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mMGIuR5

mGIuR5

24 8 European Journal of Neuroscience, Vol.36, issue3, P 2273 2283

“Involvement of metabotropic glutamate receptor 5 signaling in activity-related proliferation of adult

hippocampal neural stem cells”  {



(Altman & Das, 1965; 1967; Kaplan & Hinds, 1977)

dentate gyrus : DG

(Altman & Das, 1965; 1967; Kaplan & Hinds, 1977; Lois &
Alvarez-Buylla, 1994; Eriksson et al., 1998; Kornack & Rakic, 1999; van Praag et al.,

2002; Abrous et al., 2005; Aimone et al., 2006; Toni et al., 2007)

(Shors et al., 2001; Saxe et al., 2006; Dupret et al., 2007; Dupret et al., 2008;

Zhang et al., 2008)

(Parent et al., 1997; Liu et al., 1998; Gould et al., 1999; van Praag et
al., 1999; Jin et al., 2001; Trejo et al., 2001; Yoshimura et al., 2001; Sun et al., 2005;

Koketsu et al., 2006; Kronenberg et al., 2006; Kee et al., 2007; Pereira et al., 2007)

(Cameron et al., 1995; Deisseroth et al., 2004;

Tozuka et al., 2005; Bruel-Jungerman et al., 2006; Chun et al., 2006)



(Cameron et al., 1995; Santarelli et al.,
2003; Tozuka et al., 2005; Itou et al., 2011) \V4

-aminobutyric acid (GABA)

(Seri et al., 2001; Filippov et al., 2003; Fukuda et al.,

2003; Kempermann et al., 2004)

(Fukuda et al., 2003; Tozuka et al., 2005)

(Liu et al., 1998; Jin et al., 2001;

Yoshimura et al., 2001; Sun et al., 2005; Koketsu et al., 2006; Kee et al., 2007)



GABA active

modulator Diazepam
Diazepam
Diazepam
Diazepam
(Okubo et al., 2010)
NMDA AMPA
(Tozuka et al., 2005)
G Calcium Store

10



Calcium store

metabotropic glutamate receptor: mGluR

(Swanson et al., 2005; Kullmann, 2007)

Group | 1 5 mGIluR1

mGIluR5 G Calcium Store

Group II, 11T

inhibitory Gi/Go
Group |
mGluR1
mGIluRS
mGIluR5

mGIuR5

mGIluR5

4-12Hz

(Bragin et al., 1995; Buzsaki, 2002)
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(Buzsaki, 2002)

(Robbe et al., 2006)

mGIluR5

12
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lonotropic Glutamate Receptors

Receptor Type Agonists Subunits Permeant
lons

AMPA Glutamate GluR1-4 Na', K*

(ct-amimo-3-hydroxy-5- | AMPA, Kainate (GIuRA-D) (Ca*)

methyl-4-isoxazolepropio

nic acid)

Kainate Glutamate GluR5-7, KA1,2 Na', K*
Kainate (Ca*)

NMDA Glutamate, glycine, D-serine, | NR1, NR2A-D Na", K*

(N-methyl-p-aspartic acid) NMDA Ca**

Metabotropic Glutamate Receptors

Group | Subtypes Agonists Transduction mechanisms
| mGluR1, 5 -Glutamate Excitatory Gg-coupled
-(S)-3.5-dihydroxyphenylglycine(DHPG), PhospholopaseC
1S,3R-1-aminocyclopentane-1,3-dicarbox Inositol trisphosphate, IP;
ylic acid (1S,3R-ACPD) Ca*'-release from intracellular
calcium store

1 mGluR2, 3 -Glutamate Inhibitory Gi/Go-coupled
-1S.3R-ACPD
-(2S,2’R.,3’R)-2-(2’,3’-dicarboxycyclopro
pyDglycine (DCG-1V)

1 mGluR4, 6-8 | -Glutamate Inhibitory Gi/Go-coupled

-L-Amino-phosphonobutyrate (L-AP4)

15
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1.1

(Gould et
al., 1999; van Praag et al., 1999; Trejo et al., 2001; Kronenberg et al., 2006; Pereira et
al., 2007) (Liu et al., 1998; Jin et al., 2001; Yoshimura et al., 2001;
Sun et al., 2005; Koketsu et al., 2006; Kee et al., 2007) (Parent et al., 1997,
Scharfman et al., 2000)

(Cameron et al., 1995;
Deisseroth et al., 2004; Tozuka et al., 2005; Bruel-Jungerman et al., 2006; Chun et al.,
2006)

(Buzsaki, 2002; Buzsaki et al., 2003)

(Liu et al., 1998; Jin et al., 2001;

Yoshimura et al., 2001; Sun et al., 2005; Koketsu et al., 2006; Kee et al., 2007)

17



(Shors et al., 2001; Drapeau et al., 2003; van Praag et al., 2005; Saxe et al.,
2006; Dupret et al., 2007; Kempermann, 2008; Zhang et al., 2008)
(Yonemori et al., 1999;

Bouet et al., 2007)

(Niv et al.,
2012)
(Parent et al., 1997; Scharfman et al., 2000)
3
GABA-A
active modulator Diazepam

Diazepam

18



Diazepam

Diazepam

Diazepam 19
Diazepam Binding Inhibitor (DBI)
Diazepam
DBI Benzodiazepine
GABA-A (Guidotti et
al., 1983) DBI

(Yanase et al., 2002)

19



1.2

o
ICR NestinP-GFP
(Yamaguchi et al., 2000) 8 14 ICR
8 12
24+1°C 12 8
8
““Experimentation protocols approved
by the Animal Care and Use Committee of the University of Tokyo””
° (MCAO )

(Middle Cerebral Artery
Occlusion : MCAO)
Li (Koizumi

etal., 1986; Li et al., 2006)

8-0 ( )
0.3mm
Ketamine (50 mg/kg, ), Xylazine (5 mg/kg, )
Atropine (0.01 mg/kg )
9-10mm

45

20



BMT-100 heating pad (Bio Research Center Co. Ltd) 37+ 0.5°C

Sham

MCAO
GABA positive modulator Diazepam
(7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one, Sigma)

(10mg/kg, 10% dimethyl sulfoxide (DMSO; Sigma), 40% propylene glycol

(Sigma), 50%DDW) MCAO 1 2 4
® BrdU
MCAO 4 BrdU (100
mg/kg) BrdU
4 (BrdU 24 ) 7 BrdU
4 BrdU
BrdU
PBS 4% PFA
4%PFA 4 4 15% 30%

Sucrose in PBS

(Micron) 40-um

® Nissl

21



Poly-L-Lysine solution (SIGMA, ST.LOUIS,

USA) Nissl
42 Nissl 10
70 4 2 85 95
4 1 100
2 2 ENTELLAN neu (Merck, Darmstadt, Germany)
TBS
10 3 100 Wako, Osaka, Japan 30
TBS 10 10 M 90 5
TBS 10
IM 37 30 0.1 M 10
TBS 10 2 0.1 %
Triton X-100 5 % Normal Donly Serum (NDS) Tris Buffer Saline
(TBS) 30 Ist (anti-GFP, anti-BrdU,
anti-GFAP anti-PSA-NCAM) 4 3
TBS 10 3 2nd
2 TBS 10 3
TBS 10 1 15 2

ImmuMount (Shandon, Pittsburgh, PA)

22



1st 2nd

1st
Anti-GFP Molecular Probes rabbit [gG 1:250
Anti-GFAP Sigma mouse IgG 1:200
Anti-BrdU Oxford Biotechnology rat IgG 1:200
anti-PSA-NCAM mouse IgM 1:500
2nd ( ) Anti-X
Alexa 488 Molecular Probes anti-rabbit IgG, 1:1000
Rhodamine Jackson ImmunoResearch anti-rat IgG 1:200
Cys Jackson ImmunoResearch | anti-mouse IgG 1:200
Jackson ImmunoResearch | anti-mouse IgM 1:200
Alexa 350 Molecular Probes anti-mouse IgG 1:1000
o
1
480pum 4
10 GFAP
® BrdU
1 12 4
BrdU

23



12

(Fukuda et al., 2003; Tozuka et al., 2005; Koketsu et al., 2006; Itou et al., 2011)

(product code

MO-120-MC-BK, Zebra Co. Ltd.)

2nd
2nd
2nd
2nd
(TCS SP2; Leica)
1024 x 1024 63x oil-immersion
2x 4x
Adobe Photoshop 7.0.1
in vivo

24



ICR 8 12

(Isomura et al., 2006)
DG
Teflon 0.003

(200 kQ; A-M Systems, Inc.)

DG (A: -2.54 mm, L( ): 1.80 mm, V: 1.9 mm)
Lambda
3 5
MCAO Sham
MCAO Sham 1
2 3 1

(MEG-6108 multichannel amplifier, Nihon
Kohden) PowerLab ML870 (AD Instruments) Chart
version 5.2 (AD Instruments) (Dell)
Sampling rate 1kHz 0.5-Hz
300-Hz

GABA active modulator

Diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-

25



benzodiazepin-2-one, Sigma) (10mg/kg, 10% dimethyl sulfoxide (DMSO; Sigma),

40% propylene glycol (Sigma), 50%DDW) MCAO 1
2 4 MCAO
Running Wheel

(MCAO-Ipsilateral
(#1-4), MCAO-Contralateral (#1-4), Sham-Ipsilateral (#1-4), MCAO
(Diazepam)-Ipsilateral (#1-4), and Run (#1-4))
“Neurolmaging-platform”

URL:http://nimg.neuroinf.jp/modules/xoonips/itemselect.php?op=itemtypesearch

&search_itemtype=xnpdata

Matlab (MathWorks)
1 ce

7T 7 ”Power
Spectrum Density”  Welch’s method (6 50%
Overlap a=2.5 Kaiser window )

MCAO
Running Wheel ”Auto correlations ”? MCAO
Running Wheel n=4

Auto correlations

26



Spectrum
Wavelet Wavelet Matlab Wavelet Toolbox complex

Morlet wavelet bandwidth parameter f;=1, Center frequency parameter fc=1

Wavelet Scale  0.5-Hz
0.5Hz 20 Hz Wavelet
’short time period” power
[ ]  (short time power of the bin) = (1/T) x Z; [amplitude(t) — (mean

amplitude in the bin)]*
T, t T= the number of time points in the bin t= the time point

1 kHz  Sampling rate

T=1000 time bin 1
0.5 (0-1s,0.5-1.5s, 1-2s, ..., 3598.5-3599.5 s, 3599-3600
s) 1 3600 7199
short-time powers short time power

Histogram
short-time power € <

short-time power “hyper activity“*“

hyper activity

27



hyper activity
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Electrode
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Neurolmagening Platform
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12Hz
GHz
1Hz

Wavelet

Wavelet
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Hyper activity BT SA/aiRiEh' e N<BLREL TOB DRI
*“(Short time power of bin)”
=1/T x ( 2 tfamplitude(t) — (mean amplitude in the bin)]"2

EEF: T: Time pomtsDET/bin || EEFSF:1 bn = 1 sec. 1kHz Tiim=T=1000
t : Time point (=1secm —2UF . 1000{E D digital7 —2DEE L)
_ ElbinZ0.5:F DB THREND A,
1 bin 0-1s, 0.5-1.55.,.,3590-3600sH 7100,

WA = &time point TO1IbnFHZEFF N
AIRINF—DRESELTON
ISTEtRE T,

lsec

H\'DEI' activitv® Eﬁ *1 =Pre recordingz —3¢D Short tune power of bin

“Hyper Activity” (LEB T T —2 D # Htime pointT)
Short time power of bin(t) = (mean of *1) + 5 x (*1 DIVAEFRE)

Hyper activity

Hyper activity
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1.3

131
MCAO
MCAO
Wavelet Power spectrum Density
Wavelet 4 12Hz
Power Spectrum Density
MCAO
MCAO

4-12 Hz MCAO Ipsi vs Sham and MCAO Ipsi vs Contra (Day1: P=0.06
P=0.47, Day2: P=0.001, P=0.02, Day3: P=0.004, P=0.005, Student’s t-test for unpaired

samples) MCAO
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Running 4-12Hz

MCAO
MCAO hyper activity 1
hyper activity
Diazepam
MCAO hyper activity
MCAO hyper activtity Diazepam
hyper activity
MCAO hyper activity Diazepam
hyper activity MCAO
Wavelet Power spectrum Density Diazepam
Wavelet
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MCAO Diazepam
Power
Spectrum Density MCAO

Diazepan
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A, B, MCAO 3 Short-time power

5 C,D, MCAO 3
5
MCAO hyper activity hyper activity
Diazepam EF 1 hyper activity
MCAO hyper activity n=4 each, *p<0.05,

Student’s t-test for unpaired samples
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1.3.2

MCAO DG DG
MCAO
in vivo
MCAO 3 BrdU
BrdU
MCAO MCAO 3
BrdU BrdU
BrdU 24 24
BrdU BrdU
BrdU
BrdU 24
MCAO NestinP-GFP/GFAP BrdU
NestinP-GFP/PSA-NCAM
BrdU
BrdU 4 BrdU BrdU
MCAO
BrdU
BrdU
BrdU MCAO 3
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MCAO

(Fukuda et al., 2003)

MCAO 3
4
1.3.2 Diazepam MCAO
MCAO Diazepam MCAO
MCAO

Diazepam

MCAO
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4

A

MCAQ Brdl
# F
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Dav3 Dayd

Fix
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Dayl DayT
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B0 -
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S}
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B Total
BW0F #*
L] am
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= 200U F wean Cont
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= 1500
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o L
T 1000 | ’
-
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W
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15000 [

T0HE =

H

Number of Brdl'+ NF

Group A Gironp B

-

NestinP-GFP

PSA-NCAM
MCAO
B, MCAO BrdU MCAO 4
BrdU 7 C,Db,
BrdU (Neural Stem Cell: NSC)
7 (Neural Progenitor Cell : NPC)

Scale Bar: 20 pm (C); 30 um (D)

+

n=5 each, *p <0.05, **p <0.01, Student’s t-test for unpaired samples.
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A, MCAO

4

The branching poini of NSC

Contralateral

[Xav4 sham

Mestin-GEF

Ipsilateral

48

E
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g 10}
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5 F

G Sham MCAOQ

MCAO
DG  NestinP-GFP MCAO

(Ipsilateral)



DG

B,C, MCAO

)

Scale Bar: 75 pum (A); 20 um (B)

(n=5 each, **p <0.01, Student’s t-test for unpaired samples)
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O Sham+/eh
L CSham+Dia
e R EMCAO+Veh
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T)Iarepam Iﬂ
Neural Neural
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MCAO=Diazepam
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A, B,C, MCAO Diazepam
(n=5 each, *p <0.05, Student’s t-test for unpaired samples)
+ NestinP-GFP, GFAP,
anti-BrdU Scale Bar: 75 pum (C) Neural stem cell

NestinP-GFP+/GFAP+ , Neural progenitor cell NestinP-GFP-+/GFAP-
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1.4

Koketsu et al., 2006)

al., 2007)
bFGF bFGF
GABA-A
Diazepam

(Jinetal., 2001;

(bFGF VEGF )

(Yoshimura et al., 2001; Sun et al., 2003; Wang et

( )

active potentiator Diazepam

51



Diazepam

(Huttmann et al.,

2003; Deisseroth et al., 2004; Bruel-Jungerman et al., 2006; Kokaia, 2011)

MCAO
Diazepam Diazepam
Diazepam Binding Inhibitor (DBI)
Diazepam
DBI
Benzodiazepine GABA-A
(Guidotti et al., 1983) DBI
(Yanase et al., 2002)
DBI
Diazepam
DBI

52



Wavelet Power

spectrum 4-12Hz

(Buzsaki et al., 1991; Bragin et
al., 2009; Engel et al., 2009)

(Vanderwolf, 1969; Lee et al., 1994; Buzsaki, 2002)

(Niv et
al., 2012)
(Parent et al., 1997; Scharfman et

al., 2000)
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Diazepam



A : bFGF (control)

Merge

Mestin hFGFR

bFGF bFEGE-R

SD- (8 )
anti-Nestin, anti-GFAP  anti-bFGF anti-bFGFR
bFGF bFGFR
Nestin+/GFAP+
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2.1

dentate gyrus : DG

(Altman & Das, 1965; 1967; Kaplan & Hinds, 1977; Lois & Alvarez-Buylla,
1994; Eriksson et al., 1998; Kornack & Rakic, 1999; van Praag et al., 2002; Abrous et

al., 2005; Aimone et al., 2006; Toni et al., 2007)

(Gould et al.,

1999; van Praag et al., 1999; Trejo et al., 2001; Kronenberg et al., 2006; Pereira et al.,

2007) (Liu et al., 1998; Jin et al., 2001; Yoshimura et al., 2001; Sun et

al., 2005; Koketsu et al., 2006; Kee et al., 2007) (Parent et al., 1997)

(Seri et al., 2001; Filippov et al.,

2003; Fukuda et al., 2003; Kempermann et al., 2004)

(Fukuda et al., 2003; Tozuka et al., 2005)

(Cameron et al., 1995; Deisseroth et al.,

2004; Tozuka et al., 2005; Bruel-Jungerman et al., 2006; Chun et al., 2006)
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Y -aminobutyric acid (GABA)

(Cameron et al., 1995; Santarelli et al., 2003; Tozuka et al., 2005; Itou et al.,

2011)
NMDA , AMPA Glycine GABA
(Tozuka et
al., 2005) GABA
NMDA AMPA
(Tozuka et al., 2005)
G Calcium Store
(Okubo
et al., 2010)

metabotropic glutamate receptor: mGluR

Calcium store
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(Swanson et

al., 2005; Kullmann, 2007)

Group 1 mGluR1, 5 G Calcium Store
Group II

Group I mGluRs

Group | mGluR1 mGIluR5
mGluR1
mGluR5
mGIuRS in situ hybridaization
mGIuRS5
mGIuRS5
mGIluRS5
mGIluRS5
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2.2

o
ICR NestinP-GFP
(Tozuka et al., 2005) 6 14 ICR
8 12
24 +1°C 12 8
8

““Experimentation protocols

approved by the Animal Care and Use Committee of the University of Tokyo””

® insitu hybridization

(Sasaki et al.,

2008) mGIuR5 cDNA FANTOM clone set AK032422
RIKEN FANTOM cDNA clones RIKEN GSC the Genome
Exploration Research Group clone

(Sasaki et al., 2008)
Digoxigenin (DIG) antisense sense riboprobe

DIG RNA labeling kit (Boehringer Mannheim)
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NestinP—GFP PBS
4% PFA 4 °C
4% PFA 4°C
15% 30% (PBS) 1
in situ hybridization

20-pm (Leica)

1 pg/ml proteinase K 7.5

mGIluR5 riboprobe Hybridizations 50% formamide, 5X
SSC, 500 pg/ml Heparin 200 pg/ml yeast tRNA 55°C

Hybridization 50 °C  2X SSC
0.2X SSC mGIuR5 RNA GFP

alkaline phosphatase-conjugated anti-DIG F (ab’), antibody anti-GFP

antibody GFP biotinylated
secondary antibody TSA Fluorescence systems Tyramide
signal amplification (NEL701A; Perkin Elmer) mGluR5

HNPP Fluorescent Detection set (Roche Diagnostics)
mGIluRS5 GFP
(TCS SP2; Leica)
1024 x 1024 63x

oil-immersion 2x 4x
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Adobe

Photoshop 7.0.1

(Tozuka et al., 2005; Ide et al., 2008) NestinP—-GFP

4% PFA/0.4% glutaraldehyde in 0.1 M phosphate buffer (PB)

4% PFA 4 Vibratome
50-um 4°C 0.02%
sodium azide PBS 20% normal donkey serum
(NDS) PBS/0.02% sodium azide anti-GFP
(1:2000, rat IgG, Nakarai Tesque) biotinylated
anti-rat IgG (1:500, Chemicon) ABC reagent kit (Vector)
0.005% H,0, 3,3'-diaminobenzidine tetrahydrochloride
(DAB, Nacalai Tesque) 10 15
1% osmium tetroxide (OsOy) PB 1%
40 50%, 70%, 90%, 95%, 100%
Luveak 812
(70 nm)
Formvar-coated copper grids (H7600,

Hitachi)
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ICR 8 12
(Okada et al., 2003; Imura et al., 2005; Tozuka
etal., 2005; Itou et al., 2011) Ketamine (50 mg/kg, ), Xylazine (5
mg/kg, ) Atropine (0.01 mg/kg )
Standard artificial cerebrospinal fluid (ACSF) (in mM:
125 NaCl, 2.5 KCl, 2 CaCl,, 1.3MgCl,, 1.25 NaH,PO,4, 0.4L-ascorbic acid, 25
NaHCO;, and 12.5 d-glucose) 400 uM
Sulforhodamine 101 (SR101; Wako Pure Chemical Industries, Osaka, Japan)
Nanoject-II (Drummond Scientific Company, PA)
(69.0 nl 44 A -0.22 mm, L
#+1.0 mm, V -2.4 mm)
Oregon Green 488 BAPTA-1, AM (OGB-1; Invitrogen, CA)
Nanoject-II
OGB-1 (10 mM OGB-1 4%  20% pluronic F-127 96%  Dimethyl
Sulfoxide) (69.0 nl 4 A
—1.5mm, L+ 0.5 mm, V-2.0 mm, A-23 mm, L=+ 1.5mm, V-1.5mm) SRI01

OGB-1 37°C 150
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DTK-1000 vibratome (Dosaka) 400 pum
37 °C standard p-ACSF (125 mM NaCl, 2.5 mM KCI, 2 mM
CaCl,, 1.3 mM MgCl,, 1.25 mM NaH,PO4, 0.4 mM L-ascorbic acid, 25 mM
NaHCOs, and 12.5 mM d-glucose) 30
OGB-1 SR101

488 568 nm
CCD camera (HiSCA; Hamamatsu Photonics, Hamamatsu, Japan)
Nipkow disk type Confocal Laser-Scanning unit (CSU-21; Yokogawa, Tokyo,
Japan) Argon/Krypton laser (Model 643-YOKO-A02; Melles Griot, Carlsbad,
CA), AQUACOSMOS

imaging interface system (Hamamatsu Photonics)

(Okada et al., 2003; Imura et al., 2005; Tozuka et al.,

2005; Itou et al., 2011) DG SR101

PV820 pneumatic

pico-pump (World Precision Instruments, Inc.)

2 4 psi (Itou
et al., 2011). Glutamate (1 mM; L-Glutamic
Acid, Wako), mGIuR5 CHPG

(10mM; (RS)-2-Chloro-5-hydroxyphenylglycine, TOCRIS)
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G Gq

2APB (100uM; 2-Aminoethyldiphenylborinate, Sigma-Aldrich)

p-ACSF
NestinP-GFP
400 um
SR101 OGB-1
p-ACSF
40 pA 100Hz 10
SHz 2 10 3
2 4%PFA 15% 30%
sucrose (in PBS) DTK-1000 vibratome
(Dosaka) 50 pum re-section
c-Fos 3
3 re-section
9 GFP GFAP
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NestinP-GFP GFAP

re-section
1 20 180
c-Fos
0-255 TCS, SP2; Leica mGluR5
mGIuR5
MPEP (10 uM; 2-methyl-6-(phenylethynyl) pyridine, Sigma)
(Tozuka et al., 2005)
9
NestinP-GFP
4 modified

Gey’s balanced salt solution (mGBSS; CaCl,: 1.5 mM, KCI: 4.9 mM, KH,PO4: 0.2
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mM, MgCly: 11 mM, MgSOy4: 0.3 mM, NaCl: 130 mM, NaH,COs: 2.7 mM,

NaH,POg4: 0.8 mM, NaHEPES: 22 mM, Glucose: 5 mM, pH: 7.34)

DTK-1000 vibratome (Dosaka)

400 pm

Millicell-CM culture inserts (Millipore, Bedford,

MA) medium 25% Hank’s balanced salt

solution, 25% normal horse serum, and 50% DMEM supplemented with 1.32%

glucose Vascular endothelial growth factor (VEGF)

(30 ng/ml; Nacalai tesque, Kyoto, Japan)

trays 32°C 9
VEGF VEGF
4%PFA
Sucrose (PBS)
50 um re-section
mGBSS

68

6-well culture

15% 30%
DTK-1000 vibratome (Dosaka)

re-section

2

p-ACSF



mGluRS5 MPEP (10 uM), G-protein
Gg-mediated calcium signal 2APB (100 uM) BDNF

TrkB-Fc (1 pg/mL, R&D systems, Inc.) mGBSS

(Fukuda et al., 2003; Tozuka et al., 2005; Koketsu et al., 2006;

Ttou et al., 2011)

mGIluR5 c-Fos
TBS 10 3 0.1 % Triton X-100
10% NGS (normal goat serum, Sigma) (mGIluR5 ) 3%
NDS(normal donkey serum, Sigma) (c-Fos ) TBS 90
Ist (anti-GFP anti-GFAP  anti-mGluR5
anti-c-Fos) 4 24
TBS 10 3 2nd
2 TBS 10 3

ImmuMount (Shandon, Pittsburgh, PA)

(TCS SP2; Leica)
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1024 x 1024
2x 4x
Ki67
Ki67
PBS 10

X-100 3 % NGS
(anti-Ki67 anti-GFP

48

3

(Shandon, Pittsburgh, PA)

SP2; Leica)

Ki67

63x oil-immersion

Adobe Photoshop 7.0.1

3
PBS 90
anti-GFAP)
PBS 10
2
Ki67

70

Ki67

0.3 % Triton
Ist
4
2nd
PBS 10
ImmuMount

(TCS



Ki67

Ki67 Gl M

BrdU

BrdU
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2nd

1st

Anti-GFP Molecular Probes rabbit IgG 1:250
Nakalai Tesque mouse IgG 1:500
Nakalai Tesque rat IgG 1:500
Anti-GFAP Sigma mouse IgG 1:200
Anti-Ki67 Novocastra rabbit IgG 1:500
Anti-mGluRS5 Neuromics rabbit IgG 1:2500
Anti-c-Fos Santa Cruz Biotechnology goat IgG 1:200

2nd ( Anti-X
Alexa 488 Molecular Probes anti-rabbit IgG, 1:1000
Molecular Probes anti-mouse IgG 1:1000
Molecular Probes anti-rat IgG 1:1000
Rhodamine Jackson ImmunoResearch anti-rat IgG 1:200
Jackson ImmunoResearch | anti-mouse IgG 1:200
Jackson ImmunoResearch | anti-goat IgG 1:200
Chemicon anti-rabbit IgG 1:200
Cy5 Jackson ImmunoResearch | anti-mouse IgG 1:200
Jackson ImmunoResearch | anti-rabbit IgG 1:200

72




® c-Fos Ki67

(product code MO-120-MC-BK, Zebra Co. Ltd.)

2nd

2nd 2nd

2nd

(TCS SP2; Leica)
1024 x 1024 63x oil-immersion
2x 4x

Adobe Photoshop 7.0.1
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® CDPPB BrdU

NestinP-GFP 8 12 Allosteric
positive mGIluR5 modulator CDPPB
(3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide, Calbiochem) dimethyl
sulfoxide (DMSO; Sigma) 3 1

10 10 mg/kg

DMSO
3 CDPPB
BrdU (100 mg/kg  5-bromo-2-deoxyuridine, Wako)
24 BrdU 28
BrdU
PBS 4%
PFA 4%PFA 4
4 15% 30% Sucrose in PBS
(Micron)
40-pm
® MCAO MPEP BrdU
NestinP-GFP 8 12
45 MCAO mGluR5
MPEP 1mg/kg/day in saline 2
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(Alzet)
BrdU (100 mg/kg 5-bromo-2-deoxyuridine, Wako)

MCAO 3 24 BrdU

PBS 4% PFA
4%PFA 4 4
15% 30% Sucrose in PBS

(Micron) 40-pum

® BrdU

(Fukuda et al., 2003; Tozuka et al., 2005;

Koketsu et al., 2006; Itou et al., 2011)

TBS 10 3 M 37 30
0.1M (pH8.4) 10
TBS 10 0.1 % triton X-100
3 %NGS TBS 60 Ist
(anti-GFP, anti-BrdU anti-GFAP(24 )
anti-NeuN(BrdU 28 ) 4
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24 TBS 10 3 2nd
2 TBS 10
3
ImmuMount (Shandon, Pittsburgh, PA)
(TCS SP2; Leica)
1st 2nd
1st
Anti-GFP Molecular Probes rabbit IgG 1:250
Anti-GFAP Sigma mouse IgG 1:200
Anti-BrdU Oxford Biotechnology rat IgG 1:200
Anti-NeuN Molecular Probes mouse IgG 1:1000
2nd ( Anti-X
Alexa 488 Molecular Probes anti-rabbit IgG, 1:1000
anti-mouse IgG 1:1000
Rhodamine Jackson ImmunoResearch anti-rat IgG 1:200
Cy5 Jackson ImmunoResearch | anti-mouse IgG 1:200
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BrdU

12 4

BrdU 12

(Fukuda et al., 2003; Tozuka et al., 2005; Koketsu et al., 2006; Itou et al., 2011)

(product code

MO-120-MC-BK, Zebra Co. Ltd.)

2nd

2nd

2nd

2nd

a4



2x

1024 x 1024

4x

(TCS SP2; Leica)

63x oil-immersion

Adobe Photoshop 7.0.1

78



2.3

2.3.1 mGIuR5

mGIluRS mRNA

NestinP-GFP

2005; Itou et al., 2011)

al.,2011) mGIuR5 mRNA

mGIluR5

mGIuRS in situ hybridization

DG

(Fukuda et al., 2003; Tozuka et al.,

mGIuRS5 mRNA

(Fukuda et al., 2003; Tozuka et al., 2005; Itou et

mGluR5

mGIluRS  mRNA

Neurotransmitter
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Nestin-GFP mGluRS
(RNA)

mGluRS

-0.85 um -1.70 um

MGIUR5 mRNA (in situ hybridization)
mGIluR5 RNA DG NestinP-GFP
( ). NestinP-GFP
mGIuR5

NestinP-GFP
NestinP-GFP
mGIluR5

anti-GFP : antisense-mGluR S5 probe in situ hybridization
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Z 4 NestinP-GFP
sense-probe in situ hybridization
mGIluR5 (data not shown)

Scale Bar = 10 um ( ), 5 um ( )
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Hilus

B
mGIuR5
A, mGluR5 B,
mGIluR5
anti-GFP : anti-mGluRS5 anti-GFAP

Scale Bar = 10 pum(A ), 3 um(A ), 5 um(B)

( ML: Molecular Layer, GCL: Granule cell Layer, SGZ: Subgranular Zone)
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Radial
process

NestinP-GFP

(Ide et al., 2008)

Inner molecular layer Radial Process (
) (Ter: excitatory axonal terminals, Sp: spines)(
) Scale Bar: 200 nm
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2.3.2 mGIuR5

mGluRS

mGIluR5

mGIluR5

mGIluR5

mGluRS

2APB

2.3.3

mGluRS

CHPG

Gq-IP3

mGluRS

DG

84

Glutamate



c-Fos

(Okubo et al., 2010)

mGluR5 c-Fos mGluR5

c-Fos

mGlIuRS MPEP MPEP

mGluRS
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Ki67

VEGF
9
mGIuRS
MPEP mGIuR5 G Gq
2APB
mGIuRS

Brain Derived Neurotrophic Factor(BDNF)

BDNF TrkB-Fc
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TrkB-Fc

mGIluR5
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Number of cells
¥ £ 2 2 3 B

T ']
= =

80 80
® Control "o M Stimulation ol Stimulation+MPEP
= 60 = 60
E E
o 50 o S0
= =
= 40 = 40
2 2
g 30 E
= =
7z 20 Z. 20
10 10
0 0
80 160 240 0 80 160 240 0 80 160 240
c-Fos intensity c-Fos intensity c-Fos intensity
c-Fos
DG 2
c-Fos
intensity intensity
mGluR5 MPEP
mGluR5

n=180 cells (from 9 slices) per group
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NestinP-GFP/GFAP/Ki67 C,
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mGIuR5
MPEP G-protein Gq-1P; 2APB

(each group; n=5) E, BDNF TrkB-Fc BDNF

(n=5 each, **p<0.01, Student’s t-test for unpaired samples)

+ Scale Bar = 75 pm (A) or 20 um (B).
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2.3.4. mGIuR5

in vivo
in vivo 24
in vivo in vivo mGluR5
Allosteric positive mGIluRS modulator CDPPB  in vivo mGIuRS5
mGluR5
CDPPB in vivo
BrdU 24
BrdU NestinP-GFP/GFAP
in vivo mGIuR5
BrdU
28 BrdU
28

(Fukuda et al., 2003) mGIuR5

NeuN (Takatsuki et al., 2005)
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DG

BrdU

BrdU

in vivo

NeuN

mGlIuRS

92

NeuN

mGluRS



CDPPB

o

Selective positive allosteric
madulator of mGluRS

B

NestinGFP

Merge

&

MGIuR5

Brdl

Id 2d  3d Jllh:i

god

| 1
| |
f% Sucrifice Sacrifice
(Stem cells)  (New neurons)

CDFPPE

o

ERE

:

400

200

Proliferation of Stem cells
Brdl'+ Stem cells / DG

Vehicle CDPPB

=1

G -

S00

- 4001

£ 300

Number of new neurons
Brdl'+MNeuMN-+cells / DG

Vehicle CDPPB

A, CDPPB

mGIuRS

positive allosteric modulator
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B,C, Day3 BrdU (each group: n=5)
D-F, Day30 BrdU /NeuN (each group: n=6)
BrdU+/NeuN+ X-Z cross-section Y-Z cross section
+
Scale Bar = 10 um (B) and 20 um (F).  ***p<0.001, Student’s t-test for unpaired

samples
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2.3.5 mGIuR5

mGIluR5

mGluRS MPEP

MCAO

sham vehicle
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MCAO

mGIluR5

MCAO

BrdU

MCAO

mGIluR5

MPEP

MCAO

MPEP



A

J‘D
L WA Brdl
MestinP-GFP* mice
r;lﬁmin MOCAD i‘?acriﬁm
-IJaI}'Z ” IJ:L}'HI DnI}l IJ#|1_\'2 [Ju:'_r.i Déllly-t
MPEP/Vehicle
E 300 - e &%
3 g s 1
% % 600
Z 3
=11
£ E 400 |
-
s 3 |
=T 200f I
o = ]
= /= |
= 0
MPEP - + - +
Sham MCAO
mGIuR5 MCAO
A, B, MCAO
mGIluR5 MPEP (n=5 each, **p <0.01,

Student’s t-test for unpaired samples)

+
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2.4

in situ hybridization mGluR5

mGIluR5

mGIluR5

(Okubo

et al., 2010)

(Tozuka et al., 2005; Itou et al., 2011)

mGIluR5

MPEP
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in vivo
mGIuR5
in vivo
CDPPB
mGIuR5

in vivo

mGluR5

in vivo
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MPEP

MPEP

positive allosteric potentiator

MPEP

mGIluR5



mGIluR5

mGIluR5

mGIuRS (D1 Giorgi

Gerevini et al., 2004; Di Giorgi-Gerevini et al., 2005; Melchiorri et al., 2007, Gandhi

et al., 2008) mGluRS

50

(Di Giorgi-Gerevini et al., 2005)

mGIuRS MPEP

mGIluR5

(Liu et al., 1998; Jin et al., 2001; Yoshimura et al., 2001;

Sun et al., 2005; Koketsu et al., 2006; Kee et al., 2007) (Parent et al., 1997)
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(Niv et al., 2012)

(Parent
et al., 1997; Scharfman et al., 2000)
GABA-A Active modulator
Diazepam
mGIluR5
mGIluR5
mGIuRS  allosteric positive modulator CDPPB
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CDPPB

data not shown

CDPPB GluR5

mGIluR5

mGIluR5

mGIluR5

Adenosine Triphosphate(ATP)

(Klaft et al., 2012; Schulz et al., 2012)
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ATP ATP P2Y1

MCAO

mGIluR5
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3.1

(Bragin et al., 1995; Buzsaki, 2002; Buzsaki et al., 2003)
(4~12Hz) 30-100Hz

(Bragin et al., 1995)

(Vanderwolf, 1969; Buzsaki et al., 2003)

1999; Cornwell et al., 2008)

mGluRS

(Gallinat et al., 2006)

104

(Kahana et al.,



CP55940 (Robbe et al., 2006)

CP55940

CP55940

(Buzsaki, 2002)

CP55940 4Hz

CP55940
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100uV

|

250mSec

30-100Hz

(4~12Hz)
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3.2

[ ]
ICR NestinP-GFP g8 14
ICR 8 12
““Experimentation protocols approved by the Animal Care and Use Committee of
the University of Tokyo””
® Running
13.5cm
21.5cm
( )
® BrdU
3
BrdU (100 mg/kg) 24
BrdU BrdU

107



PBS 4% PFA
4
in PBS
(Micron) 40-pm
BrdU

4%PFA

15% 30% Sucrose

(Fukuda et al., 2003; Tozuka et al., 2005; Koketsu et al., 2006; Itou et al., 2011)

TBS 10 3
0.1M
TBS 10
3 %NGS TBS 60
(anti-GFP, anti-BrdU anti-GFAP)
TBS 10
2

(Shandon, Pittsburgh, PA)

SP2; Leica)

108

M 37 30
(pH84) 10
0.1 % triton X-100
Ist
4 24

3 2nd
TBS 10 3
ImmuMount
(TCS



1st 2nd

1st
Anti-GFP Molecular Probes rabbit [gG 1:250
Anti-GFAP Sigma mouse IgG 1:200
Anti-BrdU Oxford Biotechnology rat IgG 1:200

2nd ( ) Anti-X

Alexa 488 Molecular Probes anti-rabbit IgG, 1:1000
Rhodamine Jackson ImmunoResearch anti-rat IgG 1:200
Cy5 Jackson ImmunoResearch | anti-mouse IgG 1:200

® BrdU

(Fukuda et al., 2003; Tozuka et al., 2005; Koketsu et al., 2006; Itou et al., 2011)

(product code

MO-120-MC-BK, Zebra Co. Ltd.)

2nd
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2nd

2nd
2nd
(TCS SP2; Leica)
1024 x 1024 63x oil-immersion
2xX 4x
Adobe Photoshop 7.0.1
® invivo
ICR 8 12

DG
Teflon
0.003 (200 kQ; A-M Systems,
Inc.) DG (A: -2.54 mm,
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L( ): 1.80 mm, V: 1.9 mm)

Lambda

10
(MEG-6108 multichannel amplifie
PowerLab ML870 (AD Instruments)

(AD Instruments) (Dell)

rate 1kHz 0.5-Hz

(2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl)

cyclohexyl]-5-(2-methyloctan-2-yl)phenol0.3mg/kg, SIGMA)

111

10

21.5cm

r, Nihon Kohden)

Chart version 5.2

Sampling

300-Hz

CP55940



CP55940 (0.3mg/kg)
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3.3

CP55940 (Robbe et al., 2006)

CP55940 10

CP55940 (Vehicle )

data not show (Buzsaki, 2002)
CP55940
4Hz
Power Spectrum Density

4-12Hz

CP55940

CP55940
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CP55940

CP55940

CP55940

CP55940
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A, (RUN) (STILL)

CP55940 4-12Hz B,
CP55940 CP55940 2
CP55940
C, 10
power spectrum density ”1” STILL RUN
power spectrum density CP55940
D, CP55940
(10 )

n =4 each (*p <0.05, Student’s t-test for unpaired samples)

+
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>

800
% 5 700}
= 2 600
=
= = 500
3d » S
| S = 400
= E
2 2 300+
=
£ + 200-
e
CP55940  Sacrifice E T 100F
=)
21:00 Wheel + CP55940 - 0
9:00 Wheel removal CP55940 - + - +
Still Run
Cannabinoid CP55940
A, B, Cannabinoid
CP55940 (n =15 each)

(*p <0.05, **p <0.01, Student’s t-test for unpaired samples)

+
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3.4

mGIluR5

(Gallinat et al., 2006)

(Bragin et al., 1995; Buzsaki, 2002)

CP55940
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(Buzsaki et al., 2003)

(Gallinat et al., 2006)
(Wang et al.,

2006)

(Robbe et al., 2006)
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MCAO

Diazepam

Diazepam

MCAO

Vascular
endothelial growth factor (VEGF) basic fibroblast growth factor(bFGF)

(Yoshimura et al., 2001; Sun et al., 2003)
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mGIluR5 in vivo
mGIuRS5
mGIluR5
mGIluR5
mGluR5
mGIuRS5

(Di Giorgi-Gerevini et al., 2005)
mGIluR5
MCAO
mGlIuR5 MPEP
MCAO

mGluR5
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mGIluR5

(Santarelli et al.,
2003; Pieper et al., 2005; Reif et al., 2006; Sahay & Hen, 2007; Verret et al., 2007)
(Kuhn et al., 1996; Kempermann et al., 1998; Cameron

& McKay, 1999)
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Inositol trisphosphate(IP3)

2APB 2-Aminoethyldiphenylborinate

(® {

_ , AMPA

AMPA -amimo-3-hydroxy-5-methyl-4-isoxazolep

ropionic acid
ATP Adenosine-5'-Triphosphate
bFGF basic fibroblast growth factor
bFGFR basic fibroblast growth factor receptor bFGF
BLBP Brain lipid-binding protein
BrdU 5-bromo-2-deoxyuridine
CA cornu ammonis

3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl 5
CDPPB yano- (1,3-diphenyl-1H-py y |

)benzamide Allosteric modulator
CHPG (RS)-2-Chloro-5-hydroxyphenylglycine mGIluR35
Cont Contralateral

2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypr
CP55940 opyl)

cyclohexyl]-5-(2-methyloctan-2-yl)phenol
DAPI 4', 6-diamidino-2-phenylindole DNA

Benzodiazepine

DBI Diazepam Binding Inhibitor GABA-A
DCX Doublecortin
DG Dentate Gyrus
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) 7-chloro-1,3-dihydro-1-methyl-5-phenyl-2 | GABA active
Diazepam _ _
H-1,4-benzodiazepin-2-one modulator
DIG Digoxigenin
DMSO Dimethyl Sulfoxide
DNA Deoxyribonucleic acid
GABA Gamma-aminobutyric acid Y-
GFAP Glial fibrillary acidic protein
GFP Green Fluorescent Protein
) ) ) in situ hybridiation
HNPP Human peripheral myelin protein
IP3 Inositol trisphosphate
Ipsi Ipsilateral
MCAO Middle Cerabral Artery Occlusion
mGIluR Metabotropic glutamate receptor
ML Molecular layer
5
MPEP 2-methyl-6-(phenylethynyl) pyridine
NDS Normal Donkey Serum
NeuN Neuronal Nuclei
NeuroD Neurogenic differentiation
NGS Normal Goat Serum
NMDA N-methyl-D-aspartic acid
NPC Neural Progenitor Cell
NSC Neural Stem Cell
PBS Phosphate buffered saline
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PFA

Paraformaldehyde

Prox1 Prospero-related homeobox 1
Polysialic acid-neural cell adhesion
PSA-NCAM | molecule
SRY (sex determining region
Sox2 Y)-box 2;Transcription factor
TBS Tris-Buffered Saline
in situ
Tyramide Signal Amplification Hybridization
TSA
VEGF Vascular endothelial growth factor
Veh Vehicle
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MGIuR5

A-C, peak fluorescence intensity/basal fluorescence
intensity (F/Fo) DG-Subgranular zone(SGZ)
SR101
OGB-1 B Cell#2
pseudo-color images ©)
glutamate (A) mGluR5 agonist CHPG (B, C).
D, CHPG G Gq-1P3
2APB
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