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Abstract 

 

Chronically high blood pressure in the systemic or pulmonary circulatory system elevates 

the work required by the heart to maintain cardiac output. In response the heart undergoes 

compensatory hypertrophy, which is initially beneficial but then progresses to 

decompensated heart failure. Increased work performed by the heart also requires elevated 

energy supply in the form of adenosine triphosphate (ATP). Within cardiomyocytes, ATP 

is mainly provided by mitochondrial oxidative phosphorylation (OXPHOS). Mitochondria 

make up ~ 35 % of the cardiomyocyte volume and are evenly spaced between the ATP 

consuming contractile proteins (myofibrils). The aim of this thesis was to investigate 

mitochondrial dysfunction, adenylate transfer and altered sub-cellular structure in the 

hypertrophic heart as possible contributors to unsustainable pathological hypertrophy.  

Rat models of systemic hypertension (spontaneously hypertensive rats, SHRs) and 

pulmonary hypertension (60 mg kg-1 monocrotaline injection), in which left and right 

ventricular hypertrophy develop respectively, were compared to their age-matched 

normotensive controls (Wistars). High-resolution respirometry combined with fluorometry 

is a new technique that provides concurrent measurement of mitochondrial respiration with 

ATP dynamics, reactive oxygen species (ROS) production or mitochondrial membrane 

potential. This was utilized to measure mitochondrial function from cardiac homogenates 

and permeabilised fibres, where the in situ mitochondrial architecture remains intact. 

Sub-cellular structure was examined by confocal imaging of fixed ventricle tissue labelled 

for mitochondria, myofibrils and the extracellular matrix. Contractile function and 

intracellular Ca2+ transients in response to energetically demanding stimuli were also 

assessed in cardiac trabeculae from the rats with pulmonary hypertension.  

In aged (20 months old) SHRs, hearts showed a 35 % depression of mitochondrial function 

in comparison to controls, yet produced at least double the amount of ROS within the left 

ventricle. Impaired transfer of ADP between the myofibrils and the mitochondria in 

permeabilised fibres suppressed respiration and elevated ROS production more in the SHR 

fibres relative to controls. Confocal imaging identified a 34 % increase in the mean distance 

from the centres of myofibrils to the nearest mitochondrion in the SHR hearts, which 

increased transverse metabolite diffusion distances.  
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In comparison to systemic hypertension, pulmonary hypertension causes right ventricular 

(RV) hypertrophy which rapidly develops to heart failure. Pulmonary hypertension is 

associated with greater morbidity and earlier mortality relative to systemic hypertension. 

Despite this, right heart failure is poorly studied in comparison to the left. Rats were studied 

four weeks post-monocrotaline (MCT) injection when RV hypertrophy was evident but 

there were no overt signs of heart failure. RV trabeculae from MCT rat hearts had a negative 

force-frequency response compared to controls. β-adrenergic stimulation altered the time 

course, but not the amplitude, of Ca2+ transients or twitch force in MCT trabeculae. 

Maximum Ca2+-activated stress in permeabilised trabeculae reliant on mitochondrial ATP 

production was unaltered, suggesting MCT RV trabeculae were adequately supplied with 

ATP. There was also no difference in the mitochondrial respiration, net ATP production or 

membrane potential in RV homogenates from MCT and control hearts. From these studies 

it was concluded that impaired Ca2+ handling is present in RV hypertrophy before 

detectable mitochondrial energetic deficits occur.  

While there was no difference in mitochondrial function between the MCT rats with RV 

hypertrophy and controls, there was a significant correlation between decreased ATP 

production and the progression to heart failure. Therefore, MCT rats in heart failure were 

studied to determine if mitochondrial function deteriorated further, and whether adenylate 

diffusion barriers within RV cardiomyocytes existed. In addition, the rats were treated with 

a β-adrenergic receptor blocker, metoprolol, which is routinely and effectively used to treat 

left sided heart failure. RV mitochondrial respiration was lower in the right heart failure 

animals compared to controls, however, there were no further diffusion limitations to 

respiration, or significantly increased ROS production. Metoprolol treatment did not 

improve mitochondrial function but potentially contributed to the pathogenesis by 

increasing mitochondrial ROS production.  
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Chapter 1. Introduction 

 

The heart pumps continually to circulate oxygenated blood throughout our body. To 

complete this task the heart turns over ~30 kg of adenosine triphosphate (ATP) daily, 

regenerated from a small pool of adenosine nucleotides (Ferrari et al., 2006). The majority 

of the cardiac ATP is generated by oxidative phosphorylation (OXPHOS) within 

mitochondria and exported to sites of demand in the cytosol, both directly by diffusion and 

via the creatine kinase (CK) shuttle. Cellular changes in both utilization and production of 

high energy phosphates (ATP and creatine phosphate, CrP) are known to occur in human 

heart failure (Lemieux et al., 2011; Neubauer, 2007), and this has been further 

characterized using animal models of heart failure (Daicho et al., 2009; Hickey et al., 2009; 

Jullig et al., 2008; Mei et al., 2014; Pisano et al., 2016; Wust et al., 2016). While a decrease 

in ATP content in heart failure tissue is thought to approach 30 to 50 %, this alone is not 

assumed to limit contractile function (Neubauer, 2007). However, an additional decrease 

in the CK shuttle system may further deprive the heart of sufficient ATP buffering and 

transfer capacity. 

As pathological hypertrophy progresses, contractile function diminishes and ultimately the 

heart fails as a pump. With the development of hypertrophy there are significant sub-

cellular structural changes (Dalen, 1989; Hickey et al., 2009), which may also impart 

further energetic barriers in heart failure. Mitochondria occupy 35 to 40 % of mammalian 

cardiomyocyte volume (Else & Hulbert, 1985; Tate & Herbener, 1976). Changes in 

mitochondrial volume or distribution have never been thoroughly examined in 

hypertrophic hearts in the contexts of their linkage of OXPHOS to sites of ATP demand 

and disposal. Structural alterations within cardiomyocytes may contribute significantly to 

the concept that the failing heart is “an engine out of fuel” (Neubauer, 2007).  

This chapter outlines the normal function of the heart in terms of energy utilisation and 

production, and reviews the current literature relating to changes that occur with 

pathological hypertrophy. 
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1.1.  Structure and function of the heart 

The heart is comprised of two separate pumps, each with two chambers, which are linked 

via the systemic and pulmonary circulation (Figure 1.1 A). The left atrium receives 

oxygenated blood from the lungs (pulmonary circulation). Upon opening of the mitral 

valve, passive filling of the relaxed left ventricle (LV) occurs, and is completed following 

atrial contraction. In parallel, deoxygenated returns from the systemic circulation to the 

right atrium (RA) and fills the right ventricle (RV). As the ventricles contract, blood from 

the LV and RV is pumped into the systemic and pulmonary systems respectively. The 

systemic circulation supports delivery of oxygenated blood to all working organs in the 

body, while the RV pumps deoxygenated blood to the lungs for re-oxygenation and 

unloading of CO2. The LV is a thick-walled chamber, as it must develop sufficient force to 

pump blood against the high-pressure systemic circulation. By contrast, the RV is a thin-

walled chamber, which normally works against the relatively low pressure and delicate 

tissues of the pulmonary circulation.  
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Figure 1.1 Multi-scale structure of the heart.  

A: A schematic diagram of the heart and its four chambers that supply the body’s circulation. The right atria 

(RA) and right ventricle (RV) supply the pulmonary circulation and the left atria (LA) and left ventricle (LV) 

supply the systemic circulation. B: Confocal image of heart tissue at the cellular scale. Heart tissue is labelled 

with an extracellular matrix marker (wheat germ agglutinin) and shows cardiomyocytes running 

longitudinally, connected via intercalated discs. The regular transverse-tubular system give the 

cardiomyocytes their striated appearance. C: Electron micrograph within a cardiomyocyte showing the sub-

cellular arrangement of the sarcomere, neighbouring mitochondria and transverse-tubules. (Illustration and 

images by A.P.)  



 

 4 

1.1.1 Cardiac tissue 

Cardiac tissue is made up of myocytes, fibroblasts, endothelial cells, macrophages, neurons 

and vascular smooth muscles cells (Zimmerman, 2011). Although cardiomyocytes only 

make up 30 % of the total cell number, they are the predominant cell, by mass (70 %) and 

function. Cardiac tissue is a syncytium with all cardiomyocytes mechanically and 

electrically connected end-to-end by intercalated discs (Figure 1.1 B) (Severs, 1990). 

Cardiomyocytes are linked in parallel to a surrounding extracellular matrix, via integrin 

connections to the intracellular cytoskeleton (Kresh & Chopra, 2011). The majority of the 

electrical activation of cardiomyocytes spreads longitudinally and passes to the next 

cardiomyocyte via gap junctions within intercalated discs (Severs, 1990). There is also 

transverse spread of electrical activity through gap junctions on the parallel membranes 

between cardiomyocytes (Saffitz et al., 1995). Depolarisation originates from the 

pacemaker cells of the sinoatrial node and spreads throughout the heart initiating 

synchronous contraction of atria and then ventricles. Ejection of blood through the 

circulation occurs as developed pressure in the left and right ventricles exceeds the arterial 

pressure in the systemic and pulmonary circulations respectively.   

The heart has a dense capillary network, which carries oxygenated blood from the left and 

right coronary arteries that branch immediately after the coronary ostea. The ratio of 

capillary to cardiomyocyte is high, such that the minimum inter-capillary distance in the 

left ventricle is less than ~25 µm (Stoker et al., 1982). Nerve fibres also infiltrate the 

ventricular myocardium, extending from the hilum of the heart and providing autonomic 

control of the heart (Pauziene et al., 2016).  

1.1.2 The cardiomyocyte 

Cardiomyocytes are striated cylindrical shaped cells ranging from 10-30 m in diameter 

and ~80-140 m in length (Severs, 1990). Their highly ordered sub-cellular structure is 

essential for their proper function as contractile units of the heart. Cardiomyocytes, owe 

their striated appearance from repeated sarcomeres, which are the contractile units within 

the cell. Sarcomeres are formed by overlapping thin (actin) and thick (myosin) filaments 

(Figure 1.1 C). The myosin filaments have projections (myosin heads), which when 

activated form cycling cross-bridges with actin, sliding the filaments past each other and 

mediating contraction. This mechanism of contraction, known as the sliding filament 
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theory, was first described in 1954 (Huxley & Niedergerke, 1954; Huxley & Hanson, 

1954). At rest, the myosin binding sites for actin are blocked by tropomyosin and regulatory 

troponin complexes (TnT, TnI and TnC), and therefore cross-bridge cycling is largely 

inhibited (Solaro & Rarick, 1998). The actin filaments are anchored at the Z-disc and form 

connections to the sarcolemma by structural proteins (Bers, 2001). Spanning the sarcomere 

between Z-discs are mitochondria and corbular sarcoplasmic reticulum (SR). The 

surrounding sarcolemma forms invaginations into the centre of the cardiomyocyte. These 

invaginations are open to the extracellular environment and are known as transverse-

tubules (t-tubules) (Franzini-Armstrong & Porter, 1964; Lindner, 1957; Sperelakis & 

Rubio, 1971) and form functional connections (dyads) with junctional SR at the Z-disc (For 

review see (Ibrahim et al., 2011)).  

1.1.3 Excitation-contraction coupling 

Muscle was first found to contract in response to electrical stimuli more than 200 years ago 

by Luigi Galvani (Piccolino, 1998) and our current understanding of the fundamental 

properties of the excitable membranes originate from the famous squid axon experiments 

performed by Hodgkin and Huxley in the 1950s (Hodgkin & Huxley, 1952a, 1952b, 

1952c). The mechanisms underlying the electrical-mechanical coupling in the heart were 

developed from the late 19th century in parallel with the discovery by Ringer (1883) that 

Ca2+ was required in the extracellular solution bathing heart tissue for sustained 

contractility (Ringer, 1883). Progress over the following century built upon this discovery 

to slowly reveal the intracellular mechanisms eliciting contraction of the heart. Heilbrunn 

and Wiercinski (1947) demonstrated that injecting Ca2+ into single muscle fibres caused 

significant contraction (Heilbrunn & Wiercinski, 1947). In 1966 Arnold M. Katz revealed 

that the tropomyosin that complexed with actomyosin was responsible for Ca2+ sensitivity 

of myofilaments (Katz et al., 1966). Shortly after was the discovery that cardiac relaxation 

occurred as Ca2+ was sequestered into the SR by ATP consuming Ca2+ pumps (Katz & 

Repke, 1967).  

The mechanisms underlying ECC are now well understood in health, and alterations in 

disease states are also being characterised. With technical advancements, more intricate 

detail is being revealed of the mechanisms involved with ECC which depends on the 

expression of many proteins and their sub-cellular localisation. The basis of ECC is briefly 

outlined here and a schematic is shown in Figure 1.2.  
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Following depolarisation of the surface sarcolemma, action potentials spread down the 

t-tubules, towards the core of the myocytes (Gonzalez-Serratos, 1971). An extensive 

t-tubular network has been characterised in cardiomyocytes (Soeller & Cannell, 1999). 

Within the dyad, voltage sensitive L-type Ca2+ channels on the t-tubules open and a small 

influx of extracellular Ca2+ into the sarcoplasm triggers rapid release of sarcoplasmic 

reticulum (SR) Ca2+ through ryanodine receptors (RyR) (Bers, 2001; Sun et al., 1995). This 

process is termed Ca2+-induced-Ca2+-release (CICR) (Fabiato, 1983). The small junctional 

space of ~15 nm between the t-tubule and SR within the dyad is critical for effective CICR 

and is rich in RyRs and L-type Ca2+ channels (Hayashi et al., 2009). CICR gives rise to the 

intracellular Ca2+ transient where free [Ca2+]i  rises from a resting level of ~100 nM to 

~1 µM  (Bers, 2001), and t-tubule distribution permits a synchronous rise in [Ca2+]i at both 

the outer edge and the central region of the sarcoplasm (Cheng et al., 1994). Ca2+ activates 

cross-bridge cycling between actin and myosin and the myofilaments slide past each other, 

shortening the sarcomere length and/or generating force. For relaxation to occur, Ca2+ is 

removed from the cytosol back into the SR by the SR Ca2+ ATPase (SERCA) and across 

the sarcolemma by Na+/Ca+ exchanger (NCX). Under steady-state conditions the net entry 

of Ca2+ through the L-type Ca2+ channels should equal the amount removed via NCX, such 

that the SR Ca2+ content remains stable (Eisner et al., 1998). As [Ca2+]i returns to resting 

levels cross-bridge cycling is terminated and relaxation occurs.  
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Figure 1.2 Excitation-contraction coupling within the cardiomyocyte.  

1: An action potential (AP) arrives at the surface sarcolemma and is propagated down the t-tubule (TT) where 

it opens voltage gated L-type Ca2+ channels (LTCC). 2: Influx of Ca2+ triggers opening of ryanodine receptors 

(RyR) on the junctional sarcoplasmic reticulum (SR) causing an increase in cytosolic [Ca2+]. 3: Cytosolic 

Ca2 triggers cross-bridge cycling and initiates contraction. 4: Relaxation occurs as Ca2+ is pumped back into 

the SR by SR Ca2+ ATPase (SERCA) and across the sarcolemma by the Na+/Ca2+ exchanger (NCX). Some 

Ca2+ is also taken up into the mitochondrial (Mito) matrix by the mitochondrial Ca2+ uniporter (MCU). Ionic 

balances in the cytosol are maintained by Na+/K+ ATPase (Na/K pump), and in the mitochondria by the 

mitochondrial NCX (mNCX) and the mitochondrial Na+/H+ exchanger (mNHX). The red and green arrows 

indicated steps involved with contraction and relaxation respectively. (Figure by A.P.)  
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The cross-bridge cycle  

Further to the sliding filament theory, the physical steps of the cross-bridge cycle were first 

proposed by Huxley and Simmons (1971) (Huxley & Simmons, 1971), and following that, 

the parallel biochemical steps describing the hydrolysis of ATP by myosin ATPase were 

revealed (Goldman, 1987). In the resting state the myosin head is detached from actin and 

ATP is bound to myosin ATPase (step one). When Ca2+ binds to troponin C (TnC), the 

interaction between TnI and TnT relieves the inhibition of tropomyosin on the myosin 

binding site on actin (Solaro & Rarick, 1998) and a cross-bridge is formed (step two). 

Energy is liberated from ATP hydrolysis in the form of elastic energy (step three) and 

tension is generated. If the tension exceeds the load placed on the cross-bridges then 

rotation of the myosin head causes displacement between the myofilaments. This is 

commonly referred to as the “power stroke” (step four), following which ADP dissociates 

from the myosin head (Bers, 2001). For detachment to occur, a new molecule of ATP must 

bind. In the presence of ATP steps one to two continue to cycle until [Ca2+]i returns to 

resting levels. 

1.1.4 Graded force of contraction 

The amount of force generated in muscle is proportional to the number of cross-bridges 

that can form (Gordon et al., 1966). This depends on the amount of overlap between actin 

and myosin (Gordon et al., 1966) and the amount of Ca2+ released and bound to troponin 

during contraction (Solaro et al., 1974). Modulation of contractility occurs on many levels, 

this includes altering the size and duration of the Ca2+ transient and altering the Ca2+ 

sensitivity of the myofilaments. Some regulation of contraction occurs on a beat-to-beat 

basis, such as the rapid response to stretch (see the force-length relationship). While other 

regulation occurs more slowly (over several beats to minutes). Such as the slow force 

response to stretch, and various adrenergic pathways under autonomic control of the central 

nervous system. Both beat-to-beat and slower mechanisms facilitate increased or decreased 

cardiac output, to maintain adequate perfusion of blood throughout the body as daily 

demands require.  

Force-length relationship in cardiac muscle 

An intrinsic property of the heart is that as filling increases, so does the strength of 

contraction, resulting in greater output from the heart. This is known as the Frank-Starling 
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Mechanism (Frank, 1959; Noble, 1978; Patterson & Starling, 1914). Underlying this 

mechanism is the force-length relationship that cardiac muscle follows (Allen & Kentish, 

1985). The overlap between actin and myosin is set by the initial sarcomere length. In the 

heart, this is determined by the preload, or filling pressure during diastole. At very short 

sarcomere lengths, actin filaments are buckled and incremental stretch increases the overlap 

with myosin, making up the ascending limb of the force-length relationship (Gordon et al., 

1966). This then plateaus at sarcomere lengths of ~2-2.2 µm, which is the optimal length 

for cardiac muscle (Allen & Kentish, 1985). Beyond ~2.2 µm, there is a descending limb 

when myofilament overlap decreases as the sarcomeres are further extended. The range of 

sarcomere lengths in the working heart ~1.6-2.3 µm (Allen & Kentish, 1985). The 

minimum length is limited by the length of the myosin myofilaments (Page, 1974), while 

the maximum length is restricted by the extracellular matrix and structural proteins between 

Z-discs, preventing over stretch of the sarcomeres (Allen & Kentish, 1985). In cardiac 

muscle, the ascending limb of the force-length relationship is steeper than in skeletal 

muscle due to the increase in Ca2+ sensitivity of the myofibrils as the sarcomere length 

increases (Allen & Kentish, 1985).  

Alterations in the Ca2+ transient  

The inotropic state of the heart can change independent of sarcomere length by altering the 

size of the Ca2+ transient, and/or sensitivity of the myofilaments. Ca2+ transients were first 

measured following Ca2+ sensitive bioluminescent protein aequorin microinjected into frog 

atrial trabeculae (Allen & Blinks, 1978). Allen and Blinks (1978) demonstrated that 

increased trabeculae tension with inotropic interventions was accompanied by increased 

Ca2+ transient amplitude (Allen & Blinks, 1978). It is now understood that the size of the 

Ca2+ transient is dependent on the amount of trigger Ca2+, the opening probability of the 

RyRs and the amount or ‘load’ of Ca2+ in the SR (Bassani et al., 1995; Eisner et al., 1998). 

The SR Ca2+ load is governed by the net Ca2+ influx (via L-type Ca2+ channels and reverse 

mode NCX) and the efflux (NCX), the latter of which is in competition with SERCA 

activity (Eisner et al., 1998). The dynamic balance can be altered by increasing stimulation 

frequency (heart rate) (Allen & Blinks, 1978; Layland & Kentish, 1999), catecholamines 

(Allen & Blinks, 1978; Ginsburg & Bers, 2004) sustained stretch (Allen & Kurihara, 1982) 

(Ward et al., 2008) and under pathological conditions (Benoist et al., 2012; Bers, 2006; 

Ward et al., 2003).  
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The force-frequency relationship in the heart 

Another intrinsic property of the heart is its ability to increase both the contractility and 

rate of relaxation as heart rate increases. This allows complete filling of the ventricles, 

despite decreased time between beats. A positive force-frequency relationship in isolated 

human ventricle tissue was observed up to ~3 Hz (Mulieri et al., 1992), and between 

1 - 10 Hz in rat ventricular muscle (Layland & Kentish, 1999). This response is mediated 

by an increase in the amplitude Ca2+ transient. An increase in the number of Ca2+ and Na+ 

currents per unit time into the cell via L-type Ca2+ and Na+ channels, contributes to greater 

Ca2+ entry and decreased Ca2+ removal via the NCX (Layland & Kentish, 1999). This loads 

the SR with Ca2+, and hence increases the Ca2+ transients and active force production 

(Layland & Kentish, 1999). Elevation of the average [Ca2+]i activates Ca/calmodulin-

dependent protein kinase II (CaMKII) which in turn increases SERCA activity (DeSantiago 

et al., 2002).  Increased SERCA activity contributes to the elevated SR load and increases 

the rate of decay of the Ca2+ transients. Frequency dependent acceleration of relaxation is 

also in part due to phosphorylation of troponin I and myosin light chain-2, which decreases 

myofilament Ca2+ sensitivity (Varian & Janssen, 2007).  

Adrenergic stimulation of the heart 

Autonomic control of the heart is constant and enables maintained cardiac output as various 

challenges are placed on the body. The cardiovascular centre in the central nervous system 

integrates multiple stimuli from afferent nerves and moderates heart rate and contractility 

by altering the output from the parasympathetic and sympathetic nervous system (SNS). 

Increased heart rate is mediated through a decrease in vagal tone (parasympathetic) or an 

increase in sympathetic activity. Increased contractility is mediated via the SNS, by local 

release of norepinephrine (NE) from sympathetic fibres innervating the heart or by 

circulating epinephrine released from the adrenal cortex (Triposkiadis et al., 2009). NE and 

epinephrine activate adrenergic receptors (ARs) on many different tissues in the body 

initiating intracellular signalling cascades.  

The heart contains both α- and β-ARs which are transmembrane proteins that are primarily 

coupled to heterotrimeric G-proteins (For review see (Triposkiadis et al., 2009)). The most 

abundant receptors in the heart are the β1- and β2-AR which are coupled to G-protein α 

subtypes Gs and Gi (β2-AR only). Gs
 activation triggers adenylate cyclase to dissociate ATP 
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to cAMP (Triposkiadis et al., 2009). Elevated cAMP activates protein kinase A (PKA) 

which has multiple phosphorylation targets within cardiomyocytes including L-type Ca2+ 

channels, RyRs, phospholamban (SERCA regulatory protein) and myosin-binding proteins 

(Feldman et al., 2005). Together, these have a positive inotropic and lusitropic effect (rate 

of relaxation). In contrast, those β2-ARs coupled to Gi have an inhibitory effect on the 

adenylate cyclase pathway (Post et al., 1999) acting as a ‘receptor break’ (Feldman et al., 

2005). 

The α1-AR comprises approximately 10 % of the total cardiac ARs (O'Connell et al., 2014). 

α1-AR are only found on cardiomyocytes and are predominantly coupled to Gq proteins 

(Jensen et al., 2011). Gq acts though phospholipase Cb and generates second messengers 

inositol [1,4,5]-triposphate (IP3) and 2-diacylglycerol (DAG) (Graham et al., 1996). IP3 

increases the permeability of the transient receptor potential channel and releases Ca2+ from 

intracellular stores, which in turn activates calcineurin (O'Connell et al., 2014). DAG 

activates protein kinase C (PKC), which along with calcineurin activates growth signalling 

pathways (Clerk & Sugden, 1999; Mende et al., 1998). For this reason α1-ARs are thought 

to be protective for the heart as they activate adaptive hypertrophy and prevent 

cardiomyocyte death (O'Connell et al., 2014). α2-AR are also considered important due to 

their expression on presynaptic neurons limiting the release of NE and overstimulation of 

β-ARs (Hein et al., 1999). Therefore, adrenergic stimulation of the heart is complex, and 

altered expression of different receptor subtypes can change the response of the heart to 

catecholamines (Bristow et al., 1986).    
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1.2.  Energetics of the heart 

The chemiosmotic hypothesis for the production of ATP in mitochondria was first proposed 

by Peter Mitchell (for his 1966 review see (Mitchell, 2011)). Mitchell described how the 

flow of electrons though the enzymes and catalytic carriers of the inner mitochondrial 

membrane is coupled to the formation of “energy-rich” bonds, terminating in ATP 

(Mitchell, 2011), the universal high-energy molecule that powers contraction. The 

energetic cost associated with ECC is high, with a constant supply of ATP required to fuel 

the ATPases, namely myosin ATPase, SERCA and the Na+/K+ ATPase. In the heart up to 

~95% of ATP is produced by mitochondrial oxidative phosphorylation (OXPHOS) (Allard 

et al., 1994). Energy released during the breakdown of ATP to ADP and inorganic 

phosphate (Pi) is then used to drive endothermic processes in the heart, such as those 

mentioned above for ECC. Additionally, the energy requirements of the heart can increase 

with little change in the concentration of ATP (Balaban, 2006; Katz et al., 1989), therefore, 

regulation of ATP synthesis must be tightly coupled to ATP hydrolysis.  

1.2.1 Cardiac Mitochondria  

Cardiac mitochondria occupy ~35 - 40 % of cardiomyocyte volume and have densely 

packed cristae to maximise the surface area of the inner mitochondrial membrane (Else & 

Hulbert, 1985; Tate & Herbener, 1976). The convoluted inner mitochondrial membrane is 

surrounded by the outer mitochondrial membrane, setting up two functional aqueous 

compartments: the inner matrix and the outer inter-membrane space (Figure 1.3).  

The protein content and organization of cristae is crucial for mitochondrial function and is 

regulated by a large protein complex on the inner mitochondrial membrane, known as the 

mitochondrial inner membrane organising system (MINOS) (Bohnert et al., 2012). While 

mitochondria contain their own DNA, which encodes 13 key subunits of the 

transmembrane proteins of the electron transport system (Wallace, 2015), mitochondrial 

biogenesis requires up to 1000 additional nuclear-encoded proteins (Hulett et al., 2008). 

MINOS interacts with proteins in the outer mitochondrial membrane, namely the 

translocator of the outer membrane (TOM) and the sorting and assembly machinery. These 

facilitate the transport of nuclear-encoded precursor proteins and the insertion of 

transmembrane proteins into the outer mitochondrial membrane respectively (Bohnert et 

al., 2012). Nuclear-encoded proteins destined for the mitochondria contain targeting 
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sequences that are recognised by the α-helical transmembrane protein Tom20, the master 

receptor protein of the TOM complex (Hulett et al., 2008).  

1.2.2 Oxidative phosphorylation  

The electron transport system (ETS) complexes (CI - CIV; Figure 1.3) reside on the inner 

mitochondrial membrane. The complexes function to pump protons from the matrix into 

the inter-membrane space setting up an electrochemical gradient (Duchen, 2004). 

Ubiquinone (coenzyme Q) and cytochrome c facilitate the transfer of electrons between 

CI & CII to CIII, and CIII to CIV respectively, and complete the electron transport system 

(ETS) (Duchen, 2004). Oxidative reactions within β-oxidation and the citric acid cycle 

(Lopaschuk et al., 1994) generate reduced electron carriers NADH and FADH2 in the 

matrix (Duchen, 2004). NADH feeds electrons into NADH dehydrogenase (CI), while 

FADH2 is oxidised within prosthetic groups of succinate dehydrogenase (CII), electron 

transfer flavoprotein and glycerol 3 phosphate dehydrogenase (Schagger & Pfeiffer, 2001). 

Energy from the electron flow down electron transport chains is coupled to the pumping or 

translocation of protons at CI, CIII & CIV for NADH, and CIII and CIV for FADH2 

(Duchen, 2004). Proton pumping alkalinises the matrix and acidifies the intermembrane 

space. The final electron acceptor at CIV is O2. O2 is reduced to H2O, removing additional 

protons from the matrix. This also alkalinises the matrix and thus contributes to the 

electrochemical gradient (Palmeira & Rolo, 2012). As the inner mitochondrial membrane 

is relatively impermeable to ions, the transmembrane electrochemical gradient is composed 

of both a membrane potential (∆Ψ) and a pH gradient (∆pH). However, under physiological 

conditions the majority of the electrochemical gradient is made up of ∆Ψ (Palmeira & Rolo, 

2012).  

When mitochondria are not supplied with ADP the ∆Ψ is highly polarised 

(~ - 180 - 200 mV). This forms “back-pressure” on the ETS and impedes electron flow, 

and therefore O2 flux (or consumption) is low (Gnaiger, 2014). In the presence of ADP, 

ΔΨ decreases as protons flow through F1F0 ATP synthase back into the matrix driving the 

phosphorylation of ADP to ATP (Gnaiger, 2014). Not all energy harnessed in the ΔΨ 

contributes to ATP production. For example, when mitochondrial respiration is measured 

in vitro with citric acid cycle substrates, but no ADP, there is some O2 flux. This is 

associated with passive proton leak and slippage (Brown, 1992), uptake of substrates 

(Gnaiger, 2008) and entry of Ca2+ (Duchen, 2004), which all act to depolarise the ΔΨ. This 
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respiration state is referred to as state 2, or “Leak” respiration (Gnaiger, 2014). Leak 

respiration should be low in healthy mitochondria, but can become elevated in some 

pathological states (Cheng et al., 2017) contributing to reduced efficiency of OXPHOS. 

The production of reactive oxygen species (ROS) also can increase Leak respiration, as 

electrons leak out of the ETS to O2 prior to CIV and form super oxide (O2
.-) (Drose & 

Brandt, 2012), however this only accounts for a small percentage of the total O2 flux (Goo 

et al., 2013). The majority of ROS induced Leak is mediated by ROS increasing proton 

permeability through the adenine nucleotide transferase (Aguirre & Cadenas, 2010) and 

uncoupling proteins (Echtay et al., 2002).  

Mitochondria are a major source of ROS in the heart. Elevated ROS are considered to be 

pathological due to their damaging effects on proteins by oxidative modification (Choksi 

& Papaconstantinou, 2008). However, low levels of ROS are also involved with 

physiological signalling pathways (Hafstad et al., 2013). ROS production is promoted in 

the Leak state when membrane potential is highly negative (Drose & Brandt, 2012). 

Therefore, in some situations uncoupling can also be protective as it decreases the 

production of damaging ROS (Mookerjee et al., 2010). 

Unlike skeletal muscle, which is often quiescent, cardiac muscle undergoes continuous 

cycles of contraction and relaxation. Therefore, cardiac mitochondria in vivo are constantly 

in the OXPHOS state (state 3) and the Leak state is rarely achieved (feasibly only during 

extended ischaemia where ADP may be depleted).  O2 flux is stimulated in vitro when 

mitochondria are supplied with ADP and citric acid cycle substrates (Saks et al., 2004). 

The respiratory control ratio can be calculated as the O2 flux of OXPHOS/Leak (state 

3/state 2) to give an indication of mitochondrial coupling (Hinkle, 2005). When all 

available ADP has been converted to ATP by OXPHOS, the mitochondria reverts back to 

a Leak state (state 4). The Leak state can be achieved artificially in vitro with ADP and 

specific inhibitors of the ATP synthase (oligomycin) or adenine nucleotide transferase 

(atractyloside) (Pesta & Gnaiger, 2012). The respiratory control ratio may not reflect a true 

efficiency or coupling of mitochondria, since proton permeability is highest in the Leak 

state when the ΔΨ is highly polarised, while Leak is theoretically a smaller portion of the 

total respiration as ΔΨ dissipates during OXPHOS (Gnaiger, 2014). Instead, the P:O 

(ATP/O) ratio can be calculating from the moles of oxygen (O) required to turn over a 

given amount of ADP (Hinkle, 2005), and this is a classical measure of OXPHOS 
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efficiency (Lemasters, 1984). Efficient ATP production is required for normal heart 

function and gradual uncoupling of OXPHOS would hinder ECC.  
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Figure 1.3 Oxidative Phosphorylation and ATP transport within the mitochondria.  

Citric acid cycle substrates produce reduced electron carriers NADH and FADH2 (succinate to fumarate 

reaction) which feed electrons into complex I and II respectively. The red arrows show the flow of electrons 

through the ETS complexes (I-III), ubiquinone (Q) and cytochrome c (cytC) to O2 at complex IV on the inner 

mitochondrial membrane. Energy released from the flow of electrons is harnessed as protons (H+) are 

translocated from the matrix to the intermembrane space at complexes I, III and IV setting up an 

electrochemical gradient and establishing the mitochondrial membrane potential. This drives synthesis of 

ATP at ATP synthase as protons flow back into the matrix. ATP synthase is coupled to the adenine nucleotide 

translocase and then ATP is exported from the intermembrane space either directly as ATP or as creatine 

phosphate (CrP) via the voltage dependent anion channel. The mitochondrial creatine kinase (mtCK) sits on 

the inner mitochondrial membrane and catalyses the production of CrP and ADP from freshly synthesised 

ATP and imported creatine (Cr). (Figure by A.P.)  
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1.2.3 Mitochondrial sub-cellular arrangement 

There are two distinct populations of mitochondria within cardiomyocytes (visible by 

electron microscopy) which are characterized by their sub-cellular locations. These include 

the subsarcolemmal mitochondria, which reside below the sarcolemma, and the 

interfibrillar mitochondria, which sit between the myofibril contractile apparatus (Palmer 

et al., 1977). These can be differentially isolated and have been suggested to have 

differential responses to pathophysiological stimuli (Hollander et al., 2014). The 

subsarcolemmal mitochondria are irregularly packed under the sarcolemma and vary in 

length between 0.4 - 3.0 m. In contrast, the interfibrillar mitochondria are more uniform 

in size (1.5 - 2.0 m), sit longitudinally within the cardiomyocytes, and are evenly spaced 

between Z-discs (Hollander et al., 2014). Interfibrillar mitochondria also have different 

biochemical properties, with higher OXPHOS capacities and substrate utilizations in 

interfibrillar mitochondria supplying the contractile machinery (Riva et al., 2005). 

Structural differences of the crista also exist between the subtypes, with subsarcolemmal 

mitochondria containing more lamelliform cristae and interfibrillar mitochondria contain 

more tubular cristae (Riva et al., 2005). Tubular cristae may decrease intracristal space 

compared to flatter lamelliform cristae, enhancing the proton gradient across the inner 

mitochondrial membrane, facilitating ATP synthase activity and allowing greater 

OXPHOS (Riva et al., 2005). Live cell confocal imaging of healthy cardiomyocytes, loaded 

with a mitochondrial targeted fluorescent probe, have been used to get an overview of 

mitochondrial arrangement (Vendelin et al., 2005). These images revealed the distance 

between regularly organized mitochondria, and confirmed that in their “crystal-like” 

arrangement, all contractile proteins are within ~ 0.5 m of mitochondria (Vendelin et al., 

2005).  

1.2.4 ATP transport and the creatine kinase shuttle  

While adequate ATP production is important, ATP must then be efficiently transported or 

‘channelled’ to the cytosolic ATPases. Then, ADP must be returned back to the 

mitochondria (Jacobus, 1985b). ATP is a bulky molecule (MW: 507.18 g mol-1), with three 

phosphates and four negative charges (Yount et al., 1971) which contribute to its slow 

diffusion rate (D = 0.53 nm2 s-1) (de Graaf et al., 2000). Relative to ATP, smaller high-

energy phosphates such as creatine phosphate (CrP; MW: 211.11 g mol-1) diffuse at a 42 % 

faster rate (D = 0.74 nm2 s-1) (de Graaf et al., 2000). Similarly, ADP 
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(MW: 427.20 4 g mol-1; D =  0.52 nm2 s-1) also has a lower diffusion rate relative to 

creatine (Cr; MW: 131.14 g mol-1; D = 0.91 nm2 s-1) (de Graaf et al., 2000). Therefore, 

‘facilitated diffusion’ via high-energy phosphate transfer (Cr/CrP) within tightly packed 

myocytes optimises efficient delivery and buffering of ATP near the ATPases of the 

myofibrils, SR and sarcolemma (Kinsey et al., 2007).  

In cardiomyocytes, the creatine kinase (CK) system has been described using a 

compartmentalised model (Aliev & Saks, 1997). ATP produced in the mitochondrial matrix 

is shuttled across the inner mitochondrial membrane by the adenine nucleotide transferase 

(Figure 1.3) to the intermembrane space. The adenine nucleotide transferase is functionally 

coupled to sarcomeric mitochondrial CK (mtCK) (Saks et al., 1994), which catalyses the 

production of CrP. Sarcomeric mtCK is only found in muscle cells (Ellington, 2001) and 

its proximity to adenine nucleotide transferase favours the forward reaction and the 

production of ADP and CrP (Jacobus, 1985a). CrP exits the intermembrane space via the 

voltage dependent anion channel, which under in situ conditions is relatively more 

permeable to Cr and CrP than ATP (Tepp et al., 2011). ATP can then be regenerated from 

CrP at the sites of degradation by cytosolic CK isoforms. There are two gene products for 

cytosolic CK which encode two isoforms, M and B. Combinations of these form three 

functional isoezymes as either homodimers (MMCK or BBCK) or heterodimers (MBCK) 

(Dawson et al., 1965). BBCK is mainly found in the brain and MMCK in the muscle, 

however the mammalian heart also contains the MBCK isoenzyme (Dawson et al., 1965). 

MMCK is found in the soluble fraction of the heart (Dawson et al., 1965) or bound at the 

M-line of the myofibrils (Wallimann & Eppenberger, 1985), on the SR (Rossi et al., 1990) 

and the sarcolemma (Grosse et al., 1980). The functional coupling of the bound MMCK 

and respective ATPases can support their function in the presence of CrP and ADP (Rossi 

et al., 1990), and at a lower [ATP] than with exogenous ATP-regenerating systems, such 

as phosphoenolpyruvate and pyruvate kinase (Grosse et al., 1980). 

There is debate as to whether or not shuttling of ATP/ADP by ‘facilitated diffusion’ is 

required in healthy cardiomyocytes (Ellington, 2001; Lygate et al., 2013). Within 

cardiomyocytes, mitochondria are arranged such that all myofibrils are within ~ 0.5 m of 

a mitochondrion (Vendelin et al., 2005), hence the diffusion distance to the myofibrils 

should not be limited. While facilitated diffusion of high-energy phosphates via CrP instead 

of ATP is a model well suited to skeletal myocytes where the mitochondria are further from 

sites of ATP degradation (Ellington, 2001), the CK shuttle may not be required in 
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cardiomyocytes. Aliev and Saks (1997) have used experimental data from both MMCK 

and mtCK knock-out mice, which shows that each isoform can compensate for the other 

(Aliev & Saks, 1997). This could be achieved by each isoform switching from their forward 

and backward reactions during systole and diastole, but only when there is no diffusion 

limitations in the outer mitochondrial membrane to ADP and ATP (Aliev & Saks, 1997). 

However, when there is low permeability of the outer mitochondrial membrane through the 

voltage dependent anion channel, loss of either CK isozyme disturbs cellular energy 

regulation. Under conditions of low voltage dependent anion channel permeability, ADP 

accumulation in the myofibrillar space should have detrimental effects for contraction as it 

slows down the cross-bridge detachment (Aliev & Saks, 1997). Therefore, an adaptation of 

the CK knockout animals appears to result in increased outer mitochondrial membrane 

permeability. However, if the arrangement of mitochondria or distance between the outer 

mitochondrial membrane and the core of the myofibrils are changed with disease, then this 

could make cardiomyocytes more reliant on facilitated diffusion. 

1.2.5 Regulation of ATP production and energetic coupling  

While CrP may not be required for facilitated diffusion in cardiomyocytes, it does play a 

major role in buffering ATP within the sarcoplasm, particularly when workloads are 

increased (Ellington, 2001). Despite this, in the heart the [CrP]/[ATP] is fairly constant 

across a large range of work rates (Balaban et al., 1986). Additionally there is a linear 

relationship between the workload of the heart and O2 consumption (Starling & Visscher, 

1927). Therefore, although CrP can act as a buffer, ATP production from OXPHOS is 

tightly matched to demand. Several mechanism have been identified for the regulation of 

OXPHOS, and while there is debate over which mechanism dominates (Saks et al., 2004), 

it is likely that they both play a significant role in maintaining energetic balance, and 

perhaps offer redundancy when perturbations occur in pathological states.  

Metabolic Feedback 

As discussed above (section 1.2.2), mitochondrial respiration in vitro is stimulated by ADP, 

and there is a graded response of O2 flux from increasing [ADP]. Thereby, respiration is 

regulated by feedback from the bi-products of ECC (Jacobus, 1985a). Cyclic changes in 

ADP have been modelled in cardiomyocytes and amplitudes increase with workload to 

activate respiration (Vendelin et al., 2000). However, this can be amplified by functional 
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coupling of mitochondria with sarcomeres in intracellular energetic units, proposed by Saks 

et al. (2001) (Saks et al., 2001). This relies on the compartmentalised model described 

above. Such that there are two pools of ADP/ATP. One pool is turned over directly within 

the intermembrane space by mtCK, keeping ADP high in the mitochondria and stimulating 

respiration. The other pool exists in the cytosol where MMCK immediately 

rephosphorylates ADP produced by the ATPases to fuel contraction. This maintains high 

cytosolic [ATP], favouring forward reactions of all the cytosolic ATPases involved with 

ECC and cellular homeostasis. In permeabilised cardiac fibres (where the sarcolemmal 

barrier to ions and small molecules is removed) this has been demonstrated by activating 

respiration with ATP (Saks et al., 2001). In the absence of Cr, stimulation of respiration is 

dependent on the breakdown of ATP to ADP by endogenous ATPases and diffusion of 

ADP back to the mitochondria (Saks et al., 2001). Respiration is inhibited by adding 

exogenous ADP enzyme traps (such as pyruvate kinase and phosphoenolpyruvate) but is 

relieved by the addition of creatine, which activates respiration above that stimulated by 

endogenous ATP turnover alone (Saks et al., 2001). Efficient ADP channelling relies on 

the close association of mitochondria with sarcomeres and is shown to be less effective in 

permeabilised fibres following trypsin treatment, which disrupts sub-cellular structure and 

increases diffusion distances (Saks et al., 2001). 

Parallel activation  

An additional form of metabolic regulation is provided by Ca2+, through ‘parallel 

activation’ of mitochondrial respiration (Glancy & Balaban, 2012; Territo et al., 2000). 

Therefore, Ca2+ acts as both the key regulator of ECC and ATP supply. Elevated 

mitochondrial matrix Ca2+ activates dehydrogenase enzymes in the citric acid cycle 

(Hansford & Zorov, 1998), increasing the production of NADH and enhancing the “push” 

of electrons into the ETS. Matrix Ca2+ also stimulates the mitochondrial ATP synthase (Das 

& Harris, 1990), and hence enhances the “pull” of electrons down the ETS. Together, Ca2+ 

increases mitochondrial respiration with a time course capable of supporting increases in 

heart work rate (Territo et al., 2001). Mitochondrial Ca2+ uptake into the matrix is primarily 

through the mitochondrial Ca2+ uniporter (MCU), a low affinity transporter that requires a 

proton gradient (Williams et al., 2013). The close association of the mitochondria to the 

junctional SR (linked by mitofusin 2 (Chen et al., 2012)) provides ‘mitochondrial Ca2+ 
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microdomains’ which are proposed to overcome the low affinity of MCU (Nickel et al., 

2013) and facilitate parallel activation.  

Early evidence against parallel activation stems from observations that rapidly increased 

cardiac muscle length, which immediately increase cardiac work and O2 consumption 

(Starling & Visscher, 1927), was not accompanied by a change in Ca2+ transient amplitude 

(Kentish & Wrzosek, 1998) required to activate respiration. However, the slow force 

response of the heart to stretch that occurs over a longer time period (minutes), is now well 

established and is associated with a slow increase in the Ca2+ transient amplitude (Allen & 

Kurihara, 1982; Shen et al., 2013; Ward et al., 2008). Therefore, both parallel activation 

and metabolic feedback could be in play following increased muscle length.  

Advancements in mitochondrial matrix [Ca2+] measurements have shown that matrix Ca2+ 

follows cytosolic Ca2+ transients and is sensitive to changes in frequency and β-adrenergic 

stimulation (Brandes & Bers, 2002; Lu et al., 2013), which both increase energy demands 

in the heart. Additionally, while mitochondrial Ca2+ uptake has been known for decades, 

the molecular identity of the MCU was only discovered in 2011 (Baughman et al., 

2011).Both cardiac specific (Kwong et al., 2015; Luongo et al., 2015) and non-specific 

(Pan et al., 2013) MCU knockout studies have shown a decreased response of mitochondria 

to acute Ca2+ challenges and β-adrenergic stimulation. This shows the importance for 

parallel activation via the MCU for energy regulation above resting, such as during 

exercise. However, cardiac specific MCU knockouts in mice showed no effect on basal 

cardiac function, and matrix [Ca2+] was the same as controls, suggesting an additional 

mechanism for chronic Ca2+ homeostasis in the mitochondria (Kwong et al., 2015; Luongo 

et al., 2015).  
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1.3.  Hypertension and pathological hypertrophy  

When the heart is subjected to chronically increased workloads, hypertrophy develops. This 

facilitates the heart pumping against volume (exercise) and pressure (hypertension) 

overload. Typically, the former results in a physiological hypertrophy, as workload 

increases with exercise are accompanied with vasodilation and limited changes in blood 

pressure with eccentric growth of the heart. However, sustained hypertension induces 

pathological hypertrophy and concentric growth of the heart, which ultimately leads to 

heart failure (Abel & Doenst, 2011). High blood pressure (hypertension) increases the 

afterload of the heart and therefore the work and energy required to sustain a normal cardiac 

output. 

Systemic Hypertension 

Worldwide, over 1.2 billion people are hypertensive (Rossier et al., 2017), and the 

prevalence of hypertension (systolic/diastolic blood pressure ≥ 140/90 mmHg) in New 

Zealand is 30.8 % in adults over the age of 15 (McLean et al., 2013). Increased prevalence 

of hypertension is rising in younger adults (35 to 44 years), and this is thought to be due to 

increased prevalence of obesity, a known risk factor for hypertension (McLean et al., 

2013). Essential hypertension is the most prevalent form of hypertension, which is a 

multifactorial and complex disease where no direct cause can be determined (Rossier et al., 

2017). Other risk factors associated with hypertension include increased salt intake, lack of 

exercise and genetic predisposition (Bohr et al., 1991). Overtime the LV wall thickens in 

response to systemic hypertension, such that greater pressure can be generated by the LV 

while producing a similar amount of stress (Nadruz, 2015). The heart can compensate for 

years against hypertension but gradually compensatory hypertrophy progresses to 

decompensated heart failure (Banerjee et al., 2010). 

Pulmonary Hypertension 

Generally, hypertension refers to high blood pressure in the systemic circulation with the 

impact borne by the LV. However, primary pulmonary hypertension (PH) can also develop 

independently. PH is defined as having a mean pulmonary arterial pressure of > 25 mmHg 

at rest, measured by right heart catheterisation (Galie et al., 2016). The prevalence of PH 

in New Zealand is estimated to be approximately 40 per million, with the number suggested 



 

 23 

to be increasing with the changing demographic (Whyte et al., 2001). PH involves 

arteriopathy, including arterial wall thickening, appearance of muscle-like cells in small 

peripheral arterioles and a decreased peripheral vascular volume, which together contribute 

to increased pulmonary vascular resistance (Stenmark et al., 2009). PH is caused by a 

number of clinical situations affecting the pulmonary circulation (Simonneau et al., 2013). 

These include bone morphogenetic protein receptor-II mutations (Deng et al., 2000), 

chronic obstructive pulmonary disease (Chaouat et al., 2005), and chronic 

thromboembolism PH (Hoeper et al., 2006). 

While the prevalence of PH is much lower than systemic hypertension, the associated 

morbidity is high due to the relatively rapid development of RV hypertrophy and failure 

(Banerjee et al., 2010). The high compliance of the thinner RV makes it more sensitive to 

increased afterloads compared to the LV. Therefore, patients with severe PH progress 

rapidly (2 to 3 years) to RV failure (Banerjee et al., 2010). Furthermore, PH is often not 

recognised early due to non-specific symptoms and difficulty in measuring non-invasively, 

therefore diagnosis occurs late in the course of the disease (Humbert et al., 2006).        

1.3.1 Pathological hypertrophy  

Adult cardiomyocytes are postmitotic, therefore, for the heart to increase in size, the cells 

themselves must undergo hypertrophy by increasing their length and/or width (Heineke & 

Molkentin, 2006). Cardiac hypertrophy can develop from a number of disease stimuli such 

as myocardial infarction; ischemic coronary artery disease; valvular insufficiency and 

stenosis; myocarditis; congenital malformations; familial hypertrophic and dilated 

cardiomyopathies; diabetic cardiomyopathy and notably chronic hypertension (Heineke & 

Molkentin, 2006) which is the focus of this thesis. Therefore, the etiology of cardiac 

hypertrophy is varied, but the primary consequence is eventually heart failure and 

premature death. 

The stimuli for initiating pathological cardiac hypertrophy include both 

biomechanical/stretch-sensitive mechanisms and neurohumoral mechanisms which 

activate effector signalling pathways triggering the growth response (For review see 

(Heineke & Molkentin, 2006)). Angiotensin II, endothelin-1 and catecholamines 

(epinephrine and norepinephrine) can all stimulate receptors coupled to the G proteins of 

the Gq
 and G11 α subclass (the former is outlined earlier in section 1.1.4).  In genetically 
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modified mice overexpression of Gq induces cardiac hypertrophy (Adams et al., 1998). 

While genetic inhibition of G11 and/or Gg  in mice can attenuate LV hypertrophy induced 

by transverse aortic constriction pressure overload (Akhter et al., 1998; Wettschureck et 

al., 2001). Both Gq and G11  activation leads to hypertrophic signalling through 

Ca2+/calineurin-nuclear factor activated T cells (NFAT) signalling and calmodulin-

dependent kinase (CaMK)-histone deacetylase inactivation (Heineke & Molkentin, 2006). 

Activation of Gq and G11 also leads to the upregulation/activation of mitogen-activated 

protein kinase (MAPK) (Clerk & Sugden, 1999). MAPK signalling involves a cascade of 

events that ultimately leads to the phosphorylation and activation of p38, c-Jun N-terminal 

kinases (JNKs) and extracellular signal-regulated kinases (ERKs)(Clerk & Sugden, 1999). 

NFAT, ERKs, JNKs and p38 are translocated into the nucleus where they act as or induce 

transcription factors associated with hypertrophic growth (Heineke & Molkentin, 2006). 

Biomechanical stress on the heart can also initiate intracellular signalling cascades through 

integrin connections and proteins anchored to the Z-disc (Heineke et al., 2005; Ross & 

Borg, 2001). Downstream effector signalling converges on NFAT/ERK pathways 

triggering the hypertrophic response. 

The hypertrophic response includes an increase in cardiomyocyte growth and activation of 

the ‘fetal’ program of gene expression (Frey et al., 2000). Cardiomyocyte growth occurs 

through the addition of actin/myosin filaments into the sarcomere and requires increased 

sarcomere organization (Frey et al., 2000). The fetal program includes changes in the 

myosin composition where there is a switch from the α-myosin heavy chain (MHC) isoform 

to β-MHC (Chien et al., 1993). The switch to the β-MHC isoform, which has slower 

ATPase acitivity (Tardiff et al., 2000), has been suggested to be energy conserving. The 

hypertrophic growth of cardiomyocytes within the heart is adaptive as greater force can be 

generated against an increased afterload. However, there are also changes that are 

considered maladaptive. These include changes in the expression of Ca2+ handling proteins, 

such as decreased SERCA expression (Kogler et al., 2003; Tham et al., 2015) and, in some 

cases, increased NCX (Stromer et al., 2006). Together, these lower the SR Ca2+ load and 

the size of the Ca2+ transient (Bailey & Houser, 1993). Altered myofilament Ca2+ sensitivity 

can increase contractility to compensate (Frey et al., 2000), however, together with elevated 

diastolic Ca2+ due to decreased SERCA this can lead to impaired relaxation (Tham et al., 

2015).     
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1.3.2 Alterations in energy supply with pathological hypertrophy 

Physiological hypertrophy tends to be reversible, whereas pathological hypertrophy is 

sustained and progresses to decompensated hypertrophy, with reduced functional 

performance and heart failure. Energy requirements increase with both forms of 

hypertrophy. Physiological hypertrophy has been shown to be associated with improved 

mitochondrial ETS activity (Moreira-Goncalves et al., 2015), to support increased energy 

demands and maintain intracellular homeostasis. Pathological hypertrophy is associated 

with impaired mitochondrial function (Daicho et al., 2009; Jullig et al., 2008; Mei et al., 

2014; Wust et al., 2016), decreased CK system (De Sousa et al., 1999; Fowler et al., 2015) 

and altered Ca2+ handling (Bailey & Houser, 1993; Kuramochi et al., 1994; Ward et al., 

2003), all which support the hypothesis that energy impairment could underlie the 

contractile dysfunction in the hypertrophic heart as it progresses to heart failure.  

Mitochondrial energy impairment measured by oxygraphy 

Mitochondrial O2 consumption measured with Clark-type electrodes (oxygraphy) 

demonstrate diminished energy production from the mitochondrial ETS in pathological 

hypertrophy (Daicho et al., 2009; Jullig et al., 2008; Wust et al., 2016). NADH fuelled 

respiration (CI) is most commonly depressed, therefore mitochondria are more reliant on 

FADH2 fuelled respiration (CII). However, this could have detrimental effects on 

OXPHOS efficiency (P:O ratios). A high reserve capacity of the ETS, especially in CII 

activity, has been noted in working heart tissue (Wust et al., 2015). Modelling of workloads 

placed on the heart during heavy exercise have revealed that O2 consumption must 

increases three-fold, with mitochondria operating near their maximum capacity measured 

in vitro (Snelling et al., 2016). Therefore, in hypertrophic hearts where mitochondria have 

a lower capacity, exercise limits may be reached at a lower level. 

Structural changes in pathological hypertrophy 

Pathological hypertrophy is associated with increased cardiomyocyte width, from the 

addition of sarcomeres in parallel (Nadruz, 2015), and sub-cellular rearrangement of 

mitochondria could be a consequence of this. Within the tightly packed sarcoplasm of 

cardiomyocytes, there is a trade-off between ATP supply (provided by mitochondria) and 

force production (generated by myofibrils). A mitochondrial volume of ~ 35 % appears to 

be the upper limit for efficiently working muscles (Rome & Lindstedt, 1998). Expansion 
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above 40 % is only found in muscles that contract at high frequency with minimal power 

generation (Rome & Lindstedt, 1998). Therefore, cardiac muscle sits on the cusp of 

efficiency and deviation from this set point may be detrimental for cardiac function. In 

cardiomyocytes, it is likely that the mitochondrial volume and also their distinct lattice-like 

arrangement facilitates efficient ATP/CrP delivery to sites of high ATP demand. 

Additionally, both diffusion of ADP and Ca2+ back to the mitochondria act as regulators of 

OXPHOS, and couples energy demand and supply (Nickel et al., 2013). However, stereo-

pair (12oC) electron micrographs of human hypertrophied papillary muscle show deviation 

of mitochondrial crystal-like arrangements with numerous mitochondrial projections and 

dumbbell-shaped mitochondria amongst sarcomeres (Dalen, 1989; Hickey et al., 2009; 

Jullig et al., 2008; Kajihara, 1970). 

Although with hypertrophy, mitochondrial biogenesis increases in an attempt to match 

energy demands, it then decreases with decompensation (Hollander et al., 2014). The 

respiratory capacity of the distinct mitochondrial populations also decreases with pressure 

overload induced heart failure and the interfibrillar mitochondria population (mitochondria 

supplying the contractile machinery) are affected the most (Hollander et al., 2014). This is 

suggested to be due to the increased distance oxygen and metabolites must diffuse into the 

centre of the cardiomyocyte as hypertrophy develops (Hollander et al., 2014). 

Fragmentation of mitochondria may also underlie the hypertrophic phenotype (Wust et al., 

2016). Cultured neonatal cardiomyocytes with induced hypertrophy have increased 

numbers of mitochondria with decreased individual volumes (Pennanen et al., 2014). The 

rates of mitochondrial fission (splitting) and fusion, are important for maintaining healthy 

mitochondria, and in cardiomyocytes fusion is dependent on oscillating Ca2+ (Eisner et al., 

2017).  

Cardiac mitochondria co-localize with cytoskeletal protein β-tubulin II (Kuznetsov et al., 

2013). -tubulin also facilitates mitochondrial interactions with the SR which would be 

essential for Ca2+ cross-talk between the SR and mitochondria. The supercomplex 

organisation of the adenine nucleotide transferase, mtCK and voltage dependent anion 

channel at the contact sites of the inner and outer mitochondrial membrane are vital for 

efficient energy transfer from the mitochondria to sites of consumption (Kuznetsov et al., 

2013). Interactions of the voltage dependent anion channel (changes in permeability to 

ATP, ADP, and other metabolites) with β-tubulin II may therefore result in functional 

regulation of respiration. Disrupted arrangement of the mitochondria with hypertrophy may 
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disturb interactions with the cytoskeleton and contribute to the dysregulation of energy 

coupling. Recently, functional coupling between the L-type Ca2+ channel and the voltage 

dependent anion channel has been shown to be mediated through dystrophin-cytoskeleton 

interactions (Viola et al., 2014). These interactions are suggested to play an important role 

in energetic coupling (Viola et al., 2014) and could also be disturbed in pathological 

hypertrophy. 

With sub-cellular disruption, cardiomyocytes may become more reliant of facilitated 

diffusion via the creatine kinase system. However, in human hypertrophy (Ingwall et al., 

1985) and heart failure (Nascimben et al., 1996), and in rat models of hypertrophic heart 

failure (De Sousa et al., 1999; Fowler et al., 2015; Jullig et al., 2008), there is also a decline 

in the CK system. Both with decreased activity of mitochondrial and cytosolic CK isoforms 

(De Sousa et al., 1999) and their substrates (Nascimben et al., 1996).  

1.4. Summary, thesis aim, and objectives 

Failed energetics appear to be a common denominator in heart failure, despite the number 

of etiopathologys (including pathological hypertrophy) (For review see (Dzeja et al., 

2000)). In patients with dilated cardiomyopathy the CrP/ATP ratio, measured with 31P-MR 

spectroscopy, is found to be a predictor of mortality (Neubauer et al., 1997). Spontaneously 

hypertensive rats, which show a sustained compensatory hypertrophy also begin to develop 

decreased CrP/ATP ratios around (~ 20 to 25 weeks) (Shimamoto et al., 1982) suggesting 

a mismatch in energy balance. Ingwall and Weiss (2004) suggest that the observed 

decreases in [ATP] in failing hearts is not enough to explain decreased contractile function, 

since [ATP] does not appear to dip below the Km of ATP for the ATPases associated with 

ECC (Ingwall & Weiss, 2004). However, sub-cellular structural changes are also associated 

with heart failure, particularly in pathological hypertrophy (Hickey et al., 2009; Kawamura 

et al., 1976), in which severe sarcomeric disorganisation occurs. Therefore, although total 

[ATP] may not be low enough to hinder function, inefficient delivery of high energy 

phosphates to sites of demand may disturb the balance. Increased [ADP] specifically in the 

myofibrils slows cross-bridge detachment (Siemankowski & White, 1984), and failure to 

maintain low [ADP] has been shown to impair diastolic function in the hypertrophied rat 

heart (Tian et al., 1997).  



 

 28 

In the hypertrophic heart, mitochondria appear more swollen and a loss of orderly structural 

arrangement occurs (Jullig et al., 2008); but the impact on energy supply is unknown. 

Changes in mitochondria and the CK system suggest potential mismatches between energy 

supply and demand. However, there have been few in situ functional experiments that 

assess the connectivity between the mitochondria and sites of energy consumption (SR, 

myofibrils), which depend on both the mitochondrial function and arrangement in the 

hypertrophic heart. If there is decreased diffusion of ADP to the mitochondria and altered 

Ca2+ cycling, then the ‘signal’ to increase ATP production would also be impaired. This 

would promote the Leak state and a highly polarised mitochondrial membrane potential, 

contributing to the production of damaging ROS. This can further decrease OXPHOS 

efficiency (Goo et al., 2013).  

Electron microscopy shows dramatic changes in mitochondria structure (Hickey et al., 

2009; Jullig et al., 2008; Kajihara, 1970), but isolated mitochondrial assays only show 

small energy deficits (Jullig et al., 2008). Additionally, the processes of tissue fixation and 

ultra-thin sectioning involved with electron microscopy can cause artefact disruption to the 

sub-cellular structure. The overall aim of this thesis was to examine how both the 

mitochondrial function and structural organisation within the myocyte impacts energy 

supply in the hypertrophic heart. Two animal models of hypertension (see section 1.5), 

which result in left and right ventricular hypertrophy respectively, were used to investigate 

contractile function, mitochondrial physiology, adenylate transfer, Ca2+ regulation and ROS 

production. This was achieved by combining the techniques of (1) in vitro and in situ 

mitochondrial assays, (2) cardiac trabeculae experiments, and (3) confocal microscopy of 

mitochondrial organisation. Revealing novel mechanisms that underlie the energy 

impairments in the hypertrophic heart is fundamental for developing therapeutic 

interventions and improving the outcome for patients with pathological hypertrophy. 

To achieve the overall aim the following objectives were identified, with the results 

presented in Chapters 3 to 6.  

Objective 1: Assess mitochondrial ATP production, ADP transfer, and sub-cellular 

structure in LV hypertrophy caused by chronic systemic hypertension (Chapter 3) 

Objective 2: Examine the impact of RV hypertrophy on contractile function and 

intracellular Ca2+ in cardiac trabeculae (Chapter 4) 



 

 29 

Objective 3: Assess mitochondrial energy sufficiency in RV hypertrophy caused by 

pulmonary hypertension (Chapter 4) 

Objective 4: Assess mitochondrial ATP production and membrane potential under 

physiological Ca2+ concentrations in RV hypertrophy caused by pulmonary hypertension 

(Chapter 5) 

Objective 6: Assess mitochondrial capacity, ADP transfer and sub-cellular structure in 

right heart failure caused by pulmonary hypertension and investigate the therapeutic 

potential of beta-blocker treatment (Chapter 6)  

1.5.  Animal models of pathological hypertrophy  

To achieve my objectives, and to circumvent the impracticality of acquiring viable human 

tissue from patients, I have used two rat models of cardiac hypertrophy. The rat heart serves 

as a useful model for investigating cardiomyocyte physiology, due to its similarities to the 

human heart on a cellular level in terms of structure and function. It is also the most 

commonly studied of the mammalian hearts (Hasenfuss, 1998), and therefore has extensive 

literature for comparative purposes.  

The first set of investigations studied heart failure originating from LV hypertrophy using 

the aged spontaneously hypertensive rat (SHR). During these experiments, protocols were 

developed to investigate defects in mitochondrial function including the transfer of energy 

substrates within the hypertrophic heart. These experiments elucidated novel information 

on the cellular changes that occur with LV hypertrophy induced by systemic hypertension. 

Subsequently, the techniques were applied to a model of RV hypertrophy, a relatively 

understudied and devastating disease (Voelkel et al., 2006) that results in a five year 

mortality of 80% (Doggrell & Brown, 1998). 

The SHR is a model of chronic hypertension and LV hypertrophy develops slowly and 

remains compensated for a long period, from 6 to 18 months (Bing et al., 1988). 

Conversely, in the monocrotaline (MCT)-induced model of PH, RV hypertrophy develops 

rapidly and the transition to failure is within weeks (Fowler et al., 2015; Hardziyenka et 

al., 2006; Kay et al., 1967). This also provides a more practical model for experimental 

design as RV failure develops four to six weeks post-MCT injection, while heart failure in 

the SHR develops after 18 to 24 months (Bing et al., 1995).  
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1.5.1 Model of left ventricular hypertrophy: Spontaneously hypertensive rat  

The spontaneously hypertensive rat (SHR) is a selectively bred animal model of human 

essential hypertension. They were originally bred in Kyoto, Japan by Okamoto and Aoki 

in the 1960s by crossing a spontaneously hypertensive male Wistar rat with a female Wistar 

rat with above average blood pressure (Okamoto & Aoki, 1963). With successive selection 

of hypertension, by the third generation, 100% of the offspring displayed spontaneous 

hypertension (Okamoto & Aoki, 1963). Since its development, the SHR has been studied 

in over 4000 publications. This is a beneficial model as hypertension proceeds chronically 

without any invasive intervention and the rats follow the same human trajectory of 

compensatory left ventricular hypertrophy which ultimately leads to decompensated 

hypertrophy and failure (Bing et al., 1995). 

1.5.2 Model of right ventricular hypertrophy: Monocrotaline induced pulmonary 

hypertension  

Monocrotaline was first shown to cause PH and subsequent right ventricular hypertrophy 

50 years ago in rats following the ingestion of Crotalaria spectabilis seeds, containing the 

pyrrolizidine alkaloid monocrotaline (Kay et al., 1967). Crotalaria seed consumption lead 

to the thickening of medial and adventitial layers of muscular arteries and muscle 

development within normally muscle free regions of the pulmonary circulation (Meyrick 

et al., 1980). This leads to narrowing of their lumen diameter and increased pulmonary 

vascular resistance (Meyrick et al., 1980). The purified monocrotaline molecule can now 

be given as a single intraperitoneal injection (Stenmark et al., 2009).  

The monocrotaline is activated in vivo by mixed function oxidases in the liver to form the 

reactive, bifunctional cross-linking compound monocrotaline pyrrole which causes 

vascular injury (Stenmark et al., 2009). The exact mechanism by which monocrotaline 

causes PH is not known but is thought to be a result of direct endothelial damage and an 

altered response of the vascular smooth muscle cells (Ito et al., 2000). The onset of 

increased pulmonary arterial pressures and vascular remodelling occurs one to two weeks 

after the initial dose (Meyrick et al., 1980). The monocrotaline rat is a well-established 

model of PH and RV hypertrophy with decompensated heart failure developing in four to 

five weeks post monocrotaline injection (Enache et al., 2013). Moreover, the 
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monocrotaline model provides much needed information on the cellular aspects of right 

ventricular failure, as opposed to the more commonly studied left ventricular models.
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Chapter 2. General Methods 

 

2.1.  Chapter overview 

In this chapter I will provide details of the methods used in this thesis. The emphasis will 

be on details that are excluded in the experimental chapters (3 & 4), which are formatted 

for publication and hence have abbreviated methods sections. Measurements of 

mitochondrial function are made at the tissue and sub-cellular level using high-resolution 

respirometry. Functional measurements of contraction and intracellular Ca2+ were made 

using isolated cardiac trabeculae mounted in a muscle chamber on the stage of an inverted 

microscope. Tissue from the same hearts used for functional experiments was also 

chemically fixed or snap-frozen for parallel examination of sub-cellular structure and 

enzyme function using imaging techniques and biochemical assays, respectively.  

2.2.  Ethical Approval  

All experimental use of animals used in this thesis was approved by the Animal Ethics 

Committee, University of Auckland. The spontaneous hypertensive rats’ use was approved 

under ethics number R925 and the monocrotaline rat model was approved under ethics 

number R1403. 

2.3.  Animal handling  

2.3.1 Spontaneously hypertensive rat 

The SHR animals used for this study were from a colony bred and housed at the School of 

Biological Sciences animal facility at the University of Auckland. The SHR and their 

Wistar controls were housed in pairs at 21oC, on a 12 hour light/dark cycle, and fed normal 

rat chow and tap water ad libitum until approximately 84 to 86 weeks of age. 
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2.3.2 Monocrotaline induced pulmonary hypertension 

Preparation of monocrotaline 

A solution of 20 mg mL-1 of monocrotaline in saline was prepared under sterile conditions 

on the day of injection. A sterile 5 mL tube was filled with 3 mL of saline and marked for 

correct volume and then the saline was discarded. 60 mg of monocrotaline powder was 

weighed directly into the 5 mL tube and fully dissolved in ~440 μL of 1 M HCl (Scharlau 

Chemicals, Sentmenat, Spain) and made up to ~2.5 mL. Drops of 4 M NaOH were then 

added slowly to increase the pH to 7.4. The final volume was made up to 3 mL with saline.  

Monocrotaline injection and monitoring 

Wistar rats were originally sourced from Charles River Laboratories (Wilmington, MA, 

USA) and colonies maintained and bred in the Vernon Jansen Unit within the Faculty of 

Medical and Health Sciences, University of Auckland. On the day of injection, male Wistar 

rats of 300 to 350 g were weighed and tail marks made for identification. The correct 

volume of monocrotaline dose was calculated for each rat to deliver 60 mg Kg-1 by 

multiplying the weight of the animal (g) by 0.003. A syringe of 1 or 3 mL fitted with a 26 G 

needle was filled with 20 mg mL-1 monocrotaline solution to the calculated volume and 

injected (intraperitoneal) into the allocated rat. The equivalent volume of saline was 

administered to control rats. Rats were housed in cages of two to six rats (depending on the 

timetable of experiments) at 19 to 21oC, on a 12 hour light/dark cycle, and fed normal rat 

chow and tap water ad libitum for four to six weeks. Animals were weighed twice weekly 

for the first three weeks post injection and then every day from the fourth week. An example 

of the animal monitoring sheet is provided in the appendix (Appendix 1). 

2.4.  Chemicals and physiological buffers 

All chemicals were purchased from Sigma (Sigma-Aldrich Co. LLC., Darmstadt, 

Germany) unless otherwise specified. All buffers and stock solutions were prepared in the 

laboratory unless specified.   

Tyrode’s buffer 

Tyrode’s buffer is a physiological buffer that mimics the extracellular environment and was 

used to superfuse isolated hearts and muscle preparations. Tyrode’s buffer was made up 
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with distilled water in 10 L batches containing (in mM): NaCl (141.8), KCl (6), 

MgSO4.7H2O (1.2), Na2HPO4 (1.2), HEPES (10), and adjusted to pH 7.4 with 10 M NaOH. 

On the day of experimental use, Glucose (10 mM) was added and various [Ca+2] were 

achieved by the addition from a 1 M stock CaCl2 (AppliChem, Darmstadt, Germany). 

During experiments Tyrode’s buffer was continuously bubbled with 100 % O2. 

Tissue Storage buffer  

Histidine-tryptophan-ketoglutarate (HTK) is an organ transplant buffer that aids tissue 

preservation by suppressing ischemia induced acidosis (Ku et al., 1997). It has been shown 

to preserve cardiac mitochondrial function for up to 11 hours (Gnaiger et al., 2000). Heart 

tissue in this study was not stored for longer than one hour after removal from the rat and 

prior to permeabilisation or homogenization for oxygraph measurements. Custodial ® 

HTK (Essential Pharmaceuticals LLC, Ewing, NJ, USA) contains (in mM): NaCl (15), KCl 

(9), KH-2-ketoglutarate (1), MgCl2.6H2O (4), histidine.HCl.H2O (18), histidine (180), 

tryptophan (2), mannitol (30) and CaCl2.2H2O (0.015).  

Tissue Permeabilisation buffer  

Permeabilisation buffer is a preservation and muscle relaxing buffer which contains (in 

mM): CaK2EGTA (2.77; 0.1 µM free Ca2+), imidazole (20), taurine (20), K-MES 

(4-morpholineethanesulfonic acid; 50), dithiothreitol (0.5), MgCl2 (6.56), ATP (5.77), 

phosphocreatine (15) and adjusted to pH 7.1 with KOH at 4oC. This buffer was used during 

fibre permeabilisation prior to respiration measurements. 

Respiration buffer (RB) 

Mitochondrial RB, also known as MiRO5, was developed by Gnaiger et al. (2000) to 

support and preserve optimum mitochondrial function and was used in respiration assays 

(Gnaiger et al., 2000). RB contains (in mM): MgCl2.6H2O (3), K-lactobionate (60), taurine 

(20), KH2PO4 (10), HEPES (20) and sucrose (110), with essential fatty acid free bovine 

serum albumin (BSA; 1 g L-1) and adjusted to pH 7.1 with KOH at 37oC. 
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Stock solutions for the high-resolution respirometry  

All substrates, inhibitors, uncouplers, enzymes and fluorescent probes added to the 

oxygraph were made up as stock solutions (Table 2.1) and titrated into the oxygraph stopper 

with Hamilton syringes.   
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Common 

name/abbreviation Chemical name Solvent 

Stock 

concentration 

(M) Storage (oC) 

Substrates  

Glutamate L-Glutamic acid, sodium salt dH2O 2 -20 

Malate L-Malic acid dH2O 0.8 -20 

Pyruvate Pyruvic acid, sodium salt dH2O 2 made fresh daily 

Succinate Succinate disodium salt, hexahydrate dH2O 1 -20 

creatine hydrate Creatine hydrate NA 

5mg added to 

chamber NA 

**ADP  

Adenosine 5-'diphosphate 

monopotassium salt dihydrate dH2O 0.5 -80 

**ATP Adenosine 5-'diphosphate disodium salt  dH2O 0.5 -80 

Glucose D-(+)-Glucose dH2O 1 made fresh daily 

PEP 

Phospho(enol)pyruvic acid 

monopotassium salt dH2O 0.5 made fresh daily 

Calcium CaCl2 dH2O 0.05 4 

Uncoupler 

FCCP 

Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone Ethanol 0.001 -20 

Inhibitors 

Ant A Antimycin-A Ethanol 0.005 -20 

Oli Oligomycin-A Ethanol 0.01 -20 

Oua Ouabain Ethanol 0.015 -20 

blebbistatin (-)-blebbistatin DMSO 0.06 -20 

CPA Cyclopiazonic acid DMSO 0.01 -20 

Enzymes 

Hexo Hexokinase dH2O 800 U mL-1 -20 

PK Pyruvate kinase dH2O 400 U  mL-1 made fresh daily 

HRP Horseradish peroxidase tris 4000 U mL-1 4 

SOD Superoxide dismutase dH2O 4000 U mL-1 4 

TMPD 

N,N,N',N'-Tetramethyl-p-

phenylenediamine dihydrochloride dH2O 0.2 -20 

Ascorbate ascorbate sodium salt dH2O 0.8 -20 

Fluorescent probes 

Amplex UltraRed Amplex UltraRed reagent DMSO 0.01 -20 

MgG magnesium green pentapotassium salt dH2O 0.002 -20 

Saf safranin-O dH2O 0.2 -20 

Table 2.1 Stock concentrations and storage conditions for oxygraph chemicals.  

**ATP and ADP were made up with 0.6 and 0.8 times the concentration of MgCl2 respectively for 

experiments where MgG was not used.  
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2.5.  Harvesting of heart tissue  

2.5.1 Spontaneously hypertensive rat and Wistar controls 

On the day of the experiment rats were weighed and anesthetised with isoflurane (Lunan 

Better Pharmaceuticals, Shandong, China) using 100 % O2 gas (1 L min-1) as a carrier until 

toe pinch reflexes were absent. Rats were then continuously anesthetised while a 

thoracotomy was made to expose the heart. The heart was then excised at the aorta and 

immediately washed in ice-cold saline until contractions ceased. The heart was blotted and 

weighed before removing the free wall of the LV. The LV was split into 3 portions. One 

was stored in HTK storage buffer for mitochondrial oxygraph assays, the second was stored 

in 1% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA, USA) made 

up in phosphate-buffered saline (PBS; Thermo Fisher Scientific, Waltham, MA, USA) and 

the third was snap frozen in liquid nitrogen and stored at -80 oC for enzyme analysis.  

2.5.2 Monocrotaline and saline controls 

On the day of experimentation the rats were weighed and transferred to a chamber which 

was filled with isoflurane using 100 % O2 (1 L min-1) gas as a carrier, until the animal was 

unconscious. The rat was then decapitated with a guillotine. The chest cavity was opened 

as above and the heart excised rapidly at the aorta and placed in ice-cold Tyrode’s buffer 

containing 20 mM 2,3-butanedione monoxime (BDM). The heart was then blotted and 

weighed before cannulating the aorta in a dissection bath. The heart was then perfused 

(10 mL min-1) via the coronary circulation with oxygenated Tyrode’s buffer with 20 mM 

BDM and 0.25 mM [Ca2+]. The BDM and low [Ca2+] inhibited cross-bridge cycling thereby 

limiting energy consumption and preventing dissection injury (Mulieri et al., 1989). RV 

Trabeculae were then dissected free of the heart as outlined below (section 2.7). A sample 

of ~ 50 mg of free wall tissue from the apex was dissected and stored in ice-cold BIOPS 

for oxygraph measurements. Another RV free wall sample ~100 mg was added to 10 mL 

of 1 % PFA in PBS at 4oC for immunohistochemistry. The LV and RV free wall thickness 

was measured using callipers and the remaining RV free wall snap frozen in liquid nitrogen.  

The liver and lungs were also dissected from the rat and the wet weight and dry weights 

obtained (after dehydration for 24 hrs at 40 oC). The tibial length of the rat was also 

recorded using callipers.  
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2.5.3  Preparation of heart tissue for Oxygraph measurements 

Two different methods of heart tissue preparation were used for assessment of 

mitochondrial function in the oxygraph. Preparation of permeabilised fibres allows 

mitochondria to be retained within their sub-cellular arrangement (Picard et al., 2011). This 

allowed measurement of ADP channelling between the myofilaments and mitochondria. 

Diffusion restrictions for O2 and substrates exist, therefore, mitochondrial assays were also 

performed using heart homogenate which releases a complete pool of viable mitochondria 

from the tissue (Pham et al., 2014). This allows further probing of mitochondrial function, 

such as real-time measurement of ATP production and membrane potential with the use of 

fluorescent probes added to the oxygraph. 

Permeabilised heart fibres 

The protocol for saponin permeabilisation of muscle fibres for mitochondrial assays was 

followed from Pesta and Gnaiger (2012) (Pesta & Gnaiger, 2012). Saponin selectively 

forms pores in the sarcolemma through forming complexes with cholesterol and leaves the 

relatively cholesterol-free mitochondrial membranes intact (Kuznetsov et al., 2008). A 

block of heart tissue ~5 mg was transferred from the storage solution to the first well of a 

12 well plate containing 2 mL of BIOPS. Fine forceps were then used to carefully tease 

apart the tissue into bundles of ~300-400 µg (Figure 2.1). Fibre bundles were then 

transferred into a well containing 2 mL of permeabilisation buffer with 25 µg of saponin. 

The plate was then placed on a rocker for 30 mins, to allow complete permeabilisation of 

the cardiomyocytes within the bundles. The bundles were then transferred to a well 

containing 2 mL of respiration buffer and placed on a rocker for 10 mins, this step was 

repeated twice. All steps were performed on ice in the cold room. After the final wash the 

fibre bundles were blotted on lint-free filter paper and ~2 mg was weighed out for each 

oxygraph chamber and placed in a droplet of respiration buffer. Following the 

permeabilisation process the cardiomyocytes within the fibre bundles retain their rod 

shaped striated appearance; an example of a fibre bundle is shown imaged under a phase 

contrast light microscope in Figure 2.1 C. 
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Figure 2.1 Heart Fibre permeabilisation.  

A: Example of the 12 well plate set up for heart bundle dissection and permeabilisation. Heart fibre bundle 

following 30 minutes permeabilisation with saponin (Sap) in permeabilisation buffer (BIOPS) before washing 

in respiration buffer (RB) and imaged with a phase contrast light microscope with a 20 X objective (B) and 

a 40 X objective (C).   
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Heart homogenate 

Heart tissue (~ 40 mg) was transferred from HTK or permeabilisation buffer into 25 vols. 

of ice-cold respiration buffer. Tissue was homogenized at 10,000 rpm for 15 s using an 

Omni tissue homogenizer (Omni International, Georgia, USA) and immediately added to 

the oxygraph chambers (50 μL of homogenate per 2 mL chamber).  

2.6.  The oxygraph 

Respirometric (O2 consumption) measurements from cardiac mitochondria, (whether it be: 

crude homogenate, permeabilised fibres, or isolated mitochondria) provides an integrated 

measure of mitochondrial function, which encompasses both structural and biochemical 

properties of the mitochondria which exist in vivo (Gnaiger, 2008). The oxygraph 

(Oxygraph-2K, Oroboros Instruments, Innsbruck, Austria) allows high-resolution 

respirometry with an O2 detection limit of 1 pmol.s-1.cm-3  (Gnaiger, 2008) and recent 

advances in the laboratory of Dr Anthony Hickey have provided combined fluorometric 

measures of ATP production (Goo et al., 2013; Iftikar & Hickey, 2013; Power et al., 2014), 

ROS (Goo et al., 2013; Iftikar et al., 2015; Power et al., 2016) and mitochondrial membrane 

potential (Pham et al., 2014; Power et al., 2014), protocols of which have been developed 

and improved as part of this thesis (Chapters 2 & 3).  

2.6.1 Principles 

The oxygraphs used in this study were comprised of two glass chambers with stoppers that 

allow insertion of a Hamilton microsyringe (10 μL or 25 μL) for sequential titration of 

substrates, inhibitors and uncouplers (Figure 2.2). The stoppers also have adjustable clamps 

to alter the volume of the chamber, but for measurements described in this thesis the volume 

was consistently set to 2 mL. The buffer within the chamber is kept homogenous with 

magnetic stir bars, and the temperature maintained with in-built Peltier pads (Gnaiger, 

2008). O2 concentration within the chambers was measured by polarographic O2 sensors. 

The O2 sensors are made up of Clark-type electrodes which contain a gold or platinum 

cathode and a Ag/AgCl anode, coupled by 3 M KCl aqueous solution, and separated from 

the media by an O2 selective membrane (Gnaiger, 2008). O2
 from the media diffuses though 

the membrane and is reduced by electrons at the cathode, and oxidation of AgCl occurs at 

the anode, creating a current that is proportional to the O2 concentration (Gnaiger, 2008). 
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The voltage was continuously recorded (sampled every 2 s) in DatLab (DatLab 6, Oroboros 

Instruments, Innsbruck, Austria).  

O2 sensor calibration  

The O2 sensor calibrated using a two-point calibration at atmospheric [O2] and zero [O2] 

(Figure 2.3 A). Atmospheric [O2] is obtained by equilibrating the chamber (with the 

stoppers open) to the atmosphere and the concentration of O2 in the respiration buffer is 

determined using the experimental temperature (37 oC), barometric pressure (measured by 

an in-built electronic pressure transducer), O2 partial pressure in water, and the solubility 

of O2 in the respiration buffer (0.92) relative to water (Gnaiger, 2008). The zero point was 

obtained by titrating in excess dithionite (Na2S2O4) to deplete all O2 in a closed chamber 

(Gnaiger, 2008).   
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Figure 2.2 The oxygraph. 

Example of an Oroboros Oxygraph-2K showing the relevant components which are housed in an insulated 

copper box. Signal output from the oxygraph is connected to a PC that allows recording of the O2 sensor 

signal, temperature and fluorometric signals. Figure from Gnaiger (2008) (Gnaiger, 2008).  

2.6.2 Measurement of O2 flux and correction for background flux 

O2
 consumption of muscles samples added to the respiration buffer was calculated from the 

derivative of the O2 concentration (Figure 2.3 A, blue line) over time and continuously 

displayed in real-time in DatLab (Figure 2.3 A, red line). During experiments this was 

normalised to the amount of tissue added to each chamber and corrected for any 

background O2 flux (corrected pmols s-1 mg-1, Figure 2.4 B). This provided a highly 

quantitative measure of mitochondrial function to identify potential defects in the 

pathology of the heart. A background O2 flux exists with the oxygraph as O2 can diffuse 

out of the chamber and the O2 electrodes themselves are consumers of O2, and both increase 

linearly with O2 pressure (Gnaiger, 2008). Background O2 flux was determined for 

individual sensors by performing an instrument background experiment (Figure 2.3 A). For 

experiments using permeabilised fibres high O2 concentrations were used (350 – 550 μM) 

to overcome increased diffusion distances (Gnaiger, 2003).  

O2 sensor background experiment  

Background experiments were run with only respiration buffer in the chamber. The sensors 

were calibrated (as above) and then [O2] increased by injecting pure O2 gas into the gas 

phase between the buffer and the stopper when raised. The chamber was then closed when 

the [O2] reached ~ 600 M. The O2 flux was measured until stable, then 30 mM dithionite 
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stock was titrated into the chamber to lower [O2] by ~50 M and left to reach a steady-state 

O2 flux. This was repeated for a range of [O2] between 350-500 M. Sections of the trace 

corresponding to different [O2] were then selected and averaged [O2] and uncorrected O2 

flux was exported. Uncorrected O2 flux is plotted as a function of [O2] for each chamber 

(Figure 2.3 C). Coefficients were then determined from the intercept (a) and the slope (b) 

and entered into DatLab to convert uncorrected O2 flux (dcO2/dt) to corrected O2 flux using 

equation 1 (Gnaiger, 2008).  

J𝑉,𝑂2 = −1000.
d𝑐𝑂2

d𝑡
− (𝑎 + 𝑏. 𝑐𝑂2)  (Equation 1)  

Where,  

JV,O2 is the corrected O2 flux (pmols s-1 mL-1)  

dcO2/dt is the uncorrected O2 flux (pmols s-1 mL-1) 

cO2 is the chamber [O2] (M)  

a is the intercept of the uncorrected O2 vs [O2] plot 

b is the slope of the uncorrected O2 vs [O2] plot 

The background experiment was performed every few weeks when oxygraphs were being 

routinely used as a and b can change with use of the oxygraph. 
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Figure 2.3 Oxygraph background experiment.  

Representative trace recorded in DatLab (A) showing [O2] (µM, blue line) the two calibration points of 

atmospheric [O2] (ATM O2), and zero [O2] (Zero O2). The time derivative is calculated online and shown in 

red uncorrected for background flux (pmols/s/mL).Titration of dithionite into the chamber lowers the O2 

concentration in steps to finally achieve zero [O2]. Trace B shows the same slope after applying the correction 

coefficients (a) and (b), determined by the intercept and slope of plotting steady-state O2 slope uncorrected 

as a function of [O2], shown in panel C. Note vertical red lines in A and B are due to the rapid drop in [O2] 

following dithionite addition.    
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2.6.3 Combined fespirometry and fluorometry  

The oxygraph has two windows at the front that open into the glass chambers (Figure 2.4). 

The windows allowed for the development of purpose-built fluorometers that permit 

additional information to be collected from biological samples concurrently with O2 flux. 

Experiments described in Chapter 3 to measure ROS production from permeabilised fibres 

used purpose-built fluorometers (Figure 2.4 A), while all other fluoromertic measurements 

were made from O2K-fluorometers subsequently developed by Oroboros Instruments. 

Individual filters placed in front of the LED and photodiode enabled the use of different 

fluorescent probes for measurement of ATP production (Magnesium Green), ROS 

(Amplex UltraRed) or mitochondrial membrane potential (Safranine-O). Specific details 

of these measurements are provided in relevant chapters. The fluorescence intensity 

measured by the photodiode (connected to the oxygraph via the pX port) was displayed as 

a separate channel in DatLab. The software allows multi-point calibration of the 

fluorescence signal (Safranin-O; Figure 2.4 C), such that mitochondrial parameters can be 

monitored in real-time along with O2 flux (Figure 2.4 B).  
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Figure 2.4 Fluorometer for the Oxygraph.  

Schematic A shows the fluorometry system fitted to the window of the Oxygraph chamber. Trace B shows a 

typical recording of mitochondrial O2 consumption from heart homogenate in the oxygraph with concurrent 

measurement of safranin-O fluorescence (Saf-O; C) in the presence of different mitochondrial substrates: 

glutamate + malate + pyruvate (GMP), and ADP to stimulated oxidative phosphorylation. Schematic A was 

supplied by Dr Anthony Hickey.  
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2.7.  Cardiac Trabeculae 

Trabeculae isolated from the RV were used to measure intracellular Ca2+ dynamics and 

contractile function. Trabeculae are free running, cylindrical muscles with diameters 

ranging from 50-500 µM. They provide a useful model for investigating force and 

intracellular Ca2+ as they are small enough to overcome any O2 diffusion limitations that 

exist in larger isolated muscle preparations, such as papillary muscles (Han et al., 2011; 

Schouten & ter Keurs, 1986). The cardiomyocytes are also oriented longitudinally along 

the length of the trabeculae (Goo et al., 2009). Therefore, isometric force can be normalised 

with cross-sectional area to give stress production, allowing comparison between different 

trabeculae and different disease conditions. They have also have a similar tissue make up 

as ventricle wall tissue, therefore are representative of the heart as a whole (Goo et al., 

2009; Hanley et al., 1999; Ward et al., 2003). Trabeculae can also be chemically “skinned” 

or permeabilised which allows the intracellular milieu to be controlled and altered to test 

contractile function with the removal of ECC processes (de Tombe & Stienen, 2007). I 

utilised this technique to measure the contractile responses of cardiac trabeculae to 

saturating Ca2+ concentrations with intact mitochondrial function. I also fixed trabeculae 

following functional experiments for confocal imaging of ultrastructural changes. 

2.7.1 Trabecula dissection 

The heart was aligned with the RV on the right side of the dissection bath and fixed in place 

with a pin though the apex of the heart and into the SYLGARD (Dow Corning, Midland, 

MI, USA) base of the dissection bath. Under a dissection microscope the first cut was made 

across the right atria and then the tricuspid valve opening into the RV identified. A second 

cut was made by inserting the scissors through the valve into the RV parallel to the septum 

at the edge of the RV free wall. The RV free wall was then deflected back and pinned to 

secure it open (Figure 2.5 A). Suitable unbranched Trabeculae, usually running between 

the AV valve and the free wall were identified. Using micro-scissors and sharp forceps, 

blocks of tissue containing the free wall and valve end of the trabecula were cut free, while 

being careful not to touch the body of the trabecula. Handling only the blocks of tissue with 

fine tipped forceps, the trabecula was floated into a plastic spoon and transferred to the 

muscle bath on the stage of an inverted microscope.  
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Figure 2.5 Trabeculae dissection and mounting in muscle bath.  

Image A shows the isolated rat heart during micro-dissection of right ventricle (RV) trabeculae. A cannula 

inserted into the aorta perfuses tissue with oxygenated buffer. Unbranched trabeculae are indicated running 

between the AV valve tissue and RV free wall. Once trabeculae are isolated from the heart, they are mounted 

between a hook (RV block end) and snare (valve end) in a bath being perfused with oxygenated Tyrode’s 

solution (B). B, also shows the microscope view of the central section of the trabeculae which is focused into 

for fluorescence measurements. Schematic B was provided by Dr. Marie Ward.  

2.7.2 Mounting trabecula in the muscle bath  

The perspex muscle bath (2 x 0.5 mm, volume 450 uL), sealed on the bottom with a glass 

cover-slip (22 x 40 mm, thickness No 1.5) was fixed to the stage of an inverted microscope 

(Figure 2.6 A; Nikon Diaphot 300, Tokyo, Japan). It contained an inflow tube, with a 

bubble trap at one end and a reservoir at the other, separated by a weir for suction of the 

outflow (Figure 2.6 B & C). Oxygenated Tyrode’s buffer containing BDM and 0.5 mM 

[Ca2+] was continuously circulated through the bath via low O2 permeability Tygon® 

tubing (Saint-Gobain™, Courbevoie, France) by a peristaltic Gilson pump (Middleson WI, 

USA) at 10 mL min-1. A force transducer (AE801, Kronex, Oakland, CA, USA) attached 

to a micromanipulator was fixed to the microscope stage. A wire hook glued to the silicon 

beam of the force transducer was lowered into the bath close to the buffer solution inflow. 

Using a dissection microscope above the bath, a trabecula was mounted in the hook and 

held by the free wall block (Figure 2.5 B). At this point the flow was switched back on. A 

snare, made from a monofilament thread inserted through a 30 G needle and glued to a 

perspex rod fixed to a micromanipulator, was lowered into the other end of the bath. The 

snare was manipulated around the valve end of the trabecula and fastened by slowly pulling 
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the ends of the snare (Figure 2.6 C). The trabecula was then left to recover for 10 minutes 

at room temperature. The temperature of the bath could be increased to 37oC by passing 

the inflow tubing though a heating coil, maintained at a constant temperature by a water 

bath (Figure 2.6 A). 

 

Figure 2.6. Isometric force and Ca2+ imaging rig. 

Image A shows the setup used from isometric force and intracellular Ca2+ from trabeculae. The muscle bath 

is fixed to the stage of an inverted fluorescence microscope. Image B shows a close up view of the muscle 

bath over the objective, set up for an experiment. Image C shows a schematic of a trabecula mounted in the 

bath.   
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2.7.3 Measurement of isometric force 

The BDM Tyrode’s buffer was then replaced with 0.5 mM [Ca2+] Tyrode’s buffer and field 

stimulation (0.2 Hz, 5 ms square wave pulse) was commenced, via two platinum wires 

along the length of the bath connected to a stimulator (D100, Digitimer, Welwyn, UK). 

Stimulus intensity was adjusted to 20 % above threshold. The [Ca2+] was then increased to 

1 mM and force was continuously monitored on an oscilloscope chart recorder 

(Linearecorder, Graphtec, Irvine, CA, USA), while digital recording was made with Signal 

Express (LabView, National Instruments, Austin, TX, USA) during experimentation. Once 

a steady-state twitch force had been achieved, the length of the trabecula was increased 

using the snare micromanipulator in steps until active force was no longer increasing 

(optimal length; Lo). Separately voltage output of the force transducer measured with a 

selection of weights with known mass enabled calibration to mN within Signal Express.  

2.7.4 Fura-2 loading and intracellular Ca2+ measurement 

Fura-2 

Fura-2 is a ratiometric Ca2+-sensitive fluorophore. It is useful for measurement of 

intracellular Ca2+ as it as it has a Kd of ~ 224 nM (Grynkiewicz et al., 1985), therefore it is 

most sensitive within the normal range of a Ca2+-transient (~ 10 nM to ~ 1µM) (Bers, 

2001). Fura-2’s ratiometric nature is due to its change in excitation wavelength, depending 

on its binding to Ca2+. When excited at 340 nm, emitted fluorescence increases with 

increasing [Ca2+], however when excited at 380 nm, emitted fluorescence decreases with 

[Ca2+]. The isobestic point is 360 nm, where emitted fluorescence is only dependent on 

[Fura-2]. Therefore, the ratio of 340/380 nm emitted fluorescence (500 nm) reports the 

[Ca2+] which is independent of [Fura-2]. The acetoxy-methyl (AM) form of Fura-2 is 

membrane permeable, and can be added to the trabeculae superfusate for cellular loading. 

Fura-2/AM passively diffuses into the cardiomyocytes where it is deesterified by cytosolic 

esterases to the impermeable Ca2+ sensitive Fura-2 (Grynkiewicz et al., 1985). Ratiometric 

indicators minimise movement artefacts from trabeculae isometric contraction.   

Fura-2 loading procedure   

Following Lo determination, the trabeculae were shortened to ~ 80 % of Lo and the central 

region focused into, using the x 20 objective (NA 0.75, Nikon, Tokyo, Japan). The light 
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was then directed to the side port of the microscope connected to a CCD camera for viewing 

and a photomultiplier tube (EMI 9124B, Thorn EMI Electron Tubes, UK) for fluorescence 

measurements. A window around the centre of the trabecula was made (~100 x 200 µm) 

for illumination with a 75 W xenon arc lamp (Ushio, Tokyo, Japan) and collection of 

emitted fluorescence using a spectrophotometric system (Cairn Research, Faversham, 

Kent, UK). Hanley and Loiselle (1998) have previously described the same inverted 

microscope set up in detail (Hanley & Loiselle, 1998). Prior to fura-2 loading the 

autofluorescence from the trabeculae was recorded for each excitation wavelength. The 

superfusate was then switched to 10 mL of  Tyrode’s loading solution, containing 10 µM 

Fura-2/AM (Teflabs, Austin, Texas) and 100 µL of Powerload™ (Molecular Probes™, 

Oregon, USA). During loading all wavelengths were monitored every 30 minutes for 

2 hours. The loading solution was washed out with fresh Tyrode’s solution and clear Ca2+-

transients could be measured following the 340/380 signal recorded in Signal Express. 

Adequate loading was considered to be achieved when emitted florescence for the 360 nm 

was 5 times greater than autofluorescence, as this is the isobestic wavelength and gives an 

indication of [Fura-2] within the trabecula. 

2.7.5 Data acquisition and analysis 

Steady-state force and intracellular Ca2+-transients (340/380 ratio) during various 

interventions, outlined in Chapter 4 of this thesis, were recorded in Signal Express. For 

analysis, data from ~ 10 sequential stimulations were exported into text files containing 6 

columns (force, 340/380 ratio, 340, 380, 360 and stimulus). Text files were then run 

through a custom written analysis program (IDL, Version 6.2, Research Systems Inc., 

Boulder, CO, USA) to determine unbiased averaged measurements of force and Ca2+ (Ward 

et al., 2003). The Ca2+-transient was fitted with five-parameter exponential function 

(equation 2), where A0 is the maximum ratio fluorescence change; A1 is the time constant 

of exponential decay (Tau); A2 is the offset in time between the rising and decaying phases 

of the Ca2+-transient; A3 is the time constant for the rise of the Ca2+-transient; and A4 was 

the minimum fluorescence before stimulation.  

 𝑦 =
𝐴0𝑒

(−
𝑡
𝐴1
)

1+ 𝑒
−
𝑡+ 𝐴2
𝐴3

+ 𝐴4  (Equation 2) 
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An example of the raw data from a recording at 1 Hz stimulation frequency is shown in 

Figure 2.7. The output data and fitting of the Ca2+-transient is shown in Figure 2.8. Force 

production from the trabeculae were normalised to cross-sectional area determined from 

the diameter of the trabeculae, measured on the CCD camera display, or from the area 

calculated from images of cross-sectioned trabeculae (Figure 2.9 E). 
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Figure 2.7 Example of measurements made from cardiac trabeculae.  

This figure shows five variables measured from a cardiac trabecula producing steady-state Ca2+-transients 

and twitch force at 1 Hz stimulation frequency. The top three traces show emitted fluorescence when excited 

at wavelengths of 340- 360- and 380 nm respectively. The fourth trace shows the resultant Ca2+-transients 

taken as the ratio of 340/380. The fifth trace shows isometric force at optimal length (Lo). Finally the sixth 

trace shows alternating stimulus voltage which is used to align the twitches for averaging and calculate time-

to-peak Ca2+ and force in the IDL analysis.  
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Figure 2.8 Averaged steady-state data analysis output from IDL program. 

Example of IDL analysis file output from 11 consecutive twitches presented in Figure 2.7. Panel A shows the 

averaged Ca2+-transient (green) and twitch force (black). The fitting of the exponential (Equation 2) to the 

averaged Ca2+-transient is shown in panel B. Panels C and D show the time derivative of the Ca2+-transient 

for the averaged and fitted data respectively. Panel E shows the individual Ca2+-transients and the phase plot 

of the averaged Ca2+-transient and force is shown in F for the contraction (C) and relaxation phase (R). 
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2.8.  Confocal imaging 

The confocal microscope is a high-resolution method of fluorescent imaging, with 

resolving power at the limits of visualizing sub-cellular organization of mitochondria and 

the T-tubule system. I utilised this technique to image free wall ventricle tissue (Chapters 

3 & 6) and RV trabeculae following functional experiments (Chapter 4). Images were 

acquired using a laser scanning confocal microscope (LSM 710, Zeiss, Oberkonchen, 

Germany).  

2.8.1 Fixation 

Free wall tissue 

Blocks of LV and RV free wall tissue was submerged in 20 vols. of 1 % paraformaldehyde 

(PFA) in PBS for 1 hour at 4oC. To cryoprotect the tissue, the blocks were then transferred 

to 10 % sucrose and 0.1 % sodium azide in PBS for 1 hour, then 20 % sucrose and 0.1 % 

sodium azide in PBS until the blocks sunk. Finally they were left in 30 % sucrose and 0.1 % 

sodium azide in PBS overnight. The blocks were then placed in a cryomold 

(10 x 10 x 5 mm, Tissue Tek®Sakura Finetek inc, Torrance, CA, USA) and filled with 

O.C.T. (optimum cutting temperature) compound (Tissue-Tek®). The cryomolds were then 

frozen in liquid nitrogen cooled 2-methly butane (Acros Organics, Thermo Fisher 

scientific) and stored in the -80oC freezer until cryosectioning.  

Trabeculae 

Trabeculae were fixed at Lo in the muscle bath with 1 % PFA in PBS for 10 minutes at 

room temperature. They were then stored in PBS with 0.1 % azide at 4oC until 

cryoprotection, following the same sucrose steps as above. The trabeculae were halved and 

positioned in the cryomold as shown in Figure 2.9 A & B; the mould was then filled with 

O.C.T compound and frozen and stored as above. 

2.8.2 Cryosectioning  

Cryosectioning was done using a Cryostat (CM3050, Leica, Wetzlar, Germany) set with 

the chuck at - 25oC and the surrounding chamber at - 24oC. Blocks of tissue or halved 

O.C.T. blocks for trabeculae (Figure 2.9 C & D) were frozen onto the chuck with additional 

O.C.T. Tissue sections were cut at 10 µm thickness, while trabeculae (due to difficultly of 
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sectioning) were cut at 25 µm thickness in the planes shown in (Figure 2.9 C & D), and 

collected onto glass coverslips (20 x 40 mm, No 1, Marienfeld, Lauda-Königshofen, 

Germany) coated with poly-L-lysine. If sections were not to be labelled on the same day as 

sectioning, they were stored in sealed slide boxes in the -80oC freezer.  

2.8.3 Immunolabeling of tissue sections 

Tissue sections were incubated with one drop of image iT FX signal enhancer (Thermo 

Fisher Scientific) for 1 hour at room temperature. Sections were washed with 150 μL of 

PBS for 5 mins and then blotted dry with lint free filter paper. The primary antibody (Table 

2.2) was diluted in tissue incubation solution (1 % BSA (Thermo Fisher Scientific; IgG 

free) and 0.05 % NaN3
 in PBS) and 70 μL was applied to the section and incubated 

overnight at 4 oC. The following day the sections were washed three times for 30 mins with 

150 μL PBS and blotted dry after the final wash. The fluorescently conjugated secondary 

antibodies and/or probes (Table 2) were diluted in tissue incubation solution and 70 μL 

applied to the sections and incubated for 2 hours at room temperature. Sections were then 

washed again three times for 30 mins with 150 μL PBS and blotted dry before being 

mounted in prolong gold (Thermo Fisher Scientific). During all incubations the slides were 

stored in a lightproof humidifying slide box. After mounting, the slides were stored at 4 oC 

in the dark for at least 24 hours before imaging. Specific label details and methods for 

confocal image acquisition and analysis are detailed in the relevant chapters. Examples of 

trabecula cut in the transverse and longitudinal plane are shown in Figure 2.9 E and F 

respectively.  

Primary/Secondary Antibody  Dilution Supplier Labels for  
Rabbit polyclonal anti-Tom20 

(IgG)  1:200 
Santa Cruz Biotechnology 

(Dallas, TX, USA) 
mitochondrial outer 

membrane 
Alexa fluor 488 conjugated with 

goat anti-rabbit  1:200 
Thermo Fisher Scientific 

(Waltham, MA, USA) rabbit IgG 
Alexa fluor 594 conjugated with 

phalloidin  1:50 
Thermo Fisher Scientific 

(Waltham, MA, USA) f-actin 
Alexa fluor 594 conjugated with 

wheat germ agglutinin  1:50 
Thermo Fisher Scientific 

(Waltham, MA, USA) 
extracellular matrix 

(glycosylated proteins) 
Table 2.2 Probes and antibodies used for immunolabelling protocols   
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Figure 2.9 Cryosectioning of trabeculae for confocal imaging.  

This figure outlines the steps for generating thin sections of fixed trabeculae. The dashed lines indicate a cut. 

The fixed trabeculae were cut as in A and then positioned in a cryomold as shown in B before filling with 

O.C.T compound and freezing in 2-methly butane. The frozen blocks were then halved and positioned on the 

cryostat chuck so that the sectioning surface for C and D was achieved to produce transverse (E) and 

longitudinal (F) sections. The confocal images in E and F were taken following labelling for the 

sarcolemma/extracellular matrix (magenta), mitochondria (green) and myofibrils (red). 
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Chapter 3. Mitochondrial energy transfer in left 

ventricular hypertrophy  
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3.1. Introduction 

Chronic systemic hypertension increases the work load of the heart, and leads to the 

development of pathological hypertrophy (Nadruz, 2015). Initial compensatory responses 

to increased workloads increase both left ventricular (LV) and total cardiac muscle mass. 

This promotes cardiomyocyte architectural remodeling alongside changes in metabolic 

pathways, which all appear to promote heart failure (Nadruz, 2015). Given that 

mitochondria in the healthy heart occupy about 35 - 40 % of cardiomyocyte volume 

(Kawamura et al., 1976) and produce up to ~ 95 % of the adenosine triphosphate (ATP) 

(Allard et al., 1994), it is not surprising that bioenergetic deficiencies have been identified 

in animal and human models of pathological hypertrophic heart failure (Neubauer, 2007). 

These deficiencies include decreased mitochondrial respiration (Abel & Doenst, 2011), 

impaired creatine kinase (CK) shuttle system (De Sousa et al., 1999; Jullig et al., 2008) 

and altered substrate utilization (Ingwall & Weiss, 2004). However, how all these 

complications are linked have yet to be explored.  

 

It is well documented that the total ATP concentration ([ATP]) in failing hearts can be 

significantly depressed. However, depressed [ATP] may not be limiting, as [ATP] in HF 

does not appear to fall below estimated ATP requirements (or overall KM) of cellular 

ATPases (Ingwall & Weiss, 2004). Yet within a cardiomyocyte compartmentalization 

model (Andrienko et al., 2003), [ATP] and [ADP] likely differ from those in health. ADP 

and ATP must be effectively transported between the mitochondria and ATPases. Adenine 

phosphate nucleotides are bulky and negatively charged so subsequently diffuse poorly. 

Furthermore, they can be scavenged on route to sites of demand and can also act as 

chelators (Hofer et al., 1996). The smaller, less charged, and more diffusible molecule, 

creatine phosphate (CrP), in conjunction with the CK shuttle theoretically decrease the 

reliance on adenylate diffusion (Birkedal et al., 2014). While the importance of the CK 

system seems questionable in creatine deficient mice (Lygate et al., 2013), CK enzymes 

appear to be essential in mammalian hearts (Taegtmeyer & Ingwall, 2013). Cardiac creatine 

is rephosphorylated primarily within the intermembrane space of mitochondria by the 

mitochondrial CK (mtCK) using freshly synthesized ATP. CrP diffuses down its 

concentration gradient to a distal site where bound myofibrillar CK (MMCK) 

rephosphorylates ADP to ATP. In pathological states, including cardiac hypertrophy, the 
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CK system is impaired and this impacts ATP buffering (Neubauer, 2007; Taegtmeyer & 

Ingwall, 2013).Under high workloads in HF, an increased dependence on ATP and ADP 

diffusion likely occurs, and this may be further impacted by structural changes within 

pathologically altered cardiomyocytes.  

 

The heart shows considerable plasticity with increased workloads, which mediates 

hypertrophy that is physiological (i.e. exercise/athletic induced) or pathological. The 

former adaptive response results from increases in cardiomyocyte length, thereby 

maintaining cell diameter (eccentric hypertrophy) (Heineke & Molkentin, 2006). 

Pathological hypertrophy results primarily from the addition of sarcomeres in parallel, and 

this increases cell diameter (concentric hypertrophy) (Nadruz, 2015). It should be noted 

that non-pathological concentric hypertrophy can occur (pressure load on the heart during 

weight lifting) (Bernardo et al., 2010). Similarly, pathological hypertrophy can be eccentric 

(volume overload from aortic regurgitation), however, concentric hypertrophy is associated 

with worse cardiovascular prognosis (Cuspidi et al., 2012).  Changes in cell dimension can 

impact diffusion, as ATP, ADP and CrP move more slowly radially, due to the obstruction 

from mitochondria and the sarcoplasmic reticulum (Kinsey et al., 2007). If the space 

occupied by myofibrils is greater radially within pathological hypertrophic hearts, this also 

increases distances and thereby impeding diffusion between the ATP sources and sinks.  

 

Impaired exchange such as decreased ADP supply to mitochondria is expected to impact 

oxidative phosphorylation (OXPHOS) and alter electron flow in the electron transport 

system (ETS) and mitochondrial membrane potential. This would further elevate the role 

of mitochondria as an underlying driver of the failing heart.  In addition to being an “engine 

out of fuel”, it can be characterized as an impaired motor with faulty transmission. 

Typically, mitochondrial OXPHOS capacity is assessed in vitro using saturating [ADP] 

(1 - 5 mM), whereas in vivo [ADP] is low (µM range) and [ATP] and [CrP] are high (mM 

range) (Birkedal et al., 2014). Bioenergetic function, in pathological states, would 

incorporate restricted diffusion and/or impaired facilitated transport (via the creatine 

shuttle). This would be expected to slow the effective delivery of ADP to OXPHOS, 

increase the redox state of the mitochondria and, therefore, promote the excessive 

production of reactive oxygen species (ROS) (Hickey et al., 2009).  
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The aim of this study was to test the cellular energy production and transfer system of the 

heart in pathological hypertrophy. To carry out our aim, we compared 20-month 

normotensive Wistar controls to age-matched spontaneously hypertensive rats (SHR) 

which develop significant hypertrophy with impending progression to heart failure (Han et 

al., 2014). We assessed mitochondrial function in left ventricular (LV) homogenates, which 

present all mitochondria within the sample (Pham et al., 2014) with greatly diminished 

diffusion restrictions, as well as in permeabilised fibers where 95 % of the mitochondria 

and the subcellular architecture remains intact thereby restricting adenylate diffusion 

(Larsen et al., 2014; Picard et al., 2011). We then compared muscle organelle distribution 

within cardiomyocytes in fixed LV samples from SHR and Wistar hearts.  We hypothesized 

that ADP channeling would be impaired in SHR hearts and this would promote ROS 

production, compared to controls.  

3.2. Methods 

3.2.1 Animals 

Spontaneously hypertensive rats (SHR) and Wistar controls were housed in pairs and fed 

standard rat chow and tap water ad libitum for 84 - 86 weeks. All studies were approved 

by the Animal Ethics Committee of the University of Auckland (R925). All chemicals were 

sourced from Sigma-Aldrich (St. Louis, USA) unless otherwise stated. 

Animals were anesthetized with isoflurane prior to weighing, and measuring blood glucose. 

Hearts were excised under anesthesia and immediately arrested in ice-cold saline and 

weighed. The free wall of the left ventricle was then dissected into three parts. 

Approximately 50 mg was stored in ice cold Custodial® Histidine-Tryptophan-

Ketoglutarate preservation buffer prior to respirometry measurements (Power et al., 2014). 

A second sample (~ 200 mg) was fixed for imaging (see below). The remaining tissue was 

frozen in liquid nitrogen for later enzyme activity assays.   

3.2.2 High-resolution respirometry 

Mitochondrial respirometry assays were performed using oxygraph‐O2k™ respirometers 

(Oroboros™). Oroboros O2k fluorimeters (protocol 1 and 2) and custom-made 
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fluorimeters (protocol 3) were inserted into the front two windows of the O2k chambers to 

measure fluorescence. Tissue was added to each chamber of the oxygraph suspended in 2 

mL of respiration buffer (in mM: 0.5 EGTA, 3 MgCl2, 60 K-lactobionate, 20 Taurine, 10 

KH2PO4,  20 HEPES, 110 Sucrose and 1g L-1 of BSA, pH 7.1). Respiration was measured 

as weight‐specific O2 flux (pmol s-1 mg-1), in DatLab5 (Oroboros ™). We chose to use 

heart tissue (homogenate or permeabilised fibers) as a representative sample of heart 

mitochondria which excludes selection bias during the isolation process of both 

cardiomyocytes and mitochondria (Larsen et al., 2014). While heart tissue is made up of 

non-muscle cells, the majority of the cross-sectional area (~ 84 %) is made up of 

cardiomyocytes and the remaining area is made up by blood vessels and collagen cords 

(Goo et al., 2009), all of which are metabolically less active. Three different protocols were 

performed to assess mitochondrial capacity and connectivity. All experiments were 

performed at 37 °C. 

Protocol 1: Measurement of mitochondrial efficiency in LV homogenate (ATP 

production) 

LV tissue (40 mg mL-1) was homogenized for 15 s in ice-cold respiration buffer and added 

(1 mg mL-1) to each oxygraph chamber containing Magnesium GreenTM, pentapotassium 

salt (5 μM, Thermofisher Scientific), together with ouabain (0.03 mM) to inhibit the 

Na+/K+ ATPase, and blebbistatin (0.05 mM) to inhibit myosin heavy chain ATPase 

(Kovacs et al., 2004). ATP production was measured by following Magnesium Green 

(MgG) fluorescence to detect ATP-ADP exchange at a wavelength excitation/emission of 

503/530 nm (Pham et al., 2014). Complex I (CI) activity was determined using malate 

(2 mM), glutamate (10 mM), and pyruvate (10 mM). CI- and Complex II (CII)-mediated 

leak respiration was then initiated by addition of succinate (10 mM). Finally, Mg2+-free 

ADP (5 mM) was added to stimulate CI+CII OXPHOS and ATP production was measured. 

The tissue was allowed to respire into anoxia, at which point oligomycin (5 μM) was added 

to inhibit ATP synthase and to record the background signal used to calibrate the 

fluorescence signal as described previously (Pham et al., 2014). [ATP]/[O] is calculated 

from concurrent measurements of ATP production and O2 flux during CI + CII OXPHOS  

(ATP production / O2 flux x 2). 

Protocol 2: Measurement of maximal oxidative capacity and ROS production in LV 

homogenate 
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Net ROS production was measured simultaneously with respirational flux using Amplex 

® UltraRed (AMPR, Thermofisher Scientific). The combined mitochondrial H2O2 and 

superoxide radical (O2
.-, further reduced with exogenous superoxide dismutase (SOD)) are 

linked to horseradish peroxidase (HRP), which in turn reacts with AMPR to form a 

fluorescent product, which was followed at respective 563/587 nm excitation/emission 

wavelengths. AMPR (5 μM), SOD (10 U), and HRP (10 U) were added to the chambers, 

followed by H2O2 (330 nM) to calibrate the ROS signal. Homogenate tissue (2 mg wet 

weight) was added to each chamber and allowed to equilibrate. CI and CII substrates were 

added to stimulate Leak respiration states. Addition of ADP (2.5 mM) stimulated 

OXPHOS. Leak rate of CI+CII was again determined by addition of oligomycin (5 μM), 

followed by repeated titration of FCCP (0.5 μM) to uncouple mitochondria. Antimycin A 

(5 μM) was added, and the activity of cytochrome c oxidase (CCO) was measured using 

the electron donor couple N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 0.5 mM) 

and ascorbate (2 mM). To account for non-mitochondrial ROS production the background 

ROS signal was measured before the addition of mitochondrial substrates and subtracted 

from all ROS measurements presented.  

Protocol 3: Measurement of energetic connectivity in permeabilised fibres 

Saponin permeabilisation of heart fibers permits measurement of mitochondrial respiration 

while keeping them intact in their physiological settings with connections to myofibrils 

(Picard et al., 2011). Fibers were prepared immediately prior to each assay (Hickey et al., 

2009) and approximately 2 mg was added to each oxygraph chamber. The O2 concentration 

was kept above 350 µM in order to overcome O2 diffusion barriers in the preparations. 

Steady-state respiration rate was achieved before the titration of each substrate into the 

chambers. The following substrates/enzymes were titrated sequentially to measure 

different Leak and OXPHOS states: glutamate (10 mM) and malate (5 mM) (CI-Leak), 

5 mM succinate (CI-CII-Leak), 10 mM ATP (OXPHOS), 2 mM phosphoenolpyruvate 

(substrate for pyruvate kinase), 10 U of pyruvate kinase x 2 (enzyme trap for ADP) and 

finally 10 mM creatine (to promote localised production of ADP in mitochondria).   

3.2.3 Enzyme assays 

Citrate synthase 
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Tissue stored at - 80oC was thawed, weighed and homogenized 1:10 (wt/vol) in cold 

homogenization buffer (in mM: 1 EDTA, 2 MgCl2, 50 KCl, 25 Tris-HCl and 0.5 % Triton 

X-100, pH 7.4). The homogenate was centrifuged at 20,000 x g at 4oC for 10 minutes. The 

supernatant was then diluted 10-fold with homogenization buffer and 5 μL was added to 

195 L of reaction buffer (in mM: 0.1 Acetyl CoA, 0.2 DTNB (5,5’-Disthiobis(2-

bitrobenzoic acid) and 50 Tris-HCl, pH 8 ) in a 96 well plate. The assay was started by 

adding oxaloacetate (0.5 mM) and absorbance was measured at 412 nm using the 

Spectramax 340PC plate reader, following the production of TNB, which is coupled to the 

product of  the citrate synthase reaction (Srere, 1969).   

 

Creatine kinase 

Creatine kinase activity was coupled to reactions catalyzed by hexokinase and Glucose-6-

phosphate dehydrogenase, which is stoichiometrically linked to the breakdown of CrP 

(Jacobus & Lehninger, 1973). G6P dehydrogenase (2.5 U mL-1, Roche) and hexokinase 

(2.5 U mL-1, Roche) was added to 190uL reaction buffer (in mM: 10 MgCl2, 100 KCl, 20 

Glucose, 1 ADP, 10 AMP, 10 CrP, 1.6 NADP+ and 50 Tris-HCl, pH 8.6) in a 96 well plate. 

The assay was started by adding the same supernatant as prepared above and the increase 

in NADPH absorbance was followed at 340 nm. 

Actomyosin 

Tissue was weighed and homogenized 1:20 (wt/vol) as above and centrifuged at 17, 500 x 

g for 5 min and the supernatant discarded. The pellet was resuspended and washed three 

times with 50 mM Tris-HCl (pH 8). 4 L of the final suspension was added to 196 L of 

the reaction buffer (the respiration buffer supplemented with in mM: 0.01 rotenone, 2 

oligomycin, 0.01 ouabain, 0.2 NADH), which linked ATP breakdown to a decrease in 

NADH using 3.23 U mL-1 of lactate dehydrogenase and 2 U mL-1 of pyruvate kinase 

(Hickey et al., 2009). The decrease in NADH absorbance was measured as for the CK 

assay. 
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3.2.4 Immunolabeling and imaging 

LV free wall tissue blocks were immersion-fixed in 1 % paraformaldehyde for 1 hour at 

4oC before being cryo-protected with 30 % sucrose in phosphate buffered saline (PBS). 

The blocks were then frozen in liquid nitrogen cooled 2-methylbutane and cryosectioned 

into 10 µm sections. Sections were incubated for 1 hour with image iT FX signal enhancer 

(Life Technologies) and washed once with PBS for 5 min. Sections were triple labelled for 

mitochondria (Tom20), f-actin (phalloidin) and sarcolemma (wheat germ agglutinin, 

WGA). The sections were incubated overnight at 4oC with primary antibody rabbit anti-

Tom20 (1:200, sc-11415, Santa Cruz Biotechnology) in PBS with 1 % BSA and 0.01 % 

sodium azide. Sections were washed 3 times in PBS before 2 hours of incubation at room 

temperature with secondary goat anti-rabbit Alexa 488 (1:200, Thermofisher Scientific) in 

PBS with 1 % BSA, 0.01 % sodium azide, Alexa 594-phalloidin (1:50, Thermofisher 

Scientific) and Alexa 680-WGA (1:50, Thermofisher Scientific). Sections were washed 3 

times in PBS and mounted in Prolong Gold (Thermofisher Scientific). Three-dimensional 

images (0.25 µm spacing, 82 nm pixel size) were acquired with a Zeiss 710 laser scanning 

microscope using a Zeiss 63x oil-immersion objective NA 1.40. Images were deconvolved 

using the Richardson-Lucy algorithm described by Soeller and Cannell (Soeller & Cannell, 

1999). The densities of mitochondria, f-actin and the t-tubules were measured by creating 

a mask for each channel in Fiji (imageJ). The average distances from the centre to the edge 

of the mitochondrial clusters and the myofibrils were then calculated using a 

skeletonization and edge-detection script in Python (Version 7.3.2). 

3.2.5 Data analysis 

Data are presented as mean ± SEM unless otherwise specified. Statistics were performed 

in GraphPad Prism using unpaired t-tests to compare between groups or paired t-tests to 

compare between different respiratory states. Statistical significance is denoted by a * 

where p < 0.05, ** where p < 0.01 and *** where p < 0.001. 
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3.3. Results 

3.3.1 Animal Data 

As shown in Table 3.1, SHR hearts were almost double the size of Wistar hearts despite 

having approximately half the body weight of the Wistars. Relative to body mass, the SHR 

hearts were more than three-fold larger than those of Wistars. Blood glucose levels between 

the two groups did not differ. At this age, the SHR animals did not show any signs of heart 

failure, although we have found these animals rapidly progress to heart failure (Han et al., 

2014). 

 

 
Wistar SHR 

Age (weeks) 86 ± 0.9 84 ± 0.4 

Body weight (g) 840 ± 27 456 ± 14*** 

Heart weight (g)  1.6 ± 0.06 2.9 ± 0.19*** 

Heart/Body weight (%) 0.19 ± 0.01 0.64 ± 0.05** 

Blood Glucose (mM) 6.4 ± 0.4 5.7 ± 0.2 

Table 3.1 Morphological data 

Mean ± SEM morphological data from Wistar (n = 10) and spontaneously hypertensive rats (SHR; n = 6) 

3.3.2 Respirometry 

LV homogenates show depressed mitochondrial function and increased ROS production 

When mitochondrial respiration was measured in LV homogenates, SHR O2 flux was 

significantly lower in all states (Figure 3.1 A) compared to Wistars. However, when 

normalized to citrate synthase content, there were no longer any differences seen between 

the two groups (Figure 3.1 B).  Despite lower O2 flux per unit mass of tissue in the SHR, 

ROS production was at least doubled in all respiration states including where the 

mitochondrial membrane potential is dissipated with FCCP (Figure 3.1 C). When net ROS 

production is expressed as a percentage of O2 flux (relative ROS production), the difference 

between the two groups is further emphasized. ROS production accounts for 1.4 % and 

0.13 % of the total O2 flux in the oligomycin and OXPHOS states, respectively, in SHR 

hearts, whereas Wistar tissues reached 0.3 % and 0.02 % for the equivalent states (Figure 

3.1 D).   
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The lesser OXPHOS capacity per unit of wet tissue mass from the SHR hearts was also 

mirrored in the net ATP production, with a 32 % decrease (NS) in the rate of ATP produced 

per mg of tissue (Figure 3.2 A). The steady-state phosphorus-to-oxygen ratio ([ATP]/[O]) 

represents the efficiency of the mitochondria to produce ATP from the consumption of 

molecular oxygen. Comparison of the [ATP]/[O] ratios showed no difference in OXPHOS 

efficiency between groups (Figure 3.2 B), as did the respiratory control ratios (RCR) for 

respiration states with both CI and CI + CII (Table 3.2). However, the SHR heart 

mitochondria did show a 12 % lower uncoupling control ratio (UCR) compared to Wistars, 

indicating a lower excess capacity of the ETS relative to OXPHOS. The capacity of the 

mitochondrial ATPase to consume ATP through its activation as a hydrolase in anoxia was 

attenuated by 67 % in the SHR hearts compared to the Wistar (Figure 3.2 A).    

 

  RCR             

(CI) 

RCR 

(CI + CII) 

UCR 

(ETS/OXPHOS) 

CIV/ETS 

Wistar 9.07 ± 0.73 3.88 ± 0.17 1.17 ± 0.02 1.13 ± 0.07 

SHR 10.11 ± 3.80 3.41 ± 0.50 1.05 ± 0.04* 2.01 ± 0.36 (p = 0.06) 

Table 3.2 Mitochondrial respiratory flux control ratios.  

Mean (±SEM) values from ROS assay (RCR (CI) from ATP assay only). Respiratory control ratio (RCR) is 

determined from CI or CI + CII Leak and OXPHOS; uncoupling control ratio (UCR) is the fractional increase 

in respiration following uncoupling with FCCP; CIV/ETS, shows fractional increase in respiration with 

cytochrome c oxidase (complex CIV) electron donor N,N,N’,N’-tetramethyl-p-phenylenediamine with 

inhibitor antimycin A which inhibits upsteam complex III. 
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Figure 3.1 Mitochondrial respiration measured from LV homogenates.  

All data for Wistar (black, n = 9-10) and SHR (grey, n = 6). Mean O2 consumption normalized to wet weight 

(A) during CI-Leak (nonphosphorylating) which was initiated by adding CI substrates GMP (glutamate, 

malate and pyruvate), CI+II-Leak (state 2) was then measured with the addition of CII substrate SUCC 

(succinate). OXPHOS was initiated with ADP and subsequently inhibited with oligomycin (Oli) to measure 

CI+II-Leak (state 4). Addition of FCCP uncoupled respiration and CIII was inhibited using antimycin A. CIV 

activity was then measured following addition of TMDP and ascorbate. Any respiration immediately 

following antimycin A was used to account for non-mitochondrial O2 consumption. O2 flux was also 

normalized to citrate synthase (CS) content (B). H2O2 production as measured by amplex ultra-red normalized 

to tissue mass, which is representative of total ROS production in the homogenate (C). Total ROS production 

is also shown normalized to O2 flux (D).  
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Figure 3.2 ATP production from LV homogenates.  

ATP production/degradation was measured indirectly from LV homogenates (SHR n = 6 and Wistar n = 10) 

using MagnesiumGreen (see methods) and normalized to tissue mass (pmol s-1 mg-1 wet weight) with both 

CI and CII substrates during normal O2 levels (OXPHOS) and after all O2 in the chamber had been depleted 

(anoxic ATP degradation) (A). The steady-state phosphorus-to-oxygen ratio ([ATP]/[O]) was calculated 

during OXPHOS as a measure of efficiency of respiration (B). 
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Respirometric analyses using permeabilised fibers indicate impaired energetics 

Respiration of permeabilised fibers was similar between groups (Figure 3.3 B) in all states 

until the addition of the ADP-pyruvate kinase (PK) trap, where O2 flux dropped by 35 % in 

the SHR heart fibers such that it was 32 % lower than in the Wistar fibers. Respiration did 

not decrease further with additional PK, indicating that all the ADP that could be 

sequestered had been within SHR fibers, and that these were less efficient than those in the 

aged Wistar fibers at channeling ADP from myofibrils to mitochondria. The addition of 

creatine increased respiration by 21 % in the Wistar fibers, indicating activation of the 

mtCK system, which increases the mitochondrial affinity for ADP (Vendelin et al., 2000). 

This effect was not apparent for SHR fibers, likely illustrating a deficiency in mtCK in 

SHR heart muscle. Net ROS production was higher in all respiration states in the SHR 

fibers, and became more pronounced when expressed as a percentage of O2 flux 

(Figure 3.3 C). The PK-ADP trap increased the relative ROS production by 207 % in the 

SHR fibers (p = 0.006), however relative ROS production was only increased by 66 % in 

the Wistar fibers (NS). Addition of creatine dropped relative ROS production compared to 

the ADP-trapped state by 32 ± 5 % (p = 0.01) and 26 ± 7% (p = 0.03) in the Wistar and 

SHR fibers respectively. While there was no significant difference between the two groups 

in the relative drop in ROS, the magnitude of relative ROS production was more than four-

fold higher from the SHR fibers. 
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Figure 3.3 Respiration measured in LV permeabilised fibres with addition of ATP for OXPHOS and 

an ADP trapping enzyme system. 

Representative traces (A) of a mitochondrial assay from an SHR animal in an OroborosTM oxygraph with 

fitted fluorimeters. The upper trace shows the O2 concentration in the chamber (nmol mL-1, blue line) and the 

rate of O2 consumption normalised to wet wt. of the tissue (pmol s-1 mg-1), red line). The lower trace shows 

the concentration of H2O2 (nmol mL-1, dark green) and the H2O2 efflux (pmol s-1 mL-1, lime green). Arrows 

indicate titration of various substrates (glutamate, pyruvate, succinate, phosphoenolpyruvate and creatine), 

adenosine triphosphate (ATP, endo-OXPHIS)), and enzyme pyruvate kinase (PK). Mean O2 flux (B) and 

H2O2 flux relative to O2 flux (C) from Wistar (black, n = 5) and SHR (grey, n = 5).  
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3.3.3 Enzyme activities  

The mitochondrial content marker, citrate synthase, was 35 % lower in the SHR hearts 

compared to Wistar hearts (Table 3.3). The total CK activity was similarly lower in SHR 

hearts. The actomyosin hydrolysis of ATP was decreased by 32 % in SHRs compared to 

Wistars.  

 

  Citrate 

Synthase  

Creatine  

Kinase  

Actomyosin  

Wistar 1.49 ± 0.04 2.15 ± 0.09 57 ± 5 

SHR 0.96 ± 0.06*** 1.51 ± 0.08*** 39 ± 5* 

Table 3.3 Enzyme activities and mitochondrial ATP production and degradation.  

Citrate synthase (U mg-1 wet weight), creatine kinase (U mg-1 wet weight) and actomyosin (U mg-1 protein) 

measured in fractionated frozen LV samples from Wistar (n = 9) and SHR (n = 6). 

 

3.3.4 Confocal imaging 

Fixed LV free wall tissue from 5 Wistar and 6 SHR animals were labelled for mitochondria, 

myofibrils and sarcolemma to visualize the subcellular structure. Representative 

transversely oriented images of cardiomyocytes (Figure 3.4 A-B) show smaller more 

clumped mitochondria (green) wedged between larger, circular myofibrils (red) in SHR 

compared to Wistar. Fractional area of myofibrillar and mitochondrial labelling within the 

cardiomyocytes did not differ between the SHR hearts (48 ± 3 % for phalloidin and 

39 ± 1 % for Tom20) and the Wistar hearts (49 ± 2 % for phalloidin and 35 ± 2 % for 

Tom20). However, distance maps (Figure 3.4 C-F) showed that the mean distance from the 

center of the myofilaments to the edge of the myofilaments was greater in the SHR 

cardiomyocytes compared to the Wistars. From the myofilament masks the ratio of total 

perimeter to total area of the cardiomyocytes were calculated. There was a trend towards a 

smaller perimeter/area ratio in the SHR cardiomyocytes compared to the Wistars 

(Figure 3.4 G), indicative of decreased contact between the myofilaments and the 

mitochondria per area of myofilaments.      
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Figure 3.4 Distances from the centre of myofilaments and mitochondrial clusters. 

Representative sections (10 µm) labelled with mitochondrial marker Tom20 (green), sarcolemmal marker, 

WGA (blue), and F-actin marker phalloidin (red) from Wistar (A) and SHR hearts (B). C shows a mask 

created from the myofilament labelling (phalloidin), which was used to create a skeleton (D-E) to calulate 

the mean distance from the skeleton to the edge of the mask. Mean ±SEM values are shown in F for the 

phalloidin label (myofilaments) and Tom20 (mitochondria). The phalloidin mask was also used to calculate 

the ratio of area:perimeter for the phalloidin mask (G), the perimeter represents the contact sites of the 

mitochondria and the myofilaments.   
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3.4. Discussion 

The hearts of SHRs were two- and three-fold greater in absolute and relative mass, 

respectively (Table 3.1). While hypertrophy is initially compensatory, the 84 week old 

SHRs, such as those used in this study, are likely approaching end-stage heart failure (Han 

et al., 2014). Even at the non-failing stage relative to Wistar cardiac trabeculae, SHR heart 

trabeculae (~ 80 weeks old) showed decreased enthalpy outputs (sum of work and heat 

generation), stress generation, contraction duration and velocities and decreased 

efficiencies of contraction (Han et al., 2014).  

 

We employed two methods to explore mitochondrial function. The first approach compared 

O2 flux capacities, ATP synthesis and net ROS production in homogenized heart tissue. 

Homogenization disrupts the subcellular organization of cardiomyocytes, and decreases 

diffusion limitations on substrates. Relative to the Wistars, the SHR mitochondrial O2 flux 

per mg of tissue was lower in all states of respiration measured; however, these differences 

were similar when standardized to CS (Lemieux et al., 2011). This indicates that SHR heart 

tissue have less mitochondrial capacity for a given mass. As fractional mitochondrial areas 

appeared similar within cardiomyocytes, the increased mass (wet weight) could result from 

increased fibrosis (Ward et al., 2003), which could also account for the decreased 

actomyosin activity per mg of total protein. While the [ATP]/[O] ratio between groups and 

indices of respiratory control were similar when measured in LV homogenates which are 

measures of mitochondrial efficiency, the capacity to produce ATP per unit mass of tissue 

was impaired. Mitochondrial hydrolysis of ATP in anoxic states was also 67 % lower in 

SHR homogenates, whereas we have previously noted that these remain relatively high in 

STZ-diabetic rat heart tissues (Pham et al., 2014). Anoxic ATP hydrolysis by the 

F1F0ATPase is well described and inhibited by specific proteins to varying degrees in some 

species (Green & Grover, 2000). While the presence of these proteins in the SHR cardiac 

mitochondria warrants testing, inhibition of anoxic reversal of the F1F0ATPase could act to 

protect the hearts [ATP] during ischemic conditions. 

3.4.1 Mitochondrial function in heart homogenate. 

ATP synthesis rates and total CK activities per unit mass were respectively 32 and 30 % 

lower in SHR hearts compared to Wistar hearts. Failing human hearts show 30 % 
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depression in [ATP] (Beer et al., 2002; Nascimben et al., 1996), and [CrP] decreases 

proportionately more than ATP with HF and correlates with HF severity, as does the 

[CrP]/[ATP] ratio (Ingwall & Weiss, 2004). The observed 32 % decline in actomyosin ATP 

turnover in SHR is, in part, likely due to well described myosin heavy chain isoform 

changes to the slower β-myosin isoform (Compagno et al., 2001). These data allude to a 

concerted match between ATP supplies and sinks. This may be sufficient during low 

workloads; however the SHR heart mitochondria had a lower UCR which shows they have 

less scope for increased demand and perhaps less reserve of the ETS capacity under 

oxidative loads/stress. We have previously shown that isolated working SHR hearts show 

significant mitochondrial depression following high work rates to maximal capacities, 

whereas normotensive Wistar-Kyoto (WKY) hearts showed no significant effects 

following the equivalent treatment (Hickey et al., 2009).  

3.4.2 ADP channeling and activation of excessive ROS production in permeabilised 

fibers 

The second approach we used was an assay to measure the coupling of mitochondria to 

myofibrils to test how ADP channeling may impair energy exchange. Here the addition of 

ATP instead of ADP was used to stimulate respiration, as the O2 flux was then dependent 

on ATP turnover by cellular ATPases and diffusion flux of ADP (JADP) back to the 

mitochondria (in the absence of creatine). Coupling was then tested by addition of an ADP 

trap (phosphoenolpyruvate and PK). Relative to the Wistar heart fibers, PK inhibited 

endogenous OXPHOS more in the SHR, i.e. ADP was more easily trapped. Addition of 

creatine should relieve inhibition of the ADP trap, as ADP will be formed within the micro-

domains of the intermembrane space. In healthy hearts most high-energy phosphate is 

exported from mitochondria via CrP (Anmann et al., 2014). Therefore diffusion of 

ADP/ATP in the heart is thought to be limited and slowed due to intracellular diffusion 

barriers (Andrienko et al., 2003). Respiration increased with the addition of creatine in the 

Wistars but not the SHRs, indicating that SHR hearts are likely to be more dependent on 

diffusion of ADP/ATP rather than the ‘creatine shuttle’.  

 

The net ROS production for the LV homogenates and permeabilised fibers was higher in 

all respiration states in the SHR hearts, and became more pronounced when expressed as a 
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percentage of O2 flux (Figure 3. 3 & 3. 4). This indicates that SHR heart tissues have a 

greater constant oxidative load and a loss of efficiency of the ETS compared to in the Wistar 

tissues. Typically, ROS is greatest in the Leak state where the mitochondrial membrane 

potential is elevated, in particular in the presence of succinate (Chouchani et al., 2014; 

Murphy, 2009). We show that ROS production was the highest in Leak states and even 

when depolarized (with FCCP) the SHR heart mitochondria produced a significant amount 

of ROS, where the Wistar’s net ROS production was almost negligible. This demonstrates 

significant dysfunction of the ETS in the SHR heart, and the specific sites of ROS 

production in the uncoupled state require further investigation. Net ROS measurements 

conducted with permeabilised fibers using the PK-ADP trap, which in effect induces more 

of a Leak state (i.e. low ADP), increased ROS production by approximately 200 % in the 

SHR fibers, but only by 70 % in Wistar fibers. Therefore, under high workloads where the 

CK system is compromised and the JADP is diminished, ROS production should increase. 

Relative to WKY hearts, failing SHR hearts show signs of oxidative damage following 

exposure to high work rates using a working heart model, with a depression of CI mediated 

O2 flux in permeabilised fiber preparations, whereas no depression was observed in WKY 

fibers post stress (Hickey et al., 2009).   

3.4.3 Ultrastructural arrangement within cardiomyocytes in fixed tissue 

The ultrastructure of SHR cardiomyocytes also clearly differed from the aged Wistar heart 

(Figure 3.4) and we contend that this may impact the bioenergetics and oxidative stress in 

SHR hearts. The greater distance between the centers of the myofibrils and mitochondria 

is a clear feature of the SHR cardiomyocytes when compared to aged Wistar 

cardiomyocytes, and SHR myofibrils are larger and more globular relative to the Wistar 

myofibrils (Figure 3.4). This feature has also been noted in human idiopathic 

cardiomyopathy (Crossman et al., 2011). While mitochondrial expansion is shown to occur 

to match myofibril growth during hypertrophy (Kawamura et al., 1976), there is a limit to 

the space that mitochondria can occupy in working muscle before force production is 

compromised, and the upper limit in mammalian heart appears to be 35-40 % (Rome & 

Lindstedt, 1998). Both SHR and Wistar hearts also showed no apparent crystalline 

mitochondrial arrangements as shown by others (Vendelin et al., 2005), although both 

samples are from old animals where structural organization may deteriorate. We also note 

that this only captures distances in a relaxed (diastolic) state and that the cardiomyocyte 
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dimensions are dynamic in the working heart, including the mitochondrial volumes (Yaniv 

et al., 2011).   

 

We propose that the impaired channeling of ADP observed in the SHR heart could result 

from increases in diffusion distance from myofibrils to mitochondria, which is 34 % further 

for SHR than for Wistar cardiomyocytes, and should slow diffusion flux (J) by one-third. 

Diffusion coefficients (D) for unbound ATP and ADP at 37oC in rat skeletal muscle 

approximate 0.5 nm2 s-1 and phosphocreatine diffuses 48 % faster at 0.74 nm2 s-1 (de Graaf 

et al., 2000). Fick’s law dictates that J  = D.ΔC/Δx, where ΔC is the concentration gradient 

and Δx the diffusion distance. As cytosolic concentrations of CrP (20 mM), ATP (10 mM), 

and Cr (~ 8 mM) (Jacobus, 1985a) are maintained high and the CK system is assumed to 

be in equilibrium (de Graaf et al., 2000), these metabolites likely have less effect on 

localized delivery to sites of consumption by cross-bridges (de Graaf et al., 2000) until 

complete HF (Neubauer, 2007; Neubauer et al., 1997). Using the distance from the centers 

of fibrils to their edges, and metabolite concentrations above we estimate a JATP of 8 and 

12 mol s-1, JCrP of 28 and 42 mol s-1 in SHR and Wistar cardiomyocytes, respectively. 

We note that a decrease in [ATP] of ~ 25 - 30 % has also been considered to be insufficient 

to limit contraction as the [ATP] remains above the Km for cellular ATPases (Ingwall & 

Weiss, 2004). However, the decreases we see in CK, OXPHOS, and ATP-synthesis in the 

SHR cohort all exceed 30 %. In addition, cytosolic [ADP] is much lower (0.01 to 0.02 mM) 

in the healthy heart (Tian et al., 1997) and its importance sometimes neglected from 

analyses (Kinsey et al., 2007). We estimate a JADP of 0.009 - 0.019 and 

0.014 - 0.028 mol s-1 at 0.01 - 0.02 mM ADP and for SHR and Wistar respectively. The 

JADP is therefore ~ 1350 and ~ 420 - fold lower than the JCrP and JATP respectively, and ADP 

and Pi exert considerable control over OXPHOS (Chance & Williams, 1956). The lower 

JADP may be overcome through elevation of [ADP] up to 0.15 mM in failing hypertensive 

heart (Tian et al., 1997). While this increases the JADP to 0.15 mol s-1 this still remains 

almost 56-fold lower than the JATP. Moreover, elevated cytosolic [ADP] correlates 

negatively with diastolic relaxation rates, likely through inhibited release of ADP during 

cross-bridge cycling, and this impairs diastolic function (Tian et al., 1997) through 

decreasing the overall phosphorylation potential (ΔGATP) (Ingwall & Weiss, 2004).   
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The CK system is assumed to accommodate the lower adenylate diffusion through localized 

rephosphorylation (de Graaf et al., 2000; Yaniv et al., 2010). The total CK activity was 

30 % lower in the SHR heart, and this may account for the lesser response following 

addition of creatine to permeabilised SHR fibers. CK depression is well described in HF 

models (Neubauer, 2007). However, a proportionate decrease in maximally supported 

OXPHOS and ATP hydrolysis capacity may be accommodated by the decreased CK 

activity.  

3.4.4 Limitations 

A limitation of assessing mitochondrial function in permeabilised fibers is that we cannot 

account for beat-to-beat regulation. In intact cardiomyocytes there is additional regulation 

of OXPHOS mediated by alterations in mitochondrial matrix [Ca2+] ([Ca2+]m) (Lu et al., 

2013). Increased [Ca2+]m stimulates Ca2+ dependent dehydrogenases and F0F1-ATPase to 

increase ATP production (Territo et al., 2001). It is suggested that SHR heart mitochondria 

may be operating at a higher basal [Ca2+]m (Pardo et al., 2015) and this is supported by 

higher resting and peak intracellular [Ca2+] measured in SHR trabeculae (Ward et al., 2003) 

which, may act to compensate for decreased OXPHOS capacity in SHR hearts. 

Additionally beat-to-beat regulation may also occur via functional coupling of L-type Ca2+ 

channels to mitochondrial VDAC mediated by cytoskeletal interactions (Viola et al., 2014). 

Structural remodeling, which occurs in SHR cardiomyocytes, could disrupt this functional 

coupling and contribute to poorer channeling of ADP to mitochondria. 

3.5. Conclusions 

Previous studies have not accounted for changes in adenylate and creatine shuttling in 

hypertrophic hearts, which would add to the “engine out of fuel” theory of the failing heart 

(Neubauer, 2007).  We show that within the SHR heart muscle there is a decrease in 

mitochondrial OXPHOS, impaired CK and ADP channeling, and the latter appears to 

promote ROS production above that of endogenous OXPHOS states. Nearly all the 

apparent deficiencies are approximately a third lower than in the Wistar heart muscle, apart 

from net ROS production, which is four fold higher in the SHR fibers within OXPHOS 

under ADP trapping. We hypothesize that the decreases in ADP channeling in the SHR 

heart could be mediated by an expansion of myofibrils and decreased specific activities of 

actomyosin, which would generate a significant barrier to ADP flow. Others have proposed 
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that, even within healthy muscle, diffusional anisotropy (directional variation in diffusion) 

results from intracellular barriers well within the boundaries of the sarcolemma(de Graaf 

et al., 2000), and some of the diffusion barriers for CrP within myocytes have been 

attributed to the sarcoplasmic reticulum and mitochondria in an orientation-dependent 

manner (Kinsey et al., 1999). Here we propose that the increased diffusion distance, in 

particular of ADP, may also impart a barrier within aged SHR hearts, and this coincides 

with metabolic depression and elevated ROS. Future studies should investigate the 

temporal progression of hypertrophy and its impact on high energy phosphate delivery.   
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Chapter 4. Impaired Ca2+ handling proceeds 

energetic insufficiency and overt heart failure in 

right ventricular hypertrophy 

 

4.1. Introduction 

In comparison to left ventricular (LV) hypertrophy, right ventricular (RV) hypertrophy 

from pulmonary hypertension (PH) is understudied (Voelkel et al., 2006). Furthermore, 

most studies of RV hypertrophy are undertaken towards the failing end of the spectrum 

(Benoist et al., 2011; Fowler et al., 2015; Lamberts et al., 2007; Miura et al., 2011), when 

therapeutic interventions are less likely to be effective. Also, the pathophysiology of LV 

hypertrophy cannot be extrapolated to the right ventricle (Voelkel et al., 2006), which is 

thinner-walled, and normally exposed to low arterial pressures. In humans PH is classified 

as a mean pulmonary arterial pressure of  ≥ 25 mmHg, and can be caused by a number of 

different pathologies. These include bone morphogenetic protein receptor-II mutations 

(Deng et al., 2000), chronic obstructive pulmonary disease (Chaouat et al., 2005), chronic 

thromboembolism PH (Hoeper et al., 2006). Secondary PH and RV hypertrophy can also 

develop as a result of left heart disease (Galie et al., 2016; Olivari et al., 1978) and RV 

hypertrophy develops in aged (90 weeks old) spontaneously hypertensive rats (Pfeffer et 

al., 1979).  

Effective cardiac contraction requires synchronous excitation-contraction coupling (ECC) 

throughout the heart. Within cardiomyocytes, this is mediated by Ca2+-induced-Ca2+-

release and can be perturbed through ultra-structural and molecular changes, which are 

known to occur with LV hypertrophy (Bailey & Houser, 1993; Maier et al., 1998; Wei et 

al., 2010), and to some extent in RV hypertrophy (Benoist et al., 2012; Lamberts et al., 

2007). Inotropes, such as β-adrenergic agonists, can enhance contractility by increasing 

Ca2+ transient amplitude and kinetics, particularly in hearts that have decreased SR Ca2+ 

stores and prolonged Ca2+ transients, both of which are hallmarks of late-stage LV 

hypertrophy (Bailey & Houser, 1993; Maier et al., 1998; Ward et al., 2003). However, 

alterations in the RV from experimental models of PH appear to differ from those predicted 

from failing LV (Benoist et al., 2012).  
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Previous studies report that Ca2+ transient amplitudes are high (Benoist et al., 2012), and 

contractility is enhanced in isolated cardiomyocytes from hearts with RV hypertrophy, but 

decline at high stimulation frequencies (Benoist et al., 2012; Fowler et al., 2015). To 

increase the inotropic state of the heart there must either be an increase in Ca2+ availability 

to the myofilaments, or an increase in myofilament Ca2+ sensitivity, such as that which 

occurs at greater sarcomere lengths (Bers, 2000). The β-adrenergic inotropic response is 

important in health but can become overstimulated and desensitised in hypertension 

(Seyfarth et al., 2000). β-adrenergic stimulation activates the protein kinase A (PKA) 

pathway with multiple downstream phosphorylation targets. Within cardiomyocytes PKA 

has dominant targets of phospholamban and troponin I, which accelerate relaxation by 

increasing the activity of SR Ca2+ ATPase (SERCA), and decreasing myofilament Ca2+ 

sensitivity, respectively (Li et al., 2000). PKA also increases Ca2+ flux through the voltage-

sensitive L-Type Ca2+ channel (Kamp & Hell, 2000), and increases the activation of the SR 

Ca2+ release channel (RyR) (Takasago et al., 1991), thereby enhancing ECC. Increased 

SERCA activity elevates the SR Ca2+ load (Bers, 2000), and, together with enhanced ECC, 

increases Ca2+ transient amplitude. Thus, despite decreased myofilament sensitivity, there 

can be an increase in contractility in response to β-agonists. The first aim of this chapter 

was to investigate Ca2+ handling and stress production in trabeculae from RV hypertrophic 

hearts, under basal conditions and in response to increased metabolic demands that mimic 

those experienced in everyday life: increased contraction rate, and during β-adrenergic 

stimulation.  

A key element of ECC is the sub-cellular arrangement of the invaginations of the 

sarcolemma (t-tubules), which can be disrupted in the transition from LV hypertrophy to 

heart failure (Wei et al., 2010). Key proteins (L-type Ca2+ channel and RyR) are found in 

the dyad, formed by the t-tubule membrane and the junctional SR, which mediate ECC 

(Ibrahim et al., 2011). Therefore, the second aim was to examine the t-tubular system in 

the same trabeculae as those used for functional measurements. 

Enhancing the inotropic state of the heart increases metabolic stress along with ATP 

requirements, mainly to fuel the additional cross-bridge cycling, and active transport of 

Ca2+, and Na+ (Collins-Nakai et al., 1994). Hence, ATP supply must also increase, 

primarily by aerobic glucose oxidation (Collins-Nakai et al., 1994). Impaired mitochondrial 

function has previously been reported with right heart failure (Daicho et al., 2009; Enache 

et al., 2013; Wust et al., 2016), but the impact of this on ATP supply during compensatory 
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hypertrophy is unknown. Myofibrillar hypertrophy can further impart energetic barriers by 

increasing the ATP/ADP diffusion distances between mitochondria and cellular ATPases 

(Power et al., 2016). The third aim was to determine whether mitochondrial ATP supply 

limits the contractile response in RV hypertrophy before progressing to right heart failure. 

To carry out the aims, an animal model of PH was used where RV hypertrophy is evident, 

prior to the onset of overt heart failure. Investigated of intracellular Ca2+ dynamics, t-tubule 

arrangement and mitochondrial ATP sufficiency were carried out in RV tissue from 

normotensive controls and rats with RV hypertrophy induced by PH.  
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4.2. Methods 

4.2.1 Animal Model 

Male Wistar rats (~ 300 g) were randomly assigned to the monocrotaline (MCT; n = 10) or 

control group (CON; n = 10). MCT rats received a single intraperitoneal injection of 

60 mg kg-1 of monocrotaline in saline to induce RV hypertrophy. Controls were injected 

with an equivalent volume of saline. Rats were fed normal rat chow and water ad libitum 

for four weeks and monitored regularly. At four weeks post-injection, animals were 

anaesthetised with isoflurane using 100% O2 as the carrier gas until reflexive responses 

were lost, and then killed by decapitation. The heart was immediately weighed and 

immersed in ice-cold Tyrode’s buffer (see below), prior to cannulation of the aorta and 

perfusion with oxygenated dissection solution (see below). The wet and dry weights of the 

liver and lungs were also obtained.  

4.2.2 Measurement of heart rate and mean arterial pressure with implanted 

telemeters  

In a separate group of male Wistar rats (~ 300 g; n = 14) TRM54P telemeters (Millar, 

Houston, TX, USA) were surgically implanted to monitor mean arterial pressure (MAP) 

and heart rate (HR). The abdominal cavity was opened with a midline incision through the 

skin and muscles of the abdomen. The telemeter contained a pressure catheter which was 

inserted into the abdominal aorta and secured with tissue adhesive and surgical mesh (for 

detailed surgical methods see (Guild et al., 2015)). The body of the telemeter was then 

secured to the abdominal muscle wall and the muscle and skin layer sutured closed. The 

rats were then allowed to recover for one week before one week of baseline recordings of 

MAP and HR. Monocrotaline injections (60 mg kg-1) were made following baseline 

measurements (MCT; n = 8) and controls were given an equivalent volume of saline (CON; 

n = 6). During telemetry rats were housed in individual cages each fitted underneath with 

an inductive pad (TR181 SmartPad, Millar) that acted as a charger and receiver for the 

telemeters. Data were collected continuously using LabView software (National 

Instruments, Austin, TX USA) for up to 42 days along with daily body weight 

measurements. Surgery, monitoring of the rats, and data analysis from telemeters was 

carried out by Dr Sarah-Jane Guild. 
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4.2.3 Trabeculae dissection and Fura-2 loading  

Hearts were cannulated via the aorta and Langendorff-perfused with oxygenated Tyrode’s 

buffer containing (in mM): NaCl (141.8), KCl (6), MgSO4∙7H2O (1.2), Na2HPO4 (1.2), 

HEPES (10), Glucose (10), CaCl2 (0.25) and 2,3-butanedione monoxime (BDM, 20) 

throughout the dissection. A free-running trabeculae (diameter: 0.30   0.05 mm, n = 20) 

was dissected from the RV and mounted at one end in a wire basket extended from a force 

transducer (KX801, Kronex Technologies, USA) and at the other end in a snare lowered 

into a flow-through chamber on the stage of an inverted microscope (Nikon Eclipse 

TE2000-U, Tokyo, Japan), as described previously (Ward et al., 2003). Once mounted,  the 

trabeculae was field stimulated at 0.2 Hz with 5 ms pulses at a voltage 20 % above 

threshold, and continuously superfused with oxygenated, BDM-free Tyrode’s buffer 

containing 1 mM CaCl2. Trabecula length was increased until active force was maximal 

(Lo). For Fura-2 loading the trabecula was superfused for two hours with loading solution 

containing 10 µM fura-2 AM (TefLABS, Austin, USA) and PowerLoad™ (Molecular 

Probes™, Oregon, USA; diluted 1:100) in 1 mM CaCl2
 Tyrode’s buffer at room 

temperature (Ward et al., 2003). The trabeculae was illuminated with 340 and 380 nm 

excitation wavelengths using a monochromator and spectrophotometric system (Cairn, 

Faversham, U.K.). Emitted fluorescence (500 nm) was collected from the central section 

of the trabeculae (collection window: 200 x 100 µm). The ratio of emitted fluorescence at 

excitation wavelengths of 340 and 380 nm provided a measure of intracellular Ca2+ 

concentration ([Ca2+]i). 1 mM probenecid (Molecular Probes™, Oregon, USA) was added 

following washout of the loading solution with Tyrode’s buffer, to prevent the loss of fura-

2 from the cardiomyocytes, and the temperature was increased to 37°C. 

4.2.4 Intracellular Ca2+ and force measurements 

The CaCl2 concentration of the Tyrode’s buffer was increased to 1.5 mM, and stimulation 

frequency increased to 1 Hz until a stable steady-state twitch force was achieved. 

Simultaneous measurements of isometric force and [Ca2+]i were made from trabeculae 

stimulated initially at 1 Hz, and subsequently at 5 Hz, until steady-state twitches were 

obtained. The stimulation frequency was then returned to 1 Hz, and steady-state re-

achieved before the addition of the β-adrenergic agonist isoproterenol (1 μM) to the 

superfusate. Data were acquired using a custom written program in LabView Signal 
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Express (National Instruments). Isometric force was normalised to cross-sectional area as 

a measure of stress (mN mm-2) for comparison of contractile function.  

4.2.5 Trabeculae permeabilisation and Ca2+ activated stress measurements 

In addition to the chemicals outlined in Table 4.1 all intracellular solutions contained (in 

mM): MgCl2.6H2O (3), K-lactobionate (60), taurine (20), KH2PO4 (10), Hepes (20) and 

sucrose (110), adjusted to pH 7.1 (Fasching, 2016). Free Ca2+ concentrations were 

calculated with the online program 

(http://maxchelator.stanford.edu/CaMgATPEGTA-TS.htm). Following the Ca2+ and stress 

measurements, trabeculae were pharmacologically permeabilised by superfusing for one 

hour with oxygenated relaxing solution with ATP and creatine phosphate (CrP) (Table 4.1) 

containing 50 µg of saponin. Saponin selectively targets cholesterol and permeabilises the 

sarcolemma while leaving the mitochondrial membrane intact, since it is relatively 

cholesterol free (Kuznetsov et al., 2008). This allowed us to investigate the contractile 

response of trabeculae in the absence of the sarcolemmal mechanisms associated with ECC. 

Stress production from the permeabilised trabeculae was then measured by sequentially 

superfusing with oxygenated intracellular solutions: pre-activating solution, followed by 

activating solution, and finally relaxing solution (Table 4.1 & Figure 4.1). The intracellular 

solutions contained either ATP and CrP, to ensure that cellular energy demands were met, 

or ADP, malate, pyruvate and creatine (Cr), to fuel mitochondrial ATP production and test 

energy sufficiency within the trabeculae. 

Solutions with exogenous ATP and CrP 

Pre-activating solution Activating solution Relaxing solution 

0.5 EGTA 10 CaEGTA 10 EGTA 

2.5 ATP 2.5 ATP 2.5 ATP 

10 CrP 10 CrP 10 CrP 

Solutions to support endogenous ATP production 

Pre-activating solution Activating solution Relaxing solution 

0.5 EGTA 10 CaEGTA 10 EGTA 

2.5 ADP 2.5 ADP 2.5 ADP 

2 malate 2 malate 2 malate 

5 pyruvate 5 pyruvate 5 pyruvate 

10 creatine 10 creatine  10 creatine 

Table 4.1 Concentration (mM) of chemicals added to intracellular solutions. 

Solutions prepared to support ATPase activity (exogenous ATP and CrP) or to support endogenous 

mitochondrial ATP production.  

http://maxchelator.stanford.edu/CaMgATPEGTATS.htm
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Figure 4.1 Representative contracture of a saponin-permeabilised MCT trabecula.  

Stress production in response to intracellular solutions: pre-activating, activating and relaxing. The activating 

solution induced maximal Ca2+ activated force with saturating free Ca2+ concentration (pCa2+ 4.4). The 

intracellular solutions contained either: ATP and creatine phosphate (CrP) to supply contraction, or: ADP, 

creatine (Cr) and mitochondrial substrates (malate and pyruvate) to fuel mitochondrial ATP production. Force 

was normalised to cross-sectional area (mN mm-2) to give stress, and active stress was defined as the 

difference in stress between the activating and relaxing solutions (arrow).    

4.2.6 Fixation of tissue and structural analysis of the t-tubular system 

Following experimentation, trabeculae were fixed at Lo by immersing in 1% 

paraformaldehyde for 10 minutes at room temperature, and then cryoprotected by 

sequential dehydration with 10 %, 20 % and 30 % sucrose in phosphate-buffered saline 

(PBS). Fixed trabeculae were cut in half and positioned perpendicular to one another in a 

cryomold before being frozen in cooled 2-methybutane prior to cryosectioning. Since 

cardiomyocytes are orientated longitudinally along the length of trabeculae, sections were 

made parallel, or horizontal to the long axis to obtain longitudinal and transverse sections 

(25 m), using a cryostat (Leica, Wetzlar, Germany). Sections were labelled with a 

sarcolemmal marker (wheat germ agglutinin, WGA) by incubating for two hours at room 

temperature with Alexa 680-WGA (1:50, Thermofisher Scientific, Waltham, MA, USA), 

washed three times in PBS and mounted in Prolong Gold (Thermofisher Scientific). Three-

dimensional images (0.25 µm spacing, 82 nm pixel size) were acquired with a laser 

scanning confocal microscope (LSM 710, Ziess, Oberkonchen, Germany) using a Zeiss 

63x oil-immersion objective (NA 1.40). Images were deconvolved using the Richardson-
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Lucy algorithm (Soeller & Cannell, 1999). Using Fiji image software (Schindelin et al., 

2012), cardiomyocytes from longitudinal images were traced to exclude the cell borders 

from the t-tubule system. The t-tubule system was then analysed for spatial frequency by 

performing a fast Fourier transform. A Gaussian curve was fitted to the first peak of the 

power spectrum (Figure 4.10 E-H) and the height was taken as the TTpower which was used 

as a measure of t-tubular regularity (Crossman et al., 2015; Wei et al., 2010). Images of 

transverse sections were used to get an accurate measure of cross-sectional area of the 

trabeculae for force normalisation to stress production (mN mm-2). 

4.2.7 Data analysis 

Text files of fluorescence and force data were exported from a series of consecutive steady-

state contractions (~10 stimuli) for averaging and analysis using a custom-written IDL 

program (IDL version 6.2, Research Systems Inc., Boulder, CO, USA) as previously 

described (Ward et al., 2003). Data are expressed as mean ± SEM. Statistical significance 

was analysed with either Student's t-test (gross morphometric data) or a two-way analysis 

of variance (ANOVA) using Prism 6 (GraphPad Software Inc., San Diego, CA, USA) and 

SAS (SAS Institute Inc., Cary, NC, USA), followed by Sidak’s multiple comparisons, as 

appropriate. Statistical significance was determined as p  0.05. 
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4.3. Results 

4.3.1 Morphometric data and evidence of right ventricle hypertrophy 

Wistar rats injected with monocrotaline (MCT) had impaired growth, such that their body 

weight at 4 weeks post injection was 14 % lower than that of saline-injected controls 

(CON: 446 ± 6 g; MCT: 382 ± 7 g, p < 0.001). MCT rats displayed a greater wet lung mass 

(CON: 1.7  0.1 g; MCT: 2.5  0.2 g, p = 0.003), with an increase in the wet:dry ratio 

(CON: 4.4 ± 0.1; MCT: 5.1 ± 0.3, p = 0.03). No difference was found in the wet weight or 

wet:dry weight ratio of the liver (Table 4.2). Heart weight was greater in the MCT group 

which could be attributed to significant RV hypertrophy (RV free wall thickness for 

CON: 1.9 ± 0.1 mm; MCT: 2.4 ± 0.1 mm). LV free wall thickness was not different 

between groups. The MCT rats did not show any clinical signs of heart failure, such as 

body weight loss, rapid breathing, piloerection or pleural effusions in the chest cavity.  

 

  CONTROL MCT p ≤ 0.05 

Body weight (g) 446 ± 6 382 ± 7 * 

Heart weight (g) 1.48 ± 0.04 1.69 ± 0.08 * 

Heart:body weight (%) 0.33 ± 0.01 0.44 ± 0.02 * 

Lung wet weight (g) 1.7 ± 0.1 2.5 ± 0.2 * 

Lung wet:dry weight 4.4 ± 0.1 5.1 ± 0.3 * 

Liver wet weight (g) 16.2 ± 0.6 15.1 ± 0.2  
Liver wet:dry weight  3.0 ± 0.1 3.1 ± 0.1  
Tibia length (mm) 52 ± 1 54 ± 1  
RV free wall (mm) 1.9 ± 0.1 2.4 ± 0.1 * 

LV free wall (mm) 3.9 ± 0.2 3.9 ± 0.1  
Table 4.2 Morphometric data 

Mean morphometric data from control (CON; n = 10) and monocrotaline (MCT; n = 10) animals used for 

trabeculae experiments. *p ≤ 0.05 using an unpaired Student’s T-test. 

 

4.3.2 Mean arterial pressure and heart rate following monocrotaline injection 

Telemetry data collected during the initial baseline recordings and following monocrotaline 

or saline injections showed no differences in HR or MAP between groups for the first four 

weeks post-injection. At the beginning of the fifth week post-injection the MAP began to 

drop in the MCT rats, such that by day 37 the MAP was significantly lower relative to the 

controls (Figure 4.2 A). At the same time, HR began to rise in the MCT rats, and by day 32 
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they had significantly higher HR relative to the controls (Figure 4.2 B). The HR continued 

to rise until day 35 after which the HR started to drop back towards the controls. Following 

MCT injection the rats did not gain weight at the same rate as the controls and they were 

significantly lighter by the fifth week (Figure 4.2 C). Six out of the eight MCT rats lost 

weight in their sixth week.  

 

Figure 4.2 Mean arterial pressure, heart rate and growth of animals post-injection. 

Rats with surgically implanted telemetry devices were monitored for one week before monocrotaline (MCT; 

n = 8) or saline (CON; n = 6) injection and up to six weeks post injection. Averaged daily measurement of 

mean arterial pressure (mmHg; A) and heart rate (beats per minute; B) is shown along with weekly body 

weight measurement (grams; C). Significant difference between groups is denoted by * (p ≤ 0.05) using a 

2-Way ANOVA.  
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4.3.3 Active stress and intracellular Ca2+ transients at 1 and 5 Hz stimulation 

frequency 

Examples of steady-state measurements from representative trabeculae of Ca2+ transients 

and twitch stress during pacing at 1 Hz and 5 Hz are shown in Figure 4.3 prior to averaging. 

Figure 4.4 shows twitch data (averaged over ~ 10 twitches) from the same representative 

control and MCT trabeculae from Figure 4.3. The amplitude of the Ca2+ transient was 

markedly smaller, and the peak rounded, in the MCT trabeculae at both frequencies. Active 

stress production was preserved in MCT trabeculae at 1 Hz, although this was not 

maintained at 5 Hz stimulation (Figure 4.4). The time-course of the Ca2+ transients was 

slower in MCT trabeculae, with a prolonged time-to-peak and a slower maximum rate-of-

rise of the Ca2+ transient compared to control trabeculae (Table 4.3). Resting [Ca2+]i levels 

(obtained from the minimum 340/380 fluorescence ratio) increased with a change in 

stimulation frequency from 1 to 5 Hz for both groups; however, this did not affect resting 

stress (Table 4.3). Peak [Ca2+]i increased proportionately more in the control (1 Hz: 

3.28 ± 0.15; 5 Hz: 3.50 ± 0.14 ratio units; p < 0.0001) compared to MCT (1 Hz: 3.03 ± 

0.07; 5 Hz: 3.18 ± 0.08 ratio units; p = 0.023), such that there was a frequency-dependent 

decrease in the amplitude of the Ca2+ transient in MCT trabeculae (Table 4.3 & 

Figure 4.5 A). This was reflected in the active stress production of control trabeculae, 

which was unchanged as frequency was increased (1 Hz: 25.8 ± 4.7; 5 Hz: 29.7 ± 5.8 

mN mm-2, p = 0.41); however, active stress decreased in the MCT trabeculae 

(1 Hz: 29.0 ± 6.2; 5 Hz: 21.2 ± 5.5 mN mm-2, p = 0.049) (Table 4.3 & Figure 4.5 B). The 

time-constant of decay of the Ca2+ transient, and the time-to-50 % relaxation of stress were 

both accelerated by increased frequency for both control and MCT trabeculae (Table 4.3 & 

Figure 4.5 C & D). 
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Figure 4.3 Raw traces showing Ca2+ transients and twitch stress measured at 1 Hz and 5 Hz stimulation 

frequency.  

Representative traces (green) of intracellular Ca2+ ([Ca2+]i) measured as the ratio of emitted fura-2 

fluorescence from trabeculae excited at 340 and 380 nm wavelengths and electrically stimulated at 1 Hz and 

5 Hz. Simultaneous measurement of twitch stress (mN mm-2) is shown below each [Ca2+]i  recording in black. 

The top four traces show measurements from one control (CON) trabeculae held at Lmax and the lower four 

show measurements from one monocrotaline (MCT) treated trabeculae held at Lmax. 
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Figure 4.4 Averaged Ca2+ transients and twitch stress at 1 Hz and 5 Hz stimulation frequency.  

Averaged (~10 contractions) steady-state Ca2+ transient (as 340/380 fura-2 fluorescence ratio) and stress from 

representative control (CON; black) and monocrotaline (MCT; grey) trabeculae. Time zero represents the 

onset of stimulation. A: averaged steady-state Ca2+ transient and B: concurrent measures of twitch force 

normalised to trabecula cross-sectional area (stress; mN mm-2).  
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Figure 4.5 Effect of stimulation frequency on Ca2+ transients and active stress.  

Mean ± SEM from control (CON, n = 8-9; black bars) and monocrotaline (MCT, n = 8-9; grey bars) 

trabeculae stimulated at 1 Hz and 5 Hz. A: Ca2+ transient amplitude measured as the difference in resting and 

peak 340/380 fluorescence. B: active stress (mN mm-2). C: time constant (Tau) of 340/380 fluorescence decay 

and D: time-to-50 % relaxation of stress. Significant difference between frequency or group is denoted by * 

p ≤ 0.05, ** p < 0.01, *** p < 0.001, and the interaction between group and frequencies is denoted by 

γ p ≤ 0.05. 

 

To assess whether a change in myofilament sensitivity was contributing to the decreased 

stress production in the MCT trabeculae, the descending (relaxation) limb of phase plots of 

averaged stress versus [Ca2+]i (Figure 4.6) were examined. There was a decrease in the 

slope (and therefore sensitivity) with increased stimulation frequency in the MCT 

trabeculae only (1 Hz: 64 ± 10 mN mm-2 (340/380)-1; 5 Hz: 28 ± 6 mN mm-2 (340/380)-1, 

p = 0.05), while the control trabeculae had a non-significant, change in slope 

(1 Hz: 72 ± 26 mN mm-2 (340/380)-1; 5 Hz: 48 ± 16 mN mm-2 (340/380)-1, p = 0.21) 

(Table 4.3). 
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Figure 4.6 Phase plots of stress versus intracellular Ca2+ from representative trabeculae 

Averaged (~10 contractions) stress vs. [Ca2+]i (fura-2 fluorescence; 340/380 ratio) from steady state 

contractions of trabeculae stimulated at 1 Hz and 5 Hz. The descending limb of the phase plot gives an 

indication of the myofilament Ca2+ sensitivity, with a steeper slope indicating increased sensitivity. Linear 

regression was applied to the descending limb of each phase plot to find the slope (mean results in Table 4.3). 
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  CONTROL MCT  

Variable  1 Hz 5 Hz 1 Hz 5 Hz p ≤ 0.05 

Trabeculae cross-

sectional area (mm2) 0.047 ± 0.01 0.065 ± 0.02   

Time-to-peak Ca2+ (s) 0.042 ± 0.003 0.038 ± 0.004 0.061 ± 0.007 0.046 ± 0.004# * Ɨ 

Max rate-of-rise 

Ca2+(340/380 s-1) 0.16 ± 0.02 0.18 ± 0.01 0.07 ± 0.01 0.08 ± 0.01 Ɨ 

Resting [Ca2+]i 

(340/380) 1.77 ± 0.13 2.08 ± 0.15# 1.92 ± 0.12 2.24 ± 0.16# * 

Peak [Ca2+]i (340/380) 3.28 ± 0.15 3.50 ± 0.14# 3.03 ± 0.07 3.18 ± 0.08#   

Ca2+transient 

amplitude  

(340/380) 1.51 ± 0.15 1.42 ± 0.09 1.11 ± 0.08 0.90 ± 0.12# * Ɨ 

Tau Ca2+ decay (s) 0.120 ± 0.003 0.061 ± 0.004# 0.120 ± 0.0131 0.068 ± 0.005# * 

Time-to-peak stress (s) 0.100 ± 0.005 0.080 ± 0.007# 0.125 ± 0.011 0.095 ± 0.008# * 

Resting stress 

(mN mm-2) 6.1 ± 1.9 6.1 ± 1.8 4.9 ± 1.0 5.3 ± 1.4   

Peak stress (mN mm-2) 31.5 ± 5.7 35.9 ± 7 34.5 ± 6.5 26.0 ± 5.5# γ 

Active stress 

(mN mm-2) 25.4 ± 4.8 29.7 ± 5.8 29.6 ± 65.7 20.8 ± 5.0# γ 

Time-to-50% 

relaxation from peak 

stress (s) 0.053 ± 0.003 0.039 ± 0.003# 0.058 ± 0.007 0.042 ± 0.004# * 

Slope of phase plot 

relaxation 

(mN mm-2 (340/380)-1) 72 ± 26 48 ± 16 64 ± 10 28 ± 6# * 
      

Table 4.3 Variables measured from trabeculae stimulated at 1 and 5 Hz stimulation Frequency  

Mean ± SEM of averaged Ca2+ transients and stress (~10 stimulations) from trabeculae at 1 Hz and 5 Hz 

stimulation frequency: n = 9 for stress measurements, and n = 8 for Ca2+ measurements. Significant 

differences are indicated: p ≤ 0.05 * for an effect of frequency, Ɨ for an effect of group, and γ for the interaction 

between group and frequency. A significant ‘within group’ effect of frequency is shown by # in the 5 Hz 

column.   

4.3.4 Active stress and intracellular Ca2+ transients with β-adrenergic stimulation 

Examples of steady-state measurements of Ca2+ transients (340/380 ratio) and twitch stress 

from trabeculae under control conditions (1 Hz) and with 1 µM isoproterenol, are shown in 

Figure 4.7 prior to averaging (Figure 4.8). Isoproterenol increased peak [Ca2+]i and stress 

in control trabeculae, but the positive inotropic response was absent in MCT trabeculae 

(Table 4.4 & Figure 4.9 A & B). However, the response to isoproterenol was still evident 

in the MCT with respect to changes in the time course of both the Ca2+ transient and twitch 

stress. Both the time-to-peak Ca2+ and the time-to-peak stress were shorter in MCT 

trabeculae during isoproterenol exposure (Table 4.4). The time constant of decay of the 

Ca2+ transient and the time-to-50 % relaxation of stress were also accelerated in both groups 
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following the application of isoproterenol (Figure 4.9 C & D). Regular, un-triggered Ca2+ 

release events were observed more frequently in MCT trabeculae with isoproterenol 

application (Figure 4.8 A, arrow). These were observed in seven out of eight MCT 

trabeculae, and in only two out of seven control trabeculae. Within the CON trabeculae that 

exhibited Ca2+ release during diastole, the inotropic response to stimulation was also 

decreased, with only a 31 % increase in stress relative to a 285 % increase in trabeculae 

with constant diastolic Ca2+.  

 

Figure 4.7 Representative Ca2+ transients and twitch stress in response to β-adrenergic stimulation 
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Representative traces of intracellular Ca2+ ([Ca2+]i; green) measured as the ratio of emitted Fura-2 

fluorescence from trabeculae excited at 340 and 380 nm wavelengths and electrically stimulated at 1 Hz 

before (-iso) and with 1 μM isoproterenol (+iso) added to the superfusate. Simultaneous measurement of 

twitch stress (mN mm-2; black) is shown below each [Ca2+]i  recording. The top four traces show 

measurements from one control (CON) trabecula held at Lmax and the lower four show measurements from 

one monocrotaline (MCT) treated trabecula held at Lmax. 

 

 

Figure 4.8 Averaged Ca2+ transients and twitch stress in response to isoproterenol.  

Representative responses of control (CON; black) and monocrotaline (MCT; grey) trabeculae to β-adrenergic 

stimulation. Averaged (~10 contractions) steady-state Ca2+ transients (A) and twitch stress (B) before (- iso) 

and during (+ iso) exposure to 1 µM isoproterenol while stimulated at 1 Hz. The arrow shows an example of 

non-triggered Ca2+ release during diastole, only seen here in the MCT trabecula during isoproterenol 

exposure.  
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Figure 4.9 Effect of β-adrenergic stimulation on Ca2+ transients and active stress. 

Mean ± SEM results for control (CON, n = 7-9; black bars) monocrotaline (MCT, n = 8; grey bars) trabeculae 

before (-iso) and during (+iso) exposure to 1 µM isoproterenol. A: Ca2+ transient amplitude measured as the 

difference in resting and peak 340/380 fluorescence. B: active force normalised to cross-sectional area (stress; 

mN mm-2). C: time constant of Ca2+ decay (Tau; s). D: time-to-50% relaxation of stress (s). Significant 

difference (p ≤ 0.05) with isoproterenol is denoted by *, and the interaction between group and iso is denoted 

by γ p ≤ 0.05. 

 

  CONTROL MCT   

Variable  - iso + iso - iso + iso p ≤ 0.05 

Time-to-peak Ca2+ (s) 0.039 ± 0.001 0.035 ± 0.003 0.064 ± 0.006 0.044 ± 0.004 Ɨ γ* 

Resting [Ca2+]i (340/380) 1.84 ± 0.12 1.86 ± 0.13 1.93 ± 0.13 2.00 ± 0.14 * 

Peak [Ca2+]i (340/380) 3.16 ± 0.19 3.50 ± 0.19  3.00 ± 0.09 3.05 ± 0.10 γ* 

Ca2+ transient amplitude 

(Δ 340/380) 1.32 ± 0.10 1.64 ± 0.15 1.07 ± 0.09 1.05 ± 0.09 Ɨ γ* 

Tau of Ca2+ decay (s) 0.119 ± 0.009 0.069 ± 0.011 0.115 ± 0.007 0.063 ± 0.004 * 

Time-to-peak stress (s) 0.091 ± 0.005 0.081 ± 0.002 0.111 ± 0.009 0.091 ± 0.007 * 

Active stress (mN mm-2) 20.2 ± 5.4 46.6 ± 8.4 19.1 ± 5.1 22.5 ± 5.3 γ* 

Time-to-50 % relaxation 

from peak stress (s) 0.052 ± 0.006 0.040 ± 0.003 0.054 ± 0.007 0.042 ± 0.005 * 

Table 4.4 Variables measured from trabeculae stimulated at 1 Hz stimulation frequency in response to 

β-adrenergic stimulation 

Mean ± SEM of averaged trabeculae responses (~10 stimulations) before (-iso) and during (+iso) exposure 

to 1 M isoproterenol for control (CON: n = 7-9) and monocrotaline (MCT: n = 6-9). Significant differences 
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(p ≤ 0.05) are shown with * for isoproterenol effect, Ɨ for group effect and γ for interaction between group 

and isoproterenol.   

4.3.5  Stress production in permeabilised trabeculae with mitochondrial oxidative 

phosphorylation intact 

Two experimental techniques were used to investigate the response of trabeculae to 

increased metabolic demand (increased stimulation frequency and -adrenergic 

stimulation). In both situations, the MCT inotropic response was compromised. We 

therefore questioned whether there was an energy deficit in MCT trabeculae, compared to 

control. Energetic sufficiency was tested in saponin-permeabilised trabeculae, which 

eliminated the sarcolemmal dependence of ECC (Figure 4.1). Maximum Ca2+ activated 

stress in the presence of excess high energy phosphates (ATP + CrP) did not differ from 

when energy supply was dependent on oxidative phosphorylation (ADP + Cr + malate + 

pyruvate) for either control (ATP: 31.3 ± 5.4 mN mm-2; ADP: 29.6 ± 6.7 mN mm-2, 

p = 0.83) or MCT trabeculae (ATP: 31.2 ± 8.1 mN mm-2; ADP: 25.5 ± 5.9 mN mm-2, 

p = 0.36). There was also no significant difference of maximum Ca2+ activated stress 

between the groups (CON, n = 9; MCT, n = 7, p = 0.81).  

4.3.6 Visualisation of the t-tubule system in trabeculae  

Following functional experiments, trabeculae were fixed for analysis of the t-tubular 

system. Confocal images labelled for the sarcolemma showed patches of MCT 

cardiomyocytes that lacked t-tubules and others with less ordered t-tubule structure 

(Figure 4.10). Analysis of t-tubule regularity revealed a decrease in the TTpower in 

cardiomyocytes from MCT trabeculae compared to CON (CON: 0.11 ± 0.02 a.u.; MCT: 

0.07 ± 0.01 a.u., p = 0.02). 
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Figure 4.10 Visualisation and analysis of the T-tubule system.  

Images of 25 µm sections of PFA-fixed trabeculae labelled for T-tubules (WGA; magenta). The first row of 

images show representative longitudinal trabeculae sections from control (CON; A) and monocrotaline 

(MCT; B) rat hearts. The second row show examples of deconvolved high-resolution z-stacks (C & D); these 

images were used for analysis of T-Tubule regularity (TTpower). E: 2D image following cropping of the outer 

cell membrane and the resultant fast Fourier transform is shown in F. G: the plot profile from the yellow line 

in B which is normalised to the intensity of the central pixel in B, the peak corresponding to the Z-disc (spatial 

frequency ~1.8 µm), has been fitted with a Gaussian, and the height of the peak was taken as the TTpower. H: 

mean ± SEM data from 5 control (18 cells) and 6 MCT (18 cells) trabeculae. * denotes p ≤ 0.05 using an 

unpaired Student’s T-test.   
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4.4. Discussion 

RV hypertrophy develops in patients with PH, and progresses to right heart failure if left 

untreated. Monocrotaline was first found to induce PH and right heart failure 50 years ago 

(Kay et al., 1967), and it remains useful for producing animal models in the study of right 

heart failure (Stenmark et al., 2009). However, mechanisms underlying the contractile 

deficit of the heart, particularly early in the progression of the disease, continue to emerge. 

Impaired contractile responses were apparent in cardiac trabeculae from MCT rats in our 

study without overt signs of heart failure that have been validated in MCT rats using 

echocardiography (Hardziyenka et al., 2006). Our study investigated Ca2+ handling, energy 

supply and t-tubular structure in RV trabeculae after four weeks of pulmonary hypertension 

without evidence of failure (Figure 4.2). We report, for the first time, attenuated inotropic 

responses of MCT RV trabeculae to β-adrenergic stimulation, despite accelerated 

Ca2+ transient and twitch kinetics.  

4.4.1 Evidence of right ventricular hypertrophy 

The injection of 60 mg kg-1 of monocrotaline into rats is a well-established protocol for 

inducing RV hypertrophy that rapidly progresses to heart failure (Fowler et al., 2015; Wust 

et al., 2016). However, we found that the weight of the rat on the day of injection was a 

determinant of the progress of right heart disease. In our study, rats injected with 

monocrotaline at ~ 300 g showed significant RV hypertrophy after four weeks, with no 

overt signs of heart failure, whereas others have shown that injecting rats at a younger age 

(and therefore lower body weight) caused a more rapid transition to right heart failure 

(Benoist et al., 2011; Fowler et al., 2015).  

The telemetry data show the typical hemodynamic changes associated with the onset of 

heart failure (Figure 4.2 A & B). These data clearly demonstrate that, for the first four 

weeks following injection, MAP and hence perfusion pressure is maintained. Resting HR 

is elevated in more advanced heart failure (Hori & Okamoto, 2012) and occurs in the MCT 

rats only after four weeks when MAP starts to drop. Decreased vagal nerve activity and 

increased sympathetic nerve activity increases HR during heart failure (Hori & Okamoto, 

2012), in an attempt to maintain cardiac output and increase MAP. However HR can only 

increase to a certain extent before diastolic filling is compromised. From the fifth week 

post-injection a decrease in HR and the continued decline in MAP shows that the MCT rats 
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are undergoing severe decompensated heart failure which is accompanied by weight loss. 

While the MAP only measures the systolic circulation, it is indicative of cardiac output 

which must be equal between ventricles. While PH primarily affects the RV, it eventually 

leads to both left and right-sided heart failure as decreased venous return from the 

pulmonary circulation and impaired diastolic filling leads to decreased LV output (Gan et 

al., 2006; Louie et al., 1986; Marcus et al., 2001). Decreased loading of the LV in patients 

with right ventricular failure, and in MCT rats, has also been shown to result in atrophy of 

the LV (Dell'Italia, 2011; Hardziyenka et al., 2011). Pulmonary arterial pressure measured 

by telemetry in MCT rats (~ 300 g) showed a gradual increase in mean pulmonary arterial 

pressure from 2 weeks post-injection (Hess et al., 1996).  

My study focused on the cellular changes associated with the development of RV 

hypertrophy prior to heart failure, since this early stage of the disease is less studied. It is 

important to understand the cellular changes that occur early in the disease process if better 

treatment strategies are to be developed to prevent the transition to right heart failure in 

humans with PH. 

4.4.2 Ca2+ transients and twitch stress in trabeculae 

Ca2+ transients from MCT trabeculae were 26 % smaller in amplitude compared to CON, 

with a slower onset and flatter peaks (Figure 4.4 A & B). This is consistent with findings 

from studies examining RV trabeculae from rats with MCT-induced right heart failure 

(Lamberts et al., 2007; Miura et al., 2011), but not in studies of cardiomyocytes isolated 

from the RV of MCT rats (Benoist et al., 2012). The mechanisms that underlie the smaller 

Ca2+ transients in MCT trabeculae are still under investigation. Decreased protein 

expression of SR Ca2+ release channel (ryanodine receptor; RyR) and SERCA have been 

demonstrated in RV hypertrophy from rats following MCT injection (Kogler et al., 2003); 

however, this conflicts with the reported increase in SR Ca2+ content in RV isolated 

cardiomyocytes from MCT failing hearts (Benoist et al., 2012). Benoist et al. (2012) also 

reported larger Ca2+ transient amplitudes at 5 Hz stimulation frequency in isolated 

cardiomyocytes, with a greater fractional release of total SR Ca2+ content (Benoist et al., 

2012). These discrepancies may result from altered cardiomyocyte behaviour following 

isolation and separation from the extracellular matrix and supporting endothelial cells 

[Kaur et al. unpublished data]. Isolation of cardiomyocytes likely introduces selection bias 
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on a pool of viable cardiomyocytes, such that the less robust cells may not survive the 

isolation process.  

The rounded peak, and slower time course, of the Ca2+ transients we observed in MCT 

trabeculae could result from prolongation of the action potential (Benoist et al., 2011; 

Benoist et al., 2012). However, this would not explain the decreased Ca2+ transient 

amplitude we observed. An alternative explanation is that ECC is less well synchronised in 

trabeculae from hearts with RV hypertrophy. This would produce a less effective Ca2+ 

current, and a slower Ca2+ transient time-to-peak. Despite the smaller Ca2+ transients in the 

MCT trabeculae, active stress production was similar to CON only at 1 Hz (Figure 4.5 B), 

which might indicate increased Ca2+ myofilament sensitivity in MCT hearts at low 

stimulation frequencies (Kogler et al., 2003; Lamberts et al., 2007).  

The decrease in active stress in MCT trabeculae when stimulation frequency was increased 

from 1 to 5 Hz is partially explained by the decrease in the amplitude of the Ca2+ transient 

(Figure 4.5, & Table 4.3). Typically, positive force- and [Ca2+]i-frequency relationships are 

observed between 1 and 5 Hz in rat ventricular trabeculae (Layland & Kentish, 1999). This 

is attributed to an increase of Na+ and Ca2+ current density per unit of time, contributing to 

greater Ca2+ entry, increased SR Ca2+ load, and decreased Ca2+ removal via the Na+/Ca2+ 

exchanger (Layland & Kentish, 1999). Experimental conditions that decrease the force-

frequency relationship include non-physiological temperature (24oC) and elevated 

extracellular [Ca2+] (8 mM) (Layland & Kentish, 1999). In conditions of Ca2+ overload, a 

negative force-frequency relationship may be observed (Layland & Kentish, 1999), and 

increased SR Ca2+ leak during diastole may contribute (Shannon et al., 2003). Isolated RV 

cardiomyocytes from both hypertrophic and failing hearts (MCT induced) had increased 

SR Ca2+ leak compared to controls (Benoist et al., 2012), and resting [Ca2+]i was increased 

at 5 Hz stimulation for both groups. Additional complex cellular mechanisms, such as 

oxygen limitation and a decrease in intracellular pH (decreasing Ca2+ myofilament 

sensitivity) may contribute to a negative force-frequency relationship (Endoh, 2004). 

Increasing stimulation frequency accelerated relaxation parameters for both MCT and 

control trabeculae (Figure 4.5 C & D). This occurs through a combination of frequency-

dependent activation of SERCA activity (DeSantiago et al., 2002), and decreased 

myofilament Ca2+ sensitivity, which may play a greater role in failing hearts (Lamberts et 

al., 2007). Decreased myofilament Ca2+sensitivity is suggested by the frequency effect on 
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the slope of relaxation of the phase plots (Figure 4.6). While the difference in slope was 

variable in the CON group, there was a consistent decrease in the MCT group (Table 4.3). 

Therefore, myofilament Ca2+ desensitisation contributes to the relaxation rate in the MCT, 

but not the CON, trabeculae.   

4.4.3 Trabeculae response to β-adrenergic stimulation 

The β-adrenergic agonist isoproterenol increased the Ca2+ transient amplitude by 24 % in 

the control trabeculae, and doubled active stress (Figure 4.9 A & B), but not for the MCT 

trabeculae. This initially might suggest reduced numbers and/or sensitivity of -adrenergic 

receptors in MCT cardiomyocytes (Ishikawa et al., 1991; Seyfarth et al., 2000; Yoshie et 

al., 1994); however, isoproterenol shortened the time-to-peak Ca2+ by 30 % for MCT 

trabeculae and by 11 % for control trabeculae, suggesting the L-type Ca2+ current (Kamp 

& Hell, 2000) and/or RyR opening probability responded to isoproterenol (Takasago et al., 

1991). Likewise, isoproterenol also accelerated Ca2+ transient decay and stress relaxation 

to the same extent for both MCT and control (Figure 4.9 C & D). We conclude that, at this 

pre-heart failure stage of RV hypertrophy, β-adrenergic receptors remain reactive, and that 

the cyclic AMP-PKA pathway remains intact in MCT (Kranias et al., 1985). However, 

following isoproterenol stimulation, MCT trabeculae displayed signs of Ca2+ dysregulation, 

with non-triggered release of SR Ca2+ during diastole. The latter may arise from 

spontaneous, store overload-induced Ca2+ release, in which elevated luminal SR Ca2+ 

triggers the opening of RyR at some SR Ca2+ load (Chen et al., 2014). The critical intra-

luminal Ca2+ concentration may be lower in conditions where RyR leak is enhanced (Kong 

et al., 2008), such as following β-adrenergic stimulation (Curran et al., 2007) and in MCT 

RV failure (Benoist et al., 2012). Figure 4.8 A shows an example of non-stimulated Ca2+ 

release during diastole, triggered by isoproterenol, in a MCT trabeculae. Diastolic release 

events occurred in 88 % of isoproterenol treated MCT trabeculae, but in only 28 % of 

control trabeculae. In all cases of diastolic release, trabeculae had a diminished response to 

isoproterenol. Increased diastolic leak would decrease the Ca2+ SR load (Shannon et al., 

2005), which would explain the attenuated inotropic response of MCT trabeculae to -

adrenergic stimulation in our study. 
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4.4.4 Maximum Ca2+ activated stress in permeabilised trabeculae   

Intracellular [Ca2+] was controlled by pharmacologically permeabilising the sarcolemma in 

trabeculae whilst recording the steady-state force generation (Figure 4.1). Using this 

approach, it was possible to determine the dependence of maximum Ca2+ activated stress 

development supported by ATP derived from mitochondrial oxidative phosphorylation, in 

the absence of sarcolemma ECC mechanisms. When the permeabilised trabeculae were 

provided with high-energy phosphates, i.e. ATP and CrP, the maximum Ca2+-activated 

stress did not differ between MCT and control trabeculae. To confirm that contraction was 

not limited by ATP supply within MCT trabeculae, we also exposed them to saturating 

[Ca2+] with no exogenously supplied ATP or CrP. Hence, cross-bridge cycling was 

dependent on ATP synthesised by mitochondria supplied with excess citric acid cycle 

substrates, ADP and the phosphate shuttle/buffer Cr. Under these experimental conditions, 

we found no difference in maximal Ca2+ activated stress production when the permeabilised 

trabeculae were either supplied with excess ATP, or were dependent on endogenous ATP 

production. Therefore, compromised mitochondrial ATP supply does not explain the 

contractile deficit in RV hypertrophy, although this reportedly develops in the latter stages 

of decompensated hypertrophy (Daicho et al., 2009).  

4.4.5 Alterations in t-tubule structure 

Significant cellular remodelling of the ventricles occurs in hypertrophy, with myofilaments 

added in parallel to increase cardiomyocyte width (Gerdes, 2002), as observed in 

Figure 4.10, and previously reported in MCT RV (Korstjens et al., 2002). Synchronised 

ECC is dependent on the proximity of L-type Ca2+ channels and RyR in the dyad that is 

formed by the t-tubules and junctional SR (Ibrahim et al., 2011), and may become more 

critical as cardiomyocyte width increases (Munro & Soeller, 2017). Junctional proteins 

maintain t-tubular regularity (Munro et al., 2016) and stabilise L-type Ca2+ channel 

coupling to RyR (van Oort et al., 2011).  

There was a decrease in the organization of the t-tubules in MCT trabeculae 

(Figure 4.10 H). Disruption of the t-tubular system within trabeculae from healthy control 

rats produces a similar contractile phenotype to that of the MCT, where the onset of the 

Ca2+ transient is delayed, and the amplitude decreased, following detubulation by 

formamide-induced osmotic shock (Ferrantini et al., 2014). Whereas, disruption of the 
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t-tubular system in MCT trabeculae might explain the impaired ECC observed in our 

measurements of Ca2+ transients, it is less obvious how t-tubular disruption could explain 

the response of MCT trabeculae to isoproterenol. For example, we saw a decrease in time-

to-peak Ca2+ with isoproterenol, which was significantly greater in MCT (20 ms) than in 

control (4 ms), shown in Table 4.4. β-adrenergic receptor signalling is modulated by 

specialised domains (caveolae), which are distributed throughout the surface and t-tubular 

membranes (Calaghan et al., 2008; Calaghan & White, 2006). Caveolae reportedly restrict 

L-type Ca2+ channel activation (for review see (Harvey & Calaghan, 2012)), and their loss 

enhances β-adrenergic receptor stimulation (Agarwal et al., 2011). Therefore, t-tubule 

disruption in MCT trabeculae may have impaired caveolae control, resulting in an 

increased response to isoproterenol, which includes increased SR Ca2+ leak via RyR during 

diastole. A net loss of SR Ca2+ would then result in the observed lower peak [Ca2+]i and 

active stress in response to isoproterenol.   

4.5. Conclusions 

MCT trabeculae had smaller Ca2+ transients compared to control trabeculae, with a slower 

time-to-peak. However, there were only subtle differences in active stress under steady-

state conditions, and ATP supply did not limit maximum Ca2+-activated stress production. 

Instead, I conclude that disruption of the regularity of the t-tubular system in RV 

hypertrophy alters the gain of ECC, prior to the onset of heart failure. Although MCT rats 

four weeks post-injection were considered to be in a pre-heart failure stage, this data show 

cardiac function could be compromised in MCT if subjected to strenuous activities outside 

of their sedentary cage life. This might explain the poor exercise tolerance of patients with 

PH and early-stage RV hypertrophy. 
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Chapter 5. Real-time measurement of 

mitochondrial ATP production and membrane 

potential in right ventricular hypertrophy 

 

5.1. Introduction 

Even at rest the energy demands placed on the heart are constant, but cardiac output can 

increase five-fold during strenuous activity (Åstrand et al., 1964). Since the majority of 

ATP consumed by the heart is from oxidative phosphorylation (OXPHOS) within the 

mitochondria, to sustain increased work performed by the heart, ATP supply must also 

increase to match demand. Mechanisms that regulate ATP production include metabolic 

feedback via substrate supply (Saks et al., 2004) and, more controversially, parallel 

activation by intracellular Ca2+ ([Ca2+]i) (Glancy & Balaban, 2012; Territo et al., 2001).  

There is a strong drive for Ca2+ uptake into the mitochondria due to the large concentration 

gradient between the cytosol (up to 10-20 µM near the ends of the intermyofibrillar 

mitochondria (Williams et al., 2013)) and the matrix (100-200 nM (Finkel et al., 2015)), 

and the highly polarised mitochondrial membrane potential (ΔΨ) between -180 to -200 mV 

(Glancy & Balaban, 2012). Due to differing techniques, early evidence was conflicting 

regarding beat-to-beat changes in mitochondrial matrix [Ca2+] (Huser et al., 2000), where 

some researchers only reported monotonic changes (Di Lisa et al., 1993; Miyata et al., 

1991). With the development of genetically encoded mitochondrial targeted Ca2+ sensors, 

there is now convincing evidence that the mitochondrial matrix buffers cytosolic [Ca2+] (Lu 

et al., 2013; Robert et al., 2001). This occurs on a beat-to-beat basis, with oscillating matrix 

[Ca2+], as well as slower changes over time, for example with altered heart rate (or 

stimulation frequency) (Brandes & Bers, 2002; Wust et al., 2017).  

Within the mitochondrial matrix, Ca2+ activates key citric acid cycle dehydrogenases, 

increasing the rate of NADH production, as well as increasing the maximal velocity of ATP 

synthase (complex V) to produce ATP (Glancy & Balaban, 2012). Additionally, Ca2+ may 

regulate complex IV, altering the rate at which O2 can be reduced and hence the speed of 

the electron transport system (ETS), however this is still debated (Glancy & Balaban, 
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2012). The main pathway for Ca2+ entry is via the mitochondrial Ca2+ uniporter (MCU), 

although cardiomyocyte MCU knockout mice still show normal basal matrix [Ca2+], and 

slow changes following stress stimulation, however acute changes in matrix Ca2+ are 

impaired (Kwong et al., 2015; Luongo et al., 2015). It is now understood that mitochondrial 

matrix [Ca2+] is also regulated through ‘slow’ MCU-independent mechanisms (Jean-

Quartier et al., 2012), which may be more important for resting heart function. Therefore, 

the complexity of mitochondrial Ca2+ handling still needs to be fully elucidated.         

Altered mitochondrial structure and protein expression have been reported in cardiac 

hypertrophy, which alters OXPHOS capacity (Jullig et al., 2008; Mei et al., 2014). Energy 

de-regulation has recently been found to precede alterations in the ratio of creatine 

phosphate and ATP concentrations ([CrP]/[ATP]) (Deschodt-Arsac et al., 2016), and low 

[CrP]/[ATP] is a predictor of mortality in patients with cardiomyopathy (Neubauer et al., 

1997). Recent advances in high-resolution respirometry combined with fluorometry have 

permitted measurement of ATP production concurrently with O2 consumption in real-time. 

From this we can derive effective P:O ratios (ATP produced for moles of oxygen (O) 

consumed) for respiration states that mimic in vivo (Power et al., 2014; Salin et al., 2016) 

(note that the P:O ratio was referred to as the [ATP]/[O] ratio in Chapter 3). These measures 

have been applied to animal models of diabetic cardiomyopathy and left ventricular (LV) 

hypertrophy to reveal a decreased capacity to produce ATP, with a maintained efficiency 

(effective P:O ratio) in LV hypertrophy only (Pham et al., 2014; Power et al., 2016). In 

extreme dysfunction, such as during hyperthermia, the effective P:O ratio can even become 

negative (Power et al., 2014), such that mitochondria become consumers of ATP, rather 

than producers, while still consuming O2.  

Right ventricular (RV) hypertrophy is relatively under-studied in comparison to LV 

hypertrophy, although mitochondrial dysfunction has been found to correlate with RV 

dysfunction in the progression of hypertrophy to failure (Daicho et al., 2009). In RV failure, 

CI activity is consistently decreased (Daicho et al., 2009; Wust et al., 2016), although it is 

still debated as to whether the less efficient CII is unchanged (Daicho et al., 2009), 

decreased (Wust et al., 2016), or elevated (Redout et al., 2007) in response to MCT-induced 

pulmonary hypertension (PH). However, these studies consistently reported that RV 

contractile function was significantly impaired, particularly at increased workloads, when 

energy demands are highest. Mitochondrial dysfunction in vitro has typically only been 

measured in the absence of  [Ca2+] (Daicho et al., 2009; Enache et al., 2013; Redout et al., 
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2007; Wust et al., 2016), despite evidence of oscillating intracellular [Ca2+] in vivo. 

Additionally, real-time measures of ATP production have not been made in RV 

hypertrophy.  

While it is known that mitochondrial function is compromised in end-stage heart failure 

and shown to be correlated with disease progression, it is still contentious as to whether 

ATP becomes limiting to contractile function in heart failure (Ingwall & Weiss, 2004). In 

non-failing, spontaneously hypertensive rats (SHR), it appears that mitochondrial activity 

per mg of tissue increases in order to maintain energy supply for the increased demands put 

on the heart during chronic hypertension (Hickey et al., 2009). However, impairments in 

systolic function are still evident at high preloads in the same SHR isolated working hearts 

(Hickey et al., 2009). SHR rats that have normal heart [CrP]/[ATP] ratios during basal 

activity, have decreased ratios following isoproterenol infusion to activate the β-adrenergic 

pathway in the heart (Deschodt-Arsac et al., 2016). Additionally, recovery of the ratio is 

also slower in the SHR hearts, which suggests that energy upregulation is impaired, and it 

was suggested that this could be due to impaired Ca2+ signalling (Deschodt-Arsac et al., 

2016). Compared to the SHR (where LV hypertrophy develops over, and is able to 

compensate for months (Bing et al., 1995; Pfeffer et al., 1979; Pfeffer et al., 1976)), RV 

hypertrophy in response to PH (induced with monocrotaline) in the rat develops quickly, 

and progresses to failure in a few weeks (Daicho et al., 2009; Hardziyenka et al., 2006). 

Contractility in these hearts at the hypertrophic stage is often not impaired until they are 

energetically challenged, for example by increasing heart rate (or stimulation frequency for 

isolated muscle preparations) (Kogler et al., 2003; Redout et al., 2007; Wust et al., 2016).  

To investigate energy impairments in the hypertrophic heart, we have used an integrated, 

but simple, approach to assess ATP production, coupled to ATP hydrolysis of the major 

cytosolic ATPases associated with excitation-contraction coupling. This was tested under 

quiescent conditions (zero [Ca2+]), and with physiological [Ca2+] to create an energetic 

challenge.      

Measurement of ATP production by fluorometry is dependent on following the free [Mg2+] 

in the respiration medium with the florescent probe, Magnesium Green (Pham et al., 2014; 

Power et al., 2014; Salin et al., 2016). In this study, ATP calibration was validated under 

physiological [Ca2+] and applied to measure ATP production rates in RV tissue from the 

monocrotaline (MCT) model of RV hypertrophy. The ability of mitochondria to produce 
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ATP depends on the tight coupling of the proton gradient to the ATP synthase. Therefore, 

mitochondrial membrane potential (ΔΨ) was also measured under increasing [Ca2+] as a 

second measure of mitochondrial function. This study also measured the combined 

contribution of myosin ATPase, Na+/K+ ATPase and the sarcoplasmic reticulum (SR) Ca2+ 

ATPase (SERCA) to ATP consumption in RV hypertrophy compared to controls.   

5.2. Methods 

5.2.1 Animals and Dissection of the Tissue 

To induce PH, male Wistar rats (300 - 350 g; n = 20) were given a single intraperitoneal 

injection of 60 mg kg-1 of monocrotaline (MCT) in saline. Age matched controls were 

injected with the equivalent volume of saline. Animals were fed normal rat chow and water 

ad libitum for four weeks and monitored regularly (weight gain, water and food 

consumption). At four weeks post-injection, animals were weighed then anesthetised with 

isoflurane and decapitated before excising the heart. The heart was immediately immersed 

in ice-cold Tyrode’s solution with 20 mM 2,3-butanedione monoxime (BDM) prior to 

weighing. The wet and dry weights of the liver and lungs were obtained as well as the tibia 

length. Experiments were approved by the University of Auckland ethics committee 

(R1403).  

During the dissection, the heart was Langendorf perfused with oxygenated Tyrode’s 

solution containing 0.25 mM CaCl2 and 20 mM BDM. The RV wall was cut open by 

cutting across the right atria and down through tricuspid valve adjacent to the septum. 

Approximately 50 mg of tissue was dissected from the apex of the RV free wall and stored 

in ice-cold BIOPS. Another sample of the free wall was snap frozen in liquid nitrogen for 

determination of citrate synthase enzyme activity and soluble protein content. 

Measurement of the left and right ventricle free wall thickness was also obtained using 

micro-callipers.  

5.2.2 Measurement of Mitochondrial function  

To test the ability of the mitochondria to produce ATP and develop ΔΨ, the RV samples 

(see above) were processed for high-resolution respirometry coupled to fluorometry with 

an Oxygraph-O2K™ respirometer (Oroboros™, Innsbruck, Austria). Approximately 20 

mg of tissue was homogenized for 10 s in 25 volumes of ice-cold respiration buffer (RB). 
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Assessment of mitochondrial function from heart homogenate removes any diffusion 

barriers of substrates and O2 to the mitochondria from the RB (Power et al., 2016). It also 

excludes selection bias of the isolation process when performing assays on isolated 

mitochondria or cardiomyocytes (Larsen et al., 2014). Two protocols were used to measure 

O2 flux concurrently with either ATP production, or mitochondrial membrane potential.  

5.2.3 Protocol 1: measurement of mitochondrial ATP production and respiration 

Calibration of the ATP signal  

The efflux of ATP from the mitochondria can be measured in the suspending RB indirectly 

by following free Mg2+ with fluorescent indicator Magnesium Green (MgG). This was 

shown initially by Chinopoulos et al. (2009) in isolated mitochondria with the signal 

calibrated using the differential binding constants of ADP and ATP for Mg2+ (ATP has a 

nine times higher binding affinity to Mg2+ than ADP) (Chinopoulos et al., 2009). This 

method can also be used to measure ATP production concurrently with O2 consumption 

from tissue homogenates with specific inhibitors of cytosolic ATPases and calibration of 

the MgG signal within the experimental assay (Goo et al., 2013). Independent calibration 

assays were performed to show the linearity of the ATP signal within the experimental 

range and conditions of the ATP assay using an enzyme coupled system to convert ADP to 

ATP in known concentrations (equation 1). In the presence of pyruvate kinase (PK) the 

addition of a known amount of phosphoenolpyruvate (PEP) converts equal amounts of 

ADP to ATP and pyruvate. Build-up of pyruvate and product inhibition of pyruvate kinase 

is prevented by the presence of lactate dehydrogenase (LDH) and NADH which converts 

pryruvate to lactate and NAD+ (equation 2).  

𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑒𝑛𝑜𝑙𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝐴𝐷𝑃   
𝑃𝐾
→  𝐴𝑇𝑃 + 𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒  (Equation 1) 

𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻  
𝐿𝐷𝐻
→    𝑙𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑁𝐴𝐷+   (Equation 2) 

The oxygraph was fitted with blue fluorescence sensors (LED 465 nm, Oroboros) with a 

filter set for MgG (excitation/emission wavelengths: 506/530 nm). Each chamber 

contained 2 mL of RB with 5 µM Magnesium Green™ pentapotassium salt (Thermofisher 

Scientific), 5 mM NADH, 10 U of lactate dehydrogenase (LDH) and 20 U of pyruvate 

kinase followed by the titration of ADP in 1.25 mM steps to final concentration of 5 mM. 

PEP was then titrated in 0.25 mM steps with the MgG signal allowed to reach a plateau 
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between each titration. This was repeated in the presence of 0.3 mM CaCl2. The MgG 

signal was calibrated to the additions of ADP and the slope of the calibrated signal plotted 

against the additions of PEP was taken as the correction factor to calculate the conversion 

of ADP to ATP during oxidative phosphorylation (OXPHOS) in subsequent experimental 

assays.  

Measurement of ATP production in heart homogenate 

RV homogenate (1 mg mL-1) was added in duplicate to each chamber of the oxygraph 

containing 2 mL of RB and 5 µM MgG. Steady state respiration rates were achieved after 

additions of substrates, inhibitors and uncouplers. 10 mM glutamate, 2 mM malate and 10 

mM pyruvate were added to supply complex I (CI) of the ETS with electrons from NADH. 

0.3 mM of CaCl2 was added to one chamber (0.41 µM free [Ca2+] calculated using 

MAXCHELATOR (http://maxchelator.stanford.edu/CaMgATPEGTA-TS.htm edited for 

ADP binding constants). Supra-maximal OXPHOS was then initiated by the addition of 5 

mM ADP. 10 mM succinate was added to drive the production of FADH2 which provides 

electron entry to the ETS at complex II (CII). The major ATPases of the heart; Myosin 

ATPase, Na+/K+ATPase and SERCA ATPase, were then sequentially inhibited with 30 µM 

blebbistatin (MedChem Express, New Jersey, USA), 30 µM Ouabain (SERVA, 

Heigdelberg, Germany) (Goo et al., 2013) and 10 µM cyclopiozonic acid respectively. 

Blebbistatin concentration was lower than previously used (50 µM) by Pham et al. (2013) 

as it had inhibitory effects on O2 flux, although concentrations as low as 15 µM have been 

shown to completely inhibit cross-bridge cycling in trabeculae (Pham et al., 2017). 

Cyclopiazonic acid has been shown to be a specific inhibitor of SERCA at concentrations 

as low as 6-8 nmol mg-1 protein (6-8 µM final concentration for 1 mg mL-1 of 

homogenate), with minimal effects on the Na+/K+ATPase or mitochondrial ATP synthase 

(Seidler et al., 1989). Thapsigargin is the most potent inhibitor of SERCA (Wootton & 

Michelangeli, 2006) but this was found to disturb the MgG fluorescent signal. OXPHOS 

was uncoupled with the addition of 1 µM carbonyl cyanide p- (trifluoro-methoxy) phenyl-

hydrazone (FCCP) to get maximum ETS capacity. 2.5 µM Oligomycin was finally added 

to inhibit the mitochondrial ATP synthase and record any background signal, or non-

mitochondrial ATP production, which was then subtracted from the steady state rates. 

http://maxchelator.stanford.edu/CaMgATPEGTA-TS.htm
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5.2.4 Protocol 2: Simultaneous measurement of mitochondrial membrane potential 

(ΔΨ) and respiration 

In a separate assay, homogenate (1 mg mL-1) was added to each chamber of the oxygraph 

containing 2 mL of RB prior to the addition of 2 µM safranine-O. ΔΨ was measured by 

following safranine-O fluorescence using a filter set for excitation/emission wavelengths 

of 495/587 nm in the oxygraph fluorometers (Krumschnabel et al., 2014). Complex I 

substrates were added as above and left to achieve a stable ΔΨ. Sub-maximal OXPHOS 

was then initiated by the addition of 0.1 mM ADP along with 5 mM glucose and 2 U.mL-1 

of hexokinase to keep mitochondria in a sub-maximal phosphorylating state (Anderson et 

al., 2011). 0.3 mM CaCl2 was then added to each chamber followed by 0.25 mM titrations 

to achieve free [Ca2+] from 0.39 µM to 52 µM (calculated using MAXCHELATOR 

program). 2 µM FCCP was then added to get zero membrane potential for safranine-O 

calibration. The derivative of the safranine-O signal was also calculated to measure the ΔΨ 

transitions between respiratory states. To calculate the ΔΨ, the Nernst equation (equation 

3) was used as previously described (Power et al., 2014) where R is the gas constant, F is 

the Faraday constant, T is the temperature in Kelvin and z is the valence state of safranine-

O (+1). Cin is the concentration of safranine-O within the mitochondria and Cout is the 

concentration of safranine-O in the respiration buffer. CRB is the concentration of 

safranine-O measured in the RB at any point during the assay. Non-mitochondrial 

safranine-O uptake was subtracted from the total concentration of safranine-O (Ctotal-

CFCCP), determined by the signal following addition of FCCP, which did not return to 

baseline which is normally seen with isolated mitochondria (Power et al., 2014). VRB is the 

volume of respiration buffer (2 mL) and Vmito is the mitochondrial volume and was 

estimated to be 3.1 uL mg-1 based on our previous assumptions (Pham et al., 2014).   

∆𝜓 =  
𝑅𝑇

𝑧𝐹
ln
𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
     (Equation 3) 

𝐶𝑜𝑢𝑡 = 𝐶𝑅𝐵      (Equation 4) 

𝐶𝑖𝑛 =
(𝐶𝐹𝐶𝐶𝑃− 𝐶𝑅𝐵)𝑉𝑅𝐵

𝑉𝑚𝑖𝑡𝑜
     (Equation 5) 

Following the addition of CI substrates the initial decay of the safranine-O fluorescence 

can be fitted with one-phase exponential equation (equation 6) in Prism 7 (GraphPad 

Software Inc., San Diego, CA, USA). Where y0 is the initial safranine-O signal, the plateau 
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is the safranine-O signal once the mitochondrial are fully energized, and Tau (𝜏) is the time 

constant of fluorescence decay.   

𝑦 = (𝑦0 − 𝑝𝑙𝑎𝑡𝑒𝑎𝑢) 𝑒
−
𝑥

𝜏
 + 𝑝𝑙𝑎𝑡𝑒𝑎𝑢   (Equation 6) 

5.2.5 Citrate synthase activity and soluble protein content 

Citrate synthase (EC 4.3.1.7) is found in the mitochondrial matrix and is considered a 

pace-maker enzyme of the citric acid cycle (Eigentler et al., 2012). For this reason it is 

often used as a quantitative marker for intact mitochondria in tissue preparations. To 

measure citrate synthase activity, RV heart tissue stored at -80oC was thawed, weighed 

(~20 mg) and homogenised 1:20 (wt/vol) in homogenization buffer containing (in mM) 

EDTA (1), MgCl2 (2), KCl (50), Tris (25) and 0.1 % Triton X-100 at pH 7.8.  The 

homogenate was centrifuged at 17,000 x g for 10 minutes. The supernatant was collected 

and diluted 5 fold before 5 µL was added to 180 µL of reaction buffer containing (in mM) 

Acetyl coenzyme A lithium salt (0.1), (5,5’-dithiobis (2-bitrobenzoic acid) (DTNB; 0.2), 

Tris (50) at pH 8.0 in a 96 well plate. The citrate synthase reaction (equation 7) (Eigentler 

et al., 2012) was then started by the addition of oxaloacetate (0.5 mM) and the production 

of TNB was followed at 412 nm using the spectrophotometer plate reader (Spectramax 

340PC, Molecular Devices, CA, USA). The production of TNB is stoichiometrically 

coupled to the production of CoA-SH (equation 8). Therefore, the enzyme activity was 

determined (µmols min-1) by using the molar absorption coefficient of TNB at 412 nm 

(13600 M-1 cm-1) (Eigentler et al., 2012). All samples were run in triplicate. 

𝑜𝑥𝑎𝑙𝑜𝑎𝑐𝑒𝑡𝑎𝑡𝑒 + 𝐴𝑐𝑒𝑡𝑦𝑙 𝐶𝑜𝐴 → 𝑐𝑖𝑡𝑟𝑎𝑡𝑒 + 𝐶𝑜𝐴-𝑆𝐻 + 𝐻+  (Equation 7) 

𝐶𝑜𝐴-𝑆𝐻 + 𝐷𝑇𝑁𝐵 → 𝑇𝑁𝐵 + 𝐶𝑜𝐴-𝑆-𝑆 − 𝑇𝑁𝐵   (Equation 8) 

The enzyme activity was normalised to soluble protein content measured using the 

bicinchoninic acid method (Smith et al., 1985). Working reagent was made by mixing 50 

parts of BCA solution (reagent A, Sigma) with one part 4 % CuSO4.5H2O in distilled water. 

10 uL of undiluted supernatant and BSA standards (0, 0.2, 0.25, 0.33, 0.5, 1, 2 and 

10 mg mL-1) were added to 200 uL of working reagent in duplicate in a 96 well plate. The 

plate was incubated for 30 mins at 37oC and then read at 562 nm using the plate reader. 

Protein content was calculated using the BSA standard curve. 
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5.2.6 Data Analysis 

O2 consumption rates and fluorescent signals were recorded in DatLab6 (Oroboros 

Instruments, Innsbruck, Austria). Averaged steady-state data was exported, and is 

presented as mean  SEM for different respiration states.  The effective P:O ratio was 

calculated by dividing the ATP production by twice the O2
 consumption rate. The 

respiratory control ratio (RCR), is the O2 flux with ADP (CI OXPHOS) divided by the O2 

flux measured with only CI substrates (CI Leak).  

Statistical analysis of morphometric data, protein content and citrate synthase activity 

between groups (MCT vs CON) was determined by Student's T-tests in Microsoft Excel 

(Microsoft, Redmond, WA, USA). Two-way analysis of variance (ANOVA) was used to 

test the difference between groups when there was an additional factor (eg Ca2+ or ATPase 

inhibitors) and performed in Prism 7. This was followed by Sidak’s multiple comparisons 

test to compare between CON and MCT. 

To test for a correlation of mitochondrial function with severity of RV hypertrophy 

Pearson’s correlation coefficient (r) was calculated in SPSS using a bivariate correlation 

and a significant correlation was determined using a two-tailed test. │r│> 0.5 was 

considered a strong correlation. 

5.3. Results 

5.3.1 Animals 

Following the injection of MCT, growth of the rats was blunted compared to saline injected 

controls, such that after one week the MCT rats were significantly lighter than the controls 

(Figure 5.1 A). When the rats were sacrificed at four weeks the controls weighed 433  12 g 

and the MCT rats weighted 375  7 g (p < 0.001). There was a significant increase in both 

the lung wet weight (Table 5.1) and in the lung:body weight % (Figure 5.1 B) of the MCT 

relative to the controls. There was also a significant increase in wet heart weight (CON: 

1.30 ± 0.04 g; MCT: 1.48 ± 0.07 g, p = 0.04) and the heart:body weight  (Figure 5.1 B) of 

the MCT compared to the control rats. RV hypertrophy was evident as a 37 % increase in 

RV thickness:tibia length, while LV thickness:tibia length was unchanged between the 

groups (Figure 5.1 C). While there was no difference in the dry:wet weight ratio of the 

lungs or the liver there was a decrease in the wet liver weight between the controls and 
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MCT (CON: 16.4 ± 0.8; MCT: 13.7 ± 0.2, p = 0.01). Of the ten MCT rats used for this 

study, only three showed some signs of illness in their final week, with loss of body weight 

and piloerection of fur. These three rats have been included in the MCT group for analysis 

as their data fitted within the normal population for most parameters measured. Graphs 

with individual data plotted can be referred to in appendix 2.   

 

Figure 5.1 Animal growth and evidence of right ventricular hypertrophy.  

A: Body weight (g) of rats following injection of monocrotaline (MCT; n = 10; grey) or saline (CON; n = 10; 

black) prior to excision of the heart and lungs at 4 weeks post injection. B: The wet weights of the heart and 

lungs are shown normalised to rat body weight. C: Following dissection of the heart, the thickness of each 

ventricle free wall was taken at the mid-line of the heart between the base and the apex and measurements 

are shown normalised to tibia length. Statistical significance between control and MCT is denoted by * p ≤ 

0.05, ** p < 0.01, **** p < 0.0001 using 2 way ANOVA with multiple comparisons.     
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  CON MCT p ≤ 0.05 

Body weight (g) 433 ± 12 375 ± 7 * 

Heart weight (g) 1.30 ± 0.04 1.48 ± 0.07 * 

Heart:body weight (%) 0.30 ± 0.01 0.40 ± 0.02 * 

Lung wet weight (g) 1.6 ± 0.1 2.0 ± 0.2 * 

Lung wet:dry weight 4.4 ± 0.1   4.5 ± 0.1   

Liver wet weight (g) 16.4 ± 0.8  13.7 ± 0.2 * 

Liver wet:dry weight  2.8 ± 0.1 2.8 ± 0.1   

Tibia length (mm) 51.8 ± 0.7 51.2 ± 0.7   

RV free wall (mm) 1.7 ± 0.2 2.3 ± 0.1 * 

LV free wall (mm) 3.4 ± 0.1 3.4 ± 0.2   

Table 5.1 Morphometric data 

Mean ± SEM measurements from control (CON; n = 10) and monocrotaline (MCT; n = 10) animals. * p<0.05 

for control vs. MCT using a Student’s T-Test.  

5.3.2 ATP calibration 

Measurement of ATP production from mitochondria was based on following the free 

[Mg2+] (Figure 5.2 A) in respiration buffer containing 3 mM MgCl2 and 5 M MgG. 

Figure 5.2 B & C shows the linearity of the signal to ADP additions in the presence and 

absence of 0.3 mM CaCl2. Using an enzyme system (PK and LDH, plus NADH), ADP was 

converted to ATP by titrating in 0.25 mM phosphoenolpyruvate (PEP), and the quenching 

of the MgG signal is shown in Figure 5.2 D. This gave a robust linear relationship 

(Figure 5.2 E) within the expected range of our mitochondrial assays (0 – 1.5 mM ATP) 

and was used to correct the MgG signal to ATP turnover, which was calibrated to the 

addition of 5 mM ADP within each mitochondrial ATP assays. 
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Figure 5.2 Calibration of Magnesium Green fluorescence signal for ADP and ATP.  

A: Equilibrium of free Mg2+ with ATP or ADP which forms the basis of fluorometric determination of ATP 

production in respiration buffer. B: Raw uncalibrated MagnesiumGreen (MgG) signal (A.U.) from the 

fluorescence sensors with sequential additions of ADP (arrows) into the oxygraph chamber in the absence 

(black) and presence and of 0.3 mM CaCl2 (blue). The linearity of the MgG signal to ADP is shown in graph 

C, which is used to calibrate MgG fluorescence within the oxygraph acquisition software. The slopes of the 

linear regression are -0.41 ± 0.01 (A.U. mM-1; R2 = 0.997) and -0.39 ± 0.01 (A.U. mM-1; R2=0.997) in the 

absence and presence of 0.3 mM CaCl2 respectively.  D: Raw MgG fluorescence followed in the oxygraph, 

arrows indicate titration of 0.25 mM phosphoenolpyruvate (PEP), which, in the presence of 5 mM ADP, 

pyruvate kinase and lactate dehydrogenase converts ADP to ATP, allowing a linear regression to be fit (E) 

to find the slopes of -0.327 ± 0.006 (R2=0.998) and -0.353 ± 0.005 (R2=0.999) in the absence and presence 

of 0.3 mM CaCl2 respectively.   
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Figure 5.3 Representative oxygraph trace of O2 consumption and ATP production from RV 

homogenate.  

The top trace shows O2 concentration (µM; blue) and O2 flux (pmols s-1 mg-1; red) and the lower trace shows 

simultaneous measurement of the magnesium green (MgG) fluorescence signal (black; mM) calibrated to the 

step change on addition of ADP (grey box) and the uncorrected slope (nmol s-1 mL-1; green) which is 

proportional to the rate of ATP production. Initially residual O2 flux is measured, followed by the addition of 

complex I (CI) substrates glutamate, pyruvate and malate (GMP) to induce the CI Leak state. 0.3 mM CaCl2 

was added to one chamber only then ADP is added to initiate oxidative phosphorylation (CI OXPHOS). 

Addition of Complex II (CII) substrate succinate (Suc) to get a measure of CI + CII OXPHOS followed by 

myosin ATPase inhibitor blebbistatin (Bleb), Na+/K+ ATPase inhibitor ouabain (Oua), SERCA ATPase 

inhibitor cyclopiazonic acid (CPA), uncoupler carbonyl cyanide p- (trifluoro-methoxy) phenyl-hydrazone 

(FCCP) and mitochondrial ATPase inhibitor oligomycin (Oli). Artefacts of the MgG uncorrected slope are 

omitted following addition of substrates for clarity.   

 

5.3.3 ATP production from RV homogenate 

A representative oxygraph trace during the ATP assay protocol is shown in Figure 5.3. 

Following the addition of ADP to the chamber, O2 flux immediately increased and net ATP 

production becomes evident and a steady-state achieved. After the addition of complex II 

substrate succinate, the O2 flux and ATP production rate increased. Addition of myosin 

ATPase inhibitor blebbistatin had some inhibitory effects on O2 flux, however net ATP 

production showed little change, as it did with Na+/K+ ATPase inhibitor ouabain and 
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SERCA inhibitor cyclopiazonic acid (CPA). While maximal, uncoupled O2 flux was 

achieved following the addition of FCCP, ATP production was not completely supressed 

until the addition of ATP synthase inhibitor oligomycin. If the RCR (CI OXPHOS: CI 

Leak) was < 8 then the assay was discarded and indicated contamination of the chamber. 

From the mean data presented in Table 5.2, there was no significant difference in the O2 

flux in the CI Leak, CI OXPHOS, or ETS respiratory states and the RCR between controls 

and MCT, however, there was a slight stimulation of O2 flux upon addition of Ca2+ during 

CI OXPHOS.  

 

  CON MCT p ≤ 0.05 

  - Ca2+ + Ca2+ - Ca2+ + Ca2+   

CI Leak (pmols mg-1 s-1) 26 ± 2 29 ± 2 22 ± 2 25 ± 3   

CI OXPHOS 

(pmols mg-1 s-1) 281 ± 22 303 ± 21 145 ± 18 280 ± 22 * 

ETS (pmols mg-1 s-1) 393 ± 30 384 ± 23 365 ± 22 363 ± 31  

RCR (OXPHOS:Leak) 11.1 ± 0.8  10.8 ± 1.2 11.7 ± 0.8 11.9 ± 1.2   

Table 5.2 Respiration states for control and monocrotaline heart homogenates.  

Mitochondrial respiration from control (CON; n = 7) and monocrotaline (MCT; n = 7) heart homogenates 

with complex I substrates only (CI Leak), with saturating ADP (CI OXPHOS) and uncoupled with FCCP 

(ETS). The respiratory control ratio (RCR) was also calculated as the ratio of CI OXPHOS to CI Leak. No 

statistical differences were found between groups. * denotes a significant effect of Ca2+ using a 2 way 

ANOVA. 

 

Steady-state data is summarised in Figure 5.4 and shows no difference between O2 flux or 

ATP production measured from the control and MCT RV homogenates when undergoing 

OXPHOS with both CI and CII substrates. ATP production rates in Figure 5.4 B represent 

net ATP production before and after the addition of cytosolic ATPase inhibitors. It was 

expected that the net ATP production would be lower when Ca2+ was present, since Ca2+ 

stimulates cytosolic ATPases. However, it appears that there is still some effect of Ca2+ on 

the net ATP production, even in the presence of ATPase inhibitors.  
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Figure 5.4 Mitochondrial O2 consumption and ATP production from control and monocrotaline heart 

homogenates. 

Mean ± SEM results from RV heart homogenates (n = 7) without Ca2+ (- Ca) and physiological free [Ca2+] 

(+ Ca; 0.41 µM). The first column shows the rates of O2 flux (pmols s-1 mg-1), ATP production 

(pmols s-1 mg-1) and the effective P:O ratio (ATP/O) with complex I and complex II substrates. The second 

column shows the same measures but in the presence of inhibitors for the major cytosolic ATPases (myosin, 

Na+/K+ and SERCA). No significant differences or interactions with Ca2+ were found between groups, 

however *p ≤ 0.05, **p < 0.01, ***p<0.001 show significant differences between Ca2+ conditions using 2 

way ANOVA. For matched ATP data and effective P:O ratio there was n = 5 for CON and n = 7 for MCT. 

 

From observing high variability in the ATP production rates and but a trend towards lower 

ATP production rates in the MCT RV homogenates, the ATP production rate was plotted 

against the degree of hypertrophy (heart weight normalised to body weight; HW:BW %) 

and tested for correlation (Figure 5.5). A strong (r = -0.65) and significant (p  = 0.02) 

correlation was found only in the presence of ATPase inhibitors and in the absence of Ca2+. 

A strong correlation was seen with Ca2+ and ATPase inhibitors, however this only showed 
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a trend towards significance (p = 0.07). The same measures of correlation were made when 

plotting ATP production against RV:tibia % as an indicator of RV hypertrophy 

(Figure 5.6), however no significant correlations were found. 

  

 

Figure 5.5 Correlation of ATP production rate with degree of hypertrophy. 

ATP production with complex I and II substrates is plotted against heart weight normalised to body weight 

(HW:BW %) controls are in black (n = 5) and MCT in grey (n = 7). A: without Ca2+ or ATPase inhibitors. 

B: with physiological free [Ca2+] (0.41 µM) and without ATPase inhibitors. C: without Ca2+ and with ATPase 

inhibitors. D: with both physiological free [Ca2+] (0.41 µM) and ATPase inhibitors. For each plot Pearson’s 

correlation coefficient (r) was calculated and a significant correlation (p ≤ 0.05) was determined using a two-

tailed test.  
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Figure 5.6 Correlation of ATP production rate with degree of RV hypertrophy.  

ATP production with complex I and II substrates is plotted against RV thickness normalised to tibia length 

(RV:Tibia %) controls are in black (n = 5) and MCT in grey (n = 7). A: without Ca2+ or ATPase inhibitors. 

B: with physiological free [Ca2+] (0.41 µM) and without ATPase inhibitors. C: without Ca2+ and with ATPase 

inhibitors. D: with both physiological free [Ca2+] (0.41 µM) and ATPase inhibitors. For each plot Pearson’s 

correlation coefficient (r) was calculated and a significant correlation (p ≤ 0.05) was determined using a two-

tailed test. 
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Measurement of ATP production concurrently with O2 flux allows the calculation of a 

dynamic or effective P:O ratio, i.e. ATP formation relative to O2 flux in the presence of 

various ATP consumers (Figure 5.4 C). There was no difference between MCT and 

controls in the effective P:O ratio for all respiration states measured, even in the presence 

of Ca2+ (Figures 5.4 C & 5.7). The presence of Ca2+ significantly lowers the effective P:O 

ratio by ~ 30 % when there are no ATPase inhibitors present and by ~ 15 % with ATPase 

inhibitors (Figure 5.4 C). Figure 5.7 A also shows that when no Ca2+ is present, all ATPase 

inhibitors must be present to have an effect on the effective P:O ratio. While all three 

inhibitors have a sequential effect on the effective P:O ratio when Ca2+ is added to the 

respiration chamber (Figure 5.7 B).  

 

 

Figure 5.7 Effect of sequential addition of ATPase inhibitors on effective PO ratio.  

Effective P:O ratio (ATP/O) with complex I and II substrates before (CI + CII OXPHOS) and after the 

addition of inhibitors for myosin ATPase (blebblistatin), Na+/K+ ATPase (ouabain) and SERCA 

(cyclopiazonic acid). A: without Ca2+ (CON n = 6; MCT n = 7). B: with physiological free [Ca2+] of 0.41 µM 

(CON n = 5; MCT n = 7). No significant differences between groups or interactions with ATPases were 

found, however *p ≤ 0.05, **p < 0.01, ***p<0.001 show significant differences between ATPase inhibitors 

using 2-way ANOVA. 

 

5.3.4 Mitochondrial membrane potential () assay 

The driving force for ATP production via OXPHOS is from the electrochemical potential, 

the majority of which is made of the mitochondrial membrane potential (). This was 

measured using  fluorescence indicator safranine-O with increasing free [Ca2+]. 

Figure 5.8 shows a representative trace from control RV homogenate. Following the 

addition of CI substrates, a high  developed which was partially depolarised following 
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the addition of ADP, with hexokinase and glucose, which regenerates ADP to reach a 

steady-state . An initial titration of 0.3 mM CaCl2 (free [Ca2+] of 0.39 M) depolarised 

the  and stimulates O2 flux, however, further titrations of CaCl2 result in inhibition of 

O2
 and  repolarises until opening of the mitochondrial permeability transition pore 

(mPTP) and depolarisation of the . This can be accelerated by the addition of FCCP. 

Mean data  SEM is shown in Figure 5.9 for RV homogenates from control and MCT RV 

homogenates. Again, there was no difference in the steady-state O2 flux between groups 

for all respiration states and after the initial addition of Ca2+ there was a small (non-

significant but trending), stimulatory effect (p = 0.07) of respiration. The developed  

did not differ between the groups and the addition of ADP and Ca2+ similarly depolarised 

the . The speed of the transitions between respiration states can be inferred from the 

maximum rate of change of safranine-O. This was significantly slowed in the MCT RV 

homogenate upon the addition of CI substrates (CON: 11.8 ± 0.6 pmol s-1 mg-1, MCT: 

9.7 ± 1 pmol s-1 mg-1, p = 0.04), but was similar to controls following the addition of ADP 

and Ca2+. After fitting an exponential to the decay of safranine-O signal there was no 

difference in tau between the groups (CON: 0.80 ± 0.05 min; MCT: 0.77 ± 0.03 min, 

p = 0.45) indicating that the transitions from Leak to OXPHOS were similar. 

The ΔΨ calculated during the CI Leak state showed the largest amount of variability and 

there was a trend toward a significant difference between MCT and control (p = 0.09). 

When the CI Leak state ΔΨ was plotted against HW:BW % there was a strong (r = 0.67) 

and significant (p = 0.003) correlation between ΔΨ depolarisation and an increased 

HW:BW %.  
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Figure 5.8 Representative oxygraph trace showing concurrent measurements of membrane potential 

(safranine-O fluorescence) and O2 consumption from RV homogenate.  

The upper trace shows the change in O2 concentration (µM; blue) and the O2 flux (pmols s-1 mg-1; red) over 

time and the lower trace shows concurrent measurement safranine-O fluorescence (µM; black) which are 

representative of changes in mitochondrial membrane potential. Arrows show the addition of complex I 

substrates glutamate, pyruvate and malate (GMP; CI Leak), 100 µM ADP with glucose and hexokinase (Hex) 

to keep mitochondria in a sub-maximal phosphorylating state  (CI OXPHOS) followed by additions of CaCl2 

and finally the mitochondrial uncoupler carbonyl cyanide p- (trifluoro-methoxy) phenyl-hydrazone (FCCP). 

Following the addition of GMP the decrease in safranine-O was fitted with an exponential equation (see 

methods) to find the tau (Ʈ) of decay. 
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Figure 5.9 Mitochondrial O2 consumption and membrane potential from heart homogenates.  

Mean ± SEM results of controls (CON; black; n = 8) and monocrotaline (MCT ; grey;  n = 9) heart 

homogenates with complex I substrates glutamate, malate and pyruvate (GMP); sub-maximal ADP 

(CI OXPHOS) and 0.39 µM free Ca2+ (CI OXPHOS + Ca). A: steady-state O2 consumption (pmols s-1 mg-1) 

B: mitochondrial membrane potential (mV) calculated from safranine-O fluorescence (see methods). C: 

correlation of CI Leak state mitochondrial membrane potential (mV) with degree of hypertrophy normalised 

to body weight (HW:BW %). Pearson’s correlation coefficient (r) was calculated and a significant correlation 

(p ≤ 0.05) was determined using a two-tailed test.    
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5.3.5 Citrate synthase and soluble protein 

There was no difference in the soluble protein content or the citrate synthase activity 

(Figure 5.10 A & B) between the control and MCT RV tissues. However, when the citrate 

synthase activity was plotted against HW:BW % there was a strong (r = -0.614) and 

significant (p = 0.009) correlation of decreased citrate synthase activity and increased 

HW:BW % (Figure 5.10 C). There was no correlation between soluble protein content and 

HW:BW % (r = 0.053, p = 0.84). 

 

 

Figure 5.10 Determination of soluble protein and citrate synthase activity.  

Mean ± SEM soluble protein and citrate synthase activity determined from RV samples of control (CON; 

n = 8) and monocrotaline (MCT; n = 9) rats. A: soluble protein normalised to heart tissue wet weight (%). 

B: citrate synthase activity normalised to amount of soluble protein (µmol min-1 mg-1). C: correlation of 

citrate synthase activity with degree of hypertrophy normalised to body weight (HW:BW %). Pearson’s 

correlation coefficient (r) was calculated and a significant correlation (p ≤ 0.05) was determined using a two-

tailed test.  
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5.4. Discussion  

5.4.1 Animals and evidence of right ventricular hypertrophy 

Monocrotaline injection (60 mg kg-1) induces damage to the pulmonary vasculature 

(Meyrick et al., 1980) and in this study lung damage was evident with a 25 % increase in 

lung wet weight relative to controls. The MCT rats displayed significant RV free wall 

hypertrophy, with no apparent change in the LV (Figure 5.1). Most (seven out of ten) of 

the MCT rats did not display any external signs of heart failure (weight loss, fur 

piloerection, dyspnea and porphyrin discharge) and thus were considered to be 

experiencing compensatory hypertrophy. However, the response to MCT is variable and 

therefore the speed of progression to heart failure can be inconsistent (Hardziyenka et al., 

2006). Monocrotaline has been used extensively to cause PH (for review see (Stenmark et 

al., 2009)) and subsequently induces right heart failure in rats (Benoist et al., 2011; Daicho 

et al., 2009; Kogler et al., 2003; Korstjens et al., 2002).  

Rats injected with MCT at ~ 200 g experience significant weight loss and external signs of 

heart failure in their fourth week post injection (Fowler et al., 2015) and decreased ejection 

fractions (Benoist et al., 2011). Here we used animals with an initial body weight of 

~ 300 g, therefore from our experience (Chapters 4 & 6) these rats do not go into failure 

until the fifth to sixth week post-injection. Three of the MCT rats used in this study 

unexpectedly began to show significant weight loss and poor grooming in their fourth week 

post injection. Weight loss of more than 15 % of body weight in one day was determined 

as the ethical end point for MCT rats and therefore three rats were sacrificed before their 

planed experimental day. These rats has significantly greater HW:BW % compared to the 

rest of the MCT rats (0.47 ± 0.03 % vs. 0.37 ± 0.04 %, p = 0.007). The aim of this study 

was to investigate mitochondrial energetics in RV hypertrophy only, however, inclusion of 

these rats in this study includes a spectrum of compensatory hypertrophy progressing to 

heart failure. As a metric for this spectrum, heart weight normalised to body weight 

(HW:BW %) gives a measure of both hypertrophy and decline in health, since body weight 

decreases with impending heart failure. Independent of weight gain following MCT 

injection is the tibia length which was not different between the groups (Table 5.1). HW 

normalised to tibial length showed significant hypertrophy in the MCT group relative to 

the controls. There was a trend towards greater HW:tibial length % in the MCT rats that 

displayed signs of heart failure (3.21 ± 0.08 % vs. 2.76 ± 0.15, p = 0.11). These heart 
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failure animals also had greater lung weights relative to the rest of the MCT rats 

(2.54 ± 0.40 g vs. 1.83 ± 0.11 g, p = 0.01). This suggests that the rats displaying signs of 

heart failure may have had more severe PH and hence developed greater hypertrophy.   

5.4.2 Mitochondrial Respiration (O2 consumption in RV homogenates) 

Since mitochondria are responsible for producing 95 % of the ATP consumed by 

cardiomyocytes (Allard et al., 1994), they have been implicated in the energy deficits 

observed in models of pathological hypertrophy. While most of the MCT rats in this study 

were not in end-stage heart failure, we (Chapter 5) and others have shown that rats with 

RV hypertrophy have similar or enhanced (Benoist et al., 2012; Kogler et al., 2003) 

contractile function at low levels of activity, but a decreased reserve in response to 

energetically demanding processes, i.e. increased heart rate and β-adrenergic stimulation. 

Measurement of O2 flux in vitro by high-resolution respirometry is the gold standard 

measure for mitochondrial function (Lanza & Nair, 2010), yet it is an indirect measure of 

oxidative phosphorylation. There was no difference in O2 flux in RV homogenates from 

control or MCT hearts in any respiratory state measured (Table 5.2). There was also no 

difference in the RCR which is a measure of coupling within the mitochondria. Therefore, 

although the MCT hearts had significant RV hypertrophy, their mitochondrial oxidative 

capacity was similar to control per mg of tissue. This would suggest that they are adequately 

supplied with ATP.  

Addition of Ca2+ to the RV homogenate had a slight stimulation of O2 but no significant 

effect on the RCR. Ca2+ uptake into the mitochondria through the MCU utilises the ΔΨ and 

may stimulate respiration flux through the ETS (Williams et al., 2013), although at this 

concentration of free Ca2+ (0.41 µM) it is likely that any uptake would be through other 

uptake pathways that are not fully resolved (Jean-Quartier et al., 2012). The stimulatory 

effect of Ca2+ was similar for both MCT and control RV homogenates, suggesting that the 

mechanisms of Ca2+ uptake are unchanged between the groups. Ca2+ homeostasis is tightly 

controlled in the cardiomyocyte and becomes dysregulated in RV hypertrophy as 

demonstrated in Chapter 4. The Ca2+ transient is responsible for eliciting contraction and 

in parallel stimulates mitochondria (Williams et al., 2013). However, prolonged 

mitochondrial exposure to high [Ca2+] triggers opening of the mPTP and irreversible 

depolarisation of the ΔΨ, causing cardiomyocyte death (Anderson et al., 2011). 

Unfortunately for these in vitro mitochondrial assays we could not mimic the oscillating 
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Ca2+ conditions observed in vivo, and titration of Ca2+ above ~0.5 µM resulted in gradual 

inhibition of respiration before triggering the mPTP (Figure 5.8). Therefore, only one bolus 

of 0.3 mM CaCl2 was used in these experiments which results in a free Ca2+ concentration 

of 0.41 µM and 0.39 µM for the ATP assay and ΔΨ assay protocols respectively.                     

5.4.3 ATP production and the effective P:O ratio 

O2
 consumption measures the capacity of the ETS, and the RCR infers what fraction of that 

O2
 consumption is contributing to phosphorylation. However, we have found that does not 

completely reflect the ability of the mitochondria to produce ATP (Pham et al., 2014; 

Power et al., 2014; Power et al., 2016). In diabetic cardiomyopathy there was no significant 

difference to controls when measuring CI + CII OXPHOS O2 flux of mitochondria in heart 

homogenates, or the RCR (Pham et al., 2014). However, ATP production measured in the 

same homogenates was almost half that measured in control hearts, and reflected a 18 % 

decrease in the P:O ratio, or efficiency of the mitochondria (Pham et al., 2014). In an even 

more extreme example, we have found that with increased temperature, the RCR of 

mitochondria can only drop as low as 1 with complete uncoupling. Therefore, the RCR 

cannot account for mitochondrial ATP consumption. Mitochondria themselves can become 

consumers of ATP, with negative P:O ratios measured in isolated mitochondria respiring 

at 43oC (Power et al., 2014).  

Previous measurement of ATP production by following free Mg2+ in the RB with MgG 

fluorescence by our group (Pham et al., 2014; Power et al., 2014; Power et al., 2016) and 

others (Chinopoulos et al., 2009; Salin et al., 2016) was further validated by testing the 

linearity of the signal to both increasing ADP (Figure 5.2 C) and conversion of ADP to 

ATP (Figure 5.2 E). Both slopes showed tight linear regressions (R2 > 0.99) and in the 

presence of Ca2+ the calibration factor was slightly lower (0.39) than without (0.41). The 

lower calibration factor reflects some interaction of Ca2+ binding to MgG (Chinopoulos et 

al., 2009). Measuring net ATP production (MgG slope) concurrently with O2 flux from RV 

homogenate showed the expected decrease with the addition of uncoupler FCCP and 

complete inhibition with mitochondrial ATP synthase inhibitor oligomycin (Figure 5.3). 

Prior to the addition of cytosolic ATPase inhibitors it was predicted that net ATP 

production would be relatively low. However, in both control and MCT RV homogenates 

net ATP production was ~ 2000 pmol s-1 mg-1 and ~ 1500 pmol s-1 mg-1 in the absence and 

presence of Ca2+ respectively, reflecting effective P:O ratios of ~ 3 and 2 (Figure 5. 4 A 
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& B). Therefore, in the absence of Ca2+ mitochondria in both the control and MCT RV 

homogenates are operating near their theoretical optimum, despite the presence of cytosolic 

ATPases. P:O ratios of 3 are reported for CI substrates glutamate and malate, and 2 for CII 

substrate succinate, using classical oxygen jump experiments (Lemasters, 1984). The 

addition of Ca2+ should activate both myosin ATPase (Pagani & Solaro, 1984) and SERCA 

(Ji et al., 1999) in the homogenate and is reflected by the decrease in net ATP production 

and effective P:O ratio, which is more significant in the absence of inhibitors. Surprisingly, 

there was still a small but significant decrease in the ATP production rates and effective 

P:O ratio with Ca2+ in the presence of all ATPase inhibitors which suggests that other Ca2+ 

sensitive ATPases may be active in the homogenate, such as the sarcolemmal Ca2+ ATPase 

(Choi & Eisner, 1999). Figure 5.7 reinforces that sequential inhibition of cytosolic 

inhibitors has a more significant effect on the effective P:O ratio when Ca2+ is present.   

Taken together these results indicate that even in the present of 0.41 µM Ca2+, which is 

approximately half the peak [Ca2+] of a Ca2+ transient in intact cardiomyocytes (Bers, 

2001), the mitochondria are producing excess ATP, and therefore is not limiting 

contraction. 

While all individual measures from RV homogenates reflected a positive net production of 

ATP there was a large amount of variability in the rates calculated, particularly from the 

MCT hearts. There appeared to be a trend towards a lower ATP production rate in MCT 

homogenates. When ATP production was plotted against the HW:BW % there was a strong 

and significant negative correlation, but only when ATPase inhibitors were present 

(Figure 5.5). The fact that the correlation is only revealed after the addition of ATPases 

could be due to a lower ATP turnover in the MCT heart homogenates. This could be due 

to switches in the myosin heavy chain (MHC) isoform from α- MHC to the β-MHC isoform 

which has slower ATPase activity (Kogler et al., 2003; Tardiff et al., 2000), as well as a 

decrease in SERCA activity, both of which have been shown in MCT hearts (Kogler et al., 

2003).The same significant correlations were not present when plotted against RV:Tibia % 

(Figure 5.6), therefore it was not the degree of hypertrophy that indicated decreased ATP 

production, but a combination of increased heart weight and a loss of body weight. This 

suggests that as the MCT rats are progressing to heart failure they have a decreased ability 

to produce ATP to the point where it could become limiting for proper function.  
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5.4.4 Mitochondrial membrane potential (ΔΨ) 

The driving force for ATP production at the F1F0 ATPase is dependent on a high ΔΨ of 

~ -150 mV for phosphorylating mitochondria (Duchen, 2004). ATP production rapidly 

drops below a ΔΨ ~ -140 mV (Chinopoulos et al., 2009), and the reversal potential for the 

adenine nucleotide transferase (ANT) is around -100 mV (Chinopoulos & Adam-Vizi, 

2010). We calculated ΔΨ from the uptake of fluorescent cation safranine-O which has been 

used previously (Figueira et al., 2012; Krumschnabel et al., 2014; Pham et al., 2014; Power 

et al., 2014). Although it is documented to have some inhibitory effects of respiration 

(Krumschnabel et al., 2014), these are minimal at low safranine-O concentrations (2 µM) 

and are far less compared to routinely used ΔΨ indicators such as JC-1 (Dedkova & Blatter, 

2012) and TPP+ (Kroemer et al., 2007). It could also be assumed that any inhibitory effects 

of safranine-O are the same for control and MCT. The maximum ΔΨ that can be achieved 

in energized mitochondria is in the Leak state, when no ADP is present. There was a slight 

(NS) depolarisation of the ΔΨ measured in MCT RV homogenate in the Leak state 

compared to controls (CON: -210 ± 4 mV, MCT: -200 ± 4 mV, p = 0.09), suggesting that 

MCT RV mitochondria have a lower driving force for ATP production. However, in the 

phosphorylating OXPHOS state there was no difference between groups. Although there 

may have been some stimulation of respiration upon addition of Ca2+ this did not 

significantly affect the ΔΨ, therefore it may imply that any uptake of Ca2+ into the 

mitochondrial matrix is not via the MCU. Similarly to ATP production, when Leak state 

ΔΨ was plotted against HW:BW % there was a strong and significant correlation between 

ΔΨ depolarisation and increased HW:BW % (Figure 5.9 C). The calculated ΔΨ in this 

study is higher than the accepted ΔΨ of approximately -170 mV and -150 mV for 

mitochondria in the Leak and OXPHOS states respectively (Kamo et al., 1979; Zukiene et 

al., 2010). The calculations here assumed the mitochondrial matrix volume and no non-

specific binding of safranine-O. No correction for nonspecific binding overestimates the 

ΔΨ by approximately 25 mV (Rottenberg, 1984), therefore a correction would bring the 

calculated ΔΨ into the correct range that agrees with the literature.    

5.4.5 Citrate synthase and soluble protein 

All measures of mitochondrial function in the oxygraph were normalised to the tissue wet 

weight, however with pathological hypertrophy there is often an increase in fibrosis in the 

extracellular matrix (Conrad et al., 1995). The majority of the extracellular matrix is made 
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up of insoluble collagen (Takahashi et al., 1991). Therefore, to confirm that a decrease in 

mitochondrial function per mg of tissue was not due to increased fibrosis, soluble protein 

content of frozen RV tissue samples was assayed and normalised to the initial wet weight 

of the sample. There was no difference in the soluble protein: wet weight % between the 

controls (Figure 5.10 A) and no correlation with HW:BW %. Therefore, the trends in net 

ATP production and mitochondrial membrane potential are not artefacts of increased 

fibrosis. The mitochondrial density within the tissue measured by citrate synthase activity 

did not differ between controls and MCT, however, there was a strong correlation with 

HW:BW % (Figure 5.10 B &C). This suggests that some of the observed trends in 

mitochondrial function above could be the result of a decreased number of intact 

mitochondria in RV tissue of MCT rats that have advanced further towards heart failure.    

5.4.6 Limitations  

In these experiment only one concentration of Ca2+ was tested, however, in vivo the Ca2+ 

transient can increase in both magnitude and speed. Under these conditions, the ATPase 

activity of myosin ATPase and SERCA would be accelerated (Pagani & Solaro, 1984) and 

could be closer to the maximum limits of the mitochondria. Additionally, it appeared that 

the Na+/K+ ATPase was not very active. The RB has no Na+, however there should be 

40 mM Na+ added with the salt forms of the substrates pyruvate, glutamate and succinate. 

This may not be optimal for maximal activity, normally measured with 11 mM KCl and 

111 mM NaCl (Fan et al., 1993). In vivo the concentration of ATP is kept high (~ 8 mM) 

and the ADP concentration is low (~ 100 µM), therefore the driving force for the cytosolic 

ATPases will not be as high in these experiments when initially the concentration of ADP 

in the respiration buffer is 5 mM. This may slow the net ATP consumption and overestimate 

the net ATP production measured in these assays. In addition, the RB contained saturating 

concentrations of CAC substrates and O2 concentration which could be impacted in the 

MCT hearts in vivo.  

5.5. Conclusion 

Although this study perhaps underestimates the contribution of cytosolic ATPases to the 

energetic equilibrium in the heart, the mitochondria in RV homogenates from hypertrophic 

hearts appear to be producing adequate ATP, relative to controls. However, three 

independent measures of mitochondrial function and/or content show significant 
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correlations when plotted against HW:BW %. This suggests that decreased mitochondrial 

function plays a role in the progression of RV hypertrophy to heart failure. 
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Chapter 6. Mitochondrial energy transfer in right 

heart failure and treatment with β-blocker 

metoprolol 

 

6.1. Introduction 

Mitochondrial function measured in RV homogenates declines with the progression from 

RV hypertrophy to heart failure, as determined by the negative correlation between ATP 

production and the heart to body weight ratio. Measurements of mitochondrial function 

from RV homogenate has been described as an elegant technique for detecting 

representative changes in cardiomyopathy (Patel & McDonough, 2014). However, 

homogenisation disrupts the structural integrity of cardiomyocytes and eliminates any 

contribution of the mitochondrial structural arrangement, which is important for ADP/ATP 

diffusion kinetics (Jarosz et al., 2016; Power et al., 2016) and regulation of mitochondrial 

function (Kuznetsov et al., 2013; Viola et al., 2014). Structural remodelling of 

cardiomyocytes that occurs with development of RV hypertrophy may further impair ADP 

channelling between the myofibrils and mitochondria, as observed in SHR hearts (Power 

et al., 2016).  

Impaired channelling of ADP in SHR hearts was associated with an increase in 

mitochondrial reactive oxygen species (ROS) (Power et al., 2016). Increased mitochondrial 

ROS production is self-damaging since the ROS producing complexes (namely CI and 

CIII) of the ETS are also prime targets for oxidative damage (Choksi & Papaconstantinou, 

2008; Shao et al., 2008). Additionally, calcium handling proteins (Fearon et al., 1999; 

Kaplan et al., 2003), as well as contractile proteins (Canton et al., 2011; Canton et al., 

2006) can be subject to oxidative damage. Therefore, ROS production can directly 

contribute to decreased cardiomyocyte contractility. The main aim of this chapter was to 

measure mitochondrial function and reactive oxygen species (ROS) production in situ from 

permeabilised fibres at the stage of right heart failure in rats with pulmonary hypertension 

(PH). 
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PH is associated with increased sympathetic nerve activity (SNA) to the heart (Velez-Roa 

et al., 2004), and elevated SNA is a predictor of poor prognosis in patients with PH (Ciarka 

et al., 2010). Increased SNA to the heart is associated with maladaptive cardiac remodelling 

and forms the basis for successful treatment by β-adrenergic receptor (AR) blockade in left 

heart failure (Eichhorn & Bristow, 1996; Heilbrunn et al., 1989; Rehsia & Dhalla, 2010; 

Stephen, 1966). Therefore, β-AR blockade could be beneficial for the treatment of right 

heart failure caused by PH. No effective treatments that target the heart are currently 

advised clinically for patients with right heart failure (Galie et al., 2016). However β-AR 

blockade is recommended for the treatment of left ventricle systolic failure (Dickstein et 

al., 2008). Promising, but limited, preclinical experimental evidence for β-AR blocker 

treatment to treat right heart failure in rat models PH is emerging in the Literature(Bogaard 

et al., 2010; de Man et al., 2012; Fowler, 2015; Perros et al., 2015).  

In the right and left ventricles β1 and β2-ARs are expressed in a 70:30 ratio (Bristow et al., 

1986; Brodde et al., 1986). Both are coupled to the Gs subtype of G-protein coupled 

receptors (GPCRs) which initiates the cAMP/PKA signalling pathway (Michel et al., 

1993). Therefore, acute stimulation of β1-ARs increases the energy demands of the heart. 

Chronic stimulation of β1-ARs is associated with harmful processes including cell death, 

fibrosis and remodelling (Jensen et al., 2011). However, stimulation of β2-ARs, which are 

also coupled to the Gi subtype, may actually be protective (Ahmet et al., 2009; Xydas et 

al., 2006). Metoprolol is a selective β1-AR blocker and has been shown to improve survival 

in rats with monocrotaline induced PH, resulting in decreased RV hypertrophy and 

improved RV function assessed by echocardiography (Bogaard et al., 2010). These affects 

are independent of decreasing RV afterload, which is the current treatment strategy for PH 

(Galie et al., 2016). Therefore, the second aim of this Chapter was to test if the increased 

survival and regression of RV hypertrophy in metoprolol treated MCT rats was associated 

with improved mitochondrial function, ADP channelling and decreased ROS production in 

the RV relative to untreated MCT rats. 

β-ARs can exist in active or inactive forms, such that even when unoccupied they exert 

some basal intrinsic activity (Maack et al., 2000). Metoprolol is cardio-selective and has a 

similar structure to non-specific β-AR agonist isoproterenol, however it exerts 35-fold 

preferential binding to β1-ARs compared to β2-AR (Maack et al., 2000). Metoprolol has 

also been found to be an inverse agonist, such that it stabilises the inactive form of the AR 

and decreases intrinsic activity below unstimulated β-AR receptor activity (Maack et al., 
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2000). This prevents excessive phosphorylation of the β1-AR and subsequent 

desensitization and down regulation (Maack et al., 2000), and improved receptor density 

following treatment of heart failure with metoprolol (Heilbrunn et al., 1989). Attenuating 

β-AR mediated signal transduction (elevated cAMP and PKA activity) is considered to be 

the main beneficial effect of β1- and β2-AR blocker treatment, but additional benefits have 

been found to improve sub-cellular remodelling and oxidative stress (for review see (Rehsia 

& Dhalla, 2010)). Metoprolol treatment in chronic heart failure can improve systolic 

function and cause regression of hypertrophy on an organ (Hall et al., 1995; Hanada et al., 

2008) and cellular level (Morita et al., 2002). It is unclear whether blocking β1-AR can 

improve myocardial energy metabolism, but it has been shown to restore the [CrP]/[ATP] 

ratio (Hugel et al., 1999; Omerovic et al., 2001) or have no effect (Omerovic et al., 2003) 

in animal models of heart failure. Additionally, treatment of postmyocardial infarction heart 

failure rats with β1-AR blocker bisoprolol increases cytosolic and mitochondrial creatine 

kinase (CK) activities which may improve ATP transfer within cardiomyocytes (Hugel et 

al., 1999).  

This study aims to test two hypotheses. (1) That right heart failure, induced by PH, 

contributes to impaired ADP channelling between the myofibrils and mitochondria, 

promoting increased ROS production. (2) That β1-AR selective blocker metoprolol 

treatment can regress right heart failure and prevent impaired mitochondrial ADP 

channelling and increased ROS production in MCT rats. To test these hypotheses, PH was 

induced by monocrotaline injection and controls were given saline. Treatment with 

metoprolol or placebo was started at day 20 in MCT animals, once PH and RV hypertrophy 

are established (Hardziyenka et al., 2006; Jones et al., 2002). Oral dosing of metoprolol 

was achieved by dissolving the dose in a palatable Ribena-sugar solution (Fowler, 2015). 

At the onset of heart failure, hearts were excised and mitochondrial function and ADP 

channelling in permeabilised heart fibres was measured using high-resolution respirometry 

combined with fluorometry for measurement of ROS production in multiple respiratory 

states. Confocal imaging of RV tissue sections was used to determine sub-cellular structural 

changes in mitochondrial and myofibril arrangement.   
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6.2. Methods 

6.2.1 Animals and metoprolol treatment 

As in Chapters 4 and 5, PH and RV hypertrophy was induced in male Wistar rats 

(292 - 336 g) by a single intraperitoneal injection of 60 mg kg-1 monocrotaline in saline 

(MCT; n = 12). Controls were injected with an equivalent volume of saline (CON; n = 6). 

Rats were fed normal rat chow and water ad libitum for up to six weeks. Rats were 

monitored (weight gain, water and food consumption) twice weekly in the first two weeks 

post-injection and then daily once metoprolol dosing began. Two days before metoprolol 

dosing the rats were familiarised with a daily Ribena solution (5 % (v/v) Ribena® and 10 % 

(w/v) sucrose in water) administered by hand with a 1 mL needleless syringe.  At day 20 

post injection dosing of rats with metoprolol commenced. Metoprolol tartrate 

(1.25 mg mL-1; Santa Cruz Biotechnology, Dallas, TX, USA) was dissolved in the Ribena 

solution and hand fed (10 mg kg-1 day-1) to the treatment group of MCT rats (MCT + BB; 

n = 6) half an hour before their dark cycle. This dosing protocol was adopted from 

collaborators at the University of Leeds, and was found to be effective in improving 

survival of MCT animals (Fowler, 2015). The rest of the MCT and control rats were fed an 

equivalent volume of the Ribena solution. In the fourth to fifth week post-injection the 

MCT and MCT + BB rats were monitored closely for signs of heart failure. Control and 

MCT + BB rats were sacrificed as closely as possible to the MCT rats with regard to the 

number of days post injection.  

Overt signs of heart failure included rats being non-inquisitive, having hunched posture, 

poor grooming, dyspnea, cold/pale extremities, piloerected fur, porphyrin around the eyes 

and nose, and significant weight loss. Animals were monitored daily, and humane end-

points were determined as (1) weight loss of more than 15 % of body weight in 24 hours, 

(2) 20 % of body weight or more plus one other clinical sign compared with control or (3) 

Weight loss of 25 % compared with control. All rats were sacrificed either when signs of 

heart failure were observed, or at a maximum of six weeks post injection. The use of 

animals for this study was approved by the University of Auckland animal ethics committee 

(R1403). 
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6.2.2 Animal dissection 

On the day of experimentation, animals were weighed, anesthetised with isoflurane and 

decapitated before excising the heart. The heart was immediately rinsed in ice-cold 

Tyrode’s solution prior to blotting and weighing. The wet and dry weights of the liver and 

lungs were obtained, as well as the tibial length measurement.  

During the RV tissue dissection, hearts were Langendorff-perfused with oxygenated 

Tyrode’s solution containing 0.25 mM CaCl2 and 20 mM 2,3-butanedione monoxime. The 

RV wall was opened by cutting across the right atria and down through the tricuspid valve 

adjacent to the septum. Approximately 50 mg of tissue was dissected from the apex of the 

RV free wall and stored in ice-cold permeabilisation buffer. Another two samples of the 

free wall were removed. One sample was snap frozen in liquid nitrogen for determination 

of citrate synthase enzyme activity and soluble protein content. The other sample was fixed 

in 1 % PFA for confocal imaging. Measurements of the left and right ventricle free wall 

thickness were also obtained using micro-callipers.  

6.2.3 Measurement of mitochondrial respiration in permeabilised heart fibres 

In order to measure the connectivity between the cytosolic ATPases and the mitochondria, 

within cardiomyocytes, a similar assay was used as described in Chapter 3 (protocol 3) 

(Power et al., 2016). RV tissue was saponin-permeabilised as detailed in Chapter 2 

(section 2.5.3) immediately prior to the oxygraph assay. Permeabilised fibres were blotted 

on lint free filter paper, weighed (~ 2 mg) and immediately added to each oxygraph 

chamber containing 2 mL of respiration buffer (RB). Mitochondrial respiration was 

measured simultaneously with ROS production. ROS were monitored using fluorescent 

sensors fitted with 563 nm excitation and 587 nm emission filters to detect Amplex® 

UltraRed (5 µM; ThermoFisher Scientific) reagent product Amplex® UltroxRed (Hickey et 

al., 2012). In the presence of superoxide dismutase (SOD; 10 U), superoxide (O-
2

.) is 

converted to H2O2 (equation 1). Then that H2O2 as well as endogenously produced H2O2 

reacts with Amplex® UltraRed in the presence of horse radish peroxidase (HRP; 10 U) to 

produce the fluorescent product (equation 2) that represents total ROS production. The 

signal is calibrated with H2O2 (330 nM) in the RB before the addition of permeabilised 

fibres.  

2 𝑂2 .
− +  2 𝐻+ 

𝑆𝑂𝐷
→  𝑂2 + 𝐻2𝑂2       (Equation 1)  
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𝐴𝑚𝑝𝑙𝑒𝑥®𝑈𝑙𝑡𝑟𝑎𝑅𝑒𝑑 + 𝐻2𝑂2  
𝐻𝑅𝑃
→   𝐴𝑚𝑝𝑙𝑒𝑥®𝑈𝑙𝑡𝑟𝑜𝑥𝑅𝑒𝑑 + 2 𝐻2𝑂 

  (Equation 2) 

During the assay the O2 concentration was kept above 350 µM in order to overcome O2 

diffusion barriers in the heart fibres. A representative trace is shown in Figure 6.1. Steady-

state respiration rate was achieved before the titration of each substrate into the chambers. 

Complex I (CI) substrates glutamate (10 mM) and malate (5 mM) were added to induce CI 

Leak. MgATP (2.5 mM) was then added to measured CI oxidative phosphorylation 

(OXPHOS) stimulated by endogenously produced ADP (CI enOXPHOS), followed by the 

addition of CII substrate succinate (10 mM) to measure CI + CII enOXPHOS. 

Phosphoenolpyruvate was then added to stimulate endogenous ADP scavenger, pyruvate 

kinase (PK). Exogenous PK was then titrated (1 U, 1 U, 2 U, 2 U) into the chamber to 

further scavenge ADP (equation 3) and test the connectivity between the myofibrils and 

mitochondria.  

𝐴𝐷𝑃 + 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑒𝑛𝑜𝑙𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒 
𝑃𝐾
→  𝐴𝑇𝑃 + 𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒   (Equation 3) 

Creatine (10 mM) was then added to the chamber to stimulate localised production of ADP 

within the mitochondria, which cannot be accessed by ADP trap PK. Following creatine, 

FCCP was added to uncouple the mitochondria and measure maximum ETS capacity. At 

the end of all experiments antimycin A (25 µM) was added to determine background O2 

consumption. 

In separate experiments OXPHOS was stimulated with saturating ADP (2.5 mM) (Lemieux 

et al., 2011) or ATP (2.5mM) in the presence of CI substrates glutamate (10 mM), malate 

(5 mM) and pyruvate (10 mM), followed by succinate (10 mM). OXPHOS stimulated with 

exogenously added ADP is referred to as exOXPHOS. This allowed a comparison between 

respiration stimulated by endogenous turnover of ATP and maximal ADP stimulated 

respiration. Pyruvate was omitted from the ADP trapping assay as it would interfere with 

equation 3.  
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Figure 6.1 Representative oxygraph trace measuring endogenous OXPHOS and ADP channelling from 

myofibrils to the mitochondria within permeabilised fibres.  

The upper trace shows the oxygen concentration (µM; blue) and mass specific O2 flux (pmols s-1 mg-1; red). 

The lower trace shows concurrent fluorescent measurement of total ROS (O-
2. + H2O2) with enzyme coupled 

detection system Amplex UltraRed, super oxide dismutase and horse radish peroxidase. Step wise addition 

of substrates allows measurement of different respiratory states. Glutamate and malate (GM) stimulates 

complex I Leak; ATP stimulates oxidative phosphorylation (OXPHOS) respiration through endogenous 

production of ADP by cellular ATPases (CI endo OXPHOS); succinate is a complex II substrate (CI + CII 

endo OXHOS); phosphoenolpyruvate (PEP) is a substrate for endogenous pyruvate kinase (PK) and a 

reaction that consumes ADP (ADP trap); additional titration of exogenous PK further tests ADP channelling 

towards mitochondria. Finally, addition of creatine stimulates mitochondrial creatine kinase (mCK), 

promoting local turnover of ADP within the intermembrane space and relieving inhibition of the ADP 

trapping enzyme system. Artefacts in the traces (red and green) during the addition of substrates or O2 have 

been omitted for clarity. 

6.2.4 Citrate synthase activity and soluble protein content 

Citrate synthase and soluble protein content was measured from the frozen RV samples as 

detailed in Chapter 5 (section 5.2.5).  
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6.2.5 Immunolabelling and confocal imaging and analysis 

Three hearts from each rat group were used for imaging and analysis. RV tissue fixation, 

cryosectioning, immunolabelling, confocal imaging and analysis were carried out as 

detailed in Chapter 3 (section 3.2.4).  

6.2.6 Data Analysis 

O2 consumption rates and ROS production were recorded in DatLab6 (Oroboros 

Instruments, Innsbruck, Austria). Averaged steady-state data was exported, and is 

presented as mean  SEM for the different respiration states. The excess ETS capacity 

factor was calculated as (ETS ─ OXPHOScreatine)/ETS. The contribution of CII to OXPHOS 

was calculated as (CI + CII OXPHOS) ─ (CI OXPHOS). 

Statistical analysis (MCT vs CON vs MCT + BB) was determined by ordinary one-way 

analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test in Prism 7. 

Unless specified, statistical difference between groups for weekly growth and different 

respiratory states was determined using a two-way ANOVA with Sidak’s multiple 

comparisons test, also in Prism 7.  

To test for a correlation of mitochondrial function with severity of RV hypertrophy, 

Pearson’s correlation coefficient (r) was calculated in SPSS using a bivariate correlation. 

A significant correlation was determined using a two-tailed test. │r│> 0.5 was considered 

a strong correlation. 
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6.3. Results 

6.3.1 Animal growth and morphometric data 

Rats followed the same growth trajectory post-monocrotaline or -saline injection as 

described in previous chapters for the first four weeks. In the fifth week post-injection, 

MCT and MCT + BB begun to lose weight and displayed clinical signs of heart failure, 

apart from one MCT rat that continued to gain weight. This animal was removed from the 

MCT group data. Treatment with metoprolol did not have any significant effect on body 

weight gain (Figure 6.2), or on the day at which the humane end-point was decided (days 

post-injection) compared to untreated MCT rats (Table 6.1). However, there was a trend 

towards a heavier end-point weight for the MCT + BB rats compared to the MCT rats 

(p = 0.076). 

Both the MCT and MCT + BB animals had greater lung weights normalised to body weight 

compared to controls (Figure 6.3 A).The absolute lung wet weight was not significantly 

different to the controls (CON vs. MCT: p = 0.13; CON vs. MCT + BB: p = 0.058). There 

was an increase in the heart weight normalised to body weight for both MCT and 

MCT + BB relative to controls, and the MCT + BB group was significantly lower than the 

MCT group (Figure 6.3 B). The increased heart weight was due to RV free wall 

hypertrophy in both the MCT and MCT + BB groups, with no change in the LV free wall 

thickness (Figure 6.3 C & D and Table 6.1). There was no significant difference in the liver 

wet weights or tibia lengths between any of the groups.      
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Figure 6.2 Growth trajectory following injection.  

Mean ± SEM body weight of rats following injection of saline (CON; black; n = 6), monocrotaline (MCT; 

grey; n = 5) or monocrotaline plus metoprolol treatment (MCT + BB; red; n = 6). Statistical significance 

between CON vs. MCT (*) or CON vs. MCT + BB (#) are denoted by ** or ## p < 0.01,**** or #### p < 0.0001, 

using two-way ANOVA with multiple comparisons and matching. 

 

 

  CON MCT MCT + BB p ≤ 0.05 

Days post injection 37 ± 1 34 ± 2 32 ± 1   

Body weight (g) 441 ± 12 369 ± 12 395 ± 8 * # 

Heart weight (g) 1.49 ± 0.07 2.17 ± 0.12 2.00 ± 0.05 * # 

Lung wet weight (g) 1.82 ± 0.11 2.52 ± 0.27 2.62 ± 0.26   

Liver wet weight (g) 15.0 ± 0.3 13.2 ± 0.8 14.5 ± 1.2   

Tibia length (mm) 55 ± 1 54 ± 1 51 ± 2   

RV free wall (mm) 1.5 ± 0.1 2.6 ± 0.3 2.2 ± 0.1 * # 

LV free wall (mm) 4.0 ± 0.1 3.8 ± 0.3 4.1 ± 0.22   

Table 6.1 Morphometric data 

Measurements from control (CON; n = 6), monocrotaline (MCT; n = 5), and monocrotaline treated with 

metoprolol (MCT + BB; n = 6) animals. * p ≤ 0.05 for CON vs. MCT and # for CON vs. MCT + BB using 

an ordinary one-way ANOVA with Sidak’s multiple comparisons.  
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Figure 6.3 Lung and heart morphometric data from rats at day of experimentation.  

Controls are shown in black (CON; n = 6), monocrotaline in grey (MCT; n = 5), and monocrotaline treated 

with metoprolol in grey (MCT + BB; n = 6). A: Wet lung weight normalised to body weight (g/g %). B: 

Heart weight normalised to body weight (g/g %). C: RV free wall thickness normalised to tibia length 

(mm/mm %). D: LV free wall thickness Significant differences are demoted by * p ≤ 0.05, ** p < 0.01, *** 

p < 0.001 and **** p < 0.0001 between groups using an ordinary one-way ANOVA with Sidaks’s multiple 

comparisons test. 

 

6.3.2 Mitochondrial respiration and ROS production in permeabilised fibres 

Mitochondrial respiration was measured in permeabilised fibres stimulated with CI and CII 

substrates in the presence of ATP which promotes endogenous turnover of cytosolic 

ATPases and subsequent stimulation of OXPHOS (enOXPHOS), followed by addition of 

an ADP scavenging (or trapping) enzyme system. There was no difference in O2 flux in the 

CI Leak state or following the addition of ATP (CI enOXPHOS) between any of the groups 

(Figure 6.4 A). Following the addition of succinate (CI + CII enOXPHOS), O2
 flux was 

more than 20 % lower in the MCT and MCT + BB groups relative to controls. The addition 

of the ADP trap similarly dropped O2 flux in all groups by ~20 % (CON: 19.7 ± 1.6 %; 

MCT: 21.3 ± 2.5 %; MCT + BB: 21.9 ± 3, p = 0.82). Addition of creatine stimulated 

respiration in all groups by a similar amount (CON: 35 ± 10 %; MCT: 30 ± 3 %; 

MCT + BB: 26 ± 4, p = 0.70), and respiration was still ~ 20 % lower in the MCT and 
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MCT + BB groups, relative to controls. When O2 flux is plotted against the degree of RV 

hypertrophy (RV:Tibia %), there were strong and significant negative correlations seen in 

the CI + CII enOXPHOS, ADP trap and creatine respiratory states (Figure 6.5 A). When 

respiration was measured in the presence of CI or combined CI + II substrates and 

stimulated with saturating ADP, both MCT and MCT + BB fibres showed lower O2 flux 

compared to controls (Figure 6.6 & Table 6.2). As a proxy for CII supported OXPHOS, CI 

OXPHOS was subtracted from combined CI + CII OXPHOS. There was only depressed 

CII O2 flux seen in the MCT + BB fibres during enOXPHOS (Table 6.2). Within groups 

CII exOXPHOS respiration was higher with ADP compared to with ATP (CII enOXPHOS) 

and there was no difference in the change between the respiratory states (CII exOXPHOS 

─ CII enOXPHOS) between groups. The maximum capacity of the ETS measured with 

FCCP was only lower in the MCT + BB group (Table 6.2).  

 

ROS production was found to be highest in the CI + CII enOXPHOS state for all groups 

following the addition of succinate (Figure 6.1 & Figure 6.4 B). This also promoted higher 

ROS production in the MCT + BB group relative to the control (CON vs. MCT + BB: 

p = 0.005). The MCT group also appeared to have a higher ROS production, although this 

was not significantly different, possibly due to the high variability in the ROS 

measurements with MCT (CON vs MCT: p = 0.15). Following the addition of 

phosphoenolpyruvate, ROS production dropped in all groups (CON: p = 0.03; MCT: 

p = 0.001; MCT + BB: p = 0.004). Addition of creatine dropped ROS production further, 

however it was not significant in the MCT group (CON: p = 0.05; MCT: p = 0.307; 

MCT + BB: p = 0.009). When ROS was expressed as a percentage of O2 flux 

(Figure 6.4 C) it was also higher only in the MCT + BB group relative to control (CON vs. 

MCT: p = 0.36; CON vs. MCT + BB: p = 0.052) during the CI + CII enOXPHOS state.  
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Figure 6.4 O2 flux and ROS production from permeabilised fibres.  

Mean ± SEM measurements are shown in black for the controls (CON; n = 6), in grey for monocrotaline 

(MCT; n = 5) and red for metoprolol treated monocrotaline rats (MCT + BB; n = 6). Steady-state 

measurements were taken during different respiration states outlined in Figure 6.1. A: O2 flux normalised to 

wet weight (pmol s-1 mg-1). B: Total ROS production normalised to wet weight (pmol s-1 mg-1). C: Total ROS 

production normalised to O2 consumption. Significant differences are denoted by * p ≤ 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001, using two-way ANOVA with multiple comparisons and matching. 
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Figure 6.5 Correlations of O2 flux with severity of RV hypertrophy.  

Following the addition of ATP (endo OXPHOS), each respiratory state was tested for correlation with RV 

thickness normalised to tibia length (mm/mm %). A: Respiration supported by complex I substrates only. B: 

Respiration with complex I and II substrates. C: Respiration following the addition of ADP trap 

(phosphoenolpyruvate + PK). D: respiration with creatine. Pearson’s correlation coefficient (r) was calculated 

in SPSS using a bivariate correlation and a significant correlation was determined using a two-tailed test. 

│r│> 0.5 is considered a strong correlation. 

 

 

 

Figure 6.6 Respiration of permeabilised fibres stimulated with saturating ADP.  

Mean ± SEM O2 flux normalised to wet weight (pmol s-1 mg-1) are shown in black for the controls 

(CON; n = 6), in grey for monocrotaline (MCT; n = 5) and in red for metoprolol treated monocrotaline rats 

(MCT + BB; n = 6). Steady-state measurements were taken in the presence of complex I substrates (CI Leak), 

after the addition of ADP (CI OXPHOS) and finally complex II substrate succinate (CI + CII OXPHOS).  
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  CON MCT MCT + BB p ≤ 0.05 

CI + CII enOXPHOS (ATP)  207 ± 9 198 ± 24 141 ± 7 # Ɨ 

CI + CII exOXPHOS (ADP)  233 ± 10 191 ± 12 182 ± 12 * # 

CII enOXPHOS  (ATP)  84 ± 4 94 ± 11 64 ± 5 Ɨ 

CII exOXPHOS (ADP)   116 ± 15 131 ± 10 117 ± 8   

CII enOXPHOS - CII exOXPHOS   31 ± 15 36 ± 13 52 ± 11   

ETS  294 ± 18 242 ± 32 200 ± 17 # 

ETS capacity factor 0.33 ± 0.02 0.26 ± 0.06 0.29 ± 0.03   
Table 6.2 O2 flux of permeabilised fibres under different respiratory states 

Mean ± SEM steady-state respiratory states (pmol s-1 mg-1) from control (CON; n = 6), monocrotaline (MCT; 

n = 5) and metoprolol treated MCT (MCT + BB; n = 6) permeabilised RV fibres. Respiration was measured 

with combined CI (glutamate, malate and pyruvate) and CII substrates (succinate) stimulated with either ATP 

(endo OXPHOS) or ADP (OXPHOS). The contribution of CII respiration was determined by subtracting CI 

OXPHOS O2 flux from combined CI + CII OXPHOS. The OXPHOS flux limited by endogenous turnover of 

ATP was found by subtracting CII enOXPHOS from CII exOXPHOS. The maximum ETS flux was measured 

following uncoupling with FCCP and the ETS capacity factor is a measure of the fractional increase with 

uncoupling (MCT; n = 4). * p ≤ 0.05 for CON vs. MCT and # for CON vs. MCT + BB and Ɨ for MCT vs. 

MCT + BB using an ordinary one-way ANOVA with Sidak’s multiple comparisons. 

6.3.3 Soluble protein and citrate synthase activity 

There was no significant different between the soluble protein content or citrate synthase 

between any of the groups (Figure 6.7 A & B). There was also no correlation between the 

degree of RV hypertrophy and citrate synthase activity (Figure 6.7 C) or HW:BW % and 

citrate synthase activity (r = -0.005, p = 0.985). 
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Figure 6.7 Soluble protein content and citrate synthase activity. 

Mean ± SEM soluble protein and citrate synthase activity determined from RV samples of control (CON; 

black; n = 5), monocrotaline (MCT; grey; n = 5-6), and monocrotaline treated with metoprolol 

(MCT + BB; red; n = 6) rats. A: soluble protein normalised to heart tissue wet weight (%). B: citrate synthase 

activity normalised to amount of soluble protein (µmol min-1 mg-1). C: correlation of citrate synthase activity 

with degree of RV hypertrophy normalised tibia length (mm/mm %). Pearson’s correlation coefficient (r) was 

calculated and a significant correlation (p ≤ 0.05) was determined using a two-tailed test.  



 

 

152 

 

6.3.4 Cardiomyocyte mitochondrial and myofibrillar density  

Confocal imaging of RV cardiomyocytes in transverse orientation confirmed cellular 

hypertrophy (Figure 6.8 & Figure 6.9 A). There was an approximate doubling of myocyte 

cross-sectional area with a greater variability in the MCT and MCT + BB hearts relative to 

controls. The MCT and MCT + BB cardiomyocytes also had increased fractional areas 

occupied by myofilaments, and a decrease in mitochondrial fractional area relative to 

control cardiomyocytes (Figure 6.9 B & Table 6.3).  The increased myofilament fractional 

area in the MCT groups was associated with a decrease in the perimeter/area ratio and an 

increased mean distance from the centre of the myofibril bundles to the closest edge (Table 

6.3). The smaller mitochondrial fractional area did not correspond to any changes in the 

perimeter/area ratio, or to distances to the nearest mitochondrial edge.        
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Figure 6.8 Confocal images of RV cardiomyoctes and analysis 

Representative sections (20 μM) labelled with extracellular matrix marker (ECM) wheat germ agglutinin 

(WGA) in blue (first column), mitochondrial marker Tom20 in green (second row) and f-actin marker 

phalloidin in red (third row). The final column shows a merged image of all three channels. Images show RV 

cardiomyocytes sectioned transversely from a control heart (CON; A - D), a monocrotaline heart 

(MCT; E - H) and a monocrotaline treated with metoprolol heart (MCT + BB; I - L). M: Mask created from 

image C to calculate fractional area of f-actin and used to determine the mean distance from the skeleton (N) 

or from each pixel (O) to the outer edge of the f-actin bundles.  
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Figure 6.9 Cardiomyocyte hypertrophy and fractional changes of myofilaments and mitochondria  

A: Cross-sectional area of RV cardiomyocytes determined from tracing the WGA labelling shown in Figure 

6.8. B: Fractional areas calculated from masks created from f-actin (myofilament) and Tom20 (mitochondria) 

confocal images. Control (CON; n = 22 cells), monocrotaline (MCT; n = 19 cells) and monocrotaline treated 

with metoprolol (MCT + BB; n = 19 cells).  Significant differences are denoted by ** p < 0.01, *** p < 0.001, 

**** p < 0.0001, using one-way ANOVA. 

 

 

 

 

  CON MCT MCT + BB p ≤ 0.05 

Cross-sectional area (μm2) 235 ± 17 530 ±  54 544 ±  74 *# 

Myofilament fractional area (%) 41 ± 1 47 ±  1 46 ±  1 *# 

Mitochondrial fractional area (%) 42 ±  1 34 ±  1 34 ±  1 *# 

Myofilament perimeter/area  3.3 ±  0.1 2.7 ±  0.1 2.6 ±  0.1 *# 

Mitochondrial perimeter/area 4.1 ± 0.1 4.5 ± 0.2 3.9 ± 0.2  

Myofilament skeleton to edge distance (nm) 300 ± 11 365 ± 15 395 ± 19 *# 

Myofilament pixel to edge distance (nm) 217 ± 8  270 ± 10 291 ± 14 *# 

Mitochondria skeleton to edge distance (nm) 242 ± 6 233 ± 9 253 ± 9  

Mitochondria pixel to edge distance (nm) 192 ± 5 194 ± 7 205 ± 7  
Table 6.3 Confocal cardiomyocyte sub-cellular measurements  

Mean ± SEM data calculated from masks created from the f-actin (myofilament) and Tom20 (mitochondria) 

confocal images as described in Figure 6.8. Control (CON; n = 22 cells), monocrotaline (MCT; n = 19 cells) 

and monocrotaline treated with metoprolol (MCT + BB; n = 19 cells).  * p ≤ 0.05 for CON vs. MCT and # 

for CON vs. MCT + BB using an ordinary one-way ANOVA with Sidak’s multiple comparisons.  
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6.4. Discussion 

This study examined RV mitochondrial function and ADP channelling in MCT animals 

advancing to right heart failure and investigated a potential therapy with β-blocker 

metoprolol. Relative to controls, MCT animals had impaired mitochondrial function but 

maintained coupling between myofibrillar ATPases and OXPHOS despite an increase in 

fractional myofibrillar content and ADP diffusion distances. However, treatment of the 

MCT rats with metoprolol did not rescue any of the functional or structural changes found 

in this study.  

6.4.1 Morphometric animal data and the onset of heart failure 

Metoprolol treatment did not delay the progression of compensatory RV hypertrophy to 

heart failure in MCT rats. The MCT + BB rats were on average sacrificed two days sooner 

than the MCT rats based on our humane end-point criteria (Table 6.1). Previous studies 

have shown that metoprolol delays weight loss and prolongs survival (Bogaard et al., 2010; 

Fowler, 2015). There was a small decrease in the HW:BW % in the MCT + BB group 

relative to MCT (Figure 6.3) but this was probably due to the slightly (NS) higher body 

weight of the MCT + BB rats, since there was no difference in the heart weight between 

the groups (Table 6.1). One possibility is that the damage to the pulmonary vasculature of 

the lungs was greater in the MCT + BB group, as there was a trend towards a greater lung 

weight relative to controls (p = 0.058), compared to the MCT group relative to controls 

(p = 0.128). There is some evidence that metoprolol can worsen the vascular remodelling 

associated with experimental PH, possibly due to metoprolol’s residual antagonism of 

vascular β2-ARs (Perros et al., 2015). 

This study was done in collaboration with investigators at the University of Leeds where 

200 g rats were injected with monocrotaline (60 mg kg-1), and developed heart failure in 

the fourth week post injection (Fowler, 2015). Fowler (2015) found that metoprolol 

treatment of MCT rats from day 15 post-injection, delayed the median onset of heart failure 

by eight days, and was associated with improved RV function relative to time matched 

MCT animals. Due to ethical constraints and established protocols, the rats injected in this 

study were heavier. From our experience, and that of others (Werchan et al., 1989), 

injecting rats of 300 - 350 g with monocrotaline (60 mg kg-1) delayed the onset of heart 

failure until five to six weeks post-injection. We therefore adjusted our metoprolol dosing 
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start time to five days later in an attempt to match it to the progression stage of RV 

hypertrophy used at the University of Leeds. In retrospect, the same treatment start day 

should have been used. Fowler (2015) found that there was no difference in RV function 

between the placebo and metoprolol treated MCT rats at the onset of heart failure for both 

groups. 

6.4.2 Mitochondrial function in permeabilised RV fibres  

There was no apparent benefit of metoprolol treatment in the contexts of mitochondrial 

function. Mitochondrial O2 flux was 20 % lower in both MCT and MCT + BB relative to 

controls when stimulated by endogenous ADP hydrolysed from ATP by cytosolic ATPases 

(Figure 6.4 A). This requires diffusion of ADP from sites of turnover within the myofibrils. 

Despite a greater fractional area of myofibrils (Figure 6.9 B), the lower enOXPHOS 

O2 flux could be a result of slower myosin ATPase activity in RV fibres from the MCT and 

MCT + BB rats, as well as a longer diffusion distance from the myofibrils to the 

mitochondrial edge (Table 6.3). Slower ATPase activity could be from a switch in the 

myosin heavy chain (MHC) isoform from the α- to β-MHC which has slower ATPase 

activity (Tardiff et al., 2000). Kogler et al. (2003) have reported an increase in RV β-MHC 

fractional protein content (β-MCH/Total MHC) from 6 % in control rats to 18 % in MCT 

rats with RV hypertrophy (Kogler et al., 2003), and it is reported to increase seven-fold in 

heart failure animals (Korstjens et al., 2002). The MHC isoform switch reflects a potential 

adaptive response in MCT hearts to an energy conserving phenotype. There was no 

difference between groups when comparing respiration stimulated by ADP with that 

stimulated by ATP (exOXPHOS – enOXPHOS; Table 6.2;), but any difference might be 

disguised by a lower OXPHOS capacity in the MCT fibres. Therefore, protein assays of 

myosin ATPase activity should be performed to confirm these changes from the hearts used 

in this study.   

Addition of the ADP scavenging ("ADP trap") enzyme system tests the coupling of the 

cytosolic ATPases to the mitochondria (Power et al., 2016). The relative drop in O2 flux 

following the addition of the ADP trap did not differ between groups (Figure 6.4 A) 

suggesting that, despite a decreased ATP turnover, there was no additional diffusion barrier 

in the MCT rats. We found in the SHR model of LV hypertrophy that OXPHOS was more 

sensitive to the ADP trap relative to their Wistar controls, and that this corresponded to an 

increase in the diffusion distance from centres of individual myofibril bundles to the 
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mitochondria (Power et al., 2016). It was hypothesised that the same diffusion restriction 

may occur in MCT RV cardiomyocytes since they reportedly had increased cross-sectional 

areas of up to 100 % (Korstjens et al., 2002; Werchan et al., 1989). I found similar increases 

in myocyte cross-sectional area in the MCT hearts in this study (Figure 6.9 A & Table 6.3). 

The expansion of cardiomyocyte cross-sectional area was driven by an increase in 

fractional myofilament content (Figure 6.9 B & Table 6.3) representing a greater ability to 

produce force and consume ATP. There was also a greater mean diffusion distance between 

the myofibrils and the nearest mitochondrion (Table 6.3). However, this did not appear to 

affect the coupling between the myofibrils and mitochondria as measured by the degree of 

inhibition by the ADP trap. The mean diffusion distance from the centre of the myofibrils 

to the nearest mitochondrion was only ~ 20 % longer in the MCT cardiomyocytes relative 

to controls, compared to the 34 % increase observed in the SHR hearts relative to their age-

matched controls (Power et al., 2016).  

The MCT RV fibres (from treated and untreated rats) both responded to an addition of 

creatine. Creatine can overcome the ADP trap inhibition of OXPHOS by stimulating local 

turnover of ATP at mtCK, since PK cannot access the intermembrane space (Saks et al., 

2001). Although creatine increased O2 flux in all groups, this was still ~ 20 % lower in the 

MCT and MCT + BB RV fibres, relative to controls (Figure 6.4 A). Therefore, the 

mitochondria within the MCT RV fibres are either limited by mtCK and the rate of ATP 

hydrolysis, or there are specific ETS and/or OXPHOS deficits within the mitochondria. 

Decreased CK activity has been linked to diastolic dysfunction in MCT rats with right heart 

failure, although mtCK was decreased to a lesser degree than MMCK relative to controls 

(Fowler et al., 2015). Decreased mtCK and MMCK would mean that energy transfer within 

the MCT hearts was more reliant on ADP/ATP diffusion, rather than on the more efficient 

CrP/Cr shuttle.  

Specific OXPHOS and ETS deficits were investigated in a separate experiment in which 

exOXPHOS was stimulated with the addition of saturating levels of ADP (Figure 6.6 and 

Table 6.2). Maximal exOXPHOS O2 flux was depressed by ~ 50 % in RV fibres from MCT 

and MCT + BB relative to controls when provided with CI substrates, yet was only ~ 20 % 

lower when provided with CI and CII substrates. This confirms our finding that CI mediated 

flux was decreased, and that CII activity had potentially increased to compensate in 

MCT and MCT + BB mitochondria. However, calculated CII exOXPHOS activity did not 

differ significantly between groups (Table 6.2).  Daicho et al. (2009) also found a decrease 
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in CI OXPHOS with the onset of RV heart failure (MCT induced), with no change in CII 

OXPHOS measured in permeabilised fibres (Daicho et al., 2009). Conversely, Redout et 

al. (2007) reported unchanged protein expression of CI but increased CII in RV 

homogenate from right heart failure animals (MCT induced) relative to controls (Redout et 

al., 2007). This was supported with an increase in CII OXPHOS measured in isolated RV 

mitochondria, however, there was no measure of CI OXPHOS (Redout et al., 2007). A 

recent study from Wust et al. (2016) is in agreement with our finding of depressed 

OXPHOS mediated by CI substrates (Wust et al., 2016). However, they show that in non-

failing animals with RV hypertrophy CI OXPHOS is also decreased while CII is increased 

relative to controls (Wust et al., 2016). Therefore, it may be that CII initially increases, and 

then progressively decreases, with the onset of heart failure. This could contribute to the 

variability between studies which may have different ethical end-points. Taken together 

with the findings from my study, a decrease in O2 flux via CI, but not necessarily CI protein 

expression, occurs with the onset of right heart failure. The changes in CII OXPHOS are 

less conclusive. I found CII activity appeared to, in part, compensate for decreased CI 

OXPHOS. However, this would ultimately be maladaptive due to the decreased efficiency 

of CII coupled ATP production (Hinkle, 2005) and its implication in ROS production 

(Murphy, 2009; Redout et al., 2007).  

The consequence of elevated CII activity is highlighted in Figure 6.1 which shows a rapid 

increase in the rate of ROS production following the addition of succinate 

(CI + CII enOXPHOS). MCT + BB RV fibres produced more ROS relative to controls, and 

MCT RV fibres trended towards a higher rate of ROS production (Figure 6.4 B). The exact 

source of ROS in this study was not identified, but Redout et al. (2007) have identified that 

specific inhibition of CIII with myxothiazol blocked CII-dependent ROS production in RV 

isolated mitochondria from MCT heart failure rats (Redout et al., 2007). However, Redout 

et al. (2007) measured ROS production in the less than lifelike Leak state (no ADP or ATP) 

when ROS production is maximal due to the build-up or slowed flow of electrons within 

the ETS (Murphy, 2009).  

In my study, ROS production was measured in the presence of high ATP, which closely 

mimics the in vivo state (Power et al., 2016). Addition of the ADP trap induced a sub-

maximal OXPHOS state, which we hypothesised should either increase or have no effect 

on ROS production. However, ROS production was decreased, and normalised between 

groups following the addition of phosphoenolpyruvate. Phosphoenolpyruvate may have 
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direct ROS scavenging effects (Kondo et al., 2013), but it is also is converted to pyruvate 

by endogenous PK (Sepp et al., 2010). Pyruvate can act as an antioxidant through direct 

neutralisation of peroxides or through anaplerotic pyruvate reactions which increase 

NADPH, and, in turn, maintains glutathione antioxidant reserve (Mallet et al., 2002). The 

antioxidant properties of pyruvate have been shown to improve both contractile 

performance and glutathione redox state in isolated working hearts exposed to hydrogen 

peroxide (Mallet et al., 2002). However, further addition of exogenous PK with constant 

phosphoenolpyruvate concentration resulted in a stepwise increase in ROS production as it 

scavenges ADP and inhibits enOXPHOS. The stimulation of enOXPHOS with creatine 

then similarly decreased ROS production in all groups suggesting that the damaging effects 

of mitochondrial ROS are only present in the absence of creatine and pyruvate. Creatine 

can also act as a direct ROS scavenger (Lawler et al., 2002), so we cannot determine 

whether creatine acts by depolarising the ΔΨ and the drive for ROS production, or through 

its direct antioxidant properties. This should be explored further in the context of RV 

hypertrophy as it is unknown what the concentration of these substrates are in vivo in 

disease states. Increased concentrations of creatine, pyruvate and phosphoenolpyruvate 

could be beneficial and/or therapeutic.         

6.4.3 Mitochondrial content and sub-cellular structural changes 

Despite a decrease in maximum O2 flux there was no change in citrate synthase activity in 

the MCT and MCT + BB hearts relative to controls (Figure 6.7). Citrate synthase is used 

as a proxy for mitochondrial content in the Literature (Larsen et al., 2012), therefore, 

although the mitochondrial content may be maintained, the individual mitochondrial 

oxidative capacity was decreased in RV failure. There was also no relationship between 

citrate synthase and the degree of hypertrophy (RV:Tibia %) or severity of heart failure 

(HW:BW %) which is contradictory to my findings in Chapter 5. However, in Chapter 5 

the animals were all less than four weeks post-injection, whereas in this study RV 

hypertrophy was permitted to progress to heart failure or until the sixth week post-injection. 

It may be that the time course for mitochondrial biogenesis is not as rapid as the expansion 

of myocytes in RV hypertrophy four weeks after monocrotaline injections. Three out of ten 

rats were not able to sustain hypertrophy and showed progression to heart failure 

(HW:BW %) within four weeks which correlated with decrease citrate synthase activity 

(Chapter 5, Figure 5.10 C).  
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In this study MCT rats were left beyond four weeks post-injection and developed overt 

heart failure in the fifth week. Since mitochondrial OXPHOS capacity is lower in the MCT 

fibres, mitochondrial biogenesis may be upregulated in an attempt to maintain ATP 

production from a defective ETS (Pisano et al., 2016). Citrate synthase activity could also 

change independently of mitochondrial content. Independent changes with heart failure 

have been found when comparing citrate synthase activity and fractional areas of 

mitochondria determined by transmitted electron microscopy (TEM) (Pisano et al., 2016). 

Electron microscopy has been regarded as the gold standard for quantifying mitochondrial 

content, followed by cardiolipin and then citrate synthase activity which are closely 

correlated with 2-D TEM fractional mitochondrial areas (Larsen et al., 2012). In my study, 

confocal imaging of mitochondrial area was at odds with the citrate synthase results that 

showed a 19 % decrease in fractional content in the MCT groups relative to control 

(Figure 6.9 B & Table 6.3). Individual mitochondria and their cristae cannot be resolved 

with confocal imaging, so it was not possible to tell if there was a change in the number or 

cristae density of individual mitochondria. Therefore, quantification with electron 

microscopy could be a more accurate means of comparing mitochondrial content. It is 

possible that expansion of the myofilaments during hypertrophy compacts the mitochondria 

into occupying a smaller volume, with more densely packed cristae and more concentrated 

citrate synthase.  

6.4.4 Metoprolol as a treatment of right heart failure 

Although in this study β-blocker treatment was not beneficial for right heart failure induced 

by PH, it should be explored further. Studies with earlier intervention in the MCT rat model 

have provided evidence that β-blocker treatment can improve survival in PH (Bogaard et 

al., 2010; de Man et al., 2012; Fowler et al., 2015). With metoprolol treatment of humans 

with left heart failure, LV mass regressed only after long term treatment (Hall et al., 1995), 

whereas our treatment was only for 12 ± 1 days before the end-point was reached for the 

MCT + BB rats. Another study showed bisoprolol (β1-AR blocker) improved survival in 

MCT rats with treatment from day 10 until day 31 (de Man et al., 2012). Reportedly, a 

combined cardioselective β1 and β2-AR blocker, carvedilol, is more useful due to its 

additional antioxidant properties (Bogaard et al., 2010). However, this would prevent any 

additional benefits from β2-AR stimulation (Ahmet et al., 2009; Xydas et al., 2006). 
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Therefore, a combination of metoprolol and a mitochondrial targeted antioxidant (such as 

mito-Q (Subramanian et al., 2010) could be more therapeutic.  

6.5. Conclusions  

This study provided evidence of significant impairment in RV mitochondrial function in 

MCT rats due to a decrease in CI supplied OXPHOS. However, there was no difference in 

the degree of ADP trapping, and hence the channelling of ADP between myofibrils and 

mitochondria was not limited by the increased myofilament cross-sectional area. Treatment 

with the β1-AR blocker, metoprolol, did not rescue any of the mitochondrial impairments. 

My results support the hypothesis that energy deficits contribute to the contractile 

dysfunction that leads to heart failure, and that metoprolol treatment over the time course 

studied could not rescue mitochondrial function or improve survival.  
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Chapter 7. General discussion and conclusions 

 

Pathological hypertrophy is a compensatory response to an increased afterload 

(hypertension), yet sub-cellular structural changes occur that contribute to eventual 

decompensation and failure. Cardiovascular disease continues to be the number one cause 

of death in the world, and hypertensive heart disease is one of the ten top contributors (Roth 

et al., 2017). This thesis aimed to investigate whether energetic derangements within the 

heart might contribute to contractile dysfunction in hypertrophic hearts. Using animal 

models of left and right ventricular hypertrophy, both of which eventually progress to heart 

failure, it was evident that changes in the left ventricle in response to systemic hypertension 

cannot be directly extrapolated to the right ventricle. However, both ventricles had 

significantly impaired mitochondrial function.  

Energetic failures in the spontaneously hypertensive rat with left 

ventricular hypertrophy (Chapter 3) 

The SHR model closely mimics essential hypertension in humans, where the animals’ 

hypertension causes LV hypertrophy and progresses slowly to heart failure as they age. LV 

tissue from aged (20 months old) SHRs had depressed mitochondrial ETS capacity and CK 

activities, with an increased structural barrier to adenylate diffusion within cardiomyocytes. 

Although contractile function was not measured in these hearts, there is considerable 

evidence that it declines beyond 18 months (Han et al., 2014; Jullig et al., 2008; Ward et 

al., 2003). Cardiac function assessed in working whole heart preparations with increasing 

preloads and afterloads show substantial contractile dysfunction in 18 month old SHRs 

relative to their normotensive Wistar-Kyoto controls (Jullig et al., 2008). While external 

signs of deterioration of SHRs appear from around 18 months of age, they continue to 

decline until end-stage heart failure develops at about 21 months in males and 24 months 

in females (Ward et al., 2003). Therefore, while my study did not directly link 

mitochondrial insufficiency to contractile dysfunction in the same SHR hearts, it provided 

novel information of additional barriers to energy transfer within cardiomyocytes.  
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Impaired energy transfer was associated with an increase in mitochondrial ROS production 

in the SHR hearts, above an already higher level of basal ROS production relative to age-

matched, normotensive Wistar controls. Therefore, sub-cellular structural changes may 

limit ATP delivery to the cytosolic ATPases, as well as promote oxidative stress. 

Cumulative oxidative stress damages proteins and impairs their function (Choksi & 

Papaconstantinou, 2008; Shao et al., 2008). This may explain the previous finding that, 

despite an increase in protein subunits of the ETS in aged SHRs relative to controls (Jullig 

et al., 2008), there was depressed respiratory flux when measured in permeabilised fibres 

(Jullig et al., 2008; Power et al., 2016). In support, it has also been shown in another rat 

model of pressure overload (by aortic constriction) that mitochondrial ROS production 

increased proportionally more in the interfibrillar mitochondria relative to subsarcolemmal 

mitochondria (Werner et al., 2017). Elevated ROS was accompanied by decreased 

interfibrillar mitochondrial respiration capacity in the pressure overload rat hearts relative 

to controls (Werner et al., 2017). Since interfibrillar mitochondria are likely to contribute 

to a greater ATP supply to contractile myofibril proteins, it is conceivable that adenylate 

diffusion may be even further limited than measured in this thesis. In particular, this would 

occur if ATP supply to the myofibrils became more dependent on subsarcolemmal 

mitochondria.  

There is evidence to suggest that energy deregulation is already present in SHRs at a 

younger age (~ 5 months), where ATP supply does not meet the increased demand at high 

stimulated worked loads (Deschodt-Arsac et al., 2016). In response to β-adrenergic 

stimulation, in vivo measurements of the [CrP]/[ATP] ratio in young SHRs dropped much 

lower and took longer to recover relative to WKY controls (Deschodt-Arsac et al., 2016). 

At the younger age it seems that the capacity of the CK system to buffer a lack of ATP 

supply is sufficient to maintain cardiac function (Deschodt-Arsac et al., 2016). However, 

in the aged SHRs (20 months) used in this thesis the combination of impaired CK system, 

mitochondrial OXPHOS and ADP diffusion barriers could be limiting contractile function. 

Contractile dysfunction and energetic sufficiency in the 

monocrotaline-induced pulmonary hypertensive rat with right 

ventricular hypertrophy (Chapters 4 & 5) 

In response to the acute onset of PH following monocrotaline injection, rats rapidly 

developed RV hypertrophy. Chapter 4 investigated the contractile function of isolated RV 
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trabeculae in response to energetically demanding stimuli. Relative to controls, RV 

trabeculae from MCT hearts showed attenuated inotropic responses to increased 

stimulation frequency and β-adrenergic stimulation. The hypothesis that the contractile 

dysfunction of MCT trabeculae was due to defective mitochondrial function was then 

tested. A novel assay linking mitochondrial ATP production to contractile force in 

permeabilised trabeculae was developed which showed similar maximum Ca2+-activated 

stress was achieved in permeabilised MCT trabeculae relative to controls. Chapter 5 

provided a more rigorous measurement of mitochondrial function within the hypertrophied 

RV relative to control RV. This showed no significant difference in net ATP production, 

mitochondrial membrane potential and maximum respiration capacity in RV homogenates 

between groups, confirming that the mitochondria provide adequate ATP at four weeks 

post-monocrotaline injection. This conclusion builds on, and is in support of, the limited 

literature examining mitochondrial function in the pre-failure MCT model of RV 

hypertrophy (Daicho et al., 2009; Enache et al., 2013). This thesis proposes that the 

impaired inotropic response in MCT trabeculae arises from deranged Ca2+ handling. 

Fluorescent labelling of fixed MCT trabeculae showed they had disrupted t-tubular 

organisation, which would explain the smaller Ca2+ transients observed under control 

conditions (1 Hz, 1.5 mM [Ca2+]o at 37oC). The disrupted t-tubular system may also 

underlie the unexpected response of the MCT trabeculae to β-adrenergic agonist 

isoproterenol. In MCT trabeculae, isoproterenol did not increase Ca2+ transient amplitude, 

but it did accelerate the time course of the Ca2+ transient. Therefore, isoproterenol would 

still have an impact on the energy demands associated with increased SERCA activity. 

Potentially, there would be limited mitochondrial Ca2+ uptake to augment mitochondrial 

ATP production via parallel activation.   

No difference was observed between maximum Ca2+-activated stress with and without 

supplied ATP and CrP in the MCT trabeculae. However, under these conditions parallel 

activation would be in action. In the activating solution, free Ca2+ concentration was 40 μM, 

which should be sufficiently high enough to saturate the myofibrils (de Tombe & Stienen, 

2007) and be taken up into the mitochondria via the MCU to stimulate ATP production 

(Williams et al., 2013). Prolonged exposure to high Ca2+ can trigger the formation and 

opening of the mitochondrial Ca2+ permeability pore in permeabilised fibres (Anderson et 

al., 2011), while rapid opening occurs in isolated mitochondria (Picard et al., 2011). 

Therefore, when measuring ATP production from RV homogenates it was not feasible to 
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expose RV homogenates to saturating Ca2+ concentrations in the high-resolution 

respirometry experiments. Despite this, the maximum ATP production rate in the MCT RV 

homogenates was not different to controls. However, the negative correlation of ATP 

production with the heart to body weight ratio indicates the reserve of ATP diminishes with 

impending heart failure.     

Interfibrillar mitochondria line up with t-tubules at the Z-disks (Figure 7.1 A), and hence 

local release of Ca2+ between mitochondria and junctional SR is suggested to be high 

enough (20 μM) to overcome the low affinity MCU (Nickel et al., 2013; Williams et al., 

2013). Disrupted t-tubular organisation in MCT trabeculae could have an impact on energy 

regulation within MCT cardiomyocytes (Figure 7.1 B - G). Future research should examine 

the impact of t-tubular remodelling on the Ca2+ regulation of mitochondrial function.  

Wüst et al. (2015) have recently developed techniques to measure trabeculae contractile 

function concurrently with NADH and FADH2 kinetics (Wust et al., 2015). They 

demonstrated that with increased energy demands in control trabeculae the pools of NADH 

and FADH2 within the mitochondria initially deplete as each are oxidised at CI and CII 

respectively. The return to baseline levels of NADH and FADH2 was proposed to occur 

due to increased activity of the Ca2+ activated citric acid cycle dehydrogenases (Wust et 

al., 2015). Trabeculae from hypertrophic MCT hearts showed the opposite response to 

controls where NADH initially increases then declines with increased stimulation 

frequency, and this was proposed to be due to defective SR-mitochondrial communication 

(Wust et al., 2016). My results from Chapter 4, showing smaller Ca2+ transient amplitude 

in MCT trabeculae and a decline with increased stimulation frequency, could help explain 

this mismatch in energy production and utilization in the MCT heart. Therefore, energy 

deregulation may contribute to contractile dysfunction in RV hypertrophy, before the 

capacity of mitochondria to produce ATP declines. 

Uptake of Ca2+ into the mitochondrial matrix and stimulation of Ca2+ sensitive 

dehydrogenases of the citric acid cycle increases the production of NADH for the ETS. 

This also maintains a pool of NAD(P)H for ROS detoxification by glutathione peroxidase 

and the thioredoxin/peroxiredoxin systems (Kohlhaas et al., 2017). Ca2+ mishandling 

during energetic stress, such as during β-adrenergic stimulation, may make MCT 

mitochondria more susceptible to oxidative damage. Therefore, impaired Ca2+ handling 

may be a precursor to mitochondrial dysfunction seen in the failing MCT hearts.  
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Figure 7.1 Disruption of the t-tubular system and associations with mitochondria  

A: Electron micrograph showing the close association of mitochondria (M) with the t-tubules at the Z-disk. 

B-G: Confocal images of sections (25 μm) labelled with extracellular matrix marker (ECM) wheat germ 

agglutinin (WGA) in magenta (first column), mitochondrial marker Tom20 in green (second column) and 

merged image (third column). Images show RV cardiomyocytes sectioned longitudinally from a control heart 

(CON; B - D), and a monocrotaline heart (MCT; E - G). Scale bars 10 µm.  



 

 

167 

 

Energetic decline with right heart failure and the response to β-blocker 

treatment (Chapter 6) 

Although no differences in mitochondrial function were found between the MCT and 

control hearts in Chapter 5, there was a significant negative correlation with the heart to 

body weight ratio, which is indicative of the disease progressing to heart failure. 

Consequently, Chapter 6 investigated the mitochondrial defects in the RV of MCT animals 

with advanced heart failure and therefore greater heart to body weight ratios (Chapter 5 

MCT: 0.40 ± 0.02; Chapter 6 MCT: 0.59 ± 0.03, p = 0.0001). Sub-cellular structural 

changes in the RV were also examined to determine whether additional diffusion barriers 

existed as found in the SHR hearts. In addition, a group of the MCT rats were treated with 

β-adrenergic receptor blocker, metoprolol, which is routinely and effectively used to treat 

left-sided heart failure in humans. RV mitochondrial respiration was lower in the right heart 

failure MCT animals compared to controls. However, there were no further diffusion 

limitations to respiration, or significantly increased ROS production, despite an increase in 

the myofibril distances to the mitochondria (notably, this was a smaller distance relative to 

that observed in SHR cardiomyocytes). Metoprolol treatment did not improve 

mitochondrial function, or regress RV cellular hypertrophy, but potentially contributed to 

the pathogenesis by increasing mitochondrial ROS production. It is unclear why β-blocker 

treatment would increase ROS production. It may be due to the lower endogenously 

stimulated respiration levels, promoting a Leak state (Chapter 6, Table 6.2) and should be 

investigated further. 

The decline in mitochondrial OXPHOS capacity in the MCT RV fibres was due to 

decreased CI fuelled respiration, as previously reported (Daicho et al., 2009; Enache et al., 

2013; Wust et al., 2016). Wüst et al. (2015) suggested that healthy myocardium has a larger 

CII reserve capacity, while CI activity in situ is operating close to its in vitro maximum 

(Wust et al., 2015). Therefore, failing MCT hearts may be more reliant on CII fuelled 

OXPHOS with a higher O2 cost and a loss of metabolic efficiency (Rigoulet et al., 1998). 

Succinate (CII substrate) and FADH2 is usually produced in the citrate acid cycle, but can 

be sourced from elsewhere, such as from branched chain amino acids (Lopaschuk et al., 

1994). In addition, β-oxidation of fatty acids also produces a higher proportion of 

FADH2-reducing equivalents relative to glucose oxidation (Rigoulet et al., 1998). Complex 

shifts in metabolic pathways are known to occur in heart failure which may compensate to 

some extent (Lopaschuk et al., 1994) and have not been considered in this thesis.  
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All mitochondrial respiration experiments were performed at saturating O2 concentrations, 

yet in vivo the intracellular O2 concentration in the heart is ~ 3 μM (Gnaiger et al., 1998). 

Within the ETS, CIV has a very high affinity for O2 with a P50 or apparent 

Michaelis-Menten constant for O2 of 0.35 μM for cardiac mitochondria in the active state 

(OXPHOS) (Gnaiger et al., 1998). Increased MCT cardiomyocyte cross-sectional area may 

have an impact on O2 delivery creating a hypoxic core. Modelling based on the 

cross-sectional areas could be performed to determine the effects of cell size on 

mitochondrial oxygenation, which may further limit OXPHOS and therefore ATP supply.  

The resolution of confocal images was not adequate to detect the outer mitochondrial 

membrane boundaries, and therefore it could not be determined if the mitochondrial areas 

between myofibrils represented single, or clusters of mitochondria. Wüst et al. (2016) 

described a more fragmented mitochondrial network in both hypertrophic and failing MCT 

hearts from electron micrograph analysis (Wust et al., 2016). Modelling suggests increased 

mitochondrial surface-to-volume ratios, which would occur with a fragmented 

mitochondrial network, may actually compensate for a decreased oxidative capacity (Jarosz 

et al., 2016). 

Finally, in this study the progression to end-stage heart failure was determined by 

identifying external clinical signs of heart failure including inactivity, weight loss and 

dyspnea. The MCT rats were never subjected to vigorous activity, hence I did not determine 

if their ability to exercise was compromised prior to the onset of heart failure. During the 

course of the investigations carried out for this thesis, two rats died prematurely: one 

escaped its cage, and the other died whilst handling during the daily weighing. This 

suggests that while the rats could adequately maintain their sedentary lives in small cages 

up until the humane end-point, they may not have been able to tolerate any additional stress.  

Final Conclusions  

The idea that the failing heart is an engine out of fuel is not new (Neubauer, 2007) but the 

mechanisms underlying the deficits are still being elucidated, particularly with respect to 

different etiologies. This study investigated animal models of RV and LV hypertrophy that 

develop with different time courses, making direct comparison difficult. However, both 

showed energetic derangements (biochemical and structural) that support the hypothesis 
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that hypertrophic hearts are energetically compromised. Hypertrophic hearts can be likened 

to engines with compromised cylinders or a faulty transmission (Jullig et al., 2008).  

To parallel the cardiomyocyte to a motor car, mitochondria would make up the cylinders 

of the engine and the CK system would represent the transmission.  The diffusion distance 

between the mitochondria and the myofilaments could then represent the length of the drive 

shaft that connects the transmission to the wheels. A SHR LV cardiomyocyte would then 

have an engine with fewer cylinders, a faulty transmission, and a longer drive shaft. While 

the MCT hypertrophic RV cardiomyocytes may have adequate cylinders in the engine but 

a faulty accelerator or “trigger Ca2+” to increase the speed of the engine, which in the long 

run could lead to damaged cylinders in the failing RV cardiomyocytes. Therefore, while 

both the SHR and MCT hearts may be able to keep up with their respective Wistar controls 

under sedentary conditions, it is unlikely they would make it up a hill at full speed. 

Understanding what part of the cardiomyocyte needs a service is the first step in designing 

metabolic therapeutic targets for treating and/or preventing hypertrophic heart failure. 

The rapid transition of MCT animals from RV hypertrophy to failure meant there was a 

limited window for therapeutic intervention with β-blockers. In human patients the 

progression is, of course, slower, and therefore lowering the energy demands of the hearts 

is possibly beneficial. Mitochondrial targeted antioxidants may also provide a protective 

role in human hypertensive heart disease. New treatment strategies should therefore be 

explored to improve the current poor prognosis for patients with hypertensive heart failure.
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Chapter 8. Appendix 

Appendix 1. Animal monitoring sheet 
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Appendix 2 Figures from Chapter 5 showing data for individual animals  

 

 

Figure 8.1 Mitochondrial O2 consumption and ATP production from control and monocrotaline heart 

homogenates. 

Mean ± SEM results from RV heart homogenates (n = 7) without Ca2+ (- Ca) and with physiological free 

[Ca2+] (+ Ca; 0.41 µM). The first column shows the rates of O2 flux (pmols s-1 mg-1), ATP production 

(pmols s-1 mg-1) and the effective P:O ratio (ATP/O) with complex I and complex II substrates. The second 

column shows the same measures but in the presence of inhibitors for the major cytosolic ATPases (myosin, 

Na+/K+ and SERCA). No significant differences or interactions with Ca2+ were found between groups, 

however *p ≤ 0.05, **p < 0.01, ***p<0.001 show significant differences between Ca2+ conditions using 2 

way ANOVA. For matched ATP data and effective P:O ratio there was n = 5 for CON (black bars and white 

circles) and n = 7 for MCT (grey bars and grey or blue circles; blue for animals that displayed signs of early 

onset of heart failure). 
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Figure 8.2 Correlation of ATP production rate with degree of hypertrophy. 

ATP production with complex I and II substrates is plotted against heart weight normalised to body weight 

(HW:BW %). Controls are in black (n = 5) and MCT in grey or blue for animals that displayed signs of early 

onset heart failure (n = 7). A: without Ca2+ or ATPase inhibitors. B: with physiological free [Ca2+] (0.41 µM) 

and without ATPase inhibitors. C: without Ca2+ and with ATPase inhibitors. D: with both physiological free 

[Ca2+] (0.41 µM) and ATPase inhibitors. For each plot Pearson’s correlation coefficient (r) was calculated 

and a significant correlation (p ≤ 0.05) was determined using a two-tailed test.  

 

 

 



 

 

174 

 

 

Figure 8.3 Correlation of ATP production rate with degree of RV hypertrophy.  

ATP production with complex I and II substrates is plotted against RV thickness normalised to tibia length 

(RV:Tibia %). Controls are in black (n = 5) and MCT in grey or blue for animals that displayed signs of early 

onset heart failure (n = 7). A: without Ca2+ or ATPase inhibitors. B: with physiological free [Ca2+] (0.41 µM) 

and without ATPase inhibitors. C: without Ca2+ and with ATPase inhibitors. D: with both physiological free 

[Ca2+] (0.41 µM) and ATPase inhibitors. For each plot Pearson’s correlation coefficient (r) was calculated 

and a significant correlation (p ≤ 0.05) was determined using a two-tailed test. 
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Figure 8.4 Effect of sequential addition of ATPase inhibitors on effective PO ratio.  

Effective P:O ratio (ATP/O) with complex I and II substrates before (CI + CII OXPHOS) and after the 

addition of inhibitors for myosin ATPase (blebblistatin), Na+/K+ ATPase (ouabain) and SERCA 

(cyclopiazonic acid). A: without Ca2+ (CON n = 6; MCT n = 7). B: with physiological free [Ca2+] of 0.41 µM 

(CON n = 5; MCT n = 7). No significant differences between groups or interactions with ATPases were 

found, however *p ≤ 0.05, **p < 0.01, ***p<0.001 show significant differences between ATPase inhibitors 

using 2-way ANOVA. 
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Figure 8.5 Mitochondrial O2 consumption and membrane potential from heart homogenates.  

Mean ± SEM results of controls (CON; black; n = 8) and monocrotaline (MCT; grey or blue for blue for 

animals that showed signs of early onset heart failure;  n = 9) heart homogenates with complex I substrates 

glutamate, malate and pyruvate (GMP); sub-maximal ADP (CI OXPHOS) and 0.39 µM free Ca2+ (CI 

OXPHOS + Ca). A: steady-state O2 consumption (pmols s-1 mg-1) B: mitochondrial membrane potential 

(mV) calculated from safranine-O fluorescence (see methods). C: correlation of CI Leak state mitochondrial 

membrane potential (mV) with degree of hypertrophy normalised to body weight (HW:BW %). Pearson’s 

correlation coefficient (r) was calculated and a significant correlation (p ≤ 0.05) was determined using a two-

tailed test.    
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Figure 8.6 Determination of soluble protein and citrate synthase activity.  

Mean ± SEM soluble protein and citrate synthase activity determined from RV samples of control (CON; 

black/white; n = 8) and monocrotaline (MCT; grey or blue for animals that showed signs of early onset heart 

failue; n = 9) rats. A: soluble protein normalised to heart tissue wet weight (%). B: citrate synthase activity 

normalised to amount of soluble protein (µmol min-1 mg-1). C: correlation of citrate synthase activity with 

degree of hypertrophy normalised to body weight (HW:BW %). Pearson’s correlation coefficient (r) was 

calculated and a significant correlation (p ≤ 0.05) was determined using a two-tailed test. 



 

178 

 

Chapter 9. References 

 
Abel, E. D., & Doenst, T. (2011). Mitochondrial adaptations to physiological vs. 

pathological cardiac hypertrophy. Cardiovasc Res, 90(2), 234-242. 

10.1093/cvr/cvr015 

Adams, J. W., Sakata, Y., Davis, M. G., Sah, V. P., Wang, Y., Liggett, S. B., et al. (1998). 

Enhanced Galphaq signaling: a common pathway mediates cardiac hypertrophy and 

apoptotic heart failure. Proc Natl Acad Sci U S A, 95(17), 10140-10145. 

Agarwal, S. R., MacDougall, D. A., Tyser, R., Pugh, S. D., Calaghan, S. C., & Harvey, R. 

D. (2011). Effects of cholesterol depletion on compartmentalized cAMP responses 

in adult cardiac myocytes. J Mol Cell Cardiol, 50(3), 500-509. 

10.1016/j.yjmcc.2010.11.015 

Aguirre, E., & Cadenas, S. (2010). GDP and carboxyatractylate inhibit 4-hydroxynonenal-

activated proton conductance to differing degrees in mitochondria from skeletal 

muscle and heart. Biochimica et Biophysica Acta - Bioenergetics, 1797(10), 1716-

1726. 10.1016/j.bbabio.2010.06.009 

Ahmet, I., Morrell, C., Lakatta, E. G., & Talan, M. I. (2009). Therapeutic efficacy of a 

combination of a beta1-adrenoreceptor (AR) blocker and beta2-AR agonist in a rat 

model of postmyocardial infarction dilated heart failure exceeds that of a beta1-AR 

blocker plus angiotensin-converting enzyme inhibitor. J Pharmacol Exp Ther, 

331(1), 178-185. 10.1124/jpet.109.157107 

Akhter, S. A., Luttrell, L. M., Rockman, H. A., Iaccarino, G., Lefkowitz, R. J., & Koch, W. 

J. (1998). Targeting the receptor-Gq interface to inhibit in vivo pressure overload 

myocardial hypertrophy. Science, 280(5363), 574-577. 

Aliev, M. K., & Saks, V. A. (1997). Compartmentalized energy transfer in cardiomyocytes: 

use of mathematical modeling for analysis of in vivo regulation of respiration. 

Biophys J, 73(1), 428-445. 10.1016/s0006-3495(97)78082-2 

Allard, M. F., Schonekess, B. O., Henning, S. L., English, D. R., & Lopaschuk, G. D. 

(1994). Contribution of oxidative metabolism and glycolysis to ATP production in 

hypertrophied hearts. Am J Physiol, 267(2 Pt 2), H742-750. 

Allen, D. G., & Blinks, J. R. (1978). Calcium transients in aequorin-injected frog cardiac 

muscle. Nature, 273(5663), 509-513. 

Allen, D. G., & Kentish, J. C. (1985). The cellular basis of the length-tension relation in 

cardiac muscle. J Mol Cell Cardiol, 17(9), 821-840. 

Allen, D. G., & Kurihara, S. (1982). The effects of muscle length on intracellular calcium 

transients in mammalian cardiac muscle. J Physiol, 327, 79-94. 

Anderson, E. J., Rodriguez, E., Anderson, C. A., Thayne, K., Chitwood, W. R., & Kypson, 

A. P. (2011). Increased propensity for cell death in diabetic human heart is mediated 

by mitochondrial-dependent pathways. Am J Physiol Heart Circ Physiol, 300(1), 

H118-124. 10.1152/ajpheart.00932.2010 

Andrienko, T., Kuznetsov, A. V., Kaambre, T., Usson, Y., Orosco, A., Appaix, F., et al. 

(2003). Metabolic consequences of functional complexes of mitochondria, 

myofibrils and sarcoplasmic reticulum in muscle cells. J Exp Biol, 206(Pt 12), 

2059-2072. 

Anmann, T., Varikmaa, M., Timohhina, N., Tepp, K., Shevchuk, I., Chekulayev, V., et al. 

(2014). Formation of highly organized intracellular structure and energy 



 

 

179 

 

metabolism in cardiac muscle cells during postnatal development of rat heart. 

Biochim Biophys Acta, 1837(8), 1350-1361. 10.1016/j.bbabio.2014.03.015 

Åstrand, P.-O., Cuddy, T. E., Saltin, B., & Stenberg, J. (1964). Cardiac output during 

submaximal and maximal work. Journal of Applied Physiology, 19(2), 268-274. 

Bailey, B. A., & Houser, S. R. (1993). Sarcoplasmic reticulum-related changes in cytosolic 

calcium in pressure-overload-induced feline LV hypertrophy. American Journal of 

Physiology-Heart and Circulatory Physiology, 265(6), H2009-H2016. 

Balaban, R. S. (2006). Maintenance of the metabolic homeostasis of the heart: developing 

a systems analysis approach. Ann N Y Acad Sci, 1080, 140-153. 

10.1196/annals.1380.013 

Balaban, R. S., Kantor, H. L., Katz, L. A., & Briggs, R. W. (1986). Relation between work 

and phosphate metabolite in the in vivo paced mammalian heart. Science, 

232(4754), 1121-1123. 

Banerjee, D., Haddad, F., Zamanian, R. T., & Nagendran, J. (2010). Right ventricular 

failure: a novel era of targeted therapy. Curr Heart Fail Rep, 7(4), 202-211. 

10.1007/s11897-010-0031-7 

Bassani, J. W., Yuan, W., & Bers, D. M. (1995). Fractional SR Ca release is regulated by 

trigger Ca and SR Ca content in cardiac myocytes. Am J Physiol, 268(5 Pt 1), 

C1313-1319. 

Baughman, J. M., Perocchi, F., Girgis, H. S., Plovanich, M., Belcher-Timme, C. A., 

Sancak, Y., et al. (2011). Integrative genomics identifies MCU as an essential 

component of the mitochondrial calcium uniporter. Nature, 476(7360), 341-345. 

10.1038/nature10234 

Beer, M., Seyfarth, T., Sandstede, J., Landschutz, W., Lipke, C., Kostler, H., et al. (2002). 

Absolute concentrations of high-energy phosphate metabolites in normal, 

hypertrophied, and failing human myocardium measured noninvasively with (31)P-

SLOOP magnetic resonance spectroscopy. J Am Coll Cardiol, 40(7), 1267-1274. 

Benoist, D., Stones, R., Drinkhill, M., Bernus, O., & White, E. (2011). Arrhythmogenic 

substrate in hearts of rats with monocrotaline-induced pulmonary hypertension and 

right ventricular hypertrophy. Am J Physiol Heart Circ Physiol, 300(6), H2230-

2237. 10.1152/ajpheart.01226.2010 

Benoist, D., Stones, R., Drinkhill, M. J., Benson, A. P., Yang, Z., Cassan, C., et al. (2012). 

Cardiac arrhythmia mechanisms in rats with heart failure induced by pulmonary 

hypertension. Am J Physiol Heart Circ Physiol, 302(11), H2381-2395. 

10.1152/ajpheart.01084.2011 

Bernardo, B. C., Weeks, K. L., Pretorius, L., & McMullen, J. R. (2010). Molecular 

distinction between physiological and pathological cardiac hypertrophy: 

experimental findings and therapeutic strategies. Pharmacol Ther, 128(1), 191-227. 

10.1016/j.pharmthera.2010.04.005 

Bers, D. (2001). Excitation-contraction coupling and cardiac contractile force (Vol. 237): 

Springer Science & Business Media. 

Bers, D. M. (2000). Calcium fluxes involved in control of cardiac myocyte contraction. 

Circulation research, 87(4), 275-281. 

Bers, D. M. (2006). Altered cardiac myocyte Ca regulation in heart failure. Physiology 

(Bethesda), 21, 380-387. 10.1152/physiol.00019.2006 

Bing, O. H., Brooks, W. W., Robinson, K. G., Slawsky, M. T., Hayes, J. A., Litwin, S. E., 

et al. (1995). The spontaneously hypertensive rat as a model of the transition from 

compensated left ventricular hypertrophy to failure. J Mol Cell Cardiol, 27(1), 383-

396. 



 

 

180 

 

Bing, O. H., Wiegner, A. W., Brooks, W. W., Fishbein, M. C., & Pfeffer, J. M. (1988). 

Papillary muscle structure-function relations in the aging spontaneously 

hypertensive rat. Clin Exp Hypertens A, 10(1), 37-58. 

Birkedal, R., Laasmaa, M., & Vendelin, M. (2014). The location of energetic compartments 

affects energetic communication in cardiomyocytes. Front Physiol, 5, 376. 

10.3389/fphys.2014.00376 

Bogaard, H. J., Natarajan, R., Mizuno, S., Abbate, A., Chang, P. J., Chau, V. Q., et al. 

(2010). Adrenergic receptor blockade reverses right heart remodeling and 

dysfunction in pulmonary hypertensive rats. Am J Respir Crit Care Med, 182(5), 

652-660. 10.1164/rccm.201003-0335OC 

Bohnert, M., Wenz, L. S., Zerbes, R. M., Horvath, S. E., Stroud, D. A., von der Malsburg, 

K., et al. (2012). Role of mitochondrial inner membrane organizing system in 

protein biogenesis of the mitochondrial outer membrane. Mol Biol Cell, 23(20), 

3948-3956. 10.1091/mbc.E12-04-0295 

Bohr, D. F., Dominiczak, A. F., & Webb, R. C. (1991). Pathophysiology of the vasculature 

in hypertension. Hypertension, 18(5 Suppl), III69-75. 

Brandes, R., & Bers, D. M. (2002). Simultaneous measurements of mitochondrial NADH 

and Ca(2+) during increased work in intact rat heart trabeculae. Biophys J, 83(2), 

587-604. 10.1016/s0006-3495(02)75194-1 

Bristow, M. R., Ginsburg, R., Umans, V., Fowler, M., Minobe, W., Rasmussen, R., et al. 

(1986). Beta 1- and beta 2-adrenergic-receptor subpopulations in nonfailing and 

failing human ventricular myocardium: coupling of both receptor subtypes to 

muscle contraction and selective beta 1-receptor down-regulation in heart failure. 

Circ Res, 59(3), 297-309. 

Brodde, O. E., Schuler, S., Kretsch, R., Brinkmann, M., Borst, H. G., Hetzer, R., et al. 

(1986). Regional distribution of beta-adrenoceptors in the human heart: coexistence 

of functional beta 1- and beta 2-adrenoceptors in both atria and ventricles in severe 

congestive cardiomyopathy. J Cardiovasc Pharmacol, 8(6), 1235-1242. 

Brown, G. C. (1992). The leaks and slips of bioenergetic membranes. FASEB J, 6(11), 

2961-2965. 

Calaghan, S., Kozera, L., & White, E. (2008). Compartmentalisation of cAMP-dependent 

signalling by caveolae in the adult cardiac myocyte. J Mol Cell Cardiol, 45(1), 88-

92. 10.1016/j.yjmcc.2008.04.004 

Calaghan, S., & White, E. (2006). Caveolae modulate excitation-contraction coupling and 

beta2-adrenergic signalling in adult rat ventricular myocytes. Cardiovasc Res, 

69(4), 816-824. 10.1016/j.cardiores.2005.10.006 

Canton, M., Menazza, S., Sheeran, F. L., Polverino de Laureto, P., Di Lisa, F., & Pepe, S. 

(2011). Oxidation of myofibrillar proteins in human heart failure. J Am Coll 

Cardiol, 57(3), 300-309. 10.1016/j.jacc.2010.06.058 

Canton, M., Skyschally, A., Menabo, R., Boengler, K., Gres, P., Schulz, R., et al. (2006). 

Oxidative modification of tropomyosin and myocardial dysfunction following 

coronary microembolization. Eur Heart J, 27(7), 875-881. 

10.1093/eurheartj/ehi751 

Chance, B., & Williams, G. R. (1956). The respiratory chain and oxidative 

phosphorylation. Adv Enzymol Relat Subj Biochem, 17, 65-134. 

Chaouat, A., Bugnet, A. S., Kadaoui, N., Schott, R., Enache, I., Ducolone, A., et al. (2005). 

Severe pulmonary hypertension and chronic obstructive pulmonary disease. Am J 

Respir Crit Care Med, 172(2), 189-194. 10.1164/rccm.200401-006OC 



 

 

181 

 

Chen, W., Wang, R., Chen, B., Zhong, X., Kong, H., Bai, Y., et al. (2014). The ryanodine 

receptor store-sensing gate controls Ca2+ waves and Ca2+-triggered arrhythmias. 

Nat Med, 20(2), 184-192. 10.1038/nm.3440 

Chen, Y., Csordas, G., Jowdy, C., Schneider, T. G., Csordas, N., Wang, W., et al. (2012). 

Mitofusin 2-containing mitochondrial-reticular microdomains direct rapid 

cardiomyocyte bioenergetic responses via interorganelle Ca(2+) crosstalk. Circ 

Res, 111(7), 863-875. 10.1161/CIRCRESAHA.112.266585 

Cheng, H., Cannell, M. B., & Lederer, W. J. (1994). Propagation of excitation-contraction 

coupling into ventricular myocytes. Pflugers Arch, 428(3-4), 415-417. 

Cheng, J., Nanayakkara, G., Shao, Y., Cueto, R., Wang, L., Yang, W. Y., et al. (2017). 

Mitochondrial Proton Leak Plays a Critical Role in Pathogenesis of Cardiovascular 

Diseases Mitochondrial Dynamics in Cardiovascular Medicine (pp. 359-370): 

Springer. 

Chien, K. R., Zhu, H., Knowlton, K. U., Miller-Hance, W., van-Bilsen, M., O'Brien, T. X., 

et al. (1993). Transcriptional regulation during cardiac growth and development. 

Annu Rev Physiol, 55, 77-95. 10.1146/annurev.ph.55.030193.000453 

Chinopoulos, C., & Adam-Vizi, V. (2010). Mitochondrial Ca2+ sequestration and 

precipitation revisited. Febs J, 277(18), 3637-3651. 

Chinopoulos, C., Vajda, S., Csanady, L., Mandi, M., Mathe, K., & Adam-Vizi, V. (2009). 

A novel kinetic assay of mitochondrial ATP-ADP exchange rate mediated by the 

ANT. Biophys J, 96(6), 2490-2504. 

Choi, H. S., & Eisner, D. A. (1999). The effects of inhibition of the sarcolemmal Ca-

ATPase on systolic calcium fluxes and intracellular calcium concentration in rat 

ventricular myocytes. Pflugers Arch, 437(6), 966-971. 10.1007/s004240050868 

Choksi, K. B., & Papaconstantinou, J. (2008). Age-related alterations in oxidatively 

damaged proteins of mouse heart mitochondrial electron transport chain complexes. 

Free Radic Biol Med, 44(10), 1795-1805. 10.1016/j.freeradbiomed.2008.01.032 

Chouchani, E. T., Pell, V. R., Gaude, E., Aksentijevic, D., Sundier, S. Y., Robb, E. L., et 

al. (2014). Ischaemic accumulation of succinate controls reperfusion injury through 

mitochondrial ROS. Nature, 515(7527), 431-435. 10.1038/nature13909 

Ciarka, A., Doan, V., Velez-Roa, S., Naeije, R., & van de Borne, P. (2010). Prognostic 

significance of sympathetic nervous system activation in pulmonary arterial 

hypertension. Am J Respir Crit Care Med, 181(11), 1269-1275. 

10.1164/rccm.200912-1856OC 

Clerk, A., & Sugden, P. H. (1999). Activation of protein kinase cascades in the heart by 

hypertrophic G protein-coupled receptor agonists. Am J Cardiol, 83(12A), 64H-

69H. 

Collins-Nakai, R. L., Noseworthy, D., & Lopaschuk, G. D. (1994). Epinephrine increases 

ATP production in hearts by preferentially increasing glucose metabolism. 

American Journal of Physiology-Heart and Circulatory Physiology, 267(5), 

H1862-H1871. 

Compagno, V., Di Liegro, I., Cestelli, A., & Donatelli, M. (2001). Effect of aging and 

hypertension on beta-myosin heavy chain in heart of spontaneously hypertensive 

rats. Int J Mol Med, 7(5), 507-508. 

Conrad, C. H., Brooks, W. W., Hayes, J. A., Sen, S., Robinson, K. G., & Bing, O. H. (1995). 

Myocardial fibrosis and stiffness with hypertrophy and heart failure in the 

spontaneously hypertensive rat. Circulation, 91(1), 161-170. 

Crossman, D. J., Ruygrok, P. N., Soeller, C., & Cannell, M. B. (2011). Changes in the 

organization of excitation-contraction coupling structures in failing human heart. 

PLoS One, 6(3), e17901-e17901. 



 

 

182 

 

Crossman, D. J., Young, A. A., Ruygrok, P. N., Nason, G. P., Baddelely, D., Soeller, C., et 

al. (2015). T-tubule disease: Relationship between t-tubule organization and 

regional contractile performance in human dilated cardiomyopathy. J Mol Cell 

Cardiol, 84, 170-178. 10.1016/j.yjmcc.2015.04.022 

Curran, J., Hinton, M. J., Rios, E., Bers, D. M., & Shannon, T. R. (2007). Beta-adrenergic 

enhancement of sarcoplasmic reticulum calcium leak in cardiac myocytes is 

mediated by calcium/calmodulin-dependent protein kinase. Circ Res, 100(3), 391-

398. 10.1161/01.RES.0000258172.74570.e6 

Cuspidi, C., Sala, C., Negri, F., Mancia, G., Morganti, A., & Italian Society of, H. (2012). 

Prevalence of left-ventricular hypertrophy in hypertension: an updated review of 

echocardiographic studies. J Hum Hypertens, 26(6), 343-349. 

10.1038/jhh.2011.104 

Daicho, T., Yagi, T., Abe, Y., Ohara, M., Marunouchi, T., Takeo, S., et al. (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(1), 33-43. 

Dalen, H. (1989). An ultrastructural study of the hypertrophied human papillary muscle 

cell with special emphasis on specific staining patterns, mitochondrial projections 

and association between mitochondria and SR. Virchows Arch A Pathol Anat 

Histopathol, 414(3), 187-198. 

Das, A. M., & Harris, D. A. (1990). Regulation of the mitochondrial ATP synthase in intact 

rat cardiomyocytes. Biochem J, 266(2), 355-361. 

Dawson, D. M., Eppenberger, H. M., & Kaplan, N. O. (1965). Creatine kinase: evidence 

for a dimeric structure. Biochem Biophys Res Commun, 21(4), 346-353. 

de Graaf, R. A., van Kranenburg, A., & Nicolay, K. (2000). In vivo (31)P-NMR diffusion 

spectroscopy of ATP and phosphocreatine in rat skeletal muscle. Biophys J, 78(4), 

1657-1664. 10.1016/S0006-3495(00)76717-8 

de Man, F. S., Handoko, M. L., van Ballegoij, J. J., Schalij, I., Bogaards, S. J., Postmus, P. 

E., et al. (2012). Bisoprolol delays progression towards right heart failure in 

experimental pulmonary hypertension. Circ Heart Fail, 5(1), 97-105. 

10.1161/circheartfailure.111.964494 

De Sousa, E., Veksler, V., Minajeva, A., Kaasik, A., Mateo, P., Mayoux, E., et al. (1999). 

Subcellular creatine kinase alterations Implications in heart failure. Circulation 

research, 85(1), 68-76. 

de Tombe, P. P., & Stienen, G. J. (2007). Impact of temperature on cross-bridge cycling 

kinetics in rat myocardium. J Physiol, 584(Pt 2), 591-600. 

10.1113/jphysiol.2007.138693 

Dedkova, E. N., & Blatter, L. A. (2012). Measuring mitochondrial function in intact cardiac 

myocytes. J Mol Cell Cardiol, 52(1), 48-61. 10.1016/j.yjmcc.2011.08.030 

Dell'Italia, L. J. (2011). The forgotten left ventricle in right ventricular pressure overload. 

J Am Coll Cardiol, 57(8), 929-930. 10.1016/j.jacc.2010.08.647 

Deng, Z., Morse, J. H., Slager, S. L., Cuervo, N., Moore, K. J., Venetos, G., et al. (2000). 

Familial primary pulmonary hypertension (gene PPH1) is caused by mutations in 

the bone morphogenetic protein receptor-II gene. Am J Hum Genet, 67(3), 737-744. 

10.1086/303059 

DeSantiago, J., Maier, L. S., & Bers, D. M. (2002). Frequency-dependent Acceleration of 

Relaxation in the Heart Depends on CaMKII, but not Phospholamban. Journal of 

Molecular and Cellular Cardiology, 34(8), 975-984. 

http://dx.doi.org/10.1006/jmcc.2002.2034 

http://dx.doi.org/10.1006/jmcc.2002.2034


 

 

183 

 

Deschodt-Arsac, V., Arsac, L., Magat, J., Naulin, J., Quesson, B., & Dos Santos, P. (2016). 

Energy Deregulation Precedes Alteration in Heart Energy Balance in Young 

Spontaneously Hypertensive Rats: A Non Invasive In Vivo31P-MR Spectroscopy 

Follow-Up Study. PLoS One, 11(9), e0162677. 10.1371/journal.pone.0162677 

Di Lisa, F., Gambassi, G., Spurgeon, H., & Hansford, R. G. (1993). Intramitochondrial free 

calcium in cardiac myocytes in relation to dehydrogenase activation. Cardiovasc 

Res, 27(10), 1840-1844. 

Dickstein, K., Cohen-Solal, A., Filippatos, G., McMurray, J. J., Ponikowski, P., Poole-

Wilson, P. A., et al. (2008). ESC Guidelines for the diagnosis and treatment of acute 

and chronic heart failure 2008: the Task Force for the Diagnosis and Treatment of 

Acute and Chronic Heart Failure 2008 of the European Society of Cardiology. 

Developed in collaboration with the Heart Failure Association of the ESC (HFA) 

and endorsed by the European Society of Intensive Care Medicine (ESICM). Eur 

Heart J, 29(19), 2388-2442. 10.1093/eurheartj/ehn309 

Doggrell, S. A., & Brown, L. (1998). Rat models of hypertension, cardiac hypertrophy and 

failure. Cardiovasc Res, 39(1), 89-105. 

Drose, S., & Brandt, U. (2012). Molecular mechanisms of superoxide production by the 

mitochondrial respiratory chain. Adv Exp Med Biol, 748, 145-169. 

Duchen, M. R. (2004). Mitochondria in health and disease: perspectives on a new 

mitochondrial biology. Mol Aspects Med, 25(4), 365-451. 

10.1016/j.mam.2004.03.001 

Dzeja, P. P., Redfield, M. M., Burnett, J. C., & Terzic, A. (2000). Failing energetics in 

failing hearts. Curr Cardiol Rep, 2(3), 212-217. 

Echtay, K. S., Roussel, D., St-Pierre, J., Jekabsons, M. B., Cadenas, S., Stuart, J. A., et al. 

(2002). Superoxide activates mitochondrial uncoupling proteins. Nature, 

415(6867), 96-99. 10.1038/415096a 

Eichhorn, E. J., & Bristow, M. R. (1996). Medical therapy can improve the biological 

properties of the chronically failing heart. A new era in the treatment of heart 

failure. Circulation, 94(9), 2285-2296. 

Eigentler, A., Draxl, A., Wiethüchter, A., Kuznetsov, A., Lassing, B., & Gnaiger, E. (2012). 

Laboratory protocol: citrate synthase, a mitochondrial marker enzyme. 

Mitochondrial Physiology Network, 17, 1-11. 

Eisner, D. A., Trafford, A. W., Diaz, M. E., Overend, C. L., & O'Neill, S. C. (1998). The 

control of Ca release from the cardiac sarcoplasmic reticulum: regulation versus 

autoregulation. Cardiovasc Res, 38(3), 589-604. 

Eisner, V., Cupo, R. R., Gao, E., Csordas, G., Slovinsky, W. S., Paillard, M., et al. (2017). 

Mitochondrial fusion dynamics is robust in the heart and depends on calcium 

oscillations and contractile activity. Proc Natl Acad Sci U S A, 114(5), E859-E868. 

10.1073/pnas.1617288114 

Ellington, W. R. (2001). Evolution and physiological roles of phosphagen systems. Annu 

Rev Physiol, 63, 289-325. 10.1146/annurev.physiol.63.1.289 

Else, P. L., & Hulbert, A. J. (1985). Mammals: an allometric study of metabolism at tissue 

and mitochondrial level. Am J Physiol, 248(4 Pt 2), R415-421. 

Enache, I., Charles, A. L., Bouitbir, J., Favret, F., Zoll, J., Metzger, D., et al. (2013). 

Skeletal muscle mitochondrial dysfunction precedes right ventricular impairment 

in experimental pulmonary hypertension. Mol Cell Biochem, 373(1-2), 161-170. 

10.1007/s11010-012-1485-6 

Endoh, M. (2004). Force-frequency relationship in intact mammalian ventricular 

myocardium: physiological and pathophysiological relevance. Eur J Pharmacol, 

500(1-3), 73-86. 10.1016/j.ejphar.2004.07.013 



 

 

184 

 

Fabiato, A. (1983). Calcium-induced release of calcium from the cardiac sarcoplasmic 

reticulum. Am J Physiol, 245(1), C1-14. 

Fan, T. H., Frantz, R. P., Elam, H., Sakamoto, S., Imai, N., & Liang, C. S. (1993). 

Reductions of myocardial Na-K-ATPase activity and ouabain binding sites in heart 

failure: prevention by nadolol. Am J Physiol, 265(6 Pt 2), H2086-2093. 

Fasching, M. F.-A., M.; Gnaiger, E. (2016). Mitochondrial respiration medium- MiR06. 

Mitochondrial Physiology Network, 14.13(06), 1-4. 

Fearon, I. M., Palmer, A. C., Balmforth, A. J., Ball, S. G., Varadi, G., & Peers, C. (1999). 

Modulation of recombinant human cardiac L-type Ca2+ channel alpha1C subunits 

by redox agents and hypoxia. J Physiol, 514 ( Pt 3), 629-637. 

Feldman, D. S., Carnes, C. A., Abraham, W. T., & Bristow, M. R. (2005). Mechanisms of 

disease: beta-adrenergic receptors--alterations in signal transduction and 

pharmacogenomics in heart failure. Nat Clin Pract Cardiovasc Med, 2(9), 475-483. 

10.1038/ncpcardio0309 

Ferrantini, C., Coppini, R., Sacconi, L., Tosi, B., Zhang, M. L., Wang, G. L., et al. (2014). 

Impact of detubulation on force and kinetics of cardiac muscle contraction. J Gen 

Physiol., 143(6), 783-797. doi: 710.1085/jgp.201311125. 

Ferrari, R., Cargnoni, A., & Ceconi, C. (2006). Anti-ischaemic effect of ivabradine. 

Pharmacol Res, 53(5), 435-439. 10.1016/j.phrs.2006.03.018 

Figueira, T. R., Melo, D. R., Vercesi, A. E., & Castilho, R. F. (2012). Safranine as a 

fluorescent probe for the evaluation of mitochondrial membrane potential in 

isolated organelles and permeabilized cells. Methods Mol Biol, 810, 103-117. 

10.1007/978-1-61779-382-0_7 

Finkel, T., Menazza, S., Holmstrom, K. M., Parks, R. J., Liu, J., Sun, J., et al. (2015). The 

ins and outs of mitochondrial calcium. Circ Res, 116(11), 1810-1819. 

10.1161/CIRCRESAHA.116.305484 

Fowler, E. D. (2015). Beta 1-adreneoceptor blockade treatment of right ventricular 

dysfunction caused by pulmonary hypertension. (PhD monograph ), University of 

Leed, Leeds, UK.   

Fowler, E. D., Benoist, D., Drinkhill, M. J., Stones, R., Helmes, M., Wust, R. C., et al. 

(2015). Decreased creatine kinase is linked to diastolic dysfunction in rats with right 

heart failure induced by pulmonary artery hypertension. J Mol Cell Cardiol, 86, 1-

8. 10.1016/j.yjmcc.2015.06.016 

Frank, O. (1959). On the dynamics of cardiac muscle. American Heart Journal, 58(3), 467-

478. http://dx.doi.org/10.1016/0002-8703(59)90164-4 

Franzini-Armstrong, C., & Porter, K. R. (1964). Sarcolemmal invaginations constituting 

the t system in fish muscle fibres J Cell Biol, 22, 675-696. 

Frey, N., McKinsey, T. A., & Olson, E. N. (2000). Decoding calcium signals involved in 

cardiac growth and function. Nat Med, 6(11), 1221-1227. 10.1038/81321 

Galie, N., Humbert, M., Vachiery, J. L., Gibbs, S., Lang, I., Torbicki, A., et al. (2016). 

2015 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary 

Hypertension. Rev Esp Cardiol (Engl Ed), 69(2), 177. 10.1016/j.rec.2016.01.002 

Gan, C., Lankhaar, J. W., Marcus, J. T., Westerhof, N., Marques, K. M., Bronzwaer, J. G., 

et al. (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(4), H1528-1533. 10.1152/ajpheart.01031.2005 

Gerdes, A. M. (2002). Cardiac myocyte remodeling in hypertrophy and progression to 

failure. J Card Fail, 8(6 Suppl), S264-268. 10.1054/jcaf.2002.129280 

http://dx.doi.org/10.1016/0002-8703(59)90164-4


 

 

185 

 

Ginsburg, K. S., & Bers, D. M. (2004). Modulation of excitation-contraction coupling by 

isoproterenol in cardiomyocytes with controlled SR Ca2+ load and Ca2+ current 

trigger. J Physiol, 556(Pt 2), 463-480. 10.1113/jphysiol.2003.055384 

Glancy, B., & Balaban, R. S. (2012). Role of mitochondrial Ca2+ in the regulation of 

cellular energetics. Biochemistry, 51(14), 2959-2973. 10.1021/bi2018909 

Gnaiger, E. (2003). Oxygen conformance of cellular respiration. A perspective of 

mitochondrial physiology. Adv Exp Med Biol, 543, 39-55. 

Gnaiger, E. (2008). Polarographic Oxygen Sensors, the Oxygraph, and High-Resolution 

Respirometry to Assess Mitochondrial Function Drug-Induced Mitochondrial 

Dysfunction (pp. 325-352): John Wiley & Sons, Inc. 

Gnaiger, E. (2014). Mitochondrial Pathways and Respiratory Control (4th ed., Vol. 19.12). 

Innsbruck, Austria: Mitochondrial Physiology Network. 

Gnaiger, E., Kuznetsov, A. V., Schneeberger, S., Seiler, R., Brandacher, G., & Steurer, W. 

(2000). Mitochondria in the Cold. Life in the Cold, 431-442. 

Gnaiger, E., Lassnig, B., Kuznetsov, A. V., & Margreiter, R. (1998). Mitochondrial 

respiration in the low oxygen environment of the cell. Effect of ADP on oxygen 

kinetics. Biochim Biophys Acta, 1365(1-2), 249-254. 

Goldman, Y. E. (1987). Kinetics of the actomyosin ATPase in muscle fibers. Annu Rev 

Physiol, 49, 637-654. 10.1146/annurev.ph.49.030187.003225 

Gonzalez-Serratos, H. (1971). Inward spread of activation in vertebrate muscle fibres. J 

Physiol, 212(3), 777-799. 

Goo, S., Joshi, P., Sands, G., Gerneke, D., Taberner, A., Dollie, Q., et al. (2009). Trabeculae 

carneae as models of the ventricular walls: implications for the delivery of oxygen. 

J Gen Physiol, 134(4), 339-350. 10.1085/jgp.200910276 

Goo, S., Pham, T., Han, J. C., Nielsen, P., Taberner, A., Hickey, A., et al. (2013). Multiscale 

Measurement of Cardiac Energetics. Clin Exp Pharmacol Physiol, 8(10), 1440-

1681. 

Gordon, A. M., Huxley, A. F., & Julian, F. J. (1966). The variation in isometric tension 

with sarcomere length in vertebrate muscle fibres. J Physiol, 184(1), 170-192. 

Graham, R. M., Perez, D. M., Hwa, J., & Piascik, M. T. (1996). alpha 1-adrenergic receptor 

subtypes. Molecular structure, function, and signaling. Circ Res, 78(5), 737-749. 

Green, D. W., & Grover, G. J. (2000). The IF(1) inhibitor protein of the mitochondrial 

F(1)F(0)-ATPase. Biochim Biophys Acta, 1458(2-3), 343-355. 

Grosse, R., Spitzer, E., Kupriyanov, V. V., Saks, V. A., & Repke, K. R. (1980). Coordinate 

interplay between (Na+ + K+)-ATPase and creatine phosphokinase optimizes 

(Na+/K+)-antiport across the membrane of vesicles formed from the plasma 

membrane of cardiac muscle cell. Biochim Biophys Acta, 603(1), 142-156. 

Grynkiewicz, G., Poenie, M., & Tsien, R. Y. (1985). A new generation of Ca2+ indicators 

with greatly improved fluorescence properties. J Biol Chem, 260(6), 3440-3450. 

Guild, S. J., McBryde, F. D., & Malpas, S. C. (2015). Recording of intracranial pressure in 

conscious rats via telemetry. J Appl Physiol (1985), 119(5), 576-581. 

10.1152/japplphysiol.00165.2015 

Hafstad, A. D., Nabeebaccus, A. A., & Shah, A. M. (2013). Novel aspects of ROS 

signalling in heart failure. Basic Res Cardiol, 108(4), 359. 10.1007/s00395-013-

0359-8 

Hall, S. A., Cigarroa, C. G., Marcoux, L., Risser, R. C., Grayburn, P. A., & Eichhorn, E. J. 

(1995). Time course of improvement in left ventricular function, mass and 

geometry in patients with congestive heart failure treated with beta-adrenergic 

blockade. J Am Coll Cardiol, 25(5), 1154-1161. 



 

 

186 

 

Han, J. C., Taberner, A. J., Kirton, R. S., Nielsen, P. M., Archer, R., Kim, N., et al. (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(4), H1222-1236. 10.1152/ajpheart.01157.2010 

Han, J. C., Tran, K., Johnston, C. M., Nielsen, P. M., Barrett, C. J., Taberner, A. J., et al. 

(2014). Reduced mechanical efficiency in left-ventricular trabeculae of the 

spontaneously hypertensive rat. Physiol Rep, 2(11) 10.14814/phy2.12211 

Hanada, K., Asari, K., Saito, M., Kawana, J., Mita, M., & Ogata, H. (2008). Comparison 

of pharmacodynamics between carvedilol and metoprolol in rats with isoproterenol-

induced cardiac hypertrophy: effects of carvedilol enantiomers. Eur J Pharmacol, 

589(1-3), 194-200. 10.1016/j.ejphar.2008.04.055 

Hanley, P. J., & Loiselle, D. S. (1998). Mechanisms of force inhibition by halothane and 

isoflurane in intact rat cardiac muscle. J Physiol, 506 ( Pt 1), 231-244. 

Hanley, P. J., Young, A. A., LeGrice, I. J., Edgar, S. G., & Loiselle, D. S. (1999). 3-

Dimensional configuration of perimysial collagen fibres in rat cardiac muscle at 

resting and extended sarcomere lengths. J Physiol, 517 ( Pt 3), 831-837. 

Hansford, R., & Zorov, D. (1998). Role of mitochondrial calcium transport in the control 

of substrate oxidation. Molecular and Cellular Biochemistry, 184(1-2), 359-369. 

10.1023/a:1006893903113 

Hardziyenka, M., Campian, M. E., de Bruin-Bon, H. A., Michel, M. C., & Tan, H. L. 

(2006). Sequence of echocardiographic changes during development of right 

ventricular failure in rat. J Am Soc Echocardiogr, 19(10), 1272-1279. 

10.1016/j.echo.2006.04.036 

Hardziyenka, M., Campian, M. E., Reesink, H. J., Surie, S., Bouma, B. J., Groenink, M., 

et al. (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(8), 921-928. 10.1016/j.jacc.2010.08.648 

Harvey, R. D., & Calaghan, S. C. (2012). Caveolae create local signalling domains through 

their distinct protein content, lipid profile and morphology. J Mol Cell Cardiol, 

52(2), 366-375. 10.1016/j.yjmcc.2011.07.007 

Hasenfuss, G. (1998). Animal models of human cardiovascular disease, heart failure and 

hypertrophy. Cardiovasc Res, 39(1), 60-76. 

Hayashi, T., Martone, M. E., Yu, Z., Thor, A., Doi, M., Holst, M. J., et al. (2009). Three-

dimensional electron microscopy reveals new details of membrane systems for 

Ca2+ signaling in the heart. J Cell Sci, 122(Pt 7), 1005-1013. 10.1242/jcs.028175 

Heilbrunn, L. V., & Wiercinski, F. J. (1947). The action of various cations on muscle 

protoplasm. J Cell Comp Physiol, 29(1), 15-32. 

Heilbrunn, S. M., Shah, P., Bristow, M. R., Valantine, H. A., Ginsburg, R., & Fowler, M. 

B. (1989). Increased beta-receptor density and improved hemodynamic response to 

catecholamine stimulation during long-term metoprolol therapy in heart failure 

from dilated cardiomyopathy. Circulation, 79(3), 483-490. 

Hein, L., Limbird, L. E., Eglen, R. M., & Kobilka, B. K. (1999). Gene 

substitution/knockout to delineate the role of alpha 2-adrenoceptor subtypes in 

mediating central effects of catecholamines and imidazolines. Ann N Y Acad Sci, 

881, 265-271. 

Heineke, J., & Molkentin, J. D. (2006). Regulation of cardiac hypertrophy by intracellular 

signalling pathways. Nat Rev Mol Cell Biol, 7(8), 589-600. 

Heineke, J., Ruetten, H., Willenbockel, C., Gross, S. C., Naguib, M., Schaefer, A., et al. 

(2005). Attenuation of cardiac remodeling after myocardial infarction by muscle 



 

 

187 

 

LIM protein-calcineurin signaling at the sarcomeric Z-disc. Proc Natl Acad Sci U 

S A, 102(5), 1655-1660. 10.1073/pnas.0405488102 

Hess, P., Clozel, M., & Clozel, J. P. (1996). Telemetry monitoring of pulmonary arterial 

pressure in freely moving rats. J Appl Physiol (1985), 81(2), 1027-1032. 

Hickey, A. J., Chai, C. C., Choong, S. Y., de Freitas Costa, S., Skea, G. L., Phillips, A. R., 

et al. (2009). Impaired ATP turnover and ADP supply depress cardiac 

mitochondrial respiration and elevate superoxide in nonfailing spontaneously 

hypertensive rat hearts. Am J Physiol Cell Physiol, 297(3), C766-774. 

10.1152/ajpcell.00111.2009 

Hickey, A. J., Renshaw, G. M., Speers-Roesch, B., Richards, J. G., Wang, Y., Farrell, A. 

P., et al. (2012). A radical approach to beating hypoxia: depressed free radical 

release from heart fibres of the hypoxia-tolerant epaulette shark (Hemiscyllum 

ocellatum). J Comp Physiol B, 182(1), 91-100. 

Hinkle, P. C. (2005). P/O ratios of mitochondrial oxidative phosphorylation. Biochim 

Biophys Acta, 1706(1-2), 1-11. 10.1016/j.bbabio.2004.09.004 

Hodgkin, A. L., & Huxley, A. F. (1952a). The components of membrane conductance in 

the giant axon of Loligo. J Physiol, 116(4), 473-496. 

Hodgkin, A. L., & Huxley, A. F. (1952b). Currents carried by sodium and potassium ions 

through the membrane of the giant axon of Loligo. J Physiol, 116(4), 449-472. 

Hodgkin, A. L., & Huxley, A. F. (1952c). A quantitative description of membrane current 

and its application to conduction and excitation in nerve. J Physiol, 117(4), 500-

544. 

Hoeper, M. M., Mayer, E., Simonneau, G., & Rubin, L. J. (2006). Chronic thromboembolic 

pulmonary hypertension. Circulation, 113(16), 2011-2020. 

10.1161/CIRCULATIONAHA.105.602565 

Hofer, A. M., Curci, S., Machen, T. E., & Schulz, I. (1996). ATP regulates calcium leak 

from agonist-sensitive internal calcium stores. The FASEB Journal, 10(2), 302-308. 

Hollander, J. M., Thapa, D., & Shepherd, D. L. (2014). Physiological and Structural 

Differences in Spatially-Distinct Subpopulations of Cardiac Mitochondria: 

Influence of Pathologies. Am J Physiol Heart Circ Physiol 

10.1152/ajpheart.00747.2013 

Hori, M., & Okamoto, H. (2012). Heart rate as a target of treatment of chronic heart failure. 

J Cardiol, 60(2), 86-90. 10.1016/j.jjcc.2012.06.013 

Hugel, S., Horn, M., de Groot, M., Remkes, H., Dienesch, C., Hu, K., et al. (1999). Effects 

of ACE inhibition and beta-receptor blockade on energy metabolism in rats 

postmyocardial infarction. Am J Physiol, 277(6 Pt 2), H2167-2175. 

Hulett, J. M., Lueder, F., Chan, N. C., Perry, A. J., Wolynec, P., Likic, V. A., et al. (2008). 

The transmembrane segment of Tom20 is recognized by Mim1 for docking to the 

mitochondrial TOM complex. J Mol Biol, 376(3), 694-704. 

10.1016/j.jmb.2007.12.021 

Humbert, M., Sitbon, O., Chaouat, A., Bertocchi, M., Habib, G., Gressin, V., et al. (2006). 

Pulmonary arterial hypertension in France: results from a national registry. Am J 

Respir Crit Care Med, 173(9), 1023-1030. 10.1164/rccm.200510-1668OC 

Huser, J., Blatter, L. A., & Sheu, S. S. (2000). Mitochondrial calcium in heart cells: beat-

to-beat oscillations or slow integration of cytosolic transients? J Bioenerg 

Biomembr, 32(1), 27-33. 

Huxley, A. F., & Niedergerke, R. (1954). Structural changes in muscle during contraction; 

interference microscopy of living muscle fibres. Nature, 173(4412), 971-973. 

Huxley, A. F., & Simmons, R. M. (1971). Proposed mechanism of force generation in 

striated muscle. Nature, 233(5321), 533-538. 



 

 

188 

 

Huxley, H., & Hanson, J. (1954). Changes in the cross-striations of muscle during 

contraction and stretch and their structural interpretation. Nature, 173(4412), 973-

976. 

Ibrahim, M., Gorelik, J., Yacoub, M. H., & Terracciano, C. M. (2011). The structure and 

function of cardiac t-tubules in health and disease. Proc Biol Sci, 278(1719), 2714-

2723. 10.1098/rspb.2011.0624 

Iftikar, F. I., & Hickey, A. J. (2013). Do mitochondria limit hot fish hearts? Understanding 

the role of mitochondrial function with heat stress in Notolabrus celidotus. PLoS 

One, 8(5), e64120. 10.1371/journal.pone.0064120 

Iftikar, F. I., Morash, A. J., Cook, D. G., Herbert, N. A., & Hickey, A. J. (2015). 

Temperature acclimation of mitochondria function from the hearts of a temperate 

wrasse (Notolabrus celidotus). Comp Biochem Physiol A Mol Integr Physiol, 184, 

46-55. 10.1016/j.cbpa.2015.01.017 

Ingwall, J. S., Kramer, M. F., Fifer, M. A., Lorell, B. H., Shemin, R., Grossman, W., et al. 

(1985). The creatine kinase system in normal and diseased human myocardium. N 

Engl J Med, 313(17), 1050-1054. 10.1056/NEJM198510243131704 

Ingwall, J. S., & Weiss, R. G. (2004). Is the failing heart energy starved? On using chemical 

energy to support cardiac function. Circ Res, 95(2), 135-145. 

10.1161/01.RES.0000137170.41939.d9 

Ishikawa, S., Honda, M., Yamada, S., Morioka, S., & Moriyama, K. (1991). Biventricular 

down-regulation of beta-adrenergic receptors in right ventricular hypertrophy 

induced by monocrotaline. Jpn Circ J, 55(11), 1077-1085. 

Ito, K. M., Sato, M., Ushijima, K., Nakai, M., & Ito, K. (2000). Alterations of endothelium 

and smooth muscle function in monocrotaline-induced pulmonary hypertensive 

arteries. Am J Physiol Heart Circ Physiol, 279(4), H1786-1795. 

Jacobus, W. E. (1985a). Respiratory control and the integration of heart high-energy 

phosphate metabolism by mitochondrial creatine kinase. Annual review of 

physiology, 47(1), 707-725. 

Jacobus, W. E. (1985b). Theoretical support for the heart phosphocreatine energy transport 

shuttle based on the intracellular diffusion limited mobility of ADP. Biochem 

Biophys Res Commun, 133(3), 1035-1041. 

Jacobus, W. E., & Lehninger, A. L. (1973). Creatine kinase of rat heart mitochondria. 

Coupling of creatine phosphorylation to electron transport. J Biol Chem, 248(13), 

4803-4810. 

Jarosz, J., Ghosh, S., Delbridge, L. M., Volschenk, A., Hickey, A. J., Crampin, E. J., et al. 

(2016). Changes in mitochondrial morphology and organisation can enhance 

energy supply from mitochondrial oxidative phosphorylation in diabetic 

cardiomyopathy. Am J Physiol Cell Physiol, ajpcell 00298 02016. 

10.1152/ajpcell.00298.2016 

Jean-Quartier, C., Bondarenko, A. I., Alam, M. R., Trenker, M., Waldeck-Weiermair, M., 

Malli, R., et al. (2012). Studying mitochondrial Ca(2+) uptake - a revisit. Mol Cell 

Endocrinol, 353(1-2), 114-127. 10.1016/j.mce.2011.10.033 

Jensen, B. C., O'Connell, T. D., & Simpson, P. C. (2011). Alpha-1-adrenergic receptors: 

targets for agonist drugs to treat heart failure. J Mol Cell Cardiol, 51(4), 518-528. 

10.1016/j.yjmcc.2010.11.014 

Ji, Y., Loukianov, E., & Periasamy, M. (1999). Analysis of sarcoplasmic reticulum Ca2+ 

transport and Ca2+ ATPase enzymatic properties using mouse cardiac tissue 

homogenates. Anal Biochem, 269(2), 236-244. 10.1006/abio.1999.4059 

Jones, J. E., Mendes, L., Rudd, M. A., Russo, G., Loscalzo, J., & Zhang, Y. Y. (2002). 

Serial noninvasive assessment of progressive pulmonary hypertension in a rat 



 

 

189 

 

model. Am J Physiol Heart Circ Physiol, 283(1), H364-371. 

10.1152/ajpheart.00979.2001 

Jullig, M., Hickey, A. J., Chai, C. C., Skea, G. L., Middleditch, M. J., Costa, S., et al. 

(2008). Is the failing heart out of fuel or a worn engine running rich? A study of 

mitochondria in old spontaneously hypertensive rats. Proteomics, 8(12), 2556-

2572. 10.1002/pmic.200700977 

Kajihara, H. (1970). Electron microscopic observations of hypertrophied myocardium of 

rat produced by injection of monocrotaline. Acta Pathol Jpn, 20(2), 183-206. 

Kamo, N., Muratsugu, M., Hongoh, R., & Kobatake, Y. (1979). Membrane potential of 

mitochondria measured with an electrode sensitive to tetraphenyl phosphonium and 

relationship between proton electrochemical potential and phosphorylation 

potential in steady state. J Membr Biol, 49(2), 105-121. 

Kamp, T. J., & Hell, J. W. (2000). Regulation of cardiac L-type calcium channels by protein 

kinase A and protein kinase C. Circ Res, 87(12), 1095-1102. 

Kaplan, P., Babusikova, E., Lehotsky, J., & Dobrota, D. (2003). Free radical-induced 

protein modification and inhibition of Ca2+-ATPase of cardiac sarcoplasmic 

reticulum. Mol Cell Biochem, 248(1-2), 41-47. 

Katz, A. M., & Repke, D. I. (1967). Quantitative aspects of dog cardiac microsomal 

calcium binding and calcium uptake. Circ Res, 21(2), 153-162. 

Katz, A. M., Repke, D. I., & Cohen, B. R. (1966). Control of the activity of highly purified 

cardiac actomyosin by Ca2+, Na+ and K+. Circ Res, 19(6), 1062-1070. 

Katz, L. A., Swain, J. A., Portman, M. A., & Balaban, R. S. (1989). Relation between 

phosphate metabolites and oxygen consumption of heart in vivo. Am J Physiol, 

256(1 Pt 2), H265-274. 

Kawamura, K., Kashii, C., & Imamura, K. (1976). Ultrastructural changes in hypertrophied 

myocardium of spontaneously hypertensive rats. Jpn Circ J, 40(10), 1119-1145. 

Kay, J. M., Harris, P., & Heath, D. (1967). Pulmonary hypertension produced in rats by 

ingestion of Crotalaria spectabilis seeds. Thorax, 22(2), 176-179. 

Kentish, J. C., & Wrzosek, A. (1998). Changes in force and cytosolic Ca2+ concentration 

after length changes in isolated rat ventricular trabeculae. J Physiol, 506 ( Pt 2), 

431-444. 

Kinsey, S. T., Hardy, K. M., & Locke, B. R. (2007). The long and winding road: influences 

of intracellular metabolite diffusion on cellular organization and metabolism in 

skeletal muscle. The Journal of experimental biology, 210(20), 3505-3512. 

Kinsey, S. T., Locke, B. R., Penke, B., & Moerland, T. S. (1999). Diffusional anisotropy is 

induced by subcellular barriers in skeletal muscle. NMR Biomed, 12(1), 1-7. 

Kogler, H., Hartmann, O., Leineweber, K., Nguyen van, P., Schott, P., Brodde, O. E., et al. 

(2003). Mechanical load-dependent regulation of gene expression in 

monocrotaline-induced right ventricular hypertrophy in the rat. Circ Res, 93(3), 

230-237. 10.1161/01.res.0000085042.89656.c7 

Kohlhaas, M., Nickel, A. G., & Maack, C. (2017). Mitochondrial energetics and calcium 

coupling in the heart. J Physiol 10.1113/JP273609 

Kondo, Y., Ishitsuka, Y., Kadowaki, D., Fukumoto, Y., Miyamoto, Y., Irikura, M., et al. 

(2013). Phosphoenolpyruvate, a glycolytic intermediate, as a cytoprotectant and 

antioxidant in ex-vivo cold-preserved mouse liver: a potential application for organ 

preservation. J Pharm Pharmacol, 65(3), 390-401. 10.1111/j.2042-

7158.2012.01602.x 

Kong, H., Jones, P. P., Koop, A., Zhang, L., Duff, H. J., & Chen, S. R. (2008). Caffeine 

induces Ca2+ release by reducing the threshold for luminal Ca2+ activation of the 

ryanodine receptor. Biochem J, 414(3), 441-452. 10.1042/BJ20080489 



 

 

190 

 

Korstjens, I. J., Rouws, C. H., van der Laarse, W. J., Van der Zee, L., & Stienen, G. J. 

(2002). Myocardial force development and structural changes associated with 

monocrotaline induced cardiac hypertrophy and heart failure. J Muscle Res Cell 

Motil, 23(1), 93-102. 

Kovacs, M., Toth, J., Hetenyi, C., Malnasi-Csizmadia, A., & Sellers, J. R. (2004). 

Mechanism of blebbistatin inhibition of myosin II. J Biol Chem, 279(34), 35557-

35563. 

Kranias, E. G., Garvey, J. L., Srivastava, R. D., & Solaro, R. J. (1985). Phosphorylation 

and functional modifications of sarcoplasmic reticulum and myofibrils in isolated 

rabbit hearts stimulated with isoprenaline. Biochem J, 226(1), 113-121. 

Kresh, J. Y., & Chopra, A. (2011). Intercellular and extracellular mechanotransduction in 

cardiac myocytes. Pflugers Arch, 462(1), 75-87. 10.1007/s00424-011-0954-1 

Kroemer, G., Galluzzi, L., & Brenner, C. (2007). Mitochondrial membrane 

permeabilization in cell death. Physiol Rev, 87(1), 99-163. 

10.1152/physrev.00013.2006 

Krumschnabel, G., Eigentler, A., Fasching, M., & Gnaiger, E. (2014). Use of safranin for 

the assessment of mitochondrial membrane potential by high-resolution 

respirometry and fluorometry. Methods Enzymol, 542, 163-181. 10.1016/b978-0-

12-416618-9.00009-1 

Ku, K., Oku, H., Alam, M. S., Saitoh, Y., Nosaka, S., & Nakayama, K. (1997). Prolonged 

hypothermic cardiac storage with histidine-tryptophan-ketoglutarate solution: 

comparison with glucose-insulin-potassium and University of Wisconsin solutions. 

Transplantation, 64(7), 971-975. 

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(12), 1009-1018. 

Kuznetsov, A. V., Javadov, S., Guzun, R., Grimm, M., & Saks, V. (2013). Cytoskeleton 

and regulation of mitochondrial function: the role of beta-tubulin II. Front Physiol, 

4, 82. 10.3389/fphys.2013.00082 

Kuznetsov, A. V., Veksler, V., Gellerich, F. N., Saks, V., Margreiter, R., & Kunz, W. S. 

(2008). Analysis of mitochondrial function in situ in permeabilized muscle fibers, 

tissues and cells. Nat Protoc, 3(6), 965-976. 10.1038/nprot.2008.61 

Kwong, Jennifer Q., Lu, X., Correll, Robert N., Schwanekamp, Jennifer A., Vagnozzi, 

Ronald J., Sargent, Michelle A., et al. (2015). The Mitochondrial Calcium 

Uniporter Selectively Matches Metabolic Output to Acute Contractile Stress in the 

Heart. Cell Reports, 12(0), 12-22. http://dx.doi.org/10.1016/j.celrep.2015.06.002 

Lamberts, R. R., Hamdani, N., Soekhoe, T. W., Boontje, N. M., Zaremba, R., Walker, L. 

A., et al. (2007). Frequency-dependent myofilament Ca2+ desensitization in failing 

rat myocardium. J Physiol, 582(Pt 2), 695-709. 10.1113/jphysiol.2007.134486 

Lanza, I. R., & Nair, K. S. (2010). Mitochondrial metabolic function assessed in vivo and 

in vitro. Curr Opin Clin Nutr Metab Care, 13(5), 511-517. 

10.1097/MCO.0b013e32833cc93d 

Larsen, S., Kraunsoe, R., Gram, M., Gnaiger, E., Helge, J. W., & Dela, F. (2014). The best 

approach: homogenization or manual permeabilization of human skeletal muscle 

fibers for respirometry? Anal Biochem, 446, 64-68. 10.1016/j.ab.2013.10.023 

Larsen, S., Nielsen, J., Hansen, C. N., Nielsen, L. B., Wibrand, F., Stride, N., et al. (2012). 

Biomarkers of mitochondrial content in skeletal muscle of healthy young human 

subjects. J Physiol, 590(14), 3349-3360. 10.1113/jphysiol.2012.230185 

http://dx.doi.org/10.1016/j.celrep.2015.06.002


 

 

191 

 

Lawler, J. M., Barnes, W. S., Wu, G., Song, W., & Demaree, S. (2002). Direct antioxidant 

properties of creatine. Biochem Biophys Res Commun, 290(1), 47-52. 

10.1006/bbrc.2001.6164 

Layland, J., & Kentish, J. C. (1999). Positive force- and [Ca2+]i-frequency relationships in 

rat ventricular trabeculae at physiological frequencies. Am J Physiol, 276(1 Pt 2), 

H9-H18. 

Lemasters, J. J. (1984). The ATP-to-oxygen stoichiometries of oxidative phosphorylation 

by rat liver mitochondria. An analysis of ADP-induced oxygen jumps by linear 

nonequilibrium thermodynamics. J Biol Chem, 259(21), 13123-13130. 

Lemieux, H., Semsroth, S., Antretter, H., Höfer, D., & Gnaiger, E. (2011). Mitochondrial 

respiratory control and early defects of oxidative phosphorylation in the failing 

human heart. The International Journal of Biochemistry & Cell Biology, 43(12), 

1729-1738. http://dx.doi.org/10.1016/j.biocel.2011.08.008 

Li, L., Desantiago, J., Chu, G., Kranias, E. G., & Bers, D. M. (2000). Phosphorylation of 

phospholamban and troponin I in β-adrenergic-induced acceleration of cardiac 

relaxation. American Journal of Physiology-Heart and Circulatory Physiology, 

278(3), H769-H779. 

Lindner, E. (1957). Submicroscopic morphology of the cardiac muscle. Z Zellforsch 

Mikrosk Anat, 45(6), 702-746. 

Lopaschuk, G. D., Belke, D. D., Gamble, J., Itoi, T., & Schonekess, B. O. (1994). 

Regulation of fatty acid oxidation in the mammalian heart in health and disease. 

Biochim Biophys Acta, 1213(3), 263-276. 

Louie, E. K., Rich, S., & Brundage, B. H. (1986). Doppler echocardiographic assessment 

of impaired left ventricular filling in patients with right ventricular pressure 

overload due to primary pulmonary hypertension. J Am Coll Cardiol, 8(6), 1298-

1306. 

Lu, X., Ginsburg, K. S., Kettlewell, S., Bossuyt, J., Smith, G. L., & Bers, D. M. (2013). 

Measuring local gradients of intramitochondrial [Ca(2+)] in cardiac myocytes 

during sarcoplasmic reticulum Ca(2+) release. Circ Res, 112(3), 424-431. 

10.1161/circresaha.111.300501 

Luongo, Timothy S., Lambert, Jonathan P., Yuan, A., Zhang, X., Gross, P., Song, J., et al. 

(2015). The Mitochondrial Calcium Uniporter Matches Energetic Supply with 

Cardiac Workload during Stress and Modulates Permeability Transition. Cell 

Reports, 12(0), 23-34. http://dx.doi.org/10.1016/j.celrep.2015.06.017 

Lygate, C. A., Aksentijevic, D., Dawson, D., ten Hove, M., Phillips, D., de Bono, J. P., et 

al. (2013). Living without creatine: unchanged exercise capacity and response to 

chronic myocardial infarction in creatine-deficient mice. Circ Res, 112(6), 945-955. 

10.1161/CIRCRESAHA.112.300725 

Maack, C., Cremers, B., Flesch, M., Hoper, A., Sudkamp, M., & Bohm, M. (2000). 

Different intrinsic activities of bucindolol, carvedilol and metoprolol in human 

failing myocardium. Br J Pharmacol, 130(5), 1131-1139. 10.1038/sj.bjp.0703400 

Maier, L. S., Brandes, R., Pieske, B., & Bers, D. M. (1998). Effects of left ventricular 

hypertrophy on force and Ca2+ handling in isolated rat myocardium. American 

Journal of Physiology-Heart and Circulatory Physiology, 274(4), H1361-H1370. 

Mallet, R. T., Squires, J. E., Bhatia, S., & Sun, J. (2002). Pyruvate restores contractile 

function and antioxidant defenses of hydrogen peroxide-challenged myocardium. J 

Mol Cell Cardiol, 34(9), 1173-1184. 

Marcus, J. T., Vonk Noordegraaf, A., Roeleveld, R. J., Postmus, P. E., Heethaar, R. M., 

Van Rossum, A. C., et al. (2001). Impaired left ventricular filling due to right 

http://dx.doi.org/10.1016/j.biocel.2011.08.008
http://dx.doi.org/10.1016/j.celrep.2015.06.017


 

 

192 

 

ventricular pressure overload in primary pulmonary hypertension: noninvasive 

monitoring using MRI. Chest, 119(6), 1761-1765. 

McLean, R. M., Williams, S., Mann, J. I., Miller, J. C., & Parnell, W. R. (2013). Blood 

pressure and hypertension in New Zealand: results from the 2008/09 Adult 

Nutrition Survey. N Z Med J, 126(1372), 66-79. 

Mei, Z., Wang, X., Liu, W., Gong, J., Gao, X., Zhang, T., et al. (2014). Mitochondrial 

adaptations during myocardial hypertrophy induced by abdominal aortic 

constriction. Cardiovasc Pathol, 23(5), 283-288. 10.1016/j.carpath.2014.05.003 

Mende, U., Kagen, A., Cohen, A., Aramburu, J., Schoen, F. J., & Neer, E. J. (1998). 

Transient cardiac expression of constitutively active Galphaq leads to hypertrophy 

and dilated cardiomyopathy by calcineurin-dependent and independent pathways. 

Proc Natl Acad Sci U S A, 95(23), 13893-13898. 

Meyrick, B., Gamble, W., & Reid, L. (1980). Development of Crotalaria pulmonary 

hypertension: hemodynamic and structural study. Am J Physiol, 239(5), H692-702. 

Michel, M. C., Brodde, O. E., & Insel, P. A. (1993). Are cardiac G-proteins altered in rat 

models of hypertension? J Hypertens, 11(4), 355-363. 

Mitchell, P. (2011). Chemiosmotic coupling in oxidative and photosynthetic 

phosphorylation. 1966. Biochim Biophys Acta, 1807(12), 1507-1538. 

10.1016/j.bbabio.2011.09.018 

Miura, M., Hirose, M., Endoh, H., Wakayama, Y., Sugai, Y., Nakano, M., et al. (2011). 

Acceleration of Ca2+ waves in monocrotaline-induced right ventricular 

hypertrophy in the rat. Circ J, 75(6), 1343-1349. 

Miyata, H., Silverman, H. S., Sollott, S. J., Lakatta, E. G., Stern, M. D., & Hansford, R. G. 

(1991). Measurement of mitochondrial free Ca2+ concentration in living single rat 

cardiac myocytes. Am J Physiol, 261(4 Pt 2), H1123-1134. 

Mookerjee, S. A., Divakaruni, A. S., Jastroch, M., & Brand, M. D. (2010). Mitochondrial 

uncoupling and lifespan. Mechanisms of Ageing and Development, 131(7–8), 463-

472. 10.1016/j.mad.2010.03.010 

Moreira-Goncalves, D., Henriques-Coelho, T., Fonseca, H., Ferreira, R., Padrao, A. I., 

Santa, C., et al. (2015). Intermittent cardiac overload results in adaptive 

hypertrophy and provides protection against left ventricular acute pressure overload 

insult. J Physiol, 593(17), 3885-3897. 10.1113/jp270685 

Morita, H., Suzuki, G., Mishima, T., Chaudhry, P. A., Anagnostopoulos, P. V., Tanhehco, 

E. J., et al. (2002). Effects of long-term monotherapy with metoprolol CR/XL on 

the progression of left ventricular dysfunction and remodeling in dogs with chronic 

heart failure. Cardiovasc Drugs Ther, 16(5), 443-449. 

Mulieri, L. A., Hasenfuss, G., Ittleman, F., Blanchard, E. M., & Alpert, N. R. (1989). 

Protection of human left ventricular myocardium from cutting injury with 2,3-

butanedione monoxime. Circ Res, 65(5), 1441-1449. 

Mulieri, L. A., Hasenfuss, G., Leavitt, B., Allen, P. D., & Alpert, N. R. (1992). Altered 

myocardial force-frequency relation in human heart failure. Circulation, 85(5), 

1743-1750. 

Munro, M. L., Jayasinghe, I. D., Wang, Q., Quick, A., Wang, W., Baddeley, D., et al. 

(2016). Junctophilin-2 in the nanoscale organisation and functional signalling of 

ryanodine receptor clusters in cardiomyocytes. J Cell Sci, 129(23), 4388-4398. 

10.1242/jcs.196873 

Munro, M. L., & Soeller, C. (2017). Early transverse tubule development begins in utero 

in the sheep heart. J Muscle Res Cell Motil 10.1007/s10974-016-9462-4 

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem J, 

417(1), 1-13. 10.1042/BJ20081386 



 

 

193 

 

Nadruz, W. (2015). Myocardial remodeling in hypertension. J Hum Hypertens, 29(1), 1-6. 

10.1038/jhh.2014.36 

Nascimben, L., Ingwall, J. S., Pauletto, P., Friedrich, J., Gwathmey, J. K., Saks, V., et al. 

(1996). Creatine kinase system in failing and nonfailing human myocardium. 

Circulation, 94(8), 1894-1901. 

Neubauer, S. (2007). The failing heart--an engine out of fuel. N Engl J Med, 356(11), 1140-

1151. 10.1056/NEJMra063052 

Neubauer, S., Horn, M., Cramer, M., Harre, K., Newell, J. B., Peters, W., et al. (1997). 

Myocardial phosphocreatine-to-ATP ratio is a predictor of mortality in patients 

with dilated cardiomyopathy. Circulation, 96(7), 2190-2196. 

Nickel, A., Loffler, J., & Maack, C. (2013). Myocardial energetics in heart failure. Basic 

Res Cardiol, 108(4), 358. 10.1007/s00395-013-0358-9 

Noble, M. I. (1978). The Frank--Starling curve. Clin Sci Mol Med, 54(1), 1-7. 

O'Connell, T. D., Jensen, B. C., Baker, A. J., & Simpson, P. C. (2014). Cardiac alpha1-

adrenergic receptors: novel aspects of expression, signaling mechanisms, 

physiologic function, and clinical importance. Pharmacol Rev, 66(1), 308-333. 

10.1124/pr.112.007203 

Okamoto, K., & Aoki, K. (1963). Development of a strain of spontaneously hypertensive 

rats. Jpn Circ J, 27, 282-293. 

Olivari, M. T., Fiorentini, C., Polese, A., & Guazzi, M. D. (1978). Pulmonary 

hemodynamics and right ventricular function in hypertension. Circulation, 57(6), 

1185-1190. 

Omerovic, E., Bollano, E., Mobini, R., Madhu, B., Kujacic, V., Soussi, B., et al. (2001). 

Selective beta(1)-blockade improves cardiac bioenergetics and function and 

decreases neuroendocrine activation in rats during early postinfarct remodeling. 

Biochem Biophys Res Commun, 281(2), 491-498. 10.1006/bbrc.2001.4336 

Omerovic, E., Bollano, E., Soussi, B., & Waagstein, F. (2003). Selective beta1-blockade 

attenuates post-infarct remodelling without improvement in myocardial energy 

metabolism and function in rats with heart failure. Eur J Heart Fail, 5(6), 725-732. 

Pagani, E. D., & Solaro, R. J. (1984). Methods for measuring functional properties of 

sarcoplasmic reticulum and myofibrils in small samples of myocardium Myocardial 

Biology (pp. 49-61): Springer. 

Page, S. G. (1974). Measurements of structural parameters in cardiac muscle. the 

Physiological Basis of Starling's Law of the Heart, 13-25. 

Palmeira, C. M., & Rolo, A. P. (2012). Mitochondrial membrane potential (DeltaPsi) 

fluctuations associated with the metabolic states of mitochondria. Methods Mol 

Biol, 810, 89-101. 

Palmer, J. W., Tandler, B., & Hoppel, C. L. (1977). Biochemical properties of 

subsarcolemmal and interfibrillar mitochondria isolated from rat cardiac muscle. J 

Biol Chem, 252(23), 8731-8739. 

Pan, X., Liu, J., Nguyen, T., Liu, C., Sun, J., Teng, Y., et al. (2013). The physiological role 

of mitochondrial calcium revealed by mice lacking the mitochondrial calcium 

uniporter. Nat Cell Biol, 15(12), 1464-1472. 10.1038/ncb2868 

Pardo, A. C., Rinaldi, G. J., & Mosca, S. M. (2015). Mitochondrial calcium handling in 

normotensive and spontaneously hypertensive rats: correlation with systolic blood 

pressure levels. Mitochondrion, 20, 75-81. 10.1016/j.mito.2014.12.003 

Patel, H. H., & McDonough, A. A. (2014). Of mice and men: modeling cardiovascular 

complexity in diabetes. Focus on "Mitochondrial inefficiencies and anoxic ATP 

hydrolysis capacities in diabetic rat heart". Am J Physiol Cell Physiol, 307(6), 

C497-498. 10.1152/ajpcell.00241.2014 



 

 

194 

 

Patterson, S. W., & Starling, E. H. (1914). On the mechanical factors which determine the 

output of the ventricles. J Physiol, 48(5), 357-379. 

Pauziene, N., Alaburda, P., Rysevaite-Kyguoliene, K., Pauza, A. G., Inokaitis, H., 

Masaityte, A., et al. (2016). Innervation of the rabbit cardiac ventricles. J Anat, 

228(1), 26-46. 10.1111/joa.12400 

Pennanen, C., Parra, V., Lopez-Crisosto, C., Morales, P. E., Del Campo, A., Gutierrez, T., 

et al. (2014). Mitochondrial fission is required for cardiomyocyte hypertrophy via 

a Ca2+-calcineurin signalling pathway. J Cell Sci 10.1242/jcs.139394 

Perros, F., Ranchoux, B., Izikki, M., Bentebbal, S., Happe, C., Antigny, F., et al. (2015). 

Nebivolol for improving endothelial dysfunction, pulmonary vascular remodeling, 

and right heart function in pulmonary hypertension. J Am Coll Cardiol, 65(7), 668-

680. 10.1016/j.jacc.2014.11.050 

Pesta, D., & Gnaiger, E. (2012). High-resolution respirometry: OXPHOS protocols for 

human cells and permeabilized fibers from small biopsies of human muscle. 

Methods Mol Biol, 810, 25-58. 

Pfeffer, J. M., Pfeffer, M. A., Fishbein, M. C., & Frohlich, E. D. (1979). Cardiac function 

and morphology with aging in the spontaneously hypertensive rat. Am J Physiol, 

237(4), H461-468. 

Pfeffer, M. A., Pfeffer, J. M., & Frohlich, E. D. (1976). Pumping ability of the 

hypertrophying left ventricle of the spontaneously hypertensive rat. Circ Res, 38(5), 

423-429. 

Pham, T., Loiselle, D., Power, A., & Hickey, A. J. (2014). Mitochondrial inefficiencies and 

anoxic ATP hydrolysis capacities in diabetic rat heart. Am J Physiol Cell Physiol 

10.1152/ajpcell.00006.2014 

Pham, T., Tran, K., Mellor, K. M., Hickey, A., Power, A., Ward, M. L., et al. (2017). Does 

the intercept of the heat-stress relation provide an accurate estimate of cardiac 

activation heat? J Physiol 10.1113/JP274174 

Picard, M., Taivassalo, T., Ritchie, D., Wright, K. J., Thomas, M. M., Romestaing, C., et 

al. (2011). Mitochondrial structure and function are disrupted by standard isolation 

methods. PLoS One, 6(3) 

Piccolino, M. (1998). Animal electricity and the birth of electrophysiology: the legacy of 

Luigi Galvani. Brain Res Bull, 46(5), 381-407. 

Pisano, A., Cerbelli, B., Perli, E., Pelullo, M., Bargelli, V., Preziuso, C., et al. (2016). 

Impaired mitochondrial biogenesis is a common feature to myocardial hypertrophy 

and end-stage ischemic heart failure. Cardiovasc Pathol, 25(2), 103-112. 

10.1016/j.carpath.2015.09.009 

Post, S. R., Hammond, H. K., & Insel, P. A. (1999). Beta-adrenergic receptors and receptor 

signaling in heart failure. Annu Rev Pharmacol Toxicol, 39, 343-360. 

10.1146/annurev.pharmtox.39.1.343 

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(9) 10.14814/phy2.12138 

Power, A. S., Pham, T., Loiselle, D. S., Crossman, D., Ward, M. L., & Hickey, A. J. (2016). 

Impaired ADP channeling to mitochondria and elevated reactive oxygen species in 

hypertensive hearts. Am J Physiol Heart Circ Physiol, ajpheart 00050 02016. 

10.1152/ajpheart.00050.2016 

Redout, E. M., Wagner, M. J., Zuidwijk, M. J., Boer, C., Musters, R. J., van Hardeveld, C., 

et al. (2007). Right-ventricular failure is associated with increased mitochondrial 

complex II activity and production of reactive oxygen species. Cardiovasc Res, 

75(4), 770-781. 10.1016/j.cardiores.2007.05.012 



 

 

195 

 

Rehsia, N. S., & Dhalla, N. S. (2010). Mechanisms of the beneficial effects of beta-

adrenoceptor antagonists in congestive heart failure. Exp Clin Cardiol, 15(4), e86-

95. 

Rigoulet, M., Devin, A., Espie, P., Guerin, B., Fontaine, E., Piquet, M. A., et al. (1998). 

Flux-force relationships in intact cells: a helpful tool for understanding the 

mechanism of oxidative phosphorylation alterations? Biochim Biophys Acta, 

1365(1-2), 117-124. 

Ringer, S. (1883). A further Contribution regarding the influence of the different 

Constituents of the Blood on the Contraction of the Heart. J Physiol, 4(1), 29-42 

23. 

Riva, A., Tandler, B., Loffredo, F., Vazquez, E., & Hoppel, C. (2005). Structural 

differences in two biochemically defined populations of cardiac mitochondria. Am 

J Physiol Heart Circ Physiol, 289(2), H868-872. 10.1152/ajpheart.00866.2004 

Robert, V., Gurlini, P., Tosello, V., Nagai, T., Miyawaki, A., Di Lisa, F., et al. (2001). 

Beat-to-beat oscillations of mitochondrial [Ca2+] in cardiac cells. EMBO J, 20(17), 

4998-5007. 10.1093/emboj/20.17.4998 

Rome, L. C., & Lindstedt, S. L. (1998). The Quest for Speed: Muscles Built for High-

Frequency Contractions. News Physiol Sci, 13, 261-268. 

Ross, R. S., & Borg, T. K. (2001). Integrins and the myocardium. Circ Res, 88(11), 1112-

1119. 

Rossi, A. M., Eppenberger, H. M., Volpe, P., Cotrufo, R., & Wallimann, T. (1990). Muscle-

type MM creatine kinase is specifically bound to sarcoplasmic reticulum and can 

support Ca2+ uptake and regulate local ATP/ADP ratios. J Biol Chem, 265(9), 

5258-5266. 

Rossier, B. C., Bochud, M., & Devuyst, O. (2017). The Hypertension Pandemic: An 

Evolutionary Perspective. Physiology (Bethesda), 32(2), 112-125. 

10.1152/physiol.00026.2016 

Roth, G. A., Johnson, C., Abajobir, A., Abd-Allah, F., Abera, S. F., Abyu, G., et al. (2017). 

Global, Regional, and National Burden of Cardiovascular Diseases for 10 Causes, 

1990 to 2015. Journal of the American College of Cardiology 

https://doi.org/10.1016/j.jacc.2017.04.052 

Rottenberg, H. (1984). Membrane potential and surface potential in mitochondria: uptake 

and binding of lipophilic cations. J Membr Biol, 81(2), 127-138. 

Saffitz, J. E., Davis, L. M., Darrow, B. J., Kanter, H. L., Laing, J. G., & Beyer, E. C. (1995). 

The molecular basis of anisotropy: role of gap junctions. J Cardiovasc 

Electrophysiol, 6(6), 498-510. 

Saks, V. A., Kaambre, T., Sikk, P., Eimre, M., Orlova, E., Paju, K., et al. (2001). 

Intracellular energetic units in red muscle cells. Biochem J, 356(Pt 2), 643-657. 

Saks, V. A., Khuchua, Z. A., Vasilyeva, E. V., Belikova, O., & Kuznetsov, A. V. (1994). 

Metabolic compartmentation and substrate channelling in muscle cells. Role of 

coupled creatine kinases in in vivo regulation of cellular respiration--a synthesis. 

Mol Cell Biochem, 133-134, 155-192. 

Saks, V. A., Kuznetsov, A. V., Vendelin, M., Guerrero, K., Kay, L., & Seppet, E. K. (2004). 

Functional coupling as a basic mechanism of feedback regulation of cardiac energy 

metabolism. Mol Cell Biochem, 256-257(1-2), 185-199. 

Salin, K., Villasevil, E. M., Auer, S. K., Anderson, G. J., Selman, C., Metcalfe, N. B., et 

al. (2016). Simultaneous measurement of mitochondrial respiration and ATP 

production in tissue homogenates and calculation of effective P/O ratios. Physiol 

Rep, 4(20) 10.14814/phy2.13007 

https://doi.org/10.1016/j.jacc.2017.04.052


 

 

196 

 

Schagger, H., & Pfeiffer, K. (2001). The ratio of oxidative phosphorylation complexes I-V 

in bovine heart mitochondria and the composition of respiratory chain 

supercomplexes. J Biol Chem, 276(41), 37861-37867. 10.1074/jbc.M106474200 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. 

(2012). Fiji: an open-source platform for biological-image analysis. Nat Methods, 

9(7), 676-682. 10.1038/nmeth.2019 

Schouten, V. J., & ter Keurs, H. E. (1986). The force-frequency relationship in rat 

myocardium. The influence of muscle dimensions. Pflugers Arch, 407(1), 14-17. 

Seidler, N. W., Jona, I., Vegh, M., & Martonosi, A. (1989). Cyclopiazonic acid is a specific 

inhibitor of the Ca2+-ATPase of sarcoplasmic reticulum. J Biol Chem, 264(30), 

17816-17823. 

Sepp, M., Vendelin, M., Vija, H., & Birkedal, R. (2010). ADP compartmentation analysis 

reveals coupling between pyruvate kinase and ATPases in heart muscle. Biophys J, 

98(12), 2785-2793. 10.1016/j.bpj.2010.03.025 

Severs, N. J. (1990). The cardiac gap junction and intercalated disc. Int J Cardiol, 26(2), 

137-173. 

Seyfarth, T., Gerbershagen, H.-P., Giessler, C., Leineweber, K., Heinroth-Hoffmann, I., 

Pönicke, K., et al. (2000). The Cardiac β -Adrenoceptor-G-protein(s)-adenylyl 

Cyclase System in Monocrotaline-treated Rats. Journal of Molecular and Cellular 

Cardiology, 32(12), 2315-2326. http://dx.doi.org/10.1006/jmcc.2000.1262 

Shannon, T. R., Pogwizd, S. M., & Bers, D. M. (2003). Elevated sarcoplasmic reticulum 

Ca2+ leak in intact ventricular myocytes from rabbits in heart failure. Circ Res, 

93(7), 592-594. 10.1161/01.RES.0000093399.11734.B3 

Shannon, T. R., Wang, F., & Bers, D. M. (2005). Regulation of cardiac sarcoplasmic 

reticulum Ca release by luminal [Ca] and altered gating assessed with a 

mathematical model. Biophys J, 89(6), 4096-4110. 10.1529/biophysj.105.068734 

Shao, H., Li, J., Zhou, Y., Ge, Z., Fan, J., Shao, Z., et al. (2008). Dose-dependent protective 

effect of propofol against mitochondrial dysfunction in ischaemic/reperfused rat 

heart: role of cardiolipin. Br J Pharmacol, 153(8), 1641-1649. 10.1038/bjp.2008.45 

Shen, X., Cannell, M. B., & Ward, M. L. (2013). Effect of SR load and pH regulatory 

mechanisms on stretch-dependent Ca entry during the slow force response. J Mol 

Cell Cardiol, 63C, 37-46. 10.1016/j.yjmcc.2013.07.008 

Shimamoto, N., Goto, N., Tanabe, M., Imamoto, T., Fujiwara, S., & Hirata, M. (1982). 

Myocardial energy metabolism in the hypertrophied hearts of spontaneously 

hypertensive rats. Basic Res Cardiol, 77(4), 359-357. 

Siemankowski, R. F., & White, H. D. (1984). Kinetics of the interaction between actin, 

ADP, and cardiac myosin-S1. J Biol Chem, 259(8), 5045-5053. 

Simonneau, G., Gatzoulis, M. A., Adatia, I., Celermajer, D., Denton, C., Ghofrani, A., et 

al. (2013). Updated clinical classification of pulmonary hypertension. J Am Coll 

Cardiol, 62(25 Suppl), D34-41. 10.1016/j.jacc.2013.10.029 

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, 

M. D., et al. (1985). Measurement of protein using bicinchoninic acid. Anal 

Biochem, 150(1), 76-85. 

Snelling, E. P., Seymour, R. S., Green, J. E., Meyer, L. C., Fuller, A., Haw, A., et al. (2016). 

A structure-function analysis of the left ventricle. J Appl Physiol (1985), 121(4), 

900-909. 10.1152/japplphysiol.00435.2016 

Soeller, C., & Cannell, M. B. (1999). Examination of the transverse tubular system in living 

cardiac rat myocytes by 2-photon microscopy and digital image–processing 

techniques. Circulation research, 84(3), 266-275. 

http://dx.doi.org/10.1006/jmcc.2000.1262


 

 

197 

 

Solaro, R. J., & Rarick, H. M. (1998). Troponin and tropomyosin: proteins that switch on 

and tune in the activity of cardiac myofilaments. Circ Res, 83(5), 471-480. 

Solaro, R. J., Wise, R. M., Shiner, J. S., & Briggs, F. N. (1974). Calcium requirements for 

cardiac myofibrillar activation. Circ Res, 34(4), 525-530. 

Sperelakis, N., & Rubio, R. (1971). An orderly lattice of axial tubules which interconnect 

adjacent transverse tubules in guinea-pig ventricular myocardium. J Mol Cell 

Cardiol, 2(3), 211-220. 

Srere, P. A. (1969). Citrate Synthase. Methods Enzymol, 13, 3-11. 

Starling, E. H., & Visscher, M. B. (1927). The regulation of the energy output of the heart. 

J Physiol, 62(3), 243-261. 

Stenmark, K. R., Meyrick, B., Galie, N., Mooi, W. J., & McMurtry, I. F. (2009). Animal 

models of pulmonary arterial hypertension: the hope for etiological discovery and 

pharmacological cure. Am J Physiol Lung Cell Mol Physiol, 297(6), L1013-1032. 

10.1152/ajplung.00217.2009 

Stephen, S. A. (1966). Unwanted effects of propranolol. Am J Cardiol, 18(3), 463-472. 

Stoker, M. E., Gerdes, A. M., & May, J. F. (1982). Regional differences in capillary density 

and myocyte size in the normal human heart. Anat Rec, 202(2), 187-191. 

10.1002/ar.1092020203 

Stromer, H., Palmieri, E. A., De Groot, M. C., Di Rella, F., Leupold, A., Horn, M., et al. 

(2006). Growth hormone- and pressure overload-induced cardiac hypertrophy 

evoke different responses to ischemia-reperfusion and mechanical stretch. Growth 

Horm IGF Res, 16(1), 29-40. 10.1016/j.ghir.2005.09.002 

Subramanian, S., Kalyanaraman, B., & Migrino, R. Q. (2010). Mitochondrially targeted 

antioxidants for the treatment of cardiovascular diseases. Recent Pat Cardiovasc 

Drug Discov, 5(1), 54-65. 

Sun, X. H., Protasi, F., Takahashi, M., Takeshima, H., Ferguson, D. G., & Franzini-

Armstrong, C. (1995). Molecular architecture of membranes involved in excitation-

contraction coupling of cardiac muscle. J Cell Biol, 129(3), 659-671. 

Taegtmeyer, H., & Ingwall, J. S. (2013). Creatine-a dispensable metabolite? Circ Res, 

112(6), 878-880. 10.1161/CIRCRESAHA.113.300974 

Takahashi, S., Zhao, M., & Eng, C. (1991). Isolation and characterization of insoluble 

collagen of dog hearts. Protein Expr Purif, 2(4), 304-312. 

Takasago, T., Imagawa, T., Furukawa, K., Ogurusu, T., & Shigekawa, M. (1991). 

Regulation of the cardiac ryanodine receptor by protein kinase-dependent 

phosphorylation. J Biochem, 109(1), 163-170. 

Tardiff, J. C., Hewett, T. E., Factor, S. M., Vikstrom, K. L., Robbins, J., & Leinwand, L. 

A. (2000). Expression of the beta (slow)-isoform of MHC in the adult mouse heart 

causes dominant-negative functional effects. Am J Physiol Heart Circ Physiol, 

278(2), H412-419. 

Tate, E. L., & Herbener, G. H. (1976). A morphometric study of the density of 

mitochondrial cristae in heart and liver of aging mice. J Gerontol, 31(2), 129-134. 

Tepp, K., Shevchuk, I., Chekulayev, V., Timohhina, N., Kuznetsov, A. V., Guzun, R., et 

al. (2011). High efficiency of energy flux controls within mitochondrial 

interactosome in cardiac intracellular energetic units. Biochim Biophys Acta, 

1807(12), 1549-1561. 10.1016/j.bbabio.2011.08.005 

Territo, P. R., French, S. A., Dunleavy, M. C., Evans, F. J., & Balaban, R. S. (2001). 

Calcium activation of heart mitochondrial oxidative phosphorylation: rapid kinetics 

of mVO2, NADH, AND light scattering. J Biol Chem, 276(4), 2586-2599. 

10.1074/jbc.M002923200 



 

 

198 

 

Territo, P. R., Mootha, V. K., French, S. A., & Balaban, R. S. (2000). Ca(2+) activation of 

heart mitochondrial oxidative phosphorylation: role of the F(0)/F(1)-ATPase. Am J 

Physiol Cell Physiol, 278(2), C423-435. 

Tham, Y. K., Bernardo, B. C., Ooi, J. Y., Weeks, K. L., & McMullen, J. R. (2015). 

Pathophysiology of cardiac hypertrophy and heart failure: signaling pathways and 

novel therapeutic targets. Arch Toxicol, 89(9), 1401-1438. 10.1007/s00204-015-

1477-x 

Tian, R., Nascimben, L., Ingwall, J. S., & Lorell, B. H. (1997). Failure to maintain a low 

ADP concentration impairs diastolic function in hypertrophied rat hearts. 

Circulation, 96(4), 1313-1319. 

Triposkiadis, F., Karayannis, G., Giamouzis, G., Skoularigis, J., Louridas, G., & Butler, J. 

(2009). The sympathetic nervous system in heart failure physiology, 

pathophysiology, and clinical implications. J Am Coll Cardiol, 54(19), 1747-1762. 

10.1016/j.jacc.2009.05.015 

van Oort, R. J., Garbino, A., Wang, W., Dixit, S. S., Landstrom, A. P., Gaur, N., et al. 

(2011). Disrupted junctional membrane complexes and hyperactive ryanodine 

receptors after acute junctophilin knockdown in mice. Circulation, 123(9), 979-

988. 10.1161/CIRCULATIONAHA.110.006437 

Varian, K. D., & Janssen, P. M. (2007). Frequency-dependent acceleration of relaxation 

involves decreased myofilament calcium sensitivity. Am J Physiol Heart Circ 

Physiol, 292(5), H2212-2219. 10.1152/ajpheart.00778.2006 

Velez-Roa, S., Ciarka, A., Najem, B., Vachiery, J. L., Naeije, R., & van de Borne, P. (2004). 

Increased sympathetic nerve activity in pulmonary artery hypertension. 

Circulation, 110(10), 1308-1312. 10.1161/01.CIR.0000140724.90898.D3 

Vendelin, M., Béraud, N., Guerrero, K., Andrienko, T., Kuznetsov, A. V., Olivares, J., et 

al. (2005). Mitochondrial regular arrangement in muscle cells: a “crystal-like” 

pattern. American Journal of Physiology-Cell Physiology, 288(3), C757-C767. 

Vendelin, M., Kongas, O., & Saks, V. (2000). Regulation of mitochondrial respiration in 

heart cells analyzed by reaction-diffusion model of energy transfer. Am J Physiol 

Cell Physiol, 278(4), C747-764. 

Viola, H. M., Adams, A. M., Davies, S. M., Fletcher, S., Filipovska, A., & Hool, L. C. 

(2014). Impaired functional communication between the L-type calcium channel 

and mitochondria contributes to metabolic inhibition in the mdx heart. Proc Natl 

Acad Sci U S A, 111(28), E2905-2914. 10.1073/pnas.1402544111 

Voelkel, N. F., Quaife, R. A., Leinwand, L. A., Barst, R. J., McGoon, M. D., Meldrum, D. 

R., et al. (2006). Right ventricular function and failure report of a national heart, 

lung, and blood institute working group on cellular and molecular mechanisms of 

right heart failure. Circulation, 114(17), 1883-1891. 

Wallace, D. C. (2015). Mitochondrial DNA variation in human radiation and disease. Cell, 

163(1), 33-38. 10.1016/j.cell.2015.08.067 

Wallimann, T., & Eppenberger, H. M. (1985). Localization and function of M-line-bound 

creatine kinase. M-band model and creatine phosphate shuttle 

 Cell Muscle Motil, 6, 239-285. 

Ward, M. L., Pope, A. J., Loiselle, D. S., & Cannell, M. B. (2003). Reduced contraction 

strength with increased intracellular [Ca2+] in left ventricular trabeculae from 

failing rat hearts. J Physiol, 546(Pt 2), 537-550. 

Ward, M. L., Williams, I. A., Chu, Y., Cooper, P. J., Ju, Y. K., & Allen, D. G. (2008). 

Stretch-activated channels in the heart: contributions to length-dependence and to 



 

 

199 

 

cardiomyopathy. Prog Biophys Mol Biol, 97(2-3), 232-249. 

10.1016/j.pbiomolbio.2008.02.009 

Wei, S., Guo, A., Chen, B., Kutschke, W., Xie, Y. P., Zimmerman, K., et al. (2010). T-

tubule remodeling during transition from hypertrophy to heart failure. Circ Res, 

107(4), 520-531. 10.1161/CIRCRESAHA.109.212324 

Werchan, P. M., Summer, W. R., Gerdes, A. M., & McDonough, K. H. (1989). Right 

ventricular performance after monocrotaline-induced pulmonary hypertension. Am 

J Physiol, 256(5 Pt 2), H1328-1336. 

Werner, C., Lunkenbein, A., Schrepper, A., Doenst, T., & Schwarzer, M. (2017). Pressure 

Overload Selectively Increases ROS Formation in Interfibrillar Rat Heart 

Mitochondria. The Thoracic and Cardiovascular Surgeon, 65(S 01), OP202. 

Wettschureck, N., Rutten, H., Zywietz, A., Gehring, D., Wilkie, T. M., Chen, J., et al. 

(2001). Absence of pressure overload induced myocardial hypertrophy after 

conditional inactivation of Galphaq/Galpha11 in cardiomyocytes. Nat Med, 7(11), 

1236-1240. 10.1038/nm1101-1236 

Whyte, K., Wasywich, C., & Chapman, P. (2001). Pulmonary Arterial Hypertension. 

Research Reviews 

Williams, G. S., Boyman, L., Chikando, A. C., Khairallah, R. J., & Lederer, W. J. (2013). 

Mitochondrial calcium uptake. Proc Natl Acad Sci U S A, 110(26), 10479-10486. 

10.1073/pnas.1300410110 

Wootton, L. L., & Michelangeli, F. (2006). The effects of the phenylalanine 256 to valine 

mutation on the sensitivity of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 

(SERCA) Ca2+ pump isoforms 1, 2, and 3 to thapsigargin and other inhibitors. J 

Biol Chem, 281(11), 6970-6976. 10.1074/jbc.M510978200 

Wust, R. C., de Vries, H. J., Wintjes, L. T., Rodenburg, R. J., Niessen, H. W., & Stienen, 

G. J. (2016). Mitochondrial complex I dysfunction and altered NAD(P)H kinetics 

in rat myocardium in cardiac right ventricular hypertrophy and failure. Cardiovasc 

Res, 111(4), 362-372. 10.1093/cvr/cvw176 

Wust, R. C., Helmes, M., Martin, J. L., van der Wardt, T. J., Musters, R. J., van der Velden, 

J., et al. (2017). Rapid frequency-dependent changes in free mitochondrial calcium 

concentration in rat cardiac myocytes. J Physiol, 595(6), 2001-2019. 

10.1113/JP273589 

Wust, R. C., Helmes, M., & Stienen, G. J. (2015). Rapid changes in NADH and flavin 

autofluorescence in rat cardiac trabeculae reveal large mitochondrial complex II 

reserve capacity. J Physiol, 593(8), 1829-1840. 10.1113/jphysiol.2014.286153 

Xydas, S., Kherani, A. R., Chang, J. S., Klotz, S., Hay, I., Mutrie, C. J., et al. (2006). 

beta(2)-Adrenergic stimulation attenuates left ventricular remodeling, decreases 

apoptosis, and improves calcium homeostasis in a rodent model of ischemic 

cardiomyopathy. J Pharmacol Exp Ther, 317(2), 553-561. 

10.1124/jpet.105.099432 

Yaniv, Y., Juhaszova, M., Nuss, H. B., Wang, S., Zorov, D. B., Lakatta, E. G., et al. (2010). 

Matching ATP supply and demand in mammalian heart. Annals of the New York 

Academy of Sciences, 1188(1), 133-142. 10.1111/j.1749-6632.2009.05093.x 

Yaniv, Y., Juhaszova, M., Wang, S., Fishbein, K. W., Zorov, D. B., & Sollott, S. J. (2011). 

Analysis of mitochondrial 3D-deformation in cardiomyocytes during active 

contraction reveals passive structural anisotropy of orthogonal short axes. PLoS 

One, 6(7), e21985. 10.1371/journal.pone.0021985 

Yoshie, H., Tobise, K., & Onodera, S. (1994). Intraventricular changes in the beta-

adrenoceptor-adenylate cyclase system of the rat heart with the progress of 

monocrotaline-induced right ventricular hypertrophy. Jpn Circ J, 58(11), 855-865. 



 

 

200 

 

Yount, R. G., Ojala, D., & Babcock, D. (1971). Interaction of P--N--P and P--C--P analogs 

of adenosine triphosphate with heavy meromyosin, myosin, and actomyosin. 

Biochemistry, 10(13), 2490-2496. 

Zimmerman, W. H. (2011). Tissue Engineered Myocardium. In A. Gefen & R. Aviv (Eds.), 

Myocardial Tissue Engineering (Vol. 6, pp. 111-132). Heidelberg: Springer. 

Zukiene, R., Nauciene, Z., Ciapaite, J., & Mildaziene, V. (2010). Acute temperature 

resistance threshold in heart mitochondria: Febrile temperature activates function 

but exceeding it collapses the membrane barrier. Int J Hyperthermia, 26(1), 56-66. 

 


	coversheet.pdf
	General copyright and disclaimer


