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EPIGRAPH

You can’t reason with your heart;

it has its own laws, and thumps about things

which the intellect scorns.

—Mark Twain
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Chapter 1

Introduction

Heart function depends on the coordinated contraction and relaxation of

its pumping chambers. During each beat, the signal to contract reaches cardiac

muscle cells in the form of an electrical impulse. At the level of the cell, this electri-

cal excitation causes rapid release of Ca2+ ions into the cytosol from intracellular

stores. The cellular proteins responsible for producing contraction are activated by

elevated Ca2+ levels, converting chemical energy stored as ATP into the mechanical

work needed to pump blood from the heart. This process, from electrical stimu-

lation to force production is known as cardiac excitation contraction coupling, or

simply EC-coupling [1].

1.1 Cardiac Excitation-Contraction Coupling

Several cellular structures and a host of related proteins are involved in

EC-coupling in ventricular myocytes [1]. Ion channels and their accessory proteins

at the cell membrane are responsible for detecting and propagating the transient

changes in membrane voltage that initiate contraction. The sarcoplasmic reticulum

(SR) and associated proteins release large amounts of Ca2+ into the cytosol in

response to excitation events and then carry out its re-uptake to initiate the end

of contraction. In myocytes, the proteins actin and myosin are arranged into

highly ordered structures of overlapping filaments known as sarcomeres. Within

the sarcomeres, actin-myosin interactions responsible for generating contractile

1
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force are regulated by Ca2+ sensitive protein complexes on actin filaments [2].

Because of its fundamental role in cardiac function, alterations to EC-

coupling of one kind or another are a common feature of heart failure [3–5]. Muta-

tions to EC-coupling related genes, especially those encoding sarcomeric proteins,

are major causes of sudden cardiac death and hypertrophic cardiomyopathy in

humans [6, 7]. Understanding the role of EC-coupling in the occurrence of any

given cardiac disease is challenging because it encompasses so many complex and

interrelated cellular processes [8].

1.2 Heterogeneous distribution of EC-coupling

properties in the heart

Further complexity is introduced by the fact that within a single heart the

properties of EC-coupling exhibited by individual cells differ significantly according

to myocardial region [9–11]. Regional patterns in the morphology and duration of

myocyte action potentials was among the first of many heterogeneous properties

that have been described in the past 3 decades [12]. Since then, differences in

ion current density [13, 14], Ca2+ transients [10, 15, 16], myosin isoform expression

[17–20], myofilament protein phosphorylation [21, 22], and unloaded cell shortening

[10, 15] have been noted. In some cases, it has been possible to correlate variations

at the molecular level to functional differences among myocytes isolated from the

respective myocardial regions [11, 20, 23], however, much remains to be learned

about the practical implications of observed heterogeneities, even at the level of

individual cells.

The same may be said of the role these heterogeneities play in the func-

tion of the whole heart. For instance, it is a commonly observed trend that cells

in the outer, epicardial region of the left ventricle have shorter action potentials

and Ca2+ transients, and tend to contract more rapidly than those in the inner or

endocardial region [10, 15]. It has been proposed that this type of heterogeneity

coordinates contraction in the heart [10, 24]. The hypothesis is that faster contrac-

tion in epicardial cells would allow them to ‘catch up’ to endocardial cells, which
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are activated earlier during the cardiac cycle. However, a computational model (de-

scribed in Chapter 3) predicts that heterogeneities affect ventricular deformation

throughout most of systole, not just in its opening moments. Another conclusion

from that work was that models of cardiac EC-coupling must be improved before

further understanding of the impacts of cellular heterogeneity is achieved. It is

likely that one such improvement will involve better representation of myofilament

activation by Ca2+.

1.3 Ca2+ buffering and cooperativity in cardiac

myofilaments

It could be argued that the entire process of force generation by the myofil-

aments forms part of EC-coupling. Traditionally, EC-coupling has been considered

complete at the point Ca2+ binds to troponin C (TnC), but two observations sug-

gest that this view neglects potentially important mechanisms in the behavior of

cardiac muscle. The first is that the Ca2+ affinity of TnC is increased nearly 10

fold by myosin binding to actin [25] (Figure 1.1). This means that during a twitch

the capacity of TnC as a buffer of cytosolic Ca2+ cannot be considered constant.

Furthermore, this suggests alterations to myofilament proteins such as phospho-

rylation of RLC can exert an indirect effect on TnC Ca2+ affinity and ultimately

EC-coupling . This myosin-based increase in Ca2+ affinity also provides a mecha-

nism by which sudden changes to sarcomere length applied to activated muscle can

cause release of Ca2+ from the myofilaments, a phenomenon measured in skinned

ferret ventricular muscle by Allen & Kentish [26].

The other observation is that post-translational modification of myofilament

proteins alters their responsiveness to Ca2+ , meaning that properties of contraction

cannot be inferred by the Ca2+ input alone [27]. Hence, an understanding of

the relationship between excitation and the force produce by contraction depends

critically on the properties and behavior of the myofilaments.

A basic feature of striated muscle function is its cooperative activation my

Ca2+ [28]. Cooperativity describes the steep, sigmoidal relation observed between
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Figure 1.1: Diagram of Myofilament Ca2+ activation. This depiction is based on
concepts reviewed in [2].

Ca2+ concentration and contractile force under steady-state conditions (e.g. in ref.

[29]). Buffering of Ca2+ by the myofilaments shows this same cooperative pattern

[30], and underscores the potential importance of myofilament cooperativity in an

integrated view of EC-coupling.

The molecular origin of striated muscle cooperativity is widely believed to

be end-to-end interactions arising between adjacent tropomyosin molecules on the

actin thin filament [31, 32]. According to the steric blocking model of muscle

regulation [2] (Figure 1.1), tropomyosin blocks myosin binding to actin under low

Ca2+ conditions. Interactions among adjacent tropomyosins are thought to couple

myosin binding sites such that they tend to be exposed in an ‘all-or-nothing’ fashion

consistent with steeply cooperative behavior.

A number of theoretical and computational models have been developed to

describe these and other putative mechanisms of myofilament cooperativity under

steady-state conditions [33–38]. Others have been formulated for the purpose of

predicting myofilament activation during the transient changes in [Ca2+ ] that oc-

cur in the beating heart [39–41]. Ideally, these models would be capable of trans-

lating biophysically detailed measurements of the kind only possible in skinned
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muscle preparations into their true effects under physiologic conditions. In spite

of the variety and number of published myofilament models, this exciting prospect

remains largely unrealized.

1.4 Summary

The overarching objective of this dissertation was to develop, validate, and

utilize computational tools to gain new insights into EC-coupling in the heart.

Chapter 2 of this dissertation describes insights into cellular EC-coupling hetero-

geneity obtained with a computational model. In Chapter 3, the impacts of cellu-

lar heterogeneity on ventricular function were studied using a multi-scale model.

Chapter 4 describes development of a mechanistic model of cardiac myofilament

activation, which relates both constant and time-varying Ca2+ concentration to

the force production. In Chapter 5, this model was used in conjunction with a se-

ries of experiments to elucidate the effects of myosin regulatory light chain (RLC)

phosphorylation on left ventricular function.
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Chapter 2

Mechanisms of

transmurally-varying myocyte

electromechanics in an integrated

computational model

Abstract

The mechanical properties of myocardium vary across the transmural as-

pect of the left ventricular wall. Some of these functional heterogeneities may be

related to differences in excitation-contraction coupling characteristics that have

been observed in cells isolated from the epicardial, midmyocardial, and endocar-

dial regions of the left ventricle of many species, including canine. Integrative

models of coupled myocyte electromechanics are reviewed and used here to inves-

tigate sources of heterogeneous electromechanical behaviour in these cells. The

simulations 1) illustrate a previously unrecognised role of the transient outward

potassium current in mechanical function and 2) suggest that there may also exist

additional heterogeneities affecting crossbridge cycling rates in cells from different

transmural regions.

9
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2.1 Introduction

Although three-dimensional wall strains are highly inhomogeneous across

the transmural aspect of the ventricular wall [1], several studies showed that fibre

strain distributions are relatively uniform during contraction [2–4] owing to the

effects of torsion and myofibre angle distribution [5]. However, more recent studies

using higher resolution measurements have revealed significant spatial and tempo-

ral differences in myofibre strain in the left ventricular (LV) wall throughout the

cardiac cycle [6, 7]. Heterogeneities of structure, function, and composition have

been reported in myocardial tissue and in myocytes isolated from different regions

in the LV wall. These heterogeneities are likely to contribute to complex trans-

mural patterns of myofibre strain, though the precise nature of these relationships

and their relevance to global heart function are not fully understood.

2.1.1 Transmural heterogeneity

Transmural heterogeneity of electrical activity and Ca2+-handling observed

in tissue preparations [8] can be explained largely by intrinsic differences in individ-

ual myocytes isolated from the endocardial, midmyocardial, and epicardial regions

of the LV wall [9, 10]. Action potential (AP) morphology is different among the

three ventricular cell subtypes, with epi- and midmyocardial cells showing a promi-

nent phase 1 notch that is essentially absent in endocardial cells [9]. Magnitude

of the notch is primarily determined by the transient outward K+ current (Ito1),

which is much smaller in endocardial cells [11] as a result of transmural gradients in

the expression of K+ channel interacting proteins (KChIPs) [12]. Action potential

duration (APD) has a significant transmural variation, with midmyocardial cells

exhibiting the longest APD [9]. A transmural gradient in L-type Ca2+ channel

current (ICaL) density was observed in one study, with endocardial cells showing

higher values than epi- and midmyocardial cells [13]. This finding remains con-

troversial, however, as several other studies showed no difference in ICaL density

among the three cell types [14–16]. Finally, expression of sarcoplasmic reticu-

lum Ca2+-ATPase (SERCA) is highest in epicardial cells and most likely explains
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faster decay of the Ca2+ transient and increased sarcoplasmic reticulum (SR) load

observed in these cells [10, 15].

Fewer studies have focused on transmural variations in passive and active

mechanical properties of isolated myocytes, though some important differences

have been documented. Transmural variation of passive myocyte stiffness has

been observed in the rat heart and is associated with changes in overall titin

expression levels [17]. The ratio of titin isoform expression is also thought to

modulate passive myocyte stiffness [18], and transmural gradients in this ratio

have been observed in the canine LV [19]. Cazorla and co-workers [20] identified

distinct length-tension relations between epicardial and endocardial cells isolated

from rat and ferret hearts. Epicardial myocytes have been shown to reach peak

unloaded shortening more quickly than those from the endocardium in both guinea

pig [21] and dog [15].

Cordeiro and co-workers [15] have conducted the only experimental study

to date examining transmural heterogeneity of ionic currents, Ca2+-handling, and

mechanical function (electromechanics). They identified several key distinctions in

the time course of unloaded shortening among canine LV epi-, mid-, and endocar-

dial cells. Endocardial cells displayed a comparatively longer delay in the onset of

shortening, while epicardial cells showed the fastest shortening kinetics among the

cell subtypes. Significantly, this study did not show any differences in ICaL density

or excitation-contraction (EC) coupling gain among the three myocyte subtypes.

Furthermore, amplitudes of the Ca2+ transient and the peak percentage of cell

shortening were not seen to be significantly different among epi-, mid-, and endo-

cardial cells. The authors concluded that some, but not all of the differences in

shortening time course were related to AP morphology and Ca2+-handling, leaving

room for additional, as yet unidentified sources of mechanical heterogeneity.

Computational models of ventricular myocyte EC coupling have been use-

ful for investigating the mechanisms of functional differences across the LV wall

[22–25]. With the exception of the work by Solovyova et al. [23], none of these

models include the myofilament interactions responsible for cell shortening. Sev-

eral of the heterogeneities mentioned above were mechanistically integrated into a
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recent model of canine EC coupling [26] by our group in the form of three different

parameter sets, one for each myocyte subtype [25]. This model successfully repro-

duced several of the observations of Cordeiro et al. (2004), including differences in

AP morphology and Ca2+ handling among cell subtypes.

2.1.2 Models of myocyte electromechanics

Most models of myocyte electromechanics are combinations of previously

published models of EC coupling subsystems, coupled via state variables including

Ca2+ , membrane potential, sarcomere length, pH, and ATP. Figure 2.1 summarises

the mechanisms of coupling and feedback now represented in various systems mod-

els of ventricular myocytes. While no single published model includes all these

mechanisms, this figure demonstrates the feasibility of an integrated model of this

type.

Modelling of ionic currents giving rise to the cardiac AP is the most mature

of those subsystems involved in cellular electromechanics (reviewed in detail by

[27]). Recent developments in the modelling of myocyte electrophysiology (EP)

include continuous-time Markov models allowing for more mechanistic represen-

tations of ion channel behaviour individually (e.g. [28]) and in the context of the

whole cell [25, 29]. Detailed understanding of the events underlying Ca2+-induced

Ca2+ release (CICR) is relatively recent, and as such models of the same have

developed more slowly than those of myocyte EP [30]. The most advanced local

control models of CICR [31] are too computationally demanding to be used in

multiscale cardiac modelling. More recent models have used timescale decomposi-

tion to capture important properties such as graded Ca2+ release while remaining

computationally practical for integration into larger scale analyses [26, 32]. Models

of myofilament activation and force production have also been slow to mature due

to gaps that remain in the understanding of actin-myosin interactions and their

role in thin filament activation [33]. Recent myofilament models have addressed

these deficiencies to some degree, and reproduce many experimentally observed

characteristics of cardiac muscle contraction [34–37].

Integrated models of myocyte electromechanics have been profitably used
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to investigate many whole-cell phenomena not within the grasp of smaller models.

One of the first models to include several EC-coupling mechanisms in equal detail

was that of Rice and co-workers [38], which was used to examine aspects of short-

term interval-force relations in cardiac muscle. Other subsequent models have been

used to examine the relationship between force production and pacing interval

[39, 40]. Iribe et al. [40] used an integrated model of myocyte function to describe

the role of Ca2+ /calmodulin-dependent kinase II in producing Ca2+ transient

alternans during the decay of post-extrasystolic potentiation.

Models of myocyte electromechanics have also been extensively used to

investigate the dynamic relationship that exists between length or tension of my-

ocytes and their electrical activity. Acute alteration of the AP by changes in my-

ocyte length (mechanoelectric feedback) has been modelled in a number of studies

[41–44]. Others have used integrated models to evaluate proposed mechanisms

underlying the slow force response to stretch [45, 46].

Other models have added components such as mitochondrial metabolism

and Ca2+ uptake [47] and pH regulation [48] to fully-coupled myocyte models.

These modifications enabled analysis of metabolic control in the heart under nor-

mal conditions [47] and of the mechanisms by which acidosis affects myocyte con-

tractility during ischemia [48].

Here, we describe our use of a coupled computational model of electrome-

chanics to investigate mechanisms underlying transmural variations in myocyte

function in the canine LV. We coupled recent models of canine EC coupling [25]

and myofilament force production [37] in order to test the hypothesis that known

heterogeneities in AP morphology and Ca2+ transients are sufficient to explain ex-

perimentally observed differences in time courses of unloaded cell shortening. The

analysis suggests an important role for transmural variations in Ito1 in determining

regional shortening and also indicates that variations in crossbridge function may

be present.
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2.2 Methods

2.2.1 Model of myocyte electromechanics

We started with the endocardial canine myocyte model formulated by Flaim,

et al. [25] and coupled it to the recent model of myofilament force production and

cell mechanics of Rice and co-workers [37]. Forward coupling between EP/Ca2+-

handling and myofilaments was accomplished by driving the myofilament model

with the variable representing [Ca2+ ]i. Reverse coupling was achieved by replacing

the static Ca2+ buffering by TnC low-affinity regulatory sites used in the model of

Flaim et al. [25] with dynamic flux of Ca2+ on and off the myofilaments described

by the Rice model. The modified differential equation describing [Ca2+ ]i as well

as other details of model coupling can found in Appendix A.

The complete electromechanics model was programmed in MATLAB and

run for >50 beats to achieve steady-state conditions for each parameter set used.

A basic cycle length (BCL) of 2000 ms was used for all simulations to allow valid

comparison with the experiments of Cordeiro et al. (2004).

AP clamp protocols were simulated by prescribing the membrane voltage

with an appropriate time-varying function rather than allowing it to be determined

by membrane currents. The epicardial and endocardial AP waveforms used in AP

clamp simulations were digitised from representative traces reported by Cordeiro

et al. (2004).

2.2.2 Modification of published model parameters

All adjustments to model parameters from those originally published are

presented in Appendix A. These adjustments were intentionally kept to a mini-

mum, and were only made to correct the largest differences between experimental

data and model behaviour. EP/Ca2+-handling parameter sets for epi-, mid-, and

endocardial cells set by Flaim, et al. [25] were retained, along with those described

in the original canine EC coupling model of Greenstein et al. [26]. The lone ex-

ception was an increase in the number of Ca2+ release units (CaRU) from 50000

to 75000 to increase the amplitude of the Ca2+ transient at a BCL of 2000 ms to
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more typically observed levels. This same parameter value has been used by others

[46].

A few minor changes to the original myofilament model parameters [37]

were made to increase the stability of unloaded shortening responses in the cou-

pled electromechanics model. Alterations to parameters governing myofilament

Ca2+ sensitivity and cooperativity were also made in order to give a time course and

magnitude of shortening that agreed qualitatively with experiments [15]. These

and other adjustments to myofilament model parameters described throughout the

remainder of this paper are listed in detail in Appendix A.

2.2.3 Modelling of the exogenous Ca2+ buffer fluo-3

We represented the buffering of intracellular Ca2+ by fluo-3 dye using a

standard differential equation for simple buffering (Equation REF!!!! S2 in Ap-

pendix A). Ca2+ transients measured experimentally reflect the time course of

Ca2+ bound to the indicator molecule ([Ca2+ ]fluo) and are often calibrated to

correspond to concentration of cytosolic Ca2+ . To mimic this measurement, the

model reports the time course of [Ca2+]fluo scaled to vary between the minimum

and maximum values of [Ca2+ ]i. We have called this quantity [Ca2+ ]i/app, the ap-

parent cytosolic Ca2+ concentration. This modification enables direct comparison

of model output with experimental measurements.

In all simulations where fluo-3 was present, the concentration of this indi-

cator in the cytosol was assumed to be 15 µM, corresponding to the concentration

of fluo-3 used in bathing solutions by Cordeiro et al. (2004). New steady-state

conditions for the coupled model had to be found when fluo-3 was included, as

the buffering action of this indicator was substantial enough to alter SR load and

other model values. This was accomplished as before by running the model for

>50 beats in the presence of 15 µM fluo-3.
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2.2.4 Simulation of shortening under clamped [Ca2+ ] and

Ca2+-flux conditions

The myofilament model of Rice and co-workers [37] was used independently

of the coupled electromechanics model to study Ca2+-contraction dynamics under

various conditions. Two Ca2+ input modes were used in these simulations. The

first allows myocyte contraction and shortening to be driven with a prescribed

Ca2+ transient, which automatically sources as much Ca2+ flux as needed to main-

tain the command [Ca2+ ]i signal. This mode was used to study the shortening

response to specific Ca2+ transients.

A second type of Ca2+-clamp was created whereby a fixed Ca2+ flux, Jclamp,

was used to drive shortening. This approach is similar to one originally used to

estimate Ca2+ flux across the SR [49]. A differential equation describing the time

course of [Ca2+ ]i was added to the original myofilament model equations in which

d[Ca2+ ]i/dt is set equal to the sum of different Ca2+ fluxes:

d[Ca2+]i(t)

dt
=Jclamp(t) + Jfluo([Ca

2+]i, t)

+ JTnC([Ca2+]i, t) + JSERCA([Ca2+]i, t) (2.1)

where Jfluo, JTnC , and JSERCA are [Ca2+ ]i and time-dependent Ca2+ fluxes de-

scribing buffering by fluo-3, buffering by TnC, and uptake by SERCA, respectively.

The fluxes representing buffering of Ca2+ by fluo-3 and TnC are calculated as de-

scribed above and in the original work of Rice et al. [37], while uptake of SERCA

is modelled as in the EP model with the assumption that SR content is fixed (see

Appendix A for details). This flux-clamp mode allows the Ca2+ transient driv-

ing contraction to be flexibly determined under changing conditions such as the

presence and absence of fluo-3.
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2.3 Results

2.3.1 Model Validation

The fully-coupled electromechanical model with endocardial myocyte pa-

rameters produced a time course of EC-coupling events comparable to those re-

ported experimentally (Figure 2.2, a and b). The model displayed unloaded cell

shortening characteristics of latency to onset, time to peak, and peak percentage

of shortening that agreed with mean experimental values to within the reported

standard deviations [15]. The model showed qualitative agreement with other ex-

perimentally reported values. Model time from peak of unloaded shortening to

90% relaxation (RT90) was 222 ms, compared with a mean value of 265 ms [15].

Modelled Ca2+ transients (time course of Ca2+ bound to fluo-3 and scaled to peak

free cytosolic Ca2+ ) showed a latency to onset of 16 ms (vs. 17.4 ms experimental

mean), time to peak of 161 ms (vs. 193 ms), RT90 of 489 ms (vs. 566 ms), and

peak cytosolic Ca2+ concentration of 580 nM (vs. 663 nM). Action potential du-

ration (APD) of the endocardial model was 326 ms, compared with a mean value

of 266 reported in experiments at the same BCL of 2000 ms [15].

2.3.2 Modelled transmural heterogeneity of myocyte elec-

tromechanics

Parameter sets describing heterogeneous properties of membrane currents

and Ca2+ handling for epicardial and midmyocardial cells were proposed by Flaim

et al. [25]. We performed simulations of unloaded shortening using these parameter

sets in the electromechanics model to evaluate the potential for these proposed

differences to explain distinctions in mechanical function reported by Cordeiro et

al. [15].

The transmural trend in APD achieved in the original model (Flaim et

al. 2006) was retained in the electromechanics model and agrees with Cordeiro

et al. [15] and other reports [9]. Trends in cell mechanical function between the

three cell types agreed qualitatively with those reported experimentally, including
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Figure 2.2: Comparison of simulated and experimentally measured canine ven-
tricular myocyte electromechanics. (a) Simulated and (b) measured time courses
of endocardial myocyte membrane potential (solid traces), [Ca2+ ]i/app (dashed
traces, see Methods for definition), and unloaded cell shortening (dotted traces).
[Ca2+ ]i/app and shortening traces have been scaled and are displayed in arbitrary
units to facilitate comparison. (c) Comparison of model (triangles, solid lines) and
experimentally reported (circles, dashed lines) transmural trends in EC coupling.
Abbreviations: Sh (shortening), CaT (Ca2+ transient), TTP (time to peak); RT90
(time from peak to 90% relaxation). (All experimental traces and values taken
from Cordeiro et al. [15].)
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1) longer latency to the onset of contraction in endocardial cells, 2) shorter time

to peak shortening in epicardial cells, and 3) longer RT90 in midmyocardial cells

(Figure 2.2c). Peak percent cell shortening matched measurements to within the

reported standard deviation for all three cell types (not shown), indicating a rea-

sonable relation between peak systolic [Ca2+ ]i and myofilament Ca2+ sensitivity.

Conversely, the model failed to reproduce the significantly reduced RT90

observed experimentally in epicardial cells compared with the other cell types

(Figure 2.2c). The epicardial and midmyocardial parameter sets both yielded

Ca2+ transients with a rapid time to peak that was not fully consistent with mea-

sured representative traces or mean values [15]. The midmyocardial cell model

also produced a Ca2+ transient RT90 200 ms longer than that of the endocardial

model, while this difference was not seen in experiments.

2.3.3 AP-clamp simulations

Since the model showed a strong dependence of SR Ca2+ release on the AP

waveform in epicardial and midmyocardial cells, the influence of AP morphology

on Ca2+ release and shortening was examined in the absence of other differences

(such as SR load) using AP clamp conditions. Initial conditions for all model state

variables were taken from the midmyocardial model run to steady-state, after which

a single beat was elicited in response to a representative endocardial or epicardial

AP digitised from the literature [15].

L-type Ca2+ channel currents (ICaL), Ca2+ transients, and cell shortening

in response to epicardial and endocardial AP waveforms showed large differences

in amplitude and time course (Figure 2.3). The epicardial AP generated a peak

current five times greater than that of the endocardial AP. In contrast, the endo-

cardial AP produced a marked prolongation of the secondary phase of ICaL, though

the respective currents ultimately terminated at about the same time, around 230

ms.

Differences in ICaL had a clear effect on downstream EC-coupling events.

The peak of the Ca2+ transient under epicardial AP clamp arrived 120 ms faster

and was 40% larger than that of the endocardial AP (Figure 2.3b), corresponding
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Figure 2.3: Influence of AP morphology on ICaL, Ca2+ transient, and unloaded
shortening. Results shown are simulated responses to typical epi- or endocardial
APs (inset to panel (a), digitised from [15]) in the electromechanics model. Solid
and shaded traces correspond to epi- and endocardial AP clamp, respectively.
Dashed trace in (c) shows unloaded shortening by the model in response to a
clamped Ca2+ transient shown in (b) as the dashed trace (see text for details).

to the greater amount of triggering Ca2+ in the initial phase of ICaL. The endocar-

dial AP-elicited Ca2+ transient reached a peak magnitude above 50% that of the

other transient despite the five-fold smaller initial trigger current through a longer

secondary phase of ICaL (Figure 2.3a, shaded trace). Onset of unloaded shortening

was plainly different between the two cases, with shortening in response to the

endocardial AP starting 30 ms after that of the epicardial AP (Figure 2.3c). Peak

unloaded cell shortening in response to the epicardial AP was reached 100 ms faster

than that observed under endocardial AP, and was 30% greater in magnitude.

To understand better the relationship between Ca2+ transient time course

and unloaded shortening dynamics, we simulated an unloaded shortening event

under a specified or clamped Ca2+ transient corresponding to a scaled version of

the epicardial AP-elicited transient (Figure 2.3a, dashed trace). The transient was

scaled such that its peak corresponded in magnitude with that of the endocardial

transient in an attempt to isolate effects of transient shape from those of absolute

magnitude. Unloaded shortening during Ca2+ clamp (Figure 2.3c, dashed line)

displayed shortening latency, time to peak, and time from peak to 90% relaxation

all well within 10% of those same values in epicardial AP-driven shortening (Fig-

ure 2.3c, solid trace), showing that the time course of the Ca2+ transient was the
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primary determinant of shortening dynamics on this scale. Surprisingly, the con-

traction driven by the scaled epicardial Ca2+ transient resulted in a 30% reduction

in peak shortening compared with that from the endocardial AP clamp, in spite

of sharing the same absolute magnitude of peak cytosolic Ca2+ .

2.3.4 Influence of an exogenous buffer on Ca2+ transients

and unloaded shortening

Discrepancies between model-predicted and experimentally observed Ca2+

transients for midmyocardial and epicardial cells limited the ability of the elec-

tromechanics model to discern potential sources of transmural heterogeneity down-

stream of Ca2+-handling. We therefore simulated unloaded shortening driven di-

rectly by representative Ca2+ transients measured experimentally in the three cell

types.

Before doing this, we added a simple representation of fluo-3 buffering and

kinetics to the electromechanics model (as described in Methods) to assess its

effects on the Ca2+ transient and shortening. Concentration of fluo-3 was set

to 15 µM, consistent with the concentration used in experiments [15], and the

model was run to steady state. We then compared [Ca2+ ]i/app with [Ca2+ ]i

from the model containing no fluo-3 (Figure 2.4a). Addition of the fluo-3 had

negligible impact on the time to peak Ca2+ , but lowered the magnitude of the

peak by 20% through buffering of free Ca2+ . Time from peak to 90% decay of

[Ca2+ ]i/app was increased by 40% over the same value calculated from [Ca2+ ]i. This

prolongation of the Ca2+ transient is caused by competition for free Ca2+ between

the high affinity indicator and the usual Ca2+ uptake pathways, but also possesses

an apparent component that reflects the dissociation kinetics of the dye. Overall,

this simulation suggests that the apparent Ca2+ transient as assessed by indicator

fluorescence is blunted at its peak and decays more slowly in comparison with the

actual transient in the absence of this exogenous buffer.

To assess the type and magnitude of errors that could be introduced by

driving cell shortening directly with measured indicator fluorescence, [Ca2+ ]i/app

(Figure 2.4a, dashed trace) was used to drive shortening in the myofilament model
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Figure 2.4: Effect of fluo-3 on the apparent Ca2+ transient and potential errors
in the prediction of shortening in response. (a) [Ca2+ ]i (solid trace) taken from
the midmyocardial cell model with no fluo-3 present plotted with [Ca2+ ]i/app from
the same model in the presence of 15 µM fluo-3. (b) Simulated cell shortening in
response to the respective Ca2+ signals shown in (a), e.g., solid trace is shortening
in response to the solid trace in (a) and so on. Shaded traces in (a) and (b)
correspond to flux-clamp validation as described in the text. (c) is similar to (a),
but now compares a calibrated fluo-3 fluorescence signal (dashed trace, digitised
from Cordeiro et al. [15] with [Ca2+ ]i predicted via the flux-clamp protocol (solid
trace). (d) Shortening in response to the respective Ca2+ inputs shown in (c). Tick
marks in (b) and (d) indicate peak shortening and 90% relaxation.
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(Figure 2.4b, dashed trace). Peak shortening was reduced by 10%, while the time

to peak shortening and RT90 were increased by 32% and 15% over original values,

respectively. These differences indicated the need for a method to estimate the

true time course of intracellular Ca2+ from fluorescence measurements.

2.3.5 Flux-clamp validation

The electromechanics model was used to generate a test case for the predic-

tive function of the flux-clamp input mode. An input flux, Jclamp, was determined

from the electromechanics model run to steady-state in the presence of 15 µM

fluo-3, and then used to drive the flux-clamped myofilament model in the absence

of fluo-3. The resulting Ca2+ transient and unloaded shortening (Figure 2.4, a and

b, shaded traces) were compared to traces from the base model. The predicted

Ca2+ transient was close in magnitude and shape to that of the original simula-

tion, and unloaded shortening time course showed only slight differences (< 8%

change from baseline for magnitude of shortening, time to peak, and RT90).

2.3.6 Shortening responses to realistic Ca2+-transients

We used the flux-clamp protocol to estimate the true Ca2+ transient from

a representative time course of indicator fluorescence from a midmyocardial cell

[15]. Differences similar to those seen in simulations using the fully coupled model

(Figure 2.4a) can be observed between experimentally measured [Ca2+ ]i/app and

[Ca2+ ]i estimated using flux-clamp (Figure 2.4c). These included increased mag-

nitude and faster relaxation for the estimated transient. Estimated shortening in

the absence of fluo-3 generated with the flux-clamped model (Figure 2.4d, solid

trace) was compared with shortening driven directly with the fluorescence data

(Figure 2.4d, dashed trace) using the same myofilament model parameters in both

cases. The contraction driven by fluorescence displayed differences in magnitude

of shortening (-15%), time to peak (+7.6%), and RT90 (+28.5%) compared with

flux-clamped shortening.

The parameters of the myofilament model were adjusted until time to peak
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shortening and shortening magnitude under midmyocardial cell flux-clamp were

within the standard deviations of measured mean values Cordeiro:2004p231. The

adjusted parameter set corresponded to a steady-state force-Ca2+ relation possess-

ing a half-activation value (Ca50) and Hill coefficient (nH) of 1.0 µM and 3.5,

respectively. Latency to onset of shortening using these parameters was 12 ms

slower than the experimentally reported mean, however, this may be attributed to

noise in the original fluorescent signal or error in digitising the trace as even small

differences in the initial rising phase of the Ca2+ transient have a strong effect on

shortening latency. Additionally, RT90 was 54 ms shorter than the experimentally

reported mean of 312 ms. This is most likely due to a secondary, slower time

constant of relaxation seen in the representative shortening traces for mid- and

endocardial cells (c.f. Cordeiro et al. [15], Figure 2.2) which the model did not

reproduce.

Retaining the myofilament model parameter set used to fit reported mid-

myocardial cell shortening, the flux-clamp protocol was used to determine driving

fluxes matching representative epicardial and endocardial fluorescence traces, and

unloaded shortening in the absence of indicator was predicted as previously (Fig-

ure 2.5a). The myofilament model parameters adjusted to match the midmyocar-

dial shortening response also resulted in good reproduction of reported values for

endocardial cells (Figure 2.5b). Shortening RT90 for the mid- and endocardial cell

responses showed the same systematic deviation from reported mean values and

displayed the correct transmural trend (Figure 2.5b). Peak cell shortening under

endocardial flux-clamp was within the experimentally reported variation for this

value (not shown).

Shortening simulated using the base myofilament model parameter set in

response to epicardial flux-clamp did not show good agreement with experimental

values of time to peak and RT90 (Figure 2.5b). Time to peak shortening and

RT90 were both slower than experimental means by 38 and 101 ms, respectively.

These results were strongly suggestive of an underlying difference in myofilament

properties between epicardial cells and the other two cell subtypes.
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Figure 2.5: Simulated unloaded shortening for epi-, mid-, and endocardial cells in
response to measured Ca2+ transients corrected via flux-clamp protocol. (a) Time
course comparison of [Ca2+ ]i (shaded traces) and resulting cell shortening (solid
traces) in each of the three cell types. Dotted trace shows shortening after an
increase in crossbridge cycling rate consistent with expression of the V1 myosin
isoform (see text for details). (b) Comparison of simulated shortening TTP and
RT90 (triangles) with mean values reported by Cordeiro et al. [15] (circles) for
the three cell types. The dashed lines leading to triangles were determined from
the dotted trace in (a) and once again represent the effect of increased crossbridge
cycling rates.
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2.3.7 Testing hypothesized myofilament heterogeneities

We considered and quantitatively tested several different hypotheses re-

garding changes to the myofilaments that might reconcile the discrepancies in

Ca2+-contraction dynamics between the model and experimental measurements in

epicardial cells. As many of the proposed changes affected myofilament Ca2+ sensi-

tivity, the flux-clamp protocol had to be repeated for each one in order to fit a new

driving flux. Figure 6 shows the difference between model and experiment values of

shortening time to peak and RT90 for each hypothesis tested in comparison to the

original parameter set (abbreviated BASE in Figure 6). We tested the potential

effects of transmural variation in myosin isoform expression (suggested by Cordeiro

et al. [15]) by changing the crossbridge kinetic rates in the myofilament model to

those described by Rice et al. [37] as corresponding to the faster V1 myosin isoen-

zyme (V1 in Figure 6). Passive cell stiffness was increased (TITIN in Figure 6),

consistent with increased expression of the stiffer N2B titin isoform observed in the

canine epicardium [19]. We hypothesized that phosphorylation of myosin binding

protein C, which is thought to increase crossbridge attachment rate [50], could be

altered in epicardial cells (MyBPC in Figure 6). We also tested the sensitivity of

the model to increased myofilament Ca2+ sensitivity (SENS), increased myofila-

ment cooperativity (COOP), and a combination of increased titin-based stiffness

with steeper cooperative activation (TITIN+COOP). The myofilament model pa-

rameter sets used to represent each of these hypotheses are given in Appendix A.

Of all the hypotheses tested in the model, none was able to completely ac-

count for differences between the epicardial cell model and experimentally reported

values (Figure 6). The V1 and COOP parameter sets reduced RT90 below that

shown by the base model, but not significantly. Overall, relaxation of shortening

in the model was not sensitive to any of the parameters changed in this process.

Time to peak shortening was reduced to some extent by all but the SENS param-

eter set, which increased time to peak. Time to peak was most sensitive to the

V1 parameter set, which brought this value to within the experimentally observed

variation (Figure 2.5a, dotted trace, Figure 2.5b, dashed line and triangle).
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2.4 Discussion

The present work suggests that much of the mechanical heterogeneity ob-

served by Cordeiro et al. [15] in canine myocytes may be explained by previously

identified and modelled differences in EC coupling and clarifies the mechanisms

by which this control is likely to operate. We have presented evidence that where

heterogeneity of Ca2+ transients do not completely explain differences in shorten-

ing, a specific alteration in myofilament protein expression reconciles experimental

and modelling results.

2.4.1 Modulation of contractile dynamics by early repolar-

isation and Ito1

Cordeiro et al. [15] reported significantly prolonged time between stimulus

and the onset of unloaded cell shortening in endocardial cells in comparison with

mid- and epicardial cells. In the coupled model, this was the result of a large
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difference in the slope of the rising phase of the Ca2+ transient. Early repolarisation

of the AP was seen as the primary modulator of this aspect of Ca2+ morphology

(see Figure 2.3). As Ito1 magnitude determines distinctions in early repolarisation

[11], we conclude that it ultimately controls contraction latency to a large extent.

The process by which Ito1 changes time course of contraction is mecha-

nistically explained by the electromechanics model. The slowed rate of early re-

polarisation under endocardial AP clamp allows less extracellular Ca2+ into the

dyadic subspace, and results in only a small amount of Ca2+ release through the

RyRs. However, a lower concentration of Ca2+ in the dyadic subspace causes

Ca2+-dependent inactivation of L-type Ca2+ channels to proceed at a slower rate,

prolonging the secondary phase of ICaL relative to that seen under epicardial AP

clamp. The sustained nature of this phase causes enough SR Ca2+ release to gener-

ate a cytosolic transient that is delayed but still of significant amplitude. A similar

relationship between the rate of early repolarisation and Ca2+ transient shape has

been seen experimentally [51].

Given the steep force-Ca2+ relation of cardiac muscle, it seems counterin-

tuitive that the magnitudes of shortening between the two AP clamp cases would

be closer than those of their respective Ca2+ transients. Simulations using real-

istic myofilament cooperativity reveal that the extent of unloaded shortening is

strongly affected by the shape of the Ca2+ transient, not just the absolute magni-

tude (Figure 2.3, b and c). Cooperative recruitment of force slows the rate of force

development at sub-maximal levels of myofilament activation [52], meaning that

rapidly-peaking Ca2+ transients allow less time for the system to reach maximal

force than their slower counterparts. Steep cooperativity of myofilament force pro-

duction may therefore function as a mechanism to preserve contractile function in

endocardial cells in the absence of Ito1. Similarly, Ca2+ transient morphology may

explain why endocardial cells showed slightly larger peak unloaded shortening than

the other cell types in spite of no significant difference in Ca2+ transient amplitude

(Cordeiro et al. 2004).
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2.4.2 Transmural heterogeneity of myofilament protein ex-

pression

Flux-clamp simulations suggested that mid- and epicardial cells could not

share the same Ca2+-contraction dynamics. Increased SR Ca2+ content observed

in epicardial cells (Cordeiro et al. 2004), likely due to increased SERCA expression

[10], may be responsible for faster time to peak of the Ca2+ transient compared

with midmyocardial cells. Increased SERCA also has the effect of speeding decay

and (to a lesser extent) the time to peak of the Ca2+ transient. Yet the combined

effects of Ito1, increased SR content, and increased SR reuptake of Ca2+ , manifest

in the experimentally measured epicardial Ca2+ transient, appear to be insufficient

to account for the observed increase in contraction speed. We showed using the

model that increasing crossbridge kinetics in a manner consistent with increased

expression of the faster V1 isoform of myosin produces a relation between time

course of free Ca2+ and time to peak shortening that agreed well with experi-

ments. This change alone was the most effective compared with several alternative

hypotheses and suggests a transmural gradient in the expression ratio of V1 to V3

myosin, with V1 expression highest at the epicardium. Although no study of which

we are aware has examined transmural gradients of myosin isoform expression in

canine, others have been performed in rat [53], rabbit [54], and most recently in

pig [55]. These studies universally report higher expression of V1 myosin on the

epicardium than endocardium, supporting our hypothesis.

We were unable to find a parameter set for the myofilament model of Rice, et

al. [37] that would completely describe the epicardial myocyte Ca2+-contraction

dynamics reported experimentally [15]. While speeding the crossbridge cycling

rate allowed the model to correctly predict time to peak shortening, relaxation

still proceeded at too slow a rate. Indeed, none of the parameter modifications

we attempted were able to account for the faster relaxation rate reported exper-

imentally for epicardial cells. This is not a general failure of the model, as the

relaxation-Ca2+ relation is apparently well reproduced in mid- and endocardial

cells. Instead, this points to the absence of some mechanism not included in the

model whereby faster crossbridge cycling influences deactivation of the thin fila-
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ment.

2.4.3 Insights from tight coupling between EP and myofil-

ament models

Modelling of cardiac EC coupling has usually stopped short of including con-

traction. Models and experiments have already examined the relationship between

early repolarisation (primarily via Ito1) and the Ca2+ transient [26, 51]. These stud-

ies have emphasised the adverse effects on contraction of reduced Ito1 seen in the

diseased myocardium. However, it is clear that heterogeneous Ito1 expression is

present in the normal heart with little effect on the strength of contraction [15].

The electromechanics model suggests that several mechanisms working together

can compensate for lower initial ICaL in endocardial cells to preserve contractile

function. Coupling of the EP and myofilament models allowed us to elucidate this

subtle behaviour.

The majority of models of myocyte EC coupling assume a constant affinity

of TnC for Ca2+ , while experiments suggest that thin filament activation and

crossbridge binding alter TnC buffering capacity [56]. Because of the steep co-

operative regulation of crossbridge binding by Ca2+ , the buffering capacity of

the myofilament system may also be viewed as cooperative, undergoing large time-

and Ca2+-dependend shifts within a single cardiac cycle. In the coupled electrome-

chanics model, this dynamic buffering shortened APD relative to the original EC

coupling model with static TnC buffering by reducing the buffering capacity of

the myofilaments during the diastolic interval and allowing more rapid decline

of [Ca2+ ]i via SR uptake and extrusion through other mechanisms. Dynamic

buffering of Ca2+ by the myofilaments played an especially important role in the

flux-clamp protocol we designed to estimate the Ca2+ transient after removal of

the fluorescent indicator. In the absence of the exogenous buffer, the myofila-

ment buffering capacity adjusted itself in a complex nonlinear manner resulting in

changes to Ca2+ transient morphology.

Most models of myofilament force production are tested using a clamped

Ca2+ transient based on the time course of fluorescent indicators. We used the
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electromechanics model to show that such indicators can cause large errors in

Ca2+ transient shape. Thus aspects of the EP/Ca2+-handling model allowed us to

make greater quantitative use of the myofilament model. In summary, including

tightly-coupled models of all three subsystems improved the quality of all models

involved.

2.4.4 Limitations

The models presented here have several limitations. The published mod-

els that form the components of the present model each contain limitations of

their own [25, 26, 37]. The most important of these is the strong cycle-length

dependence of Ca2+ transient time to peak in the Greenstein model (see Figure

6b, Greenstein et al. [26]), especially when using the parameter sets for mid- and

epicardial cells presented by Flaim et al. [25]. This dependence caused the elec-

tromechanics model to produce qualitatively different Ca2+ transients than those

reported experimentally when run at a matching cycle length of 2000 ms. This

discrepancy did not affect the utility of the model in elucidating the modulation

of contraction time course by Ito1, but did limit the ability of the model to identify

potential heterogeneities of myofilament properties. This shortcoming was effec-

tively overcome via the flux-clamp simulations, which allowed the prediction of

shortening directly from experimentally reported Ca2+ transients.

We did not fully explore the effects of increased SERCA and higher SR

Ca2+ load reported in canine epicardial cells [10, 15]. The model of Flaim et

al. [25] exhibits a higher SR Ca2+ load in epicardial cells relative to the other

types at a cycle length of 1000 ms, which is consistent with experimental results.

However, the electromechanics model at slower cycle lengths produced only a mod-

erately elevated SR load, once again indicating an incorrect frequency dependence

of Ca2+-handling. The result achieved in the model of Flaim et al. [25] came

by doubling the activity of SERCA relative to the other cell types to reflect ex-

perimental reports of much higher SERCA expression in epicardial cells. When

this hypothesis was implemented in similar fashion in the flux clamp protocol,

it resulted in unreasonable responses after withdrawal of fluo-3. As a result we
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left SERCA parameters unchanged during epicardial cell flux-clamp and allowed

any additional uptake of Ca2+ by SERCA present in these cells to be implicitly

incorporated into the driving flux during the fitting process.

The flux clamp protocol involves several assumptions. The cytosolic con-

centration of fluo-3 is assumed to be equal to that reported for the bathing solution,

and may not reflect the actual value. Furthermore, Ca2+ binding kinetics for fluo-3

were taken from experiments performed in vitro [57] and may not represent kinet-

ics within an intact myocyte. Flux clamp was developed on the assumption that

most cytosolic Ca2+ fluxes would not be strongly affected by withdrawing fluo-

3 and that the Ca2+ dependence of myofilament buffering and SERCA activity

were adequately described by their respective model representations. This series

of assumptions seems reasonable, however, as through the use of the flux clamp

protocol a set of myofilament parameters was determined that was able to describe

the Ca2+-contraction dynamics of both mid- and endocardial cells. Furthermore,

this parameter set displayed a steady-state force-Ca2+ relation similar to those

reported experimentally in isolated canine myocytes [58].

2.4.5 Conclusion

We have used an integrative model of ventricular myocyte function that

includes electrophysiology, Ca2+-handling, and myofilament dynamics to explore

potential mechanisms by which myocytes within the same heart modulate their EC

coupling characteristics. Our work identifies Ito1 and crossbridge cycling kinetics

as primary mechanisms underlying transmural variation of myocyte contractile

function.
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Chapter 3

A Model of Heterogeneous

Ventricular Electromechanics

Abstract

The excitation-contraction coupling properties of cardiac myocytes isolated

from different regions of the mammalian left ventricular wall have been shown to

vary considerably, with uncertain effects on ventricular function. We embedded a

cell-level excitation-contraction coupling model with region-dependent parameters

within a simple finite element model of left ventricular geometry to study effects of

electromechanical heterogeneity on local myocardial mechanics and global hemo-

dynamics. This model was compared with one in which heterogeneous myocyte

parameters were assigned randomly throughout the mesh while preserving the total

amount of each cell subtype. The two models displayed nearly identical transmural

patterns of fibre and cross-fibre strains at end systole, but showed clear differences

in fibre strains at earlier points during systole. Hemodynamic function, including

peak left ventricular pressure, maximum rate of left ventricular pressure develop-

ment, and stroke volume were essentially identical in the two models. These results

suggest that in the intact ventricle heterogeneously distributed myocyte subtypes

primarily impact local deformation of the myocardium, and that these effects are

greatest during early systole.

40
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3.1 Introduction

In the most basic sense, electromechanical coupling occurs at the level of

the individual myocyte where changes to membrane potential lead to release of

Ca2+ and production of force by the myofilaments. This intrinsic activity is mod-

ulated by surrounding myocytes. Ionic currents through gap junctions electrically

couple adjacent cells, allowing propagation of action potentials through the my-

ocardium. Mechanical coupling among myocytes arises from cytoskeletal structures

linking myocardial cells to each other and to the extracellular matrix. Thus, in

a broader sense, electromechanics includes electrical and structural properties of

the intact myocardium as these influence the local environment in which myocytes

operate.

Regional deformation of the ventricular wall during the cardiac cycle is

influenced by myocardial tissue structure [1–3]. Early modeling studies suggested

that ventricular torsion and transmural patterns of fibre orientation act to minimize

transmural differences in sarcomere length and fibre strain, both during ejection [1]

and filling [4], thereby distributing the work of ejection equally through the heart

wall [1, 2]. Studies using biplane radiography of radiopaque markers embedded

in the ventricular wall [5, 6] as well as MRI tagging methods [7] showed patterns

of transmural fiber strain that were in general agreement with those predicted in

models.

In recent years, computational and experimental studies have revealed a

more complex scenario. Kerckhoffs et al. [8] showed using a computational model

of LV electromechanics that a physiological pattern of electrical activation pro-

duced large gradients of transmural fibre strain in comparison with a synchronously

activated model. The authors postulated that a transmural gradient of intrinsic

myocyte electromechanical delay opposing that of electrical activation would re-

duce transmural heterogeneity of systolic fibre strain. Shortly thereafter, a study

of isolated canine myocytes demonstrated the existence of just such a transmu-

ral distribution, with endocardial myocytes (those earliest activated in the intact

heart) showing increased latency to onset of shortening in comparison with midmy-

ocardial and epicardial cells [9]. At the same time, improved spatial and temporal
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resolution in the measurement of fibre strains have revealed transmural heterogene-

ity in the time courses of regional fibre strains during systole [10, 11]. These new

results do not invalidate the overall hypothesis that realistic LV torsion and fibre

orientation act to reduce transmural variation of fibre strain. But, they illustrate

the need for more detailed examination of the mechanisms underlying observed

transmural deformations during systole.

3.1.1 Models of Ventricular Electromechanics

The most advanced models of ventricular electromechanics depict three-

dimensional action potential propagation, contractile force generation, and my-

ocardial deformation under realistic hemodynamic loading conditions and within

anatomically-detailed finite element meshes [8, 12–19]. The degree of coupling

between component models varies, but newer studies have made use of algorith-

mic advances which allow full (two-way) coupling between and quasi-simultaneous

solution of action potential propagation, ionic currents, myofilament force produc-

tion, and tissue mechanics [16–19]. This form of coupling is useful for investigating

questions relating to mechano-electric feedback [20, 21], where length changes on

the level of myocytes influence Ca2+ buffering by myofilaments and the activity

of stretch activated ion channels. In many other cases, it has been sufficient to

obtain a spatiotemporal sequence of depolarization from the solution of electro-

physiology equations which can then be used to drive myofilament force production

in a separate simulation of ventricular mechanics [8, 12, 13, 22, 23].

In recent years a number of fully-coupled cellular electromechanics models

have been published. These models simulate various cell responses by simultane-

ously solving the ordinary differential equations (ODEs) governing ionic currents,

myofilament force production, and one-dimensional cell mechanics [21, 24]. We

recently developed one such model to explore potential sources of heterogeneous

excitation-contraction (EC) coupling behavior previously observed in isolated ca-

nine myocytes [25]. Here, we use this model to examine the effects of heterogeneous

myocyte properties [9, 26, 27] on transmural systolic fibre mechanics and ventric-

ular function. In particular, we investigate the hypothesis of Kerckhoffs et al.
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[8] that cellular heterogeneity of myocyte EC coupling helps maintain transmural

uniformity of systolic fibre strain in the presence of a physiological activation delay.

3.2 Methods

In the present study, we embedded our recently published canine myocyte

model [25] within a model of ventricular action potential propagation and mechan-

ics. This fully-coupled electromechanical model was used to predict the integrative

effects of myocyte EC coupling heterogeneity on ventricular wall mechanics and

global pump function during ejection.

3.2.1 Model of myocyte excitation-contraction coupling

A model of canine myocyte ionic currents and cytosolic Ca2+ cycling [28]

was previously expanded and modified to reproduce observed transmurally-varying

characteristics in action potential duration, early repolarization, and Ca2+

transient time course [29]. Three parameter sets for the model were developed

corresponding to published measurements in endocardial (endo), midmyocardial

(mid), and epicardial (epi) cells. In previous work [25], we developed parameter

sets for the myofilament model of Rice et al. [24], which quantitatively reproduced

observed characteristics of unloaded shortening in the three canine myocyte sub-

types driven by experimentally-derived Ca2+ transients [9]. In that same study,

we combined this re-parameterized version of the Rice model with the excitation-

Ca2+ coupling model of Flaim et al. [29] to create a fully-coupled model of canine

myocyte electromechanics [25]. The Rice model itself uses a system of coupled

ODEs to reproduce the dynamic response of cardiac muscle to time-varying inputs

of sarcomere length and cytosolic Ca2+ . The model is capable of reproducing a va-

riety of classical responses such as steep activation of force by Ca2+ and a realistic

force-velocity relation. Length dependent activation is represented by a model of

thick and thin filament overlap according to the classic work of Gordon et al. [30].

Velocity dependence is imparted through crossbridge distortion, whereby changes

to sarcomere length alter average distortion of a population of cycling crossbridges



44

[31].

In the present work, we have embedded the fully-coupled myocyte elec-

tromechanics model with region-dependent parameters within a model of LV elec-

trical activation and mechanics. Instances of the myocyte model located at each

collocation point throughout the mesh take as inputs membrane potential, sar-

comere length, and shortening velocity which originate from solutions to the cor-

responding monodomain and finite deformation partial differential equations. The

myocyte model provides as outputs its contribution to changes in membrane po-

tential and active tension. Initial conditions for myocyte electromechanical model

were determined by running it independently of the ventricular model under con-

ditions of unloaded shortening [24] for 50 beats, at which point model responses

had achieved steady-state. Pacing rate was 1 Hz.

3.2.2 Coupling of velocity-dependent contraction and

finite-element biomechanics models

Multi-scale models such as that used in the present study present an in-

herent challenge in that several time scales have to be taken under consideration.

Stable numerical methods for coupling the various model components under mixed

time-stepping schemes are critical for computational efficiency [17, 19]. Niederer

and coworkers [19] recently developed a scheme which allows stable and efficient

coupling of velocity-dependent contraction models and finite-element mechanics.

In this ’update’ scheme, the contraction model outputs an activation value each

coarse time step rather than the final active tension. The mechanics solver then

uses the activation value to re-compute a length- and velocity-dependent tension

with each intermediate Newton iteration until the solution converges and the coarse

time step is complete.

We have modified the update scheme of Niederer et al. [19] to function

with the Rice contraction model [24], which is embedded within the myocyte elec-

tromechanics model. Instead of a generic activation level, the entire vector of

contraction-associated state variables is output from the myocyte model. ODEs

upon which tension directly depends are then re-integrated over the coarse time
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Figure 3.1: Depiction of finite element meshes and myocyte subtype distribution
used in this study. (a) Left ventricular geometry was approximated as a truncated
elipse of revolution with embedded fibres. White and black lines show orientation
of endocardial and epicardial fibres, respectively. (b) In the BASELINE simulation,
myocyte subtype was set as a proportion of wall thickness to be 1:2:1 endo:mid:epi.
Their spatial distribution is shown here superimposed on the two-dimensional mesh
used for solution of electrical propagation across the ventricular wall. (c) In the
HOM simulation, myocyte subtypes were assigned randomly throughout the mesh
while preserving the total volume of each subtype to be equal that used in the
BASELINE simulation.

step for each Newton iteration using an explicit Euler scheme. Sarcomere length

and velocity are updated with every re-integration. This scheme stably accommo-

dates relatively large mechanics time steps with minimal loss of accuracy. A coarse

time step of 0.5 ms was used in all simulations. ODEs were solved on a finer time

step with a Radau solver [32], using a maximum time step 0f 0.5 ms.

3.2.3 Finite Element model of myocardial deformation

Left ventricular (LV) geometry was approximated using a truncated ellipse

of revolution [33]. At zero pressure, focal length was 3.75 cm [34], endocardial

radial coordinate was 0.32, epicardial radial coordinate was 0.65, and longitudinal

coordinate of the base was 120 degrees. This initial shape was subdivided 16 times

radially and 36 times longitudinally to yield a 576 element mesh (Figure3.1a).
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Interpolating functions were linear in the circumferential, longitudinal, and radial

directions, giving rise to a total of 1887 degrees of freedom [33]. The myocardium

was modelled as a slightly-compressible, transversely isotropic material with re-

spect to local fibre coordinates [4]. Fibre angles were varied transmurally in a

piecewise-linear fashion determined by fit to angles measured in a previous study

by our group [6]. As these fibre angles were not directly reported in the origi-

nal publication, they have been included in Appendix B. Sarcomere length (SL)

in the unloaded myocardium was assumed to vary transmurally according to de-

tailed measurements in rat myocardium [35], and offset to a mean SL of 1.95 in

accordance with published data from canine hearts [36, 37].

Boundary constraints were identical to those described in the original work

of Costa et al. [33]. Nodes along the basal (µ = 120 degrees) and apical (µ = 5

degrees) boundaries were fixed in the longitudinal direction. The most epicardial

node on the basal boundary was also constrained in the radial direction. Finally,

the most endocardial of the basal nodes was fixed in the circumferential direction.

3.2.4 Finite Element model of electrical propagation

The monodomain equation for electrical propagation was solved using a

collocation-Galerkin method along with an operator-splitting scheme to incorpo-

rate the myocyte electromechanics model [38, 39]. Electrical activation initiating

contraction was assumed to occur simultaneously everywhere on the endocardial

surface. Under this assumption, there are no circumferential gradients in mem-

brane voltage. Accordingly, electrical propagation was solved on a two-dimensional

mesh in rectangular Cartesian coordinates representing the cross-section of the me-

chanics mesh, with identical refinement (Figure 3.1, band c). The voltage solution

was interpolated using cubic Hermite basis functions, giving rise to a total of 5032

degrees of freedom. Transmural activation time and action potential duration were

converged to within 1% at this level of refinement, based on comparison with an

equivalent problem having twice as many (32) transmural elements. Error in the

calculation of electrical propagation arising from the absence of circumferential

curvature in the two-dimensional model was also assessed in preliminary calcula-
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tions. Briefly, a three-dimensional wedge was created by extracting a 30-degree

circumferential portion of the original ellipsoid mesh. This wedge was refined four

times in the circumferential direction, and converted to rectangular Cartesian coor-

dinates. Action potential propagation was simulated in two- and three-dimensional

meshes (with inputs from the mechanics model held constant) and compared. Dif-

ferences in transmural activation times between the two models were small (<8%).

The tissue conductivity coefficient was set at 2.4 mS cm-1 to give a transmural

activation time of approximately 24 ms at the thickest part of the ventricular wall

[40]. Geometry of the electrical mesh was updated every 4 ms in accordance with

mechanical deformation induced by contraction.

3.2.5 Representation of heterogeneous cellular properties

In the complete ventricular model, the myocyte model parameter set (epi,

mid, or endo) was specified in an element-wise fashion according to myocardial

region (Figure 3.1b). For purposes of comparison, an alternate distribution of

cell subtypes was created in which elements were assigned parameters randomly

(Figure 3.1c). This was done in such a way that the overall ventricular volume

corresponding to each cell subtype was identical between the two distributions.

3.2.6 Lumped-parameter circulatory model

A three-element Windkessel model was used to provide pressure boundary

conditions at the endocardial surface of the finite element mesh using a previously-

established coupling method [41]. A simplified system in which the Windkessel

model was coupled to a time-varying elastance model was used to determine cir-

culatory parameters which best fit averaged LV pressure and aortic flow traces

measured in a set of dog experiments (experiments described below). The result-

ing model parameters are shown in Table 1. LV pressure from the ventricular

model and arterial pressure computed from the circulatory model were used to

determine timing of events in the cardiac cycle such as aortic valve opening and

closure.
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Table 3.1: Three-element Windkessel Model Parameters.

Initial aortic pressure 67.5 mmHg
Arterial compliance 0.67 cm3 mmHg−1

Aortic impedance 52.5 mmHg ms cm−1

Peripheral resistance 3000 mmHg ms cm−1

3.2.7 Simulation protocol

The unloaded mesh was inflated to an end-diastolic pressure (EDP) of 3.9

mmHg in the absence of active myofilament tension, to correspond with the average

end-diastolic pressure reported in the study of Mazhari et al. [6]. LV volume

increased from 30.2 ml in the unloaded state to 38.4 ml at EDP. After inflation, a

stimulus current was applied to the endocardial surface to initiate action potential

propagation and contraction. All simulations made use of this same protocol unless

otherwise noted.

End-diastolic geometry served as the reference for calculation of fibre strains

throughout the cycle. All strains reported below reflect averages of strains in

five longitudinally-consecutive elements at constant wall depth. Except where

specifically noted, these groups of five elements corresponded to an apical region

of the myocardium, centered about the prolate spheroidal coordinate of µ = 40

degrees.

3.2.8 Experimentally-measured fibre strains

All animal studies were performed according to the National Institutes of

Heath Guide for the Care and Use of Laboratory Animals. Surgical protocols

were approved by the Animal Subjects Committee of the University of California,

San Diego, which is accredited by the American Association for Accreditation of

Laboratory Animal Care.

Surgical Preparation. Six adult mongrel dogs (19-24 kg) were anesthetized

with intravenous propofol (6mg/kg), intubated, and mechanically ventilated with

isoflurane (0.5% - 2.5%), nitrous oxide (2 l/min), and medical oxygen (2 l/min) to

maintain a surgical plane of anesthesia. Once data collection was complete, animals
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were removed from respiratory support and euthanized with a lethal dose of propo-

fol. Left ventricular pressure was measured with an 8-Fr pigtail micromanometer

catheter with lumen (Millar Instruments, Houston, TX). End-diastole was defined

as coinciding with peak of the R-wave of the electrocardiogram (ECG). A Doppler

flow probe (model #T208, Transonic Systems, Ithaca, NY) was positioned around

the ascending aorta to define the onset and conclusion of ejection.

In Vivo LV Mechanics. As described previously [10, 42], implanted radio-

plaque marker positions were followed throughout the cardiac cycle. Three columns

(4-6 beads) of gold (0.9 mm) beads were plunged into anterolateral wall to form a

triad of material makers at 1/3 of the apex-base distance. Using a biplane X-ray

system, cineradiographic images were acquired at sampling rate of 125 frames/sec

with mechanical ventilation suspended at end expiration. LV and systemic pres-

sures, aortic flow, and surface ECG were digitally acquired simultaneously with

these images.

Myofibre Orientation. Local fibre architecture [34] in the region of the

transmural bead set was determined [10]. Mean fibre angles, ?, were measured

at 1 mm increments across the wall and interpolated with least-squared best-fit

line. Finite 3D Deformation Analysis. Continuous, non-homogenous 3-D systolic

strain distributions were determined in a local Cartesian cardiac coordinate system

(X1, X2, X3), defining the circumferential, longitudinal, and radial directions,

respectively. Strain was computed with reference to the end-diastolic state in all

cases. At each transmural depth the mean fibre angle, α, was used to rotate the

cardiac strain tensor into fibre, cross-fibre, radial (Xf , Xcf , X3) coordinate system

[5]. Time courses of myofibre strain, Eff , during successive cardiac contractions

as well as transmural distributions at end-systole were obtained for each animal.

3.3 Results

Results from the baseline model, in which myocyte subtypes were heteroge-

neously arranged in layers (BASELINE), were compared with those from a model

in which subtypes were homogeneously distributed at random throughout the mesh
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Figure 3.2: Myocardial activation time as calculated in the BASELINE simula-
tion. Activation was the result of simultaneously stimulating the entire endocardial
surface.

(HOM). Assignment of cell subtype in the HOM simulation was performed in an

element-wise fashion such that total myocardial volume of corresponding to each

subtype was equal in both models (Figure 3.1, band c).

3.3.1 Hemodynamics and electrical activation

Global LV pump function during ejection against arterial loading generated

by the three-element Windkessel model showed only minor differences between

BASELINE and HOM cases. The largest difference was in ejection time, which was

6% shorter in the HOM case (104 for BASELINE vs. 98 ms in HOM). Maximum

dP/dt, peak LV pressure, and stroke volume were essentially the same between the

two cases (see Table 2). Total transmural delay of action potential propagation,

measured in the thickest region of the wall, was also nearly the same (24.0 ms for

BASELINE vs. 23.9 in HOM). The spatial pattern of electrical activation produced

in the BASELINE model is shown in Figure 3.2.
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Figure 3.3: Comparison of model-generated fibre (Eff ) and cross-fibre (Ecc) strains
at end-systole (a) with those reported experimentally in the study of Mazhari et al.
[6] (b). BASELINE and HOM simulations produced essentially identical transmu-
ral patterns of fibre and crossfibre strains in spite of different spatial arrangement
of myocyte subtypes. End-systolic strains produced by the models displayed trans-
mural patterns that were in good agreement with experimental measurements.

3.3.2 Transmural gradients of end-systolic strains

The two cases displayed nearly identical transmural gradients of fibre and

cross-fibre strain at the time of aortic valve closure (Figure 3.3a). For both simula-

tions, end-systolic fibre and cross-fibre strains were in good qualitative agreement

with experiments [6] in terms of strain magnitudes and transmural trends (Fig-

ure 3.3). The largest negative fibre strain measured in the study of Mazhari et al.

[6] was -0.085 at 30% wall depth from the epicardium, the largest in simulations

were -0.063 (BASELINE) and -0.066 (HOM), at wall depths of 26% and 15%,

respectively.



52

3.3.3 Time course of fibre strain during systole

Time courses of fibre strain were markedly different between BASELINE

and HOM simulations during isovolumic contraction and early ejection, in contrast

to their similarity at end-systole (Figure 3.4). The HOM model produced a time

course of fibre strain during isovolumic contraction which had a smaller transmural

range than the heterogeneous case (0.05 HOM vs. 0.07 BASELINE at aortic valve

opening). Also, in the HOM case fibres at both epicardial and endocardial extremes

were stretched prior to ejection, in the BASELINE case only endocardial fibres were

stretched during the same period (Figure 3.4, aand b). Fibre shortening in the

BASELINE model was greatest in the epicardial region throughout systole, while

in the HOM model mid-myocardial fibre shortening tended to be greatest.

Since the only time courses of transmurally distributed fibre strains reported

in the literature are for individual animals [10, 11], here we use previously unpub-

lished measurements from our laboratory in six anesthetized dogs for comparison

with model-produced time courses (Figure 3.4). Fibre strain time courses of indi-

vidual dogs are presented in Appendix B. Large differences in fibre strain mag-

nitude and transmural range were observed across animals (Figure 3.4c). When

maximum and minimum fibre strains across the wall were examined at each time

point and averaged across dogs, a general stretching of fibres (without regard to

transmural location) can be observed around the time of aortic valve opening (Fig-

ure 3.4c). On an individual basis, maximum fibre strain at the time of aortic valve

opening occurred at the epicardium in four of the six dogs, and was located at the

endocardium in the other two (see Appendix B).

3.3.4 Sensitivity Analysis

Additional simulations were performed to assess the sensitivity of global LV

function and regional fibre strains to factors other than cell subtype distribution

(Table 2). Effects of cell subtype composition were examined by using midmyocar-

dial cell parameters throughout the mesh (column ALLMID in Table 2). Activation

time was altered by doubling the conductivity, from 2.4 to 4.8 mS cm-1 (HIGH-

COND). Fibre angles were altered in two separate simulations to match the largest
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and smallest total transmural gradients observed among individual dogs used in

the study of Mazhari et al. [6]. In these simulations, the total transmural fibre

angle ranges were 170 and 112 degrees (STEEPFIB and SHALLOWFIB, respec-

tively), compared with a range of 145 degrees used for all other simulations. The

transmural gradient in sarcomere length was removed and instead set to the aver-

age value of 1.95 µm [36] throughout the mesh (NOSLGRAD). The EDP used to

inflate the model prior to activation was increased by 50% (from 3.9 to 5.9 mmHg)

to examine the effect of preload (HIGHEDP). This increase in preload resulted in

a new end-diastolic LV volume of 42.7 ml. Finally, effects of afterload on modelled

results was assessed by reducing initial aortic pressure by 25%, from 67.5 to 50.6

mmHg (LOWAOP).

Time courses of fibre strain were reduced to two moments in the cycle,

aortic valve opening and closure, for purposes of comparison between simulations.

At these times, minimum and maximum fibre strains and their corresponding wall

depths were determined. Average transmural fibre strain and absolute range were

also calculated. To account for possible variation of the results due to the longitu-

dinal wall location at which strains were calculated, these fibre strain parameters

were calculated at a basal location (µ = 90 degrees) in addition to the standard

apical location described in the Methods (µ = 40 degrees). Thresholds for signifi-

cance were defined relative to the BASELINE simulation for each measure included

in the sensitivity analysis and are as follows: >0.02 change for fibre strain values

(including strain range), >20 percentage-point change for percent wall depth of

minimum/maximum strain, and >20% change in hemodynamic measures and ac-

tivation time.

Results from these simulations are compared with those from the BASE-

LINE simulation in Table 2. The largest changes to hemodynamic function were

seen in the HIGHEDP and LOWAOP simulations, which showed 47% and 35%

increases in stroke volume, respectively. HIGHEDP also produced a 14% increase

in maximum dP/dt. For both HIGHEDP and LOWAOP, hemodynamic changes

were not associated with significant change in fibre strains. The ALLMID simula-

tion produced a 20% increase in ejection time as well as changes to fibre strains at
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the time of aortic valve opening. Greatest among these was a reduction in strain

range from 0.07 to 0.02. Apart from the HOM and ALLMID simulations, none

of the simulated conditions produced above-threshold changes to strain metrics at

aortic valve opening. At end-systole, only the SHALLOWFIB simulation produced

significant changes to fibre strains.

All strain differences that were above-threshold when calculated at the api-

cal location remained significant when a more basal wall location was used (lower

half of table 2). Several additional differences became significant under these con-

ditions, including location in the wall of minimum and maximum fibre strains at

end-systole for the STEEPFIB simulation.

3.4 Discussion

We have studied the role of myocyte heterogeneity in LV function by cou-

pling a model of length- and velocity-dependent EC-coupling dynamics with finite

element models of LV action potential propagation and mechanics. EC-coupling

model parameters were spatially varied according to previous work [25, 29] to reflect

measured regional differences in cell behavior. Results from the model in which

epi, mid, and endo cells were arranged in their corresponding layers were compared

with those obtained by homogeneously distributing cell subtypes throughout the

LV wall. Differences in fibre strain time courses between the models were clearly

evident during early systole, but essentially vanished by end-systole. There was

no substantial difference in hemodynamic performance between the two models.

Several additional simulations in which other factors such as fibre angle, activa-

tion time, preload, and afterload were perturbed revealed that transmural strain

patterns early in systole were still most sensitive to the cell subtype distribution.

Additionally, end-systolic fibre strains were seen to be sensitive to changes in fibre

angles and the longitudinal location of strain measurement.



56

T
ab

le
3.

2:
S
en

si
ti

v
it

y
of

m
o
d
el

-g
en

er
at

ed
h
ae

m
o
d
y
n
am

ic
s,

ac
ti

va
ti

on
d
el

ay
an

d
tr

an
sm

u
ra

l
fi
b
re

st
ra

in
to

p
er

tu
rb

at
io

n
.

A
st

er
is

k
s

in
d

ic
a
te

th
e

fo
ll
o
w

in
g
:
>

2
0
%

d
iff

er
en

ce
fr

o
m

b
a
se

li
n

e
fo

r
h

a
em

o
d

y
n

a
m

ic
s

a
n

d
a
ct

iv
a
ti

o
n

d
el

a
y
;
>

0
.0

2
a
b

so
lu

te
d

iff
er

en
ce

fr
o
m

b
a
se

li
n

e
fo

r
fi

b
re

st
ra

in
s;

a
n

d
>

2
0

p
er

ce
n
ta

g
e-

p
o
in

t
d
iff

er
en

ce
in

p
er

ce
n
ta

g
e

w
a
ll

d
ep

th
.

A
b

b
re

v
ia

ti
o
n

s:
E

f
f

,
fi

b
re

st
ra

in
;

E
T

,
ej

ec
ti

o
n

ti
m

e;
L
V

P
,

le
ft

v
en

tr
ic

u
la

r
p

re
ss

u
re

;
S

V
,

st
ro

k
e

v
o
lu

m
e;

A
V

O
,

a
o
rt

ic
v
a
lv

e
o
p

en
in

g
;

M
in

./
M

a
x
.,

m
in

im
u

m
/
m

a
x
im

u
m

fi
b

re
st

ra
in

;
%

W
D

,
lo

ca
ti

o
n

o
f

m
in

./
m

a
x
.

fi
b

re
st

ra
in

a
s

a
p

er
ce

n
ta

g
e

o
f

to
ta

l
v
en

tr
ic

u
la

r
w

a
ll

d
ep

th
m

ea
su

re
d

fr
o
m

th
e

ep
ic

a
rd

ia
l

su
rf

a
ce

;
a
n

d
E

F
,

ej
ec

ti
o
n

fr
a
ct

io
n

.
F

o
r

a
n

ex
p

la
n

a
ti

o
n

o
f

th
e

co
lu

m
n

h
ea

d
in

g
s,

se
e
§3

.3
.4

.

B
A

S
E

L
IN

E
H

O
M

A
L

L
M

ID
H

IG
H

C
O

N
D

S
T

E
E

P
F

IB
S

H
A

L
L

O
W

F
IB

N
O

S
L

G
R

A
D

H
IG

H
E

D
P

L
O

W
A

O
P

H
em

o
d

y
n

a
m

ic
s

E
T

(m
s)

1
0
4
.0

9
8
.0

1
2
5
.5
∗

1
0
3
.5

1
0
3
.5

1
0
6
.5

1
0
4
.0

1
1
5
.5

1
1
2
.5

M
a
x
.

L
V

P
(m

m
H

g
)

7
4
.5

7
5
.0

7
3
.5

7
4
.5

7
3
.9

7
4
.7

7
4
.4

7
8
.8

6
2
.0

d
P

/
d

t
M

a
x
.

(m
m

H
g

m
s−

1
)

1
.8

8
1
.9

1
1
.6

8
1
.7

5
1
.8

1
1
.8

7
1
.8

4
2
.1

4
1
.8

8
E

F
(%

)
1
7
.2

6
1
7
.2

1
1
7
.8

0
1
7
.1

5
1
6
.4

1
1
8
.2

8
1
7
.3

1
2
2
.8

9
∗

2
3
.3

2
∗

S
V

(m
L

)
6
.6

4
6
.6

2
6
.8

4
6
.6

0
6
.3

4
6
.9

2
6
.6

6
9
.7

8
∗

8
.9

7
∗

T
ra

n
sm

u
ra

l
D

el
a
y

o
f

A
ct

iv
a
ti

o
n

(m
s) 2
4
.0

2
3
.9

2
3
.9

1
7
.5

5
∗

2
4
.0

2
4
.0

2
4
.0

2
3
.3

2
4
.0

T
ra

n
sm

u
ra

l
E

f
f

,
a
p

ic
a
l

lo
ca

ti
o
n

,
a
t

A
V

O
M

in
.

-0
.0

6
2

-0
.0

3
3
∗

-0
.0

3
2
∗

-0
.0

6
2

-0
.0

6
6

-0
.0

7
0

-0
.0

5
8

-0
.0

6
2

-0
.0

6
5

%
W

D
o
f

M
in

.
1

5
5
∗

1
5

1
6

6
6

1
1

M
a
x
.

0
.0

1
2

0
.0

1
5

-0
.0

1
1
∗

0
.0

0
9

0
.0

1
3

0
.0

2
3

0
.0

1
1

0
.0

1
8

0
.0

1
6

%
W

D
o
f

M
a
x
.

8
2

9
9

9
9

7
9

6
7

9
9

8
4

7
9

8
2

R
a
n

g
e

0
.0

7
4

0
.0

4
8
∗

0
.0

2
1
∗

0
.0

7
1

0
.0

7
9

0
.0

9
3

0
.0

6
9

0
.0

7
9

0
.0

8
1

A
v
er

a
g
e

-0
.0

2
0

-0
.0

2
2

-0
.0

2
6

-0
.0

2
0

-0
.0

2
2

-0
.0

2
3

-0
.0

1
9

-0
.0

1
6

-0
.0

1
9

T
ra

n
sm

u
ra

l
E

f
f

,
a
p

ic
a
l

lo
ca

ti
o
n

,
a
t

en
d

-s
y
st

o
le

M
in

.
-0

.0
6
3

-0
.0

6
6

-0
.0

6
7

-0
.0

6
3

-0
.0

6
6

-0
.0

7
2

-0
.0

6
2

-0
.0

7
0

-0
.0

7
2

%
W

D
o
f

M
in

.
2
6

1
5

1
5

2
6

1
3

2
9

3
6

3
3

3
3

M
a
x
.

-0
.0

3
3

-0
.0

3
3

-0
.0

3
5

-0
.0

3
3

-0
.0

3
4

-0
.0

2
1

-0
.0

3
6

-0
.0

4
3

-0
.0

4
1

%
W

D
o
f

M
a
x
.

9
0

9
0

8
8

9
0

7
3

9
9

9
3

8
8

9
0

R
a
n

g
e

0
.0

3
0

0
.0

3
3

0
.0

3
2

0
.0

3
0

0
.0

3
3

0
.0

5
1
∗

0
.0

2
6

0
.0

2
7

0
.0

3
1

A
v
er

a
g
e

-0
.0

5
2

-0
.0

5
2

-0
.0

5
3

-0
.0

5
2

-0
.0

5
1

-0
.0

5
7

-0
.0

5
2

-0
.0

6
0

-0
.0

6
0

T
ra

n
sm

u
ra

l
E

f
f

,
b

a
sa

l
lo

ca
ti

o
n

,
a
t

A
V

O
M

in
.

-0
.0

4
9

-0
.0

2
0
∗

-0
.0

2
3
∗

-0
.0

5
2

-0
.0

5
3

-0
.0

5
9

-0
.0

4
4

-0
.0

4
7

-0
.0

4
7

%
W

D
o
f

M
in

.
1

7
5
∗

8
4
∗

1
5

1
1

1
1

M
a
x
.

0
.0

1
4

0
.0

0
1

-0
.0

0
7
∗

0
.0

2
1

0
.0

2
2

0
.0

2
5

0
.0

1
4

0
.0

2
2

0
.0

1
7

%
W

D
o
f

M
a
x
.

6
9

9
9
∗

1
2
∗

7
2

5
9

9
0
∗

6
9

7
2

6
9

R
a
n

g
e

0
.0

6
3

0
.0

2
1
∗

0
.0

1
6
∗

0
.0

7
2

0
.0

7
5

0
.0

8
4

0
.0

5
8

0
.0

6
9

0
.0

6
4

A
v
er

a
g
e

-0
.0

1
0

-0
.0

1
2

-0
.0

1
2

-0
.0

0
9

-0
.0

1
3

-0
.0

1
2

-0
.0

0
9

-0
.0

0
6

-0
.0

0
7

T
ra

n
sm

u
ra

l
E

f
f

,
b

a
sa

l
lo

ca
ti

o
n

,
a
t

en
d

-s
y
st

o
le

M
in

.
-0

.0
5
0

-0
.0

5
3

-0
.0

5
3

-0
.0

5
0

-0
.0

6
0

-0
.0

6
4

-0
.0

4
7

-0
.0

5
9

-0
.0

6
0

%
W

D
o
f

M
in

.
1
5

1
8

1
9

9
9
∗

2
8

3
2

2
8

2
8

M
a
x
.

-0
.0

3
5

-0
.0

3
3

-0
.0

3
5

-0
.0

3
4

-0
.0

2
8

-0
.0

1
8

-0
.0

3
9

-0
.0

4
4

-0
.0

4
1

%
W

D
o
f

M
a
x
.

8
4

8
7

8
1

8
4

5
9
∗

9
9

8
7

8
4

8
7

R
a
n

g
e

0
.0

1
5

0
.0

1
9

0
.0

1
9

0
.0

1
6

0
.0

3
2

0
.0

4
6
∗

0
.0

0
8

0
.0

1
5

0
.0

1
9

A
v
er

a
g
e

-0
.0

4
3

-0
.0

4
3

-0
.0

4
4

-0
.0

4
3

-0
.0

4
4

-0
.0

4
9

-0
.0

4
3

-0
.0

5
3

-0
.0

5
3



57

3.4.1 Transmural gradients of end-systolic fibre strains

End-systolic fibre strains have been used as an index of regional ventricular

function [6]. We used such strains, measured under carefully-controlled conditions

in a previous study by our group [6], to validate end-systolic strains produced by the

model (Figure 3.3). The lack of substantial differences in end-systolic fibre strains

between BASELINE and HOM models was unexpected given large differences seen

at other times throughout systole (Figures 3.3 and 3.4). The similarity between the

models indicates that end-systolic fibre strain was not sensitive to heterogeneous

distribution of cell subtypes. That end-systolic fibre strain was also insensitive

to the overall cell subtype composition is evident from results of the ALLMID

simulation. The sensitivity analysis instead suggests that end-systolic fibre strains

are highly dependent on a combination of fibre angle and measurement location.

The latter implicates wall thickness or curvature as important determinants of

end-systolic fibre strain.

3.4.2 Effects of cellular heterogeneity on the time course

of systolic fibre strains

Transmurally heterogeneous arrangement of myocyte subtypes resulted in

large gradients of fibre strain around the beginning of ejection (Table 2 and Fig-

ure 3.4b). These gradients are larger than those from simulations in which cell

subtype assignment was perturbed (HOM, ALLMID, Table 2). While this differ-

ence is interesting, variability of experimentally-measured time courses prevents

stringent validation of those produced by the BASELINE simulation. The fibre

strain range measured in dogs for this study was sufficiently large to accommodate

strains produced by either of the two models (Figure 3.4).

The sensitivity analysis performed here may partially explain the large vari-

ability of experimental time courses. For instance, a combination of perturbations

to cell subtype composition (ALLMID) and location of strain measurement (basal)

reversed the transmural gradient of fibre strain at aortic valve opening in compar-

ison with BASELINE (see Table 2).
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Interestingly, a 27% reduction in transmural activation delay had essentially

no effect on fibre strain patterns at either of the two cycle times reported (BASE-

LINE vs. HIGHCOND, Table 2). The present results do not therefore support

the notion that activation delay and cellular heterogeneity interact to affect fibre

strains as previously proposed [8, 9].

3.4.3 Comparison with previous work

Previous modelling studies have examined the interaction of activation de-

lay with heterogeneous electromechanics [17, 43]. Solovyova and co-workers [43]

modelled two muscle elements coupled in series, one (representing endocardial cells)

having slower twitch kinetics than the other. They found that in the presence of

an activation delay the heterogeneous duplex produced greater twitch force than

either type of homogeneous pairing (both slow or both fast). We failed to observe

any connection between heterogeneity and overall contractility. This discrepancy

may be attributed to the fact that in our model, heterogeneous muscle fibres are

essentially parallel to each other in the ventricular wall, not in series as in the work

of Solovyova et al. [43].

Nickerson et al. [17] used a representation of LV mechanics similar to that

used here to examine the effects of heterogeneous action potential duration on

transmural fibre strain. In both their study and ours, stretching of endocardial

fibres in late isovolumic contraction was observed. Nickerson et al. also noted a

significant difference in fibre strain dispersion between homogeneous and heteroge-

neous cases during action potential repolarization. In this study we have referenced

strains to hemodynamic events rather than action potential repolarization, which

prevents direct comparison. However, differences in strain time course can be seen

between BASELINE and HOM simulations as late as 80% into the systolic interval

(Figure 3.4), in spite of their close agreement at the moment of aortic valve closure

(Figure 3.3a). Thus, the results of both studies are fairly consistent.

Other studies have examined sensitivity of transmural strains to fibre angle

distribution as we did in the SHALLOWFIB and STEEPFIB simulations. We

found that the range of fibre strains was sensitive to the fibre distribution, which
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has been shown before by Bovendeerd et al. [44] and Geerts et al. [45]. Our

results are in agreement with the latter study in that a shallower transmural fibre

angle distribution resulted in an increase in the coefficient of variation of sarcomere

length shortening during ejection [45] and range of end-systolic fibre strains in our

study. The insensitivity of range of fibre strains at aortic valve opening to the

gradient of resting sarcomere length (BASELINE vs. NOSLGRAD, Table 2) was

in agreement with the findings of Kerckhoffs et al. [8].

3.4.4 Limitations and future work

The simplified model of LV geometry used in the present study is appro-

priate for the examination of transmural gradients in LV strain, but does not

account for the activity of the right ventricle (RV). Because coupling with the RV

might influence stresses and strains at the LV-RV junction and in the septum, our

model applies only to the left ventricular free wall. In addition, the activation se-

quence used here assumes simultaneous activation of the entire endocardium, which

is a simplification with regard to in-vivo measurements of myocardial activation

[46, 47]. Finally, we have considered only transmural variations in myocyte prop-

erties, whereas apex-base and LV-RV variations have also been identified [48–51].

The strong effects of heterogeneous myocyte properties and spatial arrangement

on fibre strain time course shown in this study suggest that efforts to represent

additional heterogeneities would be worthwhile.

Myocardial cell model parameters used here were chosen to reproduce be-

haviors observed in isolated cells, which can be quite different from that occurring

in vivo. The consequences of this are perhaps most evident in the magnitude of

peak end-systolic fibre shortening produced by the present models ( 6%), which is

substantially lower than the experimental mean observed in data presented in this

study ( 15%).

The cellular electromechanics model used here, with its accompanying pa-

rameter sets for the three myocyte sub-types is subject to its own set of limitations

(see [25] for discussion). Parameters in the original contraction model of Rice et

al. [24] derive mainly from rat data. In previous work [25], we modified a limited
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number of these parameters to reproduce transmural variations in time to peak

unloaded shortening reported among canine myocytes [9]. The paucity of canine-

specific muscle physiology data and its transmural variation currently prevents a

more detailed validation. The high sensitivity of early-systolic fibre strains to cellu-

lar electromechanical function shown in this study suggests that future studies are

needed in which the location of strain measurements are more carefully controlled

and local fiber angle distributions are measured individually for each experimental

subject.

3.4.5 Conclusions

The present results suggest that heterogeneous myocyte behavior exerts

substantial effects on regional myocardial strains during early systole. At the

same time, end-systolic fibre strains appear insensitive to heterogeneities. Instead,

strains at end-systole were most sensitive to the combined effects of fibre angle

and longitudinal measurement location. Finally, global LV function was found to

be insensitive to perturbations of spatial myocyte subtype distribution. Multi-

scale computational models of ventricular electromechanics have the potential to

help understand the integrative nature of myocardial function in vivo in terms

of underlying cellular and EC coupling properties, however, such models must

reflect regional variations in these properties with increasing accuracy in order to

be effective.
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Chapter 4

A Markov Model of Cardiac

Myofilament Activation

Abstract

We developed a Markov model of cardiac thin filament activation that ac-

counts for interactions among nearest-neighbor regulatory units (RU) in a spatially-

explicit manner. Interactions were assumed to arise from structural coupling of

adjacent tropomyosins (Tm), such that Tm shifting within each RU was influenced

by Tm status of its neighbors. Simulations using the model demonstrate that this

coupling is sufficient to produce observed cooperativity in both steady-state and

dynamic force-Ca2+ relationships. The model was further validated by compari-

son with reported responses under various conditions including inhibition of myosin

binding and the addition of strong-binding, non-force-producing myosin fragments.

The model also reproduced the effects of 2.5 mM added Pi on Ca2+-activated force

and the rate of force redevelopment measured in skinned rat myocardial prepara-

tions. Model analysis suggests that Tm-Tm coupling potentiates the activating

effects of strongly-bound crossbridges and contributes to force-Ca2+ dynamics of

intact cardiac muscle. The model further predicts that activation at low Ca2+ con-

centrations is cooperatively inhibited by nearest-neighbors, requiring Ca2+ binding

to > 25% of RUs to produce appreciable levels of force. Without excluding other
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putative cooperative mechanisms, these findings suggest that structural coupling

of adjacent Tm molecules contributes to several properties of cardiac myofilament

activation.

4.1 Introduction

The mechanisms by which Ca2+ transients in cardiac myocytes determine

the dynamics of systolic tension development and relaxation are critical to nor-

mal heart function, and to key alterations in diseases such as heart failure. That

mutations in each component of the Ca2+ regulatory switch have been associated

with cardiomyopathy underscores the importance of thin filament activation mech-

anisms in cardiac mechanical performance [1, 2].

The troponin complex (Tn) and tropomyosin (Tm) are the primary compo-

nents of the thin filament regulatory switch. Ca2+ binding to a low-affinity site on

the troponin C (TnC) subunit of Tn induces a conformational change that in turn

allows Tm to move across the surface of the actin filament, exposing sites on actin

to which the S1 region of myosin cyclically attaches to generate force [3]. How-

ever, there is also evidence for reverse interactions in this cascade. Experiments

in skinned myocytes have shown that S1 binding to actin increases the affinity of

TnC for Ca2+ [4] and is able to activate force production in myofilaments at ex-

tremely low [Ca2+] [5]. These observations suggest that myosin crossbridge (XB)

formation plays an important part in the steep cooperative relationship between

steady-state force and activating Ca2+ that is well recognized in cardiac muscle.

Other molecular interactions have been identified with cooperative myofil-

ament activation. Neighboring Tm molecules along the actin filament overlap by

8-11 amino acid residues [6]. Steric end-to-end interactions in this region may mod-

ulate cooperative binding of S1 to regulated actin in vitro [7], and spatially-explicit

models have demonstrated that the propagation of this interaction among adja-

cent Tm molecules can produce cooperative steady-state force-[Ca2+] responses

(see [8] and references therein). However, it was not feasible in these models to

investigate the dynamics of cardiac myocyte twitch tension or the observed strong



68

[Ca2+] dependence of the rate at which cardiac muscle redevelops force following

a length perturbation (ktr). Mean-field models do recapitulate features of cardiac

force-[Ca2+] dynamics [9, 10], but all of them have relied on empirical feedback

mechanisms that may not accurately represent proposed structural mechanisms

[8, 11].

Among many putative cooperative mechanisms [8], the purpose of this study

was to test the ability of Tm-Tm coupling to reproduce both steady-state and

dynamic Ca2+-force relations seen in cardiac muscle. We formulated a Markov

model of thin filament activation based on Tm-Tm coupling and recognized struc-

tural relations among signaling proteins. A continuous-time implementation of the

model was used to compute both steady-state and dynamic responses through an

efficient new technique for quasi-explicit representation of nearest-neighbor inter-

actions. The model was also solved using Monte Carlo methods for perturbations

requiring fully-explicit representation of full-length filaments and for validation of

continuous-time solutions. Using the model, we show that Tm-Tm interactions

potentiate the activating effects of XBs and are sufficient to explain steep cooper-

ative activation of force, the observed dependence of ktr on [Ca2+], and Ca2+-force

dynamics during isometric myocyte twitches.

4.2 Model Development

The model is based on actin regulatory units (RUs), comprising seven actin

monomers, TnC, TnI (the inhibitory subunit of Tn), and Tm, together with the S1

region of myosin. We assume conformations for each component as a simplification

of the Tn switch mechanism [3]. TnC has Ca2+-free and Ca2+-bound conforma-

tions, and a third conformation associated with bulk movement of the Tn complex

due to Tm shifting [12]. The C-terminal region of TnI is assumed to be either

bound to actin or bound to TnC [3]. Three conformations of Tm are assumed,

corresponding to observed structural positions on the surface of the actin filament

[13] and following the model of McKillop and Geeves [14]. In the blocking position,

S1 binding sites on actin are sterically blocked by Tm, in the closed position only
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weak binding of S1 to actin is possible, and the open position corresponds to the

presence of strongly-bound S1.

4.2.1 Assumptions of the Model

The model formulation is based on four allosteric interactions:

1. Ca2+ binding to TnC induces transfer of TnI from actin to TnC, dissociation

of Ca2+ reverses the transfer,

2. Tm can transition from blocked to closed only when TnI is dissociated from

actin,

3. Tm must be in the blocked conformation before TnI can re-bind actin and

before Ca2+ can dissociate from TnC, and

4. Strong binding of myosin places and holds Tm in the open conformation.

Assumptions 1-3 collectively implement the tight coupling premise [15], be-

cause activation of Tn is tightly coupled to the binding of Ca2+, and because

Ca2+ cannot dissociate from Tn when Tm is in the closed or open positions. As-

sumption 3 is based on the idea that when in the closed or open states Tm prevents

the inhibitory region of TnI from re-binding actin, similar to the assumption used

by Smith & Geeves [16]. They considered TnI and S1 as competing for the same

binding site on actin, while we assume TnI and Tm compete such that Tm can

influence Tn even in the absence of S1 binding.

We initially made the simplification that each RU in effect regulated a single

myosin binding site. An augmented version of the model allowing binding of >1

XB was also tested, since structural studies [17] have suggested that in the intact

myofilament lattice as many as three XBs can bind a single RU (see Appendix C).

A similar assumption, made necessary by representation of the thin filament at

RU-level resolution, is that Ca2+ binding to an RU cannot directly expose binding

sites in adjacent RUs.

The above assumptions form a four-state model of an individual RU regu-

lated by Ca2+, each state containing information about the conformational status
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Figure 4.1: Scheme depicting individual regulatory-unit (RU) model. Each RU
resides in one of four states depicting Ca2+ binding, tropomyosin (Tm) shifting,
and myosin attachment. The B1↔ C and C ↔ M transition rates are functions
of Tm states of the two neighboring RUs (X and Y ). See text for details.

of the four signaling components (Figure 4.1). This may be thought of as a modi-

fication of the three-state Tm model [14] in which the blocked state (B) is parti-

tioned into Ca2+-free (B0) and Ca2+-bound (B1) states. Binding of Ca2+ to the

RU (B0→ B1) is represented as a second-order process dependent on [Ca2+] and

governed by the second order rate constant, k+Ca. Ca2+ dissociation is determined

by the rate constant k−Ca. The transition between B1 and the closed state (C) is

according to forward rate constant k+B and the reverse rate k−B. We assume that

the transition between closed and open (M) states is rate-limited by activity of

myosin S1, and accordingly assign this transition to be governed by the simplified

XB-cycling rate constants f and g [18].

4.2.2 Representation of nearest-neighbor thin filament in-

teractions

Individual RUs do not operate independently owing to structural connec-

tions with adjacent RUs along the thin filament [6]. This structural interaction

inspired an early model by Hill and co-workers [19] and later several others [8, 16].

We represented these interactions by assuming that the free energy change re-

quired for the B ↔ C transition of a single RU depends on nearest-neighbor RUs

as follows:

∆GXY
B→C = ∆Gref

B→C + ∆GX
B→C + ∆GY

B→C
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∆Gref
B→C is the free energy change under reference conditions, which we chose as

being those in which both neighbors are in the C state. ∆GX
B→C and ∆GY

B→C

represent additive contributions of either neighboring RU (having Tm states X and

Y, respectively) to the free energy change. The notion underlying this formulation

is that Tm-Tm coupling imposes additional energy change on transitions that

result in neighboring RUs occupying dissimilar states. The equilibrium constant

between C and B states, KXY
B , may be expressed in terms of ∆GXY

B→C using the

Gibbs relation:

KXY
B = e−∆GXY

B→C/RT

or alternatively as

KXY
B = γ (XY )Kref

B

where Kref
B = e−∆Gref

B→C/RT and γ (XY ) = e−(∆GX
B→C+∆GY

B→C)/RT . For conve-

nience, we define the following cooperative coefficients:

γB =
(
e−∆GB

B→C/RT
)−1

γM = e−∆GM
B→C/RT

Using these definitions, γ(XY ) takes on the following neighbor-dependent

values:

γ (BB) = γ−2
B

γ (BC) = γ−1
B

γ (BM) = γ−1
B γM

γ (CC) = 1

γ (CM) = γM

γ (MM) = γ2
M

Thus, when either coefficient is >1, the system of interacting RUs is more tightly

coupled and therefore more cooperative.
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Analogously, the neighbor-dependent equilibrium constant between M and

C states, KXY
M , is

KXY
M = Kref

M µ (XY )

with µ(XY ) taking on values

µ (BB) = µ−2
B

µ (BC) = µ−1
B

µ (BM) = µ−1
B µM

µ (CC) = 1

µ (CM) = µM

µ (MM) = µ2
M

It can be shown that in order to satisfy microscopic reversibility in a system

of interacting RUs and under the above assumptions, the constraint γM = µB must

be applied. Thus, in the model the cooperative mechanisms represented by γM and

µB are not independent.

For dynamic simulations, it is necessary to divide cooperative coefficients

between forward and reverse rates. This is accomplished using the parameters r

and q as follows:

kXY+B = kref+Bγ (XY )q

kXY−B = kref−Bγ (XY )−(1−q)

fXY = frefµ (XY )r

gXY = grefµ (XY )−(1−r)
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4.2.3 Selection of model parameters

Four model parameter sets were used to represent different experimental

systems and conditions (Table 4.1). The equilibrium constant of Ca2+ binding to

TnC (KCa = k+Ca/k−Ca) was set at 0.8 µ−1
M based on recent FRET measurements

in rat cardiac Tn.Tm complexes at 15◦C [20]. We also chose baseline values of

k+Ca = 0.09 ms−1 and k−Ca = 0.113 ms−1, based on the fastest phase of stopped-

flow FRET data from the same study, these rates were increased for simulations of

intact muscle at 22◦C (Table 4.1, Set 4). Rates kref+B and kref−B were assumed to be

very rapid relative to other rates [21]. The equilibrium constant Kref
B (kref+B/k

ref
−B)

was adjusted in each parameter set for fixed values of Kref
M (f ref/gref ) such that

Ca2+ sensitivity of the response in question matched measured values. Rates f ref

and gref were scaled to match dynamic force responses.

The value of γB = 10 (Table 4.1, Set 1) was determined by matching thin fil-

ament Ca2+ binding predicted by the model with data obtained using fluorescently-

labeled TnC in the absence of myosin [22], bovine Tm). This value corresponds

with an energy change of 5.5 kJ/mol at 15◦C. (Values of γM and µM were not used

in Set 1 because of the absence of myosin.) A higher energy of 8.1 kJ/mol ( = 30)

was assumed in the remaining parameter sets, which were chosen to reproduce data

in rat. In selecting values of γM and µM , we assumed γB > γM > µM as a general

framework. This inequality was reasoned from the relative azimuthal positions of

Tm on actin observed in structural studies [13], in which the difference between

positions associated with B and C states was more than twice that between C

and M (25◦ vs. 10◦). Values of (4.7 kJ/mol) and (1.7 kJ/mol) were assumed

accordingly. Model responses were not sensitive to q, and its value was set to 0.5.

It was initially assumed that neighbor status would affect XB attachment more

than detachment, and r was set to 1.0 for all simulations. Simulations showing the

other extreme (r = 0) are presented in Appendix C.

4.2.4 Simulations of coupled thin filament regulatory units

In a system of multiple interacting RUs, the model formulation requires

explicit tracking of the Tm status of each RU in order to calculate transition rates
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Table 4.1: Model parameter sets.
Set k+Ca k−Ca k+B k−B f g γB γM µM r q

(µM−1ms−1) (ms−1) (ms−1) (ms−1) (ms−1) (ms−1)
1 0.09 0.113 15 0.375 - - 10 - - - 0.5
2 0.09 0.113 15 0.327 0.0028 0.0116 30 7 2 1 0.5
3 0.09 0.15 15 0.327 0.0025 0.0135 30 7 2 1 0.5
4 1 1.4286 2.5 0.0333 0.04 0.0686 30 7 2 1 0.5

(equations 19-22). Two approaches were used. In the first, we assumed that a given

spatial arrangement of RUs in various Tm states constitutes a discrete energetic

state of the entire thin filament. To make the problem tractable, we considered a

shorter segment of nine adjacent RUs joined to form a ring, similar to the approach

of Dobrunz et al. [23]. We improved the efficiency of this approach by collapsing

degenerate states that arise from the ring arrangement, which yielded a Markov

model containing 1219 unique states. Continuous-time solutions were obtained

by solving the system of ordinary differential equations described by the Markov

model. In the second approach, we used a Monte Carlo method to simulate re-

sponses in a full-length thin filament (26 RUs). This method allowed transition

probabilities for each RU to be updated at every time step based on status of

nearest-neighbors. Monte Carlo simulations were used to determine accuracy of

and bypass certain limitations imposed by the ring simplification. Results pre-

sented below were obtained using the first method except where noted.

4.2.5 Additional Methods

Appendix C contains full details regarding development and implementa-

tion of solution methods. It also contains description of protocols and assump-

tions involved in simulating ktr, the action of NEM-S1 fragments, presence of

non-functional TnC, and TnC conformation.
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Figure 4.2: Nearest-neighbor coupling modifies thin filament Ca2+ binding. Frac-
tion of regulatory-units with Ca2+ bound (P{TnC.Ca}) was assumed to equal
normalized fluorescence intensity of labeled troponin C from experiments. Model
parameters were adjusted such that P{TnC.Ca} matched measurements in con-
ventional, full-length filaments (filled circles, solid line is model). Using this pa-
rameter set, Ca2+ binding to mini thin filaments approximately one regulatory-unit
in length (open circles) was modeled by assuming that filament capping proteins
interacted with Tm ends to resemble nearest-neighbors in the BB (dash-dotted
line), BC (dashed line), or CC (dotted line) configurations. The assumption of BC
apparent nearest-neighbor conditions closely matched measurements (R2 = 0.900).
Data points digitized from ref. [22]. Parameter Set 1.
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4.3 Results

4.3.1 Tm-Tm coupling alters Ca2+ binding properties of

the thin filaments

We first tested the ability of the model to reproduce activation behavior in

a simplified system. It was assumed the total fraction of RUs with bound Ca2+ cor-

responded with normalized fluorescence intensity from labeled TnC in normal and

mini thin filaments one RU long [22]. A set of model parameters (Table 4.1, Set

1) were determined which reproduced data from full-length thin filaments (R2 =

0.92, Figure 4.2). In mini thin filaments, Tm ends interacted with tropomodulin

and troponin T-gelsolin fusion proteins used to cap F-actin, rather than neigh-

boring Tm molecules. As the precise nature of these interactions is unknown, we

considered the possibilities that Tm ends were constrained in a manner equivalent

to BB, BC, or CC nearest-neighbor configurations. Fixing neighbor conditions to

BC without changing any parameter values predicted Ca2+ binding to mini thin

filaments with high fidelity (R2 = 0.90, Figure 4.2).

4.3.2 Distinct roles of nearest-neighbor interactions in

myofilament activation

A sensitivity analysis was constructed using various sets of cooperative coef-

ficient values to evaluate the relative role of each coefficient in the Ca2+ dependence

of force and the rate of force redevelopment following a rapid slack/re-stretch ma-

neuver (ktr (Figure 4.3). Interaction between cooperative coefficients and myosin

binding was examined using low and high values of the effective crossbridge duty

cycle (δeff ), the steady-state fraction of RUs in the M state. Values of , f, and g

were simultaneously adjusted for each combination of γB, γM , and µM such that

half activation of force (pCa50) was 5.85, ktr at pCa 4.5 was 9.5 s−1, and δeff

was either 0.25 or 0.75. The first two constraints derive from measured values [5]

and provide a physiologically-relevant range of model responses. Fitted parame-

ter values satisfying these constraints and complete sensitivity analysis results are
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Figure 4.3: Different effects of cooperative coefficients γB, γM , and µM on Ca2+ sen-
sitivities of force and the rate of force redevelopment (ktr). Relations shown on
the first row, effective duty cycle 0.25 were obtained using Parameter Set 2. The
remaining panels show results from variations on this base parameter set. Corre-
sponding values of γB, γM , and µM are given for each row of results along with
∆Gtot, the sum of absolute energy changes (kJ/mol) described by the given com-
bination of cooperative coefficients. For each set of cooperative coefficients, the
equilibrium constant and crossbridge kinetic rates f and g were adjusted simulta-
neously until half activation of force was pCa 5.85, effective crossbridge duty cycle
was either 0.25 or 0.75, and ktr at pCa 4.5 was 9.5 s−1. Experimentally measured
values from ref. [5] are repeated in each panel for comparison.
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presented in Appendix C.

The baseline model response (Parameter Set 2) making use of the inequality

γB > γM > µM exhibited strong Ca2+ dependence of ktr, which was consistent

with experiments. Increasing δeff to 0.75 slowed ktr at low levels of activation, but

shifted the ktr-pCa relation to the right of the experimentally measured relation.

The higher value of δeff was seen to have this effect regardless of the combination

of cooperative coefficients used (Figure 4.3, left-most column).

Most parameter sets produced asymmetric steady-state force-pCa curves,

wherein the Hill Coefficient of force at levels below half-maximal (n1) is greater

than that of force above half maximal (n2). Setting γM to unity had a dispropor-

tionate effect on n1, independent of δeff (Figure 4.3, second row). In the absence

of this interaction, n1 was reduced from 3.64 to 2.76, while n2 underwent a smaller

change, from 2.35 to 2.19 (δeff = 0.25). Removing γM also raised ktr at low ac-

tivation, showing that responses on that interval are particularly sensitive to this

type of cooperative interaction.

We assessed relative potency of the three types of cooperative interactions

by associating each in turn with the same absolute free energy change (Figure 4.3,

rows 3-5). γB showed the highest cooperativity at both levels of δeff (nH = 4.0

in both cases). γM and µM showed greater cooperativity at δeff = 0.75 (nH =

2.76 and 2.0, respectively) than at δeff = 0.25 (nH = 1.57 and 1.52, respectively),

but in all cases were less cooperative than γB. γB was also sufficient on its own to

introduce physiologic dependence of ktr on pCa, while γM required δeff = 0.75 to

produce a similar effect. µM produced almost no pCa dependence of ktr.

To test the inequality γB > γM > µM , we distributed a total amount of free

energy equivalent to that used in Parameter Set 2 equally among the three coeffi-

cients (Figure 4.3, row 6). Doing so reduced nH from 3.07 to 2.17 and attenuated

dependence of ktr on pCa (δeff = 0.25 case).
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Figure 4.4: Model responses from spatially-explicit Monte Carlo simulations on
full-length filaments containing 26 regulatory units. Each model data point was
obtained from responses averaged across >1000 trials. (a) Effect of NEM-S1 on
Ca2+ sensitivities of force and (b) the rate of force redevelopment (ktr, normalized
to values at pCa 4.5 for control (+) and NEM-S1 (x) conditions. Data from control
(circles) and NEM-S1 (triangles) conditions digitized from ref. [5]. (c) Modeled
effect of 50% non-functional TnC (x) on steady-state force-pCa relation compared
with control (+). (d) Experimental measurements under the same conditions,
digitized from ref. [24]. Each data series in (c) and (d) has been normalized to its
maximum value. Parameter Set 2 was used for all simulations shown.
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4.3.3 Effects of NEM-S1 on force-pCa and ktr-pCa rela-

tions

Monte Carlo simulations of full-length filaments were used to examine ef-

fects of NEM-S1 binding at random to 10% of RUs. This caused a marked re-

duction in the Hill coefficient fit to points below half maximal force (from 3.15

to 1.68, compared with 4.72 to 1.54 in experiments) and shifted pCa50 leftward

from 5.80 to 6.03, compared with an experimentally recorded shift of 5.85 to 5.95

[5]. NEM-S1 blunted the activation dependence of ktr, increasing ktr at pCa 6.0

from 3.7 to 9.0 s−1 (compared with 1.1 to 8.9 s−1 in experiments). The model also

predicted trends of steady-state force and ktr over the entire range of pCa values

which were in good agreement with the data (Figure 4.4 a, and b).

4.3.4 Effects of non-functional TnC on force-pCa relations

and ktr

Monte Carlo simulations were also used to assess the effects of randomly

replacing varying fractions of TnC with mutant non-functional (non Ca2+ binding)

TnC (xTnC, [24]). In the model, RUs containing xTnC were fixed in the B0 state.

Levels of 25% and 50% xTnC reduced maximal Ca2+ activated force to 20% and

1% of control, respectively, compared with less extreme values of 71% and 28%

seen experimentally. Conditions of 50% xTnC (Figure 4.4 c and d) reduced nH of

steady-state force from 2.3 to 1.5 (compared with 3.4 to 2.8 in experiments) and

shifted half-activation rightward by 0.36 pCa units (0.2 in experiments). ktr was

not reduced below the control value at pCa 4.0 but was slowed to 5.0 s−1 (down

from 9.7 s−1) by pCa 5.3. This is similar to experiments, which showed that 50%

xTnC conditions slowed ktr at sub-maximal activation.
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Figure 4.5: Effect of crossbridges on Ca2+-dependence of TnC conformation.
(a) Relative change in probe angle (∆θavg) of labeled TnC was modeled un-
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bridge binding (dashed line and open circles). Relative force (shaded line and
circles) also shown for comparison. Data points digitized from ref. [12], bars
show ± S.E. (b) Ca2+-dependent occupancy of B1 (PB1) and C/M states (PC/M)
under control (shaded and solid continuous traces, respectively) and crossbridge-
inhibited conditions (shaded and solid dashed traces, respectively). (c) Ca2+-
dependent Ca2+ binding to TnC (P{TnC.Ca}) under control (continuous trace)
and crossbridge-inhibited (dashed trace) conditions. Parameter Set 2.
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4.3.5 Cooperative inhibition allows substantial TnC-Ca2+

binding without activating force

Tn state occupancy from the model was expressed as a relative average

probe angle ∆θavg and compared with rhodamine-labeled TnC experiments [12,

25]. The Ca2+-dependence of ∆θavg was biphasic, resembling observations [12]

(Figure 4.5 a). The transition from negative to positive ∆θavg was concomitant

with force in both model and experiments, with both showing substantial changes

in ∆θavg (-0.20 and -0.31, respectively) by pCa 6.4 (at which point force was less

than 1% its maximum value) (Figure 4.5 a).

The effect of XB inhibition on the ∆θavg-pCa relation was obtained by

setting f 0. This shifted the rising phase of the curve rightward and increased the

magnitude of the negative phase, in good agreement with measurements made in

the presence of vanadate [12] (Figure 4.5 a).

Tm-Tm coupling inhibited force at low [Ca2+]. At pCa 6.36, the force pre-

dicted by the model is less than 1% maximum even as >25% of TnC Ca2+ binding

sites are occupied (Figure 4.5 c). As [Ca2+] is increased, RUs in the B1 state

accumulate to a level sufficient to overcome cooperative inhibition, and activa-

tion becomes highly sensitive to [Ca2+] (Figure 4.5 b). In the presence of XB

inhibitors, the model predicts that greater amounts of TnC.Ca2+ must accumulate

before cooperative inhibition by Tm-Tm interaction is overcome (Figure 4.5 b).

This may explain the larger magnitude of the negative phase of ∆θavg observed

experimentally in the presence of vanadate [12] (Figure 4.5 a).

4.3.6 XBs indirectly increase thin filament Ca2+ affinity

XB binding increased the total fraction of TnC sites occupied by

Ca2+ (P{TnC.Ca}) between pCa 6.3 and 5.0, having maximal effect at pCa 5.81

where XBs increased P{TnC.Ca} by 14% (Figure 4.5 c). At low [Ca2+], cooper-

ative inhibition eliminates the effects of XBs on apparent Ca2+ affinity. XBs also

have little effect on affinity at high [Ca2+] because at saturating concentrations

Ca2+ binding alone is sufficient for activation.
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Fresid/Fss. Parameter Set 3.
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4.3.7 Thin filament cooperativity can account for effects of

inorganic phosphate

Model predictions of the effects of inorganic phosphate (Pi) were compared

with unpublished data from experiments described by Campbell [26]. After adjust-

ing model parameters to match control responses (Table 4.1, Set 3), increasing the

parameter g from 0.0135 to 0.0185 ms−1 in the model was sufficient to match the

changes to steady-state force (Fss) and ktr measured under 2.5 mM added Pi. El-

evating [Pi] increased normalized residual tension following re-stretch (Fresid/Fss)

relative to control (Figure 4.6b). In the model, control Fresid/ Fss values were best

fit by setting the duty cycle during re-stretch (δrs, described in §C.2.9) to 0.275.

Fitting Fresid/ Fss values from the 2.5 mM [Pi] set required a slight decrease in

δrs to 0.25. The predicted ktr-Fresid/Fss relations (Figure 4.6d) were qualitatively

similar to those observed.

4.3.8 Tm-Tm interactions potentiate the activating effects

of XBs

In the absence of Tm-Tm interaction (γB, γM , and µM = 1), Ca2+-dependent

activation (ACa) was greater than the XB-dependent component (AXB, see caption

to Figure 4.7) for all pCa (Figure 4.7 b). When Tm-Tm interactions were included

(Figure 4.7 e, Parameter Set 2) peak AXB exceeded ACa around pCa 5.95, near

the value at which XBs had maximal influence on thin filament Ca2+ buffering.

This demonstrates an interaction between XB-mediated recruitment of activation

and structural coupling of RUs via Tm.

4.3.9 Model responses to time-varying [Ca2+] input

Model parameters were adjusted to reproduce steady-state force-pCa curves

obtained during pharmacologically-slowed twitches in intact rat trabeculae at 22◦C

[23]. Without changing equilibrium constants, it was then possible to adjust ki-

netic rates such that twitch force in response to a measured Ca2+ transient agreed

closely with measured twitch force (R2 = 0.846, 5.6% RMS error) also from rat
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trabecula at 22◦C and under constant sarcomere length (ref. [27], Table 4.1, Set

4). Driving the model with measured Ca2+ transients from the study of Dobrunz

et al. [23] qualitatively recapitulated time courses of recorded twitches (Figure 4.8

a). Elapsed time from peak twitch force to 50% decay predicted by the model also

agreed well with measured values.

4.3.10 Tm-Tm coupling and XB-binding synergistically

enhance systolic and diastolic twitch function

In response to an idealized Ca2+ transient, loss of Tm-Tm coupling

(γB, γM , µM = 1) increased diastolic activation and reduced the time required

to reach peak Atot (Figure 4.8 b). Removal of XB binding (f ≈ 0) reduced peak

activation, shortened duration of the Atot transient, and shortened time to peak

Atot (Figure 4.8 b). (See Table C.3.)

4.4 Discussion

The purpose of this work was to examine the role of Tm-Tm structural

coupling in cardiac myofilament activation. We created a relatively simple model

and an efficient new solution method to address this question. The model demon-

strates that this single mechanism is capable of producing cooperative activation

of force by Ca2+ and Ca2+ sensitivity of ktr. The ability of the model to respond

appropriately to simulations of added NEM-S1, added [Pi], XB inhibition, and in-

terruption of Tm-Tm interactions (in mini thin filaments) is supportive of a central

role for Tm overlap in cardiac myofilament function. At the same time, certain

discrepancies between modeled and measured responses suggest other important

cooperative mechanisms at work that were not represented in the model.

Hoffman and Fuchs [4] reported that the amount of Ca2+ bound to the

myofilaments is lowered by inhibiting force with vanadate. They postulated that

XBs feed back cooperatively on Ca2+ binding, in turn recruiting additional XB

attachment. This basic hypothesis motivated a number of models that rely on

feedback to achieve cooperative activation [9, 10, 15]. Here, we reproduced the
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Figure 4.8: Model predictions of [Ca2+]-force dynamics in intact cardiac mus-
cle and the effects of tropomyosin-tropomyosin interactions and crossbridges on
twitch activation. (a) Model predicted twitch force in response to pharmacologi-
cally slowed Ca2+ transients digitized from ref. [23] in 3.0, 4.5, and 6.0 mM [Ca]o
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to an idealized Ca2+ transient under normal conditions (continuous trace), in the
absence of Tm-Tm interactions (dashed trace), and in the absence of crossbridge
binding (dash-dotted trace). Parameter Set 4.



88

observed effects of XBs on Ca2+ binding without any direct interaction between

Ca2+ and force or Ca2+ and XBs in the model (compare our Figure 4.8 b with

Figure 4.5 in [4]).

Studies of TnC conformation in contracting cardiac muscle as a function

of Ca2+ concentration show an interval of positive probe angle change appearing

to correspond with the rise of myofilament force [12, 25]. Both studies found that

this phase persisted even in the presence of XB inhibitors, an effect reproduced

by the model (Figure 4.5 a). Sun and co-workers [25] concluded that most of the

cooperativity observed in the force-pCa relation can be accounted for by cooper-

ativity intrinsic to the thin filament, without need of strongly-bound XBs. Mini

thin filament results (Figure 4.2) demonstrate that at least part of that intrinsic

thin filament cooperativity is due to Tm-Tm interactions.

In the model ktr was nearly proportional to the fraction of steady-state

activation attributed to Ca2+ binding to TnC (Figure 4.7 f, also see Figure C.7).

This does not mean that the ktr-pCa relation is determined solely by Ca2+ bind-

ing properties of TnC, because ACa is influenced by both Tm- and XB-related

properties, most sensitively at intermediate pCa (∼6.0, see Figure 4.7). However,

as Ca2+ reaches higher concentrations, it alone is nearly sufficient to activate the

thin filament, causing ACa (and hence relative ktr) to be essentially independent

of myosin activity. This is consistent with the observation that myosin regulatory

light chain phosphorylation in skinned rat myocardium increased the Ca2+ sensi-

tivity of steady-state force without altering the ktr-pCa relation [28].

Model results further suggest that a common mechanism underlies Ca2+ de-

pendencies of Fss, ktr, and Fresid. The model reproduced our measured changes of

all three quantities under added Pi when we changed two parameters (g and δrs),

both of which should be [Pi] sensitive. This result suggests a simple correspondence

between model parameters and effects of XBs on myofilament activation.

After showing that the same model can be used to reproduce experimental

observations in both skinned and intact preparations, we used it to illustrate the

unique contributions of Tm-Tm coupling and XB-based thin filament activation

on myocardial twitch dynamics (Figure 4.8). Their combined effects appear to be
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(1) to delay the development of peak tension, (2) to increase peak activation, and

(3) to prolong twitch duration (Figure 4.8 b). The overall result is a temporal

decoupling of Ca2+ transient time course from twitch dynamics, allowing force to

develop at a much slower rate than Ca2+ release and Ca2+ reuptake to be slower

than force relaxation.

Tm-Tm coupling also acts independently to inhibit development of ten-

sion at diastolic [Ca2+]. It is within this context that the distinction between

cooperative activation only (i.e. via positive feedback, [9, 10]) and combined co-

operative inhibition/activation may be important. Our model suggests that any

change lessening the strength of Tm-Tm coupling could raise diastolic tension

owing to loss of cooperative inhibition at those Ca2+ levels (Figure 4.8). The phe-

notype of extreme diastolic dysfunction observed in transgenic mice expressing the

FHC-causing E180G Tm mutation [29] may be explained at least in part by this

mechanism. It is interesting that a common feature among various perturbations

to Tm in cardiac muscle is altered contractile dynamics [29, 30], considering that

kinetic transitions between Tm states are generally thought to be rapid relative to

other events [21]. The present model illustrates the effects Tm-Tm coupling can

have on twitch dynamics and may be relevant to these unexplained findings.

The ODE implementation of the model reproduced brute-force simulations

with high accuracy and a nearly 10,000 fold speedup in time course simulations

(see comparison in §??). It thereby achieves efficiency without producing com-

plications observed in some mean-field models such as hysteresis in the force-pCa

relation and other non-physiological properties [8, 11]. For example, the model

of Razumova et al. [31] suggested that RU-RU interaction produces steady-state

force-pCa curves with the property , which they saw as being characteristic of this

type of cooperativity. Meanwhile, models employing this same mechanism but with

explicit representation of each RU (including the present model) actually give the

opposite asymmetry, showing that RU-RU cooperativity leads to the physiological

[8, 16].

Some have suggested that nearest-neighbor interactions are not of primary

importance in cooperativity of the cardiac myofilaments. Gillis et al. [24] reasoned
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that 50% replacement of functioning TnC with xTnC would isolate remaining func-

tional RUs and abolish cooperative effects due to nearest-neighbor interactions, if

present. When no change in nH of the force-pCa relation and continued depen-

dence of ktr on Ca2+ were observed under these conditions, they concluded that

these properties could not be explained by nearest-neighbor interactions. In the

model, some cooperativity and Ca2+ dependence of ktr was retained at 50% xTnC

content. This behavior was due to the fact that randomly distributed xTnC in

the filaments placed only 27% of functional TnC in an isolated configuration (both

neighbors containing xTnC). The remainder were arranged in functional islands of

size two RUs and greater which interacted to produce cooperative behavior similar

to that seen in normal conditions. These results illustrate a plausible means by

which Tm-Tm interactions could contribute to the measured phenomena.

4.4.1 Model limitations and additional forms of

cooperativity

The aspects of the non-functional TnC experiments that were poorly repro-

duced by the model may be informative in that they suggest presence of additional

mechanisms of cooperativity not depicted here. The same may be said of the sys-

tematic overestimation of ktr at low activation (e.g. Figure 4.3, row 1). We have

considered the thin filament at the resolution of individual RUs, whereas more

detailed models have considered regulation of each actin binding site [16, 32], and

ascribed cooperative behavior of the thin filament to interactions at that scale.

One of these, the model of Smith & Geeves [16], is based on the widely accepted

idea that adjacent Tm molecules behave more like a continuous flexible chain than

rigid, interacting units. Certain behaviors produced by their model, including

asymmetry in the force-pCa curve and XB-dependent thin filament Ca2+ bind-

ing, are also produced by the model we present here. Still, the present approach

limits the description of Tm position to a single, generalized point every seventh

actin monomer and cannot be used to examine contributions intra-RU cooperative

events in a direct way.

An additional limitation of the model is that it applies only to isometric
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conditions, specifically to a sarcomere length at which thick and thin filaments

are fully overlapping. The current approach also neglects the effects of filament

compliance, which is thought to enhance the overall number of attached XBs [33].

In the context of strong Tm-Tm coupling, which potentiates the activating effects

of XBs (Figure 4.7), this may take on added significance. Future work integrating

the two mechanisms is therefore likely to be worthwhile.
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Chapter 5

Regulatory Light Chain

Phosphorylation in the Intact

Myocardium

5.1 Introduction

Myosin regulatory light chain (RLC) is a ∼20 kDa protein that associates

with and mechanically stabilizes the neck region of myosin heavy chain [1]. In

skinned, constantly activated cardiac muscle preparations, RLC phosphorylation

by myosin light chain kinase (MLCK) increases Ca2+ sensitivity and maximally-

activated tension [2]. RLC phosphorylation has also been shown to accelerate

delayed tension response to rapid stretch (stretch activation) in skinned mouse

myocardium [3]. Electron microscopy studies on isolated skeletal muscle thick

filaments have shown that phosphorylation of RLC allows myosin heads to displace

further from the thick filament backbone [4], contributing to the long-standing

hypothesis that the principal effect of RLC phosphorylation in striated muscle is

to increase probability of actin-myosin crossbridge formation [1, 3].

The importance of RLC phosphorylation in the regulation of heart func-

tion is evident from its connection to certain forms of heart disease. Davis and

co-workers [5] identified a gain-in-function mutation to MLCK in patients with

95
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a variant form of familial hypertrophic cardiomyopathy (FHC). Another study

demonstrated that FHC-linked mutations to RLC alter the extent of its phospho-

rylation by MLCK [6]. Various studies have been performed with a transgenic

mouse line expressing mutant RLC in which 3 phosphorylatable serines were mu-

tated to alanine [7–9]. Hearts in these mice were dilated, and functional studies of

myocardial tissue revealed depressed contractile function, myofilament Ca2+ sen-

sitivity, and reduced responsiveness to β-adrenergic stimulation.

Another possible role for RLC phosphorylation in the heart is suggested by

the presence of phosphorylation gradients in the left ventricular myocardium, first

reported by Davis et al. [5] and subsequently by others [10, 11]. Elevated levels of

RLC phosphorylation in the epicardial and apical regions of the LV are hypoth-

esized to regulate ventricular wall deformation, particularly torsion or twisting

motion observed during the cardiac cycle [5].

While these results demonstrate the importance of RLC phosphorylation

in heart muscle, its effects on intact cardiac muscle behavior as well as the specific

molecular mechanisms that may explain them are still poorly understood. The

study of intact cardiac muscle presents several challenges including time-varying

Ca2+ concentrations and limited options for introducing specific molecular-level

perturbations (e.g. to RLC phosphorylation). To address these challenges, we

have developed a gene-targeted knock-in mouse in which the endogenous Mlc-2v

gene has been replaced by one coding for mutant RLC lacking phosphorylatable

serines at residues 14 and 15. Ca2+ transients and twitch tension were measured

simultaneously in right ventricular papillary muscles isolated from these mice and

analyzed using a novel computational model capable of accounting for the com-

plex processes underlying transient activation of the myofilaments by Ca2+. This

analysis suggested specific alterations to myosin crossbridge function mediated by

RLC phosphorylation which, when included in a computational model of left ven-

tricular mechanics, were capable of explaining altered ventricular torsion measured

in mutant mice.
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5.2 Methods

5.2.1 Generation of gene-targeted mouse lines

Mlc-2v genomic DNA was isolated from a 129-SV/J mouse genomic DNA

library, as previously described [12]. PCR-based mutagenesis was used to introduce

(i) a single mutation (SM) of T to G in codon 15 as well as (ii) a double mutation

(DM) from AG to GC in codon 14 and from T to G in codon 15 to generate targeted

alleles for SM and DM mice, respectively. The SM changed codon 15 from Ser to

Ala and simultaneously abolished a SstI site, whereas the DM changed codon 14

and 15 from Ser to Ala and also simultaneously abolished a SstI site. A pGKneo-

tk cassette flanked by two loxP sites was inserted into intron 2 as a selectable

marker in both targeted alleles such that it could subsequently be deleted by Cre

mediated recombination. The linearized targeting constructs were electroporated

into R1 ES cells. For SM mice, a total of 30 G418 resistant colonies screened,

14 were identified as homologous recombinants by Southern blot hybridization

analysis of ES cell genomic DNA. Three of the fourteen colonies were injected

into C57/B6 blastocysts, all three resulting in the generation of chimeras, one of

which displayed germ line transmission. To avoid the interference of the pGKneo-

tk cassette with expression of the Ser15 to Ala15 allele, the cassette was deleted by

crossing the heterozygous mice with protamine cre transgenic mice, which express

Cre recombinase in the male germ line [13].

5.2.2 Measurement of Ca2+-contraction dynamics in RV

papillary muscles

All procedures were performed in accordance with protocols approved by the

Institutional Animal Care and Use Committee of the University of California, San

Diego. All muscles were isolated from 5-7 week old male and female DM mice and

control C57-Bl/6 mice (Charles River Laboratories). Animals were anesthetized

with inhaled isoflurane and euthanized by cervical dislocation, after which hearts

were rapidly excised, cannulated, and perfused with a high-[K+] modified Krebs-
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Henseleit solution (described below) containing 20 mM 2,3-BDM and bubbled with

a mixture of 95% O2/5% CO2. An unbranched right-ventricular papillary muscle

was selected when present and removed under continuous perfusion, leaving a

large block of septal wall attached on one end, and a portion of the tricuspid valve

attached to the other. Muscles were then placed in a temperature-controlled, 1.7

ml muscle bath (801C, Aurora Scientific, Inc.) mounted on an inverted microscope

(Nikon Eclipse TE300). The septal wall end of the muscle was attached to a force

transducer (model 405A, Aurora Scientific, Inc.) through a platinum wire basket.

The valve end was attached to a hook at the end of a high-speed, servo-controlled

lever arm (model 322C, Aurora Scientific, Inc.). With the muscle in position, the

muscle was superfused with oxygenated modified Krebs-Henseleit solution at a

rate of 3-5 volume exchanges per minute. The muscle was allowed to equilibrate

for 10-20 minutes while being paced at 1 Hz using platinum electrodes positioned

along the sides of the bath.

After initial equilibration the muscle was stretched by ∼20% to achieve an

approximate mean sarcomere length of 2.2 µm. Titanium dioxide particles ap-

plied to the muscle prior to mounting were used to measure and adjust stretch

at a centrally-located segment of the papillary muscle. After setting the muscle

at optimal length, the top and side aspects of the muscle were photographed (us-

ing a prism placed in the bath) for determination of the muscle’s cross sectional

area. Subsequently pacing was increased to either 2 Hz (25◦C protocol) or 5 Hz

(37◦C protocol), and the muscle was allowed to equilibrate for an additional 20-30

minutes.

Perfusion was then stopped and the bathing solution replaced with a loading

solution containing the membrane-permeable fluorescent Ca2+ indicator Fura-2AM

(2 µM final concentration, Invitrogen, Inc.). The muscle was allowed to load at

room temperature for 25-30 minutes, after which the bath temperature was set to

its corresponding value (25 or 37◦C) and perfusion and pacing were resumed.

Muscles were imaged using an extra-long working distance 20X objective.

Ratiometric measurement of Fura-2 fluorescence was accomplished by illuminating

the muscle with rapidly alternating (333 Hz) 340/380 nm light. Excitation wave-
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length switching was performed using a fast filter switcher (Lambda DG-4, Sutter

Instrument, Inc.). Fura-2 emission (∼540 nm) was then filtered and measured with

a photomultiplier tube system (PMT-100, Applied Scientific Instrumentation).

Integration of the control and measurement systems for the apparatus was

handled by a Data Acquisition Processor (5216a, Microstar Laboratories, Inc.)

running custom programs. Experimental protocols, including patterns of pacing

and length perturbations, were designed and run using custom software running

on the host PC.

Papillary muscle preparations were excluded which exhibited excessive run-

down or large increases in resting tension over the course of the protocol, which

typically lasted ∼ 90 minutes including Fura-2 loading. For the 37◦C protocol,

preparations exhibiting excessive leakage of Fura-2 dye (seen as a loss in Ca2+ sen-

sitive fluorescent signal) were not included in Ca2+ transient analysis at that tem-

perature, but twitch tension data were still used in the absence of other exclusions.

5.2.3 Solutions

The modified Krebs-Henseleit solutions contained (in mM): NaCl, 141;

NaHCO3, 25; dextrose, 10; CaCl2, 2; NaH2PO4, 1.2; KCl, 5; MgSO4, 1; HEPES,

5. For arrest solution, KCl concentration was increased to 25 mM, and BDM (20

mM) and heparin (10 units/ml) were added.

5.2.4 Markov model of myofilament force production

The Markov model of myofilament activation described in Chapter 4, with

some modifications, was used to relate steady-state and time-varying Ca2+ con-

centration to myofilament force. Changes to the model are described in detail in

Appendix ?? and depicted schematically in Figure 5.1. Briefly, the ’open’ state

(M) of the original model was split into two states, Mpr and Mpo, representing pre-

and post-powerstroke states of the myosin crossbridge cycle. Rate constants for

crossbridge attachment (f), detachment from pre-powerstroke state (g), forward

powerstroke (hf ), reverse powerstroke (hb), and detachment from post-powerstroke
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state (gxb) were taken from the model of Rice and co-workers [14]. Additionally,

rate dependence of tropomyosin shifting on the status of nearest-neighbor regula-

tory units was limited to the B1 ↔ C transition, as this was the most critical in

reproducing myofilament behavior (see Chapter 4).

All simulations assumed constant sarcomere length, meaning that force is

produced in proportion to the occupancy of the Mpo state. Tension produced

by the model was calculated as the product of individual crossbridge stiffness

(kxb), crossbridge distortion induced by the powerstroke (x0), and the number of

attached, post-powerstroke myosin heads [Mpo]:

P = kxbx0[Mpo]

The value of kxb was set to 18.8 kPa/nm in order to match mean peak

twitch tension at 2 Hz pacing frequency at 25◦C bath temperature. Values for all

other parameters are shown in Table 5.1. Parameters not described in this section

were introduced previously in Chapter 4.

5.2.5 Model representation of RLC phosphorylation

Five model parameters, f , hf , hb, gxb, and x0, were identified as potentially

dependent on RLC phosphorylation. In order to conveniently summarize RLC

phosphorylation-based changes to these parameters, the final value of each was

re-calculated in the following generic format:

kfinal = kbase (1 + pkQRLCP ) ,

where k represents one of the five model parameters, pk is the corresponding RLC-

P weighting coefficient, and QRLCP is a representation of RLC phosphorylation

level. Thus, values of the five RLC-P weighting coefficients (Table 5.1) describe

the sensitivity of corresponding parameters to QRLCP .
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Figure 5.1: Diagram of simplified Markov myofilament activation model with 3-
state crossbridge cycle. The model is based upon that described in Chapter 4, but
has been simplified to contain only one neighbor-dependent pair of rate constants
(for the B1 ↔ C transition). At the same time, the 2-state crossbridge model
used in Chapter 4 has been expanded to include pre-powerstroke (Mpr) and post-
powerstroke (Mpo) states for myosin binding. Rate constants hypothesized to be
affected by RLC phosphorylation are indicated by red (Hypothesis 1, see text) and
blue arrows (Hypothesis 2). See text for description of rate constants.
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5.2.6 MRI protocol and methods

In vivo murine cardiac imaging was performed on a 7T horizontal-bore MR

scanner (Varian magnet with a Buker console), equipped with a 21 cm bore. Mice

were anesthetized with isoflurane and imaged in a 2.5 cm Bruker volume coil.

Body temperature and the electrocardiogram were also monitored. Heart rate was

maintained around 400 BPM. Cine anatomical imaging was performed using the

Fast Low Angle Shot sequence (FLASH) with flip angle = 15◦, echo time = 2.8

ms, repetition time = 6 ms, data matrix = 128 x 128, field of view = 2.0 cm, slice

thickness = 1 mm, and 4 averages. Myocardial tagging was performed using spatial

modulation of magnetization (SPAMM) [15]. The tag thickness was 0.3 mm and

tag line separation was 0.7 mm, which allowed for 2-3 taglines to be placed across

the ventricular wall of the mouse heart. Parameters for the image acquisition were

the same as the cine acquisition except for the inclusion of the tagging module

and the number of averages was increased to 20. During imaging, the long axis

of the left ventricle was first identified. Both cine and SPAMM tagged short axis

images were then taken at the base and apex of the left ventricle. 6 wk old WT

and mutant littermates were scanned (n=3 for each group). For one mouse, the

total imaging time was approximately 30 minutes.

5.2.7 Torsion Analysis

Tag intersections near the epicardium of the LV free wall are tracked from

end diastole to end systole in the basal and apical slice. Torsion was calculated

as the circumferential angular displacement between two points, one near the base

and one near the apex, normalized by the vertical distance separating them [16].

All measured values are reported as the mean ± S.E.M.

5.2.8 Multi-scale model of left ventricular mechanics

We used a finite element model of the mouse left ventricle (LV) to examine

the effects of RLC phosphorylation on ventricular torsion (Figure 5.2). LV geom-

etry was approximated as a thick- walled, truncated ellipse of revolution whose
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Figure 5.2: Scheme for modeling effects of RLC phosphorylation on left ventric-
ular mechanics. The recent Ca2+-contraction coupling model of Rice et al. [14],
which includes velocity and length-dependent mechanisms, was modified to in-
clude hypothesized effects of RLC phosphorylation level on crossbridge kinetics.
The altered model was embedded within a simplified model of mouse LV geometry
that included reported values of myofiber orientation [17]. The systolic phase was
simulated by driving the Rice model with an idealized Ca2+ transient and causing
the ventricle to eject against a realistic afterload [18]. This integrated model was
used to predict the effects of spatial gradients in phosphorylation on hemodynamic
function and movement of the ventricle during ejection.
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dimensions (wall thickness, focal length, and end-diastolic volume) were based on

MR-derived anatomical data obtained as a part of this study. A transmural pattern

of myofiber orientation was assumed based on published gradients in the murine

LV free wall [17]. A three-element Windkessel model of the circulation was used

to provide appropriate ventricular afterload. Mouse-specific parameter values for

the circulatory model were taken from published in vivo measurements [18]. A

five millisecond delay in activation was assumed across the thickness of the LV

wall, based on typical conduction velocities in mouse myocardium [19]. Ca2+ and

length-dependent myocardial contractile force was simulated using the model of

Rice et al. [14]. The original parameter values for this model were modified to

reproduce responses reported for intact mouse myocardium including pCa50 and

Hill coefficient of steady-state Ca2+-activated force [20]. Parameters describing

myosin crossbridge kinetics were modified to vary as a function of phosphorylated

RLC in accordance with data showing that phosphorylation increases crossbridge

binding and accumulation of crossbridges in the strongly-bound state [2, 3].

A single cardiac beat was simulated by applying a realistic Ca2+ transient

[20], regionally adjusted for activation delay, to each point throughout the mesh.

The time course of myocardial deformation was obtained through solution of model

equations under this time-varying input. Ventricular torsion was calculated using

the same method as described for the MR tagging measurements.

Three separate simulations were performed. In the first, RLC phosphory-

lation was assumed to vary linearly across the thickness of the LV wall, with 30%

phosphorylation at the endocardium and 45% at the epicardium. This transmural

difference of 15% phosphorylated RLC is based on measurements made in isolated

rat ventricle [10]. In the second simulation, phosphorylation was assumed to be

zero at all locations in the ventricle to mimic conditions in the mutant mouse.

In the third simulation, RLC phosphorylation was uniformly 40% throughout the

LV, corresponding to the volume-weighted average phosphorylation in the first

simulation.
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5.3 Results

5.3.1 Characterization of SM and DM mice

Single mutation (SM) mice having the S15A mutation in Mlc-2v and double

mutation (DM) mice having S14A/ S15A mutations were examined for signs of

heart failure and cardiomyopathy (Figure 5.3). Mortality was markedly increased

in DM mice relative to both WT and SM strains, starting at 6 months of age.

By 18 months of age, survival rate was 40% in DM mice, compared with 95%

and 90% in WT and SM mice, respectively (WT, n = 20; SM, n = 14; and DM,

n = 16). At 12 months of age, DM mice also showed significantly larger ventricular

mass relative to body weight in comparison with both SM and WT (Figure 5.3b).

An examination of cardiac morphology at 12 months revealed enlarged chambers

and thinning of the ventricular walls in DM (but not SM) mice. Histological

examination of ventricular tissue did not reveal signs of fibrosis (common in many

forms of cardiomyopathy) in either SM or DM mice. Gene expression was examined

for signs of reversion to fetal patterns, but increases in key mRNA transcripts such

as β-myosin heavy chain and atrial natriuretic factor were not evident in either

mutant.

Signs of contractile dysfunction assessed by echocardiography were evident

in DM mice by two months of age, and had worsened at four months. Fractional

shortening (FS) of the myocardium at two months of age was 40.5 ± 6.5% in DM

mice, significantly lower than the value of 47.3 ± 3.2% measured in WT. At four

months, FS was 35.4 ± 11.3% (DM) and 44.7 ± 4.5% (WT), also significantly

different (DM n = 8, WT n = 12 at both ages). No significant differences in FS

between WT and SM mice were seen (not shown).

A group of WT and DM hearts (n = 3 and n = 4, respectively) were snap

frozen in liquid nitrogen and myofilament proteins isolated from these hearts were

screened for altered phosphorylation levels (see Figure 5.4 and the accompanying

description). No significant changes were observed in either phosphorylation of

cardiac tropomyosin (cTm) or myosin binding protein C (cMyBP-C). At the same

time, phosphorylation of cardiac troponins T (cTnT) and I (cTnI) were signifi-
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Figure 5.3: Characterization of survival, cardiac morphology, and gene expression
in SM and DM mice. Survival studies show increased mortality in DM mice com-
pared with WT and SM (a). Increased ventricular weight to body weight ratios
(b) and altered ventricular morphology (c) in DM mice indicate a form of dilated
cardiomyopathy in these but not SM mice. Histology of ventricular tissue (d) did
not reveal fibrosis in either strain. Expression of fetal genes in SM and DM mice
were also unchanged relative to WT controls (e).
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cantly increased in DM hearts compared with WT. While the increase in cTnT

phosphorylation was modest, cTnI phosphorylation was increased ∼3- fold.

5.3.2 Model-based hypothesis of RLC Phosphorylation ef-

fects on the myofilaments

Two separate hypotheses have been advanced to explain observed effects

of RLC phosphorylation on striated muscle function, (1) that phosphorylation en-

hances diffusion of myosin heads away from the thick filament backbone [4] and

(2) that it increases stiffness of the converter domain, thereby altering crossbridge

cycling kinetics [21]. We examined the plausibility of either mechanism (or a com-

bination thereof) to quantitatively reproduce Ca2+ sensitivities of force and the

rate of force development following restretch (ktr) under low (∼7%) and elevated

(∼58%) RLC phosphorylation reported by Olsson et al. [2]. Parameters of the

Markov model of myofilament activation (Figure 5.1) were first adjusted to simul-

taneously match both force and ktr data at low phosphorylation levels. Leaving

all other model parameters unchanged, coefficients modifying crossbridge attach-

ment rate (f , Hypothesis 1) and powerstroke/detachment rates (hf , hb, and gxb,

Hypothesis 2) were adjusted until responses reported at elevated levels of RLC

phosphorylation were matched (Figure 5.5).

Essential characteristics of the Olsson data set include the observations

that RLC phosphorylation (i) increased maximum Ca2+-activated force by ∼5%,

(ii) increased Ca2+ sensitivity of force, and (iii) did not significantly change ktr,

even when several levels of Ca2+ activation were examined. In order to reproduce

all three results, we found that parameter changes amounting to a combination

of Hypotheses 1 & 2 were necessary. Increasing the crossbridge attachment rate

alone (Hypothesis 1) was sufficient to increase pCa50 by the required amount, but

doing so greatly exaggerated the increase in maximum tension and also caused

an increase in ktr, which was not observed. Hypothesis 2 was implemented as a

reduction in hf and increase in hb to reflect the increased energetic cost of isomer-

ization against the stiffer converter domain. We also reasoned that greater strain

in post-powerstroke myosin heads would speed dissociation of crossbridges (gxb).
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Figure 5.4: Quantification of myofibrilar protein phosphorylation in WT and DM
myocardium. (a) Myofibrils from WT and DM hearts were subjected to SDS-
PAGE and stained sequentially with Pro-Q Diamond stain (for phosphoprotein,
upper image) and Sypro Ruby stain (for total protein, lower image). (b) Phos-
phoprotein content of individual bands was quantified by comparing the ratio of
Pro-Q density (per µg loaded protein) to Sypro Ruby density (per µg loaded pro-
tein). Quantities are expressed as a percentage of a comparative standard run on
the same gel. Phosphorylation of cardiac troponin I and troponin T were signifi-
cantly elevated in DM myofibrils compared with WT. No significant difference was
observed in phosphorylation of cardiac tropomyosin (cTm) and myosin binding
protein C (cMyBP-C).
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Table 5.1: Default Markov myofilament model parameters, including those describ-
ing hypothesized effects of RLC phosphorylation. See Section 5.2.4 for definition
of parameters.

Model Skinned Rat Intact Mouse
Parameter Trabeculae (15◦C) Papillary (25◦C) Units

k+
Ca 0.09 0.09 µM ms−1

k−Ca 0.56 0.45 ms−1

k+B 75 350 ms−1

k−B 0.327 0.327 ms−1

γB 75 300 -
q 0.5 0.5 -
f 1.41e-3 2.22e-2 ms−1

g 4.94e-4 7.8e-3 ms−1

hf 1.41e-2 0.22 ms−1

hb 2.8e-3 4.44e-2 ms−1

gxb 1.41e-3 0.22 ms−1

x0 7.0 7.0 nm
QRLCP 0.0 0.0 -
pf 0.4 0.6 -
phf -0.7 -0.4 -
phb 0.7 0.4 -
pgxb 0.175 0.3 -
px0 0.15 0.3 -
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When both sets of parameter changes were used together, the result was an in-

creased accumulation of myosin heads in the non-force producing, pre-powerstroke

state (Mpr). Crossbridges in this state are able to increase myofilament Ca2+ sen-

sitivity (by cooperatively recruiting neighboring neighboring myosin binding sites)

without causing an unrealistic increase in isometric force. Slowing the overall rate

of forward isomerization also offset kinetic effects of increased f , causing ktr to

appear insensitive to RLC phosphorylation level. The parameter set used to sim-

ulate conditions of low RLC phosphorylation are shown in Table 5.1; values for

RLC-P weighting coefficients (pf , phf , phb, pgxb, and px0, Table 5.1) were set such

that elevated phosphorylation was simulated simply by changing QRLCP to 0.6.

5.3.3 Ca2+-contraction dynamics at 25◦C

Having developed a specific molecular-level description of the action of RLC

phosphorylation, the DM mice (having an observable, phosphorylation-related phe-

notype) were an ideal tool for testing hypothesized mechanisms and their relevance

to the function of intact cardiac muscle.

To this end, Ca2+ transients and twitch tension were measured simulta-

neously in isolated right ventricular papillary muscles at 25◦C (Figure 5.6). No

significant differences in amplitude, time constant of decay (τdecay), or time from

peak to 50% decay (TP50) of Ca2+ transients were seen between WT and DM

muscles paced at the same frequency. In both strains, increasing the pacing rate

from 2 Hz to 4 Hz increased Ca2+ transient amplitude significantly (by ∼30%)

without changing decay properties (Figure 5.6c).

Although Ca2+ transients were no different in the two strains, DM muscles

displayed significantly faster twitch relaxation than WT (Figure 5.6b). In DM

muscles, TP50 of tension time course was reduced by 22% relative to WT at 2 Hz,

and by 10% at 4 Hz. Within strains, increased pacing frequency significantly ac-

celerated relaxation, although this response was attenuated in DM muscles. Mean

peak twitch tension at 2 Hz was lower in DM muscles (5.6±1.1 kPa) than in WT

(7.0 ± 0.7 kPa), although this difference was not significant. This same trend was

evident at 4 Hz (DM 5.4 ± 1.4 vs. WT 7.1 ± 0.5 kPa). Time from stimulus to
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Figure 5.5: Recapitulation of RLC phosphorylation effects on skinned cardiac
preparations using the Markov myofilament model. Parameters of the myofilament
model were adjusted until the steady-state force- pCa (a) and ktr-pCa relations (b)
agreed with those reported under conditions of low (∼7%) RLC phosphorylation
in skinned rat trabeculae at 15◦C. Blue traces and open circles show simulated and
measured data, respectively. Simulations and measurements corresponding to ele-
vated RLC phosphorylation (∼58%) are shown by red traces and filled triangles. A
specific combination of changes in crossbridge kinetic parameters (see Table 5.2 and
description in §5.3.2) was required to reproduce observed phosphorylation-induced
trends in maximal Ca2+-activated force (c), half activation of steady-state force
(pCa50, d), and maximum ktr (e). Circles and triangles in panels c-e represent
measured and simulated properties, respectively. Experimental data are shown as
means ±S.E.M. and were digitized from Olsson et al. [2].
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peak tension (TTP-T) was the same in both strains, and was significantly reduced

by increasing pacing frequency to 4 Hz (Figure 5.6c).

5.3.4 Ca2+-contraction dynamics at 37◦C

Intracellular Ca2+ transients and twitch tension were also measured in a

separate group of muscles at 37◦C 5 Hz pacing frequency to determine if the same

alterations to contractile function could be observed under near-physiologic condi-

tions (Figure 5.7). Time from stimulus to peak of the Ca2+ transient (WT 30±3

ms, DM 31±4 ms) was similar in the two strains. Time constants of Ca2+ transient

decay were also not significantly different (WT 67±6 ms, DM 56±5 ms; n = 4 and

5 for WT and DM muscles respectively.) Peak twitch tension was similar in the

two strains (WT 8.7±2.6 kPa, DM 6.4±1.4 kPa), as was time to peak tension (WT

46±2 ms, DM 42±1 ms). As seen in the 25◦C data, the time from peak tension to

50% relaxation was significantly reduced in DM muscles (WT 21.4±0.9 ms, n = 7;

DM 16.2±0.3 ms, p < 0.001). (n = 7 and 6 for WT and DM muscles respectively.)

5.3.5 Mechanisms underlying altered Ca2+-contraction

coupling in DM mice

The Markov myofilament model was used to test the ability of the proposed

molecular actions of RLC phosphorylation to explain observed differences between

WT and DM muscles. Baseline model parameters were first coarsely adjusted to

reflect increased Ca2+ sensitivity and cooperativity associated with intact mouse

cardiac muscle [20]. Then, twitch events were simulated by driving the model with

a representative Ca2+ transient recorded in a WT preparation paced at 2 Hz and

25◦C. The transient was scaled to match calibrated traces reported by Gao et al.

[20] at the same temperature and pacing frequency. The same scaling was applied

to a Ca2+ transient measured at 4 Hz from the same preparation for simulation of

twitches at that frequency. Relative RLC phosphorylation level was assumed to

be ∼30% (QRLCP = 0.3) to agree roughly with reported values of phosphorylation

on the endocardium [10]. Due to the fact that increased pacing frequency has
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Figure 5.6: Effects of genotype on Ca2+-contraction dynamics at 25◦C. Representa-
tive Ca2+ transients (a) and isometric twitch tension (b) measured simultaneously
in right ventricular papillary muscles isolated from WT and DM mice. Traces
were recorded following steady-state pacing at 4 Hz and have been normalized to
emphasize time course features. Characteristics of (c) Ca2+ transients and (d)
twitch tension at two pacing frequencies. Values are means ± S.E.M. (n = 6
WT muscles, n = 4 DM muscles). Abbreviations: ∆Rsyst−diast, change in Fura-2
fluorescence ratio from diastolic to peak systolic value; τdecay, time constant of
Ca2+ transient decay; TP50-Ca, time from peak to 50% Ca2+ transient decay;
TTP-T, time from stimulus to peak tension; TP50-T, time from peak to 50% ten-
sion decay. * P < 0.05 vs. same group at 2 Hz. ˆ P < 0.05 vs. WT at the same
pacing frequency.
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been associated with phosphorylation of RLC and TnI [22], we reasoned that the

differences in 2 Hz and 4 Hz twitch responses could be explained by changes to pa-

rameters specifically relating to phosphorylation of these two proteins. Thus, k−Ca

(reflecting TnI phosphorylation [23]), and RLC-P weighting coefficients were iter-

atively adjusted until the model reproduced WT twitch responses at both frequen-

cies (Figure 5.8, a and b). Table 5.1 lists the default parameters determined from

this process, and Table 5.2 gives phosphorylation-dependent parameter changes

required for either frequency.

In DM mice lacking an effective phosphorylation site on RLC, the only rea-

sonable parameter to adjust was k−Ca. After setting QRLCP = 0, k−Ca was adjusted

until simulated twitches yielded values of TP50 agreeing with mean measured val-

ues. Other observed twitch properties, including a flat force-frequency relation

were predicted by this simple, one parameter fit (Figure 5.8 c and d). At 2 Hz, the

value of k−Ca (Table 5.2) was 22% higher for DM mice, but at 4 Hz this parameter

differed by only 4% between WT and DM fits.

The necessity and consequence of each parameter change is dramatically

evident when responses are simulated in their absence. When a 4 Hz Ca2+ transient

is used with the 2 Hz WT parameter set, the resulting peak twitch tension is

increased by nearly 50%, and TP50 is increased by more than 10%. Neither change

depicting RLC or TnI phosphorylation was sufficient to produce observed responses

on its own; correct WT 4 Hz response required increases in both QRLCP and k−Ca,

and correct DM responses at both frequencies required elimination of QRLCP and

increased k−Ca (Figure 5.9).

5.3.6 Measurements and modeled effects of

RLC phosphorylation on ventricular torsion

Time course of LV torsion was measured over the systolic interval (Fig-

ure 5.10). Repeated measures ANOVA showed that torsion time course between

WT and mutant mice were significantly different (p < 0.05). Maximum torsion

values for WT and mutant mice were 49 ± 2 and 36 ± 5 degrees cm−1, respectively.

This difference was also found to be significant (p < 0.05).
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for all simulations, as no significant difference was observed between WT and
DM Ca2+-transients. Tension traces in (b) and (c) are color coded to indicate the
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Table 5.2: Alterations to default Markov myofilament model parameters required
to reproduce measurements of isometric twitch tension at 25◦C. Condition denotes
genotype and pacing frequency. See text for description of parameters.

Condition QRLCP k−Ca (ms−1)

WT, 2 Hz 0.3 0.45
WT, 4 Hz 0.7 0.625
DM, 2 Hz 0.0 0.55
DM, 4 Hz 0.0 0.625

EF=	  52%	  

EF=	  44%	  

EF=	  52%	  

Figure 5.10: Measured and simulated effects of RLC phosphorylation on LV tor-
sion. The time course of LV torsion during systole as measured by MR tagging (a)
was significantly different between WT (blue symbols) and DM (red symbols) mice
(P < 0.05, n = 3 for each group). Data points are means ± S.E.M. LV torsion
time courses predicted using a computational model (b) showed decreased torsion
throughout systole when RLC phosphorylation was eliminated (DM, red trace)
compared with presence of a transmural gradient of phosphorylation (WT, blue
trace). A third simulation having the same average phosphorylation level as the
WT simulation but without a spatial gradient (No Grad, green curve) predicted
reduced torsion but identical ejection fraction (EF) compared with TM Grad. In-
sets to (b) depict the spatial distribution of RLC phosphorylation in a longitudinal
cross-section of the LV free wall corresponding to the three simulations.
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A computational model of LV function was used to predict the dependence

of torsion on regulatory light chain phosphorylation. Phosphorylation was as-

sumed to increase myofilament Ca2+ sensitivity and isometric force in accordance

with published data [2, 3]. In the model representing WT mice, a spatial gradient

of phosphorylation was assumed, levels in the epicardium being greater than those

in the epicardium [10, 24]. DM mice were represented by reducing phosphorylation

levels to zero throughout the myocardium. Time courses of LV torsion from the

two simulations were similar to those measured, with the DM simulation exhibit-

ing lower torsion values throughout systole (Figure 5.10). Maximum torsion values

for WT and DM models were 49.5 and 43 degrees cm−1, respectively. Removal of

phosphorylation also reduced the simulated ejection fraction (EF) from 52% to

44%, indicating substantial loss in overall contractility. When the transmural gra-

dient was replaced with uniform 40% phosphorylated regulatory light chain, EF

was unchanged but maximum torsion dropped to 46 degrees cm−1 (Figure 5.10). A

simulation using an apex-base gradient in phosphorylation [11] produced EF and

torsion time course that was essentially identical to the uniform 40% phosphory-

lation case (data not shown). These results suggest that both altered contractility

and absence of a transmural phosphorylation gradient contribute to the reduction

in maximal torsion observed in DM mice.

5.4 Discussion

The objective of this study was to gain new insight into the function of

RLC phosphorylation and its underlying molecular mechanisms, specifically in the

context of intact myocardium. A novel gene-targeted mouse line in which RLC

phosphorylation sites had been removed was used in conjunction with computa-

tional analysis to form and test new hypotheses. The results support two main

conclusions. First, that in the mouse myocardium RLC phosphorylation alters

Ca2+-contraction dynamics in a manner consistent with both increased myosin

diffusion and enhanced converter domain stiffness. Second, that non-invasively

measured changes to ventricular wall motion are explained at least in part by
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loss of a ventricular gradient in RLC phosphorylation. Computational analyses

played a critical role in reaching these conclusions by providing means to control

for secondary responses (such as TnI phosphorylation) that otherwise would have

obscured underlying effects that were the focus of this study.

5.4.1 RLC phosphorylation appears to affect both disposi-

tion and kinetics of myosin

The longest-standing hypothesis for the molecular action of RLC phospho-

rylation in striated muscle has been that of increased diffusion of myosin heads

away from the thick filament backbone [4]. This is thought to increase the proba-

bility of actin-myosin interactions and thereby raise muscle tension and sensitivity

of Ca2+. This hypothesis agrees well with observations in skinned skeletal muscle

fibers which not only show enhanced force and Ca2+ sensitivity, but also an appar-

ent increase in myosin kinetics, seen by increases in ktr at submaximal activation

levels [25]. This hypothesis has also been applied to cardiac muscle, where RLC

phosphorylation is roughly characterized as increasing contractile force [2, 3, 26].

However, recent work with individual skeletal muscle myosins in vitro showed that

phosphorylation of RLC substantially altered the duty cycle, actin sliding velocity,

and myosin ADP affinity [21]. The authors of that study interpreted those results

on the basis of increased stiffness of the converter domain of myosin, a region con-

taining alpha helices stabilized by the light chains. It has also been shown that

single mutations to RLC are able to alter the unitary step size of myosin (the

distance moved in a single powerstroke) substantially (∼2 fold) [27].

In the model of myofilament activation used here, both hypothesized mech-

anisms were required to reproduce data in skinned rat cardiac muscle (Figure 5.5).

This suggests a somewhat paradoxical mode of action in which phosphorylated

myosins attach more readily to the thin filament but undergo the powerstroke

with greater difficulty. Thus, although increased numbers of myosin are bound to

the thin filament at high phosphorylation, fewer occupy a force-producing state

under isometric conditions. The net effect is to increase Ca2+ sensitivity of the fil-

aments with only modest increase in maximum Ca2+ activated tension. Existence
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of the pre-powerstroke state therefore appears vital to quantitative reproduction

of observed RLC phosphorylation effects on the myocardium.

We found evidence that these same mechanisms applied to dynamic re-

sponses of intact cardiac muscle. Ca2+-force dynamics measured in DM and WT

mice at two pacing frequencies were well described by the model containing hypoth-

esized RLC phosphorylation mechanisms (Figure 5.8). An examination of model

parameters required to fit these measured responses (Table 5.2) suggests that at

25◦C and 2 Hz pacing the consequences of non-phosphorylatable RLC in DM mice

were obscured by the presence of reduced Ca2+ sensitivity of the troponin complex.

However, the Ca2+ dissociation rate constants were nearly identical between WT

and DM at 4 Hz pacing - suggesting that differences in twitch dynamics under these

conditions (Figure 5.6b) are almost entirely due to direct loss of phosphorylation

sites on RLC.

5.4.2 RLC phosphorylation directly affects ventricular wall

motion

Davis et al. advanced the hypothesis that the twisting or torsion observed

in the left ventricle during ejection is due to a transmural gradient of RLC phos-

phorylation [5]. In that study, spatial gradients in RLC phosphorylation were

demonstrated in mouse hearts, with elevated levels of phosphorylation on the epi-

cardium. Given the increased force associated with phosphorylation and the op-

posing orientations of endocardial and epicardial myofiber helix angles in the LV,

they concluded that the epicardial twist observed in beating hearts was due to the

higher RLC phosphorylation in that region.

Significantly reduced LV torsion measured in DM mice supports that hy-

pothesis (Figure 5.10a), but we considered the possibility that altered wall motion

could be due to secondary, indirect adaptations of the myocardium incident to

loss of phosphorylation sites. A multi-scale model of LV mechanics run with and

without a gradient in RLC phosphorylation provided qualitative justification for

ascribing at least part of the torsion defect to direct loss of phosphorylatable RLC.

It should be noted that ventricular torsion in the direction of epicardial fibers does
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not require any spatial gradient in contractile properties and is predicted simply

on the basis of the longer effective moment arm on the epicardium, as shown in

this study (Figure 5.10b) and others [28]. The model properly accounts for these

kinematic effects and places bounds on the extent to which RLC phosphorylation

is likely to affect wall motion.

5.4.3 Limitations and future work

The analysis of Ca2+-contraction dynamics presented here was performed

under isometric conditions. A substantial portion of the literature regarding RLC

phosphorylation is devoted to its effects on the stretch activation response. That

body of work, in addition to findings in the present study suggest that an ex-

tension of our analysis to non-isometric conditions would be highly worthwhile.

We have proposed that phosphorylation causes accumulation of attached myosin

crossbridges in a pre-powerstroke state. This pool of crossbridges would alter the

stiffness of the myocardium and its mechanical properties, possibly helping explain

observed consequences of RLC phosphorylation on the stretch activated response

of cardiac muscle [3].

5.4.4 Conclusions

RLC phosphorylation in cardiac muscle has generally been viewed as a

mechanism for the regulation of overall contractile force and Ca2+ sensitivity

[2, 3, 26]. Interestingly, the differences we observed in intact papillary muscles

lacking phosphorylatable RLC were not ones of peak twitch tension, but rather

in the time course of relaxation. This difference was highly significant at multiple

pacing frequencies and temperatures (Figures 5.6 and 5.7). It also persisted after

accounting for differences in TnI phosphorylation. The computational model il-

lustrates how phosphorylation-induced changes in crossbridge function are capable

of prolonging the twitch independent of peak isometric tension, namely through

formation of a pool of attached, pre-powerstroke crossbridges. These effects, when

coupled to a transmural gradient in phosphorylation level, contribute measurably
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to wall motion of the ejecting left ventricle.
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Chapter 6

Conclusions

It is increasingly evident that regional differences among ventricular muscle

cells are important for normal heart function. This is suggested by studies showing

that loss of certain heterogeneities accompanies the development of heart disease

[1, 2]. At the same time, clinical work has revealed a strong connection between

abnormal patterns of ventricular wall motion and harmful remodeling of the my-

ocardium [3–6]. This raises the possibility that changes in physiologic patterns of

cell-level properties mediate ventricular remodeling through their potential effects

on myocardial deformation. However, in a disease such as dilated cardiomyopathy

(DCM) that can take years to develop [7], these events often appear coincident,

making this hypothesis difficult to test. In spite of challenges, the work presented

in this dissertation supports the conclusion that regionally-varying properties of

molecular system components (such as regulatory light chain phosphorylation)

have a direct causal link to DCM.

6.1 Heterogeneous electromechanical properties

affect patterns of transmural strain

It is not intuitively clear whether or not the amount of transmural variation

in myocyte behavior observed in isolated cells is sufficient to alter tissue strain

in the intact myocardium. After creating a model that reproduced individual
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cell behaviors (Chapter 2), it was possible to address this question. Simulations

of ventricular electromechanics presented in Chapter 3 which used the cell-level

model with heterogeneous properties showed that heterogeneities were in fact of

sufficient magnitude to alter fiber strains during early ejection. This information

is useful because it not only points out that this type of influence is quantitatively

possible, but highlights specific portions of the cardiac cycle that may be sensitive

to cellular heterogenieties. In other words, this work demonstrates that myocardial

deformation is sensitive to physiologically-relevant transmural gradients in myocyte

function.

6.2 Left ventricular torsion defects precede my-

ocardial remodeling in non-phosphorylatable

MLC2v mice

Several clinical studies have documented significant reductions in LV torsion

among patients diagnosed with DCM [3–6] as well as hypertrophic cardomyopathy

[8]. Similarly, young patients suffering from Duchenne muscular dystrophy (DMD)

were found to have significantly lower circumferential strains (but identical torsion)

compared with healthy controls - even though no deficits in global cardiac function

were found [9]. This may be an example of strain defects preceding development

of DCM since many DMD patients ultimately suffer develop dilated hearts.

In Chapter 5, mice were studied in which the endogenous gene encoding

MLC2v had been replaced by one in which phosphorylatable serine residues at

positions 14 and 15 were mutated to alanines (double mutant or DM mice). DM

mice displayed a dilated cardiac phenotype and were prone to premature death.

MR tagging was used to evaluate left ventricular (LV) torsion in six week-old DM

mice, an age at which cardiac morphology was unaltered. A small but significant

reduction in LV torsion was seen among DM mice when compared to age-matched

controls. Because the torsion phenotype was detected prior to dilation of the ven-

tricles, these findings support the idea that defects in LV wall motion are capable
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of driving deleterious remodeling of the myocardium.

6.3 Defects in torsion and twitch dynamics are

mechanistically linked to MLC2v mutations

Altered torsion in DM mice is most likely due to changes in myocyte twitch

dynamics mediated by MLC2v phosphorylation. A biophysically-detailed model

of myofilament activation predicted that MLC2v phosphorylation acted via two

distinct mechanisms, increased myosin head mobility within myofilaments and in-

creased myosin converter domain stiffness. These mechanisms were subsequently

shown to account for different twitch dynamics measured in papillary muscles iso-

lated from DM and control hearts. In a final step connecting tissue-level properties

to organ function, a finite element model of LV mechanics was capable of repro-

ducing measured torsion differences between control and DM when the putative

effects of phosphorylation (and their absence in DM mice) were represented.

The link between mutated phosphorylation sites on MLC2v and altered

ventricular torsion is particularly interesting because it is present before symp-

toms of DCM can be observed in DM mice. This leads to the conclusion that

phosphorylation-mediated changes in ventricular mechanics are driving myocar-

dial remodeling. The mechanistic detail achieved here through simultaneous use

of a gene-targeted mutant mouse and biophysically-detailed computational mod-

els offers novel insights into the progression of DCM, and will likely serve as the

starting point for other relevant studies.
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Appendix A

Additional Details Relating to the

Cellular Electromechanics Model

This appendix details modifications to published model parameters and

equations relating to work presented in Chapter 2. All equations and parameters

not mentioned here are identical to those reported in the original publications [1–

3]. In some cases, equations were modified which are not contained specifically

in these most recent reports and instead reference still earlier sources. In those

instances, we have attempted to cite the earliest source in order to maintain a clear

connection to past work.

A.1 Coupling of EP/Ca2+-handling and myofila-

ment models

The Greenstein canine myocyte EP/Ca2+-handling model [2] as modified

by Flaim and co-workers [1] was coupled to the Rice myofilament model [3] via the

quantity [Ca2+]i. Tension and length-dependent feedback from the myofilaments

was incorporated by replacing static buffering of Ca2+ by troponin C (TnC) as

used in the original EP/Ca2+-handling model with the dynamic buffering scheme

formulated by Rice et al. [3]. We replaced the right-hand side of equation A.84 in
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Table A.1: Combined model of cellular electromechanics: parameters altered from
originals

Parameter Source Original Value Modified Value Units
NumCaRU (1) 50000 75000 -
nperm (3) 15 7.5 -

perm50 (3) 0.5 0.55 -
xbmodsp (3) 1.0 (rat) 0.2 (rabbit) -

mass (3) 5.00E-05 2.00E-05 norm. force s2 µm−1

[4] with that of equation A50 in [3] to give the following:

d[LTRPNCa]

dt
= [LTRPN ]tot ×

d

dt
TropApparent(x) (A.1)

With these modifications completed, the combined models are now referred

to as the fully-coupled model. Changes in parameter values for the fully-coupled

model from those used originally are summarized in Table A.1.

A.2 Representing Ca2+ buffering by fluo-3

Buffering of intracellular Ca2+ by fluo-3 dye was represented by adding an

equation to the existing model. Buffering was assumed to follow standard kinetics,

meaning that the rate of change of Ca2+ bound to fluo-3 can be straightforwardly

written as:

d[Ca2+]fluo(t)

dt
(A.2)

= kfluoon [Ca2+]i(t)
(
[fluo]tot − [Ca2+]fluo(t)

)
− kfluooff [Ca2+]fluo(t)

where [Ca2+]fluo is the concentration of Ca2+ bound to the indicator, [Ca2+]i is

the concentration of free cytosolic Ca2+, [fluo]tot is the total concentration of the

indicator, and kfluoon and kfluooff are kinetic rate constants. Constants used through-

out this study for fluo-3 buffering are listed in Table A.2 below. Fluo-3 kinetic

parameters were taken from the work of Naraghi [5], who measured these values
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Table A.2: Fluo-3 kinetic parameters, from Naraghi (1997)

Parameter Definition Value

kfluooff Rate of Ca2+ dissociation from fluo-3 0.369 ms −1

kfluoon Binding rate of Ca2+ to fluo-3 0.71 µM −1 s −1

at 22◦C.

The Ca2+ flux associated with buffering by fluo-3, Jfluo, was set equal to

Equation A.2 and added to equation A.87 from [4] as follows:

d[Ca2+]i
dt

(A.3)

= βi

{
Jxfer − Jup − Jtrpn − Jfluo −

(
ICa,b − 2INaCa + Ip(Ca)

) AcapCsc
VmyoF

}

A.3 Flux-clamp simulation protocol

Motivation for the flux-clamp is described in Chapter 2, while the details

of its implementation are presented here. In order to drive the myofilament model

with a generic Ca2+ flux rather than a fixed Ca2+ transient, a simplified version

of Equation A.3 was added to the myofilament model of Rice et al. [3]. All

Ca2+ fluxes except those corresponding to buffering by fluo-3, buffering by the

low-affinity regulatory sites of TnC, and Ca2+ uptake by SERCA were lumped

into a single, generic flux term Jclamp. Equation A.3 now becomes

d[Ca2+]i
dt

= βi (Jclamp − Jup − Jtrpn − Jfluo)

Ca2+ uptake by SERCA is approximated using the formulation of Shannon et al.

[6] with parameters as defined by Winslow et al. (Table 4 in ref. [4]). As the my-

ofilament model does not calculate the concentration of Ca2+ in the SR, [Ca2+ ]SR

is assumed have a constant value of 0.55 mM (this value corresponds to an average

SR load produced by the electromechanics model using ENDO parameters and a

BCL of 2000 ms). The quantity Jtrpn is set equal to Equation A.1. Lastly, βi rep-

resents the scaling coefficient of the rapid buffering approximation for calmodulin,
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with identical parameters and formulation to that used by Winslow et al. [4].

Representative time courses of fluo-3/Ca2+ fluorescence for epi-, mid-, and

endocardial cells were digitized from [7] and normalised. Each point was then

converted to approximate [Ca2+]fluo using the following formula:

[Ca2+]fluo =
(
[Ca2+]max

fluo − [Ca2+]min
fluo

)
y + [Ca2+]min

fluo

where

[Ca2+]max
fluo =

[Ca2+]max
i [fluo]tot

kfluooff

kfluoon
+ [Ca2+]max

i

and

[Ca2+]min
fluo =

[Ca2+]min
i [fluo]tot

kfluooff

kfluoon
+ [Ca2+]min

i

The quantities kfluoon and kfluooff are those reported in Table A.2. [Ca2+]max
i was

assumed to be the mean Ca2+ transient magnitude reported for each respective

cell type in [7], while [Ca2+]max
i was assumed to be 0.1 µM.

The generic Ca2+ flux, Jclamp, was initialized as a piece-wise linear function

in time and adjusted via non-linear least-squares solver (lsqnonlin, MATLAB) until

the modelled time course of [Ca2+ ]fluo closely fit that extracted from the litera-

ture for the appropriate cell type. After fitting, the concentration of fluo-3 was set

to zero, and Jclamp was used to elicit a cell shortening event. Myofilament model

parameters were adjusted such that after fitting Jclamp to the midmyocardial cell

Ca2+ transient and removing fluo-3, the model predicted unloaded shortening sim-

ilar to measurements from (7). Final model parameters are reported in Table A.3

in the column marked BASE.

A.4 Model-based testing of hypothesized epicar-

dial cell myofilament alterations

Several potential mechanisms were proposed to explain altered Ca2+- con-

traction displayed by epicardial cells. These hypotheses were tested by altering
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myofilament model parameters in suitable ways and repeating determination of

Jclamp via the flux-clamp protocol. Table A.3 contains parameter sets used in each

case, labelled according to their abbreviations described in Chapter 2.
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Appendix B

Additional Details Relating to the

Ventricular Electromechanics

Model

This appendix contains additional information relating to work presented in

Chapter 3. Firstly, fiber orientation data originally collected for use in the study of

Mazhari et al. (2001, Circulation, 104:336-341) are reported. These data were used

in the assignment of myocardial fiber orientations within models. A piecewise linear

function was fit to the set of all experimentally-measured fiber angles (Figure B.1)

and the resulting parameterization was used in the finite element meshes of the

various simulations performed. In two cases (the simulations STEEPFIB and

SHALLOWFIB), fiber orientations were perturbed by changing model fiber angles

to single lines fit to the individual dog data showing the largest and smallest overall

transmural ranges of fiber angle (Figure B.2).

This appendix also contains fiber strain time courses measured in six anes-

thetized dogs (Figure B.3) as described in §3.2.8. These data illustrate the amount

of variability in transmural strain distributions during systole among animals.
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Figure B.1: Default fiber angle distribution for ventricular models used in Chap-
ter 3. Raw data points were obtained as a part of the study of Mazhari et al. (2001,
Circulation, 104:336-341), but not explicitly reported in the original publication.
The red line shows a piece-wise linear fit to measured angles that was subsequently
used in the finite-element models to define fiber direction.
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Figure B.2: Extremes in measured transmural fiber angle gradients. Measure-
ments from individual dogs showing minimum (Dog 10) and maximum (Dog 8)
transmural gradients in fiber angle were used in Chapter 3 for the simulations
SHALLOWFIB and STEEPFIB, respectively. Raw data points once again origi-
nate from the study of Mazhari et al. (2001, Circulation, 104:336-341). Solid lines
are linear fits to the data, used to interpolate values in the finite element meshes.
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Figure B.3: Time courses of transmural fiber strain measured in six anesthetized
dogs. In each case, time has been normalized to the total duration of the systolic
interval. Each trace corresponds to a different myocardial wall depth (epi-, mid-,
or endocardium) as labeled.



Appendix C

Detailed Markov Myofilament

Model Development and

Additional Results

C.1 Introduction

This appendix contains details of model construction, description of simula-

tion protocols, and some additional results. In §4.2 a model of individual regulatory

unit (RU) function is presented in which certain transitions are dependent on the

status of nearest-neighbors. Figure C.1, a and b depict the RU model in greater

detail. Figure C.2 shows the relationship between tropomyosin (Tm) shifting and

cooperative coefficients, and may be helpful in understanding model formulation.

Here the two methods used to compute simulations of a system of interact-

ing RUs are presented, one continuous-time and the other stochastic.

C.2 Model of quasi-explicit (QE) near-neighbor

interactions

An efficient, continuous-time model of a system of interacting RUs was

sought. It was assumed that a given spatial arrangement of RUs in various Tm
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states constitutes a discrete energetic state of the entire thin filament. The Ca2+

bound state of an individual RU is not directly communicated to nearest-neighbors.

Since all possible configurations of a 26-RU thin filament would constitute 326

states, a shorter segment of N adjacent RUs joined to form a ring, similar to the

approach of Dobrunz et al. [1]. Since thin filament configurations degenerate when

placed into rings this substantially reduced the number of total thin filament states.

Forming rings in this manner requires every RU to be identical to all other RUs,

including its disposition to myosin binding partners on the thick filament. Thus,

all RUs are in a region of single overlap with thick filaments (isometric muscle

conditions). The collection of all unique thin filament states and their associated

transitions for a ring of N RUs is referred to hereafter as the thin filament (TF)

model. The TF model for N = 3 is shown in Figure C.1c.

C.2.1 TF state generation

Generating all possible thin filament states and transitions between them for

given N was accomplished using a recursive algorithm implemented in the Python

scripting language. During execution, each of the 3N näıve TF states is generated.

A state is described using a string of N characters representing the Tm state of each

individual RU. For example, if N = 3, a TF state in which two RUs are in the B

state and one is in the C state would be represented by the string CBB. Note by that

using the ring simplification the nave states BCB, BBC, and CBB are equivalent.

The näıve state is looped into a ring and compared to previously-generated states to

determine if it is unique. If unique, the state is retained in the list of unique states.

Each generation event also produces a candidate transition, from the previous state

to the one just generated. The candidate transition is also examined to determine

its uniqueness. If the transition has not yet been encountered, it is retained as a

new, unique transition. If another transition between equivalent states has already

been registered, the degeneracy of that transition is incremented. An example of

degeneracy may be seen in the B → C transition between TF states BBB and

CBB. The degeneracy of this transition is 3, because any of the three RUs in

the state BBB can transition to form a state equivalent to CBB. In contrast,
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there is no degeneracy in the reverse transition (C → B) in this case. For each

unique transition, the corresponding nearest-neighbor configuration (η) and type

of transition (B ↔ C or C ↔ M) are also recorded for use in formulating model

equations. Note that

η = XY (C.1)

where X and Y are the Tm states (B, C, or M) of either neighbor to the transi-

tioning unit.

In summary, the algorithm systematically generates all possible states and

transitions, eliminating redundant states while tallying the degeneracy and type

of each transition. The results of state generation for N = 3 to 11, including the

number of unique states and transitions, are summarized in Table C.1.

C.2.2 QE model equations

Using information gathered during state generation, an expression for the

net rate of state change between two TF states related through a B ↔ C transition

can be written as:

JBC = mjkB+ (ηj)φP
TF
i − njkB− (ηj)P

TF
i+1 . (C.2)

Here, i and j are indices of TF states and transitions, respectively. The quantities

m and n correspond to the degeneracy of forward and reverse components of the

transition j, respectively, and represent probabilities associated with occupancy

of the ith and (i+1 )th TF states. φ in Eqn. C.2 is needed from the assumption

that the B ↔ C transition is regulated by allosteric interaction with the troponin

complex (Assumption 2, Chapter 4). Because a TF transition j is a consequence

of a single RU undergoing a B ↔ C transition, φ may be defined as the probability

that the blocked RU in question is free of inhibition by TnI. Let U denote a state

of the troponin complex that does not inhibit the BC transition. For a population

of individual RUs, φ is the fraction of all RUs in the blocked state that are not
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inhibited by the Tn complex:

φ = P {U |B} =
P {U&B}
P {B}

. (C.3)

φ can describe the population of RUs only because of the assumption that Ca2+

binding is not affected by nearest-neighbor status. φ is the principal input (inde-

pendent variable) for the TF model.

The net rate of change between two TF states related through a C ↔ M

transition can be written as

JCM = 3mjf (ηj)P
eRU
i − ρnjg (ηj)P

eRU
i+1 . (C.4)

The TF model can be represented compactly as the system of coupled

ordinary differential equations

ṖTF = A (φ) PTF (C.5)

where PTF is a vector containing probabilities associated with occupancy of each

TF state, ṖTF is a vector containing their respective rates of change, and A(φ) is

a coefficient matrix describing transitions among TF states, described below.

C.2.3 Combining individual RU and TF models

Individual RU and TF models were couopled to describe Ca2+-based ac-

tivation of the myofilaments with interacting RUs. Coupling is accomplished by

assigning the two schemes to describe the same population of RUs. Because both

represent the three states of Tm, the occupancy of these must agree between mod-

els. On this basis, the two models can exchange information. The TF model

supplies the aggregate probabilities associated with B, C, and M states to the in-

dividual RU model. The individual RU model supplies the aggregate probability

that an RU is in a blocked and Ca2+-free state (B0), from which φ can be calculated

and used as input to the TF model.
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C.2.4 Calculation of aggregate Tm state occupancy from

the TF model

From each TF state description the values αi and βi are determined. αi

is the fraction of RUs in the ith TF state not occupying the blocked state, and

βi is the fraction of RUs in the ith TF state occupying the open state. These

quantities can be used to calculate the aggregate Tm state occupancy for the

entire population of RUs:

P {B} = (1− αi)PTF
i (C.6)

P {M} = αiP
TF
i (C.7)

Note the implied summation over i. Given that total probability must sum to one,

the aggregate probability of C state occupancy is simply

P {C} = 1− P {B} − P {M} . (C.8)

C.2.5 Assembly of the TF model coefficient matrix

The coefficient matrix A (Eqn. C.5) is constructed using vectors m, n,

η, ipre, and ipost, all of length J, the total number of transitions. These vectors

are constructed automatically during state generation and can be found in the

EqnData/ directory of the source code. A is a sum of sparse matrices , each of

which has four entries:

Aj
rr = −mjk+ (ηj) (C.9)

Aj
sr = mjk+ (ηj) (C.10)

Aj
ss = −njk− (ηj) (C.11)

Aj
rs = njk− (ηj) (C.12)

where r = iprej , s = ipostj , k+ is the neighbor-dependent forward rate constant (kB+

or f, depending on the type of transition), and k− is the neighbor-dependent reverse
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rate constant (kB− or g). Implementation of the matrix assembly can be seen in

the file geteRUParams.m.

C.2.6 Equations describing coupled individual RU and TF

models

The coupled model is described by a system of coupled differential and

algebraic equations as follows. At any time t, the occupancy of the individual RU

state B1 may be computed by

P {B1} = P {B} − P {B0} . (C.13)

The rate at which the occupancy of the individual RU state B0 changes is given

by
dP {B0}

dt
= k−CaP {B1} − k+Ca[Ca

2+] (t)P {B0} . (C.14)

φ is calculated as

φ =
P {B} − P {B0}

P {B}
. (C.15)

This value of φ and the vector of initial conditions PTF
i are then used as inputs to

the system of ODEs described by Eqn. C.5.

C.2.7 Computation of initial conditions and steady-state

model solutions

At steady state, the rate of change of P{B0} is zero, and Eqn. C.14 may be

solved for P{B1} to yield

P {B1} =
k+Ca[Ca

2+]

k−Ca
P {B0} (C.16)

Using this result, along with Eqn. C.15, φ at steady-state and constant [Ca2+] may

be expressed as

φSS =
k−Ca

k−Ca + k+Ca[Ca2+]
(C.17)
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Given this constant value of φ, the dynamic TF system of equations (Eqn. C.5)

becomes the linear system

A (φss) PTF = 0. (C.18)

As a linear system, PTF is equivalent to the eigenvector of A (φss) whose cor-

responding eigenvalue is zero. Steady-state solutions of PTF for given values of

[Ca2+] or φ can be rapidly obtained using standard techniques (eigs, MATLAB,

The MathWorks, Natick, MA). Once PTF is determined, a value for P{B0} at

steady state and constant [Ca2+] is obtained through simultaneous solution of

Eqs. C.13 and C.16. This method was used to obtain steady state model solutions

as well as generate initial conditions for time-evolved solutions.

C.2.8 Calculation of myofilament force and total permis-

sive binding sites

Force produced by the myofilaments is assumed to be proportional to the

fraction of RUs in the M state as this corresponds to strongly-bound crossbridges:

F ∝ P {M} . (C.19)

Description of force in this way again requires the assumption that the system

in question is at constant sarcomere length. Another quantity of interest is the

fraction of total RUs which are permissive of strong XB binding, regardless of

whether or not an XB is actually attached. The fraction of ‘active’ RUs is simply

the sum of C and M state probabilities,

Atot = P {C}+ P {M} . (C.20)

C.2.9 Simulation of rapid slack/re-stretch maneuver in the

QE model

The rate of tension redevelopment, ktr, is the time constant of the rise

in force after a rapid slack-restretch is applied to constantly activated muscle.
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When the motor movement during the re-stretch event is critically-damped, force

redevelops to steady-state from a non-zero, residual force (Fresid) [2].

Simulated values of ktr and Fresid were obtained by modeling slack-restretch

as a transient lowering of the duty cycle, defined as

δ =
f ref

f ref + gref
. (C.21)

In each slack/restretch simulation, steady-state force FSS was first calculated at a

given concentration of activating Ca2+. Then, duty cycle was reduced temporarily

to a lower value (δrs) to reflect mechanical detachment of XBs and a new equi-

librium solution was computed. Using that solution for initial conditions, δ was

restored to its normal value and the model equations were evolved in time until

steady state was achieved. Myofilament force was calculated at each time point,

and ktr was calculated using the formula:

ktr = − ln (1/2)

t1/2

(C.22)

where t1/2 is the time from re-stretch required for force to reach

Fresid + 0.5 (FSS − Fresid). Unless otherwise indicated, it was assumed that es-

sentially all XBs were dissociated by the ktr maneuver, setting δrs = 1e-8.

C.2.10 Alternative model: 3 Independent XBs per RU

An alternative form of the QE model was constructed to account for three

independent XBs binding per RU (Figure C.3). This was done to represent an

upper bound of the possible number of XBs in the intact myofilament lattice

that are of the correct disposition for binding to a given RU [3]. The M state

in the original RU model was split into three: M1, M2, and M3, representing

one, two, and three bound crossbridges, respectively. Attachment of the first XB

(C ↔ M1 transition) was assumed to depend on nearest-neighbor Tm states just

as in the original RU model. Attachment of second and third XBs was assumed to

be independent of nearest-neighbors, the first XB maximally displacing Tm and
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effectively masking any effect of more distant binding events. Coefficients were

added to forward and reverse rates to account for the presence of more than one

XB; for instance the rate of the C →M1 transition is multiplied by three to reflect

the fact that three XBs are attempting to bind, and so on (see Figure C.3).

It was further assumed that RUs could not differentiate between one and

more than one XB bound to neighboring RUs, allowing the total number of TF

states to remain the same. The only change required to the TF model was to

Eqn. C.4:

JCM = 3mjf (ηj)P
eRU
i − ρnjg (ηj)P

eRU
i+1 . (C.23)

The coefficient 3 on the first term reflects the presence of 3 cycling XBs, and

ρ represents the portion of the transitioning M-state RU in TF state i+1 with

only one XB attached. The quantity ρ is analogous to φ in that it describes the

portion of each TF state capable of making the relevant transition. For dynamic

calculations, ρ is computed as

ρ =
P {M}TF − (P {M2}+ P {M3})

P {M}TF
(C.24)

where P{M2} and P{M2} are occupancies of M2 and M3 individual RU model

states, respectively. Two differential equations are added to the individual RU

model as well:

dP {M2}
dt

= 2fMMP {M1}+ 3gMMP {M3} −
(
fMM + 2gMM

)
P {M2} (C.25)

dP {M3}
dt

= fMMP {M2} − 3gMMP {M3} (C.26)

The following expression is used to determine occupancy of the M1 state by con-

servation:

P {M1} = P {M}TF − (P {M2}+ P {M3}) (C.27)

Steady-state solutions are determined as in the original formulation, with the ad-

ditional step of calculating ρ, as follows. Because ρ is a ratio of state occupancies,

it may be found by assuming an arbitrary value for P{M1}, setting the left-hand
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sides of Eqns. C.25 and C.26 to zero, and solving for P{M2} and P{M3}. Then,

ρ =
P {M1}

P {M1}+ P {M2}+ P {M3}
. (C.28)

C.2.11 Simulation of fluorescence polarization

measurements

Fluorescence polarization (FP) has been used to measure Ca2+- and

crossbridge-dependent structural changes to the troponin complex [4, 5]. In these

experiments, skinned muscle preparations containing rhodamine-labeled TnC are

exposed to varying [Ca2+] and other conditions while monitoring contractile force

and the average fluorescent probe angle using FP. Changes in probe angle have

been interpreted based on three conformational states of TnC: an inactive state,

a Ca2+-bound state, and a force-producing state. Bell et al. [4] suggested that

the Ca2+-bound and force-producing states corresponded to angle changes of op-

posite sign centered around an orientation belonging to the inactive state. While

the present model lacks molecular-level detail needed to explicitly predict average

probe angle based on structural considerations, the three TnC conformations are

represented in the model; Ca2+-free, Ca2+-bound, and fully-activated TnC con-

formations correspond with B0, B1, and C/M states of the individual RU model,

respectively (Figure C.1a). Average angle change was assumed to be the sum of

TnC conformation occupancies weighted by their corresponding angle change:

∆θAV G = ∆θB0P {B0}+ ∆θB1P {B1}+ ∆θC,MP {C,M} (C.29)

For simplicity, it was assumed that equal and opposite unit changes in angle are

associated with states B1 and C/M (∆θB1 = −1, ∆θC,M = +1), while the B0 angle

is neutral (∆θB0 = 0).
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C.3 Monte Carlo (MC) simulations of interact-

ing RUs

A brute-force Monte Carlo scheme was also used to compute simulations

of systems of coupled RUs. In these simulations, the state of each of N RUs was

explicitly tracked over multiple fixed time steps of width ∆t. During each time

step, the state of each RU was updated in turn based on comparing a random

number between 0 and 1 (R, generated using rand command in MATLAB) with

forward and reverse transition probabilities (p+ and p−, respectively). If R > p+,

the state of the RU is advanced rightward (referring to Figure C.1a). Similarly, if

R > (1− p−), the state of the RU is shifted leftward. The transition probabilities

are of the generic form

p = k (XY ) ∆t (C.30)

where k(XY ) is the (possibly) nearest-neighbor dependent rate constant associated

with the transition in question. Rate constants are identical to those described in

Chapter 4 and shown in Figure 4.1. Values of X and Y are determined for each

RU at the beginning of each time step, that is, they do not change as successive

RUs are updated. RUs on either end of the simulated thin filament were either

assigned one ‘phantom’ neighbor fixed in the B state or assigned the other terminal

RU as a second neighbor (periodic boundary conditions) to reflect conditions in

the ODE implementation.

Values of ∆t were determined such that the most rapid transition rate for

the given parameter set produced a transition 60% of the time on average. In order

to obtain meaningful results from these stochastic simulations, it was necessary to

average >1000 repetitions of each time course simulation.

C.3.1 Simulation Protocol

The same protocol was used for all MC simulations. All RUs were initialized

to reside in the B0 state at time t = 0. Ca2+ concentration was set to the desired

value, and the system was evolved in time as described above until reaching 2500
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ms elapsed time. At that point, a rapid slack/restretch maneuver was simulated

by breaking all XBs (changing all M state RUs to the C state) instantaneously

and preventing XB attachment for an additional 10 ms. XB binding was then

reinstated and recovery was simulated for another 2490 ms. These simulation

intervals were sufficient to determine steady-state Ca2+ activated force and ktr for

all pCa values and parameter sets encountered in the present study.

C.3.2 Simulated action of NEM-S1

N-ethylmaleamide treated S1 myosin fragments (NEM-S1) are soluble, non

force-producing, and have a high affinity for actin filaments even in the presence of

ATP. Steady-state force-pCa and ktr-pCa relations were simulated in the presence

of NEM-S1 using MC simulations. Action of NEM-S1 was modeled by assuming

that when bound within an RU, NEM-S1 holds Tm permanently in the M state and

that endogenous XB may still cycle to produce force within an NEM-S1-containing

RU. Thus, an NEM-S1 containing RU appears to neighbors to be permanently in

the M states as far as neighbors (and their rate constants) are concerned. Similarly,

XBs within the NEM-S1 containing RU bind and dissociate at rates f MM and gMM

consistent with the idea that NEM-S1 maximally displaces Tm within the RU and

masks any effects of neighboring RU status.

All NEM-S1 simulations were made with full length, N = 26 thin filaments

using non-periodic, fixed boundary conditions. At the beginning of each NEM-S1

time course simulation, fragments were bound at random throughout the filament

with a frequency of 10%. This probability of NEM-S1 binding was used as it gener-

ated a steady-state force at pCa 9.0 roughly equal to that reported in experiments

[6].

C.3.3 Simulated action of non-functional TnC

The MC method was also used to simulate the effects of a mutant, non-

Ca2+ binding form of TnC (xTnC) [7]. These simulations were also carried out on

full-length filaments (N = 26, non-periodic boundary conditions). It was assumed
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that xTnC-containing RUs were not capable of leaving the B0 state, and were

therefore permanently deactivated. These RUs were chosen at random prior to

each time course simulation, with a frequency of 25, 50, or 75% depending on the

treatment group.

C.4 Supplemental Results

C.4.1 Effects of solution method, number of RUs, and

boundary conditions on solutions

In order to determine the effects of forming RUs into rings, steady-state

force and ktr-pCa relations generated using the QE method were compared with

others generated using the MC method (Figure C.4). First, the MC method was

used to simulate nine looped RUs in order to mimic conditions used in the QE

model. The two methods produced essentially identical force-pCa and ktr-pCa re-

lations, subject to stochastic noise at low levels of activation when force-producing

events are fewer in number. Next, the MC method was used to simulate a full-

length, 26-RU thin filament with fixed boundary conditions. These conditions

simultaneously show the effects of simulating all 26 RUs and removing the peri-

odic boundary conditions (Figure C.4). Compared with the nine RU, looped case,

pCa50 of the force-pCa curve was right-shifted slightly (from pCa 5.9 to 5.84). The

Hill coefficient of steady-state force was slightly reduced (from 2.6 to 2.33), and

the Hill coefficient fit to force greater than half maximal was substantially reduced

(from 2.1 to 1.65). The ktr-pCa relations for both cases were essentially identical,

once again deviating most significantly at low activation due to noise.

These results indicate that boundary conditions contribute to asymmetry

of the force-pCa curve in a physiologic manner (reducing Hill coefficient at high

activation [8]). The other differences are small compared with experimentally

observed variation in these quantities, suggesting that the assumptions used to

obtain the much more efficient QE method are reasonable.
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C.4.2 Expanded Sensitivity Analysis results

Three cooperative coefficient combinations were performed beyond those

shown in the Chapter 4. These are (1) Removal of γB cooperativity from the

default set (Parameter Set 2, Table 4.1), (2) Removal of µM cooperativity from

the default set (Parameter Set 2, Table 4.1), and (3) Equal energetic contribution

from each coefficient in the presence of three XBs per RU. These additions may

be seen in Figure C.5, rows 2, 3, and 9, respectively.

Simulations were also performed in which the equilibrium constant was

increased to achieve a pCa50 of 6.3 to examine the interaction of the various co-

operative coefficient combinations with increased activation (Figure C.6). All 36

simulation conditions were repeated twice, once with the parameter r set to 1.0,

and again with r = 0.0. This shows the consequences of applying cooperative

interactions either entirely to XB attachment (r = 1.0) or detachment (r = 0.0).

Parameters characterizing force-pCa and ktr-pCa relations are given in Tables C.4-

C.13 and C.17-C.21 at the end of this document. Fitted parameters used in each

simulation are given in Table C.14-C.16 and C.22-C.24.

The main outcomes of the sensitivity analysis are that (1) γB is the most

potent of the three cooperative coefficients in terms of Hill coefficient of force and

Ca2+ dependence of ktr, (2) γM contributes preferentially to increasing Hill coef-

ficient of force and decreasing ktr at low levels of activation, (3) A greater level

of γB relative to the other coefficients produced responses most closely resembling

physiologic responses, (4) Allowing three XBs to bind independently while main-

taining the same apparent XB duty cycle did not significantly alter responses (in

the presence of equal amounts of each type of cooperativity), and (5) Causing

cooperative interactions to affect the attachment of XBs generally produced more

physiologic responses than having interactions affect detachment.
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C.4.3 ktr is roughly proportional to the fraction of total

activation not depending on XBs

ktr and ACa/Atot (see Chapter 4) approached a linear relation having slope

(ACa/Atot)
max/kmax

tr

or 0.095 sec. (Parameter Set 2, shown in Figure C.7 in this document). This

suggests that ktr at any activation level reflects both intrinsic XB cycling rate as

well as the balance between XB and Ca2+-recruited force.

C.4.4 Additional results from xTnC simulations

In simulations with 25, 50, and 75% replacement of functioning TnC with

xTnC, the maximal Ca2+ force was greatly reduced, even beyond that reported in

experiments (Figure C.8a). Time courses of force redevelopment, as reported in

Chapter 4, were also changed by presence of xTnC. Some time course responses

are shown in Figure C.8, b and c.

C.4.5 Model responses to time-varying Ca2+ input

Using Parameter Set 4 (Table 4.1) the model reproduced steady-state force-

pCa curves obtained during pharmacologically-slowed twitches [1] in intact rat

trabeculae at 22 degrees C (Figure C.9). Without changing equilibrium constants,

it was then possible to adjust kinetic rates such that twitch force in response to a

measured Ca2+ transient (Figure C.10a) agreed closely with measured twitch force

(R2 = 0.846, 5.6% RMS error, Figure C.10b) also from rat trabecula at 22 deg C

and under constant sarcomere length [9].

Driving the model with Ca2+ transients measured in the study of Dobrunz

et al. [1] (Figure C.11) in intact rat trabecula treated with ryanodine and CPA

in 3.0, 4.5, and 6.0 mM [Ca2+] solutions qualitatively recapitulated time courses

of recorded twitches (Figure 4.8a). Ca2+ transient magnitude had little effect on

the time to peak but strongly affected the rate of relaxation (Table C.2). Elapsed
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time from peak twitch force to 50% decay predicted by the model also agreed well

with measured values.

Properties of the time course of activation (Atot) in response to an idealized

Ca2+ transient are summarized in Table C.3, and correspond with simulations

shown in Figure 4.8.
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Figure C.1: Individual regulatory-unit (RU) and thin filament (TF) models. (a)
The individual RU model has four states corresponding to conformation of troponin
C (TnC), troponin I (TnI), tropomyosin (Tm), and myosin (S1) and their status
with respect to Ca2+ or actin (Ac). (b) Individual RU model showing transition
rates connecting states. (c) The TF model approximates activation of the thin
filament by considering several individual RUs, coupled by Tm-Tm interactions.
Looping short segments of RUs allows elimination of redundant states through
symmetry. Individual RU and TF models are coupled via φ, the probability that a
blocked RU is free of inhibition by TnI. This diagram shows a system of 3 coupled
RUs; A system of 9 coupled RUs was used in simulations.
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M .
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160

4.555.566.57
0

0.2

0.4

0.6

0.8

1

pCa

R
el

at
iv

e 
F

or
ce

4.555.566.57
2

3

4

5

6

7

8

9

10

pCa

k tr
 (

s−1
)

Figure C.4: Comparison of the quazi-explicit (QE) and Monte Carlo (MC) model
solution methods. In each panel, QE results using 9 RUs arranged in rings are
represented as blue, dashed traces; MC results using 9 RUs arranged in rings are
shown as red triangles; and MC results using full-length thin filaments (26 RUs)
and non-periodic boundary conditions are shown as black circles.



161

0

0.5

1

0

5

10

0

0.5

1

0

5

10

0

0.5

1

0

5

10

0

0.5

1

R
el

at
iv

e 
F

or
ce

0

5

10

R
at

e 
of

 F
or

ce
 R

ed
ev

el
op

m
en

t (
1/

s)

0

0.5

1

0

5

10

0

0.5

1

0

5

10

0

0.5

1

0

5

10

0

0.5

1

0

5

10

567
0

0.5

1

567567
pCa

567
0

5

10

pCa

307214.5

1726.3

30129.8

307112.8

4201114.5

1420114.5

1142014.5

7.57.57.514.5

7.57.57.514.5

γ
B

γ
M

µ
M

∆ G
tot

Effective Duty Cycle

0.250.75

Effective Duty Cycle

0.250.75

pCa
50

 = 5.85

(3 XBs per RU)

Figure C.5: Expanded sensitivity analysis, showing different effects of cooperative
coefficients γB, γM , and µM on Ca2+ sensitivities of force and the rate of force
redevelopment (ktr). Corresponding values of γB, γM , and µM are given for each
row of results along with ∆Gtot, the sum of absolute energy changes (kJ/mol)
described by the given combination of cooperative coefficients. For each set of
cooperative coefficients, the equilibrium constantKref

B and crossbridge kinetic rates
f ref and gref were adjusted simultaneously until half activation of force was pCa
5.85, effective crossbridge duty cycle was either 0.25 or 0.75, and ktr at pCa 4.5
was 9.5 s-1. Experimentally measured values from Fitzsimons et al. (2001) are
repeated in each panel as a common reference (x’s), blue lines are responses for
r = 1.0, dashed red lines are for r = 0.0.
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Figure C.6: Expanded sensitivity analysis, with same description as Figure C.5
except that here the equilibrium constant Kref
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Figure C.8: Effects of non-functional TnC (xTnC) on maximally-activated steady-
state force and the rate for force redevelopment (ktr). (a) Maximally-activated
force (pCa 4.0) of myofilaments at varying levels of functional TnC. Filled circles
are mean values digitized from Gillis et al. (2007), open circles are from Monte
Carlo simulations described in the text. The dashed line shows the 1:1 relation that
would be expected if there were no interactions between nearest-neighbor RUs.
(b) Time course plots of force redevelopment following breaking of crossbridges
simulated using the Monte Carlo method, 0% xTnC. At pCa 4.0 (red trace) ktr
was 9.7 s−1; at pCa 5.3 (blue trace) ktr was 0.82 s−1. (c) Same as (b), but with
50% xTnC. Values of ktr were 12.1 and 5.0 s−1 for pCa 4.0 and 5.3, respectively.
The additional noise in these traces is a result of the low number of crossbridge
binding events under these conditions.
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Figure C.9: The steady-state model response (solid line) fit to pharmacologically-
slowed twitches, digitized from Dobrunz et al. (1995), Parameter Set 4
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Figure C.10: ]
Kinetic rates were scaled without altering equilibrium constants (Parameter Set 4)
such that a measured Ca2+ transient (a) elicited a twitch force response from the
model that agreed with measured twitch force in the same muscle (b). Data were
digitized from Janssen & de Tombe (1997)
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Figure C.11: Ca2+ transients used to drive twitch force time courses shown in
Figure 4.8a, digitized from Dobrunz et al. (1995).
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Table C.1: Results of thin filament state generation using periodic or ring boundary
conditions. N refers to the number of regulatory units in each ring.

N Näıve states (3N) Unique states Unique transitions
3 27 10 12
4 81 21 36
5 243 39 90
6 729 92 270
7 2187 198 756
8 6561 498 2268
9 19683 1219 6636
10 59049 3210 19926
11 177147 8418 59292
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Table C.2: Summary of twitch response properties under varying extracellular
calcium concentration ([Ca2+]o). TTP, time to peak twitch force (ms); TPD50,
time from peak twitch force to 50% decay (ms), experimental values obtained
from digitizing records in Dobrunz, et al. 1995.

3.0 µM [Ca2+]o 4.5 µM [Ca2+]o 6.0 µM [Ca2+]o
TTP TPD50 TTP TPD50 TTP TPD50

525.2 503.4 637.4 1040.7 650.0 1383.9
402 482 387 917 375 1859
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Table C.3: Summary of effects of tropomyosin-tropomyosin (Tm-Tm) coupling and
XB binding on twitch activation time course. Atot, fraction of active regulatory
units; TTP, time to peak Atot; TPD50, time from peak to 50% decay of Atot.

Condition Diastolic Atot Peak Atot TTP (ms) TPD50 (ms)
Control (Param. Set 2) 0.0 0.8 162 156.9
No Tm-Tm Coupling 0.1 0.5 98 130.5

No crossbridges 0.0 0.4 108 63.6
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Table C.4: Sensitivity Analysis - Hill Coefficient of steady-state force (nH), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 3.07 4.11 3.85 5.61
γB removed 1.44 1.41 2.21 2.34
γM removed 2.58 3.54 2.85 3.95
µM removed 3.08 4.16 3.88 5.70
γB only 4.01 5.99 4.01 5.99
γM only 1.57 1.51 2.76 3.13
µM only 1.52 1.44 1.99 1.89
γB = γM = µM 2.17 2.44 3.07 3.89
γB = γM = µM , 3 XBs 2.17 2.44 3.07 3.89
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Table C.5: Sensitivity Analysis - Hill Coefficient of steady-state force less than half
maximal (n1), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 3.64 4.86 4.46 6.14
γB removed 1.59 1.61 2.48 2.72
γM removed 2.76 3.62 3.07 4.04
µM removed 3.61 4.83 4.46 6.14
γB only 4.53 6.28 4.53 6.28
γM only 1.80 1.80 3.28 3.79
µM only 1.76 1.73 2.39 2.37
γB = γM = µM 2.65 3.16 3.71 4.76
γB = γM = µM , 3 XBs 2.65 3.16 3.71 4.76
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Table C.6: Sensitivity Analysis - Hill Coefficient of steady-state force greater than
half maximal (n2), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 2.35 3.15 3.16 4.99
γB removed 1.24 1.22 1.79 1.86
γM removed 2.19 3.07 2.40 3.46
µM removed 2.39 3.27 3.22 5.15
γB only 3.41 5.62 3.41 5.62
γM only 1.30 1.27 2.11 2.35
µM only 1.24 1.20 1.53 1.47
γB = γM = µM 1.61 1.73 2.33 2.91
γB = γM = µM , 3 XBs 1.61 1.73 2.33 2.91
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Table C.7: Sensitivity Analysis - Change in lower vs. upper Hill Coefficient of
steady-state force (∆n1−2), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 1.30 1.71 1.29 1.15
γB removed 0.35 0.39 0.69 0.85
γM removed 0.57 0.55 0.67 0.58
µM removed 1.22 1.55 1.24 0.99
γB only 1.13 0.65 1.13 0.65
γM only 0.50 0.53 1.17 1.44
µM only 0.52 0.53 0.86 0.90
γB = γM = µM 1.03 1.43 1.39 1.85
γB = γM = µM , 3 XBs 1.03 1.43 1.39 1.85
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Table C.8: Sensitivity Analysis - Minimum ktr (s−1), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 3.72 3.30 1.29 0.27
γB removed 8.62 7.34 4.85 2.66
γM removed 4.71 4.26 3.03 0.83
µM removed 3.05 2.65 1.69 0.20
γB only 1.14 0.85 2.71 0.46
γM only 7.40 5.88 3.08 1.36
µM only 9.50 9.50 8.76 8.43
γB = γM = µM 7.75 7.19 2.75 1.86
γB = γM = µM , 3 XBs 7.77 7.21 2.80 1.92
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Table C.9: Sensitivity Analysis - pCa of minimum ktr, r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 6.02 6.41 5.91 6.34
γB removed 5.84 6.52 5.88 6.37
γM removed 5.98 6.37 5.88 6.34
µM removed 6.02 6.41 5.88 6.34
γB only 5.95 6.34 5.84 6.30
γM only 6.06 6.62 5.95 6.41
µM only 4.50 4.50 5.67 6.23
γB = γM = µM 5.95 6.44 5.95 6.37
γB = γM = µM , 3 XBs 5.95 6.44 5.95 6.41
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Table C.10: Sensitivity Analysis - pCa of mid-range ktr, r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 5.58 6.11 5.20 5.60
γB removed 5.30 5.87 5.32 5.69
γM removed 5.55 6.10 5.26 5.61
µM removed 5.54 6.08 5.21 5.39
γB only 5.46 6.08 5.28 5.25
γM only 5.44 5.92 5.33 5.64
µM only n/a n/a 5.20 5.72
γB = γM = µM 5.55 6.10 5.38 5.88
γB = γM = µM , 3 XBs 5.55 6.10 5.39 5.89
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Table C.11: Sensitivity Analysis - Difference in pCa50 of steady-state force and
ktr, r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.27 0.20 0.65 0.71
γB removed 0.56 0.44 0.54 0.62
γM removed 0.31 0.20 0.60 0.69
µM removed 0.32 0.23 0.64 0.92
γB only 0.39 0.23 0.56 1.06
γM only 0.43 0.39 0.52 0.66
µM only n/a n/a 0.66 0.59
γB = γM = µM 0.31 0.21 0.47 0.43
γB = γM = µM , 3 XBs 0.31 0.21 0.47 0.42
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Table C.12: Sensitivity Analysis - pCa of half-maximal steady-state force, r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 5.85 6.31 5.85 6.31
γB removed 5.87 6.31 5.86 6.31
γM removed 5.85 6.30 5.85 6.30
µM removed 5.85 6.31 5.85 6.31
γB only 5.85 6.30 5.85 6.30
γM only 5.87 6.32 5.86 6.31
µM only 5.87 6.32 5.86 6.31
γB = γM = µM 5.86 6.31 5.85 6.31
γB = γM = µM , 3 XBs 5.86 6.31 5.85 6.31
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Table C.13: Sensitivity Analysis - Maximum ktr (s−1), r = 1.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 9.50 9.50 9.50 9.50
γB removed 9.50 9.50 9.50 9.50
γM removed 9.50 9.50 9.50 9.50
µM removed 9.50 9.50 9.50 9.50
γB only 9.50 9.50 9.50 9.50
γM only 9.50 9.50 9.50 9.50
µM only 9.50 9.50 9.50 9.50
γB = γM = µM 9.50 9.50 9.50 9.50
γB = γM = µM , 3 XBs 9.50 9.50 9.50 9.50
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Table C.14: Sensitivity Analysis - Fitted values of KB, r = 1.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 45.87 88.88 19.46 38.02
γB removed 1.61 5.39 0.45 1.43
γM removed 43.31 83.79 17.22 36.67
µM removed 43.20 83.83 13.57 26.59
γB only 593.89 1114.19 193.09 370.06
γM only 1.57 5.05 0.38 0.99
µM only 7.37 22.94 3.31 11.36
γB = γM = µM 14.51 30.85 7.99 16.85
γB = γM = µM , 3 XBs 14.51 30.84 7.99 16.85
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Table C.15: Sensitivity Analysis - Fitted values of the crossbridge duty cycle (δ),
r = 1.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.20 0.19 0.54 0.53
γB removed 0.31 0.23 0.69 0.59
γM removed 0.20 0.19 0.57 0.54
µM removed 0.27 0.26 0.76 0.75
γB only 0.25 0.25 0.76 0.75
γM only 0.43 0.31 0.83 0.78
µM only 0.00 0.00 0.00 0.00
γB = γM = µM 0.09 0.08 0.19 0.18
γB = γM = µM , 3 XBs 0.02 0.01 0.02 0.02
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Table C.16: Sensitivity Analysis - Fitted values of g (s−1), r = 1.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.01 0.01 0.03 0.01
γB removed 0.02 0.01 0.03 0.01
γM removed 0.01 0.01 0.03 0.01
µM removed 0.01 0.01 0.05 0.01
γB only 0.01 0.01 0.43 0.03
γM only 0.01 0.01 0.03 0.01
µM only 0.87 0.87 0.99 0.97
γB = γM = µM 0.03 0.02 0.04 0.02
γB = γM = µM , 3 XBs 0.07 0.06 0.15 0.09
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Table C.17: Sensitivity Analysis - Minimum ktr (s−1), r = 0.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 5.18 4.53 1.74 0.59
γB removed 9.50 9.50 6.24 4.76
γM removed 4.74 4.26 2.91 0.85
µM removed 4.61 4.02 2.15 0.52
γB only 1.14 0.85 2.71 0.46
γM only 9.50 9.50 4.73 3.15
µM only 9.50 9.50 6.85 6.36
γB = γM = µM 9.47 9.23 3.19 2.40
γB = γM = µM , 3 XBs 8.18 7.52 3.02 2.21
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Table C.18: Sensitivity Analysis - pCa of minimum ktr, r = 0.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 5.91 6.37 5.91 6.34
γB removed 4.50 4.50 5.81 6.27
γM removed 5.95 6.37 5.88 6.34
µM removed 5.91 6.34 5.88 6.34
γB only 5.95 6.34 5.84 6.30
γM only 4.50 4.50 5.88 6.30
µM only 4.50 4.50 5.95 6.44
γB = γM = µM 5.49 6.27 5.95 6.37
γB = γM = µM , 3 XBs 5.95 6.41 5.98 6.41
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Table C.19: Sensitivity Analysis - pCa of mid-range ktr, r = 0.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 5.56 6.11 5.28 5.68
γB removed n/a n/a 5.29 5.73
γM removed 5.54 6.10 5.27 5.63
µM removed 5.53 6.09 5.28 5.50
γB only 5.46 6.08 5.28 5.25
γM only n/a n/a 5.35 5.75
µM only n/a n/a 5.39 5.85
γB = γM = µM 5.22 6.14 5.41 5.91
γB = γM = µM , 3 XBs 5.55 6.11 5.42 5.92
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Table C.20: Sensitivity Analysis - Difference in pCa50 of steady-state force and
ktr, r = 0.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.29 0.20 0.57 0.63
γB removed n/a n/a 0.57 0.57
γM removed 0.31 0.21 0.59 0.68
µM removed 0.33 0.22 0.57 0.80
γB only 0.39 0.23 0.56 1.06
γM only n/a n/a 0.50 0.55
µM only n/a n/a 0.47 0.46
γB = γM = µM 0.64 0.17 0.45 0.39
γB = γM = µM , 3 XBs 0.32 0.20 0.43 0.39
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Table C.21: Sensitivity Analysis - Maximum ktr (s−1), r = 0.0

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 9.50 9.50 9.50 9.50
γB removed 9.50 9.50 9.50 9.50
γM removed 9.50 9.50 9.50 9.50
µM removed 9.50 9.50 9.50 9.50
γB only 9.50 9.50 9.50 9.50
γM only 9.50 9.50 9.50 9.50
µM only 9.50 9.50 9.50 9.50
γB = γM = µM 9.50 9.50 9.50 9.50
γB = γM = µM , 3 XBs 9.50 9.50 9.50 9.50
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Table C.22: Sensitivity Analysis - Fitted values of KB, r = 0.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 45.87 88.88 19.46 38.02
γB removed 1.61 5.39 0.45 1.43
γM removed 43.31 83.79 17.22 36.67
µM removed 43.20 83.83 13.57 26.59
γB only 593.89 1114.19 193.09 370.06
γM only 1.57 5.05 0.38 0.99
µM only 7.37 22.94 3.31 11.36
γB = γM = µM 14.51 30.85 7.99 16.85
γB = γM = µM , 3 XBs 14.51 30.84 7.99 16.85
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Table C.23: Sensitivity Analysis - Fitted values of the crossbridge duty cycle (δ),
r = 0.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.20 0.19 0.54 0.53
γB removed 0.31 0.23 0.69 0.59
γM removed 0.20 0.19 0.57 0.54
µM removed 0.27 0.26 0.76 0.75
γB only 0.25 0.25 0.76 0.75
γM only 0.43 0.31 0.83 0.78
µM only 0.00 0.00 0.00 0.00
γB = γM = µM 0.09 0.08 0.19 0.18
γB = γM = µM , 3 XBs 0.02 0.01 0.02 0.02
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Table C.24: Sensitivity Analysis - Fitted values of g (s−1), r = 0.0.

pCa50 5.85 6.30 5.85 6.30
δeff 0.25 0.25 0.75 0.75

γB > γM > µM 0.01 0.01 0.03 0.01
γB removed 0.01 0.01 0.01 0.01
γM removed 0.01 0.01 0.03 0.01
µM removed 0.01 0.01 0.02 0.00
γB only 0.01 0.01 0.43 0.03
γM only 0.01 0.01 0.01 0.00
µM only 430.22 431.68 327.12 321.33
γB = γM = µM 0.08 0.07 0.13 0.09
γB = γM = µM , 3 XBs 0.80 0.68 1.38 0.89
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