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Abstract

A stretch-induced increase of active tension is one of the most important properties of the heart, known as the Frank–Starling law. Although a
variation of myofilament Ca2+ sensitivity with sarcomere length (SL) change was found to be involved, the underlying molecular mechanisms are
not fully clarified. Some recent experimental studies indicate that a reduction of the lattice spacing between thin and thick filaments, through the
increase of passive tension caused by the sarcomeric protein titin with an increase in SL within the physiological range, promotes formation of
force-generating crossbridges (Xbs). However, the mechanism by which the Xb concentration determines the degree of cooperativity for a given
SL has so far evaded experimental elucidation. In this simulation study, a novel, rather simple molecular-based cardiac contraction model,
appropriate for integration into a ventricular cell model, was designed, being the first model to introduce experimental data on titin-based radial
tension to account for the SL-dependent modulation of the interfilament lattice spacing and to include a conformational change of troponin I (TnI).
Simulation results for the isometric twitch contraction time course, the length-tension and the force–[Ca2+] relationships are comparable to
experimental data. A complete potential Frank–Starling mechanism was analyzed by this simulation study. The SL-dependent modulation of the
myosin binding rate through titin's passive tension determines the Xb concentration which then alters the degree of positive cooperativity affecting
the rate of the TnI conformation change and causing the Hill coefficient to be SL-dependent.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Stretching of the ventricles due to greater end-diastolic
volume results in greater systolic contraction force. This
fundamental law of the heart, known as the Frank–Starling
law, mainly stems from myofilament Ca2+ sensitivity increasing
with sarcomere length (SL) within the physiological range (1.7
Abbreviations: LTR, length–tension relationship; Tn, troponin; TnC,
troponin C; TnT, troponin T; TnI, troponin I; SL, sarcomere length; Xb,
crossbridge; Tm, tropomyosin; nH, Hill coefficient; EC50, [Ca2+] at half
maximum tension; TTP90, time to 90% of peak tension; R50, time to 50%
relaxation measured from peak tension; RU, regulatory unit; FCaR, force–
[Ca2+] relationship; A, actin; E, equation; PKA, protein kinase A; SR,
sarcoplasmic reticulum; KM, Kyoto Model.
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to 2.2 μm for small rodents [1]), leading to increased active
tension from greater initial SL. This characteristic, known as the
length–tension relationship (LTR), was found to be steeper in
cardiac muscle than in skeletal muscle [2,3]. Despite its
importance, the complex mechanisms underlying the Frank–
Starling law are not fully understood [4,5]. Recent experimental
progress favored the lattice spacing theory over the idea of a
length-sensing element in the sarcomere [6]. It was suggested
that the giant sarcomeric protein titin [7], which exhibits passive
tension, modulates the spacing between thin and thick filaments
[8,9]. In contrast to the titin isoforms found in cardiac muscle,
titin in skeletal muscle produces only weak passive tension
within the physiological SL range [10]. In mammalian heart, two
isoforms were detected: N2B titin exhibits a greater passive
stiffness than N2BA titin. The N2BA/N2B ratio is highly
species-dependent, and a change in the ratio was found in
diseased hearts [7].
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Fig. 1. State diagram for the cardiac contraction model (M1). The model consists
of seven different states of an RU (RUNA: not activated RU; RUTCaoff: Ca2+

bound to TnC with TnI still bound to A; RUTCaon: TnI released from A;
RUTMon: Tm in the activated conformation; RUAMADPPi: M with a
hydrolyzed ATP bound to A of a activated RU=weak Xb; M pocket for Pi

closed; RUA_MADPPi: strong Xb, M pocket for Pi open; RUA_MADP: strong
Xb, Pi released from the acto-myosin complex). Bold rate parameters are
dynamic with koffI, ktmon and k3 changing due to cooperativity and k12
depending on titin-based radial force.
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It is now believed that titin's passive tension, which rises
with an increase of the SL within the physiological range,
diminishes the interfilament space and accelerates force-
generating, i.e. strong, crossbridge (Xb) formation [5].
However, the mechanism by which titin-based passive tension
may change cooperative activation of the thin filament is far
less well understood. It might result from the reduced lattice
spacing which leads to an increase of Xbs [9]. Several
experiments gave evidence for a role of the Xb concentration
in the modulation of Ca2+ sensitivity [6]. An increase in Ca2+

sensitivity at shorter SLs was achieved by adding NEM-S1, a
modified myosin head that produces strong nonforce generat-
ing Xbs [11], or MgADP, which diminishes the rate of Xb
detachment and thus enhances the population of strong Xbs
[12], or by reducing the MgATP concentration from 5 to
0.5 mM, which also increases the number of strong Xbs [13].
Alternatively, a decrease in the number of strong Xbs which
was attained by lowering the pH (i.e. acidosis) or by addition
of inorganic phosphate, resulted in a greater variation of active
tension in response to SL changes [14]. These data clearly
show that the concentration of Xbs is capable of modulating
Ca2+ sensitivity. However, the underlying mechanism has not
been elucidated. Recently, a biochemical in vitro study with
purified labeled proteins showed that the conformational
change of TnI consisting of two steps, binding of the TnI
regulatory region to hydrophobic sites in the N-domain of
Ca2+-bound TnC and release of the adjacent TnI inhibitory
region from actin, is an important regulatory switch in the
Ca2+ activation of thin filaments [15]. The same study found
that both Ca2+ and strong Xbs are required for full-strength
activation of myofilaments.

To our knowledge, no simulation study to reveal potential
Frank–Starling mechanisms was carried out. This may be due
to the fact that existing myocyte contraction models are not
suitable for such a study, since they include lumped states and
lack titin. Here we report a new kind of cardiac muscle
contraction model that includes titin and the conformational
change of TnI. Analysis of this model revealed a working
hypothesis for a Frank–Starling mechanism linking lattice
space changes through titin-based passive tension with a
change in cooperativity. Furthermore, the model well
reproduces important isometric muscle contraction character-
istics and seems to explain the SL dependency of the Hill
coefficient (nH). A preliminary study was published as a
conference report [16].

2. Methods

2.1. Model structure

Actin filaments are composed of regulatory units (RU) with
one RU consisting of seven actin (A) molecules, one troponin
(Tn) complex (TnC, TnI, TnT) and one tropomyosin (Tm)
molecule. Ca2+ binding to TnC is followed by a conformational
change of TnI and Tm to clear the myosin binding site on actin
[17]. This newly developed cardiac muscle contraction model
combines Ca2+ activation and acto-myosin kinetics with a
structure based on these molecular findings of myofilament
activation. The model is given by a seven-state system of RUs,
each in a different activation state and/or conformation (Fig. 1).
First, Ca2+ binds to TnC of a not-activated RU (RUNA) to yield
RUTCaoff, a state with Ca2+ bound to TnC but with TnI still
bound to actin. Then a conformational change releases TnI from
its inhibitory region on actin (RUTCaon). This step was shown
to be an important regulatory switch [15]. The subsequent
conformational change of Tm creates fully activated RUs
(RUTMon) with a free myosin binding site. Myosin with a
technically hydrolyzed ATP bound (MADPPi), a species mainly
found at rest in a rapid equilibrium with MATP [18], can bind to
RUTMon to form a nonforce-generating, i.e. weak, Xb
(RUAMADPPi). In this state, the myosin binding pocket for
Pi is closed. The subsequent force generation step results in an
open Pi pocket and a strong Xb (RUA_MADPPi). Pi can then
be released from the acto-myosin complex to yield a second
strong Xb state (RUA_MADP) and finally ADP is released and
the RUTMon state is recovered. The acto-myosin interactions
described here are based on experimental findings [19] showing
that Pi is released after the power stroke.

Three rate parameters, in particular koffI, ktmon and k3 (Fig. 1),
are subject to change due to cooperativity in filament activation.
Cooperativity mechanisms are fundamental to cardiac muscle
activation, since cardiac TnC exhibits only one Ca2+ specific
binding site responsible for regulation of contraction, in
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contrast to the two sites found in skeletal TnC [20]. Some
positive and negative cooperativity mechanisms as analyzed by
Robinson et al. [21] were employed, modified and adapted for
the seven-state model. The myosin binding rate parameter (k12)
depends on titin-based radial force. Details on cooperativity
and titin are outlined in Section 2.2. In this study, it was
assumed that only one myosin head can be bound per RU [20].

The model was designed to be used in the Kyoto Model
ventricular cell, a model that is based on guinea pig
experimental data [22]. Due to a lack of guinea pig data for
model adjustment, available data from other animals (mainly cat
and mouse) were applied. The flexibility of the present model
allows easy adjustment to data from human or other species.
Presented here are results for isometric contractions only, i.e.
constant SL, so this model description is restricted to chemical
aspects.

2.2. Mathematical model

Each step of the seven-state model (Fig. 1), referred to as M1
in this paper, is explained in mathematical details below.

The sum of all RUs (RUTotal) is given by:

½RUtotal� ¼ ½RUNA� þ ½RUTCaoff � þ ½RUTCaon�
þ ½RUTMon� þ ½RUAMADPPi�
þ ½RUA MADPPi� þ ½RUA MADP�: ð1Þ

The net rate of Ca2+ binding to TnC (QCaB) is:

QCaB ¼ kond½RUNA�d½Ca2þ� � koff d½RUTCaoff � ð2Þ
where kon and koff are the binding and unbinding rate constants,
respectively.

The net rate for the conformational change of TnI (QTCaA) is
given by:

QTCaA ¼ konId½RUTCaoff � � koffId½RUTCaon� ð3Þ
where konI is the rate for the change to the “on” conformation
and koffI for the “off” state. Unlike the Ca2+ binding step, the
TnI change is subject to cooperativity expressed in a change of
koffI as follows:

koffI ¼ koffid 1þ kOFFd
RUA½ �

RUtotal½ �
� �2

� 1þ kxboff d
RUA MADPPi½ � þ RUA MADP½ �

RUtotal½ �
� �4:4

ð4Þ
with the activated RUs (RUA) given as:

RUA½ � ¼ RUTCaon½ � þ RUTMon½ � þ RUAMADPPi½ �
þ RUA MADPPi½ � þ RUA MADP½ �: ð5Þ

Both terms in E4 account for positive cooperativity, i.e. a
decrease of koffI during myofilament activation. The first term
results from slowing down the back reaction if a neighboring
RU is also in the activated conformation [21]. The second term
accounts for the inhibition of the TnI actin re-association
through strong Xbs [15]. Power 4.4 has been obtained through
model fitting.

To fully activate myofilaments, a conformational change of
Tm is necessary since it has to be moved away from the myosin
binding site on actin which is the major structural change of the
RU [20] leading to RUTMon. The net rate for this step (QTMA)
is given as:

QTMA ¼ ktmond RUTCaon½ � � ktmoff d RUTMon½ � ð6Þ

where ktmon is the rate for the move of Tm away from the
myosin binding site and ktmoff the rate for the return to the
nonactivated state. ktmon is subject to change due to different
cooperativity mechanisms.

ktmon¼ ktmoncd
RUTCaon½ �
RUtotal½ �

� �
d 1þ ktmRUd

RUTMon½ �
RUtotal½ �

� �� �2

� 1þ ktmxbd
RUA MADPPi½ � þ RUA MADP½ �ð Þ

RUtotal½ �
� �2

:

ð7Þ
The terms which include RUTCaon and RUTMon increase

ktmon during myofilament activation (positive cooperativity).
The conformational change of the Tn complex may speed up the
conformational change of Tm [15,17]. In addition, Tm
molecules in the activated conformation may activate neighbor-
ing Tm molecules since all Tm molecules overlap in a head-to-
tail configuration. This is expressed in the term containing
RUTMon. Strong Xbs cause negative cooperativity which may
be attributed to Xb-induced strain in Tm [21]. This has yet to be
proofed.

The net rate of the myosin binding step (QMB) which leads to
the formation of weak Xb is as follows:

QMB ¼ k12dKTitind MADPPi½ �d RUTMon½ �eff
� k�12d RUAMADPPi½ � ð8Þ

where [MADPPi] is the concentration of myosin heads with
technically hydrolyzed ATP bound, KTitin the titin function
explained in details below, k12 is the myosin binding rate and
k−12 the detachment rate. The concentration of activated RUs
overlapping with the myosin filaments, [RUTMon]eff, is SL-
dependent:

RUTMon½ �eff ¼ ad RUTMon½ � ð9Þ

α is the sarcomere overlap function that represents the fraction
of thick filaments with myosin heads in single overlap
conformation as described by Rice et al. [23]:

For L < 1 Am : a ¼ 1:5d
L
L0

� �
0� 0:5

For Lz1 Am and LV1:1 lm : a ¼ 1

For L > 1:1 Am : a ¼ �1:6d
L
L0

� �
þ 2:76

ð10Þ
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where L is the half sarcomere length and L0 a normalization
factor.

The passive tension due to titin can be split into the
longitudinal tension which results in compliance and the
radial tension (Frad) which modulates the lattice spacing
between thick and thin filaments [8]. The titin isoform ratio
(N2BA/N2B) depends on the heart rate with animals having a
faster beating heart expressing mainly the stiffer N2B isoform
[10,24]. Since only mouse skinned fiber experimental titin-
based radial tension data [8] were available, they were
modified as follows: (1) The Frad data were shifted to smaller
SL to account for the Ca2+ sensitivity difference of skinned
vs. intact fibers [1]. (2) Since the guinea pig heart rate (230–
300 beats/min) fits in between mouse (402–834 beats/min;
ratio (N2BA/N2B): <0.05) and rabbit (205–220 beats/min;
ratio: 0.2) [25] a higher ratio than that for the mouse, which
correlates with a less steep Frad curve was assumed (Fig. 2).
The following equation which was obtained through a fit of
the modified Frad data was used to model the SL-dependent
influence of titin on the lattice spacing:

ftitinNormal ¼ kTitind
9:9663

1þe

� L
L0

� �
þ1:0639

0:0696

ð11Þ

with kTitin being a scaling factor. A direct proportional
relationship between titin Frad and the change of the myosin
binding speed was assumed in the model.

Stretching of cardiac muscle to above the maximum
physiological SL which is around 2.2 μm for small rodents
causes permanent damage of the passive tension [1]. Experi-
mental data showed that this is probably a result of an
irreversible unfolding of some of titin's Ig domains [26] which
may lead to a progressive detachment of titin from the thick
filament [27]. Hence, the lattice spacing should increase for
higher SL.
Fig. 2. Data for titin-based radial force. Original experimental data from mouse
[1] used to fit ftitinNormalM (E29) are compared to the modified data used to fit
ftitinNormal (E11).
To account for the titin damage a linear relationship with SL
was assumed.

ftitinDamaged ¼ kTitind �31d
L
L0

� �
þ 40

� �
: ð12Þ

The titin function (KTitin) consisting of the two different
functions described above was defined as follows:

KTitin ¼ ftitinNormal ðLV1:1 lmÞ
ftitinDamaged ðL>1:1 lmÞ :

�
ð13Þ

Since damaged elastic material shows different character-
istics, the use of two discontinuous equations is justified. It was
assumed that titin gets abruptly damaged at SL>2.2 μm
although physiologically this is probably a smoother process
best described by an intermediate function. However, in a
normal functioning cardiac muscle passive tension prevents the
muscle from overstretching, i.e. a SL>2.2 μm cannot be found,
so titin damage is a rather nonphysiological process. Just to
analyze if experimental findings of a steeper descending limb
for the LTR in cardiac muscle might be caused by titin damage,
ftitinDamaged was added. Only for Fig. 4 a SL>2.2 μm was used
for simulations.

The force generating step (QFgen) is a fast conformational
change of the actin bound myosin to open the Pi binding pocket
associated with the formation of a strong Xb [19]. The
following equation gives the net rate.

QFgen ¼ k3d½AMADPPi� � k�3d½AM ADPPi� ð14Þ
where k3 is the strong Xb formation and k−3 the detachment rate
parameter. k3 is subject to change due to cooperativity:

k3¼k3cd 1þ k3f d
½RUTCaon�eff þ ½RUTMon�eff þ ½RUAMADPPi�

½RUtotal�
� �� �2

� 1þ k3xbd
ð½RUA MADPPi� þ ½RUA MADP�Þ

½RUtotal�
� �2

ð15Þ

with [RUTMon]eff given by E9 and

½RUTCaon�eff ¼ ad½RUTCaon�: ð16Þ
k3 is enhanced through activated RUs (positive cooperativity).
But strong Xbs slow down the reaction. This negative co-
operativity may be due to strain and steric hindrance [21].

The Pi release is a reversible step with the net rate (QPiR)
given as:

QPiR ¼ k4d½RUA MADPPi� � k�4d½RUA MADP� ð17Þ

with k4 being the Pi release and k−4 the Pi attachment rate
constants, respectively.

The ADP release is the rate limiting step of the isometric
system and the backward reaction is negligible [19]. The net
rate (QADPR) is calculated as follows:

QADPR ¼ k5d½RUA MADP�: ð18Þ



Table 1
Numerical values of parameters

Parameter Value Source

Aiso 9000 mN/mm2/mM [28]; (A*hc)
koff 0.2/ms [21]
kon 17.3/mM/ms [21]
[RUtotal] 0.0726 mM Calculated for Lmax=1.1 μm

according to [20]
konI 0.2/ms Model fit
koffi 0.075/ms Model fit
kOFF −0.32 Model fit
kxboff −1.37 Model fit
ktmoff 0.067/ms Model fit [44]
ktmonc 0.014/ms Model fit [44]
ktmRU 10 Model fit
ktmxb −1.86 Model fit
L0 0.001 mm To normalize L
k12 2/mM/ms Model fit according to [57,58]
k−12 0.6/ms Model fit according to [57,58]
[MADPPi] 0.1375 mM Calculated for Lmax=1.1 μm

according to [20]
kTitin 0.2 Model fit
k3c 0.025/ms Model fit according to [57]
k3f 50 Model fit
k3xb −1.23 Model fit
k−3 0.008/ms Model fit according to [57]
k4 0.077/ms [19]
k−4 0.001/ms Model fit
k5 0.03723/ms [19]; T adjusted to 37 °C
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The rate changes for the different RU species and [Ca2+] are
determined as follows:

d½RUTCaoff �
dt

¼ QCaB � QTCaA ð19Þ

d½RUTCaon�
dt

¼ QTCaA � QTMA ð20Þ

d½RUTMon�
dt

¼ QTMA � QMB þ QADPR ð21Þ

d½RUAMADPPi�
dt

¼ QMB � QFgen ð22Þ

d½RUA MADPPi�
dt

¼ QFgen � QPiR ð23Þ

d½RUA MADP�
dt

¼ QPiR � QADPR ð24Þ

d½Ca2þ�
dt

¼ �QCaB: ð25Þ

The active force Fb is proportional to the number of
developed Xbs with Aiso being the force factor for isometric
contractions [28].

Fb ¼ Aisodð½RUA MADPPi� þ ½RUA MADP�Þ: ð26Þ
Table 1 shows the parameter values used in all simulations

unless indicated.
2.3. Model variations

Modified models which have been used in this study are
described below with the original model named M1. M2 lacks
the titin function and uses E27 for the myosin binding step
instead of E8.

QMB ¼ k12d½MADPPi�d½RUTMon�eff
� k�12d½RUAMADPPi�: ð27Þ

To test whether titin has a greater effect on the myosin
binding rate or the force generating rate, in M3 the myosin
binding step E8 has been exchanged to E27 and the titin
function (KTitin, E13) added to the force generating step using
E28 instead of E14.

QFgen ¼ k3dKTitind½AMADPPi� � k�3d½AM ADPPi� ð28Þ

M4 employs a titin function fitted to the original mouse data
[8]. For KTitin, E29 is used instead of E11 in the myosin
binding step E8.

ftitinNormalM ¼ kTitind
9:5988

1þe

� L
L0

þ1:0997

� �
0:0447

ð29Þ
In M5, the positive cooperativity caused by strong Xbs is
omitted in koffI. E30 is used instead of E4 with kOFF=−0.5.

koffI ¼ koffid 1þ kOFFd
½RUA�

½RUtotal�
� �2

ð30Þ

In M6, power 4.4 in E4 was changed to power 2.
kxboff=−2.3 is used to achieve a similar steep curve as
with power 4.4. The model differences are summarized in
Table 2.
2.4. Simulations and data analysis

The contraction model was implemented in Java using
the simBio package [29], software for cell simulation. The
differential equations were solved using an Euler method
with dynamically adjusted time steps. Steady state simula-
tions were carried out in an isolated model with constant
[Ca2+], i.e. omitting E25 (Sections 3.2 and 3.3; Figs. 4 and
5). For the numerical analysis of species and rate parameter
changes with [Ca2+], a separate Java program was used
(Sections 3.1 and 3.4; Figs. 3 and 6). In those cases, the
[Ca2+] was constant for each calculation point. To obtain a
Ca2+ transient for isometric twitch contractions either the
contraction model used in the Kyoto Model ventricular cell
[22] was replaced by the present model (M1) (Section 3.5;
Figs. 7A–D), or a module for a simple Ca2+ transient
producing sarcoplasmic reticulum (SR) as described in [28]



Table 2
Differences of models used in this study

Changed equations Model description

M1 Original model Titin effects myosin binding rate
M2 E8 changed to E27 No titin
M3 (1) E8 changed to E27 Titin effects force generating rate

(2) E14 changed to E28
M4 E11 changed to E29 Titin function fitted to the original mouse data
M5 E4 changed to E30

with kOFF=− 0.5
Xb caused cooperativity omitted in koffI

M6 In E4 power 4.4 changed
to power 2; kxboff=−2.3

Validation of power 4.4
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(E8 (Qpump), E9 (Qrel) from [28]) was added to M1, and
E31 was used instead of E25 (Fig. 7E).

d½Ca2þ�
dt

¼ Qrel � Qpump � QCaB: ð31Þ

The force–[Ca2+] relationship (FCaR) for each SL was fitted
to the Hill equation E32 by nonlinear regression analysis using
SigmaPlot (Version 8.02; SPSS Inc.)

F ¼ ½Ca2þ�n
ECn

50 þ ½Ca2þ�n ð32Þ

where F is the normalized steady state force, EC50 is [Ca
2+] at

which force is half-maximal, and nH the slope of the FCaR (Hill
coefficient).

3. Results

3.1. Numerical analysis of RU species and rate parameter
changes with [Ca2+]

Fig. 3 shows the numerical analysis of species concentrations
and rate parameter changes during [Ca2+] variation for M1 at
two physiologically relevant SLs (2.2 μm (Figs. 3A, B) and
1.7 μm (Figs. 3C, D)). With addition of Ca2+ the concentration
of RUs with Ca2+ bound to TnC (RUTCaoff) starts to rise
initially. However, a sigmoidal decrease of koffI, i.e. the
prevention of TnI from returning to its inhibitory conformation,
causes RUTCaoff to decrease with further increasing [Ca2+]
with a simultaneous sharp rise in RUTCaon (Fig. 1), which is
the most abundant species at high [Ca2+] at both SLs. The SL
dependency of the koffI decrease (Figs. 3B, D) is an important
characteristic of M1, as explained in Section 3.4 below.

The concentration of fully activated RUs (RUTMon)
increases as the SL decreases from 2.2 to 1.7 μm. This is
Fig. 3. Numerical analysis of RU species and rate parameter changes with [Ca2+]
for different SLs. Variation of state concentrations with [Ca2+] at SL=2.2 μm
(A) and SL=1.7 μm (C). [RUAMADPPi] is too small to be seen. Xb total gives
the sum of strong Xbs ([RUA_MADPPi] and [RUA_MADP]). Rate variation
(log10) with [Ca

2+] for SL=2.2 μm (B) and SL=1.7 μm (D). The TnI (koffI) and
Tm (ktmon) conformational change rates and the force generation rate (k3) vary
with cooperativity. The myosin binding rate (k12*KTitin) is constant for a given
SL.



Fig. 4. Simulation results for the length–tension relationship. For M1 to M4,
steady state maximum active tension which is equivalent to the tension of
muscle in the titanic state was determined at constant SL for SL 1.7 to 2.2 μm,
[Ca2+]=1.5 μM and normalized to the maximum tension for each model. In
addition, for M1 and M2, the LTR for SL>2.2 μm is shown.
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caused by titin-based radial force, which decreases with
decreasing SL (Fig. 2) and so causes the myosin binding rate
(k12 *KTitin) to fall, with simultaneous accumulation of
RUTMon. A rise in RUTMon results in an increase of the
rate parameter for the conformational change of Tm (ktmon) with
decreasing SL (Figs. 3B, D). The consequences of this effect
will be explained further below.

The Tm conformational change is the slowest step in the
activation of thin filaments, and the rate parameter ktmon is
very small at low [Ca2+], rising linearly with an increase in
[Ca2+] up to the EC50 value for a given SL (Fig. 3). A widely
accepted theory suggests that the Tm conformational change
controls thin filament activation with a large movement of Tm
necessary to free the myosin binding site on actin which it
blocks at low [Ca2+] [20]. The rate limiting step for acto-
myosin interactions under isometric conditions is the ADP-
release step (k5) in the present model, as has been found in
experiments in vivo [19], potentially leading to a build-up of
strong Xb states (RUA_MADPPi and RUA_MADP). The
model indicates maximum active tension at 2.2 μm SL with
31.3% of all RUs being in the strong Xb state, corresponding
to 16.5% of available myosin heads being strongly bound.
Under the assumption that only one of the two S1 heads of a
myosin molecule can bind at one time, measurements suggest
that only 10 to 20% of all S1 heads bind to the thin filament
during maximal isometric contraction, i.e. that only 0.38 to
0.75 S1 heads are bound per RU [20]. The present model fits
well with recent experimental data showing that 17–32% of
myosin heads are strongly bound (by X-ray diffraction) [30]
or 20–30% (by ESR) [31].

3.2. Titin's role in length-dependent activation

Concerning the LTR, a fundamental assumption is that the
maximal force at a given SL is determined by the degree of
overlap between thick and thin filaments which is described as
“α function” (E10) in the present model. The effect on force
caused by the filament overlap is the same for skeletal and
cardiac muscle. To test the hypothesis that the much steeper
“ascending limb” of the LTR in cardiac muscle [2,3] is due to
the modulation of the lattice spacing by titin, simulation results
for M1 to M4 obtained with a steady level of Ca2+ were
compared. As shown in Fig. 4, without the effect of titin (M2),
the LTR matches skeletal muscle LTR [32], but addition of the
titin-based radial force (M1) to account for lattice spacing
changes, that in turn changes the myosin binding rate, results in
a much steeper rise of the active tension with increasing SL. M3
was used to evaluate which step, the formation of weak Xb (k12)
or the transition from the weak to the strong binding state (k3), is
mainly affected by interfilament spacing changes. As shown in
Fig. 4, a steep LTR could only be attained if titin affects k12 as in
M1, with the LTR for M3 being similar to M2. The LTR for M4
(Fig. 4), which uses the original mouse titin-based radial force
data [8], is steeper than the LTR for M1, in which modified data
were employed to account for species differences (Fig. 2). This
comparison confirms that the LTR greatly depends on titin's
radial force and suggests that it is highly species-dependent. M1
and M2 were also analyzed for SL>2.2 μm. A steep tension fall
results, if increased damage to titin is assumed, with rising SL
above 2.2 μm (M1; E12). To sum up, simulation results support
the hypothesis that titin-based radial force modulates the lattice
spacing, which leads to increased formation of weak and
subsequently strong Xbs with an increase of the SL in the
physiological range.

3.3. Titin affects the Ca2+ sensitivity of myofilaments

The force–[Ca2+] relationship (FCaR) indicates the level
of cooperativity in filament activation measured as nH and
yields the EC50 value, the [Ca2+] necessary for half
maximum force. The following simulations were carried out
for constant [Ca2+] levels. Figs. 5A and B depict the FCaR
for the model with titin (M1) and without titin (M2),
respectively. In M2, nH is almost constant for the SL 1.7 to
2.2 μm whereas in M1, nH decreases from 7.95 for 2.2 μm
to 4.96 for 1.9 μm and then rises to 5.84 for SL 1.7 μm (Fig.
5D). A decrease in nH with decreasing SL was also found
experimentally for skinned rat trabeculae [33] (Fig. 5D).
Interestingly, this group also reported an increase in nH for
SL 1.65 μm. As shown in Fig. 5E in M1, EC50 greatly
increases with a decrease in SL (ΔEC50=1.55 μM for SL 1.7
to 2.2 μm). But the increase in EC50 is very small for M2
(ΔEC50=0.13 μM) for the same SL range. A comparison of
the ΔpCa50 values reveals that the change for M1
(ΔpCa50=0.516) is comparable to the Kentish et al. data
(ΔpCa50=0.403) [33], whereas the ΔpCa50 values for M2
(ΔpCa50=0.066) are rather comparable to the data from
Dobesh et al. (ΔpCa50=0.136) [34] which report a SL-



Fig. 5. Simulation results for the force–[Ca2+] relationship. Panels A to C depict the steady state force normalized to maximum tension at SL=2.2 μm for each SL
plotted vs. [Ca2+]. Panel D compares the nH and panel E the EC50 values for various SLs and different models. Experimental data shown in panel D are from skinned
rat trabeculae [33].
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independent nH. Simulation results show that titin induced
changes of the lattice spacing influence the myofilament Ca2+

sensitivity accompanied by a SL dependency of nH.

3.4. The relationship between titin-based radial force and
cooperativity

Simulation results revealed a higher cooperativity nH at
longer physiological SLs in the case titin-based radial force was
taken into account (M1). Without titin (M2), the cooperativity
did not change with SL and was as high as for M1 at the highest
physiological SL (Fig. 5D). Thus, how does titin-based passive
tension influences cooperativity? Model analysis identified the
variation of the rate parameter koffI through positive coopera-
tivity caused by the number of strong Xbs as an important
regulatory step. Figs. 6A and B, showing the results of
numerical analysis, depict the SL-dependent change of the Xb
part of koffI (E4 second term) for M1 and M2, respectively. The
degree of change clearly shows a coincidence of the nH change
with SL. In M1, the koffI Xb part changes 15% from SL 1.7 to
2.2 μm whereas in M2 the change is only 1.4%. To further test
the importance of the koffI Xb part, M5 lacks the Xb-caused
positive cooperativity in koffI and instead the positive coopera-
tivity caused by already activated neighboring RUs was
increased (kOFF=−0.5 compared to −0.32 in M1). However,
the total cooperativity in M5 is greatly reduced (Fig. 5C) with a
SL-independent nH≅2 (Fig. 5D). EC50 is shifted to lower Ca2+

sensitivity, but an EC50 change (ΔpCa50=0.272) with SL could
still be found (Fig. 5E).

The positive cooperativity caused by Xbs in koffI was found
to be the most important cooperativity mechanism of the
whole model although other mechanisms cannot be neglected
(data not shown). To validate the use of power 4.4 in E4
which implies that the influence of strong Xbs is extended to
further apart RUs and not restricted to the immediate
neighboring ones [21], in M6 power 4.4, a result of model
fitting, was exchanged to power 2, and the resulting function
fitted to the power 4.4 function through a change of kxboff
(from −1.37 to −2.3) to obtain a similar steepness. As shown
in Fig. 5D, nH changes with SLs, however, there is a big jump
from SL 2.1 to 2.2 μm with other changes being rather small.
This confirms that the exponent in the equation, hence the
slope of the change with the number of Xbs, is important for
the course of the SL–nH graph.



Fig. 6. SL dependency of the rate parameters koffI and ktmon. Panels A and B illustrate the change of the part of the TnI conformational change rate parameter (koffI)
which is due to the positive cooperativity caused by strong Xbs (second term E4) with [Ca2+] for various SLs and panels C and D the change of the Tm conformational
change rate parameter ktmon (E7) for M1 and M2, respectively. These simulations were performed with the numerical analysis program.

9N.S. Schneider et al. / Journal of Molecular and Cellular Cardiology xx (2006) xxx–xxx

ARTICLE IN PRESS
Interestingly, for smaller SLs nH starts rising again in M1
(Fig. 5D) as was reported experimentally [33]. This is caused by
a change of the rate parameter ktmon with SLs in M1 (Fig. 6C)
which is negligible in M2 (Fig. 6D). This may be explained as
follows: with decreasing SLs, the rate parameter k12 decreases
due to lattice spacing changes caused by titin-based radial
tension which causes RUTMon to rise (Fig. 3). A part of the
positive cooperativity affecting ktmon is due to the concentration
of RUTMon (E7), hence the rise of ktmon with a rise in RUTMon.

3.5. Analysis of isosarcometric twitch contractions

To get a Ca2+ transient for the simulation of twitch
contractions, M1 was inserted into the Kyoto Model (KM)
[22] which had the previous contraction model removed
(labeled M1(KM)). The KM is a comprehensive ventricular
myocyte model that combines excitation with contraction and
includes the SR and several ion pumps and channels. Major
cellular components that contribute to the Ca2+ transient are the
L-type Ca2+ channel, the ryanodine receptor, the SR Ca2+

pump, and the Na+/Ca2+ exchanger. In addition, calmodulin is
used as an intracellular Ca2+ buffer. The KM and the contraction
model are only connected through the intracellular [Ca2+]. The
present model could be inserted into any model which produces
a Ca2+ transient. The KM was chosen because it gives a Ca2+

transient adjusted to guinea pig data at 2.5 Hz stimulation
frequency. However, since the Ca2+ transient was adjusted to
the previously in the KM included contraction model [22], the
peak [Ca2+] obtained with M1 in the KM is higher.

Fig. 7A depicts twitch contractions for various SLs and the
Ca2+ transient produced by the KM. As expected with an
increase in SL, active tension rises. The rate of force
development is approximately proportional to peak force, i.e.
the time to reach 90% peak force (TTP90) is about the same for
all SLs (Fig. 7B, C; ΔTTP90=8.99 ms for SL 1.7–2.2 μm).
Experimental data obtained from rat trabeculae showed that
TTP90 is almost constant for all SLs under same conditions
[35]. However, a remarkable variation of the time required for
50% relaxation (R50; measured from the time of peak tension)
with SL was reported with ΔR50 strongly dependent on
extracellular [Ca2+] [35]. An increase in SL also caused an
increase in R50 in simulations with M1 (Fig. 7D;
ΔR50=41.1 ms for SL 1.7–2.2 μm). An indirect correlation
of relaxation times with tension was reported for rat trabeculae
which was independent of temperature [36]. Simulation results
for M1 and M5, which both include titin and show an EC50

change with SL, reveal the same nonlinear relationship between
peak tension and R50 (Fig. 7D). However, M2 which lacks titin
shows a linear relationship between tension and R50, i.e. the
increase of the active tension (Fb) with a rise in SL is parallel to
the increase of R50 with SL. These data suggest that at a
constant stimulation frequency SL-dependent relaxation times
are influenced by the length-dependent Ca2+ sensitivity
mechanism and depend on titin and not only on peak tension.

M1 twitch contraction data are comparable to data from
guinea pig intact ventricular myocytes recorded at slack
length (1.88 μm; 35 °C; 3.6 mM Ca; 1 Hz) with peak force
5.3±2.6 mN/mm2 vs. 3.8 mN/mm2 for M1, time to peak
tension 93±21 ms vs. 106 ms for M1 and time to 90%
relaxation 235±63 ms vs. 233 ms for M1 at 1.88 μm SL
[37]. Since the KM is adjusted to 2.5 Hz stimulation frequency,
relaxation in M1 might be a little slow. In this model, negative



Fig. 7. Simulation results for twitch contractions and analysis of relaxation. Panel A shows the active tension for M1 for different SLs (1.7, 1.8, 1.9, 2.0, 2.1 and
2.2 μm) and the buffered Ca2+ transient for SL 1.7 and 2.2 μm obtained by the KM [22] which is adjusted to 2.5 Hz stimulation frequency. At panel B, active tension of
M1 was normalized to the peak twitch tension level for each SL. The arrows indicate the 50% relaxation time. Stimulation occurred at 0 ms. In panel C, 90% TTP data
for M1 have been plotted against SLs. Panel D shows the SL-dependent relationship of peak tension and R50 for M1(KM), M2(KM), M5(KM) and M1(SR). Panel E
shows the nonbuffered Ca2+ transients for SL 1.7 and 2.2 μm for twitch contraction from M1, M2 and M5 obtained by adding a simple SR to the contraction model as
described in [28] (E8 and E9 in [28]; Qm was changed to 0.00095 mM/ms and Kp to 0.0002 mM/ms). The insert in the left panel depicts the time course for M1(SR)
twitch contractions at different SLs. The insert in the middle panel displays the SL-dependency of the peak tension for M1(SR), M2(SR) and M5(SR).
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cooperativity acts to balance the tension rise rather than
speeding up relaxation, i.e. peak tension is reduced and
therefore relaxation starts earlier (data not shown). This effect
is greater the larger the SL in the physiological range. Late
relaxation is not effected. Further mechanisms to regulate
relaxation, such as hormonal regulation likeβ-stimulation need
to be added to the model in the future.

Experimental results from ferret and rat cardiac muscles
injected with Ca2+ sensitive fluorescent dyes showed that the
peak [Ca2+] of the Ca2+ transient does not significantly change
with SL given a constant stimulation frequency [38,39],
although a change of the peak [Ca2+] with SL variation was
detected with some experimental procedures [40]. Furthermore,
all groups reported a faster relaxation of the Ca2+ transient with
an increase in SL, whereas the tension decay was prolonged
[38–40], and it was suggested that the affinity of TnC for Ca2+ is
influenced by the number of strong Xbs. In accordance to these
experimental data, the peak [Ca2+] of the Ca2+ transient did not
change notably with SL in simulations using the KM with M1
(Fig. 7A). However, no change of the Ca2+ transient relaxation
was found for different SLs. This might be caused by a too-
strong Ca2+ buffer in the KM where a constant intracellular
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calmodulin concentration [CaM]i of 50 μM is applied [22]. In
contrast, the total [CaM]i was estimated to be about 6 μM in
cardiac myocytes [41]. To check whether the simulation results
are indeed due to a problem with the Ca2+ buffer, a simple
nonbuffered SR component [28] was added to the isolated
contraction model (labeled SR). The Ca2+ transient thus
predicted is controlled by the inflow (Qpump, E8 of [28]) and
outflow (Qrel, E9 of [28]) of Ca2+ from the SR and has a shape
different from that of the KM Ca2+ transient. Fig. 7E (left panel)
shows the Ca2+ transient for SL 1.7 and 2.2 μm for M1(SR). The
peak [Ca2+] of the Ca2+ transient is the same for both SLs but
relaxation rate changes with SL, as was also found experimen-
tally [38–40]. For 2.2 μm SL, the Ca2+ transient relaxation is
initially faster than for 1.7 μm, but the late relaxation is slower.
Interestingly, such a crossover of the Ca2+ transients obtained at
two different SLs has been reported from in vivo experiments
[38]. Due to the different shape of this Ca2+ transient compared
to the one obtained from the KM, tension relaxation is prolonged
(Fig. 7E insert left panel), but the relationship between peak
tension and R50 is nonlinear, regardless of the Ca2+ transient
utilized (Fig. 7D), i.e. a change of the Ca2+ transient relaxation
with a change in SL has no effect on tension relaxation. To
analyze the cause of the change in Ca2+ transient relaxation with
SL variation, the influences of M1 (SR), M2 (SR) and M5 (SR)
on the Ca2+ transient were compared (Fig. 7E). No change in the
Ca2+ transient was found for the contraction model that lacks
titin (M2). If the connection of strong Xbs to the rate parameter
koffI is missing, as in M5, there is still a change in Ca2+ transient
relaxation, but the effect is smaller, although M1 andM5 exhibit
the same SL-dependency of peak tension (Fig. 7E insert middle
panel). In conclusion, simulation results demonstrate that titin is
essential to reproduce experimental findings but the positive
cooperativity caused by strong Xbs which influences the rate
parameter koffI is necessary to further enhance Ca2+ transient
relaxation. These findings support the hypothesis stated by
experimentalists [38–40], that strong Xbs are involved in the
change of the Ca2+ transient relaxation with SL.

4. Discussion

The major achievement of this work is the elucidation of a
working hypothesis of Frank–Starling's law using a cardiac
contraction model that combines recent experimental data on
cooperativity in filament activation and on interfilament lattice
spacing modulation through titin-based passive tension. This is
to our knowledge the first time that the giant sarcomeric protein
titin was included in a contraction model and that a mechanism
of Frank–Starling was tested and analyzed by simulation.

4.1. A new generation of cardiac muscle contraction models

Starting with Huxley [42], many cardiac muscle contraction
models were developed, ranging from relatively simple models
[23,28,43,44] to mathematically highly complex models [45].
However, the majority of these models include nonexistent
lumped states with a missing link to molecular mechanisms. A
lack in understanding fundamental mechanisms underlying
contraction was stated as the reason for the missing break-
through in modeling contraction [46]. However, in the last few
years, a great experimental effort shed light on some important
regulatory mechanisms of cardiac muscle such as the involve-
ment of titin-based passive tension in the active tension
development [9] and of TnI in the Ca2+ activation of striated
muscle [15]. These experimental results were included in the
present model, which is based on the molecular level and
consists of 7 different activation and/or conformational states of
the molecular RU of which actin filaments are composed. All
these states of the RU are connected, in contrast to published
models in which states are split into separate parts [16,44]. This
model uses experimental data for titin-based radial force to alter
the myosin binding rate with SL change. The conformational
change of TnI is subject to cooperativity caused by Xbs. It is
merely the combination of titin and the TnI conformational
change which makes the present model quite distinct from all
published models. Here it is shown that the model well
reproduces major isometric contraction characteristics, such as
the twitch contraction time course, the LTR and the FCaR
including high cooperativity.

4.2. Modeling SL-dependent Ca2+ sensitivity

For skeletal muscle, the shape of the LTR was attributed to
the change of the acto-myosin filament overlap with SLs. The
cause of the steep LTR in cardiac muscle has still not been
completely solved, but recent experimental results give evidence
that the radial force produced by the giant elastic protein titin
may reduce the interfilament lattice spacing upon increased SL
which leads to a change of the active tension [5,8,9]. This was
confirmed with the present model (M1), in which the myosin
binding rate changes proportionally to the radial force produced
by titin, according to slightly modified mouse experimental data
(Fig. 2). Simulation results indicate that titin alone would be
sufficient to account for a steep LTR and an increase in the Ca2+

sensitivity with an increase in SL (Figs. 4 and 5A). In M1, a
decrease of SL from 2.2 to 2.0 μm results in a 20% decrease of
the maximum active tension, matching experimental results
[47]. In contrast, results for M2, which excludes titin, show a
LTR as found for skeletal muscle [32], and the EC50 change with
SL is negligible (Figs. 4 and 5B).

The model predicts a direct relationship between titin-based
radial force and the steepness of the LTR. A change of the
ascending limb of the titin function (E11) results in a change of
the LTR, as confirmed by M4, which includes the original
mouse data with a higher titin-based passive tension (Fig. 2,
E29), leading to a steeper LTR (Fig. 4). Since titin-based radial
force is highly tissue and species-dependent [1,24], this also
applies to the LTR as reported recently. In bovine ventricular
muscle, which exhibits a higher titin-based passive tension than
bovine atrial muscle, a stronger SL dependency of maximal
active tension was found [5].

Among published contraction models [23,28,44], this
present model is unique in explaining the SL dependency in
Ca2+ sensitivity since the SL is only included in the myosin
binding step and the Ca2+ binding rate is constant [16]. A
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change of the TnC affinity for Ca2+ requires a TnC
conformational change induced by a change in the conforma-
tion of the Tn complex, such as phosphorylation of TnI by
protein kinase A (PKA) which was shown to alter the Ca2+

sensitivity of TnC [48]. Since SL-dependent Ca2+ sensitivity
can also be seen in isolated and skinned cardiac muscle [8],
where kinases may no longer be present, a conformational
change of the Tn complex cannot be the fundamental
mechanism. Furthermore, neither an overexpression of skeletal
TnC in cardiac muscle [49] nor a change in the affinity of
cardiac TnC for Ca2+ with the Ca2+ sensitizer pimobendan [12]
altered the length-dependent activation [5]. In conclusion, the
present model supports the hypothesis that titin's effect on the
lattice spacing is essential for the Frank–Starling law with
additional mechanisms, such as phosphorylation by PKA,
probably necessary for fine tuning of regulatory steps. More-
over, PKA-mediated phosphorylation of titin was reported to
increase its compliance [50].

4.3. Enhanced cooperativity at longer SLs

In a cell, almost all reactions are strictly regulated, and so
rate parameters change dynamically. To achieve a high
cooperativity in a contraction model, a dynamic feedback of
state concentrations with an active change of some rate
parameters is essential. A dynamic change of the following
three rate parameters was found important for the present
model (Fig. 1): (1) koffI, the rate parameter for the
conformational change of TnI to the inactive form, (2) ktmon,
the rate parameter for the Tm conformational change to the
“on” conformation and (3) k3, the rate parameter for the force
generating step. A change of the Xb dissociation rate (k−3) was
tested [16], but found to be negligible. Simplified equations
with a similar structure to the nearest-neighboring statistics
[21], i.e. power 2 terms, were employed. Using power 2
implies that only the two immediate neighboring RUs are
affected by an activated RU [15,21]. However, in the case of
positive cooperativity caused by strong Xbs which effects k-
offI, the most important cooperativity mechanism in the model,
an exponent greater than 2 was required. This cooperativity
played a sensitive role in model adjustment. A variation in the
exponent or parameter values easily resulted in an unrealistic
SL dependency of nH or unacceptable nH values (M6, Fig.
5D). Indeed, it was suggested that the actin–myosin interac-
tion and its effect on Ca2+ sensitivity are highly sensitive to
changes in proximity and that the relationship between
interfilament spacing and myofilament Ca2+ sensitivity is
nonlinear [6]. In addition, the fact that an exponent greater
than 2 was essential demonstrates that not all cooperativity is
mediated by the same mechanism and the influence strength of
an activated RU to the neighboring RUs may differ. Strong
Xbs may have a stronger influence in the inhibition of the TnI
actin re-association affecting further RUs as well. In conclu-
sion, the present model confirms the importance of the TnI
conformational change as a potential regulatory switch [15].

A controversial subject among experimentalist is the SL
dependency of nH with some groups reporting an increase of nH
with an increase in SL [9,33], and others stating that nH is SL-
independent [34]. Presumably, the experimental determination
of nH is strongly dependent on experimental conditions such as
the [Mg2+]. Here modeling can give an unambiguous answer.
For the model without the titin function (M2), nH is high and
independent of the SL. However, adding the titin function to the
model (M1) results in a strong SL dependency of nH with nH
decreasing from SL 2.2 to 1.9 μm and rising again for smaller
SLs, matching experimental data from skinned rat trabeculae
[33] (Fig. 5D). A small increase of nH at shorter SL was also
found in ferret intact muscle [51]. Simulation results indicate
that the SL dependency of nH is caused by titin-based radial
force affecting the myosin binding rate and confirm the
hypothesis that titin-based passive tension enhances cooperative
activation [9]. Some experimental evidence for a titin influence
on the SL dependency of nH was reported. Controlled trypsin
treatment of cardiac muscle which specifically degrades about
40% of the I-band region of titin led to a decrease of titin-based
passive tension and resulted in an attenuation of the SL-
dependent Ca2+ sensitivity [9]. In trypsin treated muscle, ΔnH
(0.44) and ΔEC50 (0.11) were smaller than for control muscle
specimens (ΔnH=0.79; ΔEC50=0.16) for the SL range 1.9 to
2.25 μm, i.e. a reduced titin effect diminishes the SL
dependency of nH and EC50. An increase of nH at smaller SLs
may be explained in the present model through an increase of
the rate parameter ktmon due to a rise in positive cooperativity
with decreasing SL (Fig. 6C). Overall a high cooperativity
(nH>7) comparable to in vivo experimental data [34,52,53] was
achieved (Fig. 5D).

4.4. Titin's influence on myofilament relaxation

Proper relaxation after contraction is essential for efficient
filling of the heart. The mechanisms underlying relaxation of
myofilaments, characterized by R50, the time required for 50%
relaxation from peak tension, are even less well understood
than those governing activation. R50 is controlled by the Ca2+

transient and by properties of the myofilaments, such as
changes occurring after SL modulation and the Ca2+ affinity of
TnC [35,54]. Since no significant change of the Ca2+ transient
magnitude with SL could be detected in most experiments [38–
40] or in the present model (Figs. 7A, E), the dependency of
relaxation on length is presumably a myofilament character-
istic. As found by in vivo experiments [35,36], at a constant
stimulation frequency, an increase in SL resulted in an increase
of relaxation times for all model variants tested (Fig. 7D). A
change in the Ca2+ transient relaxation with SL did not affect
tension relaxation, as is shown in Fig. 7D (M1(KM) and M1
(SR)). The relationship between the increase in peak tension
and the increase in R50 is nonlinear for M1. However, for M2,
the model which lacks titin, this relationship becomes linear
(Fig. 7D). Results for M5, which includes titin but lacks the
positive cooperativity caused by Xbs in koffI, are similar to M1.
This suggests that the tension–R50 relationship is influenced
by titin-based modulation of lattice spacing causing the EC50

change with SL, but is not effected by the cooperativity which
is low in M5 (Fig. 5D). A recent simulation study focusing on



13N.S. Schneider et al. / Journal of Molecular and Cellular Cardiology xx (2006) xxx–xxx

ARTICLE IN PRESS
myocyte relaxation analyzed the effect of SL on R50 [54]. It
was reported that the SL-tension dependence had a minimal
effect on R50 whereas the length-dependent Ca2+ sensitivity
had a significant effect. In that study, a contraction model
which lacked titin and a Frank–Starling mechanism was used,
and it was assumed that nH is SL-independent. Furthermore,
that study suggested that either the tension dependence of Ca2+

binding to TnC or that bound Xbs which inhibit Tm from
returning to the “off” state is responsible for the increase in
relaxation time with SL [54]. The present study confirmed that
the length-dependent Ca2+ sensitivity influences relaxation, but
this is due to lattice spacing modulation caused by titin and
seems to be independent of cooperativity and of an affinity
change of TnC for Ca2+.

4.5. A potential Frank–Starling mechanism

Despite a huge experimental effort to elucidate the complex
mechanisms behind the heart's fundamental Frank–Starling law
there is still a lack of understanding [4,5]. An analysis of the
present model indicates that two mechanisms, (1) lattice spacing
modulation through titin-based radial force effecting the myosin
binding rate and (2) the positive cooperativity caused by strong
Xbs regulating the TnI conformational change, are both
important for length-dependent activation [9,15], and must act
synergistically to explain the Frank–Starling effect (M1).
Omitting either mechanism results in a failure: M2, which
lacks titin, gives a LTR similar to skeletal muscle (Fig. 4) and
shows no SL dependency of nH and EC50 (Figs. 5B, D, E). M5,
where the positive cooperativity caused by Xbs has been
omitted in koffI, shows a very low cooperativity which is SL-
independent (Figs. 5C, D). The cooperation of both mechanisms
explains how titin might affect Ca2+ sensitivity: a change of the
interfilament lattice-spacing through titin-based SL-dependent
passive tension causes SL-dependent alteration of the myosin
binding rate (k12), which in turn affects the number of strong
Xbs. The amount of strong Xbs regulates the TnI conforma-
tional change (koffI). The higher the Xb concentration, the more
TnI is prevented from taking the “off” conformation. Hence, the
Xb concentration which is determined through titin's passive
tension influences the Ca2+ sensitivity of the Tn complex.

The following experimental findings support this proposed
mechanism: First, titin-based radial force modulates the
interfilament lattice spacing, and the SL dependency of nH
was diminished in muscles where titin was partially degraded
by trypsin [9]. Furthermore, SL dependency of maximum
active tension was more pronounced, i.e. a steeper LTR, in
muscles with greater titin-based passive tension [5]. Next,
based on in vitro experimental findings, a two-step model for
Ca2+ activation of thin filaments, involving TnC and TnI with
strong Xb-induced inhibition of the TnI conformational change
to the “off” state, was proposed [15]. Several experimental
data confirmed that strong Xbs exhibit positive cooperativity
[11–14] (see Introduction). In addition, lowering the MgATP
concentration to a level at which actin and myosin bind tightly
causes an increase of developed tension in a Ca2+ free solution
[55].
4.6. Model limitations

Every model exhibits limitations which are due to simpli-
fications and to unsolved mechanisms. Here discussion is
focussed on the diversity of mechanisms. Several potential
cooperativity mechanisms in thin filament activation have
been reported some supported by experimental evidence [20].
In this model, special attention was given to the TnI
conformational change, where in vitro experimental results
[15] show that this may be an important regulatory switch in
the activation of actin filaments. The importance of this step
may be overestimated in the present model with the Tm
conformational change being somewhat neglected. Tm exists
in this model only in the “on” (RUTMon) or “off”
(RUTCaon) states, but this step is the rate limiting step of
the filament activation part (Section 3.1). Experimental
evidence [20] suggests that Tm may be present in three
different states: Upon binding of Ca2+ to TnC, Tm was found
to move ∼25° around on the surface of the actin filament,
changing from the “blocking” to the “closed” state, thereby
exposing several myosin binding sites and allowing weak
acto-myosin interactions. Addition of S1 heads resulted in a
second movement by Tm of ∼10° to the so-called “open”
state, which allows strong Xb formation. This latter effect was
only seen with more than one S1 head bound per RU [20]. In
the present model, it was assumed that only one strong Xb
can be formed per RU, and this mechanism was not taken
into account. This is justified since it is still not proven
whether Tm or TnI binding to actin prevents interaction in the
resting state [56]. Furthermore, it has been suggested [56] that
Tm facilitates the transmission of the effects resulting from
the TnI conformational change to other RUs, rather than
having a “blocking” role. This suggestion was applied in this
model through positive cooperativity exhibited by RUTCaon
and RUTMon which enhance the rate parameters ktmon and
k3. In addition, strong Xbs affect ktmon through negative
cooperativity, i.e. slowing down rather than enhancing
filament activation, as would occur in the case of a three-
state Tm activation.

Another unsolved question is the order of events in the Xb
cycle [20]. In this model, the force generation step precedes Pi

release, based on experimental findings by Sleep et al. [19]. But
it has also been suggested that force generation and Pi release
occur in the same step [20,57]. Moreover, two steps of the Xb
cycle, namely binding of ATP to acto-myosin to dissociate
myosin from actin, and the subsequent release of ATP from the
detached myosin, were neglected, and myosin dissociation was
lumped into the ADP release step.

Our work confirms that simulation is a powerful tool to
study complex biological mechanisms, combining various
experimental results in one model. The Frank–Starling
mechanism found in the present cardiac contraction model
is probably one of many existing mechanisms, and validation
through further experiments is needed. However, to our
knowledge, this is the first time a complete Frank–Starling
mechanism has been suggested and analyzed, and this model
seems well suited in studying the SL-dependent Ca2+
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activation since it includes titin, a protein which is
increasingly being found important; for example, a change
of the titin isoform ratio was detected in diseased human
hearts [7].
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