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24
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24
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SCN SCN
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SCN
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SCN AMPA

24 (
)

24 (Reppert and Weaver, 
2002 Ko and Takahashi, 2006)

( 1) (Dunlap, 1999 Reppert and 
Weaver, 2001)
CLOCK BMAL1 E/E’-box

Period (Per1 Per2) Cryptochrome (Cry1 Cry2)
PER CRY CLOCK BMAL1

PER CRY CLOCK
BMAL1 PER CRY Per Cry

24 1
(suprachiasmatic 

nucleus SCN) SCN

5-10%

(Panda et al., 2002 Storch et al., 2007)

24
24

23.7
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1~2

1~2 (
)

1

( )
SCN (Moore and Lenn, 1972
Güler et al., 2008)

(Liou et al., 1986 van den Pol, 1991 de Vries et al., 1993) SCN
-amino-3-

hydroxy-5-methylisoxazole-4-propionic acid (AMPA) N-methyl D-aspartate 
(NMDA) (Gannon and Rea, 1994)

NMDA
NMDA SCN

(Mintz et al., 1999) SCN in vitro NMDA

(Ding et al., 1994 Shibata et al., 1994) Per1
luciferase (Per1-luc) SCN

NMDA (Asai et 
al., 2001) NMDA

(Colwell et 
al., 1991 Colwell and Menaker, 1992)

NMDA

AMPA
AMPA

(Colwell and Menaker, 1992) AMPA
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AMPA NMDA
(Mintz et al., 1999) AMPA NMDA

(Cooke and Bliss, 2006
Nowak et al., 1984) AMPA

NMDA

AMPA NMDA
SCN in vitro

AMPA NMDA
(Shibata et al., 1994)

AMPA
1) SCN AMPA

2) SCN AMPA
in vivo 3) Per1-luc SCN in vitro

1
( )
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1_1 SCN AMPA
AMPA digoxigenin

in situ hybridization GluR2 GluR4
mRNA SCN ( 2) GluR1

GluR3
GluR2 GluR4 SCN

(Abrahamson and Moore, 2001 Lee et al.,
2003) 2

2 SCN AMPA (GluR1 GluR2 GluR3 GluR4)
mRNA digoxigenin in situ hybridization 
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1_2 SCN AMPA

SCN AMPA GluR2 GluR4
AMPA

SCN AMPA
C57BL/6

(Schwartz and Zimmerman, 1990)
AMPA CT14 (Circadian Time

CT12 CT 1 24
CT14 2

)
(AMPA -67.8 ± 4.6 min n = 8 vehicle -7.4 ± 1.6 min n = 3

) ( 3A, B) AMPA
AMPA 3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]
quinoxaline-7-sulfonamide (NBQX)
(AMPA+NBQX -6.6 ± 3.8 min n = 3) ( 3C) NBQX

(NBQX -1.4 ± 1.4 min n = 3) ( 3D)

3 (A)~(D) (A) vehicle (B) AMPA (C) AMPA + NBQX (D) NBQX
AMPA CT14 ( )

SCN 1
1 2 2 (E) CT14

AMPA ±
P One-way ANOVA Scheffe (** P < 0.01)
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(Schwartz and 
Zimmerman, 1990)
AMPA

CT6 CT22 AMPA
(CT6 AMPA -1.5 ± 0.5 min, n = 4 vehicle +1.4 ± 

4.1 min, n= 3) (CT22 AMPA +5.0 ± 2.9 min, n = 3 vehicle -2.4 ± 1.4 min, n = 3) (
4) SCN AMPA

4 (A) (B) vehicle AMPA
(A) CT6

(B) CT22 ( ) AMPA 1
1 2 2 (C) CT6 CT22

CT14 AMPA SCN (CT14 3
) P One-way

ANOVA Scheffe (** P < 0.01)
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AMPA NMDA
AMPA

CT14 NMDA (2R)-amino-5-phosphono-
pentanoic acid (AP5) AMPA AMPA

(AMPA + AP5 -6.3 ± 5.2 min n = 4) ( 5C)
AP5 (AP5 -5.0 ± 2.4 
min n = 3) ( 5D) AMPA

AMPA NMDA

5 (A) (B) AMPA AP5 (A) AP5 (B) SCN

CT14 ( ) SCN
1 1 2 2

(C) CT14 AMPA
± P One-way ANOVA Scheffe

(** P < 0.01)
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1_3 SCN AMPA SCN Per1

SCN Per1
(Shigeyoshi et al., 1997) Per1

(Akiyama et al., 1999 Wakamatsu et al., 2001)
Per1

CT14 SCN AMPA Per1 mRNA
RI in situ hybridization

Per1 AMPA SCN (vehicle 1.00 ± 0.14
n = 3 AMPA 1.78 ± 0.14 n = 3) ( 6) AMPA

6 SCN AMPA Per1 mRNA
vehicle 1 P Student

t (* P < 0.05) vehicle
( ) AMPA ( )
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1_4 AMPA SCN

Per1-luc SCN
Per1

in vitro AMPA Per1

Per1 6 AMPA
Per1 (AMPA -3.18 ±
0.45 hr n = 7 control -0.68 ± 0.26 hr n = 3) ( 7A, B)

Per1 14 AMPA
Per1

(AMPA +1.92 ± 0.24 hr n = 3 control +0.31 ± 0.14 hr n = 3) ( 7C, D)

7 SCN 20 ( )
( ) 2 100%

1



12

2 AMPA
Per1 2-6

AMPA Per1 14-16 AMPA
Per1 ( 8) AMPA

(Schwartz and Zimmerman, 1990) NMDA (Asai et al., 2001)
AMPA

SCN

8 AMPA x 0
Normalized time (1 24 )

y
AMPA

One-way ANOVA vehicle Scheffe
6 AMPA 2

4 (P < 0.01)
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NMDA
AMPA NMDA

(Cooke and Bliss, 2006)
AMPA SCN

NMDA
AMPA AMPA

NMDA
NMDA AMPA

(Mintz et al., 1999
Paul et al., 2003) SCN

AMPA NMDA

in vivo in vitro AMPA
AMPA

AMPA
in vitro SCN in vivo

SCN
AMPA

Mintz NMDA NMDA

NMDA (Mintz et al.,
1999) Moriya Aniracetam (AMPA

)
(Moriya et al., 2003)

SCN
(Pickard et al., 1996)

SCN
(Cagampang and Inouye, 1994) AMPA

in vivo
in vitro SCN



14

SCN
AMPA

SCN in vivo in vitro

(Anderson and Swanson, 2000) in 
vivo in vitro

in vivo in vitro
AMPA

AMPA
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SCN AVP-V1aV1b

SCN
SCN

SCN
SCN

SCN

SCN

(Scheer et al., 2009 Pan et al.,
2011 Kojo et al., 2005)

SCN
(SCN Gene Project)

(Okamura, 2007) 8
arginine vasopressin

(AVP) V1a V1b (V1a-/-V1b-/-)

( 9) (Yamaguchi et al., 2013) AVP
SCN

V1a V1b SCN
SCN V1a V1b

SCN V1a
V1b Per1-luc SCN
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SCN AVP-
V1aV1b

9 8 WT ( ) V1a-/-V1b-/- ( )
WT V1a-/-V1b-/- ( )

( )
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2_1 SCN AVP-V1aV1b
Per1-luc SCN

SCN
(Yamaguchi et al., 2003)

AVP-V1aV1b SCN
SCN

10 (A) WT ( ) V1a-/-V1b-/- ( ) SCN
( 15 ) SCN

CHX WT V1a-/-V1b-/-

WT SCN CHX
V1a-/-V1b-/- SCN

(B) WT V1a-/-V1b-/- SCN CHX (
10A ) ( 15 )

1 0 (C) CHX (0 ~ 24 ) CHX (188 ~ 212
) WT V1a-/-V1b-/- SCN (WT n = 180

V1a-/-V1b-/- n = 155) CHX WT
V1a-/-V1b-/- SCN

r
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SCN

( 10) SCN
cycloheximide (CHX)

CHX 3 SCN
(Yamaguchi et al., 2003) WT SCN

CHX
V1a-/-V1b-/- SCN CHX

WT CHX
( 10) WT SCN

CHX V1a V1b
CHX

( 11)

11 (A) vehicle V1a V1b SCN CHX
( 15 ) 1

0 (B) CHX (0 ~ 24 ) CHX (184 ~ 208 ) vehicle
SCN (vehicle

n = 180 n = 139) CHX
vehicle SCN

r
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2_2
SCN AVP-V1aV1b

SCN

SCN 3 1 (
12A) 0 ( vasoactive intestinal peptide (VIP) )
(Moore and Lenn, 1972 Ibata et al., 1989)

1 2 AVP
(Yan and Okamura, 2002) AVP (

) ( -amino butyric acid (GABA) (Okamura 
et al., 1989 Moore and Speh, 1993) )

1 2 0 VIP
(Ibata et al., 1993)

3 SCN AVP
( 1 2) ( )

(Schwartz and Reppert, 1985 Jin et al., 1999)

(Winfree, 1967 Kuramoto, 2003)

= + ( ) ( ),
= + ( ) ( ) + ( + ) ( ) ( ),
= + ( ) ( ) + ( + ) ( ) ( ),

= + ( ) ( , ), ( ) (0 < 1) i t [ ]( )( ) = 1 (0 < 0.5)  ( ) = 0  (0.5 < 1)
( = ) VIP ( = ) AVP AVP

( = 1, 2) SCN ( = )
i ( , ) SCN

( Dbp SCN )
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( ) = sin  (2 ( + 0.10)) ( ) = sin  (2 ( +0.40)) ( ) = sin  (2 ( 0.80)) ( ) = sin  (2 ) ( ) =sin  (2 ( + )) ( ) ( ) (0 ( ) =sin  ( / ) ( ) = 0
) ( ) =  ( + 0.05) ( ) =  ( ) ( ) =  ( + ) SCN( , ) =  (2 + sin(2 ) + sin(2 ))/4

1 2 = 0
SCN =

i = 1 = 8.0 = 2.7 = 0.7 = 0.6= 0.5 = 0.1 = 0.35 V1a-/-V1b-/- = 0
WT

WT SCN
8-9 V1a-/-V1b-/-

SCN 3 (Yamaguchi et al., 2013)

SCN WT SCN
8 V1a-/-V1b-/- SCN

( 12B)
(Yamaguchi et al., 2013) V1a-/-V1b-/-

( 12C) SCN
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12 SCN AVP-V1aV1b
(A) 3 SCN 1

(B) SCN G( 1, 2)
(C) 

g3( 3)
WT V1a-/-V1b-/-
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2_3 SCN AVP
1 2

1 2
WT V1a-/-V1b-/- V1a-/-V1b-/-

( 13)
SCN

AVP WT SCN V1a-/-V1b-/- SCN
SCN

V1a-/-V1b-/- SCN WT
( 14A, B) WT SCN

V1a V1b
( 14C, D)

SCN AVP-V1aV1b SCN

13 1 (g1( 1)) ( ) 2 (g2( 2)) ( )
WT V1a-/-V1b-/-

1 2
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14 (A) WT V1a-/-V1b-/- SCN
( 15 ) 1 0 (B) SCN

SCN
(WT n = 5 V1a-/-V1b-/- n = 5)

P Student t (* P < 0.05) (C) WT
SCN vehicle (1% DMSO) V1a V1b SCN

( 15 ) 1 0 (D) 
SCN SCN

2 SCN (n = 5)
vehicle SCN (n 

= 3) vehicle SCN (n = 2) P
Student t (** P < 0.01)
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SCN

SCN
V1a-/-V1b-/-

(Yamaguchi et al., 2013)
V1a-/-V1b-/- SCN

SCN
AVP-V1aV1b SCN

WT SCN AVP-V1aV1b

AVP SCN
VIP VPAC2

(van der Horst et al., 1999 Harmar et al., 2002)

V1a-/-V1b-/-

V1a-/-V1b-/-

WT

SCN AVP

SCN SCN
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V1a-/-V1b-/- WT
V1a-/-V1b-/- ( 13)

V1a-/-V1b-/-

V1a V1b
(Yamaguchi 

et al., 2013)

V1a V1b
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V1a-/- (Koshimizu et al., 2006) V1b-/- (Tanoue et al., 2004)
C57BL/6 V1a-/-V1b-/-

V1a-/- V1b-/- C57BL/6
12 12 2

(Omron) Chronobiology kit (Stanford Software 
Systems) Clocklab (ActiMetrics)

AMPA SCN

( ) 0.4 mm 5.0 mm
SCN

10
10 mL

5.5 mm
0.25 mM AMPA (Tocris) 0.5 mM NBQX (Tocris) 0.5 mM AP5

(Tocris) 0.25 mM AMPA 0.5 mM NBQX 0.25 mM AMPA 0.5 mM AP5
(147 mM NaCl 4 mM KCl 1.2 mM CaCl2 pH 7.0) 0.2 mL/min

5 2
AMPA

AMPA AP5 AMPA NBQX

SCN 0.25 mM AMPA
CT14 CT15

10 mL
20 mL (4% Paraformaldehyde 0.1 M buffer pH 7.4) 

4°C 24
20% sucrose 0.1 M buffer 4°C 24

Cryostat (Leica)
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) Per1 )

in situ hybridization
SCN AMPA SCN AMPA

Per1 mRNA

GluR1 434–1090 bp (NM_001113325.1)
GluR2 631–1394 bp (NM_001039195.1)
GluR3 766–1524 bp (NM_016886.3)
GluR4 295–884 bp (NM_019691.4)
Per1 844–1626 bp (NM_011065)

cDNA cRNA
cRNA cRNA

digoxigenin UTP (Roche) 33P UTP
(PerkinElmer)

in situ hybridization (Shigeyoshi et al., 1997) 2x SSC
proteinase K (0.1 M Tris buffer 50 mM 

EDTA pH 8.0) 37°C 10 10
(0.25% acetic anhydride 0.1 M triethanolamine) 2x SSC 10

cRNA 7.2 1.8 mL 
hybridization buffer (55% formamide 10% dextran sulfate 10 mM Tris HCl 1 mM 
EDTA 0.6 M NaCl 0.2% N-laurylsarcosine 1x Denhardt’s 0.25% 
SDS 10 mM dithiothreitol pH 8.0) 60°C 16

2x SSC/50% formamide 60°C 45 1 15
2 (10 mM Tris-HCl 1 mM 

EDTA 0.5 M NaCl pH 8.0) 37°C 30 2x SSC/50% 
formamide 60°C 15 2 0.4x SSC 60°C
30

digoxigenin in situ hybridization 0.4x SSC Alkaline 
Phosphatase digoxigenin Fab (Roche Diagnotics)

nitroblue tetrazolium salt (0.34 mg/ml, Roche Diagnostics) 5-
bromo-4-chloro-3-indolyl phosphate toluidinium salt (0.18 mg/ml, Roche Diagnostics)

Entellan (Merk Chemicals) 
RI in situ hybridization 0.4x SSC

[14C]-acrylic Standard (Amersham) 5
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BioMax film (Kodak) SCN
BioMax film SCN [14C]-acrylic Standard

MCID image analyzing system (Imaging Research Inc.) 

SCN
Per1-luc-V1a-/-V1b-/- Per1-luc V1a-/-V1b-/-

4-6
SCN

SCN SCN SCN
(50% minimum essential medium 25% Hank’s balanced salt solution 25% 

horse serum 36 mM glucose )
35°C 1

SCN SCN 1 mM Luciferin
SCN 24 well plate 35°C SCN

two-dimensional photon-counting camera (Imaging Photon 
Detector IPD 418, Photek) 20 (Asai et al., 2001)

SCN 1 mM Luciferin
SCN 35 mm Petri dish 35°C SCN

CCD (Spectra Video SV16K/CT, Pixel Vision)
20 (Yamaguchi et al., 2003)

MetaMorph (Molecular Devices) SCN

SCN
AMPA SCN 5 mM 
AMPA (50% minimum essential medium 50% Hank’s balanced salt 
solution 36 mM glucose )
30 35°C 10 3
SCN
AMPA 0 ( n = 3 AMPA

n = 4) 2 (3 3) 4 (5 5) 6 (3 7) 8 (7 6) 10
(5 5) 12 (3 5) 14 (3 3) 16 (5 5) 18 (2 2) 20

(2 1) 22 (1 2)
CHX SCN 2 3
CHX 36 2

7 SCN
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V1aV1b antagonists CHX CHX 10 nM V1a antagonist 
(OPC-21268) 10 nM V1b antagonist (SSR 149415) SCN

7 SCN
10 nM V1a antagonist (OPC-21268) 10 nM V1b antagonist (SSR 149415) 

60 SCN
DMSO vehicle 1% DMSO
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