
















   

    

 





    

 
 
 
 







 
 

 

 

 

 

  

   

    

    

    

    

   

   

   

  

 

 

 

 

 

 

 

 

 

 







  

DAN RyR2 N Leu601-

Cys620 Leu590-Cys609 RyR2

Ca2 +  

DAN VT

RyR2 (CaM)

Ca2+ V3599K

 

MI

sham WT-Sham DAN sham DAN WT-Sham-

DAN MI WT-MI DAN MI DAN WT-MI-DAN

4 RyR2V3599K/+ KI V3599K 

Sham (V3599K-Sham) KI MI V3599K-MI 2

12  

WT-MI 40% WT-MI-DAN 73% V3599K-MI

70% WT-MI-DAN V3599K-MI

VT WT-MI Ca2+

RyR2 CaM WT-MI-DAN V3599K-

MI  

RyR2

 

 

  

MI LV

[1-3]  

Ca2+

[4-6]  

RyR2 N 1-620

 2000-2500

RyR2 CaM RyR2

Ca2+ CPVT [7-

21] Gong 3D RyR2

[22] 3D N

[22]  RyR2 CaM RyR2







Ca2+ V3599K [20]

V3599K CPVT R2474S/+

R2474S/V3599K

R2474S/+

CPVT R2474S/V3599K RyR2 CaM

RyR2 Ca2+ CPVT

[20] V3599K

(TAC) RyR2 CaM RyR2 Ca2+

[21] RyR2

CaM RyR2 Ca2+

 

DAN RyR1

MH [23]

DAN RyR1 N Leu 590-Cys 609

N [24,25]  
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[26,27]  DAN CaM RyR2
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CPVT RyR2 Ca2+  [12-21,27 ]  
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DAN SigmaAldrich

      

                                                            

 

NIH 

Publication No. 85-23, revised 1996 



18 C57BL/6N RyR2 V3599K/+KI

2% 100% 0.5-1.0L/min 

MI LAD 

Sham LAD 



 1A WT 4 

 sham operation sham WT-Sham  sham 

operation DAN sham DAN WT-Sham-DAN DAN 20mg/kg/

 MI WT-MI  DAN

MI DAN WT-MI-DAN 

RyR2 CaM RyR2V3599K/+ 2



sham operation KI Sham (V3599K-Sham) (6) 

KI MI V3599K-MI  

DAN 1 12

1A V3599K-MI DAN

20mg/kg/ DAN

V3599K-MI-DAN 1B DAN 2mg/ml 20mg/kg

 

 12 70 mg/kg of body weight, 

30

[21]  

 

 

 7.5MHz Hitachi,UST 5413 F37

Hitachi medical [21]  2-3

1-2 [21]  







 

10% 30 KI

[21] ImageJ macro

Scar area /

20 / ×100 [21]  

 

 

Data Sciences International, St. Paul, MN, USA

[19] 2mg/kg 15

VT 1 [19]  

 
 

70 mg/kg, 

95% O2/ 5% CO2

0.5mg/mL B 0.5mg/mL D 5 mol/L Ca2+

14 MEM  Sigma, St Louis, MO, USA

Ca2+ 50 100 300 600 1mmol/L

95% O2 5% CO2

[21]  

 
   

Ca2+ sham MI LSM-

510, Carl Zeiss [20,21] KI DAN

KI DAN Ca2+

-AM(Molecular Probes, OR, USA) 20

520.8Hz Ca2+

10 Ca2+ Ca2+

SparkMaster

[11] Ca2+ 10mM

[20,21]  

 

 







  

-AM Molecular Probes, OR, USA 20

Tyrode 2 28

IonOptix USA

BZ9000, Keyence. Japan Ca2+ 1,2,3,4,5 Hz

Ca2+ [12,20,21]  

 

 

RyR2 Ca2+

[10] DAN Ca2+ DAN RyR2

2,7- DCFH-DA;

ROS [10]

DCFH-DA 15 LSM-

510, Carl Zeiss WT-Sham  

 

   

4% 5 PBS wash 0.5 TritonX-

100 1 BSA 20 [15,18,20,21] 1

BSA 0.5 TritonX-100 Anti-CAM EP799Y, Abcam Anti-RyR 

Sigma-Aldrich, C3-33 Alexa488-conjugated goat 

anti-rabbit Molecular Probes Alexa633-conjugated goat anti-mouse Molecular Probes

2 PBS 3 Anti-CaM 

Alexa488; Anti-RyR Alexa633; LP 650 

BP 505-530nm 633nm 488nm 

Alexa Fluor 633 

 Alexa Fluor 488

1 RyR2

 CaM RyR2  

[15,18,20,21]  

 

 





  

CaM RyR2 CaM RyR2

Alexa Fluor 633 Alexa Fluor 488

CaM S1 RyR2 S2

CaM/RyR2

   

HiLyte Fluor 647 AnaSpec Inc. , CA, USA CaM F-CaM

[18,20,21]

internal solution 300mM K-aspartate, 10mM HEPES at pH 7.2 120 mM , 

2.5 mM Ca2+-EGTA, 10 mM HEPES at pH 7.2 0.5 mM , 0.1M ATP pH 7.2 3 mM , free Ca2+

10 nM , 0.1 M reduced glutathione 10 mM , creatine phosphokinase 5 U/ml , 0.1 M 

phosphocreatine 10 mM , and dextran 4% 10nM 1.5mg/ml 30

internal solution 10nM 5 3 40nM internal solution 5

10nM-3000nM F-CaM 30 CaM

F-CaM

LSM-510, Carl Zeiss 1.3 633nm 640nm

HiLyte Fluor 647

2 RyR2

CaM [15,18,20,21]





  

CaM

Alexa Fluor 633 S3

RyR2 CaM

    

RyR2 CaM -6-4'- -

2'- Sulfo-SANPAH, Thermo Fisher Scientific, Waltham, MA

[15,18,20,21] 150 mmol/L KCl, 20 mmol/L MOPS , pH 

7.2 CaM sulfo-SANPAH 30

Amicon Ultra MWCO 10k

1mg/mL 150 mmol/L 

/L CaCl2, 20 mmol/L MES, pH 6.8 100nmol/L CaM-SANPAH

7 UV CaM Merck, Millipore, Darmstadt, Germany

CaM-SANPAH RyR2

550kDa [15,18,20,21]

 

6 Post hoc Tukey

6

Kruskal-wallis 2 T

DAN Kaplan Meier

± (SEM)

P<0.05





5. 1 DAN RyR2V3599K

WT V3599K

3

[21] WT-MI

LVDd LVDs LVFS

WT-MI-DAN V3599K-MI 1C 12

WT-MI WT-MI-DAN V3599K-MI

1D Scar area MI

1E WT-MI WT-MI-

DAN V3599K-MI 1F

   

(A) WT V3599K KI LVEDD

LVESD (LVFS%) LVEDD-LVESD / LVEDD×100

(B) HW TL WT V3599K 

KI HW/TL (C)

WT V3599K KI ±SEM

* P <0.05 T V3599K RyR2 V3599K WT N.S. 





    

(A) RyR2

(B)V3599K KI-MI

(C) LVEDD LVESD (LVFS%) LVEDD-

LVESD / LVEDD×100 (D) HW TL

(E) Scar area

(F) 

±SEM * P <0.05 ** P <0.01 *** P <0.001

Tukey i.p. LAD V3599K RyR2 V3599K

DAN WT N.S. 





   

2mg/kg 12

WT-MI WT-MI-DAN V3599K-MI

2A

   

12 WT-MI 40%

WT-MI-DAN 73% KI-MI 70% WT-MI-DAN V3599K-MI WT-MI

Log rank test; WT-MI vs. WT-MI-DAN, P < 0.05; WT-MI vs. KI-MI, 

P < 0.05 2B

 

2.0mg/kg 1 VT

VT VT 15 VT VT

±SEM ##P<0.01( Kruskal-wallis )  

(B) 

* P <0.05 ** P <0.01 *** P <0.001 Tukey V3599K RyR2 

V3599K DAN WT MI N.S. 







  



WT-Sham WT-Sham-DAN V3599K-Sham

12 WT-MI

WT-MI-DAN V3599K-MI 3A  

WT-MI Ca2+

WT-MI-DAN KI-MI

Ca2+ 80% WT-MI

WT-MI-DAN V3599K-MI

WT-Sham WT-Sham-DAN V3599K-Sham 3B,C  



      



WT-Sham WT-Sham-DAN V3599K-Sham Ca2+

WT-MI Ca2+

WT-MI-DAN V3599K-MI 4A  

SR Ca2+ WT-MI WT-MI-DAN

V3599K-MI 4B 1-5 Hz WT-

MI Ca2+ SCaT WT-MI-DAN V3599K-MI

WT-MI-DAN V3599K-MI 4C  





































 

(A) 5 250 400

(B) Ca2+ Fluo-4AM 1Hz

5 20 30 ±SEM

(C) 1Hz 5 20 30

±SEM * P <0.05 ** P <0.01 *** P 

<0.001 Tukey V3599K RyR2 V3599K DAN WT 

MI N.S. 





       

(A) Ca2+ Fluo-4AM Ca2+

(5 15-25 ) (B) Ca2+ Ca2+

Ca2+ 2Hz 20mM 5 6

(5 20-30 ) (C) Ca2+ Scat

ScaT 5 80-100

Scat ScaT 1 2 3 4 5Hz ±SEM

* P <0.05 ** P <0.01 *** P <0.001 Tukey V3599K RyR2 

V3599K DAN WT MI N.S. 





    

DCFH-DA WT-Sham

WT-Sham-DAN V3599K-Sham

WT-MI WT-MI-DAN V3599K-MI

Ca2+

5A,B



2 7- (DCF) (B)DCF ±SEM

* P <0.05 ** P <0.01 *** P <0.001 Tukey

V3599K RyR2 V3599K DAN WT MI N.S. 





      

MI DAN RyR2 CaM

CaM 1

CaM Z line 90 RyR2 Z line

CaM RyR2 [19] WT-MI Z line

CaM WT-MI-DAN V3599K-MI Z line

CaM 6A

RyR2 CaM DAN

12 HiLyte Fluor 647

CaM F-CaM F-CaM

F-CaM

RyR2 CaM WT-MI WT-Sham

Z line CaM WT-MI-DAN

V3599K-MI Kd 6B 6 Bmax(A.U.)

(WT-Sham 12.87±0.5574 WT-Sham-DAN 13.01±0.8514 WT-MI 

11.57±0.4506 WT-MI-DAN 11.49±0.6618 V3599K-Sham 13.05±0.5456 V3599K-MI 

12.21±0.5823) 6B

RyR2 CaM UV crosslinker

WT-MI RyR2 CaM WT-MI-DAN

V3599K-MI 6C CaM-SANPHA 

Kd F-CaM ( 6B,C)

CaM RyR [20,21] RyR2 CaM

6C





   

A CaM RyR2 CaM CaM RyR2

CaM RyR2 5 10-15

±SEM

* P <0.05 ** P <0.01 *** P <0.001 Tukey

B CaM HiLyte-CaM

Bmax Kd HiLyte-CaM

Hill 5 6-10 ±SEM

* P <0.05 ** P <0.01 *** P <0.001 Tukey

(C)CaM-SAMPAH RyR2 CaM

RyR2 CaM-SANPAH -6-4'- -

2'- ( ) RyR2 CaM CaM RyR2 CaM

RyR2 CaM CaM-SANPAH

CaM CaM 1024nM Kd

±SEM * P <0.05 ** P <0.01 *** P <0.001 Tukey

V3599K RyR2 V3599K DAN WT MI N.S. 





   

V3599K-MI DAN

Ca2+ V3599K-MI DAN

Ca2+ ( 7A) V3599K-MI

DAN DAN

Ca2+ DAN

V3599K-MI-DAN DAN (V3599K-MI) Ca2+

( 7 ) DAN

V3599K-MI-DAN DAN (V3599K-MI) (

7C) DAN V3599K

RyR2 Ca2+





     



(A)V3599K-MI DAN Ca2+ Fluo-

4AM Ca2+ 5 15-25

±SEM * P <0.05 ** P <0.01 *** P <0.001 Tukey

V3599K RyR2 V3599K DAN WT MI 

N.S. 

(B) DAN V3599K-MI Ca2+ DAN

Fluo-4AM Ca2+ 5 15-25

±SEM * P <0.05 ** P <0.01 *** P <0.001

Tukey V3599K RyR2 V3599K DAN WT 

MI N.S. 

(C)V3599K KI-MI DAN

LVEDD LVESD (LVFS%) LVEDD-LVESD

/ LVEDD×100 ±SEM * P <0.05 ** P <0.01

*** P <0.001 Tukey V3599K RyR2 V3599K DAN 

WT MI N.S.  



 

in vivo DAN V3599K RyR2

12 WT-MI

100 WT-MI-DAN V3599K-MI

DAN V3599K RyR2

DAN

V3599K







V3599K RyR2

RyR2 Ca2+ CaM

[21] DAN

CaM RyR2 ( 6A-C) DAN V3599K

CaM 6A

CaM 6B CaM-SANPAH 

CaM RyR2 V3599K

DAN RyR2 CaM

6C V3599K DAN

Ca2+ 7A-

C DAN V3599K

CaM Ca2+

DAN V3599K

Unzipping

RyR2 Ca2+ CaM Ca2+

 



 

DAN V3599K
DAN V3599K

V3599K
RyR2 CaM CaMK -HDAC

NFAT [21] RyR2 CaM Ca2+

DAN
RyR2 CaM Ca2+

2
Ca2+

[21] Scar area
DAN V3599K
DAN V3599K DAN

RyR2 Ca2+

[12,13,18,19,20,21] DAN
V3599K Ca2 +

Marks RyR2 rycals JTV-519 RyR2







Ca2+ CPVT
[29,30]

RyR2
5

sham DAN V3599K

 
 
  

[7-21 25 27] [31] RyR2

N 1 600 2000 2500

RyR2 CaM unzipping  [31]

unzipping CaM RyR2 Ca2+

RyR2

[22,32]  PDB ID 6JV2 [22] RyR2 N

1 220 2250 2500

4 [32]

8A

3D N (1-620 ) (2000-2500 )

[21,22] DAN

[601 620 ] RyR2 K201 JTV519 2114 2149

N 8A N

1-620 3593-4207 [22] CaM 3583-

3603 V3599K 8A

601-620 zipping CaM

[21,22] DAN CaM unzipping

DAN [601 620 ] RyR2

K201 JTV519 2114 2149  [11

21 22] RyR2

Ca2+

DAN K201 DAN K201

DAN K201

 

 DAN V3599K RyR2 CaM

CaM RyR2 binding curve

sham DAN sham V3599K sham Kd Bmax





6B WT-MI CaM binding curve

WT-MI-DAN V3599K-MI CaM binding curve

6B,C DAN V3599K CaM

RyR2

zipping-unzipping

unzipping CaM Ca2+

8B SR

Ca2+ RyR2 Ca2+ DAN

unzipping zipping CaM

Ca2+ V3599K

RyR2 CaM RyR2 Ca2+

DAN V3599K

8B





       

 

(A) N 1 220 2250 2500

CaM 3583 3603 DAN 601 620

CaM DAN RyR2

K201 JTV519 2114 2149 /

CPVT 176 N R176Q

2474 R2474S 3601 RyR2 CaM 3583-3603

CaM CPVT DAN 

(B) RyR2 CaM

4 Ca2+

CaM Ca2+ DAN

CaM Ca2+

/

DAN 4 RyR2 CaM

( ) RyR2 V3599K RyR2 CaM

RyR2 Ca2+ ( ) DAN RyR2 V3599K

CaM C DAN LV MI N N RyR2 

V3599K RyR2 V3599K WT 







 

[27 34]

[35] in vivo in vitro DAN

Ca2+

DAN

DAN

[13 19 27] DAN

VT [34]

DAN

 

 
 

 Ca2+ RyR2

 

DAN

DAN 20 mg / kg / day

DAN

[13,19]

/

RyR2 Ca2+

DAN V3599K

RyR2 CaM

CaM Z

RyR2 [36,37] CaM

(F-CaM CaM-SANPHA) CaM

RyR2
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