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I. Synopsis 
  

Ischaemic heart disease (IHD) remains a leading cause of global morbidity and 

mortality, with persistent prevalence in Western populations, and a growing incidence 

in the developing world. Myocardial ischaemic injury is alleviated through surgical 

intervention, detrimentally exposing the heart to reperfusion injury. This inevitable and 

paradoxical injury has driven a field of cardioprotective research aimed at limiting cell 

death, enhancing standard reperfusion protocols and improving long-term patient 

outcomes from ischaemia/reperfusion (I/R) injury. Despite promising laboratory results, 

clinical translation of cardioprotective interventions remains an unrealised goal. 

Notably, age, co-morbidities and chronic pharmacotherapy negatively influence the 

efficacy of cardioprotective interventions aimed at limiting I/R injury. Thus, effective 

interventions that reduce myocardial I/R injury in the settings of ageing and disease are 

fundamental. Based upon this fundamental premise, this doctoral project investigates a 

novel opioid therapy termed sustained ligand-activated preconditioning (SLP). Previous 

work demonstrated that SLP is superior to conventional cardioprotection through 

engagement of alternative signalling pathways, and exhibits potent and prolonged 

efficacy in young to aged hearts. Studies executed in this doctorate aimed to further 

delineate the specific mechanisms involved in generation of the protected SLP 

phenotype, and determine the clinical utility of SLP using other relevant models of 

disease and chronic pharmacotherapy.   

 

Studies within Chapter 3 of this thesis explore the proteomic and functional 

changes associated with the induction phase of the SLP phenotype, specifically, the 

time during which the preconditioning stimulus is applied. Previous studies implicated 

the β-adrenergic system and PI3K pathway involvement in SLP. Thus, studies in 

Chapter 3 investigate proteomic changes to β2-AR pathway components (β2-AR, Gas, 

PKA) and PI3K control/involvement in SLP signalling. Specific changes to the β2-

AR/Gas/PKA signalling elements induced by SLP warranted cardiac assessment of 

functional sensitivities to β2-AR and downstream adenylyl cyclase (AC) in SLP hearts. 

Despite significant proteomic alterations to β2-AR/Gas/PKA components during SLP 

induction, consistent with potentially enhanced functionality, this did not translate to 
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altered functional sensitivity to pathway activation. Furthermore, changes to Akt 

expression and the effects of PI3K inhibition upon SLP were complex and require 

additional examination.  

 

Significant changes to membrane signalling components identified in Chapter 3, 

in conjunction with previous (unpublished) observations that SLP improves membrane 

caveolar density (in addition to ischaemic tolerance) in the aged heart, led to 

investigation of the role of membrane microdomains in the SLP phenotype. Studies 

within Chapter 4 of this project investigate the dependence of SLP protection upon 

membrane microdomains, specifically cholesterol and caveolae. Pharmacological 

disruption of caveolae by membrane cholesterol depletion demonstrated that SLP is 

sensitive to extensive membrane cholesterol removal. Additional studies in transgenic 

mouse models of caveolin-3 knockout and overexpression however revealed that SLP 

protection is mediated independently of caveolin-3/caveolae, and that protection is 

additive with caveolin-3 overexpression. These features further distinguish novel SLP 

from conventional cardioprotective interventions, and may explain its efficacy in 

settings where other stimuli fail. 

 

The ability of SLP to improve tolerance to I/R injury in the aged heart, coupled 

with its caveolin-3 independence (with caveolin-3/caveolar depletion potentially 

impairing both ischaemic tolerance and sensitivities to conventional cardioprotection), 

warranted further interrogation of SLP in other clinically relevant models. Thus, studies 

within Chapter 5 investigate the efficacy of SLP in a model of type II diabetes mellitus. 

Interestingly, SLP effectively reversed the diabetic phenotype within 5 days, and 

substantially improved mitochondrial function and myocardial tolerance to I/R injury.  

 

The aged and co-morbid populations suffering significantly from IHD are often 

undergoing chronic pharmacotherapy to manage both IHD and co-morbidity symptoms. 

Hypertension is an important risk factor for IHD, commonly managed through use of β-

blocker therapy. Studies within Chapter 6 interrogate the efficacy of SLP (in 

comparison to conventional ischaemic preconditioning) in a model of chronic β-

blockade using the widely prescribed β1-blocker atenolol. It was found that while both 
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ischaemic preconditioning and SLP are effective in healthy hearts, IPC lost its 

protective effects in the presence of chronic atenolol treatment, while SLP retained its 

potent efficacy. Thus, SLP again exhibits superior protective properties, retaining 

efficacies under situations in which other widely studied and trialled stimuli fail. 

The various features of the SLP phenotype that have been identified in this 

doctoral project, coupled to the potent efficacy of SLP in relevant models of disease and 

chronic pharmacotherapy further distinguish SLP from conventional cardioprotective 

interventions. These novel features highlight SLP as a potent cardioprotective therapy 

worthy of additional work to fully comprehend its superior features and mechanisms, 

and potentially identify novel targets that may circumvent the detrimental impacts of 

age and disease in settings of I/R injury.  
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Chapter 1: Literature Review 

1. INTRODUCTION

Cardiovascular disease (CVD) continues to be the leading cause of death 

worldwide, responsible for 33% of all deaths, with 50% of these attributed specifically 

to coronary artery disease [1]. Hyperlipidaemia, glucose intolerance, hypertension, 

physical inactivity, and tobacco smoking remain prevalent risk factors for CVD [1]. 

These risk factors can be managed and prevented through strategic lifestyle, 

pharmacological and surgical interventions [2, 3].  

An acute myocardial infarction (AMI) develops from complete or partial 

occlusion of the coronary artery, leading to deprivation of oxygen and substrate delivery 

to a region of the heart, coupled with reduced washout of toxic by-products. This 

ischaemic event is characterised by insufficient energy, substrate and oxygen available 

to meet the demands of the myocardium for normal function (effects worsened by 

reduced tissue washout of ions/metabolites). The myocardium can only be salvaged by 

restoration of blood flow to re-establish substrate and oxygen delivery, termed 

reperfusion [4]. Clinical reperfusion is achieved via primary percutaneous coronary 

intervention (PCI) or thrombolysis [5]. Importantly, whilst essential, reperfusing 

ischaemic myocardium is not without detriment to the heart, inducing paradoxical 

'reperfusion injury'. Reperfusion injury is now a widely accepted phenomenon, initially 

proposed by Jennings et al. in 1960, describing myocardial injury and cell death that is 

induced specifically by reperfusion of occluded vessels [4, 6]. Since both ischaemia, 

and subsequent and essential reperfusion both damage the heart, a field of 

cardioprotective research has evolved aimed at clinically combating ischaemia-

reperfusion (I/R) injuries [3].  

Cardioprotective therapy (or adjunctive cardioprotection) aims to limit cell death 

and dysfunction, improving conventional reperfusion strategies and enhancing short- 

and long-term outcomes from accidental (eg. AMI) or surgical ischaemic episodes [3, 7, 

8]. A variety of strategies have been assessed, with early studies of adrenoceptor 

modulation, adenosine receptor agonism, glucose-insulin-potassium related strategies 

(among others) providing some initially encouraging findings regarding the potential to 

experimentally modify extent and progression of cellular damage during I/R [9-12]. 
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More recently, so-called 'conditioning' stimuli have been identified and heavily studied. 

Murry and colleagues initially discovered the ischaemic preconditioning (IPC) 

phenomenon in 1986, and since then an array of potential cardioprotective strategies 

have been studied and trialled, notably pre- and postconditioning stimuli that employ 

brief cycles of I/R (or pharmacological mimetics) prior to or following ischaemia to 

protect the heart [3, 13]. Such conditioning interventions may also be applied remotely 

(eg. in other organs) to transduce protection to the diseased heart. Research continues to 

uncover varied signalling mechanisms that improve the stress-resistance of myocardial 

tissue and that involved in cardioprotection [3, 9-11, 14-25].  

Unfortunately, although many cardioprotective strategies have shown great promise in 

laboratory settings, essentially all have failed in clinical translation. This failure has 

been attributed to the negative influences of age, disease and chronic pharmacotherapy, 

among other relevant factors [3, 11, 26, 27]. Importantly, these inhibitory factors are 

common among the target population that requires effective cardioprotective strategies; 

therefore strategic studies to improve clinical efficacies are critical [3, 28]. One strategy 

that shows considerable potential is the novel sustained ligand-activated preconditioning 

(SLP) phenomenon, a unique phenotype involving potent and prolonged protection in 

young to aged myocardium induced by several days of δ-opioid receptor (δ-OR) 

agonism [29]. Relatively little is known regarding the mechanisms and clinical utility of 

this novel protective stimulus, with further research required to characterise the 

response, unravel its mechanistic basis, and assess its potential efficacy as a 

cardioprotectant under clinically relevant conditions.  

 

2. CARDIAC ISCHAEMIA 
	  

 The World Health Organisation lists CVD as the leading cause of death 

worldwide, comprising several diseases including ischaemic heart disease (IHD), 

rheumatic heart disease, congenital heart disease, aortic aneurysm, deep vein 

thrombosis, stroke and inflammatory heart disease. Ischaemic heart disease (also termed 

coronary artery disease) involves reduced perfusion of diseased coronary arteries, 

ultimately inducing injurious myocardial ischaemia and causing 7 million deaths per 

year. This renders IHD the largest contributor to CVD globally [30].  
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2.1 Effects of Ischaemia	  

Myocardial ischaemia is defined as an imbalance between blood and oxygen 

supply relative to consumption, due to occluded coronary arteries. Consequently, the 

metabolic and energetic demands of the cell are no longer met [4]. Ischaemia induces an 

array of metabolic, energetic, ionic, enzymatic, and osmotic changes that induce 

significant cardiac damage, culminating in cell death. Generally, these alterations are 

either directly or indirectly related to diminished oxygen and substrate supply, and the 

accumulation of ischaemic metabolites exacerbated by low flow [4]. The degree of 

ischaemic damage sustained by the myocardium is determined by the severity or 

duration of ischaemia, and the innate ability of the heart to withstand injury due to 

anatomical, functional and energetic/ionic adaptations [3, 8]. 

2.1.1 Metabolic changes:  During ischaemia, anaerobic glycolysis prevails as the 

main source of adenosine triphosphate (ATP) for the heart. The rate of glycolysis falls 

and continues at a slow rate due to a rise in intracellular pH (pHi) and a high 

sarcoplasmic NADH2/NAD ratio. Due to diminished blood flow, glucose delivery 

decreases, and glycogen becomes the main fuel source in the ischaemic heart. 

Conversion of glycogen into energy leads to a dramatic accumulation of lactate that 

cannot be degraded in the absence of oxygen, and slowly leaks into the systemic 

circulation [4, 8, 31]. Prolonged severe ischaemia is associated with a low or absent 

sarcoplasmic ATP concentration. Collectively, acidosis (and lactate), NADH2 and 

reduced ATP block the activities of the key enzymes phosphofructokinase (PFK) and 

glyceraldehyde phosphate dehydrogenase (GAPDH) [4, 31].  

2.1.2 Accumulation of metabolic by-products:  Ischaemia is not only injurious as 

a result of reduced blood delivery, but as a result of reduced tissue washout. The 

metabolic changes within ischaemic myocardium lead to dramatic accumulation of 

small molecules and ions (eg. inorganic phosphate, creatine, lactate, NH3, H+, K+) that 

collectively generate a profound osmotic load. The osmotic load is thus promoted by 

degradation of creatine phosphate to maintain cytosolic ATP levels [4], ATP catabolism 

to adenosine, inosine, hypoxanthine and xanthine [32], and glycogen metabolism to 

lactate  [4, 33]. The lack of blood flow and insufficient extracellular fluid act to initially 

prevent dramatic cell swelling and related detrimental consequences. Several cell types, 

including myocytes, attempt to balance the osmotic gradient by reducing intracellular 
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K+ content. However, this extrusion of K+ subsequently contributes to electrical changes 

and arrhythmias observed during reperfusion [4].  

 2.1.3 Energetic changes:  During ischaemia, oxygen depletion leads to 

inhibition of the electron transport chain and oxidative phosphorylation. Initially, ATP 

is provided from anaerobic glycolysis and the re-phosphorylation of adenosine 

diphosphate (ADP) by phosphocreatine under the influence of creatine kinase. 

However, this is transient and as ischaemia progresses, levels of creatine phosphate (a 

source of phosphate necessary for ADP phosphorylation) diminish, as does glycolytic-

derived ATP [4]. Within mitochondria, the F1F0ATP synthase switches from generating 

ATP to consuming ATP. Consequently, intracellular ATP concentrations fall, and H+ 

and ADP increase. The protons are pumped from the mitochondrial matrix to the inter-

membrane space, contributing to a state of intracellular acidosis [4]. 

 2.1.4 Ionic and enzymatic changes:  The fall in pHi during ischaemia effectively 

dampens metabolic and energetic rates so that damaging changes occur at a slower pace 

within ischaemic cells. However, myocardial intracellular acidosis increases the 

exchange of extracellular Na+ for intracellular H+, promoting substantial Na+ inflow and 

overload. The decline in ATP triggers inactivation of ATPases, including the Na+/K+ 

ATPase pump, further amplifying Na+ accumulation within the cardiomyocyte. In 

response, ‘reverse’ activation of the Na+/Ca2+ exchanger replaces intracellular Na+ with 

Ca2+, contributing to Ca2+ overload [4, 8, 31, 34, 35]. The sarcoplasmic reticulum Ca2+-

ATPase (SERCA) pump is also inhibited, further contributing to a robust increase in 

intracellular Ca2+ [35].  Nucleases, phospholipases and proteases are activated by the 

rise in cellular Ca2+, and generate extensive membrane damage [4, 15, 34, 35].   

 

3. CARDIAC REPERFUSION  
	  

 The injury sustained from reperfusion following ischaemia contributes to 

approximately 10% of death rates and 25% of the cardiac failure incidence rates after 

AMI, despite surgical intervention and effective reperfusion [34, 36]. Reperfusion, 

involving restoration of oxygen, substrate and ion deliveries, is absolutely vital for 

salvage of the ischaemic myocardium. However, it has been described by Braunwald 

and Kloner as a ‘a double-edged sword’, as it can cause and potentiate injury beyond 
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that induced by the preceding ischaemia, culminating in the death of potentially viable 

tissue [15, 34, 37, 38] - hence reference to a 'reperfusion paradox'.  

Reperfusion encompasses a complex cascade of events that contribute to reversible and 

irreversible forms of damage to the myocardium.  The adverse consequences of 

reperfusion include Ca2+ overload, reduced nitric oxide (NO) production, loss of 

membrane integrity, excessive ROS production and cell swelling [4, 8, 31, 34, 37-39]. 

Restoration of energy generation also allows execution of energy-dependent apoptotic 

processes initially triggered by prior ischaemia. Although necessary, it is thus evident 

that reperfusion is also injurious. Ischaemia-reperfusion injury therefore involves inter-

related injury processes generated during ischaemia itself, and upon restoration of 

coronary blood flow following prolonged ischaemia [8, 34, 37]. 

3.1 Clinical Manifestations 

In the clinical setting, reperfusion of the occluded coronary artery is followed by 

four types of cardiovascular abnormality: microvascular dysfunction, myocardial 

stunning, ventricular arrhythmias, and lethal reperfusion injury (infarction).  

Microvascular dysfunction occurs in response to oedema, oxidative stress, 

endothelial dysfunction and obstruction. The myocardial microvasculature can remain 

obstructed after prolonged ischaemia, despite reopening of the obstructed coronary 

artery, termed the ‘no-reflow phenomenon’ [40]. The risk of myocardial infarction, 

myocardial rupture and death are drastically increased by this phenomenon [41]. 

First described in 1982, 'myocardial stunning' reflects a reversible deficit in 

myocardial contractile recovery, and has been defined as ‘the mechanical dysfunction 

that persists after reperfusion despite the absence of irreversible damage and despite 

restoration of normal or near-normal flow’ [42, 43]. Whilst mechanistic aspects remain 

unclear, the imbalance of excess oxygen consumption coupled to poor contractile 

efficiency at the beginning of reperfusion, modifications to contractile proteins, poor 

Ca2+ handling, and oxidative stress may all contribute to this reversible form of injury 

[31, 43]. 

Myocardial reperfusion is commonly associated with ventricular arrhythmias 

triggered by major shifts in ion handling, and potentially inducing sudden death and 
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circulatory collapse [4, 34, 39, 44]. Due to the extrusion of K+ in response to increased 

osmotic load, accumulation of extracellular K+ may contribute to electrical dysfunction 

and impaired action potential propagation in the reperfused heart [4]. It has also been 

suggested that arrhythmias may develop from Ca2+ overload and acidosis, leading to 

intercellular electrical uncoupling. The effect of Ca2+ on calmodulin activation to close 

the connexin-43 gap junction channel inhibits potentiation of membrane depolarisation 

between all cardiomyocytes [35, 45]. Research investigating antioxidants as 

cardioprotective agents has uncovered a potential role for reactive oxygen species 

(ROS) in the development of ventricular arrhythmias [41, 46]. Fortunately, research has 

unmasked a variety of treatments successful in managing these arrhythmic disorders 

[35, 41, 44].  

Lethal reperfusion injury and its consequences remains a polarising topic, 

however it is appreciated that up to 50% of final myocardial infarct size is generated by 

reperfusion injury per se [34, 39]. Some believe it exists as an injury distinct from that 

caused by prolonged ischaemia, others believe reperfusion injury simply intensifies the 

damage sustained during ischaemia [47]. They are of course intimately linked, since 

initial ischaemia establishes the changes that lead to reperfusion-dependent damage. 

Regardless, there are clear mediators of reperfusion injury that contribute to irreversible 

tissue damage and death, including mitochondrial permeability transition pore (mPTP) 

opening, Ca2+ overload, oxidative stress, local inflammatory responses, rapid pH 

restoration, and metabolic disorder [8, 34, 39, 48, 49]. 

 

3.2 Cardiomyocyte Injury and Death in Reperfusion 

 A multiplicity of factors contribute to cell damage and death in I/R, ranging 

from energetic and ionic disturbances, mitochondrial dysfunction, oxidative stress, and 

apoptotic signalling. Dysfunction precedes death, and a key goal in the clinical realm is 

to delay the time to this transition to irreversibility (ie. cell death). Several of the more 

important factors dictating cell injury are discussed below. 

3.2.1 mPTP opening:  The mPTP is a non-selective conductance channel found 

in the inner mitochondrial membrane, linking the mitochondrial matrix to the cytosol, 

which remains closed under normal physiological conditions [15, 34, 50]. As the 

energy-producing organelle of the cell, damage to this integral centre is highly 
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detrimental. In the event of ischaemia, the mPTP remains closed in part due to the low 

pH created during ischaemia. Opening of the channel at reperfusion occurs in response 

to excess Ca2+, ROS, ATP depletion and physiological pH restoration. Channel opening 

leads to disruption of the electron transport chain, dissipation of the mitochondrial 

membrane potential and mitochondrial swelling, followed by eventual apoptosis or 

oncosis of the cell. This channel is highlighted as a critically important determinant of 

reperfusion injury [8, 34, 48, 49, 51].  

 3.2.2 Impaired Ca2+ handling:  Myocyte Ca2+ handling is severely impaired 

during reperfusion and Ca2+ overload is further potentiated due to Ca2+-induced Ca2+ 

release from the dysfunctional sarcoplasmic reticulum. The eventual rise in ATP upon 

oxygen restoration, in addition to excess intracellular Ca2+, contributes to 

cardiomyocyte hyper-contracture and membrane destruction [8, 35]. Mitochondria also 

accumulate Ca2+, representing an initial buffer to cellular Ca2+ changes, however this is 

ultimately detrimental and contributes to mPTP opening [38, 39].    

 3.2.3 Oxidative stress:  Reperfusion is a potent stimulus for ROS generation and 

subsequent oxidative stress in cardiomyocytes. Robust ROS generation occurs in 

response to restoration of mitochondrial energy production during reperfusion. Under 

normal physiological conditions, the catalytic conversion of superoxide by superoxide 

dismutase (SOD) reduces oxidative stress. In reperfusion injury superoxide production 

outweighs SOD activity, and consequently these ROS are converted to more injurious 

hydroxyl radicals. Hydroxyl radicals destroy cytosolic and membrane structures, 

channel proteins and enzymes [8, 31]. Despite a controversial role in reperfusion injury, 

the generation of ROS has been shown to induce mPTP opening and reduce the 

bioavailability of cardioprotective NO [34, 39, 51]. Nitric oxide protects the 

myocardium through inactivation of superoxide radicals and activation of cellular 

cGMP/PKG signalling, improving coronary flow and inhibiting inflammatory cell 

activation/accumulation [8, 20, 52]. 

3.2.4 Inflammatory response:  Local inflammation of reperfused myocardium is 

mediated largely by neutrophil activation in response to a fall in NO. Chemoattractants 

are released after AMI and facilitate neutrophil accumulation in the infarcted area 

within the first 6 hours of reperfusion. Over the next 24 hours, neutrophils migration 

into the myocardial tissue is promoted by cell-adhesion molecules such as P-selectin, 

CD11, CD18 and ICAM-1. This inflammatory response augments reperfusion injury 
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through the release of degradative enzymes and ROS, and mediation of vascular 

plugging [31, 34, 53].  

3.2.5 Cardiac cell death:  Finally, the myocardium succumbs to the damaging 

changes induced by ischaemia and reperfusion, and cardiomyocytes undergo cell death. 

The development of an infarct in the myocardium represents irreversible damage and 

predominantly oncotic forms of cell death. Apoptosis and oncosis involve distinct 

pathways activated by changes during ischaemia and subsequent reperfusion. Apoptosis 

or programmed cell death is ATP-dependent and characterised by chromatin 

condensation, cell shrinkage, fragmentation into membrane-enclosed bodies, and 

phagocytic elimination by macrophages or neighbouring cells [8, 54]. Harmful 

inflammatory responses are circumvented by the prompt removal of apoptotic cells. 

Apoptosis is primarily destined in cells that undergo outer mitochondrial membrane 

permeabilisation and release of pro-apoptotic mediators, triggered by robust Ca2+ 

overload and successive activation of the caspase effector cascade [8, 54].  

Conversely, oncosis is ATP-independent and has been considered un-regulated 

(though it is now emerging that this process of death may also involve specific 

regulation steps). Oncotic cells exhibit poorly controlled ATP generation and 

expenditure, lose membrane integrity, exhibit cellular and organelle swelling and 

rupture, and degradation of intracellular proteins. The extent and duration of de-

energisation may be a key switch governing the path of death via either apoptotic 

processes (with moderate or short-lived insult) or oncosis (with severe or prolonged 

insult). Oncosis in response to extensive cellular and mitochondrial dysfunction is 

associated with significant inflammation [54]. A defining factor in cell oncosis is the 

opening of mPTP, induced by DNA cleavage by ROS, hypercontracture, and protease 

activation (both due to Ca2+ overload) [8, 54]. An infarct (dead tissue) develops in 

response to these processes, with the central ischaemic region dominated by oncotic 

death, while apoptosis may prevail in surrounding at-risk tissue and the ischaemic 

infarct border [8].  

This complex cascade of inter-related metabolic, inflammatory and biochemical 

processes within cardiomyocytes mediates reperfusion injury and eventual cell death. 

Ultimately, they determine the cardiac ultrastructural and remodelling changes elicited 

by myocardial infarction, and localised functional impairment [34, 39]. An extensive 

field of cardioprotective research has evolved to understand and potentially manipulate 
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these detrimental consequences of I/R. 

4. CARDIOPROTECTION

Global and Australian populations are significantly impacted by progressive and 

persistent IHD, which remains the leading cause of death worldwide and will remain so 

for at least the next two decades according to the World Health Organisation [3]. This 

persistent impact arises despite the fact that IHD (and other major chronic diseases such 

as diabetes and cancer) are largely preventable, with one study estimating modifiable 

lifestyle and environmental factors are responsible for 82% of coronary artery disease in 

American women [55]. Not only IHD prevalence, but also myocardial ischaemic 

tolerance, is influenced by factors such as exercise and caloric intake, temperature, and 

prior disease history, together with intrinsic resistance to injurious features of I/R [3, 4, 

8].  

Beyond preventative measures to limit the incidence of AMI, there remains one 

(essential) therapeutic option when the disease culminates in coronary ischaemia and 

AMI - early reperfusion with thrombolytic or primary percutaneous coronary 

interventions.  While reperfusion therapy is necessary and can be highly efficacious, 

temporal delays markedly impair efficacy, and there remains considerable variability in 

outcomes [34]. One-in-two AMI patients receiving early reperfusion (within an optimal 

30-90 min of symptoms) will have 50% of their myocardial area-at-risk salvaged from

death. More critically, despite early reperfusion, one-in-four AMI patients still suffer

~75% infarction. Morbidity and mortality rates rise once damage passes a threshold of

20% infarction, and the aforementioned statistics sit well above this key threshold [27].

In addition, case studies in the US have shown that on average, patients suffering AMI

do not receive reperfusion therapy until 4-5 hours after symptom onset, significantly

longer than the ideal 30-90 mins. It is clear that adjunctive cardiac therapeutic strategies

to counter these alarming statistics and prevent the reversible and reversible damage

associated with I/R injury are needed.

It was initially proposed in 1971 that damage sustained by the myocardium in 

response to I/R could be therapeutically manipulated [56]. Following this novel idea, 

research progressed gradually at a slow pace, until the discovery of preconditioning in 
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1986. Murray and colleagues demonstrated that brief, intermittent periods of ischaemia 

and reperfusion showed a remarkable ability to improve post-ischaemic recovery in a 

canine in vivo model of I/R, and the phenomenon was dubbed ischaemic 

preconditioning (IPC) [13]. This discovery and the potency of this phenomenon 

invigorated the scientific field, and research into cardioprotective therapies expanded, 

examining preconditioning-activated signalling mechanisms in an attempt to harness 

and exploit their protective effects. The ability to harness protection in an ischaemic 

model is not limited to preconditioning, with more clinically relevant postconditioning 

conferring myocardial protection at or after reperfusion. Although a potent protective 

stimulus, the clinical application of preconditioning stimuli remains limited to situations 

of predictable I/R, such as cardiac surgery [3, 8, 57, 58]. Management of AMI requires 

therapies effective when applied after ischaemia and during reperfusion. 

 

4.1 Clinically Appropriate Conditioning Therapies  

Observations of cardioprotective phenotypes induced in response to sub-lethal 

stressors have generated an explosion of interest in harnessing such phenomena to 

improve myocardial resistance to AMI. Clinical reperfusion remains the sole means of 

reducing cardiac damage, yet there have been remarkable experimental advances in 

manipulating the cardioprotective state to complement reperfusion interventions [3].  

In 1993, Przyklenk and colleagues identified the ability to protect remote or 

'virgin' myocardium by intermittent circumflex branch occlusion in dogs - a precursor to 

'remote ischaemic preconditioning' [59]. Remote preconditioning, involving remote 

intermittent vessel occlusion in a tissue/organ remote from the target organ (ie. heart) 

induces a protected phenotype resistant to cardiac I/R injury. Acting via neural, humoral 

and systemic pathways that converge on mitochondrial targets, this technique presents 

an improved option to access the pool of protective stimuli whilst avoiding added 

myocardial stress via transient ischaemic insult [3, 60, 61].  

Postconditioning is a more clinically relevant option for improving AMI 

outcomes as it is initiated at or during reperfusion and can thus be used at the time of 

surgical intervention. Postconditioning has the potential to activate potent protection via 

survival kinase signalling cascades in a more temporally useful manner [3]. Extensive 

research into pre- and postconditioning responses has uncovered several potential 
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candidates for pharmacological conditioning in the absence of additional I/R stress. In 

the laboratory, many such candidates have proven successful at reducing myocardial 

injury, including GPCR (G-protein coupled receptors) agonists (eg. Adenosine, opioids, 

bradykinin) [29, 62, 63], kinase modulators [64-66] and ion channel openers/modulators 

[66-68].  

 

4.2 Common Cytoprotective Signalling Pathways  

 Cardioprotection via preconditioning, postconditioning, and related 

pharmacological agents appear to involve common mediators and signalling pathways, 

particularly involvement of so-called reperfusion injury salvage kinase (RISK) 

components converging on key mitochondrial targets - the mPTP and KATP channels 

[21]. Endogenously released or experimentally applied GPCR agonists such as 

adenosine, opioids, noradrenaline or bradykinin initiate preconditioning via binding to 

respective GPCRs [3, 8, 69]. These receptors are linked to G-proteins, consisting of Gα 

and Gβγ subunits. The Gα subunit has three different subtypes: Gs (positive regulator), 

Gi/o (negative regulator), and Gq (activator of phospholipase C) [8]. This receptor 

engagement triggers downstream pro-survival signalling involving PKC, ERK1/2 and 

Akt/phosphatidylinositol 3-kinase (PI3K). Recent work [70] also suggests a critical role 

for GPCR transactivation of growth factor receptors in such protective responses, which 

may reconcile the fact that beneficial/protective PI3K isoforms appear specifically 

linked to growth factor receptors rather than GPCRs. It is also important to highlight 

that these varied and inter-related conditioning and GPCR/growth factor mediated 

responses are highly dependent upon membrane makeup and microdomains, 

particularly caveolae and associated caveolins [71-73]. Thus, initiation of 

cardioprotection is highly dependent upon caveolae and caveolin-3, and caveolins may 

also play a key role in transduction of protective effects to the mitochondria [25]. 

Activation of these kinase pathways may confer protection through regulation of diverse 

effectors, including pro- (Bax, Bad) and anti-apoptotic (Bcl-2 and P70s6K) elements, 

eNOS activity and subsequent NO release, glucose uptake, Ca2+ overload inhibition, 

phosphorylation and inactivation of GSK3β, modulation of autophagy, and inhibition of 

mPTP and activation of mitochondrial KATP channels (mitoKATP). Additionally, the 

production of ROS is implicated in the activation of p38 MAPK and JAK/STAT 

pathways that also confer protection [3, 8, 39, 58, 69]. A summary of these signalling 
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pathways is provided in Figure 1.1. Postconditioning shares many common signalling 

elements, though the underlying mechanisms are less well understood. Research 

suggests the postconditioning pathway involves Akt/PI3K, ERK1/2, PKC, eNOS 

activation, PKG, GSK3β inhibition, mPTP inhibition and mitoKATP activation [3, 8, 39, 

58]. Ischaemic tolerance induced with postconditioning is reportedly associated with 

reduced inflammation, oxidative stress, Ca2+ accumulation and preservation of 

endothelial function [74-76], among other benefits.  

Figure 1.1. Basic signalling mechanisms involved in conventional preconditioning 

and novel SLP. Generalised signalling scheme for conventional preconditioning (eg. 

via acute opioid or adenosine receptor activation) versus novel sustained ligand opioid-

dependent cardioprotection (in box). Conventional preconditioning involves activation 

of the RISK pathway, ROS production, MAPKs (ERK, p38), JAK-STAT signals, 

converging upon mitochondrial targets to induce protection. Sustained ligand-activated 

preconditioning with opioids appears to share common ‘acute’ signalling elements 

(PI3K) during the induction phase of the phenotype [24]. 

4.2.1 Caveolae and cardioprotection: The initiation and transduction of these 

varied cardioprotective signals, from sarcolemmal receptors to intracellular or 
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mitochondrial targets, is reliant upon the membrane micro-environment, and 

particularly caveolae and associated caveolins. Patel and colleagues originally provided 

evidence for an essential role of membrane caveolae, and associated caveolin-1 and 

caveolin-3 in IPC and opioid-mediated protection in adult rat cardiomyocytes. Acute δ-

OR agonism and IPC fail to elicit protection in cardiomyocytes subjected to caveolar 

disruption with methyl-β-cyclodextrin (MβCD). Protective responses were restored 

when caveolae were replenished with cholesterol. Importantly, this work also showed 

that myocyte δ-ORs were co-localised with caveolin-3 [77].  

Tsutsumi et al. recently confirmed that acute δ-OR preconditioning in an in vivo 

mouse model, is caveolin-3 dependent [78].  Caveolin-3 knockout mice are devoid of 

both caveolin-3 and structural caveolae, whereas caveolin-1 knockout contain 

structurally identifiable caveolae [79, 80]. Studies using these mice indicate caveolin-3 

and caveolin-1 proteins, but not caveolae, are essential to acute preconditioning via 

volatile anaesthetics (eg. isoflurane) [14, 79, 80]. Interestingly, proliferation of 

sarcolemmal caveolar density in response to IPC and anaesthetic preconditioning has 

also been observed [14, 77]. Analysis of cardiac overexpression of caveolin-3 revealed 

increased resistance to I/R injury and augmentation of pro-survival signalling, 

comparable to wild-type mice subjected to IPC [81]. Tsutsumi et al. recently found that 

the innate protection observed with caveolin-3 overexpression is opioid dependent, 

abolished by the non-specific opioid receptor antagonist naloxone [78]. Caveolae and 

caveolin-3 are indisputably crucial to cardiovascular signalling and cardiac protection.  

Caveolin-1 is also implicated in protection against I/R injury in models of 

cardiac, cerebral and hind-limb ischaemia [14, 82-85]. Patel and colleagues found that 

activation of the Src protein tyrosine kinase and caveolin-1 phosphorylation are key to 

protection against I/R injury with IPC and isoflurane [14]. Chaudhary et al. also 

describe loss of caveolin-1 and caveolae with I/R injury, yet no change in caveolin-3. 

They suggest caveolin-1 may alter cardiomyocyte ultrastructure in response to I/R. 

Interestingly, addition of a cardioprotective stimulus (epoxyeicosatrienoic acids) up-

regulated caveolin-1 expression in association with significant tolerance to ischaemia 

[82]. Jasmin et al. found that caveolin-1 ablation induces dysfunction in β-AR 

signalling in an in vivo model of ischaemic injury (no reperfusion), with reduced 

sarcolemmal β-AR density and reductions in cardiac contractility due to insufficient 

downstream cAMP/PKA signalling [85].  
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Caveolae are also implicated in the signalosome hypothesis of Quinlan and 

colleagues, which suggests that activation of a “receptor induces the assembly of a 

caveolar signalling platform (signalosome) that contains the enzymes of the signalling 

pathway and that migrates to mitochondria to induce mitoKATP channel opening”. This 

was investigated using bradykinin preconditioning in isolated rat hearts and 

mitochondria, confirming an enrichment of caveolin-3 in signalosome complexes that 

afforded protection [86]. Novel findings from Fridolfsson and colleagues have more 

recently identified a caveolae-mitochondria interaction, preferentially in sub-

sarcolemmal mitochondria, in addition to a functional adaptation to cellular stress 

mediated by mitochondrial caveolins [25].  

4.2.2 Cardioprotection and diabetes: Type II diabetes is a key risk factor for the 

development of CVD, and drastically increases resultant morbidity and mortality. 

Importantly, >75 % of diabetic hospitalisations are a consequence of heart attack or 

heart failure, and diabetics exhibit a 2-6 times higher risk of mortality following an 

ischaemic event [39]. Thus, this is a high risk and problematic population requiring 

myocardial protective therapy that is growing globally. Within the myocardium diabetes 

is associated with impaired Ca2+ homeostasis, ventricular systolic and diastolic function, 

collagen deposition and myocardial remodelling [87]. Diabetes-mediated myocardial 

insulin-resistance detrimentally modifies cardiomyocyte metabolism and growth, 

glucose homeostasis, lipid metabolism, and apoptosis [88]. Under healthy conditions, 

insulin mediates glucose metabolism through initiation of the PI3K/Akt pathway, 

leading to downstream phosphorylation of GSK3β (thus causing kinase inactivation) 

and subsequent glycogen synthesis [39]. Hyperglycaemia, hyperinsulinaemia and 

diabetes disrupt this regulated process leading to adverse glucose metabolism [87] and 

exaggerated GSK3β activity [89, 90]. Consequently, detrimental over-activation of 

GSK3β inhibits insulin signalling, dysregulates glucose metabolism, and contributes to 

the development of diabetic cardiomyopathy [39, 90]. Fatty acid oxidation is 

significantly increased in diabetic hearts, leading to excessive production of reactive 

oxygen and nitrogen species [91, 92]. Consequently, vascular endothelial and 

mitochondrial dysfunction develop and thus impede energy production [87]. These 

aforementioned changes, in addition to the elevations of GSK3β activity [89, 90] in the 

diabetic heart significantly increase susceptibility to injury (eg. myocardial infarction, 

heart failure, hypertension). Furthermore, in settings of hyperglycaemia, phosphatase 
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and tensin homologue (PTEN) expression is accelerated, leading to inhibition of 

prosurvival PI3K/Akt pathways [93, 94]. 

The diabetic heart is thus vulnerable to considerable damage. Consequently, numerous 

studies have investigated avenues for reducing post-ischaemic injury in diabetic patients 

and animal models, though with limited success. Several clinical studies consistently 

report impaired functional recovery post-ischaemia in settings of AMI, CABG and 

coronary angioplasty [95]. A greater inconsistency in animal models of T2D has been 

observed and reviewed in detail [95-97], with this disparity attributed specifically to the 

length of diabetes induction, sole use of glucose as a substrate, and the I/R protocol 

employed. It has been suggested that the diabetic myocardium exhibits a higher 

threshold required to induce cardioprotection compared to healthy myocardium [98]. 

Regardless, it is clear that diabetes impairs cardioprotective mechanisms. Specifically, 

diabetes abrogates diverse cardioprotective interventions including ischaemic 

preconditioning [99], ischaemic postconditioning [100], anaesthetic pre- and 

postconditioning [101, 102], and acute opioid preconditioning [103]. Various aspects of 

the protective RISK pathway implicated in IPC are interrupted by diabetes, such as 

phosphorylation of key mediators of the RISK pathway, Akt [98] and ERK1/2 [104]. 

Sarcolemmal [105] and mitochondrial [106] KATP channel dysfunction occurs with 

diabetes and may contribute to the poor efficacy of pre and postconditioning stimuli, 

and accelerate injurious ROS production. Additionally at the sarcolemma, 

cardioprotective NO production is inhibited due to elevated caveolin-1 expression, 

which promotes cav-1/eNOS complex formation and subsequent inhibition of NO 

production by eNOS [107]. Phosphorylation of JAK2, acting upstream of PI3K/Akt, is 

inhibited by enhanced calcineurin activity in diabetes [95, 108, 109]. Previous studies 

have demonstrated that postconditioning stimuli in diabetic hearts downregulated 

STAT-3 expression (also a RISK mediator), thus limiting the transcription of 

cardioprotective and prosurvival genes [102, 103]. Phosphatase activity (including 

PTEN, MAPK phosphatases and protein phosphatase-2C) may also contribute to the 

poor kinase activity observed in diabetes [110-116]. The accepted end-mediator of 

RISK signalling, mPTP, may exhibit a lower threshold for opening as a result of 

deleterious Ca2+ homeostasis associated with diabetes. This has been observed in both 

animal models and humans [110-116]. 
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4.3 Opioid Receptor Mediated Cardioprotection and Conditioning 

4.3.1 Opioids and opioid receptors:   This thesis focuses specifically on the 

mechanisms and potential utility of opioid receptor dependent cardioprotection and 

conditioning. Opioids elicit both paracrine and autocrine functions within the 

cardiovascular system via activation of opioid receptors (OR) [18, 117, 118]. The three 

primary receptor subtypes are the µ- , κ- , and δ-opioid receptors, which act as Gi/o-

PCRs to inhibit adenylate cyclase (AC) and downstream signalling via second 

messenger cyclic AMP (cAMP) [18, 118, 119]. For regulation of the cardiovascular 

system, OR’s are localised centrally to the respiratory and cardiovascular centres of the 

hypothalamus [120, 121], and brainstem [121]; and peripherally to the adrenal medulla 

[122], cardiomyocytes [123], and the microvasculature [124]. Enkephalin, dynorphin 

and endorphin represent the major endogenous opioids playing significant 

neuroregulatory roles [117, 118]. The intrinsic cardiac role of opioids is to maintain and 

regulate daily functioning in healthy (or diseased) myocardium.  A primary function of 

the opioid system is to modulate autonomic control, balancing and countering the β-

adrenergic system and actions of catecholamines [117, 125]. Specific δ-opioid receptor 

agonism in the heart alleviates adrenergic system input [125], baroreceptor mechanism 

[126], vagal bradycardia (due to inhibition of acetylcholine release) [127] and cardiac 

labour [128]. Opioid receptor activation also modulates systemic vascular tone, alters 

cardiac excitation-contraction coupling and may be involved in cardiogenesis [117, 129-

132]. Interestingly, cardiomyocytes possess large stores of genes encoding endogenous 

opioid precursors (pre-proenkephalin, prodynorphin, pro-opiomelanocortin) [133-135]. 

Furthermore, pre-proenkephalin mRNA appears most abundant in cardiac tissue [136]. 

This permits significant myocardial synthesis and release of endogenous peptides in 

response to physiological and pathological stimuli, such as ischaemia [137, 138], 

exercise [139], ageing [135] and cardioprotective intervention [140]. Opioids have 

generated extensive interest as modulators of ischaemic tolerance. They may present 

potential cardioprotective candidates due to their involvement in reducing I/R injury 

[29, 141], contribution to cardioprotective therapies [142, 143], involvement in inducing 

exercise-derived tolerance to ischaemia [144], and role in protective myocardial 

hibernation [145]. 

4.3.2 Hibernation: Hibernation is a natural adaptation for certain mammals 

(such as black bears, arctic and 13-lined ground squirrels, brown cave bats and 

woodchucks), whereby a unique state of energy conservation is entered by lowering and 
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slowing physiological functions (such as heart and metabolic rates) [145, 146]. 

Mammalian hibernation is coupled to intracellular acidosis, hypoxia, and a reduction in 

energy stores. In fact, some animals conserve up to 90% of energy needed for an active 

winter. Despite the conceivable danger associated with these changes that parallel 

ischaemia, the myocardium becomes hypoxia-tolerant and highly resilient against 

injury. Myocardial hibernation results in an absence of necrosis, preservation of 

inotropic reserve, recovery of contractile function post-ischaemia, and energy 

metabolism during prolonged ischaemia [145].  

Many have suggested the causative agent for this protective state is opioid-like 

in nature, elicits beneficial effects through δ-opioid receptor activation, with its 

endogenous production increased during hibernation [146-150]. Specifically, an opioid-

like protein was found in the serum of hibernating mammals, capable of inducing 

protection in non-hibernating animals to improve post-ischaemic functional recovery 

and preserve myocardial ultrastructure [146-149]. Protection with hibernation also 

parallels that of ischaemic preconditioning, in terms involvement of ATP-sensitive 

potassium (KATP) channel opening [149]. Bolling and colleagues have demonstrated in 

studies of hypothermia and cardioplegia, that δ-opioid receptor agonism may provide 

additive cardioprotective potential, while δ-opioid receptor antagonism blocks post-

ischaemic functional protection [137, 141, 151, 152]. Using a similar model of 

hypothermic myocardial ischaemia, Benedict et al. observed improvements in 

cardiovascular functional parameters in rabbit hearts pre-treated with various δ-opioid 

receptor agonists [153].  

Although the δ-opioid receptor has proven most important in hibernation, 

evidence suggests some roles for the nociceptive µ- and κ-opioid receptors. Indeed, 

binding density changes in different opioid receptors of hibernating and non-hibernating 

Columbian ground squirrels imply distinct physiological roles for endogenous opioids 

and opioid receptors during specific hibernation states [154, 155]. Tamura et al. 

suggested that activation of µ-opioid receptors in the hypothalamus by β-endorphin is 

responsible for body temperature regulation during the maintenance phase of 

hibernation in Syrian hamsters [156]. Primary cultured hamster hippocampal neurons 

maintained at <22 °C for 7 days were protected against low-temperature induced cell 

death when exposed to morphine, through activation of the µ-, δ-, and κ-opioid 

receptors [157]. Interestingly, Romano and colleagues also found a role for κ-opioid 

receptors in protection against hypothermic myocardial ischaemia, and pre-treatment 
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with the κ-agonist U504488H induced protection, while functional and metabolic 

recovery was impaired with κ-antagonism using [158-160] nor-BNI [141].  

The delta-opioid peptide [D-ala2, D-leU5]enkephalin (DADLE) is a 

pharmacological inducer of hibernation (in summer-active ground squirrels), enhances 

survival of peripheral organs (such as kidney, liver, lung and heart), and acts as an anti-

ischaemic agent [161-163]. Treatment with DADLE also induces a hibernation-like 

state in rats subjected to experimental stroke [161]. The δ-OR agonists Deltorphin-

D(variant) (Delt-D(var)) and hibernating woodchuck plasma (HWP) have been shown 

to decrease infarct size and improve behavioural deficits in a mouse model of middle 

cerebral artery occlusion [164]. The authors linked these neuroprotective changes to a 

mechanism reliant upon the inhibition of NO release from ischaemic tissue [164]. These 

studies thus highlight an important role for opioids in brain injury and protection. 

Additionally, Hong and colleagues found that swine skeletal muscle bundles pre-

incubated with HWP prior to hypoxia-reoxygenation exhibited significantly greater 

recoveries of force, an effect blocked by naloxone [165]. It is thus clear that opioids are 

vital to cellular function and protection against injury across various tissue types (and 

insults).  

Another form of 'myocardial hibernation' arises in response to prolonged periods of 

under-perfusion. Coronary artery disease patients often display a down-regulation of 

contractile function, with hearts adapting to reduced blood flow by depressed contractile 

function (thus O2 demand) and avoiding irreversible cell death [145, 166]. However, 

opioids may not participate in this clinical phenomenon: Schulz et al. found that despite 

a potential role for endogenous opioids in ischaemic preconditioning in pigs, they do 

not appears to mediate short-term hibernation, in which myocardial blood flow and 

contractile function are depressed to ~50% baseline in the absence of oncosis [167].  

4.3.3 Opioid-induced cardioprotective mechanisms:  Endogenous and 

exogenous opioids can generate different cardioprotected phenotypes through specific 

OR engagement, resulting in either acute or delayed protection. Exogenous OR 

activation can induce indirect and direct mechanisms to modulate the cardiovascular 

system. Several studies link µ-OR activation to attenuated inflammation in in vivo 

animal models, which could limit inflammatory damage triggered by I/R [168, 169]. 

Additionally, opioid (particularly κ-OR) agonists have been implicated in Na+, K+ and 

Ca2+ channel modulation. This is consistent with roles in cardioprotection, as 
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modulation of these channels through non-receptor mediated mechanisms may reduce 

Na+ and Ca2+ overload that contributes to I/R injury. These mechanisms may also be 

relevant to antiarrhythmic properties of κ-OR agonists [170, 171]. Receptor-mediated or 

direct mechanisms by which opioids induce ischaemic tolerance have been investigated 

in depth as acute stimuli, though less well studied as a sustained or prolonged stimulus. 

Both acute and prolonged opioidergic stimuli afford protection, yet they appear to be 

mediated by distinct signalling pathways [172]. 

 4.3.4 Acute opioid conditioning:  Acute OR activation has been shown to mimic 

conventional preconditioning, including recruitment and activation of RISK 

components via PI3K, involvement of ROS, inhibition of pro-apoptotic effectors (eg. 

GSK3β), and convergence upon mitochondrial targets including the mPTP and 

mitoKATP channels (see Figure 1.1) [118, 173-175]. Additionally, Fryer and colleagues 

implicate a role for PKC, tyrosine kinase (TK) and MAPK signalling in specific δ-OR 

activation [174, 176, 177]. Myocardial ORs trigger Gi/o-directed AC inhibition and 

subsequent cAMP down-regulation. Studies have implied an additional second 

messenger system may be linked to OR agonism, specifically δ- and κ-OR dependent 

modulation of phosphoinositol turnover [18]. Ventura et al. identified reduced 

contractility in rat ventricular cardiomyocytes, mediated by phosphatidylinositol 

turnover and intracellular Ca2+ depletion in response to δ- and κ-OR agonism [131].  

The specific roles of mitochondrial and sarcolemmal KATP channels and the 

mPTP in cardioprotection remain to be elucidated [117, 174, 178]. Involvement of the 

mitoKATP has been implicated in both acute and delayed opioid-mediated, ischaemic 

and pharmacological preconditioning by multiple laboratories [178-181]. Additionally, 

the sarcolemmal KATP channel has been implicated in distinct δ-OR-mediated delayed 

cardioprotection, which can be pharmacologically blocked by specific δ-OR antagonism 

with HMR-1098 [175].  

Opioid receptor agonism may also influence ion fluxes independent of second 

messengers, with evidence of a G-protein link to δ- and µ-OR that induces K+ channel 

opening, and κ-OR induced Ca2+ channel closing [18, 182]. Despite these more direct 

linkages, studies have shown that intracellular Ca2+ can also be modified downstream of 

inositol 1,4,5-triphosphate (IP3) in response to OR activation [183]. During reperfusion, 

mammalian target of rapamycin (mTOR) appears integral to acute OR-mediated 

cardioprotection [184]. Exogenous opioid agonism in ischaemic postconditioning 
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studies have identified many of the aforementioned signalling components vital to 

postconditioning -mediated cardioprotection. Additionally, the Survivor Activating 

Factor Enhancement (SAFE) pathway may mediate postconditioning effects 

independently of RISK signalling, involving a paradoxical protective function of TNFα 

[185]. You et al. demonstrated that infarct size and apoptosis were reduced in 

postconditioning via up-regulation of anti-apoptotic Bcl-2, in response to OR 

engagement and JAK/STAT signalling [186]. It has been suggested that activation of 

both PI3K and JAK/STAT signalling is imperative to protection afforded by 

postconditioning [187]. Some opioids also possess free-radical scavenging abilities (eg. 

enkephalins), and can be up-regulated following ROS exposure [188, 189].  

Complementing IPC, the acute phase of opioid preconditioning is mediated by 

post-translational phosphorylation and translocation of effector molecules, while 

delayed protection induces genetic expression of iNOS, COX-2 and 12-LO [178]. A 

role for iNOS was confirmed by Jiang and colleagues, who demonstrated that iNOS 

gene knockout mice were not susceptible to morphine-mediated cardioprotection [190]. 

The endogenous opioid system is strongly implicated in remote IPC [7, 16]. Dickson et 

al. revealed that cardioprotection induced by IPC could be transferred to virgin 

‘acceptor’ animals, a response that was dependent upon the opioid receptor system 

[191]. While acute opioid conditioning has been well studied, sustained opioid 

preconditioning may involve mechanisms distinct from those associated with this and 

traditional preconditioning [29]. 

 4.3.5 Prolonged opioid preconditioning:  While acute opioid preconditioning 

has generated considerable interest, emerging evidence identifies a unique myocardial 

tolerance generated by prolonged opioid preconditioning. Specifically the δ-OR has 

been implicated in many of these circumstances. Gross and colleagues applied 

irreversible δ-OR agonism with fentanyl isothyocyanate (FIT) in a rat model of I/R. FIT 

was administered intravenously 48-120 hrs prior to I/R, with a maximal protective 

effect observed at 96 hrs post-injection. Cardioprotection induced by FIT appears 

dependent upon PI3K signalling during both the trigger and end-effector phases [192]. 

Kuzume et al. determined that 24 hr treatment with Met5-enkephalin (Met5), a specific 

δ-OR agonist, reduced infarct size in rabbits by ~60%. In contrast, acute δ-OR 

activation with Met5 failed to induce I/R tolerance [193]. Kuzume and colleagues later 

revealed a reduction in infarct size with 24 hr Met5 infusion in mice [194]. Protection 

was abolished when the index ischaemia was initiated 24 hrs after removal of the Met5 
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stimulus, identifying a limited window for mediation of protection. Furthermore, 14 day 

exposure to Met5 failed to generate a protective phenotype, with receptor internalisation 

and uncoupling of ORs from AC identified as responsible for this desensitisation [194].  

Due to considerable interest in morphine tolerance and dependence, effects of chronic 

morphine use have been studied intensely in the brain, yet less extensively in other 

tissues. Morphine is a non-specific though predominantly µ-OR agonist with multiple 

effects throughout the body. Chronic morphine treatment has been linked to calcitonin 

gene-related peptide (CGRP) up-regulation and release [195-197], super-activation of 

AC [198], augmented adenosine receptor sensitivity [199], changes in glucose 

homeostasis [200] and possible conversion of ORs from Gi/o-coupled to Gs-coupled 

[201], effectively altering downstream signalling. Several changes in protein expression 

occur in rat myocardium following intramuscular morphine injections (10 mg/kg/day) 

for 10 consecutive days. This includes up-regulation of proteins involved in 

cytoprotection (HSPB1, HSP7C, GRP78, ORP150), and phosphatidylinositol transfer 

protein (α isoform), which has been implicated in cardioprotective phospholipase C- 

and PI3K-mediated signalling. Interestingly, mitochondrial precursor to aldehyde 

dehydrogenase was down-regulated, indicative of oxidative stress induced by chronic 

morphine treatment [202]. A mechanism showing remarkable promise as a potent 

cardioprotective agent is sustained ligand-activated preconditioning (SLP). Here, we 

enlist sustained δ-OR agonism for 5 days to induce an I/R-tolerant phenotype effective 

in young to aged myocardium [29, 203]. Details of this phenomenon will be discussed 

further below (see Section 4.3.7). Prolonged opioid exposure holds considerable 

potential as a candidate mechanism for inducing a powerful cardioprotective phenotype.   

4.3.6 Opioidergic conditioning and diabetes:  Preconditioning with opioids is 

well reported to mimic IPC, and opioid receptor antagonism blocks cardioprotection 

with ischaemic pre and post conditioning. Mechanistically, opioidergic conditioning 

involves activation of δ- and/or κ-OR, RISK, SAFE and JAK-STAT pathways, 

PI3K/Akt signalling axis, inhibition of GSK3β, NO production through eNOS activity, 

sarcolemmal and mitochondrial KATP channel opening, cGMP-PKG pathway 

involvement that may contribute to mPTP inhibition [24, 118, 204]. As mentioned 

above, diabetes interferes with many of the signalling mediators implicated in both 

opioid and IPC-mediated cardioprotection. Indeed, Gross et al. have previously 

demonstrated that morphine postconditioning was ineffective in rat hearts exposed to 

I/R, and coupled to blunted elevations in phosphorylated Akt, ERK1/2, p70s6K, JAK2 
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and STAT3 [103]. Pharmacological preconditioning with remifentanil (a cardiac opioid 

analgesic) significantly reduced infarct size in healthy hearts, coupled to elevations in 

pro-survival and inhibition of pro-apoptotic pathways. Efficacy of remifentanil 

preconditioning did not translate to diabetic hearts, however [205]. While opioid-

mediated cardioprotective pathways may be inhibited in diabetes, there is other 

evidence of effective opioid receptor activity in these settings. A study in healthy and 

obese mice revealed that δ-OR mediate glucose uptake in skeletal muscle of both 

groups of mice. Additionally, δ-OR activation in Chinese hamster ovary cells promotes 

glucose uptake via specific GLUT-1 and P13K mechanisms [206], and involves AMPK 

phosphorylation [207]. The potential influence of δ-ORs and SLP on glucose handling 

in myocardial cells remains to be elucidated. Furthermore, vascular endothelial 

dysfunction and chronic inflammation associated with diabetes can be improved via κ-

OR activation, mechanistically involving eNOS phosphorylation and NFκB inhibition 

[208]. Interestingly, Ritchie et al. show that activation of PI3K-dependent signalling 

(implicated in opioidergic cardioprotection), reverses diabetic cardiomyopathy, reduces 

myocardial oxidative stress and improves mitochondrial function in type I diabetic mice 

[209].  Evidently, the diabetic heart is intrinsically susceptible to I/R damage, however 

opioidergic conditioning may hold mechanistic advantages in I/R settings with further 

interrogation. 

 4.3.7 Sustained ligand-activated preconditioning (SLP): Our novel model of 

SLP describes a unique protective phenomenon following chronic δ-OR agonism for 5 

days, employing slow release morphine pellets (25 or 75 mg) in mice [29, 172, 203]. 

Morphine binds all opioid receptors with a selectivity profile of µ > κ > δ. A 5 day 

treatment with µ-selective OR agonist morphine-6-glucuronide, or κ-selective OR 

agonist U50488H, does not induce SLP [29]. Conversely, 5 day treatment with δ-OR 

selective agonist BW373U86 mirrored the effects identified with morphine, confirming 

δ-OR dependence [29]. Evidence of potent and sustained I/R tolerance with SLP 

includes a 50% reduction in infarct size that persists for up to 5 days post-stimulus 

removal, with a further insignificant infarct-sparing effect at 7 days withdrawal. 

Additionally, resistance to I/R damage is demonstrated by improvements in left 

ventricular developed pressure (LVDP) and end-diastolic pressure (EDP) up to 7 days 

post-stimulus removal [29]. This SLP response is effective in both young and aged 

myocardium, a superior feature that both acute opioid conditioning and conventional 

conditioning therapies (eg. Pre- and postconditioning) fail to meet [203]. This unique 



41	   	  

quality implies that SLP enlists signalling distinct from conventional conditioning 

responses.   

Preliminary studies using non-selective inhibitors of opioid receptors 

(naloxone), KATP channels (glibenclamide), NOS (Nω-nitro-L-arginine methyl ester), 

mTOR (rapamycin), and cRaf1 kinase upstream of the MEK/MAPK pathway (GW-

5074), all failed to eradicate protection generated by SLP. Interestingly, the Gi/o-protein 

inhibitor PTX only partially reduced SLP-mediated ischaemic tolerance, while Gs-

protein inhibition with NF-449 completely abrogated cardioprotection. This observation 

identifies a role for both Gs- and Gi/o-protein, with a greater dependence on Gs-protein in 

SLP suggesting conversion of ORs from inhibitory to stimulatory coupling [172]. 

Activation of Gs-protein has been linked to the development of cardiomyopathy, 

hypertension and heart failure, due to an association with the β-adrenergic system [210-

212]. However, there is evidence to suggest a role for Gs-protein involvement in 

cardioprotection, with an IPC-derived phenotype restored in rat hearts undergoing pre-

ischaemic treatment with forskolin, a potent AC activator [213].  

In addition, the Gs-coupled β2-adrenergic receptor (β2-AR) may be involved in 

SLP, as antagonism of the receptor with ICI-118,551 significantly attenuated the 

protective phenotype induced by morphine SLP [172]. While controversial, there is 

evidence supporting a role for β2-AR signalling in cardioprotection [214-216]. In 

contrast, β1-AR antagonism with CGP-20712A failed to limit cardioprotection in SLP-

treated hearts [172]. While still unclear, there is evidence suggesting a form of receptor 

‘cross-talk’ between both β-adrenergic and opioid receptor systems that remains to be 

fully elucidated [130, 217-219].  

Downstream of the β2-AR, AC is activated and results in cAMP-dependent PKA 

activation (Figure 1.2). Assessment of PKA and PKC involvement in mediation of 

protection with SLP has identified a distinct role for PKA, as protection was completely 

abrogated by the cell permeable inhibitor H-89 and PKI amide (an alternate PKA 

inhibitor). Acute morphine treatment affords protection that is insensitive to PKI 

administration, yet was completely attenuated by H-89. This suggests the non-specific 

actions of H-89 (a general kinase inhibitor) may have been responsible for this disparity 

in effects on acute opioid preconditioning.  
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Figure 1.2: Signalling mechanisms downstream of β-adrenergic receptor activation. Agonist-induced 

activation of both β1-AR and β2-AR occurs on the cardiomyocyte (CM) surface, and induces G-

stimulatory protein (Gs) activation, leading to subsequent adenylyl cyclase (AC) stimulation and a 

resultant increase in second messenger cyclic-AMP (cAMP) levels. The prime target of cAMP is protein 

kinase A (PKA), which phosphorylates a variety of downstream effectors including phospholamban 

(PLB), sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), L-type calcium channels 

(LTCC), troponin I (TnI) and the ryanodine receptor (RyR). These effectors regulate Ca2+ currents within 

CMs to mediate the cardiac contraction cycle. β2-AR is postulated to be primarily cardioprotective 

through its ability to associate with G-inhibitory protein (Gi/o), which promotes activation of the PI3K/Akt 

pathway that is largely associated with traditional cardioprotective signalling. Additionally, β2-AR can 

also activate cAMP-dependent PKA via Gs, which increases cardiac chronotropy (heart rate), inotropy 

(myocardial contraction) and lusitropy (myocardial relaxation). This is achieved via PKA-dependent 

phosphorylation of LTCC, which promotes Ca2+ entry into the CM, and subsequently induces 

sarcoplasmic reticulum (SR) release of Ca2+ via RyR. Ca2+ binds myofilaments to induce cardiac 

contraction. PKA-dependent phosphorylation of PLB and SERCA triggers Ca2+-reuptake into the SR, and 

Ca2+ is extruded from the cell via the sodium-calcium exchanger (NCX), completing the cardiac 

contraction cycle. Interestingly, while β1-AR induces cell-wide cAMP accumulation, β2-AR-dependent 

cAMP accumulation is spatially restricted to promote activation of local AC pools and LTCC. 

Phosphodiesterases (PDEs) negatively regulate cAMP and are activated by various effectors 

(Ca2+/calmodulin, cGMP) [220-223].  
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Signalling implicated in SLP became further removed from conventional 

preconditioning with the failure of PKC inhibitor chelerythrine (± the tyrosine kinase 

inhibitor lavendustin A) to attenuate the potent protective phenotype in SLP hearts. 

Interestingly, PI3K/Akt blockade with wortmannin did reduce I/R tolerance in SLP 

hearts, yet like chelerythrine, failed to abolish SLP effects completely [172]. Both 

chelerythrine and wortmannin did, however, completely abolish protection afforded by 

acute opioid treatment [172]. This led to further investigation of PI3K/Akt involvement 

in the ‘trigger’ phase of SLP. Co-treatment of SLP and wortmannin (for 5 days) failed 

to induce protection in mouse hearts, confirming involvement of the PI3K/Akt pathway 

in SLP induction. Additionally, evidence of Akt translocation from the cytosol to 

membrane was apparent at 12 hours of SLP induction, as were changes in 

phosphorylation state consistent with a cardioprotected phenotype [29]. A study by Lou 

and Pei reported increases in PKA activity with reductions in basal PKC activity after 

24 hours of δ-OR activation [224]. Moreover, PKA has been implicated in reducing I/R 

injury [172, 225], opioid tolerance [226, 227], and mediation of IPC independently of 

PKC [228]. The role of PKA in IPC nonetheless remains controversial with evidence 

for both protective and detrimental roles of this kinase. In a positive light, Tong and 

colleagues demonstrated that in isolated mouse hearts, both H-89 and PKI 

administration blocked protective IPC [220]. Additional studies have also observed 

blockade of IPC-mediated protection with H-89 [228, 229], and suggested that transient 

PKA activation may function as an IPC mimetic [229]. Despite observed linkages 

between physiological opioid actions and mitoKATP [230, 231], Peart and Gross were 

not able to link the mediation phase of SLP to mitoKATP activity [172].  

Evidently, SLP retains unique signalling properties that isolate this mechanism from 

conventional preconditioning, as summarised in Figure 1.3. This characteristic provides 

potential for additivity with other cardioprotective stimuli. In fact, there is evidence to 

suggest that co- activation of varied signalling pathways may increase the activity of 

downstream effectors [232]. This form of additivity may not be possible with 

conventional signalling implicated in pre- and postconditioning due to commonality of 

mediators and mitochondrial targets [233]. Peart and colleagues recently observed a 

lack of additivity of SLP with either IPC or acute morphine treatment. Interestingly, 

pre-ischaemic and post-ischaemic administration of adenosine or 2-chloroadenosine, 

and cardiac specific A1 adenosine receptor (A1AR) overexpression did further enhance 

the protective phenotype of SLP [29]. These findings provide additional evidence for a 
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distinct signalling mechanism with SLP. Adenosine receptors have been identified as 

sensitive to chronic opioids, which could contribute to observed protective additivity 

with adenosinergic stimuli [199]. 

Figure 1.3. Novel signalling mechanisms implicated in sustained ligand-activated 

preconditioning (SLP). The SLP phenotype is induced via subcutaneous implantation 

of a slow-release morphine pellet to promote potent and sustained cardioprotection. SLP 

induction occurs by δ-OR agonism that promotes initial PI3K-dependent signals. 

Protection is subsequently mediated by activation of β2-adrenergic receptor (β2-AR) and 

involves a G-protein switch from inhibitory (Gi/o) to stimulatory (Gs). Subsequently, 

PKA activation is increased and promotes cell survival and cardioprotection by 

unknown effectors, potentially via modulation of the mitochondrial KATP channel 

(mitoKATP) and inhibition of the mitochondrial permeability transition pore (mPTP) 

[29].  
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 Whether SLP is also distinguished from conventional conditioning and 

protective responses in terms of caveolin-3 and caveolar dependence is not presently 

known. Importantly, recent preliminary work from the host laboratory does identify a 

significant elevation in myocardial caveolar density in response to SLP in aged hearts 

(see Figure 1.4). These intriguing findings, together with known linkages between PKA/ 

β-adrenoceptors (implicated in SLP) and caveolins, point to a potentially important role 

for caveolins and caveolae in the beneficial cardiac effects of opioidergic SLP, though 

this is yet to be established.  

 

 

Figure 1.4. Restoration of caveolae in aged hearts exposed to SLP. Aged hearts have 

reduced caveolae and caveolin-3 expression, whereas chronic morphine (SLP) restores 

caveolae in aged hearts. A, Caveolin-3 protein expression and caveolae formation 

assessed by electron microscopy (EM) were reduced in aged relative to young 

myocardium. B and C, Chronic exposure to morphine (5 days) in aged hearts increases 

the formation of caveolae as quantified by number of caveolae per micrometer on 

membrane.  
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The novel mechanisms of protection with SLP provide an exciting avenue of 

research for identifying means of improving resistance to myocardial injury. Much 

remains to be elucidated regarding the mechanisms underlying this potent 

cardioprotective phenotype. The SLP response, and related mechanisms, present novel 

candidates that may ultimately prove useful in translating cardioprotection to the 

clinical setting (where all others have failed) [3, 29, 117].  
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Project Aims and Hypothesis 

 PROJECT AIMS 

Protective stimuli to limit cell death following ischaemia (infarction) have yet to 

be effectively translated to the clinic. Novel opioid-dependent SLP offers distinct 

advantages as a potential therapeutic approach, including long-lasting protection against 

I/R injury, and efficacy in aged hearts [29]. Preliminary data support the hypothesis that 

SLP induces a unique protection via modulation of cardioprotective β2-AR/Gs/PKA 

signalling [29, 172]. This doctoral project aims to identify the molecular mechanisms by 

which opioidergic SLP enhances myocardial tolerance to ischaemia-reperfusion (I/R), 

and examine whether relevant diseases and pharmacotherapies modify these processes.  

STUDY 1: Signalling Involvement in SLP Induction and Subsequent 

Protection  

Examine shifts in expression and localisation of β2-AR/Gs/PKA signalling   

components within cell and membrane compartments during δ-OR induction of 

SLP. 

a) Examine shifts in functionality of β2-AR/Gs/PKA signalling during δ-OR

induction of SLP.

b) Test for involvement of conventional PKA targets in SLP mediated

protection.

STUDY 2: Membrane Microdomain Dependence of SLP 

a) Test for caveolar domain involvement in SLP via MβCD treatment.

b) Test for caveolin-3 involvement in SLP via overexpression and knockout.

c) Test the importance of cholesterol to I/R tolerance and opioid

preconditioning

STUDY 3: Efficacy of SLP in Type II diabetes 

a) Investigate the efficacy of SLP in a model of type II diabetes
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STUDY 4: Efficacy of SLP in a Model of Chronic Pharmacotherapy 

a) Investigate the impact of chronic β-blockade therapy on the efficacy of SLP 
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Chapter 2: Methods 

Animals 

All investigations within this doctoral project conform to the guidelines of the 

Animal Ethics Committee of Griffith University (MSC/04/13AEC). For Studies 2, 3 

and 4, the experimental procedures and protocols are also in compliance with the Guide 

for the Care and Use of Laboratory Animals (National Academy of Science), and 

protocols have been approved by the Veterans Affairs San Diego Healthcare System 

Institutional Animal Care and Use Committee.  

SLP Induction 

Mice are briefly anaesthetised with isoflurane and using aseptic technique a 

small incision is made at the base of the neck. Vehicle (control) or morphine (25 or 75 

mg) pellets (National Institute of Drug Abuse) are inserted in the dorsal subcutaneous 

space and the site closed with 9-mm wound clips. Pellets are left in place for 5 days 

(unless otherwise specified) after which mice are sacrificed for heart excision and 

various analyses performed (eg. Langendorff perfusion, western blotting, EM) [29, 172, 

203, 234]. 

Isolated Mouse Heart Perfusion (Langendorff) 

Langendorff mouse heart perfusions are performed to assess ischaemic 

tolerance. Mice are anaesthetised with sodium pentobarbital (60 mg/kg i.p.), the heart 

excised via thoracotomy and the aorta cannulated for Langendorff perfusion of the 

coronary circulation, as described previously [235-237].  All hearts are perfused at a 

constant hydrostatic pressure of 80 mmHg with modified Krebs-Henseleit buffer 

bubbled with 95% O2/5% CO2 at 37°C (giving a pH of 7.4), and containing (in mM): 

NaCl, 119; glucose, 11; NaHCO3, 22; KCl, 4.7; MgCl2, 1.2; KH2PO4, 1.2; EDTA, 0.5 

and CaCl2, 2.5. Contractile function is monitored by a fluid-filled balloon inserted into 

the left ventricle and inflated to generate an end-diastolic pressure (EDP) of 

approximately 5 mmHg. An ultrasonic flow-probe positioned proximal to the aortic 

cannula and connected to a T206 flow meter (Transonic Systems Inc., Ithaca, NY) is 
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used to measure coronary flow. A thin pacing wire attached to an SD9 stimulator (Grass 

Instruments, Quincy, MA) is inserted superficially along the ventricle to induce 

ventricular pacing at 420 beats per minute. An 8/s MacLab system (ADInstruments Pty 

Ltd., Castle Hill, Australia) connected to an Apple iMac computer is used to monitor all 

functional data at 1 KHz. Variables measured via digital processing include peak 

systolic pressure, end diastolic pressure, + and – differential of ventricular pressure 

development (dP/dt), coronary flow and heart rate.  

After a 20 min equilibration period, hearts are switched to ventricular pacing at 

420 beats per min for a period of 10 min. Where hearts receive pharmacological drug 

infusions, these are applied via the aortic cannula at 1-3% of coronary flow rate using a 

peristaltic infusion pump (Pump 22, Harvard Instruments) according to experimental 

designs. Hearts subjected to ischaemic preconditioning (IPC) receive 5 min pacing 

followed by 3 cycles of 1.5 min ischaemia/2 min reperfusion before the index ischaemia 

(unless otherwise specified). Following any pre-ischaemic treatment, baseline 

measurements are made, followed by 25 min of global normothermic ischaemia and 45 

min of aerobic reperfusion. Temperature is monitored and kept constant throughout the 

perfusion, and ventricular pacing resumes after 2 min reperfusion. After the initial 

equilibration period, hearts are excluded from the study if they meet one or more of the 

following criteria: a) coronary flow above 5 mL/min (near maximal dilation or aortic 

tear), b) unstable contractile function, c) significant arrhythmias or d) left ventricular 

systolic pressure below 100 mmHg. Coronary venous effluent throughout reperfusion is 

collected on ice for subsequent enzymatic analysis of lactate dehydrogenase (LDH) 

content and determination of total post-ischaemic efflux. 

 

Lactate Dehydrogenase Assay 

 Extent of cell damage and death in response to I/R is monitored via enzymatic 

assay of lactate dehydrogenase (an oxidoreductase) accumulating in the post-ischaemic 

coronary fluid. The assay is a continuous spectrophotometric rate determination based 

upon the principle that in the presence of pyruvate and β-NADH, lactate dehydrogenase 

catalyses the conversion of these substrates to lactate and β-NAD. This reaction 

produces a decrease in absorbance at 340 nm, performed at 37°C and pH 7.5 with a 

light path of 1 cm. The change in absorbance is measured over 3 min and converted to 

IU/mL/g tissue.  
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Subcellular Fractionation 

Changes in cytosolic or membrane expression of various proteins are assessed 

via western immunoblot analysis. Hearts are excised, frozen in liquid N2, and 

homogenised using a glass dounce in lysis buffer containing protease and phosphatase 

inhibitors (in mM): Mops, 20; EGTA, 2; EDTA, 5; sodium fluoride, 30; β-

glycerophosphate, 40; sodium tetra-pyrophosphate, 20; leupeptin, 0.01; pepstatin A, 

0.005; benzamidine, 3; phenylmethanesulfonyl fluoride, 1; and sodium orthovanadate, 

1. Samples are centrifuged at 4°C for 10 min at 700 G to remove cellular debris. To

obtain a cytosolic fraction, hearts are spun in an ultracentrifuge at 4°C for 90 min at 100

000 G. Supernatant is collected as the cytosolic fraction and the pellet is resuspended in

lysis buffer containing 0.1 % Triton-X to obtain the membrane fraction. Protein

estimation is performed using Pierce BCA Protein Assay Reagent kit to determine

protein amount per sample (Pierce Biotechnology, IL, USA). Samples are stored at -

80°C.

Western Immunoblotting 

Each hand-cast 10 % acrylamide gel is loaded with 30 µg protein per well. Protein is 

separated at 150 V for 60 min. Proteins are subsequently transferred to polyvinylidene 

difluoride fluorescent membranes (75 V for 2.5 hr) and blocked with Odyssey Fish 

Serum for 2 hr. Blots are incubated with primary antibody overnight at 4°C with gentle 

agitation. After 4 x 5 min washes with Tris-buffered saline with 1 % Tween 20 followed 

by 1 x 10 min wash in Tris-buffered saline, blots are incubated in the dark with 

secondary antibody. Blots are visualised and analysed on a Licor Odyssey Infrared 

Imaging System (Millenium Science, Mulgrave, Australia). Blot densities are 

normalised to internal standards on each gel.  

Enzyme-linked Immunoabsorbant Assay (ELISA) 

To assess cytosolic content of TNFα and IL1β in murine hearts, commercial ELISA kits 

were purchased from ELISAkit.com (Scoresby, VIC), and experiments performed 

according to manufacturers instructions. Briefly, 20 µg protein was loaded onto strip-
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well plates pre-coated with mouse TNFα or IL1β capture antibodies. The following 

reagents were added in succession and incubated, with plates washed x 4 with wash 

buffer: biotin labelled detection antibody (incubation for 2 hr at room temperature), 

streptavidin-HRP conjugate (incubate 45 min), and 3,3’,5,5’-Tetramethylbenzidine 

(TMB) substrate (incubate in dark for 20 min). Reaction was stopped with Stop solution 

and optical density determined using microplate reader (Tecan infinite M200 Pro, 

Mannedorf, Switzerland) set at 450 nm with a wavelength correction for 570 nm. 

Content of TNFα and IL1β was calculated from a standard curve and corrected for 

dilution factors.  

Mitochondrial Functional Analyses 

Sample preparation: After Langendorff perfusion, left ventricles were 

immediately suspended in cold Mir05 media (in mM): EDTA, 0.5; MgCl2.6H2O, 3; K-

lactobionate, 60; taurine, 20; KH2PO4, 10; HEPES, 20; sucrose, 110; and 1 g BSA (pH 

to 7.1 at 30°C). Mitochondria are isolated using a PBI-Shredder HRR-Set (Oroboros 

Instruments, Innsbruck, Austria). The shredder operates as a homogenisation system 

designed on a three-gear system which generates a force to the tissue [238]. 

Approximately 8-10 mg protein was added to the Lysis Disk of the Shredder-Tube with 

800 µL Mir06 media prior to undergoing placement in the shedder apparatus. The lever 

was set at position 1 (10 s), followed by position 2 (10 s). The resultant homogenate 

was transferred to a fresh pre-chilled tube and final volume adjusted to a concentration 

of 1 mg/mL.  

Mitochondrial respiration: Mitochondrial oxygen consumption was quantified 

using an Oxygraph-2k instrument (Oroboros Instruments, Innsbruck, Austria). The 

oxygraph chambers were cleaned prior to use with a series of ethanol and water washes, 

and stabilised with MiR05 media. All measurements were performed at 37°C in 2 mL 

chambers. Heart homogenate containing intact mitochondria (isolated from the left 

ventricle) was obtained using the PBI-Shredder HRR-Set (Oroboros) as described above 

and added to the chambers. Catalase (280 U/ml) was then added to both chambers 

[239]. Analysis of mitochondrial respiration via complex I, and complex II of the 

electron transport chain was achieved by sequential addition of substrates and 

inhibitors. Cytochrome c was used to validate mitochondrial integrity. Quantitative 

analysis of mitochondrial oxygen consumption was performed using Datlab software 
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(Oroboros Instruments). Upon stabilisation of the homogenate, the chambers were 

closed to initialise the measurements of oxygen consumption within the chamber. 

Pyruvate (5 mM), malate (2 mM), and glutamate (10 mM) were added to chambers, as 

substrates for complex I. Addition of ADP (1 mM) was added stepwise throughout the 

experiment to consistently drive ATP synthesis. Mitochondrial integrity was then 

validated by the addition of cytochrome c (10 µM). To switch from NAD+- to FAD+-

linked respiration and drive Complex II respiration, succinate was added (10 mM). 

System uncoupling and maximal tissue respiration was achieved by the addition of 0.5 

µM CCCP (added step-wise).  Complex I respiration was eliminated by inhibition of 

back electron transfer with 0.5 µM rotenone, followed by inhibition of Complex III with 

2.5 µM antimycin A. O2 utilisation was normalised to tissue mass. Data are presented as 

oxygen flux (the rate of oxygen consumption), which is corrected for instrumental 

background  

 

Other Methods  

 A number of studies were conducted in collaboration with staff in the Patel 

Laboratory at the VA Medical Hospital, University of California, San Diego. 

Techniques employed in conjunction with expert staff include the following; Glucose 

tolerance testing, echocardiography, electrocardiography, electron microscopy, 

mitochondrial isolation and respiratory analysis. Further methodological detail is 

provided in the relevant chapters.  The candidate visited this laboratory several times to 

conduct research and provide technical assistance for this project.  

Statistical Analysis 

All values are expressed as means ± SE. Differences between groups are tested 

via a one-way ANOVA (or t-test where appropriate), with Newman-Keuls post hoc test 

applied when significant effects are detected. Significant differences were accepted for 

p < 0.05. All data analysis was performed using Graphpad Prism software. 
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Foreword 

While previous work pharmacologically interrogated potential contributors to SLP-

mediated signalling, a molecular profile during the induction phase of SLP has not been 

confirmed, nor have downstream mediators of protection been identified. Chapter 3 

sought to characterise changes to previously implicated signalling elements (β2-AR, Gs, 

PKA, TNFα, IL1β), the potential role of PI3K during SLP induction, and the impact of 

changes in β2-AR, Gas, PKA on cardiac responsiveness to β2-AR or AC activation. 

Additionally, a potential downstream mediator of protection was investigated (Rho 

kinase) and the time taken to induce SLP was determined. 
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Chapter 3: Modulation of the β2-

Adrenergic Receptor Pathway During 

the Onset of Sustained Ligand-Activated
Preconditioning 

ABSTRACT 

Novel sustained ligand-activated preconditioning (SLP) significantly improves tolerance 

to ischaemia/reperfusion (I/R) injury in young to aged hearts, a unique quality crucial to 

the ultimate clinical utility of any cardioprotective intervention. Opioidergic SLP is 

induced via 5 days δ-OR agonism and appears to involve initial PI3K-dependent signals, 

with subsequent protection mediated via β2-AR, Gs and PKA, converging upon as yet 

unidentified targets. This study sought to further characterise the unique SLP response 

through proteomic and functional assessment of SLP ‘induction’. Specifically, time-

dependent shifts in myocardial expression of β2-ARs, Gs, PKA, Akt, TNFα and IL1β 

were assessed, together with effects of SLP on myocardial responsiveness to this signal 

path (ie. responses to β2-AR agonism and downstream adenylyl cyclase activation). The 

role of PI3K during SLP induction was examined, as was the time required to induce 

SLP. Finally, downstream effectors of SLP-mediated PKA signalling were investigated, 

including the role of Rho-kinase (ROCK). Protection against I/R injury via SLP was 

found to arise in as little as 24 hrs, though whether these early responses reflect SLP as 

opposed to acute or conventional opioidergic protection requires further analysis. 

Western blot analysis revealed significant alterations in expression, phosphorylation and 

translocation of β2-AR, Gs, PKA and Akt signalling elements during SLP induction. 

Interestingly, these changes did not translate to altered sensitivity to β2-AR agonists 

(formoterol and fenoterol) or the adenylyl cyclase (AC) activator NKH477. Assessment 

of previously implicated inflammatory mediators identified significant elevations in 

TNFα expression with SLP, with no change in IL1β expression. The role of PI3K during 

SLP induction appears complex, as PI3K inhibition with wortmannin exerted diverse 

effects upon both molecular elements assessed, and I/R tolerance. However, these data 
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indicate that SLP-dependent changes in β2-ARs, Gs and PKA do not require PI3K 

activity. Inhibition of ROCK in SLP-treated hearts did not block protection evident in 

Langendorff-perfused hearts exposed to I/R. In summary, these data further characterise 

the novel SLP response, providing a molecular profile that implicates significant 

alterations in the β2-AR/Gs/PKA signalling axis with chronic opioid treatment that 

appear PI3K independent, together with potential involvement of inflammatory 

signalling in the cardiac effects of SLP. 
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INTRODUCTION 

The novel SLP response represents a potent and prolonged protective phenotype 

effective in reducing myocardial I/R injury in young to aged hearts. The mechanistic 

basis of SLP-mediated protection is relatively unknown, yet appears to involve sustained 

δ-OR agonism, initial PI3K/Akt pathway contribution, and subsequent protection 

mediated by a unique β2-AR/Gs/PKA-dependent pathway. The proposed β-adrenergic 

pathway contribution to SLP protection is congruent with previous observations of β-AR 

involvement in cardioprotective responses such as IPC [214, 220, 240-243]. However, 

the precise details of this novel signalling model in SLP remain to be elucidated. Ligand 

binding to β2-ARs induces receptor conformational changes that facilitate exchange of 

GDP for GTP at the Gas subunit and subsequent signal activation [240, 244]. 

Consequently, adenylyl cyclase (AC) activity increases, elevating cAMP production, 

leading to PKA (cAMP-dependent protein kinase) activation and phospho-regulation of 

effector proteins crucial to cardiac Ca2+ handling and contractility (eg. RyR, SERCA, 

PLB, TnI, TnC) [220, 223, 240], among other processes. Cell death and survival 

processes are also linked to β2-AR signalling, predominantly via its dual coupling to 

both Gi and Gs proteins [220, 240]. Following agonist stimulation, β2-AR signalling is 

modulated by mechanisms including phosphorylation and signal compartmentalisation 

to prevent untoward cardiac effects of excess stimulation [223, 245]. Regulatory G 

protein-coupled receptor kinases (GRKs) are activated by PKA, and initiate homologous 

desensitisation by phosphorylating β2-ARs, facilitating β-arrestin binding and 

subsequent receptor internalisation [246, 247]. Additionally, PKA engages in 

heterologous desensitisation via phosphorylation of β2-ARs to promote G protein 

switching from Gs to Gi thus modifying cell signalling [248, 249]. Conversely, 

phosphatases participate in protein dephosphorylation, while intracellular cAMP levels 

are reduced by phosphodiesterases activity [245]. This sophisticated system is crucial in 

normal control of cardiovascular performance and phenotype, though may functionally 

deteriorate with age and disease [220-223, 240, 246]. 

To understand the intricate mechanisms underlying SLP induction in the heart and 

its impact upon the β2-AR axis, a time course study of protein expression and 

phosphorylation of Akt, β2-AR, Gas, and PKA was undertaken (at 1 and 5 days 

induction, together with 10 days of withdrawal), coupled with assessment of cardiac 
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functional sensitivity of this system. Additionally, the effects of PI3K inhibition and 

involvement of previously implicated inflammatory mediators [250] were interrogated. 

Downstream effectors of PKA signalling that may govern SLP protection were also 

assessed. 
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MATERIALS AND METHODS 

Animals 

Investigations for this project conform to the guidelines of the Animal Ethics Committee 

of Griffith University (MSC/04/13AEC). Hearts were isolated from young male (12 wk. 

old) mice that were either vehicle (control) or SLP treated. 

SLP Induction 

Mice were briefly anaesthetised with isoflurane, and using aseptic technique a 

small incision was made at the base of the neck. Vehicle (control) or slow-release 

morphine (25 mg) pellets (National Institute of Drug Abuse) were inserted in the dorsal 

subcutaneous space and the site closed with 9-mm wound clips. A subset of mice was 

co-treated with wortmannin to examine the effects of PI3K inhibition upon the SLP 

phenotype. Thus, osmotic mini-pumps (model 1007D; Alzet, Cupertino, CA) containing 

wortmannin (releasing 30 µg/kg/day) were implanted subcutaneously with vehicle or 

morphine pellets. Implants were left in place for 24 hr or 5 days, after which pellets were 

removed and wounds closed for withdrawal assessment, sacrificed for heart excision 

and/or Langendorff perfusion. In a subset of mice the time required to induce SLP 

protection was examined: hearts were isolated for Langendorff perfusion from animals 

at 24 hr and 5 days post pellet implantation, and also 10 days after pellet removal (after 5 

days initial treatment).  

Myocardial protein expression analyses 

To assess changes in protein expression, phosphorylation and localization, hearts 

were excised from control (vehicle) and SLP-treated mice at 24 hr, 5 days (SLP 

induction) and 10 days withdrawal (10 dw). For the 10 dw group, pellets were surgically 

removed from mice under brief isoflurane anaesthesia 5 days (5 d) after pellet 

implantation, and the wound was closed with wound clips. At this point, mice were 

given a single i.p injection of naloxone (7 mg/kg) to ensure blockade of opioid receptors, 

and hearts were excised 10 days later [29]. Upon excision, left ventricles were isolated 

from all hearts, snap frozen in liquid N2, and stored at -80°C until analysis. To determine 
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changes in subcellular translocation, hearts were homogenized in lysis buffer (containing 

protease and phosphatase inhibitors) using a glass dounce and underwent cycles of 

differential centrifugation to obtain cytosolic and membrane fractions as detailed in 

Chapter 2. Protein contents of tissue samples were determined using commercial BCA 

protein assay kits (Pierce Biotechnology, Inc) according to manufacturers instructions. 

Each hand-cast 10 % acrylamide gel was loaded with 30 µg protein per well. 

Protein was separated at 150 V for 60 min. Proteins were subsequently transferred to 

polyvinylidene difluoride fluorescent membranes (75 V for 2.5 hr) and blocked with 

Odyssey Fish Serum for 2 hr. Blots were incubated with the following primary 

antibodies overnight at 4°C with gentle agitation; Akt 1:1000 (9272, Cell Signalling 

Technology), phospho-Akt 1:1000 (9271, Cell Signalling Technology), β2-AR 1:750 (sc-

569, Santa Cruz Biotechnology), phospho-β2-AR 1:750 (sc-17275, Santa Cruz 

Biotechnology), PKA 1:1000, (4782, Cell Signalling Technology), phospho-PKA 

1:1000 (4781, Cell Signalling Technology), Gas 1:750 (sc-823, Santa Cruz 

Biotechnology) and GAPDH 1:5000 (sc-32233, Santa Cruz Biotechnology). After 4 x 5 

min washes with Tris-buffered saline with 1 % Tween 20 followed by 1 x 10 min wash 

in Tris-buffered saline, blots were incubated in the dark with fluorescently-tagged 

secondary antibody. Blots were visualised and analysed on a Licor Odyssey Infrared 

Imaging System (Millenium Science, Mulgrave, Australia). Blot densities were 

normalised to internal standards on each gel, and GAPDH expression was used as a 

loading control. 

 

Enzyme-linked Immunosorbant Assay (ELISA) 

To additionally assess cytosolic expression of TNFα and IL1β in murine hearts 

(implicated in prior gene array analyses [250]), 20 µg protein was loaded onto strip-well 

plates pre-coated with mouse TNFα or IL1β capture antibodies. Commercial ELISA kits 

were purchased from ELISAkit.com (Scoresby, VIC), and experiments performed 

according to manufacturers instructions. Further detail is provided in Chapter 2. 

 

Langendorff Perfusions  

In a subset of mice hearts were isolated and Langendorff-perfused to assess 
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changes in sensitivity to β2-AR agonist or AC activator stimulation. Mice were 

anaesthetised with sodium pentobarbital (60 mg/kg i.p.), the heart excised via 

thoracotomy and the aorta cannulated for Langendorff perfusion of the coronary 

circulation, as described previously [235-237] and detailed in Chapter 2.  All hearts 

were perfused at a constant hydrostatic pressure of 80 mmHg with modified Krebs-

Henseleit buffer bubbled with 95% O2/5% CO2 at 37°C (giving a pH of 7.4), and 

containing (in mM): NaCl, 119; glucose, 11; NaHCO3, 22; KCl, 4.7; MgCl2, 1.2; 

KH2PO4, 1.2; EDTA, 0.5 and CaCl2, 2.5. Contractile function was monitored by a fluid-

filled balloon inserted into the left ventricle and inflated to generate an end-diastolic 

pressure (EDP) of approximately 5 mmHg. An ultrasonic flow-probe positioned 

proximal to the aortic cannula and connected to a T206 flow meter (Transonic Systems 

Inc., Ithaca, NY) is used to measure coronary flow. A thin pacing wire attached to an 

SD9 stimulator (Grass Instruments, Quincy, MA) was inserted superficially along the 

ventricle to induce ventricular pacing at 420 beats per minute. An 8/s MacLab system 

(ADInstruments Pty Ltd., Castle Hill, Australia) connected to an Apple iMac computer 

was used to record functional data at 1 KHz. Variables measured via digital processing 

include peak systolic pressure, end diastolic pressure, + and – differential of ventricular 

pressure development (dP/dt), coronary flow and heart rate.  

 

Concentration-response analysis of β2-AR agonists and AC activation  

Hearts were prepared as above with the addition of 2 mM pyruvate to perfusion 

fluid to ensure stable contractile function (previously shown to eliminate the 

phenomenon of functional ‘cycling’ in murine hearts [251]); with hearts un-paced to 

allow assessment of chronotropic effects of applied drugs. After 20 min equilibration, 

concentration-response curves were obtained for the following agents; formoterol (long-

acting β2-AR agonist), fenoterol (selective β2-AR-coupled Gs signalling agonist), and 

NKH 477 (AC activator). Drugs were delivered via the cannula at 1-3% of coronary 

flow rate using an infusion pump (Pump 22, Harvard Instruments), with incremental 

increases in concentration after 5 min at each level. 

 

Role of Rho kinase (ROCK) in SLP protection  

A series of studies was performed to test the potential involvement of PKA-
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sensitive ROCK in SLP protection. Hearts were implanted with pellets and prepared for 

Langendorff perfusion as described above.  After 20 min stabilisation, hearts were 

switched to ventricular pacing at 420 beats/min. To examine effects of ROCK inhibition, 

a subset of hearts were administered fasudil (5 µM final concentration) for 10 min pre- 

and post-ischaemia. Baseline measurements were made, followed by 25 min of global 

normothermic ischaemia and 10 min of aerobic reperfusion for mitochondrial analyses, 

or 45 min reperfusion for ROCK inhibition studies. Ventricular pacing was stopped 

during ischaemia and resumed after 2 min reperfusion. Extent of cell damage and death 

in response to I/R was assessed via enzymatic assay of total lactate dehydrogenase efflux 

throughout reperfusion (detailed in Chapter 2). Hearts were excluded from study if they 

meet one or more of the following criteria: a) coronary flow >5 mL/min (near maximal 

dilation or aortic tear), b) unstable contractile function, c) significant arrhythmias or d) 

left ventricular systolic pressure below 100 mmHg. 
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RESULTS 

Period required to induce SLP 

 Recovery of left ventricular developed pressure (LVDP) in 24 hr treatment 

group was no different from the corresponding control group. Protection is clearly 

evident after 5 days SLP treatment, with significant improvements in post-ischaemic 

recovery of end diastolic pressure (EDP) and LVDP. After 10 days of stimulus 

withdrawal, SLP protection has dissipated, as no significant difference in post-ischaemic 

function exists between control and SLP-treated hearts.  
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Figure 3.1. Functional recoveries to I/R with SLP induction and withdrawal. Effects of 

24 hr and 5 day SLP induction, and 10 days withdrawal upon I/R tolerance in ex vivo 

Langendorff-perfused hearts. Recovery of end-diastolic pressure (EDP, mmHg) are 

displayed in the left panels, and left-ventricular developed pressure (LVDP, % baseline) 

in the right panels. Values are mean ± SE. *, p ≤ 0.05 vs. control.  n = 5-8/group.  
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Impact of SLP induction on β2-AR/Gas/PKA signal elements and AKT 

Previous investigations suggest dependence of SLP induction on sustained δ-OR 

activation and PI3K signalling, leading to novel involvement of β2-AR, Gs and PKA 

during the subsequent mediation phase of SLP protection [172]. Here, we show that SLP 

induction does indeed trigger significant changes in myocardial expression/localisation 

of elements of the β2-AR/Gs/PKA signal axis. Proteomic changes are compiled within 

the following tables for β2-AR (Table 3.1), Gαs (Table 3.2), PKA (Table 3.3) and Akt 

expression (Table 3.4), respectively.  

β2-AR expression and phosphorylation:  After 24 hr, SLP-treated hearts exhibited 

significant translocation of total β2-AR from the cytosol to the membrane, with increased 

expression of phosphorylated β2-ARs observed in membrane fractions. The cytosolic 

P/T ratio of β2-AR was increased by SLP, largely in response to reductions in cytosolic 

β2-AR expression. After 5 days, SLP induced significant changes in total and 

phosphorylated expression of β2-AR in membrane fractions. The cytosolic P/T β2-AR 

ratio was elevated in SLP-treated hearts after 10 days of stimulus withdrawal, due to 

increases in both total and phosphorylated expression of cytosolic β2-AR. Overall, SLP 

induction over the course of 5 days appears to translocate β2-AR from the cytosol to the 

membrane, where the extent of inhibitory phosphorylation is not substantially changed. 

Changes were reversed upon 10 day stimulus withdrawal. These molecular changes with 

SLP were not substantially altered by wortmannin co-treatment (as shown in bottom half 

of Table 3.1). However wortmannin alone reduced total β2-AR expression in cytosolic 

fractions after 24 hr treatment, contributing to the significant increase in cytosolic P/T 

ratio of β2-AR expression. Additionally, after 5 days wortmannin treatment both total 

and phosphorylated β2-AR expression in membrane fractions was significantly 

increased. 
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Table 3.1. β2-AR expression changes with SLP induction and withdrawal. Data are total and phosphorylated protein expression in cytosol and 

membrane fractions of control (CTRL) and SLP-treated hearts ± wortmannin (Wort., PI3K/Akt inhibitor).  

	  	   TIME GROUP Total β2-AR Phospho β2-AR Cytosol P/T 
Ratio 

Membrane 
P/T Ratio Cytosol Membrane Cytosol Membrane 

No wortmannin 

24 hr 
CTRL (n=6) 1.05 ± 0.03 1.01 ± 0.15 0.97 ± 0.08 0.98 ± 0.06 0.92 ± 0.08 0.98 ± 0.08 

SLP (n=6) 0.68 ± 0.12 * 1.78 ± 0.14 * 0.95 ± 0.05 1.39 ± 0.07 * 1.27 ± 0.08 * 0.81 ± 0.06 

5 days 
CTRL (n=6) 0.92 ± 0.13 1.03 ± 0.11 0.97 ± 0.07 0.97 ± 0.11 1.10 ± 0.12 0.97 ± 0.07 

SLP (n=6) 0.64 ± 0.08 1.61 ± 0.14 * 0.91 ± 0.06 1.32 ± 0.11 * 1.45 ± 0.11 0.82 ± 0.05 

10 days 
withdrawal 

CTRL (n=6) 1.00 ± 0.06 0.92 ± 0.13 0.89 ±0.15 1.05 ± 0.16 0.81 ± 0.03 1.20 ± 0.91 

SLP (n=5) 1.1 ± 0.13 0.87 ± 0.16 1.18 ± 0.13 0.90 ± 0.14 1.13 ± 0.10 * 1.11 ± 0.10 

Wortmannin  
treated 

24 hr 
Wort. (n=6) 0.62 ± 0.06 * 1.24 ± 0.09  1.03 ± 0.09 1.10 ± 0.13 1.58 ± 0.14 * 0.92 ± 0.1 

SLP + Wort. (n=6) 0.64 ± 0.06 1.97 ± 0.22 # 0.73 ± 0.1 1.31 ± 0.27 1.10 ± 0.06 # 0.72 ± 0.16 

5 days 
Wort. (n=6) 0.82 ± 0.10  2.59 ±0.33 * 0.84 ± 0.09  2.11 ± 0.30 * 0.98 ± 0.11  0.85 ± 0.05 

SLP + Wort. (n=6) 0.65 ± 0.14 1.51 ± 0.14 # 1.23 ± 0.14 # 1.24 ± 0.20 # 1.77 ± 0.15 # 0.76 ± 0.08 

 

Values are mean ± SE. *, p ≤ 0.05 vs. CTRL; †, p ≤ 0.05 vs. SLP; #, p ≤ 0.05 vs. Wort. n = 5-6/group.
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Gas expression: Data in Table 3.2 demonstrate that SLP significantly increased 

the 46 kDa isoform of Gs (Gas-short) in cytosolic fractions, and the 52 kDa isoform (Gas-

long) in membrane fractions, respectively. Changes were reversed upon 10 days of 

stimulus withdrawal. These differential responses to SLP were modestly reduced by 

wortmannin co-treatment. In wortmannin-treated hearts, SLP effectively reduced the 

membrane expression of both 52 and 46 kDa forms after 5 days. 
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Table 3.2. Gas expression changes (long and short variants) with SLP induction and withdrawal. Data are protein expression changes in cytosol and 

membrane fractions of control (CTRL) and SLP-treated hearts ± wortmannin (Wort., PI3K/Akt inhibitor).  

  TIME GROUP 
Gas 

Cytosol Membrane 
52 kDa 46 kDa 52 kDa 46 kDa 

No wortmannin 

24 hr 
CTRL (n=6) 1.10 ± 0.07 0.93 ± 0.08 0.88 ± 0.12 1.08 ± 0.13 

SLP (n=6) 0.96 ± 0.05 0.99 ± 0.08 1.16 ± 0.09 1.48 ± 0.15 

5 days 
CTRL (n=6) 0.92 ± 0.12 1.02 ± 0.10 0.96 ± 0.09 1.03 ± 0.07 

SLP (n=6) 1.17 ± 0.12 1.63 ± 0.15 * 1.56 ± 0.15 * 1.19 ± 0.05 

10 days 
withdrawal 

CTRL (n=6) N/A 0.91 ± 0.10  0.99 ± 0.21 1.05 ± 0.26 

SLP (n=5) N/A 0.91 ± 0.10 0.84 ± 0.18 1.14 ± 0.34 

Wortmannin  
treated 

24 hr 
Wort. (n=6) 1.26 ± 0.06 0.94 ± 0.05 1.00 ± 0.11 1.08 ± 0.13 

SLP + Wort. (n=6) 1.18 ± 0.12 0.77 ± 0.10 1.02 ± 0.15 1.43 ± 0.12 

5 days 
Wort. (n=6) 1.03 ± 0.08 1.64 ± 0.34 2.33 ± 0.28 * 1.84 ± 0.16 * 

SLP + Wort. (n=6) 0.78 ± 0.07 1.20 ± 0.21 1.27 ± 0.18 # 0.98 ± 0.12 # 

Values are mean ± SE. *, p ≤ 0.05 vs. CTRL; †, p ≤ 0.05 vs. SLP; #, p ≤ 0.05 vs. Wort. n = 5-6/group
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PKA expression and phosphorylation:  Data regarding PKA in Table 3.3 reveal 

that SLP does not significantly alter total PKA expression throughout the 5 day 

induction period. However, early in SLP induction an elevated cytosolic P/T PKA ratio 

and a reduced membrane P/T ratio were observed. Conversely, 5 day SLP treatment 

decreased cytosolic and increased membrane phospho-PKA expression and P/T ratio, 

suggesting translocation from cytosol to membrane. These changes were reversed upon 

stimulus withdrawal. These SLP effects on phospho-PKA translocation are not 

substantially countered by wortmannin.  

While no significant expression changes were identified in either fractions after 

24 hr wortmannin treatment, wortmannin alone significantly elevated cytosolic and 

membrane P/T ratios. Additionally, co-treatment with wortmannin elevated membrane 

P/T ratios in SLP-treated hearts. After 5 day wortmannin alone, total and phospho-PKA 

expression in both cytosolic and membrane fractions were significantly elevated, an 

effect that substantially reduced by co-treatment with SLP.  
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Table 3.3. PKA expression changes (total and phosphorylated) with SLP induction and withdrawal. Data are expression changes in cytosol and 

membrane fractions of control (CTRL) and SLP-treated hearts ± wortmannin (Wort., PI3K/Akt inhibitor).  

TIME GROUP Total PKA Phospho-PKA Cytosol P/T 
Ratio 

Membrane 
P/T Ratio Cytosol Membrane Cytosol Membrane 

No wortmannin 

24 hr 
CTRL (n=6) 0.97 ± 0.03 1.07 ± 0.06 0.96 ± 0.06 1.00 ± 0.09 0.97 ± 0.04 0.95 ± 0.07 

SLP (n=6) 0.93 ± 0.04 1.19 ± 0.07 1.06 ± 0.09 1.03 ± 0.15 1.16 ± 0.06 * 0.72 ± 0.07 * 

5 days 
CTRL (n=6) 1.06 ± 0.07 1.02 ± 0.07 1.00 ± 0.03 0.91 ± 0.10 0.96 ± 0.05 0.91 ± 0.06 

SLP (n=6) 1.04 ± 0.09 1.17 ± 0.09 0.87 ± 0.03 * 1.70 ± 0.18 * 0.84 ± 0.20 1.61 ± 0.18 * 

10 days 
withdrawal 

CTRL (n=6) 0.99 ± 0.03 1.51 ± 0.96 1.04 ± 0.09 1.04 ± 0.07 1.07 ± 0.04 0.91 ± 0.21 

SLP (n=5) 1.08 ± 0.05 1.52 ± 0.85 1.20 ± 0.08 0.85 ± 0.03* 1.18 ± 0.07 0.55 ± 0.12 

Wortmannin  
treated 

24 hr 
Wort. (n=6) 1.03 ± 0.08 0.87 ± 0.06 1.24 ±0.06 1.25 ± 0.15 1.26 ± 0.07 * 1.43 ± 0.12 * 

SLP + Wort. (n=6) 0.93 ± 0.06 1.07 ± 0.08 1.18 ± 0.11 1.40 ± 0.28 1.18 ± 0.10 1.18 ± 0.17 † 

5 days 
Wort. (n=6) 0.97 ± 0.11 1.97 ± 0.34 * 0.88 ± 0.08 2.74 ± 0.39 * 0.90 ± 0.04 1.56 ± 0.25 

SLP + Wort. (n=6) 0.84 ± 0.07 1.29 ± 0.22 # 1.00 ± 0.13 1.47 ± 0.21 # 1.35 ± 0.05 †# 1.31 ± 0.24 

Values are mean ± SE. *, p ≤ 0.05 vs. CTRL; †, p ≤ 0.05 vs. SLP; #, p ≤ 0.05 vs. Wort.  n = 5-6/group. 
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Akt expression and phosphorylation:	  SLP increases relative Akt phosphorylation 

(not protein levels) in both cytosol and membrane compartments. These SLP effects on 

Akt were not inhibited by wortmannin. Withdrawal generally reversed these responses 

to SLP induction, however the elevated membrane P/T ratio did persist. More 

specifically, early during SLP induction saw significant increases in membrane 

phospho-Akt expression. The cytosolic P/T ratio of Akt was substantially elevated, 

reflecting reduced total Akt and increased phospho-Akt expression. Furthermore, the 

cytosolic P/T ratio was increased after 5 days SLP induction, primarily due to elevations 

in cytosolic phospho-Akt.  

Similarly, an increase in membrane P/T ratio was observed due to both a fall in 

total and elevated phospho-Akt expression in membrane fractions. Wortmannin 

treatment alone for 24 hr did not significantly alter Akt expression or phosphorylation. 

Wortmannin significantly increased Akt phosphorylation in cytosolic fractions of SLP-

treated hearts (vs. SLP alone). Compared to wortmannin-treated hearts (Wort.), SLP 

significantly elevated both cytosolic and membrane P/T ratios of Akt, both changes 

predominantly resulting from increased phospho-Akt. 
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Table 3.4. Akt expression changes (total and phosphorylated) during SLP induction and withdrawal. Data are expression changes in cytosol and 

membrane fractions of control (CTRL) and SLP-treated hearts ± wortmannin (Wort., PI3K/Akt inhibitor).  

TIME GROUP Total Akt Phospho-Akt Cytosol P/T 
Ratio 

Membrane 
P/T Ratio Cytosol Membrane Cytosol Membrane 

No wortmannin 

24 hr 
CTRL (n=6) 1.01 ± 0.06 1.02 ± 0.15 0.96 ± 0.15 0.99 ± 0.03 0.98 ± 0.12 1.10 ± 0.08 

SLP (n=6) 0.86 ± 0.07 1.54 ± 0.19 1.40 ± 0.25 2.20 ± 0.41 * 1.44 ± 0.11 * 1.22 ± 0.22 

5 days 
CTRL (n=6) 0.99 ± 0.04 0.98 ± 0.10 0.92 ± 0.11 1.09 ± 0.15 0.92 ± 0.05 1.11 ± 0.13 

SLP (n=6) 1.05 ± 0.04 0.91 ± 0.09 1.17 ± 0.15 1.40 ± 0.17 1.27 ± 0.13 * 1.54 ± 0.14 * 

10 days 
withdrawal 

CTRL (n=6) 0.94 ± 0.06 0.96 ± 0.21 0.99 ± 0.06 0.99 ± 0.15 1.11 ± 0.07 1.13 ± 0.14 

SLP (n=5) 0.84 ± 0.07 0.86 ± 0.13 1.07 ± 0.07 1.70 ± 0.39 1.23 ± 0.08 1.88 ± 0.17 * 

Wortmannin  
treated 

24 hr 
Wort. (n=6) 0.85 ± 0.1 1.27 ± 0.13 0.94 ± 0.15 0.83 ± 0.09 1.05 ± 0.09 0.62 ± 0.11 

SLP + Wort. (n=6) 0.78 ± 0.07 1.86 ± 0.20 1.24 ± 0.23 1.57 ± 0.22 1.53 ± 0.21 0.89 ± 0.18 

5 days 
Wort. (n=6) 1.18 ± 0.06 0.79 ± 0.11 1.42 ± 0.16 1.03 ± 0.12 1.17 ± 0.06 1.32 ± 0.03 

SLP + Wort. (n=6) 1.11 ± 0.05 0.71 ± 0.11 1.83 ± 0.17 † 1.26 ± 0.17 1.51 ± 0.1 # 1.86 ± 0.21 # 

Values are mean ± SE. *, p ≤ 0.05 vs. CTRL; †, p ≤ 0.05 vs. SLP; #, p ≤ 0.05 vs. Wort. n = 5-6/group.
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Effects of wortmannin itself on β2-AR-PKA signal elements (Tables 3.1-3.3): 

Interestingly, while wortmannin generally failed to influence the effects of SLP, it also 

induced changes itself that were in some cases similar to those of SLP. Thus, early (24 

hr) during the treatment β2-AR expression was reduced with wortmannin in cytosolic 

fractions (compared to control), contributing to a significant increase in cytosolic P/T 

β2-AR ratio. Cytosolic Gas protein expression was impervious to PI3K inhibition, 

however elevations in membrane Gas expression were observed. Heightened cytosolic 

and membrane P/T PKA ratios were also observed, reflecting in part elevated phospho-

PKA expression in both fractions, together with reduced total PKA expression in the 

membrane fraction. After 5 d wortmannin treatment, membrane expression of total and 

phosphorylated β2-AR, Gas-S, Gas-L, total and phosphorylated PKA was significantly 

amplified. Effects of PI3K inhibition were not evaluated in 10 day withdrawal hearts. 

 

Pharmacological analysis of β2-AR and AC responsiveness in control and SLP hearts  

The observed proteomic changes within the β2-AR/Gs/PKA pathway during SLP 

induction may promote β2-AR and/or PKA responses in myocardial tissue. We therefore 

sought to determine whether SLP amplifies functional sensitivities to β2-AR/PKA 

signalling. Langendorff-perfused hearts were isolated from control and SLP-treated (5 

days) mice and exposed to increasing concentrations of formoterol (long-acting β2-AR 

agonist), fenoterol (selective β2-AR-coupled Gs signalling agonist) or NKH 477 (AC 

activator) (Table 3.5). While SLP significantly manipulated β2-AR pathway 

components, this did not translate to exaggerated β2-AR or AC sensitisation, in terms of 

either chronotropic or inotropic responsiveness. One exception was an elevation in 

maximal heart rate (% baseline) of SLP hearts exposed to AC activation with NKH 477. 

SLP also reduced the Hill slope for fenoterol dependent changes.  
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Table 3.5. Pharmacological analysis of β2-AR agonists and AC activation in control and SLP hearts. Chronotropic, inotropic and coronary flow 

responses to formoterol, fenoterol and NKH 477 were assessed.  

Formoterol (β2-AR agonist) Fenoterol (β2-AR agonist) NKH477 (AC activator) 

Control SLP Control SLP Control SLP 

Systolic Pressure 

EC50 
Absolute 7.62 ± 0.09 7.56 ± 0.04 6.81 ± 0.04 6.86 ± 0.06 7.32 ± 0.04 7.14 ± 0.06 

% 7.61 ± 0.08 7.59 ± 0.04 6.81 ± 0.04 6.82 ± 0.06 7.31 ± 0.04 7.15 ± 0.06 

Slope factor 
Absolute 5.96 ± 2.22 2.55 ± 0.27 1.72 ± 0.13 1.78 ± 0.17 6.45 ± 2.95 2.81 ± 0.32 

% 7.64 ± 2.35 2.55 ± 0.27 1.72 ± 0.13 1.76 ± 0.16 5.41 ± 2.05 5.57 ± 1.56 
Maximal 
Response 

Absolute 170 ± 7 190 ± 12 177 ± 12 169 ± 5 184 ± 12 163 ± 6 
% 167 ± 7 166 ± 20 165 ± 5 149 ± 10 164 ± 10 137 ± 7 

Heart Rate 

EC50 
Absolute 7.15 ± 2.25 7.09 ± 0.03 6.88 ± 0.11 6.96 ± 0.07 7.20 ± 0.07 7.18 ± 0.06 

% 7.77 ± 0.07 7.62 ± 0.03 6.88 ± 0.11 6.96 ± 0.07 7.20 ± 0.07 7.18 ± 0.06 

Slope factor 
Absolute 2.65 ± 0.51 2.07 ± 0.31 1.74 ± 0.19 1.74 ± 0.18 1.65 ± 0.19 2.06 ± 0.48 

% 3.03 ± 0.83 2.07 ± 0.33 1.54 ± 0.19 1.47 ± 0.18 1.65 ± 0.19 2.06 ± 0.48 
Maximal 
Response 

Absolute 554 ± 25 575 ± 8 571 ± 4 568 ± 10 588 ± 5 598 ± 10 
% 156 ± 6 149 ± 6 159 ± 6 183 ± 8 * 158 ± 6 160 ± 3 

Coronary Flow 

EC50 
Absolute 7.66 ± 0.10 7.63 ± 0.04 7.16 ± 0.05 7.13 ± 0.07 7.23 ± 0.02 7.12 ± 0.08 

% 7.72 ± 0.10 7.64 ± 0.05 7.16 ± 0.05 7.13 ± 0.07 7.24 ± 0.02 7.12 ± 0.09 

Slope factor 
Absolute 1.88 ± 0.11 1.95 ± 0.26 1.67 ± 0.18 1.93 ± 0.13 2.31 ± 0.35 1.94 ± 0.52 

% 1.94 ± 0.11 1.96 ± 0.26 1.67 ± 0.18 1.92 ± 0.14 2.31 ± 0.35 1.44 ± 0.14 * 
Maximal 
Response 

Absolute 4.31 ± 0.5 4.28 ± 0.2 4.42 ± 0.1 4.68 ± 0.1 4.98 ± 0.3 4.69 ± 0.2 
% 164 ± 12 178 ± 8 180 ± 12 184 ± 16 183 ± 17 173 ± 8 

Data were fit to concentration-response curves as detailed in the methods (employing both absolute functional changes and % changes). 
Derived parameters from each individual curve include: concentration inducing 50% maximal response (EC50); the slope of the 
concentration-response curve (Slope Factor; Hill slope or coefficient, reflecting steepness of the linear component of the response curve); 
and the peak response (Maximal Response). Values are mean ± SE. *, p ≤ 0.05 vs. respective control group. n = 4-6/group. 
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Inflammatory mediators and downstream PKA effectors in SLP protection 

Since prior work supports both PKA involvement [172] and substantial shifts in 

inflammatory mediators in SLP hearts [250], we assessed potential inflammatory 

mediators and downstream targets of PKA-dependent SLP signalling: IL1β, TNFα, and 

ROCK activity. Cytosolic expression of IL1β was not altered by SLP (± wortmannin) 

(Fig. 3.2A). Alternatively, TNFα expression was significantly potentiated by SLP (Fig. 

3.2B). ROCK involvement was evaluated in Langendorff-perfused hearts (Figure 3.3). 

Baseline ex vivo cardiac function was unaltered by ROCK inhibition (or SLP). Control 

hearts exhibited significant contractile dysfunction and cell death post-ischaemia, an 

effect that was unchanged in the presence of fasudil (ROCK inhibitor). Treatment via 

SLP significantly improved post-ischaemic functional recovery and limited cell death, 

however ROCK inhibition did not alter this protective effect of SLP. 
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Figure 3.2. Pre-ischaemic cytosolic expression of IL1β (A) and TNFα (B) in control 

(vehicle) and SLP-treated hearts ± PI3K/Akt inhibition (Wort.). Values are mean ± SE. 

*, p ≤ 0.05 vs. vehicle (CTRL); †, p ≤ 0.05 vs. SLP.  n = 6/group. 
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Figure 3.3. Effects of Rho kinase (ROCK) inhibition upon ischaemic tolerance in 
control and SLP-treated hearts. Data shown are post-ischaemic recovery of EDP (A), 
recovery of LVDP (B), and cell death (C). Values are mean ± SE. *, p ≤ 0.05 vs. 
control. n = 6-12/group. 
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DISCUSSION 

Sustained δ-OR agonism for 5 days has been shown to induce robust cardiac 

protection against I/R injury, a phenotype termed ‘SLP’ [29]. The molecular basis of 

novel SLP still remains to be established, however Peart et al. have previously 

demonstrated that SLP protection is initiated by sustained δ-OR activation and involves 

PI3K/wortmannin-sensitive signals, while mediation of protection may involve a 

combination of primarily β2-AR, Gs, PKA and to a lesser degree PI3K and both Gi 

signal mechanisms [29]. Given evidence of both PI3K-dependent induction, and β2-AR-

PKA involvement in protection, the current study assessed molecular changes and their 

PI3K dependence during induction, focussing specifically on β2-AR, Gs, PKA. The data 

demonstrate significant changes in expression, localisation and/or phosphorylation of 

β2-AR, Gas, PKA and Akt during SLP induction, all largely independently of PI3K 

activity (based on effects of simultaneous wortmannin treatment). These significant 

shifts in key signal elements do not, however, translate into alterations in cardiac 

functional sensitivities to β2AR or AC activation. While these data are consistent with 

an altered β2-AR-PKA signalling path contributing to subsequent protection, the PI3K 

independence of these signal changes hints at involvement of additional PI3K-

dependent mechanisms during the SLP induction phase that await further identification.  

Time to induce SLP protection 

Prior work [234] documents SLP protection with 72 hr of treatment. In the 

current study we detect improved ischaemic tolerance (however not significant to 

control) with as little as 24 hrs of morphine exposure (Fig. 3.1). Interpretation of these 

latter observations is, however, problematic. First, protection with brief exposure may 

not share the same features and mechanistic basis as SLP induced by 3-5 days of 

treatment. Secondly, as the stimulus duration is progressively abbreviated there arises a 

potential for both interference from surgical anaesthesia (ie. anaesthetic-triggered 

preconditioning) and residual conventional protection via acute effects of morphine. 

Volatile anaesthetics and morphine both confer protection 24-48 hrs post-stimulus [63, 

237, 252, 253], dissipating by 72 hrs [254]. The potential complication of anaesthesia is 

supported here with increased I/R tolerance at 24 hrs in hearts from control animals, a 
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protection that wanes with time (Fig. 3.1). Thus, although we document protection 

within 24 hrs of treatment, we cannot conclude unequivocally that this reflects SLP vs. 

more conventional preconditioning. This can be addressed in the future by contrasting 

the abilities of agents that selectively inhibit conventional preconditioning but not SLP 

(eg. mitochondrial KATP channel blockers) to inhibit this early protection. 

 

SLP-dependent shifts in β2-AR expression  

 Based on the initial characterisation of the SLP phenotype [29, 172], which 

supported key roles for Gs, β2-AR, PKA and lesser roles for Gi and PI3K in mediation of 

protection (together with PI3K-dependent induction), the present study assessed both 

shifts in the β2-AR -PKA signal axis, during opioidergic induction of SLP, and the PI3K 

dependence of these changes. Early in SLP induction (24 hr), β2-AR appears to 

translocate from cytosolic to membrane fractions with no significant change in relative 

phosphorylation of membrane-bound β2-AR, while intracellular receptor appears 

increasingly phosphorylated (Table 3.1). These changes generally persisted at 5 days of 

SLP induction, when the protected phenotype is clearly evident [29, 172, 234]. The 

relevance of this change in β2-AR expression/location to the emerging protection is 

unclear. These modifications are apparent within the first 24 hrs of induction, whereas 

protection with SLP may take longer to emerge. The SLP phenotype is evident at 3 days 

[234], whereas the observed 24 hr protection may be a result of anaesthetic 

preconditioning (Fig. 3.1).  

 

 This pattern of change may reflect enhanced recycling of receptors from cytosolic 

to membrane compartments, as in receptor 're-sensitisation' following down-regulation 

[255, 256]. While receptor phosphorylation by PKA (heterologous) or GRK2 

(homologous) down-regulates β2-AR signalling [255, 257], β2-AR translocation or 

recycling to the membrane allows re-sensitisation of receptor-mediated signalling [255, 

256]. Interestingly, the relative phosphorylation of cytosolic β2-AR was elevated in SLP-

treated hearts at 24 hrs and also after 10 days of withdrawal. Receptor internalisation is 

promoted by GRK2-mediated phosphorylation and subsequent β-arrestin binding, 

uncoupling β-ARs from respective G proteins [246, 258], and potentially responsible for 
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the observed increase in cytosolic β2-AR  expression (total and phosphorylated) at 10 

days withdrawal.  

 Interactions between δ-OR and β2ARs: The changes in β2-AR expression patterns 

that may mediate SLP protection [29, 172] are interesting, considering these alterations 

are driven by OR agonism with morphine. While it has been shown that SLP is initiated 

by δ-OR agonism, leading to β2-AR-dependent mediation of protection [29, 172], the 

path from δ-OR activation to expression changes in β2-AR is unclear. Intriguingly, 

research in other tissue types reveals complex interactions between δ-ORs and the β-AR 

system, which may reflect receptor cross-talk or dimerization, in addition to co-

regulation of downstream signal pathways. Both noradrenaline (NA) and opioid peptides 

are released from nerve terminals in response to sympathetic stimulation in the heart and 

exert opposing regulatory effects on cardiac contractility, heart rate and peripheral 

vascular resistance [125, 130, 259]. While β-AR stimulation promotes cardiac 

excitation-contraction coupling, Ca2+ handling and contractility, OR activation opposes 

these actions through inhibitory mechanisms imposed upon β-AR signalling itself [125, 

130, 218, 240, 259-261]. Agonism of δ-ORs with leucine-enkephalin induces anti-

adrenergic effects, triggering a fall in cytosolic Ca2+ transient, LTCC current and 

contraction. These δ-OR-mediated responses appear PTX and naloxone sensitive, 

implicating OR and Gi protein dependence [125]. Akin to other GPCRs, β-ARs and ORs 

may form homo- and heterodimers, in addition to large multimeric complexes [262]. 

Receptor dimerization leads to complex modifications in ligand binding properties, 

receptor transport and signal transduction [262-265]. Homodimerization of β2-AR 

resembles the active form of the membrane-bound receptor, and Gs-mediated signalling 

is sensitive to dimer disruption [262-264]. Indeed, β2-AR homodimers enhance receptor-

mediated signalling and G protein-coupling [263, 264]. Heterodimerization occurs 

between β2-AR and δ-OR (both receptors are implicated in SLP) or κ-OR, and co-

expression of OR affects β2-AR trafficking. β2-AR/δ-OR heterodimers are susceptible to 

isoproterenol and opioid agonist-induced receptor internalization, yet δ-OR and β2-AR 

expressed alone were insensitive to opposing agonist-induced internalisation. 

Interestingly, β2-AR/κ-OR heterodimers were insensitive to both etorphine- and 

isoproterenol-mediated endocytosis [217]. While both the opioid and β-adrenergic 

systems exhibit opposing regulatory mechanisms in the heart, evidence suggests they are 

intricately entwined. Peart et al. have previously shown that SLP functional protection 
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can be mimicked with 5 day treatment with the δ-OR agonist BW373U86, and 

protection is abolished in the presence of BNTX (δ-OR antagonist) [29]. As such, our 

functional studies coupled to changes in β2-AR expression patterns observed here, 

support further investigation of potential cardiac β2-AR/δ-OR heterodimers or receptor 

cross-talk with unique signalling properties.  

 

SLP-dependent shifts in Gas expression  

 Protective GPCR-mediated signalling is largely dependent upon interaction with 

heterotrimeric G proteins to communicate extracellular messages to produce desired 

intracellular outcomes via effector molecules such as phospholipase C, AC, and ion 

channels [244, 266-268]. The stimulatory G protein (Gas) activates AC, leading to 

conversion of ATP to cAMP, potentiating signal transduction via PKA. Curiously, 

previous work has implicated both stimulatory Gs and inhibitory Gi proteins in SLP 

protection [172]. Conversely, acute morphine preconditioning appears largely Gi-

mediated [172]. Napier et al. show that 2-week infusion of morphine improves both 

cardiac Gas and also Gi expression [269]. The present study identifies that after 5 days of 

opioidergic induction, expression of short (Gas-S) vs. long variants (Gas-L) of Gs is 

amplified in cytosolic vs. membrane fractions, respectively (Table 3.2). The Gas-S and 

Gas-L variants may possess functionally distinct biological roles and cellular 

localisation; and are modified with age, development, and shifts in thyroid status [266-

268]. The principal variant found in the heart is Gas-S, and an age-related decline in Gas-

S, and total Gas mRNA and protein expression has been observed [268, 270, 271]. 

Functional tolerance to cardiac I/R injury and effectiveness of conditioning stimuli fades 

with age, impairments effectively overcome by SLP [3, 29, 203, 236]. It is possible SLP 

may counter reduced Gas-S expression in the aged heart to improve I/R tolerance.  

The current study also demonstrates a significant elevation in membrane-bound 

Gas-L after 5 days of SLP induction. Previous observations show that Gas-L is unaltered 

with age [270, 272, 273], with one exception in which an age-related increase in Gas-L 

expression was observed [271]. Interestingly, a study in rat hepatocytes and liver plasma 

membranes concluded that β-ARs favour coupling to Gas-L [274]. Elevated membrane 

Gas-L associated with SLP may be important in the β2-AR/Gs/PKA axis thought to 

mediate protection, and deserves further investigation. Importantly, SLP overcomes the 
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functional drawbacks associated with age, while its efficacy in disease remains to be 

elucidated. However, reductions in cardiac Gas protein and mRNA expression, G protein 

function and AC functional activity in models of hypertrophy and heart failure have 

been widely reported [247, 271, 273]. The alterations observed in SLP-mediated G 

protein expression provide insight into its possible effectiveness in otherwise refractory 

aged hearts, likely mediated via downstream PKA signalling. 

SLP-dependent shifts in PKA expression 

The cAMP-dependent protein kinase - PKA - regulates cardiac excitation-

contraction coupling [240, 247, 263, 264], β-AR desensitisation [255, 257], I/R 

tolerance [172, 225], protection via IPC [220, 228, 229], opioid tolerance [226, 227] and 

energy metabolism [143], among other actions. In response to intensifying intracellular 

cAMP, PKA phosphorylates LTCC, SERCA, RyR, PLB, TnI, TnC, and β-AR [220-223, 

240, 246]. Early in SLP induction (24 hr) the relative phosphorylation of PKA was 

increased in cytosolic and decreased in membrane fractions (reflecting elevated total 

PKA in membranes) (Table 3.3). Initial phosphorylating activity in the cytosol of SLP-

treated hearts may improve Ca2+ homeostasis and thus reduce I/R injury [34, 35, 275, 

276]. However, at 5 days of SLP induction, when the protected phenotype is evident, 

membrane PKA phosphorylation was increased while cytosolic was modestly reduced. 

Whether increased PKA phosphorylation associated with the membrane might reflect 

improved receptor-dependent activation of PKA is unclear, however this increase may 

well contribute to the stress tolerant phenotype.  

Translocated phospho-PKA may modulate substrates via binding to A kinase-

anchoring proteins (AKAPs). The AKAPs are scaffolding proteins that tether PKA and 

provide spatio-temporal regulation of downstream PKA-dependent signals [240, 277]. In 

cardiomyocytes, precise and timely phosphorylation of LTCC to control extracellular 

Ca2+ inflow is governed by PKA, localised to sarcolemmal LTCCs via AKAP15/18α 

[277, 278], a process impaired by disruption of the PKA/AKAP complex [279, 280]. 

The RyR controls Ca2+-induced Ca2+ release from the sarcoplasmic reticulum, and is 

targeted by mAKAP when bound to PKA, promoting inotropic elevations (in response to 

β-AR stimulation). AKAP18δ binds PKA, PLB and SERCA2 in cardiomyocytes to 

promote PKA-mediated phosphorylation of PLB and consequential control of Ca2+ 

reuptake by SERCA2 [281]. AKAPs exert a pertinent regulatory control over PKA by 
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guiding it to its relevant targets for phosphorylation. Interestingly, SLP-treated hearts did 

exhibit moderately increased peak heart rate response to AC activation (NKH477) 

compared to control hearts, suggesting potentially enhanced cAMP-dependent 

signalling. While not examined here, 10 day exposure to morphine in rats has been 

linked with elevated expression and sensitization to AC [282]. Previous studies have 

also observed AC super-sensitivity with chronic morphine treatment [283-289]. The 

spatio-temporal control of cAMP-dependent PKA signals downstream from AC warrant 

further interrogation in the context of SLP, with attention to potential changes in AKAPs 

and other regulatory protein such as GRKs and β-arrestins during SLP induction. 

 

Unaltered β2AR and AC responsiveness with SLP  

 The evident increases in β2-AR expression and phosphorylation in cytosolic and 

membrane fractions over 5 days SLP induction may contribute to the improved post-

ischaemic functional tolerance observed in both young and senescent hearts. While time-

dependent changes in β2-AR protein expression are evident in SLP induction, protein 

expression patterns do not correlate with changes in functional sensitivity to formoterol 

(long-acting β2-AR agonist) or fenoterol (selective β2-AR−coupled Gs signalling 

agonist) (Table 3.5).  This suggests that while expression, phosphorylation and 

translocation of β2-AR may change over 5 day SLP induction, pre-ischaemic receptor 

sensitivity is not influenced by these changes. There was a modest increase in the peak 

heart rate response to AC stimulation with NKH477 in SLP-treated hearts (% maximal 

response), suggesting mild potential augmentation of cAMP-dependent functional 

responses.  

 This absence of change in functional sensitivities does not eliminate changes in 

sensitivity of other effector pathways coupled to β2-AR. Cell survival mechanisms 

linked to this receptor may be enhanced. It is well documented that cAMP acts as a 

promiscuous signalling messenger, whose numerous and unique actions are spatially 

controlled [245]. Moreover, GPCR biased agonism and allosteric modulation are 

important in governing select signal pathway responses to receptor activation. The 

heterogeneous landscape of individual GPCR binding sites permits unique GPCR 

profiles and consequent selective engagement of different and divergent signalling 

networks through one specific receptor [290, 291]. For example, Headrick [235] 
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reported age-dependent sensitisation of chronotropic responses to the adenosine A1 

receptor (A1AR) vs. desensitisation of cardioprotective effects of the same receptor. 

Moreover, Valant et al. have shown that a novel A1AR ligand (VCP746) can protect 

against I/R injury without triggering bradycardia [290]. It is similarly possible that 

sustained δ-OR agonism in SLP promotes biased signalling effects at the β2-AR, leading 

to enhanced cardioprotective signalling without altering chronotropic or inotropic 

responses. Importantly, Peart et al. demonstrate that β2-AR antagonism and PKA 

inhibition in SLP-treated hearts eliminates SLP-mediated protection, while PKA 

inhibition with PKI-(14-22)-amide during 5 day induction is futile at blocking protection 

[29]. These observations restrict involvement of β2-AR to the mediation phase of 

protection, suggesting that changes observed in β2-AR expression during the SLP 

induction phase may reflect rearrangement of cellular machinery to handle stress when 

necessary. 

 

Inflammatory mediators and downstream PKA effectors in SLP protection  

 The effector pool targeted by PKA in the heart is extensive, and may include 

inflammatory modulation, consistent with findings from recent gene array analysis of 

SLP [250]. In this regard, both IL1β and TNFα have been linked to β-AR signalling 

[292-295]. Opioid-mediated cardioprotective RISK signalling associated with pre- and 

postconditioning responses involves downstream activation of eNOS and subsequent 

NO release to limit I/R-induced mitochondrial dysfunction, in addition to increased 

expression of iNOS [3, 8, 17, 58, 178]. Several studies identify that IL1β-mediated NO 

production and iNOS mRNA transcription is governed by PKA and β2-AR signalling 

[292, 293]. While IL1β may act as a downstream effector of β2-AR/PKA signalling 

through transcriptional control of iNOS and NO production, no significant changes in 

IL1β expression were observed between groups in the current study (Fig. 3.2). 

Conversely, cytosolic TNFα expression was significantly increased by SLP, and 

PI3K/Akt inhibition reduced TNFα content in both control and SLP-treated hearts (Fig. 

3.2). TNFα is a pro-inflammatory cytokine branded injurious in myocardial I/R injury, 

and a facilitator of detrimental cardiac remodelling in heart failure [294, 296]. However 

TNFα is also paradoxically cardioprotective in heart failure studies [294]. To clarify this 

discrepancy, several groups have suggested the effects are concentration-dependent and 
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receptor selective; cardiotoxic effects are elicited by TNFα receptor 1 and protection 

arises from TNFα receptor 2 activation [297-301]. Using in vivo, ex vivo and knockout 

rodent models, TNFα has been identified as a key component in ischaemic pre- and 

postconditioning [185, 297, 302-306], with protective mechanisms hinging upon PKC, 

mKATP channel and sphingolipid pathway activation [297]. Independently of RISK-

mediated cardioprotective signalling, TNFα activates the Survivor Activating Factor 

Enhancement (SAFE) pathway, with beneficial downstream actions mediated via JAK-

2/STAT-3 signalling to influence gene transcription and promote cell survival [185]. 

These observations, supporting TNFα involvement in cardioprotection, could reflect an 

additional component of the potent SLP phenotype. Indeed, Gross et al. previously 

indicated activation of JAK/STAT-3 in opioid-mediated cardioprotection [108]. 

However, previous microarray analysis revealed significant repression of Tnf gene 

expression with SLP [250], while this current study identifies clear amplification of 

TNFα levels. It is plausible that the reduced Tnf gene expression is secondary to 

elevated intracellular cAMP (likely effect of implicated β2-AR/PKA signalling with 

SLP), as therapeutic agents that increase intracellular cAMP (eg. thalidomide, 

vesnarinone and pentoxifylline) can block inflammatory gene expression [294]. 

Conversely, macrophage-derived IL1β and TNFα blunt β-AR/cAMP-mediated 

contractile responses in cardiomyocytes that is not coupled to alterations in β-AR 

density, ligand affinity or AC responsiveness [295]. Interestingly, β-AR responsiveness 

was predominantly unchanged in SLP hearts (Table 3.5). While it has yet to be measured 

specifically, interrogation of intracellular cAMP concentrations and localisation is 

warranted due to the notable relationships of TNFα, cAMP and SLP-implicated β2-

AR/Gs/PKA signalling [29, 250, 294, 295]. 

  The reduced TNFα expression by wortmannin in both control and SLP-treated 

hearts is interesting. Opioid-mediated cardioprotection not only activates the JAK/STAT 

pathway, but downstream STAT-3 phosphorylation is PI3K-dependent [108]. Blockade 

of PI3K in SLP hearts may reduce upstream TNFα expression due to blockade of the 

JAK/STAT pathway in this setting. Cross-talk between the JAK/STAT and PI3K/Akt 

pathways is evident in prior studies, as Akt phosphorylation is JAK-2-dependent after 

binding to PI3K, and JAK/STAT pathway blockade with AG490 reduces AKT 

phosphorylation [108, 307, 308]. Interestingly, after 5 day SLP induction, the relative 

phosphorylation of cytosolic Akt is elevated (Table 3.5), which may be evidence of 
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interrelated PI3K/Akt and JAK/STAT pathways in the SLP phenotype. However, it has 

been shown that wortmannin itself reduces STAT-3 phosphorylation [307]. Thus, the 

additive elevation in cytosolic P-Akt apparent in SLP hearts exposed to wortmannin 

suggests that while these two pathways are closely interconnected, STAT-3 

(downstream of TNFα) may not be the sole mediator. Delineation of the involvement 

and relationships between the JAK/STAT and PI3K/Akt pathways in the SLP phenotype 

awaits more targeted analysis.  

 The role of PKA itself in cardioprotection remains controversial, though PKA can 

contribute to cardioprotective responses through heat shock protein 20 [309] and Rho 

kinase (ROCK) targets [228]. The Rho kinase (ROCK) is a serine/threonine protein 

kinase activated by RhoA GTPase in response to GPCR stimulation [310, 311]. The role 

of RhoA and ROCK in cardiac conditioning remains unclear. These proteins are 

associated with cardiomyocyte apoptosis [311, 312], I/R injury [310, 313] and various 

cardiac pathologies [311, 312], yet cardiac-specific overexpression of RhoA (acting 

upstream of ROCK) improves I/R tolerance in both in vivo and ex vivo mouse models 

[314], and RhoA knockout worsens post-ischaemic recovery [314]. ROCK is a key 

regulator of actin cytoskeletal structure, muscle contraction, gene expression, cell cycle 

control, adhesion and migration [310, 311, 314]. Other studies have shown that PKA 

mediates protective responses through ROCK inhibition to enhance cytoskeletal stability 

[228]. Hamid et al. demonstrated that ROCK inhibition in rats (also with 5 µM fasudil) 

reduced myocardial infarct size via an Akt/eNOS-dependent pathway [310]. Here, we 

demonstrate that Rho kinase (ROCK) inhibition (5 µM fasudil) did not influence 

cardioprotective outcomes in SLP hearts (Fig. 3.3). Moreover, I/R tolerance in control 

was unaltered by ROCK inhibition. This suggests no role for ROCK in SLP, with 

absence of an effect in the current mouse model vs. the rat study of Hamid et al. 

potentially reflecting species-specific involvement, and/or differing injury processes in 

the ex vivo globally ischaemic vs. in situ regional ischaemic models. The SLP response 

does not appear to be maximal, as additive protection is observed with adenosinergic 

stimuli, and A1AR and caveolin-3 overexpression [29, 315]. These results suggest that 

while PKA signalling may be implicated in SLP-mediated protection, resultant 

beneficial effects are not dependent on ROCK inhibition. 
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PI3K control of SLP signalling 

Phosphoinositide-3 kinases (PI3K) are comprehensively involved in biological 

functions, and abnormal control of PI3K-mediated processes leads to the development of 

various pathologies [316]. In this context, PI3K and downstream Akt activity are 

cardioprotective participants in RISK signalling to alleviate I/R injury. Additionally, 

PI3K exerts anti-apoptotic actions in cardiac I/R injury through an upstream β2-AR/Gi-

coupled-dependent pathway [317]. Peart et al. established that SLP induction involves 

PI3K/Akt-dependent and PKA independent signals, while mediation of protection 

appears PKA and partially PI3K-dependent [29, 172]. Importantly, the PI3K inhibitor 

wortmannin did not prevent the major changes in β2-AR, Gas and PKA signalling arising 

during the 5 day induction period, implicating additional and yet to be identified factors 

in the induction of SLP. That said, PI3K inhibition with wortmannin also had significant 

proteomic effects on control hearts, in some cases mimicking the effects of SLP. 

Furthermore, Peart et al. previously report that 5 days wortmannin treatment provided a 

protective effect [29]. 

Sustained PI3K inhibition in control hearts was also associated with increased 

expression and phosphorylation of proteins involved in the β2-AR/Gs/PKA pathway 

within both cytosolic and membrane compartments (see Tables 3.1-3.4). This may be 

evidence of forced/preferential β2-AR coupling to Gs instead of Gi exerted by PI3K 

inhibition, which has fascinating implications for downstream cellular function. It is well 

documented that β2-AR couples to both Gs and Gi proteins, with subsequent outcomes 

dependent on specific G protein coupling and spatio-temporal regulation of effector 

molecules [220, 240, 245, 277]. Indeed, β2-AR/Gs-mediated cAMP/PKA-dependent 

signalling is restricted to membrane microdomains close to LTCC, with cytosolic PKA 

target phosphorylation restrained [220, 240, 245, 277]. However, β1-AR/Gs-coupled 

signalling is uncontained and intrusive through indulgent phosphorylation of various 

intracellular PKA targets including PLB, myofilament TnI, TnC, SERCA and RyR [220, 

240, 245, 277]. The enzyme PI3K acts downstream of β2-AR/Gi in a PTX-sensitive 

manner to confine β2-AR/Gs-mediated signals, contributing to mechanisms that act to 

functionally restrain β2-AR/Gs-dependent cAMP/PKA messages [240, 318]. In the 

present study, wortmannin may have removed PI3K-mediated spatial control of β2-

AR/Gs signals, leading to widespread cellular activity. Inhibition of PI3K with 

wortmannin (5 days) is associated with improved post-ischaemic functional recovery in 
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both control and SLP-treated hearts [29]. Typically, involvement of β2-AR in 

cardioprotection is driven by PKA-induced switching of Gs to Gi-coupling to β2-AR and 

resultant downstream survival signalling [220, 249]. Chronic PI3K/Akt inhibition 

accentuates β2-AR/Gs-mediated signalling in this study, controversially generating a 

protected heart [29]. 

 Importantly, the proteomic changes to β2-AR, Gs, PKA and Akt observed in SLP-

treated hearts (± wortmannin) indicate that shifts in the β2-AR/Gs/PKA pathway cannot 

be the sole mediators of protection induced by SLP. As seen in Table 3.4, SLP 

augmented P-Akt expression at the membrane early during SLP induction (24 hr), an 

effect that had dissipated by 5 days (in the membrane) and appears ablated by PI3K 

inhibition. However, after sustained (5 day) PI3K inhibition, SLP-treated hearts 

exhibited elevated P-Akt expression in the cytosol. The early (24 hr) changes to 

membrane P-Akt expression suggest involvement of initial PI3K-dependent signals in 

SLP. Conversely, after 5 days SLP induction changes to Akt phosphorylation may be 

PI3K-independent (wortmannin-insensitive). In other tissue types (eg. rat epididymal fat 

cells) wortmannin-insensitive activation of Akt has been observed in response to 

isoproterenol [319]. Indeed Filippa et al. demonstrate that PKA-mediated activation of 

Akt occurs despite the presence of high concentrations of wortmannin, and speculate a 

cytoprotective role for PKA and cAMP that is mediated via anti-apoptotic Akt [320]. 

Taken together, we present a model of SLP induction that involves both PI3K-dependent 

and independent Akt signalling, accompanied by fundamental β2-AR/Gs/PKA pathway 

manipulation.  
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Summary 
	  

 Cardiac conditioning is a clinically desirable yet currently unrealized goal to 

reduce the damage engendered by myocardial I/R. Novel SLP is potently effective at 

reducing I/R injury in young and senescent hearts, a promising attribute that may 

overcome current drawbacks precluding clinical translation of conventional 

cardioprotective therapies (ie. sensitivities to age, disease, chronic pharmacotherapy). 

The present study broadens our mechanistic understanding of the induction of the novel 

SLP phenotype, identifying changes in expression, phosphorylation and localisation of 

β2-AR, Gas variants, and PKA that may promote a cardioprotected state. However, these 

data also suggest involvement of additional and PI3K-dependent mechanisms during 

SLP induction, awaiting identification. Possibilities include PI3K-dependent shifts in 

inflammatory signalling, as evidenced by wortmannin-sensitive induction of TNFα by 

SLP. Further investigation of both PI3K-dependent and independent changes during the 

SLP induction phase are needed to fully delineate molecular involvement in this unique 

response. 
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Foreword 

Studies within Chapter 3 identified significant changes to protein expression at the level 

of membrane signalling during SLP induction. These results, in conjunction with our 

hypothesis that SLP protection is caveolin-3/caveolar-dependent (based upon previous 

unpublished data) led to the studies within Chapter 4. Here, we assess the role of the 

sarcolemma and major membrane components (cholesterol, caveolin-3 and caveolae) in 

SLP protection and I/R tolerance. 



91	  	  

Chapter 4: Sarcolemmal Cholesterol and 
Caveolin-3 Dependence of Cardiac 

Function, Ischaemic Tolerance, and 
Opioidergic Cardioprotection. 

Louise E. See Hoe1, Jan M. Schilling2,3, Emiri Tarbit1, Can 

J. Kiessling4, Anna R. Busija2,3, Ingrid R. Niesman2,3, Eugene Du

Toit1, Kevin J. Ashton4, David M. Roth2,3, John P.Headrick1, Hemal 

H. Patel2,3, Jason N. Peart1

1Heart Foundation Research Centre, Menzies Health Institute Queensland, Griffith 

University, Southport Q 4222 Australia; 2VA San Diego Healthcare System, San Diego, 

USA; Department of 3Anesthesiology, University of California San Diego, USA; 
4Faculty of Health Sciences and Medicine, Bond University, Robina, Queensland, 

Australia 

American Journal of Physiology - Heart and Circulatory Physiology 

Published 15 September 2014 Vol. 307 no. 6, H895-

H903 DOI: 10.1152/ajpheart.00081.2014 





93	  	  

ABSTRACT 

Cholesterol-rich caveolar microdomains and associated caveolins influence 

sarcolemmal ion channel and receptor function and protective stress signalling. 

However, the importance of membrane cholesterol content to cardiovascular function 

and myocardial responses to ischaemia-reperfusion (I/R) and cardioprotective stimuli 

are unclear. We assessed the effects of graded cholesterol depletion with methyl-β-

cyclodextrin (MβCD) and lifelong knockout (KO) or overexpression (OE) of caveolin-3 

(Cav-3) on cardiac function, I/R tolerance, and opioid receptor (OR)-mediated 

protection. Langendorff-perfused hearts from young male C57Bl/6 mice were untreated 

or treated with 0.02–1.0 mM MβCD for 25 min to deplete membrane cholesterol and 

disrupt caveolae. Hearts were subjected to 25 min ischaemia/45 min reperfusion, and 

the cardioprotective effects of morphine applied either acutely or chronically [sustained 

ligand-activated preconditioning (SLP)] were assessed. MβCD concentration 

dependently reduced normoxic contractile function and post-ischaemic outcomes in 

association with graded (10–30%) reductions in sarcolemmal cholesterol. 

Cardioprotection with acute morphine was abolished with ≥20 µM MβCD, whereas 

SLP was more robust and only inhibited with ≥200 µM MβCD. Deletion of Cav-3 also 

reduced, whereas Cav-3 OE improved, myocardial I/R tolerance. Protection via SLP 

remained equally effective in Cav-3 KO mice and was additive with innate protection 

arising with Cav-3 OE. These data reveal the membrane cholesterol dependence of 

normoxic myocardial and coronary function, I/R tolerance, and OR-mediated 

cardioprotection in murine hearts (all declining with cholesterol depletion). In contrast, 

baseline function appears insensitive to Cav-3, whereas cardiac I/R tolerance parallels 

Cav-3 expression. Novel SLP appears unique, being less sensitive to cholesterol 

depletion than acute OR protection and arising independently of Cav-3 expression. 
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INTRODUCTION	  

SARCOLEMMAL MICRODOMAINS are critical regulators of cellular 

function and signalling [321] and may be important in sex-, age-, and disease-dependent 

differences in cardiac and vascular function [322-328]. Caveolae are lipid rich (i.e., 

cholesterol and glycosphingolipid) microdomains containing scaffolding proteins, 

caveolins, that present as distinct molecular platforms for the regulation of 

cytoprotective and other signalling [19]. However, the importance of membrane 

cholesterol and microdomains to the maintenance of myocardial and coronary function 

as well as intrinsic responses to insult/stress and protective stimuli is unclear. 

Experimental findings from different in vitro cell models have suggested the 

potential dependence of myocardial and coronary vascular function on membrane 

cholesterol content (or caveolar integrity). In isolated cardiomyocytes, cholesterol 

depletion with methyl-β-cyclodextrin (MβCD) induces a negative inotropic effect at rest 

[329] while enhancing contractile responses to β2-adrenergic receptors (ARs) [329-331]

and β1-ARs [332]. In coronary smooth muscle, MβCD impairs endothelin-1 and 

serotonin responses while enhancing phenylephrine contraction [333]. In other vascular 

smooth muscles, MβCD enhances Ca2+-activated Cl− currents [334], and in uterine 

myocytes, MβCD amplifies large-conductance Ca2+-activated K+ (BKCa) channel 

currents [335]. In the vascular endothelium, MβCD also enhances BKCa activity to 

induce hyperpolarization [336] and represses agonist-mediated Ca2+ entry [337]. 

Despite effects of cholesterol depletion on cardiac and vascular myocyte and 

endothelial function in vitro, recent studies [338, 339] have reported MβCD 

insensitivity of coronary and myocardial contractile function in intact hearts. Given in 

vitro evidence that cholesterol and caveolar depletion significantly influence molecular 

determinants of cardiovascular function and control, in the present study, we assessed 

the impacts of acute graded cholesterol depletion with MβCD and lifelong modulation 

of caveolin-3 (Cav-3) [knockout (KO) and overexpression (OE)] on myocardial 

function, ischaemia-reperfusion (I/R) tolerance, and cardioprotection via conventional, 

acute opioid receptor (OR) activation (acute ligand-activated preconditioning) versus 

novel, sustained OR activation [sustained ligand-activated preconditioning (SLP)] [29, 

172, 234]. The data revealed that cholesterol depletion markedly suppresses myocardial 
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contractile function and coronary perfusion, impairs intrinsic I/R resistance, and negates 

cardioprotection via acute and sustained morphine treatment. In contrast, Cav-3 KO and 

OE modified I/R tolerance without altering normoxic function and do not influence 

protection via novel SLP. 
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MATERIALS AND METHODS 

Animals. 

All experiments were approved by and performed in accordance with guidelines 

of the Animal Ethics Committee of Griffith University (accredited by the Queensland 

Government, Department of Primary Industries and Fisheries, under the guidelines of 

“The Animal Care and Protection Act 2001, Section 757”) and the Institutional Animal 

Care and Use Committee of the Veterans Affairs San Diego Healthcare System. The 

generation and phenotypic details of Cav-3 KO and OE mice have been previously 

outlined in detail [81, 340]. 

Chemicals. 

Morphine pellets were obtained via the National Institute of Drug Abuse 

(Bethesda, MD) or Murty Pharmaceuticals (Lexington, KY). All other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO). 

Induction of SLP. 

Mice were briefly anesthetized with isoflurane, a small incision was made at the 

base of the neck, and vehicle (control) or morphine (75 mg) pellets were inserted 

aseptically in the dorsal subcutaneous space with the site closed with 9-mm wound 

clips. Pellets were left in place for 5 days, after which mice were euthanized for heart 

excision/perfusion [29, 172, 234]. 

Perfused heart preparation. 

Mice were anesthetized with 60 mg/kg pentobarbital sodium, and hearts 

removed and perfused as previously described [235, 236, 341]. Briefly, hearts were 

rapidly excised into ice-cold perfusion fluid, the aorta was cannulated, and the coronary 

circulation was perfused in Langendorff mode at a pressure of 80 mmHg with modified 
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Krebs-Henseleit solution containing (in mM) 120 NaCl, 25 NaHCO3, 4.7 KCl, 2.5 

CaCl2, 1.2 MgCl2, 1.2 KH2PO4, 15 D-glucose, and 0.5 EDTA. The perfusion fluid was 

maintained at 37°C and bubbled with a mix of 95% O2 and 5% CO2 at 37°C to provide 

a pH of 7.4 and PO2 of �600 mmHg at the aortic cannula over a flow range of 1–5 

ml/min. The perfusate was continuously passed through a 0.45-µm filter. The left 

ventricle (LV) was vented with a polyethylene apical drain, and a fluid-filled polyvinyl 

chloride plastic film balloon inserted into the ventricle via the mitral valve. Balloons 

were connected by fluid-filled tubing to a P23 XL pressure transducer (Viggo-

Spectramed, Oxnard, CA) permitting continuous assessment of contractile function. 

Balloon volume was increased to give an end-diastolic pressure of 5 mmHg during 

stabilization and was not further adjusted. Coronary flow was monitored via a flow 

probe in the aortic perfusion line connected to a T206 flowmeter (Transonic Systems, 

Ithaca, NY). Functional data were recorded at 1 kHz on an eight-channel MacLab data-

acquisition system (AD Instruments) connected to an Apple iMac computer. LV 

pressure signals were digitally processed to yield diastolic, systolic, and developed 

pressures and heart rate. After preparation, hearts were immersed in perfusion fluid at 

37°C in a water-jacketed organ bath. Temperatures of the perfusion fluid and organ bath 

were continuously monitored by two needle thermistor probes connected to a TH-8 

digital thermometer (Physitemp Instruments, Clifton, NJ). Hearts were excluded from 

the study if they met one of the following exclusion criteria after stabilization: 1) 

coronary flow > 5 ml/min, 2) unstable (fluctuating) contractile function, 3) LV systolic 

pressure < 100 mmHg, or 4) significant cardiac arrhythmias. This amounted to <4% of 

all hearts perfused. 

Perfused heart experiments. 

Hearts were isolated from control and SLP mice. Perfused hearts were then 

either untreated or subjected to 25 min of treatment with 0.02–1.0 mM MβCD after a 

stabilization period (20 min). Simultaneously, perfused hearts were switched to 

ventricular pacing at 420 beats/min (Grass S9 stimulator, Quincy, MA), with the rate 

normalized to permit comparison of rate-dependent measures of contractile function. 

Hearts were then either subjected to a 10-min period of morphine treatment (10 µM) or 

vehicle before 25 min of normothermic global zero-flow ischaemia followed by 45 min 

of aerobic reperfusion. Pacing and drug infusion were terminated on the initiation of 

ischaemia with pacing only resumed at 1.5 min of reperfusion [235, 236]. Cell death in 
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response to I/R was assessed via a spectrophotometric enzymatic assay of lactate 

dehydrogenase (LDH) released over the entire reperfusion period. Samples were stored 

at −80°C until enzymatic analysis (Cytotox 96, Promega, Madison, WI). 

Simulated ischaemia in HL-1 cells. 

To simulate I/R in cultured HL-1 myocytes, cells were switched to “ischaemic” 

buffer containing 20 mM HEPES (pH 6.6), 125 mM NaCl, 8 mM KCl, 1.2 mM 

KH2PO4, 1.25 mM MgSO4, 1.2 mM CaCl2, 6.25 mM NaHCO3, and 5 mM Na-lactate in 

a sealed hypoxic chamber (STEMCELL, Vancouver, BC, Canada) equilibrated with 

95% N2-5% CO2 for 3 h. Reperfusion was achieved by the substitution of ischaemic 

buffer with a normoxic solution containing 20 mM HEPES (pH 7.4), 110 mM NaCl, 4.7 

mM KCl, 1.2 mM KH2PO4, 1.25 mM MgSO4, 1.2 mM CaCl2, 25 mM NaHCO3, and 15 

mM glucose equilibrated with 95% O2-5% CO2 for a further 5 h. Cells were untreated 

or treated with 1 mM MβCD for 60 min before simulated I/R. LDH activity was 

assayed using a CytoTox 96 assay kit (Promega) according to the manufacturer's 

instructions. Normoxic control cells incubated with MβCD showed no detectable 

cytotoxicity based on LDH changes (data not shown). 

Cholesterol assay. 

Total cholesterol content was assayed in membrane-enriched myocardial 

subcellular fractions using an Amplex Red Cholesterol Assay kit (Invitrogen) according 

to the manufacturer's instructions. After 60 min of incubation (37°C, in the dark), 

fluorescence was measured using an Infinite M200 Pro microplate reader (Tecan 

Australia) at 530/25-nm excitation and 590/35-nm emission wavelengths. Samples were 

assayed in duplicate, and cholesterol levels were determined from cholesterol standard 

curves run daily (content normalized to micrograms of protein). 

Electron microscopy. 

Whole hearts were perfused with standard Karnovsky's fixative of 4% 

paraformaldehyde and 1.5% glutaraldehyde in 0.1 M cacodylate buffer. Samples were 

further postfixed in 1% osmium tetroxide and en bloc stained with uranyl acetate. After 

dehydration, hearts were embedded in a longitudinal orientation in LX-112 (Ladd 

Research, Williston, VT) and polymerized at 60°C for 48 h. Blocks were then trimmed 

to regions of matching longitudinal orientation and thin sectioned, with sections stained 

in uranyl acetate and lead citrate and observed with an electron microscope (JOEL 1200 
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EX-II, JEOL USA, Peabody, MA, or Philips CM-10, Philips Electronic Instruments, 

Mahwah, NY). 

Statistical analysis. 

All data are expressed as means ± SE. Differences between groups were tested 

via one-way ANOVA, with a Newman-Keuls post hoc test used for paired comparisons 

when significant effects were detected. Significant differences were accepted for P < 

0.05. 
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RESULTS 

Cholesterol depletion with MβCD depresses normoxic function in murine hearts. 

There were no significant differences in normoxic contractile function or 

coronary flow in isolated perfused hearts before MβCD treatment (Table 4.1). A 25 min 

period of treatment with MβCD concentration dependently depressed ventricular 

pressure development (Fig. 4.1, A and B), involving select inhibition of systolic force at 

20 µM and combined diastolic and systolic actions at higher MβCD concentrations. 

Coronary vascular function was much less sensitive to MβCD, with flow only falling 

significantly (by ~30%) at the highest concentration (1 mM; Fig. 4.1C). The 

insensitivity of coronary perfusion to 20–200 µM MβCD demonstrates that MβCD 

depresses contraction through a mechanism independent of flow. 
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Figure 4.1. Effects of MβCD (25 min) on normoxic contractile function in perfused 

hearts. Data are shown for % changes from baseline values for: A) EDP; B) LVDP; and 

C) coronary flow rate. Values are mean ± SE. **, P<0.01 vs. CTRL (untreated). For all

groups, n ≥ 6.
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Cholesterol depletion with MβCD depresses I/R tolerance in murine hearts and HL-1 

cells. 

A 25 min ischaemic insult in untreated control hearts resulted in a profound 

elevation in post-ischaemic end-diastolic pressure (to 28 mmHg) and blunted recovery 

of contractile function (LV developed pressure reaching ~50% of baseline function) 

after 45 min of reperfusion (Fig. 4.2, A and B). Pretreatment with MβCD depleted 

sarcolemmal cholesterol content in post-ischaemic hearts in a concentration-dependent 

manner (by ~10–30%; Fig. 4.2C). Electron microscopy revealed a progressive loss of 

caveolar structures with increasing concentrations of MβCD, with virtually no 

morphologically identifiable caveolae at 200 µM MβCD (Fig. 4.3). Functional 

recoveries in response to I/R were also impaired by MβCD, although I/R tolerance was 

less sensitive to MβCD than normoxic function: recoveries for LV diastolic function 

(Fig. 4.2A) and pressure development (Fig. 4.2B) were unaltered by 20 µM MβCD and 

progressively worsened with 200 µM and 1 mM MβCD. To test whether MβCD reduces 

ischaemic tolerance at the level of the myocyte, HL-1 myocytes (untreated or incubated 

with 1 mM MβCD) were subjected to simulated I/R (Fig. 4.4). Pretreatment with MβCD 

doubled the impact of I/R on cellular damage, as indicated by LDH efflux. 
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Figure 4.2. Impact of increasing concentrations of MβCD on post-ischaemic recovery 

and sarcolemmal cholesterol content assayed in membrane fractions following 25 min 

ischaemia and 45 min reperfusion from untreated hearts (CTRL), and hearts subjected 

to 25 min pre-ischaemic treatment with 20 µM, 200 µM or 1 mM MβCD. Data are 

shown for: A) recovery of EDP (mmHg); B) recovery of LVDP (% baseline); and C) 

membrane cholesterol content (ng/µg protein). Values are mean ± SE. *, P<0.05 vs. 

CTRL; **, P<0.01 vs. CTRL; ***, P<0.001 vs. CTRL. For all groups, n ≥ 6. 

A

B

C
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Figure 4.3. Qualitative electron microscopy showing decreasing caveolar density with 

20 or 200 µM MβCD treatment under normoxic conditions. 

Figure 4.4. Cellular disruption/death in HL-1 myocytes maintained under normoxic 

conditions or subjected to simulated ischaemia-reperfusion (sI/R) ± 1 mM MβCD. 

Values are mean ± SE. **, P<0.01 vs. normoxic; , ϕ P<0.01 vs. sI/R. For all groups, n ≥ 

3. 

Untreated!

20 μM MβCD!

200 μM MβCD!
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MβCD treatment attenuates OR-mediated cardioprotection. 

Pre-ischaemic treatment of perfused hearts with morphine (10 µM for 10 min) 

significantly reduced post-ischaemic diastolic and contractile dysfunction (Fig. 

4.5, A and B). Morphine-induced SLP provided even greater improvements in diastolic 

and contractile outcomes (Fig. 4.5, A and B). Protection with acute morphine was 

abolished by pretreatment with ≥20 µM MβCD, whereas protection via SLP was less 

sensitive, only declining with ≥200 µM MβCD. 

The SLP phenotype is Cav-3 independent. 

Selective effects of 20 versus 200 µM MβCD on I/R tolerance and 

cardioprotection could reflect more select caveolar disruption with modest cholesterol 

depletion during low-level MβCD treatment, whereas higher levels may additionally 

disrupt noncaveolar membrane lipid rafts and essential membrane signalling. To assess 

the effects of more specific caveolar perturbation, we examined the impacts of Cav-3 

KO and transgenic OE; ablation of myocardial Cav-3 eliminates caveolar structures, 

whereas Cav-3 OE increases caveolar density [78, 80, 81, 342]. Neither KO nor OE of 

Cav-3 altered normoxic contractile function or coronary flow in isolated perfused hearts 

(Table 4.2), in contrast to the inhibitory effects of MβCD. However, Cav-3 KO 

significantly exaggerated post-ischaemic diastolic dysfunction and LDH efflux in 

perfused hearts (Fig. 4.6, A–C). Conversely, Cav-3 OE significantly improved post-

ischaemic functional outcomes without altering LDH efflux (Fig. 4.7, A–C). Deletion of 

Cav-3 failed to attenuate the cardioprotective effects of morphine-dependent SLP (Fig. 

4.6), and SLP significantly improved post-ischaemic recoveries in Cav-3 OE hearts 

(Fig. 4.7). Manipulation of Cav-3 expression and treatment with MβCD thus induced 

both common and distinct cardiac outcomes: MβCD repressed normoxic function, 

whereas Cav-3 KO did not, and MβCD and Cav-3 KO both impaired protection via 

acute OR agonism, whereas SLP was only sensitive to MβCD.
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Figure 4.5. Effects of MβCD on OR-mediated cardioprotection. Post-ischaemic 

recoveries after 45 min reperfusion are shown for: A) EDP (mmHg); and B) LVDP (% 

baseline). Hearts were untreated (control, CTRL), treated acutely for 10 min with 10 

µM morphine (AM) prior to ischaemia, or removed from mice implanted with morphine 

pellets for 5 days (SLP). Sub-sets of hearts were pre-treated with 20 or 200 µM MβCD. 

Values are mean ± SE. *, P<0.05 vs. CTRL; **, P<0.01 vs. CTRL; ***, P<0.001 vs. 

CTRL. For all groups, n ≥ 6. 
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Figure 4.6. Effects of Cav-3 KO on I/R tolerance and protection via SLP. Data are 

shown for post-ischaemic: A) EDP (mmHg); B) LVDP (%); and C) LDH release. 

Responses were assessed in wild-type (control, CTRL) and Cav-3 KO (KO) hearts from 

untreated or SLP treated mice (5 day morphine pellet). Values are mean ± SE. *, 

P<0.05; **, P<0.01; ***, P<0.001 vs. CTRL; †, P<0.05 vs. KO. For all groups, n ≥ 7. 
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Figure 4.7. Effects of Cav-3 OE on I/R tolerance and protection via SLP. Data are 

shown for post-ischaemic: A) EDP (mmHg); B) LVDP (%); and C) LDH release. 

Responses were assessed in wild-type (control, CTRL) and Cav-3 OE (OE) hearts from 

untreated or SLP treated mice (5 day morphine pellet). Values are mean ± SE. *, 

P<0.05; **, P<0.01; ***, P<0.001 vs. CTRL. †, P<0.05 vs. OE. #, P<0.05 vs. SLP. For 

all groups, n ≥ 7. 
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Table 4.1.   Baseline Function of Ex Vivo Hearts Prior to MβCD Infusion 
[MβCD] Protective 

Stimuli 
EDP 
(mmHg) 

LVDP 
(mmHg) 

Heart 
Rate 
(BPM) 

Flow 
(ml/min) 

CTRL Vehicle 
(n= 10) 

4 ± 1 118 ± 5 376 ± 7 2.7 ± 0.2 

AM 
(n= 7) 

5 ± 1 126 ± 10 377 ± 19 3.1 ± 0.4 

SLP 
(n= 9) 

4 ± 1 134 ± 10 353 ± 8 2.5 ± 0.3 

20 µM Vehicle 
 (n= 11) 

4 ± 1 104 ± 9 322 ± 17 2.5 ± 0.3 

AM 
(n=9) 

4 ± 1 109 ± 9 316 ± 19 2.2 ± 0.3 

SLP 
(n= 7) 

3 ± 1 138 ± 6 376 ± 34 2.1 ± 0.1 

200 µM Vehicle 
 (n= 6) 

7 ± 1 131 ± 7 388 ± 9 2.8 ± 0.3 

AM 
(n= 6) 

5 ± 1 136 ± 12 378 ± 16 2.9 ± 0.4 

SLP 
(n= 6) 

5 ± 3 141 ± 2 373 ± 16 3.0 ± 0.2 

1 mM Vehicle 
 (n= 6) 

5 ± 1 129 ± 7 378 ± 10 2.8 ± 0.4 

Values recorded prior to pacing and MβCD infusion. EDP, left ventricular end-diastolic 

pressure; LVDP, left ventricular developed pressure; Rate, heart rate; flow, coronary 

flow. Data are means ± SE. 
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Table 4.2.  Function of Ex Vivo Hearts From Wild-type, Cav-3 KO, and Cav-3 OE 
Mice 
 

Group Treatment EDP 
(mmHg) 

LVDP 
(mmHg) 

Rate 
(BPM) 

Flow 
(ml/min) 

 
  
Wild-
Type 

Vehicle 
 (n=9) 
 

4 ± 1 104 ± 4 314 ± 16 2.0 ± 0.2 
 

 SLP 
(n= 7) 
 

4 ± 1 120 ± 8 320 ± 19 2.0 ± 0.2 
 

Cav-3 
KO 

Vehicle 
 (n=7) 
 

5 ± 1 122 ± 9 305 ± 20 2.4 ± 0.3 
 

 SLP 
(n= 7) 
 

5 ± 1 115 ± 8 324 ± 20 2.1 ± 0.3 
 

Cav-3 
OE 

Vehicle 
 (n= 7) 
 

3 ± 1 104 ± 8 372 ± 16 3.2 ± 0.9 
 

 SLP 
(n= 7) 

4 ± 1 115 ± 7 346 ± 8 2.5 ± 0.3 
 

 

Values recorded prior to pacing. EDP, left ventricular end-diastolic pressure; LVDP, 

left ventricular developed pressure; Rate, heart rate; flow, coronary flow. Data are 

means ± SE. 
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DISCUSSION 

The results of the present study highlight the importance of sarcolemmal 

cholesterol and membrane microdomains to the maintenance of myocardial contractile 

function and resistance to I/R. The ability to protect the heart against I/R injury via OR-

targeted stimuli is also selectively modified by changes in membrane cholesterol and 

Cav-3. Distinguishing novel SLP from conventional protection (e.g., via acute OR 

activation), this conditioning response was shown to be less sensitive to cholesterol 

depletion and appears entirely Cav-3/caveolae independent. 

Role of membrane cholesterol in the maintenance of cardiovascular function. 

The present data revealed significant contractile and vascular alterations in 

hearts perfused with the cholesterol-depleting agent MβCD (Fig. 4.2). Inhibitory effects 

of MβCD are concentration and parameter dependent: the myocardial response 

specifically involves systolic depression at low MβCD (with both diastolic and systolic 

changes at higher concentrations) and is substantially more MβCD sensitive than 

coronary function. These findings contrast with recent reports of unaltered normoxic 

function in perfused hearts treated with 200 µM [338] or 1 mM [339] MβCD. The basis 

for this difference is unclear, with all studies using isolated perfused rodent hearts and 

similar ranges of MβCD concentration. However, repression of contractile function is 

consistent with the significant influences of membrane cholesterol and caveolae on a 

variety of ion channels, receptor function and signalling, and other physiological 

processes [322, 343-345]. 

The membrane cholesterol dependence of function in intact hearts (Fig. 4.1) 

agrees with prior in vitro observations, although mixed effects of cholesterol depletion 

with MβCD have been reported. For example, L-type Ca2+ channels, β2-AR, adenylyl 

cyclase, and PKA colocalise in caveolar macrocomplexes governing channel function 

and cell signalling in ventricular myocytes. Similarly, cholesterol depletion has been 

reported to reduce myocyte Ca2+ currents and contraction under baseline conditions 

[329] and inhibit effects of β2-AR activity [329, 346]. Nonetheless, other studies have

identified amplified β1-AR or β2-AR signalling upon myocyte cholesterol depletion, 

with enhanced PKA/adenylyl cyclase phosphoregulation of target proteins (e.g., 

phospholamban and troponin I), and activation of Ca2+ currents and myocyte contractile 

function [330-332]. While we do not address β-AR responsiveness, our data for 
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intact perfused hearts are consistent with inhibitory rather than stimulatory effects of 

cholesterol depletion on Ca2+-dependent myocyte function [322, 329]. The absence of 

an effect of Cav-3 KO or OE on normoxic function suggests that cholesterol depletion 

impacts cardiac function via mechanisms additional to caveolar disruption. However, it 

is also possible that adaptation within the membrane signalling compartment occurs 

with lifelong changes in Cav-3, compensating for cardiac functional changes (whereas 

acute disruption with MβCD cannot be accommodated in such a manner). While MβCD 

has also been reported to induce cytotoxicity in some cell types [347], this is an unlikely 

explanation for contractile depression since cardiac effects of MβCD can arise at a low 

concentration (20 µM), three orders of magnitude lower than levels inducing 

cytotoxicity in vitro [347]. Moreover, functional effects of MβCD are selective, 

impacting systolic versus diastolic force without influencing coronary function. 

Caveolae and cholesterol are implicated in vascular control, and we observed 

repression of coronary flow with the high concentration (1 mM) of MβCD. In coronary 

and other vascular smooth muscles, MβCD treatment modifies ion channel function 

(BKCa and Ca2+-activated Cl− currents) and receptor-dependent control of intracellular 

Ca2+ concentration and vascular tone [333, 334, 348]. MβCD also modifies 

BKCa currents in nonvascular smooth muscle [335], together with BKCa activity [336] 

and agonist-mediated Ca2+ entry [337] in the vascular endothelium. Interestingly, 

MβCD treatment diminishes store-operated Ca2+ channel function (where the reduction 

in intracellular Ca2+ stores activates Ca2+ influx) and attenuates the hypertensive 

phenotype (associated with elevated caveolae/caveolin levels) in pulmonary arteries 

from patients with idiopathic pulmonary arterial hypertension [349]. The basis of the 

reduction in coronary perfusion, observed at the highest level of MβCD treatment, is 

unclear. Coronary sensitivity to the cholesterol-depleting agent is substantially lower 

than cardiac sensitivity; however, cardiac changes could contribute to the vascular 

response. The substantial ~20-mmHg rise in diastolic pressure with 1 mM MβCD will 

limit coronary perfusion via diastolic compression, whereas the 40% fall in ventricular 

pressure development will reduce myocardial work and thereby O2 demand. Thus, 

MβCD may selectively impair myocardial versus coronary vascular function, with 

reduced coronary flow reflecting cardiac compression coupled with reduced 

“metabolic” vasodilatation. 
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Importance of membrane cholesterol and Cav-3 to I/R tolerance. 

The present study revealed common and qualitatively differing effects of MβCD 

and Cav-3 KO on myocardial I/R tolerance. Since MβCD depletes membrane 

cholesterol (impacting caveolae together with planar lipid rafts), whereas Cav-3 KO 

selectively depletes caveolae (without altering other cholesterol-dependent domains, 

such as lipid rafts, which may still be intact and regulate components of the protective 

signalling pathway), these data support distinct roles for different membrane 

compartments and highlight the importance for membrane cholesterol content in the 

regulation of myocardial I/R tolerance. Acute depletion of membrane cholesterol by 

≥20% worsens both post-ischaemic diastolic contracture and contractile depression 

(Figs. 4.2 and 4.5). In contrast, chronic Cav-3 depletion selectively exaggerates diastolic 

dysfunction and LDH release without impacting force development (Fig. 4.6). These 

differences suggest important requirements for Cav-3/caveolae in limiting cell death 

and diastolic contracture (the latter directly or as a result of altered cell death), whereas 

non-caveolar domains are additionally important in influencing contractile depression or 

“stunning.” Curiously, while increased Cav-3 expression did improve I/R tolerance 

(Fig. 4.7), this involved enhanced contractile outcomes with no shift in cell death. Thus, 

although Cav-3/caveolae appear critical to intrinsic resistance to cell death/diastolic 

dysfunction, an excess of Cav-3 represses mechanical stunning without providing 

further protection against death. 

The declining I/R tolerance is not unexpected given the influences of caveolae 

and cholesterol on key determinants of stress resistance [14, 19, 23, 77-81, 338, 339, 

350]. For example, MβCD consistently inhibits BKCa channel function across different 

cell types, and the channel has been implicated in cytoprotection and I/R injury. 

Similarly, β2-AR function is consistently perturbed by cholesterol depletion, and these 

receptors are also cardioprotective [351, 352]. Nonetheless, the present study contrasts 

with those of Das et al. [338] and Sun et al. [339], in which no changes in I/R tolerance 

(or normoxic function) were observed after MβCD treatment. The reasons for this 

discrepancy are unclear, although we note consistent exaggeration of I/R injury in both 

intact hearts and cultured HL-1 cells (Fig. 4.4), supporting a select cardiac effect. 

Importance of membrane cholesterol and Cav-3 in OR-mediated cardioprotection. 

Growing evidence indicates that caveolins and caveolae are crucial determinants 

of the efficacy of cytoprotective stimuli [14, 78-81, 353]. We examined the effects of 
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membrane disruption with MβCD on two cardioprotective responses initiated by ORs 

yet mediated by distinct mechanisms [172]: acute (conventional) OR-induced protection 

and novel OR-induced SLP. Acute OR protection was lost in hearts exposed to ≥20 µM 

MβCD, whereas protection via SLP was more resistant, only declining at ≥200 µM 

MβCD (Fig. 4.5). This supports mechanistically distinct protection via chronic versus 

acute OR activation. Previous studies have shown that cardioprotective responses 

induced via ischaemic preconditioning, acute OR agonism, and volatile anesthetic 

treatment are all negated by MβCD treatment [77, 80] or caveolar disruption through 

caveolin KO [14, 81]. This may reflect select disruption of caveolae (and dependent G 

protein-coupled receptors) at low MβCD levels versus more widespread disruption of 

membrane lipid rafts at higher concentrations. Non-caveolar planar lipid rafts may be 

equally important in the membrane signal transduction underlying cytoprotective 

responses [19, 23]. It is also important to note that acute and sustained OR stimuli differ 

in terms of the timing of OR involvement. For SLP, we here assessed the effects of 

acute MβCD on the signalling mediating protection downstream of and subsequent to 

OR agonism [172]. In contrast, in the case of acute morphine, we tested the effects of 

MβCD on both the initiation of OR activity and subsequent signalling events mediating 

protection. Thus, the greater sensitivity of acute OR protection to MβCD likely reflects 

the disruption of initial caveolae/Cav-3-dependent OR activity (blocking the initial 

induction of protection). In contrast, since ORs are not involved in the mediation of 

protection in SLP hearts [172], there was no impact of low-level MβCD. The effects of 

higher MβCD on both acute and SLP responses likely reflect “noncaveolar” effects 

involving other membrane-dependent determinants of cardioprotection. 

The observations from the MβCD experiments concur with the effects of Cav-3 

KO. SLP dramatically improved post-ischaemic functional recovery in KO hearts, 

indicating that the efficacy of SLP is neither Cav-3 or caveolae dependent. This is 

consistent with the additivity of cardioprotection via SLP and Cav-3 OE. A previous 

report [29] has indicated that SLP is also additive with different adenosinergic stimuli. 

Moreover, SLP is PKA dependent [172]. Wang et al. [350] reported that simultaneous 

activation of AMP-activated protein kinase and PKA in Cav-3 KO mice significantly 

reduced infarct size and contractile dysfunction, providing some insight into the 

potential mechanisms of SLP in Cav-3 KO hearts. 

Importantly, the efficacy of SLP in Cav-3 KO mice (and resistance to low-dose 

MβCD) indicates that the δ-ORs engaged during morphine pretreatment [29] are Cav-3 

independent and that the mediation of protection during I/R also involves Cav-3-
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independent signalling. Data remain mixed regarding the caveolae and Cav-3 

dependence of δ-ORs. We have shown that myocardial δ-ORs are localized with Cav-3 

in caveolae, with caveolar disruption with MβCD [77] and Cav-3 KO [78] eliminating 

acute δ-OR-mediated protection. This is consistent with the elimination of acute 

morphine protection with MβCD in the present study (Fig. 4.5). Huang et al. [354] also 

reported that MβCD impairs δ-OR activity in neuronal cells (where the receptor 

localizes to lipid rafts) yet enhances signalling in transfected Chinese hamster ovary 

cells. In contrast, δ-ORs expressed in human embryonic kidney-293 cells are reportedly 

insensitive to MβCD, whereas µ-OR function is cholesterol dependent [355]. The 

caveolar/Cav-3 dependence of δ-OR function is clearly cell type specific. Since 

myocardial δ-ORs appear to be MβCD/Cav-3 dependent [77, 78], the preservation of 

SLP in Cav-3 KO mice implicates noncardiac δ-ORs in the induction of 

cardioprotection. This is consistent with evidence showing that peripheral ORs can 

mediate cardiac preconditioning [356] and with the potent cardioprotective effects of 

central/spinal cord ORs [357-359]. The potential extracardiac localization of δ-ORs 

engaged in protective SLP warrants further investigation. 

Our data demonstrate that mechanisms mediating protection with SLP are 

distinct from those in conventional protection, being less sensitive to cholesterol 

depletion than the acute OR response and apparently independent of Cav-3 expression 

and caveolae. Thus, while β2-ARs and PKA have been implicated in SLP [29, 172], the 

present observations indicate that the effects of such mediators are Cav-3/caveolae 

independent yet sensitive to high levels of MβCD/cholesterol depletion. This seems at 

odds with data demonstrating the dependence of β2-AR signal transduction on 

cholesterol-rich caveolae [360-362]. However, other studies have indicated that only a 

small fraction of β2-ARs concentrate within caveolae [363, 364], with cholesterol 

depletion augmenting (rather than limiting) β2-AR signalling [361, 363, 365-368]. 

Further work is clearly required to resolve the influences of cholesterol levels and 

caveolae on cardiac β2-AR signalling and the mechanisms underpinning β2-AR/PKA-

dependent yet Cav-3/caveolae-independent SLP. Since cholesterol is an important 

component of the entire membrane, including non-caveolar domains, the present data 

indicate that other functional compartments play an important role. 
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Summary 

The present study reveals that myocardial contractile function and I/R tolerance 

are highly sensitive to membrane cholesterol depletion, whereas lifelong/chronic 

disruption of caveolae (via Cav-3 manipulation) selectively modifies I/R tolerance 

without influencing cardiac function. These data indicate that shifts in membrane 

cholesterol content and/or caveolar function, with age or disease for example, may be 

important determinants of myocardial dysfunction and injury processes. Finally, the 

present data confirm a distinct mechanistic basis for protective SLP, which is less 

sensitive to cholesterol depletion than conventional protection and arises independently 

of caveolae/caveolin-3. Further investigation is required to clarify the mechanistic basis 

of, and role of membrane cholesterol in, cardioprotective SLP. 
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Foreword 

Studies within Chapters 3 and 4 identified novel properties of SLP that further delineate 

this unique response from conventional preconditioning. We and others report that 

future cardioprotective interventions must be effective in models of age and disease, as 

these cohorts are the most susceptible to cardiovascular disease and thus the cohorts in 

greatest need of cardioprotection. Myocardial changes that occur with age and disease 

may be responsible for ineffective clinical translation of cardioprotective therapies. 

Since diabetes is increasing in prevalence and is one of the major risk factors for CVD, 

studies in Chapter 5 examine the efficacy of SLP in a model of murine type II diabetes 

mellitus (T2DM). SLP is referred to ‘morphine treatment’ in this chapter for 

publication reasons. 
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ABSTRACT 

Diabetes promotes ischaemic heart disease, and may both sensitize myocardium 

to ischaemia-reperfusion (I/R) injury and desensitize it to cardioprotective interventions. 

The basis of these abnormalities and how to protect diabetic myocardium remain 

unclear. We assessed myocardial function in vivo, and I/R tolerance and responsiveness 

to ischaemic preconditioning (IPC) ex vivo, in a murine type 2 diabetes mellitus 

(T2DM) model, testing for cardioprotection via sustained opioid receptor (OR) 

activation. Ten weeks of T2DM induction (medium-dose streptozotocin + high-fat 

feeding) resulted in 25% weight gain, hyperglycaemia, hyperinsulinaemia and glucose 

intolerance, and caused multiple cardiac abnormalities, including: hypertrophy and 

impaired cardiac ejection assessed via echocardiography; reduced resistance to 25 min 

ischaemia (exaggerated myocardial death and contractile depression); refractoriness to 

IPC; together with mitochondrial dysfunction (increased Ca2+-induced swelling and 

impaired respiration post-ischaemia) and ~55% reductions in caveolin-3 and phospho-

AKT expression. Ischaemic contracture and contractile 'stunning' were insensitive to 

T2DM. Continuous morphine treatment for 5 days: 1) improved glucose homeostasis; 

2) reduced body weight; 3) reversed cardiac depression; 4) enhanced I/R tolerance; 5)

improved mitochondrial function; and 6) restored caveolin-3 (not phospho-AKT) 

expression. However, anti-stunning effects of morphine were negated in T2DM, and 

refractoriness to IPC was unaltered. Paired feeding studies indicate morphine-induced 

weight loss does not influence cardiac function in T2DM mice, yet may improve I/R 

tolerance. These data, revealing potent cardioprotection via continuous morphine 

treatment in T2DM (improving ejection, I/R tolerance, mitochondrial function and 

caveolin-3 expression), support the potential of targeting ORs (or downstream 

mechanisms) to counter ischaemic intolerance and other cardiac abnormalities in 

T2DM.  

Key Words:  cardiomyopathy; cardioprotection; diabetes mellitus; infarction; 

ischaemia-reperfusion injury; mitochondria; morphine; myocardial stunning; opioid 

receptors  
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INTRODUCTION 

A key issue in burgeoning diabetic populations is this diseases profound impact 

on myocardium and vasculature. Diabetes induces multiple cardiovascular 

abnormalities including cardiomyopathy (involving hypertrophy, fibrosis and 

contractile dysfunction) [369], vascular dysfunction, increased risk of myocardial

ischaemia, and worsened post-ischaemic mortality. Clinical evidence indicates diabetes

sensitizes myocardium to I/R injury [370], while experimental evidence suggests 

diabetes renders myocardium broadly refractory to protective interventions, including 

ischaemic pre/postconditioning (direct or remote) and acute agonism of protective G-

protein coupled receptors (GPCRs) [371, 372]. Thus, while elusive cardioprotective 

therapies are particularly valuable in those suffering T2DM, implementation may be an 

even greater challenge in this cohort than the broader ischaemic heart disease 

population. Relatively little research directly addresses this conundrum of 

cardioprotective refractoriness in T2DM [371] - how to effectively limit I/R injury (and 

other abnormalities) in these hearts remains unresolved.  

Countering cardiac abnormalities in T2DM can be best achieved with some 

understanding of their mechanistic basis, which appears multifactorial and complex: 

contributors include hyperglycaemia-dependent oxidative stress, inflammation, 

lipotoxicity, mitochondrial dysfunction, and post-translational modifications ranging 

from advanced glycation end-product generation and protein glycosylation, to ATP-

sensitive K+ channel (KATP) dysfunction, autophagy dysregulation and altered Ca2+- 

signalling [369, 371, 372]. Intriguingly, many of these implicated mechanisms are 

sensitive to ORs, a GPCR family mediating varied protective effects including 

ischaemic pre- and postconditioning [140, 142], exercise-dependent cardioprotection 

[373], an anti-inflammatory cardiac phenotype [8], and improved cellular glucose 

uptake (albeit in extra-cardiac tissue) [207, 373-376]. However, diabetes suppresses 

cardiac OR responsiveness [103, 205, 377], a dysfunction that could contribute to both 

I/R intolerance and refractoriness to protective stimuli. Conversely, modulation of OR 

signalling and/or downstream effector mechanisms may confer cardiovascular benefit in 

T2DM.  

Although acute OR responses are impaired in diabetes [103, 205, 377], we have 

identified a mechanistically distinct mode of cardioprotection arising from prolonged vs. 

acute OR agonism [29, 172]. This novel response is effective in aged hearts [203] that
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are resistant to conventional (acute) OR responses and ischaemic pre- and 

postconditioning stimuli [371, 372]. We thus theorize that an unconventional sustained 

OR stimulus may be beneficial in the context of diabetes, and here test the impact of 5 

days of OR agonism on myocardial I/R tolerance and other abnormalities in 

experimental T2DM. We additionally assess caveolin-3 (and phospho-AKT) 

expression, since caveolin-3 is crucial to protective OR responses [23], enhances 

survival-kinase signalling and I/R tolerance [81], and inhibits myocardial hypertrophy 

[342], while recent evidence supports hyperglycaemia-dependent suppression of this 

key regulator [378].  
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MATERIALS AND METHODS 

  
Pharmacological agents.  

Chemicals were purchased from Sigma Chemical Co (St Louis, MO), unless 

otherwise indicated. Morphine (75 mg morphine base) or vehicle tablets were acquired 

from Murthy Pharmaceuticals Inc., Lexington, Kentucky.  

 

Animals and non-genetic T2DM model.  

Experimental procedures	  were in compliance with the Guide for the Care and 

Use of Laboratory Animals (National Academy of Science), with protocols approved by 

the Veterans Affairs San Diego Healthcare System Institutional Animal Care and Use 

Committee. A murine T2DM model was studied, involving high-fat feeding (60% fat of 

total caloric intake; TD-06414 adjusted calorie diet, Harlan Laboratories, Madison, WI, 

USA) combined with low-dose streptozotocin (STZ) [379-381]. Specifically, 3 month-

old C57Bl/6J mice received a single moderate-dose STZ injection (75 mg/kg in 0.1 M 

citrate buffer, pH 4.5, i.p, during non-fasting conditions; S0130, Sigma, St. Louis, MO) 

and were switched to high-fat chow for 10 weeks to induce obesity, hyperglycaemia, 

insulin-resistance and hyperinsulinaemia (Fig. 5.1, Table 5.1). Control mice received 

injections of 0.1 M citrate buffer and were maintained on standard chow (4% of calories 

from fat). A glucose tolerance test (GTT) was performed in fasted mice from each 

group.  

 

Glucose tolerance test.  

Mice were fasted for 11 hrs and blood was collected via the retro-orbital route 

for fasting glucose measurement and serum analysis. Then GTT was performed by i.p. 

injection of 1 g/kg glucose in 0.9% NaCl and monitoring of blood glucose at 30 min 

intervals (via saphenous vein puncture) for up to 3 hrs (ONETOUCH Ultra 2 

glucometer, LifeScan Inc., Milpitas, CA, USA). An ultrasensitive mouse insulin ELISA 

kit (Cat #80-INSHU-E01.1, ALPCO Diagnostics, Salem, NH) was used to determine 

plasma insulin. 

 

Morphine treatment.  

Mice were anaesthetised with isoflurane and vehicle or morphine pellets inserted 

into the dorsal subcutaneous space via a small incision, subsequently closed with 9 mm 
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wound clips. Pellets remained in place for 5 days, when mice were assessed via 

echocardiography and cardiac tissue analyses/perfusion [29, 172]. Based on dried pellet 

mass after 5 days, mice receive 60-100 mg/kg of morphine/day. In a sub-set of mice, 

effects of paired-feeding in non-morphine treated mice were assessed, with animals 

receiving daily food quantities matching those consumed by morphine-treated mice. 

Feeding was monitored by weighing daily food intake in morphine-treated mice, and 

this pattern of feeding was replicated for control mice (receiving vehicle pellets). 

Morphine treatment in this chapter is referred to as SLP in all other chapters of this 

thesis. It has been changed in this chapter for submission for publication.  

Echocardiography. 

Echocardiography (M-mode, two-dimensional, and Doppler) was performed 

under isoflurane anaesthesia in animals from each experimental group, employing a 

small-animal high-resolution Vevo 770 imaging unit (VisualSonics Inc., Toronto, 

Canada) with a 17.6 MHz ultrasound probe. Left-ventricular ejection fraction (%EF), 

fractional shortening (%FS), mean circumferential fibre shortening rate (VCF) and wall 

thicknesses were assessed. 

Langendorff heart model.  

Hearts were isolated and perfused in a Langendorff mode as outlined in detail by us 

previously [29, 172]. Mice were anaesthetised with sodium pentobarbital (60 mg/kg

i.p.) and blood sampled for non-fasting [glucose] and [insulin] before heart excision,

aortic cannulation and Langendorff perfusion of the coronary circulation [29, 172, 236]. 

Perfusion pressure was fixed at 80 mmHg, and a modified Krebs-Henseleit buffer was 

employed, bubbled with 95% O2/5% CO2 at 37°C (giving a pH of 7.4) and containing 

(in mM): NaCl, 120; NaHCO3, 25; KCl, 4.7; CaCl2, 2.5; MgCl2, 1.2; KH2PO4, 1.2; D-

glucose, 15; and EDTA, 0.5.  Following 20 min stabilization at intrinsic heart rates

ventricular pacing at 7 Hz was initiated, and after 10 min baseline measures were made 

before subjecting hearts to 25 min of global normothermic ischaemia and 45 min 

aerobic reperfusion. Coronary effluent was collected on ice throughout reperfusion for 

determination of post-ischaemic LDH efflux (IU/ml X ml/g total post-ischaemic 

volume). IPC was assessed in subsets of control and T2DM hearts (vehicle and 

morphine groups), subjected to 2 x 5 min ischaemic episodes interposed by 5 min 

reperfusion prior to the index 25 min ischaemia. 
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Mitochondrial isolation.  

Mitochondria were isolated from hearts at 10 min of reperfusion for analysis of 

post-ischaemic respiratory function and Ca2+-induced swelling, an indicator of 

propensity for mitochondrial permeability transition pore (mPTP) opening. For 

preliminary analysis of mitochondrial respiration (Fig. 5.5) using the Oroboros 

oxygraph, methods are detailed in Chapter 2. For more detailed analysis of 

mitochondrial function, left ventricular tissue was placed in ice-cold mitochondrial 

isolation medium (MIM; 0.3 M sucrose, 10 mM HEPES, 250 µM EDTA) and 

homogenized with a Tissuemiser (Fisher Scientific, Waltham, MA, USA). 

Homogenates were rinsed in MIM and samples centrifuged at 600 g to clear 

nuclear/membrane debris. Supernatants were spun at 8000 g for 15 min, and pellets 

suspended in MIM with 1 mM BSA before re-centrifuging (15 min at 8000 g). 

Centrifugation was repeated and metabolically active mitochondria re-suspended in 150 

µl MIM. 

 

Mitochondrial analyses.  

Cardiac mitochondria were isolated after 10 min of reperfusion for analysis of 

post-ischaemic respiratory function and Ca2+-induced swelling, as outlined in detail 

previously [25]. For Ca2+-induced swelling, mitochondria solutions (0.5 µg/µl) lacking 

Ca2+ were loaded into clear flat-bottomed 96-well plates and challenged with 250 µM 

CaCl2. Mitochondrial O2 consumption was in measured using an oxygraph with a Clark-

type O2 electrode (Hansatech, Norfolk, UK) during sequential addition of substrates and 

inhibitors. Briefly, mitochondria (100-200 µg protein) were added to an oximeter 

chamber in a solution containing 100 mM KCl, 75 mM mannitol, 25 mM sucrose, 5 

mM H3PO4, 0.05 mM EDTA and 10 mM Tris-HCl, pH 7.2 at 37°C. After a 2 min 

equilibration, 5 mM pyruvate and 5 mM malate were added and O2 consumption 

followed for 1-2 min (state 4). ADP (250 µM) was added for measurement of state 3 

(phosphorylating) respiration. To switch from NAD+- to FAD+-linked respiration, 

complex I was eliminated by inhibition of back electron transfer with 0.5 mM rotenone, 

and complex II activity triggered by addition of 10 mM succinate. Complex III was then 

inhibited by addition of 5 mM antimycin A. Complex IV activity was measured in the 

presence of 0.5 mM 2,2,4-trimethyl-1,3-pentanediol and 2 mM ascorbate. O2 utilization 

was normalized to protein content. The respiratory control ratio (RCR), indicative of 

oxidative phosphorylation uncoupling, was calculated from the state 3:state 4 complex I 
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activity ratio. 

 

Immunoblot analysis.  

Western immunoblot analysis of left ventricular myocardial extracts was 

performed as described previously [25, 29, 172]. Left ventricular myocardium was 

homogenized and 30μg of total protein loaded onto 10% acrylamide gels and 

electrophoresed at 150 V for 1.5 hrs [25, 29, 172]. Proteins were transferred to 

polyvinylidene difluoride membranes and blocked in 5% BSA in TBS-Tween-20 (0.1% 

TBST) for 60 min. Membranes were incubated with primary antibody against pan Akt, 

phosphorylated AktSer473, and GAPDH (#4691, #9271, and #2118 respectively, Cell 

Signalling, Technology Inc., Danvers, MA,), and total caveolin-3 (sc-5310, Santa Cruz 

Biotechnology, Santa Cruz, CA) at 1:1000 dilution, overnight at 4°C. Following 3 

washes in TBST, membranes were incubated with HRP conjugated secondary 

antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, sc-2030, and sc-2031) and 

visualized on a gel documentation system. Caveolin-3 protein expression was 

normalized to GAPDH, while Akt phosphorylation was expressed relative to total Akt.  

 

Statistical analyses.  

Data are means ± SE. Differences between groups were assessed via 1- or 2-way 

ANOVA where appropriate, with post-hoc Newman-Keuls tests employed for 

individual comparisons. Significance in all tests was accepted for P<0.05.  

 

	    



128	  

RESULTS 

Abnormalities in body weight, glucose handling and cardiac ejection in T2DM: 

Effects of morphine.  

Combined high-fat feeding and low- to moderate-dose STZ treatment is widely 

employed to non-genetically induce T2DM states in rats [379], and more recently mice 

[380, 381]. T2DM mice exhibited features akin to uncontrolled T2DM in humans, with 

significant hyperglycaemia, hyperinsulinaemia and impaired glucose-tolerance, in 

association with 25% body weight gain (Table 5.1, Fig. 5.1). Morphine treatment 

reduced blood glucose and insulin levels and improved glucose homeostasis in healthy 

and T2DM mice (Table 5.11, Fig. 5.1A and B). Hypoglycaemic effects of morphine 

were most pronounced in T2DM (~8 mM or 55% fall in fasting glucose) vs. healthy 

mice (~3 mM or 35% fall). Morphine induced significant weight loss:  by 2-3 g (or 

~10%) in healthy and 7-9 g (~20%) in T2DM animals (Table 5.1).   

In vivo echocardiography identified contractile dysfunction in T2DM mice, with 

10-15% reductions in %EF and %FS (Fig. 5.1C and D), coupled with cardiac

hypertrophy (data not shown). Increased wall thicknesses were unaltered after 5 days of 

morphine treatment, while T2DM-induced contractile depression was reversed by 

morphine (Fig. 5.1C and D). In contrast to in vivo changes, no shifts in contractile 

function were detected in ex vivo hearts from T2DM vs. control mice perfused under 

common loading conditions, extracellular [Ca2+] and substrate supply (Table 5.1). 



	  

 

 

  
Fasting 
Glucose 
(mM) 

Non-
Fasting 
Glucose 
(mM) 

Non-
Fasting 
Insulin 
(ng/mL) 

Body 
Weight 

(g) 

Heart 
Weight 

(g) 

Heart/Body  
Wt  Ratio 

Ex Vivo 
LVDP 

(mmHg) 

Ex Vivo 
+dP/dT 

(mmHg/s) 

Ex Vivo 
Coronary 

Flow 
(mL/min) 

CONTROL (Healthy) 
Vehicle 
(n=12) 9.0±1.4 12.7±0.9 0.81±0.10 30.3±0.6 180±5 5.89±0.17 126 ± 6 5196 ± 

294 2.7 ± 0.3 

Morphine 
(n=9) 5.8±0.4† 9.7±0.9† 0.36±0.03 26.6±0.5† 178±5 6.41±0.19† 128 ± 7 5168 ± 

433 3.1 ± 0.3 

T2DM 
Vehicle 
(n=9) 13.8±1.1* 19.8±1.2* 1.61±0.28* 38.8±1.0* 187±9 4.85±0.16* 119 ± 5 5123 ± 

277 3.4 ± 0.3 

Morphine 
(n=9) 6.0±0.3† 9.4±1.1† 0.40±0.06† 30.9±0.7† 178±6 5.66±0.15† 119 ± 6 4960 ± 

422 4.3 ± 1.0 

	  

Table 5.1.  Systemic and Ex Vivo Cardiac Parameters for Healthy and T2DM Mice. Data are means ± SE. *, P<0.05 vs. Control 

(non-diabetic); †, P<0.05 vs. Vehicle. LVDP, left ventricular developed pressure; +dP/dt, differential of ventricular pressure 

development relative to time. 
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 Figure 5.1.  Effects of T2DM and morphine treatment on: A, blood [glucose] over 3 hrs following glucose challenge; B, area under 

the curve (AUC) for GTTs; C, left ventricular ejection fraction; and D, left ventricular fractional shortening. Data are means ± SE (n 

= 7-13). *, P<0.05 vs. Control; †, P<0.05 vs. respective untreated group.  
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Myocardial I/R tolerance: Effects of T2DM and morphine.   

 

A 25 min ischaemic insult profoundly impaired mechanical function in 

reperfusion (Fig. 5.2), with elevated diastolic pressure (~40 mmHg) and 40-50% 

recoveries for ventricular pressure development and dP/dt in control hearts. Coronary 

flow returned to ~75% of baseline (Fig. 5.2C). Interestingly, T2DM did not modify 

diastolic pressure throughout I/R (Figs. 5.2 and 5.3), whereas recovery of ventricular 

pressure development was reduced (Figs. 5.2B and 5.2C), reflecting selectively 

impaired systolic function. Recoveries for ±dP/dt and flow were not modified by T2DM 

(Fig. 5.2C), and development of contracture during ischaemia was also unaltered (Fig. 

5.3B). However, post-ischaemic LDH efflux was substantially exaggerated in T2DM 

hearts (Fig. 5.3C). In contrast to these changes, myocardial 'stunning' following brief 

non-lethal ischaemia (ie. hypo-contractility in viable tissue) was unaltered by T2DM 

(Fig. 5.4). Data thus support a primary impact of T2DM on cell death vs. contractile 

dysfunction: T2DM increases LDH efflux by >60% without altering diastolic 

dysfunction and only moderate depressing post-ischaemic pressure development (Figs. 

5.2 and 5.3).  

 Morphine significantly improved functional outcomes in hearts from healthy 

and T2DM mice (Fig. 5.2), selectively reduced ischaemic contracture (and stunning 

after brief ischaemia) in healthy but not T2DM hearts (Figs. 5.3 and 5.4), and markedly 

reduced post-ischaemic LDH efflux in both groups (Fig. 5.3C). Morphine is thus 

broadly beneficial, though T2DM negates effects on contracture and stunning. Impaired 

mechanical recovery in T2DM hearts does not appear to stem from reduced reflow (Fig. 

5.2C), with modest differences in post-ischaemic flow correlating with (likely 

reflecting) effects of T2DM and morphine on diastolic dysfunction (vascular 

compression) and contractile work (O2 demand) (see Supplementary Fig. S1). 
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Figure 5.2.  Effects of T2DM and morphine on functional responses to I/R. Data are 

shown for: A, EDP and B, LVDP changes throughout I/R; and C, final recoveries of 

contractile function and coronary flow (% baseline) after 45 min reperfusion. Data are 

means ± SE (n = 7-10). *, P<0.05 vs. Control; †, P<0.05 vs. respective untreated group.  
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Figure 5.3. Effects of T2DM and morphine on ischaemic contracture and post-

ischaemic myocardial injury. Data are shown for: A, peak contracture in ischaemia; B, 

times to onset of (rise to 20 mmHg) and peak contracture during ischaemia; and C, total 

post-ischaemic efflux of LDH. Data are means ± SE (n = 7-10). *, P<0.05 vs. Control; 

†, P<0.05 vs. respective untreated group. 
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Figure 5.4. Effects of T2DM and morphine on contractile depression (stunning) after 

consecutive 5 min ischaemic episodes. A, post-ischaemic LVDP; B, post-ischaemic 

+dP/dt; and C, post-ischaemic -dP/dt.  Data are means ± SE (n = 6-8). *, P<0.05 vs. pre-

ischaemia (Baseline); †, P<0.05 vs. respective untreated group.  
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Post-ischaemic mitochondrial function.  

Preliminary mitochondrial assessment of O2 flux (rate of oxygen consumption) was 

measured in a subset of post-ischaemic vehicle- (control) vs. SLP-treated hearts (Fig. 

5.5). SLP hearts at complex I exhibited significantly greater mitochondrial respiration 

compared to control, however this effect was not evident at complex II. The overall 

activity of both groups was greater at complex II. Due to these observed changes, we 

further interrogated changes to mitochondrial function with SLP in T2DM. Ischaemic 

intolerance in T2DM was associated with exaggerated Ca2+-induced mitochondrial 

swelling, an indicator of mitochondrial permeability transition pore (mPTP) opening 

(Fig. 5.6A). Mitochondria from T2DM hearts also showed respiratory dysfunction, 

involving reduced state 3 activities at complexes I and II with evidence of uncoupling, 

based on a reduced RCR (Fig. 5.6B). Morphine inhibited Ca2+-induced swelling in both 

healthy and T2DM mitochondria, while selectively improving post-ischaemic 

respiratory function in T2DM but not healthy mitochondria (Fig. 5.6A and 5.6B).  

 

 
Figure 5.5. O2 flux at Complex I and II of the mitochondrial respiratory chain in control 

(CTRL) vs. SLP-treated hearts. Data are mean ± SE. *, p ≤ 0.05 vs. CTRL.  n = 6/group. 
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Figure 5.6.  Effects of T2DM and morphine on: A, Ca2+-induced swelling in cardiac mitochondria; B, respiratory function in cardiac 

mitochondria; C, cardiac expression of caveolin-3; and D, cardiac expression of phospho-Akt.  Data are means ± SE (n = 4-6). *, P<0.05 

vs. Control; †, P<0.05 vs. respective untreated group.
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Myocardial caveolin-3 and phospho-Akt expression.  
 

T2DM depressed cardiac caveolin-3 expression by 55%, an effect largely 

countered by morphine (Fig. 5.6C). On the other hand, T2DM-dependent repression of 

phospho-Akt (by ~54%) was insensitive to morphine (Fig. 5.6D). Interestingly, 

morphine itself significantly reduced baseline phospho-Akt in healthy hearts. 

Responsiveness to IPC. 

 

 Induction of IPC enhanced I/R tolerance in hearts from healthy mice, improving 

mechanical recovery and LDH efflux (Fig. 5.7). There was evidence of additivity 

between IPC- and morphine-dependent protection, with a greater decline in LDH efflux 

with combined IPC+morphine than either intervention alone (Fig. 5.7A). In contrast, 

T2DM negated protection via IPC, which failed to influence function or LDH efflux in 

these hearts (Fig. 5.7B). Additivity between IPC and morphine was also eliminated: IPC 

failed to modify outcomes beyond effects of morphine alone in T2DM hearts. 

 

 

 
 

Figure 5.7.  Myocardial responses to IPC (±morphine) in hearts from:  A, healthy 

control mice; and B, T2DM mice. Data shown for post-ischaemic recoveries for LVDP 

and +dP/dt, and post-ischaemic LDH efflux. Note differing scales for the panels. Data 

are means ± SE (n = 7-8). *, P<0.05 vs. Untreated; †, P<0.05 vs. IPC alone; ‡, P<0.05 

vs. Morphine.  
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 Systemic impacts of morphine. 

Myocardial I/R tolerance correlated generally with body weight, blood [glucose] 

and glucose tolerance in healthy and T2DM mice (see Supplementary Fig. S2). To 

explore metabolic effects of morphine and their relevance to myocardial changes, we 

assessed food intake, body weight, glucose levels and cardiac outcomes with morphine 

treatment, and compared these with outcomes from paired-feeding in control mice 

(matching daily caloric intake to morphine-treated mice; Fig. 5.8).  

Morphine was strongly anorexigenic in the initial 48 hrs (Fig. 5.8), reducing 

caloric intake over the 5-day period by ~35% in healthy and 80% in T2DM mice. 

Reduced caloric intakes were associated with 10% (~2 g) and 20% (7-9 g) reductions in 

weight in healthy and T2DM mice, respectively. Paired-feeding induced weight-loss 

comparable to that with morphine in healthy and T2DM mice (Fig. 5.8). However, the 

30% fall in blood [glucose] with morphine in healthy mice was only partly replicated 

(15%) by a paired reduction in feeding, as was the 50-55% fall in T2DM mice (pair 

feeding induced a 30-35% fall; Fig. 5.8). Morphine-dependent improvements in glucose 

thus appear to involve a combination of direct OR effects and benefit via calorie 

restriction (Fig. 5.8C).  

Paired-feeding failed to improve in vivo function in healthy or T2DM mice, or 

ex vivo I/R tolerance in healthy hearts, while significantly enhancing I/R tolerance in 

T2DM hearts (Fig. 5.8). Thus, transiently reduced caloric intake due to pronounced 

anorexigenic effects of morphine in T2DM may play some role in improved I/R 

tolerance, whereas caloric restriction is not involved in improved ventricular ejection in 

vivo. 
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Figure 5.8.  Food intake, body weight and cardiac phenotype in healthy (left) and 

T2DM mice (right). Data are shown for food intake and body weight (upper), caloric 

efficiency, glucose levels and cardiac I/R tolerance (middle); and cardiac ejection 

parameters in vivo (lower); for morphine-treated and pair-fed mice.  Data are means ± 

SE (n = 6-9). *, P<0.05 vs. Untreated; †, P<0.05 Pair-Fed vs. Morphine. 
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DISCUSSION 
 

This study reveals profound myocardial protection with morphine therapy in a T2DM 

model exhibiting cardiac depression, I/R intolerance and refractoriness to IPC (in 

association with mitochondrial dysfunction and repressed caveolin-3 expression). A 5-

day period of OR agonism with morphine largely reverses this abnormal cardiac 

phenotype, and significantly improves glucose homeostasis, insulin levels and body 

weight. However, anti-stunning effects of morphine are negated in T2DM, and 

refractoriness to IPC is unaltered. The anorexigenic effects of morphine were 

exaggerated in diabetic mice, and may contribute to improved I/R tolerance in T2DM 

(though not healthy) mice. Unravelling the molecular basis of these potent protective 

and anti-diabetic effects may reveal novel approaches to countering cardiac pathology 

and protecting problematic diabetic myocardium from I/R injury.  

 

T2DM-dependent dysfunction and I/R intolerance.  

The T2DM model, combining partial islet cell damage via a moderate dose of 

STZ and high-fat feeding [379-381], exhibits features relevant to human disease, 

including impaired glucose homeostasis and levels of hyperglycaemia and 

hyperinsulinaemia akin to those in patients with T2DM (Table 5.1, Fig. 5.1). Blood 

glucose levels in healthy mice were within the range reported for non-diabetic C57Bl/6 

mice ≥5 months of age, while T2DM mice exhibited ~50% higher fasting and non-

fasting [glucose] (Table 5.1) and >100% higher peak levels of glucose (and AUC) 

during glucose challenge (Fig. 5.1). These data confirm a diabetic state, and are 

intermediate between values reported for genetic ob/ob and db/db mouse models.  

 The T2DM state induces significant myocardial dysfunction in vivo, with 

substantial reductions in %FS and %EF (Fig. 5.1C and D). These data, consistent with 

cardiac changes reported in a similar murine model [381], support development of 

myocardial dysfunction in T2DM states, and may be relevant to cardiac abnormalities 

arising in human disease. Conversely, Brainard et al. recently reported that neither high-

fat feeding nor hyperglycaemia alone appear sufficient to substantially depress cardiac 

function in mice [382]. Absence of mechanical dysfunction ex vivo (Table 5.1, Fig. 5.2) 

supports an extra-cardiac origin to T2DM-dependent repression of systolic cardiac 

ejection in vivo (e.g. shifts in circulating metabolic, neuro-humoral factors, and/or 

afterload). 



 

141	  	  

 Despite clinical evidence of diabetic impairment of myocardial stress-resistance, 

evidence from animal models (and translation to clinical benefit) remains mixed [96], 

potentially reflecting differences in animal models of type I diabetes mellitus (T1DM) 

vs. T2DM, species dependence of Ca2+ handling, drug application routes, and absence of 

co-morbidities in animals. Our data reveal the T2DM model substantially reduces 

myocardial I/R tolerance, exaggerating cell death (Fig. 5.3) and mitochondrial 

dysfunction (Fig. 5.6). These findings are relevant to worsened I/R outcomes in diabetic 

patients [370]. Since contracture development is unaltered (Fig. 5.3), T2DM does not 

appear to influence key factors governing the contracture process during ischaemia 

itself (Ca2+ overload, bioenergetic depression). In contrast, exaggerated post-ischaemic 

damage shows T2DM strongly influences determinants of reperfusion injury. Since 

stunning following brief sub-lethal ischaemia appears insensitive to T2DM (Fig. 5.4), 

impaired I/R tolerance in T2DM likely reflects exaggerated post-ischaemic death (Fig. 

5.3C) rather than contractile depression per se. Contributing to a pro-death phenotype, 

post-ischaemic Ca2+-dependent swelling (indicating MPTP activation) is pronounced 

and respiratory function repressed in T2DM mitochondria (Fig. 5.6), consistent with a 

key role for mitochondrial dysfunction in cardiac abnormalities of T2DM [369]. 

 

Repression of caveolin-3 and phospho-Akt  in T2DM.  

Exaggerated mitochondrial dysfunction and cell death may involve 

abnormalities in protective signalling, evidenced here by failure of IPC (Fig. 5.7) and 

repression of caveolin-3 and phospho-Akt levels (Fig. 5.6). Given important roles for 

caveolin-3 in OR and pre- and postconditioning responses [23], and myocardial [81] 

and mitochondrial stress-resistance [25], and since caveolin-3 also limits hypertrophic 

growth [342], and improves insulin-sensitivity (albeit in non-cardiac tissue) [383], 

reductions in caveolin-3 expression may contribute to multiple pathological features of 

diabetic myocardium. Depression of caveolin-3 has also been observed in myocytes 

from hyperglycaemic rats [378], while caveolar function also appears disrupted in 

vascular tissue from diabetic patients [384]. The T2DM-dependent repression of 

caveolin-3 expression (Fig. 5.6C) may involve shifts in fat intake - Knowles and 

colleagues report that a high palmitate diet lowers myocardial caveolin-3 in association 

with altered membrane localization of protective eNOS [385].    

 Myocardial phospho-Akt levels were also reduced in T2DM (Fig. 5.6), 

consistent with known inhibitory effects of advanced glycation end-products on Akt 
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signalling, and potentially contributing to cardiac pathology given pro-survival effects 

of this enzyme. This change could also reflect repression of caveolin-3, since increased 

expression of caveolin-3 can increase cardiac Akt levels [81]. Other studies support 

diabetes-dependent abnormalities in survival-kinase signalling in human and animal 

tissue, potentially upstream of PKC and p38-MAPK [106], including reports of 

impaired regulation of myocardial Akt, STAT3, Erk1, GSK3β [98, 103] and 

downstream KATP channels. Diabetes-dependent I/R intolerance may thus involve 

mitochondrial dysfunction facilitated by impairment of caveolin-3 control and 

associated survival-kinase signalling.  

 

Cardioprotection in T2DM.  

Powerful protection against I/R in T2DM hearts (Figs. 5.2 and 5.3) distinguishes 

continuous morphine from diverse conventional interventions impaired/negated in 

diabetes. Ghosh et al. first detailed failure of preconditioning in human myocardium 

[386], with subsequent evidence confirming dysfunctional protection in diabetic 

patients [387]. Protective responses impaired in T2DM models include early and 

delayed IPC and ischaemic postconditioning, and responses to protective GPCRs [371, 

372, 388]. Beneficial effects of KATP openers, anaesthetics, adiponectin, sphingolipid 

analogues, phosphodiesterase-5 inhibition and heat shock are also reportedly impaired. 

This broad-spectrum impairment is congruent with abnormalities in common upstream 

signal elements (e.g. caveolar control, Akt signalling) and/or convergent effector 

mechanisms (e.g. mPTP modulation). Repressed IPC together with caveolin-3 and 

phospho-Akt expression confirms T2DM-dependent abnormalities in key elements of 

cardioprotective signalling.  
 Although morphine treatment improved mitochondrial function and caveolin-3 

expression in T2DM, refractoriness to IPC was unaltered. The latter failure thus arises 

via additional mechanisms, such as T2DM-dependent impairment of Akt signalling: 

while morphine improves cardiac function and I/R tolerance independently of phospho-

Akt levels, consistently repressed phospho-Akt may underlie persistent suppression of 

IPC in T2DM (given broad support for Akt involvement in IPC). Curiously however, 

morphine treatment also reduced Akt phosphorylation in healthy hearts, consistent with 

evidence protection via morphine is independent of PI3K/Akt signalling [203]. Reduced 

phospho-Akt with morphine could reflect anorexigenic actions of OR agonism (Fig. 

5.8), with PI3K/Akt signalling inhibited during caloric restriction [389]. There is also 
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evidence impaired Akt signalling may actually be cardioprotective [390]. Thus, the 

relevance of T2DM-dependent shifts in phospho-Akt to I/R tolerance vs. IPC efficacy 

awaits further delineation.

Metabolic effects of morphine. 

While data are consistent with roles for caveolin-3 expression/mitochondrial

preservation in morphine-dependent cardioprotection, reductions in blood glucose and 

body weight may contribute (see Supplementary Fig. S2). Improved glucose 

homeostasis with morphine (Fig. 5.1) agrees with opioid-mediated enhancement of 

glucose handling in healthy [391] and obese/pre-diabetic rats [205, 376], and systemic 

glucose dysregulation following OR KO in mice [103]. In contrast, blood glucose is 

reportedly morphine-insensitive in healthy rats [392], suggesting potential species-

dependence of this action. Since morphine reduces both glucose and insulin 

concentrations in mice (Table 5.1), improved glucose homeostasis may involve 

augmented cellular uptake [207, 373-375] and/or significant sensitization to reduced 

insulin levels. Opioids have been shown to promote glucose uptake in non-cardiac cells 

via δ- and µ-OR sensitive Glut1/AMPK [207] and Glut4/PI3K [373, 374] mechanisms, 

and there is also evidence ORs can promote tissue insulin binding [391].  

Improved glucose homeostasis may additionally reflect reductions in calorie 

intake, with pair feeding partially replicating morphine effect on glucose handling (Fig. 

5.8). Chronic morphine can induce anorexigenic and weight-loss effects in healthy 

rodents [388, 393], though prominence of this effect in T2DM mice (Table 5.1, Fig. 5.8) 

contrasts inhibition of the response in T1DM [393]. The preserved (or exaggerated) 

response in T2DM is consistent with postulated repression of insulin-dependent tissue 

growth by ORs [376], and morphine-dependent reductions in circulating insulin (Table 

5.1). Why the anorexigenic response itself is more profound in T2DM animals (50-55% 

reduction in caloric intake vs. 35% in healthy mice) is unclear, though increased body 

fat in T2DM mice may offer an effective energy store, facilitating suppression of 

feeding. In any case, this pronounced effect suggests potential to beneficially 

manipulate whole body metabolism in diabetes via OR-targeted interventions.  

Metabolic effects of morphine raise a key question: could brief caloric 

restriction arising with morphine independently improve myocardial phenotype? While 

prolonged calorie restriction is a well-established protective intervention, effects of brief 

or moderate fasting await detailed study in healthy and diabetic animals. Severe caloric 
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restriction for 11 days generates unique I/R tolerance in non-diabetic rats in association 

with increased MEF2 and Na+/K+-ATPase expression [394]. We are unaware of studies 

of shorter caloric restriction, though 24 hr fasting can acutely improve I/R tolerance and 

mitochondrial preservation. There are surprisingly few studies of caloric limitation in 

diabetes, and none assess cardiac outcomes from brief intervention: ≥2 mo of 30% 

caloric restriction reportedly improves glucose homeostasis and systemic or cardiac 

markers of oxidative-stress in rodent models of T2DM [395, 396]; in contrast 30% 

caloric restriction for ~3 mo fails to influence I/R tolerance in models of T2DM and 

metabolic syndrome, though benefit via delayed IPC was restored [397]. Given this 

paucity of consistent data we assessed paired-feeding, which did not influence in situ or 

ex vivo contractile function yet did improve intrinsic I/R tolerance in T2DM (not 

healthy) hearts (Fig. 5.8). Thus, anorexigenic effects of opioid therapy may be an 

important element in cardioprotection arising in T2DM but not healthy mice.  

 Morphine can also induce excitability in rodents [398], and we did observe 

increased activity in the initial 2 days of treatment. It is unclear whether these transient 

behavioural changes are important: we previously showed that 7 days of voluntary 

activity can protect hearts of healthy mice [399], while others report single exercise 

bouts can improve NOS signalling [400] and protein O-GlcNAcylation [401]. 

Beneficial effects of long-term physical activity have also been reported recently in 

mice with diet-induced obesity [402]. Whether 1-2 days of increased activity (±caloric 

restriction) induces beneficial cardiac outcomes in the setting of T2DM remains 

equivocal. 
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Summary 

This study reveals powerful cardioprotection via novel sustained morphine 

therapy in a T2DM model exhibiting cardiac depression, I/R intolerance and 

refractoriness to protective IPC. Diabetic abnormalities are associated with and may 

involve mitochondrial dysfunction and repression of regulatory caveolin-3.  Morphine 

therapy decreased voluntary food intake and body weight, improved glucose 

homeostasis, and very effectively reversed T2DM-dependent cardiac dysfunction and 

I/R intolerance in association with improvements in mitochondrial function and 

caveolin-3 expression. Further work is warranted in delineating mechanisms underlying 

these myocardial and anti-diabetic outcomes, which involve direct cardiac (caveolin-3 

expression, mitochondrial protection) and systemic changes (reduced calorie intake and 

body weight, improved glucose homeostasis). These data are intriguing, since 

continuous OR agonism more potently improves glucose homeostasis, mitochondrial 

function, and caloric intake in T2DM vs. healthy animals. Unravelling the mechanisms 

involved and delineating OR sub-type involvement may reveal novel and more targeted 

approaches (avoiding potentially untoward effects of non-select OR agonism) to 

ameliorating negative cardiovascular and systemic consequences of diabetes, and 

protecting the 'at-risk' diabetic heart.  
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Foreword 

Studies within Chapter 5 identified that SLP improved both in vivo cardiac function and 

ex vivo I/R tolerance in our model of T2DM, supporting its potential clinical utility. 

Patients suffering various cardiovascular disorders (and associated co-morbidities) are 

also often prescribed pharmaceuticals for symptom management, leading to chronic 

pharmacotherapy in CVD patients. For this reason, any effective cardioprotective 

therapy must be refractory to not only the inhibitory effects of age and disease, but also 

chronic pharmacotherapy. To further examine the clinical utility of SLP, studies within 

Chapter 6 determine the efficacy of SLP in a model of chronic β-blockade. 
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ABSTRACT 

Background and purpose. β-adrenoceptor (β-AR) antagonists are commonly used in 

ischaemic heart disease (IHD) patients, yet may impair signalling and efficacy of 

experimental ‘cardioprotective’ interventions. We assessed the effects of chronic β1-AR 

antagonism on myocardial resistance to ischaemia-reperfusion (I/R) injury and the 

ability cardioprotective interventions [i.e., classic ischaemic preconditioning (IPC) and 

novel sustained ligand-activated preconditioning (SLP)] to reduce I/R injury in murine 

hearts.  

Experimental approach. Young male C57Bl/6 mice were untreated or received 

atenolol (0.5 g/l in drinking water) for 4 weeks. Subsequently two cardioprotective 

stimuli were evaluated: 1) morphine pellets implanted (to induce SLP, controls received 

vehicle) in the 5 days prior to isolation and analysis of Langendorff perfused hearts and 

2) IPC in perfused hearts (3 x 1.5 min ischaemia/2 min reperfusion). Key results.

Atenolol treatment significantly reduced in vivo heart rate. Hearts from untreated

control mice exhibited substantial left ventricular dysfunction (~50% pressure

development recovery, ~20 mmHg diastolic pressure rise) with significant release of

lactate dehydrogenase (LDH, tissue injury indicator) after 25 min ischaemia/45 min

reperfusion. Contractile dysfunction and elevated LDH were reduced 50% or more with

IPC (3 x 1.5 min ischaemia/2 min reperfusion) and morphine-induced SLP. While

atenolol treatment did not modify baseline contractile function, post-ischaemic function

was significantly depressed compared with hearts from untreated mice. Atenolol

pretreatment abolished beneficial effects of IPC, whereas SLP protection was preserved.

Conclusions and Implications. These data indicate that chronic β1-AR blockade can 

exert negative effects on functional I/R tolerance and negate conventional IPC 

(implicating β1-ARs in both I/R injury and IPC signalling). However, novel morphine-

induced SLP is resistant to inhibition by β1-AR antagonism.  

Key Words. β-adrenergic receptors; cardiac ischaemia; cardiovascular drugs; 

ischaemia-reperfusion injury; morphine 
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INTRODUCTION 

Efficacious adjunctive cardioprotection to limit infarct size is a clinically 

desirable yet largely unfulfilled goal. Clinical translation of protective modalities has 

achieved limited success, including interventions derived from pre- and 

postconditioning phenomena, with modest outcomes contrasting profound protection 

experimentally [92, 403, 404]. Recent trials of post- and remote-conditioning support 

cardioprotection, with 20-40% reductions in markers of infarct size [405-407]; however, 

this is contrasted with 75-80% reduction observed in pre-clinical models. Reduced 

clinical efficacies may reflect in part confounding influences of age, common co-

morbidities and pharmaceuticals, each negatively impacting upon transduction and 

efficacies of conventional protective stimuli [3, 92]. Knowledge that conventional 

responses, typically involving so-called RISK signalling [403, 408], may be rendered 

less effective in cohorts requiring cardioprotection (AMI patients >55 years of age, with 

underpinning or co-morbid conditions of obesity, dyslipidaemia, diabetes, hypertension 

or hypertrophy) demands a more strategic approach to clinical cardioprotection.  For 

example, novel SLP mediates long-lasting protection via distinct signalling [29, 172], is 

resistant to the negative effects of ageing [203], and resultant protection may exceed 

that with conventional pre- and postconditioning. Whether the intervention is sensitive 

to common cardiovascular drugs is unknown. 

β-AR antagonists are one of the most widely prescribed classes of drugs in IHD 

patients with well-established ‘anti-ischaemic’ effects (reduced heart rate, contractility 

and afterload) valuable in reducing symptoms of angina, and in the treatment of 

arrhythmias, congestive cardiomyopathy and AMI. β-blockade in AMI appears to lower 

mortality, reducing sudden cardiac death and re-infarction [409, 410]. More than 90% 

of US AMI patients are thus treated acutely with β-blockers [411], while many patients 

at risk of AMI (hypertensives, angina patients) may take β-AR blockers chronically. 

This widespread β-blocker use may influence the efficacy of protective interventions 

aimed at reducing infarct size [3, 92]. However, effects of pre-ischaemic β-AR blockade 

on I/R injury and mechanisms of cardioprotection are mixed, with evidence that β-AR 

inhibition can be either protective [412-416] or injurious [415, 417, 418], and impair 

other cardioprotective interventions [214, 412, 415, 419-421]. These effects may reflect 

differential roles of β1- and β2-ARs in cardiac injury vs. protection, together with the 
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timing and chronicity of β-AR blockade. We here assess effects of chronic antagonism 

with the widely prescribed β1-selective drug atenolol, upon ischaemic tolerance and the 

protective efficacies of conventional IPC and novel SLP in healthy murine myocardium. 
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MATERIALS AND METHODS 

Animals. 

Investigations conformed to the guidelines of the Animal Ethics Committee of 

Griffith University (accredited by the Queensland Government, Department of Primary 

Industries and Fisheries under the guidelines of "The Animal Care and Protection Act 

2001, Section 757", AEC number MSC/04/13 licensed to Jason N. Peart) and the 

Veterans Affairs San Diego Healthcare System Institutional Animal Care and Use 

Committee. Young (7 week) male C57Bl/6 mice were either untreated or atenolol-

treated (0.5 g/l in drinking water) for a period of 4 weeks prior to experimentation. 

Based on daily water intake (~0.15mL/g/day) [422-425], this equates to ~75 mg/kg/day. 

A total of 120 animals were used for this study; 62 untreated and 58 atenolol-treated. 

Groups were further subdivided based upon preconditioning stimulus employed.  

Chemicals. 

Slow-release morphine and vehicle pellets were obtained from the National 

Institute of Drug Abuse (Bethesda, MD) or Murty Pharmaceuticals (Lexington, KY). 

All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).  

SLP Induction. 

Mice were briefly anaesthetised with isoflurane, and using aseptic technique a 

small incision was made at the base of the neck. Vehicle or morphine (75 mg) pellets 

were inserted in the dorsal subcutaneous space and the site closed with 9 mm wound 

clips. Pellets were left in place for 5 days after which mice were sacrificed for heart 

excision and Langendorff perfusion [29, 203], or further analysis. Serum morphine 

levels demonstrate a peak in the initial 0-24 hr, then a gradual decline for the remaining 

4 days [426]. In our hands, the dosage of the slow-release pellets equates to 

~100mg/kg/day. 

In Vivo Heart Rate Assessment. 

Mice were anaesthetised very briefly with 3% isoflurane and restrained on a 

warmed platform with laboratory tape. ECG electrodes were inserted subcutaneously at 

right foreleg and left hindleg, then isoflurane was turned to 0 and heart rate was 

recorded at 20 sec intervals for 3 min (10 measurements). Readings taken when animal 
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was moving were excluded. ECG was monitored using the VisualSonics Vevo 2100 

system. Readings were averaged for each animal.  

Experimental Groups and Heart Perfusions. 

Untreated and atenolol-treated mice were implanted with vehicle or morphine 

pellets 5 days prior to experimentation. Mice were anaesthetised with sodium 

pentobarbital (60 mg/kg i.p.) and hearts excised, then Langendorff-perfused with 

Krebs–Henseleit buffer delivered via the aorta at a pressure of 80 mm Hg, as previously 

described [427]. Pyruvate (2 mM) was added to the buffer for isoproterenol experiments 

to eliminate functional ‘cycling in murine hearts [251]. Briefly, hearts were cannulated 

and underwent 30 min stabilization followed by 25 min global ischaemia and 45 min 

reperfusion. A sub-set of hearts from the vehicle-pellet mice were subjected to IPC, 

induced by 3 x 1.5 min ischaemia/2 min reperfusion cycles prior to the index ischaemia. 

Coronary venous effluent was collected on ice throughout reperfusion, with samples 

assayed enzymatically for LDH. Total post-ischaemic efflux is reported as total LDH 

units (U/g). For concentration-response experiments with isoproterenol, after the 

stabilization period and IPC protocol (where relevant), hearts received single doses of 

isoproterenol (1 nM – 10 µM) every 10 min. Hearts are excluded from the study if they 

met one of the following exclusion criteria after stabilization: i) coronary flow >5 

ml/min, ii) unstable (fluctuating) contractile function, iii) left ventricular systolic 

pressure <100 mmHg, or iv) significant cardiac arrhythmias. No hearts were excluded 

in this study  

Statistical Analysis. 

For in vivo heart rate, contractile recovery and cell death, all data are expressed 

as means ± SE. Differences between groups were tested via a one-way ANOVA, with a 

Newman-Keuls post hoc test applied when significant effects were detected. Significant 

differences were accepted for P<0.05. For isoproterenol concentration-response curves, 

data were checked for distribution, and outliers excluded with ROUT’s method (Q = 

1%). Data were then analysed either with a 2-way ANOVA and subjected to appropriate 

post-hoc tests. All Statistics were performed with Prism 6 (GraphPad Software Inc., La 

Jolla, CA). 
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RESULTS 

Isoproterenol-Concentration Response Studies 

Atenolol treatment (4 weeks) significantly reduced in vivo heart rate (Fig. 6.1). 

SLP also significantly reduced in vivo heart rate independent of atenolol-treatment (Fig. 

6.1). Atenolol and SLP produced a significant reduction in the maximal response to 

isoproterenol-induced elevation of heart rate (Fig. 6.2). EC50 from isoproterenol curves 

shows no significant alterations to functional sensitivities in the presence of atenolol in 

non-SLP hearts. The presence of atenolol appears to sensitise SLP hearts to the 

chronotropic effects of isoproterenol, while desensitizing inotropic responses (Table 

6.1). 

Figure 6.1. Effects of atenolol and SLP upon in vivo heart rates of control (untreated) 

vs. atenolol-treated mice ± SLP. Data are means ± SE. *, ≤P 0.05 vs. Control. †, P≤P 

0.05 vs. Atenolol. Φ, ≤P 0.05 vs. SLP 
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Figure 6.2. Change in heart rate (ΔHR) upon challenge with isoproterenol in isolated 

hearts. Data are expressed as means ± SE. * p < 0.001. Groups: untreated (Control), 

atenolol treated (Atenolol), IPC in control (IPC) and atenolol-treated (Atl+IPC) hearts, 

and SLP in control (SLP) and atenolol-treated (Atl+SLP) hearts.
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Heart Rate  LVDP  dP/dt max dP/dt min 

Control Control (n = 13) 98 ± 20 14 ± 3 27 ± 7 26 ± 2 

 
IPC (n = 12) 79 ± 17 28 ± 8 21 ± 4 29 ± 2 

 
SLP (n = 14) 75 ± 10 37 ± 11 21 ± 6 46 ± 4 

Atenolol Control (n = 13) 60 ± 9 32 ± 20 10 ± 3 27 ± 2 

 
IPC (n = 12) 87 ± 12 101 ± 50 12 ± 3 6 ± 1 

 
SLP (n = 13) 21 ± 5 297 ± 106 * 7 ± 3 33 ± 7 

2-Way ANOVA Interaction p = 0.078 p = 0.094 p = 0.759 p = 0.691 

 
Atenolol p = 0.016 p = 0.017 p = 0.002 p = 0.275 

  Preconditioning p = 0.025 p = 0.041 p = 0.623 p = 0.288 

 

Table 6.1: EC50 of hearts challenged with isoproterenol (nM). Data are presented as means ± SE. *, P<0.05 vs. SLP (untreated). 
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Ischaemia-Reperfusion Studies 

Chronic atenolol did not modify ex vivo baseline cardiac function or with acute 

conditioning stimuli (Table 6.2). Ischaemic insult resulted in significant depression of 

contractile function in untreated hearts, with ~50% recovery of left ventricular pressure 

development and a sustained 25 mmHg elevation in diastolic pressure (Fig. 6.2). IPC 

and SLP both attenuated I/R injury, reducing all aspects of contractile dysfunction (Fig. 

6.2) and limiting post-ischaemic LDH efflux (Fig. 6.3). The beneficial effects of SLP 

were modestly superior to those induced by IPC. Atenolol treatment alone was found to 

substantially worsen functional outcomes form I/R whereas LDH efflux was not 

significantly modified. The cardioprotection with IPC was entirely abrogated by 

atenolol, whereas SLP-induced protection appeared resistant to the inhibitory effects of 

atenolol treatment (Figs. 6.2 and 6.3). 

 

Group LVEDP 
(mmHg) 

LVDP 
(mmHg) 

Heart Rate 
(beats/min) 

Coronary Flow 
(ml/min) 

Control (n=8) 3 ± 1 131 ± 6 451 ± 20 2.7 ± 0.2 

IPC (n=8) 4 ± 1 130 ± 6 432 ± 8 3.1 ± 0.4 

SLP (n=7) 2 ± 1 124 ± 6 417 ± 12 2.6 ± 0.3 

Atenolol (n=6) 5 ± 1 113 ± 6 433 ± 8 3.1 ± 0.2 

Atl+IPC (n=6) 4 ± 1 115 ± 4 441 ± 11 2.9 ± 0.2 

Atl+SLP (n=8) 5 ± 1 125 ± 9 418 ± 13 3.0 ± 0.2 

 

Table 6.2. Baseline function in perfused hearts after 20 min normoxic stabilization. 

Groups: untreated (Control), atenolol treated (Atenolol), IPC in control (IPC) and 

atenolol-treated (Atl+IPC) hearts, and SLP in control (SLP) and atenolol-treated 

(Atl+SLP) hearts. LVEDP and LVDP: left ventricular end-diastolic and developed 

pressures, respectively. Data are means ± SE. No differences in function were detected 

across groups upon Langendorff perfusion.	  	    
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Figure. 6.3. Effects of chronic atenolol on contractile dysfunction with I/R, and 

functional protection via IPC and SLP. Functional outcomes were assessed in 

Langendorff hearts subjected to 25 min ischaemia/45 min reperfusion. A, recovery of 

end diastolic pressure (LVEDP, mmHg); B, recovery of left ventricular developed 

pressure (LVDP, % pre-ischaemia). and SLP in control (SLP) and atenolol-treated 

(Atl+SLP) hearts. Experimental groups: untreated (Control), atenolol-treated (Atenolol), 

IPC in control (IPC) and atenolol-treated (Atl+IPC) hearts, and SLP in control (SLP) 

and atenolol-treated (Atl+SLP) hearts Data are means ± SE *, P<0.05; **, P<0.01; ***, 

P<0.001 vs. Control. †, P<0.001 vs. Atenolol. 
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Figure. 6.4. Effects of chronic atenolol on cell damage with I/R (LDH efflux), and 

protection via IPC and SLP. LDH efflux (U/g) was measured throughout 45 min of 

reperfusion following 25 min ischaemia. Data are means ± SE. *, P<0.05; **, P<0.01; 

***, P<0.001 vs. Control. †, P<0.001 vs. Atenolol.
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DISCUSSION 
	  

The present data demonstrate that sustained β1-AR antagonism abolishes 

cardioprotection afforded by IPC without compromising SLP-mediated protection. 

Atenolol pre-treatment itself also exerts negative effects on post-ischaemic function. 

Since β-blockers are used in up to 95% of AMI patients in the USA [411], any acute 

interventions to limit I/R injury/infarction should be refractory to the effects of β-

blockade. Recent clinical trials of pre- and postconditioning evidence some efficacy in 

AMI, though outcomes are modest relative to profound protection experimentally [403]. 

Whether these outcomes are influenced by chronic or acute β-blockade remains unclear. 

Staat et al. [428] detected a 36% reduction in cardiac enzyme release in a small cohort 

of post-conditioned patients, with use of β-blockers not reported. Subsequent analysis 

[406] detected a comparable 40% reduction in infarct size at 1 yr in post-conditioned 

subjects for whom prior β-blocker use was again not reported (though >80% received β-

blockers by discharge). Lonborg et al. [407] achieved a smaller 19% infarct reduction at 

3 months, with 20% of subjects receiving β-blockers at admission. Trialling remote 

preconditioning, Bøtker et al. [405] recently detected a 40% reduction in 30-day infarct 

size in patients not acutely treated with β-blockers (and for whom prevalence of chronic 

β-blockade was not reported). It is thus unclear what impact β-blockade may have in 

such trials. Critically, experimentation identifies opposing effects of β-blockade on I/R 

outcomes in animal models, and potential inhibition of multiple protective responses.   

β1-AR Antagonism, SLP and Functional Responses.  

In the current study, prolonged β1-AR blockade with atenolol significantly 

reduced in vivo heart rate (Fig. 6.1). Analysis of concentration-response data for 

isoproterenol in isolated-perfused hearts reveals a general reduction in maximal heart 

rate responses following chronic atenolol treatment (Fig. 6.2). Subjecting mice to SLP 

alone also reduced the maximal heart rate response (though only in control and not the 

atenolol group, Fig. 6.2). Analysis of EC50 values via ANOVA is suggestive of general 

treatment effects, however there were no significant inter-group differences in 

individual EC50s, except for apparent atenolol-dependent desensitisation of the LVDP 

response in SLP hearts (Table 6.1). Since isoproterenol responses were assessed ex vivo 

in the absence of acute β-blockade, and atenolol is rapidly washed out (based on 0% 

inhibition in <30 min of tissue perfusion [429]), these functional changes will likely 
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reflect phenotypic changes associated with prolonged β1-AR antagonism. 

Similar to atenolol, SLP also significantly reduced in vivo heart rate and the 

maximal heart rate response to isoproterenol. Opioids have previously been reported to 

decrease the spontaneous beating rate of isolated rat atria [430], and induce 

bradychardia through increasing vagal tone in unanaesthetised dogs [431]. While in vivo 

responses may be modulated by vagal tone, in vitro responses may involve an inhibitory 

‘cross-talk’ between opioid receptors and β-ARs. Indeed, the δ-opioid receptor 

antagonist, leucine-enkephalin, significantly reduces contractile responses to 

norepinephrine in isolated rat heart, in a pertussis toxin-sensitive manner [218]. 

Moreover, leucine-enkephalin demonstrates an antiadrenergic effect in ventricular 

myocytes [125]. 

β1-AR Antagonism and Intrinsic I/R Tolerance.  

Chronic β-blockade may well influence I/R tolerance since intrinsic β1-AR 

activity may contribute to myocardial injury [415, 417, 418], whereas β2-ARs contribute 

to cardioprotection [172, 220, 352, 432-434]. Clinical trials indicate that early β-AR 

blockade (within 4-6 hrs of symptoms) can reduce infarct development [435-437]. 

However, differing roles and drug selectivity's for β1 vs. β2-ARs, contributions from 

cardiac vs. extra-cardiac effects, and likely involvement of non-specific actions (eg. β-

AR independent anti-oxidant effects), render the basis of such outcomes unclear. 

Interestingly, meta-analyses fail to identify significant mortality effects of β-AR 

blockade in AMI [438, 439] or protection against mortality in angina patients [440]. 

Atenolol is a second generation β1-AR selective antagonist commonly prescribed in 

hypertensives, though there is also little evidence β-blockers reduce risk of AMI in 

hypertension [441], and they are inferior in controlling associated hypertrophy and heart 

failure [442, 443]. Contrasting evidence of β1-AR mediated cardiac injury [415, 417, 

418], we detect significant impairment of contractile recovery from I/R in hearts from 

atenolol-treated mice (Fig. 6.3). This supports β1-AR dependence of myocardial I/R 

resistance [417, 418], an effect evident in isolation from extra-cardiac effects on 

autonomic control and cardiac loading in vivo. This may reflect the ability of β1-AR 

activity to promote protective signalling in some scenarios [241, 420]. 

Disparate observations have been made regarding effects of chronic β-blockade 

on I/R tolerance. Mallet et al. found no change in I/R tolerance with chronic metoprolol 
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in an in vivo canine model [421], whereas Suematsu and colleagues observed improved 

I/R tolerance in ex vivo rat hearts following chronic treatment with non-selective 

nipradilol and propranolol [412, 419]. Our data, in contrast, evidence worsened I/R 

tolerance with chronic β1-AR blockade. Reasons for these differing outcomes are 

unclear, though may relate to differing β1/β2 selectivity's together with non-specific 

protective actions of different β-AR antagonists.  

Non-specific actions may be key to cardioprotection with many β-blockers. 

Nipradilol triggers protective NO release, and both nipradilol and propranolol exert 

powerful anti-oxidant effects that can protect the heart [419, 444]. Carvedilol reduces 

infarction/cell death via anti-oxidant, -apoptotic, and –neutrophil functions 

independently of β-AR blockade [413, 445, 446], and cardioprotective effects of β1-

selective celiprolol and landiolol are also attributed to anti-oxidant actions [416, 447].  

β1-AR Antagonism and IPC.  

Although the β2-AR sub-type is implicated in cardioprotection [220, 241, 352, 

432-434], there is some support for β1-AR involvement in protective signalling [241, 

420] and the current data indicate that prolonged β1-AR blockade is detrimental (Fig. 

6.3). β-AR activity may contribute to cardioprotection via modulation of PKC [448], 

PKA [449], p38-MAPK [450], and adenosine receptor signalling [414]. Robinet et al. 

demonstrated that pharmacological preconditioning with xamoterol, a β1-AR agonist, 

implicated cardioprotective PI3K, PKA and PKC signalling in the trigger phase of this 

preconditioning model [451]. In settings of catecholamine overload, such as in chronic 

heart failure, cardioprotective signalling can be induced via β1-AR transactivation of 

EGFR, mediated by β-arrestin [452]. Salie et al. report that acute preconditioning via 

selective activation of the β1-AR reduces infarct size in rat hearts exposed to I/R [241]. 

Chronic β-blockade thus has the capacity to interfere with cardioprotective signalling, a 

possibility supported by the current data. Whereas IPC substantially limited I/R injury 

in control hearts, prior treatment with atenolol negated the protective efficacy of IPC 

(Figs. 6.3 and 6.4).  

This inhibitory effect of prolonged β-AR blockade is consistent with effects of 

acute antagonism, which support β-AR involvement in cardiac conditioning responses. 

Lochner et al. [214] reported that acute β1/β2-blockade with alprenolol inhibits IPC in 

rat hearts, and Spear et al. [415] found that acute β1-AR antagonism (which alone was 

protective) eliminates IPC in the rabbit heart. Lange and colleagues report that acute β1-
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AR blockade negates anaesthetic preconditioning and partially limits IPC in the in situ 

rabbit heart [420]. These studies implicate β-AR activity (likely the β1-AR sub-type) in 

acute preconditioning responses, though there are some reports of resistance of IPC to 

acute β-blockade [453]. The effects of chronic β-blockade are less clear. Mallet et al. 

found that 25 days of treatment with β1-AR selective metoprolol eliminated infarct-

sparing effects of intermittent hypoxic preconditioning in dogs [421], and Suematsu and 

colleagues report abolition of IPC in rats following 28 days of non-selective propranolol 

and nipradilol treatment [412, 419]. These studies and our data (Figs. 6.3 and 6.4) 

indicate that prior β-AR antagonism can impair or eliminate protection via conventional 

preconditioning stimuli, implicating β1-ARs in initiation or transduction of IPC. This 

raises the possibility of negative interactions between β-blockers commonly applied 

prior to or during AMI and cardioprotective interventions engaging conditioning/RISK 

mechanisms.  

β1-AR Antagonism and SLP.  

The above studies [415, 419, 421] and the current findings (Figs. 6.3 and 6.4) 

indicate that unconventional approaches to cardioprotection are necessary, since 

conventional conditioning responses are impaired by commonly applied drugs. The 

novel SLP phenotype is a potent cardioprotective therapy that can be induced in a little 

as 48 hours and protection persists for up to 7 days post-stimulus withdrawal [29]. 

Protection is induced via several days of low-level δ-opioid receptor agonism 

(eliminating undesirable systemic effects of other opioid receptor subtypes), involves 

PI3K signalling in the initial induction phase, and β2-AR/PKA-dependent protective 

signalling during subsequent I/R [29, 172]. This phenotype may also be induced via 

non-opioidergic GPCRs, and is additive with adenosinergic protection [29]. 

Additionally, SLP protection arises independently of cardioprotective 

caveolae/caveolin-3 expression, and is less sensitive to cholesterol depletion than 

conventional cardioprotective therapies [315]. The SLP response improves post-

ischaemic functional recovery in young and aged myocardium [203], whereas IPC and 

postconditioning interventions are impaired in older hearts [3]. These cardioprotective 

features of SLP highlight a distinct mechanistic basis that promotes effectiveness of 

SLP in clinically-relevant models (age and disease, and here with chronic β-blockade) 

where current protective interventions consistently fail [3]. We here show that 

morphine-triggered SLP is resistant to the inhibitory effects of chronic β1-blockade. 
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This is consistent with insensitivity of SLP to acute β1-AR blockade with CGP-20712A 

[172]. These findings demonstrate that neither opioidergic induction of SLP nor 

subsequent mediation of protection during I/R are dependent upon β1-AR activity, while 

mediation does appear to involve β2-AR signalling [172]. Effectiveness across age 

groups and resistance to β-blockade render mechanisms of SLP potentially more 

rational targets for induction of clinical cardioprotection, though currently the 

experimental strategy is restricted to pre-ischaemic induction. Further research is 

required to identify specific underlying mechanisms and assess their potential utility 

and efficacy in reperfused myocardium.  

 

Chronic SLP vs. Acute IPC 

One limitation of the current study is the notable difference in preconditioning 

stimulus exposure time, with the acute IPC protocol administered directly prior to index 

I/R on the Langendorff apparatus, compared to 5 days SLP prior to heart excision. 

However, the goal of this study was specifically to test whether unconventional (and 

distinct) SLP retains efficacy in a setting in which 'conventional' acute protective stimuli 

(typified here by IPC) are negated. In many ways SLP has demonstrated superiority 

above classical preconditioning strategies; efficacy in the aged heart [203], caveolae and 

caveolin-3 independence [315] and alternate signalling pathway recruitment [29, 172]. 

While classical preconditioning strategies typically fail in the aged heart [3], are 

dependent on caveolin-3/caveolae [14, 77, 323], and employ traditional RISK pathway 

mechanisms that are impaired with age and disease [3], it is nonetheless perhaps 

relevant to consider whether chronic, repetitive cycles of IPC (at least temporally more 

akin to SLP) might retain efficacy in this setting?  

Such repeated IPC stimuli have been studied. Within a single IPC algorithm, 

Sandhu et al. demonstrated (in rabbits) that three cycles of IPC were significantly more 

effective than a single cycle in protecting rabbit hearts exposed to I/R injury [454]. This 

is consistent with findings of others. Thus, it is possible a more potent stimulus could be 

developed.  Several studies in pigs have also shown that transient repetitive coronary 

stenosis repeated every 12 hours for up to 72 hours was equally as powerful as IPC, 

though was mechanistically distinct and did not involve iNOS or PKC [455]. In 

contrast, Cohen et al. found that cardioprotection can be lost in rabbits exposed to too 

many cycles of IPC (40-65 periods of IPC over 3-4 days) compared to a single effective 
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IPC cycle [456]. As such, while IPC is predominantly effective at reducing I/R injury, it 

appears that the heart can develop tolerance to such an extent that IPC-mediated 

cardioprotective potential becomes exhausted.  

Nonetheless, several studies have demonstrated that chronic, repetitive IPC has 

beneficial effects upon cardiac and vascular function in the presence and absence of I/R 

exposure. Limb ischaemic preconditioning daily for one week in humans has been 

shown to reduce endothelial dysfunction associated with I/R injury (generated via 

brachial artery occlusion) [457]. Jones and colleagues similarly found that seven days of 

repetitive IPC cycles improved brachial artery endothelial function and microcirculation 

in healthy humans [458]. This study was followed up with a long-term study (8 weeks) 

where healthy patients were exposed to cycles of IPC 3 times per week. Interestingly, 

while endothelial function was improved, no change in cutaneous microcirculation and 

cardiorespiratory function were observed [459]. Additionally, repetitive forearm IPC for 

one and 10 days demonstrated advantageous outcomes beneficial in settings of I/R 

injury, with neutrophil adhesion, phagocytosis and extracellular cytokine expression 

significantly reduced with repetitive IPC [460]. Twice daily limb IPC in healthy and 

heart failure patients with reduced ejection fraction demonstrated improvements in 

coronary microcirculation [461]. Rohailla et al. have recently shown that 9 days of 

repetitive limb IPC improved post-ischaemic contractile function and reduced infarct 

size, associated with mTOR inhibition and autophagosome protein (LC3II/I and Atg5) 

upregulation in mice [462].  

While repetitive IPC appears evidently advantageous, the goal of this study was 

to test for failure of conventional IPC responses. Consequently, repetitive and chronic 

IPC algorithms were not examined. However, it is feasible these less well defined, 

though potentially mechanistically distinct, IPC responses might retain efficacy where 

conventional stimuli fail.  

Study Limitations. 

The data, as presented, contain some limitations: Firstly, the dose of atenolol 

utilized is higher than therapeutic doses (0.5g/L in drinking water, replicated from a 

study where mice were given atenolol for >6 weeks [463]). Despite no visible change to 

in-cage activity and an LD50 of 2000mg/mg, potential cardiotoxic effects or influences 
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of hemodynamic changes cannot be ignored. However, we report no significant 

difference in heart rate or left ventricular developed pressure (or any parameter) at 

baseline (ex vivo). A recent study [464], with 2 week treatment with 7-fold lower 

atenolol dose reports ~22% and 15% reductions in heart rate and systolic pressure, 

respectively, in vivo. Williams et al., [423], report that a 5 day treatment of 

25mg/kg/day atenolol had no significant effect on MAP with an 11% reduction in heart 

rate in C57BL/6J mice.  

The high dose of atenolol employed in our study would likely result in non-

selective binding, most commonly with the β2-AR. Interestingly, SLP, which has 

previously been shown to be β2-AR sensitive [172] was unaffected by atenolol 

treatment. 

Expression of both β1-AR and β2-ARs were assessed via western blot, with no 

change in the expression observed in the presence of atenolol (data not shown). 

However, as this was assessed at the termination of reperfusion as opposed to pre-

ischaemia, cautious interpretation is required. 

Whether results observed in this study would be replicated with significantly lower 

doses approximating therapeutic treatment is unknown, and as such the results of this 

study should be interpreted with care. Indeed, it should be questioned if the outcomes of 

the current study in young normotensive mice would correlate with the clinical situation 

where patients receiving β-blockers likely have cardiovascular disease and/or high 

sympathetic drive. 

Secondly, the current study does not address the influence of β-blockade on 

cardioprotective signalling or downstream actions of the β1-AR. Prior studies reveal that 

β1-AR is coupled to ERK signalling [465-467] through EGFR [466] and β-arrestin [466, 

468] and may be associated with MMP regulation [463], factors known to influence IPC 

and cardioprotection [70, 452, 469]. Further work is required to interrogate molecular 

mechanisms in more detail. 

Finally, the primary method used to assess cardiovascular function was an ex 

vivo Langendorff perfusion method. Though well-documented, this method is not 

without it’s limitations. An in vivo approach assessing function and infarction may have 

provided alternative results and conclusions due to circulating metabolic and/or neuro-
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humoral influences that are absent in the ex vivo heart. Nonetheless, the Langendorff 

provides evidence of direct effects on the cardiac phenotype. 

Summary 

In summary, our data suggest that β1-AR activation is essential to IPC, yet not 

involved in induction of protection with SLP. Chronic β1-blockade may also exert 

negative effects on intrinsic I/R tolerance. These findings support complex effects of β-

AR activity on I/R outcomes, and highlight the importance of considering effects of 

commonly used pharmaceuticals when developing interventions to myocardial I/R 

injury. 
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Conclusions 
Cardiovascular disease, in particular ischaemic heart disease, remains a leading 

cause of death and major financial and healthcare burden globally [1, 470-472]. Despite 

extensive research and improved understanding of its basis and management, the 

prevalence of CVD continues to rise globally due to factors including prevalence of 

major risk factors/co-morbidities, transition of populous ‘under-developed’ nations to 

more Westernised lifestyles, and a growing aged population [1, 3]. In the face of 

persistent (in some populations growing) IHD prevalence it is important to improve 

management of IHD and its consequences. In particular, clinically effective means of 

limiting myocardial damage/death with ischaemia (acute infarction, surgical ischaemia) 

are highly desirable. Unfortunately, no such cardioprotective therapy has been evolved, 

despite decades of research and trials. So-called ‘conditioning’ therapies, comprising 

ischaemic or pharmacological pre- and postconditioning (direct or remote), have been 

extensively studied and recently trialled with mixed outcomes [3, 7, 372, 473, 474]. 

Failure to clinically translate these and other experimentally effective interventions may 

reflect the negative impacts of advancing age, co-morbidities and chronic 

pharmacotherapy in the majority of IHD sufferers [3]. As our group and others have 

highlighted, any broadly useful protective therapy must be resistant to such inhibitory 

factors [3, 7, 372, 473, 474].  

Accordingly, this doctoral project investigated both the molecular mechanisms 

and potential clinical utility of a novel and poorly defined cardioprotective intervention 

- sustained ligand-activated preconditioning. Prior research demonstrates that SLP is a

powerfully protective stimulus in both young and aged hearts, induced via several days

of sustained δ-OR agonism, and involving initial PI3K dependent signalling.

Subsequent protection exhibits Gs dependence, and sensitivity to inhibitors of β2-ARs,

PKA and (to a lesser degree) PI3K and Gi [29, 172, 203]. Further details of how SLP is

induced and subsequently mediated are lacking. Moreover, its efficacy in clinically

relevant settings remains to be established.
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Molecular Basis of SLP Induction and Protection 

The first goal of this project was to further unravel the molecular mechanisms by which 

opioidergic SLP enhances myocardial I/R tolerance. Early findings implicate Gs, β2-

ARs and PKA [29, 172, 203], while unpublished evidence supports a stimulatory effect 

of SLP upon caveolae in aged hearts (Fig. 1.4), with caveolae and caveolin-3 crucial to 

cardioprotection via diverse conventional stimuli [14, 77-81, 342]. Consequently, our 

initial mechanistic hypothesis was that SLP beneficially remodels caveolar domains in a 

PI3K-dependent manner, resulting in expression of a protective β2-AR/Gs/PKA signal 

axis. Thus, the first studies specifically established a molecular profile for the β2-

AR/Gs/PKA signalling axis in SLP hearts, identifying the sub-cellular composition, 

phosphorylation and translocation of these components during the 5 day induction 

phase of SLP, in addition to examining shifts in the functionality of this path and 

assessing potential PKA-dependent targets.  

This signalling hypothesis, and knowledge that caveolae and caveolin-3 are vital 

to ischaemic tolerance and conventional GPCR-mediated protective responses [14, 77-

81, 342], drove subsequent assessment of the impacts of caveolin-3 knockout and 

overexpression and membrane cholesterol depletion on the SLP response.  

Shifts in the β2-AR/Gs/PKA axis. Molecular analysis confirmed that SLP 

induction was associated with significant shifts in expression/phosphorylation of 

elements of the β2-AR/Gs/PKA signal axis. These changes emerge as early as 24 hrs, 

persist for the 5 day induction period, and generally dissipate after long-term 

withdrawal of the stimulus. These findings are consistent with the notion that SLP alters 

this signalling path within the cell membrane, although these changes were not 

consistently blocked by wortmannin; thus implicating involvement of other yet to be 

identified (PI3K-dependent) processes in SLP induction. While changes in β2-

AR/Gs/PKA expression/phosphorylation did not translate to shifts in the 

'electromechanical' functionality of this signal path (based on inotropic/chronotropic 

responses to β2-AR agonists and an AC activator), it remains feasible the coupling of 

this path to cardioprotective effectors is enhanced without influencing contractile or 
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electrophysiological outcomes. Clearly SLP induction is complex, and requires further 

study. For example, while 'remodelling' of β2-AR/Gs/PKA signalling is complete within 

24 hrs, protection does not emerge for 3-5 days [234]. Thus, while early changes in β2-

AR/Gs/PKA may be important, it appears other processes, likely PI3K-dependent based 

on early work [172], are critical and remain to be identified.  

Importance of caveolin-3, caveolae and the cell membrane. Effects of caveolin-

3 knockout and cholesterol depletion were generally not consistent with our initial 

hypothesis that SLP was caveolin-3/caveolae-dependent. Results revealed that initial δ-

OR-dependent induction of SLP, and subsequent mediation of protection during I/R, are 

both insensitive to caveolin-3 and caveolar depletion. Moreover, SLP appears slightly 

more resistant to cholesterol depletion and membrane disruption (via MβCD) than acute 

OR-mediated protection. While these data further distinguish the novel SLP phenotype 

from conventional cardioprotective interventions (indeed this may well underlie its 

efficacy in older or diseased hearts), they reveal SLP is relatively insensitive to major 

changes in the cardiac sarcolemmal environment. These unexpected findings have broad 

and important implications regarding genesis of SLP. If SLP protection is generated in 

the absence of caveolin-3 (and caveolae), each component implicated in SLP signalling, 

such as δ-ORs, β2-ARs, PI3K/Akt, Gas and PKA, must be functional in the absence of 

caveolin-3/caveolae. How can this observation be reconciled with evidence supporting 

critical caveolin-3 and caveolar dependence of many of these signal elements?  

The two GPCRs implicated in SLP induction (δ-ORs) and mediation of 

protection (β2-ARs) are both expressed in heart, but also widely distributed in other 

tissues. Myocardial δ-ORs have been localised to caveolae and tethered to caveolin-3, 

and caveolar disruption (via cholesterol depletion) or caveolin-3 deletion negates acute 

δ-OR-mediated signalling and cardioprotection [14, 77, 78]. Insensitivity of δ-OR-

dependent SLP induction to caveolin-3 KO indicates that cardiac δ-ORs thought to 

induce SLP are either uniquely insensitive to caveolin-3/caveolar depletion, or that 

extra-cardiac δ-ORs insensitive to caveolin-3 (ie. non-myocyte δ-ORs) are involved in 

induction of SLP.     

Contributions from central nervous system (CNS) ORs in SLP induction is 

plausible, supported by varied systemic effects of SLP reported here (including 
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anorexigenic responses, weight loss, altered activity and improved glucose 

homeostasis). The model of SLP employs whole body exposure to OR agonists for 5 

days, which will impact multiple organ systems. Importantly, specific intrathecal (i.t.) 

or intracerebroventricular (i.c.v.) administration of opioid agonists prior to cardiac I/R is 

also known to substantially improve myocardial outcomes. This remote cardiac 

conditioning effect of i.t. or i.c.v. morphine may involve δ-, κ- and µ-ORs [475, 476], 

additional to involvement of bradykinin receptors [477], calmodulin [476] and CGRP 

release [476, 477]. Yao et al. also report involvement of both central and peripheral 

adenosine receptors in cardioprotection via CNS application of morphine, with distinct 

roles in induction vs. mediation phases of protection [478]. Spinal tissue nNOS is 

reportedly activated with remote fentanyl preconditioning and is also implicated in 

improved cardiac stress-tolerance [357]. These studies confirm involvement of the CNS 

in myocardial protective effects of extra-cardiac opioid receptor agonism, which may 

also contribute to persistent protection observed with SLP in both wild-type and 

caveolin-3 KO hearts. The importance of central and peripheral opioid systems in the 

genesis of SLP requires further clarification. The anorexigenic and weight loss effects 

arising with SLP additionally confirm the impacts of opioid therapy on other potentially 

relevant (extra-cardiac) regulatory systems. Intriguingly, it may well be these extra-

cardiac and unique caveolin-3/caveolar independent aspects of SLP that underlie its 

broader efficacy in aged and diseased hearts: direct cardiac responses involving 

caveolae/caveolin-3 may be impaired in these states, whereas extra-cardiac signals may 

retain functionality. 

What does caveolin-3/caveolar independence of SLP imply in terms of proposed 

involvement of cardiac β2-ARs, Gs and PKA in mediating SLP protection? This is 

perplexing, as conflicting evidence for localisation of β2-ARs to caveolae has been 

presented. Co-localisation of β2-AR, LTCC, PKA, and Gas to cholesterol-rich caveolae 

in ventricular myocytes is suggested as a mechanism to functionally restrain cAMP 

signalling [223, 329, 331, 361, 362, 479]. Consequently, excitation-contraction 

coupling, β2-AR-mediated signalling and cAMP activity are negated by membrane 

cholesterol removal [329-331, 346]. In contrast, others demonstrate β2-AR expression is 

limited within caveolae, and that cholesterol enrichment negates β2-AR-associated 

signalling components [363, 364]. Furthermore, β2-AR-mediated cAMP production is 

augmented and Gs activity persists in the absence of cholesterol, though cholesterol 

enrichment may blunt cAMP production [330, 361, 365-368]. While Pontier et al. 
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demonstrated that β2-ARs appear absent from caveolar fractions, related G proteins and 

AC were localised to these microdomains [364]. Moreover, β2-AR signalling to Gs and 

AC was enhanced by cholesterol depletion, promoting lateral redistribution of 

signalling components to enhance receptor interactions [364]. Importantly, Busija et al. 

demonstrate that caveolin-3 KO hearts respond to isoproterenol, leading to production 

of cAMP, yet to a lesser degree than their transgene-negative counterparts [480]. Thus, 

elements normally tethered to and regulated by caveolae/caveolin-3 may still function 

via unidentified mechanisms, albeit to a reduced extent. 

 

Clinical Utility of SLP 
	  

While the molecular mechanistic basis of SLP awaits further delineation, the 

response exhibits superior protective features, and novel caveolin-3 independence may 

underlie its unique efficacy in both young and aged hearts [29, 172, 203]. It is essential 

that cardioprotective stimuli are resistant not only to inhibitory effects of age, but also 

common disease states and pharmaceuticals. Susceptibility to IHD is significantly 

exacerbated by comorbidities such as diabetes, hypertension and obesity [1, 3, 30]. 

Studies within Chapters 5 and 6 thus investigated the efficacy of SLP in a model of type 

II diabetes mellitus (T2DM), and in the presence of chronic β1-AR therapy.  

Efficacy in diabetes. Opioidergic SLP was highly protective in murine T2DM, in 

contrast to conventional protection via ischaemic preconditioning. Indeed, SLP not only 

protects diabetic hearts, but effectively reversed the diabetic phenotype. Thus, SLP is 

again distinguished from conventional protective stimuli.  Mechanistically, SLP 

improved glucose handling, circulating insulin and glucose levels, and reduced body 

weight, demonstrating a broadly beneficial systemic effect that may involve extra-

cardiac mechanisms. At the level of the heart itself, SLP improved mitochondrial 

respiration and reduced Ca2+-induced mitochondrial swelling (mPTP activation). 

Mitochondrial dysfunction is a common feature of diabetic myocardium: cardiac fibres 

from db/db mice exhibit impaired mitochondrial respiration in the presence of complex 

I substrates [481]; and type 2 diabetic human myocardium exhibits mitochondrial 

impairments that manifest as reduced complex I-specific respiration, electron transport 

chain activity, and protein expression [482]. These deficiencies are mitochondrial sub-

population specific, with changes observed specifically in sub-sarcolemmal and not 
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interfibrillar mitochondria [482]. Thus, SLP may counter a key and widely observed 

abnormality in diabetic myocardium, improving mitochondrial complex I function and 

limiting mPTP activation. Interestingly, complex I subunit phosphorylation is governed 

by both mitochondrial and cytosolic PKA activity [483, 484]. In conditions of oxidative 

stress, complex I activity is rescued by isoproterenol-stimulated β-AR agonism [484], 

permeable cAMP derivatives [483], phosphatase inhibition [484] and AC activation 

[483] respiration is also coupled to reduced accumulation of injurious ROS [483, 484].

Additionally, mitochondrial biogenesis is controlled by PKA-dependent

phosphorylation of cAMP/Ca2+ response element binding protein (CREB), which

initiates a signalling network promoting transcription of mitochondrial proteins, DNA

and respiratory chain subunits/complexes [485-487]. Evidently, the cAMP/PKA

pathway intricately influences complex I-mediated mitochondrial respiration. Moreover,

the results presented suggest that SLP-mediated improvement in complex I activity with

SLP may be influenced by the proposed β2-AR/Gs/PKA to generate an I/R tolerant

phenotype. Precisely how these changes arise remains to be established, though effects

of SLP on β-AR signal elements, caveolin-3, and energy balance/weight loss may all

contribute to the stress-tolerant SLP phenotype.

Development of diabetes and associated cardiac dysfunction may involve 

alterations to the β-AR system, which as shown in Chapter 3 is modified by SLP. 

Disturbances to cardiac β-AR responsiveness [488-490], diminished β-AR populations 

[488, 489, 491, 492], and G protein dysfunction [493] all reportedly transpire in diabetic 

myocardium. These changes were not directly assessed in the current study. However, 

up-regulation of β2-AR/Gs/PKA signalling components by SLP could counter such 

changes to improve contractile function and stress resistance. Interestingly, poor 

inotropic responses and reduced β-AR density associated with diabetes can be rescued 

in vivo through insulin supplementation [494-496], and SLP was also shown to improve 

plasma insulin levels and glucose handling (Chapter 5).  

Interestingly, T2DM also depletes cardiac caveolin-3, which may contribute to 

dysfunction evident in diabetic myocardium. Moreover, SLP restored caveolin-3 

expression. While SLP does not require caveolin-3/caveolae in healthy hearts (Chapter 

4), it may nonetheless mediate beneficial effects through caveolin-3 expression in states 

involving a deficit of caveolin-3, such as diabetes. Indeed, the diabetic phenotype shares 

similar traits with caveolin-3 KO mice, which are glucose intolerant, insulin resistant, 
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with evidence of myocardial hypertrophy, dilation, reduced fractional shortening, and 

impaired ischaemic tolerance [78, 79, 497, 498].  

The extra-cardiac impacts of SLP may be highly relevant to cardiac benefit in 

the setting of T2DM. As already noted, SLP improves circulating insulin and glucose 

levels together with glucose tolerance, which will limit the organ-specific sequelae of 

diabetes. Data also revealed that the anorexigenic/weight loss effects of SLP are more 

pronounced in diabetic vs. healthy mice, and may improve I/R tolerance in T2DM. 

However, in healthy animals the calorie restriction, weight loss and anorexigenic effects 

of SLP do not appear to translate to improvements in cardiac function or I/R tolerance. 

Since obesity/dyslipidaemia are important elements of the T2DM phenotype, it is 

plausible the anorexigenic effects of SLP (presumably mediated via CNS actions) 

contribute to protection and improved mitochondrial function in T2DM. This is 

supported by effects of paired feeding upon I/R tolerance in diabetic animals, however 

mitochondrial function was not measured in this setting.  

Efficacy with chronic β1-blockade. Reduced clinical efficacies of cardiac 

conditioning stimuli have been attributed not only to untoward effects of age and 

disease, but additionally to the consequences of common and chronic 

pharmacotherapies. Studies outlined in Chapter 6 examined the impact of chronic β1-

AR blockade (4 week atenolol treatment) on cardiac I/R tolerance, and the effectiveness 

of IPC (conventional conditioning) and SLP. Chronic atenolol treatment not only 

impaired I/R tolerance but negated protection with IPC, whereas SLP retained its 

efficacy.  

Atenolol inhibits the Gs-coupled β1-AR, reducing downstream AC and PKA 

activities [240, 499] - the same effectors initially implicated in SLP protection [29, 

172]. Since β1-AR/Gs-mediated signals are linked to pro-apoptotic mechanisms in the 

heart [499, 500], studies report benefit via upstream β1-AR blockade [499]. Indeed, 

blockade of β1-AR and downstream PKA signalling permits activation of the 

Raf/MEK/ERK pathway implicated in cardioprotective RISK signalling [204], though 

not involved in SLP [172]. In settings of I/R, it appears that inhibiting β1-AR-dependent 

modulation of the Gs/AC/PKA path is deleterious (Chapter 6). Abolition of IPC via β1-

AR blockade, despite apparent up-regulation of downstream RISK signalling elements, 
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indicates that upstream β1-AR activity is specifically crucial to the IPC phenomenon. In 

contrast, the β2-AR dependent SLP response was preserved. This suggests that in 

settings of compromised β1-AR signalling, for example in heart failure [501] and in the 

presence of pharmacotherapies blocking this pathway, novel SLP may nonetheless 

improve myocardial I/R tolerance. The retained efficacy of SLP protection further 

distinguishes this response from conventional cardiac conditioning stimuli. This may 

again reflect the novel caveolin-3/caveolar independence of SLP, coupled to unique 

shifts in β2-AR, PI3K/Akt, Gas and PKA paths influencing mitochondrial targets and 

stress tolerance.  

Future Directions 

This doctoral project identified several key features of the SLP phenotype that 

distinguish this unique therapy from conventional protective responses. While some 

questions have been answered, the results from this project have generated additional 

questions for future studies to address. While shifts in location/phosphorylation of β2-

AR, Gas and PKA were identified, the control mechanisms governing these changes 

were not assessed, the specific importance of these changes to cardioprotection not 

directly interrogated, and potential downstream molecular effectors remain unknown. 

Future studies should confirm the roles of these elements in cardioprotection, and 

examine potential regulatory changes to GRKs, arrestins, and phosphodiesterases. The 

role of extra-cardiac opioid receptors should be assessed, with additional analysis of the 

impacts of systemic changes (eg. weight loss, altered glucose and insulin) on the cardiac 

phenotype. Studies employing quaternary naloxone, a peripherally acting opioid 

receptor antagonist, would allow delineation of central vs. peripheral receptor roles in 

the SLP phenotype, though unfortunately the agent is not available in Australia. Finally, 

the potential clinical utility of SLP requires further investigation in other models of 

disease, particularly hypertension and hypertrophy, and in the presence of other 

common pharmacotherapies, including statins, ACE inhibitors and Ca2+ channel 

blockers. In this light, the ability of SLP to manipulate caveolin-3 expression in settings 

of age and T2DM (yet also mediate protection via caveolin-3/caveolae independent 

processes) is a highly unique feature and requires further investigation. This attribute 

may be the key to its efficacy in these models of age, disease and chronic 

pharmacotherapy, rendering SLP superior to conventional cardioprotective stimuli. 
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Supplementary Material 

Figure S1. Representative western blots for significant changes in total and 

phosphorylated (Phospho) forms of β2-AR, Gαs, PKA, Akt, and GAPDH (loading

control). Lanes 1-3 depict cytosolic or membrane expression in untreated (vehicle) 

hearts, lanes 4-6 represent SLP (morphine-treated) hearts, lane 7 depicts the internal 

standard (I.S).  
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Figure S2. Relationship between post-ischaemic recoveries of coronary flow and: A, 

diastolic dysfunction (extra-vascular compression); or B, left ventricular pressure 

development (reflecting contractile recovery and metabolic demand). Data were 

assessed and correlated over the final 30 min of reperfusion. Data are means ± SE (n = 

7-10). 
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Figure S3. Relationships between post-ischaemic outcome (recovery of LV pressure 

development and LDH release) and mean body weight, fasting blood [glucose], and 

glucose tolerance (area under curve from GTT curves) in healthy and T2DM mice ± 

morphine treatment. Data are means ± SE (n = 7-10). 
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