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Abstract
Aim
Cardiac hypertrophy that occurs in response to pathological stress may become lethal if it
eventually results in heart failure. In pulmonary arterial hypertension (PAH), the increased
afterload on the right ventricle (RV) triggers RV hypertrophy and ultimately RV failure. In this
disease, the left ventricle (LV) is also affected. The passive filling pressure in the LV
reduces, thereby potentially resulting in LV atrophy. Clinical and experimental studies have
shown a decrease in energetic efficiency of the RV myocardium in PAH patients as well as
in a PAH rat model. However, an understanding of the mechanisms underlying reduced
cardiac energy efficiency in PAH remains unclear. The aim of this PhD thesis was to
investigate how structural remodelling in both ventricles affects their respective
mechanoenergetic performance.
Methods
A flow-through calorimeter was employed to simultaneously measure force production, heat
output and length change of ventricular cardiac trabeculae. These trabeculae were
superfused with oxygenated Tyrode solution at 37 °C. Four studies were undertaken to
achieve the ultimate aim.
1. To establish capabilities of the calorimeter to perform experiments under
physiological experimental conditions, a study to compare interventricular differences
of isometric stress and heat production as a function of stimulus frequency (0.1 Hz to
10 Hz) was carried out using a Latin Square experimental design.
2. To develop the methodology to accurately measure cardiac activation heat,
experiments using isolated trabeculae from both ventricles were performed. Isometric
stress and heat production, as functions of muscle length, were simultaneously
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measured in both the absence and presence of blebbistatin as a selective inhibitor of
myosin II ATPase.
3. To develop the methodology to perform the first characterisation of work-loop
contractions at 5 Hz and 37 °C, both RV and LV trabeculae were subjected to two
experimental protocols: isotonic work-loop contractions at a range of afterloads, and
isometric contractions at a variety of muscle lengths. Simultaneous measurements of
force-length work and suprabasal heat output allowed calculation of suprabasal
efficiency.
4. The ultimate study aimed to characterise the mechanoenergetics of trabeculae
isolated from both ventricles of Wistar rats in which PAH had been induced by an
injection of monocrotaline. The experimental protocols were adapted from study #3.
Results
1. There was no difference in stress (force per muscle cross-sectional area) production
or suprabasal heat output as a function of stimulus frequency between healthy RV
and LV trabeculae undergoing isometric contractions. A decline of stress production
was observed over the period of the experiments. A negative stress-radius relation
was revealed in trabeculae from both ventricles.
2. Cardiac activation heat estimated from the intercept of heat-stress relation was not
altered by the presence of blebbistatin. There was no difference in activation heat
between ventricles. In the presence of blebbistatin, activation heat remained constant
at all muscle lengths.
3. Both extent and velocity of shortening were higher in RV trabeculae. However, there
was no difference in work, heat output, or suprabasal efficiency between ventricles.
Shortening crossbridge heat was present and independent of ventricular origin.
4. RV trabeculae from PAH rats generated higher activation heat, but developed normal
active stress. Their peak work output was lower due to reduced extent and velocity of
shortening. Despite lower peak work output, suprabasal enthalpy was unaffected,
ii

thereby rendering suprabasal efficiency lower. Crossbridge efficiency, however, was
unaffected. In contrast, LV trabeculae from PAH rats maintained normal
mechanoenergetic performance.
Conclusions
Per unit mass, mechanoenergetic performance is homogeneously distributed throughout the
ventricles in healthy hearts. However, the suprabasal energy efficiency of RV tissues is
decreased in PAH hearts, as a consequence of the increased energy cost for Ca2+ cycling.
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Chapter 1:

1.1

Introduction

Ventricular hypertrophy

The heart is made up of cardiac myocytes, non-myocytes (e.g. mast cells, endothelial cells,
fibroblasts, vascular smooth muscle cells), and surrounding extracellular matrix. Even
though cardiac myocytes are only one-third of the total cells, they account for 70-80 % of the
heart mass and are directly responsible for contractility. In the adult heart, ventricular
hypertrophy results from increased functional loads and increased heart mass is primarily
associated with myocyte hypertrophy (Anversa & Kajstura, 1998). The hypertrophic process
is an adaptive response of the heart to normalise the increase in wall stress in order to
maintain optimal function (James et al., 2000).
In general, the hypertrophic growth of the heart can be either concentric or eccentric (Ganau
et al., 1992). Concentric hypertrophy is characterised by increased wall thickness via parallel
addition of sarcomeres and lateral growth of myocytes, without any change in chamber
volume. Eccentric hypertrophy refers to an increase in cardiac mass and ventricular dilation
via addition of sarcomeres in series and longitudinal cell growth, achieving an increase in
chamber volume.
Classically, physiological cardiac hypertrophy occurs in response to endurance training
exercise with enhanced cardiac function and increased stroke volume (Seals et al., 1994;
Schulman et al., 1996; Hagberg et al., 1998). Physiological (exercise-derived) hypertrophic
stimuli can cause either concentric or eccentric hypertrophy. For example, strength training
exercise (i.e. involving developing muscular tension against resistance such as weight lifting)
1

results in a pressure load and, as a consequence, concentric hypertrophy occurs. Aerobic
exercise (e.g. walking, running, cycling, and swimming) increases venous return to the heart
and volume overload, resulting in eccentric hypertrophy (Fagard, 1997; Pluim et al., 2000).
In contrast, pathological hypertrophy happens in patients with chronic hypertension, valvular
heart disease or genetic mutations coding for various contractile proteins. Likewise, a
pathological stimulus (e.g. chronic hypertension) causing pressure overload leads to an
increase of systolic stress and results in concentric hypertrophy, while a stimulus (e.g. aortic
regurgitation) causing volume overload produces an increase in diastolic stress and results
in eccentric hypertrophy. Clinical studies suggest that eccentric hypertrophy induced by
pathological stimuli possesses a greater risk for development of systolic dysfunction rather
than concentric hypertrophy (Vasan et al., 1997; Berenji et al., 2005). Consequently,
pathological hypertrophy is associated with a reduction in contractile function and
progressive heart failure (Levy et al., 1996).

1.2

The progression from hypertrophy to heart failure

Heart failure (HF) is a final pathway of various cardiovascular diseases, including
hypertension, cardiomyopathy, myocardial infarction and valve disorders (Foo et al., 2005). It
is characterized by decreased cardiac output and, as a consequence cardiac pump function
is unable to meet perfusion demands of the body. An early event of HF symptoms commonly
exists as compensated hypertrophy without systolic dysfunction due to increased
biomechanical stress (Frey & Olson, 2003). Cardiac hypertrophy is an adaptive response of
the heart to biomechanical stress, but long-standing hypertrophy can be detrimental,
resulting in eventual heart failure. The progression from hypertrophy to HF is a result of
multiple factors including deficits in energy metabolism, amount of collagen deposition,

2

alteration in gene expression and apoptosis, Ca2+ handling abnormality, which in turn leads
to diastolic and systolic dysfunctions, and consequently to HF.
In the healthy heart, fatty acid oxidation is the main metabolic pathway for generating
energy, accounting for 70-90 % of cardiac ATP production. The remaining 10-30 % comes
from oxidation of glucose and lactate, as well as small amounts of ketone bodies and, to a
minor extent, amino acids (Wisneski et al., 1985; van der Vusse et al., 1992). Moreover, the
heart is capable of switching energy substrates under various physiological conditions (e.g.
during exercise, fasting, resting) and that helps to ensure a continuous supply of ATP.
Physiological cardiac hypertrophy induced by exercise training is characterized by enhanced
fatty acid and glucose oxidation (Gertz et al., 1988), whereas a decrease in fatty acid
oxidation and an increase in glucose oxidation rates have been shown in early stages of
pathological cardiac hypertrophy (Allard et al., 1994; Dávila-Román et al., 2002; Doenst et
al., 2010). Furthermore, glucose metabolism tends to decrease during the end-stage
progression to HF due to decreased expression of genes involved in glycolysis and glucose
oxidation, mitochondrial dysfunction (Doenst et al., 2010; Kato et al., 2010; Dai et al., 2012).
Ultimately, this results in ATP deficiency and impaired contractility.
Ca2+ handling is also known as a central regulator for mechanical contractions in the heart.
The Ca2+ influx triggers a large-scale Ca2+ release via the ryanodine receptor channel of
sarcoplasmic reticulum (SR). This released Ca2+ binds to troponin C within the myofilaments,
and activates muscle contraction process. During the diastolic period, muscle relaxation is
achieved by dissociation of Ca2+ from troponin C, followed by its reuptake into the SR via SR
Ca2+ ATPase (SERCA) and sarcolemmal Ca2+ removal through the Na+/Ca2+ exchanger
(Schramm et al., 1994). The activity of SERCA is regulated by phospholamban (Bers, 2001).
It has been reported that down-regulation of SERCA and phospholamban contributes to
impaired SR Ca2+ uptake in the failing heart (Kiss et al., 1995; Bers, 2006; Marks, 2013).
Pathological diastolic SR Ca2+ leak is also considered to be an important contributor to
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altered Ca2+ handling in HF (Shannon et al., 2003). These results indicate that dysregulation
of Ca2+ handling is a main trigger for decreased contractility in failing hearts.
Fibrosis and myocyte damage (mainly by apoptosis) also appear to be a decisive
morphological alterations in the remodelling process and one of the key events for the
occurrence of failure (Capasso et al., 1990; Schaper et al., 1991; Hein et al., 2003). The loss
of myocytes is replaced with excessive Type 1 collagen in the pathological hypertrophy. This
excessive collagen stiffens the ventricles, and impairs electrical coupling of cardiac
myocytes with extracellular matrix proteins (Hein et al., 2003). The increase of fibrosis and
degeneration of hypertrophied myocytes in combination with the alteration of contractile
proteins and cytoskeletons are morphological correlates of cardiac dysfunction in chronic
HF.

1.3

Techniques to measure cardiac efficiency

The heart is a thermodynamic machine which is capable of converting biochemical into
mechanical energy. Since the heart must beat continuously, in order to sustain life, it is of
interest to consider the efficiency with which the heart operates. Cardiac efficiency simply
implies the fraction of ‘output’ for a given ‘input’; that is, the ability to perform work (output)
with a given amount of invested metabolic energy (input).
As the heart beats, it repeatedly undergoes four sequential phases: isovolumic contraction,
auxotonic shortening, isovolumic relaxation and passive refilling (Boron & Boulpaep, 2009;
Solaro, 2011). During a cyclic beat, the pressure and volume change continuously, the
pressure-volume (P-V) loop is generated and the area within the loop quantifies as external
work (Gibbs, 1978; Loiselle et al., 2008). This macroscopic work generated by the heart
fundamentally arises from cellular work resulting from cyclic crossbridge formation through
interdigitation of contractile filaments and the associated expenditure of energy funded by
4

ATP hydrolysis. Therefore the efficiency of the whole heart must reflect the efficiency of its
individual tissues such that cardiac efficiency can be experimentally assessed at two distinct
levels: isolated whole-heart and isolated cardiac tissue (for review, see (Goo et al., 2013;
Loiselle et al., 2014)).

1.3.1

Energetic efficiency at the level of the whole-heart

Many investigations on measurement of cardiac energetics have been attempted at the
isolated whole-heart level over the past century. Evans and Matsuoka (1915) made the first
measurement of work output and its associated metabolic cost in the canine hearts using a
heart-lung preparation. Subsequently, building upon the work of Starling and Visscher
(1927), Sarnoff et al. (1958) used a novel blood-perfused dog heart preparation to determine
the effect of varying heart rate, preload and aortic pressure on oxygen consumption (VO2) of
the left ventricle while maintaining cardiac performance. Ten years later, Neely et al.(1967)
used a modification of the rat Langendorff system to be able to control the heart rate and
filling pressure and also to observe the effect of VO2 while continuing the experiment for up
to 3 hr without any functional interruption. Despite the marked difference in species and
heart sizes, both Sarnoff et al. and Neely et al. studies are important, as they identified a
correlation between VO2 with peak systolic pressure and the tension-time index (i.e. product
of duration of ejection with average ejection pressure).
The fundamental principle of measuring cardiac VO2 is to determine the amount of oxygen
entering the coronary circulation (via coronary ostia), the amount of oxygen leaving (via
coronary sinus) and the rate of flow of perfusate. With knowledge from previous studies, the
isolated whole-heart perfusion system by Goo et al. (2013) was constructed to
simultaneously measure VO2 at a combination of preloads and afterloads and the
performance of P-V work per beat (Goo et al., 2014a; Han et al., 2014a). VO2 is the product
of the coronary flow rate, the solubility of O2 and the difference in partial O2 pressures across
5

the coronary circulation. Hence, the total efficiency of the heart is given by the ratio of P-V
work to the energetic equivalent of VO2 (i.e. 20.1 kJ L-1 at standard ambient conditions).
Subtraction of basal VO2 from the total VO2 yields an estimate of suprabasal cardiac
efficiency.

1.3.2

Energetic efficiency at the level of isolated cardiac tissue

With “one dimensional” equivalents of whole-heart preparations, experiments on muscle
fibres isolated from the ventricles have long been performed to gain knowledge about the
physiology of cardiac muscle. The main advantage of this experimental model is that it
allows cardiac studies without complication of either neural or humoral input. Many previous
attempts to mimic the contraction of the heart have been partially achieved using isolated
cardiac preparations, but have not achieved complete satisfaction. From an initial
exploratory effort by Fischer (1926), Gibbs and his colleagues (1967) routinely constructed
thermopiles suitable for measurement of heat output of rabbit papillary muscles undergoing
afterloaded isotonic contractions (Figure 1.1B), thereby estimating suprabasal energy
efficiency of papillary muscles as given by the ratio of work to total enthalpy (the sum of work
and heat). Gibbs’ group was the first to reveal that maximal enthalpy expenditure occurs
during an isometric contraction and diminishes with decreasing afterloads to generate an
enthalpy-load relationship within cardiac muscle.
Nonetheless, the cardiac cycle is not a sequence of strict isotonic and isometric states, as
both ventricular pressure and volume change continuously. Semafuko and Bowie (1975)
showed the cyclical length change of papillary muscle in situ to be approximately sinusoidal.
Consequently, Josephson (1985) used this sinusoidal length change procedure, combined
with a phasic electrical stimulation, to investigate the mechanical power output of isolated
insect muscles during cyclical contraction to mimic in vivo behaviour. This technique has
been applied to isolated cardiac papillary muscles (Layland et al., 1995; Baxi et al., 2000;
6

Mellors et al., 2001) and trabeculae (Layland & Kentish, 2000). These studies using papillary
muscles have simultaneously measured mechanical work output and heat production,
thereby generating characteristic force-length diagrams which resemble the P-V loops of the
heart (Figure 1.1C). However, these sinusoidal work-loops do not mimic the four sequential
phases which are present in P-V loops in vivo.

Figure 1.1

Various contractions of isolated muscle tissue. (A) Muscle contractions include

fixed-end (a), isometric (b), isotonic (c) and auxotonic (d). Dotted lines in B are drawn to illustrate the
calculated work “W c”, whereas “W” (area within the loop) in C, D and E shows the actual work and the
numeric labels indicate four phases of a work-loop (Figure courtesy of Dr JC Han).

However, papillary muscles have the potential risk of tissue anoxia due to insufficient rate of
O2 diffusion into the muscle core under high metabolic rates. Compared to papillary muscles,
cardiac trabeculae have smaller cross-sectional area, which permits a greater O2 diffusion
into the muscle. Moreover, their linear microstructure along the longitudinal axis largely
eliminates any ambiguity in the measurement of force production from multi-orientated fibre
directions of the whole-heart. They have become the preferred choice in study of cardiac
mechanics, since their first introduction by ter Keurs et al. (1980). With the advantages, Daut
and Elzinga (1988) developed a flow-through calorimeter suitable for measuring the rate of
heat production of continuously superfused guinea-pig ventricular trabeculae. However, the
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simultaneous measurements of heat and force, unable to be achieved in the Daut and
Elzinga’s device, remained wanting.

Figure 1.2

Schematic of the work-loop calorimeter. See Text for full description (Figure

courtesy of Dr Callum Johnston).

More recently, Taberner et al. (2011) developed a flow-through calorimeter with capability to
measure simultaneous force-length work-loops and heat output by isolated rat ventricular
trabeculae (Figure 1.2). In the calorimeter, a trabecula is mounted between two platinum
hooks connected to a custom-built force transducer at the downstream end and a length
motor at the upstream end. The change of muscle length during contraction is detected by
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the laser interferometer system and subsequently feedback-controlled by the length motor.
When the upstream end is fixed in position, muscle contraction necessarily bends the force
transducer minutely, thereby reducing the muscle length; this is a ‘fixed-end’ contraction
(Figure 1.1A). The fixed-end contraction mode is transitioned into an isometric contraction by
a compensatory movement of the length motor for the bending of force transducer in order to
keep muscle length constant. In an isotonic contraction, muscle length reduces while muscle
force production is constant at any pre-selected, fixed afterload. To approximate the P-V
loops in vivo, the simplified force-length work-loops comprise four sequential phases:
isometric contraction, isotonic shortening, isometric relaxation, and passive re-stretching
(Figure 1.1D). The area within the work-loop can be quantified as work output and
suprabasal energy efficiency of ventricular trabeculae is reported as the ratio of work to
suprabasal enthalpy (Han et al., 2013; Tran et al., 2016; Pham et al., 2017a). Very recently,
with upgrading of feedback control software, Windkessel model-based auxotonic
contractions can be generated in this calorimeter system (Garrett et al., 2017).

1.4

Cardiac energy components

Cardiac muscle relies on its direct source of energy for contraction, i.e. adenosine
triphosphate (ATP). Because of its continuous mechanical work, the heart has a high rate of
ATP hydrolysis and approximately 95% of ATP comes from the mitochondrial oxidative
phosphorylation system that is highly reliant on O2 (Gnaiger et al., 1995). At the simplest, the
energy expenditure can be divided into basal component and suprabasal component
associated with each contraction (Figure 1.3). Basal metabolism is the rate of energy
expenditure of the non-beating myocardium, associated with energy used to maintain
mitochondrial membrane potential against proton leaks and transmembrane ion gradients
and protein turnover (Gibbs & Loiselle, 2001; Gibbs, 2003). During isometric contractions,
the energy expenditure of cardiac muscle appears entirely as heat production, due to the
9

absence of macroscopic work. In the suprabasal component, activation metabolism or
activation heat is known as the energy costs of SERCA pump and sarcolemmal Na+-K+
ATPase for Ca2+ cycling during contraction, which will be described in Chapter 3.
Crossbridge heat during an isometric contraction arises from the activity of actin-activated
myosin ATPase involved in force generation at constant muscle length.

Figure 1.3

Schematic representation of the energy expenditure components of cardiac

muscle. During isometric contractions (relative stress at 1), the external work component is zero.
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1.5

Motivation of the research

The right ventricle (RV) receives oxygen-depleted blood from the body and its fundamental
function is to pump blood through the pulmonary system to achieve re-oxygenation.
Therefore, RV failure (RVF) of function is critically threatening to life (Lahm et al., 2010). The
common cause of RVF results from increased pulmonary resistance, which leads to
progressive RV hypertrophy in order to sustain the demand of higher afterload. However,
most previous studies (detailed in section 1.3) have focussed on left ventricular failure and
less is known about the underlying mechanism of RVF (detailed in Chapter 5 Introduction).
Admittedly, a secondary consequence of RVF is alteration of the structure and function of
the left ventricle (LV). Because of increased pulmonary resistance, the amount of blood
pumped back to the LV is decreased, thereby decreasing the passive filling pressure and
subsequently reducing work-load, resulting in LV atrophy (Marcus et al., 2001; Gan et al.,
2006; Marcus et al., 2008).
The aim of this PhD research project is to provide the first characterisation of the
mechanoenergetic performance of both the RV and LV in RVF. A single injection of
monocrotaline (MCT) in Wistar rats induces pulmonary arterial hypertension leading to RV
hypertrophy and ultimately to RVF by 6 weeks post-injection. The investigation was
performed using naturally arising, multi-cellular preparations of cardiac muscle (trabeculae)
dissected from both ventricles of MCT-treated and control rats. These isolated trabeculae
were transferred into the work-loop calorimeter to measure mechanics and energetics over a
wide range of afterloads and preloads. Different components of energy expenditure
(force-length work output plus crossbridge heat and Ca2+ cycling-related heat) were
partitioned using two protocols: isometric contractions and afterloaded work-loop
contractions. Between them, these two contraction protocols achieved quantification of
myocardial energy efficiency.
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1.6

Thesis Overview

Each Chapter of this Thesis, comprising: Introduction, Methods, Results and Discussion, has
been written in ‘publication style’.
Chapter 1 describes background and motivation of the PhD research.
Chapter 2 details experiments designed to compare interventricular differences of isometric
mechanoenergetic performance as a function of stimulus frequency, under physiological
experimental conditions. The use of a Latin Square design also permitted tests of whether
decline in contractile performance occurs during lengthy experiments, i.e. it tests whether
changes/deterioration in function result from temporal exposure as opposed to treatment.
Chapter 3 outlines the implementation a new solution-switching infusion system in the
calorimeter, which permits pharmacological intervention. In this case, blebbistatin (a
crossbridge cycling inhibitor) was employed. Activation heat measured in the presence of
blebbistatin did not differ significantly from that estimated from the intercept of heat-stress
relationship when the inhibitor was absent. These experiments developed and validated the
protocol to quantify accurate measurement of cardiac activation heat (Ca2+ cycling-related
expenditure), which is used in Chapter 5.
Chapter 4 describes a study to test whether greater velocity of shortening in right-ventricular
tissue preparations results in any energetic advantage compared to that of the left heart
under conditions mimicking those encountered in vivo. The study also demonstrated the
capability of the calorimeter to perform the first afterloaded work-loop contractions at 37 °C
and 5 Hz stimulus frequency to emulate conditions of the rat heart in vivo. The combination
of pre-shortened isometric and afterloaded work-loop contraction protocols allowed
partitioning of the different components of energy expenditure. This was required in order to
answer questions raised in Chapter 5.
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Chapter 5 describes the first study to characterise the mechanoenergetic performance of
the right and left ventricles in right ventricular failure. The experiments were performed using
various methodological protocols that had been developed and validated in the previous
chapters.
Chapter 6 summarises the key findings of the PhD research and future work.
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Chapter 2:

Effect of stimulus frequency on the

mechanoenergetics of cardiac trabeculae

2.1

Introduction

In the mammalian heart, the right and left ventricles (RV and LV, respectively) are
heterogeneous in chamber geometry, fiber orientation, and nutrient circulation as well as in
electrophysiological properties (Watanabe et al., 1983; Headley & Von Rueden, 1991). The
RV normally ejects into the relatively low-pressure pulmonary circulation, whereas the LV
develops four- to five-fold higher systolic pressure than that of the RV, consistent with the
thicker LV free wall. Given these differences in structural and functional characteristics
between the ventricles, it is reasonable to question whether there are interventricular
differences in mechanoenergetics under conditions of high metabolic demand.
A number of investigations have previously exploited the stress-frequency relationship as a
tool to study the interventricular variation of contractile properties. Interestingly, a consistent
finding is reported in the literature: isolated cardiac muscle preparations from the RV have
matching stress-frequency behaviour and develop the same peak isometric stress compared
with those of the LV. This finding is supported by abundant evidence obtained from various
species including the rat (Janssen et al., 2003; Kogler et al., 2003; Han et al., 2013), dog
(Rouleau et al., 1986) and human (Gruver et al., 1994). However, none of these studies was
performed at physiological temperature (Rouleau et al., 1986; Gruver et al., 1994; Han et al.,
2013), or physiological [Ca2+]o concentration (Rouleau et al., 1986; Gruver et al., 1994;
Janssen et al., 2003; Kogler et al., 2003; Han et al., 2013).
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Furthermore, no comprehensive study of the mechanoenergetics between ventricles in
response to different stimulus frequencies has been performed. Because of the absence of
external (i.e., macroscopic) work, the energy expenditure during isometric contraction of
cardiac muscle appears entirely as heat. It is also known that temperature affects contractile
kinetics of cardiac muscle, including contraction, relaxation and Ca2+ handling (Janssen et
al., 2002; Hiranandani et al., 2006). The aims of this Chapter were to extend previous
isolated-preparation
mechanoenergetic
specifically,

we

studies

to

performance
addressed

compare
under

interventricular

physiological

these following

issues:

differences

experimental
(i)

the

of

isometric

conditions.

stress-frequency

More
and

heat-frequency relationships of rat myocardium, (ii) the difference of stress-frequency
relations between the ventricles, (iii) the interventricular difference between steady-state and
rested-state contractions in preparations from either ventricle. Interestingly, in tissues from
healthy rat hearts, the LV inherits a greater V3 isoform composition and has slower
contractile kinetics (Brooks et al., 1987). Therefore we hypothesised that healthy LV
myocardial tissues utilise less ATP per unit of contractile force and thus are energetically
favoured with respect to tissues from the RV. We achieved these aims by using isolated
trabeculae from both ventricles of rat hearts at 37 °C and physiological [Ca2+]o
(1.5 mmol L-1), and over a wide range of stimulation frequencies (0.1 Hz to 10 Hz).
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2.2

Methods

2.2.1

Muscle preparation

Experiments were conducted in accordance with protocols approved by the University of
Auckland Animal Ethics Committee (R1341). Male Wistar rats (body mass: 250-350 g) were
deeply anaesthetised with isoflurane, followed by cervical dislocation, thoracotomy, and
cardiectomy. The heart was rapidly excised and Langendorff-perfused (at room temperature)
with oxygenated Tyrode solution, which contained (in mmol L-1): 130 NaCl, 6 KCl, 1 MgCl2,
0.5 NaH2PO4, 0.3 CaCl2, 10 HEPES, 10 glucose, 20 2,3-butanedione monoxime (BDM) and
pH adjusted to 7.4 using Tris.
Using a dissecting microscope, unbranched and geometrically uniform trabeculae were
dissected from the endocardial surfaces of both left and right ventricles. A suitable trabecula
was transferred to a calorimeter and mounted between two platinum hooks connected to a
custom-built force transducer at the downstream end and a length motor at the upstream
end. In the calorimeter, the muscle was superfused with the same oxygenated Tyrode
solution, except at a higher concentration of CaCl2 (1.5 mmol L-1) and in the absence of
BDM. This superfusate was pH Tris-adjusted to 7.4 at body temperature (37 °C). The rate of
flow of Tyrode superfusate over the muscle in the measurement chamber was maintained at
0.5 μL s-1. This flow rate provides adequate oxygenation to the muscle (Han et al., 2011)
while maximising the thermal signal-to-noise ratio (Johnston et al., 2015).
The isometric force developed by the trabecula was determined by a laser interferometer
system, using a custom-made, low-compliance transducer. The rate of muscle suprabasal
heat production was quantified from the difference in temperature between down-stream and
up-stream thermopile arrays and the flow-rate-dependent temperature sensitivity (Taberner
et al., 2011; Johnston et al., 2015). The entire calorimeter system was optically-isolated and
thermally-insulated in an enclosure to ensure that the environmental temperature was
maintained at 37 °C.
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2.2.2

Experimental protocols

Once mounted and superfused, the trabecula was electrically stimulated (via platinum
electrodes in the measurement chamber) to contract at 3 Hz for at least 1 hr before it was
gradually stretched to optimal length (Lo; the length that maximises developed force). The
muscle was then required to undergo isometric contraction at Lo under various stimulus
frequencies with allocated Latin Square order. Stimulus frequencies (0.1, 0.5, 1, 2, 3, 5, 7
and 10 Hz) for individual muscles were dictated by an 8 x 8 Latin Square (Table A1). At each
frequency, developed force and rate of suprabasal heat production were simultaneously
recorded. The muscle was rested (i.e., unstimulated) for 2 min periods between consecutive
stimulus frequencies, thereby allowing assessment of “rested-state contractions” while
providing an independent test of the effect of time (‘Order’). Results were obtained from 16
trabeculae from either ventricle, arranged as duplicate 8 x 8 Latin Squares, thereby requiring
a total of 64 experiments.
The heat artefact resulting from electrical stimulation at various frequencies was quantified at
the end of each experiment in the absence of a muscle. The rate of muscle heat production
at each frequency was corrected retrospectively for the stimulus heat.

2.2.3

Trabeculae geometry and definitions

The geometry of each trabecula was assumed to approximate that of a cylinder of circular
cross-section. Muscle length and diameter were measured at Lo in the calorimeter from the
top view using a microscope graticule. Trabecula dimensions did not differ between the left
ventricle (n = 16) and the right ventricle (n = 16) in either radii (116.8 μm ± 7.8 μm and
102.3 μm ± 8.2 μm) or lengths (3.2 mm ± 0.2 mm and 2.8 mm ± 0.2 mm), respectively.
Force was converted to stress (kPa) by normalising to the calculated muscle cross-sectional
area. Heat per twitch (kJ m-3) was calculated by dividing the steady-state rate of heat
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production (kW m-3) by the stimulus frequency and normalising by muscle volume. Twitch
duration (ms) was quantified at 5 % and 50 % of steady-state active stress on the
descending limb. Stress-time integral (STI, kPa s) was defined as the area under the twitch
profile. Maximal rate of rise (+dS/dt) and rate of fall (-dS/dt) of steady-state stress were
calculated, respectively, from the ascending and descending limbs of the twitch.

2.2.4

Statistical analysis

Measurements of force, length, and rate of heat output were acquired using LabVIEW
software (National Instruments, Austin, USA) and analysed offline using a custom-written
MATLAB (MathWorks, Natick, MA, USA) program. Measured parameters were subjected to
Analysis of Variance (ANOVA) within the SAS software package (SAS Institute Inc., Cary,
NC, USA). The significance of differences between the two groups (LV and RV) was tested
for the effects of Latin Square, ventricle, order, and stimulus frequency (see Table A2).
Statistical significance of differences among the means was declared when P < 0.05 (for
example, Table A3). Values are expressed as means ± standard error. Muscles with
developed steady-state stress of at least 25 kPa at 0.1 Hz were deemed acceptable for
inclusion in the study.
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2.3

Results

2.3.1

Effect of stimulus frequency on stress and heat

Figure 2.1 shows original (raw) records of the effects of stimulus frequency on force
production and rate of suprabasal heat output at Lo.

Figure 2.1

Mechanical and thermal results from the isometric stimulus frequency protocol.

Typical experimental records of twitch force (A), where the insets depict single twitches, and rate of
heat production (B) of a representative trabecula at various frequencies; the dotted line segments
were drawn to indicate the heat-rate baseline. Peak force developed during the first twitch at each
frequency defines the rested-state contraction following a 2 min pause of stimulation. Data from
panels A and B were obtained from a LV trabecula (length, 2.5 mm; diameter, 238 μm). The actual
order of presentation of frequencies was 2, 3, 7, 5, 0.1, 0.5, 10, 1 Hz.
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Upon an increase of stimulus frequency from 0.1 Hz, the steady-state active stress
decreased and the heat rate increased. Figure 2.2 shows averaged rested-state stress,
steady-state stress and heat per twitch as functions of stimulus frequency. There were no
statistically significant differences in the frequency dependence of either rested-state or
steady-state peak stress development or heat output between muscles from both ventricles.
Rested-state stress and heat output were also independent of stimulus frequency. Note that
the thermal resolution of the microcalorimeter did not allow reliable detection of heat output
at the lowermost two stimulus frequencies.

Figure 2.2

Effect of stimulus frequency on isometric stress production and heat output.

The averaged values of rested-state stress, steady-state stress and heat (except at 0.1 Hz & 0.5 Hz)
are plotted as functions of stimulus frequency. Values are means ± SE, n = 16 for both LV and RV
trabeculae.
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The reductions of both twitch duration and area under the twitch (stress-time integral)
correlated

with

increased

frequency

(Figure 2.3A & B).

No

difference

in

frequency-dependence of twitch duration or stress-time integral was found between the
ventricles. In contrast, RV trabeculae showed significantly greater rates of rise and fall of the
twitch (±dS/dt) (Figure 2.3C & D) at high frequencies (7 Hz & 10 Hz).

Figure 2.3

Kinetic characteristics of steady-state isometric twitches. Averaged values of

twitch duration at 5 % (t5) and at 50 % (t50) of peak active stress (A), stress-time integral (B), maximal
rate of twitch stress development (+dS/dt, labelled ‘rise’ in C) and relaxation (-dS/dt, labelled ‘fall’ in D)
are presented as functions of stimulus frequency. Values are means ± SE, n = 16 for both LV and RV
trabeculae. In each of Panels C & D, the star denotes progressive separation of the two curves at
high stimulus frequencies (reflecting statistically significant interactions between ±dS/dt and stimulus
frequency).

26

2.3.2

Effect of time on production of stress and heat output

Rested-state and steady-state stresses from all frequencies were averaged within a given
order of stimulation (Figure 2.4). Both indices declined with time but the profiles of decline
were found to be ventricle-independent.

Figure 2.4

Effect of time on stress production at optimal muscle length. Both rested-state

and steady-state stresses were averaged across frequencies for each order of stimulation. Values are
means ± SE; n = 16 for both LV and RV trabeculae.

27

2.3.3

Effect of muscle radius on stress production and heat output

Figure 2.5A shows the rested-state stress of all the muscles from both ventricles as a
function of muscle radius at a stimulus frequency of 7 Hz. The average regression line was
negative with a slope of -0.207 kPa µm-1. This value was plotted in Figure 2.5B, along with
the slope values from all other stimulus frequencies examined (0.1 Hz to 10 Hz).
Frequency-independence of the slopes of rested-state stress-radius relations is apparent
(Figure 2.5B). Figure 2.5C illustrates the relation of steady-state stress and muscle radius
from all muscles at 7 Hz. The slopes of steady-state stress-radius relations became
increasingly more negative with increasing frequency (Figure 2.5D). Comparable behaviour
was observed in the steady-state heat data (Figure 2.5E & F).
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Figure 2.5

Effect of muscle radius on stress production and heat output as function of

stimulus frequency. Rested-state stress (SR), steady-state stress (SS) and heat output (Q) as
functions of muscle radius (r) at stimulus frequency 7 Hz. Since there were no significant differences
of the regression lines between the ventricles, the data were pooled across all 32 trabeculae. Linear
regression analyses for rested-state stress (A): SR = 81.016 - 0.207r, steady-state stress (C):
SS = 45.025 - 0.194r, active heat (E): Q = 13.12 - 0.059r; all three correlation coefficients were
significantly less than zero. Slope-frequency (f) relations of rested-state stress-radius (B):
slope = -0.0202 + 0.0009f, steady-state stress-radius (D): Slope = -0.0807 - 0.0128f and heat-radius
(F): Slope = -0.0538 - 0.0012f.
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2.4

Discussion

2.4.1

Overview

This study provides the first direct comparison of mechanoenergetic performance, as a
function of stimulus frequency, between LV and RV trabeculae under physiological
experimental conditions. With 8 different stimulus frequencies arranged in a duplicated Latin
Square experimental design, we were able to partition the orthogonal effects of time and
frequency on average muscle performance. There was a significant effect of time on both
rested-state and steady-state stress production. That is, the mechanoenergetic performance
of the trabeculae progressively decreased with time. But this had no effect on interpretation
of the effect of stimulus frequency because of the underlying Latin Square experimental
design. Our results also reveal that both stress-frequency and heat-frequency relationships
are ventricle-independent. From these results, we infer that isometric contractile stress and
heat production are homogeneously distributed throughout the ventricles of the heart.

2.4.2

Effect of time on rested-state stress production

The combination of a (duplicated) Latin Square design, coupled with a pause of stimulation
between consecutive stimulus frequencies, allowed us to examine the effect of time on the
rested-state stress production of isolated ventricular trabeculae. Upon the recommencement
of stimulation after a rest period, the first isometric twitch displays post-rest potentiation
(Figure 2.1). It is known that the development of rested-state stress is dependent upon the
sarcoplasmic reticulum Ca2+ load and the amount of Ca2+ released (Bers, 1985; Banijamali
et al., 1991). Previous studies have also shown that rested-state stress increases
progressively with the duration of the rest intervals and develops maximal level of stress
after 30 seconds of rest (Mill et al., 1992; Kogler et al., 2003; Milani-Nejad et al., 2014). In
this study, trabeculae were rested for 2 min between each stimulus, thereby providing
confidence that we achieved maximal stress development. The magnitude of the
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rested-state stress of rat myocardium has been shown to be dependent on the extracellular
Ca2+ concentration ([Ca2+]o) (Forester & Mainwood, 1974). In their study, the authors showed
a sigmoidal relationship between rested-state isometric stress and [Ca2+]o in LV rat papillary
muscle. These collective findings imply that sarcoplasmic reticular function plays a critical
role in the production of stress after long rest periods.
Our study also reveals a progressive decline in both rested-state and steady-state isometric
stress over long period of time (1-2 hr) in isolated cardiac trabeculae from both ventricles
(Figure 2.4). This observation is consistent with previous studies (Taylor et al., 2004; MilaniNejad et al., 2014). The mechanisms underlying the decline of stress could potentially be
attributed to alternations in calcium handling, myofilament function, and cellular integrity. In
support, Milani-Nejad et al. (2014) showed that decreased SR Ca2+ content is the primary
mechanism responsible for the decline of stress, while the maximal stress production
capability of the myofilaments and the myocyte integrity remain unaffected over prolonged
periods of time. These findings suggest that the decline of stress over time is mainly due to
the reduced amount of the SR Ca2+ load.

2.4.3

Effect of frequency on steady-state stress production

The steady-state stress-frequency relation (SSFR) of the rat myocardium has been reported
to be positive, negative, and biphasic (see Table A4). This suggests that the reported
discrepancies of SSFR profile are extremely dependent on the experimental conditions,
predominantly the interplay between [Ca2+]o and temperature. An early study by Forester
and Mainwood (1974) showed a negative SSFR at 2.5 mmol L-1 [Ca2+]o from LV rat papillary
muscles at 26 °C, but the SSFR appeared biphasic at lower [Ca2+]o (1 mmol L-1). Similarly,
SSFR profile from RV rat cardiac trabeculae is more negative at 2 mmol L-1 [Ca2+]o compared
to that of 1 mmol L-1 at 22 °C (Han et al., 2010). Even at a physiological value of [Ca2+]o
(1.5 mmol L-1), the SSFR tends to be more negative at 27 °C than at 37 °C (Johnston et al.,
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2016). Furthermore, Taylor et al. (2004) has demonstrated the SSFR profile to shift from
negative to biphasic after 3-4 hours of incubation with the Ca2+ dye Fura-2. The latter finding
indicates that comparisons of SSFR profiles must be between experiments performed under
the same conditions.
To avoid this issue, we performed experiments at physiological temperature and [Ca2+]o,
adopting a design that allowed independent assessment of the effect of time. Our results
show that the steady-state stress changed biphasically with increased stimulation frequency,
being negative from 0.1 Hz to 2 Hz, and flat or with little change from 2 Hz to 5 Hz before
declining again from 5 Hz to 10 Hz. Generally, the negative SSFR, commonly reported for rat
myocardium, is typical over a range of low frequencies. This behaviour could be associated
with an increase in the refractoriness of SR Ca2+ release and a decrease in the magnitude of
the trigger for Ca2+ release, assuming little change in SR Ca2+ content with increasing
frequency (Bouchard & Bose, 1989; Maier et al., 2000). Another factor that could possibly
contribute to the negative SSFR at high frequency is oxygen limitation at the muscle core or
alteration of intracellular pH, particularly when using isolated muscles of large diameter
(Schouten & ter Keurs, 1986; Raman et al., 2006). In contrast to rat myocardium, positive
SSFRs have been widely reported in other species including rabbit (Maier et al., 2000), dog
(Rouleau et al., 1986; Taylor et al., 2004), and human (Pieske et al., 1999; Taylor et al.,
2004), thereby providing further evidence against the ‘hypoxic core’ hypothesis (Han et al.,
2011). The increase in myocardial contractile force with increasing stimulus frequency is
commonly attributed to the increased SR Ca2+ load available for release and increased
transient Ca2+ influx per unit time through the L-type Ca2+ channel (Bers, 2000; Maier et al.,
2000).
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2.4.4

Interventricular independence of steady-state stress-frequency relation

Our results show that trabeculae isolated from either ventricle develop the same isometric
steady-state stress and exhibit similar responses to varied stimulus frequency (Figure 2.2A).
This is consistent with previous isolated-preparation studies using rats (Janssen et al., 2003;
Kogler et al., 2003; Han et al., 2013), as well as from studies examining other species
(Rouleau et al., 1986; Gruver et al., 1994). At high frequency of contractions (i.e., 7 Hz &
10 Hz), RV muscles show significantly greater rates of rise and rates of decline of
steady-steady stress (Figure 2.3C & D). This could be attributed to greater proportion of
V1/V3 (i.e. fast/slow) myosin heavy chain (MHC) isoform profile in the RV myocardium
(Pagani & Julian, 1984; Brooks et al., 1987). However, it is surprising to see no difference in
twitch duration between ventricles (Figure 2.3A), consistent with same durations of the
isovolumic phase of pressure development between ventricles of the canine whole-heart
(Burkhoff et al., 1987). Additionally, decreased twitch duration with increasing frequency
could originate from decline of Ca2+ transient duration (Kassiri et al., 2000). Nevertheless,
our results showing the same contractile behaviours align with previous structural studies
reporting the absence of a difference in collagen content (Sands et al., 2011) or in the
fractional content of myocytes (Anversa et al., 1983; Goo et al., 2009) or in the volume
density of myofibrils (Frenzei & Faimann, 1984) between isolated rat cardiac muscles from
either ventricle.
The heat-frequency relation (Figure 2.2B) shows a trend similar to that of the steady-state
stress-frequency relation, indicating close coupling between the mechanics and energetics
of cardiac muscles. Moreover, our results show that the rate of heat production increases
with increasing frequency, consistent with previous isolated-muscle studies (Han et al.,
2010; Johnston et al., 2016). In support, the positive frequency dependence of rate of heat
production in rat trabeculae is in agreement with the finding of an increased rate of
myocardial oxygen consumption in dog hearts (Boerth et al., 1969).
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2.4.5

Effect of muscle radius on the mechanoenergetics of cardiac trabeculae

A negative relation between steady-state stress production and muscle radius from isolated
cardiac preparations has been widely reported (Kelly & Hoffman, 1960; Loiselle, 1979;
Loiselle & Gibbs, 1979; Schouten & ter Keurs, 1986; Raman et al., 2006; Han et al., 2011).
In a comprehensive comparison of species (guinea pig, cat, and rat), Loiselle and Gibbs
(1979) showed that the negative relation was evident in all three species. Thicker muscle is
more likely to present a greater diffusion barrier to oxygen and nutrients, and may potentially
develop core-hypoxia contractile impairment, especially when it is experiencing high
metabolic demand. In support of this assumption, Raman et al. (2006) revealed that rat
cardiac trabeculae with thickness less than 150 μm in diameter showed no radius-dependent
decline of stress production at 8 Hz and at 37 °C, while a negative relation was clearly seen
in muscles with diameters exceeding 150 μm. In qualitative accord with the latter study, our
results, under similar experimental conditions, show negative slopes for both steady-state
stress-radius and heat-radius relations (Figure 2.5C & E). Interestingly, the negative
relations are more noticeable with increasing frequency (Figure 2.5D & F), consistent with
the explanation that the muscles require a higher energy expenditure but have shorter time
intervals for diffusion inward of oxygen and nutrients, as well as outward of metabolic waste
products.
However, a finding by Fisher and Kavaler (1971) is striking. These authors demonstrated the
same negative stress-radius relation in canine papillary muscles in situ, despite the muscles
being blood-perfused by their own coronary circulation. This noteworthy, and still
unexplained, result renders unlikely any limitation of oxygen diffusion contributing
substantially to the radius-dependent

diminution of

contractile performance. Our

experimental design allowed us to re-consider this issue, by imposing two-minute periods of
quiescence between consecutive bouts of stimulation. The expectation was that these
regular periods of inactivity would allow metabolic recovery from the preceding periods of
activity such that the slopes of the stress-radius relation would be flat for single rested-state
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contractions. However, the data of Figure 2.5A and B show the slope of radius-dependence
rested-state stress continued to be negative and independent of stimulus frequency,
consistent with the finding of Figure 2.2A. Therefore, our findings do not support the ‘hypoxic
core’ hypothesis.

2.4.6

Summary

Under physiological experimental conditions, we observe a decline in both rested-state and
steady-state stress production over the period of experiments. This phenomenon is
attributed to time-dependent reduction of SERCA Ca2+ load. We also demonstrate the
biphasic nature of both stress-frequency and heat-frequency relationships of the rat
myocardium. Furthermore, the negative stress-radius relationship in isolated trabeculae
preparations, at least, is unlikely to be due to diffusive oxygen limitation. Most importantly,
there is no interventricular difference in thermal and mechanical indices as functions of
stimulus frequency in isolated cardiac tissue preparations.
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2.5

Appendix

Stimulation
Order

Muscle 1
(Hz)

Muscle 2
(Hz)

Muscle 3
(Hz)

Muscle 4
(Hz)

Muscle 5
(Hz)

Muscle 6
(Hz)

Muscle 7
(Hz)

Muscle 8
(Hz)

1

3

5

0.5

1

10

0.1

7

2

2

5

0.5

1

10

0.1

7

2

3

3

2

3

5

0.5

1

10

0.1

7

4

0.5

1

10

0.1

7

2

3

5

5

7

2

3

5

0.5

1

10

0.1

6

1

10

0.1

7

2

3

5

0.5

7

0.1

7

2

3

5

0.5

1

10

8

10

0.1

7

2

3

5

0.5

1

Table A1

8 x 8 Latin Square design for the 16 experiments for each ventricle. Each muscle

was assigned a unique order of presentation but included a full range of stimulus frequencies.

proc anova;
class LatinSq ventricle muscle order frequency;
model x = ventricle LatinSq(ventricle)
muscle(LatinSq ventricle)
order order*ventricle order*LatinSq(ventricle)
frequency frequency*ventricle frequency*LatinSq(ventricle)
order*frequency*muscle(LatinSq ventricle);
test h = ventricle LatinSq(ventricle)
e = muscle(LatinSq ventricle);
test h = order order*ventricle order*LatinSq(ventricle)
frequency frequency*ventricle frequency*LatinSq(ventricle)
e = order*frequency*muscle(LatinSq ventricle);
Table A2

ANOVA model, implemented in SAS, for analysis of the 8 x 8 experimental Latin

Square design adopted to test the effects of ‘ventricle’ (LV and RV), ‘order’ (time), and ‘frequency’ on
a measured variable ‘x’.
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Tests of Hypotheses Using the Anova MS for muscle(LatinS*ventri) as an Error Term
Source

DF

Anova SS

Mean Square

F Value

Pr > F

ventricle

1

663.05935

663.05935

0.63

0.4328

LatinSq(ventricle)

2

2010.22812

1005.114062

0.96

0.3951

Tests of Hypotheses Using the Anova MS for mus*ord*fre(Lat*ven) as an Error Term
Source

DF

Anova SS

Mean Square

F Value

Pr > F

order

7

1540.25959

220.037085

4.61

<0.0001

ventricle*order

7

373.250662

53.321523

1.12

0.3553

LatinS*order(ventri)

14

1074.37449

76.741035

1.61

0.0819

frequency

7

9600.38836

1371.484051

28.7

<0.0001

ventricle*frequency

7

429.55923

61.365604

1.28

0.2609

Latin*freque(ventri)

14

529.766012

37.840429

0.79

0.6769

Table A3

Example of outputs from the ANOVA model shown in Table A1 for ‘Steady-State

Stress’, showing significant P-values (bold when P < 0.05) for the effects of ‘order of stimulation’ and
‘frequency’.
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Authors

Year

Preparation

Ventricle

Temp
(°C)

[Ca]o
mmol L-1

Freq
range
(Hz)

Infusion

SSFR

Janssen et al.

(2003)

Trabeculae

RV & LV

37.5

1

0.5-10

Fura-2

Biphasic

Johnston et al.

(2016)

Trabeculae

RV

37

1.5

1-8

Negative

Kogler et al.

(2003)

Trabeculae

RV & LV

37

1.25

1-7

Biphasic

Layland & Kentish

(1999)

Trabeculae

RV

37

1

0.1-12

Hoffman & Kelly

(1959)

Papillary

LV

37

2.7

0.5-6

Shen et al.

(2013a)

Trabeculae

RV

37

1.5

0.1-4

Fura-2

Biphasic

Taylor et al.

(2004)

Papillary

LV

30

2.5

0.2-6

Fura-2

Biphasic

Taylor et al.

(2004)

Papillary

LV

30

2.5

0.2-6

Negative

Johnston et al.

(2016)

Trabeculae

RV

27

1.5

0.5-4

Negative

Korstjens et al.

(2002)

Trabeculae

RV

27

1.36

0.1-2

Biphasic

Tang et al.

(1996)

Trabeculae

RV

26

1

0.1-2.5

Biphasic

Schouten & ter Keurs

(1986)

Trabeculae

RV

26

2.5

0.33-3

Flat

Schouten & ter Keurs

(1986)

Papillary

LV

26

2.5

0.33-3

Negative

Forester & MainWood

(1974)

Papillary

LV

26

0.5

0.1-3

Biphasic

Forester & MainWood

(1974)

Papillary

LV

26

1

0.1-3

Biphasic

Forester & MainWood

(1974)

Papillary

LV

26

2.5

0.1-3

Negative

Layland & Kentish

(2000)

Trabeculae

RV

24

1

1-4

Han et al.

(2010)

Trabeculae

RV

22

1

0.2-4

Flat

Han et al.

(2010)

Trabeculae

RV

22

2

0.5-4

Negative

Kassiri et al.

(2000)

Trabeculae

RV

22

1

0.2-2

Fura-2

Biphasic

Shen et al.

(2013b)

Trabeculae

RV

22

0.5

0.5-3

Fura-2

Positive

Table A4

Fura-2

Positive
Negative

Fura-2

Flat

Literature reported steady-state stress-frequency relationships (SSFR) of cardiac

muscle isolated from rat hearts under various experimental conditions.
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Chapter 3:

Cardiac activation heat

Published:
Pham T, Tran K, Mellor KM, Hickey A, Power A, Ward ML, Taberner A, Han JC, &
Loiselle D. (2017). Does the intercept of the heat-stress relation provide an accurate
estimate of cardiac activation heat? J Physiol 595, 4725-4733.
Keypoints:
•

The heat of activation of cardiac muscle reflects the metabolic cost of restoring ionic
homeostasis following a contraction. The accuracy of its measurement depends
critically on the abolition of crossbridge cycling.

•

We abolished crossbridge activity in isolated rat ventricular trabeculae by use of
blebbistatin, an agent that selectively inhibits myosin II ATPase.

•

We found cardiac activation heat to be muscle length independent and to account for
15-20 % of total heat production at body temperature.

•

We conclude that it can be accurately estimated at minimal muscle length.
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3.1

Abstract

Activation heat arises from two sources during the contraction of striated muscle. It reflects
the metabolic expenditure associated with Ca2+ pumping by the sarcoplasmic reticular
Ca2+-ATPase and Ca2+ translocation by the Na+/Ca2+ exchanger coupled to the
Na+/K+-ATPase. In cardiac preparations, investigators are constrained in estimating its
magnitude by reducing muscle length to the point where macroscopic twitch force vanishes.
But this experimental protocol has been criticised, since, at zero force, the observed heat
may be contaminated by residual crossbridge cycling activity. To eliminate this concern, the
putative thermal contribution from crossbridge cycling activity must be abolished, as least at
minimal muscle length. We achieved this using blebbistatin, a selective inhibitor of myosin II
ATPase. Using a microcalorimeter, we measured the force production and heat output, as
functions of muscle length, of isolated rat trabeculae from both ventricles contracting
isometrically at 5 Hz and at 37 °C. In the presence of blebbistatin (15 μmol L-1), active force
was zero but heat output remained constant, at all muscle lengths. Activation heat measured
in the presence of blebbistatin was not different from that estimated from the intercept of the
heat-stress relation in its absence. We thus reached two conclusions. First, activation heat is
independent of muscle length. Second, residual crossbridge heat is negligible to zero active
force; hence, the intercept of the cardiac heat-force relation provides an estimate of
activation heat uncontaminated by crossbridge cycling. Both results resolve long-standing
disputes in the literature.
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3.2

Introduction

In order for the heart to generate the next beat in a sequence, it must first be roused from its
interbeat diastolic slumber. This is achieved by a ‘double-triggering’ sequence, the first step
of which is the spread of the cardiac action potential that, via depolarisation of transverse
tubular sarcolemmal membranes, mediates the inflow of Ca2+ from the extracellular space
and the sarcoplasmic reticulum in a process known as Ca2+-induced Ca2+ release. It is the
resulting spike in intracellular Ca2+ concentration ([Ca2+]i) that, in turn, activates contractile
proteins and contraction of the heart. In order to terminate the resulting ‘active state’ (Hill,
1950a; Brady, 1968), thereby re-achieving diastole, [Ca2+]i must be decreased to its diastolic
level and electrical equilibrium re-established. The latter is achieved by the sarcolemmal
Na+/K+-ATPase, the former by the combined efforts of the sarcolemmal Ca2+-ATPase and
Na+/Ca2+ exchanger, and the sarcoplasmic reticular Ca2+-ATPase (SERCA). Each of these
membrane ion transporters directly or indirectly consumes ATP. It is the summed thermal
outputs of this ATP consumption, plus ATP replenishment by mitochondrial oxidative
phosphorylation, that is known collectively as ‘activation heat’.
The conceptual formulation of activation heat in skeletal muscle, well before its ionic basis
was understood, is attributable to A. V. Hill (1949, 1950b), while its formulation in cardiac
muscle is credited to Chapman & Gibbs (1972). Its method of measurement in skeletal
muscle exploits the (inverse) linear dependence of active force on sarcomere length
throughout the complete descending limb of the force-length relation (Gordon et al., 1966).
Selected skeletal muscles can be reversibly stretched beyond optimal length to the point
where active force development is negligible. Thus any heat at such a muscle length may
unambiguously be attributed to the ‘activation’ processes detailed above (Homsher et al.,
1972; Smith, 1972). The luxury of mimicking this experimental protocol does not extend to
cardiac muscle since its sarcomere length cannot be increased beyond approximately
2.4 μm (ter Keurs et al., 1980) without risk of irreversible damage. Hence, any
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‘pre-shortening’ protocol must necessarily be applied on the ascending limb. Under this
protocol, an isolated cardiac muscle preparation (papillary muscle (Ricchiuti & Gibbs, 1965),
or trabeculae carneae (Han et al., 2010; Johnston et al., 2016)) can readily be shortened to
the point where no macroscopic active force appears in response to an applied stimulus.
The resulting heat production, above that of basal heat, has been labelled ‘activation heat’.
Nevertheless, there remains unease regarding the possible contribution of actively cycling
crossbridges on any myosin filaments abutting the z-lines, in the absence of macroscopic
active force development; that is, the pre-shortening procedure may consistently
over-estimate the value of activation heat in cardiac muscle.
We have circumvented this risk by the use of blebbistatin, a selective inhibitor of myosin II
ATPase (Allingham et al., 2005). It acts by preferentially binding to the ATPase active site,
while ADP and Pi are still bound, thereby greatly inhibiting phosphate release (Kovacs et al.,
2004). Blebbistatin has been shown to inhibit crossbridge cycling in slow-twitch skeletal
muscle (Barclay, 2012; Lewis & Barclay, 2014) and in murine papillary muscles and
myocytes (Dou et al., 2007), as well as in rabbit psoas myofibrils, intact and skinned rat
cardiac trabeculae and myocytes (Farman et al., 2008). Blebbistatin has no effect on either
the Ca2+-sensitivity of the contractile filaments (Dou et al., 2007) or excitation-contraction
coupling (Farman et al., 2008).
In this study, we hypothesised that (i) cardiac activation heat is uncontaminated by
crossbridge cycling, (ii) activation heat is ventricle independent at body temperature, and (iii)
activation heat is muscle length dependent. To test these hypotheses, we used the
crossbridge inhibitor blebbistatin.
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3.3

Methods

3.3.1

Muscle preparation

Male Wistar rats (n = 8; age: 8-10 weeks, weight: 250-350 g) were deeply anaesthetised
with isoflurane, followed by cervical dislocation, thoracotomy, and cardiectomy. The heart
was rapidly excised and Langendorff-perfused (at room temperature) with oxygenated
Tyrode dissection solution containing (in mmol L-1): 130 NaCl, 6 KCl, 1 MgCl2, 0.5 NaH2PO4,
0.3 CaCl2, 10 HEPES, 10 glucose, 20 BDM (pH adjusted to 7.4 using Tris). Experiments
were conducted in accordance with protocols approved by the University of Auckland Animal
Ethics Committee.
Unbranched and geometrically-uniform trabeculae were dissected from the endocardial
surfaces of both the left and right ventricles. A suitable trabecula was transferred to the
mounting-chamber of a calorimeter (Han et al., 2010; Taberner et al., 2011). The muscle
was superfused with the same oxygenated Tyrode solution but in the absence of BDM and
with [Ca2+]o increased to 1.5 mmol L-1. The superfusate flow rate through the measurement
chamber was electronically maintained at 0.5 μL s-1; this flow rate provides adequate
oxygenation while maximising the thermal signal-to-noise ratio (Han et al., 2011). The use of
isolated cardiac trabeculae (with a typical radius less than 150 μm) obviates any concerns
regarding the intrinsic complexity of the ventricle and the adequacy of oxygen supply by
diffusion, even under high rates of metabolic demand (ter Keurs et al., 1980; Han et al.,
2011).

3.3.2

Flow-through microcalorimeter and infusion system

Force and heat measurements were simultaneously recorded using a muscle calorimeter as
previously described (Taberner et al., 2011; Johnston et al., 2015). The muscle was held
between two platinum hooks connected to a custom-built force transducer at one end and a
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linear motor at the other. The Tyrode superfusate flowed over the muscle. The rate of
muscle heat production was calculated from the flow-rate dependent temperature sensitivity
and the difference in temperature measured between up-stream and down-stream
thermopile arrays. Muscle force was monitored using a custom laser interferometer-based
force transducer, as described previously (Taberner et al., 2011). A mirror was located at
45° to the axis of the measurement chamber to allow muscle diameter to be measured in
two orthogonal views. All software was written in the LabVIEW programming environment
(National Instruments, Austin, TX, USA). During experiments, the calorimeter was located
inside an optically isolated and thermally insulated enclosure to ensure that experimental
temperature was maintained at 37 °C.

Figure 3.1

Schematic diagram of the calorimeter coupled to the infusion system. The

arrow indicates the direction of superfusate flow. Note the 4:100 dilution of drugs in the superfusate.

A computer-controllable syringe pump was used to infuse concentrated solution containing
dimethyl sulfoxide (DMSO) or blebbistatin (dissolved in DMSO) into the flowing oxygenated
Tyrode solution (Figure 3.1). The final concentration of DMSO/blebbistatin (0.4 % and
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15 μmol L-1, respectively) in the measurement chamber of the calorimeter was readily
achieved by adjusting the flow rates from the syringe pump and the oxygenated Tyrode
reservoir (Taberner et al., 2017). By ensuring that the infusate joined the superfusate well
upstream of the point-of-entry to the measurement chamber (Figure 3.1), the heat of mixing
had dissipated before the mixture encountered the upstream thermopile.

3.3.3

Experimental protocols

A trabecula was electrically stimulated to contract at 3 Hz at slack length until reaching
steady-states of force and heat and was then gradually stretched to the length (Lo) that
maximised active force production. It was then required to undergo isometric contraction at
5 Hz while muscle length was progressively reduced, in 5 steps from Lo to Lmin (the length at
which developed force was zero) using the length-control motor. At each step, steady-state
force and heat were simultaneously recorded over a period of 2 min. The muscle was then
re-lengthened back to Lo where steady-state force and heat were re-measured prior to the
next intervention.
The muscle remained quiescent between interventions, thereby providing baselines of zero
force and zero heat. The second and third interventions repeated the above length changes
but in the presence of 0.4 % DMSO or 15 μmol L-1 blebbistatin (dissolved in 0.4 % DMSO),
respectively. DMSO (a polar aprotic molecule) was used as the solvent for blebbistatin;
therefore the second intervention was carried out to test the effect of solvent (DMSO) per se
on muscle performance. At the completion of each intervention, the muscle was relengthened back to Lo, thereby providing a test of recovery from the length-change
intervention. No force recovery was observed following treatment with blebbistatin.
(Para-nitroblebbistatin (a generous gift from Professor A. Málnási-Csizmadia) was used to
test for force recovery because of its reported reversibility in zebra-fish embryo in vivo
(Képiró et al., 2014); however we observed that its action too was irreversible in cardiac

47

muscle despite lengthy periods of ‘wash-out’). The heat artifact resulting from electrical
stimulation at 5 Hz was quantified at the end of each experiment in the absence of a muscle.
The rate of muscle heat production by each trabecula was corrected retrospectively for the
stimulus heat.

3.3.4

Definitions

Trabeculae were assumed to have elliptical cross sections. Cross-sectional area was
calculated from measurements of muscle major and minor diameters in two orthogonal
planes. Trabecula dimensions did not differ significantly between LV and RV in either
cross-sectional area (0.036 mm2 ± 0.007 mm2 and 0.030 mm2 ± +0.005 mm2, respectively)
or length (3.28 mm ± 0.26 mm and 2.81 mm ± 0.36 mm, respectively). Results were
obtained from 4 trabeculae from each ventricle.
Twitch force was converted to stress by dividing by muscle cross-sectional area. Active
stress was defined as the peak stress developed above the diastolic level (kPa). Heat per
twitch (kJ m-3) was calculated by dividing the steady state rate of heat production (kW m-3)
by the stimulus frequency (5 Hz) and normalizing by muscle volume. Normalised muscle
length was expressed relative to optimal muscle length (L/Lo).

3.3.5

Data analysis

Data were acquired using LabVIEW software (National Instruments) and analysed offline
using a custom-written MATLAB (MathWorks, Natick, MA, USA) program. Active stress
development and muscle heat production were plotted against relative muscle length for
each muscle. The resulting individual regression lines were averaged within groups (i.e.,
ventricles) using the random coefficient model within PROC MIXED of the SAS software
package (SAS Institute Inc., Cary, NC, USA). Analysis of covariance (ANCOVA) was applied

48

to test the main effect of “ventricle” (i.e., ‘RV ‘versus ‘LV’) and the interaction between
“ventricle” and “intervention” (i.e., ‘Control’, ‘DMSO’ and ‘blebbistatin + DMSO’ on the
average intercepts and the average slopes. Values are expressed as means ± SE, and
P < 0.05 was considered to be statistically significant.
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3.4

Results

3.4.1

Effects of muscle length on active stress and heat

Figure 3.2 shows the effects of muscle length on stress production and heat output in the
absence or in the presence of either 0.4 % DMSO or 15 μmol L-1 blebbistatin (dissolved in
0.4 % DMSO). The reduction of muscle length below Lo resulted in a decrease of both stress
production and heat output. The stress production of the same muscle decreased
approximated 30 % in the presence of 0.4 % DMSO (in accord with observations reported by
Dou et al. (2007)), thereby giving a lower heat output. Blebbistatin inhibited muscle
contraction to near zero level of stress at Lo, and heat production remained constant,
independent of muscle length.

Figure 3.2

Typical experimental records of length-change protocol. Stress production and

heat output of a representative trabecula at various muscle lengths (b-f) below its optimal length (a),
at 5 Hz stimulation. The muscle was returned to optimal length (a’) before performing the next two
interventions: DMSO and DMSO + blebbistatin (BBS), in that order. Trabecula dimensions: length
2

2.82 mm; cross-sectional area 0.0347 mm . Its rate of heat production at Lo under Control conditions
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was 4.91 μW. Note that the latter value exceeds the thermal resolution of the microcalorimeter by
some 500-fold.

3.4.2

Stress-length and heat-length relationships

As muscle length was reduced below Lo, both steady-state isometric stress and steady-state
heat per twitch decreased whether in the absence or in the presence of DMSO. However,
heat output remained constant while active stress was absent in the presence of
blebbistatin. Values of active stress and resulting heat output were plotted as functions of
relative muscle length (L/Lo) and fitted using quadratic regression (Figure 3.3A & D). The
relations describing the dependence of stress and heat on relative muscle length for the four
trabeculae from each ventricle were averaged and are plotted in Figure 3.3.

Figure 3.3

Active stress (A) and heat per twitch (D) as functions of muscle length from a

single representative trabecula. Stress-length and heat-length regression relations describing
individual muscles from the different interventions were averaged within the LV group (B and E) and
the RV group (C and F). Mean ± SEM values at optimal length were superimposed appropriately in
panels B, C, E and F.
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3.4.3

Stress-length and heat-length relationships

Figure 3.4, shows the relation between active heat and active stress for a single trabecula
(A) and for the average of the 4 trabeculae from either ventricle (Figure 3.4B & C).
Heat-stress relations were fitted using linear regression, as no statistically significant
improvement was achieved when fitting with a quadratic function. The average
heat-intercept (an index of activation heat) was not significantly different among
experimental interventions or between LV and RV preparations (Figure 3.4D).

Figure 3.4

Twitch heat as a function of active stress. A-C, linear regression of active

heat-stress relations arising from a single trabecula under control conditions (A) and from the
averages of n = 4 trabeculae from each of LV (B) and RV (C) undergoing isometric contractions at
various muscle lengths for all three experimental interventions. (D) The average heat intercepts for all
three treatments in trabeculae from both ventricles.
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3.5

Discussion

3.5.1

Overview

This study is the first to have employed blebbistatin for the study of cardiac energetics. The
rationale for its use was to exploit its ability to inhibit crossbridge cycling in order to partition
crossbridge heat from activation heat. Activation heat is defined as the supra-basal heat
produced during the restoration of sarcolemmal and sarcoplasmic reticular ion gradients
associated with relaxation following a twitch. In cardiac muscle, it has commonly been
assessed using the ‘pre-shortening’ protocol in which a preparation undergoing isometric
contractions is progressively shortened until observed macroscopic force development is
zero. Whatever heat is observed at this point, the intercept of the heat-stress relation, is
attributed to the activation process. But this attribution immediately poses the question: Does
the absence of macroscopic force at this short muscle length belie the continued cycling of
crossbridges, thereby inflating the estimate of activation heat?
In order to answer this question, we have adopted a modification of the above protocol by
repeating the pre-shortening procedure in the presence of blebbistatin (BBS), an agent
shown to be an excitation-contraction uncoupler in rat and rabbit hearts (Fedorov et al.,
2007), and an inhibitor of crossbridge cycling in a variety of murine cardiac tissues (Dou et
al., 2007) and rat papillary muscle without diminishing the magnitude of the Ca2+ transient
(Dou et al., 2007; Farman et al., 2008). Because of blebbistatin’s insolubility in Tyrode
solution, we required three interventions: ‘Control’ (Tyrode solution), ‘DMSO’ and
‘DMSO+BBS’. As can be seen in the Figure 3.2, progressive pre-shortening progressively
diminished active twitch stress from its maximum at L/Lo = 1.0 to its minimum at L/Lo = 0.77
under both Control and DMSO conditions. In the presence of DMSO + BBS, active force was
zero at any length, thereby proving the effectiveness of blebbistatin in inhibiting cross-bridge
cycling. In the absence of active stress development, heat continued to be liberated. We
attribute this thermal output (Figure 3.3) to ‘activation heat’. Our confidence in this attribution
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is bolstered by the results shown in Figure 3.4 where the same estimates of activation heat
arise from all three interventions in both LV and RV trabeculae. These results clearly
demonstrate the absence of thermal contamination from crossbridge cycling.
Furthermore, our finding of constant heat output, independent of muscle length, in the
presence of blebbistatin (Figures 3.2 & 3.3), demonstrates that the energy-cost of activation
processes is length independent. Combining the results from Figures 3.3 and 3.4, we infer
that activation heat is also stress-independent. This inference has support from the results of
experiments specifically designed to increase the heat of activation of contraction. Thus
Gibbs et al. (1967), using epinephrine, Gibbs and Vaughan (1968), by lowering temperature,
and Han et al. (2010), by elevating extracellular Ca2+ concentration, each showed an
increase of activation heat with no change in slope of the heat-stress relation.
The results summarised in Figure 3.4 are also fully consistent with those of Sathish et al.
(2006), who showed identical peak values of Ca2+-transients elicited from myocytes
harvested from right- and left-ventricular rat myocardium, albeit at room temperature. Since it
is the amount of Ca2+ released from the sarcoplasmic reticulum that determines the amount
to be sequestered by the SERCA, the correspondence of our thermal results with the
aforementioned ionic results is unsurprising.
Also shown in the paper by Sathish et al. (2006) was a 50% greater extent of unloaded
shortening of myocytes originating from the LV. This result provides a possible explanation
for the higher rate of ‘activation heat’ observed (at room temperature) in LV than in RV
trabeculae, reported earlier by our group (Han et al., 2013). In those experiments, we
estimated activation heat using a protocol that allowed the muscles to shorten actively under
zero load. Since it has long been recognised that active shortening of striated muscle is
exothermic (Fenn, 1923; Hill, 1938; Gibbs et al., 1967), then it is again unsurprising that the
heat estimated from minimally-afterloaded isotonic contractions should be higher in LV than
in RV trabeculae. Since these two conceptually distinct sources of heat (‘activation’ and
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‘shortening’)

cannot

be

distinguished

macroscopically,

we

may

have

unwittingly

over-estimated LV activation heat in our earlier publication (Han et al., 2013). Be that as it
may, our current findings show that activation heat accounts for some 15-20 % of the total
heat produced in an isometric contraction at optimal length, under conditions chosen to
approximate those occurring in vivo: 5 Hz frequency of contraction at 37 °C.

3.5.2

Comparison with other techniques

In addition to studies using pre-shortening protocols, two other techniques are worthy of
discussion. In the first of these, Alpert et al. (1989) measured ‘tension-independent heat’ in
rabbit papillary muscles at 21 °C, finding it to be length-dependent. Tension-dependent heat
was eliminated by use of 5 mmol L-1 2,3-butanedione monoxime (BDM) and mannitol, to
increase osmolality to as high as 2.5-fold its normal value. We are hesitant to consider
further the results of this study because subsequent investigations have demonstrated that
the phosphatase BDM reduces the open probability of the L-type Ca2+ channels in
guinea-pig ventricular myocytes (Allen & Chapman, 1995), while abbreviating the duration of
the action potential and reducing the Ca2+ current at any membrane potential (Gwathmey et
al., 1991). The latter study also showed that BDM reduces maximum Ca2+-activated force by
upwards of 30 % in ferret papillary muscles. Of further concern to any thermal study, BDM
has been show to diminish the activity of the mitochondrial ATP-ADP translocase (Mojon et
al., 1993) while hyperosmolality is now known to potentiate the rate of heat production of
quiescent rat cardiac trabeculae (Loiselle et al., 1996).
A less contentious technique, ‘latency release’, was developed by Gibbs et al. (1988) in an
attempt to obviate the risks of time- and length-dependent deactivation (Allen & Kurihara,
1982). Using this protocol, the length of a papillary muscle was rapidly reduced from optimal
to minimal muscle length during the brief latent period between delivery of the stimulus and
the onset of twitch force. Since the pre-shortened length prevented the development of
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macroscopic force, it was presumed to quantify activation heat. But, at that time, it was not
clear that the absence of macroscopic force development precludes the cycling of
crossbridges.
The results of the present study strongly suggest that previous studies, in which heat-stress
relations were extrapolated to zero stress, likewise produced accurate estimates of
activation heat. Thus, for example, we can be confident that activation heat is lower in the rat
than in either the cat or the guinea-pig (Loiselle & Gibbs, 1979).

3.5.3

Limitations of the study

With only 4 muscles examined from each ventricle, statistical power is low. Whereas this is
correct, it is readily countered. Since all 8 trabeculae reported identical effects of blebbistatin
(Figures 3.2 - 3.4), ethical considerations precluded the use of additional animals.
The order of presentation of treatments (‘Control’, ‘DMSO’, ‘DMSO + BBS’) was not
randomised. A randomised order of presentation was precluded by the inability to wash
blebbistatin out of the tissues. Constraints inherent in the design of our microcalorimeter
preclude the use of optical means (illumination of tissue using light in the blue region of the
spectrum) to inactivate blebbistatin (Sakamoto et al., 2005), thereby allowing reversibility of
its inhibitory action on force development. Irreversibility did not, however, prevent application
of a ‘repeated-measures’ ANOVA.
No correction was made for the change of osmolality by addition of DMSO or
DMSO + blebbistatin. However, correction is unnecessary since the membrane permeability
of DMSO is extremely high (some 50-fold that of urea; (Yu & Quinn, 1994)) presumably
reflecting its polar nature. Whereas tonicity may have increased marginally, osmolality did
not.
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Finally, in the interest of completeness, we consider the possibility that, at minimal muscle
length, there remains residual crossbridge heat which is below the detection threshold of our
microcalorimeter. But, in fact, the thermal resolution of the microcalorimeter (10 nW)
(Taberner et al., 2015) is three orders of magnitude below the rate of activation heat
production of any trabecula use in this study.

3.5.4

Summary

We conclude that use of the cross-bridge inhibitor blebbistatin, despite its irreversibility in our
hands, is a suitable agent for isolating a component of total cardiac heat production that can
unambiguously be attributed to thermal consequence of activating contraction. Using this
agent, we demonstrate that activation heat is muscle-length independent, thereby resolving
a long-standing dispute in the cardiac energetics literature. But, most importantly, with the
respect to the question posed in the Title, the intercept of the linear heat-stress relation
provide an accurate estimate of cardiac activation heat.
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Chapter 4:

Work-loop contractions

Published:
Pham T, Han JC, Taberner, A & Loiselle D. (2017). Do right-ventricular trabeculae gain
energetic advantage from having a greater velocity of shortening? J Physiol 595, 6477-6488.
Keypoints:
•

We designed a study to test whether velocity of shortening in right-ventricular tissue
preparations is greater than that of the left side under conditions mimicking those
encountered by the heart in vivo.

•

Our experiments allowed us to explore whether greater velocity of shortening results
in any energetic advantage.

•

We found that velocity of shortening was higher in the rat right-ventricular trabeculae.
These results at the tissue level seem paradoxical to the velocity of ventricular
ejection at the organ level, and are not always in accord with shortening of unloaded
cells.

•

Despite greater velocity of shortening in right-ventricular trabeculae, they neither
gained nor lost advantage with respect to both suprabasal efficiency and the heat
generated during shortening.
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4.1

Abstract

Our study aimed to ascertain whether the interventricular difference of shortening velocity,
reported for isolated cardiac tissues in vitro, affects interventricular mechanoenergetic
performance when tested under physiological conditions using a shortening protocol
designed to mimic those in vivo. We isolated trabeculae from both ventricles of the rat,
mounted them in a calorimeter, and performed experiments at 37 °C and 5 Hz stimulus
frequency to emulate conditions of the rat heart in vivo. Each trabecula was subjected to two
experimental protocols: (i) isotonic work-loop contractions at a variety of afterloads, and (ii)
isometric contractions at a variety of preloads. Velocity of shortening was calculated from the
former protocol during the isotonic shortening phase of the contraction. Simultaneous
measurements of force-length work and suprabasal heat output allowed calculation of
suprabasal efficiency. The shortening-dependent thermal component was quantified from
the difference in heat output between the two protocols. Our results show that both extent of
shortening and velocity of shortening were higher in trabeculae from the right ventricle.
Despite these differences, trabeculae from both ventricles developed the same stress,
performed the same work, liberated the same amount of heat, and hence operated at the
same suprabasal efficiency. Shortening heat was also ventricle independent. The
interventricular differences in velocity of shortening and extent of shortening of isolated
trabeculae were not manifested in any index of energetics. These collective results
underscore the absence of any mechanoenergetic advantage or disadvantage conferred on
right-ventricular trabeculae arising from their superior velocity of shortening.
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4.2

Introduction

With a single exception (Kleiman & Houser, 1988), one finding consistently obtains in the
field of cardiac mechanics. Compared with the left ventricle (LV), isolated cardiac
preparations from the right ventricle (RV) possesses a greater intrinsic velocity of shortening.
This claim has been substantiated across species and across a wide range of isolated
cardiac muscle preparations. These include papillary muscles and trabeculae as well as
myocytes from the rat (Brooks et al., 1987; Harding et al., 1990; Han et al., 2013), dog
(Rouleau et al., 1986), and pig (McMahon et al., 1996), but not in feline myocyte (Kleiman &
Houser, 1988). This interventricular difference is sustained under increased chronotropy in
addition to enhanced inotropy elicited by norepinephrine (Rouleau et al., 1986) or
isoproterenol (McMahon et al., 1996), as well as by an increase of extracellular calcium
concentration (Rouleau et al., 1986). The mechanism underlying higher velocity of
shortening is well attributed to a greater proportion of V1 to V3 myosin isozymes (Pagani &
Julian, 1984; Brooks et al., 1987).
However, none of the above studies was performed under physiological conditions
(temperature and contraction frequency), combined with a shortening protocol that mimics
ejection in vivo. In consequence, preparations were prevented from shortening at their
intrinsic velocities. For example, experiments were performed either at sub-physiological
temperatures (Rouleau et al., 1986; Brooks et al., 1987; McMahon et al., 1996; Han et al.,
2013), or sub-physiological frequencies (Rouleau et al., 1986; Brooks et al., 1987; Han et al.,
2013), or used either ‘half-loop’ isotonic contractions (Rouleau et al., 1986; Brooks et al.,
1987), or unloaded shortening of single myocytes (Harding et al., 1990; McMahon et al.,
1996). These various limitations present difficulty in relating the behaviour of isolated cardiac
preparations to the performance of the heart in vivo.
Since the ventricles are arranged in series, at any steady-state heart rate they must eject
approximately the same stroke volume (as has been experimentally confirmed (Schulman et
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al., 1989; Kondo et al., 1991)). If we were to accept stroke volume as a proxy for extent of
wall tissue shortening (Glower et al., 1985), then we would expect ventricle-independent
myocyte shortening. However, the extent of shortening of isolated, unloaded, RV myocytes
has been reported to be both lower (Sathish et al., 2006) and higher (McMahon et al., 1996)
than that of LV preparations. In the heart in vivo, the duration of systolic ejection is greater in
the RV (Hirschfeld et al., 1975; Gutgesell et al., 1979), reflecting its earlier onset and
delayed offset vis-à-vis that of the LV (Braunwald et al., 1956; Boron & Boulpaep, 2009).
Given comparable stroke volumes, the greater systolic duration of the RV implies a lower
mean velocity of contraction of wall fibres in the RV. This implication is at variance with the
evidence, presented above, that isolated RV tissues display a greater shortening velocity
than those from the LV. Such kinetic disparities reflect comparable uncertainties regarding
energetic performance. For example, the mass-specific rate of oxygen consumption of
canine RV tissue was found to be nearly 70 % that of the LV despite its four-fold lower peak
pressure development (Weiss et al., 1978). In contrast, the mass-specific heat output of
isolated LV trabeculae has been reported to be both higher than (Han et al., 2013), and not
different from (Pham et al., 2017b), that of RV preparations.
We suspect that the above litany of inconsistencies and uncertainties may arise largely from
the plethora of experimental temperatures, invariably sub-physiological, and shortening
protocols, mostly non-physiological, adopted by different laboratories. To that end, this study
has two aims. The first is to extend previous isolated-preparation studies to test whether RV
velocity of shortening is greater than that of the LV under conditions chosen to mimic those
encountered in vivo. The second aim is to test whether the putative higher velocity of
shortening in RV tissues differentially affects the energetic performance of isolated LV and
RV tissue preparations. Testing of these two aims requires the use of two different
contraction profiles - one with, and one without, active shortening. This requirement
incidentally allows us to investigate the ‘heat of shortening’, the actual existence of which
remains contentious (Holroyd & Gibbs, 1992).
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4.3

Methods

4.3.1

Ethical Approval

Experiments were conducted in accordance with protocols approved by the University of
Auckland Animal Ethics Committee and conform to principles and regulations described in a
Journal of Physiology Editorial (Grundy, 2015).

4.3.2

Muscle preparation

Male Wistar rats (body mass: 250-350 g) were deeply anaesthetised with isoflurane,
preceding cervical dislocation, thoracotomy, and cardiectomy. The excised heart was
Langendorff-perfused (at room temperature) with oxygenated Tyrode solution, which
contained (in mmol L-1): 130 NaCl, 6 KCl, 1 MgCl2, 0.5 NaH2PO4, 0.3 CaCl2, 10 HEPES,
10 glucose, and 20 BDM and pH adjusted to 7.4 using Tris.
Trabeculae were dissected from the endocardial surfaces of both the left and right ventricles.
A geometrically-suitable trabecula was transferred in a syringe to the mounting-chamber of a
work-loop calorimeter (Taberner et al., 2011), which

has recently been improved for

experiments at 37 °C (Johnston et al., 2015) with a 10-fold increase in thermal resolution
(10 nW) (Taberner et al., 2015). In the measurement chamber, the trabecula was held
between two platinum hooks connected to a custom-built force transducer at one end and a
linear motor for length-control at the other. The force produced by the trabecula was
monitored by laser interferometry. The muscle was superfused with the same oxygenated
Tyrode solution but in the absence of BDM and with [Ca2+]o increased to 1.5 mmol L-1. The
superfusate flow rate through the measurement chamber was electronically maintained
(Taberner et al., 2017) at 0.55 μL s-1. The rate of muscle heat production was calculated
from the flow-rate dependent temperature sensitivity and the difference in temperature
measured between downstream and upstream thermopile arrays. A pair of platinum
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electrodes was placed upstream and downstream of the measurement chamber for
stimulation of muscle contraction.

4.3.3

Experimental protocols

At its slack length and located within the measurement chamber, the trabecula was
electrically stimulated to contract at 3 Hz. This lower frequency vis-à-vis the experimental
frequency (5 Hz) allowed more accurate determination of muscle optimal length (Lo) as the
diastolic period was longer. The trabecula was gradually stretched to Lo to maximise its
active force production. At Lo, trabecula dimensions were estimated using a microscopic
graticule, in two orthogonal views via a mirror located externally to the measurement
chamber and at 45° to its axis. The entire calorimeter system was then optically-isolated and
thermally-insulated in an enclosure to maintain temperature at 37 °C. Stimulation frequency
was then increased to 5 Hz.
Each trabecula was required to undergo two contraction protocols. In the first protocol, it was
driven through force-length work-loop contractions at six different afterloads. The work-loop
contractions, approximating the contraction pattern of the heart, allow the measurements of
stress-length work output and physiologically-relevant shortening-related parameters (i.e.,
the extent of shortening, the peak velocity of shortening and the average velocity over the
full extent of shortening). Active afterloads (i.e. stress development in response to
stimulation) ranged from approximately 0.95 peak isometric force to near zero (coincident
with passive stress at Lo). This experimental design allows determination of mechanical
work, change of enthalpy (heat plus work), and hence suprabasal efficiency, as functions of
afterload.
In the second protocol, the trabecula was required to undergo isometric contractions while
muscle length was progressively reduced, in 5 steps, from Lo to Lmin (the length at which
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developed force was near zero), using the length-control motor. When transitioning between
different lengths, stimulation was halted and the trabecula remained quiescent, thereby
providing baselines for zero force and zero active heat.
The heat resulting from the cyclic movement of the upstream hook (required to change
muscle length to perform work-loop contraction) was quantified by oscillating the hook at
frequency of 5 Hz at maximal extent of shortening while the muscle was quiescent. The heat
resulting from electrical stimulation at 5 Hz was quantified at the end of each experiment
after removing the trabecula from the measurement chamber. It averaged less than 5% of
muscle active heat at Lo. The rate of muscle heat production by each trabecula was
corrected retrospectively for these two sources of heat.

4.3.4

Definitions

Extent of shortening is the distance muscle shortened during isotonic phase at each
afterloaded work-loop (i.e. the width of stress-length work-loop), normalised to Lo (%). Peak
shortening velocity (s-1) was calculated as the maximal slope of the relative length-time trace
during isotonic phase, whereas the mean shortening velocity (s-1) was calculated as the ratio
of shortening extent to duration of isotonic phase. External work (kJ m-3) is the area of the
work-loop (calculated by integrating stress as a function of relative muscle length over the
period of the twitch). Change of enthalpy (kJ m-3) is given by the sum of work and heat. Heat
per twitch was calculated by dividing the steady-state rate of heat production by the stimulus
frequency (5 Hz) and normalizing by muscle volume. Suprabasal efficiency is the ratio of
work output to change of enthalpy.
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4.3.5

Trabecula geometry

In total, 12 LV trabeculae and 13 RV trabeculae were used. They were assumed to have
elliptical cross sections (Goo et al., 2009), where their cross-sectional areas were calculated
from measurements of major and minor diameters in two orthogonal planes. There were no
statistically significant differences, using an unpaired t-test, in trabecula dimensions between
LV

and

RV

in

0.063 mm2 ± 0.006 mm2,

either

cross-sectional

respectively)

or

area
length

(0.058 mm2 ± 0.008 mm2
(3.25 mm ± 0.15 mm

and
and

2.93 mm ± 0.13 mm, respectively).

4.3.6

Statistics

Data were acquired using LabVIEW software (National Instruments, Austin, USA) and
analysed offline using a custom-written MATLAB (The MathWorks Inc., Natick, MA, USA)
program. Data from individual trabeculae were fitted using polynomial regressions (up to
third-order), and the regression lines were averaged within groups using the ‘random
coefficient model’ within PROC MIXED of the SAS software package (SAS Institute Inc.,
Cary, NC, USA). Values were expressed as mean ± standard error (SEM).
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4.4

Results

4.4.1

Work-loop contractions

Figure 4.1A shows steady-state work-loop twitch profiles at 5 Hz. The corresponding
steady-state length traces are shown in Figure 4.1B. Parametric plots of the data allow
quantification of external mechanical work performed by the trabecula as the area of each of
the resulting work-loops (Figure 4.1C). Note that under isometric condition (a), work was
zero but heat was maximal. Heat output decreased with diminishing afterload (Figure 4.1D).
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Figure 4.1

Twitch stress (force per cross-sectional area), length change and heat

production during contractions. (A) Overlaid steady-state twitches at various afterloads: isometric
(a) and afterloaded isotonic work-loops (b-g). (B) Corresponding muscle length changes throughout
the time-course of each twitch. The time at which maximal shortening velocity (vmax) occurred for each
isotonic contraction is marked with a filled circle. (C) Parametric plots of the data shown in A and B.
(D) Record of heat production for six variously-afterloaded work-loop contractions (b-g). In all four
2

panels, data were obtained from a LV preparation (cross-sectional area, 0.052 mm ; length, 3.3 mm).
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Figure 4.2

Extents and velocities of shortening during work-loop contractions as function

of relative active afterload. Extent of shortening of an individual trabecula (A) and for the averages
of all trabeculae from both ventricles; p = 0.0685 (B). Peak shortening velocity of an individual
trabecula (C) and the averages from both ventricles; upper pair of curves; P = 0.0015 (D). The lower
pair of curves in Panel D denote the mean velocities of shortening; P = 0.046. All curves fitted using
rd

3 order polynomial regression. The vertical lines at zero relative active stress denote the standard
errors of the intercepts for n = 13 RV and n = 12 LV preparations. Records (Panel A and C) were
obtained from the same muscle as in Figure 4.1.

69

Values of extent of shortening, peak and mean velocities of shortening from each work-loop
(Figure 4.1) are plotted as functions of relative active stress and fitted using third order
polynomial regression (Figure 4.2A & C). The averaged regression lines depicting extent of
shortening (Figure 4.2B) and velocities of shortening (Figure 4.2D) were higher in RV
compared with those of LV trabeculae.
External mechanical work, change of enthalpy (work plus heat) and suprabasal efficiency
(the ratio of work to change of enthalpy) are plotted as functions of relative afterload
(Figure 4.3). There were no differences in the averaged peak values or the relations of work,
change of enthalpy and suprabasal efficiency between LV and RV trabeculae. Note that the
averaged peak of suprabasal efficiency occurred at a relative afterload of 0.4-0.5
(Figure 4.3F).
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Figure 4.3

Energetics of after-loaded isotonic contractions. Work output, change of enthalpy

and suprabasal efficiency as functions of relative afterload for a representative trabecula (A, C, E) and
the averaged relations for LV and RV trabeculae (B, D, F). Peak suprabasal efficiency occurred at a
lower relative afterload in the LV (0.44) than in the RV (0.49): P = 0.035. Records (Panel A, C, E)
2

were obtained from a RV preparation (cross-sectional area, 0.059 mm ; length, 2.6 mm).
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4.4.2

Isometric contractions

In the isometric protocol, trabeculae were subjected to different preloads, in decreasing
order of muscle length. Original raw records are shown in Figure 4.4, and the averaged data
are plotted in Figure 4.5. Reduction of muscle length below Lo resulted in a decrease of
active stress production. There were no significant differences in either total or passive
stress or heat output between muscles from both ventricles. Likewise, no differences were
found in twitch duration, rates of rise and fall of the twitch (± dS/dt) and the area under the
twitch (stress-time integral; STI) between muscles from both ventricles (Figure 4.6).

Figure 4.4

Stress and heat production from steady-state isometric contractions at various

muscle lengths. (A) Superimposed isometric twitches at progressively decreasing muscle lengths
(a-f), where ‘a’ represents the developed stress at Lo. (B) Stress development as a function of L/Lo.
(C) Heat production at various muscle lengths. The dotted lines indicate the heat baseline. In all three
2

panels, data were obtained from a LV preparation (cross-sectional area, 0.052 mm ; length, 3.3 mm).
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Figure 4.5

Steady-state isometric stress-length and heat-length relations. Total (upper) and

passive (lower) stress production as functions of relative muscle length (L/Lo) for a single trabecula
(A) and for the average of all trabeculae from LV and RV (B). Single-sided SEM bars placed on
functions L/Lo. Heat production as a function of L/Lo for the same trabecula as in panel A (C) and the
average relations (D). The representative trabecula was the same as in Figure 4.4.
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Figure 4.6

Kinetics of isometric contractions at steady state. Twitch duration at 5% (t5) and

at 50% (t50) of peak twitch stress, maximal rate of rise (+dS/dt) and rate of fall (-dS/dt) of twitch stress,
and stress-time integral (STI) as functions of active stress for a representative trabecula (A, C, E) and
the average relations of LV (thin lines) and RV (thick lines) trabeculae (B, D, F). The representative
trabecula was the same as in Figures 4.4 and 4.5.
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Figure 4.7 shows steady-state twitch heat as a function of active stress arising from the two
distinct contraction protocols: ‘afterloaded work-loop’ and ‘pre-shortened isometric’ modes.
The heat-intercept of the isometric protocol provides an index of ‘activation heat’ (Pham et
al., 2017b). We estimated peak ‘shortening heat’ as the difference in heat-intercepts
between the work-loop (which contain a shortening phase) and isometric (non-shortening)
protocols. Both indices of heat were found to be ventricle-independent.

Figure 4.7

Twitch heat as a function of active stress at steady state. (A) Linear regressions

of heat-stress relations arising from work-loop (open circles) and isometric (filled circles) protocols for
a representative trabecula. (B) Linear regressions from the averages of LV and RV trabeculae as a
function of active twitch stress development. Records (Panel A) were obtained from a LV preparation
2

(cross-sectional area, 0.048 mm ; length, 3.2 mm).
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4.5

Discussion

4.5.1

Overview

Our study is the first to adopt a physiologically-relevant shortening protocol to examine
cardiac energetics at physiological temperature (37 °C) and at the resting heart rate of the
rat (5 Hz). The shortening protocol, from work-loop contractions, mimics the ejection phase
of the cardiac cycle in vivo. This unique combination of shortening protocol (Figure 4.1) and
physiological conditions permits us to extend previous observations (see Introduction) and to
show that both peak and mean shortening velocities as functions of relative afterload are
greater in right-ventricular preparations than in those from the LV (Figure 4.2D). These
results, in turn, allow us to determine whether any energetic advantage or disadvantage
accrues to the RV.
Our novel findings arise from subjecting isolated trabeculae to a wide range of workloads.
We reveal that the work-load dependencies of peak velocity of shortening and peak
suprabasal efficiency are non-coincident. Peak velocity of shortening occurs at the lowest
afterload (Figure 4.2) whereas peak suprabasal efficiency occurs at a relative afterload of
0.4-0.5 (Figure 4.3). At this mid-range of afterloads, there are no inter-ventricular differences
in work output or change of enthalpy and, hence, no ventricle-dependence of suprabasal
efficiency. From these results, we see that no energetic advantage is conferred on the RV, in
term of suprabasal efficiency, as a consequence of its greater peak velocity of shortening.
In addition to work-loop contractions, we subjected trabeculae to bouts of isometric
contractions during which no muscle shortening occurs. Isometric twitch amplitude, kinetics,
and heat output, as functions of either muscle length or active stress (Figure 4.4), are also
ventricle-independent (Figures 4.5 & 4.6). At the shortest muscle length, where macroscopic
force vanishes, the heat intercept of the isometric heat-stress relation quantifies the thermal
cost of Ca2+-triggered activation of the contractile events (Gibbs et al., 1967; Han et al.,
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2010). Using comparable techniques, Pham et al. (2017b) has recently shown that activation
heat is independent of muscle length. This previous result provides confidence that the
difference in the heat-stress relations between the work-loop protocol (with active
shortening) and the isometric protocol (without shortening) reveals heat of shortening in
cardiac muscle. As seen in Figure 4.7, this source of heat is also ventricle-independent. We
conclude that the marginally greater extent of shortening by right-ventricular trabeculae
shown in Figure 4.2B is insufficient to generate detectably greater shortening heat, despite
the 10 nW resolution of our microcalorimeter (Taberner et al., 2015). Hence we see no
energetic disadvantage conferred on the right ventricle, in term of heat of shortening, as a
consequence of its greater velocity of shortening.

4.5.2

Interventricular dependence of shortening velocity

The ventricle-dependence of peak velocity of shortening (vmax) appears to be near universal
and to be independent of temperature, heart rate, and species. Our results, showing a 30%
greater peak vmax in RV trabeculae of the rat at body temperature and physiological heart
rate, are in agreement with the approximately 30 % greater vmax in RV papillary muscles,
trabeculae and myocytes from the rat, reported for lower temperatures and lower contraction
frequencies (Brooks et al., 1987; Harding et al., 1990; Han et al., 2013). There are
suggestions that the interventricular difference of vmax may be species-dependent, since a
lesser difference (15 %) has been reported in dog papillary muscles (Rouleau et al., 1986)
and a greater difference (60 %) in porcine myocytes (McMahon et al., 1996). Nevertheless,
across species except the cat (Kleiman & Houser, 1988), the RV evinces a greater vmax than
the LV. That being the case, it is surprising that we detected no difference in either the rate
of rise or rate of decline of isometric stress at any muscle length (Figure 4.6D). We note that
comparable results have been reported by Janssen et al. (2003) at 37.5°C and over a range
of stimulus frequencies (0.5 - 10 Hz) using isolated rat trabeculae. It is also somewhat
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surprising that the presumed difference in rate of actomyosin ATP hydrolysis was without
effect on the rate of heat production given that both groups of ventricular trabeculae were
stimulated to contract at the same frequency.

4.5.3

Role of myosin isoenzymes

The mechanism of a greater vmax is usually attributed to a difference of myosin V1/V3
isozyme profile. In small species such as the rat, Brooks et al. (1987) found a 40 % higher
V1/V3 ratio in RV papillary muscles, which correlated with a 30 % greater shortening velocity.
However, this correlation seems to disappear in larger species such as the dog, where the
V1/V3 ratio is ventricle-independent (Rouleau et al., 1986). This species-size dependence is
consistent with the observation that, in larger species, V1 myosin isozyme makes up only a
very small proportion in either ventricle (Wisenbaugh et al., 1983; Rouleau et al., 1986). In
the rat heart, by contrast, the myosin isozyme proportion comprises 75 % V1, whereas in the
human heart, it is at most 5 % (Schwartz et al., 1984). The striking difference in myosin
isozyme proportions between the rat heart and the human heart provides a plausible
justification for a 40 % decrease of V1 in the hypertrophic state in the rat but a negligible
change of V1 proportion in hypertrophic hearts of humans (Schwartz et al., 1984) and pigs
(Wisenbaugh et al., 1983).
In their comprehensive comparison of species (mice, rats, rabbits, guinea-pigs, dogs, pigs,
ox and humans), Lompre et al. (1979) has shown that the V3 form of myosin ATPase
prevails in utero. In those species of larger body size, V3 remains dominant throughout
adulthood, but by three weeks post-partum, V1 dominates in mice and rats. Subsequently,
this same group of investigators (Mercadier et al., 1981) showed a progressive shift from V1
to V3 in spontaneously hypertensive rats, results that accord with those of Schwartz et al.
(1984). Clearly, the blood-pressure-dependent profile of myosin isoenzymes is volatile in the
rat. We infer that its higher V1/V3 ratio in healthy RV tissues reflects the lower blood-pressure
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of the pulmonary circulation vis-à-vis that of the systemic circulation - a neonatal condition
that prevails in the absence of RV hypertrophy.

4.5.4

Paradoxical behaviour between the whole heart and its tissues

Given the approximately four-fold difference of peak systolic pressure between the left and
right ventricles in any mammalian species in vivo, it may seem paradoxical that there was no
difference of active stress development at any relative muscle length of trabeculae
(Figure 4.5B). This absence of a difference in active stress at the tissue level occurs despite
whatever differences in neural input or inter-ventricular structures may prevail. Furthermore,
the inter-ventricular pressure difference is likewise consistent with the four-fold greater
period of isovolumic contraction, as reported for the human heart in vivo (Braunwald et al.,
1956). The latter behaviour is apparent in Figure 4.1A where the work-loop labelled b
spends more time in the isometric phase than does any of the others.
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Figure 4.8

Schematic diagram comparing mechanical performance between the ventricles

across different scales. (A) Changes in pressure and volume during a single cardiac cycle in the
human heart in vivo (pulmonary valve opens at ‘a’ and closes at ‘d’; aortic valve opens at ‘b’ and
closes at ‘c’). (B) Isotonic work-loops, at the afterload that maximises efficiency, from isolated
trabeculae, and their corresponding muscle length changes (shortening commences at ‘e’ and ends at
‘f’); drawing based on Figures 4.1 and 4.2. (C) Unloaded isotonic shortening by isolated myocytes;
data re-drawn from McMahon et al. (1996).

The greater duration of systolic ejection of the RV of human hearts (Braunwald et al., 1956;
Hirschfeld et al., 1975; Gutgesell et al., 1979), a well-attested fact that is routinely included in
undergraduate text-books (see, for example, Boron & Boulpaep (2009)) arises from the
earlier onset and delayed offset of RV contractions and is commonly attributed to the lower
afterload seen by the RV (as illustrated in Figure 4.8A). Stroke volume is the same between
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the ventricles (Schulman et al., 1989; Kondo et al., 1991), but the duration of systolic
ejection is greater in the RV, implying a lower mean velocity of shortening of wall fibres in the
RV. In contrast, these whole-heart results do not prevail in isolated rat trabeculae, which
show higher velocity of shortening in the RV - whether indexed as mean peak velocity or
mean average velocity of shortening (Figure 4.2D). We are unable to reconcile this
paradoxical difference between volumetric whole-heart shortening and trabecula longitudinal
shortening. Our results are, however, in accord with those from the human heart obtained
using tissue Doppler imaging techniques (Greaves et al., 2004; van der Hulst et al., 2011).
These studies have revealed that the peak systolic velocity in the longitudinal fibre direction
in the RV is 60 % - 75 % higher than that of the LV.

4.5.5

Summary

The well-documented higher contractile velocity during shortening by the RV vis-à-vis the LV
in vivo is recapitulated in isolated trabeculae in vitro, thereby incidentally further legitimising
this isolated tissue preparation as a model of the whole-heart in vivo. Nevertheless, we find it
surprising and a source of fascination that, despite its radically different shape, wall fibre
orientation, loading demands and kinetics of shortening, tissues from the RV does not differ
from the LV in work performance, heat output, enthalpy or suprabasal efficiency.
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4.6

Supplementary

Work is a global variable. Hence, it is scale-invariant. We would thus expect the force-length
work performance by trabeculae, when suitably normalised for volume, to be comparable to
that of the pressure-volume work of the heart. But, as revealed in Table 4.1, an enormous
range of values in the magnitude of work per twitch from single myocytes to whole-heart
preparations has been reported in the literature. Our ventricle-independent value of
0.4 kJ m-3 (Figure 4.3B) falls in the lower range of values for both papillary muscles and
trabeculae - possibly reflecting the inverse dependence of twitch force on both temperature
and frequency of contraction in rat myocardium, coupled with adoption of a physiological
value of Ca2+ concentration (1.5 mmol L-1) in the plasma of the adult rat (Jones & Keep,
1988).
But of crucial importance to the message of the current investigation is that a single
experimenter, using the same rats under the same experimental conditions in the same
apparatus has demonstrated identical values of force-length work between the ventricles,
thereby

legitimising

inter-ventricular

comparisons

mechanoenergetics.
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of

other

metrics

of

ventricular

Freq

Temp

[CaCl2]o

Work

(Hz)

(°C)

(mmol L-1)

(kJ m-3)

Rat

6.5

37

2.2

(2008)

Rat

7

37

2

Bal et al.

(2005)

Rat

7

37

Neely et al.

(1967)

Rat

3.75

37

2.5

1.6

Goo et al.

(2014a)

Rat

5

37

1.5

1.5

Han et al.

(2015)

Rat

4

32

1.5

1.3

Papillary

Kiriazis & Gibbs

(2000)

Rat

Isotonic

0.167

27

2.5

2.7

Muscle

Loiselle & Gibbs

(1979)

Rat

Isotonic

0.167

27

2.54

2.7

Chapman et al.

(1977)

Rabbit

Isotonic

0.125

22

2.54

2.3

Mellors et al.

(2001)

Rat

Sinusoidal

0.2

22

1.6

1.61

Layland et al.

(1995)

Rat

Sinusoidal

6

37

2

1.26

Barclay et al.

(2003)

Rat

Isotonic

2.2

30

1.6

1

Barclay & Widen

(2010)

Mouse

Isotonic

2

27

2.5

0.5 - 1

Hisano & Cooper

(1987)

Ferret

Auxotonic

0.2

29

2.5

0.97

Wong et al.

(2010)

Rat

Sinusoidal

5

37

1

0.93

Baxi et al.

(2000)

Rat

Sinusoidal

4

27

2.54

0.5

Sorhus et al.

(2000)

Rabbit

Work-loop

1

29

1.25

0.33

Goo et al.

(2014b)

Rat

Work-loop

3

32

1.5

1.8

Han et al.

(2013)

Rat

Work-loop

1

22

2

1.8

Han et al.

(2014b)

Rat

Work-loop

3

32

1.5

1.7

Tran et al.

(2016)

Rat

Work-loop

3

32

1.5

1.6

Layland & Kentish

(2002)

Rat

Sinusoidal

4.5

24

1

1

This study

(2017a)

Rat

Work-loop

5

37

1.5

0.4

Nishimura et al.

(2004)

Rat

0.5

37

1.8

0.83

Iribe et al.

(2007)

Work-loop

2

30

1.8

0.25

Helmes et al.

(2016)

Work-loop

4

37

1.8

0.1

Heart

Trabecula

Myocyte

Table 4.1

Authors

Year

Species

Pacher et al.

(2004)

Pacher et al.

Guinea
pig
Rat

Contraction

Unloaded
Isotonic

1.9

Wide-ranging values of work reported in the literature. Values of pressure-volume

work by the heart and force-length work by its isolated tissues (papillary muscles and trabeculae) and
single myocytes.
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Chapter 5:

Mechanoenergetics in right-ventricular

failure

Published:
Pham T, Nisbet L, Taberner A, Loiselle D, & Han JC. (2018). Pulmonary arterial
hypertension reduces energy efficiency of right, but not left, rat ventricular myocardium.
J Physiol 596, 1153-1166.

Key points summary:
•

Pulmonary arterial hypertension (PAH) triggers right-ventricular (RV) hypertrophy and
left-ventricular (LV) atrophy, which progressively leads to heart failure.

•

We designed experiments under conditions mimicking those encountered by the
heart in vivo that allowed us to investigate whether consequent structural and
functional remodelling of the ventricles affects their respective energy efficiencies.

•

We found that peak work output was lower in RV trabeculae from PAH rats, due to
reduced extent and velocity of shortening. However, their suprabasal enthalpy was
unaffected due to increased activation heat, resulting in reduced suprabasal
efficiency. There was no effect of PAH on LV suprabasal efficiency.

•

We conclude that the mechanism underlying the reduced energy efficiency of
hypertrophied RV tissues is attributable to the increased energy cost of Ca2+ cycling,
whereas

atrophied

LV

tissues

still

performance.
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maintained

normal

mechanoenergetic

5.1

Abstract

Pulmonary arterial hypertension (PAH) greatly increases the afterload on the right ventricle
(RV), triggering RV hypertrophy, which progressively leads to RV failure. In contrast, the
disease reduces the passive filling pressure of the left ventricle (LV), resulting in LV atrophy.
We investigated whether these distinct structural and functional consequences to the
ventricles affect their respective energy efficiencies. We studied trabeculae isolated from
both ventricles of Wistar rats with monocrotaline-induced PAH and their respective Control
groups. Trabeculae were mounted in a calorimeter at 37 °C. While contracting at 5 Hz, they
were subjected to stress-length work-loops over a wide range of afterloads. They were
subsequently required to undergo a series of isometric contractions at various muscle
lengths. In both protocols, stress production, length change, and suprabasal heat output
were simultaneously measured. We found that RV trabeculae from PAH rats generated
higher activation heat, but developed normal active stress. Their peak external work output
was lower due to reduced extent and velocity of shortening. Despite lower peak work output,
suprabasal enthalpy was unaffected, thereby rendering suprabasal efficiency lower.
Crossbridge efficiency, however, was unaffected. In contrast, LV trabeculae from PAH rats
maintained normal mechanoenergetic performance. Pulmonary arterial hypertension
reduces the suprabasal energy efficiency of hypertrophied right-ventricular tissues, as a
consequence of the increased energy cost for Ca2+ cycling.
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5.2

Introduction

Pulmonary arterial hypertension (PAH) is an incapacitating disease.

If untreated, its

mortality rate of 40 % (Sitbon et al., 2002; Humbert et al., 2010) three years post-diagnosis
remains extreme. Death primarily results from right heart failure (van Wolferen et al., 2007;
Campo et al., 2010). This is because the increased pulmonary vascular resistance and
resulting elevated pulmonary artery pressure impose a high afterload on the right ventricle
(RV), inducing sustained pathological RV hypertrophy, which ultimately leads to RV failure
(Vonk-Noordegraaf et al., 2013). In addition to RV structural remodelling, PAH patients suffer
a constellation of RV systolic abnormalities: lower ejection fraction (Gan et al., 2006; Rain et
al., 2013), lower stroke volume (Marcus et al., 2001; Gan et al., 2006; Schafer et al., 2009),
and reduced peak systolic strain and strain rate (Li et al., 2013). A comprehensive study by
Wong et al. (2011) comparing two cohorts of PAH patients (NYHA Class II and Class III),
showed markedly reduced myocardial energy efficiency of the RV owing to increased
myocardial oxygen consumption.
A widely-studied rat model induces PAH by a single injection of monocrotaline (MCT). This
agent selectively damages the vascular endothelium of the lung, causing a series of RV
pathological changes that are consistent with those seen in PAH patients (Hardziyenka et
al., 2011; Hardziyenka et al., 2012). Using isolated RV papillary muscles obtained from such
a PAH rat model, Wong et al. (2010) showed increased oxygen consumption and hence
reduced efficiency – results that are in striking accord with those from their study of human
patients (Wong et al., 2011). The consistency of these findings between the animal and
patient studies clearly implicates disturbance of energy utilisation in the aetiology of PAH.
Nevertheless, the mechanism underlying RV energy disturbance in PAH remains unknown.
This uncertainty provides the primary aim of the present study. We hypothesise that the
observed energy disturbance in RV myocardium in PAH arises from a shift towards high
energy costs of both crossbridge cycling and Ca2+ cycling. Our hypothesis stems from
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various lines of evidence: (i) disruption of the transverse tubular network (Xie et al., 2012),
(ii) prolongation of the action potential (Lee et al., 1997; Piao et al., 2010; Hardziyenka et al.,
2012), (iii) prolongation of the Ca2+ transient (Lamberts et al., 2007; Miura et al., 2011;
Lookin et al., 2015), and (iv) decreased expression of the sarcoplasmic reticular ATPase
(Kogler et al., 2003; Hardziyenka et al., 2011; Hadri et al., 2013). Experimental testing of our
hypothesis is designed to provide an explanation for the reported decreased RV
mitochondrial energy-producing ability (Redout et al., 2007; Daicho et al., 2009; Wust et al.,
2016) and the resulting myocardial contractile dysfunction observed in PAH RV tissue
preparations (Korstjens et al., 2002; Miura et al., 2011; Lookin et al., 2015).
A secondary aim of our study was to investigate whether energy disturbance also presents
in the myocardium of the left ventricle (LV) as a consequence of PAH. Over the past decade,
the importance of ‘ventricular interdependence’ (Hsia & Haddad, 2012; Naeije &
Badagliacca, 2017) has been demonstrated in the PAH disease setting. This high degree of
ventricular interdependency means that, as the RV undergoes hypertrophy, the septum
constantly bows leftward. Thus LV diastolic filling is greatly reduced, subsequently leading to
LV atrophic remodelling (Vonk-Noordegraaf et al., 2005; Gan et al., 2006; Marcus et al.,
2008). A number of studies have reported several anomalies in the LV myocardium during
PAH. These include reduction of peak LV systolic pressure (Correia-Pinto et al., 2009),
prolongation of action potential (Hardziyenka et al., 2012), lower longitudinal conduction
velocity (Hardziyenka et al., 2012), and a shift of myosin heavy chain (MHC) profile from the
fast to the slow isoform (Lowes et al., 1997; Correia-Pinto et al., 2009). Nevertheless,
whether these contractile and ionic dysfunctions are associated with disturbed LV energy
utilisation is unknown. We hypothesise that PAH disturbs LV energy utilisation such that LV
efficiency is also reduced.
To test these two hypotheses, we have investigated energy efficiency using isolated
trabeculae from both ventricles of MCT-treated and Control rats. Different energy
expenditure sources (crossbridge and Ca2+ cycling-related metabolism) were partitioned
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using two protocols: isometric pre-shortened and afterloaded isotonic work-loops. We
measured heat as a proxy of oxygen consumption, and experiments were performed over a
wide range of afterloads. We chose isolated cardiac trabeculae because of the linear
arrangement of their cardiomyocytes along the longitudinal axis, unlike the multi-orientated
fiber directions of the whole-heart. Unlike papillary muscles, trabeculae are sufficiently thin to
obviate the risk of hypoxia during high metabolic demand (Han et al., 2011), which is an
important factor to consider since we challenge them at high afterloads to mimic the
hypertensive condition.
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5.3

Methods

5.3.1

Ethical Approval

Experiments were conducted in accordance with protocols approved by the University of
Auckland Animal Ethics Committee (R1403).

5.3.2

Animal model

Male Wistar rats (300-325 g) received either a single subcutaneous injection of
monocrotaline (MCT, Sigma Aldrich, 60 mg kg-1) as the PAH group (n = 26) or an equivalent
volume of saline as the Control group (n = 20). Treated animals had ad libitum access to
standard rat chow and water, and experienced a 12 hr light/dark environment. They were
weighed three times a week for the first 4 weeks, but daily thereafter for another 2 weeks.
The latter frequency was necessary as we observed that the MCT-treated rats began to
show several phenotypical signs of RV failure, including laboured respiration, lethargy,
ruffled fur and lack of inquisitiveness, but most importantly, they started to experience
consecutive days of body weight loss (>15%, a criterion for end-stage RV failure). A
previous study from our laboratory has reported that the PAH rats, commencing at Week 4
post-injection, show pronounced cardiac hemodynamic changes in vivo. These include
decreased heart rate, decreased mean arterial blood pressure and, most importantly, a
3-fold increase in RV systolic pressure (Han et al., 2018).

5.3.3

Muscle preparation

Not later than post-injection Week 6, each rat was deeply anaesthetised with isoflurane and
weighed before injecting with heparin (1000 IU kg-1). Following cervical dislocation, the heart
was rapidly excised and plunged into cold Tyrode solution and immediately Langendorffperfused with oxygenated Tyrode solution, which contained (in mmol L-1): 130 NaCl, 6 KCl,
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1 MgCl2, 0.5 NaH2PO4, 0.3 CaCl2, 10 HEPES, 10 glucose and 20 BDM with pH adjusted to
7.4 using Tris at room temperature.
Under a dissecting microscope, intact trabeculae were dissected from the endocardial
surfaces of both left and right ventricles. A suitable trabecula, in terms of its geometrical
uniformity and small diameter to enhance diffusive oxygen supply, was transferred to a workloop calorimeter (Taberner et al., 2015) and mounted between two platinum hooks
connected to a custom-built force transducer at the downstream end and a length motor at
the upstream end. In the calorimeter, the muscle was superfused with the same oxygenated
Tyrode solution as used during dissection, except at a higher concentration of CaCl2
(1.5 mmol L-1) and in the absence of BDM. The rate of flow of Tyrode superfusate over the
muscle in the measurement chamber was electronically maintained at 0.55 μL s-1 (Taberner
et al., 2017). This flow rate provides adequate oxygenation to the muscle (Han et al., 2011)
while maximising the thermal signal-to-noise ratio (Johnston et al., 2015).
Once mounted and superfused, the trabecula was electrically stimulated to contract at 3 Hz
(via platinum electrodes in the measurement chamber) for at least 1 hr before it was
gradually stretched to optimal length (Lo; the length that maximises developed force). The
length of the trabecula was measured at Lo in the calorimeter, as was its diameter in two
orthogonal views via a 45° mirror, using a microscope graticule. Since each studied
trabecula resembled an ellipse in cross-section (Goo et al., 2009), cross-sectional areas
were calculated from the two orthogonal measurements of major and minor diameters.
The force developed by the trabecula was determined by a laser interferometer system,
using a custom-made, low-compliance transducer, while its length was controlled using a
motor under software control. The rate of muscle suprabasal heat production was measured
and quantified from the difference in temperature between down-stream and up-stream
thermopile arrays and the flow-rate-dependent temperature sensitivity (Taberner et al.,
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2011). The entire calorimeter system was then optically-isolated and thermally-insulated in
an enclosure to ensure that the environmental temperature was maintained at 37 °C.

5.3.4

Experimental protocols

A period of about 1 hour was required to gradually increase the temperature of the
calorimeter to 37 °C, during which time muscle force and rate of suprabasal heat production
both reached steady-states. Experiments were performed with the trabecula contracting at
5 Hz to mimic the physiological heart rate of the rat. Each trabecula was first required to
contract isometrically, where its length was servo-maintained using the upstream length
motor. The trabecula was subsequently required to undergo force-length work-loop
contractions, preloaded at Lo, at six different afterloads. Each afterloaded work-loop reached
a steady state of force and heat output after 2-3 min. The muscle was returned to isometric
contractions between each bout of work-loops to allow comparison of the baselines of the
rates of suprabasal heat production at different afterloads. Isotonic work-loop contractions
approximate the pressure-volume loops of the heart, thereby allowing measurements of
stress-length work output, suprabasal enthalpy, and suprabasal efficiency, as well as both
the extent and velocity of contraction.
Upon completion of the work-loop protocol experiments, the trabecula was then required to
undergo a series of isometric contractions at different preloads, in which muscle length was
progressively reduced, in 5 steps, from Lo to Lmin (the length at which negligible macroscopic
active force was observed). Electrical stimulation was halted for 3 min between each length
step transition to provide baselines for zero force and zero active heat.
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5.3.5

Post-experiment quantifications

The heat artifact resulting from the small cyclic movement (up to about 0.3 mm) of the
upstream hook (required to change muscle length during work-loop contractions) was
quantified by oscillating the hook at a frequency of 5 Hz at the extent of muscle shortening
achieved at the lowest afterload while the muscle was quiescent. A second heat artefact,
resulting from electrical stimulation at 5 Hz, was quantified in the absence of a muscle. Net
muscle heat output was calculated by subtracting these two artefactual sources of heat,
which typically averaged at most 10 % of maximal active heat.

Upon completion of an experiment, the thickness of the ventricular free wall was measured
using a dissecting microscope graticule. Tibial length of the rat was measured, and the heart
(including the dissected trabeculae) and lungs dried in an oven at 60 °C for at least 24 hr
prior to weighing.

5.3.6

Definitions

Measurements of force, length, and rate of heat output were acquired using LabVIEW
software (National Instruments, Austin, USA) and analysed offline using a custom-written
MATLAB (MathWorks, Natick, MA, USA) program. Force was converted to stress (kPa) by
normalising to muscle cross-sectional area. Twitch duration was quantified at 5 % and 50 %
of peak active stress. Twitch heat (kJ m-3) was calculated by dividing the steady-state rate of
heat production by the stimulus frequency (5 Hz) and normalizing it to muscle volume.
Relative active stress is the ratio of active stress, at which the muscle transitioned from
isometric phase to isotonic shortening, to the peak isometric active stress at Lo. External
work output (kJ m-3) was calculated by integrating stress as function of relative muscle
length over the period of the twitch. Suprabasal enthalpy (kJ m-3) was calculated as the sum
of work and suprabasal heat. Suprabasal efficiency was defined as the ratio of work to
suprabasal enthalpy. Crossbridge efficiency was defined as the ratio of work to crossbridge
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enthalpy (following subtraction of the activation heat from the suprabasal enthalpy). Relative
extent of shortening (%) was given by the distance that the muscle shortened during the
isotonic phase at each afterloaded work-loop) normalised to Lo. Velocity of shortening (s-1)
was calculated as the maximal slope of the relative length-time trace during the isotonic
phase of work-loop. Heat-stress relations were fitted using linear regression for each muscle.
Activation heat was defined as the averaged heat-intercept of the heat-stress relations
arising from the isometric contractions. Peak ‘shortening heat’ was calculated as the
difference between the heat-intercepts from the work-loop (shortening) and isometric
(non-shortening) protocols.

5.3.7

Statistical Analyses

Measured variables were plotted as functions of either relative muscle length or stress
(afterload). Data were fitted using polynomial regression (up to third-order) and the
regression lines were averaged within groups using the ‘random coefficient model’ (a
‘Maximum Likelihood’ curve-fitting technique advocated by Feldman (1988)) within PROC
MIXED of the SAS software package (SAS Institute Inc., Cary, NC, USA). For clarification,
as illustrated in Figure 5.7A, there are 16 fitted regression lines (thin lines) representing 16
Control LV trabeculae; the resulting average line (thick line) is superimposed.
Suitable trabeculae could not always be found in both ventricles from the same heart. In
Control rats, 6 hearts each provided 1 LV and 1 RV trabeculae, 12 hearts each provided 1
trabecula from either ventricle, and 3 hearts each provided 2 RV trabeculae. In MCT-treated
rats, 9 hearts each provided 1 LV and 1 RV trabeculae, 3 hearts each provided 1 LV and 2
RV trabeculae, 12 each hearts provided 1 trabecula from either ventricle, and 2 hearts each
provided 2 RV trabeculae. In consequence, a nested design in which trabeculae were
nested within hearts was adopted.
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The significance of differences among regression lines, or peak mean values, of the four
groups was tested for the effect of PAH both between ventricles (LV versus RV) and within
ventricles (Control versus PAH) using a set of mutually orthogonal contrast vectors. For each
variable, peak values arising from each regression line were averaged (expressed as
means ± standard errors) and superimposed on the resulting plot. Statistical significance of
differences was declared when P < 0.05.
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5.4

Results

5.4.1

Morphological characteristics of the rats at sacrifice

PAH rats had lower body mass and tibial length than those of control rats (Table 5.1). Lung
dry mass and heart dry mass were significantly higher in PAH rats. The latter cohort
developed RV hypertrophy and LV atrophy, as evident by the relative change of ventricular
free wall thickness when normalised to heart mass. As shown in Table 5.2, the average
lengths, cross-sectional areas and volumes of the LV and RV trabeculae were not different
among groups.

Table 5.1 General characteristics of control and MCT-treated PAH rats

Parameter

Control (n = 20)

PAH (n = 26)

Body mass (g)

471.2 ± 6.0

395.5 ± 7.1

*

Tibial length (mm)

43.4 ± 0.04

40.0 ± 0.03

*

Lung dry mass (g)

0.27 ± 0.01

0.39 ± 0.03

*

Lung dry mass/Body mass (%)

0.057 ± 0.001

0.101 ± 0.008

*

Lung dry mass/Tibial length (g mm )

6.22 ± 0.15

9.15 ± 0.59

*

Heart dry mass (g)

0.29 ± 0.01

0.32 ± 0.01

*

Heart dry mass/Body mass (%)

0.061 ± 0.001

0.081 ± 0.002

*

Heart dry mass/Tibial length (g mm )

6.62 ± 0.15

7.45 ± 0.19

*

LV wall thickness (mm)

3.58 ± 0.07

3.39 ± 0.07

*

LV thickness/Heart dry mass (mm g )

12.59 ± 0.34

10.74 ± 0.30

*

RV wall thickness (mm)

1.52 ± 0.03

2.05 ± 0.06

*

5.36 ± 0.18

6.48 ± 0.21

*

-1

-1

-1

-1

RV thickness/Heart dry mass (mm g )
Value are means ± SE, *P < 0.05
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Table 5.2 Trabeculae dimensions of Control and MCT-treated PAH rats
LV trabeculae

RV trabeculae

Parameter

CON (n = 16)

PAH (n = 22)

CON (n = 14)

PAH (n = 21)

Length (mm)

3.44 ± 0.15

3.50 ± 0.12

3.38 ± 0.12

3.03 ± 0.15

0.070 ± 0.015

0.080 ± 0.009

0.072 ± 0.009

0.075 ± 0.007

0.24 ± 0.05

0.27 ± 0.03

0.25 ± 0.03

0.22 ± 0.02

2

Cross-sectional area (mm )
3

Volume (mm )

Values are means ± SE; n, number of trabeculae.

5.4.2

Isometric contractions

Reduction of muscle length resulted in decreases of both steady-state active stress
production and suprabasal heat output (Figure 5.1). The average relations of active stresslength and heat-length from either the LV (Figure 5.1 D & E) or the RV (Figure 5.1 G & H)
trabeculae were not different between PAH and control groups. As shown in Figure 5.2, RV
trabeculae from PAH animals showed prolonged twitch duration and lower maximal rates of
rise and fall of twitch stress, but no difference was detected in the area under the twitch-time
profile (stress-time integral, STI). In contrast, normal isometric twitch kinetics obtained in the
LV trabeculae.
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Figure 5.1

Results from the isometric pre-shortened protocol at 5 Hz. Typical experimental

records of twitch stress (A) and rate of heat production (B) of a representative trabecula at various
lengths (b-f) below its optimal length (a), where the insets depict single twitch, and where the dotted
line segments were drawn to indicate the heat-rate baseline. The first force twitch at each muscle
length depicts the rested-state contraction after the pause of stimulation, indicating the maximal
post-rest potentiation of stress. Passive stress, active stress and active heat at steady state as
functions of relative muscle length (L/Lo) for a single trabecula (C, F respectively) and for average
relations of LV (D, G) and RV trabeculae (E, H) from Control (thin lines) and PAH (thick lines) rats.
Data from panels C and F were obtained from an RV trabecula (length, 3.4 mm; cross-sectional area,
2

0.087 mm ). Mean ± SEM values at optimal length (Lo).
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Figure 5.2

Temporal and kinetic characteristics of steady-state isometric twitches. Twitch

duration at 5% (t5) and at 50% (t50) of peak stress, maximal rate of twitch stress development (+dS/dt,
labelled ‘rise’) and relaxation (-dS/dt, labelled ‘fall’), and stress-time integral (STI) as functions of
active stress for a single trabecula (A, D, G) and for average LV (B, E, H) and RV trabeculae (C, F, I)
from Control (thin lines) and PAH (thick lines) rats. Data were fitted using linear regressions in Panel
A-F and second-order polynomials in Panel G-I. The data in panel A, D, G were obtained from an RV
2

trabecula (length, 3.8 mm; cross-sectional area, 0.073 mm ). The star indicates P < 0.05 comparing
the regression lines of PAH and Control groups.
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Figure 5.3A shows steady-state twitch heat as a function of active stress arising from the two
distinct protocols: ‘work-loop’ and ‘pre-shortened isometric’ contractions. The slopes of both
heat-stress relations were lower for the PAH RV trabeculae (Figure 5.3D & E). The averaged
heat-intercept of the isometric heat-stress relation (an index of activation heat) of RV
trabeculae from PAH rats was significantly greater than that of their control group, whereas
no difference was detected in the LV trabeculae (Figure 5.3F). There was no difference in
the averaged peak shortening heat between either groups or ventricles (Figure 5.3G).

Figure 5.3

Twitch heat as functions of active stress for quantifying activation heat and

shortening heat. (A) Linear regression of heat-stress relations arising from work-loop (open circles,
broken lines) and isometric (filled circles, solid line) protocols for a representative trabecula and for
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the averages of LV trabeculae (B) and of RV trabeculae (C) from PAH (thick lines) and Control (thin
lines) groups. The averaged values of the slopes were estimated from the heat-stress relations arising
from both the isometric protocol (D) and the work-loop protocol (E). The averaged activation heat (Qa,
heat-intercepts of relations from the isometric protocol) was greater in the RV PAH group compared
with their respective Control group (F), as indicated by the star. Peak shortening heat (peak Qs) was
calculated as the difference between heat-intercepts from work-loop and isometric protocols (G).
Representative data (Panel A) were from an RV trabecula (length, 3.8 mm; cross-sectional area,
2

0.073 mm ).

5.4.3

Work-loop contractions

In Figure 5.5, work output, suprabasal enthalpy (work plus suprabasal heat) and suprabasal
efficiency, quantified from Figure 5.4, are plotted as functions of relative afterload. Peak work
output was significantly lower in RV trabeculae from PAH rats, despite there being no
difference in suprabasal enthalpy; hence, suprabasal efficiency was lower compared to that
of the Control group. However, when account was taken of the difference in activation heat
(Figure 5.3E), crossbridge efficiency of RV trabeculae was revealed to be not significantly
different between groups. In contrast, the LV trabeculae showed no difference in work, or in
either suprabasal or crossbridge efficiency between two groups. Both extent and velocity of
shortening as functions of relative active stress (Figure 5.6) were significantly lower in the
RV trabeculae from PAH rats compared with those of their respective control groups,
whereas no difference between groups was detected in the LV trabeculae for either relation.
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Figure 5.4

Typical experimental records arising from the work-loop protocol at 5 Hz. (A)

Twitch stress of a trabecula undergoing progressively decreasing afterloaded work-loop contractions
(b-g), bounded by return to isometric contractions at Lo (a). The first twitch illustrates the rested-state
contraction immediately following the commencement of electrical stimulation. (B) The corresponding
rates of heat output, where the dotted line is drawn to signify the heat-rate baseline. (C) Steady-state
twitch stress profiles at various afterloads. (D) The corresponding steady-state muscle length
trajectory during each of twitch in Panel C. (E) Parametric plots of the stress and length profiles
shown in C and D, resulting in stress-length work-loops. In all panels, data were obtained from an RV
2

trabecula (length, 3.4 mm; cross-sectional area, 0.087 mm ).
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Figure 5.5

Energetics of afterloaded work-loop contractions at steady state. Data were

fitted using second-order polynomials for enthalpy panels and third-order polynomials for the other
panels. The left-most panels (A, D and G) show data from a single representative trabecula (length,
2

3.4 mm; cross-sectional area, 0.087 mm ) whereas the middle panels (B, E and H) show averaged
relations from the LV trabeculae and the right-most panels (C, F and I) show averaged relations of the
RV trabeculae. The data (panels A, D, G) were obtained from a RV trabecula. The star indicates
P < 0.05 comparing the regression lines of PAH and Control groups.
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Figure 5.6

Shortening-related parameters arising from the work-loop protocol. Velocity of

shortening and extent of shortening as functions of relative active stress for a single representative
2

trabecula (A, D) of length 2.9 mm and cross-sectional area 0.035 mm , and for average relations of
LV (B, E) and of RV trabeculae (C, F) from Control and PAH groups. SEM values were superimposed
on the plots. The relations were lower for the RV PAH group compared with its Control group (as
indicated by the star).
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Figure 5.7

Variability of the data underlying Figure 5.5. Data were fitted using second-order

polynomials for enthalpy panels and third-order polynomials for the other panels. Each panel shows
individual data points, trabecula-specific regression lines (LV-CON (n=16), LV-PAH (n=22), RV-CON
(n=14), RV-PAH (n=21)), and the resulting averaged regression lines. Means ± SEMs of peak values
were subsequently superimposed.
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5.5

Discussion

5.5.1

Overview

We find that energy utilisation by trabeculae isolated from the hypertrophied RV in end-stage
right-ventricular failure induced by PAH is indeed disturbed. PAH RV trabeculae developed
the same active stress, but they have reduced extent and velocity of shortening. Thus their
production of peak external work was reduced. Since they released the same amount of
suprabasal enthalpy, their suprabasal efficiency was reduced. Whereas the component of
myocardial efficiency attributed to crossbridge shortening was maintained, the component
apportioned to the performance of stress-length work-loops was greatly reduced. Hence,
their reduced suprabasal efficiency was due to the increased energy cost of the
Ca2+-triggered activation process. Surprisingly, despite the LV having undergone a period of
atrophic remodelling, the ability of their trabeculae to utilise energy, and hence their energy
efficiency, was unaffected.

5.5.2

Energetics of the right-ventricular trabeculae in PAH

This is the first study to have examined the mechanoenergetic response of trabeculae in the
PAH setting. We distinguished the energy used for Ca2+ cycling and that consumed by
crossbridge cycling. Crossbridge cycling heat was further partitioned into shortening and
non-shortening (isometric) components (Pham et al., 2017a; Tran et al., 2017). Separation of
the energy demands of these two energy sinks clarifies the cellular mechanisms underlying
disturbed energy utilisation in hypertrophied RV myocardium. Studies of human patients,
and of the MCT-hypertensive rats, have provided ample evidence that the oxygen
consumption of the hypertrophied RV myocardium is higher. As work output is unchanged,
RV efficiency is thus lower in PAH (Wong et al., 2010; Wong et al., 2011). We extended
these findings by showing that the PAH RV trabeculae require greater thermal expenditure
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for the Ca2+-triggered activation of contractile events (Figure 5.3). This source of energy
cost, coined ‘activation heat’ or ‘Ca2+ cycling heat’, is indexed by the heat-intercept of the
isometric heat-stress relation (Hill, 1949; Gibbs et al., 1967; Loiselle & Gibbs, 1979; Pham et
al., 2017b). It comprises the thermal accompaniment of the hydrolysis of ATP by the
sarcoplasmic reticular Ca2+-ATPase (SERCA) and the sarcolemmal Na+-K+-ATPase, as well
as the Na+/Ca2+ exchanger (NCX) and the sarcolemmal Ca2+-ATPase (Schramm et al.,
1994). We have recently shown that activation heat is independent of muscle length and
hence muscle stress (Pham et al., 2017b). The latter does not differ between PAH and
Control trabeculae in either ventricle (Figure 5.1D & E). Nevertheless, PAH RV trabeculae
demonstrated greater thermal expenditure associated with Ca2+-triggered activation
(Figure 5.3F). Our results align with literature findings on studies of RV failure showing
impaired SR Ca2+ uptake (Endo et al., 2006) with higher diastolic [Ca2+]i and larger Ca2+
waves (Miura et al., 2011).
Suprabasal enthalpy consists of activation heat and crossbridge enthalpy. Our finding of
similar suprabasal enthalpy between RV groups (Figure 5.5F) cannot be directly compared
with that of Wong et al. because their measurements of oxygen consumption of the whole
hearts (Wong et al., 2011) as well as papillary muscles (Wong et al., 2010) necessarily
included a basal component. These somewhat disparate results could be reconciled if future
measurements were to show a higher rate of basal metabolism in the hypertrophic RV
myocardium, possibly as a result of a higher rate of protein turnover (Everett et al., 1977) in
response to hypertrophy.
The lower peak work output of the PAH RV trabeculae does not stem from their inability to
produce contractile stress, as they show the same development of isometric active stress as
the Control group (Figure 5.1). Despite developing the same active stress, they reveal an
increased passive stress-length relation, consistent with increased fibrosis in the RV
myocardium in PAH (Daicho et al., 2009; Handoko et al., 2009). The PAH RV trabeculae
also show prolonged twitch duration (Figure 5.2C), which has been attributed to prolongation
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of the action potential (Lee et al., 1997; Piao et al., 2010; Hardziyenka et al., 2012), downregulation of voltage gated K+ channels (Piao et al., 2010) and prolongation of the Ca2+
transient (Kuramochi et al., 1994; Xie et al., 2012; Lookin et al., 2015). We note that
comparable results of normal active stress production have been reported in isolated RV
trabeculae (Kogler et al., 2003) and papillary muscles (Wong et al., 2010) from the same
animal model under similar experimental conditions. However, previous studies have
reported lower active stress in RV trabeculae from PAH tissues (Korstjens et al., 2002; Miura
et al., 2011; Lookin et al., 2015), and higher active stress in isolated permeabilised
cardiomyocytes of RV tissue from PAH patients (Rain et al., 2013). Whether such
discrepancies can be attributed to differences of protocol or of experimental or
environmental conditions awaits further exploration.
The failure of the PAH RV trabeculae to develop stress-length work as great as that of the
Control group can be attributed to their inability to shorten to the same extent. Their lower
extent of shortening arises from their reduced speed of shortening (Figure 5.6), consistent
with the reported shift in the myosin heavy chain isoform from predominantly V1 to V3 in the
PAH model (Korstjens et al., 2002; Kogler et al., 2003; Hardziyenka et al., 2011). Our
findings of reduced extent and velocity of shortening are likewise consistent with data from
PAH patients, obtained using echocardiography, showing reduced peak RV wall systolic
strain and strain rate (Li et al., 2013). Thus, the above comprehensive results extend
previous observations by Wong et al. (2010), and imply that reduced work output, and
increased thermal costs of the Ca2+-triggered activation of contractile events are the main
mechanisms underlying the reduction of suprabasal efficiency in PAH RV tissue.
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5.5.3

Energetics of the left-ventricular trabeculae in PAH

Our study has extended the investigation of the consequences of PAH-induced RV
hypertrophy to include the atrophied LV myocardium. The LV myocardium in PAH, like the
RV, also demonstrates a shift of MHC profile from the fast to the slow isoforms (Lowes et al.,
1997; Correia-Pinto et al., 2009). Despite these reported MHC shifts, we find that the PAH
LV trabeculae maintain both their extents and velocities of shortening. These results are
consistent with those seen in human patients where the maximal velocities of contractile
element shortening and circumferential fiber shortening are unaffected by chronic PAH
(Krayenbuehl et al., 1978).

We also find that PAH LV trabeculae are capable of developing normal stress (Figure 5.1), a
result which is in agreement with that reported by Kogler et al. (2003). Their normal stress as
a function of muscle length is associated with normal twitch kinetics (Figure 5.2). Hence,
their work output is normal, and concomitantly, their heat output is also normal. Hence, both
their suprabasal and crossbridge efficiencies remain normal (Figure 5.5).

Our null results of mechanoenergetics changes in PAH LV trabeculae are somewhat
unexpected. Our MCT-treated rats clearly suffered LV atrophy, as confirmed by a decrease
in their normalised LV wall thickness (Table 5.1). Furthermore, in the same rat model (Kogler
et al., 2003; Umar et al., 2012), as well as in patients (Hardziyenka et al., 2011; Hardziyenka
et al., 2012), LV atrophic remodelling is manifested as impaired diastolic filling due to
leftward interventricular septal bowing during diastole (Gan et al., 2006). Electrophysiological
alteration has also been shown to occur in the atrophic LV of both PAH patients and rats
(Hardziyenka et al., 2012). Despite these well-documented in changes in both animal
models and human patients, we saw negligible effects of PAH on LV mechanoenergetics.
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5.5.4

Summary

The null effect of PAH on crossbridge efficiency underscores our contention that the
reduction of suprabasal efficiency in RV trabeculae arises largely from increased energy
costs of Ca2+ cycling. The mechanoenergetics of the LV myocardium remain preserved in
PAH rats.
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Chapter 6:
6.1

Conclusions and Future Work

Conclusions

This PhD research was largely motivated by the need to understand the mechanisms behind
right heart failure and their impact on the left heart. Primary focus was placed on the
characterisation of the mechanoenergetic performance, specifically on myocardial efficiency,
defined as a ratio of mechanical work output and energy expenditure. Before study of the
hypertrophic/diseased RV, and the possible consequences for the LV, could be undertaken,
it was deemed necessary to ensure that mechanoenergetic performance from both
ventricles was well-characterised.
To that end, experiments were initially performed using trabeculae isolated from both
ventricles of healthy rat hearts. Suprabasal cardiac energy expenditure was partitioned into
its various components: stress-independent (activation) heat (Chapter 3), stress-dependent
(crossbridge) heat, and work output. Using two contraction protocols (isometric and
work-loop), crossbridge heat was further partitioned into its two components: isometric and
shortening heat (Chapter 4). These parameters, including stimulus frequency-dependent
stress production (Chapter 2) and afterload-dependent suprabasal efficiency (Chapter 4),
are found to be ventricle-independent. Nevertheless, both extent and velocity of shortening
are greater in the right-ventricular trabeculae.
It was only when these preliminary studies had been completed that attention was turned to
the primary focus of this thesis. Experiments were performed to compare mechanoenergetic
states between healthy and a disease rat model (Chapter 5). The rats were induced with
right-ventricular failure secondary to pulmonary arterial hypertension by a widely-used
pharmacological drug (monocrotaline, MCT). In this disease, the right ventricle develops
hypertrophy which progressively leads to its failure. Its energetic failure is manifested as
increased activation heat and decreased work output of its RV trabeculae (Figure 6.1). The
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former effect is attributed to increased cost of Ca2+ cycling. The latter effect is due to
reduced extent and velocity of shortening, but not active stress production. These energetic
alternations are the main determinants of reduced myocardial energy efficiency. In contrast,
despite the atrophy seen in the left ventricle, its trabeculae are energetically robust.
These results reveal two novel insights into the cellular mechanisms (i.e., altered
Ca2+-cycling thermodynamics and reduced crossbridge shortening) underlying disturbed
energy utilisation in hypertrophied, failing, RV myocardium observed in clinical studies of
pulmonary hypertensive patients (Wong et al., 2011). The study not only provides detailed
knowledge of energy fluxes in LV and RV myocardia in right ventricular failure, it also
suggests an essential step toward specification of potential targets for treatment, aimed at
reducing the energy cost of the activation process.

Figure 6.1

Schematic representation of suprabasal energy expenditure components in

right-ventricular trabeculae from healthy (left panel) and right-ventricular failing hearts (right panel),
highlighting decreased work and increased activation heat (QA), but not crossbridge heat (QXB) in
diseased case.
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6.2

Future work

6.2.1

Mitochondrial energetics in right-ventricular failure

Cardiac contraction relies highly on ATP generation from mitochondrial oxidative
phosphorylation processes. Disturbances in these processes can progressively lead to
contractile dysfunction and subsequently heart failure. Previous studies have shown
decreased rate of mitochondrial O2 respiration (Daicho et al., 2009) and increased
Complex II-associated reactive oxygen species (ROS) production (Redout et al., 2007) in RV
tissue from MCT-induced pulmonary hypertensive rat hearts. While these processes are
described, setting a framework for how mitochondrial efficiencies produce and shuttle ATP in
hypertrophic hearts is required. Our results show reduced suprabasal efficiency in RV
trabeculae from PAH rats (Chapter 5). We question whether impaired mitochondrial and
energy distribution networks account for cardiac inefficiencies.
To answer this question, the real-time measurements of mitochondrial energetics (i.e.
respirational O2 flux) simultaneously with ATP synthesis and ROS production by coupling
purpose-built fluorometers to high-resolution respirometers will be employed (Pham et al.,
2014; Power et al., 2016). With availability of the advanced equipment and protocols, this
future research can be achieved and provide insights into to how right-ventricular failure
progresses.

6.2.2

Sex-difference of cardiac energetics in right-ventricular failure

Females are more prone to development of pulmonary arterial hypertension (PAH), but they
have better prognosis and higher survival rate than males (Dempsie & MacLean, 2013;
Lahm et al., 2014). It remains unclear how sex-differences affect the progression of PAH and
survival rate after initiating PAH medical therapies. A recent study shows that the RV of male
patients fails to adapt to the elevated afterload as efficiently as do those of female patients
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(Swift et al., 2015). Furthermore, it is consistent that survival rate of female PAH rats is
greater than that of male (Rafikova et al., 2015). Nevertheless, our finding show reduced
suprabasal efficiency in RV trabeculae from PAH male rats (Figure 5.5F). To date, there has
been no study that has directly investigated sex-differences in the energetic efficiency in
PAH. It would be interesting for future study to investigate whether a greater extent of
reduction in cardiac efficiency in males might provide an explanation for their underlying
poorer survival rate.

6.2.3

Cardiac basal heat production

During contraction, cardiac energy expenditure can be partitioned into basal and suprabasal
components (Figure 1.3). This PhD research has focussed exclusively on the suprabasal
components (activation heat, isometric crossbridge heat, shortening crossbridge heat, and
external work output). Yet, the magnitude of the basal metabolism component remains
unquantified. Basal heat is presumed to arise from multiple sources such as protein
degradation, protein synthesis, maintenance of transsarcolemmal and sarcoplasmic reticular
ion gradients by the Na+-K+ ATPase and Ca2+ ATPase, respectively, and the mitochondrial
membrane potential against the leakage of protons (Gibbs & Loiselle, 2001; Gibbs, 2003).
When using the calorimetric technique, basal metabolic rate, measured as heat production
of quiescent cardiac trabeculae, could be determined, in principle, by moving the muscle
downstream away from the heat sensors while the electric stimulator is off. However, the
accuracy of basal heat measurement using the displacement technique is uncertain, due to
the variation of power sensitivity with changing heat source length and position, and the heat
artefact associated with movement per se. The use of pharmacological agents is of dubious
value for the simple reason that the thermal sources remain unidentified. Hence, the basal
component of cardiac metabolism is the only remaining component to be fully explored but
its measurement is challenging. Future assessment might be achievable by repeatable
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investigation of the thermal power sensitivity on changing the position of a thin-wire resistor
to quantify the heat artefact, thereby mimicking the thermal behaviour of a trabecula.

117

118

References
Allard MF, Schonekess BO, Henning SL, English DR & Lopaschuk GD. (1994). Contribution of
oxidative metabolism and glycolysis to ATP production in hypertrophied hearts. Am J Physiol
267, H742−H750.
Allen DG & Kurihara S. (1982). The effects of muscle length on intracellular calcium transients in
mammalian cardiac muscle. J Physiol 327, 79-94.
Allen TJ & Chapman RA. (1995). The effect of a chemical phosphatase on single calcium channels
and the inactivation of whole-cell calcium current from isolated guinea-pig ventricular
myocytes. Pflugers Arch 430, 68-80.
Allingham JS, Smith R & Rayment I. (2005). The structural basis of blebbistatin inhibition and
specificity for myosin II. Nat Struct Mol Biol 12, 378–379.
Alpert NR, Blanchard EM & Mulieri LA. (1989). Tension-independent heat in rabbit papillary muscle. J
Physiol 414, 433-453.
Anversa P & Kajstura J. (1998). Ventricular myocytes are not terminally differentiated in the adult
mammalian heart. Circ Res 83, 1-14.
Anversa P, Levicky V, Beghi C, McDonald SL & Kikkawa Y. (1983). Morphometry of exercise-induced
right ventricular hypertrophy in the rat. Circ Res 52, 57-64.
Bal MP, de Vries WB, van der Leij FR, van Oosterhout MF, Baan J, van der Wall EE, van Bel F &
Steendijk P. (2005). Left ventricular pressure-volume relationships during normal growth and
development in the adult rat--studies in 8- and 50-week-old male Wistar rats. Acta Physiol
Scand 185, 181-191.
Banijamali HS, Gao WD, MacIntosh BR & ter Keurs HE. (1991). Force-interval relations of twitches
and cold contractures in rat cardiac trabeculae. Effect of ryanodine. Circ Res 69, 937-948.
2+

Barclay CJ. (2012). Quantifying Ca release and inactivation of Ca
muscles. J Physiol 590, 6199-6212.

2+

release in fast- and slow-twitch

Barclay CJ & Widen C. (2010). Efficiency of cross-bridges and mitochondria in mouse cardiac muscle.
Adv Exp Med Biol 682, 267-278.
Barclay CJ, Widen C & Mellors LJ. (2003). Initial mechanical efficiency of isolated cardiac muscle. J
Exp Biol 206, 2725-2732.
Baxi J, Barclay CJ & Gibbs CL. (2000). Energetics of rat papillary muscle during contractions with
sinusoidal length changes. Am J Physiol Heart Circ Physiol 278, H1545-1554.
Berenji K, Drazner MH, Rothermel BA & Hill JA. (2005). Does load-induced ventricular hypertrophy
progress to systolic heart failure? . Am J Physiol Heart Circ Physiol 289, H8-16.
Bers DM. (1985). Ca influx and sarcoplasmic reticulum Ca release in cardiac muscle activation during
postrest recovery. Am J Physiol 248, H366-381.
Bers DM. (2000). Calcium Fluxes Involved in Control of Cardiac Myocyte Contraction. Circ Res 87,
275-281.

119

Bers DM. (2001). Excitation-Contraction Coupling and Cardiac Contractile Force. Kluwer Academic
Press, Dordrecht, Netherlands.
Bers DM. (2006). Altered cardiac myocyte Ca regulation in heart failure. Physiology (Bethesda) 21,
380-387.
Boerth RC, Covell JW, Pool PE & Ross J, Jr. (1969). Increased myocardial oxygen consumption and
contractile state associated with increased heart rate in dogs. Circ Res 24, 725-734.
Boron W & Boulpaep E. (2009). Medical Physiology: a Cellular and Molecular Approach. 2
529-553. Saunders Elsevier, Philadelphia.

nd

edn, pp.

Bouchard RA & Bose D. (1989). Analysis of the interval force relationship in rat and canine ventricular
myocardium. Am J Physiol 257, H2036-H2047.
Brady AJ. (1968). Active state in cardiac muscle. Physiol Rev 48, 570-600.
Braunwald E, Fishman AP & Cournand A. (1956). Time relationship of dynamic events in the cardiac
chambers, pulmonary artery and aorta in man. Circ Res 4, 100-107.
Brooks WW, Bing OH, Blaustein AS & Allen PD. (1987). Comparison of contractile state and myosin
isozymes of rat right and left ventricular myocardium. J Mol Cell Cardiol 19, 433-440.
Burkhoff D, Kronenberg MW, Yue DT, Maughan WL, Hunter WC & Sagawa K. (1987). Quantitative
comparison of canine right and left ventricular isovolumic pressure waves. Am J Physiol Heart
Circ Physiol 253, H475-H479.
Campo A, Mathai SC, Le Pavec J, Zaiman AL, Hummers LK, Boyce D, Housten T, Champion HC,
Lechtzin N, Wigley FM, Girgis RE & Hassoun PM. (2010). Hemodynamic predictors of
survival in scleroderma-related pulmonary arterial hypertension. Am J Respir Crit Care Med
182, 252-260.
Capasso JM, Palackal T, Olivetti G & Anversa P. (1990). Left ventricular failure induced by long-term
hypertension in rats. Circ Res 66, 1400-1412.
Chapman JB & Gibbs CL. (1972). An energetic model of muscle contraction. Biophys J 12, 227-236.
Chapman JB, Gibbs CL & Loiselle DS. (1977). Simultaneous heat and fluorescence changes in
cardiac muscle at high rates of energy expenditure: effects of caffeine and isoprenaline. J Mol
Cell Cardiol 9, 715-732.
Correia-Pinto J, Henriques-Coelho T, Roncon-Albuquerque R, Jr., Lourenco AP, Melo-Rocha G,
Vasques-Novoa F, Gillebert TC & Leite-Moreira AF. (2009). Time course and mechanisms of
left ventricular systolic and diastolic dysfunction in monocrotaline-induced pulmonary
hypertension. Basic Res Cardiol 104, 535-545.
Dai DF, Hsieh EJ, Liu Y, Chen T, Beyer RP, Chin MT, MacCoss MJ & Rabinovitch PS. (2012).
Mitochondrial proteome remodelling in pressure overload-induced heart failure: the role of
mitochondrial oxidative stress. Cardiovasc Res 93, 79-88.
Daicho T, Yagi T, Abe Y, Ohara M, Marunouchi T, Takeo S & Tanonaka K. (2009). Possible
involvement of mitochondrial energy-producing ability in the development of right ventricular
failure in monocrotaline-induced pulmonary hypertensive rats. J Pharmacol Sci 111, 33-43.
Daut J & Elzinga G. (1988). Heat production of quiescent ventricular trabeculae isolated from guineapig heart. J Physiol 398, 259–275.

120

Dávila-Román VG, Vedala G, Herrero P, de las Fuentes L, Rogers JG, Kelly DP & Gropler RJ. (2002).
Altered myocardial fatty acid and glucose metabolism in idiopathic dilated cardiomyopathy. J
Am Coll Cardiol 40, 271-277.
Dempsie Y & MacLean MR. (2013). The influence of gender on the development of pulmonary arterial
hypertension. Exp Physiol 98, 1257-1261.
Doenst T, Pytel G, Schrepper A, Amorim P, Färber G, Shingu Y, Mohr FW & Schwarzer M. (2010).
Decreased rates of substrate oxidation ex vivo predict the onset of heart failure and
contractile dysfunction in rats with pressure overload. Cardiovasc Res 86, 461-470.
Dou Y, Arlock P & Arner A. (2007). Blebbistatin specifically inhibits actin-myosin interaction in mouse
cardiac muscle. Am J Physiol Cell Physiol 293, C1148-1153.
Endo H, Miura M, Hirose M, Takahashi J, Nakano M, Wakayama Y, Sugai Y, Kagaya Y, Watanabe J,
Shirato K & Shimokawa H. (2006). Reduced inotropic effect of nifekalant in failing hearts in
rats. J Pharmacol Exp Ther 318, 1102-1107.
Evans CL & Matsuoka Y. (1915). The effect of various mechanical conditions on the gaseous
metabolism and efficiency of the mammalian heart. J Physiol 49, 378-405.
Everett AW, Taylor RR & Sparrow MP. (1977). Protein synthesis during right-ventricular hypertrophy
after pulmonary-artery stenosis in the dog. Biochem J 166, 315-321.
Fagard RH. (1997). Impact of different sports and training on cardiac structure and function. Cardiol
Clin 15, 397-412.
Farman GP, Tachampa K, Mateja R, Cazorla O, Lacampagne A & de Tombe PP. (2008). Blebbistatin:
use as inhibitor of muscle contraction Pflugers Arch - Eur J Physiol 455, 995–1005.
Fedorov VV, Lozinsky IT, Sosunov EA, Anyukhovsky EP, Rosen MR, Balke CW & Efimov IR. (2007).
Application of blebbistatin as an excitation-contraction uncoupler for electrophysiologic study
of rat and rabbit hearts. Heart Rhythm 4, 619-626.
Feldman HA. (1988). Families of lines: random effects in linear regression analysis. J Appl Physiol 64,
1721-1732.
Fenn WO. (1923). A quantitative comparison between the energy liberated and the work performed
by the isolated sartorius muscle of the frog. J Physiol 58, 175-203.
Fischer E. (1926). The heat liberated by the beating heart. Proceedings of the Royal Society of
London Series B, Containing Papers of a Biological Character 99, 326-339.
Fisher VJ & Kavaler F. (1971). Maximal force development by hypertrophied right ventricular papillary
muscles remaining in situ, ed. by Alpert NR, pp. 371-385. New York: Academic.
Foo RSY, Mani K & Kitsis RN. (2005). Death begets failure in the heart. J Clin Invest 115, 565-571.
Forester GV & Mainwood GW. (1974). Interval dependent inotropic effects in the rat myocardium and
the effect of calcium. Pflugers Arch 352, 189-196.
Frenzei H & Faimann J. (1984). Age-dependent structural changes in the myocardium of rats. A
quantitative light- and electron-microscopic study on the right and left chamber wall. Mech
Ageing Dev 27, 29-41.
Frey N & Olson EN. (2003). Cardiac hypertrophy: The good, the bad, and the ugly. Annu Rev Physiol
65, 45-79.

121

Gan CT, Lankhaar JW, Marcus JT, Westerhof N, Marques KM, Bronzwaer JG, Boonstra A, Postmus
PE & Vonk-Noordegraaf A. (2006). Impaired left ventricular filling due to right-to-left
ventricular interaction in patients with pulmonary arterial hypertension. Am J Physiol Heart
Circ Physiol 290, H1528-1533.
Ganau A, Devereux RB, Roman MJ, de Simone G, Pickering TG, Saba PS, Vargiu P, Simongini I &
Laragh JH. (1992). Patterns of left ventricular hypertrophy and geometric remodeling in
essential hypertension. J Am Coll Cardiol 19, 1550-1558.
Garrett AS, Pham T, Loiselle DS, June-Chiew H & Taberner AJ. (2017). Real-time model-based
control of afterload for in vitro cardiac tissue experimentation. Conf Proc IEEE Eng Med Biol
Soc 2017, 1287-1290.
Gertz EW, Wisneski JA, Stanley WC & Neese RA. (1988). Myocardial substrate utilization during
exercise in humans. Dual carbon-labeled carbohydrate isotope experiments. J Clin Invest 82,
2017-2025.
Gibbs CL. (1978). Cardiac energetics. Physiol Rev 58, 174-254.
Gibbs CL. (2003). Cardiac energetics: sense and nonsense. Clin Exp Pharmacol Physiol 30, 598-603.
Gibbs CL & Loiselle DS. (2001). Cardiac Basal Metabolism. J Physiol 51, 399-426.
Gibbs CL, Loiselle DS & Wendt IR. (1988). Activation heat in rabbit cardiac muscle. J Physiol 395,
115-130.
Gibbs CL, Mommaerts M & Ricchiuti NV. (1967). Energetics of cardiac contractions. J Physiol 191,
25-46.
Gibbs CL & Vaughan P. (1968). The effect of calcium depletion upon the tension-independent
component of cardiac heat production. J Gen Physiol 52, 532-549.
Glower DD, Spratt JA, Snow ND, Kabas JS, Davis JW, Olsen CO, Tyson GS, Sabiston DC, Jr. &
Rankin JS. (1985). Linearity of the Frank-Starling relationship in the intact heart: the concept
of preload recruitable stroke work. Circulation 71, 994-1009.
Gnaiger E, Steinlechner-Maran R, Méndez G, Eberl T & Margreiter R. (1995). Control of mitochondrial
and cellular respiration by oxygen. J Bioenerg Biomembr 27, 583-596.
Goo S, Han JC, Nisbet LA, LeGrice IJ, Taberner AJ & Loiselle DS. (2014a). Dietary pre-exposure of
rats to fish oil does not enhance myocardial efficiency of isolated working hearts or their left
ventricular trabeculae. J Physiol 592, 1795-1808.
Goo S, Han JC, Nisbet LA, Legrice IJ, Taberner AJ & Loiselle DS. (2014b). Dietary supplementation
with either saturated or unsaturated fatty acids does not affect the mechanoenergetics of the
isolated rat heart. Physiol Rep 2, e00272.
Goo S, Joshi P, Sands G, Gerneke D, Taberner A, Dollie Q, LeGrice I & Loiselle D. (2009).
Trabeculae carneae as models of the ventricular walls: implications for the delivery of oxygen.
J Gen Physiol 134, 339-350.
Goo S, Pham T, Han JC, Nielsen P, Taberner A, Hickey A & Loiselle D. (2013). Multiscale
measurement of cardiac energetics. Clin Exp Pharmacol Physiol 40, 671-681.
Gordon AM, Huxley AF & Julian FJ. (1966). The variation in isometric tension with sarcomere length
in vertebrate muscle fibres. J Physiol 184, 170-192.

122

Greaves K, Puranik R, O’Leary JJ & Celermajer DS. (2004). Myocardial tissue velocities in the normal
left and right ventricle: relationships and predictors. Heart Lung Circ 13, 367-373.
Grundy D. (2015). Principles and standards for reporting animal experiments in The Journal of
Physiology and Experimental Physiology. J Physiol 593, 2547-2549.
Gruver EJ, Morgan JP, Stambler BS & Gwathmey JK. (1994). Uniformity of calcium channel number
and isometric contraction in human right and left ventricular myocardium. Basic Res Cardiol
89, 139-148.
Gutgesell HP, Pinsky WW, Duff DF, Adams J & McNamara DG. (1979). Left and right ventricular
systolic time intervals in the newborn. Usefulness and limitation in distinguishing respiratory
disease from transposition of the great arteries. Br Heart J 42, 27-34.
Gwathmey JK, Hajjar RJ & Solaro RJ. (1991). Contractile deactivation and uncoupling of
crossbridges. Effects of 2,3-butanedione monoxime on mammalian myocardium. Circ Res 69,
1280–1292.
Hadri L, Kratlian RG, Benard L, Maron BA, Dorfmuller P, Ladage D, Guignabert C, Ishikawa K,
Aguero J, Ibanez B, Turnbull IC, Kohlbrenner E, Liang L, Zsebo K, Humbert M, Hulot JS,
Kawase Y, Hajjar RJ & Leopold JA. (2013). Therapeutic efficacy of AAV1.SERCA2a in
monocrotaline-induced pulmonary arterial hypertension. Circulation 128, 512-523.
Hagberg JM, Goldberg AP, Lakatta L, O'Connor FC, Becker LC, Lakatta EG & Fleg JL. (1998).
Expanded blood volumes contribute to the increased cardiovascular performance of
endurance-trained older men. J Appl Physiol (1985) 85, 484-489.
Han JC, Barrett CJ, Taberner AJ & Loiselle DS. (2015). Does reduced myocardial efficiency in
systemic hypertensive-hypertrophy correlate with increased left-ventricular wall thickness?
Hypertens Res 38, 530-538.
Han JC, Goo S, Barrett CJ, Mellor KM, Taberner AJ & Loiselle DS. (2014a). The afterload-dependent
peak efficiency of the isolated working rat heart is unaffected by streptozotocin-induced
diabetes. Cardiovasc Diabetol 13, 4.
Han JC, Guild SJ, Pham T, Nisbet L, Tran K, Taberner AJ & Loiselle DS. (2018). Left-Ventricular
Energetics in Pulmonary Arterial Hypertension-Induced Right-Ventricular Hypertrophic
Failure. Front Physiol 8.
Han JC, Taberner A, Kirton RS, Nielsen P, Archer R, Kim N & Loiselle D. (2011). Radius-dependent
decline of performance in isolated cardiac muscle does not reflect inadequacy of diffusive
oxygen supply. Am J Physiol Heart Circ Physiol 300, H1222–H1236.
Han JC, Taberner AJ, Nielsen PM, Kirton RS, Ward ML & Loiselle DS. (2010). Energetics of stress
production in isolated cardiac trabeculae from the rat. Am J Physiol Heart Circ Physiol 299,
H1382-1394.
Han JC, Taberner AJ, Nielsen PM & Loiselle DS. (2013). Interventricular comparison of the energetics
of contraction of trabeculae carneae isolated from the rat heart. J Physiol 591, 701-717.
Han JC, Tran K, Nielsen PM, Taberner AJ & Loiselle DS. (2014b). Streptozotocin-induced diabetes
prolongs twitch duration without affecting the energetics of isolated ventricular trabeculae.
Cardiovasc Diabetol 13, 79.
Handoko ML, de Man FS, Happe CM, Schalij I, Musters RJ, Westerhof N, Postmus PE, Paulus WJ,
van der Laarse WJ & Vonk-Noordegraaf A. (2009). Opposite effects of training in rats with
stable and progressive pulmonary hypertension. Circulation 120, 42-49.

123

Harding SE, O'Gara P, Jones SM, Brown LA, Vescovo G & Poole-Wilson PA. (1990). Species
dependence of contraction velocity in single isolated cardiac myocytes. Cardioscience 1, 4953.
Hardziyenka M, Campian ME, Reesink HJ, Surie S, Bouma BJ, Groenink M, Klemens CA, Beekman
L, Remme CA, Bresser P & Tan HL. (2011). Right ventricular failure following chronic
pressure overload is associated with reduction in left ventricular mass: evidence for atrophic
remodeling. J Am Coll Cardiol 57, 921-928.
Hardziyenka M, Campian ME, Verkerk AO, Surie S, van Ginneken ACG, Hakim S, Linnenbank AC,
de Bruin-Bon HACMR, Beekman L, van der Plas MN, Remme CA, van Veen TAB, Bresser P,
de Bakker JMT & Tan HL. (2012). Electrophysiologic remodeling of the left ventricle in
pressure overload-induced right ventricular failure. J Am Coll Cardiol 59, 2193-2202.
Headley JM & Von Rueden KT. (1991). The right ventricle: significant anatomy, physiology, and
interventricular considerations. J Cardiovasc Nurs 6, 1–11.
Hein S, Arnon E, Kostin S, Schonburg M, Elsasser A, Polyakova V, Bauer EP, Klovekorn WP &
Schaper J. (2003). Progression from compensated hypertrophy to failure in the pressureoverloaded human heart: structural deterioration and compensatory mechanisms. Circulation
107, 984-991.
Helmes M, Najafi A, Palmer BM, Breel E, Rijnveld N, Iannuzzi D & van der Velden J. (2016).
Mimicking the cardiac cycle in intact cardiomyocytes using diastolic and systolic force clamps;
measuring power output. Cardiovasc Res 111, 66-73.
Hill AV. (1938). The heat of shortening and the dynamic constants of muscle. Proc Roy Soc Biol 126,
136–195.
Hill AV. (1949). The heat of activation and the heat of shortening in a muscle twitch. Proc R Soc Lond
B Biol Sci 136, 195–211.
Hill AV. (1950a). The development of the active state of muscle during the latent period. Proc R Soc
Lond B Biol Sci 137, 320-329.
Hill AV. (1950b). A note on the heat of activation in a muscle twitch. Proc R Soc Lond B Biol Sci 137,
330-331.
Hiranandani N, Varian KD, Monasky MM & Janssen PM. (2006). Frequency-dependent contractile
response of isolated cardiac trabeculae under hypo-, normo-, and hyperthermic conditions. J
Appl Physiol 100, 1727-1732.
Hirschfeld S, Meyer R, Schwartz DC, Korfhagen J & Kaplan S. (1975). Measurement of right and left
ventricular systolic time intervals by echocardiography. Circulation 51, 304-309.
Hisano R & Cooper Gt. (1987). Correlation of force-length area with oxygen consumption in ferret
papillary muscle. Circ Res 61, 318-328.
Hoffman BF & Kelly JJ, Jr. (1959). Effects of rate and rhythm on contraction of rat papillary muscle.
Am J Physiol 197, 1199-1204.
Holroyd SM & Gibbs CL. (1992). Is there a shortening-heat component in mammalian cardiac muscle
contraction? Am J Physiol 262, H200-208.
Homsher E, Mommaerts WF, Ricchiuti NV & Wallner A. (1972). Activation heat, activation metabolism
and tension-related heat in frog semitendinosus muscles. J Physiol 220, 601-625.

124

Hsia HH & Haddad F. (2012). Pulmonary hypertension: a stage for ventricular interdependence? J
Am Coll Cardiol 59, 2203-2205.
Humbert M, Sitbon O, Chaouat A, Bertocchi M, Habib G, Gressin V, Yaïci A, Weitzenblum E, Cordier
J-F, Chabot F, Dromer C, Pison C, Reynaud-Gaubert M, Haloun A, Laurent M, Hachulla E,
Cottin V, Degano B, Jaïs X, Montani D, Souza R & Simonneau G. (2010). Survival in patients
with idiopathic, familial, and anorexigen-associated pulmonary arterial hypertension in the
modern management era. Circulation 122, 156-163.
Ihsan M, Markworth JF, Watson G, Choo HC, Govus A, Pham T, Hickey A, Cameron-Smith D &
Abbiss CR. (2015). Regular Post-Exercise Cooling Enhances Mitochondrial Biogenesis
through AMPK and p38 MAPK in Human Skeletal Muscle. Am J Physiol 309, R286-R294
Iribe G, Helmes M & Kohl P. (2007). Force-length relations in isolated intact cardiomyocytes
subjected to dynamic changes in mechanical load. Am J Physiol Heart Circ Physiol 292,
H1487-1497.
James MA, Saadeh AM & Jones VJ. (2000). Wall Stress and Hypertension. J Cardiovasc Risk 7, 187190.
Janssen PML, Stull LB, Leppo MK, Altschuld RA & Marban E. (2003). Selective contractile
dysfunction of left, not right, ventricular myocardium in the SHHF rat. Am J Physiol Heart Circ
Physiol 284, H772-H778.
Janssen PML, Stull LB & Marban E. (2002). Myofilament properties comprise the rate-limiting step for
cardiac relaxation at body temperature in the rat. Am J Physiol Heart Circ Physiol 282, H499H507.
Johnston CM, Han JC, Loiselle D, Nielsen PMF & Taberner A. (2016). Cardiac activation heat
remains inversely dependent on temperature over the range 27–37°C. Am J Physiol Heart
Circ Physiol 310, H1512–H1519.
Johnston CM, Han JC, Ruddy BP, Nielsen PMF & Taberner AJ. (2015). A high-resolution
thermoelectric module-based calorimeter for measuring the energetics of isolated ventricular
trabeculae at body temperature. Am J Physiol Heart Circ Physiol 309, H318-324.
Jones HC & Keep RF. (1988). Brain fluid calcium concentration and response to acute
hypercalcaemia during development in the rat. J Physiol 402, 579-593.
Josephson RK. (1985). Mechanical Power output from Striated Muscle during Cyclic Contraction. J
Exp Biol 114, 493-512.
Kassiri Z, Myers R, Kaprielian R, Banijamali HS & Backx PH. (2000). Rate-dependent changes of
twitch force duration in rat cardiac trabeculae: a property of the contractile system. J Physiol
524, 221-231.
Kato T, Niizuma S, Inuzuka Y, Kawashima T, Okuda J, Tamaki Y, Iwanaga Y, Narazaki M, Matsuda
T, Soga T, Kita T, Kimura T & Shioi T. (2010). Analysis of metabolic remodeling in
compensated left ventricular hypertrophy and heart failure. Circ Heart Fail 3, 420-430.
Kelly JJ, Jr. & Hoffman BF. (1960). Mechanical activity of rat papillary muscle. Am J Physiol 199, 157162.
Képiró M, Várkuti BH, Végner L, Vörös G, Hegyi G, Varga M & Málnási-Csizmadia A. (2014). paraNitroblebbistatin, the non-cytotoxic and photostable myosin II inhibitor. Angewandte Chemie
53, 1-6.

125

Kiriazis H & Gibbs CL. (2000). Effects of aging on the work output and efficiency of rat papillary
muscle. Cardiovasc Res 48, 111-119.
Kiss E, Ball NA, Kranias EG & Walsh RA. (1995). Differential Changes in Cardiac Phospholamban
2+
and Sarcoplasmic Reticular Ca -ATPase Protein Levels. Circ Res 77, 759-764.
Kleiman RB & Houser SR. (1988). Electrophysiologic and mechanical properties of single feline RV
and LV myocytes. J Mol Cell Cardiol 20, 973-982.
Kogler H, Hartmann O, Leineweber K, Nguyen van P, Schott P, Brodde OE & Hasenfuss G. (2003).
Mechanical load-dependent regulation of gene expression in monocrotaline-induced right
ventricular hypertrophy in the rat. Circ Res 93, 230-237.
Kondo C, Caputo GR, Semelka R, Foster E, Shimakawa A & Higgins CB. (1991). Right and left
ventricular stroke volume measurements with velocity-encoded cine MR imaging: in vitro and
in vivo validation. Am J Neuroradiol 157, 9-16.
Korstjens IJ, Rouws CH, van der Laarse WJ, Van der Zee L & Stienen GJ. (2002). Myocardial force
development and structural changes associated with monocrotaline induced cardiac
hypertrophy and heart failure. J Muscle Res Cell Motil 23, 93-102.
Kovacs M, Toth J, Hetenyi C, Malnasi-Csizmadia A & Sellers JR. (2004). Mechanism of blebbistatin
inhibition of myosin II. J Biol Chem 279, 35557–35563.
Krayenbuehl HP, Turina J & Hess O. (1978). Left ventricular function in chronic pulmonary
hypertension. Am J Cardiol 41, 1150-1158.
Kuramochi T, Honda M, Tanaka K, Enomoto K, Hashimoto M & Morioka S. (1994). Calcium transients
in single myocytes and membranous ultrastructures during the development of cardiac
hypertrophy and heart failure in rats. Clin Exp Pharmacol Physiol 21, 1009-1018.
Lahm T, McCaslin CA, Wozniak TC, Ghumman W, Fadl YY, Obeidat OS, Schwab K & Meldrum DR.
(2010). Medical and surgical treatment of acute right ventricular failure. J Am Coll Cardiol 56,
1435-1446.
Lahm T, Tuder RM & Petrache I. (2014). Progress in solving the sex hormone paradox in pulmonary
hypertension. Am J Physiol Lung Cell Mol Physiol 307, L7-26.
Lamberts RR, Hamdani N, Soekhoe TW, Boontje NM, Zaremba R, Walker LA, de Tombe PP, van der
2+
Velden J & Stienen GJ. (2007). Frequency-dependent myofilament Ca desensitization in
failing rat myocardium. J Physiol 582, 695-709.
2+

Layland J & Kentish JC. (1999). Positive force- and [Ca ]i-frequency relationships in rat ventricular
trabeculae at physiological frequencies. Am J Physiol 276, H9-18.
Layland J & Kentish JC. (2000). Effects of α1- or β-adrenoceptor stimulation on work-loop and
isometric contractions of isolated rat cardiac trabeculae. J Physiol 524, 205-219.
Layland J & Kentish JC. (2002). Myofilament-based relaxant effect of isoprenaline revealed during
work-loop contractions in rat cardiac trabeculae. J Physiol 544, 171-182.
Layland J, Young IS & Altringham JD. (1995). The length dependence of work production in rat
papillary muscles in vitro. J Exp Biol 198, 2491-2499.
Lee JK, Kodama I, Honjo H, Anno T, Kamiya K & Toyama J. (1997). Stage-dependent changes in
membrane currents in rats with monocrotaline-induced right ventricular hypertrophy. Am J
Physiol 272, H2833-2842.

126

Levy D, Larson MG, Vasan RS, Kannel WB & Ho KK. (1996). The progression from hypertension to
congestive heart failure. JAMA 275, 1557-1562.
Lewis DB & Barclay CJ. (2014). Efficiency and cross-bridge work output of skeletal muscle is
decreased at low levels of activation. Pflugers Arch 466, 599-609.
Li Y, Xie M, Wang X, Lu Q & Fu M. (2013). Right ventricular regional and global systolic function is
diminished in patients with pulmonary arterial hypertension: a 2-dimensional ultrasound
speckle tracking echocardiography study. Int J Cardiovasc Imaging 29, 545-551.
Loiselle D. (1979). The effects of temperature on the energetics of rat papillary muscle. Pflugers Arch
379, 173-180.
Loiselle D, Crampin EJ, Niederer SA, Smith NP & Barclay CJ. (2008). Energetic consequences of
mechanical loads. Prog Biophys Mol Biol 97, 348-366.
Loiselle D & Gibbs CL. (1979). Species differences in cardiac energetics. Am J Physiol 237, H90-H98.
Loiselle D, Han JC, Mellor KM, Pham T, Tran K, Goo S, Taberner AJ & Hickey AJR. (2014).
Assessing the Efficiency of the Diabetic Heart at Subcellular, Tissue and Organ Level. J Gen
Pract 02.
Loiselle D, Stienen GJ, van Hardeveld C, van der Meulen ET, Zahalak GI, Daut J & Elzinga G. (1996).
The effect of hyperosmolality on the rate of heat production of quiescent trabeculae isolated
from the rat heart. J Gen Physiol 108, 497-514.
Lompre AM, Schwartz K, d' Albis A, Lacombe G, Nguyen VT & Swynghedauw B. (1979). Myosin
isoenzyme redistribution in chronic heart overload. Nature 282, 105-107.
Lookin O, Balakin A, Kuznetsov D & Protsenko Y. (2015). The length-dependent activation of
contraction is equally impaired in impuberal male and female rats in monocrotaline-induced
right ventricular failure. Clin Exp Pharmacol Physiol 42, 1198-1206.
Lowes BD, Minobe W, Abraham WT, Rizeq MN, Bohlmeyer TJ, Quaife RA, Roden RL, Dutcher DL,
Robertson AD, Voelkel NF, Badesch DB, Groves BM, Gilbert EM & Bristow MR. (1997).
Changes in gene expression in the intact human heart. Downregulation of alpha-myosin
heavy chain in hypertrophied, failing ventricular myocardium. J Clin Invest 100, 2315-2324.
2+

Maier LS, Bers DM & Pieske B. (2000). Differences in Ca -handling and sarcoplasmic reticulum
2+
Ca -content in isolated rat and rabbit myocardium. J Mol Cell Cardiol 32, 2249-2258.
Marcus JT, Gan C, Zwanenburg JJ, Boonstra A, Allaart CP, Götte MJ & Vonk-Noordegraaf A. (2008).
Interventricular mechanical asynchrony in pulmonary arterial hypertension: left-to-right delay
in peak shortening is related to right ventricular overload and left ventricular underfilling. J Am
Coll Cardiol 51, 750-757.
Marcus JT, Vonk Noordegraaf A, Roeleveld RJ, Postmus PE, Heethaar RM, Van Rossum AC &
Boonstra A. (2001). Impaired left ventricular filling due to right ventricular pressure overload in
primary pulmonary hypertension: noninvasive monitoring using MRI. Chest 119, 1761-1765.
Marks AR. (2013). Calcium cycling proteins and heart failure: mechanisms and therapeutics. J Clin
Invest 123, 46-52.
McMahon WS, Mukherjee R, Gillette PC, Crawford FA & Spinale FG. (1996). Right and left ventricular
geometry and myocyte contractile processes with dilated cardiomyopathy: myocyte growth
and β-adrenergic responsiveness. Cardiovasc Res 31, 314-323.

127

Mellors LJ, Gibbs CL & Barclay CJ. (2001). Comparison of the efficiency of rat papillary muscles
during afterloaded isotonic contractions and contractions with sinusoidal length changes. J
Exp Biol 204, 1765-1774.
Mercadier JJ, Lompre AM, Wisnewsky C, Samuel JL, Bercovici L, Swynghedauw B & Schwartz K.
(1981). Myosin isoenzyme changes in several models of rat cardiac hypertrophy. Circ Res 49,
525-532.
Milani-Nejad N, Brunello L, Gyorke S & Janssen PM. (2014). Decrease in sarcoplasmic reticulum
calcium content, not myofilament function, contributes to muscle twitch force decline in
isolated cardiac trabeculae. J Muscle Res Cell Motil 35, 225-234.
Mill JG, Vassallo DV & Leite CM. (1992). Mechanisms underlying the genesis of post-rest
contractions in cardiac muscle. Braz J Med Biol Res 25, 399-408.
Miura M, Hirose M, Endoh H, Wakayama Y, Sugai Y, Nakano M, Fukuda K, Shindoh C, Shirato K &
Shimokawa H. (2011). Acceleration of Ca2+ waves in monocrotaline-induced right ventricular
hypertrophy in the rat. Circ J 75, 1343-1349.
Mojon D, Zhang W & Oetliker H. (1993). Inhibition by 2,3-butanedione-monoxime of mitochondrial
ADP-dependent respiration and muscle contraction. Biochem Mol Biol Int 31, 501-507.
Naeije R & Badagliacca R. (2017). The overloaded right heart and ventricular interdependence.
Cardiovasc Res 113, 1474-1485.
Neely JR, Liebermeister H, Battersby EJ & Morgan HE. (1967). Effect of pressure development on
oxygen consumption by isolated rat heart. Am J Physiol 212, 804-814.
Nishimura S, Yasuda S, Katoh M, Yamada KP, Yamashita H, Saeki Y, Sunagawa K, Nagai R, Hisada
T & Sugiura S. (2004). Single cell mechanics of rat cardiomyocytes under isometric,
unloaded, and physiologically loaded conditions. Am J Physiol Heart Circ Physiol 287, H196202.
Pacher P, Mabley JG, Liaudet L, Evgenov OV, Marton A, Hasko G, Kollai M & Szabo C. (2004). Left
ventricular pressure-volume relationship in a rat model of advanced aging-associated heart
failure. Am J Physiol Heart Circ Physiol 287, H2132-2137.
Pacher P, Nagayama T, Mukhopadhyay P, Batkai S & Kass DA. (2008). Measurement of cardiac
function using pressure-volume conductance catheter technique in mice and rats. Nat Protoc
3, 1422-1434.
Pagani ED & Julian FJ. (1984). Rabbit papillary muscle myosin isozymes and the velocity of muscle
shortening. Circ Res 54, 586-594.
Pham T, Han JC, Taberner A & Loiselle D. (2017a). Do right-ventricular trabeculae gain energetic
advantage from having a greater velocity of shortening? J Physiol 595, 6477-6488.
Pham T, Loiselle D, Power A & Hickey A. (2014). Mitochondrial inefficiencies and anoxic ATP
hydrolysis capacities in diabetic rat heart. Am J Physiol Cell Physiol 307, C499-C507.
Pham T, Nisbet L, Taberner A, Loiselle D & Han JC. (2018). Pulmonary arterial hypertension reduces
energy efficiency of right, but not left, rat ventricular trabeculae. J Physiol 596, 1153-1166.
Pham T, Tran K, Mellor KM, Hickey A, Power A, Ward ML, Taberner A, Han JC & Loiselle D. (2017b).
Does the intercept of the heat-stress relation provide an accurate estimate of cardiac
activation heat? J Physiol 595, 4725-4733.

128

Piao L, Fang YH, Cadete VJ, Wietholt C, Urboniene D, Toth PT, Marsboom G, Zhang HJ, Haber I,
Rehman J, Lopaschuk GD & Archer SL. (2010). The inhibition of pyruvate dehydrogenase
kinase improves impaired cardiac function and electrical remodeling in two models of right
ventricular hypertrophy: resuscitating the hibernating right ventricle. J Mol Med (Berl) 88, 4760.
2+

Pieske B, Maier LS, Bers DM & Hasenfuss G. (1999). Ca Handling and Sarcoplasmic Reticulum
2+
Ca Content in Isolated Failing and Nonfailing Human Myocardium. Circ Res 85, 38-46.
Pluim BM, Zwinderman AH, van der Laarse A & van derWall EE. (2000). The athlete's heart. A metaanalysis of cardiac structure and function. Circulation 101, 336-344.
Power A, Pearson N, Pham T, Cheung C, Phillips A & Hickey A. (2014). Uncoupling of oxidative
phosphorylation and ATP synthase reversal within the hyperthermic heart. Physiol Rep 2.
Power A, Pham T, Loiselle D, Crossman D, Ward ML & Hickey A. (2016). Impaired ADP channeling to
mitochondria and elevated reactive oxygen species in hypertensive hearts. Am J Physiol
Heart Circ Physiol 310, H1649–H1657.
Rafikova O, Rafikov R, Meadows ML, Kangath A, Jonigk D & Black SM. (2015). The sexual
dimorphism associated with pulmonary hypertension corresponds to a fibrotic phenotype.
Pulm Circ 5, 184-197.
Rain S, Handoko ML, Trip P, Gan CT, Westerhof N, Stienen GJ, Paulus WJ, Ottenheijm CA, Marcus
JT, Dorfmuller P, Guignabert C, Humbert M, Macdonald P, Dos Remedios C, Postmus PE,
Saripalli C, Hidalgo CG, Granzier HL, Vonk-Noordegraaf A, van der Velden J & de Man FS.
(2013). Right ventricular diastolic impairment in patients with pulmonary arterial hypertension.
Circulation 128, 2016-2025, 2011-2010.
Raman S, Kelley MA & Janssen PM. (2006). Effect of muscle dimensions on trabecular contractile
performance under physiological conditions. Pflugers Arch 451, 625-630.
Redout EM, Wagner MJ, Zuidwijk MJ, Boer C, Musters RJ, van Hardeveld C, Paulus WJ & Simonides
WS. (2007). Right-ventricular failure is associated with increased mitochondrial complex II
activity and production of reactive oxygen species. Cardiovasc Res 75, 770-781.
Ricchiuti NV & Gibbs CL. (1965). Heat production in a cardiac contraction. Nature 208, 897–898.
Rouleau JL, Paradis P, Shenasa H & Juneau C. (1986). Faster time to peak tension and velocity of
shortening in right versus left ventricular trabeculae and papillary muscles of dogs. Circ Res
59, 556-561.
Sakamoto T, Limouze J, Combs CA, Straight AF & Sellers JR. (2005). Blebbistatin, a myosin II
inhibitor, is photoinactivated by blue light. Biochemistry 44, 584-588.
Sands G, Goo S, Gerneke D, LeGrice I & Loiselle D. (2011). The collagenous microstructure of
cardiac ventricular trabeculae carneae. J Struct Biol 173, 110-116.
Sarnoff SJ, Braunwald E, Welch GH, Jr., Case RB, Stainsby WN & Macruz R. (1958). Hemodynamic
determinants of oxygen consumption of the heart with special reference to the tension-time
index. Am J Physiol 192, 148-156.
Sathish V, Xu A, Karmazyn M, Sims SM & Narayanan N. (2006). Mechanistic basis of differences in
2+
Ca -handling properties of sarcoplasmic reticulum in right and left ventricles of normal rat
myocardium. Am J Physiol Heart Circ Physiol 291, H88-96.

129

Schafer S, Ellinghaus P, Janssen W, Kramer F, Lustig K, Milting H, Kast R & Klein M. (2009). Chronic
inhibition of phosphodiesterase 5 does not prevent pressure-overload-induced rightventricular remodelling. Cardiovasc Res 82, 30-39.
Schaper J, Froede R, Hein S, Buck A, Hashizume H, Speiser B, Friedl A & Bleese N. (1991).
Impairment of the myocardial ultrastructure and changes of the cytoskeleton in dilated
cardiomyopathy. Circulation 83, 504-514.
Schouten VJ & ter Keurs HE. (1986). The force-frequency relationship in rat myocardium: the
influence of muscle dimensions. Pflugers Arch 407.
2+

Schramm M, Klieber HG & Daut J. (1994). The energy expenditure of actomyosin-ATPase, Ca + +
ATPase and Na ,K -ATPase in guinea-pig cardiac ventricular muscle. J Physiol 481, 647-662.
Schulman DS, Biondi JW, Matthay RA, Zaret BL & Soufer R. (1989). Differing responses in right and
left ventricular filling, loading and volumes during positive end-expiratory pressure. Am J
Cardiol 64, 772-777.
Schulman SP, Fleg JL, Goldberg AP, Busby-Whitehead J, Hagberg JM, O'Connor FC, Gerstenblith G,
Becker LC, Katzel LI, Lakatta LE & Lakatta EG. (1996). Continuum of cardiovascular
performance across a broad range of fitness levels in healthy older men. Circulation 94, 359367.
Schwartz K, Apstein C, Mercadier J, Lecarpentier Y, de la Bastie D, Bouveret P, Wisnewsky C &
Swynghedauw B. (1984). Left ventricular isomyosins in normal and hypertrophied rat and
human hearts. Eur Heart J 5, 77-83.
Seals DR, Hagberg JM, Spina RJ, Rogers MA, Schechtman KB & Ehsani AA. (1994). Enhanced left
ventricular performance in endurance trained older men. Circulation 89, 198-205.
Semafuko WEB & Bowie WC. (1975). Papillary muscle dynamics: in situ function and responses of
the papillary muscle. Am J Physiol 228.
Shannon TR, Pogwizd SM & Bers DM. (2003). Elevated sarcoplasmic reticulum Ca2+ leak in intact
ventricular myocytes from rabbits in heart failure. Circ Res 93, 592-594.
Shen X, Cannell MB & Ward ML. (2013a). Effect of SR load and pH regulatory mechanisms on
stretch-dependent Ca2+ entry during the slow force response. J Mol Cell Cardiol 63, 37-46.
Shen X, Tan Z, Zhong X, Tian Y, Wang X, Yu B, Ramirez-Correa G, Murphy A, Gabrielson K,
Paolocci N & Gao WD. (2013b). Endocardial endothelium is a key determinant of forcefrequency relationship in rat ventricular myocardium. J Appl Physiol 115, 383-393.
Sitbon O, Humbert M, Nunes H, Parent F, Garcia G, Hervé P, Rainisio M & Simonneau Gé. (2002).
Long-term intravenous epoprostenol infusion in primary pulmonary hypertension. J Am Coll
Cardiol 40, 780-788.
Smith IC. (1972). Energetics of activation in frog and toad muscle. J Physiol 220, 583-599.
Solaro JR. (2011). Regulation of cardiac contractility, ed. Granger ND & Granger JP. Morgan &
Claypool Life Sciences, San Rafael (CA).
Sorhus V, Sys SU, Natans A, Demolder MJ & Angelsen BA. (2000). Controlled auxotonic twitch in
papillary muscle: a new computer-based control approach. Comput Biomed Res 33, 398-415.
Starling EH & Visscher MB. (1927). The regulation of the energy output of the heart. J Physiol 62,
243-261.

130

Swift AJ, Capener D, Hammerton C, Thomas SM, Elliot C, Condliffe R, Wild JM & Kiely DG. (2015).
Right ventricular sex differences in patients with idiopathic pulmonary arterial hypertension
characterised by magnetic resonance imaging: pair-matched case controlled study. PLoS
One 10, e0127415.
Taberner AJ, Han JC, Loiselle D & Nielsen PM. (2011). An innovative work-loop calorimeter for in
vitro measurement of the mechanics and energetics of working cardiac trabeculae. J Appl
Physiol 111, 1798-1803.
Taberner AJ, Johnston CM, Pham T, June-Chiew H, Ruddy BP, Loiselle DS & Nielsen PM. (2015).
Measuring the mechanical efficiency of a working cardiac muscle sample at body temperature
using a flow-through calorimeter. In IEEE Eng Med Biol Soc, pp. 7966-7969.
Taberner AJ, Pham T, Han JC, Uddin R & Loiselle D. (2017). A flow-through infusion calorimeter for
measuring muscle energetics during pharmacological interventions. In IEEE I2MTC pp. 1-5.
Italy.
Taberner AJ, Zgierski-Johnston CM, Pham T, Han JC, Uddin R, Loiselle DS, Ruddy BP & Nielsen
PMF. (2018). A flow through infusion calorimeter for measuring muscle energetics: design
and performance. IEEE Transactions on Instrumentation and Measurement, 1-10.
Tang L, Gao W & Taylor PB. (1996). Force-frequency response in isoproterenol-induced
hypertrophied rat heart. Eur J Pharmacol 318, 349-356.
Taylor DG, Parilak LD, LeWinter MM & Knot HJ. (2004). Quantification of the rat left ventricle force
2+
and Ca -frequency relationships: similarities to dog and human. Cardiovasc Res 61, 77-86.
ter Keurs HE, Rijnsburger WH, van Heuningen R & Nagelsmit MJ. (1980). Tension development and
sarcomere length in rat cardiac trabeculae: evidence of length-dependent activation. Circ Res
46, 703–714.
Tran K, Han JC, Crampin EJ, Taberner AJ & Loiselle DS. (2017). Experimental and modelling
evidence of shortening heat in cardiac muscle. J Physiol 595, 6313-6326.
Tran K, Han JC, Taberner A, Barret CJ, Crampin EJ & Loiselle D. (2016). Myocardial energetics is not
compromised during compensated hypertrophy in the Dahl salt-sensitive rat model of
hypertension. Am J Physiol Circ Physiol 311, H563-H571.
Umar S, Lee JH, de Lange E, Iorga A, Partow-Navid R, Bapat A, van der Laarse A, Saggar R, Saggar
R, Ypey DL, Karagueuzian HS & Eghbali M. (2012). Spontaneous ventricular fibrillation in
right ventricular failure secondary to chronic pulmonary hypertension. Circ Arrhythm
Electrophysiol 5, 181-190.
van der Hulst AE, Delgado V, ten Harkel ADJ, Klitsie LM, Filippini LHPM, Bax JJ, Blom NA & Roest
AAW. (2011). Tissue Doppler imaging in the left ventricle and right ventricle in healthy
children: normal age-related peak systolic velocities, timings, and time differences. Eur J
Echocardiogr 12, 953-960.
van der Vusse GJ, Glatz JF, Stam HC & Reneman RS. (1992). Fatty acid homeostasis in the
normoxic and ischemic heart. Physiol Rev 72, 881-940.
van Wolferen SA, Marcus JT, Boonstra A, Marques KM, Bronzwaer JG, Spreeuwenberg MD,
Postmus PE & Vonk-Noordegraaf A. (2007). Prognostic value of right ventricular mass,
volume, and function in idiopathic pulmonary arterial hypertension. Eur Heart J 28, 12501257.

131

Vasan RS, Larson MG, Benjamin EJ, Evans JC & Levy D. (1997). Left ventricular dilatation and the
risk of congestive heart failure in people without myocardial infarction. N Engl J Med 336,
1350-1355.
Vonk-Noordegraaf A, Haddad F, Chin KM, Forfia PR, Kawut SM, Lumens J, Naeije R, Newman J,
Oudiz RJ, Provencher S, Torbicki A, Voelkel NF & Hassoun PM. (2013). Right heart
adaptation to pulmonary arterial hypertension: physiology and pathobiology. J Am Coll Cardiol
62, D22-33.
Vonk-Noordegraaf A, Marcus JT, Gan CT, Boonstra A & Postmus PE. (2005). Interventricular
mechanical asynchrony due to right ventricular pressure overload in pulmonary hypertension
plays an important role in impaired left ventricular filling. Chest 128, 628S-630S.
Watanabe T, Delbridge LM, Bustamante JO & McDonald TF. (1983). Heterogeneity of the action
potential in isolated rat ventricular myocytes and tissue. Circ Res 52, 280-290.
Weiss HR, Neubauer JA, Lipp JA & Sinha AK. (1978). Quantitative determination of regional oxygen
consumption in the dog heart. Circ Res 42, 374-401.
Wisenbaugh T, Allen P, Cooper G, Holzgrefe H, Beller G & Carabello B. (1983). Contractile function,
myosin ATPase activity and isozymes in the hypertrophied pig left ventricle after a chronic
progressive pressure overload. Circ Res 53, 332-341.
Wisneski JA, Gertz EW, Neese RA, Gruenke LD & Craig JC. (1985). Dual carbonlabeled isotope
experiments using D-[6-14C] glucose and L-[1,2,3-13C3] lactate: a new approach for
investigating human myocardial metabolism during ischemia. J Am Coll Cardiol 5, 1138-1146.
Wong YY, Handoko ML, Mouchaers KT, de Man FS, Vonk-Noordegraaf A & van der Laarse WJ.
(2010). Reduced mechanical efficiency of rat papillary muscle related to degree of
hypertrophy of cardiomyocytes. Am J Physiol Heart Circ Physiol 298, H1190-1197.
Wong YY, Ruiter G, Lubberink M, Raijmakers PG, Knaapen P, Marcus JT, Boonstra A, Lammertsma
AA, Westerhof N, van der Laarse WJ & Vonk-Noordegraaf A. (2011). Right ventricular failure
in idiopathic pulmonary arterial hypertension is associated with inefficient myocardial oxygen
utilization. Circ Heart Fail 4, 700-706.
Wust RC, de Vries HJ, Wintjes LT, Rodenburg RJ, Niessen HW & Stienen GJ. (2016). Mitochondrial
complex I dysfunction and altered NAD(P)H kinetics in rat myocardium in cardiac right
ventricular hypertrophy and failure. Cardiovasc Res 111, 362-372.
Xie YP, Chen B, Sanders P, Guo A, Li Y, Zimmerman K, Wang LC, Weiss RM, Grumbach IM,
Anderson ME & Song LS. (2012). Sildenafil prevents and reverses transverse-tubule
remodeling and Ca handling dysfunction in right ventricle failure induced by pulmonary
artery hypertension. Hypertension 59, 355-362.
2+

Yu ZW & Quinn PJ. (1994). Dimethyl sulphoxide: a review of its applications in cell biology. Biosci
Rep 14, 259-281.

132

