fu11 expression of DA-induced behavior. These findings propose a model in

which the striatopallidal medium splny neurOnS COOrdinate the basal ganglia circultry

depending on the state of DA transmission.
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Materials and Methods

Generation of mutant mice

Phage clones containing the mouse D2R gene were isolated丘om a 129SV〟 geno血c DNA

library using九FIX'MII vector (Stratagene)･ The targeting vector, containing the

5'-homologous reglOn Of 2･4 kb, the IL-2Rα gene cassette having the polyadenylation slgnals

derived from pDIL.vector (Kobayashi et al･, 1995a), the phosphoglycerate kinase-l-neo gene

cassette, and the 3 '-homologous reglOn Of 7･6 kb,and the diphtheria toxin A-fragment gene

cassette was introduced into the 5'-end of the targeting vector (see Figure lA). Gene targeting

with ES cells was performed essentially as described by Kobayashi etal. (1995b). E14 ES

cells were cultured on fTeeder layers prepared from neomycln-reSistant primary fibroblast ce11s

in Dulbecco's modified EagleTs medium (GIBCO) supplemented with 20% of fetalbovine

serum (Laboratories lnc･, HyClone, Lot No･ AFA48 19), 1000 units/mi1eukemia inhibitory

factor (Chemicon); penicillin-streptomycin (GⅡ主CO), 1 X non-essential amino acids

(GIBCO), and O･1 mM β -mercaptoethano1 (Sigma) at 37℃ in a 5 % CO2 incubator. ES cells

(5 Ⅹ 107 cells) were electroporated (240 V, 500 pF) by GENE PULSUR (Bio Rad) with the

linearized targeting vector (10 p･g) and were selected in medium containing O.25 mg/miG41 8

(GBCO) for lO days･ Individually picked colonies wereanalyzed by Southem blotting with a

HindIH-EcoRI fragment (托obe A), EcoRI-EcoRI fragment (Probe B)and BamHI-Sphl

fragment (Probe C) 1abeled with 32p･ correctly targeted ES clones weremicroinjected into

C57BL6/J blastocysts, which were implanted into the uterine horns of pseudopregnant

mothers, to produce chimericmice. Male chimericmice were crossed with C57BL6/J female

mice,and germ1ine transmission was judged by the coat color of the offsprlngS. Mice

heterozygousfor the D2R mutation were identified by Southern blotting of tai1 DNA.
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Heterozygous血ce were mated with C57BL6〟血ce fbr more than seven generations. Animal

care and handling procedures were in accordance with the guidelines established bythe

Animal Center of Nara lnstitute of Science and Teclmology and the Experimental Animal

Center of Fukushima Medical University･

Genomic typing

Southern blotting was used to identify the correctly targeted ES clones and the genotypes of

themice･ ES cells or tails were incubated for over night at 55Qc in lysis buffer [ 100 mM

NaCl, 500 mM Tris-HCl (pH 8･0), 10 mM EDnand l% SDS]and Proteinase K (150 ng/mi,

Roche)･ After incubation, genomic DNA was extracted and digested by Bamm or Apal for

over night･ Then, digested genomic DNA samples loaded onto a O･8% agarose geland ranat

40 V for 5 hr･ The gel was photographedand the DNA was blotted onto a nylon membrane

(Hybond-XL,AmershamPharmacia Biotech)･ The probes were labeled using Megaprime

DNA Labelling System (Amersham Pharmacia Biotech) and [α-32p] dCTP (Amersham

Pbamacia Biotecb)･ Tbe membranes were hybddized with the 32p-1abelled Probe A, Pmbe B

or Probe C in hybridization buffer [50% formamide, 5 X SSPE, 5 X DenhardtTs, 0.3% SDS

and O･l mg/misalmon spermDNA] ovemight at 42oC and rinsed twice in 2 X SSCand lO%

SDS･ The membranes were exposed to BAS-MS2040 imaging plates (Fuji film).

Stereotaxic stlrgery

Mice were deeply anesthetized with sodium pentobarbital (Dainippon PharmaceuticalCo. ,

LTD, 50 mg瓜g, i･p･), and subjected to unilateral or bilateralintrastriatal injection of lO LLg/mi

IT (anti-Tac(Fv)-PE38) (Kreitman et al., 1994) solution. IT was diluted with O.01 M
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phosphate buffered saline (PBS) containing O･5 mghnlmouse serum albumin (Sigma). The IT

solution or PBS (0･5 pl/site) was injected into six sites in one side of the striatum through a

glassmicropipette (diameter in 50 pm), which was stereotaxically introduced by using the

coordinates accbrding to an atlas of the mouse brain (Paxinos and Flanklin, 2001). The

anteroposterior, mediolateral and dorsoventral coordinates from bregma or dura were

l･20/1･25/2･00 rr- (site l), 1･20/2.00/2.00 mm (site 2), 0.50/1.50/2.00 mm (site 3),

0･50/2125/2･50 mm (site 4), -0･20/2･50/2･50 mm (site 5),and -0.70/2.75/2.50 mm (site 6) (see

Figure 2B)･ Injection was carried out at a constantflow rate of O.25 L11/min withmicroinfusion

pump (ESP-32, EICOM) connected to tbe glass micropipette.

For intrastriatal administration of acetylethylcholine mustard aziridinium ion (acetyl

AF64A, Sigma), 2 mM AF64A solution was prepared as described (Fisher etal., 1982) with

minor modifications･ Acetyl AF64A was rapidly dissolved in saline. The pH was adjusted to

between ll･5 and ll･7 with l M NaOH and mainta血ed at pH ll･5 fbr 30血n･ The pH was

adjusted then to pH 6･O to 7･O using l N HCl before final titration to pH 7.4 with solid

NaHCO3･ Saline was added to bring the flnal concentration ofAF64A to 2 mM. AF64A

solution or saline (1 pusite) was injected through a glassmicropipette (diameter in 50 pm) by

using the coordinates (mm) anterior l･00, latera1 1 ･50,and ventra1 2.00 from bregma and dura.

Admimistration was carried out at a constantflow rate of O･25 LLl/min with amicroinfusion

pump (ESP-32, EICOM).

After the experiments, the placement sites of a glassmicropIPette Within the striatum

were conflrmed by histological examination with Nissl staiming･
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Ⅱistology

（1）NissIstaining

NissIstainingwasperformedasdescribed（Robertsetal・，1993）withminormodi丘cationヲ・

MiceweredeeplyanesthetizedwithsodiumpentobafbitalandperfusedtranSCardiallywith

4％paraformaldehyde（Wako）inO・1Mphosphatebu鮎rorPB（pH7．4）．Aftercryoprotection

With30％（Wル）sucroseinO・1MPB，thebrainswerecutintofrontalsectionsonafreezing

microtome（CM1900，Leica）．Sections（30匹mthick）weremountedonsilanizedslides

（S3003，DAKO），dehydratedthroughgradedethan01solutions（70％，80％，90％，95％，100％；

5mineach），rehydratedthroughgradedethan01solutions（100％，95％，90％，80％，70％；

5mineach）andplacedintowater・Then，SeCtionswereimmersedin5％cresylvioletsolution

（Chroma：Gesellschaft）fbrlOmin，difftrentiatedinagradedethanoIsolutions（70％，80％，

90％，100％；5mineach）andcoverslippedafter5mininxylene．

（2）Insituhybridization

Insituhybridizationwasperformedasdescribed（Kanedaetal．，1991）withsome

modi丘cations・Miceweredeeplyanesthetizedwithsodiumpentobatbital・Thebrainswere

quicklyremovedandcutinto丘ontalsectionsonafreezingmicrotome（CM1900，Leica）．

Fresh－frozensections（10pmthick）weremountedonAPS－COatedslideglass（Matsunami）

and丘xedinasolutionof4％paraformaldehydeinO暮IMPBandtreatedwithO．1M

triethanolamine（PH8・0）containingO・25％aceticanhydride・Thesectionswerehybridizedat

58℃withriboprobeslabelingbyinvitrotranscriptionwith［35s］CTPαS（PerkinElmer，1X

108cpmhnl）ordigoxigenin－11－UTP（Roche，1mg血1）inhybridizationbufEtr［50％

formamide，2XSSC，10mMTris－HCl（pH8・0），10帽血1salmonspermDNA，1Ⅹ

I）enhardt■s，10％dextransulfateandO・2％SDS］・Subsequently，fo1lowingwashesin2ⅩSSC
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at60℃andO・2ⅩSSCat60℃，thesectionsweretreatedwith2LLg血1RNaseAat37℃fbr

lhr，WaShedtwicewith2XSSCatroomtemperatureandtransftrredtoO．2XSSC．Sections

hybridizedwithradiolabeledcRNAprobesweredehydratedingradedethanoIsolutions（70％，

80％，90％，100％，100％；5mineach）andexposedtoBAS－MS2040imagingplates（Fqii

凸1m）・Sectionshybridizedwithdigoxigenin－1abeledcRNAprobeswereincubatedfor2hr

Withalkalinephosphatase－CO再ugatedanti－digoxigeninantiserum（1：1000，Roche）andthen

WithO・45mg血1nitrobluetetrazilium（Roche）／0・18mghnlbromo－Choloro－indolylphosphate

（Rocbe）．

AntisenseriboprobesusedwerecomplementarytoapartofmouseDIRmRNA，mOuSe

D2R血RNA，humanIL－2RamRNA，mOuSeSP血RNA，andmouseGAD67mRNA．There

WaSnOSlgnificanthybridizationslgnalincontrolexperimentsuslngthecorrespondingsense

probes．

（3）Immunohistochemistry

Imrrmnohistochemistrywascarriedoutwiththeavidin－biotin－COmPlexmethodasdescribed

q・eeetal・，1997）withminormodi丘cations．Miceweredeq）lyaneSthetizedwithsodium

pentObatbitalandperfusedtranSCardiallywith4％paraformaldehydeinO・lMPBorO．2％

formaldehydeand75％saturatedpicricacid（Wako）inO・1MPB．Thebrainswerequickly

removedandplacedfbrovernightat4℃in4％paraformaldehydeor2％formaldehydeand

75％saturatedpicricacidinO・1MPB・Aftercryoprotectionwith30％（Wル）sucroseinO．1M

PB，thebrainswerecutintofmntalsectionsonafreezingmicrotome（CM1900，Leica）．Free

floatingsections（30pmthick）wereincubatedinl％hydrogenperoxidefbr30minatroom

temperature，5％normalswineserum（DAKO）forlhratroomtemperature，andfor2daysat

4℃withprimaryantibodiesagainstsyntheticC－teminalnonadecapqtideof
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preproenkephalin (1 pg/mi, Lee et al･, 1997), synthetic C-teminalpentadecapeptide of

preprotachykinin A (1汁g/mi, Lee et al., 1997), choline acetyltransferase (1 :3000, Ichikawa et

al･, 1997), parvalbumin (1: 1000, Sigma), somatostatin (1: 100, Medac), calretinin (1: 1000,

Chemicon), tyrosine hydroxylase (10 pg/mi, Roche), dopamine transporter (1 :5000,

Chemicon), c-fos (1:5000, Santa Cruz Bioteclmology) and zlj268 (1: 1000, Santa Cruz

Biotechnology). Sections were then washed in O.01M PBS fbr tbree times and incubated in

biotinylated anti-guinea pig lgG (1 : 1000, Chemicon), rabbit lgG (1 : 1000, Jackson

lrrmunoResearch Laboratories), mouse lgG ( 1 : 1000, Jackson lmmunoResearch Laboratories),

or rat lgG antibody (1 : 1000, Cappel Pharmaceuticals) for 2 hr at room temperature. The

√

incubations were carried out in O･01M PBS followlng by a rinse with O･01M PBSfor two

times･ The sections were further incubated for 2 hr with avidin-biotinylatd peroxidase

complex (Vectastain Ehte ABC kit, Vector Laboratories) in O.01 M PBS. Then, the bound

peroxidase was developed by reaction with O･2 mg/mi3 ,3 ■-diaminobenzidine-4HCl (Dojindo)

and O･001% H202 in 50 mM Tris-HCl (pH 7･6)･ For cjos and z=j268 immunostaiming,mice

were administered with methamphetamine (METH, 6 mg瓜g, i･p. ) 1.5 hr before perfusion.

(4) CO血istodlemi5try

CO histochemistry was done as described (Vila et al. 1996). Mice wereanesthetized with

sodium pentobarbitaland perfused transcardial1y with 4% paraformaldehyde in O. 1 M PB.

The brains were quickly removedand placed for over night at 4Qc in 4% paraformaldehyde･

After cryoprotection with 30% (w/v) sucrose in O. 1 M PB, the brains were cut into frontal

sections on a freezingmicrotome (CM1900, Leica)･ Free fLoating sections (30 pm thick) were

incubated fbr over night at 37℃ in O･1 M PB (pH 7･4) containing O･5 mg血1 3,3,-

dia血nobenzidine-4HCl (Dqjindo), 0･ 15 mg血1 horse cytochrome c (Sigma), and 40 mg血1
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sucrose, and then rinsed in O.01M PBS.

(5) Receptor autoradiography

Radiolabeled ligand binding for DI class receptors and D2 class receptors wereperformed as

described by Schambra et al･ (1994) withminor modiflCation･ Mice were deeply anesthetized

with sodium pentobarbital･ The brains were quickly removed and cut into frontal sections on a

freezingmicrotome (cM1900, Leica)･ For DI class receptors, fresh-frozen sections (10 pm

thick) were incubated for 30min at room temperature in 50 mM Tris-HCl buffer (pH 7.4)

containing lOO血M NaCl, 5血M KCl, 2 mM CaC12, 1血M MgC12and O･4 nM

[3H] SCH23390 (Perkin Elmer), and nonspecific binding was detemined in the presence of

O･4 pM SCH23390 (Tocris Cookson). For D2 class receptors, the sections were incubated for

30min at room temperature in 50 mM Tris-HCl buffer (pH 7.4) containing 140 mM NaCl and

l nM [3H] NMSP (Perkin Elmer), and nonspeciflC binding was detemined in the presence of

l pM spiperone (Sigma)･ The sections were then washed, dried, and expose to BAS-TR2040

imaging plates (Fuji Film).

Image analysis

Coronal sections through the dorsal striatum, GP, or STN were subjected to in situ

hybridization, immunohisto6hemistry･ CO histochemitry,and receptor autoradiography･

Fifteen to twenty sections from each animalwere used,and the anteroposterior coordinates

(mm) from bregma were between l.54 and -0.70 for the striatum, between -0.22 and l).82

for the GP,and between -1･70 and -2･ 18 for the STN･ For each section, a specified square

(O15 Ⅹ 0･5mmin the stri,atumand GP, and O.1 X O.1 mm in the STN) was selected on the

corresponding reg10namOng COmParison groups･ LightmicroscopIC images of brain sections
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stained by in situ hybridization, immunohistochemistry or CO histochemistry were captured

by the Zeiss AxioCamrunnlng On the AxioVision 3･O software･ Radiolabeled signals of in situ

hybridization and receptor autoradiography were visualized by uslng BAS2500lmage Reader

(Fuji Film)･ The number of stained neurons in the square was automatically counted with a

computer-assisted imaging program (NIHlmage l.62) and the average of the neuronal

number or the ratio of the neuronalnumber of IT-injected side relative to that on the PBS-

injected side obtained from each animal was calculated･ The intenslty Of histochemical signals

in the square was measured with the same program･ The activity of radiolabeled signals was

measured by the BAS2500 Image Gauge (Fuji Film)･ The ratio of the radiolabeled activity of

the IT-injected side relative to that on the PBS-injected side was calculated.

Neurochemical analysis

Contents of DA and its metabolites, including 3,4-dihydroxy-phenylacetic acid (DOPAC) and

homovanillic acid (HVA), were measured according to the method described by Kobayashi et

al･ (1994) with slight modifications･ Brains were rapidly removed and kept on ice while the

striatum and the ventralmidbrain were dissected･ Dissected tissues were homogenized in

O･2 M perchloric acid containing O･ 1 M EDTAand l LLg/miisoproterenol (Sigma). After

centrifugation of the homogenates, the pH of the supematant was adjusted to 3.O by adding

l M sodium acetate･ The sample solutions (20 LLl) were applied for a high-performance liquid

chromatography equipped with electrochemical detection (HPLC-ECD) system (ECD300

sedes; SC-50DS column, EICOM).

The mobile phase was O･ 1 M sodium citrate, 0･ 1 M citric acid, 0.5 mM sodium

octanesulfonate (Nacalai tesque), 0･ 15 mM EDIA, and 17% methanol (pH 3.5).
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Behavioral analysis

(1) Rotational Behavior

For monitoring rotational behavior,mice were placed in a spherical bowl (25 cm in diameter),

and the behavior was recorded with a digitalvideo camera. One rotation was defined as a

complete 360 o tum･ The number of rotations in tbe ipsilateral or contralateral directions was

counted for every 10-minperiod by visual observation･ Turn1ng magnitude was defined as the
●

totalnumber of contralateral or lPSilateral rotations in a 30-min test period･ Spontaneous

turning magnitude was calculated during the pretreatment (-40min to -10min) and drug-

induced tuming magnitude was calculated after drug treatment (20min to 50min).

(2) Locomotor activity

Locomotor activity was measured with the movementanalyzer (Scanet SV- 10, Toyo Sangyo)

using photo sensors as descdbed(Nisbii et al., 1998). Movement score was de丘ned as the

number of beam breaks for lOmin･ Locomotor activity was defined as the totalnumber of

beam breaks in a 30一血n test period･ Spontaneous locomotor activity was measured during the

pretreatment (-40 min to -10血n) and drug-induced locomotor activity was measured a氏∝

dmg treatment (20 min to 50 min).

After the behavioral testing,mice were deeply anesthetized with sodium pentobarbital,

and brain sections were prepared･ In situ hybridizationanalysis of the sections with the D2R

probe confirmed the neuronal loss in the mutants treated with intrastriatalIT injection.

lmunohistochemicalanalysis of brain sections withanti-choline acetyltransferase antibody

confirmed the loss of striatal cholinerglC interneurons in themice treated with AF64A

admini strati o n.
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Drug Treatments

Methamphetamine su肋te (METH) was obtained丘om Dainippon Phamaceutical Co. , LTD｡

Apomorphine (APO), SKF8 1 297 and Quinpirole hydrochloride (Quin) were obtained from

Sigma･Al1 drugs were freshly dissolved in O･9% salineand injected s.c. or l.P. 1n a VOlume of

l.Oml瓜g.

Statisticalanalysis

For statistical comparisons, the ANOVA, Tukey-HSD test and Student's t test were used with

slgmificance set at p < 0･05･Al1 values were expressed as the meanj= SEM of the data.
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Results

Generation of mutantmice for targeting the D2R･expressing neurons

To express m-2Rα under the control of the D2R gene, the knock-in approach was used. The

m-2Rα gene cassette was introduced into exon 2 of the mouse D2R locus with gene targeting

in embryonic stem (ES) ce11s (Figure lA and B)･ These ES clones were utilized to generate

chimericmice, which transmitted the mutation to their ofEsprlng･ The expression pattem of

IL-2Rα inmice heterozygous for the knock-in mutation was analyzed by in situ hybridization

(Figure lC)･ In the mutants, expression of the mNA was detected in some brain regions

including tbe stdatum and ventral血曲rain wbere endogenous D2R expression was detected,

indicating the correct expression of the transgene under the control of the mouse D2R gene･

Ablation of D2R･expresslng neurOnS in the striatum by IT injection
●

Mice heterozygous for the mutation were apparently normal in developmentand general

behavior･ In particular, they were normalin striatal structure, DA metabolism, and

spontaneous and DA-in血ced motor bebavior･ T血us the wild type and血eterozygous mutant

littermates (8-16 weeks old) were utilized･ To eliminate the striatalD2R-expressing neurons

in the basal ganglia circuitry (Figure 2A), IT solution (5 ng/site) or O･01 M phosphate-

buffered saline (PBS) were unilateral1y or bilatera11y injected into six sites on one side of the

dorsal striatum by a stereotaxic approach (see Figure 2B). Inal1 experiments conducted in this

study, themice were used on day 7 after the injection.

Unilatera11y injectedmice were subjected to brain sectionlng,and the sections through

the striatum were stained with cresyl violet (Figure 2C). The number of stained neur.ns in the
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striatum appeared to be moderately reduced on the IT-injected side in the mutants, on the

other hand, there was no grossly visible damage on the IT-injected side in the wild types or on

the PBS-injected sides in either type ofmice･ The sections through the striatum were analyzed

by in situ hybridization with a riboprobe coveringthe D2R or DIR sequence (Figure 2D).

Loss of D2R-expresslng neurOnS WaS Observed in the striatum of the IT-injected mutants. The

neuronal loss was restricted in the dorsalreg10n Of the striatum, and it did not extend to the

ventral reglOn Of the striatum･ In contrast, D IR-expresslng neurOnS Were nOmally distributed

in the striatum of the injected mutants･ The number of neurons expresslng D2R or DIR in the

dorsal striatum was counted (Figure 2E)･ The number of D2R-expressing neurons was

markedly reduced on the IT-injected side of the mutants Q? < 0.0001), where the neuronal

number was only 2･6% of that on the IT-injected side of the wild types. But it was not

significantly differentamong PBS-injected side of the wildtypes, PBS-injected side of the

mutants,and IT-injected side of the wild types･ The number of DIR-expresslng neurOnS WaS

statistical1y indistinguishable among the four different injection sides. In addition, in situ

hybridization analysis showed that the cortical neurons expresslng D2R were intact in the

injected mutants (Figure 2F). These results indicate a selective and efficient ablation of

neuronaltypes expresslng D2R in the dorsal striatum of the mutants by the IT injection.

The striatopallidaland striatonigralmedium spiny neurons express enkephalin (ENK)

and substance P (SP), respectively (Gerfen etal･, 1990)･ Striatal GABAergic interneurons are

divided into three categories that express parvalbumin, somatostatin, or calretinin (Kawaguchi

et al･, 1995)･ To detemine the neuronal types in the D2R mutantmice affected by the IT

■ ●

1nJeCtion, immunostalnlng WaS Carried out with antibodies agalnSt SPeCific markersfor each

neuronaltype･ For identification of the striatopal1idaland striatonigral medium splny neurOnS,
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antibodiesforapartoftheprecursorofENK（p托prOenkephalin）ortheprecursorofSP

（Pr甲rOtaChykininA）wasusedrespectively・ThenumberofstainedneuronsonIT－irtiected

Sideofthestriatumwascomparedbetweenthewildtypeandmutantmice（Figure3）．The

numberofneuronscontainingpreproenkephalinwassignincantlyreducedinthemutantsQ？＜

0・01）to8・9％ofthatfoundinthewildtypes・However，thenumberofpr甲rOtaChykininA－

POSitiveneuronswassimilarbetweenthetwogenotypes・Inaddition，thenumberof

CholinergicinterneurOnSCOntainingcholineacetyltranSferasewassignificantlydecreasedin

themutantsQ，＜0・05）to30％ofthatofthewildtypes，Whereasthenu血bersofthethree

CategOriesofGABAergicinterneurOnSWereunafftctedinthemutantS．ThustheITtreatment

Ofthemutantseliminatedthem年iorityofthestriatopallidalmediumspinyneuronsand

CholinerglCintemeurons，althoughtheeliminationofcholinerglCinterneurOnSWaSlessthan

thatofthestriatopal1idalmediumsplnyneurOnS・

MidbrainDAneuronmorphologyandDAmetabolisminIT・iqiectedmutants

InsituhybridizationanalysisofⅡ√2RαeXPreSSionintheD2RⅡmtantmiceshowedthe

expressionoftranSgenemmintheventralmidbrain（SeeFigurelC）．MorphologyofDA

neuronsinIT－iqjectedorPBS－iQjectedsideofthebrainwasexaminedby

iⅡ皿nOhistochemistrywithantibodiesagainsttyrosinehydroxylase（TH）andDAtransporter

（DAT）・ThenumberofTH－POSitiveneuronsandtheintensityoftheirimmunoreactivesignals

intheSNcexhibitednovisiblechangesintheIT－iqiectedorthePBS－iIjectedsidesineither

typeofmice（Figure4A）・Distributionoftheirnmunopositive缶bersinthestriatumwasalso

unafftctedintheIT－iItiectedsideofthemutants（Flgure4B）．Staimingwithanti－DAT

antibodyconfirmedanormaldistributionofthenlgrOStriatalfibersinthesamesideofthe
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mutants（Figure4C）．

Inaddition，tOeXamineinfluencesoftheintrastriatalITidectioninDAmetabolism，the

levelsofDAanditsmetabolites，3，4－dihydroxy－Phenylaceticacid（DOPAC）and

homovanillicacid（HVÅ）wereexaminedinIT－irtjectedorPBS－irjectedsideofthestriatum

（Figure5A）andtheventralmidbrain（Figure5B）・Statisticalanalysisdisplayednosignincant

di飴renceinthelevelsofDA，DOPAC，OrHVÅbetweentheIT－iIづectedorthePBS－irtiected

Sidesiheithertypeofmice・Consistentwiththeresultsobtained丘omhistological

experimentsofthenlgrOStriatalDApathway，theseneurochemicaldatarevealthatintrastriatal

ITirtjectionproducednoapparentdeftctsinDAmetabolismintheIT－irjectedmutants．

Specincligandbinding伽rD2andDIclassrecqptorsinthedorsalstriatum

Speci丘cligandbindingfbrD2andDIclassrec甲tOrSinthedorsalstriatumwasanalyzed・

Thesectionspreparedfbmunilaterallyiqjectedmiceweresu句ectedtoreceptor

antoradiographywithaD2classreceptorantagomist【3H】NMSPoraDIclassreceptor

antagOmist［3H】SCH23390・TheinfluenceofIT両ectiononthenumberofligandbinding

SiteswasevaluatedastherelativeratioofactivityofradiAnbeledsignalsontheIT－iqiected

SidetothatonthePBSqiqiectedside（Figure6）．TheratioforD2receptorsinthemutantswas

reducedto51％relativetothatinthewildtypes（β＜0・01accofdingtoStudent，sttesり，

WhereastheratioforDlrec甲tOrSWaSSimi1arbetweenthewi1dtypesandthemutants．TheIT

lIリeCtionofthemutantsledtoamarkedreductioninthenumberofD2bindingsitesinthe

Striatumbutitapparentlydidnotalterthenu血berofDlbindingslteS・
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AblationofstriatalI）2R・eXpreSSlngneurOnSCauSeSabnormalmotorbehavior

AsyⅡ皿etryOfbasalgangliaoutputbetweenbothhemispheresisknowntoinduceaturning

behavior（Pycock，1980）．Unilateraltreatmentsleadingtosuppressionoractivationofthe

OutPutnuCleiaregeneral1ythoughttodrivethemovementcontralateralorlPSilateral，

respectively，tOthetreatedside・ToassesschangeSinbasalgangliaou申utcausedbyablation

OfthestriatalD2R－eXPreSSlngneurOnS，ITsolutionwaslIりeCtedumi1ateral1yintothestriatum，

andthenspontaneousanddrug－inducedtumingbehaviorweretested・AsshowninFigure7A，

theirjectedmutantsdisplayedspontaneousturninginthedirectioncontralateraltothe

iqiectedside・Aftertreatmentwithmethamphetamine（METH，6．Omgn（g，S．C．），Which

StimulatesDAreleasefbmpresynapticteminals，duringtheinitial20－mintestperiod，the

ⅡmtantSreVerSedtheirturning（ipsilateral1y）・Theipsilateraltumingreachedapeak30－40min

aftertreatment，andthenwasgradual1yattenuated・Incontrast，theirtiectedwildtypes

exhibitedacirclinglnneitherthecontralateralnortheipsilateraldirection・Tumlngmagmitude

de血edasthetotalnu血berofrotationsina30－mintestperiodduringpretreatmentorafter

drugtreatmentWaSmeaSured（Figure7B）・SpontaneOuSturningmagnitudeduring

PretreatmentinthecontralateraldirectionwasslgmificantlyincreasedinthemutantSrelative

tothatinthewildtypes（P＜0・001）・TheMETH－inducedturningmagnitudeintheipsilateral

directionafterthetreatmentwassigmificantlyelevatedinthemutantS（p＜0．01）．Inaddition，

Simi1are飴ctswereobservedaftertreatmentwithapomorphine（APO，3．Omg此g，S．C．），Which

isnon－SelectiveDAreceptoragonist（Figure7C）．

AftertreatmentwithSKF81297（SKF，4．8mg此g，S．C．），WhichisaDIclass－Selective

喝Onist，thecontralateralrotationsweresign泊cantlyincreasedinthemutantS（p＜0．01）

（Figure8A）・AftertreatmentofQuinpirole（Quin，2．5mg瓜g，S．C．），WhichisaD2class－
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SelectiveagonlSt，thecontralateralrotationswerereducedinthemutantSbutsigni丘cantly

exhibitedcontralateralcirclingrelativetothewildtype（Figure8B）．However，ipsilateral

rotationswereinducedaftertreatmentofbothSKFandQuininthemutants（Figure8C）．

TheseresultssuggestthattheunilateralITidectioncausedsuppressionofbasalganglia

OutPutOntheirtiectedsiderelativetothatontheintactside（contralateraltuming）in

SPOntaneOuSmOVement，DIclassreceptorsstimulatingstateandD2classrecq）tOrS

Stimulatingstate・AndthesamelqeCtionproducedanimbalanCeinsuppressionoftheoutput

nucleiinanOPPOSitemannertOthespontaneousmovement（ipsilateraltuming）inresponseto

DAstimulation（bothDlandD2classrecq？tOrSStimulatingstate）．

TofurtherassessthechangeSinmotorbehaviorderivedfromablationoftheD2R－

expresslngneurOnS，micewerebilaterally叫ectedITsolutionandmonitoredthespontaneous

andMETH－inducedlocomotion・Miceofbothgenotypesthatreceivedabilateralsham

OPerationwithPBSdisplayedsimi1arspontaneousandMETH－inducedlocomotion（Fig

9Aand9B）・AsshowninFigure9C，theITirtiectedmutantsexhibitedanincreasein

SPOntaneOuSmOVementSCOrerelativetothewildtypeSthroughoutthepretreatmentperiod・

AfterMETHtreatment（2・Omgkg，S・C・），themovementscorewasremarkablyelevatedduring

theimitial10－mintestperiodinbothkindsofmice・Inthewildtypes，theincreaseinthescore

lastedunti120－30minaftertreatment・InthemutantSthesubsequentincreasewasmoderate

andattainedapeakatatestperiodatl（ト20min・Locomotoractivitywasevaluatedasthetotal

numberofmovementscorefbr30minbeforeorafterMETHtreatment（Figure9D）．

SpontaneOuSlocomotoractivityduringpretreatmentwassigmi丘cantlyincreasedinthe

mutantsrelativetothatinthewildtypesQ，＜0・05），being2・3－fo1dofthewildtypeactivity．

Aftertreatment，METH－inducedlocomotoractivityinthewildtypeswasmarkedlyenhanced
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to 8･21fold of their basal activity･ While the METH-induced locomotor activity in the mutants

was increased to 2･7-fold of the mutant basalactivity,and it was slgnificantly lower than the

corresponding value of the wild types (75%, p < 0.01). Bilateralneuronal elimination resulted

in the hyperactivity in spontaneous locomotion, but impaired the motor activation in response

to DA stimulation･ These results agree with the data obtained from the turn1ng behavior of the

unilaterally IT-injected mutants, indicating the asymmetry of basalganglia output between

both hemispheres and the difference in rotational direction between beforeand after METH

stimulation.

Ablation of the D2R･expresslng neurOnS Shifts gene expression in basal ganglia
●

Anincrease or decrease in the activity of striatonigral medium spiny neurons isknown to

upregulate or downregulate, respectively, the level of niNA encoding SP (Gerfen etal.,

1990)･ The level of niNA encoding an isoform of glutamic acid decarboxylase (GAD67) is

used toanalyze changes in GABAergic activity inthe GP neurons (Murer etal., 2000; Bacci

etal･, 2002)･ In addition, the activity of CO is an index of the metabolic activity ofthe STN

neurons (Vila etal･, 1996)･ To estimate the activityin basalganglia neurons underlying the

hyperactive spontaneous movement in IT-injected mutantmice, the expression levels of the

above neuronalmarkers were investigated･ SP mRNA in the dorsalstriatumand GAD67

mRNA in the GP were detected by in situ hybridization, and CO activity in the STN was

visualized by histochemistry･ The effect of the IT injection on the expression levels was

evaluated as the ratio of intensity on the IT-injected side relative to that on the PBS-injected

side (Figure lO)･ The ratio of SP mRNA levels was not statistical1y distinguishable between

the wild typesand the mutants, whereas the ratio of GAD67 mRNA levels in the mutants was
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1.2-fold higherthan that in the wild types (p < 0.01 according to Student's t test). The ratio of

CO activity in the mutants wasmi1dly but significantly decreased to 93% of the wild type

value Q? < 0･0 1). These results suggest that the neuronal elimination influenced the

spontaneous activity of the GP and STN neurons, while preservlng tbe activity of the

striatonigral medium splny neurOnS at the norma1 1evel･

Administration of METH induces the expression of the immediate early gene cjos in the

striatum, GP, and STN (Graybiel et al･, 1990; Cenci etal･, 1992). In the striatum, cfos

expression is specifically induced in the striatonigralmedium spiny neurons (Berretta etal.,

1992; Cenci et al, 1992)･ To characterize the DA-dependent response of the basal ganglia

neurons, c-fos expression in the basalganglia after METH treatment (6.O mgn(g, i.p.) was

explored･ The effect of IT injection in the gene expression was evaluated as the relative ratio

of the number of c-fos-positive neurons on the IT-injected side to that on the PBS-injected

side (Figure l lA)･ In the striatum, the ratio of the neuronalnumber was significantly

attenuated in the mutants to 77% of the wild type value Q, < 0.Ol, Student's t test). In contrast,

the ratio in the GP was not statistically different between the wild typesand the mutants. The

ratio in the STNalso resembled between the wild types and the mutants･ These results suggest

that the neuronalelimination impaired sufficient activation of the striatonigral medium splny

neurons in response to METH stimulation but that it did not apparently affect the activation of

the GP and STN neurons.

METH stimulationalso induces the expression of another IEG zlj268 in the striatum

(Nguyen et al., 1992; Gerfen etal., 1995). To ascertain the effect of the neuronal ablati.n in

METH-induced response of the striatonigralmedium spiny neurons, the expression of zlf268

in the striatum after METH treatment (Figure 1 1B) was examined. The relative rati..f the
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number of zlj268-positive neurons on the IT-injected side to that on the PBS-injected side was

reduced in the mutants to 76% of the wild type valueわ< 0.01, Student's t test). The results

agree with the data obtained from analysis of c-fos induction showing that the neuronal

elimination attenuated upregulation of the striatonigral activity in response to METH

stimulation.

DI class receptors-mediated behavioral response

The attenuation in METH-induced cjTos and zIP68 expressions in the IT-injected striatum of

the mutants suggests that elimination of the D2RICOntaining neurons may downregulate D IR-

mediated ce11ular responsiveness of the striatonigralneurons･ The behavioral response to a D I

class-selective agonist SKF8 1 297 was tested･ Bilateral1y IT-injectedmice were treated with

low and high doses of SFK81297 (0･5 mg此gand 2.O mg瓜g, s.c.)and then subjected to the

behavioral analysis (Figure 12)･ Locomotor activity inthe wild types showed 2.5-fold increase

at the low dose and 3･6-fold increase at the high dose relative to the control activity treated

with saline Q, < 0･01)･ In the mutants, locomotor activity was again elevated in a dose-

dependent manner similar to that in the wildtypes,and the increases were l.8-fold at the low

doseand 2･4-fold at the high dose relative to their control activity Q? < 0.01). This data

suggest a spanng of D IR-mediated cellular responsiveness of the striatonigral neurons in the

IT-inj ected mutants.

Altered motor behavior is mainly caused by ablation of the striatopallidalneurons

lnthe striatum, ACh is reported tofunction to suppress locomotor activity through

● ■

antagonlZlng DA actions via muscarinic receptor subtypes by inhibiting the striatonigral
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mediumsplnyneurOnSandbystimulatingthestriatopa11idalmediumspinyneurons（Di

Chiaraetal・，1994；WangandMcGinity，1997）・Also，theablationofstriatalcholinergic

intemeuronseliminateACh－mediatedsuppressionofDA－inducedhyperactivity（Kanekoetal．，

2000）．ThesedatasuggestthateliminationofstriatalcholinergicinterneurOnSintheIT－

iI肩ectedrnutantmicemaycontributetotheincreasedspontaneousmovement．Ifthealtered

b血awiorwerecausedbytheablationofAChfunctions，SPOntaneOuSlocomotoractivity

WOuldbeexpectedtobeincreasedbyablationofstriatalcholinerglCinterneurOnS．

Acetylethylcholinemustardaziridimiumion（acetylAF64A），Whichisaselectivecholinergic

neurotoxin（Rsheretal．，1982）wasadministeredintrastriatally．Immunohistochemical

analysiswithanti－CholineacetyltranSferaseantibodyindicatedthereductionofthem毎0rityof

CholinergicinterneurOnSinAF64A－treatedgroup（Figure13A）・Thenumberofthepositive

neuronsintheAF64A－treatedgroupwas34％relativetothatofthesaline－treatedgro叩伽＜

0・Ol）・Micebilateral1yadministeredAF64Aorsalineweretestedforlocomotoractivity

（Figure13B）・SpontaneouslocomotoractivitywasindistinguishablebetweentheAF64A－and

Saline－treatedgroups・METH－inducedlocomotoractivityexhibitedamodestincreaseinthe

AF64A－treatedgroup，beingl・2－fo1dhigherthanthesaline－treatedgroup（p＝0．06）．In

addition，C二匝inductibninthestriatumofunilateral1ylesionedmiceaf［e†METHtreatment

WaSeXamined（Figure13C）・Thenumberofcjbs－POSitiveneuronsintheAF64A－treatedside

WaSl17％relativetothatinthesaline－treatedside（P＜0．05）．Theseresultsindicatethat

lesionofstriatalcholinerglCinterneuronsactedtoenhanCemOderatelyMETH－inducedmotor

behaviorwithnoapparentinfluenceinspontaneousmotorbehavior，COnSistentwithprevious

StudiesthatshowtheroleofcholinerglCintemeuronsinsuppressionofDA－inducedmotor

behavior（DiChiaraetal・，1994；WangandMcGinty，1997；Kanekoetal．，2000）．
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（Figure2D）・TheseresultsqgreewiththepreviousdatareportingthattheDIRandD2R

subtypesareSeParatelyexpressedinthedifftrentsubpopulationsofspinyneurons（Gerftnet

al．，1990；Herschetal・，1995；Yungetal・，1995）・Amongvarioustypesofstriatalintemeurons，

IMCTofD2R－eXPeSSingneuronsreducedthenumberofcholinergicintemeurons（Figure3），

andtheextentoftheneuronallosswas70％・Thisdatasupportapreviousstudythat

SdbpopulationsofstriatalcholinergicinterneurOnSeXPreSSeStheD2Rsubtype（Aubryetal．，

1993）・Inaddition，theintrastriataltreatmentofITtothemutantmiceproducednoapparent

damageSOnthemorphologyandDAmetabolisminthenlgrOStriatalneumnsinspiteofthe

abundanteXPreSSionofm－2Rα（Figure4，5），indicatingthatDAneuronsarereSistanttOIT

moleculesinfusedintotheirsynapticteminalreglOnS・TheresistanCemaybedueto

inefnciencyofthereceptor－mediatedendocytosisfromthesynapticteminalsorretrograde

axonaltranSPOrtOfITmolecules・Altematively，thetranSgenePrOductsexpressedinDA

neuronsmaynotbeabletoefncientlytranSlocatetotheterminalreglOnS・FurthermOre，IT

irjectionofthemutantSledtothereductionofapproximatelyhalfthenumberofD2binding

Sitesinthestriatum（Figure6）・Theextentofthereductionisaconsequenceofablationofthe

Striatopal1idalmediumsplnyneWOnSandcholinerglClnterneurOnSCOntainingtheD2R

Subtype・TheremalnlngbindingsitesintheidectedmutantSmaybederived丘omotherD2

Classreceptorsubtypesexpressedintheintactstriatalneuronsorfromtheautorec甲tOr

localizedinthesyn叩ticteminalsofthenlgrOStriatalDAneurons．

Inthestandardmodelofthebasalgangliacircultry，therolesofthedirectandindirect

Pathwayshavebeenconsideredtobeimplicatedinactivationandsuppressionofmotor

behavior，reSPeCtively（AlexanderandCrutCher，1990；DeLong，1990；GerftnandWilson，

1996）・Atthestriatal1evel，DAappearstofacilitatethestriatomigralmediumspinyneurons
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through the D IR subtype and to inbibit tbe striatopallidal medium splny neurOnS血()ugh the

D2R subtype(Gerfen and Wilson, 1996). The IT-injected mutantmice displayed the

hyperactivity in spontaneous movement (Figure 9D), whereas chemical lesion of striatal

cholinergic interneurons showed no apparent influence in the movement (Figure 13B). These

behavioraldata suggest that the spontaneous hyperactivity in the injected mutants is

predominantly attributable to ablation of the striatopa11idal medium splny neurOnS･ The

spontaneous hyperactivity in the IT-injected mutants was accompanied by the increase in

GAD67 mRNA level in the GP neuronsand the decrease in CO activity in the STN neurons,

with no apparent change in SP mRNA level in the striatomigral medium spiny neurons (Figure

10)･ These data suggest that the behavior is derived from modulation of neuronalactivity in

the indirect pathway･ In particular, the elimination of the striatopal1idalpathway may cause

upregulation of the GP activity and downregulation of the STN activity, which reduce the net

activity of basalganglia output, thus leading to hyperactivity (see Figure 14A). These data

suggest that the striatopallidal Ⅱ1edium splny neurOnS nOrmally suppress spontaneous

movement through inhibition of the GP neurons, in keeplng With the role of the indirect

pathway in the standard model of the circultry1

0n the other hand, the IT-injected mutantmice displayed a reduction in METH-induced

motor behavior (Figure 9D), whereas chemical lesion of cholinergic interneurons caused a

modest increase in METH-induced behavior (Figure 13B)･ The behavioral data suggest that

the reduced motor behavior in the IT-injected mutants is mainly derived from ablation of the

striatopallidal medium splny neurOnS. T血e impalrment in METH-induced motor activation

observed in IT-injected mutants dose not simply results from removal of the suppression of

motor behavior by the indirect pathway according to the standard model of the basalganglia
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circuitry. In addition, the IT injection of the mutants attenuated METH-induced IEGs

expression in the striatonigral medium splny neurOnS, although, retaining a nomal level of D I

class receptor binding (Figure 6), D I class receptor-mediated locomotor activity (Figure 12)

and the IEG expression in the GP and STN (Figure l lA)･ Lesion of cholinergic interneurons

slightly increased the IEG expression in the striatonigral medium spiny neurons (Figure 1 3C).

The comparison of IEG expression levels in the striatomigralmedium splny neurOnS between

IT-injected mutant and chemically-1esionedmice suggeststhat the attenuated IEGs expression

in the injected mutants is mostly linked to the ablation of the striatopa11idal medium splny

neurons･ Taken together, these data suggest that the presence of an additional mechanism that

enhance the striatonigralactivity in response to DA stimulation through the striatopal1idal

medium splny neurOnS･ Elimination of the striatopallidal medium splny neurOnS reduces DA-

induced motor activation at least in part through the insufficient activation of the striatonigral

medium spiny neurons, which inhibits a no-al suppression of the basal ganglia output (see

Figure 14Band14C)･ The striatopallidal medium spiny neurons appear to be involved infu11

expression of DA-induced behavior not only throughthe disinhibition of the GP neurons but

also through the facilitation of the striatonigralmedium splny neurOnS.Althoughthe precise

mechamism by which the striatopal1idal medium splny neurOnS affect the striatonigralmedium

splny neurons is not clear.

One possible mechanism for the regulation of the striatonigral medium splny neurOnS in

response to DA transmission through the striatopal1idal medium splny neurOnS is modulation

of inhibitory transmission via local axon collaterals of medium splny neurOnS Within the

striatalcircuitry･ Spiny neurons extend the axon collaterals that make synaptlC COntaCt With

other striatal neurons (Wilson and Groves, 1980)･ Althougha previous study failed to detect

30



ミニ

mutualelectrophysiologicalresponsesbetweenspinyneurons（Jaegeretal．，1994），reCent

reportsshowedthattheseneuronsareinterconnectedbyGA丑AerglCSynaPtictransmission

（CzubaykoandPlenz，2002；Tunsta11etal・，2002）・Spinyneuronsalsoreceivesynapticinputs

加msometypesofGABAergicinterneurOnS（Kawaguchi，1993；Ko6sandTepper，1999；

K血otaandKawaguchi，2000）．TheseobservationssuggestthatD2R－mediatedinhibitionof

thestriatopallidalmediumsplnyneurOnSmaySubserveDIR－mediatedfacilitationofthe

StriatonlgralmediumsplnyneurOnSthroughaxonalinteractionsbetweensplnyneurOnSOr

throughtheinterneurOnalnetwork・TheD2R－mediatedinhibitionmayneedtobetemporal1y

CO叩1edtotheDIR－mediatedfacilitationtoexpressanadequateresponseofthestriatonigral

mediumsplnyneurOnS，aSObservedinmanyDAactionsrequlnngSynerglSticef托ctsbetween

DIclassandD2clas岳receptors（Waltersetal．，1997；LaHosteetal．，1993；Gerftnetal．，

1995）・AnotherpossiblemechanismmayinvoIvethefunctionofENKthatinhibitsthe

Striatonigralactivity・ENKisr甲OrtedtodepressDIclassreceptor－mediatedcAMPsignal

tranSductioninthestriatalslices（Scho飴1meeretal・，1993；Lindskogetal．，1999）．Also，the

rhRNA虻nCOdingFL－OPioidreceptorsappearstobelocali革edinthem毎0rityofstriatomigral

mediumspinyneuronsinthestriosomalpatchcompartments（Guttehbergetal．，1996）．These

datasuggestthatDA－dependentreductioninENKlevelsmaytriggerthefacilitationofthe

Striatomigralactivity・ThedetailedneuralmechanismthatcontroIsthestriatonigralactivityin

responsetoDAtranSmissionthroughthestriatopallidalmediumsplnyneurOnSremainstobe

determined．

PharmacologicalblockadeofD2receptorsISgenerallyknowntoproduceadecreasein

locomotoractivity（Jacksonetal・，1994）・DisruPtionofthemouseD2Rgenecauses

locomotorimpairment（Baiketal．，1995）．AlthoughthesestudiesshowedthatD2R－mediated
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slgnalingplaysakeyroleinmotorcontrol，themechanismbywhichtheslgnalingregulates

thebasalgangliacircuitryhasnotbeenfu11yelucidated・Inthepresentstudy，IMCTstr左tegy

ablatedspecificneuronaltypesexpresslngD2Rinthestriatumanddemonstratedanimportant

roleofthestriatopal1idalmediumsplnyneurOnSindualregulationofbasalgangliafunction

throughcoordinationofthedirectandindirectpathways・Theseneuronssuppressspontaneous

motorbehaviorthroughinhibitionoftheGP．InresponsetoDAstimulation，theyacttofu11y

expressmotoractivationnotonlythroughdisinhibitionoftheGPbutalsothroughfacilitation

ofthestriat6nlgralmediumsplnyneurOnS．Anunderstandingofthemolecularandcellular

mechanismsforthecoordinationoftheneuralpathwqysshouldprovidenewdirectionsto

elucidatethephysiologicalbasisofvariouspsychomotorfunctionsmediatedbythebasal

ganglia・Inaddition，Parkinson’sdisease，Whichiscausedbyselectivedegenerationof

midbrainDAneurons，isthoughttoreflectadistutbanceinbasalgangliafunction・One

therapeuticapproachtoimprovethemotorsymptomsofthediseaseishigh一打equency

Stimulationofdeepbrainreg10nS，butthebasisoftheclinicalefficacylSunknown・Abetter

understandingofthemechanismthatoperatesthebasalgangliacircuitrywillbeof

importancetoelucidatethepathologicalconditionsofPatkinson，sdiseaseandtoprovide

SCientincsupportfbrthetherapeuticapproachofthedisease．

Final1y，IMCTtechnologyenabledtoperformfunctionalanalysisofthebasalganglia

CircultrybyablatingspeCi丘cneuronaltypesexpresslngD2Rfromthestriatalneuralnetwork．

Theresultsinthepresentstudyprovideevidencethatthestriatopal1idalmediumsplny

neuronsplayanimportantroleindualregulationofmotorbehaviordependingonthestateof

DAtransmissionviacoordinationofthedirectandindirectpathways・Inparticular，the

impalrmentofDA－inducedmotoractivationobservedintheIT－irdectedmutantSdoesnot
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simply result from removal of the suppression of motor behavior by the indirect pathway

according to the standard model of the basal ganglia circuitry･ The data suggest the presence

of an additional mechanism that facilitates the motor behavior in response to DA stimulation

through the striatopa11idal medium splny neurOnS･ Understanding molecularand neuronal

mechanisms fbr the neural circuit coordination should belp to elucidate tbe pbysiological

basis of various psychomotor functions mediated by the basalganglia as well as the

pathological conditions of the disorders associated with disturbance in the basalganglia･
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FiどureLe空ends

Figurel．MutantmiceexpresslngIL－2RαunderthecontroloftheD2Rgene．

（A）Strategyfbrtheknock－inmutagenesis．Thetargetingvectorcontainsthe5’－homologous

region，thehumanIL－2RαgeneCaSSettefusedtothepolyadenylationsignal（PA），the

Phosphoglyceratekinase－1－neOgeneCaSSette（neo），the3’－homologousregion，andthe

diphtheriatoxinA－fragment（DTA）genecassette．Therestrictionenzymefragmentsfbr

SouthernblottlngWithprobesA，BandCareindicated．A，ApaI；B，BamHI；Bs，BstPI；E，

EcoRI；H，mndIⅡ；S，SphI；andPA，Polyadenylationsignal．＠）GenotypingofESce11ular

DNA．GenomicDNAfromarepresentativeESclonecarrylngthetargetedmutationandfrom

WildtypecellsweredigestedwiththeindicatedrestrictionenzymesandsubjectedtoSouthern

blottingwithprobeA，BorC．（C）InsituhydridizationanalysisofIL－2RαeXPreSSion・

Coronalbrainsectionswereusedfbrinsituhybridizationwith35s－1abeledriboprobefbra

mouseD2RorhumanIL2RαSequenCe．ST，Striatum；NAc，nuCleusaccumbens；OT，

Olfactorytubercle；VTA，Ventraltegmentalarea．Scalebar，1mm．

Figure2．EliminationofthestriatalD2R－eXPreSSlngneurOnSbyITirtiection・

（A）Modelofthebasalgangliacircuitry．Theexcitatoryandinhibitorytransmissionpathways

areillustratedbylinesteminatlngWithtrianglesandbars，reSPeCtively．EPN，entOPeduncular

nucleus；ST，Striatum．＠）Schematicillustrationofcoordinatesfbrtheintrastriatalinjection．

（C）NissIstaimingofcoronalbrainsectionsthroughthestriatumpreparedfrommice

umilaterallyinjectedwithITsolutionorPBS．Scalebar，25トLm．（D）Insituhybridization

analysisoftheD2R－andDIR－eXPreSSingneuronsinthestriatum．Thesections（10い′mthick）

Werehybridizedwithdigoxygemin－labeledriboprobefbramouseD2RorDIRsequence・
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LightmicroscopICimagesoftheIT－iqectedsideofthestriatuminthewildtypeandmutant

miceareshown．Lowerpanelsshow6－foldmagnihedviewsofthedorsalreglOnOfthe

Striatum．Thedorsal（D）andventral（V）regionsofthestriatumareindicated・aC，anterior

COmmissure．Scalebar，200匹m．（E）NumberofstriatalneuronsexpressingD2RorDIR・The

neuronalnumberinthespeci丘edareasinthedorsalstriatum（0・5XO・5mm）wascounted・

Opencolumn，Wildtypemice（n＝4）；Closedcolumn，mutantmice（n＝4）・＊p＜0・0001，

SignincantdifftrencefromtheIT－irtjectedwildtypemice（Tukey－HSDtest）・（F）D2Rinsitu

hybridizationofthesectionsthroughthefrontalcortexpreparedfrommicethatreceivedthe

intrastriatalITinJeCtion・Arrowsshowtherepresentativeneuronsdisplayingthehybridization

Slgnals．Scalebar，20匹m．

Figure3・TypingoftheneuronalpopulationsafftctedbyITiqection・

Thesections（30umthick）wereimmunohistochemicallystainedfbrspeci丘cmarkersofthe

Striatalneuronalpopulations・StriatopallidalandstriatonigralmediumsplnyneurOnSWere

labeledfbrpreproenkephalin（PPE）andpreprotachykininA（PPT），reSPeCtively；and

Cholinergicinterneurons，bythatforcholineacetyltransftrase（ChAT）・Thethreekindsof

GABAergicinterneuronswerelabeledwithantibodiesfbrparvalbumin（PV），SOmatOStatin

（SS），OrCalretinin（CR）．Opencolumn，Wildtypemice（n＝4）；Closedcolumn，mutantmice（n

＝4）．類＜0．01，＊類＜0．05，Signincantdifftrencesfromthewildtypemice（Student’sttest）・

LightmicroscopICimagesoftherepresentativesectionsareindicated・Scalebar，50pm・

Figure4．MorphologyofthenlgrOStriatalDAneurons・

Histology ofDAneurons stainedwith antibodies fbrTH（Aand B）orDAT（C）・Light
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microscopICimagesfbrtheIT－irtjectedorPBS－iqectedsidesoftheSNcandthestriatumare

indicatedfbrtheTHstalnlng；andthosefbrtheIT－iItiectedsideofthestriatum，fbrtheDAT

Staining．Scalebar，100um（A），500匹m（BandC）・

Figure5・MetabolismofthenlgrOStriatalDAneurons・

ContentsofDA，DOPAC，andHVAinthestriatum（A）andventralmidbrain（B）withtheIT－

injectedorPBS－irtjectedmice・Opencolumn，Wildtypemice（n＝5）；Closedcolumn，mutant

mice（n＝5）．

Figure6・BindingsiteofD2andDIclassreceptorsinthestriatum・

RadiolabeledligandbindingofD2andDIclassreceptorsinthestriatum・Thevalueis

expressedastheratiooftheintensltyOfbindingslgnalsontheIT－injectedsiderelativetothat

onthePBS－iItjectedside．Opencolumn，Wildtypemice（n＝6）；Closedcolumn，mutantmice

（n＝6）．＊p＜0．01，SignificantdifftrencesfromthewildtypemiceaccordingtoStudent’st

Figure7・SpontaneousandDA－inducedrotationalbehavior・

（A）TimecourseofturningbehaviorofmiceunilaterallyinjectedwithITsolution・After

monitoringofspontaneousrotationfbrlhr，themicewereadministeredMETH（6・Omg此g，

s．c．）．Thenumberofrotationsintheipsilateral（ipsi）orcontralateral（COntra）directionwas

countedfbrlOqminperiods．（B－C）Tumingmagnitude・Thetotalnumberofcontralateralor

lPSilateralrotationsina30－mintestperiodwascalculatedtoevaluatespontaneousturnlng

magnitudeandMETH（B）orapomorphine（APO，2・Omg／kg，S・C・）（C）－inducedturning
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magnitude．Wildtypemice（n＝5）；Mutantmice（n＝6）．類＜0．001versusthewildtype

SPOntaneOuSmagnitude；＊＊p＜0．01versusthewildtypedrug－inducedmagnitude，Slgnincant

differencesaccordingtotheTukey－HSDtest．

Figure8．SelectiveDAreceptoragonists－inducedrotationalbehavior．

ThetotalnumberofcontralateralorlPSilateralrotationsina30－mintestperiodwascalculated

toevaluateSKF81297（SKF，4．8mg／kg，S．C．）（A），Quinpirole（Quin，2．5mg／kg，S・C・）（B）and

bothSKFandQuin（C）－inducedturningmagnitude．Wildtypemice（n＝4）；Mutantmice（n

＝4）．矩＜0．01versusthewildtypedrug－inducedmagnitude，Signincantdifftrences

accordingtotheTukey－HSDtest．

Figure9．SpontaneousandMETH－inducedlocomotoractlVlty・

TimecourseofmicebilaterallyinjectedwithPBS（A）orIT（C）solution．Afterhavingbeen

monitoredfbrl．5hr，themicewereadministeredMETH（2．Omg／kg，S．C．），andmovement

SCOrefbrlO－minperiodwasmeasured．LocomotoractivltyOfmicebilaterallyiqectedwith

PBS（B）orIT（D）solution．Thetotalnumberofmovementscoreina30－mintestperiodwas

CalculatedtoevaluatespontaneouslocomotoractlVltyandMETH－inducedlocomotoractlVlty・

＊p＜0．05versusthewildtypespontaneousactlVlty，＊類＜0．05versusthewildtypeMETH－

inducedactivlty，SlgnificantdifftrencesaccordingtotheTukey－HSDtest・

FigurelO．ExpressionofgenemarkerscorrelatedwithneuronalactlVlty・

ExpressionofSPmRNAinthestriatum，GAD67mRNAintheGP，andCOintheSTN・The

mRNAlevelsandCOactivitywereanalyzedquantitativelywithsections（10pmthickfbrin
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situ hybridization and 30 pm thick for CO histochemistry) prepared from unilaterally injected

mice. The value is expressed as the ratio of the intenslty Of signals on the IT-injected side

relative to that on the PBS-injected side. Open column, wild type mice (n = 5-7); closed

column, mutantmice (n = 517). *p < 0.01, significant difference from the wild type value

(Student's t test). Representative autoradiographic and histochemical images of the IT1

1nJeCted side are shown in the right panel･ Scale bar, SP and GAD67; 500い′m, CO; 100い′m･

Figure l l ･ Induction of IEGs in response to DA stimulation･

(A) c-fos induction detected by immunohistochemistry with sections (30 pm thick) prepared

from unilaterally injectedmice after METH treatment (6･O mgn(g, i･p･)･ The values are

expressed as the ratio of number of immunopositive neurons･ Open column, wild type mice (n

= 5 or 6); closed column, mutantmice (n = 5 or 6). *p < 0･01, significant difference from the

wild type value (Student's t test). Light microscopic images of the IT-injected side are

indicated. Scale bar, 100 pm. (B) zlj268 induction in the striatum detected by

immunohistochemistry with sections (30 pm thick) prepared from unilaterally injected mice

after METH treatment (6.O mg化g, i.p.). The values are expressed as the ratio of number of

immunopositive neurons. Open column, wild type mice (n = 5); closed column, mutant mice

(n = 5). *p < 0.Ol, significant difference from the wild type value (Student's t test)･ Light

microscopIC images of the IT-injected side are indicated･ Scale bar, 100い′m･

Figure 12･ D I class receptor agonist-mediated behavioral response･

Locomotor response to a selective DI class receptor agonist･ Bilaterally IT-injectedmice were

treated with saline or SKF81297 at low dose (0.5 mg/kg, ∫.c.) or high dose (2･O mg/kg, ∫･c･)･
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Locomotoractivityina30－mintestperiod（10minto40minaftertreatment）wasmeasured・

Opencolumn，Wildtypemice（n＝3－8）；Closedcolumn，mutantmice（n＝3－8）・類＜0・01，

Signincantdifftrencefromthesaline－treatedmice（Tukey－HSDtest）・

Figure13．ChemicallesionofstriatalcholinerglCinterneurons・

（A）MicewereunilaterallyadministeredAF64Aorsalineintothestriatumandbrainsections

Weretaken．Thesections（30pmthick）throughthestriatumwereimmunostainedwithanti－

Cholineacetyltransftraseantibody・Scalebar，200um・Opencolumn，Wildtypemice（n＝4）；

Closedcolumn，mutantmice（n＝4）．類＜0．01，Significantdifftrencefromthewildtypevalue

（Student’sttest）．（B）Locomotoractivity．Mice（n＝6）werebilaterallytreatedwithAF64Aor

Saline，andused丘）rmeaSurementOfspontaneouslocomotoractivityduringthepretreatment

andMETH（2mg／kg，S．C．）－inducedlocomotoractivity・（C）c二わsinduction・Unilaterally

irtjectedmicewereadministeredMETH（6mg／kg，i・P・）andusedfbrbrainsectioning・The

SeCtions（30pmthick）throughthestriatumwerestainedwithanti－Cjbsantibody・Scalebar，

100pm．Opencolumn，Wildtypemice（n＝4）；Closedcolumn，mutantmice（n＝4）・

Figure14．Proposedmodelsfbrthebasalgangliacircultry・

Theexcitatoryandinhibitorypathwaysarei11ustratedbylinesterminatlngWithtrianglesand

bars，reSPeCtively．EPN，entOPeduncularnucleus；ST，Striatum・（A）Basalstateofthecircuitry

undertheD2R－eXPreSSlngneurOnSablatedcondition・Openarrowsindicatetheupregulation

Ordownregulationofneuronalactivltyundertheneuronsablatedconditionrelativetothat

underthenormalcondition．（BandC）DA－inducedstateofthecircuitryunderthenormal（B）

andtheneuronsablated（C）conditions．Closedarrowsindicatetheregulationofneuronal
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activity a鮎r DA stimulation, and the number of the arrows represents the relative strength of

the actlVlty between the two conditions･ Grey arrow shows a possible facilitation of the

striatonlgral actlVlty through the striatopa11idal medium splny neurOnS･ See the text for

detailed explanation.
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Figure 4.
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Figuro 6.
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Figure 7.
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Figure 8.
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Figure. 9
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Figure lO.

M utant

62

･…蔓喜sp~ ~

喜coi :

1.4

1.2

1.O
d

巴0･B

E O･6
0.4

0.2

0

1J2

1.0

∽ 0･8
T･l

L O.6

ﾋo.4

0.2

0



Figurell．
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Figure 12.
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Figure14．

A

ほ綽卜中里
●、●■■●●

☆
QAD07

＋

CO
O

－　　Sp

て　DIR

・ニー二
SN¢

SMl／EPIl

・・：・

S卿州帆
h一匹r■亡tiⅥ吋

品芸・認諾朝哀度肝二…こト恵

監・SN詩l

裏
＋

H
C一九Ig ＄NrJEPN

こII

D▲・indutod

hyI脚耶血叫

∫J細

ーl
lm■dir●dDA・h血拍鵬

h一匹tⅣiIy

一Glu　－GABA　－－DA　－⊃ACEて

66

l
C一加
h㌧帆


