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ȓŌȎ&źůǫƌ%	� ȔČƷ'°Ż$ĄĒÝ¶=Ƣ9ȕČƷ=ņĖ�9ČƖơƴ!'AF

tWk_p5�ĥ�&ǸŻÝ¶'4�;>ȔƳ�"Ė�!'Ŷ$9?ATcEvh��<: 

ǘŻ$Ý¶�ØÉ�: �9ȕČƖơƴ&¿ƪ%Ǿ<9UtaKǘ&?ATcEvh&Ý¶'Ȕ

Ɩ¿ƪķ& ATPaseřď5Ɩ¿ƪ&ǥþ5¿ƪ±%Ý¶=½/�Ȕ[rf^t I%	� ' Ca2+

&đÀď%÷=ů���9�"�ØÉ�: �9ȕĿƃƏ!'Ȕźůǫƌ%69¿ƪǾǧUt

aKǘ&?ATcEvh&Ý¶�Ƴ�Ľ
7ĭů�ĽȔ�� Ė�&ČƷ%	� ȔCa2+&đÀ

ď5¿ƪǥþȔ¿ƪ%čǀ$D_pJvśǗ%ąȉ=½/��"%ƁŽ�ȔµĜŻ$ńǇ=Ƽ

��3&ĪŭjZp=ņƛ��ȕƳ�Ľ"Ė�!&¿ƪŋņ&ŐǞ=Ƽ$��3Ȕźůǫƌx
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 ÔŻ$șŎȃ (ƳůªĽuĈĽȔĭů�ĽȔĖ�) &ƶƹã=¢Ŭ�9�"�ÂƵ$ Kuzumoto

7&µĜŻČƖơƴjZp (Kyoto model) %?ATcEvh&ǭ�=ƽŬÂƵ$ Niederer 7&

¿ƪjZp=ƥÅ��ȕ¿ƪǾǧUtaKǘ&ǭ�=ƽŬ�9}%68ȔĖǻǫƌ%	�9ƶ

ƹã%
<�Ȕ¿ƪ±&éǸŻǋ��ÂƵ"$��ȕ0�ȔČƖơƴwě³��8& ATP śǗ

Ǹ�Ƙ¦!�96�%$��ȕ�ƼƃƏ=È3 ȔƳ�Ľ&ČƖơƴ!&ƶƹã5¿ƪŋņ&

PglqvPmt�ÂƵ%$9�"'ȔƳ�Ľ&�ǴƠũĒ,&ưďiG^Sh&ģŞ%ƫ�

9�"5ȔĖ�&ČƷ%ǴƠ&�Ƥ��0
Ƽ
$
$��ķ%ó�!4ǻ
ůæ�9�3&

Ę�
8"$9"Ư�9ȕ0�ȔČƲà$#&ŷŸ'Ƴ�Ľ%źŬ� ��?ATcEvh=

¢źŬ�9}�Ƃ7: 	8Ȕ�:7&ŷŸ&ƃƏ%ĿƃƏ!ņƛ��jZp=ĎűÂƵ!�

9"Ư�9ȕ 

 

Ivsv\ 

ČƖơƴȔƖ¿ƪȔ¿ƪǾǧUtaKǘȔźůȔơƴPglqvPmt 
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ƔȖƒ üǑ 

1.1 ČƷ&�
1"¿ƪ&iG^Sh 

 

� ČƷ'Ȕ��&ůō=§�9Ƕǀ$ƷÍ!�9ȕ�ǜ%ƻŜ=ǣ9fte&Ć¯=ł�� 

	8ȔČƷ�ě³�9�"!�ǜ%ƻŜ=õ7�9ȕ�&NAKp'¿ƪ"āƩ&Ƭ8ǡ�!

ů�9ȕČƖơƴ&Ɩ¿ƪ'ȔÑ 1A &6�%ř³ȇ�=À� ơƴƶ¡% Ca2+�Ś��9"Ȕ

�& Ca2+�[oHv"$� ǚ�9ȕ�&Ś:�Ȕȋŵ%ǚ� �9(Ñ 1B)ȕ 

�  

 

 

Ñ 1ȕƖ¿ƪ�ǚ�90!&iG^Sh 

AȕƖ¿ƪ�ǚ�90!&iG^Sh&ŉÿÑ 

BȕBNJ&ČëƖơƴ&ř³ȇ� (Action Potential: AP)&źů"ơƴ¡ Ca2+Ţþ"¿ƪ&Ǿ� [3] 

 

� ČƖ&¿ƪ'ȔČƖơƴ&×Ŀ¹�!�9NpMi?%�~%ǳ©�9gFPtc@nit

["Ê(:9á�c@nit["Ȕ?KWtc@nit["Ê(:9ơ�c@nit[�Kr

RdoXQ=ĄĖ�ȔATP =D_pJvş"� ŠǙ�9�"%6� ǚ�9 (Ñ 2)ȕKrR

doXQ"Ê(:9ŃŊņǦ'ȔgFPtǶǺ (Myosin heavy chain: MHC) �?KWtc@ni

t[%ƣÅ�9�"!¦Ł9ȕ¿ƪķ%Ȕ[rf^t C (Troponin C: TnC) %Ɩòƴ�
7ħ¦

�:� Ca2+�ƣÅ�9�"!Ȕ[rf^tƾÅ�"[rfgFPt%���ů�Ȕ?KWtƽ
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Ȉ% MHC&ƣÅÂƵ$Ɛǽ�ů0:9�"!ů�9ȕāƩķ'ȔCa2+&Ǆȅ"Æķ%[rfg

FPt%¬Ċ�:ȔKrRdoXQ'ĄĖ¦Ł$�ũĒ"$� �9 [17]ȕƖ¿ƪ%'ȔMHC

5gFPtǝǺ (Myosin light chain: MLC) 
7ņĖ�:9gFPtc@nit[Ȕ[rf^tƾ

Å� (TnC, [rf^t I (Troponin I: TnI), [rf^t T (Troponin T: TnT) ) 5[rfgFPt


7ņĖ�:9?KWtc@nit[&x%æÓ�9¿ƪǾǧUtaK��ű�9ȕ 

 

Ñ 2ȕƖƱ&¿ƪuāƩ 

AȕNpMi?� Bȕ?KWtc@nit[� CȕgFPtc@nit[ 

 

1.2 ¿ƪǾǧUtaKǘ&źŬǸ&ǭ� 

 

� ¿ƪǾǧUtaKǘ'ȔůŧƍȔČƖơƴ&Ǳ�ȔźůŎȃ%	� ȔŶ$9?ATcEv

h=ĝ�ȔČƷ&źů&Ŏȃ!Ý¶=�9�"�§
� �9 [8, 9, 10]ȕĿƃƏ!ű�9jp

jX[&ČëƖơƴ&Ėǻǫƌ%69¿ƪǾǧUtaKǘ&?ATcEvh&źŬǸ&ǭ�=

Ñ 3%Ɔ�ȕ 



 
 

61 

 
Ñ 3ȕČëƖơƴ&¿ƪǾǧUtaKǘ&?ATcEvh"źŬǸ&źǬÝ¶ 

 

� Ñ 3 !Ɔ�6�%Ƴ�Ľ
7Ė�,&Ėǻǫƌ&Ŏȃ!Ȕ�
�
&¿ƪǾǧUtaKǘ'

?ATcEvh=ĝ�ȔźŬaUvt%ǭ���9ȕį%§
� �9�""� Ȕ�:7&

UtaKǘ&ǭ��ȔCa2+đÀďȔƖ¿ƪ&ǥþȔƖ¿ƪ%�<:9 ATP śǗǸ&ǭ�$#Ɩ

¿ƪ%Ý¶=ǚ�� [10]ȕCa2+đÀď%'ȔTnI�Ǿy�Ȕ¿ƪǥþ" ATPśǗ%' MHC�Ũ

%ąȉ=y�9"�:ȔZvU4ŐǞŻß
æÓ�9 [8, 16]ȕ�
�ȔUtaKǘ%6� 'Ȕ

źŬǸ&ǭ�%69ŋƵ&Ý¶�§
7$�4&4æÓ�9 [10]ȕ 

� 0�Ȕ¿ƪǾǧUtaKǘ�Ŷ$9ďǘ=ů2�"4§
� 	8ȔƳ�Ľ%źŬ� �9

¿ƪǾǧUtaKǘ�Ė�!¢źŬ�9"ČƷŸ%$9"ǅ<: �9 [18]ȕ 

 

1.3 �ƼƃƏ 

�  

� �ƓůËƉçƃƏ�ȔE-CellerQCK[!Ƽ<: ���ƼƃƏ!'Ȕ�ǲàç&ơƴuů

�ŋƵPglqvPmterQCK[%6� Ǽź�:�ȔjpjX[ČëƖơƴ&ř³ȇ�

"NpMi?ǻ&ķƞ©Ý¶=MtblvUx!¢Ŭ!�9µĜŻČƖơƴjZp (Kyoto 

model) �ű�7: �� [7]ȕKyoto model'ȔATPŰůƞȔCa2+ƣÅUtaKǘȔƖ¿ƪȔơ
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ƴƶȇŚƞȔƖòƴ�!ņĖ�:�ơƴjZp!�9 (Ñ 4)ȕ 

 

 

Ñ 4. Kyoto model&ŉÿÑ 

 

� 0�Ȕ�ƼƃƏ!źůǫƌx ÔŻ$ 4Ŏȃ (ƳůªĽuĈĽȔĭů�ĽȔĖ�) &ƶƹã=

¢Ŭ�9}�ÂƵ%$� �9  [5] (ƽ 1)ȕ�
� Kyoto model &Ɩ¿ƪjZp!�9

Negroni-Lascano model [12]%	� 'Ȕźůǫƌ%69¿ƪǾǧUtaKǘ&Ý¶�Ưē�: 

	7�ȔƳ�Ľ&ČƖơƴ%	�9¿ƪ±&éǸŻ$ǋ��¦Ł$� (Ñ 9)ȕ�&�3ȔĿƃƏ

!'Ȕ¿ƪǾǧUtaKǘ&?ATcEvh&ďǘ&ǭ�=¢ŬÂƵ$jZp&ņƛ=Ƽ�.  

 

ƽ 1ȕƳůĈĽ (LE) "Ė� (V) &ǫƌ!ſïŻ %řďǸ&ÝĹ=

��Wk_pȇŚ [5, 13] 

 
Ñ 5ȕƽ 1&řď&�!ƳůĈĽ (LE) "Ė� (V) &PglqvPmt 

x
7ř³ȇ�Ȕơƴ¡ Ca2+ŢþȔ¿ƪ±=Ɔ�KrRdoXQ%

9Ă±ȕ 
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1.4 ƃƏŽŻ 

�  

� ĿƃƏ&ŽŻ'ȔƳ�Ľ&jpjX[&ČëƖơƴ&¿ƪŋņ&jZotL!�9ȕ�&ŭ

ų'ȔKyoto model%¿ƪ±&éǸď�čǀ!�9�3!�9ȕį%Ėǻǫƌ!&ƶƹã&¢Ŭ

�ÂƵ%$� �9�Ȕ�&Ėǻ%Å<��¿ƪ±&¢Ŭ�Ƽ<: �$
��ȕ¿ƪ±�j

Zp&¦±&Ğň"� ű�7:9}
7ȔƳ�Ľ"Ė�&¿ƪǾǧUtaKǘ=È3�¿ƪ

±=¢Ŭ¦Ł9jZp=Ǽź�9}%��ȕĿƃƏ%68ȔƳ�Ľ"Ė�&¿ƪŋņ&ǭ�=

Ưē��jZp&ƥÅ�¦Ł:(Ȕƶƹã%��¿ƪ±�ĖǻŎȃ!ǃî!�9jZp%$9. 

� 0�ȔĿƃƏ!'ǔǑ� �$��ȔĿƃƏ!Ǽź��jZp=ű�9�"!�?ATcE

vh&ǭ�%68ů�9ČƷŸ&Ǆœ%Ç��Ǜ�
8%$9�"=Ľć� �9ȕ 

 

Ɣȗƒ ïǖ"ĘŖ 

2.1 ƥÅ&ïǖ"$9jZp 

�  

� ®Ǣ�� Kyoto model%²� ȔĿƃƏ!ß
ű�7:�jZp%�� Ǣ-9ȕ�ǿȔ [11] 

&jZp= Negroni-Lascano modelȔ [12] &jZp= Niederer model (N model) "Ê+ȕ [7] &

Kyoto model" N model&ƥÅjZp= KyotoN model"Ê+ȕ 

 

2.1.1 Negroni-Lascano model [11] 

�  

� �ƼƃƏ!Ǣ-� Kyoto model%ġű�: �9¿ƪjZpȔNegroni-Lascano model'ȔƖ¿

ƪ= 4ǯƋũĒ!ƽŬ� �9(Ñ 6A)ȕ[rf^t" Ca2+�ƣÅ� �9ũĒ (TCa) "ƣÅ�

 �$�ũĒ (T)Ȕ	6*?KWtc@nit[" MHC�ƣÅ¦Ł96�%$��}!ſ~�

ű�ǚ� �9ũĒ (TCa*)Ȕſ~�ű�ǚ� �$�ũĒ (T*) "�� 4ũĒ!�9ȕ 

� Negroni-Lascano model !¢Ŭ�: �9¿ƪǾǧUtaKǘ&Ī'[rf^t"KrRdo

XQ"ó$
Ȕ¿ƪǾǧUtaKǘ&ǭ�=¢Ŭ�9�"=ŽŻ"�9ĿƃƏ%'Ǯ�$�"

Ư�Ȕĭ�%Ñ 6B& N model=���ȕ 
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2.1.2 Niederer model (N model) [12] 

 

� Negroni-Lascano model"ÆŇ$anivU=ĝ�}%²� ȔMHC%ƣÅÂƵ$?KWt&

ȌÕ&¯Å$#Ȕ¿ƪǾǧUtaKǘ"� &�ű�¢Ŭ�5��anivU�æÓ�9ȕů

ŧƍ5¿ƪǾǧUtaKǘ&êȐZvU=Ǖí%ű��x!ǔǑ��:�jZp!���ȕ0

� [15] &jZp&¿ƪjZp"� ƥÅ�:�ƢȐ��9jZp!�9ȕKyoto model !ġű

�: �9 Negroni-Lascano model"ÆŇ%ơƴ¡ Ca2+Ţþ"¿ƪ±��±"¦±!ű�7: 

�9�3ȔKyoto model"&ƥÅ4ÂƵ!�9ȕ 

� Kyoto model% N model=ƥÅ�9}!Ȕ¿ƪǾǧUtaKǘ&ǭ�&¢ŬÂƵ$Ǎơ¶�:

�jZp&ņƛ=��ȕ 

 

Ñ 6ȕjZpņƛ%Ç��Ś: 

Kyoto model"�&¿ƪjZp A& Negroni-Lascano model"Ȕĭ�% Kyoto model%ƥÅ=Ƽ��¿ƪjZ

p B& N modelȕ 

 

2.2� jZp&PglqvPmtĮŖ 

 

� PglqvUv"� ȔŒűơƴPglqvPmtŮÚ E-Cell Simulation Environment (SE) 

version 3 [14] " OpenCell=�ű��ȕ600 Ɗǽť­š&ũĒ!PglqvPmt=Ƽ��Ĉ%Ȕ

-8000 pA&­š=²� 600 Ɗ&PglqvPmt=Ƽ��ȕ�� ȔÆŇ&­š=²��ũ
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Ē!Ƽ� 1000 ms=ǈǹ� ǃî� �9ȕ­šȍþ'Ȕ1.0 Hz (1000 ms% 1 Î)Ȕ2.5 Hz (400 ms

% 1 Î) &PglqvPmt=Ƽ��ȕjZp%69�æď5­š=�: 
7éù$ũĒ%

�� 
7&ğ³&=ǃî=����3Ȕ600 Ɗ"ǻ�ķǽ=4�� PglqvPmt=Ƽ

� �9. 

 

2.3� jZp&ƥÅ"Ƴ�ĽjZp&ņƛ 

2.3.1 Kyoto model" N model&ƥÅ 

 

� Kyoto model (E-Cell Model description Language (EML) Ąÿ)ȔN model (XMLĄÿ) !Ąÿ�Ŷ

$9�3ȔN model= E-Cell Systemx!¢Ŭ¦Ł96� XMLĄÿ
7 EMLĄÿ,"Ýĥ�, ƥ

Å=Ƽ��ȕKyoto model¡!& Ca" N model& Cai"��anivU'Ȕ��:4ơƴ¡Ǫ

ȅ Ca2+Ţþ=Ɔ� �9�3ȔN model& Cai% Kyoto model& Ca=¼Ŧ�9}!ȔKyoto model

" N model&ƣÅ=Ƽ$��ȕ 

 

2.3.2 êȐZvU%×���Ƴ�ĽjZp&ņƛ 

 

� KyotoN model&ƥÅ%68Ė�jZp�ņƛ¦Ł��3ȔêȐZvU [1] %×��Ƴ�Ľj

Zp&ņƛ=Ƽ��ȕĖǻǫƌ%	�9jpjX[&öČëƖơƴ&¿ƪ±&ZvU=�Ę�

9}�¦Ł$
���3Ȕ��!ę�ZvU'jpjX[&ÄČëƖơƴ&Ėǻǫƌ%	�9

¿ƪ±=Şé��êȐZvU [1] !�9ȕƳ�Ľ"Ė�&¿ƪ&ǭ�=¿ƪŗĄ&bvK (¿

ƪ±) "Ȕ�:%Ǭ�90!&ķǽ!¢Ŭ��ȕ��!ű��anivU'ȔTnI&?ATcE

vh&ǭ�!ů�9 Ca2+đÀď&ÝĹ"ȔƳ�ĽjZp&¢Ŭď%í>� MHC&ƣÅÂƵ$?

KWt&ȌÕ&¯Å&anivU=ű��ȕ 
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Ñ 7ȕƳ�Ľ"Ė�&ÄČëƖơƴ&¿ƪ±&ǭ� [1] 

 

� TnI&?ATcEvh%Ǿǧ�9[rf^t&¾Ďǥþÿ (1) &{!ơƴ¡ Ca2+Ţþ%�Ī 

kTRPN=ƭ�Ȕ Ca2+đÀď=ÝĹ��ȕ 

 

 

 

� ?KWt"gFPt&Š8(¿ƪ) %ž%Ǿy�9ȔMHC&ƣÅ�9ÂƵ$?KWt&ȌÕ&

¯Å (the fraction of actin sites available)=Ɔ� z (the fraction of actin site available) &ÿ (2) %�

Ī kz =ƭ�Ȕ¿ƪ&ǥþ&ÝĹ=��ȕ 

 

 

 

2.3.3 Ɩ¿ƪķ& ATPśǗǸ&Ưē 

�  

� wě³��8&Ɩ¿ƪ%69 ATPśǗǸ=Ƴ�Ľ"Ė�!ŐǞ¦Ł96�ȔATPśǗ&ǆƘ

=�9ÿ=�Ė��ȕNegroni-Lascano model !'gFPt ATPase %69 ATP śǗ�KrRd

oXQ�Ǆȅ�9ķ%ǆƘ�: ��ȕ�&�3ȔNegroni-Lasacano model=¼Ư%wě³��

8&śǗǸ�Æ���"96�$ÿ%��ȕ 

� êȄ&ơƴ� ATP śǗ=ǚ��fAt[%ïĎ��ÿ=ǰĚ�9�3Ȕ[rf^t (TRPN) 

&¾Ďǥþÿ (1) %ƁŽ�ȔCa2+&ƣÅ� ��[rf^t (TRPN) 
7 Ca2+Ǆȅ%Ç
�ķ

%ȔATP śǗ�ǚ�96�$ÿ (3) "��ȕ�� Ȕwě³ă�8&ȈƎ� Kyoto model "Æ

Ň% 29.97 µM�Ƙ¦�:96�% X&�=ÝĹ��ȕ 
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ƔȘƒ ƣł"ǔǑ 

3.1� Nmodel&¢Ŭ 

 

Ñ 8ȕN model& intactơƴ" skinnedơƴ&¢Ŭ 

 

� Ñ 8!'ȔN model!¢Ŭ�:�Ė�&ČëƖơƴ& intact (ľ¥ŭ) ơƴ" skinned (ơƴƶȂ

») ơƴ%�� �ơƴ¡ Ca2+Ţþ-Ă±&ŐǞ=Ƽ��ȕskinned'ơƴƶȂƶ=Ƽ��ơƴȔintact

'ľ¥ŭ&ơƴ!�9ȕCa2+=Òé�:(Ȕintactơƴ" skinnedơƴ&¢Ŭ�ÂƵ!�9�ȔÑ

8&6�% intactơƴ" skinnedơƴ!'Ȕ¿ƪ±�źů�9 Ca2+Ţþ% 9 µMƌþ&÷��8Ȕ

skinnedơƴ&Į�68ȑŢþ!$�"¿ƪ�$�ȕêȄ&ơƴ5�&¢Ŭ=�9ķ (Ñ 9)Ȕơ

ƴ¡ Ca2+Ţþ'Ȕŗ&6�$ŗĄ!Ý¶�ȔĖ�!4 10-6 µMƌþ�
x�7$��3Ȕskinned

ơƴ!'Ȕ¿ƪ±'ů�$�ȕ�&�"
7ȔKyotoN model'ȔNmodel& intactơƴ&ğ³=

4"%ƥÅ����
7Ƴ�Ľ&¢Ŭ=��ȕ 

 

3.2Ƴ�ĽjZp&ņƛ 

3.2.1 Ƴ�ĽjZp"Ė�jZp 

 

� êȐZvU [1] " KyotoN model&¿ƪ%69Ă±&bvK"Ȕ��%Ǭ�90!&ķǽ=ſ

ïŻ%Ǡ��=¢Ŭ��ȕ�&ķȔCa2+đÀď=Ė�& 2�" MHC%ƣÅÂƵ$?KWtȌÕ

&¯Å= 3 ����ȕ¿ƪ±%69Ă±&bvK'�êȐZvU [1] !'Ƴ�Ľ"Ė�&÷�

1.18�!ĉ7: 	8ȔKyotoN model!' 1.22�!¢Ŭ!��ȕÆķ%ȔbvK%Ǭ�90!

&ķǽ'êȐZvU [1] !'Ƴ�Ľ"Ė�&÷� 52 msȔKyotoN model!' 49 ms#�74Ǡ�



 
 

68 

�!¢Ŭ!�� (ƽ 2)ȕ 

 

ƽ 2ȕêȐZvU [1] " KyotoN model&Ƴ�ĽȔĖ��"9¿ƪ±%6

9Ă±&bvK"ȔbvK%Ǭ�90!&ķǽȕ 

 

 

 

Ñ 9ȕKyotoN model&Ƴ�Ľ"Ė�jZp&ř³ȇ�Ȕơƴ¡ Ca2+Ţþ, ¿ƪ± (mN/mm2)ȕ 

 

3.2.2 ÝĹ��anivU%��  

 

� 0�ȔêȐZvU&Ɩ¿ƪ= N model!¢Ŭ�9�3%ÝĹ��[rf^t&¾Ďǥþ 

(JTRPN) " MHC&ƣÅÂƵ$?KWt&ȌÕ&¯Å (dz/dt) &ÝĹ%�� &äăď=Ǣ-9ȕ 

a. Ca2+đÀď 2.0 � 

� Ƴ�Ľ&jZp=¢Ŭ�9�3%ÿ (1) =ű� Ca2+đÀď=Ý¶��9� kTRPN' 2 ��

�ȕssTnI
7 cTnI%¨8Ļ<9�"!ů�9"�: �9 Ca2+đÀď&ǭ�=[rf^t&¾

Ďǥþ&ÿ&{&ơƴ¡ Ca2+%
�9�"!ȔÝĹ��ȕ�%4 KyotoN model&{%'ȔCa2+

%Ǿǧ�9Wk_pȇŚ&řďǸ5 Ca2+ŢþanivU%6� &ÝĹ�ÂƵ!�9�ȔTnI&

?ATcEvh&ǭ�%69 Ca2+đÀď&¢Ŭ%'Ȕ[rf^t&¾Ďǥþ&{!ÝĹ�9}

�ůŧçŻ%4äă$ĮŖ!�9"Ư��ȕ 

b.  MHC&ƣÅÂƵ$?KWt&ȌÕ&¯Å 3.0 � 

� ÿ (2) & kZ  = 3.0'ȔMHCƣÅÂƵ$?KWt&¯Å&ȌÕ&ÝĹ%6� Ȕ¿ƪ&ǥþ%

3 �&ǭ��ů0:�ȕz/zmax = T0/T0max�jZp¡!Ė8Ƒ�6�% kZ%
�7:9�'žĢŻ

%Ɩ¿ƪ&Ă± T0%ąȉ=�9ȕ¿ƪ&ńǇ=Ƽ�Ȅ%ű�9anivU"� Ǯ� �9"

Ư�7:9ȕz&Ɔ�¯Å'Ȕ?KWtƽȈ%ƣÅÂƵ$¯Å"Ǆȅ%Ç
�¯Å&ȗũĒ!ơ
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Ǆǵ� 4¢Ŭ¦Ł9ȕ0�Ȕ�Î'ȔêȐZvU [1] &¢Ŭ%	� ȔCa2+đÀď&��

�!'¢Ŭ�Ȇ�
Ȕz��9�"!68¢Ŭ�ĵ
$��ȕêȄ&¿ƪǾǧUtaKǘ4 z&

anivU�ů26�$ąȉ=ĝ�UtaKǘ� TnI&?ATcEvh&�%æÓ�9ÂƵď

��9ȕz&6�%¿ƪ%ąȉ=y�9§å"� Ȕ?KWt5gFPt&?ATcEvh�Ǿ

��9ÂƵď��9ȕêȄ%ČƖơƴ%	� ȔαMHC" βMHC&ǭ��?KWtřď"&ſ

~�ű%6� ¿ƪ&ǥþ� 2, 3 �Ý¶�9�"�Ƃ7: �9 [4]ȕ�&êȐ'ȔαMHC=

100%ȔβMHC= 100%źŬ�� �9"�&ąȉ=ŐǞ� �9�3Ȕz&�"� ÝĹ�9%

'ò��ÂƵď��9ȕ�
�Ȕ¿ƪ�Ė�684Ș�Ŷ$9�"'ȔůŧçŻ%ǚ�8�9

�!�9ȕ 

 

3.3� jZp&äăď&ńǊ 

 

  

Ñ 10ȕKyotoN (intactơƴ) "êȐZvU(skinnedơƴ) [8] &ŐǞ 

 

� Ñ 10!'�êƨ!Ɔ�� KyotoN model (intactơƴ) &PglqvPmtƣł"Ťƨ!Ɔ��

êȐZvU (skinnedơƴ) [8] =ŐǞ��ȕêȐZvU%�� ' intactơƴ&4&'Ė��


ĉ7:$
���3�skinned&Ƴ�Ľ"Ė�&ƣł"ŐǞ��	
 �:�:Ƴ�Ľ&ơƴ¡ Ca2+

Ţþ-Ă±Ǿ�=PglqvPmt��ƣłȔĖ�&jZp%Ő- ö%�:9Ą"$��ȕ�

:'ȔjpjX[&Ƴ�Ľ"Ė�& skinnedơƴ&êȐZvU5nX[&Ƴ�Ľ"Ė�& skinned

ơƴ&êȐZvU[8]Ȕ
74ÆŇ&�Ç�ǁ7:�ȕ 

� Ƴ�Ľ"Ė�&÷� KyotoN model"êȐZvU [8] !#&ƌþŶ$9
=ŐǞ��ȕ�&ƣ

łȔêȐZvU [8] 684 KyotoN model&Į�Ƴ�Ľ"Ė�&ĸƨ%	� 2.76 �à��"



 
 

70 

��÷�¦�ȕŐǞŻÆŇ&�Ç�jZp¡!4ǚ� �9�"�§
���Ȕ�Ĉ' intactơ

ƴ&Ƴ�Ľ&êȐZvU�ĉ7::(ȔÆŇ&ŮÚ&ƣł"Ŧ7�Å<�9}�!�Ȕ68j

Zp&äăď�x�9"Ư� �9 

 

3.4� jZp
7ģŞ!�9�" 

 

� Ñ 11ȕKyotoN model&ơƴ¡ Ca2+Ţþ-Ă±Ǿ�"ơƴ Ca2+Ţþ 

�  

� �ƼƃƏ%68ȔKyotoN model!'ļà!ơƴ¡ Ca2+Ţþ�Ƴ�Ľ!' 0.32 µM, Ė�� 1.9 

µM�ĉ7:96�%$� �9ȕČëƖơƴ!¿ƪķ%ů�9 Ca2+'Ȕ10-6 M0!xĳ�9�

"�Ƃ7: 	8 [19]ȔÆƌþ&Ţþ�jZp¡!4¢Ŭ�: �9ȕ 

� Ñ 11&Ė�&ĸƨ%	� Ȕơƴ¡ Ca2+Ţþ 1.9 µM%Ǭ�9fAt[!./ 100%%Ǡ
&

¿ƪ±=źĦ�9}�!�9ȕ�
�ȔĖ�&ĸƨ&00�"Ƴ�Ľ& 0.32 µM&Ţþ!' 10%

&¿ƪ±4źĦ¦Ł$��"%$9ȕ�:��ƼƃƏ&¿ƪǾǧUtaKǘ&Ưē�: �$

�ķ&ƣł"Æ�ũĒ!�9 (Ñ 4)ȕ[1] &¿ƪ±&ŗĄ%Ĥ�9�3%anivU=ÝĹ�Ȕ

ƳůĈĽ&ĸƨ"ƭ��ƣłȔƳ�Ľ&ơƴ¡ Ca2+Ţþ!�9 0.32 µM ƌþ!4 80%&±=¦

�96�$�ƭ,ö�%�:�ȕ 

� êȄ&ơƴ!4ȔƳ�Ľ4ơƴ¡ Ca2+Ţþ&"8�9ƚÐ&{!'./ 100%%Ǡ�¿ƪ±=

Ʀĝ�ě³�ȔČƖơƴ&¿ƪ=��$�"ůæ!�$�'�!�8Ȕ�&¢Ŭ¦Ł �9&

4jZp¡&[rf^t&ǥþÿȔMHC&ƣÅÂƵ$?KWtȌÕ&¯Å&ÝĹ�¿ƪǾǧU

taKǘ&ǭ�&¢Ŭ%Ǿǧ�9anivU"� Ǯ� ���3�"Ư�7:9ȕ 
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3.5 Ɩ¿ƪķ& ATPśǗǸ&Ưē 

 

�  

 

� 400 msă�8&ȈƎ=Ş��ķ%ȔJ TRPN positive ATP� 29.97 µM%Ǡ��=":9ÿ (3) &�Ī

X' 0.0655!���ȕ 

� 0�Ȕÿ (4) =ű� 1ě³ (400 ms) ��8& ATPśǗǸ=ő3�ƣłȔƳůĈĽ&ČƖ

ơƴ!' ATPśǗǸ� 35.813 µM!�9&%ï�ȔĖ�&ČƖơƴ!' 29.916 µM"��ƣł

�|Ş¦Ł�ȕPglqvPmtƣł!'ȔƳ�Ľ&Į�ß
D_pJv=śǗ� �9ƣł

"$��ȕ�&ÿƸ�'ȔCa2+Ţþ�Û²�9"gFPt ATPase řď4à�
$9 [19] "�

��Ç� Ca2+đÀď&1=ŪƑ%Û²���ķ%¢Ŭ¦Ł �9�3ȔATP śǗ&«Ĭ%��

}�!�9�;�ȕ�&�3Ȕ�Î&6�% KyotoN model&Ė�& ATPśǗ%ï� &Ûŝ!

ſïŻ%ǋ�=�9}'ÂƵ!�9�ȔƳ�Ľ4řďǸ�Ý<7$�00!�9ķ%Ȁ9ȕ4

�Ȕ¿ƪǾǧUtaKǘ&ǭ�%68ȔATP śǗ&Ǹ&÷�Ĵ7
$�!§
9ķȔÿ (3) &

X&�=Ƴ�Ľ"Ė�!ÝĹ�9}!¢ŬÂƵ%$9ȕ 

 

ƣǑ 

� źůŎȃ&ƶƹã=¢ŬÂƵ$jZp%ƳůĈĽ"Ė�&¿ƪ±4éǸŻ%¢ŬÂƵ$jZ

p=ņƛ�9�"�¦Ł�ȕ¿ƪǾǧUtaKǘ&Ưē��:��"!ȔjZp¡!Ƴ�Ľ"

Ė�!Ŷ$9ơƴ¡ Ca2+Ţþ&{!4¿ƪ±�ĉ7:96�%$��ȕ0�ȔêȐZvU=ű

� ȔÆŇ&�Ç=ĉ9}�!�ȔjZp&äăď&ƅǎ4Ƽ��"�¦Ł�ȕ 

� Ƴ�Ľ"Ė�&ČƖơƴ'Ȕơƴ¡ Ca2+Ţþ�Ŷ$9�3Ȕ�&Ţþ&{!./ 100%%Ǡ�

¿ƪ±=źĦ¦Ł96�%¿ƪǾǧUtaKǘ4Ý<� �9�"�PglqvPmtƣł=

Ǥ� ȔƯ�7:9ȕ0�ȔÑ 3 !Ɔ��Ī�9¿ƪǾǧUtaKǘ&Ėǻǫƌ%69ǸŻÝ

¶&{!ǘŻ%ļ4ąȉ� �9&'ȔTnI&?ATcEvh5 MHC!&ÂƵď��9�"=

ƆÌ��ȕ 

� �Ĉ�&jZp�¿ƪǾǧUtaKǘ&§å"ïĎ���!�:(ȔêȐZvU"Ŧ7�Å

<� Ȕ68§
8ĵ�Ą!�&ÝĹ�ÂƵ%$9ȕ���:(Ȕ¿ƪǾǧUtaKǘ&ÝĹ
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!¢Ŭ¦Ł96�$ČëƖơƴ�Þ&ČƖơƴjZp5�&ůŧƍ&Ėǻǫƌ=È3�|Ş5Ȕ

Ƴ�Ľ&¿ƪǾǧUtaKǘ&¢źŬ�ºÏ"$9ŷŸjZp&¢Ŭ�ÂƵ%$9"Ľć� 

�9ȕ 

 

Ǔǟ 

 

� �ÜǑī&Öƕ%	� Ȕ	zǌ%$��ß
&Į�%Č
7	ƇŴ�x�0�ȕ 

� ĿƃƏ=ǩ3 Ƽ
%��8?\`AOv= 2 úǽĀ�À� 
���0��Ȕ�Ƿ)"1

ð�ǒø%'ȔE-CellgvY@tL%²� ȔŏǨ&gvY@tLȔƈůř%	� 4àÝ	z

ǌ%$80��ȕ 

� 0�Ȕ¡ƺŘè¤ĩĠ%'�ç®
7àÝ	zǌ%$80��ȕSFC &GoIlnh5ƃƏ

¡ì$#çǱů&ķ
7�ſǐ�� Ȋ�0��ȕE-CellgvY@tL%²� �çĽ'��Ż

%4gvY@tL&	ķǽ=Ȋ�ȔƃƏ%�� &?\`AR=Ȋ�0��ȕ 

� ƈůř%	� 4Ȕ14 Ķ&it`vȔE-Cell erQCK[&żŇȔ¢ů¸ŹWvh&żŇȔ

M2&ÆĽȔIAB&żŇ%àÝ	zǌ%$80��ȕ�çăķ
7§
7$�}=Ŕôĩ� Ȋ

�ȔSFC !&ůř%Ĳ
$�2}�!�àÝđǓ=� �0�ȕŅ��çůůř=ǣ9}�!

�0��ȕ 

� ļĈ%$80���Ȕƈ'�ƓůËƉçƃƏė%ÓƜ�9�"�¦Ł Ŀă%û�!��ȕ

£Ų´ĩĠ&ĺ��īƒ���
�"$8�ƓůËƉçƃƏė=Ƃ80��ȕª3 MYvQ

=ǉ:�İ&}=�!4ȒĴ%ǂ� 	80�ȕƈ&�Ĉ&�ů%	� Ȕ�&ĭȒ!­šŻ

$ 2 úǽ�à�$Ɲ%$9�"'ǽǭ�$�"ƅ�� 	80�ȕª3 	����"�
7

Č6
ñ��: 
��8ȔĐ0:�ŮÚ=y� 
���0��Ȕ£Ų´ĩĠ%Č
7đǓ

=Ŵ�x�0�ȕ 
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