


2 

1 3 

2 4 

3 20 

4 39 

5 56 

6 69 

82 



3 

Arc Luciferase Arc

-



4 

2.1

in vivo

Ca2+ fMRI

Optogenetics

Ca2+ Na+

(Ramirez et al., 2013)

NMDA

Ca2+ Ca2+

PKA CaM CREB

(Bito et al., 

1996; Bito and Takemoto 2003; Shaywitz et al., 1999)

(LTP) (LTD)
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( 1)

(Davis and Squire, 1984; Nader et al., 2000; Kandel, 

2001)

(Debiec et al., 2002)

(Monfils et al., 2009)



6 

( 2)

2.2 IEG

(immediate 

early gene, IEG)

IEG

IEG
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(Watson and Clements, 1980) IEG

IEG IEG

IEG

IEG

in situ

hybridization(ISH)

IEG

IEG

IEG c-fos

c-jun Arc(activity-regulated 

cytoskeleton-associated protein) Arc

Arc Arc
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Arc

2.3 Arc

Arc activity-regulated gene3.1(Arg3.1)

(maximal electro convulsive shocks MECS) IEG

(Lyford et al., 1995; Link et al., 1995)

MECS mRNA

NMDA

Arc MECS 1-2

mRNA 15-45

(Guzowski et al., 1999) Arc (LTP)

(Guzowski et al., 2006; Waltereit et al., 2001; Rodriguez et al., 2005)

Arc mRNA

Arc

(Steward et al., 1998) mRNA
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mRNA

(Kobayashi et al., 2005) Arc

dynamin 2 endophilin 3 AMPA

AMPA

(Chowdhury et al., 2006; Shepherd et al., 2006; Rial Verde et al., 2006)

mRNA

AMPA

 ”inverse synaptic 

tagging” (Okuno et al., 2012)

Arc Calmodulin CaMKII�

AMPA

( 3)

2.4 Arc

Arc
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Arc antisense 

oligodeoxynucleotides(AS ODNs)

LTP(early-LTP) LTP(late-LTP) LTP

(Guzowski et al., 2000)

AS ODNs

Arc

(mGluR) (LTD)

mGluR Arc

AMPA LTD

(Park et al., 2008; Waung et al., 2008) Arc

Kuhl (Plath et al., 2006)

Arc ORF early-LTP late-LTP

KO

GFP

Arc

(Wang et al., 2006; McCurry 

et al., 2010)
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Arc

Arc

Arc

Presenilin1 A�

(Wu et al., 2011)

2.5  Arc

Arc

Waltereit Arc

2kb serum response site(SRE) Fos/Jun

AP-1 2kb

Arc 2001

10kb

7kb Arc

7kb 100bp

CREB serum response factor(SRF) myocyte enhancer factor-2(MEF2)
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synaptic activity-responsive element(SARE)

(Kawashima et al., 2009) in vivo

SARE 7kb ( 4)

2.6 Arc

Arc

in situ

hybridization(ISH) (Guzowski et al., 1999, 

2000)

ISH

Arc

(BAC)

Arc (d4EGFP)



13 

(Grinevich et al., 

2009) Arc 7000 (dVenus)

dVenus (Eguchi et al., 2009)

Arc

SARE Arc

7kb Luciferase

( 4 A) Luciferase

D-Luciferin ATP

D-Luciferin
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c-fos Arc Luciferase

(Wada et al., 2010; Izumi et al., 2011)

Arc Luciferase
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2.7

2

2
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(Scoville and Milner, 1957; Nadel and 

Moscovitch, 1997; Bayley et al., 2003)

(Squire and Alvarez, 1995; 

McClelland et al., 1995)

(Kim and Fanselow, 1992; Clark et al., 2002)

(anterior cingulate cortex, ACC) (prelimbic cortex)

(infralimbic cortex)

( )
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( )

(Heather et al., 2001)

30

2.8

IEG

in vivo
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1.

2.

3.

4.

Arc 7kb

Luciferase Emerald Luciferase(Eluc)

1.5 Arc

-

30
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3.1  Arc

SARE Arc 7000

Luciferase(Emerald Luciferase Eluc) (Toyobo) (PEST

)

(Arc7000-Eluc Tg) (Kawashima et al., 2009 )

pGL4.11-Arc7000-Eluc-PEST 

(Kawashima et al., 2009) ClaI AseI 9kb

C57BL/6J ( )

25

3.2  Luciferase

Luciferase Dual Lusiferase Reporter Assay System(Promega)

Luciferase
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( 15 mg) (Passive Lysis 

Buffer) 500�l 18�l

(Luciferase Assay Reagent II) 80�l

Luciferase (Fluoroskan Ascent FL)

BCA Protein Assay Reagent Kit(Pierce)

Luciferase

3.3  

3.2 Laemmli

(50 mM Tris-HCl pH6.8 2% SDS 10% glycerol 0.1% BPB 20% 

2-mercaptoethanol) 95 5

10% Bis-Tris polyacrylamide gel SDS

PVDF 2.5%

TBST (50 mM Tris-HCl pH7.6 150 mM NaCl 0.05% Tween-20)

1 4 HRP

2 ECL Plus Western 
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Blotting Detection Reagents(GE Healthcare)

(LAS-4000mini FUJIFILM)

3.4

3.4.1  

PBS 2% paraformaldehyde(PFA) / 0.1M phosphate 

baffer(PB) 2%PFA / 

0.1M PB 12 sucrose / PBS 10%, 20%, 25%

12 30�m

-80

3.4.2  

PBS 2% Hydrogen peroxide(H2O2) PBS

15 (5% Normal Goat Serum, 1% Bovine 

serum albumin, 0.3% Triton-X 100, in PBS) 1

Arc 4 72 PBS-T(0.3% Triton-X 

100 in PBS) 4
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3.4.3  DAB

ABC (Vector) 1

50mM Tris-HCl (pH7.6) DAB (50mM Tris-HCl (pH7.6), 

0.02% Diaminobenzidine(DAB)) 10 0.003%

H2O2 4 0.01M

Imidazole 1 0.1M PB

70% 80% 90% 95% 100% Ethanol

Xylene 5 2 (Fisher 

Scientific)

3.4.4  

BX51(Olympus)

(DP70)

4x 10x ( Olympus)

ImageJ Arc

multi-point selection tool 1

3
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3.5  

Arc Arc

Arc OP-1 (

1:4000 ) (

1:1000 ) (Okuno et al., 2012)

 (Vector)

1:200 Horseradish Peroxidase

(GE Healthcare) 1:5000

3.6 double in situ hybridization(dISH) 

3.6.1 ISH

Eluc pcDNA3-Eluc-PEST 

Arc pcDNA3-Arc-UTR

pcDNA3-Eluc-PEST BamHI pcDNA3-Arc-UTR HindIII 37 2

MAXIscript(Ambion) DIG RNA Labeling Mix(Roche Applied 

Science)  FITC RNA Labeling Mix(Roche Applied Science)
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37 2 Arc DIG Eluc FITC

RNA Eluc

NotI Arc XbaI

RNA

3.6.2

PBS 4% PFA / 0.1M PB

4%PFA / 0.1M PB 12 sucrose / PBS

10%, 20%, 25% 12

20 �m -80

3.6.3 dISH 

12 0.1M PB 10

2 0.75% Glycine / 0.1M PB 15 2

0.3% TritonX-100 / 0.1M PB 20 PK buffer(0.1M Tris-HCl 
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pH8.0, 50mM EDTA) 0.1�g / ml Proteinase K 37 30

(1.3% Triethanolamine, 0.17% HCl, 0.25% Acetic anhydride)

10 0.1M PB (750 mM NaCl

75 mM Sodium citrase 0.1% Ficoll 0.1% polyvinylpyrrolidone 0.1% bovine 

serum albumin 0.2 mg/ml yeast tRNA 0.5 mg/ml salmon sperm DNA 0.05 

mg/ml polyA 50% formamide) 1

0.5 ng/ml Arc Eluc

56 56 50% formamide, 0.1% 

N-Lauroylsarcosine sodium 2x SSC(0.3 M NaCl 33 mM Sodium 

citrase) RNaseA(10 �g/ml) 10 0.1% NLS 2x

0.2x SSC 2% H2O2 2x SSC 15

(0.3% Triton X-100, 3% PBS) 1

Anti-FITC Horseradish Peroxidase 4

Peroxidase TSA Plus Fluorescence System(Perkin Elmer)

FITC

Anti-Digoxigenin-Peroxydase-Fab fragment 4

Peroxidase TSA Plus Fluorescence System(Perkin Elmer)

Cy3
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BX51(Olympus)

(DP70)

4x 10x 40x UPlan Fl 20x UPlanSApo ( Olympus)

3.7 (AAV)

human SynapsinI Eluc AAV

Eluc ( 4 B 8 C) AAV

Kotin

AAV (Urabe et al., 2002; Smith et al., 2009)

AAV ( )

3.7.1

pBluescriptII human SynapsinI

Eluc PEST WPRE

AAV pFBAAV
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pFBAAV-hSynI-Eluc-PEST-WPRE

DH10Bac X-Gal

Sf9 Grace 

Medium(Invitrogen) 27 4 10

Grace Medium(Invitrogen) 27 5

P1 P2

75cm2 T ( ) 12ml Sf9

P1 400�l 5 27

P2

3.7.2 rAAV

P2 AAV

MOI2 300ml 

( ) 80ml Sf9 (1.5 106 cells/well)

27 3 PBS

Hypotonic Buffer 40ml (20mM 

HEPES(pH8.0), 3mM NaCl, 0.5mM MgCl2, 1% Triton X-100, 500units 

Benzonase) 37 30
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60 20 AVB 2ml 1

PBS 2

Elution Buffer(50mM Glycine (pH3.0)) 10ml 2

1M HEPES (pH7.5) 1ml, 5M NaCl 220�l

0.2�m PBS Amicon 

Ultra 100K-15 200 300�l

qPCR 4 AAV

1 x 10 12 genome copy(gc)/ml

3.8  

3.8.1 AAV

400mg/kg ( ) 2mg/kg (

)

1mm 1mm
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3mm 3mm

( 50��m

) 0.6mm 10

0.05�l 1 x 10 10 gc/ml 0.5��l

10 4

3.8.2

4 5 400mg/kg

( ) 2mg/kg ( )

 C&B

( )

Q (

2.5mm 3mm)

C&B( )

0.8mm ( )

( 1.59mm 3.18mm) D-Luciferin
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( 5 B)

3.8.3

( )

15cm2 ( )

( ) ( )

( 5 C)

PBS 0.1M 

D-Luciferin 100�l

23G 0.1M D-Luciferin 2�l

1 2 2
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SZX12(Olympus)

EM-CCD ImagEM ( ) ( 5 A)

EM-CCD 690kHz EM

200 Binning-2 5 1

MetaMorph(Molecular Devices)

ImageJ(NIH)

1. 1 ( ) 

2 4

400mg/kg (

) 2mg/kg ( ) 0.1M 

D-Luciferin 100�l

2.

3cm
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8 24cm 2

1

400mg/kg ( ) 2mg/kg ( )

3.

2 4

2

30

4

2

30

4

3.8.4

ImageJ

ROI

ROI Luminescence 

Intensity Ratio(LIR) ( 4 B) Anisomycin
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10

10

4.3.2

9

3.9  

1 2.5g

-

(Heather et al., 2001) Eluc

3.9.1

(S+)

(S-) Propylene glycol 15%
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Linalool Phenyl acetate( )

S+

3cm2 50�l 6cm2 (

) 23G ( ) 10

S+

1cm 10

S+

S-

10 10

1 1 S+ S- 2

4 1 4

4 1

S+ S-
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3.9.2

69 20 20cm

3 6 5.5cm

S+ S-

3

5

5

3.9.3

(A) (B) 30~35

(C)( 30 )

S+ S-

1

10 4
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1 S+ S-

A S+ S-

B C A S+

S- A

3.9.4

3

3.10

ImageJ Excel 2010(Microsoft)
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GraphPad Prism6(GraphPad Software) Excel 2010

GraphPad Prism6

paired-t test 3

ANOVA

Dunnett
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4.1 Arc

Arc

7kb (Arc7000)

(Kawashima et al., 2009) Arc7000

(100�M 4-Aminopyridine

30�M Bicuculline 100�M Glycine 1�M Strychnine )

Arc7000 2000 Arc

(Waltereit et al., 2001) 1000

Arc

Arc 7000

(Kawashima et al., 

2009)

Arc7000
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Luciferase Luciferase

Emerald Luciferase(Eluc)

Eluc PEST

1.5 Eluc Arc7000

(Arc7000-Eluc 

Tg 4 A) 277

15 3

3

3

3

( ) 3

Eluc

1 Eluc

Eluc
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4.1.1 Eluc Arc Eluc

Eluc

Arc  mRNA

Eluc 1 3

Arc Luciferase

( 6 A) 3

Arc Eluc mRNA

double in situ hybridization(dISH)

mRNA ( 6 B)

Luciferase

1 Arc Eluc

3 Arc Eluc

2 Arc

Eluc Luciferase
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Arc Eluc ( 6 A )

dISH 3

CA1 Arc Eluc mRNA

( 6 B)

Eluc Eluc

Arc Arc7000

4.2 Eluc

Eluc D-Luciferin

Eluc 3

( 7) D-Luciferin

( )

( )
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Eluc

1.5

D-Luciferin

D-Luciferin

Eluc

4.3  

Eluc
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4.3.1

D-Luciferin

Luciferase

D-Luciferin 1 1

D-Luciferin ( 8

A) Luciferase D-Luciferin 0.1M

D-Luciferin 100�l

D-Luciferin 1

30

D-Luciferin

D-Luciferin D-Luciferin

( 5 B)

0.1M D-Luciferin 2�l

100�l D-Luciferin

100�l

10~20



45 

( 8 A)

D-Luciferin

D-Luciferin 2 ( 8 B)

AAV Eluc

( 4 B)

AAV 8 B

( 8 C) AAV

3mm 3mm 30
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15%

30

Eluc

100�l D-Luciferin 8 B

30

( 8 D)

2

2

D-Luciferin

AAV

4.3.2
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( 9 A)

255

80

2 5 x 5 ( 9 A)

LIR

t

( 9 B) t LIR

Ratio

Ratio N

(�̅) ���

(1) t
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( 9 B)

t �
��

��� ��

t

LIR

p 0.01

4.3.3

30

30 ( 10)

2

Luminescence 

(1) 
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Intensity Ratio (LIR)

30 4

LIR

30

Paxinos (V1) ROI

ROI LIR (Paxinos et al., 

2001)( 10 B) LIR

t

1 ( 11)

60 120

240

t ROI

ROI
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4.3.4

Anisomycin

( 12) 10 30 1

150mg/kg Anisomycin PBS

ROI ROI

LIR PBS

10 LIR

Anisomycin t

Anisomycin

Eluc

4.4
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(S+) (S-) Eluc S

30 S+ S-

10 4 ( 13 A)

1 S+ S-

( 13 C ) S+

1 2 3 4

S-

3

S+ (

13 C ) 4

Eluc S+

30

4.5

A 1
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A 1 2

2 1

t ( 14)

120

210 240

t

ROI

120 0

1 2

A

1 S+

S- 2 13

A

2
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4.6

4.6.1  

B C

S+ S- A S+ S-

t A 1

S-

( ) 1 S+ C – A S+

0.5% ( 15)

A B C S+ S-

150 (OB)

 4.6.2  Arc

C  A S+

B – A S+

B
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(Hess et 

al., 1995; 1997)

(B ) 30

(C ) S+ S- 90

Arc Arc

(DG) (CeA) Arc

( 16)

Arc

S+ Arc

 4.6.3  

15

t LIR

CV

( 17 18 19)

15 A
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1 S+ LIR CV

FrA LIR C – A S+ B – A

S+ 5 C – A

S+ CV ( 17)

M2 LIR C – A S+ C – 

A S- CV C 

– A S+ ( 18)

LIR C – A S+ B – A

S+ C – A S- 5%

( 19)
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5.1

1

2

Eluc

dISH
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Eluc

Luciferase

D-Luciferin

Eluc

5.2

1
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( 7 10 11)

(

7)

( 10) t

(

11) 30

30

t
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5.3

1

Anisomycin ( 12)

PBS Anisomycin

3~4 Anisomycin

Eluc

PBS Anisomycin

t
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5.4

2
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4

30

S+ ( 13)

Eluc S+ S-

30

C57Bl/6N

(Heather et al., 2001) 30

(A 1 )

2

( 14) 2

2 1

S+

S-
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1

Arc

( 16)

B S+ Arc

15

B

C

FrA M2

15 S+ B C

B

B

B
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B C

S+

15 t C – A S+ OB

FrA M2

LIR C – A S+

S+

30 S-

17 18 C – A S+

15 CV

S+

30 S+ FrA M2

CV
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S+ C – A A 1 S+

A

(hAPPJ20) Arc

hAPPJ20 90

Arc 9 Arc

Arc

(Palop et al., 2007) fMRI

(dorsolateral prefrontal cortex; dlPFC)
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dlPFC

(Manoach et al., 2000;  

Manoach, 2003)

S+ C – A

FrA M2 M2 ROI

(ACC) ACC

ACC M2

(Acuña et 

al., 2010; Weible, 2013)

CV

CREB
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30

5.5

5.5.1  

Eluc

D-Luciferin
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Eluc

5 1

 5.5.2  

(Rudinskiy et al., 2012)
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Eluc

Eluc

CV
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