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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

A MICHAILOVA AND V SPASSOV

Institute of Biophysics Bulgarman Academy of Sciences
1118 Softa Bulgaria

Abstract. The influence of a change of tropouin concentration as well of a change
of bmding and dissociation of Ca®t 10ns to the 1egulatory protem tioponin C on
the time couise of 1somet11¢ tension has been studied using a mathematical model
developed to mvestigate excitation-contraction couphing m cardiac muscle cells The
numetical simulations show that peak amplitude, 1ate of foice development, time
to peak tension and relaxation time depend sigmficantly on the above paiameters
even 1n the case when the equiibiium dissociation constant remains unchanged
The obtaned 1esults nught be useful for the plamng of new experiments i the
view of the fact that no sumilai data have been repoited for cardiac muscle cells as
yet
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Introduction

Numeious mathematical models have been developed to investigate the properties
of the Ca?t signalling system as well as the contiactile and mechanical processes n
the heait muscle (Wong 1971, 1981, Robertson et al 1981, Cannell and Allen 1984,
Mihailova and Petiov 1984, DiFiancesco and Noble 1985, Backx et al 1989, Stern
and Lakhatta 1992, Michailova and Spassov 1992, 1993 Langer and Peshoff 1996)
The models could explain, confiim o1 teject some physiological and pharmacological
hypotheses, and simulate diffeient contractile events Howevel, no experimental ot
theoretical data ale available on how the time course of 1sometiic tension depends
on changes of tioponin concentiation as well as on changes of association and
dissociation of Ca?t 1ons with and fiom the regulatory protemn tioponmn C
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We ncluded the binding and dissociation of Ca®* 1ons to and fiom tioponin
C m the exatation-contiaction coupling model (Michaillova and Spassov 1992),
mote over 1t was assumed that i mammalian cairdiac muscle the concentiation of
Ca’* 10us bound to Ca’t specific sites on tropomn C could be the activation func-
tion mm Huxlev’s mathematical approach to the shding mechanism (Huxley 1957)
We simulated different mechanical cardiac-muscle 1esponses (1sometiic contractions
at different muscle length and fiecquency of stimulation tension voltage 1elation
ship, tension-duration relationship force-fiequency relationship action potential
duration tension 1elationship) to test the conectness of the model (Michailova and
Spassov 1992 1993) The obtammed qualitative 1esults corroborate our assump-
tion that the concentration of Ca?* 1ons bound to Ca?t specific sites on tioponin
C could be au unportant 1egulatory factor wm actin-mvosin mteractions and the
subsequent production of force 1 Huxley’s mathematical approach to the shding
mechanism

The mair purpose of this study was to mvestigate how changes m tropouin
concentiation and changes of the association and dissociation of Ca?t 1ons with
and from troponin C nfluence the time course of 1sometiic teusion 1w 1espouse to
a sigle and rhythmical applied action potential, using the mathematical model
developed by Michailova and Spassov (1992)

Materials and Methods

In cardiac muscle cells depolatization of the satcolema causes nflux of Ca®* 1ons
thiough voltage dependent channels and mnduces the 1elease of laiger amounts of
stored Ca?t fiom the saicoplasmic 1eticulum by calcium-mduced caleium 1elease”
mechamsm The released Ca®t together with Cat 1ous enterng thiough the sar-
colenmima, bind to tropomn C and witiate a sequence of protemn interactious that
permit activation of the actin-myosin cross-bridge cycle, causing contiaction

We descuibed these biophysical and physiological processes 1 hving cardiac
muscle by a system of equations (Michailova and Spassov 1992 Egs 1 18) In
contrast to Wong (1981) we mcluded n the model the non-linear differential Eq
(4) to desciibe the association and dissociation of Ca?™ 10ns with and fiom troponin
C

dy(t)/dt = hon(trop — ¥(t)) X5 p(t) — hagy(?) (4)

where (#) 15 the concentiation of Ca?® 10ns bound to Ca* spedcific sites on tio-
ponin C, X ¢ p(t) 15 the Ca’t concentiation 1 the sarcoplasm trop 1s the troponin
concentiation, hon, hog ate velocity constants

The mclusion of Eq (4) and the use of y(#) as the activation function n
Huxley’s model enable to study theoretically how changes of the association and
dissociation constants of Ca?t binding to tropomn C (Ao, o) as well as changes
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of tioponin concentiation (trop) mfluence the tume comse of 1sometiic tension

Details of the system of equations (1 18) and the values of paiameters that
provide for optimal peiformance of the model have been presented m the paper by
Michailova and Spassov (1992) Gill’s modifications of Runge Lutta fourth order
algonthm (Ralston and Wilf 1960) and Juhan s computational proceduie (Julian
1969) are used to solve Eqs (1 18)

A progiram wiitten 1 Fortian by the authors s used to obtain the numerical
solutions The sunulations were 1un on a 486 personal computer

Results

The mitial values of the 1ate constants for Ca?™ binding to tiopomn C (Aon = 0 39
1/pmol s keg = 19 6/s) were talen fiom the work of Holioyde et al (1980) The
concentiation of trioponm (trop = 70 gmol/l) corresponds to that used by Wier
and Yue (1986) In the study the value of each of the paramcteis A ,, Aog and trop
was vaiied at fixed values of all the other parameteis used

Figure 1a shows a thiee dimensional plot of the 1sometiic tension (Pn) as
a function of tioponm concentiation (trop) and time (#) i 1esponse to a single
applied action potential The model simulations show that a deciease of trop leads
to a deciease of the peak amplitude (P,.,) and of the 1ate of forcc devclopment
(dP/dt) while the tune to peal 1sometiic teusion (t,.« = 0 2 5) and the 1elaxation
tune (¢, = 0 6 5) temain almost unchanged If the muscle 15 thythmicallv stiulated
(60/min) a deciease of trop leads to a deciease of the steady-state peal. amphtude
(Pot) (Fig 1b)

From the 1esults shown i Fig 2 1t follows that Py« and ¢, mcrease i 1e
sponse to a single applied stimulus if the on-r1ate velocity constant (Ao, ) 1mcreases
Figuie 2a¢ also illustiates that the tune to peak 1sometiic tension (fy,.x) 1€mains un-
changed (tn~x = 0 2 s) for values of Ao, (0001 1/gmol s 1 1/pmol s) and mcreases
to 0 3 s for values of Ay, > 1 1/umol s In the case of 1hy thmical stunulation an 1n-
crease of ko, leads to an mcrease of the steady state peak amplitude (Py,) (Fig 2b)
Figuie 2b also shows that the 1esting value of the sometric tenston (Png = 0 25)
1s not reached if the value of on rate constant 1 too high (A, = 100 1/pmol s)

A decrease of the off-1ate velocity constant (Aqg) cause an mcrease of I«
and ¢, 0 1esponse to a smgle stimulus (Fig 3a) For values of Ao (10%/s 10%/s)
tma lemains unchanged (f,.x = 02 s), and 1t mmaeases to 03 s for the values
of hor < 10/s If the muscle 15 1hythmically stimulated a decrease of A.g leads
to an wmciease of the steady state peak amphtude (P) (Fig 3b) The 1csults of
siumulations (Fig 3b) show that the 1esting value of 1sometric tension (Png = 0 25)
1s not 1eached 1f the value of off-1ate constant 15 too low (hog = 0 01/s)

Figure 4a 1epresents a three dimensional plot of the 1sometiic tension (Pn)
as a function of the on-1ate veloaty constant (A, ) and time (¢) 1 respouse to a
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Figure 1. (a) Isometric tension as a function of tiune at different values of troponin
concentiation ({70p) 1 1esponse to a single applied action potential (b} Model 1esponses
to a thythnucally applied action potential (1) trop = 10 gmol/l, (2) trop = 40 pmol/l,
(3) trop = 70 umol/l Pn normalized 1sometric muscle tension, ¢ tne Frequency 60/1mun,
hon = 039 1/pmol s, kog = 196/
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Figure 2. (a) Isometric tension as a function of time at different values of the on-rate
velocity constant (Ao, ) 1 response to a single applied action potential (b) Model responses
to a rhythmically applied action potential (1) Ao, = 001 1/umol s, (2) hon = 1 1/pmol s,
(3) Aon = 100 1/umol s Frequency 60/min trop = 70 pmol/l hog =196/
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Figure 3. (a) [sometric tension as a tunction of tune at different values of the off-rate
velocity constant (ko) 1 1esponse to a single applied action potential. (b) Model responses
to a rhythmically appled action potential: (1) kogp = 0 01/s, (2) hogg = 10/s, (3) kon =
100/s. Frequency, 60/mm; trop = 70 pmol/l; ko, = 0.39 1/umol.s.
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Figure 4. (@) Isometric tension as a function of time at different values of the on-1ate
velocity constant (hon) 1n response to a single applied action potential with the equilib-
rium dissociation constant unchanged (KNg = Aofi /hon = const) (b) Model responses to a
1thythmically applied action potential and Iy = const (1) ko, = 039 X 1072 1/anol s,
ot =196 x 1072 /s, (2) kow =039 x 107! 1/umol s, hog = 196 x 1071 /5, (3) hon =039
1/pmol s, hog =19 6/s Frequency, 60/muin, trop = 70 jmol/l
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single applied action potential but the equilibrium dissociation constant 1emains
unchanged (A g = Rogr /hon = const) An mcrease of both Ag, and kog (L g = comnst)
leads to an mciease of the peak amplitude (P,,.¢) for values of 4o, 1n the mterval
(039 x 107" I/gmol s 039 I/gmol o) and hog (196 x 107%/s ~196/<) and to a
decrease of Py, for values of kg, > 0391/pmols and Aog > 196/s (Fig 4a)
The time to peak 1sometiic tension decreases to tpax = 02 s for values of Ao
(039 107*1/pmol s 039 1/pmol s) and Aog (196 x 107 /s 19 6/), and 1emains
unchanged (t,,,,c = 02 )1f Ay, > 039 1/pmol s and Ao > 19 6/ Figure 4a also
shows that f, considerably decieases when Aoy, > 039 1/umol s If the muscle 14
thythmically stimulated the steady-state peak amplitude (P.;) mcreases for values
of Aoy (039 x 107%1/pmmol s 039 1/pmol ) and Aog (196 x 1072/s 19 6/<) The
resting value of 1sometiic tension (Png = 0 25) could not be reached for the lower
values of the 1ate constants (A, = 039 x 1072 l/umol s kg =196 % 10 2/s and
how =039 x 107" 1/7amol s hog =196 x 1071/5)

Discussion

The model 1esults (Figs 1 3) suggest that the charactenstics of the 1sometiic ten-
sion (peak amplitude 1ate of force development tune to peak tension 1elaxation
tune) undergo sigmificant changes if the tiopommn concentiation (#7op) and the as
sociation and dissociation constants of Ca?? bmdmg to ttoponn C (A, Aor) are
vatted An mteresting model result (Fig 4) 15 also that the characteristics of 1somet-
11¢ tension depend signihcantly on the values of the 1ate constants (Ao, Aogr) €ven at
unchanged value of the equibibiium dissociation constant (K = ko /hoy = const)

These theoretical predictions could help to thiow morc hght upou the dopeu-
dence of exatation-contraction couphing ou the Ca** bhinding to tioponn € and
could be useful to plan new experiments m the view of the {fact that such data have
not vet been 1eported for cardiac muscle cells They also mav serve as 1eference
pomt 1 efforts to eaplamn the reasons for some muscle diseases o1 the effects of
action of several phaimacological agents For example 1t 1t were posable to blodk a
part of the specific calcium hinding sites on troponin C the effect 15 expected to be
mainly on the maguitude of the developed musdle force (Fig 1) However vaiiations
of the rate constants due to possible stiuctural o1 environmental changes show a
more complicated picture the effect 15 not only on the peak amplitude of tension
but also on the 1ate of force development and on the peak and the 1elaxation tine
(Figs 2 4)

The dependence of the time coutse of 1sometic tension on changes of Ao,
hog trop and Iy m 1esponse to a single and a thythmical applied action potential
cannot be sunulated with the known models (Wong 1971 1981, Robertson et al
1981 Cannell and Allen 1984, Mihailova and Petiov 1984, DiFiancesco and Noble
1985, Backx et al 1989, Stein and Lakatta 1992, Lange1 and Peskoff 1996)
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It 15 mportant to stiess that cardiac cell 15 not homogenous and the spatial
gradients of fice Ca?t can thus affect the calculated force tune course In 1ecent
years some aspects of the subcellular Ca?t concentiation gradients have been ad-
dressed 1 computer models of cardiac excitation-contiaction coupling (Back~ et al
1989 Stern and Lakatta 1992 Amstutz et al 1996 Langer and Peshoff 1996) We
do not see any puncipal difficulties m the futuie to extend the present model tak
ing nto account not only tume dependence but also thiee dimensional distiibution
of calcium concentiation
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