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2. 研究テーマ アデノシン受容体遺伝子欠損マウスを用いたカフェイン覚醒調節の解析

3. 成果の概要 (1ω字程度)

野生型マウス、アデノシンA1およびアデノシンA2A受容体遺伝子欠損マウスへの
カフェイン投与実験により、カフェインの覚醒効果は、脳内の第2の睡眠物質である
アデノシンのA2A受容体が関与することを証明した。
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5.滞在日程概要(日付、主な活動・工程等)

5月 マウスの睡眠覚謹を測定する方法のトレ-_ング.カフェインを3つの役与量で投与した後、脳波と筋竃図をIe録する
ことで、 A1RKOマウスと野生型マウスのカフェインによる覚醒作用を比較し、 A1アデノシン受容体の貢献度を鯛ベる.

6月 カフェインを3つの投与量で役与した後、脳波と筋電図を記録することで、 A2ARKOマウスと野生型マウスのカフェイ
ンによる覚選作用を比較し、 A2Aアデノシン受容体の貢献度を間ペる.

7月、日月 自然な状態でA1R.A2ARのKOマウスの睡眠覚醒サイクルを測定し、 A1RとA2ARの遺伝子欠損が及ぼす効果を明
らかにする.

9月、 10月 断眠による睡眠リバウンドに対するA1R.A2ARの貢献度を翻ペる.

11月 化学先先免疫プロッティング法を用いて、 A1RKOマウス、 A2ARKOマウスと野生型マウスにカフェインを役与した後
にDARPP-32のリン酸化を測定する.そして、カフェインの情報伝達におけるアデノシン受容体サブタイプの軍要性を
明らかにする.

12月 結果解析および治文・報告書作成
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Adenosine A2A receptor mediates arousal effect of caffeine in mice 
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Caffeine is a component of tea， co能eand cola， and widely consumed in the world. Caffeine indu偲 swake白lness

and antagonizes the depressant e:ffects of adenosine with similar a血国防forAl receptors (A1Rs)阻dA2AT田中ors

(A2ARs) at low doses in human and rodents， bo血ofth田e2r，∞叩ぬおhaveb田nproposedωbeinvolved in sle叩-wake

regulation. However， what re回ptormediated血e紅ou鈎1e:ffect of caffeine remains∞n加 versial.Here we r叩ortthat 
caffeine at dose of 15 mg kg -1 incre路edwakefuln悶 a伽 anl曲叩出tonealinjection at 9 a. m. in bothA)R wild-type 

and its knockout mice. In∞n仕as1，caffe泊eincre邸edwakefuln回sonly in A2AR wild呼pemice， but not at a11 in A2AR 

h∞koutmi田.These results clearly indicate that caffeine-induced wakefulness is mediated by adenosine A2AR. 

Keywords: Adenosine A) r田叩ωr，ca宜eine;knockout mice; sleep-wake regulation; DARPP・32phosphorylation. 

Introduction 

Adenosine is an inhibitory neuromodulator involved in sle叩-wakeregulation).百lereare 4 subtyp回 ofadenosine 

r田eptors，Ah A2A， A2民andA3， expressed in也ecentraln釘voussystem2
• Sev釘allinesof evidence indicate也atbo也A)

r田叩ωr(A1R) and A2A receptor (A2AR) subtype are involved in mediating the sl田:p-inducinge:ffect of adenosine3
-
7

• 

Caffeine has the e宜ectopposite to that of adenosine on sleep; i.e.， it promotes wakefuln，田s.In doses consumed by 

humans， it binds to A)R and A2AR with similar a血nitiesas a receptor antagonist3
• As the phanna∞logical tools usedω 

de加盟inethe receptor involved show limited selectivity and/or in∞mplete blockade， we decided to useAIR andA2AR 

h∞:kout (1ζO)mi田ぬelucidatewhich receptor is involved in caffeine-血du田dwake釦h回s.Here， we adm血istered

caffeine to A)R， A2AR KO and wild-type (WT) mice and found也atblockade of A2AR of ca:ffeine at回butedto its arousal 

e:ffi田1，with an血crease血DARPP・32(dopam血e-and cyclic AMP -regulated phosphoprotein of relative mol田ularmass

32~∞0) at Thr 75. 

Material and Methods 

Mice and Chemicals. A2AR and A)R KO mice were genera凶 byChen's4，S and Fredholmずlaboratories，r，田P田，tively.

MaleA1R KO， A2AR KO and WT mice ofthe inbred C57BL/6位 ain，weighing 23・27g (11-13 w田:ksold)， were 

maintained at Ori田talBioservice Ltd (Kyoω， Japan) and usedおr也ee却eriments.Ca島血.e(Sigu吋 W凶 dissolvedin PBS 

and intraperitonea11y injected泊IDl田at9 a.m. 

Elec的 encephalogram(EEI匂andElectromyogram仰d匂Recordings.Underpentobarbital ane油田laσOmgkg-l，

i.pよmicewere implanted wi也EEGand EMG el即位odesfor polysomnographic recordings as previously desαibed7，8. 

Baseline re∞，rdingsw的 takenin each animal for24 h， beginning at 8 a.m.， which served白血e∞ntrolfor thesame 

animal. Vehicles were inj田tedat 9 a.m. in the baseline day. On the即刻day，Ca:ffeine (15 mg kg-1) was injected in mice at 

9am.百levigilan回 stateswere automatically classified off-line by 10-s epochs into 3 stages ofwake， rapid eye movement 
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侭EM)and non-REM sl田Pby SLEEPSIGN， a∞ordingω世lestandぽdcriteria 8，9. 

Determination 01 phosphoThr7J・DARPP-32.Male WT and KO mice for A，R and A2AR were i.p. 血~ectedWil也
vehicle or caffeine and k出ed15 min later.百leheads of the animals were immediately immersed wi血liquidnitrogen for 

slxse∞nds. The dorsal pぽtsofthes凶atarapidly (20 s) WIぽedissected out on an ice-cold surface， sonicated in 750ml of 

1 % sodium dod田ylsulphateand boiled for 10 min. Equal amounts of protein were separated and quanti:fied for 

phospho・DARPP-32b組出回decribed'O.

SωtisticalAnalysis. S田 each:figure 1egend. In all cases， P < 0.05 w鎚 takenas the level of si酔出can回.

Results and Discussion 

To explore adeno岳部receptorsinvolved in arousal effect induced by ca宜i::ine，:fir訴ly，we determined也eeffectof

回宜e泊eonsleep釘chitecturein A1R kn∞kout(KO)mi回 dur泊g也elight period， the majority of time is sp田ts1田:ping.

a ~1・p.WT b ~1・p.A1RKo c ~ A2ARKO 
Waka 
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Figure 1 Time-course changes in caffeine 15 mg kg-1悦 atmentgroup in WT (a)， A1R KO (b) and A2AR KO (c) 
mice. Each circle represents the hour1y mean :t s.e.m. of wakefulness， NREM or REM sleep. Open and closed 
circles stand for the baseline and experimental_day profi1es， resp田町el手百.earrows凶 icatethe injection也neat 
9 a.m. 百lelong horizontal open 姐 d:filled bars on the χ・邸.esindicate the 12 hr light and darlc p出ods，
respectively. Asterisk， P < 0.05; double鎚terisk，P < 0.01 by the paired t-test. 

Under baseline∞nditions，白eamounts and circadian profiles of sleep and wakefulness wぽeidentical between A，R 
KO andwild吻pe(WT)mi印刷g.1 a， b)， consistent with previous rl句ortll.When caffeine was intraperitoneally (i.p.) 

given to WT mice at a dose of 15 mg kg -1， which would∞ηespond to an intake of approximately about 3-4 cups of 

∞宜田inhuman3， it signi:ficant increased wake釦lness伽 ingthe命st，second and third hoぽ afterinjection by 1.7，3.8 

and 1.5おIldσig.1 a)， resp田 tively，when也ewakefulness was∞mp釘edwith that ofthe baseline day.百lIsenhancement 
of wakefulness wωconcomitant with decreases in NREM and REM sle叩・Caffeine(15 mg kg-1) decreased也eNREM

sleep by 10切る，97% and 31 %， and reduced REM sleep by 100%， 100% and 52%， respectively， during the :first， second 

and third hour after inj民tion.Like WT mice， A1R KO mice displayed similar changes泊sleep-wake託agesaftぽ
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administration of caffeine (Fig. 1 b). These da匂clearlyindicated that adenosineA1R is not involved in arousa1 effect of 

ca島町.

To investigate the role of A2AR in the arousa1 effect of caffeine， we employed A2AR KO mice4
• When caffeine (15 

mg kg -1) was injected inωthe A2AR KO mice， the KO mice did not e油ibit姐 ysignificant change in time spent in wake， 

NREM and REM sleep a:ftぽcaffeineadminis凶tionσig.lc). 百1邸eres叫tsclearly indicate也atadenosine A2AR plays 

a crucia1 role in ca宜eine-inducedwakefuln白s.

Since the stimulatory effects of ca宜einehas been reported to be associated with an increase in也estateof 

phosphorylation ofDARPP-32 (dop組問・andcyclic AMP明 gulatedphosphoprotein of relative mol捌 larmass 32，000) 

ぽThr75侭d円Wequan凶 edthe level of吐lephospho・D成 PP-32a:ftぽ仕ea回 ent明也caffeinein A1R. A2AR KO 

nn白血dtheir WT mice ぬ血巾.erclarify importance of adenosine receptor四b旬pein也esigna1 transduction pathway of 

caffeine. Administration of caffeineσ.s mg kg -1) pro山田dan increase血Thr75 phosphorylation in A1R KO， A1R and 
A2AR WTmice by 1.7・， 1.5-and 1.7・fold，r田pectively，but not in A2AR KO mi田，as∞mparedwi出∞町時ponding

vehicle controlσig.2)，四ggest也g也atcaffeine-induced incre酪e也Thr75 phosphorylation d中田dson the action on 

A2AR However， the roles of phosphorylation of百lf75 ofDARPP-32 in sleep-wake regulation need fur血erinv回tigation.

Wepre羽ouslyr叩ortedぬatactivation of A2AR indu∞s sle甲山r邸 12，13.In striatopa11idal neurons， activation of A2AR 

stimulates the cAMP I protein kinase AσKA) pathway 14 and blockade of A2AR results in the de白紙inPKA activity. It 

W鉛 recentlydemonstrated也atphospho・Thr75・DARPP-32is an effective inhibitor ofPKA I~ ， therefore，也e

caffeine-indu田dincrease血血estate of phosphorylation of Thr 75 would furthぽ lowぽ PKAactivity， thereby providing a 

positive feedback amplification m邸:hanismfor shut也gdownA2AR-stimulated PKA signaling pa也way.

A1R A2AR 

Thr75-D-32 箆窓~E留 鉱磁錨期
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Fi伊関2E:ffi邸tof caffeine on DARPP-32 phosphorylation at也r75 in WT and KO mice for AIR and A2AR 
Mice were treated i.p. with ca宜eine(7.5 mg kg -.') and decapitated 15m血a:ftぽ血uection.百lestriatallevels of 
phospho-Thr 75・DARPP・32wぽedetermined as described in Me血ods.Uppぽ panelsshow representative image 
of immunoblot; lowぽ panelsshow summ町 ofdata expressed凶 means:!: s.e.m. (n = 6・8).The amount of 
phosphorylated DARPP-32 is expressed as a percentage ofthat determined aftぽ vehicleadministration. Double 
ast出sk，P<O.OIv悶 svehicle叫 ectedWT凶 ce，Student's t-test. 

h也e民riaωm，A2AR are highly e却ressedpost勾naptic副ybyal釘gepopulation ofmedium-sized spiny neurons 16，17 

and the cells expressing A2AR represent about 50% of all DARPP・32・∞ntainingneurons 10. These cells play a critical 

role in也eおnctioningofthe basal ganglia， a group ofnuclei involved in也e∞ntrolofvoluntary movements， as well as 

in motivationa1，αnotiona1 and cognitive asp郎tsof motor behavior. 
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h∞nclusion， low doses of ca宜eineexhibited a s住ikingwake-promoting effect in A1R KO mice， but not in A2AR KO 
mice， clearly indicating that the wake-promo也19effect of caffeine requires functioning A2AR 
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