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HE

b FEFTINEE A EDEMITITR 24 R A OBE B REFH Mo > T\ 2D, BE A
AL BEIRSORIR 22 & Ok 2 72 A PREERBIC A WA B & 52 2 BB R EHI 2 Fio, T
FLE BT 28 A FFEF o MR ENAI IR A X _E#% (Suprachiasmatic nucleus, SCN)
TH Y, SCN ITHRIT 2 RFHEEFORAIM BRI TEHRO X T T 4 77 4 — Ry
I N—=TI Ko TR 24 BFRABI O R U XL SN D, L 2AN. ZO#A Y
AT, A & WD AR T L D ITIEREICIE 24 FEfEHIClI 22wz s, Higko B iR
(TP D SR D 24 BRI L IFFERIC—E LRV, £ 2T, SCN [T RE L 0Tz
HxfiEST 52 & TEMZR 24 R Y XL ERIET 5,

LRI 31T 2 [RIRRIER 7 13OEREE & RIS S N D, JelFEiImt A ek 2
REOHR Y ALZFFHIEL2HERRE O 1 2ThHY, MlEORAT ) I U EH
MR E AL T2 A S, 7V & X U IRAFEIWE D HEIEGLR T 2/ LT SCN @
R Y XL AR EE D, —05. FERRBREFIITRFOmEE), e A b
AR EBRBHDHN, ZNETSCN TOEME#EEL GO, ZOMRo FEITITEAL
AR S TR0,

X, 78FLa ) UZRIEKOT I=A N THD N NNT—)Lin, {TE) XLD
MAMZZEM ST LFICER L, ET7VF I VBRI RFAREME L ToT7 8T
A DEENZOWTHIIEZIT o7z, ARBFFEOR —FHTIE, I m— i
Kt X Cd D SCN IZEH T 2 GEE LT, BARRIZIE, KEhER T Perl O 7"
F—H =ty 7 =7 —1E (luciferase) Z#te L7z Perl-luc N7 VAV z=v 7~
T ABAER L7z SCN S B &R 2 iz, ZORE%., SCN I8\ T/ a—
VIS AERINDH BN TWND VNV Z I VI IRT 2 =2 F Téh 5 NMDA ° AMPA
TR DT, FFEHERFHEOB A ) X%, AAARKFRICEMLSED
CLEEHLMNI L, E. ZOBANRT—LOERIZ. AAD Y VZEEKT VA
T=ZA M THLT FrbE Lo THEIN, =2 F o ZR/EKT 2= T
HABITIRA /) FFRVUOMINCE VR LT, ZOREFRIE, SCNIZHELT 5
LAY UKL = aTF U AR R D E T L AR A HIEE T 5 TR
PEERIR L T D,

ZIZ T, B ETIEHSCON IRET LT T La ) UEREEREL, TD /) v
TR AREHT S22 LT MIAERICE T 27 BT ra ) URERO AR



BEROMAZRALT, T, SCNIZBWTERI TS 2MO=aF SR/ EY 72
=y hERHL, ZNEhOLY /) v 7T U M~ T AZEH L, DT bIRE
HRERBIIEERDHY, ZNOHDOER T ZAZHWTOMA U X LEREOBFHE
WEETH o7z, 2T, TNTNDOZEIED SCN R ) v 7 T U b~ A &{EH
THZET, =aF UZFEOMA Y X AGIEEEIC OV THE L, == F %
FKIRD SCN K1) ) v 7 T 0 b= 7 AZBWT M AITEN U X AOEARK I F5E T
5. WIREOE B B A2~ EF R ICR I 2178 EE. LRt 2 R4 T8
FIIREHA DRI F 721308 - O R R X D 4TEM A AN B, = L TR U X A
DEEMZ AT H LWV BRE~OFFEFHA B — NI, R TEF CTho7o, LR
- T, SCNIZHBLT D =aF A5 EIT, A U X LF R K ORI FsE
IMATIE RN ERbhoTz, 5%, b OER~ T 2% AW IELRFRE
BT D =aF U RO AEREDTEN KD B D,

FHEER), R A b LR SRR REF O FFRIK 712 & D AL AR S 2
AONCT DI EiF, B2 4AEE 58 MOATEY XAZHERFT 5 ECTHRODTE
HCTHDLN, ZOKRKEDPIVELHALNERoTWRY, TEF L2 L) XA
FfX > SCN T < IENFFAD EEME & LT, TOBIEMPANMLIEL SN TEY,
ARIRIENE DSkt & 72D L IFFE N D,



F—E
HREX EEATGA AINF ¥ —RIZBITF DA Na— iz kb
RFRHBE F3ELY XL DAFEEALIZDOVNT

F-if

HiER EIC BT DIRIERTOAEMIITHR 24 Fi A O A B3 b ->Tnbd, B b
% AL OB B RO TR EMA IR T O A2 X B (Suprachiasmatic
nucleus, SCN) TH % (1, 2, SCN (ZFHL T 2 WitH&E a1 ORI R ERER 7+ — K
Ny =TI Ko TR 24 FFREIIOBER U XA A S v, BEIRTEER, BAE 5
WP EEFEL T D, LaL, 20U AAIXIEM 24 R ClE20 720,
HY XAMABIISNR OB HE B2 a4 T TLEH, £Z T, SCN IR Y X
DNEAR A HIER OO BHA A O B OARE EHIA~FRIFH S E 5 2 & T, IEfER 24 Rl 22 A
TW5o,

LR F5 T D RIFAR 113 ERIFAR - & IR 2 3B S 4 5 (3-8), JEAEIC &
LA U X LA OFFIEREIC SOV T, Bz W TeiE A TV 5, fER A 1E
W4k (DD) O FTHRE L, EBK (w0 2IEITHEZRO T, ERESMET TOTEE)
A2 Z DX HIZEKBT D) ORPEICHEREH O NN 2175 &, B H OITE AR IX %IRRT
Do —Ji. EBRRKOBLICRF 2179 & ATEAITADES 2, 2ok oz, MR
REFHIAAH DO TSR 22T 22 K » T R ZRTE S B D RIBSE720 L
T NCARIKFRNCNALAR 2 B0 S, SR OBIREE ] & RS 28 & 2R,

SR M B D PN IR L %2 P Ml I B2 B M i (intrinsically photosensitive
retinal ganglion cells, ipRGC) TZ&E I 5, ipRGC 75 SCN & CTlIfER 1
# (Retinohypothalamic tract, RHT) 2 EHEEGH LTk V(6 7)., LR EMELE L
TINEIVBPEEINTVWD, SCN HilgIZ#EL 45 MNmethyl D-aspartate

(NMDA) ZBIKZ I LIz 7 LAAIZ L - T, Tt mitogen-activated protein
kinase (MAPK) <° cAMP responsive element-binding protein (CREB) #%# 235
1ET%(9, MR, HRHERF D7 rE— 2 —IZFET % CRE Fl8 &4 L CHFghE
BFRALFHFETH LT, KB FREANAEAN U, RN A RE O U
A LAARTBREEO RGN FRT 5 L BN TV 29, EERICTVE I VIRZE
BOT7T I=A N ThH% NMDA Z /LA HX—@ SCN ~HH#EE G5 & KAl & R
(CHERATEY ) X LADONANTENT 210, & 512, SCN AMEA T A Z& MW\ T, SCN
MRERII D 58 KARPE I 1T DA U X AAAHA NMDAIZ K> TR 2 2 & bl &



nTWA(1D),

— 5T ENRRRE - & L CITRFER), MR P L AR ERHIT NN, &
WOFEFF S AT L LR, ik TSCN TOERMELZ GO, T OIS THEIX
T &AL IS TWRVNY, 12-14), FNHFRFT AT L& L THREIN TV D DI,
SCN JEAPHDHIR FEROFHZLR, IR OBRLFEEEECIMUBEIRGR, & SIS Ok
BEZD> 5 SCN ~EIN T 2K CTh D, TN b OMREENE L shvdtr b=
RMRENTF R Y 1F, BREFES AT L E AT, MABZERZEMNME, £, 2R
B ALK E SRR | FEIMBICEH S HmEL S & 2915 16,

EZAN, TEFLAY URFEROEBIETH D N3 —uid, SKFEFHE 1-ClE R
WIZH D BT IERISRWIFIEMRE N A Ff D & DICIEROBRANIIE D IR WM
ENNREFEOZ L NER END, ThbL, IANa— L a BEEOMEN A~ G
DL, BB E O E T DA TITEN Y X ANR%IE - 5T 5, T ONFITEHRY &
HRILTRY, ZBAROMS IOEICE T2 2 nmonsd(17-2D, L»L,
INETERIZEBNT, AN a— RN ED L) EAKF TR Y XAIZEHT 5D
M, ETF OB THEIC OV TR, AR EETHH-T, (21-29,

RECTIE, Z ORI E & /o, 572 ) X AN ENE T D 1 a—)v
IZER L, FTHHEECTH 2D SCN IZB W CHFHEE F ORI Y X LB BN S 5%
RBEmR Uiz, B s Perl DRRE =X —FR2TH D Perl-luc N7 AV 2=/
~ 7 AMHAERR L2 SCN#RE 52 (A T A AT ¥ —) T % AW THAT L 72(24-26),
ST ANV DVERET BTN Y VT 8 A=A b & D TR
(ZRRAT L7z,
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1.1. A NT— SCN IR TAARRIERIC REEHEIR T Perl DFH) X A%
RS

WA CCD 7 AT %#HAWT Perl-luc~w7AD SCN AT A Autpid 5L, Perl D
R U X L% ALE LT, BEMICOI > TREMICBIET HZ ENTE, £
T BUNENAHAY LD 2 OHDOE—27 % Time 0 & LT, Time 0 7>& 3 HffH
#% (Time 3) & Time 12 1ZH N Na—Lax2EE LTz, A\ a— L & B5%D
IV ZALADBRYEITIZIERIETH L Z b, I "a— L IEHEREREZLs&
LZOTIERLS  NFREMZR T2 PR ENT, £, AN a— b % Time 3
TIT 9 LAAHRIRZS, Time 12 TIT O SAFHRTEN MR Sz (Fig. 1 A, B), i HRHEE
® vehicle $¢5-Tlix Perl DYV X LIAHOENM TR b2~ 7- (Fig. 1 C, D),
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Fig. 1. AL — )L EIZ& B Pert-luc ') X LD IR FRN RGBT

(A) , (B) 2 2HDEMXE—Y % Time 0 & L=FIZH/L/N\O—)L% Time 3 & Time 12 2k &
L-RERMGHER, (C) , (D) xtBBE L L T vehicle # Time 3 & Time 12 TRE L-KRENE
R, KHIEHIL/Na—)L & vehicle 215 L-BE%ZRT., £f-. Time 0 TOERLEZ 100%
ELT=,



EBIT, B— 7 HBEx RIFFICB T A AN T — L &5 U MARKGER 2 L=
—VOERZBGEL T, £OfER, Time 2 7>5 Time 4 Ofi] (Time 2-4) THAHN %
B L., Time 10-12 T2 AT L, Time 15-24 CTIXNIAHNEE) L2 L2038 520
Llpote (Fig. 2),
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Fig. 2. A)LNa—)LEE5IZ& B Pert-luc &3¢ A LGBELOMCBRETOY b

O EANLNDI—ILEE (n=108) ZRLTEHEY. (O) [EXEE®D vehicle 5 (n=16) %R
T XEHE2EBEDEALE—VDERZ 0 L LEZBOE—I M LD BIHEZ. i) XLDE
#% 24 %45 L= Normalized time TR9, yEIEFENL) ALOMBEMBRERLTHEY., E
LBICENENGHEATELERBRETRT,



1.2. AN — N KD Perl-luc DAARKIFENARRAAERIZ LA U B E%I 5%

WA, IR a— ) X DN IBB L ORHER T EF L2 ) U ZFEOH B, ==
FUZBRE LA CZFEEOELBIZEH LTV DONERRDL T2, ENEILD
TUH A=A NOEGEIToT, MAKIBORZ % Time 3 TAAD Y UZEKOT v
Z A=A RNTHHT hrbrE2HIANa— L ERRHIINZ S & A Ra—s L B0f
FZIRIIPEE Sz (Fig. 3A, B), £/, (FHATEDE Z % Time 12 128V T H [FEIER
(2. 7 b e B ORRH G L o TAAERTENE < vz (Fig. 3C, D), L7e2i-> T,
PEAEFAIR - BIE LS L BB W T A NRNT— I LA D U U FRIC/ER LT Perl ®
Y ZLDOMABEMZRZ LTWD Z Eavrmeans (Fig. 3E, F),
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Fig. 3. JL/8a—)LIZ& B Pert-luc DXL XLOFHMEERICHTILADY) D REET Y
A= FOHE
Time 3 & Time 12128+ 3 (A) , (C) AANa—)LFEEE, (B) , (D) ANRa—I)LET +
A ORBREEOHKL ) XLOMBEEMICOWTHRERMLGEH ETRT, (E) MHEEREERT
{48 (Time 2-4) & (F) IERTE Z#E — 9 48 (Time 8-12) I2H 1+ B L/ Na—)L$x 52 (Car)
(E:n=11,F:n=30) &7 bOECORBKRSE (Car+Atr) (E:n=4,F:n=8) ORMEEN
BEEJISIICLb D FHEHEERETTRY . TNTNOHOLERICITtREZ ALV (p<
0.05, ***p <0.001),



Z ZTCHRAE, SCN TOLAN Y UZFEORELE, A Y XLAOFEE BT 572
D, FEMERTHD CT4 (Circadian time (CT) & IXMEROIERFSRAME T IZRIT 5 T
7R T v . TEEIESM T T, TEBMR A CT12 L ERT D, > T CT4 1%
KARFFHOKIT TH S CTO O 4 Btk 2 ~d) . TBMK TH S CT16 (TEIBLAD
b 4 FFE%R) O 2 M COREZITRoTee LATY UEZFRY 7T 2=y MIDOWNT 8P
ik 7 v —7 %l in situ "A TV EAB—2a LRIV T4V AT — TV
F 7T 74— TR LR, SCN IZBIT 237 F/1d M3 23 <, M4 1355 < i
i, M1, M2, M5 O 7V Sniehrotz, £/, M3 & M4 1ZEH 5 4 CT4
& CT16 & TREEICEITI R o7z (Fig. 4 A), 512, SCN N T M3 & M4 O45Af
% digoxigenin (DIG) #Z#k 7" v —7 %M\ 7= in situ ~"A 7TV XA B—a LV iEEH
WL~ L TEIZE L= 2 A, M3 & M4 ® SCN NOREIZEWTIE, Ebb i
SCN &bl >THRIAL TWNWDZ ENHLMME 72 -7~ (Fig. 4B),

M4 antisense

M4 sense

Fig. 4. SCN 2B TR LR A U RFHYTa=y FORA

(A) BPEFTO—TEZRAVW T AL — bSO TST4—I2&kBinsitunt TV EA4E
— 23 VEICEH>TRHRAINDLRAA ) OZBEARDOHKERF, CT4 (EEHHR) & CT16 (XHH
®”) OERETT, KHID%kIEX SCN #RL. FLWKEHTRYT M3 & M4 A SCN IZHEIEEL TL
%, (B) Dig B#7R—J%AWV:z in situ N4 TNV EFAE—L 3 VKRICK>TEHBIENS M3
EME DT, vIFEZWMEETRL., oc TR ETRT, /\—IL 100 um R,



1.8 AN Na— I X% Perl-luc DMMRBEMII=aF U ZF/EEZN L THRIESN D
WA AR a2 =)V ER S DAARRECAAR R IBIC K2 = 2 F U2/ RO R %
R LTz, £7 Time 3 DHIRIFATIE, =aF /KT VX A=A M THDH AN
FIVEINNRT =V ERRERGT 5 & WA Na—LOFMEE LD L (T
BEIIEALICH R L2 (Fig. 5 A-C), KIZ Time 12 OFFEMF TIX, B a3 —10
B G L T A I T 2L hNa— LR G & - TRt T8 A )
ERL, BlOo=aF oK KT o2 A=A N ThHDHa ) bxvr MIO[RRE5ZX
DMK L7z (Fig. 6AD), L7 ->T, I Na— LD Perl DL X A
DRFENLIE, =3 F U BRZ N L TIHl STV 5 aTREME DSV RIB S huT-,
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Fig. 5. A)L/Na—)LIC& D Pert-luc DHHE) XA LDOHHEEERICHT 50 F U RBET7 V42
TJ=X FOHR

Time 3 [2HF5 (A) AINDI—)LERES, (B) AINI—ILEANI T I UVORBESH
DFENX) XLORKMWGH ZTRT, (C) HHEREFRIITHME (Time 2-4) IZHFDHHIL/T
—JLEMIEEEE (Car) (n=11) EAINRA—ILEANISIUDORBKZRSE (Car+ Mec) (n
=4) OEUBEMEZT T IICLELD, THEHELRETERT ., TRETNLOBEOLRICIE LR
EZEZAWE: (*p<0.01),
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Fig. 6. h)L/Na—)LIc& B Pert-luc D} XLOFUBRTEICHT 5= F U REET V42

T=X FOHR

Time 12 IZH1T5 (A) AN —)LBEMEFEE, (B) ANI—I)LEA NI T I UDORNEE.
(C) AJLsxa—)L & conotoxin MI DEIFZSHOENL ) XLDMBEMDREM LR ZTRT,
(D) IfERTEZFE I HiFE (Time 8-12) IZHIFB A/ —)L5E (Car) (n=30). A5

SSIUDORBEER (Car+ Mec) (n=7). conotoxin MII (Car + Cnt) (n=4) ORERS

BORAL)XLDEUBEMEEZT Z7I12LEE0D, FHELHZERETTRT, TATLOEDOL

8IZ1E One-way ANOVA Z AL\, ZD 1 Posthoc 8RE & L T Turkey BE Z A LV= (*p <0.05),
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B

U A VS 2 — VB TEN ) X ANIAH 2 5R < 0L S/ 5 2 L ITBAAT L 0 it &
TWe, Lo, ZORERIT, FEMNRICE W TIARTEOAERL SN D L 5 #iEe
(27, 28, NABMKAFHICIZIR - AIEDR TG & bBIIS D LW o #mERHY . —ELT
WIRN17-22, 29), S BT, ZOERH D L SNHRFFEINMA S S S ERWERH Y
EESTWRY, ZOXITKHRPERLHEHE LT, ZHET, HHEELRGL— |

DIFEWVIZ L DEH A DES, BIREIC LD ENRBRINTE(23 30, W a—L
X7 T URFRIEOIERFRN T I =2 N LTHL L BT T ) v
SREICE <, SBIC, 7T ) CRFRITFARARRE R O 2 IR EITICAFE L, Y
ALFHETH D SCN OI7e 55, )XAﬁ@:%Tékénéﬂﬁﬁﬁw\ﬁxT%
MENIEZ, FEREZ R EOTEENIC b EEZ 52 5 2 e RB b5,

FT I N R 2=V DS 78 U R DLFZERL D R OF RS 2 iR 9~ 5 72 T8 U X
LEPRETHHHE LTHHND SCN IR DHFHEE T RIEY XA 2 5% %
FREE U7 RAFSGECIE Perl-luc N7 VAV == 7 <7 ANBAERNK LTz SCN DA% &3
BT 5 SCN A7 A AINF v —FRE A\, ZOFESTEEIC, 7 I VBSR
REEFECTH 2. NMDA X° AMPA Z 5538 TG D586V CL AR Y XL
FR DR T & HRFFHRIS 7O U X b2 B, (KRNI ZEN 2 S5 2 L s
ENTWAB(25 3D, AHFFRIZBWNTH A N2 — 1L, Time 2-4 THFHE(EF Perl O
BEH U X A& %R S+, Time 10-12 THZFHZ At S, Time 15-22 TIIZEEZ R
SRdoTe, ZHUE, I aT— L) SCN ORFFHERBIC BTV D Z & 258 <R
BLTWD, E5IT, IMENRGORE(7, 19, 2D THINS D X 522" m—
L 2478 ) X A ONAHRIFANARZENL X, SCN 2 LTI 52 L& XfHFT5 b
DThHDH, LaL, MENEGHEROPIZIX, MABKRFINABZEN 2R S 72 WIGEX0,
R Z R ORI A OW T O B R B GARNH D, ZOZEIL, Akd X 57 SCN 4D
RUAEIIZ D AN — AMER L, 2z L CRIERIIC SCN 2K 2 & TITE U X A
PEARIZE R Z RIT L TV A TR E 2 b D,

D% OWFE T N—F L Ep v | Gillette 50 7 —7F1%, in vitro BT in
vivo IZEB W T, SCN ~D I b” a— L 5T R TS &l = &3, (ZFEATTE
BB E T EHME L TN D(28 27, T 5I1E., in vitro EBRIZEBWTIL, A1t SCN &
T A A% TR O B 3R Y X LA BRI E L7 EBR R A2 ., in
vivo EBR T, RO SCN I M a— LA E#RE L8 ) X A& BT 596k
FEHANTND, LT, ELHOFEIBNTH AN — LI Y | ERTE

11



DHHEFIEHRZ Lz L3t LT 5, Gillette D OAFFTIZ IV TRABZIE B S /s
Moz E LTI L 50NN a— VIBENRIERE IIRIBETH D Z L5
ZHND, ZOWETIE, AERNEL TIE SCNIZ 50 uM O I /b3 2 —/L% 0.3 ul (2
£ D 15 pmol) FEIEALTEY, Wee 5(2D)=X° Basu H(SDDOHH LIz "a—
D L AR TEGREIZEVN(29), SCN ZMEA T A A28 W TH, 2 OMFZETiE 100 pM
DINNA—)VE D SCNIZ 1puL T2/ F L. 5 %I wash T4 L0 5 HDTH
272(27, RFLOFLOMITIL SCN R T A AINVF ¥ —&FHNT, BEIRFORK
BEFER 100 uM (272 2 K D v R a— &z, AR AFRONI AR R4 R - BiTiE 2 i L
72(39, RMEATAREATAANNTF ¥ —RTIEFENRR D=0, EHERRIENT
TERWHDOOD, in vitro \ZBWTH /S a— LR OENC X oﬂﬂﬁ%&@;ﬁ%%
MBI ST FREMEN B 2 B D,

FL3FTIR LTV D98 Tl LLR, SCN @ Perl-luc A7 A A B I)VF v —% % T
SERFRE D 72 I VA EFEIEE Th 5 NMDA & AMPA (T K 2 AHZNL DF;
A STV DA, NFRFZIED Time 4-7 T, (AHBTHEDS Time 9-13 Th o 7=
(25, 3D, JInNa—nFh L HARTRARZIRIE 2, 3 RefillE S < | (ARATEIZR Uy
FIHICE 22 Z ENER &N 5(25 3D, BROEBY | SIERIZZ V& I v ERfEEEm
D RHT L VsiEINDH0, 7T al) o ORNREIZ RHT TlXaw EBETIT
EZHNTEY, SCN ~IHIMEEIE (34, 35T MG T30 0 b OB, F7-1%
HETEOa—hnrpal) AEEE= 2 —a v’ E 2 5N b(6), YR 30 5 %ICT
EF L3V REN SCN IZRF/LTEMT2B2Z b b, 2 U AEBEIMEARRED
SCN AR & 7221F TV D ATREMERS, JERIFHIC b S DD Y 2 Ff > T\ D a]
BEMER B Z DNDMN, FELVA D =X NIRANE =D,

AWFETIESCN AT A ZAHNALF ¥ —IZBWNWT, LAB Y VZRIKT 2 T=Z D
T havraE AN a— L ERIRRE T 52 EI2L D DN T — U X AAABKITR
NAENZRF LTz, > T, SCN OMIGIZIHELT 2 LA Y UKD T V82—
NEEHIZ XD Perl-luc DNAEN DO ERTHD Z L E2RET 5, LAD Y U RIKD
P77 a=y MZOWTIE, TRETIZT v FOZMESCN 27 A 2% AW ER AR
BIZBWT, MILFFERMT VX A=A N THDLE LU BRI a— Ul LD
RO AT X LAONARTEDRZE L2 E006, M1 BCFHEZEN (RiE) (2
595 LB TN(27 28, KIS, 7 hrbra 5352 L THAN
I— I LD Perl DFHIV X LAONABENRBAFESNIZZ LD, KABY V%
RARDPNARENNC G T DA REMEA SCFFL TV 5, Lo L, ABFFEICEWT in situ 7
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A TVEAB— a rEHOTEZAEBR TIE M1 OBty 7 izt S e -
7o, I Basu 61X, MI/M4 7 2 =2 T % McN-A-343 % FBIBOHEICE 53
% & SCN AR T A AZH1T DA RAIIL D B HFE K OB B U X LCFIEATET 5 03,
M2/M3 DT T=A K THHARZ F2—/)L TR U X AOMAHEMITR S do iz
EHE L TWD(3D, fo TARMIEZENCE 225 &, M4 2% Perl-luc DNIAHRTEIZ EE
ThderBInsg,

FAE, =aFUZBERT 2 A= FORKHRGICED, ANa—ulk b
Perl OFBLY X LONFHEN EIZ, =3 F VSRR EI L CTHIH ST 5 mTEEMEA
RIS IVTz, TS a— L OAARRTEIC T 2R B =a F R8T o2 T =2 MH
TRZDBHE LT, ZNZNDETT 2 7 2=y "R 2 ENBEZ BN (38 39,

AREEIZEBNT, DA a—E, SCN IZEB W TR ARKIFIIC R FHE(S 1 Perl D381
U RXLENFABNL ST HZ L B, N a— L OB DONARIFRIN AR ZE
NMAERIZ LA DY VS FEENTHZEEHLNC LIz, £/, SCN IZHBWTART
VUSRI T2 A4 TD5H M3 & M4 BEFEICRET 52 E2H 6N L, &5
2, =aF URFERT X A=A MO FERN D, I N3 — U KD NAHEN BT
=aFUREEREN LTHI SN D Z ERB SN, RIFRICE > THL N E oo T
TINR =KD ARG SCN OfEH U X A28 DALAFEAER 7o A AR BT & OY
FIABRENZ . FERARE STV R o T2 O H R 3 O SRR D BRSO 7273 2 T HE
MRHO BV XABRENR G THHDWK ) IZEZ HBIRANICE > TERENES
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E_E
SCN IZRBTH=—aF -7 EFral) VRED
AR OV T

F—HTDSCN R T A ANNTF ¥ =BT 2NN a—LEOFERIZENT, =
AF BRI NN T =S K DNAHEML AR ST L ZENA BN LR Tz, ==
F BRI RO N 72 EOMMIZIA FFIE L, A Ao 2 iz L v 23 )
Y RBAPARA A F ¥ 2V Th D, NWRMEMRISEDEO T ETF L a ) R0, SAHED
W RTChDH=aF oo "a— k> THMAZEIE S5, Chrnal, Chrna2,
Chrna3. Chrna4. Chrna5. Chrna6., Chrna7. Chrna9., ChrnalO, Chrnbl. Chrnb2.
Chrnb3. Chrnb4, Chrnd, Chrne., Chrng ® 16 DYV 7 2= FRHEINTE
V. ‘BHATIEL Chrnal 728 2 -2 & Chrnbl, Chrnd, Chrng (F721% Chrne) 723127
DD 5 BRI S D MRV TIE Chrna7 & Chrna9 23 224 E 5 &K
Z s L. Chrna2-6 & Chrnb2-4 (X Chrna #+7 == & Chrnb 7 2=y F 3%
NEN22EL 3OFEIT3 DL 20T OD~T 1 b5 BIEEFMT S Z EAMBIL T
%, B2, BUKR T CliE Chrna4/Chrnb2 ®~7 1 5 Bk & Chrna7 O 7RE 5 BRI
METHDL EFEDLILTVD(39, 40),

ARETITSCON IZHEBIT 278 F L2 UEREEFREL,. TD ) v I T T h~D
AEEHTHZ LT, BEERICK T 27 EFva ) B ERO AT ERORY]
ki, £ SCNIZBWTEHEBT 2 2O =aF 2R R 7=y &
ML, ENENORYE ) v 777 b= U AZEH LD, W bIRIRELR &3
CEENHY, ZNODERS T AZAWTOMA ) X LEREOHRFHINETSH -
Too ZZT.ENENDOZHELD SCNFFRN) ) v 7T 0 b~ T AZAEHT 5 Z & T,
=aF U RO U R AHIEBEREIC OV TIRAE Lz, =25 V28RO SCN Ff
R v 7TV R URZBWT, MIRTTEN Y XL DOEANREETH S, AR
OREH JE ) 2~ SEE RIS B T 21TE A MR . DU 2R3 BRI R O R
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HET H=aF /I, R Y X LSRR TS I OOLE RS I 130 ZE Tl
WZ ERDPoTz, Ak, TNHORE~ Y ARV RHREREIC KT 5 ==
F U ZBERO ABREDOTENRD BN D,
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AL T S EiF, BHtRE2AEE 5 FOAEF D) XL EHERFT 5 E OO CE
BETHDLIN, ZOKRKIEDNINVELERALNE o TRV, TEFLal 7Y XA
FfXD SCN TEK FEXFFAOEEYE L LT, ZOMIEMIANLEL XN TEY,
ARIFIEINE Dkt & 70D L IFES D,
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REAE & TR

i) & ATENRAT

ATEN BRI Ui~ w A0 12 W B - 12 RefImE O BIRE S 7, B RS X
O HB\EUKSMC T, 2 BEU ETPHEE L%, BRI L7z, ~ v 20178,
RO o — (Omron) MW TEHI L7z, ##ll7 —#1X. Chronobiology kit

(Standford Software Systems) ZHWTHET L7z, ~ 7 ZAD1TENY X 41X, Clocklab

(ActiMetrics) % HVTHEHT L7z,

AT A ZARNF v —DERIZIE Per] 70 Ee—2 — |V 7 =7 —PEFFEAG LT
VAV =y <A (Perl-luc) % MWi-(24),

AWFFEZ T 2 ERIT AT, R EFERIMZEEZOARZHTEY . [
KIS 2 EER RGBT 2 HE ) IV T o7,

SCN AT A ANNTF ¥ —

e 4-T RO FTAEATF Perl-luc~ 7 A% FV o, Wil L CikZ F R < L2k,
KETRY I Z L, Mellwain 7 4 v ¥ = F 3 v/3—ZH\T 400 pm EOERE]
ZAER LT, IS, IRSEREBAMEE ~ CHifll SCN 24§ L. 24-well 7L — FAIZ 240
ul OEEFEHE (50% Minimum Essential Medium, 25% Hanks’ Balanced Salt Solution,

25% Horse Serum, 36 mM 7 /L 21— X 100 pug/mL penicillin, streptomycin) % A
i, A7 Ly RT3 CT MM B L7z, SCN A7 A A I D%, 1 mM /v
V7= ) UEARRECE L, RIREREAI CCD I A ZI2T 20 pEOL YT =T —E
TN A BRI E L7z, Image J 12T SCN 2RO BEGFENT 21TV, Perl-luc DFE
SRED U X LA & KD T,

SCN A 7 A ZANNTF % —~DHEY 5

W 513 Perl-luc O3 Y X0 2 BIH & 3EBHOE—7 OMITITo 7o, Bk
240 pL ¥ LT 2.4 pLEDO ANV AR a—)v (FHTA T A7) GRS el du ik
JE 100 uM) EXfRREEE L Ch AN a— L ofb 0 (Z[RED vehicle & 558K P2 &5
L7z, 72, —HOATA RZIE, AARa—LE bz, T havty (FhI4T7 A
7)) (BcHEieE 10 uM) £7213 A KB 27 2 (Sigma) RAQIEEE 52.6 uM) £7-1%=/
¥ > MII (Tocris) (H/b/Na— Ui 10 upM IZxf L, 22/ h¥ T v M &
IR 52.6 uM) &5 LT,
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insitu "N TV HEAP— a0k

F9. Fie® mRNA BAIRFERA 2T o F v o AT v —T 2 ER LTz,
mAChRI: 1961-2520 bp (NM_001112697.1)
mAChRZ 1101-1620 bp (NM_203491.3)
mAChR3: 2561-3100 bp (NM_007699.2)
mAChR4 851-1360 bp (NM_007699.2)
mAChRS5. 763-1301 bp (NM_205783.2)

HHID cDNAWhZ7n—=71L, 7oF B ZA cRNA 7 —7 G5O E L
TEMA L7, % cRNA 7o —71%, digoxigenin iZi# UTP (Roche) F7-1% 3P 1Zi#%
UTP (PerkinElmer) %MW\ TERK LT,

insitu A 7Y A L= a VTR REC K VAT - 72(9, TREFEE T2 T 4%
RIFNVAT VT B R CHEEREEZ1TV. 2 BIROREBEZIT>70, 20% A7 72— A
I —MiZ L CHAEIRE LT o 1212, N7 A T A A THRREIERE L7627 VAR Z
KT 40 pm EORRYIF Z/ER LTz, 2XSSC Wik T 21 L=, 1 pg/mL
proteinaseK ¥ % (0.1 M Tris buffer, 50 mM EDTA pH8.0) T 37°C T 10 4y filiFiaL
HAITV, 4%PFA/0.1 M PB /A TG Z kDT, SR T 5 /3 L7 1%, BEOKHEE
ez ate 7 B F AL (0.25% acetic anhydride, 0.1 M triethanolamine) TR T
10 3RO T B F ALIEL 21T > 7=, Hl T 2XSSC AW T 2 [ (%181 5 43[#) BEF L
72k, 1%k cRNA 7r—7%&t 1.8 mL " 7V XA EB—va "y 77— (55%
RNVAT IR, 10%7 FARZ7 07 2— K~ 10 mM Tris HC1, 1 mM SDS, 10 mM
DTT. pH8.0) HFicUIF %A L., 60C TSIz, Yrm—7 &% 1.8 uL (1X)
& 72uL (AX) D 2H(MFTRISES T, OGS, IMUIA &2 2XSSC/50% AR/ A7 X R
ZHWT, 60°CT 2[a] (%18 15 57[) THHE L7z, £ D%, 10 pg/mL RNase % (10
mM Tris-HCl, 1 mM EDTA, 0.5 M NaCl, pH8.0) (2T 37°CT 60 /M L, A
TV ZA RSN ol T m—T 2 W L Lz, il T 2XSSCI50% AV A7 X K Z H
WTB60CT 210 (45181 15 43H) Padr L. 0.4 XSSC ik T 60°C T 30 sy [A v L 7=,

DIG {5k in situ ™A 7 VXA B —r a3 LEE, £7 0.4 XSSC EIKGET DI,
Blocking iRZED Ao T ICEI 2B L, =R T 60 oML ERE Lz, 7Y 7 &
7 7 # —BIE#HT DIG HiiR D Fab ¥ (Roche Diagnotics) € 4°CC 2, 3 HMHLIAK
IS AT o 7o, RS, IR T 3 [\ (£18] 20 73] Weid L7-#% . NBT (0.34 mg/ml, Roche
Diagnostics) & BCIP (0.18 mg/mL. Roche Diagnostics) % & e ik T, =IRIZT
FEEIE, RKIEMHTET LIS TE NNy 77 —IZiR LTS Z DT, REICETF =
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—FENTEATA FHT RO, =& ) =V TEREERICHKL, =7 T~
(Merk Chemicals) ZMHWTE A LT,
RI #55% in situ ™A 7V F A B— 3 UEIF, 0.4XSSC kR #%IC, EFF o=
— FENTEATA RAT A 1), L& w72, [14Cl-acrylic Standard
(Amersham) & & %125 Hf#, BioMax film (Kodak) ([ZEtEHE7 4 v A — T
VAT T T 4 —mATol,
RI EBRIZEAL T, MR FHMERN R EEMEEROED D THEKFIZE
F D RIS OB LI 2 E ] IZiEVMT o7,

18



10.

11.

12.

13.

51 FHSCHR

M. H. Hastings, E. S. Maywood, M. Brancaccio, Generation of circadian
rhythms in the suprachiasmatic nucleus. Nat Rev Neurosci 19, 453-469
(2018).

J. A. Mohawk, J. S. Takahashi, Cell autonomy and synchrony of
suprachiasmatic nucleus circadian oscillators. 7Trends Neurosci 34, 349-358
(2011).

N. Mrosovsky, Locomotor activity and non-photic influences on circadian
clocks. Biological Reviews 71, 343-372 (1996).

R. E. Mistlberger, D. J. Skene, Nonphotic entrainment in humans? J Biol
Rhythms 20, 339-352 (2005).

C. M. Greco, P. Sassone-Corsi, Circadian blueprint of metabolic pathways in
the brain. Nat Rev Neurosci, (2018).

R.Y. Moore, N. J. Lenn, A retinohypothalamic projection in the rat. o Comp
Neurol 146, 1-14 (1972).

S. Hattar, H. W. Liao, M. Takao, D. M. Berson, K. W. Yau,
Melanopsin-containing retinal ganglion cells: architecture, projections, and
intrinsic photosensitivity. Science 295, 1065-1070 (2002).

D. Ginty et al., Regulation of CREB phosphorylation in the suprachiasmatic
nucleus by light and a circadian clock. Science 260, 238-241 (1993).

Y. Shigeyoshi et al, Light-induced resetting of a mammalian circadian clock
is associated with rapid induction of the mPer1 transcript. Cel/ 91,
1043-1053 (1997).

E. M. Mintz, C. L. Marvel, C. F. Gillespie, K. M. Price, H. E. Albers,
Activation of NMDA receptors in the suprachiasmatic nucleus produces
light-like phase shifts of the circadian clock in vivo. J Neurosci 19, 5124-5130
(1999).

J. M. Ding et al., Resetting the biological clock: mediation of nocturnal
circadian shifts by glutamate and NO. Science 266, 1713-1717 (1994).

F. K. Stephan, The "other" circadian system: food as a Zeitgeber. J Biol
Rhythms 17, 284-292 (2002).

R. E. Mistlberger, D. J. Skene, Social influences on mammalian circadian

19



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

rhythms: animal and human studies. Biological Reviews 79, 533-556 (2004).
Y. Tahara et al., Entrainment of the mouse circadian clock by sub-acute
physical and psychological stress. Sci Rep 5, 11417 (2015).

H. E. Albers, C. F. Ferris, Neuropeptide Y: role in light-dark cycle
entrainment of hamster circadian rhythms. Neurosci Lett 50, 163-168
(1984).

M. Medanic, M. U. Gillette, Serotonin regulates the phase of the rat
suprachiasmatic circadian pacemaker in vitro only during the subjective day.
J Physiol 450, 629-642 (1992).

M. Zatz, M. A. Herkenham, Intraventricular carbachol mimics the
phase-shifting effect of light on the circadian rhythm of wheel-running
activity. Brain Res 212, 234-238 (1981).

D. J. Earnest, F. W. Turek, Role for acetylcholine in mediating effects of light
on reproduction. Science 219, 77-79 (1983).

D. J. Earnest, F. W. Turek, Neurochemical basis for the photic control of
circadian rhythms and seasonal reproductive cycles: role for acetylcholine.
Proc Natl Acad Sci U S A 82, 4277-4281 (1985).

J. H. Meijer, E. van der Zee, M. Dietz, The effects of intraventricular
carbachol injections on the free-running activity rhythm of the hamster. ¢/
Biol Rhythms 3, 333-348 (1988).

B. E. Wee, K. D. Anderson, N. S. Kouchis, F. W. Turek, Administration of
carbachol into the lateral ventricle and suprachiasmatic nucleus (SCN)
produces dose-dependent phase shifts in the circadian rhythm of locomotor
activity. Neurosci Lett 137, 211-215 (1992).

C. S. Colwell, C. M. Kaufman, M. Menaker, Phase-shifting mechanisms in
the mammalian circadian system: new light on the carbachol paradox.
Neurosci 13, 1454-1459 (1993).

G. F. Buchanan, M. U. Gillette, New light on an old paradox: site-dependent
effects of carbachol on circadian rhythms. Exp Neurol 193, 489-496 (2005).
S. Yamaguchi et al., The 5' upstream region of mPer1 gene contains two
promoters and is responsible for circadian oscillation. Curr Biol 10, 873-876
(2000).

M. Asai et al., Visualization of mPer1 transcription in vitro: NMDA induces a

20



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

rapid phase shift of mPer1 gene in cultured SCN. Curr Biol 11, 1524-1527
(2001).

S. Yamaguchi et al., Synchronization of cellular clocks in the
suprachiasmatic nucleus. Science 302, 1408-1412 (2003).

C. Liu, M. U. Gillette, Cholinergic regulation of the suprachiasmatic nucleus
circadian rhythm via a muscarinic mechanism at night. / Neurosci 16,
744-751 (1996).

M. U. Gillette et al, Role of the M1 receptor in regulating circadian rhythms.
Life Sci 68, 2467-2472 (2001).

M. Zatz, M. J. Brownstein, Intraventricular carbachol mimics the effects of
light on the circadian rhythm in the rat pineal gland. Science 203, 358-361
(1979).

K. G. Bina, B. Rusak, Muscarinic receptors mediate carbachol-induced phase
shifts of circadian activity rhythms in Syrian hamsters. Brain Res 743,
202-211 (1996).

Y. Mizoro et al., Activation of AMPA receptors in the suprachiasmatic
nucleus phase-shifts the mouse circadian clock in vivo and in vitro. PLoS
One 5, €10951 (2010).

P. Basu, A. L. Wensel, R. McKibbon, N. Lefebvre, M. C. Antle, Activation of
M1/4 receptors phase advances the hamster circadian clock during the day.
Neurosci Lett 621, 22-27 (2016).

K. Dojo et al, Carbachol induces phase-dependent phase shifts of Perl
transcription rhythms in cultured suprachiasmatic nucleus slices. / Biol
Rhythms 32, 101-108 (2017).

Z. R. Rao et al., Distribution of cholinergic neurons and fibers in the
hypothalamus of the rat using choline acetyltransferase as a marker.
Neuroscience 20, 923-934 (1987).

T. Ichikawa, Y. Hirata, Organization of choline acetyltransferase-containing
structures in the forebrain of the rat. J Neurosci 6, 281-292 (1986).

K. G. Bina, B. Rusak, K. Semba, Localization of cholinergic neurons in the
forebrain and brainstem that project to the suprachiasmatic nucleus of the
hypothalamus in rat. J Comp Neurol 335, 295-307 (1993).

N. Murakami, K. Takahashi, K. Kawashima, Effect of light on the

21



38.

39.

40.

acetylcholine concentrations of the suprachiasmatic nucleus in the rat. Brain
Res 311, 358-360 (1984).

S. A. Kaiser, L. Soliakov, S. C. Harvey, C. W. Luetje, S. Wonnacott,
Differential inhibition by alpha-conotoxin-MII of the nicotinic stimulation of
[3H]dopamine release from rat striatal synaptosomes and slices. o/
Neurochem 70, 1069-1076 (1998).

D. C. Perry et al., Measuring nicotinic receptors with characteristics of a482,
a3B2 and a3B4 subtypes in rat tissues by autoradiography. Journal of
Neurochemistry 82, 468-481 (2002).

C. Gotti, M. Zoli, F. Clementi, Brain nicotinic acetylcholine receptors: native

subtypes and their relevance. Trends Pharmacol Sci 27, 482-491 (2006).

22



A

AW EZATT DICHT0 | B2 THifEZ Y | FIE D LWIFEBREE 2 et L <<
EEIWE LI KR TR Wk B8eRIC L X0 E#HB L BT ET,

Fo, ERFESOEROELE, MUERICHIZD , M E THe 2B TIE - ZfF
B S FHERFIFER TR MRERS O R EEEAIC, % < K
L EFET

Z LT, xR IZRB I OH % DWW ZBE %20 £ U7 5K F IR TR
TAE Uy IV WVEEIRBIOEE REMBEIILOHETHUAT AL 4R
DB OSEES . R, BIEOBEBICEEILE L BT E T,

BT, WIZHNS BAFY . AETHAMT TR, BEIX LOFEE—FIZL X
DIEHER L B ET,

2019 4 3 H
B AET

23



