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Rho GTPase



(PCD)
(Oppenheim,
1991)
PCD
(Pettmann and Henderson, 1998;
Sendtner et al., 2000; Huang and Reichardt, 2001)

(Oppenheim et al., 2001)
PCD
(Homma et al., 1994; Yaginuma et al., 1996)

(Mettling et al., 1995)
GTP Rho RhoA RhoB RhoC

(Hall, 1998; Kaibuchi et al., 1999) Rho
(Kaibuchi et al., 1999; Aznar and Lacal, 2001)
(Luo, 2000) Rho-dependent
serine/threonine protein kinase (Rho-kinase/ROK/ROCK) Rho
ROKa/ROCKII ROKb/ROCKI
(Leung et al., 1995; Ishizaki et al., 1996;

Matsui et al., 1996) Rho-kinase Rho

(Amano et al., 1997; Amano et al., 1998; Hirose et al., 1998)
Rho Rho-kinase

(Barrett et al., 1997; Strutt et al., 1997; Magie et al., 1999;
Winter et al., 2001)

(Winnenberg-Stapleton et al., 1999; Wei et al., 2001)



Rho/Rho-kinase
Rho Rho-kinase
Cre-loxP RhoA
(RhoA DN) Rho-kinase
(Rho-K DN)

redundant compensation

Rho/Rho-kinase

Cre 1.2-kb DNA
pBST-N (Kobayashi et al., 1992) EcoRlI
pCre -
(DBH) 4-kb 5’ -flanking region pCre
pDBH-Cre (CMV)
(0.9-kb) B-
pCMV-int loxP
(CAT)
(PA) (Sasaoka et al.,
1992) pCMV-CAT-PA 2 loxP PA
Clal 0.6-kb RhoA
(RhoA™) (Amano et al., 1998) 1.4-kb Rho-
kinase (RB/PH(TT)) (Amano et al., 1998)
pCMV-CAT-PA Clal pCMV-CAT-RhoA
DN pCMV-CAT-Rho-K DN

DNA



[3_

(CAG)/loxP/CAT/IoxP/3- (B-gal)
CAG-CAT-z (Araki et al.,
1995) DBH-Cre
CAG-CAT-Z
X-gal Cre-loxP
DBH-Cre/6-8 C )
CAT-RhoA DN CAT-Rho-K DN
CAT
CAT

CAT-RhoA DN/4-18 CAT-Rho-K DN/3-1
DBH-Cre/6-8 CAT-RhoA DN/4-18 CAT-
Rho-K DN/3-1

DNA
PCR PCR 1ng 94
5 -94 20 58 30 72 2 30 -72 5 -4
DBH-Cre
5 -ACCAGCCAGCTATCAACTCG-3 S’ -TTACATTGGTCC
-AGCCACC-3 CAG-CAT-Z
5'-GCGTTACCCAACTTAATCG-3 5 -
TGTGAGCGAGTAACAACC-3 CAT-RhoA DN
5'-ACTCATCTCAGAAGAGGATCTG-3’
5'-TCACAAGACAAGGCAACCAGATT-3 CAT-Rho-K DN
5-ACTCATCTCAGAAGAGGA
-TCTG-3 5 -TTCATTCAGTTCTTTCTGATATTTG-3

X-gal
0.01M PBS
4% 4 10%
/0.01M PBS 4 20% /0.01M
PBS 4 OCT (Tissue-Tek)



(Leica, CM1900) 20 nm
X-gal (2 mg/ml 4-chloro-5-
bromo-3-indolyl-f-galactoside, 5 mM K;Fe(CN);, 5 mM K,Fe(CN)g, 2 mM
MgCl,, 0.01% sodium deoxycholate, 0.02% Nonidet P-40/PBS)

37 0.01IMPBS 10 70%
10 0.01M PBS 20
70% 80%
90% 100% 15
10 (MERCK, UN1866)
X-gal 10 mMm
0.01IMPBS 5 2
0.01M 1
15 (Takahashi and Osumi, 2002) TBST (NaCl
8 mg/ml KCI0.2mg/ml Tris 3 mg/ml 0.1% Tween20) 5 3
2% Normal Swine Serum (DAKO X0901)/TBST
30
1 4 Isl1

(39.4D6, Developmental Studies Hybridoma Bank, lowa City, IA, 1:100)
(2H3, Developmental Studies Hybridoma

Bank, lowa City, IA, 1:100) active form of caspase-3 (PharMingen,
San Diego, CA, 1:200) p-gal
(Cappel, West Chester, PA, 1:300) myosin-binding subunit (MBS) of
myosin phosphatase (Kawano et al., 1999, 1:100) MBS
(Upstate Biotechnology, Lake Placid, NY, 1:100) S100 (Dako,
Glostrup, Denmark, 1:200) TBST 5 3
2 1 2

FITC-conjugated goat anti-rabbit IgG Cy3-conjugated goat
anti-rabbit 1gG Cy3-conjugated donkey anti-mouse IgG (Jackson

ImmunoResearch Laboratories, West Groove, PA, 1:500) TBST
5 3 (VECTOR H-1000)
(Leica DMRE HC) (Zeiss
LSM510) CCD (Zeiss) Axiovision

(Matsushita



et al., 2002) Isl1 MBS MBS

CCD
Simple PCI software (Complix Inc., Cranberry Township, PA, USA)

PCR (RT-PCR)

ISOGEN (Nippon Gene, Toyama, Japan)

total RNA total
RNA 1 ng oligo dT (GIBCO 18418-012) 1 ml Diethyl
Pyrocarbonate (DEPC) 10 ni ( 1) 70 10
1 10X PCR 2m 25mM MgCL, 2m 10 mM
dNTP 1m 0.IMDTT 2m 42 5 Molony
murine leukemia virus reverse transcriptase (Promega, Madison, WI) 1
m 42 50 - 12 15 - 4
RibonucleaseH (GIBCO 18021-071) 1ni 37 30
1 cDNA PCR PCR
1 cDNA 1.5nm 94 4 5,94 20 55 30 72 1
35 -72 5 >4 CAT
5'-CAGTCAGTTGCTCAATGTACC-3’ 5-
ACTGGTGAAACTCACCCA-3 RhoA DN

Rho-K DN "

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL )

TUNEL (Takahashi
and Osumi, 2002) PBT (0.1% Tween 20/PBS) 5
2 " " PBT
5 3 TdT (
32 mg/ml 25 mM Tris-HCI (pH 6.6) BSA 0.024 mg/ml 0.2% Tween20
1.5mM CoCl,) 5 TdT (TdT

1 ml terminal deoxynucleotidyl transferase (TdT) (Roche
Diagnostics, Mannheim, Germany) 4.8 ml  biotin-14-dATP (GIBCO

19524-016) 1.25 ) 37 1 TBST 10
3 2% Normal Swine Serum/TBST 30
Isl1 (1:100) + streptoavidin-Oregon Green 488



conjugates (Molecular Probes, Eugene, OR) (1:100) /

2 TBST

5 3

Cy3-conjugated donkey anti-mouse 1gG (1:300) /

1 TBST

Yaginuma et al. 1996)

(1,1’ -diocadecyl-3,3,3,3 -tetramethylindocarbocyanine
0.1%

(Molecular Probes)

dimethylsulfoxide (DMSO) 9:1

Dil
4%
3
1000) 150 mMm

(forelimb)

5 3

Dil
perchlorate)

(myotome)

(DOSAKA EM CO., LTD DTK-

2% 2% (
)/0.01M PBS 4
7.5% /0.01M PBS 4 10 3 1%
(Merck) 4 2
3 1%
1 10 3
50% 70% 80% 90% 95% 100%
10 QY-1 (n- ) (
EM) 10 EPON (TAAB ) 70
48 EPON
(RMC MT6000) 90 Nnm
(1% 10 ) (JEOL
JEM-1200EX)
RhoA DN Rho-K DN
Rho Rho-kinase
Cre-loxP RhoA DN
Rho-K DN (Gu etal., 1993; Fig. 1A) DBH



Cre
DBH-Cre

(Kapur et al., 1991; Mercer et al., 1991,
Kobayashi et al., 1992) Cre-loxP

DBH-Cre CAG-CAT-Z
(Cre*/Z*
) Cre'/Z* (thoracic)
X-gal (Fig. 1B) 9.5 (E9.5)
E10.5 E11.5
(sympathetic ganglion; SG) (dorsal root ganglion;
DRG)
E10.5
Cre*/Z" thoracic
Isl1 p-gal
(Fig. 1C) Isl1 p-gal
(90-95%, n = 4) DBH
Cre-loxP
CMV loxP CAT
RhoA DN Rho-K DN
(CAT-RhoA
DN CAT-Rho-K DN ) (Fig. 1A)
DBH-Cre
(Cre*/RhoA DN™ Cre*/Rho-K DN* ) Cre-loxP
E10.5 Cre*/RhoA DN* Cre"/Rho-K DN*
total RNA RT-PCR
(Fig. 1D)
Cre”/RhoA DN” Cre”
/Rho-K DN*
Rho/Rho-kinase
(MBS)



(Kawano et al., 1999) Cre*/RhoA DN™ Cre"/Rho-K DN*
Rho/Rho-kinase

E10.5 Cre"/RhoA DN*
Cre*/Rho-K DN* thoracic
Isl1 MBS MBS
Isl1 MBS MBS

(Table 1) MBS

MBS
MBS
Cre"/RhoA DN* 31% (n =4,
p <0.001) Cre*/Rho-K DN* 21% (n=4; p<0.01)

Rho/Rho-kinase

RhoA DN

Cre*/RhoA DN"
E10.5 E12.5 thoracic

Isl1l
Cre*/RhoA DN” Fig. 2A E10.5
Cre*/RhoA DN* Isl1
Cre"/RhoA DN* (upper cervical)
(brachial) (lumbar) Isl1l
upper cervical brachial thoracic lumbar Isl1l
(Fig. 2B) Cre*/RhoA DN* Isl1
upper cervical 56% brachial
51% thoracic 48% lumbar 42% E12.5 thoracic
Isl1 (somatic motor neuron; SM)
(visceral motor neuron; VM)
(Fig. 2A)
Cre*/RhoA DN* (Fig. 2B)
Cre"/RhoA DN* SM  58% VM
65% Cre"/RhoA DN*



E10.5

Cre"/RhoA DN* cervical brachial thoracic lumbar
TUNEL (Fig. 2C) Cre"/RhoA
DN™ TUNEL
TUNEL
Cre*/RhoA DN*
Cre"/RhoA DN*
E10.5 E12.5 Dil
E10.5
Dil forelimb Dil
E12.5 forelimb myotome Dil
E10.5
forelimb forelimb
(Fig. 3A) E125 forelimb
myotome (Fig. 3A) Cre"/RhoA DN*
E12.5
defasciculation (Fig. 3B )
RhoA DN
Rho-K DN

Cre*/Rho-K DN*

Isl1
DN™ Isl1
E12.5 SM VM
4B)
(Fig. 4C

Cre*/RhoA DN*
Cre*/RhoA DN™*

E10.5 E12.5 thoracic
Cre*/Rho-K
E10.5 41%
26% 33% (Fig. 4A) TUNEL
(Fig.
cervical brachial lumbar

defasciculation
) Cre"/RhoA DN* Cre"/Rho-K DN"
Rho-

10



kinase Rho

Cre*/RhoA DN* Cre"/Rho-K DN*
Rho/Rho-kinase
PCD E12.5
E16.5 (Lance-Jones, 1982; Yamamoto and Henderson,
1999)
E9.5 E11.5 Rho-kinase
Rho
Cre"/Rho-K DN"
thoracic Isl1l
TUNEL (Fig. 5A) E9.5
TUNEL
E10.5 E11.5
E10.5 Isl1
20-25% (n=4) TUNEL (Fig. 5A)
caspase-3
Isl1l active form of caspase-3
caspase-3
(Fig. 5B)
(Fig. 5C)
(Fig. 5C)
Cre*/Rho-K DN* PCD
Rho/Rho-kinase PCD

11



E14.5 E16.5 thoracic Isl1

TUNEL (Fig.
6A) E14.5 Cre"/Rho-K DN* TUNEL
E16.5 Cre"/Rho-K DN*
TUNEL
Cre*/Rho-K DN* Isl1
(Fig. 6B) E14.5 E16.5
Isl1 Cre*/Rho-K DN* Isl1
E14.5 0.73+0.02 E16.5 0.68 +
0.01 Cre"/Rho-K DN"

E14.5 E16.5
(p < 0.05, Student’s t test)

limb myotome

(Oppenheim, 1991)

limb
E16.5 Cre*/Rho-K DN*
forelimb -
Cre"/Rho-K DN™ forelimb
(Fig. 7A) E16.5
Cre"/Rho-K DN* thoracic
S100
(Fig. 7B)

Cre*/Rho-K DN*

Rho/Rho-kinase

Rho/Rho-kinase

12



Rho Rho-

kinase Cre-loxP RhoA DN
Rho-K DN RhoA DN
Rho-K DN
RhoA DN
Cre"/Rho-K DN*
PCD PCD

Cre*/Rho-K DN*

Rho-kinase Rho
PCD
Rho/Rho-kinase (E9.5-E11.5)
Dil
(E10.5) limb
myotome
Rho/Rho-kinase
(Oppenheim et al., 2001)
(Milner and Landmesser, 1999; Hanson and Landmesser, 2003)
( )
Rho/Rho-kinase
(sclerotome) limb (limb mesenchyme)
(HGF)
(Ebens et al., 1996) HGF

Rho/Rho-kinase
(Fukata et al., 1999)
HGF
Rho/Rho-kinase
Rho/Rho-kinase

13



(Howe et al., 1998) -
(Frisch and Screaton, 2001)
Rho/Rho-kinase

Cre"/Rho-K DN* PCD
(E14.5-E16.5)
PCD
(Oppenheim, 1991;
Pettmann and Henderson, 1998; Sendtner et al., 2000; Huang and
Reichardt, 2001) Rho nerve growth factor (NGF)

(Yamashita et al., 1999) Rho NGF neurotrophin-3
brain-derived neurotrophic factor
(Ozdinler and Erzurumlu, 2001)
PCD Rho/Rho-kinase
(Ericson et

al., 1997) Cre'/Z* (Fig. 1B)

Cre-loxP
Cre"/Rho-K DN~
Rho/Rho-kinase
neuroblastoma Rho/Rho-kinase

(Amano et al., 1998; Hirose et al., 1998; Luo, 2000)

Rho/Rho-
kinase

limb (Goulding, 1998; Lin et al.,
1998; Shirasaki and Paff, 2002)

14



DBH

Cre-loxP
DRG (Fig.
SG DRG
Cre*/Rho-K DN*
SG DRG
(data not shown)

GTP Ras

(Klesse and Parada, 1998; Mazzoni et al., 1999; York et al.,

SG
1B)
Rho/Rho-kinase
Rapl
2000)
DBH
Cre-loxP
kinase
Rho

Werner Mdller

Cre-loxP
Rho/Rho-

Rho-kinase

CAG-CAT-Z
Cre recombinase
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Table1l. MBS

( )
MBS MBS

RhoA DN

1.00 + 0.05 (525) 1.00 + 0.01 (466)
Cre"/RhoA DN* 0.98 + 0.05 (480) 0.69 + 0.03** (472)
Rho-K DN

1.00 + 0.05 (486) 1.00 + 0.01 (476)
Cre"/Rho-K DN* 1.00 + 0.07 (511) 0.79 + 0.07* (487)
E10.5 thoracic

Isl1 MBS MBS
Isl1 MBS MBS
+ SEM (n =4) Student’s t test:

*p<0.01 **p<0.001
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Figure Legends

Figure 1. Cre-loxP RhoA DN Rho-K DN (A)
DBH-Cre CAT-RhoA DN

CAT-Rho-K DN

(Cre*/RhoA DN* Cre"/Rho-K DNY)

Cre-loxP CAT
PA,
(B) Cre-loxP DBH-Cre
CAG-CAT-Z
(Cre*/Z" ) E9.5-E11.5 Cre'/Z*
thoracic X-gal
C )
C ) (SG)
(DRG) Scale bar, 50 mm (C)
Cre-loxP E10.5 Cre'/Z"
thoracic Isl1 p-gal
Isl1 p-gal
4 Isl1 p-gal
Isl1 p-gal
Scale bar, 50 mm (D) RhoA DN Rho-K DN
E10.5 Cre"/RhoA DN* Cre”/RhoA DN”
Cre"/Rho-K DN* Cre /Rho-K DN* total RNA
RT-PCR CAT
RhoA DN Rho-K DN 390bp 617bp 482
bp
Figure 2. Cre"/RhoA DN* (A)
Isl1l E10.5 E12.5 thoracic
Isl1l SM,
; VM, Scale bar, 50 mm (B)
E10.5 upper cervical brachial thoracic lumbar
Isl1 E12.5 thoracic
SM VM + SEM (n =4) Student’st test:
“p<0.05 “p<0.01 “p<0.001 (C) TUNEL E10.5 upper
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cervical brachial thoracic lumbar TUNEL
Scale bar, 50 nm

Figure 3. Cre*/RhoA DN*
E10.5 Dil
brachial
forelimb E12.5
Dil forelimb myotome
(A) Cre*/RhoA DN*
(B)

Scale bar, 500 nm

Figure 4. Cre'/Rho-K DN*

(A) E10.5 E12.5 thoracic Isl1
+SEM (n=4) Student’st test: ‘p < 0.05
“p<0.01 ““p<0.001 (B) TUNEL E10.5 thoracic
TUNEL Scale bar, 50 mm (C)
E12.5 Dil

forelimb myotome

Scale bar,
500 mm
Figure 5. Cre"/Rho-K DN*
(A)
Cre*/Rho-K DN" thoracic Isll1
TUNEL E10.5
TUNEL ( ) Scale bar, 25 nm (B)
caspase-3 E10.5 Cre"/Rho-K
DN* thoracic Isl1 active

form of caspase-3
caspase-3
( ) Scale bar, 10 nm (C)
E10.5 Cre"/Rho-K DN* thoracic
Cre"/Rho-K DN"
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Cre*/Rho-K DN™*

( ) Scale bar, 2 mm

Figure 6. Cre"/Rho-K DN*
(A) Isl1 TUNEL E14.5 E16.5
thoracic Isl1l TUNEL
TUNEL Scale bar, 50 mm (B)

+SEM (n=4) Student’sttest: ' p<0.01 “p<0.001

Figure 7. Cre'/Rho-K DN*

(A) - (HE) E16.5
Cre*/Rho-K DN* forelimb
HE 25
B, Scale bar, 200 mm (B) S100
E16.5
Cre"/Rho-K DN” thoracic
S100
( ) Scale bar,
50 mm
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