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Computer Simulation of Excitation-Contraction Coupling 
in Cardiac Muscle. A Study of the Regulatory Role 
of Calcium Binding to Troponin C 
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Abstract. The influence of a change of troponin concentration as well of a change 
of binding and dissociation of Ca2+ ions to the íegulatoiy piotem tioponin C on 
the time couise of isometiic tension has been studied using a mathematical model 
developed to investigate excitation-conti action coupling m caidiac muscle cells The 
numencal simulations show that peak amplitude, íate of foice development, time 
to peak tension and relaxation time depend significantly on the above paiameteis 
even m the case when the equilibrium dissociation constant lemams unchanged 
The obtained íesults might be useful foi the planing of new expenments in the 
view of the fact that no similai data have been íepoited foi caidiac muscle cells as 
yet 
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Introduction 

Numeious mathematical models have been developed to investigate the properties 
of the Ca2+ signalling system as well as the contiactile and mechanical processes in 
the heait muscle (Wong 1971, 1981, Robeitson et al 1981, Cannell and Allen 1984, 
Mihailova and Petiov 1984, DiFiancesco and Noble 1985, Backx et al 1989, Stern 
and Lakatta 1992, Michailova and Spassov 1992, 1993 Langei and Peskoff 1996) 
The models could explain, confiim oi íeject some physiological and phaimacological 
hypotheses, and simulate diffeient contiactile events Howevei, no expenmental oi 
theoietical data aie available on how the time couise of isometiic tension depends 
on changes of tioponin concentlation as well as on changes of association and 
dissociation of Ca2+ ions with and fiom the regulatoiy piotem tioponin C 
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We included the binding and dissociation of C a 2 + ions to and fioni t ioponin 
C m the excitation-contiaction coupling model (Michailova and Spassov 1992), 
moie ovei it was assumed that in mammalian caidiac muscle the conceutiation of 
C a 2 + ions bound to C a 2 + specific sites on t ioponm C could be the activation func­
tion m Huxley's mathematical appioach to the sliding mechanism (Huxley 1957) 
We simulated diffeient mechanical caidiac-muscle íesponses (isometiic contiactions 
at diffeient muscle length and frequency of stimulation tension voltage íelation 
ship, tension-duiation lelationship foice-frequency íelationship action potential 
duiat ion tension íelationship) to test the conectness of the model (Michailova and 
Spassov 1992 1993) The obtained qualitative íesults c o n o b o i a t e o m assump­
tion that the < oncentiation of C a 2 + ions bound to C a 2 + specific sites on t ioponin 
C could be an mipoitant íegulatoiy factoi in actm-mvosm niteiactions and the 
subsequent pioduction of foi c e in Huxley's mathematical appioach to the sliding 
mechanism 

The mam pin pose of this study was to investigate how changes m t ioponin 
concentiation and changes of the association and dissociation of C a 2 + ions with 
and from t ioponm C influence the time couise of isometiic tension in i espouse to 
a single and lhythmical applied action potential, using the mathematical model 
developed by Michailova and Spassov (1992) 

Mater ia l s and M e t h o d s 

In caidiac muscle cells depolan/ation of the saicolemma causes influx of C a 2 + ions 
thiough voltage dependent channels and induces the íelcase of laigei amounts oi 
stoied C a 2 + from the saicoplasmic leticulum by calcium-induced calcium lelease" 
mechanism The íeleased C a 2 + togethei with C a 2 + ions enteiing thiough the sai­
colemma, bind to t ioponm C and initiate a sequence of piotem mteiactions that 
pennit activation of the1 actin-iiryosm cioss-budge cycle, causing contiaction 

We descnbed these biophysical and physiological piocesses m living caidiac 
muscle by a system of equations (Michailova and Spassov 1992 Eqs 1 18) In 
contiast to Wong (1981) we included m the model the non-lmeai diffeiential Eq 
(4) to descnbe the association and dissociation of C a 2 + ions with and from t ioponm 
C 

ďy(t)/dt = kon(trop - 1(t))Xbľ(t) - kotnit) (4) 

wheic 7(r) is the concentiation of C a 2 + ions bound to C a 2 + specific sites on tio­
ponm C, A s p ( r ) is the C a 2 + concentiation m the saicoplasm hop is the t ioponm 
concentiation, kon, L0ff a ie velocity constants 

The inclusion of Eq (4) and the use of 7(f) as the activation function 111 
Huxley's model enable to study theoietically how changes of the association and 
dissociation constants of C a 2 + binding to t ioponm C (kon, A,off) as well as changes 
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of t ioponm concentiation (trop) influence the time couise of isometiic tension 

Details of the system of equations (1 18) and the values of paiameteis that 
piovide foi optimal peiformance of the model have been piesented m the papei by 
Michailova and Spassov (1992) Gill's modifications of Runge K u t t a fouith order 
algonthm (Ralston and Wilf 1960) and Julian s computational pioceduie (Julian 
1969) aie used to solve Eqs (1 18) 

A piogiam wnt t en m Foit ian by the authois is used to obtain the numeiical 
solutions The simulations weie mil on a 486 peisonal computer 

Resu l t s 

The initial values of the la te constants foi C a 2 + binding to t ioponm C (kon — 0 39 
1/^/mol s A0ff = 19 6/s) were taken from the work of Holioyde et al (1980) The 
concentiation of t ioponin (trop = 70 //mol/1) conesponds to that used b\ Wiei 
and Yue (1986) In the study the value of each of the paiamcteis kin A0fr And trop 

was vaned at fixed values of all the othei paiameteis used 

Figure la shows a thiee dimensional plot of the isometiic tension (Pn) as 
a function of t ioponm concentiation (trop) and time (t) m lesponse to a single 
applied action potential The model simulations show that a deciease of trop leads 
to a deciease of the peak amplitude (Pnl^) and of the la te of fence de\clopment 
(dP/dt) while the time to peak isometiic tension (tm^x = 0 2 s) and the íelaxation 
time (tr = 0 6s ) lemam almost unchanged If the muscle is ihythmicalh stimulated 
(60/mm) a deciease of trop leads to a deciease of the steady-state peak amplitude 
(P. , ) (Fig 16) 

Fiom the íesults shown m Fig 2a it follows that P„nX and tr mciease m íe 
spouse to a single applied stimulus if the on-iate velocity constant (Aon) mcieases 
Figme 2a also lllustiates that the time to peak isometiic tension (im ax) lemams un­
changed (rm a x = 0 2 s) foi values of kon (0 001 l///mol s 1 l//tmol s) and mcieases 
to 0 3 s for values of kon > 1 I///1110I s In the case of ih\ thmical stimulation an in­
crease of Aon leads to an increase of the steady state peak amplitude (P , r ) (Fig 26) 
Figuie 2b also shows that the lestmg value of the isometiic tension (Pn0 = 0 25) 
is not leached if the value of on la te constant is too high (k,n = 100 I///1110I s) 

A deciease of the off-iate velocity constant (A0ff) cause an mciease of P,„ax 
and t, 111 lesponse to a single stimulus (Fig 3a) Foi values of k0a (10 4 / s 102 /s) 
rm a x lemams unchanged (tm-ix = 0 2 s), and it mcieases to 0 3 s foi the values 
of k0g < 10/s If the muscle is lhythmically stimulated a deciease of k „a leads 
to an mciease of the steady state peak amplitude (PSf) (Fig 3D) The ic suits of 
simulations (Fig 36) show that the íesting value of isometiic tension (Pn0 = 0 25) 
is not leached if the value of off-iate constant is too low (k0a = 0 01/s) 

Figure 4o lepiesents a thiee dimensional plot of the isometiic tension (Pn) 

as a function of the on-iate velocity constant (iOM) and time (r) 111 lesponse to a 
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F i g u r e 1. (a) Isometric tension as a function of t ime at diffeient values of t ioponin 
concentiat ion {hop) in lesponse to a single applied action potent ia l (6) Model lesponses 
to a ihythmical ly applied action potential (1) trop — 10 / tmol/1, (2) trop = 40 / imol/1, 
(3) Uop = 70 //mol/1 Pn normalized isometric muscle tension, t t ime Frequencv 60 /min , 
koa = 0 39 l / /miol s, kof( = 19 6/s 
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F i g u r e 2 . (a) Isometric tension as a function of t ime at diffeient values of the on-ra te 
velocity constant (A,on) m response to a single applied action potential (b) Model responses 
to a rhythmically applied action potential (1) Aon = 0 01 l / /nuol s, (2) A,on = 1 l / / tmol s, 
(3) kon = 100 l / / imol s Frequency 60 /min tiop = 70 /imol/1 A0fr = 19 6/s 
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F i g u r e 3 . (a) Isometric tension as a function oi tune at different values of t he off-rate 
velocity constant (k„[j) m icsponse to a single applied action potential , (b) Model responses 
to a rliytlimicallv applied action potential: (1) knx = 0 01 /s , (2) A*0fF = fO/s, (.3) A'„n = 
100/s. Frequency, 60/min; trop — 70 / /mol/1; An,, — 0.39 l/ / ;mol.s. 
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F i g u r e 4. (a) Isometric tension as a [unction of t ime at different values of the on- ia te 
velocity constant (Aon) m response to a single applied action potential with the equilib­
rium dissociation constant unchanged (h'd = A0ff/A0„ = const) (b) Model responses to a 
ihythmical ly applied action potent ial and h'd = const (1) Anll = 0 W x 10"" l / / /mol s, 
A:off = 19 C x 10" 2 / & - (2) ^°» = 0 39 x 10" 1 l///mol s, Aoff = 19 f> x JO"1 /- , , (3) Aon = 0 39 
I//J1110I s, A0ff = 19 6/s Frequency, 6 0 / m m , trop = 70 //mol/1 
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single applied action potential but the eqiiilibiiuni dissociation constant lemams 

unchanged (hd = k(ttf/kon - const) An mciease of both Aon and £ofr (A,/ = const) 

leads to an mciease of the peak amplitude (P l l i n x) foi values of kon in the mteival 

(0 39 x 10"* l///mol s 0 39 I///1110I s) and Äoff (19 6 x 1 0 " 4 / s -19 6/s) and to a 

deciease of PI111X f01 values of Äon > 0 391///mol s and kofí > 19 6/s (Fíg 4a) 

The time to peak isometiic tension decieases to rm a x = 0 2 s foi values of kím 

(0 39 x 10"4 l / / / inol s 0 39 I///1110I s) and koíí (19 6 x 1 0 " 4 / s 1 9 6/s), and lemams 

unchanged (/nmx = 0 2 s) if Ä011 > 0 39 I///1110I s and /,0tr > 19 6/s Figme 4a also 

shows that /, consideiably decieases when AD„ > 0 39 I///1110I s II the muscle is 

ihythmically stimulated the steady-state peak amplitude (P s f) mcieases foi values 

of km (0 39 x 10"2 l / / /mol s 0 39 I///1110I s) and kaft (19 6 x 10~ 2 /s 19 C/s) The 

testing \a lue of isometiic tension (P;?o = 0 25) could not be 1 cached foi the lowei 

values of the ía te constants (Ann = 0 39 x 10" 2 I///1110I s Ä )(r = 19 6 x 10 2 / s and 

ktm = 0 39 x 1 0 - ' I///1110I s Áoff = 19 6 x 10"V S ) 

D i s c u s s i o n 

The model icsults (Figs 1 3) suggest that the1 chaiae tenstics of the isometiic ten­

sion (peak amplitude 1 ate of foi e e development tune to peak tension íelaxation 

time) undeigo significant changes if the t ioponm concentiation (trap) and the as­

sociation and dissociation constants of C a 2 + binding to t ioponm C (Äon £„ff) aie 

\aiiecl \ n liiteiestmg model lesult (Fig 4) is also that the chaiactenstics of isomet­

iic tension depend significantly on the values of the late constants (iOI1 A,„ff) e \en at 

unchanged value of the equihbiium dissociation constant (K,i = /.„tf/^on = const) 

These theoietical piechetions could help to thiow moie light upon the de pen-

dene e of excitation-contiae tion coupling on the Ca 2 + binding to t ioponm C and 

could be useful to plan new experiments 111 the view of the fact that sue h d a t a have 

not \ e t been íepoited foi caidiac muscle cells Thc\ also mav seive as ledeience 

point 111 eftoits to explain the leasons foi some muscle diseases 01 the effects of 

action of seveial phai macological agents Foi example if it weie possible to block a 

pait of the spec lfic calcium binding sites on t ioponm C the effect is expected to be 

mainly on the magnitude of the developed muscle foice (Fig 1) Howe\ei vanat ious 

of the la te constants due to possible s t iuc tmal 01 enviionmental changes show a 

nioie complicated pictuie the effect is not only on the peak amplitúde of tension 

but also on the la te of foice development and on the peak and the íelaxation time 

(Figs 2 4) 

The dependence of the time couise of isometiic tension on changes of AOI1, 

Ao[f trop and Kd 111 lesponse to a single and a lhythmical applied action potential 

cannot be simulated with the known models (Wong 1971 1981, Robei tson et al 

1981 Cannell and Allen 1984, Mihailova and Petiov 1984, DiFiancesco and Noble 

1985, Backx et al 1989, Stem and Lakat ta 1992, Langei and Peskoff 1996) 
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It is important to stiess that caidiac cell is not homogenous and the spatial 

giachents of free Ca 2 + can thus affect the calculated foice time couise In lecent 

yeais some aspects of the subcellulai C a 2 + concentiation giachents ha \e been ad-

diessed in computei models of caidiac excitation-contiac tion coupling (Backx et al 

1989 Stem and Lakat ta 1992 Amstutz et al 1996 Langei and Pcskoff 1996) We 

do not see an^ pimcipal difficulties m the futuie to extend the piesent model tak 

mg into account not onl> time dependence but also thiee dimensional dis tubutiou 

of calcium concentiation 

A c k n o w l e d g e m e n t s . This work was suppo i t ed bv th t National Fund Scientific Re-
seaichers Bulgana Giant K 101/94 
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