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Abstract 

In this thesis, the mechanical properties of quiescent, intact, viable, rat right-ventricular 

(RV) trabeculae were investigated. The main objective was to determine if strain-

softening, which is commonly reported during the deformation of passive cardiac 

tissue, is present in viable trabeculae. Strain-softening is typically manifested by a 

stiffer force-extension relation in the first deformation cycle relative to subsequent 

cycles, and is distinguished from viscoelasticity by a lack of recovery of stiffness, even 

after several hours of rest. The causes of this behaviour are unknown. 

To investigate whether strain-softening is observed during uniaxial extensions of viable 

cardiac tissue, stretch and release cycles of 5%, 10% and 15% muscle length were 

applied at a constant velocity to trabeculae mounted in a mechanical rig. The rig was 

custom-built for the purpose. Muscles at 26°C and 0.5 mM Ca2+ were tested in random 

order in the presence and absence of 50 mM 2,3-butanedione monoxime (BDM). 

Strain-softening was not observed in viable trabeculae undergoing physiologically 

relevant extensions, either in the presence or absence of BDM. However, strain-

softening was readily apparent in non-viable trabeculae undergoing the same levels of 

extension, whether in the presence or absence of BDM. BDM had no effect on passive 

compliance of viable specimens, while its presence partially inhibited, but could not 

prevent, stiffening of the non-viable specimens. Loss of viability was accompanied by a 

uniform increase of dynamic stiffness. The presence of strain-softening during length 

extensions of non-viable tissue, resulted in a uniform decrease of dynamic stiffness. It is 
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therefore concluded that strain-softening is neither intrinsic to viable rat RV trabeculae 

nor influenced by BDM but, rather, reflects irreversible damage of tissue in partial, or 

full, rigor. 

The addition of BDM was found to alter the dynamic stiffness and phase measured in 

intact viable quiescent trabeculae. In the absence of BDM, these alterations were 

calcium- and temperature-sensitive, whereas in the presence of BDM they were not. 

Therefore, the BDM-induced alteration of the dynamic stiffness and phase is attributed 

to the inhibition of spontaneous sarcomere activity. 
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Chapter One: Introduction and Literature 

Review. 

If the heart is to pump blood during systole, then it must first fill with blood during 

diastole. The extent to which it can do this is dependent, in part, on the passive 

mechanical properties of its tissues. To date, most passive measurements of 

myocardium have been performed on non-perfused tissues, which raises concerns over 

the tissue viability. More recent studies have made use of the chemical agent 

2,3-butadione monoxime (BDM), although its effects on passive tissue properties have 

not been fully investigated. Both of these factors may affect the passive tissue 

properties that are reported in the literature. Therefore, the current study attempts to 

determine the effect of tissue viability and BDM on the passive mechanical properties 

of rat cardiac trabeculae. 

1.1 General overview. 

The primary function of the heart is to pump a sufficient quantity of blood through the 

systemic system to meet the metabolic demands of the body. The most important 

requirements of blood is to supply sufficient oxygen and metabolic fuels to maintain 

cellular function, while removing the waste products of the cellular processes. To 

obtain a full understanding of the mechanisms that affect the function of the heart is a 

non-trivial task, and numerous studies have been undertaken to achieve this goal.  

This thesis sets out to examine the effect that loss of tissue viability has on passive 

mechanical properties of cardiac tissue. This knowledge may help improve our 
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understanding of how the loss of viability associated with cardiac disease alters the 

diastolic properties, and thus function of the heart. Examples of such changes are: 

cardiac hypertrophy in response to hypertension, which results in a decrease of diastolic 

compliance and contractility (Brown and Kozlowski 1997), and dilated 

cardiomyopathy, in which the heart markedly dilates with associated reduction of 

contractile function (WHO/ISFC 1980). 

The remainder of this chapter will discuss: the function and structure of the heart, the 

difficulties associated with measurement of passive tissue properties, the use of the 

trabeculae as a cardiac specimen, the structural basis for passive tissue stiffness, the 

observation of strain-softening, the effects of tissue viability, and the effects of BDM on 

the mechanical properties of passive myocardium.  

1.2 The functioning heart. 

1.2.1 The heart as a pump. 

In an average person’s lifetime, the heart will pump more than 200 million litres of 

blood (enough to fill ~150 Olympic-size swimming pools), by beating more than 

3 billion times. The order and timing of contraction and relaxation of the two sides of 

the heart, where each side is comprised of an atrium, a ventricle and associated one-way 

flow valves, allows the heart to operate as a reliable double pump. The atria are thin 

walled chambers, which develop only low pressures. The ventricles (especially the left 

ventricle), develop much higher pressures, and thus have much thicker walls 

(Figure 1.1).  
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Figure 1.1. A schematic diagram of the heart, when transected slightly anterior to its midline (Katz 

1992). 

The cardiac cycle can be divided into four distinct phases (Figure 1.2). The first phase 

is ventricular filling, in which the atrioventricular (AV) valves open due to the blood 

pressures in the atria exceeding those within the ventricles. During this diastolic phase, 

there is little active force generated. A wave of electrical excitation sweeps through the 

heart, initialising myocardial contraction. Upon ventricular contraction, a corresponding 

increase in pressure is generated, closing the AV valves. The pressure increases 

isovolumically (phase 2), until the pressure within the ventricles exceeds those in the 

pulmonary artery and aorta, at which point the semilunar valves open, and blood is 

ejected (phase 3). The volume of blood ejected during this phase is dependent on the 

power output of the contraction, as well as the volume of blood that has entered the 

ventricle. During the later stages of phase 3, the heart begins to relax, allowing the 

developed pressures to decrease. When the pressures in the ventricles are lower than in 

the pulmonary artery and aorta, the semilunar valves close. The ventricular volumes 

remain constant (isovolumic) during this relaxation phase (phase 4), until the atrial 
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pressures exceed the ventricular pressures, opening the AV valves, allowing phase 1 to 

begin again. 

 

Volume 

Pressure 

Stroke Volume 

1. Ventricular filling 

2. Isovolumic 

Contraction 

3. Ventricular Ejection 

4. Isovolumic 

Relaxation 

 

Figure 1.2. The pressure volume relationship, which depicts the four phases of the cardiac cycle. 

Adapted from McDonald (McDonald and Herron 2002). 

Changes in the passive properties of the myocardium may alter the volume of blood 

entering the ventricle during diastole (Brady 1991a; Fung 1993). The diastolic 

properties are also reported to influence the maximum speed of myocardial shortening 

(de Tombe and ter Keurs 1992), and thus could influence the volume of blood that is 

ejected from the heart during systole (phase 3). Thus, the stroke volume, which is 

defined as the difference in ventricular volume between end-diastole (phase 1), and 

end-systole (phase 3), is intimately dependent on the passive myocardial properties. 

1.2.2 Structure of the heart. 

In order to understand the mechanisms by which the heart generates pressure, a 

comprehensive knowledge of the diastolic myocardial properties is vital. This 

knowledge is not easily gained, as passive myocardial tissue is inhomogeneous and 
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anisotropic (i.e., has a complex microstructure), displays time dependent nonlinear 

properties, displays viscoelastic like behaviour, and has complex geometry. The 

complex geometry of the heart has been successfully described, and modeled as a 

truncated prolate spheroid (Hunter et al. 1997). 

In order to eject blood from the heart, the systolic contraction allows both force 

production (phase 2), and ventricular volume reduction (phase 3). A complex 

arrangement of the contractile elements (cardiac myocytes) within the heart, allows 

ventricular volume reductions of greater magnitude than would be achieved by myocyte 

shortening alone. Recent anatomical studies have shown that the myocardial 

microstructure is very complex and inhomogeneous (Nielsen et al. 1991; LeGrice et al. 

1995a; Young et al. 1998). The myocardium is observed to have a lamina structure, 

consisting of thin sheets of myocytes (four to six cells thick), which are tightly coupled 

by endomysial collagen. Perymysial collagen bridges between sheets, and allows for 

more compliant coupling than the intra-sheet coupling. Thus, the myocardial walls are 

formed from myocardial laminae, which continuously branch throughout the ventricular 

wall. As the myocytes within each sheet contract, the loose inter-sheet coupling allows 

a sliding motion between adjacent sheets. Both the greater than expected wall 

thickening during systole (LeGrice et al. 1995b), which increases the ejection fraction, 

and wall thinning during diastole, which allows for a higher filling volume (Takayama 

et al. 2002), are attributed to the sliding of adjacent laminae. Therefore, the 

rearrangement of laminae has important functional consequences, including that of 

increasing the stroke volume of the heart. 
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1.2.3 Intracellular contractile mechanisms. 

The ability of the heart to fill with, and then eject, blood relies on an antecedent wave of 

excitation inducing a coordinated contraction of the individual cardiac myocytes. This 

wave originates at the sinoatrial node, and is generated by spontaneous activation of 

pacemaker cells. The atria are excited first, with the resulting generated pressure forcing 

blood from the contracting atria into the not-yet-stimulated, and thus passive, ventricles. 

The wave of excitation next passes through the AV node, to the AV bundle and fast 

conducting Purkinje fibre networks, to excite the ventricular myocardium.  

Within a resting myocyte, the intercellular calcium concentration ([Ca
2+
]i) is very low 

(75-200 nM, (Bers 1991)). The wave of electrical excitation causes the myocyte 

membrane to depolarise, allowing an influx of calcium ions (Ca
2+
) via voltage sensitive 

calcium channels. The Ca
2+
 influx is amplified by a larger release of Ca

2+
 from the 

sarcoplasmic reticulum (SR), in a process known as Calcium Induced Calcium Release 

(CICR) (Fabiato and Fabiato 1973; Fabiato and Fabiato 1975). This large intracellular 

[Ca
2+
]i (~0.5-3µM, (Bers 1991)) allows the contractile apparatus within the myocyte to 

generate force. Once depolarised, the myocytes repolarise via many membrane current 

mechanisms, over several hundred milliseconds. During this refractory period, the 

lowering of [Ca
2+
]i to resting levels inhibits the contractile apparatus, and leads to 

relaxation of force. The quiescent myocyte is now ready to enter the next cycle of 

excitation-contraction. 

Typically, the cardiac myocytes have a brick like geometry, and between 80 and 

100 µm long and 10 to 20 µm in diameter. They branch in a parallel fashion, and 

interconnect end-to-end, with all connections being through intercalated disk junctions. 

The intercalated disks provide electrical continuity between cells and, thus, the wave of 
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electrical excitation propagates more quickly along the cell axis, than across it. The 

ability of myocytes to generate force, and thus to shorten, is due to the remarkable 

properties of an intracellular structure, the sarcomere. Within each cell, the sarcomeres 

are contained within the myofibrils, which contain between 40 and 50 sarcomeres in 

series. Resting sarcomere length is reported to be between 1.80 and 2.00 µm (Kentish et 

al. 1986; Stuyvers et al. 2002). Approximately 50% of cardiomyocyte volume is 

occupied by sarcomeres, with the remaining volume being occupied by mitochondria, 

the nucleus, the sarcoplasmic reticulum, and other organelles (Bers 1991).  

 Z-line 

A-Band I-Band H-Band 
 

Figure 1.3. Schematic of two adjacent sarcomeres. Thick filaments (myosin, green lines), with 

associated cross-bridges (small orange), interdigitate between the thin filaments (actin, blue lines), 

between the Z-lines (black). The thick filaments are centrally located by titin molecules (wavy red 

lines). 

Sarcomeres are principally comprised of the force-generating proteins, the thick and 

thin filaments, which are bounded by the Z-line (see Figure 1.3). The thick and thin 

filaments interdigitate, forming a regular matrix structure within each sarcomere. The 

thick filaments are comprised of about 300 myosin molecules (Figure 1.4A, (Opie 

1991)), are 1.6 µm in length and are centralised within the A-band region by the elastic 

molecule titin (previously connectin). The thin filaments are principally comprised of 
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polymerized G(globular)-actin, which form a double helix of F(filamentous) actin that 

is 1 µm in length (Figure 1.4B). The thin filament has two further proteins, tropomyosin 

and troponin, which are the calcium-dependent regulatory proteins within the myocyte. 

Troponin itself is comprised of three subunits: troponin I (TnI, the inhibitory subunit), 

troponin T (TnT, which binds troponin to tropomyosin), and troponin C (TnC, which 

contains calcium binding sites). After the myocyte membrane has been depolarized, the 

associated [Ca
2+
]i influx increases the probability of Ca

2+
 binding to TnC. Once calcium 

is bound to TnC, the binding affinity between TnI and TnC becomes greater than the 

affinity between TnI and actin (Bers 1991). This allows TnI to bind to TnC, sterically 

altering the troponin complex, which causes tropomyosin to shift and thereby exposing 

myosin to the ATPase-enhancing activity of actin (Katz 1992; Brown and Kozlowski 

1997). The myosin heads bind to these active actin sites, ATP is split and the myosin 

head undergoes a force-generating conformational change (Figure 1.4C, (Opie 1991)). 

A.F. Huxley and H.E. Huxley simultaneously postulated the sliding filament theory in 

1954 (Huxley and Niedergerke 1954; Huxley and Hanson 1954), which is currently the 

most widely accepted mechanism by which sarcomeres perform work. A concerted 

effort has since delineated many of the mechanisms and structures that are thought to be 

responsible for the sliding action and force generation (see (Cooke 1997; Geeves and 

Holmes 1999) for extensive reviews of this topic). Other theories of muscle contraction 

have been postulated (see (Pollack 1983)), but are not as widely accepted. The current 

force-generating mechanisms are based on an influx of Ca
2+
 altering the conformation 

of troponin, and thus allowing myosin heads to attach to the exposed actin sites. Once 

attached, a myosin head undergoes a steric alteration. The force generated by this 

conformational change causes actin to slide towards the centre of the sarcomere, which 

subsequently shortens. Adenosine triphosphate (ATP) is required for this sequence of 
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events to continue (Eisenberg and Hill 1985), while adenosine diphosphate (ADP) and 

inorganic phosphate (Pi) are liberated during this process (Huxley and Simmons 1971). 

It should be noted that the [Ca
2+
]i is very low during diastole, which would allow for 

very few active actin sites to be exposed, and consequently very few cross-bridges to be 

attached in a force-bearing state. 

 

A 

 

B 

 

        

C 

 

Figure 1.4. The myofilament proteins. A: the thick filaments are comprised of many myosin molecules, 

from which the myosin heads protrude. B: thin filament structure, in which G-actin is polymerised into 

a double helix of F-actin, together with two further proteins, troponin and tropomyosin. The troponin 

complexes are spaced every seven actins molecules (38 nm). C: Schematic of strongly attached cross-

bridges.  Adapted from Opie (Opie 1991). 

 

1.3 Measurement of passive myocardium. 

While measuring the passive properties of cardiac tissue does not appear difficult, many 

compounding factors make such measurements challenging. Cardiac tissue is 

anisotropic and inhomogeneous. It also has time- and strain rate-dependent, as well as 

having non-linear material properties. The time-dependent properties are viscoelastic in 
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nature, and can be broadly described as the tissue stress being dependent on the time-

history of deformation with a fading “memory” (Fung 1993). Cardiac tissue is also 

reported to have load-dependent properties. Prior to passive cardiac tissue 

measurement, many experimental protocols include loading and unloading cycles 

(preconditioning), whose magnitude is greater than, or equal to, those to be performed 

during the experiments (Pinto and Patitucci 1977; Humphrey and Yin 1987). Other 

factors reported to influence myocardial properties are: temperature, pressure or length, 

tissue viability and calcium concentration (Bers 1991). 

Both in vivo and in vitro studies have attempted to ascertain the passive properties of 

the heart. In vivo, the coronary circulatory maintains the viability of the heart, although 

circulation is interrupted during the measurement of diastolic properties (LeGrice et al. 

1995b; Takayama et al. 2002). Local strain measurements have been estimated via X-

ray tracing of a small number of gold beads that are inserted within the heart wall. To 

allow more comprehensive mechanical perturbations and strain measurements to be 

made, studies have utilised in vitro whole-heart preparations. Commonly, a balloon 

inserted into the left ventricle is used to apply loads to whole-heart preparations. By 

controlling the volume or pressure of the balloon, it is possible to obtain more 

comprehensive information from in vitro than in vivo hearts (Munch et al. 1980; 

Campbell et al. 1993). However, measuring the passive properties of perfused whole-

heart preparations has proved difficult. Perfusing the coronary vasculature has been 

reported to increase the stiffness of the myocardial tissue via the ‘garden hose effect’ 

(McCulloch et al. 1992; May-Newman and McCulloch 1998). Another complication, 

associated with crystalloid perfusion of whole-hearts, is the formation of myocardial 

edema, which is reported to substantially elevate tissue stiffness (Detwiler et al. 1994). 

However, leaving the tissue unperfused allows the development of ischemic anoxia, 
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which could also influence the myocardial properties being measured. These 

complications aside, the complex myocardial properties and ventricular geometry, the 

lack of good local strain data, and difficulties in identifying the zero load point make 

experimental interpretation difficult. Complex computational techniques, involving 

continuum mechanics and state-of-the-art finite-element models (FEM), are required to 

obtain the material parameters from such experiments (Nash and Hunter 2000). 

Efforts have been made to reduce passive myocardial measurements to 2-dimensions, 

by performing biaxial testing on thin sheets of myocardium. The accuracy of local 

strain measurements, and hence estimates of material properties, were improved by 

optically tracking membrane surface markers during biaxial extensions. Using these 

techniques, myocardial sheets were found to be considerable stiffer during biaxial, as 

opposed to uniaxial, testing, and were approximately ten times stiffer than papillary 

muscles during uniaxial extensions (Demer and Yin 1983; Humphrey and Yin 1987). 

Considerable anisotropy was also observed, with fibre stiffness being much greater than 

cross-fibre stiffness. While these biaxial experiments allowed for improved 

determination of tissue properties, questions remain over data interpretation. Most 

experiments have been conducted on tissue for which the underlying microstructure is 

unknown. It also remains likely that cutting damage and ischaemic hypoxia 

compromised the viability of the membrane under test. During biaxial testing, it has 

proved necessary to remove “residual stress” by “preconditioning” the myocardial 

tissue, so that repeatable measurements can be obtained (Humphrey et al. 1990). Thus, 

the lack of knowledge of tissue viability and microstructure, and the need for 

preconditioning, raise concerns over the results obtained from such experiments (Demer 

and Yin 1983; Humphrey and Yin 1987). 
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Reducing the complexity of experimental techniques and data interpretation is achieved 

by performing uniaxial extensions on passive myocardial tissues. Uniaxial experiments 

have been performed on: ventricular strips (Mirsky and Rankin 1979), papillary 

muscles (Julian and Sollins 1975; Pinto and Patitucci 1977; Pinto and Patitucci 1980), 

cardiac trabeculae (ter Keurs et al. 1980; de Tombe and ter Keurs 1992), isolated 

cardiac myocytes (Brady 1991b; Granzier and Irving 1995; Helmes et al. 1999), 

isolated myofibrils (Linke et al. 1996), individual contractile proteins (Liu and Pollack 

2002), and titin molecules (Kellermayer et al. 2001).  

The benefits of using a ventricular strip are the ease of preparation, mounting and 

perturbation control. Significant concerns remain with this specimen, as it: affords a 

poor index of myocyte extension, has complex microstructure, has potential cutting 

damage and anoxic core development (since it is 3-5 mm thick). The reported low 

isometric tension developed by ventricular strips upon electrical stimulation (~20 kPa 

(Ruf et al. 1998), c.f. 100 kPa (ter Keurs et al. 1980) for trabeculae), could be attributed 

to the non-axial alignment of myocytes, possible cutting injury or the development of a 

hypoxic core. Therefore, the passive properties measured in ventricular strips may not 

accurately reflect the true material properties of myocardium. 

Papillary muscles are located midway along the septum, and are a free-running, nearly 

cylindrical, axial arrangement of myocytes. The use of papillary muscles in uniaxial 

testing experiments avoids the complications associated with cutting injury and 

complex tissue architecture. However, papillary muscles are not truly cylindrical, and 

have been described as being “more thumb shaped” (Fung 1993). As a result, the stress 

distribution, and therefore muscle fibre extension, will be non-homogeneous during 

axial loading. Papillary muscles, in general, are larger than 300 µm, which has been 
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reported as the largest quiescent cardiac preparation diameter that will allow adequate 

oxygenation via superfusion (Daut and Elzinga 1988). Thus the possibility of hypoxic 

core development, in conjunction with the difficulties in accurate determination of fibre 

length extension and non-uniformity of geometry, render the papillary muscle as less 

than ideal for passive tissue measurement. 

Sarcomere length (SL) is the defining measurement of cardiac myocyte length, as 

shown in the seminal work of ter Keurs et al. (1980). However, this index of extension 

is difficult to obtain in anything but isolated myocytes, or small axially-aligned groups 

of myocytes. Conflicting with the requirements of the specimen to be small enough to 

allow both SL measurement, and adequate oxygenation through superfusion, is the need 

to measure representative passive myocardial properties. As previous studies have 

attributed the major component of passive myocardial stiffness to the extracellular 

matrix, and more specifically to the collagen network (Caulfield and Borg 1979; 

Horowitz et al. 1988), the specimen being measured must have a collagen component. 

While studies of isolated myocytes or myofibrils have obtained passive intracellular 

myocyte properties (Granzier and Irving 1995; Helmes et al. 1999; Helmes et al. 2003), 

they cannot be used to fully determine the passive properties of intact myocardial 

tissue. 

Thus, in order to measure the passive properties of cardiac tissue, this study will use the 

intact right ventricular (RV) trabecula as the specimen under test. 
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1.4 The trabecula as a muscle preparation. 

Cardiac trabeculae are free-running, cylindrical (or ribbon-like), groups of cardiac 

myocytes (Figure 1.5). They extend from the ventricular free wall and insert under the 

AV valve ring. Hanley et al. (1999), reported that rat RV trabeculae were structurally 

homologous to the ventricular wall. They compared electron micrographs and confocal 

images of trabeculae to extended confocal data of rat ventricular wall (Young et al. 

1998). The bulk of both tissue types was occupied by cardiac myocytes, with perimysial 

fibres running parallel to the force-generating axis of the myocytes. One notable 

difference between trabeculae and ventricular wall tissue was the structural arrangement 

between myocytes, which was axial alignment versus complex laminar structures, 

respectively.  

 

Figure 1.5. A typical example of rat cardiac trabecula: length 2.1 mm, width 100 µm. 

 

Johnston and Sommer (1967), conducted the first detailed study on RV trabeculae, 

although it was restricted to the ultrastructure of very small (40-80 µm diameter) rabbit 

trabeculae. Interestingly, this study found no evidence of blood vessels, nor T-tubules. 

In contrast, blood vessels were clearly observed in rat trabeculae of 100 µm or greater 

diameter (Hanley et al. 1999). The first comprehensive study of the mechanical 

properties of RV trabeculae was conducted by ter Keurs et al. in 1980 (ter Keurs et al. 

1980), in which both force and SL were measured. Trabeculae have since been used to 

determine both active and passive properties of cardiac tissue. 
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One major advantage of trabeculae is the apparent reduction of the 3-D myocardial 

structure into a single dimension. Due to the axial alignment of the cardiac myocytes 

(Johnson and Sommer 1967; Hanley et al. 1999), accurate force, and hence stress, and 

strain data can readily be obtained. Moreover, when studying active tissue behaviour, 

simultaneous intracellular [Ca
2+
], force and sarcomere length measurements can be 

obtained from intact trabeculae (Daniels et al. 1991). The ability to oxygenate thin 

trabeculae sufficiently via superfusion, both when quiescent (< 300 µm, (Daut and 

Elzinga 1988)), and activated (< 200 µm, when responding to a 3.3 Hz stimulus 

(Schouten and ter Keurs 1986)), is also a major advantage of this muscle preparation. 

Many studies have been conducted on trabeculae that are chemically or mechanically 

skinned, which enables direct control of the intracellular [Ca
2+
] (Kentish et al. 1986; 

Rossmanith et al. 1986b; Harrison and Bers 1989). However, it should be noted that 

skinned specimens show much lower [Ca
2+
] sensitivity than intact preparations, 

although differences in species and temperatures, as well as the complexities involved 

in the controlling solutions, make direct comparison between experiments difficult 

(Bers 1991). It was reported that passive rat trabeculae became more compliant after 

being chemically skinned (Kentish et al. 1986). This was attributed to the skinning 

process altering a parallel elastic component. Due to incomplete knowledge of the 

effects that skinning has on passive stiffness components within the myocardium, the 

studies in this thesis will make use of intact cardiac trabeculae. 

Thus, intact trabeculae are considered a good model for investigating the effects of 

tissue viability and BDM on myocardial compliance. However, care must be taken 

when predicting 3-D myocardial behaviour from material parameters gained from 

uniaxial extension of trabeculae (Bergel and Hunter 1979), as the complex 
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microstructure of myocardium also influences the passive and active properties of the 

heart. 

1.5 Structural basis of passive tension. 

The structures and fluids contained within the myocardium influence its passive 

mechanical properties. While the structures responsible for generating the largest 

components of passive myocardial stiffness have not been fully elucidated, several 

candidates have been identified.  

The major component of stiffness has often been attributed to the extracellular collagen 

network within the heart (Caulfield and Borg 1979; Horowitz et al. 1988; MacKenna et 

al. 1997). In a study utilising the osteogenesis imperfecta murine model (collagen 

deficient mice), ventricular myocardium and papillary muscle were seen to be less stiff 

than those of control mice (Weis et al. 2000). When perfusing rat hearts with bacterial 

collagenase, the resulting depletion of extracellular matrix led to increased ventricular 

volume and sarcomere lengths, without altering ventricular compliance (MacKenna et 

al. 1994). 

In contrast, several recent studies have indicated that, at low SL, the largest contribution 

to passive force and stiffness has been attributed to the elastic protein titin. By 

comparing the passive stresses generated during axial extensions of skinned rat 

trabeculae and myocytes, titin was deemed responsible for 70% of passive tension 

between 1.9 and 2.1 µm SL (Granzier and Irving 1995; Wu et al. 2000). Extracellular 

collagen and intermediate filaments accounted for the remaining stress (20% and 10%, 

respectively (Granzier and Irving 1995)). At SLs of 2.1 µm and longer, collagen was 

deemed the dominant stiffness element. It was reported that perimysial collagen fibres, 
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which were “wavy” at a SL of 1.9 µm, had considerably straightened when extended to 

a SL of 2.3 µm (Hanley et al. 1999). Once the perimysial collagen fibres had 

straightened, the tissue stiffness markedly increased due to the very high modulus of 

elasticity of collagen (~2 GPa (Horowitz et al. 1988)). This effectively prevents the 

trabeculae being extended beyond the 2.3 µm maximum SL, above which the viability 

of the preparation is compromised (de Tombe and ter Keurs 1992). 

Titin is reported to contribute to hysteresis, as observed when performing stretch-and-

release protocols on skinned rat cardiomyocytes (Helmes et al. 1999), and on individual 

titin molecules (Kellermayer et al. 2001). When skinned myocytes were compressed or 

extended along their axes of contraction, titin was also credited with providing restoring 

forces (Helmes et al. 2003). Several inter-molecular and intra-molecular mechanisms 

were indicated to contribute to the mechanical characteristics of titin (Granzier and 

Labeit 2002). These included interactions from: tandem Ig segments (elastic and spring-

like), folding and unfolding of the PEKV and N2B unique sequence domains (elastic 

and viscoelastic), and calcium concentration-dependent titin-actin interactions (Linke et 

al. 1997; Stuyvers et al. 1997; Stuyvers et al. 1998). Recent ligand evidence also links 

titin to membrane channel activity, protein turnover and gene expression (Granzier and 

Labeit 2002). 

There exists reported evidence that microtubules contribute to passive stiffness. After 

performing left atrial ligation (LAL) on embryonic chick hearts, there were significant 

increases of tissue stiffness and microtubule density (Schroder et al. 2002). After 

colchicine treatment (which destabilises microtubules), control hearts remained 

unchanged, while the stiffness and microtubule density of the LAL hearts decreased to 

levels observed in control hearts. In contrast, microtubules were found to contribute 
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modestly, but on average non-significantly, to the passive tension of isolated skinned 

rat cardiac myocytes (Granzier and Irving 1995). 

It is often assumed that the numbers of attached cross-bridges is insignificant during the 

measurement of mechanical properties of quiescent myocardium. However, this 

assumption is not fully accepted, as evidenced by conflicting reports within the 

literature. Evidence has been presented for a lack of significant contribution to passive 

stiffness from strongly bound cross-bridges, both in whole-heart (Kass et al. 1993), and 

trabeculae (de Tombe and ter Keurs 1992) studies. Similarly, a lack of stiffness 

contribution from weakly-bound cross-bridges in resting trabeculae (de Tombe and ter 

Keurs 1992) or quiescent frog muscle (Bagni et al. 1992; Bagni et al. 2002) has also 

been reported. Conversely, evidence for the presence of significant numbers of force-

generating cross-bridges has been presented, as seen in the diastolic interval of in vivo 

pig hearts (Lu et al. 2001), and the presence of weakly-bound cross-bridges in skinned 

frog skeletal muscle fibres (Schoenberg 1988; Schoenberg 1993). 

Evidence for a small degree of spontaneous contractile activity has also been reported. 

Spontaneous activity in thin rat papillary muscle during the diastolic interval, has been 

observed both in laser diffraction measurements and through the light microscope 

(Krueger and Pollack 1975). Similarly, when intact rat trabeculae at physiological 

extracellular calcium concentrations ([Ca
2+
]o) were stimulated at 0.5 Hz, spontaneous 

activity was observed near the end of the refractory period (Stuyvers et al. 1997). While 

the asynchronous nature of this activity induced tension increases of less than 1%, there 

were small, associated, increases of stiffness and changes of phase (Stuyvers et al. 

1998). Small spontaneous Ca
2+ 
releases from the sarcoplasmic

 
reticulum (Ca

2+
 sparks) 

have also been reported in isolated quiescent rat cardiomyocytes (Cheng et al. 1993). 
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Occasionally, these sparks triggered propagating waves of increased intracellular 

calcium concentration, which led to propagating waves of contractile activity.  

Fluids within the myocardium also contribute to stiffness. When loading passive dog 

left ventricles at pressures up to 12 mmHg, one study reported that the volume change 

was 50% lower when the coronary circulatory system was perfused (~85 mmHg) than 

when it was non-perfused (McCulloch et al. 1992). Edema was also reported to 

significantly increase the stiffness of pig papillary muscle (Detwiler et al. 1994). 

Thus, the two structures in myocardium attributed with generating the majority of 

passive stiffness are collagen and titin. Uniaxial extension experiments suggest that titin 

dominates passive force at low SL, while perimysial collagen dominates at higher SL. 

Biaxial and whole heart inflation studies indicate that collagen is the dominant stiffness 

component. Independent of the experimental preparations and protocols used, care is 

needed to avoid artifacts attributed to non-physiological levels of cross-bridge activity 

and changes in myocardial fluid content, during passive stiffness measurements. 

1.6 Strain-softening. 

Load-dependent behaviour is reported for many biological tissues, during the 

measurement of stress-strain relations. Therefore, it is common to ‘precondition’ the 

tissue before performing stress-strain measurements. ‘Preconditioning’ has been 

described as a necessary procedure to render the passive tissue “stress free” (Humphrey 

et al. 1990). During ‘preconditioning’, the tissue under examination is repeatedly 

stretched and released to levels of deformation that are greater than, or equal to, those to 

be applied during the experimental protocol. Preconditioning is generally applied until a 

repeatable stress-strain relation is attained. Thus, for experimental deformations that are 



                                                              Introduction and literature review 

 20

less than, or equal to, those used during the ‘preconditioning’ process, the load-

dependent properties of the tissue have been removed. After ‘preconditioning’, the 

tissue is deemed to possess its normal passive material properties. Preconditioning has 

become such a well-accepted part of stress-strain protocols, that a recent review of 

multiaxial testing of biological materials did not see the need to mention it (Sacks and 

Sun 2003).  

When studying strain-softening behaviour, preconditioning stress-strain relations are 

acquired. During a review of the mechanics of the arterial wall, Humphrey (1995) 

argued that it is imperative for preconditioning data (observations of strain-softening) to 

be published, as this was an important viscoelastic characteristic of the tissue under 

study.  

Strain-softening has been observed in a wide range of biological specimens, including 

skin (Lanir and Fung 1974), tendon (Sverdlik and Lanir 2002), veins (Fung 1993), and 

arterial vessels (Humphrey 1995). Strain-softening and/or the need for preconditioning 

has also been widely reported for cardiac tissue, e.g. inflation studies of rat whole-heart 

(Emery et al. 1997a; Emery et al. 1998), shear testing of blocks of pig myocardium 

(Dokos et al. 2002), biaxial testing of myocardium (Demer and Yin 1983; Humphrey 

and Yin 1987; Humphrey and Yin 1988; Humphrey et al. 1990), and uniaxial testing of 

papillary muscles (Pinto and Patitucci 1980; Detwiler et al. 1994). Studies have been 

undertaken to delineate the viscoelastic and strain-softening components of the tissues 

under test, e.g. tendon (Sverdlik and Lanir 2002) and whole hearts (Emery et al. 1997a). 

The term ‘strain-softening’ was first used to describe the changes in the stress-strain 

relation observed during preconditioning of vulcanized rubbers (Mullins 1947). This 



                                                              Introduction and literature review 

 21

softening was later attributed to stretch-induced, irreversible damage of rubber 

molecules (Mullins 1969). Subsequent to these observations, a model was developed to 

predict the uniaxial stress in such elastomers, for any strain history (Johnson and Beatty 

1993). This model was based on the concept of a hard phase being irreversibly 

converted to a soft phase, via damage inflicted during the length extensions.  

Recently, models of irreversible-softening have been developed for some biological 

tissues. During length-cycling protocols, sheep tendons were found to have a reversible 

softening component (viscoelastic), as well as an irreversible softening component 

(strain-softening). A model was developed that included viscoelastic and plastic 

properties, and which had a reasonable quality of fit to the measured data. Interestingly, 

it was reported that these tendons often required over 1000 preconditioning cycles to 

obtain repeatable stiffness measurements, after which the stress-free length (or rest 

length) had increased (Sverdlik and Lanir 2002). 

Irreversible softening has also been observed during pressure-volume studies in BDM-

arrested rat-hearts (Figure 1.6 from (Emery et al. 1997a)). A quasi-linear viscoelastic 

model, based on the observed pressure-volume relaxation response, was able to 

reproduce the observed nonlinear pressure-volume relations, with associated hysteresis. 

However, it was unable to reproduce the observed irreversible softening. An alternative 

model based on that used for elastomers (Johnson and Beatty 1993) was better able to 

predict the observed irreversible softening. As irreversible softening in rubber was 

attributed to damage of rubber molecules, Emery et al. (1997) proposed that the 

observed strain-softening of cardiac tissue was similarly caused by structural damage. 

Interestingly, it was noted that the decrease in stiffness was greatest at the lower, 

physiological levels of pressure (0-15 mmHg). Similar strain-softening behaviour was 
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reported during shear deformation of small blocks of pig-myocardium, for all 

magnitudes of strain (Dokos et al. 2002). 

 

Figure 1.6. Typical example of left ventricular pressure-volume relations for rat-hearts. Shown are the 

last 20 mmHg inflation (cycle six), and the first two inflation cycles of 30 mmHg (cycle 7 and 8, 

respectively). Strain softening is clearly evident between the first and second cycles of 30 mmHg 

pressure (Adapted from (Emery et al. 1997a)). 

Emery et al. further investigated this phenomenon (Emery 1997b; Emery et al. 1998). 

Softened myocardium exhibited an increased local-strain in the fibre, cross-fibre and 

fibre-shear directions at low inflation pressures (10 mmHg), after experiencing higher 

levels of inflation (30 and 120 mmHg). This irreversible local-strain increase was 

reported to be significantly greater in the fibre direction. Micrographic comparison of 

control (fixed at 10 mmHg), and softened (previously experienced 120 mmHg, fixed at 

10 mmHg) myocardium demonstrated noticeably more broken collagen struts in the 

strain-softened tissue (Emery 1997b). Struts have previously been attributed to tightly-

coupled myocytes, and thus limit slippage during diastole (Caulfield and Borg 1979). 

Strain-softening was also termed “overpressure damage”, due to its irreversible nature 

and the evidence of broken struts, (Emery et al. 1998).  
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In contrast, a lack of strain-softening was reported during physiologically relevant 

uniaxial extensions (SL < 2.4 µm) of skinned trabeculae (Granzier and Irving 1995), 

skinned cardiac myocytes (Granzier and Irving 1995; Helmes et al. 1999), and isolated 

cardiac myofibrils (Linke et al. 1994; Linke et al. 1996; Linke et al. 1997). In support 

of these findings, a lack of strain-softening was reported during physiological levels of 

extension of individual titin molecules, although clear evidence of recoverable 

viscoelastic softening was observed (Kellermayer et al. 2001). However, irreversible 

softening was reported when isolated cardiac myocytes (Granzier and Irving 1995), and 

isolated cardiac myofibrils (Linke et al. 1994; Linke et al. 1996), were extended far 

beyond their normal physiological range (SL > 2.8 µm). These specimens had their 

extracellular matrix removed, and cross-bridge interactions had been inhibited through 

a variety of interventions; thus the observed irreversible softening was attributed to 

titin. 

1.7 Tissue viability. 

The passive properties of cardiac tissue have been the focus of many prior studies. 

However, conflicting reports of the presence of strain-softening during physiological 

levels of myocardial deformation demand further investigation. Strain-softening 

behaviour has been reported for larger specimens of myocardium from many different 

species (i.e. pig, cat, dog, rat and mouse) under a range of tissue deformations 

(i.e., inflation of whole-hearts (Emery et al. 1997a), biaxial testing of myocardial sheets 

(Demer and Yin 1983), and shear deformation of myocardial blocks (Dokos et al. 

2002)). However, smaller skinned specimens (i.e., trabeculae and myocytes), when 

axially extended within the physiological range, have not exhibited strain-softening 

behaviour. Several differences exist between these specimens, and the modes of applied 

deformation – namely, tissue architecture, intact versus skinned, and different metabolic 
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states (i.e. non-perfused, and thus ischemic anoxic, and or larger than 300 µm 

maximum diffusion distance, versus skinned, and thus without any oxygen 

requirement). 

Thus species can be discounted, while specimen size, architecture and viability must be 

considered as factors that could influence the presence of strain-softening. Previous 

studies in which strain-softening has been reported did not, or could not, assess tissue 

viability. Thus, the intact trabecula, in which tissue viability can be assessed via the 

twitch response, is a good preparation with which to investigate the effects of tissue 

health on strain-softening.  

1.8 The effects of 2,3-butanedione monoxime (BDM). 

The chemical phosphatase BDM is a commonly used negative inotropic agent, which is 

reported to affect a number of cellular mechanisms, including muscle contraction and 

ionic current flow (for review see (Sellin and McArdle 1994)). The actions of BDM 

appear to be: species-, muscle type-, temperature- and calcium concentration- 

dependent, making comparisons between studies problematic. Thus, while the negative 

inotropic action of BDM is well documented, and it is commonly used during 

interventions on cardiac tissue, its mechanisms are not well understood. BDM has been 

used in two recent studies that demonstrated strain softening (Emery et al. 1997a; 

Dokos et al. 2002). Both studies entertained the possibility that BDM influenced the 

observed strain-softening. Thus, clarification of the effect of BDM on the passive 

mechanical properties of intact cardiac tissues, and strain-softening, is needed. 
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1.8.1 Cardioprotective properties of BDM. 

BDM is a commonly used cardioprotective agent, which is credited with the ability to 

offer protection against: cutting injury (Mulieri et al. 1989), the calcium paradox (Daly 

et al. 1987), and ischemic damage (Nayler et al. 1988). BDM is reported to inhibit 

contracture of metabolically challenged cardiac tissue (Armstrong and Ganote 1991; 

Hajjar et al. 1994; Ikenouchi et al. 1994), and to reduce the rate of ATP consumption 

(Li et al. 1985; Hajjar et al. 1994), although a lack of change in ATP consumption has 

also been reported (Armstrong and Ganote 1991). During the measurement of 

mechanical properties of passive myocardium, recent studies have utilised the 

cardioprotective properties and negative inotropic action of BDM (Emery et al. 1997a; 

Dokos et al. 2002). Similarly, the BDM-induced inhibition of contractile activity has 

been used to reduce motion artifacts during electrical and optical mapping studies (Qin 

et al. 2003). 

However, recent studies have reported that BDM exacerbates the injury sustained by 

metabolically challenged cardiac tissue. Higher temperatures and higher BDM 

concentrations (37 °C and 50 mM, respectively) were reported to accelerate both the 

rate of ATP depletion, and the time-to-contracture (Stapleton et al. 1998). BDM was 

reported to induce a dose-dependent reduction of membrane integrity in metabolically 

challenged cardiac myocytes (Armstrong and Ganote 1991). This damage was 

exacerbated by osmotic stress.  

1.8.2 Effect of BDM on mechanical properties of striated-muscle. 

The effects of BDM, on both active and passive tissue mechanical properties, have 

previously been investigated. In activated muscle, BDM is reported to slow or block the 

transition of cross-bridges from weakly-bound to strongly-bound states (Zhao and 
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Kawai 1994a; Ebus and Stienen 1996), and thus inhibit the force-generating step (see 

the recent review by (Geeves and Holmes 1999)). Evidence of BDM increasing the rate 

of cross-bridge detachment has also been presented (Zhao and Kawai 1994a; Ebus and 

Stienen 1996; Sollott et al. 1996; Sun et al. 2001). One consequence of altering the 

cross-bridge transition rates is a decrease in the population of strongly-bound, or force-

bearing, cross-bridges, and thus a decrease in force development. BDM is also proposed 

to increases the population of weakly-bound cross-bridges in activated skeletal tissue 

(Zhao and Kawai 1994a). The [BDM]-dependent decrease in skeletal muscle contractile 

force, in conjunction with a decrease in high frequency stiffness, is the evidence 

advanced to support this hypothesis (Fryer et al. 1988; Higuchi and Takemori 1989; 

Zhao and Kawai 1994a; Zhao et al. 1996). However, in a study using skinned cardiac 

trabeculae, stiffness and force were reported to decrease proportionally for [BDM] 

between 0 and 100 mM (Ebus and Stienen 1996).  

The effect of BDM on the passive mechanical properties of skinned cardiac tissue has 

been investigated. BDM (15 mM) is reported to have no effect on the stiffness (as 

indexed using steps of 1% of ML) of passive skinned rat trabeculae (Ebus and Stienen 

1996), and on the passive tension and stiffness of skinned rat-myocytes (15 mM BDM, 

70 Hz sinusoidal length perturbations of 1% amplitude, (Granzier and Irving 1995)). 

Similarly, BDM is reported to have no effect on passive tension of rabbit cardiac 

myofibrils (10, 50 and 100 mM BDM (Linke et al. 1994; Linke et al. 1996)), or on the 

stiffness of rat cardiac myofibrils (20 Hz sinusoids of 2% amplitude, 40-50 mM BDM, 

(Linke et al. 1997)). These studies indicate that: i) skinned cardiac muscle in relaxing 

solutions has very few force-bearing cross-bridges, ii) weakly-bound cross-bridges are 

either not present, or not detectable using these protocols, and iii) BDM does not alter 

the stiffness of titin, at very low calcium concentrations.  
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There have been fewer studies investigating the effects of BDM on the passive 

mechanical properties of intact cardiac muscle. It was reported that 40 mM BDM 

increased the diastolic fibre length of in-vivo porcine hearts, when introduced via the 

left anterior descending (LAD) coronary artery. Studies on isolated cardiac myocytes 

observed an increase in myocyte resting length upon application of 20 mM BDM 

(Ikenouchi et al. 1994; Sollott et al. 1996). The lengthening of myocytes was attributed 

to BDM inhibition of significant numbers of force-generating cross-bridges during the 

refractory period. Thus, clarification is required of the effect of BDM on intact passive 

cardiac preparations. 

1.9 Thesis objectives. 

The major focus of this study is to determine the effect that tissue health has on the 

measured force length relation of intact, rat, RV trabeculae. This focus can be re-cast in 

terms of three principal questions to be investigated experimentally. 

1) Is strain-softening observed during the measurement of the stress-strain relation, 

over a physiological range, when using viable, intact rat trabeculae? 

2) Does BDM: affect the stress-strain relation, induce strain-softening phenomena 

or affect measured stiffness when using viable, intact rat trabeculae? 

3) Does loss of viability influence: stress-strain relations, observations of strain-

softening or the stiffness of intact rat trabeculae? 

Definitive answers to these questions would reveal whether ‘strain-softening’ (in either 

the presence or absence of BDM) accurately reflects the true quiescent properties of 

viable myocardium. 
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Chapter Two: Methods and Materials. 

The experimental apparatus was designed and built for the series of experiments within 

this thesis, and thus will be discussed in detail. An overview of the protocols and 

methods will also be presented, although more methodological detail will be supplied in 

the relevant chapters.  

2.1 Muscle preparation and solutions. 

2.1.1 Muscle preparation. 

The studies included within this thesis were performed on trabeculae from the right-

ventricles (RV) of rat hearts. Trabeculae are thin axial arrangements of cardiac cells 

which lack the complex architecture found in ventricular tissue, such as non-aligned 

fibre orientation, laminae and extensive extracellular connective tissue (Caulfield and 

Borg 1979; Robinson et al. 1983; Nielsen et al. 1991; LeGrice et al. 1995a). The axial 

nature of trabeculae enables the experimental apparatus, measurements and 

interpretation to be simplified, by treating the specimen as one-dimensional. 

The small diameter of the trabeculae (length 2-4 mm and thickness ~200 µm), reduced 

the degree of hypoxia and lack of nutrient diffusion at times of maximal work 

(Schouten and ter Keurs 1986; Stuyvers et al. 2002). When dissected carefully, 

trabeculae did not sustain cutting injury, as cutting damage was constrained to the 

blocks of tissue at each end.  

All animal experiments were carried out in accordance with Auckland University 

Animal Ethics guidelines. Each rat (Wistar, age ~70 days, and weight ~300 g) was 
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stunned and cervical dislocation quickly followed. The thoracic cavity was opened, and 

the heart, with approximately 10 mm of aorta, was quickly excised and plunged into a 

dish of 0 °C dissection solution to induce arrest. While in the chilled solution, the heart 

was gently massaged to remove excess blood. The time taken from stunning the animal 

to plunging the heart into the dissection solution was in the order of 30 s. The dissection 

solution consisted of a modified Tyrodes solution containing 20 mM BDM, which was 

reported to reduce cutting damage (Mulieri et al. 1989), and to inhibit contractile 

activity.  

Each heart was then placed in a dissection bath, and the aorta tied onto a blunted 

hypodermic needle. Oxygen-saturated dissection solution was retrogradely perfused 

through the aorta using the Langendorff technique. The time from stunning the rat to 

Langendorff-perfusion of the heart was in the order of 90 s. The Langendorff-perfused 

heart was positioned with the right ventricle facing up. The heart was pinned through 

the apex, and an entry hole incised through the right atrium. An incision was made from 

the base to the apex of the right ventricle, where the right-ventricular free wall joined 

the septum. The right ventricle was gently reflected, and the chordae tendinae that 

connect the papillary muscle to the valve were cut. The ventricle was then fully 

reflected and carefully pinned back. 

With the aid of a dissection microscope, the valve tissue was lifted and the ventricular 

wall inspected for trabeculae. Ideal trabeculae commonly connect just under the valve 

ring and insert into the ventricular free-wall. Unbranched specimens between 2 mm and 

4 mm long and less than 200 µm thick in the minor axis were sought. A block of 

ventricular tissue attached to the trabecula was incised from the free-wall. The other 

end, including a block of valve and atrial ring, was then dissected (Figure 2.1). The 
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freed trabecula was moved to the bottom of the Langendorff dissecting bath for 

trimming. 

 

Figure 2.1. Schematic diagram showing the typical location of suitable trabecula in the right ventricular 

free wall of a heart (atria and valves are not shown). The isolated trabecula is shown with a block of 

ventricular tissue at each end. This image was reproduced, with permission, from Peter Hanley’s Ph.D. 

Thesis (Hanley 1999). 

The tissue at each end of the trabecula was trimmed to ~300 x 300 x 600 µm blocks and 

used for mounting the trabecula in the bath. As air-water surface tension forces are 

large at this small size, a system was devised to avoid stretching the trabecula by 

removing the need to pull it through a fluid meniscus. The trabecula was transferred to 

the muscle bath by being aspirated into an 800 µm diameter glass tube attached to a 

1 ml syringe. The glass tube was then positioned over the muscle bath and the trabecula 

ejected. Once in the bath, the trabecula was mounted in the muscle attachment hooks 

(see section 2.2.2.4). 
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2.1.2 Solutions. 

The initial superfusate was a modified Tyrode solution as used by Daut and Elzinga 

(Daut and Elzinga 1988). Its composition in mM was: NaCl 144, KCl 6, MgSO4 1, 

NaH2PO4 1, HEPES 10 and glucose 10. CaCl2 was added from a 1 M stock solution, to 

achieve the required extra cellular calcium concentration ([Ca
2+
]o). The pH was 

adjusted to 7.4 by addition of 1 M TRIS. All solutions were vigorously bubbled with 

100% O2. Tyrode solution was used in preference to a Krebs-Henseleit solution, as this 

removed possible pH changes associated with sub-maximal CO2 saturation of the 

superfusate. 

This modified Tyrodes solution proved to be satisfactory during the passive muscle 

protocols and when eliciting a stimulated response from the muscle. Problems were 

encountered when entering a barium contracture, as the Ba
2+
 formed an insoluble salt 

with SO4
2-
, and precipitated out of the solution. To avoid the formation of the insoluble 

precipitate, the magnesium sulphate (MgSO4) was replaced with magnesium chloride 

(MgCl2). 

The final solution, as used in the experiments within this thesis, was as follows (mM): 

NaCl 141.6, KCl 5.97, MgCl2 1, NaH2PO4 1.18, HEPES 10 and glucose 10. All 

solutions were made from this stock solution, unless otherwise stated. The dissection 

solution was modified Tyrodes solution with the addition of 20 mM BDM and 0.5 mM 

Ca
2+
. All chemicals were purchased from Sigma Aldrich and were of analytical grade. 
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2.2 Muscle bath and mechanical testing apparatus. 

A muscle mechanics rig was designed and built for use on this project. As this rig was a 

major output from this project, the following section will describe the requirements, 

design and construction in detail. 

2.2.1 Requirements and specifications. 

A muscle mechanics rig was designed and built for mechanically testing RV rat 

trabeculae, for which the design requirements were: 

- Allow continuous superfusion of the trabecula. 

- Bath temperature stability with the capability for rapid temperature changes. 

- Allow mechanical perturbations of small amplitude (up to 10 µm peak-to-

peak) and high frequency (0.1 to 400 Hz). 

- Allow large mechanical perturbations (500 µm) at low velocities (1 µm s
-1
) 

- Measure active and passive trabecula tension. 

- Measure sarcomere length (SL). 

- Compact and mechanically stiff method of muscle attachment. 

2.2.2 Data acquisition and experimental control. 

It was desirable to automate portions of the experimental protocols and data acquisition. 

The benefits of automation were: decreased data acquisition time, reduced operator 

error, accurate time alignment and increased degree of real time data processing. A 

1 GHz AMD processor computer with 256 Mbytes of RAM (C&L Computing, 

Auckland), was used for the data acquisition and control. LabView™ 5.1 was used to 

develop the data acquisition, motor control and image processing software. All data 
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acquisition and control software was written by Dr Andrew Taberner. The computer 

hardware used for control and data acquisition were as follows: a data acquisition and 

analog output signal card (NI 6031E, National Instruments, USA), a 4-axis motor 

controller card (NI 7344 PCI, National Instruments, USA) and a digital frame-grabber 

card (FG-3170 CameraLink Silicon Imaging, CA, USA). 

2.2.3 Open-ended muscle bath. 

Construction of the bath, superfusate system, temperature control and muscle 

attachment systems will be discussed in detail in the following sections. The 

mechanical perturbation, force measurement and muscle attachment systems were 

designed for incorporation into a flow-through calorimeter. To emulate a flow-through 

calorimeter bath, an open-ended bath was constructed to conduct muscle mechanics 

experiments. 

2.2.3.1 Muscle bath construction. 

The muscle bath was constructed from an inverted brass T-beam with a stem thickness 

of 2 mm. Two windows of dimension 4 x 10 mm were fashioned from cover slip glass, 

and glued to each side of the gold plated brass stem to form a 2 x 2 x 10 mm U-shaped 

bath (volume 40 µl). The top of the T beam was inverted and glued to a Peltier device 

(MI 1023 TAC, 9.2 W, Marlow Industries), which was glued to a Coherent MicroMech 

linear system for X-Y-Z motion (Figure 2.2). To allow electric field stimulation of the 

trabecula, two 100 µm diameter platinum electrodes were placed at either side of the 

muscle bath. A Grass SD9 stimulation module was used as the electric field stimulation 

source. 
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Figure 2.2. The muscle bath is located in the centre of the picture. The cylinders on the left are the 

length-perturbation components, the mechanism on the right is the strain gauge system and the 

microscope lens facing the bath is part of the SL measuring system. 

2.2.3.2 Superfusate system. 

Although the bath was “open-topped” and “open-ended”, surface tension constrained 

the superfusate to remain within the bath. Having an open-ended bath avoided the need 

for right-angle muscle attachment, which was a requirement for the flow-through 

calorimeter. The open-topped design permitted ease of muscle mounting, which 

reduced muscle damage. Superfusate was introduced to the top of the bath via a 25-

gauge needle. Delivering the fluid to the top of the bath prevented the formation of 

bubbles, which would otherwise accumulate at the bottom of the bath, causing random 

noise events on the strain gauge. A second 25-gauge needle removed the superfusate 

and controlled the fluid level. Two peristaltic pumps (Minipuls III, Gilson, France), 

were used for the fluid delivery system, one to introduce the fluid and the other to 
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remove it. Glass capillary tubing (Polymicro Technologies Incorporated, USA) of i.d. 

200 µm and 50 µm wall thickness connected the peristaltic pump to the fluid inlet 

needle. Glass tubing was used to minimise oxygen leakage through the tubing wall, 

while the small bore size reduced fluid washout time. The superfusate was removed 

from the bath via suction through the second needle. The height of the inlet on this 

needle determined the superfusate level. To prevent the muscle bath overfilling, larger 

diameter tubing was fitted in the peristaltic pump that removed the superfusate. 

Problems were experienced with pump pulsitility and the control of superfusate 

delivery and removal. The peristaltic action created a small pulsitility in the fluid 

delivery that was detectable by the strain gauge system. Changes in the muscle bath 

fluid level also affected the strain gauge signal, as this system penetrated the fluid 

meniscus. To remove the strain gauge noise created by the fluid system during low 

force measurements, the superfusate pumps were stopped. Due to the small size and 

low energy demands of the quiescent trabeculae, the oxygen capacity of the superfusate 

in the bath was adequate to keep the muscle healthy. No significant difference was 

noted in the twitch response force, before and after a 10 min break in superfusate flow. 

Upon stopping the superfusion system, a second noise artifact was observed. The 

source of this noise was the change in superfusate fluid height due to evaporation. This 

noise was seen to be quasi-linear, and was easily corrected off-line, using a linear ramp 

function. 

The final bath design was a compromise between mechanical stiffness, accessibility for 

muscle mounting and adequate superfusion. While not optimal, it was proven to be 

adequate for the current body of work. 
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2.2.3.3 Temperature control. 

This section will detail the software and hardware associated with monitoring and 

controlling the muscle bath temperature. The temperature controlled environment 

consisted of the U-shaped bath and the volume of fluid flowing through the bath. The 

Temperature Monitor program was used both to set the target temperature and to 

monitor the bath temperature. A target temperature for the bath was set in the 

Temperature Monitor interface (Figure 2.3). From this target temperature the 

Temperature Monitor program calculated a voltage, which, via a D/A channel on the 

data acquisition card, was used as the set point on a PID temperature controller 

(HTC-1500, Wavelength Electronics, MT, USA). The PID temperature controller 

regulated the brass bath base, and thus bath temperature, via the Peltier device. To pre-

warm the superfusate before it entered the bath, the fluid inlet needle was positioned in 

thermal contact with the brass bath base. A miniature 4.7 k thermistor bead (1.5 mm 

diameter, RadioSpares stock 151-142) was inserted into the brass bath base to monitor 

the bath temperature. This thermistor bead signal was measured via the data acquisition 

card, and converted to temperature via a calibration table. The measured temperature 

was input to the Temperature Monitor program and displayed in real time. 

The muscle bath had a working temperature range of 10-50 ± 0.1 °C. When the bath 

was at 23 °C, and operating at the standard superfusion rate of 1 µl/s, a 10 °C increase 

in temperature was achieved in 100 s. 
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Figure 2.3. The computer interface for the Temperature Monitor program. 

 

2.2.3.4 Muscle attachment. 

In order to mechanically interrogate the muscle, an end-on muscle attachment system 

was required. The attachment mechanism needed to be structurally stiff, while 

minimising damage to trabeculae. In the literature, the majority of muscle rig designs 

hold the trabeculae from above. There are well-developed trabeculae holding 

techniques that minimise tissue damage (ter Keurs et al. 1980). For the current study, 

the open-ended bath required axial muscle attachment, for which there are limited 

published designs. 

A novel muscle attachment hook was manufactured from thin glass tubing using a glass 

etching technique (Shoji and Esashi 1990). An electric potential of negative 36 volts 

was applied to a 100 µm stainless steel needle. When the needle was placed in a 35% 
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NaOH solution, which was grounded via a platinum electrode, an electric discharge 

formed at the needle tip. This electric discharge caused localised heating, which 

thermally accelerated the removal of glass by NaOH. Using this etching technique, 

small glass hooks were manufactured from square borosilicate glass tubing (500 µm i.d. 

with 50 µm thick walls, VitroCom, New Jersey, USA). The tubing was cut to length 

using a diamond scribe and one end rounded using a butane flame. The tube was 

clamped in a bath containing the NaOH solution while the discharge needle was held in 

a manual X-Y-Z micromanipulator. Moving the discharge needle via the 

micromanipulator allowed a glass attachment hook to be fashioned from the tubing 

(Figure 2.4). 

 

Figure 2.4: Panel A shows a 10 x magnification view of a glass hook of dimension 10 mm long by 

600 µm wide. Panel B shows a schematic diagram of the glass hook for clarity.  

 

Two hooks were used to hold the trabecula, with each hook holding a block of the 

ventricular tissue at one end of the trabecula. One of the attachment hooks was 

mechanically connected to the strain-measuring system, while the other hook was 

connected to the muscle perturbation system. The hooks were positioned in the bath 

until they were almost touching. Upon filling the bath with the dissection fluid, the 

trabecula was transferred to the bath as described above. The trabecula was placed 

A B 
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above the slots that ran along the top of the hooks (Figure 2.4). The bath was lowered 

via the micromanipulator stage until the perfusate level was midway down the hook. 

The trabecula was carefully manipulated into the hook slots using a fine set of 

biological tweezers (Fine Science Tools). The hooks were separated, via a micrometer 

attached to the strain gauge system, until the small blocks of tissue at either end of the 

trabecula were gently pulled into their respective hooks. The muscle bath was raised, 

via the micromanipulator stage, to position the trabecula centrally in the bath.  

The hooks proved successful in holding the trabecula during the course of the 

experimental procedure, with maximum stresses in the order of 100 kPa being 

generated. The trabeculae remained viable for many hours, indicating that the hook 

system inflicted minimal muscle damage.  

To determine suitable hook dimensions (first resonant frequency > 1000 Hz), Dr 

Taberner developed a Finite Element model of the glass hooks holding a compliant 

muscle (ANSYS 5.7, PA, USA). The muscle (2 mm long and 200 µm diameter), was 

modeled using neo-Hookean elastic constitutive properties, chosen to match closely that 

of passive cardiac tissue. With glass hook lengths of 12 mm and widths of 600 µm, the 

model predicted a flat frequency response up to 1 kHz (Taberner et al. 2000). For the 

studies within this thesis the length of the hooks were 10 mm, which would increase the 

first resonant frequency above that predicted by the model. 

Using these hooks for muscle attachment had several advantages over previously 

published attachment methods. They were mechanically rigid with an axial orientation, 

had a small size and low thermal mass. In addition, due to the nature of the hooking 

mechanism, they also inflicted little damage on the trabecula. As an axial mounting 
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system was required, all top-mounting attachment methods were discounted (Kawai and 

Brandt 1980; ter Keurs et al. 1980; Rossmanith 1986a; Stuyvers et al. 2002). Published 

axial attachment methods that were considered and discounted include: aluminum t-

clips ((Ford et al. 1977), which were too bulky and inflicted a crushed zone at the ends 

of the trabecula), silk ties (which were too mechanically compliant), notched 

hypodermic needles with tied clamping plate ((Moss 1979), too bulky and muscle 

damaging), carbon fibres ((Le Guennec et al. 1990), which were too compliant and not 

suitable for multi-cellular preparations) and suction pipettes ((Zeng et al. 2000), which 

were not appropriate as force developed through suction was too low to hold maximally 

activated cardiac muscle). 

2.2.4 Length perturbation and force measurement. 

This section will detail the force measurement and mechanical perturbation systems that 

were designed to mechanically interrogate the muscle.  

2.2.4.1 Force measurement system. 

The force measurement system was comprised of a strain transducer, signal amplifier, 

data acquisition unit and a micromanipulator (Figure 2.5). The strain transducer was a 

silicon beam strain gauge (AE-801, SensoNor, Horton, Norway), used in full bridge 

mode. To maximise the stability and performance of the force measurement system, the 

silicon beam was shielded from ambient light and humidity in a manner that minimised 

the reduction of the beam’s resonant frequency. Two layers of thinned (acetone) dark 

pigmented fingernail polish (Revlon, Ink 20), were applied to the light-sensitive silicon 

beam, to reduce the intensity of incident light. Secondly, a small metal tube of slightly 

shorter length than the silicon beam was attached to the strain gauge clamp. This tube 

shielded the strain gauge from ambient temperature, humidity and light fluctuations. 
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Figure 2.5. The force transducer with associated signal amplifier, micromanipulator and glass hook.  

 

The strain gauge bridge was excited with 3 volts DC, while the resulting strain signal 

was amplified with a gain of 400 (INA2128, Texas Instruments, Dallas, USA). The 

strain gauge amplifier was located in close proximity to the strain gauge (40 mm), to 

reduce the susceptibility of the strain gauge signal to electromagnetic noise. The strain 

gauge signal was acquired with the data acquisition card, and had a sensitivity of 

1.262 mV/mN, with 10 µN resolution. The strain gauge system was mounted on a well-

damped, 3-axis, micromanipulator (Prior, Cambridge, England).  

A glass hook was attached to the strain gauge beam via sealing wax, which was melted 

with a small soldering iron. Once set, the wax formed a ridged mechanical connection 

between the hook and strain gauge. The use of sealing wax was favored over glue due 

to the ease of its removal via application of heat. The first resonant frequency of the 

complete strain gauge system was over 1 kHz.  
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2.2.4.2 Mechanical perturbation system. 

To measure the stress-strain relationship of a quiescent trabecula, a slow (~20 µm/s) 

and relatively large (up to 500 µm), mechanical perturbation was required. To perform 

dynamic stiffness measurements, low amplitude high frequency perturbations were 

required (10 µm and 1 kHz, respectively). Due to difficulties in sourcing a single 

actuator to perform both these perturbations, two actuators were used in series. A 

System 2000 Nanopositioner (Queensgate Instruments Ltd, Devon, UK), was used as 

the high frequency, low amplitude actuator, while a PI M-227.25 DC-Mike (Physik 

Instrumente, Karlsruhe, Germany), provided higher amplitude lower frequency 

extensions. 

The Queensgate actuator (MTP 15) was a piezo-electric translation device containing a 

capacitive displacement sensor (accuracy ± 10 nm). This actuator had a maximum 

displacement of 15 µm at 150 Hz, which was reduced to 2 µm at 1 kHz. A Queensgate 

NS 2000 Electronic Module converted the capacitive sensor spacing to a proportional 

analog voltage signal. The NS 2000 module and MPT 15 actuator were used in 

conjunction with a micro-controlled piezo-electric actuator driver (Queensgate MC 10). 

A LabView™ program was used in conjunction with the data acquisition card to 

control and record the motion of the Queensgate actuator.  

The PI M-227.25 DC-Mike actuator had a 25 mm displacement range, 1 mm/s 

maximum velocity and 3.5 nm encoder resolution. This actuator was controlled via the 

motor-controller card. A custom-made holder was designed to clamp the PI actuator 

around the motor barrel, and fasten it to an air-table in a mechanically rigid manner. 

The glass hook was connected to the Queensgate via a screw-in adapter, which was in 

turn attached to the PI actuator (Figure 2.6). 
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Figure 2.6. The muscle perturbation hardware, comprising the custom clamp, PI and Queensgate 

actuators, and attachment hook.  

 

2.2.4.3 Muscle mechanics software. 

Using the mechanical perturbation and force measurement systems, it was possible to 

perform a rich set of mechanical perturbation experiments. The PI actuator was used to 

supply low velocity, large amplitude changes (between 5% and 20 % of ML), in order 

to ascertain the stress-ML extension relations and the possible occurrence of strain 

softening behaviour (Fung 1993; Granzier and Irving 1995). Small amplitude (0.2% of 

ML) mechanical perturbations with a rich frequency content have been used to study 

strain-sensitive dynamics of muscle. In particular, sinusoidal length perturbations over a 

range of frequencies (Cuminetti and Rossmanith 1980; Kawai and Brandt 1980) or 

Pseudo Random Binary Noise (PRBN) length perturbations (Rossmanith 1986a) have 

been used to measure the dynamic stiffness of muscle tissues. These techniques are 

mainly used in conjunction with activated tissue to obtain cross-bridge information, but 

can also yield information about passive tissue states. The Queensgate actuator was 

used to supply this class of mechanical perturbation.  
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2.2.5 Muscle-rig optical systems. 

Two microscopes and two software programs were developed for use in the studies 

within this thesis. A stereomicroscope was used to aid manipulation, mounting and 

monitoring of a trabecula during the course of the experiment. A second microscope 

obtained high magnification images of subsections of the trabecula. The first program 

acquired high magnification images at fixed intervals along the length and width of the 

trabecula, from which a mosaic of the entire muscle was constructed. The second 

program calculated the mean SL within a given image. 

2.2.5.1 Muscle monitoring microscope. 

The muscle monitoring system consisted of a stereomicroscope (Wild8, Leica, 

Heerbrugg, Switzerland), colour CCD camera (1CD-800P, Ikegami, Tokyo, Japan) and 

a monitor (PVM-1454QM, Sony Trinitron, Japan). The microscope was positioned 

above the muscle bath and was capable of magnifying the field of view between 6 and 

60 times. This microscope was used when mounting the trabecula in the muscle bath 

(Figure 2.7). 

2.2.5.2 Sarcomere length imaging microscope. 

The sarcomere length imaging (SLI) microscope recorded images of sections of the 

trabecula, from which an estimate of sarcomere length was calculated and entire 

trabecula mosaics were constructed. The SLI microscope was comprised of the 

following optical components: light condenser, objective lens, infinitube in-line 

assembly, video camera, frame grabber and controlling computer (Figure 2.8). The 

condenser lens focused light through the trabecula via the glass walls of the muscle 

baths. A 50 x objective lens (LWD MSP plan, #101950, Olympus, Japan) with a 4 mm 

working distance, Infinitube (#L54-590, www.edmundoptics.com) in-line assembly and 
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digital camera (SI-3170 MegaCamera, Silicon Imaging, CA, USA) magnified and 

acquired the images from within the field of view.  These images were transferred to the 

controlling computer via the frame-grabber card (FG-3170 CameraLink), and saved to 

the computer hard drive. The camera had a 1/3 of an inch CMOS sensor (2056 x 1544 

pixels), which, in conjunction with the 50 x objective lens and Infinitube, gave a 

120 µm by 90 µm field of view. When sarcomere length was between 1.8 µm and 

2.4 µm, the 120 µm field of view allowed 50 to 70 sarcomeres to be imaged. 

 

Figure 2.7. The monitoring microscope system.  

 

2.2.5.3 The SLI Microscope Positioning. 

The SLI microscope positioning system allowed precise automated positioning of the 

SLI microscope. Automation was necessary to allow-computer controllable positioning 
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of the SLI microscope when imaging entire trabeculae. The SLI microscope positioning 

system comprised both hardware and software components. The hardware components 

were: an X-Y-Z micromanipulator stage (M425 series, Newport, California, USA), two 

DC actuators (850A, Newport, California, USA), one manual micrometer (Newport, 

California, USA), the 4-axis motor controller card (NI-7344 PCI) and the controlling 

computer (Figure 2.8). Two LabView™ programs were used to control the SL 

microscope position. The first program allowed SLI microscope positioning via 

keyboard control, to enable quick assessment of muscle size, health, alignment and 

lighting quality. The second program scanned the muscle and built a mosaic image of 

the trabecula. From these mosaic images, trabeculae geometry and SL uniformity were 

measured. 

 

Figure 2.8. The SL imaging microscope and associated positioning equipment.  
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2.2.5.4 Sarcomere Length Measurement. 

To calculate the average SL over the field of view, a one-dimensional fast Fourier 

transform (FFT) was performed on each horizontal pixel row of the image acquired 

from the trabeculae, and the power spectra of all rows summed. This summed spectrum 

demonstrated a clear peak corresponding to the average SL within the field of view. A 

similar FFT technique has been previously validated and used to calculate SL from 

images of skinned cardiac trabeculae (Dobesh et al. 2002). 

In this system, the FFT analysis produced 27 frequency bins between 1.596 µm and 

2.410 µm (~30 nm resolution). To improve this resolution, a Gaussian curve was least 

squares fitted (using a Levenberg-Marquardt non-linear regression algorithm) to the 

power of the peak frequency and five frequency bins either side of the peak. The mean 

of the fitted Gaussian value estimated the average SL, and its standard deviation gave 

an estimate of the variation of the SL within the field of view. 

Nominal Line Spacing Measured Spacing Error

1.667 1.659 0.008

5.000 5.006 -0.006

1.693 1.689 0.004

 

Table 2.1. The results of sarcomere length (SL) calculation software, when tested on three diffraction 

gratings. Nominal line spacing is calculated from the diffraction grating specification. Measured 

spacing is the calculated line spacing (from the SL calculating software). Error is the difference. All 

units in µm. 

 

The system was calibrated using a diffraction grating with nominal 600 lines/mm and 

verified using gratings with nominal 200 lines/mm and 15,000 lines/inch (Table 2.1). 

Over this range (1.667 µm to 5 µm line spacings), the measured line spacings were 

within ~6 nm of the nominal diffraction grating line spacing. Of interest were the line 
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spacing values of the 600 lines/mm and 15,000 lines/inch gratings, which had a nominal 

difference of 27 nm. The SL analysing program measured these line spacings as 

1.659 µm and 1.689 µm (i.e., 30 nm difference). The use of Gaussian fitting to extend 

the FFT technique allowed a five-fold improvement in SL resolution in single images 

(~30 nm to ~6 nm). Figure 2.9 illustrates the SL measurement system operating on a 

central portion of a trabecula. This system was used to set the SL of the central muscle 

region to ~1.9 µm before stretching, and to calculate the SL extension during 

experimental protocols. The frame rate for acquiring SL images was ~ 10 Hz. This was 

adequate for pre-setting the SL before experimental protocols and to monitor SL 

extensions during slow muscle extensions. 
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Figure 2.9. Determination of sarcomere length (SL). A: micrograph (120 µm by 90 µm) recorded from 

central region of a trabecula. B: measured FFT power spectrum (arbitrary units) in region of interest 

(light crosses), peak FFT bin with 5 adjacent bins either side (black crosses) and Gaussian curve of best 

fit (grey continuous line). The fitted curve estimated mean SL of 1.992 µm and standard deviation of 

0.040 µm. 

2.3 Experimental procedures and protocols. 

Although each of the three experimental studies contained within this thesis followed 

different protocols, the initial sequence of events were similar for all three studies. 

Therefore, this section will detail the general experimental protocols. More details of 

the experimental protocols that are pertinent to the individual studies are included in the 

relevant chapters.  
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2.3.1 Muscle mounting and viability check. 

The trabecula was mounted in the muscle bath, while being superfused with dissection 

solution at room temperature (20 ± 1°C). After mounting, SL was recorded at several 

locations along the length of the muscle. If the SL was below 1.9 µm, then muscle 

length (ML) was increased until SL reached 1.9 µm. If the SL was greater than 1.9 µm, 

then ML was not reduced. This procedure avoided ‘preconditioning’ the muscle. 

The dissection solution was replaced with modified Tyrode solution (BDM free and in 

0.5 mM [Ca
2+
]o). As the dissection solution was washed out, a small degree of 

spontaneous activity was often observed through the SL microscope. The bath 

temperature was raised to 26 °C, which often halted this spontaneous activity (de 

Tombe and ter Keurs 1990). The phenomenon of spontaneous activity has been 

reported in the literature (Krueger and Pollack 1975; Stuyvers et al. 1998; Stuyvers et 

al. 2002), and is more readily apparent in trabeculae from rat than those of other 

species. If a large degree of spontaneous activity remained at 26 °C, it was presumed 

that the trabeculae had been injured during dissection or mounting. The data obtained 

from these damaged trabeculae were excluded from the viable stress-ML extension 

study (Chapter Three). In general, muscles that exhibited a large degree of spontaneous 

activity did not complete the stress-strain protocols without stiffening and failing to 

respond to electrical stimulation. 

Each trabecula was stimulated until its force response stabilised for an interval of at 

least 10 min. The stimuli were rectangular (4 ms duration, 0.2 Hz), with a field strength 

of 20% above that required to maximise force. See Figure 2.10 for a typical twitch 

response of a healthy trabecula. In this instance, the time to peak force was 177 ms, the 

time to half-relaxation from peak force was 159 ms, and the twitch duration was 
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754 ms. The observed twitch force curve and values of the other common indices used 

to quantify twitch force are similar to those in the literature (Turnbull 2000). After the 

force response had stabilised, the resting SL was re-measured at several locations along 

the trabecula. A shorter resting SL occasionally occurred as a result of the evoked 

twitches altering the seating of the trabecula in the attachment hooks. If a shorter SL 

was detected, the trabecula was returned to the pre-stimulation SL, and twitch force 

allowed to stabilise. 
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Figure 2.10. Typical force response of cardiac trabeculae to electrical stimulation (20°C, 1 mM Ca
2+
, 

0.2 Hz stimulation rate).  

2.3.2 Muscle scanning. 

Before imaging, the trabecula was required to be eliciting a stable twitch response at the 

“resting” SL. Dissection solution was washed through the bath to suppress any 

spontaneous contractile activity and the field stimulation was stopped. The muscle was 

imaged using the SL scanning software and SL microscope as described above. Once 

the trabecula had been imaged, the dissection solution was replaced with modified 

Tyrodes and stimulation resumed. 
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2.3.3 Passive stress-muscle length extension. 

The first two studies within this thesis are focused on determining the stress-ML 

extension relations in viable (Chapter Three) and non-viable (Chapter Four) trabeculae. 

Cardiac tissue has time-, strain rate- as well as amplitude of strain- dependent 

properties. Therefore, to remove strain rate-dependence, constant–speed, in contrast to 

sinusoidal, ramp length changes at the strain-rate of approximately 1% ML/s (to 

approximate quasi-steady state stress value) were applied. Figure 2.11A depicts the 

strain-softening protocol. A typical example of Experimental determined force data is 

also presented in Figure 2.11B. During the strain-softening protocol, the SLI 

microscope acquired images at regular intervals during each of the muscle length 

extensions. The muscle force was converted to stress and the SL determined from the 

SLI microscope images. With these data, stress-ML extension and stress-SL strain 

curves were determined. For more detail, refer to Chapter Three. 
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Figure 2.11. A) Schematic representation of one Set of uniaxial length extensions (5%, 10% and 15% 

Stretches, with a second 15% Stretch performed after 10 min rest). B) Typical example of 

experimentally measured force. Note: the twitch forces before and after this Set are comparable in 

magnitude. 
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2.3.4 Dynamic stiffness. 

This experimental technique has previously been used to obtain amplitude and phase of 

stiffness information, over a range of frequencies, for skeletal and cardiac muscle, when 

both quiescent and activated (Pryor 1950; Saeki et al. 1978; Kawai and Brandt 1980; 

Rossmanith et al. 1980). The method used to calculate the dynamic stiffness and phase 

depends on the type of muscle length perturbation used, but effectively relates the 

resulting force perturbations to the applied length perturbations. Three mechanical 

length perturbations waveforms, PRBN, white noise and sinusoids over a range of 

frequencies, were trialed for use in this thesis. PRBN perturbations have previously 

been used to measure dynamics stiffness in rabbit psoas (Farrow et al. 1988), and intact 

papillary muscles and skinned trabeculae from rat (Rossmanith et al. 1986b). Sinusoidal 

perturbations have previously been used to measure dynamic stiffness in skeletal and 

cardiac muscle preparations (Saeki et al. 1978; Kawai and Brandt 1980). To improve 

the signal-to-noise ratios of dynamic stiffness measurements in small muscle tissues 

(i.e. rat trabeculae), phase-lock-loop amplifiers have been used to filter out unwanted 

frequencies (Wannenburg et al. 2000). In the current study, the software filtering 

technique of fitting sinusoids to the measured force and displacement data was 

developed (see Chapter Four, Methods), which gave similar results to phase-lock-loop 

hardware filtering.  
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Figure 2.12. A schematic diagram showing the experimental protocol and expected force responses 

when determining the passive and active dynamic stiffness and phase response. Top trace represents 

muscle length perturbations. Bottom trace represents the muscle force response: A) normal twitch force 

response, B) measurement of dynamic stiffness of quiescent muscle when stimulator is off, C) calcium 

free solutions, D) barium contracture, E) measurement of dynamic stiffness of barium activated muscle. 

 

Both these length perturbation waveforms were trialed on both quiescent and activated 

muscle. The experimental protocols used when measuring both quiescent and active 

dynamic stiffness from an intact trabecula are depicted (Figure 2.12). Once the 

trabecula was eliciting a stable twitch response, electrical stimulation was ceased, and 

the dynamic stiffness of the passive tissue acquired. To enable dynamic stiffness 

measurement of active cardiac tissue, first the trabeculae was superfused with a calcium 

free Tyrode solution until the twitch response was abolished, and then 0.5 mM Ba
2+
 was 

added to induce a stable contracture (Saeki et al. 1978; Saeki et al. 1991). 
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Figure 2.13. Comparison of dynamic stiffness spectra of rat cardiac trabecula, when white noise and 

sinusoids of different frequencies were the length perturbation waveforms. The signal-to-noise ratio 

was greater for sinusoidal of different frequencies, as opposed to white noise length perturbations. Data 

presented are for the trabecula when: quiescent with PRBN perturbations (light blue line), quiescent 

with sinusoidal perturbations (dark blue cross), Ba
2+
-activated with white noise perturbations (pink 

line), Ba
2+
-activated with sinusoidal perturbations (red cross).  

 

Figure 2.13 shows an improved signal-to-noise ratio (SNR) in the same muscle, when 

sinusoidal perturbations were utilised instead of white noise perturbations (which gave 

comparably poor results to PRBN perturbations, data not presented). This improved 

SNR was readily apparent at the lower frequencies, where muscle stiffness was lower. 

As a result of these trials, sinusoidal perturbations were employed for all dynamic 

stiffness measurements within this thesis (Chapters Four and Five). The duration of 

dynamic stiffness acquisition, for 33 frequencies between 0.2 and 100 Hz, was 

approximately 3 minutes. It was assumed that the muscle was a time-invariant system 

over this period, which appeared to be a reasonable assumption for both Ba
2+
-activated 

and quiescent cardiac trabeculae, as there was little variation in stress over this time 

frame. 
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Chapter Three: Absence of Strain-Softening in 

Viable Trabeculae. 

3.1 Introduction. 

The passive mechanical properties of cardiac muscle are of fundamental importance, as 

they influence the velocity of shortening (de Tombe and ter Keurs 1992), limit the 

volume of blood that enters the heart, and play a major role in determining the stroke 

volume (Brady 1991b). It is crucial for our understanding of the mechanisms by which 

cardiovascular disease changes the mechanical properties of the diseased heart to have a 

sound understanding of the passive material properties of healthy cardiac tissue. 

Impaired diastolic filling can also manifest as diastolic heart failure in patients with 

apparently normal systolic function (Mandinov et al. 2000). 

However, the passive tension-length relationship is difficult to determine at the tissue 

level, due to the complex 3-D geometry of the heart and the laminar microstructure of 

myocardium (Caulfield and Borg 1979; Nielsen et al. 1991; LeGrice et al. 1995a; 

Young et al. 1998). In order to reduce the anatomic and microstructural complexities 

present in a whole-heart model, mechanical experiments are often conducted on smaller 

samples of myocardial tissue. Such experiments range from biaxial testing of 

myocardial sheets (Demer and Yin 1983) to uniaxial testing of ventricular strips 

(Mirsky and Rankin 1979), papillary muscles (Brady 1967; Fung 1993), cardiac 

trabeculae (ter Keurs et al. 1980), isolated myocytes (Brady 1991b; Granzier and Irving 

1995), myofibrils (Linke et al. 1994), actin filaments (Liu and Pollack 2002), and 

individual titin molecules (Kellermayer et al. 2001). Anisotropic, non-linear, large-
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deformation material behaviour has been observed, together with strain-history-

dependent and strain-rate-dependent phenomena. 
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Figure 3.1. Schematic depiction of irreversible strain-softening. The steepest curve (1) represents stress-

ML extension for the first level of stretch, with subsequent cycles to this level (2 and 3) having softened 

to a lower stiffness. Curves 4 to 6 represent a new level of maximum stretch. The first extension to the 

new level (4) follows the same curve as the softened curves (2 and 3) from the previous level. The 

subsequent cycles (5 and 6) once again follow a softened stress-ML extension curve. 

 

It is well known that myocardium exhibits viscoelastic behaviour because the stress 

response depends on strain-history and strain-rate. However, strain-softening 

phenomena have also been observed in which the myocardial stress-strain relation 

depends on the maximum strain state obtained in an experimental protocol. This is 

typically manifested as a stiffer stress-strain relationship on the first loading cycle than 

in all subsequent cycles. On stretching to a new maximum strain level, the stress-strain 

relation follows the previously recorded curve up to the previous maximum strain level. 

Subsequent repetitions to the new maximum level follow a new, softer stress-strain 

relationship. Figure 3.1 illustrates a typical strain-softening response. Unlike 

viscoelastic behaviour, the tissue does not recover, even after several hours of rest.  
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Emery et al. (1997a; 1998) measured the pressure-volume relation and strain-softening 

behaviour of whole rat hearts, finding that the ‘preconditioning’ behaviour observed 

was better explained by a strain-softening model than by viscoelastic effects. Dokos 

et al. (2002) subjected blocks of pig ventricular myocardium to simple shear 

deformations, and recorded strain-softening behaviour, even at low levels of strain. 

Both these studies reported strain-softening well within the physiological range. Linke 

et al. (1996) found strain-softening in isolated rabbit cardiac myofibrils, but only at 

sarcomere length (SL) extensions above 2.7 µm, which is greater than the normal 

physiological SL extension. As all the collagen had been removed, this strain-softening 

was attributed to titin being non-reversibly altered. In contrast to this result, 

Kellermayer et al. (2001) measured reversible softening in single titin molecules, which 

was described as “mechanical fatigue”. This softening occurred at low levels of stress, 

comparable to those reached by skeletal muscle when stretched to 2 – 3 µm SL.  

Possible causes of myocardial strain-softening include damage to elastic constitutive 

components (Emery et al. 1997a; Emery et al. 1998), fluid shifts, or rearrangement of 

microstructural components. However, studies that used the chemical phosphatase 

2,3-butanedione monoxime (BDM) may also have been influenced by the effect of this 

drug on cross-bridge action and mechanical stiffness. The negative inotropic action of 

BDM on cardiac tissue was first demonstrated by Wiggins et al. in 1980 (1980). BDM 

has been shown to protect human cardiac tissue from cutting injury (Mulieri et al. 

1989), delay the onset of rigor in isolated chick and rabbit myocytes (Ikenouchi et al. 

1994), and delay the onset of rigor, as well as the depletion of ATP and creatine 

phosphate, in ferret papillary muscle (Hajjar et al. 1994). While BDM has been 

unanimously reported to inhibit contractile force in a dose-dependent manner, its effects 

on calcium transients, intracellular calcium concentration and action potentials are less 
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well defined (see review by Sellin and McArdle (1994)). It appears to affect multiple 

sites in the excitation-contraction coupling pathway, with each site having a different 

and dose-dependent response. The effects of BDM also appear to be temperature-, Ca
2+
 

concentration-, and species-dependent. Effects on passive tissue properties have not 

been fully explored, although BDM has been reported to affect the passive pressure-

volume relationship of in-vivo porcine hearts (Lu et al. 2001). Since BDM is presumed 

to increase the proportion of cross-bridges in the weakly-bound state in activated 

cardiac tissue (Zhao and Kawai 1994a), the presence of BDM in quiescent cardiac 

tissue may induce a similar increase in the proportion of weakly-bound cross-bridges 

and hence increase the observed strain-softening. 

The objective of the current study was to ascertain whether strain-softening occurs in 

intact healthy rat cardiac trabeculae and, if so, whether high concentrations of BDM, as 

used in studies by Dokos et al. (2002) (50 mM) and Emery et al. (1997a; 1998) (30 

mM), is an exacerbating factor. The use of isolated trabeculae, as opposed to whole-

hearts or blocks of ventricular tissue, allowed improved measurement of muscle length 

extension, whilst minimising damage due to specimen preparation and allowing 

adequate diffusive supply of oxygen. The trabecula preparation is a thin, naturally-

occurring, collection of axially-aligned myocytes. Mounted between a force transducer 

and an actuator, it has been extensively used for the examination of myocardial 

mechanical properties since the seminal paper by ter Keurs et al. (1980). Preparations 

from the rat right ventricle were used to answer the following questions: (i) Is strain-

softening behaviour exhibited in viable intact cardiac trabeculae (c.f. intact hearts 

(Emery et al. 1997a; Emery et al. 1998) and ventricular myocardial blocks (Dokos et al. 

2002))? (ii) Is strain-softening influenced by the presence of BDM? (iii) Does BDM 

affect the passive force-length relationship of cardiac trabeculae? 
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3.2 Methods and materials. 

3.2.1 Muscle preparation and solutions. 

All experiments were approved by the University of Auckland Animal Ethics 

Committee. Wistar rats (age 71 ± 28 days, weight 303 ± 38 g, mean ± SD) were stunned 

and immediately decapitated. The heart was quickly excised and plunged into 

dissection solution at 0 °C to induce arrest. After cannulating the aorta, the coronary 

vasculature was perfused using the Langendorff technique. 

The criteria for selection of right ventricular trabeculae were similar to those described 

by de Tombe and ter Keurs (de Tombe and ter Keurs 1990). Unbranched, geometrically 

uniform specimens were sought that ran freely from the right-ventricular free wall to 

the atrioventricular ring, were relatively long (2.52 ± 0.87 mm, n = 10) and sufficiently 

thin (207 ± 41 µm) to ensure adequate oxygenation (Schouten and ter Keurs 1986). The 

trabecula preparation, including blocks (~300 µm × 300 µm × 600 µm) of tissue at each 

end for mounting, was excised from the ventricular wall. When transferring the 

preparation to the muscle bath, the transferral method avoided pulling the trabeculae 

through fluid menisci. 

The superfusate was a modified Tyrode solution (mM): NaCl 141.6, KCl 5.97, 

MgCl2 1, NaH2PO4 1.18, HEPES 10, glucose 10 and CaCl2 0.5. The pH was adjusted to 

7.4 by addition of 1 M TRIS. To form the dissection solution, the Tyrode solution was 

supplemented with 20 mM BDM. During experiments, preparations were superfused 

with the Tyrode solution in either the presence (+BDM, 50 mM) or absence (-BDM) of 

BDM. A concentration of 50 mM BDM was chosen to emulate the Dokos et al. (Dokos 

et al. 2002) study, in which strain-softening was measured. Solutions were vigorously 
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bubbled with 100% O2. All chemicals were purchased from Sigma Aldrich and were of 

analytical grade. All experiments were conducted at 26 °C. 

3.2.2 Muscle bath and superfusate system. 

The U-shaped muscle bath (2 mm × 2 mm × 10 mm, volume 40 µl) was mounted on a 

Peltier device (MI 1023 TAC, 9.2 W, Marlow Industries), which was, in turn, mounted 

on an X-Y-Z micromanipulator (MicroMech, Coherent). This system had a working 

temperature range of 10-50 ± 0.1 °C. Surface tension constrained the superfusate within 

the open-topped and open-ended bath, while superfusate flow was controlled by two 

peristaltic pumps (Minipuls III, Gilson). To allow electric field stimulation of the 

trabecula, two 100 µm diameter platinum wire electrodes were situated either side of 

the muscle bath. An SD9 Stimulator (Grass Instruments) provided the stimulus. 

3.2.3 Data acquisition and experimental control. 

A Pentium III equivalent PC was used for data acquisition and experimental control. 

Data-acquisition, motor-control and image-processing were achieved using software 

custom-written in LabView™ 5.1 (National Instruments Corporation), a data 

acquisition card (PCI 6031E, National Instruments), a 4-axis motor controller card 

(PCI 7344 National Instruments) and a digital frame-grabber card (PCI FG-3170 

CameraLink, Silicon Imaging). 

3.2.4 Muscle attachment. 

An end-on muscle attachment system was constructed using glass hooks fashioned from 

thin glass tubing (500 µm i.d. with wall thickness 50 µm, VitroCom). One hook was 

attached to the strain gauge, and a second to the mechanical perturbation system. The 

trabecula was carefully manoeuvred into the hooks, which were then separated until the 
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trabecula was gently held. Care was taken not to stretch the muscle beyond resting 

length. 

3.2.5 Force measurement. 

Force was measured via a silicon beam strain gauge (Model AE-801, SensoNor), which 

was attached to a well-damped, 3-axis, micromanipulator (Prior, England), and 

amplified by a factor of 400. This system had a sensitivity of 1.262 V/N with 10 µN 

resolution. 

3.2.6 Mechanical perturbation system. 

Mechanical perturbation was supplied via a high-resolution linear actuator (M-227.25 

DC-Mike, Physik Instrumente), which was controlled via the 4-axis motor controller 

card. The first resonant frequency of the complete mechanical system was above 1 kHz. 

3.2.7 Optical systems. 

A Wild8 stereomicroscope (Leica), colour CCD camera (1CD-800P, Ikegami) and 

monitor (PVM-1454QM Trinitron, Sony) aided manipulation, mounting and monitoring 

of trabeculae during the course of the experiment.  

A second microscope system obtained high magnification images of sections of the 

trabecula, from which an estimation of sarcomere length (SL) was calculated. This 

microscope system comprised the following components: 50 × objective lens (#101950, 

LWD MSP plan, Olympus), Infinitube in-line assembly (#L54-590, 

www.edmundoptics.com), video camera (SI-3170 MegaCamera, Silicon Imaging), 

frame grabber (FG-3170 CameraLink card, Silicon Imaging) and controlling computer. 

The camera, in conjunction with the 50 x objective lens and Infinitube, gave a 120 µm 

by 90 µm field of view. An automated X-Y-Z micromanipulator stage (M425 series, 
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Newport) and the 4-axis motor controller card were used to position the SL microscope 

objective lens.  

A fast Fourier transform (FFT) technique, similar to that validated by Dobesh et al. 

(2002), was used to calculate the average SL within the field of view. The system was 

calibrated with 600 and 200 lines/mm diffraction gratings, and gave a measured 

accuracy of ~6 nm. This system was used to set the resting SL to ~1.9 µm, and to 

calculate the SL extension during experimental protocols. 

3.2.8 Muscle stabilisation. 

After the trabecula was mounted in the muscle bath, the resting SL was measured. If the 

SL was below 1.9 µm, the muscle length (ML) was increased until SL reached 1.9 µm. 

If the SL was greater than 1.9 µm, then ML was not reduced (to avoid ‘preconditioning’ 

the muscle). The average resting SL was 1.97 ± 0.06 µm, while the longest SL induced 

during the 15% ML stretches was 2.28 µm.  

If undue spontaneous activity was present when the specimen was at its operating 

temperature of 26 °C, the muscle was excluded from analysis (de Tombe and ter Keurs 

1990). Each trabecula was stimulated (rectangular, 4 ms duration, 0.2 Hz, 20% 

supramaximal voltage) until its force response stabilised (minimum of 10 min). After 

stabilisation, the resting SL was re-measured; if the preparation had shortened due to 

the elicited twitches, then it was lengthened back to the pre-stimulation SL. 

3.2.9 Experimental protocols. 

The goals of this study were to ascertain the existence of strain-softening in intact rat 

trabeculae, in the presence and absence of 50 mM BDM. The mechanical perturbation 

protocol used to measure strain-softening was similar to that used by Dokos et al. 
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(2002) on blocks of ventricular tissue. Each trabecula was subjected to 6 ML extension-

and-release cycles (Cycles), where the extensions were 5%, 10% and 15% of muscle 

length (Stretch). After a 10 min rest interval, the 15% ML Stretch was repeated, to test 

for recovery of stress. This series of 6 Cycles at 3 Stretches, plus repetition of the 15% 

Stretch, is referred to as one Set. Stretches were conducted at a constant velocity of 

25 µm/s. Upon completion of a Set, the viability of the trabecula was assessed via 

twitch force. Provided that active muscle performance remained satisfactory, up to four 

Sets were then performed. Strain-softening was assessed by comparing the stresses at a 

given ML extension during the stretch portion of the cycle: (i) between Stretches within 

Set 1, and (ii) between corresponding Cycles (1-6) of Set 1 and Set 2. 

The effect of BDM on strain-softening was examined by subjecting five trabeculae to 

+BDM in Set 1 and to -BDM in Set 2. Another five trabeculae were tested in the 

converse order. This allowed the effect of BDM to be determined independent of the 

order in which the tests were performed (denoted Order below). 

Stress was defined as force per (ellipical) cross-sectional area (estimated from top and 

side dimensions). For the trabeculae used in this study, the peak twitch force measured 

at resting SL (1.97 ± 0.06 µm) was 25.9 ± 7.4 kPa (26 C, 0.5 mM Ca
2+
). Note that to 

avoid ‘preconditioning’, SL was not increased to give maximal twitch force. 

3.2.10 Statistical analysis. 

Data were subjected to repeated measures ANOVAs appropriate for a 3 × 4 × 6 

(Set × Stretch × Cycle) design. Differences among levels of statistically significant 

(P < 0.05) main effects or interactions were sought, post-hoc, using appropriate sets of 
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mutually-orthogonal contrast co-efficients. All analyses were performed using SAS 

software. Unless otherwise stated, all data are presented as mean ± standard error. 
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3.3 Results. 

3.3.1 Testing for strain-softening. 

A typical example of the stresses induced upon subjecting a quiescent trabecula to its 

first Set of length perturbations, consisting of 5%, 10% and 15% Stretches, is plotted in 

Figure 3.2. Note the absence of irreversible strain-softening. Similarly, strain-softening 

is not apparent in Figure 3.3, which compares the 15% Stretches between Set 1 (-BDM) 

and Set 2 (+BDM). 
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Figure 3.2. Typical stress-ML extension data measured in Set 1 (-BDM). The trabecula was subjected 

to 6 cycles of 5% (black line), 10% (dark grey line) and 15% (light grey line) ML extension at 25 µm/s. 

Irreversible strain-softening was not observed, as the first extension curves for all three Stretches 

followed the same stress-ML extension curve. 

 

In Figures 3.2 and 3.3, the observed hysteresis loops demonstrate energy dissipation 

consistent with the presence of viscoelastic material properties. A small degree of 

softening is observed between the first and subsequent Cycles of each Stretch 

(Figures 3.2 and 3.3), which recovers before the next Stretch. This reversible softening 
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can be understood in terms of viscoelasticity, but not in terms of irreversible strain-

softening. 
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Figure 3.3. Stress-ML extension curves showing six cycles of 15% ML extension measured during 

Set 1 (-BDM, dark line) and Set 2 (+BDM light line). For these data, the first stress-ML extension 

curves for Set 1 and Set 2 overlay, thus failing to show irreversible softening. 

 

Figure 3.4A presents stress as a function of SL, illustrating that viscoelastic softening 

also occurs at the SL level. Figure 3.4B shows that SL faithfully tracks ML across the 

full range of extensions. The nearly linear form of the relationship indicates that end-

compliance is roughly proportional to mid-trabecula compliance for these low 

extensions. As SL data were acquired only 12 times per cycle, and no stress-SL plots 

showed any signs of strain-softening (Figure 3.4A), subsequent statistical analyses were 

undertaken using the ML data, which were sampled more frequently. Note that across 

all the experiments used in this study, SL’s between 1.9 – 2.28 µm were observed 

during the 15% ML extensions of viable the trabeculae. The average SL extension for 

the trabeculae used in this study, as measured during the 15% ML extensions, was 

9.4 ± 0.7% (SEM). Note that during the extensions, the camera remained stationary, and 
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thus the field of view changed. The degree of change was related to the muscle length, 

end compliance and muscle uniformity. When the muscle was of uniform geometry, 

little difference of SL along the length and width of the muscle was observed.  
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Figure 3.4. Stress-length relations. A: stress-sarcomere length (SL) relation measured when subjecting a 

quiescent trabecula to 6 cycles of 5% (black), 10% (dark grey) and 15% (light grey) muscle length 

(ML) extension. Crosses indicate SL measurements from acquired images (joined via linear 

interpolation). No evidence of strain softening observed, as stress-SL data follow same curve. B: SL 

versus ML extension from a quiescent trabecula (same as in A) subjected to six cycles of 5% (black), 

10% (dark grey) and 15% (light grey) ML extension. The relationship is approximately linear and 

repeatable over this range of SL extensions. Note, the data presented here are from the trabecula that 

demonstrated the highest degree of end compliance of those trabeculae included in study.  
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In the presence of strain-softening, any given ML extension would induce a maximum 

stress the first time the muscle experiences that level of extension. Therefore, the first 

5% ML cycle would have the steepest stress-strain relationship, with the following 

5 cycles (at 5% ML extension) showing a more compliant stress-strain relationship. The 

same softening process would also be observed when increasing the ML stretch to 10% 

and again to 15%. Thereafter, strain-softening would not be observed if the ML 

extensions were less than or equal to 15%. 

3.5% ML ext 7% ML ext

Set 1 versus Set 2 0.8050 0.6515

Order BDM presented 0.5775 0.7312

+BDM versus -BDM 0.6841 0.9225

Magnitude of Stretch (5%, 10% 15%) 0.1350 0.4702

Cycle (1 to 6) 0.0001 0.0001

Order x BDM 0.7827 0.6923

Order x Set 0.6985 0.8126

Set x Stretch 0.4326 0.2983

Set x Cycle 0.4658 0.2426

Stretch x Cycle 0.0095 0.0348

 

Table 3.1. ANOVA-derived probabilities (P values) arising from tests of significance of main effects 

and selected interactions on stress at 3.5% and 7% ML, for Set 1 and Set 2 (n = 10). Note lack of 

significant difference between Set 1 and Set 2 (no strain-softening) and lack of effect of Order × BDM 
(no effect of BDM on strain-softening). 

 

Several methods were applied to detect strain-softening in the stress-ML extension data. 

Initially, the stresses measured at 3.5% ML extension were compared across all 

6 Cycles within all 4 Stretches of Sets 1 and 2 using repeated measures ANOVA. For 

Stretches of 10% and 15%, a similar analysis was conducted using the stresses 

measured at 7% ML extension. The ANOVA examined the statistical significance of 

the five main effects (Order, BDM, Cycle, Stretch and Set), and all possible 

interactions, on stress. The ANOVA results are summarised in Table 3.1. Figure 3.5 

summarises the Cycle × Set interactions for both the 3.5% and 7% ML extensions. Note 
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that, for each extension, the statistical power to detect a significant difference (had one 

existed), was considerable, since the F-ratio arising from the repeated measures 

ANOVA has 5 and 35 degrees of freedom for numerator and denominator, respectively. 

Muscle stiffness did not decrease between Set 1 and Set 2 for either extension, thereby 

indicating an absence of strain-softening. Likewise, BDM had no effect at either 

extension. Furthermore, there was neither an Order main effect nor a BDM x Order 

interaction. These results preclude an effect of BDM on passive stress in any of these 

protocols. Not surprisingly, there was a significant effect of Cycle on stress 

(P < 0.0001), due to reversible viscoelastic softening. The interaction of Stretch and 

Cycle was also significant, indicating that Stretch size had an effect on the extent of 

reversible softening. No other interactions were statistically significant. Post-hoc 

analysis revealed that for both ML extensions, stress was significantly larger during the 

first cycle, with no significant differences among Cycles 2 to 6. The value of stress in 

Cycle 1 (averaged across all Stretches) did not differ between Set 1 and Set 2 

(Figure 3.5). Thus, no test showed the presence of strain-softening. 
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Figure 3.5. Average (± SEM) stress per cycle, measured at 3.5% and 7% muscle length (ML) extension. 

The data are for Set 1 and Set 2, averaged across the 5%, 10% and 15% Stretches for 3.5% extension, 

and 10% and 15% stretches for 7% extension, for all trabeculae (n = 10). There was no significant 

difference between Set 1 and Set 2, demonstrating absence of strain-softening. 
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Despite these null results, two additional indices of strain softening were devised and 

tested. The first involved calculating the average stress difference between Cycle 1 and 

Cycle 6, Cycle 2 and Cycle 6, etc, for each value of Stretch. The second was to find the 

average stress difference between Cycle 1 of Set 1 and Cycle 1 of Set 2, for each of the 

5%, 10% and 15% ML Stretches. In both cases, the average difference values were then 

subjected to ANOVA, as above. In neither case (data not presented), did any evidence 

of strain-softening obtain in either the presence or absence of BDM. 
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Figure 3.6. Stress-muscle length extension data recorded from a trabecula that no longer responded to 

electrical stimulation. Strain-softening is apparent. (Note difference of stress scale vis-à-vis 

Figures 3.2-3.5.) 

 

In contrast to the lack of strain-softening found in viable trabeculae, Figure 3.6 shows 

evidence of strain-softening behaviour during one Set of stretches (5%, 10%, 15%) of a 

trabecula that had become electrically non-responsive in the absence of BDM. Such 

behaviour was found in all nonviable trabeculae. 
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3.3.2 Effect of BDM on tissue compliance. 

To determine the effect of BDM on diastolic compliance of passive cardiac trabeculae, 

the stresses measured at 3.5% and 7% ML extension were compared between Set 2 and 

Set 3, where the presence or absence of BDM was reversed between Sets (n = 9). 

Comparison of Set 2 and Set 3 removed any potential strain-softening artefacts, since 

the maximum strain level of 15% had already been reached in Set 1. 
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Figure 3.7. Average (± SEM) stress per cycle (3.5% and 7% ML extensions), measured in +BDM and 

-BDM (for Set 2 and Set 3). No statistically significant difference between stresses measured in +BDM 

and -BDM, implying BDM does not alter compliance of quiescent cardiac trabeculae. 

 

Using the same techniques as those for the first index of strain-softening (above), the 

stresses at 3.5% and 7% ML extension, for both Set 2 and Set 3, were compared across 

Stretches (Figure 3.7). ANOVA revealed no significant effect of BDM for either the 

3.5% (P > 0.43) or the 7% (P > 0.28) ML extensions (Table 3.2). 
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3.5% ML ext 7% ML ext  

Order BDM presented 0.3433 0.3905

+BDM versus -BDM 0.4313 0.2822

Magnitude of Stretch (5%, 10% 15%) 0.3767 0.6998

Cycle (1 to 6) 0.0077 0.0012

 
Table 3.2. ANOVA-derived probabilities (P values) arising from tests of significance comparing 

stresses at 3.5% and 7% ML extension, for Set 2 and Set 3 (n = 9). Note lack of effect of BDM on 

compliance of quiescent trabeculae. 
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3.4 Discussion. 

3.4.1 Strain-softening. 

To my knowledge, this is the first study that has attempted to measure irreversible 

strain-softening in viable intact cardiac trabeculae of any species. The term strain-

softening is applied to materials that exhibit permanently increased compliance after the 

applied load, or stress, reaches a new maximum. Strain-softening has been observed in 

intact cardiac tissue, during both shear experiments on blocks of pig ventricular 

myocardium (Dokos et al. 2002) and pressure inflations of whole rat hearts (Emery et 

al. 1997a; Emery et al. 1998). In these studies, strain-softening was reported to be 

irreversible at physiologically relevant strains. 

No evidence was found that strain-softening occurs in intact rat cardiac trabeculae at 

physiologically relevant SL extensions (Table 3.1, Figures 3.2-3.4). Whereas a small 

viscoelastic stress relaxation effect was observed, this recovered fully between Sets 

(Figure 3.3), as well as during the 30 s resting interval between Stretches (Figure 3.2). 

This behaviour was interpreted as evidence of viscoelastic, reversible stress-relaxation 

akin to the “mechanical fatigue” seen in single molecules of titin (Kellermayer et al. 

2001). 

Possible causes of the previously reported strain-softening at physiological strains 

include: (i) BDM, (ii) tissue microstructure, (iii) mode of deformation, (iv) fluid 

movement, (v) ischemic anoxia and non-viability, (vi) cutting damage or (vii) strain 

rate. These are considered in turn below. 

BDM   In the studies performed by Emery et al. (1997a; 1998) and Dokos et al. (2002), 

the tissues had been perfused with high concentrations of BDM (30 mM, 30 mM and 
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50 mM, respectively) before mechanical testing began. This was to protect the cardiac 

tissue from cutting injury (Mulieri et al. 1989), and to inhibit active contractile 

processes (Sellin and McArdle 1994). Both Emery et al. and Dokos et al. speculated 

that the use of BDM might have contributed to the observed strain-softening behaviour, 

since BDM is known to increase the proportion of cross-bridges in the weakly bound 

state. These experiments show no influence of BDM on strain-softening or passive 

compliance in viable trabeculae (Tables 3.1 and 3.2, Figure 3.7). Hence any 

contributions from BDM to the strain-softening that has been observed by others was 

discounted. 

Tissue microstructure.   Strain-softening in response to applied loads that are larger than 

normally observed in vivo is due to either plastic deformation or damage of collagen 

and other extra-cellular structures. In trabeculae, wavy perimysial collagen fibres are 

shown to straighten progressively when extended from a resting SL of 1.85 µm to 

2.3 µm (Hanley et al. 1999). Extension of cardiac tissue beyond a SL of 2.3 µm may 

well damage perimysial collagen and other extracellular matrix components to which 

the perimysial fibres are tethered. If the extracellular matrix is removed, cardiac titin 

exhibits strain-softening above a SL of 3 µm (Linke et al. 1994; Granzier and Irving 

1995; Linke et al. 1996; Linke et al. 1997). Since extending sarcomeres beyond a 

length of 2.3 µm is reported to affect trabeculae viability (de Tombe and ter Keurs 

1992), SL was kept below 2.3 µm, to avoid over-extension of myocytes and extra-

cellular matrix.  

Since trabeculae consist of an axial alignment of cardiac myocytes, these results imply 

that strain-softening is absent during physiological extensions of intact viable myocytes. 

Likewise, Granzier and Irving (1995) performed axial extensions of skinned cardiac 
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myocytes from rat and found no evidence of strain-softening between sarcomere 

lengths of 1.85 µm and 2.4 µm. Upon axial extension, isolated rabbit (Linke et al. 1994) 

and rat (Linke et al. 1996) myofibrils have demonstrated strain-softening, but only 

when the SL was extended above 3 µm. Since the skinning process removed the entire 

extra-cellular matrix and collagen, Linke et al. (1997) attributed the resulting 

development of passive force and strain-softening at large extension to titin.  

When single titin molecules from rat were subjected to repeated stretch-and-release 

protocols, a right shift in the lower force region of the length-stress curve was observed 

(Kellermayer et al. 2001). This “mechanical fatigue” recovered after a four-minute rest, 

so was not strain-softening which, by definition, is an irreversible process. Similar 

softening behaviours have been observed in skinned rat myocytes from which the actin 

filaments were removed (Helmes et al. 1999), and where rest periods as short as 10 s 

allowed the passive stress to recover. This stress relaxation of the skinned myocytes 

was once again attributed to mechanical fatigue of titin, since the extracellular matrix 

and actin filaments had been removed. From the results of these studies, titin is 

precluded as a source of irreversible strain-softening. 

There are microstructural differences between ventricular tissue and cardiac trabeculae. 

Ventricular tissue has a complex 3-dimensional microstructural architecture that varies 

with location and depth across the ventricular wall (Caulfield and Borg 1979; Nielsen et 

al. 1991; LeGrice et al. 1995a; Young et al. 1998). Although trabeculae are often 

treated as homologous to ventricular tissue (Johnson and Sommer 1967; Hanley et al. 

1999), they have a simpler microstructure, consisting of axially aligned myocytes and 

large parallel perimysial collagen fibres (Hanley et al. 1999). More complex 
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microstructures, containing extensive extracellular matrix, may show strain-softening 

behaviour. 

Mode of deformation   The mode of deformation applied in this study was different to 

those in previous reports of shear deformation of ventricular blocks (Dokos et al. 2002) 

or volume inflation of whole-hearts (Emery et al. 1997a; Emery et al. 1998). It is 

possible that other forms of deformation, such as shear or torsion experiments in 

trabeculae could exhibit strain-softening.  

Fluid movement   In both whole-hearts and tissue blocks, strain-softening could be 

partly due to extrusion of fluid from the vasculature and tissue. However, fluid shifts do 

not explain strain-softening in the shear tests of Dokos et al. (2002) since positive shear 

strain-softening did not soften the negative shear stress-strain relationship. 

Ischemic anoxia and non-viability   All experiments that have studied strain-softening 

have employed non-perfused tissues. In this case, however, I am confident that the 

superfused trabeculae were not hypoxic, since they were smaller than the critical 

diameter (300 µm) at which an anoxic core arises in quiescent preparations (Daut and 

Elzinga 1988). Furthermore, trabecula viability, assessed as the twitch force response to 

electrical stimulation, was confirmed between Sets. By contrast, in the Emery et al. 

(1997a; 1998) and Dokos et al. (2002) studies, hearts were briefly perfused with high 

potassium salt solutions containing BDM, designed to induce arrest, thereafter tissues 

were neither perfused nor superfused. The resulting ischemia may have induced 

changes in the passive tissue properties, and allowed rigor cross-bridges to form.  

Although BDM has been reported to delay the onset of rigor (Armstrong and Ganote 

1991; Hajjar et al. 1994; Ikenouchi et al. 1994) and to reduce final rigor force in both 
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metabolically challenged cardiac tissue (Stapleton et al. 1998) and skinned skeletal 

muscle (Fryer et al. 1988), it does not prevent rigor cross-bridge formation (Armstrong 

and Ganote 1991; Hajjar et al. 1994; Ikenouchi et al. 1994). Strain-softening at low 

strain levels could, therefore, be a by-product of ischemia. If the ischemic period has 

allowed rigor cross-bridges to form, then even a small SL extension may damage tissue, 

resulting in strain-softening. In the present study, only preparations which remained 

viable (i.e. responsive to electrical stimulation) were included in the data analysis. It 

was noted that trabecula that were electrically non-responsive (Figure 3.6), showed 

classic strain-softening behaviour, together with the elevated stress levels, when 

compared with results from viable trabeculae (Figure 3.2). 

Cutting damage   In the current study cutting damage was confined to blocks of tissue 

located well beyond the regions of stress measurement. As Dokos et al. (2002) studied 

the shear behaviour of blocks dissected from the ventricular wall, cutting damage was 

unavoidable, although possibly ameliorated by the presence of BDM (Mulieri et al. 

1989). Studies that use isolated whole-hearts avoid this problem entirely. 

Strain rate   The ML extension velocity used in current study was 25 µm/s, which 

induced an approximate strain rate of 1% ML/s. While this strain rate is lower than that 

observed during normal physiological operation, it is slightly higher than those used in 

studies that have demonstrated strain-softening. A strain rate of 0.7% Lo/s was applied 

during shear deformation of blocks of pig myocardium (Dokos et al. 2002), while a 

strain rate of 0.3% was induced during inflation studies of rat-hearts (Emery et al. 

1997a; Emery et al. 1998). Since the current study used a strain rate higher than those 

used in these studies, the absence of strain-softening can not be attributed to the use of a 

low strain rate. 
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3.4.2 Effect of BDM on tissue compliance. 

In the current study, there were no significant differences in trabeculae compliance, in 

the presence or absence of BDM (Figure 3.7). This lack of effect of BDM on 

compliance is consistent with the notion that there are relatively few force-bearing 

cross-bridges in quiescent tissue. Similarly, BDM does not affect the passive force 

(Linke et al. 1994) or stiffness (Linke et al. 1997) generated by titin during a low-

extension stretch. 

There is controversy in the literature concerning the presence of both weakly- and 

strongly-bound cross-bridges in both the diastolic and quiescent states. The existence of 

weakly-bound cross-bridges has been investigated by measurement of instantaneous 

stiffness. Using this technique, studies have inferred both their presence (Schoenberg 

1988; Granzier and Wang 1993) and their absence (Bagni et al. 1992; de Tombe and ter 

Keurs 1992; Linke et al. 1997). Similar controversy exists concerning the presence of 

strongly-bound cross-bridges during diastole. Studies using a variety of interventions, 

specimens, and indices, in the absence of BDM have provided evidence both for (Lu et 

al. 2001) and against (de Tombe and ter Keurs 1992; Kass et al. 1993; Stuyvers et al. 

1998) the existence of strongly-bound, or force-bearing, cross-bridges. Curiously, 

studies performed in the presence of BDM have shown comparably contradictory 

results (Backx et al. 1994; Hajjar et al. 1994; Sollott et al. 1996; Lu et al. 2001). These 

results (Figure 3.7, Table 3.2) show a lack of effect of BDM on the compliance of intact 

rat cardiac trabeculae, thereby concurring with those studies that show a lack of 

measurable cross-bridge activity in quiescent tissue. This result, however, does not 

preclude the existence of cross-bridge activity during diastole, as such activity may 

cease during the long quiescent periods adopted during this study. 
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BDM has also been shown to increase diastolic pressure in isolated perfused whole-

hearts (Marijic et al. 1991). A BDM-induced increase of slope of the end-diastolic 

pressure versus end-diastolic length relation (i.e. stiffness) has been reported in intact 

pig hearts (Lu et al. 2001). This was attributed to an increased tissue stiffness, or turgor 

(“garden hose effect”), which may have resulted from a BDM-induced dilation of the 

coronary vascular network. No corresponding increase of tension or stiffness is seen in 

papillary or trabecula preparations ((Hajjar et al. 1994), current study), nor would any 

be expected, due to this cause, since neither preparation is perfused. 

3.4.3 Limitations. 

The lack of observable strain-softening in the current study could be due to accidental 

‘preconditioning’ of trabeculae during dissection or mounting. The utmost care was 

taken to avoid stretching the trabeculae during the dissection and mounting process, and 

the method of transferring the muscle from the dissection bath to the muscle bath via 

glass tubing was specifically designed to avoid the possibility of stretching. It is also 

possible that specimens could have moved or settled in the mounting hooks during 

Stretches. However, this would have been apparent by a sudden softening in the stress-

strain relationship. As Figure 3.6 demonstrates, strain-softening was readily measurable 

by this apparatus in preparations that had stopped responding to electrical stimulation. 
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3.4.4 Conclusions. 

This study has shown an absence of irreversible strain-softening in viable, intact, rat 

cardiac trabeculae subjected to axial extensions within the physiological range, 

regardless of the presence or absence of BDM. This absence of strain-softening, in 

contrast to previously reported findings in other preparations, may be due to differences 

in tissue health, fluid movement, tissue microstructure, or method of inducing strain. 

This study also found no effect of BDM on passive compliance, at least at the very low 

strain-rates applied, consistent with studies on skinned cardiac myocytes, myofibrils, 

and titin molecules.  
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Chapter Four: Strain-Softening in Electrically 

Non-Responsive (Non-Viable) Trabeculae. 

4.1 Introduction. 

The mechanical properties of diastolic cardiac tissue are of fundamental importance, 

since they influence the velocity of shortening (de Tombe and ter Keurs 1990), limit the 

volume of blood that enters the heart, and therefore play a major role in stroke volume 

(Brady 1991b; McDonald and Herron 2002). To determine diastolic properties 

accurately, experimental measurements must be conducted on tissue that is both viable 

and quiescent. In the process of determining diastolic properties, strain-softening 

phenomena have been reported during physiological levels of strain (Emery et al. 

1997a; Emery et al. 1998; Dokos et al. 2002). Similarly, biaxial-extensions performed 

on slices of dog myocardium required “preconditioning” stretches of the sample, which 

were larger in magnitude than the stretches used to determine tissue properties 

(Humphrey et al. 1990). This “preconditioning” was required to ensure that the 

specimen was “stress-free” (Humphrey et al. 1990). Since the cardiac preparations used 

in those experiments were neither perfused (whole-hearts, (Emery et al. 1997a)) nor 

superfused (tissue blocks, (Dokos et al. 2002)), or may have sustained cutting injury 

(small myocardial blocks, (Dokos et al. 2002) and thin ventricular membranes, 

(Humphrey et al. 1990)), this raises concerns over tissue viability, and how this might 

influence the diastolic properties and presence of strain-softening. 

By definition, strain-softening is typically manifested as a stiffer stress-strain 

relationship on the first loading cycle than in all subsequent cycles. On stretching to a 
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new maximum strain level, the stress-strain relation follows the previously recorded 

curve up to the previous maximum strain level. Subsequent repetitions to the new 

maximum level follow a new, softer stress-strain relationship. Unlike viscoelastic 

(strain-rate dependent) behaviour, the tissue does not recover, even after several hours 

of rest. It is therefore difficult to reconcile the presence of strain-softening at levels of 

strain that are experienced during normal cardiac function. 

Both Dokos et al. (2002) and Emery et al. (1997a; 1998) briefly perfused cardiac 

tissues with relatively high concentrations (50, 30 and 30 mM, respectively) of the 

cardioprotective agent 2,3-butanedione monoxime (BDM). Thereafter, the passive 

cardiac tissues remained unperfused while the mechanical properties were determined. 

BDM was utilised, as it has been reported to offer protection from cutting damage 

(Mulieri et al. 1989), hypoxia and reperfusion injury (Nayler et al. 1988), and the 

calcium paradox (Daly et al. 1987) and to reduce contracture (Hajjar et al. 1994; 

Ikenouchi et al. 1994). While these studies have demonstrated that BDM offers 

protection to cardiac tissue, contrasting studies show that, under conditions of metabolic 

challenge, BDM exacerbates damage to cardiac tissue (Armstrong and Ganote 1991; 

Stapleton et al. 1998). Thus, concerns remain regarding tissue viability and the presence 

of strain-softening during mechanical measurements of BDM loaded, ischemic, cardiac 

tissue.  

In order to ascertain the presence of strain-softening in viable tissue, axial extensions 

were performed on superfused, viable, cardiac trabeculae from rat hearts (see Chapter 

Three). Great care was taken in selecting trabeculae of less than 300 µm in diameter, as 

specimens of this diameter have been shown to receive sufficient oxygenation and 

metabolic substrates through superfusion (Schouten and ter Keurs 1986; Daut and 
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Elzinga 1988). The results from this study demonstrated a BDM-independent absence 

of strain-softening, during the applied axial extensions (Chapter Three). However, 

observations of strain-softening were also made during axial extensions of a trabecula 

that had spontaneously lost viability, as determined by the loss of response to electrical 

stimulation in the absence of BDM. Failure to respond to stimulation was normally 

coupled with increases in the slope of the stress-muscle length (ML) relation and high 

frequency stiffness, followed by an increase in passive tension. Studies of hypoxia in 

cardiac trabeculae and papillary muscles have demonstrated similar loss of stimulation 

response, increase in high frequency stiffness and increase in contracture force 

(Leijendekker et al. 1990; Bucx 1993; Hajjar et al. 1994). To investigate the 

mechanisms responsible for heart failure during ischemia, many studies have applied 

ischemic or hypoxic interventions to cardiac preparations, ranging from whole heart 

studies to isolated myocytes. Although there is controversy, most studies report that 

ischemic or hypoxic episodes in cardiac tissue cause depletion of ATP, consequently 

leading to rigor cross-bridge formation and tissue contracture (Stern et al. 1985; 

Haworth et al. 1988; Koretsune and Marban 1990). The progress of rigor cross-bridge 

formation has been monitored by changes in trabecula stiffness, as determined by small 

(~1% of muscle length) sinusoidal muscle length perturbations at 1 and 100 Hz 

(Leijendekker et al. 1990; Bucx 1993). 

Further investigation is therefore warranted, to determine if strain-softening is 

consistently observed in non-viable trabeculae that had previously exhibited a lack of 

strain softening when viable. The objectives of the current study were to compare 

stress-strain relations and muscle stiffness of viable trabeculae, spontaneously non-

viable (i.e., unresponsive to electrical stimulation) trabeculae and previously viable 

trabeculae that had been rendered hypoxic. The following questions were addressed. 



                                                   Strain-softening in non-viable trabeculae 

 86

(i) Do methods that demonstrated the absence of strain-softening in viable trabeculae 

(Chapter Three), reveal strain-softening in non-viable specimens? (ii) Is strain-softening 

behaviour observed in hypoxic trabeculae? (iii) Are the stress-strain relations observed 

in spontaneously non-viable trabeculae, in the presence or absence of BDM, similar to 

those seen in hypoxic trabeculae? (iv) What, if any, changes occur in the sinusoidal 

stiffness and associated phase spectra, measured after axial muscle length extensions 

that demonstrate strain-softening?  
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4.2 Methods and materials. 

Most of the apparatus and methods used in the current study have already been 

described in detail in Chapters Two and Three. Therefore, this section will only detail 

the techniques and equipment used to determine dynamic stiffness of the trabeculae, 

and the method used to induce hypoxia. 

4.2.1 Muscle preparation and solutions. 

All experiments were approved by the University of Auckland Animal Ethics 

Committee. Trabeculae were extracted from the hearts of Wistar rats (age 72 ± 34 days, 

weight 312 ± 76 g, mean ± SD), and were relatively long (2.15 ± 0.30 mm, n = 14) and 

sufficiently thin (178 ± 60 µm by 224 ± 100 µm ) to ensure adequate oxygenation. The 

trabeculae were mounted, and stimulated until the twitch force was stable for at least 

30 min. 

The superfusate was a modified Tyrode solution as described in Chapter Three. During 

experiments, preparations were superfused with the Tyrode solution in either the 

presence (+BDM, 50 mM) or absence (-BDM) of BDM. Most solutions were 

vigorously bubbled with 100% O2 (and are subsequently referred to as ‘normoxic’) with 

the exception being those experiments in which hypoxia was induced, in which case the 

+BDM solutions were bubbled with 100% N2. 

4.2.2 Mechanical perturbation system. 

The mechanical perturbation to determine the force-extension ratio was supplied via a 

high-resolution linear actuator (M-227.25 DC-Mike, PI). To determine trabecula 

stiffness, small amplitude sinusoidal length perturbations were applied via a 

piezoelectric actuator (Queensgate Technologies), which was serially attached to the PI 
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actuator. The glass attachment hook was attached to the piezoelectric actuator via a 

screw-in adapter. The Queensgate actuator was controlled via a D/A channel from the 

data acquisition card. 

The length perturbations used to calculate the dynamic stiffness were small amplitude 

(~0.1% of ML) sinusoidal displacements (∆ML), at 33 frequencies between 0.2 and 

100 Hz. The resulting oscillatory force changes (∆F) were measured via the force 

transducer. To improve the signal-to-noise-ratio (SNR) of the measured force, a 

sinusoidal fitting technique was applied to both the measured ∆ML and ∆F signals. The 

fitting algorithm constrained the fitted sinusoids to be the same frequency as the ML 

perturbation signal, and used a least squares fit to an objective function (Equation 4.1). 

This resulted in a single sine wave, offset by Ao from zero, with magnitude 

(Equation 4.2) and phase (Equation 4.3). 
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Phase                                                                             4.3 

Figure 4.1 depicts the ML perturbations (Panel A) and resulting force oscillations 

(Panel B). The raw force signal contains strain gauge drift and force fluctuations (dark 

grey line) and noise that is outside the frequency of the length perturbations (light grey 

line). Using the sinusoidal fitting technique excludes these types of noise, leaving a 

clean sinusoidal signal (black line). This technique is the software equivalent of phase-

lock-loop hardware, as employed by Wannenburg et al. (Wannenburg et al. 2000). 
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Figure 4.1. Schematic of applied muscle length (ML) perturbations (Panel A) and resulting force 

changes (Panel B). A: applied sinusoidal ML perturbations (0.5 Hz, 0.1% ML amplitude). B: resulting 

force oscillations (dark grey). Sinusoidal fitting (black) performs the same process as phase-lock loop 

amplification, in that it effectively removes drift and offset (light grey) and frequencies outside that of 

the ML perturbations. 

  

From the fitted data, the dynamic stiffness was determined as the dynamic ratio of 

stress to strain (units of GPa, comparable to Young’s modulus). Dynamic stress 

calculated as ∆F / trabeculae cross-sectional area, and the strain as ∆ML/ML. The phase 

(Equation 4.3) was calculated as the time interval between the peak magnitudes of ∆ML 

and ∆F, divided by the period (Figure 4.2). 

 

∆F 

Φ 

T 

∆ML 

 

Figure 4.2. Schematic of dynamic stiffness measurement. Stiffness at a given frequency is proportional 

to the amplitude of sinusoidally fitted force oscillation (∆F) divided by the amplitude of the sinusoidal 

length perturbation (∆ML). The phase shift is determined by the difference in phase between the 

exciting perturbation and measured force divided by the period of oscillation (Φ/T). 
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4.2.3 Optical systems. 

The SL-microscope, as described in Chapter Three, was used to set sarcomere length 

(SL) to ~1.9 µm at the beginning of each experiment. SL was calculated at regular 

intervals during muscle length extension cycles of viable trabeculae, via images 

captured by the SL microscope. Once trabeculae had spontaneously become non-viable, 

it was observed that the loss of contractile function was often accompanied by a loss in 

regularity of sarcomere striation. Since the SL calculation depended on the clarity and 

contrast of striations, SL could not always be determined during the stress-ML cycles of 

non-viable trabeculae.  

4.2.4 Mounting the muscle. 

Each trabecula was mounted in the muscle bath (SL ~ 1.9 µm), while being superfused 

at room temperature (20 ± 1°C) with dissection solution. The dissection solution was 

replaced with BDM-free solution, and the muscle bath temperature increased to the 

standard experimental value of 26 °C. It was noted that spontaneous activity was 

greatly reduced in trabeculae that remained viable (see also (de Tombe and ter Keurs 

1990)). If undue spontaneous activity remained at 26 °C during the course of the 

experiment, the preparation usually lost contractile function and stiffened. The stress-

ML extension data obtained from viable trabeculae have previously been discussed in 

detail (Chapter Three). This chapter will examine the stress-ML extension data obtained 

from trabeculae that spontaneously lost viability and those that were made hypoxic. 

4.2.5 Passive stress-strain protocols. 

The major goal of this study was to observe and quantify the stress-ML relation 

changes in rat, right ventricular (RV) trabeculae that had lost viability (i.e., would not 

respond to electrical stimulation in the absence of BDM). This loss of contractile 
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function had either developed spontaneously, or was induced via prolonged hypoxia. 

The mechanical perturbation protocol used to determine the stress-ML relation was 

similar to that used in Chapter Three, with the exception that a second 15% Stretch was 

not performed. Strain-softening was assessed by examining the stresses during the 

stretch portion of the cycle at a given ML extension: (i) across Cycles at one level of 

Stretch, (ii) across Stretches within one Set, and (iii) across both Cycles and Stretches. 

Comparisons were made among: (i) viable trabeculae, (ii) those that had spontaneously 

become non-viable when normoxic in either the presence (+BDM+O2) or absence 

(-BDM+O2) of BDM, and (iii) those rendered hypoxic in +BDM (+BDM-O2). 

For most trabeculae that spontaneously lost viability, and all that were subjected to 

hypoxia, the stress-ML relations were measured both before and after the loss of 

viability. Trabeculae that spontaneously lost viability did so in both +BDM and -BDM 

solutions; those subjected to hypoxic intervention did so in +BDM solutions. For a 

small number of trabeculae (n = 3), dynamic stiffness spectra were obtained both before 

and after the loss of viability, as well as after 5%, 10% and 15% Stretches that 

demonstrated strain-softening. 

4.2.6 Statistical analysis. 

Data were subjected to repeated measures ANOVAs appropriate for a 3 × 3 × 6 

(Group × Stretch × Cycle) design, where Group was the designation of environment 

(i.e. +BDM+O2, -BDM+O2, +BDM-O2). Differences among levels of statistically 

significant (P < 0.05) main effects or interactions were sought, post-hoc, using 

appropriate sets of mutually-orthogonal contrast coefficients. All analyses were 

performed using SAS software. Unless otherwise stated, all data are presented as 

mean ± standard error. 
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4.3 Results. 

4.3.1 Stress-ML relations in viable and non-viable trabeculae. 

Typical examples of the stress-ML relations recorded upon subjecting a quiescent 

trabecula, both when viable (Set 1) and when non-viable (Set 4), to 5% (black), 10% 

(dark grey) and 15% (light grey) Stretches are presented in Figure 4.3. When viable, the 

5%, 10% and 15% data (Figure 4.3A, Set 1) display near-linear stress-ML extension 

relations and an absence of irreversible strain-softening. Upon losing viability, which 

was defined as no force response to stimulation in the absence of BDM, the stress-ML 

extension relations change markedly (Figure 4.3B). The relations are now less linear, 

display strain-softening behaviour and are much stiffer for the same ML extension 

vis-à-vis those shown in Figure 4.3A (note difference of vertical scales). In 

approximately half the experiments, non-viable trabeculae buckled upon returning to 

resting position during a 15% Stretch. This behaviour was not observed in viable 

trabeculae, and indicated that the resting length of the non-viable trabeculae had 

become longer during the 15% ML Stretch (i.e. the trabeculae had been irreversibly 

lengthened).  

Figure 4.4 demonstrates the stress-ML extension relations for 5 Sets of 15% Stretch, all 

performed on the same trabecula. The trabecula was viable, and under normoxic, 

+BDM conditions during the 1
st
 Set (S1, black), and hypoxic +BDM during the 2

nd
 to 

5
th
 Sets (S2: dark grey, through to S5: lightest grey). As the hypoxic period continued 

(S2 to S5), the slopes of the stress-ML relations increased, while strain-softening 

behaviour progressively emerged (S2), steadily increasing in magnitude with time (S3 

to S5). A small increase in passive tension between S1 and S5 was also noted. 
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Figure 4.3. Typical stress–muscle length (ML) extension relations, measured during 6 cycles of 5% 

(black line), 10% (dark grey line) and 15% (light grey line) ML extensions at 25 µm/s. A: stress-ML 

relations during Set 1 of extensions, when the trabecula was viable (i.e., responding to electrical 

stimulation). Note that irreversible strain-softening was not observed, since all the first extension curves 

followed the same stress-ML extension curve. B: stress-ML extension measured after the trabecula had 

become non-viable (i.e., ceased responding to electrical stimulation, Set 4). Note the increased stress 

scale, the presence of strain-softening behaviour, the highly non-linear stress-ML extension relations 

and the small loss of passive tension vis-à-vis panel A. 
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Figure 4.4. The stress-muscle length (ML) extension relations for 5 Sets of 15% Stretch. For clarity, 

only the first three of the six cycles that were performed are shown. The first Set of 15% Stretches (S1, 

black) was performed when the trabecula was viable, normoxic and in BDM. The subsequent Sets of 

Stretches were performed while the trabecula was hypoxic and in BDM. The 2
nd
 Set (S2, very dark 

grey) through to the 5
th
 Set (S5, lightest grey) show that the trabecula was progressively stiffening, with 

a small degree of strain-softening first becoming evident during the 2
nd
 Set (S2), and increasing in 

magnitude thereafter. The times from the start of the hypoxic intervention were 11, 22, 42 and 62 min 

for Sets 2,3,4 and 5 respectively. 

 

To test for strain-softening, a similar statistical analysis to that which demonstrated the 

convincing null result for viable trabeculae (i.e. an absence of strain-softening, Chapter 
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Three), was applied to the stress-ML extension data obtained from non-viable 

trabeculae. The data used for this analysis were extracted from the set in which the non-

viable trabeculae appeared to have reached full stiffness. The data comprised the stress 

measured at 3.5% ML extension, from the 6 Cycles of 5%, 10% and 15% Stretch, and 

the stress at 7% ML extension, from the 6 Cycles of 10% and 15% Stretch.  
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Figure 4.5. Average stress (± SEM) per cycle, measured during 5% (light grey squares), 10% (dark grey 

triangles) and 15% (black diamonds) Stretches of viable (A and C, n = 10) and non-viable (B and D, 

n = 14) trabeculae. A: stresses measured at 3.5% ML extension for viable trabeculae. B: stresses 

measured at 3.5% ML extension for non-viable trabeculae. C: stresses measured at 7% ML extension 

for viable trabeculae. D: stresses measured at 7% ML extension for non-viable trabeculae. Note 

differences of vertical scales. 

 

Figure 4.5 summarises the Cycle × Stretch interactions for both viable (Figure 4.5, 

Panels A and C) and non-viable (Figure 4.5, Panels B and D) trabeculae, for stresses 

measured at 3.5% (Figure 4.5, Panels A and B) and 7% (Figure 4.5, Panels C and D) 

ML extensions. For the viable trabeculae (n = 10, Figure 4.5, Panels A and C), a 

significant stress decrease was demonstrated between Cycle 1 and Cycles 2 to 6 
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(P < 0.001, Chapter Three). As this stress loss recovered between Stretches and Sets, 

this decrease was attributed to a reversible viscoelastic softening. Conversely, strain-

softening was not detected in these viable trabeculae, as there was a lack of statistical 

difference between the stresses measured during the 5%, 10% or 15% Stretches 

(P > 0.13 for 3.5% ML extension and P > 0.47 for 7% ML extension, Figure 4.5, Panels 

A and C, respectively). 

Cycles 1 to 6 Cycles 3 to 6

  Stretch < 0.0001 < 0.0001

  Extension < 0.0001 < 0.0001

  Cycle < 0.0001 < 0.0001

  Stretch x Extension 0.0014 0.0008

  Stretch x Cycle 0.0340 0.6780

  Extension x Cycle < 0.0001 0.0008
 

Table 4.1. ANOVA-derived probabilities (P values) arising from tests of main effects and selected 

interactions on stress at 3.5% and 7% ML, for electrically inexcitable trabeculae (n = 14). Note 

statistical significance of Cycle and Stretch, which indicates strain-softening. 

In contrast, are the stresses (SEM) for the non-viable trabeculae (n = 14), measured at 

3.5% (Figure 4.5B) and 7% (Figure 4.5D) ML extension. The ANOVA examined the 

statistical significance of the three main effects (Cycle (C1-C6), Extension (3.5% and 

7% ML) and Stretch (5%, 10% and 15%), and all possible interactions, on stress 

(n = 14). Both Cycle and Stretch demonstrated significant interactions with stress 

(p < 0.0001, p < 0.0001, respectively. See Table 4.1). For all Stretches of both 3.5% and 

7% ML extension, the first cycle (C1) was stiffer than the remaining five cycles. The 

five subsequent cycles appeared to converge to a new, lower stiffness. There were 

significant differences of stress between 5%, 10% and 15% Stretch (Figure 4.5, Panels 

B and D, p < 0.0001). The softened stress measured for the last cycle of a previous 

Stretch was the same as the stress for the first cycle of a new larger Stretch. Therefore, 
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strain-softening, which by definition is irreversible, was detected in the non-viable 

trabeculae, using the same analysis that had found a lack of strain-softening in viable 

trabeculae. In order to focus on the steady-state (‘plateau’) responses, i.e., after strain-

softening had finished, the data arising from Cycles 3-6, only, were subjected to 

ANOVA. All interactions, with the exception of Stretch x Cycle remained statistically 

significant. The loss of significance of the Stretch x Cycle interaction, from p = 0.034 to 

p = 0.678, was attributed to the strain-softening process being complete after the first 

two cycles. 

Average passive tension, measured at zero extension for each cycle, for the non-viable 

trabeculae (n = 14) is shown in Figure 4.6 (5% Stretch: light grey squares, 10% Stretch: 

dark grey triangles and 15% Stretch: black diamonds). These data look remarkably 

similar to the stresses measured at 3.5 and 7% ML extension (Figure 4.5, Panels B and 

D), in that the passive tension is reduced during strain-softening.  
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Figure 4.6. Average passive stress, measured at zero muscle length (ML) extension, during stretch 

cycles of non-viable trabeculae (n = 14). 5% Stretch (light grey squares), 10% Stretch (dark grey 

triangles), and 15% Stretch (black diamonds). 
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4.3.2 Effect of BDM on compliance of non-viable trabeculae. 

The data for the non-viable trabeculae arose from three Groups: (i) normoxic trabeculae 

that had stiffened in the presence of BDM (+BDM+O2, n = 8), (ii) normoxic trabeculae 

that had stiffened in the absence of BDM (-BDM+O2, n = 3), and (iii) hypoxic 

trabeculae that had stiffened in the presence of BDM (+BDM-O2, n = 3).  

Status BDM O2
5% C1 – 5% C6 5% C1 – 10% C6 5% C1 – 15% C6

 Non-viable + + 25.7 ± 27.1 61.6 ± 13.4 83.1 ± 5.9

 Non-viable - + 13.2 ± 42.1 41.3 ± 28.5 71.2 ± 14.6

 Non-viable + - 7.1 ± 24.7 36.3 ± 19.3 65.8 ± 12.4

 Viable ± + 9.4 ± 13.4 15.7 ± 12.7 19.2 ± 10.8

 

Table 4.2. Mean (± SEM) decrement of stress (%) between Cycle 1 (C1) at 5% Stretch and Cycle 6 

(C6) at three extents of Stretch (5%, 10% and 15%) as measured at 3.5% ML extension. 

 

Figure 4.7 compares the average stresses (±SEM) for the three groups of non-viable 

trabeculae, as well as from viable trabeculae (n = 10, Chapter Three), measured at 3.5% 

ML extension during 15% Stretch. Of the non-viable trabeculae, -BDM+O2 (light grey 

triangles) were stiffest, +BDM+O2 (dark grey squares) were next stiffest and the 

hypoxic trabeculae (+BDM-O2, black diamonds) were the most compliant. This 

difference was apparent over the final four cycles (see above). Viable trabeculae (black 

crosses) were seen to be much more compliant than the non-viable trabeculae. Table 4.2 

summarises the decreases in stress between Cycle 1 (C1) of 5% Stretch, and Cycle 6 

(C6) of 5%, 10% and 15% Stretch, as measured at 3.5% ML extension. For the three 

groups of non-viable trabeculae, the stress decrease between C1 5% and C6 15% were 

between 66% and 83%. When the same mechanical protocol was performed on the 

viable trabeculae, the stress decrease between C1 5% and C6 15% was less than 20%, 

and recovered after a 10 s period between Stretches and Sets. 
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Figure 4.7. Mean (± SEM) stress per cycle as measured at 3.5% ML extension for 6 cycles of 15% 

Stretch. Stress data for non-viable trabeculae arose from three experimental interventions: normoxic 

+BDM (dark grey square, n = 8), normoxic -BDM (light grey triangle, n = 3) and hypoxic +BDM 

(black diamond, n = 3). Comparable stress data for viable trabeculae (from Chapter Three) also 

included (black crosses, n = 10).  

 

The ANOVA examined the statistical significance of the four main effects (Cycle, 

Stretch, Extension and Group), and all possible interactions, on stress (See Table 4.3). 

When all 6 cycles of each Stretch were included in the ANOVA, there was no 

significant difference of stress between Groups (p = 0.0583). In order to focus on the 

steady-state (‘plateau’) responses, i.e., after strain-softening had finished, ANOVA was 

restricted to data arising from Cycles 3-6, only. The difference between Group stresses 

(Cycles 3-6) were now significantly different (p = 0.0499). When the data for the three 

groups were analysed individually, strain-softening was observed in all three groups, as 

seen by significant interactions of both Cycle and Stretch on stress (see Table 4.4). 

Data describing the passive stress (stress at zero ML extension) measured in the non-

viable trabeculae arose from the same three groups (-BDM+O2, +BDM+O2 and 

+BDM-O2). The stresses, as measured during 5% Stretch, are presented in Figure 4.8, 

and have a remarkably similar pattern to the stress-ML relations measured at 3.5% ML 
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extension (Figure 4.7). The passive tensions, in order of magnitude, were 

-BDM+O2 > +BDM+O2 > +BDM-O2. 

Cycles 1 to 6 Cycles 3 to 6

  Stretch < 0.0001 < 0.0001

  Extension 0.0001 < 0.0001

  Cycle < 0.0001 0.0001

  Group 0.0583 0.0499

  Stretch x Extension 0.0069 0.0036

  Stretch x Cycle 0.006 0.4605

  Extension x Cycle 0.0071 0.0168

  Group x Stretch 0.0632 0.0577

  Group x Extension 0.1423 0.1183

  Group x Cycle 0.0433 0.1521
 

Table 4.3. ANOVA-derived probabilities (P values) arising from tests of main effects and selected 

interactions on stress at 3.5% and 7% ML, for electrically inexcitable trabeculae (n = 14). Note 

statistical significance of Cycle and Stretch, which indicates strain-softening, and Group, which shows 

a significant effect of the environment in which the trabeculae stiffened. 

+BDM +O2 -BDM +O2 +BDM -O2

  Stretch 0.0004 0.0281 0.0029

  Extension 0.0025 0.0242 0.0527

  Cycle < 0.0001 0.0001 < 0.0001

  Stretch x Extension 0.0113 0.0222 0.0346

  Stretch x Cycle 0.1027 < 0.0001 < 0.0001

  Extension x Cycle < 0.0001 0.9593 < 0.0001

  Stretch x Extn x Cycle 0.9559 0.1157 0.0004
 

Table 4.4. ANOVA-derived probabilities (P values) arising from tests of main effects and selected 

interactions on stress at 3.5% and 7% ML, for electrically inexcitable trabeculae. The data arose from 

three groups: normoxic trabeculae that stiffened in BDM (+BDM+O2, n = 8), normoxic trabeculae that 

stiffened in the absence of BDM (-BDM+O2, n = 3), and hypoxic trabeculae that stiffened in the 

presence of BDM (+BDM-O2, n = 3). Note the statistical significance of Cycle and Stretch in all three 

groups, which indicates strain-softening occurred. 

A second method of displaying strain-softening was ‘stress difference’, which was 

calculated as the difference in stress between Cycles 1 to 5, and Cycle 6 for 5%, 10% 

and 15% Stretches. The ‘stress-differences’ for a typical trabecula during 15% Stretch, 

when initially viable and subsequently non-viable, are shown in Figure 4.9. When 
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viable, the ‘stress-difference’ between the first and last cycle is slightly positive (thick 

black line), whereas the remaining difference curves differ only marginally from zero 

and superimpose (Figure 4.9A). This indicates that the first cycle was slightly stiffer 

that the subsequent 5 cycles, but since this was shown to recover during a short (10 s) 

rest interval, it may be classified as reversible viscoelastic softening (see Chapter 

Three). For the same trabecula, after loss of electrically excitability, the ‘stress-

difference’ observed between C1 and C6 of 15% Stretch was large and positive (Figure 

4.9B, thick black line). The subsequent ‘stress-differences’ were of lower magnitude, 

and appeared to be converging to a new, lower, level of stiffness (C2 - C6 to C5 - C6). 

Note, the peak ‘stress-difference’ between C1 and C6 for this trabecula when non-

viable, was ~30 times greater than when viable. 
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Figure 4.8. Average passive stress, measured at zero muscle length (ML) extension, during 5% Stretch 

of non-viable trabeculae. (-BDM+O2: light grey triangles (n = 3), +BDM+O2: dark grey squares (n = 8), 

+BDM-O2: black diamonds (n = 3).) 
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Figure 4.9. Typical ‘stress-differences’ between cycles one (C1) to five (C5), and the last cycle (C6) for 

15% Stretch: C1-C6 (black thick), C2-C6 (black thin), C3-C6 (dark grey), C4-C6 (medium grey) and 

C5-C6 (light grey). A: stress-differences for a viable trabecula. C1 is slightly stiffer than subsequent 

cycles (c.f. reversible softening, Chapter Three), with subsequent cycles showing no change in stiffness. 

B: the same trabecula after losing viability. Note the different scales on the vertical axes, the large 

difference between C1 and C6, and the decreasing difference between subsequent cycles (as a new 

lower degree of stiffness is progressively reached). 

Typical stresses, as measured during the first cycle and the last cycle (thick lines), for a 

non-viable trabeculae, are displayed in Figure 4.10A. Irreversible strain-softening was 

readily observed, in that C1-5% was the stiffest relation, with C6-5% overlaying C1-

10%, and C6-10% overlaying C1-15%. The ‘stress-difference’ for the same non-viable 

trabecula, as calculated for C1 and C6 of 5% (black), 10% (dark grey) and 15% (light 

grey) Stretch, are shown in Figure 4.10B. Note that the 10% stress-difference relation 

was relatively linear until extended beyond 5% ML extension, and the 15% stress-

difference relation was relatively linear until extended beyond 10% ML extension. 
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Figure 4.10. Typical stress-muscle length (ML) and stress-difference relations for a non-viable trabecula. 

A: stress-ML relation for both the C1 and C6 extension cycle, for 5%, 10% and 15% Stretch (5% - black, 

10% - dark grey, 15% - light grey, C1 - thin line with crosses, C6 - thick line). B:  ‘stress-difference’ (C1-

C6), for 5%, 10% and 15% ML extensions (5% - black, 10% - dark grey, 15% - light grey). 
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4.3.3 Dynamic stiffness of viable and non-viable trabeculae. 

Typical dynamic stiffness and phase spectra for cardiac trabeculae, when viable 

(quiescent state, black and crosses), activated (Ba
2+
-contracture light grey and squares) 

and non-viable (rigor state, dark grey and circles), are found in Figure 4.11, Panels A 

and B, respectively. The stiffness of a trabecula, both when quiescent (black) and in 

rigor (light grey), shows a small increase with frequency (Figure 4.11A). Note, in this 

instance, that the trabecula was ~7 times stiffer in rigor, than when quiescent. In 

contrast, the Ba
2+
-activated muscle displays a much more complex stiffness spectrum. 

The stiffness is low at low frequencies and high at high frequencies, with the transition 

between low and high stiffness occurring over a narrow frequency range. The phase 

relations display similar trends, with the quiescent or rigor muscle displaying near 

linear, and slightly positive, phase spectra that superimpose, while the activated muscle 

displays a much more complex spectrum (Figure 4.11B). 
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Figure 4.11. Typical stiffness (Panel A) and phase spectra (Panel B) of a trabecula when quiescent 

(black line and crosses), Ba
2+
-activated (light grey line and black squares) and in rigor (dark grey line 

and circles). When trabeculae were quiescent (viable) or in rigor (non-viable), both the stiffness and 

phase spectra had a linear relation when plotted against the log of frequency, although the stiffness was 

~7-fold greater in rigor than in quiescence. When trabeculae were Ba
2+
-activated, both the stiffness and 

phase relations became much more complex. Note: the Ba
2+
-activated spectrum was acquired from a 

different trabecula from those of the quiescent and rigor spectra. 
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Figure 4.12. Typical changes in the linear stiffness-frequency (Panel A) and phase-frequency (Panel B) 

spectra of a quiescent trabecula, when viable (black dashed line) and when subsequently fully stiffened 

and non-viable (black solid line). Once non-viable, the dynamic stiffness of the trabecula was measured 

after 5%, 10% and 15% Stretches, during which strain-softening behaviour was demonstrated (5%: 

dark grey solid line, 10%: light grey dashed line, 15%: light grey solid line). C: schematic 

representation of the time at which dynamic spectra were measured. Each sinusoid in the upper trace 

represents a dynamic stiffness measurement, while the lower trace represents the time at which the ML 
Stretches occurred in relation to the dynamic stiffness measurement.  

Dynamic stiffness measurements were made on trabeculae (n = 3) when both viable and 

non-viable, after 5%, 10% and 15% Stretches that demonstrated strain–softening (Fig. 

4.12A). When a viable trabecula (black dotted line) became non-viable (black solid 

line), the dynamic stiffness increased uniformly across all measured frequencies. After 

5% (dark grey), 10% (grey dotted) and 15% (light grey) Stretches, the dynamic stiffness 

decreased uniformly across all measured frequencies. Note that the phase spectra were 

almost unchanged during the stiffening or strain-softening process (Figure 4.12B). A 

linear relation was found between the contracture tension (at zero ML extension) and 

the stiffness at 100 Hz, as measured at full rigor, and after 5%, 10% and 15% Stretch. 

Table 4.5 summarises the resulting linear relation between rigor tension and stiffness 
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for each experiment, with the slope of the relations between experiments being very 

similar, considering the large variation in maximum contracture force (n = 3). 

Experiment Max. passive 

stress (kPa)

Slope 

Stiffness/Stress
R

2

1 17.06 0.0655 0.9963

2 1.47 0.0573 0.8385

3 0.92 0.0777 0.9799

 

Table 4.5. A linear regression analysis of the passive stress versus stiffness (100 Hz, 0.2% ML 

extensions) in 3 non-viable trabeculae. Column 2, maximum contracture stress. Column 3, Slope of 

linear passive tension (contracture stress) versus stiffness, as measured before and after 5%, 10% and 

15% Stretches (in which strain-softening occurred). Column 4: squared correlation coefficient. 

 

4.3.4 Test of strain-softening irreversibility. 

The irreversible nature of strain-softening is demonstrated in Figure 4.13. Following 

25% ML extensions (light grey) and a 10 min rest, 17% ML extensions (dark grey) 

followed the pre-softened stress-ML relations. 
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Figure 4.13. Typical stress–muscle length (ML) extension relations, measured during 3 cycles of 25% 

(light grey line) and 17% (dark grey line) ML extensions at 25 µm/s, once the non-viable had ceased 

stiffening. Note that the 17% stretches follow the previous softening relation of the 25% stretches. 
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4.4 Discussion. 

To my knowledge, this is the first study that has attempted to measure irreversible 

strain-softening, in both viable and non-viable cardiac trabeculae of any species. Strain-

softening behaviour, which was shown to be absent in intact, viable, rat, right 

ventricular (RV) trabeculae (Chapter Three, Figure 4.3A), was readily apparent (Figure 

4.3B) once the trabeculae lost viability (defined as unresponsiveness to electrical 

stimulation when a response was expected i.e., no BDM). It was shown in Chapter 

Three that the absence of strain softening prevailed independent of the presence of 

BDM. Conversely, strain-softening was observed in both hypoxic and spontaneously 

non-viable trabeculae, and in both the presence and absence of BDM (Figure 4.7).  

The spontaneous loss of viability was manifested by a lack of response to electrical 

stimulation (under conditions it would be expected, i.e., no BDM) and was 

accompanied by: loss of visible striations, increased slope of the stress-ML extension 

relation, and a uniform increase in dynamic stiffness across all frequencies between 0.2 

and 100 Hz (Figure 4.11A). A gradual increase in passive tension was also noted 

(Figure 4.5), which was more pronounced in the absence of BDM. It was observed that 

trabeculae that were prone to losing viability during the course of an experiment had 

usually exhibited an elevated level of spontaneous activity (writhing) during dissection 

and mounting, even when the bath temperature was increased to 26 °C. The term 

‘writhing’ describes the motion accompanying a large number of unsynchronised, 

cycling cross-bridges, and is attributed to intracellular calcium overload in response to 

tissue damage suffered during dissection or mounting. It is well known that elevated 

[Ca
2+
]i leads to Calcium Induced Calcium Release and ultimately, if [Ca

2+
]i remains 

high, depletion of ATP and cardiac hyper-contracture. Thus it was not surprising that 
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specimens displaying excessive writhing became electrically non-responsive and 

ultimately stiffened. 

4.4.1 Strain-softening in non-viable tissue. 

The term ‘strain-softening’ is applied to materials that exhibit permanently increased 

compliance after the extension, or strain, reaches a new maximum and is therefore 

different to viscoelastic and/or strain-rate dependent properties. Strain-softening has 

been observed in intact cardiac tissue, during shear experiments on blocks of pig 

ventricular myocardium (Dokos et al. 2002), and pressure inflation of whole rat hearts 

(Emery et al. 1997a; Emery et al. 1998). In both cases, softening was reported to be 

irreversible, at physiologically relevant strains. In both of these studies, the tissues had 

been briefly perfused with BDM, and thereafter remained unperfused. During biaxial 

extensions on slabs of dog myocardium, it was deemed necessary to ‘precondition’ the 

tissue by applying strains that were 1.2 times greater than that of the maximum strain at 

which the tissues passive properties were to be assessed (Humphrey et al. 1990). These 

‘preconditioning’ stretches were repeated until a ‘stress-free’ state (i.e. no more strain-

softening) was attained. This process of ‘preconditioning’, which comprises of both 

strain-softening and viscoelastic behaviours, is often performed before passive cardiac 

tissue properties are measured (Pinto and Patitucci 1980; Demer and Yin 1983). In 

contrast, strain-softening was not observed in viable rat trabeculae (Chapter Three). The 

current study demonstrates that strain-softening is associated with the onset of 

unresponsiveness to electrical stimulation, and is irreversible in nature (Figure 4.13). 

Hence the potential causes of strain-softening (already considered in Chapter Three) 

will be re-addressed in light of this finding. 
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BDM   Both the Dokos et al. (Dokos et al. 2002) and Emery et al. (Emery et al. 1997a) 

studies utilised relatively high concentrations of BDM (50 mM and 30 mM, 

respectively). BDM has two major benefits: that of a cardioprotective agent, since it has 

been shown to protect cardiac tissue from cutting damage (Mulieri et al. 1989), the 

calcium paradox (Daly et al. 1987) and reperfusion injury (Nayler et al. 1988), and that 

of inhibiting contractile function (Wiggins et al. 1980; Blanchard et al. 1984; Li et al. 

1985; Marijic et al. 1991). BDM has also been reported to lower, or have no effect on, 

ATP consumption (Armstrong and Ganote 1991; Allen et al. 1998). 

Contrasting these beneficial properties, BDM has been reported to cause tissue damage. 

At 37 °C, 50 mM BDM was observed to accelerate contracture, and rate of ATP 

depletion, in intact rat cardiomyocytes poisoned with cyanide (Stapleton et al. 1998). 

The presence of 20 mM BDM was also reported to inhibit contracture of rat 

cardiomyocytes during anoxia, but was associated with accelerated cell injury, as 

measured by released myoglobin and ultrastructural defects in the sarcolemmal 

membrane (Armstrong and Ganote 1991). The “energy cost per unit force” of cardiac 

muscles was reported to increase in the presence of BDM in a dose-dependent manner, 

whereas in skeletal muscle no corresponding effect was observed (Ebus and Stienen 

1996). 

In Chapter Three, viable trabeculae demonstrated a lack of strain-softening, 

independent of the presence of BDM. In the current study, non-viable trabeculae 

demonstrated strain-softening, in both the presence and absence of BDM (Figure 4.7, 

Table 4.4). From these results, it appears that the chemical agent BDM neither induces 

nor prevents strain-softening behaviour in cardiac tissue. 
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Tissue health   Viable trabeculae that initially demonstrate a lack of strain-softening, 

exhibit strain-softening (i.e., irreversible) behaviour upon becoming non-viable (Figure 

4.3). Concomitant with the emergence of strain softening behaviour, is an increase in 

both the slope and the extent of hysteresis of the stress-ML relation (Figure 4.4), and a 

uniform increase in stiffness at all frequencies without an associated change in phase 

(Figure 4.12). The emergence of strain-softening is independent of loss of viability 

arising spontaneously, or induced through hypoxia (Figure 4.7). The magnitude of 

strain-softening, the slope of the stress-ML extension relation, and, to a lesser degree, 

passive tension, increased with time (Figure 4.4, curves S2-S5). It should be noted that 

the stress-ML extension relations for Stretches S2, S3 and S4 (Figure 4.4), did not 

display classical irreversible strain-softening, since the preparation was continuing to 

stiffen while these measurements were being made. The results did, however, show 

relatively long-lasting (~5 min) strain-softening characteristics. Hence, this softening 

was unlike the reversible viscoelastic (time dependent) softening found in viable 

trabeculae (Chapter Three) or titin preparations (Helmes et al. 1999). 

The increased slope of the stress-ML relation upon spontaneous loss of viability can be 

attributed to the formation of rigor cross-bridges, as opposed to an increase in 

asynchronous cross-bridge cycling associated with increased intracellular calcium. This 

inference is based on the large, uniform, increase of dynamic stiffness at all measured 

frequencies, in conjunction with the lack of effect on the phase response (Figure 4.12 

and c.f. (Leijendekker et al. 1990; Bucx 1993)). The linear stiffness and phase spectra 

shown in Figure 4.12 are comparable to those measured when quiescent and in rigor, 

and contrast with the more complex spectra observed when cross-bridges are cycling 

(i.e., barium-activation, Figure 4.11). This uniform increase in dynamic stiffness, with 

associated flat phase response, is routinely reported for tissue in rigor (Kawai and 
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Brandt 1980; Saeki et al. 1991; Campbell et al. 1993; Hajjar et al. 1994). The observed 

complex spectra demonstrated with Ba
2+
 have frequently been reported for Ba

2+
 and 

Ca
2+
 activation of skeletal muscle (Kawai and Brandt 1980), and cardiac preparations, 

such as the left ventricular chamber (Campbell et al. 1993), papillary muscles (Saeki et 

al. 1978; Rossmanith 1986a; Saeki et al. 1991; Campbell et al. 1993; Hajjar et al. 1994) 

and cardiac trabeculae (Rossmanith et al. 1986b; Leijendekker et al. 1990; Saeki et al. 

1991; Bucx 1993).  

In the current study, hypoxic trabeculae exhibited an increased slope of the stress-ML 

extension relations, and rigor-like increases in dynamic stiffness behaviour, which was 

similar to the behaviour observed in trabeculae that had become spontaneously non-

viable. The two main mechanisms proposed for hypoxia-induced contracture are rigor-

bridge formation, due to ATP depletion, and an increase in the number of cycling cross-

bridges, due to an increase in intracellular calcium concentration (Haworth et al. 1988; 

Koretsune and Marban 1990). Koretsune and Marban. (1990) studied ischemic 

contracture in rabbit hearts, and found that contracture closely coincided with depletion 

of [ATP] below 10% of control levels, but not with the elevation of [Ca
2+
]i. 

Complementing these finding were studies in isolated rat cardiac myocytes, that 

observed cells entering hypoxic contracture when [ATP] was depleted below 10% of 

control (Stern et al. 1985; Haworth et al. 1988). Two studies, investigating hypoxic 

interventions in rat cardiac trabeculae, reported that the increase in stiffness (at 1 Hz 

and 100 Hz) was solely attributable to formation of rigor cross-bridges (i.e. to ATP 

depletion), and not to calcium-activated cross-bridges (Leijendekker et al. 1990; Bucx 

1993). Interestingly, measurable levels of rigor cross-bridge formation were reported 

within 2-3 min of hypoxia, whereas contracture force did not start to increase for 5 min 

in a trabeculae responding to 1 Hz stimulation (Leijendekker et al. 1990). From these 
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studies, it appears that hypoxic contracture was induced by rigor cross-bridge formation 

due to ATP depletion.  

In whole ferret hearts (30 ºC, 1.2 Hz stimulation), active force was attenuated by ~85% 

in much less than a minute, upon induction of ischemia (Koretsune and Marban 1990). 

When a no-flow hypoxic intervention was applied to isolated rat trabeculae (30 ºC, 1 

Hz stimulation), active force decreased almost instantaneously (Bucx 1993). Basal 

metabolism of rat myocardium has been widely reported as 30-35% of total metabolism  

(Gibbs and Loiselle 2001). No reduction of basal metabolism of guinea-pig trabecula 

was detectable when using 10 mM BDM (Schramm et al. 1994), whereas a 20% 

reduction was observed when using rat LV slices (Yasuhara et al. 1996). To estimate a 

minimum basal metabolism, the 30-35% estimate of ‘normal’ basal metabolism from 

Gibbs was reduced by 20%, to account for a maximum BDM effect (Yasuhara et al. 

1996). This gave an estimated minimum basal metabolism for quiescent BDM arrested 

ischemic cardiac tissue, that was ~25% that of total active metabolism. Thus ischemic, 

BDM arrested, quiescent heart preparations still have significant energy requirements, 

and may become hypoxic in less than 1 minute.  

Both Leijendekker et al. (1990) and Bucx (1993) reported an increase in stiffness (at 

1 Hz and 100 Hz (which are k1 and k100, respectively)) that was linearly proportional to 

the increase in contracture tension. The current study shows that the loss of stiffness at 

all frequencies was uniform (Figure 4.12), and proportional to the loss of contracture 

tension (Table 4.4), after performing ML extensions in which strain-softening was 

observed. For passive materials under uniaxial perturbation, one would expect a 

positive stress: high stiffness frequency (k∞) index. Such a positive stress: k100 index, 

where k100 was substituted for k∞, was also observed for non-viable trabeculae at rest 
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length between stretch cycles that displayed strain softening (Table 4.5). This is 

consistent with the hypothesis that strain softening reflects irreversible damage to 

passive (i.e., non-actively cycling) structural elements within tissue that is in a state of 

partial, or full, rigor.  

Both Stern et al. (1985) and Haworth et al. (1988) reported large variability in the time 

to hypoxia-induced contracture of cardiomyocytes, although the shortening event itself 

occurred in less than 10 s. From their results, both groups of investigators speculated 

that isolated cardiac myocytes have variable [ATP], which may imply that cardiac 

myocytes in multi-cellular and whole-heart preparations also have variable [ATP]. If 

this is correct, then when metabolically challenged though ischemia or hypoxia, some 

myocytes could be depleted of ATP and form rigor cross-bridges, while adjacent cells 

could remain fully viable and capable of producing active force (Leijendekker et al. 

1990). This heterogeneous mixture of healthy and rigor cells would promote a gradual 

increase in contracture force and stiffness, while active force would slowly decrease. 

Such behaviour has been reported in hypoxic trabeculae (Leijendekker et al. 1990; 

Bucx 1993) and in metabolically-inhibited papillary muscle (Hajjar et al. 1994). 

Differences in tissue health may explain the factor of 10 difference in cardiac trabecula 

compliance reported in the literature (ter Keurs et al. 1980; Granzier and Irving 1995), 

with the higher measured compliances possibly reflecting healthier specimens. Stern et 

al. (1985) reported that cardiac myocytes that had entered hypoxic contracture for less 

than 10 min recovered some degree of contractile function, as opposed to those in 

hypoxic contracture for more than 20 min, which underwent hyper-contracture upon re-

introduction of oxygen. This result suggests that caution is necessary when using partial 

contractile recovery as proof that previously hypoxic or ischemic specimens were 

healthy, quiescent and lacked rigor cross-bridge formation.  



                                                   Strain-softening in non-viable trabeculae 

 112

Recent studies have reported large degrees of spatial heterogeneity of physiological 

parameters between adjacent sites within the left ventricular wall of whole hearts. The 

variability exists in: perfusion, as measured via the microsphere technique (Prinzen and 

Bassingthwaighte 2000; Laussmann et al. 2002) or high resolution MRI (Bauer et al. 

2001), glucose uptake (Deussen 1997), energy turnover (Decking et al. 2001), energy 

demand (Loncar et al. 1998), and protein expression (Laussmann et al. 2002) within the 

left ventricle wall. One study found spatially heterogeneous impairment of myocyte 

viability when performing partial coronary occlusion (Brasch et al. 1999), which 

indicates that local energy demand is inhomogeneous within the left myocardial wall.  

Conclusions that can be drawn from these results are: adjacent myocytes can have 

different energy requirements, during hypoxia myocytes with higher energy 

requirements are more susceptible to ischemic injury, and during hypoxia myocytes 

have a large variation in time-to-reach contracture. These findings suggest that during 

hypoxia, rigor cells could be adjacent to healthy, contractile cells. This may explain 

why during hypoxic intervals, a small but measurable number of rigor cross-bridges 

form within 2 min and increase in number thereafter (Leijendekker et al. 1990). The 

same hypothesis would also suggest that the number of cells in rigor would increase 

with time, at the expense of viable cells, which may explain why contracture force 

increases while active force decreases during hypoxic interventions (Koretsune and 

Marban 1990; Leijendekker et al. 1990; Bucx 1993; Hajjar et al. 1994). An alternative 

but unlikely hypothesis is that within each cell, a small number of rigor bridges exist 

alongside cycling cross-bridges. This would require large spatial gradients of [ATP] 

within each cell. 
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The possibility that a heterogeneous mixture of rigor and healthy cells exists throughout 

a hypoxic specimen may also explain the appearance of strain-softening and the 

initially slow increase in the stress-ML relation (Figure. 4.4). The 11 min rest intervals 

between the Sets of Stretches allowed enough “new” cells to enter rigor for the strain-

softening magnitude to increase with time (Figure 4.4). Similarly, the presence of 

strain-softening during volume inflation of unperfused (ischemic) whole-hearts (Emery 

et al. 1997a; Emery et al. 1998) may be due to an initially small number of cells 

continuously entering rigor. The first cycle of each larger extension would then inflict 

irreversible damage on the rigor cells, or other adjacent structures, with subsequent 

cycles thereafter demonstrating a higher compliance. Due to the continuous nature of 

extension cycles applied during this study, the ongoing small number of cells entering 

rigor would not be detectable until the number entering rigor markedly increased.  

Emery et al. (1998) reported that the strain-softening associated with increases in 

relative fibre-strain, was approximately twice as large in the fibre direction than in the 

cross-fibre or fibre-shear direction. This larger increase in strain in the fibre direction 

supports our hypothesis; strain-softening is the result of applied strains causing 

irreversible damage to tissue in rigor. In Emery’s Ph.D. thesis (1997b), axial extensions 

of mouse papillary muscles were compared to inflation of mouse whole-hearts (Emery 

1997b). Interestingly, the non-perfused mouse whole-heart preparations exhibited 

strain-softening behaviour, while the thin papillary muscles did not. Emery attributed 

this disparity to differences in tissue microstructure. This difference in behaviour may 

be explained by my tissue viability hypothesis. The experiments using thin papillary 

muscle (cross-sectional area 0.075 ± 0.018), which did not display strain softening, 

were performed while the papillary muscles were submerged in an oxygenated 

cardioplegic buffer, during which the tissue viability was periodically assessed. 
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Conversely, the whole-heart studies, which did display strain softening, were performed 

on unperfused tissues which were periodically sprayed with solution to maintain tissue 

health. Thus, in that study, Emery did not observe strain-softening in tissues that proved 

to be viable, while observing strain-softening in tissue whose viability was not assessed. 

Cutting Injury   Dokos et al. (Dokos et al. 2002) and Humphrey et al. (1990) both used 

tissue that had been cut from the heart wall. It is difficult to imagine that incised cut 

edges would not sustain some injury. Such cutting injury may explain the lower than 

expected compliance in the fibre direction in the shear deformation of block of pig 

myocardium (Dokos et al. 2002) and biaxial testing of isolated canine myocardium 

(Demer and Yin 1983).  

Over-extension   Strain-softening has been reported during both physiological and 

supra-physiological levels of strain in intact cardiac tissue (Emery et al. 1997a; Emery 

et al. 1998; Dokos et al. 2002). Emery et al. (1998) produced micrographic evidence of 

damaged perimysial fibres in hearts that had been inflated to 120 mmHg, and called this 

“over-inflation damage”. Strain-softening has also been reported during axial 

extensions of skinned cardiac myocytes (Granzier and Irving 1995) and individual 

cardiac myofibrils (Linke et al. 1994; Linke et al. 1996), although only at SL extensions 

greater than 3 µm. For SL extensions less than 2.3 µm, titin displayed viscoelastic 

softening, which fully recovered after 10 s of rest (Helmes et al. 1999; Kellermayer et 

al. 2001). When axially extending intact, rat, cardiac trabeculae, the maximum 

extension of sarcomere length, above which the viability of the specimen is 

compromised, has been reported to be 2.3 µm (de Tombe and ter Keurs 1992; Hanley 

1999).  
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In the current study, when trabeculae were subjected to comparable ML extensions, 

they showed no signs of strain-softening while viable but clearly exhibited strain-

softening upon becoming non-viable (Figure 4.3). When viable, the measured 

sarcomere lengths were less that 2.28 µm, which precludes over-extension as the source 

of strain-softening observed in this study. 

Other possible sources of strain-softening   Several differences in experimental set-up 

remain between this study, and those of Emery et al. (1997a; 1998), and Dokos et al. 

(2002). These differences include: the cardiac preparation and associated microstructure 

(trabeculae versus whole-heart and left ventricular block, respectively), modes of 

deformation (axial extension versus volume inflation and shear, respectively) and the 

contribution of fluid movement. Dokos et al. (2002) perturbed the blocks of pig 

myocardium in shear modes that, as much as possible, isolated fibre and cross-fibre 

interactions. Since all modes demonstrated strain-softening, they concluded that strain-

softening was not due to myofilaments in rigor, as this would mainly show softening in 

the fibre direction. In contrast, Emery et al. (1998), measured relative strain increases 

during strain-softening, that were twice as large in the fibre directions, than in the two 

cross-fibre directions (p < 0.02). In Emery’s Ph.D. thesis (1997b), it was reported that 

small mouse papillary muscles (cross-sectional area 0.075 ± 0.018, ~diameter of 

155 µm) did not show strain-softening, while mouse whole-hearts did (Emery 1997b). 

He attributed this observation to the differences in tissue microstructures. Conversely, a 

study that uniaxial extended cat and rabbit papillary muscles (cross-section area ~2 mm, 

diameter of 800 µm) specified the need for preconditioning (Pinto and Patitucci 1980). 

This cast some doubt on tissue architecture as a potential source of strain-softening. It is 

worth noting that the average diameter of the mouse trabeculae was less than, while the 

diameter cat and rat papillary muscles was larger than, the stated largest diameter that 
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allows adequate oxygenation by superfusion (300 µm, (Daut and Elzinga 1988)). Thus, 

it remains possible that differences in experimental preparation may account for the 

observed strain-softening found in those studies. 

 

4.4.2 Influence of BDM on strain-softening and tissue compliance. 

In Chapter Three, the absence of strain-softening and tissue compliance were found to 

be independent of BDM in viable trabeculae. In the current study, strain-softening was 

demonstrated in non-viable trabeculae, both in the presence and absence of BDM. 

While BDM did not influence the presence or absence of strain softening, it did have an 

apparent (abet non-significant) effect on tissue compliance, magnitude of strain-

softening and contracture tension of non-viable trabeculae (Figures 4.7 and 4.8, Tables 

4.3 and 4.4). Trabeculae that spontaneously stiffened in the absence of BDM were 

much stiffer, and displayed more strain-softening, than those stiffening in the presence 

of BDM. This observation is consistent with reports in the literature, which show that 

time-to-contracture was significantly increased by the presence of BDM in 

metabolically-challenged cardiac tissue (Hajjar et al. 1994; Ikenouchi et al. 1994). 

Concomitantly, a lower final rigor force was reported when BDM was added before 

rigor was induced, in both metabolically challenged rat myocytes (Stapleton et al. 

1998) and skinned skeletal muscle (Fryer et al. 1988). Therefore, trabeculae that 

stiffened in the absence of BDM would have reached final contracture faster, with the 

possibility that rigor cross-bridges that formed in the absence of BDM had a higher 

stiffness conformation than those that formed in the presence of BDM.  

In the present study, trabeculae that lost viability spontaneously in the presence of 

BDM, were stiffer than those subjected to hypoxia in the presence of BDM 
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(Figure 4.7). A possible explanation for this behaviour reflects the fact that 

spontaneously non-viable trabeculae were subjected to ML extensions in both the 

presence and absence of BDM, whereas for the hypoxic trabeculae, BDM was 

introduced near the beginning of the experiment (i.e. before hypoxia had commenced). 

Thus the hypoxic trabeculae stiffened in BDM, whereas the spontaneously non-viable 

trabeculae were grouped into ‘+BDM’ and ‘-BDM’, depending on the solution with 

which they were being superfused when reaching ‘final’ contracture. That is, the 

spontaneously non-viable trabeculae (+BDM+O2) may have commenced stiffening in 

-BDM. Therefore the initial rigor cross-bridges, which formed in -BDM, may be of 

higher stiffness than those formed in BDM (Fryer et al. 1988; Stapleton et al. 1998). In 

addition, the time-to-rigor is much longer for trabeculae in +BDM (Hajjar et al. 1994; 

Ikenouchi et al. 1994), so that ‘final’ muscle contracture may not have been reached. A 

second possible explanation is that rigor cross-bridge conformations induced during 

normoxic interventions are stiffer than those induced during hypoxia, although there is 

a lack of supporting evidence in the literature for such a hypothesis. It is important to 

note that while hypoxic trabeculae in +BDM were much less stiff, and reached lower 

contracture tensions, than normoxic –BDM trabeculae (Figures 4.7 and 4.8), all groups 

of non-viable tissues displayed strain-softening upon axial extension.  

4.4.3 Limitations and future work. 

Several potential experiments and measurements for future studies have become 

apparent. Firstly, determining both k100 and k100-stress during both loss of viability, and 

during stretch cycles that display strain-softening would be beneficial. This would help 

elucidate and quantify, with greater certainty, both the formation of rigor cross-bridges 

during loss of viability and damage to passive elements (including rigor cross-bridges) 

during strain softening. A study applying a more direct method of inducing rigor (e.g. 
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by using dinotrophenol, an uncoupler of mitochondrial oxidative phosphorylation), than 

the reduction of oxygen adopted in the current study, would also increase the evidence 

for my theory of what is causing the observed strain-softening. This could also be used 

in the presence and absence of BDM, and to determine whether the spontaneous and 

hypoxia induced non-viability are equivalent. 

4.4.4 Conclusions. 

All non-viable trabeculae exhibited strain-softening behaviour, when subjected to axial 

length extensions, in contrast to the absence of strain-softening observed in viable 

trabeculae. The near-linear stress-ML extension relations that were observed for viable 

trabeculae, became highly non-linear and much stiffer when non-viable. Sinusoidal 

stiffness increased uniformly across all frequencies upon loss of viability. This 

observation has been linked to rigor cross-bridge formation, which has been reported to 

occur within a surprisingly short time (2 min) during hypoxic interventions 

(Leijendekker et al. 1990). When strain-softening was observed during muscle length 

extensions, sinusoidal stiffness decreased uniformly at all frequencies, in a manner that 

was linearly related to the decrease in contracture force. The results of the current study 

support reports in the literature, which suggest that hypoxic and ischemic cardiac 

tissues contain a heterogeneous mixture of rigor and healthy cells, where the ratio of 

healthy to rigor cells decreases with duration of oxygen starvation. Implicit in this 

hypothesis is the notion that strain-softening is observed only in trabeculae that contain 

cells in rigor. 
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Chapter Five: Effect of BDM on the Dynamic 

Stiffness of Quiescent Cardiac Trabeculae. 

5.1 Introduction. 

The mechanical properties of diastolic cardiac tissue are of fundamental importance, as 

they help determine the stroke volume of the heart (Brady 1991a). When measuring the 

mechanical properties of passive cardiac tissues, the negative inotropic action (Sellin 

and McArdle 1994) and cardio-protective properties (Mulieri et al. 1989) of the 

chemical agent 2,3-butadione monoxime (BDM) are commonly exploited (Emery et al. 

1997a; Dokos et al. 2002).  

BDM reportedly offers protection from cutting injury (Mulieri et al. 1989), the calcium 

paradox (Daly et al. 1987), hypoxia and reperfusion injury (Nayler et al. 1988). It also 

inhibits contracture (Hajjar et al. 1994). Although the negative inotropic action of BDM 

is well documented, its mechanisms are not well understood. BDM is reported to affect 

multiple sites within the excitation-contraction coupling system. As these effects are 

reportedly species-dependent, temperature-dependent and calcium-dependent, 

comparisons between experiments remain difficult (Sellin and McArdle 1994).  

Although BDM is commonly used when measuring passive tissue properties (Emery et 

al. 1997a; Dokos et al. 2002), its effects on the mechanical properties of quiescent 

cardiac tissue have not yet been fully investigated. In Chapter Three, BDM was found 

to have no effect on the stress-ML extension relations of healthy, intact rat trabeculae. 

The passive tension and small-amplitude sinusoidal stiffness of skinned cardiac 
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myocytes (Granzier and Irving 1995) or cardiac myofibrils (Linke et al. 1997) were 

reportedly unaffected by BDM. However, upon introducing 40 mM BDM to pig hearts 

in vivo, via the left anterior descending coronary artery, the resting diastolic fibre length 

reportedly increased (Lu et al. 2001). 

Thus controversy exists within the literature on the presence of BDM-induced 

alterations of the mechanical properties of quiescent cardiac tissue. The literature also 

lacks a comprehensive study into how BDM affects the amplitude and phase of stiffness 

(dynamic stiffness and phase), measurements of quiescent intact myocardium. The lack 

of such information introduces uncertainty into the interpretation of studies that have 

utilised BDM during passive myocardial measurements. 

This study will attempt to redress this lack of knowledge. To such ends, the dynamic 

stiffness and phase of intact trabeculae from the right ventricle of rat hearts, over a wide 

range of frequencies, both in the presence and absence of BDM, will be assessed. 
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5.2 Methods and materials. 

The experimental apparatus used in this study has previously been discussed in detail 

(Chapters Two, Three and Four). Therefore, this section will describe only the 

experimental protocols pertinent for this study.  

All experiments were approved by the University of Auckland Animal Ethics 

Committee. The trabeculae were obtained from Wistar rats (age 59 ± 19 days, weight 

324 ± 85 g, mean ± SD), and were relatively long (2.12 ± 0.66 mm, n = 10) and 

sufficiently thin (174 ± 54 µm by 255 ± 104 µm) to ensure adequate oxygenation. The 

trabeculae were mounted in the superfusion bath, and then stimulated until the twitch 

force was stable for at least 30 min.  

During measurement of dynamic stiffness and phase, small-amplitude sinusoidal 

muscle-length perturbations (~0.2% of muscle length) were applied to the trabeculae, at 

33 frequencies ranging from 0.2 Hz to 100 Hz. The resulting stiffness and phase data 

for each perturbed frequency were recorded on the hard-drive of the controlling 

computer, for later analysis.  

The object of this study was to determine the effects of BDM, Ca
2+
 and temperature on 

the dynamic stiffness and phase measurements of healthy quiescent trabeculae. In order 

to ascertain potential effects, four different superfusion solutions were used in the 

course of this study (see Table 5.1). The order of presentation of BDM-containing 

superfusates was randomised. Upon sequential introduction of each new solution, the 

force response elicited by electrical stimulation was monitored until it was stable for a 

minimum of 2 min. Stimulation was then terminated, and dynamic stiffness and phase 

measurements were acquired. In instances when more than one dynamic stiffness 
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measurement was acquired, for any given intervention, the resulting data were 

combined. Averaging data reduced the confounding effects of time while increasing the 

signal-to-noise-ratio. The stiffness measurements were normalised for cross-sectional 

area and muscle length, as described in Chapter Four (Methods). 

Chemical -BMD 0.5 Ca
2+

+BMD 0.5 Ca
2+

Urea 0.5 Ca
2+

-BMD 1.25 Ca
2+

+BMD 1.25 Ca
2+

NaCl 141.60 141.60 141.60 141.60 141.60

KCl 6.00 6.00 6.00 6.00 6.00

MgCl2 1.00 1.00 1.00 1.00 1.00

NaH2PO4 1.18 1.18 1.18 1.18 1.18

H.E.P.E.S. 10.00 10.00 10.00 10.00 10.00

CaCl2 0.50 0.50 0.50 1.25 1.25

BDM 0.00 20.00 0.00 0.00 20.00

Urea 0.00 0.00 20.00 0.00 0.00

Osmolarity 312.06 332.06 332.06 314.31 334.31

 

Table 5.1. The composition (mmol L
-1
) of solutions used during the current study. The final row gives 

the calculated osmolarities (mOsmol L
-1
). 

 

The composition of superfusate solutions used in this study are found in Table 5.1. To 

determine the effects of BDM on the dynamic stiffness spectra, comparisons were made 

between trabeculae in the presence (+BDM) and absence (-BDM) of 20 mM BDM. A 

series of experiments was conducted to determine if the dynamic stiffness and phase 

measurements of quiescent trabeculae were sensitive to extracellular calcium ion 

concentration ([Ca
2+
]o) or superfusate temperature. The dynamic stiffness 

measurements were compared between trabeculae bathed in superfusates that were: 

elevated in calcium (Group 1, 1.25 mM Ca
2+
, 22 °C, n = 3), control (Group 2, 

0.5 mM Ca
2+
, 22 °C, n = 7) and elevated in temperature (Group 3, 0.5 mM Ca

2+
, 26 °C, 

n = 5), both in the presence and absence of 20 mM BDM. All solutions were vigorously 

bubbled with 100% oxygen. 
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To emphasise the small alterations of dynamic stiffness that these interventions 

induced, and to reduce the effects of the large, naturally-occurring variability of 

stiffness found between cardiac trabeculae (Stuyvers et al. 2002), a stiffness ratio 

(Equation 5.1) and a phase difference (Equation 5.2) were defined, and were calculated 

at each of the 33 measured frequencies (f). 

))((

))((
)(
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fBDMStiffness
fRatioStiff

+

−
=−       5.1 

))(())(()( fBDMPhasefBDMPhasefDiffPhase +−−=−    5.2 

)4.1,2.1,95.0,78.0(

)102,85,69,57(

HzffnessAverageSti

HzffnessAverageSti
IndexXB =      5.3 

The ratio of averaged high-frequency to averaged low-frequency stiffness (IndexXB, 

Equation 5.3) has previously been used as an index of cross-bridge cycling 

(Leijendekker et al. 1990). Thus the indices of cross-bridge cycling, for the three 

interventions, both in the presence and absence of BDM were calculated. Due to the 

well-documented small increase in the amplitude of stiffness versus frequency for 

passive muscle tissue (Saeki et al. 1978; Kawai and Brandt 1980), IndexXB will always 

be greater than one. This index increases with increasing cross-bridge activity 

(Leijendekker et al. 1990). 

It was necessary to establish if the higher osmotic concentration of the solutions 

containing BDM had any influence on the dynamic stiffness measurements. In six 

trabeculae, dynamic stiffness and phase were acquired in temperature elevated control 

solution (0.5 mM Ca
2+
, 26 °C), both in the presence and absence of BDM and in the 

control solution with the addition of 20 mM Urea (0.5 mM Ca
2+
, 26 °C). Comparisons 
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of the dynamic stiffness and phase data, as well as stiffness-ratios and phase-differences 

for these interventions were made. Note: for comparison of stiffness-ratios between 

superfusates of similar osmolarities, the stiffness of -BDM remained the numerator, 

while the stiffness of either +BDM or Urea were the denominators. Similarly, the 

comparison of phase-difference was between phase(-BDM) - phase(+BDM), and 

phase(-BDM) - phase(Urea).  

Data were subjected to repeated-measures ANOVA, as appropriate for a 3 × 2 × 33 

(Group × BDM × Frequency) design. Differences among levels of statistically 

significant (P < 0.05) main effects or interactions were sought, post-hoc, using 

appropriate sets of mutually-orthogonal contrast co-efficients. One-Sample, Bonferroni-

protected t-tests, were used to determine if the average stiffness-ratio data were 

significantly different from unity for any given frequency. All analyses were performed 

using SAS software. Unless otherwise stated, all data are presented as mean ± standard 

error.  
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5.3 Results. 

Typical examples of the cardiac trabecula dynamic stiffness and phase spectra, when 

Ba
2+
-activated (red line), and when quiescent in the presence (blue) and absence (pink) 

of BDM, are presented in Figure 5.1 (Panels A and B, respectively). When trabeculae 

were Ba
2+
-activated, the amplitude of stiffness became considerably larger at all 

frequencies than when they are quiescent, while both the stiffness and phase spectra of 

the activated muscle becomes highly non-linear (c.f. when quiescent (blue and pink)). 

Interestingly, the addition of 20 mM BDM altered both the dynamic stiffness and phase 

spectra of quiescent trabeculae (Figures 5.1A and B, pink (-BDM) versus blue (+BDM). 
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Figure 5.1. Typical dynamic stiffness (Panel A) and phase (Panel B) spectra for a cardiac trabecula, 

when quiescent and BDM free (-BDM, 1.25 mM Ca
2+
, 22 °C, pink line), when quiescent with the 

addition of 20 mM BDM (+BDM, 1.25 mM Ca
2+
, 22 °C, blue line) and when activated (0.5 mM Ba

2+
, 

22 °C, red line). Lines represent linear interpolation of the acquired stiffness and phase data. 

 

A comparison between the average dynamic stiffness and phase spectra (± SEM), in the 

presence (blue) and absence (pink) of BDM (Group 1, 1.25 mM Ca
2+
, 22 °C, n = 3) are 

found in Figures 5.2 (Panels A and B, respectively). The BDM-induced changes of 

dynamic stiffness and phase spectra observed in Figure 5.1 were found to be repeatable. 

Interestingly, the +BDM dynamic stiffness and phase spectra were near-linear, when 

compared to the non-linear -BDM spectra. The -BDM spectra had some semblance of 

A B 
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the Ba
2+
-activated dynamic stiffness and phase spectra (red lines Figure 5.1: Panels A 

and B, respectively), in which the observed non-linearities were attributed to 

Ba
2+
-induced cross-bridge cycling. 
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Figure 5.2. Average stiffness (Panel A) and phase (Panel B) spectra (± SEM) of quiescent trabeculae in 

the presence (blue) and absence of 20 mM BDM (pink) (1.25 mM Ca
2+
, 22 °C, n = 3). Note that lines 

are a linear interpolation of the average stiffness and phase data. 

 

The dynamic stiffness and phase of quiescent trabeculae were acquired at two 

temperatures and two values of [Ca
2+
]o, to establish if the “BDM-induced” alterations 

of the dynamic stiffness and phase spectra were [Ca
2+
]o- or temperature-sensitive. The 

resulting average dynamic stiffness and phase spectra for Group 1 (blue, 1.25 mM Ca
2+
, 

22 °C, n = 3), Group 2 (pink, 0.5 mM Ca
2+
, 22 °C, n = 7) and Group 3 (red, 0.5 mM 

Ca
2+
, 26 °C, n = 5)) in the absence (-BDM, Figure 5.3, Panels A and B, respectively) 

and presence (+BDM, Figure 5.3, Panels C and D, respectively) of 20 mM BDM are 

presented. In the presence of BDM, no temperature- or [Ca
2+
]o-sensitivity of the phase 

spectra, and similarly no sensitivity of the slope of dynamic stiffness spectra were 

observed (Figure 5.3, Panels D and C, respectively). In contrast, when BDM was 

absent, phase and dynamic stiffness were noticeable sensitivity to both temperature and 

[Ca
2+
]o (Figure 5.3, Panels A and B, respectively). Due to the insensitivity of phase 

spectra to temperature and [Ca
2+
]o in the presence of BDM versus their contrasting 

A B 
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sensitivity in the absence of BDM, it seems that the BDM-induced differences in 

dynamic stiffness and phase are due to inhibition by BDM of force-bearing cross-

bridges. 
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Figure 5.3. Average (± SEM) dynamic stiffness (Panels A and C) and phase (Panels B and D) spectra of 

quiescent trabeculae, acquired in the absence (Panels A and B) and presence (Panels C and D) of 

20 mM BDM. Shown are the results from three experimental protocols: 1.25 mM Ca
2+
, 22 °C, n = 3  

(blue line), 0.5 mM Ca
2+
, 22 °C, n = 7 (pink line), and 0.5 mM Ca

2+
, 26 °C, n = 5 (red line). 

 

A repeated-measures ANOVA was performed to examine the statistical significance of 

the three main effects ([Ca
2+
]o, BDM and Frequency), and all possible interactions, on 

the dynamic stiffness and phase data from Group 1 and Group 2. A second repeated-

measures ANOVA was performed to examine the statistical significance of the three 

main effects (Temperature, BDM and Frequency), and all possible interactions, on the 

dynamic stiffness and phase data from Group 2 and Group 3. The results of these 

ANOVA analyses are summarised in Table 5.2. The statistically significant Ca × Freq 

A B 

C D 
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interactions (for Group 1 versus Group 2) means that the effects of Frequency on both 

the amplitude and phase of stiffness were, themselves, Ca
2+
-dependent. By contrast, for 

Group 2 versus Group 3, the effect of Frequency was temperature-dependent for phase, 

but temperature-insensitive for amplitude. There were no significant effects of BDM, 

BDM × Ca or BDM × Temp. However, for all three groups, Freq × BDM interactions 

were significant, with respect to both dynamic stiffness and phase.  

Stiffness Phase

Calcium Effects Calcium (Ca) 0.0052 0.4066

Group 1 versus Group 2 Frequency <.0001 <.0001

BDM 0.0675 0.0001

Ca x Freq <.0001 0.0026

Ca x BDM 0.6448 0.1072

Freq x BDM <.0001 <.0001

Ca x Freq x BDM <.0001 0.0163

Temperature Effects Temperature 0.682 0.3742

Group 2 versus Group 3 Frequency <.0001 <.0001

BDM 0.1576 0.0004

Temp x Freq 0.9117 <.0001

Temp x BDM 0.5051 0.0578

Freq x BDM <.0001 <.0001

Temp x Freq x BDM <.0001 <.0001

 

Table 5.2. ANOVA-derived probabilities (P-values) arising from tests of main effects and selected 

interactions of Calcium, Temperature, Frequency and BDM on the dynamic stiffness and phase of 

quiescent trabeculae. 

 

The ANOVA analyses revealed that calcium concentration had a significant effect on 

stiffness (Table 5.2), since Group 1 stiffness was elevated both in the presence and 

absence of BDM (Figures 5.3, Panels A and C, respectively). Interestingly, the average 

dynamic stiffness spectra of all three Groups, in the presence of BDM, were almost 

parallel. It is therefore possible that the higher stiffness seen in Group 1, across all 
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frequencies, is due to the naturally-occurring variability of stiffness previously observed 

between cardiac trabeculae (Stuyvers et al. 2002). In order to reduce the influence of 

variability of muscle stiffness, stiffness-ratios and phase-differences were calculated for 

each experiment. The average (± SEM) stiffness-ratio and phase-difference for Group 1 

are found in Figure 5.4, panels A and B, respectively. It can be seen that the addition of 

BDM decreased stiffness above ~9 Hz (stiffness-ratios > 1) and increased the stiffness 

below ~9 Hz (stiffness-ratio < 1). The addition of BDM reduced the phase at all 

measured frequencies (phase-difference > 0). 
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Figure 5.4. The average (± SEM) stiffness-ratio (Panel A) and phase-difference (Panel B) spectra for 

quiescent trabeculae from Group 1 (1.25 mM Ca
2+
, 22 °C, n = 3). 

 

In Figure 5.5A, the average (± SEM) stiffness-ratios for Group 2 (pink, n = 7) and 

Group 3 (red, n = 5) are superimposed on that of Group 1 (blue, n = 3). The slope of the 

stiffness-ratio was significantly decreased upon lowering [Ca
2+
]o from 1.25 to 0.5 mM 

(blue and pink lines, respectively; Table 5.3: Freq × Ca), as well as when increasing the 

temperature from 22 to 26 °C (pink and red lines, respectively; Table 5.3: 

Temp × Freq). Similarly, the effects of Temperature and [Ca2+]o were found to 

influence the phase-difference relations (Figure 5.5B and Table 5.3). 

A B 
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Figure 5.5. Average (± SEM) stiffness-ratio (-BDM)/(+BDM), Panel A, and phase-difference 

(-BDM)-(+BDM), Panel B, spectra of quiescent trabeculae, during three experimental protocols: 

1.25 mM Ca
2+
, 22 °C, n = 3  (blue line), 0.5 mM Ca

2+
, 22 °C, n = 7 (pink line), 0.5 mM Ca

2+
, 26 °C, 

n = 5 (red line). 

Stiff-Ratio Phase-Diff.

Calcium Effects Calcium 0.7582 0.1072

Group 1 versus Group 2 Frequency <.0001 <.0001

Ca x Freq 0.004 0.0163

Temperature Effects Temperature 0.5326 0.0578

Group 2 versus Group 3 Frequency <.0001 <.0001

Temp x Freq <.0001 <.0001

 

Table 5.3. ANOVA-derived probabilities (P-values) arising from tests of main effects and selected 

interactions of Calcium, Temperature and Frequency on stiffness-ratios and phase-differences. 

 

Repeated-measures Analyses of Variance were performed on the stiffness-ratio and 

phase-difference data (Table 5.3). Neither Temperature nor Calcium had significant 

(main) effects on either the stiffness ratio or the phase difference. However, the main 

effect of Frequency, as well as its interaction with both Calcium and Temperature were 

significant for stiffness-ratio and phase-difference. The performance of multiple, 

Bonferroni-protected, One-Sample, t-Tests on these stiffness-ratio and phase-difference 

data, revealed that only Group 1 stiffness-ratios below frequencies of 1 Hz clearly 

differed from unity. Comparably assured statistical statements cannot be made for 

either of the other two Groups. 

A B 
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Figure 5.6. Indices of cross-bridge cycling (high frequency stiffness divided by low frequency stiffness) 

for Groups 1, 2 and 3, in the absence (red) and presence (blue) of 20 mM BDM. All indices were 

significantly greater when BDM was absent (red). No significant differences were found between 

groups when BDM was present (blue). Group 1 was significantly greater than Group 3 in the absence of 

BDM (red) although Group 2 was not significantly different to either Group 1 or Group 3. 

 

The index of cross-bridge cycling (IndexXB (Leijendekker et al. 1990)) was calculated 

for all three groups, both in the presence and absence of 20 mM BDM (Figure 5.6). 

When BDM was present, there were no significant differences between the IndexXB of 

Group 1, 2 or 3 (Figure 5.6, blue bars). At room temperature (Groups 1 and 2), 

IndexXB was significantly greater when BDM was absent (Group: 1 p = 0.038, 

Group 2: p = 0.032). In the absence of BDM, Groups 1 and 2 were significantly greater 

than Group 3 (p = 0.016). These results imply that quiescent trabeculae have 

insignificant numbers of force-bearing cross-bridges in the presence of BDM, and that 

in the absence of BDM there are more force-bearing cross-bridges at lower 

temperatures or at higher [Ca
2+
]o. 
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Figure 5.7. Average (± SEM, n = 6) stiffness-ratios (stiffness(-BDM)/stiffness (+BDM or Urea) Panel 

A) and phase difference (phase(-BDM)–phase(+BDM or Urea), Panel B) spectra of quiescent 

trabeculae under similar osmotic stress (+BDM: blue and Urea: red). 

 

The apparent BDM-induced alterations of dynamic stiffness and phase may have 

resulted from the +BDM superfusates having higher osmolarity than the -BDM 

solutions (Table 5.1). The possible effects of increased osmolarity on dynamic stiffness 

and phase were examined by comparing the spectra acquired in +BDM, -BDM and 

Urea (-BDM plus 20 mM urea), at 26 °C and 0.5 mM Ca
2+
. If the observed dynamic 

stiffness and phase changes were a result of the higher osmolarity, both +BDM and 

Urea should effect similar changes. The average (±SEM, n = 6) stiffness-ratios 

(-BDM/(+BDM or Urea)) and phase-differences ((-BDM) - (+BDM or Urea)) are 

presented in Figure 5.7, Panels A and B, respectively (+BDM: blue, Urea: red). These 

data imply that increased osmolarity was not the cause of the observed changes detailed 

above. 

Repeated-measures Analyses of Variance were performed on these stiffness-ratio and 

phase-difference data, as well as on the dynamic stiffness and phase data (Table 5.4). 

Using mutually orthogonal contrasts, no significant difference were found between the 

dynamic stiffness values measured in -BDM and Urea, although both of these were 

A B 
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significantly different to the stiffness measured in +BDM. Thus, the increased 

osmolarity of +BDM was not responsible for the observed stiffness and phase changes. 

Osmolarity test Stiffness Phase Stiff-Ratio Phase-Diff.

Group <.0001 <.0001 <.0001 <.0001

Frequency <.0001 <.0001 0.7354 <.0001

Group x Freq 0.341 0.7207 0.0449 0.2153

-BDM versus Urea 0.4213 <.0001 n/a n/a

-BDM/Urea vs +BDM <.0001 <.0001 n/a n/a

+BDM/-BDM vs Urea/-BDM n/a n/a 0.0158 <.0001

 

Table 5.4. ANOVA-derived probabilities (P-values) arising from tests of main effects of Frequency and 

BDM, and the BDM × Frequency interactions on stiffness, phase, stiffness ratios and phase differences. 
Post-hoc comparisons using mutually orthogonal contrasts were performed. The results imply that the 

observed stiffness and phase changes were not due to the increased osmolarity of the +BDM solutions, 

but were an intrinsic effect of BDM per se on quiescent trabeculae. The symbol n/a indicates that the 

mutually orthogonal contrasts was not appropriate for the given data.  



                                                            Effect of BDM on dynamic stiffness 

 134

5.4 Discussion. 

To my knowledge, this is the first study that has attempted to measure the effects of 

BDM on the dynamic stiffness of intact, quiescent trabeculae of any species. This study 

has demonstrated BDM-induced changes in both the stiffness and phase spectra. With 

respect to ‘standard’ conditions (0.5 mM Ca
2+
, 22 °C, -BDM), the effects of BDM on 

stiffness and phase increased with [Ca
2+
]o and decreased with temperature (Figure 5.3).  

Previously, the dynamic stiffness technique was used to investigate the BDM-mediated 

changes of: active tissue properties (intact rat papillary muscles, (Turnbull et al. 2002)), 

rate of contracture in metabolically challenged intact ferret papillary muscles (Hajjar et 

al. 1994)), and passive stiffness of skinned tissues in relaxing solutions (Granzier and 

Irving 1995; Linke et al. 1997). However, there is a dearth of studies that have used 

dynamic stiffness measurements to investigate BDM-mediated changes in passive 

properties of intact cardiac tissue. 

The current study has demonstrated that the differences between the dynamic stiffness 

spectra measured in the presence and absence of BDM were both temperature- and 

[Ca
2+
]o- sensitive (Figures 5.3). Possible causes of the BDM-induced alterations in the 

observed dynamic stiffness spectra include: i) active cross-bridge inhibition, 

ii) increased population of weakly-bound cross-bridges, iii) titin interactions, and 

iv) increased muscle turgor. These are considered in turn below. 

Active cross-bridge inhibition   In the literature, controversy exists over the presence of 

force-bearing cross-bridges in quiescent cardiac tissue. Both the presence and absence 

of significant numbers of active cross-bridges during the diastolic interval of 

whole-hearts in vivo have been reported ((Lu et al. 2001) and (Kass et al. 1993), 
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respectively). Similar controversy exists for cardiac tissue in vitro. A modest 

lengthening (0.8 %) was reported in isolated intact myocardial cells from rat, upon 

addition of 6 mM BDM (Sollott et al. 1996), which was attributed to a BDM-induced 

inhibition of cross-bridges. In contrast, a lack of evidence for active cross-bridges 

during the diastolic interval in rat trabeculae has been reported (de Tombe and ter Keurs 

1992). 

While the negative inotropic properties of BDM are well documented, the mechanisms 

of this inotropy are not well understood. BDM is reported to act on multiple 

components of the excitation-contraction coupling mechanism, with the effects being 

species-, temperature- and calcium-dependent (Sellin and McArdle 1994). Upon the 

addition of BDM to activated skeletal and cardiac tissue, both tension and high 

frequency stiffness decrease in a dose dependent manner (Mulieri et al. 1989; Zhao and 

Kawai 1994a; Ebus and Stienen 1996). When using electron paramagnetic resonance 

spectroscopy on skinned rabbit psoa muscle, it was reported that addition of 25 mM 

BDM resulted in a high degree of disorder in the attached cross-bridges (Zhao et al. 

1995). The increased cross-bridge disordering was interpreted as evidence that BDM 

decreases the population of strongly-bound (well-ordered) cross-bridges, while 

increasing the population of weakly-bound (disordered) cross-bridges. 

The dynamic stiffness spectra of quiescent muscle tissue have previously been reported 

as near-linear relations, indicating mainly elastic material-properties (Saeki et al. 1978; 

Kawai and Brandt 1980). In the current study, the dynamic stiffness spectra acquired in 

both the presence and absence of BDM were presumed to be from quiescent tissue. 

However, the differences observed in the acquired spectra casts doubt on this 

hypothesis (Figure 5.2). The dynamic stiffness and phase spectra acquired in the 
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presence of BDM were seen to be near-linear, while the spectra measured in the 

absence of BDM, especially at higher [Ca
2+
]o and lower temperatures, were much less 

so. Interestingly, the dynamic stiffness spectra of activated muscle are highly non-linear 

((Saeki et al. 1978; Kawai and Brandt 1980), Figure 5.1 red line). Thus, it is possible 

that the dynamic stiffness and phase measurements acquired in the presence of BDM 

reflect truly quiescent trabeculae properties, while those acquired in the absence of 

BDM are influenced by active cross-bridges.  

The stiffness and phase spectra acquired in the absence of BDM were sensitive to 

[Ca
2+
]o and temperature (Figure 5.3, Panels A and B, respectively), while those in the 

presence of BDM were not (Figure 5.3, Panels C and D, respectively). In the absence of 

BDM, the index of cross-bridge cycling (IndexXB) (Leijendekker et al. 1990) 

decreased from 3.8 ± 0.28 to 3.4 ± 0.4 upon reducing the [Ca
2+
]o from 1.25 to 0.5 mM, 

and further decreased to 2.27 ± 0.52 upon increasing the temperature from 22 to 26 °C 

(Figure 5.6). Similar temperature- and [Ca
2+
]o-sensitivity are reported for the twitch 

force response elicited from intact trabeculae (Layland and Kentish 1999; Janssen et al. 

2002). In contrast, when BDM was present, no temperature- or [Ca
2+
]o-sensitivity of the 

index of cross-bridge cycling was seen (Figure 5.6). Thus, the observed temperature 

and [Ca
2+
]o sensitivity of IndexXB in the absence of BDM supports the notion of active 

cross-bridges being present in ‘quiescent’ preparations.  

Evidence of spontaneous sarcomere activity in quiescent cardiac tissue was reported 

approximately 800 ms into the diastolic period of intact rat trabeculae at 25 °C and 

1-2 mM [Ca
2+
]o (Stuyvers et al. 1997; Stuyvers et al. 1998; Stuyvers et al. 2000). While 

inducing less than a 1% increase of force, the spontaneous activity caused 

comparatively large changes in high frequency stiffness and phase. No equivalent 
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spontaneous sarcomere activity was observed upon placing skinned trabeculae in low 

calcium solutions (Stuyvers et al. 1998). Similar spontaneous contractile activity, 

observed in intact rat trabeculae, was reported to decrease significantly upon increasing 

muscle temperature from 22 to 26 °C, indicating that spontaneous contractile activity is 

temperature-sensitive (de Tombe and ter Keurs 1992; Kirton et al. 2004a).  

The term hypothermic inotropy is used to describe the increase of contractile force, 

observed in cardiac tissue, upon reducing the temperature. A 400-500% increase in 

active force was reported when decreasing the temperature from 37 °C to 25 °C 

(Layland and Kentish 1999). Reducing the temperature reportedly inhibits both the 

Na/Ca exchanger and the SR Ca
2+
-pump, thus inhibiting the two principle mechanisms 

for removal of Ca
2+
 from the cytoplasm (Bers 1991). As a result, resting [Ca

2+
]i, and 

hence contractile activity and resting tension, would be expected to increase. Such 

phenomena were reported during the measurement of dynamic stiffness of intact, 

quiescent, kitten papillary muscles, in which increased temperature resulted in 

decreased dynamic stiffness (Saeki et al. 1978). It is possible that the force generated 

by an active cross-bridge is temperature-dependent, although a recent study reports a 

lack of such temperature-dependence (Kawai et al. 2000).  

The [Ca
2+
]o-sensitivity of dynamic stiffness and phase (Tables 5.3 and Figure 5.3) also 

indicates possible active cross-bridge cycling. It is well documented that [Ca
2+
]o 

modulates the active contractile force generated by cardiac trabeculae (ter Keurs et al. 

1980). Similarly, the material properties of skinned, multicellular, canine, ventricular 

specimens were reported to change from elastic (i.e., independent of velocity) to 

viscoelastic (i.e., velocity-dependent) with increased stiffness, upon increasing [Ca
2+
]o 

from 1 nM to 1 µM (Campbell et al. 2003). Upon addition of 5 mM BDM, the material 
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properties of the sub-maximally activated specimen were the same as when it was 

inactive (1 nM Ca
2+
). These changes in material properties were attributed to the 

calcium-dependent activation of cross-bridges, with corresponding inhibition by BDM.  

Thus, there is evidence for the existence of active cross-bridges in quiescent trabeculae, 

that are both temperature- and  [Ca
2+
]o-sensitive. 

Weakly-bound cross-bridges   Controversy exists over the presence of weakly-bound 

cross-bridges in quiescent cardiac and skeletal tissue. There are reports of 

weakly-bound cross-bridges contributing to the stiffness and tension of skinned skeletal 

muscle (Schoenberg 1988; Granzier and Wang 1993; Schoenberg 1993). Conversely, 

no evidence of weakly-bound cross-bridges in intact frog muscle (Bagni et al. 1992; 

Bagni et al. 2002) and intact cardiac trabeculae (de Tombe and ter Keurs 1992) has 

been reported. 

The effects of BDM on weakly-bound cross-bridges are not well understood. The 

addition of BDM to activated skeletal muscle reduces tension more quickly than high 

frequency stiffness (Mulieri et al. 1989; Zhao and Kawai 1994a; Sun et al. 1995). The 

tension loss was attributed to a reduction in the population of strongly-bound cross-

bridges, while the lesser decrease in stiffness was attributed to an increase in the 

population of weakly-bound cross-bridges. Supporting this hypothesis are the results 

from an electron paramagnetic resonance spectroscopy study, in which a BDM-induced 

disordering of attached-cross-bridges in skinned skeletal muscle was interpreted as a 

large increase in the proportion of weakly-bound cross-bridges (Zhao et al. 1995). 

Similarly, BDM was reported to induce larger decreases of force rather than stiffness, 

for intact rat papillary muscles (Turnbull et al. 2002). A slightly different study using 
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maximally calcium-activated, skinned, rat trabeculae contrastingly found that stiffness 

and tension decreased proportionately in the presence of BDM (Ebus and Stienen 

1996). 

Although the presence of weakly-bound cross-bridges has been reported in relaxed, 

skinned skeletal muscle (Schoenberg 1988; Granzier and Wang 1993), there is no 

corresponding evidence of such cross-bridge species in quiescent skinned cardiac 

tissue. Neither BDM nor caldesmon affected tension or high frequency stiffness of 

skinned rat cardiac myofibrils (Linke et al. 1997). Similarly, no difference was found in 

the stress-SL relation of skinned multicellular cardiac preparations, whether in relaxing 

solutions (1 nM Ca
2+
) or when 5 mM BDM was added to the sub-maximally activated 

(1 µM Ca
2+
) specimen (Campbell et al. 2003). The lack of evidence for weakly-bound 

cross-bridges in skinned cardiac tissue can be interpreted either as the inability of the 

employed techniques to detect, or as evidence for the absence of, such cross-bridge 

species. 

The current study found that both stiffness and phase measurements were sensitive to 

[Ca
2+
]o and temperature in the absence of BDM, but insensitive when BDM was present 

(Figure 5.3, Tables 5.2 and 5.3). As the [Ca
2+
]o-sensitive and temperature-sensitive 

stiffness and phase changes occurred in the absence of BDM (compare Figure 5.3B 

with Figure 5.3D), there is no reason to attribute these changes to the existence of 

weakly-bound-cross bridges. 

Titin   Recently, the majority of passive tension developed by cardiac tissue at low SL 

extensions has been attributed to the intracellular elastic protein, titin (Granzier and 

Irving 1995; Wu et al. 2000). Calcium-dependent titin-actin interactions are reported to 
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modulate passive stiffness (Linke et al. 1996; Stuyvers et al. 1998; Granzier and Labeit 

2002). Thus, the possibility of BDM-inhibition of titin-actin interactions causing the 

observed dynamic stiffness and phase changes (current study) must be considered. 

However, the lack of calcium sensitivity observed in the presence of BDM (Figure 

5.3D), does not support this hypothesis. 

The stiffness associated with Ca
2+
-dependent titin-actin interactions is reported to be 

small, and to be obscured by the presence of modest spontaneous sarcomere activity 

(Stuyvers et al. 1998; Stuyvers et al. 2000) Thus, the observed changes of 

calcium-sensitive stiffness and phase in the absence of BDM may be due, in part, to 

titin-actin interactions, although the contribution of such interactions is likely to be 

small (Stuyvers et al. 1998; Stuyvers et al. 2000). 

Turgor effect   Increasing the fraction of fluid contained within the myocardium is 

reported to increase myocardial stiffness. This phenomenon has been demonstrated in 

perfused whole-hearts (McCulloch et al. 1992) and by the progression of edema in 

papillary muscles (Detwiler et al. 1994). Upon addition of BDM to perfused whole-

heart preparations, both diastolic pressure (Marijic et al. 1991) and diastolic stiffness 

(Lu et al. 2001) were reported to increase. The increased myocardial stiffness was 

attributed to a BDM-induced increase of the vascular volume, resulting in increased 

turgor (Lu et al. 2001). 

The changes of stiffness and phase observed in trabeculae in the current study are 

unlikely to have been caused by changes of turgor. Firstly, the trabeculae were 

superfused, and thus did not experience vasculature perfusion. Secondly, the small 

increase of osmolarity associated with the addition of 20 mM BDM was discounted as 
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the cause of the observed dynamic stiffness changes, since the addition of 20 mM urea 

did not replicate the observed BDM-induced behaviour (Figure 5.7 and Table 5.4). 

5.4.1 Conclusions. 

The dynamic stiffness and phase data acquired from quiescent, intact trabeculae are 

altered by the addition of 20 mM BDM. However, I hypothesis that the dynamic 

stiffness and phase data acquired in the presence of BDM reflect the true passive 

trabeculae properties. The near-linear dynamic stiffness and phase relations measured in 

the presence of BDM, as well as the observed insensitivity to temperature and [Ca
2+
]o 

support this argument. Edema-induced increase of muscle turgor and BDM-induced 

increase of weakly-bound cross-bridges are discounted as potential contributors to the 

observed phenomena.  

In contrast, the observed dynamic stiffness and phase relations in the absence of BDM 

are non-linear, and are sensitive to temperature and [Ca
2+
]o. The departure from near-

linearity of the dynamic stiffness and phase relations observed in the absence of BDM 

are hypothesised to be caused by a small degree of spontaneous sarcomere activity. 

Such a small degree of cross-bridge activity would explain the observed non-linear 

stiffness and phase relations, as well as the temperature- and [Ca
2+
]o-sensitivity. If this 

hypothesis is correct, then it appears that a small degree of cross-bride cycling reduces 

the low frequency passive stiffness. This supports the existence of a low-frequency 

minimum stiffness (fmin) in activated muscle (Rossmanith 1986a), which has been 

associated to the muscle performing oscillatory work on the system (Kawai and Brandt 

1980). 
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Chapter Six: Conclusions and Future work. 

The primary aim of this thesis was to determine if strain-softening was observed during 

physiologically relevant length extensions of viable rat cardiac trabeculae. In 

preparation of this study, a specialised muscle mechanics rig suitable for use with 

cardiac trabeculae was developed. This rig, described in Chapter Two, included: a 

temperature controlled flow-through muscle bath, novel muscle attachment hooks, the 

ability to measure sarcomere length (SL), the ability to provide a rich variety of muscle 

length perturbations, and the ability to measure the resulting forces.  

This muscle rig was used to investigate three aspects of passive trabeculae mechanics. 

The first study performed stress-ML extensions on viable cardiac trabeculae, both in the 

presence and absence of BDM (Chapter Three). The second study also performed 

stress-ML extensions but on trabeculae that, due to the loss of electrical excitability in 

the absence of BDM, were deemed to be non-viable (Chapter Four). The third study 

investigated the effects of BDM on dynamic stiffness and phase of quiescent, viable, 

trabeculae (Chapter Five). 

During the stress-ML extensions of viable, intact, rat cardiac trabeculae, no evidence of 

irreversible strain-softening was found during physiologically relevant extensions, both 

in the presence and absence of BDM (Chapter Three). The compliance of the viable 

trabeculae was not significantly altered by the presence of BDM, at least at the very low 

strain-rates applied. Thus strain-softening is neither intrinsic to viable rat trabeculae nor 

influenced by BDM. 
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In contrast, all non-viable trabeculae exhibited strain-softening behaviour, as well as 

decreased compliance, when subjected to physiological extensions (Chapter Four). 

Strain-softening was observed both in the presence and absence of BDM. Thus, BDM 

did not induce strain-softening in healthy trabeculae, nor inhibit strain-softening in non-

viable trabeculae. However, the compliance of non-viable trabeculae was lowered, if 

viability was lost in the absence of, rather than the presence of, BDM. 

Accompanying the decrease in compliance upon loss of viability, the dynamic stiffness 

of trabeculae increased uniformly across all measured frequencies (Chapter Four). 

However, no corresponding change was observed in the phase of stiffness. Similar 

stiffness behaviour has been reported during hypoxic interventions on intact rat 

trabeculae (Leijendekker et al. 1990). The changes of stiffness in that study were 

attributed to the hypoxia-induced formation of rigor cross-bridges, which were noted to 

reach detectable levels surprisingly quickly (< 2 min), and to increase thereafter until 

full contracture was reached (37 min on average). In Chapter Four, a comparably 

uniform decrease of dynamic stiffness, with corresponding lack of phase change, was 

observed between sets of ML extensions that exhibited strain-softening. The increased 

dynamic stiffness, with associated lack of phase change, was therefore attributed to the 

formation of rigor cross-bridges within the non-viable trabeculae. Due to the formation 

of these rigor bridges, the non-viable trabeculae were no longer able to undergo normal 

physiological extension. The irreversible strain-softening observed upon extending non-

viable trabeculae, with the accompanying decrease of dynamic stiffness, was therefore 

attributed to the infliction of structural damage (of which the potential candidates 

include rigor cross-bridges, titin, and collagen as-well-as any other structural element 

within the myocardium). Interestingly, trabeculae that became non-viable in the 

presence of BDM were found to be more compliant than those that became non-viable 
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in the absence of BDM. Such findings agree with reports of BDM inhibiting, but not 

preventing, contracture of metabolically challenged cardiac tissue (Hajjar et al. 1994; 

Ikenouchi et al. 1994). 

Previously, strain-softening was reported in non-perfused myocardium that had not 

been observed to stiffen unduly (Emery et al. 1997a; Dokos et al. 2002). However, 

evidence from hypoxic and ischemic cardiac tissues containing a heterogeneous mixture 

of rigor and healthy cells, where the ratio of healthy to rigor cells decreases with 

duration of oxygen starvation, have also been reported (Stern et al. 1985; Haworth et al. 

1988; Leijendekker et al. 1990; Decking 2002). During one such study (Stern et al. 

1985), cardiac myocytes were reported to shorten spontaneously, in an uncoordinated 

fashion, during hypoxic interventions. Upon reintroduction of oxygen, these shortened 

myocytes partially relengthened, and recovered some degree of contractile function, if 

the interval between shortening and re-exposure to oxygen was less than 10 min. These 

results suggest that caution is necessary when using partial contractile recovery as proof 

that previously hypoxic, or ischemic, specimens were healthy, quiescent and lacked 

rigor bridges. Such reports also support the finding that after preconditioning (i.e. after 

three cycles of length extension, the stress-strain relation was repeatable), non-viable 

trabeculae remain less compliant than viable trabeculae (Chapter Four, Figure 4.7). 

In-depth study of the literature revealed inconsistencies with regard to the presence of 

strain-softening, or the need for preconditioning, during physiologically relevant tissue 

deformations. Table 6.1 summarises these findings. In this Table the tissues have been 

ordered in decreasing size. The differences among experimental tissues and protocols 

included: species, size, tissue architecture, mode of deformation, intact versus skinned, 

and perfusion/superfusion status (and thus tissue viability). It can be observed that the 



                                                                                                    Conclusions 

 146

load-history-dependent phenomenon (i.e. strain-softening or the need for 

preconditioning), is not constrained to any one species, mode of deformation, or type of 

specimen (Table 6.1). It should be noted that preconditioning is comprised of both 

strain-softening and time dependent (i.e., viscoelastic) components. 

Study Specimen, mode of deformation, 

perfusion status

Strain-softening 

or need for 

preconditioning 

 Emery 1997, 1998 Rat whole-heart, left ventricular inflation, non-

perfused.

Strain-softening        

10 mmHg

 Emery 1997b Mouse whole-heart, left ventricular inflation, 

non-perfused.

Strain softening

 Dokos 2000, 2002 Blocks of pig myocardium (3mm thick), shear 

deformations, non-superfused.

Strain-softening 5% 

shear

 Humphrey 1990 Thin sheet dog myocardium, (3mm thick), 

biaxial tested, superfused.

Preconditioned

 Demer 1983 Thin sheet dog myocardium (1-2mm thick), 

biaxial tested, superfused.

Preconditioned

 Novak 1994 Thin sheet dog myocardium, (0.25mm thick), 

biaxial tested, superfused.

Preconditioned

 Detwiler 1994 Intact pig papillary, uniaxial extensions, 

ischemic.

Strain-softening

 Pinto 1980 Intact cat and rabbit papillary (~0.9 and 

0.6mm diameter, respectively), uniaxial 

extensions, superfused.

Preconditioned

 Emery 1997b Intact mouse papillary muscles (~0.15mm 

diameter), Uniaxial extensions, superfused.

No strain-softening

 Granzier 1995 Skinned rat trabeculae and myocytes. 

Uniaxial extensions.

No strain-soft (SL 

< 2.4µm).

 Helmes 1999 Skinned cardiac myocytes, uniaxial 

extensions.

No strain-soft, 

(SL < 2.6µm)

 Linke 1994, 1996 Skinned rabbit myofibrils, uniaxial extensions. No strain-soft, 

(SL < 2.7µm)

 Kellermayer 2001 Isolated titin molecules, rat and rabbit, uniaxial 

extensions.

No strain-soft 

(SL < 3µm)
 

Table 6.1. Details of cardiac specimens that have shown strain-softening behaviour (or that required 

precondition), and those that have not, for physiological levels of deformation. 
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In small tissues that had been skinned, and thus have reduced metabolic demands and 

therefore no requirement for oxygen, strain-softening was noticeably absent. This 

observation coupled with the absence of strain-softening in viable rat trabeculae 

(Chapter Three, (Kirton et al. 2004a)) and mouse papillary muscles (Emery 1997b), 

supports the idea that non-ischemic tissues do not demonstrate strain-softening. All of 

these small preparations also lacked the complex microstructure of myocardium. Much 

larger papillary muscle preparations have been reported to demonstrate strain-softening 

(Detwiler et al. 1994), or to require preconditioning (Pinto and Patitucci 1980). 

Therefore tissue microstructure can possibly be discounted as a source of strain-

softening. Both rat and mouse whole hearts have demonstrated strain-softening, while 

rat trabeculae and mouse papillary muscles (that were from the same mouse strain that 

have demonstrated strain-softening in whole-heart preparations), did not. Therefore 

inter-species and intra-species (strain) differences can also be discounted. All tissues 

that were excised (i.e. blocks and thin membranes) and potentially sustained cutting 

injury, also demonstrated strain-softening or required preconditioning. 

All studies to date have been conducted using non-perfused tissues due to the difficulty 

in measuring the material properties of perfused passive myocardium. Thus, the whole-

hearts specimens remained ischemic, while the remaining tissues were superfused 

during the determination of the passive tissue properties. However, the tissue thickness 

must be sufficiently small to allow adequate oxygen delivery to the center of the tissue 

via superfusion. For quiescent rat trabeculae the critical size was reported to be 300 µm 

(Daut and Elzinga 1988), while for rat trabeculae stimulated at 3.3 Hz, the critical size 

was reported to be 200 µm (Schouten and ter Keurs 1986). From Table 6.1, it can be 

seen that all specimens that were thicker than 600 µm demonstrated strain-softening, or 

required preconditioning. Thus, these larger specimens probably contained hypoxic 



                                                                                                    Conclusions 

 148

cores, a condition that is reported to induce rigor cross-bridges in cardiac tissue. Tissue 

preparations that were less than 600 µm thick have been demonstrated to require 

preconditioning, such as biaxially tested thin (250 µm) dog myocardial membranes 

(Novak et al. 1994). These specimens were sliced from the myocardial wall, it is 

therefore likely that they sustained cutting injury. Thus, the need for preconditioning, or 

the observation of strain-softening, during physiologically relevant extensions of these 

excised cardiac tissues are an indication that the cardiac tissue in question has been 

damaged. This damage may have occurred during tissue preparation, mounting, or as a 

result of hypoxia or ischemia. 

This hypothesis is not a new idea. Fung speculated that preconditioning was an initial 

period of adjustment required to overcome the large disturbances associated with 

excising the tissue and interrupting the blood flow (Fung 1993). Novak et al. speculated 

that preconditioning was needed to minimise the non-repeatable, history-dependent 

effects that resulted from excising, slicing and mounting the specimen (Novak et al. 

1994). The studies presented in this thesis are the first to compare the stress-ML 

extension relations acquired when a trabeculae is viable, and then subsequently non-

viable, and to link the appearance of strain-softening to the onset of non-viability. 

However, it should be noted that the complex tissue architecture and extended 

extracellular matrix found in the whole heart are not present in either cardiac trabeculae 

(this thesis) or the small specimens used in studies that did not demonstrate strain-

softening. The architectural complexity of the heart, coupled with the complex 

deformations experienced by the myocardial tissue, could also be factors that contribute 

to strain-softening behaviour.  
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The third study in this thesis found that BDM induces small, but statistically significant, 

changes in dynamic stiffness and phase in quiescent viable trabeculae (Chapter Five, 

Table 5.2). When BDM is present, the lack of effect of temperature or [Ca
2+
]o, 

combined with the observation of near-linear dynamic stiffness and phase spectra, 

indicates that these dynamic stiffness measurements truly reflect the properties of 

quiescent cardiac trabeculae properties. In the absence of BDM, both the phase and 

dynamic stiffness spectra deviate from the quiescent spectra acquired in the presence of 

BDM. The magnitude of these deviations significantly increase, when the temperature 

is lowered, and repeatedly but not statistically significantly lowered, when [Ca
2+
]o is 

raised. Thus, these small changes in the dynamic stiffness and phase spectra can be 

attributed to a small degree of temperature- and calcium-sensitive spontaneous 

sarcomere activity. The addition of BDM therefore inhibits any spontaneous sarcomere 

activity.  

High frequency (> 10 Hz) stiffness increased with increased spontaneous sarcomere 

activity. Interestingly, for frequencies below ~9 Hz the spontaneous sarcomere activity 

in the absence of BDM was observed to lower the stiffness to below that measured 

when BDM was present (i.e. truly quiescent). Both alterations of muscle turgor, and 

changes in the population of weakly-bound cross-bridges, can be discounted as causing 

the observed dynamic stiffness and phase changes. There was little evidence to infer a 

possible BDM-inhibition of titin-actin interactions. 

It is notable that the BDM-induced, statistically significant changes of dynamic 

stiffness and phase (Chapter Five), appear to contradict the lack of effect of BDM on 

the compliance of viable trabeculae reported in Chapter Three. This apparent 

contradiction can be reconciled by considering the differences in experimental 
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conditions. In Chapter Three, the lack of effect of BDM on tissue compliance was 

found at 26 °C and 0.5 mM Ca
2+
. The observed differences of the dynamic stiffness and 

phase spectra between the presence and absence of BDM were found to be very small 

in 0.5 mM Ca
2+
 and at 26 °C. As shown in Chapter Five, these differences became 

significantly greater when the temperature was lowered. 

6.1 Clinical relevance. 

The findings within this thesis may have potential clinical relevance. In Chapter Four, it 

was shown that hypoxic interventions rendered viable trabeculae non-viable and 

induced rigor cross-bridge formation. Following the loss of viability, stain softening 

behaviour emerged during physiological levels of axial extension of trabeculae that had 

previously not demonstrated this behaviour. From this, it would be expected that the 

in vivo heart, if suffering either global or local ischemia, would firstly stiffen in the 

ischemic region, and subsequently demonstrate strain-softening during the following 

cardiac cycles. In Chapter Five, quiescent trabeculae in the absence of BDM and at low 

temperature demonstrated a significant degree of spontaneous activity in the absence of 

BDM. This information may be potentially important for heart transplant surgery, in 

which the donor heart is harvested and placed in a chilled storage solution. During 

storage, a negative inotropic agent could perhaps help maintain health in the donor 

heart by reducing its metabolic requirements.  

6.2 Future studies 

Questions remains over the mechanisms that result in both the appearance of strain-

softening and the decreased stiffness associated with spontaneous cross-bridge activity. 

Future studies are necessary to fully elucidate these mechanisms.  
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Firstly, it would be instructive to measure both k100 and k100-stress indices during loss of 

viability, as well as during extension cycles that demonstrate strain softening. My 

expectation is that these results would show both k100 and k100-stress increasing with 

loss of viability, which would be consistent with rigor cross-bridge formation 

(Leijendekker et al. 1990). During cycles that demonstrate strain-softening, I would 

expect these indices to decrease (as seen in the small number of trabeculae in which 

dynamic stiffness was determined during strain softening, Chapter Four).  

Secondly, it would be instructive to work out which structures are damaged during 

strain-softening. This would require micrograph images of trabeculae that were fixed 

when viable, non-viable but not strain softened and non-viable and strain softened. A 

similar study on hearts that had demonstrated strain softening indicated that strain-

softening damaged the collagen ties, or “struts”, that connect the sheets of myocardial 

laminae together. It would be informative to see if the same structures were damaged 

during strain-softening of non-viable trabeculae.  

Thirdly, it would be instructive to verify the result of this thesis with strain-softening 

studies using more specific forms of rigor cross-bridge induction (i.e., using a 

mitochondrial uncoupler such as dinitrophenol). I would anticipate similar results to 

those obtained using hypoxic interventions, which would further substantiate my strain-

softening hypothesis.  

Fourthly, the lowering of the “passive” dynamic stiffness spectra upon removal of 

BDM requires more investigation. A study using both resting and sub-maximally 

activated skinned trabeculae, in the presence and absence of BDM, would help clarify 

whether a low degree of cross-bridge activity decreases the passive dynamic stiffness of 

these specimens. 
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In terms of addressing the questions posed at the beginning of this thesis, results 

confirm that: 

1) Strain-softening is not observed during measurement of the stress-strain 

relations, over a physiological range, when using viable, intact rat trabeculae. 

2) BDM does not affect the stress-strain relation, or induce strain-softening 

behaviour, but does affect the measured dynamic stiffness and phase spectra 

when using viable, intact quiescent rat trabeculae. 

3) Loss of tissue viability has significant effects on the observed stress-strain 

relations and dynamic stiffness of intact rat trabeculae, and coincides with the 

appearance of strain-softening. 
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