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                                 ABSTRACT OF THE DISSERTATION 

 

Alterations in Muscle Mechanics Leading to Heart Failure 

 

by 

 

Jared Rylan Tangney 

 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2014 

Professor Jeffrey Omens, Chair 

Professor Andrew McCulloch, Co-Chair 

 

Differential alterations in cardiac mechanical function have been associated 

with different mechanisms of heart failure (HF). The origins of altered ventricular 

mechanical function are many, with various mechanisms acting at different scales with 

respect to the contractile unit of muscle. At the tissue scale, dyssynchronous activation 

has been shown to alter mechanical synchrony, which can lead to pump dysfunction 

and heart failure. At the cellular scale, genetic mutations or viral infection can cause 

cytoskeletal changes that impair resting function, contractile function, or mechanical 

signaling and can lead to heart failure. At the molecular scale, altered expression of 



xxii 

 

kinases with phosphorylation targets in calcium handling or contractile proteins have 

been associated with heart failure and are thought to contribute to contractile 

dysfunction. These mechanisms vary in their contribution to heart failure, but they all 

contribute to mechanical dysfunction.  

Mechanical function is disrupted in dyssynchronous heart failure, as the timing 

of contraction is altered in different regions of the heart, preventing a uniform 

contraction. This dyssynchrony can be simulated using regional ventricular pacing, 

which also alters mechanical function. One purpose of the work presented here was to 

determine the effects of the altered cardiac muscle mechanics that arise due to regional 

ventricular pacing. It was found that a systolic stretch associated with dyssynchronous 

contraction can affect tension and work production in isolated cardiac muscle. The 

timing and magnitude of this stretch was also found to be of importance. Ultimately, 

the results could mostly be explained by a few well known muscle mechanics 

mechanisms: time-varying stiffness, the force-velocity relation, and shortening 

deactivation. This was then taken a step further to see how altering the levels of 

CaMKII affected tension and work development. CaMKII has phosphorylation targets 

on both contractile and calcium handling proteins and its over-expression has been 

shown to lead to HF, while its deletion has been shown to be protective against heart 

failure in pressure overload studies. It was shown that over-expression of CaMKII led 

to decreased tension but preserved work development, while deletion led to increased 

work and tension values. Dilated cardiomyopathy (DCM) is another cause of heart 

failure, which can be brought about by mechanical dysfunction. The work presented 

here proposes a novel mechanism for contractile dysfunction associated with cardiac 
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vinculin deletion, which is a precursor to dilated cardiomyopathy. It was shown that an 

increase in lattice spacing due to vinculin deletion increased transverse systolic 

stiffness and explains the altered systolic wall strains associated with vinculin 

deficiency. A combination of experiments, model development, and model simulation 

was used to uncover how changes in mechanical function associated with heart failure 

can alter cardiac muscle mechanics.  
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Chapter 1 

General Introduction 

1.1 Excitation-Contraction Coupling 

It is well known that the heart depends on electrical depolarization to trigger 

mechanical contraction [1]. The process by which myocyte electrical activation leads 

to mechanical contraction is known as excitation-contraction coupling (ECC), (see 

Figure 1.1). This phenomenon is manifested at cellular and whole heart scales.  

 

Figure 1.1: Excitation contraction coupling from the scale of the myocyte to the whole heart. 
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At the scale of the whole heart, ECC has been well characterized, and is known 

to be altered in various diseases or states of altered contractility, such as 

electromechanical dyssynchrony. In the whole heart, abnormal sequences of 

ventricular electrical depolarization adversely affect mechanical contraction and are a 

major complication when pump function is compromised by heart failure [2]. 

Extensive studies have also been conducted to understand the cellular mechanisms of 

ECC. For example, it is now well recognized that dysregulation of intracellular 

calcium cycling, which is central to ECC, is a major cause of contractile dysfunction 

in heart failure, regardless of the specific heart failure etiology [3]. 

Although ECC has been studied at length at the myocyte and whole heart 

scales, our ability to integrate and translate cellular and molecular mechanisms to in 

vivo physiological and pathophysiological phenotypes is still limited and the problem 

is inherently difficult. Ventricular mechanics in vivo are highly nonhomogeneous, and 

arrhythmias depend not only on cellular dynamics but on intercellular coupling, action 

potential propagation and three-dimensional myocardial structure. Contributing to the 

paucity of integrative understanding in this field is the comparative scarcity of suitable 

homogeneous multi-cellular preparations and high-fidelity measurement techniques 

for investigating tissue-scale myocardial electromechanical interactions under well-

controlled and readily manipulated conditions. This dissertation utilizes promising 

preparations and techniques for investigating these electromechanical interactions at 

the multi-cellular tissue scale. 
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1.2 Organ Scale: Cardiac Electromechanical Interactions 

Whole heart studies of cardiac electromechanical interactions have focused on 

ventricular excitation-contraction coupling. This is commonly known in this context 

simply as ventricular electromechanics, and studies have focused both on the 

relationship between electrical activation in normal sinus rhythm and the normal 

sequence of mechanical contraction as well as on how dyssynchronous electrical 

activation can alter myocardial mechanical and ventricular pump function.  

1.2.1 Ventricular Electromechanics 

The focus of most studies on whole heart cardiac electromechanics has been on 

the complex spatio-temporal relationship between electrical activation sequence and 

the pattern of mechanical shortening. In the normal heart, the timing of mechanical 

activation roughly follows that of the electrical activation, giving rise to a fairly 

synchronous contraction pattern [4]. In the dyssynchronously activated heart, altered 

electrical conduction, due to ectopic ventricular pacing or conduction defects such as 

bundle branch block, causes asynchronous contraction in which early-activated 

regions shorten against lower than normal loads and late-activated regions are 

stretched during systole due to the effects of the contraction at early activated regions. 

Here we review the normal electromechanics of the heart and the effects of abnormal 

dyssynchronous electrical activation both in the structurally normal and failing heart. 
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1.2.2 Electromechanics in the Normal Ventricles 

Myocardial contraction is initiated by electrical activation. In the normal heart, 

pacemaker cells are located in the sinoatrial node (SAN), and activation of the 

ventricles is initiated with electrical impulses originating at the atrioventricular (AV) 

node and travel to the His bundle, which then splits into the right and left bundle 

branches which leads to the Purkinje fibers, located subendocardially [1]. Conduction 

velocity is approximately four times faster in the Purkinje fibers than in the normal 

myocardium [5]. Impulse conduction in the Purkinje fibers takes place from base to 

apex, but exits the Purkinje system near the apex at the sub endocardium [6], causing 

activation of the septum and LV and RV free walls to occur from apex to base and 

endocardium to epicardium [7,8]. Owing to the speed at which the impulse travels, 

normal ventricular activation is relatively synchronous and causes normal myocardial 

contraction during systole to be quite synchronous and efficient. The time for 

complete activation of the ventricles is 62-80 ms, which corresponds to a QRS 

duration of 70-80 ms in humans [1,9]. QRS durations in this normal range are 

indicative of synchronously activated ventricles, whereas prolonged intervals are 

usually, but not always, associated with dyssynchronous activation due to conduction 

block or ectopic ventricular stimulation.  

When ventricular electrical activation is normal, the timing of mechanical 

activation roughly follows the spread of electrical depolarization and correlates well 

with local electrical activation time at a given site [10]. Even during normal sinus 

rhythm, regional gradients in depolarization times contribute to mechanical 

heterogeneity. The delay in the onset of myofiber shortening following local electrical 
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depolarization is referred to as electromechanical delay (EMD), and can be on the 

order of tens of milliseconds [11]. One component of this delay is due to the time from 

membrane depolarization to myofilament activation and tension development, a 

process that is described in more detail in following sections and referred to as cellular 

ECC. It is also evident that EMD must be dependent upon loading conditions and 

therefore the specific activation sequence in the intact heart [11]. Experimental 

evidence has shown that epicardial EMD in the normal heart differs between the base 

and apex in sinus rhythm, and this difference can be altered with a change in 

activation sequence [10]. 

Mechanical shortening in the fiber direction occurs at the sub-endocardium 

first, and is delayed at the sub-epicardium, reflecting the transmural sequence of 

activation [12]. Transmural mechanical coupling can also dissociate depolarization 

from shortening with epicardial segments starting to shorten during systole slightly 

before the depolarization wave reaches them, as a result of endocardial contraction and 

tissue tethering [13]. As electrical activation spreads from the LV apex towards the 

base, the onset of longitudinal shortening at the sub-endocardium and circumferential 

shortening at the sub-epicardium occurs earlier at the apex compared with the base, 

reflecting differences in both activation time (regionally) and fiber orientation 

(transmurally). Overall, these regional heterogeneities in mechanical function are 

small in the normal heart, leading to comparatively synchronous myocardial 

contraction and efficient pressure generation simultaneously by the left and right 

ventricular chambers. The dependence of EMD on activation sequence is of high 

importance under conditions when electrical activation is dyssynchronous such as with 
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left bundle branch block (LBBB), when EMD has been shown to be prolonged in the 

late-activated regions ultimately leading to even greater mechanical dyssynchrony 

relative to electrical dyssynchrony [14]. 

1.2.3 Electromechanics in the Dyssynchronously Activated Heart 

Proper ejection of blood from the heart requires relatively synchronous 

contraction. Dyssynchronous contraction compromise the coordination required to 

eject blood efficiently, leading to reduced pump function and ultimately heart failure. 

Dyssynchrony can arise from conduction system disorders such as left bundle branch 

block (LBBB), which is the most common conduction defect in patients with 

advanced heart failure [2]. The electrical activation sequence is significantly 

prolonged during LBBB, and can reduce left ventricular (LV) pump function 

substantially [15,16]. Another cause of dyssynchrony is myocardial infarction, where 

the infarct region has slowed or blocked conduction combined with impaired 

contractility. If the infarct region is large enough, it can lead to dyssynchrony and left 

ventricular dysfunction [17]. Discriminating the extent to which impaired mechanical 

function in these conditions is attributable to contractile heterogeneity vs. electrical 

asynchrony remains a challenging clinical question. 

Epicardial ventricular pacing (such as via a coronary venous pacemaker lead) 

significantly prolongs QRS duration and has been shown to induce differences in 

regional workload, which ultimately leads to regional hypertrophy [18]. QRS duration 

is often doubled during ventricular pacing with respect to sinus rhythm due to the slow 

conduction of the myocardium [1]. RV apical pacing is a good experimental model of 
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the dyssynchrony induced due to LBBB, and the resultant alterations in QRS 

morphology of the surface ECG [19] and patterns of asymmetric ventricular 

hypertrophy [20] are similar. 

Abnormal electrical activation gives rise to abnormal contraction patterns. 

Asynchronous activation during LBBB or ventricular pacing leads to opposite regions 

of the ventricles being activated too early or too late, both electrically and 

mechanically, relative to the timing of the pressure pulse. Contraction of early-

activated regions stretches remote sites that have not yet been activated [21]. The 

stretching of late-activated regions by early-activated shortening has been previously 

referred to as ―prestretch‖ [10,22,23] and can reach magnitudes of up to 20% in late-

activated regions [24]. Contraction in early-activated regions is also abnormal owing 

to interactions with the remote late-activated regions. Early-activated regions undergo 

rapid early systolic shortening followed by minimal shortening later in systole, and 

sometimes even lengthening during systole [25]. These observations show that not 

only the timing of contraction is altered by abnormal electrical activation, but also the 

pattern and magnitudes of contraction.  

Studying dyssynchrony and abnormal electromechanics is of particular 

importance in heart failure. One study showed that approximately 50% of heart failure 

patients have significant mechanical dyssynchrony. The prevalence increases in the 

presence of an electrical conduction defect, but mechanical dyssynchrony by various 

measures is also common in patients with normal QRS duration [26]. The use of 

biventricular ventricular pacing is often effective in resynchronizing contraction and 

improving pump function and reducing mortality in patients with dyssynchronous 
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heart failure, but a substantial fraction of candidates for this procedure show no 

response to cardiac resynchronization. Hence, there is a pressing clinical need for a 

better mechanistic understanding of ventricular electromechanical dyssynchrony. 

 

1.3 Myocyte Excitation-Contraction Coupling 

At the cellular level, the process of an electrical event leading to mechanical 

contraction has been termed ECC. The process is initiated by local membrane 

depolarization leading to calcium-induced calcium release from the sarcoplasmic 

reticulum, which increases the intracellular free calcium available to bind and activate 

the myofilaments, ultimately initiating contraction. In order to fully understand the 

electromechanics in the whole heart, it is important dissect the molecular mechanisms 

that give rise to this phenomenon at the cellular level. 

1.3.1 Calcium-Induced Calcium Release 

Mechanical contraction of cardiac myocytes is initiated by electrical 

depolarization, and the key regulator that activates contraction in the myocyte is 

intracellular calcium. Membrane depolarization during the action potential leads to the 

opening of the voltage-gated L-type calcium channels [27]. Calcium entering the 

myocyte via L-type channels localized primarily in the transverse-tubular membrane 

binds to closely apposed ryanodine receptors on the membrane of the junctional 

sarcoplasmic reticulum (SR), as seen in Figure 1.2 [28]. This in turn opens the 

ryanodine receptors stimulating a release of more calcium from the SR [29]. This 

process is often referred to as calcium-induced calcium release, as the relatively small 
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influx of calcium triggers the larger release of calcium from the SR. The combination 

of calcium influx and release from the SR leads to a rise in the intracellular calcium, 

which is referred to as the calcium transient. Because the L-type channels and 

ryanodine receptor clusters are only about 15 nm apart across a narrow dyadic cleft 

between the T-system membrane and the junctional SR, the magnitude of the calcium 

transient increases progressively with higher sarcolemmal calcium current, allowing 

this calcium-induced calcium-release mechanism to achieve a graded response. The 

ATP-dependent sarco-endoplasmic reticulum calcium ATPase (SERCA pump) 

resequesters cytosolic calcium into the SR to restore diastolic levels, and most of the 

excess calcium that entered via the L-type channels is extruded via the sodium-

calcium exchanger (Figure 1.2). Because of differential spatial expression of key 

proteins in this calcium cycling pathway, transmural heterogeneities in the dynamics 

of the calcium transient and the time-delay between membrane depolarization and the 

onset of twitch tension have been described [30]. In dogs, this results in a shorter 

latency between depolarization and the onset of contraction in epicardial myocytes 

than endocardial cells, which approximately offsets the timed delay between 

endocardial and epicardial depolarization. Dysregulation of myocyte calcium cycling 

mechanisms is a common cellular phenotype of the failing ventricular myocyte, and 

there is intense interest not only in how these alterations impair contractile function in 

heart failure, but also how they may promote arrhythmias by causing cellular electrical 

instabilities known as afterdepolarizations [31]. 
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Figure 1.2: The first step in the initiation of contraction begins with an influx of sodium ions, which 

depolarizes the membrane and opens the voltage-gated L-type calcium channels. This causes an influx 

of calcium into the cell, some of which binds to ryanodine receptors (RyR) located on surface of the 

sarcoplasmic reticulum (SR), which allows for a large scale release of calcium from inside the SR; a 

process referred to as calcium induced calcium release. There is then an abundance of free calcium in 

the cell that can bind to troponin (Tn), in particular troponin-C. This binding causes tropomyosin (Tm) 

to shift, exposing the myosin binding site on actin. Once the myosin head binds to actin, force is 

generated. At the end of the crossbridge cycle, calcium is released from troponin-C and is then either 

pumped out of the cell by the sodium-calcium exchanger (NCX) or resequestered into the SR via the 

sarcoplasmic reticulum calcium ATPase (SERCA) pump. Resulting changes in the mechanical context 

of the cell can alter the dynamics of conduction of electrical excitation throughout the tissue and the 

duration of cell action potential, by modulating channels, junctions, and cell capacitances and 

resistances, thus feeding back between cardiac mechanics and electrophysiology. 
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1.3.2 Myofilament Activation 

The rise in the free intracellular calcium during the calcium transient allows for 

calcium ions to bind to the myofilament protein regulator troponin-C [28]. Cardiac 

troponin-C contains two high-affinity calcium-binding sites and one low affinity 

binding site (different from skeletal muscle troponin-C which has two low affinity 

sites) [32]. The high affinity sites are always calcium-bound at normal physiological 

levels of calcium, but it is the low affinity site that accounts for the regulation by 

calcium and the activation of the sarcomere [33]. The binding of calcium to this low 

affinity regulatory site causes the troponin-C to undergo a conformational change, 

which via interactions with actin, troponin-I, and troponin-T ultimately allows 

tropomyosin strands on the thin filaments to shift, exposing the myosin binding sites 

on actin, allowing the S1 region of myosin to bind to actin [34]. 

1.3.3 Myofilament Calcium Sensitivity and Cooperativity 

After strong binding of myosin to actin takes place, additional crossbridge 

binding is dramatically enhanced, a cooperative mechanism that probably is a function 

of the movement of tropomyosin into an even more favorable position [35,36]. The 

well-known steady state force-pCa curves for cardiac muscle show a very steep 

relationship between available calcium and force. This steeply nonlinear relationship 

indicates that there is a cooperative mechanism of myofilament activation taking 

place. The Hill coefficient for cooperative calcium-dependent peak tension can be as 

high as 5 to 9 in cardiac muscle. 
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Steady-state force-pCa curves show that the magnitude of contractile force 

developed is highly dependent on the amount of free calcium present, as well as 

sarcomere length. Studies have shown that sarcomere length influences the affinity of 

troponin-C for calcium [37]. There are many theories surrounding the length 

dependence of myofilament calcium sensitivity, but the true mechanism is not fully 

understood. Myofilament calcium sensitivity has also been shown to be dependent 

upon relatively quick length changes, where quick release experiments gave rise to a 

transient increase in intracellular calcium as some calcium is prematurely displaced 

from the thin filaments [38].  

 

1.4 Relevance of Excitation-Contraction Coupling and Associated Mechanical 

Properties 

 The previous sections make up the foundations of the process of cellular 

depolarization leading to cardiac muscle contraction. There are countless alterations to 

these properties that cause change in function at the tissue and organ scales. Chapter 2 

of this dissertation looks at how regional changes in the excitation-contraction process 

can lead to changes in mechanical function. Chapter 3 looks at how structural changes 

at the sarcomeric level leads to changes in contractile properties at the organ level. 

And Chapter 4 looks at how altering expression levels of a kinase known to 

phosphorylate contractile and calcium handling proteins leads to changes in functional 

properties such as work and tension development. The following sections go into more 

specific properties that are of importance to certain chapters of this thesis.  
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1.5 Relevant Muscle Mechanics Phenomena  

1.5.1 Time-Varying Stiffness  

 As muscle contracts, its mechanical properties change from those observed 

while in the passive state. The passive, viscoelastic properties of muscle make up a 

significant portion of total tension for a large range of sarcomere lengths, particularly 

below 1.85 µm and above 2.2 µm [39]. It has been shown that titin accounts for a 

large percentage of passive tension in the lower physiological range of sarcomere 

lengths, while collagen dominates at longer sarcomere lengths [40]. In addition to the 

passive stiffness, when cardiac muscle contracts, the stiffness is increased. In 

particular, active stiffness peaks between sarcomere lengths of 1.85-2.2 µm, where it 

dominates over passive stiffness [39].  

 While titin and collagen are thought to dominate the passive stiffness of 

cardiac muscle, attached crossbridges determine the active stiffness. It has been shown 

that active stiffness is a good estimate of the total number of attached crossbridges 

[41]. What this means is that as more bridges are being recruited throughout the time-

course of a twitch, the stiffness is increasing. This time-varying stiffness of cardiac 

muscle gives insight to describing the contractility of the tissue. In the whole heart, it 

was discovered that the time-varying elastance of the tissue was a good estimate of 

ventricular contractility [42].   

1.5.2 Force-Velocity Relation 

The contractile force of cardiac muscle is highly dependent upon the rate of 

shortening [43]. Similar to skeletal muscle, maximum force production decreases with 
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maximum shortening velocity; therefore maximum shortening velocity occurs under 

no load. A simple example of the force-velocity relation in action is the fact that a 

person can lift a light weight at much higher velocities than they can lift a heavy 

weight. This is because the forces needed to lift the heavier weight can only be 

generated at slower velocities. This relation between force and velocity is of high 

importance when analyzing the mechanics of isolated muscle.  

 Early cardiac muscle force-velocity curves were generated by varying the 

afterload on cat papillary muscles and observing the changes in shortening velocities 

[43]. Maximum shortening velocity in cardiac muscle has been shown to not be 

dependent upon sarcomere length (through physiological sarcomere length ranges), 

but does show some velocity dependence on the level of contractility due to external 

Ca
2+

 concentration [44]. These studies actually showed an increase in maximum 

shortening velocity with an increase in external Ca
2+

 concentration from 0.5 mM to 

2.5 mM. This dependence of shortening velocity on Ca
2+

 is observed only in cardiac 

muscle, and not in skeletal muscle.  

The exact mechanisms involved in describing the force-velocity relation are 

quite complex, so the basics will only be covered here. The most accepted reasoning 

behind the force-velocity relation involves rates of crossbridge binding and detaching. 

Due to the fact that there is a finite amount of time required for a crossbridge to bind, 

when muscle is shortening, the window of opportunity for the bridge to bind is 

decreased. It has been previously discussed that the number of bound crossbridges 

determines the amount of force produced, so if fewer bridges have time to bind due to 

shortening, the developed force will be decreased. An example of a quantitative 
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crossbridge model of muscle contraction was based on the biochemical kinetic cycle 

for the actomyosin ATPase activity, and was able to predict experimental force-

velocity curves [45].    

There are documented effects of lengthening velocity on force production, 

although the reasoning behind this is of constant debate. It has been shown that with 

an increased lengthening velocity (up to a certain amount), there is a marked increase 

in force production above that of the isometric case [46]. While the majority of the 

effects shortening velocity has on force production can be explained by crossbridge 

cycling theories, it appears that this is not the case for the effect of lengthening 

velocities on force production, where these theories are not sufficient [47]. While no 

exact mechanism has been uncovered, multiple possible theories have been published 

that give the most promising explanation to the phenomenon [48]. 

1.5.3 Shortening Deactivation 

Shortening-induced deactivation is a phenomenon that has been studied for 

decades, where shortening of a muscle actively producing force decreases the capacity 

to produce force and full force production is never restored [49]. The effect of 

shortening deactivation is dependent upon the magnitude of shortening, so increased 

shortening further inhibits recovery of contractile strength. The time during a twitch 

when shortening takes place has an effect on magnitude of deactivation. For example, 

induced shortening that takes place later in the twitch has been shown to increase the 

magnitude of deactivation, thus severely limiting the amount of redeveloped force 

after the length change has stopped [50]. The same study also showed that if the 
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extracellular [Ca
2+

] is increased, the deactivation due to shortening in minimized, 

showing the importance of calcium. Experiments have shown that the most likely 

cause of sustained deactivation is due to a reduction in affinity for calcium at TnC 

regulatory sites [51]. If the shortening is fast enough to detach crossbridges, then the 

rate of tension redevelopment is dependent on the concentration of bound calcium 

[52]. Since the concentration of calcium bound to TnC decreases later in the twitch, 

this could explain why shortening deactivation has a greater effect later in the twitch.  

 

1.6 Crossbridge Mechanics 

1.6.1 Lattice Spacing 

 Myosin and actin make up the thick and thin filaments, respectively. The 

sliding of these two filaments past each other during active contraction is the basis of 

the sliding filament theory, which describes how muscle contracts. The thick and thin 

filaments run along the fiber direction of muscle, and are arranged in parallel in a 

hexagonal shape, termed the lattice. The structure of the lattice is of importance 

because it determines how forces are distributed in 3-dimensions. Forces generated 

during contraction are not only directed axially, but they are distributed transverse to 

the fiber direction as well. Lattice spacing is generally reported either as the myosin-

myosin spacing or actin-myosin spacing (center to center distance). It has been shown 

in both skeletal and cardiac muscle that myocytes maintain a resting volume that is 

constant. This constant volume implies that the lattice spacing is inversely proportion 

to the square root of the sarcomere length [53, 54]. 
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 Lattice spacing has been proposed to influence length-dependent activation 

because as the sarcomere is stretched, the myofilaments become closer together and 

lattice spacing is decreased, thus increasing the likelihood of crossbridge binding due 

to the myosin head being closer to the actin binding site. Experiments have been 

performed backing this hypothesis, showing how inter-filament spacing could 

influence filament activation [55]. A technique was used to alter inter-filament spacing 

without changing sarcomere lengths. With these tests, the inter-filament spacing can 

be adjusted to match the spacing at a longer sarcomere length, and the resulting 

calcium sensitivity was tested. In performing these experiments using dextran, Fuchs 

and Smith concluded that calcium binding and sensitivity were correlated not with 

sarcomere length, but with a lateral separation between actin and myosin filaments 

[55]. As an attempt to confirm the proposed hypothesis, other groups performed a 

series of studies that ended up offering conflicting evidence to the inter-filament 

hypothesis. Konhilas and de Tombe performed a series of experiments in 2002 in 

which they were able to directly measure lattice spacing by synchrotron x-ray 

diffraction. They immersed cardiac trabeculae held at short sarcomere lengths (2.02 

µm) in a concentration of dextran that reduced lattice spacing to that similar to long 

sarcomere lengths (2.19 µm). They found that compression due to dextran did not alter 

calcium sensitivity noticeably, whereas a stretch from 2.02 µm to 2.19 µm did 

increase calcium sensitivity considerably [56]. Higher concentrations of dextran did 

seem to increase calcium sensitivity, but that was most likely due to other effects of 

dextran rather than the change in lattice spacing [57]. The conclusion from this is that 

myofilament lattice spacing might not be the underlying mechanism behind length 
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dependent activation of the myofilament, but its true role in activation is still 

controversial [57]. 

1.6.2  Crossbridge Mechanical Models 

 Geometric models at the scale of the crossbridge can be used to describe the 

distribution of forces generated within a single bridge. When modeling a crossbridge 

as a force producing structure, there are several different approaches that have been 

demonstrated. The most common approach has been to model the force generating 

segment as a spring. Traditionally this was developed as a spring that ran parallel to 

the myofilaments [58-60]. The problem with the single spring models which are 

oriented only in the axial direction, is that they neglect forces generated in the radial 

direction. While the axial spring models give insight into the forces generated in the 

fiber direction, they give no information about the radial component of force, which 

has been shown to be on the same order of magnitude as the fiber force [61, 62]. 

 With evidence of radial forces of the same magnitude as axial forces, models 

were generated to include the radial component. These models must be 2 or 3-

dimensional in order to factor in the radial component. An early example of a 3-

dimensional crossbridge mechanics model was developed by Schoenberg [63, 64]. 

This model consisted of an S2 segment attached to myosin, and an S1 segment 

attached to actin, with S2 being the force generating segment. The model was 

geometrically based; so many angles were needed in order to fully resolve the model 

in 3-dimensions. A more recent model capable of resolving axial and radial forces was 

developed by Williams .. [65]. They developed both a 2-spring model and a 4-spring 



19 

 

 

 

model, where they incorporated torsional springs as well as linear springs. Both of 

these models have the ability to determine how the distribution of forces changes with 

a change in lattice spacing. This ability is of importance when incorporating 

crossbridge mechanics into models of contraction at the tissue scale, as the lattice 

helps determine distribution of forces in 3-dimensions. 

 

1.7 Scope of the Thesis 

 The objective of chapter 2 of the thesis was to examine the effects of a 

physiological systolic stretch observed during dyssynchronous contraction. The effects 

of the timing and magnitude of systolic stretch on tension and work production were 

investigated. The muscle mechanics mechanisms needed to explain the results were 

investigated. The main mechanisms that were studied were length-dependent 

activation, time-varying stiffness, the force-velocity relation, and shortening 

deactivation. The study ultimately uncovered the effects of timing and magnitude of 

systolic stretch on tension and work production, as well as the essential mechanisms 

needed to explain these results.  

 The objective of chapter 3 of the thesis was to elucidate the function of 

vinculin in myocyte mechanics and regional ventricular wall motion. It has been 

shown that vinculin plays a structural role in ventricular myocytes and when disrupted, 

can lead to dilated cardiomyopathy and heart failure. It was hypothesized that vinculin 

deletion could affect lattice spacing and ultimately stiffness transverse to the 

myofibers. This hypothesis was investigated using a novel ventricular mechanics 
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model, which was based on novel crossbridge mechanics and lattice mechanics 

models.   

 The objective of chapter 4 of the thesis was to determine if the effects of 

systolic stretch on work and tension production were preserved in papillary muscles 

from hearts over or under-expressing CaMKII. CaMKII has been shown to 

phosphorylate both contractile and calcium handling proteins, which can give rise to 

altered intracellular calcium levels, twitch properties, and calcium sensitivity. The 

effects of over or under-expressing CaMKII on tension and work production were 

investigated. The results showed that both work and tension were increased due to 

stretch in the CaMKII KO group, while work was preserved and tension was reduced 

due to stretch in the over-expressed group.  
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Chapter 2 

Timing and Magnitude of Systolic Stretch Affect 

Myofilament Activation and Mechanical Work 

 
Abstract 

Dyssynchronous activation of the heart leads to abnormal regional systolic 

stretch. In-vivo studies suggest that the timing of systolic stretch can affect regional 

tension and external work development. Here we measure the direct effects of systolic 

stretch timing on the magnitude of tension and external work development in isolated 

murine right ventricular papillary muscles. A servomotor was used to impose precisely 

timed stretches relative to electrical activation, while a force transducer measured 

force output and strain was monitored using a CCD camera and topical markers. 

Stretches taking place during peak intracellular calcium statistically increased peak 

tension up to 270%, while external work due to stretches in this interval reached 

values of 500 J/m. An experimental analysis showed that time varying elastance 

overestimated peak tension by 100% for stretches occurring after peak isometric 

tension. The addition of the force-velocity relation explained some effects of stretches 

occurring prior to the peak of the calcium transient, but had no effect in later stretches. 

An estimate of transient deactivation was measured by performing quick stretches to 

dissociate crossbridges. The timing of transient deactivation explained the remaining 

differences between model and experiment. These results suggest that stretch near the 
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start of cardiac tension development substantially increase twitch tension and 

mechanical work production, whereas late stretches decrease external work. While the 

increased work can mostly be explained by the time-varying elastance of cardiac 

muscle, the decreased work in muscles stretched after the peak of the calcium transient 

is largely due to myofilament deactivation. 
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2.1 Introduction  

Dyssynchronous electrical activation of the ventricles, due to conduction 

defects such as left bundle branch block (LBBB) or ventricular pacing of structurally 

normal hearts, leads to abnormal systolic stretch [66]. During ectopic ventricular 

pacing, early contraction near the pacing site stretches remote sites that have not yet 

begun to contract [67]. Transient stretching of late-activated regions has been referred 

to as ―prestretch‖ [68-70] and can reach magnitudes of up to 20% [71]. Conversely, 

early-activated sites shorten prematurely and stretch during ejection [72]. 

Dyssynchronous activation due to ventricular pacing of the normal heart also results in 

regionally heterogeneous distributions of local myocardial work [73, 74], oxygen 

uptake, myocardial blood flow [74] and, if sustained, asymmetric hypertrophy [75].

  

Because dyssynchronous systolic stretch is caused directly or indirectly by the 

contraction of earlier or later activated regions of the wall, its duration is relatively 

long and typically about half the normal systolic interval [66]. Its magnitude and 

timing relative to local electrical activation depend on location relative to the stimulus 

site, with the largest and earliest systolic stretches occurring in the latest-activated 

regions where premature lengthening has peaked and largely recovered by the time 

local depolarization occurs. How dyssynchronous systolic stretching affects acute 

myocardial tension development and whether late versus early systolic stretches affect 

mechanics by similar or different mechanisms remain poorly understood, in large part 

because it is not possible to measure regional contractile tension development in the 

intact heart. The aim of this study was to investigate the mechanical effects of acute 
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systolic stretches—representative in timing and magnitude of those seen during 

dyssynchronous ventricular activation in vivo—on cardiac contractile mechanics and 

the mechanisms by which these physiological stretches alter tension development. 

Isolated mouse right ventricular (RV) papillary muscles were stretched to mimic the 

magnitude, timing, and duration of systolic fiber stretch observed during ventricular 

pacing in vivo [66]. Since different regions of the ventricles experience different 

timings and magnitudes of systolic stretch, the effects of these variables on twitch 

tension and work were systematically investigated.  

Physiological stretches had different effects on twitch tension depending on 

stretch timing. Compared with muscle isometric twitches, premature stretches 

(peaking at or before electrical stimulation) resulted in lower peak tensions whereas 

later stretches resulted in significantly increased contractile tension development. The 

relatively small deactivating effects of early stretches were found to be dominated by 

the effects of shortening during the development of twitch tension and readily 

explained by the force-velocity relation. However, the length-tension and force-

velocity relations alone substantially overestimated tension responses to late systolic 

stretches, by two-fold or more, suggesting an additional deactivating mechanism was 

involved. Using brief length transients to determine the deactivation time-course, we 

found that physiological systolic stretches that peaked after the peak of the 

intracellular calcium transient, caused significant stretch deactivation, dissociating 

approximately 50% of crossbridges. We conclude that the effects of systolic 

stretching, representative of dyssynchronous ventricular activation in vivo, are highly 

dependent on stretch timing relative to twitch tension onset, and that late, but not 
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early, stretches are sufficient to cause significant myofilament deactivation even 

though peak tension is increased. 
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2.2 Methods 

2.2.1 Muscle Isolation and Mounting 

All experimental procedures were carried out following IACUC-approved 

protocols in AAALAC-approved facilities at of the University of California San Diego 

in accordance with NIH Guidelines for the Care and Use of Laboratory Animals. Male 

129/SvJ mice were anesthetized using isoflurane, followed by cervical dislocation. 

The chest was then opened and the heart was arrested via intra-cardiac injection of a 

cardioplegic solution [76]. The heart was rapidly excised, canulated, placed in a bath 

with cardioplegic solution, and retrogradely perfused through the aorta with the same 

solution. Incisions were then made in the right ventricular free wall to allow for access 

to the RV papillary muscles. Long, unbranched papillary muscles were dissected.  

The preparation was placed in a chamber (model 801C, Aurora Scientific, Inc.) 

mounted on an inverted microscope (Nikon Eclipse TE300). The septal end of the 

muscle was attached to a force transducer (model 405A, Aurora Scientific, Inc.) and 

the chordae tendineae was pierced with a hook attached to the lever arm of a high-

speed, servo-controlled motor(model 322C, Aurora Scientific, Inc.). The muscle 

chamber was constantly superperfused with a modified Krebs-Henseleit solution (pH 

7.35) [76] bubbled with 95% oxygen and 5% CO2 in a reservoir, immediately prior to 

being gravity fed into the muscle chamber. A peristaltic pump was used to recirculate 

the superfusate.  

The muscle was paced at a constant rate of 2 Hz using platinum electrodes 

mounted inside the chamber. Each muscle was allowed to equilibrate for at least 30 
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minutes, or until it was able to pace steadily. All stretching was imposed using the 

computer-controlled high-speed motor. A high-speed CCD (model IP-VGA210, 

Imprerx, Inc.) camera, calibrated to determine pixel size, was used to record muscle 

lengths. Cross-sectional area was also recorded from the top and side views, using a 

small angled mirror. Cross-sectional area was used to calculate tensile stresses from 

forces.  

2.2.2 Strain Tracking 

Strains were measured using 7 to 10 titanium dioxide particles arrayed on the 

surface of the muscle near the central portion. Uniaxial Lagrangian strain (unitless) 

was calculated from E=½(λ
2
 – 1), where λ is the ratio of the stretched to slack muscle 

segment length. The CCD camera was used to track the marker displacements at a 

frame rate of up to 300 fps.  

2.2.3 Calcium Imaging 

Calcium transients were imaged in a subset of the muscles that were loaded 

with the ratiometric fluorescent dye, Fura-2AM, and excited alternately at 340 nm and 

380 nm via a fast filter switcher (Lambda DG-4, Sutter Instrument, Inc.) [77]. The 

loading solution containing Fura-2 AM was infused into the muscle chamber in a dark 

room, and allowed to load for 30 minutes. After the dye had sufficient time to 

penetrate cell walls, excess dye was washed out. The experiment then proceeded with 

the predetermined protocol, and ratiometric measurement of fluorescence emission 

was captured using a photomultiplier tube system (PMT-100, Applied Scientific 

Instrumentation). 
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2.2.4 Stretch Protocol 

Custom muscle testing control software was used to vary the timing and 

magnitude of stretches during stimulated twitches at a pacing rate of 2 Hz. Stretch 

waveforms were half sine waves with a fixed duration if 150 ms. The protocol 

consisted of 30 stretches, in which the timing was varied relative to the twitch stimulus 

time. Muscle length changes of 5%, 10%, and 15% were applied. These magnitudes 

were chosen as they fall within the range of systolic stretches observed during 

dyssynchronous activations in-vivo [71]. Each experiment consisted of three 

sequences: an isometric sequence, an actively stretched sequence, and a passively 

stretched sequence. Five isometric twitches were performed between each stretched 

twitch, to allow the muscle to recover before the next sequence of measurements. 

Following each stretched sequence was a sequence that was stretched but not 

stimulated, which was used to measure the passive tension due to the stretch.  Work 

was calculated here as the area inside the fiber stress-fiber strain loop, for a single 

complete twitch. 
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2.2.5 Time-varying stiffness  

Instantaneous muscle stiffnesses (S) at 30 different intervals throughout the 

twitch time-course were measured by performing rapid 10% step stretches at intervals 

of 30 ms during the twitch. The local strain (ε) in the center of the muscle caused by 

the lengthening step was measured using the surface markers, while the tension (T) 

due to the step stretch was measured using the force transducer. From the 

instantaneous changes in strain and tension due to the stretch, the instantaneous time-

varying stiffness was calculated as [41]: 

   
  

  
    (2.1) 

 

This time-varying stiffness was used to estimate the tension time-course due 

solely to time-varying elastance by multiplying the measured stiffness time-course by 

the strain (εS) imposed on the muscle during an imposed stretch: 

                             
  

  
     (2.2) 

 

2.2.6 Deactivation protocol 

An experimental protocol was used to assess how deactivation due to muscle 

length change varies at different times during a twitch. Muscle length impulses of 10-

ms duration (triangle waveform with 5 ms stretch, 5 ms release to initial length) and a 

stretch magnitude of 5% of initial muscle length were applied to muscles at 8 different 

times during a twitch, similar to previous protocols [78]. The 5% stretch was designed 

to detach as close to 100% of the bound crossbridges as possible without damaging the 
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tissue. Muscles were only included in the analysis if the 5% stretch caused active 

tension to drop to less than 10% of peak isometric twitch tension.  
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2.3 Results 

2.3.1 Effects of Stretch Timing 

The timing of systolic stretches relative to stimulation (Figure 2.1) had a 

significant effect on peak tension production (p<0.05, n=5). The earliest stretches, 

which peaked before the peak of the calcium transient, had an inhibitory effect on 

tension. Intermediate stretches peaking at the same time as the calcium transient 

exhibited the largest increase in maximal tension compared with muscle isometric 

twitches, and then fell below isometric as the stretch ended, during the shortening 

segment of the stretch protocol. The latest stretches, peaking after the peak of the 

calcium transient, exhibited a slight increase in tension, late in the twitch. These 

stretches did not affect the magnitude or duration of the calcium transient (Figure 

2.1D).  
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1.  

Figure 2.1: (A) Timing of prescribed stretches with magnitudes based on total muscle length. (B) 

Measured uniaxial Lagrangian strain (unitless) responses to three different stretches. (C) Three tension 

responses to stretches with their timing varied in relation to stimulation (t=0). Tension values 

normalized to the peak tension produced by a non-stretched twitch (solid line). Tension trace line style 

matches corresponding stretch trace line style. (D) Measured calcium transients for each stretch as well 

as non stretched beat.   
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 We generated a more detailed view of the effects of stretch timing relative to 

the time of peak isometric tension (Figure 2.2A) by initiating stretches at 30 different 

start times relative to the stimulus. For stretches peaking between zero and 25 ms after 

stimulation, peak tension decreased by at least 25%. Stretches that peaked 40 ms after 

stimulation neither increased nor decreased the peak tension compared with isometric. 

Stretches that peaked 60 to 125 ms after stimulation increased the peak tension by at 

least 200% (n=4). Consistently, the largest peak forces (Figure 2.2B) were developed 

for stretches that peaked before the peak of the isometric twitch, during the plateau of 

the calcium transient. Mechanical work was zero for early stretches peaking prior to 

the calcium transient (Figure 2.2C). For stretches peaking during the plateau of the 

calcium transient, external mechanical work was significantly increased. For stretches 

peaking later, during the decline of the calcium transient, work decreased sharply and 

became negative as the stretch did more work on the muscle than the muscle 

performed. 
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Figure 2.2: (A) Isometric tension from 8 different papillary muscles normalized to peak tension. (B) 

Peak tensions (normalized to peak isometric tension) produced by 30 different stretches. X-axis 

corresponds to the timing of peak stretch, while the y-axis corresponds to the peak tension resulting 

from that stretch, normalized to the peak tension of a non-stretched beat. The vertical line shows that 

the peak effect of stretch occurs prior to the peak of isometric tension. The open square data point is the 

same stretch as the dotted trace in Figure 1 (second stretch), which corresponds to stretch timing seen in 

late-activated regions in vivo. The open triangle data point is the same stretch as the dashed trace in 

Figure 1 (third stretch), which corresponds to stretch timing seen in early-activated regions in vivo. (C) 

External work done by the muscle. Calculated as a stress-strain loop. Vertical line occurs after the peak 

effect of stretch, meaning stretches occuring during the time of peak isometric tension do not generate 

the most work. (error bars represent S.E.M. for all panels) 
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2.3.2 Effects of Stretch Magnitude 

The effect of stretch magnitude on tension production was investigated by 

stretching to 5%, 10%, and 15% of total muscle length and measuring tension. Stretch 

magnitude had little effect on peak tension if the stretch peaked before electrical 

activation. When the peak stretch was at the same time as electrical stimulation, an 

increase in stretch magnitude reduced peak tension development. Early stretches 

inhibit peak tension, and this inhibition increases as stretch magnitude increases, as 

seen in Figure 2.3A and 2.3C. Thus, stretch not only altered the magnitude of peak 

tension, but also influenced tension time-course. When the peak of the stretch 

occurred after stimulation, an increase in stretch magnitude increased tension 

development (Figure 2.3B and 2.3D). Comparing five variably timed stretches with 

magnitudes of 5%, 10%, and 15% of total muscle length revealed that the effect of 

stretch magnitude on peak tension was highly dependent on stretch timing (Figure 

2.4). 
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Figure 2.3: (A) 3 different magnitudes of stretch peaking at time of stimulation (t=0). (B) 3 different 

magnitudes of stretch initiated just after stimilation. (C) Early stretches inhibit peak tension production. 

Tension values are normalized to the isometric peak tension. (D) Later stretches amplify peak tension 

production. 
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Figure 2.4: 5 different stretches at 3 different magnitudes. X-axis corresponds to peak timing of stretch, 

with t=0 corresponding to stimulation, while y-axis values are peak tension normalized to a muscle-

length isometric twitch. 
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2.3.3 Time-Varying Stiffness 

To determine the extent to which time-varying stiffness alone could explain the 

effects of stretch timing on peak tension development, instantaneous stiffnesses 

throughout the twitch were computed from step stretch measurements (Figure 2.5A 

and B). Comparing the normalized time-varying stiffness and muscle-isometric twitch 

tension (Figure 2.5C) shows a very similar time-course, suggesting that muscle 

isometric twitches behave largely like a time-varying elastance, similar to the intact 

ventricles [42]. The time of the peak stiffness and the time-course of stiffness 

corresponded well with that of the peak twitch tension and tension time-course of a 

non-stretched cycle. Hence, the results in Figures 2.1 and 2.2 indicate that the timing 

of stretch that produces the largest effect on both tension and work production, also 

occurred prior to the peak stiffness, suggesting that time-varying stiffness of the 

muscle is not the only factor modifying tension and work.  
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Figure 2.5: (A) Step stretch imposed on papillary muscles to determine stiffness. (B) The step stretch 

causes a step increase in tension. This increase in tension along with the change in muscle strain is used 

to compute the stiffness of the muscle at various time during the twitch. (C) Measured instantaneious 

stiffness values (n=4, ± S.E.M.) plotted on top of an isometric twitch, showing stiffness increases with 

twitch tension. Stiffness values are normalized to their peak stiffness to show the timecourse of stiffness 

change. 
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2.3.4 Deactivation 

To quantify the deactivating effects of stretching or shortening transients as a 

function of stretch time in our preparation, a series of muscle length transients (rapid 

stretch followed by release) were performed at 8 at different phases during the twitch 

cycle. These muscle length transients caused active tension at all time-points in the 

twitch to drop below 10% of its maximum value, indicating that nearly 100% of 

crossbridges were detached by the length transient. Muscle length steps occurring 

early in the twitch resulted in nearly 100% tension redevelopment following the 

impulse, while later transients after the peak of the calcium transient resulted in 

progressively lower force development (Figure 2.6) as reported previously [11]. 

Expressing the peak redeveloped tension for each length transient timing as a fraction 

of the isometric tension at that same point in time (Figure 2.6B) was used as a 

measure of deactivation due to a transient muscle length change.  
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Figure 2.6: (A) Rapid stretches were performed to deactivate all tension at 8 time-points during a twitch 

(not all 8 are pictured to allow for clarity). (B) The redeveloped tension from the rapid stretches were 

measured and normalized. 
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2.3.5 Combined Time-Varying Stiffness, Force-Velocity, and Deactivation Analysis 

Time-varying stiffness calculations substantially overestimated the increased 

twitch magnitudes during late stretches when compared with the experimental results 

(Figure 2.7A). The time-varying stiffness analysis overestimated peak tensions the 

most for later stretches, illustrated by the differences between the peak tensions due to 

experimental stretch and those of the time-varying stiffness analysis (Figure 2.7B). 

The tension redevelopment results from the rapid length transient protocol 

were used to show the potential deactivating effects of stretch at various times during 

a twitch. For each stretch, the percent deactivation was multiplied by the peak tension 

produced by the time varying stiffness analysis. This results in a decrease in the peak 

tension from the time-varying stiffness analysis, with the decrease being the most 

dramatic for the later stretches. This analysis was done for two different scenarios, 

where stretch was assumed to deactivate 100% or 50% of crossbridges. For the 50% 

deactivation analysis, the deactivation curve from Figure 2.6B was scaled so that 

maximum deactivation was 50%. The 100% deactivation analysis greatly 

underestimated the peak tensions produced by experimental stretch, whereas the 50% 

deactivation analysis was very close (Figure 2.7A). The peak tension from the 50% 

deactivation analysis was much closer to the peak tension produced by experimental 

stretch than those of just the time-varying stiffness alone. For the latest 3 stretches, the 

peak tensions from the 50% deactivation analysis were significantly different from 

those of the time-varying stiffness analysis (p < 0.05). 

A nonlinear force-velocity relation was used with the shape of the curve based 

on previous studies [79]. The measured stiffness values were multiplied by the 
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measured muscle isometric strain to get an estimate of T0 (isometric twitch tension). 

The time-varying stiffness predicted tension values were then scaled based on the 

shortening velocity at each time point throughout a cycle, with larger shortening 

velocities having a greater inhibition on tension. This analysis was combined with the 

50% deactivation analysis to see if the force-velocity relation could explain any of the 

remaining discrepancy with the experimental results. The force-velocity analysis had 

little effect on the peak tension values (Figure 2.7C).  
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Figure 2.7: (A) Peak tensions produced by 9 different stretches (closed circle) plotted against peak 

tensions from the time-varying stiffness (TVS) analysis (open circles). The results of the deactivation 

analysis are also plotted assuming the stretches causes 100% deactivation (closed squares) and 50% 

deactivation (open squares). (B) The difference between the experimentally measured effects of stretch 

on peak tension and the TVS analysis (open circles), the difference between the experimentally 

measured effects of stretch on peak tension and the TVS analysis including the 50% deactivation 

analysis (closed circles), and the difference between the experimentally measured effects of stretch on 

peak tension and the TVS analysis with 50% deactivation analysis and the force-velocity (FV) analysis 

included (open diamonds). * represents significant difference (p<0.05). (C) Zoomed in view from panel 

(B), emphasizing the effects of the force-velocity relationship. 
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2.4 Discussion  

In this study, the effects of timing and magnitude of relatively slow systolic 

stretch on developed twitch tension were measured in mouse papillary muscles. The 

study was designed to simulate tissue systolic stretch seen in the dyssynchronously 

activated intact heart [66], and thus to understand better the mechanisms of regional 

changes in contractile stress development and mechanical work output associated with 

electromechanical dyssynchrony. In dyssynchronously activated myocardium, early 

activated regions shorten early in systole, lengthen late and do little or no external 

work [73]. Conversely, late-activated sites are stretched early, lengthen late against 

higher load and do substantially elevated work. This work heterogeneity may be an 

important stimulus for asymmetric hypertrophy. 

 Early stretches (dotted trace in Figure 2.1A) mimicked the stretch seen in late 

activated regions (stretch comes early with respect to local activation) and late 

stretches (dashed trace in Figure 2.1A) mimic early activated stretch (stretch comes 

late with respect to local activation). We used muscle-length isometric papillary 

muscle twitches. Because the ends of the muscle are stretched as the central portion 

contracts, this preparation shortens significantly in the central region where strains 

were measured, and then re-lengthens in this region during relaxation. The magnitude 

and timing of shortening are not dissimilar to normal systolic fiber shortening in vivo. 

By applying relatively slow half sine-wave stretches, we could approximate regional 

loading conditions occurring during dyssynchronous activation in the intact heart [66]. 

Stretches that peaked relatively early (after stimulation but before the time of peak 

isometric tension) significantly augmented tension and work; similar to late-activated 
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regions in dyssynchronously contracting myocardium. These changes were largely 

explained by the change in local muscle segment length alone due to the time-varying 

stiffness of the muscle during the rise of twitch tension. However later stretches, 

peaking at or after the time of peak isometric tension, resulted in zero or negative 

external work even though peak muscle tension was still increased. For these later 

stretches, the observed changes in muscle tension were much less than those predicted 

by the time-varying muscle stiffness and strains alone. These measurements support 

the interpretation that later stretches, peaking during the decline of the intracellular 

calcium transient, cause significant crossbridge detachment and myofilament 

deactivation. 

 The force-velocity relation is a well-known deactivating mechanism in 

myocardium. We sought to investigate its effects on our findings. There was a modest 

reduction in peak tension development that could be explained by the force-velocity 

relation, but this was only significant for very early stretches that started prior to 

stimulation so that the muscle was being un-stretched during the rise of isometric 

tension. Stretches at times more representative of late-activated myocardium were not 

significantly affected by the force-velocity relation.  Further analysis suggested that 

transient deactivation could help explain most of the role of stretch timing on 

contractility that could not be explained by the time-varying stiffness and force-

velocity analyses.  
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2.4.1 Effects of Stretch Timing 

Our results show that systolic stretch timing has a significant effect on muscle 

fiber tension production. This is significant because different regions of the heart 

experience systolic stretch at different times in relation to local tissue activation. It is 

not surprising that stretch affects tension production in cardiac muscle, as length-

dependent activation has been studied in detail [80], and it is well known that stretch 

increases the affinity of troponin C for calcium and increases cross-bridge formation 

[56]. Nevertheless, little is known about the effects of systolic stretch in vivo on 

tension production. The ability to have precise control over stretch timing, magnitude, 

and shape was made possible by the computer-controlled system, designed for these 

experiments.  

 The results of this study could not be explained by any single mechanism. 

Based on the well-known Frank-Starling mechanism, muscles stretched to longer 

lengths during activation would be expected to produce more tension than those 

activated at shorter lengths [80]. Owing to the timing and velocity of stretch, muscles 

stimulated at the peak of stretch actually show a reduction in peak tension when 

compared to non-stretched beats, emphasizing the role of other mechanisms such as 

the force-velocity relationship and transient deactivation.   

2.4.2 Work 

The timing of stretch determines the amount of external work done by the 

muscle (Figure 2.2C). Previous studies have concluded that late-activated regions of 

hearts undergoing ventricular pacing do more external work and also have an 
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increased demand for oxygen [73, 74], where the early-activated LV free wall 

becomes significantly thinner and late-activated septum becomes significantly thicker 

[75]. The work calculated in the previous studies was based on approximations of 

fiber-stress. In the current study, both fiber-stress and fiber-strain were measured 

directly; an advantage of working with isolated tissue. Stretch timing that mimics 

systolic stretch in late-activated regions in-vivo causes increased external work 

performed by the muscle specimen. These results agree with those seen in-vivo [73, 

74], and also shows that systolic stretch may be a large contributor to the work 

imbalance observed in-vivo during regional ventricular pacing. 

2.4.3 Time Varying Stiffness 

Time-varying stiffness has been shown to play a substantial role in cardiac 

muscle mechanics, especially in modeling ventricular function. As a muscle is 

activated, its mechanical stiffness increases. Therefore, when a muscle is stretched 

during contraction, the total force of the muscle will increase more than if it was 

passively stretched. As a means of determining the contribution of the change in 

stiffness, an analysis was performed to determine what forces would have been 

produced if time-varying stiffness was the only contributor to changes in tension. The 

open circles in Figure 2.7A show the peak tension values that would be produced 

simply due to stretching the tissue while the stiffness is changing, using 

experimentally measured stiffness values. The results from this analysis show that 

while time-varying stiffness contributes to the general response of the tissue to stretch, 

it cannot completely reproduce the experimental stretch results. This distinction is 
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important because time-varying stiffness is used to model ventricular contractility 

[42]. Here we show that time-varying stiffness is not sufficient in explaining the 

tension response to physiological stretches of isolated cardiac muscle.  

 When looking at the differences in the peak tensions produced by the stretch 

experiments and those that arose through the time-varying stiffness analysis, as in 

Figure 2.7B, there is an obvious difference, implying that time-varying stiffness does 

not completely explain the measured time course of tension. As seen in this figure, the 

time-varying stiffness analysis predicts more peak tension for all stretches. This 

implies that in tissue experiencing systolic stretch, there is also a deactivating effect 

occurring.  

2.4.4 Force-Velocity Effects 

The analysis of the stretch experiments demonstrate that the velocity of 

shortening and lengthening influence tension development in mouse cardiac papillary 

muscles. Another mechanism that was investigated as a possible means of explaining 

the role of stretch timing on contractility is the force-velocity relation. A force-

velocity analysis was performed using measured shortening velocities and a force-

velocity relation that was fit to literature values, with Vmax (maximum shortening 

velocity) as an adjustable parameter [79]. Vmax was set to a value measured previously 

in rat trabeculae [79]. The results in Figures 2.7A and 2.7B show that the force-

velocity relation has a larger impact on stretches 4 through 7. This is due to the fact 

that for those stretches, the muscle is shortening near the time of peak tension, thus 

decreasing the peak tension by the inhibition of tension due to higher shortening 
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velocities. For the earliest and latest stretches, force-velocity has less of an effect on 

peak tension because the muscle is not shortening during peak tension; it is either 

lengthening or peak tension coincides with the peak of the stretch, meaning the muscle 

is not shortening and thus tension is not being inhibited. This analysis shows that there 

is another mechanism of deactivation that is present, one that deactivates even after all 

stretching has ceased.  

2.4.5 Transient Deactivation  

 Another mechanism that can explain some of the overestimation of tension 

predicted by the time-varying stiffness and force-velocity mechanisms is transient 

deactivation [49].  Length transients have been shown to have a deactivating effect on 

tension production, as they can cause bound crossbridges to detach, and crossbridges 

are not able to rebind to regain previous levels of bound bridges [49], ultimately 

preventing tension from reaching magnitudes possible if the shortening had not taken 

place. An estimate of the impact of transient deactivation at different times during a 

twitch can be seen in Figure 2.6. These results indicate that any stretch that occurs 

later into a twitch can have a significant deactivating effect. This is of importance to 

this study because it was observed that a time-varying stiffness analysis alone over-

predicted peak tension values, especially for later stretches.  

 A very small portion of the tension overestimation in the time-varying stiffness 

analysis was resolved by including the force-velocity relation, but for the majority of 

stretches, tension was still greatly overestimated. The addition of transient 

deactivation mechanism was able to account for the majority of the remaining 
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overestimation of peak tension. Assuming that the stretches detached 100% of 

crossbridges, the analysis predicted a significant underestimation of peak tension. This 

is not surprising because if the stretches had caused 100% detachment, tension would 

have dropped to zero, at least momentarily, after each stretch. Since this was not the 

case, assuming less than 100% crossbridge detachment is more realistic. The analysis 

that assumed the stretches caused 50% deactivation of crossbridges produced the 

results that matched the experimental stretch values the best.  

2.4.6 Limitations 

While all possible efforts were made to ensure that this study simulated 

systolic stretch and analyzed its effects in the best way possible, there are some 

inherent limitations. One limiting factor is the use of mouse papillary muscles. These 

muscles generally do not have the ideal characteristic of long parallel fibers that can 

be seen in cardiac trabeculae, so there are some inherent assumptions that take place 

with the use of papillary muscles. Due to the attachment method of the papillary 

muscle to the muscle chamber, there is some compliance of the tissue that cannot be 

avoided, which can affect the amount of stretch in the muscle portion of the specimen. 

By tracking the strain at the center of the muscle, as well as mounting the specimen to 

reduce the series compliance, these effects are minimized. Ultimately papillary 

muscles were used due to their ability to withstand stretch without damage as well as 

the fact that they more closely resemble ventricular wall tissue undergoing systolic 

stretch in vivo. While papillary muscles mimic ventricular wall tissue better than 

trabeculae, they limit the extent to which this study can provide insight into the 3-



52 

 

 

 

dimensional nature of dyssynchrony. This study, along with previous studies of 

dyssynchrony in the intact myocardium, help paint the entire picture.  

 Another limiting factor is that the studies were not extended to diseased or 

failing myocardium, as this is often where dyssynchrony is observed. Future studies 

would involve applying similar experimental conditions to failing myocardium. 

However, dyssynchrony is also observed outside of heart failure in patients with 

LBBB or those undergoing cardiac resynchronization therapy. The current study is 

more relevant to these clinical scenarios.  

2.4.7 Conclusions 

In this study, the timing and magnitude of stretch on mouse papillary muscles 

were found to influence twitch tension and work. The time-varying stiffness analysis 

suggests that while the stiffness changes during contraction substantially contribute to 

the twitch tension, it does not fully explain the tension developed with stretch. Further 

analysis suggests that the force-velocity relationship plays a minor role in the tension 

development with stretch, while transient deactivation contributes greatly to tension 

production when length transients are present. These findings suggest that mechanisms 

involving activation and deactivation are needed to explain the resulting tension 

profiles, and thus systolic stretch is likely influencing activation of the myofilaments. 

This work has implications for continuum models of ventricular electromechanics in 

the dyssynchronously activated heart, as it emphasizes the importance of modeling 

transient deactivation, which is not generally done. Dyssynchrony is a major concern 

in heart failure, and failing myocardium is known to have impaired calcium handling 
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and myofilament activation, hence it would be important to extend these studies to 

failing tissue. Dyssynchrony is not always associated with altered electrical activation, 

these other forms of dyssynchrony are often times related to ischemia, which has been 

studied previously [81]. This study is relevant to dyssynchrony in which contractile 

state is altered, regardless of the cause of the dyssynchrony because altered contractile 

states are mimicked by stretching instead of abnormal electrical activation. The 

present study gives insight into the effects of systolic stretch in the intact heart, and 

that the timing of regional stretch plays a critical role in mechanics and work 

distribution as observed during dyssynchrony and resynchronizing therapies. 
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Chapter 3 

Novel Role for Vinculin in Ventricular Myocyte 

Mechanics and Dysfunction 
 

Abstract 

 

Vinculin (Vcl) plays a key structural role in ventricular myocytes that, when 

disrupted, can lead to contractile dysfunction and dilated cardiomyopathy. To 

investigate the role of Vcl in myocyte and myocardial function, cardiomyocyte-

specific Vcl knockout mice (cVclKO) and littermate control WT mice were studied 

with TEM and in-vivo MRI tagging before the onset of global ventricular dysfunction. 

MRI revealed significantly decreased systolic strains transverse to the myofiber axis in 

vivo, but no changes along the muscle fibers or in fiber tension in papillary muscles 

from heterozygous global Vcl null mice. Myofilament lattice spacing from TEM was 

significantly greater in cVclKO vs. WT hearts fixed in the unloaded state. Atomic 

force microscopy in Vcl heterozygous null mouse myocytes showed a significant 

decrease in membrane cortical stiffness. A multi-scale computational model of 

ventricular mechanics incorporating crossbridge geometry and lattice mechanics 

showed that increased transverse systolic stiffness due to increased lattice spacing may 

explain the systolic wall strains associated with Vcl deficiency, prior to the onset of 

ventricular dysfunction. Loss of cardiac myocyte Vcl may decrease systolic transverse 



55 

 

 

 

strains in vivo by decreasing membrane cortical tension, which decreases transverse 

compression of the lattice thereby increasing interfilament spacing and stress 

transverse to the myofibers. 

 



56 

 

 

 

 3.1 Introduction 

Vinculin (Vcl) is a 117-kDa membrane-associated protein expressed in all cell 

types. It localizes at both cell-matrix and cell-cell adhesion sites including costameres 

and intercalated discs in cardiomyocytes [82-84]. Vcl is a key structural component in 

the formation of costamere protein complexes that link the actin cytoskeleton to 

integrins on the cell surface of muscle cells [85-88]. Vcl mutations have been linked to 

both hypertrophic and dilated cardiomyopathies in humans [89]. Previous studies have 

shown that suppression of Vcl expression by antisense oligonucleotide treatment of 

fetal cardiomyocytes causes a disturbance in normal myofibrillar arrangement [90].  

Additionally, investigation of heterozygous global Vcl knockout mice (VclKO) 

showed normal basal cardiac function, abnormal intercalated discs, and a 

predisposition towards stress-induced cardiomyopathy provoked by aortic constriction 

[86].  The mouse model utilized in this study has cardiomyocyte-specific reduction of 

Vcl (cVclKO) and displays abnormal intercalated discs [85]. Half of the cVclKO mice 

die suddenly, prior to the age of 3 months, and the remainder develop dilated 

cardiomyopathy (DCM) by 16 weeks of age [85]. The normal expression of Vcl may 

allow cells to resist stresses that result from mechanical forces on the cell exterior 

[85], suggesting a structural role in force transmission between the exterior and 

interior of the myocyte. It has also been suggested that Vcl plays a significant role in 

mechanotransduction [86]. Therefore Vcl deficiency may contribute to the 

development of ventricular remodeling leading to DCM, as was shown in the cVclKO 

mice. In addition to transducing mechanical signals, Vcl could directly affect 

mechanical function of the myocardium in a direction-dependent manner owing to its 
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localization at the costamere, where it may contribute to the balance of myocyte forces 

between cortical membrane tension and transverse myocyte stresses.   

To better understand the role of Vcl in regional cardiac function, the 3D 

geometric structure of the heart and fiber architecture must be taken into account. 

Muscle fibers have a distinct helical pattern in the wall of the left ventricle [91]. In 

addition to fiber orientation, endomysial collagen struts link costameres of adjacent 

cells together in the transverse direction [92] forming a laminar sheet structure [91], 

and may be key to the transmission of forces transverse to the cells. Therefore, 

weakening of cell-extracellular matrix interactions or redistribution of intracellular 

forces, as could occur when cells have deficiencies in Vcl, may directly affect 

mechanics transverse to the myocyte fiber axis. 

The goal of this study was to investigate the structural role of Vcl in cardiac 

myocytes, and to determine the implications for regional mechanics prior to the onset 

of global ventricular pump dysfunction in Vcl knockout mice. We hypothesized that 

altered cytoskeletal structure or force transmission may affect tissue mechanics 

relative to the muscle fiber structure. Studying these animals before they develop heart 

failure more directly examines the role of the protein defect, before secondary effects 

of heart failure complicate the physiological response. Measurements of regional 

strains and isolated muscle mechanical properties may also reveal early contractile 

defects that are compensated at the scale of whole ventricular pump function. Three-

dimensional cardiac strains were measured in vivo with MRI tagging in control and 

cVclKO mice at an age of 6-7 weeks before the onset of DCM in cVclKO. There were 

significant decreases in end-systolic transverse (radial and cross-fiber) strain 
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components with no changes in fiber strains, and no changes in global systolic 

function. The structural basis of this dysfunction was examined with ultrastructural 

quantification of sarcomere lattice spacing and atomic force microscopy (AFM) 

measurements of myocyte membrane mechanics. A multi-scale computational model 

showed that the measured increases in lattice spacing that occurred with Vcl deletion 

could explain the observed alterations in three-dimensional ventricular wall mechanics 

by increasing the angle between strongly bound crossbridges and the myofilaments 

thereby stiffening the lattice transversely during systole. The results suggest that the 

primary effect of Vcl deficiency on myocyte mechanics is not on axial shortening or 

force development. Rather, by decreasing membrane cortical tension, loss of Vcl 

increases lattice spacing and transverse force development by the sarcomeres, which 

in turn compromises regional myocardial strains in the cross-fiber and radial 

directions. These findings suggest a novel sarcomere-level structural mechanism for 

myocardial mechanical dysfunction that may also be important in the early 

pathogenesis of heart failure associated with cytoskeletal defects. 
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3.2 Materials and Methods 

3.2.1 Mice 

The cVclKO mice with cardiomyocyte-specific excision of the Vcl gene have 

been described previously [85]. Cre-negative littermates (WT) with no Vcl excision 

were used as the controls. The mice used in this study were 6-7 weeks of age from 

strains that had been maintained in a mixed SV129/Black Swiss background and 

interbred for at least 10 generations. All protocols were performed according to the 

National Institute of Health‘s Guide for the Care and Use of Laboratory Animals and 

approved by the UCSD Animal Subjects Committee. 

3.2.2 MRI and global function 

MRI protocols for cine and tagging sequences were based on the methods in 

Chuang .. [93] (see Supporting Material for details).  A sample tagged image at end-

systole is shown in Fig. 3.1A. In the cine images, the myocardium was segmented 

with a semi-automatic level s.gorithm [94] in order to extract the endocardial and 

epicardial boundaries. A 3D geometric model of the end-diastolic left ventricle (LV) 

was created (Fig. 3.1B) by fitting high-order prolate spheroidal finite element meshes 

to the endocardial and epicardial points [93]. Cavity and wall volumes were measured 

from the 3D mesh, and wall mass was calculated by multiplying wall volume with 

myocardial density (1.05 g/ml) [92]. 
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Figure 3.1: (A) MRI tagging of the mouse heart at end-systole showing deformed tag lines in a short 

axis view predominantly of the LV wall (circular cross section), and the non-tagged grey area of the LV 

chamber. (B) 3D geometric model of the mouse LV used for global parameter estimation.  
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3.2.3 Fiber strain analysis 

Harmonic phase (HARP) analysis was used to automatically track myocardial 

material points in the SPAMM images [95]. To calculate 3D Lagrangian strains, a 

deformable model was created using material point displacements from the HARP 

analysis. The end-diastolic LV model was deformed to fit material point coordinates at 

end-systole. End-systolic strains with respect to the cardiac coordinates 

(circumferential, longitudinal, radial) were calculated at the equator (mid-ventricle) of 

the LV free wall, at 5 transmural locations (epicardial, sub-epicardial, midwall, sub-

endocardial, and endocardial). Strains were then rotated about the radial axis through 

the measured fiber angle (see measurements below) to give regional strain in cardiac 

fiber coordinates (fiber, cross-fiber and radial axes; as seen in Fig. A5). Details of the 

implementation of the deformable model can be found in Chuang .. [93]. 

3.2.4 Histology 

After MRI imaging hearts were arrested and fixed for measurement of fiber 

and laminar sheet angles (see Supporting Material for details). 

3.2.5 Isolated muscle mechanics 

Right ventricular papillary muscles were isolated from adult WT and 

heterozygous global Vcl null hearts, and mounted in a cardiac tissue culture chamber 

as previously described [96]. After preconditioning, the muscles were stimulated at 1 

Hz, and stretched from slack length to a passive muscle length with maximum 

developed systolic force. Peak isometric twitch force was recorded at several passive 
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lengths along with muscle cross-sectional area to determine peak developed fiber 

stress as a function of passive length. 

3.2.6 AFM for cell membrane stiffness and adhesion force 

AFM was performed in cardiomyocytes isolated from adult WT and 

heterozygous global Vcl null hearts. In a third group vinculin gene transfer was 

performed in heterozygous null myocytes. The force contact mode of operation was 

used to measure adhesion force and cortical membrane stiffness (elastic modulus) 

from the retraction and approach curves, respectively [97-99] (see Supporting Material 

for details). 

3.2.7 Myofilament image analysis 

Samples were prepared for TEM (transmission electron microscopy) using 

standard techniques (see Supporting Material for details). Groups of cVclKO and WT 

hearts were fixed either in diastole (arrested) or in systole (barium contracture). 

Sarcomere length (SL) images and myofibril interfilament lattice spacing images were 

recorded with TEM, and a fast Fourier transformation (FFT) technique was used to 

measure lattice spacing from diffraction patterns (see Supporting Material for details). 

3.2.8 Myofilament lattice mechanics model 

A micromechanical model of myofilament mechanics was used to derive 

transverse systolic sarcomere stiffness as a function of crossbridge stiffness based on 

crossbridge geometry and actomyosin lattice spacing (Fig. 3.2). Similar to the analysis 

by Schoenberg [100], transverse and axial crossbridge forces were resolved using a 

simplified two-dimensional model where the S2 segment was modeled as a spring 
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with a freely jointed hinge at the origination site on the thick filament backbone with 

an axial tilt angle at the attachment site (α, Figs. 3.2A and 3.2B) of 45
o 

[101, 102]. 

Since the S2 origin site was modeled as a freely rotating pivot point, the angle 

between the thick filament and the S2 region of myosin (θ in Figs. 3.2E and 3.2F) is 

constrained by the other angles and varies as a function of actin-myosin lattice spacing 

(Δ). These assumptions are sufficient to allow the crossbridge force FS2 to be resolved 

into longitudinal (fiber) and cross-fiber (transverse) force components, Ff and Ft, 

respectively. An increase in lattice spacing increases the crossbridge tension by 

increasing crossbridge strain and increases the ratio of Ft to Ff by increasing  (Figs 

3.2A and 3.2B). The changes to Ft and Ff resulting from an incremental increase in Δ 

gives the transverse and fiber crossbridge stiffnesses whose ratio is:  

 

 
  

  
  

       ̂     
  

       ̂       
                                                         (1)  

  

  

where     and  ̂  are the instantaneous and resting lengths of the S2 segment of 

myosin, respectively.  

To compute macroscopic three-dimensional transverse/fiber stiffness ratios, we 

next consider the myofilament lattice geometry in planes transverse and parallel to the 

myofilaments (Figs. 3.2C and D) when all crossbridges are attached in the strongly 

bound state. By deriving the strain energy associated with equibiaxial transverse strain 

of the lattice and uniaxial fiber strain of the sarcomeres (see Supporting Material for 
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details), we obtain the following expression for the ratio of the transverse lattice stress 

( tt) to the fiber lattice stress ( ff): 

 

 
   

   
  

 

 
(
 

 
)
  

  
                                                                (2) 

 

where δ is the distance along the thick filament between consecutive crossbridge pairs 

in the same plane (Fig. 3.2E) and also represents the length of a hexagonal unit 

element, with six crossbridges (three pairs) and a radius equal to the actin-myosin 

lattice spacing (Δ) (Figs. 3.2C and D). 

 To use these expressions in a continuum constitutive model of systolic 

myocardial stress, the current SL is calculated from the macroscopic fiber strain using 

the unloaded reference sarcomere length (S0) that was measured for each genotype 

from the electron micrographs of unloaded cardioplegia-arrested hearts. The time-

varying myofilament lattice spacing was computed from the sarcomere length (S) 

using the assumption that sarcomere volume (Vs) remains constant during the cardiac 

cycle, i.e. S × Δ
2 

= VS. The volume constant VS for each genotype was based directly 

on TEM measurements in the diastolic and systolic arrested preparations, which also 

supported the assumption that the lattice deformed isotropically during contraction 

(i.e. even though the ventricle thickened radially and shortened transverse to the fibers 

in the plane of the wall, the interfilament distances remained independent of 

orientation in the plane transverse to the filaments). VS, derived from the electron 

micrographic measurements, was scaled up by 20% in both genotypes to account for 
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the effects of lattice shrinkage due to dehydration and fixation previously reported by 

several groups using similar techniques, which only affects lattice spacing and not the 

SL [103-105]. 
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Figure 3.2: Micromechanical model for sarcomere lattice spacing and crossbridge architecture. 

Individual crossbridge model consisting of a myosin stalk based on the geometry by Schoenberg [100] 

(A). As the lattice spacing (Δ) increases with Vcl deletion (transition from panels (A) to (B)), binding 

angles (θ) change and FS2 increases, and attachment angle α remains constant. The result is an increase 

in the transverse force, but little change in the fiber force. (Ft = transverse force, Ff = fiber force, F S2 = 

force along S2 segment). The unit cell of the lattice structure in the axial (C) and transverse (D) 

directions is marked with a dotted outline (δ= 3 pairs of myosin heads spacing). A single myosin 

filament is surrounded by six actin filaments (E), and (F) shows the overall lattice structure. Details of 

this myofilament lattice model can be found in Supporting Materials. 
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 In summary, by considering the mechanical equilibrium of the crossbridge and 

myofilament lattice in three dimensions, we derived a micromechanical model for 

myocyte systolic stiffnesses in the fiber and transverse directions as a function of 

sarcomere length and lattice spacing. A kinematic model in turn enables the SL and 

lattice spacing to be determined from macroscopic fiber strains. The only parameters 

in this analysis that were varied between genotypes were the SL and Vs (calculated 

from SL and Δ) as measured directly from the electron micrographs.  

3.2.9 Ventricular mechanics model 

This microstructural model was included in a finite element model of 

ventricular mechanics to test whether measured alterations in sarcomere geometry 

were sufficient to explain observed mechanics in vivo in young WT and VclKO mice. 

The left ventricle was approximated by a truncated prolate spheroidal geometry and 

fiber orientations were included based on the histological measurements. Systolic 

active muscle stress was computed as a function of time and regional fiber strain using 

a previously published model [106] with parameters that were the same for both 

genotypes as given in Supporting Materials. Using measured SL and lattice spacing 

the dynamic transverse stiffness was computed from the model fiber stress using the 

ratio obtained above from the micromechanical model. The ventricular model was 

coupled to a Windkessel model of aortic impedance and used to compute regional wall 

stresses and strains and ejection fractions (see Supporting Material for details).  
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3.2.10 Statistics 

All measurements are presented as mean ± SD.  End-systolic strains, 

sarcomere geometry measurements between cVclKO and WT mice, and fiber angles 

were compared by two-way repeated measures analysis of variance (ANOVA). P-

values < 0.05 were considered significant. To identify the effects of genotype on Δ 

independent of differences in SL, the relationship was analyzed using analysis of co-

variance (ANCOVA) in which the regressor was 
 
based on the assumption of 

sarcomere volume conservation. To test the statistical significance of the results 

predicted by the model, z-scores were assigned to all the model strain results based on 

the experimental means and standard deviations, and used to determine if model 

results fall within the experimental variance. 

  

SL/1
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3.3 Results 

3.3.1 Global geometry and function 

From the geometric models based on the cine MRI images of the myocardium, 

end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF), and 

left ventricular mass index (LVMI) were measured (n=5 for both WT and KO). EDV 

(48±12 vs. 50±11 μl) and ESV (20±8 vs. 25±6 μl) were slightly larger in cVclKO, but 

not significantly different. There were also no significant differences in EF (50±4 vs. 

58±9%) and LVMI (4.2±0.9 vs. 4.1±0.7 mg/g) between cVclKO and WT mice, 

respectively. Mean lung/BW ratios (0.60±0.11%, WT and 0.64 ±0.09%, KO) and 

liver/BW ratios (3.73±0.43%, WT and 4.05 ±0.67%, KO) were not different between 

the groups. Peak systolic fiber stress was not different at any passive muscle length as 

determined from isolated papillary muscle studies (see Supporting Materials for data).  

3.3.2 Fiber and sheet angles 

Mean fiber angles at the equator of the LV free wall measured from histology 

displayed a linear transmural distribution between approximately -65º at the 

epicardium and +65º at the endocardium with no differences between cVclKO and 

WT hearts (n=5 in each group). Sheet angles were on average negative throughout the 

wall, varying from -42º to -65º at the mid-ventricle, similar to previously reported 

values [107].  There were no significant differences in sheet angles between cVclKO 

and WT hearts. Both fiber and sheet angle measurement results can be seen in 

supplemental figure A1. 
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Table 3.1: Two way ANOVA p-value results show the difference between WT and cVclKO strains 

based on the 5 locations through the wall and genotype. * denotes statistically significant values 

(p<0.05).  

 

Strain 
Component 

Genotype               
Wall 

Location              
Interaction              

Eff 0.799 0.210 0.638 

Ecc 0.618 <0.001* 0.010* 

Err <0.001* 0.976 0.001* 

Efc 0.002* 0.053 0.548 

Efr 0.879 0.965 0.990 

Ecr 0.015* 0.629 0.871 

 

 

 

3.3.3 Regional strains 

Regional midventricular strain tensors computed from the HARP analysis at 

three transmural locations and resolved with respect to local fiber coordinates (f = 

fiber, c = cross-fiber, r = radial) using the measured fiber angles are shown in Fig. 3.3 

at end-systole referred to an undeformed reference state at end-diastole. In WT mice, 

systolic fiber strain (Eff) was negative (shortening) and uniform across the wall. Cross-

fiber strain (Ecc) was also negative as expected and radial strain (Err) was positive, 

consistent with systolic wall thickening, and both of these components were largest at 

the endocardium and smallest at the epicardium, as seen previously in the mouse [93] 

and other species [108]. In cVclKO hearts, two way ANOVA analysis for the strain 

components (Table 2) showed that Eff was not different from WT, however the 

transverse components of strain (Ecc and Err) showed significant differences of 

interaction (n=5, p=0.010 and p=0.001, respectively), implying a difference in the way 
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the strains vary transmurally. Err in the cVclKO hearts decreased in magnitude with 

wall depth, opposite of the gradient observed in the WT hearts. There was also a 

significant difference (p<0.001, n=5) between genotypes regardless of transmural 

location for Err. All of the shear strains were relatively small in magnitude, but a 

genotype difference was observed for both Efc and Ecr (n=5, p=0.002 and p=0.015, 

respectively). Overall, Vcl deficiency significantly reduced myocardial systolic strains 

transverse to the myocytes but had no effect on systolic fiber shortening. 
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Figure 3.3: Regional end-systolic fiber strains found from MRI and 3D model analysis at 5 transmural 

locations (n = 5). 6 strain components are referenced to the local fiber coordinate system (f=fiber, 

c=cross-fiber, r=radial axes). Values and gradients for WT are as expected, and statistical comparison 

between WT (solid) and cVclKO (open) shows decreases in strain magnitude predominately for the 

radial strains (Err). Endo=endocardium; Epi=epicardium; Mid=midwall. 
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3.3.4 Membrane stiffness and adhesion force with AFM 

Cortical membrane stiffnesses were computed from force curve data (Fig. A3, 

more details in supplement). Stiffness in cardiomyocytes from Vcl heterozygous null 

mice (14.8 ± 0.6 kPa) decreased significantly by 55% compared with WT myocytes 

(32.5 ± 1.2 kPa, n=10). Rescue of vinculin restored cell stiffness to control levels (34.5 

± 0.9 kPa, n=10). There were no significant changes in the initial peak adhesion force 

between Vcl null (39.1  0.2 pN, n=10), vinculin rescued (39.9  0.9 pN, n=10) and 

WT myocytes (38.6  1.6 pN, Fig. 3.4B). The probability of adhesion to extracellular 

matrix protein fibronectin (FN) decreased significantly by 40% in Vcl heterozygous 

null myocytes compared with WT, and this difference was no longer significant in 

myocytes in which vinculin expression was rescued. 
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Figure 3.4: AFM measurements in cardiomyocytes from wild-type (WT), heterozygous null (Vcl+/-) 

and vinculin rescued (Vcl+/- + Vcl) groups. (A) Cell cortical stiffness was significantly decreased in 

Vcl+/- mouse cardiomyocytes. Rescue of vinculin expression in Vcl +/- cardiomyocytes restored 

stiffness to WT levels. (B) Adhesion force was not changed in the three groups. * p < 0.05 vs. WT. 

n=10 for each group. 
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3.3.5 Sarcomere geometry 

Myofilament lattice dimensions measured from optical diffraction patterns 

computed from transmission electron micrographs (Fig. 3.5A) are shown in Table 3.1 

(n=3 for both WT and KO). Actin-myosin lattice spacing obtained from the second 

order diffraction distance and myosin-myosin lattice spacing (M-M Δ) from the first-

order diffraction pattern were both larger for cVclKO mice than WT animals. The 

mean ratio of (M-M Δ)/Δ (1.70) was within 1.9% of , the ratio as derived for a 

hexagonal lattice. Sarcomere lengths were slightly lower (p=0.051) in the KO mice, so 

to compare lattice dimensions independent of SL we plotted Δ vs.
 

 (Fig. 3.5B). 

The slope of this relation is the sarcomere volume constant VS (p=0.59 between WT 

and cVclKO). There was no significant effect of genotype or contractile state on 

sarcomere volume. By ANCOVA there was a significant effect of genotype and a 

significant effect of contractile state on both myosin-myosin lattice spacing and Δ. 

Refer to Table 3.1 for all p-values.  
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Figure 3.5: Figure 3.5: Lattice spacing image analysis. (A) Representative TEM image montage at 

x47,000 magnification showing myofilament cross-sections of a relaxed unloaded cVclKO heart. The 

pixel size is 0.19 nm, and the image size is 2.3 μm x 2.3 μm. (B) Effect of Vcl deletion on actin-myosin 

filament spacing in mouse hearts arrested at end-diastolic (smaller ) and barium-contracted states 

(larger ). Assuming constant volume, Δ varies with . Line connects average points. 
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Table 3.2: Sarcomere length (SL), myosin-myosin lattice spacing (M-M Δ), and actin-myosin lattice 

spacing (Δ) raw measurements for cVclKO (n=3) and WT (n=3) hearts arrested at end-diastole, and 

hearts contracted with barium (Ba) against zero load (n=3 each for WT and cVclKO). The ANCOVA 

results show a significant genotype difference, for both M-M Δ and Δ. 

 

   

M-M 

Δ(nm) 
Δ 

(nm) 
SL 

(µm) 

Relaxed 
Unloaded 

Hearts      

VclKO      
(Avg 
± SD) 

33.47          
± 1.35 

19.67           
± 0.68 

1.74       
± 

0.04 

 WT           
(Avg 
± SD) 

30.83        
± 0.68 

18.76     
± 0.98 

1.88       
± 

0.18 

Ba-  
Contracted 
Unloaded 

Hearts 

VclKO      
(Avg 
± SD) 

37.61        
± 2.39 

21.30     
± 0.52 

1.43       
± 

0.08 

 WT           
(Avg 
± SD) 

32.90        
± 1.57 

19.49     
± 0.68 

1.50       
± 

0.13 

  
 

M-M Δ Δ 
 

 

Two way 
ANCOVA  
(p-value) 

0.0333 0.0446 
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3.3.6 Ventricular strains from model analysis 

Table A1 in the Supporting Material summarizes all of the myofilament lattice 

mechanics as well as the finite element model parameters; the only parameters that 

were different between the models of the WT and cVclKO mice were those derived 

from the electron micrographs: unloaded reference SL (1.88 μm WT and 1.74 μm 

cVclKO), unloaded systolic SL (1.50 μm WT and 1.43 μm cVclKO) and volume 

constant VS from which lattice spacing was computed (1620 nm
2
/μm WT and 2030 

nm
2
/μm cVclKO). End-systolic strain components in fiber/cross-fiber coordinates 

referred to end-diastole are shown in Fig. 3.6 for WT and cVclKO models and 

compared with experimental results from the MRI tagging experiments. Fiber strains 

computed with the models showed a slightly larger difference between WT and 

cVclKO than what was observed experimentally. The radial strain decreased 

substantially with the increased lattice spacing, but the reversal in the transmural 

gradient that was observed experimentally was not quite captured by the model. The 

cross-fiber strain decreased at the endocardium and midwall, but increased slightly at 

the epicardium with an increase in lattice spacing due to loss of Vcl, similar to the 

trend that was observed experimentally. In the simulation, end systolic fiber stresses in 

the cVclKO model were 11% higher on average through the wall compared to WT, 

where the largest increase was seen at the epicardium (22%) and the smallest decrease 

was in the midwall (2%).  

Z-scores showed that model results were within two standard deviations of the 

mean experimental values for all 6 strain components at all transmural locations (z<2) 
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except for 1 of the 60 component/location combinations. In addition to the systolic 

strains, the model predicted an EF of 44% for WT and 35% for cVclKO. Statistical 

analysis of model-predicted values using the variance of the experimental EF showed 

no difference (p = 0.06), similar to the experimental finding (p = 0.08).   

  



80 

 

 

 

 

 

Figure 3.6: Model vs. experiment comparison of fiber (Eff), cross-fiber (Ecc), and radial (Err) systolic 

strains. Gradients and magnitudes are mostly similar indicating general agreement between model and 

experiment. 
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3.4 Discussion 

In this study, we examined the effect of Vcl deletion and Vcl deficiency on 

myocyte and ventricular mechanics prior to the onset of global ventricular dysfunction 

in cVclKO mice. At this time we expected that Vcl deficiency is the main cause of the 

structural defects at the sarcomere level. The mechanistic multi-scale model analysis 

and experimental results suggest that the observed early alterations in myocardial 

systolic wall strains transverse but not parallel to the myofibers can be explained by 

the observed increase in systolic and diastolic myofilament lattice spacing. As the 

angle between the thick filament and the S2 region increases with increased lateral 

myofilament spacing, the radial component of the force in the crossbridge increases 

with little change in the axial component. The lattice model suggests that this results in 

a comparable increase in transverse systolic stiffness relative to fiber stiffness at the 

level of the myocyte. The ventricular model suggests that these anisotropic changes in 

systolic stiffness due to Vcl deletion result in little change in systolic fiber shortening 

but a substantial decrease in radial wall thickening during systole which is now being 

opposed by the higher radial stiffness of the lattice in the cVclKO mice. Changes in 

shear strains were small in the model and hence, owing to incompressibility, similar 

fiber shortening and decreased radial thickening resulted in decreased cross-fiber 

shortening in the cVclKO mouse model. Consistent with this hypothesis, papillary 

muscle tests showed no changes in isometric tension in global Vcl heterozygous null 

mice compared with controls. Atomic force microscopy in global Vcl heterozygous 

null myocytes showed a decrease in the probability of binding to FN-coated probe tips 

but no change in the force of adhesion, suggesting a decreased expression, availability 
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or affinity of integrin receptors. But membrane cortical stiffness calculated from the 

AFM force curves showed a significant decrease in Vcl heterozygous null myocytes 

that was reversed when vinculin expression was rescued in vitro. We suggest here that 

this finding may be due to a decrease in membrane cortical tension that is in 

equilibrium with transverse compression of the myofilament lattice that is presumably 

transmitted via the Z-disk. The location of Vcl in relation to the Z-disk, myofilaments, 

and the cell membrane as well as its possible role in membrane tension can be seen in 

Fig. 3.7. When vinculin is deleted, there is a decrease in the stiffness of the protein 

complex at the costamere which causes a decrease in the cortical tension, allowing for 

Z-disk expansion (increasing the lattice spacing). By decreasing membrane cortical 

tension, the lattice compression is relieved, resulting in expansion that increases actin-

myosin lattice spacing. Hence, we conclude that an early mechanism of ventricular 

mechanical dysfunction prior to the onset of heart failure in vinculin-deficient mice is 

an increase in systolic transverse myofiber stress development due to increased 

myofilament lattice spacing mediated by a decrease in membrane cortical tension. In 

the cVclKO model, the change in material properties lead to a 13% increase in the 

sub-endocardial systolic fiber stress. Since increased wall stress is a known risk factor 

for hypertrophy and cardiac dilation, these structural changes could contribute to the 

subsequent development of heart failure in cVclKO mice.  

Global cardiac function in 6-7 week old WT mice, as shown by EDV and EF 

derived from MRI, were near the ranges reported in literature [109-111].  Slight 

differences may be attributed to background strain, age, and anesthesia levels. On 

average, cVclKO hearts were slightly larger than WT hearts and EF was minimally 
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lower, but there were no significant differences detected in any of the global 

parameters. Therefore, loss of Vcl did not significantly affect global systolic function 

or geometry in the animals studied here.  
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Figure 3.7:  A hypothesized model of a possible role for vinculin in membrane cortical tension and 

compression of the Z-disk. In this model, vinculin maintains tension in the cortical cytoskeleton which 

compresses the Z-disk. When vinculin is deleted, the stiffness and force of the protein complex at the 

costamere (longer dashed downward arrows in panels A and B) is decreased (represented by shorter 

dashed arrows in panels C and D), this in turn leads to a decrease in the cortical tension (represented by 

shorter horizontal solid arrows in the cortical cytoskeleton with vinculin deletion), corresponding to 

lower AFM indentation force (white arrows). This decrease in cortical tension allows for the Z-disk to 

expand (owing to reduced compression of the Z-disk balanced by the reduced cortical tension). The 

expansion of the Z-disk leads to a larger lattice spacing. 
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The measured 3D end-systolic strains in the WT free wall agree well with 

previously published mouse data in terms of magnitude and sign [112, 113].  Our WT 

strains showed that Err is positive, indicating systolic wall thickening, and in general 

larger at the endocardium than the epicardium. In-plane strains were negative as 

expected, and torsional strain was also as seen before [111]. Fiber architecture in the 

cVclKO hearts was not different from that found in control hearts, and was consistent 

with previously published mouse studies [107]. Transforming strains into fiber 

coordinates provides insight into fiber and transverse-myocyte mechanics. The sign 

and magnitude of systolic fiber strain components in WT mice were similar to values 

measured in large animals such as the dog [108, 114]. In cVclKO mouse hearts, end-

systolic Eff strain was not significantly different from WT hearts, but Err and Ecc were 

decreased at several locations. This change in transverse function led to the hypothesis 

that sarcomere lattice spacing and myocyte force generation are altered by Vcl 

deficiency, and hence the histological and modeling studies. 

Loss of normal Vcl expression led to increased myofilament lattice spacing 

that may be mediated by altered equilibrium of stresses in the cytoskeleton. On 

average, the myofilament lattice spacing in unloaded cVclKO hearts was larger than in 

the WT hearts at rest and in contracture suggesting the presence of a cytoskeletal 

compressive pre-stress acting transverse to the filaments (tangentially to the Z-disk) 

that is partially released when Vcl is disrupted. Consistent with this hypothesis, 

membrane cortical stiffness measured by AFM was approximately 55% lower in 

global heterozygous Vcl null cardiomyocytes than controls, and this difference was 

lost when vinculin expression was restored in these cells. Wang . [115] suggested that 
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membrane stiffness is primarily a result of cortical pretension in adherent contractile 

cells. This idea is consistent with the tensegrity hypothesis of cell mechanics [116] the 

details of which are debated, but consistent with a growing number of cell mechanical 

studies. Thus we propose here that a decrease in membrane stiffness and expansion of 

the myofilament lattice can be mediated by a decrease in membrane pre-tension 

transmitted via the Z-disk. 

Previously, x-ray diffraction studies in rat heart muscle [117] reported a 34 nm 

distance between the planes of the thick filaments (d10 as described in [105])  at a SL 

of 2.2 m, which corresponds to a center-to-center distance between myosin filaments 

of 39 nm. Lattice spacing measurements from WT mice in the current study were 

consistent (within 6%) with these values after accounting for expected lattice 

shrinkage due to TEM sample preparation methods [103-105]. Although the WT TEM 

measurements were consistent with x-ray diffraction measurements, it should be noted 

that it is uncertain how lattice shrinkage due to TEM sample preparation might change 

with genotype or sarcomere length, which is a drawback to using TEM for this study. 

The lattice spacing in each mouse was also normalized by the inverse square root of 

sarcomere length to exclude differences in lattice spacing due solely to differences in 

SL between preparations. Viewed this way, sarcomere volume was higher in cVclKO 

mouse cardiomyocytes irrespective of loading.  

The micromechanical model used here assumed that the increased lattice 

spacing in the cVclKO hearts increases the crossbridge angle, which would increase 

the transverse sarcomere stiffness and generated transverse force assuming no change 

in the location of the actin binding site. Because the location of the actin binding site 
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was assumed to be the same between the two genotypes, the increased crossbridge 

angle caused an increase in strain in the S2 segment of the myosin head. Owing to the 

fact that the S2 segment was modeled as a spring, the increased strain resulted in an 

increased force in this segment (as illustrated in Fig. 3.2). As a result, the crossbridge 

active stress increased in the transverse direction but remained approximately constant 

along the fiber direction. This gave rise to a transverse stress on the lower end of the 

range recently determined by more complex models of the crossbridge [118]. This 

analysis implies that a more sophisticated model could show an even more dramatic 

increase in the transverse component of force with an increase in lattice spacing, 

possibly increasing the difference in Ecc between WT and cVclKO hearts. 

The analysis of crossbridge mechanics was performed using angles and 

geometric lengths that were either previously referenced in literature or measured in 

this study. The only values that were changed between the WT and cVclKO 

simulations were differences that were directly measured experimentally. No free or 

adjustable parameters were used to model the effects of Vcl deficiency in the active 

contraction simulations. The two-dimensional myosin segment lengths were obtained 

via a projection of a three-dimensional model using parameters from literature, and are 

referenced in Supplement Table A1. 

The altered sarcomere geometry of the cVclKO mice results in decreased 

radial strain as predicted in the stress analysis of the crossbridge. However, a 

limitation of the model is that it does not predict the minor change in transmural 

gradient of Err between WT and cVclKO as seen experimentally. Fiber strain in the 

model simulation changes more between WT and cVclKO than the experiments, but 
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the magnitudes of strain match the experiments very closely. The larger difference in 

fiber strain in the model shows the limitations of the simple model that could possibly 

be improved in the future with a more complex model. The cross-fiber strain is 

decreased in the cVclKO model throughout the wall, which agrees very closely to 

experiments at the endocardium, but the agreement differs slightly at the midwall and 

epicardium. This disagreement is most likely due to the high levels of variability in the 

measured cross-fiber strains. Additionally, it was determined that the increase in 

transverse active stress decreases the amount of wall thickening at end-systole when 

Vcl function is altered, which is consistent with experimental observations. The 

magnitudes of the genotypic strain changes in the simulation were less than the 

measured values, suggesting that the measured changes in sarcomeric structure may 

not be the only mechanism responsible for the altered ventricular function associated 

with Vcl deletion.  

There are several limitations in this study. In the active contraction simulation 

the fiber angles were only measured at the equator; these angles were then 

incorporated throughout the model. In addition, no transmural SL gradient was 

included in the model because no data has been collected to show that it exists in the 

mouse model being studied.  However, if it was determined that this gradient did exist, 

it would affect the accuracy of the SL measurements as previously described, and its 

absence would alter the simulation results. Also, the simplifying assumptions of the 

model (i.e. ignoring the higher order sheet structure, modeling the myocardium as a 

transversely isotropic material, no fiber dispersion, etc.) together with the simple 

axisymmetric geometry of the mesh result in a model that may not be capable of 
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accurately depicting all of the mechanistic subtleties associated with Vcl deletion. It 

should also be noted that the AFM stiffness protocol could be measuring a decrease in 

lattice stiffness as opposed to cortical tension, however our analysis of lattice stiffness 

suggests that there would be an increase in systolic lattice stiffness in the transverse 

direction.   

The results of the present study are an important step in understanding the 

mechanistic link between cellular structural alterations and contractile dysfunction 

associated with Vcl deletion and Vcl protein deficiency prior to the onset of DCM 

remodeling. MRI tagging studies defined a specific mechanical defect in ventricular 

wall function that precedes any decrease in fiber shortening or global chamber 

function. This defect in mechanical function can be explained by a specific and 

measurable direction-dependent ultrastructural change at the sarcomere level due to 

loss of costamere-associated Vcl. AFM measurements suggest a direct mechanical link 

between this alteration in sarcomere geometry and the loss of costameric Vcl. We 

describe and quantitatively tested an entirely novel mechanism for contractile 

dysfunction that may also explain how other proteins in the costamere and dystrophin-

glycoprotein complex might lead to contractile dysfunction and subsequent 

cardiomyopathy. 
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Chapter 4 

CaMKIIδ Splice Variants Differentially 

Regulate the Effects of Systolic Stretch on 

Myocardial Work in Isolated Myocardium 

 
4.1 Introduction  

Dyssynchronous activation in the ventricles causes regionally heterogeneous 

distributions of local myocardial work [73, 74]. Regions of higher work have been 

shown to have higher myocardial blood flow and increased oxygen uptake [74].  If 

work imbalances are sustained for long periods of time, the end result is asymmetric 

hypertrophy, which has been shown to significantly increase the risk of malignant 

arrhythmia and heart failure (HF) [75, 119, 120]. Previous studies concluded that late-

activated regions of hearts undergoing ventricular pacing do more external work and 

also have an increased demand for oxygen, where the early-activated LV free wall 

becomes significantly thinner and late-activated septum becomes significantly thicker 

[73-75]. 

Our previous work showed that varied physiologic systolic stretch timing in 

isolated muscles, as is seen in dyssynchronously activated myocardium in the intact 

heart, influences external work done by the muscles [121]. The previous study was 

performed in normal myocardium, but dyssynchronous activation is often associated 

with conditions in which calcium and twitch tension properties are altered. The present 
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study examines these same properties, but in papillary muscles from mouse models 

known to have altered contractile and calcium handling function.  

The mouse models known to alter contractile and calcium handling properties 

chosen for this study had altered expression levels of calcium-calmodulin dependent 

protein kinase II - delta (CaMKIIδ). CaMKII is a dodecamer holoenzyme that can 

phosphorylate many substrates, including contractile proteins [122]. It is found in 

many tissue types, but CaMKIIδ is the primary isoform found in the heart [123]. There 

are two splice variants that have been recognized in adult mammalian myocardium, δB 

and δC [124].  In human HF, CaMKII activity is increased 2-3 fold [125]. It has been 

implicated as a target for regulating contractile effects such as the force frequency 

relation and frequency dependent acceleration of relaxation by many [123, 126-129], 

and is also thought to phosphorylate contractile proteins such as myosin binding 

protein – C (MyBP-C) and cardiac troponin I (cTnI), which increase crossbridge 

cycling rates and decrease myofilament calcium sensitivity, respectively [79, 130]. 

When CaMKIIδ is knocked out (KO) (both δB and δC splice variants), it has been 

shown to be cardio-protective against pressure overload [131]. When CaMKIIδC is 

over expressed on a KO background (KOC), it causes myocardial hypertrophy and 

heart failure [132].  This study aims to examine the effects on mechanical work and 

tension development in papillary muscles from CaMKII KO and KOC mice. 

Papillary muscles from KOC mice were found to be in early HF, and preserved 

the effects of systolic stretch on external work, while muscles from KO mice were 

found to do more external work, compared to WT. The increase in work was found to 

be due to increases in total tension as well as increased magnitudes of systolic 
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shortening; these are the two components that determine external work. KOC muscles 

produced less total tension, but this was compensated by increased shortening 

magnitudes, which is why they were able to perform work at levels comparable to 

WT. We conclude that work heterogeneities due to varied systolic stretch timing are 

preserved in papillary muscles from hearts in early HF, and that knocking out CaMKII 

has a positive effect on work and tension development which is independent of 

calcium and is being dictated by alterations to myofilament activation.   
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4.2 Methods 

4.2.1 Muscle Isolation and Mounting 

All experimental procedures were carried out following IACUC-approved 

protocols in AAALAC-approved facilities at of the University of California San Diego 

in accordance with NIH Guidelines for the Care and Use of Laboratory Animals. Male 

Black Swiss mice were anesthetized using isoflurane, followed by cervical dislocation. 

The chest was then opened and the heart was arrested via intra-cardiac injection of a 

cardioplegic solution [76]. The heart was rapidly excised, canulated, placed in a bath 

with cardioplegic solution, and retrogradely perfused through the aorta with the same 

solution. Incisions were then made in the right ventricular free wall to allow access to 

the RV papillary muscles. Long, unbranched papillary muscles were dissected.  

The preparation was placed in a chamber (model 801C, Aurora Scientific, Inc.) 

mounted on an inverted microscope (Nikon Eclipse TE300). The septal end of the 

muscle was attached to a force transducer (model 405A, Aurora Scientific, Inc.) and 

the chordae tendineae was pierced with a hook attached to the lever arm of a high-

speed, servo-controlled motor (model 322C, Aurora Scientific, Inc.). The muscle 

chamber was constantly super-perfused with a modified Krebs-Henseleit solution (pH 

7.35) [76] bubbled with 95% oxygen and 5% CO2 in a reservoir, immediately prior to 

being gravity fed into the muscle chamber. A peristaltic pump was used to recirculate 

the superfusate.  

The muscle was paced at a constant rate of 2 Hz using platinum electrodes 

mounted inside the chamber. Each muscle was allowed to equilibrate for at least 30 
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minutes, or until it was able to pace steadily. All stretching was imposed using the 

computer-controlled high-speed motor. A high-speed CCD (model IP-VGA210, 

Imprerx, Inc.) camera, calibrated to determine pixel size, was used to record muscle 

lengths. Cross-sectional area was also recorded from the top and side views, using a 

small angled mirror. Cross-sectional area was used to calculate tensile stresses from 

forces.  

4.2.2 Strain Tracking 

Strains were measured using 7 to 10 titanium dioxide particles arrayed on the 

surface of the muscle near the central portion. Uniaxial Lagrangian strain (unitless) 

was calculated from E=½(λ
2
 – 1), where λ is the ratio of the stretched to slack muscle 

segment length. The CCD camera was used to track the marker displacements at a 

frame rate of up to 300 fps.  

4.2.3 Calcium Imaging 

Calcium transients were imaged in a subset of the muscles that were loaded 

with the ratiometric fluorescent dye, Fura-2AM, and excited alternately at 340 nm and 

380 nm via a fast filter switcher (Lambda DG-4, Sutter Instrument, Inc.) [77]. The 

loading solution containing Fura-2 AM was infused into the muscle chamber in a dark 

room, and allowed to load for 30 minutes. After the dye had sufficient time to 

penetrate cell walls, excess dye was washed out. The experiment then proceeded with 

the predetermined protocol, and ratiometric measurement of fluorescence emission 

was captured using a photomultiplier tube system (PMT-100, Applied Scientific 

Instrumentation). 
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4.2.4 Stretch Protocol 

Custom muscle testing control software was used to vary the timing and 

magnitude of stretches during stimulated twitches at a pacing rate of 2 Hz. Stretch 

waveforms were half sine waves with a fixed duration if 150 ms. The protocol 

consisted of 10 stretches, in which the timing was varied relative to the twitch stimulus 

time. Muscle length changes of 10% were applied. This magnitude was chosen as it 

falls within the range of systolic stretches observed in-vivo [71]. Each experiment 

consisted of three sequences: an isometric sequence, an actively stretched sequence, 

and a passively stretched sequence. Five isometric twitches were performed between 

each stretched twitch, to allow the muscle to recover before the next sequence of 

measurements. Following each stretched sequence was a sequence that was stretched 

but not stimulated, which was used to measure the passive tension due to the stretch.  

Work done by the muscle, or external work, was calculated as the area inside the fiber 

stress-fiber strain loop, for a single complete twitch. 

4.2.5 Deactivation protocol 

An experimental protocol was used to assess how deactivation due to muscle 

length change varies at different times during a twitch. Muscle length impulses of 10-

ms duration (triangle waveform with 5 ms stretch, 5 ms release to initial length) and a 

stretch magnitude of 5% of initial muscle length were applied to muscles at 8 different 

times during a twitch, similar to previous protocols [78]. The 5% stretch was designed 

to detach as close to 100% of the bound crossbridges as possible without damaging the 
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tissue. Muscles were only included in the analysis if the 5% stretch caused active 

tension to drop to less than 10% of peak isometric twitch tension.  

4.2.6 Force-Velocity Protocol 

 In order to allow the muscles to shorten at various velocities, the total muscle 

length was decreased during the first 100 ms after stimulation at 5 different fixed 

velocities. This allowed for the muscles to shorten against different loads. Due to the 

effects of calcium on the force-velocity relation, the same point was chosen in each 

twitch for assessment, which was the peak of the calcium transient. At this point, both 

velocity and developed tension were measured for each of the 5 shortening maneuvers.  

4.2.7 Calculating Twitch Properties 

 Characteristics of both the twitch tension and calcium transient profiles of 

muscle-length isometric twitches were found in WT, KO, and KOC muscles. Time to 

peak tension (TTP-T) was measured as the time in ms from stimulation to peak 

tension. The time to peak calcium (TTP-Ca) was measured in the same fashion, with 

the analysis performed on the calcium transient instead of the twitch tension profile. 

The time from peak twitch tension to 50% relaxation (RT50-T) was calculated as the 

time in ms from peak twitch tension to 50% of that value. The same analysis was done 

on the calcium transient (RT50-Ca). As an estimate of calcium sensitivity, peak twitch 

tension for each muscle was divided by the average peak calcium value for that group. 

Calcium concentration at peak tension was also calculated for each muscle, where 

calcium measurements were available.  
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4.3 Results 

4.3.1 External Work and Tension Development 

The timing of systolic stretch had a significant impact on peak twitch tension 

for WT, KO, and KOC. As seen previously [121], the earliest stretches had an 

inhibitory effect on tension development. Later stretches led to the largest increase in 

maximal tension compared with muscle isometric twitches. Examples of the effects of 

3 different stretch timings on the twitch tension profile can be seen in Fig. 4.1. For the 

3 latest stretches of the 10 stretch sequence, KO produced significantly more tension 

than WT (Fig. 4.2B), when normalized to muscle isometric twitch tension. For the 

earlier stretches, there was no observable difference in the effect of stretch on tension 

production between KO and WT. KOC peak tension values were very similar to that 

of WT for all stretch timings.  
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Figure 4.1: (A) An example of 3 effects of 3 different stretch timings on the twitch tension profile. 

Tension values are normalized to the peak tension from a non-stretched beat. (B) Imposed stretch 

profiles for the 3 stretches shown in panel A.  
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The timing of systolic stretch also had a significant impact on external work 

done by WT, KO, and KOC muscles. Stretches occurring early did not affect 

mechanical work development. Intermediate stretches led to the most work being 

done, while late stretches resulted in negative work done by the muscle. For the 

intermediate and late stretches, the KO group produced significantly more mechanical 

work than WT (Fig. 4.1A). KOC muscles produced roughly the same amount of work 

as WT for all timings of stretch.  

 



101 

 

 

 

  

Figure 4.2: (A) External work done by WT, KO, and KOC groups. The x-axis is the timing of peak 

systolic stretch, while the y-axis is the total external work done as calculated by the area within the 

stress-strain loop. (B) Peak tensions (normalized to peak isometric tension) produced by 10 different 

stretches. X-axis corresponds to the timing of peak stretch, while the y-axis corresponds to the peak 

tension resulting from that stretch, normalized to the peak tension of a non-stretched beat. (* represents 

significant difference of p<0.05 while # represents p<0.10 when group is compared with WT. Error bars 

represent S.E.M. for all panels and figures). 
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4.3.2 Factors Contributing to Work  

 External work is calculated as the area within the stress-strain loop of a single 

beat. Changes in either peak tension or maximum shortening values will directly affect 

mechanical work. Peak total tension, consisting of both active and passive tension, 

was higher in KO than WT muscles for all timings of stretch (Fig. 4.3A). This 

increase in peak total tension makes the area in the stress-strain loop larger, thus 

increasing external work done by the KO muscles. Peak total tension was lower in 

KOC than WT for all timings of stretch.  



103 

 

 

 

 

Figure 4.3: (A) Peak total tensions (passive and active tension) for all 10 stretches for WT, KO, and 

KOC groups. X-axis is time of peak stretch. (B) Absolute value of maximum shortening amplitude. X-

axis is time of peak stretch. (C) Maximum measured shortening velocities at the experimental test 

muscle length for WT, KO, and KOC groups. (* represents significant difference of p<0.05 while # 

represents p<0.10 when group is compared with WT.) 
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 Maximum shortening is the absolute value of the minimum strain value 

reached by a muscle during contraction. An increase in maximum shortening increases 

the size of the stress-strain loop, while a decrease in maximum shortening decreases 

the size of the loop. The KO group produced significantly larger (Fig. 4.3B, p<0.05 

for first 7 stretches, p<0.10 for last 3 stretches) maximum shortening values than WT 

all stretches. The increase in maximum shortening increases the area of the stress-

strain loop, thus increasing the amount of work performed by the KO muscles. The 

KOC group produced larger maximum shortening values than WT (values were not 

statistically significant) for all stretch timings.  

The maximum rate of shortening is a major contributor to the maximum 

shortening amplitude; therefore this rate is of importance to measure. KO and KOC 

muscles were found to shorten significantly faster than WT (p<0.05 for KOC, p<0.1 

for KO). These values, calculated as the absolute value of the negative strain rate, can 

be seen in Fig. 4.3C. 

4.3.3 Passive Mechanical Properties 

 To investigate the passive mechanical properties of WT (n=5), KO (n=6), and 

KOC (n=1) muscles, 9 step increases in muscle length were imposed on each muscle, 

while measuring passive forces. The passive stiffness of the KO muscles were slightly 

higher than that of the WT, but this difference was not statistically significant at any 

length, as seen in Fig. 4.4. While the passive stiffness of the KOC muscle was slightly 

lower than that of the WT. 
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Figure 4.4: Passive stiffness of WT, KO, and KOC groups at 9 different total muscle lengths.  
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4.3.4 Deactivation 

 To determine the deactivating effects of stretching or shortening transients, a 

series of muscle length transients (rapid stretch followed by release) were performed 

at 8 at different times during the twitch cycle. These muscle length transients caused 

active tension at all time-points in the twitch to drop below 10% of its maximum 

value, indicating that nearly 100% of crossbridges were detached by the length 

transient. As expected and as reported previously, muscle length transients occurring 

early in the twitch resulted in nearly 100% tension redevelopment following the 

impulse, while later transients resulted in lower force redevelopment [78, 121]. 

Expressing the peak redeveloped tension for each length transient as a fraction of the 

isometric tension at that same point in time was used as a measure of deactivation due 

to a transient muscle length change. This analysis was performed for both WT and KO 

muscles (Fig. 4.4). The length transients had a greater deactivating effect on the WT 

muscles than the KO for later stretches. This difference was significant for the last 4 

stretches (p<0.05 for all but the latest stretch, where p<0.10). Whereas the KOC group 

showed no differences in deactivation compared to WT.  
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Figure 4.5: (A) Rapid stretches were performed to deactivate all tension at 8 time-points during a 

twitch. The redeveloped tension as a fraction of muscle isometric tension at the same point in time for 

WT and KO are plotted with x-axis as the time of stretch. (B) Same comparison as panel A but for WT 

and KOC.  (* represents significant difference of p<0.05 while # represents p<0.10 when group is 

compared with WT.) 
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4.3.5 Force-Velocity Relation 

 To induce different velocities of shortening, each muscle was subjected to a 

protocol in which the total muscle length was reduced at different rates during the first 

100 ms after activation, at 5 different velocities. This protocol allowed for each muscle 

to shorten at 5 different velocities, where both shortening velocity (negative strain 

rate) and tension were measured simultaneously. These measurements allowed for the 

analysis of how shortening velocity affects the tension development in the WT, KO, 

and KOC muscles. All three groups were found to operate on different force-velocity 

curves, as seen in Fig. 4.6. Although the data does not cover the full range of forces 

and velocities required to interpret a complete force-velocity relation, a linear fit 

through each dataset estimates isometric tension values of 5.5 mN/mm
2
, 6.3 mN/mm

2
, 

and 1.9 mN/mm
2
 for WT, KO, and KOC muscles, respectively (for the phase of the 

twitch during peak calcium). Using this same fit, Vmax values were found to be 6.6x10
-

3 
s

-1
, 9.0x10

-3
 s

-1
, and 6.9x10

-3
 s

-1
 for WT, KO, and KOC muscles, respectively.  
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Figure 4.6: Tension-velocity relation for WT, KO, and KOC groups. 5 different shortening velocities 

(displayed as the absolute value of the negative strain rate) were induced at the same phase of the twitch 

with simultaneous tension measurements.  
 

 

4.3.6 Twitch Properties 

The properties of the twitch tension and calcium transient profiles were 

analyzed to gain insight into how the absence and overexpression of CaMKII affects 

twitch mechanics. Peak twitch tension was found to be higher in KO (n=9) than WT 

(n=5, not statistically significant), but significantly lower in KOC than WT (n=5, 

p<0.05). Peak calcium amplitude (Fura-2 ratio, 340/380) was found to be significantly 

higher in WT (n=2) than KO (n=3, p<0.05), while KOC (n=3) peak calcium was lower 

than WT, but not significantly. Time to peak tension (TTP-T) was slightly longer for 

KO than WT (p<0.1), with no difference in KOC. Time to peak calcium (TTP-Ca) 

was also slightly longer for KO than WT (p<0.1), with no difference observed in 

KOC. The time to 50% relaxation in twitch tension (RT50-T) was found to be slightly 

longer in KO than WT (p<0.1), with no difference in KOC. The time to 50% 

0

1

2

3

4

5

6

0 0.002 0.004 0.006 0.008 0.01

T
e

n
s

io
n

 (
m

N
/m

m
2
)

Strain Rate (s-1)

Force-Velocity Relation                           
(At peak Ca)

WT

KO

KOC



110 

 

 

 

relaxation in calcium concentration (RT50-Ca) was not found to be significantly 

different in KO or KOC from WT.  

 

 

 

 

 

Figure 4.7: Twitch properties for WT, KO and KOC groups. Peak amplitude values were measured for 

both tension and calcium transients. Time to peak tension (TTP-T) and time to peak calcium (TTP-Ca) 

give insight about the rate of force development. Time to 50% relaxation of tension (RT50-T) and 

calcium (RT50-Ca) gives insight to the relaxation phase of the twitch. (* represents significant 

difference of p<0.05 while # represents p<0.10 when group is compared with WT.) 
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at peak tension between KOC and WT. A summary of these results can be seen in Fig. 

4.7.  

4.3.7 Tension-Calcium Loops 

 Tension-calcium loops are useful for analyzing the relationship between 

calcium concentration and the development of tension. It is known that there is a 

hysteresis between calcium and tension, and when they are plotted with calcium on the 

x-axis and tension on the y-axis, a counter-clockwise loop is formed. Calcium rises 

more quickly than tension, but tension relaxes more quickly than the calcium transient 

decays, as seen in Fig. 4.8A and 4.8B. The tension calcium loops for WT, KO, and 

KOC were very different (Fig. 4.8C), as each has a different tension response for a 

given amount of calcium.  
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Figure 4.8: (A) Muscle length isometric twitch tension profiles for WT, KO, and KOC muscles. (B) 

Calcium transients with diastolic calcium values removed. (C) Tension-calcium loops for all 3 groups. 

Numbers 1,2, and 3 correspond to the phases of diastolic calcium, peak calcium, and peak tension, 

respectively.  
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4.4 Discussion  

In this study, relatively slow systolic stretches, which have previously been 

shown to alter force and external work development [121], were imposed on papillary 

muscles from mice overexpressing CaMKII δc, which were in the early stages of heart 

failure, as well as on muscles from CaMKIIδ deficient mice. Since the KO is deficient 

of both δB and δC splice variants, and the KOC is overexpressing only δC but deficient 

of δB, these results will help give insight in to the roles that the individual splice 

variants might play in regulating the mechanical function in the myocyte. This study 

was designed to investigate how the work heterogeneities due to varied timing of 

systolic stretch seen in normal tissue are affected by changes phosphorylation of 

contractile and calcium handling proteins by altering the levels of CaMKIIδ. It has 

been shown that work heterogeneity may be an important stimulus for asymmetric 

hypertrophy [75], therefore these results will help in understanding how calcium and 

contractile proteins interact with mechanical stretch to regulate tissue remodeling.  

 The stretch protocol that was used to generate work heterogeneities was the 

same described by our group previously [121]. These relatively slow systolic stretches 

were shown to cause the muscle to produce close to zero work when carried out early 

in the twitch; they would drastically increase force for intermediate stretches; and 

result in negative work for late stretches. The same phenomenon was seen in this study 

in KOC muscles, with no change in magnitudes of work performed. Magnitudes of 

work were significantly increased in the CaMKII deficient mouse model (CaMKII 

KO), most noticeably for systolic stretches occurring later in the twitch.  



114 

 

 

 

 The two components that make up external work are total tension and muscle 

strain. An increase in total tension or magnitude of shortening strain will increase the 

size of the work loop, where a decrease in either will decrease the amount of work 

done. The KO muscles produced greater total tension, as well as more shortening 

compared to WT muscles, both of which contribute to increasing the size of the work 

loop, ultimately increasing the work done. KOC muscles produced less total tension 

than WT muscles, but reached greater shortening magnitudes. The decrease in tension 

decreases external work, but the increased shortening increases the amount of work 

done. Together, the increased shortening compensated for the decrease in total tension, 

and the KOC muscles produced the same amount of work as the WT.  

4.4.1 Force-velocity and Shortening Effects 

 Both KO and KOC muscles shortened to greater magnitudes than the WT. This 

is of importance in this study because the magnitude of shortening is a key component 

in the amount of work done by the muscle. In the KO mice, this increase in shortening 

was statistically significant. In order for these muscles to reach greater magnitudes of 

shortening, without drastically increasing the duration of the twitch, they ultimately 

have to shorten faster, which was observed in the KO muscles when compared with 

WT. The maximum shortening velocity was significantly increased in the KO group.  

To get more insight into this increase in shortening velocity, the force-velocity 

curves were compared for each muscle group. The results showed that the KO muscles 

fell on a rightward shifted force-velocity relation compared to the WT group, meaning 

they produce more force for a given velocity. Based on the limited data points that 
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were measured for the force-velocity relation, it also appears that the KO group had a 

higher Vmax, meaning that the maximum rate of shortening is higher than that of the 

WT group. This data also predicts isometric tension to be higher in the KO group, 

which was observed experimentally. This implies if the KO and WT groups had 

appropriate afterloads, such that they shortened at the same velocity, the increase in 

tension in the KO group would be even greater than was observed in this study. 

However, points on the curve would need to be measured where force and velocity 

actually reached zero values to make these conclusions justified.  

 The KOC group also reached greater magnitudes of shortening than the WT 

group. The data showed that the KOC group shortened significantly faster than the 

WT group. The force-velocity relation of the KOC group had a decreased slope when 

compared with WT, but the Vmax intercept was slightly higher. This analysis shows 

that for these experiments, the KOC group was operating on the lower end of this 

curve, where they were able to achieve higher shortening velocities, at the sacrifice of 

tension production. This is of importance because the increased shortening magnitude 

of the KOC group is what enabled the external work produced by them to be 

unchanged, in light of a decrease in total tension production. Ultimately, it was this 

ability to shorten faster that enabled them to produce work values on par with the WT 

group.  

 The differences in the force-velocity relation between all three groups can also 

give some insight into why they all have different responses to stretch. The systolic 

stretches imposed on all muscles involved a lengthening and a shortening segment. 

The shortening segment of the stretch causes a negative shortening velocity, which by 
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virtue of the force-velocity relation has been shown to decrease developed tension. 

The results described here show that, if the force-velocity relation measured here holds 

for all velocities, the KO muscles will experience a smaller decrease in tension, while 

KOC muscles will experience a greater reduction in tension for a given shortening 

velocity, when compared with WT. This helps explain why KO muscles produce more 

total tension, but KOC muscles produce less total tension for every given timing of 

systolic stretch, when compared with WT.  

 It is interesting that both KO and KOC muscles shortened faster as well as had 

higher Vmax values than the WT group. What both the KO and KOC groups have in 

common is that they are both deficient of the CaMKII δB splice variant. This leads to 

the conclusion that the δB splice variant might be involved in crossbridge cycling rates 

which contribute to the maximum rate of shortening and Vmax. 

4.4.2 Passive Properties and Deactivation 

 Passive stiffness properties were examined in the WT, KO and KOC groups to 

further investigate the differences in total tension. The passive stiffness was found to 

be slightly higher in the KO group, and slightly lower in the KOC group. This slight 

increase in passive stiffness in the KO muscles results in a larger increase in total 

tension due to stretching the muscle. A stiffer muscle will have a higher total tension 

than that of a less stiff muscle when stretched to the same magnitude. The increase in 

stiffness found in the KO group can account for some of the increase in total tension, 

but not all of it. The slight decrease in stiffness of the KOC muscles can help explain 

some of the decrease in total tension, compared to WT.  
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 The deactivation protocol caused less deactivation in the KO group than WT 

for stretches occurring later in the twitch. The increase in tension in the KO group 

seen in Fig. 4.2B can partially be attributed to the decrease in deactivation present in 

these muscles late in the twitch. This can also partially account for the increase in 

work seen for later stretches in the KO group. For the KOC group there was no 

difference in the deactivation.  

 Comparison of the calcium transients shows that calcium levels stay elevated 

later in the twitch for the KO group, which can possibly explain the decrease in 

deactivation that takes place in these muscles for stretches occurring late in the twitch. 

The distinguishable difference between the KO group and the other two groups is that 

it is deficient of the δC splice variant. This leads to the conclusion that the changes in 

the calcium handling properties, due to the deletion of the δC splice variant, are 

responsible for the altered deactivation that takes place in the KO muscles.  

4.4.3 Twitch Tension and Calcium Properties 

 The analysis of the passive stiffness and deactivation properties can partially 

explain why the KO group produced more total tension than the WT, but the 

difference between the two groups was too large to be explained solely by these 

factors. Initial analysis made it clear that the KO muscles were producing slightly 

more force for a given muscle length, which helps explain the remaining differences in 

the total tension. Further analysis of the calcium transients gives insight into whether 

the differences in twitch tension properties are solely due to difference in calcium, or 

if altering CaMKII affects myofilament activation.  
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 The KO group produced slightly more tension, but had significantly reduced 

calcium transients compared with the WT group. While the KOC group produced 

significantly less tension, but showed no significant difference in calcium transient 

magnitude, when compared with WT. These results indicate an increase in calcium 

sensitivity in the KO and a decrease in calcium sensitivity in the KOC. This means 

that for a given amount of calcium, the KO muscles produce significantly more 

tension, while the KOC produce significantly less tension, than the WT. It was also 

observed that the KO twitches relaxed slower than WT, as their time from peak to 

50% tension were significantly longer, with no increase in the time from peak to 50% 

calcium. This slowed relaxation with no change in the calcium transient duration is 

indicative of increased calcium sensitivity, as the twitch tension stays elevated even as 

the calcium levels drop.  

 These results indicate an increase in calcium sensitivity in the KO group and a 

decrease in the KOC group. The KOC mice have an overexpression of CaMKII δC, 

with the δB variant knocked out, while the KO mice have both variants knocked out. 

This leads to the conclusion that deleting the δC spice variant increases calcium 

sensitivity, while over-expressing it decreases calcium sensitivity.   

4.4.4 Limitations 

While all possible efforts were made to ensure that this study simulated 

systolic stretch and work heterogeneities while analyzing their effects in the best ways 

possible, there are some inherent limitations. One limiting factor involves the 

compliance of the tissue, which cannot be avoided, and that can vary from specimen to 
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specimen. These effects are minimized by tracking regional strain and by mounting 

the muscles in such a way that reduces compliance. Papillary muscles were ultimately 

used because they are better preparations for measuring work, as their intact structure 

more closely resembles the ventricular wall.  

 Another limiting factor is that the KOC mice were in early HF, which is known 

to alter calcium handling and contractile properties. To avoid this, future studies could 

be done in mice at younger time-points to minimize the effects of HR. Another 

limiting factor is that calcium transients were not measured for all muscles, and thus 

the sample size with transients is limited. Additional experiments should be performed 

to ensure that the calcium transient trends measured here are conserved in larger 

populations. Lastly, additional velocities should be assessed to gain additional 

information on the force-velocity relation, and ultimately Vmax. 

4.4.5 Conclusions 

 In this study, systolic stretches to induce heterogeneous work outputs were 

imposed on papillary muscles from WT mice, mice deficient of CaMKII δB and δC 

(KO), and mice deficient of CaMKII δB but over-expressing δC (KOC). The timing of 

systolic stretch was previously shown to influence twitch tension and external work, 

and here we conclude that this phenomenon is preserved in the KOC group, which 

were in early HF, and enhanced in KO group. The alterations in shortening velocity 

observed in this study appear to be due to the CaMKII δB splice variant, which might 

be involved in crossbridge cycling rates contributing to the maximum rate of 

shortening and Vmax. The changes in the calcium handling properties, due to the 
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deletion of the δC splice variant, are responsible for the altered deactivation that takes 

place in the KO muscles. Deletion of the δC splice variant increases calcium 

sensitivity, while over-expressing it decreases calcium sensitivity, which is responsible 

for part of the increase in total tension seen in the KO group and decrease in tension in 

the KOC group. This study shows that CaMKIIδ has significant effects on 

myofilament activation of intact muscle preparations, independent of calcium levels.    
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Chapter 5 

General Conclusions 

In the systolic stretch study, the effects of timing and magnitude of stretch on 

developed twitch tension in mouse papillary muscles were investigated. Twitch 

tension and work performed by the muscle were highly dependent on the timing and 

magnitude of stretch. A time-varying stiffness analysis made it clear that the stiffness 

change during contraction did have a substantial effect on the twitch tension, but it 

could not fully explain the results. The force-velocity relationship could help explain 

some of the results that could not be explained by the time-varying stiffness analysis. 

Shortening deactivation explained remaining difference. The analysis shows that time-

varying stiffness alone cannot explain the effects of prestretch on twitch tension; other 

mechanisms such as force-velocity and shortening deactivation need to be included. 

In the vinculin study, the effects of Vcl deletion and hence vinculin deficiency 

on sarcomeric structure were investigated, as well as the possible mechanistic link 

between sarcomere function and regional fiber mechanics in the intact mouse heart. 

cVclKO mice were studied before the onset of cardiac dysfunction focus on the effects 

of the deletion without the overwhelming additional effects of heart failure. The 

experimental results along with the mechanistic model indicate that vinculin 

deficiency can have a direction-dependent effect on regional wall mechanics that can 
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be explained by altered transverse stiffness and force development at the level of the 

crossbridge. 

In the CaMKII study, systolic stretches to induce heterogeneous work outputs 

were imposed on papillary muscles from WT mice, mice deficient of CaMKII δB and 

δC (KO), and mice deficient of CaMKII δB but over-expressing δC (KOC). The timing 

of systolic stretch was previously shown to influence twitch tension and external work, 

and here we conclude that this phenomenon is preserved in the KOC group, which 

were in early HF, and enhanced in KO group. The alterations in shortening velocity 

observed in this study appear to be due to the CaMKII δB splice variant, which might 

be involved in crossbridge cycling rates contributing to the maximum rate of 

shortening and Vmax. The changes in the calcium handling properties, due to the 

deletion of the δC splice variant, are responsible for the altered deactivation that takes 

place in the KO muscles. Deletion of the δC splice variant increases calcium 

sensitivity, while over-expressing it decreases calcium sensitivity, which is responsible 

for part of the increase in total tension seen in the KO group and decrease in tension in 

the KOC group. This study shows that CaMKIIδ has significant effects on 

myofilament activation of intact muscle preparations, independent of calcium levels.    
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5.1 Mechanisms involved in explaining the effects of systolic stretch can be 

used when modeling physiological stretch 

 The work presented here demonstrates that the effects of systolic stretch on 

twitch tension can be explained by a combination of a time-varying stiffness, the 

force-velocity relation, and shortening-induced muscle deactivation. This information 

is of value because it brings forward the mechanisms that are most important in 

describing the effects of a stretch that has physiological duration, shape, and 

magnitude. While cardiac muscle mechanics is an intensely studied field, and there is 

endless information on the mechanics involved in muscle contraction, there is little 

that describes which mechanisms are totally necessary in describing the effects of a 

physiological stretch, such as systolic stretch. When modeling cardiac muscle 

contraction either in the whole heart or in isolated tissue, the model should be able to 

reproduce the crucial mechanisms uncovered here. Future work could involve 

developing a model that includes time-varying stiffness, the force-velocity relation, 

and shortening deactivation, and seeing how well it predicts the experimental results 

measured here.  

 

5.2 Systolic stretch is a component of the work imbalance seen in-vivo in late-

activated regions 

 Previous studies have concluded that asynchronously contracting hearts 

undergoing regional ventricular pacing have regions of external work imbalance. 

These studies showed that early-activated regions produced significantly less external 

work than late-activated regions. Observed imbalances in workload have been shown 
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to play a role in asymmetrical hypertrophy. The results of the experimental studies 

shown here indicate that simulated systolic stretches with timing similar to the systolic 

stretch observed in late-activated regions in-vivo did more work than muscles that 

were not stretched. This indicates that systolic stretch could contribute or be associated 

with the work imbalance observed in dyssynchronous activation. While it is known 

that there is an increase in work performed in late-activated regions, the role of 

systolic stretch in this increased workload has never been investigated (by our 

knowledge) until now. Future work could involve investigating how reducing systolic 

stretch could ultimately reduce the work imbalance observed in paced hearts.   

 

5.3 A 2-dimensional crossbridge model is sufficient in determining force 

distributions 

 The crossbridge mechanics model used in the vinculin study was a 2-

dimensional equivalent of the 3-dimensional structure of a crossbridge. The angle 

between the S2 segment and the thick filament (θ) was preserved from the 3-

dimensional structure, and the lengths of the segments were scaled accordingly. The 

values from the 2-dimensional crossbridge model were then used to calculate stiffness 

ratios at the scale of the lattice. The results from this work show that a more 

complicated 3-dimensional crossbridge geometry is not necessary when factoring in 

stresses at the scale of the lattice.  
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5.4 Mechanical analysis of changes at the scale of the lattice can be used to 

explain alterations in ventricular wall function 

 The work presented in the vinculin study shows how an analysis of the 

mechanics of a change at the scale of the lattice can be used to explain alterations at 

the tissue scale. This multi-scale approach shows how mechanical alterations at the 

subcellular level can impact function at the tissue scale. While this analysis gave 

insight into the effects of vinculin deletion, this same analysis can be applied to other 

disease models, given that there are other mutations of the costamere that have been 

implicated in dilated cardiomyopathy.   

 

5.5 External work and tension properties are preserved in failing 

myocardium 

 Chapter 2 of this dissertation showed that altering the timing of systolic stretch 

in normal tissue had a large impact on tension and work production. The motivation of 

that study was to investigate the effects of the systolic stretch seen during 

dyssynchronous activation. The issue is that dyssynchronous activation is often 

associated with heart failure. In chapter 4 of this dissertation, mice that were in early 

heart failure were subjected to the same systolic previously studied. The results of 

chapter 4 conclude that the impact of stretch timing on work and tension development 

is preserved.   
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A.1 Magnet Resonance Imaging (MRI) 

MRI was performed on a 7T horizontal-bore magnet (Varian, Palo Alto, CA, 

USA) with an Avance II console (Bruker, Germany).  Imaging protocols were based 

on methods in Chuang .. [93].  An ECG-triggered FLASH sequence was used for cine 

imaging with the following parameters: TE = 2.3 ms, TR = 6 ms, flip angle = 15°, 

slice thickness = 1 mm, NEX = 4, FOV = 2.0 cm, in-plane resolution = (156 µm)
2
. For 

MRI tagging, a spatial modulation of magnetization (SPAMM) sequence was used 

[133] to produce tag lines with a distance of 0.9 mm and width of 0.31 mm. Five short 

axis images and three longitudinal images were acquired.  Cine and SPAMM images 

were collected at all slice locations. The entire imaging protocol took approximately 1 

hour for each mouse (n=5 for both WT and KO hearts). 

 

A.2 Papillary Muscle Studies 

Passive and active stress vs. strain curves for the papillary muscles were 

similar in magnitude and shape as those seen in WT hearts in previous studies with the 

same experimental setup (Sheikh, 2008, JCI). Passive stress was 0.48±0.30 kPa (WT) 

and 0.54±0.25 kPa (KO) at a strain of 0.1, and 1.84±1.29 kPa (WT) and 2.30±0.91 kPa 

(KO) at a strain of 0.2. Active stress was a nearly linear function of strain for both 

groups, with values of 18.36±8.52 kPa (WT) and 16.14±9.70 kPa (KO) at a strain of 
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0.2. For both active and passive function, neither showed a statistical effect of animal 

type on stress or an interaction of animal type and strain by ANOVA. 

 

A.3 Histology 

After MRI imaging the hearts were arrested with a hyperkalemic solution and 

fixed with 10% buffered formalin as described previously [107]. Each heart was cut 

into three pieces for fiber and sheet angle measurement. Each tissue piece was 

embedded in optimal cutting temperature compound and cryo-sectioned to produce 10 

µm slices. The first block was sectioned through the LV free wall parallel to the 

epicardial circumferential-longitudinal plane (1-2) for transmural fiber angles (α).  A 

continuous fiber angle distribution through the wall from epicardium to endocardium 

was calculated by a linear least squares fit of the measured α.  The remaining tissue 

pieces were sectioned parallel to the circumferential radial (1-3) plane or the 

longitudinal-radial (2-3) surface, for measurement sheet angles (β) as described 

previously [107]. 

 

A.4 Sample Preparation For Transmission Electron Microscopy (TEM) 

The first group of the hearts (n=3 each cVclKO and WT) was arrested at end-

diastole by perfusion with a modified St. Thomas‘ Hospital cardioplegic solution no. 2 

[134]; for the second group (n=3 each cVclKO and WT), barium contracture against 

zero-load was utilized to simulate end-systole [135, 136] by first perfusing the heart  

with a modified low-calcium Tyrode solution (0.078 mM CaCl2) for 5 min and then 



128 

 

 

 

Tyrode solution with 0.078 mM CaCl2 and 2.5 mM BaCl2. Tissue samples were then 

prepared as described previously with minor modifications [137]. Briefly, the hearts 

were perfusion fixed with 2% (wt/v) paraformaldehyde and 2.5 % glutaraldehyde.  

Two-hundred μm thick vibratome slices were incubated in 0.8% potassium 

ferrocyanide and 2% osmium tetroxide overnight before being stained with 1% uranyl 

acetate (UA), dehydrated in ethanol, and embedded in Durcupan ACM resin. 

 

A.5 Myofilament Image Analysis 

Samples were prepared for TEM using standard techniques. Groups of cVclKO 

and WT hearts were fixed either in diastole (arrested) or in systole (barium 

contracture). 150-200 nm thickness sections for TEM were stained with 1% UA and 

Sato lead. Sets of images were obtained on a FEI Titan electron microscope operated 

at 300 kV. The tilt angle of the stage was adjusted manually such that the tissue was 

oriented for proper sectioning relative to the local fiber direction as quantified 

previously in the mouse [107]. In order to quantify myofibril interfilament lattice 

spacing, images were recorded at 37,000x or 47,000x magnification by a Gatan 4K x 

4K Ultrascan 4000 CCD camera with myocytes oriented approximately normal to the 

plane of the image. Sarcomere length (SL) images were recorded at 3,800x or 5,000x 

magnification by the same camera in the plane of the cell long axis. All images were 

processed within ImageJ. A square region of interest (ROI, 4096 by 4096 pixels) was 

selected at the A bands with both thick and thin filaments visible, and transformed into 

the spatial frequency domain by fast Fourier transformation (FFT). The distance to the 

first- and second-order diffraction patterns of the lattice images were converted into 
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median inter-thick filament spacing and lattice spacing (thick to thin filament spacing) 

respectively across the region, while the first-order diffraction pattern from long axis 

sarcomere images was utilized to determine a median sarcomere length[138]. A 

minimum of 12 ROIs was used in each animal for lattice spacing, and 18 ROIs from 

each for sarcomere length. 

 

A.6 Fluorescence Confocal Microscopy  

Overnight cultured cardiac myocytes were fixed with 2% paraformaldehyde 

for one hour followed by several glycine-PBS washes. Cells were permeabilized with 

ice-cold methanol for 3 min at 4C followed by several rinses with PBS. Cells were 

then incubated with blocking solution containing 1% BSA, 2.5% normal goat serum 

and 0.1% Triton X-100 for one hr. After the blocking step, cells were incubated 

together with primary mouse anti-vinculin (1:100, Chemicon International, Inc) or 

mouse IgG as control (1:100, Santa Cruz, CA) for one hour. Samples were rinsed and 

incubated with secondary antibodies of goat-anti-mouse Oregon green 488 IgG and 

goat-anti-rat red Cy5 IgG (1:200, Molecular Probes, Invitrogen) for 1 hour in the dark, 

washed extensively, and treated with ProLong AntiFade (Molecular Probes, 

Invitrogen). Serial image sections through focus with step size of 0.1-0.3 µm thickness 

were collected using the Leica AOBS SP2 Confocal microscope (Leica Microsystems 

GmbH Wetzlar, Germany). Normalized ratio of mean integrated fluorescent density of 

vinculin vs control IgG were compared. 
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A.7 Adhesion Force and Cell Stiffness With AFM 

A.7.1 AFM force mode operation for force and stiffness measurements 

AFM was performed in adult male mouse cardiomyocytes that were isolated 

from wild-type C57BL/6 and heterozygous global Vcl null mice (2-4 months) hearts 

using methods described previously [99]. In a third group vinculin gene transfer was 

performed in heterozygous null myocytes [139]. Transient transfection of myocytes 

was carried out in 35 mm tissue culture dishes using the lipofection technique. 

LipofectAMINE(20 μl, Invitrogen, Gran Island, NY) was mixed with 5 μg of total 

plasmid cDNA containing both vinculin and enhanced green fluorescent protein 

cDNA in 4 ml of 2% (v/v) Dulbecco‘s modified Eagle‘s medium (DMEM) without 

penicillin and streptomycin serum-free DMEM and placed on cells for overnight at 

37°C in a humidified incubator containing 5% CO2. . The cDNA-containing medium 

was then aspirated and replaced with 2.5 % DMEM with 100 U/ml penicillin and 100 

μg/ml streptomycin. Enhanced green fluorescent protein was used to identify 

successful transfected cells that were used in AFM protocols. Only transfected cells 

were used for AFM protocols, typically 2-3 days after transfection. The force contact 

mode of operation was used to measure of adhesion and cortical membrane stiffness 

(elastic modulus) from the retraction and approach curves, respectively [98, 140]. The 

AFM experiments were performed using a Bioscope system (Model 3A, Digital 

Instruments, Santa Barbara, CA), which was mounted on an Axiovert 100 TV inverted 

microscope (Carl Zeiss, Germany). The AFM probes were silicon nitride microlevers 

with conical tips <40 nm and mean spring constant approximately 14.4 ± 0.6 pN/nm 
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(model MLCT-AUHW, Digital Instruments, Santa Barbara, CA). For each 

experiment, the position of the protein (e.g. fibronectin (FN)) labeled probe was 

controlled to repeatedly touch and retract (Z-axis) from the cell membrane surface. 

Force curves were recorded for these repeated cycles of probe approach and retraction 

at 0.5 Hz scan frequency and a Z-axis movement of 800 nm. With each group of 

experiments, 500 force curves were sampled from 10 randomly selected cells 

(obtained from 3 to 5 hearts; 50 curves/cell) for each treatment.  

To measure cell cortical stiffness (i.e., elastic modulus or cell resistance to 

shape deformation, Fig. A3), approach force curves were used for analysis (gray solid 

trace in Fig. A3). When the FN-coated probe moves to approach the cell surface (point 

1 to 2), force remains at zero level. The cantilever will bend, encounter a resistance 

and change the deflection signal after contact with the surface (gray solid ‗approach‘ 

line, point 2 to 3). Point 2 represents a ‗reflection point or contact point‘. The 

approach force curves were fitted with the Hertz Model between point 2 to 3 using 

MATLAB software (Mathwork, Inc.) and NForceR software (copyright, 2004) to 

calculate the cortical stiffness based on tip displacement and membrane indentation. 

The stiffer the cell, the less the indentation and the steeper the upslope of the force 

curve. As the probe retraction starts (black dash ‗retraction‘ line), the resistance force 

will decrease (point 3 to 4). The snap-off that represents bond rupture (i.e. termed 

adhesion force) between FN and the cardiomyocyte is shown in retraction line (black 

dash trace, point 5). To measure adhesion force, retraction force curves were used for 

analysis (solid dash trace in Fig. A3). Single-rupture forces were determined using 
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Hooke‘s Law: F=kd. Where d is the height of the step change in the retraction curve 

representing bond rupture (in Fig. A3 point ‗5‘) and k is the spring constant [98, 141]. 

The peak value (mode), which likely denotes a FN-integrin single bond unbinding 

force, represents the most frequent or maximum likelihood value obtained over 500 

retraction curves in each experiment [98, 140, 142]. A comparison of the FN adhesion 

force indicated that there was no difference among the three different regions, 25% 

from either end of the myocyte and in the lengthwise center of the cell (data not 

shown. Also see ref. [98]). As seen in Figure A3, the example trace shows two 

adhesion events (bond rupture) that occurred when the FN coated-probe retracted. 

When all adhesions between the FN-coated probe and cardiomyocyte have been 

broken, the retraction curve again overlies the initial approach curve level (point 6) 

because net forces acting on the cantilever are zero (i.e. equivalent to force acting on 

the probe during the approach).   

A.7.2 Labeling of AFM probes 

AFM probes were labeled with the FN, or control proteins using a method we 

have previously described [98, 140] that was adopted from Lehenkari and Horton 

[140, 143]. Polyethylene glycol (PEG, Sigma) was used to cross-link proteins onto 

silicon nitride probes at room temperature. The probe was first incubated with 10 

mg/ml PEG for 5 min, washed with phosphate buffered saline (PBS), and then 

incubated with FN (1 mg/ml, Invitrogen Corporation, Grand Island, NY) for 1 min. 

The tip was again washed with PBS. The spring constants were assumed to be 

unchanged after the protein labeling because only very end of the cantilever was 
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coated. As a nonspecific protein, bovine serum albumin (BSA)-coated AFM probes 

were used.  BSA coated probes (n=10) exhibited a significantly lower probability of 

binding and unbinding forces compared to FN coated probes (data not shown).  

A.7.3 General data analysis 

For adhesion force and stiffness measurement, NForceR program, Matlab 

software (MathWorks, Natick, MA), Origin (OriginLab Corporation), and SAS were 

used. Adhesion force between FN and integrins on myocyte plotted as a function of 

the frequency (events) of occurrence. Single-rupture forces were determined using 

Hooke‘s Law, with force being proportional to the height of the step change in the 

retraction curve representing bond rupture. Differences between means for the effect 

of a given treatment were determined using ANOVA, or with an independent two-tail 

t test, as appropriate. Averaged values were expressed as mean ± S.E.M. 

 

A.8 Myofilament Lattice Mechanics Model 

 

A.8.1 Cross-Bridge Stiffness Analysis 

The single spring stiffness K of the S2 domain in the cross-bridge model can 

be resolved into fiber Kf and transverse Kt component stiffnesses by using the force 

balance equations[100] to derive the change in the axial (fiber) and radial (transverse) 

force components (Ff and Ft) due to an infinitesimal change in the fiber and transverse 

displacement components in the strongly bound and strained state of the cross-bridge. 
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The forces acting along the S2 segment can be resolved as Fcosθ  and Fsinθ along the 

fiber and transverse directions. 
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Similarly, the displacements along the S2 segment can also be resolved into 

transverse and fiber components.  
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From the definition of spring stiffness, 2 2( )S SF K l l  , where 2Sl  is the rest 

length of the spring and lS2 is the strained length. For the transverse stiffness, dx=0, 
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Similarly, for the fiber stiffness, dr=0, 
tan

dl l
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 , resulting in: 
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From these two equations, we get the ratio of transverse to fiber stiffness to be 

given in terms of the S2 segment angle and lengths by: 
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A.8.2 Lattice Analysis 

From the above analysis, the cross-bridges can be represented by equivalent 

fiber and transverse stiffnesses Kf and Kt, respectively. Assuming that the lattice is 

stretched in the perpendicular planes such that it deforms infinitesimally by u in both 

the axial (fiber) direction and the radial (transverse) direction, the energy stored due to 

deformation of a single spring structure is ½Ku
2
 where K is the stiffness in either the 

fiber or the transverse direction. There are six cross-bridges in each repeating 

hexagonal unit of the sarcomere (marked in yellow in Figure A4), leading to a total 

energy of 6×½Ku
2
. The undeformed area of the hexagonal unit is 

2

0

3 3

2
 , where Δ0 is 

the underformed lattice spacing. This gives an energy density (or the total energy per 
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unit volume) in the unit cell with an axial length of α0 to be 
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 in the transverse directions, respectively. 

 

 

Consider an isolated hexagonal unit cell that is deformed due to stretching of 

the cross-bridges. The lattice spacing changes by an infinitesimal magnitude u in the 

radial direction. The initial width of the unit cell is 03 , and after deformation this 

width becomes 03( )u   or 3 . Using a coordinate system with x2 aligned with 

the unit cell width, the deformation gradient in the x2 direction is
0

1
u 

 
 

. Similarly, 

the deformation gradient in the x3 direction is 
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The 2D deformation gradient tensor (F) and 2D finite strain tensor (E) can be 

expressed as 
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Similarly, in the transverse direction, the deformation gradient is given by 
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and the strain E11 by 
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Assuming a linear strain energy relation, we can equate the strain energy in a unit cell 

to the energy from the deformation of the cross-bridges in the transverse direction as 

, assuming that the transverse material stiffness Ct is constant 

(transversely isotropic) in the plane perpendicular to the actin/myosin filaments. 

Substituting the strain values, we can equate the strain energy. 

 

 

2 2 2

0 0 0 0 0

2

0

0 0

1 1 1 4 3
2 1

2 4 2 3

2 3

1
3 1

4

t
t

t t

Ku u u u
W C

C K

u u





        
                       

 
  
        

 (7) 

 

This gives the relation to the transverse material stiffness as a function of the 

transverse cross-bridge stiffness Kt, the lattice spacing , the unit-cell axial spacing 

α0, and the cross-bridge lengthening the in the plane, u. Since u is small, we can 

neglect the square term leading to a simpler relation, 0
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In the axial fiber direction, 2

11

1

2
fW C E  and again equating the energy in the 

fiber direction, we obtain: 
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which, upon linearization, yields 
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 and the macroscopic lattice 

stiffness ratio can be computed to be 
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The stress in the axial direction can be computed as 11ff fC E  and in the 

transverse direction to be 
22tt rC E  . This reduces to  
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Similarly in the transverse direction 
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and the transverse to fiber macroscopic peak systolic stress ratio is: 
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Since the axial len

of myosin heads (, in the cross-bridges we get the stress ratio to be 
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A.9 Ventricular Mechanics Model 

To investigate the effect of sarcomere ultrastructural alterations due to Vcl 

deficiency on systolic wall mechanics, a finite element model of a mouse LV was 

created using a thick truncated ellipsoid of revolution [144]. The focal length of the 

prolate spheroid was 3.75 mm. At zero pressure, the cavity volume of the mesh was 30 

material with respect to the fiber and transverse-fiber directions [145]. Average 

transmural fiber angle distributions measured in this study were used in the model. 
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The unloaded geometry was passively inflated to an end-diastolic pressure of 10 

mmHg. 

 Systolic material properties were obtained by adding active fiber and 

transverse stresses as functions of SL and time computed using the microstructural 

model described above. Resting myocardial material properties were modeled for both 

genotypes using a transversely isotropic exponential strain energy function [146]. 

Length- and time-dependent contractile activation during systole was modeled using a 

model with parameters that were the same for both genotypes as given in Table A1. 

The LV was simulated to contract against a three-element Windkessel model [147] 

with an initial aortic pressure of 80 mmHg. Left ventricular and aortic pressures were 

used to determine closure of the aortic valve and the end-systolic time point. Thus this 

3D functional model of the LV incorporated structural changes at the sarcomere level 

and was able to compute regional systolic strains in both WT and cVclKO models that 

could be compared with the MRI-derived measurements  
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Figure A.1: (A) Comparison of WT and VclKO transmural fiber angle distributions. (B) Comparison of 

WT and VclKO transmural sheet angle distributions. 
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Figure A.2: Immunofluorescence localization of cytoskeleton protein vinculin in cardiomyocytes from 

wild type adult mice (WT), heterozygous null ((Vcl(+/-)) and vinculin rescued [(Vcl(+/-) + Vcl] groups. 

(A) Isolated cardiac myocytes labeled green for vinculin with FITC-conjugated secondary antibody in WT 

and Vcl(+/-), or transfected cells expressing enhanced green fluorescent protein cDNA in [Vcl(+/-) + Vcl]. 

Vinculin staining is visualized at costameres (arrows, in cell edges) and intercalated disc (arrowheads). (B) 

Normalized mean integrated densities, i.e. normalized to control IgG staining or to non-transfected in each 

group before comparing among groups, were shown in cell body *p<0.05 vs. WT. The scale bar represents 
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Figure A.3: Figure A3: An example of a raw force curve generated using FN-coated AFM probe on 

cultured cardiomyocytes. FN-coated probes (1 mg/ml) were controlled to repeatedly (800 nm/s z-axis 

movement at 0.5 Hz frequency) approach (gray solid trace) and retract (black dash trace). The points 1 - 

6 represent stages of approach and retraction (explained in detail in the Results section). Inserted image 

shows the AFM probe approaching the myocyte. Note the AFM cantilever is in sharp focus. CVM = 

cardiomyocyte. 
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Figure A.4: Isolated unit cell marked in yellow showing the actin and myosin filament cross-sections. 

The lattice spacing at rest is . In the activated state, the lattice spacing is  
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Figure A.5: Fiber, cross-fiber, and radial coordinates used for strain analysis. Rotated from cardiac 

coordinates about the radial axis through the fiber angles. Fiber axis runs parallel to fibers, cross-fiber 

axis is in the same plane but perpendicular to fiber axis, and radial axis is orthogonal to the fiber-cross-

fiber plane. 
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SUPPORTING TABLE 

 

  
Table A.1: Model parameters used in the micromechanical and finite element models. 

 

 
 
** Parameter value derived from projections of a 3-dimensional model using values from Williams et. al. 

[118], to the 2-dimensional model that is used here.  

* Parameter value derived from new 2-dimensional model lengths. 

 

 

Parameter Description WT Value cVclKO Value Units Source

k_spr S2 spring constant 2 2 pN/nm [19]

Unloaded S2 spring length 15 15 nm *

l S2 S2 resting length 18 18 nm **

l S1 S1 Length (projected) 11.3 11.3 nm [14]

α Axial angle of Attachment 45 45 deg [14],[22]

Rm radius of myosin 5.5 5.5 nm [23]

Ra radius of actin 3 3 nm [23]

δ Axial distance of 3 myosin head pairs 43.5 43.5 nm [24]

Vs Volume constant 1620 2030 nm²*µm EM Meas.

SL_unloaded Relaxed unloaded sarcomere length 1.88 1.74 um EM Meas.

SL_sys Contracted unloaded sarcomere length 1.5 1.43 um EM Meas.

Sf EM shrinkage factor 1.2 1.2 n/a [25]

C Stress scaling coefficient 0.88 0.88 n/a [26]

bf Fiber strain coefficient 18.5 18.5 n/a [26]

bt Transverse strain coefficient 3.58 3.58 n/a [26]

bfs Fiber-transverse-shear coefficient 1.63 1.63 n/a [26]

bulk_mod Bulk modulus 250 250 kPa [18]

bcl Basic cycle length 600 600 ms [18]

bten Governs shape of peak isometric tension-SL relation 1.8 1.8 1/μm [18]

c0max Maximum intracellular calcium concentration 4.35 4.35 μM [26]

c0 Peak intracellular calcium concentration 4.35 4.35 μM [26]

tmax Isometric tension under maximal activation 137.5 137.5 kPa [26]

dur Scales duration of contraction 0.25 0.25 n/a [18]

rmc Slope of twitch contraction 52.49 52.49 ms/μm [18]

bc Offset of twitch contraction 55.26 55.26 ms [18]

rmr Slope of twitch relaxation 131.2 131.2 ms/μm [18]

br Offset of twitch relaxation -94.34 -94.34 ms [18]

c_act Arbitrary stress scaling factor 77 77 n/a

Finite Element Model Parameters
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